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PREFACE

The texts of the entire Basic Electricity and Basic Electronics
courses, as currently taught at Navy specialty schools, have now been
released by the Navy for civilian use. This educational program
has been an unqualified success. Since April, 1953, when it was first
installed, over 25,000 Navy trainees have benefited by this instruc-
tion and the results have been outstanding.

The unique simplification of an ordinarily complex subject, the
exceptional clarity of illustrations and text, and the plan of pre-
senting one basic concept at a time, without involving complicated
mathematics, all combine in making this course a better and quicker
way to teach and learn basic electricity and electronics. The Basic
Electronics portion of this course will be available as a separate
series of volumes.

In releasing this material to the general public, the Navy hopes to
provide the means for creating a nation-wide pool of pre-trained
technicians, upon whom the Armed Forces could call in time of
national emergency, without the need for precious weeks and months
of schooling.

Perhaps of greater importance is the Navy's hope that through
the release of this course, a direct contribution will be made toward
increasing the technical knowledge of men and women throughout
the country, as a step in making and keeping America strong.

Van Valkenburgh, Nooger and Neville, Inc.

New York, N. Y.
October, 1954

Pt
Pt
[







TABLE OF CONTENTS

VoL. 2 — Basic ELECTRICITY

What A Gircuit Is . . . . . . . .« o« . o oo o2

Direct Current Series Circuits . . . . . . . . . . . . . 27

Ohm’s Law . . . . « « « v o e e e 224
Electric POwer . . . .« o . e e e 242
Direct Current Parallel Circuits . . . . . . . . . . . . 255
Ohm’s Law and Parallel Circuits . . . . . . . . . . . . 273
Direct Gurrent Series-Parallel Circuits . . . . . . . . . . 290
Kirchhoff's Laws . . . « v « « v v « « « o W« . . . . 2108







BASIC ELECTRICITY

Vol. 2




Drrect cevviend cticeedls

viii




WHAT A CIRCUIT IS

Electric Circuits

Wherever two charges are connected by a conductor,a pathway for current
flow exists; and if the charges are unequal, current flows from the nega-
tive to the positive charge. The amount of current flow depends on the
voltage difference of the charges and the resistance of the conductor. If
two charged bars are connected by a copper wire, for example, current
will flow from the more negative to the more positive bar, but only long
enough to cause each bar to have an equal charge. Although current flows
briefly, this kind of connection is not an electrical circuit.

An electric circuit is a completed electrical pathway, consisting not only
of the conductor in which the current flows from the négative to the posi-
tive charge, but also of a path through a voltage source from the positive
charge back to the negative charge. As an example, a lamp connected
across a dry cell forms a simple electric circuit. Current flows fromthe
(-) terminal of the battery through the lamp to the (+) battery terminal,
and continues by going through the battery from the (+) to the (-) terminal.
As long as this pathway is unbroken,it is a closed circuit and current
flows; but, if the path is broken at any point, it is an open circuit and
no current flows.
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WHAT A CIRCUIT IS

Electric Circuits (continued)

A closed loop of wire is not always a circuit. Only if a source of emf is
part_of the loop do you have an electric ¢circuilt™If any electric circuit
where electrons move around a closed loop, current, voltage and resist-
ance are present. The pathway for current flow is actually the circuit,and
its resistance controls the amount of current flow around the circuit.

Direct current circuits consist of a source of DC voltage, such as batteries,
plus the combined resistance of the electrical equipment connected across
this voltage. While working with DC circuits, you will find out how the total
resistance of a circuit is changed by using various combinations of re-
sistances, how these combinations control the circuit current and affect
the voltage.

You have found out how cells are connected in series or parallel, and now
you will find that resistances are connected in the same manner to form
the two basic types of circuits, series and parallel circuits. No matter

how complex a circuit you may work with, it can always be brokendown
into either a series circuit connection or a parallel circuit connection.

Ammeter

0 > I

< |
t

A
i

RESISTANCE

BUT
OF WIRE

HAS

H
'k-

2-2




WHAT A CIRCUIT IS

Simple Circuit Connections

Qnly the resistances in the external circuit, between tlvle__ierminals of the
voltage Source, are_used to detETmine the fype of CIfcuit. When you have
Ya—eircuit condisting of only one devicé having resistance, a voltage source
and the connecting wiTes, it”is called a SIMPLE circuit. For example, a
Iamp connected directly across the terminals of a dry cell forms a simple
circuit. Similarly, if you connect a resistor directly across the terminals
of a dry cell, you have a simple circuit since only one device having re-
sistance is being used.

-

SIMPLE CIRCUITS

Simple circuits may have other devices connected in series with a lamp
but the nature of the circuit does not change unless more than one resist-
ance is used. A switch and a meter inserted in series with the lamp do not
change the type of circuit since they have negligible resistance.

Adding a switch
and a meter to a
simple circuit

Whenever youuse more thanone device having resistance in the same cir-
cuit, they will be connécted to f6Tm Elther g SERIES or PARALLEL cir- _
cuif, or a combination SERIES-PARALLEL circuit.
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WHAT A CIRCUIT IS

Switches

You already know that, in order for current to flow ough a circuit,a
closed path must be m_as tween the + and - terminalg, of}Mﬁ[ﬁ&&
source. Any break in the closetﬁ)ath opens the circuit and stops the flow
of current.

CURRENT FLOW REQUIRES A CLOSED PATH
-

e

No closed path—
no current flow

Current flow through
a closed path

Until now we have stopped current flow by removing a battery lead. Since
this is not a suitable method for opening a practical circuit, switches are
actually used.

A CIRCUIT MAY BE OPENED BY:

Removing a battery lead or ... . opening a switch
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WHAT A CIRCUIT IS

Switches (continued)
A switch is a deyice used to.open and close a circuit or part of a circuit

when desired. You have been using switches all your life—in lamps, flash-
Iights, radio, car ignition, etc. You will meet many other kinds of switches

while working with equipment.
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Knife switch
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"House light Slide Triple-pole, double-throw
switch switch knife switch
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In the demonstrations and experiments to follow,a switch will be inserted
in one of the battery leads. You will use a "single-pole, single-throw knife
switch," which looks like this:

7 Single-throw

SPST switch

and is represented symbolically like this:

Closed : — Gl

Open / O
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WHAT A CIRCUIT IS

—

( Circuit Symbols
St

Electrical circuit connections are usually shown in symbol form in the
same manner as the dry cell and battery symbols which you have used pre-
viously. You will find that symbols are not only used to represent various
types of equipment and show circuit connections, but are also used to ex-
press current, voltage and resistance.

To express the amounts of current, voltage, resistance and power, the fol-
lowing symbols are commonly used:

wf = current = resistance P: power
—— AR

v: volts A: amperes ()= ohms w: watts

For example, in a simple circuit consisting of a lamp connected across a
dry cell the voltage, current and resistance would be expressed as shown:

E=1.5V wos) |03 A ampere) R=5() (omms) P=0.45 W vatt

_MMAM_ FIXED RESISTOR

W
N =4

——W POTENTIOMETER
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DIRECT CURRENT SERIES CIRCUITS

Series Circuit Connections

Whenever you connect resistances end to end,they are said to be series-
connected. If all the resistances around a circuit are connected end toend
S0 that there is only one path for current flow, they form a series circuit.
You have already found out how to connect cells in series to form abattery.
An important difference between cells and resistances connected in series

is that cells must be connected with the proper polarity but resistances are
not polarized.

RESISTORS IN SERIES

Suppose you should connect a terminal of one lamp socket to a terminal on
another socket, leaving one terminal on each socket unconnected. Lamps
placed in these sockets would be series-connected, but you would not have
a series circuit. To complete your series circuit, you would have to con-
nect the lamps across a voltage source, such as a battery, using the un-
connected terminals to complete the circuit. Any number of lamps, re-
sistors or other devices having resistance can be used to form a series
circuit, provided they are connected end to end across the terminals of a
voltage source with only one path for current flow betweenthese terminals.

L—']‘ | " ’h=

I

N

(- 3

SERIES-CONNECTED
LAMPS

A COMPLETE SERIES CIRCUIT
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DIRECT CURRENT SERIES CIRCUITS

Resistances in Series

One of the factors of resistance is length, with the resistance of a conduc-
tor increasing as the conductor length increases.

If you add one length of wire to another, the resistance of the entire length
of wire is equal to the sum of the resistances of the original lengths. For
example, if two lengths of wire—one having a resistance of 4 ohms and the
other of 5 ohms—are connected together, the total resistance between the
unconnected ends is 9 ohms. Similarly, when other types of resistances
are connected in series, the total resistance equals the sum of the individ-
ual resistances.

evice or quantity in an elec-
trical circuit, some method of identifying each individual device or quan-
tity is necessary. For example, if three resistors of different values are
used in a series circuit, something other than just R is needed to distin-
guish eachresistor. A system of identification called "subscripts" is used

and consists of following the symbol of the _device or quantity by a very,

"

but each_identifies a particular resistor. Similarly E1, E2 and E3 are all
different values of voltage iSed™in th&“same ¢ircuit, with the small sub-
script fumbeT idémifying the particular voltage.

SUBSCRIPTS IDENTIFY CURRENTS,

small identification number._ Rj, R2 and R3 are all symbols for resistors

"VOLTAGES AND RESISTANCES.




DIRECT CURRENT SERIES CIRCUITS

Resistances in Series (continued)

While _numbers.are used to identify_individual electrical devices_or quan-
tities, a small letter "t" following the symbol indicates the total amount.

“You have found that when resistances are connected in series thé totalTe-
sistance equals the sum of the individual resistances. This might be ex-
pressed as Rt = Ry + R + R3 where Rj, Ry and Rg3 represent resistors.
The symbol R is also used to represent the resistance of other electri-
cal devices.

You will find that, although subscripts are one method of identifying indi-
vidual devices or quantities, other methods are also used. Some of these
other methods are shown below and compared to the subscript method of
marking. Regardless of the method used, the marking serves only one

purpose—identification of individual devices or quantities—and does not
indicate a value.

OTHER MARKINGS USED
FOR IDENTIFICATION

E-2
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DIRECT CURRENT SERIES CIRCUITS

Current Flow in Series Circuits

In a series circuit there is only one path for currentflow. This means
that all the current must flow through each resistance in the circuit. All
parts of the circuit then must be able to pass the maximum current which
flows, and the total resistance of the circuit must be large enough to re-

duce the amount of current to a value which can be safely passed byall
the circuit resistances.

Ammeters placed at each end of all the resistances of a series circuit
would read the same amount of current flow through each resistance. In

a circuit containing devices such as lamps in series, each lamp for proper
operation should be rated with the same amount of current. Lamps rated

to operate at higher currents than the circuit current will light only dimly,
while lamps rated for less than the circuit current will light very brightly,
and perhaps even burn out due to the excess current. The same effect
would be noticed if the circuit contained other types of resistances.

+

0.5-AMP LAMP
Normal brightness

0.3-AMP LAMP
Very bright
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DIRECT CURRENT SERIES CIRCUITS
Voltage in Series Circuits

Whenever a force is exerted to move something against some form of op-
position, the force is expended. For example, a hammer striking a nail
exerts a force which moves the nail against the opposition offered by the
wood, and as the nail moves, the force exerted is expended. Similarly, as

emf moves electrons through a resistor,the force is expended, resulting
in a_loss of emf called "voltage drop."
_/\—\

Starting at one end of a series circuit consisting of three resistors of equal
value connected across a six-volt battery, the potential drops will be two
volts across resistor Rj, four volts across Rj and R2, and six volts across
Rj;, Ry, and R3, the entire circuit. The voltage across each resistor is
two volts, and adding the voltages across the three resistors results in the
original total voltage of six volts.

6 VOLTS

4 VOLTS f_"]g-* ‘g{ '

2 VOLTS

fe—

This drop in voltage occurs because the current flow in a series circuit
is always the same throughout the circuit.
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DIRECT CURRENT SERIES CIRCUITS

Demonstration—Series Circuit Resistance

To demonstrate the effect of connecting resistances in series, the instruc-
tor will measure the resistance of three lamps individually and then meas-
ure their resistance in series.

First the instructor connects three lamp sockets in series and inserts 6-
volt lamps in the sockets. He then uses the ohmmeter to measure the re-
sistance of each lamp, and you see that each lamp measures about one ohm.

Then the instructor measures the resistance of the three lamps in series,
and you see that the total resistance is about 3 ohms. Thus the total re-
sistance of series-connected resistances is seen to be equal to the sum of
all the individual resistances.




DIRECT CURRENT SERIES CIRCUITS

Demonstration—Series Circuit Resistance (continued)

Using four dry cells connected in series to form a six-volt battery as a
voltage source, the instructor demonstrates the effect of adding resistance
in series. The voltmeter is connected across the battery and reads six
volts, while the ammeter is connected in series with the negative lead of
the battery to show the amount of current flow from the battery. With the

ammeter in series, a single lamp socket is connected across the battery
and a 6-volt lamp is inserted in the socket. You see that the lamp lights to
normal brilliancy and that the ammeter reading is about 0.5 ampere. As

the instructor moves the voltmeter to connect it directly across the lamp,
you see that the voltage across the lamp is 6 volts.

[ e

£§@U4%;
=)=
- <«

6-volt lamp —
normal brightness

SINGLE LAMP—

NORMAL CURRENT

2-13




DIRECT CURRENT SERIES CIRCUITS

Demonstration—Series Circuit Resistance (continued)

Next, the single lamp socket is replaced by three sockets in series and 6-
volt lamps are inserted in the sockets. The lamps now light at well below
normal brilliance and the ammeter reading is about one-third its previous

value. A voltmeter reading taken across the total circuit reads 6 volts
and across each lamp the voltage is 2 volts. Since the voltage from the
battery is not changed but the current decreased, the resistance must be

greater. Adding the voltage across each lamp shows that the sum of the
voltages across the individual resistances equals the total voltage.

Three 6-volt lamps in series—
Resistance is increased

Lamps dim l

LAMPS IN SERIES
LOW CURRENT
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DIRECT CURRENT SERIES CIRCUITS

Demonstration—Series Circuit Current

To show the effect of changing resistances on the amount of current flow
and how different equipment requires different amounts of current for
proper operation, one of ‘he 6-volt lamps is replaced by a 2.5-volt lamp
of less resistance. You see that the two 6-volt lamps increase to al-
most half of normal brilliancy while the 2.5-volt lamp is dim. Theam-
meter reading shows that the current increases, indicating that decreasing
the resistance of one part of the circuit decreases the total opposition to
current flow. Replacing another of the 6-volt lamps with a 2.5-volt lamp
further decreases the total resistance and increases the total cir-
cuit current.

The brilliance of the lamps increases as the current flow increases, and
with the last 6-volt lamp replaced by a lower resistance 2.5-volt lamp, you
see that the circuit current for the three 2.5-volt lamps is approximately
the same as that of a single 6-volt lamp. Also, the three lamps light at
about normal brilliancy because the current is only slightly less than the
rated value of these lamps, as is the voltage measured across each lamp.

0-1 amp range
Ammeter

= =-— O P> M 0 OO Z —

oo

CIRCUIT
CURRENT



DIRECT CURRENT SERIES CIRCUITS

Demonstration—Series Circuit Voltage

The rated voltage of three 2.5-volt lamps in series is 7.5 volts so that the
6-volt battery does not cause the rated current to flow. By adding one
more dry cell, the instructor shows how increasing the circuit voltage
without changing the resistance will cause a greater current flow as vou
can see by the increased brilliancy of the lamps and the increased current
reading. Voltage readings taken across the lamps show that the voltage
across each lamp is the rated voltage of 2.5 volts. Removing one cell of
the battery at a time and taking voltage readings across the lamps, the in-
structor shows that the voltages across the lamps equal each other and
always add to equal the total battery voltage.

Now using five cellsto form a 7.5-volt battery, the instructor replaces one
of the 2.5-volt lamps with a 6-volt lamp having greater resistance. Volt-
meter readings across the lamps still total 7.5 volts when added, but are
not all equal. The voltages across the lower resistance 2.5-volt lampsare
equal but less than 2.5 volts, while the voltage across the higher resist-
ance 6-volt lamp is greater than 2.5 volts. You can see that for resistors
in series the voltage divides in proportion across the various resistances
connected in series, with more voltage drop across the larger resistance
and less voltage drop across the smaller resistance.

Voltmeter

SERIES CIRCUITS. ..
VYOLTAGES DIVIDE
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DIRECT CURRENT SERIES CIRCUITS

Demonstration~—Open Circuits

You already know that in order for a current to pass through a circuit a
closed path is required. Any break in the closed path causes an "open
circuit, and stops current flow. Each time you open a switch, you are
causing an open circuit.

Anything which causes an "open' other than actually opening a switch in-
terferes with the proper operation of the circuit, and must be corrected.

An open circuit may be caused by a loose connection, a burned-out re-
sistor or lamp filament, poor joints or loose contacts, or broken wire.

OPEN CIRCUITS can be caused by. .. ..

Loose connections

Burned-out resistors
or lamp filament

Loose contacts Broken wire

——

These faults can often be detected visually, and you may find that, in
performing the experiments to follow, you will encounter one or more of

these "'opens."

In some cases it is not possible to visually detect the cause of an open cir-
cuit. The instructor will demonstrate how to use the ohmmeter or a test

lamp to find the cause of trouble.

2-17




DIRECT CURRENT SERIES CIRCUITS

Demonstration—Qpen Circuits (continued)

The instructor connects five dry cells, a knife switch and three lamp
sockets in series. He then inserts 2.5-volt lamps in the sockets. When
he closes the switch the lamps light with normal brilliancy. He then
loosens one of the lamps and they all go out, indicating an open circuit.
(A loosened lamp simulates a burned-out filament or other open.)

ating an“‘QPEN"’

To locate the open with the chmmeter the instructor first opens the knife
switch to remove the voltage source, since an ohmmeter must never be
used on a circuit with the power connected. He then touches the ohm-
meter test leads across each unit in the circuit—the three lamps in this
case. You see that for two of the lamps the ohmmeter indicates a re-
sistance under 10 ohms, but for the loosened lamp the ochmmeter indi-
cates infinity. Since an open does not allow any current to flow, its re-
sistance must be infinite. The ohmmeter check for an open, then, is to
find the series-connected element in the circuit which measures infinite
resistance on the ohmmeter.

© Using the ohmmeter
to test for an

“OPEN"

Good bulb — resistance less than 100 "Open'" - infinite resistance
2-18




DIRECT CURRENT SERIES CIRCUITS

Demonstration—Open Circuits (continued)

The second method used to locate an open is to test the circuit by means of
a test lamp. The instructor ‘attaches leads to the terminals of a lamp sock-
et and inserts a 2. 5-volt lamp. He closes the circuit switch and touches
the test lamp leads across each lamp in the circuit. The lamp does not
light until he touches the terminals of the loosened lamp. The test lamp
then lights, indicating he has found the open.

~~ Open circuit—no light

Finding an'OPEN"

with a test lamp Test lamp doesn't light across good lamps

—,

Test lamp lights across loosened lamp

The test lamp completes the circuit and allows current to flow, bypassing
the open. You will use this method often to detect opens which cannot be

seen.
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DIRECT CURRENT SERIES CIRCUITS

Demonstration—Short Circuits

You have seen how an open prevents current flow by breaking the closed
path between terminals of the voltage source. Now you will see how a
"short'" produces just the opposite effect, creating a ""short circuit' path
of low resistance through which a larger than normal current flows.

A short occurs whenever the resistance of a circuit or part of a circuit
drops_from its"norial valjeé to zero, x;es;,stance. This happens if the two
terminals of a registance in g_g_rcult are dlrectly connected; the voltage
source leads.contact_each other two current-carryifg Uninsulated wires
touch, or the circuit is 1mproper1y wired.

A Gfort OCCURS WHEN . . .

. resistance terminals . . . battery leads contact
are directly connected each other

. the wiring is improper

sl

"/ " 4>

(  &=»

These shorts are called "external shorts" and can usually be detected by
visual"inSpection:

asmsm—
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DIRECT CURRENT SERIES CIRCUITS

Demonstration—Short Circuits (continued)

¢

Whe rt occu j

current flow becomes zero, so that 3 _yeryx.large-curreni-fiows.

el
The effect of a m on current flow

Short —
No resistance

Normal
resistance

In a series circuit, a shortacross one or more parts of the circuit results
in reduction of the total resistance of the circuit and corresponding in-
creased current, which may damage the other equipment in the circuit.

THAN NORMAL CURRENT

i/
N
AN
= ﬂo\\ - =
S p
/1 n\ Shorts
— NORMAL WS SHORTED \
L] CIRCUIT [ ] CIRCUIT //
T NP
——
NN - = >~
A e ITENN

Circuits are usually protected agaigst-f.!‘.?;;:‘_‘t(‘l&‘&‘wm
of fuses, which you will Tearn about later, 1t 1S important that you un-

aersfané the reasons for and results of shorts so that you can avoid acci-
dentally shorting your circuits and causing damage to meters or other
equipment.
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DIRECT CURRENT SERIES CIRCUITS

Demonstration—Short Circuits (continued)

The instructor connects three dry cells in series with a 0-1 amp range am-
meter and three lamp sockets. He inserts 2.5-volt lamps in the sockets
and closes the switch. You see that the lamps light equally but are dim,
and the ammeter indicates a current flow of about 0.5 amp.

A NORMAL SERIES CIRCUIT

A normal
circuit

The instructor then touches the ends of an insulated lead to the terminals
of one of the lamps,''short-circuiting” the current around that lamp. You
see that the lamp goes out, the other two lamps become brighter, and the
ammeter shows that the current has increased to about 0.6 amp. When he
moves the lead to short out two of thelamps, you see that they both go out,
the third lamp becomes very bright, and the current increases to about 0.9

amp. Since the lampis rated at only 0.5 amp, this excessive current would
soon burn out the lamp filament.

SEEING THE EFFECT OF A SHORT IN A SERIES CIRCUIT

Short ___
circuit

If the instructor were to short out all three lamps, the lack of resistance

of the circuit would cause a very greatcurrent to flow which would damage
the ammeter.
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DIRECT CURRENT SERIES CIRCUITS

Review of Series Circuit Connections

Consider now what you have found out so far about electric circuits and
particularly series circuits. While a complete electric circuit always con-
sists of a complete path for current flow through the voltage source and
across the terminals of the voltage source, you have discovered that—for
all practical purposes—the path through the voltage source_is disregarded
in considering a circuit. Only the connections and effect of the resistances
f_gn__x_lected across the terminals of the voltage source are considered,

Simple Circuit—A single resistance connect-
ed across a voltage source.

Series Circuit—Resistances connected end to
end across a voltage source.

Series Circuit Resistance—The total resist- :
ance equals the sum of the individual resist-
ances.

Series Circuit Current—The current is the
same through all parts of the circuit.

Series Circuit Voltage—The voltage across
each resistance is only a part of the total volt-
age and depends on the value of each resistor.
Each of these parts of the total voltage is
called IR or VOLTAGE DROP, the sum of
which equal the total or applied voltage.

0.5-AMP LAMP

Normal brightness

0 3-AMP LAMP

Very bright
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OHM'S LAW

Ohm's Law in Simple Circuits

You have found out that yoltage and resistance affect the.current flow in a
‘ctreuit;"and that voltage drops across.a.resistance. The basic relationships
‘of current, voltage and resistance are as follows: -

1. Current in a cjircuit increases when the voltage is increased for the
same resistance.

2. Current in a circuit decreases when the resistance is_increased for the_
same voltage.

These two relationships combined are Ohm's Lawr,t.ho«mos,tw

electric circuits, usually stated as follows:

THE CURRENT, FLOWING IN A CIRCUIT CHANGES IN THE SAME DI-
RECTION THAT THE VOLTAGE CHANGES, AND IN THE OPPOSITE DI-
RE(;TION'THAT THE RESISTANCE CHANGES. -

AT o e s T 20

Low voltage...
C5 Low current
o

Ammeter

N\ by,
S A%

High current

@? High voltage...

l—@/f’

...IN THE SAME DIRECTION THAT THE VOLTAGE CHANGES...

Dot

Low resistance... High resistance...
High current Low current

o
8558

Ammeter Ammeter

. . IN THE OPPOSITE DIRECTION THAT THE RESISTANCE CHANGES
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OHM'S LAW

Ohm's Law in Simple Circuits (continued)

You have seen that if a certain current of electricity flows in a circuit, it
flows because a certain electromotive force, or voltage, forces it to flow,
and that the amount of current is limited by the resistance of the circuit.
In fact, the amount of current depends upon the amount of electrical pres-
sure, or voltage, and the amount of resistance. This fact was discovered
by a man named George 8. Ohm and is expressed by the now famous Ohm's
Law which is the fundamental equation of all electrical science. Since it
was first stated in 1827, this law has been of outstanding importance inw
electrical calculation. One of the most common ways of expressing Ohm's
Law i1s.that THE CURRENT ELOWING IN A CIRCUIT IS DIRECTLY PRO-
PORTIONAL TO THE APPLIED VOLTAGE, AND INVERSELY PROPQOR-
TIONAL TO THE RESISTANCE, When you put this word statement 1nto a
mathematical relationshif you g_ssw

R R s ]

ELECTROMOTIVE FORCE (or VOLTAGE)
RESISTANCE

CURRENT =

or
VOLTS
OHMS

AMPERES =

Ohm's Law can also be written in two other forms.

VOLTAGE = CURRENT x RESISTANCE

or

VOLTS = AMPERES x OHMS

This enables youto find the voltage when you know the current and resistance.

If you know the voltage and the current, you can find the resistance then by
simply applying the following form of Ohm's Law.

VOLTAGE

RESIST =
SISTANCE CURRENT

or
VOLTS
OHMS = —
AMPERES

-~

7 2-25
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OHM'S LAW

Ohm's Law in Simple Circuits (continued)

Ohm's law is used in electric circuits and parts of circuits to find the un-
known quantity of current, voltage or resistance when any two of these
quantities are known. In its basic form Ohm's law is used to find the cur-
rent in a circuit if the voltage and resistance are known. To find the cur-
rent through a resistance, the voltage across the resistance is divided by
the resistance,

Voltage (volts
Current (amperes) = Resistagncé (ohn?ns)

As you know, the current in a circuit increases if the voltage increases
and the resistance remains the same. By giving values to E and R, you
can see how this works. Suppose that R is 10 ohms and E is 20 volts.
Sincg the current equals 20 divided by 10, the current is 2 amperes
as shown:

voltage
resistance

Current =

Now if E is increased to 40 volts without changing the resistance, the cur-
rent increases to 4 amperes.

Similarly, if the voltage remains the same and the resistance is increased,
the current decreases, Using the original values where E is 20 volts and
R is 10 ohms, you found that the current is 2 amperes. If R is increased
to 20 ohms without changing the voltage, the currentdecreases to 1 ampere,




OHM'S LAW

Ohm's Law in Simple Circuits (continued)
While I = % is the basic form of Ohm's law and is used to find current, by
expressing the law in other forms, it may be used to obtain either E or R.

To use Ohm's law to find the resistance when voltage and current are
known, the voltage is divided by the current.

Resistance = gﬁ—lrtr%

As an example, if the current through a lamp connected across a 6-~volt
battery is 2 amperes, the resistance of the lamp is 3 ohms,

A third use for Ohm's law is to find the voltage when the current and re-~
sistance are known. To find the voltage across a resistance, the current
is multiplied by the resistance.

Voltage = Current x Resistance

In writing electrical laws as formulas, the multiplication sign is not nor-
mally used, so that Ohm's law for voltage is expressed as: E=|R

To find the voltage across a 5-ohm resistor when 3 amperes of current are
flowing, you must multiply I times R, so that the voltage equals 15 volts.

E=IR

E = 3x5=15volts

In using Ohm's law,the quantities must always be expressed in the basic
units of current, voltage and resistance. If a quantity is given in larger or
smaller units, it must first be changed so that it is expressed in am-
peres, volts or ohms.
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OHM'S LAW
Establishing Total Resistance in Series Circuits

In the previous topic you learned that the total resistance in a series cir-
cuit is equal to the sum of the individual resistances in that circuit. Total
resistance in a serjes circuit, called Ry, may be established by using
Ohm's Law if the amount of current in the circuit and the impressed volt-
age are known.

Consider the schematic diagram below. Note that the total impressed volt-
age, E1, is 100 volts, and that the total current in the circuit, Iy, i8 two
amperes. Note also, that there are three resistors in series. 8 fact
will not cause any difficulty in solving the problem if you remember that
the total current flowing in a circuit is the result when the total voltage is
applied across the total resistance in the circuit. Using Ohm's Law, then,
the total resistance is equal to the total voltage divided by the total current.

Applying Ohm's Law To A
Series Circuit

lTota.l = 2 Amperes R; %

{
Erotal = 100 Volts Rz £ Rrotal = R +R2 + Rg

E
RTM:L‘““
ITotal

100 Volts
~ 2 Amperes

Rr = 50 Ohms

In the previous topic you also learned that when the voltage drops in a se-
ries circuit are added together, the total value is equal to the total im-
pressed voltage, or

ETot.-lﬁ E1+E2‘|'E3
You learned, too, that the current flowing in a series circuit is everywhere
the same, or

Itota1 =11 =I2=13

This is true even though the various resistors in the series circuit may all
be of different values.
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OHM'S LAW

Onm's Law in Series Circuits

You can use Ohm's law inworkingwith,series circuits,gither.as.anplied.
to the entire circuit or to only a garf of theciccwit. It canonly be used to
md an unknown quantity for a certain part of the circyjt when two factors

are known. Consider a circuit consisting of three resistors connected in
Series across 100 volts, with a circuit current flow of 2 amperes. If two \
of the resistor values, Ry and Rg, are known to be 5 ohms and 10 ohms _
respectively, but the third resistor value R3 is not known, the value of R3 \
and the current and voltage for each resistor may be determined by
applying Ohm's law to each part of the circuit.

To find the unknown values, you should first make a simple sketch, see the
diagram below, for recording the information which you already have and
that which you will obtain as you use Ohm's Law for various parts of the
circuit. This sketch will enable you to visualize the various components
of the circuit and their relationships with one another.

Next you should record all of the known factors concerning each resistor.
You know that Ry equals 5 ohms and Ry equals 10 ohms and also that
the circuit current is 2 amperes. Since there is only one path for current
in a series circuit, the current is the same in every part of the circuit and
is equal to 2 amperes.

e T
I7 = 2 Amperes

5Q

| ]
[
nonon
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100 Volts 109

o s O |
=33
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OHM'S LAW

Ohm's Law in Series Circuits (continued)

For Ry and R you have two known quantities—resistances and currents—
and can therefore find the voltages. Using Ohm's law to find the voltage
across Ry, for example, the current—2 amperes—is multiplied by the re-
sistance—5 ohms—resulting in a voltage of 10 volts across Ry. Similarly
the voltage across Ry is found by multiplying the current by the resistance
—2 amperes times,,l%) ohms—resulting in a voltage of 20 volts across Rg.

FINDING E; AND E;
——-.—-—'—'__‘

E;=10 VOLTS

100 VOLTS

A

R, = 100
- I = 2
I2 2A E§ = 2oa3:s:s
) E,= 20 VOLTS
Ry =
R3 I3 = 2 amps
Eg =

Your sketch now is complete except for the resistance value and voltage
across R3. If you can obtain the correct value of either the resistance or
the voltage for Rg, the other quantity can easily be found by applying Ohm's
law to R3.
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OHM'S LAW

Ohm's Law in Series Circuits (continued)

Since the three resistors are connected across 100 volts, the voltages
across the three resistors must equal 100 volts when added together. I
the voltages across Ry and Rg are equal to 10 volts and 20 volts respec~
tively, the total voltage across the two equals 30 volts. Then the voltage
across Rg must equal the difference between the total 100 volts and the
30-volt total across Ry and Ry, or 70 volts. Ohm's law can be used to

find the resistance of Rg by dividing the voltage—70 volts—by the current
—2 amperes —so that R3 equals 35 ohms.

FINDING E5

100V
E,+E. =10+20 =30V
,= 100 - 30 = 70V
E,=70V
Y

| Ry= 35 OHMS
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OHM'S LAW

Ohm's Law in Series Circuits (continued)

You can also use another method of finding the unknown quantities for Rg.

Since the total circuit voltage and current is known, the total circuit re-
sistance can be found by dividing the voltage—100 volts—by the current—
2 amperes. The totalresistance then is 50 ohms and, since this total must

equal the sum of Ry, Ry and Rg, the value of R3 is equal to the difference
between 50 ohms and R plus The sum of R] and Rg equals 15 ohms,
leaving a difference ofl35 ohms as the resistance value of R3. With the

resistance value and current for R3g known, the voltage is found by multi-
plying the two known quantities. Multiplying the resistance—35 ohms—by
the current—2 amperes—restults in a voltage of 70 volts across Rg. The
results are the same as those previously obtained.

omm WAY{O RﬁND Es

“It = 2 amperes :‘é J Et 10
n a3 10V Rt =y~ =20 - 500
1=502 | t 2
Rt =500
E{ = 100 volts Ry - 10.0.%% 20V Also
‘_‘ Rt = R; + Rg + Rg
To find R3

R1+R2=5+10=15A

Rz =50 - 15 = 35

R3 = 35 OHMS

Eg =13 R3 =2 x35 =70V

E3 = 70 VOLTS

—
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OHM'S LAW

Ohm's Law in Series Circuits (continued)

With the values of R3 and Eg known, your table is now complete, giving all
the values of resistance, voltage and current for each of the three resis-
tors in the circuit. From the completed table of values you can find the
total circuit resistance, voltage and current. Since the circuit is series-
connected, the current for the total circuit is the same as that for any part
of the circuit, while the total voltage and the total resistance are found
by adding the individual voitages and resistances.

Completed Table of Values

Part of Clrcuit Resistance Voltage Current
Ry 5 Ohms 10 Volts 2 Amperes
Rg 10 Ohms 20 Volts 2 Amperes
Rg 35 Ohms 70 Volts 2 Amperes

The total resistance (R¢) is equal to 50 ohms, the total current (It) is 2
amperes, and the total voltage (E) is 100 volts. Now you know all of the
circuit values,

g 1
It = 2 Amperes g R1=51 E1=10V
ol 1
le T
Et = 100 Volts g Rg =100 E2=20V
il ]
|

|
1i=:3=7ov

Series Cincuct
WITH ALL
VALUES KNOWN

To find unknown circuit quantities always solve completely those parts of
the circuit for which you know two quantities, by applying Ohm's law to that
part of the circuit. Apply the rules for current, voltage and resistance in
series circuits to find other unknown quantities which cannot be found by
means of Ohm's law.
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OHM'S LAW

Demonstration of Ohm's Law

To show how Ohm's law may be used to find the resistance needed, the in-
structor connects four dry cells to form a 6-volt battery. Then choosing
desired values of current such as .3, .6 and 1 amperes, he determines
the resistances which will give these currents when connected across the
6-volt battery. Using Ohm's law, the voltage—6 volts—isdivided by the de-
sired currents—.3, .6 and 1 amperes—giving required resistances of 20,
10 and 6 ohms. To check these values, he connects two 3-ohm resistors
in series to form a 6-ohm resistance and connects it in series with an
ammeter across the 6-volt battery. You can see that the resulting current
is approximately 1 ampere. By adding more resistors in series to form
10- and 20-ohm resistances, the instructor shows that these resistance
values also result in the desired currents,

0-10 volt
Voltmeter

i
i

0-1 amp Ammeter
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OHM'S LAW

Demonstration of Ohm's Law (continued)

Current and vcltage may also be used to fird the value of a resistance in
a circuit when the resistance is unknown. To demonstrate this use of
Ohm's law, the instructor connects two resistors, having no resistance
marking, to form a series circuit across a six-volt battery with an am~-
meter connected to measure the current flow. The voltage across each
resistor is read and you see that these two voltages, added, equal the
battery voltage. By dividing the voltages across the resistors by the cir-
cuit current, the instructor obtains the resistance value of the resistors.
To show that thz answers are correct, the resistances are measured with
an ohmmeter and you s2e that the values obtained by Ohm's law equal
those indicated on the ohmmeter. As several such problems are worked,
you see that rated current and voltage can be used to find the value of re-
sistance needed in a circuit, and the measured values of current and voltage
can be used to find the vzlue of an unknown resistance in a circuit,

?/ - FINDING RESISTANCE BY MEASURING
' VOLTAGE AND CURRENT

9

0-10 volt
Voltmeter __ ,/

)

0-10 volt
Voltmeter

0-1 amp Ammeter
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OHM'S LAW

Demonstration of Ohm's Law (continued)

How to use Ohm's law to find the voltage required to give the correct cur-
rent flow through a known resistance will now be demonstrated. Using a
10-ohm resistance consisting of two 2-ohm resistors and two 3-ohm re-
sistors in series, the instructor determines the voltages needed to obtain
.3, .6 and .8 ampere of current flow by multiplying 10 ohms by each cur-
rent in turn. The voltage values obtained are 3,6 and 9 volts respectively.
To check these valuesthe 10-ohm resistance inseries with 2n ammeter is
connected across cells connected to give these voltages. With the 3-volt
battery of cells, you see that the current is .3 amperes, for the 6-volt
battery it is .6 amperes, and for the 9-volt battery itis .9 amperes, show-
ing that the Ohm's law values are correct.

0-1 amp Ammeter

Next the instructor shows how Ohm's law may be used to measure current
in a series circuit., Using a 9-volt battery of dry cells connected across
six 3-ohm resistors in series, the instructor determines the total circuit

resistance to be 18 ohms by adding the resistance values, By dividing the
9 volts by 18 ohms he determines that the circuit current is .5 amperes.

Measuring the voltage across each individual resistor and dividing by the

resistor value also results in a current value of .5 amperes for the circuit.
The instructor then connects an ammeter to check the current and you see
that the current value checks. Several similar demonstrations all show

that, when two values are known for any part of a circuit, the unknown

value can be determined directly by using Ohm's law.
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OHM'S LAW

Review of Ohm's Law

Ohm's law is a tool used in electricity in place of a meter to finc an un-
known factor concerning a circuit or part of a circuit when two of the
factors are known. You can use it in place of an chmmeter, voltmeter or
ammeter to find resistance, voltage or current provided that you know two
of the quantities and desire to find the third. Like any tool, Ohm's law
becomes easier to use with practice, and the more often you use it, the
more skilled you will become in its use. You have read about it, discussed
it and seen it demonstrated; now suppose ycu review its use in finding un-
known circuit quantities, Remember that all quantities must be expressed
in basic units—volts, amperes and ohms.

VOLTS = AMPERES X OHMS
E-=IR

Current equals voltage divided by resistance

AMPERES = VOLTS +0HMS

OHMS = VOLTS < AMPERES

While it is not necessary to memorize many of the formulas you will use
in electricity, Ohm's law should be memorized since you will use it more
frequently than any other.
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OHM'S LAW

Extending the Range of Voltmeters

The following is a practical application of Ohm's Law in series circuits.

In the diagram below, note that the meter is in series with the multiplier
resistor and that both thése components are placed across the voltage
source which is being measured. The equivalent circuit shows the basic
meter movement as a resistance which is placed in series with the multi-
plier resistor. The current through both the multiplier resistor and the
meter movement is the same since the components are in series with each
other. For any given type of meter movement a high resistance series
multiplier will limit the current to a very small value (by Ohm's Law). For
the same meter movement a low resistance gseries multiplier will permit a
comparatively large amount of current to flow through the circuit. The re-
sistance value of series multipliers is always chosen, however, 80 as to
limit the current enough to prevent damage to the meter but at the same
time provide the required indications.

As you learned in Volume I of this course, a voltmeter is simply
an ammeter which measures the current flow through a given material
called a series multiplier resistor. The "voltmeter' movement with which
you will come in contact most frequently is the very familiar 0-1 ma. milli-
ammeter. You can see why the series multiplieir is such a necessary factor
in measuring voltages. If no multiplier were incorporated in the unit, the
low resistance of the one-milliamp meter movement would act like a short
circuit, causing high currents to flow for all but the smallest voltages being
measured. The series multiplier then, limits the current through the meter
to a maximum of 1 milliamp and provides a standard by which the volt-
meter range can be determined. For a given multiplier, the meter will in-
dicate a large current if the voltage being measured is high, or a small
current if the voltage being measured is low. The meter may be equipped
with scales of different ranges or a multiplication factor may be used to
establish accurate readings.

I Basic
Meater
Movement

To Be ﬁ
Measured
Multiplier
1 Resistor

> Resistance of Basic
Meter Movement

st
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OHM'S LAW

Extending the Range of Voltmeters (continued}

Certain factors regarding the use of series multipliers in extending the
ranges of voltmeters were described on the previous sheet. You will now
learn how to use the familiar Ohm's Law in calculating the resistance value
of series multipliers.

Suppose that you wish to use a 0-1 ma. milliammeter as a 0-10 volt volt-
meter. Assume, for this problem, that the meter movement resistance is

50 ohms.

Calculate the resistance value of the multiplier which will permit measure-
ments of ten volts (or less) without damage to the meter. See the diagram
below.

Meter > Ry = 500
Movement < I, = 1 ma. maximum
Resistance & E;, = ?
Up to '
10 Volts
Multiplier IR": l?ma
Resistance L
Ex=17?

Recall that the total voltage in a series circuit is equal to the sum of the
individual voltage drops ir. the circuit or, as in this case

Erotal = Em + Ex

You know that the total voltage to be measured will be ten volts. You also
know that the total allowable current through the meter movement Iy, must
not exceed a maximum of one milliampere. Since the current (Ip,) and re-
sistance (Rm) of the meter movement are known, you can find the IR drop
across the meter. Using Ohm's Law, then,

Em = ImRm
or, by substituting, Epm = .001 x50
Em = .05 volts

In order to find the multiplier resistance Rx, you must first find Ex, the
voltage across the multiplier. Recall the formula given above for total volt-
age in a series circuit.
- Etota_l = Em + Ex
Solving for Ex you find that E¢ota) - Epy = Ex
Ex = 10 - . 05
Ex = Y. 95 volts

Using Ohm's Law, it is a simple matter to find Ry since Ix i8 known to be
one milliampere (Im = Ix).
Ex 9.95
Rx = 1 = 7001
Ry = 9,950 ohms
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OHM'S LAW

Extending the Range of Voltmeters (continued)

You have just learned how to calculate the resistance value of a multiplier
which permits measurement of voltages not higher than ten volts. This ex-
ample was used for the purposes of illustration only, because you will
probably be provided with a 0-10 volt voltmeter. The examples which fol-
low however, are concerned with much higher voltages, and are similar to
problems involving series multipliers which you may have to solve in the

future.

Suppose that you wish to extend the range of your meter so that it will
measure voltages up to 100 volts, DC. Assume that the meter movement
is the very familiar 0-1 milliamp, 50-ohm Weston movement. What value
of resistance must be used as a series multiplier to limit the current
through the meter to a maximum of one milliampere even when the voltage
being measured is as high as 100 volts ? See the diagram below.

—d

\
Meter Rm = 509
Movement Im = 1 ma. maximum
Resistance / En:n = ?
Er
(Up to
100 volts)
Rx = ?
Ix = 1 ma.
Ex = ?
\

Recall that Im = Ix, since the multiplier and meter form a series circuit
across the line. Recall also, that the sum of Ep, and Ex must equal the
total voltage ET. Solving for Em

Em = Im X Rm = .001 x 50 = .05 volts

Since you now have the value for Em find the value of Ex by substituting in
the formula

ET=Em+ Ex
Ex = Ep - Ep = 100 - .05
Ex = 99.95 volts

=T = —a— = 99,950 ohms




OHM'S LAW

Extending the Range of Voltmeters (continued)

In another problem, find the value of multiplier necessary to extend the
range of the meter movement (same as above) to 300 volts.

J
Meter Rmp = 500
Movement Im = 1 ma. maximum
Resistance/ Em=7?
Er
(Up to
300 volts)
:E Rx = ?
Ix = 1 ma, maximum
Ex = ?

As before, solve for Eny

Em
Em

ImRm = .001 x 50
. 05 volts

nouw

Substitute in formula, below, to find Ex

ET = Em + Ex

Ex = ET = Em
Ex =300- .05
Ex = 299. 95 volts
Using Ohm's Law, solve for Ry
Ex 299.95
= Ix T .001

Ry = 299, 950 ohms
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ELECTRIC POWER

What Power Is

Power—whether electrical or mechanical—means the rate of doing work.
Work is done whenever a force causes motion. If a mechanical force is
used to lift or move a weight, work is done. However, force exerted with-
out causing motion—such as the force of a spring under tension between
two objects which do not move—is not work.

Previously you found that electrical force is voltage and that voltage
causes current flow—movement of electrons. Voltage existing between
two points without causing current flow is similar to the spring under ten-
sion without moving, and is not doing work. Whenever voltage causes
electron movement, work is done in moving electrons from one point to
another. The rate at which this work is done is called electric power.

The same total amount of work may be done in different amounts of time.
For example, a given number of electrons may be moved fromone point to
another in one second or in one hour, depending on the rate at which they
are moved;and thetotal work done will be the same in each case. If all the
work is done in one second, more electrical energy will be changed to heat
or light per second than if the total amount of work is done in an hour.

No work being done

LOW POWER — HIGH POWER —
fewer electrons per minute more electrons per minute
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ELECTRIC POWER

Units of Electric Power

The basic unit of power is the watt, which equals the voltage multiplied by
the current—electrical force times coulombs of electrons moved past a
point per second. This represents the rate at which work is being done in

moving electrons through a material. The symbol P indicates electrical
power. To find the power used in a resistance—

In a circuit consisting of a 15-ohm resistor across a voltage source of 45

volts, 3 amperes of current flow through the resistor. The power used
can be found by multiplying the voltage and current.

FINDING THE POWER
USED IN A RESISTOR

3A

E

43V R=150

Power = voltage x current
P=ExI=45x3
P = 135 watts




ELECTRIC POWER

Units of Electric Power (continued)

By substituting Ohm's law expressions in the formula for watts, the for-
mula may be expressed in terms of current and resistance or voltage and
resistance. According to Ohm's law, E = IR. By replacing E in the power

formula with its equal value (IR}, power can be determined without know~
ing the voltage.

VARIATION OF THE [t
POWER FORMULA '

SUBSTITUTING (IR) FOR E: P=(|R)l or [XRxlI

since1x11s 122 P=|*R

Similarly, I = I_E%: and, if % is substituted for I in the power formula, power
can be found with only the voltage and current known,

ANOTHER VARIATION |-
4;
supsmirumm & rons P E(TE{) oR

E2

SINCEE xE ISE2: P=—=

For quantities of power beyond 1,000 watts the unit used is the kilowatt,
while quantities smaller than a watt are expressed in milliwatts,

LARGE AND SMALL UNITS OF POWER

1 kilowatt = 1000 watts
1 kw = 1000 w

I S
1 milliwatt = 1000 watt
1 mw-= L w
~ 1000
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ELECTRIC POWER

Power Rating of Equipment

Power rating
of equipment is
the rate at which

it changes
electrical energy

re er wattage furmshs
more heat and light.

From your own experience you have probably found that most electrical
equipment is rated for both voltage and power—volts and watts, Electric
lamps rated at 117 volts for use on a 117-volt power line are also rated
in watts, and are usually identified by wattage rather than volts,

Perhaps you have wondered what this rating in watts means and indicates.
The wattage rating of an electric lamp or other electrical equipment indi-
cates the rate at which electrical energy is changed into another form of
energy, such as heator light. The faster alamp changes electricalenergy
to light, the brighter the lamp will be; thus, a 100-watt lamp furnishes
more light than a 75-watt lamp. Electric soldering irons are made in
various wattage ratings with the higher wattage irons changing electrical
energy to heat faster than those of a low wattage rating. Similarly the
wattage rating of motors, resistors and other electrical devices indicates
the rate at which they are designed to change electrical energy into some
other form of energy. If the normal wattage rating is exceeded, the equip-
ment or device will overheat and perhaps be damaged.
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ELECTRIC POWER

Power Rating of Equipment (continued)

When more power is used in a resistance, the rate at which electrical

energy is changed to heat increases and the temperature of the resistance

rises. If the temperature rises too high the material of the resistance
may change its composition, expand, contractor burn due to the heat. For

that reason all types of electrical equipment are rated for a maximum
wattage. This rating may be in terms of watts or often in terms of maxi=
mum voltage and current, which effectively give the rating in watts.

Resistors are rated in watts in addition to ohms of resistance. Resistors
of the same resistance value are available in different wattage values.
Carbon resistors, for example, are commonly made in wattage ratings of
1/3,1/2, 1 and 2 watts. The larger the size of carbon resistor the higher
its wattage rating, since a larger amount of material will absorb and give
up heat more easily.

COMPARATIVE SIZE OF CARBON RESISTORS
OF DIFFERENT WATTAGE RATINGS

1/2-WATT

When resistors of wattage ratings greater than 2 watts are needed, wire-
wound resistors are used. Such resistors are made in ranges between
5 and 200 watts, with special types being used for power in excess of

200 watts.
WIRE-WOUND RESISTORS OF
DIFFERENT WATTAGE RATINGS

(s}
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ELECTRIC POWER

Fuses

When current passes through a resistor, electric energy is transformed
into heat, which raises the temperature of the resistor. If the tempera-
ture rises too high, the resistor may be damaged. The metal wire in a
wound resistor may melt, opening the circuit and interrupting current

flow. This effect is used to advantage in fuses.

Fuses are metal resistors with very low resistance values, which are de-
signed to "blow out" and thUS_open the circuit when_ the current exceeds,
the fuse's rated value. When the power consumed by the fuse raises the
temperature of thé metal too high, the metal melts and the fuse "blows."

Blown fuses can be identified by a broken filament and darkened glass.

You have already learned that excessive current may seriously damage
electrical equipment—motors, instruments, radio receivers, etc. The
purpose of the fuse is to protect such equipment from excessive current.
It is connected in series with the equipment, so that the fuse will open the
circuit before the excessive current does damage to the equipment. Fuses
are cheap, other equipment much more expensive.

Current flows

BLOWN FUSE

A fuse "blows out'" when the current
exceeds its rated value.
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ELECTRIC POWER

Fuses (continued)

Although it is the power used by a fuse which causes it to blow, fuses are
rated by the current which they will conduct without burning out, since it
is high current which damages equipment. Since various types of equip-
ment use different currents, fuses are made in many sizes, shapes and
current ratings.

Glass cartridge fuses
/-—-—-—-

ey A ek o+

Screw-plug fuse (N

/

cartridge
fuses

o NG

Fuses are shown symbolically like this

It is important that you always use fuses with the proper current rating—
sTIghtIY_Righex” than the greatest current you expect iff the circuit. Too
Tow a rating will result in unnecessary blow-outs, while too high a rating
may allow dangerously high currents to pass. In the demonstrations to
follow, the circuits will be "fused' to protect the ammeter. Since the
range of th meter is 0 to 1 ampere, a 1.5-amp fuse will beused,

e x'”“%’-‘-- ’“"“"“'M‘ .
The fuse is inserted in the circuit by connecting the fuse holder in series
and snapping the fuse into the holder.

s i v o e L

Fuse holder




ELECTRIC POWER

Demonstration of Power in Series Circuits

To show that power can be determined when any two of the circuit variables
—current, voltage and resistance—are known, the instructor connects
three 15-ohm, 10-watt resistors in series across a 9-volt dry cell battery.

After measuring the voltage across each resistor, he applies the power

formula P = %— to find the power for each resistor. You see thatthe power

used by each resistor is about 0.6 watt and that the total power is about
1.8 watts.

FINDING POWER WHEN VOLTAGE
AND RESISTANCE ARE KNOWN

15 £} § (i) E = 3 volts

E; = 9-volts 15 N g E:) E = 3 volts

15 N i gll:)E=3volts
-

) .o _E2 3x3 9
For each resistor: P "R 15 1§ - 0.6

For three resistors P=0.6 x3 =1.8

Total circuit power is 1.8 watts

To show that the same results are obtained using current and resistance
or current and voltage, the instructor connects an ammeter in the circuit
to measure current. The power used by each resistor is then found by
using the power formula in two ways: P = I2R and P = EI. Notice that the
power in watts is very nearly the same for each variation of the power
formula used, with the negligible difference being due to meter inaccuracies
and slight errors in meter readings.
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ELECTRIC POWER

Demonstration of Power in Series Circuits (continued)

To show the effect of the power rating of a resistor on its operation in a
circuit, the instructor connects two 15-ohm resistors—one 10-watt and one
1-watt resistor-—in a series circuit as shown below. The ammeter reads
the circuit current and, using the power formula P =14R, you find that the
power used in eachresistor is approximately 1.35 watts. As this isslight-
ly more than the power rating of the 1-watt resistor you see that it heats
rapidly, while the 10-watt resistor remains relatively cool. To checkthe
power used in each resistor, the voltages across them are measured with
a voltmeter and multiplied by the current. Notice that the power is the
same as that previously obtained, and that the power used by each resistor
is exactly equal.

7. g

THE POWER USED BY RESISTORS...

WHEN 1=0.3A P =I2R
CUIA{II}‘ENT R =150 P=0.09x15
P =1.35 watts
RESISTANCE Et = 9 volts
ARE P =I2R
KNOWN P=0.09x15
P =1.35 watts

WHEN
CURRENT
AND
VOLTAGE

P=EXI P=EXI

P=45x03

P=45x0.3

10-watt
resistor

1-watt
resistor

P =1.35 watts P = 1.35 watts
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ELECTRIC POWER

Demonstration of Power in Series Circuits (continued)

Next,the 1-watt resistor is replaced by one rated at 1/2 watt. Observe that
it heats more rapidly than the 1-watt resistor and becomes very hot, indi-

cating that the power rating has been exceeded. As the power for each re-
sistor is found (using current and resistance, then voltage and current as
a check), you see that each resistor is using the same amount of power.
This shows that the power rating of a resistor does not determine the
amount of power used in a resistor. Instead the power rating only indi-

cates the maximum amount of power that may be without damaging
the resistor.

RESISTORS Ouentieat
WHEN EXCESSIVE POWER IS USED 4

10-watt

: 1/2-watt
istor

resistor

P = I2R P=ExI
P=0.09x15 P=45x0.3
P =1.35 watts P = 1.35 watts




ELECTRIC POWER

Demonstration on the Use of Fuses

You have seen how a resistor overheats when it uses more power than its
power rating. Now you will see how this effect is put to use toprotect
electrical equipment from ‘damage due to excessive currents.

The instructor connects four dry cells in series to form a 6-volt battery.
He then connects a 15-ohm 10-watt resistor, a knife switch, a fuse holder
and the ammeter in series across the battery, and inserts a 1/8-amp fuse
in the fuse holder. When he closes the switch, you see that the fuse "blows."
This opens the circuit so that no current can flow, as you see by the zero
reading of the ammeter.

UNDER-RATED
FUSES BLOW OUT

1/8-amp fuse blows out . ... .. no current

However, when the instructor inserts a 1/2-amp fuse in the fuse holder,
you see that it does not blow, and the ammeter shows a current flow.

PROPER OR
OVER-RATED
FUSES ALLOW

CURRENT FLOW

1/2-amp fuse . . ... ... current flows

Since the resistance of the circuit is 15 ohms and the voltage is 6 volts,
the current flow by Ohm's law is about 0.4 amp (- 9iS) Since the
1/8 amp (0.125 amp) fuse "blows out" when the current exceeds its rating,
it will not carry 0.4 amp. However, the 1/2 amp (0.5 amp) fuse carries the
current without blowing, since its rating exceeds the actual current flow.
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ELECTRIC POWER

Demonstration of How Fuses Protect Equipment
Using the circuit as shown, immediately below, note that a 15-chm resistor

limits the current through the circuit sufficiently to keep a half-ampere fuse
from burning out. The circuit operates without damage to the ammeter.

PROPER OR Mw
OVER-RATED

FUSES ALLOW [ 6-volt battery |

CURRENT FLOW I l I I

1/2-ampfuse . . ... ...

If you were to short-circuit the resistor, see the diagram below, the fuse
would burn out and open the circuit without damage to the ammeter or line
wire. Because the fuse serves as the predetermined weakest link in this
circuit, it is an electrical safety device. In choosing fuses be sure not to
choose one whose rating is too high for the expected current flow. If
trouble occurs, the highly over-rated fuse may not burn out before the
meter does so that all protection i8 lost for the meter.

FUSE BLOWS OUT
AND PROTECTS THE
AMMETER

1/8-amp fuse blcws out . ... .. no current
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ELECTRIC POWER

Review of Electric Power

Whenever an electric current flows, work is done in moving electrons
through the conductor. The work may be done slowly or rapidly. All

of the electrons to be moved may be moved in either a short or long
period of time, and the rate at which the work-is-done is called electric

power.
rating of equipment.

ELECTRIC POWER — The rate of
doing work in moving electrons
through a material. The.basic unit
of power is the watt represented by
the letter P.

Now let's review electric power er, ‘the power formula and power

POWER FORMULA — Electric
power used in a resistance equals
the voltage across the resistance
terminals times the current flow
through the resistance.
equal to the current squared times
the resistance or,the voltage
squared divided by the resistance.

POWER RATING — Electrical

equipment is rated according to the
rate at which it uses electric power
The power used is converted from
electrical energy into heat or light.

RESISTOR POWER RATINGS -
Resistors are rated both in ohms of
resistance and the maximum power
which can safely be used in the re-
sistor. High wattage resistors are
constructed larger thanlow wattage
resistors to provide a greater sur-
face for dissipating heat.

I
© +
It is also E P E I R ié
2
=12R p- E—
75 Watts \\\\ //
‘ 2D //
\SHA/ = :;
=< %\%\ 150
&3 watts
1/2 Watt ttS 2 Watt

o MM

%\\ -t

5 wWatt 50 watt 100 Watt

FUSES — Fusesare metalresistors
of low resistance values designed to
open an electric circuit if the cur-
rent through the resistor exceeds
the fuse's rated value.

WW’

Sp

2-54




DIRECT CURRENT PARALLEL CIRCUITS

Parallel Circuit Connections

When you connect resistances side by side with the ends connected, they
are parallel-connected. For such a connection there is more than one
path for current flow and, if the resistances in a circuit are so connected,
the circuit is a parallel circult Similarly, cells connected in parallel to
form a battery provide more than one current path through the battery,
with each cell furnishing only a part of the total battery current.

If two lamp sockets are placed side by side, with adjacent terminals of
the sockets connected together, the lamps are parallel-connected but do
not form a parallel circuit. If the two points at which the sockets are

connected together are used as terminals and placed across a voltage

source, they form a complete parallel eircuit.

Most electric power lines form parallel circuits, with each lamp, motor
of other type of resistance being connected in parallel across the power
line. Each of these devices provides a different path for current flow be-
tween the terminals of the line voltage source.




DIRECT CURRENT PARALLEL CIRCUITS

Voltage in Parallel Circuits

Parallel resistances connected across a voltage source have the same
voltage applied to each resistance, although the currents may differ de-
pending on the values of resistance. All resistances which are to be con-
nected in parallel must have the same voltage rating for proper operation,
though each may pass a different amount of current.

You have used lamps and electric appliances on electric powet lines, and
have found that they are rated for normal operation on a 117-volt power

line. In use, they are connected in parallel across the power line which is
the voltage source.

The voltage across each is the same since they are all connected across
the same voltage source.

voltage
is the same
across all resistances
connected in parallel . . . .

volts ; 117 volts
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DIRECT CURRENT PARALLEL CIRCUITS

Current Flow in Parallel Circuits

Current divides among the various branches of a parallel circuit in a man-
ner depending on the resistance of each branch. If an electric lamp, an
iron, a radio and a vacuum cleaner are connected in parallel, the current
through each branch will vary since each piece of equipment offers differ-
ent resistance to current flow

DIFFERENT TY®PES OF ELECTRICAL
EQUIPMENT IN PARALLEL DIVIDE

veses. THE

CURRENT

UNEQUALLY

In the following demonstration and experiment on parallel circuits, resis-
tors and lamps will be used to show division of current. Resistors of
various values will be used torepresent different types of electrical equip-
ment. Regardless of the form the resistance may take, the rule is the

same: Branches in a parallel circuit with low resistance draw more cur-
rent than branches with high resistance.
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DIRECT CURRENT PARALLEL CIRCUITS

Current Flow in Parallel Circuits (continued)

It

R; =400 Rg =200

MORE

CURRENT FLOWS

THROUGH THE BRANCH
HAVING LESS .-RESISTANCE

When unequal resistances are connected in parallel, the opposition to cur-
rent flow is not the same for each branch of the circuit. A small value of
resistance offers less opposition, and thus the smaller resistances in par-
allel circuits pass more current than the larger resistances. If two re-
sistances—R] and Rg—are connected in parallel and R1 has only half the
resistance of R, the current through R] will be twice that of R2. Also, if
R) hag one-third the resistance of Ry, the current through Rj will be three
times as great as that through Rg, etc.

Current is always greatest through the path of least opposition. As an ex-
ample, suppose your parallelcircuit consists of two resistors, R; and Ry,
where Ry equals 40 ohms and R2 equals 20 ohms. Through this circuit
the total current—regardless of its value—will divide, with twice as much
current flowing through Ry as flows through Ry.
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DIRECT CURRENT PARALLEL CIRCUITS

Current Flow in Parallel Circuits

Resistances connected side by side——parallel connection—provide alternate
paths for current flow between the terminals of the voltage source. The

total circuit current divides, with part of the total current flowing through
each possible path. Each resistance is rated to pass a certain maximum
current, but the total circuit current can be greater than this individual
rated value, if the current divides and flows through more than one path.

Total Current
Current combines

V4

CURRENT DIVISION
IN A PARALLEL
CIRCUIT

1

Parts
of total
Current

A
[Total Current| [ Current divides |

For parallel circuits consisting of equal resistances in parallel the cur-
rents through each resistor will be equal, since each path offers an equal
amount of oppositionto current flow. In such a circuit the current through
each resistance is equal to the total current divided by the number of re-
sistances connected in parallel.

CURRENT DIVIDES
EQUALLY THROUGH

EQUAL RESISTANCES
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DIRECT CURRENT PARALLEL CIRCUITS

Resistances in Parallel

Resistances in parallel are like water pipes in parallel. In each case,the
total cross-section is increased and the opposition to current flow~
resistance—is decreased. Two water pipes of the same size placed side
by side carry twice as much water as a single pipe; and equal resistances
connected side by side—parallel connection—pass twice as much current
as a single resistance. This greater current flow indicates that the total
resistance of the parallel-connected resistances is less than that of a
single resistance.

PARALLE
CONNECTIONS
REDUCE

RESISTANCE

‘To find the resistance of equal resistances connected in parallel, you need
only to divide the value of one resistance by the number of resistances,
Suppose that your circuitconsists of four 200~ohm resistances in parallel.
The totalresistance of the parallel connection is one~fourth that of a single
200-ohm resistance or equal to 50 ohms. This parallel connection will act
in the circuit as though it were a single 50-ohm resistance.

FINDING RESISTANCE
OF EOQUAL RESISTORS
IN PARALLEL
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DIRECT CURRENT PARALLEL CIRCUITS

Resistances in Parallel (continued)

If the circuit you are working with consists of unequal resistances in
parallel, you cannot find the total resistance quite as easily as if they
were of equal value, Two water pipes—one large and one small—will
carry more water than either pipe alone, and two resistors of unequal
value will pass more current than either resistor alone. Although the total
opposition to current flow offered by the parallel resistances is less than
that of either resistance alone, it cannot be found by dividing either of the
known values by two,

For a parallel circuit consisting of two resistors, Ry and Rg, where Ry
equals 60 ohms and Ry equals 40 ohms, the total resistance is less than

40 ohms but does not equal 20 ohms. You could find the total resistance
by using an ohmmeter and would find that the measured total resistance
is 24 ohms, However, it may not always be possible to use an ohmmeter,
and instead you willneed to use another method to find the totalresistance,

Using an OHMMETER to find

the resistance of unequal
% resistors in parallel.

Test
/’ Prod
W

Test
Prod

Rt =24 N1
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Resistances in Parallel—Two Unequal Resistors

When resistors are connected in parallel, the effect on the circuit is the
same as having one resistor with a resistance value that is less than that
of the smaller of the two parallel components. You may refer to this ""one"
resistor as a single or equivalent resistor. You willnow see what happens
to the total resistance of two resistors of unequal value, when the compo-
nents are connected in parallel.

On the previous sheet you were told that it is often impossible to use an
ohmmeter for measuring values of resistance. In such cases another tool
must be used to ascertain total resistance. The tool referred tois derived
from the very familiar Ohm's. Law. You have already learned that in
parallel circuits

Ei = E] = E2

k=1L +1I2

The resistance is found by first substituting the Ohm's Law formula for
current in each part of the I; equation, above. As you know

and that

O - =
and since 0 R
L=1+1
then (by substitution) 2
E_E E
RR R Ry

Now, recall that the voltage is the same in each part of the circuit, as il-
lustrated in formula number three. By dividing both sides of equation
number three by the voltage "E," we find that

11,1
R Ry R
and in simplifying find the following:
R
1 BN

Ry RyR,

RiRy = Ry (R + Ry)
RiRy

Rr=gi+Ry

The formula states, in effect, that total resistance in a parallel circuit
composed of two resistors of unequal value, is found by multiplying the
value of one resistor by the value of the second, adding the value of one re-
sistor to the value of the second, and then dividing the first figure by the
second figure.
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Resistances in Parallel (continued)

If the values of two resistances connected in parallel are known, you can
find the total resistance of the parallel combination by using a formula

and solving for the total resistance. The solution involves three steps—
multiplication, addition and division. For example, to find the total re-

sistance of the 60-ohm and 40-ohm resistors in parallel, you use the

following steps.

1. Multiply the two resistance values. Ry =60n

60 x 40 = 2400

2. Add the two resistance values.
60 + 40 = 100

3. Divide the product by the sum, _6 . e
2400 + 100 = 24

Ry = 40n

—AWWWW—

The total resistance of the parallel combination of the 60-ohm and 40-ohm
resistor then is 24 ohms, and the combination will act as though it were a
single resistance of that value.

This formula is expressed as follows:

R _RIXRZ
t"R1+R2

The formula shows that Rt equals the productof Ry and R divided by their
sum. To find Rt the numerical values of R{ and Rg are used and the three
steps to the solution are performed.

Ry =60n

60 x 40
Rt = 50+ 40 —AWWW\
60 x 40 2400 R, = 240
1. Multiply — Rt = §0-40 = 50 4 40 - P

— - - —
_ 2400 2400

2. Add Ri =50+ 40~ 100 Ry = 400
3. Divide — Rg= 3100 - 24 ohms YWy
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Resistances in Parallel—Three or More Unequal Resistors

Combinations of three or more unequal resistances in parallel are some-
times used. To find the resistance of such combinations, you first find the
total resistance of any two of the resistances. Combine this total in the
same way with another of the resistance values and you have the total for
three resistances. Continue to combine the total with additional resist-
ances until all of the resistances have been combined to give the total re-
sistance of all the parallel resistances.

For example, if three resistors—Rj{, Rg and R3—are connected in parallel,
you would first find the totalresistance of Ry and Ry in parallel. Next you
combine this value with R3 and obtain the total resistance of Ry, Ry and

R3. This total is the total resistance of the three resistors in parallel.

If Ry equals 300 ohms, Ry equals 200 ohms and Rg equals 60 ohms, the

total resistance is found by combining 300 ohms and 200 chms and then
combining this result with 60 ohms.

L AW—

Ra - 200 n.

- Combining R1 and Rg

Y
24

"Ry x R2
Ra *mi+Ry

R. - 300 x 200 _ 60,000 12,)' S
A = T0a0T - X0

+

R, - 120 n

8 e

Combining R, and Ry

R _120 x 60 _ 7200 _
t= “ 80"

+

40

Rt =40 N

The totalresistance of the three resistors connected in parallel is 40 ohms,
and the combination will act as a single 40-ohm resistor in the circuit.
You can easily see that this method for finding total resistance becomes
very cumbersome as the number of resistors in parallel increases. On the
next sheet you will use another, fairly simple method for finding the total
resistance of three resistors in parallel. This new method, however, may

be applied to finding the total resistance of any number of resistors in
parallel, with comparative ease.
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Resistance in Parallel—Three or More Unequal Resistors (continued)

Finding the total resistance in parallel circuits which are composed of
three or more resistors may be accomplished by using the "reciprocal”
method. Refer to the development of the formula for finding total resist-
ance of two resistors in parallel.

You already know that in parallel circuits

Et{ = E1 = Eg = Eg = etc.
and that
L =1 +I3 +13 +etc.

The resistance of the parallel circuit is found by first substituting the Ohm's
Law formula for current in each part of the equation for I, above. As you

know 0 E
Ii =—
‘TR

@O L=1 +Iy+]3+etc.
you find (by substitution) that
E E E E

0—=— +— +— +etc.
Rt R Ry Rg

Now, recall that the voltage is the same across each parallel component.
By dividing both sides of equation number three by the voltage "E," you
find that the reciprocal equation is

1 1 1 1

— = — +— +— + etc.

R Ry Rz R3

Consider the parallel circuit on the previous sheet. This time you will find
the total resistance by using the reciprocal formula just derived. Note that
R; = 300 ohms, Ry = 200 ohms, and Ry = 60 ohms.

and since

By substituting these resistance values in the reciprocal equation you find

that

1 1
+— +—

1.1
R; 60 200 300

In order to add these resistances you must find the least common denomi-
nator; in this case 600. Then

1 10 3 2

+ — +—
R 600 600 600
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Resistance in Parallel—Three or More Unequal Resistors (continued)

1 15
—=— = ,025
Ry 600
L_.OZS
Ry
th —— = 40 ohms

You can see that if the parallel circuit under analysis i8 composed of six
or eight resistors of unequal value, it will be a simple matter to find the
total resistance by using the reciprocal formula. However, suppose the
resistance values are such that no suitable least common denominator can
be found. How would you solve the problem then?

The answer is simple. Recall the equation, above,

11 1 1

— T

R, 60 200 300

and take the reciprocal of both sides. You then have

1
o= 1T
60 ¥ 200 = 300

In simplifying, you see that

1 1
Rt = 0167+ .005 +.0033  .0250

Ry = 40 ohms

If the parallel circuit is composed of a number of resistors (2, 3, 4, 5, etc.)
of equal value the total current flowing in the circuit will d1v1de equally

for all of the parallel branches. The combined resistance of all the
branches is considered to be equal to the value of a single resistor divided
by the number of resistors in the circuit. For example, if six resistors of
36 ohms resistance each are connected in parallel, the combined resistance
of the circuit is 36 divided by 6, or 6 ohms, since six paths are being pre-
sented to the flow of current instead of just one.
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DIRECT CURRENT PARALLEL CIRCUITS

Demonstration—Parallel Circuit Voltages

1. While the current throtugh the various branches of a parallel circuit is
not always the same, the voltage across*eéach branch resistance is equal
to that across the others. The instructor connects three lamp sockets
in parallel and inserts 250-ma. lamps in each of the three parallel-
connected sockets. You see that each lamp lights with the same bril-
liance as when only a single lamp is used, and that for three lamps the
circuit current is 750 ma. Also you can see that the voltmeter reading
across the battery terminals is the same whether one, two or three

MEASURING
THE VOLTAGE
IN A
PARALLEL
CIRCUIT

Removﬁg\the voltmeter leads from the battery terminals, the instruc-
tor connects the voltmeter across the terminals of each lamp socket
in turn. You see that the voltage is the same across each of the lamps
and is equal to that of the voltage source—the battery.
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Demonstration—Parallel Circuit Current

2.

To demonstrate the division of current the instructor places a 250-ma.
lamp with a 150-ma. lamp as shown. The ammeter now shows that the
total circuit current is 400 ma. The instructor connects the ammeter
first in series with one lamp, then in series with the other and you see
that the 400-ma. total current divides, with 250 ma. flowing through one
lamp and 150 ma. through the other. The ammeter is then connected to
read the total circuit current at that end of the parallel combination op-
posite the end at which it was originally connected. You can see that the
total circuit current is the same at each end of the parallel circuit, the
current dividing to flow through the parallel branches of the circuit and
combining again after passing through these branches.

.4 ampere —Total
circuit current for
both lamps.

0.15 ampere —The
current through
Lamp 1 only.

0.25 ampere —The
current through
Lamp 2 only.




DIRECT CURRENT PARALLEL CIRCUITS

Demonstration—Parallel Circuit Resistance

3.

When the totalcurrent flow in a circuit increases with no change in the

voltage, a decrease in totalresistance is indicated. To show this effect,
the instructor connects two lamp sockets in parallel. This parallel
combination is connected across theterminals of a 6-volt battery of dry
cells with an ammeter inserted in one battery lead to measure the total
circuit current. As a voltmeter is connected across the battery termi-
nals you see that the voltage is 6 volts. When only one lamp is inserted,
the ammeter indicates a current flow of approximately 250 ma. and the
voltmeter reads 6 volts. With both lamps inserted, the current reading
increases but the voltage remains at 6 volts—indicating that the par-
allel circuit offers less resistance than a single lamp.

TANCE

Both lamps inserted—CURRENT INCREASES

4. As each of the lamps is inserted in turn, you see that the ammeter

reading for each lamp alone is 250 ma., but with both lamps inserted
the total current indicated is 500 ma. This shows that the circuit
current of 500 ma. divides into two 250-ma, currents, with each flow-
ing through a separate lamp.
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Demonstration—Parallel Resistances

To show how parallel connection of resistances decreases the total re-
sistance, the instructor measures the resistance of three 300-ohm re-
sistors individually with the ohmmeter. When two of the 300~ohm re-
sistors are paralleled, the total resistance should be 150 ohms; this is
shown by so connecting them and measuring the parallel resistance
with the ohmmeter. As another 300-ohm resistor is connected in
parallel, you see that the resistance is lowered to a value of 100 ohms.
This shows that connecting equal resistances in parallel not only re-
duces the total resistance, but also shows that the total resistance can
be found by dividing the value of a single resistance by the number of
resistances used.

IR ss e Bthe resistance

R WEIRE WL Bddsistors of equal resistance

RANGE

Resistance of three 300-ohm resit) &R WA
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Demonstration—Parallel Resistances (continued)
Next, a 200-ohm resistor is connected in parallel with a 300-ohm re-
51stor Solving the formula for parallel resistance shows that the total

resistance should be 120 ohms. An ohmmeter reading shows that this
value is correct.

Measuring the resistance of parallel-connected resistors

of unequal resistance

300 N

2000

Total resistance of

a 300-ohm and 200-ohm 120
resistor parallel-

connected.

Ry xRo
Rt “Ri+ Rg

300 x 200 _ 60000
Rt =350+ 200 - 500 - 120

R; = 1200
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Review of Parallel Circuits

Now review what you have found out and seen concerning parallel circuits
and their effect on resistance, voltage and current, before you work with
these circuits yourself. Observe that parallel circuits are the opposite of
series circuits—with voltages being equaland currents dividing in parallel
circuits, while currents are equal and voltage divides for a series circuit.

PARALLEL CIRCUIT —
Resistances connected side
by side across a volt-
age source.

PARALLEL CIRCUIT
RESISTANCE — The total
resistance is less than that
of the smallest individual
resistance.

PARALLEL CIRCUIT
CURRENT — The current

divides to flow through the
parallel branches of the
circuit.

PARALLEL CIRCUIT
VOLTAGE — The voltage
across each resistance is
the same and equals that of
the voltage source.

®

AAAAAAA
\AALALAS

AAAAAAA
YYVYYVY

I 1]

117 117 C? 117
Volts Volts Volts Volts
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OHM'S LAW AND PARALLEL CIRCUITS

Applying Ohm's Law to Parallel Circuits

Unknown quantities of resistance, current and voltage in parallel circuits
may be found by using Ohm's law. Suppose you want to use an ohmmeter
to measure the resistance of a resistor connected in parallel with one or
more other resistances. You must disconnect the resistor to be meas-

ured from the circuit; otherwise the ohmmeter will read the total resist-
ance of the parallel combination of resistors. In such cases, you will find
that it is usually easier to use Ohm's law than the ohmmeter,

To measure the current flow through one particular resistance of a com-
bination of parallel resistances, you will have to disconnect the circuit
and insert an ammeter to read only the current flow through that particu-
lar resistance. Again you will save time and effort by using Ohm's law.

Without disconnecting the circuit you can read the voltage across each re-
sistance of a parallel circuit by connecting a voltmeter across the entire
circuit, since the voltage across eachresistance equals thatacross the par-
allel combination. The voltage across a resistor can be divided by the re-
sistance to obtain the current. If you have no voltmeter, but can obtain the
circuit current and resistance, you can use Ohm's law to find the voltage.

TARER: S—I
Etz=7 |
R
——-—--‘Aﬁ/\f‘vw...
Rz
—_— IV

Ammetef'
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OHM'S LAW AND PARALLEL CIRCUITS

Finding Resistances in Parallel Circuits
This is how you use Ohm's law to find resistances in parallel circuits—

Suppose a parallel circuit consists of three resistors—Rj, Rz and R3—
of unknown values connected across 45 volts. The total circuit current
is 6 amperes and the current flowing through Ry is 1.5 amperes; the

current flowing through Rg is 3 amperes, and the current flowing through
Rg is unknown.

To find the unknown resistance values, first sketch the circuit and fill in
all of the known values of resistance, voltage and current; then make up a
table of these values and the unknown values for each resistance. For
those circuit branches where any two quantities are known you solve for

the unknown quantity, using either Ohm's law or the rules regarding total
resistance, current and voltage in a parallel circuit.

1. Sketch the circuit and the known values.

P P

PR L
AT RERET e TETR
IR Szt AR

B | B | %5

luwvess | /5 | 3 ¢
Usltege | 45 | #5 | #45 | #5
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OHM'S LAW AND PARALLEL CIRCUITS

Finding Resistances in Parallel Circuits (continued)

Since both the current and voltage are known for Rj and Ry, you can find
their resistance values.

3. Find Ry and Ry, using Ohm's law,

R = 12 - 30 ohms Rz = %2 - 15 ohms

-\_\-G A ,——0 S

@2{? ’_’1 =5 3°§?\-“‘5 o R?‘
?\\' \ YN ¥

1.
NSV AT A\
?“ — >

PR e

To find the value of Rg, you must first determine the current through it.
The total circuit current is 6 amperes and equals the sum of the three
branch currents. The sum of the currents through Ry and Rg is 4.5 am-
peres, with the remainder of the total circuit current flowing through R3.
4. Find the current through Rg by subtraction.

I3 =6 -4.5= 1.5 amperes

With the voltage and current for Rg3 both known, its resistance value may
be obtained.

5. Find R3, using Ohm's law.

R3=—55=300hms

ol (1N
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OHM'S LAW AND PARALLEL CIRCUITS

Finding Resistances in Parallel Circuits (continued)

The total circuit resistance (Rt) can be obtained either by using the for-
mula for the total resistance of parallel resistances or applying Ohm's
law to the total circuit current and voltage.

6. Find Ry, using Ohm's law: Ry = 32 = 7.5 ohms

7. Find Ry, using the formula for parallel resistances.
R, xR

1*Ry 30x15 450
Ra=R TR, 30+15° 45 - 100hms
R xR
Ry xR3 10x30 300
Rt=R, v R, ~10+30 40 ~ 1-50ohms

The two results obtained are equal and are used as a check on the accu-
racy of the solution.

—_ 0

- — \X,_/ —bof\-wt

ek = x?\_ws OCW-N
ng\\ Ay ‘\\"\ e ,
\ ?1"\\ ah sk o
\;\SP\ \\v_d_ﬂﬁ_,_é .%i

VT ~ooh

ﬁ\&: 30 +\9

\0130 _300 A\KM
\jé__g\o!\- R\ o= O ‘

Your table is now complete with all circuit values known—

2,

&2

£s

3¢

V=)

30

a3

Y,

/5

A5

o5

A5
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OHM'S LAW AND PARALLEL CIRCUITS

Finding Currents in Parallel Circuits

This is how you use Ohm's law to find currents in parallel circuits—

To solve for currents in parallel circuits you use the same procedure as
that used in solving for resistances, except that the unknown quantities are
currents. For example, a parallel circuit consists of four resistors—R1,
Rg, R3 and Rq4—connected across 120 volts. If the resistance of Ry is 80
ohms, Rg is 48 ohms, R3 is 30 ohms, and R4 is 60 ohms, the individual
resistor currents can be obtained by applying Ohm's law; and the total
circuit current will equal the sum of these currents. Knowing the circuit
voltage and total current, you can find the total circuit resistance.

KNOWN VALUES OF THE CIRCUIT

R;1 =80n | R3=48.n | R3 =30 Ry =60 n

@
120V

7
TABLE OF KNOWN VALUES
R1 Ro R3 Ry Rt
Resistance 80 48 30 60 =
Current = - = - -
Voltage 120 120 120 120 120
1. Find the resistor currents, using Ohm's law.
Iy = }8%(') = 1.5 amperes I3 = %%9 = 4 amperes
Ip = %'289 = 2.5 amperes I4 = !6%9 = 2 amperes

2. The total circuit current equals the sum of the branch currents.

It=I1 +I2+I3+14=154+2.5+4+2=10 amperes
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OHM'S LAW AND PARALLEL CIRCUITS

Finding Currents in Parallel Circuits (continued)

E
3. Find the total resistance, using Ohm's law: Rt = Tt !1-209 = 12 ohms

TOTAL RESISTANCE

R, xR
1XRy g0x48_3840
“ Ra =R, TR, 80+48 128 - 30 oS

R xR
@ iR 15 onme

R, +Rq 30+ 30
xR
4 _15x60 _900 _
0 t=R +R, 15+ 60 75 - 120°0™S
CHECKING TOTAL RESISTANCE
@
=R3 = R4 Combine R1 and R3

Ry =300 P to obtain Ry

o .

02 &

J

- 3 Combine R, and R3
Rp =150 s R4 to obtain Rp

o S

) &

J

_ Combine Ry and R4
Rt =120 %ﬁ to obtain Rt

o 4
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OHM'S LAW AND PARALLEL CIRCUITS

Finding Currents in Parallel Circuits (continued)

5. With all of the voltage, current and resistance values known, your
table of values can be completed.

COMPLETE TABLE OF VALUES

Ry Ro R3 R4 Rt
Resistance 80 48 30 60 12
Current 1.5 2.5 4 2 10
Voltage 120 120 12¢ 120 120

Parallel circuit voltage may also be found by using Ohm's law. Since the
voltage across each resistor is equal in a parallel circuit, the circuit
voltage can be found if the values of resistance and current are both known
for any of the circuit resistors. For example, from ‘he above table of
values, if the voltages are assumed to be unknown, the circuit voltage can
be obtained by multiplying together the known resistance and current values
for any of the circuit resistances. Using the values for each resistor in
turn, you find that the circuit voltage is 120 volts in each case,

Ej =IjR1 = 1.5 x 80 = 120 volts
Eg = IRy = 2.5 x 48 = 120 volts
E3 =I3R3 = 4 x 30 = 120 volts
E4 = I4R4 = 2 x 60 = 120 volts
Et = ItRt = 12 x 10 = 120 volts

CHECKING PARALLEL CIRCUIT VOLTAGES

ittt | [ == - — - = =y
< : - : < E ‘: !

Ey $ E £ E2 2 E3 E Eg
> :: :: ' :: i
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OHM'S LAW AND PARALLEL CIRCUITS

Power in Parallel Circuits

You have seen that the power used by a resistor is equal to the current
through the resistor multiplied by the voltage across the resistor (P = EI),
and you have also seen how the total power in a series circuit is equal to
the surh of the powers used by each resistance in the circuit. This is also
true in parallel circuits; that is, the total power used by a parallel circuit
is equal to the sum of the power used by all resistances in the circuit, and
can be found by multiplying the total voltage across the circuit by the total
circuit current.

TOTAL POWER IN A PARALLEL CIRCUIT . ..
+O T * * ?

JOROBNOBNONNC
—o ! O TI1 le i‘s 114

t ——
.. . EQUALS TOTAL VOLTAGE
- TIMES TOTAL CURRENT

The circuit power canalso be found by using the rules for parallel circuits
to find the total resistance of the circuit if the resistance of all the parts
is known. Then total power can be determined by measuring either circuit
current or voltage and using the alternate power formulas.

FINDING TOTAL POWER USING . . .

+o —----

Ry Ry R3 R4

9—@—J

1
”

——

. TOTAL RESISTANCE AND VOLTAGE
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OHM'S LAW AND PARALLEL CIRCUITS

Demonstration—Ohm's Law and Parallel Resistances

To .show how an ammeter and voltmeter may be used as a substitute for
an ohmmeter to find the values of the individual and total resistances in a

parallel combination, the instructor connects four dry cells in series, to
be used as a voltage source. He connects the voltmeter across the dry
cell battery to mzke certain the voltage remains constant at 6 volts, Then
the ammeter is connected in series with the (-) terminal of the batteryto
read the current. He then connects a fuse, a resistor and a switch in se-
ries between the (+) terminals of the ammeter and battery. You see that
the voltage remains at 6 volts and the current indicated is 0.2 amperes.
From Ohm's law the resistance value then is 30 ohms; a check of the color
code shows that this is the correct value.

FINDING RESISTANCE WITHOUT AN OHMMETER

USING OHM'S LAW

Orange Black Black
3 0 -

R 30N
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OHM'S LAW AND PARALLEL CIRCUITS

Demonstration—Ohm's Law and Parallel Resistances (continued)

As another resistor is added in parallel, you see that the current reading
is 0.6 ampere with no change in voltage. Since the first resistor passes
0.2 ampere, the current through the second resistor is 0.4 ampere. The
Ohm's law value of the second resistor then is 6 volts divided by 0.4 am-
pere or 15 ohms. The totalresistance of the parallel combination is equal

to 6 volts divided by the total current, 0.6 ampere or 10 ohms.
ADDING A RESISTOR IN PARALLEL REDUCES THE TOTAL RESISTANCE

0.6 -0.2=04A

With another resistor added in parallel, you see a further increase in cur-
rent of 0.2 ampere—showing that the Ohm's law value of the added re-
sistor is 30 ohms. The total current is now 0.8 ampere, resulting in a
total resistance value of 7.5 ohms for the parallel combination.

Ry R3 = 6
t Z R3=gp=30n
0.4A 1
0.2A
j—

0.8 -0.6 =0.2A

Current increases when the
total resistance decreases

When the instructor disconnects the battery and the various resistors, he

checks the total and individual resistances and you see that the Ohm's law
and color code values are correct.
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OHM'S LAW AND PARALLEL CIRCUITS

Demonstration-—Ohm's Law and Parallel Circuit Current

Using only three series—connected cells as a voltage source, the instruc-
tor connects the voltmeter across the battery. He then connects four re-
sistors—two 15-ohm and two 30-ohm resistors—across the battery.
From Ohm's law the current throughthe 15-ohm resistors will be 0.3am-
pere each and through each 30-ohm resistor 0.15 ampere. The total cur-
rent will be the sum of the currents through the individual resistances or
0.9 ampere.

FINDING CURRENTS Iy, I, I3 and I4 using OHM'S LAW

MEASURING CURRENTS IN PARALLEL CIRCUITS

As the instructor inserts an ammeter in the circuit—first to read the
total circuit current, then that of the individual resistances——you see that
the actual currents are the same as those found by applying Ohm's law.
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OHM'S LAW AND PARALLEL CIRCUITS
Demonstration—Power in Parallel Circuits

To demonstrate that the power used by a parallel circuit is equal to the
power used by all of the parts of the circuit, the instructor connects three
lamp sockets in parallel across a six-volt battery, with a 0-1 amp range
ammeter in series with the battery lead, and a 0-10 volt voltmeter across
the battery terminals. He then inserts 6-volt, 250-ma. lamps in the lamp
sockets, but does not tighten them. When he closes the switch you see that
the voltmeter indicates battery voltage, but the ammeter shows no current
flow, so that no power is being used by the circuit.

G THE POWER IN A PARALLEL CIRC

0-10 volt voltmeter
reads 6 volts

Ammeter shows =2

no current flow e N
when..... N

As the instructor tightens one of the lamps, you see that it lights and the
ammeter shows a current flow of about 0.25 amp. The power used by
this one lamp, then, is about 6 volts x 0.25 amp., or 1.5 watts.

Py =E xIy =6 x0.25
1

P;=15W

Loosened lamps — L
no current!flow

You already know that the voltage across any part of a parallel circuit is
equal to the source voltage, so that the voltage across the lamp is equal to
the battery voltage.
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OHM'S LAW AND PARALLEL CIRCUITS

Demonstration—Power in Parallel Circuits (continued)

As the instructor loosens the first lamp and tightens each of the other
lamps in turn, you see that the current—and hence the power used by each
lamp-—is about the same. The current measured each time is the current
through the one tightened lamp only.

MEASURING POWER IN INDIVIDUAL LAMPS
: Ip = 0.25 A

\
+—-
7/ .

=E xIp =6x0.25
1.5 W

Laf) -
\\-——

bmennd

e ———
4

=E xI3=6x0.25
1.5 W

-4

)
\

[ Ypp—— §

Next the instructor tightens all three lamps in their sockets. You see that
they all light and that the ammeter shows the circuit current to be about
0.75 amp. The voltage is still about 6 volts, so that the circuit power (Pt)
equals 0.75 x 6, or about 4.5 watts.

MEASURING TOTAL CIRCUIT POWER

Pt =E xI{ =6 x 0.75
= P;=45W

The total circuit power is found to be about 4.5 watts. If you add the pow-
er used individually by each of the lamps, the sum is equal to 4.5 watts
(1.5 + 1.5 + 1.5 = 4.5). Therefore, you see that the total power used by a
parallel circuit is equal to the sum of the power used by each part
of the circuit.
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OHM'S LAW AND PARALLEL CIRCUITS

Demonstration~—~Power in Parallel Circuits (continued)

The instructor now replaces the three lamp sockets with 30-ohm resistors.
He thenremoves the voltmeter leads from the battery and closes the switch,
and you notice that the ammeter shows a current flow of about 0.6 amp.

The total resistance found by applying the rules for parallel circuits is
10 ohms so that the circuit power is equal to (0.6)2 x 10 = 3.6 watts
P=12 R)

L =0.6A
—nNt s
0, -
_L Ri|=30n Rg|=30n !
e Pt = Itth = (0.6)2 x 10 EE EE EE
= P=36W 3 S ?:30
Ra|=30n 430 _
—o— 2 __Re=iy=1on

USING TOTAL CURRENT AND RESISTANCE TO MEASURE CIRCUIT POWER

The instructor then removes the ammeter and connects the voltmeter to
the batteryleads. When the switch is closed the voltage is seen to be about

2 2
6 volts, so that the circuit power is equal to -g% = 3.6 watts (P =% ):
R 30 R “3-0..{;.":
= n =
_L P; = Etz {.‘3—? 11‘ < 3‘: é
=2} DE § E £
+ Pt-:6W g -ev] T T T T
'[ t Rg|=30n Rgi= 100
P p—— |

USING TOTAL VOLTAGE AND RESISTANCE TO MEASURE CIRCUIT POWER

Fmally the instructor replaces the ammeter in the circuit and, when power
is applied, you see that the current is about 0.6 amp and the voltage is
?bout 6 volts, so that the total circuit power is equal to 6 x 0.6 = 3.6 watts
P = EI).

I;=06A
' A
J— \&J
Ll Py =Etl{=6x0.6 = s s
= V) £ E 3 3
_I pt= 8.6w Et=6v - < <

USING TOTAL VOLTAGE AND CURRENT TO MEASURE CIRCUIT POWER

Thus you see that the total power in a parallel circuit may be determined,
as in a series circuit, whenever any two of the factors—current, voltage
and resistance—are known
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" OHM'S LAW IN PARALLEL CIRCUITS

Extending the Range of Ammeters

Here is a practical application of Ohm's Law in parallel circuits. You will
now learn how the value, or the amount of resistance in a shunt is calculated.

In an earlier topic you learned that the Weston movement for meters, with
the 0-1 milliampere range, is practically a basic type and is one with which
you will become most familiar. This movement burns out very quickly if
more than one milliampere of current is allowed to pass through it. You
also learned, however, that this movement can be used without damaging
effects, in circuits carrying comparatively high currents, if a shunt re-
sistor of proper value is placed in parallel with the movement. The pur-
pose of the shunt is to bypass a sufficient amount of current around the
meter, leaving only enough in the one milliampere movement to give an ac-
curate indication without overheating. Readings are then taken from the
appropriate scale on the meter face, or, if the meter scalés are not pro-
vided, a multiplication factor is applied to the meter reading to determine
the exact value.

The resistance value for shunt resistors can be found by using Ohm's Law.
In this example, the meter should be deflected full scale by two milliamps.
Assume that the resistance of the meter movement is 50 ohms. (Your in-
structor will provide you with the resistance value of the meter movement
with which you are working.) Assume also, that one milliampere of current
through the meter causes full-scale deflection. See the diagram below.
Using Ohm's Law you find that the voltage drop across the movement is

Em = ImRm
Em = .001 x50
Em = .05 volts

Since the meter movement parallels the shunt resistor Rg, the voltage
across the meter and the shunt is the same. The resistance Rg may now
be found by using Ohm's Law, because the voltage across the shunt Eg is
equal to Ex,, and the current through the shunt Ig must be one milliampere
since one milliamp i8 causirg full-scale meter deflection.

E
8 .05
Rg =Ts-= 001 = 50 ohms

Ry, = 50Q
- : s (UUTTVVOOTL - / -
Itota] = 2 ma. Im = 1 ma. METER \ Liotal = 2 ma.
Y
Eg
- A'l"'l"'l'l' -
IS = 1 ma. RS = ?
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OHM'S LAW IN PARALLEL CIRCUITS

Extending the Range of Ammeters (continued)

You have learned how to calculate the resistance value of a milliammeter
shunt. The value of practically every shunt you will use may be found in
the same way. Now you will see some other examples of calculations
which you may well have to make in the near future.

Using the same 0-1 ma. milliammeter movement, find the resistance of

the shunt which permits safe, full-scale deflection of a three-milliamp
current. Note that if the meter movement is in full-scale deflection, one
milliamp is flowing in the meter branch of the parallel circuit, and the re-
maining two milliamps must be flowing through the shunt resistor. The re-
sistance of the meter movement is the same as before; namely, 50 ohms.
The voltage drop across the meter is found first.

Em = ImRm = .001 x 50 = . 05 volts

The voltage across the shunt resistor is the same as that across the meter
movement. It is a simple matter then, to solve for Rg since both the cur-
rent and the voltage are known.

Es .05
Rﬁ=1—5= 7002 = 25 ohms

Em = ? Em= ?
Ig = 1 ma. I,= 1 ma
It = 3 ma, METER Im =3 ma, IT = 10 ma, METER IT = 10 ma.
Rpy = 50R ;
Y Eg [ ) )
: AAAAAAA

IYYvYY

In another example, assume that you wish to extend the range of a 0-1 ma.
milliammeter (whose meter movement resistance is 50 ohms) to ten milli~
amperes. Calculate the resistance value of the appropriate shunt.

Note that if the total current is ten milliamperes, one milliamp will flow

through the meter (for full-scale deflection) and nine milliamperes must

flow through the shunt resistor. Find the voltage drop across the meter.
Em = ImRm = . 001 x 50 = . 05 volts

As you know, E, is equal to Eg since the meter and Rg are in parallel.
Find the resistance of Rg.

E
=g _ .05 _
Rg = Ig = .009 = 5.55 ohms

.009
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OHM'S LAW AND PARALLEL CIRCUITS

Review of Ohm's Law and Parallel Circuits

If a circuit consists of two resistors—Rj and Rg—in parallel, the follow-
ing rules for using Ohm's law apply—

Rt, I; and E¢ are used together.
Ri, I1 and Ej are used together,
Ry, I3 and Ej are used together,

Only quantities having the same subscript can be used together to find an
unknown by means of Ohm's law,

Unknown quantities may also be found by applying the following rules for
parallel circuits:

Ry

117 117
volts volts
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DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Series-Parallel Circuit Connections

Circuits consisting of three or more resistors may be connected in a com-=
plex circuit, partially series and partially parallel. There are two basic
types of series-parallel'circuits: One in which a resistance is connected
in series with a parallel combination, and the other in which one or more
branches of a parallel circuit consist of resistances in series.

If you were to connect two lamps in parallel (side-by-side connection) and
connect one terminal of a third lamp to one terminal of the parallel com-
bination, the three lamps would be connected in series~parallel, Resist=-
ances other than lamps may also be connected in the same manner to form
series-parallel circuits.

You can connect the three lamps to form another type of series-parallel
circuit by first connecting two lamps in series, then connecting the two
terminals of the third lamp across the series lamps. This forms a par-
allel combination with one branch of the parallel circuit consisting of two
lamps in series.

Such combinations of resistance are frequently used in electrical cir-
cuits, particularly electric motor circuits and control circuits for
electrical equipment.

TWO WAYS OF CONNECTING LAMPS IN SERIES-PARALLEL

—afly

@

181
—O— —O—®—
L@

——— =

r-——=Series part of circuit ---4 - ~~a

- .

Pd
Parallql branches of circuit

-~

N\
Parallel branches __ - -7
of circuit

— o —

r...—___--- - - — e -
N




DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Resistances in Series-Parallel

No new formulas are needed to find the total resistance of resistances
connected in series-parallel. Instead you break the complete circuit into
parts consisting of simple series and parallel circuits, then solve each
part separately and combine the parts. Before using the rules for series
and parallel resistances, you must decide what steps to use in simplify-
ing the circuit.

For example, suppose you want to find the total resistance of three re-
sistances—R{, Ry and R3—connected in series-parallel, with Ry and Rj
connected in parallel, and Rg connected in series with the parallel com-
bination. To simplify the circuit you would use two steps, with the circuit
broken down into two parts—the parallel circuit of Ry and Ry, and the
series resistance Rq. First you find the parallel resistance of Ry and Ry,
using the formula for parallel resistances. This value is then added
to the series resistance R3 to find the total resistance of the series-
parallel circuit.

If the series-parallelcircuit consists of Ry and Ry in series, with R3 con-
nected across the the steps are reversed. The circuit is broken down
into two parts—the series circuit of Ry and Ry, and the parallel resist-
ance R3. First yon find the series resistance of Ry and Ry by adding;
then combine this value with Rg, using the formula for parallelresistance.

Combine Ry and R2 to find
total resistance (R,) of
parallel combination

Add R, and R3
to find total circuit
resistance (Rt)

!
_ R]x Rz {\ E=
R+R,

Add Ry and Ry to find Combine the parallel
total resistance (Ry) of combination of Ry and R3
series-connected branch to find the total circuit

l | resistance (Rt)
//’ :\\- R, !r'-
FREONK #
' rE RaxR
\ s dAN3
Ra = RI+ Rz \\ EERZI/II R’Eéé Rt _——
. ~ o - ~ :--. Ra + R3
| N




DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Resistances in Series-Parallel (continued)

Complex circuits may be simplified and their breakdown made easier by
redrawing the circuits before applying the steps to combine resistances.

THE ORIGINAL CIRCUIT

Ry Ro
o AM—

Rs % R3
- ""V‘

o MW

1. Start atone end of the circuit and draw all se-
ries resistances in a straight line until you
reach a pointwhere the circuit has morethan o

one path to follow. At that point draw a line
across the end of the series resistance. R1

R1

R % e2. Draw the parallel paths from this
2 line in the same direction as the se-
ries resistances.

R5 2 R3
Ry
4. The circuit is continued from
the center of the parallel con-
3. Where the parallel paths com- necting line, adding the series
bine, a line is drawn across the resistance to complete the re-
ends to join the paths. drawn circuit.
© =l o ™
Ra = Rgy
T
Rs 2 R3 = R5 2 R3
R4 = Ry

Rg
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DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Resistances in Series-Parallel (continued)

The basic steps in finding the total resistance of a complex series-
parallel circuit are as follows—

1. Redraw the circuit if necessary.

2. If any of the parallel combinations have branches consisting of two or
more resistors in series, find the total value of these resistors by
adding them.

3. Using the formula for parallel resistances, find the total resistance of
the parallel parts of the circuit.

4. Add the combined parallel resistances to any resistances which are in
series with them.

ORIGINAL CIRCUIT Ry

EILEY 2

R
REDRAWN CIRCUIT 6

Add the series 0 Combine parallel Add the series-
branches part of circuit connected resistance
values

2-93




DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Resista.ces in Series-Parallel (continued)

This is how you break down complex circuits tofind the total resistances—

o

AAA

Suppose your circuit consists of
four resistors—Rj, Ry, R3 and

R4—connected as shown,and you
want to find the total resistance
of the circuit.

vy

R1

Rg

R3 <

R4

AAA.

yvy

ALl

First, the circuit is redrawn and
the series branch resistors Ry
and R4 are combined by addition
as an equivalent resistance R,.

R, =Ry + R4

:

Rg

AAAA

A AAAA
vy vyy

Next, the parallel combination of
Rg and R, is combined (using the
parallelresistance formula)as an
equivalent resistance, Ry,

R _Rnga
b'RZ+R,‘1

The series resistor Ry is added o
to the equivalent resistance—

Ry,—of the parallel combination

to find the total circuit resist-

ance, Ry,

Rt =R1 + Rp

vy

= total resistance of series-
parallel circuit.

Rt = Total Resistance

R¢

AAAA
vy
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DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Resistances in Series-Parallel (continued)

More complicated circuits only require more steps, not any additional
formulas. For example, the total resistance of a circuit consisting of
nine resistors may be found as shown—

1. Redraw the circuit,

Ry
ORIGINAL CIRCUIT
Rp
o Wy
R
1 R3 =
Ry = ]
2 Ry ZR5 =
oO— J'A'Ar Rg ::
Rq Rg Rg
Rg
REDRAWN CIRCUIT Ry
2. Combine the series branchre- 3. Combine the parallel resist-
sistors R3, Rg and Rg. ances Rg and R,.
Ra = R3 + Rg + R R - o5 %Ry
bR, +R,

Ry Rj %

A
v

W

R4

2|
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DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Resistances in Series-Parallel (continued)

4. Combine the series resist-

5. Combine the parallel re-
ances R2, Rp and Rg.

sistances R4 and Rg.

R4xR
Ry=o5—=0
d R, + R,

Rc =Ro + Rp + Rg

Ry

6. Combine the series re-
sistances R1, Rq and Rq.

Rt=R1+Rd+R7

7. Ry is the total resistance
of the circuit, and the cir-
cuit will act as a single
resistor of this value
when connected across a
source of emf.
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DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Current in Series-Parallel Circuits

The total circuit current for a series-parallel circuit depends upon the
total resistance offered by the circuit when connected across a voltage
source. Current flow in the circuit will divide to flow through all parallel
paths and come together again to flow through series parts of the circuit.
It will divide to flow through a branch circuit and then repeat this division
if the branch circuit subdivides into secondary branches.

As in parallel circuits, the current through any branch resistance is in-
versely proportional to the amounts of resistance—the greater current
flows through the least resistance. However, all of the branch currents
always add to equal the total circuit current.

The total circuit current is the same at each end of a series-parallel cir-
cuit and equals the current flow through the voltage source.

17

7

Total current > :3

Current divides

HOW CURRENT

PART OF TOTAL
FLUWS lN A S CURRENT FLOWS
S THROUGH EACH

SERIES-PARALLEL § QRZGIAEINITNG:
CIRCUIT

s

7¢%7%,

Current combines

N X

Total current
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DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Voltage in Series-Parallel Circuits

Voltage drops across a series-parallel circuit occur in the same way as
in series and parallel circuits. Across series parts of the circuit the
voltage drops are equal only for equal resistances, while across parallel
parts of the circuit the voltage across each branch is the same.

Series resistances forming a branch of a parallel circuit will divide the
voltage across the parallel circuit. In a parallel circuit consisting of a
branch with a single resistance and a branch with two series resistances,
the voltage across the singleresistor equals the sum of the voltages across
the two series resistances. The voltage across the entire parallel circuit
is exactly the same as that across either of the branches.

The voltage drops across the various paths between the two ends of the
series-parallel circuit always add up to the total voltage applied to the
circuit.

HOW THE VOLTAGE DIVIDES IN A SERIES - PARALLEL CIRCUIT

| SRR M

= TOTAL VOLTAGE ¢
= Taovors 30V 3 s

~—————

—————

w
——_————————— o -
-

VOLTAGES A+B+C=90V

20V

————
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DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Demonstration—Series-Parallel Connections

Simple series-parallelcircuit connections using three resistors are shown
first. You see that three resistors having color code values of 30 ohms
each are connected together, with one resistor in series with a parallel
combination of the other two. This forms a series-parallel circuit and
the total resistance is found by combining the parallel 30-ohm resistors
to obtain their equivalent resistance, which is 15 ohms, and adding this
value to the series 30-ohm resistor —making a totalresistance of 45 ohms.
You see that, with the resistors so connected, the ohmmeter reads 45
ohms across the entire circuit.

Next,two resistors are connected in series and the third resistor is con-
nected in parallel across the series combination. The total resistance is
found by adding the two resistors in the series branch, to obtain the equiv-
alentvalue of 80 ohms. This value isin parallelwith the third 30-ohm re-

sistor, and combining them results in a value of 20 ohms for the total re-
sistance. This value is checked with an ohmmeter and you see that the
meter reading is 20 ohms.

Ry =30+ 15 =45

Test
Prod

HOW DIFFERENT SERIES-PARALLEL CONNECTIONS
.... AFFECT RESISTANCE

R _60x30 _1800 _
t=g0+30 90 -
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Demonstration—Current in Series-Parallel Circuits

Next the instructor connects a series-parallel c1rcu1t—con51stmg of two
30-ohm resistors connected in parallel and a 15-ohm resistor in series
with one end of the parallel resistors—across a six-volt dry cell battery.
To show the path of current flow through the circuit, the instructor con-
nects an ammeter in series with each resistor in turn—showing the cur-
rent flow through each. You see that the current for the 15-ohm series
resistor is 0.2 amperes as is the current at each battery terminal, while
the current through the 30-ohm resistors is 0.1 amperes each.

The circuit connections are changed with the 15-ohm and one 30-ohm re-
sistor forming a series-connected branch in parallel with the other 30-
ohm resistor. As the instructor connects the ammeter to read the various
currents, you see that the battery current is 0.33 ampere, the 30-ohm re-~
sistor current is 0.2 ampere and the current through the series branch is
0.13 ampere.

SEEING HOW THE CURRENT FLOWS THROUGH
SERIES-PARALLEL CIRCUITS ,

o — [ —
[N

/
0.2 AMP 0.2 AMP r A ‘.0.1 AMP
I

27N

—15 1 30N |

o7 TN

0.33 AMP 0.13 AMP(A

gy y
- 02AMP':A/

0.33 amp! A
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DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Demonstration—Voltage in Series-Parallel Circuits

To demonstrate the division of voltage across series-parallel circuits,
the instructor connects several resistors to form a complex circuit having
more than one complete path between the battery terminals. As the in-
structor traces several possible paths across the circuit and measures
the voltage across each resistance, you see that—regardless of the path
chosen—the sum of the voltages for any one pathalways equals the battery
voltage. Also, you see that the voltage drop across resistors of equal
value differs,depending on whether they arein a series or parallel part of
the circuitand on the totalresistance of the path in which they are located.

SEEING HOW VOLTAGE DIVIDES IN A SERIES-PARALLEL CIRCUIT

VOLTAGE B

|
|
VOLTAGE A Ig AAA
A |t + VOLTAGE D &_‘
20)
LAy
B+C=D

e TOTAL VOLTAGE-------—-- -

IPNPUAN WD WA AN WD TS
— /

VOLTAGES A+D=TOTAL VOLTAGE
VOLTAGES A+B+C =TOTAL VOLTAGE

2-101

- —— ———~

- —— —




DIRECT CURRENT SERIES-PARALLEL CIRCUITS

Review of Series-Parallel Circuits

Complex circuits—series-parallel circuits—can be broken down into
series and parallel parts so that you may find resistances, currents and
voltages. Now you will review the method of breaking down a complex
circuit into its basic series and parallel parts.

BREAKING DOWN SIMPLE SERIES-PARALLEL CIRCUITS

o

Add the series

. R,
Combine parallel

resistances resistances
= BZX‘R:‘ Ry =Rg + R3
4 " Rg + R3

then -

add the series

then --

combine parallel

resistances r resistances
i R1 xR,
Rt =R1 + R e 42 a
t=%1+Fa | t "Ry + R,

BREAKING DOWN COMPLEX SERIES-PARALLEL CIRCUITS

(1) Ry Ry

o Smm—— YV M Ry
" N ) % o Add the series
Rs = R3g resistances Ry,
Ry R3 and R4
C A'l'l'l

AAAA

Ra=Rg + R3 + R4

Original Circuit

[2)
(4]

Combine the
parallel resist-
ances R5 and R,

Combine the series
esistances R and Ry,

Rt =R1 + Rp
Rg xRy

Rp = R5 + Ry

L
3
e
Bt
L]




KIRCHHOFF'S LAWS

Why Kirchhoff's Laws Are Important

XEXTEIRY « « « KIRCHHOFF'S LAWS
and you can simplify

complex circuits

The total circuit resistance, current and voltage of a complex circuit are
easily obtained by breaking down the circuit, if all values for each part of
the circuit are known. However, you may find that certain resistances are
not known, or that you are only concerned with one part of a circuit. To
make the solution of any part of a complex circuit easy, two general rules
are used—one concerning currentand the other concerning voltage. These
rules are Kirchhoff's laws—the first law for currents and the second law
for voltages. You have been using both of these rules or laws, referring
to them as rules for current flow and voltage drops in the various types of
circuits. Now you are ready to find out more about Kirchhoff's laws and
how they are used to find unknown quantities in any partof a circuit. While
the laws relate only to current and voltage, if they are used to find the
current and voltage relating to an unknown resistance, the resistance can
then be determined by using Ohm's law.
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KIRCHHOFF'S LAWS

Kirchhoff's First Law

You have found out about current flow in the three types of circuits—
series, parallel and series-parallel. You found that the entire circuit
current flows through each resistanceof a series circuit, In parallel cir-
cuits the currentdivides to flow through morethan one path and comes to-
gether again after passing through these paths. Series-parallel circuits
provide more than one path in some parts of the circuit and only one path
in other parts.

Regardless of the circuit connections, you found that the current entering
a circuit was exactly the same as that leaving the circuit. This is a

direct application of Kirchhoff's First Law, which states that the current
entering a junction is equal to the current leaving the junction, The law
applies not only to the circuit as a whole but also to every junction with-
in the circuit.

Thus at a junction of three resistances, where two currents—I; and Ig—
in two of the resistances flow toward the junction and one current—I3—
in the third resistance flows away from the junction, I3 must equal I; + I3.
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KIRCHHOFF'S LAWS

Kirchhoff's First Law (continued)

In a complete circuit, the current through each resistance will flow to-
ward a junction at one end.of the resistance but away from the junction at
the other end of the resistance. To use Kirchhoff's first law you should
first indicate the current paths through each resistance of the circuit.
Then determine which currents flow toward and which flow away from
each junction in the circuit. If certain currents are not known, their value
and direction both may be determined by applying Kirchhoff's first law.

The direction of the unknown current is first determined by comparison
of the known currents flowing toward and away from the junction. By
adding all the known currents flowing toward the junction and those flow-
ing away from the junction, you can determine the direction of the un-
known current. At a junction where two currents—Ij and Ig—enter the
junction and two currents—I3 and I4—leave the junction, if Iy is unknown
it may be found by subtracting I3 from the sum of I3 and I4. Suppose that
I is 4 amperes, I3 is 6 amperes and 14 is 3 amperes, then 1 is equal to
9 amp (I3 + 14) minus 4 amp (I3) or 5 amp.

I} +1g =13 + 14

I1 +4A =6A + 3A
I1 + 4A = 9A
I =9A - 4A
I1{ = 5 Amperes
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KIRCHHOFF'S LAWS

Kirchhoff's First Law (continued)

This is how you use Kirchhoff's first law to find the unknown currents
in a circuit— :

Suppose your circuit consists of seven resistors—Rj, R3, R3, R4, R5, Rg
and R7—connected as shown. If the currents through Ry, R4, Rg and R7
are not known, but the currents and their direction through R, R3 and Ry
are known, the unknown currents may be found by applying Kirchhoff's
first law to the circuit. -

THIS IS HOW YOUR CIRCUIT LOOKS

R3 Rg

R1 Rq

Rg Rs

In this circuit the current I3 is 7 amperes flowing toward Rg, the current
I3 is 3 amperes flowing toward Rg, and the current I5 is 5 amperes flow-
ing toward Rq7. Draw the circuit in symbol form designating all currents,
with values and direction if known. Identify each junction of two or more

resistances with a letter.

THE CIRCUIT IN SYMBOL FORM

R3

Is = 5A

Circuit Junctions—A, B, C and D
Known Currents—Ig, I3, and I
Unknown Currents--Ig, I4, Ig and I7
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KIRCHHOFF'S LAWS

Kirchhoff's First Law (continued)

Find the unknown currents at all junctions where only one current is
unknown, later using these new values to find unknown values at other
junctions. From the circuit you can see that junctions A and C have
only one unknown. Suppose you start by finding the unknown current
at junction A—

FINDING I "
3

—_—
I3 =3A
Ry

Of the three currents at junction

A—I4, Iy and I3—Dboth Is and I3

are kr{own and flowaway from the I; = ?A

junction. Then Iy must flow to-

ward the junction, and its value

must equal the sum of I and I3. M
e
Iy =TA

I1 =19 + 13

I{ =Tamp + 3 amp
- Then 1= 10 amp

Next find the unknown current at junction C—

FINDING I,4

At Ctwo currents—I9 and Ig—are
known and only I4 is unknown.
Since I flowing toward C is great- Ig = ? § Ry
er than Is flowing away from C,

the third current I4 must flow
away from C. Also, if the cur-

rent flowing toward C equals that
Wy MWy

~ flowing away, I equals I4 plus Is.

I2 =14 + 15
Tamp =14 +5amp
Then I4 = 2 amp
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Kirchhoff's First Law (continued)

Now that the value and direction of I4 are known, only Ig is unknown for

junction B. You can find the amount and direction

law for current at B.
FINDING Ig

R3

of Ig by applying the

Rg

I3 and 14 both flow toward B; thus I3 = 3A

the remaining current Ig must flow

away from B. Also Ig mustequal

the sum of I3 and 14. I4 = 2A

Ig = ?

R4

Ig =I3 +I4

Ig =3 amp + 2 amp
Then Ig = 5 amp

With Ig known, only I7 remains unknown at junction D.

FINDING Iy

Rg
—AMWWW—————

Ig = 5A

As I5 and Ig both flow toward junc-
tion D, the current Iy must flow
away “from D and is equal to the
sum of I5 and Ig.

Rs
—Aawww———

Ig = 5A

I7 =15 + Ig
I7=5amp +5amp
Then I7 = 10 amp

You now know all of the circuit currents and their directions through the

various resistances.

- .CIRCUIT WITH ..
~ALL THE
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KIRCHHOFF'S LAWS

Kirchhoff's Second Law

While working with the various types of circuits, you found that for any
path between the terminals of a voltage source, the sum of the voltage
drops across theresistances in each path equaled the voltage of the source.
This is one way of using Kirchhoff's second law, which states that the sum
of the voltage drops around a circuit equals the voltage applied across the
circuit. In the circuit shown, the voltage drops across each resistance

differ, but the sum of those in any one path across the terminals add to
equal the battery voltage.

2nd Circuit Path

£ 1st Circuit Path

A% s e VOLTAGE DROPS
= 90-v THROUGH TWO
= Source CIRCUIT PATHS

90 V = Total

If more than one voltage source is included in the circuit, the actual volt-
age applied to the circuit is the combined voltage of all voltage sources
and the voltage drops will be equal to this combined voltage. The com-

bined voltage will depend on whether the voltages combine to add or sub-
tract. For example, if two batteries are used in the same circuit, they
may ‘be connected to either aid or oppose each other. In either case, the

total voltage drops across the circuit resistances will equal the sum or

difference of the batteries. ;

L5V

40V -

Battery Voltage = 45V
Total Drops = 45V

Battery Voltage = 135V
Total Drops = 135V
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Kirchhoff's Second Law (continued)

Whenever all but one of the voltage drops are known in a path between two
junctions, the unknown voltage can be determined by applying Kirchhoff's
second law if the voltage between the junctions is known. The junctions
may be the terminals of a voltage source or they may be two junctions
within the circuit itself.

If three resistors—R1, R2 and R3—are connected inseries across a known
voltage of 45 volts, and the voltage drops of R] and R3 are 6 and 19 volts
respectively, the voltage drop across Rp is found by applying the law for
circuit voltages, Kirchhoff's second law.

FINDING AN
UNKNOWN
VOLTAGE

Finding E9

E1 +E9 + E3 =E¢

-7 6V + E2 + 19V =45V
Rj E3 = 16V Eg + 25V =45V
—_— Then Eg = 20V

Unknown voltages within a complex circuit are found by first finding the
voltage across each branch of the circuit, and then, by applying the law,
finding the voltage drops across each resistance in the various branches.
For series-parallel circuits the voltage across parallel parts of the cir-
cuit is used as the total voltage across the various resistances within that
part of the circuit. To find the unknown voltages in the series-parallel
circuit shown, the law for voltages is applied to each path across the
current independently.

FINDING TWO
UNKNOWN

Finding E9

E1 + Eg = E¢
35V+ Eg = 90V
Then Eg = 55V

VOLTAGES

| u
| :
| 2 3
Et = 90V @ Z R
e L

o)
(2]
AAAAAAA

Finding Eg3

- E3+ E4 =E9
E3 + 20V =55V
Then E3 = 35V

R4

o]
=Y
)
S
<

AAAAAAA
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Demonstration—Kirchhoff's First Law

To demonstrate the law of circuit currents, the instructor connects a 15-
ohm resistor in series with a parallel combination of three 15-ohm ’resis-
tors and then connects the entire circuit across a 9-volt dry cell battery
with a switch and fuse in series. This circuit is shown in the illustration.
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KIRCHHOFF'S LAWS

Demonstration-—Kirchhoft's First Law (continued)

The total resistance of the circuit is 20 ohms, resulting in a total circuit
current of 0.45 ampere by Ohm's law. This total current must flow
through the circuit from the (-) to (+) battery terminals. At junction (a),
the circuit current—0.45 ampere—divides to flow through the parallel re~
sistors toward junction (b). Since the parallel resistors are equal, the
current divides equally, with 0.15 ampere flowing through each resistor.
At junction (b), the three parallel currents combine to flow away from the

junction through the series resistor.

As the instructor connects the ammeter to read the current in each lead at
the junction, you see that the sum of the three currents flowing toward the
junction equals the current flowing away from the junction.

CHECK THE CURRENT FLOW AT A CIRCUIT JUNCTION

+ -
el

|
|

I4 = 0.45A I = 0.15A

I3 = 0.15A

Current flowing]_[Current flowing
toward the junction/™ |away from the junction

I1+I2+13=14
0.15 + 0.15 + 0.15 = 0.45A
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Demonstration—Kirchhoff's Second Law

Using the same circuit, the instructor measures the voltage across each
resistance in the circuit and also the battery voltage. For each path be-
tween the terminals of the battery, you see that the sum of the voltage drops
equals the battery voltage.

CHEC‘KING
THE VOLTAGE DROPS IN EACH PATH THROUGH A CIRCUIT

Circuit ~ Suurce
Voltage Drops| |Voltage (Battery)

} b
L 6.75V cced

T f
bo---2.25V ---J

Next, the instructor connects the resistors in a more complex circuit.
Again the voltages of the individual resistors are measured, and you see
that the sum of the voltages in any complete path across the circuit equals
the battery voltage.
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Review of Kirchhoff's Laws

When working with complex circuits,you need to be able to simplify them
by redrawing the circuit, combining resistances, using Ohm's law and ap-
Plying Kirchhoff's laws: Most unknown values in a complex circuit can be
found by applying Kirchhoff's laws to either part or all of the circuit. Now
let's review these basic laws of circuit currents and voltages.

Kirchhoff's First Law

The totai current entering (flowing toward) a circuit junction equals the
total current leaving (flowing away from) the junction.

Kirchhoff's Second Law

The total voltage drops across the resistances of a closed circuit equal the
total voltage applied to the circuit. .

* 1st Circuit Path  2nd Circuit Path

I 00 = s -

alelal
=]

90 V = Total




DIRECT CURRENT CIRCUITS

Review of Direct Current Circuits

Now, as a review, suppose you compare the types of circuits you have
found out about and seen in operation. Also review the basic formulas
which apply to direct current circuits.

AAAAAAA
LAALAAALS

SIMPLE CIRCUIT — A single resist-
ance connected across avoltage source.

AAARAAAA AAAAAAA AAAAAAA
\AALMAAL] \AAALAAL \AAAAAL

SERIES CIRCUIT — Resistances con-
nected end to end across a voltage
source.

[
L

PARALLEL CIRCUIT — Resistances
connected side by side across a com- MWWy
mon voltage source.

ihi—

"""""""
SERIES-PARALLEL CIRCUIT — Re- = = = =
sistances connected partly in series = 2 3 =
and partly in parallel. s s s =

fij—
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Review of Direct Current Circuits (continued)

OHM'S LAW — The current flowing
in a circuit changesin the same di- Resistance
rection that voltage changes,and the
opposite direction that resistance
changes.

_ Voltage
" Current

OHM'S LAW VARIATIONS —

Current = _Voltage D |

" Resistance

Voltage = Current x Resistance D

-
AAAAAAA
YYyYvyy

Resistance =M D

Current

ELECTRIC POWER -- The rate of

doing work in moving electrons
through a conductor.

KIRCHHOFF'S FIRST LAW -- The
total current entering (flowing to-
ward) a circuit junction equals the
total current leaving (flowing away
from) the junction.

2nd Circunt Path

1=t Circut Path

KIRCHHOFF'S SECOND LAW -- The e
total voltage drops across the re-
sistances of a closed circuit equal
the total voltage applied tothe circuit.

90 V = Total 0V = Total
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