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Preface 

Since the publication of the first edition of the authors' Essentials 
of Electricity in 1944, the many advances in the knowledge and uses 
of electricity have resulted in the present broad field of electronics. In order 
to provide a good basic knowledge for the worker in the electrical and 
electronic fields, this edition (the third) has been expanded to include 
chapters on electron tubes, transistors, motors, and generators. The coverage 
of circuit components, batteries, and magnetism and the solution of com-
plex circuit problems have been brought up to date and/or expanded 
to meet the needs of modern technology. 
The purpose of this book is to present at an intermediate level a 

comprehensive study of the essential principles of electricity and electronics 
to prepare a worker to enter and/or advance in the technological industrial 
and electronic industries of today. This text represents over 70 years 
of combined experience of the authors in industry and in teaching in the 
fields of electricity, electrical machinery, radio, radar, television, and 
industrial electronics. 
The text covers: (1) an introduction to the vast scope of the field of 

electronics; (2) the basic atomic structure of materials in terms of the 
electron theory; (3) the field of electric circuits and circuit elements 
including resistors, inductors, and capacitors; (4) battery and generator 
power supplies; (5) a-c and d-c meters; (6) magnetism, electromagnetism, 
and magnetic circuits; (7) electrical devices, including relays, protective 
devices, transformers, a-c and d-c generators, motors, and controls; (8) the 
basic principles of electronic circuit elements, including vacuum tubes, gas 
tubes, phototubes, crystal diodes, transistors, photocells, and solid-state 
light-sensitive devices; (9) the basic vacuum-tube and transistor amplifier 
circuits; and (10) the basic electronic circuits. 

This book is intended for: (1) students studying electricity or basic 
electronics in technical institutes, junior colleges, trade or vocational schools, 
and industrial training programs; or (2) persons not attending any regular 
school but who wish to study the subject at home on an intermediate level. 
This book is also intended to provide the essential preparation for further 
study in the fields of electricity and electronics. The range of mathematics 

V 



vi Preface 

required for the successful study of this text is within the comprehension 
of the average high school graduate. 
The following features, not generally found in any one book, have been 

incorporated in this text. 
1. A minimum knowledge of mathematics is required for so technical 
a subject. The presentation and application of mathematical principles 
are explained with their initial use. 

2. Examples are used throughout the book to illustrate the applications of 
equations and principles discussed in the text. All major equations are 
followed by an illustrative example. The values used in the examples 
represent commercial values wherever practicable. Examples of com-
plex as well as simple circuits are illustrated for d-c circuits, a-c circuits, 
vacuum-tube circuits, and transistor circuits. 

3. The principle of operation of the various circuit elements and the 
analysis of electric, electron-tube, and transistor circuits are explained 
according to the electron theory. 

4. A large number of line drawings and numerous photographs of com-
mercial components are used to illustrate basic principles and applica-
tions as they are presented. 

5. The chapter on batteries describes the newer types of cells as well as 
the older prototypes. Among the newer types of cells described are the 
mercury cell, silver oxide cell, alkaline cell, nickel-iron cell, nickel-
cadmium cell, cadmium-silver oxide cell, solar cell, and fuel cell. 

6. The solution of all types of direct-current circuit problems is first 
presented by use of the simplest type of mathematical operations. The 
solution of complex circuit problems by use of ICirchhoff's laws, simul-
taneous equations, quadratic equations, and Thévenin's theorem is 
presented later. 

7. The chapter on magnetism and electromagnetism includes numerous 
examples illustrating the procedures used in calculating practical mag-
netic circuits, and includes the use of magnetization curves. 

8. The chapter on capacitors describes the newer types of capacitors as 
well as the older prototypes. Among the newer types included are 
Mylar, Teflon, temperature compensating, dual dielectric, energy stor-
age, tantalum, and niobium capacitors. Two charts give the overall 
characteristics of a large number of types of capacitors. 

9. The solution of all types of alternating-current circuit problems is first 
presented by use of the simplest type of mathematical operations. The 
solution of complex circuit problems by use of the j-operator, polar 
vectors, and Thévenin's theorem is presented later. 

10. The chapters on electron tubes and transistors present the basic 
principles of the essential electronic circuit elements that are used in 
many modern electronic circuit applications. 

11. A complete chapter describes the principles of operation of a-c motors, 
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and d-c motors, generators, and controls. The principles of the selsyn 
or synchro unit are also presented in this chapter. 

12. Eleven appendixes provide general reference data and serve as useful 
tools for working with electronic circuits and problems. 

13. As an aid to the instructor and as a challenge to the more interested 
student, numerous questions and/or problems are provided at the end 
of each chapter. Answers to all the odd-numbered problems are given 
in the Appendix. The values used in the problems have been carefully 
selected and represent practical values. 

Numerous industrial organizations have assisted in providing illustrations 
and technical information regarding their products, and this service is 
greatfully acknowledged. These organizations are: Aerovox Corporation; 
The Alliance Manufacturing Company; Automatic Electric Company; 
Cornell-Dubilier Electronics; Electric Storage Battery Company; Electro 
Dynamic Works; Erie Technological Products, Inc.; General Electric 
Company; Hammarlund Manufacturing Company, Inc.; P. R. Mallory and 
Company, Inc.; Ohmite Manufacturing Company; Radio Corporation of 
America; Simpson Electric Company; Sprague Electric Company; Standard 
Transformer Corporation; Thordarson-Meissner Corporation; Union Car-
bide Corporation; Westinghouse Electric Corporation; and Weston Instru-
ments and Electronics. 

Morris Slurzberg 

William Osterheld 
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Chapter I 
Introduction to Electricity 

Numerous scientific developments have occurred in this century, many 
of which can be attributed to the phenomenal expansion of electrical prin-
ciples and applications. In the early years of the twentieth century, elec-
tricity was just beginning to be used as a source of energy in the fields of 
(1) illumination, (2) power, and (3) communication. During the past forty 
years, the great advances made in the many new uses of electricity have 
affected the lives of men all over the world. 

1-1 The Use of Electricity As a Source of Energy 

Electrical energy is used in varying quantities and is produced by several 
methods in order to meet a wide range of power requirements. The large 
power plants near our population centers and industrial areas are familiar 
sights. Such power plants supply millions of kilowatthours of electrical 
energy for operating (1) lights, (2) home appliances, (3) industrial equipment, 
(4) communication equipment, and (5) railway transportation equipment. 
The large amounts of power required by these services may be produced 
by (1) converting heat energy (obtained from coal, oil, gas, or atomic 
reactors) to electrical energy and (2) converting water power to electrical 
energy. 

Another widely used source of electrical energy is the chemical cell 
which converts stored chemical energy to electrical energy. Two familiar 
applications of this type of power source are (1) the primary cell, as used 
in transistor radio receivers and electronic test equipment, and (2) the sec-
ondary cell, as used in storage batteries for automobiles. 
A relatively new source of electrical energy is the solar cell which con-

verts light energy, obtained from the sun, to electrical energy. This type 
of power source is now being used in the control and monitoring equipment 
for satellite and space vehicles and is providing our scientists with much 
new information about outer space. 

Another new source of electrical energy is the fuel cell. This type of cell, 
unlike the ordinary chemical cell, does not store energy but, rather, con-
verts the energy from conventional fuel oxidation directly to electrical 
energy. The fuels used are of the inexpensive fossil types, such as coal and 
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2 Essentials of Electricity—Electronics (1-2) 

hydrocarbons or substances easily derived from them, as hydrogen, alcohol, 
carbon monoxide, etc. 

1-2 Electronics 

Classifications. The term electronics, which covers a broad and rapidly 
expanding field, may be divided into the following classifications: (1) com-
munications, (2) industrial, (3) automation, (4) instrumentation, (5) com-
puters, (6) data processing, (7) therapeutics, (8) bionics, (9) military, 
(10) space, and (11) cryogenics. Since these are very broad classifications, 
there are many subdivisions for each category. 

Communications. Electricity performs a very important part in our 
modern communication systems. A wide variety of both visual and audi-
tory means of communication has been developed, such as (1) the printed 
page of newspapers and books, (2) heliograph, (3) telegraph, (4) wireless 
telegraphy, (5) telephone, (6) radio, (7) public-address systems, (8) disk 
recorders, (9) tape recorders, (10) facsimile, (11) television, (12) motion pic-
tures, (13) radar, (14) sonar, (15) loran, (16) shoran, and (17) telemetry. 
These are also broad classifications, and there are many subdivisions for 
each of these categories. The vastness and complexity of the field of com-
munications are illustrated by the following example. The branch of radio 
may be divided into two divisions, namely, transmitters and receivers. 
However, there are different types of receivers and transmitters. For 
example, a radio receiver may (1) be amplitude- or frequency-modulated; 
(2) have commercial, high-fidelity, or stereophonic quality; (3) use vacuum 
tubes, transistors, or hybrid components; (4) operate from d-c power lines, 
a-c power lines, or batteries; (5) be designed for home, portable, personal, 
automobile, airplane, or ship use. 

Although the applications of the principles of electronics to the field of 
communications are numerous, the basic circuits used are similar, but the 
purpose they are to serve may differ. Some of these circuits are (1) low- and 
high-voltage power supplies, (2) voltage and power amplifiers, (3) oscillator, 
(4) converter, (5) a-m and f-m detectors, (6) tuning, (7) pulse forming, 
(8) differentiator, (9) integrator, (10) sweep, (11) synchronizing, (12) filter, 
(13) coupling, (14) convergence, and (15) matrixing. These circuits are 
basic; therefore they are not limited to the field of communications but are 
common to all branches of electronics. 

Industrial. The applications of electronic principles and circuits to 
industry are many and varied. A general description of a few examples will 
indicate the vastness of this field. The principles of resonance may be used 
to control the thickness, quality, weight, or moisture content of a material. 
Amplifier circuits may be used to increase the intensity of weak current 
impulses, produced by phototubes or photocells, and cause them to operate 
relays controlling circuits of door openers, lighting systems, power systems, 
safety devices, etc. Principles other than those common to the field of com-
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munications are also used, for example, stroboscopic lighting, which can 
cause fast-moving objects to appear motionless or make their movements 
appear similar to slow-motion moving pictures. This principle makes it pos-
sible to study the movements of various parts of a machine under their 
operating conditions. It is also used for high-speed photography applica-
tions in order to arrest the motion of fast-moving objects. 

Automation. Automation is the process of having a machine perform 
operations previously performed by a person. These machines may be 
(1) simple and replace only a few manual operations or (2) complex and 
replace a number of human operations. This type of equipment is con-
trolled electronically, using memory and associated circuits to perform a 
number of predetermined operations, by means of a punched card or tape. 
For example, one of a series of tapes could be inserted in the control cir-
cuit of equipment designed to manufacture machine screws to produce any 
quantity, size, or type of screw. 

Instrumentation. The principles of electronics have made it possible to 
measure quantities that previously have not been measurable. The elec-
tronic voltmeter, cathode-ray oscilloscope, resonant-circuit checkers, and 
signal generators are a few of the many new types of instruments that have 
become synonymous with electronics. The electron microscope, electron 
telescope, etc., have become valuable aids to scientists in many fields other 
than electronics. 

Computers. In today's complex society, many important economic, finan-
cial, scientific, or military decisions have to be made in a short time. These 
decisions may have to be based on the correct answer to a complex prob-
lem involving numerous calculations that, if solved manually, would take 
long periods of time. 
A computer is a machine that performs mathematical operations previ-

ously performed by a person. It is possible for a computer to provide the 
correct answers for many intricate problems in several minutes or even 
several seconds. For example, when America's first orbiting astronaut made 
his historic flight into space, many decisions involving (1) safety of orbit, 
(2) the orbital path, (3) exact time of firing retrorockets, etc., had to 
be made within seconds. These decisions were based on millions of indi-
vidual mathematical calculations performed by a computer. 

In addition to using many of the basic circuits used in communications, 
electronic computers also use memory and logic circuits. The solution or 
answer to a problem may be indicated by (1) a typed record, (2) a system 
of binary lighting, (3) meter readings, (4) an oscilloscope pattern, or (5) a 
printed graph. 
Data Processing. Electronic data processing involves the recording of 

information on cards or tape and the use of these recorded data for classifi-
cation, accounting, or interpretive operations. Classifiers are used to deter-
mine which items or persons have certain characteristics. This type of 
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equipment is employed by law-enforcement agencies to identify a person; 
by Federal, state, or local agencies for tax and license notifications; etc. 
Accounting equipment is used by large business organizations and govern-
ment agencies for making out payroll checks, inventories, etc. The predic-
tion of final election results from samplings of the returns is one of the 
many applications of interpretive equipment. The circuits used in electronic 
data-processing equipment are similar to those used in electronic computers. 

Therapeutics. Medical doctors and scientists in the field of therapeutics 
are constantly finding new uses for the principles of electronics to develop 
instruments to aid in treating and preventing human ailments. These instru-
ments include (1) X-ray machines, which are used for treatment of skin 
disorders and acute infections as well as for taking pictures of internal 
structures of the human body; (2) ultraviolet lamps for arresting harmful 
mold and bacteria; (3) short-wave diathermy units for healing sprains and 
fractures; (4) electrocardiographs for measuring and recording heartbeats; 
(5) electroencephalographs for measuring and recording impulses to and 
from the brain; (6) inductotherm units to generate artificial fever; (7) oscil-
loscopes for viewing muscular, respiratory, heart, and other body actions; 
(8) artificial heart; (9) artificial lung; (10) data-processing equipment to aid 
in the identification of a disease or illness; etc. 

Bionics. The use of electronics as a tool for studying the biological 
sciences is called bionics. In bionics, many astounding electrochemical 
devices, as found in living entities, are simulated by an electronic circuit. 
These simulators aid the medical scientist better to understand the action 
of the original organism and provide the industrial scientist with informa-
tion to build better control and computer equipment. 
Our complex technology is demanding more operations to be performed 

by computer, control, and data-processing equipment. These machines do 
not possess the ability to think, speculate, reason, imagine, recognize, or 
screen information received as do humans and other living creatures. How-
ever, should it become possible to incorporate any of these abilities of 
a human being in a machine, it would also be possible to construct equip-
ment that could surpass the perfections of many persons. This is possible 
because (1) two weak characteristics of humans, forgetting and fatigue, can 
be eliminated and (2) the exceptional abilities of other creatures can be used. 

Military. The military applications of electronics are numerous and 
varied. Many applications are similar to those used in other fields, for exam-
ple, radio and telephony. However, there are a number of applications that 
are peculiar to military requirements. Some of these are (1) radar, shoran, 
and loran for the detection and location of moving objects in space; (2) sonar 
for the detection and location of moving objects under water; (3) comput-
ers and control equipment for firing projectiles; (4) selsyn motors and their 
associated circuits for remote control movement of an antenna or the simul-
taneous movement of fire-control apparatus. 
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Space. Electronic circuits and components associated with the operation 
and control of space vehicles are designed to meet many exacting require-
ments. Some of these conditions are (1) split-second operation, (2) sub-
miniature construction, and (3) stable operation with extreme variations of 
temperature, pressure, and humidity. However, some of the circuitry is 
basic and similar to that used in other fields of electronics. One of the cir-
cuits that is associated with space is telemetry. This circuit is used for con-
trolling (1) some of the movements of a space vehicle and (2) the operation 
of various test, measurement, and recording apparatus from the ground 
control center of operations. 

Cryogenics. Cryogenics is the science of producing and using extremely 
low temperatures. The temperatures used are those below the boiling point 
of liquid oxygen, —297°F. Because of the many useful properties that 
some materials possess at these low temperatures, scientists working in this 
new field envision (1) powerful superconducting electromagnets, (2) shoebox-
sized computers able to do the work of today's giant-size equipment, 
(3) motors having practically no friction, and (4) power-transmission sys-
tems having almost a zero power loss. Although at present these are only 
predictions for the future, the fantastic rate at which electronic science has 
advanced in a relatively short time may make this future not too far away. 

1-3 Need for a Knowledge of Electricity 

Electric Circuits. The description of the electronic industry presented 
in the preceding article indicates the vastness, diversity, and complexity of 
electronic applications and the circuits they employ. No matter how com-
plex the circuit of an electronic unit, basically it will consist of two or more 
of the fundamental electronic circuits. Any two components can be con-
nected only in either of the two basic electric circuits: (1) series and 
(2) parallel. Three or more components may be connected in either of these 

two circuits or in a complex arrangement of the two basic circuits. A com-
plex circuit may be analyzed by (1) reducing it to an equivalent series or 
parallel circuit or (2) using an equivalent series or parallel arrangement of 
the components. 

Direct-current Power Circuits. Components used in d-c power circuits 
generally possess only resistance, and therefore they may be considered as 
resistors. 

Alternating-current Power Circuits. Alternating-current power circuits 
may use singly or in combination any arrangement of resistors, inductors, 
or capacitors. While most a-c power circuits have a frequency of 60 cycles 
per second (abbreviated cps), these components are usually operated in the 
relatively low frequency range of 25 to 400 cps. 

Electronic Circuits. The components used in electronic circuits may be 
any combination of resistors, inductors, capacitors, electron tubes, metallic 
rectifiers, transistors, nuvistors, tunnel diodes, etc. It is possible for different 
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portions of an electronic circuit or even the same portion to have currents 
of various frequencies ranging from zero (direct current) to hundreds of 
millions of cycles. 

Circuit Elements. In addition to the continuous developments and 
improvements of electronic circuitry since its early application to radio, 

(0) 

(b) (c) 

Fig. 1-1 Miniaturization of electronic units. (a) Vacuum-tube audio amplifier. (b) Micro-

module with discrete components encapsulated in plastic. (c) Thin-film transistor with metal 

film evaporated to form an integrated circuit. (RCA) 
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new developments and improvements were also constantly being made to 
the circuit components. Many of the circuit elements used in the early 
stages of electronics were quite large and inefficient and had limited oper-
ating characteristics. As the field of electronics expanded, the range of 
requirements for the circuit components also increased. New applications 
demanded circuit elements having (1) wider current, voltage, frequency, 
and temperature characteristics; (2) higher efficiency and stability of opera-
tion; and (3) smaller size. 
The decrease in size of electronic circuit elements and the resulting com-

plete unit has been phenomenal. The relatively simple home vacuum-tube 
radio receiver of the 1920s was quite large compared with the personal 
transistor radio receiver of the 1960s. The demand for smaller and more 
compact units has decreased both the size of the components and the 
amount of wiring used to connect them. Newer type elements, such as the 
transistor, nuvistor, compactron, and tunnel diode, have also been instru-
mental in the production of compact units. Miniaturization has been fur-
ther accomplished by the use of printed circuitry and printed components 
that employ silk-screen, photoetching, and photolithographic techniques. 
Scientists envision that the future complex electronic component circuits 
of radio, television, space probes, computers, etc., will be contained in tiny 
electronic tiles smaller than an aspirin tablet. 
Fundamental Principles. Although there has been a tremendous growth 

in the field of electronics, the principles of the basic components and cir-
cuits have remained the same. In order to understand the circuit operation 
of the many applications of these electronic principles, one must have 
a broad and thorough knowledge of electric circuit theory. It takes time to 
master these fundamental principles, and one should not be discouraged 
because he has not worked on or studied radio, television, industrial, or 
computer circuits at the beginning. Once the basic principles are mastered, 
it is possible to understand their applications to all kinds of electronic 
circuits. 
A knowledge of some of the principles of physics, such as radio waves, 

sound, and light, is helpful toward a better understanding of the many 
applications of electronics. 

1-4 Wave Propagation 

Need for Concept of Wave Motion. In the study of electricity and elec-
tronics, frequent reference is made to the principles of wave motion as is 
indicated by such terms as (1) sine-wave alternating currents, (2) sound 
waves, (3) radio waves, (4) light waves, (5) carrier waves, (6) ultrasonic 
waves, etc. A simple analogy of wave motion in electricity and electronics 
is the wave motion produced by dropping a pebble in a small body of 
water, namely, that the energy moves away from the source in ripples or 
waves. An alternating current in a low-frequency electric power circuit 
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and the high-frequency radio signals sent through space both follow the 
principles of wave motion. 

Alternating Current in an Electric Circuit. An alternating current 
(abbreviated a-c) in an electric circuit reverses its direction at fixed inter-
vals, hence the name alternating current. During each interval the current 
will rise from zero to its maximum value, then diminish to zero. Figure 1-2 
shows that an a-c wave goes through two similar sets of changing values, 
one in a positive direction and one in a negative direction. The interval 
required for one set of values, in either direction, is called an alternation 
and corresponds to 180 electrical degrees. After two successive alternations, 
or 360 electrical degrees, the a-c wave has completed one cycle. This a-c 
wave is followed by a continuing succession of such waves. The number of 
cycles occurring in one second is called the frequency of the power source. 
In Fig. 1-2, I is the symbol denoting current and max is an abbreviation 
for maximum; /„„„„ indicates the maximum amount of current which occurs 
at each 90-, 270-, 450-, etc., degree instant of an a-c sine wave. 

Electric and Magnetic Waves in Space. Light, heat, X-ray, radio, and 
television waves are forms of radiant energy considered to be electromag-
netic oscillatory disturbances in space. The frequency of oscillation deter-
mines whether a particular signal is evident as light, heat, X-ray, radio, or 
television waves. These forms of energy are referred to as electromagnetic 
waves because they emanate from a transmitter with a progressive action 
similar to waves in a body of water. The overall range of frequencies of 
these waves is referred to as the electromagnetic spectrum. The division of 
the electromagnetic spectrum is shown in Fig. 1-3. The division of the 
radio-frequency (abbreviated r-f) spectrum and the descriptive names 
applied to each portion of the spectrum are shown in Table 1-1. 

Radio Waves. Radio and television transmitting stations convert sound 
waves and light waves to electrical impulses. The electrical impulses rep-
resenting the original sound and light waves are sent out by the use 
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Table 1-1 Division of the Radio-frequency Spectrum 

(1-4) 

FREQUENCY, 
MC 

WAVELENGTH, 

METERS 
DESCRIPTION ABBREVIATION 

0.01-0.03 30,000-10,000 Very low frequency vif 

0.03-0.3 10,000-1,000 Low frequency 1-f 

0.3-3 1,000-100 Medium frequency in-f 

3-30 100-10 High frequency h-f 

30-300 10-1 Very high frequency vhf 

300-3,000 1-0.1 Ultrahigh frequency uhf 

3,000-30,000 0.1-0.01 Superhigh frequency shf 

of high-frequency alternating currents. These currents produce magnetic 
and electric fields that radiate in all directions over long distances. The 
magnetic and electric fields produced by high-frequency currents are called 
radio waves. The strength and frequency of a radio wave are dependent 
on the high-frequency alternating current producing it and will vary in the 
same manner as the alternating current. 

In addition to its application for the transmission of sound and light sig-
nals, radio waves are also used by other types of transmitters employing 
frequencies in the r-f spectrum to send out information. For example, 
a radar transmitter sends out high-frequency pulses at regular intervals and 
the echo pulses, reflected from a target, are picked up by a receiving 
antenna. 

Speed of Radio Waves. Radio waves travel at the same speed as light 
waves, or 186,000 miles per sec. In some calculations the metric system is 
used, and the speed of the radio waves is then expressed in meters per 
second. 

EXAMPLE 1-1 Radio waves travel at the rate of 186,000 miles per sec. What is the 

rate in (a) feet per second, (b) meters per second? (One mile = 5,280 ft; also, 
1 meter = 3.28 ft.) 

GIVEN: Miles per sec = 186,000 Ft per mile = 5,280 Ft per m = 3.28 

FIND: (a) Ft per sec (b) M per sec 

SOLUTION: 

(a) 

(b) 

Ft per sec = 186,000 x 5,280 982,000,000 

M per sec = 982 '0°° 300,000,000 
3.28 

Note: means is approximately equal to. 

Wavelength and Frequency Definitions 
Wavelength. The distance that the radio wave travels in the time of one 

cycle is called its wavelength; it is expressed in meters and is represented 
by the symbol X, a letter of the Greek alphabet pronounced "lambda." 
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Frequency. The number of cycles per second of a radio wave is called 
its frequency and is represented by the letter f. The frequency is often 
referred to as a number of cycles. Cycles per second is commonly abbre-
viated as cps. Recently, Hertz and Hz have been adopted as the name and 
abbreviation for frequency, or cycles per second. 

Wavelength and Frequency Calculations 
Wavelength. If the frequency of a wave is known, the distance it will 

travel in 1 cycle can be calculated by 

x 3 00,000,000  
(1-1) 

where A = wavelength, m 
f = frequency, cps 

Kilocycles and Megacycles. The frequencies of the common radio waves 
are of high values, that is, in the hundreds of thousands or millions of cycles 
per second. For convenience these frequencies are generally expressed in 
kilocycles or megacycles and abbreviated as kc and mc respectively. Kilo-
is a prefix meaning thousand; hence a kilocycle is equal to 1,000 cycles, 
which actually means 1,000 cycles per second. The prefix mega- means 
million; hence a megacycle means 1,000,000 cps. 
When radio frequencies are expressed in kilocycles or megacycles, 

Eq. (1-1) becomes 

x = 300'000  
f (in kc) 

300  
x = f (in mc) 

(1-1a) 

(1-1b) 

EXAMPLE 1-2 What is the wavelength of a radio station which operates on an assigned 
frequency of 570 kc? 

GIVEN: f = 570 lœ 

FIND: 

SOLUTION: 

X = 3°°,13°° —  570 3°0e° = 526.3 m -  

EXAMPLE 1-3 What is the wavelength of a television video carrier wave whose fre-
quency is 77.25 mc? 

GIVEN: f = 77.25 mc 

FIND: 

SOLUTION: 

À = 300 = 300 = 3 88 m 
f 77.25 • 
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Frequency. Equations (1-1), (1-1a), and (1-1b) can be transposed to solve 
for frequency instead of wavelength and become 

f (in cps) = 300'000'000 (1-2) 
X 

300,000 
X 

300 
X 

f (in kc) = 

f (in mc) = 

(1-2a) 

(1-2b) 

EXAMPLE 1-4 If by definition a short radio wave is one whose wavelength does not 
exceed 200 m, what is the lowest frequency at which a short-wave radio receiver 
may operate? 

GIVEN: A = 200 m 

FIND: f 

SOLUTION: 

300,000 _ 300,000  
f = A — 200 = 1,500 kc 

If the wavelength in meters is changed to our more commonly used units 
of feet and inches, it should provide a better understanding of the length 
of the radio waves. 

EXAMPLE 1-5 What is the length in feet of one radio wave of the broadcast station 
referred to in Example 1-2? 

GIVEN: A = 526.3 m 

FIND: Length, ft 

SOLUTION: 

Length = meters x 3.28 = 526.3 x 3.28 = 1,726 ft 

EXAMPLE 1-6 A video carrier wave used in uhf transmission has a frequency of 
867.25 mc. What is its length in inches? (One meter = 39.37 inches.) 

GIVEN: f = 867.25 mc 

FIND: Length, inches 

SOLUTION: 

A = 3°13 =   8 . 0 346 m f 67.25 — —  

Length = 0.346 x 39.37 = 13.62 inches 

The solutions of Examples 1-5 and 1-6 indicate that each wave trans-
mitted by a 570-kc radio station is 1,726 ft long, or approximately one-
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third of a mile, and each wave transmitted by a 867.25-mc video carrier 
has a length of 13.62 inches, or approximately 1 ft. 

Knowing that radio waves travel 186,000 miles per sec, the time required 
for a radio wave to get from one place to another can be readily calculated. 

EXAMPLE 1-7 How long does it take a radio wave to travel from New York to San 
Francisco, a distance of approximately 2,600 miles? 

GIVEN: Distance = 2,600 miles 

FIND: Time, t 

SOLUTION: 

Rate = 186,000 miles per sec 

miles 2,600  
t = 186,000 = 186,000 = 0.0139 sec 

Example 1-7 shows that it takes only about V7o sec for a radio program 
broadcast from New York to travel to San Francisco. 

1-5 Sound 

Characteristics of Sound. Sound is the sensation produced in the brain 
by sound waves. It makes use of one of our five fundamental senses, namely, 
that of hearing. The air in a room in which no sound is present is in 
a static condition; in other words, it is motionless. If a sound is made by a 
person, by a musical instrument, or by any other means, the air about it is 
set into vibration. These vibrations are transmitted to adjacent layers of air 
and so on until all the original energy is expended. Such air vibrations are 
called sound waves. When these vibrations strike the eardrum of a person, 
the eardrum too will vibrate in a similar manner. The auditory nerves will 
be stimulated and will communicate the sensation of sound to the brain. 

Sound waves are produced by the mechanical vibration of any material 
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Fig. 1-4 Internal structure of the human ear. 
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in elastic media such as gases, liquids, and some solids, but they will not travel 
in a vacuum. Sound waves are longitudinal waves and travel outward in all 
directions from the source. A longitudinal wave may be defined as one in 
which the vibrating molecules or particles of the transmitting medium move 
back and forth in the same direction in which the sound wave is traveling. 

Intensity. The intensity, or loudness, of a sound depends upon the energy 
of motion imparted to the vibrating molecules of the medium transmitting 
the sound. A greater amount of energy causes more violent movement of 
the molecules, which in turn exerts a greater pressure upon the eardrum, 
thus causing the auditory nerves to send the sensation of a louder sound 
to the brain. Loudness is affected by the distance between the listener and 
the source of the sound, and its intensity varies inversely with the square 
of this distance. For example, if the distance between the listener and the 
source of the sound is doubled, the intensity is reduced to one-quarter. 
Also, if the distance between the listener and the source of the sound is 
decreased to one-half the original amount, the intensity of the sound will 
be four times as great. 

Speed of Sound. The speed at which sound waves travel varies with the 
kind of material through which it is traveling. For air, the most common 
medium used for transmitting sound waves, the speed is 1,130 ft per sec at 
the normal room temperature of 68°F. 

Frequency, Pitch, and Wavelength. The vibration of the reeds in a har-
monica, of the skin on a drum, of the strings on a violin, or of the cone of 
a radio loudspeaker will all send out various sound waves. These waves will 
produce different sounds, depending on the number of vibrations that the 
wave makes per second. The number of complete waves or vibrations 

1)))))111 
-256 of a sec 4.41 f 

Fig. 1-5 Propagation of a sound wave of 256 cps in air. 



(1-5) Introduction to Electricity 15 

created per second is known as the frequency of the sound and is generally 
expressed as the number of cycles per second. For example, a sound wave 
that is making 2,000 vibrations per second is the same as a sound whose 
frequency is 2,000 cps; this is also commonly referred to as a 2,000-cycle 
sound or a 2,000-cycle note. 

If the sound is loud enough to be heard by the human ear, it is said to 
be audible. Its pitch will vary with the frequency. High frequencies pro-
duce sounds having a high pitch, and low frequencies produce sounds of 
low pitch. 

Sound waves may also be referred to in terms of the length of a wave. 
Knowing that sound waves travel 1,130 ft per sec in air, the length of one 
wave can be calculated by dividing the number 1,130 by the frequency of 
the sound. Figure 1-5 illustrates a tuning fork producing sound waves 
whose frequency is 256 cps and whose wavelength is 4.41 ft. 

EXAMPLE 1-8 The frequency range of a piano is from 25 to 8,000 cycles. (a) What is 
the range of wavelengths in feet? (b) In meters? (c) If the sound waves are converted 
to electrical waves by a microphone, what is the frequency range of the electric 
currents? 

GIVEN: Sound waves = 25-8,000 cycles 

FIND: (a) Wavelengths, ft (b) Wavelengths, m 
currents, cycles 

SOLUTION: 

(a) 

(c) Frequency range of electric 

Wavelength, 25 cycles = — 28 ft per sec _ 1,130 = 45.2 ft 
cps  

ft per sec _ 1,130 Wavelength, 8,000 cycles =  cps — 8s.30 = 0.14125 ft 

(b) Wavelength, 25 cycles = wavelength, ft 45.2 3.28 = -5-.728 = 13.7 m 

Wavelength, 8,000 cycles = wavelength, ft _ 0.14125 _ „ A, 
3.28 — 3.28 — u.".2‘)m 

(c) 25 to 8,000 cycles (same frequencies as the sound waves) 

Frequency Ranges of Sound Waves. The range of frequencies that the 
human ear is capable of hearing will vary with the individual, the lower 
limit being approximately 20 cycles and the upper limit 20,000 cycles. Some 
persons are able to hear the low-pitch sounds but cannot hear those of high 
pitch, while others can hear the high-pitch sounds but cannot hear those of 
low pitch. However, there are people able to hear sounds covering a wide 
range of frequencies. 
A few of the common audible sounds and their approximate frequency 

ranges are listed in Table 1-2. 
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Table 1-2 Approximate Frequency Ronge of Common Sounds, cps 

Human voice  80-10,000 
Piano  30- 8,000 
Violin  200- 8,000 
Trombone  80- 7,000 

Clarinet  150-10,000 
Flute  250-10,000 
Piccolo  500-10,000 

Code signals may employ any audio frequency, but experience has shown 
that a signal with a frequency of 1,000 cycles will produce a pleasing sound 
for continual, easy listening; it will permit each dit, dah, or space to 
be quickly distinguished. 

Musical Sounds and Noise. When sound waves are produced repeatedly 
at regular intervals, the result is a musical sound at some definite pitch 
which is more or less pleasant to the ear. The orderly repetition produces 
rhythm which is also a requirement to obtain a musical note. When sound 
waves of constant or varying frequencies are produced at haphazard irregular 
intervals, the result is an unpleasant sound called noise. 

Quality, Fundamentals, and Overtones. The middle C of a piano has a 
frequency of 256 cps. A corresponding note of 256 cycles can also be pro-
duced on other musical instruments such as a violin, clarinet, or harmonica. 
The notes from the various instruments differ in quality, which depends 
upon the number and relative amplitude of the overtones blended with 
the fundamental. 
The fundamental note is the lowest tone produced, which in the above 

example would be the 256-cycle note. The overtones, which are higher 
pitched notes, blend with the fundamental and give each instrument (and 
each human voice) its individuality. The overtones are vibrations whose fre-
quencies are multiples of the fundamental. The frequencies of the over-
tones of a 256-cycle note would be 512, 768, 1,024, 1,280, etc., cycles. The 
overtones are also often referred to as harmonics. 

Reflection of Sound. When sound waves strike a solid object such as a 
wall of a building, the side of a cliff, or the wall of a room, the sound will 
be reflected and may cause an echo. An echo is the effect produced when 
a reflected sound returns to the ear a fraction of a second after the origi-
nal source of the sound has ceased. If the interval between the original 
sound and the reflected sound is Iho sec or greater, an echo is likely 
to result. Echoes do not appear in small rooms because the reflected sounds 
return to the ear too soon after the original sound to be distinguished. Large 
rooms or auditoriums, where the reflecting surfaces are more than 50 ft 
away from the source of the sound, often produce echoes. In such cases 
the walls and ceilings may be decorated or padded with tapestries or soft 
materials to eliminate or reduce the production of echoes. 
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Sympathetic Vibration. The sound waves set up by one sound-producing 
object can cause a nearby object to start vibrating and thereby also pro-
duce sound waves if both objects have the same natural frequency. The 
vibrations of the second object are said to be the result of sympathetic 
vibration. An example of this phenomenon may sometimes be observed 
when the music from a radio receiver causes a metal vase, picture frame, 
or other object to start vibrating and give off sound waves. Sympathetic 
vibration may also cause a loose part in sound-producing equipment to 
start vibrating. 

Sympathetic vibration may be explained in the following manner: The 
original sound wave strikes all nearby objects and sets them in motion, even 
though the amount of movement is very slight. If the second wave strikes 
at the precise instant which causes it to add its motion in perfect unison 
to that of the preceding wave, the movement will be increased. If all the 
succeeding waves strike at the corresponding precise instants, the move-
ment will be cumulative and the object will vibrate at the frequency of the 
source of the sound. If, however, successive waves do not strike the object 
at precisely the proper instant, some of the waves will neutralize the motion 
imparted to the object by some preceding waves and no sympathetic vibra-
tion will result. 

Forced Vibrations. An object in the area near a source of sound may be 
set into vibration by the sound waves of frequencies other than the natu-
ral frequency of the object if the intensity of the sound is great enough. 
This phenomenon is called forced vibration. Examples illustrating forced 
vibrations are the sounding board of a piano, sound reflectors of musical 
instruments, and the loudspeaker of a radio or television receiver. 

Resonance. When a sound wave sent out by an object is reflected in such 
a manner that it returns to the object at the proper instant, it will produce 
sympathetic vibration within that object and thereby increase the intensity 
of the sound. This phenomenon is called resonance. An example of reso-
nance can be observed by causing air waves to flow through pipes as in a 
pipe organ. The resonance of a pipe (for a fixed value of frequency) depends 
upon the length of the pipe and whether it is open or closed. A pipe closed 
at one end will produce resonance when the length of the pipe is one-
quarter of the wavelength of the sound. A pipe open at both ends will pro-
duce resonance when the length of the pipe is one-half of the wavelength 
of the sound. 

Beats. In the preceding paragraphs on Sympathetic Vibration and Reso-
nance it was shown that two sounds of the same frequency would reinforce 
each other. If two sounds of different frequency are considered, it can be 
shown that the two sounds when started at the same instant of time will at 
first reinforce each other and then, after a number of cycles have been 
completed, will be out of step and will neutralize each other. Over a rela-
tively long span of time there will be periods of reinforcements producing 
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a strong sound and periods of neutralizing effect during which no sound 
will be produced. The sounds produced in this manner are called beats. If 
the number of beats appears frequently and at regular intervals, a new 
sound or beat note will be produced. The frequency of the beat note will 
be equal to the difference between the frequencies of the two sounds; for 
example, sounds of 256 and 200 cycles will produce a beat note of 56 cycles. 

1-6 Light 

Characteristics of Light. Light is the sensation produced in the brain by 
light rays. It makes use of one of our five fundamental senses, namely, that 
of sight. In the study of physics light is considered as a form of energy that 
may be derived from mechanical, electrical, chemical, heat, or light energy. 
Objects are visible because light rays from them reach the eyes, which in 
turn stimulate the optic nerves and send the sensation of sight to the brain. 
When the visible object is the source of light energy, it is luminous. The 
electric light, the sun, and the picture tube of a television receiver are 
examples of luminous objects. Most objects are not luminous, and the light 
rays that reach the eyes from such objects are actually the reflected light 
from some luminous body. Objects visible because of the light they reflect 
are called illuminated bodies. 

Light is transmitted by transverse waves, that is, waves in which the 
motion is transmitted in a direction at right angles to the vibrations. Light 
waves can be transmitted only by a transparent medium, including vacuum. 
In terms of the ability to transmit light, matter may be divided into three 
classifications: transparent, translucent, and opaque materials. Materials 
that transmit light so well that objects can be seen clearly through the 
material are called transparent. Materials that transmit light so poorly that 
objects cannot be seen clearly through the material are called translucent. 
Materials through which light cannot pass are called opaque. 

Brightness and Intensity of Illumination. The first consideration in 
regard to the measure of light is usually its brightness. The brightness of a 
source of light is expressed in candlepower, and a light source of one can-
dlepower produces the same amount of light as that emitted by a candle 
of standard dimensions. A more useful measure of light is the intensity of 
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illumination, which expresses the rate of flow of light energy upon a unit 
of surface. The unit of the intensity of illumination is the foot-candle (abbre-
viated ft-c), which is the amount of illumination produced on a surface that 
is one foot away from a standard candle of one candlepower. 
The intensity of illumination varies inversely as the square of the distance 

between the light source and the surface to be illuminated. For example, a 
100-cp lamp will provide an intensity of illumination of 100 ft-c at a dis-
tance of 1 ft, 25 ft-c at 2 ft, 6.25 ft-c at 4 ft, and 1 ft-c at 10 ft. In practice, 
the intensity of illumination is generally determined by use of a photometer. 

Speed of Light. At one time scientists believed that light traveled instan-
taneously from its source to the observer. In 1675, Olaus Römer, a Danish 
astronomer, calculated that the speed of light through air was approxi-
mately 186,000 miles per sec. By more accurate means Albert A. Michelson 
(1852-1931), a noted American physicist, determined the speed of light to 
be 186,284 miles per sec. For general purposes, the speed of light through 
air is taken as 186,000 miles per sec. 
The speed of light varies with the medium through which it travels. Its 

speed through various media depends upon the density of the medium to 
light rays, as is indicated by the fact that light will travel faster through 
vacuum than through air, water, glass, etc. 

Frequency, Wavelength, and Color. If light is considered as wave motion, 
it can be expressed in terms of frequency and wavelength the same as 
sound waves. The color of light varies with its frequency just as the pitch 
of a sound varies with the frequency of the sound waves. Also as in the 
case of sound, when the velocity and frequency of the light waves are 
known, it is possible to calculate the wavelength of the light waves. The 
values listed in Table 1-3 indicate the average frequency and wavelengths 
of the various colors of light that make white light when combined. 
From this table it can be observed that the frequency of light waves is 

very high compared with sound waves and that the wavelength of light 
waves is much shorter than sound waves. Furthermore, examination of the 

Table 1-3 Average Frequency and Wavelength of Various Colors of Light 

COLOR 
FHEQUENC:Y, 

ces 

WAVELENGTH 

CENTI-

METERS 
INCHES 

MICRO-

INCHES 

Red  423,000,000,000,000 0.000071 0.000028 28 
Orange  483,000,000,000,000 0.000062 0.000024 24 
Yellow  525,000,000,000,000 0.000057 0.000022 22 
Green   576,000,000,000,000 0.000052 0.000020 20 
Blue  639,000,000,000,000 0.000047 0.000018 18 
Indigo  682,000,000,000,000 0.000044 0.000017 17 
Violet   732,000,000,000,000 0.000041 0.000016 16 
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frequency spectrum chart of Fig. 1-3 reveals that the frequency of light 
waves is also much higher than radio waves. It may be observed that white 
is not included in Table 1-3; it is omitted because white light contains all 
seven colors listed in the table. The spectrum of visible light consists of a 
band of colors changing gradually from violet at one end to deep red at the 
other, just as in a rainbow. 
The phenomenon of color is explained by the fact that different materials 

may transmit (or reflect) lights of different colors. For example, a red piece 
of glass appears red because it transmits only the red and absorbs all the 
other colors contained in white light. If a material transmits two or more 
colors, a new color results. When a material transmits all seven colors, it 
appears colorless, as illustrated by ordinary window glass. 

Frequencies just below those of visible red light are classed as infrared, 
and frequencies just above those of violet are classed as ultraviolet. These 
classifications are being used in a rapidly increasing number of applications 
that include electronic equipment. 

Propagation of Light. As in radio- and sound-wave motion, propagation 
of light refers to the transmitting or spreading out of wave motion. The 
outstanding factor concerning the propagation of light is that light rays 
travel in straight lines when the medium transmitting the light is homoge-
neous (which means that the transmitting medium must be uniform). That 
light travels in a straight line may be observed when rays of sunlight enter 
a darkened room through a small opening. The straight path of the light 
rays becomes visible owing to the illumination of the dust particles in 
the air. 

Reflection of Light. When light energy from a source strikes the surface 
of an object, some of the light energy is reflected. The amount and the 
color of the light reflected will depend on the condition of the surface and 
the color of the reflecting body. Smooth bodies reflect light better than 
irregular ones; also light bodies reflect more light than dark ones. This fur-
ther explains the theory of color as illustrated by the fact that an opaque 
red body appears red because it reflects only the red light and absorbs all 
others. In the case of black, an object appears black because it absorbs all 
colors and hence reflects none. 
When the reflecting surface is smooth and flat, the reflected rays will be 

reproductions of the original and the reflection is regular. When the reflect-
ing surface is irregular, the reflected rays will not have the same relation 
to one another as the original and the reflection is diffused. 

Refraction of Light. Refraction is the name used to describe the effect 
that causes rays of light to bend when they pass from one medium to 
another of different optical density. For example, air and water have differ-
ent optical densities, which is another way of saying that light travels 
through air and water at different rates of speed. (In air the speed of light 
is 186,000 miles per sec; in water it is approximately 140,000 miles per sec.) 
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Thus if an object such as a pencil is placed in a glass of water, the refrac-
tion of the light causes the pencil or object to appear bent or broken. 

Lenses. A lens is a piece of transparent substance denser than the sur-
rounding medium and with at least one of the two surfaces ground to con-
form to a definite curvature. Lenses are classified in terms of the curvature 
being convex or concave. Convex lenses are thicker at the center than at 
the edges, and concave lenses are thinner at the center than at the edges. 
Although lenses are usually made of glass, they can also be made of quartz 
crystals, water or other clear liquids, and a variety of other materials. 

Fundamentally, the function of a lens is to change the direction of rays 
of light. Convex lenses cause the light rays to converge, that is, to come to 
a common point from different directions; the image may be enlarged or 
decreased in size depending upon the distances between the lens, the 
object, and the image. Concave lenses cause the light rays to diverge, that 
is, to extend from a common point in different directions; the size of the 
image is always decreased. 

There are many applications of lenses in everyday life such as eyeglasses, 
magnifying glasses, cameras, motion-picture projectors, microscopes, and 
telescopes. 

Persistence of Vision. An important property of the human eye that 
makes television and motion pictures possible is persistence of vision. The 
eye cannot observe or follow any sequence of changes that occur at a rate 
of 10 or more times per second. Anything in excess of this rate produces 
the effect of a continuous picture. This phenomenon is called persistence 
of vision. 

In a television receiver the image appearing on the picture tube is not 
a steady picture but is actually a sequence of 60 individual pictures per 
second, each separated from the preceding one by a short interval of time 
during which the screen of the picture tube is dark. The viewing area of 
the picture tube is coated with a fluorescent substance, usually a phosphor, 
that will glow for only a very short period of time after the electron beam 
strikes the screen; hence the tube is said to have low persistency. Because 
the persistence of vision of the human eye is much greater than the persist-
ence of the picture tube, the image at the television receiver appears as a 
continuous picture that also reproduces the movements of the objects 
being viewed. 

QUESTIONS 

1. (a) Name five applications of electrical energy as produced by large power plants. 
(b) Describe two methods of producing large amounts of electrical energy. 

2. (a) What is meant by a chemical cell? Name an application of (b) the primary 
cell, (c) the secondary cell. 

3. Describe (a) the basic principle of the solar cell, (b) an application of the solar cell. 
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4. (a) Describe the basic principle of the fuel cell. (b) Name some of the fuels used 
in this type of cell. 

5. Naine 11 classifications of the field of electronics. 
6. (a) Name five applications of the visual method of communications. (b) Name ten 

applications of the auditory method of communications. 
7. Describe how the vastness and complexity of the communication field are illus-

trated by an outline of its radio branch. 
8. Name 15 circuits that are basic to the field of communications and also basic to 

other branches of electronics. 
9. Name four applications to industrial electronics of (a) the principles of resonance, 

(b) amplifier circuits. 
10. Describe (a) the principle of stroboscopic lighting, (b) two applications of 

this principle. 
11. (a) What is meant by automation? (b) Describe briefly how automated equipment 

is controlled. 
12. Name (a) four electronic instruments used in electronics, (b) two electronic 

instruments used in fields other than electronics. 
13. (a) What is a computer? (b) What are its basic advantages? 
14. (a) Name two circuits used in computers that are not common to the field 

of communication. (b) Name four methods of indicating the solution or answer to 
a problem. 

15. (a) What is meant by data processing? (b) Name three of its basic operations. 
16. Describe what is meant by and explain an application of (a) a classifier, (b) account-

ing equipment, (c) interpretive equipment. 
17. Name and describe 10 electronic instruments used in the field of therapeutics. 
18. What is meant by (a) bionics? (b) Simulators? 
19. How do simulators aid (a) the medical scientist? (b) The industrial scientist? 
20. Describe four applications of electronics that are peculiar to military purposes. 
21. (a) Name three exacting requirements of electronic equipment used in space 

vehicles. (b) Name two uses of telemetry. 
22. (a) What is meant by cryogenics? (b) What values of temperature are used 

in this field? 
23. (a) Name two basic electric circuits. (b) How may a complex electric circuit be 

analyzed? 
24. What circuit components may be used in (a) d-c power circuits? (b) A-c power 

circuits? (c) Electronic circuits? 
25. Describe the factors that have contributed to the miniaturization of (a) circuit 

components, (b) circuit wiring. 
26. Why is a knowledge of the theory of electric circuits necessary in order to study 

electronics? 
27. Describe a simple analogy of electrical and electronic wave motion. 
28. Define (a) alternating current, (b) electrical degree, (c) alternation, (d) cycle, 

(e) frequency, (f) 
29. Name five forms of radiant energy that are electromagnetic oscillatory disturb-

ances in space. 
30. Using the chart of Fig. 1-3, determine the frequency band assigned for (a) com-

mercial a-m broadcast, (b) f-m broadcast, (c) vhf television, (d) uhf television. 
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31. (a) How are radio waves produced? (b) What two factors make up a radio wave? 
(c) Name three applications of radio waves. 

32. Define (a) wavelength, (b) kilocycle, (c) megacycle. 
33. What is sound? 
34. Explain what occurs when sound waves strike the human ear and produce the 

sensation of sound. 
35. (a) How are sound waves produced? (b) What factors affect the intensity at which 

a sound is heard? 
36. Define the following terms as used with sound: (a) frequency, (b) pitch, (c) wave-

length, (d) audible. 
37. What frequency is usually used for the audio wave of code signals? Why? 
38. How does the speed of radio waves compare with the speed of (a) sound? 

(b) Light? 
39. Define the following terms as used with sound: (a) quality, (b) fundamental, 

(c) overtone, (d) harmonic. 
40. Explain what is meant by (a) reflection of sound waves, (b) echoes, (c) sympathetic 

vibrations, (d) forced vibrations. 
41. What is meant by resonance? 
42. How are beat notes produced? 
43. What is light? 
44. Explain how objects are made visible. 
45. Define the following terms: (a) transparent, (b) translucent, (c) opaque. 
46. (a) What is meant by the intensity of illumination? (b) What is its unit of meas-

urement? (c) What is its relation to distance and the source of light? 
47. (a) What is the relation between the color of light and its frequency? (b) Why is 

white omitted from the frequency-color-spectrum chart? 
48. Explain the phenomenon of color. 
49. What is meant by (a) propagation of light? (b) Reflection of light? (c) Refraction 

of light? 

50. (a) What is a lens? (b) How are lenses usually classified? (c) Describe each of the 
classifications named in (b). 

51. (a) What materials are used in making lenses? (b) Name six applications of lenses. 
52. (a) What is meant by persistence of vision? (b) Explain two commercial applica-

tions of this phenomenon. 

PROBLEMS 

1. What is the wavelength of a carrier wave of a transmitter whose frequency 
is 1,200 kc? 

2. What is the wavelength of a carrier wave of a transmitter whose frequency 
is 660 kc? 

3. What is the frequency of the radio waves from a transmitter operating on a 10-m 
wavelength? 

4. What is the frequency of the radio waves of a transmitter if its wavelength is 75 m? 
5. The frequency of the video carrier wave for channel 42 is 639.25 mc. Find 

its wavelength in (a) meters, (b) feet, (c) inches. 
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6. The frequency of the audio carrier wave for channel 77 is 853.75 mc. Find 
its wavelength in (a) meters, (b) feet, (e) inches. 

7. What is the frequency of the video carrier wave whose wavelength is 21.044 inches? 
8. What is the frequency of the audio carrier wave whose wavelength is 15.464 inches? 
9. A certain f-m radio station operates on an assigned frequency of 95.5 mc. Find its 

wavelength in (a) meters, (b) feet, (e) inches. 
10. A certain f-m radio station operates on an assigned frequency of 101.1 mc. Find 

its wavelength in (a) meters, (b) feet, (c) inches. 
11. An experimental radio wave has a frequency of 60,000 mc. Find its wavelength 

in inches. 
12. An experimental radio wave has a frequency of 150,000 mc. Find its wavelength 

in inches. 
13. A certain radio station located in New York operates on a carrier frequency 

of 30 mc. How long does it take for an audio signal being transmitted to reach 
(a) Honolulu, Hawaii (approximately 5,000 miles)? (b) Melbourne, Australia 
(approximately 10,000 miles)? 

14. A certain radio station located in Chicago operates on a carrier frequency of 
1,210 kc. How long does it take for an audio signal being transmitted to reach 
(a) New York (approximately 800 miles)? (b) San Francisco (approximately 2,200 
miles)? 

15. How long does it take the radio carrier waves from a television transmitter 
to travel a distance of 100 miles? 

16. The time between the sending out of a radar pulse and the receiving of its echo 
pulse is 0.001 sec. How far away is the target? 

17. If the frequency of middle C on a piano is 256 cycles, what is its wavelength in 
(a) meters? (b) Feet? 

18. If the frequency of high C on a piano is 4,096 cycles, what is its wavelength in 
(a) meters? (b) Feet? 

19. If an a-f wave of 256 cycles is superimposed on a carrier wave of 1,200 kc, how 
many cycles does the carrier wave make during the time it takes the a-f wave to 
complete 1 cycle? 

20. If an a-f wave of 4,096 cycles is superimposed on a carrier wave of 600 kc, how 
many cycles does the carrier wave make during the time it takes the a-f wave to 
complete 1 cycle? 

21. The creaking of a door makes a sound of approximately 15,000 cycles. What is 
its wavelength? 

22. What is the wavelength of the sound waves being produced by an insect if the 
frequency of the sound is 12,000 cycles? 

23. How many cycles will a carrier wave of 1,200 kc make during the time required 
for (a) 1 cycle of a 256-cycle a-f wave? (b) 1 cycle of a 15,000-cycle sound wave? 

24. How many cycles will a carrier wave of 100 mc make during the time required 
for (a) 1 cycle of a 256-cycle a-f wave? (b) 1 cycle of a 12,000-cycle sound wave? 

25. Radio programs are often presented to studio audiences as well as to the radio 
audience. (a) How long does it take the sound waves to reach a listener in the 
studio audience seated 100 ft away? (b) How long does it take the program 
to reach a listener at the loudspeaker of a radio receiver 200 miles away? (c) Which 
listener hears the program first? 
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26. A certain public event is being broadcast from a large arena. (a) How long does 
it take the sound waves to reach a listener who is seated in the arena 250 ft from 
the microphone? (b) How long does it take for the program to reach a listener at 
the loudspeaker of a radio receiver 2,500 miles away? (c) Which listener hears the 
program first? 

27. How far would a radio wave travel in the time it takes for a sound wave to travel 
10 ft? 

28. How far would a sound wave travel in the time it takes for a radio wave to travel 
around the earth (approximately 25,000 miles)? 

29. A pipe of an organ is measured and found to be 0.565 ft long. At what frequency 
is it resonant if the pipe is (a) closed at one end? (b) Open at both ends? 

30. What length of organ pipe, open at both ends, is required to produce resonance 
for a frequency of (a) 5,000 cycles? (b) 500 cycles? (c) 50 cycles? 

31. What is the frequency of the beat note produced when a sound having a fre-
quency of 400 cycles is combined with one of (a) 300 cycles? (b) 350 cycles? 
(c) 450 cycles? (d) 500 cycles? 

32. If it is desired to produce a beat note of 250 cycles, what frequency sound wave 
must be added if the original sound has a frequency of (a) 100 cycles? (b) 200 
cycles? (c) 500 cycles? 

33. What is the intensity of illumination from a 200-cp lamp at a distance of (a) 2 ft? 
(b) 5 ft? (c) 20 ft? 

34. What size lamp must be used to produce an intensity of illumination of 10 ft-c: 
(a) 10 ft from the lamp? (b) 5 ft from the lamp? (c) 2 ft from the lamp? 

35. A source of light having a color between red and orange has a frequency 
of 450,000,000 mc. What is its wavelength in (a) centimeters? (b) Inches? 
(c) Microinches? 

36. A source of blue light has a wavelength of 17.5 microinches (abbreviated pin.). 
What is its frequency in (a) megacycles? (b) Cycles? 



Chapter 2 
Basic Theory of Electricity 

Electricity cannot be perceived by any one of the five senses, as we can-
not see, hear, taste, smell, or feel it. However, it is possible to observe the 
effects of electricity as (1) seeing its effects produced at an electric light or 
at a television receiver, (2) feeling its heating effects produced at a laundry 
iron or a soldering iron, (3) hearing its effects at the output of a radio 
receiver or a record player, (4) feeling its effects when a shock is received 
by coming in contact with certain electric wires. 
The exact nature of electricity is not known. However, scientific investi-

gations indicate that it consists of small negative charges called electrons. 
Electricity occurs in two basic forms: (1) static electricity, when electrons 
are at rest, and (2) dynamic electricity, when electrons are in motion. 
Dynamic electricity is the kind used in the home, school, and factory, in 
fact any place where electricity is used to provide energy for (1) light, heat, 
and ventilation; (2) many types of mechanical work; (3) communications 
systems; (4) operating the numerous types of electrical and electronic 
equipment. 

2-1 Electrostatics 

Electrostatics may be defined as the study of electricity at rest, or static 
electricity. Static electricity may be produced by friction, and there are 
many examples of this in normal daily occurrences. After one combs one's 
hair, the static electricity in the comb will cause it to attract bits of paper. 
After a person walks across a rug, very often a spark caused by static elec-
tricity will appear upon touching a radiator. Trucks carrying a load of gaso-
line accumulate a charge of static electricity, and the spark that may result 
can cause serious consequences. To prevent such a dangerous accumulation 
of static charge in a gasoline tank truck, a chain is dragged along the 
ground and passes the static electricity to the earth. Sometimes static elec-
tricity sparks are obtained from leather belts that are being used to operate 
machinery. The friction of clouds produces static electricity which is known 
as lightning. 

Storing charges of electrons on the plates of a capacitor and later releas-
ing the charge is one example of a useful application of static electricity. 

26 
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Many of the advancements made in the field of dynamic electricity owe 
their development to knowledge that scientists obtained from electrostatics. 

2-2 Structure of Matter 

Matter. Matter is defined as anything which occupies space and has 
weight; it may occur in a solid, liquid, or gaseous state. 

Molecule. Any bit of matter (hereafter called a substance) of such size 
that it can be recognized by means of one or more of the human senses 
can conceivably be subdivided into smaller pieces. The smallest particle 
into which a substance can be divided by mechanical, chemical, or other 
means and still retain the same chemical characteristics as the original sub-
stance is called a molecule. The molecules of some substances can be 
further divided into two or more parts having characteristics that differ 
from the original substance, while those of other substances cannot be 
broken down into smaller divisions by any simple means. 

Elements. Any substance whose molecules cannot be subdivided by 
ordinary chemical means is called an element. At present, there are about 
100 known elements. Examples of commonly used elements are hydrogen, 
oxygen, carbon, copper, iron, aluminum, silver, and gold. 

Atom. The smallest particle into which an element can be subdivided 
and still retain all the properties of the original element is called an atom. 
Compound. Any substance whose molecules can be further subdivided 

and thereby yield atoms of two or more elements in the process is called 
a compound. Conversely, the molecules of compounds consist of the union 
of two or more elements. The resulting combination can have physical and 
chemical characteristics differing from those of its component atoms. For 
example, when two atoms of hydrogen gas combine properly with one atom 
of oxygen gas, they form one molecule of water. Chemically this is gener-
ally expressed as H20, where H2 indicates that there are two atoms of 
hydrogen and 0 indicates one atom of oxygen. The basic molecules of 
wood contain three elements, namely, carbon, hydrogen, and oxygen. The 
human body contains about 15 elements of which oxygen, carbon, hydro-
gen, nitrogen, calcium, and phosphorus make up about 99 per cent. The 
infinite number of possible combinations that can be made by using any 
two or more elements and also by varying the proportions of each element 
used explains why it is possible to have so many different substances. 

Size of Molecules and Atoms. A molecule is so small that it cannot be 
seen with the naked eye or even with the use of lenses, because both the 
eye and the lenses are themselves made of a vast number of molecules. 
They would have to become molecular in size in order for the molecules to 
become visible. Molecules are so small that a drop of water contains mil-
lions of molecules of water. As small as molecules are, they are relatively 
large compared with an atom, as a molecule may be made up of a number 
of atoms. 
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2-3 The Electron Theory of Matter 

According to the electron theory of matter every atom consists of one or 
more positively charged particles called protons and one or more negatively 
charged particles called electrons and that an atom in its normal or neutral 
state has an equal number of protons and electrons. 

Structure of the Atom. Molecules are composed of one or more atoms 
which in turn are made up of still smaller particles. The atoms of all ele-
ments, except hydrogen, are composed of protons, electrons, and neutrons. 
The hydrogen atom contains only one proton and one electron. 
The electron is a very small negatively charged particle of the atom; its 

diameter is in the order of 1/10,000,000,000,000 inch. The proton is a very 
small positively charged particle of the atom; its diameter is in the order of 
1/100,000,000,000,000 inch. In most elements, a number of protons have 
a very strong bond with a similar number of electrons and form a like num-
ber of neutrons. Because the charges of the electron and proton are of 
equal strength and opposite polarity, the neutron has no charge, as its 
name indicates. There is, however, a great difference in the weights of the 
electron and proton; the proton is about 1,845 times heavier than the elec-
tron. A neutron has about the same weight as a proton. 
A simplified explanation of the electron theory, which is sufficient for 

this text, compares the structure of the atom with the sun and its planets. 
In the atom the protons and neutrons form a stationary central mass about 
which a number of electrons rotate. This central mass is called the nucleus 
and is compared with the sun, and the electrons represent the planets. 
The nucleus always has a positive charge. The electrons move in orbits 
around the nucleus, the number of orbits depending upon the number of 
orbiting electrons. Each orbit can hold only a limited maximum number of 
electrons. The first four orbits can accommodate only 2, 8, 18, and 32 
electrons, respectively. Figure 2-2 illustrates, in a simplified manner, the 
structures of the atoms of several elements. 

Although the nucleus contains more than 99 per cent of the weight of 
an atom, it occupies only a very small fraction (one million billionth) of its 

Electron Electrons 

Electron 
orbit 

(01 

Proton 

Nucleus 

Fig. 2-1 Structure of the atom illustrating the electrons, protons, neutrons, nucleus, and 

electron orbits. (a) The hydrogen atom. (b) The helium atom. 
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Fig. 2-2 Structure of carbon, copper, and aluminum atoms. 

volume. The paths of the orbiting electrons, which move at very high speed, 
extend to relatively great distances from the nucleus. If an atom could be 
magnified by 1014 (one hundred thousand billion times), the electrons 
would be as large as basketballs and the spacing of the orbits would be 
about 12 miles. 

Electrons and Current Flow. Electric current is described as electrons 
in motion or as a flow of electrons. Copper, carbon, and aluminum are 
conductors of electricity because in these materials electrons can be forced 
to move from atom to atom when an electrical pressure or voltage is 
applied. 

In the atoms of the three elements shown in Fig. 2-2, the electrons in 
the inner orbits are tightly bound to the nucleus and cannot easily be 
forced out of their orbits; they are called bound electrons. The electrons in 
the outermost orbit, which contains fewer than its maximum possible num-
ber of electrons, are relatively loosely bound to the nucleus and are called 
valence electrons. Applying an electrical pressure to such materials will 
cause one or more valence electrons to move progressively from atom to 
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Fig. 2-3 Path of a free electron in a carbon conductor. 
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atom; these are called free electrons. Materials having only three, four, or 
five valence electrons are relatively good conductors of electricity. 
When a current is flowing through a conductor, the individual free elec-

trons drift from atom to atom along the conductor at a comparatively slow 
rate of speed, estimated to be in the order of a few inches per minute. 
However, free electrons in adjacent atoms pass along the impact, much like 
the cars of a freight train that is just starting, at about the speed of light or 
186,000 miles per sec. 

2-4 Positive and Negative Charges 

Producing Charged Bodies. When a glass rod is rubbed briskly with a 
silk cloth, a number of valence electrons will be transferred from the glass 
rod to the silk cloth. Before the rubbing process, the number of electrons 
and protons in the atoms of each material were equal and the materials 
were each electrically in a neutral state. After the rubbing process, the 
atoms of the glass rod have a greater number of protons than electrons and 
the rod has a positive charge. The atoms of the silk cloth now have a 
greater number of electrons than protons and the cloth has a negative 
charge. 
When a hard-rubber rod is rubbed with flannel, a number of valence 

electrons will be transferred from the flannel to the rod. The rod will 
become negatively charged, and the flannel positively charged. 
Law of Charges. If a positively charged glass rod is suspended on 

a string (see Fig. 2-4) and a second positively charged glass rod is brought 
close to the suspended rod, the rods will repel each other. Two negatively 
charged hard-rubber rods will also produce a repelling action. But if a 
positively charged glass rod and a negatively charged hard-rubber rod are 
used, the two rods will attract each other as indicated in Fig. 2-5. These 
facts are the basis for the law of charges; namely, like charges repel each 
other, and unlike charges attract each other. 

Charged glass 
red A 

Charged glass - 
rod B 

Fig. 2-4 Repulsion of two simi-

larly charged rods. 
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Fig. 2-5 Attraction of two dis-

similarly charged rods. 

2-5 Charging and Discharging 

Charging by Contact. A charged body can transmit some of its charge 
to a neutral body in either of two ways, namely, by contact or by induc-
tion. If a negatively charged rod is placed in contact with a neutral body, 
some electrons will pass from the rod to the body and thereby charge that 
body. Figure 2-6a shows a rod with an equal number of protons and elec-
trons. In Fig. 2-6b, a negatively charged rod is shown in contact with the 
neutral body, and electrons will pass from the charged rod to the neutral 
body. When the charged rod is removed from making contact with the 
body, a negative charge will have accumulated on the body (Fig. 2-6c). If 
a positively charged rod had been used, the neutral body would have lost 
some electrons to the positively charged rod and thus become positively 
charged. In either case the neutral body becomes charged by contact, and 
it takes on a charge of the same polarity as the charged rod. 

Charging by Induction. If a negatively charged rod is brought near to 
but not in contact with a freely suspended neutral body, a repelling action 
is produced on the electrons of the neutral body. If the neutral body 
is connected with the ground (Fig. 2-7b), some electrons from the neutral 
body will move to the ground and the neutral body will become positively 
charged. If a positively charged rod had been used, the neutral body would 
have taken on some electrons (from the ground) and become negatively 
charged. In either case no electrons pass between the free body and the 
charged rod, and the free body is charged by induction. The polarity of the 
charge on the free body is opposite to that of the charged rod. 

Discharging. The rate at which a charge passes from a body depends 
largely upon the shape of the body. If it is pointed, the charge passes off 
rapidly because the electrons are concentrated in a small area and build 
up considerable pressure. If a discharge takes place from a large area, such 
as a sphere or ball, the electrons are distributed over a large area and the 
pressure causing the discharge is relatively low. 
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Fig. 2-6 Charging by contact. 
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Fig. 2-7 Charging by induction. 

Lightning. Lightning is the discharge that occurs between clouds of 
unlike charges or between a cloud and the earth. During the uprush of 
warm moist air from the earth, friction between the air and the tiny parti-
cles of water builds up charges. When drops of water are formed, the 
larger drops become positively charged and the smaller drops become neg-
atively charged. When the drops of water accumulate, they form clouds, 
and hence clouds may possess either a positive or negative charge, depending 
upon the charge of the drops of water they contain. The charge on a cloud 
may become so great that it will discharge to another cloud or to the 
earth, and this discharge is called lightning. The thunder which accompa-
nies lightning is caused by the sudden heating of the air, thereby causing 
it to expand. The surrounding air pushes the expanded air back and forth 
causing the wave motion of the air to produce the sound called thunder. 

Lightning Rods. The purpose of the lightning rod is to offer protection 
from lightning discharges by discharging small electrical charges as rapidly 
as they accumulate. Because pointed objects are relieved of charges more 
rapidly than any other shaped bodies, the lightning rod is made with 
a point. 

In Fig. 2-8, the cloud has a positive charge, and it induces a negative 
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charge on the lightning rods on the barn. The molecules surrounding the 
points of the rods become negatively charged (by induction) and repel one 
another as they accumulate. Also, the cloud, being of opposite charge, 
attracts some of these charges. Each charged molecule that reaches the cloud 
neutralizes some of the charge on the cloud. Usually this action completely 
discharges the cloud. However, if the cloud has a very strong charge, it will 
attract electrons with a terrific force. These electrons are drawn up from 
the earth through the lightning rod, which is intentionally made of a good 
conductor to provide a safe path. If the barn did not have the lightning 
rod, the electrons would rush through the material of which the barn is 
made. If the barn were made of wood (a poor conductor), the rush of elec-
trons would cause much heat and would quite likely set the barn afire. 

Lightning rods do not prevent lightning but rather prevent charges from 
accumulating on the buildings to which they are attached. The rod should 
be attached to a conductor embedded deeply enough in the ground so that 
it is always in moist earth. If it is not properly grounded, the lightning rod 
may be more of a menace than a protection because it will invite cloud 
discharges. 

Single tall objects in open spaces such as a farmhouse or a single tree in 
a large field will accumulate charges rapidly and are therefore very likely 
to be struck by lightning. Farm buildings, church steeples, high brick chim-
neys, etc., are frequently protected by lightning rods. Steel buildings in a 

+ 
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Fig. 2-8 Application of the lightning rod. 
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Fig. 2-9 Electrostatic fields. (a) 
Positive charge. (b) Negative 

charge. 

city have numerous metal parts that extend into the ground and therefore 
have a good deal of protection. 

2-6 Electrostatic Fields 

Electrostatic Field. Figure 2-4 indicates that, when the positively charged 
glass rod B is brought close to the positively charged glass rod A, they will 
repel each other and cause the freely suspended rod A to move away from 
B. The fact that this action can take place without the rods making actual 
contact indicates that the air about the rods has been affected by the 
charges. The space about a charged body that is influenced by that charge 
is called its electrostatic field. As a force of repulsion (or attraction in the 
case of unlike charges) exists in this space it is also known as the field 
of force. 

Electrostatic Lines of Force. The field about a charged body is gener-
ally represented by lines which are referred to as electrostatic lines of 
force. These are only imaginary lines and are used to represent the direc-

Fig. 2-10 Electrostatic fields. 

(a) Like charges. (b) Unlike 

charges. 
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Fig. 2-11 Unit electrostatic charge. 
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tion and strength of the field. The lines about a positive charge are always 
shown leaving the charge, and for a negative charge they are shown 
as entering the charge. Figure 2-9 illustrates the use of lines to represent 
the field about a positive charge and a negative charge, while Fig. 2-10 
illustrates the electrostatic field due to like charges and to unlike charges. 

Force between Charges. Figure 2-11 shows two negative charges placed 
one centimeter apart. The charges repel each other with a force of one dyne. 
This illustrates the unit of electrostatic charge, which, by definition, is a 
charge that repels another equal and like charge one centimeter away with 
a force of one dyne. The electrostatic unit is generally abbreviated esu. 
The force between two charges is directly proportional to the product of 

the charges and inversely proportional to the square of the distance between 
the charges. This is expressed mathematically as 

F = q1C12 
ICd2 

(2-1) 

where F = force, dynes 
qi = strength of charge 1, esu 
q2 = strength of charge 2, esu 
d = distance between charges, cm 
k = dielectric constant of the medium through which the force is 

exerted 

Note: k for vacuum and air is 1; for other materials see Appendix VI. 

EXAMPLE 2-1 What force is exerted between two negative charges of 10 and 20 em, 
respectively, when placed 2 cm apart in air? 

GIVEN: qi = 10 em 

FIND: F 

SOLUTION: 

q2=20esu k=1 d= 2 cm 

= (Igo 10 X 20  _ 50 dynes (repulsion) 
kd2 — 1 x 2 x 2 

EXAMPLE 2-2 What force is exerted between two charges, one negative and one 
positive, each with a strength of 50 esu? They are placed in air 4 cm apart. 

GIVEN: qi = 50 em 

Firm: F 

SOLUTION: 

(42 = 50 esu k = 1 d = 4 cm 

F — qlq2 - 5° X 5°  = 158 dynes (attraction) ke - 1 X 4 X 4 
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2-7 Introduction to Dynamic Electricity 

Potential asid the Volt. In order to produce an electrostatic charge, 
either positive or negative, energy is required to move electrons from one 
position to another; the charge then possesses potential energy. In electri-
cal terminology, potential is an abbreviation of the term potential energy. 
The practical unit for electrical potential is the volt, and the terms poten-
tial and voltage are sometimes used interchangeably. 

Potential is measured relative to that of the earth, the potential of the 
earth being considered as zero. Notice that this is only a reference level of 
potential. Positively charged objects have a higher potential than that of the 
earth, and negatively charged objects have a lower potential than that of 
the earth. 

Difference of Potential and Voltage. The effect of two unequal charges 
upon each other may be expressed in terms of their relative charges, and 
it is said that a difference of potential exists. This difference of potential is 
expressed in volts and is generally called voltage. 

Article 2-5 describes how a charged object can transmit part of its charge 
to a neutral object. This can also take place between two charged objects 
if one has a greater potential than the other. A transfer of charge can occur 
only when there is a difference of potential between two points or objects. 

In dynamic electricity the difference of potential is of great importance, 
for in order to maintain a flow of electrons there must be a continual dif-
ference of potential between the two points in which the electron flow is 
desired. 

Electric Current. The continuous flow of electrons in a conductor is 
called an electric current; this is commonly shortened to just current. Such 
a movement of electrons occurs whenever a conductor (wire) is connected 
between two points of different potential. If one end of a wire is connected 
to a negative potential and the other end to a positive potential, electrons 
will flow from the negative to the positive potential. If the ends of the wire 
are connected to positive potentials but of different levels, electrons will 
flow from the lower positive potential to the higher one. If the ends of the 
wire are connected to negative potentials but of different levels, electrons 
will flow from the higher negative potential to the lower one. 

Electron Motive Force or EMF. In order to maintain a flow of electrons 
in an electric circuit a pressure or force must be applied. This force is 
called electromotive force and is generally abbreviated as emf or EMF; its 
practical unit is the volt. 

Voltage Drop. When a current is flowing through a number of elements 
in a circuit, a voltage, or difference of potential, will be present at the ter-
minals of each circuit element; these voltages are often referred to as volt-
age drops. 
EMF, Voltage Drop, and Difference of Potential. Because the practical 

unit of emf, voltage drop, and difference of potential in each case is the 
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volt, their proper use may be confusing. Electromotive force is used to 
denote the voltage at a power source such as a battery or generator. Volt-
age drop is used to denote the voltage that exists between any two points 
of a circuit through which current is flowing. In any case, a difference of 
potential exists between two points. 

2-8 Methods of Producing an Electric Current 

In order to obtain an electron flow it is necessary to establish a differ-
ence of potential between the two points in which the electron flow is 
desired. There are various methods that may be used to set up a potential 
difference, such as friction, chemical, magnetic, thermal, light, and pressure. 

Friction Method. Article 2-4 describes how rubbing together certain 
kinds of dissimilar materials produces static charges in the materials. 
Article 2-7 establishes the relationship between these static charges and 
difference of potential. Any discharge of static electricity is accompanied 
by an electric current, but for only a very short period of time. 

Chemical Method. Batteries, fuel cells, etc., are examples of electrical 
energy produced by chemical action. If two dissimilar metals, such as cop-
per and zinc, are immersed in a salt solution and they are connected by a 
wire or any other form of conductor, a chemical action will take place and 
cause an electric current to flow through the conductor. Such a unit is 
called a cell, and a combination of two or more cells properly connected is 
called a battery. Unless the battery is very large, the amount of electrical 
energy that can be obtained by this method is small. The chief uses of bat-
teries are (1) where a small amount of current is needed, (2) where a port-
able source of electricity is needed, (3) for a reserve supply in case of an 
emergency. 

Magnetic Method. An emf may be produced in a conductor when it is 
cut by or is itself cutting through magnetic lines of force. The act of forc-
ing the electrons to move in a conductor by either of these means is called 
electromagnetic induction. The amount of emf obtained will depend upon 
the number of magnetic lines being cut, the number of conductors cutting 
them, and the speed with which it is done. This is the basic principle of the 
electric generator and the alternator, the former producing a direct cur-
rent and the latter an alternating current. The flexibility as to the amount 
of emf obtained, the amount of current it can deliver, the ease of produc-
tion, and the low cost make this the most practical method of obtaining 
large amounts of electrical energy. 

Thermal Method. An electric current can be produced by heating two 
dissimilar metals at their junction point; this is called a thermocouple. The 
amount of electricity that can be obtained by this method will depend 
upon the amount of heat applied and the metals used, different metals 
giving different amounts of electricity. Practical combinations are made 
from antimony and bismuth, German silver and copper sulfide, copper and 
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constantan, iron and constantan. The amount of electricity produced at any 
one junction point is very small, and therefore the uses of thermocouples 
are limited. Three applications of thermocouples are (1) to measure the 
temperature where a thermometer may not be practical, (2) to measure 
high-frequency currents, (3) as a protective device. 

Light Method. In this method, light energy is converted to electrical 
energy when light strikes the photosensitive material of a photocell. A basic 
photocell consists of three layers of material: (1) a translucent material, 
(2) a selenium alloy, and (3) iron. When light strikes the translucent mate-
rial, it is focused onto the photosensitive selenium alloy and an electric 
charge is developed between the two outside layers which serve as the elec-
trodes of the cell. The amount of electrical energy obtained from the photo-
cell is small. The photographer's light meter is an example of one use 
of the photocell. 

Pressure Method. When certain crystalline materials are placed under 
mechanical strain, an electrical difference of potential will be developed 
across opposite faces of the crystal. The material may be quartz, rochelle 
salts, or tourmaline, and the mechanical stress may be either compression 
or expansion. The basic pressure cell consists of a piece of crystalline mate-
rial placed between two metal plates to which terminals are attached. 
Examples of the uses of pressure cells are the crystal microphone and the 
crystal cartridge of a record player. 

2-9 Effects of Electric Current 

When an electric current flows through a conductor, it produces a num-
ber of effects, the three most important being (1) thermal, (2) chemical, 
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Fig. 2-13 Practical examples of various means of producing electric current. (a) Friction. 
(b) Chemical. (c) Magnetic. (d) Thermal. (e) Light. (f) Pressure. 
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(3) magnetic. The operation of all electrical appliances, devices, instru-
ments, or machinery is based on one or more of these effects. 

Thermal Effect. Any conductor through which an electric current flows 
will become heated owing to the fact that energy is used in forcing the 
current through the resistance offered by the conductor. The rise in tem-
perature may be small or large, according to the current flowing and the 
resistance offered to the flow, but some heat is always produced. Because 
of this effect we are able to have the various electrical heating devices such 
as soldering irons, baking ovens, irons, toasters, and heating pads. The cur-
rent flowing through an electric lamp heats the filament to incandescence 
causing the lamp to give off light. Vacuum tubes use this effect as their 
basic principle of operation, as any material will emit electrons when 
heated. This heat is obtained by having an electric current flow through a 
wire inside the tube. 

Chemical Effect. Chemically, an electric current is capable of decompos-
ing water, that is, breaking it up into its elements of hydrogen and oxygen. 
This effect, the decomposition of a chemical compound by an electric cur-
rent, is called electrolysis and is used in applications of the chemical effect 
of electron flow. Battery cells, electroplating, electrotyping, and therapeu-
tics are a few illustrations of the many applications of electrolysis. 

Magnetic Effect. An electric current flowing in a conductor causes it to 
be surrounded by a magnetic field consisting of lines of force encircling the 
conductor at all points. This effect is the basis of operation of motors, 
generators, induction coils, and transformers; in fact, practically all electri-
cal machinery and many electrical devices use this effect. 

2-10 Kinds of Electric Current 

All electrical currents are essentially the same in nature, but they may 
vary in their method of flow, direction, current strength, or a combination 
of these. Basically there are six different kinds of electric currents: (1) con-
tinuous, (2) pulsating, (3) direct, (4) alternating, (5) oscillatory, (6) interrupted. 

Continuous Current. A continuous current is one in which the direction 
and amount of current flow do not vary with time. Referring to Fig. 2-14, 
it can be seen that the direction of flow does not change and that the 
intensity of the current is constant at all times as Ii = /2 = /3, etc. Con-
tinuous currents are obtained from battery cells. 

Pulsating Current. The direction of flow of a pulsating current is con-
stant, but its strength rises and falls at fixed intervals. In Fig. 2-14, 
ti = t2 = t3, etc. Pulsating currents are obtained from any rectifier of alter-
nating currents. The difference between the maximum and minimum 
values will depend on the rectifier and its filter circuit; the better the rec-
tifier and its filter circuit, the smaller this difference becomes and the nearer 
the pulsating current approaches being a continuous current. There are 
numerous types of electric current of various wave forms used in elec-
tronics that are variations of pulsating current. 
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Direct Current. A direct current is a pulsating current whose flow varies 
so little that it is almost equivalent to a continuous current. Because the 
current flows in only one direction, it is a unidirectional current. This has 
been abbreviated by common usage to simply direct current. Direct-current 
generators actually generate an alternating current, but the commutator 
rectifies it to a direct current. Increasing the number of coils and commu-
tator segments will reduce the difference between the value of the maxi-
mum and minimum currents. 

Alternating Current. An alternating current reverses its direction of flow 
at fixed intervals. During each interval the current rises from zero to 
maximum, then diminishes from maximum to zero. Figure 2-14 shows that 
(1) the current flows in a positive direction during the intervals ti, t3, etc., 
and in a negative direction during the intervals t2, t4, etc.; (2) the intervals 
are all equal as ti = t2 = t3, etc.; (3) the maximum current in the positive 
direction is equal to the maximum current in the negative direction. Alter-
nating currents are produced by a-c generators commonly called alternators. 
Because an alternating current can be readily transformed from low to high 
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voltages, and vice versa, it is possible to send large amounts of power at a 
low current through conductors having a comparatively small diameter. It 
is, therefore, cheaper to transmit an alternating current over great distances 
than a direct current, and for this reason it is the type of current usually 
found in homes, offices, and other buildings. 

Oscillatory Current. An oscillatory current is one which reverses its 
direction at fixed intervals and decreases in magnitude with each reversal 
until all current flow ceases. An example of an oscillatory current occurs 
when a capacitor is discharged through an inductor and a resistor. The 
energy stored in the capacitor will be transferred to the inductor, which 
will then in turn return its energy to the capacitor. This process repeats 
itself, but during each transfer some of the energy is dissipated (given off 
as heat) at the resistor. The time required for the capacitor to discharge 
completely and the maximum value of the current will depend on various 
factors in the circuit, such as the voltage applied and the size of the capaci-
tor, inductor, and resistor. 

Interrupted Current. An interrupted current is one in which the circuit 
is made and broken at fixed intervals. It may be an alternating, direct, pul-
sating, or continuous current. Interrupted currents can be obtained by either 
mechanical or electrical means. An example of the mechanical means of 
interrupting a current is the rotating drum which is used to break an elec-
tric circuit at definite intervals. The rotating-drum method may be used to 
control the lights on the various parts of an electric flashing sign. By this 
means it is possible to control the number of lights in various circuits and 
also the intervals at which these lights are turned on and off. 

Interrupted currents can be obtained electrically by several methods. 
One method, used in some types of portable radio receivers and electronic 
devices, employs a vibrating coil in its power-supply circuit to increase the 
comparatively low battery voltage to a higher voltage required by the radio 
receiver or electronic device. Another method of interrupting a current by 
electronic means is to apply at the desired intervals of time an amount of 
voltage to the control grid of a vacuum tube sufficient to interrupt the flow 
of electrons in its plate circuit. 

Complex Currents. Combinations of two or more of the various funda-
mental types of current described in the preceding paragraphs will result in 
a current of complex wave form. Currents having a complex wave form 
will be encountered in electronic circuits. Figure 2-15 illustrates a number 
of wave forms that are either variations of the fundamental waves or are 
complex waves. 

2-11 Ohm's Law 
The flow of electrons through a circuit resembles in many ways the flow 

of water through pipes. Therefore, the action of an electric current can be 
understood by comparing its flow with the flow of water. 
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Fig. 2-15 Complex waves. 

Hydraulic Analogy of Current Flow. In hydraulics, which is the scien-
tific study of the flow of water in pipes, there are three fundamental con-
siderations, namely, (1) the cause of the flow; (2) the amount of flow in a 
given time, or rate of flow; (3) the factors regulating the flow. 
The rate of flow is controlled by the hydraulic pressure which may be 

obtained by means of pumps. If the pressure is increased, the amount of 
water flowing will be increased; if the pressure is decreased, the rate 
of water flow will decrease; and if there is no pressure, the water will 
stand still. The rate of water flow is, therefore, directly proportional to the 
pressure causing it to flow. If the resistance due to friction, bends, etc., is 
increased, the flow of water will be decreased, and if the resistance is 
decreased, the flow will increase. The rate of water flow is, therefore, 
inversely proportional to the resistance of the pipes through which it 
must flow. 
The foregoing conclusions can be expressed by the simple mathematical 

equation 

Rate of water flow hydraulic pressure  
= 

resistance of the pipes 
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In the study of electricity there are three fundamental terms that com-
pare with the three factors in hydraulics: 

Electric pressure is called voltage. 
Rate of electron flow is called current. 
Electric resistance is called resistance. 

Substituting the comparative electrical terms in the above equation, 

voltage  
Current = (2-2) 

resistance 

Ohm's Law. The mathematical relation between voltage, current, and 
resistance was discovered by Georg Simon Ohm and is called Ohm's law. 
This law is the foundation upon which the study of all branches of elec-
tricity is based. Ohm's law may be stated in three forms, the first as 
in Eq. (2-2) and the others as in Eqs. (2-3) and (2-4). 

Equation (2-2) can be used to find the current that will flow in a circuit 
when the resistance and voltage are known. This equation can be trans-
posed by algebra so that it will be possible to solve for the voltage when 
the current and resistance are known or to solve for the resistance when 
the voltage and current are known. Two new equations will be produced, 
namely, 

and 

Voltage = current x resistance (2-3) 

Resistance = voltage (2-4) 
current 

A study of these three equations will lead to the following conclusions: 
1. From Eq. (2-2), the current flowing in a circuit having a fixed amount 

of resistance will increase with an increase in the voltage and decrease with 
a decrease in the voltage. Also, the current flowing in a circuit with a fixed 
amount of voltage will decrease with an increase in resistance and increase 
with a decrease in resistance. This may be stated more briefly. The current 
flowing in a circuit varies directly with the voltage and inversely with the 
resistance. 

2. From Eq. (2-3), the voltage at any circuit or circuit element is directly 
proportional to the current and resistance of the circuit or circuit element. 

3. From Eq. (2-4), the resistance requirements of a circuit or circuit ele-
ment vary directly with the voltage and inversely with the current. 

2-12 Fundamental Electrical Units 

In every scientific field there are definite and precise units of measure-
ment. In electrical work the basic units are the volt, ampere, and ohm. In 
practical work the numerical values of voltage and current of a circuit are 
obtained by use of a voltmeter and an ammeter. The resistance of a circuit 
may be obtained by the application of Ohm's law when the current and 



Table 2-1 Comparison of Electrical and Hydraulic Terms and Units 

HYDRAULIC ANALOGY ELECTRICAL TERMS AND UNITS 

Term Units of measure How controlled Term Units of measure How controlled How measured 
Symbols and 
abbreviations 

Ohm's law 
relation 

Pressure Weight per unit 
area, lb/sq in., 
grams/sq cm 

Pump Electromo- 
tive force 

Volt D-C: batteries, 
generator 

A-C: alternator, 
transformer 

Voltmeter E = impressed 
voltage 

e = voltage drop 

Current X re-
sistance 

I x R 

Water Quantity per 
unit time, gal/ 
min, err ft/sec 

Valves Current Ampere Rheostat, switch Ammeter t = branch current 
I = line current 

Voltage 
Resistance 

E .._ 
R 

Resistance k, coefficient of 
friction 

Turns, bends, 
friction 

Resistance Ohm Length, cross-sec- 
tion area, material 

Ohmmeter, 
bridge 

r = branch 
resistance 

R = line resistance 

It or co = ohm 

Voltage 

Current 
E 
_ 
I 

Power Horsepower- 
foot-pounds 
. 

Pressure or 
amount of water 

Power Horsepower, 
watt, kilowatt 

Voltage or current Wattmeter P = power 
kw = kilowatt 
kva = kilovolt-
ampere 

Volts x amperes 

E X I 

Energy Horsepower-hour Power, time Energy Kilowatthour, 
watt-second 

Power, time Kilowatthour, 
meter 

En = energy 
kwh = kilowatt- 

hour 
ws = watt-second 

Power X time 
P x T 
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voltage are known, or it may be measured directly with a bridge or with an 
ohmmeter. For voltmeters, ammeters, and ohmmeters to provide accurate 
indications of voltage, current, and ohms, they are calibrated to conform 
to standard meters of these quantities. Standard instruments are maintained 
by meter manufacturers and precision measuring laboratories, who in turn 
periodically have their instruments checked with United States standards 
at the National Bureau of Standards at Washington. 

Standard Units. So that the volt, ampere, and ohm might represent the 
same value all over the world, standards were set up by an international 
commission in 1881 and made legal by the governments of all civilized 
countries. These standards have been corrected or revised at a number of 
subsequent international conferences. 

The Ampere. When a conductor is connected to the terminals of a 
source of electrical energy, such as a battery or a generator, there will be 
a movement of free electrons from the negative terminal toward the posi-
tive terminal of the power source. The ampere is used to express the rate 
of flow of electrons, but as the electron represents a very small quantity, it 
is necessary to have 6,280,000,000,000,000,000 (6.28 quintillion) electrons 
flowing past a point to constitute one ampere. Because such a large num-
ber is difficult to use, it is replaced by the coulomb, which represents 
a charge of 6.28 X 1018 electrons (see Art. 4-16). Thus the ampere, named 
after André Marie Ampère, is the quantity of electricity equivalent to one 
coulomb passing a given point per second. 

The Volt. The practical unit of electrical pressure (also of potential, 
potential difference, emf, and voltage drop) is the volt, named in honor of 
Alessandro Volta. The volt is equivalent to the electrical pressure required 
to force one ampere through a resistance whose value is one ohm. Through 
common usage, the word voltage is generally used in place of potential, 
potential difference, and emf. 

The Ohm. Certain materials allow the free electrons to travel through 
them more easily than do other materials. These materials offer a compara-
tively small amount of resistance to the flow of electrons and are called 
conductors. The unit of electrical resistance is the ohm, named in honor of 
Georg Simon Ohm, and is equal to the amount of opposition offered by a 
conductor to the flow of one ampere of current when a pressure of one volt 
is applied across its terminals. 

Practical Units. The practical units used in electricity and electronics 
have been adopted from the standards described above. These units are: 
(1) the ampere, for current flow; (2) the volt, for electrical pressure; 
(3) the ohm, for the resistance offered to the flow of current. 

The mathematical relation between these terms is expressed by Ohm's 
law and has been stated as Eqs. (2-2), (2-3), and (2-4). It is common prac-
tice to express Ohm's law by using symbols for the words ampere, volt, 
resistance (see Art. 2-15). The symbol for ampere is I, for volt E, and for 
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resistance R. Equations (2-2), (2-3), and (2-4) then become 

E volts / = — or Amperes = (2-5) 
R ohms 

E = IR or Volts = amperes x ohms (2-6) 

E volts  
(2-7) R = T or Ohms = 

amperes 

EXAMPLE 2-3 How much current flows through an electric circuit that has a resist-
ance of 20 ohms and is connected to a power supply whose pressure is 110 volts? 

GIVEN: R = 20 ohms E = 110 WAYS 

FIND: I 

SOLUTION: 

I 110 
= E - = - = amp 
R 20 

EXAMPLE 2-4 What is the resistance of a circuit that has a current of 2.5 amp flow-
ing through it when the electrical pressure is 125 volts? 

GIVEN: I = 2.5 amp 

FIND: R 

SOLUTION: 

E = 125 volts 

R = I = 125 = 50 ohms 
2.5 

EXAMPLE 2-5 What pressure is required to force a current of 1.75 amp through 
a circuit whose resistance is 60 ohms? 

GIVEN: I = 1.75 amp 

FIND: E 

SOLUTION: 

R = 60 ohms 

E = IR = 1.75 x 60 = 105 volts 

2-13 Work, Power, Energy 

Work. Work is the accomplishment of motion against the action of 
a force tending to resist it. Work may be (1) useful, as drilling holes in a 
large sheet of steel; (2) destructive, as tearing one's clothes; (3) pleasant, as 
hitting a baseball for a home run; (4) accidental, as falling down a flight of 
stairs. In all cases, work is accomplished by the action of some force 
through a distance. The work done upon any body is equal to the product 
of the force exerted upon it and the distance through which it acts. 
Expressed mathematically, 

Work = force x distance (2-8) 
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If the distance is expressed in feet and the force in pounds, then the work 
done will be expressed in foot-pounds. 
Time is not a factor in the consideration of work done. For example, one 

person, being fairly strong, could move a 100-lb bag of sand across a room 
10 ft long in one trip taking one minute, and another person, not being so 
strong, might have to do it in 10 trips, carrying 10 lb in each trip 
and taking one minute per trip. In both cases the work accomplished 
would be the same. 

Work done first case = 100 lb x 10 ft = 1,000 ft-lb 

Work done second case = 10 lb x 10 ft x 10 trips = 1,000 ft-lb 

Power. Power is the rate of doing work per unit of time. Therefore, it 
may be said that the first person possessed more power than the second 
because he did the job at the rate of 1,000 ft-lb per min while the second 
one worked at the rate of 100 ft-lb per min to do the same job. Expressed 
mathematically, 

Power = work done  
time 

(2-9) 

It has been established that the average work horse could work at the 
rate of 33,000 ft-lb per min, or 550 ft-lb per sec. Thus the horsepower is a 
larger unit of power and is equal to 

foot-pounds of work per minute  
Horsepower = (2-10) 

33,000 

foot-pounds of work per second  
Horsepower = (2-11) 

550 

The work done by an electric current may be the illumination of a room, 
the running of a motor for almost any kind of mechanical work, the opera-
tion of a radio receiver or transmitter, etc. The unit of electrical power is 
the watt, and it is equivalent to the work done in one second by a steady 
current of one ampere flowing under a pressure of one volt. Mathematically 
this is expressed as 

1 watt = 1 volt x 1 amp 

or P=E ><I or watts = volts x amperes (2-12) 

If E/R, which is the equivalent of I as indicated in Eq. (2-5), is substituted 
for I in Eq. (2-12), it becomes P = E x E/R, or 

E2 (volts)2  
P = R or watts = (2-13) 

ohms 

Also, if IR, which is the equivalent of E as indicated in Eq. (2-6), is substi-
tuted for E in Eq. (2-12), it becomes P = IR x I, or 
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P = PR or watts = (amperes)2 x ohms (2-14) 

The above equations provide three means of calculating the power of a 
circuit. The equation to be used is best determined by first identifying the 
known quantities and then choosing the equation which best fits the con-
ditions. A careful examination of the above equations will show that an 
equation has been provided for each combination of two known quantities 
of the Ohm's law group, namely, E, I, and R. 

EXAMPLE 2-6 What power is consumed by a circuit that has a current of 2.5 amp 
when connected to a source whose pressure is 120 volts? 

GIVEN: I = 2.5 amp 

FIND: P 

SOLUTION: 

E = 120 volts 

P=Exl= 120 x 2.5 = 300 watts 

EXAMPLE 2-7 What power is consumed by a circuit whose resistance is 80 ohms and 
which has a current of 1.5 amp? 

GIVEN: R = 80 ohms 

FIND: P 

sounion: 

/ = 1.5 amp 

P = PR = 1.5 x 1.5 x 80 = 180 watts 

EXAMPLE 2-8 What power is consumed by a circuit whose resistance is 75 ohms and 
which is connected to a source whose pressure is 15 volts? 

GIVEN: R = 75 ohms 

FIND: P 

SOLUTION: 

E = 15 volts 

„ E2 15 x 15 = 3 watts r= = 
75 

Energy. Energy is the capacity to do work. The units for energy are, 
therefore, the same as those for work. The amount of energy in the universe 
is always constant, for, according to the law of conservation of energy, it 
can neither be created nor destroyed but is merely changed from one form 
to another. A battery changes chemical energy into electrical energy, and 
a generator changes mechanical energy into electrical energy. The energy 
of an electric current will be the energy of the moving electrons. 

If a 100-watt lamp was placed in a room and no current flowed through 
its filament, the lamp would radiate no light. No work would be done, and 
therefore no energy would be used. If an electric current was caused to 
flow through its filament for 1 hr, the lamp would radiate light for 1 hr and 
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would perform 100 watthours (whr) of work, thereby using 100 whr of 
electrical energy. Expressed mathematically, 

Energy (watthours) = power (watts) x time (hours) (2-15) 

2-14 Other Units 
The units of electricity such as the volt, ampere, ohm, and watt are basic 

quantities for the smaller and larger units that are used from time to time. 
The names of these units are formed by using the base name and a prefix 
to designate the quantity. 
The prefix means one-thousandth (1/4 ,0oo) and micro-, one-millionth 

(%,000,000). Both these prefixes are used to designate small amounts of volt-
age, current, and power in electrical instruments and various electronic 
circuits. 

1 millivolt (mv) = 

1 milliampere (ma) = 

1 of a volt 
1,000 

1 of an ampere 
1,000 

1 1 milliwatt (mw) = 1,1:00 of a watt 

1 microvolt (µv) =  1 1 000 of a volt 
,000,  

1  1 microampere (pa) = of an ampere 
1,000,000 

1  1 microwatt (p.w) = of a watt 
1,000,000 

The prefix kilo- means one thousand (1,000) and is used to designate 
large amounts of voltage, power, and energy. 

1 kilovolt (kv) = 1,000 volts 
1 kilowatt (kw) = 1,000 watts 

1 kilowatthour (lcwhr) = 1,000 watthours 

The prefix meg- means one million (1,000,000) and is used to designate 
high resistances. 

1 megohm (mn) = 1,000,000 ohms 

Electrical Equivalent of Horsepower. Although horsepower is basically 
a mechanical term, it is frequently desired to substitute an equivalent elec-
trical amount of power. One horsepower is equivalent to 746 watts of 
electrical power, or 

Watts = horsepower X 746 (2-16) 
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2-15 Symbols and Abbreviations 

Symbols. Symbols may be defined as abbreviations for any item or clas-
sification and may consist of letters, figures, emblems, or signs. The purpose 
of symbols is (1) to indicate definitely a particular item to the exclusion of 
all others and (2) to obtain brevity in the writing of equations, specifica-
tions, reports, drawings, etc. Symbols promote exactness, because each 
symbol is definitely associated with only one item. A description of an 
article or an electrical circuit may be vague, even though the words are 
used in the true sense of their dictionary definitions, for the reason that all 
persons do not ascribe the same meaning to words. It is easier to write 
$123.45 than "one hundred and twenty-three dollars and forty-five cents," 
and it would be quite a problem to add 20 or more different amounts of 
money if each amount had to be written out instead of using symbols. 

Symbols used for the diagrammatic representation of electrical, radio, 
television, and other electronic apparatus have not all been standardized, and 
various modifications will be found. Those listed in Appendix I are the 
forms easily understood and easily made and are therefore the ones most 
commonly used. There is likewise no definite standard of size, and those 
listed are drawn to a scale used in general practice. At times, it may be 
necessary to enlarge or reduce the size of the symbols listed. When this is 
done, care must be taken so that all the symbols used are enlarged or 
reduced in the same proportion. 

Abbreviations. The terms voltage, current, resistance, power, etc., are 
very seldom written out in the solution of problems or in an explanation of 
any electronic circuit. It is common practice to use the following abbrevi-
ations for the few terms that have been mentioned. A complete list will be 
found in Appendix II. In general, capital letters are used to denote the 
total current, resistance, power, etc., in a circuit and small letters to denote 
the resistance, current, power, etc., in any branch or part of a circuit. 

E The first letter of the abbreviation for electromotive force, used 
to designate the voltage applied to any circuit from a power 
supply. The subscript method of notation is used to denote the 
source of the applied emf as: 

Eg Voltage supplied from a battery 
E0.4 Voltage supplied from generator A 
EL Voltage supplied from a power line 
e The first letter of the abbreviation for electromotive force is 

used to designate voltage drops and all applied or output volt-
ages other than those from power supplies. For example: 

e0 Input signal voltage, as applied to the grid circuit of a vacuum 
tube 

eo Output voltage, as of an amplifier unit 
er Voltage drop, as the pressure lost in forcing a current through 

a resistor 
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I or i Current (intensity of electron flow) 
R or r Resistance 
S1 or w A symbol used in place of the word ohm 
P or p Power 
En or en Energy 

2-16 How to Solve Problems 

1. Read the problem very carefully. 
2. Note the values that are given and the values to be found. 
3. Draw a circuit diagram wherever possible. 
4. Using the various equations that are known, find the one that involves 

the known and unknown values. 
5. If none of the equations available will meet the needs, then find one 

that involves most of the knowns and that, when solved, will produce a 
value that can be used in another equation to solve for the desired unknown. 

6. Write down the equation. 
7. Substitute the known values. 
8. Solve for the unknown, performing all necessary arithmetic on another 

sheet of paper. 
9. Keep the work neat. 

10. Underline the answer. 
The following examples will illustrate the above rules: 

EXAMPLE 2-9 If a 40-watt lamp operates from a 110-volt line, what current does it 
draw? 

In this problem power and voltage are the known values and current the unknown 
value. This is recorded in the following manner, and a circuit diagram is drawn: 

E = 110 volts P = 40 watts I = ? 

Fig. 2-16 

As Eq. (2-12) contains just these three quantities, it may be used to solve this prob-

lem. The quantities are transposed in order to solve for the current, as 

substituting the known values, 
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Dividing 40 by 110 on a separate piece of paper, 

I= 0.363 amp  

The above problem should appear in the following form: 

GIVEN: E= 110 Volts 

FIND: I 

SOLUTION: 

P= 40 watts 

I=—P = 4° = 0.363 amp  
E 110 

Fig. 2-16 

The above example is very simple and requires the use of only one for-
mula. When a problem involves the application of more than one formula, 
it is necessary to use step 5. This is illustrated by the following problem. 

EXAMPLE 2-10 If a flatiron draws 5 amp from a 110-volt line, how much energy does it 
consume in 8 hr? 

In this problem, current, voltage, and time are the known values and energy the 
unknown value. 
The energy consumed can be found by Eq. (2-15), but this requires knowing the 

value of the power. It is therefore necessary to determine the power first, which can 
be found by use of Eq. (2-12). The solution of the problem will then appear in the 
following form. 

GIVEN: E= 110 volts I= 5 amp T= 8 hr 

FIND: En 

sourrioN: 

P=Exl= 110 x 5 = 550 watts 

En = P x T = 550 x 8 = 4,400 whr = 4.4 kwhr 

E 

Fig. 2-17 

If the cost of operation of any electrical appliance is desired, it is neces-
sary to multiply the energy consumed by the rate at which electricity 
is sold. This is expressed mathematically as 

Cost = energy x rate (2-17) 

EXAMPLE 2-11 If electricity sells for 5 cents per kflowatthour, how much does it cost 
to operate the flatiron used in Example 2-10? 
The solution of Example 2-10 shows that 4.4 kwhr is consumed, and the following 

step must be added: 

Cost = en x rate = 4.4 x 0.05 = 0.22 = 22 cents  

These examples illustrate the general rules to be followed in solving 
problems. As there are any number of different kinds of problems, no one 
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set of rules can hold for all of them; the above form may be varied some-
what, but the general thought always is kept intact. 

Square Root. Solving problems involving Eqs. (2-13) and (2-14) may require 
extracting the square root of a number. For example, if in Eq. (2-13) the 
watts and ohms are known and it is required to determine the voltage, then 

E2=PxR and E= YPxR 

The process of deriving the square root can best be explained by work-
ing out an example. 

EXAMPLE 2-12 If the value of E2 was found to be 52,805.367, what is the value of E? 

GIVEN: E2 = 52,805.367 

FIND: E 

SOLUTION: 

E = V52,805.367 

The following procedure is recommended in working for the square root 
of a number. 

1. Set down the number, and divide the digits on each side of the deci-
mal point into groups of two; start at the decimal point, and work toward 
the left and then again from the decimal point work toward the right. It is 
possible for the extreme left-hand group to have only one digit. If the 
extreme right-hand group contains only one digit, a zero is added so that 
it will have two digits. 

V5 28 05.36 70 

2. Find the largest number that when multiplied by itself will go into the 
first group. In this example, the group is 5 and the largest number that can 
be used is 2. Now write the 2 above the 5. Next square the root number 2, 
and place it under the 5; its value is 4. Then subtract the 4 from 5, leaving 
a value of 1. 

2  
V5 28 05.36 70 
4 

3. Now bring down the next group of numbers alongside the remainder 
and draw a _1 to the left of this complete number. Double that part of 
the square root already found, and place it in the _I 

2  
V5 2805.36 70 
4 
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4. The next step is to add a number alongside that part of the square 
root already found and also place this same number alongside the 4 in the 
___I This number A should be the largest that when multiplied by ±41 
will go into the remainder 128. This step is done by trial-and-error proce-
dure; therefore let us try the number 3. 

23  
N/5 28 05.36 70 
4 

43 ITF3-
1 29 

At this point it is necessary to subtract again, but unfortunately 129 is just 
a bit too large. Therefore the number 2 must be used. 

22  
N/5 28 05.36 70 
4 

hrl--F3 
84 
744-

5. Bring down the next group (05), and repeat the procedure. Double 
the root already found, and find the largest multiplier that can be used. 

2 2 9  
N/5 2805.36 70 
4 

4211  Fi 
84 

449144175 
40 41 
364 

6. Continue until all places are filled above each group in the original 
number. 

2 2 9. 7 9  
N/5 28 05.36 70 
4 

42[fã 
84 

44917z4711:5 
40 41  

4587  3 64 36 
3  21 09  

45949  43 27 70 
41 35 41  
1 92 29 
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7. Notice that the decimal point in the root is placed directly above the 
decimal point in the original number. If desired, the solution can be carried 
to additional decimal places by adding groups of two zeros to the right of 
the existing digits, then proceeding as before. 

2 2 9. 7 9 4  
V5 2805.36 70 00 

Therefore the square root of 52,805.367 when worked to three decimal 
places is 229.794. 

8. Should any of the divisors be too large to go into the remainder, 
a zero is placed in the root above that group and the next pair of numbers 
is brought down. This step is illustrated in the solution of the following 
example. 

EXAMPLE 2-13 What is the square root of 1,620? 

41 
Vlf,O. 
16 

nr 1:',.0 
81 

Note that 1 is too large; therefore 

4 0. 2 
V16 20.00 

16  
802 20 00 

16 04 
396 

The square root of 1,620 when worked to one decimal point is 40.2. 

EXAMPLE 2-14 What is the voltage of an electrical circuit that takes 50 watts and 
whose resistance is 250 ohms? 

GIVEN: P = 50 watts R = 250 OhIlls 

FIND: E 

SOLUTION: Using Eq. (2-13), 

, E2 
' = 7 and E2 = PR 

then E = VUR = N/50 x 2,50 = V12,500 = 111.8 volts  

EXAMPLE 2-15 What current is flowing through a 25-ohm resistance if the power 
being consumed is 500 watts? 

GIVEN: R = 25 ohms 

FIND: I 

P = 500 watts 
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SOLUTION: Using Eq. (2-14), 

then 
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P I2R and /2 = P 

= = 1 54: = V-K) = 4.47 amp 

QUESTIONS 

1. (a) Name two kinds of electricity. (b) In what main respect do they differ? 
(c) Which is used more widely? 

2. How may static electricity be produced? 
3. List some examples of static electricity. 
4. Define the following terms: (a) matter, (b) molecule, (c) element, (d) atom, 

(e) compound. 
5. Describe the composition of a compound. 
6. State briefly the principle of the electron theory of matter in terms of protons and 

electrons. 
7. What importance does the electron theory have in the study of electricity and 

electronics? 
8. What are (a) electrons? (b) Protons? 
9. Describe the structure of an atom in terms of electrons, protons, and nucleus. 

10. Describe an atom of copper in terms of the electron theory. 
11. What is the relationship between electric current and electrons? 
12. Define (a) bound electrons, (b) valence electrons, (c) free electrons. 
13. Describe the theory of electron flow along a conductor. 
14. Compare the speed of movement of individual free electrons with the speed of 

the electric current. 
15. Describe how electricity may be produced by friction. 
16. When does a body have (a) a positive charge? (b) A negative charge? 
17. State the law of charges. 
18. (a) In what manner may charges be transferred from one body to another? 

(b) Describe each way. 
19. Compare discharging from a pointed body with discharging from a sphere. 
20. (a) What is lightning? (b) What is its cause? 
21. Describe the use of the lightning rod. 
22. What is meant by an electrostatic field? 
23. What means are used to represent the electrostatic field? 
24. Illustrate the field about (a) a positive charge, (b) a negative charge, (c) adjacent 

positive and negative charges. 
25. Explain how the force between two charges is affected by (a) the strength of the 

charges, (b) the distance between the charges, (c) the medium through which the 
force is exerted, (d) the polarity of the charges. 

26. What is meant by (a) potential? (b) Difference of potential? 
27. Define electric current. 
28. Describe the direction of current flow in relation to potential difference. 
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29. What is meant by (a) emf? (b) Voltage drop? 
30. Name six ways in which a difference of potential may be established. 
31. Explain how a difference of potential may be established by means of (a) friction, 

(b) chemical action, (c) magnetic fields. 
32. Explain how a difference of potential may be established by means of (a) heat, 

(b) light, (e) pressure. 
33. (a) Name and explain three important effects of electron flow. (b) Name some 

applications for each of these three effects. 
34. Name and explain six kinds of electric current. 
35. Explain where each of the above-mentioned currents may be found. 
36. (a) What are complex currents? (b) Where are complex currents likely to be 

found? 
37. In what respects is the flow of water similar to electric current? 
38. What mathematical relationship does Ohm's law establish? 
39. Why is a knowledge of Ohm's law essential to the study of electricity and 

electronics? 
40. State the Ohm's law equations for (a) voltage in terms of current and resistance, 

(b) current in terms of voltage and resistance, (c) resistance in terms of voltage 
and current. 

41. Is there any difference between the electrical units of measure in this country and 
any other country? Explain. 

42. What is the relation between (a) an electron and an ampere? (b) A coulomb and 
an ampere? 

43. Define the volt in terms of current and resistance. 
44. What is the relationship of the term volt to potential difference, emf, voltage 

drop, and electrical pressure? 
45. (a) What is meant by electrical resistance? (b) What is the ohm? (c) Define the 

ohm in terms of voltage and current. 
46. State Ohm's law in its three forms in terms of the letter symbols E, I, and R. 
47. Define the following terms: (a) work, (b) power, (c) energy. 
48. Explain the difference between the terms work, power, and energy. 
49. What is the basic unit of (a) electrical power? (b) Electrical energy? 
50. Give the equations for finding the power in watts when (a) voltage and current 

are known, (b) voltage and resistance are known, (c) current and resistance 
are known. 

51. In order to calculate the energy consumed by a circuit, what factor must also be 
known in addition to the power in watts? 

52. What do the following prefixes mean: (a) milli-, (b) micro-, (c) kilo-, (d) meg-, 
(e) mega- ? 

53. What is the electrical equivalent of a horsepower? 
54. (a) What are symbols? (b) What is their purpose? 
55. Have all electrical symbols been standardized? Explain. 
56. What is the purpose of the subscript method of notation? 
57. Name 10 steps suggested for the proper solution of problems. 
58. When is it necessary to know how to solve for the square root of a number 

in electrical problems? 



Basic Theory of Electricity 59 

PROBLEMS 

1. What is the magnitude and direction of the force between two positive charges 
of 200 and 300 esu, respectively, when placed in air 1.5 cm apart? 

2. What is the magnitude and direction of the force between a positive and negative 
charge, each of 300 esu, when placed in air 2.5 cm apart? 

3. What is the magnitude and direction of the force between two negative charges 
of 400 esu each when separated by a piece of fiber 2 cm thick? 

4. If the fiber separator of Prob. 3 is replaced by one of common glass, what force 
would be exerted? 

5. If the fiber separator of Prob. 3 is removed and not replaced by anything other 
than air, what force would be exerted? 

6. What is the hot resistance of the filament of a vacuum tube if it draws 0.05 amp 
from a 1.4-volt power source? 

7. How much current does the heater of a vacuum tube draw if it has a resistance 
of 42 ohms and is connected across a 6.3-volt source of power? 

8. If a certain transistor circuit has a resistance of 1,500 ohms and requires a current 
of 1 ma, how much voltage is required of its power source? 

9. What is the resistance of a circuit drawing 2.5 amp when 120 volts is impressed 
across its terminals? 

10. The voltage drop across a rheostat is 3.6 volts when 1.8 ma is flowing through it. 
What is the resistance of the rheostat? 

11. If a 2,250-ohm resistor causes a voltage drop of 1.5 volts, how much current 
is flowing through the resistor? 

12. How much signal voltage is lost in a 2-megohm grid resistor when 0.1 ga flows 
through it? 

13. What is the resistance of an ammeter whose full-scale reading is 10 amp and this 
maximum allowable current causes a voltage drop of 50 mv? 

14. What is the rated maximum voltage of a voltmeter having a resistance of 150,000 
ohms if the maximum rated current is 1 ma? 

15. An 8,000-ohm resistance connected in the plate circuit of a certain vacuum tube 
causes a plate current of 22 ma. How much is the voltage drop across the 8,000-
ohm resistance? 

16. An electric lamp whose hot resistance is 240 ohms is to be used on a 120-volt cir-
cuit. How much current does it draw? 

17. Which resistance is greater, one that requires 250 volts to force a current of 2.5 ma 
through it or one that requires 2.5 volts to force a current of 0.25 amp through it? 

18. Through which resistor does the greater current flow, a 2-megohm resistor having 
a 250-mv drop or a 20-ohm resistor having a 25-volt drop? 

19. Which resistance causes the greater voltage drop, a 250,000-ohm resistor having 
a current flow of 25 ma or a 250-ohm resistor having a current flow of 2.5 amp? 

20. What is the rate of power loss in a 75-ohm resistor when 150 ma flows through it? 
21. What is the power rating of an electric lamp operating from a 110-volt supply and 

drawing 0.909 amp? 
22. If the total resistance effect of a radio set is 240 ohms and it operates from a 120-

volt line, what is its rated power? 
23. If the input of a d-c motor is 5 hp, how much current does it draw when oper-

ated from a 110-volt line? 
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24. If the input of a d-c motor is 5 hp, how much current does it draw when oper-
ated from a 220-volt line? 

25. (a) If the output of a motor is 5 hp, what is its equivalent wattage rating? (b) If a 
motor draws 1,500 watts from a power line, what is the equivalent horsepower 
input to the motor? 

26. How much does it cost to operate a flatiron that draws 10 amp from a 110-volt 
line if the iron is used 4 hr per day for 10 days and the cost of electricity 
is 4 cents per kilowatthour? 

27. How much energy does a 71/2-hp (input) motor consume in 1 month of 30 days if 
it is operated 2 hr each day? 

28. What is the resistance of the output circuit of a power output tube if it delivers 
15 watts and has a current flow of 40 ma? 

29. If a radio set draws 0.85 amp from a 110-volt line, what is the cost of operation 
for 1 month of 30 days if it is used 3 hr each day and electricity costs 3 cents per 
kilowatthour? 

30. A 600-watt toaster is used every day for a half hour. What does it cost to operate 
this toaster for one month of 30 days if electricity costs 3 cents per kilowatthour? 

31. How much energy is used by an electric clock that runs every day for a month 
of 30 days if it operates from a 115-volt line and has a resistance of 4,000 ohms? 

32. Which costs more to operate, a 5-hp (input) motor used 1 hr every other day for 
1 month (30 days) or a 500-watt lamp used 4 hr each day for 1 month (30 days)? 

33. Many power companies base their customers' bills on a rate schedule that varies 
with the amount of energy used over a 1-month period. The following is the rate 
schedule used by one power company for its residential customers: 

$1.05 for the first 14 kwhr (or less) 
3.9 cents for each of the next 26 kwhr 
2.77 cents for each of the next 60 kwhr 
2.56 cents for each of the next 100 kwhr 
2.05 cents for each kilowatthour in excess of 200 kwhr 

What is the electric bill if 368 kwhr of energy was consumed in 1 month? 
34. Using the rate schedule given in Prob. 33, calculate the cost for 140 kwhr used in 

1 month. 
35. If kilowatthour meter readings of 11,552 and 12,018 were obtained at the start 

and finish, respectively, of a 1-month period, what is the electric bill based on the 
rate schedule given in Prob. 33? 

36. The power output of a tube is 6.5 watts, and the current is 20 ma. What amount 
of voltage is developed across the circuit? 

37. If the rated output power of a vacuum tube is 6.5 watts and the load resistance 
is 2,500 ohms, what amount of voltage is developed across the output circuit? 

38. A 16,000-ohm resistor has a power rating of 10 watts. What is the voltage across 
its terminals when it is delivering its rated power? 

39. How much current flows through the heater of a rectifier tube which has a resist-
ance of 83.3 ohms and consumes 7.5 watts of power? 

40. What is the current rating of a 10-watt 500-ohm resistor? 
41. How much current must be flowing in a 7,500-ohm resistor if the power consumed 

is 25 watts? 
42. What is the distance between two positive charges each of 250 esu if the repelling 

force is 750 dynes? The charges are separated only by the surrounding air. 
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43. What thickness of fiber separator would cause the force between the two charges 
of Prob. 42 to be 500 dynes? 

44. (a) What is the resistance of the heater circuit of a television picture tube if its 
rated voltage is 6.3 volts and its rated current is 0.6 amp? (b) What is the power 
rating of the heater circuit of this tube? 

45. (a) What is the resistance of the heater circuit of a rectifier tube if it is rated at 
5 volts and 3 amp? (b) What is the power rating of the heater circuit of this tube? 

46. A certain six-tube radio receiver has a power rating of 40 watts. What is the cost 
of operation for 30 days if the receiver is used on an average of 10 hr per day and 
the cost of electricity is 3 cents per kilowatthour? 

47. A certain 12-tube a-in and f-m radio receiver has a power rating of 85 watts. What 
is the cost of operation for 30 days if the receiver is used 10 hr per day and the 
cost of electricity is 3 cents per kilowatthour? 

48. A certain stereo high-fidelity music-reproducing system draws 185 watts from the 
power line. What is the cost of operation for 30 days at 6 hr per day if the cost 
of electricity is 3 cents per kilowatthour? 

49. A certain portable television receiver with a 17-inch picture tube draws 180 watts 
from the power line. What is the cost of operation for 30 days at 6 hr per day if 
the cost of electricity is 3 cents per kilowatthour? 

50. The d-c power supply of a certain television receiver delivers 250 ma at 325 volts 
and 60 tia at 16,000 volts. (a) What is the power rating of the low-voltage supply? 
(b) What is the power rating of the high-voltage supply? (c) What is the apparent 
resistance of the low-voltage load? (d) What is the apparent resistance of the 
high-voltage load? 



Chapter 3 
Batteries 

The battery has played a very important part in the development of the 
various forms of electronic communication; it is also used to operate many 
types of electronic equipment. Military, medical, and space requirements 
have stimulated fantastic advances in the field of electronics, with an 
accompanying need for specialized battery power sources. Continuous 
research and development in these fields have produced new chemical-
electrical systems. In addition to the improvements made to the chemical-
electrical cell, two new methods of obtaining electrical energy have been 
developed: (1) the solar cell, which converts light energy from the sun to 
electrical energy, and (2) the fuel cell, which converts the energy from con-
ventional fuel oxidation directly to electrical energy. 

3-1 Battery Terms 
Cell. A cell is a device that transforms chemical or light energy to elec-

trical energy. Two examples of the conversion of chemical energy to elec-
trical energy are the carbon-zinc (dry cell) and lead-lead peroxide (storage 
battery) cells. Two examples of the conversion of light energy to electrical 
energy are the selenium and solar cells. 

Battery. A battery consists of two or more cells that are connected to 
each other and are usually placed in a common container. For example, the 
12-volt batteries used in automobiles consist of six 2-volt cells connected in 
series, and a 41/2 -volt battery used in a transistor radio receiver may consist 
of six 11/2 -volt cells connected in a parallel-series arrangement of two groups 
of cells connected in parallel with each group having three cells connected 
in series. 

Electrodes. The electrodes are the conductors through which current 
leaves or returns to the electrolyte. 

Negative Electrode. The negative electrode usually consists of a single 
metallic element such as zinc, lead, iron, or cadmium. A common charac-
teristic of these materials is the ease with which they release electrons to 
the external circuit, thereby becoming a source of positive-charged ions. 

Positive Electrode. The positive electrode usually consists of a chemical 
compound such as manganese oxide, lead oxide, mercuric oxide, or silver 
chloride. A common characteristic of these materials, which also serve as 
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depolarizers, is the ease with which they accept electrons, thereby becom-
ing a source of negative-charged ions. 

Electrolyte. The electrolyte is the solution in which the electrodes are 
placed and serves as an ion-transfer medium between the negative and 
positive electrodes. The electrolyte may be a salt, an acid, or an alkaline 
solution in either a liquid form as used in automobile storage batteries or a 
paste form as used in dry cells. 

Primary Cell. A primary cell is one in which the chemical action decom-
poses one of the electrodes when the cell delivers current. When a rela-
tively large portion of the electrode has been eaten away, the cell is no 
longer capable of delivering its rated voltage and current and has to 
be replaced. 

Secondary Cell. A secondary cell is one in which the electrodes and 
electrolyte are altered by chemical action that takes place when the cell 
delivers current and may be restored to their original condition by sending 
a current through them in the opposite direction. The automobile storage 
battery and the nickel-cadmium rechargeable battery are examples of the 
secondary cell. Charging these batteries after they have become discharged 
represents restoring the cells to their original state. 

3-2 Fundamental Principles of a Cell 

The Voltaic Cell. The fact that chemical action could produce electric 
current was accidentally discovered in 1786 by Luigi Galvani, but it 
remained for Alessandra Volta to understand this chemical action, and in 
1800 he constructed the first cell. This simplest form of cell, known as 
either the galvanic or voltaic cell, is shown in Fig. 3-1 and consists of a 
strip of copper and a strip of zinc placed in a jar of water to which a little 
sulfuric acid has been added. 

Factors Affecting Cell Construction. If two electrodes of copper are 

MA‘ture of 
water and 
so//uric acid 

Fig. 3-1 Simple voltaic cell. 
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placed in a weak sulfuric acid solution, no electrical energy will result, but 
if one electrode of copper and one of zinc are placed in the solution, the 
chemical action will cause electrical energy to be available at the open 
ends of the electrodes. The basic characteristics of cells are: 

1. The two electrodes must be of different materials. 
2. The electrodes must be conductors of electricity. 
3. The electrolyte must contain an acid, alkali, or salt that will conduct 

the current. 
4. The voltage of the cell will vary with the materials used as electrodes 

and electrolyte but will not exceed approximately 2 volts. 
5. The voltage of the cell is not affected by the size or spacing of 

its electrodes. 
6. The current capacity of a cell may be raised by increasing the surface 

area of that part of its electrodes actually making contact with the 
electrolyte. 

Chemical Action of a Simple Cell. If a cell as shown in Fig. 3-2 is made 
by placing a carbon rod and a strip of zinc into a jar containing water to 
which a small amount of ammonium chloride (sal ammoniac) has been 
added, certain chemical actions will result. When the ammonium chloride 
is placed in the water, many of the atoms become separated from their 
original molecules and ammonia and chlorine molecules are formed. Another 
action that takes place during this process is an unbalancing of the number 
of electrons and protons in each atom. When an atom is unbalanced, the 
number of electrons and protons no longer equal one another and it is then 
called an ion. If the protons are greater in number, the atom is called a 
positive ion; if the electrons are greater in number, the atom is called a 
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Fig. 3-2 Chemical action of a simple cell. 
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Fig. 3-3 Electron flow versus current flow. 
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negative ion. The process of unbalancing the atoms is called ionization of 
the electrolyte. 

Current Flow. The ability of the cell to deliver electrical energy may be 
demonstrated by connecting a low-voltage flashlight bulb to its terminals 
(Fig. 3-3). The bulb will light, thus indicating that current is flowing. The 
excess electrons on the zinc strip repel one another and push one another 
around the external circuit where they are attracted by the positive carbon 
electrode. Chemical action in the cell maintains a constant flow of electrons 
as long as there is an external circuit. 

Erosion of the Negative Electrode. While this chemical action is going 
on in the cell, the zinc ions unite with the chlorine ions to form zinc chlo-
ride, which remains in the solution. The fact that some of the zinc is con-
tinually being given off to the solution indicates that this electrode is being 
reduced or eaten away, and it is therefore a primary cell. 

Electron Flow versus Current Flow. The action of a cell indicates that 
externally electrons flow from the zinc electrode through the external cir-
cuit to the carbon electrode and internally from the carbon electrode 
through the electrolyte to the zinc electrode to complete the circuit 
(Fig. 3-3). In Chap. 2, the flow of electrons has been described as the elec-
tric current. Hence, the electrons and therefore the current flow externally 
from the negative electrode (zinc) to the positive electrode (carbon). By 
definition, a cathode is the electrode from which electrons move within a 
cell, and an anode is the electrode toward which electrons move within a 
cell. Hence, internally the electrons flow from the cathode (positive elec-
trode) to the anode (negative electrode). 

Before the scientists developed and introduced the electron theory, the 
early experimenters arbitrarily chose the direction of current flow as being 
from positive to negative, and they called the positive electrode the anode 
and the negative electrode the cathode. This is opposite to the flow of elec-
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trons and also conflicts with the definitions for anode and cathode. This has 
caused and will continue for some time to cause confusion. As this text 
concerns the study of electricity for electronics, all study and references will 
be based on the electron flow. 

3-3 Polarization and Local Action 

Polarization. In the operation of the simple cell, positive hydrogen ions 
are liberated from the water in the electrolyte, and when they come in 
contact with the carbon electrode, these positive ions take on electrons 
from the carbon and form neutral hydrogen bubbles on the surface of the 
positive electrode. In a similar manner, the positive ammonia ions also take 
on electrons from the carbon, become neutral ammonia atoms, and also 
form bubbles on the surface of the positive electrode. The effect of the 
neutral ammonia and hydrogen bubbles at the carbon electrode is to reduce 
the active area of the electrode and hence lower the current capacity of 
the cell. Another effect of these bubbles is to set up a voltage which opposes 
the normal voltage of the cell and thereby reduces its effective voltage. This 
effect, which is called polarization and is common to all primary cells, is 
counteracted by adding a depolarizing agent to the cell. A depolarizer is a 
substance having a relatively large amount of oxygen which readily com-
bines with hydrogen to form water, thus preventing the hydrogen from 
becoming attached to the positive electrode. 

Local Action. If a cell is to be efficient, the chemical action that eats 
away the negative electrode should take place only when the cell is deliv-
ering electrical energy. As commercial metals contain some impurities such 
as carbon or iron, many small cells are formed on the electrode itself. The 
effect of these small cells is to eat away the metal whether the cell is deliv-
ering electrical energy or not; this effect is called local action. A method 
used in commercial carbon-zinc cells to reduce local action is to apply 
mercury to the surface of the zinc so that the impurities become covered 
with mercury. This process is called amalgamation. As the zinc is eaten 
away, the mercury works its way on to combine with the remaining zinc. 

3-4 Primary Cells 

Types of Cells. The earliest cell (Leclanché) consisted basically of carbon, 
zinc, and ammonium chloride and is commonly referred to as a carbon-zinc 
cell. Since the first Leclanché cell many different types of cells have been 
developed to meet specific needs. The following four types of cells are 
most generally used: (1) the carbon-zinc cell, (2) the mercury cell, (3) the 
silver oxide cell, and (4) the alkaline cell. 

The Dry Cell. The dry cell is so called because its electrolyte is not in a 
liquid form. Actually the electrolyte is a moist paste, and if it should lose 
its moisture and really become dry, the cell would no longer be able 
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to transform chemical energy to electrical energy. Though technically 
incorrect, most primary cells are commonly called dry cells. 

Cell Life. The life of a dry cell is determined by the following five fac-
tors: (1) initial drain, the current that the cell is expected to deliver at full 
voltage; (2) operating schedule, the daily time interval or intervals during 
which the cell is required to deliver current; (3) cutoff voltage, the volt-
age below which the cell is no longer useful (this voltage varies with the 
application); (4) temperature, this factor is dependent on its operating 
characteristics at both low and high temperatures; (5) shelf life, a cell that 
is not put into use will gradually deteriorate because of unavoidable slow 
chemical reactions and changes in moisture content which take place in 
the cell. 

Physical Characteristics. Primary cells are available in both cylindrical 
and rectangular shapes of various sizes. Regardless of the shape or size, the 
basic construction for each type of cell is always the same. The type of 
terminals used may be socket, snap, Fahnestock, flat contact, or plastic 
knurl. The size and shape of a cell are determined by its use. The larger its 
initial drain and the longer its operating schedule, the larger will be the 
size cell required. All cells are made in standard shapes and sizes that are 
the same for all manufacturers. Three commonly used sizes are: (1) the 
No. 6 or standard cell, (2) the D or unit-size cell, and (3) the AA or stand-
ard penlite cell. 

3-5 The Carbon-Zinc Cell 

Construction of the Carbon-Zinc Cell. The construction of the carbon-
zinc cell and other types of cell varies with the manufacturer and size of 
the cell. However, their basic structure is the same. The cross section of a 
typical carbon-zinc cell is shown in Fig. 3-4a. The cell is built in a cylin-
drical container which also serves as the anode and negative electrode. 
A cathode mix, which serves as both the positive electrode and depolarizer, 
occupies most of the cell. A gelatinous paste, which contains the electro-
lyte, separates the cathode mix from the zinc and functions as the ion-
transfer medium between the positive and negative electrodes. The elec-
trolyte is a solution of ammonium chloride, zinc chloride, and water. The 
cathode mix is a powder, consisting of manganese dioxide, zinc chloride, 
and graphite, and is not mechanically suitable for termination. This prob-
lem is overcome by placing a carbon rod in the center of the cathode mix 
to serve as a connection for the positive terminal. The carbon rod is used 
because it (1) is a good electrical conductor, (2) has a large surface area 
that provides a low-resistance conducting path, (3) is porous enough to 
permit the escape of gases accumulating in the cell, and (4) has sufficient 
density to prevent leakage of the electrolyte. As the zinc container is one 
of the electrodes, it is protected with an insulating covering of paper 



68 Essentials of Electricity—Electronics (3-5) 

Meto/ Pitch 
cop seal 

(o) 

Air space 

Carbon 
electrode 

Zinc 
anode con 

Laminated 
paper tube 

Steel jacket 

Starch-flour 
electrolyte 
gel separator 

Manganese-dioxide-
carbon cathode mix 

Paper bottom 
washer 

Conductive 
film 

Positive 
contact 

Plastic wrapper 

(b 

Meta/ foil 

Negative 
lead 

Zinc 
anode 

Separator 

Depolorizer 
mix coke 

Fig. 3-4 (a) Cross-sectional view of a cylindrical-type carbon-zinc cell. (b) Cutaway view 

of a flat-type carbon-zinc cell. (RCA) 

or cardboard and in some types of cell also with a steel jacket. To prevent 
the loss of the electrolyte due to spilling or evaporation, an insulating mate-
rial is used to seal off the cell contents. 

Action of the Carbon-Zinc Cell. The carbon-zinc cell is fundamentally 
the same as the simple cell described in Art. 3-2, and its action, therefore, 
will be the same. The action of the water and the ammonium chloride in 
the paste, together with the zinc and carbon electrodes, produces the elec-
tric current. The manganese dioxide is added to reduce the polarization 
due to hydrogen, and the zinc chloride is added to reduce the polarization 
due to the ammonia. The gelatinous paste contains materials, such as corn-
starch and flour, to permit the electrolyte to filter through it slowly. 

Characteristics of the Carbon-Zinc Cell. The carbon-zinc cell has a 
rated output of 1.5 volts and a low discharge rate, and its terminal voltage 
may decrease appreciably with the use of the cell. For similar ratings, it is 
both larger in size and heavier in weight than the newer types of primary 
cell. This cell is generally used where size, weight, and voltage fluctuation 
are not of great importance. Carbon-zinc cells are available in a wide 
variety of sizes and shapes, with a broad range of operating characteristics. 
Most primary cells used in radio and other electronic applications are 
of this type. 
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3-6 The Mercury Cell 

Construction of the Mercury Cell. The fundamental components of the 
mercury cell (Fig. 3-5) are (1) a depolarizing cathode consisting of small 
pellets of mercuric oxide and a small percentage of graphite, (2) an anode 
of high-purity amalgamated zinc powder, (3) a concentrated aqueous elec-
trolyte of potassium hydroxide and zinc oxide, and (4) a sealed steel con-
tainer. It should be noted that the polarity of the electrodes of the mercury 
cell is reversed from that of the carbon-zinc cell. 

In the cylindrical type of cell (Fig. 3-5a), the anode is pressed into 
a hollow cylindrical rod that forms the center portion of the cell. The 
cathode is pressed into a cylindrical sleeve that forms the outer portion of 
the cell. In the flat-type cell (Fig. 3-5b), the cathode is pressed into a flat 
shape and is consolidated with the bottom of the cell case. The anode is 
also pressed into a flat shape and forms the upper portion of the cell. 
In both types of cell the two electrodes are separated by an absorbent 
material that contains the electrolyte. A permeable barrier prevents the 
migration of any solid particles in the cell, thereby contributing effectively 
to long shelf and service life. The insulating and sealing gaskets are molded 
polyethylene or neoprene, depending on the cell application. The inner-cell 
tops are plated with a material that provides an inner surface to which the 
zinc forms a zinc amalgam bond. The cell cases and outer tops are made 
of nickel-plated steel in order to (1) resist corrosion and (2) provide greater 
inactivity to internal cell materials. The outer nickel-plated steel jacket is 
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Fig. 3-5 Cross-sectional views of mercury cells. (a) Cylindrical type. (b) Flat type. (Union 
Carbide Corporation, Consumer Products Division) 



70 Essentials of Electricity—Electronics (3-7) 

a necessary component for self-venting construction. This vent provides a 
means for releasing the excessive gas in a cell that occurs during a reverse 
current or short circuit. 

Characteristics of the Mercury Cell. The mercury cell may be obtained 
with a rating of either 1.35 or 1.40 volts. This voltage is relatively stable at 
rated current, having a voltage regulation of 0.5 per cent for long periods 
of time and 0.1 per cent for short intervals. A high-current drain or a 
momentary short circuit will not permanently damage the cell, and there 
is a complete recovery to its full open-circuit voltage within minutes. 

In comparison with the carbon-zinc cell the mercury cell has (1) a much 
higher rate of discharge, (2) a more constant ampere-hour capacity that is 
approximately three times greater per unit volume, (3) a much better per-
formance at high temperatures, (4) a lower and more substantially constant 
internal impedance, (5) a much longer shelf life, (6) less frequent replace-
ment, and (7) a higher initial cost. 

Applications of the Mercury Cell. Because of its superior characteristics, 
the mercury cell has replaced the carbon-zinc cell in some applications. 
Because of its relatively constant potential, the mercury cell may be used 
as a secondary standard of voltage. Some of its applications as a reference 
source are regulated power supplies, radiation detector meters, portable 
potentiometers, electronic computers, and voltage recorders. The flat-type 
cell is used in compact electronic equipment where physical size is an 
important factor. 

3-7 The Silver Oxide Cell 

Construction of the Silver Oxide CelL A silver oxide cell basically con-
sists of a depolarizing silver oxide cathode, a zinc anode, and a highly 
alkaline electrolyte (Fig. 3-6). It should be noted that the polarity of the 
electrodes of the silver oxide cell is reversed from that of the carbon-zinc 
cell. The depolarizing cathode is a mixture of silver oxide and manganese 
dioxide that is pressed into a flat shape and consolidated with the bottom 
of the cell case. The percentage of the manganese dioxide depolarizer that 
is used will depend upon whether the cell is to provide a flat-discharge cur-
rent or increased service hours. Powdered zinc, which is pressed into 
a disk having a relatively large surface area, forms the upper portion of the 
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cell. The two electrodes are separated by an absorbent material containing 
the electrolyte. This electrolyte may be either (1) potassium hydroxide for 
cells requiring maximum power density at rated currents, such as cells used 
in hearing aids, or (2) sodium hydroxide for cells requiring long-term 
reliability, such as cells used in electric timepieces. 

Characteristics of the Silver Oxide Cell. The silver oxide cell is an excel-
lent miniature power source. Its relatively high open-circuit and operating 
voltages, 1.6 and 1.5 volts, respectively, and its flat discharge characteristic 
enable the silver oxide cell to provide more service life or power than is 
available from other miniature cells of the same size. Its internal imped-
ance is low and nearly constant. The silver oxide cell will withstand severe 
abuses with no hazard to personnel or equipment. It has an excellent shelf 
life, having approximately 90 per cent capacity after one year of storage at 
70°F. Because of the relatively large surface area of the anode, this type 
of cell is capable of supplying a service capacity that is much greater than 
can be obtained from other types of cell of comparable size. The silver 
oxide cell is primarily used for hearing aids, electric watches, and reference 
voltage sources. 

3-8 The Alkaline Manganese-Zinc Cell 

Construction of the Alkaline Cell. The alkaline-manganese cell is com-
monly referred to as an alkaline cell; its basic construction is shown 
in Fig. 3-7. The alkaline cell is similar to the carbon-zinc cell in that they 
both have zinc negative electrodes and manganese dioxide positive elec-
trodes. They differ only in the structure of the electrodes and the material 
used for the electrolyte. The cathode consists of a manganese dioxide 
cylindrical sleeve that forms the outer portion of the cell. A steel can, which 
makes direct contact to the outside surface of this electrode, serves as 
a cathode collector. The upper portion of this can makes contact to the 
metal cap, or positive terminal. The zinc anode is also a cylindrical sleeve 
and forms the inner portion of the cell. A cylindrical anode collector makes 
contact to the inner surface of this electrode and also to the outer metal 
bottom of the cell, or negative terminal. The alkaline cell uses potassium 
hydroxide to produce a highly alkaline electrolyte. The construction of this 
cell permits the electrolyte to make contact with a very large surface area 
of the zinc anode. To prevent leakage the cells are hermetically sealed and 
encased in a steel jacket. 

Characteristics of the Alkaline Cell. The alkaline cell is designed to 
meet a need for a power source having a high-rate source of energy, with 
a high-service capacity. This cell is rated at 1.5 volts and has a relatively 
constant ampere-hour capacity over a wide range of current drains. The 
primary advantage of the alkaline cell is its ability to perform with a high 
degree of efficiency under continuous high-current service. Under certain 
conditions, the alkaline cell will provide more than ten times the service of 
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a similar size carbon-zinc cell. The alkaline cell has an extremely low inter-
nal impedance that can improve radio reception by minimizing distortion. 
The low-temperature characteristic of this type of cell results in good 
service life even under outdoor winter conditions. The alkaline cell has a 
relatively long shelf life at normal temperatures and is better than the 
carbon-zinc cell for both high- and low-temperature applications. 

Applications of the Alkaline Cell. Before the alkaline cell was devel-
oped, many devices were considered to be impractical to operate from a 
battery because a suitable power source was not available. These devices 
can now be operated from alkaline batteries which are ideal for high-
drain heavy-discharge schedules such as (1) heater element applications; 
(2) bicycle lights and horns; (3) heavy-duty lighting; (4) motion-picture 
cranking; (5) glo-plug ignition; (6) toys; (7) model boats, airplanes, and 
automobiles; (8) electric shavers; and (9) electronic photoflash units. 

3-9 Combination of Cells 
Need for Extra Cells. A standard, or No. 6, dry cell has an emf of 1.5 

volts and can deliver about 1/2 amp continuously. Such a cell can supply 
electrical energy to a circuit requiring 1.5 volts and not more than 1/2 amp. 
Many occasions arise where higher voltage or higher current or both are 
required. To meet these needs and maintain satisfactory service, a number 
of cells are joined into a series-connected group, a parallel-connected group, 
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Fig. 3-8 Cells connected in series. (a) Pictorial representation. (b) Schematic diagram 

representation. 

or a series-parallel-connected group, depending upon the voltage and cur-
rent requirements. 

Cells Connected in Series. Whenever the voltage required exceeds that 
of a single cell, it becomes necessary to use more than one cell and the cells 
must be connected in series as shown in Fig. 3-8a. Cells are connected in 
series by connecting the negative terminal of each successive cell to the 
positive terminal of the next following cell. Notice that the positive termi-
nal of the first cell and the negative terminal of the last cell are free and 
that they become the terminals of the battery. Figure 3-8b shows the same 
group of series-connected cells in schematic-diagram form, a long line 
being used to represent the terminal and a shorter line for the — ter-
minal. If the battery consists of only a few cells, the number of pairs 
of long and short lines is made to equal the number of cells. In a series cir-
cuit, the battery voltage will equal the sum of the separate cell voltages. 

Es = E1 + E2 + E3, etc. (3-1) 

If each cell has the same voltage, then 

Eg = number of cells x volts per cell (3-2) 

voltage of battery  
also Number of cells required = (3-3) 

volts per cell 

In the series arrangement of cells, the current rating of the battery will 
be the same as that of an individual cell; hence this arrangement can be 
used only where the continuous current requirement does not exceed the 
rated current of one cell. 

Cells Connected in Parallel. Whenever a continuous current greater 
than the rated current of one cell is required, it becomes necessary to use 
more than one cell and the cells must be connected in parallel. The par-
allel arrangement of cells is shown in Fig. 3-9. Notice that now all the 
negative terminals are connected together and a line lead is brought off 
one end and that all the positive terminals are connected together and a 
line lead is brought off one of these ends. In the parallel circuit, the cur-
rent rating of the battery is equal to the sum of the rated currents of the 
separate cells. 
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Fig. 3-9 Cells connected in parallel. (a) Pictorial representation. (b) Schematic diagram 

representation. 

IB = Ici + Ia + la, etc. (3-4) 

If each cell has the same current rating, then 

113 = number of cells x current per cell (3-5) 

current of battery  
also Number of cells required = (3-6) 

current per cell 

In the parallel arrangement of cells, the voltage of the battery will be the 
same as that of a single cell; hence this arrangement can be used only 
where the voltage requirement is that of one cell. 

Cells Connected in Series Parallel. When both the voltage and current 
required exceed the rated voltage and current of a single cell, it becomes 
necessary to use four or more cells connected in a series-parallel combina-
tion. To get the higher voltage, a number of cells must be connected 
in series, and to get the higher current rating, a number of series-connected 
groups must be connected in parallel. 

Number of cells in each series-connected group = 
voltage of battery  

volts per cell 

(3-7) 

current of battery  
Number of parallel groups = (3-8) 

current per cell 

Number of cells required = number of cells in a series group 
X number of parallel groups (3-9) 

For example, if a load current of 1/2 amp at 41/2 volts is to be supplied by 
a battery composed of No. 6 dry cells, then the number of cells in each 
series-connected group will be 41/2 divided by 11/2, or 3, and the number of 
parallel groups will be 1/2 divided by 1/2, or 4. The total number of cells 
required will be 3 times 4, or 12 cells. The connections for this require-
ment will be four groups in parallel, each group consisting of three cells 
connected in series. This arrangement of the cells is shown in Fig. 3-10. 

3-10 Batteries 
At one time radio receivers required three separate batteries designated 

A, B, and C, each with a different voltage and current requirement. Each 



(3-10) Batteries 75 

+ 

- 

Fig. 3-10 Cells connected in series parallel. 

of these types had a specific use, and while not used so widely today for 
radio receivers as in the past, there are many of these types still being used 
for various electronic applications. 
A Batteries. The A battery has a low voltage rating and a relatively high 

current capacity. This type of battery is designed to supply current to the 
filaments or heaters of electron tubes. 
B Batteries. The B battery has a high voltage rating and a very low cur-

rent capacity. The amount of current required varies with the number and 
type of tubes used in the radio receiver and usually is under 50 ma. B bat-
teries are made in a number of different voltage ratings, two commonly 
used ones being 221/2 and 45 volts. The 221/2 -volt battery consists of 15 cells 
connected in series. The 45-volt battery has 30 cells connected in series 
and is sometimes provided with an extra terminal that is tapped off at 
221/2 volts. 
The original type of 45-volt B battery consists of 30 (size D) unit cells 

assembled in a rectangular container (Fig. 3-11). A disadvantage of this 
type of unit is the great amount of inactive space, which results in a large 
battery. The demand for smaller batteries and the desire to utilize the 
unproductive space in the round-cell type of battery led to the develop-
ment of a new type of cell construction. In this type of battery, the cells 
are made in thin squares (Fig. 3-12a), and are stacked one upon the other 
as shown in Fig. 3-12b. The 45-volt battery contains two stacks, 15 cells in 
each stack, connected in series. 
C Batteries. The C battery is a medium-voltage unit and is required to 

supply only very small currents, usually so small that the battery has 

Fig. 3-11 Arrangement of cells in a B bat-

tery using cylindrical cells. 

r-- --1 
1 + 
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Fig. 3-12 A miniature B battery. (a) Arrangement of the parts of a cell. (b) 30 cells 

assembled in two stacks of 15 each. (Union Carbide Corporation, Consumer Products 

Division) 

an exceptionally long life. C batteries can be used for grid voltage supplies 
or in electronic measuring instruments such as ohmmeters. 

3-11 Secondary Cells and Storage Batteries 
Secondary cells operate on the same principles as primary cells but dif-

fer in the method in which they may be renewed. Some of the materials 
of a primary cell are used up in the process of changing chemical energy 
to electrical energy, and they must be replaced to renew the cell. In the 
secondary cell, the materials are merely transferred from one electrode to 
the other, and they may be restored to their original state by sending an 
electric current from some other source through the cell in the oppo-
site direction. 
The storage battery consists of a number of secondary cells that are usu-

ally connected in series. Properly speaking, this battery does not store elec-
trical energy, but it does store chemical energy which it can transform to 
electrical energy. Most secondary cells may be classified in one of the fol-
lowing groups: (1) lead-acid, (2) nickel-iron, (3) nickel-cadmium, and 
(4) cadmium-silver oxide. 

3-12 Lead-Acid Cell 
Construction of the Lead-Acid Cell. The construction of a commercial 

type of lead-acid cell is shown in Fig. 3-13. The negative electrodes are 
made of spongy lead, and the positive electrodes are made of lead perox-
ide. The electrolyte is a sulfuric acid solution. 
The capacity of a lead-acid cell is expressed in ampere-hours, and this 
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rating is proportional to the amount of active surface area of the electrodes, 
or plates as they are commonly called. The total active area of the plates 
is therefore an important factor in the rating of a cell. In a multiple-plate 
cell a positive plate is placed between two negative plates, and both sides 
of the positive plate become active and the cell can be made smaller. In 
order to make the lead-acid cell in convenient sizes, the total plate area is 
obtained by using a number of smaller plates set side by side and connected 
in parallel. In order to have both sides of each positive plate facing a nega-
tive plate, it is necessary to have one more negative plate than the number 
of positive plates. This accounts for the fact that lead-acid cells have 
an odd number of plates, such as 11, 13, 15, 17, etc. A further advantage 
of using both surfaces of the plates is that it prevents them from buckling, 
an undesirable action which takes place when only one side is active. By 
the use of a special design and method of manufacture, the active area of 
each plate is increased as much as six to ten times its apparent surface 
area. 

To conserve space, the plates are placed close to each other, and insu-
lators are placed between them to prevent a positive plate from making 
contact with either of its adjacent negative plates. These insulators, called 
separators, are generally made of hard rubber, wood, or plastics. 

Each cell is placed in a container that is usually made of hard rubber. 
After the plates are placed in the container, a hard-rubber cover fitted with 
a filler tube and vent cap is set over the cell and sealed with a compound. 
The electrolyte is a dilute sulfuric acid solution mixed in such proportions 
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Fig. 3-13 A cutaway view of a lead-acid cell showing details of construction. (Electric 
Storage Battery Co.) 
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so that with a fully charged cell its specific gravity will be approxi-
mately 1,300. 

Chemical Action of the Lead-Acid Cell during Discharge. Since the 
electrodes are of chemically dissimilar materials, the cell functions the same 
as a primary cell. As such, it can transform its chemical energy to electri-
cal energy. During discharge the sulfuric acid is broken up into hydrogen 
ions and sulfate ions. The sulfate ions near the anode combine with the 
spongy lead to form lead sulfate at the negative electrode, and the sulfate 
ions near the cathode combine with the lead peroxide also to form lead sul-
fate at the positive electrode. All the hydrogen ions are attracted to the 
cathode and unite there with the oxygen to form water. When all the lead 
peroxide is changed to lead sulfate and all the spongy lead is changed to 
lead sulfate, the two electrodes are chemically similar materials and the 
cell is no longer capable of delivering electrical energy. When the cell is in 
this condition, it is said to be discharged, and the sulfuric acid electrolyte 
will be changed to water. The condition of the electrolyte is therefore 
a means of determining the charge of a lead-acid cell. 

Chemical Action of the Lead-Acid Cell during Charge. The statement 
that the chemical action of a secondary cell can be reversed by sending 
electrons through the cell in the opposite direction to discharge can be 
restated as follows: Electrical energy can be transformed to chemical 
energy. When electrons are sent through a lead-acid cell in the opposite 
direction to discharge, the current through the electrolyte divides the water 
into hydrogen ions and oxygen ions. The hydrogen ions near the anode com-
bine with the sulfate ions to produce sulfuric acid, and the negative elec-
trode is changed from lead sulfate to spongy lead. The hydrogen ions near 
the cathode combine with the sulfate ions and also produce sulfuric acid, 
and the positive electrode is changed from lead sulfate to lead. All the 
oxygen ions are attracted to the cathode and combine with the lead to 
make the positive electrode lead peroxide. During these actions the water 
has been changed to sulfuric acid. Both the electrodes and the electrolyte 
are restored to their original state (when charged), and the cell again has 
stored chemical energy that can be transformed to electrical energy. 

Characteristics of the Lead-Acid Cell. The advantages of this type 
of cell are its (1) relatively high voltage per cell, (2) high current capacity, 
(3) relatively long life, and (4) relatively low initial cost. The disadvantages 
are (1) it is relatively large and heavy, (2) it cannot be hermetically sealed, 
(3) it has poor low-temperature characteristics, and (4) it cannot remain in 
the discharge state too long without damage. 

Applications of the Lead-Acid Cell. The lead-acid cell is the most 
widely used secondary cell because of its capability of supplying large 
amounts of current (in the order of several hundred amperes) at relatively 
high voltages, approximately 2.1 volts per cell. The main application of the 
lead-acid cell is in the automotive field, where it is used to provide high 
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currents for a few seconds or minutes for engine starting. Automotive bat-
teries are rated at 6 volts (3 cells) and 12 volts (6 cells) and have a cycle 
service life of 250 to 400 cycles and a float charging life up to 4 years. The 
lead-acid cell is also used in motive batteries to supply energy for electric 
trucks, mine locomotives, and material-handling equipment. These batteries 
have a discharge rate of 3 to 10 hr with nearly complete discharge and 
have a cycle service life of 3 to 6 years. The stationary battery is another 
application of the lead-acid cell. These batteries are designed for (1) extremely 
long service life (14 to 25 years), (2) dependability, (3) minimum mainte-
nance cost, and (4) excellent charge retention. 

3-13 Nickel-Iron Cell 

The nickel-iron cell is usually called the Edison cell after its inventor. 
This cell basically consists of an iron anode, a nickel oxide cathode, and a 
potassium hydroxide alkaline electrolyte. In a commercial cell, the positive 
plate consists of a number of long nickel tubes filled with nickel oxide. As 
nickel oxide is a poor conductor, very fine nickel flakes are mixed with it 
to produce the required conductivity. The negative plate consists of a num-
ber of flat perforated nickel-plated steel stampings containing finely divided 
metallic iron. The electrolyte is potassium hydroxide. As with the lead-acid 
cell, the capacity of this cell can be increased by connecting a number of 
negative plates and a number of positive plates in parallel. 
The nickel-iron cell is relatively light in weight and extremely rugged 

and can withstand abuses such as overcharges and overdischarges. In addi-
tion, it can remain discharged for a long period of time or be subjected to 
freezing temperatures without chemical deterioration. 
The Edison cell is rated on the basis of a 5-hr charging rate and has an 

average emf of 1.2 volts during discharge. The nickel-iron cell has a cycle 
service of 1,800 cycles, a float charging life of 7 to 12 years in heavy dis-
charge service, and 14 to 25 years as a standby source of power. This type 
of cell is employed mainly in heavy-duty industrial and railway applications. 

3-14 Nickel-Cadmium Cell 

Action of the Nickel-Cadmium Cell. Basically, the nickel-cadmium cell 
is similar to the nickel-iron cell except for the use of cadmium as the nega-
tive electrode. In the charged condition, the cathode is nickelic hydroxide, 
the anode cadmium, and the electrolyte potassium hydroxide. In the dis-
charge condition, the positive electrode becomes nickel oxide, the negative 
electrode cadmium hydroxide, and the electrolyte does not change and 
remains as potassium hydroxide. 

Construction of the Nickel-Cadmium Cell. The nickel-cadmium cell is 
a sealed unit that is available in three basic types of construction: (1) but-
ton, (2) cylindrical, and (3) rectangular. The electrodes used in the button 
and cylindrical cells (Fig. 3-14) consist of molded screen encased active 
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Fig. 3-14 Nickel-cadmium cells. (a) Cutaway view of a button cell. (b) Button stack 

assembly. (c) Cutaway view of a cylindrical cell. (Union Carbide Corporation, Consumer 

Products Division) 

materials. In the rectangular cell the plates consist of pressed active mate-
rials held in perforated steel pockets that are locked into welded frames. 

During the latter part of a recommended charge cycle and also during 
an overcharge, the nickel-cadmium cell generates gases. When the cell 
becomes fully charged, hydrogen is formed at the cadmium electrode, and 
after it is fully charged, oxygen is generated at the nickelic hydroxide elec-
trode. In a conventional vented-type cell the hydrogen and oxygen gases, 
plus any entrained fumes from the electrolyte, are liberated through a valve. 
In a hermetically sealed cell these gases are used up inside the cell. This is 
accomplished in the following manner: (1) The cadmium electrode is con-
structed with an excess ampere-hour capacity. (2) The positive electrode 
will reach full charge first and will start to generate oxygen; however, the 
negative electrode will not reach full charge as yet, and therefore no hydro-
gen will be generated. (3) The cell is so designed that the oxygen reaches 
the surface of the cadmium electrode, where it reacts to form electro-
chemical equivalents of cadmium oxide. (4) During overcharge the cad-
mium is oxidized at a rate that offsets the input energy, thus keeping the 
cell in equilibrium at full charge. This process can continue for long periods. 
Each of the three types of nickel-cadmium cell come in various sizes and 

may be used individually or connected in series to obtain a desired voltage. 
The button cell is made in series stacks (Fig. 3-14b), the cylindrical cell in 
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assemblies of varying configurations, and the rectangular cell in a five-cell 
(6 volts) pack in a plastic case. The cylindrical cell incorporates a different 
electrode arrangement from the button cell (Fig. 3-14c). Its terminal con-
nections are similar to those of small cylindrical dry cells, and some sizes 
may be used as a direct replacement for these primary cells. The rectangu-
lar cell is a heavier-duty cell than the other two types and covers a range 
of 1.5 to 23 amp-hr. The steel case is polarized positive and contains 
a safety vent that is activated only in case of severe misuse of the cell. 

Characteristics of the Nickel-Cadmium Cell. Like the nickel-iron cell, 
the nickel-cadmium cell is mechanically rugged and has a long potential 
life. During discharge the average voltage is approximately 1.2 volts. Under 
conditions of very light or casual service the expected life of a cell is sev-
eral years. With normal service and discharge of rated capacity, the cycle 
life is in excess of 100 for the button and cylindrical cells and in excess of 
400 for the rectangular cell. The nickel-cadmium cell has a high effective 
capacitance; however, its impedance is very low. Although the sealed 
nickel-cadmium cell will lose some of its charge during storage, this type 
of cell has a lower self-discharge rate than any other cell. More important, 
the cell is not harmed chemically even if not used for long periods of time. 

Applications of the Nickel-Cadmium Cell. Because the nickel-cadmium 
cell is (1) relatively small, (2) rechargeable, (3) hermetically sealed, 
(4) economical, and (5) trouble free, it is ideal for use in many types of 
battery-operated equipment. Some of these applications are (1) alarm sys-
tems, (2) amplifiers, (3) dictating machines, (4) electric shavers, (5) electronic 
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photoflash, (6) emergency lighting, (7) instruments, (8) hearing aids, 
(9) motion-picture cameras, (10) radio receivers, (11) tape recorders, 
(12) telemetery, and (13) transmitters. 

3-15 Cadmium-Silver Oxide Cell 

The cadmium-silver oxide cell uses a cadmium anode for long operating 
life, a silver oxide cathode for high watthour capacity, and a potassium 
hydroxide electrolyte. This type of cell is capable of providing higher cur-
rents, a more level voltage, and up to three times greater watthour capac-
ity per unit weight and volume than any other type of secondary cell. It also 
has a high efficiency on extended shelf life in either a charged or discharged 
condition, is mechanically rugged, and operates satisfactorily over a wide 
temperature range. Its use has been limited to applications where cost is 
not a factor and space and weight are the prime considerations. Cadmium-
silver oxide cells can be used (1) to power a portable television receiver, 
(2) as storage batteries in satellite programs, and (3) in conjunction with 
solar-cell systems. 

3-16 The Solar Cell 

Basic Principle. The solar cell is based on the principle that, when a sili-
con crystal is exposed to light, light rays are absorbed by the crystal by 
liberating free-to-move negative charges, called electrons, and free-to-move 
positive charges, called holes. The direction of movement of the electrons 
and holes can be controlled to produce an electric current. The strength 
of this current is dependent upon the size of the crystal and the intensity 
of the source of light. 

Basic Construction of a Solar Cell. The basic construction of a solar cell 
is shown in Fig. 3-16, and consists of two layers of impure silicon crystal. 
One layer contains a controlled amount of a chemical impurity that is rich 
in electrons; this is the N-type silicon layer, or negative electrode. The 
other layer contains a controlled amount of a chemical impurity that is 
deficient in electrons; this is the P-type silicon layer, or positive electrode. 
The two crystal layers are in direct contact with each other, and the junc-
tion formed between them exhibits the property of a strong built-in electric 
field. This field tends to contain the electrons in the N-silicon crystal and 
the holes in the P-silicon crystal, thus forming a barrier between them. The 
rays of light are absorbed through the thin P-type silicon crystal into this 
barrier region, where they liberate both electrons and holes. The built-in 
electric field forces the electrons to move to the N-type layer, making this 
crystal a negative electrode, and the holes to move to the P-type layer, 
making this crystal a positive electrode. 

Characteristics of the Solar Cell. The efficiency of a solar cell in convert-
ing light energy to electrical energy is dependent upon the following factors: 
(1) the intensity of the light source, (2) the spectral content of the light 
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waves, (3) the angle at which the light waves strike the surface of the cell 
(angle of incidence), (4) the operating temperature of the cell, and (5) the 
characteristics of the external circuit. The solar cell has an output of 
approximately 0.4 volt, and cells may be connected in series to increase the 
voltage output and in parallel to increase the current output. The simplic-
ity of a solar cell permits its construction to be relatively rugged. These 
cells have a high output level, an indefinite life, and a nonaging characteristic. 

Applications of the Solar Cell. A highly publicized application of the 
solar cell is to provide the power requirements of satellites and space 
vehicles. Solar cells are used in these applications to charge storage bat-
teries and to supply power during that portion of the orbit when the cells 
are in direct sunlight. The storage battery provides a continuity of power 
for instrumentation, transmitters, and telemetry systems during the periods 
of darkness when the cells are inoperative. Because of its advantages, the 
silicon solar cell is finding increased and varied industrial applications. This 
type of cell is used extensively in data-processing equipment to read 
punched tape, punched cards, or film. It is also used as power supplies for 
remote and unattended radio stations, lighthouses, beacons, and telephone 
repeaters in sunny areas (such as the polar regions). Other potential uses of 
solar cells are (1) light-operated transistor radio, (2) light-controlled toys, 
(3) automatic street lighting, (4) analog-to-digital encoders, (5) servomecha-
nisms, (6) gyrocompasses, (7) light-operated burglar alarms, (8) modulated 
light-beam communication. 

3-17 The Fuel Cell 

Another source of energy is the fuel cell. This type of cell, unlike the 
chemical cell, does not store energy but rather converts energy from con-
ventional fuel oxidation directly to electrical energy. The substances used 
are (1) of the inexpensive fossil types, such as coal and hydrocarbons, or 
(2) of more expensive substances, such as hydrogen, alcohol, and carbon 
monoxide, which may be derived from the fossil types. 
The basic construction of a simple hydrocarbon fuel cell is shown in Fig. 

3-17. Air and fuel enter opposite sides of the upper portion of the cell and 
are kept separated by the electrolyte. However, hydrogen ions, formed 
from the hydrocarbon fuel, flow through the electrolyte to unite with oxy-
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Fig. 3-17 Basic principle of operation of a hydrocarbon fuel cell. (General Electric Co.) 

gen. At the same time, the electrons stripped from the hydrocarbon fuel 
travel through the external circuit. An electric current is thus produced 
directly without steam, combustion, noise, vibration, or moving parts. 
Carbon dioxide and water are the two harmless byproducts of the chemical 
reactions of this type of cell. 

Hydrogen fuel cells are used as a power source in the two-man Gemini 
spacecrafts. This type of cell is expensive and is not practical for commer-
cial applications. However, an experimental cell has been developed that 
uses a variety of hydrocarbons such as propane, natural gas, octane, gaso-
line, and diesel oil. 

QUESTIONS 

1. Why is it important to have a knowledge of batteries? 
2. Name two examples of the conversion of (a) chemical energy to electrical energy, 

(b) light energy to electrical energy. 
3. Define (a) cell, (b) primary cell, (c) secondary cell, (d) battery. 
4. Define (a) electrode, (b) negative electrode, (c) positive electrode, (d) electrolyte. 
5. Describe three factors regarding the electrodes and the electrolyte that are essen-

tial to the construction of a cell. 
6. Describe the factors that affect (a) the voltage rating of a cell, (b) the current rating 

of a cell. 
7. Define (a) ion, (b) positive ion, (c) negative ion, (d) ionization. 
8. Explain why the zinc in a carbon-zinc cell is (a) the negative electrode, (b) the 

anode. 
9. Explain why the carbon in a carbon-zinc cell is (a) the positive electrode, (b) the 

cathode. 
10. (a) How is the difference in direction of electron flow and current flow explained? 

(b) Which is correct? (c) Which is used more and why? 
11. (a) What is meant by polarization? (b) What is done to reduce it? 
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12. (a) What is meant by local action? (b) What is done to reduce it? 
13. Describe five factors that determine the life of a cell. 
14. Describe the construction of a commercial carbon-zinc cell. 
15. Describe the construction of a mercury (a) flat-type cell, (b) cylindrical cell. 
16. Explain why in a mercury cell (a) the zinc is the anode, (b) the mercuric oxide is 

the cathode. 
17. Describe seven characteristics of comparison between the carbon-zinc and mer-

cury cells. 
18. Describe the construction of a commercial silver oxide cell. 
19. Describe six favorable characteristics of the silver oxide cell. 
20. Describe the construction of a commercial alkaline cell. 
21. What are the basic differences between the carbon-zinc cell and the alkaline cell? 
22. What are the primary advantages of the alkaline cell? 
23. Draw a diagram showing (a) 6 cells connected in series, (b) 6 cells connected in 

parallel, (c) 12 cells connected in a parallel-series combination so that the voltage 
will be 6 volts. 

24. Describe the construction of a commercial B battery using (a) cylindrical cells, 
(b) flat-type cells. 

25. How do secondary cells differ from primary cells? 
26. Describe the construction of a commercial lead-acid cell. 
27. In a lead-acid battery, what is the function of (a) separators? (b) Containers? 

(c) Vent caps? (d) Connectors? 
28. (a) How is a storage battery rated? (b) What are the factors that determine the 

rating of a lead-acid battery? 
29. Describe the chemical action of a lead-acid cell during (a) discharge, (b) charge. 
30. Explain how the condition of the electrolyte can be used to determine the charge 

of a lead-acid cell. 
31. Does the battery store electrical or chemical energy? Explain your answer. 
32. What is meant by the expression "the action of a secondary cell is reversible"? 
33. Describe (a) four advantages of the lead-acid cell, (b) four disadvantages of the 

lead-acid cell. 
34. What are the basic materials used in an Edison cell for (a) the cathode? (b) The 

anode? (c) The electrolyte? 
35. Describe the construction in a commercial nickel-iron cell (a) of the positive 

plate, (b) of the negative plate. 
36. Describe four advantages of the nickel-iron cell. 
37. Describe the construction of a nickel-cadmium (a) button-type cell, (b) cylindrical-

type cell, (c) rectangular-type cell. 
38. Explain how the gases and fumes inside a hermetically sealed nickel-cadmium cell 

are consumed inside the cell. 
39. Describe six advantages of the nickel-cadmium cell. 
40. Describe the construction of the cadmium-silver oxide cell. 
41. (a) What are the prime advantages of a cadmium-silver oxide cell? (b) What are 

the prime factors that determine its use? 
42. Describe (a) the basic principle of a solar cell, (b) the basic construction of a sim-

ple silicon solar cell. 
43. Describe how a silicon solar cell transforms light energy to electrical energy. 
44. Describe five factors that determine the efficiency of a solar cell. 
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45. Name six advantages of the solar cell. 
46. Describe how solar cells are used in satellites and space vehicles. 
47. Name six industrial applications of the solar cell. 
48. (a) What is the basic principle of a fuel cell? (b) What substances are used for 

fuel in this type cell? 
49. Describe the construction of a simple fuel cell. 
50. Describe how a fuel cell converts fuel directly to electrical energy. 



Chapter 4 
Direct-current Circuits 

An electric circuit is the path taken by an electric current from its source, 
through the conductors, and back to its starting point. From this definition, 
it can be seen that an electric circuit must be a closed path in order that 
the electrons leaving the starting point can return to that point upon com-
pleting the circuit. 
The essential parts of any electric circuit are the source of power, the 

conductors used to transmit the electric current, and the appliance or 
appliances to be supplied with electrical energy. 

In Chap. 2 it was shown that the controlled movement of the free elec-
trons in a conductor forms an electric current. Certain materials emit free 
electrons more easily than do others and offer very little resistance to the 
flow of electrons. These materials are good conductors of electric currents. 
Other materials emit very few electrons and greatly oppose their flow. 
These materials are poor conductors of electric currents and are called 
insulators. 

4-1 Resistance of Conductors 

The resistance of any conductor will vary with its length, cross-sectional 
area, the material of which it is made, and its temperature. 

Length. A conductor of any given material and cross-sectional area will 
offer a definite amount of resistance to the flow of electrons per unit length 
of the conductor. If the length of the conductor is increased, the distance 
the electrons must travel is increased and the resistance of the conductor is 
also increased. In a similar manner, the resistance of the conductor will 
decrease if the length of the conductor is decreased. The resistance of 
a conductor will therefore vary directly with its length. 

Cross-sectional Area. A conductor of any given material, length, and cross-
sectional area will offer a definite amount of resistance to the flow of elec-
trons. If this area is increased and the saine flow of electrons is maintained, 
the resistance offered to its flow decreases as the area of the path for the 
electron flow is increased. In a similar manner the resistance of a conductor 
would increase if the area is decreased. The resistance of a conductor will 
therefore vary inversely with its cross-sectional area. 

Material. The resistance of any conductor depends upon the material of 

87 
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which it is made, as some materials offer greater or less resistance to the 
flow of an electric current than others. For example, a piece of steel wire 
offers more resistance to the flow of an electric current than a piece 
of copper wire of the same length and cross-sectional area. Therefore the 
resistance of a conductor will vary directly with a basic unit resistance 
depending on the material. This value is usually expressed by the letter K 
and is called the specific resistivity of the material. 

Temperature. The resistance of most materials increases if their tempera-
ture is increased, and a few materials show a decrease in resistance with a 
temperature rise. There are also a few materials whose resistance is not 
affected by any temperature change. The resistance of a conductor will 
therefore vary directly with its temperature coefficient. In general, the 
change in resistance due to temperature variation is very slight and for 
most practical purposes may be disregarded. Where accurate results are 
desired, the following formula can be used. A list of temperature coeffi-
cients for the more common materials used will be found in Appendix IV. 

RF, = Ri [Ri x T x (t, — ti)] (4-1) 

where RF = final resistance 
Ri = initial resistance 

Te = temperature coefficient 
tj = initial temperature, °C 
tf = final temperature, °C 

EXAMPLE 4-1 A resistor made of advance wire has a resistance of 10,000 ohms 
at 20°C. What is its resistance at 40°C? 

GIVEN: Material = advance t = 20°C tf = 40°C Ri = 10,000 ohms 

FIND: R, 

SOLUTION: 

1', for advance wire = 0.000018 (Appendix IV) 

RF = Ri + [lit X Tc X (ti — ti)] 
= 10,000 ± [10,000 x 0.000018 x (40 — 20)] = 10,000 + 3.6 = 10,003.6 ohms 

EXAMPLE 4-2 A carbon resistor has a resistance of 250,000 ohms at 20°C. What is 
its resistance at 60°C? 

GIVEN: Material = carbon t; = 20°C tf = 60°C Ri = 250,000 ohms 

RF 

SOLUTION: 

Tc for carbon = —0.0003 (Appendix IV) 

Rp = Ri [Ri X I', x (tr — 4)] = 250,000 -F [250,000 x (-0.0003) x (60 — 20)] 
= 250,000 — 3,000 = 247,000 ohms 
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Relation of Material, Length, and Area to Resistance. From the forego-
ing explanations of the various factors affecting the resistance of conductors 
(disregarding temperature), the following mathematical expression has been 
derived: 

KL Resistance = K x length or R = 
area A 

where R = resistance, ohms 
K = specific resistance (Appendix IV) 
L = length, ft 
A = area, cir mils 

(4-2) 

Circular Mil Area. A mil is equal to one-thousandth of an inch. A square 
mil is equal to the area of a square whose sides are all one mil in length. A 
circular mil is an amount that is equal to the area of a circle whose diameter 
is one mil. To find the area in circular mils, square the diameter in mils. 
The circular mil is a smaller area than the square mil, and for convenience 
in arithmetic it is used to express the area of wire sizes. 

EXAMPLE 4-3 Find the area in circular mils of a wire 0.25 inch in diameter. 

GIVEN: d = 0.25 inch 

FIND: Area, cir mils 

SOLUTION: 

0.25 in. = 250 mils 
Area = 250 x 250 = 62,500 cir mils 

4-2 Specific Resistance 

Definition. It has been stated that the resistance of a conductor will 
depend on the specific resistance of the material of which it is made. The 
specific resistance of a wire is the resistance of a circular mil-foot of that 
wire, or the resistance of a wire whose diameter is one mil and whose length 
is one foot. 

Shapes of Conducting Materials. A large percentage of the conductors 
used in the electrical and electronic industries is in the form of round 
wires. Conductors of various other shapes, particularly square and rectan-
gular, are also used. 

Because round wire is the most commonly used shape, the specific 
resistance in Appendix IV is given in ohms per circular-mil-foot. Equation 
(4-2) may be revised for use with round conductors, as 

KL R = 

where (lis the diameter in mils. 

d2 (4-3) 
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EXAMPLE 4-4 What is the resistance of 1,000 ft of round copper wire that is 0.05 
inch in diameter? 

GIVEN: K = 10.4 (Appendix IV) L = 1,000 ft d = 0.05 inch or 50 mils 

FIND: R 

SOLUTION: 

KL 10.4 x 1,000  
R = = = 4.16 ohms 

e 50 X 50 

Equation (4-2) may be revised in the following manner for calculating 
the resistance of square, rectangular, and other shape conductors. 

R = 0.785KL  
A' 

where A' is the area in square mils. 

(4-4) 

EXAMPLE 4-5 What is the resistance of 1,000 ft of 0.05-inch-square copper wire? 

GIVEN: K = 10.4 (Appendix IV) L= 1,000 ft A' = 50 x 50 sq mils 

FIND: R 

SOLUTION: 

0.785KL 0.785 x 10.4 x 1,000  
R = = = 3.26 ohms 

A' 50 X 50 

Wire Gauge. Round wire is designated according to definite gauge sizes 
or numbers. Each number represents a wire of a certain diameter. In the 
United States, the American Wire Gauge is used for designating the size 
of any kind of wire. It is based on a constant ratio of cross-sectional areas 
among wires of successive gauge numbers. An increase in the gauge num-
ber will correspond to a decrease in the cross-sectional area but will also 
result in an increase in the resistance. A wire table showing the resistance 
per 1,000 ft of copper wire (at 25°C) is given in Appendix V. 

EXAMPLE 4-6 What is the resistance of a coil having an average diameter of 1.5 
inches and consisting of 320 turns of No. 28 copper wire? 

GIVEN: Diameter of coil = 1.5 inches Turns = 320 Wire = No. 28 copper 

Fuvre: Resistance 

SOLUTION: 

Length of wire = diameter x Tr x number of turns 
= 1.5 x 3.14 x 320 = 1,507 inches = 125.58 ft 

Resistance of 1,000 ft of No. 28 wire = 66.17 ohms (Appendix V) 

Resistance of 125.58 ft = 125'58 x 66.17 = 8.31 ohms 
1,000 
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Conductance. Conductance is a term used to express the ease with which 
a material allows an electric current to flow through it. This is the opposite 
of resistance, and the unit of conductance, the mho, is obtained by spell-
ing the unit of resistance, ohm, backward. By definition, conductance is the 
reciprocal of resistance. The reciprocal of any number is equal to one 
divided by that number. For example, the reciprocal of 5 is one-fifth; the 
reciprocal of 10 is one-tenth, etc. 

1  
— = 1 Conductance =  or G (4-5) 

resistance 

From this formula, it can be seen that a material having a high specific 
resistance would have a low specific conductance, and vice versa. 

EXAMPLE 4-7 What is the specific conductance of copper wire? 

GIVEN: Material = copper 

FIND: Specific conductance 

SOLUTION: 

Specific resistance = 10.4 (Appendix IV) 

Specific conductance = 1 = 0.0961 mho 
10.4 

4-3 Conductors 

Conducting Material. A substance through which an electric current can 
flow easily is called a conductor. Every substance is a conductor of elec-
tricity, at least to some slight extent, but some substances are far better 
conductors than others. Theoretically, the best material to be used as 
a conductor would be the one having the highest specific conductance; this 
would be the one having the lowest specific resistance. 

Factors Determining Choice of a Conducting Material. The use of con-
ducting materials requires consideration of a number of other factors. 
Some of these factors are (1) cost, (2) specific resistance, (3) ability to be 
fused, (4) ability to withstand nature's elements, (5) flexibility, (6) melting 
point, (7) weight, (8) elasticity, (9) tensile strength. For example, if a con-
ductor is to be used for instrument work where the losses due to resistance 
should be as low as possible, the cost would be disregarded and the mate-
rial having the lowest specific resistance would be used. 

If a material is used for general wiring purposes, other factors must be 
considered. The cost cannot be too high because of the large quantity to 
be used; the specific resistance must be low in order to minimize power 
(I2R) losses; the material should be easily joined whether it be soldered, 
brazed, or welded; the elements of nature such as heat, cold, and dampness 
should have no effect on it. It should be flexible enough to be handled and 
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shaped into the various necessary bends that are peculiar to all wiring. Its 
melting point must be high enough to withstand abnormal temperature 
rises. In general, copper is used for most wiring purposes because it meets 
the necessary requirements best. 
When a material that is elastic is needed for such uses as spring contacts 

and circuit breakers, phosphor bronze is generally used. 
Whenever a sliding or wiping contact is required, the material used must 

be soft enough to prevent excessive wear on the surface with which it 
makes contact. Carbon, graphite, and soft copper, used individually or in 
combination with one of the others, are the materials used for making 
brushes (sliding contacts). 

If the material desired is to be used as a resistor to limit the flow of elec-
tric current as in the case of rheostats, heaters, and resistors, a material 
having a high specific resistance is used. The melting point must also be 
high, as this type of apparatus is constantly subjected to high temperatures. 
The operation of a fuse depends on the ability of a material to melt 

easily and thus break the circuit when its rated current is exceeded. Mate-
rials used for fuses must have a low melting point. 

4-4 Insulators 

Insulating Material. A perfect insulator is a material through which no 
electric current can pass. All materials will pass a number of free electrons; 
therefore no such substance as a perfect insulator exists. However, very 
poor conductors are approximately such and are therefore used whenever 
an insulating material is required. 
Breakdown Voltage of an Insulator. All materials offer some resistance 

to the flow of electric current. Insulators, or poor conductors, offer a high 
resistance to the flow of electricity; the higher the resistance, the better the 
insulator. If the voltage across an insulator is increased, the attractive force 
acting on the free electrons in the insulator will increase. This causes the 
free electrons to move at an increased speed. If the voltage is high enough 
to increase the velocity of the electrons to a point that causes them to col-
lide against the atoms with sufficient force to detach other electrons from 
the neutral atoms, a steady stream of free electrons will rapidly form 
through the insulating material and the insulator is now a conductor. The 
voltage required to cause this electron flow, thus changing the insulator to 
a conductor, is called the breakdown voltage of the material. 

Effect of Breakdown of the Insulation. This breakdown of the insulation 
between conductors is often accompanied by the passage of an electric 
spark. Sufficient heat is produced by this spark to burn a path through such 
insulating materials as paper, cloth, wood, or mica. Hard materials such as 
porcelain or glass will crack or allow a small path to be melted through 
them. 

Dielectric Strength. Increasing the thickness of the insulator will increase 
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4-1 Electronic applications of insulating materials. (P. R. Mallory & Co., Inc.) 

O . 

the distance through which the voltage must force the electrons. This is the 
same as increasing the resistance of the insulator, for the resistance of any 
material will vary directly with its length. Therefore the breqkdown volt-
age of a material will vary directly with its thickness. The dielectric strength 
of a material is expressed in volts per unit thickness of the material. In 
Appendix VI are listed some of the common materials used as insulators 
for electronic apparatus and their corresponding dielectric strength expressed 
in volts per thousandths of an inch thickness of the material. 

Materials used for electrical insulation are generally manufactured com-
pounds. The dielectric strength of a material will therefore vary with the 
manufacture and the proportion in which the required elements are com-
bined. The physical structure of a material will vary with changes in 
weather, heat, cold, and moisture; this in turn will affect its dielectric 
strength. 

Effect of Alternating Current on Insulating Properties. The insulating 
property of a material is different for direct current than for an alternating 
current. As the frequency of an alternating current is increased, the dielec-
tric strength of a material will decrease. This decrease in dielectric strength 
not only varies inversely with the frequency but also decreases very rapidly 
with increases in frequency. The variation of the breakdown voltage of a 
material with a change in the frequency of the applied current must be 
taken into consideration in choosing a material for high-frequency 
applications. 

Classification and Uses of Insulating Materials. Materials used as insula-
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Table 4-1 Classification of Insulating Materials 

Vitreous   Glass, enamel 
Stone _ _ _ _ Slate, marble, mica, porcelain, asbestos, ceramics 
Resinous __ _ _ _ _ Shellac, resins, gums 
Bituminous  Asphalt, pitch 
Wax   Beeswax, paraffin 
Elastic  Rubber, ebonite 
Oil  Oils of vegetable, animal, or mineral origin 
Cellulose  Paper, wood, cotton, linen, cambric, celluloid, cellophane, 

plastics, lucite 
Animal tissue   Silk, fiber, catgut 

tion for electrical and electronic apparatus may be classified as shown in 
Table 4-1. 

Materials used for electrical insulation usually have a dual purpose: (1) to 
provide mechanical protection and (2) to serve as electrical insulation. In 
selecting an insulating material its use is the important factor in determin-
ing its electrical, physical, and mechanical characteristics. For example, if 
the insulator is to be subjected to great heat, as in soldering irons or toasters, 
mica must be used; if it must be fireproof, as in the power cords of irons, 
etc., asbestos is used; if space, flexibility, and a fair dielectric strength are 
to be the deciding factors, as in the dielectric for small fixed capacitors, cel-
lulose and animal tissue materials are used; if the material to be insulated is 
of intricate design, so that it can be insulated only with a liquid that will 
harden when dry, as on the coils in audio and small power transformers, 
resinous, bituminous, and waxy materials are used. Where a high dielectric 
strength is desired, as in the case of high-frequency or high-voltage equip-
ment, glass and porcelain are used; where the insulation must remain 
liquid, as used in large switches and circuit breakers to quench the arc 
when the circuit is opened, the various oils are used. 

4-5 Resistors 

In d-c circuits, all appliances and devices are generally considered as 
having only resistance. In a-c circuits, two new factors, inductance and 
capacitance, must be taken into consideration. How these factors affect the 
electric circuit will be taken up in a later chapter on alternating currents. 
For the present, only d-c circuits and the corresponding resistance effect 
will be considered. 
The number of resistors used in radio, television, and other electronic 

circuits is quite large. Improvements are constantly being made; new types 
are being developed and are continually replacing some of the older forms, 
thereby increasing the already vast number of types of resistors in use. 

Classification of Resistors According to Material. There are two gen-
eral types of construction employed in the manufacture of resistors, accord-
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ing to the material used, and resistors are referred to as metallic or 
nonmetallic. 
The material used in metallic resistors is generally in the form of a wire 

or a ribbon, and these resistors are called wire-wound resistors. The wire 
or ribbon is wound around a supporting form made of insulating material. 
The wire is generally an alloy containing two or more elements such as 
copper, iron, nickel, chromium, zinc, and manganese. 
The material used in the nonmetallic resistors is carbon or graphite, both 

of which have a very high specific resistance. Because of the high specific 
resistance, the resistors can be made smaller than wire-wound resistors. As 
both carbon and graphite exist in the form of fine powder, it is necessary 
to add a substance, usually called a binder, that will hold the fine particles 
of carbon together. It is then formed into rods which are next cut into 
short pieces to make up the resistor. Each piece is generally enclosed by 
some insulating material, and leads are attached to the ends. Nonmetallic 
resistors are used extensively in electronic circuits because of the ease with 
which high resistance can be obtained and their low cost of manufacture. 

Classification of Resistors According to Control. Resistors may be fur-
ther classified as (1) fixed, (2) variable, (3) adjustable, (4) tapped, (5) auto-
matic resistance control. 
A fixed resistor is one whose value cannot be changed by any mechani-

cal means. Fixed resistors may be made of carbon or of a metallic wire. 
The nonmetallic resistor made of carbon or graphite powder held together 
by a suitable binding substance is a widely used type of fixed resistor. Low-
power wire-wound fixed resistors are made by winding the wire on a 
plastic or fiber strip and attaching leads to each of the ends. High-power 
wire-wound resistors are made by winding the wire on large threaded por-
celain tubes and attaching copper terminals at each end; the entire unit is 
then dipped in enamel or a porcelain solution and baked. 
A variable resistor, commonly called a rheostat, is one whose value of 

resistance at its terminals may be varied. The rheostat has a sliding contact 

î 
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Fig. 4-2 Wire-wound fixed resistors. 
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arm that may be moved to any position along the resistor and has one of 
its terminals attached to the contact arm and the other to one end of the 
resistance. As the position of the contact arm is varied, the value of the 
resistance between the two terminals will vary. 
An adjustable resistor is one that may be adjusted to a desired value and 

then set at that value. It differs from the variable resistor in that, once it is 
adjusted to the desired value, it is kept at that value. Adjustable resistors 
are always of the metallic type and are generally wound on porcelain forms. 
They are provided with one or more movable collars that may be clamped 
in a definite position after they have been adjusted to the desired value. 
A tapped resistor is one that provides two or more definite values of 

resistance on a single unit. Tapped resistors are similar to adjustable resis-
tors except that the collars are not made movable but are set at fixed posi-
tions along the resistor to give definite values of resistance. Tapped resistors 
are always of the metallic type; they may be of the low-power wire-wound 
variety that uses a fiber or plastic form or of the high-power wire-wound 
type that uses a porcelain form. 
An automatic resistance control resistor is one whose resistance value 

changes automatically with a change in current or temperature. In the 
study of effects of temperature on the resistance of certain materials, it was 
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Fig. 4-3 Some of the various types of resistors used in electronics. (Ohmite Manufacturing 

Company) 
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found that, as the temperature of certain metals increased, the resistance 
increased. This principle is used in automatic line controls or ballast resis-
tors, as they are usually called. A nickel or iron wire is placed inside a glass 
tube filled with an inert gas such as hydrogen or inside an air-cooled metal 
case. When the current flowing through this unit increases, it causes 
an increase in the temperature of the wire. The increase in temperature 
causes an increase in resistance which regulates the current and prevents 
it from rising excessively. 
The resistance of most circuit elements increases with temperature 

increases. A thermistor is a device used to maintain the resistance of a cir-
cuit fairly constant by compensating for increases in resistance caused by 
temperature increases. Thermistors are made from a variety of semicon-
ductors. A semiconductor is a solid having a value of resistivity midway 
between that of conductors and insulators. Their resistivity varies nonlin-
early with temperature changes, and these solids may possess either a 
positive or negative temperature coefficient. Thermistors usually have a 
negative temperature coefficient; that is, as the temperature increases, the 
resistance decreases. Thermistors may also be obtained with a positive tem-
perature coefficient and are then sometimes called sensitors. The resistance 
of a thermistor varies widely with changes in temperature. A typical 
thermistor may have a 5 per cent resistance change for each centigrade 
degree change in temperature. 
A resistor whose resistance varies with changes in applied voltage is 

called a varistor. When the voltage across a varistor increases, its resistance 
is decreased. Varistors were originally used as lightning arrestors and have 
since found many applications in the fields of surge suppression and volt-
age stabilization. Varistors are manufactured by pressing a semiconductor 
material with a ceramic binder under high pressure and temperature. 

Use of Resistors. Resistors and rheostats are used in a number of ways 
to adjust the current and voltage of electrical circuits. In radio, television, 
and other electronic circuits they are used as voltage dividers, loads for the 
output of vacuum tubes, resistors to provide the proper grid bias, current 
regulators in filament circuits, filter networks, etc. The type of resistor used 
is determined by its application and the tolerance permitted in its value of 
resistance. 

Commercial resistors of the wire-wound type may be obtained with 
a tolerance as low as ±1 per cent, which means that their values of resist-
ance are accurate within 1 per cent of their rated values. Such resistors are 
used as multipliers and shunts for converting low-range voltmeters and 
ammeters to higher range voltmeters and ammeters. They are sometimes 
used in high-quality radio and television receivers and in electronic equip-
ment when exact resistance values are of importance. 

In selecting a resistor, its power rating as well as its resistance value must 
be taken into consideration. For example, a resistor rated at 1 watt and 
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10,000 ohms should not be used to carry a current of more than 10 ma, as 

/ = fi. = v /10,000 1  = 0.01 amp, or 10 ma v R  

Standard Color Code for Resistors. A color code has been established 
to indicate the resistance value of fixed resistors. This color code is very 
useful for identifying the values of the carbon resistors used so extensively 
in electronic circuits especially since many resistors of different ohmic 
values have the same appearance. Appendix VII lists the standard color 
coding for resistors and illustrates the method used to determine the resist-
ance value and tolerance from the color markings. 

4-6 Protective Devices 

Fuses. A fuse is a protective device designed to open the circuit in which 
it is connected when a dangerous overload condition occurs. The fuse will 
melt and open the circuit when the current exceeds its rated value for 
a definite period of time. Basically, a fuse is a small strip of metal such as 
zinc, lead, or lead-tin alloy that melts at a much lower temperature than a 
piece of copper of the same physical dimensions. Fuses may be classified 
as (1) plug and (2) cartridge. The cartridge type may be obtained as one-
time fuses or as renewable fuses. 
A superlag fuse is a renewable fuse having a fusible link that is designed 

to take a longer period of time to melt for a given current than does 
an ordinary link. The time-lag characteristic is desirable in motor circuits 
to prevent the fuse from opening the circuit during the short interval when 
the motor is being started. The current during this interval may be several 
times the rated motor current. 
A cartridge-type fuse having a time lag much greater than the superlag 

fuse is the fusetron. It consists of a fusible link and a thermal cutout con-
nected in series. The fusible link is designed to melt at a higher current 
than in an ordinary fuse of the same rating. The link is made of copper, 
which permits a smaller amount of metal to be used, and protects only 
against short circuits. On overloads the circuit is opened by the thermal 
cutout, which consists of a small copper block attached by a spring to a 
heating element. The fusible link is attached to the copper block by means 
of a low-melting-point solder. When an overload occurs, the heat generated 
by the heating element and the fusible link melts the solder connection and 
the spring pulls the copper block out of place, thereby opening the circuit. 
Some electronic circuits use short lengths of small-size copper wire as 

fuses. It is not uncommon to find a 1-inch length of No. 22 wire (or 
smaller) connected in a circuit to serve as a fuse. 

Circuit Breakers. The magnetic circuit breaker is another device used to 
protect a circuit against overload and short-circuit currents. A simple form 
of the magnetic circuit breaker consists of (1) a solenoid, (2) an iron plunger 
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within the solenoid, (3) a set of contacts that are normally closed, (4) a tog-
gle mechanism that holds the contacts in their normal position, and (5) a 
trigger to trip the mechanism. The solenoid is connected in series with the 
circuit to be protected. An excessive current in the solenoid causes the iron 
plunger to move upward and strike the trigger, which trips the holding 
mechanism and opens the breaker contacts. 
The thermal circuit breaker is another protective device; it is basically 

a series circuit consisting of a bimetallic strip, a flexible connecting lead, 
and a contact bar. When the current exceeds the rating of the breaker, it 
causes the bimetallic strip to be heated sufficiently to bend, thus displacing 
the tripping end of the bimetallic strip and releasing the contact bar. 
A compression spring actuates the contact bar and plunger to open the 
breaker contacts. 
Some breakers must be reset manually, some may be tripped or reset 

from a remote point, and others may be reset automatically. 

4-7 Electric Circuits 

Resistance of Electric Circuits. In terms of voltage and current, the total 
resistance of a circuit is equal to the total pressure applied to that circuit 
divided by the total current flowing in the circuit; expressed mathematically 

(4-6) 

where RT = total line resistance, ohms 
ET = total line voltage, volts 
IT = total line current, amp 

The resistance of any particular part of a circuit is equal to the voltage 
across the terminals of that part of the circuit divided by the current flow-
ing through that part of the circuit; expressed mathematically 

e r = (4-7) 

where r = branch resistance, ohms 
e = branch voltage, volts 
i = branch current, amp 

Four Kinds of Circuits. There are four ways in which electrical appli-
ances may be connected: (1) simple circuit, (2) series circuit, (3) parallel 
circuit, (4) combination circuit. 

4-8 The Simple Circuit 

A simple circuit is one in which a single resistance is connected across 
a power source as in Fig. 4-4. 
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In this circuit 

o Er RT = 
IT 

PT = ET X IT 
EI1T = PT x T Fig. 4-4 A simple circuit. 

4-9 The Series Circuit 

A series circuit is one in which two or more resistances are connected in 
one continuous path so that the current passes in turn from one to another. 
In the circuit of Fig. 4-5, the current leaves the negative side of the gen-
erator, goes through each of the three resistors, and returns to the positive 
side of the generator, thus completing the electric circuit. 

Currents in a Series Circuit. As there is only one path through which the 
current may flow and as all the current that leaves the generator must 
return to it, the same amount of current must flow in all parts of the cir-
cuit. Therefore 

IT = ji = i = i3 (4-8) 

Voltages of a Series Circuit. The voltage drops el, e2, and e3 indicate the 
pressures required to force the current through the resistors r1, r2, and r3, 
respectively. As Es represents the total voltage required at the power 
source to force the current through the complete circuit, the voltage 
supplied by the generator must be equal to the sum of the voltage drops of 
the circuit, or 

Es == el e2 e3 (4-9) 

Resistance of a Series Circuit. The current in this circuit must pass 
through all the resistors before it can return to the starting point. The total 
resistance offered to the flow of current will therefore be the sum of all the 
individual resistances, or 

P3 

RT = rl r2 r3 

Fig. 4-5 A series circuit. 

J. 

(4-10) 



(4-9) Direct-current Circuits 101 

Power of the Series Circuit. Each of the resistors consumes power, and 
as all the power must come from the generator, the total power taken by 
the series circuit must be equal to the sum of the separate powers, or 

PT = pi + P2 + P3 (4-11) 

Energy of the Series Circuit. As electrical energy is transformed to heat 
energy at each resistor and as all the energy must be supplied by the gen-
erator, the total energy of the series circuit must be equal to the sum of the 
separate amounts of energy, or 

EnT = eni + en2 ± en3 (4-12) 

Characteristics of the Series Circuit. The characteristics of the series cir-
cuit may be summarized as follows: 

1. The current in all parts of the circuit is the same. 
2. The voltage applied, or the line voltage, is equal to the sum of the 

separate voltage drops of the circuit. 
3. The resistance of the complete circuit is equal to the sum of the sepa-

rate resistances of the circuit. 
4. The total power is equal to the sum of the powers of the separate 

resistors. 
5. The total energy is equal to the sum of the energies of the separate 

resistors. 
Uses of the Series Circuit. Series circuits are used in radio, television, 

and other electronic equipment and may be found in some of the following 
circuits: (1) the plate circuit of vacuum tubes, (2) the heater circuit of 
vacuum tubes, (3) a circuit to which a dropping resistor is connected 
to limit the voltage across a certain part of the circuit. 

Power supplies are connected in series when a higher voltage is to 
be obtained from several lower voltage units. For example, two 110-volt 
generators may be connected in series in order to obtain a 220-volt power 
source, or three 6-volt storage batteries may be connected in series in order 
to obtain an 18-volt power source. When power supplies are connected in 
series, the terminals of opposite polarities must be connected together, as 
shown in Fig. 4-6. 

+111111-1111111111 

1 ,-.6volts- 6voits- 6vo/is - 

 /8 volls  

(a)- Two generators connected (b)-Three 6-volt storage batteries 
in series connected in series 

Fig. 4-6 Power sources connected in series. 
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Disadvantages of the Series Circuit. If the wire should break at the 
point X (Fig. 4-5) or at any other point, the circuit would be broken and 
no current would pass through any part of the circuit. This is a serious dis-
advantage of the series circuit, for if a break occurs in any part of the 
circuit, the entire circuit becomes useless. 

If a pressure of 110 volts is desired for each resistor of Fig. 4-5, the line 
voltage would have to be 330 volts. If four more resistors were added 
to the circuit and each required a pressure of 110 volts, the line voltage 
would then have to be 770 volts. It can readily be seen that a high line 
voltage would be required if a number of 110-volt lamps (in place of 
resistors) were to be connected in series; therefore the series circuit is not 
practical for lighting circuits. 

Solution of Series-circuit Problems. Using the rules for series circuits as 
outlined and the fundamental principles of Ohm's law, it is possible to solve 
any problem involving series circuits. This can best be illustrated by the 
following example. 

EXAMPLE 4-8 A 10-, a 15-, and a 30-ohm resistor are connected in series across 
a 110-volt line. (a) What i3 the resistance of the circuit? (b) If the circuit is used for 
10 hr, how much energy is consumed by each resistor? (c) What is the total amount 
of energy consumed? 

GIVEN: Er = 110 volts r1 = 10 ohms r2 = 15 ohms r3 = 30 ohms T = 10 hr 

FIND: (a) RT (b) en' en2 en3 (c) EnT 

SOLUTION: 
In solving circuit problems it is always best to draw a circuit diagram. The circuit 

diagram for this problem would be drawn as shown in Fig. 4-7. 

ri-/On r2r/Sn r3=30.n 

From the rules for series circuits 

Fig. 4-7 

(a) RT = r2 r3 = 10 + 15 -F 30 = 55 oluns 

(b) In order to find the energy, it is necessary to know the value of the power and 
the hours. The power of each resistor may be found by 12r, and since only the value 
of r is known, it is now necesçary to solve for the current, 

ET 110 
= RT — = = 2 amp 

55 

as = = i2 = 
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then pi = /T2 x ri = 2 X 2 x 10 = 40 watts 
P2 = IT 2 X T2 = 2 X 2 x 15 = 60 watts 
p3=/T2xr3= 2 x 2 x 30= 120 watts 
PT = p1 + 732 + p3 = 40 + 60 + 120 = 220 watts 

It is good practice continually to check the problem in order to locate any mathe-
matical errors. In this problem, the total power can be checked by using the formula 

PT = ET X IT = 110 x 2 = 220 watts 

This checks with the value obtained before by using a different method, and there-
fore the solution is mathematically correct. Continuing the solution of the problem 

eni = pi x T = 40 x 10 = 400 whr 
en2 = p2 xT= 60 x 10 = 600 whr 
en3 = /33 x T = 120 x 10 = 1,200 whr 

(c) EnT = eni + en2 + en3 = 400 + 600 + 1,200 = 2,200 whr 

Checking the total energy by using the formula 

En,' = PT X T = 220 x 10 = 2,200 whr, or 2.2 kwhr 

This is the same answer as the above. Therefore the problem is mathematically 
correct. 

4-10 The Parallel Circuit 

When two or more resistances are connected so that the current will 
have two or more paths in which it may flow, it is a parallel circuit. In 
Fig. 4-8, the current leaves the generator at A and, when it reaches B, it 
divides into two paths, part of the current going toward G and the remain-
der toward C. The current going toward C upon reaching that point has 
two paths, and it will divide, part of this current going toward F and the 
remainder toward D. At F, the current from E joins with the current from 
C and flows toward G. At G, the current from F joins with the current 
from B and returns to the generator at H. 

Currents in a Parallel Circuit. Figure 4-9 shows the distribution of the 
current in the circuit of Fig. 4-8. The values of current shown throughout 
the circuit indicate the amounts of current in those parts of the circuit. 
This diagram shows that the line current is equal to the sum of the branch 
currents, as 4 amp + 6 amp + 2 amp = 12 amp. 

IT =  il + i2 + 4 (4-13) 

Fig. 4-8 A parallel circuit. 
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A /2amp B 8amp C 

If 12 amp G 8 amp F 2amp E 

Fig 4-9 Current distribution of the parallel circuit shown in Fig. 4-8. 

Voltages of a Parallel Circuit. The current in flowing from the generator 
to r1 does not pass through any appreciable amount of resistance; therefore 
the voltage drop is negligible and el = Es. Likewise as there is no appre-
ciable resistance offered to the current going from r1 to r2 or from r2 to r3, 
the voltage across r2 and r3 is equal to that across r1 and 

Es = el = e2 = e3 (4-14) 

These conclusions are based on the assumption that the connecting wires 
have no resistance, which actually is not true; however, the resistance of 
these wires is ordinarily so low that the resulting voltage drop can be 
neglected. If more accurate values of the branch voltages are desired, the 
drop in the connecting wires can be calculated and subtracted from the 
line voltage, the remainder being the voltage at the resistor. 

Resistance of a Parallel Circuit. The resistance of a parallel circuit is 
calculated by using the conductance method and may be obtained by 
using the formula 

RT = 1 
1 — + 1 — + 1 — 
r1 r2 r3 

(4-15) 

Substituting the values from Fig. 4-9 in the above formula, 

1  1  
= —1 = —60 = 10 ohms RT = = 

11 1 2 + 3 -F 1 6 6 
30 ' 20 ' 60 60 60 

The resistance of the line is found to be 10 ohms, and it should be 
noticed that this total resistance is lower than the lowest individual resist-
ance in the circuit which is 20 ohms. This is characteristic of all parallel 
circuits. 
When the parallel circuit contains only two circuit elements, Eq. (4-15) 

may be expressed as 

r1 r2  
RT = 

ri. 4- r2 
(4-15a) 
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lirr2  
= (4-15b) 
r2 — RT 

r2 = Rrri  (4-15c) 
7.1 — RT 

Power of the Parallel Circuit. Each of the resistors consumes power, and 
as all the power must come from the generator, the total power taken by 
the parallel circuit must be equal to the sum of the separate powers (note 
that this is the same as for the series circuit), or 

PT = pi + pz + /33 (4-11) 

Energy of the Parallel Circuit. As electrical energy is transformed 
to heat energy at each resistor and as all the energy must be supplied by the 
generator, the total energy of the parallel circuit must be equal to the sum 
of the separate amounts of energy (note that this is the same as for the 
series circuit), or 

EnT = eni en2 en3 (4-12) 

Characteristics of the Parallel Circuit. The characteristics of the parallel 
circuit may be summarized as follows: 

1. The line current is equal to the sum of the currents in the separate 
branches. 

2. The voltage across each branch is the same and is equal to the line 
voltage. 

3. The resistance of a parallel circuit is equal to the reciprocal of the 
sum of the reciprocals of each branch resistance. It is always less than the 
lowest branch resistance. 

4. The total power is equal to the sum of the powers of the separate 
branches. 

5. The total energy is equal to the sum of the energies of the separate 
branches. 

Uses of the Parallel Circuit. Parallel circuits are used wherever a 
constant-voltage power-supply system is needed. House wiring is a good 
example of the use of this type of circuit. 

Power supplies are connected in parallel when a higher current is needed 
and the voltage is to remain constant. For example, two 110-volt generators 
may be connected in parallel in order to obtain an increased current out-
put (and consequently power) at 110 volts. Only one of them need be used 
if the current required is equal to or is less than the current rating of one 
of the generators. Storage batteries may be connected in parallel if the cur-
rent rating is to be increased without an increase in voltage. When power 
supplies are connected in parallel, all terminals of similar polarity must be 
connected together. The voltage across the combination is the same as the 
voltage of an individual unit, and the current rating becomes equal to the 
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(a)-Two generators connected (0) -Three 6-volt storage batteries 
in parallel connected I n parallel 

Fig. 4-10 Power sources connected in parallel. 

sum of the individual current ratings. Parallel connected power sources are 
illustrated in Fig. 4-10. 

Disadvantage of the Parallel Circuit. A disadvantage of the parallel cir-
cuit is that, as additional appliances or loads are added to the circuit, the 
line current increases. If the increased amount raises the current above the 
safe carrying capacity of the wiring used, it becomes necessary to rewire 
the circuit with a larger size wire or to install additional feeder circuits. 
Advantage of the Parallel Circuit. An advantage of the parallel circuit 

is that, if a break occurs in any one of the branch circuits (BG, CF, or DE 
in Fig. 4-8 or 4-9), it will have no effect on the other circuits. In house 
wiring, the use of parallel circuits makes it possible to switch any light or 
appliance on or off without affecting the other lights and appliances. 

Solution of Parallel-circuit Problems. Using the rules for parallel circuits 
as outlined and the fundamental principles of Ohm's law, it is possible to 
solve any problem involving parallel circuits. This can best be illustrated by 
the following example. 

EXAMPLE 4-9 A 10-, a 15-, and a 30-ohm resistor are connected in parallel across a 
110-volt line. (a) What is the resistance of the circuit? (b) If the circuit is used for 
10 hr, how much energy is consumed by each resistor? (c) What is the total amount 
of energy consumed? 

GIVEN: Er = 110 volts ri = 10 ohms r2 = 15 ohms r3 = 30 ohms T = 10 hr 

FIND: (a) RT (b) eni en2 en3 (c) Enr 

The circuit diagram for this problem would be as shown in Fig. 4-11. 

r3= 
Joli 

Fig. 4-11 

SOLUTION: From the rules for parallel circuits, 

1  1  1 30 , ____ 
(a) RT = = = = — = a 0111113 

1 + 1 + 1 1 4_ ± 1 6 6 
r1 r2 r3 10 15 30 30 



(4-1 1 ) Direct-current Circuits 107 

(b) ii Er÷ri= 110 10=llamp 
22 = ET 4- r2 = 110 ÷ 15 = 7.33 amp 
i3 = ET r3 = 110 ÷ 30 = 3.67 amp 
IT = 22 + 3= 11 + 733 + 167 = 22 amp 

Checking the answer: 

ET 110 
ir = — = —s5- - = AG amp RT  

pi  = ET X i = 110 x 11 = 1,210 watts 
P2 = ET X i2 = 110 x 7.33 = 806.3 watts 
P3 = ET X 23 = 110 x 3.67 = 403.7 watts 
PT = pi + p2 + p3 = 1,210 ± 806.3 ÷ 403.7 = 2,420 watts 

Checking the total power: 

PT = ET X 1r = 110 x 22 = 2,420 watts 

en' = pi x T = 1,210 x 10 = 12,100 whr, or 12.1 kwhr 
en2 = p2 x T = 806.3 X 10 = 8,063 whr, or 8.063 kwhr 
en3 = p3 x T = 403.7 x 10 = 4,037 whr, or 4.037 kwhr 

(c) Enr = eni + en2 en3 = 12.1 + 8.063 + 4.037 = 24.2 kwhr 

Checking this answer: 

Ens' = Pr X  T = 2420 x 10 = 24,200 whr, or 24.2 kwhr 

4-1 1 Simple Combination Circuits 

When a circuit contains both series and parallel circuits, it is a combina-
tion circuit. Combination circuits may be connected in series-parallel or 
parallel-series. 

The Series-parallel Circuit. When groups of parallel circuits are con-
nected in series, it is called a series-parallel circuit. In Fig. 4-12, the cur-
rent leaves the generator at A and returns at G. The current divides 
at point C and joins at D, dividing and joining a second time at points E 
and F as indicated by the arrows. 

Fig. 4-12 A series-parallel circuit. 

1 1111 11 1 H 1 
1 11 F3 H F61 
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Expressed mathematically, 

IT == (il 1- i2) == 1- 14 A- 15) (4-16) 

Close observation of Fig. 4-12 will show that this circuit is fundamen-
tally a series circuit; therefore the voltage drops should equal the line volt-
age, or 

Es = + e2 + e3 (4-17) 

Solution of Series-parallel Circuits. To solve series-parallel circuits, each 
group of parallel resistance values is first combined into an equivalent 
single resistance value by using the reciprocal method. The whole is then 
treated as a series circuit. 

EXAMPLE 4-10 Find the voltage and current of each resistor in the circuit of Fig. 4-13. 

GIVEN: 

SOLUTION: 

Fig. 4-13 

1 1  ROR•1 = = = e = 20 ohms 
1+ — — 1 1 1 2 — + — 
r2  r3 40 40 

RGR.2 = = 1  = = lo ohms 
1 4. 1 + 1_ _1 + - + -401 4 
1.4 r5 r6 40 20 

Figure 4-13 then becomes a simple series circuit as illustrated in Fig. 4-14. 

R6R-1 RGR-2 

Fig. 4-14 

= r1 + RGIel liGe2 = 20 + 20 + 10 = 50 ohms 
IT = Es RT = 100 ÷ 50 = 2 amp 
e1=/T xr1 = 2 x20=40 volts 
e2 = /TxRGR.i = 2 x 20 = 40 volts 
e3 = IT X RGR.2 = 2 x 10 = 20 volts 
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Checking: 

= + e2 + e3 = 40 + 40 + 20 = 100 volts 
ii = /r = 2 amp 
i2 = EG12.1 r2 = 40 + 40 = 1 amp 
13 = EGR.1 r3 = 40 + 40 = 1 amp 

/eel =2 + 23 = 1 + 1 = 2 amP 
= EGR.2 ÷ T4 = 20 + 40 = 0.5 amp 

25 = EGR.2 r5 = 20 + 20 = 1.0 amp 
i6 = EGR.2 ± re = 20 + 40 = 0.5 amp 

1011.2 = i4 i5 if3 = 0.5 + 1.0 + 0.5 = 2 amp 

The voltage across each resistance, each parallel group of resistances, and the 
entire circuit is now known. The value of the current flowing in each resistance, in 
each group of resistances, and in the entire circuit is also known. If the power used 
by the entire circuit or any part of it is desired, it can easily be obtained by using the 
power formulas. 
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The Parallel-series Circuit. When groups of series circuits are connected 
in parallel, it is called a parallel-series circuit. Such a circuit is shown 
in Fig. 4-15. The current leaves the generator at A and returns at H. 
It divides into three paths, BG, CF, and DE. The directions of the currents 
are shown by the arrows. 

= i2 23 (4-18) 

As each group is a series circuit, the sum of the voltage drops in each 
group should equal the line voltage; also 

Es = EGR4 = EGR.2 = EGR•3 (4-19) 

Solution of Parallel-series Circuits. To solve parallel-series circuits, each 
group of series resistance values is first solved for its equivalent single 
resistance by adding all resistances in that group. The whole is then treated 
as a parallel circuit. 

EXAMPLE 4-11 Find the total resistance of each branch, the total resistance of the 
circuit, the current in each resistor, and the voltage across each resistor of the circuit 
shown in Fig. 4-16. 

Fig. 4-1 5 A parallel-series circuit. 
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GIVEN: 

SOLUTION: 

Fig. 4-1 6 

RGR.1 = 10 + 40 30 = 80 ohms 
RGR.2 = 60 20 = 80 ohms 
RGR.3 = 30 -I- 50 = 80 ohms 

The circuit of Fig. 4-16 can now be simplified and becomes a simple parallel circuit 
as shown in Fig. 4-17. 

GR-1 
Es = 
100 volts 

RT = 

1 

80n 

Fig. 4-17 

1  80 
= = 26.66 ohms 

1 1 1 1 1 1 3 
rt.GR.1 rtGR.2 noR.3 ou ou oii 

, Es 100  
• = • 26.66 = 3.75 amp 

&el  _ 100 = 1.25 amp 
RGR.1 - 80 

478.2 = E08.2 100 _ 115 p 
RGR.2 80 

E08.3 100 
4314.3 = = 1.25 amp 

noR.3 au 

Checking: 

IT = iGR.1 IGR.2 IGR.3 = 1.25 + 1.25 1.25 = 3.75 amp 

Solving for the individual voltage drops, 

• = 108.1 X r1 = 1.25 x 10 = 12.5 volts 
e2 = ¡Gel X r2 = 1.25 x 40 = 50 volts 
e3 = 108.1 X r3 = 1.25 x 30 = 37.5 volts 
• = iGe2 X Li = 1.25 x 60 = 75 volts 
e5 = 208.2 X r3 = 1.25 x 20 = 25 volts 
e6 = iort.3 X r8 = 1.25 x 30 = 37.5 volts 
• = 208.3 X r7 = 1.25 x 50 = 62.5 volts 
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Checking: 

EGR.1 = e1 + e2 + e3 = 12.5 + 50 + 37.5 = 100 volts 
EGR.2 = e4 + e6 = 75 + 25 = 100 volts 
EGR.3 = e6 + e7 = 37.5 + 62.5 = 100 volts 

If the power used by any part of the circuit or by the entire circuit 
is desired, it can be obtained by using the power formulas. 
Advantages of Combination Circuits. Combination circuits have the 

advantages of both series and parallel circuits and minimize their disadvan-
tages. Generally, less copper is required and a smaller size wire can be 
used. Also, if one resistor should burn out and thereby cause an open cir-
cuit, it may affect only one or two branch circuits or it may affect the 
entire circuit depending upon the kind of circuit and the location of the 
faulty resistor. 

Uses of Combination Circuits. Combination circuits are used whenever 
various types of circuits must be fed from the same power supply. In an 
automobile the starting, lighting, and ignition circuits are all individual cir-
cuits joined to make a combination circuit drawing its power from one 
battery. 

Electronic equipment generally contains a number of separate circuits, 
such as voltage amplifiers, power amplifiers, tuning, oscillator, demodulator, 
synchronizing, sweep, integrator, differentiator, etc. Individually they may 
be simple series or parallel circuits or complex combination circuits. When 
an electronic unit is considered as a whole, the result is a complex combi-
nation circuit. In the solution of electronic circuit problems, each circuit is 
solved separately and then combined to obtain the final result. 
Power supplies are connected in series to get a higher voltage and con-

nected in parallel to obtain a higher current. Rows of series-connected bat-
tery cells may be so connected that the rows themselves are grouped 
in parallel to form a parallel-series arrangement as shown in Fig. 4-18. 
Rows of parallel-connected battery cells may be so connected that the 

rows themselves are grouped in series to form a series-parallel arrangement 
as shown in Fig. 4-19. 

" 

Fig. 4-18 Parallel-series grouping of Fig. 4-19 Series-parallel grouping of 

battery cells, battery cells. 
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4-12 More Advanced Combination Circuits 

Many combination circuits are neither simple series-parallel nor parallel-
series circuits. The resistances combine to form complicated combination 
circuits. 

To solve such circuits, it is necessary to perform the following steps in 
the order listed: 

1. Combine the resistance values in each group to obtain one single 
equivalent resistance value for each section. 

2. Combine the resistance values of all sections to obtain one single 
equivalent resistance value for the line. 

3. Solve for the line current. 
4. Find the current flowing in each resistor. 
5. Find the voltage across each resistor. 
In the solution of some circuits, steps 4 and 5 may have to be interchanged. 

EXAMPLE 4-12 Find the current distribution and the voltage drop across each resistor 
in the circuit shown in Fig. 4-20. 

GIVEN: 

-ti 

r2 

360m/1's 

Fig. 4-20 

SOLUTION: 

RGR.1 

r11 

r.13 I-0-1,\MA.r•--- I 
Section-1 1 r14 GR-.5 I 

—VVV\Ar-
Sechbn-3 

GR-4 

Sec in - 2 

1 1  3,000 
= 600 ohms 

▪ 1 + 1 1 + 1 5 
r2 r3 1,000 1,500 

RGR.2 = r4 -F r5 = 200 + 400 = 600 ohms 

1 1  = = 300 ohms 

± 

Alec. 1 = = 
1 1 1 1 2 

o ,,,,, ± 
RGR.1 rtGR.2 awl) uuu 

0.1 = 20 12 

r2 = 1,000 12 

r3 = 1,500 2 

r4 = 200 12 

7'8 = 400 2 

r6 = 600 2 

r7 = 400 12 

7.8 = 200 2 

r9 = 2o 

rio = 200 2 

ru = 40 2 

r12 = 100 12 

= 200 2 

r14 = 600 
Y5 = 52 12 
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RGR,3 = r7 r8 = 400 + 200 = 600 ohms 

Rsec.2 

RGR•4 

RGR.5 

Rsec.3 

= = 1  1  = 6(e = 300 ohms 
1 +  1 1 + 1 2 
r6 RGR.3 600 ' 600 

= r1i) + rn = 200 -1- 40 = 240 ohms 

1  1  = = 60 ohms 
1 + 1 + 1 1 1 — + 1 10 
r12 r13 r14 100 200 600 

1  =  1  240 A o 
= = 011111S 

1 1 1 1 5 
RGR.4 RG12.5 240 60 

By substitution of values found for sections 1, 2, and 3 the equivalent circuit may 
now be drawn as shown in Fig. 4-21. 

Fig. 4-21 

20n 2011 4812 

r, I Sec 3 

300.11 Sec.1 

360vofis GR-A GR-P 1'15 5212 

30011 Jec.2 

Close observation of Fig. 4-21 will show that this circuit is now a simple parallel-
series circuit having two groups of series resistors connected in parallel and a line-
dropping resistor r1. 

RGR.A = Riec.1 + Raec.2 = 300 + 300 = 600 ohms 

RGR.R = r9 + Rsec.3 4- 1'15 = 20 ± 48 + 52 = 120 ohms 

1  1  600 = R   1 t = = = = 
1 + 1 1 + 1 1 + 5 6 

o o 
nGR.A reLGR.R 600 120 600 

RT = r1 = 20 ± 100 = 120 ohms 

ET 360 
IT = = -127 ) = 3.0 amp 

= IT X = 3.0 x 20 = 60 volts 

= EOR.B = ET — er.1 = 360 — 60 = 300 volts 

EGR.A 300 ioR-A = D  = 0.50 amp 
rtort.A out, 

EGR•11 300 = 2.50 D 
101eIS = 

110R.8 — 120 

IT = IcubA IOR.R = 0.50 ± 2.50 = 3.00 amp 

esec.i = IOR,A X Rsec.1 = 0.50 x 300 = 150 volts 

esee.2 = X Ratc.2 = 0.50 x 300 = 150 volts 

100 ohms 
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EGR.A = + esec.2 = 150 + 150 = 300 volts 
e.9 = MR43 X r5 = 2.50 X 20 = 50 volts 

eaec.3 = 'ORB X Rsec.3 = 2.50 X 48 = 120 volts 
e, 75 = 101243 X *75 = 2.50 X 52 = 130 volts 
EGR.R = epg esec.3 e115 = 50 + 120 + 130 = 300 volts 

eiec.1 150 
i0/2.2 = = = 0.250 amp 

11012.2 DUU 

ir.2 = = 11,00050 = 0.150 amp 

esec =.i _ 150 
ir.3 = r3 T5C.9 0.100 amp 

/sec.! = ice2 + 4.2 + 4.3 = 0.250 + 0.150 + 0.100 = 0.500 amp 
e.4 = ime2 X ti = 0.250 X 200 = 50 volts 
er.5 = 2011.2 X r5 = 0.250 x 400 = 100 volts 

esec.1 = er.4 e,..5 = 50 + 100 = 150 volts 
e..e.c.2 150 „ 

= = .- = v.zou amp 
ra 800 

ejec.2 = L50 = = 0.250 amp 
riGR.3 

Isec.2 = + ¡tuba = 0.250 + 0.250 = 0.500 amp 
er.7 = 2011.3 X r7 = 0.250 x 400 = 100 volts 
er.5 = ioe3 X r8 = 0.250 X 200 = 50 volts 

= e,..7 er.8 = 100 + 50 = 150 volts 

2011.4 = 

¡cum = 

esec.3 120 „ = „s = u.ou amp 
RGR4 

esec.3 120 „ 
= = z.v amp 

RGR.5 OV 

Isec.3 = 2011.4 i012.5 = 0.50 + 2.0 = 2.50 amp 
e,.. 10 = 4312.4 X ne = 0.50 X 200 = 100 volts 
e,.. 11 = 2011.4 X rn = 0.50 x 40 = 20 volts 
esec.3 = e10 A- en = 100 + 20 = 120 volts 

ir12 = 

ir.13 = 

euc.3 120 
=  T12 WU = 1.20 amp 

esec.3 120 ,„ 
= - = r13 v.ov amp 200 

eu,3 120 „ 
4.14 = = - = UM/ amp 

r14 600 

¡GUM = 4.12 ± 4.13 + 4,14 = 1.20 + 0.80 + 0.20 = 2.00 amp 
When each circuit is solved separately and combined whenever possible, 

the current through each resistor and the voltage drop across it may 
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be obtained. Any reducible circuit, no matter how complex, can be solved 
in a similar manner. 

4-13 Kirchhoff's Laws 

Irreducible Circuits. The circuits discussed up to now have all been 
reducible. That is, they all could be reduced to a simple circuit of one 
equivalent resistance with a single power source. However, not all electric 
circuits are reducible; those that are not are called irreducible circuits. 

There are two general types of irreducible circuits: (1) those containing 
a single power source and (2) those containing more than one separate 
power source. An example of the first type is illustrated by the Wheatstone-
bridge circuit of Fig. 4-22a and of the second type by the resistance net-
work of Fig. 4-22h. An analysis of the bridge circuit (Fig. 4-22a) will show 
that it is possible to reduce this circuit to a single resistance only when the 
bridge is balanced and the current in G is zero. In circuits similar to Fig. 
4-22h, where there is more than one power source, it is possible to have 
two or more currents approach a single junction. The currents may either 
aid or oppose each other depending on the location of the power sources 
in the circuit. Because of this current relationship, it is not possible to 
replace two or more power sources with a single equivalent power supply, 
thus making this type of circuit irreducible. 

Use of Kirchhoff's Laws. Kirchhoff's laws may be used in solving for 
unknown circuit values (voltage, current, resistance, etc.) of both reducible 
and irreducible circuits. These laws do not introduce any new theory but 
rather present another method of using the principles already known. 

Kirchhoff's Voltage Law. The algebraic sum of all the voltages in any 
closed path of a circuit must be zero. This is another way of stating the 

3 volts 

8 

( 

F5 2 

( b) 

Fig. 4-22 Complex circuits. (a) Wheatstone bridge. (b) Resistance network. 
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voltage relationship of the series circuit originally expressed by Eq. (4-9), 
which therefore may also be expressed as 

Es — el — e2 — e3 = 0 (4-9a) 

Kirchhoff's Current Law. The algebraic sum of all currents at any point 
in a circuit must be zero. This is another way of stating the current rela-
tionship of a parallel circuit originally expressed by Eq. (4-13), which there-
fore may also be expressed as 

IT — il — i2 — i3 = o (4-13a) 

Method of Solving Problems. The use of IC.irchhoff's laws to solve for 
unknown values of a circuit involves the application of simultaneous equa-
tions. Two or more separate equations are called simultaneous equations 
when they represent the relations among their unknown quantities that 
exist at the same instant. Simultaneous equations are solved by the elimina-
tion of one or more of the unknown quantities by using addition, subtrac-
tion, substitution, or comparison. The solution of circuit problems involving 
the application of simultaneous equations can best be obtained by using 
the following procedure: 

1. Label all circuit elements as to name and value. 
2. Label the current direction in each branch of the circuit by drawing 

an arrow alongside the branch indicating the direction of electron flow. 
3. Mark all connecting points of elements with a reference letter. 
4. List all current equations at each junction of three or more circuit 

elements. When current junction equations are being set up, the currents 
entering the junction are considered algebraically positive and the currents 
leaving the junction are considered algebraically negative. 

5. List all voltage equations for each closed path in the circuit. Indicate 
unknown voltages in terms of current and resistance. Be sure to indicate 
the polarity of the voltages. When voltage loop equations are being set up, 
the following rules should be followed: 

(a) The voltage of a power source is positive when the direction of the 
path being traced is from the negative to the positive terminal and nega-
tive when the path is from the positive to the negative terminal. 

(b) The polarity of a voltage at a resistor will depend on the direction of 
electron flow through it. When the indicated direction of electron flow is 
opposite to the direction in which the voltage loop is being traced, the 
voltage at a resistor is negative. When the indicated direction of electron 
flow and the direction in which the voltage loop is being traced are 
the same, the voltage is positive. 

6. From the current equations of step 4, note the number of unknown 
currents. Solve this number of independent current and voltage equations 
simultaneously. 

7. Any unknown voltages may then be determined by using Ohm's law. 
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8. Check answers obtained by substituting their values in unused cur-
rent or voltage equations so that all unknown current values are used 
at least once. 
When proficiency in the use of 1Circhhoff's laws has been achieved, steps 

4 and 5 may be reduced to the fisting of only those equations that are nec-
essary for a solution. 
The application of Kirchhoff's laws using this procedure to solve for 

unknown values of circuits may best be explained by examples. 
Application to Reducible Circuits. The combination circuit of Fig. 4-20 

used in Example 4-12 was reduced to that shown in Fig. 4-21. For sim-
plicity, this equivalent circuit will be solved rather than the initial circuit. 

EXAMPLE 4-13 Find the current distribution and the voltage drops across each resis-
tor in the circuit shown in Fig. 4-23a. 

GIVEN: 

360V 

Es 
360V 

(0) 

4 

20 ohms 20 ohms 48 ohms 

r2 20 ohms 13 48 ohms 

( b) 
Fig. 4-23 

52 
ohms 

/4 

52 
ohms 

SOLUTION: The circuit elements, currents, and junctions are labeled as shown in 
Fig. 4-23h. 
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At junction C 

At junction F 

Ir -- 12 = (II) 

In this case, except for the algebraic signs, the two equations are the same. The reason 
for this condition is that the number of independent equations that can be used 
is always one less than the total number of junctions in a circuit. 

il -I- 2 -- IT == 

For loop ABCDEFA 

Es -- /Tri 10.2 -- 10'3 -- 474 == 

If the path of this loop is taken in the opposite direction as AFEDCBA, then 

114 1- tea A- ilr2 1- -- ER == 0 

Substituting known values in Eq. (III), 

360 — 20/T — 2011 — 48ii — 5211 = 

Combining like terms, 
360 — 20/T 120ii = (IV) 

In a similar manner, for loop ABCFA 

Es -- Is -- i2r6 i2r6 = 

360 — 20/T — 30012 — 30012 = 

360 — 20/T — 600i2 = (V) 
For loop FCDEF 

121'6 ig5 ilr2 ¡Ira -- 474 == 

300i2 -F 30012 — 20i — 48i1 — 52i1 = 

60Oi2 — 120ii = (VI) 

In this problem there are three basic unknowns, namely, the currents /r, 4, and 12. 
Therefore, only three equations, which contain each unknown at least once, are nec-
essary for the solution of the problem. 
From one of the current equations, write one of the unknowns in terms of the other 

unknown(s). 

or 

i2 — IT = 

IT = il -I- 12 

Substituting the quantity ii + 12 for 1T in Eq. (IV), 

360 20(4 -F i2) 1204 = 0 

or 360 — 20h — 2012 — 120i1 = 

Combining like terms, 

360 — 140ii — 2012 = O (VII) 

Using Eq. (VII), solve for one of the unknowns in terms of the other unknown. 
Solving for ii 

. 360 — 2012  
ti = = 2.57 — 0.14312 

140 
(VIII) 
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Substituting the quantity 2.57 - 0.14312 for i in Eq. (VI) and solving for 12, 

60012 - 120(2.57 - 0.14312) = 0 

60012 - 120(2.57) + 120(0.14312) = 

60012 - 308.4 -I- 17.1612 = 0 

617.1612 = 308.4 

i2 = 308A 617.16 = 0.4997 amp 

Substituting 0.4997 for 12 in Eq. (VIII) and solving for 

li = 2.57 - 0.143(0.4997) = 2.57 - 0.0714 = 2.4986 amp 

It should be noted that solving for i in terms of 12 and substituting this value 
in Eq. (VI) produce a cumbersome decimal process. The use of involved decimals 
may be avoided in some instances by first solving for a different unknown value, as is 
shown in the following steps. Solving for 12 using Eq. (VII), 

2012 = 360 - 1404 

12 = 18 - 711 

Substituting the quantity 18 - 74 for i2 in Eq. (VI) after first solving for 

60012 - 1204 = 

. 60012 . 
11 = = 512 

= 5(18 - 711) = 90 - 354 

364 = 90 

ii = 93°7  = 2.5 amp 

Substituting 2.5 for i in Eq. (IX), 

t2 = 18 - 711 = 18 - 7(2.5) = 18 - 17.5 = 0.5 amp 

Substituting the known values for j1 and 12, 2.5 and 0.5, respectively, in Eq. (IA) and 
solving for jr, 

IT = 2.5 0.5 = 3 amp 

The voltage drops may now be solved for by using Ohm's law. 

er.1 = Irri= 3 x 20 = 60 volts 

e,.2 = 117.2 = 2.5 X 20 = 50 volts 

e,.3 = 111.3 = 2.5 x 48 = 120 volts 

e,.4 = 114 = 2.5 x 52 = 130 volts 

e„.6 = i2r6 = 0.5 x 300 = 150 volts 

e,.6 = i2r6 = 0.5 x 300 = 150 volts 

Check: The answers are correct, as the same values for ii and 12 were obtained by 
using two different sets of equations. 

Application to Irreducible Circuits. The circuit of Example 4-13 was 
solved by using ICirchhoff's laws. This same circuit had also been solved in 
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Example 4-12 by simple resistor combination and reduction. The irreduci-

ble circuit of Fig. 4-24a cannot be solved using this combination and reduc-

tion method. 

EXAMPLE 4-14 Find the current distribution and the voltage drops across each resis-
tor in the circuit shown in Fig. 4-24a. 

GIVEN: 

( a ) 

F 

( b) 

Fig. 4-24 

E A 

15 ohms 60 ohms 

SOLUTION: The circuit elements, currents, junctions, and power sources are labeled as 
shown in Fig. 4-24b. In this circuit, the directions of the currents are not known owing 
to the presence of two power sources. Current directions must therefore be assumed. 
If an incorrect direction is chosen, it will show up in the solution as a negative cur-
rent. However, the magnitude of the current will be correct regardless of the direc-

tion chosen. 
The assuming of current direction need not be a hit-or-miss proposition. Careful 

inspection of the magnitudes of both the power sources and resistances will generally 
indicate most of the correct current directions. In many circuits the current direction 
for only one circuit element need be assumed. 



(4-13) Direct-current Circuits 121 

Listing all current and voltage equations, substituting known values, combining 

where necessary, and using the labeled circuit diagram of Fig. 4-24h at junction C 

ii — i2 — i3 = 0  (I) 

At junction D 

At junction F 

loop ABCDEFA 

loop ABCFA 

loop EDCFE 

loop CDFC 

loop EDFE 

loop ABCDFA 

Rearranging Eq. (I) 

Rearranging Eq. (II) 

Rearranging Eq. (V) 

i2 — it — is = 0 

i3 ± i4 ± i5 - il = 0  

—4.1 + iin. + 12r2 — E8.2 = 0 

—90 + 154 + 60i2 — 30 = 0 

—120 + 154 + 6012 = 0 (IV) 

—41 + iiri + 13r3 = 0 

—90 + 1511 + 3013 = 0 (V) 

E8.2 — 10'2 + 13r3 = 0 

30 — 6012 + 3013 = 0 (VI) 

i2r2 + 144 — isrs = 0 

6012 + 1214 — 3013 = 0 (VII) 

E13.2 ± 144 = 0 

30 + 1214 = 0 

—E8.1 ± iiri. + 12r2 + i4r4 = 0 

(VIII) 

—90 + 154 + 6012 + 1214 = 0 (IX) 

(IA) 

(IIA) 

90 = 1511 + 3013 (VA) 

Substituting Eq. (IA) in Eq. (VA) 

90 = 15(12 + 13) + 3013 

or 90 = 1512 + 1513 + 3013 
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Combining like terms 

90 = 15i2 ± 45i3 

Solving for 12 

. 90 — 45i3  
12 = 15 = 6 — 313 

Solving for 13 in terms of 12 using another equation, namely Eq. (VI), 

• 60i2 — 30  t3 = = 212 — 1 

30 

Substituting 212 — 1 for i3 in Eq. (X) 

i2 = 6 — 3(212 — 1) = 6 — 612 + 3 

712 = 9 

12 = 1  = 1.286 amp 
7 

Substituting 1.286 for 12 in Eq. (XI) 

13 = 2(1.286) — 1 = 2.572 — 1 = 1.572 amp 

Substituting the known values for 12 and 13, 1.286 and 1.572, respectively, in Eq. (IA) 
and solving for ii 

ii = 1.286 -I- 1.572 = 2.858 amp 

Rearranging Eq. (VIII) 

Li = .e0= —2.5 amp 
The negative current indicates that the direction chosen for 14 was incorrect. How-
ever, 14 is kept as a negative quantity when used in any remaining calculations. 

Substituting the known values for 12 and 14, 1.286 and — 2.5, respectively, in 
Eq. (HA) and solving for 13 

1.286 = —2.5 -F 13 

13 = 1.286 + 2.5 = 3.786 amp 

The voltage drops may now be determined by using Ohm's law. 

e 1 = 

er.2 = 

e.3 = 

er.4 = 

iiri = 2.858 X 15 = 42.87 volts 

i2r2 = 1.288 x 60 = 77.16 volts 

13r3 = 1.572 x 30 = 47.16 volts 

14r4 = 2.500 x 12 = 30.00 volts 

Check: Current junction Eqs. (I) and (II) were used; therefore substituting known 
values in Eq. (III) 

13 -F 14 ± is — = 1.572 — 2.5 + 3.786 — 2.858 = 0 

Voltage loop Eqs. (V), (VI), and (VII) were used; therefore substituting known values 
in Eq. (IX) 
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—90 ± 15i1 6012 1214 = 

—90 + 15(2.858) + 60(1.286) ÷ 12(-2.5) = 

—90 + 42.87 ÷ 77.16 — 30 0 

4-14 Rheostats and Potentiometers 

Rheostats. A rheostat is a variable resistor constructed so that the value 
of its resistance may be varied by means of a sliding contact arm. Rheo-
stats are generally used to control the amount of current flowing in the load 
to which they are connected. Two circuits illustrating the use of rheostats 
are shown in Fig. 4-25. 

Figure 4-25a shows a rheostat connected in series with the load. When 
the sliding contact arm B is moved toward A, the resistance of section AB 
is decreased, thus decreasing the resistance of the circuit, which in turn 
increases the load current and the voltage across the load. When the 
sliding contact arm is moved toward C, the resistance of section AB is 
increased, which decreases both the load current and the voltage available 
at the load. 

Figure 4-25b shows a circuit with a rheostat connected in parallel with 
the load and the power obtained between the terminals of an antenna and 
ground. When current from the antenna reaches C, it has two paths 
through which it may flow. The proportion of the current that will flow in 
either path depends upon the relative amounts of resistance offered by each 
path. When the sliding contact arm is moved toward A, the resistance in 
the path BC is increased and it will take a smaller portion of the antenna 
current, thereby increasing the load current. When the contact arm is 
moved toward C, the resistance in section BC is decreased and it will take 
a greater portion of the antenna current, thereby decreasing the load 
current. 

It should be observed that in the series circuit the load current is increased 
by decreasing the amount of rheostat resistance being used while in the 
parallel circuit the load current is increased by increasing the amount of 

A Rheostat C 
 'vvvVvVvVVVVvVv-0 

Source of 
voltage 

Bi  
Load 

(a) ihi 

Fig. 4-25 Circuits illustrating uses of rheostats. (a) Rheostat in series with a load. (b) Rheo-

stat in parallel with a load. 
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rheostat resistance being used. It should also be noticed that only two of 
the three terminals (marked ABC on the diagram) are used and that cur-
rent passes through only that part of the resistance actually between the 
sliding contact arm and that end of the resistor being used as a terminal. 
Use of terminals A and B in the series circuit of Fig. 4-25a and terminals B 
and C in the parallel circuit of Fig. 4-25b results in obtaining an increase 
in the load current by rotating the sliding contact arm of the rheostat in a 
clockwise direction (see Fig. 4-29). In a similar manner, the use of termi-
nals B and C in the series circuit and B and A in the parallel circuit would 
cause the load current to decrease when the sliding contact arm is moved 
in a clockwise direction. 
An open circuit could occur if the contact arm of a rheostat can be 

moved past the conductor material and onto the insulator form on which it 
is wound. To prevent this condition, the three terminals of the rheostat are 
used by connecting the terminal of the sliding contact arm to either of the 
other two terminals as shown in Fig. 4-26. The section of the rheostat that 
is not being used is thereby short-circuited, and a permanent connection is 
maintained between the sliding contact arm and the resistor. 

Potentiometers. A potentiometer is a variable resistor connected so that 
it may be used for subdividing a voltage. Figure 4-27 shows how a poten-
tiometer is connected to the line and the load. 
The points A and C of the potentiometer are connected to the line, and 

the load terminals are connected to the sliding contact arm and to termi-
nal C. By varying the position of the sliding contact arm, it is possible to 
obtain any voltage from zero to full line voltage at the load. The voltage 
across the load will be equal to the voltage across section BC because they 
are connected in parallel with each other. The amount of voltage across BC, 
and hence across the load, will depend upon the resistance between BC 
and the current flowing through BC. It may be expressed as 

Fig. 4-26 Three-terminal rheostat con- Fig. 4-27 Circuit illustrating the use of a 

nection. 

Eioad = Egc = IBC X Rix 

potentiometer. 

(4-20) 
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When the sliding contact arm is moved toward A, the amount of resistance 
between B and C is increased and the voltage supplied to the load is 
increased. When the arm is moved toward C, the resistance of section BC 
is decreased and the voltage supplied to the load is decreased. 
The current flowing through section AB will be equal to the sum of the 

currents flowing through section BC and the load. This may be expressed 
mathematically as 

'AB = IBC ± howl (4-21) 

A potentiometer should be large enough to carry the current drawn by 
the load plus the current drawn by the potentiometer itself. As the power 
consumed by a potentiometer is all lost, its current should be kept at 
a minimum. This can be accomplished by increasing the resistance between 
A and C to a very high value in order to reduce the current in BC 
to a minimum. 

The solution for unknown values in a potentiometer circuit may result in 
an equation having factors in the first and second powers of the unknown. 
The equation is often a variation of the regular quadratic expression 

ax2 bx c= 0 (4-22) 

In such a case, the value of the unknown can be found as 

—b Vb2 — 4ac 
x = (4-23) 

2a 

The use of the quadratic equation can best be explained by an example. 

EXAMPLE 4-15 A 100,000-ohm potentiometer having a uniform resistance is used to 
obtain 50 volts across a load from a power source rated at 100 volts. What is the cur-

rent in each part of the potentiometer of Fig. 4-27 if the load resistance is 5,000 ohms? 

GIVEN: RCA = 100,000 ohms RL = 5,000 ohms EL = 50 volts Es = 100 volts 

FIND: icg SBA 

SOLUTION: 

. EL 50 
_ 
— = 5,000 = 0.01 amp 

ice = isA — L = iBA — 0.01 

Ece 
rce = . 

*CB 

Substituting known value for Eca and the equivalent value for 
in Eq. (II) 

rce = 50  
— 0.01 

iCB 

(I) 

(II) 

(III) 

as expressed 
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50 
rBA = = 

IBA 
(V) 

rcB + rBA = 100,000 ohms (VI) 

Substituting the equivalent values for reB and rBA [Eqs. (IV) and (V)] in Eq. (VI) 

so  so ± = 100,000 
iBA — 0.01 iBA (v11) 

Cross-multiply numerators and denominators in the left-hand side of Eq. (VII) to 
obtain a common denominator. 

50iBA ± 50(iBA — 0.01) — 100 000 
iBA(iBA — 0.01) ' 

Multiply values to remove parentheses. 

50iBA -F 50iBA — 0.5  = 100,000 
iBA2 — 0.01iBA 

Multiply both sides of the equation by 1/m2 — 0.01i&4. 

50iBA ± 50iBA — 0.5 = 100,000(iBA2 — 0.01iBA) 

Multiply values to remove parentheses. 

50iBA + 50iBA — 0.5 = 100,000iBA2 — 1,000iBA 

Combining and rearranging like terms, 

100,000iBA2 — 1,100iBA + 0.5 = 0 (VIII) 

Using the quadratic equation [Eq. (4-23)] and the values in Eq. (VIII), 

1,100 ± V1,1002 — 4 x 100,000 x 0.5  
2 x 100,000 

= = 1,100 -1- V1,210,000 — 200,000 1,100 -±- V1,010,000 
200,000 200,000 

1,100 ± 1,005  
=  200,000 

1,100 + 1,005 _  2,105   200,000 — 000 = 0.010525 amp = 10.525 ma (IX) 
200,  

1,100 — 1,005 = 200 95  
200 = 0.000475 amp = 0.475 ma (X) 

,000 ,000 

Inasmuch as iBA must be greater than 0.01 amp [Eq. (II)], the answer obtained using 
Eq. (IX) is correct and the answer obtained using Eq. (X) is incorrect. 

ica = iBA — 0.01 = 0.010525 — 0.01 = 0.000525 amp = 0.525 ma 

Check: 

¡BA = 

iBA = 

¡BA = 

Ecg  50  
reB = = ":":1 95,250 ohms 

ice 525 x 10-6 

EBA  50  
FBA = = = 4,750 ohms 

iBA 10.525 x 10-3 

licA = reg + rgA = 95,250 -F 4,750 = 100,000 ohms 
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Uses of Rheostats and Potentiometers. Rheostats and potentiometers are 
used to control various types of circuits used in electronics such as antenna, 
volume, tone, brilliance, plate voltage, synchronizing, balancing, etc. As the 
amount of current in these circuits is very small, carbon resistors can be 
used (see Fig. 4-28). 
When higher currents are required, metallic or wire-wound resistors are 

used (see Fig. 4-29). An objection to metallic resistors is that noisy opera-
tion of sound equipment may result when the contact arm moves from one 
turn of wire to another. This occurs when there is an appreciable amount 
of voltage drop between adjacent turns of wire. Carbon controls do not 
present such conditions, as the resistance change progresses smoothly. 

Taper. Rheostats and potentiometers used for control circuits may vary 
in direct ratio, or they may taper. In a direct ratio potentiometer, the resist-
ance value varies directly with the degree of rotation. That is, at quarter 
rotation the resistance value is one-quarter of the total resistance, and 
similarly at half rotation it is one-half of the total resistance. When a poten-
tiometer is tapered, the resistance does not vary directly with the rotation. 
The potentiometer shown in Fig. 4-28 has a total resistance of 500,000 
ohms. At half rotation the resistance is only 50,000 ohms, and at quarter 
rotation it will be less than 25,000 ohms, as the resistance is tapered and 
not uniform between the OFF position and the mid-point. In a similar man-
ner, the resistance at three-quarters rotation would not be equal to one-half 
of 450,000 plus 50,000 (or 275,000), because the resistance between the 
mid-point and the ON position is not uniform but is tapered. 

It is necessary to taper the resistance of an audio-volume control in 
order to obtain an apparent uniform control of the signal. When the con-

Fig. 4-28 A carbon-type potentiometer Fig. 4-29 A wire-wound potentiometer 
with a left-hand taper. with a left-hand taper. 
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trol is turned to the halfway position, it is generally expected that the 
signal volume will be one-half that obtained at the full position of the con-
trol. In order to double a given volume of sound, an increase of approxi-
mately ten times the original intensity is required. At one-half full volume, 
only one-tenth of the full volume voltage is required, and therefore one-
tenth of the total resistance is all that is needed. 

Potentiometers have either left-hand or right-hand tapers, depending on 
which side is tapered out. In Figs. 4-28 and 4-29, the left hand of the con-
trol is tapered out; therefore each is a left-hand taper. 
Comparison of Wire-wound and Carbon Controls. Wire-wound and 

carbon controls have a number of advantages and disadvantages. The 
choice of a control will depend on its use in a circuit. Some of the advan-
tages of carbon controls are (1) ease of obtaining a taper, (2) ease of 
obtaining high resistance values, and (3) silent operation. Two of their 
disadvantages are that (1) their resistance varies with heat, humidity, and 
wear and (2) they have a low current-carrying ability. Some of the advan-
tages of wire-wound controls are (1) ease of obtaining accurate values of 
resistance, (2) ease of obtaining low resistance values, and (3) their high 
current-carrying ability. Two of their disadvantages are that (1) it is more 
difficult to obtain a taper and (2) their noisy operation. 

4-15 The Voltage Divider 

If a tapped resistor is connected across a power supply, a number 
of loads requiring different amounts of voltage can be connected to the 
taps along the body of the resistor. The voltage between any two points 
will be equal to the product of the current flowing through that part of the 
resistor and the value of the resistance between the two points (see Fig. 
4-30). A resistor used in this manner is called a voltage divider. 

Voltage dividers are used to divide the voltage of the power supply into 
such values of potential as are required by the various parts of the circuit. 
Voltage dividers also act as a safety load to protect the capacitors from 
having too high a voltage placed across their terminals. In order to obtain 
a uniform voltage output, the power supply should be operated as near as 
possible to the rated output of its transformer. This can be controlled by 
the amount of current drawn by the voltage divider, which is known as the 
bleeder current. 
The calculation of the resistance values and the power rating of the volt-

age divider may be accomplished by the use of Ohm's law. The following 
procedure should be followed. 

1. Determine the voltage required at each tap and the current to be 
drawn from it. 

2. Determine the amount of bleeder current desired. This is the differ-
ence between the total current required by the load and the current nec-
essary to operate the power supply at approximately 90 per cent of its 
rated value. 
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3. Determine the current in each section of the divider. 
4. Calculate the resistance of one section at a time. 
5. Determine the power rating of the voltage divider. 

4-16 Use of Exponents in Calculations 

When calculations involve the use of very large or very small number 
the method of expressing these numbers and performing arithmetic opera-
tions can be simplified by the use of exponents. This is really a shorthand 
method of mathematics. 

Calculations involving current in milliamperes or microamperes and 
resistance in kilohms or megohms may be performed more easily by this 
method. 
The following examples illustrate the use of the exponent method of 

expressing common numbers: 

1. 5 ma = 0.005 amp = 5 x 10-3 amp 
2. 25 ga = 0.000025 amp = 25 x 10-6 amp 
3. 3.9 mc = 3,900,000 cycles = 3.9 x 106 cycles 
4. 8,500,000 = 8.5 x 106 
5. 0.0035 = 3.5 x 10-3 
6. 6,280,000,000,000,000,000 = 6.28 x 1018 

Note: This is the number of electrons corresponding to 1 amp (Art. 2-12). 

Numbers that have similar exponent characteristics may be added or sub-
tracted as indicated by the following illustrations: 

7. (4.5 x 106) ± (8.25 x 106) ± (0.25 x 106) = 13 x 106 
8. (8.5 x 103) - (3.5 x 103) = 5 x 103 

When numbers are multiplied, the exponents are added. The exponents 
do not have to be the same. 

9. 650,000 x 3,000 = (6.5 x 105) x (3 x 103) = 19.5 x 108 

Table 4-2 Exponent Method of Notation 

NUMBER 
EXPONENT 

METHOD 
NUMBER 

EXPONENT 

METHOD 

100,000,000 108 1 1043 
10,000,000 107 0.1 = lho 10-1 
1,000,000 108 0.01 = Moo 10-7 
100,000 108 0.001 = lt000 10-3 
10,000 104 0.0001 10-4 
1,000 103 0.00001 10-8 
100 107 0.000001 10-8 
10 101 0.0000001 10-7 
1 10° 0.00000001 10-8 
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10. 2,500,000 x 0.005 = (2.5 x 106) x (5 x 10-3) = 12.5 x 103 
11. 0.015 x 0.0006 = (1.5 x 10-2) X (6 x 10-4) = 9 x 10-6 

When numbers are divided, the exponents are subtracted. The expo-
nents do not have to be the same. 

12. 750,000 ÷ 150 = (7.5 x 105) + (1.5 x 102) = 5 x 103 
13. 2,500 ÷ 50,000 = (25 x 102) (5 x 104) = 5 x 10-2 
14. 5,000 -- 0.025 = (5 x 103) (2.5 x 10-2) = 2 x 105 

4-1 7 Calculation of a Typical Voltage Divider 

The application of the procedure outlined in Art. 4-15 and the use 
of exponents as described in Art. 4-16 are illustrated by the following 
example. 

EXAMPLE 4-16 Determine the resistance values of a voltage divider for a small super-
heterodyne receiver that employs a 6BE6 oscillator-mixer tube, a 8BA6 i-f amplifier 

tube, a 6AV6 detector-amplifier tube, and a 6AQ5-A power-output tube. The oper-
ating voltages and currents are to be obtained from a tube manual for plate voltages 
of 250 volts. A power transformer rated at 100 ma is to be operated at 90 per cent of 
its rated value. 

GIVEN: Tubes: 6BE6, 6BA6, 6AV6, 6AQ5-A IT = 100 ma /s = 0.9 12, 

FIND: R of each section 

SOLUTION: See Table 4-3. 

Using the values of voltage and current listed in Table 4-3, the voltage and current at 
each tap of the voltage divider will be as shown in Fig. 4-30. The total voltage 
required from the power-supply unit will be the sum of the highest plate voltage and 
the highest grid-bias voltage. 

Eo = 250 + 12.5 = 262.5 volts 
/250 = 2.9 + 11 + 1.2 + 45 + 4.5 = 64.6 ma 
1100 = 8.8 + 4.2 = 11 ma 
4 = 64.6 + 11 = 75.6 ma 

/bleeder = 0.9 IT - 10 = (0.9 x 100) - 75.6 = 14.4 ma 

el 250 - 100  
= 5,905 ohms R sec. 1 = =  

si 25.4 x 10-3 

Table 4-3 Values from a Tube Manual 

TUBE 6BE6 6BA6 6AV6 8A95-A 

Elh volts 250 250 250 250 
E.2, VC& 100 100 ___ 250 
Ecd, volts -1.5 - 12.5 -2 -12.5 

4, ma 2.9 11 1.2 45 
4.2, ma 6.8 4.2 ___ 4.5 
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90 ma 64.6 ma 

+250 volts 

Section-I 

+100 volts 

Section- 2 

Output 
of filter 
circuit E0= 262.5 volts 

25.4 ma 
1/ ma 

/44ma 

Section-J 90 ma 
-I 5 volts 

-1.5vo Its 

=Sect/on-4 90 ma 
-2 volts 

-2 volts 

Section-5 90 ma 

-12.5 volts -e5voits 
90 ma 

- 

- J 

Grid bias 
voltages; no 
current drawn 

Fig. 4-30 A voltage-divider circuit used for providing plate and grid-bias voltages. 

R. _ e2 -- _  1°° ° = 6,944 ohms 
ec.2 i2  14.4 x 10-3 

R. — e3 13 ° 
e" i3 — 90 X 10-3 16.7 ohms 

e4 2 — 1.5  
= 5.5 ohms 

24 90 x 10-3 

e5 12.5 — 2  
R see'5 = = 90 x 10-3 = 117 ohms 

If a single resistor of uniform wire size is to be used, the wire size must 
be based on the maximum current in any section of the voltage divider. 
However, the voltage divider could also be made with separate resistors for 
each section, in which case the wire size for the separate resistors is deter-
mined by the currents in the individual sections. 
As the voltage divider is usually mounted under the chassis of the radio 

receiver and therefore does not have much ventilation, it is recommended 
that its power rating be approximately double that of the load it is to carry. 

EXAMPLE 4-17 Determine the power rating of the voltage divider used in Example 
4-16 for (a) a single resistor having four taps, (b) five separate resistors. 

GIVEN: Resistance and current values determined in Example 4-16 

FIND: (a) PR, single resistor (b) Pes, separate resistors 

SOLUTION: 

(a) RT = Reec.1 Rsee.2 Rgee.3 Rsec.4 Rsec.5 

= 5,905 -I- 6,944 + 16.7 + 5.5 + 117 = 12,988 ohms 
PR = 2Imax2RT = 2(90 X 10-3)2 x 12,988 = 210 watts 
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(b) Presec.1 = 2(12R1 = 2(25.4 x 10-3)2 x 5,905 = 7.62 watts 
Pa. see.z = 2122R2 = 2(14.4 x 10-3)2 x 6,944 = 2.87 watts 
PR.see.3 = 2132R3 = 2(90 x 10-3)2 x 16.7 = 0.27 watt 
PR.,.4 = 2i42114 = 2(90 x 10-3)2 x 5.5 = 0.088 watt 
PR.see.5 = 2i52R5 = 2(90 x 10-3)2 x 117 = 1.88 watts 

Thus, if the voltage divider is made of uniform wire size designed 
to withstand the maximum current in any part of the unit, the voltage 
divider is capable of carrying 210 watts even though it is required to carry 
only 12.7 watts. A voltage divider designed to meet only the needs of the 
individual sections is less expensive and more practical. 

QUESTIONS 

1. What are the essential parts of any electric circuit? 
2. Explain by use of the electron theory why the electric circuit has to be a closed 

circuit. 
3. What are the factors that affect the resistance of an electrical conductor? 
4. For practical purposes, why can the change in resistance due to variations in tem-

perature be disregarded? 
5. What is meant by a negative, positive, and zero temperature coefficient? 
6. Naine several materials that have (a) a relatively high temperature coefficient, 

(b) a relatively low temperature coefficient. 
7. What is the mathematical relation among the factors, other than temperature, 

affecting the resistance of a conductor? 
8. What is the relation among a mil, square mil, circular mil, inch, square inch? 
9. (a) How is the diameter of a wire usually expressed? (b) How is the cross section 

of a wire usually expressed? 
10. What is meant by specific resistance? 
11. How is the size of a wire designated? 
12. (a) What is meant by conductance? (b) What is its unit of measurement? 
13. What is the difference between a conductor and an insulator? 
14. What factors determine the material to be used (a) as a conductor? (b) As 

an insulator? 
15. What is the difference between the dielectric strength of a material and its break-

down voltage? 
16. Name five conductors used in radio, television, and other electronic apparatus, and 

explain where and why they are used. 
17. Name five insulators used in radio, television, and other electronic apparatus, and 

explain where and why they are used. 
18. Name five metals used in making alloys to be used as resistors. 
19. What material is generally used to obtain high resistances? 
20. (a) What are the advantages and disadvantages of a fixed metallic resistor? (b) Of 

a fixed carbon resistor? 
21. Explain what is meant by the following terms used in conjunction with a resistor: 

fixed, variable, adjustable, tapped, and rheostat. 
22. Explain what is meant by the following terms: (a) automatic-resistance control, 

(b) thermistor, (c) varistor. 
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23. What is meant by (a) a low-power resistor? (b) A high-power resistor? 
24. In selecting a resistor, what factor other than resistance should be taken into con-

sideration? Explain your answer. 
25. Explain the color code system for identifying resistance values of fixed carbon 

resistors. 
26. Explain the color code system for identifying tolerance ratings of fixed carbon 

resistors. 
27. Describe the following terms: (a) fuse, (b) superlag fuse, (c) fusetron. 
28. Describe the basic principle of operation of (a) a magnetic circuit breaker, (b) a 

thermal circuit breaker. 
29. What are the four ways of connecting electrical circuit components? 
30. What is meant by a series circuit? 
31. What are the advantages and disadvantages of series circuits? 
32. Name and explain three uses of the series circuit. 
33. (a) Why are power supplies connected in series? (b) Name an application of the 

series connection of power supplies. 
34. Why is it good practice to check the answers continually in solving circuit 

problems? 
35. What is meant by a parallel circuit? 
36. What are the advantages and disadvantages of parallel circuits? 
37. Name and explain three uses of the parallel circuit. 
38. (a) Why are power supplies connected in parallel? (b) Name an application of the 

parallel connection of power supplies. 
39. What is meant by (a) a combination circuit? (b) A series-parallel circuit? 

(c) A parallel-series circuit? 
40. (a)Where are combination circuits used? (b) What are their advantages? 
41. What is the general procedure to be used in solving (a) series-parallel circuits? 

(b) Parallel-series circuits? (c) Complex combination circuits? 
42. Describe the difference between a reducible circuit and an irreducible circuit. 
43. Describe two types of irreducible circuits. 
44. Explain the comparison between (a) Kirchhoff's voltage law and the relationship 

among the voltages of a series circuit and (b) Kirchhoff's current law and the 
relationship among the currents in a parallel circuit. 

45. (a) What is meant by simultaneous equations? (b) Why must simultaneous equa-
tions be used in solving some types of electric circuit problems? 

46. What is the general procedure to be followed in solving problems involving the 
application of simultaneous equations? 

47. What is meant by (a) a rheostat? (b) A potentiometer? 
48. Explain an advantage in using a three-terminal rheostat connection rather than a 

two-terminal connection. 
49. Why is the quadratic equation used in solving for unknown values in some types 

of potentiometer circuit problems? 
50. Name and explain some of the uses of rheostats and potentiometers. 
51. What is meant by (a) taper? (b) Left-hand taper? (e) Right-hand taper? 
52. Why is it necessary to use resistances that are tapered? 
53. What are the advantages and disadvantages of carbon controls? 
54. What are the advantages and disadvantages of wire-wound controls? 
55. What is the main purpose of the voltage divider? 
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56. What other purposes does the voltage divider perform? 
57. Where are voltage dividers generally used? 
58. (a) What is meant by the bleeder current? (b) Explain two functions of the 

bleeder current. 
59. What general procedure should be followed in solving for resistance values and 

power ratings of the various sections of a voltage divider? 
60. (a) What is meant by the exponent method of notation? (b) What is the advan-

tage in using this method of notation in solving electric circuit problems? 
61. How is the power rating of a voltage divider determined? 
62. Why are voltage dividers generally wire-wound? 

PROBLEMS 

1. What is the operating resistance of a Y4-megolim carbon resistor if its temperature 
increases from 20°C when the equipment is not being used to 45°C when it is 
being operated? (7', for carbon = —0.0003.) 

2. A 2,500-ohm resistor made of nichrome wire is used in a certain electronic unit. 
What is its operating resistance if the temperature within the unit increases from 
20°C when it is not being used to 60°C when it is in operation? (n. for 
nichrome = 0.0004.) 

3. What is the voltage drop across the resistor in Prob. 1 when 20 ia is flow-
ing through it (a) at 20°C? (b) At 45°C? 

4. What is the voltage drop across the resistor in Prob. 2 when 40 ma is flow-
ing through it (a) at 20°C? (b) At 60°C? 

5. A resistance of 17.27 ohms is made of a rectangular hard steel wire having a cross 
section of 0.1 by 0.05 inch. What length of wire is needed to make this resistor? 

6. A 50-ft length of square aluminum wire has a resistance of 0.267 ohm. What is 
the length of each side of its cross section? 

7. How many turns of No. 28 copper wire are necessary to wind a coil having an 
average diameter of 2 inches and a resistance of 88 ohms? 

8. What is the average diameter of a coil wound with No. 24 copper wire having 
150 turns and a resistance of 2.56 ohms? 

9. A 300-, a 500-, and a 400-ohm resistor are connected to form a series circuit 
across a 240-volt line. Find (a) the total resistance of the circuit, (b) the current 
flowing through the circuit, (c) the voltage drop across each resistor, (d) the power 
taken by each resistor, (e) the power taken by the circuit. 

10. A 1,500-, a 2,500-, a 1,000-, and a 5,000-ohm resistor are connected in series 
across a 250-volt power supply. Find (a) the total resistance of the circuit, (b) the 
current flowing through the circuit, (c) the voltage drop across each resistor, 
(d) the power taken by each resistor, (e) the power taken by the circuit. 

H. The current flow in a series circuit consisting of three resistances is 375 ma. The 
voltage drop across resistance A is 40 volts and across B 25 volts. If the voltage 
across the line is 100 volts, find (a) the voltage drop across resistance C; (b) the 
resistance of A, B, C; (c) the resistance of the entire circuit; (d) the power taken 
by each resistor; (e) the power taken by the circuit. 

12. A resistor is connected between the cathode of a radio tube and the negative ter-
minal of the B power supply to produce a negative voltage (grid bias) on the grid 
of the tube. When the plate current, which also passes through the bias resistor, 
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is 24 ma, what must be the value of the resistor in order to produce a grid bias of 
12 volts? 

13. A four-tube radio set has its heaters connected in series. The rated voltages are 
25, 6.3, 6.3, and 12.6 volts, and they all draw 0.3 amp. (a) What value of resist-
ance must be connected in series with these heaters in order to operate them 
directly from a 110-volt line? (b) How much power is consumed by the dropping 
resistor? 

14. A 30,000-ohm resistor is connected in series with a 250-volt B power supply and 
the plate circuit of a radio tube. If the plate current is 2.5 ma, what is the volt-
age across (a) the resistor? (b) The plate circuit of the tube? 

15. What value of resistance must be connected in series with the heater of an elec-
tron tube rated at 2.0 volts and 0.12 amp if it is to be operated from two 1.5-volt 
cells connected in series with each other? 

16. Two electron tubes have their filaments connected in series with a 6.3-volt battery 
and a filament resistor. If the filaments are rated at 2.5 volts and 2.5 amp, what 
is the value of the filament resistor? 

17. The heaters of a five-tube radio receiver are connected in series and are rated at 
12.6, 12.6, 12.6, 35, and 35 volts. A 2.2-volt panel lamp is connected in series with 
the heaters and the 110-volt line. What is the resistance of each of the heaters 
and the filament of the panel lamp in order that they draw their rated current of 
0.15 amp? 

18. A voltmeter reading its maximum rated voltage of 150 volts draws 10 ma. What 
value of resistance is connected in series with the moving coil of the voltmeter if 
the resistance of the coil is 20 ohms (see Fig. 4-31)? 

19. The voltmeter in the previous problem is to have a 30- and 75-volt terminal in 
addition to the 150-volt terminal (see Fig. 4-31). If the current drawn is to 
be 10 ma, at what value of resistance must the resistor R be tapped? 

20. If 10 ma is drawn by the voltmeter in Prob. 18 and an external resistance con-
nected in series with it, what is the value of this resistance when the voltmeter 
reads (a) 300 volts? (b) 450 volts? 

21. A 300-, a 500-, and a 400-ohm resistor are connected in parallel across a 240-volt 
power line. Find (a) the total resistance of the circuit, (b) the current flowing in 
each resistor, (c) the line current, (d) the power taken by each resitor, (e) the 
power taken by the circuit. 

Mov»7g cod 
of voltmeter-

JO vo/is 

Fig. 4-31 /50 volis 
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22. Four resistors are connected in parallel across a 180-volt source of power. The 
current flowing in each circuit is 20, 250, 180, and 300 ma. Find the value of each 
resistor and the total resistance of the circuit. 

23. An electric circuit in a home has a 100-watt lamp, a 550-watt toaster, and a 
660-watt broiler connected in parallel with a 110-volt line. Find (a) the current 
drawn by each appliance and the total current flowing in the circuit, (b) the resist-
ance of each appliance and the resistance of the circuit. 

24. The resistance of the moving coil of an ammeter is 5 ohms. What value resistor 
must be connected in parallel with this coil in order that the voltage drop across 
the meter will be 50 mv when 1 amp is flowing through the line? 

25. The resistor connected in parallel with an ammeter coil is called a shunt. How 
much current is flowing through the coil and through the shunt of Prob. 24 when 
the line current is 1 amp? 

26. If the ammeter in Prob. 24 is to have the same voltage drop across it, what value 
of shunt resistor must be connected in parallel with it in order that it read 

(a) 5 amp? (b) 10 amp? 
27. Three resistors are connected in parallel across a 250-volt source of power. The 

total current flowing in the line is 760 ma. Two of the resistors have a value of 
1,250 and 25,000 ohms. (a) What is the current flowing in each resistor? (b) What 

is the value of the third resistor? 
28. A radio receiver has four tubes whose heaters each draw 0.3 amp. The heaters 

are connected in parallel to a 2.5-volt tap of the power transformer. (a) What is 
the resistance of each heater? (b) What is the combined resistance of all the 
heaters? (c) What is the total current taken from the power transformer? 

29. The circuit shown in Fig. 4-32 has the following resistance values: 7.1 = 10 ohms; 
r2 = 30 ohms; r3 = 40 ohms; r4 = r8 = 15 ohms; r5 = r7 = 45 ohms; r6 = 60 
ohms. Find the following quantities: (a) resistance of each group, (b) resistance of 
the entire circuit, (c) current taken by the entire circuit, (d) current in each 
resistance, (e) voltage drop across each resistance. 

30. The circuit shown in Fig. 4-32 has the following resistance values: 1.1 = r5 = 40 
ohms; r2 = 60 ohms; r3 = r6 = r7 = r8 = 20 ohms; r4 = 80 ohms. Find the fol-
lowing quantities: (a) resistance of each group, (b) resistance of the entire circuit, 
(c) current taken by the entire circuit, (d) current in each resistance, (e) voltage 

drop across each resistance. 
31. The circuit shown in Fig. 4-33 has the following resistance values: ri = 10 ohms; 

r2 = 30 ohms; r3 = 40 ohms; r4 = r8 = 15 ohms; r5 = r7 = 45 ohms; r6 = 60 
ohms. Find the following quantities: (a) resistance of each group, (b) resistance of 
the entire circuit, (c) current taken by the entire circuit, (d) voltage drop across 

each group, (e) current in each resistance. 

Fig. 4-32 
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Fig. 4-33 

Fig. 4-35 

240 volts GR-.1 GR-2 GR 3 

Fig. 4-34 

36n 

600n. 

32. The circuit shown in Fig. 4-33 has the following resistance values: r1 = r6 = r8 = 
30 ohms; r2 = r4 = 60 ohms; r3 = 20 ohms; 7.6 = 40 ohms; r7 = 10 ohms. Find 
the following quantities: (a) resistance of each group, (b) resistance of the entire 
circuit, (c) current taken by the entire circuit, (d) voltage drop across each group, 
(e) current in each resistance. 

33. Find the total resistance of the circuit shown in Fig. 4-34. 
34. Find the total resistance of the circuit shown in Fig. 4-35. 
35. In the circuit used in Prob. 33, E = 4 volts. Find (a) line current; (b) current in 

branch AC through r1; (c) current through branch AC through r6; (d) voltage 
across AC, AB, and BC; (e) current in 72, r3, r4. 

36. In the circuit used in Prob. 34, E = 9 volts. Find (a) line current; (b) current in 
branch AD; (c) current in branch AC; (d) voltage across AD, AB, and BC; 
(e) current in r3 and r4. 

37. In the circuit shown in Fig. 4-36 find (a) resistance of the entire circuit; (b) 11, /2, 
and /3; (c) voltage across AB, BC, and BD. 
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Fig. 4-37 

8 

Fig. 4-36 

38. A Wheatstone bridge, shown in Fig. 4-37, is used to find the resistance of R3. 
The two ratio arms R1 and R2 have a resistance of 200 and 800 ohms. The 
variable resistance Rg reads 292 ohms when no current flows between C and D. 
Find (a) Ii, /2, /3, 14; (b) R3. 

39. Find the resistance between AB, BC, CD, and AD of the circuit shown in 
Fig. 4-38. 

40. Find the resistance between AB, CD, and DE and the total resistance of the 
circuit shown in Fig. 4-39. 

41. The circuit in Prob. 39 is connected to a 300-volt power supply. Find the current 
flowing through each resistor. 

42. In Prob. 40, E = 150 volts; what is the current flowing through each resistor? 
43. In Prob. 41 what is the voltage between AB, BC, and CD? 

44. What is the voltage between the points AF, FG, GB, CD, and DE of the circuit 
used in Prob. 42? 

45. What is the power used by sections AB, BC, and CD and the total power for the 
circuit used in Prob. 41? 

46. What is the power used by sections AF, FG, GB, CD, and DE and the total 
power for the circuit used in Prob. 42? 

25n. 200.a 

/004 Iq 504 

/511 45n 

400n. 8004 

Fig. 4-38 
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Fig. 4-39 

Note: The following eight problems should be solved by using ICirchhoff's laws 
and simultaneous equations. 

47. In the circuit shown in Fig. 4-40, E = 3 volts and r1 = r2 = r3 = r4 = 12 ohms. 
(a) What is the voltage across each resistor? (b) What are the voltage and polarity, 
with respect to ground, at junctions A and B? 

48. In the circuit shown in Fig. 4-41, E = 9 volts and r1 = r2 = r3 = r4 = 30 ohms. 
(a) What is the voltage across each resistor? (b) What are the voltage and polarity, 
with respect to ground, at junctions A and B? 

49. The circuit shown in Fig. 4-42 has the following values: r1 = r2 = 60 ohms; 
r3 = r4 = 40 ohms; r5 = 120 ohms; E = 3 volts. What is the voltage drop 
across each resistor? 

50. The circuit shown in Fig. 4-43 has the following values: r1 = 60 ohms; r2 = *4 = 
40 ohms; r3 = 100 ohms; r5 = 120 ohms; E = 12 volts. What is the voltage drop 
across each resistor? 

51. The circuit shown in Fig. 4-44 has the following values: r1 = r4 = r9 = 2,000 
ohms; r2 = r7 = r9 = 1,000 ohms; r3 = r10 = 500 ohms; r5 = 3,000 ohms; 
r6 = 4,000 ohms; E = 12 volts. Find (a) the current in each resistor, (b) the 
voltage across each resistor. 

Fig. 4-40 
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Fig. 4-41 

Fig. 4-42 

Fig. 4-43 

52. The circuit shown in Fig. 4-44 has the following values: r1 = no = 600 ohms; 
r2 = r7 = r8 = 400 ohms; r3 = r4 = 200 ohms; r5 = 1,200 ohms; r6 = 2,400 
ohms; r6 = 800 ohms; E = 24 volts. Find (a) the current in each resistor, (b) the 
voltage across each resistor. 
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53. The circuit shown in Fig. 4-45 has the following values: r1 — r2 — r3 — r4 — r5 — 
10 ohms; E1 = E2 = E3 = 100 volts. Find (a) the current in each resistor, (b) the 
voltage across each resistor. 

54. The circuit shown in Fig. 4-46 has the following values: r1 — r2 — r3 — r4 — r5 — 
10 ohms; E1 = E3 = 100 volts, E2 = 50 volts. Find (a) the current in each 
resistor, (b) the voltage across each resistor. 

55. A 50,000-ohm potentiometer connected to a 45-volt battery supplies a 4,000-ohm 
load with 20 volts. The resistance of section AB (Fig. 4-27) is 4,595 ohms. Find 
the current in each part of the potentiometer. 

56. If a 21,850-ohm potentiometer with RAB set at 4,081 ohms is used in Prob. 
55, what is the current in each part of the potentiometer? 

57. The load in Prob. 55 is changed to 6,000 ohms and RAB is set at 6,650 ohms. 
What is the current in each part of the potentiometer? 

58. A 20,000-ohm potentiometer connected to a 45-volt battery supplies a 2,000-ohm 
load with 20 volts. The resistance of section AB (Fig. 4-27) is 2,247 ohms. Find 
the current in each part of the potentiometer. 

59. A 500,000-ohm potentiometer having a uniform resistance is used to obtain 
50 volts across a load from a power source rated at 200 volts. (a) What is 
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the current in each part of the potentiometer of Fig. 4-27 if the load resistance is 
50,000 ohms? (b) What is the resistance of each section of the potentiometer? 

60. A 500,000-ohm potentiometer having a uniform resistance is used to obtain 100 
volts across a load from a power source rated at 250 volts. (a) What is the 
current in each part of the potentiometer of Fig. 4-27 if the load resistance 
is 25,000 ohms? (b) What is the resistance of each section of the potentiometer? 

61. A radio receiver has five tubes, each having a plate voltage of 250 volts. Their 
plates draw the following currents: 7, 3.5, 7, 1.1, and 34 ma. The screen 
grids of two tubes operate at 100 volts and 1.7 ma, one tube at 250 volts and 6.5 
ma, and one tube at 50 volts and 1.6 ma. One of the tubes has no screen 
grid. The control grids of three tubes operate at —3 volts and one at —16.5 volts. 
One tube used as a diode detector has no control-grid bias. A transformer rated 
at 75 ma is used in the power supply. Find (a) the resistance of each section of 
the voltage divider if the transformer is to be operated at 90 per cent of its rated 
value, (b) the power rating of the voltage divider using the largest current flowing 
in any part of the resistor, (c) the power rating of the voltage divider if it is made 
of individual resistors each rated according to the current actually flowing 
in the section. 

62. A radio receiver has six tubes, each having a plate voltage of 250 volts. Their 
plates draw the following currents: 7, 7, 3.5, 1.1, 32, and 32 ma. The screen grids 
of four tubes operate at 100 volts, and their currents are 1.7, 1.7, 2.2, and 
0.35 ma. The screen grids of the remaining two tubes operate at 250 volts, and 
their currents are 5.5 ma each. A transformer rated at 120 ma is used in 
the power supply. Find (a) the resistance of each section of the voltage divider if 
the transformer is to be operated at 90 per cent of its rated value, (b) the power 
rating of the voltage divider using the largest current flowing in any part of the 
resistor, (c) the power rating of the voltage divider if it is made of individual 
resistors each rated according to the current actually flowing in the section. 



Chapter 5 
Magnetism and 

Electromagnetism 

Magnetism has been known to man for many centuries, and the Chinese 
are said to have been aware of some of its effects as early as 2600 B.C. Its 
first practical use, the magnetic compass, is credited to the Chinese and was 
introduced in Europe about A.D. 1200. Dr. William Gilbert (1540-1603) 
made further discoveries about magnetism and is also credited with being 
the first to publish records of his work. After Gilbert's discoveries many 
scientists have made numerous contributions to the study of magnetism. The 
principles they discovered have made possible the many applications of 
magnetism as used in electrical and electronic equipment. 

5-1 Relation of Magnetism to Electricity 

Magnetism is so closely related and so important to electricity that the 
two are often called twins. The study of electrical principles in Chaps. 2 
and 4 established the Ohm's law relations and presented methods for 
solving series and parallel circuits. The study of magnetism and the 
solutions of series and parallel magnetic circuits are quite similar to their 
electrical counterparts. Electricity is so dependent upon magnetism that 
without it very few of our modern devices would be possible. Without the 
aid of magnetism, it would be impossible to generate and transmit power 
in large enough quantities to meet the needs of our industrial and home use. 

5-2 Magnetism, Magnets, Magnetic Materials 

Magnetism is generally defined as the property or power of a material to 
attract and hold pieces of iron or steel. While this is true, it would be 
better to consider magnetism as the study of all the properties and actions 
of magnets and magnetic materials. 
A magnet is defined as a body that has the property of polarity and the 

power of attracting iron and steel. 

Magnetic materials are those which will be attracted to a magnet; they 
may or may not possess the property of polarity and may or may not have 
the power of attracting other magnetic materials. 

143 
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These two definitions lead to the conclusion that all magnets are 
magnetic materials but not all magnetic materials are magnets. 

5-3 Natural and Artificial Magnets 
Natural Magnets. Centuries ago it was discovered that certain stones 

taken from the earth had two peculiar properties. One was that they 
possessed the power to attract and hold to them other bits of similar 
stones or iron. The other was that, when an elongated piece of this stone 
was suspended from a cord, it would always come to rest with one end 
pointing north. The Chinese were the first to discover and use this stone to 
aid in determining directions. However, its later common use in navigation 
resulted in the name of lodestone, meaning leading stone. This substance 
taken from the earth is now called magnetite. The name magnet was given 
to the lodestone because large deposits of the stone were found near 
the city of Magnesia in Asia Minor. These stones are called natural 
magnets because they possess magnetic power when taken from the earth. 
Natural magnets no longer have any practical value, as it is now possible to 
manufacture powerful artificial magnets in a variety of shapes to meet 
definite requirements. 

Artificial Magnets. The lodestone possessed the property of being able 
to pick up bits of steel, and though each bit of steel could be attracted to 
the lodestone, it was found that there was no attraction between the 
various bits of steel before being touched by the lodestone. If a bar of 
steel is rubbed or stroked with a piece of lodestone (Fig. 5-1), it will 
be found that the steel bar has the same properties as the lodestone and is 

Direction 
of rubbing 

Steel bor . —Lodestone 

FIRST STROKING 

-Lodestone S/eel bar 

SECOND STROKING 

Fig. 5-1 Making a bar magnet with a lodestone. 

Direction 
of rubbing 
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Fig. 5-2 Magnetizing a steel bar by means 

of an electric current. 

able to attract some bits of steel to it. A material magnetized in this 
manner is called an artificial magnet. The magnet produced by rubbing 
with a lodestone would be weak in terms of modern magnets; such 
magnets are now made by inserting the steel bar in a coil of wire that has 
an electric current flowing through it (Fig. 5-2). 

5-4 Permanent and Temporary Magnets 

Permanent Magnets. If a piece of steel is hardened by heat treatment and 
is then made an artificial magnet by being placed in a coil of wire carrying 
an electric current, it will be found that the hardened steel will remain a 
magnet for a long time after the magnetizing force has been removed. This 
type of artificial magnet is called a permanent magnet. 

Temporary Magnets. If a piece of iron, soft steel, or nickel is made an 
artificial magnet by means of a coil carrying an electric current, it will be 
found that these materials will lose practically all their magnetism almost 
immediately after being taken away from the magnetizing force. This type 
of artificial magnet is called a temporary magnet. 

Uses of Magnets. Temporary magnets are generally used where the mag-
net has a coil of wire wound around it and an electric current is flowing 
through the coil. Examples are generators, motors, transformers, electric 
bells, buzzers, telegraph sounders, relays, microphones, magnetic phono-
graph pickups, and deflection and focusing coils used with the picture tubes 
of television receivers. 

Permanent magnets are used in compasses, earphones, loudspeakers, 
electric meters, electric tachometers, miniature-sized motors, etc. 

5-5 Polarity of a Magnet 

North and South Poles. If an elongated lodestone or bar magnet is sus-
pended so that it can turn freely, it will come to rest in such a position 
that one end will point approximately to the earth's geographical north 
pole. If the magnet is turned and comes to rest of its own accord, it will 
settle in the same position as at first. The end of the magnet that points 
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Fig. 5-3 Suspended bar magnet used Fig. 5-4 Illustrating the poles of a magnet by 

as a compass. the use of iron filings. 

toward the earth's north geographical pole is called the north-seeking pole, 
or in short the north pole. The other end of the magnet, which points 
toward the earth's south geographical pole, is called the south-seeking pole, 
or simply the south pole. 

If a bar magnet is placed upon a flat surface and a large quantity of iron 
filings is sprinkled over it, most of the filings will accumulate at two areas. 
If the magnet is lifted and rotated gently, it will be seen that many of the 
iron filings in the middle portion will drop off while those at the ends will 
cling to the magnet (Fig. 5-4). This is but another way of describing the 
poles of a magnet; that is, the two points where the magnetic strength is 
greatest are called the poles of the magnet. 

The Compass. The compass operates on the principle that the earth's 
magnetic field will always cause a freely suspended bar magnet, or lode-
stone, to take a position parallel with the earth's magnetic lines, that is, in 
a north-south position. The simple compass is shown in Fig. 5-5 and con-
sists of a small bar magnet, usually called the needle, mounted on a pivot 
so that it is free to rotate above a printed scale of the compass points 
N, E, S, and W. The compass was already in general use in Columbus's 

Fig. 5-5 The simple compass. 
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time and was used by him at the time of his historic voyage to America. 
The mariner's compass has its printed scale attached to the needle, and its 
indication is noted against a mark on the rim of the compass. These com-
passes must have special mountings to keep them level at all times. Avia-
tion and ship compasses are set in liquid to keep them level. 
The compass is also a useful tool in the electrical industry because of its 

ability readily to identify the polarity of a magnet. For example, adjacent 
poles of a d-c motor or generator must be of opposite polarity; therefore, 
for a four-pole motor the polarity of the poles must be N, S, N, and S. If an 
error in the series connection of the field coils produced polarities of N, N, 
N, and S, the location of the incorrectly connected coil could be easily 
determined with the aid of a compass. 

5-6 Theory of Magnetism 

Magnetic Theories. "There have been various theories developed from 
time to time in the scientist's search for the explanation of magnetism. 
Three of the theories currently being used are (1) ampere, (2) domain, and 
(3) molecular. The first two theories are based on principles used in the 
study of advanced physics and therefore are beyond the scope of this text. 
The molecular theory, also called Weber's theory after its discoverer, is the 
most popular explanation. 

Molecular Theory. This theory is based on the assumption that the mole-
cules of a magnetic substance are all individual minute magnets. If a 
magnetic substance lacks the property of polarity and the power of attrac-
tion, it is believed that the many tiny magnets are arranged in a disorga-
nized manner as shown in Fig. 5-6a. However, when a magnetic substance 
possesses polarity and power of attraction, it is believed that the molecular 
magnets are arranged in orderly rows, each with its north pole in the same 
direction as shown in Fig. 5-6b. Also, according to this theory, the mole-
cules in a magnetic substance such as steel, iron, cobalt, or nickel can 
readily rearrange themselves from a disorganized manner to orderly rows. 

Explanation of Magnetic Actions. A lodestone when taken from the 
earth has a large majority of its molecular magnets lined up in rows and 
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possesses the powers of magnetism. As the many tiny magnets are lined up 
in orderly rows, they all aid in building up the strength of the magnet and 
in forming its poles. 

In a piece of iron, however, the molecular magnets ordinarily are not 
lined up in an orderly fashion but instead settle in a haphazard manner. 
Because of this haphazard arrangement, the tiny magnets neutralize one 
another and the iron will not possess the powers of magnetism. 

If the lodestone is brought near the iron, it will attract the iron to it, and 
if the piece of iron is not too large and heavy, the lodestone will be able to 
lift it. The explanation for this action is that the magnetism of the lode-
stone influences the tiny magnets of the iron and causes them to rearrange 
themselves in orderly rows. The iron then becomes a magnet. 

If the lodestone is taken away from the iron, the molecular magnets of 
the iron will shift about and again fall into a haphazard position. The iron 
is no longer a magnet but is merely a magnetic material. 
The basic magnetic actions are explained by this theory. The natural mag-

net has its molecules arranged in an orderly way when taken from the 
earth, while the artificial magnet has to have its molecules lined up by 
some artificial means. In the permanent magnet, once the molecules are 
set into orderly rows, they will retain their positions, while in the tempo-
rary magnet, the molecules stay in line only as long as there is some external 
magnetic influence to keep them in line. 

5-7 Magnetic Attraction and Repulsion 

Law of Attraction and Repulsion. If two bar magnets with their poles 
marked N and S are used, the laws of magnetic attraction and repulsion 
may be derived from them. If one of the magnets is suspended by means 
of a string so that it can move freely and the second magnet is brought near 
to it so that similarly marked poles (such as two norths or two souths) are 
brought close together, the suspended magnet will be repelled (Fig. 5-7). 
When poles of unlike markings such as an N and an S are brought close 
together, the suspended magnet will be attracted by the other one. This 

Fig. 5-7 Repulsion between magnetic 

poles of like polarity. 



(5-7) Magnetism and Electromagnetism 149 

Fig. 5-8 Measuring the force 

of repulsion by the torsion 

balance. 

action is commonly stated as the magnetic law: Like poles repel each other 
and unlike poles attract each other. 

Pole Strength. The force with which two poles will attract or repel each 
other depends upon the strength of the poles and the distance between 
them. The pole strength is measured in unit poles which is described as 
follows: A unit magnetic pole is one which, if placed in air one centimeter 
from a similar pole of the same strength, will repel it with a farce of one 
dyne. (981 dynes = 1 gram; 454 grams = 1 pound.) 

Force of Attraction and Repulsion. The force of attraction or repulsion 
between two poles varies inversely as the square of the distance between 
them. For example, if two poles 4 cm apart exert a force of 2 dynes, cut-
ting the distance in half so that they are only 2 cm apart, the force will 
become four times (2 x 2) as great, or 8 dynes. If, however, the distance 
is increased to 8 cm, or double the original, the force will become one-
quarter (1/2 x 1/2) of the original amount, or 1/2 dyne. This relation among 
force, pole strength, and distance is expressed by Coulomb's law, which 
states that the force between two magnetic poles is directly proportional to 
the strengths of the poles and inversely proportional to the square of the 
distance between the poles. This is shown by the equation 

M 
J 

d21.M2 

where f = force between two poles in air, dynes 
m1 = strength of first pole, unit poles 
m2 = strength of second pole, unit poles 
d = distance between the poles, cm 

(5-1) 
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EXAMPLE 5-1 A north pole with a strength of 20 unit poles is placed 5 cm from a 
south pole whose strength is 30 unit poles. What is the force acting between these poles? 

GIVEN: fr11 = 20 unit poles m2 = 30 unit poles d = 5 cm 

FIND: f 

SOLUTION: 

mink _ 2° X 30  — X 5 = 24 dynes (attraction) 
d2 5  

5-8 Magnetic Field Characteristics 

Magnetic Fields. The properties of a magnet are not restricted to the 
magnet itself but also influence an area surrounding it. This may readily be 
shown by placing a piece of glass or paper over a bar magnet and then 
sprinkling iron filings over the glass or paper. The iron filings will take posi-
tions in a definite pattern similar to Fig. 5-9. The filings become tiny mag-
nets under the influence of the bar magnet, and the pattern therefore 
represents the bar's magnetism. The space surrounding the magnet in 
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Fig. 5-9 Magnetic field about a bar magnet illustrated by iron flings. 

Fig. 5-10 Magnetic field about a bar magnet illustrated by small compasses. 
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(et) (b) 

Fig. 5-11 Magnetic fields about the poles of two bar magnets as illustrated by iron 

filings. (a) Two like poles. (b) Two unlike poles. 

Fig. 5-12 Path taken by magnetic lines when 

a magnetic substance is near the magnet. 

which this influence exists is called its magnetic field. The magnetic field 
can also be shown by a number of small compasses placed about the mag-
net as shown in Fig. 5-10. The magnetic fields between like poles and 
unlike poles of two magnets are shown in Fig. 5-11. 

Magnetic Line& A careful examination of the magnetic fields shown in 
Figs. 5-9 to 5-11 leads to the conclusion that the magnetic field may be 
represented as lines arranged in an orderly fashion. These lines are com-
monly referred to as lines of magnetism or lines of induction. A magnetic 
line, called a maxwell, represents the path along which an isolated unit 
north pole will tend to move when it is placed in a magnetic field. The 
total number of lines leaving or entering a pole is called its magnetic flux 
and is usually represented by the Greek letter cp, pronounced phi. While 
these lines are invisible and said to be imaginary, their effect or existence 
may readily be shown by the iron filings and the compass. The magnetic 
lines follow definite rules as listed below. 

1. Magnetic lines always form a closed loop. The lines leave the magnet 
at the north pole, travel along definite paths outside the magnet, enter the 
magnet at the south pole, and travel through the magnet to the starting 
point at the north pole (Fig. 5-10). 

2. Magnetic lines never cross one another (Figs. 5-9 to 5-12). 
3. Magnetic lines can pass through any material, but they will take the 
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path that offers the least resistance (Fig. 5-12), tending to concentrate in 
magnetic materials and not concentrating in nonmagnetic materials. Hence, 
magnetic materials offer a lower resistance to the passage of magnetic lines 
than do nonmagnetic materials. 

4. Magnetic lines act like rubber bands. They will stretch outward if a 
force is exerted upon them and will contract when that force is removed. 
Since magnetic lines do not cross one another, they push adjacent lines 
away from them. 

Lines of Force. If a pole of a second magnet is brought into the magnetic 
field, a force will be exerted upon it by that field. The force will be propor-
tional to the lines per square centimeter acting at right angles to the field. 
These lines are called lines of force, and they extend only from one pole, 
along the external path, and end at the other pole. They differ in this 
respect from lines of induction, which are always closed loops. The lines of 
force and the lines of induction are the same when their path is through 
air, but they will differ when the path is a magnetic substance. 

Field Intensity. The strength of a magnetic field, which is also called the 
field intensity, is expressed in terms of the force it will exert upon a mag-
netic pole of unit strength. The unit of field intensity is the oersted, and a 
magnetic field is said to be of unit intensity when it is capable of exerting a 
force of exactly 1 dyne upon a unit pole. This may be expressed by the 
equation 

f =mxii (5-2) 

where f = force acting upon a magnetic pole placed in a magnetic field, 
dynes 

m = strength of the pole, unit poles 
H = field intensity, dynes per unit pole, or oersteds 

EXAMPLE 5-2 What is the intensity of a magnetic field that exerts a force of 500 dynes 
upon a magnet of 40-unit pole strength placed in this field? 

GIVEN: f = 500 dynes 

FIND: H 

SOLUTION: 

Therefore, 

m = 40 unit poles 

f=mXH 

H = -L =  = 12.5 oersteds 
m 40 

In free space the field intensity will have the same numerical value as 
the number of lines per square centimeter in a plane at right angles to 
these lines. Within magnetic materials these two quantities will not have 
equal values, hence the two terms cannot be substituted for each other 
indiscriminately. The field at ABCD of Fig. 5-13 has a unit field intensity 
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Fig. 5-13 Field intensity of a magnet. 

of 1 oersted when one line per square centimeter passes in free space 
through this section perpendicular to it. 

EXAMPLE 5-3 The two parallel pole sides shown in Fig. 5-13 are each 4 by 6 cm, and 
the magnetic field consists of 72,000 lines uniformly distributed and passing from the 
north to the south pole. (a) What is the field intensity? (b) What force would be 
exerted upon a pole of 25-unit pole strength placed in this field in dynes and in ounces? 

Note: 1 oz = 28.4 grams 

GIVEN: 4) = 72,000 lines 

FIND: (a) H (b) f 

summon: 

981 dynes = 1 gram 

A= 4 x6sqcm m = 25 unit poles 

(a) Field intensity H equals oersteds and lines per square centimeter when in free space. 

H = 4) = 72," = 3 000 oersteds 
area 4 x 6 ' 

(b) f=mxH= 25 x 3,000 = 75,000 dynes 

75,000  
= = 2.69 oz 

981 x 28.4 

Flux Density. The number of magnetic lines per square centimeter in a 
plane perpendicular to the direction of the magnetic field is commonly 
called the flux density and is designated by the symbol B. When the mag-
netic field is uniform, that is, each square centimeter contains the same 
number of lines, then the flux density may be expressed as 

B = 4, — 
A 

where B = flux density, gausses 
4) = total flux 
A = area, sq cm 

A gauss represents the flux density of one line per square centimeter. 

(5-3) 

EXAMPLE 5-4 A magnetic pole has a flux of 150,000 maxwells. If the field is uni-
formly distributed and the pole is 5 cm wide and 10 cm long, what is the flux density? 
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GIVEN: = 150,000 maxwells 

FIND: B 

SOLUTION: 

A = 5 x 10 sq cm 

4, 150 000 
B = A 50 — = = 3,000 gausses 

Flux density is often expressed in lines per square inch to correspond to 
the English units in place of the metric units. In such cases, the flux 
density is still found by dividing the total flux by the area, but as the area 
is in square inches, the flux density will be expressed in lines per square inch 
and not in gausses. 

EXAMPLE 5-5 What is the flux density of a magnetic pole 1 by 3 inches that has an 
evenly distributed flux of 4,500 maxwells? 

GIVEN: 4) = 4,500 maxwells 

FIND: B 

sournoN: 

A= 1 x 3 sq in. 

•:/) 
B = A = 1 x 3 4500  ' = 1,500 lines per square inch 

The magnetic lines of the bar magnet of Fig. 5-9 represent its magnetic 
field in only one plane. If the bar were set on its edge and iron filings were 
again used, they would show a similar magnetic field extending out from 
the magnet. It can be shown by this means that the magnetic field extends 
in all directions from the pole of a magnet. If a unit magnetic pole is 
placed in the center of a sphere of 1 cm radius as shown in Fig. 5-14, it 
will have a field of 477. or 12.57 (4 >< 3.1416 = 12.5664) lines. This is true 
because according to the definition of the unit pole an equal and like pole 
placed anywhere on the sphere which would be 1 cm away would be 
repelled with a force of 1 dyne. Also the field must be of unity intensity, 

Number 
of/Ines 
47r or /2.57 

--Force ofone dyne 

Radius ofsphere= 
One ceniirneter 

Fig. 5-14 Magnetic field of a unit pole (in air) in a sphere 2 cm in diameter. 
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one line per square centimeter in free space, in order to exert a force 
of 1 dyne upon the unit pole. As the area of a sphere is 41712, there will be 
4e(1)2 or 12.57 sq cm and therefore 12.57 lines. The number of lines from 
a pole whose strength is m becomes 

+um (5-4) 

EXAMPLE 5-6 How many magnetic lines are emitted by a magnetic pole whose 
strength is 20 unit poles? 

GIVEN: 371 = 20 unit poles 

FIND: 43 

SOLUTION: 

= 47rm = 12.57 x 20 = 251.4 maxwells 

5-9 Magnetic Induction 

Basic Principles. As a magnet is brought close to a piece of iron or steel, 
that piece becomes magnetized by induction. Figure 5-15a shows an iron 
screw A brought close to a magnet. Some of the magnetic lines leaving the 
north pole of the magnet find that their path of least resistance is through 
the screw A and hence take such a path. The screw becomes magnetized 
by induction, and the lines entering at the head of the screw make it 
a south pole and upon leaving at the point make it a north pole. If a second 
screw is now placed in contact with the first screw (Fig. 5-1514, it will cling 
to it. The second screw has become magnetized by magnetic induction 
through its contact with the first screw. The head will be a south pole 
because the magnetic lines enter there, and the point will be a north pole 
because the lines leave the screw at the point. If the space between the 
magnet and the first screw is increased, the two screws will no longer hold 
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Fig. 5-15 Magnetic induction. (a) Screw A magnetized by induction. (b) Screw B 

magnetized by contact with screw A. 
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together and the second one will fall off, thus showing that they were mag-
netized only while in the influence of the bar magnet. 

Poles Produced by Magnetic Induction. Magnetic induction always 
causes a south pole to be produced in that part of a magnetic substance 
nearest to the north pole of the magnet and a north pole at that end 
nearest to the south pole of the magnet. As the induced pole nearest 
to the magnet is always of a polarity opposite that of the inducing pole, 
there will be a force of attraction between the two poles. Furthermore, as 
the magnetic lines always tend to shorten themselves, they will try to pull 
the induced pole against the inducing pole. This explains why a magnet 
draws a piece of iron to it. 

If a comparatively weak north pole of one magnet is brought near a 
strong north pole of another magnet, it is possible that there will be 
an attraction between the two poles instead of the repulsion that would be 
expected. This is explained by the fact that, when the weak north pole is 
brought near the strong north pole, the strong north induces a south in the 
first magnet that exceeds its own weak north and attraction results. 
The polarity of the weaker magnet becomes reversed under this condition. 
For this reason, a compass needle or other weak magnet should not 
be brought too close to a strong pole of another magnet of similar polarity. 

Magnetism may be induced in several ways. In Fig. 5-15a, the magnetism 
is induced in the screw A by its mere presence in the magnetic field of the 
bar magnet. In Fig. 5-15b, the magnetism is induced in the screw B by its 
contact with the magnet, screw A. In Fig. 5-1, magnetism is induced in the 
bar by stroking it with a lodestone. 

5-10 Magnetic Properties and Classification of Materials 

The properties of magnetic materials most commonly referred to are 
reluctance, reluctivity, permeance, permeability, and retentivity. 

Reluctance. Reluctance is the opposition offered by a material to the 
passage of magnetic lines. This corresponds to the term resistance in 
the electric circuit, which is the opposition to the flow of electric current. 
Reluctance, however, has the additional characteristic that its value for 
magnetic materials is not constant but varies with the flux density. The 
reluctance of nonmagnetic materials is constant. The symbol for reluctance 
is the script letter no name has been assigned for its unit of measurement. 

Reluctivity. Reluctivity is the specific reluctance, or the reluctance per 
centimeter cube. For nonmagnetic materials, its value is 1, and for magnetic 
materials, its value varies with changes in flux density. Reluctivity corre-
sponds to resistivity in the electric circuit. The symbol for reluctivity is the 
Greek letter p, pronounced nu; no name has been assigned for its unit 
of measurement. 

Permeance. Permeance is the ability of a material to carry magnetic 
lines. Its value is equal to the reciprocal of the reluctance. Permeance 
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corresponds to conductance in the electric circuit. The symbol for permeance 
is the script letter (-.P; no name has been assigned for its unit of measurement. 

Permeability. Permeability is a measure of the ease with which magnetic 
lines can pass through a material. Numerically it is equal to the reciprocal 
of the reluctivity. The permeability of nonmagnetic materials is 1, while for 
magnetic materials it is a variable quantity depending upon the flux 
density. It may also be considered as the ratio of the lines of force passing 
through a material to the lines of force passing through air for the same 
conditions. Good magnetic materials will have a high value of permeability. 
The symbol for permeability is the Greek letter µ, pronounced mu; no 
name has been assigned for its unit of measurement. 

Retentivity. Retentivity is the ability of a material to retain magnetism 
after the magnetizing force is removed. Permanent magnets have a high 
degree of retentivity, and temporary magnets are low in retentivity. The 
magnetism that remains in a material after the magnetizing force is removed 
is called the residual magnetism. This property is very useful in the oper-
ation of electric generators. 

Classification. It has been common practice in the past to classify 
materials as being either magnetic or nonmagnetic. Iron, steel, nickel, and 
such other materials that may easily be magnetized were classed as mag-
netic; air, copper, brass, and such materials which seemed impossible 
to magnetize were classed as nonmagnetic. The present practice is to 
classify materials into one of three groups, namely, ferromagnetic, para-
magnetic, and diamagnetic. 

Ferromagnetic materials are those which become strongly magnetized in 
the direction of the magnetizing field. They have high values of permeability. 
Included in this classification are iron, steel, nickel, cobalt, magnetite, and 
alloys such as Heusler's alloys, Permalloy, and alnico. 

Paramagnetic materials are those which become very weakly magnetized 
in the direction of the magnetizing field. The permeability of these materials 
is greater than 1 but the values are low. Included in this classification are 
aluminum, platinum, oxygen, air, manganese, and chromium. 

Diamagnetic materials are those which will become very weakly 
magnetized but in a direction opposite to that of the magnetizing field. The 
permeability of these materials is less than 1. Included in this classification 
are bismuth, antimony, copper, zinc, mercury, gold, and silver. 

In general only iron, steel, Permalloy, alnico, and a few other alloys are 
considered as magnetic materials, and practically all other materials are 
considered nonmagnetic. Pure annealed iron has a permeability of 200 to 
5,000, and silicon iron has a range of 600 to 10,000. Permalloy, which is an 
alloy containing about 78 per cent nickel and 22 per cent iron, is highly 
magnetic and has permeability values as high as 100,000. 

Alnico magnets, which are very powerful, are made of an alloy containing 
aluminum, nickel, iron, and cobalt. Sintered alnico magnets, made by 
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pressing finely powdered component alloy metals together and heating 
them almost to melting point, are more powerful than ordinary alnico 
magnets. Their magnetic qualities are so great that they can lift 500 times 
their own weight. When a magnet is assembled in a special manner, it has 
been found capable of lifting as much as 4,000 times its own weight. 

5-1 1 Magnetic Shapes 

Bar Magnets. Magnets are used for many purposes and are therefore 
found in a large variety of shapes. The bar magnets shown in Fig. 5-16a 
are commonly used in school laboratories, as they provide a very satis-
factory means of demonstrating the laws of magnetism and the path 
of magnetic lines. When bar magnets are not being used, it is desirable to 
place them so that adjacent ends will be of opposite polarity (Fig. 5-16b) 
in order that they may retain their magnetic strength. 

Horseshoe Magnets. Magnets for commercial use are generally in the 
form of a horseshoe or some variation of this form because they provide a 
much stronger magnet than a bar magnet of an equal weight and size. This 

(e) 

(b) 

(a) 

Fig. 5-16 Shapes of magnets. (a) Bar magnets. (b) Proper method of storing bar 

magnets. (c) Laminated magnets. 

(rr (1)) 

Fig. 5-17 Forms of horseshoe magnets. (a) Close-pole type. (b) U-shape. 
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Fig. 5-18 Applications of magnets. (a) As used in a permanent-magnet dynamic 
loudspeaker. (b) As used in an electrical measuring instrument. 

is true because the two poles are closer to each other and also because 
both poles can be utilized. When the horseshoe magnet is not in use, 
a soft-iron keeper should be placed across its poles to keep the magnet 
from losing its strength. Two basic forms of the horseshoe magnet are 
shown in Fig. 5-17. Two variations of the basic horseshoe magnet as used 
in a permanent-magnet loudspeaker and an electrical measuring instrument 
are shown in Fig. 5-18. The compound horseshoe magnet of a magneto 
used for some types of ignition systems is illustrated in Fig. 5-19. 
Laminated Magnets. The strength of magnets may be further increased 

by constructing a magnet of a number of thin sheets whose total thickness 

Fig. 5-19 Compound horseshoe magnet. 
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Fig. 5-20 Magnetic cores. (a) Ring. (b) Square. (c) Shell. 

.-Permanent 
magnet 

Meier; 
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Fig. 5-22 Magnetic screen. 

is equivalent to the thickness it would be if made in one piece. This 
is referred to as a laminated magnet and is illustrated in Fig. 5-16c. 
Ring Magnets. Magnets are sometimes made in a circular form as shown 

in Fig. 5-20a and are called ring magnets. This magnet has no poles, and 
its magnetic lines form closed loops around the ring. This form of magnet 
may be used to demonstrate the operating principle of the transformer. 
The magnetic cores of transformers shown in Fig. 5-20b and c are variations 
of the ring magnet. 

If a small piece is cut out of a ring magnet as in Fig. 5-21, it will 
then have two strong magnetic poles. This type of magnet is sometimes 
used in electrical instruments. 

Magnetic Screens. Another use of a circular (usually a temporary) 
magnet is the magnetic screen. Its purpose is to shield any object from 
magnetic lines as illustrated by the meter and its screen in Fig. 5-22. 
As there is no known insulator of magnetic lines, shielding is the practical 
substitute and is accomplished by placing the object in the center of a ring 
or other closed circuit. As the screen is usually made of soft iron, it 
provides the easiest path for the magnetic lines and thereby keeps the 
object in the center free from these magnetic lines. 

5-12 Magnetic Field about a Wire Carrying a Current 

In 1819, Oersted made the discovery that a magnetic field always exists 
about a wire that is carrying a current and that certain relations existed 
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between the magnetic and electric conditions. The principle of Oersted's 
discovery may be demonstrated by placing a wire vertically through a 
piece of cardboard and determining its magnetic characteristics when a 
current is flowing through the wire. This is shown in Fig. 5-23, where the 
wire AB is placed through the board D and connected to a d-c power 
source S, with an adjustable resistor R connected in series to control 
the amount of current. If a current of approximately 50 amp is permitted 
to flow from A to B and iron filings are sprinkled over the cardboard, the 
filings will take an orderly circular form about the wire as shown in 
Fig. 5-23. It will also be observed that, if compasses are set at the four C 
positions, the compass needles will come to rest at right angles to the wire 
and all north poles will point in the same direction of rotation. If the 
current is removed by opening the switch, the compass needles will no 
longer stay perpendicular to the wire but will take positions in accordance 
with the earth's or any other nearby magnetic field. If the board is gently 
tapped, the iron filings will take a haphazard form, thus proving that the 
magnetic field exists about the wire only when a current is flowing through it. 

5-13 Relation of Magnetic Field and Electron Flow 

Effect of Amount of Electron Flow. If the current flowing through the 
wire of Fig. 5-23 is raised from 50 to 80 amp, it will be found that, while 
the iron filings still take the same form, a greater quantity of filings will be 
affected. If the compasses are moved, first closer to the wire and then 
farther from the wire, it will be found that the magnetic effect will extend 
farther from the wire when the current is increased. This shows that 
the strength of the magnetic field about a current-carrying wire increases 
as the current increases and decreases as the current decreases. 

Effect of Direction of Electron Flow. If the leads connected to the wire 
AB are interchanged and the circuit is adjusted so that 50 amp flow from 
B to A, the sprinkling of iron filings on the board will produce the 

Fig. 5-23 Magnetic field about 

a wire carrying a current. 



162 Essentials of Electricity—Electronics (5-13) 

same results as before. Close observation of the compass needles will, how-
ever, indicate that a change has taken place, for they will now have their 
north poles pointing in the direction opposite to that when the current was 
flowing from A to B. This indicates that the direction of the magnetic field 
about a current-carrying wire depends upon the direction in which current 
flows through the wire. 

Left-hand Rule for a Wire Carrying a Current. The relation between 
the direction of electron flow and the magnetic field is easily remembered 
by the left-hand rule for a wire, which states: Grasp the wire with the left 
hand so that the thumb points in the direction of the electron flow, 
and the fingers will point in the direction of the magnetic field. Thus, 
if either the direction of electron flow or the direction of the magnetic field 
is known, the other may be obtained. Figure 5-24 illustrates this rule. 
It should be observed that C) indicates electrons entering the wire and 0 
indicates electrons leaving the wire. 

/ 

/ 7 ;"•---

k e y )) I 

\ 

"v".. / 

(a) 

Fig. 5-24 Left-hand rule for a wire carrying a current. (a) Electrons flowing downward 

or out of page. (b) Electrons flowing upward or into the page. 
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Current 

Fig. 5-25 Magnetic field about a straight wire carrying a current. 

5-14 Magnetic Characteristics of a Coil 

Magnetic Field about a Coil. The magnetic field around a straight wire 
carrying a current exists at all points along the length and consists of con-
centric circles in a plane perpendicular to the wire (Fig. 5-25). If such 
a long piece of wire is wound on a core as shown in Fig. 5-26, it is called 
a coil, a solenoid, or a helix. When a current flows through this coil, addi-
tional magnetic characteristics result. 

Considering first the two turns of wire, A and B of Fig. 5-27, it will be 
seen that the current is leaving at these points. If the turns are not 

Fig. 5-26 Magnetic field about 

a coil carrying a current. 

Fig. 5-27 View showing the direction 

of the current in the conductors of the 

coil of Fig. 5-26. A' B' C' D' E' F" 
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Fig. 5-28 Magnetic fields about adjacent conductors of a coil carrying a current. 
(a) Conductors separated. (b) Conductors adjoining. 

too close to each other, their magnetic fields will take the form as illustrated 
in Fig. 5-28a. Notice that the magnetic lines at the right of A are 
going downward while the adjacent lines at the left of B are going 
upward. When the two turns A and B are adjacent to each other, the 
effect of the one's downward and the other's upward lines will neutralize 
each other at this point, but the field about the two wires will be strength-
ened as indicated in Fig. 5-28b. 
When the entire coil, A to F and A' to G', is considered, the resulting 

magnetic field is shown in Fig. 5-26. The strength of the magnetic field will 
increase with an increase in the number of turns and also with an increase 
in current. Note that the field is the strongest at the ends of the coil and 
that this corresponds to the definition for a pole; hence the coil has 
two magnetic poles. The direction of the magnetic lines indicated in 
Fig. 5-26 shows them leaving the coil at the left side and entering again at 
the right. According to the magnetic laws, this indicates that the left pole 
is a north and the right pole is a south. 

Left-hand Rule for a Coil. As the direction of the magnetic lines was 
determined by the direction of electron flow, it is apparent that reversing 
the direction of electron flow will also reverse the polarity of the coil. The 
relation between the direction of the current flow and the poles of the coil 
is known as the left-hand rule for a coil and is: Grasp the coil with the left 
hand so that the fingers point in the direction of the electron flow, and the 
thumb will point in the direction of the coil's north pole. This is illustrated 
in Fig. 5-29a and b. 

Magnetic Core Materials. The magnetic strength of a coil is affected by 
the type of core upon which the coil is wound. If a ferromagnetic material 
is used for the core, the coil will produce much stronger magnetic proper-
ties than if the coil had a paramagnetic core. In general, various forms of 
soft iron having a high permeability, such as silicon iron, are used for 
making magnetic cores. These materials are made in thin sheets, from 
0.001 to 0.05 inch thick, and the sheets are stacked to form a laminated core 
of required thickness and design. The sheets are insulated electrically from 
one another with a thin coating of varnish. 
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At very high frequencies laminated cores cause an excessive power loss, 
and cores made of powdered material have been developed to reduce these 
losses. Powdered-material cores are produced either from a very fine metal-
lic powder or from a ceramic powder. Metallic powders have a particle size 
as small as 2 microns and are mixed with a binder which insulates the par-
ticles electrically from one another. Ceramic powdered cores are called 
ferrites and have a very high electrical resistivity and high permeability. 
Ferrite cores are made from a suitable mixture of oxides of iron and other 
metals by pressing these powders together to a required shape and then 
firing at an intense heat to produce a porcelainlike material. The oldest 
known ferrite is magnetite, or lodestone. The most widely used ferrites are 
nickel ferrite, manganese ferrite, and zinc-manganese ferrite. 
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Fig. 5-29 Left-hand rule for a coil. (a) Electrons entering the coil at the left terminal. 

(b) Electrons entering the coil at the right terminal. 
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5-15 Magnetic Circuit Calculations 

Magnetic Circuits. Many electrical devices depend upon magnetism for 
their operation, and to have these devices function efficiently, various intri-
cate designs have been made for different magnetic conditions. The mag-
nets must supply the required strength and must be provided with paths 
or circuits of suitable shapes and materials. The magnetic circuit is defined 
as the path or paths taken by the magnetic lines of induction leaving 
a north pole, passing through the entire circuit, and returning to the start-
ing point. A magnetic circuit may be a simple, series, or parallel circuit or 
may be a complex combination circuit depending upon how intricate the 
device may be. 

Basic Equations. Many of the magnetic-circuit calculations are similar 
to the electric-circuit calculations as is apparent in the following table. 

Table 5-1 

UNIT ELECTRIC CIRCUIT MAGNETIC CIRCUIT 

Pressure   

Quantity  
Resistance   
Mathematical relation   

Specific resistance, or reluctance  

Volt (E) 

Ampere (/) 
Ohm (R) 
E = IR 

E = — 
R 

R = —E 

Resistivity (K) 

R = --A-K1 

Gilbert (F) 

Maxwell (0) 

F = 4411 

= 

= — 

Reluctivity (y) 

00 pl 
= — 
A 

Examination of Table 5-1 will show that the magnetic-circuit equations 
and the electric-circuit equations are very similar. There is, however, one 
point in which the two systems differ, and this occurs in the calculation of 
the reluctance of the magnetic circuit. In the resistance equation of the 
electric circuit, K represents the specific resistance of the material used to 
conduct the electric current. The value of K is obtained from Appendix IV; 
for example, K for copper is 10.4, and this value is the same whether the 
conductor carries 1 or 5 amp. In the reluctance equation of the magnetic 
circuit, y represents the specific reluctance of the material used to conduct 
the magnetic lines. This value of y is not a constant even for a given mate-
rial but varies with the number of magnetic lines per unit of area and must 
therefore be found separately for each condition considered. This may be 
done by use of the permeability curve of the kind of material being used. 
Curves for various materials may be found in engineering handbooks or 
may be obtained from the manufacturer of the material. A sample permea-
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Fig. 5-30 Permeability curve for transformer-grade steel. 

bility curve is given in Fig. 5-30. The specific reluctance or reluctivity 
is the reciprocal of the permeability, or 

1 
1P = — 

iL 

where y = specific reluctance (or reluctivity) 
it = permeability 

(5-5) 

EXAMPLE 5-7 What is the reluctivity of a piece of transformer-grade steel 2 sq cm in 
cross section and carrying 24,000 maxwells? 

GIVEN: yt. = 24,000 maxwells A = 2 sq cm 

FIND: P 

SOLUTION: To find e, we must have µ, and to find It from Fig. 5-30, we must have B 
[see Eq. (5-3)]. 

B — — ̀  A P — — 24'M  = 12,000 gausses 
2 

ja = 3,000 (from curve, Fig. 5-30) 

P 7 — — 1 — 0.000333 
— 3,000 — —  

The reluctance of a magnetic circuit is expressed as 

v/ 
...R.. = — 

A 

where 9.. = reluctance of the circuit 
y = reluctivity of the magnetic path 
/ = length of the magnetic path, cm 
A = area of the magnetic path, sq cm 

(5-6) 
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EXAMPLE 5-8 If the length of the magnetic path of the piece of transformer-grade 
steel of Example 5-7 is 16 cm, what is its reluctance? 

GIVEN: P = 0.000333 (from Example 5-7) 1 = 16 cm A = 2 sq cm 

FIND: il 

SOLUTION: 

,vi  0.000333 x 16  
= = = 0.002664 
A 2 

When the reluctance and flux are known, it is possible to find the 
magnetomotive force required to push the flux through the magnetic cir-
cuit by use of the equation 

F = 

where F = magnetomotive force, gilberts 
= flux, maxwells 
= reluctance 

(5-7) 

EXAMPLE 5-9 What magnetomotive force is required to push the flux through 
the magnetic circuit of Example 5-8? 

GIVEN: 4) = 24,000 maxwells (from Example 5-7) 

FIND: F 

SOLUTION: 

(:R = 0.002664 (from Example 5-8) 

F = yeAR = 24,000 x 0.002664 = 63.9 gilberts 

The magnetizing force in an electromagnet is supplied by passing an 
electric current through a coil wound around a portion of the magnetic cir-
cuit. The strength of this magnetizing force will depend upon the number 
of turns and the amount of current and is expressed by the equation 

F = 1.26N1 (5-8) 

where N = number of turns on the coil 
I = current through the coil, amp 

EXAMPLE 5-10 How many ampere-turns are required for a coil to supply the mag-
netic circuit of Example 5-9? 

GIVEN: F = 63.9 gilberts (from Example 5-9) 

FIND: NI 

SOLUTION: 

F = 1.26NI 

Therefore, NI = F = 619 = 50.7 amp-turns 
1.26 1.26 
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EXAMPLE 5-11 If the coil of Example 5-10 has 1(X) turns, how much current would 
be required? 

GIVEN: NI = 50.7 amp-turns (from Example 5-10) N = 100 turns 

FIND: I 

SOLUTION: 

Therefore 

NI = 50.7 

= 5a7 = 51:1 = 0.507 amp 
N 100 

B-H Curves. The materials used in magnetic circuits are tested to deter-
mine the number of gausses set up by a magnetizing force of a few oersteds 
to values far beyond those generally used. The results obtained are plotted 
to produce curves showing the relation between the magnetizing force H, 
oersteds, and the corresponding flux density B, gausses. These curves are 
called d-c magnetization, saturation, or B-H curves. Figure 5-31 shows d-c 
magnetization curves for three different grades of silicon steel. 
The permeability of a material may be expressed as the flux density set 

up by one unit of magnetizing force, or 
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Fig. 5-31 Direct-current magnetization curves for transformer-, motor-, and field-grade 

steel. Note: These curves could have been plotted with an abscissa of ampere-turns per 
centimeter. To convert oersteds to NI per centimeter multiply oersteds by 0.796. 

1000 
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Knowing the value of either B or H, the corresponding value can be found 
from the B-H curve. Furthermore, since the reluctivity of magnetic mate-
rials varies with the flux density, the value of reluctivity for any flux density 
can be obtained by use of the B-H curve for that material. 

EXAMPLE 5-12 What is the reluctivity of a sheet of transformer-grade silicon steel, 
whose characteristics are shown in Fig. 5-31, if the magnetizing force is 15 oersteds? 

GIVEN: H = 15 oersteds 

FIND: Y 

SOLUTION: 

B = 14,000 gausses (from Fig. 5-31) 

B 14,000  
iL = II = = 933 

15 

v = 1  = -i-- = 0.00107 
iL 933 

EXAMPLE 5-13 A magnetic core made of motor-grade silicon steel sheets, whose 
characteristics are shown in Fig. 5-31, is 8 cm in length, has a cross section of 1.5 by 
1.5 cm, and has a flux density of 13,000 gausses. What is its reluctance? 

GIVEN: B = 13,000 gausses 1 = 8 cm A = 1.5 x 1.5 sq cm 

FIND: 91 

SOLUTION: 

H = 6 oersteds (from Fig. 5-31) 

B 13,000  6 = A 0 ,IULP , nia 

H  

1 1  
y = = 2,166 = 0.00046 µ  

ill = Pi = "°048 X 8 = 0.0016 
A 1.5 x 1.5 

Hysteresis. When a ferromagnetic material is subjected to varying mag-
netic fields, such as changes in direction and intensity, the magnetic induc-
tion will lag behind the changes in the magnetizing force. This lag in 
magnetization is called hysteresis and is the result of an internal friction 
within the substance. The heat produced by this friction represents a power 
loss. When a ferromagnetic material is used with a-c equipment, such as 
transformers, or with rotating equipment, such as motors or generators, the 
material is subjected to a cyclical change in both direction and intensity. The 
energy loss occurring during each cycle is represented by a hysteresis loop. 
A hysteresis loop is obtained by plotting the magnetic intensity H 

against the resulting magnetic induction B for a complete magnetization 
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cycle (Fig. 5-32). When a magnetizing force is first applied to a magnetic 
material and the magnetic intensity H is gradually increased in a positive 
direction to a value that will produce the maximum value occurring at 
point A, the magnetic induction B will follow the line OA. If the value 
of H is then gradually decreased from this value to zero, the value of B will 
decrease along the line ABCD and not along the line OA. When H is 
decreased to zero, the magnetic induction B decreases to only the value 
OB. The value OB is called the remanence, the residual induction, or the 
residual magnetism. If the value of H is then varied an equal amount in 
the negative direction, the magnetic induction B will reach zero when H 
has a value of OC. The value OC is called the coercive force. When H 
reaches its maximum negative value, point D will have negative values of B 
and H equal to the positive values of B and H at point A. Any repeating 
cycles of H from -1-H.„ — H.,, will produce the loop ABCDEFA, and the 
enclosed area is called the hysteresis loop and represents the energy loss 
during each cycle. 
Eddy Currents. Eddy currents are circulating currents that are induced 

in a material by a varying magnetic field. These currents are undesirable, 
as they produce heat and thus represent a loss in energy. The iron cores of 
transformers and the poles, armature, rotors, and stators of rotating elec-

Fig. 5-32 Hysteresis loop. 
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trical equipment are constructed of laminated sheets that are electrically 
insulated from each other, thus restricting the eddy currents to individual 
sheets. The thinner the laminations, the greater will be the reduction of the 
eddy currents. Eddy currents are reduced in powdered cores by use of a 
binder that insulates each metallic particle electrically from one another. 

5-16 Magnetic Circuits 

Simple Magnetic Circuit. The magnetic flux follows a closed path in a 
magnetic circuit just as an electric current follows a closed path in an elec-
tric circuit. A simple magnetic circuit is the iron-ring core of Fig. 5-20a or 
the square core of Fig. 5-20b. The magnetic flux is set up by the flow 
of current in a winding of insulated wire surrounding all or part of the core. 
Except for a very slight leakage, all the loops of flux lie entirely within the 
core. Since no flux leaves or enters a ring or rectangular core, they have 
no polarity. 

Series Magnetic Circuit. When a section is removed from a ring magnet 
for an armature (Fig. 5-21), an air gap is produced between the armature 
and each end of the magnet. To make a complete circuit, the lines of flux 
must pass through the magnet to one end, through an air gap, the arma-
ture, a second air gap, to the other end of the magnet. This is a series mag-
netic circuit, in that the flux has only one path and it must pass in turn 
through each reluctance in order to complete the circuit. This is the same 
as a series electrical circuit in which the current must pass in turn through 
each resistance to complete the circuit. The total reluctance of a series 
magnetic circuit is 

t:RT = 31i ± 2 ± 6-R3, etc. 

Fig. 5-33 

SECTION AA 

(5-10) 
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EXAMPLE 5-14 The magnetic circuit of a ring magnet as used in an electrical measur-
ing instrument has the configuration and dimensions shown in Fig. 5-33. The permea-
bility of the Permalloy ring magnet is 10,000 and the soft-iron core 1,000. Determine 
the reluctance of the magnetic circuit. 

GIVEN: Fig. 5-33 1.t of Permalloy = 10,000 ir of soft iron = 1,000 

FIND: 

SOLUTION: 

Reluctivity of Permalloy = I = 10,000 = 0.0001 
it   

= Reluctivity of soft iron = 1 = 0.001 
ir 1,000 

Reluctivity of air = 1  = 1  = 1 
it 1 

Average diameter of Permalloy magnet = ID +  OD — ID  
2 

= 5 +  — 5 = 6.25 cm 
2 

Approximate average length of magnetic path in Permalloy magnet 

= (ir x average diameter) — 1.5 = (3.14 x 6.25) — 1.5 = 18.12 cm 

Cross-sectional area AA = 1 x 1.25 = 1.25 sq cm 

vi 0.0001 x 18.12  
'i1 of Permalloy path = A = •••••• 0.00145 

1.25 

Approximate average length of armature path = 1.2 x 0.7854 = 0.943 cm 
Note: The length of the magnetic path is 1.2 cm only for the average diameter of 

6.25 cm, and the length decreases with both the larger and smaller diameters. The 
value of 0.7854 is a factor that provides for the average length of the path through the 
armature. 

ll of soft woo path = vi 0.001 x 0.943 0.000754 

Length of two air gaps = 1.5 — 1.2 = 0.3 cm 

vi 1 x 0.3 (:R of air gaps = A 115  •-•-• 0.24 

t:Ry. = (:Rag 0.00145 + 0.000754 + 0.24 0.242 

Parallel Magnetic Circuit. Some of the magnetic circuits used in electri-
cal and electronic equipment are simple parallel circuits having only two 
paths, as the shell-type transformer core of Fig. 5-20c. However, there are 
many other types of parallel circuits that are more complex, as the perma-
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nent magnet of the loudspeaker of Fig. 5-18a or the two-pole generator of 
Fig. 7-23. The total reluctance of a parallel magnetic circuit is 

1 

EXAMPLE 5-15 

1 1 1 + T .2 + T3 , etc. 
(5-11) 

What is the reluctance of a parallel magnetic circuit made of reluc-
tances of 0.0025, 0.0005, and 0.0025? 

GIVEN: = 0.0025 R2 = 0.0005 R3 = 0.0025 

FIND: (:RT 

SOLUTION: 

=  1  =  1  = 0.0°25 = 0.000357 
1 1 1 1 1 1 7 

(:R3 0.0025 + 0.0105 ± 0.0025 

The magnetic circuit of the two-pole generator (Fig. 7-23) can be con-
sidered as two series circuits in parallel with each other. The total reluc-
tance of this type of circuit is obtained by first solving for the reluctance of 
each series circuit and then substituting these values in Eq. (5-11). 

EXAMPLE 5-16 A shell-type transformer core having the dimensions shown in Fig. 5-34 
uses silicon-steel laminations having a permeability of 400. What is the total reluctance 
of the magnetic circuit? 

GIVEN: Fig. 5-34 

FIND: 

= 400 

PATH A PATH 

r - - /cm 

3cm 

'cm 

5cm 

lcm  I 1 !cm 
-e- an -..-

1C/77 /Cm 
 6cm  

Fig. 5-34 

[—icmH 
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SOLUTION: 

= = 1 = 0.0025 
400 

Average length of each path = 4 + 4 + 2 + 2 = 12 cm 

y/ 0.0025 x 12  
,sR of each path = = = 0.03 

A 1 x 1 

(.114e:RB 0.03 x 0.03  
(..RT = = 0.015 

+ (:R8 0.03 + 0.03 

EXAMPLE 5-17 How many ampere-turns would be required of a coil on a ring mag-
net similar to Fig. 5-20a that is to have a flux of 28,800 lines? The average length of 
the magnetic path is 20 cm, its cross section is 2 sq cm, and it is made of transformer-
grade steel, whose characteristics are shown in Fig. 5-31. 

GIVEN: 4) = 28,800 lines 1 = 20 cm A = 2 sq cm 
Material = transformer-grade steel 

FIND: NI 

SOLUTION: 

B = = 288°0 2 = 14,400 gausses 
A  

H = 20 oersteds (from Fig. 5-31) 

NI = NI/cm X 1 = 0.796 x 20 x 20 = 318 amp-turns 

Note: 0.796 x oersteds = NI per cm. 

EXAMPLE 5-18 A coil having 500 turns and carrying 2 ma is wound on a core having 
the configuration and dimensions shown in Fig. 5-34. The unit is to be used in a cir-
cuit in which the flux density will be very low, that is, less than 1,000 lines per square 
centimeter. Under these conditions, calculations are based on the principle that the 
initial permeability of the core material, in this case 475, will be constant in this 
low-flux density range. Determine the flux in each path; consider the core as having 
three legs and two equal parallel paths. 

GIVEN: Fig. 5-34 N = 500 a = 475 / = 2 ma 

FIND: 4) center leg each outside leg 

SOLUTION: 

Average length of each path = 4 + 4 + 2 + 2 = 12 cm 

Cross-sectional area of each path = 1 X 1 = 1 sq cm 

il of each path = Avi = 0*°°21 x 12 = 0.0252 
1 

where y = = 1 = 0.0021 
µ 475 
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gie =  1  =  1  - _ 0.0252  - 
1 1 1 1 2 

- 0 0126 

(i18 0.0252 0.0252 

F = 1.26NI = 1. 2 6 X 500 X 2 x 10-3 = 1.26 gilberts 

qh center leg = F , = 1.26 - = 100 maxwells 
‘iii• 0.0128 

1.26  = 50 maxwells 
each outside leg = = 0.0252 

5-1 7 Relays 

The Basic Relay. A relay is basically an electromagnetic switch that is 
operated by a variation in the conditions in one electric circuit and that 
changes the operation of other devices in the same or in other electric cir-
cuits. The fundamental components of a common type of relay are shown 
in Fig. 5-35. Whenever current flows through the coil, the core becomes 
magnetized. When the current is of sufficient intensity to produce a mag-
netic force that is strong enough to overcome the counterforce of the 
spring, the armature is pulled down, thus closing the two contacts. The 
length of the air gap between the armature and the core can be varied by 
adjusting the back rest on the armature. Decreasing this distance produces 
a greater magnetic pull for the same ampere-turns; however, it also reduces 
the distance the armature must travel from rest position to operate position. 
A closed path for the magnetic flux is provided by the core, the air gap, the 
armature, and the frame. In order to secure maximum concentration of flux 
at the air gap, the three magnetic components are made of materials hav-
ing a high permeability, such as soft iron. 

Vibrating Bell. The familiar vibrating bell (Fig. 5-36) is the forerunner 
of the basic relay. In the bell, the contacts are included in the circuit 

Switch 
terminals 

Contact 
points 

Insulators 

Iron frame 

Adjustable 
bock rest 

- gap 

Iron core Coil 

Electro-
magnet 
termlnOls 

Fig. 5-35 Basic relay. 
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Fig. 5-36 Vibrating bell. 
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Fig. 5-37 Multiple contacts of a relay. 

of the electromagnet. When switch S is closed, the two iron cores are 
energized by the electron flow through the coils and attract the armature 
to them. This movement of the armature causes the hammer to strike the 
gong and also causes the contact between the adjustable screw and the con-
tact strip to open, thus breaking the circuit. Since current no longer flows 
in the coils, the two cores are no longer energized. They therefore release 
the armature, and the spring pulls it back to its rest position. The two con-
tacts are now closed and in their original rest position. This cycle is 
repeated for as long as switch S is closed. 

Multiple Contacts. The basic relay and the vibrating bell operated only 
one set of contacts. Relays are available that can close or open as many 
as 100 sets of contacts. These types of relay use multiple sets of contacts as 
illustrated in Fig. 5-37. Each movable contact is called a pole, and 
the relay of Fig. 5-35 is called a single-pole relay, abbreviated SP; the relay 
of Fig. 5-37 is a three-pole relay, abbreviated 3P. 

Contact Arrangements. The contacts in a relay may be arranged to open 
or close in a number of different ways. A combination of a stationary con-
tact and a movable contact that are disengaged when the coil is unenergized 
is referred to as being normally open, abbreviated NO. A combination of a 
stationary contact and a movable contact that are engaged when the coil 
is unenergized is referred to as being normally closed, abbreviated NC. 
Normally open and normally closed relays are called single-throw contacts, 
abbreviated ST. Relay contact notation is usually given in the following 
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order: (1) poles, (2) throw, and (3) normal position. The relay of Fig. 5-35 
is a single-pole single-throw relay with the contacts normally open, abbre-
viated SPSTNO. The vibrating bell of Fig. 5-36 is a single-pole single-
throw relay with the contacts normally closed, abbreviated SPSTNC. 
A combination of two stationary contacts and a movable contact, which 

engages one of them when the coil is unenergized and the other when the 
coil is energized, is called a transfer or double-throw contact, abbreviated 
DT. In the contact arrangement of Fig. 5-38a, electric contact is transferred 
from the NO contacts to the NC contacts when the relay is energized. 
Since the NO contacts must close before the NC contacts open, this 
arrangement is called a make-before-break or simply make-break contacts. 
In the contact arrangement of Fig. 5-38h, electric contact is transferred 
from the NC contacts to the NO contacts when the relay is energized. 
Since the NC contacts must open before the NO contacts close, this 
arrangement is called break-make contacts. 
A contact arrangement in which a movable contact simultaneously 

makes and breaks connections between two stationary contacts is called 
double-break contacts, abbreviated DB (items U to Z, Fig. 5-39). For 
normally open contacts, a similar arrangement would be called double-
make contacts, abbreviated DM. 
NARM Nomenclature. Relay contact descriptions become quite lengthy 

and cumbersome when complex arrangements and multiple sets of poles 
are used. To simplify these descriptions the National Association of Relay 
Manufacturers (NARM) has adopted a standard nomenclature for 18 basic 
contact forms (Fig. 5-39) with each arrangement having a letter of the 
alphabet designation. A complete description of multiple-pole contact 
arrangements is obtained by prefixing the letter designating the basic 
arrangement used with a number indicating the number of contact groups. 
Thus, the relay shown in Fig. 5-37, 3PSTNO, is referred to as 3A. 

Resistance-Capacitance Filters. When contacts are separated, an arc is 
formed between them. As the contacts move farther apart, the arc will 
stretch out and finally break. The spacing at which the arc is extinguished 

(a) (22) 

Fig. 5-38 Double-throw transfer contacts. (a) Make-break arrangement. (b) Break-make 

arrangement. 
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Fig. 5-39 NARM nomenclature for basic relay circuits. (Automatic Electric Company) 

is determined by the load current and the source voltage. The final normal 

open distance between contacts should be large enough to extinguish 
the arc. Since this arc produces heat, which may damage the contacts and 
may also interfere with their operation, various means have been devised 
to minimize the amount of arcing between contacts. 
One of the methods used to suppress the formation of arcing between 

contacts is to use a resistance-capacitance filter circuit as shown in Fig. 5-40. 
When the relay is not energized, its contacts will be open and the load will 
be inoperative; also, the capacitor will become charged to the voltage of 
the controlled circuit. When the relay is energized, its contacts will close 
and the load will become operative; also, any charge on the capacitor will 
be dissipated through the resistor and the relay contacts. If the relay con-
trolling circuit is opened, the relay will become unenergized and the relay 
contacts will open. The instant the contacts open, they are short-circuited 
by the uncharged capacitor and the resistor, and arc formation is prevented. 
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Fig. 5-40 Relay with a resistance-capacitance filter circuit. 
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As the charge on the capacitor increases, the voltage across the contacts 
also increases. However, by the time the voltage across the contacts reaches 
an amount sufficient to cause an arc, the contacts will have opened far 
enough to prevent the formation of an arc. 

QUESTIONS 

1. What is the relative importance of magnetism and electricity to the study of 
electronics? 

2. Define (a) magnet, (b) magnetic materials. 
3. What is meant by (a) a natural magnet? (b) An artificial magnet? 
4. Distinguish between permanent and temporary magnets. 
5. (a) Where are temporary magnets generally used? (b) Where are permanent 

magnets generally used? 
6. (a) Describe the poles of a magnet. (b) By what name is each pole known? 
7. Describe two applications of the compass. 
8. Explain the molecular theory of magnetism. 
9. State the law of magnetic polarity. 

10. How does the distance between two magnets affect the force of attraction 
between them? 

11. (a) What is meant by the magnetic field? (b) How may the field of a magnet be 
illustrated? 

12. What are magnetic lines? 
13. State four rules to which the actions of magnetic lines conform. 
14. What are lines of force? 
15. Distinguish between lines of induction and lines of force. 
16. (a) Define field intensity. (b) What is its unit of measurement? 
17. (a) Define flux density. (b) What is its unit of measurement? 
18. Explain why a magnet draws a piece of magnetic material to it? 
19. Describe several methods of inducing magnetism in a steel bar. 
20. Define the following properties of magnets: (a) reluctance, (b) permeability, 

(c) retentivity. 
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21. (a) Define reluctivity. (b) With what electrical term does it compare? 
22. (a) Define permeance. (b) What is its relation to reluctance? 
23. Give the meaning of ferromagnetic, paramagnetic, and diamagnetic as they apply 

to classification of materials. 
24. (a) What is Permalloy? (b) What are its characteristics? 
25. (a) What is alnico? (b) What are its characteristics? 
26. Naine three shapes of magnets, and give some uses of each. 
27. State some precautions to be observed in the use of magnets. 
28. (a) What was Oersted's discovery? (b) To what important uses is it applied? 
29. What effect does a change in the amount of current flowing in a conductor have 

upon the magnetic field? 
30. What effect does a change in the direction of current flow in a conductor 

have upon the magnetic field? 
31. State the left-hand rule for a wire carrying a current. 
32. What is a solenoid? 
33. What factors determine the magnetic strength of a solenoid? 
34. State the left-hand rule for a coil. 
35. Describe the following magnetic core materials: (a) laminated, (b) metallic 

powder, (c) ceramic powder. 
36. Compare the equations for a magnetic circuit with those for an electric circuit. 
37. In what manner does the reluctance of a magnetic circuit differ from the 

resistance of an electric circuit? 
38. (a) What is meant by a B-H curve? (b) For what purposes are d-c magnetization 

curves used? 
39. Define the following terms: (a) hysteresis, (b) hysteresis loop, (c) residual induction, 

(d) coercive force. 
40. (a) Describe eddy currents and their effects. (b) Describe two methods used 

to minimize the effects of eddy currents. 
41. Describe a series magnetic circuit. 
42. Describe a parallel magnetic circuit. 
43. How is the reluctance of a magnetic circuit affected (a) by the length of the 

circuit? (b) By the cross-sectional area of the magnetic path? 
44. How do the number of turns and the current affect the magnetomotive force of 

an electromagnet? 
45. How are the reluctances of a series magnetic circuit added? 
46. How are the reluctances of a parallel magnetic circuit added? 
47. Describe the construction and operation of a basic relay. 
48. Describe the construction and operation of a vibrating bell. 
49. Define the following: (a) multiple-contact relay, (b) pole, (c) SP relay, (d) 6P relay. 
50. Define the following: (a) NO, (b) NC, (c) ST, (d) DT. 
51. Define the following: (a) transfer contacts, (b) make-break contacts, (c) break-

make contacts. 
52. What is meant by (a) double-break contacts? (b) Double-make contacts? 
53. (a) What is the NARM nomenclature? (b) What is its purpose? 
54. What is the purpose of a resistance-capacitance filter as used with relays? 
55. Describe the circuit arrangement and operation of a resistance-capacitance filter. 
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PROBLEMS 

1. Draw a diagram showing how a bar magnet can be used to magnetize a steel rod 
by stroking the rod with the bar magnet. Indicate the area of the steel rod that 
must be stroked by one pole of the magnet and the area that must be stroked by 
the other pole. Indicate the polarity of the magnet and also the polarity that the 
steel rod will have after the stroking operation is completed. 

2. If two steel bars were found on a workbench and their magnetic characteristics 
were not known, describe a simple method of testing whether (a) neither bar was 
a magnet, (b) both bars were magnets, (e) only one bar was a magnet. 

3. If it was found that only one of the two bars of Prob. 2 was a magnet, describe a 
method to determine (a) which bar is the magnet, (b) which of its poles is 
the north pole, (e) which of its poles is the south pole. 

4. Draw a diagram of two bar magnets in the relative positions shown in Fig. 5-41, 
and sketch the magnetic field that will result. 

5. Draw a diagram of the two bar magnets in the relative positions shown in 
Fig. 5-42, and sketch the magnetic field that will result. 

6. Sketch the magnetic field of the permanent magnet shown in Fig. 5-18b. 
7. Sketch the magnetic field of the magnet and the soft steel bar shown in Fig. 5-43. 

What is the polarity of the bar at A and at B? 
8. A magnetic north pole of 250-unit pole strength and a south pole of 100-unit pole 

strength are placed 10 cm apart in air. (a) What force in dynes is acting on 
the poles? (b) Is the force attraction or repulsion? 

9. Two magnetic north poles of 500- and 250-unit poles, respectively, are placed 
15 cm apart in air. (a) What force in dynes is acting on the poles? (b) Is the force 
attraction or repulsion? 

10. What is the distance between two magnetic poles of like polarity having strengths 
of 100- and 200-unit poles, respectively, if the force acting on the poles is 
2,000 dynes? 

11. How far apart must two magnetic poles of unlike polarity of 250-unit pole 
strength each be spaced in air if the force of attraction is to be 3,000 dynes? 
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Fig. 5-44 

12. If two poles of similar strength are to have a force of attraction of 1,500 
dynes through a distance of 6 cm, what is the strength of each pole? 

13. What strength is required of a magnet if it is to exert a repulsion force of 6,250 
dynes upon a magnet of 250-unit poles that is 2 cm away? 

14. If each pole of the horseshoe magnet of Fig. 5-43 has a strength of 250-unit poles, 
what is the total force acting on the bar AB when the distance between the bar 
and the magnet is (a) 2 cm? (b) 1 cm? (e) 1/2 cm? 

15. What is the force in dynes on a magnet of 75-unit pole strength when placed in a 
field whose intensity is 100 lines per square centimeter? 

16. What is the force in ounces on a magnet of 125-unit poles when placed in a field 
whose intensity is 3,000 oersteds? 

17. If a magnet of 40-unit pole strength is to be acted upon with a force of 
3 oz when placed in a magnetic field, what must be the intensity of the field? 

18. What is the strength of a magnet that is acted upon with a force of Y4 lb 
when placed in a field whose intensity is 6,450 lines per square inch? 

19. What is the flux density in gausses of a magnet that has a cross-sectional area of 
4 sq cm and a flux of 5,000 maxwells? 

20. What is the flux density in lines per square inch of a magnet that has a 
cross-sectional area of 11/2 by 11/2 sq in. and that has a flux of 50,000 maxwells? 

21. What cross-sectional area must a magnet have if it must carry a flux of 250,000 
maxwells and the flux density is to be 50,000 lines per square inch? 

22. If a magnet is to be made of an iron rod (round) and is to carry a flux of 
980 maxwells, what diameter rod must be used if the flux density is to be 5,000 
lines per square inch? 

23. How many lines of force extend outward from a pole of 50-unit pole strength? 
24. (a) How many lines of force extend outward from a pole of 75-unit pole strength? 

(b) What is the flux density 1 cm away? 2 cm away? 4 cm away? (c) What force 
will it exert on a unit pole 1 cm away? 2 cm away? 4 cm away? 

25. Sketch the magnetic field of the loudspeaker magnet shown in Fig. 5-18a. 
Describe the action (a) when a current is flowing inward at the left-hand lead and 
(b) when a current is flowing outward at the left-hand lead. 

26. Sketch the magnetic field of the electromagnet shown in Fig. 5-44, and indicate 
the north and south poles. 

27. A horseshoe magnet made of transformer-grade steel has a cross-sectional area of 
2 by 4 sq cm and carries a flux of 32,000 maxwells. (a) What is its flux density? 
(b) What is its permeability (see curve, Fig. 5-30)? (c) What is its reluctivity? 
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28. A horseshoe magnet made of transformer-grade steel has a cross-sectional area of 
1.5 by 2 sq cm and carries a flux of 3,000 maxwells. (a) What is its flux density? 
(b) What is its permeability (see curve, Fig. 5-30)? (c) What is its reluctivity? 

29. The magnet of Prob. 27 has an average length of 24 cm. (a) What is the 
reluctance of the magnet? (b) What is its permeance? 

30. The magnet of Prob. 28 has an average length of 12 cm. (a) What is the 
reluctance of the magnet? (b) What is its permeance? 

31. (a) What magmetomotive force is required to push the flux through the magnetic 
circuit of Prob. 29? (b) How many ampere-turns are required for a coil to supply 
this magnetic circuit? 

32. (a) What magnetomotive force is required to push the flux through the magnetic 
circuit of Prob 30? (b) How many ampere-turns are required for a coil to supply 
this magnetic circuit? 

33. (a) If the coil of Prob. 31 has 40 turns, how much current would be required? 
(b) If this coil is connected in a circuit in which 56 ma is flowing, how 
many turns would the coil need? 

34. (a) If the coil of Prob. 32 has 100 turns, how much current would be required? 
(b) If this coil is connected in a circuit in which 50 ma is flowing, how 
many turns would the coil need? 

35. A piece of transformer-grade steel 1.5 cm in diameter and 10 cm in length carries 
17,700 maxwells. (a) What is the reluctance? (b) How many ampere-turns 
are required for a coil to supply this magnetic circuit? 

36. A bar of transformer-grade steel 0.5 inch square and 2 inches long carries 3,000 
maxwells. (a) What is its reluctance? (b) How many ampere-turns are required to 
supply this magnetic circuit? 

37. A magnetic core made of field-grade silicon-steel sheets, whose characteristics are 
shown in Fig. 5-31, is 0.8 cm in diameter and 4 cm in length and carries 
5,000 maxwells. (a) What is its reluctance? (b) If the core is wound with a 
coil drawing 63.5 ma, how many turns does the coil have? 

38. A magnetic core made of motor-grade silicon-steel sheets, whose characteristics 
are shown in Fig. 5-31, is 6 cm square and 8 cm in length and requires a magnet-
izing force of 70 oersteds. (a) What is the reluctance of the circuit? (b) If the core 
is wound with a coil having 1,000 turns, how much current flows through 
the coil? 

39. The electromagnet shown in Fig. 5-45 is made of transformer-grade silicon steel, 
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whose characteristics are shown in Fig. 5-30, and carries a flux of 24,000 
maxwells. What is the reluctance of (a) the U-shaped magnet? (b) The straight 
bar? (c) The complete circuit? 

40. The electromagnet shown in Fig. 5-45 is made of motor-grade steel, whose 
characteristics are shown in Fig. 5-31, and carries a flux of 36,000 maxwells. 
What is the reluctance of (a) the U-shaped magnet? (b) The straight bar? (e) The 
complete circuit? 

41. The coil of the electromagnet of Prob. 39 is connected in a circuit whose current 
is 250 ma. How many turns are required on the coil? 

42. The coil of the electromagnet of Prob. 40 has 2,000 turns. How much current is 
required to supply this magnetic circuit? 

43. The coil of the electromagnet of Prob. 41 is wound with No. 28 copper 
wire. (a) What is the resistance of the winding if the average length of turn 
is 2.5 inches? (b) What voltage is needed to produce the required current? 

44. The coil of the electromagnet of Prob. 42 is wound with No. 22 copper 
wire. (a) What is the resistance of the winding if the average length of turn 
is 2.5 inches? (b) What voltage is needed to produce the required current? 

45. When the straight bar is separated from the U-shaped magnet of Prob. 39, 
additional reluctances in the form of air gaps are introduced at each pole. If the 
air gap at each pole is Y3 cm, find (a) the reluctance of each air gap (permeability 
of air = 1), (b) the reluctance of the complete circuit, (c) the magmetomotive 
force required by the magnetic circuit. 

46. When the straight bar is separated from the U-shaped magnet of Prob. 40, 
additional reluctances in the form of air gaps are introduced at each pole. If the 
air gap at each pole is Me cm, find (a) the reluctance of each air gap (permeability 
of air = 1), (b) the reluctance of the complete circuit, (c) the magnetomotive 
force required by the magnetic circuit. 

47. The coil of the electromagnet of Prob. 45 is connected in a circuit carrying 
1.5 amp. (a) How many turns are required of the coil? (b) If 1 amp per 400 cm is 
permitted, what size copper wire should be used? (c) What is the resistance 
of the coil if the average length per turn is 2.5 inches? (d) What voltage is 
needed to produce the required current? 

48. The coil of the electromagnet of Prob. 46 is connected in a circuit carrying 
3.0 amp. (a) How many turns are required of the coil? (b) If 1 amp per 400 cm is 
permitted, what size copper wire should be used? (c) What is the resistance 
of the coil if the average length per turn is 2.5 inches? (d) What voltage is 
needed to produce the required current? 

49. A series magnetic path consisting of three reluctances of 0.0065, 0.0032, and 
0.0018 is to carry a flux of 5,000 maxwells. (a) What is the reluctance of 
the circuit? (b) How many ampere-turns are required to produce the flux? 

50. A series magnetic path consisting of five reluctances of 0.00025, 0.00125, 0.0025, 
0.0075, and 0.0050 is to carry a flux of 8,000 maxwells. (a) What is the reluctance 
of the circuit? (b) How many ampere-turns are required to produce the flux? 

51. The magnetic circuit of a ring magnet as used in an electrical measuring instru-
ment has the configuration shown in Fig. 5-33 and the following dimensions: 
OD = 8 cm, ID = 5 cm, thickness = 1 cm, diameter of the soft-iron core = 1.5 
cm, each air gap = 0.15 cm. The permeability of the ring magnet, which is made 
of alnico, is 30,000, and the permeability of the soft-iron core is 3,000. Determine 
the reluctance of the magnetic circuit. 
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52. The magnetic circuit of a ring magnet as used in an electrical measuring instru-
ment has the configuration shown in Fig. 5-33 and the following dimensions: 
OD = 6 cm, ID = 5 cm, thickness = 1 cm, diameter of the soft-iron core = 1 cm, 
each air gap = 0.1 cm. The permeability of the ring magnet, which is made of 
Permalloy, is 25,000, and the permeability of the soft-iron core is 5,000. Deter-
mine the reluctance of the magnetic circuit. 

53. A parallel magnetic circuit contains reluctances of 0.005, 0.0025, and 0.0075. 
(a) What is the reluctance of the circuit? (b) How many ampere-turns are 
required if the total flux is to be 15,000 maxwells? 

54. A parallel magnetic circuit contains reluctances of 0.0005, 0.0015, 0.00025, 
0.0003, and 0.0005. What is the reluctance of the circuit? 

55. The electromagnet shown in Fig. 5-46 is made of motor-grade steel and carries a 
flux of 26,000 maxwells in sections AA' and CC' and 52,000 maxwells in section 
BB'. The length of paths indicated as /1 to 18 is 5 cm each. Assume that the bar 
fits tightly against the poles of the magnet. (a) What is the reluctance of 
each path? (b) How many ampere-turns are required for a coil to be wound 
around the center pole? 

56. The electromagnet shown in Fig. 5-46 is made of field-grade steel and carries a 
flux of 25,000 maxwells in sections AA' and CC' and 50,000 maxwells in section 
BB'. The length of paths indicated as ii to /8 is 7.5 cm each. Assume that the bar 
fits tightly against the poles of the magnet. The area of AA' is 1 by 1.5 cm, BB' 
is 2 by 1.5 cm, CC' is 1.5 by 1.5 cm. (a) What is the reluctance of each 
path? (b) How many ampere-turns are required for a coil to be wound around the 
center pole? 

57. The coil in Prob. 55 is to carry 0.50 amp. (a) How many turns are required 
on this winding? (b) What size wire is to be used with 600 cm per amp? (c) What 
voltage is needed to produce the required current if the average length per turn 
is 3.5 inches? 

58. The coil in Prob. 56 is to carry 0.25 amp. (a) How many turns are required 
on this winding? (b) What size wire is to be used with 400 cm per amp? (c) What 
voltage is needed to produce the required current if the average length per turn 
is 3.0 inches? 

59. Repeat Prob. 55 for a condition when the bar is ;Is cm away from the poles 
of the electromagnet. 

60. Repeat Prob. 56 for a condition when the bar is 3/4 e cm away from the poles of 
the electromagnet. 



Chapter 6 

Meters 

Electrical instruments are essential in order that the amount of voltage, 
current, resistance, power, etc., in a circuit can be measured, adjusted, or 
controlled. There are so many types of electric meters that a complete 
description of each would not be practical in this text. Therefore, only those 
types of meters that are necessary for general electrical- and electronic-
circuit measurements will be considered. 

6-1 Electrical Instruments 

Voltage and current are the two quantities most generally measured, as 
it is possible to calculate other quantities such as resistance and power by 
using these two values. The basic mechanism in practically all meters is the 
galvanometer, which may be defined as a sensitive instrument used for 
detecting and/or measuring very small amounts of electric current. Meters 
may be classified according to their principle of operation as (1) electro-
static, (2) electrothermal, and (3) electromagnetic. 

6-2 Electrostatic Meters 

Electrostatic meters are used for measuring high voltages and are based 
on the theory that charged bodies of like polarity repel one another and 
those of unlike polarity attract one another. The basic principle of such a 
meter is illustrated by Fig. 6-1. Two hollow cylinders are connected by a 
pivoted bar that also supports the pointer, and when a difference of poten-
tial is applied at AB, the two plates Pi and P2 become charged and a force 
of attraction is set up causing the bar to move. The amount of motion of 
the pointer is indicated on a scale calibrated in volts. The electrostatic 
mechanism is the only one used for electrical indications that functions 
because of the presence of a voltage. All other mechanisms are current-
sensitive, producing pointer movements due to current flowing through the 
instrument circuit. The electrostatic voltmeter is useful on a-c circuits, 
where the current taken by other mechanisms would result in distorted 
values because of the IR drop of the instrument. 

6-3 Electrothermal Meters 
Hot-wire Type. Hot-wire meters depend upon the expansion and con-

traction of a wire carrying an electric current. A typical meter of this type 
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Fig. 6-1 Basic principle of the 
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Fig. 6-2 Principle of the hot-
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& Electronics, Division of Day-

strom, Inc.) 

Fig. 6-3 Principle of the thermocouple 

meter. (Weston Instruments .4 Electronics, 
Division of Daystrom, Inc.) 

is shown in Fig. 6-2. The current to be measured is passed through a 
platinum-alloy wire AB. A phosphor-bronze wire is arranged with one end 
attached to the wire AB, one turn of the wire wound around the pulley 
supporting the needle, and the other end attached to a tension spring. The 
wire sags as it becomes hot and causes the pointer to move across the scale. 
The purpose of the spring is to maintain a steady pull so that the movement 
of the pointer is proportional to the lengthening of the wire. The expansion 
of the wire is proportional to the heat, and as the heat is proportional to 
the current, the scale can be calibrated to indicate amperes. As the voltage 
is directly proportional to the current, the scale can also be calibrated to 
indicate volts. 

Thermocouple Type. A practical application of the thermal effect of 
electron flow is obtained by using the principle of the thermocouple. A 
typical meter of this type is shown in Fig. 6-3. The current to be measured 
is forced to flow through AB and in so doing flows through the junction of 
the two dissimilar metals EC and ED. The heat produced by the current in 
AB causes a direct voltage to be produced across CD. This voltage forces 
a current through a very sensitive moving-coil instrument. The movement 
of the pointer is calibrated to indicate the amount of current flowing in AB. 
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Uses of Thermal-type Meters. Thermo instruments measure the effective 
values of current and therefore can be used with both direct and alternat-
ing currents. They are used where the wave form and/or high values 
of frequency cause errors in other types of meters. Instruments giving 
accurate readings at frequencies up to 100 mc can be obtained (Fig. 6-4). 
The amount of heat that is developed in a circuit varies as the square of 

the current. Consequently, on the meter scale, the divisions for equal 
changes of current will be farther apart at the high readings than at the 
low readings. 

6-4 Permanent-magnet Moving-coil Meters 

Most commercial meters are based on the electromagnetic principle. 
These meters may be further classified as (1) permanent magnet, (2) iron 
vane, (3) dynamometer. As the name implies, the operation of the permanent-
magnet movable-coil meter depends upon the presence of a magnetic field 
which acts upon a movable element. In this type of instrument (Fig. 6-5), 
a coil of wire C, wound on a cylindrical frame of aluminum, carries the 
current to be measured. The frame is so pivoted that it will revolve freely 
between the soft-iron core D and the pole pieces N and S of the permanent 
magnet P. A pointer, which is attached to the aluminum frame, moves 
across the scale, thus indicating the deflection made. This type of meter is 
applicable only to d-c measurements, as no cumulative resultant force is set 
up when alternating current flows in coil C. Instruments of this type may 
be calibrated to indicate current, or if they are connected in series with a 
proper resistance, voltages may be measured. Most galvanometers use the 
permanent-magnet moving-coil type of mechanism (Fig. 6-6). 

Fig. 6-4 Commercial multirange thermo-

couple meter. (Weston Instruments & Elec-

tronics, Division of Daystrom, Inc.) 

Fig. 6-5 Essential parts of the permanent-

magnet moving-coil meter. 
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(6-5) 

(a) (b) 

Fig. 6-6 Permanent-magnet moving-coil meter. (a) Mechanism of a commercial meter. 

(b) Commercial meter using mechanism shown in (a). (Weston Instruments & Electronics, 
Division of Daystrom, Inc.) 

6-5 Iron-vane Meters 

Thomson Inclined-coil Instrument. The Thomson inclined-coil instru-
ment illustrated in Fig. 6-7 consists of an energizing coil A, which is located 
about 45° from the horizontal, and a rotating rectangular piece of thin soft 
iron mounted on a shaft. Whenever the coil A is energized, the soft-iron 
vane V seeks to place itself parallel with the magnetic flux of the coil; the 
shaft is then forced to rotate, causing the pointer P to indicate the deflec-
tion on a calibrated scale. This type of instrument may be used as an 
ammeter or voltmeter for either direct or alternating currents. However, it 
is generally used for measuring alternating currents. The deflection of the 
pointer will vary as the square of the power, thus making the scale irregular. 

Radial- and Concentric-type Movable Iron Vanes. If two similar adja-
cent iron bars are similarly magnetized, a repelling force is developed 
between them which tends to move them apart. In the moving iron-vane 
mechanism, this principle is used by fixing one bar in space and pivoting 
the second so that it will tend to rotate when current flows through the 

Fig. 6-7 Essential parts of the Thomson inclined. 
coil instrument. 
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coil. A spring attached to the moving vane opposes its motion and permits 
the scale to be calibrated in terms of the current flowing. The movable iron 
vane may be of the radial type (Fig. 6-8a) or of the concentric type (Fig. 
6-8b). Comparing these two types, the radial vane is the more sensitive and 
has almost a linear scale. The concentric vane causes the pointer to move 
by the square law, but its vanes can be shaped to secure special scale 
characteristics; its shorter magnetic vanes result in smaller errors. Both 
types can be used as ammeters or voltmeters to measure either direct or 
alternating currents. However, they are generally used for measuring alter-
nating currents. 

6-6 Electrodynamometer Meters 

The electrodynamometer-type meter is composed of two stationary coils 
and a movable coil which also supports the pointer. A diagram illustrating 
the basic principle of this type of instrument is shown in Fig. 6-9. When 
current flows in all the meter windings, the movable coil C tends to place 
itself parallel to the two stationary coils S1 and S2 but is opposed by the 
action of a spiral spring. This type of meter can be used for a-c as well as 
d-c measurements. When it is used as an ammeter or voltmeter, all coils 

(a) (b) 

Fig. 6-8 Moving iron-vane mechanisms. (a) Radial type. (b) Concentric type. (Weston 

Instruments & Electronics, Division of Daystrom, Inc.) 
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Fig. 6-9 Essential parts of Fig. 6-10 Cutaway view illustrating the construction of 

the dynamometer-type instru- a commercial type of dynamometer mechanism. (Weston 

ment. Instruments & Electronics, Division of Daystrom, Inc.) 

are connected in series; when it is used as a wattmeter, the stationary coils 
form the current element and the movable coil the voltage element. 

Distortion of alternating currents does not occur because of the com-
plete absence of magnetic materials such as iron, and the indications are 
true effective values. As the mechanism is current sensitive, the pointer 
moves because of current flowing through turns of wire. It is the most ver-
satile of all the basic mechanisms, since it can be used to indicate current, 
voltage, or power for either alternating or direct current. Using a crossed-
coil movement, the power factor, phase angle, frequency, or capacitance 
measurements can be obtained. 

6-7 Rectifier-type Meters 

Rectifier-type meters are used for measuring alternating currents and 
voltages of small magnitude, such as milliamperes, millivolts, microamperes, 
and microvolts. They are used in telephone, telegraph, and signal systems; 
for monitoring in broadcast studios; and for measuring loss or gain on 
transmission lines of communications systems. 
A rectifier is a device that changes an alternating current to a direct cur-

rent. It operates on the principle that the resistance to current flow is high 
in one direction and low in the opposite direction. Metallic rectifiers used 
for instrument work are usually of the copper oxide type. A disk of copper 
is oxidized on one side by a special heat treatment. Resistance to current 
flow from oxide to copper is very low, while the resistance to current flow 
in the opposite direction is very high. If only one disk is used, an interrupted 
pulsating current will flow, as conditions permitting the flow of current will 
exist during only one-half of each cycle of the power source. In order to 
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obtain full-wave rectification, that is, to utilize both halves of the a-c cycle, 
a bridge circuit is used. Such a circuit using four disks is shown in Fig. 6-11a 
and b. The rectified current is then used to activate a permanent-magnet 
moving-coil instrument. This type of instrument can be used as a voltmeter 
by connecting a resistance in series with the line to limit the current to the 
rating of the rectifier unit and the galvanometer. The rectifier-type instru-
ment can be used to measure alternating currents of frequencies up to 
20,000 cps and has an error of less than 1 per cent per 1,000 cycles when 
calibrated at a definite frequency. 

6-8 Ammeters 

How to Connect an Ammeter in a Circuit. An ammeter is an instrument 
used for measuring electric currents. It is always connected in series with 
that part of a circuit whose current is to be measured. In Fig. 6-12, amme-
ter 1 is connected in series with the line to indicate the line current, and 
ammeters 2 and 3 are connected in series with the lamp and fixed resist-
ance, respectively, to obtain their individual currents. Being connected in 
series, an ammeter must carry the current passing through that part of the 
circuit in which it is connected. 

EXAMPLE 6-1 Assume the resistance of ammeter 1 (Fig. 6-12) to be 1 ohm, the line 
current 10 amp, and the line voltage 120 volts. (a) What is the voltage drop across the 
ammeter? (b) What is the voltage applied to the lamp? 

GIVEN: V1 = 120 volts A1 = 10 amp Rm = 1 ohm 

FIND: (a) ex (b) V2 

SOLUTION: 

(a) eu = Ailty = 10 X  1 = 10 volts 

(b) V2 = — elk! = 120 — 10 = 110 volts 

Example 6-1 indicates that, because of the resistance inherent in an 
ammeter, the voltage at the load will be lower than the voltage at the 
power source by the amount of the IR drop at the ammeter. Consequently, 

(a ) 

Fig. 6-11 Metallic-rectifier bridge circuits. (a) As used for a milliammeter. (b) As used 

for a millivoltmeter. 
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the resistance of ammeters is kept very low, generally so that the voltage 
drop at the meter does not exceed from 50 to 250 mv with rated current 
flowing. 

Precautions in the Use of Ammeters. If an ammeter is erroneously con-
nected across a power source instead of in series with the load whose cur-
rent is to be measured, the amount of current will be so high that the 
meter can be badly damaged in less than 1 sec. 

EXAMPLE 6-2 A certain 10-amp ammeter is designed with a 50-mv drop at rated cur-
rent. (a) What is the resistance of the meter? (b) What possible current flow is indi-
cated by Ohm's law if the meter is connected to a 110-volt power source? 

GIVEN: E = 110 volts I . 10 amp em . 50 MV 

FIND: (a) Rif (b) 1p 

SOLUTION: 

(a) 

(b) 

Ru — — — ' 0 005 ohm 
— 1 — lo —  

1 _ TiE _ 110 — _ 22'000 amp 
P — ly —  0.005  

The amount of current obtained for part (b) of Example 6-2 would not 
be reached because the winding of the meter would have burned out before 
this current was reached. Therefore, never connect an ammeter across 
the line. 
The current due to an unforeseen short circuit, an overload, or even the 

starting of a motor may be high enough to damage an ammeter if left con-
nected in the circuit. To prevent damage due to factors that cannot be 
foreseen, the ammeter should always be protected by connecting a short-
circuiting switch across it, as illustrated by Si, S2, and S3 in Fig. 6-12. The 
switch is kept closed except when a reading is to be taken. If, upon open-
ing the switch, the needle swings backward or completely across the meter 
scale, it should be closed instantly to prevent damaging the meter. The 

Fig. 6-12 Correct method of connecting ammeters and voltmeters. 
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necessary changes to the circuit should then be made before the switch is 
again opened. If the meter needle moves backward, it indicates a reversal 
of polarity, and the lead-in wires should be interchanged to make it move 
in the proper direction. 

6-9 Voltmeters 

How to Connect a Voltmeter in a Circuit. A voltmeter is an instrument 
used for measuring voltage. It is always connected across that part of the 
circuit whose voltage is to be measured. Figure 6-12 shows the correct way 
to connect voltmeters in a parallel circuit. Voltmeter 1 indicates the line 
voltage, voltmeter 2 indicates the voltage across the lamp, and voltmeter 3 
indicates the voltage across the fixed resistance. 
The construction of a voltmeter does not differ materially from that of 

an ammeter in so far as the movements and magnets are concerned. As the 
voltmeter is connected directly across the line, it is desirable that it take as 
little current as is practicable. The current in the moving coil of a volt-
meter is generally in the order of 50 µa to 1 ma. Because of its comparatively 
low resistance, the moving element cannot be connected directly across the 
line. It is therefore necessary to connect a high resistance in series with it. 
The value of this resistance depends upon the resistance of the coil or 
moving element, the current rating of the instrument, and the full-scale 
voltage desired. 

EXAMPLE 6-3 If the resistance of the moving coil of a voltmeter is 50 ohms and the 
current rating of the instrument is 1 ma, what amount of resistance must be added to 
produce a full-scale reading of 150 volts? 

civEN: E = 150 volts lic = 50 ohms /II = 1 ma 

FIND: Rs 

SOLUTION: 

E  R = 150 150,000 ohms 
teal  _ — -U3-01 _ — 

As the instrument has a resistance of 50 ohms, this means that 

Rs = &ow — lic = 150,000 — 50 = 149,950 ohms 

When the value of the series resistance is 100 or more times greater than 
the resistance of the moving coil, the resistance of the moving coil can 
usually be ignored; and in Example 6-3, a 150,000-ohm series resistor would 
be used. 

Methods of Obtaining Additional Voltage Ranges. Voltmeters are gen-
erally made with more than one voltage range. To accomplish this, the 
high resistance is tapped to give the voltage range desired (Fig. 6-13). 
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Moving 
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30 volts /50volis 

Fig. 6-13 Internal circuit of 
a voltmeter having a 30- and 
150-volt range. 

EXAMPLE 6-4 If the voltmeter of Example 6-3 is to have a 30-volt scale in addition 
to the 150-volt scale, where must the 150,000-ohm resistance be tapped? 

GIVEN: E = 30 volts Rs = 150,000 ohms IN = 1 Ma 

FIND: Rtap 

SOLUTION: 

R tap = = E 30  = 30,000 ohms 
0.001 

Multirange voltmeters, such as those used in electronic test equipment, 
use the above principle. The resistance must be large enough to withstand 
the highest voltage and must have a tap for each additional voltage range 
desired. 

Sensitivity of Voltmeters. The sensitivity of a voltmeter is indicated by 
its ohms per volt rating which may be found by (1) dividing the resistance 
of the meter by its full-scale voltage rating or (2) obtaining the reciprocal 
of the current required for full-scale deflection. Mathematically 

Meter sensitivity = RmEf_s (6-1) 

or 

where R = 
Ef_s 
If_s 

1 Meter sensitivity = If_s 

resistance of the voltmeter, ohms 
full-scale rating, volts 
current required for full-scale deflection, amp 

(6-2) 

EXAMPLE 6-5 What is the sensitivity of a voltmeter having a resistance of 300,000 
ohms for a 300-volt-range? 

GIVEN: Ef_. = 300 volts Rif = 300,000 ohms 

FIND: Meter sensitivity 

SOLUTION: 

Ru 300,000  Meter sensitivity = Ef_s =   = 1,000 ohms per volt 
300 
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EXAMPLE 6-6 What is the sensitivity of a voltmeter that produces full-scale deflection 
when the meter current is 50 ¡la? 

GIVEN: If_, = 50 µa 

FIND: Meter sensitivity 

SOLUTION: 

1  1  Meter sensitivity = — = 20,000 ohms per volt 
If_, 50 x 10-6 

When voltages in power circuits are being measured, accurate values can 
be obtained with a voltmeter having a low sensitivity, such as 1,000 ohms 
per volt, as the resistance of these circuits is usually less than 1,000 ohms 
and often less than 100 ohms. The resistance of many electronic circuits is 
very high, being of the order of more than 100,000 ohms. When voltages in 
these circuits are being measured, accurate values can be obtained only with 
a voltmeter having a sensitivity of 20,000 ohms per volt or higher. The sen-
sitivity required of a voltmeter depends largely upon the resistance and the 
type of circuit whose voltage is to be measured. 
When a voltmeter is used to measure the voltage across a circuit element, 

a parallel circuit is formed because the voltmeter acts as a resistor connected 
in parallel with the circuit element whose voltage is being measured. The 
effect produced and the error caused by using a low-sensitivity voltmeter 
are illustrated in the following examples. 

EXAMPLE 6-7 A voltmeter having a 150-volt range with a sensitivity of 1,000 ohms 
per volt is used to measure the voltage across the individual elements of a series cir-
cuit consisting of two 500,000-ohm resistors connected to a 120-volt power source. 
(a) What is the actual voltage across each resistor, that is, without the voltmeter con-
nected to either resistor? (b) When the voltmeter is connected across one resistor, 
what voltage will the meter indicate? (c) What is the per cent error caused by 
connecting the voltmeter across the resistor? 

GIVEN: Eli = 150 volts EL = 120 volts R1 = R2 = 500,000 ohms 
Sensitivity = 1,000 ohms per volt 

FIND: (a) el, e2 (b) e1 (c) Per cent error 

SOLUTION: 

120 x 500,000  
(a) = e2 =  

R1 + R2 500,000 ± 500,000 = 6° volts 

(b) Connecting the voltmeter across R1 produces a parallel circuit whose resistance is 

RiRm 500,000 x 150,000  
R".1 = R1 + Rif = 500,000 + 150,000 — 115'000 ohms 

= EtReg.i  =  120 X 115,000  — 22.4 volts 
Req.' + R2 115,000 + 500,000 
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(c) 
eme — eactuai 22.4 — 60  

Error = X 100 = x 100 —62.7% 
eactual 60 

EXAMPLE 6-8 What results will be obtained if a voltmeter having a 20,000-ohms-per-
volt sensitivity is substituted for the meter used in Example 6-7? 

GIVEN: Eli = 150 volts EL = 120 volts R1 = Ry = 500,000 ohms 
Sensitivity = 20,000 ohms per volt 

FIND: (a) ej, e2 (b) e (c) Per cent error 

SOLUTION: 

(a) 

(b) 

(c) 

EL,Ri 120 x 500,000  
e2 = = 60 volts 

R1 Ry 500,000+500000 

/U N 500,000 x 150 x 20,000, 429,000 ohms 

— R1 + Rm = 500,000 (150 X 20,000) 

ELReri 120 x 429,000  
= R„.i -F Ry = 429,000 500 55.4 volts ,000 

Error = emea. — eactuid 100 = 55.4 — 60 60 100 = _7.6696 

Examples 6-7 and 6-8 show that, unless the resistance of a voltmeter is 
many times greater than the resistance of the circuit element whose volt-
age is being measured, the error introduced will be so great that it will make 
the readings obtained worthless. 

Precautions in the Use of Voltmeters. Voltmeters do not form a definite 
part of a circuit as do ammeters. It is therefore not necessary to connect 
voltmeters permanently in the circuit. Because a voltmeter usually is con-
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Fig. 6-14 Meter scales. Top, uniform scale. Bottom, irregular scale. 
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Fig. 6-15 A combination a-c d-c volt-

meter, d-c ammeter, and ohmmeter illus-

trating an application of the complex 

scale. (Simpson Electric Co.) 

Meters 199 

nected only when a reading is to be taken, fewer meters are needed, as one 
meter may be used to take readings of several circuits and circuit elements. 
A voltmeter may be damaged by excessive voltage, but since it is connected 
only when a reading is to be taken, it may be disconnected instantly if any 
overvoltage condition is apparent. 

6-10 Meter Scales 

Uniform and Irregular Scales. In the selection of meters, it is well 
to choose a meter of such a range that the readings will be in the middle 
two-thirds of the scale. The readings taken from this part of the scale are 
more accurate than those at the extreme ends, and there is also less danger 
of damaging the needle. Meter-scale divisions may be uniform or irregular. 
A uniform scale is one that has the entire scale divided into equal divisions. 
If full-scale deflection is 150 volts, the middle of the scale will be 75 volts, 
one-sixth of the scale will be 25 volts, and two-thirds of the scale will 
be 100 volts. 
On an irregular scale, the divisions are not equal. On the irregular scale 

shown in Fig. 6-14 the scale divisions are very close at the low readings, 
and the space between divisions increases as the voltage readings increase. 
Examination of this scale shows that the middle two-thirds of the 150-volt 
scale extends from approximately 63 to 135 volts. 

Multiple and Complex Scales. A common practice is to have one scale 
indicate more than one value. On such a scale, each division will represent 
two or more values, each one being a multiple or submultiple of the others. 
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Scales of this type are referred to as multiple scales. Referring to Fig. 6-14, 
when the needle is over the 100 mark on the center set of numbers, it will 
indicate 100 volts if the 150-volt range is being used, 50 volts for the 
75-volt range, and 200 volts for the 300-volt range. 

Test instruments used in radio, television, and electronics usually consist 
of one meter that is capable of indicating a number of different units, such 
as direct current, direct voltage, alternating voltage, and resistance. Instru-
ments of this type have two or more multiple scales and are therefore 
known as complex-scale meters (Fig. 6-15). Care must be taken in using a 
complex-scale meter to read the correct scale, that is, the one correspond-
ing to the setting for which the meter is adjusted. 

6-11 Parallax 

To read a meter correctly, the eyes must be parallel to the scale of the 
instrument. If the eyes are not parallel with the meter scale, a false reading 
will be obtained because of the space between the scale and the needle. 
Referring to Fig. 6-16 a correct reading can be taken only when the eyes 
are parallel to the scale; readings taken at any other position will be 
incorrect. This error in reading meters is due to parallax. 
To avoid error in reading meters due to parallax, a mirror is placed 

below the scale to be read, as shown in Fig. 6-16. When the eyes are in a 
direct line with the needle and the scale, the reflection of the needle 
cannot be seen in the mirror and the reading taken at this point is correct. 

6-12 Shunts 

Calculation of the Resistance of the Shunt. The current which may 
safely be led into an ammeter mechanism is limited by the current-carrying 

Correct reading 
Incorrect reading .1 Incorrect reading No./ 

No.? 

\t Eye- fri.correct 
s•ition No. 

Eye incorrect 
Pas-Mk:in ilb.2 

qllllli 

Eye paral/e/ 
Correct posi/ion 

Fig. 6-16 Errors possible in reading meters because of parallax. 
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Fig. 6-17 Proper connections for 

use of a shunt with a millivoltmeter. 

Load 

capacity of the coil in the moving element. To increase the range of such 
instruments, shunts and current transformers are used, the former with 
direct currents, the latter with alternating currents. 
The amount of current permitted to flow in the coil of the mechanism of 

an ammeter is very small, generally less than 10 ma. This is achieved 
by connecting a low resistance in parallel with the meter. The ammeter is 
in reality a voltmeter indicating the voltage drop across a resistance 
(Fig. 6-17). The resistance, called a shunt, forms a definite part of all 
ammeters. 

X Ru  
RSH = y 

- 

where Rvy = resistance of shunt, ohms 
Rif = resistance of meter coil, ohms 
= current in meter coil, amp 

/line = current to be measured, amp 

(6-3) 

EXAMPLE 6-9 If an instrument that is to be used as an ammeter has a resistance of 
50 ohms and the meter current required to obtain full-scale deflection is 1 ma, what 
resistance shunt must be used to give full-scale deflection with 10 amp flowing? 

GIVEN: Rif = 50 ohms = 1 ma him = 10 amp 

FIND: R8I1 

SOLUTION: 

Ref X  50 x 0.001  
R sr' = = = 0.005 ohm 

/h. — /if 10 — 0.001 

Types of Shunts. When a shunt is connected permanently inside an 
ammeter, it is called an internal shunt. When it is desired to increase the 
range of an ammeter, an external shunt is used. External shunts consist of 
a low resistance, usually manganin brazed to two comparatively large 
copper blocks. Two sets of binding posts are fastened to these blocks, one 
for carrying the line current through the shunt and the other for the 
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ammeter leads. These ammeter leads are calibrated to be used with a par-
ticular instrument, and therefore no other leads should be used. 

For greater convenience, a multiple-range rotary-switch type of shunt 
can be used. It is so constructed that any one of a number of ranges may 
be selected by merely turning the switch handle until the index points to 
the desired range. Multirange ammeters use a similar rotary-type adjustable 
shunt that is permanently connected to the galvanometer. 

6-13 Multipliers 

Calculation of the Resistance of a Multiplier. The range of a voltmeter 
having its resistance incorporated within the instrument may be increased 
by the use of an external resistance connected in series with the instrument 
(Fig. 6-18). External resistances used in this way are called multipliers and 
are usually placed within a perforated box, the terminals being brought 
outside. The multiplying power of each terminal is indicated by a number. 
The equation showing the relation of the resistance of the multiplier REX, 
the resistance of the meter Rif, and the multiplying power M may be 
expressed as 

M  = REX + Rif  
(6-4) 

EXAMPLE 8-10 If a voltmeter has a resistance of 150,000 ohms and an external resist-
ance of 450,000 ohms is connected in series with it, what is the multiplying power of 
the external resistance? 

GIVEN: fig = 150,000 ohms 

FIND: M 

SOLUTION: 

REx = 450,000 ohms 

M = REx  450,000 + 150,000 600'000 = 4 
Rid 150,000 150,000 

5 
4 

150,000 ohms 

150,000 ohms 

150,000 ohms 

150,000 ohms 

Meter 
Rd 150,000 terminais 

ohms 

Fig. 6-18 Connections for using a 

multiplier with a voltmeter. This multi-

plier used with a 150-volt-range meter 

would extend the maximum range to 

300, 450, 600, or 750 volts. 
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(a) (b) 

Fig. 6-19 Low-range meters. (a) Milliammeter. (b) Galvanometer. (Weston Instruments & 
Electronics, Division of Daystrom, Inc.) 

The amount of resistance required to extend the range of a voltmeter 
can be calculated by 

Rii(EN — Eo) REx =  Eo 

where EN = new maximum range of voltmeter, volts 
E0 = original maximum range of voltmeter, volts 

(6-5) 

EXAMPLE 6-11 How much resistance must be provided by an external resistor to 
extend the range of a voltmeter from 300 to 450 volts if the resistance of the 
voltmeter for the 300-volt range is 3 megohms? 

GIVEN: E0 = 300 volts EN = 450 volts Rif = 3 megoluns 

FIND: REx 

SOLUTION: 

Raf(EN — E0) 3 >< 106(450 — 300)  
REX = Eo 300 = 1.5 megohms 

6-14 Low-ronge Meters 

It is sometimes necessary to measure a current of only a few thousandths 
or a few millionths of an ampere or a voltage of only a few thousandths or 
a few millionths of a volt. Measurements of these kinds are sometimes 
required in testing radio, television, and other electronic circuits. 

Instruments calibrated to indicate currents in millionths of an ampere 
are called microammeters. 
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cate the resistance of the external circuit in ohms. The highest reading that 
can be made with any degree of accuracy is approximately ten times 
the center reading, and the lowest reading is approximately one-tenth 
of the center reading. The ohmmeter being discussed will therefore have 
an approximate range of 450 to 45,000 ohms. 

Variable Series-resistor Method of Compensating for Variations in Cell 
Voltage. As the voltage of unit cells will diminish with their age, the resist-
ance RA is made adjustable to compensate for the variations in voltage of 
the power supply. If the voltage Eg decreases to 4.2 volts, then R1 RA 
must be equal to 4,200 ohms in order to obtain 1 ma of current. If 
the milliammeter indicates that 0.5 ma is flowing in the circuit, then 

R1 + RA Rx =  4'2  = 8 400 ohms 
0.0005 

as 

then 

R1 ± RA = 4,200 ohms 

Rx = 8,400 — 4,200 = 4,200 ohms 

As the ohmmeter has been calibrated to indicate 4,500 ohms at this point, 
the reading will be in error, as it now should read only 4,200 ohms. 
The readings at all other points on the scale will be decreased accordingly. 
Resistance values obtained with instruments using this method of adjusting 
for decreases in battery voltage will not be accurate when the battery volt-
age drops because of the aging of the cell. When the cells become too 
weak, it will no longer be possible to adjust the resistance RA to obtain a 
flow of 1 ma, and new cells must be substituted in place of the old 
ones. In the ohmmeter being considered, this will be necessary when the 
total voltage of the cells drops below 4 volts. 

Variable Parallel-resistor Method of Compensating for Variations in 
Cell Voltage. In order to overcome the disadvantages of the series-resistor 
method of compensation, an adjustable low resistance Rp is connected in 
parallel with the milliammeter as indicated by the dotted lines in Fig. 6-22. 
This resistor is used in place of the adjustable high resistance RA that was 
connected in series with the meter and the fixed resistor R1. By making 
R1 = 4,500 ohms, the meter can be adjusted to zero by varying the posi-
tion of the movable contact on Rp. 

4.5k 
SR 

0—.NAMA.,-
20e.MA—• 

R4 7;2 

To onknorem:R,. 
resistor 

Fig. 6-23 Diagram showing 

the use of resistors and switch 

to select the range of a multi-
range ohmmeter. 
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Multirange Ohmmeters If the resistance of R1 -I- RA is increased to 
9,000 ohms and the battery voltage Eg is increased to 9 volts, then 
the range of the ohmmeter will increase to approximately 900 to 90,000 
ohms. By using different values of resistance and battery voltage, an 
ohmmeter can be made to indicate any value of resistance. In Fig. 6-23, 
R1, R2, R3, and Rg are multiples of one another; therefore it is only neces-
sary to have a single scale to indicate the values of the lowest range and a 
multiplying factor for each of the other ranges. The switch SR is used 
to connect or to disconnect these resistors into the circuit. The points 1, 2, 
3, and 4 are marked to indicate the multiplying factor to be used for 
the resistor that is connected into the circuit. 

6-16 Combination Meters 

The construction of a voltmeter, ammeter, or ohmmeter does not differ 
materially as far as the movements and magnets are concerned. With the 
proper switching and circuit arrangements it is therefore possible to use a 
single d-c milliammeter as a multirange d-c voltmeter, d-c ammeter, or 
ohmmeter. A meter used in this manner is called a combination meter. The 
values of the multipliers, shunts, and ohmmeter resistors can be calculated 
by using the methods explained for shunts, multipliers, and ohmmeters. By 
the use of a metallic rectifier, the d-c milliammeter can also be used to 
measure alternating currents and voltages. In radio and other electronic test 
and service work, combination meters are very useful, since one instrument 
is made to take the place of several meters. 

Figure 6-24 shows the circuit diagram of a combination meter. This 
instrument has six direct- and alternating-voltage ranges, 2.5, 10, 50, 250, 
1,000, and 5,000 volts; five direct-current ranges, 100 µa, 10 ma, 100 ma, 
500 ma, and 10 amp; and three ranges of resistance, 2,000 ohms, 200,000 
ohms, and 20 megohms. The direct-voltage readings have a sensitivity of 
20,000 ohms per volt, and the alternating-voltage readings 1,000 ohms per 
volt. Direct-current readings are taken with a 250-mv drop across the 
instrument for full-scale deflection. This instrument may also be used to 
measure volume levels in volts and in decibels and is calibrated for a ref-
erence level of 500 ohms and 6 mw. 
When combination meters are used, care should be taken to see that all 

switches and dial settings are in their correct positions before the instrument 
is connected into the circuit. If this is not done, the instrument may 
be damaged, as it might be set for use on direct current and be used 
on alternating current or set to be used as an ammeter and connected for 
use as a voltmeter or set in some other incorrect manner. 

6-1 7 Wattmeters 

D-C Power. The unit of measurement of electric power is the watt. The 
power for any d-c circuit can be computed by multiplying the amperes in 
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Fig. 6-24 Schematic diagram of the combination meter shown in Fig. 6-15. (Simpson 

Electric Co.) 

a circuit by the voltage across the circuit. These two quantities may 
be measured by using separate instruments, namely, an ammeter and 
a voltmeter, and the value obtained from one is multiplied by the value 
obtained from the other. However, where the amount of power used varies 
continuously and its value must be known almost instantly, a wattmeter is 
used and it performs three functions at once: (1) takes into account 
the value of the current in amperes, (2) takes into account the value of the 
electromotive force in toits, and (3) indicates the product of these two 
quantities in watts directly on the scale of the meter. 
The mechanism used in most commercial wattmeters is similar to the 
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electrodynamometer type shown in Fig. 6-10. This type of instrument 
is used as a wattmeter by connecting its two fixed coils in the same manner 
as the current coil of an ammeter and its movable coil in the same manner 
as the potential coil of a voltmeter (Fig. 6-25). A high-ohmage resistor is 
connected in series with the potential coil to serve the same purpose as the 
high-resistance unit used with the ordinary voltmeter; this resistance unit is 
mounted within the meter case. This type of wattmeter is basically a single 
meter unit containing a voltage-sensitive element and a current-sensitive 
element arranged so that their combined magnetic effects produce a torque 
on the pointer of the meter causing it to travel over a scale calibrated 
in watts. 
A-C Power. In an a-c circuit, the power is equal to the product of 

the volts and amperes for only certain limited conditions (Art. 7-7). Because 
of this, the wattmeter is universally used to determine the power consumed 
by an a-c circuit. The connections for the wattmeter and the principles of 
operation are the same as explained in the preceding paragraph. 

Precautions in the Use of Wattmeters. The current side of the wattmeter 
should be protected by a short-circuiting switch for the same reason and in 
the same manner as explained under the use of ammeters. Figure 6-25 
shows a SPST switch connected so that it protects both the ammeter and 
the current side of the wattmeter simultaneously. 
When a wattmeter is used with d-c circuits, it is possible that either the 

current or the voltage element of the meter may be overloaded with-
out causing the meter to reach full-scale indication. When a wattmeter is 
used with a-c circuits, it is possible that the current element, the voltage 
element, or both may be overloaded without causing the meter to reach 
full-scale indication. In order to know whether the current and voltage 
elements of a wattmeter are being used within their rated safe ranges, it is 
recommended that an ammeter and a voltmeter be included in the circuit. 

Fig. 6-25 Ammeter, voltmeter, and wattmeter connections for measuring the current, 

voltage, and power for the load resistor R. 
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6-18 Wheatstone Bridge 

The ohmmeter is a simple and convenient means for measuring resistance, 
but the values obtained are not extremely accurate, although for most 
practical purposes the error involved can be ignored. When precise measure-
ment of resistance is required, the instrument most generally used is 
the VVheatstone bridge. Essentially, this instrument consists of four resistors 
connected to form a diamond. A source of voltage, usually a battery (of one 
or two cells), is connected in series with a switch and across two terminals of 
opposite junctions as points A and B in Fig. 6-26. A sensitive galvanometer 
is connected in series with another switch and across the two terminals of 
opposite junctions shown as points C and D in Fig. 6-26. The unknown 
resistor Rx is used as one of the four resistors forming the diamond; the 
other three resistors are of the adjustable type whose value is indicated as 
it is varied. The settings of the three adjustable resistors are varied until, 
with switches S1 and S2 closed, no current flow is indicated on the galva-
nometer. Under this condition the bridge is balanced. The value of the 
unknown resistance is then determined from the values to which the 
adjustable resistors were set in order to produce a balance. 
The principle of the Wheatstone bridge can be explained in the follow-

ing manner: When the switch S1 is closed, the current from the battery will 
divide into two paths, namely, /1 through the path ACB and /2 through 
path ADB. The voltage drops across the individual resistors are 

Eitc = liRi 

EeB = IiR2 

EA') = liRs 

EDB = I2RX 

1 
\ / 

(6-7) 
(6-8) 

(6-9) 

(6-10) 

Fig. 6-26 Wheatstone-bridge method 

-5./ for measuring resistance. 
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When the bridge is balanced, the junction points C and D are at the same 
potential. This is evident from the fact that the galvanometer reading 
is zero, since current will flow between two points only when there is a dif-
ference of potential between the two points. Under this condition, 

/i/ii = /2R8 (6-11) 

and /1/12 = /2R1 (6-12) 

Dividing Eq. (6-11) by Eq. (6-12), 

IiR2 — I2Rx 

R1 Rs 
or —R2 = —Rx (6-14) 

Solving for Rx as the unknown resistance, 

(6-13) 

R 
Rx = Rs X 2 (6-15) 

Ri 

This is the fundamental equation for the Wheatstone bridge. The ratio 
R2/Ri is generally made to equal 1 or a multiple or a fraction of 10. For 
example, R2/Ri may be made equal to 1, Mo, Moo, 10, 100, etc. The value 
of the unknown resistance is then found by multiplying the value of Rs 
required to produce a balance by the ratio R2/R1. 

EXAMPLE 6-12 A balance is obtained in a Wheatstone-bridge circuit similar to Fig. 
6-26 when R1 = 10 ohms, R2 = 1,000 ohms, and Rs = 75 ohms. What is the value 
of the unknown resistance Rx? 

GIVEN: R1 = 10 ohms R2 = 1,000 ohms Rs = 75 ohms 

FIND: Rx 

SOLUTION: 

R2 1,000 
Rx = Rs x —Ri = 75 x = 7,500 ohms 10 

6-19 A-C Bridge 

The unknown value of the inductance of an inductor or the capacitance 
of a capacitor can also be measured by means of the bridge circuit. The 
basic circuits for measuring inductance or capacitance are shown in Fig. 
6-27. The voltage source is a steady a-c voltage, usually 1,000 cycles. The 
indicating instrument may be a set of earphones or a sensitive a-c milliam-
meter. Resistors R 1 and R2 are also used in this circuit as ratio arms as in 
the Wheatstone bridge. A known standard value of inductance Ls or of 
capacitance Cs is used in place of the standard resistor Rs of Fig. 6-26. 
The unknown inductor or capacitor is connected in a manner similar to Rx 
of Fig. 6-26. A balance is obtained by adjusting the ratio resistors Ri and 
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(a) 

(6-19) 

(6) 

Fig. 6-27 Basic a-c bridge circuits. (a) For capacitance measurements. (b) For inductance 
measurements. 

R2 until the sound in the earphones or the indication on the a-c milliam-
meter is at its minimum. The unknown value of inductance or capacitance 
can then be found by using the following equations: 

R2 
Lx = Ls A — 

R1 

R2 
Cx = CS X — (6-17) 

RI 

If a standard value of resistance Rs and an unknown value of resistance 
Rx are substituted for Ls and Lx in the circuit shown in Fig. 6-27, the cir-
cuit can also be used for measuring the unknown resistance value of 
a resistor. 

(6-16) 

QUESTIONS 

L Why are electrical instruments essential to the study of electricity and electronics? 
2. (a) Define galvanometer. (b) What are its uses? 
3. How may electrical instruments be classified in terms of their principle of 

operation? 
4. (a) Explain the principle of operation of an electrostatic meter. (b) What type of 

instruments operates on this principle? 
5. (a) Explain the principle of operation of an electrothermal meter. (b) Name the 

different types of current it can measure, and explain why this is possible. 
6. Explain the principle of operation of the permanent-magnet moving-coil meter. 
7. Explain the principle of operation of an iron-vane meter. 
8. Explain the operation of (a) a radial moving iron-vane meter, (b) a concentric 

moving iron-vane meter. 
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9. Explain the principle of operation of an electrodynamometer meter. 
10. What type of electromagnetic meter is (a) most versatile? (b) Limited to d-c 

operation? (c) Most widely used? 
II. (a) What is the principle of operation of the copper oxide rectifier? (b) How is this 

principle used in electrical measuring instruments? 
12. (a) How is an ammeter connected in a circuit? (b) How is it protected when read-

ings are not being taken? 
13. Is the resistance of an ammeter high or low? Explain. 
14. (a) How is a voltmeter connected in a circuit? (b) How is it protected when read-

ings are not being taken? 
15. What is the essential difference between the construction of a voltmeter and that 

of an ammeter? 
16. Is the resistance of a voltmeter high or low? Explain. 
17. (a) What is meant by the sensitivity of a voltmeter? (b) How is the sensitivity 

rating of a voltmeter usually indicated? 
18. Why is it desirable to use a voltmeter having a high sensitivity rating when volt-

ages are being measured in electronic circuits? 
19. What is meant by a multirange voltmeter? 
20. What is meant by (a) a uniform scale? (b) An irregular scale? 
21. On what part of the meter scale is it desirable to take readings? Explain. 
22. Define (a) multiple scale, (b) complex scale. 
23. What errors can easily be made when reading multiple or complex scales? 
24. (a) What is meant by parallax? (b) How are errors due to parallax counteracted? 
25. Can an ammeter be used as a millivoltmeter? Explain. 
26. (a) What is the purpose of a shunt? (b) What is the difference between an inter-

nal and an external shunt? 
27. (a) What is meant by a multiplier? (b) How does it serve its purpose? 
28. What instruments are used to measure (a) low values of current? (b) Low values 

of voltage? 
29. (a) Describe the ammeter-voltmeter method of measuring resistance. What varia-

tion in connections is recommended for measuring (b) high values of resistance? 
(c) Low values of resistance? 

30. How can high resistances be measured with a voltmeter and a power source? 
31. (a) What is an ohmmeter? (b) Explain its basic principle of operation. 
32. How does a decrease in the battery voltage affect the readings of an ohmmeter? 
33. Describe the variable series-resistor method of compensating for the effects 

caused by variations in battery voltage. 
34. Describe the variable parallel-resistor method of compensating for the effects 

caused by variations in battery voltage. 
35. What is meant by a combination meter? 
36. Why are combination meters useful in test and service work on radio, television, 

and other electronic equipment? 
37. What precautions are necessary in using combination meters? 
38. What three functions are simultaneously performed by a wattmeter? 
39. (a) What type of mechanism is generally used in commercial wattmeters? 

(b) Describe the connections for this mechanism when it is to be used as a 
wattmeter. 

40. What precautions should be taken in the connection of a wattmeter to measure 
power for (a) d-c circuits? (b) A-c circuits? 
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41. For what purpose is the Wheatstone bridge used? 
42. Explain the principle of operation of the Wheatstone bridge. 
43. Name three types of circuit elements whose value may be determined by means 

of a bridge circuit. 
44. Describe the basic differences in the circuit arrangement for a Wheatstone bridge 

and an a-c bridge. 

PROBLEMS 

1. In the circuit shown in Fig. 6-12, ammeter 2 indicates 2 amp; ammeter 3, 12 amp; 
and voltmeter 1, 120 volts. If the resistance of ammeter 1 is assumed to be 0.5 
ohm, determine (a) the voltage drop across ammeter 1, (b) the voltage applied to 
the lamp. 

2. A certain 5-amp ammeter is designed with a 100-mv drop at rated current. 
(a) What is the resistance of the meter? (b) What possible current flow is indi-
cated by Ohm's law if the meter was accidentally connected to a 120-volt power 
source? 

3. The resistance of the moving coil of a certain voltmeter is 200 ohms, and the cur-
rent rating of the instrument is 1 ma. Determine the amount of resistance that 
must be added to produce a full-scale reading of 100 volts. 

4. If the voltmeter of Prob. 3 is to have a 25-volt scale in addition to the 100-volt 
scale, where must the external resistance be tapped? 

5. A 150/15-scale voltmeter has a total resistance of 150,000 ohms. (a) What is the 
resistance between its 15-volt terminals? (b) What resistance multiplier is neces-
sary to give this instrument a range of 600 volts? 

6. If the resistance of an instrument is 1,200 ohms and its current rating is 0.1 ma, 
what amount of resistance must be added to give a full-scale reading of (a) 50 
volts? (b) 150 volts? (c) 250 volts? 

7. A voltmeter having a sensitivity of 10,000 ohms per volt has ranges of (a) 10, 
(b) 50, (c) 100, (d) 250, and (e) 1,000 volts. What is the resistance of the voltmeter 
for each of these ranges? 

8. A voltmeter having a sensitivity of 5,000 ohms per volt has ranges of (a) 1, (b) 2.5, 
(c) 25, (d) 50, (e) 100, and (f) 250 volts. What is the resistance of the voltmeter 
for each of these ranges? 

9. What is the sensitivity of a voltmeter having a resistance of 750,000 ohms for a 
150-volt range? 

10. Determine the sensitivity of a voltmeter having a resistance of 100,000 ohms for 
a 10-volt range. 

11. What is the sensitivity of a voltmeter that produces full-scale deflection when the 
meter current is 200 µa? 

12. Determine the sensitivity of a voltmeter that produces full-scale deflection when 
the meter current is 50 tia. 

13. A voltmeter having a sensitivity of 1,000 ohms per volt is used to measure a volt-
age drop of approximately 40 volts that exists across a 50,000-ohm resistor. What 
is the per cent decrease in the resistance of this circuit when the voltmeter 
is connected across the resistor and the full-scale range of the meter is (a) 50 volts? 
(b) 100 volts? 

14. What is the per cent decrease of the resistance of a circuit when a voltmeter hav-
ing a sensitivity of 20,000 ohms per volt is used to measure the voltage drop 
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across a 200,000-ohm resistor (a) using its 100-volt range? (b) Using its 250-volt 
range? 

15. Two 50,000-ohm resistors are connected in series across a 100-volt source of 
power. A voltmeter having a sensitivity of 1,000 ohms per volt is used to measure 
the voltage drop across each resistor. (a) What voltage will the voltmeter indicate 
when using its 100-volt range? (b) What is the per cent error? 

16. Two 200,000-ohm resistors are connected in series across a 120-volt source of 
power. A voltmeter having a sensitivity of 1,000 ohms per volt is used to measure 
the voltage drop across each resistor. (a) What voltage will the voltmeter indicate 
when using its 100-volt range? (b) What is the per cent error? 

17. A voltmeter having a sensitivity of 20,000 ohms per volt is substituted for the 
meter used in Prob. 15. (a) What voltage will the voltmeter indicate when using 
its 100-volt range? (b) What is the per cent error? 

18. A voltmeter having a sensitivity of 10,000 ohms per volt is substituted for the 
meter used in Prob. 16. (a) What voltage will the voltmeter indicate when using 
its 100-volt range? (b) What is the per cent error? 

19. A galvanometer has a resistance of 125 ohms. What resistance shunt must be used 
with this galvanometer if it is desired that (a) one-tenth of the line current should 
pass through the galvanometer? (b) One-twenty-fifth of the line current should 
pass through the galvanometer? 

20. An instrument has a rating of 50 mv, and its moving coil has a resistance of 20 
ohms. If it is to measure a current of 1 amp, how much current flows through 
(a) the meter? (b) The shunt? 

21. An instrument has a resistance of 25 ohms, and full-scale deflection is obtained 
when 25 ma flows through the instrument. Determine the value of shunt resist-
ance required to produce full-scale deflection when the line current is (a) 250 ma, 
(b) 500 ma, (c) 1 amp, (d) 10 amp. 

22. It is desired to extend the range of a microammeter having a full-scale deflection 
of 50 ita and whose resistance is 1,200 ohms. Determine the value of shunt resist-
ance required to obtain full-scale deflection when the line current is (a) 100 ga, 
(b) 500 iza, (c) 1 ma, (d) 100 ma, (e) 1 amp. 

23. External resistances are connected in series with a voltmeter having a sensitivity 
of 20,000 ohms per volt and a full-scale reading of 2.5 volts. Determine the mul-
tiplying power of the external resistance when its value is (a) 450,000 ohms, 
(b) 950,000 ohms, (c) 1,950,000 ohms. 

24. A voltmeter having a full-scale reading of 10 volts has a sensitivity of 5,000 ohms 
per volt. What value resistance must be connected in series with the meter 
to extend its range to (a) 50 volts? (b) 100 volts? (c) 250 volts? 

25. The voltmeter-ammeter method is used to determine the resistance of a 2-ohm 
resistor. The voltmeter has a sensitivity of 1,000 ohms per volt and a full-scale 
deflection of 10 volts. The ammeter has a 50-mv drop for its full-scale deflection 
of 5 amp. The voltage of the power supply is 6 volts. Two sets of readings 
are taken under the following conditions: (1) The voltmeter is connected so that 
the ammeter reads the current taken by the voltmeter and the resistor as in Fig. 
6-20a; (2) the voltmeter is connected so that it reads the voltage drop across the 
resistor and the ammeter as in Fig. 6-20b. Find the voltmeter and ammeter read-
ings, the resistance calculated from these readings, and the approximate per cent 
of error for the condition when the meters are connected (a) as in (1), (b) as in (2). 



216 Essentials of Electricity—Electronics 

26. Repeat Prob. 25 for the following conditions: A 100-volt power source, a 1,000-
ohm-per-volt voltmeter with a 150-volt full-scale deflection, and a 50-ma ammeter 
having a 50-mv drop used to determine the resistance of a 10,000-ohm resistor. 

27. Repeat Prob. 25 for the following conditions: A 1.5-volt power source, a 50-ma 
ammeter whose resistance is 2 ohms, and a 1,000-ohm-per-volt voltmeter with a 
3-volt full-scale deflection used to determine the resistance of a 3-ohm resistor. 

28. Repeat Prob. 25 for the following conditions: A 60-volt power source, a 1-ma 
ammeter whose resistance is 60 ohms, and a 1,000-ohm-per-volt voltmeter with a 
150-volt full-scale deflection used to determine the resistance of a 150,000-ohm 
resistor. 

29. A voltmeter having a sensitivity of 10,000 ohms per volt and a full-scale reading 
of 150 volts is connected as shown in Fig. 6-21. Determine the ohmic value of 
Rx if the voltmeter indicates 120 volts with the key closed and 100 volts with the 
key open. 

30. A voltmeter having a sensitivity of 20,000 ohms per volt and a full-scale reading 
of 100 volts is connected as shown in Fig. 6-21. Determine the ohmic value of Rx 
if the voltmeter indicates 75 volts with the key closed and 60 volts with the 
key open. 

31. A voltmeter having a sensitivity of 10,000 ohms per volt and a full-scale reading 
of 150 volts is connected as shown in Fig. 6-21 to measure the resistance values 
of three unknown resistors. The voltage of the power source is 100 volts, and the 

meter reads (a) 10 volts, (b) 50 volts, (c) 60 volts, respectively, when each of the 
resistors is connected in the circuit. What is the value of each resistance? 

32. If the voltmeter of Prob. 31 had a sensitivity of 1,000 ohms per volt (a) could it 
be used to measure these resistances? (b) If so, what voltages would be indicated 
for each of the resistors measured? 

33. In the circuit shown in Fig. 6-22, what should the resistance of R1 + RA be 
in order that the milliammeter indicate 9,000 ohms in the center of the scale 
when the applied voltage is 9 volts? 

34. In the circuit shown in Fig. 6-22, Ell = 15 volts, R1 + RA = 15,000 ohms, 
/ = 0.25 ma. What is the ohmic value of Rx? 

35. A voltmeter has a full-scale reading of 15 volts and a sensitivity of 1,000 ohms per 
volt. This meter is connected in series with a 30-volt battery and unknown resist-
ances. What are the values of these unknown resistances if the meter indicates 
(a) 5 volts? (b) 10 volts? (c) 15 volts? 

36. A voltmeter has a full-scale reading of 15 volts and a sensitivity of 20,000 ohms 
per volt. This meter is connected in series with a 15-volt battery and unknown 
resistances. What are the values of these unknown resistances if the meter indi-
cates (a) 3 volts? (b) 5 volts? (c) 10 volts? 

37. A d-c milliammeter having a resistance of 30 ohms and a full-scale deflection of 
1 ma is to be connected to various shunts and multiplier resistors so that it will 
indicate the following direct voltages and direct currents when a rotating switch 
connects the proper unit into the circuit: 10, 50, 100, 250, and 500 volts; 1, 10, 
50, 100, and 1,000 ma. (a) Draw a circuit diagram of the meter, shunts, multipliers, 
and rotary switch. (b) Indicate the resistance value required for each shunt and 
multiplier. 

38. A d-c microammeter having a resistance of 2,000 ohms and a full-scale deflection 
of 50 »a is to be connected to various shunts and multiplier resistors so that it will 
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indicate the following direct voltages and direct currents when a rotating switch 
connects the proper unit into the circuit: 2.5, 25, 100, 250, and 500 volts; 50 pa, 
1, 10, 100, and 1,000 ma. (a) Draw a circuit diagram of the meter, shunts, multi-
pliers, and rotary switch. (b) Indicate the resistance value required for each shunt 
and multiplier. 

39. A balance is obtained in a Wheatstone bridge whose circuit is similar to Fig. 6-26 
when R1 = 100 ohms, R2 = 1 ohm, and R8 = 30 ohms. What is the value of the 
unknown resistor RA? 

40. A balance is obtained in a Wheatstone bridge whose circuit is similar to Fig. 6-26 
when R1 = 10,000 ohms, R2 = 10 ohms, and R8 = 78.5 ohms. What is the value 
of the unknown resistor R.?? 

41. A bridge circuit similar to Fig. 6-27a is used to measure the unknown value of a 
capacitor. When a balance is obtained, it is found that R1 = 250 ohms, R2 = 100 
ohms, and Cs = 10 µf. What is the value of the unknown capacitor? 

42. A bridge circuit similar to Fig. 6-27a is used to measure the unknown value of a 
capacitor. When a balance is obtained, it is found that R1 = 3,750 ohms, 
R2 = 100 ohms, and C8 = 10 µf. What is the value of the unknown capacitor? 

43. A bridge circuit similar to Fig. 6-27b is used to measure the unknown value of an 
inductor. When a balance is obtained, it is found that R1 = 80 ohms, R2 = 1,200 
ohms, and 1.8 = 100 rah. What is the value of the unknown inductor? 

44. A bridge circuit similar to Fig. 6-27b is used to measure the unknown value of an 
inductor. When a balance is obtained, it is found that R1 = 4 ohms, R2 = 1,680 
ohms, and L8 = 100 mh. What is the value of the unknown inductor? 



Chapter 7 
Electrical Power Systems 

The two chief sources of electrical energy for operating electronic equip-
ment are (1) commercial power-supply systems and (2) batteries. The theory 
and operation of various types of batteries were presented in Chap. 3. The 
purpose of this chapter is to present the basic principles of operation of the 
major types of electric power systems that use rotating electromagnetic 
machines as generators of electricity. 

7-1 Types of Power Supply and Equipment 

Of the six kinds of electric currents described in Art. 2-10, only the con-
tinuous, direct, and alternating are used as sources of power supply. 

Continuous Current. The continuous current, which is obtained from 
battery cells, is used largely for operating portable equipment. The method 
of producing this type of current has been discussed in Chap. 3, and the 
circuit characteristics studied in Chap. 4 will apply to this type of current. 

Direct Current. The direct current, usually referred to as d-c, is that type 
obtained from a rotating machine called the d-c generator. The theory of 
operation of this machine is based upon the principle of electromagnetic 
induction and is described in the following articles. Direct-current power 
systems are found mainly in rural and isolated sections or in some instances 
where an individual building may have its own power plant. Such power 
systems are generally 110 volts. Another common d-c system is the farm-
lighting system used where no other source of electrical power is available. 
To have power available 24 hr per day without running a gasoline-engine-
driven generator continuously, it becomes necessary to use storage batteries. 
The power is supplied by the batteries, and the generator is operated peri-
odically to keep the batteries charged. To keep the number of cells at 
a reasonable amount, it has been common practice to make these systems 
32 volts. Most electronic equipment that uses batteries as the prime power 
source is designed for 28-volt operation. The external-circuit characteristics 
of the d-e generator systems are similar to those of battery systems and 
have been studied in Chap. 4. 

Alternating Current. The alternating current, usually referred to as a-c, 
is that type obtained from a rotating machine called an alternator or a-c 
generator. The theory of this machine is also based on the principle of elec-
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(7-2) Electrical Power Systems 219 

tromagnetic induction and is described in the following articles. Over 90 
per cent of the electrical power is generated as alternating current, and 
hence most power systems are of this type. The circuit characteristics of 
a-c systems differ in some respects from the d-c systems, and these new 
characteristics will be explained in the following chapters. 

Voltage of A-C Systems; the Transformer. The generated voltage of the 
alternator in the large modern power plant is much higher than the voltage 
supplied to the homes; it is not unusual for this to be as high as 16,600 volts. 
This higher voltage increases the efficiency of operation for the power com-
panies but makes it necessary to reduce the voltage before connecting it to 
the home. The extensive use of a-c systems is due largely to the ability to 
raise or lower the voltage easily by means of a transformer. The operation 
of this device is also based on the principle of electromagnetic induction 
and is explained in this chapter. 

7-2 Electromagnetic Induction 

Faraday's Discovery. The operation of electrical power apparatus such 
as the d-c generator, the alternator, and the transformer is based on the 
principle of electromagnetic induction. The discovery of this principle is 
credited to Michael Faraday, who, in 1831, found that, if a conductor 
which was part of a closed circuit was moved through a magnetic field, a 
current would flow in the conductor. 

Faraday's discovery may be demonstrated by moving a conductor through 
the field of a strong electromagnet as shown in Fig. 7-1. If the conductor 

Fig. 7-1 Demonstration of Faraday's discovery. 
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E Alf 

(7-2) 

Fig. 7-2 Fleming's right-hand rule for de- Fig. 7-3 Electromotive force induced by 

termining the direction of the induced emf. magnetic lines cutting a conductor. 

C is moved upward through the magnetic field, it will cause a voltage to 
be induced in the conductor, and the galvanometer G will indicate the 
presence of this induced voltage. This induced voltage is called the induced 
emf. If the conductor is held stationary in the magnetic field, the galva-
nometer will show zero, indicating that no voltage is being induced. Mov-
ing the conductor downward through the magnetic field will cause the 
galvanometer to indicate a voltage but in the opposite direction to that 
when the conductor was moved upward. If the conductor is moved in the 
field in a sidewise direction, that is, parallel to the field from N to S, the 
galvanometer will show zero, indicating that no voltage is being induced. 
Reversing the polarity of the magnet, that is, interchanging the location of 
the N and S poles, would also cause a reversal of the galvanometer indication. 

Fleming's Right-hand Rule. The relation among the direction of motion 
of the conductor, the direction of the magnetic field, and the direction of 
the induced emf is expressed by Fleming's right-hand rule. This relation is 
shown in Fig. 7-2 and may be stated as follows: 

1. Hold the thumb, forefinger, and middle finger of the right hand 
at right angles to one another. 

2. Point the thumb in the direction of motion of the conductor. 
3. Point the forefinger in the direction of the magnetic field. 
4. The middle finger will then point in the direction of the induced volt-

age, namely, toward the positive terminal. 
Methods of Producing an Induced EMF. It has been shown that a volt-

age is induced when a conductor is moved through a magnetic field. An 
induced emf can also be set up in a stationary conductor by having a mag-
netic field move so that its lines cut the conductor. If the magnet A (Fig. 
7-3) is moved into the center of the coil C, the field of the magnet will cut 
the conductors of the coil, and if the coil circuit is closed through a galva-
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nometer G, a current flow will be indicated by the galvanometer. When 
the left hand is used in place of the right, Fleming's rule may be applied to 
finding the direction of the induced emf when the moving magnetic field 
cuts the conductor. 

The principle of electromagnetic induction may now be restated as fol-
lows: Whenever there is motion between a conductor and a magnetic field, 
an emf will be induced in the conductor; the motion may be produced by 
moving the conductor through a stationary magnetic field or by having the 
magnetic field cut a stationary conductor. 

7-3 The Simple Generator 

The Fundamental Generator. The principle of electromagnetic induction 
as it applies to generators is illustrated in Fig. 7-4. This fundamental gen-
erator has two poles, N and S, which set up the magnetic field. The coil C 
is mounted on a shaft S so that it can be rotated in the magnetic field; this 
part is called the armature. When the armature is rotated, its conductors, 
which are really the coil sides aa' and bb', cut through the lines of the 
magnetic field and a voltage is induced in the conductors. 
Induced EMF. The amount of the induced emf in any conductor is pro-

portional to the rate of cutting lines. A fundamental electrical law states 
that, whenever a conductor cuts lines (or is cut by lines) at the rate of 100 
million lines per second, an emf of 1 volt is induced in that conductor. 
Since this is a rate of cutting lines, the speed of rotation as well as the 
number of lines cut will affect the induced emf. 

In Fig. 7-4, the armature coil C consists of only one turn of wire, but it 
has two conductors which are connected in series. In many generators, the 

Fig. 7-4 A simple gener-

ator. 
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coils have more than one turn and hence have a greater number of con-
ductors. This results in a higher induced emf, because when these conduc-
tors are connected in series, their voltages will add. Each conductor will 
cut the flux twice in one revolution. These facts may be expressed mathe-
matically as 

E 
20CS  

=  60 X 108 

where E = induced emf of the generator 
4) = total flux going from the N to S pole 
C = number of conductors connected in series 
S = speed, rpm 

(7-1) 

EXAMPLE 7-1 A generator operating at 1,800 rpm has 500 conductors on its armature. 
If the flux from the N pole to the S pole is 500,000 lines, what will the induced emf 
of the generator be? 

GIVEN: 4) = 500,000 lines C = 500 conductors S = 1,800 rpm 

FIND: E 

SOLUTION: 

E = 24  =CS 2 x 500,000 x 500 x 1'800 = 150 volts 
60 X 108 60 X 108 

EXAMPLE 7-2 If the armature of the generator of Example 7-1 had only one single-
turn coil, what would the induced emf of the generator be? 

GIVEN: 0 = 500,000 lines C = 2 conductors S = 1,800 rpm 

FIND: E 

SOLUTION: 

E = 2.4,CS  = 2 x 500,000 x 2 x 1'800 = 0.6 volt 
60 X 108 60 X 108 

The above examples illustrate that the practical generator requires a 
large number of series-connected conductors in order to obtain a standard 
commercial voltage. 

Collector Rings and Brushes. If the coil C of Fig. 7-4 is to be rotated 
and its induced emf applied to an external circuit, it will be necessary to 
connect the conductors aa' and bb' to the collector rings Ra and Rb, respec-
tively, and these rings must be insulated from the shaft. The external cir-
cuit is connected to the brushes B1 and B2 which make sliding contact with 
the collector rings. 

7-4 The A-C Generator 

The simple generator of Fig. 7-4 is really an a-c generator as will be 
shown in the following discussion. The coil is assumed to be rotating at a 
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uniform speed in a counterclockwise direction, and the magnetic field is 
considered to be uniform; that is, each square inch of pole surface emits 
the same number of magnetic lines. Figure 7-5a shows one conductor in 
12 positions 30° apart, and Fig. 7-5b shows the voltage corresponding to 
each of these positions. At position 1, the voltage is zero, owing to the fact 
that, when the conductor moves a very small amount, as from zero to 1°, 
or 1/2 eo of a revolution, its motion is practically parallel with the magnetic 
lines. Under this condition, it cuts none of the lines and the induced emf 
is zero. At position 4, the conductor has moved 90°, and the voltage as 
indicated on the curve is 100 volts. In this zone, any small amount of motion, 
as from 89 to 91°, will be in practically a vertical direction, and the motion 
of the conductor will be perpendicular to the magnetic lines. The conduc-
tor will now cut the lines at the greatest rate possible, and the voltage will 
be at its maximum value, assumed for convenience as 100 volts. Applying 
Fleming's right-hand rule shows that the direction of the induced emf 
is outward as indicated on Fig. 7-5a by O. For any position between 1 and 
4, the direction of the conductor's motion will be neither parallel nor per-
pendicular to the magnetic lines but will be at an angle to the lines. There-
fore the induced emf will have values greater than zero but less than 100 
volts. Figure 7-5b shows that at 30° the induced emf is 50 volts and at 60° 
it is 86.6 volts. When the conductor has passed position 4, the induced emf 
decreases until it reaches position 7, when it is again zero. After passing 
position 7, the conductor cuts lines again, but its motion is now upward. 
Applying Fleming's rule shows that the direction of the induced emf has 
been reversed. The values of the emf for positions between 7 and 13 (same 
as 1) are all negative as indicated on Fig. 7-5b. Any continued motion will 
merely result in additional similar voltage cycles. As the flow of electric cur-
rent is dependent upon the voltage impressed, its flow will vary in a man-
ner similar to the voltage. 

7 
(a) 

Fig. 7-5 Induced emf of a 

I 2 3 4 5 6 7 8 9 10 11 12 1 

(b) 

conductor in the simple a-c generator. 

14 15 
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From the foregoing, it is now possible to set up a definition for an alter-
nating current. An alternating current is one that is continually changing 
in magnitude and alternates in direction or polarity at regular intervals. 

7-5 A-C Characteristics 

Electrical Degrees. The a-c voltage of Fig. 7-5b is shown starting at zero 
volts, increasing in a positive direction to its maximum value at 90°, then 
decreasing to zero at 180° when it reverses in polarity, or alternates; next 
it increases to its maximum negative value at 270° and again decreases to 
zero at 360°. From this point on indefinitely, the voltage repeats this pro-
cedure. The degrees mentioned here are called electrical degrees. In this 
case, they also correspond to the mechanical degrees of coil motion, a con-
dition that occurs only with two-pole alternators. One revolution of a four-
pole alternator will produce 720 electrical degrees, or two complete cycles. 

Alternation, Cycle, Frequency. The term alternation is used to define 
a period of 180 electrical degrees. The span of one complete set of values, 
that is, all the positive and all the negative values, is called a cycle. The 
cycle corresponds to 360 electrical degrees and also corresponds to two 
alternations. The number of times these complete sets of values occur in a 
second is called the frequency and is expressed in cycles per second. 
The frequency of an alternator depends on its speed of rotation and the 

number of poles. Expressed mathematically, this is 

f .FxS  
120 

where f = frequency, cps 
P = number of poles of the alternator 
S = speed of the alternator, rpm 

(7-2) 

EXAMPLE 7-3 What is the frequency of a four-pole alternator which is being driven 
at 1,800 rpm? 

GIVEN: P = 4 poles S = 1,800 rpm 

FIND: f 

soLuTiox: 
P x S 4 x  

1 121,0.'e°  f = - F -o = 

Period. The time required for a voltage (or current) to complete one 
cycle is called the period and is expressed mathematically as 

(7-3) 

where t = time required to complete one cycle, sec 
f = number of cycles per second. 
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For a 60-cycle circuit t equals 1/2o sec, while for a 25-cycle circuit t would 
be 1/25 sec. 

Frequencies Used in Power-supply Systems. The frequency of power 
systems is low, the most common being 60 cycles, although 25, 30, 40, and 
50 are also used. The 60-cycle is the most popular because it gives good 
results when used for operating both lights and machinery. Alternators 
can be built to produce frequencies of 500 cycles and in a few special 
cases have been built for a frequency of 20,000 cycles. 

Frequencies Used in Communications Systems. In radio, television, 
telemetry, etc., higher frequencies such as hundreds of thousands of cycles, 
millions of cycles, and up into the hundreds of millions of cycles per 
second are used. These high frequencies are obtained by means of generating 
systems (oscillators) that use vacuum tubes or transistors. 

7-6 A-C Voltage and Current Characteristics 

Instantaneous Values. When an emf is produced by rotating a coil 
at constant speed in a uniform magnetic field, the value of the voltage at 
any instant of time may be found by the equation 

ee = x sin 0 (74) 

where ee = instantaneous value of emf when coil has gone through O elec-
trical degrees 

Eni. = maximum value of emf 
sin O = value obtained from table in Appendix XI. 

EXAMPLE 7-4 An alternator produces a sine-wave voltage whose maximum value is 
500 volts. What is the instantaneous value at (a) 7°, (b) 73°, (c) 162.5°, (d) 195°, 
(e) 322.5°? 

GIVEN: E.. = 500 volts O = (a) 7° (b) 73° (c) 162.5° (d) 195° 
(e) 322.5° 

FIND: e 

SOLUTION: 

e, = E.E. X sin O 
(a) er = 500 sin 7° = 500 x 0.122 = 61 volts 
(b) e73. = 500 sin 73° = 500 x 0.956 = 478 volts 
(c) e162.5- = 500 sin 162.5° = 500 x 0.301 = 150.5 volts 
(d) e195. = 500 sin 195° = 500 x —0.259 = —129.5 volts 
(e) F322.5- = 500 sin 322.5° = 500 x —0.609 = —304.5 volts 

Note: For values of sine, see Appendixes X and XI. 

The sine-wave voltage of Fig. 7-5b has a maximum value of 100 volts 
and instantaneous values of 50 volts at 30°, 86.6 volts at 60°, etc. These 
values may be verified by use of Eq. (7-4). 
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The Sine Wave. If a large number of instantaneous values obtained by 
use of Eq. (7-4) are plotted and a curve is drawn, the curve is called 
a sine wave. A voltage corresponding to this shape is called a sine-wave 
voltage. 
A simple method of drawing a sine-wave voltage is by means of the 

wheel diagram illustrated in Fig. 7-6. This may be done by first drawing a 
circle whose radius is made equal to the value of Erna.. Next, set off a 
number of equally spaced spokes. The number used must correspond to 
the number of points desired to draw the sine wave, and the greater the 
number of points, the more accurate the sine-wave drawing. Figure 7-6h 
is drawn with as many equally spaced vertical lines as there are spokes. 
When horizontal lines are projected from the ends of the spokes in Fig. 7-6a 
to the corresponding vertical lines on Fig. 7-6b, points of the sine-wave curve 
are obtained and may then be connected by a smooth line. 

Most alternators produce a voltage that is a sine-wave voltage or so 
close to the sine wave that the entire study of alternating current from this 
point on will be based on sine-wave voltages and currents. 

The Maximum Value. The highest value reached in a cycle is called the 
maximum value (see Fig. 7-7). This value is important in some parts of the 
study of alternating voltages and current, but it is not used as the rated 
value. It is designated as Em ax and I,.. 

The Average Value. The sine wave of Fig. 7-7 is not a straight line from 
zero to maximum value but a smooth curved line. The average value of a 
complete cycle is zero, because the positive and negative areas under the 
curve are equal to each other. The average value generally referred to is, 
however, for only one-half of a cycle. This value may be determined 
by finding a large number of equally spaced instantaneous values from 0 to 
180° (or from 0 to 90°), getting their sum, and then dividing it by 

2 3 4 5 61 89 10 11 12 13 
( 1 

(b) 

Degrees 

(a) 

Fig. 7-6 Wheel-diagram method of drawing a sine-wave voltage. 
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Fig. 7-7 Relative values of an a-c sine-wave voltage. 

the number of cases used. Expressed mathematically, 

+ e2 + e3 +  
Eave = (7-5) 

Figure 7-8 illustrates this method of finding the average value. The 
accuracy of the result increases as the number of instantaneous values used 
is increased. A more accurate result may be obtained by higher mathematics 
(calculus), which shows that the average value is equal to 2/e times 
the maximum. This is the commonly accepted value and is expressed as 

Eave = 0.637 Emax (Note: —2 = 0.637) (7-6) 

The average value of the sine-wave voltage of Fig. 7-7 is 63.7 volts and is 
indicated by the line drawn through this point. While the average value is 
used in some engineering calculations, it is not the value used to represent 
the sine wave. 

The A-C Ampere. The current flowing in a circuit is proportional to the 
voltage, and therefore the maximum, instantaneous, and average values as 
described for sine-wave voltages will also apply to sine-wave currents. 
Thus Eqs. (7-4) and (7-6) may be stated as 

ie = Imax x sin 9 (7-7) 

/aye = (7-8) 

The maximum, instantaneous, and average values of current and voltage 
are used in some engineering calculations, but they are not used in practical 
work because they do not provide means of comparison with direct current. 
The a-c ampere, which is the practical unit, is based upon the heating 

effect of the current. As the heating effect is the same regardless of 
the direction of the current flow, it provides a suitable means of comparing 
a-c and d-c effects. The a-c ampere may then be defined as that amount of 
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Fig. 7-8 Method of determining the average value of a sine-wave voltage. (a) Portion 
of a sine-wave voltage curve. (b) Average value obtained by taking 10 intervals. 
(c) Average value obtained by taking 5° intervals. 

alternating current which will produce the same effect as one ampere 
of continuous or direct current. 

The Effective Value. The instantaneous value of the sine wave chosen to 
represent the a-c ampere is called the effective value, since it must be such 
an amount that it will produce the same heating effect as 1 amp of 
direct current. 
The heating effect of any current, whether alternating or direct current, 

is equal to the current squared, times the resistance (P = 12R; p = i211) . 

In alternating current, the heating effect will vary continually because the 
current is varying continually. The comparison of a-c and d-c heating effect 
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is therefore based on the average rate at which the heat is produced. This 
may be expressed mathematically as 

/dc2R = 
ji2R j22R 132R j42R jn2R 

(7-9) 

In order to make a comparison, R must have the same value for both sides 
of the above equation and mathematically the equation may be simplified as 

112 + j22 j32 j42 + 
ide2   (7-10) 

Examining the right-hand member of this equation, it will be seen that by 
adding the instantaneous i2 values and dividing this sum by the number of 
cases, n, the average of the instantaneous i2 values is obtained. Thus 
the equation may be restated as 

/dc2 = average of the instantaneous squares (7-11) 

or 4,2 = (ave i2) (7-11a) 

As the a-c and d-c amperes are to have the same heating effect, the equa-
tion may also be stated as 

Lic2 = Iac2 = (ave i2) 

Taking the square root of each member of this equation, it becomes 

'de = = V(ave i2) 

(7-12) 

(7-13) 

The effective value of a sine wave is therefore equal to the square root 
of the average of the instantaneous squares. Figure 7-9 illustrates a simple 
method of finding the effective value. The effective value may also be 
obtained by higher mathematics (calculus), which shows that the effective 
value of a sine wave is always equal to the maximum value divided by -VI 
This is the commonly accepted value and is expressed as 

/ = / (7-14) 

This may be simplified as 

y 1 1 

= - X ' max 1.414 X 'max = 0.707 'max 

I = 0.707 /,„a„ (7-15) 

Since alternating voltages and currents both follow sine-wave forms, the 
same relation applies to voltages; thus 

E = 0.707 En,a„ (7-16) 

E E 
E = = max (7-17) 

V2 1.414 
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Fig. 7-9 Method of determining the effective value of a sine-wave current. (a) Portion of 

a sine-wave current showing the variation of i and i2. (b) Curves of i and i2 for one com-

plete cycle. (c) Effective value obtained by taking 10 intervals. 

The effective value is sometimes called the rms (root-mean-square) value 
because it is found by taking the square root of the mean (or average) of 
the squares of a large number of instantaneous values. The effective value 
of the voltage wave of Fig. 7-7 is 70.7 volts and is indicated by the 
line drawn through this point. The effective value is represented by the 
capital letters E and I; note that no subscript is used as was the case 
in Eave and 

Alternating-current measuring instruments such as voltmeters or ammeters 
are calibrated to indicate the effective values; thus if the voltage measure-
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ment on an a-c circuit is 110 volts, it will produce the same effects on an 
incandescent lamp as a 110-volt d-c circuit even though the a-c circuit at 
some instants reaches the maximum of 110 x 1.414, or 155 volts. 

EXAMPLE 7-5 (a) What is the effective value of the voltage of the alternator in 
Example 7-4? (b) What is its average value? 

GIVEN: E. = 500 volts 

FIND: (a) E (b) &v. 

SOLUTION: 

(a) E = 0.707 E. = 0.707 x 500 = 353.5 volts 

(b) Eave = 0.637 En. = 0.637 x 500 = 318.5 volts 

EXAMPLE 7-6 The rms value of a current in an a-c circuit is 10 amp. What is the 
(a) maximum value? (b) Average value? 

GIVEN: I = 10 amp 

FIND: (a) 1mai (b) lave 

SOLUTION: 

(a) 

(b) 

= 1.414 x I = 1.414 x 10 = 14.14 amp 

lave = 0.637 = 0.637 x 14.14 = 9.00 amp 

7-7 Volt-amperes, Power Factor, Power 

Phase Relation of Voltage and Current. Because alternating voltages 
and currents are continually varying in a sine-wave manner, it is possible 
that the voltage and current waves of a circuit may or may not be in step, 
or in phase. Figure 7-10 shows several possible phase relations of voltage 
and current. Whether the voltage and current of a circuit are in phase or 

Fig. 7-10 Typical voltage-current phase relations. (a) Voltage and current in phase. 
(6) Current lagging the voltage by o-. (c) Current leading the voltage by 0'. 



232 Essentials of Electricity—Electronics (7-8) 

out of phase depends upon the type of circuit elements forming the load of 
that circuit. The study of inductance and capacitance (Chaps. 8 and 9) will 
show why various phase relations may exist. 

Volt-amperes. In d-c circuits, where the voltage and current are constant 
in value, the product of volts and amperes is equal to the power in watts 
[Eq. (2-12)]. In a-c circuits the product of volts and amperes will be equal 
to the power in watts only when the volts and amperes are in phase. 
When the voltage and current are out of phase, the product of the 
volts and amperes will be greater than the watts consumed by the circuit. 
For this reason, the product of volts and amperes is called the volt-amperes 
of the circuit. This product is also frequently called the apparent power of 
a circuit. 

Volt-amperes = volts x amperes or VA = E x I (7-18) 

Power Factor. The ratio of the actual watts consumed by a circuit to the 
volt-amperes of that circuit is called the power factor, thus 

actual power P  Power factor — or PF =  (7-19) 
apparent power E x I 

The numerical value of the power factor varies and may range from zero 
to 1. Power companies strive to keep the power factor of their load as high 
as possible in order to attain the best operating efficiency for their system. 

Power. Rearranging the terms in Eq. (7-19) shows that the power 
consumed by a circuit may be calculated by 

P=ExIxPF (7-20) 

When the resistance and the voltage or current of a circuit are known, the 
power consumed by an a-c circuit may also be calculated by use of 
Eq. (2-13) or (2-14). 

7-8 A-C Generators 

Single-phase System. The simple a-c generator described in Art. 7-4 has 
only one coil. Such an a-c generator, hereafter called an alternator, would 
have a very low efficiency, as only a small portion of the iron core of the 
rotating member would be doing useful work. Placing additional coils 
around the periphery of the rotating member would raise the efficiency of 
the alternator. If all the coils are connected in series in a single circuit, a 
single output voltage would be obtained and the alternator would be 
classed as single phase. 
The electrical power supplied for general residential use is single phase 

and may be either a two-wire system for 110 volts or a three-wire system 
for both 110 and 220 volts. Equations (7-18) to (7-20) apply to single-phase 
systems. 
The study of the effects of inductance and capacitance in a-c systems 
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and the study of a-c circuit characteristics are presented in this text in 
terms of a single-phase system. The principles and characteristics established 
for single-phase systems may readily be applied to polyphase systems. 

Polyphase Systems. The efficiency of a multicoil alternator may be 
further increased by dividing the coils into two or more groups and con-
necting them to form two or more separate circuits. Each circuit has inde-
pendent voltage characteristics and is called a phase. The phases may be 
interconnected to produce certain desirable system characteristics. Although 
systems having two, three, four, six, etc., phases have been developed, the 
three-phase system is used most extensively. 

7-9 Two-phase System 

A simple two-phase alternator having two coils placed 90° apart is 
shown in Fig. 7-11. The alternator will have four collector rings which are 
omitted to avoid complicating the drawing. Each coil, or phase, will pro-
duce an alternating voltage as described in Art. 7-4. When the voltage of 
phase 1 is zero, the voltage of phase 2 will be at its maximum value, and 
when the voltage of phase 1 is at its maximum value the voltage of phase 
2 will be zero. Because the coils are placed 90° apart, the voltages induced 
in the two coils will be 90 electrical degrees apart (see Fig. 7-11). 
The output terminals of the alternator may be arranged in several ways, 

as is shown in Figs. 7-12 to 7-14. The conventional two-phase four-wire 
system (Fig. 7-12) provides two equal independent voltages 90° apart. This 
system can supply power to either or both single-phase or two-phase loads. 
A two-phase three-wire system is produced by joining one terminal 

of each phase and providing only three line wires, as shown in Fig. 7-13. 
The voltage between line wires 1 and 3 will be the sum of the voltages of 

Rotation 

o 

/ 
S 

Coil o-b = phase I 
Cod c-d = phase 2 

(b) 

Fig. 7-11 Two-phase system. (a) The simple alternator. (b) The output voltages of 
the two phases. 
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Two-phase 110-voll 110-voll 
four-wire single-phase • Iwo-phase 
alternator lamp load motor 

110-voll 
single-phase 
motor 

Fig. 7-12 Two-phase four-wire system supplying power to a two-phase motor, a single-
phase lamp load, and a single-phase motor. 

phase 1 and phase 2, but because these two voltages are 90° out of phase, 
their resultant sum will be only 1.41 times the phase voltage. This system 
also can supply power to both single-phase and two-phase loads. An 
advantage of this system is in the reduction of the amount of copper 
required by a three-wire distribution system over a four-wire system. 

Figure 7-14 shows a two-phase five-wire system in which the fifth wire 
is obtained by joining the center points of the two phases. This system can 
be used to supply 110-volt single-phase lighting circuits and 220-volt two-
phase motors. The 110-volt single-phase loads can be supplied from the 
common wire (line 3) and any one of the other four wires. The 220-
volt two-phase load must be connected to line wires 1 and 4 for phase 
1 and line wires 2 and 5 for phase 2. The 155-volt single-phase sources 
obtained at line wires 1-2, 2-4, 4-5, and 5-1 are not ordinarily used because 
it is an uncommon voltage. 

—F-
110V 

Two-phase 
three-wire 
alternator 

Liiov_j 
E02 

110-volt 110-volt 
single-phase Iwo-phase 
lamp load motor 

110 -volt 
single -phase 
motor 

Fig. 7-13 Two-phase three-wire system supplying power to a two-phase motor, a single-
phase lamp load, and a single-phase motor. 
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Fig. 7-14 Two-phase five-wire system that can also serve as a four-phase system. 

7-1 0 Four-phase System 

The alternator of Fig. 7-14 also provides four phases of output from the 
common wire (line 3) and each of the other line wires. A four-phase output 
can also be obtained from the four combinations of line wires, namely, 1-2, 
2-4, 4-5, and 5-1. By proper design, a standard value of output voltage 
could be obtained. 

7-1 1 Three-phase Systems 

Simple Alternator. A simple three-phase alternator having three coils 
placed 120° apart is shown in Fig. 7-15. This basic alternator would have 
six collector rings, which have been omitted to avoid complicating the 
drawing. Each coil, or phase, will produce an alternating voltage as described 
in Art. 7-4. Because the coils are placed 120° apart, the voltages induced 

11/ 

e 

Rotation 

Cod el) = phase / 
Coil c-d phase 2 
Cod e-f =phase 3 

Est+, Ee  E3 

( b ) 

Fig. 7-15 Three-phase system. (a) The simple alternator. (b) The output voltages of the 

three phases. 
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in the three coils will be 120 electrical degrees apart (see Fig. 7-15). When 
the voltage of phase 1 is zero, the voltage of phase 2 will be at 86.6 
per cent of its maximum value with a negative polarity and the voltage of 
phase 3 will be at 86.6 per cent of its maximum value with a positive 
polarity. 
The three-phase alternator can supply power to both single- and three-

phase loads. Although three-phase systems generally have only three line 
wires, the fundamental concepts were presented here in terms of six wires 
for ease of explanation. In general practice the six wires are interconnected 
to produce (1) a three-wire delta-connected system, (2) a three-wire wye-
connected system, or (3) a four-wire wye-connected system. When single-
phase loads are connected to three-phase alternators, it is recommended 
that these loads be evenly divided among the three phases. All the equa-
tions presented in this article are based on the assumption that the loads 
are balanced. 

Delta System. The six terminals of the basic three-phase alternator may 
be interconnected as shown in Fig. 7-16. Because the schematic diagram 
produced resembles the letter delta (à) of the Greek alphabet, this system 
is referred to as being delta connected. Three-phase loads are connected to 
the three line wires 1, 2, 3, and single-phase loads may be connected 
to any pair of these line wires. 
The voltages across the line wires 1-2, 2-3, and 3-1 are equal to the 

individual phase voltages E01, E02, E03, or 

Etine = Ephase (7-21) 

The current in the line wires is equal to 1.73 times the current in an 
individual phase, or 

Awe = 1.73iphase 

34.64 /.731Ø 

(7-22) 

Three -phase 
load 

Fig. 7-16 Three-phase delta-connected system showing the relations between phase and 

line values of the voltages and currents. 
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For example, the current flowing in line wire 1 is composed of the current 
flowing from b to a and the current flowing from e to f, or 

¡une = Iba ± !el (7-23) 

Note: The dot under the letter / indicates that this is not necessarily 
the arithmetic sum. Because the individual phase currents do not correspond 
in phase (meaning time), their actual sum will be less than their arithmetic 
sum. 

The volt-amperes delivered by this system may be found by 

VA = 1.73ELIL (7-24) 

also, VA = 3E0/0 (7-25) 

Note: cp is often used to represent the word phase. 

The power delivered by this system may be found by 

P = 1.73ELIL PF (7-26) 

also, P = 3E010 PF (7-27) 

The power factor for this system may be found by 

P  
PF = 1.73E (7-28) 

dr, 

also, P 
PF = 

34/0 
(7-29) 

EXAMPLE 7-7 A three-phase delta-connected alternator is supplying a three-phase 
110-volt load with a balanced line current of 34.6 amp. (a) What is the three-phase 
volt-ampere rating of the load? (b) What is the three-phase power rating if the load 
power factor is 80 per cent? (c) What is the amount of current in each individual 
phase of the alternator? 

GIVEN: EL = 110 volts IL = 34.6 amp PF = 80% 

FIND: (a) VAL (b) PL (c) I„ 

SOLUTION: 

(a) VAL = 1.73ELIL = 1.73 x 110 x 34.6 = 6,584 

(b) PL = 1.73ELILPF = 1.73 X 110 X 34.6 X 0.8 = 5,267 watts 

(e) I — IL — 34'6 — = 20 amp ° 1.73 — 1.73 

Three-wire Wye-connected System. The six terminals of the basic three-
phase alternator may be interconnected as shown in Fig. 7-17. Because the 
schematic diagram produced resembles the letter Y, this system is referred 
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Fig. 7-17 Three-phase wye-connected system showing the relations between phase and 
line values of the voltages and currents. 

to as being w ye-connected. Three-phase loads are connected to the three 
line wires 1, 2, 3, and single-phase loads may be connected to any pair of 
line wires. 
The voltages across the line wires 1-2, 2-3, and 3-1 are equal to the sum 

of two phase voltages; however, this is not their arithmetic sum because 
the voltages are not in phase with each other. 

Eline = 113Ephase 

The current in the line wires is the same as the phase current, or 

/line = 'phase 

(7-30) 

(7-31) 

The equations for volt-amperes, power, and power factor are the same as 
those for the delta-connected system and are given as Eqs. (7-24) to (7-29). 

EXAMPLE 7-8 Meter readings taken for a certain three-phase wye-connected alterna-
tor supplying power to a motor load show that the line voltages are 220 volts, the line 
currents are 20 amp, and the line power is 5,500 watts. (a) What is the load in volt-
amperes? (b) What is the power factor of the load? (e) What is the phase voltage of 
the alternator? (d) What is the phase current of the alternator? 

GIVEN: EL = 220 volts IL = 20 amp P = 5,500 watts 

FIND: (a) VA (b) PF (e) E, (d) I„ 

SOLUTION: 

(a) VA = 1.73ELIL = 1.73 X 220 x 20 = 7,612 

5,500  
(b) PF —  1.73E/1L = 1.73x220 X 20 = 0.72 or 72% 

EL 220 
E, = = 133 = 127 volts 

10 = IL, = 20 amp 

(c) 

(d) 
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Fig. 7-18 Three-phase four-wire wye-connected power system with typical voltage and 

current distributions indicated. (These values will be valid only if all loads have the same 

power factor value.) 

Four-wire Wye-connected System. The three-wire wye-connected sys-
tem of Fig. 7-17 can be converted to a four-wire system by adding an addi-
tional line wire and connecting it to the mid-point of the wye. Figure 7-18 
shows a four-wire wye-connected alternator supplying a typical load. The 
neutral wire (connected to point o) has no current in it because the loads 
are balanced. Under this condition the neutral wire could be omitted; how-
ever, it is used in order to keep the voltage distribution of the three single-
phase loads balanced when the currents in these three loads are unbalanced. 
A power system with the voltage values shown in Fig. 7-18 is frequently 

used to supply 120-volt single-phase lighting loads and 208-volt three-phase 
motor loads. 

7-12 The D-C Generator 

The Simple Generator. The current produced by a d-c generator is 
unidirectional; that is, one terminal of the generator is always positive and 
the other always negative. On the a-c generator described in Art. 7-4, one 
brush, B1, for example, is positive during the first half cycle and negative 
during the second half cycle, while the other brush B2 is negative during 
the first half cycle and positive during the second. The simple a-c generator 
can be made a d-c generator by installing a rotary reversing switch in place 
of the two slip rings. Such a device, called a commutator, is used to reverse 
the connections automatically between the coil leads and the brushes. 



240 Essentials of Electricity—Electronics (7-12) 

Figure 7-19 shows a simple d-c generator with a single armature coil, a 
commutator, and two brushes. The commutator consists of two segments 
K1 and K2 that are assembled onto the shaft but insulated from it and also 
insulated from each other. The coil side aa' is connected to the commuta-
tor bar K1, and coil side bb' is connected to bar K2. The carbon brushes 
B1 and B2 are mounted in a stationary position and make a sliding or 
wiping contact with the commutator. 

Applying Fleming's right-hand rule shows that the conductor moving 
downward under the N pole will be positive because its induced emf is 
outward in direction. This is true whether it is the conductor aa' or the 
conductor bb'. As the brush B1 is always making contact with that commu-
tator bar which is connected to the conductor moving downward under 
the N pole, B1 will always be the positive terminal of the generator. By 
similar reasoning, it can be shown that B2 will be negative. 
The voltage of the d-c generator coil will be exactly the same as for the 

a-c generator if the coil, poles, magnetic field, and speed are considered to 
be the same for each. However, since the commutator has been added in 
place of the slip rings, the voltage output of the generator will be unidirec-
tional as shown in Fig. 7-20. This figure is similar to Fig. 7-51y with its 
negative loop reversed. 

Voltage of Single-coil and Multicoil Generators. The voltage of this 
single-coil generator is a pulsating voltage, and it does not approach 
the continuous current as is expected of a d-c generator. If the generator is 
built with two coils as shown in Fig. 7-21a, it will result in an improved 
output voltage. The voltages of the two coils individually are shown as C1 

Rotation 

Fig. 7-19 A simple d-c generator. 
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Fig. 7-20 Voltage of a single-coil d-c generator. 
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Fig. 7-21 A two-coil cl-c generator. (a) The generator. (b) Voltage of the generator. 

and C2 in Fig. 7-21b. The voltage at the brushes is obtained by adding 
these two. For example, at point 1 the resultant voltage is 0 100 = 100 
volts; at point 2 the resultant is 50 86.6 = 136.6 volts; at point 3 
the resultant is 70.7 70.7 = 141.4 volts; at point 4 the resultant is 
86.6 50 = 136.6 volts; at point 5 the resultant is 100 = 100 volts. 

Figure 7-22 shows the voltages of four separate coils and also their 
resultant voltage. These illustrations show that, as more coils are added, 
the resultant voltage approaches a straight line and becomes similar to the 
continuous current. 
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Fig. 7-22 Voltage of a four-coil d-c generator. 

Use of Direct Current. When this current is used for operating motors, 
lights, heaters, and other power devices, it is usually considered equivalent 
to the continuous current, but when used to operate sound devices such as 
radio equipment, public-address systems, etc, it will not produce satisfac-
tory results. In these cases, the wave shape of the output voltage, referred 
to as commutator ripple, causes disturbing noises in sound equipment, and 
special filter circuits must be used. 

7-1 3 Commercial Generators 

The simple generators discussed in the preceding articles are the funda-
mental machines; that is, the poles are only shown as bar magnets, the 
armatures have only single coils, and in general they contain only the bare 
necessities. This is done intentionally to make it easier to understand the 
theory of the generators. 

In commercial machines, the simple poles are replaced by a well-designed 
magnetic circuit as shown in Fig. 7-23. It consists of two or more laminated 
pole pieces bolted to a frame. The frame in addition to supporting the 
bearings and armature also is a part of the magnetic circuit. In order to get 
a strong magnetic field, the bar magnets are replaced by electromagnets. 
The coils of the electromagnets are called the field coils and usually consist 
of a large number of turns of fairly small wire. The armature is constructed 
of a number of coils placed in the slots of a laminated iron core. The iron 
core provides a low-reluctance path for the magnetic lines. The air gap 
between the armature and the pole pieces is kept as small as possible 
to reduce the reluctance of the magnetic circuit. An air gap of approximately 
0.015 inch is often found in small machines, while air gaps up to 0.125 
inch may be found in the medium sizes. The method of constructing and 
mounting the slip rings or the commutator and the brush holders is also 
varied to provide adequate current-collecting methods (see also Chap. 13). 

Alternating-current generators, with the exception of very small sizes, 
are usually made with the field poles on the rotating unit and the armature 
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winding, now called the stator, as the stationary part. This requires fewer 
slip rings, provides a better magnetic circuit for the armature, permits 
higher speeds, and makes higher voltages possible. A disassembled view of 
an a-c generator of the rotating-field type showing its stator, rotating field 
unit, bearing brackets, and brush holders is given in Fig. 7-24. An a-c 
generator, whether of the rotating-field or rotating-armature type, requires 

Fig. 7-23 The magnetic cir-

cuit of a commercial two-pole 

generator. 

Frame. 

Field 
coi/ 

Fig. 7-24 Disassembled view of an a-c generator. (General Electric Company) 
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Fig. 7-25 A 1,250-kva 720-rpm 2,400-volt 60-cycle a-c generator with a direct-

connected exciter. (Westinghouse Electric Corporation) 

direct current for its field circuit. In many installations, no d-c power line 
is available, and under these conditions it is common practice to mount a 
small d-c generator on the end of the alternator so that it may be operated 
from the same driving force. This d-c generator need only supply current 
to the field coils of the alternator and is called the exciter. Its rating 
is usually less than 5 per cent of the alternator rating. Figure 7-25 shows 
an alternator with its own direct-connected exciter. 

Direct-current generators are made only of the stationary-field type. 
Figure 7-26 shows a typical d-c generator. 

7-14 Transformers 

Use of Transformers in Power Systems. An important reason for the 
greater use of alternating current over direct current is the ease with 
which the voltage can be raised or lowered by use of transformers. This 
makes it possible to generate power in large quantities at the source 
of energy such as a hydroelectric station. The voltage may then be raised 
to transmission-line values as high as 500,000 volts and thereby efficiently 
transmit power to cities several hundred miles from the generating station. 
At the outskirts of each city, a transformer substation is installed to reduce 
the voltage to reasonable amounts for distribution throughout the city, and 
it is then further stepped down by additional transformers for supplying 
consumers with power. 

Principle of Operation. Electromagnetic induction is also the basis 
of operation of the transformer. Figure 7-27 illustrates the fundamental 
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transformer consisting of a core and two windings called the primary and 
secondary windings. The core provides a path for the magnetic field and is 
generally built up of a large number of thin high-grade sheet-steel laminations. 
The primary is the winding that receives the energy from the line, and the 
secondary is the winding that delivers the energy to the load. 
The theory of operation of the transformer is as follows: 
1. When the primary is connected to a source of alternating emf, 

an alternating current is caused to flow in that winding. 

2. Whenever a current flows in a conductor, a magnetic field is set up 
about the conductor. When the current is continually changing in magnitude 

Fig. 7-26 A d-c generator. (Electro Dynamic Works, Division of General Dynamics) 
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Fig. 7-27 A fundamental transformer. 
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and alternating in polarity, the magnetic field that it sets up in the iron 
core will do likewise. 

3. The alternating magnetic field is therefore continually expanding 
and contracting. As the magnetic circuit is a closed path, the variation of 
the magnetic field is the same anywhere on the core. 

4. The expanding and contracting magnetic lines will therefore cut 
conductors placed anywhere on the core, and according to Faraday's 
experiment, an induced emf will be set up in the conductors. 

5. As the same flux cuts each conductor on the core, the induced ernf 
per turn will be the same. Therefore the voltage of each winding will 
be proportional to the number of turns; expressed mathematically, this is 

Ep = Np 
— — 
Es Ns 

(7-32) 

6. From this equation, it may be seen that the secondary voltage can be 
raised or lowered by using the proper ratio of turns. 

EXAMPLE 7-9 It is desired to have a radio power transformer step up the voltage 
from 110 to 750 volts. How many turns will be required on the secondary winding if 
the primary has 120 turns? 

crverv: Ep = 110 volts Es = 750 volts Np = 120 turns 

FIND: NR 

SOLUTION: 

Therefore 

Ep _ Np 
Es — NR 

750 
Ns = Np ER = 120 x = 818 turns 

Ep 110 

Operation of Transformer When Loaded. If the secondary is connected 
to a load, a current will flow through the load and also through the second-
ary winding. The power consumed by the load must come from the line; 
hence the primary load must vary in the same manner as the secondary. 
Examination of Fig. 7-27 shows that there is no electrical connection 
between the primary and secondary windings. The power consumed by the 
load is transferred from the primary winding to the secondary winding by 
means of the magnetic flux. The efficiency of the transformer is very high, 
often above 95 per cent; hence the watts on the secondary side are nearly 
equal to the watts on the primary side. Under this condition, the currents 
vary inversely with the voltages. Mathematically, this is 

Ep Is _ - = _ 
Es Ip 

or Eplp = Egls (7-33) 
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This equation shows that as the voltage is stepped up by a transformer 
the current is stepped down. This is a decided advantage in power-trans-
mission systems. 

F.XAMPLE 7-10 A certain city requires 5,000 kva for its lighting load. If the transmission 
line bringing the power to the city is operated at 132,000 volts, how much current 
will flow in the transmission lines? 

GIVEN: kva = 5,000 

FIND: Ip 

SOLUTION: 

Ep = 132,000 volts 

kva x 1,000 _ 5,000 X 1,000 ip = = 37.8 amp 
Ep — 132,000 

EXAMPLE 7-11 A transformer substation is used to reduce the voltage to 4,400 volts 
for the power system of Example 7-10. What is the secondary current? 

GIVEN: Ep = 132,000 volts ER = 4,400 volts /p = 37.8 amp 

FIND: Is 

SOLUTION: 

Therefore 

Ep _ Is 
Es — Ip 

= 1p—Ep = 37.8 x 132'000 = 1,134 amp 
Es 4,400 

EXAMPLE 7-12 The power of Example 7-11 is passed through additional transformers 
to reduce the voltage from 4,400 to 110 volts. What is the current at 110 volts? 

GIVEN: Ep = 4,400 volts ER = 110 volts /p = 1,134 amp 

FIND: Is 

SOLUTION: 

Ep 4,400 „ 
/8 = ip Eft = X 110 — = .to,ouu amp 

The transformer operates because of the changing magnetic field, and it 
is therefore an a-c device and will not operate on direct current. Also, the 
frequency of the secondary circuit will be the same as that of the primary. 

Commercial transformers will differ in construction from that shown in 
Fig. 7-27, which is merely a convenient form of illustration. Cutaway 
views of two commercial transformers are shown in Fig. 7-28. 

7-15 Efficiency 

Every generator, motor, transformer or other device that transforms 
energy from one form to another loses some of the energy in the process. 



248 Essentials of Electricity—Electronics (7-15) 

Fig. 7-28 Cutaway views of two types of radio power transformers. (Standard Transformer 
Corporation) 

If a gasoline engine is used to rotate a generator, the engine supplies 
mechanical energy to the shaft of the generator, and this energy is converted 
to the electrical energy supplied to the load. Only part of the mechanical 
energy will be transformed to electrical energy because of the friction, 
iron, and copper losses of the generator. Efficiency is the expression used 
to indicate what portion of the energy received by a device can be given 
out by it. Efficiency may be defined as the ratio of the output to input of 
any device; mathematically it is expressed as 

Efficiency = output (7-34) 
input 

It is more commonly expressed in per cent, as 

ut outp x 100 Per cent efficiency = (7-34a) 
mput 

EXAMPLE 7-13 A generator that is delivering 10 kw to a load requires the gasoline 
engine driving it to supply 15 hp to the generator shaft. What is the per cent 
efficiency of the generator? 

GIVEN: Output = 10 kw Input = 15 hp 

FIND: Per cent eff 

SOLUTION: 

Per cent eff = ut x 100 = 10  X 1'0°0 x 100 = 89.3 
input 15 x 746 
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Note: To use the efficiency equation, both the output and input must be in 
the same kind of units. To satisfy this requirement, both the kilowatts and horsepower 
were converted to watts. 

The efficiency of a transformer is the ratio of the power output (secondary 
watts) to the power input (primary watts). As the transformer has no 
moving parts, there will be no friction loss, but there will be losses in the 
iron core and in the copper wire. 

EXAMPLE 7-14 A transformer is used to supply the heater current to ten 6.3-volt 
tubes. The tubes are connected in parallel, and each requires 0.3 amp. The voltage at 
the secondary of the transformer is 6.3 volts. What is the efficiency of the transformer 
if its primary draws 22 watts from the line? 

GIVEN: Es = 6.3 volts Is = 0.3 X 10 amp Pp = 22 watts 

FIND: Per cent eff 

SOLUTION: 

Per cent eff = X Joy = watts output 6.3 x 0.3 x 10 x loo = 18.9 
85.9 

watts input 22 22 X  1°° = 

Wiring systems carrying current are actually being used to transport 
electrical energy from a source to a load. In doing this, some energy is lost 
at the wire. This loss appears in the form of heat which the wire gives off 
to the surrounding air, and it is equal to PR. 

EXAMPLE 7-15 The wires from the secondary of the transformer to the first tube of 
Example 7-14 have a resistance of 0.02 ohm. (a) How much power is lost in 
the wires? (b) How much power is available at the tubes? (c) How efficiently is 
the wiling doing its job? (d )What is the voltage at the heaters of the tubes? 

GIVEN: I = 0.3 x 10 amp Rwire = 0.02 ohm Ps = 18.9 watts 
Es = 6.3 volts 

FIND: (a) Power loss in the wire (b) Power at the tubes (c) Per cent eff 
(d) Voltage at tubes 

SOLUTION: 

(a) 
(b) 

Pwire = PR = (0.3 x 10)2 x 0.02 = 0.18 watt 

Plubes = Ps — Pwire = 18.9 — 0.18 = 18.72 watts 

18.72 
(c) Per cent eff = —Ptub" xu"_ 

Ps l  X 100 = 99'05 

(d) &be.; = E8 — IR = 6.3 — (0.3 x 10 x 0.02) = 6.3 — 0.06 = 6.24 volts 

The efficiency of most electrical apparatus is high, and generally the 
larger the device, the higher its efficiency. Large generators and motors 
have efficiencies around 90 per cent, and large transformers as used by 
power companies may have efficiencies in the order of 98 per cent. 
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QUESTIONS 

1. (a) What kinds of current may be used to operate radio receivers, television 
receivers, and other electronic equipment? (b) What are the chief sources of 
these currents? 

2. Naine four applications where batteries are used to operate electronic equipment. 
3. Where is the d-c power system most likely to be found? 
4. (a) Why are a-c systems used so extensively? (b) What percentage of power 

is generated as alternating current? 
5. (a) With what fundamental principle of electricity is Faraday's name associated? 

(b) Describe a simple experiment that illustrates this principle. 
6. State Flerning's right-hand rule. 
7. What conditions are necessary in order to have a voltage induced in a conductor? 
8. Describe the fundamental generator. 
9. Under what conditions will the induced emf have a value of 1 volt? 

10. To what factors is the induced emf proportional? 
11. Describe the voltage induced in a conductor that is being rotated at a constant 

rate of speed through a uniform magnetic field. (Consider this as a simple 
two-pole a-c generator.) 

12. Give a definition of an alternating current. 
13. Define (a) alternation, (b) cycle, (c) frequency, (d) period. 
14. Compare the values of frequencies used in power systems with those used in 

radio and television. 
15. What is meant by a sine-wave alternating voltage? 
16. Define (a) maximum value, (b) instantaneous value, (c) average value, (d) effective 

value. 
17. Describe a simple method of drawing a sine wave. 
18. Describe the a-c ampere. 
19. (a) Must an alternating current always be in step, or in phase, with its voltage? 

(b) Why? 
20. (a) What is meant by the volt-amperes of a circuit? (b) What is the numerical 

relationship between volt-amperes and apparent power? 
21. What are the relative numerical values of the volt-amperes and the watts of 
a circuit when the current and voltage are (a) in phase? (b) The current lags the 
voltage by 80°? (c) The current leads the voltage by 800? 

22. (a) What is meant by the power factor of a circuit? (b) Why are power 
companies interested in the power factor of their customers' loads? 

23. (a) What is meant by a single-phase power source? (b) What is its chief use? 
24. (a) What is meant by a polyphase power source? (b) How many phases may 

it have? (c) What number of phases is most frequently used? 
25. Describe the principle of operation of a two-phase power source. 
26. Describe three arrangements of line wires for a two-phase power system. 
27. Describe the principle of operation of a three-phase power source. 
28. (a) How are the phases of a three-phase power source interconnected to produce 
a three-wire delta-connected power source? In a delta-connected system, what is 
the numerical relation between (b) line voltage and phase voltage? (c) Line cur-
rent and phase current? 
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29. (a) How are the phases of a three-phase power source interconnected to produce 
a three-wire wye-connected power source? In a wye-connected system, what is 
the numerical relation between (b) line voltage and phase voltage? (c) Line 
current and phase current? 

30. (a) How are the phases of a three-phase power source interconnected to produce 
a four-wire wye-connected system? (b) What is the advantage of this system 
when used for both lighting and motor loads? 

31. How does the construction of a simple d-c generator differ from that of a simple 
a-c generator? 

32. (a) What is a commutator? (b) How is it constructed? (c) What is its purpose? 
33. (a) What is the disadvantage of a single-coil generator? (b) How is this disadvantage 

overcome? 
34. (a) What is meant by commutator ripple? (b) What effect does it have on 

the operation of sound-producing equipment? (c) What must be done to correct it? 
35. Describe the field and frame construction of a commercial generator. 
36. Describe the armature construction of a commercial generator. 
37. (a) What is the location of the armature and field poles of the commercial 

a-c generator? (b) What are the advantages of this type of construction? 
38. Why is an exciter required with an alternator? 
39. How does the rating of the exciter compare with that of the alternator? 
40. What is the importance of transformers to a-c systems? 
41. What are the fundamental parts of the transformer? 
42. (a) What is the purpose of the core of a transformer? (b) How is it constructed? 
43. Define (a) primary, (b) secondary. 
44. Explain the principle of operation of the transformer. 
45. (a) Can a transformer be operated on direct current? (b) Why? 
46. What is the relation of the primary voltage and turns to the secondary voltage 

and turns? 
47. (a) How does the voltage per turn on the secondary side of a transformer 

compare with that on the primary side? (b) Why? 
48. How do the primary and secondary currents vary with the voltages of a 

transformer? 
49. (a) What is meant by efficiency? (b) How is it usually expressed? 
50. (a) Is the efficiency of most electrical apparatus high or low? (b) Why? 

PROBLEMS 

1. A generator having 20 coils, each consisting of 24 turns, operates at a speed 
of 1,200 rpm, and the flux per pole is 650,000 lines. What is the value of 
the induced emf? (Each turn has two conductors; therefore C = 2 x 24 X 20, 
or 960.) 

2. A generator having 15 coils of eight turns each is operated at a speed of 
3,600 rpm. What is the induced emf if the flux per pole is 765,000 maxwells? 

3. How many turns per coil are required on each of the coils of a generator that is 
to have an emf of 125 volts if it has 15 coils? The flux per pole is 1,150,000 max-
wells, and the speed is 1,800 rpm. 

4. What would the voltage of the generator of Prob. 3 be if the speed is increased 
to 3,600 rpm? 
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5. What is the flux per pole of a generator that has 33 coils of eight turns each and 
that produces an emf of 115 volts when rotated at a speed of 1,500 rpm? 

6. What is the frequency of a four-pole alternator operating at a speed of (a) 1,800 
rpm? (b) 1,500 rpm? (c) 750 rpm? 

7. What is the frequency of a six-pole alternator operating at a speed of (a) 1,200 
rpm? (b) 800 rpm? (c) 500 rpm? 

8. At what speed must a two-pole alternator be driven in order to have a frequency 
of (a) 25 cycles? (b) 60 cycles? (c) 120 cycles? 

9. How many poles must an alternator have if it is to produce 500 cycles when 
driven at (a) 1,500 rpm? (b) 3,000 rpm? 

10. What is the period of an alternating voltage whose frequency is (a) 30 cycles? 
(b) 50 cycles? (c) 120 cycles? 

11. What is the frequency of an alternating current whose period is (a) 0.04 sec? 
(b) 0.0167 sec? (c) 0.002 sec? 

12. An a-c sine-wave voltage has a maximum value of 250 volts. What is the 
instantaneous value at (a) 10°? (b) 41.5°? (c) 107.5°? (d) 311*? (e) 342.5°? 

13. An a-c sine-wave current has a maximum value of 15 amp. What is the instanta-
neous value of current at (a) 63°? (b) 218.5°? (c) 270°? (d) 290.5°? (e) 345*? 

14. What is the maximum value of a sine-wave voltage whose value is 75 volts at 14.5°? 
15. A sine-wave voltage has an instantaneous value of 106 volts at 32°. What is 

its value at 10.5°? 
16. Draw one cycle of a sine-wave voltage whose maximum value is 300 volts. Use at 

least 36 points to draw the curve. 
17. What is the average value of a voltage whose maximum is 250 volts? 
18. Using the method illustrated in Fig. 7-8, find the average value of a sine-

wave voltage whose maximum is 300 volts. Use values 2° apart. What is the ratio 
of the average to the maximum value? 

19. What is the average value of a voltage whose instantaneous value is 97 volts 
at 29°? 

20. What is the maximum value of a current whose average value is 7.5 amp? 
21. Using the method illustrated in Fig. 7-9, find the effective value of the sine wave 

of Prob. 18. What is the ratio of effective to maximum value? 
22. What is the effective value of a current whose maximum value is 3.54 amp? 
23. What is the effective value of a voltage that has an instantaneous value of 

152 volts at 49.5°? 

24. What is the effective value of a current that has an instantaneous value of -3.00 
amp at 270°? 

25. What is the effective value of a voltage that has an instantaneous value of -150 
volts at 345*? 

26. What is the effective value of a voltage whose average value is 200 volts? 
27. A sine-wave voltage has an instantaneous value of 145 volts at 133.5°. Find 

(a) the maximum value, (b) the average value, (c) the effective value. 
28. A 120-volt single-phase lamp load draws 6.25 amp and consumes 750 watts. 

(a) How many volt-amperes are taken by the circuit? (b) What is the power 
factor of this load? 

29. A 220-volt single-phase motor is drawing 4.5 amp and 825 watts from the power 
source. (a) How many volt-amperes are taken by the circuit? (b) What is the 
power factor of this motor? 
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30. A 220-volt single-phase motor is taking 1,100 watts from the line. How much 
current is being drawn if the power factor of the motor is (a) 85 per cent? 
(b) 65 per cent? (c) 100 per cent? 

31. A 110-volt single-phase motor is taking 1,100 watts from the line. If the power 
factor of the motor is 85 per cent, (a) how much current is it drawing from the 
line? (b) What is the apparent power of the motor? 

32. A 220-volt three-phase delta-connected alternator is supplying power to a three-
phase motor whose line current is 7.1 amp, and the motor is taking 2,000 watts 
from the power source. (a) What are the volt-amperes of the circuit? (b) What is 
the power factor of the motor? (c) How much current is flowing in the phase 
windings of the alternator? 

33. Meter readings taken for a certain three-phase delta-connected alternator that is 
supplying power to a motor load show that the line voltages are 220 volts, 
the line currents are 10 amp, and the line power is 3,000 watts. (a) What is the 
load in volt-amperes? (b) What is the power factor of the load? (c) What is 
the phase voltage of the alternator? (d) What is the phase current of the alternator? 

34. A 440-volt three-phase wye-connected alternator is supplying power to a three-
phase motor that has a power factor of 75 per cent and is drawing 11,400 watts 
from the power source. (a) How much current flows in the line wires? (b) What 
is the phase voltage of the alternator? (c) What is the phase current of the 
alternator? (d) What is the apparent power of the motor? 

35. For the values given on Fig. 7-17, find (a) the volt-amperes at each phase of the 
alternator, (b) the volt-amperes of the three-phase system, (c) the watts delivered 
by the alternator if the load power factor is 65 per cent, (d) the power factor of 
the load if it consumes 1,650 watts. 

36. For the values given on Fig. 7-18, find (a) the volt-amperes of the three-
phase load, (b) the volt-amperes of each single-phase load, (c) the volt-amperes of 
the three single-phase loads, (d) the volt-amperes being supplied by the alternator. 

37. (a) What is the rated line current of a 1,250-lcva 2,400-volt three-phase delta-
connected alternator? (b) What is its phase voltage? (c) What is its phase current? 
(d )What is its kilowatt rating for an 80 per cent power-factor load? 

38. (a) What is the rated line current of a 1,250-kva 2,400-volt three-phase wye-
connected alternator? (b) What is its phase voltage? (c) What is its phase current? 
(d) What is its kilowatt rating for an 80 per cent power-factor load? 

39. Draw a diagram showing the voltage of a two-coil d-c generator. Each coil 
delivers a sine-wave voltage whose maximum value is 85 volts, and the individual 
coil voltages are 90 electrical degrees apart. What is the maximum and minimum 
value of the resultant voltage? 

40. Repeat Prob. 39 for a three-coil d-c generator. Each coil voltage has a maximum 
value of 60 volts and is 60° from its adjacent voltage. 

41. Repeat Prob. 39 for a four-coil d-c generator. Each coil voltage has a maximum 
value of 100 volts and is 45° from its adjacent voltage. 

42. A transformer is required to step up the voltage from 110 to 480 volts. How 
many turns are required on the secondary winding if the primary has 150 turns? 

43. A transformer is required to step up the voltage from 120 to 1,500 volts. How 
many turns are required on the secondary winding if the primary has 140 turns? 

44. How many turns are required on the primary winding of a 120/1,500 volt step-up 
transformer if the secondary has 1,200 turns? 
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Fig. 7-29 

The transformer shown in Fig. 7-29 has 192 turns on its primary winding. 
(a) How many turns are there on winding cd? (b) How many turns are there on 
winding el? (c) How many turns are there on winding gi? (d) How many turns 
are there at gh and hi? 

46. A 110/700 volt step-up transformer has a current of 150 ma on the secondary 
side. What is the primary current, assuming the losses to be negligible? 

47. A 120/1,500 volt step-up transformer has a current of 350 ma on the secondary 
side. What is the primary current, assuming the losses to be negligible? 

48. A 4,400/110 volt step-down transformer is used to supply a lighting load. (a) If 
the primary current is 5 amp, what current will flow in the secondary assuming 
the losses to be negligible? (b) What is the kilovolt-ampere load on the transformer? 
(c) How many 100-watt lamps can it supply with electrical energy? 

49. What is the current in the primary winding of the transformer in Prob. 45 if the 
current in section cd is 6 amp, in ef is 3.5 amp, and in gi is 180 ma? 

50. What is the efficiency of a transformer that draws 28 watts from the line when it 
delivers 9 amp at 2.5 volts? 

51. What is the efficiency of a transformer similar to that of Prob. 45 if it takes 
90 watts from the line when it supplies 5 amp at 2.5 volts, 3.3 amp at 6.3 volts, 
and 120 ma at 375 volts (center-tapped winding)? 

52. A power transformer of a radio set has an efficiency of 78 per cent when it 
delivers a load of 40 watts. How much power does it draw from the line? 

53. What is the power input of a transformer that has an efficiency of 83 per 
cent when its load is 65 watts? 

54. How many watts will a transformer deliver at its secondary if it takes 75 watts 
from the line and its efficiency is 87.5 per cent? 

55. How many horsepower of mechanical energy are required to drive the alternator 
of Prob. 37 if its efficiency is 90 per cent and the power factor of the load 
is 80 per cent? 

58. A 400-watt generator requires 3/4 hp from its gasoline-driven engine. What 
is the efficiency of the generator? 



Chapter 8 
Inductance 

The discoveries of Oersted and Faraday are among the most important 
in the entire fields of electricity and electronics. Understanding the prin-
ciple of the magnetic field about a current-carrying conductor and that of 
electromagnetic induction led to the development of electrical machines. 
The development of electronic circuits also was made possible by the same 
principles. In electric and electronic circuits these principles are employed 
in the functioning of transformers and inductance coils, or choke coils as 
they are generally called. 

8-1 Inductance, Lenz's Low 

Inductance. In Chap. 5 the effects of the magnetic field about a conductor 
and about a group of conductors in the form of a coil were studied. At that 
point, the study was based entirely on the effects produced by a current 
that was constant in amount. When the current is changing in amount, an 
effect called inductance must be considered. Inductance is the property of 
a circuit that opposes any change in the amount of current. 
When an alternating voltage is applied to the coil shown in Fig. 8-1, it 

will cause an alternating and therefore continually changing current to 
flow in the coil. If the conditions concerning conductor A of Fig. 8-2 are 
considered, electrons will be flowing outward at this conductor during the 
positive half-cycle of the alternating voltage. During this half-cycle, the 
current starts at zero, gradually increases to its maximum value, and then 
gradually decreases to zero. 

Circuit Reactions with Increasing Field. Considering first the increasing 
values of current occurring from 0 to 90° (Fig. 8-3), it follows that 
the magnetic field too will be increasing in strength. As the current is 
increasing, the magnetic lines about conductor A will be expanding, and in 
doing so they will cut conductor B, which is adjacent to it. Whenever 
there is motion between a conductor and magnetic lines, an emf will 
be induced in that conductor; conductor B will therefore have an emf 
induced in it. Applying the left-hand rule (Fig. 8-3h) shows that the 
polarity of the induced emf at B is positive. The effect of this induced emf 
may be compared with the effect produced by cutting the conductor at B 
and inserting a voltage source. The overall effect would be that of having a 

255 
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a 0 

AC. Power supply 

Fig. 8-1 Alternating current flowing in 

a coil. Solid-line arrows indicate electron 

flow when b is positive, and broken-line 

arrows indicate electron flow when a is 

positive. 

(8-1) 

A' B' C' D' E' 

Fig. 8-2 Magnetic field set up when 

electrons are flowing outward at con-

ductor A. This corresponds to terminal a 

of Fig. 8-1 being positive. 

coil and two voltage sources, namely, the impressed emf and the induced 
emf, connected in series (Fig. 8-3c) with the positive terminals of the two 
voltage sources connected to each other. Accordingly, the induced emf is 
in the opposite direction of the impressed emf and thus reduces the effect 
of the impressed emf to push current through the coil. The more rapid the 
change in the amount of current, the greater this induced emf will be and 
the greater is the opposition to the change in current. In general, then, the 
induced emf opposes any increase in the amount of current. The value of 
the induced emf is equal to the product of the number of turns of the coil 
and the magnetic flux divided by the time in seconds necessary for the flux 
to change from its maximum value to zero. Expressed mathematically, 

Nqh  e = 
t X 108 

where e = induced emf, volts 
N = number of turns 
irp = number of lines linking the coil 
t = time, sec 

(8-1) 

EXAMPLE 8-1 A flux of 1,800,000 lines links a coil having 300 turns. The flux in the 
coil decreases from its maximum value to zero in 0.18 sec. What is the value of 
the induced voltage? 
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GIVEN: N = 300 turns = 1,800,000 lines t = 0.18 sec 

FIND: e 

SOLUTION: 

_ 300 x 1,800,000 _ 3 x 1.8 = 30 volts e =  
t x 108 — 0.18 x 108 — 0.18 

The above example shows that the voltage induced in a coil is proportional 
to the number of turns in that coil and the rate of change of the flux. 

Circuit Reactions with a Decreasing Field. During the period from 90 
to 180°, the impressed voltage is decreasing and the current in conductor 
A will then also decrease (Fig. 8-4). The magnetic lines produced by this 
current will now be collapsing, and in doing so they will again cut 
conductor B, but the direction of motion of the magnetic lines is reversed. 
Applying the left-hand rule (Fig. 8-4b) indicates that the polarity of 
the induced emf will be negative at conductor B. This induced emf is now 
in the same direction as the impressed voltage (Fig. 8-4c), and it will 
aid the line voltage in pushing the current through the coil, thereby 
opposing the decrease in current. The more rapid the decrease in current, 
the greater the induced emf and the greater will be its effort to oppose the 
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Fig. 8-3 Voltage induced in conductor B when the current in conductor A is increasing in 

strength. (a) Magnetic field set up when electrons are flowing outward at conductor A. 

(la) Left-hand rule showing that the polarity of the induced emf at conductor B is positive. 

(c) Relation of the polarities of the impressed emf and the induced emf while the 

impressed emf is increasing as during the time interval 0 to 1. 
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Fig. 8-4 Voltage induced in conductor B when the current in conductor A is decreasing in 

strength. (a) Magnetic field set up when electrons are flowing outward at conductor A. 

(b) Left-hand rule showing that the polarity of the induced emf at conductor B is negative. 

(c) Relation of the polarities of the impressed emf and the induced emf while the 

impressed emf is decreasing as during the time interval 1 to 2. 

change in current. In general, then, the induced emf opposes any decrease 
in the amount of current. 

These two explanations show that, when the current increases, the 
induced emf is in such a direction that it opposes the increase and that, when 
the current decreases, the induced emf is in such a direction that it 
opposes the decrease. This effect is called inductance and conforms to the 
definition that inductance is the property of a circuit which opposes 
any change in the amount of current. It should be noticed that change is a 
very important word in this definition. 

Lenz's Law. The induced emf in a circuit always tends to oppose any 
change in the amount of current in that circuit. This is commonly referred 
to as Lenz's law, which may be stated as follows: When the current in a 
circuit is increasing, the induced emf opposes the applied voltage and 
tends to keep the current from increasing, and when the current is decreasing, 
the induced emf aids the line voltage and tends to keep the current from 
decreasing. Another way of stating Lenz's law is: When a current flowing 
through a circuit is varying in magnitude, it produces a varying magnetic 
field which sets up an induced emf that opposes the current change 
producing it. 
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Presence of Inductance. The above discussion was based upon the 
actions taking place at conductor A during the positive half-cycle. A similar 
action takes place at conductor A for the negative half-cycle. Applying 
this reasoning to any other conductor will show that the same actions 
occur at all conductors. 

It is now evident that inductance is effective only when there is a 
changing current present in a circuit. With d-c circuits, this condition 
usually exists only at the instant of time when a circuit is being closed or 
opened by means of a switch; therefore, the inductance in such circuits is 
generally disregarded. In a-c circuits, the current is continually changing 
and the effect of inductance is always present; therefore, inductance must 
be considered in all a-c circuits. 

8-2 Self-inductance 

Self-inductance is defined as the property of a single circuit that opposes 
any change in the amount of current in that circuit. The preceding article 
actually presented an explanation of self-inductance. The discussion in the 
following paragraphs will present the unit of inductance and the factors 
affecting the value of inductance. 

Unit of Inductance. The unit of inductance is the henry; it was named 
in honor of an early American scientist, Joseph Henry. A circuit has a self-
inductance of one henry when a current changing at the rate of one 
ampere per second induces an average of one volt. The symbol used 
to represent inductance is the capital letter L. 

Factors Affecting the Inductance of a Coil. While practically all circuits 
are likely to have some inductance, it is common to think of inductance 
most frequently in terms of a coil. When a coil is used expressly for 
its property of inductance, it is called an inductor. The self-inductance of a 
coil depends upon its physical characteristics, that is, its dimensions, 
number of turns, and the magnetic qualities of its core. Because it is some-
times difficult accurately to predict the magnetic conditions in a circuit, 
several equations are used to express the relations of the factors affecting 
the inductance of a coil. 
When the length of a coil is several times its diameter, it is called 

a solenoid. For a solenoid whose length is at least 10 times its diameter, the 
inductance may be calculated by the equation 

1.26N2p.A  
L = (8-2) 1081 

where L = inductance of the coil, henrys 
N = number of turns 
it = permeability of the core 
A = area of the core, sq cm 
1 = length of the core, cm 
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EXAMPLE 8-2 What is the inductance of a tuning coil that has 300 turns wound on a 
cardboard tubing 4 cm in diameter and 40 cm long? 

NOTE: As cardboard is nonmagnetic, µ = 1. 

csvEN:N= 300 hums is=1 d= 4 cm i=ecm 

FIND: L 

SOLUTION: 

A = ird2 = 3.14 X 4 X 4 = 12.56 sq cm 
4 4 

1.26N2µA 1.26 x 300 x 300 x 1 x 12.56 = 
L = — 0.000356 henry = 356 µh 

1081 108 X 40 

EXAMPLE 8-3 What inductance would the coil of Example 8-2 have if it was wound 
on an iron core whose permeability was 4,000? 

GIVEN: N = 300 turns µ = 4,000 A = 12.56 sq cm / = 40 cm 

FIND: L 

SOLUTION: 

1 26W2µA 1.26 x 300 x 300 x 4,000 x 12.56 = 
L —  • — 1.424 henrys 

1081 108 X 40 

EXAMPLE 8-4 What inductance would the coil of Example 8-3 have if there were 900 
turns of wire on the coil? 

GIVEN: N = 900 turns µ = 4,000 A = 12.56 sq cm / = 40 cm 

FIND: L 

SOLUTION: 

L= 1.26/%72µA — = 1.26 x 900x 900x 4,000x 12.56 12.81 henrys 
1081 108 x 40 

The above examples indicate both that the inductance can be increased 
considerably by winding the coil on a ferromagnetic core and that it also 
increases as the square of the number of turns. Changing the turns from 
300 to 900 or making their number three times as great increases the 
inductance by 3 x 3, or nine times. 

Multilayer, Pancake, Solenoid Coils. Equation (8-2) was used because it 
illustrates by the simplest mathematics how the various factors affect the 
inductance of a coil. The dimensions of coils used in radio circuits are such 
that they seldom conform to the conditions of this equation. In most cases 
it becomes necessary to resort to one of the three following equations. 
Figure 8-5 shows three classifications of coil shapes for which the three 
equations are used. Figure 8-5a is called a multilayer coil, and its inductance 
may be found by use of the equation 
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( 
L =  0 8a2N2 8-3) 

6a + 9b + 10c 

Figure 8-5b shows a flat or pancake coil whose inductance may be 
calculated by the equation 

a2N2  
L =  8a + 11c (8-4) 

Figure 8-5c shows a form of solenoid in which the length does not 
exceed its diameter by any great amount. The inductance of such a coil 
may be found by the equation 

L —  a2N2 
— 9a ± 10b 

where L = inductance of coil, µh 
N = number of turns 

a, b, c = dimensions, inches (Fig. 8-5) 

(8-5) 

EXAMPLE 8-5 What is the inductance of a multilayer coil that has 1,200 turns and 
whose dimensions are a = 11/2, b = 3/4, c = 11/2 inches? 

GIVEN: N = 1,200 turns a = 1.5 inches b = 0.75 inch c = 1.5 inches 

FIND: L 

SOLUTION: 

L =   0.8,a2N2 0.8 x 1.5 x 1.5 x 1,200 x 1,200 2,592'000 = 84,292 mh 
6a + 9b + 10c 6 x 1.5 + 9 x 0.75 + 10 x 1.5 30.75 

The above equations will give reasonably accurate results for coils without 
iron cores such as may be found in r-f circuits. When iron cores are used, 
more accurate results can be obtained by securing readings of volts, 
amperes, and either watts or resistance, as is explained later. Numerous 
tables and charts have been prepared to facilitate calculations of inductance 
or number of turns by short-cut methods. 

Fig. 8-5 Types of inductance coils. 
(a) Multilayer. (b) Flat or pancake. 
(c) Solenoid. (a) 

b 
Ii z ri 

erg 

(c) 
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8-3 Inductive Reactance, Resistance, Impedance 

The effects of inductance in an a-c circuit are twofold: namely, it sets up 
an opposition to the flow of current, and it causes a delay or lag in 
the current. 

Inductive Reactance. The study of inductance shows that a changing 
magnetic field induces a voltage in such a direction that it opposes any 
change in the amount of current. This results in the current being lower 
than if inductance were not present, and inductances must therefore intro-
duce an opposition to the flow of current. This opposition is called inductive 
reactance and is expressed in ohms; its symbol is XL. The value of the 
inductive reactance is affected by two factors, one being the inductance of 
the circuit and the other the rate or speed at which the current is changing. 
The inductance of a circuit depends on the physical characteristics of the 
circuit as explained in Art. 8-2. The rate of speed at which the current is 
changing is directly proportional to the frequency of the power supply to 
which it is connected. The effect of these two factors results in the equation 

XL = 2/rfL (8-6) 

where XL = inductive reactance, ohms 
f = frequency, cps 
L = inductance, henrys 

If a circuit is assumed to consist of inductance only, the amount of 
current flowing in such a circuit would be equal to its voltage divided by 
the inductive reactance, or 

EL 
= — 
XL (8-7) 

EXAMPLE 8-6 The choke coil of a filter circuit has an inductance of 30 henrys. 
(a) What is its inductive reactance on a 60-cycle circuit? (b) What current will flow 
when the voltage across the coil is 250 volts? 

GIVEN: L = 30 henrys f = 60 cps E = 250 volts 

FIND: (a) XL (14 II, 

sourrioN: 

(a) XL = 2TrfL = 2 x 3.14 x 60 x 30 = 11,304 ohms 
EL 250 h (b) = = 
XL 11,304 = 221 ma 

EXAMPLE 8-7 The primary of an r-f transformer has an inductance of 350 µh. 
(a) What is its inductive reactance at 1,200 kc? (b) What current will flow when the 
voltage across the primary is 10 volts? 
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GIVEN: L = 350 X 10-6 henry f = 1,200 X 103 cps E = 10 volts 

FIND: (a) XL (b) IL 

SOLUTION: 

(a) XL = 27rIL = 2 x 3.14 x 1,200 X 103 X 350 x 10-6 = 2637.6 ohms 

EL 10  
(b) IL = Xi = 2637.6 = 3.79 ma ,  

Effect of the Resistance of an Inductive Circuit. In actual practice it is 
impossible to have a circuit containing only inductance because the wire of 
which the inductor is wound has some resistance. The resistance is usually 
so small compared with the inductive reactance that it is ignored and the 
circuit is assumed to contain inductance only. 

Impedance. If the resistance is to be considered, its ohmic effect must 
be combined with the ohmic effect of the inductive reactance. The com-
bined ohmic effect is called the impedance and is represented by the 
symbol Z. Mathematically it is equal to 

Z = VR2 ± XL2 (8-8) 

where Z = impedance of the circuit, ohms 
R = resistance of the circuit, ohms 
XL = inductive reactance of the circuit, ohms 

When both the resistance and the inductive reactance of a circuit 
are taken into consideration, the current flowing in the circuit will be 
equal to the voltage of the circuit divided by its impedance, or 

E I = 
Z 

where I = current flowing in the circuit, amp 
E = voltage of the circuit, volts 
Z = impedance of the circuit, ohms 

(8-9) 

EXAMPLE 8-8 If the coil of Example 8-6 has a resistance of 400 ohms, (a) what is the 
impedance of the coil? (b) What current will flow when the voltage across the coil is 
250 volts? 

GIVEN: XL = 11,304 ohms R = 400 ohms E = 250 Volts 

FIND: (a) Z (b) I 

SOLUTION: 

(a) Z = VR2 + xL2 = 0002 ± 11,3042 = V160,000 + 127,780,416 
= V127,940,416 = 11,311 ohms 

(b) I= = E 25°  
Z 11,311 



264 Essentials of Electricity—Electronics (8-4) 

Comparison of the results of Examples 8-6 and 8-8 shows that the 
impedance and inductive reactance are practically equal and that the 
current, too, is practically the same whether the resistance is considered or 
neglected. This is always the case when the inductive reactance is ten or 
more times greater than the resistance. 

8-4 Time Constant and Angle of Lag 

Time Constant. That inductance causes a delay or lag in the current is 
shown in the following manner. If a length of wire is arranged so that 
it has no inductance (for example, kept straight so that at no point will two 
sections of wire be near each other), its only effect will be that of 
resistance. If the wire has a resistance of 12 ohms and it is connected 
through a switch and an ammeter to a 6-volt d-c power source (Fig. 8-6a), 
a current of %, or 0.5, amp will flow when the switch is closed. Further-
more, because the circuit contains resistance only, the current will reach 
this value practically instantly as indicated by the graph of Fig. 8-6h. 

If the piece of wire or an identical piece is wound around a cylindrical 
form, it will have inductance as well as its resistance of 12 ohms. If the coil 
is connected to a circuit as in Fig. 8-7a, the current upon closing the 
switch will again become 13/4 2, or 0.5, amp. The current, however, will not 
attain this value instantly because of the inductance now present in 
the circuit. The amount of time required for the current to reach its final 
value depends upon the relative amount of inductance and resistance 
in the circuit. If the inductance of this circuit is 0.36 henry, the time 

(a) (a) 

0.5 

F- 0.4 

ps 0.3 
I 0.2 

E 0.1 
0 0.01 0.02 0.030.040.050.060.070.08 

Time,seconds 
(6) 

Fig. 8-6 Time required for the current 

to build up in a circuit containing only 

resistance. (a) The circuit diagram. 

(b) A graph showing the relation be-

tween current and time. 

0.6 

e00.5 

8,0.4 
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00.3 
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30.1 
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R-/2/2. 
L-036h 

0.01 0.02 0.03 004 0.05006 0.070.08 0.09 0.10 0.11 0.12 
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Fig. 8-7 Time required for the current to 

build up in a circuit containing resistance and 

inductance. (a) The circuit diagram. (b) A 

graph showing the relation between current 

and time. 
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required for the current to build up is that which is shown in Fig. 8-7b. 
The ratio of inductance to resistance is called the time constant and repre-
sents the time in seconds required for the current to build up to 63.2 per 
cent of its final value. Mathematically it is expressed 

, L 
t = — 

R 
(8-10) 

where t . time for current to reach 63.2 per cent of its final value, sec 
L = inductance of the circuit, henrys 
R = resistance of the circuit, ohms 

EXAMPLE 8-9 What time is required for the current in the circuit of Fig. 8-7a 
to build up to 63.2 per cent of its final value? 

GIVEN: L = 0.36 henry R = 12 oluns 

FIND: t 

SOLUTION: 

0 36 t = L — = = 0.03 sec 
R 12 

The application of the principle of time constants is presented in greater 
detail in Art. 12-12. 
Angle of Lag. If the battery in Fig. 8-7a is replaced with a source 

of alternating current, the effect of the inductance in the circuit will cause 
the current to lag continually behind the voltage. The amount of lag 
is dependent upon the relative amounts of inductance and resistance in the 
circuit and is generally expressed in electrical degrees instead of time 
in seconds. It is determined mathematically by 

R  R  
cos 0 = =   (8-11) 

Z VIP ± XL2 

EXAMPLE 8-10 If the circuit of Fig. 8-7a is connected to a 60-cycle 6-volt a-c power 
supply, find (a) the inductive reactance, (b) the impedance, (e) the angle of current lag, 
(d) the current. 

GIVEN: R = 12 ohms L = 0.36 henry E = 6 volts f = 60 cps 

FIND: (a) XL (b) Z (c) 0 (d) I 

SOLUTION: 

(a) XL = 2/rfL = 2 x 3.14 X 60 X 0.36 = 135.6 ohms 

(b) Z = VR2 + XL2 = V122 + 135.62 = V144 + 18,387 = 136.1 ohms 

(c) cos 9 = 11 = 12 = 0 0881 
Z 136.1 ' 

O = 85° (from Appendix XI) 

(d) r E 6 .= — = = 0.0440 amp 
Z 136.1 
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Equation (8-11) shows that, if it were possible to build an inductance 
without any resistance, the value of cos O would be zero and the angle by 
which the current would lag the voltage would be 90°. Also, if no induct-
ance is present, the value of cos O would be 1 and the angle would be 0°. 
In actual practice, inductance coils cannot be built without resistance; 
therefore, a 90° angle of lag cannot be obtained. Practical inductances 
often achieve angles up to 80 or 85°. 
The angle between the current and voltage may be illustrated by sine 

waves as in Fig. 10-2 or by vector diagrams as in Fig. 10-11a. The vector 
method of representation is the one most commonly used. 

8-5 Mutual Inductance 

When two windings are placed so that a change of current in one will 
cause its changing magnetic field to cut the turns of the other, an induced 
emf will be set up in the second coil. The two circuits are then said 
to possess mutual inductance. 

Principle of Mutual Inductance. This may be demonstrated by the 
circuits shown in Fig. 8-8. A coil AA' is formed by winding a number 
of turns on a core of cardboard tubing. A second piece of cardboard 
tubing, one whose inside diameter is slightly larger than the outside diameter 
of the completed coil, is then placed over the coil to act as an insulator and 
as a form for the second winding BB'. The coil BB' is then wound over this 
tubing. If the winding AA' is connected to a source of alternating current 
and if a voltmeter is connected to the winding BB', the voltmeter will 
indicate that a voltage is being induced in the winding BB' by the 

B' 

Secondary coil 

Pninary 
coi/ 

Fig. 8-8 Principle of mutual 

inductance. 



(8-5) Inductance 267 

expanding and contracting magnetic field caused by the current flowing in 
the winding AA'. 

Calculation of Mutual Inductance. If the circuit BB' is connected to a 
load, it will cause a current to flow in the winding BB' and set up a mag-
netic field of its own. Each circuit can, and under such condition will, 
have an inductance of its own. The inductance of each may be calculated 
separately by a suitable equation from the group (8-2) to (8-5). The 
winding that receives the energy from the power line is called the primary 
winding, and its self-inductance is usually designated as L1. The other 
winding is called the secondary, and its self-inductance is designated as L2. 

Unit of Mutual Inductance. When the current changes in one circuit as 
AA', at the rate of 1 amp per sec and it induces an average emf of 1 volt 
in the second circuit, as BB', the two circuits have a mutual inductance of 
1 henry. If the self-inductances of the two coils are known and it is 
assumed that all the magnetic lines set up by the first coil cut all the turns 
of the second coil, the mutual inductance may be expressed by 

M = VLI X L2 

where M = mutual inductance of the coils, henrys 
= self-inductance of first coil, henrys 

L2 = self-inductance of second coil, henrys 

(8-12) 

EXAMPLE 8-11 What is the mutual inductance of two coils wound adjacent to one 
another? (Assume that all the magnetic lines set up in the first coil cut all the turns of 
the second coil.) The primary coil consists of 2,000 turns wound on a cardboard 
core 2 inches in diameter and 4 inches long. The secondary coil consists of 4,000 
turns wound on a cardboard core 21/2 inches in diameter and 31/2 inches long. 

GIVEN: = 2,000 tums al = 1 inch b1 = 4 inches N2 = 4,000 turns 
a2 = 11/4 inches b2 = 31/2 inches 

FIND: M 

SOLUTION: 

Note: The coils meet conditions of Fig. 8-5c; therefore use Eq. (8-5). 

ai2N12  1 x 1 x 2,000 x 2,000  
= 

9ai 10bi = 9 X 1 + 10 x 4 

= 4,000,000 = 81,632 ph = 81.6 mh 
49 

r = a22N22 1.125 x 1.125 x 4,000 x 4,000  
9a2 + 10b2 — 9 x 1.125 + 10 x 3.5 

_ 20,250,000  
= 448,753 ph = 448.75 mh 

45.125 

M = X 1-e2 = V81.8 X 448.75 = N/3(18 = 191.3 inh 
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8-6 Coefficient of Coupling 

Calculation of Coefficient of Coupling. When two circuits are arranged 
so that energy from one circuit may be transferred to the other, the 
circuits are said to be coupled. Mutual inductance is an example of 
coupled circuits. 

In the case of mutual inductance, if all the magnetic lines set up by the 
current in the first circuit cut all the turns of the second circuit, the 
circuits are coupled perfectly. If only half the lines set up in the first 
circuit cut the turns of the second circuit, the coupling is only 50 per cent. 
The percentage of coupling is referred to as the coefficient of coupling and 
is designated by the letter K. It is expressed mathematically by 

K   M  = 
VI.1 X 1,2 

where K = coefficient of coupling (expressed as a decimal) 
M = mutual inductance of two circuits 
L1 = self-inductance of first coil 
L2 = self-inductance of second coil 

(8-13) 

EXAMPLE 8-12 What is the coefficient of coupling of two coils whose mutual induct-
ance is 1.0 henry and whose self-inductances are 1.2 and 2.0 henrys? 

GIVEN: M = 1.0 henry L1 = 1.2 henrys L2 = 2.0 henrys 

Firm: K 

sournim: 

K = M  _  1.0    1 0 = 1 0 — = 0.645 
Vr.,1/172 V1.2 x 2.0 \/274 1.55 

The coefficient of coupling depends upon the construction of the coils 
and also largely upon whether the coils are wound on an iron core or on 
an air core. The highest possible value is 1, and the lowest is zero. 
The power transformers described in Art. 7-14 often achieve the high 
value of 0.98, which is considered excellent. The coefficient of coupling for 
air-core transformers used in radio circuits is very low and will vary 
considerably depending upon the design of the coils and the frequency of 
the circuits in which they are used. In radio circuits, a low value of 
coefficient of coupling is often desired, as it aids sharpness of tuning. 

Calculation of Voltage Induced in the Secondary. The voltage induced 
in the second circuit by a change of current in the first may be expressed 
by the equation 

N2Kcp  
e2 = 

t X 108 
(8-14) 
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where e2 = voltage induced in second circuit 
N2 = turns on coil in second circuit 
K = coefficient of coupling 
= flux set up by current in first circuit 
t = time for current in first circuit to change from maximum value 

to zero, or vice versa, sec 

EXAMPLE 8-13 Two coils, the first having 200 turns and the second 350 turns, 
are placed so that only 40 per cent of the lines set up by coil 1 link coil 2. If 600,000 

lines are set up when 3 amp flow through coil 1, what voltage will be induced in coil 
2 if the current decreases from 3 amp to zero in 0.10 sec? 

GIVEN: N2 = 350 turns K = 0.40 = 600,000 lines t = 0.10 sec 

FIND: e2 

SOLUTION: 

N21<c> 350 x 0.40 x 600,000  
e2 = 108 _ = 8.40 volts 

t x  0.10 x 108 

Many methods have been devised for varying the inductance in a 
circuit. The inductance of the unit shown in Fig. 8-9 is varied by changing 
the effective number of turns by means of an adjustable clip or by a sliding 
contactor. The inductance of the variocoupler or variometer (Fig. 8-10c) is 
varied by changing the position of one coil with respect to another, which, 
in effect, really varies the coefficient of coupling. 

8-7 Series and Parallel Inductances 

Basic Series and Parallel Connections. Circuits often contain several 
inductances connected in series or in parallel. When the separate inductors 
are located far enough apart so that there is no coupling between them, 
the inductances may be added in the same manner in which resistances 
are added. The inductance of a circuit containing several inductors con-

Fig. 8-9 A variable inductor. 
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nected in series and far enough apart so that no coupling exists between 
them will be 

LT = L1 ± L2 ± L3, etc. (8-15) 

The inductance of a circuit containing two or more inductors connected 
in parallel but far enough apart so that no coupling exists between them 
will be 

1  LT = (8-16) 
1 1 1 
ri + + 1 , etc. 

When a circuit has only two inductors connected in parallel, Eq. (8-16) 
can be simplified to 

L11,2  
LT = Li + 1+2 (8-16a) 

Reactance of Series- and Parallel-connected Inductors. The inductive 
reactance of two or more inductors connected either in series or parallel 
can be calculated by 

X1,T = 27rfLT (8-17) 

where XL.T = inductive reactance at the line terminals of the group, ohms 
LT = inductance of the group, henrys 

When the individual inductive reactances of a number of inductors con-
nected in series are known, 

XLeT = XLel ± X1,2 ± X1,3, etc. (8-18) 

When the individual inductive reactances of a number of inductors con-
nected in parallel are known, 

Xler = 
1 

1 , 1 1 
-r y 1,2 ,3 ± -,,, , etc. 
A AI 

(8-19) 

When a circuit has only two inductors connected in parallel, Eq. (8-19) 
can be simplified to 

XL.1XL•2  
A1,1 ± X1,2 

(8-19a) 

EXAMPLE 8-14 A circuit having a 40-mh inductor and a 60-mh inductor connected 
in series is to be used on a 5,000-cycle power source. Find (a) the inductance of the 
circuit, (b) the reactance of each inductor, (c) the reactance of the circuit. 

GIVEN: L1 = 40 mh L2 = 60 mh f= 5,000 cps 

FIND: (a) LT (b) Xbi, XL.2 (e) XL.T 
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SOLUTION: 

(a) LT = Li + L2 = 40 -I- 60 = 100 mh 
(b) XL.1 = 2efLi = 6.28 x 5,000 x 40 x 10-3 = 1,256 ohms 

XL.2 = 2717,2 = 6.28 x 5,000 x 60 x 10-3 = 1,884 ohms 
(C) XL.T = 21TfLT = 6.28 x 5,000 x 100 x 10-3 = 3,140 ohms 

EXAMPLE 8-15 A circuit having a 40-mh inductor and a 60-mh inductor connected 
in parallel is to be used on a 5,000-cycle power source. Find (a) the inductance of 
the circuit, (b) the reactance of each inductor, (e) the reactance of the circuit. 

GIVEN: Li = 40 mh L2 = 60 mh f= 5,000 cps 

FIND: (a) LT (b) XL-1, X1,2 (c) XL.T 

SOLUTION: 

(a) LT =  L 1 L 2  __ 4 0 x 60 = 24 mh — 
Li + L2 40 + 60 

(b) XL.1 = 2irfLi = 6.28 X 5,000 X 40 x 10-3 = 1,256 ohms 
XL.2 = 21TfL2 = 6.28 x 5,000 x 60 x 10-3 = 1,884 ohms 

(C) XL.T = 27rfLT = 6.28 x 5,000 x 24 x 10-3 = 753.6 ohms 

Effect of Coupling on Series-connected Inductors. When two coils are 
located close enough to each other so that there will be coupling between 
them, the total inductance of the two coils when connected in series must 
be found in a different manner. The total inductance will depend on how 
the coils are connected, that is, whether they are aiding or opposing, and 
also upon their mutual inductance and coupling. Figure 8-10 shows three 
conditions that may exist. In Fig. 8-10a, two coils are connected in series 
so that their magnetic fields aid each other; the inductance of the circuit 
will then be 

L = Li + L2 + 2K N/1-4T-,-2 (8-20) 

where L = inductance of circuit 
L1 = inductance of first coil 
L2 = inductance of second coil 
K = coefficient of coupling 

In Fig. 8-10b, the two coils are connected in series so that their magnetic 
fields oppose each other; the inductance of the circuit will then be 

L = Li + L2 — 2K N/L_,2 (8-21) 

In Fig. 8-10c, the second coil is mounted on a shaft so that it may be 
rotated. If it can be rotated through 180°, it may be changed from aiding 
to opposing or it may also be stopped at any point in between. The induct-
ance of the circuit will then be 

L = Li + L2 ± 2K VI--7.1-2 (8-22) 
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(a)- Coils aiding 

(b)-Coils opposing 

(c)-Voriable coupling 

Fig. 8-10 Two coupled inductors connected in series. 

If two similar coils are used for Fig. 8-10c and perfect coupling could be 
achieved, the inductance could be varied between zero and 4L1. This 
is true because when the coefficient of coupling is unity, the value of 
2K 0.71T..2 is equal to 2L1 (or L2 since Li and L2 are equal). When the two 
coils are aiding, 

L = Li + L2 ± 2K \//.,2 = Li + Li + 2/4 = 4/4 (8-23) 

and when the two coils are opposing, 

L = /4 + L2 — 2K VT".4rî = Li ± /4 — 2/4 = 0 (8-24) 

When the coils are at a 90° angle, the value of 2K Vriti is zero and 
L = Li + L2 ± 0 = 2L1. This is the basis of the variometer and vario-
coupler shown in Fig. 8-10c. 
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EXAMPLE 8-16 Two coils, each with an inductance of 4 henrys, are arranged so that 
they may be connected in series in the various ways shown in Fig. 8-10. What is the 
inductance of the circuit when the two coils are connected in series so that they are 
(a) aiding and the coupling is 100 per cent? (b) Opposing and the coupling is 100 per 
cent? (c) In a position that produces zero coupling? (d) Aiding and the coupling is 50 
per cent? 

GIVEN: L1 = 4 henrys L2 = 4 henrys 

FIND: (a) L (b) L (c) L (d) L 

SOLUTION: 

(a) L = -F ÷ 2K LN/.,2 = 4 4 (2 x 1 x V4 )- 7-74) 
= 4 + 4 -I- 8 = 16 henrys 

(b) L = + L2 — 2K 4 + 4 — 8 = 
(c) L = Li + L2 ± 2K LV7ir2 = 4 4 ±-- 2 x 0 x 4 = 8 henrys 

(d) L = ± ± 2K 0:1772 = 4 + 4 2 x 0.5 x 4 = 12 henrys 

8-8 Low-frequency Inductance Coils 

Power-supply Applications. Inductance coils used in filter circuits of 
power supplies and in a-f circuits are generally classed as low-frequency 
coils. These coils must have a high value of inductance in order to get the 
desired value of impedance at the frequencies for which they are used. 
Examples 8-6 and 8-8 show that the impedance is practically equal to the 
inductive reactance, and thus it can be seen from Eq. (8-6) that at low 
frequencies the inductance must be high in order to obtain the desired high 
values of impedance. In order to get a high enough value of inductance, 
low-frequency inductors generally use some type of iron core and have a 
relatively large number of turns of wire on their coils. 

Inductors used in power-supply filter circuits have a pulsating current 
flowing through them, and the rate of pulsations is usually in the order of 

Fig. 8-1 1 Low-frequency filter chokes. (Thordarson-Meissner) 
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60 or 120 pulsations per second. These inductors are frequently referred 
to as chokes (Fig. 8-11). 
A-F Circuit Applications. In a-f circuits, inductance coils may be used 

as a coupling device in order to transfer energy from one circuit to another 
or as part of a filter circuit to separate the signals of one frequency from 
those of other frequencies. Application of coils in such circuits includes 
(1) transformers used to transfer energy from one stage to another, (2) par-
allel feed supply of the B voltage to the plate of a vacuum tube, (3) induc-
tors for impedance coupling, (4) filter circuits, (5) output transformers to 
provide impedance matching of the plate circuit of a vacuum tube with a 
loudspeaker. 

Transformers may be used in the a-f circuits of various types of sound-
reproducing equipment. The frequency handling requirements extend 
from a low range of 100 to 5,000 cycles for low-cost radio receiver appli-
cations to a range of 20 to 20,000 cycles for high-fidelity applications; some 
high-fidelity equipment may use transformers with a frequency range as 
high as 7 to 50,000 cycles. These transformers have a primary and second-
ary winding that are wound on a laminated iron or steel core. The ratio of 
the number of turns on the primary and secondary windings may range 
from a low of 1 to 1 to a high of 100 to 1 or more. The turns ratio and 
whether the primary turns are greater in number than the secondary turns or 
vice versa are determined by the requirements of each specific application. 
The cores of transformers operating at frequencies up to 50,000 cps are 

made of a higher grade of steel than is used for the inductors in the lower-
frequency power-supply-circuit applications. The higher grades of steel are 
more suitable for the higher-frequency applications because they have 
lower losses. 

Other Applications. There are many other inductor and transformer 
applications in the fields of (1) communications, (2) television, (3) high-
fidelity sound systems, (4) power-supply and rectifier equipment, (5) test 
equipment, (6) magnetic amplifiers, (7) automation controls, (8) computers, 
(9) telemetering, (10) military equipment, (11) aerospace equipment. 
Q of an Inductor. A perfect inductor, that is, one having only induct-

ance, cannot be achieved because a practical inductor will always have 

Fig. 8-12 Audio-frequency inductors and transformers. (Thordarson-Meissner) 
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some resistance in its coil and some losses in its magnetic core. The ratio 
of the reactance of a coil to its resistance is called the Q of the coil, and 

XL 2/rfL 
Q = 7 = R 

(8-25) 

where Q = figure of merit 
Xi, = inductive reactance of coil or inductor, ohms 
R = effective resistance of inductor, ohms 

The term Q has several slightly different meanings depending on whether 
it is being associated with only a coil or with a complete circuit. Conse-
quently, the term Q is known by various names such as figure of merit, 
quality factor, magnification factor, and energy factor. 
The Q of an inductor is dependent upon factors other than the ohmic 

resistance of its coil. These factors include skin effect, eddy-current losses 
in the conductor, distributed capacitance of the coil, leakage resistance, 
type of core material, and shape of the coil. The numerical value of Q for 
a coil extends over a wide range with values under 20 considered as low Q 
and values of several hundred or more classed as very high Q. 

8-9 High-frequency Inductance Coils 

R-F Choke Coils. Choke coils used in r-f circuits and transformers used 
in r-f and i-f circuits operate at frequencies above 100 kc and are classed 
as high-frequency coils. Because the magnetic effects of high-frequency 
currents are difficult to predict and to control, various designs of coils have 
been developed. 

Choke coils are used in r-f circuits to provide a high impedance to the 
r-f currents and a low impedance to direct current. To accomplish this, r-f 
chokes have a high inductive reactance and a low resistance. Because they 
operate on high frequencies, a high inductive reactance can be obtained 
with a relatively low inductance as compared with low-frequency coils. 
For example, an 80-mh choke operated at 500 kc has an inductive react-
ance of approximately 250,000 ohms. Radio-frequency chokes are availa-
ble at ratings from a fraction of 1 µh to hundreds of millihenrys and have 
low values of resistance compared with their impedance. Many of the r-f 
coils used in f-m, television, and high-frequency electronic circuits operate 
at frequencies of 5 to 500 mc or more. Special single-layer coils wound on 
cores made of steatite, ceramics, or phenolic materials are used for these 
high-frequency applications. Coils wound on nonmagnetic cores are often 
referred to as air-core coils. 

Magnetic-core Coils. Some r-f coils are wound on a specially prepared 
magnetic core consisting of finely powdered iron particles held together 
with a magnetic insulating binding substance. This type of iron core reduces 
the losses in the iron, thereby making it suitable for high-frequency appli-
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Fig. 8-13 Commercial r-f chokes. (Hammarlund Manufacturing Company, Inc.) 

cations. Because of the iron core, a high inductance can be obtained with 
a smaller number of turns, resulting in lower resistance, smaller coil size, 
and a higher value of Q. 

Coils with Adjustable Magnetic Cores. When it is required that the 
inductance of a unit be adjustable, the iron core of the inductor is arranged 
so that its position can be varied (Fig. 11-1 lb). The inductance of the coil 
is then controlled, within fixed limits, by varying the amount of iron inserted 
in the coil. When the core is all the way in the coil, the inductance will be 
at its maximum value, and when the core is withdrawn from the coil, the 
inductance will be at its minimum value. Some universal oscillator coils use 
this principle to permit adjustment of the oscillator circuit to its proper fre-
quency. It is also used in coils requiring a high-Q factor, such as the i-f 
transformers used in f-m receivers and the peaking coils in the video cir-
cuits of a television receiver. 
Methods of Winding. Another feature of the r-f coils is the special way 

in which they are wound. Instead of just winding the turns alongside each 
other and the layers on top of one another, special winding methods have 
been developed to reduce the distributed capacitance (see Chap. 9) of the 
coil. Among the methods used are the universal, honeycomb, spider-web, 
bank, figure-of-eight, and binocular types of windings (Fig. 8-14). The uni-
versal and honeycomb windings are the types most commonly used. 
R-F Transformers. Radio-frequency transformers are used to couple one 
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stage of a tuning circuit to the next stage. The transformer windings are 
usually of the universal type, and the core may be either an air core or the 
powdered-iron type. Often they are wound with a special type of wire, 
called /itz wire, and the windings are treated with a special material to help 
them withstand varying temperature and humidity conditions. These trans-
formers have a low number of turns, and the primary is of a lower number 
than the secondary. The r-f transformers operate through the frequency 
range of the receiver in which they are connected; thus, for an a-m broadcast-
band receiver, the minimum operating range should be 530 to 1,650 kc. 
For an f-m receiver the minimum frequency range should be 88 to 108 mc, 
and for a television receiver the range to be covered is 54 to 216 mc for 
channels 2 to 13 and 470 to 890 mc for channels 14 to 83. Receivers used 
by amateur radio operators generally cover two or more of the numerous 
bands allocated to the amateurs. When a receiver, such as a television or 
multiband radio receiver, is to operate on several frequency ranges, sepa-
rate r-f coils may be used for each channel or band. In some instances, a 
group of coils may be mounted in a single container or several separate 
coils of the plug-in type may be used. 

I-F Transforment. Intermediate-frequency transformers are a form of r-f 
transformers that are designed for operation at a definite frequency. 
Standard values of intermediate frequency have been set up for each of the 
various types of service for which i-f transformers are used. For a-m radio 
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Fig. 8-14 Various methods of winding high-frequency coils. 
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(a) (b) (c) 

Fig. 8-15 Commercial r-f and i-f coils. (Thordarson-Meissner) 

(8-9) 

receivers, i-f values of 175, 262, 370, 456, and 465 kc have been used; of 
these, the 262- and 456-kc transformers are most frequently used. For f-m 
receivers, 10.7 mc is used. In many television receivers two or more i-f 
stages of slightly different frequency values are used in order to obtain the 
necessary wide-band characteristics by the method of stagger tuning. The 
i-f values used in television receivers cover a band in the order of 41 to 
46 mc. The i-f transformers used in television receivers are of the adjusta-
ble type in order to obtain the necessary wide-band amplifier characteristics. 

Radio-frequency and i-f transformers (Fig. 8-15) are usually mounted in 
shielding containers, and their leads are generally each of a different color 
to conform with a standard color code (Appendix IX). Transformers must be 
selected according to their frequency range, and in addition, their primary 
and secondary impedances should be chosen to match the parts of the cir-
cuits into which they are to be connected. 

Bifilar Windings. The principle of bifilar windings, which means wind-
ing with two wires, is applied to some types of wire-wound resistors and 
transformers. One type of noninductive winding described in Art. 8-13 and 
illustrated in Fig. 8-21 is actually a bifilar coil. Winding the primary and 
secondary coils of a transformer simultaneously and directly adjacent to 
each other produces a bifilar-wound transformer (Fig. 8-16). Two advan-
tages of this type of transformer are its high coefficient of coupling and a 
reduction in the leakage inductance with respect to the primary inductance. 

Toroidal Inductors and Transformers. One type of inductor used in 
electronic equipment has its coil of wire wound around the entire length 
of a doughnut-shaped iron core (Fig. 8-17). These inductors are generally 
called toroids or toroidal inductors. Advantages of toroids are (1) high 
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values of Q can be obtained; (2) except for minor stray losses, their entire 
magnetic field is contained within the coil; (3) inductance values can be 
kept to within 1 per cent tolerance; and (4) the temperature stability 
is excellent with inductance variations of less than 1 per cent over a tem-
perature range of — 55 to +85°C being attainable. 

Toroids with a single winding are used for choke coil applications, and 
toroids having two or more windings are used as transformers. They are 
adaptable to many electronic applications, such as (1) instrument trans-
formers, (2) variable-voltage autotransformers, (3) special power-supply 
equipment, (4) oscillators, (5) pulse circuits with high repetition rates, 
(6) computers, and (7) data-processing equipment. 

8-10 Shielding 

High-frequency circuits, such as the i-f and r-f circuits using the trans-
formers just described, often have undesired coupling between adjacent 
circuits due to their magnetic fields. To prevent this undesired magnetic 
coupling, a metal shield, usually of aluminum or brass, is placed around the 
coil. When a magnetic field passes through such a shield, an emf is induced 
in it, and as the shield acts as a closed circuit, a current will flow in the 
shield. This current will set up its own magnetic field which, according to 
Lenz's law, will oppose the original magnetic field and tend to keep it from 
spreading beyond the shield. 

Shields should be carefully designed as to size because the currents set 
up in them act as a loss that must be subtracted from the power in the coil 
circuit. This result has a tendency to increase the resistance and also 
to reduce the inductance. Both these effects result in a lower Q and hence 
reduce the effectiveness of the coil. The shield should be of a heavy mate-
rial that is a good conductor, such as copper, brass, or aluminum, and 
should be large enough so that it is not too close to the coil. Aluminum is 
used in preference to copper because of its greater resistance to corrosion, 
greater mechanical strength, lower cost, and good conductivity. 

Fig. 8-16 Bifilar-wound transformer. Fig. 8-17 A toroidal inductor. 
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8-1 1 Resistance of Coils 

D-C Resistance. The resistance of coils that operate on direct-current, 
low-frequency power-supply circuits and audio frequencies is generally 
taken to be that amount which may be calculated by Ohm's law from volt-
age and current readings obtained when direct current is flowing through 
the coil. This resistance is often referred to as the cl-c resistance of the coil 
or as the ohmic resistance. 
When coils such as r-f chokes and transformers are used in high-frequency 

circuits, the resistance to the high-frequency currents is much greater than 
the d-c resistance of the coils. There are several reasons for this increased 
resistance to the higher frequency currents. 

Skin Effect. Skin effect, which is one cause for this increased resistance, 
is explained in the following manner: Any flow of current through a con-
ductor is considered as a flow of electrons. When the nature of the electron 
flow is a direct current, the electrons will be evenly distributed throughout 
the entire cross-sectional area of the conductor, as shown in Fig. 8-18a. 
However, when the nature of the electron flow is a high-frequency current, 
the electrons will be concentrated near the surface of the wire and the 
center of the cross-sectional area will carry practically no electrons, as 
shown in Fig. 8-18b. This reduces the effective area of the conductor, 
thereby increasing the resistance. The electrons of high-frequency currents 
move near the surface of the conductor because at high frequencies the 
magnetic lines expand and contract so rapidly that they cause sufficient 
induced voltage in the conductor itself to repel and push electrons from 
the center of the conductor to the outer area. 
Eddy Currents. The varying concentric magnetic fields shown in Fig. 5-25 

also induce voltages at many points along the conductor itself, and these 
voltages, even though they are small, set up additional currents in the con-
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Fig. 8-18 Distribution of electrons over Fig. 8-19 Conductors used for high-fre-
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ductor. These currents, known as eddy currents, flow back and forth in 
small areas of the conductor and therefore do no useful work but instead 
are actually a loss in the conductor. The eddy currents cause additional 
heating of the conductor, and, as they are a loss, they have the same effect 
as an increased resistance. 
Combined High-frequency Resistance. At high frequency, it is common 

practice to combine all the resistance effects, that is, the d-c or ohmic 
resistance, the skin effect, and the eddy-current effect, into a single value 
called the a-c resistance of the coil. This a-c resistance of a coil increases 
as the frequency at which the coil is operated is increased. The skin effect 
and hence the a-c resistance increase at a greater rate for large conductors 
than for small ones. To reduce the value of the a-c resistance, a special type 
of conductor called litz wire is made by weaving a large number of small 
insulated wires to form the conductor. As the individual wires are insu-
lated, they act as separate conductors and will result in a fairly uniform 
distribution of current at broadcast and even at short-wave frequencies, but 
they are not highly effective for ultrahigh frequencies. Another method 
used to reduce the value of the a-c resistance is to use hollow conductors 
or thin, flat strip conductors as shown in Fig. 8-19. 

8-12 Measuring Inductance 

Methods of Measuring Inductance. The method of calculating the 
inductance from the physical characteristics of a coil was described in Art. 
8-2. It is often desired to determine the inductance of a coil, but some fac-
tor required for calculating the inductance may not be readily obtained. In 
such cases it becomes necessary to measure the inductance of the coil. 
There are two methods available for measuring the inductance of a coil, 
the comparison and the impedance methods. 

Comparison Method. The comparison method involves the use of a 
standard inductor and some form of a bridge circuit. There are a number of 
commercial bridges available for measuring inductance. Use of such a bridge 
is not difficult, and quite accurate results may be obtained (see Art. 6-19). 
Impedance Method. The impedance method involves the taking of volt-

meter, ammeter, frequency, and wattmeter readings of the coil when con-
nected to an a-c power source. The inductance may then be calculated by 
use of Eqs. (8-9), (2-14), (8-8), (8-6), as illustrated in the following example. 

EXAMPLE 8-17 It is desired to determine the inductance of a coil by the impedance 
method. The coil is connected to the circuit as shown in Fig. 8-20, and the following 
meter readings are obtained: voltmeter, 250 volts; ammeter, 0.100 amp; wattmeter, 
0.50 watt; frequency, 60 cycles. (a) What is the inductance of the coil? (b) What is 
the Q of the coil? 

civEri: E = 250 volts I = 0.100 amp W = 0.500 watt f = 60 cycles 

FIND: (a) L (b) Q 
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SOLUTION: 

(a) 

(b) 

Fig. 8-20 

Z = = ' E 25° = 2 500 ohms 7 o.ioo  

— 0.500  = P = = 50 ohms 
/2 0.100 x 0.100 

= VZ2 — R2 = V2,5002 — 502 = V6,250,000 — 2,500 

= V6,247,500 = 2,499 ohms 

L=-2-1 = = — = = 8.83 henrys 
2.7r1 2 x 3.14 X 60 

XL 2,499 
Q = R — = = 50 (approx) 

50 

If a wattmeter is not available, the resistance can be determined by con-
necting the coil to a d-c power supply and taking voltmeter and ammeter 
readings; the resistance can then be calculated by Ohm's law. If the coil is 
then connected to an a-c power supply of known frequency and voltmeter 
and ammeter readings are taken, the inductance can be found in the man-
ner indicated in Example 8-17. The results of Example 8-17 show that 
when R is small compared with Z, then Xi, is practically equal to Z. Under 
this condition, R may be neglected, and yet it will not produce any appre-
ciable error in the value of XE, and L. Further examination of the results of 
Example 8-17 shows that the Q of the coil is approximately 50. As the value 
of Q for coils ranges from 30 to several hundred and since with such values 
of Q the resistance is low compared with the inductive reactance,  it is per-
missible to neglect the resistance entirely in the equation XL = VZ2 — R2 
and XL is then considered equal to Z. On this basis, the inductance can be 
found by taking only voltmeter and ammeter readings with the coil con-
nected to an a-c power supply of known frequency. 

EXAMPLE 8-18 What is the inductance of a high-Q coil that draws 5 ma when con-
nected to a 25-volt 1,000-cycle power supply? 

GIVEN: E = 25 volts I = 0.005 amp f = 1,000 cycles 

FIND: L 
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SOLUTION: 

E 25 Z = — = = 5,000 ohms 
/ 0.005 

XL  = Z = 5,000 ohms (approx) 

5,000  
L = = = 0.796 henry 

27rf 2 x 3.14 x 1,000 

The three steps used in the solution of Example 8-18 can be combined 
into a single equation 

(8-26) 

EXAMPLE 8-19 What is the inductance of a high-Q coil that draws 5 ma when 
connected to a 25-volt 1,000-cycle power supply? 

GIVEN: E = 25 volts / = 0.005 amp f = 1,000 cycles 

FIND: L 

SOLUTION: 

r E  25  
= = 

2irfl 2 x 3.14 X 1,000 X 0.005 = 0.796 hemy 

In the measurement of inductance of low-frequency coils wound on iron 
cores, it is recommended that the amount of current used for this meas-
urement be about the same as the rated current of the coil. If the coil has 
a direct current flowing in addition to the a-f currents under its normal 
operating conditions, then a similar current should be applied when taking 
measurements to be used for determining its inductance. Measuring the 
inductance without its proper d-c component may result in errors as great 
as several hundred per cent. 
The inductance of high-frequency coils, between 1 and 100 mh, may be 

measured at ordinary power frequencies, but a special low-current-drain 
voltmeter such as a vacuum-tube voltmeter should be used. Inductances 
below 1 mh should be measured with high-frequency currents applied, and 
care should be exercised that suitable high-frequency thermocouple-type 
meters are used. 

8-13 Noninductive Windings 

The effect of inductance is useful in radio, television, and other electronic 
circuits, as is indicated by the preceding description of the various choke 
coils and transformers; this will be further explained in the chapter on 
Resonance. There are cases, however, in which as little inductance effect 
as possible is desired. 
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When it is desired that a coil of wire have the lowest possible amount of 
inductance, the coil is wound so that each turn of wire with a current 
flowing in one direction has its inductive effect neutralized by an adjacent 
turn with its current flowing in the opposite direction. The coil is then said 
to be noninductively wound. 

If a coil requires only a few turns, it may be noninductively wound by 
first looping the wire as shown in Fig. 8-21a and then winding the loop 
around the core. The completed coil will be as shown in Fig. 8-21b. When 
the coil requires a large number of turns, it may be difficult to loop 
the wire first. In this case, the coil is usually wound in two sections, each 
having two leads. When the coil is completed, the two winding sections 
are connected in series in such a manner that the currents in each section set 
up magnetic fields of opposite directions which will neutralize each other. 
The wires used to connect various parts of a piece of equipment 

sometimes cause unwanted inductance. This is usually true of the heater 
circuits of vacuum tubes in a-c-operated equipment, especially if the wires 
are spaced a small distance apart and are parallel to each other. The induc-
tive effect may be reduced to a negligible amount by twisting the wires, as 
shown in Fig. 8-22a, or even by running the wires parallel to each other 
but right alongside each other, as shown in Fig. 8-22b. 

8-14 Use of Inductors in Radio, Television, and Electronic Circuits 
Radio Circuits. Inductors in the form of transformers and chokes 

are important components in radio systems such as (1) a simple a-m 
receiver, (2) a high-fidelity f-m receiver, (3) a combination a-m and 
f-m receiver, (4) an f-m stereo receiver, (5) a broadcast transmitter. Trans-
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Fig. 8-21 Noninductive winding. Fig. 8-22 Noninductive wiring. (a) Wires twisted 

(a) A loop of wire. (b) A noninduc- to reduce the inductance. (b) Wires placed par-

tively wound coil. allel to each other to reduce the inductance. 
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formers and chokes may be found in such circuit applications as (1) antenna, 
(2) r-f coupling, (3) i-f coupling, (4) a-f coupling, (5) oscillator, (6) a-f power 
output, (7) loudspeaker coupling, (8) discriminator, (9) heater, (10) power 
supply, (11) modulator, (12) r-f power output, (13) microphone, (14) 
transistor. The type and number of inductors and transformers used will 
depend upon the requirements of the equipment being considered. 

Television Circuits. A television receiver is required to reproduce both 
video and audio signals. Therefore, most of the various types of inductors 
used in radio circuits will also be found in the audio circuits of a television 
receiver. 
The video circuits have an additional number of inductor applications, 

among which are (1) picture-tube deflection coils, (2) horizontal oscillator 
coil, (3) vertical oscillator coil, (4) focus-control coil, (5) coils for vertical 
and horizontal width control, (6) coils for vertical and horizontal linearity 
control, (7) vertical- and horizontal-output transformers, (8) video series-
and shunt-peaking coils, (9) filter and trap coils for various frequency cur-
rents, (10) heater-circuit filter chokes, (11) time-delay-circuit inductors, 
(12) convergence coils, (13) phasing coils, (14) high-voltage-supply trans-
former and chokes. 

Electronic Circuits. In industrial electronic equipment a number of 
different types of inductors are used. Many of these inductors are similar 
to those used in radio and television except for their current and voltage 
ratings and the frequency at which they are designed to operate. In addi-
tion to the inductors that are common to radio and television circuits, 
various types of control and timing circuits use special inductors and relays 
that are designed for a particular purpose. 

QUESTIONS 

1. Define inductance. 
2. Why is a knowledge of inductance important in the study of electronics? 
3. (a) What is meant by induced emf? (b) How is it produced? 
4. (a) What determines the magnitude of the induced emf? (b) What determines its 

polarity? 
5. Explain the relation between the induced emf and the impressed voltage during 

the time that the magnetic field is expanding. 
6. Explain the relation between the induced emf and the impressed voltage during 

the time that the magnetic field is collapsing. 
7. State Lenz's law. 
8. Why is inductance always present in a-c circuits? 
9. When may the effects of inductance be disregarded? 

10. Define the basic unit of inductance. 
11. Define (a) millihenry, (b) microhenry. 
12. Define the following terms: (a) self-inductance, (b) inductor, (e) solenoid. 
13. What are the factors that determine the inductance of a coil? 
14. Describe (a) multilayer coil, (b) pancake coil. 
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15. (a) What is meant by inductive reactance? (b) In what unit is it expressed? 
(c) What is its symbol? 

16. What two factors affect the amount of inductive reactance of a circuit? 
17. (a) What is meant by the impedance of a coil? (b) What is the unit of impedance? 

(c) What is its symbol? 
18. (a) Under what condition may the resistance of an inductor be ignored? (b) Why? 
19. Explain how inductance causes a delay or lag in current flow. 
20. (a) What is meant by the time constant of a circuit? (b) Upon what factors is the 

numerical value of the time constant dependent? (c) In what unit of time is the 
time constant generally expressed? 

21. How is the amount of delay or lag usually expressed? 
22. What are the factors affecting the amount of lag in current flow? 
23. Define the following terms: (a) mutual inductance, (b) primary winding, (c) second-

ary winding. 
24. Give a definition for the unit of mutual inductance. 
25. What is meant by the coefficient of coupling? 
26. What factors affect the magnitude of the voltage induced in the secondary circuit? 
27. (a) How is the inductance of two or more coils connected in series determined? 

(b) How is the inductive reactance of two or more coils connected in series 
determined? 

28. (a) How is the inductance of two or more coils connected in parallel determined? 
(b) How is the inductive reactance of two or more coils connected in parallel 
determined? 

29. Explain what is meant by coils connected in series: (a) aiding, (b) opposing. 
30. Describe the principle of the variometer and the variocoupler. 
31. Give three classifications into which low-frequency inductance coils may be 

grouped in terms of the nature of the current flowing in the coils. 
32. (a) Naine some applications of inductors in the a-f classification. (b) Give three 

frequency ranges likely to be encountered in a-f applications. 
33. (a) Is the inductance of a low-frequency coil high or low? (b) Why? (c) What 

construction features are used to obtain the values of inductance required? 
34. (a) Describe the construction of a-f transformers. (b) Why must the impedance of 

the primary be high in value? (c) What is meant by the turns ratio? (d) What 
determines the turns ratio to be used? 

35. Name some applications of low-frequency inductors other than the a-f circuits of 
a radio receiver. 

36. (a) What does the Q of an inductor represent? (b) How may inductors be 
classified in terms of their numerical values of Q? (c) By what other names is the 
term Q known? 

37. What ranges of frequencies are included in the term high-frequency inductance 
coils? 

38. (a) Is the inductance of a high-frequency inductance coil high or low? (b) Why? 
(c) What construction features are used to obtain the values of inductance 
required? 

39. Compare the features of r-f chokes with those of a-f chokes. 
40. (a) Describe the magnetic core material used in some high-frequency inductors. 

(b) What are the advantages of using powdered-iron-core r-f coils in place of air-
core r-f coils? 
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41. (a) What method is used to make the inductance of a coil adjustable? (b) For 
what application is the adjustable inductor suitable? 

42. What are the various types of construction used to reduce the effects of 
distributed capacitance in r-f coils? 

43. (a) What is the purpose of r-f transformers? (b) What are their constructional 
features? (c) Through what frequency ranges do they operate in radio and 
television applications? 

44. (a) What is meant by an i-f transformer? (b) At what frequencies do they operate 
in a-m, f-m, and television receiver applications? 

45. (a) What system is used to provide an easy means of identifying the leads of r-f 
and i-f transformers? (b) Give an example. 

46. How are the values of frequency and impedance used to determine the particular 
r-f transformer to be used? 

47. (a) What is meant by bifilar windings? (b) What are two advantages of a bifilar-
wound transformer? 

48. (a) What is a toroidal inductor? (b) What is a toroidal transformer? (c) What are 
some of the advantages of toroids? (d) Name some applications of toroids. 

49. Why must r-f and i-f coils be shielded? 
50. Explain the principle of shielding. 
51. What is meant by the d-c resistance of a coil? 
52. What is meant by skin effect? 
53. What is meant by eddy-current effect? 
54. What methods of construction are used to reduce the skin and eddy-current 

effects? 
55. What is meant by the a-c resistance of a coil? 
56. Name two methods that may be used to determine the inductance of a coil. 
57. (a) Describe two impedance methods of determining the inductance of a coil. 

(b) What are the advantages of each? 
58. What precautions should be observed in measuring the inductance of low-

frequency coils? 
59. What precautions should be observed in measuring the inductance of high-

frequency coils? 
60. How are coils wound when it is desired to reduce their inductance to practically 

zero? 
61. How are undesirable inductive effects reduced in the general wiring of electronic 

equipment? 
62. Name some applications of transformers and chokes in radio receiving and trans-

mitting equipment. 
63. Name some applications of transformers and chokes in television receivers. 
64. How do the transformers and chokes used in industrial electronic equipment 

compare with those used in radio and television applications? 

PROBLEMS 

1. A flux of 2,000,000 lines links a coil having 250 turns. The flux in the coil 
decreases from maximum value to zero in 0.125 sec. What is the value of 
the induced voltage? 
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2. How many turns must a coil have if its induced voltage is to be 125 volts when a 
flux of 500,000 lines changes from maximum value to zero in 0.004 sec? 

3. A flux of 10 lines links a coil having 50 turns. The flux in the coil varies in 
accordance with an alternating current having a frequency of 465 kc. What is the 
value of the induced voltage? (The flux varies from zero to maximum and 
vice versa in one-quarter of a cycle.) 

4. What is the maximum value of the flux in a coil having 75 turns if it induces an 
emf of 12 volts? The flux varies in accordance with an alternating current having 
a frequency of 175 kc. 

5. What is the inductance of a tuning coil that has 250 turns wound on cardboard 
tubing 4 cm in diameter and 20 cm long? [Use Eq. (8-2).] 

6. What would the inductance of the coil in Prob. 5 be if the number of turns were 
increased to 750? 

7. How many turns are necessary to obtain an inductance of 250 ph if a coil is to be 
wound on fiber tubing 3 cm in diameter and its length is to be 24 cm? 

8. What would the inductance of the coil in Prob. 7 be if it were wound on an iron 
core whose permeability was 3,600? 

9. A transformer has 150 turns on its primary winding and 875 turns on its 
secondary. The length of the core is 30 cm, its cross-sectional area is 8 sq cm, and 
the permeability is 3,500. (a) What is the inductance of the primary winding? 
(b) What is the inductance of the secondary winding? [Use Eq. (8-2).] 

10. What would the inductance of the coil in Prob. 8 be if the number of turns were 
doubled? 

II. What is the inductance of a multilayer coil (Fig. 8-5a) having 750 turns if 
its dimensions are a = 11/2 inches, b = Y4 inch, c = 1 inch? 

12. What is the inductance of a multilayer coil (Fig. 8-5a) having 1,500 turns if 
its dimensions are a = 11/2 inches, b = 11/2 inches, c = 1 inch? 

13. What is the inductance of a flat coil (Fig. 8-5b) having 200 turns if its dimensions 
are a = 2 inches, c = 11/2 inches? 

14. What is the inductance of a flat coil (Fig. 8-5b) having 100 turns if its dimensions 
are a = 1% inches, c = 1 inch? 

15. What is the inductance of a solenoid (Fig. 8-5c) having 600 turns if its dimensions 
are a = 11/2 inches, b = 5 inches? 

16. What is the inductance of a solenoid (Fig. 8-5c) having 1,200 turns if its dimensions 
are a = 2 inches, b = 8 inches? 

17. What is the inductive reactance of a 30-henry choke coil at (a) 60 cycles? 
(b) 120 cycles? 

18. What is the inductive reactance of a 5-henry choke coil at (a) 50 cycles? (b) 500 
cycles? (c) 1,000 cycles? (d) 5,000 cycles? 

19. What is the inductive reactance of a 250-ph choke coil at (a) 550 kc? (b) 1,000 
kc? (c) 1,500 kc? (d) 7.5 mc? 

20. What is the inductance of a coil that has an inductive reactance of 4,500 ohms at 
60 cycles? 

21. If the transformer of Prob. 9 is operated at 60 cycles, what is the inductive 
reactance of (a) the primary winding? (b) The secondary winding? 

22. The secondary of an r-f transformer has an inductance of 185 µh. What is 
its inductive reactance at (a) 500 kc? (b) 1,000 kc? (c) 1,500 kc? 

23. A 10-henry choke coil that has a resistance of 475 ohms is connected to a 
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110-volt 60-cycle power source. (a) What is its inductive reactance? (b) What is 
its impedance? (c) How much current does it take from the line? 

24. A 6-henry choke coil that has a resistance of 200 ohms is connected to a 110-volt 
60-cycle power source. (a) What is its inductive reactance? (b) What is its 
impedance? (c) How much current does it take from the line? 

25. How much current will a 4-henry choke coil, whose resistance is 160 ohms, take 
when connected to a 120-volt 60-cycle power source? 

26. A coil having an inductance of 300 µh and a resistance of 6 ohms is connected to 
a 3-volt battery. How much time is required for the current to build up to 63.2 
per cent of its final value? 

27. A coil having an inductance of 30 henrys and a resistance of 250 ohms is 
connected to a d-c power source. How much time is required for the current to 
build up to 63.2 per cent of its final value? 

28. If the coil of Prob. 26 is connected to a 1,000-kc 3-volt a-c power source, 
find (a) the inductive reactance, (b) the impedance, (c) the angle of lag, (d) the 
current. 

29. If the coil of Prob. 27 is connected to a 60-cycle 300-volt a-c power source, find 
(a) the inductive reactance, (b) the impedance, (c) the angle of lag, (d) the 
current. 

30. Two coils are wound adjacent to each other in such a manner that all the 
magnetic lines set up in the first coil cut all the turns of the second coil. 
The primary coil consists of 800 turns wound on a cardboard core 1 inch in 
diameter and 4 inches long. The secondary coil consists of 1,600 turns wound on 
a cardboard core 11/4 inches in diameter and 4 inches long. (a) By use of Eq. (8-5) 
find the inductance of the primary winding. (b) By use of Eq. (8-5) find the 
inductance of the secondary winding. (c) What is the mutual inductance of the 
two coils? 

31. The transformer of Prob. 9 has a primary inductance of 0.265 henry and a 
secondary inductance of 9 henrys. What is the mutual inductance if the coefficient 
of coupling is 0.95? 

32. What is the coefficient of coupling of two coils whose self-inductances are 0.04 
and 0.06 mh and whose mutual inductance is 0.01 mh? 

33. What is the coefficient of coupling of two coils whose self-inductances are 50 and 
75 µh and whose mutual inductance is 5 µh? 

34. What is the coefficient of coupling of two coils whose self-inductances are 5 and 
8 mh and whose mutual inductance is 75 µh? 

35. Two coils, the first having 300 turns and the second 450 turns, are placed so that 
only 5 per cent of the lines set up by coil 1 link coil 2. If 1,200 lines are 
set up when 3 ma flow through coil 1, how much voltage will be induced across 
coil 2 if the current decreases from its maximum value to zero in 0.00003 sec? 

36. Two coils, the first having 20 turns and the second 40 turns, are placed so 
that only 10 per cent of the lines set up by coil 1 link coil 2. If 200 lines are set 
up by the current flowing in the first coil, how much voltage will be induced 
across coil 2 if the current changes from zero to its maximum value in 10 µsec? 

37. Two chokes, whose inductances are 6 and 10 henrys, are to be used in series on a 
60-cycle power source. Find (a) the total inductance, (b) the total inductive 
reactance. 

38. Three chokes, whose inductances are 6, 10, and 14 mh, are to be used in series 
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on a 5-kc power source. Find (a) the total inductance, (b) the total inductive 
reactance. 

39. Two chokes, whose inductances are 300 and 600 ph, are to be operated in parallel 
from a 3-mc power source. Find (a) the total inductance, (b) the total inductive 
reactance. 

40. Three chokes, whose inductances are 20, 30, and 60 mh, are to be operated 
in parallel from a 5-kc power source. Find (a) the total inductance, (b) the total 
inductive reactance. 

41. Two coils, whose inductances are 100 and 400 µh, are arranged so that they may 
be connected in series in the various ways shown in Fig. 8-10. What is the 
inductance of the circuit when the two coils are connected in series so that they 
are (a) aiding and the coupling is 100 per cent? (b) Opposing and the coupling is 
100 per cent? (c) In a position that produces zero coupling? (d) Aiding and the 
coupling is 50 per cent? 

42. Two coils, whose inductances are 200 and 400 mh, are arranged so that they may 
be connected in series in the various ways shown in Fig. 8-10. What is the 
inductance of the circuit when the two coils are connected in series so that they 
are (a) aiding with 80 per cent coupling? (b) Aiding with 20 per cent coupling? 
(c) Opposing with 60 per cent coupling? (d) Opposing with 10 per cent coupling? 

43. Two identical coils are connected in series aiding with a coupling coefficient 
of 0.20. What must the inductance of each coil be in order to produce a circuit 
inductance of 185 ph? 

44. What is the inductance of each coil in Prob. 43 if the coefficient of coupling 
is reduced to 0.02? 

45. What is the value of Q for the choke coil of Prob. 23? 
46. What is the value of Q for the choke coil of Prob. 25? 
47. It is desired to determine the inductance of a coil by the impedance method. The 

coil is connected to a circuit as shown in Fig. 8-20, and the following meter 
readings are obtained: voltmeter 115 volts, ammeter 1.0 amp, wattmeter 5 watts, 
frequency meter 60 cycles. (a) What is the inductance of the coil? (b) What is the 
Q of the coil? 

48. The coil of Prob. 47 is connected to a signal source of 12 volts and 500 
cycles. (a) What is the inductive reactance? (b) What is the resistance of the coil 
if the coil Q is assumed to be the same as in Prob. 47? (c) What is the impedance 
of the coil? (d) How much current is taken by the coil? 

49. What is the inductance of a high-Q coil that draws 3 ma when connected to 
a 10-volt 5,000-cycle power source? 

50. A coil having a Q of 150 and an inductive reactance of 1,200 ohms at 60 cycles is 
connected to a 15-volt 1,000-cycle source of power. Find (a) the inductance 
of the coil, (b) the resistance of the coil, (c) the current taken by the coil. 

51. A coil is connected as shown in Fig. 8-20 in order to determine its inductance by 
the impedance method. The following meter readings were obtained: voltmeter 
110 volts, ammeter 10 ma, wattmeter 0.012 watt, frequency meter 60 cycles. 
(a) What is the inductance of the coil? (b) What is the Q of the coil? 

52. If the inductance of the coil of Prob. 51 was determined by assuming that 
the inductive reactance is approximately equal to the impedance, what is the per-
centage of error in the answer obtained by this method? 



Chapter 9 
Capacitance 

Communication, industrial, and computer types of electronic equipment 
require resistance, inductance, and capacitance in one or more of their 
circuits to make them operate satisfactorily. The effects of resistance and 
inductance have been presented in preceding chapters. Capacitance and its 
effects in a circuit will now he presented. 

9-1 Capacitance, Capacitor Action 

Principle of Capacitance. Capacitance is the property of a circuit that 
opposes any change in the amount of voltage. Notice how this definition 
compares with the one for inductance, which states that inductance is the 
property of a circuit that opposes any change in the amount of current. 
Whereas inductance is caused by the magnetic field and it opposes any 
change in the amount of current, capacitance is caused by the electrostatic 
field and it opposes any change in the amount of voltage. 

Capacitance is present in practically all a-c circuits; in some instances it 
is desired while in others it is not. When capacitance is desired, it is 
provided by a device called a capacitor, also formerly called a condenser. 
A capacitor is formed whenever two conductors are placed close to each 
other but are separated by an insulator which is called the dielectric. The 
conductors are usually made of thin aluminum-foil plates, and the dielectric 
is a very thin piece or film of insulating material. 

Electron Theory of Capacitor Action. According to the electron theory, 
all matter is made up of electrons and the flow or movement of electrons 
constitutes an electric current. Materials in which electrons are free to 
move and which offer little resistance to the flow of electrons are classed as 
conductors. Materials in which the electrons have a very strong attachment 
to their nucleus and hence are not free to move far away from the nuclei 
are classed as insulators. Insulators offer considerable resistance to the flow 
of electrons. 

Figure 9-la shows a capacitor, consisting of conductors A and B separated 
by the dielectric C, connected to a switch, a meter, and a battery. With 
the switch open, the battery emf can have no effect on the capacitor and 
the meter indicates zero current. The capacitor has no charge, and in 
terms of the electron theory the materials of the plate and the dielectric 
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are in a neutral state. The nucleus and some orbital electrons of two atoms 
of the dielectric are shown. As the dielectric has too large a number 
of atoms to attempt to show all of them, only two are shown. Furthermore, 
since the actual material of the dielectric has not been named, no specific 
electron structure of the atom can be shown and the atom is represented 
by a nucleus and six orbital electrons. 

If the switch is closed at M (Fig. 9-1b), the following actions take place: 
1. The emf of the battery causes electrons from plate A to flow through 

the circuit to plate B as indicated by the arrows; this electron flow will be 
indicated by a movement of the needle of the meter. 

2. The transfer of electrons from plate A to plate B causes plate A 
to have less than its normal amount of electrons, and it will have a positive 
charge. As plate B has taken on some electrons, it has an excess of 
electrons and it will have a negative charge. Also, an electrostatic field will 
exist between plates A and B of the capacitor. 

3. The dielectric C, being in the electrostatic field, will be affected by it. 
Because of the nature of the dielectric material, its electrons do not 
become separated from their nuclei, but the electrostatic field does cause 
their orbital motion to become distorted as indicated in Fig. 9-1b. 

4. This distortion causes an additional electrostatic field within the 
dielectric that is opposite in direction to the field between the plates, 
which in turn causes more electrons to flow from plate A to plate B 
and restores the electrostatic field between the plates to its original strength. 
The dielectric has thereby increased the charge on the capacitor. 
The action just described is referred to as charging a capacitor, because 

through this action plate A will become positively charged and plate B 
negatively charged. This entire action takes place in a very short time, 
usually a small fraction of a second. The flow of electrons from plate A to 
plate B is completed in this short interval, and hence the current exists 
only for that time. The movement of the meter needle will be only a 
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Fig. 9-1 Principles of capacitor action. (a) Capacitor in neutral electron state. (b) A charged 

capacitor. 
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momentary movement; that is, the needle will indicate a current flow for 
just a short time and then return to zero indication. 
The discussion so far concerning the action of the capacitor should make 

clear two important characteristics: (1) A capacitor is a device that actually 
stores electrical energy. (2) Current does not flow through the capacitor, but 
the current flow indicated by the meter represents the transfer of electrons 
from one plate to another. 

Effect of Capacitor Losses. If the switch is now opened so that it does 
not make contact with either M or N (Fig. 9-1a), the capacitor will be dis-
connected from the line. At the instant of time when the switch is opened, 
the capacitor is charged; that is, one plate has an excess of electrons, and 
the other has a deficiency of electrons. Also, electrostatic fields exist 
between the plates and in the dielectric. If the capacitor is assumed to be 
a perfect one, that is, having no losses, it will remain in a charged 
condition until connected into a closed circuit and then it will discharge 
through that circuit. Unfortunately, all capacitors have some losses, as 
is described later. However, the losses are small, and some types of high-
grade capacitors may hold their charges for a long period of time. 

Electron Flow in a Capacitor Circuit. If a capacitor is connected in 
a circuit similar to Fig. 9-lb and the switch is closed through point M, the 
capacitor will become charged. If the switch is opened and kept in 
the open position, the capacitor will remain charged. If the switch is now 
closed through point N, it will form a closed circuit from plate B through 
the connecting wires, the resistor R, the switch, and the ammeter to plate A. 
As plate B of the charged capacitor has an excess of electrons, some 
electrons will now flow through the circuit back to plate A. This electron 
flow constitutes a current and will cause an indication on the ammeter. The 
current of a capacitor discharging through a resistor will decrease quite 
rapidly. The time required to discharge the capacitor through a resistor 
will be dependent on the product of R and C (Art. 9-4). In most cases, 
however, the current will decrease so rapidly that the ammeter will merely 
show an indication for an instant and then return to zero. 

If the battery terminals in Fig. 9-1 are interchanged and the switch is 
closed through M, the capacitor will become charged, but now plate A will 
have a negative charge and plate B will be positive. 

If the capacitor is connected in a circuit similar to Fig. 9-2a and the 
switch is closed toward F, a momentary current flow will be indicated on 
the meter and plate A will take on a positive charge while plate B will 
become negatively charged. If the switch is changed so that it is closed 
toward G, a momentary current flow will again be indicated on the meter, 
but this time the needle will move in the opposite direction to that when 
the switch was closed toward F. Plate A of the capacitor will now have a 
negative charge, and plate B a positive charge. Each time the switch posi-
tion is changed, a momentary current flow will be indicated by the meter. 
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Fig. 9-2 Effect of reversing the polarity at the terminals of a capacitor. (a) Reversals 
produced by means of a switch. (b) Reversals produced by connecting the capacitor to an 
a-c power supply. 

If a capacitor is connected to an a-c power supply as in Fig. 9-2b, the 
polarity as applied to the plates is continually being reversed. The number 
of reversals will be double the number of cycles; hence a capacitor con-
nected to a 60-cycle power source will have 120 reversals per second. With 
alternating current applied to a capacitor, electrons flow continually from 
one plate through the external circuit to the other plate and then back 
through the external circuit to the first plate, etc. 

Charge on a Capacitor. The amount of charge put on a capacitor is 
expressed in coulombs, or ampere-seconds, and is equal to the product of 
the average charging current and the time, or 

Q = It (9-1) 

where Q = quantity of electricity, coulombs, or amp-sec 
I = average charging current, amp 
t = charging time, sec 

The charge on a capacitor may also be expressed in terms of the capaci-
tance and the voltage charge, as 

Q = CE (9-1a) 

where C = capacitance, farads 
E = volts 

EXAMPLE 9-1 (a) What is the charge in coulombs on a 20-0 capacitor when it 
is charged to 300 volts? (b) What is the average charging current if the capacitor is 
charged in 0.01 sec? 

GIVEN: C = 20 pf E = 300 volts t = 0.01 sec 

Firm: (a) Q (b) I 



(9-2) 

SOLUTION: 

(a) Q= CE= 20 x 10-6 x 300 = 0.006 coulomb 

(b) I — 2 — — 1311°6 — — 0.6 
t 0.01  " I) 
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9-2 Factors Affecting the Capacitance 

Unit of Capacitance. The unit of capacitance is the farad, named in 
honor of an early scientist, Michael Faraday. A circuit has a capacitance of 
1 farad when a voltage changing at the rate of 1 volt per second 
causes an average current of one ampere. The symbol used to represent 
capacitance is the letter C. The farad is too large a unit for practical pur-
poses, and the microfarad (one-millionth of a farad) is commonly used. 
Several forms of abbreviations such as IA mf, and mfd are used to repre-
sent the word microfarad; the symbol /if will be used in this text. 
The microfarad is often still too large a unit, and the micromicrofarad 

(one-millionth of a millionth of a farad), abbreviated as 14, is then used. 
Additional abbreviations for lower values of capacitance are nano, or n, for 
10-9 and pico, or p, for 10-12; thus, 470 big may also appear as 470 pf or 
as 0.47 nf, or even simply as 470 p or 0.47 n. The symbols pf and lag will 
be used in this text. 

Factors Affecting the Capacitance. Since a capacitor or a circuit has a 
capacitance of 1 farad when a change of 1 volt per second causes a current 
of 1 amp to flow, the capacitance depends upon the number of electrons 
set in motion by the specified rate of voltage change. From the preceding 
discussion, it should be evident that the number of electrons flowing from 
one conductor to the other will be directly proportional to the active area 
of the conductor. This is true whether the conductor has only one plate or 
several plates connected in parallel. A second factor that affects the capaci-
tance is the thickness of the dielectric, because if its thickness is reduced, 
fewer distorted electron orbits will oppose the electrostatic field. This 
results in a greater number of electrons being stored on the conductor, 
which increases the capacitance. As a decrease in the thickness causes an 
increase in capacitance, it may be stated that the capacitance varies inversely 
with the thickness of the dielectric. The third factor affecting the capaci-
tance is the kind of material used as the dielectric. Because the atoms of 
different materials have different orbital electron arrangements, the effect 
upon the charge on the plates will vary. This effect is accounted for by a 
value called the dielectric constant K of the material. The capacitance is 
directly proportional to the value of K. A list of K values for materials used 
in the construction of capacitors is given in Appendix VI. These three 
factors affecting the capacitance are represented in each of the following 
equations for capacitance. 
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The capacitance of a simple capacitor, that is, one having two flat plates 
separated by a dielectric, may be found by 

22' 45KA 
C =   (9-2) 

108t 

where C = capacitance, p.f 
K = dielectric constant (Appendix VI) 
A = area of one plate, sq in. 
t = thickness of dielectric, inches 

In order to obtain a large surface area for the plates with reasonable 
overall dimensions for the capacitor, multiple-plate and rolled construction 
methods are used (Figs. 9-6 and 9-8). In a multiple-plate capacitor, both 
sides of the plates, except each outside plate, are active and the total active 
area is equal to the area of one plate multiplied by the total number of 
plates minus 1. The capacitance of a multiplate capacitor having N plates is 

22.45KA(N — 1)  
C = (9-2a) 

108t 

EXAMPLE 9-2 What is the capacitance of a capacitor made up of 103 plates of 
aluminum foil, each 2 inches square and separated by layers of mica 0.01 inch thick? 

GIVEN: K = 5.5 A = 2 x 2 or 4 sq in. N = 103 plates t = 0.01 inch 

FIND: C 

SOLUTION: 

C= 22.45KA(N — 1) _  22.45 x 5.5 x 4 x 102  = 0.05 ed 
108t 108 x 0.01 

When a capacitor having two plates is rolled into a cylindrical or flat 
form (Fig. 9-8), one of the plates will have two active surfaces and the total 
active area is two times the area of one plate. 

EXAMPLE 9-3 What is the capacitance of a rolled capacitor consisting of two plates, 
each 4 inches wide and 26 ft long, separated by a 0.005-inch-thick paraffined paper 
dielectric whose value of K is 2.2? 

GIVEN: 1 = 26 ft w = 4 inches K = 2.2 t = 0.005 inch 

FIND: C 

sourrioN: 

A=lxwx 2 = 26x 12x 4 x 2 = 2,496sqin. 

c = 22.45KA 22.45 X 2.2 X 2,496  
= = 0.247 pi 

108t 108 x 0.005 
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9-3 Capacitive Reactance, Resistance, and Impedance 

Capacitive Reactance. When a capacitor is connected to a d-c power 
source, current will flow momentarily and the capacitor will become 
charged. If the voltage is increased, the capacitor will tend to oppose the 
change in the magnitude of the voltage. However, if the increased voltage 
is maintained, a momentary current flow will again occur and increase the 
voltage charge on the capacitor. This shows that capacitance offers an 
opposition to the flow of current and that capacitance delays a change in 
voltage just as inductance delays a change in current. When a capacitor is 
connected to an a-c power supply, the opposition to the flow of current is 
present continuously. 
The opposition to the flow of alternating current offered by a capacitance 

is called the capacitive reactance. It is expressed in ohms, and its symbol 
is X. The value of the capacitive reactance is affected by two factors: 
(1) the capacitance of the circuit, which depends on the physical charac-
teristics of the capacitor (or circuit), and (2) the rate of speed at which the 
voltage is changing, which is proportional to the frequency of the power 
source. The effect of these two factors is indicated in the equation 

1 
Xe = 

2irfC 

where Xc = capacitive reactance, ohms 
f = frequency, cps 
C = capacitance, farads 

When the capacitance is expressed in microfarads, 

x = 106 159,000  
c 27rfC = IC 

(9-3) 

(9-4) 

EXAMPLE 9-4 What is the capacitive reactance of a 10-p.f capacitor when connected 
to a 60-cycle power source? 

GIVEN: C = 10 pf f = 60 cycles 

FIND: Xc 

SOLUTION: 

106  106  Xe = = — 265 ohms 
2irfC 6.28 x 60 x 10 

If a capacitor could be built without any losses, the only opposition to 
the flow of current would be the capacitive reactance, and 

(9-5) 
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Substituting 106/2/rfC for Xe in Eq. (9-5), then 

/c = 2efCEe 10-6 when C is in pf (9-6) 

EXAMPLE 9-5 How much current will the capacitor of Example 9-4 take when con-
nected to a 110-volt 60-cycle power source? 

civEN: Xe = 265 ohms (from Example 9-4) E = 110 volts 
FIND: I 

SOLUTION: 

E 110 
/ = = w3-5 = 0.415 amp 

EXAMPLE 9-6 How much current will a 0.05-pf capacitor take when connected to an 
a-f circuit of 25 volts and 5,000 cycles? 

olvEN: C = 0.05 pi E = 25 volts f = 5,000 cycles 

FIND: / 

SOLUTION: 

/ = 27rfCE 10-6 = 6.28 x 5,000 x 0.05 x 25 x 10-6 = 0.0392 amp = 39.2 ma 

Resistance. In actual practice, capacitors cannot be built without having 
some amount of resistance. Because this resistance is very small compared 
with the capacitive reactance, the resistance is sometimes ignored and the 
capacitor is then considered as having capacitive reactance only. 

Impedance. If the resistance of a capacitor is to be considered, its ohmic 
effect must be combined with the ohmic effect of the capacitive reactance. 
The combined ohmic effect is called the impedance and is represented by 
the symbol Z. Mathematically it is equal to 

Z = VR2 Xe2 (9-7) 

where Z = impedance of the circuit, ohms 
R = resistance of the circuit, ohms 
Xc = capacitive reactance of the circuit, ohms 

When both the resistance and the capacitive reactance of a circuit are 
taken into consideration, the current flowing in the circuit will be 

E I = 

where / = current flowing in the circuit, amp 
E = voltage of the circuit, volts 
Z = impedance of the circuit, ohms 

EXAMPLE 9-7 A 10-µf capacitor, which also has a resistance of 10 ohms, is connected 
to a 110-volt 60-cycle power source. Find (a) the capacitive reactance, (b) the imped-
ance, (c) the current. 

(9-8) 
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GIVEN: C = 10 uf R = 10 ohms E = 110 volts f = 60 cycles 

FIND: (a) Xe (b) Z (e) I 

SOLUTION: 

(a) Xe — — 159 000 159 000 ' =  ' 265 ohms 
fC 60 X 10 — 

(b) Z = VR2 + X02 = V102 -I- 2652 = 265.2 ohms 

(c) I = = E 110 2.65.2 = 0.414 amp 

The results of this example show that the values of the capacitive 
reactance and the impedance are practically the same, and hence the cur-
rent of the circuit, too, will be practically the same whether the resistance 
is considered or ignored. This is always the case when the capacitive react-
ance is ten or more times greater than the resistance. 

9-4 Power Factor, Angle of Lead, Time Constant 

Power Factor. The power factor of a circuit (Art. 7-7) is the ratio of the 
power in watts to the product of the volts and amperes [Eq. (7-19)]. 
By mathematical operations, it can be shown that the power factor may also 
be expressed by the ratio of the resistance of a circuit to the impedance of 
the circuit; thus 

PF = (9-9) 

Angle of Lead. If it were possible to build a capacitor without losses, the 
flow of electrons (caused by a change in the applied voltage) would lead 
the change in the voltage charge at the capacitor by 90 electrical degrees. 
When both the resistance and the capacitive reactance of a circuit are 
taken into consideration, the angle by which the current leads the voltage 
will depend upon the relative amounts of resistance and capacitive react-
ance in the circuit. The angle between the current and the voltage is 
expressed in electrical degrees and is referred to as the phase angle. 
Its value may be determined by 

cos 0 = =   (9-10) 
Z VR2 Xc2 

It should be noted that the equations for power factor and cos O are 
the same. Consequently, the power factor is equal to the cosine of the 
phase angle 0; also, O may be referred to as the power factor angle. 

EXAMPLE 9-8 What is the power factor and the phase angle for the capacitor in 
Example 9-7? 
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GIVEN: R = 10 ohms Z = 265.2 ohms 

FUND: PF O 

SOLUTION: 

PF = cos = R = 265.2 10  = 0.0377 
Z  

then, from Appendix XI 

O = 88° 

Time Constant. If a perfect capacitor were connected to a d-c power 
source (Fig. 9-3a), an instantaneous surge of current would immediately 
charge the capacitor to the full amount of the impressed voltage as 
indicated in Fig. 9-3b. When a circuit contains both resistance and capaci-
tance (Fig. 9-4a), the capacitor will not attain its full voltage charge 
instantly but will attain the full charge after a short period of time (Fig. 9-4b). 
The amount of time required to attain full charge depends upon the 
relative amounts of resistance and capacitance in the circuit. The product 
of the resistance in ohms and the capacitance in farads is called the time 

40 

20 

o 

O  

(0) 

C 1/11 

TRrO 

0 0.01 0.02 0.03 0.04 0.05 0.06 007 008 
Time, seconds 

( b) 

Fig. 9-3 Time required to charge a capacitor in a circuit containing only capacitance. 

(a) Circuit diagram. (b) Relation between the capacitor voltage and time. 
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constant and represents the length of time required for the capacitor volt-
age to reach 63.2 per cent of the applied voltage. The time constant 
is expressed mathematically as 

t = CR (9-11) 

where t = time for capacitor voltage to reach 63.2 per cent of its final 
value, sec 

C = capacitance, farads 
R = resistance, ohms 

For practical purposes, a capacitor may be considered to be fully charged 
(actually 99.3 per cent) in a period of time equal to five times the amount 
of one time constant. 

EXAMPLE 9-9 (a) How much time is required for the voltage at the capacitor in the 
circuit of Fig. 9-4 to become charged to 63.2 per cent of its final value? (b) How much 
time is required for the capacitor to become practically fully charged? 

civEN:C= 1 id R= 30,000 01IMS 

FIND: (a) t (b) t 

SOLUTION: 

(a) 

(b) 

t = CR = 1 >< 10-6 x 30,000 = 0.03 sec 

t = 5CR = 5 x 0.03 = 0.15 sec 

When a charged capacitor is connected to a resistance, as in Fig. 9-lb 
with the switch in position N, the time taken for the capacitor to discharge 
depends on the values of capacitance and resistance. The product of the 
capacitance and the resistance represents the time during which 63.2 per 
cent of the total possible voltage change takes place. Thus, at the end 
of the first time-constant interval, the voltage at the capacitor will decrease 
to 100 — 63.2, or 36.8, per cent of the original value. In the second time-
constant interval, the charge on the capacitor will decrease by 63.2 per cent 
of the remaining charge and hence will be 36.8 — (36.8 >< 0.632), or 13.5, 
per cent of the original voltage charge (see also Table 12-2). The current 
during both the charge and discharge of an R-C circuit follows the 
descending curve of Fig. 9-4h and Table 12-2. 
The time constant of an R-C circuit may thus be defined as the time 

taken for a change of 63.2 per cent of the possible amount of change 
in voltage, current, or charge at a capacitor. The application of the princi-
ples of time constants is presented in Art. 12-12. 

9-5 Fixed Capacitors 
Classification of Capacitors. Capacitors are manufactured in various 

forms and may be divided into two fundamental classes, namely, fixed 
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Fig. 9-4 Time required to charge a capacitor in a circuit containing resistance and 

capacitance. (a) Circuit diagram. (b) Relation between the capacitor voltage and time. 

capacitors and variable capacitors. A capacitor constructed so that it can 
have only one value of capacitance is called a fixed capacitor. Fixed capacitors 
may be further classified as to the general type of material used for 
the dielectric, as (1) solid dielectric capacitors and (2) electrolytic capacitors. 
In order to meet the wide variety of requirements for solid-dielectric fixed-
capacitor applications, a number of kinds of dielectric materials are used, 
such as (1) mica, (2) paper, (3) synthetic films, (4) ceramics, (5) oil, (6) glass. 
Electrolytic capacitors are generally classified as (1) aluminum foil, (2) tanta-
lum foil, (3) wet tantalum, (4) solid or dry tantalum, (5) niobium. 

Although it would be more proper to refer to capacitors as being mica-
dielectric capacitors, paper-dielectric capacitors, etc., through common 
usage the word dielectric has been omitted and capacitors are most 
frequently referred to as being mica capacitors, paper capacitors, etc. 

Characteristics. Fixed capacitors are used in widely divergent applications 
such as radio, television, industrial electronics, computers, aerospace vehicle 
control, and communications systems. Accordingly, different degrees of 
relative importance are placed upon such individual characteristics of 
capacitors as (1) reliability, (2) stability of capacitance value, (3) operating 
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temperature, (4) ruggedness, (5) physical size, (6) cost. Table 9-1 provides a 
convenient comparison of the characteristics for various types of fixed 
capacitors. 

9-6 Voltage Ratings of Capacitors 

Effect of Voltage. Because capacitance varies inversely with the thickness 
of the dielectric, it is necessary to use very thin dielectrics in order to 
obtain the desired capacitance within a reasonable physical size for the 
capacitor. On the other hand, the dielectric must be of sufficient thickness 
to withstand the electrical pressure applied to the capacitor. 
Breakdown Voltage. The voltage applied to the plates of a capacitor 

causes a strain on the electron orbits of the dielectric separating the plates. 
At some value of voltage the strain will be sufficient to cause a breakdown 
of the dielectric and thereby provide a path for electrons to flow from one 
plate to the other. This causes a discharge through the dielectric, usually in 
the form of a spark, which burns a hole through the dielectric. In some types 
of capacitors this causes permanent damage to the unit, while other types 
of capacitors have self-healing abilities. The voltage at which the dielectric 
becomes punctured is called the breakdown voltage. The breakdown volt-
age of a material is expressed for a specific thickness of the material, 
usually one-thousandth of an inch, and is called the dielectric strength. 
Appendix VI gives the dielectric strength for a number of insulating 
materials. 

Voltage Ratings of Solid-dielectric Capacitors. Capacitors are rated for 
the maximum voltage at which they may be safely operated as well as for 
their capacitance. Solid-dielectric capacitors are rated for their (1) d-c 
working voltage or (2) both d-e and a-c working voltages. The d-c working 
voltage rating will be higher than the a-c because the a-c rating is for 
effective values, not the maximum value of the a-c wave form. Because the 
maximum voltage of an a-c sine-wave source is 1.414 times as great as its 
effective value, a capacitor rated at 450 volts d-c would have an a-c rating 
of only 450/1.414, or 318 volts. The a-c working voltage rating may 
be further reduced to account for (1) non-sine-wave voltages, which may 
cause the maximum voltage to be more than 1.414 times the effective 
value; (2) heating of the capacitor, which reduces the dielectric strength; 
(3) operation at higher frequencies, which increases the losses and heating 
of a capacitor. 

Voltage Ratings of Electrolytic Capacitors. The voltage rating of an 
electrolytic capacitor is determined by the character of the oxide film, the 
forming voltage, and the electrolyte used. This type of capacitor is rated at 
its continuous d-c working voltage. Other important voltage ratings are 
(1) maximum overall peak voltage, (2) maximum superimposed a-c com-
ponent or ripple voltage, and (3) surge voltage. 
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D-C Working Voltage. This is the maximum d-c voltage that the capacitor 
will withstand satisfactorily under continuous operating conditions within 
its normal temperature range. 
A-C Working Voltage. For nonpolarized capacitors this is the effective 

value of an alternating sine-wave voltage whose maximum value is equal to 
the rated d-c working voltage. This value may also be further reduced as 
previously described under Voltage Ratings of Solid-dielectric Capacitors. 
Peak Ripple Voltage or A-C Component. This is the maximum instanta-

neous value of alternating voltage across the capacitor due to the a-c com-
ponent in the applied voltage of the capacitor. 
Peak Voltage. This represents the sum of the direct voltage and the peak 

alternating ripple voltage and refers to continuous operation. 
Surge Voltage. This is the maximum voltage which may be applied 

to the capacitor for short periods of time without causing damage to 
the capacitor. This includes peak ripple and transients at the highest volt-
age applied. The surge voltage permitted is in the order of 10 to 30 
per cent higher than the rated d-c working voltage. 

Voltage Devoting. Some types of capacitors require a decrease in the 
rated operating voltage at the higher operating temperatures. This is called 
voltage derating and is expressed as a percentage of the rated voltage 
at 25°C. For example, a certain polyester-film capacitor may be rated for 
full voltage operation at temperatures from —55 to 85°C, with 10 per cent 
voltage derating at 100°C and 50 per cent derating at 125°C. 

9-7 Losses in a Capacitor 

Capacitors cannot be built without some amount of losses. The losses of 
a capacitor may be divided into two groups: (1) dielectric losses, (2) resist-
ance losses. 

Dielectric Losses. If a perfect capacitor was connected to a d-c power 
source, became charged, and then was disconnected from the power 
source, the capacitor would remain charged indefinitely. Actually, this con-
dition is not achieved because all capacitors have some losses. Two types of 
losses occur at the dielectric; they are called leakage loss and absorption loss. 

Dielectric Leakage Loss. At the instant that a capacitor is disconnected 
from a d-c power source, it will be fully charged to the potential of 
the power source. Because there is no perfect dielectric available, a relatively 
small number of electrons will flow from the negative plate through 
the dielectric and onto the positive plate. This flow of electrons produces 
heat, though only a small amount, and is considered as a loss, which 
is commonly called the leakage loss. The amount of this loss varies with 
the kind of material used as the dielectric. Mica, synthetic films, and 
ceramics produce very little leakage loss; paper dielectrics have a higher 
loss; and electrolytic capacitors have the greatest leakage loss. 

Dielectric Absorption Loss. When a capacitor is connected to a d-c 
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power source, it should become fully charged in a short period of time and 
then cease taking current from the line (except for a very small amount 
due to the dielectric leakage loss). The amount of time theoretically required 
for the capacitor to become fully charged can be calculated when certain 
parameters of the capacitor are known. Actually, current will flow into the 
capacitor for a slightly longer amount of time than the time calculated for 
the capacitor to become fully charged. The extra amount of energy taken 
from the power source is described as being absorbed by the dielectric and 
is called the dielectric absorption loss or simply dielectric absorption. 
The effect of dielectric absorption can also be explained in the reverse 

order. If the terminals of a charged capacitor are connected to each other 
momentarily, the capacitor will be discharged, as may be seen by con-
necting a voltmeter to its terminals. If the capacitor is left disconnected and 
a short time later again tested with the voltmeter, it will be found that the 
capacitor has some amount of charge. Although the capacitor apparently 
had been fully discharged, some charge was retained owing to the dielec-
tric absorption. (Repeatedly short-circuiting the capacitor at its terminals 
will ultimately result in its complete discharge.) The effect of dielectric 
absorption may be expressed as a percentage by 

E 
DA = x 100 (9-12) 

E, 

where DA = dielectric absorption, per cent 
= recovery voltage 
= charging voltage 

One method of determining the percentage of dielectric absorption specifies 
that (1) the capacitor is to be charged at rated voltage and at 25°C for 5 
minutes, (2) then discharge the capacitor through a 5-ohm resistor for 
10 seconds, and (3) after 1 minute, measure the recovery voltage through 
a 1011-ohm resistor. The time for charge, discharge, and recovery may be 
varied to meet the requirements of a particular specification. For example, 
another specification requires (1) 60-minute charge at rated voltage at 
25°C, (2) 10-second discharge through a 5-ohm resistor, and (3) after 
15-minute recovery, read the voltage through a resistor of 1011 ohms. The 
values of dielectric absorption vary with the type of capacitor and range 
from approximately 0.02 per cent for synthetic-film capacitors to nearly 
1 per cent for paper capacitors. 

EXAMPLE 9-10 A mica capacitor being tested for dielectric absorption was charged 
at 300 volts and showed a recovery voltage of 0.75 volt. What is the per cent dielec-
tric absorption? 

œvEN: E = 300 volts Er = 0.75 volt 

FIND: DA 
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SOLUTION: 

DA = —Er X 100 = X 100 = 0.25% 
E, 3C0 

(9-7) 

When a capacitor is connected to an a-c power source, the residual 
charge, due to dielectric absorption, left in the capacitor when the applied 
voltage is going through its zero value constitutes a loss of energy. This 
energy loss increases with increases in the frequency of the power source. 
The residual charge in the capacitor may readily be compared with 
residual magnetism. In each case, when a-c power is considered, a loss 
occurs and results in heat at the capacitor and the magnet. Because of the 
similarity of effects, the dielectric absorption is sometimes referred to 
as dielectric hysteresis. 

Resistance Losses. The plates of the capacitor, the connections to 
the plates, and the capacitor leads all carry the capacitor current, and all 
have some amount of resistance. Electrolytic capacitors have, in addition, 
the resistance of the electrolyte. All these resistances cause losses and result 
in additional heat in the capacitor. 
Combined Losses. The effects of the individual capacitor losses are 

usually combined and called the capacitor losses. Figure 9-5 shows how the 
various losses may be represented by resistances. The combined effect of 
these resistances is called the equivalent series resistance of the capacitor. 
In the equivalent circuit of a capacitor (Fig. 9-5), R1 represents the resist-
ance of the plates, the connections to the plates, and the lead Wires; 
R2 represents the resistance effect of the dielectric leakage loss; and 
R3 represents the resistance effect of the dielectric absorption loss and the 
resistance of the electrolyte with electrolytic capacitors. 
With solid-dielectric capacitors, the dielectric leakage loss is so small that 

R2 is extremely high and may therefore be disregarded. The equivalent 
series resistance of the capacitor will then be 

Reg = R1 ± R3 (9-13) 

With electrolytic capacitors, the resistance effect of R2 may be taken as 

Ed-env 
R2 = 

IDeL 
(9-14) 

where Ed_c.w = rated d-c working voltage, volts 
/DcL = direct leakage current, amp 

Figure 9-5 shows R2 to be a parallel-connected resistance; R2 may be 
changed to an equivalent series resistance by 

X 2  
R2.eq.8 = 

.1 L2 
(9-15) 
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Fig. 9-5 Equivalent circuit of a capaci-

tor. R1 represents the resistance of the 

plates, the connections to the plates, and 

the lead wires; R2 represents the dielectric 

leakage loss; 123 represents the dielectric 

absorption loss and resistance of the elec-

trolyte; C represents the true capacitance. 

The equivalent series resistance of the capacitor may then be expressed as 

Req = R1 + R2.eq.s + R3 (9-16) 

EXAMPLE 9-11 A certain 40-0 150-volt electrolytic capacitor has a normal direct 
leakage current of 1 ma, its plate and lead resistance is 0.5 ohm, and the resistance effect 
of dielectric absorption and the electrolyte is 6.8 ohms. (a) What is the parallel resist-
ance effect of the leakage loss? (b) What is the series equivalent of the parallel 
resistance effect, using 120 cycles as the frequency value? (e) What is the equivalent 
series resistance of the capacitor? 

GIVEN: C= 40 af E = 150 volts /Del, = 1 ma R1 = 0.5 dun 
R3 = 6.8 ohms f = 120 cycles 

FIND: (a) R2 (h) R2.eq.8 (c) Reg 

SOLUTION: 

(a) 

(I)) 

where 

(c) 

2 Ed""  150  = 150,000 ohms 
= /DCL — 1 10-3 

Xe2 3112   R2.eq.8 = R2 = 150,000= 0.0073 ohm 

159,000 _  159,000  = ,.1 ohms 
Ac = fC — 120 x 40 " 

Reg = R1 ± & me + R3 = 0.5 + 0.0073 + 6.8 = 7.3073 ohms 

The results of this example indicate that for normal conditions the effect 
of R2 on the value of the equivalent series resistance is so low that it may 
be ignored. 
The equivalent series resistance can also be calculated from the dissipation 

factor (Art. 9-8), the capacitance, and the frequency. When these three 
values are known, then 

ESR = DF x 106 159,000 DF 

2/TfC fC 

where ESR = equivalent series resistance, ohms 
DF = dissipation factor, decimal value 
f = frequency, cps 
C = capacitance, pf 

(9-17) 
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EXAMPLE 9-12 What is the equivalent series resistance of an 80-pf 250-volt capacitor 
having a dissipation factor of 0.11? (The dissipation factor is based on a frequency of 
120 cycles.) 

GIVEN: C = 80 DF = 0.11 1 = 120 cycles 

FIND: ESR 

SOLUTION: 

EsR = 159,000 DF 159 000 x 0.11 
=  ' = 1.82 ohms 

fC 120 X 80 

The term equivalent series resistance is used in studying some of the 
operating characteristics of capacitors. Because it may be difficult to ascer-
tain accurately the values of all the losses separately, the resistance is some-
times calculated from Eq. (2-14). When the power and current taken by a 
capacitor are known, the resistance value found when the power is divided 
by the current squared is assumed to represent the equivalent series 
resistance. 

9-8 Ratings and Electrical Characteristics of Capacitors 

Capacitance and D-C Working Voltage. These are the two basic ratings 
of a capacitor. The circuit diagram and the parts list of electronic equip-
ment always specify these two parameters. 

Tolerance. Tolerance is the deviation from the rated capacitance that 
will be permitted and is expressed in (1) per cent of rated value, (2) a 
specified deviation in micromicrofarads or picofarads, or (3) a combination 
of (1) and (2). The tolerance ratings of capacitors cover a wide range (see 
Table 9-1), extending from -±-1 per cent for mica and synthetic-film solid-
dielectric capacitors to + 150 per cent for aluminum electrolytic capacitors. 
The most common standard tolerances for general-purpose applications are 
±-20 and -±10 per cent; when closer tolerances are required, they are 
accompanied by increased cost. 

Operating-temperature Range. This is the range in temperature through 
which the capacitor may be safely operated. Table 9-1 shows a range 
of —55 to 250°C; some tantalum capacitors have a lower temperature 
limit of —80°C. Many of the general-purpose capacitors have a tempera-
ture range of — 55 to 85°C. 

Capacitance-temperature Stability. Capacitance-temperature stability 
expresses the maximum amount of change in the capacitance over the per-
missible operating temperature range. This may be expressed as a percent-
age or as a relative amount such as small, medium, or large with respect to 
the capacitance at 25°C. Approximate percentages are (1) mica 1 per cent, 
(2) paper ±.10 per cent, (3) synthetic films 2 to 5 per cent, (4) metallized 
-±-5 per cent, (5) ceramic -±-10 to -±-20 per cent, (6) aluminum 50 per cent, 
(7) foil and wet-slug tantalum — 50 to + 30 per cent, (8) solid electrolyte 
tantalum ±-10 per cent. 
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Temperature Coefficient. The temperature coefficient represents the 
relative change in capacitance for a temperature change of one degree 
centigrade. It is usually expressed in parts per million per degree centigrade, 
which is abbreviated as ppm per °C, or it may occasionally be expressed in 
per cent. Capacitors featuring a very closely controlled temperature coeffi-
cient are available with limits as close as -±-5 ppm per °C of a desired 
normal value and in either ± or — direction. The use of capacitors with 
controlled-temperature characteristics is presented in Art. 9-15. 
Power Factor. The power factor is sometimes used as a capacitor rating 

to express the merit or quality of a capacitor. Power factor may be thought 
of as a relative measure of the losses in a capacitor. Mathematically, it 
is equal to the ratio of the equivalent series resistance to the impedance of 
the capacitor and may be expressed as a decimal or as a percentage. 
Because the impedance varies with the frequency, the power factor is 
stated for a specific frequency value such as 60, 120, 1,000, or 1,000,000 cps. 

ESR   ESR ESR  
PF = = =  / (9-18) 

Z VESR2 ± Xc2 VESR2 + (159,12 
.t.0 

where PF = power factor, decimal value 
ESR = equivalent series resistance, ohms 
Z = impedance, ohms 
Xc = capacitive reactance, ohms 
C = capacitance, pi 
f = frequency, cps (generally 1,000 cps for capacitors of 1 pi or 

less and 60 cps for capacitors over 1 pf) 

Power-factor rating is used to some extent with reference to solid-
dielectric capacitors, but it is rarely used with reference to electrolytic 
capacitors. (Dissipation factor is more widely used.) For solid-dielectric 
capacitors the power factor ranges from 0.02 to 1 or 2 per cent, depending 
on the type of dielectric and the reference frequency. 

Dissipation Factor. The dissipation factor, like power factor, expresses 
the merit or quality of a capacitor; it, too, may be expressed as either 
a decimal or a percentage. It differs from the power factor mainly in that 
it is calculated by dividing the equivalent series resistance of the capacitor 
by its capacitive reactance instead of dividing by the impedance as with 
power factor; thus 

DE, = ESR = ESR 277fC 
-  

XC 106 
(9-19) 

where DF is the dissipation factor, decimal value, and ESR, X, C, and 
fare the same as for Eq. (9-18). 

NOTE: The frequency value generally used is 120 cps. 
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The dissipation-factor rating is used frequently with reference to solid-
dielectric capacitors and is used almost exclusively with electrolytic capaci-
tors as compared with the use of power factor as a rating. For solid-dielectric 
capacitors the dissipation factor ranges from 0.02 to 1 or 2 per cent, 
depending on the type of dielectric and the reference frequency. For elec-
trolytic capacitors up to approximately 2,000 itf, the dissipation factor will 
range from about 5 to 35 per cent depending upon the (1) dielectric, 
(2) electrolyte, (3) capacitance and voltage rating of the unit, (4) value of 
the applied voltage, (5) temperature. For low-voltage high-capacitance 
units, the dissipation factor may exceed a value of 5; for example, a 
150,000-0 2.5-volt capacitor may have a dissipation factor in the order of 
5 or 6. 

EXAMPLE 9-13 A certain capacitor rated at 150,000 pf and 2.5 volts has a dissipation 
factor of 6 when measured at 120 cycles. Find (a) the equivalent series resist-
ance, (b) the capacitive reactance at 120 cycles, (c) the impedance at 120 cycles, 
(d) the power factor at 120 cycles. 

GIVEN: C = 150,000 p.f DF = 6 1=120 cycles 

FIND: (a) ESR (b) Xc (c) Z (d) PF 

SOLUTION: 

(a) ESR = 106 DF =  106 x 6  = 0.053 ohm 
27rfC 6.28 x 120 x 150,000 

(b) Xe — 1°6 —  106  0.00884 ohm 
21rfC — 6.28 x 120 x 150,000 — 

(c) Z = VESR2 -F X£-2 = V0.0532 + 0.008842 = 0.0537 ohm 

(d) PF = ESR = 0.053 = 0.98 
Z 0.0537 

Q of a Capacitor. The term Q is sometimes used to express the figure of 
merit or storage factor of a capacitor. Mathematically, it is equal to 
the reactance of a capacitor divided by its equivalent series resistance; thus 

Xc  106  
Q = ESR = 2irfC ESR 

Also, Q is equal to the reciprocal of the dissipation factor; thus 

Q= 1F 

(9-20) 

(9-21) 

EXAMPLE 9-14 What is the Q of a paper-dielectric capacitor whose dissipation factor 
is 0.5 per cent? 

GIVEN: DF = 0.5 per cent, or 0.005 

FIND: Q 



(9-8) Capacitance 311 

SOLUTION: 

o 1 1 
= DF = 0.005 = 2°3 

Insulation Resistance. This is the resistance of the capacitor measured 
from (1) terminal to terminal or (2) terminal to container. It is normally a 
very high resistance and is generally expressed in (1) megohms, (2) megohms 
per microfarad, or (3) megohms times microfarads (see Table 9-1). The 
insulation resistance of a capacitor is specified at a standard temperature of 
25°C and decreases rapidly with an increase in temperature. The amount 
of change in insulation resistance with temperature varies with the type of 
capacitor. For example, at 85°C the insulation resistance of a mica capaci-
tor will decrease to one-fifth of its value at 25°C, while for a paper capaci-
tor the resistance will decrease to one one-hundredth of its value at 25°C. 
Insulation resistance decreases with the aging of a capacitor, and with some 
types of capacitors it is also affected by the voltage. 

Direct Leakage Current. When an electrolytic capacitor is connected to 
a d-c power source, with proper polarities observed, a small amount of cur-
rent will flow continuously; this is called the direct leakage current, abbre-
viated as DCL. The leakage current, which may be considered as an 
indication of the quality of the oxide film, is an important characteristic of 
electrolytic capacitors and represents the amount of direct current flowing 
through a capacitor other than its momentary charging current. 
The leakage current is measured by applying rated voltage to the capacitor 

for a specified length of time and then measuring the current. One test 
specification requires that (1) a series-connected current-limiting resistor 
should be used, (2) the resistance should be of such value that rated volt-
age will be applied to the capacitor within 1 min, and (3) the leakage cur-
rent should be read after the rated voltage has been applied for 5 min. 
Normal Leakage Current. This represents the direct leakage current 

when the capacitor is in actual service. The amount of leakage current 
varies with (1) the type and grade of the capacitor, (2) its rated capacitance, 
(3) its rated voltage, (4) its operating temperature, (5) the frequency, and 
(6) the age of the capacitor. 
A number of methods are used to calculate the leakage current of a 

capacitor. One method used with aluminum-foil electrolytic capacitors is 

/Del, = K NrCE (9-22) 

where IDCL = direct leakage current, ma 
C = rated capacitance, uf 
E = rated d-c working voltage, volts 
K = variable factor, depending on type, grade, size, and operat-

ing temperature of capacitor. For 25°C, the factor ranges in 
the order of 0.003 to 0.006; at 85°C, the factor increases by 
about four times. 
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For tantalum and niobium electrolytic capacitors, the leakage current may 
be calculated by 

/pm = KCE (9-23) 

where /Du, = direct leakage current, pa 
C = rated capacitance, tif 
E = rated d-c working voltage, volts 
K = variable factor, depending on type, size, and operating tem-

perature of capacitor. For 25°C, approximate values for K 
are 0.0005 for wet-anode type, 0.004 for foil type, and 0.02 
for solid type. At maximum rated temperatures, these factors 
increase to 0.006, 0.025, and 0.2, respectively. 

EXAMPLE 9-15 (a) What is the leakage current of a 100-id 300-volt aluminum-foil 
electrolytic capacitor at 25°C if the value of K is 0.006? (b) What is the approximate 
leakage current at 85°C? 

GIVEN: C = 100 ii.f E= 300 volts K= 0.006 at 25°C 

FIND: (a) /Del, at 25°C (b) /DcL at 85°C 

SOLUTION: 

(a) At 25°C, /De', = K ei = 0.006/100 x 300 = 1.038 ma 

(b) At 85°C, /DcL  4 X /Da, at 25°C --- 4 x 1.038 --:, 4.14 ma 

EXAMPLE 9-16 (a) What is the leakage current of a 250-0 30-volt foil-type tantalum 
capacitor at 25°C? (b) What is the leakage current at its maximum operating tem-
perature of 85°C? 

GIVEN: C = 250 p.1 E = 30 volts K = 0.004 at 25°C K = 0.025 at 85°C 

FIND: (a) /DCL at 25°C (b) /my at 85°C 

SOLUTION: 

(a) At 25°C, IDCL = KCE = 0.004 x 250 X 30 = 30 pa 
(b) At 85°C, /Do, = KCE = 0.02.5 x 250 x 30 = 187.8 µa 

Initial Leakage Current. This represents the amount of direct leakage 
current taken by a capacitor when it is first applied to the voltage source, 
particularly after a long inactive period. The initial current is high com-
pared with the normal leakage current, decreases rapidly for a short period 
of time, and then decreases more slowly until it reaches the normal leak-
age value. 

9-9 Mica-dielectric Capacitors 

Mica capacitors are made by stacking aluminum-foil plates and thin 
sheets of mica in alternate layers. Figure 9-6 shows that alternate plates 
1, 3, 5, 7, 9 are connected as one terminal and plates 2, 4, 6, 8 form the 
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Fig. 9-6 A parallel-plate capacitor. 
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second terminal. The complete capacitor, consisting of plates, dielectric, 
and connections to the terminals, is enclosed in a molded Bakelite or other 
container to keep out moisture. Advantages of mica capacitors are (1) low 
dielectric losses, (2) low power factor, (3) high voltage ratings, (4) low self-
inductance. They are adaptable to high-frequency circuit applications. 
Mica capacitors can be obtained in values ranging from 1 pf to 1 id and at 
voltage ratings of 50 to 50,000 volts. The physical size of these capacitors 
covers a wide range (Fig. 9-7), as the size is dependent upon both the rated 
capacitance and voltage. 
The standard mica capacitor is enclosed in a Bakelite case and is colored 

b— —4 

«lb 4 

411111 
4110. 
izeolo egjlt 

Fig. 9-7 Commercial types of mica dielectric capacitors. The large capacitors are for 

industrial control equipment and communications transmitters. The small capacitors are 

for general purposes and for communications receiving applications.(Aerovox Corporation) 
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brown to indicate that it is a standard stacked-plate mica capacitor. For 
applications which require higher insulation resistance, higher Q, or more 
stable characteristics, the capacitor is enclosed in a special low-loss case of 
Bakelite or equivalent material. Such capacitors can be identified by their 
yellow-colored case. 

Silvered-mica Capacitors. In the silvered-mica capacitor, the stacks of 
metal foil and mica sheets are replaced by a process of applying a thin 
coating of silver to the mica and bonding the two at high temperature. 
These capacitors can be distinguished by their red, low-loss, molded-
Bakelite cases. Advantages of the silvered-mica-type capacitors are (1) 
standard tolerance of ±--5 per cent (also available down to ±-1 per cent) 
compared with a tolerance of -±20 per cent for the stacked-plate mica capaci-
tors, (2) very low temperature coefficient, (3) negligible capacity drift with 
time, (4) higher permissible operating temperatures, (5) smaller physical size, 
(6) more stable and dependable operation in high-humidity environments. 

9-1 0 Paper-dielectric Capacitors 

Capacitors made with aluminum-foil conductors and thin sheets of kraft 
paper (usually impregnated with wax, oil, resin, or a synthetic compound) 
for the dielectric are called paper capacitors. The metal foil and the paper 
are made into long strips and then are rolled together to form a compact 
unit (Fig. 9-8). The completed capacitor is placed in a metal, plastic, card-
board, or other type of container to protect the unit and to keep out mois-
ture. Placing the strips of metal foil as shown in Fig. 9-8 permits attaching 
a lead at each end in such a manner that each turn of a conductor is con-
nected to the terminal for that conductor. As this reduces the inductive 
effect of the various turns, such a capacitor is often called a noninclúctive 
type. 

Conductor. 

Conductor 

Insulator 

fa (b) 

Fig. 9-8 Basic construction of rolled paper-dielectric capacitors. (a) Front view. (b) End 
view. 
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Fig. 9-9 Commercial capacitors representative of paper, film, and metallized types. 

(Cornell-Dubiiier Electronics, Division Federal Pacific Electric Company) 

Paper capacitors are used extensively in noncritical applications where 
size is not an important factor but where low cost is important. Paper 
capacitors are smaller in size and lower in cost than mica capacitors of 
similar rating and are used in many low- and medium-frequency applica-
tions. For general-purpose applications, they are available in sizes ranging 
from 0.0001 to 1 ittf, with voltage ratings from 50 to 1,000 volts. They may 
also be obtained for special applications in ratings up to 200 ittf and 
200,000 volts. 

9-1 1 Synthetic-film-dielectric Capacitors 

in this type of capacitor, the paper dielectric is replaced by a very thin 
film of a synthetic material such as a polystyrene, polyester, or polycarbon-
ate; two commonly used polyester dielectrics are the Du Pont Mylar and 
Teflon. The ability to produce dielectrics with a thickness in the order of 
0.00015 inch has made it possible to make smaller size capacitors for use 
in miniaturized equipment. These capacitors have also extended the oper-
ating temperature range from a maximum of 85°C for the paper-dielectric 
type to a maximum of 150°C for Mylar and 250°C for Teflon capacitors. 
Other advantages are (1) low dissipation factor, (2) low dielectric absorp-
tion, (3) high insulation resistance, (4) good capacitance stability with tem-
perature change and high operating temperatures, (5) small size with some 
types of film but at a higher cost. Capacitors with film-type dielectrics are 
adaptable for application to transistorized and printed circuits, computers, 
and high-grade military and aerospace equipment. 
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9-12 Dual-dielectric Capacitors 
In order to combine the best features of both the paper and synthetic-

film types of dielectrics, some capacitors are made with the dielectric con-
sisting of both a paper and a polyester film. The manufacturers' trade 
names assigned to these capacitors generally indicate that two dielectrics 
are used. These capacitors are usually noninductively wound and utilize a 
manufacturing process that produces a solid impregnant for the dielectric 
and results in a rugged capacitor construction. Considerable reductions in 
size and weight, compared with the paper-oil type of dielectric, are obtained 
in the dual paper and film capacitors. Other advantages of the dual-
dielectric-type capacitors are (1) low dissipation factor, (2) high insulation 
resistance, (3) large capacitance and/or high voltage ratings, (4) high relia-

Table 9-1 Characteristics of Solid-dielectric Capacitorsf 

Values and ranges shown are generally typical or average. Actual limits may vary considerably. 

cIlARACTERISTIC 

OF 

CAPACITOR 

— 

PAPER 

DIELECTRII 

POLYSTYRENE I I Il  . SITLAR 
PAPER AND MYLAR 

(DUAL DIELECTRIC) 

Capacitance: 
Range, eif 0.001-200 0.01-20 0.01-30 0.01-10 0.01-4 
Range, pf 

Volts, cl-c operating 50-200,000 50-1,000 100-15,000 100-2,000 50-1,000 

Tolerance: 
Per cent, standard -±-20 -±20 -..t 20 ±10 -±-10 
Per cent, minimum -±-2 -±1 -±-2 -±-1 :1:2 

Temperature, operating 
range, *C —55 +125 —55 +150 —55 +125 —55 +85 —55 +250 

Dissipation factor: 

Per cent at 60 cps 0.2-0.5 0.3 0.3 Less than 0.1 Less than 0.1 
Per cent at I kc 0.2-0.5 0.5 0.5 0.02-0.05 0.02-0.05 
Per cent at I mc, 

low-capacitance values 
Higher; varies 

with type Relatively high Relatively high 0.05-0.1 0.04-0.07 

Insulation resistance, 

megohms per id: At 25°C 3,000-20,000 50,000 20,000 Over 100,000 Over 100,000 
At 85°C compared with 1 1 1 1 1 
25°C 100 275 471 15 10 

Dielectric absorption, 
per cent at 25°C 0.6-31 0.5 0.9 0.02-0.05 0.02-0.05 

Stability, 
capacitance change with 
temperature and aging Medium Medium Medium Small Medium 

Size, for equivalent 
CV rating Medium small Small Medium small Medium large Large 

Cost, relative cost for 
equivalent CV rating Low Moderately high Moderately high Moderately high Very high 

• Du Pont trademark. 
f For similar relative characteristics of electrolytic capacitors, see Table 9-2. 
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bility, (5) long life, (6) little variation in capacitance over a relatively wide 
operating temperature range, (7) broad range of applications. 

9-13 Metallized-dielectric Capacitors 

Instead of using separate strips of metal foil and dielectric materials, 
capacitors can also be made by applying a very thin metallic coating 
directly on a paper or film-type dielectric. When rolled into a compact 
form, the metallic coatings on alternate strips of dielectric form the con-
ductors. Capacitors using this type of construction are called metallized 
capacitors, and they are much smaller than foil-type capacitors of similar 
ratings. 

An outstanding feature of the metallized capacitor is its self-healing 

DIELECTRIC 

METALLIZED 

PAPER 

METALLIZED 

MYLAR 

CERAMIC, 

LOW-VOLTAGE 

CERAMIC, 

GENERAL-PURPOSE 

CERAMIC, 

.TEMPERATURE 

COMPENSATING 

MICA 

RECEIVING 

MICA 

TRANSMITTING 

0.01-20 0.01-20 0.005-2.2 
1-20,000 1-2,500 1-50,000 10-1,000,000 

50-600 50-600 3-50 500-5,000 500-5,000 50-2,500 200-50,000 

±20 -1=20 -±20 to +100, -0 -.L-5 to +100, -0 -±-5 to ±20 -±-10 -±-5 
-±-5 -±2 -±-20 -±-5 +0.25 pf -2:1 -±-1 

-55 +125 -55 +125 -55 +85 -55 +125 -55 +125 -55 +150 -55 +70 

0.4-0.6 0.2-0.3 - -- ___ --- Seldom used Seldom used 
0.6-0.8 0.4-0.5 2.5-10 2-2.5 ___ Less than 0.1 0.04-0.07 

Relatively high Relatively high - - - _ _ _ 0.05-0.2 Less than 0.1 0.03-0.06 

Variable Over 30,000 Over 50,000 20,000-50,000 15,000 
600-1,200 5,000-50,000 with voltage megohms/unit megohms/unit megohms/unit megohms/unit 
1 1 i i i 1 i 

671 iii 2.51 87) 57) 5 i 

0.3 maximum 0.3 maximum 

Very small; Very small: 
Medium Medium Medium Small to medium Small excellent excellent 

Small Small Very small Small Small Large Large 

Moderately high Moderately high Low Low Low High High 

1 Depending on impregnant, 

Source: Cornell-Dubilier Electronics, Division of Federal Pacific Electric Company. 
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ability. When a breakdown of the dielectric due to high voltage occurs in 
a foil-type capacitor, the paper or film dielectric is punctured and allows 
the two metal conductors to make contact. This causes a short circuit in 
the capacitor, and it is permanently damaged. When a breakdown of the 
dielectric occurs in a metallized capacitor, the metal in the immediate 
vicinity of the dielectric puncture burns away with the paper or film. Under 
this condition, no short circuit occurs and the capacitor retains a satisfac-
tory operating condition. Although the burning off of some metal will 
theoretically cause a reduction in the capacitance value of the capacitor, 
the amount of reduction is imperceptible. 

Advantages of the metallized capacitor are (1) self-healing, (2) small size, 
(3) low dissipation factor, (4) reliability, (5) relatively small capacitance 
change over a wide operating temperature range, (6) relatively low cost. 
These capacitors are available in a wide range of capacitance and voltage 
and are more adaptable than the foil-type capacitors for sizes above 1 
They are used for filter, bypass, decoupling, and smoothing-action circuits 
but are not recommended for coupling, logic, and other types of applica-
tions where the effect of occasional sparking and subsequent self-healing 
cannot be tolerated. 

Metallized capacitors are also available with a dual dielectric, such as a 
combination of metallized paper and a polyester film. These capacitors pro-
vide special operating characteristics such as (1) unusual self-healing abili-
ties, (2) satisfactory operation at very low voltages where ordinary metal-
lized capacitors fail to operate properly. 

9-1 4 Ceramic-dielectric Capacitors 

This type of capacitor is generally made by applying a silver coating on 
a piece of baked ceramic. A number of types of ceramic material have been 
developed with dielectric constants ranging from 10 to 10,000. Such high 
values of K make it possible to produce very small-size capacitors. In the 
manufacture of these capacitors, the ceramic material is molded into a thin 
circular, cylindrical, or rectangular form and baked to produce a very hard 
substance. A thin layer of silver is deposited on each side to form the plates 
of the capacitor. After the leads are attached, the unit is enclosed in a 
suitable insulated case. The advantages of ceramic capacitors include (1) low 
cost, (2) small size, (3) low losses, (4) very low self-inductance, (5) low tem-
perature coefficient, (6) good capacitance stability, (7) long life. They are 
available in standard ratings from 1 to 20,000 pf at voltages of 500 to 
5,000 volts and from 0.005 to 2 p..f at voltages of 3 to 50 volts. 

Voltage-variable Ceramic Capacitors. Certain ceramic capacitors, 
depending upon the composition of the ceramic, will have a varying value 
of capacitance when a variable direct voltage is applied. Such a character-
istic can be useful in controlling the actions of a circuit or in the design of 
automatic control features for electronic circuits. 
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Silver coating 
on disc 
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Outer plate Inner plate 

(b) 

Fig. 9-10 Basic construction of ceramic capacitors. (a) Disc type. (b) Tubular type. 

9-15 Temperature-compensating Capacitors 

Most electronic circuit components, such as resistors, inductors, and 
capacitors, normally have a positive temperature coefficient, meaning that 
their values in ohms, henrys, and microfarads increase with an increase in 
temperature. Such changes are often likely to alter appreciably the operat-
ing characteristics of the equipment in which they are used. One method 
of correcting such a condition is to use one or more components that have 
a negative temperature coefficient. Both ceramic and mica capacitors can 
be manufactured to provide different types and degrees of temperature 
coefficients; such capacitors are called compensating capacitors. The 
ceramic-type compensating capacitors are used more extensively than the 
mica type. 
The temperature coefficient of a ceramic capacitor can be controlled by 

the composition of the ceramic material, and it is possible to produce 
capacitors with zero, positive, or negative temperature coefficients. These 
capacitors are available with various temperature coefficients ranging from 
P100 to N5600. The letters P and N indicate positive and negative, respec-
tively, and the number following the letter indicates the temperature coef-
ficient in parts per million per degree centigrade rise. Thus, N750 indicates 
a decrease in capacitance of 750 units per million units for each 1° increase 
in temperature, based on an ambient (surrounding) temperature of 25°C. 
The rating NPO indicates zero or no change in either positive or negative 
direction. 
By using a parallel combination of NPO and N750 capacitors, it is pos-
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Fig. 9-1 1 Commercial types of ceramic capacitors such as (a) tubular, (b) disc, 

(c) feed-through, (d) stand-off, and (e) plate. (Erie Technological Products, Inc.) 

sible to obtain practically any temperature coefficient between zero and 
— 750 ppm. Type NPO capacitors are available in ratings from 1 to 300 pf, 
and type N750 in ratings from 2.2 to 750 pf. The following equations and 
example illustrate the manner of determining the values of the individual 
capacitors. 

C2 = 
Tc.2 

Ci X Tc.1  

Co = Cl — C2 

(9-24) 

(9-25) 



(9-17) 

where Ci = 
T.1 . 
co = 
Tc.0 = 
c2 = 

T.2 = 
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desired capacitance with temperature coefficient of n.1 
temperature coefficient desired for circuit 
capacitance of unit having a temperature coefficient of Te.0 
temperature coefficient of zero, thus type NPO 
capacitance of unit having a temperature coefficient of Tc.2 
temperature coefficient of compensating capacitor; among the 
types available are N750, N330, N80, P100 

EXAMPLE 9-17 What ratings of N750 and NPO capacitors are required to produce 
240 pf with a temperature coefficient of N250? Note: It will be necessary to have a 
parts catalog in order to observe the standard rated values for which capacitors are 
available. 

GIVEN: CI = 240 pf Tc.1 = N250 ppm per °C Tc.2 = N750 ppm per °C 
FIND: CN2oo CNPO 

SOLUTION: 

CI X re.' 240 x 250  
C2 = = = 80 pf 

Tc.2 750 

From the manufacturer's catalog, the nearest standard capacitor available is 82 pf. 

Co = CI — C2 = 240 — 82 = 158 pf 

The nearest standard value in the catalog is 160 pf. 

Checking results: 

CI = Co + C2 = 160 + 82 = 242 pf 

9-1 6 Oil-dielectric Capacitors 

When capacitors are required to withstand very high voltages, as in 
radio and television transmitters and some industrial applications, an oil-
impregnated paper is generally used as the dielectric. In addition, the 
higher voltage capacitors are enclosed in hermetically sealed oil-filled con-
tainers. Available standard ratings range from 0.1 to 10 p1 at voltages from 
600 to 50,000 volts. They may also be obtained in special ratings up 
to 200,000 volts. 

9-1 7 Glass-dielectric Capacitors 

The earliest capacitor, 1745, was the Leyden jar. A modern development 
has returned to the use of glass through the introduction of a low-loss glass 
ribbon approximately 0.001 inch thick. Layers of aluminum foil and glass 
are stacked to provide the required area. After the leads are attached, the 
unit is enclosed in glass, which is then fused with pressure and heat to form 
a practically indestructible unit. Standard ratings range from 1 to 10,000 pf 
at 300 to 500 volts. The high cost of this type of capacitor has limited its 
use to military, space, and other critical applications. 
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9-18 Color Codes for Capacitors 

When the physical size of a capacitor permits, information about its rated 
values of capacitance and voltage is usually printed on the container. This 
is the case with most paper capacitors. When the available space on the 
capacitor does not permit stamping the information thereon, the important 
data are provided by a series of colored bands or dots. A complete descrip-
tion of the methods of color coding is given in Appendix VIII. 

9-19 Electrolytic Capacitors 

Basic Principle of Electrolytic Capacitors. An electrolytic capacitor 
consists of two metallic plates separated by an electrolyte. The electrolyte 
is not the dielectric material but is actually the negative electrode. The 
dielectric is a thin oxide film which is formed on the surface of the positive 
capacitor plate. The second plate, sometimes erroneously called the nega-
tive electrode, provides the means of making contact with the electrolyte 
(the actual negative electrode) and serves as the negative terminal. 
The capacitance of the electrolytic capacitor depends on (1) the area of 

the plates, (2) the thickness of the dielectric, and (3) the dielectric constant 
of the oxide film. 

Action of the Fundamental Electrolytic Capacitor. If two aluminum 
plates are immersed in a suitable electrolyte (Fig. 9-12) and connected to 
a d-c power source, current will pass from one plate to the other. At the 
instant of closing the circuit, the current will be very high for a short time 
and will then taper off to nearly zero. This action is due to the process 
called forming, which means that in insulating film is being formed on the 
surface of one of the plates. If the plates are of aluminum, this film will 
form on the plate connected to the positive terminal. The formation of this 
film on the plate retards the flow of current. If the polarity of the voltage 
applied to the terminals is reversed, the film will form on the opposite 

Terminals 

Insulation 

Container 

Aluminum p/c/es 

Positive electrode 

Electrolyte 
(Newlike electrode) 

Thin oxide film 
(Dielectric) 

Fig. 9-12 The fundamental electrolytic 

capacitor. 
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plate and current will flow in the circuit until this forming process is suffi-
cient to build up enough resistance to reduce the current flow to nearly 
zero. The film acts as an insulator only as long as the same polarity used 
in forming is maintained at its terminals. 

Dielectric. The dielectric used in electrolytic capacitors is the film formed 
on the surface of the positive electrode. The thickness of this filin will 
depend on the material used for the plates and the amount of voltage used 
in the forming process. The higher the applied voltage, the thicker the film 
becomes and the lower will be the resultant capacitance. The maximum 
working voltage rating of an electrolytic capacitor must be less than the 
voltage used in its forming process. If this voltage is exceeded, then, in 
addition to the possibility of puncturing the insulation, the thickness of the 
oxide film will be increased and the capacitance of the capacitor will be 
decreased. As long as the applied voltage is lower than that used in form-
ing, the thickness of the oxide film and the capacitance will remain constant. 

Forming Voltage. The maximum voltage that may be used in forming 
will depend on the electrolyte used; the maximum voltage commercially 
attainable is in the order of 500 volts. Solutions of borax are used exten-
sively because of the relatively high voltages that they can withstand and 
because of their noncorrosive properties. Inasmuch as the thickness of the 
oxide film is determined by the forming voltage, the capacitance of a 
capacitor also depends on this voltage. 

Self-healing Characteristic. The thickness of the oxide film formed on 
the surface of the plate is in the order of 0.00001 inch. Since this is only a 
fraction of the thickness of most other dielectrics of similar voltage rating, 
a relatively high capacitance can be obtained in a small space. When the 
applied voltage exceeds the maximum critical voltage that the dielectric 
can withstand, the thin oxide film will be punctured. This causes a short 
circuit between its terminals. When the applied voltage is removed or 
reduced to a value less than its maximum critical voltage, the break will be 
mended by the formation of a new insulating film. This self-healing char-
acteristic is an important advantage of electrolytic capacitors. 

9-20 Wet Electrolytic Capacitors 

The electrolyte for an electrolytic capacitor may be in a liquid, paste or 
semiliquid, or solid form. The aluminum wet-electrolytic capacitor, which 
has a liquid electrolyte, was used to some extent at one time but has been 
replaced largely by the dry-type electrolytic capacitors. Some tantalum and 
niobium electrolytic capacitors use a liquid electrolyte. 

9-21 Aluminum Electrolytic Capacitors 
Construction. By the use of a jellylike electrolyte, electrolytic capacitors 

can be constructed in a substantially dry form. They are considered dry in 
the same manner that dry-cell batteries are considered dry; that is, the 
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electrolyte cannot be spilled from its container. Dry electrolytic capacitors 
produce high values of capacitance in relatively small dimensions and are 
the most economical type for many applications. 

In general, a dry electrolytic capacitor consists of a positive foil, a nega-
tive foil, and a separator containing the electrolyte, which are all wound 
into a roll and provided with a means for electrical connection, housing, 
and mounting (see Fig. 9-13). The positive foil is of high-purity aluminum 
and is subjected to a special electrochemical forming process which com-
pletely covers it with an extremely thin oxide film. The nature and thick-
ness of this film will govern its voltage and the capacitance per unit area. 
The separator is made of some absorbent material, usually gauze, paper, 
nonfibrous cellulose, or a combination of these; it serves to hold the elec-
trolyte in position and to keep the positive and negative foils from malcing 
physical contact. The electrolyte consists of a chemical solution in a moist 
paste form and serves as the negative electrode. The negative foil, gener-
ally of aluminum, acts merely as a means of making contact with the 
electrolyte and becomes the negative terminal of the capacitor. 
The positive plate of the capacitor is made with either a plain or a 

specially prepared aluminum foil. An etched aluminum plate is formed by 
an etching process which roughens the surface of the foil and increases its 
effective area, thereby providing increased capacitance. Another method 
of increasing the effective surface area is the special fabricated plate which 
uses a metallized cotton gauze. Capacitors using a fabricated plate have a 
normal capacitance ratio, as compared with plain aluminum foil, in the 

SEPARATORS ANODE 
(Impregnated min) .'(positive) 
(electrolyte) / (electrode) 

CATHODE 
(negative) 
(electrode) 
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/TERMINALS 

VENT 
(opens al prede-

termined pressure) 

Fig. 9-13 Construction of aluminum dry-electrolytic capacitor. (P. R. Mallory & Co., Inc.) 
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(P. R. Mallory & Co., Inc.) 

order of 10 to 1. Figure 9-14 illustrates the comparative size of capacitors 
using the three different types of plate construction. 

Capacitor Blocks. Many capacitor applications require or permit the 
negative terminals of various sections to be connected to one common 
point in a circuit. Since in electrolytic capacitors the electrolyte itself is the 
negative electrode, several positive electrodes can be associated with one 
common electrolyte. In commercial capacitors, this type of unit has one 
long negative foil and the required number of positive foils laid end to end 
and arranged parallel to it. Together with the proper separators, the nega-
tive and positive foils are rolled into one complete unit (Fig. 9-15); each 
piece of foil is provided with its own terminal. 

9-22 Tantalum Capacitors 

Electrodes. Tantalum, which is a transition element, may be used in place 
of aluminum for the electrodes of electrolytic capacitors. Tantalum has a 
much higher rating than aluminum in microfarads per volt per cubic inch, 
thereby permitting extensive advances in the field of miniaturization. 
Furthermore, tantalum foil plates can be made with a thickness in the 
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order of 0.0005 inch as compared with thicknesses of 0.002 to 0.005 inch 
for aluminum foil. Use of sintered tantalum provides further gains in minia-
turization. Sintering is a process whereby finely powdered particles of a 
substance are mixed with an organic binder and pressed into a desired unit 
of any shape. This unit is then heated in a vacuum oven, which causes the 
organic binder to decompose and evaporate, thereby producing a strong, 
yet highly porous material. 

Types of Capacitors. Tantalum capacitors are made in three basic types: 
(1) foil, (2) wet anode, (3) solid electrolyte. 

Advantages. Among the advantages of tantalum capacitors are (1) very 
small size, (2) closer capacitance tolerances than with aluminum electrolytic 
capacitors, (3) high capacitance stability, (4) low leakage current, (5) low 
power factor, (6) long shelf life, (7) long service life, (8) ruggedness, 
(9) high reliability, (10) operating temperature range from — 80 to 125°C, 
(11) freedom from possibility of electrolyte leakage and corrosion in the 
solid-electrolyte type. For some applications, one or more of these advan-
tages can outweigh the disadvantage of the higher cost of tantalum 
capacitors. 

Ratings. Tantalum capacitors are available in ratings ranging from 0.002 
to 2000 itf and at voltages ranging from 3 to 600 volts. Generally, the 
higher capacitance ratings are available only in the lower voltage ranges. 
The solid-electrolyte types are available chiefly in voltage ratings of 6 to 
100 volts. 

9-23 Tantalum Foil-type Capacitors 

The principle of the foil-type tantalum capacitor is the same as for the 
aluminum electrolytic capacitor. This type of capacitor consists of two 
tantalum foils, paper separators, and an electrolyte in either a liquid or 
paste form. The general construction features are similar to those for the 
aluminum capacitor shown in Fig. 9-13. The foil serving as the anode may 
be of either the plain- or etched-foil types. The dielectric is a thin tanta-
lum oxide film which has been formed on the surface of the anode by an 
electrochemical process before assembly of the capacitor components. The 
electrolyte is the actual cathode of the capacitor and, because it is a liquid 
or paste, makes contact with the entire surface area of the dielectric. The 
second foil provides the means of connecting the external negative termi-
nal of the capacitor with a low-resistance current-distribution path to the 
electrolyte along the entire active area of the anode. The separators serve 
two purposes: (1) They prevent damage to the oxide film during assembly 
and also in service, and (2) being a porous-type material, they serve as a 
carrier for the electrolyte. The complete assembly is enclosed in a suitable 
container. 
The electrodes may be of either the plain-foil or the etched-foil type. 

Because of its smooth surface, the plain foil permits the formation of a 
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more uniform layer of tantalum oxide on the anode. Consequently, elec-
trical characteristics such as low power factor, close capacitance tolerances, 
and capacitance stability with temperature changes and age will be more 
stable with the plain-foil type than with the etched-foil type. 
An etched-type electrode is produced by chemically etching the foil 

prior to formation of the tantalum oxide dielectric. As the etching process 
approximately triples the active area of an electrode, a capacitor with 
etched-foil electrodes will provide three times the amount of capacitance 
provided by a similar size capacitor having plain-foil electrodes. 

Foil-type tantalum capacitors are available in ratings ranging from 0.25 
to 580 f at voltages ranging from 3 to 300 volts. 

Table 9-2 Characteristics of Electrolytic Capacitors• 

Values and ranges shown are generally typical or average. Actual limits may vary considerably. 

CHARACTERISTIC 

OF 

CAPACITOR 

ALUMINUM FOIL NIOBIUM FOIL 
TANTALUM 

FOIL 

TANTALUM 

WET ANODE 

TANTALUM 

DRY ANODE 

Capacitance, range, µf 1-150,000 0.5-580 0.25-580 1.7-560. 0.05-330 

Volts, d-c operating 2.5-500 6-50 3-150 4-125 6-50 

Tolerance: 
Per cent, standard e d e ± 20 

Per cent, minimum -I-25 ±-15 -±-15 -± 10 -±-5 

Temperature, operating 
range, °C —40 +85 —55 +85 —55 +125 —55 +125 —55 +85( 

Dissipation factor (maxi-
mum), per cent at 120 Etched, 20 

cps and 25*C 6-35. plain, 15 10-20" 10-20 6 

Leakage current (maximum) Milliamperes Microamperes Microiunperes Microamperes Microamperes 

Average at 25°C 0.006 VCV 0.02/µf/volt 0.02/µf/volt 0.003/4/volt 0.02/µf/volt 

Increase at maximum 
rated temperature 4 times 4 times 4 tiznes 5 times 10 times 

Stability, capacitance change 
with temperature and Relatively 

aging large Large ±-25% Large -±25% Large -1725' Medium -±-10% 

Size, for equivalent CV 
rating Very small Very small Very small Very small Very small 

Cost, relative cost for 
equivalent CV rating Very low Moderate Moderate Moderate Moderate 

.To 5,000 µf in multiple-section units. 
" Depends on voltage: 3 to 50 volts, +150 —10; 51 to 350 volts, +100 —10; over 350 volts, +50 —10. 
.For plain foil, -±20; for etched foil, +75 —15. 
d For plain foil, -±20; for etched foil: 15 to 49 volts, +75 —15; 50 to 99 volts, +50 —15; over 100 volts, +30 —15. 
.Mostly -2:20; for some types may increase up to +50 —15. 
I Up to +125°C, with some voltage derating. 
Depends on voltage, type, and capacitance. 

"Varies with capacitance and voltage; also, whether plain or etched foil. 
May increase up to —60 +25, depending on type, voltage, and capacitance. 

*For similar relative characteristics of solid-electric capacitors, see Table 9-1. 

Source: Cornell-Dubilier Electronics, Division of Federal Pacific Electric Company. 
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9-24 Wet-anode Tantalum Capacitors 

The wet-anode tantalum capacitor uses a sintered tantalum slug in place 
of the tantalum foil as its anode. A tantalum oxide film is developed on the 
surface of the slug, and because of the porous nature of the sintered slug, 
it is possible to get a relatively large active area on the anode. The anode 
is immersed in a suitable electrolyte which is the cathode of the capacitor. 
The anode and electrolyte are enclosed in a hermetically sealed container. 
In some cases, when the container is of metal, it also serves as the negative 
terminal of the capacitor. Because of the relatively large active area 
achieved with the sintered slug, this type of capacitor is smaller than a foil-
type capacitor of similar rating. 

oge'e 

ét\ 

Fig. 9-16 Commercial types of tantalum and niobium 

capacitors. (Sprague Electric Company) 
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Wet-anode tantalum capacitors are available in ratings ranging from 1 to 
2,200 itf at voltages ranging from 3 to 600 volts. The higher capacitance 
ratings are available only at the lower voltage ratings. 

9-25 Solid-electrolyte Tantalum Capacitors 

This type of capacitor uses for its anode a sintered tantalum slug on 
which a tantalum oxide film has previously been formed. The oxide 
film acts as the dielectric of the capacitor. A solid semiconductive material, 
deposited on the anode, serves as the electrolyte and becomes the cathode 
of the capacitor. The cathode is formed by immersing the anode into 
an aqueous manganese salt solution and allowing it to penetrate into 
the pores of the anode. Then, by means of a heat-treatment process, a thin 
layer of manganese dioxide is formed on the surface of the anode, hence 
the name solid-electrolyte capacitor. The manganese dioxide layer is then 
covered with a carbon compound to provide a means of obtaining a uni-
form current-distribution path between the cathode and the negative 
terminal of the capacitor. The completed unit is enclosed in an hermetically 
sealed metal container which may also serve as the negative terminal 
of the capacitor. As the capacitor consists of only solid materials, it elimi-
nates the possibility of corrosion or leakage of the electrolyte even in the 
event of damage to the container. 
The solid-electrolyte capacitor is very small, has a long life expectancy 

and excellent electrical characteristics. It is available in ratings from 0.005 
to 330 pf at voltages ranging from 6 to 100 volts. The higher capacitance 
ratings are available only at the lower voltage ratings. 

9-26 Niobium Capacitors 

Niobium, which also is a transition element, has characteristics very 
similar to those of tantalum. The oxide film produced on a niobium anode 
has a dielectric constant of approximately double the value of that of the 
tantalum oxide film. Niobium is used in the manufacture of foil-type 
capacitors, both plain and etched, in the same manner as used for tantalum 
capacitors. Niobium capacitors are up to 25 per cent lighter in weight than 
equivalent tantalum foil capacitors and are also lower in cost. They are 
available in ratings ranging from 0.5 to 600 ittf at voltages ranging from 6 
to 50 volts. 

9-27 Polarized and Nonpolarized Electrolytic Capacitors 

Resistance Characteristic of the Dielectric. The dielectric of an electro-
lytic capacitor, that is, the aluminum, tantalum, or niobium oxide film 
formed on the anode, has a unidirectional current characteristic. These 
dielectrics offer a low resistance to the flow of current in one direction and 
a high resistance to the flow of current in the opposite direction. 

Polarized Capacitors. Because of the resistance characteristics of the 
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dielectric materials, the capacitors described in Arts. 9-19 to 9-26 are 
limited in use to applications where the polarity of the voltage applied to 
the capacitor terminals is never reversed. These capacitors are classed as 
being polarized, or polar, and have their terminals marked in some manner 
to indicate the positive and negative terminals. Applying a voltage of 
reversed polarity to this type of electrolytic capacitor will permit a high 
current to flow and damage the capacitor. 

Polar-type tantalum capacitors generally have a relatively low-voltage 
oxide film on their cathode and can tolerate occasional small random volt-
age reversals of short duration. 

Nonpolarized Capacitors. If the construction of an electrolytic capacitor 
is modified, it can be safely used in circuit applications where the voltage 
reverses polarity periodically or where the polarity of a power supply may 
become reversed and remain so indefinitely. Such capacitors are classed as 
being nonpolarized, or nonpolar. The change in construction is simply 
a matter of forming an equal oxide film on both the anode and cathode 
plates and then polarizing their dielectrics in opposite directions. 

Although nonpolar capacitors are designed mainly for d-c applications, 
they may also be made for such intermittent a-c applications as starting 
capacitors for certain types of single-phase motors. Nonpolar capacitors are 
larger in size and higher in cost than polar capacitors of equal capacitance 
and voltage ratings. 

9-28 Energy-storage Capacitors 

Purpose. One of the characteristics of a capacitor is its ability to store a 
charge of electrical energy. For most radio, television, and other electronic 
applications this characteristic is not of prime importance, although it does 
indirectly aid in fulfilling the primary objective. There are, however, some 
applications, such as flash photography, that depend primarily on the 
energy-storage ability of a capacitor. 

Principle. The basic principle of energy-storage-capacitor applications is 
that a charged capacitor can, under controlled conditions, deliver a large 
amount of energy to a desired load for a short period of time. Generally, 
the time involved is measured in microseconds or millimicroseconds and the 
current may be in the hundreds, thousands, or even in the millions of 
amperes. The amount of stored energy is expressed by 

CE2 En = (9-26) 
2 

En = QE (9-27) 
2 

where En = energy, watt-sec or joules (1 watt-sec = 1 joule) 
C = capacitance, farads 
E = potential to which capacitor is charged, volts 
Q = charge, coulombs 



(9-29) Capacitance 331 

Capacitor Construction. Energy-storage capacitors are designed for 
short-time application of voltage and very high current discharge, and 
therefore special considerations are given to their construction. The quality 
of the dielectric is very important in determining the amount of charge the 
capacitor will take and the length of time that the capacitor will retain the 
full charge. The self-inductance of the capacitor must be kept very low, as 
it is one of the factors that limits the speed of the discharge. A stronger 
container is needed to withstand the greater forces produced during 
discharge. 

Ratings. Because the usual mode of discharge of an energy-storage 
capacitor produces an oscillatory current, the peak value of the inverse 
voltage on the first reversal is an important consideration in the rating and 
the design of the capacitor. Energy-storage capacitors are often rated for 
90 per cent voltage reversal. The life of the capacitor is affected by 
the number of times it is discharged, which therefore often becomes one of 
the ratings of the capacitor; this rating may be for 1,000, 5,000, or several 
million times. High values of capacitance and voltage are required, and 
often banks of parallel-connected units are used to obtain the desired 
capacitance rating. The rating of the energy-storage-type capacitor may 
include (1) voltage, (2) capacitance, (3) watt-seconds, (4) self-inductance, 
(5) reverse peak voltage, (6) number of discharges in the life of the capacitor. 

Both solid-dielectric- and electrolytic-type capacitors may be used, the 
choice depending upon the requirements of the particular application. 
Electrolytic capacitors can provide high capacitance values, often in the 
tens of thousands of microfarads, and their relatively small size is an impor-
tant advantage in small, lightweight portable equipment. 

Typical Applications. Among the varied applications of energy-storage 
capacitors are (1) flash photography, (2) welding, (3) power supplies, 
(4) flasher signaling, (5) generating intense magnetic fields, (6) pulsing cir-
cuits, (7) computers, (8) plasma generators, (9) ballistic accelerators, (10) 
high-temperature research, (11) metal forming, (12) thermonuclear experi-
mentation. One type of photoflash unit uses a capacitor rated at 525 µf, 
450 w.v.d-c, and 53 watt-sec. A certain plasma research project uses a 
capacitor rated at 480 pl and 10,000 joules; the capacitor is composed of a 
bank of forty 12-p.f units connected in parallel. A research project used to 
generate shock waves in an air tunnel uses a bank of 2,000 capacitors 
to obtain 390,000 pi at 20,000 volts. The capacitor bank provides a 5,000,000-
amp arc that is used to produce the shock wave. 

9-29 Variable and Adjustable Capacitors 

Construction of Variable Capacitors. In some circuits, it is necessary to 
vary or adjust the capacitance in ordel to meet the operating requirements 
of that circuit; variable or adjustable capacitors fulfill these requirements. 
A variable capacitor has two sets of plates, a rotating set called the 
rotor and a stationary set called the stator (Fig. 9-17); the stator generally 
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has one more plate than the rotor. The capacitor is so constructed that the 
rotor plates will move freely between the stator plates, thus causing 
the capacitance to be varied. 
The plates of a variable capacitor should be (1) a good conductor, 

(2) noncorrosive, (3) strong and rigid in order to maintain a uniform capaci-
tance and to prevent possible short circuits between plates. Capacitors are 
generally made with aluminum plates or with silver-, nickel-, or cadmium-
plated brass plates. The thickness of the capacitor plates has no appreciable 
effect on the capacitance; however, in order to reduce the skin effect and 
eddy-current losses the plates are made as thin as is practical. 
As the capacitance will vary inversely with the distance between the 

rotor plates and their adjacent stator plates, it is desirable to make this dis-
tance as small as practicable, usually in the order of 0.025 inch. 

Ranges of Variable Capacitors. For a-m radio broadcast receivers, the 
range of the type of tuning capacitor most commonly used is in the order 

(d) 

Fig. 9-17 Commercial types of variable capacitors. (a) Standard-size capacitor. (b) Mid-

get split-stator capacitor. (c) Midget single-unit capacitor. (d) Micro capacitor. (Hammar-

lund Manufacturing Company, Inc.) 



(9-29) Capacitance 333 

of 10 to 365 pf. For short-wave reception, the maximum capacitance 
is generally less than 150 pf. For high frequencies and ultrahigh frequencies, 
correspondingly lower values of capacitance are required. Variable capacitors 
are available in three basic sizes called standard, midget, and micro, differing 
chiefly in the size and surface area of their plates. The general range 
of variable capacitors is from 5 to 500 pf. 

Transmitting Capacitors. In radio and television transmitting equipment, 
the voltage between the plates of a capacitor is very high and double 
spacing must be used. Thus, the spacing between adjacent rotor and stator 
plates will be in the order of 0.05 inch. In other respects, the construction 
is similar to that of any other variable capacitor. 

Split-stator Capacitors. In certain capacitor applications, it is required 
that the capacitance of several circuits be kept perfectly balanced. In order to 
fulfill this requirement, a split-stator capacitor is used. For this type of capaci-
tor, the stator is separated into two equal parts, each half being electrically 
insulated from the other. 
When the rotor of a variable capacitor has a large number of semicircular-

shaped plates, the full weight of the rotor will be located on one side. This 
concentration of weight will tend to move the rotor out of the position to 
which it had been adjusted. To overcome this difficulty, the rotor is 
balanced mechanically by having half of the stator and rotor plates mounted 
180° mechanically from each other. 
Multiple or Gang Capacitors. Radio receivers generally contain more 

than one stage of tuning, and a separate variable capacitor is used for each 
stage. In order to tune all the circuits simultaneously, all the sets of 
rotating plates are mounted on a common shaft. These capacitors may 
have two or more units and are called multiple or gang capacitors (Fig. 9-18). 

Calculation of Capacitance. The capacitance of a variable capacitor can 
be calculated by using Eq. (9-2a). The area is that of the rotor plates when 
fully in mesh with the stator. When the rotor plates are completely in 
mesh with the stator, maximum capacitance is obtained. In variable capaci-
tors, the dielectric is air and K is equal to 1. 

EXAMPLE 9-18 What is the maximum capacitance of a 15-plate variable capacitor if 
each rotor plate has an area of 2.75 sq in. and each air gap is 0.025 inch? 

GIVEN: A = 2.75 sq in. N = 15 plates K = 1 t = 0.025 inch 

FIND: C 

SOLUTION: 

c = 22.45 xK X A X (A/ — 1) 22.45 X 1 X 2.75 X 14  = 0.000348 id = 346 pf — 
108t 108 x 25 x 10-3 

Adjustable Capacitors. Adjustable capacitors, sometimes referred to as 
trimmers or padders, are used to adjust the capacitance in a circuit, balance 
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(b) 

Fig. 9-18 Commercial types of multiple, or gang, capacitors. (a) Two-gang capacitor. 

(b) Three-gang capacitor. (Meissner) 

the capacitance between two or more tuning circuits, or neutralize a circuit. 
This type of capacitor consists of two plates insulated from each other by 
means of a mica sheet and constructed so that the distance separating the 
two plates can be varied by adjusting a small setscrew (Fig. 9-19). Trimmer 
and padder capacitors are rated as to their minimum and maximum capaci-
tances. Adjustable capacitors can be obtained with a minimum capacitance 
as low as 0.5 pf and with maximum capacitances up to 500 pf. 

All variable and adjustable capacitors have a definite amount of minimum 
capacitance. This is ordinarily very small in relation to the maximum value 
and often may be ignored. Capacitors used for trimmers and padders 
generally have a very low maximum capacitance value; therefore, in order 
to obtain adjustments over a wide range, it is essential that the minimum 
capacitance value be as low as possible. 

9-30 Capacitors in Series 

Current and Voltage Distribution. As in any series circuit, the magnitude 
of the current in the line and the current at each circuit element is 
the same. The voltage at each element will vary in proportion to its imped-
ance when connected to an a-c power source and in proportion to its 
resistance when connected to a d-c power source. When two 0.5-µf. 150-
volt capacitors are connected in series across a 300-volt 60-cycle power 
source, each capacitor will have approximately 150 volts at its terminals, as 
the voltage distribution is dependent mainly upon their individual capaci-
tive reactances. When two capacitors of equal capacitance are connected 
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to a d-c power source, the voltage distribution may vary considerably 
because the d-c resistance of capacitors varies considerably. 

EXAMPLE 9-19 A 0.5-pf 150-volt paper capacitor having an insulation resistance 
of 1,500 megohms is connected in series with a 0.5-pf 150-volt metallized capacitor 
having an insulation resistance of 500 megohms. What is the distribution of voltage if 
these capacitors are connected to a 300-volt d-c power source? 

GIVEN: R1 = 1,500 megohms R2 = 500 megohms 

Firm: E1 E2 

SOLUTION: 

E = 300 volts 

ER1  300 x 1'500 = 225 volts 
= 
Ri ± R2 1,500 + 500 

ER2 300 x 500  = = 75 volts 
RI -I- R2 = 1,500 + 500 

When two or more capacitors are connected in series, the voltage across 
any one capacitor should not be permitted to exceed its rated voltage. The 
results of Example 9-19 indicate that these two capacitors do not make a 
satisfactory combination in terms of the voltage distribution. When a 
1-megohm resistor is connected across each capacitor, satisfactory voltage 
distribution can be obtained. 

  11111---
Fig. 9-19 Commercial types of adjustable Fig. 9-20 Effect of two capacitors con-
capacitors. (Hammarlund Manufacturing nected in series. 
Company, Inc.) 
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Capacitance of a Series-connected Group. When two capacitors are 

connected in series, the combined capacitance will be lower than either 

individual capacitance. This is true because connecting them in series has 

the same effect as increasing the thickness of the dielectric. If two capaci-

tors are connected in series as in Fig. 9-20, the electrons from plate A are 
transferred through the external circuit to plate D and the orbital electrons 

of both dielectrics F and G are under strain. The effect is therefore 
the same as one dielectric of a thickness equal to the sum of F and G. 

The combined capacitance of capacitors connected in series may be 
found by 

Cr =  (9-28) 
1 1 
+ -è; 1 + 1 etc. 

When only two capacitors are connected in series, Eq. (9-28) may be 
simplified, as 

CiC2  
CT = + C2 (9-28a) 

and =  C2C2 (9-28b) 
C2 — CT 

Capacitive Reactance of a Series-connected Group. The combined 

capacitive reactance of capacitors connected in series may be found by 

106  
XC•T = (9-29) 

2/TfCT 

or Xe.r = XC•11 XC.2 Xe.3, etc. (9-30) 

EXAMPLE 9-20 Two 10-µf and two 5-pf capacitors are connected in series across 
a 110-volt 60-cycle power source. Find (a) the capacitance of the group, (b) the 
capacitive reactance of each capacitor, (c) the capacitive reactance of the group, 
(d) the current at each capacitor, (e) the voltage at each capacitor. 

œvEN: C1, C2 = 10 Pi C3, C4 = 5 pf E = 110 volts f = 60 cycles 

FIND: (a) CT (b) Xc at each capacitor (c) Xer (d) I at each capacitor 
(e) E at each capacitor 

SOLUTION: 

1  CT = 1  = 1.67 p.f 
1 1 1 1 1 1 1 1 

± 3 + 5 

XC•11. = XC•2 106 106  
_ 

= 27rfC — 6.28 x 60 x 10 265 ohms 

106  106 Xc.3 = .XC.4 = _ — = 530 ohms 
2.4C 6.28 X 60 X 5 
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(c) X " — 106 —  106 = 1,590 ohms 
2TrfCT — 6.28 x 60 x 1.67 

also, X0.7 = Xei Xe2 Xe3 Xe.4 = 265 ± 265 + 530 + 530 = 1,590 ohms 

(d) In a series circuit, the current at each element is the same as the line current: 

= le2 = le3 = le4 = = — E _ 110 _ 0.069 amp 
Xer — 1,590 — 

(e) E0.1 = led X X0.1 = 0.069 x 265 = 18.3 volts 
E0.2 = IC.2 X Xe.2 = 0.069 x 265 = 18.3 volts 
Ee3 = 10.3 X X0.3 = 0.069 x 530 = 36.7 volts 
E0.4 = 10.4 X X0.4 = 0.069 x 530 = 36.7 volts 

Charge on a Series-connected Group. When two or more capacitors are 
connected in series, the charge on each capacitor is the same and the 
charge on the group is also the same; thus 

Qr = Q1 = Q2 = Q3, etc. (9-31) 

EXAMPLE 9-21 (a) What is the charge in coulombs on the capacitors of Example 9-20? 
(b) Determine the voltage distribution among the capacitors by means of their 
charges and capacitances. 

GIVEN: Example 9-20 
FIND: (a) QT, Qi, Q2, Q3, Q4 
SOLUTION: 

(b) E1, E2, E3, E4 

(a) QT = CTEline = 1.67 x 10-6 x no = 183.7 x 10-6 coulomb 
Qi — Q2 — Q — Q4 — QT — 183.7 X 10-6 coulomb 

(b) _ 21 = 183.7 x 10-6 _ 18.37 volts 
— 10 x 10-6  

_  183.7 x 10-6  
E2 — C2 — 10 x 10-6 

_  183.7 x 10-6  
L3 _ — C3 — 5x10 6 — 

E4 2.1 _  183.7 x 10-6 _ 
Cg — 5 x 10-6 — 

18.37 volts 

36.74 volts 

36.74 volts 

9-31 Capacitors in Parallel 

Current and Voltage Distribution. As in any parallel circuit, the voltage 
at each individual element in the circuit is the same as the line voltage. The 
voltage rating of each capacitor must therefore be sufficiently high to with-
stand the full line voltage. The current at each element will vary in propor-
tion to its impedance when connected to an a-c power source and in 
proportion to its resistance when connected to a d-c power source. When 
several capacitors are connected in parallel, the line current divides among 
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them in proportion to their capacitances. Conversely, the line current is 
equal to the sum of the individual currents; this is true if all the capacitors 
have about the same value of Q or of dissipation factor. 

Capacitance of a Parallel-connected Group. When several capacitors 
are connected in parallel, the combined capacitance will be greater than 
the highest individual capacitance. This is true because connecting them 
in parallel has the same effect as increasing the area of the plates. If two 
capacitors are connected in parallel as in Fig. 9-21, the electrons from 
plates A and C are transferred through the external circuit to plates B and 
D. The effect is therefore the same as one capacitor whose plate area is 
equal to the total area of the plates of both capacitors. 
The combined capacitance of capacitors connected in parallel may be 

found by 

CT = C1 ± C2 ± C3, etc. (9-32) 

Capacitive Reactance of a Parallel-connected Group. The combined 
capacitive reactance of capacitors connected in parallel may be found by 

106  
XC•T = (9-29) 

27TfCT 

or Xer = 
1 

1 1 1 -F —.., ± —„, etc. 
Xe r. AC•2 AC•3 

(9-33) 

EXAMPLE 9-22 Two 10-4 and two 5-pf capacitors are connected in parallel across a 
110-volt 60-cycle power source. Find (a) the capacitance of the group, (b) the capaci-
tive reactance of each capacitor, (c) the capacitive reactance of the group, (d) the volt-
age at each capacitor, (e) the current at each capacitor, (f) the line current. 

Fig. 9-21 Effect of two capacitors connected in parallel. 
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GIVEN: C1 = 10 Ftf C2 = 1Of C3 = 5 af C4 = 5 id E= 110 volts 

f = 60 cycles 

FIND: (a) Cr (b) X0 at each capacitor (C) Xer (d) E at each capacitor 
(e) I at each capacitor (f) Inne 

SOLUTION: 

(a) 

(b) 

CT = -1- CS + C4 = 10 + 10 + 5 + 5 = 30 uf 

X0.1 106  106  = Xe2 = — 
27rfC = 6.28 x 60 x 10 = 265 ohms 

X0.3 = Xc.4 = 21.7i = 6.25 )1(0680 x 5 = 530 ohms 

106 
XeT = _ 

(C) 24C — 6.28 X 
1°660 x 30 = 88.3 ohins 

(d) In a parallel circuit, the voltage at each element is the same as the line voltage: 

E0.1 = E0.2 = E0.3 = E0.4 = Elbe = 110 volts 

ki = _ 110 (e) = 0.415 amp 
Xc.i — 265 

E _ 110 = 0.415 amp 
IC•2 = 

X — c.2  265 

E _ 110 = 0.2075 amp 
/es = Xe3 — 530 

leg = E _ 110 = 0.2075 amp 
Xc.4 — 530 

(f) 'line = E _ 110 = 1.245 amp 
XeT — 88.3 

also 

lime = 'Cl + /C.2 + /C.3 ± /C.4 = 0.415 + 0.415 + 0.2075 + 0.2075 = 1.245 amp 

Charge on a Parallel-connected Group. When two or more capacitors 
are connected in parallel, the charge on the group is equal to the sum of 
the individual charges; thus 

QT = Q1 ± Q2 ± Q31 etc. (9-34) 

9-32 Distributed Capacitance 

Distributed Capacitance of a Coil. Coils used in radio, television, and 
other electronic applications are designed to have primarily a definite 
amount of inductance. All coils have some resistance and capacitance, and 
these factors increase the energy loss of a coil. It is therefore desirable to 
keep the resistance and capacitance of the coil at a minimum. 

As two conductors separated by an insulator form a capacitor, a coil will 
have capacitances between (1) adjacent turns, (2) turns that are not adja-
cent, (3) terminal leads, and (4) ground and each turn (Fig. 9-22). The 
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Capacitance between 
adjacent turns 

Capacitance 
between - -I-T, 
terminals 

Capacitance between 
"non-adjacent turns 

?Capacitance between 
1-;-". _it' any turn and ground 

— , 

Fig. 9-22 Distributed capacitances of a coil. 

amount of energy stored in each of these capacitances is proportional to its 
capacitance and the square of the voltage existing between the coil turns 
involved [see Eq. (9-26)]. When a coil is connected to a power source, the 
full voltage will exist between the two ends of the coil but there will also 
be a voltage between each adjacent turn or any two turns. For example, if 
100 volts is impressed across a coil having 50 turns, the voltage between 
any two adjacent turns will be 2 volts and between every second turn 
4 volts, etc. The amount of voltage between each turn and ground will 
depend on how the coil is connected in respect to ground. Each turn is 
separated from its adjacent turn by a small space which may be occupied 
by the insulation of the wire or air. As the capacitance between two con-
ductors varies inversely with the distance between them, the greatest 
capacitance will be between two adjacent turns. The total effect produced 
by the individual capacitances can be represented by a single capacitance 
of an equivalent value, connected across the terminals of the coil (Fig. 9-23). 
This equivalent capacitance CD is called the distributed capacitance of 
the coil. 

Effects of Distributed Capacitance. One effect of distributed capaci-
tance is to bypass a portion of the r-f currents. The amount of current that 
is bypassed varies directly with the frequency. At low frequencies, the 
effects of distributed capacitance are negligible and can be ignored. At very 
high frequencies, the distributed capacitance of a coil may become of 
greater importance than its inductance. The leakage of current through the 
distributed capacitance causes a loss of energy that is equivalent to a resist-
ance loss, and the effect produced is the same as if the effective resistance 
of the coil was increased. 

Fig. 9-23 The equivalent distributed capacitance 

of a coil considered as a capacitor CD conneded in 

parallel with the coil. 



(9-33) Capacitance 341 

Distributed capacitance also affects tuning circuits. Figure 9-23 shows 
the distributed capacitance connected in parallel with a variable tuning 
capacitor, thus increasing the effective capacitance of the circuit. The 
increase in the effective capacitance decreases the value of frequency to 
which the circuit becomes tuned. The effect of the distributed capacitance 
is the same as that of a poor capacitor having a large amount of resistance. 
The increase in the equivalent resistance of the circuit will decrease the 
amount of current and increase the energy loss. 

Distributed capacitance produces still another effect in that the distrib-
uted capacitance and the inductance of a coil form a parallel resonant cir-
cuit which will be resonant at a rather high frequency. At this frequency, 
oscillating currents will circulate in the winding and the distributed capaci-
tances. This effect is explained in detail in Chap. 11. 

Methods of Reducing Distributed Capacitance. The distributed capaci-
tance of a coil may be reduced by using one or more of the following 
methods: (1) increasing the length of the coil, (2) decreasing the coil diame-
ter, (3) using wire whose insulation has a low dielectric constant, (4) decreas-
ing the size of wire, and (5) using a core with a low dielectric constant. 

9-33 Measurement of Capacitance 

Methods Used. Two basic methods are available for measuring the 
capacitance of a capacitor, namely, the comparison method and the imped-
ance method. 

Fig. 9-24 Capacitor analyzer. (Sprague Electric Company) 
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Comparison Method. The comparison method involves the use of a 
standard capacitor and some form of bridge circuit. There are a number of 
commercial bridges available for measuring capacitance, one of which is 
shown in Fig. 9-24. The use of such an instrument is not difficult, and quite 
accurate results can be obtained. 
Impedance Method. The impedance method involves the taking of volt-

meter, ammeter, frequency meter, and wattmeter readings of the capacitor 
when connected to an a-c power source. The capacitance may then be cal-
culated by use of Eqs. (2-14), (9-4), (9-7), (9-8) as illustrated in the follow-
ing example. 

EXAMPLE 9-23 It is desired to determine the capacitance of a capacitor by the 
impedance method. The capacitor is connected to a circuit as shown in Fig. 9-25, and 
the following meter readings were obtained: 110 volts, 0.415 amp, 1.5 watts, and 60 
cycles. (a) What is the capacitance of the capacitor? (b) What is its power factor? 
(c) What is its angle of lead? 

GIVEN: E = 110 volts / = 0.415 amp P = 1.5 watts f = 60 cycles 

FIND: (a) C (b) PF (c) O 

SOLUTION: 

(a) 
Z = E — _ 110 = 265 ohms 
T  0.415 

R  — = = = 8.72 ohms 
/2 0.415 x 0.415 

xc = Vz2 _ R2 = v2652 _ 8.722 = 264.86 ohms 

c = 1116 -  1136  = 10 ¡if 
2.irfXc — 6.28 x 60 x 264.86 

(b) PF = L = 8.72 = 0• 0329 
Z 265  

(c) 0 = se 

Voltmeter-ammeter Method. A quick yet practical method of determin-
ing the capacitance of a capacitor requires the use of only an ammeter and 
a voltmeter, assuming that the frequency of the power source is 60 cps. 
This simplified method (Fig. 9-26) does not take into consideration any 

Fig. 9-25 
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Fig. 9-26 Impedance method of determining capacitance. (a) Voltmeter-ammeter method. 

(b) Voltmeter-ammeter method including a neon lamp to test for a short-circuited capacitor. 

series equivalent resistance that the capacitor may have, and it also assumes 
that the impedance of the ammeter is zero. For these conditions, Eq. (9-6) 
may be transposed to show that 

106/  C = (9-35) 
2irfE 

The error involved due to ignoring the resistance of the capacitor and the 
impedance of the ammeter is generally very small, and therefore this 
method can be used for a quick check on the capacitance of a capacitor. 
When capacitors are being tested, care should be taken to determine 

whether the capacitor is short-circuited before connecting it in series with 
the ammeter and the power source. A short-circuited capacitor connected 
to a circuit similar to Fig. 9-26a would probably cause the ammeter to be 
damaged. A test for a short-circuited capacitor can be included by connect-
ing a neon lamp and a single-pole switch in the circuit, as shown in Fig. 
9-26b. The switch A is left open, and if the neon lamp lights, the capacitor 
is shorted and no further tests should be made. If the lamp does not light, 
switch A may be closed and the capacitor may then be tested for its 
capacitance. 

EXAMPLE 9-24 It is desired to determine the capacitance of a capacitor using the 
voltmeter-ammeter method and the circuit shown in Fig. 9-26. The meter readings 
are 3 volts and 9 ma. What is the capacitance if the frequency is 60 cycles? 

GIVEN: E = 3 volts 

FIND: C 

SOLUTION: 

/ = 9 ma f = 60 cycles 

1061 106 x 0.009 
C = 6.28 60 3 = 7.96 id 

274E x X  

Testing Electrolytic Capacitors. The impedance methods just described 
can be used to obtain an approximate value of the capacitance of an elec-
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trolytic capacitor. However, it is preferable to test electrolytic capacitors 
by using an alternating voltage of either 60 or 120 cycles, not to be 
in excess of the maximum rated ripple voltage, plus a direct polarizing volt-
age equal to the rated operating voltage. Such a circuit is shown in Fig. 
9-27. The capacitor C1 is used to bypass the d-c power supply and should 
be as large as possible. The capacitor C2 should be of such a value as 
to provide a reactance which is small compared with the resistance of the 
voltmeter. Readings should be taken on all three meters simultaneously. 
The capacitance, equivalent series resistance, and power factor may then 
be found by 

Cz = 
106 

2ef NA4)2 

R, = T2-

PF = 
E X I 

The simplified formula for capacitance [Eq. (9-35)] illustrated in Example 
9-24 can be used if neglecting the equivalent series resistance is permissible. 

(r 2 2 ) 

9-34 Uses of Capacitors 

Basic Uses. From a practical standpoint, a capacitor has the ability to 
store electrical energy in the form of an electrostatic charge. The capacitor 
can be connected in a circuit so that this stored energy can be made 
to flow in a desired circuit in such a manner that it will perform any one 
of a number of specific functions. Eight important basic functions that can 
be performed by a capacitor are as follows: 

1. A capacitor can store a charge of electrical energy and release it 
as desired. 

Capacitor to be 
measured 

A-C 
Power supply 

cl 

- 

D-C 
2iower supply  

Fig. 9-27 Impedance method of 

determining capacitance of elec-

trolytic capacitors using a watt-

meter, a voltmeter, and an ammeter. 
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2. A capacitor can block the flow of direct current and at the same time 
permit the flow of alternating current. 

3. Because the reactance of a capacitor varies with the frequency, it can 
be used in a suitable circuit to permit the flow of a high percentage of cur-
rent at one frequency and practically eliminate the flow of current at 
another value of frequency. 

4. When a capacitor is used in conjunction with an inductor, certain cir-
cuits can be made to pass the currents of a relatively narrow band of fre-
quencies and practically eliminate the flow of current for all frequencies 
above and below this narrow band. 

5. When a capacitor is used in conjunction with an inductor, certain cir-
cuits can be made to prevent the flow of current for a relatively narrow 
band of frequencies and permit the flow of current for all frequencies 
above and below this band of frequencies. 

6. When a capacitor is used in conjunction with a combination of induc-
tors, resistors, vacuum tubes, and/or transistors, oscillator circuits can be 
made to provide alternating currents over a very broad range of frequencies. 

7. When a capacitor is used in conjunction with resistors and/or induc-
tors, certain circuits can be used to produce a controlled time delay for 
action in a desired circuit. 

8. When a capacitor is used in conjunction with resistors and/or induc-
tors, certain circuits can be used to control the phase relation between the 
voltage and current of a circuit. 

Radio Circuit Applications. The type, size, and number of capacitors 
used will depend on the size and type of application. For example, a sim-
ple five-tube a-m receiver, a high-fidelity f-m receiver, a more complex 
a-m/f-m/f-m-stereo receiver, or a broadcast transmitter all have different 
sizes, types, and numbers of capacitors. Typical applications and the func-
tion number (corresponding to the listing in the preceding paragraph) of 
capacitors in radio circuits are (a) coupling capacitors in a-f, i-f, or r-f cir-
cuits (2); (b) tuning capacitors in r-f, i-f, and oscillator circuits (4); 
(c) bypass capacitors in a-f, i-f, and r-f circuits (3); (d) decoupling capaci-
tors (3); (e) power-supply filter-circuit capacitors (1). 

Television Circuit Applications. Although a television receiver contains 
a greater number of circuits and uses a greater number of capacitors than 
a radio receiver, the types of functions performed are similar to those in a 
radio receiver. These basic functions include tuning, coupling, decoupling, 
bypassing, and filtering. 

Industrial Electronic Circuit Applications. The field of industrial elec-
tronics is so vast that all the basic functions will be found in one applica-
tion or another. Many industrial electronic circuits are quite similar in 
principle to those used in radio and television applications. Capacitors are 
used in these circuits to serve the same purposes as in radio and tele-
vision circuits. 
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QUESTIONS 

1. Define (a) capacitance, (b) capacitor, (c) condenser. 
2. (a) Describe the action of a simple capacitor, in terms of the electron theory, dur-

ing its period of charge. (b) Explain two important characteristics of capaci-
tor action. 

3. Describe the action of a simple capacitor, in terms of the electron theory, during 
its period of discharge. 

4. Describe the action of a simple capacitor when alternating current is applied. 
5. (a) What factors affect the amount of charge on a capacitor? (b) In what unit is 

the amount of charge expressed? 
6. Define (a) the basic unit of capacitance, (b) mircofarad, (c) micromicrofarad, 

(d) picofarad. 
7. Name and explain how the various factors affect the capacitance of a capacitor. 
8. (a) Define capacitive reactance. (b) What factors affect its magnitude? (c) In what 

unit is it expressed? (d) What is its symbol? 
9. (a) How does the magnitude of the resistance of a capacitor compare with 

its reactance? (b) With what regard is the resistance of a capacitor frequently 
treated? 

10. (a) What is meant by the impedance of a capacitor? (b) What factors affect 
its magnitude? (c) In what unit is it expressed? (d) What is its symbol? 

11. (a) To what factors is the power factor of a capacitor proportional? (b) What 
is the relationship between the angle of lead and the power factor of a capacitor? 

12. (a) What is meant by the time constant of a capacitor? (b) What factors affect the 
time constant and in what manner? 

13. (a) What is meant by a fixed capacitor? (b) Name six types of fixed capacitors. 
(c) Name six characteristics to be considered when selecting a capacitor for 
a specific application. 

14. Describe the following capacitor ratings: (a) d-c working voltage, (b) a-c working 
voltage, (c) peak voltage, (d) surge voltage, (e) breakdown voltage. 

15. (a) What factors affect the voltage rating of a capacitor? (b) What is meant 
by voltage derating? 

16. Describe the following capacitor terms: (a) dielectric leakage loss, (b) dielectric 
absorption loss, (c) resistance loss, (d) combined loss. 

17. (a) What is meant by the equivalent series resistance of a capacitor? (b) What 
does it represent? (c) How can its magnitude be determined? 

18. Describe the following capacitor ratings: (a) tolerance, (b) operating-temperature 
range, (c) capacitance-temperature stability, (d) temperature coefficient. 

19. Describe the following capacitor ratings: (a) power factor, (b) dissipation factor, 
(c) Q, (d) insulation resistance. 

20. Describe the following capacitor characteristics: (a) direct leakage current, 
(b) normal leakage current, (c) initial leakage current. 

21. (a) What are the advantages of mica capacitors? (b) What range of capacitance 
values is generally available? (c) For what types of circuit applications are 
they adaptable? 

22. (a) What are the advantages of silvered-mica capacitors? (b) How do they differ 
in construction from the plain mica capacitors? 

23. Explain the significance of the three body colors used to identify molded mica 
capacitors. 
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24. (a) Describe the construction of the paper-dielectric capacitor. (b) How is its 
inductance kept at a reasonably low value? (c) What are its advantages? (d) What 
range of capacitance and voltage ratings is generally available? 

25. (a) Name three general types of synthetic-film materials used with capacitors. 
(b) Name two specific types of polyester dielectrics. (c) What two advantages of 
synthetic-film capacitors are of outstanding importance? (d) Name five additional 
advantages. 

26. (a) What is a dual-dielectric capacitor? (b) What are its advantages? 
27. (a) What are the construction features of the metallized capacitor? (b) Describe 

its self-healing ability. (c) What are its other advantages? 
28. (a) Describe the general construction features of the ceramic capacitor. (b) What 

are its advantages? (c) What range of ratings is available? 
29. What is the outstanding characteristic of the variable-voltage ceramic capacitor? 
30. (a) Describe the chief purpose of the temperature-compensating capacitor. What 

is meant by (b) ppm? (c) NPO? (d) P100? (e) N750? 
31. (a) What is the construction feature of the oil-dielectric capacitor? (b) What are 

its chief applications? 
32. What are the advantages of glass-dielectric capacitors? 
33. Describe two methods used in marking a capacitor to indicate its ratings. 
34. (a) Explain the principle of the electrolytic capacitor. (b) What factors affect its 

capacitance? What constitutes (c) the dielectric? (d) The negative electrode? 
(e) The positive electrode? 

35. (a) What is meant by the forming process in the construction of an electrolytic 
capacitor? How does the forming process affect (b) the thickness of the dielectric? 
(c) The capacitance of the unit? (d) The voltage rating? 

36. Describe the self-healing characteristic of the electrolytic capacitor. 
37. Describe the construction of (a) an aluminum electrolytic capacitor, (b) the 

electrolytic multiple-capacitor block. 
38. (a) Name three basic types of tantalum capacitors. (b) What are the advantages 

of tantalum capacitors? 
39. Describe the construction features of the following types of tantalum capacitors: 

(a) foil, (b) wet anode, (c) solid. 
40. Compare the construction and characteristics of the niobium capacitor with those 

of the tantalum capacitor. 
41. (a) What is meant by a polarized capacitor? (b) What is meant by a nonpolarized 

capacitor? (c) How do they differ in construction? 
42. (a) What is the principle of energy-storage-capacitor applications? (b) How do the 

ratings of these capacitors differ from those of the general-purpose capacitors? 
(c) Name some applications of energy-storage capacitors. 

43. (a) What are the general requirements of variable-capacitor applications? (b) 
Describe the constructional features of the variable capacitor. 

44. Name three classifications of variable capacitors in terms of (a) the frequency 
range of their applications, (b) their physical size. (c) What is the general capaci-
tance range of variable capacitors? 

45. How does a variable capacitor used in a transmitter differ from those used 
in receiving equipment? 

46. (a) What is meant by a split-stator capacitor? (b) Why is this type of capacitor used? 
47. (a) What is meant by a multiple capacitor? (b) What is its advantage? 
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48. (a) Describe the construction of adjustable capacitors. (b) Where are they used? 
49. (a) How does the capacitance of a series-connected group of capacitors compare 

with the individual capacitances in the group? (b) How does the capacitive react-
ance of a series-connected group of capacitors compare with the individual 
reactances in the group? (c) How does the charge of a series-connected group of 
capacitors compare with the charges of the individual capacitors? 

50. (a) Describe the voltage distribution in a series-connected group of capacitors. 
(b) Describe the current distribution in a series-connected group of capacitors. 

51. (a) How does the capacitance of a parallel-connected group of capacitors compare 
with the individual capacitances in the group? (b) How does the capacitive react-
ance of a parallel-connected group of capacitors compare with the individual 
reactances in the group? (c) How does the charge of a parallel-connected group 
of capacitors compare with the charges of the individual capacitors? 

52. (a) Describe the voltage distribution in a parallel-connected group of capacitors. 
(b) Describe the current distribution in a parallel-connected group of capacitors. 

53. (a) What is meant by the distributed capacitance of a coil? (b) What effects are 
produced by the distributed capacitance of a coil? (c) How may the distributed 
capacitance of a coil be reduced? 

54. (a) Name two methods of determining the capacitance of a capacitor. (b) Describe 
each method. 

55. What are the assumptions on which the voltmeter-ammeter method of determining 
capacitance is based? 

56. Why is it necessary to use a direct polarizing voltage in addition to the alternating 
voltage in determining the capacitance of electrolytic capacitors? 

57. Name eight basic functions that can be performed by a capacitor. 
58. Name five or more applications of capacitors in radio circuits. 
59. Naine five or more applications of capacitors in television circuits. 
60. Name five or more applications of capacitors in industrial electronic circuits. 

PROBLEMS 

1. (a) How much charge will a 0.5-af capacitor attain when connected to a 50-volt 
d-c power source? (b) What is the average charging current if the capacitor 
becomes charged in 0.0005 sec? 

2. (a) How much charge is placed on a capacitor by an average current of 2 amp 
flowing for 0.003 sec? (b) What is the capacitance if a 150-volt charge is attained? 

3. (a) What is the capacitance of a capacitor made of two plates of aluminum foil, 
each 1 inch square, separated by a piece of mica 0.01 inch thick? (b) What is the 
capacitance if paraffined paper is substituted for the mica? 

4. If it is desired to double the capacitance of the capacitor of Prob. 3a, find 
(a) the length of the plates if their width is kept at 1 inch, (b) the thickness of the 
dielectric if the plates are to remain 1 inch square. 

5. What is the capacitance of a capacitor made of 25 plates of aluminum foil, each 
1/2 by 1 inch, separated by layers of mica 0.01 inch thick? 

6. What is the capacitance of a capacitor made of 76 plates of aluminum foil, each 
11/2 by 2 inches, separated by paraffined paper 0.005 inch thick? 

7. How many plates must be used to make a capacitor of 0.0125 iif if they are to be 
2 inches square and the dielectric is to be mica sheets 0.012 inch thick? 
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8. How many plates must be used to make a capacitor of 500 pf if they are to be 3/4 
inch square and the dielectric is to be mica sheets 0.007 inch thick? 

9. What is the capacitance of a capacitor consisting of two plates, each 1 inch wide 
and 81 inches long, separated by sheets of paraffmed paper 0.005 inch thick? 

10. It is desired to construct a capacitor with two aluminum-foil sheets 2 inches wide 
and separated by paraffined paper 0.001 inch thick. The capacitor is to be rolled 
into a compact cylindrical form. What is the length of each aluminum-foil plate if 
the capacitance is to be 0.25 tif? 

11. Find the reactance of a 0.1-µf capacitor when it is connected in a circuit whose 
frequency is (a) 60 cycles, (b) 1 kc, (c) 500 kc, (d) 2 mc. 

12. Find the reactance of a 100-pf capacitor to a frequency of (a) 50 cycles, (b) 50 kc, 
(c) 1 me, (d) 500 mc. 

13. How much current will a 1,00014 capacitor take from a 12-volt power source if 
the frequency is (a) 60 cycles, (b) 5 kc, (c) 1 mc, (d) 60 mc? 

14. How much current will a 50-pf capacitor take from a 5-volt power source if its 
frequency is (a) 100 kc, (b) 20 mc, (c) 100 mc, (d) 1,000 mc? 

15. An 8-ttf capacitor that has a resistance of 10 ohms is connected to a 110-volt 
60-cycle power source. Find (a) the capacitive reactance, (b) the impedance, 
(c) the current, (d) the power factor, (e) the phase angle. 

16. A 20-pf capacitor that has an equivalent series resistance of 8 ohms is connected 
to a 300-volt 60-cycle power source. Find (a) the capacitive reactance, (b) the 
impedance, (c) the current, (d) the power factor, (e) the phase angle. 

17. (a) What is the time constant of a circuit that has a 25-µf capacitor connected 
across a 270-ohm resistor? (b) How long would it take for the capacitor to dis-
charge practically completely through the resistor? 

18. What value of resistance must be used with a 0.0022-p.f capacitor in order to pro-
duce a time constant corresponding to the period of a 5-kc signal? 

19. A certain 40-0 capacitor has a 3,000-ohm resistance connected in series with it 
while being charged from a 300-volt d-c power source, and it is then discharged 
through a circuit having a resistance of 1,000 ohms. Find (a) the time constant of 
the charging circuit, (b) the time required for full charge, (c) the voltage at the 
capacitor after 0.06 sec of charging time, (d) the current at the start of charging 
from zero volts, (e) the current after 0.06 sec of charging time, (f) the maximum 
discharge current, (g) the voltage after 0.04 sec of discharge from a 300-volt 
charge, (h) the current after 0.04 sec of discharge from a 300-volt charge. (Use 
Tables 12-1 and 12-2 for values at various portions of the time constant.) 

20. What is the per cent dielectric absorption of a capacitor if, after being discharged 
from 150 volts to zero, it recovers a charge of 2 volts? 

21. What is the per cent dielectric absorption of a capacitor if, after being discharged 
from 450 volts to zero, it recovers a charge of 1 volt? 

22. If the dielectric absorption of a capacitor is rated at 0.05 per cent, what is the 
recovery voltage after it has been discharged from its rated voltage of 1,000 volts? 

23. A certain 10-µf 350-volt electrolytic capacitor has a normal direct leakage current 
of 0.55 ma, its plate and lead resistance is 1 ohm, and the resistance effect 
of dielectric absorption and the electrolyte is 23 ohms. (a) What is the par-
allel resistance effect of the leakage loss? (b) What is the series equivalent of the 
parallel resistance effect at a reference frequency of 120 cycles? (c) What is the 
series equivalent resistance of the capacitor? 



350 Essentials of Electricity-Electronics 

24. A certain 100-µf 150-volt electrolytic capacitor has a normal direct leakage cur-
rent of 2.3 ma, its plate and lead resistance is 0.2 ohm, and the resistance effect 
of dielectric absorption and electrolyte is 2.3 ohms. (a) What is the parallel 
resistance effect of the leakage loss? (b) What is the series equivalent of the par-
allel resistance effect at a reference frequency of 120 cycles? (c) What is the series 
equivalent resistance of the capacitor? 

25. What is the equivalent series resistance of a 10,000-pf 40-volt electrolytic capaci-
tor that has a dissipation factor of 50 per cent at 120 cycles? 

26. What is the equivalent series resistance of a 0.1-pf paper-dielectric capacitor that 
has a dissipation factor of 1.5 per cent at 1,000 cycles? 

27. What is the equivalent series resistance of a 0.1-µf metallized dual-dielectric 
capacitor that has a dissipation factor of 0.5 per cent at 1,000 cycles? 

28. What is the equivalent series resistance of a 5,000-pf mica capacitor that has a 
dissipation factor of 0.1 per cent at 1 mc? 

29. What is the dissipation factor of a 40-pf 150-volt electrolytic capacitor if its equiv-
alent series resistance is 7.5 ohms at a reference frequency of 120 cycles? 

30. What is the dissipation factor of a 200-0 300-volt electrolytic capacitor if its 
equivalent series resistance is 1.3 ohms at a reference frequency of 120 cycles? 

31. A certain capacitor rated at 100 pf and 300 volts has a dissipation factor of 0.15 
when measured at 120 cycles. Find (a) the equivalent series resistance, (b) the 
capacitive reactance, (c) the impedance, (d) the power factor. 

32. A certain capacitor rated at 5,000 pi and 50 volts has a dissipation factor of 
38 per cent at the 120-cycle reference frequency. Find (a) the equivalent series 
resistance, (b) the capacitive reactance, (c) the impedance, (d) the power factor. 

33. What is the Q of the capacitor in Prob. 31? 
34. What is the Q of the capacitor in Prob. 32? 
35. What is the Q of the capacitor in Prob. 15? 
36. What is the Q of the capacitor in Prob. 16? 

37. (a) What is the leakage current of an 80-µf 150-volt aluminum-foil electrolytic 
capacitor at 25°C if the value of K is 0.005? (b) What is the approximate leakage 
current at 85°C? 

38. (a) What is the leakage current of a 60-tif 100-volt computer-grade aluminum 
electrolytic capacitor at 25°C if the value of K is 0.002? (b) What is the approxi-
mate leakage current at 85°C? 

39. What is the leakage current of a 100-µf 15-volt solid electrolyte tantalum capacitor 

at (a) 25°C if the value of K is 0.02? (b) 85°C if the value of K is 0.2? 
40. What is the leakage current of a 40-pf 25-volt niobium-foil electrolytic capacitor 

at (a) 25°C if the value of K is 0.01? (b) 85°C if the value of K is 0.06? 
41. What ratings of N750 and NPO capacitors are required to produce 340 pf with a 

temperature coefficient of N225? 
42. What ratings of N330 and NPO capacitors are required to produce 280 pf with a 

temperature coefficient of N150? 
43. What is the energy rating of a 2.5-pf 12,000-volt energy-storage capacitor? 
44. What is the energy rating of a 40-µf 8-kv energy-storage capacitor? 

45. What is the energy rating of a 0.394 20-kv bank of energy storage capacitors? 
46. What is the voltage rating of a 480-µf capacitor bank if its energy storage rating 

is 10,000 joules? 

47. What is the capacitance of a 27-plate micro variable capacitor if the area of each 
plate is 0.35 sq in. and the air gap is 0.0205 inch? 
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48. What is the capacitance of a 14-plate micro variable capacitor if the area of each 
plate is 0.35 sq in. and the air gap is 0.0205 inch? 

49. A certain midget variable capacitor has 43 plates, and its maximum capacitance is 
320 pf. The air gap between adjacent plates is 0.025 inch. What is the approxi-
mate area of each rotor plate? 

50. What is the capacitance of a 19-plate double-spaced midget variable capacitor if 
the area of each plate is 0.89 sq in. and the air gap is 0.0715 inch? 

51. A certain circuit contains two 8-ttf and one 4-µf capacitors connected in series 
across a 250-volt 60-cycle power source. Find (a) the capacitance of the group, 
(b) the reactance of each capacitor, (c) the reactance of the group, (d) the current 
at each capacitor, (e) the voltage at each capacitor. 

52. A certain circuit contains a 20-, a 10-, a 10-, and a 4-pf capacitor connected 
in series across a 250-volt 60-cycle power source. Find (a) the capacitance of the 
group, (b) the reactance of each capacitor, (c) the reactance of the group, (d) the 
current at each capacitor, (e) the voltage at each capacitor. 

53. (a) What is the charge in coulombs on the capacitors of Prob. 51? (b) Determine 
the voltage distribution among the capacitors by means of their charges and 
capacitances. 

54. (a) What is the charge in coulombs on the capacitors of Prob. 52? (b) Determine 
the voltage distribution among the capacitors by means of their charges and 
capacitances. 

55. A certain circuit contains an 8-, a 4-, and a 2-4 capacitor connected in parallel 
across a 110-volt 60-cycle power source. Find (a) the capacitance of the group, 
(b) the reactance of each capacitor, (c) the reactance of the group, (d) the voltage 
at each capacitor, (e) the current at each capacitor, (f) the line current. 

56. A certain circuit contains a 20-, a 10-, and a 5-pf capacitor connected in parallel 
across a 110-volt 60-cycle power source. Find (a) the capacitance of the group, 
(b) the reactance of each capacitor, (c) the reactance of the group, (d) the voltage 
at each capacitor, (e) the current at each capacitor, (f) the line current. 

57. What value of capacitance must be connected in series with a 10-pf capacitor in 
order to obtain a capacitance of 6.66 ¡of? 

58. What value of capacitance must be connected in series with a 10-pf capacitor in 
order to obtain a capacitance of 3.33 pf? 

59. What value of capacitance must be connected in parallel with a 10-pl capacitor 
in order to obtain a capacitance of 15 pl? 

60. What is the capacitance of the circuit shown in Fig. 9-28? 
61. What is the capacitance of the circuit shown in Fig. 9-29? 
62. What is the capacitance of the circuit shown in Fig. 9-30? 
63. What is the capacitance of the circuit shown in Fig. 9-31? 
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lE— C .411.4f 
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Fig. 9-28 Fig. 9-29 
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64. It is desired to obtain a capacitance of 5 af by using a combination of 2-, 
4-, and/or 8-af capacitors. What circuit arrangement will provide 5 af with a 
minimum number of capacitors? 

65. It is desired to determine the capacitance of a capacitor by the impedance 
method using the circuit shown in Fig. 9-25. The meter readings obtained 
are voltmeter 220 volts, ammeter 0.55 amp, wattmeter 10 watts, frequency meter 
60 cycles. Find (a) the capacitance, (b) the power factor, (c) the phase angle. 

66. It is desired to determine the capacitance of a capacitor with the voltmeter-
ammeter method and the circuit shown in Fig. 9-26. The voltmeter indicates 
3 volts and the ammeter 23 ma. What is the capacitance if the frequency is 
60 cycles? 

67. A 0.1-µf capacitor is tested by the method and circuit used in Prob. 66. The line 
voltage is 100 volts, and the frequency is 60 cycles. What is the ammeter reading? 



Chapter 10 
Alternating-current 

Circuits 

The relation of voltage, current, and power in electric circuits was 
presented in Chap. 4 on the basis of a continuous or direct current flow. 
The study of a-c generators and transformers in Chap. 7 has shown that 
there are advantages of alternating current over direct current. Because 
over 90 per cent of the electrical power is generated as alternating current, 
it is necessary to know the circuit characteristics with alternating current 
flow. 

10-1 Circuit Characteristics 

1)-C Circuits. Because of the difference in the voltage and current 
characteristics of alternating current and direct current, it is necessary to 
introduce some new terms in the study of a-c circuits. The difference 
in the voltage and current characteristics is shown in Fig. 10-1. The volt-
age and current, as indicated by a voltmeter and an ammeter, are the same 
for each circuit, namely, 110 volts and 5 amp. 
The voltage for the d-c circuit is 110 volts at all instants of time, and the 

current is 5 amp at all instants of time as indicated in Fig. 10-1a. All 
the opposition to the flow of current is accounted for in the resistance of 
the circuit, and Ohm's law, I = E/R, E = IR, and R = E/I, applies to all 
d-c circuits. The power consumed by the d-c circuit may be calculated by 
P = El, P = I2R, or P = E2/R. 
A-C Circuits. The a-c circuit conditions shown in Fig. 10-lb indicate 

that the effective voltage and effective current are the same as for the d-c 
circuit shown in Fig. 10-1a. While this is so, it is also evident that the 
alternating voltage and current are continually changing in magnitude. It 
should be noticed that the current goes through its cycle at the same time 
that the voltage is going through its cycle. They are said to be of the same 
time phase, or in phase. This condition of being in phase is more fully 
described by the statement: The two waves start from zero and rise 
together, each reaching its maximum at the same instant; they descend 
together, go through zero, and alternate in polarity at the same time; they 

353 
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Fig. 10-1 Direct current versus alternating current characteristics. (a) Current and volt-

age when the circuit is connected to a d-c power source. (b) Current and voltage when 
the circuit is connected to an a-c power source. (c) The circuit diagram. 

reach their maximum negative values at the same time; and then they 
decrease to zero to complete their cycles together. 

With the current and voltage in phase, the circuit follows the same laws 
that apply to the d-c circuit, namely, that I = E/R, E = IR, R = Eli, 
P = El, P = PR, and P = E2/R. 

The study of inductance and capacitance has shown that it is possible 
for conditions to exist whereby the current wave may not be in phase with 
the voltage wave. Such conditions exist in a-c circuits more often than do 
in-phase currents. To study a-c circuits, it is necessary to account for these 
conditions. When the current and voltage are not in phase, only one of the 
laws mentioned above will apply; that is, P = PR; the others cannot 
be used. 

Reactance. In d-c circuits, the only opposition to the flow of current 
is resistance. In a-c circuits, two additional factors must be considered, 
namely, inductive reactance and capacitive reactance. When an a-c circuit 
contains resistance only, the current and voltage will be in phase. If an a-c 
circuit contains inductive reactance, capacitive reactance, or both, the cur-
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rent and voltage will be out of phase except in the case of resonance which 
is described in Chap. 11. 

10-2 Effects of Inductive and Capacitive Reactances 

Inductive Reactance. The effect of inductive reactance is twofold: (1) It 
offers an opposition to the flow of current; (2) it causes the current to lag 
behind the voltage. With a perfect inductor, that is, one having no resist-
ance, the current would lag the voltage by 90 electrical degrees, and no 
power would be taken from the line because the coil stores up energy in 
the magnetic field during one half-cycle and returns this energy to the line 
in the following half-cycle. The current taken by a perfect inductor would 
be equal to its voltage divided by its inductive reactance, or 

EL 
IL = — (8-7) 

XL 

Figure 10-2 shows the current and voltage waves for an inductive reactance 
of 22 ohms connected across a 110-volt a-c power source. 

Capacitive Reactance. The effect of capacitive reactance is twofold: 
(1) It offers an opposition to the flow of current; (2) it causes the current to 
lead the voltage. With a perfect capacitor, that is, one having no resistance, 
the current would lead the voltage by 90 electrical degrees, and no power 
would be taken from the line because the capacitor stores up energy in the 
electrostatic field during one half-cycle and returns this energy to the line 
in the following half-cycle. The current taken by a perfect capacitor would 
be equal to its voltage divided by its capacitive reactance, or 
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Fig. 10-2 Voltage and current characteristics if a perfect inductor were connected to an 
a-c power source. 
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Fig. 10-3 Voltage and current characteristics if a perfect capacitor were connected to 
an a-c power source. 

Figure 10-3 shows the current and voltage waves for a capacitive reactance 
of 22 ohms connected across a 110-volt a-c power source. 
The conditions just described are for perfect inductors and capacitors, 

which require that they have no resistance. While it is impossible to manu-
facture such an inductor or capacitor, these conditions are used to explain 
the effect of each when considered alone. 

10-3 Series A-C Circuits Containing Resistance, Inductance, and 
Capacitance 

Impedance. Alternating-current circuits may consist of any combination 
of resistances, inductive reactances, and capacitive reactances. The com-
bined effect of resistance and reactance is called impedance. It, too, is 
expressed in ohms, and its symbol is Z. When a circuit contains resistances 
and reactances, it is necessary to combine their ohmic effect by a different 
method from that used for resistances only. 

Calculation of Impedance. The reactance of any circuit will always be 
90° out of phase with its resistance. Whether it leads or lags the resistance 
will depend on whether the reactance is capacitive or inductive (Fig. 10-4). 
Observation of the diagrams in this figure will show that the resistance, 
reactance, and impedance form a right-angle triangle. Their relations 
to one another when connected in series can be expressed by the following 
equations. The impedance of a circuit containing resistance and inductive 
reactance is 

z = vR2 xL2 (8-8) 

The impedance of a circuit containing resistance and capacitive reactance is 

Z = VR2 Xe2 (9-7) 
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EXAMPLE 10-1 What is the impedance of a circuit having a resistance of 30 ohms 
and a capacitive reactance of 40 ohms? 

R = 30 ohms 
FIND: Z 

SOLUTION: 

Xc = 40 ohms 

= VR2 + Xc2 = N/302 ± 402 = Ve-00 = 50 ohms 

EXAMPLE 10-2 An inductance coil has a resistance of 5 ohms and a reactance of 
10 ohms. What is the impedance of the coil? 

GIVEN: R = 5 ohms XL = 10 ohms 

FIND: Z 

SOLUTION: 

Z = V/12 XL2 = N/5F 102 = N/W5 = 11.18 ohms 

The impedance of a circuit containing resistance, inductive reactance, 
and capacitive reactance is 

Z = VR2 (XL — (10-1) 

EXAMPLE 10-3 What is the impedance of a series circuit containing 40 ohms resist-
ance, 40 ohms inductive reactance, and 70 ohms capacitive reactance? 
GIVEN: R = 40 ohms XL = 40 ohms Xc = 70 ohms 

FIND: Z 

SOLUTION: 

Z = VR2 -I- (XL — Xc)2 = V402 + (40 — 70)2 = V1,600 + 900 = 50 ohms 

Current. The current flowing in an a-c circuit is equal to the voltage 
applied to the circuit divided by the impedance of the circuit, or 

/ = (8-9) 

li 

trçe 

Rem:stance Rif 

(a) 

In 
reactance 
XL 

(6) 

Fig. 10-4 Relation of resistance, reactance, and impedance. (a) Resistance, inductive 
reactance, and impedance. (b) Resistance, capacitive reactance, and impedance. 
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Fig. 10-5 (a) Circuit diagram for a coil showing its resistance and its inductive reactance. 

(b) Circuit diagram for a capacitor showing its resistance and its capacitive reactance. 

EXAMPLE 10-4 How much current flows through the coil in Example 10-2 when 

10 volts is impressed across its terminals? 

GIVEN: E = 10 Volts 

FIND: IT 

SOLUTION: 

Z = 11.18 ohms 

= L 10 11.18 = 0.895 amp 
Z  

10-4 Multielement Series Circuits 

A series a-c circuit is formed whenever one or more resistances are 
connected in series with one or more reactances. Since all coils or capacitors 
contain some resistance in addition to their reactance, a series circuit 
is formed whenever a coil or a capacitor is connected across an a-c power 
supply (see Fig. 10-5). The resistance and reactance are actually part of the 
coil and capacitor and not two separate devices as the circuit seems to 
indicate. However, in calculating a-c circuits, the reactance and resistance 
are always treated as separate units. 

If the coil and capacitor in Fig. 10-5 are connected in series, the circuit 
diagram will be as shown in Fig. 10-6. As all resistances produce currents 
that are in phase with one another, the total resistance will be equal to the 
sum of the two resistances. The two reactances are 180° out of phase with 
each other, and therefore the resultant reactance will be equal to the 
difference between the two. The inductive reactance in this case is larger; 
therefore the resultant reactance must be inductive. 

If two or more inductive reactances are connected in series, the total 

Re/OA XL-10011 

Xe 25n RC /5n 
Fig. 10-6 Circuit diagram representing 

a coil and a capacitor connected in series. 
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inductive reactance will be equal to the sum of the individual inductive 
reactances, as they are all in phase with one another. In a like manner, the 
total capacitive reactance of a series circuit will be equal to the sum of the 
individual capacitive reactances. 
From the foregoing statements, the following equation can be used 

to solve for the impedance of any series circuit: 

Z = V(R1 1{2 ± R3, etc.)2 

(Xm XL2 X1,3, etc. — Xci — XC2 Xc3, etc.)2 (10-2) 

This one equation may be used for all series circuits by placing all the values 
of R in the first parentheses and all the reactances in the second. When the 
reactances in the second parentheses are added, all inductive reactances 
are given plus signs and all capacitive reactances minus signs. 

EXAMPLE 10-5 What is the impedance of the circuit shown in Fig. 10-6? 

civEN: RL = 10 ohms R0 = 15 ohms XI, = 100 ohms Xc =25 ohms 

FIND: Z 

SOLUTION: 

Z = V(RL + Re)2 + (XL — X0)2 = V(10 + 15)2 + (100 — 25)2 

= V252 + 752 = V625 + 5,625 = VC2-50 = 79.05 ohms 

EXAMPLE 10-6 The series circuit shown in Fig. 10-7 is connected to a 150-volt 
60-cycle power line. (a) What is the impedance of the circuit? (b) How much current 
will the circuit draw from the line? 

GIVEN: E = 150 volts 
= 100 ohms 

R3 = 10 ohms 

FIND: (a) Z (b) I 

SOLUTION: 

R1 = 28 ohms 
R2 = 2 ohms 

)(Li = 10 ohms 
XL3 = 60 ohms 

X1,2 = 20 ohms 
X02 = 50 ohms 

(a) Z = V(R1 + R2 ± R3)2 + ()CM XL2 XL3 — Xel — Xv2)2 

= V(28 + 2 + 10)2 + (10 + 20 + 60 — 100 — 50)2 

= V(40)2 + (-60)2 = V1,600 + 3,600 = = 72.1 ohms 

(b) 7 E 150 0 ma = — = — = amp 
Z 72.1 

XL,,=/0J2 Rieft XL2=2012 Xc,=/00_n. 
\-----M/W— r000. 1 

/50 Volts 
60 Cycles 

 WM-1 
Fig. 10-7 R3-/01/ Xc2.50A XL; 6041. 

R2= 
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10-5 Vectors—Voltage and Current 

Vector Representation of Voltage. The sine-wave diagrams provide 
excellent illustrations of a-c voltages and currents, but they require a great 
deal of time to prepare, especially if accurate drawings are necessary. 
A simpler method, used extensively because of its timesaving feature, is the 
vector representation. By definition, a vector is a line that has both magni-
hide and direction and is used to represent an alternating voltage or current. 
By the vector method, the sine-wave voltage illustrated in Fig. 7-5b 

is represented by the single line shown in Fig. 10-8. Vectors are usually 
drawn to a suitable scale as is indicated in the figure where 1 inch repre-
sents 100 volts. 
The wheel diagram of Figs. 7-6 and 10-9a might be analyzed in terms of 

vectors, since each "spoke" is really a vector used to obtain an instantaneous 
value as is shown in Fig. 10-9. Four vector diagrams are included in 
this figure to illustrate that a vector has both magnitude and direction. The 
first vector diagram (Fig. 10-9b) corresponds to position 1 of the wheel 
diagram, which is for zero degrees. This is the starting point, and it is 
generally laid off in a horizontal position and to the right of the point 
of origin O. The second vector (Fig. 10-9c) corresponds to position 2, 
or 30°. As the standard direction of vector rotation about its origin is 
counterclockwise, the vector E. has been advanced 30° from the starting 
position and in that direction. A vertical line projected from the end of the 
vector to the horizontal plane will be equal to the instantaneous value of 
the voltage, e. The line e, when measured, is found to be five units, and its 
voltage therefore will be 5 x 10, or 50 volts. The third vector diagram 
(Fig. 10-9d) corresponds to position 3, and the vector is drawn 60° from 
the horizontal. The vertical projection e represents the instantaneous volt-
age which is found to be approximately 847.5 volts (actual value is 86.6 
volts). The fourth vector diagram (Fig. 10-9e) is for position 9, or 240°. The 
vector is now below the horizontal line, and its instantaneous value will be 
negative. The value of e found by the vertical projection is approximately 
— 87.5 volts. For any position, the instantaneous value may be found in a 
similar manner. This method of solving for e by constructing a diagram to 
scale, measuring the length of the line e, and then converting its length 
from inches to volts is called the graphical method of solution. The values 
of e in Fig. 10-9d and e solved by this method have been found to be 
approximately 87.5 and — 87.5 volts, while their accurate values are 86.6 
and —86.6 volts. The accuracy of the graphical method of solution depends 
upon the size of the diagram and the accuracy of drawing. 

Emax =/00volts 

1. I mch  Fig. 10-8 Vector representation of a sine-wave 

Scale: I inch-100 volts voltage. 
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Fig. 10-9 Vector representation of the wheel diagram. (a) The wheel diagram showing 
12 equally spaced points. (b) Vector representing point 1. (c) Vector representing point 2. 
(d) Vector representing point 3. (e) Vector representing point 9. 

A more accurate method of solution is the mathematical method. In this 
method, the value of e may be found by Eq. (7-4). Using this method 
to check the graphical solution, 

eo. = Erna. x sin 0° = 100 x 0.000 = 0 volts 
e30. = E. X sin 30° = 100 x 0.500 = 50 volts 
e60- = Em ax X sin 60° = 100 x 0.866 = 86.6 volts 
e240. = Em x sin 240° = 100 x ( —0.866) = — 86.6 volts 

Vector Representation of Voltage and Current. When several sine waves 
are plotted together as in Fig. 10-1b, the vector representation requires 
two lines, one for the voltage and one for the current. The vector diagram 
for this condition is given in Fig. 10-10. As the current and voltage are in 
phase with each other, the two vectors must be drawn on the same line. 
Because of the great difference in the numerical value of the current and 
voltage, it is permissible and also common practice to use separate scales as 
in Figs. 10-10 and 10-11. By careful observation, it may also be noted that 

Fig. 10-10 Vector representation of cur-
rent and voltage when the current is in 
phase with the voltage. 

E=1/0 volts 
I=Samperes 

Scale: I inch-100 volts ; /inch =4.ampetes 
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Fig. 10-11 Vector representation of current and voltage. (a) Current lagging the voltage 
by 90°. (b) Current leading the voltage by 90u. 

these vectors are for effective values, whereas in Fig. 10-9 maximum values 
were used; either values may be used as long as they are properly marked. 
Figure 10-11a shows the vector diagram corresponding to Fig. 10-2 in 
which the current lags the voltage by 90°. As vector rotation is counter-
clockwise, the current is downward, or lags the voltage by 90°. Figure 10-11b 
is the vector diagram corresponding to Fig. 10-3 in which the current leads 
the voltage by 90°. The arrows on the current vectors are closed, while on 
the voltage vectors they are left open in order to distinguish currents from 
voltages. 

10-6 Vectors—Resistance, Reactance, and Impedance 

Vectors are also used to show the relation among resistance, inductive 
reactance, capacitive reactance, and impedance. This was taken up in 
Art. 10-3, but the values were not considered as vectors at that time. If the 
reactance and resistance vectors are drawn to scale, the impedance of the 
circuit can be determined graphically. 

EXAMPLE 10-7 By means of vectors, determine the impedance of a series circuit 
containing a resistance of 40 ohms and an inductive reactance of 30 ohms. Check the 
answer by solving for impedance mathematically. 

GIVEN: R = 40 ohms XL, = 30 ohms 

FIND: Z 

SOLUTION: Since the resistance causes an in-phase current and the inductive reactance 
causes a 90° lagging current, the inductive reactance is drawn 90° from the resistance. 
The combination of the two as determined graphically is shown in Fig. 10-12 and is 
equal to 50 ohms. 

Checking mathematically: 

Z = VR2 XL2 = V402 + 302 = V-2,500 = 50 ohms 
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R = 4011 XL,=,10/2 

Fig. 10-12 

R= 40n 

EXAMPLE 10-8 A circuit has a resistance of 30 ohms connected in series with a 
capacitive reactance of 40 ohms. Determine its impedance graphically and mathe-
matically. 

GIVEN: R = 30 ohms Xe = 40 ohms 

FIND: Z 

SOLUTION: The capacitive reactance causes a 90° leading current and is therefore 
drawn 90° from the resistance. The combination of the two as determined graphically 
is shown in Fig. 10-13 and is equal to 50 ohms. 

R= ,i0n. Xc=40.a R =30n 
(  

Checking mathematically: 

Z-50n -- 40n 

Fig. 10-13 

Z = VR2 -F Xe2 = V302 + 402 = -\/00 = 50 ohms 

Series circuits may contain resistance, inductance, and capacitance. In 
such circuits, the total impedance is determined graphically by combining 
the resultant resistance vector with the resultant reactance vector. 

EXAMPLE 10-9 A series circuit contains a resistance of 40 ohms, an inductive reactance 
of 30 ohms, and a capacitive reactance of 60 ohms. Determine the impedance of this 
circuit, using vectors. Check the answer mathematically. 

GIVEN: R = 40 ohms XL = 30 ohms Xe = 60 ohms 

FIND: Z 

SOLUTION: Referring to Fig. 10-14, the inductive reactance and the capacitive reactance 
are first combined into the single value (XL — Xc), which is then added to the resist-
ance to form the triangle for finding the impedance. Using this method, Z = 50 ohms. 

Checking the answer mathematically: 

Z = VR2 + (XL — Xe)2 = V402 -F (30 — 60)2 = Ve-00 = 50 ohms 
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3022 Xc -(6012 

Fig. 10-14 

X,=50i2 

10-7 Power in A-C Circuits 

Apparent Power. The power consumed by a d-c circuit was given in 
Art. 2-13 as P=Ex/ [Eq. (2-12)]. In a-c circuits this will be true only 
when the current is in phase with the voltage as is the case for circuits 
containing resistance alone and for resonant circuits to be studied later. In 
cases where the current is not in phase with the voltage, the product of the 
volts and amperes will not be equal to the power actually consumed by the 
circuit. Instead, the product of the volts and amperes is called the apparent 
power and is expressed in volt-amperes. To avoid confusion, it is preferable 
always to call the product of the volts and amperes the apparent power. 
Actual Power. The actual power consumed by an a-c circuit is best 

determined by the use of a wattmeter, which always indicates the true 
power, regardless of whether the current is in phase with the voltage 
or not. The power may, however, be determined without the use of a 
wattmeter if the angle between the current and voltage is known. Power 
may then be calculated by the equation 

P =Ex/xcos0 (10-3) 

where P = power, watts 
E = voltage of the circuit, volts 
I = current of the circuit, amp 
O = angle between current and voltage, deg 

cos 0 = cosine of the angle O (from tables in Appendix XI) 

The power may also be found by Eq. (2-14), P = PR, but care must 
be exercised that only the resistance is used and that it is not confused with 
inductive reactance, capacitive reactance, or impedance. 
Power Factor. The value of cos O is often referred to as the power factor. 

When the current is in phase with the voltage, the angle 0 is zero and the 
power factor, cos 0°, is 1.000. When the current is out of phase by 
90°, either leading or lagging, the power factor, cos 90°, is zero. For 
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lagging or leading currents with angles between zero and 90°, the cosine 
value, and hence the power factor, varies from zero to 1.0 as indicated in 
the cosine table. Substituting the apparent power VA for E x I and PF for 
cos 0 in Eq. (10-3), it becomes 

P = VA x PF (10-4) 

or Actual power = apparent power x power factor 

A definition for power factor may be derived from this equation, namely, 
power factor is a factor or number whose value varies from zero to 1.0, by 
which the apparent power must be multiplied in order to determine 
the actual power. From the power equations, it may be seen that, when 
the power factor is 1.0, all the volt-amperes become actual power, while if 
the power factor is less than 1.0, only part of the volt-amperes becomes 
actual power. Since only the actual power does useful work, it is evident 
that it is desirable to have the power factor as near to unity as possible. 
Combining two facts (1) that only resistance takes power and (2) that imped-
ance is the combined effect of resistance and the reactances, it follows that 
the power factor can also be expressed in terms of the resistance and 
impedance of a circuit. Hence 

PF = R 
i 

(10-5) 

In practical work, the power factor of a circuit is generally determined 
from meter readings. When the volts, amperes, and watts of a circuit are 
known, the power factor may be calculated by the equation 

watts Power factor = or PF = —P  (10-6) 
volts x amperes El 

This equation shows that the power factor may also be defined as the ratio 
of the actual power to the apparent power. 
A power-factor meter that gives a direct indication of the power factor 

of a circuit is also available, but this method of determining the power 
factor is not used so much as the voltmeter, ammeter, wattmeter method. 

Phase Angle. The phase angle, represented by the Greek letter 0, is the 
angle between two a-c quantities, most commonly between the current 
and voltage, although it is often used with two voltages, two currents, 
resistance and impedance, etc. When it is used with current and voltage, 
especially as the power-factor angle, it is general practice also to state 
whether the current lags or leads the voltage by the angle O. 

10-8 Series Circuit Problems 

As most of the principles presented in Arts. 10-1 to 10-7 are closely 
related, the following examples will illustrate several of them in each example. 
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EXAMPLE 10-10 A 10-henry choke coil is connected to a 110-volt 60-cycle power 
source. It is assumed that the resistance of the coil is zero. Find (a) the current, 
(b) the power, (c) the power factor, (d) the phase angle. (e) Draw a vector diagram 
showing the current and voltage relations. 

GIVEN: E = 110 volts f = 60 cycles L = 10 henrys R 

FIND: (a) I (b) P (c) PF (d) O (e) Vector diagram 

SOLUTION: 

(a) 

(b) 

(c) 

(d) 

EL  _  110  110 
/L = 

2efL — 6.28 x 60 x 10 3,768 

P = I2R = 0.02912 x 0 = 

R 0 = — = 0 
3,768 

0 = 90° (lagging current) 

(e) Vector diagram, Fig. 10-15b 

(c)- Circuit diagram 

E = /10 volts 

= 0.0291 amp 

(b)- Vector diagram Fig. 10-15 

EXAMPLE 10-11 A 10-0 capacitor is connected to a 250-volt 60-cycle circuit. It 
is assumed that the resistance of the capacitor is zero. Find (a) the current, (b) the 
power, (c) the volt-amperes, (d) the power factor, (e) the phase angle. (f) Draw 
a vector diagram of the current and voltage relations. 

GIVEN: E = 250 volts f = 60 cycles C = 10 R = 

FIND: (a) I (b) P (c) VA (d) PF (e) O (f) Vector diagram 

SOLUTION: 

(a) / = 2rfCE10-6 = 6.28 x 60 x 10 x 250 x 10-6 = 0.943 amp 

(h) P = I2R = 0.9432 x 0 = 0 

(c) VA = El = 250 x 0.943 = 235.7 

(d) P. v P 0 n = — — 
VA 235.7 

(e) O = 90° (leading current) 

(f) Vector diagram, Fig. 10-16b 

EXAMPLE 10-12 A series circuit containing a resistor of 40 ohms, an inductor of 
80 mh, and a capacitor of 40 pi is connected across a 250-volt 60-cycle line as shown 
in Fig. 10-17a. The resistances of the inductor and the capacitor are assumed to 
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250 vo/ts -- 

t IC 
6q— 
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I= 0.943 ampere 

1'90 
E = 250 volts 

3. 

(a)-Circuit diagram (6) -Vector diagram 

Fig. 10-16 

be zero. Find (a) the inductive reactance, (b) the capacitive reactance, (c) the imped-
ance, (d) the current, (e) the power, (f) the apparent power, (g) the power factor, 
(h) the phase angle, (i) the voltage drops across the resistor, inductor, and capacitor. 
( j) Draw a vector diagram. 

GIVEN: E = 250 volts f = 60 cycles R = 40 ohms L = 80 mh 
C = 40 af 

FIND: (a) XL (b) Xe (c) Z (d) I 
(i) ER, EL, Ec (i) Vector diagram 

R=4011 

SOLUTION: 

(a) 

(b) 

(c) 

L =80 mh 

2.50 va//s 
60 cycles 
(a) 

C= 4014f 

(  

3..« 

(e) P ( f) AP (g) PF (h) O 

Ex,= /40 volts 

{ Ex.r.,- Exc.= /69 vo//s 

ER= 26 volts 
4  • I=4.65cemperes 420 

E = 309 vo lts xc (6) 
Fig. 10-17 

XL = 27rfL = 6.28 x 60 X 80 >< 10-3 = 30.1 ohms 

X — 106 —  1066 = 66.2 ohms 
C — 2srfC — 6.28 x 0 >< 40 

Z = N/R2 + (XL — Xc)2 = 002 + (30.1 _ 66.2)2 

= N/1,600 + 1,303 = N/2,903 = 53.8 ohms 



368 Essentials of Electricity—Electronics (10-8) 

(d) 

(e) 

(f) 

(g) 

y E 250 
a = = = 4.65 amp 

Z 53.8 

P = PR = 4.652 x 40 = 865 watts 

AP = El = 250 x 4.65 = 1,162 va 

PF = = = 0 744 
VA 1,162 

0 = 42° (leading current) 

ER = IR = 4.65 x 40 = 186 volts 

EL = /XL = 4.65 x 30.1 = 140 volts 

Ec = /Xc = 4.65 x 66.2 = 309 volts 

(j) Vector diagram, Fig. 10-17b 

Note: The voltage drop across the capacitor is greater than the line voltage. This is 
not in error, for this can occur in a series circuit that contains resistance, inductance, 
and capacitance. Whether or not it occurs depends upon the relative values of resist-
ance, inductive reactance, and capacitive reactance. 

EXAMPLE 10-13 An inductor is connected in a circuit as shown in Fig. 10-18a. The 
readings taken show 110 volts, 60 cycles, 3 amp, and 66 watts. Find (a) the imped-
ance, (b) the resistance, (c) the apparent power, (d) the power factor, (e) the phase 
angle, (f) the inductive reactance, and (g) the inductance of the coil. (h) Draw 

a vector diagram. 

,Incitictor 

5 
r 

Fig. 10-18a 

GIVEN: E = 110 volts I = 3 amp P = 66 watts f = 60 cycles 

FIND: (a) Z (b) R (e) AP (d) PF 
(h) Vector diagram 

SOLUTION: 

(e) O (f) XL (g) L 

Z = _E = _110 = 36.7 ohms 
/ 3 

R = —P = —66 = 7.33 ohms 
.12 32 

AP = El = 110 x 3 = 330 va 

PF = 11 = e .16 = 0.200 
VA 330 

O  = 78.5° (lagging current) 
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(f) 

(g) 

XL = N/Z2 — R2 = N/36.72 — 7.332 

= N/1,292.2 = 35.9 ohms 

XL 35.9 
L = = 3 .77 = 0.0952 henry 

(h) Vector diagram, Fig. 10-18b 
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E= /10 vo/ts 

78:5° 

IJ amperes Fig. 1 0-1 8b 

10-9 Parallel Circuits 
Parallel circuits are used more frequently in electrical systems than are 

series circuits. In electronic equipment, series, parallel, and combination 
circuits are used. Because all inductors and capacitors have some resistance, 
it is not possible to set up a circuit containing pure reactances connected 
in parallel. However, in some inductors and capacitors, especially capaci-
tors, the resistance is so low in comparison with the reactance that the 
resistance is assumed to be zero. Under these conditions, a circuit may be 
considered as if it would contain any combination of pure resistances and 
pure reactances connected in parallel. The characteristics of such a paral-
lel circuit can best be illustrated by solving for the impedance, currents, 
power, etc., of a typical parallel circuit. 
The various factors of a parallel circuit can be determined with the least 

difficulty by observing the following order: 
1. Find the impedance of each branch. 
2. Find the current of each branch. 
3. Draw a vector diagram of the currents. 
4. Find the total in-phase or resistance current. 
5. Find the total reactance current. 
6. Find the line current. 
7. Find the impedance of the circuit. 
8. Find the line power. 
9. Find the line volt-amperes. 

10. Find the line power factor. 
This order is recommended but is not essential; in fact it may have to be 

altered to meet the needs of the problem being considered. If the imped-
ance of a parallel circuit is desired but no line voltage is specified, any con-
venient value may be assumed for calculating purposes. 
The equation for the line current in a parallel circuit containing only pure 

resistances and pure reactances (see Fig. 10-19a) is obtained by combining 

steps 1 to 6 and is 

/line = \AIM. ± 1w ± IR3)2 (IXel b/C2 IXL1 IXL2)2 (10-7) 

In the second parentheses, all leading currents (caused by capacitive react-
ance) are plus and all lagging currents (caused by inductive reactance) are 
minus. When the sum of the values in the second parentheses is a plus, it 
indicates that the line current is leading the voltage, and if negative it indi-
cates that the line current is lagging the voltage. 
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EXAMPLE 10-14 The parallel circuit shown in Fig. 10-19a consists of only pure resist-
ances and pure reactances. Find (a) the current of each branch, (b) the line current, 
(c) the impedance of the circuit, (d) the power consumed by each branch, (e) the 
power taken by the complete circuit, (f) the volt-amperes of the complete circuit, 
(g) the line power factor, (h) the phase angle between line current and line voltage. 
(i) Draw a vector diagram of the voltage and all the currents. 

GIVEN: 

Fig. 1 0-1 9a 

SOLUTION: 

(a) Use steps 1 and 2. 

E1 100 
Ii = 5 amp 
= = 20 

E2 100 

= = 
= 5 amp 

20 

E3 100 
13 = = = 2.5 amp 

40 

, El 100 1 = 2.5 amp 4 = = 40 

E5 100 

15 = = = 23 amp 

, E6 100 
/6 = z = 80 = 1.25 amp 

14= 2.5 amp. 
• 

ii4= Z25 amp. 

90° 
E=100volle 

96. 13=25amp. 11=Samp. 
4-- 

y 15= 2.5 amp. 

,,, 2 rSa/77/0. 

Fig. 1 0-1 9b 
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(b) Use steps 3, 4, 5, 6. 
Step 3, vector diagram (Fig. 10-19b). 

Steps 4, 5, 6 are combined in Eq. (10-7). 

(c) Use step 7. 

(d) 

=- .01R1 Ilt2)2 (IXC — lu — IxL2)2 
V(5 + 2.5)2 + (2.5 + 1.25 — 5 — 2.5)2 

= \/(75)2 + (-3.75)2 = V70.31 = 8.38 amp 

Eline 100 
11.93 oluns Zee = = 

/line 8.38 

Power may be calculated by Eq. (2-14); note that circuits containing no resist-
ance take no power. 

• = 112Ri = 52 X 20 = 500 watts 
Pz = no resistance in circuit = zero 
P3 = 132112 = 2.52 x 40 = 250 watts 
• = no resistance in circuit = zero 
P5 = no resistance in circuit = zero 
P6 = no resistance in circuit = zero 

(e) Use step 8. 

Pline = PI + P2 + P3 + P4 + P5 + P6 
= 500+0+ 250+0+0+0= 750watts 

( f) Use step 9. 

VAline = 

(g) Use step 10. 

PFline = 

Eh. X /line = 100 x 8.38 = 838 

Pline = 750 = 0.895 
Vita». 838 

(h) Bane = 26.5° lagging (from Appendix XI) 
(i) Vector diagram, Fig. 10-19c 

=Z5amp. 

16= 1.25 amp. 
• 

13=25amp. 11=5amp. 

" =Samp. 

Fig. 10-1 9c 

E =/00 yob's 



372 Essentials of Electricity—Electronics (10-10) 

10-1 0 Parallel-series Circuits 

When one or more series groups become part of a parallel system, the 
combined circuit is called a parallel-series circuit. The following procedure 
is suggested for solving such circuits: 

1. Find the impedance, current, power, cos 0, and sin 0 for each branch. 
2. Resolve each current into its in-phase and quadrature (90° angle) com-

ponents. This is done in the following manner. For example, a current of 
5 amp lags its voltage by 30°, as shown in Fig. 10-20. As a similar current 
could be caused by a resistance current IR and a reactance current /x, we 
may resolve the current / into two such components. By trigonometry (see 
Appendix X) 

IR = I X COS 0 = 5 x cos 30° = 5 x 0.866 = 4.33 amp 
/x = / x sin 0 = 5 x sin 30° = 5 x 0.500 = 2.5 amp 

 IR=4.33amp 

r' 

2.5amp 

300 

I=Scemperes 

Fig. 10-20 The current I lagging the 

voltage by 30 resolved into its in-

phase or resistance component and its 

quadrature or reactance component. 

This procedure may also be applied to 

any leading current. 

3. Calculate the line current by combining the in-phase components and 
the quadrature components of all the branch currents. This may be done 
in the form of the following equation: 

/line = V(/1 cos 01 + /2 cos 02, etc.)2 + sin 01 ± 12 sin 02, etc.)2 (10-8) 

Note: -1-.11 sin 01, etc.: Use + for leading currents and — for lagging currents. When 
the sum of the second parentheses is +, it indicates that /line is a leading current, and 
if the sum is —, it indicates that /line is a lagging current. 

4. Find the impedance of the circuit. 
5. Find the power taken by the circuit. 
6. Find the volt-amperes of the circuit. 
7. Find the line power factor. 
This order is recommended but is not essential. It may even have to be 

altered to meet the needs of the problem being considered. 

EXAMPLE 10-15 A parallel-series circuit is shown in Fig. 10-21a. (a) Find the current, 
power, power factor, and phase angle for each branch. (b) Find the current, power, 
apparent power, power factor, and phase angle for the complete circuit. (c) Draw a 
vector diagram. 
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GIVEN: 

/00 vo/ts 
50 cycles 

I 2 3 4 5 

'' 1, 
ce e 4•J „.„ 

o 
r <,.. 

f >ri- ›q r  
Fig. 10-21a 

SOLUTION: 

(a) Zi = VR2± XL2 = V202 -I- 402 = V0 = 44.7 ohms 

= E1 = 100 = 
II -i- ;-  2.23 amp 

Pi = 112R1 = 2.232 x 20 = 99.5 watts 

R1 20 
PF1 = cos 01 = = 44.7 = 0.447 

01 = 63.5° lagging 

E2 100 
12 = ---Zi = —2-CT = 5 amp 

P2 = 122R2 = 52 X 20 = 500 watts 

R2 20 1 00 
PF 2 = Z2 = = 20 • 

02 = 0° 

Z3 = VR2 4- Xc2 = V402 -I- 802 = *V8,000 = 89.4 ohms 

E3 100 
/3 = -4  = .i4 = 1.12 amp 

P3 = /32R3 = 1.122 X 40 = 50 watts 

R3 40 
PF3 = = i974 = 0.447 

03 = 63.5° leading 

Z4 = VR2 -I- (XL — X )2 = V202 -F (75 — 150)2 = V6,025 = 77.6 ohms 

Et 100 
14 = -4  = ,7. = 1.29 amp 

P4 = 142R4 = 1.292 X 20 = 33.3 watts 

R4 20 
PF4 = = = 0.257 

Z4 77.6 
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04 = 75° leading 

E5 100 
/5 = = = 2 amp 

F5 = 152R5 = 22 X O = 0 watts 

R5 0 
FF5 = 75. = = 0 

05 = 90° lagging 

(b) Inne = V(11 cos 01 + 12 cos 02 + /3 COS 03 + /4 COS 04 + 15 COS 05)2 

(10-11) 

+(±llsin 01 ±-- /2 sin 02 ± /3 sin 03 /4 sin 04 ± 4 sin 05)2 

= V(2.23 x 0.447 + 5 x 1.0 + 1.12 x 0.447 + 1.29 x 0.257 + 2 x 0.0)2 

+ (-2.23 x 0.895 + 5 x 0.0 + 1.12 x 0.895 + 1.29 x 0.966 - 2 x 1.0)2 

= N/(1.00 + 5 + 0.50 + 0.331 + 0)2 + (-2.0 + o + 1.0 + 1.25 - 2.0)2 

= N/6.8312 + (-1.75)2 = NF497.2 = 7.05 amp 

PlIne = + P2 + P3 + P4 + P5 = 99.5 + 500 + 50 + 33.3 + = 682.8 watts 

APhne = Eline X Illne = 100 X 7.05 = 705 va 

PF line = 
Pine 682.8 - - u.uovo 

VAline = 705 = 01111e = 14.5° lagging 

(c) Vector diagram, Fig. 10-21b r5arnp E=/00volts 

4=129amp. 
/./2cimp. 

75° 

Is=2amp. Ii=2.23amp 

Fig. 10-21 b 

705amp. 

10-11 Series-parallel Circuits 

When one or more parallel groups become part •.4 series circuit, 
the combined circuit is called a series-parallel circuit. The following proce-
dure is suggested for solving such circuits: 

1. Reduce each parallel group to a single value of resistance and reactance 
(either inductive or capacitive) so that when connected in series they will 
produce the same effect as the original parallel group. These values are 
called the equivalent resistance and the equivalent reactance. This may be 
done by (a) assigning a convenient assumed voltage to the group which is 
to be used only for finding the impedance and phase angle of the group, 
(b) finding the equivalent resistance by Req = Z x cos 0, (c) finding 
the equivalent reactance by Xeq = Z x sin O. 

2. Draw a new circuit diagram, substituting the equivalent resistances 



(10-11) Alternating-current Circuits 375 

and reactances in place of the parallel groups. This circuit will be a series 
circuit similar to Example 10-6. 

3. Solve for the impedance, current, power, apparent power, power 
factor, and phase angle of the circuit as in Example 10-6. 

4. If it is required to get the division of current in the parallel parts of 
the circuit, this may be done by first finding the voltage drop (/Z) of that 
part and then getting the separate currents. 

EXAMPLE 10-16 A series-parallel circuit is shown in Fig. 10-22a. (a) Find the current, 
power, apparent power, power factor, and phase angle of the line. (b) Find the volt-
age and current of each part of the circuit. (c) Draw a vector diagram. 

GIVEN: 

RI =30n 

SOLUTION: 

/20 voIts   
60 cycles 

Fig. 10-22a 

R3 6 al 

Step la. Equivalent series circuit of group I. (Assume 120 volts.) 

120 LR = = 4 amp 

120 = 3 amp 

.fine = V42 + 32 = V2-3 = 5 amp 

4,4 = 11C) = 24 ohms 

cos 0 = = = 0.800 
/fine 5 

Ix 3  sin u = — = — = r, 
/line 5 

0 = 37° lagging 

Reg = Zeg x cos 0 = 24 x 0.800 = 19.2 ohms 

Xu.„ = Z x sin 0 = 24 x 0.600 = 14.4 ohms 
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Step lb. Equivalent series circuit of group II. (Assume 240 volts.) 

= 4 0 = 4 amp 

tre = 82400 = 3 amp 

/line = V-42 -F 32 = Vr.5 = 5 amp 

Ze.,1 = —24° = 48 ohms 
5 

n /a 4 
cos = = = o.ouu 

/line 

ixc 3 sin O = , = — 0.600 
'line 

O = 37° leading 

Req = Zeg X cos O = 48 x 0.800 = 38.4 ohms 

Xce, = Zect X sin O = 48 x 0.600 = 28.8 ohms 

Step 2. Equivalent-series-circuit diagram (Fig. 10-22b) 

Step 3. 

(a) 

(b) 

Req =19.2n 
R2./0/2 

Ic=28.8n 

XLear/4.4A. Req =.78.4f1 

/20volls 
60cycks 

Fig. 10-226 

Z„t = \/(19.2 + 10 + 38.4)2 + (14.4 — 28.8)2 

(-14.4)2 = V4,777 = 69.1 ohms 

Eiine 120 
= Z„t = 69.1 = 1.73  amp 

Peet = PReet = 1.732 X 67.6 = 203 watts 

APect = Eline X = 120 x 1.73 = 208 va 

P t 203 
PF„t = = — = 0.976 

AP„t 208 

0„t = 12.5° leading 

Voltage at group I = 'line X Zeg = 1.73 x 24 = 41.5 volts 

Voltage at R2 = /2R2 = 1.73 x 10 = 17.3 volts 
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Voltage at group II = IGell X Zeg = 1.73 X 48 = 83 volts 

y &M./ 41.5 = - = = 1.38 amp 

EaR./ 413 = = 4--T1 = 1.04 amp 

Check: 0.382 ± 1.042 should equal 1.73 = V1.91 + 1.08 = = 1.73. 

= 

IR3 = 

Ixe = 

= 1.73 amp 

Ecep _ 83 — 38 amp 
/13 — 60 — • 

&R.!, = e13 = 1 • 04 am 
Xc 80 P 

The voltage and current distribution for this circuit is shown in Fig. 10-22c. 

(c) Vector diagram, Fig. 10-22d 

173 
volts 

/.73a 

 /20 volts 

Fig. 10-22c 

ER2 
/73 volts 

E 6 ,_, =4/5 volts 

37° Izine=173 amp 

37° Ezine - /20 volts 

E6r1= 83 volts 

Fig. 10-22d 

10-12 Equivalent Circuits 

In solving a-c circuit problems, it is sometimes desirable to substitute an 
equivalent series circuit for a parallel combination or an equivalent parallel 
circuit for a series combination. 

Series Equivalent for a Parallel Circuit. When a circuit has a resistance 
and a reactance connected in parallel, a certain resistance value Rs, and 
reactance value Xs, when connected in series will produce the same effect 
as the original resistance and reactance connected in parallel. 

RpXp2  Rs, = (10-9) 
Rp2 Xp2 

XpRp2  
Xs, = Rp (10-10) 

2 4- Xp2 
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EXAMPLE 10-17 What are the resistance and reactance values of a series equivalent 
circuit that may be substituted for a parallel circuit that has a 20-ohm resistance and 
a 40-ohm reactance? 

GIVEN: Rp = 20 OhMS Xp = 40 ohms 

FIND: Re 

SOLUTION: 

Xe 

R RpXp2 20 x 402  _ 32,000 = 16 ohms 
8. = Rp2 + Xp2 = 202 -I- 402 — 2,000 

XpRp2 40 x 202 16,000 _ 8 ohms 
Xie = Rp2 + X _ p2 = 202 ± 402 — 2,000 — 

Parallel Equivalent for a Series Circuit. When a circuit has a resistance 
and a reactance connected in series, a certain resistance value RF and 
reactance value Xp when connected in parallel will produce the same effect 
as the original resistance and reactance connected in series. 

Re2 ± Xs2 
Rp = (10-11) 

Rs 

Rs2 + X s2 
Xp = 

Xs 
(10-12) 

EXAMPLE 10-18 What are the resistance and reactance values of a parallel equiva-
lent circuit that may be substituted for a series circuit that has a 16-ohm resistance 
and an 8-ohm reactance? 

GIVEN: Rig = 16 ohms Xs = 8 ohms 

FIND: RI, Xp. 

SOLUTION: 

Rs2 + Xe2 = 162 + 82 = 320 = 20 ohms 
Rp = 

Rs 16 16 

82„ R + Xs2 = 162 + 82 = 320 
Ap, = == 40 ohms Xs 8 —7t  _ — 

1 0-13 Solving A-C Problems with Vector Algebra 

Purpose. The use of vector algebra makes it possible to solve problems 
that would be very difficult to solve by the methods previously presented 
and also saves time when a large number of simple problems are to 
be solved. Understanding the principles about to be presented requires a 
more extensive background in algebra than was necessary for the preceding 
methods of solving a-c circuit problems. 
Imaginary Numbers, the j Operator, and Complex Numbers. In mathe-

matics, the square root of a negative quantity is designated as an imaginary 
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number. For example, there is no single answer for V — 4, as there is no 
number that when multiplied by itself will become —4. In algebra, this is 
treated as V=4 = Vzi or i = i X 2, where i indicates that 
it is an imaginary quantity. 
When working with electrical problems, the letter j, commonly called 

the j operator, is used in place of i to avoid confusion with the general use 
of the letter i for current. 
A complex number is defined as being the sum or difference of a real 

quantity and an imaginary quantity. 
Graphical Representation. The a-c quantities of volts, amperes, and 

ohms are frequently represented graphically by vector diagrams. Under-
standing the solution of a-c circuit problems by use of vector algebra is 
greatly aided by understanding the graphical representation of the quanti-
ties involved. The basic graphic representation (Fig. 10-23a) has two axes: 
(1) the horizontal or X-X axis and (2) the vertical or Y-Y axis. With vector 
algebra, the X-X axis is called the axis of the reals and represents real posi-
tive numbers from 0 to + X and real negative numbers from 0 to —X. The 
Y-Y axis is called the axis of the imaginaries and represents + j values from 
0 to + Y and — j values from 0 to — Y. The basic graph is divided into four 
sections called the first, second, third, and fourth quadrants (Fig. 10-23b). 
The quadrant in which a vector is located is dependent on the signs of its 
R and X components, as is shown in Fig. 10-23b. 

Rectangular Notation. When a vector does not lie along either the X-X 
axis or the Y-Y axis, it can be represented by two substitute vectors, one 
on the X-X axis and the other on the Y-Y axis. The magnitudes of these 
substitute vectors must be of such values that their resultant effect will be 

-X 

+ y 

o 

-Y 

(a) 

+ X R 

Quadrant 2 

-R +IX 

+iX 

Quadrant I 

+1?-rpy 

o 

Quadrant 3 

-R -1X 

- IX 

b) 

Quadrant 4 

+R -1X 

+I? 

Fig. 10-23 (a) Basic graphical representation for alternating current quantities. (b) Loca-

tion of vectors in terms of their resistance and reactance values. 
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the same in magnitude and direction as the original vector (see Art. 10-10). 
When vectors are treated in this manner, their resultant equations are said 
to be expressed in rectangular notation. For example, in Fig. 10-24 the 
vector for the current /1 can be represented in rectangular notation as 

or 
Vector /1 = /1 cos 01 + /1 sin 01 
Vector /1 = /1 cos 01 + j/1 sin 01 

(10-13) 
(10-14) 

Fig. 10-24 Converting vectors into 

their equivalent rectangular components. 

Vector-algebra equations can easily be set up to represent simple a-c 
series circuits. Because the resistance and reactance effects differ in phase 
by 90°, they may be represented on the X and the j axes if it is observed 
that (1) resistances have a + X value, (2) inductive reactances have a -i-j 
value, and (3) capacitive reactances have a — j value. For example, the 
impedances of the circuits of Figs. 10-5 and 10-6 may be stated as 

Z = 10 ± j100 
Z = 15 — /25 
Z = 10 -I- /100 ± 15 — j25 

for Fig. 10-5a 
for Fig. 10-5b 
for Fig. 10-6 

Addition, Subtraction, Multiplication, and Division of Vector Quanti-
ties. All four basic kinds of mathematical operations are required in the 
solution of one or another of the types of a-c circuits that might be 
encountered. 

Addition of Vector Quantities. As the impedance of a series circuit is 
equal to the sum of its individual impedances, the total impedance can be 
obtained by adding the rectangular components in the manner used to add 
binomials in algebra. 

EXAMPLE 10-19 The circuit of Fig. 10-6 represents a coil and a capacitor connected 
in series. Set up the equations in rectangular notation form for (a) the coil, (b) the 
capacitor, (c) the line. (d) Calculate the numerical value of the line impedance. 

GIVEN: R e011 = 10 ohms XL = 100 ohms Rea, = 15 ohms Xc = 25 ohms 

FIND: (a) Equation for coil 

(d) Zane 

(b) Equation for capacitor (c) Equation for Zline 
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SOLUTION: 

(a) Zeon = 10 + j100 

(b) Zcapacitor = 15 — j25 

(c) Zune = 25 + j75 

(d) Zline = V252 + 752 = \/tf--,50 = 79 ohms 

This same principle may be applied to adding any type of vector by 
resolving each vector into its equivalent in-phase and quadrature compo-
nents (Art. 10-10). For example, the two current vectors /1 and /2 of Fig. 
10-24 may be added as, 

/31 = /1 cos 01 ± j1 sin 01 
/2 = /2 cos 02 ± 712 sin 02 
1T = It + 12 = 11 cos 01 + /2 cos 02 ± gi sin 01 ± /12 sin 02 

Note: The • under the I indicates vector addition, not arithmetic. 

EXAMPLE 10-20 In Fig. 10-24, /1 and h have values of 10 and 20 amp, respectively, 
and the values of 01 and 02 are 20 and 50°, respectively. Write the equations for 
(a) h, (b) 12, (c) 11 + 12. (d) What is the phase angle of li + h with respect to the 
X axis? (e) What is the numerical value of 11 -F 12? 

civEN: /1. = 10 amp 12 = 20 amp 01 = 20° 02 = 50° 

FIND: (a) Equation of Ii (b) Equation of /2 (c) Equation of 11 + 12 
(d) Or (e) IT 

SOLUTION: 

(a) 
(b) 

(c) 

(d) 

(e) 

11 = 10 cos 20° + j10 sin 20° = 10 x 0.940 + j10 x 0.342 = 9.40 + /1.42 
/2 = 20 cos 50° + /20 sin 50° = 20 x 0.643 + j20 x 0.766 = 12.86 + j15.32 

li + 12 = 22.26 + j18.74 

tan OT =  18.74 = 0.842 
22.26 

Or = 40° leading 

/7, = 2226  = 2226 = 29 amp 
cos Or 0.766 

Subtraction of Vector Quantities. Subtraction of vector quantities is per-
formed in a manner similar to addition. 

EXAMPLE 10-21 Adjacent coils of a certain alternator each have an induced einf of 
20 volts and a phase displacement of 10° (Fig. 10-25). What are the resultant voltage 
and its phase angle with respect to el when the coils are connected in series so that 
they are (a) aiding, (b) opposing? 

GIVEN: el = 20 volts e2 = 20 volts 0 = 10° 

FIND: (a) çi + f2, 0 (b) e1 — Ç2, 0 
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Fig. 10-25 

SOLUTION: 

(a) = 20 cos 0° ± j20 sin 0° = 20 x 1.000 -I- j20 x 0.000 = 20 + 10.000 
e2 = 20 cos 10° ± j20 sin 10° = 20 x 0.985 + j20 x 0.173 = 19.7 + /3.46  

tan 8 = -6 = 0.087 
39.7 

39.7 39 çz = = 7 = 39.8 volts 
cos 5° 0.996 

(b) = 20 cos 0° ± j20 sin 0° = 20 x 1.000 + j20 x 0.000 = 20 + p3.00 
e2 = 20 cos 10° + /20 sin 10° = 20 x 0.985 + j20 x 0.173 = 19.7 + j3.46 

— çz = 0.3 — /1.46 

tan 8=  —3A6 = 11.5 8=850 lagging 
0.3 

Çl Ç2 = 391 + j3.46 

= 5° leading 

— çz = 0.3 =  0.3  = 3.45 volts 
—cos 85° —0.087 

The dash-line vector in Fig. 10-25 is not needed for the solution of 
Example 10-21 but has been added to help visualize the magnitude and 
position of the resultant vector for the case of çi — Ç2. 

Multiplication of Vector Quantities. The need for multiplication and 
division of vector quantities occurs when solving for the impedance of two 
circuits connected in parallel by use of the equation 

Z1Z2  
= Z (10-15) 

i Z2 

When multiplying vector quantities, ordinary algebraic procedure is used, 
except that wherever i2 occurs in the final result, its equivalent of — 1 is to 
be substituted. 

EXAMPLE 10-22 Find the product of (12 ± j36) and (4 ± j6). 

SOLUTION: 

12 + j36 
4 + f6  

48 + j144 
j72 j2216  

48 4- /216 + /2216 = 48 ± /216 + (-1)216 = —168 + j216 

Divie4nr. of Vector Quantities. The procedure used to divide one vector 
quantity by another is (1) rationalize the denominator by multiplying both 
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the numerator and the denominator by the conjugate of the denominator, 
(2) perform the multiplication operations indicated after step 1 is completed, 
(3) divide the final numerator by the rationalized number found for the 
denominator in step 2. The conjugate of a vector quantity is obtained by 
merely changing the sign between the two members; for example, the con-
jugate of (4 -F /6) is (4 — /6). 

EXAMPLE 10-23 Divide the vector quantity (12 + /36) by (4 — j6). 

SOLUTION: 

12 + '36 4 + j6 _ 48 + /72 + j144 + j2216 = 48 + j216 + (-1)216  
4 — j6 4 + /6 — 16 — j236 16 — (-1)36 

— 168 + /216 = —3.23 + j4.15 
52 

10-14 Polar Vectors 

Use of Polar Vectors. The mathematical operations of addition, subtrac-
tion, multiplication, division, powers and roots of vectors are sometimes 
required in solving advanced electrical problems. Multiplication and divi-
sion can be accomplished more rapidly with polar vectors than with their 
equivalent rectangular vectors. Solving for powers and roots of vectors 
becomes a simple operation when polar vectors are used. With addition 
and subtraction, the polar vectors are first converted to their rectangular 
equivalents and then follows the same procedure as is used with addition 
and subtraction of rectangular vectors. 

Polar Notation. When a vector is defined by both its magnitude and 
direction it is called a polar vector. The vectors /1, /2, /3, and /4 of Fig. 10-26 
are expressed in polar notation as 4/25° amp, 3/140° amp, 3/ — 60° amp, 
and 2/ — 147° amp. In this manner, the information provided includes 
(1) the magnitude and the type of quantity represented by the vector, 
(2) its angle with respect to the positive portion of the X axis, (3) whether 
the angle is measured in a counterclockwise rotation ( -F angles) or a clock-
wise rotation ( — angles), and (4) the quadrant in which it is located. Angles 
between 0 and 90°, indicated as /0 to 90°, are in the first quadrant; angles 
between 90 and 180°, indicated as /90 to 180°, are in the second quadrant; 
angles between 0 and —90°, indicated as /0 to —90°, are in the fourth 
quadrant; angles between —90 and —180°, indicated as / —90 to —180°, 
are in the third quadrant. 

Converting Rectangular Vectors to Polar Vectors. Any vector expressed 
in rectangular form, such as a ±- ¡b, can be converted to its polar equiva-
lent by 

a ± ¡b = cze= Va2 b2/tan_iit (10-16) 
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EXAMPLE 10-24 What is the polar equivalent of 8 + j6 amp? 

GIVEN: 8 + j6 amp 

FIND: 

SOLUTION: 

/ = V82 + 62 = V64 + 36 = VIffi = 10 amp 

tan = = 0.75 and 0 = 37° 
8 

therefore, 8 + j6 = 10/37° amp 

Converting Polar Vectors to Rectangular Vectors. Any polar vector, 
such as C/9, can be converted to its rectangular equivalent by 

a -± /19 = C cos 0 ± C sin 0 (10-17) 

EXAMPLE 10-25 (a) What is the rectangular vector equation for the polar vector 
50/ — 60°? (b) If the vector quantity is ohms, what kind of circuit does this represent? 

GIVEN: (a) 50/-60° (b) Ohms 

FIND: (a) a ± jb (b) Circuit 

SOLUTION: 

(a) a ±-- ib = 50 cos 60° — /50 sin 60° = 50 x 0.5 — j50 x 0.866 = 25 — j43.3 

(b) This represents a circuit that has an equivalent series resistance of 25 ohms and 

an equivalent series capacitive reactance of 43.3 ohms. 

Addition and Subtraction of Polar Vectors. Polar vectors may be added 
or subtracted by converting them to their equivalent rectangular notation 
and then proceding in the same manner as with rectangular vectors. 

EXAMPLE 10-26 Find the sum of 11 and /2 of Fig. 10-26. 

GIVEN: /1 = 4/25° amp 12 = 3/140° amp 

FIND: ti + h 

SOLUTION: 

= 4 cos 25° + j4 sin 25° = 4 x 0.906 ± j4 x 0.422 = 3.62 + /1.69 

= —3 cos 40° + j3 sin 40° = —3 x 0.766 ± j3 x 0.643 = —2.3 -I- /1.93 

11 + 12 = 1.32 + /3.62 

As both members of the resultant equation are positive, the resultant vector will be in 
the first quadrant. 
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Fig. 10-26 Current vectors in the four quadrants. 

EXAMPLE 10-27 What is the result if /4 is subtracted from /3 of Fig. 10-26? 

GIVEN: /3 = 3/ —60° /4 = 2/ — 147° 

FIND: 13 — 14 

SOLUTION: 

/3 = 3 cos 60° — j3 sin 60° = 3 x 0.5 — j3 x 0.866 = 1.5 — /2.6 
/4 = —2 cos 33° — j2 sin 33° = —2 x 0.839 — j2 x 0.544 = — 1.68 — j1.09 

h — h = 3.18 — j1.51 

The plus and minus signs, respectively, of the two members of the resultant equation 
indicate that the resultant vector will be in the fourth quadrant. 

Multiplication of Polar Vectors. The product of two polar vectors and 
the resultant angle is obtained by multiplying their magnitudes and adding 

their angles. 

AA x BA = AB/Oa + Ob (1048) 

EXAMPLE 10-28 (a) Using polar vectors, find the product and the resultant angle of 
/1 and 12 of Fig. 10-26. (b) Find the product of /1 and 12 by multiplying their 
rectangular vectors. Note: The rectangular vectors are available in Example 10-26. 
(c) Convert the results of solution (b) to a polar vector and compare this answer with 
the result of solution (a). 

GIVEN: II = 4Z25°  amp /2 = 3/140° amp 

FIND: (a) /1 x 12 (polar) (b) li x /2 (rect.) (C) 11 X 12 (polar) 
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SOLUTION: 

(a) II X /2 = 4/25° x 3/140° = 4 x 3/25° 140° = 12/165° amp 

(b) 3.62 + /1.69 
—2.3 /1.93  

—8.33 — /3.88 
-I- /6.99 + /23.26  

—8.33 i3.11 ± /23.26 = —8.33 + /3.11 — 3.26 = —11.59 /3.11 

(c) Y-11.592 ± 3.112 = er4 = 12 amp 

tan 9 = —11159 = —0'27 
= 180° — 15° = 165° 

therefore, l X /2 = 12/165° amp 

Example 10-28 illustrates the advantage of using polar vectors over 

rectangular vectors in multiplication operations. 

Division of Polar Vectors. The quotient of two polar vectors and the 
resultant angle is obtained by taking the quotient of their magnitudes and 
subtracting their angles. 

AZ/- — A 
a h 

(10-19) 

ExAmpLE 10-29 For the vectors of Fig. 10-26, find the quotient and the resulting 
angle for (a) /2 divided by l, (b) /1 divided by /3. 

GIVEN: /1 = 4/25° /2 = 3/140° /3 = 3/-60°  

ii FIND: (a) (b) 
11 13 

SOLUTION: 

/2 3/140° 3 
(a) 7_7 _  4/25. = v140° — 25° = 0.75 /115°  

(b) 
1, 4/25° 4 
/3 3/-60. = 3 /25° ( — 60°)  = 1.33 235°  

In the same manner as was done with the multiplication problem of 

Example 10-28, it can be shown that it is much easier to divide with polar 

vectors than to divide with their equivalent rectangular vectors. 
Powers of Polar Vectors. Polar vectors may be raised to any power by 

(1) increasing the magnitude of the vector by the power and (2) multiplying 
the angle by the power. 

(Aj)n = An/n0 (10-20) 
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EXAMPLE 10-30 Perform the following operations: (a) (43°)2, (b) (0.5=)2, 
(c) (3/M)3, (d) (2L)4. 

SOLUTION: 

(a) (4/28°)2 = 42/2 x 28° = 16/56°  

(b) (0.5/70°)2 = 0.52/2 x 70° = 0.25/140°  

(c) (3/32°)3 = 33/3 x 32° = 27/96°  

(d) (2z35°)4 = 24/4 x 35° = 16/140°  

Roots of Polar Vectors. Any root of a polar vector may be found 
by (1) taking the root of the magnitude of the vector and (2) dividing the 
angle by the root. 

eA2= eLÊ (10-21) 

EXAMPLE 10-31 Perform the following operations: (a) .0/4/=uo°, (b) N/0.25L11, 

(c) f64/120°, (d) e8izacL. 
SOLUTION: 

(a) N/64/-60° = N/F4 / —6072 = 8/-30°  

(b) N/0.25/140° = /14072 = 0.5/70°  

(c) NY6T-1.20° = /120°/3 = 4/40°  

(d) f81/110° = /11074 = 3/27.5°  

Reciprocal of a Polar Vector. The reciprocal of a polar vector may be 
obtained by (1) taking the reciprocal of its magnitude and (2) transferring 
the angle from the denominator to the numerator and reversing its sign. 

, 

EXAMPLE 10-32 What is the reciprocal of 5/40°? 

SOLUTION: 

1   5/40° = 1 5/ _40.  = 0.20° 

(10-22) 

10-15 Applications of Vector Algebra 

Series Circuits. The impedance of a series circuit containing a number 
of resistances, inductances, and/or capacitances can readily be found by 
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vector algebra. Caution must be observed to designate the inductive react-
ances as +/X and the capacitive reactances as --pC. 

EXAMPLE 10-33 (a) What is the rectangular vector equation for the circuit of Exam-
ple 10-6? (b) What circuit characteristics does this equation indicate? (c) What is the 
polar vector representation of this circuit? (d) What circuit characteristics does this 
polar vector indicate? 

GIVEN: Circuit of Example 10-6 

FIND: (a) R PC (b) cct. char. (c) Z (d) cet, char. 

SOLUTION: 

(a) Z = j10 + 28 + j20 — j100 + 2 ± j60 — j50 + 10 = 40 — j60 

(b) The above equation indicates a series circuit that has an equivalent resistance of 
40 ohms and an equivalent capacitive reactance of 60 ohms. The series circuit repre-
sented by this equation could have (1) one resistor of 40 ohms and one capacitor 
whose reactance is 60 ohms or (2) a number of resistances totaling 40 ohms and 
a number of capacitors or inductors and capacitors totaling 60 ohms equivalent 
capacitive reactance. 

(c) When Z = 40 — j60, tan O = —406° = —1.5 and O = 56.5° (lead) 

Z =  40 40 = = 72.4 ohms 
cos 56.5° 0.552 

therefore, Z = 72.4/ —56.5° ohms 

(d) The polar vector 72.4/ — 56.5° ohms indicates an impedance of 72.4 ohms that 
when connected to a power source of its rated frequency will result in a current that 
leads the voltage by 56.5°. 

Any further calculations for quantities such as the current, power, power 
factor, apparent power, and the voltages at the individual circuit elements 
can be performed in the same manner as in Example 10-12. 

Parallel Circuits. With vector algebra, it becomes possible to calculate 
the total impedance of a circuit directly, that is, without first finding cur-
rents and then solving for the impedance by use of Ohm's law. Also, with 
vector quantities, it becomes possible to use the same basic formulas for 
solving a-c circuits as were used for solving d-c circuits. For example, in a 
d-c circuit 

and 

RT = 1 

1 1  __- --- --1 -, etc. 
r2 r3 

rir2  RT = 
rl r2 
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For corresponding a-c circuits, 

ZT =   (10-23) 

and ZT =   (10-15) 
Zi + Z2 

1 

1 1 1 ± + , etc. 

ZiZz 

EXAMPLE 10-34 (a) Calculate the impedance and phase angle of the circuit given in 
Example 10-14 by vector algebra. (b) What is its simple equivalent circuit? 

GIVEN: Circuit of Example 10-14 

FIND: (a) Zr, Or (b) Equiv. cct. 

SOLUTION: 

(a) 1 Zr = 

Zr = 
1 1 1 1 1 1  
To + To + To + o + j40 + —180 

1 1  -1- 7 -2 + -1z-;, etc. 

1 

Using 80 as the lowest common denominator and changing the signs of j when 
transferring it from the denominator to the numerator, 

Zr =  1  =  1  =  80  
4 — j4 + 2 + p — j2 + j 6 — j3 6 — j3 

80 80 

then rationalizing, 

Z =  80  T 6 -F /3 480 ± '240 
X = 

6 — j3 6 -F j3 36 + 9 

and Zr = V10.662 ± 5.332 :--- Vir3 :--.-. 11.92 ohms 

tan 0 =  5.33  = 0.5 0 = 26.5° lag 
10.66 

= 10.66 -F j5.33 

(b) A 10.66-ohm resistance connected in series with a 5.33-ohm inductive reactance. 

EXAMPLE 10-35 A certain circuit consists of a 20-ohm inductive reactance and a 40-
ohm resistance connected in parallel. Find its impedance by (a) Eq. (10-15), 

(b) Eq. (10-23), (c) the method used in Art. 10-9. 

GIVEN: XL = 20 ohms R = 40 ohms 

FIND: (a) Zr (b) Zr (e) Zr 

SOLUTION: 

(a) 
ZiZ2 40 X '20 '800 T _ _ 
ZI + Z2 40 + j20 40 + j20 



390 Essentials of Electricity—Electronics (10-15) 

rationalizing, 

'800 40 — '20 _ /32,000 — /216,000 _  16,000 + /32,000 _ Zr = X _ 8 ± /16 
40 + /20 40 — /20 — 1,600 + 400 2,000 

then Zr = V82 + 162 = 0 -27,0 = 17.9 ohms 

1 1  1  (b) Zr = = = 
1 1 1 1 1 —12  
Z 4- Z TO -1- .,0 40 

rationalizing, 

40 Zr  1 ± j2 _ 40 + 80 = 
1 — /.2 x 1 +12— 1 + 4 

tan = _113 = 2 
8 

= 8 ± /16 

and O = 63.5° lag 

8  8 = 17.9 ohms zr = cos 63.5° 0.446 

(c) Using an assumed line voltage of 200 volts, then 

= TE 200 
I = = 5 amp Ix, = = 2 = 10 amp 

r 20 

IT = OB2 1XL2 = V52 ± 102 = = 11.2 amp 

7 ET 200  = 17, = — r 1 .w ohms 
11.2  

EXAMPLE 10-36 Solve Example 10-35 by multiplication and division of polar vectors 
using Eqs. (10-15), (10-18), and (10-19). 

GIVEN: Z1 = 40/0°  

FIND: Zr/OT  

SOLUTION: 

then 

Z2 = 20/9°° 

+ Z2 = 40 ± /20 = N/402 + 202 = 44.7 0= tan-i = 26 •5. 
40  

Z1 Z2 40LIL X 20L6:Ll" 800/91(1 17.9 /90. _ 26.  =- 17.9/63.5 
5° ° ± Z2 — 44.7/26.5° — ' 

Parallel-series Circuits. From the preceding text and examples, it should 
be conceivable that a parallel-series circuit problem may be solved by any 
one of several methods of approach. By practice, one learns to recognize 

which method to use that will shorten the work involved in solving such 
problems. 

EXAMPLE 10-37 A parallel-series circuit is shown in Fig. 10-27. (a) Find the impedance, 
current, power, power factor, and phase angle for each branch. (b) Find the total 
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impedance, the line current, the line phase angle, and the line power factor. (c) Give 

the equation for its equivalent series circuit. 

GIVEN: Fig. 10-27 

FIND: See example. 

R2 .r 30 ohms Jec 200 ohms 

Fig. 10-27 
300 vo/f$ 
60 cycles 

sournoN: 

(a) Z1 = 40 + 1100 also, V402 + 1002 /tan-t °--° = 107.6/68° ohms 
40 

/1 = E 107.6  = 2.79 amp 
Z1  

= 1.12R1 = 2.792 x 40 = 312 watts 

= cos 01 = cos 68° = 0.375 

01 = 68° lag 

Z2 = 30 — /200 also, V302 + 2002/tan-1(-2°°) = 202/ —81.5° ohms 
30 

= — E — 3°432 = 1.485 amp 
Z2 20 

P2 = i22R2 = 1.4852 x 30 = 66 watts 

PF2 = cos 02 = cos —81.5° = 0.148 

02 = 81.5° lead 

(b) where Z1 = 107.6/68° Z2 = 202/-81.5°  

and Zi + Z2 = 40 + /100 + 30 — /200 = 70 — /100 

= N/702 + 1002/tiur 1(  —7101 = 122/-55°  ohms 

Z1 Z2 107.6/68° x 202/-81.5° 21,735/-13.5°  
then ZT Z1 -I- Z2 = 122/-55° = 122/ —55°  

= 178/-13.5° — (-55°)  = 178/41.5°  ohms 

I11" — — Zr — — — $3!-3 — 1.685 amp 178  

= 41.5° lag 

PFline = cos eline = cos 41.5° = 0.749 

(c) Zs.e, = Z cos O ±- ¡Z sin O = 178 cos 41.5° + /178 sin 41.5° 
= 178 x 0.749 + /178 x 0.663 = 133 + /118 
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EXAMPLE 10-38 The circuit of Example 10-37 is altered by adding a third parallel 
member as shown in Fig. 10-28. Find (a) the line impedance, (b) the line current, 
(c) the line power factor. 

GIVEN: Fig. 10-28 and Example 10-37 

FIND: (a) Zline (b) 'line (c) PFline 

XL, 

o 

150 ohms 50 ohms 

300 volts 
60 cycles 

Fig. 10-28 

200 ohms 

sourrioic A simple method of finding the impedance of this circuit is to use the 
series equivalent circuit of Example 10-37 and combine it with the newly added 
member. 

(a) From Example 10-37 Z1 = Z,, = 133 + j118 also, 178/41.5°  

Z2 = Zc-d = j150 50 — /200 = 50 — j50 also, 70.7/ —45°  

Zi + Z2 = 133 + j118 + 50 — j50 = 183 + j68 also, 195/20.5°  

ZiZ2 178/41.5° x 70.7/-45° 12,600/41.5° + (-45°)  
Zline =  

Z1 + Z2 = 195/20.5° 195/20.5°  

= 64.6Z — 3.5° — 20.5° = 64.6/ — 24° ohms 

(b) /line = = 300 = 4.64 amp 
6-473  

(c) Wane = cos Oune = cos 24° = 0.913 

Series-parallel Circuits. The basic procedure in solving series-parallel 
circuits is (1) reduce each parallel member to its equivalent series circuit; 
(2) draw a new circuit diagram, substituting the equivalent resistances and 
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reactances in place of the parallel groups; (3) solve for the impedance, 
current, phase angle, etc. 

EXAMPLE 10-39 A series-parallel circuit is shown in Fig. 10-29. (a) Find the impedance, 
phase angle, current, power factor, and power of the line. (b) Find the voltage 
and current of each part of the circuit. (This is similar to Example 10-16.) 

GIVEN: Fig. 10-29a 

FIND: See example. 

RI= 3012 

XL;40/1 Xci-80(2 

SOLUTION: 

R3-50/2 

R2=/012 Reg -- 19 2.n. 
R2= en 

Xceq=28.ert 

XLeq -/4.4_ri Req 38.411 

/20 volls   /20 yob's  
60 cycles 50 cycles 

(a) (1,) 

Fig. 10-29 

(a) z0.1 _  Z1Z2  — _ 30 X j40 30 — 40 _ j1,200 (30 — 140) — _ 19.2 + j14.4 
Zi + Z2 30 -I- /40 x /40 — 900 + 1,600  

= 24/37° ohms 

Z =  Z1Z2 60 X (--i800) X 60 -F '80 _ —j4,800 (60 j80)  
en + Z2 60 — j80 60 j80 — 3,600 -F 6,400 

= 38.4 — j28.8 = 48/ —37° ohms 

The equivalent series circuit may now be drawn as shown in Fig. 10-29b. 

Zline = Z0.1 R2 ± ZO•11 = 19.2 + j14.4 -F 10 + 38.4 — /28.8 = 67.6 — j14.4 

= 69/-12°  ohms 

= = L20 = 1.74 amp 
Zdine 

PFline = COS °line = cos 12° = 0.978 

Phne = El PF = 120 X 1.74 X 0.978 = 204 watts 

(b) ER.1 = EXL.1 = E0.1 = Z0.I = 1.74 X 24 = 41.8 volts 

Ea., 41.8 , 
IR.1 = = = amp 

E0.1 41.8 , 
= = = lap* amp 
AL.i 40 
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ER.2 = R2 = 1.74 X 10 = 17.4 volts 

4.2 = 'line = 1.74 amp 

ER•3 = Ex01 = E0.11 = 'line Zen = 1.74 X 48 = 83.6 volts 

E0.11 83.6 IR.3 = = = 1.39 amp 

E04, 83.6 
= = 80 = 1.04 amp 

In comparison with Example 10-16, the same results are achieved with 
fewer mathematical operations. 

10-1 6 Thévenin's Theorem 

The solution of many complex circuit problems, both d-c and a-c, can be 
simplified by the use of Thévenin's theorem or a variation thereof. 

Thévenin's theorem, which is rather lengthy, may be divided into the fol-
lowing five statements: 

1. Any two-terminal linear network of power sources and impedances 
involved in supplying current to a given impedance (Fig. 10-30a) may be 
replaced by a single power source and a single impedance (Fig. 10-30b). 

2. The voltage En of the substituted power source is equal to the voltage 
at the terminals a-b (Fig. 10-30a) when the load Z4 is disconnected. 

(o) 

44 
OE-

o 

[cod 
74 

Lood Z4 

( b) 

Fig. 10-30 (a) A series-parallel a-c circuit. (b) Thévenin% theorem equivalent series circuit. 
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3. The equivalent impedance Zeg substituted for the source network of 
impedances is equal to the impedance at terminals a-b of Fig. 10-30a with 
the load Z4 disconnected and the power source Es replaced by an imped-
ance equal to the internal impedance of the power source. When the 
impedance of the power source is assumed to be negligible, the power 
source is replaced by an impedance of zero ohms. 

4. The current and voltage for the load impedance Z4 in the equivalent 
circuit of Fig. 10-30b will be the same as the current and voltage for the 
load impedance Z4 in the original circuit of Fig. 10-30a. 

5. Thévenin's theorem applies to voltages and currents and to the power 
at only the load impedance. 

EXAMPLE 10-40 Find the voltage, the current, and the power at each circuit element 
in Fig. 10-31a. 

Fig. 10-31a 

GIVEN: Fig. 10-31a 

FIND: Eel, 'R1, Pel ER.2, 4.2, Pite2 

SOLUTION: Solving by Thévenin's theorem, 

With Rg disconnected, 

e4 

25 ohms 

ER.3, 111.3, Ple3 E11.4, 11?-4> Pe4 

EBR3  120 X 40  Ea_b = = = 80 volts 
R1112 60 X 30  

R3 +  40 + 
Ri + R2 60 + 30 

With /14 disconnected and R.,„,,, = 0, 

RiR2  R3 XR + R 2 40 60 X 30  X 60 + 30 
i  

Ra-b =  = — 13.33 oluns 
R3 +  RiR2 40+  60x30  

Ri+R2 60 + 30 

The equivalent circuit may now be drawn as shown in Fig. 10-31b. 
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Ro, o 

1133 ohms 

0Eee 80 V 

b 

Fig. 10-31b 

E ao  4.4 = -- g- = p 
Reg + R4 13.33 -F 25 = 2.085 am 

ER.4= I4R4 = 2.085 x 25 = 52.2 volts 

From Fig. 10-31a 

P4 
25 ohms 

E8.3 = E8.4 = 52.2 volts 

E8.3 52.2 
18.3=  1.305 amp 

ER.2= ER.1= Es - E8.3 = 120 - 52.2 = 67.8 volts 

ER.2 67. 8 4.2 = 71-2-- = = 2.26 amp 

E8.1 = E8.2 = 67.8 volts 

E8.1 67.8 
IR,i = --È-7  = (33 = 1.13 amp 

Prel = E8.118.1 = 67.8 x 1.13 = 76.5 watts 

Pe2= E8.218.2 = 67.8 x 2.26 = 153 watts 

Ple3= E8.318.3 = 52.2 X 1.305 = 68 watts 

Ps.4 = ER-11e4 = 52.2 x 2.085 = 109 watts 

To illustrate the advantage of using Thévenin's theorem in solving prob-
lems, Examples 4-13 and 4-14 will now be solved by means of Thévenin's 
theorem. 

EXAMPLE 10-41 Find the voltage and current at each circuit element for Fig. 10-32. 
(This is the same as Example 4-13.) 

GIVEN: Fig. 10-32a 

FIND: E and I at each resistor 

SOLUTION: 

With terminals c-d opened, 

Es(R5 -1- R43)  _ 360 x (300 + 300) = 348.4 volts Ec_4= Ea-b = _ 
Ri + R5 -F R6 20 ± 300 + 300 
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20 ohms 

0 Es 
360V 
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20 ohms 48 ohms 

R5 

300 ohms 

R6 

300 ohms 

b 

Fig. 10-32a 

With terminals c-d opened and Es replaced by Rs = 0, 

f?4 

52 ohms 

20 X (300 + 300)  , fil(Rs + R6)  = 48 + 20 + 
Rp_d = (Rs + R2) -1- R, ± (R5 -I- R6) 

= 48 + 20 + 19.35 = 87.35 ohms 

The equivalent circuit may now be drawn as shown in Fig. 10-32b. 

0 Ege 348.4 V 

R„ 

 /VVVN.A.,  
8735 ohms 

Fig. 10-32b 

Epo 348.4  
/R.4 =  • = = 2.50 amp 

Rp, + R4 87.35 -F 52 

ER.4 = IR.4R4 = 2.50 x 52 = 130 volts 

From Fig. 10-32a, 

18.3 = 112.4 = 2.50 amp 

ER.3 = IR.3R3 = 2.50 x 48 = 120 volts 

IR.2 = IR-4 = 2.50 amp 

ER.2 = IR.2R2 = 2.50 x 20 = 50 volts 

Ea_b = ER.2 + ER.3 + ER.4 = 50 + 120 + 130 = 

IR.5 =  Ea-b =  300  = 0.50 amp 
+ R6 300 -F 300 

ER.5 = IR.5R5 = 0.50 x 300 = 150 volts 

R4 

52 ohms 

300 volts 
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/es = 111.5 = 0.50 amp 

4.6 = Í2.6R6 = 0.50 X 300 = 150 volts 

ER.1 = ES — (E12.5 + E2.6) = 360 — (150 + 150) = 60 volts 

Elm 60) = = 3 amp 

EXAMPLE 10-42 Find the voltage and current at each circuit element for Fig. 10-33. 
(This is the same as Example 4-14.) 

GIVEN: Fig. 10-33a 

Es, 
90V 

FIND: E and / at each resistor 

SOLUTION: 

With terminals c-d opened, 

Fig. 10-33a 

Es.iR3 90 X 30  
Ec_d = Ea—b =  = 60 volts 

R1 + R3 15 + 30 

With terminals c-cl opened and E2.1 replaced by Rs.i = 0, 

,  RIF13  
Rd = R2 -r = + 15 X  3° = 60 + 10 = 70 ohms 

R1 + R3 15 + 30 

The equivalent circuit may now be drawn as shown in Fig. 10-33b. 

8 Re? 
 VVVV\  
70 ohms 

R4 

12 ohms 
— s2 
—T 30 V 

Fig. 10-33b 
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Using Kirchhoff 's voltage law, 

EABco = —80 + /eaRea — 30 = 0 or —60 701,q — 30 = 0 

and /„ = .7)9° = 1.285 amp 

From Fig. 10-33a, 

ER•4 = E2 = 30 volts 

3° IRA = = = 9 airy 

4.2 = leg = 1.285 amp 

ER.2 = IR.2R2 = 1.285 x 60 = 77.1 volts 

Using Kirchhoff's voltage law, 

Ebacdb = —304.3 + 604.2 — 30 = O or 304.3 = 77.1 — 30 

4.3 = 771 — 3° = 1.57 amp 
30 

ER.3 = IR.3R3 = 1.57 x 30 = 47.1 volts 

ER.1 = ER.1 — E,.3 = 90 — 47.1 = 42.9 volts 

ER.1 42.9 
= =——= 2.86 amp 
R 15 

Comparing the solutions of Examples 10-41 and 10-42 with Examples 4-13 
and 4-14, respectively, shows that the use of Thévenin's theorem eliminates 
the need of solving with simultaneous equations and thereby shortens the 
amount of work involved. 

EXAMPLE 10-43 The circuit of Fig. 10-34a represents a low-pass filter circuit designed 
to pass currents of frequencies below 10 kc and to prevent currents above 10 kc from 
reaching the load resistance R2. (a) What is the value of L if the inductive reactance 
is 4,000 ohms at the cutoff frequency of 10 kc? (b) What is the value of C if 
the capacitive reactance is 2,000 ohms at 10 kc? (c) Check the accuracy of the L and 
C values by use of the equation fa = 1/7r N/W. What is the magnitude of the output 

o XL 

2000 ohms 4000 ohms 

Es 

f nI00 V 

10 kc 

X c 
-- 2000 ohms --.-- 5 1 

(each) 

•  

Fig. 10-34a 

172 

2000 
ohms 
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voltage EG, (Fig. 10-34b) at a frequency of (d) zero or d-c, (e) 1 kc, (f) 5 kc, 
(g) 10 kc, (h) 20 kc? 

GIVEN: Fig. 10-34a 

FIND: (a) L (b) C (c) fo (d) to (h) E. 

SOLUTION: 

(a) L = XL =  4,000  = 63.7 mh 
6.28 x 104 

(b) C _ 106 _  106  
1 — 2irfXc — 6.28 x 104 x 2,000 = 0.°°795 eif 

C = 2 x 0.00795 = 0.0159 p.f 

(c) fo —  1 1  =   •••••• 104 = 10 kc 
irN/T.Z. 3.14N/63.7 x 10-3 x 0.0159 x 10-6 

(d) When f = 0 cps, this is equivalent to direct current, and with the resistance 
of the inductor considered to be zero, then 

E. = ER•2 = E8R2  = 100 x 2'W°  _ 50 volts 
RI + R2 2,000 + 2,000 

(e) VVhen f = 1 kc, 

R1 = 2,000 ohms XI, = 400 ohms Xc = 20,000 ohms 

With the circuit opened at b, 

100 x 20,000 2 =  , Et.„, = E._, —  Eec   0°" °° — 99.5 volts 
N/R12 ± Xc2 N/2,0002 x 20,0002 20,100 

The Thévenin theorem equivalent circuit may now be drawn as shown in Fig. 10-34b 

Fig. 10-34b 

RpX  = p2 2,000 x 20,0002  
where Rs. — Rp2 + Xp2 2,0002 + 20,0002 = 1'98° ohms 

Xs, = XpRp2 2"°0 X 2»02 = 198 ohms 
Rp2 ± X = p2 2,0002 + 20,0002 

Eeg(Rie — ¡Xs,) 99.5N/1,9802 -1- 1982  
E. —    — 50 volts 

Vie ± jX1, — j2XEr — 0,9602 + (400 — 396)2 
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(f) When f = 5 kc, 

R1 = 2,000 ohms XL, = 2,000 ohms Ne = 4,0(X) (Amr, 

100 x 4,000  
E„ =  = 89.4 volts 

N/2,0002 + 4,0002 

2'000 X 4e02 =  = 1,600 ohms 
2,0002 + 4,0002 

=  4'000 x 2,0002 = 800 ohms 
2,0002 + 4,0002 

89.4 N/1,6002 + 8002  
=   = 49.6 volts 

N/3,2002 + (2,000 - 1,600)2 

( g ) When f = 10 kc, 

R1 = 2,000 ohms Xi, = 4,000 ohms Xe = 2,000 ohms 

100 x 2,000  = 
  70.7 volts 

Ee° = N/2,0002 + 2,0002 

Rer 
2 000 x 2,0002  

= 2,0002 + 2,0002 = 1000 ohms 

2,000 x 2,0002 X = = 1,000 ohms 
2,0002 + 2,0002 

70.7 V1,0002 + 1,0002  
=  = 35.3 volts 

N/2,0002 + (4,000 - 2,000)2 

(h) When f = 20 kc, 

R1 = 2,000 ohms Xi, = 8,000 ohms Xc = 1,000 ohms 

100 x 1,000  
E, =  = 44.7 volts 

N/2,0002 + 1,0002 

2,000 x 1,0002  
= = 400 ohms 

2,0002 + 1,0002 

X8. = 1,000 X 2,0°°2  2,0002 + 1,0002 = 800 ohms 

8002   = 44'7 V4°02 +  = 6.2 volts 
N/8002 + (8,000 - 1,600)2 

QUESTIONS 

1. In what manner do the voltage and current characteristics of alternating current 
differ from those of direct current? 

2. What is meant by the expression that the current and voltage are in phase? 
3. What opposition is offered to the flow of current in a d-c circuit? 
4. What opposition is offered to the flow of current in an a-c circuit? 
5. Describe two effects of inductive reactance upon the current in an a-c circuit. 
6. Describe two effects of capacitive reactance upon the current in an a-c circuit. 
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7. What is meant by (a) a perfect inductor? (b) A perfect capacitor? 
8. How much power would be consumed by (a) a perfect inductor? (b) A perfect 

capacitor? 

9. (a) Define impedance. (b) What symbol is used to represent impedance? (c) What 
unit is used to express the amount of impedance? 

10. (a) What is an impedance triangle? (b) How is an impedance triangle drawn for a 
circuit containing resistance and inductive reactance? 

11. How are the resistance and inductive reactance of a practical inductor considered 
in calculating a-c circuits? 

12. How are the resistance and capacitive reactance of a practical capacitor considered 
in calculating a-c circuits? 

13. In solving multielement series circuits, how are the following individual factors 
considered: (a) resistance, (b) inductive reactance, (c) capacitive reactance? 

14. (a) What is a vector? (b) What quantities may be represented by vectors? 
(c) What is the standard direction of vector rotation? 

15. (a) Describe the graphical method of solving vector values. (b) What factors 
determine the accuracy of this method of solution? 

16. Explain the use of vectors when both current and voltage are to be represented. 
17. Explain what is meant by the expression the current and voltage are out of phase. 
18. What is meant by the expression the current lags the voltage? 
19. What is meant by the expression the current leads the voltage? 
20. Explain the construction of an impedance triangle for a circuit containing (a) resist-

ance and inductance; (b) resistance and capacitance; (c) resistance, inductance, 
and capacitance. 

21. Describe the vector method of solving a-c circuits. 
22. (a) What is meant by apparent power? (b) How is its value obtained? 
23. (a) What is meant by the volt-amperes of a circuit? (b) How is its value obtained? 
24. (a) What is meant by the actual power of a circuit? (b) How may its value 

be obtained? 

25. (a) What is meant by the power factor of a circuit? (b) How may its value 
be obtained? 

26. Under what conditions will the power factor of a circuit be (a) unity (one)? 
(b) Zero? 

27. (a) What is the most desired value for the power factor of a circuit? (b) Why? 
28. Describe two methods of obtaining the power factor of a circuit by meter 

readings. 
29. What is meant by phase angle? 
30. How is a leading or lagging angle expressed in terms of the voltage and current? 
31. Compare the line current in a series a-c circuit with the current in its component 

parts. 

32. Compare the impedance of a series circuit with the impedance of its component 
parts when the circuit contains (a) resistance and inductive reactance; (b) resist-
ance and capacitive reactance; (c) resistance, inductive reactance, and capacitive 
reactance. 

33. Compare the line voltage of a series circuit with the voltage of its component 
parts when the circuit contains (a) resistance and inductive reactance; (b) resist-
ance and capacitive reactance; (c) resistance, inductive reactance, and capacitive 
reactance. 
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34. Compare the line voltage of a parallel a-c circuit with the voltage of its component 
parts. 

35. Compare the impedance of a parallel circuit with the impedance of its component 
parts when the circuit contains (a) resistance and inductive reactance; (b) resist-
ance and capacitive reactance; (c) resistance, inductive reactance, and capacitive 
reactance. Note: Assume the inductor and the capacitor to be perfect. 

36. Compare the line current of a parallel circuit with the current in its component 
parts when the circuit contains (a) resistance and inductive reactance; (b) resist-
ance and capacitive reactance; (c) resistance, inductive reactance, and capacitive 
reactance. Note: Assume the inductor and the capacitor to be perfect. 

37. What procedure is recommended in solving parallel a-c circuits? 
38. What is meant by a parallel-series a-c circuit? 
39. What procedure is recommended in solving parallel-series a-c circuits? 
40. What is meant by a series-parallel a-c circuit? 
41. What procedure is recommended in solving series-parallel a-c circuits? 
42. What is meant by the series equivalent for a parallel circuit? 
43. What is meant by the parallel equivalent for a series circuit? 
44. What is the purpose of vector algebra? 
45. Define (a) imaginary number, (b) j operator, (c) complex number. 
46. In graphical representation of a-c quantities, what is meant by (a) X-X axis? 

(b) Y-Y axis? (c) The four quadrants? 
47. Describe rectangular notation of a vector. 
48. What basic types of mathematical operations can be performed with vector 

quantities? 
49. What is meant by a polar vector? 
50. What types of mathematical operations can be performed with polar vectors? 
51. Name four types of information given by the polar notation of a vector. 
52. What purpose does Thévenin's theorem serve? 
53. Describe the basic premise on which Thévenin's theorem is based. 
54. To what quantities may Thévenin's theorem be applied? 

PROBLEMS 

1. A 100-henry inductor having a resistance of 500 ohms is used in the parallel feed 
plate circuit of a vacuum tube. Find (a) the inductive reactance at 50 cycles, 
(b) the impedance at 50 cycles, (c) the inductive reactance at 5,000 cycles, 
(d) the impedance at 5,000 cycles. 

2. A 10-henry inductor has a d-c resistance of 475 ohms. (a) What is its inductive 
reactance at 60 cycles? (b) What is its impedance at 60 cycles? (c) How much 
current will flow when it is connected to a 150-volt 60-cycle power source? 

3. An 8-pf filter capacitor used in a power-supply circuit has an effective series 
resistance of 8 ohms. (a) What is its capacitive reactance at 60 cycles? (b) What 
is its impedance? 

4. A 20-henry filter choke has a d-c resistance of 400 ohms. Find (a) the inductive 
reactance at 120 cycles, (b) the impedance at 120 cycles, (c) the d-c voltage drop 
through the coil when a direct current of 85 ma is flowing through the coil. 

5. A coil having a resistance of 5 ohms and an inductive reactance of 6,280 ohms is 
connected in series with a capacitor having a reactance of 3,200 ohms. (a) What 
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is the impedance of the circuit? (b) How much current will flow when the 
impressed voltage is 20 volts? 

6. How much current will flow in an a-c series circuit having a resistance of 5 ohms, 
an inductive reactance of 80 ohms, and a capacitive reactance of 140 ohms when 
the impressed voltage is 120 volts? 

7. Two inductors are connected in series with each other across a 300-volt power 
source. One inductor has a resistance of 160 ohms and an inductive reactance of 
750 ohms; the second inductor has a resistance of 230 ohms and an inductive 
reactance of 2,250 ohms. Find (a) the impedance of the circuit, (b) the line 
current, (c) the voltage across each inductor. 

8. (a) What is the impedance of a series circuit consisting of 34 ohms capacitive 
reactance, 276 ohms inductive reactance, and 10 ohms resistance? (b) How much 
current will flow through the circuit when 80 volts is impressed across it? 
(c) What are the voltages across the resistor, capacitor, and inductor? 

9. The antenna circuit of a radio receiver may be represented by Fig. 10-35. 
(a) What impedance will this circuit offer to a 1,200-kc signal if LA = 120 ph, 
Lp = 50 ¡th, and C = 100 pf? (Assume the resistance to be so low that it may be 
ignored.) (b) How much current will flow when a 1,200-kc 120-µv signal is 
impressed across the circuit? (c) What is the amount of voltage across Lp? 

10. The circuit of Fig. 10-36 has the following values: E = 180 volts; X0.1 = 1,590 
ohms; R0.1 = 10 ohms; Xe.2 = 784 ohms; R0.2 = 5 ohms; XL.1 = 90,000 ohms; 
R1,.1 = 8 ohms; X1,2 = 10,000 ohms; R1,2 = 2 ohms. Find (a) the impedance of 
the circuit, (b) the line current, (c) the voltages el, e2, e3, et. 

11. The circuit of Fig. 10-36 has the following values: E = 41 volts; Xy.1 = 1,600 ohms; 
R0.1 = 400 ohms; X0.2 = 400 ohms; R0.2 = 200 ohms; XL.1 = 8,000 ohms; 
Rt.1 = 800 ohms; X1,2 = 2,000 ohms; R1,2 = 400 ohms. Find (a) the impedance 
of the circuit, (b) the line current, (c) the voltages el, e2, e3, et. 

12. By means of vectors, determine the impedance of a series circuit containing 
a resistance of 12 ohms and an inductive reactance of 32 ohms. Check the 
answer by solving for the impedance mathematically. 

13. A series circuit has a resistance of 50 ohms and a capacitive reactance of 
100 ohms. Determine its impedance graphically and mathematically. 

14. A series circuit contains a resistance of 250 ohms, an inductive reactance of 3,000 
ohms, and a capacitive reactance of 1,500 ohms. Determine the impedance 
of the circuit by vectors. Check the answer mathematically. 

15. By means of vectors, determine the impedance of the circuit used in Prob. 4. 
Check this answer with the value obtained mathematically. 

16. A series circuit contains a resistance of 150 ohms, a capacitive reactance of 850 

Fig. 10-35 Fig. 10-36 
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ohms, and an inductive reactance of 600 ohms. Determine the impedance of this 
circuit by means of vectors. Check the answer mathematically. 

17. An 8-henry choke coil is to be tested by connecting it to a 120-volt 60-cycle 
power source. Assuming that the resistance of the coil is zero, determine (a) the 
current, (b) power, (c) volt-amperes, (d) power factor, (e) phase angle. (f) Draw 
a vector diagram showing the voltage and current relations. 

18. If the d-c resistance of the inductor of Prob. 17 is 290 ohms, find (a) the current, 
(b) power, (c) volt-amperes, (d) power factor, (e) phase angle. (f) Draw a vector 
diagram showing the voltage and current relations. 

19. A 30-1.11 capacitor has a capacitive reactance of 88.4 ohms when connected to a 
300-volt 60-cycle power source. The resistance of the capacitor is assumed to be 
zero. Find (a) the current, (b) power, (c) volt-amperes, (d) power factor, (e) phase 
angle. (f) Draw a vector diagram showing the relation between the current and 
the voltage. 

20. If the capacitor of Prob. 19 has an equivalent series resistance of 8 ohms, 
find (a) the impedance, (b) current, (c) power, (d) apparent power, (e) power 
factor, (f) phase angle. (g) Draw a vector diagram showing the relation between 
the current and voltage. 

21. A series circuit containing 30 ohms resistance, 60 ohms inductive reactance, and 
40 ohms capacitive reactance is connected to a 220-volt 60-cycle power source. 
Find (a) the impedance, (b) current, (c) power, (d) apparent power, (e) power 
factor, (f) phase angle. (g) Draw a vector diagram showing the relation of 
the voltages and current for this circuit. 

22. A series circuit containing a 5,000-ohm resistor, a 0.5-ef capacitor, and a 10-henry 
inductor is connected to a 250-volt 100-cycle power source. Find (a) the capaci-
tive reactance, (b) inductive reactance, (c) impedance, (d) current, (e) power, 
(f) apparent power, (g) power factor, (h) phase angle, (i) voltage across the 
resistor, (j) voltage across the capacitor, (k) voltage across the inductor. (1) Draw 
a vector diagram showing the voltages and current for this circuit. 

23. An inductor is connected in a circuit as shown in Fig. 10-18a. The readings taken 
are 150 volts, 60 cycles, 40 ma, 0.75 watt. Find (a) the impedance, (b) resistance, 
(c) apparent power, (d) power factor, (e) phase angle, (f) inductive reactance, 
(g) inductance. (h) Draw a vector diagram showing the current and voltage 
relations. 

24. A capacitor is connected in a circuit as shown in Fig. 10-18a. The readings taken 
are 150 volts, 60 cycles, 150 ma, and 0.5 watt. Find (a) the impedance, (b) resist-
ance, (c) apparent power, (d) power factor, (e) phase angle, (f) capacitive 
reactance, (g) capacitance. (h) Draw a vector diagram showing the current and 
voltage relations. 

25. The parallel circuit shown in Fig. 10-37 consists of only pure resistances and pure 
reactances. Find (a) the current of each branch, (b) line current, (c) impedance of 
the circuit, (d) power consumed by each branch, (e) power taken by the 
complete circuit, (f) volt-amperes of the complete circuit, (g) line power factor, 
(h) phase angle between the line current and line voltage. (i) Draw a vector dia-
gram of the voltage and all currents. 

26. Repeat Prob. 25 for the circuit shown in Fig. 10-38. 
27. Repeat Prob. 25 for the circuit shown in Fig. 10-39. 
28. Repeat Prob. 25 for the circuit shown in Fig. 10-40. 
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Fig. 0-38 

29. A parallel-series circuit is shown in Fig. 10-41. (a) Find the current, power, power 
factor, and phase angle for each branch. (b) Find the current, power, apparent 
power, power factor, and phase angle for the complete circuit. (c) Draw a vector 
diagram. 

30. Repeat Prob. 29 for the circuit shown in Fig. 10-42. 
31. A series-parallel circuit is shown in Fig. 10-43. (a) Find the current, power, 

apparent power, power factor, and phase angle of the line. (b) Find the voltage 
and current of each part of the circuit. (c) Draw a vector diagram. 

32. Repeat Prob. 31 for the circuit shown in Fig. 10-44. 
33. The circuit shown in Fig. 10-45 is sometimes called a low-pass filter. Find (a) the 

impedance of the capacitor to a 3,000-cycle a-f current, (b) impedance of the 
capacitor to a 750-kc r-f current, (c) per cent of a-f current that flows through the 
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capacitor, (d) per cent of a-f current that flows through Ro, (e) per cent of 
r-f current that flows through the capacitor, (f) per cent of r-f current that flows 
through Ro. (g) From the percentage of a-f and r-f currents that flow through the 
output resistor Ro, justify the designation of the circuit as a low-pass filter. 

.34. The circuit shown in Fig. 10-46 is sometimes called a high-pass filter. Find (a) the 
impedance of the inductor to a 3,000-cycle a-f current, (b) impedance of the 
inductor to a 750-kc r-f current, (e) per cent of a-f current that flows through the 
inductor, (d) per cent of a-f current that flows through Ro, (e) per cent of r-f cur-
rent that flows through the inductor, (f) per cent of r-f current that flows 
through Ro. (g) From the percentage of a-f and r-f currents that flow through the 
output resistor Ro, justify the designation of the circuit as a high-pass filter. 

35. Figure 10-47 shows a combination of capacitors and inductors. (a) What is 
the impedance of the capacitors to an a-f current of 2,000 cycles? An r-f current 
of 1,500 kc? (b) What is the impedance of the inductors to an a-f current of 2,000 
cycles? An r-f current of 1,500 kc? (c) Can this circuit be classed as either a high-
pass or a low-pass filter? Explain. 

36. Figure 10-48 shows a combination circuit of capacitors and inductors. (a) What is 
the impedance of the inductors to a 500-cycle a-f current? A 550-kc r-f current? 
(b) What is the impedance of the capacitors to a 500-cycle a-f current? A 550-kc 
r-f current? (c) Can this circuit be classed as either a high-pass or a low-
pass filter? Explain. 

37. What are the resistance and reactance values of a series equivalent circuit 
that may be substituted for a parallel circuit that has a 500-ohm resistance and a 
200-ohm inductive reactance? 

38. What are the resistance and reactance values of a series equivalent circuit 
that may be substituted for a parallel circuit that has a 20,000-ohm resistance and 
a 5,000-ohm capacitive reactance? 

39. What are the resistance and reactance values of a parallel equivalent circuit that 
may be substituted for a series circuit that has a 200-ohm resistance and a 400-
ohm capacitive reactance? 

40. What are the resistance and reactance values of a parallel equivalent circuit that 
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may be substituted for a series circuit that has a 50,000-ohm resistance and 
a 100,000-ohm inductive reactance? 

41. Using the principle of addition of vector quantities, determine the impedance 
equations for the following circuits: (a) an inductor having 150 ohms reactance 
and 20 ohms resistance connected in series with a capacitor having 450 ohms 
reactance and 30 ohms resistance, (b) an inductor having 1,000 ohms reactance 
and 65 ohms resistance connected in series with another inductor having 250 
ohms reactance and 20 ohms resistance, (c) a capacitor having a reactance of 650 
ohms and a resistance of 15 ohms connected in series with an inductor having a 
reactance of 1,000 ohms and a resistance of 75 ohms, (d) a series circuit containing 
the six components described in parts (a), (b), and (c). 

42. Applying the principle of vector addition illustrated in Example 10-20 to the 
circuit described in Example 10-15, find the sum of the following currents: 

(a) 11 + 12, (I)) 13 + 14, (c) 11 + 12 + + h by adding the answers to parts 
(a) and (b); (d) add /5 to the answer of part (c). 

43. Using the principle of vector subtraction, find the resultant equations for (a) (40 + 
11,200) — (20 + POO), (b) (30 — PO) — (50 + j500), (c) (80 — /2,500) — (40 — 
j1,000), (d) (20 + j650) — (20 — j400). 

44. Find the product of the following vector quantifies: (a) (30 + /50) X (20 + /60), 
(b) (30 + /50) x (20 — /60), (c) (40 — j100) x (20 — j50), (d) (-30 — ¡50) x 
(20 + j60). 

45. Find the quotients of the following vector quantities: (a) (30 + j50) ÷ (20 + j60), 
(b) (30 + j50) ± (20 — j60), (e) (40 — j100) ± (20 — j50), (d) (-30 — j50) 
(20 + /60). 

46. What is the equivalent polar vector for (a) 20 + j60? (b) 30 — ¡SO? (c) 40 — /100? 
(d) 100 + j40? 

47. What is the rectangular vector equivalent of (a) 40/60° ohms? (b) 100/ — 45° ohms? 
(c) 2,000/ — 20° ohms? (d) 500,000/75° ohms? 

48. Find the sums of the following vector quantities: (a) 40/60° ohms + 100/-45° 
ohms, (b) 2,000/ — 20° ohms + 1,000/75° ohms, (c) 1,000/60° ohms + 500° 
ohms, (d) 200/37.5° ohms + 400/ — 62.5° ohms. 

49. Find the differences of the following vector quantities: (a) 100/50° ohms — 
60/30° ohms, (b) 200/41.5° ohms — 100/ — 53.5° ohms, (c) 8/45° ohms — 
8/ — 45° ohms, (d) 10/18.5° ohms — 20/71.5° ohms. 

50. Find the products of the following polar vectors: (a) 10/36° x 17.5.2°, (b) 
100/48° x 22/ — 5.5°, (c) 25/ — 25° x 6/52°, (d) 4/ — 60° x 

51. Find the quotients of the following polar vectors: (a) 40/63° -e- 8M1', (b) 
150/ — 18° ÷ 25/ — 58°, (c) 8/21° ÷ 40/63°, (d) 60/26.5° ÷ 15/-27.5°. 

52. Find the powers indicated for the following polar vectors: (a) (15/26.5°)2, 
(b) (10ar)3, (c) (43)4, (d) (2)5. 

53. Find the roots indicated  for the  following polar vectors: (a) -\/625Ze8_ , (b) 
fr275M°, (c) «512 (d) N/4,2253°. 

54. Find the reciprocals of the following polar vectors: (a) 8/36.5°, (b) 0.2/-43°, 
(c) 0.4/ — 16°, (d) 25/82°. 

55. (a) Determine the rectangular vector equation for the circuit of Prob. 10. 
(b) Calculate the impedance of the circuit from the answer to part (a). 

56. (a) Determine the rectangular vector equation for the circuit of Prob. 11. 
(b) Calculate the impedance of the circuit from the answer to part (a). 
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57. Using the principle illustrated in Example 10-34, find the impedance of the 
circuit given in Prob. 25. 

58. Using the principle illustrated in Example 10-34, find the impedance of the 
circuit given in Prob. 26. 

59. A certain circuit consists of a 300-ohm resistance and a 400-ohm capacitive 
reactance connected in parallel. Find the circuit impedance by use of (a) Eq. (10-15), 
(b) Eq. (10-23). 

60. A certain circuit consists of a 10-ohm resistance and a 100-ohm inductive reactance 
connected in parallel. Find the circuit impedance by use of (a) Eq. (10-15), 
(b) Eq. (10-23). 

61. Solve Prob. 59 by multiplication and division of polar vectors using Eqs. (10-15), 
(10-18), and (10-19). 

62. Solve Prob. 60 by multiplication and division of polar vectors using Eqs. (10-15), 
(10-18), and (10-19). 

63. Find the impedance and the phase angle of the circuit of Prob. 29 by use 
of polar vectors. 

64. Find the impedance and the phase angle of the circuit of Prob. 30 by use 
of polar vectors. 

65. Find the impedance, the current, and the phase angle for the circuit of Prob. 31 

by means of vector algebra. 
66. Find the impedance, the current, and the phase angle for the circuit of Prob. 32 

by means of vector algebra. 
67. By use of Thévenin's theorem, find the current and voltage at each circuit 

element in the circuit of Fig. 10-45 when e = 10 volts, f = 318 kc, Xe = 500 ohms, 
and Ri = 1,000 ohms. 

68. By use of Thévenin's theorem, find the current and voltage at each circuit 
element in the circuit of Fig. 10-46 when e = 10 volts, f = 100 kc, X. = 10,000 

ohms, and Ri = 5,000 ohms. 
69. By use of Thévenin's theorem, find the current and voltage at each circuit 

element in the circuit of Fig. 10-49. Note: This circuit is the same as that 
of Prob. 47 in Chap. 4. 

70. By use of Thévenin's theorem, find the current and voltage at each circuit 
element in the circuit of Fig. 10-50. Note: This circuit is the same as that 
of Prob. 50 in Chap. 4. 

71. For the circuit of Example 10-43, find the output voltage for an input of 100 volts 

and (a) 2.5 kc, (b) 7.5 kc. 
72. For the circuit of Example 10-43, find the output voltage for an input of 100 volts 

and (a) 15 kc, (b) 50 kc. 
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Chapter 11 
Resonance 

A knowledge of resonant circuits is important in the study of electronics. 
In the operation of a radio or television receiver, the desired program 
is obtained by tuning the receiver. Actually, when a desired station is being 
selected, the tuning circuit of the receiver is being adjusted so that it is 
in resonance with the carrier frequency of the station transmitting the 
desired program. Tuned circuits are also used in all other forms of commu-
nications, such as radar, sonar, telemetry, etc. In other fields of electronics 
resonant circuits have many applications, some of which are quality con-
trol, thickness control, capacitor-relay alarms, data processing, etc. 

11-1 Resonance 

Resonance is a condition that exists when the inductive reactance and 
the capacitive reactance of a circuit are equal. Under this condition, the 
effective or total reactance of a series resonant circuit will be zero and its 
impedance will be equal to the resistance of the circuit [see Eq. (10-1)]. 
The impedance will therefore be at its minimum value, and the current will 
be at its maximum value. As the current is at its maximum value, the 
power of the circuit will also be at its maximum value. 

Resistance is the only opposition that a direct current has when it flows 
through an electric circuit. When an alternating current flows through a 
circuit, its flow is opposed by the combined effects of resistance and react-
ance. The opposition to alternating current offered by a resistance is the 
same as that offered to a direct current. In Chap. 8, it was shown that the 
current due to inductive reactance lags the voltage by 90°. In Chap. 9, it 
was shown that the current due to capacitive reactance leads the voltage 
by 90°. Therefore the effects of inductive reactance and capacitive react-
ance are 180° out of phase with each other, and the resultant reactance of 
the circuit is equal to the algebraic sum of its inductive and capacitive 
reactances. 

If either the capacitor or inductor in a series circuit is adjusted so that 
their individual reactances are equal, the total reactance of the circuit will 
be zero and the impedance of the circuit will be equal to its resistance. 
Such a circuit is called a series resonant circuit. The action of a resonant 

410 
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circuit is best explained by reference to graphs illustrating the variation in 
the circuit conditions at or near resonance. 

11-2 Graphs 
Use of Graphs. A graph is a pictorial representation illustrating the man-

ner in which one factor varies with changes in any other factor on which 
it is dependent. Graphs are used in all branches of electronics to illustrate 
the operating conditions of the various circuits and parts used. Electronic 
manufacturers use graphs to illustrate the operating characteristics of their 
products. Many of the answers to radio, television, and electronics prob-
lems can be explained better if the results of the problem are plotted in the 
form of a graph. The characteristics of a circuit or a circuit component for 
various operating conditions can be compared with one another more easily 
and understood much better when illustrated on a graph than from using 
the comparison of a number of figures representing the results for the same 
operating conditions. It is therefore desirable to know how to plot and 
interpret graphs. 

Simple Graphs. The simplest type of graph is one illustrating the varia-
tion of two quantities with each other. This type of variation is generally 
plotted on cross-section paper, called graph paper. This paper consists of a 
series of equally spaced vertical and horizontal lines (Fig. 11-1). One of the 
horizontal lines is used as a reference line to represent one of the quanti-
ties and is marked with a suitable scale of values as 0, 1, 2, 3, shown on 
Fig. 11-1; all distances in a horizontal direction are called abscissas (or 
abscissae). One of the vertical lines is used as a reference line to represent 
the other quantity and is also marked with a scale (though not necessarily 
the same scale), such as 0, 5, 10, 15, as shown on Fig. 11-1; all distances in 
a vertical direction are called ordinates. The point where the two reference 
lines meet is called the point of origin and represents zero value for both 
quantities. For ease in plotting and reading graphs, each square is made to 
represent either one, two, or five units or some multiple thereof. The square 
farthest from the point of origin should represent a value equal to or 
slightly greater than the maximum value to be plotted, and each square 
between these points represents a definite fraction of this value. 

Independent and Dependent Variables. When graphs are plotted, the 
independent variable is plotted as the abscissa and the dependent variable 
as the ordinate. For example, in Fig. 11-1 curve A was plotted to show the 
values of voltage required to force currents of 2, 4, 6, 8, and 10 amp 
through a 5-ohm resistance. Because current is the unit to which values 
have been assigned, it is the independent variable and hence is plotted as 
the abscissa. The value of the voltage is dependent on the assigned value 
of the current, E = IR, and is called the dependent variable; hence it is 
plotted as the ordinate. Values of the ordinates must be obtained for defi-
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nite values of the abscissas. These values are then plotted on the graph 
paper by making points along the ordinate scale at values corresponding to 
the amount that was obtained for the definite values of abscissa. A line is 
drawn through this series of points to form a continuous straight or curved 
line. This line represents the variation of the two quantities with respect 
to each other and is useful for finding the value of the variable quantity for 
any value of the quantity being varied. 

11-3 Plotting, Use, and Interpretation of Curves 

By substituting a series of values in any mathematical equation, the 
results obtained will show how one quantity is affected by any change in 
another. If these results are plotted in graph form for each of the values 
used, a curve can be obtained that will illustrate how a factor of this equa-
tion varies with the values substituted. A curve can be plotted for any elec-
trical equation to illustrate how the variable quantity changes with the 
value being varied. 

EXAMPLE 11-1 Plot a curve showing how the voltage required to force a current 
through a 5-ohm resistor varies with currents of 1 to 10 amp. 
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Table 11-1 

R. OHMS I, AMP E, VOLTS 

5 2 10 
5 4 20 
5 6 30 
5 8 40 
5 10 50 

Using Eq. (2-6), E = I x R, five points can be obtained for the curve by substitut-
ing 2, 4, 6, 8, and 10 amp for the current, the resistance remaining constant at 5 ohms. 
These values should be listed as shown in Table 11-1. 

For this graph, the current is the quantity being varied and is the abscissa. The volt-
age is the dependent variable and is the ordinate. The reference abscissa is divided in 
equal divisions representing current in amperes, and the reference ordinate is divided 
into equal divisions representing the voltage required in volts. Referring to Fig. 11-1, 
a line is drawn parallel to the ordinates at the 2-amp mark on the reference abscissa; 
another line is drawn parallel to the abscissas at the 10-volt mark on the reference 
ordinate. The point where these two lines meet gives one point for the curve to be 
drawn. Repeating this process for the results obtained for 4, 6, 8, and 10 amp, four 
more points are obtained for the curve. A line is drawn through points 1, 2, 3, 4, and 5. 
This line illustrates the manner in which the voltage in a circuit varies with the 
amount of current flowing. 

Graphs Containing a Series of Curves. If necessary, more than one 
curve can be plotted on the same graph. If the resistance in Example 11-1 
is increased to 8 ohms, five points can be obtained for a new curve by sub-
stituting 8 ohms for the resistance value in Eq. (2-6). This curve is shown in 
Fig. 11-1 as curve B. Graphs having a series of curves are quite common 
in electronics, as they are very useful in illustrating more than one variable 
condition. How the voltage varies with increases in current and resistance 
is illustrated in Fig. 11-1. 

Nonlinear Curves. The curves in Fig. 11-1 are straight lines. An illustra-
tion of how a curved-fine graph is obtained is shown by the following 
example. 

EXAMPLE 11-2 By means of a graph, illustrate how the power in a circuit having a 
resistance of 10 ohms changes as the current is varied from 0 to 10 amp. 

Using Eq. (2-14), P = PR, points can be obtained for the curve by substituting 1, 
2, 3, 4, 5, 6, 7, 8, 9, and 10 for the current I. The results in tabular form are shown in 
Table 11-2. 

For this graph, the current is the quantity being varied and is the abscissa. 
The power is the dependent variable and is the ordinate. The abscissas and ordinates 
are divided in equal divisions and marked to represent current and power, respectively. 
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Table 11-2 

R, OHMS I, AMP P, WATTS 

10 1 10 

10 2 40 
10 3 90 
10 4 160 
10 5 250 
10 6 360 
10 7 490 
10 8 640 
10 9 810 
10 10 1,000 

The 10 points for the curve are now located in the same manner as in the previous 
example. This graph is shown in Fig. 11-2. The line joining these points is a curved 
line and should be drawn with the aid of a French curve. In order to obtain an accu-
rate representation of the variation of two quantities when the variation produces 
a curved line, it is necessary to plot as many points as practical. 

Point of Origin. The point of origin is not always drawn at the extreme 
ends of the abscissa and ordinate. When negative values are used, the 
point of origin may be at the center of, or any point along, either or both of 
the reference lines. Figure 11-3 illustrates the variation in plate current of 
a vacuum tube with various values of grid voltage. As the potential on the 
grid varies from high negative values to lower positive values, the point of 
origin is drawn a small distance to the right of the center of the abscissa. 
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Interpretation of Curves. Curves are useful in determining the value of 
any quantity for any condition shown on the graph. An ordinate may 
be drawn from any point on the abscissa, and the corresponding value of 
the variable quantity is read from the point where this line crosses the 
curve. Referring to Fig. 11-1, 25 volts is required to force 5 amp through a 
resistance of 5 ohms, and 40 volts will be required if the resistance of the 
circuit is increased to 8 ohms. Referring to Fig. 11-2, the power in the cir-
cuit with 3.5 amp flowing is approximately 120 watts. In Fig. 11-3, the 
plate current output for the tube is approximately 3.3 ma when its grid 
voltage is adjusted to —0.5 volt. 
A graph is a visual illustration of the relation between two factors. When 

one factor is increased, the other will either increase or decrease. If joining 
the series of points plotted on the graph paper forms a straight line, 
the two factors are proportional to each other. If one increases when the 
other is increased, the two factors are directly proportional to each other. 
If one increases when the other is decreased, the two factors are inversely 
proportional to each other. When the series of points forms a curved line, 
the two factors may be varying with each other according to the square law, 
as in Fig. 11-2, or according to some complex equation. 

Curves are also useful in indicating whether or not the numerical values 
obtained in an experiment or test operation are correct. For example, the 
curve shown in Fig. 11-3 was plotted from results obtained from a labora-
tory experiment; points A and B do not fall on the curve that goes through 
the other points. Therefore, it is assumed that these points were incorrectly 
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taken, and the adjustments that produced these values should be repeated 
in order to check the results. Other interpretations of curves will be taken 
up as the need arises. 

11-4 Series Resonant Circuit 

Impedance and Current Characteristics. When the inductance and the 
capacitance of a series circuit are of such values that the inductive react-
ance is equal to the capacitive reactance at the frequency of the applied 
voltage, the circuit is called a series resonant circuit (Fig. 11-4a). The 
impedance of a series circuit is expressed by Eq. (10-1): 

Z = VR2 -I- (XL — Xe)2 (10-1) 

However, at resonance (XL — Xe) = 0 and the impedance of the resonant 
series circuit becomes equal to the resistance of the circuit, or 

Zs.r = R 

The current of a series resonant circuit may then be expressed as 

E 4., = 

(11-1) 

(11-2) 

If the frequency is either increased or decreased from its resonant value, 
the quantity (XL — Xe) will no longer be zero. Also, if the frequency 
is kept constant and either the inductance or the capacitance is changed, 
the quantity (XL — Xe) will no longer be zero. As (XL — Xe) is zero only 
when the circuit is at resonance, any change in frequency, inductance, or 
capacitance will result in a significant value for (XL — Xe) and the imped-
ance of the circuit must increase. Therefore, in a series resonant circuit, 
the impedance will be at its minimum value and the current will be at its 
maximum value. 

Relation among f, L, and C at Resonance. At resonance, the inductive 
reactance is equal to the capacitive reactance; therefore from Eqs. (8-6) 
and (9-3) 

1 2/rf,.L = 
2irf,C 

(11-3) 

where f,. = resonant frequency, cps 
L = inductance, henrys 
C = capacitance, farads 

Multiplying both sides of the equation by fr and dividing both sides 
by 2/rL, 

fr2 = 1  4.7,2Lc (11-4) 
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Taking the square root of both sides of the equation, 

.Jr1 =  
27r VEC 

(11-5) 

This is a very important equation in electronics. With this equation as a 
basis, the equations used for calculating tuned circuits, filters, oscillators, 
etc., are derived. In some circuits, the inductance may be fixed in amount, 
and it is then necessary to determine the amount of capacitance needed to 
meet the specified conditions of the circuit, while in others, the capacitance 
may be fixed and the amount of inductance needed must be calculated. 
The value of inductance or capacitance required can be found by transposing 
Eq. (11-4) to solve for the inductance in terms of capacitance and frequency 
or to solve for the capacitance in terms of inductance and frequency. 
Multiplying both sides of Eq. (11-4) by L and dividing both sides by 
fr2, the equation for the inductance of a resonant circuit becomes 

1  
L = 4/T2 r2C (11-6) f 

Multiplying both sides of Eq. (11-4) by C and dividing both sides by 
f).2, the equation for the capacitance of a resonant circuit becomes 

1 C = 4/7.2pL 

In many instances, the frequency is expressed in kilocycles, the inductance 
in microhenrys, and the capacitance in microfarads. Therefore, the more 
practical forms of Eqs. (11-5), (11-6), and (11-7) are 

(11-7) 

fr = 159Vn,C (11-8) 

L = 25,300 
(11-9) pc 

C = 25,300 (11-10) pi., 

where f, = resonant frequency, kc 
L = inductance, µh 
C = capacitance, µf 

EXAMPLE 11-3 What is the resonant frequency of a series circuit having an inductance 
of 250 I.L11 if the capacitor is adjusted to 350 pf? 

GIVEN: C = 350 pf L = 250 ph 

FIND: fr 
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SOLUTION: 

fr= 159 _  159  _ 159 

N/rZr — N/250 X 350 X 10-6 — 0.296 = 538 ke 

EXAMPLE 11-4 How much inductance is required in a series circuit having a capaci-
tance of 250 µpi to produce resonance with a 500-kc signal input? 

GIVEN: C = 250 NA fr = 500 kc 

FIND: L 

scournorc 

L — 25i") =  25,300  
Jr-2t,, ' e ,tel X 5°13 X 250 X 10-6 = 4°5 eh 

EXAMPLE 11-5 To what value of capacitance must the variable capacitor of a series 
circuit be adjusted to produce resonance at 600 kc if the inductance of the circuit is 
300 ph? 

L = 300 ph f,. = 600 kc 

FIND: C 

SOLUTION: 

C = 20 =  25,300  fr2L 800 x goo x 300 = 0.000234 jd = 234 pf 

1 1-5 Resonance Curves 

It a voltage of constant frequency is applied to a series circuit containing 
a fixed inductance and a variable capacitance, the circuit may be adjusted 
so that it will be resonant at this frequency. If the frequency of the applied 
voltage is then varied from a value starting below the frequency of resonance 
and gradually increased to a value above the frequency of resonance, the 
current flowing through the circuit will vary from a very low value at 
a frequency below resonance, increasing until the frequency of resonance 
is reached. At this point the current will be at its maximum value and will 
decrease to a very low value again when the frequency is increased above 
the frequency of resonance. This variation in signal current with frequency 
change is shown by a resonance curve. 
Method of Obtaining Resonance Curves. Figure 11-4b shows two 

resonance curves for the series circuit of Fig. 11-4a with two values of R. 
The values used to plot these resonance curves are given in Table 11-3. 
The impedance values were obtained by substituting the values of R, XL, 
and Xc in Eq. (10-1) for a number of values of frequency above and below 
the frequency of resonance. The current values were obtained by sub-
stituting these values of impedance in Eq. (8-9) for a constant value of 
voltage of 0.5 volt. As the circuit is resonant at 1,500 kc, values were 
obtained for frequencies between 1,470 and 1,530 kc. Examination of the 
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curves shows that no appreciable current flows until the frequency is 
approximately 1,470 kc. The current increases slowly until the frequency is 
very close to the resonant frequency. Then the current increases very 
rapidly until the maximum current is reached at the frequency of resonance. 
As the frequency is increased above resonance, the current decreases very 
rapidly at first and then decreases more slowly until no appreciable current 
flows at approximately 1,530 kc. A circuit that is or can be adjusted so that 
it is resonant for a definite frequency is referred to as a tuned circuit. 

Effect of Resistance in Series Resonant Circuits. At resonance, the 
current in a series tuned circuit (with a constant voltage) is dependent 
entirely upon the resistance of the circuit. Figure 11-4b shows the reso-
nance curves for two circuits tuned to the same frequency, one having a 
resistance of 5 ohms and the other a resistance of 10 ohms. At resonance, 
the current flowing through the circuit having 5 ohms resistance is twice 
the amount flowing through the circuit having 10 ohms resistance. There-
fore, to produce maximum current, it is best that the resistance of a series 
tuned circuit be as low as possible. 
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Table 11-3 

(11-6) 

FREQUENCY, 
KC 

XL, 
OHMS 

Xe, 

OHMS 
R, 

OHMS 
Z, 

OHMS 
I, MA 

E = 0.5 VOLT 

1,470 980 1,020 5 40.31 12.4 
1,475 983.5 1,016.5 5 33.37 14.98 
1,480 987 1,013 5 26.47 18.8 
1,485 990 1,010 5 20.61 24.2 
1,490 993 1,007 5 14.86 33.6 
1,495 997 1,003 5 7.81 64.02 
1,500 1,000 1,000 5 5.0 100 
1,505 1,003 997 5 7.81 64.02 
1,510 1,007 993 5 14.86 33.6 
1,515 1,010 990 5 20.61 24.2 
1,520 1,013 987 5 26.47 18.8 
1,525 1,016.5 983.5 5 33.37 14.98 
1,530 1,020 980 5 40.31 12.4 

1,470 980 1,020 10 41.23 12.1 
1,475 983.5 1,016.5 10 34.48 14.5 
1,480 987 1,013 10 27.85 17.9 
1,485 990 1,010 10 22.36 22.3 
1,490 993 1,007 10 17.20 29.1 
1,495 997 1,003 10 11.68 42.8 
1,500 1,000 1,000 10 10.0 50.0 
1,505 1,003 997 10 11.68 42.8 
1,510 1,007 993 10 17.20 29.1 
1,515 1,010 990 10 22.36 22.3 
1,520 1,013 987 10 27.85 17.9 
1,525 1,016.5 983.5 10 34.48 14.5 
1,530 1,020 980 10 41.23 12.1 

11-6 Circuit Q 

Definition of Circuit Q. The ratio of the inductive reactance of a tuned 
circuit to the resistance of the circuit is referred to as the Q of the circuit. 
Expressed mathematically 

As R is the resistance of the entire series circuit, its value will be higher, 
though only slightly higher, than the resistance of the coil. The circuit 
Q will therefore be less than the coil Q. The difference between the values 
of the circuit Q and the coil Q is normally small because the resistance of 
the capacitor and the connecting wires of the circuit is small compared 
with the resistance of the coil. 
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Relation between Circuit Q and the Slope of the Resonance Curves. 
The slope of the resonance curve is determined by the Q of the resonant 
circuit. This is shown by the relative slopes of the two curves in Fig. 11-4b 
and is explained in the following manner. 

At resonance, the impedance of the series circuit becomes equal to 
R, and therefore the current is inversely proportional to the resistance as 
shown by 

also, 

therefore 

(11-12) 

(11-13) 

EQ 
= XL (11-14) 

Equation (11-14) shows that the current at resonance is directly proportional 
to the circuit Q; therefore, the higher the resistance, the lower will be the 
current and circuit Q, while the lower the resistance, the higher will be the 
current and circuit Q. 
The impedance of the circuit for frequencies differing appreciably from 

the resonant frequency is practically equal to the reactance of the circuit, 
because at these frequencies the reactance is much greater than the resist-
ance and the impedance becomes practically equal to the reactance of the 
circuit. The current at these frequencies is therefore practically independent 
of the circuit resistance. Increasing the circuit resistance, which also lowers 
the circuit Q, will decrease the current at resonance without affecting the 
current at frequencies differing appreciably from resonance. This action 
can be seen by observation of the two curves in Fig. 11-4b. The slope of 
the curve having a high circuit Q is steep. When the resistance of the 
circuit is increased, the current at resonance will decrease, thus decreasing 
the slope of the curve. This slope is very important in tuning and filter 
circuits and is discussed in more detail in subsequent articles. 

Relation between the Width of the Resonance Curve and the Circuit Q. 
The width of the resonance curve can be used as a measure of the ability 
of a circuit to select the signal at a desired frequency and to eliminate the 
signals of all other frequencies. This characteristic is very important in 
tuning and filter circuits. It is general practice to measure the width of 
resonance curves at the point where the current is 0.707 times the current 
at resonant frequency. 

This condition of I = 0.707/, will occur when the effective reactance 
XL — Xc is equal to the resistance R. This is shown mathematically in the 
following steps: 

E  I =   (11-15) 
\/R2 + (XL — Xc)2 
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Substituting R for XL — Xe, then 

I =  E = 0.707—E 
Y2R2 

Substituting I for E/R, 

(11-16) 

I = 0.7074 (11-17) 

If the frequency of the impressed voltage is varied both above and 
below the frequency of resonance, two values of frequency fi and f2 can 
be obtained that will produce currents /1 and /2 each equal to 0.707/T, as 
shown in Fig. 11-5. The width of the resonance curve at this point is 
12 — fi and is generally referred to as the width of the band. The circuit Q 
can be expressed in terms of these frequencies and is equal to the resonant 
frequency divided by the difference between the two frequencies required 
to obtain a current of 0.7071,.. This is derived mathematically in the following 
steps: 

= = XL 27rfrL  
R R 

Substituting XL — Xc for R, then 

= — xc (11-19) 

However, as the condition of XL — Xe = R occurs at fi and 12, then 
XL — Xe will also be equal to 2/rf2L — 2efiL, and substituting this in the 
above equation, it becomes 
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2.71,1,  fr  
4 = 2ef2L — 2irfiL f2 - fi 

The quantity12 — fl is referred to as the width of the frequency band 
and may be expressed mathematically as 

f2 — fi = LT (11-21) 
4 

Substituting XL/R or 2.71,L/R for Q in the above equation, it becomes 

f2 — fi = 2/7L —frie = R (11-22) 
1, 27rL 

This equation indicates that the width of the resonance curve is directly 
proportional to its circuit resistance and inversely proportional to its 
inductance. In order to obtain high selectivity in tuning circuits it is 
essential that the width of the resonance curve be as narrow as practically 
possible. This means that the resistance of the circuit must be small and 
the inductance of the coil high; in other words, the circuit Q must be high. 

(11-20) 

EXAMPLE 11-6 A series tuned circuit has a resistance of 5 ohms and an inductance of 
225 µh. (a) What is the width in cycles of its resonance curve at a point where 
the current in the circuit is equal to 0.707 times the current at resonance? (b) If the 
resistance of the circuit is increased to 10 ohms, how does the change affect the width 
of the resonance curve? 

GIVEN: (a) R = 5 ohms L = 9,25 µh (b) R = 10 011MS 

FIND: (a) 12 — fl (b)12 —11 

SOLUTION: 

(a) 

(b) 

12 — fl= R =  5  = 3,538 cycles 
2/rL 6.28 x 225 x 10-6 

f2 fl 10  27rL — R = 6.28 X 10- 6„ = 7,076 cycles 225 X  

11-7 LC Product 

Relation off, L, and C. Equation (11-5) shows that there is a definite 
relation among the frequency of resonance, the inductance, and the capaci-
tance of a circuit. If the values of any two of these quantities are known, 
the third can be found by substituting the known values in this equation 
and solving for the unknown quantity. Solving by use of this equation 
is not always practicable; therefore other means have been devised. 
LC Product. Equation (11-5) also shows that the frequency of resonance 

is dependent on the product of the inductance and capacitance of the 
circuit. For each value of L times C there can be only one frequency 
at which resonance occurs and, conversely, there can be only one LC 
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product for each resonant frequency. If the LC product for a desired fre-
quency is known, the capacitance required can be found by dividing this 
product by the value of inductance used, or the inductance required can be 
found by dividing the LC product by the capacitance used. Values of 
L times C for commonly used frequencies are often listed in tabular 
or graphical form. These charts or tables can be found in reference books. 
LC Ratio. As the frequency of resonance of a circuit is dependent only 

on its LC product, any number of combinations of L and C can be used to 
obtain the same resonant frequency. The numerical value of inductance 
can be made greater than, less than, or equal to that of the capacitance. 
The resonant-circuit application determines to a large extent the LC ratio 
that should be used. 
When resonant circuits are used in the tuning circuit of a radio receiver, 

it is desirable to have high values of inductance. This is due to the fact 
that increasing the inductance increases the circuit Q, thereby increasing 
the slope of the response curve. The steeper this slope, the greater will be 
the degree of selectivity that can be obtained. However, increasing the 
selectivity beyond a certain point should be avoided, as it may decrease the 
fidelity of the receiver. This is but one example of the many applications of 
resonance. Its application to filter circuits is taken up in Chap. 12. 

11-8 Voltage Ratios in Series Resonant Circuits 

In a series resonant circuit, the impedance of the circuit at resonance is 
very low, thus allowing a comparatively high current to flow. This high 
current flowing through the capacitor and inductor causes a voltage to be 
developed across these reactances which is higher than the voltage applied 
to the circuit. The amount of voltage developed across either reactance is 
equal to the product of the current flowing through the circuit and the 
value of the reactance. Expressed mathematically, 

Ex, = /rXL (11-23) 

Ex, = irXc (11-24) 

where Ex„ = voltage developed across the inductor at resonance, volts 
Exc. = voltage developed across the capacitor at resonance, volts 
4 = current in the circuit at resonance, amp 
XL = inductive reactance at resonance, ohms 
Xc = capacitive reactance at resonance, ohms 

The current flowing through the circuit at resonance is equal to the 
voltage applied divided by the resistance of the circuit, or 

E 
R 
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Substituting E/R for I in Eq. (11-23), 

Substituting Q for XL/R, 

EXL 
Ext., = R 

Ex = EQ 

Resonance 425 

(11-25) 

(11-26) 

Relation between the Circuit Q and the Reactance Voltages. The 
voltages across the reactances have the same value because at resonance 
the reactances are equal. From this fact and from Eq. (11-26), it can 
be seen that the voltage across either the inductor or the capacitor at 
resonance is dependent on the circuit Q. The value of Q for many of the 
series resonant circuits used in electronics is greater than 100, and a series 
resonant circuit will develop high reactive voltages with a low applied 
voltage. This is possible because the voltages across the inductor and 
capacitor are equal and opposite. This leaves the resultant voltage across the 
circuit equal to the voltage across the resistor, which is equal to the voltage 
applied to the circuit. This ratio of voltages is illustrated in Fig. 11-6 and 
is explained in the following example. 

EXAMPLE 11-7 The resistance of a series resonant circuit is 10 ohms, and its inductive 
reactance is equal to 500 ohms at resonant frequency. What voltage is developed across 
the inductor, capacitor, and resistor when the applied voltage is 5 volts? 

GIVEN: E = 5 volts R = 10 ()hills XL = 500 ohms 

FEW: Ex, Ex, ER 

SOLUTION: 

= ¡El = = 0.5 amp 
10 

Ex, = I,XL = 0.5 x 500 = 250 volts 

At resonance, XL = Xc 

Therefore Ere = Ex, = 250 volts 

ER = IR = 0.5 X 10 = 5 volts 

Fig. 11-6 Voltages across the com-

ponents of a series resonant circuit at 

resonant frequency. 

Xz,-500n. X.e.500.a R= 

E'.5 why 250volts 250 volts 5 volts 



426 Essentials of Electricity—Electronics 

(a) 

5 

4 

E 3 
.g 

4:2 

R./Ocu 

o410 1480 1490 1500 1510 1520 1530 
Frequency, kilocycles 

200,000 

180,000 

160,000 

140,000 

120,000 

8'100,000 

-a 
L' 80,000 
E 

60,000 

40,000 

20,000 

(11-9) 

R=S ohms 

R-10 ohms 

o 1470 1480 14q0 1500 150 1520 1530 
frequency, k I locyc les 

(c) 

Fig. 1 1-7 Parallel resonance. (a) A parallel resonant circuit. (b) Current resonance 

curves. (c) Impedance resonance curves. 

11-9 Parallel Resonant Circuit 
When the inductance and capacitance of a parallel circuit are of such 

values that the inductive reactance is equal to the capacitive reactance at 
the frequency of the applied voltage, the circuit is called a parallel resonant 
circuit. The resistance of the circuit cannot be treated as a single value of 
R as was the case in series resonant circuits. It is generally true that most 
of the resistance of the circuit is in the coil and that the resistance of the 
capacitor is so low that it may be neglected. On this basis, the circuit 
is considered as an inductor with a small amount of resistance in series in 
one branch and a perfect capacitor (resistance neglected) in the other 
branch; such a circuit is shown in Fig. 11-7a. This circuit is actually a 
parallel-series circuit, and to understand its action, it should be treated as 
such. This may be done by assigning values to R, L, and C and solving for 
the reactances and impedances at a number of frequency values. 

EXAMPLE 11-8 For the circuit of Fig. 11-7a, find: (a) the resonant frequency, (b) the 
inductive reactance, (c) the capacitive reactance, and (d) the circuit impedance. 

civEN:R= 10 ohms L= 106 ph C= 106 pf 

FIND: (a) fr (b) XL (c) Xc (d) Zcci 
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SOLUTION: 

(a) fr .  159  .  159   = 1,500 kc 
Vn,C V106 x 106 x 10-6 

(b) XL = 2grf,L, = 6.28 x 1,500 X 103 X 106 x 10-3 = 1,000 ohms 

1  1  
(c) = 1,000 ohms 

Xc = .4 2,C = 6.2,8 x 1,500 x 103 x 106 x 10-12 

(d) Zcci may be found by using any one of the methods presented in Articles 10-10, 
10-13, and 10-15. Using Eq. (10-15) and the method employing the j operator, 

z =  ZiZ2  _ (10 + j1,000)( —j1,000) _ —j10,000 — /21,000,000  
ed  

Z1 + Z2 — 10 -I- /1,000 — /1,000 — 10 

= — /1,000 -I- 100,000 = V1,0002 + 100,0002 --.*-- 100,000 ohms 

Parallel Resonance Curves. If Example 11-8 is repeated for a number 
of different frequencies, a set of values may be obtained for the plotting of 
a resonance curve. A parallel resonance curve is generally plotted with 
frequency as the abscissa and impedance as the ordinate, although occa-
sionally curves may be plotted with current as the ordinate. In Table 11-4 
a set of values for the circuit of Fig. 11-7a is shown, and resonant curves 
plotted from these values are shown in Fig. 11-7b and c. 

EXAMPLE 11-9 Calculate the impedance of the parallel resonant circuit of Fig. 11-7a 
for a frequency of (a) 1,485 kc, (b) 1,500 kc, (c) 1,530 kc. 

Note 1: As the circuit Q is high, Zi Z2 may be taken as XaCc. These values appear in 
Table 11-4 and will be taken from the table. 

Note 2: Z1 + Z2 is equal to the series impedance of the circuit, and at points 
near resonance it must include the resistance whether it is high or low. Therefore, 

Z1 + Z2 = VR2 ± (XL — X& • 

civEN: (a) f = 1,485 kc (b) f = 1,500 kc (c) f = 1,530 kc (Fig. 11-7a) 

FDID: (a) Zp (b) Z„ (c) Zp 

SOLUTION: 

From Table 11-4, R = 10 ohms, XL = 990 ohms, Xc = 1,010 ohms 

Zi Z2 990 x 1,010  Z„ = =  — 44,718 ohms 
Z1 + Z2 V102 + (990 — 1,010)2 

From Table 11-4, R = 10 ohms, XL = 1,000 ohms, Xc = 1,000 ohms 

Z —  Z1Z2  =  1,000 x 1,000  — 100,000 ohms 
P — Z1 -I- Z2 V102 + (1,000 — 1,000)2 

From Table 11-4, R = 10 ohms, XL = 1,020 ohms, Xc = 980 ohms 

Z17.2  _   1,020 x 980  Z„ = — 24,244 ohms 
Z1 + Z2 — 002 ± (1,020 — 980)2 
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Table 11-4 

(1 1 -9) 

FREQUENCY, 
KC 

XL, 
OHMS 

Xc, 
OHMS 

R, 
OHMS 

Z 
(apprOX), 
OHMS 

/, mA 
E = 100 VOLTS 

1,470 980 1,020 5 25,000 4.00 
1,475 983.5 1,016.5 5 30,000 3.33 
1,480 987 1,013 5 38,000 2.63 
1,485 990 1,010 5 48,000 2.08 
1,490 993 1,007 5 67,000 1.49 
1,495 997 1,003 5 128,000 0.78 
1,500 1,000 1,000 5 200,000 0.50 
1,505 1,003 997 5 128,000 0.78 
1,510 1,007 993 5 67,000 1.49 
1,515 1,010 990 5 48,000 2.08 
1,520 1,013 987 5 38,000 2.63 
1,525 1,016.5 983.5 5 30,000 3.33 
1,530 1,020 980 5 25,000 4.00 

1,470 980 1,020 10 24,250 4.12 
1,475 983.5 1,016.5 10 29,000 3.44 
1,480 987 1,013 10 36,000 2.78 
1,485 990 1,010 10 44,500 2.25 
1,490 993 1,007 10 58,000 1.72 
1,495 997 1,003 10 85,500 1.17 
1,500 1,000 1,000 10 100,000 1.00 
1,505 1,003 997 10 85,500 1.17 
1,510 1,007 993 10 58,000 1.72 
1,515 1,010 990 10 44,500 2.25 
1,520 1,013 987 10 36,000 2.78 
1,525 1,016.5 983.5 10 29,000 3.44 
1,530 1,020 980 10 24,250 4.12 

Relation among Z, X, and Q. The impedance at resonance can be found 
by a simpler method as is shown in the following explanation. In the solu-
tions for obtaining values for impedance for Table 11-4 the circuit imped-
ance was obtained by dividing the voltage of the line by the current in the 
line, or 

Zp, = 
Eline 

'line 
(11-27) 

Examining the step where Eq. (10-8) was used to find /line, it will be 
observed that the value of the second parentheses, which represents the 
total reactance current, is zero and also that the value of 12 cos 02, which 
represents the in-phase or resistance component of the capacitor current, 
is zero. This is always true when there is resonance and the resistance of 
the capacitor is disregarded; hence at resonance /line becomes equal to 
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/1 cos 01. However, Eline = Ec = EL = E, 11 = E/XL, and cos 01 = R/XL; 
therefore 

E 
/line = COS a R ER = — X — = 

XL XL XL2 

Substituting these values in Eq. (11-27), 

E E 
= = ER = 

XL2 

At resonance XL = Xe; therefore this equation may be expressed in any 
of the following forms: 

XL2 Xe2 XeXL XLXL XcXc 
prZ  = R -- or — or — or — or 

R 

(11-28) 

XL2 
(11-29) 

(11-30) 

Using next to the last form and substituting Q for XL/R, the equation can 
be stated as 

Z,W = XLQ (11-31) 

EXAMPLE 11-10 What is the circuit Q and the impedance at resonance for the circuit 
shown in Fig. 11-7a? The frequency of resonance and the value of XL at resonance, 
taken from Table 11-4, are 1,500 kc and 1,000 ohms, respectively. 

GIVEN: R = 10 ohms XL = 1,000 ohms 

FIND: Q 

SOLUTION: 

Z, 

Q  
R 10 — 

Z„,. = XLQ = 1,000 X 100 = 100,000 ohms 

The error introduced in Eqs. (11-29) and (11-31) by disregarding the 
resistance of the capacitor will depend on the amount of the capacitor 
resistance and the circuit Q. This error is negligible for ordinary calculations 
and can be ignored if the circuit Q is not extremely low. Examination of 
Figs. 11-7c and 11-4b will show that the resonance curve for the imped-
ance of a parallel circuit varies in the same manner as the resonance curve 
for current in a series circuit. The rules for the interpretation of the series 
resonance curve in regard to the slope and width of the curve will apply 
to the parallel circuit as well, and the frequency of resonance can be deter-
mined by the same equations used for the series resonant circuit. 

At resonance, the impedance of the parallel circuit is at its maximum 
value. Equation (11-31) shows that the impedance at resonance is equal to 
the product of Q and the reactance of either branch and is therefore much 
higher than the impedance of either branch. As the circuit Q is generally 
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higher than 100, the impedance of the circuit will be more than 100 times 
the impedance of either branch. 

If the resistance of the circuit of Fig. 11-7a were reduced to 5 ohms, 
it would result in a higher value of circuit Q as indicated by Eq. (11-11) 
and also a higher circuit impedance as indicated by Eq. (11-29). The effect 
of a resistance change upon the impedance and current can also be seen 
by examination of the resonance curves of Fig. 11-7b and c. This property 
of a parallel resonant circuit has many applications in electronic circuits, 
some of which are discussed in another part of this chapter. 

1 1 -1 0 Currents in Parallel Resonant Circuits 

Line Current. The line current in a parallel resonant circuit is equal to 
the applied voltage divided by the impedance of the circuit. At resonance, 
the impedance of the circuit is maximum; therefore the line current is at 
its minimum. Because the impedance at resonance is very high (more than 
100 times either reactance), the amount of current flowing in the line 
is very small. As the frequency changes from resonance, the circuit imped-
ance decreases very rapidly and the line current will increase in the 
same manner. 
Branch Currents. The current in each branch of a parallel resonant 

circuit is equal to the voltage applied to the circuit divided by the imped-
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ance of that branch. The impedance of each branch varies slowly with 
frequency change, and therefore the currents in the branch circuits do not 
go through resonant action. At resonance, the impedance of each branch is 
relatively low compared with the line impedance; therefore the currents 
flowing through the capacitor and inductor are much higher than the line 
current. This resonant action is due to the fact that the currents in each 
branch of a parallel resonant circuit are largely reactive and approximately 
180° out of phase with one another; therefore the resultant current will be 
practically zero. At resonance, a high current will keep circulating between 
the inductance and the capacitance. The resistance of resonant circuits is 
generally very low, and hence the energy losses will be low. The current 
flowing in the line is only the amount needed to supply the circuit losses, 
and as the circuit losses are low the line current is relatively low. 

Currents at Frequencies off Resonance. For frequencies other than 
resonance, the reactive currents are not equal. The resultant reactive 
current must be supplied by the line. As the difference in the reactive cur-
rents in each circuit will increase with the amount of deviation from 
resonant frequency, the line current will increase in the same manner. The 
relation between the line and branch currents is shown in the graph 
of Fig. 11-8a, while the graph in Fig. 11-8b shows the relation between the 
branch impedances and the line impedance. 

11-11 Comparison of Series and Parallel Resonant Circuits 

Resonance Curves and Frequency. In series resonant circuits, the 
resistance, inductance, capacitance, and the supply voltage are connected 
in series with one another. In parallel resonant circuits, an inductance con-
taining a small amount of resistance is connected in parallel with a capaci-
tance of negligible resistance. In both circuits, resonance occurs when the 
capacitive reactance equals the inductive reactance. The resonant frequency 
of both circuits can be calculated by Eqs. (11-5) and (11-8); both have 
similar resonance curves. Increasing the circuit Q will increase the slope of 
the resonance curves in both circuits, thus decreasing the width of their 
resonance curves. 
The characteristics of series resonant circuits and parallel resonant circuits 

may be readily compared with each other by reference to the tabular 
listing of their circuit characteristics in Table 11-5. 

Characteristics of Series Resonant Circuits. At resonance, the impedance 
of a series resonant circuit is at its minimum, and its value is equal to the 
resistance of the circuit. The circuit acts the same as a resistor. The 
current through all parts of the circuit is the same and is equal to the line 
current; the current is at its maximum value and is in phase with the 
applied voltage. The power factor of the circuit will therefore be unity. The 
voltages across the reactances are approximately equal and nearly 180° out 
of phase with each other, and the voltage across the resistance is equal to 
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Table 11-5 

QUANTITY SERIES CIRCUIT PARALLEL CIRCUIT 

At Resonance: 
Reactance; (Xi — Xc) Zero; (because Xi, = ,Cc) Zero; (because XL = Xc) 

Frequency of resonance 159 159 

Impedance Minimum value: Z = R Maximum value; Z = QXL 

/in. Maximum value Minimum value 
/L /line Q times /tine 

le 'line Q times /line 

EL Q times Eli,. Enne 
Ec Q times Eiii. Eline 
Phase angle between /line 
and En.. 

0* 0* 

Angle between EL and Ec 180° 0° 
Angle between li, and /c 0* 180° 
Desired value of Q High High 

Desired value of R Low Low 
Highest selectivity High Q; low R; high W High Q; low R; high CL 

ratio ratio 
When f is greater than f. 

Reactance; (XL — Xc) Inductive Capacitive 

Phase angle between /line 

and Eune 
Lagging current Leading current 

When fis less than fr 

Reactance; (XL — Xc) Capacitive Inductive 
Phase angle between /line 
and Enne 

Leading current lagging current 

the applied voltage. Increasing the value of the resistance will decrease 
both the current in the line and the voltage across each reactance. For 
frequencies below resonance, the capacitive reactance is greatest and the 
current is leading. For frequencies above resonance, the inductive reactance 
is greatest and the current is lagging. 

Characteristics of Parallel Resonant Circuits. At resonance, the imped-
ance of parallel resonant circuits is at its maximum, and its value is equal 
to the product of either reactance and the circuit Q. The circuit acts the 
same as a resistor, and the current and voltage are in phase; the power 
factor of the circuit will therefore be unity. The line current is at a mini-
mum and is equal to the applied voltage divided by the impedance of the 
circuit. The voltages across the inductance and the capacitance are the 
same and are equal to the applied voltage. At resonance, the currents in 
the inductor and capacitor are approximately equal and nearly 180° out of 
phase with each other. Increasing the resistance of the circuit decreases the 
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circuit impedance, thereby increasing the line current. For frequencies 
below resonance, the current in the inductor increases and the line current 
is lagging. For frequencies above resonance, the current in the capacitor 
increases and the line current is leading. 

11-12 Uses of Resonant Circuits 

Fundamental Uses. In radio, television, and other electronic circuits, the 
principles of resonance are used to increase the strength of a desired signal 
and to decrease to a minimum the strength of undesired signals. Series 
resonant circuits are used wherever maximum current is desired for a 
definite frequency or band of frequencies. Parallel resonant circuits are 
used wherever the signal strength of any one frequency or band of 
frequencies is to be reduced to a minimum. 

Classification of Circuits as Series or ParalleL Frequently resonant 
circuits form only a part of the complete circuit. Because of this, it may be 
difficult to ascertain whether the resonant circuit is of the series or parallel 
type. In some instances, circuits that have all the appearances of a parallel 
resonant circuit are actually classed as series resonant circuits. This is 
usually the case when the inductor is the secondary of a transformer and 
the voltage of the circuit is an induced voltage rather than a voltage 
applied from an entirely separate source. For example, Fig. 11-9c shows two 
resonant circuits (drawn in heavy lines), each of which has the general 
appearance of a parallel circuit, but in analyzing the complete circuit the 
one at the left is considered a parallel resonant circuit and the one at the 
right is considered a series resonant circuit. The circuit at the left is con-

Radio 
receiver 

(1 

Fig. 1 1 -9 Applications of 

parallel resonant circuits in 

radio receivers. 
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sidered a parallel resonant circuit because it receives its electrical energy 
from the plate circuit of tube 1. The circuit at the right is considered 
a series resonant circuit because no separate voltage is applied to the 
inductor and capacitor, but instead a voltage is induced in the inductor 
(secondary of an r-f transformer), which is considered as a voltage connected 
in series with the inductor and the capacitor. The following procedure will 
help to determine whether a circuit should be classed as parallel or series: 
(1) locate the inductive and capacitive components forming the resonant 
circuit; (2) locate the source of a-c voltage for these components; (3) deter-
mine whether the components are in series or parallel with the source of 
a-c voltage. In electronic circuits, the source of a-c voltage may be derived 
from any one of the following circuits: antenna, output of a vacuum tube, 
or the induced voltages from other circuits. Some of the applications 
of resonant circuits as applied to radio receivers are illustrated in Figs. 11-9 
and 11-10. The resonant circuit in each illustration is shown in heavy lines. 

Application of Resonant Circuits in the Antenna Circuit of a Receiver. 
A simple illustration of the use of the principle of resonance is given in the 
circuit shown in Fig. 11-9a. Here a parallel resonant circuit is connected 
in series with the antenna circuit of a receiver. This circuit will offer a very 
high impedance to any signal current at the frequency for which it is 
resonant and will therefore reduce such a signal current to a minimum. It 
thereby hinders currents of this frequency from entering the receiver but 
does not prevent currents of any other frequency from entering the 
receiver. Such a circuit is used to eliminate the signals of a station causing 
troublesome interference and is referred to as a wave trap. 
A series resonant circuit also may be used as an antenna wave trap 

as illustrated in Fig. 11-10a. Being a series resonant circuit, it will offer a 
very low impedance to any signal current at the frequency for which it is 
resonant and a high impedance to currents of all other frequencies. It pro-
vides a low-impedance path to the ground for any signal current of 
the resonant frequency to which it is adjusted. It thereby keeps signal cur-
rents of the undesired frequency from entering the receiver and acts as a 
wave trap. 

Wave traps may be used in the antenna circuit of all types of communi-
cation equipment to eliminate the signals from a particular station or from 

(a) 

Fig. 11-10 Applications of series resonant circuits in radio receivers. 
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L- 11W-31 1.11111Dliirk 

(a) 

Fig. 11-1 1 Applications of resonant circuits. (a) Tuning unit with an adjustable capaci-

tor. (b) Tuning unit with an adjustable capacitor and adjustable inductor. (Hammarlund 

Manufacturing Company, Inc.) 

any other source of interference. Resonant circuits are used to separate the 
currents of different frequencies in the various sections of all types of elec-
tronic equipment. As such they may be used to separate audio-frequency 
signals from intermediate-frequency signals, audio-frequency signals from 
video-frequency signals, direct currents from all signal currents, etc. 

Use of Series Resonant Circuits in the Tuning Circuit of a Receiver. In 
order to listen to a signal being transmitted, the tuning circuit of the 
receiver must be adjusted so that its capacitive and inductive components 
produce resonance at the frequency of the carrier wave of the station 
transmitting the signal desired. The series resonant circuit shown in 
Fig. 11-10b is typical of many tuning circuits. The input signal voltage e 
may come from the antenna circuit or from the output of a previous 
tuning stage. The amount of signal voltage across the secondary of the 
transformer will be much greater because of the high reactive voltages 
developed in a series circuit at its resonant frequency. The value of either 
reactive voltage is more than that which could have been obtained by 
direct transformer ratio. This increase in voltage represents a gain in signal 
strength obtained by means of coupling. This voltage is now applied to the 
input of the following stage. 

Use of Parallel Resonant Circuits to Obtain Selectivity and High Imped-
ance. Parallel resonant circuits are used as the output load of a tube where it 
is necessary that this circuit, in addition to having a high selectivity, must 
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BIC 

 e 000000 \  
Fig. 11-12 Theoretical parallel resonant circuit of an 
inductance coil. 

also have a high impedance. Such a circuit is shown in Fig. 11-9b. The 
advantages obtained by proper use of series and parallel resonant circuits 
is further illustrated by the manner in which they are used in the intermediate 
stages of superheterodyne receivers. Such a circuit is shown in Fig. 11-9c. 
The resonant circuit connected to the input of tube 2 must have a 
high selectivity but a low impedance in order to obtain a high reactive 
voltage; a series resonant circuit is therefore used. The resonant circuit 
connected to the output of tube 1 must have a high selectivity and a high 
impedance; a parallel circuit is therefore used. This circuit arrangement has 
excellent selective characteristics and is used in practically all types of 
communication receivers. 

Resonant Frequency of Choke Coils. In Chap. 9, it has been shown 
that the distributed capacitance existing between the turns of a coil may 
be considered theoretically as a lumped capacitance placed across the termi-
nals of the coil. If a coil is considered in this manner (Fig. 11-12), it 
is equivalent to a parallel resonant circuit and therefore has a resonant fre-
quency of its own. Choke coils are designed to have a comparatively high 
inductive reactance for a wide band of frequencies below its resonant 
frequency when considered as a parallel resonant circuit. At resonance its 
impedance is very high, and for frequencies above resonance its reactance 
becomes capacitive and the coil acts as a capacitor. If there is no disadvan-
tage in having the reactance capacitive instead of inductive, a coil with 
high distributed capacitance is superior for frequencies lower than its reso-
nant frequency. Above this frequency, the actual impedance of the coil is 
less than it would be for a coil having a negligible amount of distributed 
capacitance. 

QUESTIONS 

1. Why are resonant circuits considered important to the study of electronics? 
2. What is meant by the term resonance as applied to electric circuits? 
3. (a) What is a graph? (b) Where are graphs used in electronics? (c) Why is 

the study of the plotting and interpretation of graphs essential to understanding 
radio, television, and other electronic circuits? 

4. What is meant by (a) the abscissa? (b) The ordinate? (c) The point of origin? 
5. (a) In plotting a graph, which variable is plotted as the ordinate? (b) What is the 

other variable called? 
6. What type of curve will a graph of the following equations illustrate: (a) Plotting 
P versus E for the equation P = E2/R? (b) Plotting XL versus f for the equation 
XL = 2rfL? (c) Plotting fr versus LC for the equation f, = 1/27r Nri,"-C? 



Resonance 437 

7. Why is it necessary to obtain more points when plotting a graph having a curved 
line than for one having a straight line? 

8. If a graph is plotted from results obtained from a laboratory experiment, is 
the curve drawn through all the points obtained? Explain. 

9. In a series circuit containing inductance and capacitance, how do the inductive 
and capacitive reactances vary when the frequency of the input voltage is 
(a) increased? (b) Decreased? 

10. Why should the resistance of series resonant circuits be kept at a minimum? 
11. What quantities are generally used to plot (a) a series resonance curve? (b) A parallel 

resonance curve? 
12. What is meant by a tuned circuit? 
13. How does the shape of the resonance curve vary when its resistance is (a) increased? 

(b) Decreased? 
14. How does the circuit Q of a tuned circuit compare with the coil Q? 
15. How does the slope of the resonance curve for a tuned circuit vary when 

its circuit Q is (a) increased? (b) Decreased? 
16. When the following factors are increased, how is the circuit Q of a tuned circuit 

affected: (a) resistance, (b) inductance, (c) frequency? 
17. In order to obtain high selectivity in tuning circuits, should the circuit Q be large 

or small? Explain your answer. 
18. Explain how the voltage across either reactance in a series tuned circuit can be 

greater than the applied voltage. 
19. Will the reactive voltages in a series resonant circuit increase or decrease when 

the circuit Q is increased? Explain. 
20. (a) When solving parallel resonant circuits, why must they be treated as parallel-

series circuits? (b) Why is the resistance of the capacitor generally ignored? 
21. Under what conditions may the impedance of a parallel resonant circuit be taken 

as the product of the inductive reactance and the circuit Q? 
22. How do parallel resonant circuits differ from series resonant circuits? 
23. How do the rules for the interpretation of parallel resonance curves compare with 

those for a series circuit? Why? 
24. How does a decrease in the circuit resistance affect the impedance of a parallel 

resonant circuit? 
25. How does the impedance of each branch of a parallel resonant circuit compare 

with the impedance of the circuit (a) at the resonant frequency? (b) For fre-
quencies below resonance? (c) For frequencies above resonance? 

26. How does the current flowing in each branch of a parallel resonant circuit 
compare with the line current (a) at the resonant frequency? (b) For frequencies 
below resonance? (c) For frequencies above resonance? 

27. How does the power factor of the inductance and capacitance of parallel and series 
resonant circuits compare with the power factor of the line (a) at the resonant 
frequency? (b) For frequencies below resonance? (c) For frequencies above 
resonance? 

28. In what respects are parallel resonant circuits similar to series resonant circuits? 
29. In what respects do parallel resonant circuits differ from series resonant circuits? 
30. What factor determines whether a resonant circuit should be classed as a series or 

parallel type? 
31. What procedure should be followed in determining whether a resonant circuit is 

of the series or parallel type? 
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32. Name four applications of series resonant circuits to radio. 
33. Name four applications of parallel resonant circuits to radio. 
34. What is meant by the distributed capacitance of a coil? 
35. Why must the distributed capacitance of a choke coil be taken into consideration? 

PROBLEMS 

1. Plot a curve showing how the power varies with current changes from zero to 
10 amp if the voltage is kept constant at 125 volts. 

2. Plot a curve showing how the power varies with voltage changes from zero 
to 125 volts for a circuit whose resistance is 0.25 megohm. 

3. The following data were taken for plotting a curve for a certain tube characteristic. 
The grid voltage of the tube was kept constant at — 5 volts. The following 
readings of plate current (milliamperes) were obtained for the values of plate 
voltage listed below. Plot an EI, curve. 

E„ 4, 
50 0.35 
75 1.2 
100 2.5 
125 4.0 
150 5.5 
175 7.2 
200 9.0 

4. The following data were taken for plotting a curve for a certain tube characteristic. 
The plate voltage of the tube was kept constant at 200 volts. The following 
readings of plate current (milliamperes) were obtained for the values of grid volt-
age listed below. Plot an E,I, curve. 

E, 
—14 0 
— 12 0.5 
— 10 1.5 
— 8 3.5 
— 6 7.0 
— 4 11.0 
— 2 16.0 
0 21.0 

5. A resonant circuit has an inductance of 316 ph and a capacitance of 80 pf. 
(a) Plot a curve showing how the inductive reactance changes when the fre-
quency is varied from 975 to 1,025 kc. (b) On the same paper, using the 
same reference abscissa, plot another curve showing how the capacitive reactance 
changes for the same frequency range. In plotting these curves, obtain values for 
every 5 kc. 

6. A resonant circuit has an inductance of 0.775 µh and a capacitance of 7.5 pf. 
(a) Plot a curve showing how the inductive reactance changes when the fre-
quency is varied from 56 to 76 mc. (b) On the same paper, using the same 
reference abscissa, plot another curve showing how the capacitive reactance 
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changes for the same frequency range. In plotting these curves, obtain values for 

every 2 mc. 
7. Using the curves obtained in Prob. 5, determine the resultant circuit reactance at 

the following frequencies: (a) 980, (b) 990, (c) 1,000, (d) 1,010, (e) 1,020 kc. 
8. Using the curves obtained in Prob. 6, determine the resultant circuit reactance at 

the following frequencies: (a) 57, (b) 63, (c) 66, (d) 69, (e) 75 mc. 
9. Determine the resonant frequency of the circuit used in Prob. 5 (a) by referring 

to the curves obtained in Prob. 5, (b) by substituting the values of inductance and 
capacitance in the equation for finding the frequency of resonance. 

10. Determine the resonant frequency of the circuit used in Prob. 6 (a) by referring 
to the curves obtained in Prob. 6, (b) by substituting the values of inductance and 
capacitance in the equation for finding the frequency of resonance. 

11. A series tuned circuit has an inductance of 316 µh. To what value of capacitance 
must its variable capacitor be adjusted in order to obtain resonance for the 
following frequencies: (a) 500 kc? (b) 1,500 kc? 

12. A series tuned circuit has a capacitance of 9.2 pf. Determine the value of 
inductance required to obtain resonance for the following frequencies: (a) 54 mc, 

(b) 198 mc. 
13. A variable capacitor having a maximum capacitance of 350 µpi is used for tuning 
a broadcast radio receiver. (a) What inductance is required to make the circuit 
resonant at the lowest frequency 500 kc? (b) If the minimum capacitance of the 
capacitor is 15 pf, what is the highest frequency that can be obtained with 

the inductance determined in part (a)? 
14. Determine the value of capacitance required for a tuned circuit having the 

following values: (a) L = 0.0755 µh; f = 473 mc; (b) L = 0.08 ah; f = 749 mc. 
15. The coil used in Prob. 13 plus the circuit wiring has a distributed capacitance of 

15 µµf thus increasing the circuit capacitance by this amount. What is the 
frequency range of the circuit? 

16. Determine the frequency of the signal that is attenuated by a parallel resonant 
circuit having the following circuit values: (a) C = 40 pf and L = 0.335 µh; 

(b) C = 37 µµf and L = 0.4 µh. 
17. It is desired to tune a frequency band whose lowest frequency is 1,700 kc 

by connecting a different coil to the capacitor in Prob. 13. (a) Find the induct-
ance of the coil. What is the highest frequency that can be tuned (b) if the dis-
tributed circuit capacitance (15 pf) is to be taken into consideration and the 
inductance coil is used as determined in part (a)? (c) If the distributed capaci-
tance of the circuit is ignored? (d) If the distributed circuit capacitance is ignored 
and the minimum value of the variable capacitor is 10 pf? 

18. A variable capacitor having a maximum capacitance of 140 ap.f and a minimum 
capacitance of 10 µµf is used to tune a frequency band whose lowest frequency is 
1,700 kc. (a) Find the inductance of the coil. What is the highest frequency 
to which the circuit can be tuned (b) if the distributed circuit capacitance (10 pf) 
is to be taken into consideration? (c) If the distributed circuit capacitance is 
ignored? (d) If the distributed circuit capacitance is ignored and the minimum 

value of the variable capacitor is 5 1.4? 
19. The inductance of a tuned circuit is 0.0304 ph, the capacitance is 20 pf, and its 

effective distributed capacitance is 2 µµf. Determine its resonant frequency when 
the distributed capacitance (a) is ignored, (b) is taken into consideration. 
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20. The capacitor in Prob. 18 is to be used to tune a frequency band whose lowest 
frequency is 6.5 mc. In this problem the distributed capacitance is to be ignored. 
(a) Find the inductance of the coil. (b) What is the highest frequency that 
can be tuned? 

21. It is desired to tune a frequency band whose lowest frequency is 1,700 kc by the 
use of a fixed capacitor Cs connected in series with the tuning capacitor Cr, 
as shown in Fig. 11-13. The maximum and minimum capacitances of the tuning 
capacitor are 350 and 15 pf, respectively; the inductance of the secondary is 
290 p.h; and the distributed capacitance is 15 pf. (a) Find the capacitance of the 
series capacitor Cs. What is the highest frequency to which the circuit may 
be tuned (b) if the distributed circuit capacitance is to be taken into con-
sideration and the series capacitor is used as determined in part (a)? (c) If the dis-
tributed circuit capacitance is ignored? (d) If the distributed circuit capacitance 
is ignored and the minimum value of the variable capacitor is 10 µµf? 

22. A variable capacitor having a maximum capacitance of 140 pf and a minimum 
capacitance of 10 pf is used to tune a frequency band whose lowest frequency is 
4.63 mc. The distributed capacitance is 5 µIA, and the inductance of the secondary 
winding is 58.5 µh. (a) What value of capacitance must be connected in series 
with the tuning capacitor in order to obtain this minimum frequency when all its 
plates are in mesh? What is the highest frequency to which the circuit may 
be tuned (b) if the distributed circuit capacitance is to be taken into consideration 
and the series capacitor is used as determined in part (a)? (c) If the distrib-
uted circuit capacitance is ignored? (d) If the distributed circuit capacitance 
is ignored and the minimum value of the variable capacitor is 2.5 pf? 

23. A series resonant circuit is to be used as a wave trap to eliminate the effect of a 
1,200-kc signal. What value of capacitance must be used if the coil has an induct-
ance of 80 µh and a distributed capacitance of 10 pf? 

24. A coil having a distributed capacitance of 10 µµf is connected in series with 
a 350-pf capacitor in order to pass a 750-kc signal. Find the inductance of this coil. 

25. A 120-1.4 adjustable capacitor and an inductance coil are connected in parallel 
to form the primary side of an i-f transformer whose resonant frequency is 460 kc 
(Fig. 11-14). (a) What is the inductance of the primary winding? (b) What is the 
Q of the primary winding if its resistance is 9.85 ohms? 

26. A 4.5-pf capacitor and an adjustable inductance coil are connected in parallel to 
form the primary side of an i-f transformer whose resonant frequency is 41.25 mc. 
(a) What is the inductance of the primary winding? (b) What is the Q of 
the primary winding if its resistance is 4.62 ohms? 

27. A 2.5-mh coil and an adjustable capacitor are connected to form the secondary 

Fig. 1 1 -14 
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side of an i-f transformer whose resonant frequency is 460 kc (Fig. 11-14). 
(a) What is the capacitance of the adjustable capacitor? (b) What is the Q of the 
secondary winding if its resistance is 13.75 ohms? 

28. An adjustable inductance coil that is set at 10 µh and a fixed capacitor are 
connected to form the secondary side of an i-f transformer whose resonant 
frequency is 10.7 mc. (a) What is the capacitance of the fixed capacitor? (b) What 
is the Q of the secondary winding if its resistance is 4.1 ohms? 

29. A 10-mv signal is applied to a series resonant circuit having an inductance of 
316 µh, a capacitance of 80 pf (same as Prob. 5), and a resistance of 10 ohms. 
Plot the resonance curve for this circuit. 

30. A 10-mv signal is applied to a series resonant circuit having an inductance 
of 0.775 µh, a capacitance of 7.5 pf (same as Prob. 6), and a resistance of 
9.72 ohms. Plot the resonance curve for this circuit. 

31. Determine the width of the frequency band of the circuit used in Prob. 29 
(a) from the resonance curve as plotted, (b) substituting the values of inductance 
and resistance in the equation for finding the width of the frequency band. 

32. Determine the width of the frequency band of the circuit used in Prob. 30 
(a) from the resonance curve as plotted, (b) substituting the values of inductance 
and resistance in the equation for finding the width of the frequency band. 

33. (a) What voltage is developed across the resistor, inductor, and capacitor of the 
series resonant circuit used in Prob. 29? (b) What is the value of the circuit Q? 

34. (a) What voltage is developed across the resistor, inductor, and capacitor of the 
series resonant circuit used in Prob. 30? (b) What is the value of the circuit Q? 

35. What is the impedance of the parallel resonant circuit used in Prob. 25? 
36. What is the impedance of the parallel resonant circuit used in Prob. 28? 
37. A parallel resonant circuit is to be used as a wave trap to eliminate the effects of 

a 1,300-kc signal. The circuit has a resistance of 1.5 ohms and a capacitance (dis-
tributed and wiring) of 10 pf. (a) What value of inductance must be used with a 
capacitor whose value is 65 µµf? (b) What is the circuit Q? (c) What is the width 
of the band being eliminated? 

38. A parallel resonant circuit is to be used as a wave trap to eliminate the effects of 
a 100-mc signal. The circuit has a resistance of 1.25 ohms and a capacitance (dis-
tributed and wiring) of 5.3 µµf. (a) What value of inductance must be used with 
a capacitor of 20 pf? (b) What is the circuit Q? (c) What is the width of the band 
being eliminated? 

39. A coil having an inductance of 320 I./ is connected in parallel with an adjustable 
capacitor in order to bypass a band of frequencies between 999.25 and 1,000.75 kc. 
The distributed capacitance of the coil and circuit is 9 pf. (a) What is the value 
of the adjustable capacitor? (b) What is the resistance of the circuit? 

40. A coil having an inductance of 0.9 µh is connected in parallel with an adjustable 
capacitor in order to bypass a band of frequencies between 39.75 and 40.25 mc. 
The distributed capacitance of the coil and circuit is equal to 5.5 µµf. (a) What is 
the value of the adjustable capacitor? (b) What is the resistance of the circuit? 

41. Using the method outlined in the article on parallel resonance, find the impedance 
for the following points for the 5-ohm curve Fig. 11-7c: (a) f = 1492.5 kc; 
(b) f = 1502.5 kc. 

42. Using the method outlined in the article on parallel resonance, find the impedance 
for the following points for the 10-ohm curve Fig. 11-7c: (a) f = 1,497.5 kc; 
(b) f = 1,507.5 kc. 
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43. Plot a parallel resonance curve for a circuit having a capacitance of 80 gilt 
an inductance of 316 1.th, and a resistance of 10 ohms [use Eq. (10-15)]. 
Note: These are the same values used in Prob. 5. 

44. Plot a parallel resonance curve for a circuit having a capacitance of 7.5 pf, 
an inductance of 0.775 gh, and a resistance of 0.1 ohm [use Eq. (10-15)]. Note: These 
are the saine values used in Prob. 6. 



Chapter 12 
Basic Electronic Circuits 

A circuit diagram of a radio receiver, a television receiver, or a piece of 
industrial electronic equipment is generally quite complex and when 
examined as a whole unit may be very confusing. Every electronic circuit 
is made up of a number of individual circuits, and to understand the com-
plete circuit, each individual circuit must be analyzed separately. 
The purpose of this chapter is to study the electrical effects of each 

circuit and its relation to other circuits. The applications of these circuits 
in producing specific actions such as amplification, detection, or oscillation 
are taken up in the authors' text Essentials of Radio—Electronics. 

1 2-1 The Electric Circuit 

Circuit Elements. Every electric circuit must contain at least one 
conducting element. This element may be a resistor, inductor, or capacitor. 
The purpose of each type of element and its effects on the electric circuit 
have been discussed in previous chapters. In general, a resistor in a circuit 
will limit the amount of current flowing in that circuit. Inductance in 
a circuit will oppose any change in the amount of current flow. Capacitance 
in a circuit will oppose any change in the amount of voltage impressed 
across the circuit. 

Stray Resistance, Capacitance, and Inductance. Every wire-wound 
resistor will have, in addition to its resistance, an inductance effect due to 
the turns of wire and a capacitance effect due to the space (insulation) 
between each turn. Every coil will have, in addition to its inductance, 
a resistance whose value will depend on the size, length, and kind of wire 
used and a capacitance effect due to the insulation and spacing between 
each turn. The current at a capacitor must flow through a path consisting 
of its leads and plates. There will therefore be some resistance in this path. 
In order to obtain the maximum capacitance in the minimum amount of 
space, the plates of fixed capacitors are wound in the form of a coil. This 
construction causes an inductance effect to exist in this type of capacitor. 

Stray resistance, inductance, and capacitance effects will therefore exist 
in all resistors, inductors, and capacitors. Many of these units are designed 
in such a way as to minimize these effects. At audio frequencies and 
the lower radio frequencies, stray effects can usually be ignored, but at the 
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J 

(a) (b) (c 

Fig. 12-1 Equivalent circuits 

for the three kinds of circuit 

elements. (a) A resistor. (b) An 

inductor. (c) A capacitor used on 

direct current. (d) A capacitor 

used on alternating current. 

higher frequencies, these effects are troublesome and have to be taken into 
consideration when selecting the units to be used. It is therefore appropriate 
at this time to sum up the action of these stray effects on each of the 
circuit elements. 

Equivalent Circuits. The inductance of a resistor may be considered as 
an inductor connected in series with the resistance. The capacitance of the 
resistor may be considered as a capacitor connected in parallel with 
the resistance. The equivalent circuit for the resistor is then as shown 
in Fig. 12-1a. 
The resistance of a coil may be considered as a resistor connected 

in series with the inductance. The distributed capacitance between adjacent 
turns and nonadjacent turns and between each turn and the ground may 
be considered as a single lumped capacitance connected in parallel with 
the coil. The equivalent circuit for the inductance coil is then as shown in 
Fig. 12-1b. 

Capacitors are used in both d-c and a-c circuits. When a capacitor 
is used in a d-c circuit, there is no inductive effect and the resistance of the 
plates and leads is considered as a resistor connected in parallel with the 
capacitor (Fig. 12-1c). When a capacitor is used in a-c circuits, the equiva-
lent circuit may be considered as either series or parallel. The series 
equivalent circuit is generally more useful and is shown in Fig. 12-1d. 
Often the inductance is negligible, and for capacitors with low losses the 
equivalent series resistance approaches zero. 

EXAMPLE 12-1 The stray inductance of a 5,000-ohm resistor is equal to 11 µh. If the 
distributed capacitance is ignored, what is the equivalent impedance of this resistor at 
(a) 500 kc? (b) 100 mc? 

GIVEN: R = 5,000 ohms L = 11 ph (a) f = 500 kc (b) f = 100 MC 

FIND: (a) 400 (b) Z100 

SOLUTION: 

(a) XL = 27rfL = 6.28 x 500 x 103 x 11 x 10-6 = 34.54 ohms 

Zoo = vR2 xL2 = v(5,000)2 + (3.eaq)•s2 = 5,000.11 ohms 
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(I)) XL = 2rfL = 6.28 x 100 x 106 x 11 x 10-6 = 6,908 ohms 

Zioo = VR2 + XL2 = V(5,000)2 -I- (6,908)2 = 8,527 ohms 

The solution of Example 12-1 indicates that for low r-f signals, such as 
those used in commercial a-m broadcast receivers, the effects of the stray 
inductance are negligible. However, for higher frequency signals, such as 
those used in short-wave, f-m, television, and radar receivers, the inductive 
reactance may be equal to or many times greater than the ohmic resistance 
of the resistor. In these instances the resistor acts more like an inductor 
than a resistor. 

EXAMPLE 12-2 An r-f plate-choke coil has an inductance of 200 p.h and a distributed 
capacitance of 15 pf. If the ohmic resistance is ignored, find the inductive and capaci-
tive reactances of the coil at (a) 500 kc, (b) 100 mc. 

GIVEN: L = 200 ph CD = 15 pf (a) f = 500 kc (b) f = 100 mc 

FIND: (a) XL, Xe at 500 kc (b) XL, Xe at 100 mc 

SOLUTION: 

(a) XL = 2efL = 6.28 x 500 X 103 x 200 x 10-6 = 628 ohms 

1 1  Xe = 2 21,200 ohms 
27rfCD 6.28 x 500 x 103 x 15 x 10-1 

(b) XL = 27rfL = 6.28 x 100 X 106 x 200 x 10-6 125,600 ohms 

Xe = —  1  ••• 106 ohms 
27rfCD 6.28 x 100 x 106 x 15 x 10- 12 •••  

The solution of Example 12-2 indicates that for low r-f signals the effects 
of the distributed capacitance can usually be ignored, as Xc is many times 
greater than XL and hence practically all the signal current will flow 
through the inductance. However, for higher frequency signals XL is many 
times greater than Xc and practically all the signal current will flow 
through the distributed capacitance. In these instances the inductor acts 
more like a capacitor than an inductor. 

EXAMPLE 12-3 (a) Determine the frequency of resonance of the inductor used 
in Example 12-2. (b) Determine the impedance of the inductor at its resonant 
frequency if its ohmic resistance is 4 ohms. 

GIVEN: L = 200 tth CD = 15 pf R = 4 duns 

FIND: (a) fr (b) Z,. 

SOLUTION: 

(a) fr= 159 _  159  2,900 kc 

— V200 x 15 x 10-6 —  

(b) XL = 2efL = 6.28 x 2.9 X 106 X 200 x 10-6 L••_•- 3,642 ohms 

3,t342 
ZL = QXL = x 3,642 3,316,000 ohms 

4 
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From the solution of Example 12-3 it is evident that the impedance of 
the inductor is so great at resonance that it will completely block all signals 
of this frequency from passing through the inductor. 
The equivalent series resistance of a capacitor may be obtained by the 

equation 

ESR = Xe DF (12-1) 

The equivalent parallel resistance of a capacitor may be obtained by the 
equation 

EPR = —Xe 
DF 

where DF is the dissipation factor of the dielectric in decimals. 

(12-2) 

EXAMPLE 12-4 Determine the equivalent series resistance of a 0.002-g mica capacitor 
at (a) 1 kc, (b) 1 MC. 

GIVEN: C = 0.002 pi di = mica (a) f = 1 kc (b) f = 1 me 

FIND: (a) ESR at 1 kc 

soLuTioisr: 

From Table 9-1, 

(b) ESR at 1 inc 

DF = 0.1% at I kc DF = 0.1% at 1 mc 

(a) Xe = 1 =  1  = 79,500 ohms 
27rfC 6.28 x 103 x 2,000 x 10-12 

ESR = Xc DF = 79,500 x 0.001 = 79.5 ohms 

(b) X e — 1  1  = 79.5 ohms 
2TrfC — 6.28 x 106 x 2,000 x 10-12 

ESR = Xc DF = 79.5 x 0.001 = 0.0795 ohm 

EXAMPLE 12-5 Determine the equivalent parallel resistance of a 0.002-0 mica 
capacitor at (a) 1 kc, (b) 1 MC. 

GIVEN: C = 0.002 1.11 di = mica (a) f = 1 ke (b) f = 1 MC 

FIND: (a) EPR at 1 kc (b) EPR at 1 me 

SOLUTION: 

(a) 

(b) 

Xe = 79,500 ohms from Example 12-4 

EPR -= Xe = 79'5°° = 79.5 megohms 
DF 0.001 

Xc = 79.5 ohms from Example 12-4 

EPR = Xc 79.5 = 79,500 ohms 
DF = 0.001 
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Examples 12-4 and 12-5 indicate that the effects of either the equivalent 
series resistance or equivalent parallel resistance of low-value mica capaci-
tors are negligible for practically all frequencies. 

Individual Circuits. Resistors, inductors, or capacitors can be connected 
individually, in multiple, or in combination with one another. The electric 
circuit resulting from the interconnection of the circuit elements may be a 
simple, series, parallel, or complex circuit. The analysis of these circuits for 
both direct and alternating currents has been previously discussed. 
Combined Circuit. Electronic circuits consist of a number of individual 

circuits, each designed to accomplish a definite purpose. It is the combined 
effect of each of its individual circuits which produces the desired perfor-
mance of any type of electronic equipment. In combining two or more 
individual circuits, two factors must be taken into consideration: (1) the 
means used to transfer energy from one circuit to another, (2) the separa-
tion of the different types of current so that they will flow through 
the proper circuit. 

Coupling. In order to transfer electrical energy from one circuit element 
to another, a conducting material, usually a wire, is used. In order to 
transfer electrical energy from one circuit to another, a common impedance 
must exist between the two circuits. The common impedance is called the 
coupling element, and the two circuits connected by means of a coupling 
element are said to be coupled. There are various ways in which two 
circuits may be coupled with each other, and each method has a definite 
use and produces different effects. Various types of coupling are discussed 
later in this chapter. 

Filters. When two or more individual electronic circuits are combined, 
they form a complex circuit through which the following kinds of currents 
may flow: (1) direct, (2) power frequency (60 cycles), (3) audio frequencies 
(20 to 20,000 cycles), and (4) radio frequencies (100 kc to 30,000 mc). One 
side of any number of these circuits may be completed through a common 
wire or through the chassis. It is the purpose of a filter to separate these 
currents at any desired point and to direct each of them into the conductor 
or circuit through which it is desired to have them flow. 

12-2 Filter Action 
A filter circuit consists of a combination of capacitors, inductors, and 

resistors connected so that it will separate alternating currents from direct 
currents or alternating currents within a band of frequencies from those 
alternating currents outside of this band. Filter circuits may range from a 
very simple circuit to a very intricate circuit, depending upon their 
application. However, no matter how simple or involved a filter circuit 
may be, its action must depend upon the following principles of a-c circuits: 

1. The opposition offered to the flow of alternating currents by a circuit 
containing only inductance will increase with frequency increase. Such a 
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D-C 

4-C 
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Low frequency A-C 

High frequencyA-C 

Fig. 1 2-2 A capacitor and an inductor used to separate alternating current from direct 
current and low-frequency currents from high-frequency currents. 

circuit will offer comparatively little opposition to the flow of direct, pulsating, 
or low-frequency alternating currents. The opposition offered to r-f currents 
by such a circuit will be comparatively high (Figs. 12-2 and 12-3). 

2. The opposition offered to the flow of alternating currents by a circuit 
containing only capacitance will decrease with frequency increase. Such a 
circuit will offer a comparatively high opposition to low-frequency currents, 
little opposition to r-f currents, and will block the flow of direct currents 
(Figs. 12-2 and 12-4). 

3. A series resonant circuit has a low impedance at resonance and will 
offer little opposition to the flow of all currents whose frequencies lie within 
a narrow band above and below the resonant frequency. Such a circuit will 
offer a comparatively high opposition to the flow of currents of all other 
frequencies (Fig. 12-5a). 

4. A parallel resonant circuit has a high impedance at resonance and 
will offer a comparatively high opposition to the flow of all currents whose 
frequencies lie within a narrow band above and below the resonant 
frequency. Such a circuit will offer little opposition to the flow of currents 
of all other frequencies (Fig. 12-5b). 

Low inductance 
Low reactance 

600 

High-frequency current 
High reactance 

_t oozooN_____ 

High inductance Low-frequency current 
High reactance Low reactance 

(a) (b) 

Fig. 12-3 Effects of inductance and frequency on current flow. (a) Variable inductance, 
constant frequency. (b) Variable frequency, constant inductance. 
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f\A]   
1( 

Low capacitance 
High reactance 

High-frequency current 
Low reactance 

--.- I —.-
High capacitance Low-frequency current 
Low reactance High reactance 

(a ) (b) 

Fig. 12-4 Effects of capacitance and frequency on current flow. (a) Variable capacitance, 

constant frequency. (b) Variable frequency, constant capacitance. 

5. Resistors do not provide any filtering action when used alone, as they 
oppose the flow of all currents regardless of their frequency. When connected 
in series with a capacitor or inductor or both, it increases the impedance of 
the circuit, thus decreasing the sharpness of the filter circuit. Increasing the 
resistance of the series resonant circuit decreases the current at the reso-
nant frequency, thus decreasing the slope of the curve on either side of the 
resonant frequency (Fig. 11-4b). 

EXAMPLE 12-6 A 10-henry filter choke has a resistance of 475 ohms. Determine its 

opposition (a) to direct current, (b) to 60-cycle alternating current. 

GIVEN: R = 475 OhMS 

FIND: (a) R (b) Z 

SOLUTION: 

(a) 

(b) 

= 10 henrys 

R = 475 ohms 

XL = 27rfL = 6.28 x 60 x 10 = 3,768 ohms 

Z = VR2 + XL2 = V4752 3,7682 = 3,797 ohms 

Example 12-6 indicates that the opposition offered to the flow of 60-cycle 
alternating current is approximately eight times that offered to the d-c flow. 

W W W 
00000 "—HE  

(a) (6) 

Fig. 12-5 Effect of resonant circuits on the amount of current flow at or near the reso-
nant frequency. (a) Series resonant circuit. (b) Parallel resonant circuit. 
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This type of coil can therefore be used to pass direct current and block the 
flow of low-frequency alternating currents. 

EXAMPLE 12-7 (a) To which type of current will a 0.2-µf capacitor offer the greater 
opposition, a 5,000-cycle audio signal or a 5,000-kc r-f signal? (b) How many times 
greater is the larger impedance than the smaller impedance? 

GIVEN: C = 0.2 if fa/ = 5 kc J./ = 5,000 kc 

FIND: (a) Xeaf or Xerf (b) Ratio Xe. tif — Xe.rf 

SOLUTION: 

(a) At 5,000 cycles 

, 159 000 159,000  
= = 159 ohms _ 

— 5 x 103 x 2 x 

At 5,000 kc 

xc = 159,000 =  159,000  
f,. ,C 5 X 106 X 2 X10-1= 0.159 ohm 

Greater opposition is offered to the a-f current. 

(b) Ratio of opposition = Xxcel:ff = ii159w9 = 1,000 to 1 

12-3 Types of Filter Circuits 

Filter circuits are composed of inductors and capacitors having losses as 
low as commercially and economically practical. In the elementary con-
sideration of filter circuits, it is assumed that the inductors and capacitors 
have no internal effective resistance. There are four general types of filter 
circuits, namely, low-pass filter, high-pass filter, bandpass filter, bandstop 
filter. 
Low-pass Filter. A low-pass filter circuit allows all currents having a 

frequency below a certain value to pass into a desired circuit and diverts the 
flow of all currents having a frequency above this value (Fig. 12-6). 
An inductance coil inserted in the line (Fig. 12-7a) will offer little opposition 
to the flow of low-frequency currents and a large amount of opposition to 

Fig. 12-6 Characteristic curve for a 
simple low-pass filter circuit. 
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(b) (c) 
By- pass Filter circuit 

Fig. 12-7 Basic units of a low-pass filter circuit. 

the flow of high-frequency currents. In order to divert the undesired high-
frequency currents back to the source, a capacitor is used as a bypass path 
(Fig. 12-7b). The value of this bypass capacitor should be such that it will 
offer little opposition to the flow of current for all frequencies above a 
definite value and greatly oppose the flow of current for all frequencies 
below this value. When the coil and capacitor are connected as shown in 
Fig. 12-7c, the simplest type of low-pass filter circuit is obtained. 

EXAMPLE 12-8 A 5-mh choke coil and a 0.001-111 capacitor are connected as shown 
in Fig. 12-7c to form a low-pass filter circuit. Determine the opposition offered to a 
5-kc a-f signal (a) by the capacitor, (b) by the inductor. Determine the opposition 
offered to a 500-kc r-f signal (c) by the capacitor, (d) by the inductor. 

GIVEN: C = 0.001 af L = 5 mh fat = 5 kc .14 = 500 kc 

FIND: (a) Xc at 5 kc (b) XI, at 5 kc (c) Xe at 500 kc (d) XL at 500 kc 

SOLUTION: 

(a) Xc = 159,000 _  159,000  
fat C — 5 X 103 X 1 X 10-3= 31,800 ohms 

(b) Xi, = 2irfeL = 6.28 x 5 x 103 x 5 x 10-3 = 157 ohms 

(c) jce = 159,000 =  159,000  
= 318 ohms 

fIC 500 X 103 X 1 x 10-3  

(d) XE, = 2TrfiL = 6.28 X 5 X 105 X 5 x 10-3 = 15,700 ohms 

Analyzing the values obtained in this example, it can be seen that the r-f 
currents will find the path of least opposition through the capacitor 
and hence will take that path. The a-f currents will find the path of least 
opposition through the inductor and hence will take that path. A measure 
of the ability of a filter circuit to bypass undesired currents may be 
expressed in terms of the ratio of the impedances at the frequency limits. 

High-pass Filter. A high-pass filter circuit allows all currents having 
a frequency above a certain value to pass into a desired circuit and diverts 
the flow of all currents having a frequency below this value (Fig. 12-8). 
A capacitor inserted in the line (Fig. 12-9a) will offer little opposition to the 
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i n7ded - passed 

Frequency —> 
Fig. 12-8 Characteristic curve for a 
simple high-pass filter circuit. 

flow of high-frequency currents, a large amount of opposition to the flow 
of low-frequency currents, and will block the flow of direct currents. The 
capacitor used should be of such a value that it will allow the passage of all 
currents whose frequencies are above a definite value and greatly oppose 
the flow of current for all frequencies below this value. In order to divert 
the undesired low-frequency currents back to the source, an inductance 
coil is used as a bypass path (Fig. 12-9b). The inductance of this coil 
should be of such a value that it will carry off the currents whose 
frequencies are below the cutoff point and reject the currents whose 
frequencies are above this value, thus forcing them to pass on through the 
circuit. When the coil and capacitor are connected as shown in Fig. 12-9c, 
the simplest type of high-pass filter circuit is obtained. 

EXAMPLE 12-9 A 2-henry choke coil and a 0.5-µf capacitor are connected as shown 
in Fig. 12-9c to form a high-pass filter circuit. Determine the opposition offered to a 
60-cycle power interference signal (a) by the capacitor, (b) by the inductor. Determine 
the opposition offered to a 1,200-cycle a-f signal (c) by the capacitor, (d) by the 
inductor. 

GIVEN: C = 0.5 tLf L = 2 henrys fpf = 60 cycles fa/ = 1,200 cycles 

FIND: (a) Xe at 60 cycles (b) XL at 60 cycles (c) Xe at 1,200 cycles 
(d) XI, at 1,200 cycles 

(a) 
Line unit 

(b) 
By-pass 

(e) 
Filter circuit 

Fig. 12-9 Basic units of a high-pass filter circuit. 
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SOLUTION: 

(a) 

(b) 

(c) 

(d) 
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X 159,1" 159'M  — — = 5,300 ohms 
c f„(C — 60 x 0.5 

XL = 2ef„fl, = 6.28 x 60 x 2 = 753.6 ohms 

159,000 159,000  
Xe = _  —o 265 Inns 

fafC — 1,200 x 0.5 — 

XL = 2irfalL, = 6.28 x 1,200 x 2 = 15,072 ohms 

Analyzing the values obtained in this example, it can be seen that 
the high-frequency currents will take the path of the capacitor and the 
low-frequency currents will be bypassed through the inductor. 

Bandpass Filter. A bandpass filter allows the current of a narrow band 
of frequencies to pass through a circuit and excludes all currents whose 
frequencies are either greater or less than the extreme limits of the band 
(Fig. 12-10). 

Resonant circuits can serve as filters in a manner similar to the action of 
individual capacitors and inductors. The series resonant circuit (Fig. 12-11a) 
replacing the inductor of Fig. 12-7a would act as a bandpass filter, passing 
currents whose frequencies are at or near the resonant frequency and 
blocking the passage of all currents whose frequencies are outside this 
narrow band. The parallel resonant circuit (Fig. 12-11b) replacing the 
capacitor of Fig. 12-7b, if tuned to the same frequency as the series reso-
nant circuit, will provide a path for all currents whose frequencies are out-
side the limits of the frequency band passed by the series resonant circuit. 
When the two resonant circuits are connected as shown in Fig. 12-11c, the 
simplest type of bandpass filter circuit is obtained. 

Bandstop Filter. A bandstop filter opposes the flow of current for a 
narrow band of frequencies while allowing the current to flow for all fre-
quencies above or below this band (Fig. 12-12). Bandstop filters are also 
known as band-suppression and band-elimination filters. Their purpose is 

Fig. 1 2-1 0 Characteristic curve for 
a simple bandpass filter circuit. Frequency 
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Fig. 1 2-1 1 Basic units of a 

bandpass filter circuit. 

opposite to that of a bandpass filter, and the relative position of the reso-
nant circuits in the filter circuit are interchanged. 
The parallel resonant circuit of Fig. 12-13a, which replaces the capacitor 

of Fig. 12-9a, acts as a bandstop filter circuit and blocks the passage of all 
currents whose frequencies are at or near its resonant frequency, passing 
all currents whose frequencies are outside this band. The series resonant 
circuit of Fig. 12-13b, which replaces the inductor of Fig. 12-9b, when 
tuned to the same resonant frequency as the parallel resonant circuit pro-

-4-

Frequency 

o  
(a) 

Line unit 

Fig. 1 2-1 2 Characteristic curve for 

a simple bandstop filter circuit. 

Desired frequencies 

Al/frequencies 

Band of' 
undesired4. 
frequencies 

T 0  T  
(b) 

By- pass 
(c) 

Filter circuit 

Fig. 12-13 Basic units of a bandstop filter circuit. 



(12-4) Basic Electronic Circuits 455 

vides a bypass path for the undesired band of frequencies. When the two 
resonant circuits are connected as shown in Fig. 12-13c, the simplest type 
of bandstop filter circuit is obtained. 

12-4 Multisection Filter Circuits 

Need for Multisection Filter Circuits. All the filter circuits explained in 
the previous article have only one section. None of these single-section 
filter circuits provide a sharp reduction of current at the cutoff frequency. 
Adding a capacitor, inductor, or resonant circuit in series or parallel 
(depending on the circuit) with the filter circuit will improve its filtering 
action, thus sharpening the reduction of current at the desired frequency. 
When an additional unit is added to a single-section filter circuit, the form 
of the resulting circuit will resemble the letter T or the symbol ir. They are 
therefore called T- or ir-type filters, depending on which symbol they 
resemble. Two or more sections of either the T- or Ir-type filters may 

be joined to produce a sharper cutoff. 
T-type Filter Circuits. When an inductor is connected in series with the 

simple low-pass filter of Fig. 12-7c, a T-type low-pass filter circuit is 
formed (Fig. 12-14a). When two of these filter circuits are connected 
as shown in Fig. 12-14b, the inductors La and Lb can be replaced by 
a single inductor Le (Fig. 12-14c) whose value is equal to La + Lb. As all 
the inductors originally are of the same size, the center inductor Le should 
have a value of twice the inductance of either of the end inductors. 
When a capacitor is connected in series with the simple high-pass filter 

of Fig. 12-9c, a T-type high-pass filter circuit is formed (Fig. 12-15a). 
When two of these filter circuits are connected as shown in Fig. 12-15b, 

0-rM15TOT(5-

(a) 
Single-section T-type 
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low-pass filter circuit 

be 

CT o 

(C) 
Practical two-section 
low-pass filter circuit 

Fig. 12-14 T-type low-pass filter circuits. 

Fig. 12-15 T-type high-pass filter circuits. 
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the capacitors Ca and Cb can be replaced by a single capacitor Ce (Fig. 
12-15c). As the capacitors Ca and CI, are of equal value and connected in 
series, the value of Ce should be one-half the value of either Ca or Cb. 
When a series resonant circuit is connected in series with the simple 

bandpass filter circuit of Fig. 12-11c, a T-type bandpass filter is formed 
(Fig. 12-18a). When a parallel resonant circuit is connected in series with 
the simple bandstop filter circuit of Fig. 12-13c, a T-type bandstop filter is 
formed (Fig. 12-1812). 

Pi-type Filter Circuits. When a capacitor is connected to the simple 
low-pass filter of Fig. 12-7c, so that the line is shunted at both ends of the 
inductor by a capacitor, a ir-type low-pass filter is formed (Fig. 12-17a). 
When two of these filter circuits are connected as shown in Fig. 12-17b, the 
capacitors Ca and Cb can be replaced by a single capacitor C, (Fig. 12-17c) 
whose value is equal to Ca + Gb . As all the capacitors originally are of the 
same size, the center capacitor should have a value of twice the capacitance 
of either of the end capacitors. 

When an inductor is connected to the simple high-pass filter of Fig. 12-9c, 
so that the line is shunted at both ends of the capacitor by an inductor, a 
Ir-type high-pass filter is formed (Fig. 12-18a). When two of these filter 
circuits are connected as shown in Fig. 12-18b, the inductors L, and 
Lb can be replaced by a single inductor L, (Fig. 12-18c). As the inductors 
L, and Lb are of equal value and connected in parallel, the value of 
L, should be one-half the value of either L, or Lb. 
When a parallel resonant circuit is connected to the simple bandpass 

filter circuit of Fig. 12-11c, so that the line is shunted at both ends of the 

(b) 
Single-section T-type band-

stop filter circuit 

Fig. 12-16 T-type bandpass and bandstop filter circuits. 
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Fig. 1 2- 1 8 IT-type high-pass filter circuits. 
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Fig. 1 2-19 IT-type bandpass and bandstop filter circuits. 

series resonant circuit by a parallel resonant circuit, a IT-type bandpass 
filter circuit is formed (Fig. 12-19a). When a series resonant circuit is con-
nected to the simple bandstop filter circuit of Fig. 12-13c, so that the line 
is shunted at both ends of the parallel resonant circuit by a series resonant 
circuit, a IT-type bandstop filter circuit is formed (Fig. 12-19b). 

12-5 Filter Circuits as a Whole 
The design of filter circuits is a specialized field of electronics, and the 

calculations for the component parts is left to specialized texts. The choice 
of the type of circuit to be used is a matter for the designing engineer to 
decide. However, the following terms, generally used in connection with 
filter circuits, should be understood. 

Source Impedance. The impedance of the circuit leading into the filter 
circuit is called the source impedance. This may be the plate circuit of a 
tube, a high resistance, etc. 
Load Impedance. The impedance of the circuit into which the filter 

circuit feeds is called the load impedance. This may be a voltage divider, 
the plate resistor of a resistance coupled amplifier unit, etc. 
Image Impedances. These are the impedances at each end of the filter. 

In order that there will be no reflection loss, the image impedance at the 
load end should equal the load impedance and the image impedance at the 
source end should equal the source impedance. 

Characteristic Impedance. This is sometimes called the iterative imped-
ance and is equal to the impedance that the filter circuit offers the source. 
Filter circuits are generally designed so that the load impedance equals the 
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input impedance. The image impedances for this condition are equal and 
also equal to the characteristic impedance. The image impedance and 
characteristic impedance generally vary with frequency; therefore the two 
measurements must be taken at the same frequency. 

Constant-k Filter. The filter circuits described up to now are of the 
constant-k type. This means that the product of the impedance of the 
series arm or arms and the impedance of the shunt arm or arms is constant 
for all frequencies and is equal to k2. This value k is also equal to the char-
acteristic impedance of the filter circuit over the greater portion of the 
passband, and 

k = VZseZah = Zch 

where Zat = characteristic impedance, ohms 
Zse = impedance of series arm, ohms 
Zsh = impedance of shunt arm, ohms 

The ideal properly terminated constant-k filter circuit acts as a resistance 
load throughout the passband. At the cutoff frequency the load becomes 
either zero or infinite, and thereafter it is imaginary. For example, in the 
attenuation band the ideal filter acts as a reactive load, does not take any 
energy from the source, and does not transmit any energy to its terminating 
impedance. In the ideal filter, (1) the frequencies within the passband 
would have zero attenuation, (2) the frequencies outside the passband 
would have infinite attenuation, and (3) the frequency band between 
passing and attenuation would be very narrow, thereby producing very 
sharp cutoff. Because of the resistance present in the circuit components, 
and because the impedances do not remain constant over the frequency 
range of the filter, the characteristics of the constant-k type of filter 
may vary considerably from the ideal filter (see results of Example 10-43). 

I  
(a) 

Low-pass 

(c) 
Bond-pass 

o 

 o 

T  
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Fig. 12-20 Series-derived 

m-type filter circuits. The 
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derived filter circuit. 
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Fig. 12-21 Shunt-derived m-type filter circuits. The impedances shown in broken line are 

those added to the series unit to form the m-derived filter circuit. 

When the performance of the constant-k type of filter does not fulfill the 
requirements of a particular application, the constant-k filter circuit may 
be modified by the use of additional inductors and/or capacitors in order 
to produce the desired operating characteristics. If the arrangement of the 
circuit components is varied, an infinite number of possible types of filters 
may be obtained; the m-derived filter is a commonly used example. Because 
the constant-k type of filter is the basic or elementary filter circuit, it 
is often referred to as being the prototype filter. 

12-6 Other Filter Circuits 

in-Derived Filter. The m-derived filter circuits are variations of the basic 
prototype filters, and their behavior depends on a factor that is a function 
of a constant, m. Additional impedances are inserted into the basic circuit 
to form either a shunt-derived or a series-derived type of filter. If the addi-
tional impedances are added to the shunt arm of the section, the filter 
circuit is series-derived (Fig. 12-20). If the additional impedances are 
added to the series arm of the section, the filter circuit is shunt-derived 
(Fig. 12-21). 
The addition of an inductor or a capacitor in the shunt arm of the 

m-derived filter (Fig. 12-20a and b) introduces a series resonant circuit in 
the bypass path which results in higher attenuation at the resonant frequency 
of the shunt arm and produces a sharper cutoff characteristic for the filter. 
The extent of the change in the characteristics of the filter circuit depends 
on the value of m, which may range between zero and unity; a commonly 
used value is in the order of 0.6. The value of m is determined by 
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the components of the filter circuit and is expressed by the following 
equations: 

For low-pass filters: 

For high-pass filters: 

M = 

111 = 

(12-4) 

(12-5) 

where fo = cutoff frequency of the prototype filter 
f„ = resonant frequency of the shunt arm 

From these equations, it can be seen that the lower values of m can 
be obtained by making the values of fo and f,. closer to each other. 
The addition of an inductor or a capacitor in the series arm of the 

m-derived filter (Fig. 12-21a and b) introduces a parallel resonant circuit in 
the line path which results in higher attenuation at the resonant frequency 
of the series arm and produces a sharper cutoff characteristic for the filter. 
The value of m may be determined by using the equations for obtaining m 
for series-derived filter circuits [Eqs. (12-4) and (12-5)]. 

Resistor-Capacitor Circuits. Many electronic circuits carry both alter-
nating and direct current. A vacuum-tube circuit may carry direct current 
for the plate supply and an a-c signal at the same time. It is often neces-
sary to separate the direct current and alternating signal current and 
to provide a path for the signal currents so that the voltage produced may 
be applied only to certain portions of the circuit. 
One method of accomplishing this separation is to use a capacitor to 

provide a path for the alternating current and a resistor to provide a path 
for the direct current (Fig. 12-22). The circuit of Fig. 12-22a uses a 
capacitor to allow the passage of the alternating signal current from 
the screen-grid circuit of a tube to ground. The resistor keeps the alternating 
signal current from getting into the B supply, where it might cause trouble. 

Screen or piafe 

+T 
Fig. 1 2-22 Resistor-capacitor filter cir-

cuits. (a) Filter action in the plate or screen-

(a) 65) grid circuit. (b) Cathode grid-bias circuit. 
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The resistor is also used to provide the correct voltage for the screen grid 
by acting as a dropping resistor. 

In Fig. 12-22b, the resistor connected between cathode and ground 
is used to make the cathode positive with respect to ground, which in turn 
makes the grid negative with respect to the cathode. This resistor offers an 
impedance to the signal current and may reduce it to a critical value. 
When this reduction in signal current is large, it may introduce degener-
ation, an action that should be avoided. If a capacitor is connected across 
the resistor as shown in Fig. 12-22b, it will provide a path for the 
alternating signal current. The diversion of the signal current from the 
resistor will aid in fulfilling the purpose of the resistor, namely, to provide 
a fixed amount of bias for the grid of the tube. 

12-7 Attenuators 

Types of Attenuators. A resistance network that is used to reduce 
voltage, current, or power in controllable and known amounts that are 
independent of frequency is called an attenuator. The resistors in an 
attenuator circuit may be connected in various ways: (1) so that the input 
and output impedances are equal, (2) so that the input and output imped-
ances are unequal, and (3) to provide different amounts of attenuation. 
Some of the ways in which resistors are connected to form an attenuator 
are the L, T, H, IT, 0, ladder, and bridged-T types of circuits (Fig. 12-23). 
When only fixed resistors are used in the network, the attenuation is a 
fixed amount that is determined by the type of network and the values of 
the resistors used. This type of network is sometimes called a fixed 
attenuator pad. When some or all of the resistors used in a network 
are variable, the amount of attenuation can be controlled by varying one or 
more of the variable resistors. This type of network is sometimes called a 
variable attenuator pad. 
The amount of attenuation produced by a network may be expressed by 

IL 
IL.„ 

a = (12-6) 

where a = image transfer constant 
//, = load current without attenuator 
//,.a = load current with attenuator 

L Attenuator. The L attenuator is an unbalanced network that consists 
of two resistors, one placed in either of the series arms and the other in the 
shunt arm (Fig. 12-23a and b). These resistors have such values that one of 
the image impedances of the attenuator remains constant regardless of the 
amount of attenuation. The L attenuator will therefore maintain an imped-
ance that is independent of attenuation at either the input or output 
terminals. Because of this characteristic, the L attenuator is generally used 
when several different loads are connected to a common power source and 
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the amount of power delivered to each load must be varied without affecting 
the impedance offered to the signal source. 
T Attenuator. The T attenuator is an unbalanced network in which 

three resistors are arranged to form the letter T (Fig. 12-23c). In this type 
of attenuator, resistors in the series arms, R1 and R3, are generally identical 
in value in order to make the input image impedance Ri equal to the out-
put image impedance Ro. The T attenuator is generally used where 
the amount of attenuation or the presence of the network has no effect 
upon the impedance relations of the circuit. This is accomplished by 
making the image impedance of the attenuator equal to Ri or Ro. This type 
of attenuator will therefore maintain a constant impedance at both the 
input and output terminals irrespective of the amount of attenuation. 
H Attenuator. The H attenuator is a balanced T network in which five 

resistors are arranged to form the letter H when viewed sidewise (Fig. 
12-23d). The balanced H network can be made to produce the same 
operating characteristics as the unbalanced T network. This is accomplished 
by making the resistance of all the resistors in the series arms equal to each 
other and also equal to one-half the value required for a resistor to be used 
in the series arm of a T attenuator. In the circuit shown in Fig. 12-23d, 
R1 = R3 = R4 = R5 = one-half the resistance of either Ri or R3 of 
Fig. 12-23c. 

ir Attenuator. The ir attenuator is an unbalanced network containing 
three resistors connected to form the Greek letter e (Fig. 12-23e). In this 
type of attenuator, the resistors in the shunt arms, R1 and R3, are usually 
identical in value in order to make the input image impedance equal to the 
output image impedance. The Tr attenuator can be designed to produce the 
same operating characteristics as the T attenuator, namely, that the imped-
ance relations of the circuit are not affected by any changes in attenuation 
or the presence of the network. 
0 Attenuator. The 0 attenuator is a balanced IT network containing four 

resistors connected to form the letter 0 (Fig. 12-23f). The balanced 
0 network can be made to produce the same operating characteristics as 
the unbalanced IT network. This is accomplished by making the two 
resistors in the series arms identical in value and equal to one-half the 
value required of a resistor to be used in the series arm of a ir attenuator. 
In the circuit shown in Fig. 12-23f, R4 = R5 = one-half the resistance of 
R2 of Fig. 12-23e. 

Ladder Attenuator. A ladder attenuator consists of a series of two 
or more symmetrical ir-section networks. The arrangement shown in 
Fig. 12-23g consists of three cascaded IT sections. The values of resistance 
used for the shunt and series arms of each section are such that they will 
produce image impedances at each end that are equal to the input and output 
image impedances. It should be noted that R1, R2, and R3 represent 
the series arms of IT sections 1, 2, and 3, respectively; R4 and R7 the shunt 
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Fig. 12-23 Attenuator networks. 

(c)T type 

R0 

arms of sections 1 and 3, respectively; R5 and R6 the equivalent resistance 
of the two adjacent shunt arms for sections 2 and 3, respectively. The 
impedance between any junction point and the common side of a ladder 
attenuator is equal to one-half the image impedance. 
The total attenuation of a ladder network is equal to the product of the 

attenuation of each section. Thus, if the image transfer constant of each 
section is 10, then each section reduces the load current by 1/2o and the total 
attenuation of the three-section attenuator would be %o x %o x 3/4 o, or 
%.000. Ladder networks are generally used in electronic equipment, such as 
signal generators, where it is required that the voltage and current be 
reduced in known ratios. When the various junction terminals of the 
ladder attenuator of Fig. 12-23g are connected to the terminals of a rotary 
deck switch and values are used to produce an a of 10, attenuations of 0, 
1/4 o, %oo, and 1/2 ,000 can be obtained. 

Bridged-T Attenuator. A bridged-T attenuator consists of four resistors 
connected as shown in Fig. 12-23h. To obtain a constant value of image 
impedance that is independent of attenuation, the four resistors should 
have values of R3 = R4 = Ri and RiR2 = Ri2. This type of attenuator is 
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equivalent to the simple T attenuator. However, to obtain variable attenu-
ation with constant values of image impedance the bridged-T network 
requires the variation of only two resistors R1 and R2 while the simple T 
network requires that all three resistors be varied. 

Attenuator Circuit Calculations. The design of attenuators is a specialized 
area in electronics. The following equations are for only the L-, T-, and 
IT-type attenuators; data for the other types of attenuators may be obtained 
from specialized reference books featuring attenuators. 

For the simple resistor-type L attenuator circuit of Fig. 12-23a, supplying 
power to a load of RL, 

R 1 = RL(K — 1) 

R2 = 
K — 1 

K _ 
e. 

(12-7) 

(12-8) 

(12-9) 

EXAMPLE 12-10 A certain 1,000-ohm load is supplied by a 100-volt d-c power source. 
It is desired to reduce the load voltage to 10 volts by means of an L-type attenuator 
similar to Fig. 12-23a and still retain a 1,000-ohm load condition at the power source. 
(a) What are the values of K, Ri, and R2? Using the values obtained in part (a), (b) 
calculate the resistance at the power source terminals, (c) check the output voltage 
and the value of K. 

GIVEN: RL = 1,000 ohms ei = 100 volts e. = 10 VOIIS 

FIND: (a) K, Ri, R2 (b) R (c) e., K 

SOLUTION: 

(a) K — A — — 10 
e. — 10 

R1 =  — 1) _ 1,000 (10 — 1)  
— 900 ohms 

10 

R9 - RL .- 1'000 ' — — Ill 1 ohms 
- — K — 1 — 10 — 1  

(b) Ri = Ri +R= 900 + 100 = 1,000 ohms 

= R2RL 111.1 >< 1'000  where R = = 100 ohms 
R2 + RL 111.1 + 1,000 

eiR  _ 100 >< 100 (c) e°= Ri +R — -F 100= 10 volts 900  

, _ ei - 100 _ 
'`‘ — --e: — 10 — 10 
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For the simple resistor-type T attenuator circuit of Fig. 12-23c, supplying 
power to a load of RL, 

Ri = R3 = RL K  1 
K 1 

2RLK  
R2 = 

K 2 — 1 

K = 
et, 

(12-10) 

(12-9) 

EXAMPLE 12-11 A certain 2,000-ohm load is supplied by a 50-volt d-c power source. 
It is desired to reduce the load voltage to 25 volts by means of a T-type attenuator 
similar to Fig. 12-23c and still retain a 2,000-ohm load condition at the power source. 
(a) What are the values of K, RI, R2, and R3? (b) By using the values obtained in part 
(a) calculate the resistance at the power source terminals. 

criEN: RL = 2,000 ohms 

FIND: (a) K, RI, Ry, R3 

SOLUTION: 

= 50 volts 

(b) Ri 

eo = 25 volts 

K — -521  — 2 
— et, — 25 — 

R1 = R3 = RL, —KK  = 2,000 x = 666.6 ohms 

R =  2RLK  _ 2 x 2,000 x 2 = 2,666.6 oh 
2 K 2 — 1 — (2 x 2) — 1 

R2(R3 RL) 2,666.6 (666.6 ± 2,000)  
= R1 -I- = 666.6 + 

R2 (R3 ± RL) 2,666.6 ± 666.6 -I- 2,000 

= 666.6 + 1333.3 2,000 ohms 

For the simple resistor-type Tr attenuator circuit of Fig. 12-23e, supplying 
power to a load of RL, 

Ri R3 RL K 1 K  + 1 (12-12) 
—  

R2 = RL K2 — 1  (12-13) 
2K 

K = (12-9) 

EXAMPLE 12-12 A certain 12,000-ohm load is supplied by a 250-volt d-c power 
source. It is desired to reduce the load voltage to 50 volts by means of a Tr-type 
attenuator similar to Fig. 12-23e and still retain a 12,000-ohm load condition at the 



466 Essentials of Electricity—Electronics (12-8) 

power source. (a) What are the values of K, R1, R2, and R3? (b) By using the values 
obtained in part (a) calculate the resistance at the power source terminals. 

GIVEN: RL = 12,000 ohms ei = 250 volts e. = 50 volts 

FIND: (a) K, R1, R2, R3 (b) Ri 

SOLUTION: 

(a) K _ _ 250 _ 5 
e0 50 

R1 = R3 = RL ÷ = 12,000 x W = 18,000 ohms 
K — 1 5 — 1 

R2 = RL K2 — 1 = 12,000 x (5 X 5) — 1 = 12,000 x 2.4 = 28,800 oluns 
2K 2 X 5 

RI(R2 + i)  _  18,000 (28,800 -F 7,200)  _ (19) Ri 
= R1 + (R2 + R) — 18,000 + 28,800 + 7,200 12'M  ohms 

R Ri,R3  _ 12,000 x 18,000 = 7,200 ohms 
= 

\\Ili 
RL + R3 — 12,000 + 18,000 

12-8 Coupling of Circuits 

Principles of Coupling. Two circuits are coupled when they have a 
common impedance that permits the transfer of electrical energy from one 
circuit to another. This common impedance, called the coupling element, 
may be a resistor, an inductor, a capacitor, a transformer, or a combination 
of two or more of these elements. 

Coupling elements are usually required to perform some filter action in 
addition to transferring energy from one circuit to another. Conversely, 
every filter circuit contains a section that acts as a coupling device. Coupling 
circuits and filter circuits are so much alike that it is sometimes difficult to 
state whether they should be called filters or coupling units. The choice of 
name may be governed by that function which is considered of major 
importance. The type of impedance used is determined by the kinds 
of currents flowing in the input circuit and the kind desired in the output 
circuit. The characteristics of each type of impedance have already been 
presented in the study of filters. 

Simple-coupled Circuits. A simple-coupled circuit is one in which the 
common impedance consists of a single element. A group of simple-
coupled circuits is shown in Fig. 12-24. 
The resistance-, inductive-, and capacitive-coupled circuits are also 

called direct-coupled circuits. In these circuits the coupling is accomplished 
by having the current of the input circuit flow through the common 
impedance where it produces a voltage drop. This voltage is applied to the 
output circuit, thus resulting in a transfer of electrical energy from the 
input to the output circuit. The output voltage is equal to the product of 
the current in the coupling element and its impedance. 
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(d)-Transformer coupling 
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Fig. 12-24 Types of simple-coupled circuits. 

The transformer-coupled circuit shown in Fig. 12-24d is also referred to 
as indirect coupling, magnetic coupling, or mutual-inductive coupling. In 
this type of coupling, the transfer of energy is accomplished by having the 
alternating current of the input circuit flow through the primary winding 
and setting up an alternating magnetic field. The magnetic lines of this field 
link the turns of the secondary winding and induce the voltage that 
supplies the energy for the output circuit. 

In some applications of coupling devices the input circuit may have both 
alternating and direct current flowing, and it is desired that the coupling 
unit transfer only the alternating current to the output circuit. The 
transformer-coupled unit will serve this purpose satisfactorily, as it will 
pass only the alternating current. The other simple-coupled circuits (Fig. 
12-24a, b, and c) can be modified so that no direct current can reach the 
load. This is accomplished by placing a capacitor in the output side of the 
coupling element as shown in Fig. 12-24f. 

Complex-coupled Circuits. A complex-coupled circuit is one in which the 
common impedance consists of two or more circuit elements. A few of the 
numerous types of complex coupling are shown in Fig. 12-25. 
The proportion of energy transferred in a simple inductive-coupled 

circuit increases as the frequency increases, while with simple capacitive 
coupling, the proportion of energy transferred decreases as the frequency 
increases. Using combinations of two or more elements in the coupling unit 
makes it possible to obtain various proportions of energy transfer for inputs 
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Fig. 12-25 Types of complex-coupled circuits. 

of varying frequency. For example, the coupling element of Fig. 12-25a is 
a series tuned circuit and hence will have a minimum impedance at 
its resonant frequency. The proportion of energy transferred will be lowest 
when the frequency of the input circuit is equal to the resonant frequency 
of the coupling unit. At frequencies above resonance the proportion of 
energy transfer will increase and will be inductive. At frequencies below 
resonance the proportion of energy transfer will also increase but will be 
capacitive. The fact that the energy transfer is minimum at the resonant 
frequency may be more clearly understood when the input side of the filter 
is shown to be a part of a series circuit, for example, the plate circuit of a 
tube (Fig. 12-25e). At resonance, when the impedance of the coupling unit 
is minimum, its voltage drop will be at its minimum and the proportion of 
energy transfer must also be at its minimum. 

In general, the amount of energy transferred will be proportional to the 
current flowing through the coupling unit and to the impedance of the 
unit. For purpose of analysis, complex-coupled circuits may be represented 
by a simple equivalent circuit, as shown in Fig. 12-25f. 

Coefficient of Coupling. The ratio of the energy of the output circuit to 
the energy of the input circuit is called the coefficient of coupling. Critical, 
tight, and loose coupling are terms used to express the relative value of the 
coefficient of coupling for mutual-inductive-coupled circuits. 
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The response curves for tight, critical, and loose coupling are shown in 
Fig. 12-26. When the maximum amount of energy is transferred from one 
circuit to another, the circuits possess critical coupling, also referred to as 
optimum coupling. If the coefficient of coupling is higher than that required 
to produce critical coupling, the coils are tightly coupled; if it is less than 
that required for critical coupling, the coils are loosely coupled. 
The effect of varying the coupling between two circuits may be seen from 

the response curves of Figs. 12-26 and 12-31. When two circuits are very 
tightly coupled, resonance will be obtained at two new frequencies, 
one below and the other above the normal frequency of resonance for the 
capacitor and inductor used. As the coupling is decreased, the two peaks 
come closer together until critical coupling is reached and a single peak of 
maximum height is obtained. If the coupling is decreased below the critical 
value, a single peak of reduced height is obtained. 

Air-core transformers illustrate the importance of the amount of coupling 
between the primary and the secondary windings. As it is difficult to 
design an air-core transformer in which a large portion of the magnetic lines 
set up by the primary winding will link the turns of the secondary 
winding, the coefficient of coupling is generally low. A low value for 
the coefficient of coupling is not objectionable in some circuits, as it pro-
vides certain desirable characteristics which are presented in the following 
article. 

12-9 Characteristics of Mutual-inductive-coupled Circuits 
Mutual-inductive coupling, as provided by a transformer, is a means 

commonly used to transfer energy from one circuit to another. The char-
acteristics of these circuits depend upon (1) the type of circuit, that is, 
whether a capacitor is connected to the primary, to the secondary, or 
to both, and (2) the amount of coupling between the two circuits. 

Coupled Impedance. The primary and the secondary circuits of a trans-
former are separate electrical circuits that are magnetically coupled. Each 
circuit has an impedance of its own generally designated as Zp and Zs. The 

fr 
(a) 

Tight 

fr 
(b) 

Critical 

fr 
(c) 

Loose 

Fig. 1 2-26 Response curves showing the effect of various amounts of coupling. 
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impedance of the primary winding, when no load is applied to the second-
ary, consists of the resistance and inductance of the primary winding. 
The impedance of the secondary circuit consists of the resistance and 
inductance of the secondary winding plus the impedance of any load con-
nected to the circuit. When the secondary circuit is left open, that is, when 
no load is applied to its terminals, the impedance of the secondary will be 
infinity or so large that it is immeasurable. Under this condition the 
presence of the secondary will have no effect upon the primary circuit. 
When a load is applied to the secondary, the impedance will have a 

significant value and a current will flow in the secondary circuit. The 
amount of energy in this circuit will depend upon the secondary voltage 
and impedance. The secondary voltage, however, is dependent upon the 
number of magnetic lines linking the two circuits. The number of linkages 
is proportional to the coefficient of coupling; therefore the amount of energy 
transferred is also dependent upon the coefficient of coupling. As the 
energy in the secondary circuit must come from the primary, it is evident 
that the primary impedance will be affected by the impedance of the 
secondary circuit. The effect of the secondary circuit upon the primary is 
equivalent to adding an impedance in series with the primary. This added 
impedance is generally referred to as the coupled impedance. 
The numerical value of the coupled impedance of a mutual-inductive-

coupled circuit may be found by the equation 

zp, (21rzfm:2 (12-14) 

where Zp_. = impedance coupled into the primary by the secondary, ohms 
f = frequency of the power source, cps 
M = mutual inductance, henrys 
Zs = secondary impedance, ohms 

The derivation of this equation is explained in the following steps: 
1. From the definition, two circuits have a mutual inductance of 1 henry 

when a current in one circuit, changing at the rate of 1 amp per sec, 
induces an average emf of 1 volt in the second circuit; the induced voltage 
in the second circuit may be expressed as 

e. = M IP2 — 41  
t2 — tl. 

(12-15) 

This equation indicates that, when the mutual inductance M is 1 henry and 

the rate of current change in the primary /P2 —  'pl is 1 amp per sec, the 
t2 — t1 

average value of the voltage e8 induced in the secondary will be 1 volt. 
Thus, this equation is derived from the definition of the unit of mutual 
inductance. 
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2. When an alternating current Ip is flowing, the current is continually 
changing from a maximum value to zero in a positive and negative direction 
and at a rate proportional to the frequency. As the alternating current .II, is 
an effective value, the maximum current will be Ip divided by 0.707. Also, 
a change in current from the maximum value to zero occurs in a period of 
time corresponding to one-quarter of a cycle. Therefore 

4 

42 41 ._.. 'max — 4 _ Imax _ 0.707 _  4flp  
t2 — tl — 1 — 1 — 1 — 0.707 

Tf 4f 74.f 
Substituting Eq. (12-16) in Eq. (12-15), 

es — — M '0.70''7 (12-17) 

3. The induced secondary voltage e3 is expressed as an average value, 
and in practical work it is desired to have it expressed as the effective 
value E. As the average value is equal to 2/e (or 0.637) times the maximum 
value and the effective value is equal to 0.707 times the maximum value, 
then the effective value may be expressed as 

E, = x 0.707 = 0.707ee„ (12-18) 
2 2 _ 

(12-16) 

7T 

or 
2E.  

e. = 
0.7077r 

Substituting Eq. (12-19) in Eq. (12-17), 

2E,  _ m  4/4  
0.707/r — 0.707 

(12-19) 

(12-20) 

or E, = 2rfMIp (12-21) 

4. The secondary current 4 will, therefore, be 

E, 27rfMlp  
Is = = (12-22) 

Z8 Z„ 

5. This secondary current upon flowing through the secondary winding 
sets up a magnetic field of its own that induces a voltage in the primary. 
This induced voltage will be 180° out of phase with the primary impressed 
voltage and is referred to as a counter, or back, voltage. By the same 
reasoning as was used to derive the secondary induced voltage, it may be 
shown that this counter voltage induced in the primary will be 

Ecounter = 27TfitHs (12-23) 
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Substituting Eq. (12-22) for Is in Eq. (12-23), 

p 
Ecounter = (27rjreiilix, (2itfM)/ 

Z8 

Ecounter = 
(21rfM)2, 

Z. 

6. As this voltage represents the effect that the secondary has upon the 
primary and as an alternating voltage is equal to the product of impedance 
and current, it may be stated [from Eq. (12-25)] that the effect of the 
secondary impedance upon the primary is 

Z  — (2/rfe2 Z. (12-14) p-8 — 

The coupled impedance expressed by Eq. (12-14) may be represented by 
an equivalent resistance and an equivalent reactance connected in series 
with the primary circuit. The numerical values of the equivalent resistance 
and equivalent reactance are expressed by the following equations: 

(2irfM)2Rs  
Rp —8 = (12-26) 42 

(12-24) 

where Rp_. = 
Xp—s = 

f= 
iti = 
R8 = 

Zs = 

Xa = 

XP-8 — — (27rfM)2X8  
L.8 

(12-25) 

(12-27) 

resistance coupled into the primary by the secondary, ohms 
reactance coupled into the primary by the secondary, ohms 
frequency of the power source, cps 
mutual inductance, henrys 
resistance of the secondary circuit, ohms 
impedance of the secondary circuit, ohms 
reactance of the secondary circuit, ohms 

Note: When Xs is inductive, then Xp_s has a negative sign, and when X. is 
capacitive, Xp_8 has a positive sign. 

EXAMPLE 12-13 A mutual-inductance-coupled circuit is shown in Fig. 12-27 together 
with the circuit values. Find (a) the inductive reactance of the primary, (b) the induc-
tive reactance of the secondary, (c) the impedance coupled into the primary by the 
secondary, (d) the equivalent resistance component of the coupled impedance, (e) the 
equivalent reactance component of the coupled impedance, (f) the equivalent circuit 
diagram, (g) the effective impedance of the primary, (h) the primary current, (i) the 
secondary voltage, (j) the secondary current. 

GIVEN: Fig. 12-27 

FIND: (a) XL', (b) XL8 (C) Zp_. (d) Rp_s (e) 4_8 (f) diagram 
(g) Zpr (h) 4, (i) Es (i) 18 
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456 kc 

SOLUTION: 

AP-06ernh 

Lp=3mh Ls= 08 mh 

.1?. 80n R 4ûi1 

/0 volts 
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ler,=/60.12 

Fig. 12-27 

(a) XLp = 2ITfLp = 6.28 x 456 x 103 x 3 x 10-3 = 8,590 ohms 

(b) )(Ls = 2efLs = 6.28 x 456 x 103 x 0.8 x 10-3 = 2,290 ohms 

(c) Zi,_. = (2/1142 —  (27rfM)2  
Z . NAR. + RL)2 + xLs2 

_ (6.28 x 456 x 103 x 0.08 x 10-3)2 _ 52,441  = 22.8 ohms 
— V(40 + 160)2 ± (2,290)2 2,298 

(d) R (2efM)2(lis + 1{L) 52,441 x 200 = 1.98 ohms 
p = _, 

Zs2 — (2,298)2 

(e) Xp (2efM)2X8 _ 52,441 x 2,290 = 22.7 ohms 
_s = Za2 (2,298)2 

Rp -80.n, X,,s,r8590.n. Rp_s=1.9811 Xp_s =21.7n 

°--%/ww--100e5.0 ~Am---1 00-00P— 

(I) 

o 

Fig. 12-28 

(g) Zpr = V(Rp + Ris_8)2 + (XL? — Xp_s)2 

= \/(80 ± 1.98)2 ± (8,590 — 22.7)2 = 8,567 ohms 

(h) = zEpT = 8,15067 = 0.00116 amp = 1.16 ma 

(i) Es = 2TrfMlp = 6.28 x 456 x 103 x 0.08 x 10-3 x 1.16 x 10-3 = 0.266 volt 

(i) E = 0.266 /* == 0.000115 amp = 115 pa 
Z: 2,298 

The results of this example indicate that the effect of the coupled 
equivalent resistance is to increase the effective resistance of the primary 
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circuit. The equivalent reactance that is coupled into the primary by a 
secondary whose reactance is inductive is opposite in phase to the primary 
reactance and hence reduces the effective reactance of the primary circuit. 
The net result is a reduction in the effective primary impedance, more 
current thereby being allowed to flow in the primary circuit, thus making 
possible the transfer of more energy to the secondary circuit. 
Many of the important characteristics of coupled circuits are explained 

by the effects of coupled impedance. Examination of Eq. (12-14) indicates 
that the coupled impedance will be low when the coefficient of coupling is 
low because the value of M decreases when the coefficient of coupling 
is decreased. Also, the coupled impedance will be low when the secondary 
impedance is high. Thus, when the coefficient of coupling is low or when 
very little load is applied to the secondary (high secondary impedance), the 
coupled impedance will be low and the effect of the secondary upon the 
primary will be negligible. However, when the coefficient of coupling 
is high or when the secondary carries considerable amounts of load (low 
secondary impedance), the coupled impedance will be high and the secondary 
will produce considerable effect upon the primary circuit. 

Circuit with Untuned Primary and Untuned Secondary. The simplest 
type of transformer coupling is a circuit having an untuned primary and an 
untuned secondary with a resistance or inductance load. Such a circuit is 
shown in Fig. 12-29a. This circuit is often used as an equivalent circuit to 
represent the effects produced by a shield, metal panel, or other metal 
object located near a coil. The effect of the shield or panel upon the coil 
would be the same as that of a secondary winding consisting of inductance 
and resistance in series. The coupled impedance of such a circuit will 
increase the effective resistance of the primary and reduce its effective 
reactance. It also indicates that losses of the coil circuit are increased by 
an amount proportional to the resistance coupled into the primary by the 
secondary, which is actually the shield or nearby metal panel. 

Circuit with Untuned Primary and Tuned Secondary. The circuit 
shown in Fig. 12-29b differs from Fig. 12-29a in that a capacitor is used in 
place of the resistor in the secondary circuit. The tuned r-f amplifier circuit 
is similar to this fundamental circuit. 
The secondary circuit is similar to the series tuned circuit, and its 

characteristics will be the same as those of the series tuned circuit. At the 

il s 
Circuit with 
untuned secondary 

(at- Untuned primary, 
tuned secondary 

(c)-Tuned primary, 
tuned secondary 

Fig. 12-29 Fundamental transformer-coupled circuits. 
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Fig. 12-30 Bandpass amplifier circuit. 
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resonant frequency the impedance will be at its minimum and the current 
at its maximum. The impedance coupled into the primary will be high and 
will have a critical effect upon the primary current. At frequencies above 
or below resonance the secondary impedance increases and its current 
decreases. The impedance coupled into the primary decreases, and its 
effect on the primary circuit is decreased. 

Circuit with Tuned Primary and Tuned Secondary. This type of circuit 
(Fig. 12-29c) is used extensively in radio and television receivers. A common 
application of this circuit is the i-f amplifier of the superheterodyne receiver. 
This type of coupling is very useful for amplifiers because it can be 
designed to provide an approximately uniform secondary current response 
over the band of frequencies that are normally applied to the primary 
circuit. 

1 2-10 Bandpass Amplifier Circuits 
Ideal Response Curve. In order to obtain high fidelity and high selectivity, 

the ideal response curve should have a flat top and straight sides. This ideal 
can be closely approximated by using two resonant circuits tuned to 
the same frequency and coupled to each other (Fig. 12-30). This circuit is 
called a bandpass amplifier, bandpass filter, or bandpass circuit. 
The width of the frequency band that will be passed depends upon the 

circuit application. In a-m radio receivers this band is usually 10 kc wide 
and represents a 5-kc side band above and below the resonant frequency. 
These side bands are part of an a-m wave and represent the amount that 
the frequency varies from the resonant frequency. The frequency deviation 
will depend upon the frequency of the audio signal that is being received. 
Although the frequency of an audio signal may vary from 20 to 20,000 cycles, 
most commercial a-m receivers reproduce sounds only up to 5,000 cycles. 
Amplifiers are designed to provide specific amounts of bandwidth depending 
upon the application. For example, (1) a 200-kc bandwidth is used in the 
i-f amplifier of an f-m radio receiver, (2) a 50-kc bandwidth is used in the 
sound section of a television receiver, and (3) a 4.5-mc bandwidth is used 
in the picture section of a television receiver. 

The important characteristic of the bandpass amplifier circuit is the 
manner in which the current in the secondary circuit varies with the 
frequency when a constant voltage is applied to the primary circuit. The 
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amount of current in the secondary is directly proportional to the amount 
of coupling between the two windings. The shape of the resonance curve 
will, therefore, be dependent on the coefficient of coupling and may be a 
narrow peaked curve, a flat-top curve, or a curve having two separate 
peaks with a valley between them. 

Figure 12-31 illustrates the manner in which the current in the secondary 
of such a circuit varies with the amount of coupling for frequencies above 
and below its resonant frequency. When the coefficient of coupling is low, 
K = 0.01 for resonance at 500 kc, the secondary current will be low and 
the curve will be peaked. As the amount of coupling between the two 
circuits is increased, the amount of secondary current will increase and 
there will be a reduction in the sharpness of the peak, K = 0.015. With 
critical coupling K = 0.02, the maximum amount of secondary current is 
obtained and the resonance curve will be comparatively flat at the top and 
will have steep sides. With tight coupling, the coupled impedance at reso-
nance is high, thus reducing the primary current, which in turn reduces the 
amount of voltage induced into the secondary, thus reducing the secondary 
current. This accounts for the decrease in secondary currents at resonance 
for coefficients of coupling greater than the critical value as indicated 
by the curves in Fig. 12-31. The reactance coupled into the primary is 
inductive for frequencies below resonance and capacitive for frequencies 
above resonance. This reactance is opposite to that of the primary circuit 
and will therefore reduce the equivalent impedance offered to the applied 
voltage. The primary current, and therefore the voltage induced into the 
secondary, will increase for frequencies off resonance. When the coupling 
is tight, this action will introduce new resonant frequencies above and 
below resonance corresponding to the amount of secondary current. This 
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Fig. 12-31 Curves for a bandpass amplifier circuit showing the variation in secondary 
current with frequency. 
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accounts for the peaks in the resonance curves when the coupling is 
greater than the critical value. The current at these peaks is practically the 
same as the peak current with critical coupling. The spacing between these 
peaks is directly proportional to the coefficient of coupling. 

Width of Bandpass. The maximum possible transfer of energy to the 
secondary at the resonant frequency is obtained with critical coupling. 
With tight coupling, a fairly constant secondary current and voltage can be 
obtained for a narrow band of frequencies. The width of this band, 
measured at 0.707 of the maximum response, is directly proportional to the 
coefficient of coupling and the resonant frequency of the tuned circuits. 
An approximate value of the bandwidth can be obtained by 

Width of bandpass = K X fr (12-28) 

where K = coefficient of coupling 
fr = resonant frequency of the tuned circuits 

This equation indicates that the larger the value of K, the wider the 
bandpass will be. The coupled impedance will also increase with an increase 
in the amount of coupling, thus causing a decrease in the output current 
(Fig. 12-31). 

EXAMPLE 12-14 What is the approximate bandwidth of a bandpass filter circuit 
having a resonant frequency of 458 kc and a coefficient of coupling of 0.02? 

GIVEN: K = 0.02 fr = 456 kc 

FIND: Width of bandpass 

SOLUTION: 

Width of bandpass = K X fr = 0.02 X 456 = 9.12 kc = 9,120 cycles 

The most important properties of a bandpass circuit are the width of the 
band of frequencies it allows to pass and the uniformity of response within 
this band. Referring to Fig. 12-31 it can be seen that, when K = 0.02, the 
secondary current is fairly constant for a band of frequencies between 495 
and 505 kc. The response will, therefore, be uniform for this band of 
frequencies with a coefficient of coupling of 0.02 at 500 kc. As the coefficient 
of coupling is increased (K = 0.04; K = 0.08; K = 0.15), the band becomes 
wider and less uniform. 
The coefficient of coupling of bandpass circuits is usually of such a value 

that uniform response is obtained for the band of frequencies to be passed. 
The response should decrease rapidly for frequencies beyond these limits 
(Fig. 12-31). 
The uniformity of response within the band of frequencies to be passed is 

dependent on the circuit Q and the value of the coefficient of coupling. 
The equation for finding the amount of coupling required to produce 
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maximum transfer of energy is usually expressed in terms of the primary and 
secondary Q as follows: 

1  = 
VQ-p4; 

where K. = critical coupling 
G Q of the primary circuit 
= Q of the secondary circuit 

VÇTZ's = Q of the complete circuit 

(12-29) 

Figure 12-32 shows that, if the circuit Q is too high, pronounced double 
peaks occur and, if too low, the response curve is round instead of flat. 
Experiments have shown that the best value of Q is approximately 50 per 
cent more than that required to produce critical coupling. Substituting this 
value in Eq. (12-29) and solving for the circuit Q, 

1.5 
= K, 

_ 2.25 
or Qp428 — • (12-31) 

(12-30) 

The coefficient of coupling required may be obtained by transposing 
Eq. (12-28), as 

width of bandpass  
K = (12-32) 

fr 
The resonant frequency of the i-f bandpass amplifier is approximately 
460 kc for a-m radio receivers, 10.7 mc for f-m radio receivers, and 44 mc 
for television receivers. 
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EXAMPLE 12-15 A bandpass amplifier circuit used in an a-m radio receiver is tuned 
to a resonant frequency of 465 kc. What values of circuit Qs are necessary to produce 
uniform response for a 10-kc band? 

GIVEN: Width of bandpass = 10 kc fr = 465 kc 

FIND: Qp 

SOLUTION: 

If 

Q. 

width of bandpass 10 
K =  fr = 485 = 0.0215 

Qpi2s= 22;25  = (0.2022515)2 = 4,870 

Q, = Q., then 

Qp = NrI,1E -70 --- 70 

Substituting values of 200 kc for the width of the bandpass and 10.7 mc 
for the frequency of resonance, it will be evident that the coupling required 
for the i-f bandpass amplifiers of f-m radio receivers is approximately 
0.0187 and the Q of each coil is approximately 80. 

1 2-1 1 Wide-bandpass Amplifier Circuits 
Methods Used to Obtain a Wide Bandpass. The width of the band of 

frequencies to be passed in the r-f and i-f amplifier circuits of f-m radio 
receivers and television receivers is much greater than that which can 
normally be obtained by the use of a tuned circuit consisting only of 
a capacitor and an inductor. In order to obtain a wide bandpass, one 
or more of the following methods are generally used: (1) decreasing the 
value of the circuit Q, (2) increasing the value of the coefficient of coupling, 
(3) stagger tuning. 
The value of circuit Q can be decreased either by adding resistance to 

the external circuit or by increasing the L/C ratio. In the first method 
a resistor is connected either in series or in parallel with the tuned circuit. 
As the addition of resistance to a tuned circuit will lower the value of 
circuit Q, the desired value can be obtained by adding the proper amount 
of resistance. The second method is based on the fact that the Q of a 
tuned circuit varies directly with the amount of capacitance in the circuit. 
Thus, by the use of a higher value of inductance and a lower value 
of capacitance, a lower value of Q is obtained. The effect of various values 
of Q on the width of bandpass was discussed in Art. 11-6 and is illustrated 
in Fig. 11-5. 

Obtaining a wide bandpass by increasing the value of the coefficient of 
coupling has been discussed in the previous article. The relation between 
the coefficient of coupling and the width of the bandpass is illustrated in 
Fig. 12-31 and can be seen by a study of Eq. (12-28). 



480 Essentials of Electricity—Electronics (12-11) 

100 

80 

20 

0 
-200kc -150kc -100kc -50kc +50kc +100kc +150kc +200kc 

F requency 

Fig. 12-33 A double peak i-f response curve for an f-m radio receiver produced by over-

coupling. 
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A wide bandpass can also be obtained by stagger-tuning several stages of 
tuned amplifier circuits. In this method, each tuned circuit in the various 
stages of amplification involved is tuned to a different value of frequency, 
but all are within the desired range of the band to be passed. In order to 
obtain the overall characteristics desired, the Q of each circuit is adjusted 
to produce a certain amount of overlap. 

Bandpass in F-M Receivers. A wide bandpass (Fig. 12-33) may be 
obtained by using either stagger tuning or overcoupled i-f transformers. 
When overcoupling is employed to obtain a wide bandpass, three i-f trans-
formers tuned to the same frequency are generally used. The first and 
third transformers are single-peaked and operate just under critical coupling. 
The second transformer is overcoupled to produce a double-peaked 
response curve (Fig. 12-35). 
Bandpass in Television Receivers. The overall bandpass of the i-f section 

of a television receiver is not made symmetrical because of the vestigial-side-
band method of transmission. The ideal response curve for reception of 
this type of transmission is shown in Fig. 12-36. The operating frequency 
of i-f transformers is approximately 40 mc, and the width of its unsym-
metrical bandpass approximates 4 mc. The ideal response curve is difficult 
to obtain; however, if various combinations of stagger tuning are used, 
a close approximation can be achieved. The combination used will vary 
with the designer. In general, three or more stages of tuned amplification 
are used. Each circuit may be tuned to a single frequency or may be over-
coupled to produce peaks at two (or more) frequencies within the desired 
range of the bandpass. It is beyond the scope of this text to analyze each 
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Fig. 12-34 Variable-coupling i-f trans-
former used to adjust the width of band-
pass. (Hammartund Manufacturing Com-

pany, Inc.) 
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Fig. 12-36 The ideal, desired, and practical i-f response curves for the reception 

of vestigial-side-band transmission of television signals. 
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Fig. 12-37 Wide passband for the i-f response curve of a television receiver obtained 
by use of stagger tuning. 

of the variations that may be used. An example of one of the combinations 
that may be used is illustrated by the response curves for a four-stage 
stagger-tuned i-f amplifier circuit shown in Fig. 12-37. The second and 
third i-f stages are tuned to the upper end of the desired passband. The 
first and fourth i-f stages and the mixer are tuned to the lower end of the 
desired passband. The resultant overall response curve approximates the 
desired curve of Fig. 12-36. 

12-12 Delayed-action Circuits 

Inductors or capacitors may be used in electric and electronic circuits to 
control the time required for the current or voltage to reach a pre-

(a) 
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o Time, seconds 
(b) 

Fig. 12-38 Characteristics of current 
versus time for a circuit containing only 
resistance. (a) The circuit. (b) Current ver-
sus time characteristics. 
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determined value. The operation of these circuits is based on the time con-
stant of the resistance-inductance or the resistance-capacitance combination. 
These circuits are generally referred to as R-L and R-C circuits. 

Time Constant of Resistance-inductance Circuits. If an inductor, which 
may be considered as a resistance and inductance in series, is connected to 
a d-c power source, a current will flow in the circuit. The amount of 
current that will flow will be its Ohm's law value, namely, the voltage 
applied to the circuit divided by the resistance of the circuit. In a circuit 
having only resistance (Fig. 12-38a), the current will rise to its Ohm's law 
value practically instantaneously, as indicated in Fig. 12-38b. However, as 
the inductor has the effect of a resistance and inductance connected in 
series (Fig. 12-39a), the current will require an appreciable amount of time 
to reach its Ohm's law value, as is shown in Fig. 12-39b. This is explained 
by the fact that, for the current to reach its final value of 5 amp, it 
must progressively pass through its lesser values such as 1, 2, 3, and 4 amp. 
Under these conditions, the current is changing in amount, and the circuit 
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will have an emf induced in it owing to the self-inductance of the circuit. 
This induced emf will oppose the impressed voltage and thus will prevent 
the current from reaching its Ohm's law value as long as the induced emf 
is present. The current will, however, eventually reach its Ohm's law value, 
the time required to accomplish this depending upon the relative values of 
the inductance and resistance. The current increases in a manner indicated 
by the graph shown in Fig. 12-39b and will rise to 63.2 per cent of its final 
value in a period of time, expressed in seconds, equal to the inductance of 
the circuit divided by the resistance of the circuit. This time interval 
is called the time constant of the circuit and is expressed mathematically as 

t = -11 
R (8-10) 

EXAMPLE 12-16 An R-L circuit is used to control the time of closing a relay. 
The relay closes when the current reaches 63.2 per cent of its final value and 
the circuit resistance and inductance are 12 ohms and 2.4 henrys, respectively. What 
is the time interval between the closing of the line switch and the operation of 
the relay? 

GIVEN: R = 12 ohms L = 2.4 henrys 

FIND: t 

SOLUTION: 

L  t = — = -- 24 n = v.c.n See 
R 12 

The time required for the current to reach values other than 63.2 per cent 
of the final value follows a curve known mathematically as an exponential 
curve. The universal time-constant curves of Fig. 12-43 provide a simple 
means of finding the current at any instant of time. 

Further analysis of the R-L circuit will show that, when the current 
is increasing, the voltage drop across the resistance will increase at the 
same time rate as the current. This is so because the voltage drop across 
the resistance at any instant of time is equal to the product of the current 
and the resistance. Furthermore, as the sum of the voltages around 
the circuit must be equal to the applied voltage, the induced emf at any 
instant of time due to the inductance must be equal to the applied voltage 
less the IR drop. Figure 12-39c shows the voltage characteristics of the 
circuit when the current is building up. 
The circuit shown in Fig. 12-40a is arranged so that the R-L circuit may 

either be connected to the d-c power source or be connected so that the 
inductance will be short-circuited through the resistance R. If the circuit is 
connected to the d-c power source, a current will flow in the circuit and 
will rise to its Ohm's law value according to the current-time curve 
previously described. When a current is flowing in the circuit, energy 
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is transferred to the magnetic field. If the switch S is changed from 
position 1 to position 2, so that the inductance is disconnected from 
the power source and then instantaneously short-circuited across the resist-
ance, the energy in the collapsing magnetic field will induce a voltage in 
the turns of the coil and cause a current to flow in the circuit. The current 
will decrease as the energy is dissipated in the resistance. The rate at 
which the current decreases will depend upon the relative values of 
the inductance and the resistance. The current-time changes will also 
follow an exponential curve but will be a descending curve. As the induct-
ance is now actually in parallel with the resistance, the resistance voltage 
drop and the induced emf will be equal in value and will decrease according 
to an exponential curve. The current-time characteristics are shown in 
Fig. 12-40b, and the voltage-time characteristics are shown in Fig. 12-40c. 
The time in seconds as determined by dividing L by R represents the time 
in which the current (and voltage) decreases 63.2 per cent; hence the 
current and voltage will drop to 36.8 per cent of their maximum values in 
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L/R sec. The time required for the current and voltage to decrease to 
values other than 36.8 per cent of their maximum values can be found by 
use of the universal exponential curves presented at the end of this article. 

Time Constant of Resistance-capacitance Circuits. If a perfect capacitor, 
that is, one having no resistance, is connected to a d-c power source, 
a high current surge will flow instantly and will charge the capacitor. 
As the capacitor becomes charged almost instantaneously, the amount of 
current flow will decrease rapidly. The capacitor will charge to the value 
of the impressed voltage, and the current flow will diminish to zero prac-
tically instantaneously. 

If the circuit contains resistance in addition to the capacitance (Fig. 
12-41a), the capacitor will become charged to the same value of voltage 
but will require a longer period of time to reach its final value. The voltage 
increases in a manner indicated by the graph shown in Fig. 12-41b 
and will rise to 63.2 per cent of its final value in a period of time, expressed 
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in seconds, equal to the product of the capacitance and resistance of the 
circuit. This is called the time constant of the circuit and is expressed 
mathematically as 

t = CR (9-11) 

EXAMPLE 12-17 What is the time constant of an automatic-volume-control filter 
circuit that uses a 1.25-megohm resistor and a 0.25-0 capacitor? 

GIVEN: R = 1.25 megohms 

FIND: t 

SOLUTION: 

C = 0.25 af 

t = CR = 0.2,5 x 10-6 x 1.25 x 106 = 0.3125 sec 

The time required for the voltage to reach values other than 63.2 per cent 
of the final value follows an exponential curve. The universal time-constant 
curves of Fig. 12-43 provide a simple means of finding the voltage at any 
instant of time. 

If the switch S of Fig. 12-42a is closed to position 1, the voltage 
and current characteristics of the circuit will conform to the voltage-time 
and current-time curves shown in Fig. 12-41. While a current is flowing in 
the circuit, energy is being stored in the capacitor. If the switch S is 
changed from position 1 to position 2, the energy stored in the capacitor 
will cause a current to flow and the capacitor will discharge through 
the resistor. At the instant of closing the switch the current will be at 
its highest value (Ohm's law value) and will decrease exponentially, as 
shown in Fig. 12-42b. The voltage across the capacitor and resistor will be 
equal in amount and will also decrease exponentially with time, as shown 
in Fig. 12-42c. 

Universal Time-constant Curves. The time required for the current of 
an R-L circuit or the voltage across the capacitor of an R-C circuit to 
reach values other than 63.2 per cent of their final values may be determined 
mathematically by use of suitable equations. The mathematics involved is 
beyond the scope of this text. A shorter and more convenient method 
of determining the time required to atttain any percentage of the final 
value is by use of time-constant curves. As all the current-time and voltage-
time relations vary exponentially, it is possible to represent these variations 
by the two general exponential curves shown in Fig. 12-43. These curves 
are plotted from values obtained mathematically and listed in Tables 12-1 
and 12-2. 

EXAMPLE 12-18 An R-L circuit used to control the action of a switch has a resistance 
of 12 ohms and an inductance of 0.5 henry and is connected to a 6-volt battery. 
(a) If the switch operates when the current attains 63.2 per cent of its final 
value, what time is required to operate the switch? (b) If the switch requires 400 ma 
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to operate, what is the time between the start of current flow and the closing 
of the switch? 

GIVEN: R = 12 ohms L = 0.5 henry I = 400 ma E = 6 volts 

FIND: (a) t (b) t 

SOLUTION: 

(a) t = = 0.0416 sec 
12 

(b) Im. = = = 0.5 amp 

% of 'max required to operate the switch = x 100 = 400 x 100 .= 80 

From Fig. 12-43 or Table 12-1, k = 1.6 

t = 
R — 12 — • 
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Fig. 12-43 Universal time-constant curves. 

Table 12-1 Ascending Curve 

7 

k 
TIME 

CONSTANTS 

PER CENT OF 

MAXIMUM 

VALUE 

k 
TIME 

CONSTANTS 

PER CENT OF 

MAXIMUM 

VALUE 

k 
TIME 

CONSTANTS 

PER CENT OF 

MAXIMUM 

VALUE 

0.00 0.000 0.70 50.3 2.50 91.8 
0.05 4.9 0.80 55.1 3.00 95.0 
0.10 9.5 0.90 59.3 3.50 97.0 
0.15 14.0 1.00 63.3 4.00 98.2 
0.20 18.1 1.20 69.9 4.50 98.9 
0.30 25.9 1.40 75.3 5.00 99.3 
0.40 33.0 1.60 79.8 5.50 99.6 
0.50 39.3 1.80 83.5 6.00 99.8 
0.60 45.1 2.00 86.5 7.00 99.9 

Table 12-2 Descending Curve 

k 
TIME 

CONSTANTS 

PER CENT OF 

MAXIMUM 

VALUE 

k 
TIME 

CONSTANTS 

PER CENT OF 

MAXIMUM 

VALUE 

k 
TIME 

CONSTANTS 

PER CENT OF 

MAXIMUM 

VALUE 

0.00 100 0.70 49.7 2.50 8.2 
0.05 95.1 0.80 44.9 3.00 5.0 
0.10 90.5 0.90 40.7 3.50 3.0 
0.15 86.0 1.00 36.8 4.00 1.8 
0.20 81.9 1.20 30.1 4.50 1.1 
0.30 74.1 1.40 24.7 5.00 0.7 
0.40 67.0 1.60 20.2 5.50 0.4 
0.50 60.7 1.80 16.5 6.00 0.2 
0.60 54.9 2.00 13.5 7.00 0.1 
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EXAMPLE 12-19 A o.00s-pf capacitor and a 2-megohm resistor are connected to form 
an R-C circuit. If the R-C combination is connected to a 300-volt source of d-c 

power, what time is required for the voltage across the capacitor to reach (a) 100 
volts? (b) 200 volts? (c) 270 volts? If the capacitor becomes fully charged (300 volts) 

and is then discharged through the 2-megohm resistor, what time is required to dis-
charge the capacitor to (d) 250 volts? (e) 200 volts? (f) 50 volts? 

GIVEN: R = 2 megohms C = 0.005 af E. = 300 volts 

FIND: t 

SOLUTION: 

(a) % of En. = X 100 , 33.3 
k = 0.40 from Fig. 12-43 

t = kCR = 0.40 x 0.005 x 10-6 x 2 x 106 = 0.004 sec 

(b) % of E. = 200 X 100 = 66.6 
300 

k = 1.1 from Fig. 12-43 

t = kCR = 1.1 x 0.005 x 10-6 x 2 x 106 = 0.011 sec 

(c) % of Erna. = 27° x 100 = 90 
300 

k = 2.27 from Fig. 12-43 

t = kCR = 2.27 x 0.005 X 10-6 X 2 x 106 = 0.0227 sec 

(d) % of E. = 25° X 100 = 83.3 
300 

k = 0.19 from Fig. 12-43 

t = kCR = 0.19 x 0.005 X 10-6 X 2 x 106 = 0.0019 sec 

(e) % of E. " = x 100 = 66.6 
300 

k = 0.40 from Fig. 12-43 

t = kCR = 0.40 x 0.005 x 10-6 x 2 x 106 = 0.004 sec 

% of E. = +,10 X 100 = 16.6 

k = 1.8 from Fig. 12-43 

t = kCR -= 1.8 x 0.005 x 10-6 X 2 x 106 = 0.018 sec 

(f) 

Uses of Delayed-Action Circuits. There are numerous applications of 
R-C and R-L circuits in all branches of electronics. A few of the many 
applications are as follows. 
One type of detector circuit, found in radio receivers, uses a capacitor 

and a resistor connected in parallel in the plate circuit of a diode. Actually 
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this R-C combination is a time-constant circuit, and the values of R and C 
are chosen to produce a time constant of sufficient duration so that 
the charge on the capacitor gained during the positive half-cycles does not 
have time to dissipate any appreciable amount through the resistor during 
the negative half-cycles. Other examples of R-C circuits in radio apparatus 
include grid-leak detection, automatic-volume-control circuits, automatic-
frequency-control circuits, and relaxation oscillators. 
R-C and/or R-L circuits are used in television receivers and transmitters 

for producing timing, pulsing, triggering, and synchronizing circuits. The 
names of some of these circuits are differentiator, integrator, horizontal 
sweep, horizontal blanking, vertical blanking, automatic gain control, and 
automatic frequency control. 

Industrial applications of time-constant circuits include controlling the 
length of time for a specific manufacturing operation, timing of electric 
welders, timing the exposures of photoflashes and photofinishing processes, 
timing of instruments, producing repeated action for life tests, timing and 
triggering circuits for computers and data-process equipment, and motor 
control. 

QUESTIONS 

1. (a) What is meant by the stray effects of inductors, capacitors, and resistors? 
(b) How is each of the circuit elements affected by the stray effects? 

2. How is electrical energy transferred from (a) one circuit element to another? 
(b) One circuit to another? 

3. Why is it necessary to use filters in electronic circuits? 
4. (a) What are the essential parts of a filter circuit? (b) Explain the action of each 

part. 
5. Explain the purpose of using each of the following units in a filter circuit: 

(a) capacitor, (b) inductor, (c) resistor, (d) series resonant circuit, (e) parallel reso-
nant circuit. 

6. (a) What is meant by a low-pass filter circuit? (b) Draw a simple low-pass circuit, 
and explain its action. 

7. (a) What is meant by a high-pass filter circuit? (b) Draw a simple high-pass 
circuit, and explain its action. 

8. (a) What is meant by a bandpass filter circuit? (b) Draw a simple bandpass 
circuit, and explain its action. 

9. (a) What is meant by a bandstop filter circuit? (b) Draw a simple bandstop 
circuit, and explain its action. 

10. Why is it necessary to use multisection filter circuits? 
11. What is meant by (a) T-type filter? (b) Tr-type filter? 
12. Draw a circuit diagram of one section of a T-type filter circuit for (a) low pass, 

(b) high pass, (c) bandpass, (d) bandstop. 
13. Draw a circuit diagram of a two-section T-type filter circuit for (a) low pass, 

(b) high pass. 
14. When two or more T-type low-pass filter circuits are joined, why should the con-

necting inductor have a value of twice the inductance of either of the end 
inductors? 
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15. When two or more T-type high-pass filter circuits are joined, why should the con-
necting capacitor have a value of one-half the capacitance of either of the 
end capacitors? 

16. Draw a circuit diagram of one section of a sr-type filter circuit for (a) low 
pass, (b) high pass, (c) bandpass, (d) bandstop. 

17. Draw a circuit diagram of a two-section sr-type filter circuit for (a) low pass, 
(b) high pass. 

18. When two or more sr-type low-pass filter circuits are joined, why should the con-
necting capacitor have a value of twice the capacitance of either end capacitor? 

19. When two or more sr-type high-pass filter circuits are joined, why should the con-
necting inductor have a value of one-half the inductance of either end inductor? 

20. What is meant by the following terms: (a) Source impedance? (b) Load impedance? 
(c) Image impedance? (d) Characteristic impedance? 

21. What is meant by (a) constant-k filter? (b) Imaginary load? 
22. Describe the frequency requirements of an ideal filter. 
23. What is meant by (a) m-derived filter? (b) Shunt-derived? (c) Series-derived? 
24. Describe the circuit characteristics of (a) a shunt-derived low-pass filter, (b) a series-

derived high-pass filter. 
25. Explain how a resistor and a capacitor combine to form a filter circuit. 
26. Define (a) attenuator, (b) fixed-attenuator pad, (c) variable-attenuator pad. 
27. (a) Describe an L-attenuator circuit. (b) What are its circuit characteristics? 
28. (a) Describe a T-attenuator circuit. (b) What are its circuit characteristics? 
29. Describe (a) an H-attenuator circuit, (b) an 0-attenuator circuit. 
30. (a) Describe a sr-attenuator circuit. (b) What are its circuit characteristics? 
31. (a) Describe a ladder-attenuator circuit. (b) What are its circuit characteristics? 
32. (a) Describe a bridged-T attenuator circuit. (b) How does this circuit compare with 

the simple-T attenuator circuit? 
33. (a) Why is it necessary to couple circuits? (b) What is meant by the coupling 

element? 

34. What is meant by (a) simple-coupled circuit? (b) Complex-coupled circuit? 
35. Draw the circuit diagram and explain the action of four simple coupling circuits 

using a different coupling element for each. 
36. Draw the circuit diagram and explain the action of three complex coupling 

circuits using a different coupling element for each. 
37. What is the general purpose for using complex-coupled circuits? 
38. Explain what is meant by (a) critical coupling, (b) loose coupling, (c) tight coupling. 
39. What type of coupling element is commonly used to provide mutual-inductive 

coupling in electronic circuits? 
40. Explain what is meant by coupled impedance. 
41. How does the amount of coupled impedance affect the primary impedance? 
42. How does the coupled impedance vary with the amount of coupling? 
43. What is the bandwidth of the bandpass circuit used in (a) a-m radio receivers? 

(b) F-m radio receivers? (c) The picture section of television receivers? 
44. Explain the relation between the width of band passed and the amount of coupling. 
45. Explain the effect on secondary current of two resonant circuits coupled by 

means of a transformer with (a) critical coupling, (b) tight coupling, (c) loose 
coupling. 

46. What are the important properties of a bandpass circuit? 
47. How does the amount of circuit Q affect the uniformity of response? 
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48. Name and explain three methods of obtaining a wide bandpass. 
49. Describe a method used for obtaining a wide bandpass in the i-f section of an f-m 

receiver. 
50. Describe how the unsymmetrical wide bandpass required by the i-f video section 

of a television receiver is obtained. 
51. What is the essential purpose of R-L and R-C circuits? 
52. Explain the operation of a delayed-action (a) R-L circuit, (b) R-C circuit. 
53. What is meant by the time constant of a delayed-action (a) R-L circuit? (b) R-C 

circuit? 
54. (a) What is the purpose of the universal time-constant curve? (b) How is it used 

in the solution of time-delay circuits? 
55. (a) Name four applications of time-delay circuits. (b) Explain the circuit actions of 

one of these applications. 

PROBLEMS 

1. A 2,500-ohm resistor has a stray inductance of 3 ph. What is the impedance of 
this resistor at the frequencies of (a) 1,500 kc? (b) 200 mc? 

2. The stray inductance of a 12,000-ohm resistor is 4 ph. Determine its impedance, 
if the distributed capacitance is ignored, at (a) 15 mc, (b) 750 mc. 

3. What is the impedance of the resistor in Prob. 1 to a frequency of (a) 4 mc? 
(b) 15 mc? 

4. Determine the impedance of the resistor used in Prob. 2 if it is used in an 
electronic circuit whose frequency is (a) 30 mc, (b) 450 mc. 

5. An r-f choke coil has an inductance of 150 ¡th and a distributed capacitance 
of 100 pf. Determine the inductive reactance, capacitive reactance, and imped-
ance of the coil at (a) 1,500 kc, (b) 45 mc. 

6. A coil has an inductance of 80 mh and a distributed capacitance of 20 µµf. 
Determine the inductive reactance, capacitive reactance, and impedance of the 
coil at (a) 15,750 cps, (b) 200 mc. 

7. (a) Determine the frequency of resonance of the inductor used in Prob. 5. 
(b) Determine the impedance of the inductor at its resonant frequency if its 
ohmic resistance is 1.5 ohms. 

8. (a) Determine the frequency of resonance of the inductor used in Prob. 6. 
(b) Determine the impedance of the inductor at its resonant frequency if its 
ohmic resistance is 4.75 ohms. 

9. Determine the equivalent series resistance of a 12-pf paper-Mylar (dual dielectric) 
capacitor at (a) 60 cycles, (b) 1 kc. 

10. Determine the equivalent series resistance of a 0.02-µf Teflon capacitor at 
(a) 1 kc, (b) 1 me. Note: Use the lowest value of DF given in Table 9-1. 

11. Determine the equivalent parallel resistance of the capacitor used in Prob. 9 at 
(a) 60 cycles, (b) 1 kc. 

12. Determine the equivalent parallel resistance of the capacitor used in Prob. 10 at 
(a) 1 kc, (b) 1 mc. 

13. It is desired that a filter choke, having a resistance of 45 ohms, oppose the flow of 
a 60-cycle current with ten times the opposition that it offers to direct current. 
What is the inductance of the coil? 

14. A 15-henry filter choke has a resistance of 400 ohms. Determine (a) its opposition 
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to direct current, (b) its opposition to 60-cycle alternating current, (c) its ratio of 
opposition, alternating to direct current. 

15. (a) To which type of current will a 0.04-pf capacitor offer the greater opposition, 
a 4,000-cycle a-f signal or a 1,500-kc r-f signal? (b) How many times greater is the 
larger impedance than the smaller impedance? (c) Which type of current is 
blocked by this capacitor? 

16. (a) To which type of current will a 33-pf capacitor offer the greater opposition, a 
4.5-mc signal or a 45.75-mc signal? (b) How many times greater is the larger 
impedance than the smaller impedance? (c) Which type of current is blocked by 
this capacitor? 

17. A 10-mh inductor and a 250-pf capacitor are connected as shown in Fig. 12-7c to 
form a low-pass filter circuit. Determine the opposition offered to a 10-kc signal 
(a) by the capacitor, (b) by the inductor. Determine the opposition offered 
to a 1,500-kc signal (c) by the capacitor, (d) by the inductor. 

18. A 1.8-ph inductor and a 68-pf capacitor are connected as shown in Fig. 12-7c to 
form a low-pass filter circuit. Determine the opposition offered to a 4.5-mc signal 
(a) by the capacitor, (b) by the inductor. Determine the opposition offered 
to a 45.75-mc signal (c) by the capacitor, (d) by the inductor. 

19. A 4-henry inductor and a 0.4-0 capacitor are connected as shown in Fig. 12-9c 
to form a high-pass filter circuit. Determine the opposition offered to a 60-cycle 
power disturbance (a) by the capacitor, (b) by the inductor. Determine the oppo-
sition offered to a 1,200-cycle a-f signal (c) by the capacitor, (d) by the inductor. 

20. A 1.2-µh inductor and a 20-pf capacitor are connected as shown in Fig. 12-9c to 
form a high-pass filter circuit. Determine the opposition offered to a 10.7-mc i-f 
signal (a) by the capacitor, (b) by the inductor. Determine the opposition offered 
to an 88-mc f-m signal (c) by the capacitor, (d) by the inductor. 

21. Determine the value of m for a low-pass filter circuit whose resonant frequency is 
40 mc and whose cutoff frequency is 32 mc. 

22. Determine the value of m for a high-pass filter circuit whose resonant frequency 
is 4.5 mc and whose cutoff frequency is 5.0 mc. 

23. A circuit similar to the one shown in Fig. 12-22a is to be used in the r-f stage of a 
receiver. It is desired that the capacitor offer an impedance of 100 times that of 
the resistor whose value is 6,500 ohms. What size capacitor is required if the 
signal is 1,500 kc? 

24. A circuit similar to the one shown in Fig. 12-22b has the following values: 
The resistor has 7,200 ohms, and the capacitor has a value of 20 pf. (a) What 
impedance does the capacitor offer to a 5,000-cycle current? (b) Will the a-f 
signal flow through the resistor or the capacitor? 

25. A certain 1,800-ohm load is supplied by a 60-volt d-c power source. It is desired 
to reduce the load voltage to 10 volts by means of an L-type attenuator similar to 
Fig. 12-23a and still retain an 1,800-ohm load condition at the power source. 
(a) What are the values of K, R1, and R2? Using the values obtained in part (a), 
(b) calculate the resistance at the power source terminals, (c) check the out-
put voltage and the value of K. 

26. A certain 48,000-ohm load is supplied by a 4.8-volt signal. It is desired that the 
signal be reduced to one-eighth its input value by an L-type attenuator similar to 
Fig. 12-23a and still retain a 48,000-ohm load condition at the signal source. 
(a) What are the values of K, R1, and R2? Using the values obtained in part (a), 
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(b) calculate the resistance at the signal-input terminals, (c) check the output volt-
age and the value of K. 

27. A certain 120,000-ohm load is supplied by a 150-volt d-c power source. It is 
desired to reduce the load voltage by means of a T-type attenuator similar 
to Fig. 12-23e with an attenuation factor of 5 and still retain a 120,000-ohm load 
condition at the power source. (a) What are the values of e., RI, R2, and R3? 
(b) By using the values obtained in part (a) calculate the resistance at the power 
source terminals. 

28. A certain 8,000-ohm load is supplied by a 3.0-volt signal. It is desired that 
the signal be reduced to 0.2 volt by using a T-type attenuator similar to Fig. 12-23e 
and still retain an 8,000-ohm load condition at the signal source. (a) What are the 
values of K, R1, R2, and R3? (b) By using the values obtained in part (a) calculate 
the resistance at the signal-input terminals. 

29. A certain 12,000-ohm load is supplied by an 18-volt signal. It is desired that 
the signal be reduced to 12 volts by using a sr-type attenuator similar to Fig. 12-23e 
and still retain a 12,000-ohm load condition at the signal source. (a) What are the 
values of K, R1, R2, and R3? (b) By using the values obtained in part (a) calculate 
the resistance at the signal-input terminals. 

30. A certain 60,000-ohm load is supplied by a 200-volt d-c power source. It is 
desired to reduce the load voltage to 150 volts by means of a sr-type attenuator 
similar to Fig. 12-23e and still retain a 60,000-ohm load condition at the power 
source. (a) What are the values of K, RI, R2, and R3? (b) By using the values 
obtained in part (a) calculate the resistance at the power source terminals. 

31. An audio transformer with a 3-to-1 step-up ratio has an inductance of 80 henrys 
and a resistance of 100 ohms on its primary side. The inductance of the secondary 
winding is 720 henrys, and its resistance is 1,000 ohms. (a) What value of induct-
ance is reflected to the primary by the secondary? (b) What value of resistance is 
reflected to the primary by the secondary? (c) If a load impedance of 7,200 ohms 
is connected across the secondary, what value of impedance is reflected to 
the primary by the secondary? (d) What value of inductance does the primary 
reflect to the secondary? (e) What value of resistance does the primary reflect to 
the secondary? 

32. An audio transformer with a 2.5-to-1 step-up ratio has an inductance of 50 henrys 
and a resistance of 80 ohms on its primary side. The inductance of the secondary 
winding is 312.5 henrys, and its resistance is 500 ohms. (a) What value of induct-
ance is reflected by the primary to the secondary? (b) What value of resistance is 
reflected by the primary to the secondary? (c) What value of inductance is 
reflected by the secondary to the primary? (d) What value of resistance is reflected 
by the secondary to the primary? (e) If the load on the secondary has a capacitance 
of 200 pf, what is the reflected capacitance on the primary side? 

33. What is the approximate width of the frequency band passed by a bandpass 
amplifier circuit having a resonant frequency of 465 kc and a coefficient of 
coupling of 0.02? 

34. What coefficient of coupling is required to produce a 150-kc bandpass at an 
operating frequency of (a) 10.7 mc? (b) 9 mc? 

35. It is necessary that the critical coupling of an inductance-coupled bandpass 
circuit be equal to 0.008. If the circuit Q of the primary and secondary circuit are 
equal to each other, what is their value? 
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36. It is necessary that the critical coupling of an inductance-coupled bandpass 
circuit be equal to 0.02. If the circuit Q of the primary and secondary circuit are 
equal to each other, what is their value? 

37. It is desired that a circuit pass a band 10-kc wide. The circuit Q is equal to 68.5. 
(a) What value of coefficient of coupling is required? (b) What are the extreme 
limits of the frequency band passed? 

38. It is desired that a circuit pass a band 10 kc wide. The circuit Q is equal to 40. 
(a) What value of coefficient of coupling is required? (b) What are the extreme 
limits of the frequency band passed? 

39. A low-current d-c relay that has an inductance of 25 henrys is connected in series 
with a 1,000-ohm resistor to form an R-L time-delay control circuit operated on a 
110-volt d-c circuit. (a) What is the time constant of the circuit? (b) If the relay 
closes when the current is 88 ma, what time elapses between closing the 
line switch and operation of the relay? 

40. A low-current d-c relay having an inductance of 10 henrys is to close 0.02 sec after 
the line switch is closed. What value of resistor should be connected in series 
with the relay if it closes when the current reaches (a) 63.2 per cent of its 
final value? (b) 80 per cent of its final value? 

41. A radio receiver is to have an R-C circuit with a time constant of 0.2 sec for its 
automatic-volume-control circuit. (a) What value of resistor is required if a 0.1-µf 
capacitor is used? (b) What value of resistor is required if a 0.15-pf capacitor 
is used? (c) What value of capacitor is required if a 1-megohm resistor is used? 

42. A 1-megohm grid resistor is shunted by a 250-pf capacitor. (a) What is the time 
constant of this circuit? (b) If the highest a-f signal to be applied to the circuit is 
5,000 cycles, what is the time required to complete one of these cycles? (c) Under 
the conditions of (a) and (b) will the capacitor ever become completely discharged? 
(d) Explain your answer to (c). 

43. A 0.05-0 capacitor and a 0.5-megohm resistor are connected to form an R-C 
circuit. The R-C combination is connected to a 250-volt d-c source. (a) What 
time is required for the voltage across the capacitor to reach 50, 100, 200 volts? 
(b) What current flows when the switch is closed? (c) What current flows when 
the voltage across the capacitor reaches 200 volts? (d) If the capacitor is 
fully charged and is then discharged through the 0.5-megohm resistor, what is the 
current at the instant it starts to discharge? (e) What is the value of the voltage 
RC sec after the capacitor starts to discharge? (f) At what time will the capacitor 
be discharged to half voltage? 

44. What is the time constant of an R-C circuit as used in a television receiver when 
(a) R = 2.2 megohms, C = 0.05 pi? (b) R = 470,000 ohms, C= 0.1 pf? 
(c) R = 680,000 ohms, C = 820 pf? 



Chapter 13 
Motors and Generators 

The basic purpose of a motor is to convert electrical energy to mechanical 
energy. The basic purpose of the generator is to convert mechanical energy 
to electrical energy. Modern applications of electric motors and generators 
include such fields as industry, transportation, automation, electronics, 
business, and data processing. This chapter presents the principles of oper-
ation and some of the more important characteristics of the most commonly 
used types of d-c and a-c motors and d-c generators. 

13-1 Motor Ratings 
Horsepower. A basic rating of motors, both d-c and a-c types, is the 

horsepower output available at the shaft of the motor. The ratings of 
motors range from a small fraction of 1 hp to several thousand horsepower. 
Motors of less than 1 hp are classed as fractional-horsepower motors, and 
those of one or more horsepower are classed as integral-horsepower motors. 

Voltage. The voltage rating of d-c motors ranges from 1.5 to 1,500 volts; 
frequently used values are 6, 12, 28, 110, 220, and 440 volts. The higher 
voltages are used on only large motors. The voltage rating of a-c motors 
ranges from 1.5 to several thousand volts; frequently used values are 6, 24, 
115, 208, 230, and 440 volts for small- and medium-size motors. Voltage 
ratings of 4,000 and 6,600 volts are sometimes used for very large-size 
motors. 

Frequency. With a-c motors, the frequency rating is also important. For 
industrial motors, 60 cycles is almost universally used; other values of fre-
quency sometimes used include 25, 40, 50, and 400 cycles. 

Speed. Motors are also rated at the speed of rotation of the motor shaft; 
it is expressed in revolutions per minute and is abbreviated as rpm. The 
rated full-load speed for which d-c motors can be designed extends over a 
wide range. The speed of most types of a-c motors, when operated from 
60-cycle power sources, is limited to such basic values as 3,600, 1,800, 
1,200, 900, and 600 rpm [see Eq. (7-2)]. 

Because of the effect of centrifugal force, large-size motors are limited to 
lower speeds than are small-size motors. When very low speeds are 
required, it is generally advantageous to use a higher speed motor equipped 
with a reduction-gear system. 

497 
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Torque. The turning effort produced at the shaft of a motor is called the 
torque. The torque of a motor is proportional to the force produced on the 
conductors of the rotating member and to the radial distance through 
which the force acts. For medium- and large-size motors, the force is 
expressed in pounds and the reference turning radius is 1 ft, thus 

T = FR (13-1) 

where T = torque, lb-ft 
F = force, lb 
R = radius, ft 

Very small motors are rated in ounce-inches of torque; it takes 192 oz-in. 
to equal 1 lb-ft. 

Horsepower. Horsepower represents the rate of doing work, and one 
horsepower is equivalent to doing 33,000 foot-pounds of work in one 
minute. When the effects of torque and speed are combined, the horsepower 
output of a motor may be calculated by 

TS 
HP = 250 (13-2) 5,  

where HP = horsepower 
T = torque, lb-ft 
S = speed, rpm 

Equation (13-2) may be transposed to solve for torque, as 

HP 5,250  
T = 

S 

EXAMPLE 13-1 What is the rated full-load torque of a 2-hp 1,800-rpm motor? 

GivEN: HP = 2 S = 1,800 rpm 

FIND: T 

SOLUTION: 

T = HP 5'250 = 2 x 5'250 = 5.83 lb_ft 
S 1,800 

(13-3) 

EXAMPLE 13-2 What is the horsepower rating of a motor that delivers 4.2 oz-in. of 
torque at 2,900 rpm? 

GIVEN: T = 4.2 oz-in. S = 2,900 rpm 

FIND: HP 

sournom 

Ts 4.2 x 2 900 
HP = -- =  ' = acou 

5,250 192 X 5,250 
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Duty Cycle. The length of time that a motor is required to operate 
a load and its off-duty time, if any, affect the physical size of the motor. 
Motors may be rated for continuous duty or for intermittent duty. A con-
tinuous-duty motor must be capable of supplying power to a load continu-
ously for 24 hr per day and not exceed a safe operating temperature. 
Intermittent-duty motor ratings may be for (a) 2 hr, (b) 1 hr, (c) 1/2 hr, 
(d) a specified number of on and off cycles per hour, or (e) the require-
ments for a particular application. 

Temperature Rise. The rated temperature rise of a motor is the maximum 
permissible increase in temperature above a specified ambient temperature 
at any motor part after the completion of its duty cycle. Continuous-duty 
motors are generally rated for 40 or 50°C temperature rise above an 
ambient temperature of 25°C. Intermittent-duty motors are generally rated 
for 50 or 55°C temperature rise. 

In addition to the duty cycle and the maximum allowable temperature 
rise, the physical size of a motor is also affected by the amount of ventilation 
available to the motor parts. A completely enclosed motor will be rated at 
a lower output than a motor of equal size and whose parts can freely dis-
sipate heat to the surrounding air. 

Efficiency. Although efficiency may not strictly be considered a motor 
rating, it is of importance to the user in that it affects the cost of operating 
the motor. The efficiency of motors varies greatly with their size as is indi-
cated by the following approximate values: (1) V4 hp, 62 per cent; (2) 1 hp, 
75 per cent; (3) 50 hp, 90 per cent; and (4) 5,000 hp, 97 per cent. The 
efficiency of a motor may be calculated by 

Per cent efficiency — outputx 100 (13-4) 
input 

output  
or Per cent efficiency = X 100 (13-5) 

output losses 

EXAMPLE 13-3 What is the per cent efficiency of a 1/4-hp a-c motor that takes 300 watts 
from the power source? 

GIVEN: Po = 1/4 hp 

FIND: Per cent eff 

SOLUTION: 

= 300 watts 

Per cent eff = outp-ut x 100 — 0'26 X 746 x 100 = 62 
input 300 

EXAMPLE 13-4 What is the per cent efficiency of a 5-hp d-c motor if it has the 
following losses: (1) 500 watts in the iron core, (2) 50 watts in the shunt field copper, 
(3) 200 watts in the armature copper, and (4) 220 watts in windage and friction? 
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GIVEN: Po = 5 hp Losses: Core = 500 watts Field = 50 watts 
Arm = 200 watts Friction = 220 watts 

FIND: Per cent eff 

SOLUTION: 

Per cent eff —  output  
output + losses X 1°0 

5 X 748  
=  (5 X 748) + soo + 50 ± 200 ± 220 X 100 

= 3'73° X 100 = 79.3 
4,700 

Power Factor. Power factor, although not considered a motor rating, is 
an important characteristic of a-c motors. Some power companies allow a 
reduction in the cost of power to those customers who have an appreciable 
motor load if they maintain a load power factor above a specified minimum 
value. The power factor of a-c motors varies over a wide range, approxi-
mately 50 to 90 per cent, depending on the type of motor, its horsepower, 
and its speed. Small-size motors and low-speed motors have low power-
factor values. 

13-2 The D-C Motor 

Principle of Operation. The structure of the simple d-c motor is similar 
to that of the simple d-c generator presented in Chap. 7. Operation of the 
generator requires that the armature be rotated by means of an external 
mechanical force, and electrical energy will then be available at the 
brushes of the generator. In the case of the motor, the process is reversed, 
and the electrical energy, which is applied to the brushes of the motor, 
causes the armature to rotate and produce a source of mechanical energy 
that is available at the shaft of the motor. 
The simple motor (Fig. 13-1a) consists of (1) a field structure to provide 

a strong magnetic field between the poles N and S, (2) a coil C whose coil 
sides aa' and bb' are connected to the commutator segments K 1 and K2, 
and (3) the brushes B1 and B2. The coil C and the commutator K are mounted 
on a common shaft S so that they are free to rotate. A d-c power source 
supplies electrical energy to the motor. When switch Si is closed, current 
will flow through the armature coil C, the path being from the negative 
terminal of the power source, through Si, into the motor at the brush B2e 
through the coil side b to b', through the coil side a' to a, and out at brush 
B1 to return to the power source at its positive terminal. The current 
flowing in the sides ad and bb' will produce magnetic fields around these 
conductors as shown in Fig. 13-1b. 
When a coil carrying a current is placed in a magnetic field, the interactions 

of the magnetic fields surrounding the coil sides with the magnetic field of 
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Fig. 13-1. (a) A simple d-c motor. (b) Magnetic fields produced around the armature 

conductors when a current is flowing. 

the motor field structure will produce a torque at the coil sides and cause 
the coil to rotate (Fig. 13-2b). Figure 13-2a shows that the circular magnetic 
field around the conductor and the magnetic field between the N and 
S poles are in the same direction at the bottom of the conductor but are in 
opposite directions at the top of the conductor. The magnetic fields become 
distorted and produce a strong field at the bottom of the conductor and a 
weak field at the top. The magnetic lines thereby exert a force on the con-
ductor that will move it in an upward direction. When this principle 
is applied to the simple motor, the conductors shown in Fig. 13-1 will 
cause both conductors ad and bb' to produce a rotational force in a 
counterclockwise direction; this is also illustrated in Fig. 13-2b. 
The direction of rotation of a motor can be determined by the right-hand 

rule which states: Hold the thumb, forefinger, and middle finger at right 
angles to one another; set the forefinger in the direction of the magnetic 
field, the middle finger in the direction of the electron flow in the conductor, 
and the thumb will then point in the direction of motion of the conductor. 

Counter EMF. The amount of current that will flow in the armature of a 
motor at the instant when switch Si of Fig. 13-1 is closed will be its Ohm's 
law value, namely, the line voltage divided by the resistance of the armature. 
When the armature starts to rotate, a voltage will be induced in the arma-
ture coils owing to their cutting the magnetic field set up by the poles 
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Fig. 13-2 Effect of placing current-carrying conductors in a magnetic field. (a) A single 
conductor with electrons flowing in toward the page as in conductor bb' of Fig. 13-1b. 

(b) Two conductors of an armature coil similar to the conditions of Fig. 13-1b. 

N and S. The polarity of the induced emf is opposite to the impressed 
voltage (Lenz's law) and is called the counter emf. The counter emf of the 
motor is produced by the same kind of action that produces the induced 
emf of a generator and is proportional to the same factors expressed 
by Eq. (7-1); thus 

S 

(13-2) 
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cemf = 6024;<%  (13-6)8 

When a motor is operating at its normal speed, the counter emf is slightly 
lower than the impressed voltage. Actually, the counter emf is lower than 
the impressed voltage by the amount of the IR drop in the armature, or 

cemf = E - JARA (13-7) 
where cemf = counter emf, volts 

impressed voltage, volts 
= armature current, amp 

RA = armature resistance, ohms 

The armature current at any time is, therefore, 

/ =  — cemf 
(13-8) RA 

Effect of Motor Load on the Armature Current. When the load applied 
to the shaft of a motor is increased, the following actions occur: (1) The 
motor speed decreases, (2) the reduction in the motor speed results in 
a decrease in the counter emf, (3) the decrease in the counter emf results 
in an increase in armature current, and (4) the increase in the arma-
ture current causes more power to be taken from the power source and 
thereby enables the motor to deliver an increased amount of load at 
its shaft. 
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EXAMPLE 13-5 The armature of a certain 120-volt d-c motor has a resistance of 
1 ohm, its no-load current is 1 amp, and its no-load speed is 1,850 rpm. (a) What is 
the counter emf and the motor speed for a load current of 10 amp? (b) What is the 
armature current and the motor speed if the motor load causes the counter emf 
to drop to 105 volts? Note: On the basis of Eq. (13-6), assume that the motor speed 
varies directly with the counter emf. 

civEN: Ei = 120 volts RA = 1 ohm INL = 1 amp Sig, = 1,850 rpm 
(a) h = 10 amp (b) cemf = 105 volts 

FIND: (a) cernf, speed (b) IA, speed 

SOLUTION: 

(a) c,ernf = Ei — IARA = 120 — (10 x 1) = 110 volts 

Speed = siu _ceizf_i, =1'850x 11.109= Imo rpm 

cemfm,  

where cemfia = Ei — IhrtRA = 120 — (1 x 1) = 119 volts 

(b) 
/A = Ei — cemf — _ 120 — 105 _ 15 amp 

RA 1 — 

Speed = SNL CenfL'cerrii.NL -- 1,850 x n = 1" 632 ram 
119  

Speed Regulation. The speed regulation of a motor expresses the amount 
of variation between the speed of a motor with zero load at its shaft and 
the speed with full load at the shaft. This is expressed by 

% regulation = SNI, — SRI, x 100 
SRI, 

(13-9) 

where SNI, = speed at no load, rpm 
SFL = speed at full load, rpm 

Speed Control. The equation for the speed of a motor can be obtained 
by transposing Eq. (13-6), thus 

s = cemf x 60 x 108  
2cpC 

This equation shows that the speed of a motor is directly proportional to 
the counter emf and inversely proportional to the strength of the magnetic 
field. Thus, there are two possible methods of controlling or varying 
the speed of a d-c motor. 
One method used to vary the speed of a motor is to vary the voltage 

applied to the armature, consequently also varying the counter emf. When 
a reduction in speed is desired, it can be achieved by (1) keeping the field 
at full strength and (2) connecting an external resistance in series with the 
armature; this will reduce the voltage at the armature terminals and 
thereby cause a reduction in the motor speed. This method of speed con-

(13-10) 
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Fig. 13-3 Basic parts of the d-c motor. 

Pig loll 
lee 

Brush 

(13-2) 

Spring 

Brush end 
brush ho/der 

trol has a disadvantage in that the efficiency of the system drops in direct 
proportion to the reduction in speed; it is used chiefly where operation at 
a reduced speed is for only short periods of time. The efficiency of speed 
control by varying the armature voltage can be maintained at a high level 
by using a variable voltage source such as a separate motor-generator set. 
This method, or variations thereof, is known as the Ward Leonard system. 

Another method of varying the speed of a motor is to vary the strength 
of the magnetic field. In this method, the armature voltage is kept at 
its normal value and the current applied to the coils of the electromagnets 
is decreased by inserting resistance in series with the coils. The result is an 
increase in speed without decreasing the efficiency of the system. This is a 
commonly used method of speed control for ranges of 2 to 1 or 3 to 1. 
Specially designed motors can provide speed ranges up to 6 to 1. 

Electronic motor-control systems have been devised to provide a wide 
range of precision control characteristics, such as (1) fixed speed, (2) variable 
speeds, (3) fixed torque, (4) variable torque, (5) reversing cycles, (6) electric 
braking. Thyratron tubes are used extensively in these control systems. 

Starting Requirements. When a d-c motor is started from rest and 
its counter emf is zero, the armature current will tend to be equal to the 
impressed voltage divided by the armature resistance. As the armature 
resistance is normally very low, the motor will draw an excessive amount 
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of instantaneous starting current. Although this current decreases rapidly 
with the building up of the counter emf, it is generally too high an amount 
for the motor and/or the power source supplying it to withstand without 
damage. 
With the exception of very small motors, some type of starting and/or 

control equipment is used with a d-c motor. The type of control varies 
with the size of the motor and the requirements of the particular application 
and may be (1) a resistance temporarily connected in series with the arma-
ture, (2) a manually controlled starting box, (3) an automatic push-button-
controlled starting box, or (4) an electronic control system. 

13-3 Types of D-C Motors 
Direct-current motors may be classed according to their type of field 

structure as (1) permanent magnet and (2) electromagnet. The use of per-
manent magnets for field poles is generally limited to very small motors. 
All medium- and large-size motors use electromagnets for the field poles. 
When electromagnets are used, the motors are further classified in terms of 
the manner in which the field windings are connected with respect to the 
armature. These classifications are (1) shunt, (2) series, and (3) compound. 
The construction features of the shunt, series, and compound motors are 

quite similar. For a given horsepower and speed rating, the same basic 
armature might be used for all three types. The strength of the magnetic 
field, expressed in ampere-turns, for full-load condition is the same for all 
three types. The chief difference in construction is in the number of turns 
and the size of wire used in the field coils to obtain the required ampere-
turns. 
The operating characteristics of the three types of motors differ consider-

ably and are described separately in the following articles. 

1 3-4 The Shunt Motor 
Field Connection. A shunt motor has its field windings connected 

directly across the power source and hence in parallel with, or shunted 
across, the armature. 

Field Windings. Because the field coils are connected directly across the 
power source, their resistance must be relatively high in order to have 
a low value of field current. The required number of ampere-turns is 
obtained by using a large number of turns of small-size wire. 

EXAMPLE 13-6 The field windings of a certain 115-volt motor have 960 turns 
per coil, and the resistance of the field circuit is 230 ohms. (a) What is the field 
current? (L.) What is the magnetizing force per pole? 

GIVEN: 4 . 115 volts Neon = 960 turns RA. = 230 ohms 

FIND: (a) If (b) NI per pole 
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SOLUTION: 

(a) _ — _ 115 . 0.5 an 
Rk 230 

(b) NIpme = Neou Ir = 980 x 0.5 = 480 amp-turns 

Torque. The torque of a motor is proportional to (1) the armature 
current and (2) the strength of the magnetic field. As the field strength of a 
shunt motor is essentially constant, the torque will vary directly with the 
armature current (Fig. 13-5). 

Speed Regulation. Because the field strength is essentially constant, the 
variation of speed with varying load conditions is small (Fig. 13-6). A shunt 
motor therefore has good speed regulation. 

EXAMPLE 13-7 What is the speed regulation of a shunt motor whose full-load speed 
is 1,750 rpm and no-load speed 1,900 rpm? 

GIVEN: SRL = 1,750 rpm 

FIND: Regulation 

SOLUTION: 

SNL = 1,900 rpm 

—  100 1,900 — 1,750 Regulation = x 100 = 8.57% 
SRL  

Speed Control. The shunt motor can provide a wide range of speed 
control by adding a variable resistance in its field circuit (Fig. 13-4). This 
method is used when it is desired to obtain speeds higher than its rated 
full-field speed. 

Hazard of Lou of Field Current. Equation (13-10) indicates that the 
speed of a d-c motor varies inversely with the flux. If the field circuit of a 
shunt motor is broken, so that the value of 415 approaches zero, the motor 
speed will increase to a dangerously high amount. The resultant centrifugal 
forces can cause physical damage to the motor and its surroundings. 

Stotler arm 

Fig. 13-4 Shunt motor with a three-point 

starter and a field rheostat. 
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motors. 

Starting Requirements. The basic starting and speed-control equipment 
for the shunt motor is shown in Fig. 13-4. The starting box, called a three-
point starter because it has three terminals, inserts resistance into the 
armature circuit to limit the current to a safe amount during the starting 
period. As the arm of the starting box is advanced toward the full running 
position, the resistance inserted in series with the armature is reduced 
to zero. The holding magnet keeps the starter arm in the full running 
position. It should be observed that the coil of the holding magnet is part 
of the shunt field circuit. If an open circuit should occur in the field circuit, 
the holding magnet would no longer hold the starter arm in the running 
position and the spring S would return the starter arm to the OFF position. 
Because of this action, the three-point starter is also called a no-field 
release starter. 

Direction of Rotation. The right-hand rule for determining the direction 
of motion of an armature conductor was presented in Art. 13-2. This rule 
shows that the direction of rotation of a d-c motor can be changed by 
(1) reversing the polarity of the field poles or (2) reversing the direction of 
electron flow in armature conductors. Translated into practical terms, the 
direction of rotation can be reversed by interchanging either (1) the 
two leads of the field winding or (2) the two armature leads. Interchanging 
the line leads reverses the current in both the armature and field windings 
and hence does not cause a reversal in the direction of rotation of the motor. 

Applications. The shunt motor is used where the basic requirements 
(1) are very small or moderate amounts of torque during the starting periods, 
(2) are nearly constant speed over a wide range of load conditions, (3) have the 
ability to provide considerable increases in speed above the normal full-field 
speed. Some of the many applications are the operation of (1) motor-
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generator units, (2) some types of machine tools, (3) business machines, 
(4) flexible shaft equipment, (5) engraving machines. 

13-5 The Series Motor 

Field Connection. A series motor has its field windings connected in 
series with the armature and hence must carry the same amount of current 
as the armature. 

Field Windings. Because the field current is much higher than for the 
shunt motor, the field coils of the series motor have relatively few turns 
and are wound with a much larger size of wire. 

EXAMPLE 13-8 It is desired that the motor of Example 13-6 be of the series type. 
How many turns per coil are required for the field winding if the full-load armature 
current is 8 amp? 

GIVEN: NI = 480 / = 8 amp 

FIND: N 

SOLUTION: 

N .A/1 = 480 . 60 turns 
/ 8 

Torque. As the load on a series motor increases, the current in both the 
armature and the field coils increases. The torque, being proportional 
to both the armature current and the field strength, will vary as the square 
of the change in current. This is approximately true up to the point where 
the magnetic field reaches saturation. Beyond saturation, the torque varies 
in nearly direct proportion to the armature current (Fig. 13-5). 

Speed Regulation. Because the field strength varies almost directly with 
the load, the variation of speed with load is very great (Fig. 13-6). There-
fore, a series motor has poor speed regulation. 

Speed Control. When speed control is used with a series motor, it is in 
terms of reducing the speed. Speed control is then provided by inserting 
resistance into the armature circuit. 
Hazard of Loss of Load. If the load should become disengaged from the 

shaft of a series motor, the motor speed will increase to a dangerously high 
amount. For this reason, the load on a series motor should be applied 
directly through gears or other means rather than indirectly through a 
pulley and belt. 

Starting Requirements. Two forms of basic starters for use with series 
motors are shown in Fig. 13-7. Figure 13-7a shows a series motor and 
a two-point starter. Because the load current passes through the holding 
magnet, the two-point starter provides protection against low-load conditions. 
Figure 13-7b shows a series motor and a three-point starter. In this case, 
the holding magnet is connected across the power source. The three-point 
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Fig. 13-7 Series motor with starter. (a) Motor and two-point starter. (b) Motor and 

three-point starter. 

starter provides undervoltage protection but does not provide low-load 
protection. 

Direction of Rotation. The direction of rotation of a series motor can be 
reversed by interchanging either (1) the two leads of the field winding or 
(2) the two armature leads. Interchanging the line leads reverses the cur-
rent in both the armature and the field windings and hence does not cause 
a reversal in the direction of rotation of the motor. 

Applications. The series motor is used where the basic requirements are 
(1) very high torque during the starting periods, (2) poor speed regulation 
is not objectionable, (3) operation at reduced speed is desired for short 
periods of time. Some applications of series motors are the operation 
of (1) hoists, (2) cranes, (3) conveyor systems, (4) mixing machines. 

13-6 The Compound Motor 
Field Connections. The compound motor has both a shunt field winding 

and a series field winding. When the shunt and series field windings pro-
duce the same magnetic polarity at the poles of the motor, they aid each 
other and the motor is called a cumulative compound motor. When the 
two field windings are connected to produce opposite polarities, they 
oppose each other and the motor is called a differential compound motor. 
When the shunt field winding is connected so that it receives full voltage, 
it is called a long shunt connection. When the shunt field winding is con-
nected across the armature terminals, the shunt field voltage is lower than 
the line voltage by the amount of the series field IR drop and it is called a 
short shunt connection. The motor in Fig. 13-8 is connected as long shunt. 

Field Windings. The shunt portion of the winding has a large number of 
turns of small-size wire, and the series portion has a small number of turns 
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of large-size wire. The resistance of the shunt portion is high, and that of 
the series portion is low. 

EXAMPLE 13-9 It is desired that the motor of Example 13-6 be made 25 per cent 
cumulative compound. (a) How many ampere-turns are required for the shunt 
winding? (b) How many ampere-turns are required for the series winding? (c) If the 
shunt field current is 0.5 amp, how many turns are required? (d) If the armature cur-
rent is 8 amp, how many turns are required for the series field? 

GIVEN: Nitow = 480 Compound = 25% 

FIND: (a) NIshunt (b) NI ries (c) Nshunt 

SOLUTION: 

(a) 

(b) 

(c) 

(d) 

'shunt = 0.5 amp 

(d) Nseries 

'series = 8 amp 

Nishunt = Mtotal X % = 480 X .- = 360 amp-turns 
100 100 

Meeries = nets] X % — 480 x — 25 120 amp-turns 
100 — 100 — 

Nisht 360 ina .- 
Nshunt = y un  = „ = leoll MIMS 

'shunt 0.5 

NIseries 120 • 
Nseries = = o = 10 turns 

¡series 0 

Torque. The torque characteristics of the compound motor lie between 
those of the shunt and series motors (Fig. 13-5). Whether the characteristics 
are closer to those of the shunt or the series motor will depend on the per-
centage of compounding and whether the connection is for cumulative or 
differential operation. 

Speed Regulation. The speed regulation of the cumulative compound 
motor lies between that of the shunt and series motors (Fig. 13-6). The 
speed regulation of the differential compound motor can be made even 
better than that of the shunt motor (Fig. 13-6). 
When the speed of a motor increases in unpredictable amounts with 

variations in load, it is called racing. This condition occurs with the loss of 
load in the case of the series motor and in some cases may occur with an 
increase in load on a shunt motor. The cumulative compound motor elimi-
nates or reduces to a safe amount the effect of racing. Any tendency of a 
motor toward racing will be accentuated with a differential compound 
motor. 

Speed Control. Speed control can be obtained with armature resistance 
to provide speeds lower than the full-field full-armature-voltage value and 
with a field rheostat for speeds higher than the full-field full-armature-
voltage value. 
Hazard of Loss of Load Current. The danger of overspeed due to 

the loss of load current that is characteristic of the series motor can 
be overcome by providing a small percentage of shunt field ampere-turns. 
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The amount of shunt winding added should be sufficient to keep the 
no-load speed of the motor just under the safe maximum speed. Although 
there will be some reduction in the maximum starting torque, this may not 
be objectionable for some applications. 
Hazard of Loss of Field Current. As most compound motors have 

75 per cent or more of the total ampere-turns in the shunt field winding, 
the danger of overspeed in the event of the loss of field current is almost 
the same as with the shunt motor. 

Starting Requirements. A four-point starter is generally used with a 
compound motor (Fig. 13-8). A rheostat may be included in the shunt field 
circuit to provide some amount of speed control. In the four-point starter, 
the holding magnet is connected across the line and the starter arm will be 
released in the event of line voltage failure. This type of starter is also 
called a no-voltage-release starter. The four-point starter is often used 
in preference to the three-point starter when speed control is to be 
obtained with a field rheostat. This is because the reduced field current may 
weaken the holding magnet to the extent that the starter arm may be 
unintentionally released. 

Direction of Rotation. The direction of rotation of the compound motor 
can be reversed by (1) interchanging the two armature leads or (2) inter-
changing both the two shunt field leads and the two series field leads. 
In method 2, caution must be observed that the current is reversed in both 
field windings. Reversing the current in only one field winding will change 
the motor from cumulative to differential operation, or vice versa, and can 
result in unsatisfactory motor operation. 

Applications. The compound motor is adaptable to a wide range of 
applications because its flexibility in design makes it possible to produce a 
wide range of torque and speed characteristics. The cumulative compound 
motor produces a higher starting torque than the shunt motor and is used 
for a great variety of applications. The differential compound motor has 

Rheostat 

Series 
field 

Fig. 13-8 A compound motor with a four-

point starter and a field rheostat. 
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very limited use. The main advantage of the differential compound motor 
is that it can be designed to produce a slightly higher speed at full 
load than at no load. 

13-7 The A-C Motor 
Types. Alternating-current motors are made in a wide variety of types 

and are divided into a number of classifications. A broad general classifi-
cation is in terms of their power requirements, namely, (1) polyphase and 
(2) single phase. They are further classified in terms of operating principles, 
such as (1) induction, (2) synchronous, (3) split phase, (4) shaded pole, 
(5) repulsion, (6) universal, (7) hysteresis, and (8) selsyn. 

Principle of Operation. The basic principle of operation of the a-c 
motor requires (1) establishing a rotating magnetic field within the motor 
and (2) having the rotating magnetic field cut the conductors of its associ-
ated member so that a torque will be developed between the two members. 
Producing a Rotating Magnetic Field. The principle of generating a 

rotating magnetic field can readily be shown for a two-phase or a three-
phase motor. For simplicity of illustration, the two-phase rotating magnetic 
field will be used. Although practical a-c motors use slotted magnetic field 
structures (Fig. 13-9a) that produce nonsalient poles, for ease of illustration 
a salient-pole field structure (Fig. 13-9b) will be used. 
When the currents of the two-phase power source represented by 

Fig. 13-10a flow through the windings of the two-phase motor represented 
by Fig. 13-10b, the rotating magnetic field shown in Fig. 13-11 will be 
produced. At the time of the cycle marked 1 in Fig. 13-10a, the current of 
phase A is at its maximum positive value and the current of phase B 
is zero. If at this time the direction of the electron flow is in at A1 and out 
at A2, the magnetic polarities as determined by the left-hand rule (Art. 5-14) 

Fig. 13-9 Field structure of an a-c motor. (a) Slotted core used to produce nonsalient 

poles. (b) Salient pole field frame. 
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Fig. 13-10 Generating a rotating magnetic field in an a-c motor. (a) Currents of a two-

phase power source. (b) Windings of a fundamental two-phase two-pole motor. 

will be N for pole A' and S for pole A". At this same instant of time, poles 
B' and B" are unmagnetized and the magnetic fields of the motor will be 
as shown at 1 of Fig. 13-11. At the time of the cycle marked 2, both 
current cycles have advanced 45° from time 1 and the currents /A and 113 
will each be at 70.7 per cent of their maximum values. With the current IA 
entering the A-phase winding at A1 and the current 1g entering the 
B-phase winding at B1, the polarities of the magnetic poles will be as 

3 4 I 2 

5 6 7 8 

Fig. 1 3-1 1 Rotating magnetic field generated in the field structure of Fig. 13-106 when 

the electron flow enters at terminal A1 for positive values of IA and enters at terminal 51 

for positive values of IB. 
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2 4 

5 6 7 8 

Fig. 1 3 - 1 2 Rotating magnetic field generated in the field structure of Fig. 13-106 when 

the electron flow enters at terminal A for positive values of I and enters at terminal B2 
for positive values of kg. 

shown at 2 of Fig. 13-11. It should be observed that the position of 
the resultant magnetic field has advanced 45° in a clockwise direction 
during the change in the cycle from position 1 to position 2. At the time of 
the cycle marked 3, IA will be zero and IB will be at its maximum positive 
value. The resultant magnetic field, shown at 3 of Fig. 13-11, will have 
advanced another 45° in the clockwise direction. At the time of the cycle 
marked 4, it should be observed that IA has reversed in polarity. With the 
electron flow now entering the A-phase winding at terminal A2 and 
leaving at A1, the magnetic polarities are N at pole A" and S at pole 
A'; this is opposite to the magnetic polarities for positions 1 and 2. With 
the currents IA and IB each at 70.7 per cent of their maximum values, the 
resultant magnetic field, shown as 4 of Fig. 13-11, will have advanced 
another 45°. Continuing this analysis will show that for one complete 
cycle of 360 electrical degrees the magnetic field will complete one revo-
lution of rotation. 

Direction of Rotation of the Magnetic Field. If the power-source leads 
connected to terminals B1 and B2 are interchanged, the electron flow for 
the positive values of Ig will enter the winding at B2 and leave at /31. 
Repeating the step-by-step analysis of the magnetic field conditions will 
show that the magnetic field now rotates in the counterclockwise direction 
(Fig. 13-12). Consequently, the direction of rotation for a two-phase motor 
can be reversed by interchanging one pair of the line leads. 

Speed of the Rotating Magnetic Field. The preceding explanation 
indicated that the magnetic field of a two-pole two-phase motor completes 
one revolution in the time of 1 cycle of the input power source. Thus the 
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magnetic field of a two-pole two-phase motor operated from a 60-cycle 
power source will rotate at a speed of 60 x 60, or 3,600 rpm. 

Figure 13-13 represents the field structure of a four-pole two-phase 
motor; for simplicity of drawing, only the A-phase windings are shown. 
At the time of the cycle marked 1 in Fig. 13-10a, the four poles of 
the A phase will be at their maximum strength and the four poles of 
the B phase will be at zero value. At the time of the cycle marked 3, the 
poles of the A phase will be at zero value and the strength of the poles of 
the B phase will be at their maximum values. Thus, it is shown that for an 
advance of 90 electrical degrees the magnetic field will advance only 45°. 
Continuing this analysis will show that for 360 electrical degrees the mag-
netic field will make only one-half of a revolution around the field structure. 
Thus, the magnetic field of a four-pole two-phase motor will rotate at one-
half the speed of a two-pole motor, or 1,800 rpm. The speed of the 
magnetic field is therefore dependent on (1) the number of poles and 
(2) the frequency of the power source; it may be calculated by 

s _ 120f 
P 

Action of the Rotor. The rotating member of the a-c motor is commonly 
called the rotor. It consists basically of a number of conductors placed in 
slots located on the outer periphery of an iron core which is mounted on 
the shaft of the motor. When a-c power is applied to the two-phase 
winding previously described, a rotating magnetic field is produced in the 
stationary member, which is commonly called the stator. When the rotor is 
at rest, the rotating magnetic field of the stator cuts the rotor conductors 
and induces an alternating voltage in these conductors. As the conductors 
are part of a low-resistance closed path, a high current will flow in these 
conductors and set up magnetic fields in the iron core of the rotor. The poles 
of the rotating field of the stator will exert a force on the magnetic poles of 
the rotor and thus pull the rotor around with the rotating magnetic field of 
the stator. 

Fig. 1 3-1 3 Fundamental field structure 

for a four-pole two-phase motor; B-phase 

winding omitted for ease of reading the 

drawing. 

(13-11) 
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Synchronous Speed. When the rotor is turning at the same rate of speed 
as the rotating magnetic field of the stator, the two rotating actions will be 
operating in synchronism; this speed is called the synchronous speed. 

Rotor Slip. In the preceding explanation of the action of the rotor, the 
magnetic poles of the rotor were shown to be induced by the action of the 
stator field cutting the rotor conductors. If the rotor should reach the 
synchronous speed, there would no longer be any relative motion between 
the stator field and the rotor conductors. Consequently, the rotor current 
would cease and the rotor speed would decrease owing to the bearing and 
windage friction at the rotor. As soon as the rotor speed decreases enough 
for current to be induced again in the rotor conductors, the pulling action 
of the stator field would again become effective. The difference between 
the speed of the rotating field of the stator and the running speed of 
the rotor is called the rotor slip and is expressed as 

Per cent rotor slip = S8 - x 100 
S„ 

(13-12) 

where S. = speed of the stator field, rpm 
S,. = speed of rotor rotation, rpm 

EXAMI,LE 13-10 A certain four-pole two-phase 60-cycle motor has a no-load speed of 
1,795 rpm and a full-load speed of 1,710 rpm. Find (a) the synchronous speed, (b) the 
per cent rotor slip at no load, (c) the per cent rotor slip at full load. 

GIVEN: P = 4 poles f = 60 cycles Spn, = 1,795 rpm Spi, = 1,710 rpm 

FIND: (a) Synchronous speed (b) Per cent slip at N-L (c) Per cent slip at F-L 

SOLUTION: 

(a) ss = 120f 120 X 60 _ 1' rP 800 m 
Y° P = 4 —  

(b) Per nt slip N-L = S. .S. x • mesu à, ... ""1,80,- 1'795 ce  X 100 = 0.277 

(c) Per cent slip F-L = S, — S, x 100 = 1,800 — 1,710 
S, 1,800 X 100 = 5 

13-8 Polyphase Induction Motors 

Types. For integral-horsepower applications, three-phase induction motors 
are generally used. There are two types of rotor construction used for 
induction motors, and each serves a particular type of application. The 
motors using the two types of rotors are called (1) the squirrel-cage induc-
tion motor and (2) the wound-rotor induction motor. 

The Squirrel-cage Induction Motor. The basic electrical components of 
the squirrel-cage induction motor are (1) the stator and (2) the rotor. The 
stator frame contains a core made of electrical-sheet-steel laminations, each 
having a large number of slots (Fig. 13-9a). Coils of copper wire are placed 
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Fig. 13-14 Parts of a squirrel-cage rotor. 

Rotor end rings 

in these slots and then interconnected to form the stator winding. When 
the coils are connected in the proper manner, the stator winding can 
be made to produce a rotating magnetic field having the desired number of 
poles and phases. The rotor core is also made of electrical-sheet-steel lami-
nations and contains a large number of slots (Fig. 13-14a). The rotor 
winding consists of a number of relatively large rods or bars of conducting 
material, such as copper or brass, and a short-circuiting ring at each end 
(Fig. 13-14b). The motor gets its name from the fact that the rotor winding 
resembles a rotary squirrel cage. 
When the rotor bars and end rings are made of copper, the rotor 

resistance is quite low. A motor using this type of rotor has good general 
operating characteristics, such as (1) low rotor slip at full load and hence 
excellent speed regulation, (2) high efficiency, and (3) moderate starting 
torque and hence the ability to start light loads from rest. 
When higher starting torque is required in order to start heavier loads 

from rest, a high-resistance rotor is used. The higher resistance for the 
rotor can be obtained by using brass or some other high-resistance material 
for the rotor bars and end rings. A motor using a high-resistance rotor will 
produce a higher starting torque but also has a higher slip and lower 
efficiency than a similarly rated motor with a low-resistance rotor. 

Double Squirrel-cage Induction Motor. In order to obtain a high starting 
torque without too great an increase in slip at full load and also with good 
efficiency, a rotor having two squirrel-cage windings is used. This is accom-
plished by placing two windings in one slot or sometimes in separate slots. 
The two windings are referred to as the outer and inner windings. One 
winding is of a low-resistance material, and the other is of a high-resistance 
material. The high-resistance winding is most effective during the starting 
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period and produces good starting torque. The low-resistance winding 
is most effective at the full running condition and produces characteristics 
similar to the low-resistance single-squirrel-cage motor. 

Wound-rotor Induction Motor. The squirrel-cage rotor winding can be 
replaced by a winding consisting of multiturn coils placed in the rotor 
slots. These coils are interconnected to form a three-phase winding with its 
leads connected to three slip rings. The rotor winding can then be con-
nected to an external circuit through the slip rings and brushes. Higher 
starting torque can be obtained with a wound-rotor induction motor 
by connecting external resistance into the rotor circuit. Another use of the 
wound-rotor induction motor is for speed control. When external resistance 
is connected into the rotor circuit, the motor will operate at reduced 
speed. When the motor speed is controlled by the addition of various 
amounts of external resistance, the speed regulation of the motor increases 
considerably; this is accompanied by a reduction in the operating efficiency. 

Multispeed Motors. Polyphase induction motors can be made to operate 
at two speeds by making special provisions in the stator winding. By 
bringing out the proper additional terminal leads from a single stator 
winding, it is possible to connect these leads in two different ways and 
thereby produce connections for two different numbers of poles; this will 
provide dual speed operation. The number of poles will be a multiple of 2, 
such as 4- and 8-pole operation, 6- and 12-pole operation, etc. For other 
combinations of numbers of poles, two separate windings are placed in the 
stator frame. 

Polyphase Synchronous Motor. With a synchronous motor, the speed at 
all normal operating load conditions is the same as the speed of the rotating 
magnetic field. This is achieved by using a rotor having salient field poles 
that are provided with coils of wire which are energized from a d-c power 
source (Fig. 7-24). The rotor acts like a number of bar magnets which, 
when brought up to full speed, will be pulled around by the rotating mag-
netic field of the stator. Because the basic synchronous motor is not self-
starting, a squirrel-cage winding is generally built into the surface of the 
rotor field poles. The squirrel-cage winding enables the motor to become 
sell-starting. 

Advantages of the polyphase synchronous motor are (1) constant-speed 
operation, (2) the power factor of the motor can be varied by changing the 
d-c field excitation, (3) the synchronous motor can be operated with leading 
current and thereby compensate for low overall power-factor conditions 
due to other loads. Disadvantages of the synchronous motor are (1) very low 
starting torque, (2) requires a source of d-c power, (3) available only 
in moderate and large sizes, (4) may have a tendency to drop out of 
synchronism and then stall under conditions of sharp load variations. 
The general use of synchronous motors is for driving d-c generators, 

operating blowers and compressors, and such other applications requiring 
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Fig. 13-15 Polyphase induction motors. (a) Cutaway view of a wound-rotor motor. 

(b) Wound stator core and frame of a 10-hp motor. (c) Cutaway view of a squirrel-cage 

rotor. (General Electric Company) 
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Fig. 13-16 Fundamental single-phase induction motor illustrating (a) stator field and 

rotor currents when the rotor is at rest, (b) stator field and rotor currents when the motor 
is in motion. 

very little starting torque. When a large portion of the motor current 
is used to provide leading current for power-factor correction purposes, the 
synchronous motor is sometimes called a synchronous capacitor. 

High-frequency Motora. When high motor speeds are desirable or are 
required, they can be obtained by operating the motors from a high-frequency 
power source. Some military and aerospace applications use a 400-cycle 
power system which permits the design and application of very high speed 
motors. At the higher speeds it becomes possible to achieve a reduction in 
the size and weight of a motor for a particular application. 
Motor Controls. All medium- and large-size motors require the use of a 

starting and/or speed-control device; space limitations do not permit 
elaboration on control equipment. Basically, controllers are used to limit the 
starting currents to safe amounts either by adding resistance to the circuit 
or by reducing the input voltage by means of some type of transformer action. 

13-9 Single-phase Motors 

Types. Fractional-horsepower a-c motors are usually operated from 
single-phase power systems. Single-phase a-c motors may be divided into 
two classes: (1) induction motors and (2) series motors. A variety of types 
of single-phase motors is available, such as (1) split-phase induction, 
(2) capacitor induction, (3) shaded-pole induction, (4) series, (5) repulsion, 
(6) repulsion-induction, (7) universal series, (8) hysteresis or synchronous. 

13-10 Single-phase Induction Motors 

Principle of Operation. The single-phase induction motor uses the same 
type of stator frame and the same type of rotor as the polyphase squirrel-
cage induction motor. For ease of illustration and explanation, a salient-pole 
type of field structure is used (Fig. 13-16). When terminals A1 and A2 are 
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connected to an a-c power source, the magnetic fields at the poles of the 
stator will vary in strength in a sine-wave manner and will reverse in 
polarity every 180° of the input cycle. The magnetic field produced in the 
stator is therefore a pulsating field that reverses polarity at fixed intervals; 
it is not a rotating field as is produced in the polyphase motor. At standstill, 
the directions of the currents in the rotor conductors, caused by the expan-
sion and contraction of the stator field, are illustrated in Fig. 13-16a. 
Under this condition, two equal but opposite torques are developed at the 
rotor, and consequently no rotor movement is produced. However, if 
by means of some externally applied force the rotor is started turning, the 
emf produced by the rotor conductors cutting the magnetic field will set 
up rotor currents in the directions shown in Fig. 13-16b. Because the rotor 
circuit is highly inductive, the rotor current lags the induced emf by almost 
90° and sets up a pulsating flux in the rotor which is nearly 90° out 
of phase with the stator flux. The conditions produced thus simulate 
the actions of the two-phase rotating magnetic field. It should be apparent 
that the basic single-phase induction motor is not self-starting, but if it is 
brought up to speed by some other means, it will keep running. Several 
methods are used to make the single-phase induction motor self-starting. 
Compared with polyphase motors of the same rating, single-phase 

induction motors are larger in size, have about the same speed-load char-
acteristics, and have lower values of power factor and efficiency. 

Split-phase Induction Motor. One method of making the single-phase 
induction motor self-starting is to put two windings on the stator core and 
place them 90 electrical degrees apart. A squirrel-cage rotor is used, and a 
switch that is actuated by centrifugal force is also provided (Fig. 13-17). 
The running winding, placed on poles 1 and 3, has a low resistance and a 
high inductance. The starting winding, placed on poles 2 and 4, has a high 
resistance and a low inductance. The relative values of resistance and 
inductance of the two windings cause their currents to differ in phase by 
an angle somewhat less than 90°. The result is that a rotating magnetic 

Fig. 13-17 Split-phase induction motor. 

Switch S and its connecting wires, shown 

in broken lines, are placed inside the 

motor. Switch S is closed when the motor 

is at rest and opens by centrifugal action 

when the motor is running. 
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field is set up in the stator core and the motor becomes self-starting. When 
the rotor is at rest, switch S is closed and both the running and starting 
windings will be connected to the power source. When the rotor speed 
reaches approximately 75 per cent of the synchronous speed, the switch S 
is opened by the action of centrifugal force and the starting winding is dis-
connected from the power source. 
The direction of rotation may be changed by reversing the direction of 

current flow in either one of the two stator windings. If the motor has only 
two external leads, it will be necessary to disassemble the motor and make 
the change internally. 

Capacitor-start Induction Motor. This motor is another form of the split-
phase induction motor; its construction is quite similar to the motor described 
in the preceding paragraph. With a capacitor of suitable rating connected in 
the starting winding circuit (Fig. 13-18a), the current in this circuit is 
made to lead the voltage by about 45°. If the current in the running 
winding lags the voltage by about 45°, the resultant phase difference 
between the two currents will be approximately 90° and the motor will 
have a rotating magnetic field similar to that of a two-phase motor. The 
function of the centrifugal switch S is to connect the starting winding 
to the power source during the starting period and to disconnect this 
winding automatically from the power source at a predetermined speed. The 
direction of rotation may be changed by reversing the direction of current 
flow in either one of the two stator windings. If the motor has only 
two external leads, it will be necessary to disassemble the motor and make 
the change internally. 

Capacitor-start Capacitor-run Induction Motor. It is sometimes desirable 
to keep the auxiliary or starting winding permanently connected in the 
circuit. One arrangement uses two capacitors connected in parallel for the 
starting condition (Fig. 13-18b) in order to provide high values of capaci-
tance and torque for the starting interval. At about 75 per cent of synchro-

Running Mom 
winding winding 

(a) b) 

Fig. 13-18 Capacitor motors. (a) Capacitor-start motor. (b) Capacitor-start capacitor-run 

motor. Switch S is closed when the motor is at rest and opens by centrifugal action when 

the motor is running. 
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Fig. 13-19 Shaded-pole induction motor. (a) Field pole and shaded-pole winding. 

(b) and (c) Effect of the location of the shaded-pole on the direction of rotation. 

nous speed, the centrifugal switch S disconnects one capacitor and permits 
the motor to operate continuously with the remaining capacitor and the 
auxiliary winding. Several other switching arrangements can also be used. 
These motors can provide higher starting torque and better full-running 
power factor and efficiency characteristics. The method of reversing the 
direction of rotation is the same as for the capacitor-start induction motor. 

Shaded-pole Induction Motor. The shaded-pole motor may use salient field 
poles whose surfaces have been modified to accommodate the starting 
winding (Fig. 13-19a), or it may use a slotted iron core and place the shaded 
winding in appropriate slots. The shaded winding frequently consists of 
only a single turn of large-size copper wire which forms a closed or short 
circuit (Fig. 13-19). When the magnetic field due to the main field winding 
is increasing in strength, some of its magnetic lines cut the shaded winding 
and induce a voltage therein. The current caused by this voltage sets up its 
own magnetic field which opposes the main field, increasing the magnetic 
strength of the pole area A and decreasing the magnetic strength of 
the pole area B. When the main magnetic field reaches its maximum value, 
magnetic lines no longer cut the shaded winding and the induced voltage, 
current, and magnetic field of the shaded coil are zero. The main magnetic 
field is then evenly distributed over the pole surface areas A and B. When 
the main magnetic field is decreasing, the decrease in the induced voltage, 
current, and magnetic field is delayed so that the magnetic field is stronger 
in pole face area B and weaker in pole face area A. These actions indicate 
that the magnetic pole moves across the face of the field pole. This moving 
magnetic field causes reactions in the rotor that produce enough torque to 
make the motor become self-starting. Shaded-pole motors have low starting 
torque and are used chiefly for small motor applications. 

Most shaded-pole motors have no provision for reversing the direction of 
rotation by electrical means. Reversal of the direction of rotation is then 



524 Essentials of Electricity—Electronics (13-11) 

accomplished in the following manner: (1) disassemble the motor, (2) turn 
the stator around end for end, and (3) reassemble the motor. There are 
several methods available for making this type of motor reversible electrically. 
As the construction procedures of each method result in higher motor cost, 
the electrically reversible type of motor is not commonly used. 

1 3-1 1 Series-type A-C Motors 

Principle of Operation. In the study of the d-c shunt and series motors, 
it was observed that reversing the line leads of the motor did not affect the 
direction of rotation. Thus, it should be possible to operate a shunt or 
series motor from a single-phase a-c power source. The high inductance and 
the resultant high reactance of the field winding of a shunt motor make the 
use of this type of motor impractical for a-c operation; it is used only 
rarely for very small-size motors. The series motor is more adaptable to a-c 
operation. 
The armature of the series a-c motor is similar to the armature of the d-c 

motor. A laminated iron core is used for the field structure (Fig. 13-21) in 
place of the solid field poles of the small d-c motor. The laminated core is 
necessary in order to keep the eddy-current losses in the iron core at 
a reasonable value. 

The Series A-C Motor. The characteristics of the series a-c motor are 
similar to those of the d-e senes motor, including the hazard of overspeed 
for no-load condition. These motors are made mostly in fractional-horsepower 
sizes and are usually an integral part of the appliance they are to drive. 
Common applications are drills, vacuum cleaners, food mixers, etc. The 
direction of rotation can be changed by reversing the direction of current 
flow in either the field or the armature winding. 

The Universal Motor. A motor which can be operated from either an a-c 
or a d-c power source is called a universal motor. The a-c series motor is a 
modification of the d-c series motor and can be operated from either a-c or 

Fig. 13-20 Shaded-pole single-phase induc-
tion motor. 
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Fig. 13-21 Laminated field structure of 

universal and a-c series types of motors. 
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Fig. 13-22 Principle of the repulsion 

motor. Brushes are in an electrical neutral 

position when in a vertical plane. Rotation 

is produced by shifting the brushes away 

from the vertical plane. 

d-c power sources. Although it might be necessary to make minor design 
variations for d-c, a-c, and universal motors, the principle of operation 
is the same for each. Universal motors are limited in use to fractional-
horsepower sizes. The direction of rotation of the universal motor can be 
changed in the same manner as for the series motor. If changing the direc-
tion of rotation of a universal motor results in severe sparking at the com-
mutator, it might be corrected by shifting the position of the brushes. 

13-1 2 Repulsion-type Motors 

The Repulsion Motor. The repulsion motor has an armature and a field 
structure similar to the series motor. It differs from the series motor in that 
(1) the power is applied directly to the field windings, (2) the motor 
brushes are connected together to short-circuit the armature, and (3) some 
mechanical arrangement is made so that the position of the brushes may 
be altered with respect to the electrical neutral. When the brushes are set 
under the centers of the two poles of the stator winding, they are in 
a neutral position (Fig. 13-22). With the brushes in this neutral plane and 
power applied to the stator winding, the currents induced in the armature 
will produce two equal but opposite amounts of torque and no rotation will 
occur. If the brushes are shifted a small amount in a clockwise direction, 
torque will be developed by the armature and the motor will run in a 
clockwise direction. Shifting the brushes counterclockwise from their neutral 
position will produce counterclockwise rotation. This type of motor produces 
a high starting torque and has a wide range of speed variation with 
changes in load conditions. In some repulsion motors, an additional stator 
winding, called a compensating winding, is used to improve the speed 
regulation and the power factor of the motor. 
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synchronous motor. tional-horsepower synchronous motor. 

(13-13) 

Squirrel-cage 
rotor bars Salient 

poles 

Repulsion-start Induction-run Motor. This motor is similar to the repul-
sion motor except for a mechanism that is operated by centrifugal force. 
This mechanism short-circuits all the commutator bars at a predetermined 
speed, usually about 75 per cent of the synchronous speed. The motor 
starts from standstill in the same manner as the repulsion motor. At about 
75 per cent of the synchronous speed, the centrifugal mechanism short-
circuits all the armature coils and the motor operates as a single-phase 
induction motor with a squirrel-cage rotor. In some motor designs, an 
auxiliary centrifugal mechanism is used to raise the brushes from the com-
mutator while the armature is operating as a squirrel-cage rotor. The 
method of reversing the direction of rotation is the same as for the repul-
sion motor. 

Repulsion-induction Motor. The rotating member of the repulsion-
induction motor has two separate windings: (1) an armature winding and 
(2) a squirrel-cage rotor winding. This motor has the starting characteristics 
of a repulsion motor and the full-running characteristics of an induction 
motor. The method of reversing the direction of rotation is the same as for 
the repulsion motor. Advantages of the repulsion-induction motor are 
(1) high starting torque, (2) good speed regulation, and (3) elimination of 
the centrifugal mechanism used with the repulsion-start induction-run 
motor. 

13-13 Small Synchronous Motors 
Fractional-horsepower synchronous motors can be made to operate 

without d-c excitation for their rotor as is required with integral-horsepower 
synchronous motors. Because some small synchronous motors utilize the 
magnetic property of residual magnetism in their principle of operation, they 
are also referred to as hysteresis motors. 
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One type of small synchronous motor is shown in Fig. 13-23. The rotor 
has 24 poles and will run at 300 rpm when operated on a 60-cycle power 
source. The stator core appears to be bipolar, but it has a number of 
salient poles of the same size as the rotor poles cut into the bipolar 
pole faces. This motor is not self-starting, but if it is brought up to speed 
by an externally applied rotational force, the rotor poles will be attracted 
to the stator poles and lock in step with the pulsations at the stator poles. 
The shaded-pole principle can be applied to the small synchronous motor 

(Fig. 13-24) to achieve the self-starting feature. The shaded-pole construc-
tion of the stator field introduces motion to the magnetic field. The rotor 
has a squirrel-cage winding and also has salient poles. When power is 
applied, a rotating magnetic field cuts the conductors of the squirrel-cage 
winding and starts the rotor turning. The salient rotor poles become polar-
ized by the stator field and lock in step with that field. The motor will run 
at the synchronous speed determined by the number of rotor poles and the 
stator input frequency. The eight-pole motor (Fig. 13-24) will run at 900 
rpm on a 60-cycle power source. 
The Telechron (General Electric trade name) motor is a hysteresis-type 

motor which uses the principle of residual magnetism to make the motor 
self-starting and to operate at synchronous speed. This motor has a bipolar 
field excited by a single coil, and each pole is split to accommodate one or 
more copper shading poles. The rotor consists of a number of thin, hardened, 
magnet-steel, ring-shaped elements that have high residual magnetism char-
acteristics. When power is applied to the coil of the electromagnet, the 
rotating magnetic field of the stator induces poles in the rotor rings. 
Because of the residual magnetism characteristics of the rotor rings, the 
polarity of the rotor poles does not change instantly with the change in 
polarity of the stator field. Because the rotor poles persist locally after the 
inducing magnetism has advanced to the next alternation of the power 

Shaded-pole Magnet-steel 
winding rotor elements 

Fig. 13-25 Telechron (General Electric 

registered trade name) synchronous tim-

ing motor. frame 
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Fig. 13-26 Parts of the simple synchro (a) The stator. (b) The rotor. 

input cycle, the rotor poles tend to follow the stator field. The new polarity 
of the stator field eventually overcomes these local poles in the rotor rings 
and sets up new ones. The rotor rings, in the meantime, have advanced in 
the direction of the new poles. A high starting torque is maintained until 
synchronous speed is attained. A train of gears is generally used in conjunc-
tion with the motor to reduce the speed to the desired value. 

13-14 Synchros or Selsyns 

Purpose and Principle. A synchro is an electrical device used to transmit 
rotational information in the form of electrical signals. The most common 
type of synchro unit is a small rotating motor that has a three-phase wind-
ing similar to an induction motor and a salient-pole rotor (Fig. 13-26). It 
differs from a synchronous motor in that the rotor winding is excited by 
alternating current instead of direct current. Synchros are not used as 
motors and are therefore rated in torque rather than horsepower. They are 
also known by other names, such as sawn, autosyn, and synchrotie; 
the name selsyn is derived from self-synchronous. Synchros are used in 
combinations of two or more similar units as data-transmission systems to 
perform such functions as (1) remote position indicator, (2) remote signal-
ing, and (3) remote control. 

Simple Synchro System. The operation of a simple synchro system is 
illustrated by Figs. 13-27 and 13-28. The shaft of one unit is connected to 
the device whose position is to be indicated; this unit is usually called the 
generator or the transmitter. The function of the second unit is to indicate, 
at some remote location, the position of the device under consideration; 
this unit is usually called the motor or the receiver. When the generator 
and the motor are both at the zero-degree position (Fig. 13-27), the volt-
ages induced in each stator winding are alike and no current will flow 
between the two units. Also, the torque at each rotor is zero. If the object 
to which the synchro generator is attached is rotated through 30° and the 
synchro motor unit is forcibly held in its zero-degree position, unbalanced 
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Fig. 13-27 Voltage and current distribution in a simple synchro system when the gener-

ator and the motor are at 0° positions. 

voltage and current distributions will occur as shown in Fig. 13-28. The 
result is that a torque will be developed at the rotor of each unit. If the 
assumed restraining force at the synchro motor unit is released, its rotor 
will move through 30°, at which point the voltages of the units will again 
be in balance and the currents and torques will again become zero. 

Synchros as Part of Servomechanisms. The common a-c synchro 
described here is capable of efficiently transmitting only small amounts of 
torque, thereby restricting its use largely to indicating information. When 
larger amounts of torque are involved, such as required for controlling 
remote apparatus, amplifying units must be added, and the complete sys-
tem is then called a servomechanism or servo system. A complete study of 
synchros and servo systems covers a broad specialized field and is beyond 
the scope of this text. 

Fig. 13-28 Voltage and current distribution in a simple synchro system when the gener-

ator is in the 30 position and the motor is in the 0' position. 
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Fig. 13-29 Schematic diagrams of basic d-c shunt generators. (a) Separately excited, 

(b) self-excited. 

13 -1 5 D-C Generators 

Construction. The construction of the d-c generator is the same as that 
of the d-c motor and has been described in Arts. 7-12, 7-13, and 13-2. 

Generator Ratings. The basic ratings of a d-c generator are (1) the out-
put in watts or kilowatts, which may range from a few watts to thousands 
of kilowatts; (2) output or terminal voltage, which may range from 1.5 to 
1,500 volts with commonly used values in the order of 6, 12, 28, 115, 230, 
and 440 volts; (3) amperes that the generator can safely deliver—this is 
dependent upon its kilowatt and voltage ratings; (4) speed at which it is to 
be driven; (5) duty cycle—this is similar to the corresponding d-c motor 
rating; (6) temperature rating—this is similar to the corresponding d-c 
motor rating. 

Classifications. Direct-current generators are classified in two groups 
according to (1) the manner in which the magnetic field is energized and 
(2) the type of field winding and the manner of connecting the field wind-
ings. When the energy for the field circuit is obtained from a power source 
other than the generator itself, the generator is called separately excited. 
When the energy for the field circuit is obtained from its own armature the 
generator is called self-excited (Fig. 13-29). Self-excited generators are 
further classified as (1) shunt, (2) series, or (3) compound. Compound gen-
erators may be further classified as (1) cumulative, (2) differential, (3) long 
shunt, and (4) short shunt. 

Principle of Operation. The basic principle of operation of the d-c gen-
erator has been described in Arts. 7-2, 7-3, and 7-12. 

13-16 No-load Characteristics of the Generator 

Voltage Buildup of the Self-excited Generator. When the frame and the 
field poles of a generator have some residual magnetism, which is generally 
true, the field windings may be excited from the armature. The small 
amount of voltage generated by the rotation of the armature conductors 
through the magnetic field due to residual magnetism is applied to the field 
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coils and causes a small amount of current to flow. If the current flow is in 
the proper direction, it will increase the strength of the magnetic field in 
the field structure and thereby increase the generated voltage. The field 
current is then further increased, and this process is repeated until a stable 
point of operation is reached. 

The Saturation Curve. If a rheostat is connected in the field circuit of 
the generator and the resistance of the field circuit is progressively decreased 
in suitable amounts, a useful series of armature voltage readings can 
be obtained. Plotting the armature voltage against the field current pro-
duces a saturation curve (Fig. 13-30a). According to Eq. (13-6), if the 
speed is kept constant, the generated voltage should vary directly with the 
field current and thus produce a straight line for Fig. 13-30a. Because of 
the residual magnetism, the curve starts at point a instead of at O. Also, 
when the field current reaches an amount corresponding to point C, the 
strength of the magnetic field is such that a further increase in field strength 
causes a disproportionate change in the reluctance of the magnetic circuit 
and the generated voltage no longer follows a straight-line variation. Point S 
is called the saturation point, as beyond this point a large increase in field 
current is required to produce any appreciable increase in the generated 
voltage. 

Voltage Buildup of the Self-excited Generator. The manner in which 
the voltage of a self-excited generator builds up is illustrated by Fig. 13-30b, 
which includes a field-resistance line in addition to the saturation curve. 
For the generator being considered, the resistance of the field winding is 
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Fig. 13-30 (a) Saturation curve of a d-c generator. (b) Illustration of the manner in which 

the voltage of a self-excited d-c generator builds up. 
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120 ohms and is assumed to remain constant. For a constant resistance 
value, the voltage versus current characteristics will produce a straight line 
and two points will be sufficient to construct the line. By Ohm's law, the 
current at zero volts will be zero amperes and at 120 volts the current will 
be 1 amp. The resulting line 0-A is called the field resistance line. 
When the generator is operating at rated speed, the residual voltage, 

indicated at point 1, is 4.8 volts. When this voltage is applied to the field 
winding, it will cause 0.04 amp to flow as is indicated at point 2. The 
saturation curve shows that at 0.04 amp the generated voltage will rise to 
8 volts. With 8 volts applied to the field winding, the current will rise to 
0.067 amp, which in turn causes the generated voltage to rise to 12.5 volts. 
This sequence of actions continues until the point is reached where the field 
resistance line and the saturation curve intersect, namely, at 120 volts and 
1 amp. 

Effect of Increasing the Resistance of the Field Circuit. If a rheostat is 
added to the field circuit and is set so that it adds 30 ohms to the resistance 
of the circuit, the field resistance line for 120 30 or 150 ohms (Fig. 13-31) 
shows that the generator voltage can no longer rise to 120 volts and will 
now reach only 104 volts. If the rheostat is set to add 120 ohms to the cir-
cuit, the resultant 240-ohm line shows that the final generated voltage 
cannot exceed 8 volts. From these illustrations, it can now be concluded 
that the generated voltage ceases to build up when the field resistance line 
is either to the left of or above the saturation curve. A field resistance line 
that is tangent to the straight portion of the saturation curve indicates the 
maximun field circuit resistance that will still permit the generator to build 
up voltage; this resistance value is called the critical field resistance. 

EXAMPLE 13-11 At what resistance value should the rheostat be set in order to have 
the generator of Fig. 13-30 produce 100 volts? 
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GIVEN: E = 100 volts Fig. 13-30 

FIND: Rrhao 

SOLUTION: From Fig. 13-30, when E = 100 volts, I = 0.63 amp. 

R rheo = Rk — it, = 01  120 = 159 120 = 39 ohms 

EXAMPLE 13-12 (a) What is the critical field resistance of the generator of Fig. 13-30? 
(b) What value of rheostat resistance will produce this condition? 

GIVEN: Fig. 13-30 

FIND: (a) Critical resistance (b) Rheostat resistance 

SOLUTION: FIDID Fig. 13-30, the tangent line ends at approximately 60 volts and the 
current at 60 volts is 0.33 amp. 

(a) 

(b) 

60 Critical resistance = = 182 ohms 
0.33 

Rheostat resistance = 182 — 120 = 62 ohms 

1 3-1 7 Load Characteristics of the Generator 

Effect of Load on the Output Voltage. When load is applied to a self-
excited d-c generator, the output or terminal voltage will decrease owing 
to three effects: (1) voltage drop due to resistance, (2) voltage drop due to 
a decrease in the field current, (3) armature reaction. 

Voltage Drop Due to Resistance. The load current flowing through the 
generator causes a voltage drop due to the resistance of the armature, the 
brushes, and the brush contacts with the commutator. In some types of 
generators there may be additional voltage drops due to the resistances of 
(1) a series field winding, (2) a commutating field winding, and/or (3) a 
compensating winding. 

Voltage Drop Caused by a Decrease in Field Current. The decrease in 
the output voltage with the addition of load results in a reduction of the 
voltage applied to the field winding. The corresponding reduction in the 
field current causes an additional reduction in the generator output voltage. 

Voltage Drop Caused by Armature Reaction. When load current flows 
through the armature conductors, it sets up magnetic fields around the con-
ductors. The interaction of the resultant fields around the armature 
conductors with the main field causes a reduction in the strength of the 
main field and consequently results in a decrease in the output voltage of 
the generator. 
Armature Reaction. The cause of armature reaction is explained by Fig. 

13-32. Part a shows the magnetic field produced by the current-carrying 
turns of wire wound around the field poles N and S. When the conductors 
A and B of an armature coil are rotated through the magnetic field, a 
voltage will be induced in these conductors. Applying Fleming's right-hand 
rule (Art. 7-2) will show that the voltage induced is positive at A and nega-
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Fig. 13-32 Magnetic field conditions that 

cause armature reaction. (a) Field current 

but no armature current. (b) Armature cur-

rent but no field current. (c) Field current 

and armature current. 

live at B. If the generator armature is not connected to an external load, 
no current will flow in the armature conductors. When a load is connected 
to the generator, electrons leave conductor B, flow through the external 
load, and return to the generator at conductor A. The current flowing in 
the armature conductors sets up magnetic fields around these conductors. 
Applying the left-hand rule for a wire carrying a current (Art. 5-13) and 
extending this to include a number of adjacent conductors will show the 
magnetic field to be as indicated in Fig. 13-32b. For convenience of illus-
tration, the magnetic field of poles N and S is omitted. Figure 13-32c 
illustrates the effect produced by the interaction between the two magnetic 
fields shown separately in parts a and b of the figure. 

Figure 13-32c shows that, in addition to weakening the main field, the 
field produced by the current flowing in the armature conductors also 
distorts the main field and causes a shift in the position of the neutral axis. 
These two effects are generally called armature reaction. 

Commutation. At the portion of a revolution of rotation when an arma-
ture coil is virtually moving parallel to the magnetic field, the voltage 
induced in the coil is zero. At this instant of time, the commutator seg-
ments to which the coil is connected should be passing under the brushes. 
The coil and the brushes are then in the neutral position, and the coil is 
undergoing commutation. When a coil is undergoing commutation, it 
is also being short-circuited by the brushes. If the coil voltage is not zero 
during commutation, current will flow and cause a spark to occur as the 
commutator segments of that coil cease malcing contact with the brushes. 
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Figure 13-32c indicates that for perfect commutation the position of the 
brushes should be different for no-load and for full-load conditions and that 
the brushes must be shifted in the direction of rotation of the armature. 
Furthermore, intermediate load conditions will require various other brush 
positions. To correct such an awkward condition, compensating windings 
and/or commutating windings are used in medium- and large-size genera-
tors (and motors). Compensating windings are embedded in slots provided 
in the surface of the pole faces. They are connected in series with the arma-
ture, and the current is made to flow in such a direction that their magnetic 
fields counteract the armature field. Compensating windings are generally 
used only with large-size generators. 
Commutating windings are wound on small poles mounted between the 

main field poles; these poles are called interpoles. The coils placed on these 
poles are connected in series with the armature, and the current is made to 
flow in such a direction that the magnetic fields produced counteract the 
field of the armature coils. Interpoles are used with medium- and large-size 
generators. 
Armature Reaction in D-C Motors. Armature reaction also occurs in d-c 

motors, where it may cause (1) instability of speed with load variations 
and (2) sparking at the brushes if they are not in the proper position. 
When load is applied to a motor, the neutral position shifts in the opposite 
direction to that of a generator, and consequently, in order to counteract 
the effects of armature reaction with increased loads, the brushes of a 
motor must be shifted opposite to the direction of armature rotation. 
Compensating windings and interpoles are also used with d-c motors 
to provide automatic compensation for varying load conditions. 

1 3-1 8 Types of Generators 

Shunt Generator. A self-excited shunt generator has its field windings 
connected in parallel with, or shunted across, the armature terminals 
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(Fig. 13-29b). The field windings have (1) a large number of turns of small 
size wire, (2) a high resistance, and (3) a low current requirement. Because 
the output voltage decreases with an increase of load, the shunt generator 
cannot be used for most general-purpose loads such as lamps, motors, and 
ordinary appliances. Typical voltage versus load characteristics are shown 
in Fig. 13-33. 

Series Generator. A series generator has its field winding connected in 
series with the armature (Fig. 13-34a) and hence must carry the same 
amount of current as the armature. The field windings have (1) a small 
number of turns of large-size wire, (2) a low resistance, and (3) a high 
current-carrying capacity. The typical voltage versus load characteristics of 
the series generator are shown in Fig. 13-34b. The output voltage is very 
low at no load and increases rapidly with load to a peak value and 
then decreases rapidly with a further increase in load. The series generator 
is usually operated on the portion of the curve indicated as A-B in 
Fig. 13-34b. Under this operating condition, relatively large changes in 
load resistance will produce only small changes in load current, and the 
generator is therefore capable of maintaining an approximately constant 
load current. Series generators were used with the series circuit arc-lamp 
system which required a constant-current power source. 
Compound Generator. The compound generator has both a shunt field 

winding and a series field winding (Fig. 13-35). When the shunt field and 
series field windings produce the same magnetic polarity at the field poles, 
the generator is called cumulative compound. When the two field windings 
are connected to produce opposite polarities, the generator is called 
differential compound. If the shunt field winding is connected across only 
the armature terminals, it is called a short shunt field, and if it is con-
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Fig. 13-34 Series generator. (a) Schematic diagram. (b) Typical voltage versus load 

characteristics. 
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Fig. 13-35 Schematic diagrams of types of connections used with compound generators. 

(a) Cumulative-compound, short shunt, including a series field current diverter. (b) Cumu-
lative-compound, long-shunt. (c) Differential-compound, short-shunt. 

nected across both the armature and the series field, it is called a long 
shunt field. 

Most d-e generators used to supply power for general-purpose loads are 
of the cumulative compound type in order to obtain either flat com-
pounding or overcompounding (Fig. 13-36). A flat-compounded generator 
produces the same amount of voltage at full load as at no load. An over-
compounded generator produces a higher voltage at full load than at 
no load. The degree of compounding is sometimes made variable by use of 
a diverter, which is a variable resistance connected across the series field 
terminals. 

13-19 Other Generator Applications 
Although generators are primarily thought of as a source of electric 

power, they are also used for a variety of other purposes. 

Fig. 13-36 Typical voltage versus load 

characteristics of compound generators. Load, in amperes 

d 

o - Over compounded 

b-Flol compounded 

c -Under compounded 

d-DIfferenliol compound 
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Separately-excited Generator as a Rotary Amplifier. Three types of 
applications possible with the separately-excited generator are (1) amplifi-
cation, (2) sensitive control, (3) automatic-motor-control system. Because 
changes of small amounts of current in the field circuit can produce much 
larger changes in the armature current, amplifying action is achieved. 
Gains in the order of 10 to 100 times can be obtained, and for this type of 
application the generator is sometimes called a rotary amplifier. Because of 
the high ratio of changes in the armature current to changes in the 
field current, it is possible to obtain sensitive control of the generator 
output. Automatic motor control can be achieved by connecting the motor 
to a generator armature circuit and controlling the generator output by 
means of its field circuit. All these types of applications require that the 
generator be driven by a prime mover, usually an electric motor. 

Self-excited Generator as a Rotary Amplifier. When the field windings 
are constructed in two or more sections, amplifier action may be obtained 
with a self-excited generator. The main section of the field winding, which 
provides the major portion of the field strength, is connected to the gener-
ator armature terminals; a rheostat is usually also included in this circuit. 
One or more auxiliary winding sections provide additional field strength 
when it is desired. By means of the rheostat, the resistance of the main 
field circuit is made slightly higher than the critical field resistance value so 
that the generator voltage does not build up. Small amounts of current in 
the auxiliary field windings can then cause the generator voltage to build 
up and have the generator develop output power. Because small amounts 
of current in the auxiliary windings can cause the generator to deliver 
large amounts of output power, amplifying action is achieved. This type of 
generator is also called a Regulex generator or a Rototrol generator, trade 
names of Allis-Chalmers Mfg. Corp. and Westinghouse Electric Corp., 
respectively. 

Two-stage Rotary Amplifier. If the amplification provided by a single 
generator is not sufficient to meet the needs of a particular application, a 
second generator may be added. The two generators are used in cascade; 
that is, the output of the first becomes the input of the second. A small 
signal current excites the field of the first unit and controls its amplified 
output, which is then used to excite the field of the second unit. The 
amplified output of the second unit supplies power to the load. The overall 
amplification becomes the product of the two individual amplifications; 
thus, if two cascaded rotary amplifiers produce gains of 40 and 25 times, 
respectively, the overall amplification is 1,000. 

The Amplidyne. The amplidyne (General Electric Company) combines 
the two-stage rotary amplifier action in a single unit by using the effect of 
armature reaction. A weak signal input to the control field winding of 
a rotary amplifier (Fig. 13-37a) sets up a magnetic field (pi (Fig. 13-37b) 
which is sufficient to build up the generator voltage and make the gener-



(13-19) 

Control 
field 

952 

1, 

Motors and Generators 539 

Compensating 
field 

I); (C) 

Fig. 13-37 (a) A single rotary amplifier. (b) Magnetic field representations of the 

amplidyne. (c) Schematic diagram of the amplidyne. 

ator capable of delivering an amplified current to the load (Fig. 13-37a). 
However, instead of supplying current to a load, the brushes B1 and B2 are 
short-circuited (Fig. 13-37c), thereby causing a high armature current 
to flow. Because of armature reaction, the high armature current sets up a 
strong quadrature magnetic field 4,2 (Fig. 13-37b). The armature flux 4)2 is 
very strong compared with the flux 4)1, and the net flux is almost in 
line with 4)2. The armature conductors upon cutting the strong field 4)2 pro-
duce a high generated voltage at a second set of brushes B3 and B4. These 
brushes then supply a large amount of output power to the load (Fig. 13-37c). 
Owing to armature reaction, the output load current produces a new 
strong magnetic flux 03 which will be in quadrature with 4)2 and opposite 
in direction to 4)1 (Fig. 13-37b). The flux 4)3 produces two undesirable 
effects; namely, (1) it weakens the control flux 4)1, and (2) it produces 
a resultant field made up of 02 and 4)3 that shifts the neutral position 
of both sets of brushes. These two effects are counteracted by adding 
a compensating winding placed so that its flux 04 prevents the weakening 
of the control field flux and prevents the shifting of the neutral plane. 
When the compensating field winding is connected in series with the load 
and the armature, the amount of correction will automatically vary with 
the load conditions. 
Ward Leonard Drive. The Ward Leonard drive system is an early 

development of a method used to control the operation of a d-c motor by 
means of controlling a d-c generator that supplies power to the motor. 
There are many variations of the basic Ward Leonard drive, each intended 
to meet the needs of a particular application. Figure 13-38 illustrates the 
principle of the Ward Leonard drive. A large d-c motor is used to drive a 
mechanical load, and it is desired to control its direction of rotation and to 
provide a wide range of speed control. A three-unit motor-generator set 
provides power for this drive system. The output of the large d-c generator 



Fig. 13-38 Example of a Ward Leonard drive system. 
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Mechanical 
load 

is fed to the armature of the d-c motor. The output of the smaller generator, 
called the exciter, supplies energy to the field windings of the d-c motor 
and the large d-c generator. A large a-c motor is used as the prime mover 
for the two d-c generators and indirectly for the d-c motor. The field of the 
d-c motor receives constant excitation, while the excitation of the large d-c 
generator is variable in magnitude and polarity by means of the generator 
field rheostat. When the rheostat arm D is at position B, the generator field 
current is zero, the generator output is zero, and the d-c motor remains at 
standstill. When the rheostat arm is moved toward A, the generator field is 
excited, power is supplied to the armature of the d-c motor, and the 
mechanical load is set into motion. The speed of rotation of the load may 
be controlled by varying the position of the rheostat arm between points 
A and B. When the rheostat arm is moved from B toward C, the polarity 
of the excitation of the d-c generator is reversed and the d-c motor 
will rotate in the direction opposite that when the rheostat arm is between 
positions A and B. Speed control is obtained by varying the position of the 
rheostat arm between points B and C. 

QUESTIONS 

1. Name seven characteristics generally considered as motor ratings. 
2. What voltage ratings are frequently used with (a) d-c motors? (b) A-c motors? 
3. (a) What basic speed values are used with a-c motors? (b) What limitations 

are there to the rated speeds of d-c motors? (c) How does the size of a motor 
affect its maximum permissible speed? 

4. (a) What is meant by torque? In what units are the torque expressed for 
(a) medium- and large-size motors? (b) Small-size motors? 

5. (a) Define horsepower. (b) What is its mechanical equivalent? How does it vary 
with (c) torque? (d) Speed? 
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6. Define (a) duty cycle, (b) continuous duty, (c) intermittent duty. 
7. (a) What is meant by the temperature rating of a motor? (b) What temperature 

values are generally used? (c) How does completely enclosing a motor affect 
its rating? 

8. (a) What ratio does the efficiency of a motor represent? (b) How does the 
efficiency of a motor affect its operating cost? 

9. (a) What is the range of power-factor values for a-c motors? (b) What motor 
rating characteristics affect the power factor? (c) How does the power factor 
affect the operating cost of a motor? 

10. (a) Compare the principle of operation of the d-c motor with that of the d-c 
generator. (b) Describe the construction of the basic d-c motor. 

11. Explain how torque is produced in the d-c motor. 
12. (a) What is the counter emf of a motor? (b) How does its magnitude at the rated 

motor speed compare with the impressed emf? (c) How does the counter 
emf affect the magnitude of the armature current? 

13. Explain how the amount of load on a motor shaft affects the armature current. 
14. What is meant by speed regulation? 
15. Describe the method of varying the speed of a d-c motor by varying the armature 

voltage. 
16. Describe the method of varying the speed of a d-c motor by varying the 

field current. 
17. Why is some type of starting equipment generally used with medium- and large-

size d-c motors? 
18. How are d-c motors classified in terms of (a) their type of field structure? 

(b) Their type of field windings? 
19. (a) How is the name of the shunt motor associated with the manner of its 

field connections? What are the characteristics of the shunt motor in terms of its 
(b) field windings? (c) Torque? (d) Speed regulation? (e) Speed control? 

20. Describe the construction and operation of the three-point starter. 
21. (a) How would the loss of field current affect the operation of a shunt motor? 

(b) How does the three-point starter prevent this condition? 
22. How may the direction of rotation of the shunt motor be reversed? 
M. Describe some applications of the shunt motor. 
24. (a) How is the name of the series motor associated with the manner of its 

field connections? What are the characteristics of the series motor in terms of its 
(b) field windings? (c) Torque? (d) Speed regulation? (e) Speed control? 

25. (a) How would the loss of load at the motor shaft affect the operation of a series 
motor? (b) What precautions are taken to prevent this condition? 

26. Explain the use of the two-point and three-point starters with a series motor. 
27. How may the direction of rotation of the series motor be reversed? 
28. Describe some applications of the series motor. 
29. (a) How is the name of the compound motor associated with the manner of 

its field connections? What are the characteristics of the compound motor in 
terms of its (h) field windings? (c) Torque? (d) Speed regulation? (e) Speed control? 

30. Define (a) cumulative compound, (b) differential compound, (c) long shunt, 
(d) short shunt, (e) racing. 

31. What would be the effect on the operation of a compound motor in case of the 
loss of its (a) load current? (b) Shunt field current? 
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32. Describe the operating characteristics of the four-point starter. 
33. (a) How may the direction of rotation of the compound motor be reversed? 

(b) What precautions must be observed with regard to reversing the currents in 
the shunt and series field windings? 

34. Describe some applications of the compound motor. 
35. How are a-c motors classified in terms of their (a) power requirements? (b) Principle 

of operation? 
36. What are the two basic requirements for the operation of an a-c motor? 
37. Describe how a rotating magnetic field is produced by a two-phase motor winding. 
38. (a) How may the direction of rotation of the magnetic field of a polyphase 

a-c motor be reversed? (b) What factors affect the speed of the rotating magnetic 
field? 

39. Define (a) rotor, (b) stator. 
40. (a) Describe the construction of the rotor. (b) Explain the action of the rotor in 

the operation of the a-c motor. 
41. Define (a) synchronous speed, (b) rotor slip. 
42. (a) Describe the construction of the polyphase squirrel-cage induction motor. 

(b) How is the construction varied to obtain higher starting torque for the motor? 
43. Describe the construction and operating features of the double-squirrel-cage 

induction motor. 
44. Describe the construction and operating features of the wound-rotor induction 

motor. 
45. Describe the construction and operating features of the multispeed induction 

motor. 
48. (a) Describe the construction and operating features of the polyphase synchronous 

motor. (b) What are its advantages? (c) What are its disadvantages? 
47. How are speeds above 3,600 rpm obtained with induction motors? 
48. Explain the need for control devices with a-c motors. 
49. (a) Name two classifications of single-phase motors. (b) Name eight types of 

single-phase motors. 
50. Explain the principle of operation of the single-phase induction motor. 
51. Explain the construction and operation of the split-phase induction motor. 
52. Explain the construction and operation of the capacitor-start induction motor. 
53. (a) How does the capacitor-start capacitor-run induction motor differ from 

the capacitor-start induction motor? (b) What are its advantages? 
54. Explain the construction and operation of the shaded-pole induction motor. 
55. Describe the construction and operation of the series-type a-c motor. 
56. (a) Describe the characteristics of the series a-c motor. (b) Name some applications. 
57. (a) What is meant by a universal motor? (b) Compare the universal motor with 

the series a-c motor. 
58. (a) Describe the construction and operation of the repulsion motor. (b) Why is a 

compensating winding sometimes added to a repulsion motor? 
59. Describe the construction and operation of the repulsion-start induction-run 

motor. 
60. (a) Describe the construction and operation of the repulsion-induction motor. 

(b) What are some of its advantages? 
61. (a) Describe the construction and operation of small synchronous motors. (b) What 

method is used to make these motors become self-starting? 
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62. What is meant by a hysteresis motor? 
63. (a) What is meant by a synchro? (b) What other names are sometimes used 

for synchros? 
64. (a) Describe a common type of synchro. (b) Name some uses of synchros. 
65. Describe the operation of a simple synchro system. 
66. Define (a) separately-excited generator, (b) self-excited generator. 
67. Define (a) saturation curve, (b) field-resistance line, (c) critical field resistance. 
68. (a) Explain how a self-excited generator builds up its voltage. (b) Describe three 

reasons why a self-excited generator might fail to build up a voltage. 
69. Explain three reasons why the terminal voltage of a self-excited shunt generator 

decreases when the load increases. 
70. Define (a) armature reaction, (b) neutral brush position, (c) commutation. 
71. Describe three ways of counteracting the effects of armature reaction. 
72. Define (a) shunt generator, (b) series generator, (e) compound generator. 
73. Define (a) cumulative compound, (b) differential compound, (c) short shunt, 

(d) long shunt. 
74. Explain the use of a separately-excited generator as a rotary amplifier. 
75. Explain the use of a self-excited generator as a rotary amplifier. 
76. (a) What is meant by a two-stage rotary amplifier? (b) What is its advantage over 
a single rotary amplifier? 

77. Explain the operation of the amplidyne. 
78. Explain the purpose and operation of the Ward Leonard drive system. 

PROBLEMS 

1. (a) How much torque is delivered by a 1/4o-hp 3,000-rpm motor? (b) How much 
force is developed at the surface of the rotating member if its diameter is 11/2 inches? 

2. (a) How much torque is developed by a 1/2-hp 10,000-rpm motor? (b) How much 
force is developed at the surface of the rotating member if its diameter is 21/2 inches? 

3. (a) What is the horsepower output of a motor when it is delivering 150 lb-ft 
of torque at 1,750 rpm? (b) How much force is developed at the surface of 
the rotating member if its diameter is 18 inches? 

4. (a) What is the torque of a motor that exerts a force of 72 lb at the surface of its 
rotating member whose diameter is 9 inches? (b) What is the horsepower output 
of the motor if its speed is 975 rpm? 

5. What is the efficiency of a 1/45-hp 1,550-rpm motor that takes 67.5 watts from the 
power source? 

6. What is the efficiency of a 25-hp 1,200-rpm d-c motor if it takes 100 amp at 220 
volts when delivering its rated horsepower output? 

7. What is the efficiency of a 1-hp motor that has the following losses: (1) 130 watts 
in the iron, (2) 70 watts in the copper, (3) 80 watts in friction? 

8. How much current is taken by a 1/2s-hp 28-volt d-c motor if its efficiency is 
50 per cent? 

9. What is the power factor of the motor of Prob. 5 if it takes 1 amp at 115 
volts and 60 cycles? 

10. A certain small motor that is delivering 3.6 oz-in. of torque at 2,900 rpm 
takes 0.7 amp and 38 watts from a 117-volt 60-cycle power source. Find (a) the 
horsepower output, (b) the efficiency, (c) the power factor. 
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11. If the armature of a 3/4 e-hp 115-volt d-c motor has a resistance of 8 ohms and the 
armature current is 0.35 amp at no load and 0.78 amp at full load, what is 
the counter emf at (a) no load? (b) Full load? 

12. If the armature of a 1/2s-hp 28-volt d-c motor has a resistance of 1 ohm and 
the armature current is 0.9 amp at no load and 2.2 amp at full load, what is the 
counter emf at (a) no load? (b) Full load? 

13. If the motor of Prob. 11 has a no-load speed of 3,000 rpm, what is its approxi-
mate full-load speed? 

14. If the motor of Prob. 12 has a no-load speed of 5,000 rpm, what is its approxi-
mate full-load speed? 

15. What is the speed regulation of the motor of Prob. 13? 
16. What is the speed regulation of the motor of Prob. 14? 
17. A certain 5-hp 120-volt d-c shunt motor requires a magnetizing field strength of 

1,500 amp-turns per pole, and the resistance of its field winding is 100 ohms. 
Find (a) the field current, (b) the number of turns required for each field coil. 

18. A certain 25-hp 220-volt d-c shunt motor requires a magnetizing field strength of 
8,000 amp-turns per pair of poles, and the resistance of its field winding is 88 ohms. 
Find (a) the field current, (b) the number of turns required for each field coil. 

19. (a) If the armature resistance of a 2-hp 115-volt d-c motor is 0.25 ohm, how 
much current would the motor take at the instant of starting when connected 
directly across the line? How much resistance must a starting box add to the 
armature circuit if the starting current is to be limited to (b) 20 amp? (c) 30 amp? 

20. (a) If the armature resistance of a 20-hp 220-volt d-c motor is 0.2 ohm, how 
much current would the motor take at the instant of starting when connected 
directly across the line? How much resistance must a starting box add to the 
armature circuit if the starting current is to be limited to (b) 120 amp? (c) 200 amp? 

21. If the motor of Prob. 17 is to be made a series motor, how many turns are 
needed on each field coil if the full-load current is 37.5 amp? 

22. If the motor of Prob. 18 is to be made a series motor, how many turns are 
needed on each field coil if the full-load current is 100 amp? 

23. It is desired that the motor of Prob. 17 be made 20 per cent cumulative 
compound. Find (a) the shunt field ampere-turns, (b) the series field ampere-
turns, (c) the shunt field turns if the field current is 1 amp, (d) the series 
field turns for a full-load current of 37.5 amp. 

24. It is desired that the motor of Prob. 18 be made 75 per cent cumulative 
compound. Find (a) the shunt field ampere-turns, (b) the series field ampere-
turns, (c) the shunt field turns if the field current is 1.25 amp, (d) the series field 
turns for a full-load current of 100 amp. 

25. What is the speed of the rotating field for a 60-cycle motor winding if its number 
of poles is (a) 2? (b) 4? (c) 8? (d) 16? 

26. What is the speed of the rotating field for a 60-cycle motor winding if its number 
of poles is (a) 6? (b) 10? (c) 12? (d) 20? 

27. (a) What is the synchronous speed of a six-pole 60-cycle motor? (b) What is the 
per cent slip if the full-load rotor speed is 1,150 rpm? 

28. (a) What is the synchronous speed of a 10-pole 60-cycle motor? (b) What is the 
per cent slip if the full-load rotor speed is 685 rpm? 

29. What is the full-load speed of a two-pole 60-cycle motor if its slip is 4 per cent? 
30. What is the full-load speed of an eight-pole 60-cycle motor if its slip is 5 per cent? 
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31. What is the current rating of a 10-kw 125-volt generator? 
32. What is the current rating of a 300-volt generator that delivers 60 watts at 

full load? 
33. What is the power-output rating of a generator that delivers 250 ma at 600 volts? 
34. What is the power-output rating of a generator that delivers 30 amp at 250 volts? 
35. What value of rheostat resistance is required in order that the voltage of the 

generator of Fig. 13-30 will build up to only 110 volts? 
36. What value of rheostat resistance is required in order that the voltage of the 

generator of Fig. 13-30 will build up to only 80 volts? 
37. A certain d-c self-excited shunt generator produces 125 volts at no load. What is 

its terminal voltage at full load if the voltage drops due to armature resistance, 
armature reaction, and the decrease in field current are 4, 5, and 6 volts, 
respectively? 

38. What is the terminal voltage of the generator of Prob. 37 at half load if the three 
voltage drops each vary in direct proportion to the load? 

39. What gain is indicated for a rotary amplifier by the following pair of readings: 
(1) Ind = 0.10 amp; lann = 10 amp? (2) Ind = 0.15 amp; 'arm = 14 amp? 

40. A certain rotary amplifier produces a gain of 75. One load condition produces 
readings of Ifid = 50 ma, /arm = 4 amp. What is the armature current if the field 
current increases to 80 ma? 

41. What is the overall gain of a two-stage rotary amplifier if each stage has a 
gain of 75? 

42. It is desired that the overall gain of a two-stage rotary amplifier be 850. What 
gain is required of the second stage if the gain of the first stage is 25? 



Chapter 14 
Electron Tubes 

The importance of the electron tube lies in its ability to operate efficiently 
over a wide range of frequencies and to control almost instantaneously the 
flow of millions of electrons. Electron tubes are used in various types 
of electronic equipment, such as communication, industrial, scientific, 
therapeutic, computer, data processing, etc. These tubes may be either of 
the vacuum type, as used in radio and television receivers, or of the 
gas type, as used in some types of industrial electronic equipment. Electron 
tubes may be considered as a circuit element in the same manner as 
are resistors, inductors, and capacitors. 

14-1 The Cathode 

Purpose of the Cathode. When any substance is heated, the speed of the 
electrons revolving about their nucleus is increased and some electrons 
acquire sufficient speed to break away from the surface of the material 
and go off into space. This action, which is accelerated when the substance 
is heated in a vacuum, is utilized in vacuum tubes to produce the necessary 
electron supply. When used for this purpose, the substance is called 
the cathode. All vacuum tubes contain a cathode and one or more electrodes 
mounted in an evacuated envelope, which may be a glass bulb or a com-
pact metal shell. 

Purpose of the Heater. The cathode is an essential part of a vacuum 
tube because it supplies the electrons necessary for operation of the tube. 
The electrons are generally released by heating the cathode. The purpose 
of a heater in a vacuum tube is to radiate heat when an electric current flows 
through it. The amount of heat that is radiated is dependent on the 
material of which the conductor is made and the amount of current flowing 
in the conductor. The source of power used to supply current for heating 
the cathode is called the heater power supply. 

Directly Heated Cathodes. A directly heated cathode, called the filament 
type, is one in which the heater is also the cathode. Materials that are good 
conductors are found to be poor electron emitters; therefore directly 
heated cathodes must be operated at high temperatures in order to emit a 
sufficient number of electrons. Directly heated cathodes require a compara-
tively small amount of heating power and are used in almost all the tubes 
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designed for battery operation. Alternating-current-operated tubes seldom 
use the filament-type cathode. 

Indirectly Heated Cathodes. An indirectly heated cathode is one in 
which the emitting material is coated on a thin sleeve which is heated by 
radiation from a heater placed inside the sleeve and insulated from it. It is 
thus possible to use a material for the heater that will radiate the maximum 
amount of heat with the minimum amount of current and to use a material 
for the cathode that is a good electron emitter. 

1 4-2 Diodes 
The Plate. A vacuum tube having a cathode and one other electrode is 

called a diode. The second electrode is called the plate or anode. If a posi-
tive voltage is applied to the plate, the electrons emitted from the cathode, 
being negative, will be attracted to the plate. These electrons will flow 
through the external plate battery circuit as indicated in Fig. 14-2. This 
flow of electrons is called the plate current. If the polarity of the plate 
is made negative, the electrons will be forced back to the cathode and no 
current will flow in the plate circuit. 

Electron f/ow 

Fig. 1 4-2 Circuit diagram for a diode 

showing the electron flow and the proper 

connections for the filament and B power 

supplies. 
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When an alternating current is applied to the plate, its polarity will be 
positive during every other half-cycle. As electrons will flow to the plate only 
when it is positive, the current in the plate circuit will flow in only 
one direction, and the current is called a rectified current (Fig. 14-3). 

Diodes are used in radio receivers as detectors and in a-c operated 
receivers and transmitters to convert alternating current to direct current. 
Rectifier tubes having one plate and one cathode are called half-wave 
rectifiers because the rectified current only flows during one-half of the 
cycle. 

Duodiodes. Rectifier tubes having two plates and one or two cathodes 
have their plates connected into the external circuit so that each plate will 
be positive for opposite halves of the cycle. As one or the other of 
the plates will always be positive, current will flow in the external circuit 
during each half-cycle. These tubes are called full-wave rectifiers because 
current flows during both half-cycles. 

Space Charge. The number of electrons drawn to the plate depends on 
the number given off by the cathode and also on the plate voltage. If the 
plate voltage is not high enough to draw off all the electrons emitted 
by the cathode, those not drawn off will remain in space. These electrons 
form a repelling force to the other electrons being given off by the cathode, 

Pl
at

e 
cu

rr
en

t 

-I- Volts between plate and cathode 

Output current flowing through 
resistor R, of F/G. 1-1-2 

A-C Input 
-‘7(3.1iE4ge-- ->"1 

Fig. 14-3 The diode as a 
rectifier. 



(14-3) 

Pl
at

e 
cu
rr
en
t 

Fig. 14-4 Variation of 

plate current with changes 

in plate voltage. 

Electron Tubes 549 

Saturation point 

Plate voltage 

thus impeding their flow to the plate. This repelling action is called 
the space charge. Space charge can be reduced by decreasing the space 
between the plate and cathode. 

Saturation Current. Increasing the plate voltage will increase the plate 
current until all the electrons given off by the cathode are drawn to 
the plate. Further increase in plate voltage will not increase the plate 
current, as no more electrons can be drawn off to it (Fig. 14-4). The point 
on the curve at which the current has reached its highest value is called 
the saturation point, and the plate current for this condition is called the 
saturation current or emission current. 

14-3 The Triode 

Action of the Control Grid. When a third electrode is used, the tube is 
called a triode. The third element is called the control grid and consists of 
a spiral winding or a fine-mesh screen extending the length of the cathode 
and placed between the cathode and plate. The circuit connections and 
the direction of electron flow for a triode are shown in Fig. 14-5. If the 
grid is made more negative than the cathode, some of the electrons going 
toward the plate will be repelled by the grid, thus reducing the .plate 
current. By making the grid still more negative, it is possible to reduce the 
plate current to zero. This condition is called cutoff. 

Grid Bias. The third electrode is called the control grid because it 
controls the number of electrons allowed to flow from the cathode to the 
plate. The amount of voltage used to keep the grid negative with respect 
to the cathode is called the grid bias. 

Relation between the Grid Bias and the Plate Current. If a varying 
signal voltage is applied to the grid, the number of electrons flowing in the 
plate circuit will vary in the same manner as the signal voltage. If the 
triode in the circuit of Fig. 14-5 operates with a grid bias of 3 volts 
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(Fig. 14-6b), a steady plate current lb will flow (Fig. 14-6d). If an alternating 
signal voltage of 1 volt (Fig. 14-6a) is impressed across the input terminals 
of the grid circuit, the voltage on the grid of the tube will vary from — 2 to 
— 4 volts as shown in Fig. 14-6c. As the number of electrons flowing to the 
plate is controlled by the negative potential on the grid, the plate current 
will vary in the same manner as the signal voltage. This is illustrated 
by the varying plate current io shown in Fig. 14-6d, maximum plate 
current flowing when the grid is least negative and minimum plate current 
flowing when it is most negative. 

Phase Relation among the Varying Grid Voltage, Varying Plate Current, 
and Varying Plate Voltage. Since the plate current of a tube varies in the 
same manner as the signal voltage that is applied to its grid, the plate-current 
variations are in phase with the grid-voltage variations. The output of the 
tube circuit is taken off at the plate, or top of resistor Ro, and the ground. 
The voltage available between these two points is equal to the B supply 
voltage minus the voltage drop at the resistor Ro. If the tube has a 
grid bias of 3 volts, a steady plate current lb will flow and the output volt-
age will have a value indicated as the steady voltage Eb (Fig. 14-6e). When 
a signal is applied to the grid, the positive portions of the signal voltage 
will cause an increase in the plate current, which will increase the voltage 
drop across the output resistor Ro and thus will decrease the output voltage 
eb (Fig. 14-6e). The negative portions of the signal voltage will decrease the 
plate current, reduce the voltage drop across Ro, and increase the output 
voltage es,. Thus an increase in signal voltage will produce a decrease in the 
output voltage, or a decrease in signal voltage will produce an increase in 
the output voltage. The output-voltage variations are therefore 180° out of 
phase with the signal-voltage variations. 

Action of the Grid with a Positive Voltage. If the value of the signal 
voltage is such that it will make the grid positive, the grid will act in the 
same manner as a plate and will draw electrons to it, thus causing a 
current to flow in the grid circuit. This condition can be avoided by using 
a grid bias whose value is higher than the maximum amount of input signal 
voltage that is applied. 
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Fig. 14-6 Illustration of the effect of the signal voltage upon the grid voltage and plate 
current. (a) Signal voltage (instantaneous values of the varying component of the grid 

voltage). (b) Grid bias (average or quiescent value of the grid voltage). (c) Grid voltage 
(instantaneous total grid voltage). (d) Plate current lb (average or quiescent value of plate 
current) and plate current ib (instantaneous total plate current). (e) Plate voltage Eb 

(average or quiescent value of plate voltage) and plate voltage eb, also output voltage 
(instantaneous total plate voltage). 
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14-4 Vacuum-tube Characteristics 

Tube Constants. The major operating characteristics of a vacuum tube 
are used to identify the electrical features and operating values of the tube. 
These values may be listed in tabular form or plotted on graph paper 
to form a curve. When given in curve form, they are called characteristic 
curves. These curves are used to determine the performance of a tube 
under any operating condition. The constants of the tube can also be cal-
culated from these curves. Tabular-form listings as found in most tube 
manuals are usually limited to one or two of the operating conditions com-
monly used for that particular tube. 
Vacuum-tube characteristics are often referred to as the constants of the 

tube. The constants most commonly used are the amplification factor 
(mu), the plate resistance rp, and the control-grid-to-plate transconductance 
gm. Control-grid-to-plate transconductance is usually referred to as just 
transconductance. Transconductance is also known as mutual conductance. 

Amplification Factor. The amplification factor of a tube may be defined 
as a measure of the relative ability of the grid and the plate to produce an 
equal change in the plate current. Mathematically it is defined as the ratio 
of the change in plate voltage to a change in control-grid voltage for 
a constant value of plate current, with the voltages applied to all other 
electrodes maintained constant, or 

deb Is = ib— constant (14-1) 
'W C 

where p. = 
d = 

deb = 
de= 

ib = 

amplification factor 
change or variation in value 
change in instantaneous total plate voltage, volts 
change in instantaneous total control-grid voltage necessary to 
produce the same effect upon the plate current as would be 
produced by (lei,, volts 
instantaneous total plate current, amp 

EXAMPLE 14-1 An electron tube is operated at its normal heater voltage, a grid bias 
of 4 volts, and with a plate voltage of 160 volts. Determine the amplification factor if 
the characteristics of this tube are such that (1) the plate current is 7.5 ma and (2) if 
the plate voltage is increased to 200 volts, the grid bias will have to be increased to 
6 volts in order to maintain the plate current at 7.5 ma. 

GIVEN: ib = 7.5 ma deb = 160 to 200 volts de, = 4 to 6 volts 

FIND: 

SOLUTION: 

= = = deb 200 — 160 40 = 20 
de, 6 — 4 2 
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Fig. 14-7 Plate characteristic curves of a triode showing the variation in plate current 
for changes in plate voltage. 

Plate Resistance. The plate resistance of a tube may be defined as the 
resistance to the flow of alternating current offered by the path between 
the cathode and the plate. This is sometimes called the dynamic plate 
resistance or the a-c plate resistance. The value of the plate resistance will 
depend upon the values of the grid and plate voltages being applied to the 
tube. Mathematically it is defined as the ratio of a change in plate voltage 
to the corresponding change produced in the plate current with the grid 
voltage maintained constant, or 

deb r = ec—constant (14-2) 
P di,, 

where rp = dynamic plate resistance, ohms 
dib = change in instantaneous total plate current, amp 
e, = instantaneous total grid voltage, volts 

EXAMPLE 14-2 An electron tube is operated at its normal heater voltage, a grid bias 
of 4 volts, and with a plate voltage of 160 volts. Determine the plate resistance if the 
characteristics of this tube are such that (1) if the plate voltage is decreased to 140 
volts, the plate current will be 5 ma; (2) if the plate voltage is increased to 180 volts, 
the plate current will increase to 10.5 ma; and (3) the grid bias is maintained at 
4 volts. 

GIVEN: ec = —4 volts deb = 140 to 180 volts die = 5 to 10.5 ma 

FIND: r„ 

SOLUTION: 

r _ — deb _  180 — 140 40  
dib 0.0105 — 0.005 = 0.0055 = 7,272 ohms 
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Fig. 14-8 Transfer characteristic curves of a triode showing the variations in plate cur-

rent for changes in grid voltage. These curves have been cross-plotted from Fig. 14-7. 

The solution of Example 14-2 gives the dynamic or a-c plate resistance 
of the tube. It should be noted that this is not the same value as would be 
obtained by dividing the operating plate voltage by its corresponding plate 
current. Such a value is known as the static resistance or the d-c resistance 
of the tube, but it is seldom used in the study of tubes and their circuits. 
The plate resistance is sometimes referred to as the impedance of the tube, 
the internal resistance of the tube, the dynamic plate resistance, or the a-c 
resistance of the tube. 

(14-4) 
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3 Plate 
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5 Grid no 2 (screen) 
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11 Spacer shield header 
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Fig. 14-9 Miniature-type tube with a but-

ton base. (RCA) 
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Transconductance. The transconductance of a tube may be defined as 
the ratio of the change in plate current to a change in the control-grid volt-
age when all other tube-element voltages are kept constant. Expressed 
mathematically, 

dib 
gm = , eb—constant (14-3) 

aec 

where gm = transconductance, mhos 
eb = instantaneous total plate voltage, volts 

EXAMPLE 14-3 An electron tube is operated at its normal heater voltage, a grid bias 
of 4 volts, and with a plate voltage of 160 volts. Determine the transconductance if 
the characteristics of this tube are such that (1) if the grid bias is decreased to 
3.5 volts, the plate current will be 8.5 ma; (2) if the grid bias is increased to 4.5 volts, 
the plate current will decrease to 6 ma; and (3) the plate voltage is maintained 
at 160 volts. 

GIVEN: eb = 160 volts dib = 6 to 8.5 ma de c = —3.5 to —4.5 volts 

FIND: gm 

sourrIoN: 

dib 0.0085 — 0.006 0.0025 
= 0.0025 mho 

gin = dec — 4.5 — 3.5 = 1 

The unit of conductance is the mho, and its name is obtained by spell-
ing ohm backward. For convenience of numbers, the transconductance is 
often expressed in micromhos. Thus, the answer to Example 14-3 may be 
expressed as 2,500 micromhos (abbreviated as 2,500 µmhos). 

Equation (14-3) shows that a tube that produces a relatively large change 
in plate current for a relatively small change in grid voltage will have 
a relatively high value of transconductance, and since such conditions are 
generally desired, tubes having a high value of transconductance are 
preferred. 

Relation among Amplification Factor, Plate Resistance, and Transcon-
ductance. A definite relation exists among the three tube constants, as 

IL = gmrp (14-4) 

_& gm = (14-5) 
rp 

rp = -L (14-6) 
gm 

EXAMPLE 14-4 What is the transconductance of the triode section of a 12SQ7 
duodiode-triode tube when operated at such values of voltage that its amplification 
factor is 100 and its plate resistance is 91,000 ohms? 
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GIVEN: Tube = 12SQ7 is = 100 r„ = 91,000 ohms 

FIND: g,„ 

SOLUTION: 

µ 100 ‘,.,,n , , __,_ 
gm = — = — --- ti null mn rp 91,000 _ . o, or 1,100 µmhos 

EXAMPLE 14-5 What is the plate resistance of a 6AF4 high-frequency triode tube 
when operated at such values of voltage that its amplification factor is 15 and 
its transconductance is 6,600 µmhos? 

GIVEN: Tube = 6AF4 is = 15 gm = 6,600 µmhos 

Firm: r„ 

SOLUTION: 

it  15 = 2,272 ohms r,, = g,„ =  6,600 x 10-6 

Relation between the Transconductance and the Operating Perform-
ance of a Tube. Vacuum-tube amplifiers are ordinarily operated so that 
small variations in voltage of the grid or input circuit will produce large 
current variations in the plate or output circuit. Since it is usually desired 
to keep the plate resistance low, the transconductance must be high if a 
high value of amplification factor is desired. The transconductance is very 
useful when comparing the relative merits and performance capabilities of 
tubes designed for the same service. A comparison of the transconductance 
of a power-output tube with that of a tube used as a converter would, 
however, have no practical value. Generally, the value of transconductance 
is accepted as the best single figure of merit for vacuum-tube performance. 

14-5 The Tetrode 

The Screen Grid. When a fourth electrode is used, the tube is called a 
tetrode; it is also referred to as a screen-grid tube or a four-electrode tube. 
The fourth electrode is known as the screen grid and consists of a spiral-
wound wire or a screen, slightly coarser than that used for the control grid, 
placed between the plate and the control grid of the tube. The circuit con-
nections and the direction of electron flow for a tetrode are shown in 
Fig. 14-10. 

Interelectrode Capacitance and Its Effects. In any tube, the electrodes 
act as conductors and the space between the electrodes acts as an insula-
tor; therefore a capacitance will exist between each pair of electrodes. 
These capacitances, known as interelectrode capacitances, may form unde-
sired paths through which current can flow (Fig. 14-11). 
The capacitance between the grid and plate is generally the most trouble-

some. This capacitance causes some of the energy of the plate circuit to be 
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Fig. 14-10 Circuit diagram for a tetrode showing Fig. 14-1 1 Interelectrode capaci-

the electron flow and the proper connection for tances of a triode. 

the screen grid. 

applied to the grid circuit. The energy transferred from the output to the 
input circuit is called feedback. If the output circuit contains resistance 
load, the feedback voltage will be 180° out of phase with the input volt-
age and therefore will reduce the effect of the input signal; this is called 
degeneration or negative feedback When the output circuit load is induc-
tive, the feedback voltage will be in phase with the input voltage and 
therefore will increase the effect of the input signal; this is called regenera-

tion or positive feedback. 
The amount of feedback caused by the interelectrode capacitance is 

usually very small at audio frequencies because the capacitive reactance at 
these frequencies is very high. At radio frequencies, however, the capaci-
tive reactance becomes much lower and the feedback may reach an amount 
sufficient to cause trouble in the operation of the circuit. 

Positive feedback has the advantage of increasing the gain of a circuit 
but has the disadvantage of causing distortion. Negative feedback has the 
advantage of reducing distortion but has the disadvantage of causing a 
reduction in the voltage gain of the circuit. If either regeneration or degen-
eration gets out of control, the tube no longer operates successfully as an 

amplifier. 
Elimination of Feedback by Use of a Screen Grid. The capacitance 

between the control grid and the plate of a triode can be reduced to 
a negligible amount by adding a fourth electrode or screen grid. The screen 
grid is mounted between the control grid and the plate and acts as an elec-
trostatic shield between the two, thus reducing the control-grid-to-plate 
capacitance. Connecting a bypass capacitor between the screen grid and 
the cathode will increase the effectiveness of the shielding action. 
The screen grid also reduces the space charge. Since the screen grid is 

situated between the control grid and the plate and has a positive poten-
tial, the electrons coming from the cathode receive added acceleration on 
their way to the plate and the tendency to form a space charge is reduced. 
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14-6 The Pentode 

The Suppressor Grid. A tube with five electrodes—namely, a cathode, 
three grids, and a plate—is called a pentode or five-electrode tube. The 
fifth electrode is an extra grid called the suppressor grid. The electrodes of 
the pentode are arranged with the cathode at the center and surrounded 
by the control grid, the screen grid, the suppressor grid, and the plate, in 
the order named. The circuit connections and the direction of electron flow 
for the pentode are shown in Fig. 14-12. 
The suppressor grid consists of a spiral-wound wire or a coarse-mesh 

screen placed between the screen grid and the plate. When the various 
grids of the tube are in the form of a screen, the control grid is of a very 
fine mesh so that small changes in control-grid voltage will produce rela-
tively large changes in plate current and consequently will produce a high 
value of transconductance for the tube. The screen grid is of a somewhat 
coarser mesh so that it will not appreciably affect the flow of electrons to 
the plate, its purpose being largely to reduce the control-grid-to-plate 
capacitance. The suppressor grid is of a coarser mesh so that it will not 
retard the flow of electrons to the plate while serving its function of pre-
venting the secondary emission from reaching the screen grid. In some 
pentodes the suppressor grid is internally connected to the cathode, while 
in others the suppressor grid is brought out as a separate terminal. 

Action of the Suppressor Grid. In pentodes, the suppressor grid is added 
to prevent the secondary electrons from traveling to the screen grid. In 
order to accomplish this the suppressor grid is connected directly to the 
cathode. Being at cathode potential, the suppressor grid is negative with 
respect to the plate, and because it is close to the plate, it will repel the 
secondary electrons and drive them back into the plate. 

Uses of Pentodes. Pentode tubes can be used as either voltage or power 
amplifiers. In power pentodes, a higher power output is obtained with 
lower grid voltages. Pentodes used as r-f amplifiers give a high voltage 
amplification when used with moderate values of plate voltage. 
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Fig. 14-13 Family of plate characteristic curves for a pentode. 
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14-7 Multiunit Tubes 

When a tube contains within one envelope two or more groups of elec-
trodes associated with independent electron streams, it is called a multiunit 
tube. In general, the combinations are easily identified by the names given 
to the tubes, such as duplex-diode, twin-triode, duplex-diode-triode, diode-
triode-pentode, and rectifier-beam power amplifier (Fig. 14-14). In most 
cases a single cathode is used for all the units in a tube, although in some 
types separate cathodes are provided for each unit. 

DUO-DIODE DUO-DIODE 

TWIN TRIODE TWIN PENTODE 

DUPLEX-DIODE 
TRIODE 

DUO-DIODE TWIN TRIODE TWIN TRIODE 

DIODE PENTODE DIODE PENTODE TRIODE PENTODE 

DUPLEX-DIODE DIODE TRIODE PENTAGRID PENTAGRID MIXER 
PENTODE PENTODE CONVERTER AMPLIFIER 

Fig. 14-14 Base diagrams for various types of multiunit tubes. 
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Fig. 14-15 Tube base and socket connections. (a) Standard four-pin base. (b) Standard 

five-pin base. (c) Standard six-pin base. (d) Standard seven-pin base. (e) Eight-pin loktal 

base. (f) Eight-pin octal base. (g) Nine-pin miniature base. (h) Seven-pin miniature base. 

14-8 Tube Bases and Socket Connections 

Methods of Identifying Socket Connections. The method of numbering 
the socket or tube-base connections for the early tube types is shown in 
Fig. 14-15. In this system, the filament or heater pins of the tube and the 
corresponding holes in the socket are larger in diameter than the others 
and are generally shown at the bottom of the diagram. The lower left-hand 
pin is designated as number 1, and the remaining pins are numbered con-
secutively in a clockwise direction. The order in which the tube elements 
are arranged varies with the tube types and may be obtained from a tube 
manual. 

Metal and other octal-base tubes all use the same eight-pin socket. The 
octal socket, as it is commonly called, has eight equally spaced holes 
arranged in a circle. All the holes in the socket are of the same size, and in 
order to ensure correct placement of the tube in the socket, a large center 
hole with an extra notch is provided. The socket connection to the left of 
the centering notch is designated as number 1, and the remaining connec-
tions are numbered consecutively up to 8. The pins in the base of the tube 
are all of equal size and are arranged in a circle. A large insulated pin, pro-
vided with a centering key to fit the notch on the socket, is located in the 
center of the tube base. Some tubes using octal sockets have only six 
or seven pins, while others have eight. The six or seven pin bases merely 
omit one or two of the eight pins according to the number used. This, 
however, does not alter the numbering system for the socket connections. 
The order in which the tube elements are arranged varies with tube types 
and may be obtained from a tube manual. The loktal socket has an eight-
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pin base similar to the octal socket with the following differences: (1) the 
holes are smaller, and (2) provision is made for locking the tube in the 
socket. Miniature tubes are made with either a seven- or nine-pin base 
(Fig. 14-15). The miniature tube (Fig. 14-9) has a thin glass base, called a 
button base, and its socket is called a button socket. 

14-9 Voltage Amplification per Stage 

Equivalent Amplifier Circuits Using Triodes. It has been shown that the 
grid of a tube is IL times as effective in controlling the plate current as is 
the plate. When an alternating signal voltage eg is applied to the grid of a 
tube, the plate circuit may be considered as containing a generator of —get, 
volts in series with the plate resistance rp and the output impedance Zg. 
This principle is a basis for calculating the operating characteristics of an 
amplifier circuit. The output voltage — !leg is negative because of the phase 
reversal (Art. 14-3). 
The vacuum tube used in an amplifier circuit can therefore be consid-

ered as a generator whose output voltage is equal to —peg. An equivalent 
electrical circuit can be drawn for an amplifier circuit by substituting 
a generator for the vacuum tube. The equivalent electrical circuit for the 
elementary amplifier circuit of Fig. 14-16 is shown in Fig. 14-17a. This 
type of equivalent circuit is referred to as the constant-voltage-generator 
form and is convenient for studying the operating characteristics of ampli-
fier circuits using triodes. The a-c component of the plate current flowing 
in this circuit is 

ip =  Peg (14-7) 
-I- rp 

The voltage developed across the load impedance by this current will 
then be 

ep = ipZ0 (14-8) 

Substituting Eq. (14-7) in Eq. (14-8), 

µ,e9Z0  
e = 
P Z o ± rp 

Fig. 14-16 Elementary voltage-amplifier 0--i-111 

circuit. Ecc 

_ IIIIII 

Ebb 

o 

(14-9) 

eo 
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The voltage amplification of the circuit then becomes 

VA = 

and VA = 

µepZ,  
ep = Zo -F rp  

er, e 

µZo  
Zo rp 

When the output impedance consists only of resistance, resistance-
capacitance (R-C) coupled amplifier circuits, or a tuned amplifier circuit in 
which the reactive effects cancel one another so that the resultant imped-
ance is only resistance, the output impedance Zo will be equal to Ro. Under 
these conditions, Eqs. (14-7), (14-9), and (14-11) become 

(14-10) 

Peg  
ip = Ro rp (14-12) 

PegRo  
ep = Ro rp (14-13) 

VA —  ten' (14-14) 
Ro r, 

Relation among rp, Zo, and the Voltage Amplification. The maximum 
theoretical value of voltage amplification per amplifier stage is indicated by 
the amplification factor of the tube. However, this theoretical maximum 
value cannot be obtained in practical amplifier circuits, as the voltage 
amplification is limited by the plate resistance of the tube and the imped-
ance of the load. 

In order to obtain the maximum voltage amplification per stage with 
tubes having approximately the same amplification factor, a tube having 
the lowest plate resistance should be used. This is shown by Eqs. (14-11) 
and (14-14), which indicate that for a definite plate load the voltage ampli-
fication will increase as the plate resistance is decreased. This should not 
be confused with the maximum power output, which occurs when Zo or 
Ro is equal to rp. These two equations also show that for given values of 

rp 

(a) (h) 

Fig. 14-17 Equivalent circuit for the elementary amplifier circuit of Fig. 14-16. (a) Con-

stant-voltage-generator form. (b) Constant-current-generator form. 
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plate resistance and amplification factor of a tube, the voltage amplifica-
tion of a circuit will increase if the value of the load impedance is increased. 

Equivalent Amplifier Circuits Using Pentodes. The maximum voltage 
amplification of a circuit using a low-mu triode can be made almost equal 
to its amplification factor because of the comparatively low values of plate 
resistance obtainable in low-mu triode-amplifier tubes. In amplifier circuits 
using high-mu triodes, tetrodes, and pentodes the values of plate resistance 
are so high that the amount of voltage amplification obtainable is but 
a fraction of the amplification factor of the tube used. The large difference 
between the voltage amplification of the circuit and the amplification fac-
tor of these tubes is due to the high values of the plate resistance and the 
comparatively low values of plate-load impedance that must be used for 
practical amplifier circuits. When the ratio between the plate resistance 
and the load impedance becomes great, the transconductance of the output 
circuit approaches the value obtained when the load impedance is practi-
cally zero. The voltage amplification of the circuit will then be dependent 
on the value of the transconductance of the tube rather than on its ampli-
fication factor. This can be seen if Eqs. (14-7), (14-9), and (14-11) are 
expressed in terms of the transconductance instead of the amplification fac-
tor. Substituting Eq. (14-4) in Eq. (14-7) and regrouping the terms, 

rp 
ip = gmeg— Zo (14-15) 

+ r,, 

Substituting Eq. (14-4) in Eq. (14-9) and regrouping, the voltage across the 
load impedance then becomes 

r..i' -Z. 
ep = ene,  zo±rp (14-16) 

Substituting Eq. (14-4) in Eq. (14-11) and regrouping, the voltage ampli-
fication of the circuit then becomes 

VA = gm  z oo ± rp (14-17) 

When the terms in Eq. (14-17) are rearranged, the output impedance 
required to produce a definite value of voltage amplification may be 
found by 

Z 
VAr 

oP = (14-18) 
gmrp — VA 

Equation (14-16) shows that applying a signal voltage eg to the input cir-
cuit of a tube may be considered the same as though the tube generated a 
current equal to —gmeg that is made to flow through a parallel circuit 
formed by the plate resistance rp and the load impedance Zo. Thus an 
amplifier circuit may also be considered in the form shown in Fig. 14-17b, 
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generally called the constant-current-generator form. This type of circuit 
is convenient for studying the operating characteristics of amplifier circuits 
using high-mu tubes. 
The impedance of a tuned circuit at its resonant frequency has the 

effect of only resistance. When the load in the plate circuit of an r-f ampli-
fier tube is a tuned circuit, the effective output impedance Zo at resonance 
will have the effect of only resistance and can therefore be added arithmet-
ically to the plate resistance rp in Eqs. (14-15) to (14-17). 

Voltage Amplification Calculations. All the equations presented in this 
article are interrelated, and the following examples illustrate their 
applications. 

EXAMPLE 14-6 A certain triode, used as a voltage amplifier, has a plate resistance of 
85,000 ohms and an amplification factor of 100 when operated with 100 volts on its 
plate and a grid bias of 1 volt. What is the voltage amplification of an amplifier stage 
using such a tube under these operating conditions when the load resistance is 
65,000 ohms? 

GIVEN: r„ = 85,000 ohms R„ = 65,000 ohms tt = 100 

FIND: VA 

SOLUTION: 

VA =  µR° 100 x 65,000  43.3 
R. -I- rp = 65,000 + 85,000 = 

EXAMPLE 14-7 A 1-volt a-c signal (maximum value) is applied to the input side of the 
tube and amplifier circuit of Example 14-6. (a) What is the a-c component of 
the plate current? (b) What amount of voltage will be developed across the out-
put load resistor? 

GIVEN: e„ = 1 volt (max) = 100 r19 — 85 000 ohms R,, = 65,000 ohms 

FIND: (a) ip (b) e, 

SOLUTION: 

ip = = 100 X 1  = 0.000666 amp = 0.666 ma (max) (a) 
Ro r„ 65,000 -I- 85,000 

(b) ep = VA x = 43.3 x 1 = 43.3 volts (max) 

or ep = it,R„ = 0.666 x 10-3 x 65,000 = 43.3 volts (max) 

EXAMPLE 14-8 A certain pentode is operated as a voltage amplifier. The trans-
conductance of the tube is 1,575 gmhos and the plate resistance is 700,000 ohms 
when the tube is operated with 100 volts on the plate, 100 volts on the screen grid, 
and with a grid bias of 3 volts. (a) If the plate load is a tuned circuit, what must its 
effective impedance be in order to obtain a voltage amplification per stage of 90? 

(b) What is the a-c component of the plate current when a 20-mv a-c signal is 
applied to the grid circuit of the tube? (c) What amount of voltage will be developed 
across the output load resistor? 
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GIVEN: g,,„ = 1,575 µmhos ri, = 700,000 ohms VA = 90 e, = 20 mv 

FIND: (a) Zo (b) i„ (c) e„ 

SOLUTION: 

VA ro  90 x 700,000  Z = — = 62,222 ohms 
° g„,rp — VA — (1,575 x 10-6 X 700,000) — 90 

ip = gme, = 1,575 x 10-6 X 20 x 10-3 x 7 x 105  
62,222 + 700,000 — 28.9 µa 

ep = ipZ, = 28.9 x 10-6 x 62,222 = 1.798 volts 

ep = VA et,=90X20X10-3 = 1.8 volts 

14-10 Gas Tubes 
Types of Cathodes. In the manufacture of high-vacuum tubes, as much 

of the air as possible is removed from inside the envelope. In the manufac-
ture of gas-filled tubes, a high-vacuum tube is first produced and then gas 
is added under low pressure. The gases most frequently used are argon, 
neon, xeon, and mercury vapor. 
Two basic types of gas-filled tubes are used: (1) the hot-cathode type and 

(2) the cold-cathode type. In the hot-cathode type, the cathode is heated in 
the same manner as thermionic vacuum tubes; in the cold-cathode type, 
the cathode is not purposely heated but may become hot as it is bombarded 
by moving particles. The symbolic representation of several types of gas-
filled tubes is shown in Fig. 14-18. The small dot within the circle indicates 
that the tube is gas filled. 

Electrical Conduction in Gas-filled Tubes. In a gas-filled tube, the 
electron stream from the cathode will encounter gas molecules on its way 
to the plate. When an electron collides with a gas molecule, the energy 
transmitted by the collision may cause the molecule to release an electron. 
This free electron may then join the original stream of electrons moving 
toward the plate and thus is capable of releasing other electrons through 

( a) bl 
Cold -cathode types 

lc (d) 
Hot -cathode types 

Fig. 14-18 Symbolic representation of several types of gas-filled tubes. (a) Voltage-

regulator. (b) Neon-glow. (c) Gas-diode. (d) Thyratron. 
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collision with other gas molecules. This process, which is cumulative, is 
called ionization. The molecule that has lost an electron is called a positive 
ion. The tube in its ionized state contains gas molecules, positive ions, and 
free electrons within its envelope. The heavier positive ions are attracted 
toward the negative cathode, and while moving toward it they attract elec-
trons from the space charge. The positive gas ions in the vicinity of 
the cathode also neutralize a portion of the space charge. Electrons will 
therefore flow from cathode to plate in a gas tube with less opposition than 
in a high vacuum tube. 
A voltage source between the plate and cathode supplies the energy 

required to dislodge electrons from their atomic orbits to produce ionization. 
There is a definite voltage value for each type of gas-filled tube at which 
ionization starts. At the instant ionization occurs, large currents will flow at 
relatively low values of plate voltage. The voltage at which ionization com-
mences is called ionization potential, striking potential, or firing point. 
After ionization has started, the action is maintained even at a voltage con-
siderably lower than the firing point. However, a minimum amount of volt-
age is required to maintain ionization. Should the voltage across the tube 
drop below this minimum value, the gas will deionize and conduction will 
stop. The voltage at which current ceases to flow is called the deionizing 
potential or the extinction potential. 
A gas-filled tube has almost infinite resistance before ionization and 

a very low resistance after ionization. This characteristic makes possible its 
use as an electronic switch that closes at a certain value of voltage and 
permits current to flow and opens at some lower value of voltage and 
blocks the flow of current. 

Cold-cathode Gas Diodes. In this type of tube, the structure of the 
electrodes may be such that (1) current is permitted to flow in only 
one direction, as in the voltage-regulator tube of Fig. 14-18a, or (2) the 
cathode and plate may have the same size and shape to permit the tube to 
conduct in either direction, as in the neon-glow lamp of Fig. 14-18b. 
In this type of tube, the cathode is not heated; hence no electrons are 
emitted to aid in the ionization process. However, some ions and free elec-
trons are always present in gases in their normal state. When a positive 
potential is applied to the plate, the free electrons and negative ions 
will drift toward the plate while the positive ions will move toward the 
cathode. During the movement of these charged particles, numerous colli-
sions will take place, resulting in the release of additional electrons and the 
production of additional ions. Since this process is cumulative, ionization 
eventually takes place. However, the firing potential for this type of tube 
will be much higher than for a hot-cathode gas tube. 

Voltage Regulation. The characteristics of the cold-cathode gas diode 
may be used to obtain voltage regulation. The voltage-regulator tube 
of Fig. 14-19 will maintain the output voltage relatively constant regardless 
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tT 

Fig. 14-19 Voltage-regulator circuit. 

of variations in load current or input voltage. When the load current 
increases, the voltage drop across the limiting resistor R also increases and 
reduces the voltage across the tube. A reduction of the tube voltage 
will cause a decrease in the tube current, which, in turn, decreases the 
voltage drop across R. The voltage across the tube will therefore remain 
almost constant. When the input voltage varies, the degree of ionization and 
the tube resistance will change, which in turn maintains a constant voltage 
across the tube. Since the tube is across the output resistor RL, the voltage 
of ET will be equal to E0. 

Hot-cathode Diodes. Most high-vacuum diodes draw currents of less 
than 1 amp, while some gas-filled diodes are capable of handling currents 
of several hundred amperes. The gas-filled diode is therefore used when-
ever large quantities of rectified current are required. The gas used in this 
type of rectifier may be any one of the gases previously mentioned; how-
ever, mercury vapor is most commonly used. A small amount of liquid 
mercury is vaporized by the hot cathode, causing mercury vapor to form 
inside the tube. These tubes are not capable of supplying their rated out-
put until all the mercury has been completely vaporized. Before the tube 
starts conducting, the relatively high voltage between the plate and cathode 
causes a large increase in the electron velocity. These high-velocity electrons 
cause the gas ions to acquire a higher positive charge, thus causing them to 
bombard the cathode with greater impact. If this action is permitted 
to continue for even a short period of time, the force of this bombardment 
is high enough to disintegrate the surface of the emitter. Therefore the 
plate voltage should not be applied until the tube has had sufficient time 
for the mercury to become completely vaporized. 

Thyratrons. Adding a control grid to the hot-cathode gas diode produces 
a gas-filled triode, called a thyratron. The function of the grid in this tube 
is similar to that of the control grid in a vacuum tube, but the resultant 
control action is entirely different. The grid-control action of a typical 
thyratron is shown in Fig. 14-20. From this curve, it can be seen that, 
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if the grid bias is — 10 volts and 800 volts is applied to the plate, conduc-
tion will not start until the grid bias is reduced to approximately — 8 volts, 
and if only 200 volts is applied to the plate, the grid bias must be reduced 
to approximately — 3 volts. When conduction starts, (1) positive ions 
are formed as a result of the collisions between electrons and gas molecules, 
(2) some of these positive ions are attracted to the negative grid and form 
a positive-ion sheath around it, and (3) some of the positive ions move 
toward the cathode and neutralize the space charge. As a result of these 
three actions, the grid loses control and the current rises rapidly to a 
high value. 

Because of its grid-control action, thyratrons have many practical 
applications in industry. They may be used as (1) controlled rectifiers 
to supply variable direct current or voltage from an a-c power source; 
(2) inverters to supply a-c power from a d-c power source; (3) electronic 
switches in counting, triggering, and control circuits; (4) frequency changers; 
(5) sawtooth generators. 

14-11 Photoftibes 

Principle of Operation. A photoelectric tube, commonly called a photo-
tube, is capable of converting light energy directly into electrical energy. 
When energy in the form of light strikes a photosensitive metal, electrons 
are emitted from this metal under the impact of the energy of the light rays. 
This method of producing electron emission is called photoelectric emission 
and is the basic principle of operation of phototubes. 

Construction. The basic phototube consists of two electrodes that are 
placed in an evacuated glass envelope. One of the electrodes emits electrons 
when light rays strike its surface, and it is called the cathode. The other 
electrode attracts these electrons to it when a positive voltage is applied to 
its terminal, and it is called the plate. The plate usually consists of a small 
rod that is placed in the center of the tube. The cathode is a half cylinder 
that is placed in the tube so that it surrounds the plate. The inside surface 
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of the cathode is covered with multiple layers of a photosensitive metal 
such as cesium. 
The sensitivity of a phototube is dependent on the frequency, or color, 

of the light used to excite the cathode. Phototubes are manufactured 
to provide sensitivity characteristics for different types of application. For 
example, some tubes are designed to be sensitive to blue light, some to red 
light, while others have response characteristics that are similar to those of 
the human eye. 
Vacuum and Gas Phototubes. Phototubes may be obtained with a high 

vacuum or be gas filled. The amount of current that a phototube is capable 
of passing for a given amount of cathode illumination is higher for gas-
filled tubes, because of ionization, than for vacuum tubes. The positive gas 
ions will also strike the cathode and thus produce an appreciable amount 
of secondary emission that will also increase the sensitivity of the tube. Gas 
phototubes are therefore generally used where high-sensitivity require-
ments are important, such as the reproduction of sound from sound-motion-
picture film. Vacuum phototubes are more stable and less easily damaged, 
have a higher internal resistance, and are used for light-operated relay 
applications. 

QUESTIONS 

1. What are the important characteristics of electron tubes? 
2. Define the following terms: (a) cathode, (b) filament, (c) heater, (d) directly 

heated cathode, (e) indirectly heated cathode. 
3. Explain the purpose and theory of operation of (a) the cathode, (b) the heater. 
4. (a) What are the advantages of directly heated cathodes? (b) Where are they 

generally used? 
5. What are the advantages of indirectly heated cathodes? 
6. Explain the following terms: (a) plate, (b) diode, (c) duodiode. 
7. Explain the rectifier action of a diode. 
8. Explain the following terms: (a) space charge, (b) emission current, (c) saturation 

current. 
9. Explain the following terms: (a) control grid, (b) triode, (c) grid bias. 

10. Draw a circuit diagram for a triode showing the connections for the heater, plate, 
and grid-bias power supplies. Indicate the direction of the electron flow on 
the diagram. 

11. Explain the action of the triode. 
12. Explain the action of a triode for the following conditions: (a) grid bias but 

no signal input, (b) grid bias and a varying signal input, (c) positive grid voltage. 
13. In the circuit of Fig. 14-5, what is the phase relation between the following 

quantities: (a) e, and Sb? (b) e„ and eb? (c) eb and ib? 
14. Why should the grid bias of a tube always be greater than the maximum value of 

the input signal voltage? 
15. What are the advantages of characteristic curves over the tabular listing of tube 

characteristics? 
16. (a) What is meant by the tube constants? (b) Name the three tube constants. 
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17. (a) What does the amplification factor of a tube represent? (b) What factors affect 
the amplification factor of a tube? 

18. (a) What does the plate resistance of a tube represent? (b) What factors affect the 
plate resistance of a tube? 

19. (a) What does the transconductance of a tube represent? (b) What factors affect 
the transconductance of a tube? 

20. What is the relation between the transconductance of a tube and its operating 
characteristics? 

21. (a) What is a tetrode? (b) Describe the location and construction of the screen grid. 
22. (a) What is meant by interelectrode capacitance? (b) Why is it necessary to keep 

these capacitances at a minimum? 
23. What is meant by (a) regeneration? (b) Degeneration? 
24. How does the addition of a screen grid eliminate feedback? 
25. (a) What is a pentode? (b) Describe the location and construction of the 

suppressor grid. 

26. (a) What is meant by multiunit tubes? (b) What are their advantages? 
27. Describe two systems of tube-pin and socket-connection numbering. 
28. (a) Describe the constant-voltage-generator form of equivalent vacuum-tube 

circuit. (b) When is this type of equivalent circuit most useful? 
29. (a) What is meant by the voltage amplification per stage? (b) How does the maxi-

mum possible voltage amplification of a triode amplifier stage compare with the 
amplification factor of the tube? 

30. (a) How does a variation in the plate resistance affect the voltage amplification of 
the stage? (b) How does a variation in the load impedance affect the voltage 
amplification of the stage? 

31. (a) Describe the constant-current-generator form of equivalent vacuum-tube 
circuit. (b) When is this type of equivalent circuit most useful? 

32. Describe what is meant by (a) a hot-cathode gas tube, (b) a cold-cathode 
gas tube. 

33. Explain the following terms: (a) ionization, (b) positive ion, (c) firing point, 
(d) extinction potential. 

34. Describe the electric conduction in a cold-cathode gas diode. 
35. Explain how a cold-cathode gas diode may be used as a voltage regulator. 
36. Describe the electric conduction in a hot-cathode gas diode. 

37. (a) Explain the operation of a thyratron. (b) Name five applications of the 
thyratron. 

38. Explain what is meant by (a) a phototube, (b) photoelectric emission. 
39. Describe the construction of a basic phototube. 

40. What are the characteristics of (a) vacuum phototubes? (b) Gas-filled phototubes? 

PROBLEMS 

1. A high-mu triode is operated at its normal heater voltage, a grid bias of 1.75 volts, 
and a plate potential of 220 volts. Determine the amplification factor if the 
characteristics of this tube are such that (1) the plate current is 2 ma when 
eb = 200 volts and ec = —1.5 volts and (2) when the plate voltage is increased to 
240 volts, the grid bias has to be increased to 2 volts in order to maintain 
the plate current at 2 ma. 
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2. A sharp-cutoff beam triode is operated at its normal heater voltage, a grid bias of 
4.5 volts, and a plate potential of 22,500 volts. Determine the amplification factor 
if the characteristics of this tube are such that (1) the plate current is 2.0 
amp when et, = 20,000 volts and ee = -3.25 volts and (2) when the plate 
voltage is increased to 25,000 volts, the grid bias has to be increased to 5.75 volts 
in order to maintain the plate current at 2 amp. 

3. Determine the plate resistance of the electron tube used in Prob. 1 if the 
characteristics of this tube are such that (1) if the plate voltage is decreased 
to 200 volts, the plate current will be 1.6 ma; (2) if the plate voltage is increased 
to 240 volts, the plate current will increase to 2.4 ma; and (3) the grid bias 
is maintained at 1.75 volts. 

4. Determine the plate resistance of the electron tube used in Prob. 2 if the 
characteristics of this tube are such that (1) if the plate voltage is decreased 
to 20,000 volts, the plate current will be 0.75 amp; (2) if the plate voltage 
is increased to 25,000 volts, the plate current will increase to 1.5 amp; and 
(3) the grid bias is maintained at 7.0 volts. 

5. Determine the transconductance of the electron tube used in Prob. 1 if the 
characteristics of this tube are such that (1) if the grid bias is decreased to 
1.5 volts, the plate current will be 2.2 ma; (2) if the grid bias is increased 
to 2.0 volts, the plate current will decrease to 1.5 ma; and (3) the plate voltage is 
maintained at 220 volts. 

6. Determine the transconductance of the electron tube used in Prob. 2 if the 
characteristics of this tube are such that (1) if the grid bias is decreased to 
3.75 volts, the plate current will be 2.12 amp; (2) if the grid bias is increased to 
5.25 volts, the plate current will decrease to 1.62 amp; and (3) the plate voltage 
is maintained at 22,500 volts. 

7. An electron tube when operated with 200 volts at its plate and with a grid bias of 
2 volts has a plate resistance of 50,000 ohms and an amplification factor of 70. 
Determine the transconductance of this tube for these conditions. 

8. What is the transconductance of each section of a twin triode when it is operated 
at such values of voltage that its amplification factor is 20 and its plate resistance 
is 6,450 ohms? 

9. When the tube of Prob. 7 is operated with 100 volts at its plate and with a grid 
bias of 1 volt, its plate resistance is 53,000 ohms and its transconductance is 1,400 
µmhos. Determine the amplification factor of this tube for these conditions. 

10. What is the amplification factor of each section of a twin triode when it is 
operated at such values of voltage that its plate resistance is 15,000 ohms and its 
transconductance is 4,000 µmhos? 

11. When the tube of Prob. 7 is operated with 200 volts at its plate and with a grid 
bias of 1 volt, its transconductance is 2,500 µmhos and its amplification factor is 80. 
Determine the plate resistance of this tube for these conditions. 

12. What is the plate resistance of each section of a twin triode when it is operated 
at such values of voltage that its transconductance is 6,000 µmhos and its ampli-
fication factor is 36? 

13. A certain triode, used as a voltage amplifier, has a plate resistance of 36,000 ohms 
and an amplification factor of 80 when operated with 150 volts on its plate and a 
grid bias of 1.5 volts. What is the voltage amplification of an amplifier stage using 
such a tube under these operating conditions when the load resistance is 64,000 
ohms? 
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14. A certain triode, used as a voltage amplifier, has a plate resistance of 6,500 ohms 
and an amplification factor of 20 when operated with 250 volts on its plate and a 
grid bias of 2 volts. What is the voltage amplification of an amplifier stage using 
such a tube under these operating conditions when the load resistance is 13,500 
ohms? 

15. A 0.5-volt a-e signal (maximum value) is applied to the input side of the tube and 
amplifier circuit of Prob. 13. (a) What is the a-c component of the plate current? 
(b) What amount of voltage will be developed across the output load resistor? 

16. A 1.5-volt a-c signal (maximum value) is applied to the input side of the tube and 
amplifier circuit of Prob. 14. (a) What is the a-c component of the plate current? 
(b) What amount of voltage will be developed across the output load resistor? 

17. It is desired that the amplifier stage used in Prob. 13 produce a voltage amplifi-
cation of 60. What value of load resistance is required if all other operating 
values are maintained the same as in Prob. 13? 

18. It is desired that the amplifier stage used in Prob. 14 produce a voltage amplifi-
cation of 15. What value of load resistance is required if all other operating 
values are maintained the same as in Prob. 14? 

19. A 0.5-volt a-e signal (maximum value) is applied to the input side of the tube and 
amplifier circuit of Prob. 17. (a) What is the a-c component of the plate current? 
(b) What amount of voltage will be developed across the output load resistor? 

20. A 1.5-volt a-c signal (maximum value) is applied to the input side of the tube and 
amplifier circuit of Prob. 18. (a) What is the a-c component of the plate current? 
(b) What amount of voltage will be developed across the output load resistor? 

21. A certain pentode is operated as a voltage amplifier. The operating voltages 
at this tube are such that gm = 1,265 µmhos and rp = 300,000 ohms. (a) If the 
plate load is a tuned circuit, what must be its effective impedance in order 
to obtain a voltage amplification per stage of 80? (b) What is the a-c component 
of the plate current when a 100-mv a-c signal is applied to the grid circuit of the 
tube? (c) What amount of voltage will be developed across the output load 
impedance? 

22. A certain pentode is operated as a voltage amplifier. The operating voltages 
at this tube are such that gm = 11,000 µmhos and rp = 90,000 ohms. (a) If the 
plate load is a tuned circuit, what must be its effective impedance in order 
to obtain a voltage amplification per stage of 70? (b) What is the a-c component 
of the plate current when a 50-mv a-c signal is applied to the grid circuit of the 
tube? (c) What amount of voltage will be developed across the output load 
impedance? 

23. The load impedance of the pentode amplifier circuit of Prob. 21 is increased to 
100,000 ohms. If the operating voltages are maintained the same as in Prob. 21, 
determine (a) the voltage amplification per stage, (b) the a-c component of 
the plate current when a 100-mv a-c signal is applied to the grid circuit of 
the tube, (c) the amount of voltage developed across the output load impedance. 

24. The load impedance of the pentode amplifier circuit of Prob. 22 is increased to 
7,500 ohms. If the operating voltages are maintained the same as in Prob. 22, 
determine (a) the voltage amplification per stage, (b) the a-c component of 
the plate current when a 50-mv a-c signal is applied to the grid circuit of 
the tube, (c) the amount of voltage developed across the output load impedance. 



Chapter 15 
Transistors 

A transistor is basically a resistor that amplifies electrical impulses as 
they are transferred through it from its input to its output terminals. The 
name transistor is derived from the words transfer and resistor. The tran-
sistor has many advantages among which are its (1) low current requirement, 
(2) small size, (3) light weight, (4) long operating and shelf life, (5) elimina-
tion of warm-up time, (6) mechanical strength, and (7) photosensitivity. 
Transistors may be considered as a circuit element in the same manner as 
electron tubes. 

1 5-1 Transistors 

The transistor is a solid-state electronic device whose operation depends 
on the flow of electric charges carried within the solid. Two fundamental 
actions are involved: (1) generation of carriers within the solid and (2) con-
trol of these carriers within the solid. 
A triode junction transistor consists of a single crystal, the leads, and an 

envelope. The crystal is essentially a three-layer unit. However, the layers 
are not separate pieces but are areas within the crystal which have slightly 
different electrical characteristics. Transistors are made from a semiconductor 
whose electrical properties are midway between that of a conductor such 
as silver and an insulator such as porcelain. A semiconductor under one 
condition may act as a conductor allowing an easy flow of current, while 
under another condition it may act as an insulator and virtually block the 
flow of current. 

In a conductor, an electric current is thought of only as the movement 
of free electrons along the conductor. In a semiconductor, current consists 
of the movement of free electrons and holes. When an electron leaves an 
atom, the resulting charge on the atom is positive. The absence of an elec-
tron from the atomic structure in a crystal is referred to as a hole. The 
application of an electric field will cause electrons and holes to drift in 
opposite directions. The holes being positively charged will drift toward 
the negative terminal, while the electrons being negatively charged will 
drift toward the positive terminal. 

573 
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15-2 Physical Concepts of Solids 

Conductors and Insulators. Solids having a low electrical resistivity at 
room temperature are called conductors. The solids in this group include 
most of the common metals such as copper, aluminum, and silver. The 
resistivity of copper is of the order of 1.6 x 10-8 ohm per centimeter cube. 
Solids having a high electrical resistivity at room temperature are called 
insulators. Their resistivity is of the order of 109 to 1018 ohms per centimeter 
cube. Examples of solids in this group are porcelain, quartz, glass, and mica. 

Semiconductors. Solids having a value of resistivity midway between 
that of conductors and insulators are called semiconductors. Their resistivity 
varies nonlinearly with temperature changes, and these solids may possess 
either a positive or negative temperature coefficient. The resistance char-
acteristics depend largely upon the amount of impurities in the material. 
Examples of solids in this group are elements such as germanium and 
silicon and compounds such as zinc oxide and copper oxide. 
When the particle concentration in a given semiconductor consists of 

both electrons and holes in approximately equal numbers, the material is 
called an intrinsic semiconductor. When the holes predominate, the material 
is called a positive or P-type semiconductor. When the electrons predomi-
nate, the material is called a negative or N-type semiconductor. An intrinsic 
semiconductor may be given P- or N-type characteristics by adding various 
substances called impurities to the base material. 
Energy Levels. In order for conduction to take place, there must be 

a movement of electrons. In atomic theory, the electrical properties of the 
elements are explained by the concept of energy bands. The electrons in 
the outer orbit of an atom can be moved with the least amount of energy 
and are called valence electrons. Valence electrons have definite energy 
levels or bands (Fig. 15-1), and the conductivity of an element is determined 
by the energy required to move its valence electrons from their normal 
energy level, or valence band, to their highest energy level, the conduction 
or energy band. The distance a valence electron moves in its travel from 
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Fig. 15-1 Energy and valence bands. (a) Conductor. (b) Insulator. (c) Semiconductor. 
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the valence band to the energy band varies with each type of atom. The 
energy gap separating the valence and conduction bands in an insulator is 
extremely large, and it is very difficult for a valence electron to reach the 
energy band. In a conductor the valence and energy bands overlap, 
and the valence electrons are available for conduction. In a semiconductor 
the energy gap is very small, and the thermal energy of the valence elec-
trons at room temperature is sufficient to permit an appreciable amount of 
conduction. Because an electron cannot remain in the space between the 
valence and energy bands, this region is sometimes referred to as the 
forbidden zone. 

15-3 Conduction in Crystals 
Conduction. In a semiconductor the atoms of the material form a lattice 

structure called a crystal. A crystal may be (1) intrinsic, that is, having 
approximately equal numbers of positive and negative charges, (2) N-type, 
that is, having an excess of negative charges or electrons, or (3) P-type, that is, 
having an excess of positive charges or holes (Fig. 15-2). Conduction may 
take place in a crystal by the movement of either electrons or holes. 
In negative conduction the electrons flow toward the positive terminal of 
the power source, while in positive conduction the holes flow toward the 
negative terminal of the power source. 

Carbon as a Crystal. Carbon in its common (noncrystalline) form is 
a conductor; its atomic structure is shown in Fig. 2-2. Carbon is also found 
in crystallized form as the diamond. Although carbon and the diamond 
have the same atomic structure, carbon is a conductor and the diamond is 
an insulator. The difference in their electrical conductivity is explained by 
the actions of their valence electrons. In ordinary carbon the atom has four 
valence electrons that can move quite freely from one atom to another to 
constitute a flow of current. In a diamond the arrangement of the atoms 
forms a lattice-type structure and the valence electrons of neighboring 
atoms form covalent bonds (Figs. 15-2a and 15-3). Because of these char-
acteristics, the valence electrons have a strong bond with their nuclei and 
cannot easily be dislodged from their orbits. Therefore, the diamond is a 
good insulator. 

Covalent Bonds. In a crystalline structure each valence electron of an 
atom, orbiting around its nucleus, coordinates its motion with that of 
a valence electron from an adjacent atom (Figs. 15-2 to 15-5). The associ-
ation of these electrons with each other is called a covalent bond. Figure 
15-3 shows that valence electron a from atom A and valence electron 
b from atom B form a covalent bond between atoms A and B. In a similar 
manner covalent bonds are formed between atoms A and C, A and D, 
A and E, F and C, F and G, etc. 

Lattice Structures. The atoms of a pure crystalline material form a 
lattice-type pattern as represented by Fig. 15-2a. Figure 15-3 is one of 
several methods of presenting an enlargement of a section of the lattice 
pattern of Fig. 15-2a. Although carbon is used here to illustrate the princi-
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Fig. 15-2 Lattice structure of a crystal. (a) Pure crystal. (b) Crystal containing an impurity 

having five valence electrons. (c) Crystal containing an impurity having three valence 
electrons. 

pies of the lattice-type structure and covalent bonding, there are certain 
other elements having atomic structures that will act in the same manner. 
Two elements frequently used in the construction of transistors, namely 
silicon and germanium, also have four valence electrons and can be pro-
duced in crystalline form. The preceding explanations also apply to these 
materials. The following discussion, although referring only to silicon, will 
also apply to germanium. 

Conductivity of a Pure Crystalline Material. In a pure crystalline 
material all atoms have four valence electrons and form complete sets of 
valence-bond pairs (Figs. 15-2a and 15-3). Under this condition each atom 
behaves as though its outer ring contained eight electrons and all electrons 
had a strong bond with their nuclei. The resulting lattice structure is 
in equilibrium as there are no excess positive or negative charges and the 
material acts as an insulator. 

Conductivity of an Impure Crystalline Material. If a suitable second 
material, hereafter called an impurity, is added to a pure crystalline material, 
it will produce a semiconductor material that will perform satisfactorily in 
a transistor. Adding an impurity to a pure material is also referred to 
as doping the material. 
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Fig. 15-3 Lattice structure of a pure silicon crystal illustrating the covalent bonds between 

adjacent atoms. 

Silicon crystals are produced with an impurity ratio of less than one part 
per 100 million. The amount of impurity that is added is very small 
and also very critical. For example, if added in the ratio of one atom 
of impurity to every 100 million atoms of silicon, the resistivity drops from 
60 to 3.8 ohms per centimeter cube. This value is satisfactory for transistor 
use. However, if the ratio is increased to 10 impurity atoms for every 100 
million atoms of silicon, the resistivity drops to 0.38 ohm per centimeter 
cube. This value is too low for transistor use. 
Donor Impurities. If an impurity material having five valence electrons 

(for example, arsenic or antimony) is added to pure silicon, four valence 
electrons of each impurity atom will form four covalent bonds with one 
valence electron from each of four nearby silicon atoms in order to keep 
the lattice structure intact. The fifth valence electron of the impurity atom 
is free to wander about the crystal in a manner much like the movement 
of free electrons in an ordinary metallic conductor (Figs. 15-2b and 15-4). 

Free 
electron 

nucleus --

Fig. 15-4 Effect of adding a donor impurity to pure silicon. 



578 Essentials of Electricity—Electronics 
(15-3) 

As even a very small crystal will contain many billion atoms, an impurity 
ratio as low as one part per 100 million produces a sufficient number 
of free electrons to carry the amount of current required for transistor 
circuit applications. If the impurity ratio is increased, more electrons will 
be released to wander about the crystal; consequently, the conductivity of 
the silicon increases, and its resistivity decreases. Silicon having an excess 
of electrons is called N-type silicon. When the impurity donates electrons 
to the crystal conductivity, it is called a donor impurity. After contributing 
a free electron to the crystal structure, a donor impurity atom has a posi-
tive charge. 

Acceptor Impurities. If an impurity material having three valence 
electrons (for example, gallium or indium) is added to pure silicon, the three 
valence electrons of each impurity atom will form three complete covalent 
bonds with one valence electron from each of three adjacent silicon atoms. 
If the crystal lattice structure is to remain intact, the impurity atom will have 
to borrow (or accept) a valence electron from a nearby silicon atom 
in order to form a fourth covalent bond with its fourth adjacent silicon atom 
(Figs. 15-2c and 15-5). The nearby silicon atom that provides the electron 
for the fourth covalent bond pair of the impurity atom now suffers a 
deficiency of one electron in one of its covalent bond pairs. This deficiency 
of an electron in a covalent bond group is called a hole. Holes have a posi-
tive charge, can move about from atom to atom, and can conduct a 
current just as negative electron charges do. If the impurity ratio is 
increased, more holes are formed and the conductivity of the crystal 
increases. Silicon having an excess of holes is called a P-type silicon. When 
the impurity accepts electrons in order to keep the lattice structure of the 
crystal intact, it is called an acceptor impurity. An acceptor impurity has a 
negative charge. 

Negative and Positive Conduction. An N-type crystal has a large 
number of free electrons that can become current carriers. Current resulting 
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Fig. 15-5 Effect of adding an acceptor impurity to pure silicon. 
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from electron movement is called negative conduction. A P-type crystal has 
a large number of hole charges that also can become current carriers. 
Current resulting from hole movement is called positive conduction. 

Majority and Minority Carriers. An N-type crystal will contain some stray 
hole charges and a P-type crystal will contain some stray electrons. When 
a crystal is connected in an electric circuit there will be some electron 
movement and some hole movement in both the N-type and P-type 
crystals. In the N-type crystal the electrons will constitute the majority 
carriers and the holes the minority carriers. In the P-type crystal the holes 
will constitute the majority carriers and the electrons the minority carriers. 

Hole Injection. In the operation of certain transistors, a forward bias is 
applied to one portion of its crystal and a reverse bias to another portion. 
When an N-type material is involved, the forward bias causes free electrons 
to move from one portion of the transistor to another. The movement of 
an electron out of an N-type portion of the transistor temporarily creates a 
hole in that part. The creation of holes in this manner, called hole injection, 
plays an important part in the performance of the transistor. The holes will 
drift along the material, some as positive conduction current, others losing 
their identity owing to their recombining with available free electrons. 

Solid-state Conduction. Units of N-type and P-type crystals have an 
excess of electrons and holes respectively, and hence are capable of trans-
mitting electrons or holes through a solid material. The principles of con-
duction through solids are referred to as solid-state physics. The application 
of solid-state devices is referred to as solid-state circuitry. 

15-4 The PN Junction or Diode 
Characteristics. A PN junction is formed when sections of P-type and 

N-type silicon are joined together to produce a silicon diode (Fig. 15-6). The 
circles with negative symbols in the P-type silicon represent acceptor 
atoms. The holes, created by missing electrons in some covalent bond 
pairs, are positive charges and are represented by the positive symbols. 
The circles with positive symbols in the N-type silicon represent donor atoms. 
The free electrons, being negative charges, are represented by negative 

symbols. 
Potential Barrier. Free electrons in the N section will be attracted by the 

holes in the P section, and vice versa. However, as soon as any electrons 
from the N section cross the junction they will be repelled by the negative 
charge of the acceptor atoms in the P section. Likewise, hole charges from 
the P section that cross the junction will be repelled by the positive charge 
of the donor atoms in the N section. As a result, the potential barrier soon 
established across the two surfaces of the junction prevents any large 
movement of either electrons or holes across the junction. The potential 
established at the junction depends on the amount of the impurity in the 
crystal and is in the order of 0.1 to 0.3 volt. This voltage is called a poten-
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Reverse Bias. If the polarity of the power source connected across the 
two sections of silicon is reversed, as shown in Fig. 15-6c, a reverse poten-
tial or reverse bias is obtained. The excess holes in the P section will 
be attracted by the negative force of the power source and will move away 
from the junction. At the same time the free electrons in the N section will 
be attracted by the positive force of the power source and will also move 
away from the junction. The net effect will be the same as increasing the 
voltage of the potential barrier and, as a result, theoretically the current 
through the junction will be zero. However, in actual practice a small 
amount of reverse current 4 will flow as is indicated by Fig. 15-7a. 

Static Characteristics. The PN junction possesses the property of a 
rectifier, since the current resulting from a voltage applied in one direction 
across the junction is different from the current resulting from the same 
amount of voltage applied in the opposite direction across the junction. 
The static volt-ampere characteristic curve for a typical germanium diode 
is shown in Fig. 15-7a. The forward and reverse current curves are drawn 
to different voltage and current scales, and both are nonlinear over a con-
siderable portion of their ranges. The forward-current curve has a sharp 
upward swing at a relatively low value of voltage. The reverse-current 
curve indicates that a relatively high voltage is required to produce even a 
very low value of current. 

0.35 

0.30 -,à. 

—120  

o o 

Reverse voltage 
(vol s) 25 20 15 10  

I? 60 

- 80 

40 
3 

20 

(6.) 

Fig. 15-7 Static characteristics of a PN junction diode. (a) Volt-ampere. (b) Volt-ohm. 
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The static voltage-resistance curve for a typical germanium diode is 
shown in Fig. 15-7b. This curve was obtained by dividing the voltage at a 
number of points on the curve of Fig. 15-7a by the current at these volt-
ages. The forward and reverse resistance curves are drawn to different 
voltage and resistance scales. Increasing the forward voltage decreases the 
resistance to a low value, usually less than 100 ohms. Decreasing the for-
ward voltage increases the resistance, and at zero voltage the resistance is 
in the order of hundreds of thousands of ohms. 

15-5 Junction Transistors 

Types of Junction. The characteristics of a semiconductor diode, triode, 
or tetrode will depend on the material and type of PN junction used. 
Germanium is usually better than silicon at high frequencies, while at high 
power levels silicon is generally better than germanium. The PN junction 
may be made in various ways; among these are (1) point contact, (2) grown, 
(3) diffused, (4) recrystallized, (5) alloyed, and (6) surface barrier (Fig. 15-8). 
There are many variations of these six methods, and in the commercial 
manufacture of transistors more than one method is generally used. 

The Triode. When a layer of N-type germanium is joined to a PN junc-
tion, an NPN junction is formed (Fig. 15-9a), and when a layer of P-type 
germanium is joined to a PN junction, a PNP junction is formed (Fig. 
15-10a). Either of these two junctions can be used as a triode junction tran-
sistor, and they are generally referred to as NPN junction transistors or 
PNP junction transistors. The center section is called the base, one of the 
outside sections the emitter, and the other outside section the collector. 
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Fig. 15-8 PN junctions. (a) Point contact. (b) Grown. (c) Diffused. (d) Recrystallized. 

(e) Alloy technique. (f) Surface barrier. 



(15-5) Transistors 583 

N 

Bose Col/eclor 

rol 

EmiIler Bose Co/lec/or 

(b) 

Fig. 15-9 NPN ¡unction transistor. (a) The ¡unction and the name of each section. 

(b) Biasing potentials. 

Transistor Biasing. In order to use the NPN transistor as an amplifier, 
the emitter-base junction is biased with a forward voltage and the base-
collector junction with a reverse voltage (Fig. 15-9b). A relatively high cur-
rent will flow through the emitter-base junction, and a relatively low current 
through the base terminal. The base current is very low, as only a small 
number of emitter electrons (usually less than 5 per cent) will combine 
with the base holes. Since the remaining electrons flow toward the collector, 
the emitter-collector current is high. 
The operation of a PNP transistor is similar to the operation of an NPN 

transistor except that the bias voltage polarities are reversed and the cur-
rent carriers are holes instead of electrons. The emitter-base junction is 
biased with a forward voltage, and the base-collector junction with a 
reverse voltage (Fig. 15-10b). The holes from the emitter will diffuse 
through the base to the base-collector junction, where the applied negative 
voltage will draw them to the collector terminal. 

Symbol and Lead Identification. The symbols for triode transistors are 
shown in Fig. 15-11. Although there are several variations of symbols in 
use, these are frequently used and have been adopted by the IEEE. The 
horizontal line represents the base, and the two angular lines represent the 
emitter and collector. The arrowhead drawn on the emitter indicates the 
direction of current. In the PNP type, the arrow is drawn pointing toward 
the base (Fig. 15-11a), and in the NPN type, the arrow is drawn pointing 
away from the base (Fig. 15-11b). 

Emitter Bose Collector — 1EmPiller Bose 

P 

Co/lec/or  

(o) (b) 

Fig. 15-10 PNP ¡unction transistor. (a) The ¡unction and the name of each section. 

(b) Biasing potentials. 
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Fig. 15-11 Symbol identification 

for triode transistors. (a) PNP. 

(b) NPN. 

The lead identification of a triode transistor varies with the manufacturer. 
Three systems in general use are shown in Fig. 15-12. When the leads of 
a transistor are in the same plane but unevenly spaced (Fig. 15-12a), they 
are identified by the position and spacing of the leads. The center lead is 
the base lead, and the emitter and collector leads are on either side of this 
lead. The collector lead is identified by the larger spacing existing between 
it and the base lead. When the leads on a transistor are in the same plane 
but evenly spaced (Fig. 15-12b), the center lead is the base, the lead iden-
tified by a dot the collector, and the remaining lead the emitter. When the 
leads are spaced around the circumference of a circle as shown in Fig. 
15-12c, the center lead is the base lead. The collector and emitter leads are 
identified by their relative position to the base lead when viewed looking 
into the base of the transistor. Some manufacturers add a fourth lead that 
is electrically connected to the mounting base, or case, of the transistor. 
Other manufacturers connect the common electrode to the base, or case, 
and use only two leads. 

15-6 Transistor Characteristics 

Methods of Operation. The input and output impedances of a transistor 
vary with the manner in which it is connected into a circuit. Correct 
impedance match can be made by selecting the proper method of connec-
tion. The characteristics of a transistor will therefore depend upon its 
method of connection. Basically there are three methods of connection: 
(1) common base, (2) common emitter, (3) common collector. The transis-
tor may be considered similar to a vacuum tube in the following respects: 
(1) The emitter and cathode both serve as the source of electron flow; 
(2) the base and control grid both serve to control the electron flow 
through the unit; (3) the collector and plate are normally part of the out-
put circuit. 
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Fig. 15-12 Lead identifi-

cation for triode transistors. 

(a) Unevenly spaced leads. 

(b) Evenly spaced leads. 

(c) Symmetrically spaced 

leads. 
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Because of the comparable relation between the components of a tran-
sistor and those of a vacuum tube, the basic circuit operation of transistors 
may be compared with a comparable basic circuit of a vacuum tube (Fig. 
15-14). However, in these comparable circuit operations it should be noted 
that (1) the transistor is current controlled (its collector characteristics are 
plotted with the control current 4 as the parameter, Fig. 15-16) and (2) the 
vacuum tube is voltage controlled (its plate characteristics are plotted with 
the control voltage E, as the parameter, Fig. 1413). In transistor operation, 
the term common is used to denote the electrode that is common to both 
the input and output circuits. Since the common electrode is usually 
grounded, it may also be referred to as a grounded base, grounded emitter, 
or grounded collector. The advantage of using the common-base connec-
tion is that it has a low input impedance and a high output impedance. The 
input impedance of the common-emitter connection is low to medium, and 
its output impedance is medium to high. The input impedance of the 
common-collector connection is high, and its output impedance is low. 

Characteristic Curves. The major operating characteristics of a transis-
tor are used to identify the electrical features and operating values of the 
transistor. These values may be listed in tabular form or plotted on graph 
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Fig. 15-14 Comparison of transistor and vacuum-tube operation. (a) Common base. 

(b) Common emitter. (c) Common collector. (d) Grounded grid. (e) Grounded cathode. 
(f) Grounded plate. 

paper to form a curve. The two families of curves generally used are 
(1) collector current versus collector voltage for constant values of emitter 
current (Fig. 15-15) and (2) collector current versus collector voltage for 
constant values of base current (Fig. 15-16). The curves of Fig. 15-15 are 
generally used for grounded-base connected transistors, and those of Fig. 
15-16 for grounded-emitter connected transistors. The shapes of the char-
acteristic curves for transistors are similar to those for a pentode vacuum 
tube (Fig. 14-13). The plate current in a pentode is relatively independent 
of plate voltage and primarily dependent on the grid voltage. The collector 
current in a grounded-base connected transistor is relatively independent 
of collector voltage and primarily dependent on the emitter current. When 
the transistor is connected as a grounded emitter, the collector voltage has 
very little effect on the collector current for low values of base current. 
However, as the base current increases, the effect of the collector voltage 
on the collector current also increases. 

Voltage Gain and Power Gain. The direct voltage gain in a transistor 
can be expressed as the product of the direct current gain and resistance 
gain, or 

VG = IG x RG (15-1) 

In a junction transistor, the collector current is equal to the difference 
between the emitter and base currents, and the resulting current represents 
a loss rather than a gain. The voltage gain is obtained because of the high 
ratio between the collector-base resistance and the emitter-base resistance. 
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This high ratio of resistance can also be used to produce a direct power 
gain. A small amount of power in the input circuit (emitter-base) controls 
a much larger amount of power in the output circuit (collector-base). 

PG = (IC)2 x RG (15-2) 

EXAMPLE 15-1 The collector current in a junction transistor is 96 per cent of the 
emitter current, the collector-base resistance is 750,000 ohms, and the emitter-base 
resistance is 500 ohms. (a) What is the direct voltage gain of the transistor? (b) What 
is the direct power gain of the transistor? 

GIVEN: IC = 0.96 reb = 750,000 ohms re = 500 ohms 

FIND: (a) VG (b) PG 

SOLUTION: 

(a) 

(b) 

VG . IG X RG = 0.96 x 75°'°°° = 1,440 
500 

PG . (IC)2 x RG = 0.96 X 0.96 x 1,500 = 1,382 

The voltage and power gains obtained in Example 15-1 can be obtained 
only if the transistor is operated into a very-high-impedance circuit. In 
practical amplifier circuits, the voltage and power gains obtained are much 
less than these values because of the impedances that must be used to 
match the high output impedance of a prior stage with the low input 
impedance of the following stage. 

1 5-7 Transistor Specifications 

Electrical Characteristics. Although many properties of a transistor may 
be specified, this section will describe only those specifications usually 
listed on manufacturers' transistor characteristic charts. The values are 
listed under three general headings: (1) general data, (2) maximum ratings, 
and (3) typical operation. Under general data are listed the following: 
(1) application or class of service, (2) type, (3) outline dimensions, and 
(4) lead arrangement. The maximum ratings are the direct voltage and cur-
rent values that must not be exceeded in the operation of the unit. Maxi-
mum ratings usually include the direct (1) collector-base voltage, (2) emitter-
base voltage, (3) collector current, (4) emitter current, and (5) collector 
power dissipation. The typical operating values are presented as a guide, 
since the values vary widely, as they are dependent on the operating volt-
ages and which electrode is used as the common circuit element. The 
values listed may include the (1) common electrode, (2) collector-emitter 
volts, (3) collector current, (4) current-transfer ratio, (5) input resistance, 
(6) load resistance, (7) power gain, (8) noise factor, and (9) alpha cutoff fre-
quency. Some manufacturers also list for the common emitter circuit the 
small-signal (1) hybrid-w parameters, (2) H parameters, and (3) T parameters. 
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Letter Symbols. Maximum, average (d-c), and effective (root-mean-square) 
values are represented by the uppercase letter of the proper symbol. 

I = current V = voltage R = resistance P = power 

Instantaneous values that vary with time are represented by the lower-
case letter of the proper symbol. 

i = current t) = voltage r = resistance p = power 

Direct-current values and instantaneous total values are indicated by upper-
case subscripts. 

Ic VED Pc ic VEE Pc 

Varying component values are indicated by lowercase subscripts. 

lc Veb Pc lc Veb Pc 

To distinguish among maximum, average, and effective values the maxi-
mum value is represented by the addition of the subscript m or M and the 
average value by the addition of the subscript av or AV. 

ic•nt 'c m IC. M "C• AV ic• av 

Other abbreviations used as subscripts are 

E, e = emitter electrode X, x = circuit node 
B, b = base electrode Q = average (d-c) value with signal 
C, c = collector electrode applied 
J, j = electrode, general 

The first subscript designates the electrode at which the current is 
measured or where the electrode potential is measured with respect to the 
reference electrode or circuit node, which is designated by the second sub-
script. When the reference electrode or circuit node is understood, the 
second subscript may be omitted where its use is not required to preserve 
the meaning of the symbol. 

Supply voltages may be indicated by repeating the electrode subscript. 
The reference electrode may then be designated by the third subscript. 

VEE VCC VBB VEEB VCCB VBBC 

In devices having more than one electrode of the same type, the elec-
trode subscripts are modified by adding a number following the subscript 
and on the same line. 

VB1 Vb2 IB2 

In multiple-unit devices, the electrode subscripts are modified by a num-
ber preceding the electrode subscript, as lb, 2B, lc, 2C. 

Current Gain. When a transistor circuit uses a common base, its current 
gain is the ratio of the change in collector current to the change in emitter 
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current for a constant value of collector voltage. When the current gain is 
specified for static or relatively large values of collector and emitter cur-
rents, it is called the alpha direct-current gain. It is represented by the 
symbol a or the H-parameter symbol hFB and may be expressed as 

change in collector current dIc 
a = 1473 = = Ve—constant (15-3) 

change in emitter current uiE 

The value of alpha for junction transistors is always less than 1, as the col-
lector current can never exceed the emitter current (Fig. 15-15). Its value 
is in the range of 0.94 to 0.99. 
When a transistor circuit uses a common emitter, its current gain is the 

ratio of the change in collector current to the change in base current for a 
constant value of collector voltage. When the current gain is specified for 
static or relatively large values of collector and base currents, it is called 
the beta direct-current gain. It is represented by the symbol fi or the 
H-parameter symbol hFE and may be expressed as 

change in collector current dic 
13 = = Ve—constant (15-4) 

change in base current d/B 

The value of beta is always greater than unity and can be obtained by the 
use of the common-emitter /eVeE characteristic curves of a transistor 
(Fig. 15-16). 

EXAMPLE 15-2 A junction transistor having the characteristics shown in Fig. 15-16 
is operated as a grounded emitter with a collector-emitter potential of —7 volts. 
What is the current-amplification factor when the base current is changed from 50 
to 100 µa? 

GIVEN: Vce = —7 volts IB1 = 50 µa 182 = 100 µa 

FIND: s 

SOLUTION: From Fig. 15-16 it can be noted that a change in base current from 50 to 
100 µa with V„ = —7 volts produces a change in the collector current from 0.8 to 
1.6 ma. 

= elk = = 16 1.6 ma — 0.8 ma 0.8 x 10-3 amp = 
p 

d/B 100 eia — 50 bta 50 x 10-6 amp 

For a grounded emitter, the relation between fl and a is 

i? = a  
1 — a 

This equation shows that fl increases as a approaches unity. 

(15-5) 

EXAMPLE 15-3 A junction transistor operated as a grounded emitter is biased so that 
a is 0.941. What is /3 for these conditions? 
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GIVEN: a = 0.941 

FIND: /3 

SOLUTION: 

R. a 0.941  —16 
1 — a — 1 — 0.941 

The current gain is the most important property of a transistor in deter-
mining the gain of an amplifier. Since beta is partially dependent on fre-
quency, its value is usually specified for a definite frequency, and for 
transistors used at audio and low radio frequencies, it is generally specified 
at 1 kc. 

Current-transfer Ratio. When a transistor is connected with its base 
grounded, the current-transfer ratio is the ratio of the a-c variation in the 
collector current to the a-c variation in the emitter current for a constant 
value of collector voltage. This ratio is called the forward-current-transfer 
ratio and is represented by the symbol hm. 
When a transistor is connected with its emitter grounded, the current-

transfer ratio is the ratio of the a-c variation in the collector current to the 
a-c variation in the base current for a constant value of collector voltage. 
This ratio is called the forward-current-transfer ratio and is represented by 
the symbol hie. 
H Parameters. A parameter, also called a network constant, is a constant 

that enters into a functional equation and corresponds to some character-
istic of a circuit such as resistance, inductance, capacitance, or any other 
property value in a network. The small signal parameters of transistors are 
usually specified in terms of the H parameters. These parameters are 
defined for any network (Fig. 15-17) by the following equations: 

V1 = ii¡ej heo 

jo = hovo hfii 

where vi = input voltage, volts 
= output voltage, volts 
= input current, amp 

jo = output current, amp 
= input impedance, ohms (output circuit shorted) 

ho = output admittance, µmhos (input circuit open) 
hf = forward-current transfer ratio (output circuit shorted) 
hr = reverse-voltage transfer ratio (input circuit open) 

Fig. 15-17 Input and output voltage 

and current measurements for any 

network. 

(15-6) 

(15-7) 

/ii 
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Table 15-1 Power Gain of a Transistor 

COMMON 

ELECTRODE 

INPUT 

RESISTANCE, 

OHMS 

LOAD 

RESISTANCE, 

OHMS 

POWER 

GAIN, 

DB 

E 1,980 100,000 44.1 
E 2,670 2,670 34.5 
C 500,000 10,000 17.0 
B 215 500,000 32.5 

(15-8) 

When H parameters are used for a transistor circuit, a second subscript is 
added to indicate the terminal that is grounded. For example, hFE would 
be the forward-current transfer ratio of a grounded-emitter circuit and hn3 
the input impedance of a grounded-base circuit. 

Power Gain. The power gain Pf, of a transistor is expressed in decibels. 
Since its value is dependent on the transistor (1) circuit, (2) input resist-
ance, and (3) load resistance, these values are usually listed in the charac-
teristic chart for the power gain specified. The variations of the power gain 
of a transistor for different circuits and values are listed in Table 15-1. This 
table shows (1) that the greatest power gain is obtained by using the tran-
sistor with a grounded emitter and a high load resistance, (2) that the least 
power gain is obtained with the transistor connected with a grounded 
collector, and (3) that a low load resistance with a grounded emitter pro-
duces a power gain less than that obtained with a high load resistance but 
greater than that obtained with either of the other two connections. These 
conditions are typical for all transistors. 

1 5-8 Tetrodes 

To improve the high-frequency operation of a transistor, a fourth lead 
is added to an NPN transistor. The additional lead b2 is attached to the 
base region at a position that is on the side .opposite to the original base 
connection b1 (Fig. 15-18a). This type of transistor is called a tetrode, and 
its schematic symbol is shown in Fig. 15-18b. In the same manner as with 

Electron flow 

b2 

(bl 

Fig. 15-18 Tetrode transistor. (a) D-c biasing voltages. (b) Schematic symbol. 
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an NPN triode transistor, the emitter is biased in the direction of greatest 
electron flow and the collector is biased in the direction of least electron 
flow. The additional lead is biased with a negative potential that is consid-
erably greater than the normal emitter-base voltage. This negative potential 
restricts the electrons flowing through the base and causes them to flow 
through a relatively narrow area of the base region (Fig. 15-18a). The 
improvement in high-frequency operation is obtained because (1) the 
reduced effective area of each region adjacent to the base decreases the 
emitter and collector capacitances, (2) the shorter path taken by the base 
current decreases the base resistance. The base resistance of a tetrode may 
be decreased in the order of 10 to 1 over that of a triode. 
When the electrons are forced through a narrow channel in the base 

region, the collector-current capabilities of the transistor are reduced, thus 
also reducing its power-handling capabilities. The tetrode is primarily 
intended for high-frequency use as an r-f amplifier, i-f amplifier, mixer, and 
oscillator. The second base connection may be used for automatic gain 
control, as this connection will cause very little detuning of the collector 
circuit. 

15-9 Gain Per Stage 
Equivalent Circuits. The transistor is an active resistance network that 

may be represented by three resistors connected in either a three- or four-
terminal network. In solving for the current, voltage, or power amplifica-
tion of a transistor-amplifier circuit, it is important to know the following: 
(1) input impedance Zi, (2) output impedance Zo, (3) current-transfer ratio 
a or /3, and (4) active mutual characteristics of the network rm. The equa-
tions used in solving for these parameters in either a three- or four-terminal 
network are rather complex. In addition, a change in the input impedance 
is reflected into the output circuit, and a change in the load impedance is 
reflected into the input circuit. For example, as the load impedance increases, 
the input impedance decreases, and vice versa. These equations also vary 
with frequency, signal input, and type of impedance used in the input and 
output circuits. 

In this article a series of simplified equations will be presented that 
assume (1) that re + Tr, is much smaller than Ri„ (2) that RL is much smaller 
than Tm, and (3) that RG is much smaller than r,. These equations are for a 
small-signal, low-audio-frequency, four-terminal network having resistive 
input and output impedances, in which 

Tm = are 

where a is the current-transfer ratio when RL = 0 

az, = —P-- 

where az, is the current-transfer ratio when RL has a significant value. 

(15-8) 

(15-9) 
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The current-transfer ratio a as listed in transistor manuals is for a short-
circuited output, which is a usual mode of operation; thus RL = O. In 
solving equations that do not contain the term RL, this value of a is used. 
In solving equations containing the term RL or equations in which the term 
RL has been dropped, the current-transfer ratio must be calculated to 
include the effects of this load. The results obtained from using these sim-
plified equations are usually sufficiently accurate for many practical 
applications. 
The bias supplies for the basic transistor circuits of Figs. 15-19a, 15-20a, 

and 15-21a have been omitted from their equivalent-circuit diagrams 
(Figs. 15-19b, 15-20b, and 15-21b) to avoid confusion. In these equivalent-
circuit diagrams (1) VG is the source generator having an internal resistance 
of RG, (2) RL is the load resistance, and (3) the arrows indicate the direc-
tion of electron flow in the input and output circuits due to the fixed-bias 
supplies. As the input signal is a varying voltage, the polarity of VG has 
been arbitrarily chosen. The polarity of VG should not be associated with 
the direction of electron flow indicated on these diagrams. The voltage of 
the output generator is equal to rmie, which is analogous to pee in a 

--nt7 

R 
Input 8 L Output 

vcc 

(b) 

Fig. 15-19 Grounded-emitter PNP transistor amplifier. (a) Basic circuit. (b) Equivalent 

four-terminal network. 
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vacuum-tube circuit, and the polarity shown indicates the phase relation-
ship between the input and output signals. 

Current, Voltage, and Power Gain of a Grounded-emitter Amplifier. A 
four-terminal equivalent circuit for the grounded-emitter amplifier circuit 
of Fig. 15-19a is shown in Fig. 15-19b. The equations for determining the 
current gain, voltage gain, and power gain are 

Current Gain: 

,.,fl  
lg (15-10) 

RL r, — rm 

Voltage Gain: 

Power Gain: 

a 
Vg id& (15-11) 

re + rb(l — az,) 

aL2Fit  
Pg 

(1 — aL)[re + rb(1 — 
(15-12) 

EXAMPLE 15-4 A certain PNP junction transistor when connected as a grounded 
emitter has the following circuit parameters: re = 23 ohms; Tb = 1,430 ohms; 
re = 3.93 megohms; RL = 100,000 ohms; a = 0.982. Find (a) the current gain, 
(b) the voltage gain, (c) the power gain. 

GIVEN: re = 23 oluns Tb = 1,430 ohms re = 3.93 megohms 
RL = 100,000 oluns a = 0.982 

FIND: (a) Ig (b) V (c) P, 

SOLUTION: 

(a) rb, = are = 0.982 x 3.93 = 3.86 megohms 

r„, 3.86 x 106  
RL — r„, 100,000 -F 3.93 x 106 — 3.86 x 106 

(b) az, = 13 = 22.7  = 0.957 
1 -F /3 1 + 22.7 

= aet  0.957 x 100,000  V, — .-.z 1,135 
re -F rb(1 — at) — 23 -1- 1,430(1 — 0.957) 

ae2RL 
(c) P,   

(1 — az,)[re re(1 — eq.)] 

0.957 x 0.957 x 100,000  = 25,200 
— (1 — 0.957)[23 1,430(1 — 0.957)] 

22.7 

Current, Voltage, and Power Gain of a Grounded-base Amplifier. A four-
terminal equivalent circuit for the wounded-base amplifier circuit of 
Fig. 15-20a is shown in Fig. 15-20b. The equations for determining the 
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- ntr 

R I 
Inpul E RL Oulpul 

+ 

(a) 

Fig. 15-20 Grounded-base PNP transistor amplifier. (a) Basic circuit. (b) Equivalent four-
terminal network. 

current gain, voltage gain, and power gain are 

Current Gain: 

Voltage Gain: 

Power Gain: 

I 
g rc RL 

aLRL  V •-•-• 
g RG ± re + rb(1 — at) 

aL2RL  P, 
RG re + rb(1 — aL) 

(15-13) 

(15-14) 

(15-15) 

EXAMPLE 15-5 The PNP junction transistor used in Example 15-4 is connected with 
a grounded base and an output load resistance of 500,000 ohms. The internal resist-
ance of the source generator is 50 ohms. Find (a) the current gain, (b) the volt-
age gain, (c) the power gain. 
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GIVEN: RL = 500,000 ohms RG = 50 ohms 

FIND: (a) 1 (b) V, (e) P, 

SOLUTION: 

Transistor of Example 15-4 

(a) r„, 3.86 x 106  0.871 

re + RL 3.93 x 106 + 500,000 — 

aLRL  0.871 x 500,000  «•-•- 1,690 
(b) V, -•-• RG, + Te + rb(1 — aL) — 50 + 23 + 1,430(1 — 0.871) 

aL2RL  0.871 x 0.871 x 500,000  — 1 470 
(c) 1° Ro + re + rb(1 — 50 + 23 + 1,430(1 — 0.871) — 

Current, Voltage, and Power Gain of a Grounded-collector Amplifier. 
A four-terminal equivalent circuit for the grounded-collector amplifier circuit 
of Fig. 15-21a is shown in Fig. 15-21b. The equations for determining the 
current gain, voltage gain, and power gain are 

Current Gain: 

RL — Tm  

- 

Input R8 

- 

t -= 

vcc VEE 

Output 

(a 

(15-16) 
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Voltage Gain: 

Power Gain: 

V, z--_ 1 

1  P --. 
g 1 — aL 

(15-10) 

(15-17) 

(15-18) 

EXAMPLE 15-6 The PNP junction transistor used in Example 15-4 is connected with 
a grounded collector and an output-load resistance of 10,000 ohms. Find (a) the 
current gain, (b) the voltage gain, (e) the power gain. 

GIVEN: RL = 10,000 ohms Transistor of Example 15-4 

FIND: (a) I, (b) V, (e) P, 

SOLUTION: 

r,  —  3.93 x 106  ---• 49 (a) I, -L-_-• RL ± rc — r„, — 10,000 + 3.93 x 106 — 3.86 x 106 

(b) V, -----• 1 

(c) aL , _ R____ _  
/3+ 1 — 49+1 

1  ,...». 50 
° 1 — aL — 1 — 0.98 

1 5- 1 0 Soli d-state Light-sensitive Devices 

Basic Principles of the Photocell. The solid-state photocell is based on 
the principle that, when certain materials are exposed to light, light rays are 
absorbed by the material by liberating free-to-move electrons and holes. 
The direction of movement of these negative and positive charges can be 
controlled to produce an electric current. The strength of the current and 
voltage produced is dependent upon the material used, its physical size, and 
the intensity of the source of light. The material used in the construction 
of a photocell will depend on its application. Some of the materials used 
are silicon, germanium, selenium, cadmium sulfide, gallium arsenide, indium 
antimonide, and indium arsenic. 

In addition to converting light energy to electrical energy, photocells 
may also be used as control devices. Photocells used for control purposes 
are usually of a high-voltage type, such as the cadmium-sulfide cell, with 
ratings up to 500 volts d-c. These cells may be operated directly from 
a 115-volt a-c (230-volt d-c) power source with a normal power dissipation 
of 1/2 watt and a maximum power dissipation of 15 watts. The illumination 
from a very small neon lamp can be used to switch as much as 40 watts of 
power, an action representing a power gain of 80. 
One of the many applications of the photocell as a control device is 

shown in Fig. 15-22a. Smooth control of the speed of the 115-volt a-c 
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Fig. 15-22 Solid-state light-sensitive devices. (a) Photocell used to control the speed of 

a motor. (b) Point-contact type of photodiode. (c) Junction-type of photodiode. (d) A simple 

phototransistor circuit. 

motor may be obtained by varying the resistance of the photocell. This 
action is accomplished by adjusting the resistance of RI, which in turn 
varies the brilliance of the neon lamp, thus also varying the resistance 
of the photocell. Smooth speed control may also be obtained by operating 
the neon lamp at maximum brilliance and controlling the illumination 
at the cell by rotating a variable-opacity vane between the neon lamp and 
the cell. 

Photodiode& The basic construction of two types of photodiodes is 
shown in Fig. 15-22b and c. The semiconductor wafer, made of germanium 
or silicon, is illuminated through a very small lens mounted at one end of 
the enclosed unit. Illumination of the wafer causes (1) the resistance of the 
diode to change from a very high value to a comparatively low value and 
(2) with no applied voltage, the production of a direct voltage across its out-
put terminals. Because of its photoconductive properties the photodiode has 
many applications where small size and fast operation are desirable. Some 
of these applications are relay, counting, alarm systems, sound on film, and 
punched-tape and punched-card reading. The solar cell, as explained 
in Art. 3-16, is one of the applications of the voltaic properties of the 
photodiode. 

Phototransistor. The construction of a phototransistor is similar to that 
of a junction transistor. However, only two external leads are used, one 
connected to the collector and the other connected to the emitter, with no 
connection being made to the base (Fig. 15-22d). The transistor is posi-
tioned so that the base is illuminated through a small lens that is mounted 
at one end of the enclosing shell. A direct voltage is applied between the 
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emitter and collector in the usual manner for a common-emitter amplifier. 
With no illumination the wafer is darkened and the collector current 
is extremely low, being the normal collector cutoff current for the applied 
voltage. Illumination of the wafer causes current carriers to be injected 
into the base region. A large collector current, which is proportional to the 
illumination and is equal to beta times the base current, will flow through 
the external circuit. The phototransistor has the advantage over the photo-
diode in that it also provides amplification, because a relatively low-light 
intensity will produce a comparatively high output current. Typical appli-
cations of the phototransistor are similar to those of the photodiode with 
the addition of optical coupling, light-beam reception, and electron-optical 
control service. 

Miscellaneous Types of Light-sensitive Devices. The basic principles of 
the photocell, the photodiode, and the phototransistor are used to produce 
many other types of light-sensitive devices. Two of these are the light-
activated switch and the Raysistor. The light-activated switch is a bistable 
component of the PNPN type. In a manner similar to a four-layer diode, 
once the unit is triggered to its ON state, it will continue to conduct 
current from its external power source until the power is interrupted. The 
Raysistor consists of a light source and a photoconductive cell that are 
enclosed in a lighttight housing. The light source may be either an incan-
descent or glow lamp. The operation of this unit is similar to that of 
a lamp-photocell combination. The dark (oFF) resistance is of the order of 
1,800 megohms, while the light (ON) resistance may drop to values as low 
as 300 ohms. 

QUESTIONS 

1. Name seven favorable characteristics of transistors. 
2. Explain the movement of electrons and holes in a semiconductor. 
3. Define the following terms: (a) conductor, (b) insulator, (c) semiconductor. 
4. What is meant by (a) intrinsic semiconductor? (b) P-type semiconductor? (c) N-type 

semiconductor? 
5. Define the following terms: (a) valence electron, (b) valence band, (c) conduction 

band, (d) energy band, (e) forbidden zone. 
6. Explain the lattice structure of a silicon or germanium crystal. 
7. (a)What is meant by impurity conduction? (b) How does the relative amount of 

impurity addition affect the resistance of a semiconductor? 
8. Explain the effect on a semiconductor of adding (a) a donor impurity, (b) an 

acceptor impurity. 
9. Describe the characteristics of a PN junction. 

10. Describe how a high forward current is obtained from a PN junction. 
11. What is meant by (a) reverse bias? (b) Reverse current? (c) Potential hill? 
12. Compare the forward- and reverse-current static volt-ampere characteristics of a 

semiconductor diode. 
13. Describe the construction of the following types of transistors: (a) NPN, (b) PNP. 
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14. Describe the method used for biasing the following types of transistors for use as 
amplifiers: (a) NPN, (b) PNP. 

15. Describe three systems used for identifying the leads of a triode transistor. 
16. Naine three basic methods of transistor connection. 
17. Compare the fundamental actions involved in the operation of a vacuum tube 

with those involved in the operation of a transistor. 
18. In a comparison of transistor and vacuum-tube circuit operation, what two 

important factors must be considered? 
19. Describe the input and output circuit characteristics of a grounded-emitter tran-

sistor connection. 
20. Describe the input and output circuit characteristics of a grounded-base transistor 

connection. 
21. Describe the input and output circuit characteristics of a grounded-collector tran-

sistor connection. 
22. Describe the static characteristics of transistors for (a) collector current versus 

collector voltage for a constant value of emitter current, (b) collector current 
versus collector voltage for a constant value of base current. 

23. Explain the following terms: (a) direct-voltage gain, (b) direct-current gain, 
(c) direct-resistance gain, (d) direct-power gain. 

24. What are the maximum ratings of a transistor that are generally included in 
manufacturers' specifications? 

25. What are the operating values of a transistor that are generally included in 
manufacturers' specifications? 

26. What is meant by (a) alpha direct-current gain? (b) Beta direct-current gain? 
(c) Current-transfer ratio hie (d) Current-transfer ratio hf.e? 

27. How are transistor small-signal parameters usually specified? 
28. How is the power gain of a transistor affected by (a) its method of connection? 

(b) Its input resistance? (c) Its load resistance? 
29. (a) Describe the construction and operation of a tetrode transistor. (b) What are 

the primary applications of a tetrode transistor? 
30. Describe how the tetrode improves the high-frequency operation of a transistor. 
31. What circuit parameters of a transistor amplifier circuit should be known in order 

to solve for its current, voltage, or power amplification? 
32. Name six variable factors that affect the current, voltage, and power amplification 

of a transistor amplifier. 
33. Name three conditions that are assumed in using the simplified equations presented 

in this chapter for solving small-signal low-audio-frequency four-terminal net-
works having resistive input and output impedances. 

34. (a) Describe the difference between a and aL. (b) For what circuit conditions is a 
used? (c) For what circuit conditions is aL used? 

35. Draw a four-terminal equivalent circuit for a common-emitter PNP transistor 
amplifier circuit showing the direction of electron flow in the input and out-
put circuits. 

36. Draw a four-terminal equivalent circuit for a common-base PNP transistor ampli-
fier circuit showing the direction of electron flow in the input and output circuits. 

37. Draw a four-terminal equivalent circuit for a common-collector PNP transistor 
amplifier circuit showing the direction of electron flow in the input and out-

put circuits. 
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38. (a) What is the basic principle of the solid-state photocell? (b) What factors affect 
the strength of the voltage and current produced? 

39. Describe the two basic applications of a photocell. 
40. (a) What is meant by a photodiode? (b) Describe its photoconductive properties. 
41. Describe (a) the construction of a phototransistor, (b) its circuit operation. 
42. Describe the circuit operation of (a) a light-activated switch, (b) the Raysistor. 

PROBLEMS 

1. The collector current in a junction transistor is 95 per cent of the emitter current; 
the collector-base resistance is 1,200,000 ohms, and the emitter-base resistance is 
600 ohms. (a) What is the direct voltage gain of the transistor? (b) What is 
the direct power gain of the transistor? 

2. A junction transistor has an input resistance of 1,400 ohms, an output resistance 
of 3.5 megohms, and a = 0.97. Find (a) the direct voltage gain of the transistor, 
(b) the direct power gain of the transistor. 

3. A junction transistor having the characteristics shown in Fig. 15-15 is operated with 
a grounded base with a collector-base potential of — 5 volts. What is the alpha 
direct-current gain when the emitter current changes from 1 to 2 ma? 

4. A junction transistor having the characteristics shown in Fig. 15-15 is operated with 
a grounded base with a collector-base potential of — 10 volts. What is the alpha 
direct-current gain when the emitter current changes from 2 to 3 ma? 

5. A junction transistor having the characteristics shown in Fig. 15-16 is operated with 
a grounded emitter with a collector-emitter potential of —10 volts. What is the 
beta direct-current gain when the base current is changed from 100 to 150 µa? 

6. A junction transistor having the characteristics shown in Fig. 15-16 is operated with 
a grounded emitter with a collector-emitter potential of —5 volts. What is the 
beta direct-current gain when the base current is changed from 50 to 100 µa? 

7. A junction transistor operated with a grounded emitter is biased so that = 38. 
What is a for these conditions? 

8. A junction transistor operated with a grounded emitter is biased so that a = 0.97. 
What is for these conditions? 

9. A certain PNP junction transistor when connected as a grounded emitter has the 
following circuit parameters: re = 34 ohms; Tb = 976 ohms; re = 3.45 megohms; 
RL = 20,000 ohms; a = 0.982. Find (a) the current gain, (b) the voltage gain, 
(c) the power gain. 

10. A certain PNP junction transistor when connected as a grounded emitter has the 
following circuit parameters: re = 21 ohms; Tb = 580 ohms; re = 1.82 megohms; 
RL = 20,000 ohms; a = 0.977. Find (a) the current gain, (b) the voltage gain, 
(c) the power gain. 

11. The PNP junction transistor used in Prob. 9 is connected with a grounded base 
and an output load resistance of 500,000 ohms. The internal resistance of the 
source generator is 50 ohms. Find (a) the current gain, (14 the voltage gain, 
(c) the power gain. 

12. The PNP junction transistor used in Prob. 10 is connected with a grounded base 
and an output load resistance of 500,000 ohms. The internal resistance of the 
source generator is 100 ohms. Find (a) the current gain, (b) the voltage gain, 
(c) the power gain. 
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13. The PNP junction transistor used in Prob. 9 is connected with a grounded 
collector and an output load resistance of 10,000 ohms. Find (a) the current gain, 
(b) the voltage gain, (c) the power gain. 

14. The PNP junction transistor used in Prob. 10 is connected with a grounded 
collector and an output load resistance of 18,000 ohms. Find (a) the current gain, 
(b) the voltage gain, (c) the power gain. 



Appendix I 
Drawing Symbols Used in Electronics 

Of T 
Antenna, general 

Antenna, dipole 

Ground 
wire 

Ground 
Water or other 
ground pipe 

E 
Antenna, loop 

Antenna, ferrite rod 

Ground 
clamp 

Chassis 

Conductors not joined Conductors joined jdined 

Voltmeter Ammeter Milliammeter 
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Terminal 

111:..111 

Fuse Line plug 

) 
I- - -- ---- o 

o 0 o 

Thermocouple 

—o-i 

Key 

.., 

1% • ” J1, 

Three-terminal jack Two-fermi-no/jack 

,....::, fr, 
•-.-_. ., 

, _____0 

 —0.-7'. o-- 
o o 

Single-pole single-throw switch 

o 
A i 0 

Multi-terminal jack 

ili:0( tell 

tit • 

ça 

Single-pole double-throw switch Double-pole 

.e., —..--, - — ,..e 
_., 111›.. /" 

. - $._. 
.:-*Pe'• - :1 - 

single-throw switch 

. o 

0— 

Double-pole double-throw reversing switch Double-pole double-throw switch 

o 

o 

o 

o 

Single-deck circuit-selector switch Multiple-deck circuit-selector switch 
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—WAN-

Piked resistor 

ft 

Adjustable resistor 

Rheostat 

runi 
Inductor, air-core 

Thermistor 

Adjustable Mductor 

Variable inductor 
(variameter) 

'Et 
Link coupling Transformer with variable coupling 

fiericoupler with the moving coil indicated) 

Potentiometer 

nrn 
Tapped inductor 

It 
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Transformer, 
air-core 

Transformer 
bifilar 
winding 

Transformer, Push-pull 
iron-core transformer 

Relay; circut 
open when deenergized 

HH 
Fired capacitor 
(Paper, mica, 
or ceramic) 

HP= 

Electrolytic capacitor 

-I (7-k I-

Split-stator variable capacitor 

Variable-core 
transformer 

Power transformer 

Relay; circuits Bland 82 
closed when deenergized 

(Padder) (Trimmer) 
Adjustable capacitors 

Ganged variable capacitors, 
mechanical linkage 
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"-= 

Coaxial cable, single 

Shielded coil 

Earphones 

V 
Magnetic Crystal Stereophonic 

phonograph-pickup phonograph-pickup phonograph-pickup 

Coaxial cable, twin 

_ 

Shielded capacitor 

PM 

Shielded cable 

Permanent-magnet dynamic loudspeaker 

ioi 4 
Carbon Crystal Dynamic Velocity 

microphone microphone microphone microphone 
(moving coil) (ribbon) 

4-

Crystal diode 

Vibrator, synchronous 

o 1 Li, , 
4  

Vibrator, nonsynchronous 

Contact rectifier, half-wave 



D-C motor or generator 
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A-C motor or 
generator A-C voltage 

(single phase) source 

HF-
Single cell 

Zr -É-:4L1 

'vEREADY 

-1111I1H 
or 

--=F-116V. H 
Battery 

Vacuum and gas tubes 

Diode Triode 

Beam-power 
amplifier 

Electron-ray 
indicator tube 

See also art 14-7 and figure 14-14 

Tetrode Pentode 

Cold cathode diode Cold cathode triode 
(gaseous) (gaseous) 



Pilot or panel lamp 
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Transistors 

AegkIro C 

PNP triode NPN triode Pentode 

Or 

Cathode-ray tubes 

or 

Electrostatic-deflection type Electromagnetic-deflection type 

Neon /amp Photo tube 
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Symbols and Abbreviations Used in Electronics 

TERM SYMBOL SYMBOL 
ABBRE- 

VIATION 
TERM SYMBOL 

VIATION 

Ampere   a or amp Counter electromotive 

Milliampere  _ _ ma force  _ _ _ cemf 

Microampere  Pa Electrostatic unit  _ _ em 

Ampere turn  NI A-T Energy  _ _ en or En 

American Wire Gauge ___ AWG Equivalent  eel 
Amplitude-modulated _ _ __ a-m Farad  _ _ f 

Angle  L Microfarad  pl 

Phase angle  O Micromicrofarad ___ _ _ Pef 
Antenna  ant Picofarad  - - - Pf 
Apparent power  AP Flux, magnetic  cP 
Area  A Density  B 

Circular mils  cm or Force  F 
cir mils Magnetomotive  ___ mmf 

Square centimeters _ ___ sq cm Frequency  f 
Square inches  sq in. Audio  _ _ _ a-f 

Capacitance  C Intermediate   _ _ i-f 

Conductance  G Modulation   _ f-m 

Constant, dielectric ___ K Radio  _ __ r-f 

Coulomb  q or Q Resonance  .fr 
Coupling, coefficient __ K Ultrahigh  ___ uhf 

Current  I Very high  ___ vhf 

Alternating  a-c or A-C Gausses  B 

Average value  Ia.. Gilbert  F 

Direct  d-c or D-C Ground  _ __ gnd 

Effective value  I Henry  __ h 

Instantaneous value _ to Millihenry  __ inh 

Maximum value _ ___ I. Microhenry  

Signal  i Hertz   Hz 

Cycles  — c Impedance  Z 

Per second  -- cps, Hz Inductance, self-  L 

Kilocycle  
Megacycle  

kc, kHz 
mc, mHz 

Mutual  
Intensity, magnetic 

M 

Decibel  db db field  H 

Diameter  d d or diam Kilo  

Distance  
Efficiency  

d 
eff 

Length  
Mathematical symbols: 

1 

Electromotive force ___ _ __ emf or EMF Equals  = 

611 
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TERM SYMBOL 
ABBRE- 

YIATION 
TERM SYMBOL 

ABBRE-

VIATION 

Is approximately equal Single-pole single-
to   &I- throw  spst 

Does not equal   Single-pole double-
Is greater than  > throw  __ _ spdt 
Is much greater Double-pole single-

than  > throw  _ _ dpst 
Is less than  < Double-pole double-
Is much less than _   <C throw  _ _ dpdt 
Therefore  
Multiplied by   

.. 
X or • 

Three-deck, four-
circuit, eight 

Divided by  + or: positions   __ 3D-4C-8P 
Positive, or plus  
Negative, or minus   

+ 
— 

Temperature, 
coefficient  Tc 

Plus or minus   -1- Degrees centigrade _ C °C 
Angle  L Degrees Fahrenheit _ F °F 
Cosine  cos Thickness  t 
Sine   sin Time  tor T 
Tangent  tan Seconds  _ _ _ sec 

Common logarithm __ 
Antilogarithm   

___ log 
antilog 

Microseconds  
Minutes   

__ _ psee 

Cologarithm  colog Time constant  t 
Megohm  MS1 Transformer  T 
Meter  m Turns, number of __ _ _ N 
Centimeter  cm Vacuum-tube voltmeter _ _ _ vtvm 
Millimeter  mm Volt  __ _ y 

Oersted  H Kilovolt  __ kv 
Ohm  w or SI Millivolt   __ _ mv 
Permeability  µ Microvolt  µv 
Permeance  9 Voltage  E 
Pi (3.1418)   ir Average value  Ea„ 
Pole, north seeking _ __ _ N Effective value  E 

South seeking  
Power  

S 
p or P p or P 

Instantaneous value 
Maximum value ___ 

e, 
E. 

Power factor  PF Signal  e 
Primary  P p or pri Volt-ampere  VA va or VA 
Reactance  X Kilovolt ampere __ __ KVA kva 

Inductive  XL Watt  W w 
Capacitive  Xc Kilowatt  _ _ _ kw 

Reluctance  
Resistance  

9, 
R or r resis 

Kilowatthours  
Milliwatt   

_ _ _ 
_ 

Icwh or kwhr 
MW 

Root mean square  rms Microwatt   _ _ µw 
Secondary  S s or sec Wave, continuous _ __ _ _ __ c-w 
Switch  sw Wavelength  À 
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Formulas Commonly Used in Electronics 

Note: The numbers appearing opposite the equations correspond to the numbers of 
the same equations in the text or to the equations from which they were derived. 
These numbers are included to facilitate reference to figures, text, and nomenclature 
when such reference is desirable. 

Direct Current 

Ohm's Law 

Voltage = IR = +1 = -‘,11) (2-6), (2-12), (2-13) 

Current =e=f= IF (2-5), (2-12), (2-14) 

Resistance = e_ . 21 = L2 (2-7), (2-14), (2-13) 
I 12 P 

Power = El = PR = f (2-12), (2-14), (2-13) 

Energy = PT; power = Ftn, ; time = —Eir (2-15) 

Series Circuit 

, ET 

"2 1:7 

,  

Fig. A-1 

R7 = ri + r2 + 73, etc. 
ri = liT - (r2 + r3, etc.) 
Er = ei. + e2 + e3, etc. 
e2 = ET - (ei + e3, etc.) 
IT = il = i2 = i3, etc. 

PT = pl + pz + pz, etc. 
EnT = eni ± en2 -F en3, etc. 

1 
i 
i 
1 
1 

(4-10) 
(4-10) 
(4-9) 
(4-9) 
(4-8) 

(4-11) 
(4-12) 

613 
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Parallel Circuits 

Two resistors in parallel 

Fig. A-2 

RT 1  rir2  
_ ± = , = 1 1 r1 + r2 _ 
r1 r2 

Re2  r1 = 
r2 — RT 

Any number of resistors in parallel 

Zr 

Fig. A-3 

RT = 1 
1 1 1 
r1 :»2 r3 

etc. 

ET = el = e2 = e3, etc. 
IT -= ii + i2 + i3, etc. 
/3 = IT - (i1 + i2, etc.) 

PT = pi + P2 ± P3, etc. 
EnT = eni ± en2 ± en„ etc. 

(4-15a) 

(4-15b) 

(4-15) 

(4-14) 
(4-13) 

(4-13) 
(4-11) 
(4-12) 

Alternating Current 

Maximum, Effective, and Average Values of Sine Wave Currents 
and Voltages 

Maximum value = V2 effective value = 1.414 effective value (7-17) 

= effective value = 1.57 average value (7-16) 
0.707 

maximum value = maximum value  Effective value = 
(7-17) \/2 1.414 

Effective value = 0.707 maximum value = 1.11 average value (7-15), (7-16) 
Average value = 0.637 maximum value = 0.9009 effective value (7-6), (7-8) 
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Alternating Current 

Ohm's Law 

Voltage = /Z = i PpF (8-9), (10-3) 

Current = —E = P (8-9), (10-3) 
Z E PF 

Impedance = = _4_, = „/R2 + (xi, _ XL.)2 (8-9), (10-5), (10-1) 

P Volt-amperes = El = w , 

Power = El PF = PR 

Power factor = 

Series Circuits 

P R _ 0 
= 7 — cos 

Energy = PT 

(7-18), (10-4) 

(7-20), (10-3), (2-14) 

(7-19), (10-5) 

(2-15) 

SERIES 

CIRCUIT 

RESISTANCE 

AND INDUCTANCE 

(FIG. A-4a) 

RESISTANCE 

AND CAPACITANCE 

(no. A-4b) 

RESISTANCE, INDUC-

TANCE, AND CAPACITANCE 

(FIG. A-4c) 

Z = 

R = 

XL = 

Xc = 

vR2 + xL2 VR2 + Xe2 N/R2 + (XL — Xe)2 
VZ2 — XL2 VZ2 — Xc2 VZ2 - (XL — Xc)2 
VZ2 — R2 vz2 _ R2 + xc 

VZ2 — R2 XL — VZ2 — R2 

R 

f—AAAW-, Z 

yr, 
 (00750-0‘  'l , 

Resistance and inductive reactance 

(a) 
R Xc 

 A- MAAAA, I( A 
L Z  1 

Resistance and capacitive reactance 

(b) 
R XL Xc 

 ( MOO` I( A 
 Z    J 

Resistance, inductive reactance and capacitive reactance 

(c) 

RI XLI R2 Xci R3 XL, R4 Xc2 

---1---V\AM —f 000 \—mAne-1(—~.—f 000 \--v0A.,—I - -

L Z   j 

Any combination of resistances,inductive reactances and capacitive reactances 

(d) 

Fig. A-4 
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For any combination of resistance, inductance, and capacitance (Fig. A-4d) 

Z = V(R1 + R2 ± R3, etc.)2 

+ (XL, + XL, ± XL3, etc. — Xc, — Xc2 — Xc„ etc.)2 (10-2) 

Er = el 4- e2 + e3 + el, etc. (to be added vectorially) 
IT = il = i2 = is = i4, etc. 

PT = pl + 732 + p3 + p4, etc. 
EnT = eni + en2 + en3, etc. 

Parallel Circuits 

Two impedances in parallel 

Fig. A-5 

ZiZ2  ZT = 
Z1 + Z2 

ZTZ2  Z1 = 
Z2 — ZT 

(10-23) 

(10-23) 

Any number of impedances in parallel 

Zr: No single equation is available for this type of circuit. For solution see Arts. 10-9, 
10-15, and 10-16. 

ET = el = e2 = e3, etc. 
IT = il + i2 ± i3, etc. (to be added vectorially) 

PT = pl + P2 + p3, etc. 
EnT = eni + en2 + en3, etc. 

Equivalent Circuits 

Series equivalents for a parallel circuit 

RpXp2  
REr = 

Rp2 + Xp2 

XpRp2  
Xs, = 

Rp2 -1- Xp2 

Parallel equivalents for a series circuit 

RI, = 

Xp, = 

RS2 ± X82  
Rs 

R 82 + X s2  
X8 
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Polyphase Systems 

Three-phase delta-connected system 

Eline = Ephase (7-21) 
/line = 1.73/pnene (7-22) 

Power = 1.73Eunehine PF = 3F,nese/pnase PF (7-26), (7-27) 
Volt-amperes = 1.73Elinehine = 3 Ephaselphase (7-24), (7-25) 

Power factor =  P  =  (7-28), (7-29) 
1.73Einiehine 3Enhaseinhase 

Three-phase wye-connected system 

= 1.73Ephase (7-30) 
= 'phase (7-31) 

Power = 1.73Elinehine PF = 3Enninie/pnase PF (7-26), (7-27) 
Volt-amperes = 1.73Eiineliine = 3 Ephaseiphase (7-24), (7-25) 

Power factor = =  P (7-28), (7-29) 
1.73Efineiline 3 --vF—haseiphase 

Magnetism 

Reluctances in series 

Reluctances in parallel 

Inductors 
Inductance of a Coil 

Solenoid with iron core 

Solenoid with air core 

B=1-

F= cp:R, = 1.26N/ 

= = 

— A 

= B = 1 p 717 

p = 1 

= 1  
1 + -+ ,1 etc. 

q(a 618 

L =  • 1 26N2p.A  
1081 

L =  a2N2  
9a + 10b 

(5-3) 

(5-7), (5-8) 

(5-3), (5-7) 

(5-7), (5-6) 

(5-9), (5-5) 

(5-5) 

(5-10) 

(5-11) 

(8-2) 

(8-5) 



618 Appendix III 

Multilayer coil with air core 

Flat coil with air core 

L =  °•8a2N2  
6a + 9b + 10c 

L —  a2W2 
— 8a + 11c 

Inductance of a Coil or a Circuit 

Inductive Reactance 

Impedance 

Coil Q 

L = XL 
2/rf 

XL = 21711, = \ /Z2 — R2 = EX•L 

(8-3) 

(8-4) 

(8-6) 

= X — Xe (8-6), (8-8), (8-7) 

ZL = VRL2 + XL2 = —EL 
IL 

n XL 2efL  
R = R 

Inductors in Series 

With flux linkage between coils 

LT = L1 + L2 ± 2K 04/-2 

No flux linkage between coils 

L7 = L1 ÷ L2 + L3, etc. 

XL.T = 21TILT = XL.1 -I- X1,2 XL.3, etc. 

Inductors in Parallel 

Any number of inductors 

Two inductors 

1 XL.T 
LT = 

217f + 17 2  

XL.T = 277A7 = 1 
1 1 1 + + A  7,—, etc. 

AG2 L•3 

LiL2 LTL2  LT = = „ 
+ L2 — 1,7 

XL.T = 27er = X1,1XL•2  

XL,2 

(8-8), (8-9) 

(8-25) 

(8-22) 

(8-15) 

(8-17), (8-18) 

(8-16), (8-17) 

(8-17), (8-19) 

(8-16a) 

(8-17), (8-19a) 
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Mutual Inductance 

M = Kej.:2 L1 = M2 (8-13) 
K2I,2 

Coefficient of Coupling 

K =  M (8-13) 
0 ,11,2 

Capacitors 

Charge 

Q = It = CE 

Capacitance 

C  • 22 45ICA(N — 1) _ 106 
=  108t — 2/rfXc 

Capacitive Reactance 

(9-1), (9-1a) 

(9-2a), (9-4) 

106 
Xc = = 159,000 = VZ2 — R2 = k = X — XI, (9-4), (9-7), (9-5) 721 -fc-  fc 

Xc 

Impedance 

Z = VR2 4- Xc2 (9-7) 

Power Factor 

PF = R Z =  VR2 -1- XX(,2R  = cos e = ESR (9-9), (9-10), (9-18) 
Z 

Equivalent Series Resistance 

ESR =  159,000 DF = ZPF = XcDF (9-17), (9-18), (9-19) 

Dissipation Factor 

DF = ESR = I. (9-19), (9-21) 
IQ. Q 

Q Factor 

Q = ESR 
= E!F, 

(9-20), (9-21) 

Energy 

CE2 =  2 QE  
En = (9-26), (9-27) 

2  

Capacitors in Series 

Any number of capacitors 

CT =  1  =  106  
* + 1 + r3.1 , etc. 2/TfXer 

(9-28), (9-29) 
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Two capacitors 

Reactance 

Charge 

C C1C2  T = 
± C2 

CTC2  
Cl = 

C2 — CT 

106  = = XC•1 Xr.2 Xe.3, etc. 
27rfCT 

QT = Q1 = Q2 = 123, etc. 

Capacitors in Parallel 

Cr = ci + C2 ± C3, etc. =  106  
2irfXer 

106 Xer =  1 =  

2irfCT 1 ± 1 + } , etc. 
Xe.i Xe2 AC•3 

Qr = Qi + Q2 + Qs, etc. 

(9-28a), (9-28b) 

(9-29), (9-30) 

(9-31) 

(9-32), (9-29) 

(9-29), (9-33) 

(9-34) 

Resonance 

Series and Parallel Circuits 

fr . 159 

25 300 fr is expressed in kilocycles (11-8) 
L = =1;2C Lis expressed in microhenrys (11-9) 

C is expressed in microfarads (11-10) 
C 25' 300 =  

fr2L 

Series Resonant Circuit 

non  
E 

At any frequency 

At resonance 

E 

Fig. A-6 

Z = VR2 + (XL — Xc)2 

Z = R (minimum value possible) 
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I=f, (maximum value possible) (11-12) 

EXL = Ex c = EQ 

Parallel Resonant Circuit 

At any frequency 

At resonance 

E Z 

Fig. A-7 

Z1Z2  
= 

Z1 ± Z2 

Z = XLQ (maximum value obtainable) 

/ = —Ez (minimum value obtainable) 

(11-26) 

(10-15) 

(11-31) 

(11-27) 

Width of Frequency Band for Single Resonant Circuit at 0.707 of the 
Maximum Response 

Coupled Resonant Circuits 

Width of Bandpass 

Critical Coupling 

Q 2irL 

12 — fl = Kfr 

=  1.5  

efir3t 

ri = 2.25 
v" Ke2 

Relation between Wavelength and Frequency 

Wavelength 

)1/4 = 300,000,000 . 300,000 = 300 

ficPs) _Ake) _Arne) 

(11-21), (11-22) 

(12-28) 

(12-30) 

(12-31) 
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Frequency 

300,000,000 300,000 300 
f =  x  (cps) =  x  (kc) = (mc) 

Delayed-action Circuits 
Time Constants 

Resistance-inductance circuit 

Resistance-capacitance circuit 

Electron Tubes 
Tube Constants 

Triode Amplifier 

Pentode Amplifier 

Transistors 

Transistor Constants 

Alpha direct-current gain 

When RL = 0, 

(1-2) 

t = (8-10) 

t = CR (9-11) 

= go,r, 

gm = 
r„ 

rp = 
gm 

VA —  etZ° 
Zo r„ 

VA = ”,o 
Zo 

Q = hp,a = —dAirc Gt1 E Vc —constant 

When RL has a significant value, 

at, = —e-
1 -F 

Beta direct-current gain 

_ hFE die 

— dig 
Vc—constant 

(14-4) 

(14-5) 

(14-6) 

(14-17) 
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Relation between and a for grounded emitter 

=  a  
1 — a 

Current Gain of Amplifiers 

Grounded-emitter amplifier 

Grounded-base amplifier 

Grounded-collector amplifier 

-I- RL 

rc  
RL -I- re — r„, 

(15-5) 

(15-10) 

(15-13) 

(15-16) 



Appendix IV 
Table of Specific Resistance and Temperature 

Coefficient of Various Metals at 20°C 

MATERIAL DESCRIPTION 

SPECIFIC 

RESISTANCE 

OHMS PER 

CIR-MIL-FT 

TEMPERATURE 

COEFFICIENT 

PER °C 

Advance  Same as constantan 295 0.000018 
Aluminum  Wire 17 0.0039 
Antimony  252 0.0036 
Bismuth  700 0.004 
Brass  Copper, zinc 40 0.002 
Cadmium  46 0.0038 
Carbon  Graphite 2,600-7,500 -0.0003 
Chromax  Chromium, nickel, iron 603 0.00031 
Cobalt  58 0.0033 
Constantin  Copper, nickel 295 0.000018 
Copper  Hard drawn 10.4 0.004 
German silver  Nickel, copper, zinc 200 0.00027 
Gold  14.5 0.0034 
Ideal  Same as constantan 295 0.000018 
Indium  93.6 0.00498 
Iron  Cast 450-570 0.006 
Iron  Pure 58.2 0.0052-0.0062 
Lead  130 0.0039 
Magnesium  27.8 0.004 
Manganin  Manganese, copper, nickel 285 0.00002 
Mercury  585 0.00089 
Molybdenum  Drawn 34.3 0.0045 
Monel  Copper, nickel 265 0.002 
Nichrome  Nickel, chromium 600-660 0.0004 
Nickel  46 0.0047 
Palladium  64.5 0.0033 
Phosphor bronze  47 0.003 
Platinum  60 0.003 
Silver  9.8 0.0038 
Steel  Soft 95.4 0.005 
Steel  Hard 275 0.0016 
Tin  69 0.0042 
Tungsten  34 0.0045 
Zinc  35.2 0.0037 

The values given in the above table are approximate, since these values will depend upon the 
exact composition of the material. 
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Bare Copper Wire Tables at 25°C 

AWG AND 

BROWN AND SHARPE 

GAUGE 

DIAMETER, MILS AREA, CIR MILS OHMS PER 1,000 FT 

1 289.3 83,690 0.1264 
2 257.6 66,370 0.1593 
3 229.4 52,640 0.2009 
4 204.3 41,740 0.2533 
5 181.9 33,100 0.3195 

6 162.0 26,250 0.4028 
7 144.3 20,820 0.5080 
8 128.5 16,510 0.6405 
9 114.4 13,090 0.8077 
10 101.9 10,380 1.018 

11 90.74 8,234 1.284 
12 80.81 6,530 1.619 
13 71.96 5,178 2.042 
14 64.08 4,107 2.575 
15 57.07 3,257 3.247 

16 50.82 2,583 4.094 
17 45.26 2,048 5.163 
18 40.30 1,624 6.510 
19 35.89 1,288 8.210 
20 31.96 1,022 10.35 

21 28.46 810.1 13.05 
22 25.35 642.4 16.46 
23 22.57 509.5 20.76 
24 20.10 404.0 26.17 
25 17.90 320.4 33.00 

26 15.94 254.1 41.62 
27 14.20 201.5 52.48 
28 12.64 159.8 66.17 
29 11.26 126.7 83.44 
30 10.03 100.5 105.2 

31 8.93 79.70 132.7 
32 7.95 83.21 167.3 
33 7.08 50.13 211.0 
34 6.31 39.75 266.0 
35 5.62 31.52 335.5 

36 5.00 25.00 423.0 
37 4.45 19.83 533.4 
38 3.96 15.72 672.6 
39 3.53 12.47 848.1 
40 3.14 9.89 1069.0 

41 2.80 7.84 1323 
42 2.50 6.22 1667 
43 2.22 4.93 2105 
44 1.98 3.91 2655 
45 1.75 3.06 3460 
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Dielectric Constant (K) and Dielectric Strength 

(Volts per 0.001 Inch) of Various Materials 

MATERIAL 
DIELECTRIC 

CONSTANT K 

DIELECTRIC 

STRENGTH, VOLTS 

PER 0.001 INCH 

Air  
Aluminum oxide layer  
Bakelite  
Cambric, varnished  
Ceramics  

Mycalex  
Steatite, commercial  
low loss  

Titanium dioxide  
Fiber  

Average  
Glass  
Common  
Electrical  

Mica  
Clear India  

Neoprene  
Niobium oxide layer  
Nylon  
Oil, castor  

Pyranol  
Transformer  

Paper, beeswaxed  
Kraft  
Paraffined  

Polyethylene  
Polystyrene  
Porcelain  
Quartz  
Resins  
Rubber  
Shellac  
Tantalum oxide layer  
Teflon  
Vacuum  
Water, pure  

i 
10 
6 
4.5 

5-4,000 
6-8 
5-6.5 
4.4 

90-170 
2.5-8 

6.5 
4-10 
4.2 

4-5 
5.5 

7-7.3 
8.7 
50 

3.6-3.7 
4.7 
4.2 

2.2-2.6 
3.1 
3.5 
2.2 
2.25 

2.5-2.7 
4.5-6.5 
3.5-4.5 
2.5-4 
2-4 

2.5-4 
28 
2.1 
1 

81 

80 

500 
1,200 

200-1,200 
300-500 

150-315 
100-200 
50-200 

200-2,000 
200 
2,000 
2,000 

600-1,500 
300 

300-400 
380 
350 
250 
1,800 

1,200 
1,000 

500-700 
300-1,200 
200-400 

300-500 
900 

1,000-2,000 

Note: The values in the above table may vary considerably depending upon the quality and 
manufacture of the material. The values in the table are average values; for greater accuracy, 
values should be obtained from the manufacturer of the materials used. 

626 



Appendix VII 
Standard Color Coding for Resistors 

For the identification of resistance values of small carbon-type resistors, numbers 
are represented by the colors indicated in Table A-1. Three colors are used on each 

Table A-1 Color Code Used for the Identification of Carbon Resistors and Flat-paper, 

Mica, and Ceramic Capacitors 

1—Brown 4—Yellow 7—Violet 
2—Red 5—Green 8—Gray 
3—Orange 6—Blue 9—White 

0—Black 

resistor to identify its value in ohms according to the methods indicated in Table A-2. 
Two systems are used for placing the color band or dot on a resistor, one for the axial-
lead resistor (Fig. A-8) and the other for the radial-lead resistor (Fig. A-9). The toler-
ance is indicated by a fourth band or dot having the following color identification. 

Gold, 5 per cent Silver, 10 per cent None, 20 per cent 

Table A-2 Methods Used for Identifying the Color Bands or Dots and Their Functions as 

Used with Carbon Resistors and Flat-paper, Mica, and Ceramic Capacitors 

AXIAL LEADS IDENTIFICATION RADIAL LEADS 

Band A  First significant figure Body A 

Band B  Second significant figure End B 

Band C  The number of zeros following the first two figures Band C or dot C 

Band D  Per cent tolerance above and below the nominal 
resistance or capacitance value 

End D 

For resistors having fractional values of more than 1 ohm but less than 10 ohms 
band C is gold indicating a multiplying factor of 0.1. For resistors having a value of less 
than 1 ohm band C is silver indicating a multiplying factor of 0.01. 
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628 Appendix VII 

Axial-lead resistor 

Fig. A-8 

Table A-3 Application of Resistor Color Code 

Radial-lead resistor 

Fig. A-9 

RESISTANCE, 

OHMS 

A 
B C 

RESISTANCE, 

OHMS 
A B C 

0.27 Red Violet Silver 10 k Brown Black Orange 
0.56 Green Blue Silver 11 k Brown Brown Orange 
1.0 Black Brown Black 12 k Brown Red Orange 
1.8 Brown Gray Gold 18 k Brown Gray Orange 
3.3 Orange Orange Gold 22 k Red Red Orange 
10 Brown Black Black 27 k Red Violet Orange 
12 Brown Red Black 33 k Orange Orange Orange 
22 Red Red Black 39 k Orange White Orange 
39 Orange White Black 47 k Yellow Violet Orange 
47 Yellow Violet Black 56 k Green Blue Orange 
68 Blue Gray Black 68 k Blue Gray Orange 
82 Gray Red Black 82 k Gray Red Orange 
100 Brown Black Brown 100 k Brown Black Yellow 
120 Brown Red Brown 120 k Brown Red Yellow 
180 Brown Gray Brown 150 k Brown Green Yellow 
220 Red Red Brown 180 k Brown Gray Yellow 
270 Red Violet Brown 200 k Red Black Yellow 
330 Orange Orange Brown 220 k Red Red Yellow 
470 Yellow Violet Brown 390 k Orange White Yellow 
560 Green Blue Brown 470 k Yellow Violet Yellow 
820 Gray Red Brown 510 k Green Brown Yellow 

1,000 Brown Black Red 680 k Blue Gray Yellow 
1,200 Brown Red Red 1.5 meg Brown Green Green 
1,500 Brown Green Red 2.2 meg Red Red Green 
1,800 Brown Gray Red 3.9 meg Orange White Green 
2,700 Red Violet Red 5.6 meg Green Blue Green 
3,900 Orange White Red 6.8 meg Blue Gray Green 
4,700 Yellow Violet Red 12 meg Brown Red Blue 
5,600 Green Blue Red 18 meg Brown Gray Blue 
6,800 Blue Gray Red 22 meg Red Red Blue 



Appendix VIII 
Standard Color Coding for Capacitors 

The basic system used for color coding capacitors is the same as for resistors, and 
all capacitance values are in micromicrofarads. (1) The colors used for identifying the 
numbers are the same as those used for resistors (Table A-I). (2) The methods used 
for identifying the color bands or dots are also the same as those used for resistors 
(Table A-2). Capacitors may also use one or more of four additional identification 
bands or dots, namely, 
E—third significant figure, used in some of the old systems 
F—d-c working voltage 
G—Classification or operating characteristic 
H—Temperature coefficient 
It is impossible to describe a standard method of identification that would be ap-

plicable to all of the many different types of capacitors manufactured. Typical ex-
amples of the identification systems for commonly used capacitors are illustrated in 
Fig. A-10, and the method of identifying the values of the multiplying factor, tolerance, 
and d-c working voltage in Tables A-4 and A-5. 

Table A-4 Identification of Molded Paper and Molded Mica Capacitors 

COLOR OF 

BAND OR DOT 

C D F 

MULTIPLYING 

FACTOR 

TOLERANCE 

PAPER, % 

TOLERANCE 

MICA, % 

WORKING 

VOLTAGE 

Black  1 20 20 
Brown  10 ___ 100 
Red  102 _ _ _ 2 200 
Orange  103 30 3 300 
Yellow  104 40 _ _ _ 400 
Green  102 5 5 (EIA) 500 
Blue  106  
Violet   __ _ - - - -- - 700 
Gray  __ - - -- - -- 800 

White  ___ 10 (EIA) ___ 900 

Gold  0.1 10 (MIL) 5 (MIL) 1,000 

Silver  0.01 - -- 10 2,000 
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630 Appendix VIII 

Table A-5 Identification of Ceramic Capacitors 

COLOR OF 

BAND OR DOT 

(' D F 

MULTIPLYING 

FACTOR 

TOLERANCE, 

CAPACITANCE 

LESS THAN 

TOLERANCE, 

CAPACITANCE 

MORE THAN 

WORKING 

VOLTAGE 

1014, µµ1 10µuf, % 

Black  1 2 20 
Brown  10 0.1 1 150 
Red  102 _ _ _ 2 
Orange  103 _ _ _ 2.5 350 
Yellow  104 
Green  _ _ _ 0.5 5 500 
Blue  
Violet  
Gray  0.01 0.25 
White 0.1 1.0 10 

Table A-6 Application of Capacitor Color Code 

SYSTEM 

FIG. A-10 
CAPACI- 

TANCE, p.af 
TOLERANCE 

% ' 
WORKING 

VOLTAGE 

1 

A  B C D I,' 

(a) 54 1 _ _ _ Green Yellow Black Brown 

(a) 270 2.5 _ _ _ Red Violet Brown Orange 

(b) 8 0.5 gitf _ _ _ Black Gray Black Green 

(b) 820 5 _ _ _ Gray Red Brown Green 

(c) 1,200 10 150 Brown Red Red White ___ Brown 

(c) 6,800 20 350 Blue Gray Red Black _ _ _ Orange 

(d) 33 0.25 p.p.f _ _ _ Orange Orange White Gray 

(d) 0.68 0.1 anf _ _ _ Blue Gray Blue Brown 
(d) 91 2 _ _ _ White Brown Black Red 

(e) 7.5 _ _ _ _ _ _ Violet Green White 

(e) 4,700 ___ _ _ _ Yellow Green Red 

(f) 500 10 ___ Green Black Brown White 

(f) 2,300 20 _ _ _ Red Orange Red Black 

(g) 560 5 _ _ _ Green Blue Brown Green 
(g) 10,000 20 _ _ _ Brown Black Orange Black 
(h) 62 2 _ _ _ Blue Red Black Red 
(h) 7,500 10 (EIA) _ _ _ Violet Green Red White 
(h) 910 3 _ _ _ White Brown Brown Orange 

(1) 5 2 _ _ _ Black Green Black Red 

(0 33 3 300 Orange Orange Black Orange - __ Orange 

(k) 2,200 10 (MIL) 600 Red Red Red White - - _ Blue 

(0 360 2 1,000 Orange Blue Brown Red - _ - Gold 

(m) 8,200 20 400 Gray Red Red Black _ _ _ Yellow 

(n) 430 5 (MIL) 2,000 Yellow Orange Black Gold Black Silver 
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HA BCD 

(a) Axial lead 

(d) 5-dot disc (e) 3-dot disc 

ABC 

(i) 3-dot 

A BC 

F10 
Blank 

(1) 5-dot 

Ceramic 

H ABC!) 

(IV 5-dot radia/ 

HA BCD 

(0 Standoff 

Molded mica or flat paper 

Present system 

White-BIA A B 
Black-MIL 

CDC 

(h) 6-dot 

Old systems 

ABC 

(j) 4-dot 

ABC 

 • 
   0 0 0* 

Front 

•    Ct) 
F O 

(m) 5-dot 

(cl 6-dot radial 

ABC 

(g) Button 

FO 

ABC 

k) 5-dot 

ABE 

FOC 

(n) 6-dot 

Fig. A-10 Identification systems used for ceramic, molded mica, and flat-paper capacitors. 



Appendix IX 
Standard Color Coding for Transformer Leads 

Ye/krw 

P/crte 

8+ 

finish 
Black if 
untapped 

Black ana' real 
50(50 stribed 
design ifpr• 
uses lap 

Blue 

(a)- POWER TRANSFORMER COLOR CODE 

Yellow and blue 
SFY..e r7oic1 

Yellow 

kec 
filament 

F'ectifier 
plate 

Green tied /kw Amplifier filament 
SO/Ms/reed design Wirpa'ingNo.1 

Green 

/ow 

Green 

owe 

White 

I'M-COLOR CODE IF TRANSFORMERS 

19/7 
Amplifier Moment 

Winding No.2 

Amplifier filament 
Winding NoJ 

or 
diode 

FI/// 
1611IVe 

diode 

Grid or 
diode 
return 

Grid (or high side 
(of moving coil/ 

Re/urn (or lowside 
of mowng coil/ 

The upper portion (that code above the dotted line) 
for single primary and/or secondary transermers 

(c)-COWR CODE-AUDIO TRANSFORMERS 

Fig. A-11 
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Appendix X 
Trigonometry 

The solution of a-c problems frequently involves adding or subtracting quantities 
such as voltages, currents, and ohmages by means of vectors. The mathematical solu-
tion of these problems requires the use of trigonometry. The method of solution 
presented in the text makes it possible to solve all such problems by the use of right 
triangles. The following statements apply to any right triangle and are illustrated in 

Fig. A-12. 
1. A right triangle is one in which one of the angles is a right angle (90°). 
2. The hypotenuse is the side opposite the right angle. 
3. The legs of a right triangle are the two sides that form the right angle. 
4. The sine of any angle O is equal to the side opposite that angle divided by 

the hypotenuse. 
5. The cosine of any angle 0 is equal to the side adjacent to that angle divided by 

the hypotenuse. 
6. The tangent of any angle O is equal to the side opposite to that angle divided by 

the side adjacent to the angle. 
7. The square of the hypotenuse is equal to the sum of the squares of the two legs 

of the triangle. 

a = c sin A c = 
c sin A 

b cos A = il b = c cos A c = 
c cos A 

b  tan A = a = b tan A b = a tail A g-

sin B = -b— b = c sin B c = b 
c sin B 

cos B = g- a = c cos B c = 
C 

tan B = 1)- b = a tan B a = 
a 

C2 := ae -I- Le a2 == C2 — Le 1)2 = C2 -- e 

a 

a 
cos B 

b 
tan B 
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The tables of Appendix XI list the values of sine and cosine for angles between 0 
and 90°. In some instances, it is desired to obtain the sine of angles greater than 90'; 
they may be obtained in the following manner: 

b 

Fig. A-1 2 

a 

When O is between 90 and 180° 

sin O = cos (0 — 90) 

EXAMPLE: What is the sine of 137°? 

sin 137° = cos (137 — 90) 
= cos 47° 
-= 0.682 

When O is between 180 and 270° 

sin 0 = — sin (0 — 180) 

EXAMPLE: What is the sine of 218° 

sin 218° = —sin (218 — 180) 
= —sin 38° 
= —0.616 

When 0 is between 270 and 360° 

sin O = —cos (0 — 270) 

EXAMPLE: What is the sine of 336°? 

sin 336° = —cos (3,36 — 270) 
= —cos 66° 
= —0.407 



Appendix XI 
Sine, Cosine, and Tangent Tables 

DEGREES SIN COS TAN DECREES SIN COS TAN 

0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 
15.5 
16.0 
16.5 
17.0 
17.5 
18.0 
18.5 

0.000 
0.009 
0.017 
0.026 
0.035 
0.043 
0.052 
0.061 
0.070 
0.078 
0.087 
0.096 
0.104 
0.113 
0.122 
0.130 
0.139 
0.148 
0.156 
0.165 
0.173 
0.182 
0.191 
0.199 
0.208 
0.216 
0.225 
0.233 
0.242 
0.250 
0.259 
0.267 
0.275 
0.284 
0.292 
0.301 
0.309 
0.317 

1.000 
1.000 
1.000 
1.000 
0.999 
0.999 
0.999 
0.998 
0.998 
0.997 
0.996 
0.995 
0.994 
0.993 
0.992 
0.991 
0.990 
0.989 
0.988 
0.986 
0.985 
0.983 
0.981 
0.980 
0.978 
0.976 
0.974 
0.972 
0.970 
0.968 
0.966 
0.963 
0.961 
0.959 
0.956 
0.954 
0.951 
0.948 

0.000 
0.009 
0.017 
0.026 
0.035 
0.044 
0.052 
0.061 
0.070 
0.079 
0.087 
0.096 
0.105 
0.114 
0.123 
0.132 
0.140 
0.149 
0.158 
0.167 
0.176 
0.185 
0.194 
0.203 
0.213 
0.222 
0.231 
0.240 
0.249 
0.259 
0.268 
0.277 
0.287 
0.296 
0.306 
0.315 
0.325 
0.335 

19.0 
19.5 
20.0 
20.5 
21.0 
21.5 
22.0 
22.5 
23.0 
23.5 
24.0 
24.5 
25.0 
25.5 
26.0 
26.5 
27.0 
27.5 
28.0 
28.5 
29.0 
29.5 
30.0 
30.5 
31.0 
31.5 
32.0 
32.5 
33.0 
33.5 
34.0 
34.5 
35.0 
35.5 
36.0 
36.5 
37.0 
37.5 

0.325 
0.334 
0.342 
0.350 
0.358 
0.366 
0.374 
0.383 
0.391 
0.399 
0.407 
0.415 
0.422 
0.430 
0.438 
0.446 
0.454 
0.462 
0.469 
0.477 
0.485 
0.492 
0.500 
0.507 
0.515 
0.522 
0.530 
0.537 
0.544 
0.552 
0.559 
0.566 
0.574 
0.581 
0.588 
0.595 
0.602 
0.609 

0.945 
0.942 
0.940 
0.937 
0.933 
0.930 
0.927 
0.924 
0.920 
0.917 
0.913 
0.910 
0.906 
0.902 
0.899 
0.895 
0.891 
0.887 
0.883 
0.879 
0.875 
0.870 
0.866 
0.862 
0.857 
0.853 
0.848 
0.843 
0.839 
0.834 
0.829 
0.824 
0.819 
0.814 
0.809 
0.804 
0.798 
0.793 

0.344 
0.354 
0.364 
0.374 
0.384 
0.394 
0.404 
0.414 
0.424 
0.435 
0.445 
0.456 
0.466 
0.477 
0.488 
0.499 
0.510 
0.521 
0.532 
0.543 
0.554 
0.566 
0.577 
0.589 
0.601 
0.613 
0.625 
0.637 
0.649 
0.662 
0.675 
0.687 
0.700 
0.713 
0.727 
0.740 
0.754 
0.767 
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DECREES SIN COS TAN DEGREES SIN COS TAN 

38.0 0.616 0.788 0.781 64.5 0.903 0.430 2.10 
38.5 0.622 0.783 0.795 65.0 0.906 0.423 2.14 
39.0 0.629 0.777 0.810 65.5 0.910 0.415 2.19 
39.5 0.636 0.772 0.824 66.0 0.913 0.407 2.25 
40.0 0.643 0.766 0.839 66.5 0.917 0.399 2.30 
40.5 0.649 0.760 0.854 67.0 0.920 0.391 2.36 
41.0 0.656 0.755 0.869 67.5 0.924 0.383 2.41 
41.5 0.663 0.749 0.885 68.0 0.927 0.375 2.48 
42.0 0.669 0.743 0.900 68.5 0.930 0.366 2.54 
42.5 0.675 0.737 0.916 69.0 0.934 0.358 2.61 
43.0 0.682 0.731 0.933 69.5 0.937 0.350 2.67 
43.5 0.688 0.725 0.949 70.0 0.940 0.342 2.75 
44.0 0.695 0.719 0.966 70.5 0.943 0.334 2.82 
44.5 0.701 0.713 0.983 71.0 0.945 0.326 2.90 
45.0 0.707 0.707 1.000 71.5 0.948 0.317 2.99 
45.5 0.713 0.701 1.018 72.0 0.951 0.309 3.08 
46.0 0.719 0.695 1.036 72.5 0.954 0.301 3.17 
46.5 0.725 0.688 1.054 73.0 0.956 0.292 3.27 
47.0 0.731 0.682 1.072 73.5 0.959 0.284 3.38 
47.5 0.737 0.675 1.091 74.0 0.961 0.276 3.49 
48.0 0.743 0.669 1.111 74.5 0.964 0.267 3.61 
48.5 0.749 0.663 1.130 75.0 0.966 0.259 3.73 
49.0 0.755 0.656 1.150 75.5 0.968 0.250 3.87 
49.5 0.760 0.649 1.171 76.0 0.970 0.242 4.01 
50.0 0.768 0.643 1.192 76.5 0.972 0.233 4.17 
50.5 0.772 0.636 1.213 77.0 0.974 0.225 4.33 
51.0 0.777 0.629 1.235 77.5 0.976 0.216 4.51 
51.5 0.783 0.622 1.257 78.0 0.978 0.208 4.70 
52.0 0.788 0.616 1.280 78.5 0.980 0.199 4.92 
52.5 0.793 0.609 1.303 79.0 0.982 0.191 5.14 
53.0 0.798 0.602 1.327 79.5 0.983 0.182 5.40 
53.5 0.804 0.595 1.351 80.0 0.985 0.174 5.67 
54.0 0.809 0.588 1.376 80.5 0.986 0.165 5.98 
54.5 0.814 0.581 1.402 81.0 0.988 0.156 6.31 
55.0 0.819 0.574 1.428 81.5 0.989 0.148 6.69 
55.5 0.824 0.566 1.455 82.0 0.990 0.139 7.12 
56.0 0.829 0.559 1.483 82.5 0.991 0.130 7.60 
56.5 0.834 0.552 1.511 83.0 0.992 0.122 8.14 
57.0 0.839 0.544 1.540 83.5 0.994 0.113 8.78 
57.5 0.843 0.537 1.570 84.0 0.994 0.104 9.51 
58.0 0.848 0.530 1.600 84.5 0.995 0.096 10.4 
58.5 0.853 0.522 1.632 85.0 0.996 0.087 11.4 
59.0 0.857 0.515 1.664 85.5 0.997 0.078 12.7 
59.5 0.862 0.507 1.698 86.0 0.997 0.070 14.3 
60.0 0.866 0.500 1.732 86.5 0.998 0.061 16.4 
60.5 0.870 0.492 1.768 87.0 0.998 0.052 19.1 
61.0 0.875 0.485 1.804 87.5 0.999 0.043 22.9 
61.5 0.879 0.477 1.842 88.0 0.999 0.035 28.6 
62.0 0.883 0.469 1.881 88.5 1.000 0.026 38.2 
62.5 0.887 0.462 1.921 89.0 1.000 0.017 57.3 
63.0 0.891 0.454 1.963 89.5 1.000 0.009 115. 
63.5 0.895 0.446 2.01 90.0 1.000 0.000 Inf. 
64.0 0.899 0.438 2.05 
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Appendix XII 
Answers to Odd-numbered Problems 

Note 1: Answers are provided for approximately 50 per cent of the problems. 
Instructors using this text may obtain an answer book containing answers to even-
numbered problems. 

Note 2: As far as is practicable, all answers are accurate to three significant figures. 
Note 3: Answers to problems involving values obtained from curves are generally 

difficult to check accurately because of variations in reading the curves. In preparing 
the answer book, enlarged drawings of the curve were used to aid in obtaining 
greater accuracy. In most cases the values obtained from the curves for use in solving 
the problems have been included with the answers. 

CHAPTER 1 

1. 250 m 
3. 30 mc 
5. (a) 0.469 m 

(b) 1.54 ft 
(e) 18.5 in. 

7. 561.25 mc 
9. (a) 3.14 m 

(b) 10.3 ft 
(c) 123.6 in. 

11. 0.197 in. 
13. (a) 0.0268 sec 

(b) 0.0537 sec 
15. 0.000538 sec 
17. (a) 1.345 m 

(b) 4.414 ft 
19. 4,687.5 cycles 
21. 0.0753 ft 
23. (a) 4,687.5 cycles 

(b) 80 cycles 
25. (a) 0.0885 sec 

(b) 0.00107 sec 
(c) The home 

listener 
27. 1,646 miles 
29. (a) 500 cycles 

(b) 1,000 cycles 

31. (a) 100 cycles 19. The 250,000-ohm 
(b) 50 cycles resistor 
(c) 50 cycles 21. 100 watts 
(d) 100 cycles 23. 33.9 amp 

33. (a) 50 ft-c 25. (a) 3,730 watts 
(b) 4 ft-c (b) 2.01 hp 
(e) 0.5 ft-c 27. 335.7 kwhr 

35. (a) 0.0000666 cm 29. $0.25 
(b) 0.0000262 in. 31. 2.38 kwhr 
(c) 26.2 gin. 33. $9.72 

CHAPTER 2 

1. 26,667 dynes 
(repulsion) 

3. 6,153 dynes 
(repulsion) 

5. 40,000 dynes 
(repulsion) 

7. 0.15 amp 
9. 48 ohms 

11. 0.667 ma 
13. 0.005 ohm 
15. 176 volts 
17. The resistor that 

requires 250 volts 
for 2.5 ma 

35. $11.73 
37. 127.4 volts 
39. 0.3 amp 
41. 0.0577 amp 
43. 4.38 cm 
45. (a) 1.67 ohms 

(b) 15 watts 
47. $0.77 
49. $0.97 

CHAPTER 4 

1. 248,125 ohms 
3. (a) 5 volts 

(b) 4.96 volts 
5. 400 ft 
7. 2,541 turns 
9. (a) 1,200 ohms 
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(b) 0.2 amp 
(c) 60 volts 

100 volts 
80 volts 

(d) 12 watts 
20 watts 
16 watts 

(e) 48 watts 
11. (a) 35 volts 

(b) 106.7 ohms 
66.7 ohms 
93.3 ohms 

(c) 266.7 ohms 
(d) 15 watts 

9.375 watts 
13.125 watts 

(e) 37.5 watts 
13. (a) 199.3 ohms 

(b) 17.94 watts 
15. 8.33 ohms 
17. 84 ohms, 84 ohms 

84 ohms 
233.3 ohms 
233.3 ohms 
14.7 ohms 

19. 2,980 ohms 
7,480 ohms 

21. (a) 127.6 ohms 
(b) 0.8 amp 

0.48 amp 
0.6 amp 

(c) 1.88 amp 
(d) 192 watts 

115.2 watts 
144 watts 

(e) 451.2 watts 
23. (a) 0.909 amp, 

5 amp 
6 amp 
11.909 amp 

(b) 121 ohms 
22 ohms 
18.3 ohms 
9.23 ohms 

25. /coil, 0.01 amp 
/shunt, 0.99 amp 

27. (a) 200 ma 
10 ma 

550 ma 
(b) 454.5 ohms 

29. (a) Group 1 
80 ohms 

Group 2 
60 ohms 

Group 3 
120 ohms 

(b) 26.67 ohms 
(c) 9 amp 
(d) ir.i = = 

4.3 = 3 amp 

= 4.5 
= 4 amp 

ir6 = ir.7 = 

4.8 = 2 amp 
(e) e,..1 = 30 volts 

e,..2 = 90 volts 
e,..3 = 120 volts 
e,..4 = 60 volts 
e,..5 = 180 volts 
e,..6 = 120 volts 
e,..7 = 90 volts 
e,..8 = 30 volts 

31. (a) Group 1 
6.31 ohms 

Group 2 
11.25 ohms 

Group 3 
9.47 ohms 

(b) 27.03 ohms 
(e) 8.88 amp 
(d) Group 1 

56 volts 
Group 2 

100 volts 
Group 3 
84 volts 

(e) ir.1 = 5.6 amp 
= 1.87 amp 
= 1.4 amp 

i,.4 = 6.66 amp 
= 2.22 amp 
= 1.4 amp 

4.7 = 1.87 amp 
= 5.6 amp 

33. 5 ohms 
35. (a) 0.8 amp 

(b) 0.4 amp 
(c) 0.4 amp 
(d) EAD, 4 volts; 

EAB, 2.4 volts; 
EBD, 1.6 volts 

(e) = 0.0667 
amp 
ir.3 = 0.200 
amp 

jr.4 = 0.133 
amp 

37. (a) 55 ohms 
(b) = 0.1818 

amp 
12 = 0.109 amp 
/3 = 0.0727 amp 

(c) EAB = 4.55 volts 
EDD = 5.45 volts 
EBD = 5.45 volts 

39. RAB = 20 ohms 
RED = 18.5 ohms 
RDD = 106.5 ohms 
RAD = 145 ohms 

41. 4.1 = 2.07 amp 
4,2 = 1.43 amp 
ir.3 = 0.96 amp 

= 0.48 amp 
ir.5 = jr.6 

= 0.636 amp 

= in10 
= 0.779 amp 
4.8 = 0.518 amp 
4.3 = 0.259 amp 

4.11 = 4.12 = 

4,13 = 1.102 amp 
4,14 = 4.15 

= 0.184 amp 
43. EAB = 41.4 volts 

E8c. = 38.2 volts 
EDD = 220.4 volts 

45. PAB = 85.7 watts 
PBD = 79 watts 
PCD = 456.3 watts 
Brow = 621 watts 

47. (a) e,..1 = 1.8 volts 
e,2 = 1.2 volts 
e,..3 = e,..4 
= 0.6 volt 
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(b) EA = - 0.6 volt 
EB = +0.6 volt 

49. e,..1 = e,..2 
= 1.8 volts 
e,..3 = e,..4 
= 1.2 volts 
e,..5 

51. (a) 

(b) 

53. (a) 

= 0 

ir 1 = 

= 

= 

ii-9 = 

= ir7 = 

ir10 = 6 ma 
4.5 = 2 ma 

ir4 = 

1 ma 

ir6 = 

3 ma 

= e,..4 = 
e,..8 = 2 volts 
e,..2 = e,..3 = 
e,..9 = e,.. 10 
= 3 volts 
er.5 = e,..7 
= 6 volts 
e,..6 = 12 volts 

= ir4 = 

1.25 amp 

4,2 = ir5 = 

3.75 amp 
= 2.50 amp 

(b) er.i = e4 = 
12.5 volts 
e,.2 = e5 = 
37.5 volts 
e3 = 25 volts 

55. 'Be = 0.45 ma 
/AB = 5.45 ma 

57. lac = 0.45 ma 
'AB = 3.78 ma 

59. (a) = 136 pa 
'AB = 1136 pa 

(b) RBc = 367,500 
ohms 
RAB = 132,500 
ohms 

61. (a) Section 1 
17,857 ohms 

Section 2 
10,000 ohms 

Section 3 
14,705 ohms 

Section 4 
44.4 ohms 

Section 5 
200 ohms 

(b) 195 watts 
(c) 2.79 watts 

CHAPTER 5 

9. (a) 555.5 dynes 
(b) Repulsion 

11. 4.56 cm 
13. 100 unit poles 
15. 7,500 dynes 
17. 2,089 oersteds 
19. 1,250 oersteds 
21. 5 sq in. 
23. 628.5 lines 
27. (a) 4,000 gausses 

(b) 9,000 
(c) 0.000111 

29. (a) 0.000333 
(b) 3,000 

31. (a) 10.66 gilberts 
(b) 8.46 amp-turns 

33. (a) 0.211 amp 
(b) 151 turns 

35. (a) 0.00102 
(b) 14.32 amp-turns 

37. (a) 0.0032 
(b) 200 turns 

39. (a) 0.00366 
(b) 0.000277 
(c) 0.00394 

41. 300 turns 
43. (a) 4.35 ohms 

(b) 1.08 volts 
45. (a) 0.0625 

(b) 0.129 
(c) 3,096 gilberts 

47. (a) 1,635 turns 
(b) No. 22 
(c) 5.6 ohms 
(d) 8.4 volts 

49. (a) 0.0115 
(b) 45.6 amp-turns 

51. 0.2007 
53. (a) 0.00136 

(b) 16.18 amp-turns 

55. (a) 0.0046 
(b) 95 amp-turns 

57. (a) 190 turns 
(b) No. 25 
(c) 0.915 volt 

59. (a) 0.1296 
(b) 2,675 amp-turns 

CHAPTER 6 

1. (a) 7.0 volts 
(b) 113 volts 

3. 99,800 ohms 
5. (a) 15,000 ohms 

(b) 450,000 ohms 
7. (a) 100,000 ohms 

(b) 500,000 ohms 
(c) 1.0 megohm 
(d) 2.5 megohms 
(e) 10 megohms 

9. 5,000 ohms per volt 
11. 5,000 ohms per volt 
13. (a) 50% 

(b) 33.3% 
15. (a) 40 volts 

(b) 20% 
17. (a) 49.3 volts 

(b) 1.4% 
19. (a) 13.89 ohms 

(b) 5.208 ohms 
21. (a) 2.777 ohms 

(b) 1.315 ohms 
(c) 0.641 ohm 
(d) 0.0626 ohm 

23. (a) 10 
(b) 20 
(c) 40 

25. (a) E = 5.97 volts 
I = 2.9856 amp 
R = 2 ohms 
% error = nil 

(b) E = 6 volts 
/ = 2.985 amp 
R = 2.01 ohms 
Error = 0.5% 

27. (a) E = 0.9 volt 
I = 0.3003 amp 
R = 3 ohms 
% error = nil 
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(b) E = 1.5 volts 
I = 0.3 amp 
R = 5 ohms 
Error = 66.7% 

29. 300,000 ohms 
31. (a) 13.5 megohms 

(b) 1.5 megohms 
(c) 1.0 megolun 

33. 9,000 ohms 
35. (a) 75,000 ohms 

(b) 30,000 ohms 
(c) 15,000 ohms 

37. (a) Diagram 
(b) Resistors for 

voltage 
measurements 
10-volt scale, 
9,970 ohms 

50-volt scale, 
49,970 ohms 

100-volt scale, 
99,970 ohms 

250-volt scale, 
249,970 ohms 

500-volt scale, 
499,970 ohms 

Shunts for 
current measure-
ments 
1-ma scale, no 
shunt needed 
10-ma scale, 

3.33 ohms 
50-ma scale, 

0.612 ohm 
100-ma scale, 

0.303 ohm 
1,000-ma scale, 
0.0300 ohm 

39. 0.3 ohm 
41. 4 pf 
43. 1,500 mh 

CHAPTER 7 

1. 249.6 volts 
3. 6 turns per coil 
5. 435,600 maxwells 

7. (a) 60 cycles 
(b) 40 cycles 
(c) 25 cycles 

9. (a) 40 poles 
(b) 20 poles 

11. (a) 25 cycles 
(b) 60 cycles 
(c) 500 cycles 

13. (a) 13.365 amp 
(b) -9.33 amp 
(c) - 15 amp 
(d) - 14.055 amp 
(e) -3.885 amp 

15. 36.4 volts 
17. 159.25 volts 
19. 127.4 volts 
23. 141.4 volts 
25. 409.4 volts 
27. (a) 200 volts 

(b) 127.4 volts 
(c) 141.4 volts 

29. (a) 990 va 
(b) 0.833 

31. (a) 11.76 amp 
(b) 1,294 va 

33. (a) 3,806 va 
(b) 0.788 
(c) 220 volts 
(d) 5.78 amp 

35. (a) 635 va 
(b) 1,905 va 
(c) 1,238 watts 
(d) 0.866 

37. (a) 300 amp 
(b) 2,400 volts 
(c) 173.4 amp 
(d) 1,000 Icw 

39. 120 volts, 85 volts 
41. 261.4 volts 

241.4 volts 
43. 1,750 turns 
45. (a) 4 turns 

(b) 10 turns 
(c) 1,200 turns 
(d) 600 turns 

47. 4.375 amp 
49. 1.43 amp 
51. 87% 

53. 78.3 watts 
55. 1,489 hp 

CHAPTER 8 

1. 40 volts 
3. 9.3 volts 
5. 494 ph 
7. 260 turns 
9. (a) 0.265 henry 

(b) 9 henrys 
11. 39.3 mh 
13. 4.92 mh 
15. 12.75 mh 
17. (a) 11,304 ohms 

(b) 22,608 ohms 
19. (a) 863.5 ohms 

(b) 1,570 ohms 
(e) 2,355 ohms 
(d) 11,775 ohms 

21. (a) 99.85 ohms 
(b) 3,391 ohms 

23. (a) 3,768 ohms 
(b) 3,798 ohms 
(c) 28.9 ma 

25. 79.1 ma 
27. 0.12 sec 
29. (a) 11,304 ohms 

(b) 11,307 ohms 
(c) 88.5° 
(d) 26.5 ma 

31. 1.46 henrys 
33. 0.0817 
35. 9 volts 
37. (a) 16 henrys 

(b) 6,029 ohms 
39. (a) 200 µh 

(b) 3,768 ohms 
41. (a) 900 µh 

(b) 100 ph 
(c) 500 µh 
(d) 700 µh 

43. 77.08 fdi 
45. 7.93 
47. (a) 0.304 henry 

(b) 22.96 
49. 106 inh 
51. (a) 29.191 henrys 

(b) 91.66 
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CHAPTER 9 

1. (a) 25 x 10-6 coul 
(b) 50 ma 

3. (a) 123.475 pf 
(b) 49.39 pf 

5. 0.00148 pl 
7. 31 plates 
9. 0.016 pf 

11. (a) 26,500 ohms 
(b) 1,590 ohms 
(c) 3.18 ohms 
(d) 0.795 ohm 

13. (a) 4.52 pa 
(b) 376.8 µa 
(c) 75.36 ma 
(d) 4.52 amp 

15. (a) 331 ohms 
(b) 331 ohms 
(c) 0.332 amp 
(d) 0.0302 
(e) 88.5° 

17. (a) 0.00675 sec 
(b) 0.03375 sec 

19. (a) 0.12 sec 
(b) 0.6 sec 
(c) 117.9 volts 
(d) 100 ma 
(e) 60.7 ma 
(f) 300 ma 
(g) 110.4 volts 
(h) 110.4 ma 

21. 0.22% 
23. (a) 636,600 ohms 

(b) 0.0276 ohm 
(c) 24.0276 ohms 

25. 0.0663 ohm 
27. 7.95 ohms 
29. 22.6% 
31. (a) 1.99 ohms 

(b) 13.25 ohms 
(c) 13.4 ohms 
(d) 14.8% 

33. 6.65 
35. 33.1 
37. (a) 0.545 ma 

(b) 2.18 ma 

39. (a) 30 µa 
(b) 300 pa 

41. N750, 100 pf 
NPO, 240 pf 

43. 180 watt-sec 
45. 78 x 106 watt-sec 
47. 99.65 pf 
49. 0.848 sq in. 
51. (a) 2 pf 

(b) 331, 331, 
662 ohms 

(c) 1,324 ohms 
(d) 189 ma (each) 
(e) 62.5, 62.5, 

125 volts 

53. (a) 500 x 10-6 
(b) 62.5, 62.5, 

125 volts 
55. (a) 14 pl 

(b) 331, 662, 
1,324 ohms 

(c) 189.2 ohms 
(d) 110, 110, 

110 volts 
(e) 332, 166, 
(f) 581 ma 

57. 20 pf 
59. 5 pf 
61. 2.5 pl 
63. 6.67 pf 
65. (a) 6.65 id 

(b) 0.0825 
(c) 85° 

67. 3.76 ma 

coul 

83 ma 

CHAPTER 10 

1. (a) 31,400 ohms 
(b) 31,404 ohms 
(c) 3,140,000 ohms 
(d) 3,140,000 ohms 

3. (a) 331.7 ohms 
(b) 331.8 ohms 

5. (a) 3,080 ohms 
(b) 6.49 ma 

7. (a) 3,025 ohms 
(b) 99.17 ma 
(c) 76 volts, 

224.2 volts 
9. (a) 45 ohms 

(b) 2.67 ga 
(c) 1 mv 

11. (a) 8,200 ohms 
(b) 5 ma 
(c) ei, 8.25 volts 

e2, 2.23 volts 
e3, 40.2 volts 
e4, 10.2 volts 

13. 111.8 ohms 
15. 15,074 ohms 
17. (a) 39.8 ma 

(b) Zero 
(c) 4.776 va 
(d) Zero 
(e) 90° (lagging) 
(f) Vector diagram 

19. (a) 3.39 amp 
(b) Zero 
(c) 1,017 va 
(d) Zero 
(e) 90° (leading) 
(f) Vector diagram 

21. (a) 36 ohms 
(b) 6.11 amp 
(c) 1,120 watts 
(d) 1,344 va 
(e) 0.833 
(f) 33.5° (lagging) 
(g) Vector diagram 

23. (a) 3,750 ohms 
(b) 468.75 ohms 

(c) 6 va 
(d) 0.125 
(e) 83° (lagging) 
(f) 3,720.6 ohms 
(g) 9.87 henrys 
(h) Vector diagram 

25. (a) Ii, 3.33 amp 
12, 2.5 amp 
13, 1.67 amp 
3.43 amp 
29.1 ohms 
P1, 332.7 watts 
P2, zero 
P3, zero 

(e) 332.7 watts 
(f) 343 va 
(g) 0.970 

(b) 

(e) 
(d) 
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(h) 14° (lagging) 
Vector diagram 

27. (a) /I, 5 ma 
/2, 104.16 ma 
/3, 39.06 ma 
/4, 7.81 ma 
/5, 52.08 ma 

/6, 10 ma 
(b) 110.3 ma 
(c) 2,266 ohms 
(d) PL 1.25 watts 

P2, zero 
P3, zero 
P4, zero 
P5, zero 
P6, 2.5 watts 
3.75 watts 
27.575 va 
0.136 
82° (leading) 
Vector diagram 
Z1, 76.1 ohms 

1.31 amp 
51.48 watts 

PF1, 0.394 
01, 67° (lagging) 
Z2, 100 ohms 
/2, 1 amp 
P2, 100 watts 
PF2, 1.00 
02, 0° 
Z3, 79 ohms 
/3, 1.26 amp 
P3, 39.7 watts 
PF3, 0.316 
03, 71.5° 
(leading) 

(b) lune, 1.914 amp 
Pline, 191.18 
watts 
APline, 191.4 va 
PF5„e, 0.9988 
Onne, 3° (lagging) 

(c) Vector diagram 
31. (a) hine, 0.676 amp 

Pline, 67.57 watts 
APiine, 67.6 va 

0.9996 

(b) 

(e) 
33. (a) 

(b) 
(c) 
(d) 
(e) 

(f) 
35. (a) 

(b) 

Oline, 1.5° 
(lagging) 
ERi, 18.65 volts 
lm, 0.622 amp 
ExL, 18.65 volts 
/xt„ 0.266 amp 
ER2, 67.6 volts 
IR2, 0.676 amp 
Em, 16 volts 
IR3, 0.64 amp 
Exc, 16 volts 
/xc, 0.213 amp 
Vector diagram 
53,078 ohms 
212 ohms 
Approx 10% 
Approx 90% 
Approx 95% 
Approx 5% 
159,235 ohms, 
212 ohms 
376.8 ohms, 
282,600 ohms 

(e) High pass 
37. R, 68.9 ohms 

X, 172 ohms 
39. R, 1,000 ohms 

X, 500 ohms 
41. (a) 50 - j300 

(c) 90 + /350 
42. (a) 6.32 amp 

(c) 6.83 amp 
43. (a) 20 + j900 

(c) 40 - /1,500 
44. (a) -2,400 + j2,800 

(c) -4,200 - /4,000 
45. (a) 0.9 - /0.2 

(c) 2 
46. (a) 63.2/71.5°  

(c) 107.7/-68° 
47. (a) 20 + j34.64 

(c) 1,880 - /684 
48. (a) 97.6/ - 21.5°  

ohms 
(c) 1,454/50° ohms 

49. (a) 48.2/75° ohms 
(c) 11.32/90° ohms 

50. (a) 175/78°  

51. 

52. 

(e) 150/27°  

(a) 6/42°  
(e) 0.2/ - 42° 
(a) 225/53°  
(c) 256/92°  

(a) 0 a) 25.125/-36.5° 
((:)) 28.571 

54. (6°  

55. (a) 25 + j97,626 
(b) 97,626 ohms 

57. 29.1 ohms 
59. 

61. 240/-37° ohms 
63. 
65. 

67. 

69. 

71. 

621 5()/024°3° oohhinmss 

(b) 240 ohms 

Z, 148 ohms 
I, 0.675 amp 
0, 1.5° (lagging) 
Ein, 8.63 volts 
lm, 8.63 ma 
Ec, 4.3 volts 
la 8.6 ma 
ER0, 4.3 volts 
'Ro, 0.86 ma 
ER1, 1.8 volts 
lm, 150 ma 
ER2, 1.2 volts 
42, 100 ma 
ER3, 0.6 volt 
43, 50 ma 
ER4, 0.6 volt 
IR4, 50 ma 
(a) Approx 50 volts 
(b) 46 volts 

CHAPTER 11 

7. (a) 86 ohms 
(capacitive) 

(b) 46 ohms 
(capacitive) 

(c) 7 ohms 
(capacitive) 

(d) 33 ohms 
(inductive) 

(e) 73 ohms 
(inductive) 

53. 
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9. (a) 1,001.8 kc 
(b) 1,000 kc 

11. (a) 320 pf 
(b) 35.5 pf 

13. (a) 28911 
(b) 2,416 kc 

15. 489 to 1,707 kc 
17. (a) 25 µh 

(b) 5,807 kc 
(c) 8,212 kc 
(d) 10,056 kc 

19. (a) 204 mc 
(b) 194 mc 

21. (a) 15.86 pf 
(b) 1.96 mc 
(c) 3.36 mc 
(d) 3.77 mc 

23. 209.6 pf 
25. (a) 996 ph 

(b) 292 
27. (a) 47.8 µµf 

(b) 525 
29. (a) 5,000 cycles 

(b) 5,039 cycles 
33. (a) ER = 10 111V 

EL = 1.987 mv 
Ec = 1.987 mv 

(b) 198.7 
35. 840,457 
37. (a) 199 µh 

(b) 1,083 
(c) 1.2 kc 

39. (a) 70 pf 
(b) 3.014 ohms 

41. (a) 89,443 ohms 
(b) 171,371 ohms 

Note: Values of XL, 
and Xc were 
obtained from 
Table 11-4 by 
interpolation. 

CHAPTER 12 

1. (a) 2,500.15 ohms 
(b) 4,522 ohms 

3. (a) 2,501 ohms 
(b) 2,515 ohms 

5. (a) XL = 1,413 ohms 
Xc = 1,060 ohms 
Z = 353 ohms 
(inductive) 

(b) XL = 42,390 ohms 
Xc = 35.3 ohms 
Z = 42,355 ohms 
(inductive) 

7. (a) 1,300 kc 
(b) 1 megolun 

9. (a) 0.663 ohm 
(b) 0.06625 ohm 

11. (a) 73,666 ohms 
(b) 2,650 ohms 

13. 1.18 henrys 
15. (a) 4,000-cycle 

audio frequency 
(b) 375 
(c) 4,000-cycle 

audio frequency 
17. (a) 63,600 ohms 

(b) 628 ohms 
(c) 424 ohms 
(d) 94,200 ohms 

19. (a) 6,625 ohms 
(b) 331.25 ohms 
(c) 1,507.2 ohms 
(d) 30.144 ohms 

21. 0.6 
23. 0.163 pf 
25. (a) K = 6 

R1 = 1,500 ohms 
R2 = 360 ohms 

(b) Ri = 1,800 ohms 
(c) e0 = 10 volts 

K = 6 
27. (a) eo = 30 volts 

R1 = R3 
= 80,000 ohms 

112 = 

50,000 ohms 
Ri = 
120,000 ohms 

29. (a) K = 1.5 
R1 = R3 
= 60,000 ohms 

112 = 

5,000 ohms 

(b) 

(b) Ri = 
12,000 ohms 

31. (a) 80 henrys 
(b) Ill ohms 
(c) 800 ohms 
(d) 720 henrys 
(e) 900 ohms 

33. 9.30 kc 
35. 187.5 
37. (a) 9.0219 

(b) 451 kc 
461 kc 

Note: By use of Eqs. 
(12-28) and (12-30) 

39. (a) 0.025 sec 
(b) 0.04 sec 

(k - 1.60) 
41. (a) 2 megoluns 

(b) 1.33 megohms 
(c) 0.2 µf 

43. (a) 0.005 sec 
(k - 0.2) 
0.0125 sec 
(k - 0.5) 
0.04 sec 
(k - 1.6) 

(b) 500 µa 
(c) 100 µa 
(d) 500 µa 
(e) 92 volts 
(f) 0.0175 sec 

(k - 0.7) 

CHAPTER 13 

1. (a) 6.72 oz-in. 
(b) 8.96 oz 

3. (a) 50 hp 
(b) 200 lb 

5. 24.5% 
7. 72.7% 
9. 58.7% 

11. (a) 112.2 volts 
(b) 108.76 volts 

13. 2,900 rpm 
15. 3.45% 
17. (a) 1.2 amp 

(b) 1,250 turns 
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19. (a) 460 amp 
(b) 5.5 ohms 
(c) 3.58 ohms 

21. 40 turns 
23. (a) 1,200 amp-turns 

(b) 300 amp-turns 
(c) 1,200 turns 
(d) 8 turns 

25. (a) 3,600 rpm 
(b) 1,800 rpm 
(c) 900 rpm 
(d) 450 rpm 

27. (a) 1,200 rpm 
(b) 4.17% 

29. 3,456 rpm 
31. 80 amp 
33. 150 watts 
35. 23 ohms 

(If = 0.77 amp) 
37. 110 volts 

39. 80 
41. 5,625 

CHAPTER 14 

1.80 

3. 50,000 ohms 
5. 1,400 µmhos 

7. 1,400 µmhos 
9. 74.2 5. 

11. 32,000 ohms 
13. 51.2 7. 
15. (a) 400 µa 9. 

(b) 25.6 volts 
17. 108,000 ohms 
19. (a) 280 µa 11. 

(b) 30 volts 
21. (a) 80,000 ohms 

(b) 100 µa 13. 
(c) 8 volts 

23. (a) 95 

(b) 95 µa 
(c) 9.5 volts 

CHAPTER 15 

1. (a) 1,900 
(b) 1,805 

3. 0.95 (4.1 = 0.95, 
4.2 = 1.9) 

14 (4.15o = 2.4, 
4.1o° = 1.7) 
0.974 
(a) 42.4 
(b) 347 
(c) 14,700 
(a) 0.858 
(b) 1,925 
(c) 1,655 
(a) 49.3 
(b) 1 
(c) 50 
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Abbreviations, 51-52, 611-612 
Abscissa, 411-414 
Absorption loss, 304-306 
Actual power, 232, 364 
Adjustable capacitor, 333-334 
Adjustable resistor, 96 
Alkaline cell, 71-72 
Alnico, 157-158 
Alternating current, ampere, 227-228 

average value of, 226-227 
characteristics of, 224-231 
defined, 8, 41-42, 224 
effective value of, 228-231 
instantaneous value of, 225, 227 
maximum value of, 8, 228, 227 
rms value of, 230 
sine wave, 226 

A-c circuits, 353-401 
characteristics of, 353-355, 364-365 
effect of reactance in, 355-356 
impedance of, 356-357 
parallel, 369-372, 388-390 
parallel-series, 372-374, 390-392 
polyphase, 233-239 
power in, 232, 364-365 
power factor of, 232, 364-365 
series, 356-359, 365-369, 387-388 
series-parallel, 374-377, 392-394, 399-

401 
single-phase, 232-233 

A-c generators (see Generators) 
A-e motors (see Motors) 
A-c power systems (see Power systems) 
A-c resistance, 281 
A-c wave, 8, 226 
Alternating voltage, 222-231 
Alternation, 8, 224 

Alternator, 232 
Amalgamation, 66 
Ammeter (see Meters) 
Ampere, defined, 46, 50, 227-228 
Ampere-turns, 168-169 
Amplidyne, 538-539 
Amplification factor, 552 
Amplifier, bandpass, 475-482 

rotary, 538-539 
transistor, 593-598 
vacuum-tube, 561-565 
wide-band, 479-482 

Anode, of capacitor, 324-329 
of cell, 65 
of electron tube, 547 

Apparent power, 232, 364 
Armature, 221, 242, 500-503 
Armature reaction, 533-535 
Artificial magnet, 144 
Atom, 27-29 
Attenuators, 461-466 

bridged-T, 463-464 
circuit calculation of, 464-466 
H-type, 462 
L-type, 461-462 
ladder-type, 462-463 
0-type, 462 
pad, 461 
ir-type, 462 
T-type, 462 

Automation, 3 
Autosyn, 528 
Average value of a-c wave, 226-227 

Band-elimination filter, 453 
Band-suppression filter, 453 

645 
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Bandpass amplifier circuit, 475-482 
Bandpass filter, 453, 475 
Bandstop filter, 453-455 

Bandwidth, of coupled circuits, 477-479 
of resonance curves, 421-423 

Bar magnet, 158 
Batteries, 62-84 

(See also Cells) 
Battery, A, B, and C, 74-76 

defined, 37, 62 
rechargeable, 76-82 
storage, 76 
terms, 62-63 

Beat frequency, 17-18 
Bell, 176-177 
B-H curves, 169-170 
Bifilar winding, 278-279 
Bionics, 4 
Bleeder current, 128 
Breakdown voltage, of capacitor, 303 

of insulator, 92 
Bridge, a-c, 211-212 

Wheatstone, 210-211 
Brushes, 222, 239-240, 504 

position of, 525, 534-535 
Bypass capacitor, 345 

filter action of, 450-451 

Cadmium-silver xide cell, 82 
Candle power, 18-19 
Capacitance, 291-345 

calculation of, 296, 333, 342-344 
defined, 291 
distributed, 339-341, 436 
factors affecting, 295-296, 322 
measurement of, 211-212, 341-344 
principle of, 291-294 
units of, 295 

Capacitive reactance, 297 • 
effect of, in a-c circuit, 355-356 
vector representation of, 363 

Capacitor, action of, 291-294 
adjustable, 333-334 
angle of lead, 299 
basic functions of, 344-345 
blocking, 345 
blocks, 325 

Capacitor, bypass, 345, 450-451 
characteristics of, 302-303, 308-312, 

316-317, 327, 344-345 
charge on, 294-295 
charging of, 291-293 
charging time of, 300-301, 486-487 
circuit, electron flow in, 293-294 
classifications of, 301-302 
color code for, 322, 629-631 
defined, 291 
dielectric in, 291, 295, 302, 323 
discharge of, 301, 487, 490 
dissipation factor of, 307, 309-310 
dry electrolytic, 323-327, 329 
electrolytic, 322-330 

(See also Electrolytic capacitor) 
energy-storage, 330-331 
equivalent circuit of, 306, 444 
equivalent series resistance of, 306-

308 
fixed (see Fixed capacitors) 
ganged, 323 
impedance of, 298-299 
insulation resistance of, 311, 316-317 
leakage current of, 311-312 
losses in, 293, 304-308 
micro, 333 
midget, 333 
multiple, 323, 325 
multiple-plate, 296 
noninductive, 314 
nonpolarized, 330 
padder, 333-334 
polarized, 329-330 
power factor of, 299, 309 
Q of, 310 
ranges of, 316-317, 327, 332-1.13, 334 
ratings of, 308-312 
reactance of, 297 
resistance of, 297 
rolled-plate, 296 
self-healing, 317-318, 323 
solid dielectric, 302, 312-321 
split stator, 333 
stability of capacitance-temperature, 

308 
temperature coefficient of, 309 
temperature range of, 308, 316, 327 
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Capacitor, time constant of, 300-301 
tolerance rating of, 308, 316, 327 
transmitting, 333 
trimmer, 333-334 
uses of, 178-180, 312-321, 331, 344-

345 
variable, 318, 331-333 
voltage ratings of, 303-304, 316-317, 

327 
wet electrolytic, 323, 328 

Capacitors connected, in parallel, 337-
339 

in series, 334-337 
Carbon resistor, 95, 128 
Carbon-zinc cell, 67-68 
Cathode, of capacitor, 324-329 

of cell, 65 
of electron tubes, 546-547, 565 

Cells, 37, 62-84 
connected, in parallel, 73-74 

in series, 73 
in series-parallel, 74 

fuel, 83-84 
fundamental principles of, 63-64 
primary, 63-76 

alkaline, 71-72 
carbon-zinc, 67-68 
dry, 66-68 
mercury, 69-70 
silver oxide, 70-71 
voltaic, 63-66 

secondary, 76-82 
cadmium-silver oxide, 82 
Edison, 79 
lead-acid, 76-79 
nickel-cadmium, 79-82 
nickel-iron, 79 

solar, 82-83 
Ceramic capacitor, 317-321 
Characteristic impedance, 457-458 
Charged bodies, 30-34 
Charges, force between, 35 

laws of, 30 
of static electricity, 30-35 
transfer of, 31-33, 36 

Choke coils, 273-279 
(See also Coils) 

Circuit breaker, 98-99 

Circuit Q, 420 
Circuits (see specific types such as A-c 

circuits; Combination circuits; 
Series circuits; etc.) 

Circular mil, 89 
Coefficient, of coupling, 268-269, 468-

469 
temperature, 88, 624 

Coercive force, 171 
Coils, air core, 261, 275 

angle of lag of, 265-266 
bifilar wound, 278-279 
choke, 273-279 
coefficient of coupling of, 268-269 
distributed capacitance of, 339-341, 

436 
equivalent circuit of, 444 
high-frequency, 275-279 
impedance of, 263-264 
inductance, measurement of, 211-212, 

281-283 
mutual, 266-269, 271-273 
parallel-connected, 269-271 
self-, 259-261 
series-connected, 269-273 

inductive reactance of, 262-263 
iron-core, 273-276 
low-frequency, 273-275 
methods of winding, 276-277 
noninductively wound, 283-284 
Q of, 274-275 
resistance of, 280-281 
resonant frequency of, 436 
shielding of, 279 
time constant of, 264-265 
toroidal, 278-279 
uses of, 284-285 

Color of light, 19-20 
Color code, for capacitors, 322, 629-631 

for resistors, 98, 627-628 
for transformers, 278, 632 

Combination circuits, a-c, advanced, 
399-401 

parallel-series, 372-374, 390-392 
series-parallel, 374-377, 392-394 

d-c, advanced, 112-123, 394-399 
irreducible, 115, 119-123 
parallel-series, 109-111 
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Combination circuits, d-c, reducible, 
115, 117-119 

series-parallel, 107-109 
Common impedance, 446 
Communications, 2 
Commutation, 534-535 
Commutator, 239, 504 
Commutator ripple, 242 
Compass, 146-147 
Complex currents, 42 
Complex number, 379 
Compound, 27 
Computers, 3 
Condenser, 291 

(See also Capacitor) 
Conductance, 91 
Conductors, 87-92, 574 
Continuous current, 40 
Control grid, 549 
Cosine, 633 
Coulomb, 48, 294 
Counter voltage, 471, 501-502 
Coupled circuits, 466-482 

analysis of, 469-475 
bandpass of, 475-482 
coefficient of coupling in, 268-269, 

468-469, 475-482 
defined, 447 
principles of, 466 
response curves of, 475-482 
types of, complex, 467-468 

direct, 466 
indirect, 467 
inductive, 466 
magnetic, 467 
mutual-inductive, 466, 469-475 
overcoupled, 479-480 
simple, 466-467 
transformer, 465-475 
wide-bandpass, 479-482 

Coupled impedance, 469-474 
Coupling, coefficient of, 268-269, 468-

469 
critical, 468-469 
effect of, on bandpass, 475-482 
on response curves, 468-489 

elements used for, 447 
loose, 468-469 
methods of, 466-468 

Coupling, optimum, 469 
principles of, 466 
tight, 468-469 

Cryogenics, 5 
Crystals (see Semiconductors) 
Current, alternating (see Alternating 

current) 
bleeder, 128 
carriers of, 579 
complex, 42 
continuous, 40 
defined, 36 
direct, 41 
eddy, 171-172, 280-281 
effects of, 39-40 
electron, 573, 575 
vs. electron flow, 65-66 
emission, 549 
flow of, 29-30, 36-46 

direction of, 36, 65-66 
hydraulic analogy of, 43-45 

hole, 573, 575 
kinds of, 40-42 
lagging, 265-266 
leading, 299 
measurement of, 193-195 
methods of producing, 37-39 
phase relation of, 353-354 
saturation, 549 
units of, 46, 50 
vector representation of, 361-362 

Curves, B-H, 169-170 
of coupled circuits, 469, 475-482 
of delayed-action circuits, 482-490 
d-c magnetization, 169 
of filter circuits, 450-454 
of generator characteristics, 241-242, 

531-537 
of hysteresis loop, 171 
interpretation of, 415-416 
of motor characteristics, 507 
permeability, 166-167 
plotting of, 411-414 
resonance, 418-423, 427-430 
response, 469, 475-482 
sine wave, 226 
of thyratron characteristics, 568 
of transistor characteristics, 581, 

587 
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Curves, of tube characteristics, 549, 
551, 553, 559 

universal time-constant, 487-490 
use of, 415-416 

Cycle, 8, 224 

Data processing, 3-4 
Degeneration, 557 
Delayed-action circuits, 482-491 

curves for, 487-490 
R-C circuits, 486-487 
R-L circuits, 483-486 
uses of, 490-491 

Delta connection, 236-237 
Depolarizer, 66 
Diamagnetic materials, 157 
Dielectric, capacitor, 291-292, 323 

constant, 295, 626 
losses, 304-306 
strength, 92-93, 303, 626 

Diodes, electron-tube, 547-549, 566, 
567 

semiconductor, 579 
Direct current, 41 
D-c circuits, 87-132 

advanced, 112-123, 394-399 
combination, 107-115 
parallel, 103-107 
parallel-series, 109-111 
series, 100-103 
series-parallel, 107-109 
simple, 99-100 
voltage divider, 128, 130-132 

D-c generators (see Generators) 
D-e motors (see Motors) 
D-e power systems (see Power systems) 
D-c resistance, 280 
Discharge, of capacitor, 301 

electrostatic, 31-34 
Dissipation factor, 307, 309-310 
Distributed capacitance, of coil, 339-

341 
effect of, 443-446 

Distributed inductance, 443-446 
Distributed resistance, 443-446 
Drawing symbols, 51, 604-610 
Dry cell, 66-68 
Dual-dielectric capacitor, 316-317 

Duty cycle, 67, 70-72, 79, 81, 499 
Dynamic electricity, 26, 36-37 
Dyne, 35, 149-150 

Eddy currents, 171-172, 280-281 
Edison cell, 79 
Effective value of a-c wave, 228-231 
Efficiency, 247-249, 499-500 
Electrical degrees, 224 
Electricity, dynamic, 26, 36-37 

static, 26, 30-35 
Electrodes, battery, 62-63 

capacitor, 322-327 
Electrolysis, 40 
Electrolyte, battery, 63 

capacitor, 322 
Electrolytic capacitor, 322-330 

action of, 322-323 
aluminum, 323-325 
blocks, 325 
characteristics of, 308-312 
construction of, 323-330 
dielectric of, 323 
dissipation factor of, 307, 309-310, 

316, 327 
dry, 323-327, 329 
electrodes of, 322-327 
electrolyte in, 322-324 
equivalent series resistance of, 306-

308 
factors affecting capacitance of, 322 
forming of, 322, 324 
leakage current of, 311-312 
niobium, 329 
nonpolarized, 330 
polarized, 329-330 
principles of, 322-323 
self-healing characteristic of, 323 
tantalum, 325-329 
testing of, 343-344 
voltage ratings of, 303, 316, 327 
wet, 323, 328 

Electromagnetic field, 160-165 
Electromagnetic induction, 37, 219-221 
Electromagnetic spectrum, 8-9 
Electromagnetism, 160-176 
Electromotive force, defined, 36, 46 

induced, 219-221, 256 
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Electron, 26, 28-31 
Electron flow, 29-30, 36, 46 

vs. current flow, 65-66 
direction of, 36, 65-66 

Electron theory, of capacitor action, 
291-294 

of chemical cell, 65 
of matter, 28-30 

Electron tubes, 546-569 
(See also Tubes) 

Electronic circuits, 443-491 
Electronics, 2-5 
Electrostatic field, 34-35 
Electrostatics, 26-27, 34-35 
Elements, chemical, 27 
Emission current, 549 
Energy, 49-50, 330 

potential, 36 
Energy levels, 574-575 
Energy-storage capacitor, 330-331 
Equations, quadratic, 125-126 

simultaneous, 116-123 
summary of, 613-623 

Equivalent circuits, 377-378, 444-447 
Equivalent reactance, 374, 377-378 
Equivalent resistance, 374, 377-378 
Exciter, 244 
Exponents, 129-130 

Farad, 295 
Faraday, 219, 295 
Feedback, 557 
Ferrites, 165 
Ferromagnetic materials, 157 
Field, electromagnetic, 160-165 

electrostatic, 34-35 
magnetic, 150-155 
of radio waves, 8-10 

Film capacitors, 315, 316 
Filter circuits, 447-461 

action of, 447-450 
application of, to relays, 178-180 
frequency bandwidth of, 421-423 
principles of, 447-449 
solution of problems for, 399-401 
terminology for, 457-458 
types of, 453-461 

Filter circuits, types of, bandpass, 453 
bandstop, 453-455 
constant-k, 458-459 
high-pass, 451-453 
low-pass, 450-451 
m-derived, 459-460 
multisection, 455-457 
Tr-type, 456-457 
prototype, 459 
resistor-capacitor, 460-461 
T-type, 455-456 

Fixed capacitors, 301-303, 312-331 
capacitance of, 295-296, 316-317, 327, 

341-344 
characteristics of, 302-303, 308-312, 

316-317, 327 
color code for, 322, 629-631 
types of, ceramic, 318-321 

dual dielectric, 316-317 
electrolytic, 322-330 

(See also Electrolytic capacitor) 
film, 315-317 
glass, 321 
metallized, 317-318 
mica, 312-314, 317 
Mylar, 315-316 
oil, 321 
paper, 314-316 
silvered-mica, 314 
synthetic film, 315-317 
Teflon, 315-316 
temperature compensating, 319-
321 

Fixed resistor, 95 
Fleming's right-hand rule, 220 
Flux density, 153-154 
Force, electrostatic, 34-35 

lines of, 34-35, 152 
magnetic, 149-150 
magnetizing, 168 
magnetomotive, 168 

Forward bias, 580 
Four-phase power system, 235 
Free electrons, 29-30, 46, 573, 577 
Frequency, audio, 15-16 

beat, 17-18 
calculation of, 11-12, 224 
defined, 11, 224 
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Frequency, fundamental, 16 
harmonic, 16 
radio, 8-13 
ranges, 9, 10 

of communications systems, 225 
of light waves, 19-20 
of power systems, 225 
of sound waves, 14-16 

Frequency spectrum, 9 
Frictional electricity, 30-32, 37 
Fuel cell, 1, 83-84 
Fuses, 98 

Galvanic cell, 63-66 
Galvanometer, 187, 189 
Gas tubes, 565-568 
Gauss, 153-154 
Generators, a-c, 218-219, 222-224, 232-

239 
polyphase, 232-239 
principle of, 221-224 
simple, 239-240 
single-phase, 222-224, 232 

construction of, 242-244 
d-c, 218, 239-242, 530-540 

armature reaction in, 533-535 
commutation of, 534-535 
compound, 536-537 
load characteristics of, 533-535 
principle of, 239-242 
saturation curve of, 531 
self-excited, 530-533 
separately excited, 530 
series, 536 
shunt, 535-536 
simple, 221-222 

efficiency of, 247-249 
fundamental, 221 

Gilbert, 168 
Glass capacitor, 321 
Gram, 149 
Graphs, 411-416 

(See also Curves) 
Grid, control, 549 

screen, 556 
suppressor, 558 

Grid bias, 549 

Harmonics, 16 
Helix, 163 
Henry, 259, 267 
Hertz, 11 
High-frequency coils, 275-279 
High-frequency resistance, 281 
High-pass filter, 451-453 
Hole, 573 
Hole injection, 579 
Honeycomb coils, 276-277 
Horsepower, 48, 50, 498 
Horseshoe magnet, 158-160 
Hot-wire meters, 187-188 
Hydraulic analogy of current flow, 42-

45 
Hypotenuse, 633 
Hysteresis, dielectric, 306 

magnetic, 170-171 
Hysteresis motor, 526 

Illuminated bodies, 18 
Illumination, intensity of, 18-19 
Image impedance, 457 
Image transfer constant, 461 
Imaginary number, 378-379 
Impedance, of a-c circuits, 356-357 

of capacitor, 298-299 
characteristic, 457-458 
of coil, 263-264 
common, 466 
coupled, 469-474 
image, 457 
iterative, 457-458 
load, 457 
source, 457 
vector representation of, 357, 362-364 

Induced voltage, of generator, 221-224 
of mutual inductance, 268-269 
principles of, 220-224 
of self-inductance, 256-257 

Inductance, 255-285 
calculation of, 259-261, 267 
defined, 255 
measurement of, 211-212, 281-283 
mutual, 266-269 
principles of, 255-259 
self-, 259-261 
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Inductance, unit of, 259, 267 
variable, 271-273 

Inductance coils, 273-279 
Inductive reactance, 262-263 

effect of, in a-c circuit, 355 
vector representation of, 362-363 

Inductor (see Coils) 
Inductors connected, in parallel, 269-

271 
in series, 269-273 

Industrial electronics, 2-3 
Infrared light, 20 
Instantaneous value of a-c wave, 225, 

227 
Instrumentation, electronic, 3 
Insulation resistance, 311 
Insulators, 92-94, 574 
Intensity, of illumination, 18 

of sound, 14 
Interelectrode capacitance, 556-557 
International standard units, 46 
Interrupted current, 42 
Ion, 64-65 
Ionization, 64-65, 565-566 
Iron-vane meters, 190-191 
Irreducible circuits, 115, 119-123 
Iterative impedance, 457-458 

I operator, 379 
Joule, 330 
Junction transistors, 582-588 

(See also Transistors) 

Kilo, 11, 50 
Kilocycle, 11-12 
Kilovolt, 50 
Kilowatt, 50 
ICilowatthour, 50 
ICirchhoff's laws, applications of, 115-

123, 399 
defined, 115-116 

Lag, angle of, 265-266 
Lagging current, 265-266 

vector representation of, 362 

Lattice structure of semiconductor, 575-
578 

Lattice winding, 276-277 
LC product, 423-424 
LC ratio, 424, 479 
Lead, angle of, 299 
Lead-acid cell, 76-79 
Leading current, 299-300 

vector representation of, 362 
Leakage current, 311-312 
Leakage loss, 304 
Left-hand rule, for coil, 164 

for wire, 162, 257-258 
Lenses, 21 
L,enz's law, 258 
Letter symbols, 51-52, 611-612 
Light, 18-21, 39 
Light waves, 18-21 
Lightning, 32 
Lightning rods, 32-34 
Lines of force, electrostatic, 34-35 

magnetic, 152 
Litz wire, 277, 281 
Local action, 66 
Longitudinal waves, 14 
Low-pass filter, 450-451 
Luminous bodies, 18 

Magnet, actions of, 147-148 
artificial, 144-145 
attraction and repulsion of, 148-150 
defined, 143 
field about, 150-155 
natural, 144 
permanent, 145 
polarity of, 145-147 
shapes of, 158-160 
temporary, 145 
uses of, 145 

Magnetic circuit calculations, 166-172 
Magnetic circuits, 172-176 
Magnetic compass, 146-147 
Magnetic core materials, 165 
Magnetic field, 150-155 
about coil, 163-165 
intensity of, 152 
of radio waves, 10 
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Magnetic field, about wire, 160-163 
Magnetic flux, 150-155 
Magnetic induction, 155-156 
Magnetic lines, 151-152 
Magnetic materials, 143, 156-158 

properties of, 156-158 
permeability, 157 
permeance, 156-157 
reluctance, 156 
reluctivity, 156 
retentivity, 157 

Magnetic pole strength, 149-150 
Magnetic poles, 145-146 
Magnetic screen, 160 
Magnetic shielding, 160, 279 
Magnetic units, 156-157, 166 
Magnetism, 143-180 

defined, 143 
electro-, 160-176 
residual, 157 
theory of, 147-148 

Magnetomotive force, 168 
Materials, for conductors, 87-92 

for insulators, 92-94 
magnetic, 143, 157-158, 164-165 
nonmagnetic, 157 

Matter, 27-28 
Maximum value of a-c wave, 226-227 
Maxwell, 151 
Megacycle, 11-12 
Megohm, 50 
Mercury cell, 69-70 
Metallized capacitor, 317-318 
Meters, 187-212 

a-c, 187-189, 190-193, 207-209, 211-
212 

ammeters, 187-195, 199-202 
how to connect, 193-195 
micro-, 203 
milli-, 204 
shunts for, 200-202 

bridge-type, 210-212 
classification of, 187, 189 
combination, 207 
d-c, 187-192, 207-211 
electrodynamometer, 191-192 
electromagnetic, 189-192 
electronic, 3 

Meters, electrostatic, 187, 188 
electrothermal, 187-189 
galvanometer, 187, 189 
hot-wire, 187-188 
iron-vane, 190-191 
low-range, 203-204 
moving-coil, 189-190 
ohmmeter, 204-207 
parallax in reading, 200 
permanent-magnet, 189-190 
precautions in use of, 194-195, 207, 

209 
rectifier-type, 192-193 
scales for, 199-200 
thermocouple, 188 
voltmeters, 187-193, 195-200 
how to connect, 195, 198-199 
micro, 204 
milli, 204 
multipliers for, 202-203 
sensitivity of, 196-198 

wattmeters, 207-209 
Mho, 91 
Mica capacitors, 312-314, 317 
Micro, 50 
Microampere, 50 
Microfarad, 295 
Micromicrofarad, 295 
Microvolt, 50 
Microwatt, 50 
Mil, circular, 89 

square, 89 
Milli, 50 
Milliampere, 50 
Millivolt, 50 
Milliwatt, 50 
Molecule, 27 
Motors, 497-530 

alternating-current, 512-528 
controls for, 520 
polyphase induction, 516-520 

double squirrel-cage, 517-518 
high-frequency, 520 
multispeed, 518-519 
squirrel-cage, 516-517 
synchronous, 518-520 
wound rotor, 518 

principles of, 512-516 
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Motors, alternating-current, rotor of, 
515 

rotor slip of, 516 
single-phase, 520-528 

capacitor, 522-523 
hysteresis, 526 
induction, 520-524 
principles of, 520-521 
repulsion, 525 
repulsion-induction, 526 
series, 524-525 
shaded-pole, 523-524 
split-phase, 521-522 
synchronous, 526-528 
Telechron, 527-528 

speed of, 514-515 
stator of, 515 
synchronous speed of, 516 

direct-current, 500-512 
armature reaction in, 535 
compound, 509-512 
principles of, 500-505 
series, 508-509 
shunt, 505-508 
speed control of, 503, 506, 508, 510 
speed regulation of, 503-504, 506, 

508, 510 
starters for, 506-511 
starting requirements of, 504-505 

ratings of, 497-500 
selsyn, 528-529 
speed of, 497 
synchro, 528-529 
universal, 524-525 

Moving-coil meters, 189-190 
Multilayer coil, 260-261 
Multiple capacitor, 323, 325 
Mutual inductance, 266-269 
Mylar capacitor, 315, 316 

Nanofarad, 295 
Natural magnets, 144 
Negative conduction, 578 
Neutron, 28 
Nickel-cadmium cell, 79-82 
Nickel-iron cell, 79 
Niobium capacitors, 329 
Noninductive capacitor, 314 

Noninductive winding, 283-284 
Nonmagnetic materials, 157 
Nonpolarized capacitor, 330 
Nucleus, 28 

Oersted, 152-153, 169 
Ohm, 46 
Ohmmeters, 204-207 
Ohm's law, 42-44 

for a-c circuits, 356-358 
for d-c circuits, 44, 46-47, 99 
for magnetic circuits, 166, 168 

Oil capacitor, 321 
Opaque materials, 18 
Optimum coupling, 469 
Ordinate, 411-414 
Origin, point of, 411, 414 
Oscillatory current, 42 
Overcoupled amplifier, 479-480 
Overtones, sound, 16 

Padder capacitor, 333-334 
Pads, 461-466 
Pancake coil, 260-261 
Paper capacitor, 314-316 
Parallax, 200 
Parallel circuits, a-c, 369-372, 388-390 

of capacitors, 337-339 
characteristics of, 105 
defined, 103 
d-c, 103-107 
of inductors, 269-271 
magnetic, 173-176 
resonant, 426-431 

(See also Resonant circuits) 
series equivalent for, 374, 377-378 
uses of, 105-106 

Parallel-series circuits, a-c, 372-374, 
390-392 

d-c, 109-111 
Paramagnetic material, 157 
Parameters, 591 
Peak ripple voltage, 304 
Peak voltage, 304 
Pentode, 558, 563-565 
Period, 224-225 
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Permalloy, 157 
Permanent magnet, 145 
Permanent-magnet meter, 189-

190 
Permeability, 157 
Permeability curve, 166-167 
Permeance, 157-158 
Persistence of vision, 21 
Phase angle, in a-c circuits, 365 

with C and R, 299-300 
with L and R, 265-266 

Phase relation, current and voltage, 
353-355 

Photocell, 598-599 
Photodiodes, 599 
Phototransistor, 599-600 
Phototubes, 568-569 
Picofarad, 295 
Pitch of sound waves, 14-15 
Plate of tubes, 547 
Plate resistance, 553-554 
PN junction, 579-582 

(See also Semiconductors) 
Polar vectors, 383-387 

converting to rectangular vectors, 
384-385 

defined, 383 
use of, 383 

Polarity of magnet, 145-147 
Polarization, 66 
Polarized capacitor, 329-330 
Polyphase motors, 516-520 
Polyphase power systems, 233-239 
Positive conduction, 579 
Potential, 36 

difference of, 36 
Potentiometer, 124-128 
Power, 48, 232, 364-365 

in a-c circuits, 232, 364-365 
in d-c circuits, 48-49 
units of, 48-50 

Power factor, 232, 364-365, 500 
Power systems, 218-249 

a-c, alternator, 218-224, 242-244 
four-phase, 235 
polyphase, 233 
single-phase, 232-233 
three-phase, 235-239 
transformer, 244 

Power systems, a-c, two-phase, 233-235 
d-c, battery, 62, 72-76 

generator, 218, 239-244, 530-540 
types of, 218-219 

Primary cell, 63-76 
Primary winding, 245, 267 
Problems, how to solve, 52-M 
Propagation, of light waves, 20 

principles of, 7-13 
of radio waves, 8-10 
of sound waves, 13-14 

Protons, 28-31 
Pulsating current, 40 

Q, of capacitor, 310 
of circuit, 420-423 
of coil, 274-275 
effect of, on impedance of parallel 

resonant circuit, 428-430 
on slope of resonance curves, 421 
on voltages of series resonant 

circuits, 424-425 
on width of bandpass, 477-480 
on width of resonance curves, 421-

423 
effective, of coupled circuits, 477-480 
of resonant circuits, 420-423 

Quadratic equation, 125-126 

R-f coils, 275-279 
R-f transformer, 276-279 
Radio waves, 8-13 
Reactance, capacitive, 297 

effect of, 355-356 
equivalent, 374, 377-378 
inductive, 262-263 
vector representation of, 357, 362-364 

Reciprocal, 91 
Rectangular notation of vectors, 379-380 

converting to polar equivalent, 383-
384 

Rectifier-type meter, 192-193 
Reducible circuits, 115, 117-119 
Reflection, of light, 20 

of sound, 16 
Refraction of light, 20-21 
Regeneration, 557 
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Regulex, 538 
Relays, 176-180 
Reluctance, 156, 172-176 
Reluctivity, 156 
Remanance, 171 
Residual induction, 171 
Residual magnetism, 151, 171 
Resistance, 44-47 

a-c, 281 
d-c, 94, 280 
equivalent, of a-c circuit, 374, 377-

378 
of capacitor, 306-308 

high-frequency, 281 
measurement of, 204-207, 210-211 
specific, 89-90, 624 
temperature coefficient of, 88, 624 
unit of, 46 
vector representation of, 357, 362-364 

Resistivity, 88-89 
Resistors, 94-98 

carbon, 95 
color code for, 98, 627-628 
equivalent circuit of, 444 
power rating of, 97-98 
tolerances of, 97 
uses of, 97-98 
variable, 95-96, 127-128 
wire-wound, 95-97 

Resonance, 410-436 
defined, 410, 426 
frequency of, 417, 431, 432 
parallel, 426-433 
series, 416-425, 431-435 
of sound waves, 17 

Resonant circuits, 410-436 
classification of, 433-434 
comparison of series and parallel, 

431-433 
parallel, characteristics of, 431-433 

circuit calculations of, 426-430 
currents in, 430-431 
curves of, 427-431 

series, characteristics of, 416-425 
circuit calculations of, 416-423 
curves of, 418-422, 431 
voltage ratios of, 424-425 

uses of, 433-436 

Response curves, 475-482 
Retentivity, 157 
Reverse bias, 581 
Rheostat, 95, 123-128 
Right-hand rule, Fleming's, 220 
Ring magnet, 160 
Root-mean-square value of a-c wave, 

230 
Rotary amplifier, 538-539 
Rototrol, 538 

Saturation current, 549 
Screen grid, 556 
Secondary cell, 63, 76-82 
Secondary winding, 245-267 
Self-inductance, 255-261 
Selsyns, 528-529 
Semiconductors, 97, 573-582 

acceptor impurities in, 578-579 
conduction in, 575-579 
defined, 573 
donor impurities in, 577-578 
energy levels of, 574-575 
intrinsic, 574 
lattice structure of, 575-578 
N-type, 574 

P-type, 574 
PN junction of, 579-582 

characteristics of, 579, 581-582 
currents in, 581 
forward bias of, 580 
potential barrier at, 579-580 
resistance of, 582 
reverse bias of, 581 

Sensitivity of voltmeters, 196-198 
Sensitor, 97 
Series circuits, a-c, 356-359, 365-369, 

387-388 
multielement, 358-359, 387-388 
parallel equivalent for, 378 
simple, 356-358 

of capacitors, 334-337 
characteristics of, 101 
defined, 100 
d-c, 100-103 
of inductors, 269-273 
magnetic, 172-173 
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Series circuits, resonant, 416-425 
(See also Resonant circuits) 

uses of, 101 
Series-parallel circuits, a-c, 374-377, 

392-394, 399-401 
d-c, 107-109, 395-399 

Servomechanism, 529 
Shielding, magnetic, 160, 279 
Silver oxide cell, 70-71 
Silvered-mica capacitor, 314 
Simultaneous equations, 116-123 
Sine, 633 
Sine-wave voltage, 226-227 
Single-phase power system, 232-233 
Skin effect, 280 
Solar cell, 82-83 
Solenoid, 163, 259, 261 
Solid-dielectric capacitors, 302, 312-321 
Solid-state conduction, 579 
Solid-state light-sensitive device, 598-

600 
Solids, physical concepts of, 574-575 
Solving problems, method of, 52-54 
Sound waves, 13-18 
Source impedance, 457 
Space charge, 548-549 
Specific reluctance, 166 
Specific resistance, 89-90, 624 
Square root, 54-57 
Stagger tuning, 479-482 
Static electricity, 26, 30-35 
Storage battery, 76-82 
Subscripts, 51-52 
Suppressor grid, 558 
Surge voltage, 304 
Symbols, 51-54 

drawing, 51, 604-610 
letter, 51-52, 611-612 
transistor, 583-584 
tube, 559 

Synchronous capacitor, 520 
Synchronous motors, polyphase, 518-

520 
single-phase, 526-528 

Synchronous speed, 516 
Synchros, 528-529 
Synchrotie, 528 
Synthetic-film capacitors, 315, 316 

Table, abbreviations, 611-612 
capacitor characteristics, electrolytic, 

327 
solid dielectric, 316-317 

capacitor color code, 629-631 
comparison of, electrical and 

hydraulic terms and units, 45 
electrical and magnetic circuit 

terms and units, 166 
series and parallel resonant 

circuits, 432 
cosine values, 635-636 
dielectric constants, 626 
dielectric strengths, 626 
drawing symbols, 604-610 
exponent notations, 129 
frequency, of colors of light, 19 

of common sounds, 16 
insulating materials, 94, 626 
letter symbols, 611-612 
magnetic spectrum, 9 
magnetic terms and units, 166 
radio-frequency spectrum, frequency 

and wavelengths of, 10 
relay circuits, 179 
resistor color code, 627-628 
resonant circuit characteristics, 432 
sine values, 635-636 
specific resistance, 624 
tangent values, 635-636 
temperature coefficients, 624 
transistor, power gain of, 592 
universal time-constant values, 489 
wavelength of colors of light, 19 
wire, 625 

Tangent, 633 
Tantalum capacitors, 325-329 
Taper, 127-128 
Tapped resistor, 96 
Teflon capacitor, 315-316 
Telechron motor, 527-528 
Telemetry, 5 
Temperature coefficient, of capacitors, 

309 
of resistance, 88 

Temperature-compensating capacitors, 
319-321 

Temporary magnet, 145 
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Tetrode, 556-557, 592-593 
Therapeutics, 4 
Thermal-type meters, 189 
Thermistor, 97 
Thermocouple, 37-39, 188 
Thévenin's theorem, 394-401 

circuit applications of, a-c, 399-401 
d-c, 395-399 

principles of, 394-395 
Three-phase power systems, 235-239 
Thyratron, 567-568 
Time constant, 264, 300, 482-491 

for CR circuits, 300-301, 486-487 
for LR circuits, 264-265, 483-486 
universal curves of, 487-490 

Time-delay circuits, 482-491 
Toroids, 278-279 
Torque, 498 
Transconductance, 555 
Transformer, a-f, 274 

bifilar, 278-279 
color code for, 278, 632 
efficiency of, 247-249 
high-frequency, 276-279 
i-f, 277-278 
low-frequency, 274 

mutual inductive coupling of, 469-475 
power, 244-247 
principles of, 244-247 
r-f, 276-277 
toroidal, 278-279 
turns ratio of, 246 

Transistors, 573-600 
alpha of, 590 
amplifier circuits for, equivalent of, 

593-594 
grounded-base, 595-597 
grounded-collector, 597-598 
grounded-emitter, 595 

base of, 582 
beta of, 590 
biasing for, 580-583 
collector of, 582 
current gain of, 589-591 
current transfer ratio of, 591 
emitter of, 582 
junction, 582-588 

lattice structure of, 575-578 

Transistors, lead identification for, 583-
584 

letter symbols of, 589 
methods of operation of, 584-585 
NPN, 582 
parameters of, 591 
photo-, 599-600 
PNP, 582 
power gain of, 592 
resistance gain of, 586-587 
specifications for, 588-589 
static characteristics of, 581-582, 

585-587 
symbol identification for, 583-584 
tetrode, 592-593 
triode, 573, 582 
types of, 582 
vs. vacuum tubes, 585-586 
voltage gain of, 595, 596, 598 
(See also Semiconductors) 

Translucent material, 18 
Transmitting capacitor, 333 
Transparent material, 18 
Transverse waves, 18 
Trigonometric functions, 635-636 
Trigonometry, 633-834 
Trimmer capacitor, 333-334 
Triode, gas-tube, 567-568 

transistor, 573, 582 
vacuum-tube, 549-551, 561-563 

Tubes, 546-569 
amplification factor of, 552 
amplifier circuits using, 561-565 
bases of, 560-561 
cathodes of, 546-547, 565 
characteristics of, 552-556 
control grid of, 549 
cutoff of, 549 
degeneration in, 557 
diode, 547-549, 566, 567 
duodiode, 548 
feedback in, 556-557 
gas, 565-568 
grid bias of, 549 
heaters of, 546-547 
interelectrode capacitance of, 556-

557 
multiunit, 559 
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Tubes, pentode, 558 
phase relation of currents and 

voltages in, 549-551 
photo-, 568-569 
plate resistance of, 553-554 
regeneration in, 557 
saturation current of, 549 
screen grid of, 556 
sockets for, 560-561 
space charge in, 548-549 
suppressor grid of, 558 
tetrode, 556-557 
thyratron, 567-568 
transconductance of, 555 
triode, 549-551 
voltage-regulator, 566-567 

Tuned circuit, 419 
Two-phase power system, 233-235 

Ultraviolet light, 20 
Unit magnet pole, 149 
Units, of capacitance, 295 

electrical, 44-50 
of inductance, 259, 267 
magnetic, 156-157, 166 

Universal motor, 524-525 
Universal time-constant curves, 487-490 
Universal winding, 276-277 

Valence electrons, 29-30, 575 
Variable capacitor, 318, 331-333 
Variable inductor, 269, 271-273 
Variable resistor, 95-96 
Varistor, 97 
Vector algebra, 378-394 

applications of, 387-394 
parallel circuits, 388-390 
parallel-series circuit, 390-392 
series circuit, 387-388 
series-parallel circuit, 392-394 

basic uses of, 378-383 
Vector quantities, graphical representa-

tion of, 379 
graphical solution of, 360-364 
rectangular, 379-383, 387-394 

Vector quantities, rectangular, convert-
ing to polar notation, 383-3M 

mathematical operations with, 380-
383 

applications of, 387-394 
notation of, 379-380 
use of, 378 

polar, 383-394 
converting to rectangular notation, 
384-385 

mathematical operations with, 385-
387 

applications of, 387-394 
notation of, 383 
use of, 383 

Vector representation, of impedance, 
357, 362-364 

of reactance, 357, 362-364 
of resistance, 357, 362-364 
of sine-wave voltage, 360 
of voltage and current, 361-362 

in parallel circuit, 370, 371 
in parallel-series circuit, 374 
in series circuit, 366, 367 
in series-parallel circuit, 377 

Vector resolution, of in-phase and 
quadrature components, 372 

Vibrating bell, 176-177 
Volt, 36, 46, 50 
Volt-ampere, 232, 364 
Voltage, 36, 46 

alternating, 222-231 
(See also Alternating current) 

breakdown, 92, 303 
counter, 471, 501-502 
derating of, 304 
drop, 36-37, 100, 533 
induced, of generator, 222 

of mutual inductance, 268-269 
principle of, 219-222 
of self-inductance, 256 

methods of producing, 37-39 
sine-wave, 226 

Voltage amplifier, 561-565 
pentode, 563-565 
triode, 561-563 

Voltage divider, 128-132 

Voltage regulator tube, 566-567 
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Voltage variable capacitor, 318 
Voltaic cell, 63-66 
Voltmeter (see Meters) 

Ward Leonard drive, 539-540 
Watt, 48-50 
Watthours, 50 
Wattmeter, 207-209 
Wave trap, 434-435 
Wavelength, 10-12 

of electromagnetic spectrum, 9 
of light waves, 19-20 
of sound waves, 14-15 

Waves, light, 18-21 
longitudinal, 14 
propagation of, 7-14,20 
radio, 8-13 
sine, 226 

Waves, sound, 13-18 
transverse, 18 

Wet electrolytic capacitors, 323, 328 
Wheatstone bridge, 210-211 
Wheel diagram, 226,360-361 
Wide-bandpass amplifier circuit, 479-

482 
Wire, circular mil area of, 89 
gauge of, 90 
resistance of, 89-90 
table, 625 

Wire-wound resistors, 95-97,128 
Work, 47-48 
Working voltage, 304 
Wye connection, 237-239 

Zero potential, 36 
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