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Wiring Scheme of Compositely Excited Alternator

Diagram of compositely excited alternator. The current for exciting the field magnets
is obtained, partly from an exciter and partly from the windings of the alternator, being trans-
formed into direct current by the rectifier. The connections are as shown. One end of the
armature winding is connected to one of the collector rings; the other end, to the solid black
part of the rectifier, as shown, the white part of the rectifier being connected to the other col-
lector ring. Two brushes bear on adjacent teeth of the rectifier and are connected to the
compensating winding circuit across which is a shunt. In operation, the separately excited
coils set up the magnetism necessary for the generation of the voltage at no load. The main
current coming from the armature is shunted, part going through the shunts and the remainder
around the compensating winding, furmshing the additional magnetism necessary to supply
the voltage to overcome the armature imoedance. As shown, both field windings encircle
every pole, but in some machines the rectified current will traverse a few poles only, the cur-
rent from the exciter traversing the remainder.
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CHAPTER 47

Alternatin‘g Currents

The word “Alternating” is used with a large number of
electrical and magnetic quantities to denote that their magni-
tudes vary continuously, passing repeatedly through a definite
cycle of values in a definite interval of time.

As applied to the flow of electricity, an alternating current
may be defined as: A current which reverses its direction in a
Dberiodic manner, rising from zero lo maximum strength, returning
to zero, and then going through similar variations in strength in the
opposite direction; these changes comprise the cycle which is
repeated with great rapidity.

The properties of alternating currents are more complex than those
of continuous currents, and their behavior more difficult to predict. This
arises from the fact that the magnetic effects are of far more importance
than those of steady currents. With the latter the magnetic effect is
constant, and has no reactive influence on the current when the latter
is once established. The lines of force, however, produced by alternating
currents are changing as rapidly as the current itself, and they thus induce
electric pressures in neighboring circuits, and even in adjacent parts of
the same circuit. This inductive influence in alternating currents renders
their action very different from that of continuous current.

Ques. What are the advantages of alternating current
over direct current?

Ans. The reduced cost of transmission by use of high
voltage transformers, greater simplicity of generators and
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motors, facility of transforming from one voltage to another
(either higher or lower) for different purposes.

The size of wire needed to transmit a given amount of electrical energy
(watts) with a given percentage of drop, being inversely proportional to the
square of the voltage employed, the great saving in copper by the use of
alternating current at high pressure must be apparent. This advantage
can be realized either by a saving in the weight of wire required, or by
transmitting the current to a greater distance with the same weight of
copper.

MANY TURNS FEW TURNS

wees SECONDARY YA PRIMARY

WINDING WINDING

FiG. 1,919.—Elementary transformer consisting of: 1, core; 2, primary winding; 3, secondary
winding.

In alternating current electric lighting, the primary voltage is usually
at least 1,000 and often 2,000 to 10,000 volts.

. ’/ ’ -
Ques. Why is alternating current used instead of direct
current on constant pressure lighting circuits?
Ans. It is due to the greater ease with which the curreat
can be transformed from higher to lower pressures.
Ques. How is this accomplished?

Ans. By means of simple transformers, consisting merely
of two or more coils of wire wound upon an iron core.

e
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Since there are no moving parts, the attention required and the likeli-
hood of the apparatus getting out of order are small. The apparatus
necessary for direct current consists of a motor dynamo set which is con-
siderably more costly than a transformer and not so efficient.

FiGs. 1,920 to 1,932.—Knott electro-dynamic apparatus for alternating currents. This ap-
paratus has been designed for the purpose of showing the repulsion and rotation effects
produced by an alternating current. It is designed for a commercial circuit of 110 volts,
the alternating current being recommended. A few of the experiments made with the
apparatus are: 1, diaphragm made to vibrate in unison with the alternations of the current so
as to give out a distinct tone; 2, repulsion of a copper disc held in proximity to the iron
core on the balance arm; 3, the rotation of the copper disc caused by the revolving field;
4, the rotating ball. A copper ball, placed over the exposed end of the iron core and one
half of the core covered with a copper disc, will rotate. By floating the ball in a jar of
water, the rotation becomes rapid; 5, lighting of an electric lamp by means of the pulsations
given out from the iron core, this being accomplished through the glass jar; 6, the suspension
of a heavy metal ring placed around the iron core; 7, the comparative repulsion of copper
and aluminum rings; 8, heating effect in a copper ring, shown by the boiling of a liquid.
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Ques. What are some of the dissdvantages of altecnating
current?

Ans. The high pressure at which it is used renders it danger-
ous, and requires more efficient insulation; alternating current

D

¥
' A/ Cc | E
\' NATURAL SINE OF ANGLE ¢
\ /
N P 4
~N - —

—
Fi1G. 1,933.—Diagram illustrating the sine of an angle. In order to understand the sine curve,
it is necessary to know the meaning of the sine of an angle. This is defined as the ratio of
the perpendicular let fall from any point in one side of the angle to the other side divided by the
hypothenuse of the triangle thus formed. For instance, in the diagram, let AD and AE be
the two sides of the angle ¢, and DE, a perpendicular let fall from any point D, of the side
AD, to the other side AE. Then, the sine of the angle (written sing) =~DE +AD. It is
evident that if the perpendicular be let fail at a unit’s distance from the apex A, as at B,

This line BC. is called the natural sine of the angle, and its values for different angles are
given in the table on page 921.

cannot be used for such purposes as electro-plating, charging
storage batteries, etc.

Alternating Current Principles.—In the operation of a
dynamo, as explained in Chapter 13, alternating currents are
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generated in the armature winding and are changed into direct
current by the action of the commutator. It was therefore
necessary in that chapter, in presenting the basic principles of
the dynamo, to explain the generation of alternating currents
at length, and the graphic method of representing the alternat-
ing current cycle by the sine curve. In ordar to avoid unneces-
sary repetition, the reader should carefully review the above
mentioned chapter before continuing further. The diagram
fig. 399, showing the construction and application of the sine
AN
3

FiG. 1,935.—Diagranm illustrating the equation of the
sine curve: y =sing. y, is any ordinate, and ¢, the
angle which the coil makes with the horizortal line,
corresponding to the particular value of y, taken.

curve to the alternating current, is, however, for convenience
here shown enlarged in fig. 1,934.

In the diagram the various alternating current terms are graphically
defined.

The alternating current, as has been explained, rises from
zero lo a maximum, falls to zero, reverses ils direction, allains a
maximum in the new direction, and again returns lo zero; this
comprises the cycle.

This series of changes can best be represented by a curve, whose ab-
sciss® represent time, or degrees of armature rotation, and whose




1,378 Alternating Currents

o !
i
]
- +
- -\
S N
Al 4

R

A o

Frea. 1,936 to 1,939.—Clock pendulum analogy of alternating current. The pendulum
swings first in one direction and then in the other, as indicated in figs. 1,937 and 1,938.
At the end of each swing it slows down to a complete stop and then gradually speeds up in
the opposite direction. As it passes through the lowest point it travels at maximum speed.
Traveling toward the center its speed increases continually, and traveling away from the
center its speed decreases continually. If a curve be constructed by plotting the speed
with time and plotting the curve for a right swing above a reference line and the curve for
a left swing below it, a diagram such as shown will be produced. The point O, indicates
zero speed when the pendulum is at the extreme left and is just about to start on the right
swing. The point A, represents the speed of the pendulum as it passes through the center.
The point B, represents the end of the right swing with the pendulum stopped and ready
to start the left swing and so on. Intermediate points represent the speed at corresponding
times through the swing. Electricians use the same form of curve plotted with time to
show the variations of current, current being substituted for speed.
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ordinates, either current or pressure. The curve usually chosen for this
purpose is the sine curve, as shown in fig. 1,934, because it closely agrees
with that given by most alternators.
The equation of the sine curve is
y=sing
in which y, is any ordinate, and ¢, the angle of the corresponding position
of the coil in which the current is being generated as illustrated in fig. 1,935.

Ques. What is an alternation?

Ans. The changes which the current undergoes in rising
from zero to maximum pressure and returning back to zero;
that is, a single positive or negative “‘wave” or half period, as
shown in fig. 1,940.

I ],\n j:; + /_\
A /P ___o 60" . 3¢

N =
K—ME ALTERNATION—N o
Wi '

0 !

A\

F1G. 1,940.—Diagram show;ing one alternation of the current in which the jatter varies from
zero to maximum and back to zero while the generating loop ABCD, makes one half revolu-
tion.

AMPLITUDE

\|o'\ z7e° o

’s
S n -
~
S~ ”

FiG. 1,941 .—Diagram illustrating amplitude of the current. The current reaches its amplitude
or maximum value in one quarter period from its point of zero value, as, for instance, while
the generating loop moves from position ABCD, to A’‘B‘C’D’. At three-quarter revolu-
tion, the current reaches its maximum value in the opposite direction.
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Ques. What is the amplitude of the current?

Ans. The greatest value of the current strength attained
during the cycle.

The foregoing definitions are also illustrated in fig. 1,934.
Ques. Define the term *‘period.”

Ans. This is the time of one cycle of the alternating current.

160 REVOLUTIONS
PER MINUT% [S0x4xe 800 REVOLUTIONS
FREQUENCY = ~%0 " 60 PER MINUTE

LES PER REV, OF ARMATURE
R OF S, %= 0

EIGHT POLE ALTERNATOR
FREQUENCY 60

Fic. 1,942.—Diagram of alternator and engine, illustrating freq 'y. The freq y or

cycles per second is equal to the rerolution of armature per second multiplied by one-half the
number of poles per phase. In the figure the armature makes 6 revolutions to one of the
engine; one-half the number of poles =8 +2 =4, hence frequency = (150 X4 X6) +60 =60.
The expression in parentheses gives the cycles per minute, and dividing by 60, the cycles per
second.

Ques. What is periodicity?
Ans. A term sometimes used for frequency.
Frequency.—If a slowly varying alternating current be passed

through an incandescent lamp, the filament will be seen to vary
in brightness, following the change of current strength. If,
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however, the alternations take place more rapidly than about
50 to 60 per second, the eye cannot follow the variations and the
lamp appears to burn steadily. Hence it is important to con-
sider the rate at which the alternations take place, or as it is
called, the frequency, which is defined as: the number of cycles
Dber second.

In a two pole machine, the frequency is the same as the number of
revolutions per second, but in multipolar machines, it is greater in propor-
tion to the number of pairs of poles per phase.

3600 REVOLUTIONS
150 REVOLUTIONS PER MINUTE

PER MINVTE
. 900 REVOLUTIONS
PER MINUTE

FREQUENCY 60

F1G. 1,943.—Diagram answering the question: Why are alternators always built multipolar?
They are made multipolar because it is desirable that the frequency be high. It is evident
from the figure that to obtain high frequency would require too many revolutions of the
armature of a bipolar machine for mechanical safety—especially in large alternators. More-
over, a double reduction gear in most cases would be necessary, adding complication to
the drive. Comparing the above illustration with fig. 1,942, shows plainly the reason for
multipolar construction.

Thus, in an 8 pole mackine, there will be four cycles per revolution.
If the speed be 900 revolutions per minute, the frequency is

8..900
3% ~0~

The symbol — is read ‘‘cycles per second.”

Ques. What frequencies are used in commercial machines?

Ans. The two standard frequencies are 25 and 60 cycles.
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Ques. For what service are these frequencies adapted?

Ans. The 25 cycle frequency is used for conversion to direct
current, for alternating current railways, and for machines of
large size; the 60 cycle frequency is used for general distribution
for lighting and power.

The frequency of 40 cycles, which once was introduced as a compromise

Fic.. 1,944.—Knott frequency inductive apparatus. It consists of an open type of resonator
with closed core type of transformer and silver spark gap. Designed for a comprehensive
study of the high frequency field, including wireless telegraph waves and kindred subjects.
Excites all types of vacuum tubes and will produce X-Rays. Connected on a 110-volt
alternating current, will furnish a discharge of any desired value up to its full capacity—
about 12 inches.

between 25 and 60 has been found not desirable, as it is somewhat low

for general distribution, and higher than desirable for conversion to direct
current.

Ques. What are the advantages of low frequency?
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In wave, vibratory, and simple harmonic motion, phase may be defined as: the

, measured in angle or in lime, thal any moving point has execuled.

porttion of one complete vibration

Fi6. 1,945.—Diagram illustrating *‘phase.”

Ans. The number of rev-
olutions of the rofor is cor-
respondingly low; arc lamps
can be more readily op-
erated; better pressure regu-
lation; small motors such as
fan motors can be operated
more easily from the circuit.

Phase.—As applied to an
alternating current, phase
denotes the angle turned
through by lhe generating ele-
ment reckoned from a given
instant.* Phase is usually
measured in degrees from
the initial position of zero
generation.

If in the diagram fig. 1,945,
the elementary armature or
loop be the generating element,
and the curve at the right be
the sine curve representing the
current, then the phase of any
point p, will be the angle¢ or
angle moved through from the
horigontal line, the starting

point.

Ques. What is phase dif-
ference?

*NOTE.—Phase. Another definition:
Any position on an a.c. or pressure curve
as indicaled by some reference position.
Usually the phase position is defined by
specifying the number of electrical de-
grees between the phase and the reference
position.
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Ans. The angle between the phases of two or more alternat-
ing current quantities as measured in degrees.

Ques. What is phase displacement?
Ans. A change of phase of an alternating pressure or current.

Synchronism.—This term may be defined as: the simul-
laneous occurrence of any two events. Thus two alternating cur-

NHRNATOR NO.2
0 180° 0
J0r,
(3] o
70 ENGINE W

-
z il CHAIN DRIVE \
[(NVAN SPROCKET{ g}

SYNCHRONOUS OPERTION
L

FOR EQUAL REACTANCES

ALTERNATOR NO. | ALTERNATOR NO.2

Fics. 1,946 and 1,947.—Diagram and sine curves illustrating synckronism. If two alter-
nators, with coils in parallel planes, be made to rotate at the same speed by connecting
them with chain drive or equivalent means, they will then be “in synchronism;” that is,
the alternating pressure or current in one will vary in step with that in the other. In other
words, the cycles of one take place with the same frequency and at the same time as the
cycles of the other as indicated by the curves, fig. 1,946. It should be noted that the max-
imum values are not necessarily the same but the maximum and zero values must occur
at the same time in both machines, and the maximum value must be of the same sign If

the waves be distorted the maximum values may not occur simultaneously. See fig. 2,118,
on page 1,538. i

rents or pressures are said to be “in synchronism” when they
have the same frequency and are in phase.

Ques. What does the expression ‘‘in phase” mean?

Ans. Two alternating quantities are said to be in phase,




Alternating Currents 1,385

when there is no phase difference between; that is when the
angle of phase difference equals zero.

Thus, the current is said to be in phase with the pressure when it neither
lags nor leads, as in fig. 1,948.

A rotating cylinder, or the movement of an index or trailing arm is
brought into synchronism with another rotating cylinder or another index
or trailing arm, not only when the two are moving with exactly the same
speed, but when in addition they are simultaneously moving over similar
portions of their respective paths.

PRESSURE _IMULTANEOUS MAXIMUM VALUES

RRENT

(=]

CURRENT NEITHER LAGS NOR LEADS

Fi1G. 1,948.—Pressure and current curves illustrating the term “in phase.” The current is
8aid 10 be in phase with the pressure when it neither lags nor leads.

CURRENT AND PRESSUR
“QUTOF P AS!PR £

I)EGRSES*[
W _PHASE DIFFERENCE
MEASURED IN DEGREES

F1G. 1,949 .—Pressure and current curves illustrating the term “out of phase.” The current
is said to be out of phase with the pressure when it either lags or leads, that is when the cur-
rent is not in synchronism with the pressure. In practice the current and pressure are nearly
always out of phase.

When there is phase difference, as between current and
pressure, they are said to be “out of phase” the phase difference
being measured as in fig. 1,949 by the angle ¢.

When the phase difference is 90° as in fig. 1,951 or 1,952, the two alter-
nating quantities are said to be in quadrature; when it is 180°, as in fig.
1,953, they are said to be in opposition.

When they are in quadrature, one is at a maximum when the other
is at zero; when they are in opposition, one reaches a positive maximum
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when the other reaches a negative maximum, being at each instant op-
posite in sign.

Ques. What is a departure from synchronism called?

Ans. Loss of synchronism.

Maximum Volts and Amperes.—In the operation of an

alternator, the pressure and strength of the current are con-
tinually rising, falling and reversing.

‘ STATE OF

o5~ RESONANCE $77 N5 INDUCTA
ST TN, SycHRoNIsy OF & X UCTANCE
& ACURRENT &PRESSURE & N

S X v oo

2 " 4 T
D 30 \
/ 2 / iaJ-RRENT \ /
\\ 4 LAGS 7
IN PHASE '\~ IN QUADRATURE [ N __~

SRE(_ CAUSED BY < SN
«—~& \CAPACITY & / \
& \ S / \
& / o G \
S / 90 L\‘ £
}-— eo"-»ll A \\ 5]/ {
CURRENT A &
LEADS < AR 324 1

IN QUADRATURE ~=“  IN_OPPOSITION
~— ————

Fics. 1,950 to 1,953, —Phase relations of the current.

During each cycle there are two points at which the pressure or current
reaches its greatest value, being known as the mavimum value. This
maximum value is not used to any great extent, but it shows the maximum
to which the pressure rises, and hence, the greatest strain to which the
insulation of the alternator is subjected.

Average Volts and Amperes.—Since the sine curve is used
to represent the alternating current, the average value may be
defined as: the average of all the ordinates of the curve for one-half
of a cycle. '
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Ques. Of what use is the average value?

Ans. It is used in some calculations but, like the maximum
value, not very often. The relation between the average and
virtual value is of importance as it gives the form factor.

Virtual Volts and Amperes.—The virtual* value of an

1000,000 LINES OF FORCE
N
! 3 MAXIMUM PRESSURE= 1.57 VOLTS

AL PRESSURE = 1.1t VOLTS
AVERAGE PRESSUREs [VOLT

360°%

2EREV.PER SECOND

AVERAGE PRESSURE -~

et Sbrs &

Fi1G. 1,954.—Elementary alternator developing one average volt. If the loop make one revolu-
tion per second, and the maximum number of lines of force embraced by the loop in the
position shown (the zero position) be denoted by N, then each limb will cut 2N lines per
second, because it cuts every line during the right sweep and again during the left sweep.
Hence each limb develops an average pressure of 2N units (C.G.S. units), and as both
limbs are connected in series, the total pressure is 4N units per revolution. Now, if the
loop make f, revolutions per second instead of only one, then f. times as many lines will be
cut per second, and the average pressure will be 4N f units. Since the C.G.S. unit of pres-
sure is 80 extremely small, a much greater practical unit called the volt is used, which is
equal to 100,000,000, or 108 C.G.S. units are employed. Hence average voltage =4Nf +108.
The value of N, in actual machines is very high, being several million lines of force. The
illustration shows one set of conditions necessary to generate one average volt. The max-
imum pressure developed is 1 +.637 =1.57 volts; virtual pressure = 1,57 X,707 =1.11 volts.

*NOTE.—"I adhere to the term virtual, as it was in use before the term efficace which was
recommended in 1889 by the Paris Congress to denote the square 100t of mean square value.
The corresponding English adjective is efficacious; but some engineers mistranslate it with the
word effective. I adhere to the term virtual mainly because the adjective effective is required in
its usual meaning in kinematics to represent the resolved part of a force which acts obliquely
to the line of motion, the effective force being the whole force multiplied by the cosine of the
angle at which it acts with respect to the direction of motion. Some authors use the expres-
sion ‘R. M. S value’ (meaning ‘root mean square’) to denote the virtual or quadratic mean
value.”—S. P. Thompson.
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alternating pressure or current #s equivalent lo that of a direct
pressure or current which would produce the same effec!; those
effects of the pressure and current are taken which are not
affected by rapid changes in direction and strength—in the
case of pressure, the reading of an electrostatic volt meter, and
in the case of current, the heating effect.

The attraction (or repulsion) in electrostatic volt meters is proportional
to the square of the volts.

The readings which these instruments give, if first calibrated by using

D

AVERAGE +

AVERAee-.eu MAXIMUM
» & MAXIMUM

FiG. 1,955.—Maximum and average values of the sine curve. The average value of the sine
curve is represented by an ordinate MS, of such length that when multiplied by the base
line FG, will give a rectangle MFSG, whose area is equal to that included between the curve
and base line FDGS.

steady currents, are not true means, but are the square rools of the means
of the squares.

Now the mean of the squares of the sine (taken over either one quadrant
or a whole circle) is 4; hence the square root of mean square value of the sine
functions is obtained by multiplying their maximum value by 1+ v2, or
by .707.

The arithmetical mean of the values of the sine, however, is .637. Hence
an alternating current, if it obey the sine law, will produce a heating
effect greater than that of a stwdy current of the same average strength,
by the ratio of .707 to .637; that is, about 1.11 times greater.
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VIRTUAL VOLTS OR AMPERES
EQUIVALENT DIRECT CURRENT

(OR AMPERES)

y~ MAXIMUM VOLTS +

MAXIMUM VOLTS -
(OR AMPERES)

T
Loy
IRSNYAN
i
N
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g 1n essence or eflect, nol in
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Thus, a sirtual pressure of 1.000

er as a direct pressure of 1,000 volts; a rirtual
ect as a direct current of 10 amperes.

hich would produce the same heating eff

g current.

volts and amperes. The word pirtual is defined as: Bein

cl 1s concerned. As applied to the alternatin
ffect equivalent to that of the alternatin,
¢ deflection in an electrostatic volt met.

.—Diagram illustrating *“virtual’
actual, but equivalent, so far as effe
f such value as will produce an e

one that would produce the sam

current of 10 amperes is that current w

current o
volts is

Fic. 1,956
Sact; not

If a Cardew volt meter* be
placed on an alternating circuit in
which the volts are oscillating be-
tween maxima of 4+-100 and — 100
volts, it will read 70.7 volts,
though the arithmetical mean is
really only 63.7; notwithstanding
this, 70.7 steady volts would be
required to produce an equal
reading.

The matter may be looked at
in a different way. If an alter-
nating current is to produce in a
given wire the same amount of
effect as a continuous current of
100 amperes, since the alternating
current goes down to zero twice in
each period, it is clear that it must
at some point in the period rise to
a maximum greater than 100 am-
peres. How much greater must
the maximum be? The answer is
that, if it undulate up and down
with a pure wave form, its maxi-
mum must be V2 times as great
as the virtual mean; or conversely
the virtual amperes will be equal
to the maximum divided by 2.
In fact, to produce equal effect,
the equivalent direct current will
be a kind of mean between the
maximum and the zero value of
the alternating current; but it
must not be the arithmetical
mean, nor the geometrical mean,
nor the harmonic mean, but the
quadratic mean; that is, it will be

*NOTE.—Cardew volt meter.—A variety
of volt meter which indicates electric pres-
sure by the passage of the current through
@ slender wire whick. due fo the heating
effect of the current, expands and moves the
fndex needie upon the scale.
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the square rool of the mean of the squares of all the instantaneous values
between zero and maximum.

Effective Volts and Amperes.—Virtual pressure, although
already explained, may be further defined as the pressure
impressed on a circuit. Now, in nearly all circuits the im-
pressed or virtual pressure meets with an opposing pressure
due to inductance and hence the effective pressure is something
less than the virtual, being defined as that pressure which is

|
r ij SWITCH

ALTERNATOR
INDUCTANCE

coine
F1G6. 1,957.—Diagram illustrating vsrfual and effective pressure. If the coil be short circuited
by the switch and a constant virtual pressure be impressed on the circuit, the whole of
the impressed pressure will be effective in causing current to flow around the circuit. In
this case the virtual and effective pressures will be equal. If the coil be switched into cir-
cuit, the reverse pressure due to self induction will oppose the virtual pressure; hence, the
effective pressure (which is the difference between the virtual and reverse pressures) will
be reduced, the virtual or impressed pressure remaining constant all the time. A virtual
current is that sndicated by an ammeler regardless of the phase relation between current and
pressure. An eflective current is that indicaled by an ammeter when the current is in phase
with the pressure. In practice, the currentis hardly ever in phase with the pressure, usually
lagging, though sometimes leading in phase. Now the greater this phase difference, either
way, the less is the power of a given virtual current to do work. With respect to this fea-
ture, effective current may be defined as: tha! proportion of a given virtual current which can

do useful work. If there be no phase difference, then eflective current is equal to virtual
current.

available for driving eleciricity around the circuil, or for doing
work. The difference between virtual and effective pressure is
illustrated in fig. 1,957.

Ques. Does a given alternating voltage affect the insulation
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of the circuit differently from a direct pressure of the same
value?

Ans. It puts more strain on the insulation in the same
proportion as the maximum pressure exceeds the virtual pres-
sure.

Form Factor.—This term was introduced by Fleming, and
denotes the ratio of the virtual value of an alternating wave to
the average value. That is

AY

\——M M
I\
VT 7 AVERAGE

\\jALTERNATOR
DUCTANCE COIL

F16. 1,958.—Maximum, virtual and average volts. The virtual ralue of an alternating pressure
o1 current is equivalent to that of a direct pressure or current which would produce the same
effect. 1f a Cardew volt meter be placed on an alternating current circuit in which the volts are
oecillating between maxima of 4100 and —100 volts, it will read 70.7 volts, though the
arithmetical mean is really only 63.7; not withstanding this, 70.7 steady volts would be required
to produce an equal reading. The word effective is commonly, yet erroneously used for
virtual.

\ \“EQUIVALENT D.C— &

virtual value .707

form factor =average value = 637 1.11
Ques. What does this indicate? .

NOTE.—The form factor of a wave shape i8 significant for certain purposes, as for ex-
ample in the determination of hysteresis losses in a transformer, in which case the loss be-
comes greater as the form factor becomes less and vice versa under constant 7,m.s. supply
voltages of different wave shapes. In general, however, form factor has no useful signifi-
cance as an indication of the shape of a wave or of its departure from a sine wave. An alter-
nating wave may be composed of a fundamental sine wave and harmonics with frequencies
that are multiples of the fundamental frequency, consequently the form factor of such a com-
plex wave depends upon the amplitude and relative positions of these harmonics.— Hausman.
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Ans. It gives the relative heating effects of alternating and
direct currents, as illustrated in figs. 1,960 and 1,961.

That is, the alternating current will have about 11 per cent. more heat-
ing power than the direct current which is of the same average strength.

If an alternating current volt meter be placed upon a circuit in which
the volts range from+100 to —100, it will read 70.7 volts, although the
arithmetical average, irrespective of + or — sign, is only 63.7 volts. If
the volt meter be connected to a direct current circuit, the pressure neces-
sary to give the same reading would be 70.7 volts; this will give the same
heating cffect.

VIRTUAL VALUE

——— &7 e % FORM FACTOR® SGFRAGE VALVE
’ 1.0

L6

SCALE

7 2l

Fic. 1,959.—Current or pressure curve illustrating form faclor. It is simply the oirtual value
divided by the average value. For a sinc wave the virtual value is __!  times the maximum, and

v

o]

the average is_2 times the maximum, so that the form factor is _*_ or 1.11. The induction
e

2v 2

wave which generates an alternating pressure wave has a maximum value proportional to
the area, that is, to the average value of the pressure wave. Hence the induction values
corresponding to two pressure waves whose virtual values are equal, will be inversely pro-
portional to their form factors. This is illustrated by the fact that a peaked wave causes
less hysteresis loss in a transformer core thana flat topped wave, owing to the higher form
factor of the peaked wave. See wave forms, figs. 1,962 to 1,965.

Ques. What is the relation between the shape of the wave
curve and the form factor?

Ans. The more peaked the wave, the greater the value of
its form factor.

A form factor of units would correspond to a rectangular wave; this is
the least possible value of the form factor, and one which is not realized
in commercial machines.
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Wave Form.—There is always more or less irregularity in
the shape of the current waves as met in practice, depending
upon the construction of the alternator.

The ideal wave curve is the so-called frue sine wave, and is
obtained with a rate of cutting of lines of force, by the armature
coils, equivalent to the swing of a pendulum, which increases
in speed from the end to the middle of the swing, decreasing at

BOIL IN 5 MINUTES
70.7 VIRTUAL VOLTS "},
63.7 AVERAGE VOLTS ALTERNITRIND U R\RS’}T
é-'__ G -
ALTERNATOR @ - =

BOIL IN 5 MIN. 33 SEC.

63.7 VOLTS D'RE‘@X(

OYNAMO

[

Fica. 1,960 and 1,961.—Relative heating effects of alternating and direct cur-ents. If it take,
say five minutes to produce a certain heating effect with alternating current at say 63.7
average volts, it will take 33 seconds longer with direct current at the same pressure, that
is, the alternating current has about 11 per cent. more heating power than the direct cur-
rent of the same arerage pressure. The reader should be careful not to get a Wrong con-
ception of the above; it does not mean that there is a saving by using alternating current.
When both volt meters read the same, that is, when the virfual pressure of the alternating
ourrent is the same as the direct current pressure, the heating effect is of course the same.

the same rate after passing the center. This swing is expressed
in physics, as ‘“‘simple harmonic motion.”

The losses in all secondary apparatus are slightly lower with the so-
called peaked form of wave. For the same virtual voltage, however, the
top of the peak will be much higher, thereby submitting the insulation
to that much greater strain.

By reason of the fact that the losses are less under such wave forms,
many manufacturers in submitting performance data on transformers recite
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that the figures are for sine wave conditions, stating further that if the
transformers are to be operated in a circuit more peaked than the sine
wave, the losses will be less than shown.

Fics. 1,962 to 1,965.—Various forms of pressure or current waves. Figs. 1,962 to 1,964 show
the general shape of the waves produced by some alternators used largely for lighting work
and having toothed armatures. The effect of the slots and shape of pole pieces is here very
marked. Fig. 1,965 shows a wave characeristic of large alternators designed for power.
transmission and having multi-slot or distributed windings.

The slight saving in the losses of secondary apparatus, obtained with
a peaked wave, by no means compensates for the increased insulation
strains and an alternator having a true sine wave is preferred.

Ques. What determines the form of the wave?
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Ans. 1. The number of coils per phase per pole, 2, shape of
pole faces, 3, eddy currents in the pole pieces, and 4, the air gap.

Ques. What are the requirements for proper rate of cutting
of the lines of force?

Fics. 1,966 and 1,967.—Resolution of complex curves into sine curves. The heavy curve ¢an
be resolved into the simpler curves A and B, shown in No. 1, the component curves A and
B, have in the ratio of three 1o one; that is, curve B, has three times as many periods per
second as curve A. All the curves, however, cross the zero line at the same time, and the
resultant curve, though curiously unlike either of them, has a certain symmetry. In No. 2
the component curves, besides having periods in the ratio of three to one, cross the zero
line at different points. The resultant curve produced is still less similar to its components,
and is curiously and unsymmetrically humped. At first sight it is difficult to believe that
such a curious curve could be resolved into two such simple and symmetrical ones. In
both figures the component curves are sine curves, and as the curves for sine and cosine
functions are exactly similar in form, the simplest supposition that can be made for the
variation of pressure or of current is that both follow a sine law.

Ans. It is necessary to have, as a minimum, two coils per
phase per pole in three phase work.

Ques. What is the effect of only one coil per phase per pole?
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Ans. The wave form will be distorted as shown in fig. 1,968.

Ques. What is the least number of coils per phase per pole
that should be used for two and three phase alternators?

F16. 1,968 —Reproduction of oscillograph record of wave form of alternator with one coil per
phase per pole Here the so-called *“super.imposed harmonic” is clearly indicated.

Fi1c 1,969 —Reproduction of oscillograph record of Wagner alternator having three coils per
phase per pole.

Ans. For three phase, two coils, and for two phase, three
coils, per phase per pole.
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Fics. 1,970 and 1,971 —Curves for two alternators; the lower curve represents the wave
form of an old style machine. In general, the shape of the pressure curve is affected by
irregular distribution of the magnetic flux. Also, uneven angular velocity of the alternator
will distort the wave shape, making it relative to the true curve, lowrr in the slow spots
and higher in the fast ones. Again, the magnetic reluctance of the armature may vary in
different angular positions, particularly if the inductors be laid in large slots. This would
cause a periodic variation in the reluctance of the whole magnetic circuit. and a corresponding
pulsation of the total magnetic flux. All these influences operate at open circuit as well
as under load. A change in the apparent resistance of the external circuit causes a change
in the terminal voltage of the machine. The apparent resistance (impedance) of a circuit
to alternating currents depends upon the permeability of the iron adjacent to the circuit.
Permeability changes with magnetization.
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Fics. 1,973 to 1,975.—Hydraulic analogy illustrating the difference between direct (cantinuous)
and alternating current. In fig. 1,973 a centrifugal pump C, forces water tothe upper pipe,
from which it falls by gravity to the lower pipe B, and re-enters the pump. The current
is continuous, always flowing in one direction, that is, it does not reverse itsdirection. Sim-
ilarly a direct electric current is constant in direction (does not reverse), though not neces-
sarily constant in value. A direct current, constant in both value and direction as a result
of constant pressure, is called “continuous’ current. Similarly in the figure the flow -is
constant, and a gauge D, placed at any point will register a constant pressure, hence the
current may be called, in the electrical sense, “‘continuous.” The conditions in fig. 1,974
are quite different. The illustration represents a double acting cylinder with the ends
connected by a pipe A, and the piston driven by crank and Scotch yoke as shown. In
operation, if the cylinder and pipe be full of water, a current of water will begin to flow
through the pipe in the direction indicated as the piston begins its stroke, increasing to
maximum velocity at one-quarter revolution of the crank, decreasing and coming to rest
at one-half revolution, then reversing and reaching maximum velocity in the reverse
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With this phase re-
lation one of them will
be at a maximum
when the other is at
zero. Two phase cur-
rent is illustrated by
sine curves in fig.
1,976, and by hy-
draulic analogy in
figs. 1,977 to 1,979.

If two identical
simple alternators
have their armature
shafts coupled in such
a manner, that when
a given armature coil
on one is directly un-
der a field pole, the
corresponding coil on
the other is midway
between two poles of
its field, the two cur-
rents generated will
differ in phase by a
half alternation, and
will be two phase cur-
rent,

If the loops be placed on the alternator armature at

|PHASE DIFFERENCE 90°
TWO PHASE CURRENT

w.
I

In this case four transmission conductors are generally used, two for each

separate circuit, and the motors to which the current is led have a double winding

ings, the current in one winding being at its maximum value when the other is at
corresponding to that on the alternator armature.

90 magnetic degrees, a single phase current will be generated in cach of the wind-

phase alternating current.

F16. 1,976.—Elementary two loop alternator and sine curves, illustrating two
zero.

FiGs. 1,973 to 1,975.—Text
continued.

direction at three-quarter
revolution, and coming to
rest again at the end of the
return stroke. A pressure
gauge at G, will register a
pressure which varies with
the current. Since the al-
ternating electric current
undergoes similar changes,
the sine curve will apply
equally as well to the pump
cycle as to the alternating
current cycle.
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Ques. How must an alternator be constructed to generate
two phase current?

Ans. It must have two independent windings, and these
must be so spaced out that when the volts generated in one of
the two phases are at a maximum, those generated in the other
are at zero.
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Fics. 1,977 to 1,979.—Hydraulic analogy illustrating two phase alternating current. In
the figure two cylinders, similar to the one in fig. 1,974, are shown, operated from one shaft
by crank and Scotch yoke drive. The cranks are at 90° as shown, and the cylinders and
connecting pipes full of water. In operation, the same cycle of water flow takes place as
in fig. 1,974, Since the cranks are at 90°, the second piston is one-half stroke behind the
first; the flow of water in No. 1 (phase A) is at a maximum when the flow in No. 2 (phase
B) comes to rest, the current conditions in both pipes for the entire cycle being represented
by the two sine curves whose phase difference is 90°. Comparing these curves with fig.
1,976, it will be seen that the water and the electric current act in a similar manner.
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In other words, the windings, which must be alike, of an equal number
of turns, must be displaced along the armature by an angle corresponding
to one-quarter of a period, that is, to half the pole pitch.

The windings of the two phases must, of course, be kept separate,
hence the armature will have four terminals, or if it be a revolving arma-
ture it will have four collector rings.

As must be evident the phase difference may be of any value between
0° and 360°, but in practice it is almost always made 90°.

Ques. In what other way may two phase current be gener-
ated?

ALTERNATOR

PHASE A

/O\M.LATIN 90°

L/ COUPLING /
g

ALTERNATOR

’ I\ PHASEB/.;
St

Fics. 1,980.-—Method of generating two phase alternating current with two single phase
alternators coupled with coils at 90° to each other.

COILEMTD coupLtD 90°
witd coi. LARF

Ans. By two single phase alternators coupled to one shaft,
as shown in fig. 1,980.

Ques. How many wires are required for two phase dis-
tribution?

Ans. A two phase system requires four lines for its distribu-
tion; two lines for each phase as in fig. 1,976.
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It is possible, but not advisable, to reduce the number to 3, by em-
ploymg one rather thicker line as a common return for each of the phases
as in fig. 1,981.

If this be done, the voltage between the A line and the B line will be
equal to V2 times the voltage in either phase, and the current in the line

used as common return will be V2 times as great as the current in either
line. assuming the two currents in the two phases to be equal.

4

|///
PHASE B
3

Fi1G. 1,981.—Diagram of three wire two phase current distribution. In order to save one wire
it is possible to use a common return conductor for both circuits, as shown, the dotted
portion of one wire 4, being eliminated by connecting across to 1, at M and S. For long
lines this is economical, but the interconnection of the circuits increases the chance of trouble
from grounds or short circuit. The current in the conductor will be the resultant of the
two currents, differing by 90° in phase.

Ques. In what other way may two phase current be dis-
tributed?

Ans. The mid point of the windings of the two phases may
be united in the alternator at a common junction.
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This is equivalent to making the machine into a four phase alternator
with half the voltage in each of the four phases, which will then be in
successive quadrature with each other.

Ques. How are two phase alternator armatures wound?

Ans. The two circuits may be separate, each having two
collector rings, as shown in fig. 1,982, or the two circuits may be
coupled at a common middle as in fig. 1,983, or the two circuits
may be coupled in the armature so that only three collector
rings are required as shown in fig. 1,984.

Fics. 1,982 to 1,984.—Various two phase armature connections. Fig. 1,982, two separate
circuit four collector ring arrangement; fig. 1,933, common middle connection, four col-
lector rings; fig. 1,984, circuit connected in armature for three collector rings. In the figures
the black winding represents phase A, and the light winding, phase B.

Three Phase Current.—A three phase current consists of
three alternating currents of equal frequency and amplitude,
but differing in phase from each other by one-third of a period.

Three phase current as represented by sine curves is shown in fig. 1,986,
and by hydraulic analogy in fig. 1,988. Inspection of the figures will
show that when any one of the currents is at its maximum, the other two
are of half their maximum value, and are flowing in the opposite direction.

Ques. How is three phase current generated?

Ans. It requires three equal windings on the alternator
armature, and they must be spaced out over its surface so as to
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be successively 14 and 24 of the period (that is, of the double
pole pitch) apart from one another.

Ques. How many wires are used for three phase distribu-
tion?

THREE PHASE CURRENT

THREE PHASE
THREE WIRE

F1Gs. 1,985and 1,986.~ Elementary three loop alternator and sine curves, illustrating three phase
alternating current. If the loops be placed on the alternator armature at 120 magnetic degrees
from one another, the current in each will attain its maximum at a point one-third of a
cycle distant from the other two. The arrangement here shown gives three independent
single phase currents and requires six wires for their transmission. A better arrangement
and the one generally used is shown in fig. 1,987.

F1G.1,987.—Elementary three wire three phase alternator. For the transmission of three phase
current, it is not customary to use six wires, as in fig. 1,985, instead, three ends (one end
of each of the loops) are brought together to a common connection as shown (fig. 1,987),
and the other ends, connected to the collector rings, giving only three wires for the trans-
mission of the current.
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Ans. Either six wires or three wires.

Six wires, as in fig. 1,985, might be used where it is desired to supply
entirely independent circuits, or as is more usual only three wires are used
as shown in fig. 1,987. In this case it should be observed that if the voltage
generated in each one of the three phases separately be E (virtual) volts,
the voltage generated between any two of the terminals will be equal to
V3XE. Thus, if each of the three phases generate 100 volts, the voltage
from the terminal of the A phase to that of the B phase will be 173 volts.
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Fi1Gs. 1,988 to 1,990.—Hydraulic analogy illustrating three phase alternating current. Three
cylinders are here shown with pistons connected through Scotch yokes to cranks placed
120° apart. The same action_takes place in each cylinder as in the preceding cases, the
only difference being the additional cylinder, and difference in phase relation.
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Inductance.—Each time a direct current is started, stopped
or varied in strength, the magnetism changes, and induces or
tends to induce a pressure in the wire which always has a

ALTERNATOR

F1G. 1,991.—Experiment illustrating self-induction in an alternating current circuit. If an
incandescent lamp be connected in series with a coil made of one pound of No. 20 magnet
wire, and connected to the circuit, the current through the lamp will be decreased due to
the self-induction of the coil. 1f now an iron core be gradually pushed into the coil, the
self-induction will be greatly increased and the lamp will go out, thus showing the great
importance which self-induction plays in alternating current work.

F16. 1,992.—Knott adjustable inductance. It is made up of copper wire wound on a threaded
hard rubber tube, a construction that has been found to give excellent results both mechan-
ically and electrically. A smooth acting slide permits anmy desired amount of the wire to
be placed in circuit, and a scale on the slide support gives the value of the portion in use.
These inductances will be found well suited and convenient to use in connection with high
frequency currents and wireless telegraph outfits. Capacity, 1,000 microhenrys.
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direction opposing the pressure which originally produced the
current. This self-induced pressure tends to weaken the main cur-
rent al the starl and prolong il when the circuil is opened.

The expression inductance is frequently used in the same sense as co-
efficient of self-induction, which is a quantity pertaining to an electric cir-
cuit depending on its geometrical form and the nature of the surrounding
medium.

If the direct current maintain the same strength and flow
steadily, there will be no variations in the magnetic field surround-
ing the wire and no self-induction, consequently the only retard-

NON INDUCTIVE

RESISTANCE
T . M T
INDUCTIVE
G e
RESISTANCE

S

F1c. 1,993.—Non-inductive and inductive resistances. Two currents are shown joined in
parallel, one containing a lamp and non-inductive resistance, and the other a lamp and
inductive resistance. The two resistances being the same, a sufficient direct pressure
applied at T, T, will cause the lamps to light up equally. If, however, an alternating pres-
sure be applied, M, will burn brightly, while S, will give very little or no light because of
the effect of the inductance of the inductive resistance.

ing effect of the current will be the ohmic ““resistance’’ of the
wire.

If an alternating current be sent through a circuit, there will
be two retarding effects:

1. The ohmic resistance;
2. The spurious resistance.

Ques. Upon what does the ohmic resistance depend?
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Ans. Upon the length, cross sec-
tional area and material of the wire.

By plot-

paper, a curve is obtained showing graphically the

Ques. Upon what does the spu-
rious resistance depend?

Ans. Upon the frequency of the
alternating current, the shape of the
conductor, and nature of the sur-
rounding medium.

. 2, 3, 4, etc., inch marks.

Ques. Define inductance.

Ans. It is the total magnetic flux
threading the circuit per unit cur-
rent which flows in the circuit, and
which produces the flux.

In this it must be understood that if
any portion of the flux thread the circuit
more than once, this portion must be
added in as many times as it makes
linkage.

Inductance, or the coefficient of self-
induction, is the capacity which an elec-
tric circuit has of producing induction
within itself.

induction of a coil which is gradually increased by moving an iron wire core

constant with the adjustable resistance throughout the test and readings taken,

A curve of this kind 18 shown in fig. 2,062.

Inductance is considered as the ratio
between the total induction through a cir-
cuit to the current producing it.

‘The current is kept
first without the iron core, and again when the core is put in the coil and moved to the 1

ting the volt meter readings and the position of the iron core on section

NOTE.—Inductance.—The inductance of any
circuit depends upon the form of the circuit and the
kind of material surrounding the circuit. There is an
increase in the value of the inductance of a coil with
an increase in the number of turns and an increase
in the permeability of the material composing the
magnetic circuit.

offect of the self-induction.

FiG. 1,994.—Inductance test, illustrating the self-
inch by inch into the coil.
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Ques. What is the unit of inductance?

Ans. The henry.

Ques. Define the henry.

Ans. A coil has an inductance of one henry when the prod-
uct of the number of lines enclosed by the ccil multiplied by

FiGs. 1,995 and 1,996.—Diagrams illustrating inductance in an ulternating current circuit
The amount of reverse voltage produced in the circuit depends not only on the inductance
of the circuit but also on the rate at which the current varies. In fig. 1,995, evidently the
rate is least when the current is maximum and greatust when zers, as indicated during the
time intervals ¢ and ', the current variation for ¢ amd ¢’, being v and respectively. If
the frequency be doubled as in fig. 1,996, rate of current variation is doubled. This is
indicated by taking twice the time intervals 7 and ¢’ in fig. 1,996 as in fig. 1,995

the number of turns in the coil, is equal to 100,000,000 or 108
when a current of one ampere is flowing in the coil.

An inductance of one henry exists in a circuit when a current changing
al the rate of one ampere per second induces a pressure of one volt in the circuit.
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Ques. What is the henry called?

Ans. The coefficient of self-induction.

INDUCTIVE  COIL

ONE. OHM RESISTANCE

ONE VOLT CELL RHEOSTAT

F1G. 1,997.—Diagram illustrating the henry. By definition: A csrcuit has an inductance of one
henty when a rale of change of current of one ampere per second induces a pressure of one voll.
In the diagram it is assumed that the internal resistance of the cell and resistance of the
connecting wires are zero.

NO CONTRACTION LARGE NECK SMALL NECK
NO CHOKING SMALL CHOKING CONSIDERABLE CHOKING
(No INDUCTANCE) {SMALL INDUCTANCE) (CONSIDERABLE INDUCTANCE)

Figs. 1,998 to 2,000.—Hour glass analogy of inductance. Fig. 1,998, shows a plain glass
cylinder partly filled with sand. Evidently when the glass is inverted the sand will fall
to the bottom without any opposition except that due to friction of the glass surface. In
fig. 1,999, the sectional area is slightly reduced at the middle section, with result that in
addition to the friction (resistance) of the glass surface, opposition (inductance) acts to
retard the flow of the sand. In fig. 2,000 the neck is made small resulting in, as is evident,
considerable opposition (inductance) to the flow of the current.
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The henry is the coefficient by which the time rate of change of the
current in the circuit must be multiplied, in order to give the pressure
of self-induction in the circuit.

The formula for the henry is as follows:

magnetic flux X turns

h =
S current X 100,000,000

or

NXxT
L 108 &

Fi16. 2,001.—Knott frequency indicator for 100 volt a.c. circuit. This instrument is designed
primarily to show on the screen the effect produced by an alternating current on an electro-
magnet. The length of the vibrating reed is such as to show clearly on the screen, the
14-wave length, the }J4-wave length and the 3{-wave length. In use the instrument is con-
nected directly to 110 volt circuit without additional resistance.

where

L =coefficient of self induction in henrys;

N =total number of lines of force threading a coil when the
current is one ampere;

T =number of turns of coil.
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If a coil had a coefficient of self-induction of one henry, it would mean
that if the coil had one turn, one ampere would set up 100,000,000, or
108, lines through it.

INDUCTIVE COIL WITH AIR CORE

) — — —h —

NON-INDUCTIVE COIL

FiGs. 2,002 to 2,004.—Various coils. The inductance effect, though perceptible in an air
core coil, fig. 2,002, may be greatly intensified by inserting a core made of numerous pieces
of iron wire, as in fig. 2,003. Fig. 2,001 shows a non-inductive coil When wound in this
manner, a coil will have little or no inductance hecause each half of the coil neutralizes
the magnetic effect of the other This coil, though non-inductive, will have “capacity.”
It would be useless for solenoids or electro-magnets, as it would have no magnetic field.

NOTE.—The American physicist, Joseph Ienry, was born in 1798 and died 1878. Ile
was noted for his researches in electromagnetism. e developed the electromagnet, which
had been invented by Sturgeon in England, so that it became an instrument of far greater
power than before. In 1831, he employed & mile of fine copper wire with an electromagnet,
causing the current to attract the armature and strike a bell, thereby establishing the principle
employed in modern telegraph practice. lle was made a professor at Princeton in 1832, and
while experimenting at that time, he devised an arrangement of batteries and electromagnets
embodying the principle of the telegraph relay which made possible long distance transmission.
He was the first to observe magnetic self-induction, and performed important investigations in
oscillating electric discharge (1842), and other electrical phenomena. In 1846 he was chosen
secretary of the Smithsonian Institution at Washington, an office which he held until his death.
As chairman of the U. S. Lighthouse Board, he made important tests in marine signals and
lights. In meteorology, terrestrial magnetism, and acoustics, he carried on important re-
searches. Henry enjoyed an international reputation, and is acknowledged to be one of Amer-
ica’s greatest scientists.
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The henry is too large a unit for use in practical computa-
tions, which involves that the millihenry, or ;5 henry, is the
accepted unit.

In pole suspended lines the inductance varies as the metallic resistance,

€ FLY WHEEL
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Fi6. 2,005.—Hydraulic-mechanical analogy illustrating inductance in an alternating current
circuit. The two cylinders are connected at their ends by the vertical pipes, each being
provided with a piston and the system filled with water. Reciprocating motion is imparted
to the lower pulley by Scotch yoke connection with the drive pulley. The upper piston
is connected by rack and pinion gear with a fly wheel. /n operation, the to and fro move-
ment of the lower piston produces an alternating flow of water in the upper cylinder which
causes the upper piston to move back and forth. The rack and pinion connection with
the fly wheel causes the latter to revolve first in one direction, then in the other, in step
with the upper piston. The inertia of the fly wheel causes it to resist any change in its
state. whether it be at rest or in motion, which is transmitted to the upper piston, causing
it to offer resistance to any change in its rate or direction of motion. Inductance in the
alternating current circuit has preciscly the same effect, that is, 1t opposes any change in
the strength or direction of the current.
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the distance between the wires on the cross arm and the number of cycles
per second, as indicated by accepted tables. Thus, for one mile of No.
8 B. & S. copper wire, with a resistance of 3,406 ohms, the coefficient of
self-induction with 6 inches between centers is .00153, and, with 12 inches,
.00175.

Ques. How does the inductance of a coil vary with re-
spect to the core?

Ans. It is least with an air core; with an iron core, it is
greater in proportion to the permeability* of the iron.

The coefficient L for a given coil is a constant quantity so long as the

F16. 2,005.—Effect of inductive and non-inductive coils jn an alternating current circuit. When
the current is on, the lamp in series with the inductive coil will be dimly lighted while
tbe other lamp in series with the non-inductive coil will give a bright :ght. The reason
for this difference is because of the opposition offered by the inductive coil to the current.
That is, each coil has the same ohmic resistance, but the inductive coil has in addition the
spurious resistance due to inductance, hence it shunts less current from the lamp than
does the non-inductive coil.

magnetic permeability of the material surrounding the coil does not change.
This is the case where the coil is surrounded by air. When iron is present,
the coefficient L is practically constant, provided the magnetism is not
forced too high.

*NOTE.—The permeability of iron varies from 500 to 1,000 or more. The permeability of
a given sample of iron is not constant, but decreases in value as the magnetizing force increases.
Therefore the inductance of a coil having an iron core is not a constant quantity as is the
inductance of an air core coil.
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In most cases arising in practice, the coefficient L, may be considered
to be a constant quantity, just as the resistance R, is usually considered
constant. The coefficient L, of a coil or circuit is often spoken of as its
inductance.

Ques. Why is the iron core of an inductive coil made
with a number of small wires instead of one large rod?

Ans. It is laminated in order to reduce eddy currents and
consequent loss of energy, and to prevent excessive heating of
the core.

3 TURNS © TURNS

A

INDUCTANCE
| HEMRY

SQUARE OF TURNS
= oX6=36

RATIO OF INGREASE B TURNS? <+ A TURNSZ =36+ =4
INDUCTANGCE COIL B = INDUCTANGE COIL A X RATIO =1X 4 = 4 HENRYS

Fics. 2,007 and 2,008.—Diagrams illustrating relation of number of turns of an inductive
coil and the inductances.

Ques. How does the number of turns of a coil affect the
inductance?

Ans. The inductance varies as the square of the turns, as
jllustrated in figs. 2,007 and 2,008.

That is, if the turns be doubled, the inductance becomes four times as
great.
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The inductance of a coil is easily calculated from the follow-
ing formula:

L=47r272n2—:—(l><109)...................(l)

for a thin coil with air core, and

F16. 2.009.—General Electric 400 ampere suspension copper choke coil. The copper coi?
has the advantage over other materials of heing practically non-corrosive and non-crystal-
izing. The coils with braces and end spiders are interchangeable in all mountings, for the
same ampere capacity. The turns are separated from one another and braced, the braces
being held by end spiders. Weight of coil proper is supported on end spiders.

NOTE .—By definition a choke coilis a coil with large inductance and small resistance, used to
impede alternating currents. The choke coil or coil of the character just described is used
extensively as an auxiliary to the lightning arrester. In this connection the primary ob-
jects of the choke coil should be: 1. to hold back the lightning disturbance from the trans-
former or alternator until the lightning arrester discharges to earth. If there be no light-
ning arrester the choke coil evidently cannot perform this function. 2, to lower the fre-
quency of the oscillation so that whatever charge gets through the choke coil will be of
a frequency too low to cause a serious drop of pressure around the first turns of the end
coil in either alternator or transformer. Another way of expressing this is from the stand-
point of wave front: a steep wave front piles up the pressure when it meets an inductance.
The second function of the choke coil is, then, to smooth out the wave front of the surge. The
principal electrical condition to be avoided is that of resonance. The coil should be so
arranged that if continual surges be set up in the circuit, a resonant voltage due to the
presence of the choke coil cannot buijld up at the transformer or alternator terminals. In
the types shown above, the hour glass coil has the following advantages on high voltages:
1, should there be any arcing between adjacent turns the coils will reinsulate themselves;
2, they are mechanically strong, and sagging is prevented by tapering the coils toward
the center turns; 3, the insulating supports can be best designed for the strains which they
have to withstand. Choke coils should not be used in connection with cable systems.
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L=dr2n2y+(IX109.................. (2)
for a coil having an iron core. In the above formula:

L =inductance in henrys;

r=3.1416;

r =average radius of coil in centimeters;
n=number of turns of wire in coil;
u=permeability of iron core;

I=length of coil in centimeters.

IRON CORE

—T

T.la

SWITCH

)

F16. 2,010.—Inductance experiment with intermittent direct current. A lamp S, is connected
in parallel with a coil of fairly fine wire having a removable iron core, and the terminals
T, T’, connected to a source of direct current, a switch M. being provided to interrupt the
current. The voltage of the current and resistance of the coil are of such values that when
a steady current is flowing, the lamp filament is just perceptibly red. At the instant of
making the circuit, the lamp will momentarily glow more brightly than when the current is steady;
on breaking the circuit the lamp will momentarily flash with great brightness. In the first case,
the reverse pressure, due to inductance, as indicated by arrow b, will momentarily oppose
the normal pressure in the coil, so that the voltage at the lamp will be momentarily in-
creased, and will consequently send a momentarily stronger current through the lamp.
On breaking the main circuit at M, the field of the coil will collapse, generating a momentary
much greater voltage than in the first instance, in the direction of arrow g, the lamp will
flash up brightly in consequence.

Example.—An air core coil has an average radius of 10 centimeters
and is 20 centimeters long, there being 500 turns, what is the inductance?

Substituting these values in formula (1)

L =4%(3.1416)? X 102 X 5002 + (20 X 10°) = .00494 henry.
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Ques. Is the answer in the above example in the cus-
tomary form?

Ans. No; the henry being a very large unit, it is usual to
express inductance in thousandths of a henry, that is, in milli-
henrys. The answer then would be .04935X1,000=49.35
milli-henrys.

Example.—An air core coil has an inductance of 50 milli-henrys; if an
iron core, having a permeability of 600 be inserted, what is the inductance?

The inductance of the air core coil will be multiplied by the permeability
of the iron; the inductance then is increased to

50X 600 =30,000 milli-henrys, or 30 henrys.

Ohmic Value of Inductance.—The rate of change of an al-
ternating current at any point expressed in degrees is equal
to the product of 2 = mulliplied by the frequency, the maximum
current, and lhe cosine of the angle of position 9; that is (using
symbols)

rate of change =2 7 f I ... cos 6.

The numerical value of the rate of change is independent of
its positive or negative sign, so that the sign of the cos ¢ is
disregarded.

The period of greatest rate of change is that at which cos ¢
has the greatest value, and the maximum value of a cosine is
when the arc has a value of zero degrees or of 180 degrees, its
value, corresponding, being 1. (See fig. 2,074, page 1,464.)

The pressure due to inductance is equal to the product of the
rate of change by the inductance; that is, calling the inductance
L, the pressure due to it at the point of maximum value or

Eeu=27mflaaXL. oo, 1)

Now by Ohm’s law
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Fics. 2,011 and 2,
obtain.

for a current I..., hence
substituting equation
(2) in equation (1)

Rlpu =27 f Jna XL

from which, dividing
both sides by ..., and
using X; for R

X;i=2xfL....... 3)

which is the ohmic
equivalent of induc-
tance.

NOTE.—Inductance at the in-
stant voltage begins to act upon an
inductive circuit is the only oppos-
ing factor, because until a current
is flowing resistance is without ef-
fect. The necessary condition of
equilibrium is brought about by the
creation of a reverse pressure equal
to the impressed, and this reverse
pressure is equal to the product of
the inductance by the rate of change
of current intensity.

NOTE.—After a current has be-
gun to flow a part of the voltage
equal to the product of this current
by the resistance is expended in
maintaining the current and this
amount is the RI drop; the rest of
the voltage produces an increase of
current whose rate of increase or of
change is such as to produce a re-
werse pressure exactly equal to the
residual voltage. Knowing the in-
ductance and the residual voltage
the rate of change = voltage +in-
ductance.
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The frequency of a current being the number of periods or
waves per second, then, if T=the time of a period, the fre-
quency of a current may be obtained by dividing 1 second by
the time of a period; that is

INDUCTIVE COIL

FREQUENCY
100

\5 MiLLI HENRYS

ALTERNATOR

FiG. 2,013.—Diagram showing alternating circuit containing inductance. Formula for cal-
culating the ohmic value of inductance or “inductance reactance is X;=2 » f L in which

X, =inductance reactance; » =3.1416; S =frequency; L =inductance sn henrys (not milli-
henrys). L =15 millihenrys =15 +1000 = .015 henrys. Substituting, X =2X3.1416 X100
X.015 =9.42 ohms.

SO X XXX

FiG. 2,014.—Diagram illustrating effect of capacity in an alternating circuit. Considering its
action during one cycle of the current, the aiternator first “pumps,” say from M to S; elec-
tricity will be heaped up, so to speak, on S, and a deficit left on M, that is, S will be 4
and M —. If the alternator be now suddenly stopped, there would be a momentary return
flow of electricity from S to M » through the alternator. If the alternator go on working,
however, it is obvious that the electricity heaped up on S, helps or increases the flow when
the alternator begins to pump from S, to M, in the second halt of the cycle, and when the
alternator again reverses its pressure, the - charge on M, flows round to S, and helps the
ordinary current. The above circuit is not strictly analogous to the insulated plates of
a condenser, but, as is verified in practice, that with a rapidly alternating pressure, the
condenser action is not perceptibly affected if the cables be connected across by some non-
inductive resistance as for instance incandescent lamps.
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one second 1
time of one period T

frequency =

substituting % for f in equation (3)

Xi=27

3| =

RESERVGIR

RUBBER DIAPHRAGM

Fic. 2,015.—Hydraulic analogy illustrating capacity in an alternating current circuit. A
chamber containing a rubber diaphragm is connected to a double acting cylinder and the
system filled with water. In operation, as the piston moves, say to the left from the center,
the diaphragm is displaced from its neutral position N, and stretched to some position M,
in so doing offering increasing resistance to the flow of water. On the return stroke the
flow is reversed and is assisted by the diaphragm during the first half of the stroke, and
opposed during the second half. ~ The diaphragm thus acts with the flow of water one-half
of the time and in opposition to it one-half of the time. This corresponds to the electrical
pressure at the terminals of a condenser connected in an alternating current circuit, and it
has a maximum value when the current is zero and a zero value when the current is
a maximum.

Capacity.—When an electric pressure is applied to a con-
denser, the current plays in and out, charging the condenser in
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alternate directions. As the current runs in at one side and out
at the other, the dielectric becomes charged, and tries to dis-
charge itself by setting up an opposing electric pressure. This
opposing pressure rises just as the charge increases.

A mechanical analogy is afforded by the bending of a spring, as in

fig. 2,016, which, as it is being bent, exerts an opposing force equal to that
applied, provided the latter do not exceed the capacity of the spring.

Fi1G. 2,016.—Mechanical analogy illustrating eTect of capacity in an alternating circuit. If
an alternating twisting force be applied to the top R, of the spring S, the action of the latter
may be taken to represent capacity,and the rotation of the wheel W, alternating current.
The twisting force (impressed pressure) must first be applied before the rotation of W,
(current) will bagin. The resiliency or rebounding effect of the spring will, in time, cause
the wheel W, to move (amperes) in advance of the twisting force (voltage), thus represent-
ing the current leading in phase.

Ques. What is the effect of capacity in an alternating
circuit?

Ans. It is exactly opposite to that of inductance, that is,
it assists the current to rise to its maximum value sooner than
it would otherwise.
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§§§§ Ques. Is it neces-
SHEE sary to have a con-
e 5E o o o
283 tinuous metallic cir-
~f8d 9 A
A= cuit for an alternating
a5 g ] current?
siis
© ‘;_;' 2 . Ans. No, it is pos-
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Ans. Its flow de-

essure due to the head (resistance) pumped

the air chamber (condenser) charging it against an i
air chanber keeps the water (current) flowing while the pisto!
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& €.y of the circuit and ac-
WVl .

- Ok cordingly a condenser
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T - thus interposing an
-

(

insulated gap, yet per-
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=

the water flow (current) leading in phase the power stroke (volts) of the pump.

Figs. 2,017 to 2,019.—Hydraulic analogy of capacity. The pressure pump on the dow

a
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= i'-o- 5 is a contraction of Faraday, the
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<8 =5RE lish scientist. He was born 1791,
= died 1867.
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Ques. Name the unit of capacity and define it.

Ans. The unit of capacity is called the farad and its symbol
is C. A condenser is said to have a capacity of one farad if

=l

CONDENSER
ALY NO LIGHT

g

i

)

ALTERNATOR - — I—— —

—

e

—_—

CONDENSER

J

F16s. 2,020 and 2,021 ~—Diagrams showing e™ect of condenser in direct and alternating current
circuits. Each circuit contains an incandescent lamp and a condenser, one circuit con-
nected to a dynamo and the other to an alternator. Since the condenser interposes a gap
in the circuit, evidently in fig. 2,020 no current will flow. [n the case of alternating cur-
rent, fig. 2,021, the condenser gap does not hinder the flow of current in the metallic por-
tion of the circuit. In fact the alternator produces a continual surging of electricity back-
ward and forward from the plates of the condenser around the metallic portion of the
circuit, similar to the surging of waves against a bulkhead which projects into the ocean.

t should be understoo ! that the electric current ceases at the ‘condenser, there being no)
flow Letween the plates.

one coulomb (that is, one ampere flowing one second), when
stored on the plates of the condenser will cause a pressure of
one volt across its terminals.

The farad being a very large unit, the capacities ordinarily encountered

in practice are expressed in millionths of a farad, that is, in microfarads
—a capacity equal to about three miles of an Atlantic cable.
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It should be noted that the microfarad is used only for con-
venience, and that in working oul problems, capacily should
always be expressed in farads before substituting in formulz,
because the farad is chosen with respect to the volt and ampere,

ONE COULOMB
ABSORBED BY PLATES

Y

CAPACITY
ONE FARAD -

4

|

|
=
-
o
>
L
4
o

|

CONDENSGER

Fi6. 2.022.—Diagram illustrating a farad. A condenser is said to have a capacity of one
farad if it will absorb one coulomb of electricity when subjected to a pressure of one volt.
The farad is a very large unit, and accordingly the microfarad or one millionth of a farad
is often used, though this must be reduced 1o farads before substituting in formule.

e

Fic. 2,023.—Condenser of one microfarad capacity. It is subdivided into five sections of
5, .2, .2, .05 and .05 microfarad. The plates are mounted between and carried by lat-
eral brass bars which are fastened to a hard rubber top. Each pair of condenser terminals
is fastened to small binding posts mounted on hard rubber insulated posts.
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as defined on page 1,425 and hence must be used in formula
along with these units.

For instance, a capacity of 8 microfarads as given in a problem would
be substituted in a formula as .000008 of a farad.

The charge Q, forced into a condenser by a steady electric
pressure E, is

Q=EC

in which

Q =charge in coulombs.

2
g
3

Fi6.2,024 and 2,025.—Knott variable air condenser. Capacity, .001 mf. In construction, the
vanes are of aluminum and the moving system works without interference of the plates or other
objectionable features commonly met with in instruments of cheaper construction. The
top is of hard rubber. A binding post is provided connecting to the case for grounding
in experiments where the utmost accuracy is required. These condensers will be found
of great usefulness in radio and in experiments with currents of high frequency.

E =electric pressure in volts;
C =capacity of condenser in farads.

Ques. What is the material between the plates of a con-
denser called?
Ans. The dielectric.
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Ques. Upon what does the capacity of a condenser depend?

Ans. It is proportional to the area of the plates, and in-
versely proportional to the thickness of the dielectric between

i

L]
2 -
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Fics. 2,026 and 2,027 —Pncumatic analogy illustrating capacity in an alternating current
circuit. The illustrations show the cycie of operation of a single acting boiler feed pump
fitted with air chamber. [In operafion, as the plunger starts its downward stroke, fig. A,
water starts flowing (amperes) into air chamber at maximum rate, the water pressure (im-
pressed voltage) starting at zero. As the plunger continues an its stroke, fig. B, it en-
counters increasing opposition or reverse pressure due to water tlowing into air chamber
(condenser) and compressing the air. At the instant shown in fig. C, the pressure in the air
chamber has become equal to the boiler pressure; discharge check is on point of opening
to admit water to boiler. Fig. D, shows excess air pressure at end of stroke. Here the



Alternating Currents

1,429

L J“lu" VIO BT “ :qull.ll, ..'JL
1

3UNSSIVd YITOD NYHL
HIHIIH IYNSSIYd div

IN0BLS 30 ON3

WNSSIUG YIN0E
1v v

NOILISOd-TINW

Flas. 2,028 t02,030.—Text continued. ¥

extra pressure produces a capacity eflect in forcing water into the boiler although the impressed pressure is for the
instant discontinued. The flow continues until the boiler and condenser pressures become equalized as in fig. E, The analogy

is further explained by the curves fig. 2,031.
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the plates, a correction being required unless the thickness of
the dielectric be very small as compared with the dimensions
of the plates.

The capacity of a condenser is also proportional to the spectfic tnductive
capacity of the dielectric between the plates of the condenser.

TROKE

STEAM PRESSURE ON PISTON

Y
c\)@\- -D\"\

<0
G

BO!LER PRESSURE
"ZOW

€
q B INTO _ " PRESS'JQ k\w\"q‘
W =

e WATER AR " CHAMBER

REv, w,
: b CONDENsER = CRst AR arg,
: L) PRe €S,

Fi1G. 2,031 .—Pressure and flow curves illustrating boiler feed pump analogy of alternating
current. If constant steam pressure be applied to the piston, it will start at A, with max
imum velocity, and with the increasing water pressure indicated by the curve ABCD,
which balances the increasing air pressure (abcd) the speed will gradually decrease to zero
at the end of the stroke at which point the water pressure D, equals steam pressure, thus
the water flow (amperes) is maximum where the air pressure (cordenser pressure) is zero,
and zero where the pressure is maximum at end of stroke. At this instant water flows into
boiler due to the excess air pressure forcing water from air chamber and continues flowing
with decreasing velocity until the pressure in air chamber becomes the same as that in the
boiler as at E, at which instant the flow ceases.

Specific Inductive Capacity.—Faraday discovered that dif-
ferent substances have different powers of carrying lines of
electric force.
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Thus the charge of two conductors having a given difference of pressure
between them depends on the medium between them as well as on their
size and shape. The number indicating the magnitude of this property
of the medium is called its specific inductive capacity, or dielectric conslant.

The specific inductive capacity of air, which is nearly the same as that
of a vacuum, is taken as unity. In terms of this unit, the following are
some typical values of the dielectric constant: Water 80, glass 6 to 10,
mica 6.7, gutta percha 3, india rubber 2.5, paraffin wax 2, ebomte 2.5,
castor oil 4.8.

In underground cables for very high pressures, the insulation, if homo-
geneous throughout, would have to be of very great thickness in order
to have sufficient dielectric strength. By employing material of high
specific inductive capacity close to the conductor, and material of lower
specific inductive capacity toward the outside, that is, by grading the

+

C ¢ ¢’

F1G. 2,032.—Parallel connection of condensers. Like terminals are joined together. The
capacity of such arrangement is equal to the sum of the respective capacities, that isC=
c+c'+c”.

insulation, a considerably less total thickness affords equally high di-
electric strength.

Ques. How are capacity tests usually made?

Ans. By the aid of standard condensers.

Ques. How are condensers connected?

Ans. They may be connected in parallel as in fig. 2,032, or
in series (cascade) as in fig. 2,033.
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Condensers are now constructed so that the two methods of arranging
the plates may conveniently be combined in one condenser, thereby ob-
taining a wider range of capacity.

Ques. How may the capacity of a condenser, wire, or
cable be tested?

Ans. This may be done by the aid of a standard condenser,
trigger key, and an astatic or ballistic galvanometer.

In making the test, first obtain a ‘‘constant™ by noting the deflection
d, due to the discharge of the standard condenser after a charge of, say,
10 seconds from a given voltage. Then discharge the other condenser,

LR S

FiG. 2,083.—Series or cascade connection of condensers. Unlike terminals are joined to-
gether as shown. The total capacity of such connection is equal to the reciprocal of the

sum of the reciprocals of the several capacities, that is, C =1 +( 2 + cl' + I

<

wire, or cable through the galvanometer after 10 seconds charge, and note
the deflection d’. The capacity C’, of the latter is then

dl
C'=CxX—
d
in which C, is the capacity of the standard condenser.

Ohmic Value of Capacity.—The capacity of an alternating
current circuit is the measure of the amount of eleciricily held
by it when 1ils lerminals are at unit difference of pressure. Every
such circuit acts as a condenser.

If an alternating circuit, having no capacity, be opened, no current can
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be produced in it, but if there be capacity at the break, current may be
produced as in fig. 2,021.

The action of capacity referred to the current wave is as follows: As the
wave starts from zero value and rises to its maximum value, the current
is due to the discharge of the capacity, which would be represented by a
condenser. In the case of a sine current, the period required for the cur-
rent to pass from zero value to maximum is one-quarter of a cycle.

At the beginning of the cycle, the condenser is charged to the
maximum amount it receives in the operation of the circuit.

At the end of the quarter cycle when the current is of max-
imum value, the condenser is completely discharged.

Fio. 2,034.—Knott alternating current demonstration apparatus; three phase Tesla motor,
‘This motor is wound for use on a pressure of not over 4 volts. The windings are made of
three colors of wires and there are six fields with a short circuited rotor. All connections
are open and are connected in star and colored.

The condenser now begins to receive a charge, and continues
to receive it during the next quarter of a cycle, the charge at-
taining its maximum value when the current is of zero intensity.
Hence, the maximum charge of a condenser in an alternating
circuit is equal to the average value of the current multiplied
by the time of charge, which is one-quarter of a period, that is
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maximum charge =average current X 1 period. . . ..... 1)

Since the time of a period =1 -+ frequency, the time of one-
quarter of a period is 14 X (1 + frequency). or

14 period = E ..................... 2)

f, being the symbol for frequency Substituting (2) in (1)

maximum charge = I..>< —

i °0799999920050050500 000

The pressure of a condenser is equal to the quotient of the
charge divided by the capacity, that is

condenser pressure = cha—rg.e ...................... )

Substituting (3) in (4)

condenser pressure = L. X C—— .............
0 ser p. ( j) 1fC

But, I,,= I.,,..,x-2 » and substituting this value of I, in equation

T

(5) gives

Lowe X7 _ Lous
TG TZarC e

This last equation (6) represents the condenser pressure due
to capacity at the point of maximum value, which pressure is
opposed to the impressed pressure, that is, it is the maximum
reverse pressure due to capacity.

Now, since by Ohm's law

condenser pressure =

5
I=—,or E=IXR
=p & X



Alternating Currents 1,435

and as

Low wa—l

277C 2-7C

it follows that —1 is the ohmic value of capacity, that is, it
kY

expresses the resistance equivalent of capacity; using the sym-
bol X, for capacity reactance

FREQUENCY
100

CONDENSER

=
=

22 MICROFARADS
F16. 2,035.—Diagram showing alternating circuit containing capacity. Formula for calculating
the ohmic value of capacity or “capacity reactance” is X,=1+2 » f C, in which X =ca-
pacity reactance; » =3.1416; f =frequency; C =capacity {n farads (not microfarads). 22
microfarads =22 +1,000,000 = .000022 farad. Substituting, X, = 1+{2X3.1416 X100 X
.000022) =72.4 ohms.

Example.—What is the resistance equivalent of a 50 microfarad con-
denser to an alternating current having a frequency of 100?

Substituting the given values in the expression for ohmic value

1 1 1
“2xfC 2x3.1416X100X.000050 .031416

Xe =31.8 ohms
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If the pressure of the supply be, say 100 volts, the current would be
100 +-31.8 =3.14 amperes .

Lag and Lead.—Alternating currents do not always keep in
step with the alternating volts impressed upon the circuit. If
there be inductance in the circuit, the current will lag; if there
be capacity, the current will lead in phase. For example, fig.

PHASE DIFFERENCE
(EQUAL ANGLE OF LAG)

[N | \
AN(!LE of /\
LAG /

& ('\,'l_‘

FiG. 2,036.—Pressure and current curves, illustrating lag. The effect of inductance in a circuit
is to retard the current cycle, that is to say, if the current and pressure be in phase, the
introduction of inductance will cause a phase difference. the current wave “lagging’” be-
hind the pressure wave as shown. In other words, inductance causes the current wave,
indicated in the diagram by the solid curve, to lag behind the pressure wave, indicated by
the dotted curve. Following the curve starting from the left end of the horizontal line, it
will be noted that the current starts after the pressure starts and reverses after the pres-
sure reverses; that is, the current lags in phase behind the pressure, although the frequency
of both is the same.

2,036, illustrates the lag due to inductance and fig. 2,037, the
lead due to capacity.

Ques. What is lag?

Ans. Lag denotes the condition where the phase of one
alternating current quantity lags behind that of another.
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The term is generally used in connection with the effect of inductance
in causing the current to lag behind the impressed pressure.

Ques. How does inductance cause the current to lag
behind the pressure?

Ans. It tends to prevent changes in the strength of the
current.

When two parts of a circuit are near each other, so that one is in the

N - i “""’c
| &
' & 7/
LIN o o “
Y |
N /i 7 |
aNGLE \ / i )
L1, <)

Rt
/ PHASE DIFFERENCE
{ (EQUAL ANGLE OF LEAD)

F1G. 2,037.—Pressure and current curves illustrating /ead. The effect of capacity in a circuit
is to cause the current to rise to its maximum value sooner than it would otherwise do;
capacity produces an effect exactly the opposite of inductance. The phase relation be.
tween current and pressure with current leading is shown graphically by the two arma-
ture positions in full and dotted lines, corresponding respectively to current and pressure
at the heginning of the cycle.

N

magnetic field of the other any change in the strength of the current
causes a corresponding change in the magnetic field and sets up a reverse
pressure in the other wire.

This induced pressure causes the current to reach its maximum value
a little later than the pressure, and also tends to prevent the current
diminishing in step with the pressure.
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Ques. What governs the amount of lag
in an alternating current?

ROD CARRYING POINTER

e
3 PULLEY

JPOINTER INDICATING
TWIST(LAG) IN SHAFT

ANGLE OF TWIST EASHY
APPLIED OR LAG

Fi6. 2,038.—Mechanical analogy of lag.  If at one end force be applied to turn a very long
shaft, having a loaded pulley at the other end, the torsion thus produced in the shaft will cause
it to twist an appreciable amount which will cause the movement of the pulley to lag be-
hind that of the crank. This may be indicated by a rod attached to the pulley and ter-
minating in a pointer at the crank end, the rod being so placed that the pointer registers
with the crank when there is no torsion in the shaft. The angle made by the pointer and
crank when the load is thrown on, indicates the amount of lag which is measured in degrees.

Ans. It depends on the relative values of the various pres-
sures in the circuit, that is, upon the amount of resistance and
inductance which tends to cause lag, and the amount of capacity
in the circuit which tends to reduce lag and cause lead.

Ques. How is lag measured?
Ans. In degrees.
Thus. in fig. 2.036, the lag is indicated by the distance between the

beginning of the pressure curve and the beginning of the current curve,
and is in this case 45°.

Ques. What is the physical meaning of this?

Ans. In an actual alternator, of which fig. 2,036 is an ele-
mentary diagram showing one coil, if the current lag, say 45°
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SCOTCH YOoKE [ N

RETURN | | STROKE e
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Fic6., 2,039 to 2,041 . —Eccentricity of the connecting rod anaiogy of lag. In a steam engine,
the efifect of the angularity of the connecting rod is to cause the piston to lag during
the return stroke behind its true movement when this distortion is absent, The illus-
trations show the familiar Scotch yoke and connecting rod gear between piston and crank
pin. The Scotch yoke gives an undistorted piston movement whereas the connecting rod
introduces the distortion as plainly seen by comparing the two figures. Now with the Scotch
yoke, the piston has moved the same number of divisions or ‘‘degrees’ as the crank pin,
whereas with the connecting rod the piston has moved a lesser number of degrees. Laying
off the two angular positions of the piston in fig. 2,040, gives the angle of lag for the crank
pin position taken in the diagrams. Similarly, if there be fnductance in an alternating cur-
rent circuit, the current will /ag behind the impressed pressure; that is, the current will
rise to its maximum value later than the pressure as shown in fig. 2,036. A point to be
noted is that in the analogy the lag is variable whereas in the alternating circuit it is con-
stant for a given set of conditions.
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behind the pressure, it means that the coil rotates 45° from its
position of zero induction before the current starts, as in fig.

2,036.

Example 1.—A circuit through which an alternating current is passing
has an inductance of 6 ohms and a resistance of 2.5 ohrhs. What is the
angle of lag?

Substituting these values in equation (1), page 1,443,

INDUCTANCE RESISTANCE

6 OHMS 2.5 OHMS

ALTERNATOR
Fi1G. 2,042.—Diagram of circuit for example 1.

6
tan ¢ =— =2.4
ne=33

Referring to the table of natural sines and tangents on page 921 the
corresponding angle is approximately 67°.

Example 2.—A circuit has a resistance of 2.3 ohms and an inductance
of .0034 henry. If an alternating current having a frequency of 125 pass
through it, what is the angle of lag?

INDUCTANCE

FREQUENCY RESISTANCE
125

0.0034 HENRY

2.3 OHMS

ALTERNATOR
Fi1G. 2,043.—Diagram of circuit for example 2.

Here the inductance is given as a fraction of a henry; this must be re-
duced to ohms by substituting in equation (3), page 1,420, which gives
the ohmic value of the inductance; accordingly, substituting the above
given value in this equation

inductance in ohms or X;=2» X 125X .0034 =2.67
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Substituting this result and the given resistance in equation (1), page
1,443,

2.67
23

the nearest angle from table (page 921) is 49°.

tang¢ = =1.16

SCOTCH YOKE

s —t

FORWARD | STROKE e
PP

=
oS .
| . —— o=

N

Fics. 2,044 1o 2,046.—Eccentricity of the connecting rod analogy of lead. In a steam en-
gine, the effect of the angularity of the connecting rod is to cause the piston to travel during
the forward stroke, in advance of its true movement when this distortion is absent. Now
with the Scotch yoke, the piston moves the same number of divisions or “‘degrees’ as the
crank pin, as explained in figs. 2,039 to 2,041, whereas with the connecting rod the piston
has moved further for the same crank pin position. Similarly, if there be capacity in
an alternating current circuit the current will lead or advance ahcad of the impressed
pressure, that is, the current will rise to its maximum value sooner than the pressure as
shown in fig. 2,037.
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Ques. How great may the angle of lag be?

Ans. Anything up to 90°.

The angle of lag, indicated by the Greek letter ¢ (phi), is the angle
whose tangent is equal to the quotient of the inductance expressed in
ohms or ‘‘spurious resistance’” divided by the ohmic resistance, that is

reactance 2« fL
S————— ... e .. (1)
resistance R
THE MOMENTUM OF FLY WHEEL TURNS  sm ROTATION
CRANK PAST DEAD CENTER
TANGENTIAL OR FLY
TURNING COMPONENT~_ WHEEL

OF APPLIED FORCE 40

= ENGINE ON DEAD ZENTERD

Fi16. 2,050.—Steam engine analogy of current flow at zero pressure (see questions below).
When the engine has reached the dead center point the full steam pressure is acting on
the piston, the valve having opened an amount equal to its lead. The force applied at this
instant, indicated by the arrow is perpendicular to the crank pin circle, that is, the tangen-
tial or furning component is equal 0 zero, hence there is no pressure tending to turn the
crank. The latter continues in motion past the dead certer because of the momentum
previously acquired. Similarly, the electric current, which is here analogous to the moving
crank, continues in motion, though the pressure at some instants be zero, because it acts
as though it had weight, that is, it cannot be stopped or started instantly.

Ques. When an alternating current lags behind the pres-
sure, is there not a considerable current at times when the
pressure is zero?

Ans. Yes; such effect is illustrated by analogy in fig. 2,050.

Ques. What is the significance of this?

Ans. It does not mean that current could be obtained from
a circuit that showed no pressure when tested with a suitable
volt meter, for no current would flow under such conditions.
However, in the flow of an alternating current, the pressure
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varies from zero to maximum values many times each second,
and the instants of no pressure may be compared to the ‘‘dead
centers” of an engine at which points there is no pressure to
cause rotation of the crank, the crank being carried past these
points by the momentum of the fly wheel. Similarly the electric
current does not stop at the instant of no pressure because of
the ‘“‘momentum” acquired at other parts of the cycle.

CURVE OF WAVES CURVE OF MOTION OF BOAT
CORRESPONDING TO i LAG

—— CORRESPONDING TO CURRENT

PRESSURE

FiG. 2,051.—Marine analogy of lag. The view shows a fishing dory in a rough sea, LARFG,
being the curve of the waves. Now if the motion of the boat were in phase with the waves,
the same curve LARFG, would give the motion of the boat referred to a point on the water
line. However, due to the inertia of the boat, its motion lags behind that of the waves,
as indicated by the curve larfg. Thus, on the approach of a wave, as shown above,
the bow of the boat submerges to such depth S, that the increased upward thrust overcomes
the inertia and causes the bow to rise; this takes time and accordingly the motion of the
boat lazs behind that of the waves. Similarly, in an alternating current circuit, induct-
ance causes the current to lag bekind the pressure. M, shows normal position of cory; S,
submerged or lagging position.

Ques. On long lines having considerable inductance, how
may the lag be reduced?
Ans. By introducing capacity into the circuit.
In fact, the current may be advanced so it will be in phase with the

pressure or even lead the latter, depending on the amount of capacity
introduced.
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There has been some objection to the term lead as used in describing
the effect of capacity in an alternating circuit, principally on the ground
that such expressions as “lead of current,” *lead in phase,” etc., tend
to convey the idea that the effect precedes the cause, that is, the current
is in advance of the pressure producing it. There can, of course, be no
current until pressure has been applied, but if the circuit have capacity,
it will lead the pressure, and this peculiar behavior is best illustrated by
a mechanical analogy as has already been given.

Ques. What effect has lag or lead on the value of the
effective current?

STARTING STOPPING -ﬂ

8 i e i 4 71 T Iu ;;‘1

" (VOLTS) oont (AMPERES]  — WMOHENT o o4y
T

\(\\‘/: ——— 200
\t w 3
oS oot \n"’é‘s

A
L‘LAG_J LAG _

FiGs. 2,052 and 2,053.—Ferry boat analogy of lag. In starting, the paddle wheels make an
appreciable thrust (volts) before the boat begins to move (amperes). Thus the move-
ment of the hoat (amperes) lags behind the thrust of the paddle wheels (rolfs). In stopping,
the paddle wheels make several reverse turns (reversal of a. ¢. volts) before the movement of
the boat (amperes) ceases. thus lagging behind the thrust of the paddles (rolits).

Ans. As the angle of lag or lead increases, the value of the
effective as compared with the virtual current diminishes.

Reactance.—The term ‘‘reactance” means simply reaction.
It is used to express certain effects of the alternating current
other than that due to the ohmic resistance of the circuit.
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Thus, inductance reactance means the reaction due to the spurious resist-
ance of inductance expressed in ohms; similarly, capacity reactance, means
the reaction due to capacity, expressed in ohms.

It should be noted that the term reactance, alone, that is, unqualified,
is generally understood to mean inductance reactance, though ill advisedly so.

The resistance offered by a wire to the flow of a direct current is ex-
pressed in ohms; this resistance remains constant whether the wire be
straight or coiled. If an alternating current flow through the wire, there
is in addition to the ordinary or ‘“‘ohmic” resistance of the wire, a “‘spuri-
ous’’ resistance arising from the development of a reverse pressure due to
induction, which is more or less in value according as the wire be coiled
or straight. This spurious resistance as distinguished from the ohmic re-
ststance 1s called the reactance, and is expressed in ohms.

INDUCTANCE
FREQUENCY
60
0.5 HENRY

Fic. 2,054.—Diagram of the circuit for example I. Here the resistance is taken at zero,
but this would not he possible in practice, as all circuits contain more or less resistance
though it may be, in some cases, negligibly small.

Reactance may then be defined with respect to its usual significance,
that is, inductance reactance, as the component of the impedance which when
multiplied into the current, gives the walttless component of the pressure.

Reactance is simply inductance measured in ohms.

Example 1.—An alternating current having a frequency of 60 is passed
through a coil whose inductance is .5 henry. What is the reactance?

Here f=60 and L =.5; substituting these in formula for inductive re-
actance,
Xi=2rfL=2X%3.1416 X60X.5=188.5 ohms

The quantity 2= f L or reactance being of the same nature as a re-
sistance, is used in the same way as a resistance. Accordingly, since, by
Ohm'’s law



an expression may be obtained for the volts necessary to overcome re-
actance by substituting in equation (1) the value of reactance previously
given, thus

Example 2.—How many volts are necessary to force a current of 3
amperes with frequency 60 through a coil whose inductance is .5 henry?
Substituting in equation (2) the values here given

E=2xfL1=2=X60X.5X3=>565 volts.

The foregoing example may serve to illustrate the difference
in behavior of direct and alternating cwrrents.

INDUCTANCE
FREQUENCY
60

5 HENRY

ALTERNATOR

F1G. 2,055.—Diagram of circuit for example 2. As in example 1, resistance is disregarded.

As calculated, it requires 565 volts to pass only 3 amperes of alternating
current through the coil on account of the considerable spurious resistance.
The ohmic resistance of a coil is very small, as compared with the spurious
resistance, say 2 ohms. Then by Ohm’s law I =E+R=565+2=282.5
amperes.

Instances of this effect are commonly met with in connection with
transformers. Since the primary coil of a transformer has a high re-
actance, very little current will flow when an alternating pressure is ap-
plied. If the same transformer were placed in a direct current circuit and
the current turned on it would at once burn out, as very little resistance
would be offered and a large current would pass through the winding.

Example 3.—In a circuit containing only capacity, what is the
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reactance when current is supplied at a frequency of 100, and the capacity
is 50 microfarads?

. 1
50 microfarads =50 X m= 00005 farad

capacity reactance, or

1 1

X‘=2,Tc=2x3.1416x100x.00005=31‘84 CTE)

Impedance.—This term, strictly speaking, means the ratio
of any impressed pressure to the current which it produces in a
conduclor. It may be further defined as the lotal opposition in
an electric circuil lo the flow of an alternating current.

CAPACITY

FREQUENCY
-y [—

50 MICROFARADS

ALTERNATOR
FI6. 2,056.—~Diagram of circuit for example 3.

All power circuits for alternating current are calculated with
reference to impedance. The impedance may be called the
combination of:

1. Ohmic resistance;
2. Inductance reactance;
3. Capacity reactance.

The impedance of an inductive circuit which does not contain
capacity is equal to the square root of the sum of the squares of
the resistance and reactance, that is

impedance = V resislance? + reactance®. . ... ......... . .. 1)
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Example 1.—If an alternating pressure of 100 volts be impressed on
a coil of wire having a resistance of 6 ohms and inductance of 8 ohms,
what is the impedance of the circuit and how many amperes will flow
through the coil? In the example here given, 6 ohms is the resistance
and 8 ohms the reactance. Substituting these in equation (1)

Impedance = V62+8t= v 100 = 10 ohms.

The current in amperes which will flow through the coil is, by Ohm's
law using impedance in the same way as resistance.

volts - 100 volts
impedance 10 ohms

current =

=10 amperes.

RESISTANCE INDUCTANCE

ALTERNATOR: CAPACITY

—1
Re

F16. 2,057.—Diagram showing alternating circuit containing resistance, inductance, and ca-
pacity. Formula for calculating the impedance of this circuit is Z = YR+ (X, -X_)*in
which, Z =impedance; R =resistance; X, =inductance reactance; X, =capacity react-
ance. Example: What is the impedance when R =4, X;=94.2, and X ,=724? Sub-
stituting Z = V424 (94.2 —72.4)*=22.2 ohms. Where the ohmic values of inductance and
capacity are given as in this example, the calculation of impedance is very simple, but

when inductance and capacity are given in milli-henrys and microfarads respectively, it
is necessary to first calculate their ohmic values as in figs. 2,055 and 2,056.

The reactance is not always given but instead in some problems the
frequency of the current and inductance of the circuit. An expression
to fit such cases is obtained by substituting 2xfL for the reactance as
follows: (using symbols for impedance and resistance)

Z= VR (2efL)t oo )
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Example 2.—1f an alternating current, having a frequency of 60, be
impressed on a coil whose inductance is .05 henry and whose resistance is
6 ohms, what is the impedance?

Here R=6; f=60, and L =.05; substituting these values in (2)
Z= V6 +(2xX60X.05)*= ¥393 =19.8 ohms.

FREQUENCY INDUCTANCE RESISTANCE
0.05 HENRY © OHMS

ALTERNATOR

F16. 2,098.—Diagram of circuit for example 2.

Example 3.—If an alternating current, having a frequency of 60, be
impressed on a circuit whose inductance is .05 henry, and whose capacity
reactance is 10 ohms, what is the impedance?

X =2nfL =2X3.1416 X60 X .05 = 18.85 ohms.
Z=X;—X.=18.85—10=8.85 ohms.

When a circuit contains besides resistance, both inductance

CONDENSER’
FREQUENCY INDUCTANCE
©0

.05 HENRY

C=10 OHMS

ALTERNATOR

FiG. 2,059.—Diagram of circuit for example 3.

and capacity, the formula for impedance as given in equation
(1), page 1,448. must be modified to include the reactance due



Alternating Currents 1,451

to capacity, because, as explained, inductive, and capacity re-
actances work in opposition to each other, in the sense that the
reactance of inductance acts in direct proportion to the quan-
tity 2 = f L, and the reactance of capacity in inverse proportion
to the quantity 2 = f C. The net reactance due to both, when
both are in the circuit, is obtained by subtracting one from the
other.

To properly estimate impedance then, in such circuits, the

NON-INDUCTIVE COIL INDUCTIVE COIL
4 OHMS 94.3 OHMS
CONDENSER
ALTERNATOR S
72.4 OHMS

F1G. 2,060.—Diagram of circuit for example {.

following equation is used:

impedance = V resistance* + (inductance reactance —capacity reactance)?

or using symbols,
Z= VR (X=X ettt e 3)

Example 4.—A current has a frequency of 100. It passes through a
circuit of 4 ohms resistance, of 150 milli-henrys inductance, and of 22
microfarads capacity. What is the impedance?

a. The ohmic resistance R, is 4 ohms.
b. The inductance reactance, or

Xi=2»fL=2X%X3.1416 X100 .15=94.3 ohms.
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(note that 150 milli-henrys are reduced to .15 henry before substituting
in the above equation).

c. The capacily reaclance, or

1 1

-1 _ =72.
2e/C  2x3. 1416 X 100 X. 000022 [2EEE

X,

(note that 22 microfarads are reduced to .000022 farad before substi-
tuting in the formula. Why? See page 1,426.)

Substituting values as calculated in equation (3), page 1,451.

TERMINALS
LAMINATED
SPOOL: HH IFQ‘ON CORE
- 1 x —::!I.:
t Tt

colL

FiG. 2,061.—Simple choking coil. There is an important difference in the obstruction offered
to an alternating current by ordinary resistance and by reactance. Resistance obstructs
the current by diseipating its energy, which is converted into heat. Reactance obstructs
the current by setting up a reverse pressure, and so reduces the current in the circuit,
withowt wasting much enerzy, except by hysteresis in any iron magnetized. This may be
regarded as one of the advantages of alternating over direct current, for, by introducing
reactance into a circuit. the current may be cut down with comparatively little loss of en-
ergy. This is generally done by increasing the inductance in a circuit. by means of a de-
vice called variously a reactance coil, impedance coil, choking coil, or “‘choker.” 1In the figure
is a coil of thick wire provided with a laminated iron core, which may be either fixed or
movable. In the first case, the inductance, and therefore also the reactance of the coil,
is invariable, with a given frequency. In the second case, the inductance and consequent
reactance may be respectively increased or diminished by inserting the core farther within
the coil or by withdrawing it, the results of which are shown in fig. 2,062.

Z=V4+(94.3—-724)'= V495=22.3 ohms.

Ques. Why is capacity reactance given a negative sign?

Ans. Because it reacts in opposition to inductance, that is,
it tends to reduce the spurious resistance due to inductance.
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In circuits having both inductance and capacity, the tangent of the
angle of lag or lead as the case may be is the algebraic sum of the two
reactances divided by resistance. If the sign be positive, it is an angle
of lag; if negative, of lead.

Resonance.—The effects of inductance and capacity, as al-
ready explained, oppose each other. Ifinductance and capacity
be present in a circuit in such porportion that the effect of one
neutralizes that of the other, the circuit acts as though it were
purely non-inductive and is said to be in a state of resonance.

30,

I!S‘ISTANCE 13 LeonMS
. ' 3

CURRENT « 4 A, '
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FiG. 2.062.—Impedance curve for coil with variable iron core. The impedance of an induc-
tive coil may be increased by moving an iron wire core into the coil. In making a test of this
kind, the current should be kept constant with an adjustable resistance, and volt meter
readings taken, first without the iron core, and again with 1, 2, 3, 4, etc.. inches of core
inserted in the coil. By plotting the volt meter readings and the positions of the iron core
on section paper as above, the effect of inductance is clearly shown.

For instance, in a circuit containing resistance, inductance, and ca-
pacity, if the resistance be, say, 8 ohms, the inductance 30, and the ca-
pacity 30, then the impedance is

V&1 (302 —30°) = V8 =8 ohms.

The formula for inductance reactance is X;=2 = fL, and for
capacity reactance, X.=1+(2 = f C); accordingly if capacity
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Fic. 2.063.—Mechanical analogy of resonance. The illustration shows an air pump and a
water pump connected to a cross yoke. At the instant shown the air piston is subjected
to a 28 in. vacuum, and the water piston to a pressure corresponding to a total load of 31.72
feet. These conditions produce a pressure of 13.75 lbs. acting upward on the air piston
as indicated by arrow L, and an equal pressure acting downward on the water piston as
indicated by the arrow F. Evidently these pressures balance each other; hence, no force
is required to pull up on the yoke except that necessary to overcome any friction in the
system. Similarly, in an alternating current circuit the effects of inductance and capa-
city oppose each other, and accordingly, if inductance and capacity be present in a circuit
in such proportion that the effect of one neutralizes that of the other, the circuit acts as
though it were purely non-inductive and is said to be in a state of resonance, that is, the
only opposition to the flow of current is that due to the resistance of the circuit. In the
illustration force L, corresponds to capacity; F, to inductance and the friction to resistance.
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and inductance in a circuit be equal, that is, if the circuit be
resonant

2fo=‘)—— .................................. 1)

from which

F1Gs. 2,064 and 2,065.—Knott separately mounted resonant Leyden jars, for demonstration
of: 1, resonance between electrical circuits; 2, oscillatory character of the condenser spark;
3, tuning as applied to so-called high frequency circuits, radio experiments, etc. In
operation, one of the jars should be charged by means of a static machine or induction
coil, and at each discharge a simultaneous spark will be obtained from the other jar, pro-
viding that its loop is adjusted to the same position as the loop on the first. Changing the
size of the loop on either of the jars without altering the other will throw them out of tune,
and the charge on one will be much less than on the other. When in tune, the two parts
of the outfit may be removed a considerable distance apart, thus showing in a very clear
manner the sensitiveness of resonant circuits. The outfit is usually equipped with one
quart Leyden jars, but jars either larger or smaller may be used, if at hand. thereby greatly
increasing the educational value of the device, for it can be shown that to obtain resonance
the value of the condenser times the inductance or loop must be the same, that is, a large jar
discharging through a small part of the loop of conductor will energize the other or smaller
jar through a larger part of its circuit.

Ques. What does equation (1) show?

Ans. It indicates that by varying the frequency in the
proper way as by increasing or decreasing the speed of the
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alternator, the circuit may be made resonant, this condition
being obtained when the frequency has the value indicated by
equation (2).

Ques. What is the mutual effect of inductance and ca-
pacity?

Ans. One tends to neutralize the other.

FREQUENCY RESISTANCE INDUCTANCE

7 OHMS CARACIIY 0.0t HENRY

ALTERNATOR ' 253 MICROFARADS

Fi16. 2,065.—~Diagram of a resonant circuit. A circuit is said to be resonant when the in-
ductance and capacity are in such proportion that the one neutralizes the other, the circuit
then acting as though it contained only resistance. In the above circuit X, =2 = f L=
2X3.1416 X100 X.01 =6.28 ohms; X =1 +(2 X3.1416 X 100 X.000253) =6.28 ohms whence
the resultant reactance =X, —X, =6.28 ~6.28 =0 ohms. Z= VR +(X;~X)?= V7140t =
7 ohms.

CHOKING CO1L
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©
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@
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______ -
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SWITCH MMETER *
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F1G. 2,067.—Application of a choking coil to a lighting circuit. The coil is divided into sec-
tions with leads running to contacts similar to a rheostat. Each lamp is provided with an
automatic short-circuiting cutout, and should one, two, or more of them fail, a corresponding
number of sections of the choking apparatus is put in circuit to take the place of the broken
lamp or lamps, and thus keep the current constant. It must not be supposed that this
arrangement of lamps, etc., is a general one; it being adopted to suit certain special con-
ditions.
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Ques. What effect has resonance on the current?

Ans. It brings the current in phase with the impressed
pressure.

50

60
FREQUENCY

F16. 2,068.—Curve showing variation of current by increasing the frequency in a circuit
having inductance and capacity. The curve serves to illustrate the “critical frequency” or
frequency producing the maximum current. The curve is obtained by plotting current
values corresponding to different frequencies, the pressure being kept constant.

It is very seldom that a circuit is thus balanced unless intentionally
brought about; when this condition exists, the effect is very marked, the
pressure rising excessively and bringing great strain upon the insulation
of the circuit,

Ques. Define ‘“‘critical frequency.”

Ans. In bringing a circuit to a state of resonance by in-
creasing the frequency, the current will increase with increasing
frequency until the critical frequency is reached, and then the
current will decrease in value for further increase of frequency.
The critical frequency occurs when the circuit reaches the con-
dition cf resonance.
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Ques. How is the value of the current at the critical fre-
quency determined?

Ans. By the resistance of the circuit.

Skin Effect.—This is the tendency of alternating currents
to avoid the central portions of solid conductors and to flow or
pass mostly through the outer portions. The so called skin
effect becomes more pronounced as the frequency is increased.

CONDUCTOR

Fi16. 2.069.—Section of conductor illustrating “‘skin effect” or tendency of the alternating
current to distribute itself unequally through the cross section of the conductor as shown
by the varied shading flowing most strongly in the outer portions of the conductor. For
this reason it has been proposed to use hollow or flat conductors instead of solid round
wires. lHowever with frequency not exceeding 100 the skin effect is negligibly small in
copper conductors of the sizes usually employed. Where the conductor is large or the
frequency high the effect may be judged by the following examples calculated by Professor
J. J. Thomson: In the case of a copper conductor exposed to an electromotive force making
100 periods per second at 1 centimeter from the surface, the maximum current would be
only .208 times that at the surface; at a depth of 2 centimeters it would be only .043; and
at a depth of 4 centimeters less than .002 part of the value at the surface. If the frequency
be a million per second the current at a depthof 1 millimeter 1s less than one six-millionth
part of its surface value. The case of an iron conductor is even more remarkable.  Taking
the permeability at 100 and the frequency at 100 per second the current at a depth of 1
millimeter is only .13 times the surface value; while at a depth of 5 millimeters it is lese
than one twenty-thousandth part of its surface value. The disturbance of current density
may be looked upon as a self-induced eddy current in the conductor. It necessarily results
in an increase of ohmic loss; as compared with a steady current: proportional to the square
of the total current flowing and consequently gives rise to an apparent increase of ohmic
resistance. The coefficient of increase of resistance depends upon the dimensions and the
shape of the cross section, the frequency and the specilic resistance. A similar but distinct
effect is experienced in conductors due to the neighborhood of similar parallel currents. For
example, in a heavy multicore cable the non-uniformity of current density in any core may
be considered as partly due to eddy currents induced by the currents in the neighboring
cores and partly to the self-induced eddy current. It is only the latter effect which should
rightly be considered as comprised under the term skin effect.
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Ques. What is the explanation of skin effect?

Ans. It is due to eddy currents induced in the conductor.

Consider the wire as being composed of several small insulated wires
placed closely together. Now when a current is started along these sep-
arate wires, mutual induction will take place between them, giving rise
to momentary reverse pressures, Those wires which are nearer the center,
since they are completely surrounded by neighboring wires, will clearly
have stronger reverse pressures set up in them than those on or near the
outer surface, so that the current will meet less opposition near the sur-
face than at the center, and consequently the flow will be greater in the
outer portions.

Ques. What is the result of skin effect?

Ans. It results in an apparent increase of resistance.

The coefficient of increase of resistance depends upon the dimensions
and the shape of the cross section, the frequency, and the specific re-
sistance.

Hughes, about 1883, called attention to the fact that the resistance of
an iron telegraph wire was greater for rapid periodic currents than for
steady currents.

In 1888 Kelvin showed that when alternating currents at moderately
high frequency flow through massive conductors, the current is prac-
tically confined to the skin, the interior portions being largely useless for
the purpose of conduction. The mathematical theory of the subject has
been developed by Kelvin, Heaviside, Rayleigh, and others.

TEST QUESTIONS

1. Define alternating currents.

2. What are the advantages and disadvantages of al-
ternating currents?

3. State alternating current principles.

4. What is the application of the sine curve?

5. What is the meaning of the equation y=sing ?

6. What is an alternation?
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Fias. 2,070 to 2,073.—Text continued.

gs (Tesla ring) indi-

g the squirrel cage rotor

es of different colors; the
pparatus; fig. 2,071, four coil

y the distributing apparatus,
ichever happens to be in con-

nection, as in fig. 2,070 The magnetic needle or the iron disc inside within the coils of the Ferraris coils will rotate under the

influence of the rotating field. Synchronous rotation can be obtained by using the four or six coil ir9n rin
cated by the magnetic needle or iron disc. The asynchronous rotation can be demonstrated by insertin

current should be used. This current is transformed into alternating or three phase current b
in place of the magnetic needle or the iron disc. The rings of the Ferraris coil are wound with wir

fig. 2,070. This current will flow through the Ferraris coils or the four or six coil iron ring, wh
coils of the iron rings have also wires of different colors. Fig. 2,070, current distributing a

iron ring; fig. 2,072, Ferraris triple coil, fig. 2,073, six coil iron ring.

O 00~

11.
12.

13.
14.

15.
16.

17.
18.
19.
20.

21.

22.
23.
24.

25.
26.

What is the amplitude of the current?

. Define the terms period and frequency.

What frequencies are used in com-
mercial machines?

What is the advantage of low frequency?

What is phase?

Explain the terms in phase and out of
bhase.

What is synchronism?

What is the difference between maxi-
mum, average and virtual volts?

What are effective volts and amperes?

What is the expression for form factor
and what does it indicate?

What is the relation between the shape
of the wave curve and the form factor?

What determines the form of the wave?

What is single phase current?

Describe two phase and three phase
current.

Give hydraulic analogy illustrating the
difference between direct (contin-
uous) and alternating current.

How must an alternator be constructed
lo generate two phase current?

How many wires are required for two
phase and three phase distribution?

How is three phase current generated?

What is induction?

Describe an experiment illustrating self
induction in an alternating current
circuit.
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27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.
41.
42.

43.

44.
45.
46.
47.
48.
49.
50.
S1.
52.
5.

What is the difference between ohmic and spurious
resistance?

What is the unit of induction?

What other name is given to the henry?

What is the formula for the henry?

Give hydraulic and mechanical analogy of induction.

Describe a choke coil.

What is the ohmic value of inductance?

Define capacity.

Give hydraulic analogy illustrating capacity.

What is the effect of capacity?

Name the unit of capacity and define it.

Explain the effect of a condenser in direct and alter-
nating current circuits.

What is specific inductive capacity?

How are capacity tests usually made?

What is the ohmic value of capacity?

What is the difference between lag and lead? Define
each.

How does inductance cause the current to lag behind
the pressure?

How is lag measured?

Give analogies of lag and lead.

How great may the angle of lag be?

Can there be current flow at zero pressure?

Define reactance.

What is impedance?

What is resonance?

Give mechanical analogy of resonance.

What is the mutual effect of inductance and capacity?

Explain the terms critical frequency and skin effect.
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CHAPTER 48

Alternating Current
Diagrams

Whenever an alternating pressure is impressed on a circuit,
part of il is spent in overcoming the resistance, and the rest goes
to balance the reverse pressure due lo self-induction.

The total pressure applied to the circuit is known as the impressed pres-
sure, as distinguished from that portion of it called the active pressure
which is used to overcome the resistance, and that portion called the self-
induction pressure used to balance the reverse pressure of self-induction.

The intensity of the reverse pressure induced in a circuit due to self-
induction is proportional to the rate of change in the current strength.

Thus a current, changing at the rate of one ampere per second, in flow-
ing through a coil having a coefficient of self-induction of one henry, will
induce a reverse pressure of one volt.

Ques. Describe how the rate of change in current strength
varies, and how this affects the reverse pressure.

Ans. The alternating current varies from zero to maximum
strength in one-quarter period, that is, in one-quarter revolution
or 90° of the generating loop as represented by the sine curve
in fig. 2,074. Now, during, say, the first 10 degrees of rotation
(from 0 to A), the current jumps from zero value to A’, or 414
amperes, according to the scale; during some intermediate 10
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degrees of the quarter revolution, as from B to C, the current
increases from B’ to C’ or 274 amperes, and during another 10
degrees as from D to E, at the end of one-quarter revolution
where the sine curve reaches its amplitude, it rises and falls 14
ampere. It is thus seen that the rafe of change varies from a
maximum when the current is least, to zero when the current
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AMPERES
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Fi1G. 2,074.—Sine curve showing that the rate of change in the strength of an alternating cur-
rent is greatest when the current is least, and zero when the current is at @ maximum. This is
evident from the diagram, since during say the first 10° as OA, the current increases 414
amperes; during BC, 274 amperes; during DE, it rises and falls }§ ampere. The reverse pres-
sure of self-induction being proportional to the rate of change of the current, is a maximum
when the current is zero, and zero when the current is a maximum, giving @ phase difference
of 90° between teverse pressure of self-induction and current.

s

is at its maximum. Accordingly, the reverse pressure of self-
induction being proportional o the rate of change in the current
strength, is greatest when the current is at zero value, and zero
when the current is at its maximum.

This relation is shown by curves in fig. 2,075, and it should be noted
that the reverse pressure and current are 90° apart in phase. For this rea-
son many alternating current problems may be solved graphically by the
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use of right angle triangles, the sides, drawn to some arbitrary scale, to
represent the quantities involved, such as resistance, reactance, impedance,
etc.

Properties of Right Angle Triangles.—In order to under-
stand the graphical method of solving alternating current prob-
lems, it is necessary to know why certain relations exist be-
tween the sides of a right angle triangle.” For instance, in every
right angle triangle:

The square of the hypothenuse is equal lo the sum of the squares
of lhe other two sides.

&
K%
Q.
>, DUE _ To
O 66
‘;:5\)“ (F‘//v
0 RE o Oue
IL 90 180 2lo. 360°
by Lk
ReVESS
PHASE
DIFFERENCE
H—— 90° ——

F1G. 2,075.—Sine curves showing phase relation between current and reverse pressure of self-
induction. This reverse pressure, being proportional lo the rate of change in the current strength,
s greatest when the current is at zero value, and zero when the current is maximum, and in
phase is 90° behind the current.

That is, condensing this statement into the form of an equa-
tion:
hypothenuse® = base? +allituder. . ... ................... 1)

the horizontal side being called the base and the vertical side,
the altitude.
This may be called the equation of the right angle triangle.

Ques. Why is the square of the hypothenuse of a right
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angle triangle equal to the sum of the squares of the other
two sides?

Ans. This may be explained with the aid of fig. 2,076.
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F16. 2,076.—In a right angle triangle the square on the hypothenuse is equal to the sum of the
squares on the other two sides. That is: hypothenuse® =base*+altitude’. Draw AB, 4 inches
long, and BC, 3 inches long and at right angles to AB. Join AC, which will be found to
be 5 inches long. From the diagram, it must be clear that the square on AC =sum of squares
on Alz'and BC: that is, 51=4243?. Further, 4:=5:=3% 3?=51—4% 5= V41433 4=
V53, 3= V51 —42,
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Draw a line AB, 4 inches in length and erect a perpendicular BC, 3
inches in height; connect A and C, giving the right angle triangle ABC.
It will be found that AC, the hypothenuse of this triangle is 5 inches long.

If squares be constructed on all three
the hypothenuse will have an area of

sides of the triangle, the square on
25 sq. ins.; the square on the base,

16 sq. ins., and the square on the altitude, 9 sq. ins. Then from the figure

5 =443, that is 25=16+Y.

Repeating equation (1). it is evident from the figure that

hypothenuse?
52

25

o

that is,

base? +altitude?
43 3

b

16 + 9,

o
s |
e
=
[
-}
<

I::Ia. 2,077.~—~Graphical representation of the formula: hypothenuse = ¥ basci--altitude?,

In the right angle triangle, the

base® = hypothenuse® — allitude®
42 32

52

altitudet = hypothenuse® — base*
3 42

— 52

following relations also hold:

..................
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In working impedance problems, it is not the square of any
of the quantities which the sides of the triangle are used to
represent that is required, but the quantities themselves, that
is, the sides. Hence extracting the square root in equations
(1), (2) and (3), the following are obtained:

hypothenuse = Voase* +altitude®. . ..........ccuvueen.. (@)

3 =v 4 4+ 42
base = YV hypothenuse*—altitude?. . . .............(D)
4 =V 5 - 3

—80 LBS. STEAM PRESSURE

320 LBS.,

scALEglrj,-'-}/o_o LBSY
2

).. Ellllllilll

Fi1c. 2.078.—Diagram illustrating the representation of forces by
straight lines. If 80 Ibs. of steam be applied to a piston of 4
square inches area, the total pressure acting on the piston is 4 X80
=3201hs. This may be balanced by an equal and opposite force.
To represent the latter by a line, select any convenient scale s
whose divisions represent any convenient number of pounds, as -
1, 3, 5, or, as here taken, 25 lbs. If the scale selected be divided
into inches with Y -inch divisions, then each 3{ inch represents
a force of 25 lhs.; or, as usually stated, 1* =100 lbs. Strictly!
speaking 1”7 is equivalent to 100 Ihs. Draw the line A B =3.2 then
its length represents the magnitude of the force or 320lbs., that is, 3.2 X100 =320 lbs.

altitude = Y hypothenuset—base®. . ................(6)

3 =Y 5 — &
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Thus in fig. 2,078, the force necessary to balance the thrust on the
steam piston may be represented by the straight line AB, whose length meas-
ured on any convenient scale represents the intensity of the force, and
whose direction represents the direction of the force.

Composition of Forces.—This is the operation of finding a
single force whose effect is the same as the combined effect of two
or more given forces. The required force is called the resullant
of the given forces.

Cr-————-—r———mm— —_D

COMPONENT

)
%
o

4

-
A COMPONENT - B

F16. 2.080.—Parallelogram of forces; method of obtaining the resultant of two components
acting at right angles.

The ¢>mposition of forces may be illustrated by the effect of the wind
and tide on a schooner as in fig. 2,079. Supposing the boat be acted upon
by the wind so that in a given time, say half an hour, it would be moved
in the direction and a distance represented by the line AB, and that in
the same time thre tide would carry it from A, to C. Now, lay down AB,
to any c-avenient scale, representing the effect of the wind, and AC,
that of the tide, and draw BD, equal, and parallel to AC, and CD, equal
and parallel to AB, then the diagonal AD, will represent the direction and
distance the boat will move under the combined effect of wind and tide.
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Ques. In fig. 2,079 what is the line AD called?

Ans. The resultant, that is, it represents the actual move-
ment of the boat resulting from the combined forces of wind and

tide. NON-INDUCTIVE  INDUCTIVE
coiL 5 coi

B LR |R

IMPRESSED ACTIVE SELF INDUCTION
PRESSURE PRESSURE PRESSURE

F16. 2,081.—Diagram illustrating the active, and self-induction pressures, or the two compo-
nents of the impressed pressure in circuits containing resistance and inductance. The
active pressure is the volts required to overcome the resistance of the circuit. In the figure
only the portion from A toC, is considered as having res:stance (the rest being negligibly
small) except at R, a resistance equivalent to that of the inductive coil is inserted next to
the non-inductive coil, so Pa will give the total “‘ohmic drop'* or active pressure. that is,
the pressure necessary to force any equivalent direct current from A to C. Tris active
pressure Pa or component of the impressed pressure is in phase with the current. The
other component or self-induction pressure P# that is the reactance drop necessary to over-
come the reverse pressure of self-induction and is at right angles to the current and 90°
ahead of the current in phase. It is registered by a volt meter between B and C. less the
pressure due to ohmic resistance of the inductive coil. The impressed pressure Pim then
or total pressure required to force eiectricity around the circuit not inciuding the iesistance
R (which is removed from the circuit when the reading of the impressed pressure is tahen),
is equal to the square root of the sum of the squares of the two components, that is, Pim =

v (Pa)14 ()2,

Ques. What are the forces, AB and AC in fig. 2,079, rep-
resented by the sides of the parallelogram, and which act
upon a body to produce the resultant, called?

Ans. The components.

Example.—Two forces, one of 3 lbs. and one of 4 lbs. act at a point
A, in a body and at right angles, what is the resultant?
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Take any convenient scale, say 1 in.=1 Ib., and lay off (fig. 2,080).
AB =4 ins. =4 Ibs.; also, AC (at right angles to AB) =3 ins. =3 lbs. Draw
CD and BD, parallel to AB and AC, respectively, and join AD. The line
AD, is the resultant of the components AB and AC, and when measured
on the same scale from which AB and AC, were drawn will be found to
be 5 inches long, which represents 5 lbs. acting in the direction AD.

Circuits Containing Resistance and Inductance.—In circuits
of this kind where the impressed pressure encounters both re-

D — — €
|
|
|
|
|
|

REACTANCE DROP

A OHMIC DROP B

FiG. 2,0382.—Graphical method of obtaining the impressed pressure in circuits containing
resistance and inductance, having given the ohmic drop, and reactance drop due to in-
ductance. With any convenient scale lay off AB =ohmic drop and erect the perpendicular
BC =reactance drop (using same scale). Join AC, whuse length (measured with same
scale) will give the impressed pressure. Constructing a parallelogram with dotted lines
AD and CD, it is evident that AC, is the resultant of the two components AB, and BC, or
its equal AD.

sistance and inductance, it may be looked upon as split up
into two components, as already explained, one of which is
necessary to overcome the resistance, and the other, the induc-
tance. That is, the impressed pressure is split up into

1. Active pressure, to overcome resistance;
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2. Self-induction pressure, to overcome inductance.

The active pressure is in phase with the currenl.

- The self induction pressure is at right angles lo the current and 90 degrees
ahead of the current in phase.

Ques. Why is the active pressure in phase with the cur-
rent?

Ans. The pressure used in overcoming resistance is from
Ohm’s law, E =RI. Hence, when the current is zero, E, is zero,
and when the current is a maximum E, is a maximum. Hence,
that component of the impressed pressure necessary to over-
come the resistance must be in phase with the current.

Ques. Why is this?

Ans. Since the reverse pressure of self induction is 90° behind
the current, the component of the impressed pressure necessary
to overcome the reverse pressure of self-induction, being op-
posite to this, will be represented as being 90° ahead of the cur-
rent.

The distinction between the reverse pressure of self-induction, that is,
the induced pressure, and the pressure necessary to overcome self-induc-
tion should be carefully noted. They are two equal and opposite forces,
that is, two balancing forces just as it is shown in fig. 2,078. Here, in
analogy, the thrust of the piston may represent the induced pressure and
the equal and opposite force indicated by the line AB, the component of
the impressed pressure necessary to balance the induced pressure.

The Active Pressure or ‘‘Ohmic Drop.””—The component of the
impressed pressure necessary to overcome resistance, is from Ohm’s law:

aclive pressure =ohmic resistance Xvirlual current
that is
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OHMIC DROP

B

this is the *‘ohmic drop” and may be represented by a line AB, fig. 2,082
drawn to any convenient scale, as for instance, 1 in.=10 volts.

The Self-Induction Pressure or ‘“‘Reactance Drop.”’—The com-
ponent of the impressed pressure necessary to overcome theinduced
pressure, is from Ohm’s law:

inductance pressure =inductance reactance Xvirtual current;

that is, .
E=Xdeoeoo oo ..(2)

Now the reactance X;, that is the spurious resistance, is obtained from
the formula

15 VOLTS

REACTANCE DROP ¢

SCALE: 1IN « 4 VOLTS

Fic. 2,083.—Diagram for impressed pressure on circuit containing 5 volts ohmic drop and

15 volts reactance drop.

as explained on page 1,420, and in order to obtain the volts necessary to
overcome this spurious resistance, that is, the “‘reactance drop” as it is
called, the value of X, in equation (3) must be substituted in equation(2),

giving
Ei=2<fLL................... 4)

writing simply I for the virtual pressure.

Since the pressure impressed on a circuit is considered as made up of
two components, one in phase with the current and one at right angles
to the current, the component E;or “reactance drop’ as given inequa-
tion (4) may be represented by the line BC, in fig. 2,082, at right angles
to AB, and of a length BC, measured with the same scale as was measured
AB, to correspond to the value indicated by equation (4).



A. C. Diagrams 1,475

Example.—In an alternating circuit, having an ohmic drop of 5 volts,
and a reactance drop of 15 volts, what is the impressed pressure?

With a scale of say, }{ inch=one volt, lay off, in fig. 2,083. AB=5
volts=11{ in., and, at right angles to it, BC=15 volts =1f or 337 ins.
Join AC; this measures 3.95 inches, which is equivalent to 3.95X4=15.8

volts, the impressed pressure. By using good paper, such as bristol board,
a 6H pencil, engineers’ scale and triangles or square, such problems are
solved with precision. By calculation impressed pressure= V524152=
15.8 volts. Note that the diagram is drawn with the side BC horizontal
instead of AB, simply to save space.

NON ~INDUCTIVE COtL INDUCTIVE COIL

OHMIC DROP REACTANCE DROP
5 VOLTS 15 VOLTS
IMPRESSED PRESSURE
ALTERNATOR 15.8 VOLTS
° !

Fi16. 2,084. —Diagram of circuit containing 5 volts ohmic drop, and 15 volts reactance drop.

Example 1.—In an alternating circuit, having an ohmic drop of 5 volts
and an impressed pressure of 15.8 volts, what is the reactance drop?

In fig. 2,085, draw a horizontal line of indefinite length and at any
point B erect a perpendicular AB =5 volts. With A as center and radius
of length equivalent to 15.8 volts, describe an arc cutting the horizontal
line at C. This gives BC, the reactance drop required, which by mease
urement is 15 volts.

Example 2.—An alternating current of 10 amperes having a frequency
of 60, is impressed on a circuit containing a resistance of 5 ohms and an
inductance of 15 milli-henrys. What is the impressed pressure?

The active pressure or ohmic drop is 5X10 =50 volts.




1,476 A. C. Diagrams

OHMIC OROP

The inductance reactance or X is 2X3.1416 X60X .015=5.66 ohms.
Substituting this and the current value 10 amperes in the formula for
inductance pressure or reactance drop (equation 2 on page 1,474) gives
E;=5.65X10=56.5 volts.

In fig. 2,088, lay of AB =50 volts, and BC =56.6 volts. Using a scale
of 20 volts to the inch gives AB=2.5 ins., and BC=2.83 ins. Joining
AC gives the impressed voltage, which by measurement is 75.4 volts.

IS VOLTS /

REACTANCE DROP TAY
SCALE: 1 IN.» 4 VOLTS

Fic. 2,085.—Diagram for obtaining reactance drop in circuit containing 5 volts ohmic drop.

and 15.8 volts impressed pressure.

orMIC OROP

B 15 VOLTS
REACTANCE DROP

(od
-

FiG. 2,086.—Diagram for obtaining ohmic drop in the circuit fig. 2,084 when impressed pres-

sure and reactance drop are given. Lay off BC, to scale =reactance drop; draw AB, at right
angles and of indefinite length; with C, as center and radius of length =impressed pressure,
describe an arc cutting ohmic drop line at A, then AB =ohmic drop =5 volts by measurement.
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OHMIC DROP

B REACTANCE DROP c

Fi16. 2,087.—Graphical method of finding angle of lag when the ohmic drop and reactance
drop are given. The angle of lag ¢, is that angle included between the impressed pressure
and the ohmic drop lines, that is, between AC and AB.

c
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x

50 VOLTS

A ORMIC DROF B

SCALE: 1IN+ 20 VOLTS

F1G. 2,088.—Diagram for impressed pressure on circuit containing 5 ohms resistance and
inductance of 15 milli-henrys, the current being 10 amperes with frequency of 60.
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In some problems it is required to find the impedance of a
circuit in which the ohmic and spurious resistances are given.
This is done in a manner similar to finding the impressed pres-
sure.

Ohmic resistance and spurious resistance or inductance re-
actance both tend to reduce an alternating current. Their

FREQUENCY 60

15 MILLI-HENRYS

10 AMPERES

ALTERNATOR IMPRESSED VOLTAGE

Fic. 2,089.—Diagram of circuit containing 5 ohms resistance, 15 milli-henrys inductance,
with 8 ampere 60 frequency current.

REACTANCE

R

A RESISTANGE 8

F1G. 2,090.—Graphical method of obtaining the impedance in circuits containing resistance and
inductance, having given the resistance and reactance, that is, the ohmic resistance and
spurious resistance. With any convenient scale lay off AB =resistance, and erect the per-
pendicular BC =reartance (using the same scale); join AC, whose length (measured with
the same scale) will give the impedance.
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combined action or impedance is equal to the square root of
the sum of their squares, that is,

impedance = V resistance? +reactance?

This relation is represented graphically by the side of a right
angle triangle as in fig. 2,090, in which the hypothenuse cor-
responds to the impedance, and the sides to the resistance and
reactance.

REACTANCE

4 OHMS
A RESISTANCE 5

F16. 2,031.—Diagram for obtaining the impedance of a circuit containing 4 ohms resistance
and 3 ohms reactance. *

Example.—In a certain circuit the resistance is 4 ohms, and the re-
actance 3 ohms. What is the impedance?

In fig. 2,091, lay off, on any scale AB=4 ohms and erect the perpen-
dicular BC =3 ohms. Join AC, which gives the impedance, and which
is, measured with the same scale. 5 ohms.
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Example 1.—A coil of wire has a resistance of 20 ohms and an in-
ductance of 15 milli-henrys. What is its impedance for a current having
a frequency of 1002

The ohmic value of the inductance, that is, the reactance is
27 fL=2X%3.1416X100X.015=9.42 ohms.

In fig. 2,092, lay off, on any scale, AB =20 ohms, and the perpendicular
BC to length=9.42 ohms. Join AC, which gives the impedance, which
is, measured on the same scale, 22.1 ohms.

Example 2.—What is the angle of lag in a circuit having a resistance
of 4 ohms and a reactance of 3 ohms?

C

2TfLs
27100 20,015 =
9.42

A

R=*20 OHMS B

Fic. 2,092.—Diagram for impedance of circuit containing 20 ohms resistance, and inductance
of 15 millihenrys, when the frequency is 100,

Construct the impedance diagram in the usual way as in fig. 2,093,
then the angle included between the impedance and resistance lines (de-
noted by ¢) is the angle of lag, that is, the angle BAC. By measurement
with a protractor it is 37 degrees. By calculation the tangent of the
angle of lag or

ano=BC_3 or 75
an¢=py =7 or .
From the table on page 921, the angle is approximately 37°.

Circuits Containing Resistance and Capacity.—The effect of
capacity in an alternating current circuit is to cause the current
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to lead the pressure, since the reaction of a condenser, instead
of tending to prolong the current, tends to drive it back.

Careful distinction should be made between capacity in series with a
circuit and capacity fn paraliel with a branch of a circuit. The discussion
here refers to capacity in series, which means that the circuit is not con-
tinuous but the ends are joined to a condenser, as shown at the right in
fig. 2,094, so that no current can Hlow except into and out of the condenser.

C

REACTANCE: 30HMD

REACTANCE _ 8
TAN.@ * RESISTANCE © 7 0N 075

$(rROM TABLE)e ar®

$-ancLE OF LaG

y B

A REGISTANCE * 4 ORMS

Fic. 2,093.—Diagram showing angle of lag for current containing 4 ohms resistance and 3
ohms reactance.

Ques. In circuits containing resistance and capacity upon
what does the amount of lead depend?

Ans. Upon the relative values of the resistance and the
capacity reactance.

Ques. Describe the action of a condenser when current
is applied.
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Ans. When the current begins to flow into a condenser, that
is, when the flow is maximum, the back pressure set up by the
condenser (called the condenser pressure) is zero, and when the
flow finally becomes zero, the condenser pressure is maximum.

Ques. What does this indicate?

Ans. It shows that the phase difference between the wave
representing the condenser pressure and the current is 90°, as
illustrated in fig. 2,095.

CIRCUIT CONTINUOUS CIRCUIT NOT CONTINUOUS
A
5 ——— M
CAPACITY IN SERIES
CAPACITY IN
PARALLEL
W 5
SWITCH Z
-4
[ ]
ALTERNATOR

Fic. 2,094 —Circuit diagram illustrating the distinction bhetween capacity in series and ca-
pacity in parallel. The condition for capacity in series is that the circuit must be discon-
tinuous as at M; for capacity in parallel the main circuit must be continuous; this means
that the capacity must be inserted in a branch of the main circuit as at A. In the figure
the capacity S.is connected fn series with respect to the branch, that is, the branch is dis-
continuous, but it is #n parallel with respect to the main circuit, when the latter is con-
tinuous, that is, when the switch W, is closed. If W, be opened, the main circuit becomes
discontinuous and S, is changed from in parallel to n series connection.

Ques. Is the condenser pressure ahead or behind the
current and why?

Ans. It is ahead of the current. The condenser pressure,
when the condenser is discharged being zero, the current enters
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at a maximum velocity as at A, in fig. 2,095, and gradually de-
creases to zero as the condenser pressure rises to maximum at
B, this change taking place in one-quarter period. Thus the
condenser pressure, which opposes the current, being at a maxi-
mum when the current begins its cycle is 90° ahead of the cur-
rent, as is more clearly seen in the last quarter of the cycle
(fig. 2,095).

Ques. What is the phase relation between the condenser

CONDENSER PRESSURE

90°AHEAD OF THE CURRENT
CUﬁ
”,
N
&
4
s 2y
& &
&) %
U, 4PERIOD
o’ % B .
AN 180° & 270 3
r o q}‘b 315’
920> ) S
«— Do S
)
W8y | 8 Qtoenses
& .CON‘)‘

F1G. 2,005.—Current and pressure curves showing that the condenser pressure is 90° ahead
of the current. A current flowing into a condenser encounters a gradually increasing pres-
sure which opposes it, beginning from zero pressure when the current enters at mazimum
flow and increasing to the same value as the current pressure, at which time the current
ceases to flow. Hence, since the current varies from zero to maximum in one quarter pe-
riod, or 90°, the phase difference between current and condenser pressure is 90°. The con-
denser pressure reaching a positive maximum when the current starts from zero on the
positive wave, is 90° ahead of the current.

pressure and the pressure applied to the condenser to over-
come the condenser pressure?

Ans. The pressure applied to the condenser to overcome
the condenser pressure, or as it is called, the capacity pressure,
must be opposite to the condenser pressure, or 90° behind the
current.
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In circuits containing resistance and capacity, the total pres-
sure impressed on the circuit, or impressed pressure, as it is
called, is made up of two components:

1. The active pressure, or pressure necessary to overcome
the resistance;

The active pressure is in phase with the current.

2. The capacity pressure, or pressure necessary to overcome
the condenser pressure.

4 360°

CAPACITY PRESSURE
90° BEHIND THE CURRENT

Fi1G. 2,096.—Current and pressure curves, showing phase relation between the current,
condenser pressure, and impressed or capacily pressure necessary to overcome the con-
denser pressure. The capacity pressure, since it must overcome the condenser pressure,
is equal and opposite to the condenser pressure, that is, the phase difference is 180°. The
condenser pressure being 90° akead of the current, the impressed pressure is 90° behind
the current.

The capacity pressure is 90° behind the current.

Problems involving resistance and capacity are solved sim-
ilarly to those including resistance and inductance.

The Active Pressure, or ‘“Ohmic Drop.””—This, as before explained
is represented, in fig. 2,097, by a line AB, which in magnitude equals,
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by Ohm’s law, the product of the resistance multiplied by the current,
that is,

The Capacity Pressure or ““Reactance Drop.””—This component of
the impressed pressure, is, applying Ohm’s law,

capacity pressure=capacily reactance Xoirtual current.

OHMIC DROP 8

Eo* Ri

REACTANCE DROP

C

F1G. 2,097.—Graphical method of obtaining the impressed pressure in circuits containing re-
sistance and capacity, having given the ohmic drop and reactance drop due to capacity.
With any convenient scale, lay off AB =ohmic drop, and at right angles to AB, draw BC =
reactance drop (using the same scale). Join AC, whose length (measured with the same
scale) will give the impressed pressure. The mathematical expressions for the three quan-
tities are given inside the triangle, and explained in the text.

In this, the expression for capacity reactance X., that is, for the value
of capacity in ohms is, as explained on page 1,435,
1

Substituting this value of X, in equation (2) and writing I for virtual
current.
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I
=szF........ .......... (4)

CAUTION—The reader should distinguish between the 1 (one) in (3) and the letter I in
(4); which look alike.

E

Since the capacity pressure is 90° behind the current, it is represented
in fig. 2,097, by a line BC, drawn downward, at right angles to AB, and
of a length corresponding to the capacity pressure, that is, to the react-
ance drop.

The Impressed Pressure.—Having determined the ohmic and re-
actance drops and represented them in the diagram, fig. 2,097, by lines

CONDENSER *
RESISTANCE

FREQUENCY
60 30 OHMS

l|| ||

(25 MICROFARADS

2L i</

OHMIC DROP REACTANCE DROP
VOLTS VOLTS

8 AMPERES (;\
b

I

FiG. 2,098.—Diagram of circuit containing a resistance of 30 ohms and capacity of 125 micro-
farads. The calculation for impressed pressure, ohmic drop, and reactance drop for a
current of 8 amperes at frequency 60 is given in the example given below, the diagram for
impressed pressure being given in fig. 2,099.

PRESSURE
YOLTS

IMPRESSED

AB and BC, respectively, a line AC, joining A and C, will then be there-
sultant of the two component pressures, that is, it will represent the im-
pressed pressure or total pressure applied to the circuit.

In the diagram it should be noted that the active pressure is called the
ohmic drop, and the capacity pressure, the reactance drop,

Example 1.—A circuit as shown in fig. 2,098 contains a resistance of
30 ohms, and a capacity of 125 microfarads. If an alternating current
of 8 amperes with frequency 60 be flowing in the circuit, what is the ohmic
drop, the reactance drop, and the impressed pressure?

The ohmic drop or active pressure is, substituting in formula (1) on
page 1,485,
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E; =30X8 =240 volts
which is the reading of voltmeter A in fig. 2,098.
The reactance drop or
I _ 8
2x fC 2X3.1416X60x .000125

in substituting, note that the capacity C of 125 microfarads is reduced
to .000125 farad.

Using a scale of say 1 inch=80 volts, lay off in fig. 2,099, AB, equal
to the ohmic drop of 240 volts; on this scale AB=3 inches. Lay off at

E; =170 volts

OHMIC DROP = 240 VOLTS B

A 240 + 8037

170 + 80 = 2.128
REACTANCE DROP= 170 VOLTS

c
F1G. 2,099.—Diagram for obtaining the impressed pressure of the circuit shown in fig. 2,098.

right angles, BC =reactance drop=170 volts=2.125 inches. Join AC,
which gives the impressed voltage (that is the reading of volt meter I in
fig. 2,098), which measures 294 volts.

By calculation, impressed pressure = v 240241702 =294 voits.
Example 2.—In the circuit shown in fig. 2,098, what is the angle of lead?

The tangent of the angle of lead is given by the quotient of the reactance
divided by the resistance of the circuit., That is,
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_ 1eaclance _reactance drop
7estslance " resistancedrop

I
——— ........................... 1
tan ¢ E=377C +Eq...... (09

The tangent is given a negative sign because lead is opposefi to lag and
because the positive value is assigned to lag. Substituting in (1)

170 2.125
tang=—or ———=-—.71
*=210° 3
]
. BE
g —__ ¢ [ c
= 94 X
= + w -
— -4 —
f e} & —
| — z M E— B
f 5 = D
w -1 2 -
- 7 a —
.4 ] z —
S = z I
V2 ] I
0—1 0 —] Y
= REFERENCE LINE-" B c
- - IMPEDANCE
—_ = = BC-BC'* CD
- 2 —
] &
‘- —— réd
"~ iMPEDANCE*BC-BC’

Fi1Gs. 2,100 and 2,101.—Diagrams for circuits containing inductance and capacity. Since
inductance and capacity act 180° apart, their reactances, or their ohmic drops may be
represented by oppositely directed lines. These may be drawn above and below a refer-
ence line, as in fig. 2,100, and their algebraic sum taken, or both may be drawn on the
same side of the reference lines and their difference in lengths, as C D, fig. 2,101, measured.
Recourse to a diagram for obtaining the resultant reactance in circuits containing inductance
and capacity is unnecessary as it is simply a matter of taking the difference of two quantities.

the angle corresponding is approximately 3514{° (see table page 921).

Circuits Containing Inductance and Capacity.—The effect of
capacity in a circuit is exactly the opposite of inductance, that
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is, one tends to neutralize the other. The method of repre-
senting each graphically has been shown in the preceding figures.
Since they act oppositely, that is 180° apart, the reactance
due to each may be calculated and the values thus found, rep-
resented by oppositely directed vertical lines: the inductance
resistance upward from a reference line, and the capacity
resistance downward from the same reference line. The dif-
ference then is the resultant impedance. This method is shown
in fig. 2,100, but it is more conveniently done as in fig. 2,101.

CONDENSER
INDUCTIVE COIL | —
FREQUENCY
100 30 MILLI HENRYS —
125 MICROFARADS
. W W)

20 AFPERES D %2 INDUCTIVE DROP CAPACITY DROP
o |53
[mES

F16. 2,102.—Diagram of circuit containing 30 millihenrys inductance and 125 microfarads
capacity, with current of 20 amperes, 100 frequency.

Example 1.—In a circuit, as in fig. 2,102, containing an inductance ot
30 milli-henrys and a capacity of 125 microfarads, how many volts must
be impressed on the circuit to produce a current of 20 amperes having
a frequency of 100.

The inductance reactance is

X¢=2xfL=2X%3.1416 X100 .03 =18.85 ohms.

Substituting this and the current value of 20 amperes in the formula for
inductance pressure

E{=R(] =18.85X20=2377 volts.

Reducing 125 microfarads to .000125 farad, and substituting in the for-
mula for capacity pressure
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1 20
T2xfC 2X3.1416X100X .000125

A diagram is unnecessary in obtaining the impressed pressure since it
is simply the difference between inductance pressure and capacity pres-
sure (the circuit being assumed to have no resistance), that is

impressed pressure =E;—E, =377 —255 =122 volts.

Example 2.—A circuit in which a current of 20 amperes is flowing at
a frequency of 100, has an inductance reactance of 18.25 ohms, and a
capacity of 125 microfarads. What is the impedance?

The reactance due to capacity is

E. =255 volts.

549
_OHMS

el - - —-

IMPEDANCE
YA

Q
<

SCALE

CAPACITY
REACTANCE
Xe

REACTANCE
12.76 OHMS

ZERO LINFE

" INDUCTANCE

(¢l

Fic. 2,103.—Impedance diagram for circuit (of above example) containing inductance and
capacity. With any convenient scale, erect a perpendicular AB =18.25 ohms, and CD =
12.76 ohms. Continue CD by dotted line to D’ so that CD’=AB, then DD’=AB -CD
=inductance reactance —capacity reactance, which is equal to the impedance. Expressed
by letters Z =X¢—~X¢=DD’, which by measurement =5.49 chms,

O 1
“277CT2x3.1416X 100X .000125

The impedance of the circuit then is the difference between the two re-
actances, that is impedance =inductance reactance —capacity reactance, ot

Z=X(-X;=18.25-12.76 =5.49 ohms.

=12.76 ohms.

Circuits Containing Resistance, Inductance, and Capacity.—
When the three quantities resistance, inductance, and capacity,
are present in a circuit, the combined effect is easily understood
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by remembering that inductance and capacity always act oppo-
sitely, that is, they tend lo neulralize each other.

Hence, in problems involving the three quantities, the resultant of in-
ductance and capacity is first obtained, which, together with the resist-
ance, is used in determining the final effect.

Capacity introduced into a circuit containing inductance reduces the
latter and if enough be introduced, inductance will be neutralized, giving
a resonant circuit which will act as though only resistance were present.

< X

z

g Xi_'X¢
z

RESISTANCE
RT B]
CAPACITY Xe

D

P16. 2,104.—Impedance diagram for circuit containing resistance, inductance and capacity.
The symbols correspond to those used in equation (1) below. In constructing the diagram
from the given values, lay off AB =resistance; at B, draw a line at right angles, on which lay
off above the resistance line, BC =inductive reactance, and below, BD =capacity reactance,
then the resultant reactance =BC —-BD =BD’. Join A and D’, then AD’ =impecance.

Ques. What is the expression for impedance of a circuit
containing resistance, inductance and capacity?

Ans. It is equal to the square root of the sum of the resistance
squared plus the square of induclance reactance minus capacity
reaclance.

This is expressed plainer in the form of an equation as follows:

impedance = V resistance*+ (inductance reaclance — capacily reactance)s
or, using symbols,
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Z=VR2+(Xi=Xe)? oo (1)

Ques. If the capacity reactance be larger than the induct-
ance reactance, how does this affect the sign of (X;— Xc)??

Ans. The sign of the resultant reactance of inductance and
capacity will be negative if capacity be the greater, but since

S

INEUCTAN CE
R ACTAN?E
30 OHM:;

REACTANCE
5 oM
RESISTANCE
A » ZSONMS 8
6‘-5 OF LEy D
”hy,‘au RESULTANT REACTANCE OR
A EXCESS OF CAPACITY

EFFECT, 10 OHMS

/ 10 OHMS

c'

F16. 2,105.—Impedance diagram of a circuit containing 25 ohms resistance, 30 ohms induct-
ance, and 40 ohms capacity. The resultant reactance being due to excess of capacity, the
impedance line AC’ falls below the horizontal line AB, indicating that the current leads
pressure.

in the formula the reactance is squared, the sign will be positive.
Example 1.—What is the impedance in a circuit having 25 ohms re-
sistance, 30 ohms inductance reactance, and 40 ohms capacity reactance?

To solve this problem graphically, draw the line AB, in fig. 2,105,
equal to 25 ohms resistance, using any convenient scale.
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At B, draw upward at right angles BC =30 ohms; draw from C, downward
CC’=40 ohms. This gives—BC’ = CC’ — BC showing the capacity re-
actance to be 10 ohms in excess of the inductance reactance. Such a
circuit is equivalent to one having no inductance but the same resistance
and 10 ohms capacity reactance.

The diagram is completed in the usual way by joining AC’, giving the
required impedance, which by measurement is 26.9 ohms.

By calculation, Z= V252 +(30—40)?= v 25: + (- 10)2=26.9

INDUCTANCE

.02 HENRY

RESISTANCE

20 OHMS

F16. 2,106.—Example: A resistance of 20 ohms and an inductance of .02 henry are con-
nected in parallel as in the diagram. What is the impedance, and how many volts are
required for 50 amperes, when the frequency is 78.6? Solution: The time constants are
not alike, hence the geometric sum of the reciprocals must be taken as the reciprocal of
the required impedance. That is, the combined conductivity will he the hypothenuse of
the right triangle, of which the ohmic conductivity and the reactive conductivity are the

two sides, respectively. Accordingly: %{ =2—10 =.,05, and -—1- =.1, from which -lﬁ =

1
2xfL 10
_l— :’ l— i 111. Whe z L—9 hi
R 2as/L ) =1L nee Z =— 17 =9 ohms.

Form of Impedance Equation Without Ohmic Values.—
Using the expressions 2 = fL for inductance reactance and

1 e .
m for capacity reactance, and substituting in equation

(1) on page 1,492 gives the following:

7= \’R2+(2~.=fL_—1_)2 ................ @)

2=fC
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which is the proper form of equation (1) to use in solving prob-
lems in which the ohmic values of inductance and capacity
must be calculated.

Example 1.—A current has a frequency of 150. It passes through a

circuit, as in fig. 2,107, of 23 ohms resistance, of 41 millihenrys inductance,
and of 51 microfarads capacity. What is the impedance?

The inductance reactance or
X,=2rfL=2%3.1416 X150 .041 =38.64 ohms

(note that 41 henrys are reduced to .041 henry before substituting in the
above equation).

CONDENSER
INOUCTIVE e
RESISTANCE. COoiL
23 OHMS 4y MILLIHENRYS
S1MICROFARADS -

FREQUENCY
IS0

Fi1G. 2,107.—Diagram of circuit containing 23 ohms resistance, 41 millihenrys inductance, and
51 microfarads capacity, with current supplied at a frequency of 150.
The capacity reactance, or
X, = 1 1
2x fC 2x3.1416X150X .000051

(note that 51 microfarads are reduced to .000051 farad before substituting
in the above equation).

=20.8 ochms

Substituting the values as calculated for 2« fL and in equation

1
2xfC
(2) Z =V 23:4(38.64 —20.8)=29.1 ohms.
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To solve the problem graphically, lay off in fig. 2,108, theline AB, equal
to 23 ohms resistance, using any convenient scale. Draw upward and at
right angles to AB, the line BC=38.64 ohms inductance reactance, and
from C, lay off downward CC’=20.8 ohms capacity reactance. The re-
sultant reactance is BC’, and being above the horizontal line AB, shows
that inductance reactance is in excess of capacity reactance by the amount
BC’. Join AC’, which gives the impedance sought, and which by meas-
urement is 29,1 ohms.

M

CAPACITY
REACTANCE
20.80HMS

INDUCTANCE
REACTANCE

RESULTANT REACTANCE
1~ OR EXCESS OF INDUCTANCE
17.84 ORMS

i7.84 OHMS

23 OHMS )J
A RESISTANCE B

F1G. 2,108.—Impedance diagram for the circuit shown in fig. 2,107. Note that the resultant
reactance being due to excess of inductance, the impedance line AC’, falls abore the hori-
zontal line AB. This indicates that the current lags behind the pressure.

In order to obtain the impressed pressure in circuits con-
taining resistance, inductance and reactance, an equation
similar to (2) on page 1,493 is used which is made up from
the following:
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Ei=2xfLI.... ... . “)
I
E.= 2“57: ....................................... 5)

When all three quantities, resistance, inductance, and ca-
pacity are present, the equation is as follows:

impressed pressure = vV ohmic drop*+ (inductive drop —capacily drop)?

Em=VE2+E-E)2................ (6)
CONDENSER
RESISTANCE INDUCTIVE COIL ——y
25 OHMS 5 ZENRY —
125 MICROFARADS
rkz%%sucv
OHMIC DROP INDUCTANCE DROP  CAPACITY DROP
c]
IMPRESSED
8 AMPERES EraSSURE

Fi1G. 2,109.—Diagram of circuit containing 25 ohms resistance, .15 henry inductance, and 125
microfarads capacity, with current of 8 amperes at 60 frequency.

Substituﬁing in this last .eqﬁation (6), the values given in
3), @) and ()

I 2

E,, =VIR212+(2 "Ll
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=IWR (2 L——) ... N @

Ques. What does the quantity under the square root sign
in equation (7) represent?

Ans. It is the impedance of a circuit possessing resistance,
inductance, and capacity.

<

’\

CAPACITY TROP
170 VOLT &

INDUCTANCE DROP
452 VOLTS

RESULTANT DROP OR DROP
OUE TO EXCESS CAPACITY.
282 YOLTS

200 VOLTS
A OHMIC OROP B8

Fi1G. 2,110.—Diagram for finding the pressure necessary to be impressed on the circuit shown
in fig. 2,109, to produce a current of 8 amperes.

Ques. Why?

Ans. Because it is that quantity which multiplied by the
current gives the pressure. which is in accordance with Ohm’s
law.
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Example.—An alternator is connected to a circuit having, as in fig.
2,109, 25 ohms resistance, an inductance of .15 henry, and a capacity of
125 microfarads. What pressure must be impressed on the circuit to allow
8 amperes to flow at a frequency of 60?

The ohmic drop is

E,=RI1=25x8=200 volts.
The inductance drop is
E=2xfLI=2X3.1416 X60 X .15 X8 =452 volts.

The capacity drop is

I 8
T2xfC 2X3.1416X60X .000125

E. =170 volts.

Substituting the values thus found,

impressed pressure = ¥ E2, + (E(— E)*
= V2002 +(452—170)
= v 2001+ 2822
= V119524
=345.7 volts.

TEST QUESTIONS

What are alternating current diagrams?
Explain the properties of a right angle triangle.
How are forces represented by lines?

Explain the composition of forces.

Define the terms resultant and components.

o G N
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10.

11.

12.

13.

14.

15.

16.

17.

18.

In circuits containing resistance and inductance
what two components make up the impressed pres-
sure?

Why is the active pressure in phase with the current?

In circuits containing resistance and capacity upon
what does the amount of lead depend?

Describe the action of a condenser when current is
applied.

Is the condenser pressure ahead or behind the cur-
rent, and why?

What is the phase relation between the condenser
pressure and the pressure applied to the condenser
to overcome the condenser pressure?

Name the two components which make up the im-
pressed pressure in circuits containing resistance
and capacity.

How is the inductance reactance found in circuits
containing inductance and capacity?

Is a diagram necessary to obtain the impressed pres-
sure?

What is the expression for impedance of a circuit
containing resistance, inductance and capacity?

If the capacity reactance be larger than the induct-
ance reactance, how does this affect the sign of
(X i —-X c )2-7

Give the form of impedance equation without ohmic
values.

When all three quantities, resistance, inductance
and capacity, are present, what is the equation for
the impressed pressure?
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19. What does the quantity under the square root sign
in the equation for impressed pressure, represent?

20. Give the examples, for the various circuits.
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Power Factor

Ans.
taneous volt meter and ammeter readings.

The watts obtained by multiplying together the simul-

Ques. What is usually meant by power factor?

Ans.
mine how much of the power supplied is available.

The multiplier used with the apparent watts to deter-

Ques. Upon what does the power factor depend?

Ans.
and capacity contained in the circuit.

SCALE
VOLTS, AMPERES AND WATTS
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Upon the relative amounts of resistance inductance
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FiG. 2,114.—Method of drawing the power curve from the pressure and current curves. As
shown, the same scale is used for all curves. This as a rule, makes the power curve in-
conveniently high, hence it is usually drawn to smaller scale as in fig. 2,115.

Ques. How does the power factor vary in value?
Ans.

The

It varies from one to zero.

power factor, as will be shown later, is equal to the cosine of the

angle of phase difference; its range then is from one to zero because these
are the limiting values of the cosine of an angle (neglecting the + or — sign).

Ques. What is the effect of lag or lead of the current on
the power factor?

Ans.

It causes it to become less than one.
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How to Obtain the Power Curve.—Since under any phase
condition, the power at any instant is equal to the product of
the pressure multiplied by the current at that instant, a curve
may be easily plotted from the pressure and current curves,
giving the instantaneous values of the power through a com-
plete cycle.

In fig. 2,114, from the zero line of the current and pressure curves,
draw any ordinate as at F, cutting the current curve at G, and the pressure
curve at G’. The values for current and pressure at this point are from
the scale, 2 amperes and 3.7 volts. Since watts =amperes Xvolts, the
ordinate FG, is to be multiplied by ordinate FG’, that is,

2x3.7=74.

Project up through F, the ordinate FG’’=7.4, and this will give one
point on the power curve.

Similarly at another point, say M, where the current and pressure are
maximum
MSXMS’=MS”, that is
3 X5 =15

giving S, another point on the curve. Obtaining several points in this
way the power curve is then drawn through them as shown.

Ques. Why is the power curve positive in the second half
of the period when there are negative values of current and
pressure?

Ans. Because the product of two negative quantities is
positive.

Ques. Does fig. 2,114 represent the usual way of drawing
a power curve?

Ans. Since ordinates of the power curve are products of the
current and pressure ordinates, they will be of inconvenient
length if drawn to the same scale; it is therefore customary to
use a different scale for the power ordinates, as in fig. 2,115.




1,506 Power Factor

The illustration is lettered identically with fig. 2,114, with which it should
be compared.

Synchronism of Current and Pressure; Power Factor Unity.
—The current and pressure would be in phase as represented
in fig. 2,116 were it possible to have a circuit containing

SCALE OF WATTS

b 5 10 15 ZEF
1 ]

IVOLTS AND AMPHRES

FiG. 2,115.—Usual method of drawing power curve from the pressure and current curves.
A smaller scale is employed for the power curve in order to reduce its height.

2
iﬂ\
»

A AVERAGE POWER w

F1c. 2,116.—Synchronism of current and pressure. Power curve showing that the power
factor is unity. This is indicated by the fact that the power curve does not project below
the base or zero line.
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resistance only. In actual practice all circuils contain at least
a small amount of reactance.

A circuit supplying nothing but incandescent lamps comes very nearly
being all resistance, and may be so considered in the discussion here.
Fig. 2,117 illustrates a circuit containing only resistance. In such a cir-
cuit the pressure and current (as shown in fig. 2,116) pass through zero
and through their maximum values together.

Multiplying instantaneous values of volts and amperes will
give the power curve, as before explained, whose average value
is half-way between the zero line and the maximum of the
curve; that part of the power curve above the line of average

NON - INDULCTIVE COIL

ALTERNATOR

—O—‘
—(O—
—(

FiG. 2,117.—Diagram of circuit containing only resistance; in such a circuit the power factor
is unity.

power WW, exactly filling the open space below the line WW.
That is,

average power =maximum power + V2
__maximum voltage X maximum current
\/ E [

=virtual voltage X virtual current.
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This latter is simply the product of the volt meter and ammeter
readings which give the watts just the same as in direct
current.

Ques. What should be noticed about the power curve?

Ans. Its position with respect to the zero line; it lies wholly
above the zero line which denotes that all the power delivered
to the circuit except that dissipated by friction is useful, that

FiG. 2,118.—Case of synchronism of current and pressure with power factor less than unity.
Suppose the waves of current and voltage to be in phase, but distorted in form, and not
symmetrical, so that they do not run uniformly together, as shown in the figure. Then
the real power factor may not be unity, although indicated as such by the power factor
meter. However, the switchboard instruments are made to show the angle of lag as the
power factor, because the error due to wave distortion is generally too small to be considered.

is, the power factor is unity. Hence, fo keep the power factor as
near unily ds possible is one of the chief problems in alternating
current distribulion.

Ques. Can the power factor be less than unity if the cur-
rent and pressure be in phase?

Ans. Yes, if the waves of current and voltage be distorted
as in fig, 2,118.

Effect of Lag and Lead.—In an alternating circuit the
amount of power supplied depends on the phase relationship
of the curren! and pressure.
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As just explained, when there is synchronism of current and pressure,
that is, when they are in phase (as in fig. 2,116) the power factor is unity,
assuming no distortion of current and pressure waves. In all other cases
the power factor is less than unity, that is, the effect of lag or lead is to
make the power factor less than unity.

The effect of lag on the power factor may be illustrated by
fig. 2,119, in which the angle between the pressure and current,
or the angle of lag is taken as 40°, corresponding to a power
factor of .766.

\_ZERO LINE
LAGGING CURRENT

Fii. 2,119.—Effect of lag on the power factor. When the current lags behind the pressure
the power factor becomes less than unity. It will be seen that the power curve projects
below the zero line giving the shaded area which represents negative power which must
be subtracted from the + areas above the zero line to get the net power. In the figure
the line WW’, is drawn at a height corresponding to the average power, and HN, at a height
corresponding to the average power that would be developed if the current were in phase
with the pressure. The power factor then is represented by M +S, and by inspection of
the figure it is scen that this is less than unity.

Plotting the power curve from the products of instantaneous volts and
amperes taken at various points, the power curve is obtained, a portion
of which lies below the horizontal line. The significance of this is that
ut certain times, the current is flowing in the opposite direction to that
in which the impressed pressure would send it. During this part of the
period conditions are reversed, and the power (indicated by the shaded
area), instead of being supplied by the source to the circuit, is being sup-
plied by the circuit to the source.

This condition is exactly analogous to the case of a steam engine,
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expanding the steam below the back or exhaust pressure, a condition some-
times caused by the action of the governor in considerably reducing the
cut off for very light load. An indicator diagram of such steam distribu-
tion is shown in fig. 2,121. This gives a negative loop in the diagram
indicated by the shaded section.

It must be evident that the average pressure of the shaded loop portion
of the diagram must be subtracted from that of the other portion, be-
cause during the expansion below the exhaust pressure line, the back
pressure is in excess of the forward pressure exerted on the piston by the
expanding steam, and the engine would accordingly reverse its motion,

# ZERO LINE /

7
LEADING CURRENT

Fi6. 2,120.—Effect of lead on the power factor. When the current is in advance of the pressure
the power factor becomes less than unity. The curve, as shown, projects below the zero
line, giving the shaded area which represents negative power which must be subtracted
from the + areas above .the zero line to get the net power. As in fig. 2,119, the line WW’
at a height M, represents the average power, and N, the average power for synchronism
of current and pressure. The power factor then is M +S which is less than unity.

were it not for the energy previously stored up in the fly wheel in the form of
momentum, which keeps the engine moving during this period of back
thrust. Evidently the shaded area must be subtracted from the positive
area to obtain the net work done during the stroke. Hence following the
analogy as far as possible if M, work (watts) be done during each revolution
(cycle) when steam does not expand below back pressure (when current
and pressure are in phase), and S, negative work (negative watts) be done
when steam expands below back pressure (when there is lag), the efficiency
(power factor) is (M —S)+M.

“Wattless Current’; Power Factor Zero.—When the power
factor is zero, it means that the phase difference between the
current and the pressure is 90°.

The term waltless current, as understood, does not indicate
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an absence of electrical energy in the circuit: its elements are
there, but not in an available form for external work. The
false power due to the so called wattless current pulsates in
and out of the circuit without accomplishing any useful work.

An example of wattless current, showing that the power factor is zero

is illustrated in fig. 2,123. Here the angle of lag is 90°, that is, the current
is 90° behind the pressure.
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FI1G. 2,121.—Steam engine analogy of power factor The figure represents an indicator card
of an engine in which the steam distribution is such that the steam is expanded below the
back pressure line, that is below the pressure of the exhaust. Thig resulis in negatite work
which must be overcome by the momentiom or kinetic energy previously stored in the fly
wheel, and which is represented on the diagram by the shaded loop S. If the exhaust valve
had opened at G, the amount of work done during the revolution would be represented
by the area M, but continuing the expansion below the back pressure line, the work done
is M This latter ca.e as compaged with the first when cxpansion does not continue
below the back pressure line gives an efficiency (power factor) of (M —S3 +~M, the shaded
area representing so much loss

The power curve is constructed from the current and pressure curves,
and, as shown in the diagram, it lies as much below the zero line as above,
that is, the two plus power areas which occur during each period are equal
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to the two negative (shaded) power areas, showing that the circuit returns
as much energy as is sent out. Hence, the total work done during each
period is zero, indicating that although a current be flowing, this current
is not capable of doing external work.

Ques. Is the condition as just described met with in prac-
tice?

7

Fic. 2,122.—Power curve illustrating the so-called wattless current in which case the power
tactor 18 zero. By noting that the curve projects equally on each side of the zero line, the
4 power arear equal the negative power areas, hence the summation of these areas for
the period is zero, that is, the two + areas minus the two shaded areas equal zero. It should
be noted that the hne of average power WW’, which is visible in the other figures
here comncides with the zero line, and the average power then is zero, since the positive
part ahove the zero line 1s equal to and ofisets the negative 1shaded) part below the line.
This is the case of “wattless” current and considering a circuit with resistance so small
that it may be considered as zero) shows plainly the possibility ot having full load current
and voltage on a circuit yet delivering no power. the current simply surging to and fro
without an actual transfer ¢ f power.

Fic. 2,123.—Example of wattless current showing that the power factor is zero when the
phase difference between current and pressure is 90°. For zero power factor the current
may lead 90° as in fig. 2,122, or lag 90° as here shown Since the shaded or negative areas
=the plus areas, the average power (indicated by WW’. which coincides with the zero line)
is zero, that is the circuit is carrying current under pressure yet delivering no power, hence,
the power factor is zero.
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Ques. Why not?

Ans. The condition just described involves that the circuit
have no resistance, all the load being reactance, but it is im-
possible to have a circuit without some resistance, though the
resistance may be made very small in comparison to the react-
ance so that a close approach to wattless current is paossible.

Ques. Give some examples where the phase difference is
very nearly 90°.
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FiG. 2,124, —Performance curves of General Electric single phase repulsion induction motor.

Ans. If an alternator supply current to a circuit having a
very small resistance and very large inductance, the current
would lag nearly 90° behind the pressure.

The primary current of a transformer working with its secondary on

open circuit is a practical example of a current which represents very little
energy.

Ques. When the phase difference between the current and
pressure is 90°, why is the current called ‘“‘wattless’?
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Ans. Because the product of such a current multiplied by
the pressure does not represent any watts expended.

A man lifting a weight, and then allowing it to descend the same dis-
tance to its initial position, as shown in figs. 2,125 to 2,127, presents a
mechanical analogy of wattless current.

Let the movement of the weight represent the current and the weight
the pressure. Then calling the weight 10 pounds (volts), and the distance
two feet (amperes). The work done by the man (alternator) on the weight
in lifting it is

WORK DONE BY MAN. WORK DONE BY WEIGHT.
WEIGHT ACQUIRES MAN ACQUIRES
POTENTIAL ENERGY POTENTIAL ENERGY,

8. 2,125 to 2,127.—Mechanical anatogy of wattless current. If a man lift a weight any
distance, as from the position of fig. 2,125 to position of fig. 2,126, he does a certain amount
of work on the weight giving it potentiat energy. When he lowers it to its original posi-
tion, as in fig. 2,127, the weight loses the potential energy previously acquired, that is,
it is given back to the man, the "system” (man and weight) having returned to its orig-
inal condition as in fig. 2,125. During such a cycle, the work done by the man on the weight
is equal to the work done by the weight on the man and no useful externat work has been
accomplished.

10 pounds X 2feet = 20footpounds.................. 1)
(10 volts X 2 amperes = 20 watts.)

The work done on the man by the weight in forcing his hand down as
his muscles relax is

10 pounds X 2feet =20footpounds.................. 2)
{10 volts X 2 amperes = 20 watts.)

From (1) and (2) it is seen that the work done by the man on the weight
is equal to the work done by the weight on the man, hence no useful work
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has been accomplished; that is, the potential energy of the weight which
it originally possessed has not been increased.

Why the Power Factor is Equal to Cos¢.—In the preceding
figures showing power curves for various phase relations be-
tween current and pressure, the curves show the instantaneous
values of the fluctuating power, but what is of more importance
is to determine the average power developed.

When the current is in phase with the pressure, it is a simple
matter, because the power or

walls =amperes X volls

that is, the product of the ammeter and volt meter readings will
give the power. However, the condition of synchronism of
current and pressure hardly ever exists in practice, there being
more or less phase difference.

When the current is not in phase with the pressure, it is con-
sidered as made up of two components at right angles to each
other.

1. The active component, in phase with the pressure;

9. The waltless component, at right angles to the pressure.

With phase difference between current and pressure the
product of ammeter and volt meter réadings does not give the
true power, and in order to obtain the latter, the active com-
ponent of the current in phase with the pressure must be con-
sidered, that is,

true power =volts Xaclive amperes. .................... (1)

The active component of the current is easily obtained graphically as
n fig. 2,128.

With any convenient scale draw AB, equal to the current as given or
read on the ammeter, and AC, equal to the pressure, making the angle ¢
between AB and AC, equal to the phase difference between the current and

pressure.




1,516 Power Factor

From B, draw the line BD, perpendicular to AC, then BD, will be the
wattless component, and AD (measured with the same scale as was used
for AB) the active component of the current, or that component in phase
with the pressure.

Hence f:rom equation (1)
true power =ACXAD......... ... i i (2)
Now in the right triangle ABD

lq‘:y
&,
&,
ACTIVE COMPONENT e,
&r

OF CURRENT
f-ANeLE OF PHASE DIFFERENCE

/ CURRENT
(AMMETER READING) B

F1G. 2,128.—Method of ohtaining the active component of the current; diagram illustrating why
the power factor is equal to cos ¢. If AB and AC, be respectively the given current and
pressure, or readings of the ammeter and volt meter, and ¢ the angle of phase difference
between current and pressure, then drawing from B, BD, perpendicular to AC, will give
AD, the active component. Now, true power =AC XAD, but AD =AB cos¢, hence true
power =AC XAB cos¢. Again, apparent power =AC XAB, and since true power =ap-
parent power Xpower factor, the power factor =cosg.

A

AD _
AB ~ 0%

from which
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AD=ABcos¢.........(3)
Substituting this value of AD, in
equation (2) gives

true power = AC X AB cos¢.. . (4)

Now the power factor may be de-
fined as that quantity by which the ap-
parent walls must be multiplied in order
to give the ltue power. That is

—
=
[
7=
5|2
a|ox

| =

g-t—
‘J'Z
Q

=

lrue power =apparent walls X
power factor. . ...... .. .. (5)

TIVE

Comparing equations (4) and (5),
ACXAB in (4) is equal to the appar-
ent watts, hence, the power factor in
(5)isequal to cos¢. That is, the power
factor is numerically equal o the cosine
of the angle of phase difference between
curren!t and pressure.

BB(I\{

POWER FACTOR

F1a. 2,129,—Angularity of the connecting rod analogy of power factor. Pressure due to
steam acting on the piston is applied to the wrist pin in the axial direction AC. Let distance
AC, represent this pressure. Draw CB, perpendicular to connecting rod AP. Then wil!
AC, represent the apparent pressure applied to P, the crank pin; AB, the active component
or actual pressure applied to ?, and BC, the no energy component. Power factor =AB
+AC. =Cos¢. Example.—1f 1,000 lbs, pressure be applied by piston and AB +~AC =.9,
then the actual pressure applied at 1> =1,000 X.9 =900 lbs.
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Example 1.—An alternator supplies a current of 200 amperes at a
pressure of 1,000 volts. If the phase difference between the current and
pressure be 30°, what is the true power developed?

In fig. 2,130, draw AB, to scale, equal to 200 amperes, and draw AC,
of indefinite length making an angle of 30° with AB. From B, draw BD,
perpendicular to AC, which gives AD, the active component, and which
measured with the same scale as was used in laying off AB, measures 173.2
amperes. The true power developed then is

true watts =173.2x1,000=173.2 kw.

A ¥ 200 AMPERES B
e CURRENT

F1G. 2,130.—Diagram for obtaining the active component of the current in a circuit having
a current of 200 amperes and angle of lag of 30°.

The true power may be calculated thus:
From a cosine table cos 30° =.866, hence

true watts =200 1,000X .866=173.2 kw.

Example 2.—If in an alternating current circuit, the volt meter and
ammeter readings be 110 and 20 and the angle of lag 45°, what is the ap-
parent power and true power?

The apparent power is simply the product of the current and pressure
readings or
apparent power =20 X110 =2,200 watts

The true power is the product of the apparent power multiplied by the
cosine of the angle of lag. Cos 45°=.707, hence
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true power =2,200%.707 =1,555.4 watts.

Ques. Does the power factor apply to capacity reactance
in the same way as to inductance reactance?

Ans. Yes.

The angles of lag and of lead, are from the practical standpoint, treated
as if they lay in the first quadrant of the circle. Even the negative sign
of the tang when it occurs is simply used to determine whether the

POWER FACTOR
cos CAE < 4E-+0.707

AMPERES

AL\X— BY MEASUREMENT 10 —JE

Fi1G. 2,131.—Diagram for obtaining the power factor for example 2. With convenient scale,
lay off AB =20 amperes. From A, draw AC, at 45° to AB, and from B, draw BD. perpen-
dicular to AC. Then, the power factor which is equal to cosine of angle of lag, =AD +AB =
(by measurement) 14,1520 =.707.

B

angle be one of lag or of lead, but in finding the value of the angle from a
table it is treated as a positive quantity.

Ques. In introducing capacity into a circuit to increase the
power factor what should be considered?

Ans. The cost and upkeep of the added apparatus as well
as the power lost in same.
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Ques. How is power lost in a condenser?

Ans. The loss is principally due to a phenomenon known as
dielectric hysteresis, which is somewhat analogous to magnetic
hysteresis.

The rapidly alternating charges in a condenser placed in an alter-
nating circuit may be said to cause alternating polarization of the di-
electric, and consequent heating and loss of energy.

Ques. When is inductance introduced into a circuit to in-
crease the power factor?

Ans. When the phase difference is due to an excess of
capacity.

Example 1.—A circuit having a resistance of 3 ohms, and a resultant
reactance of 4 ohms, is connected to a 100 volt line. What is: 1, the im-
pedance, 2, the current, 3, the apparent power, 4, the angle of lag, 5, the
power factor, and 6, the true power?

1. The impedance of the circuil.

Z= V32444=5ohms.
2. The current.
current = volts +-impedance =100 +5 =20 amperes.
3. The apparent power.
apparent power = volts Xamperes = 100X 20 =2,000 watts.

4. The tangen! of the angle of lag.
tan ¢ =reactance +resistance=4+3=1.33. From table of nat-
ural tangents (page 921) ¢ =53°.

S. The power factor.
The power factor is equal to the cosine of the angle of lag, that is,
power factor =cos 53°=.602 (from table).

6. The true power.

The true power is equal to the apparent watts multiplied by the
power lactor, or

true power =volts Xamperes X cos ¢

=100 X 20 X .602=1,204 watts.
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Ques. Prove that the power factor is unity when there is
no resultant reactance in a circuit.

Ans. When there is no reactance, tang which is equal to
reactance --resistance becomes 0+R=0. The angley (the
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Fi1G. 2,132 to 2,136.—Diagrams illustrating why the power factor is unity or one when there
i8 no resultant reactance in the circuit, that is, when the circuit is resonant or has only
resistance. The power factor is equal to the cosine of the angle of lag (or lead). In the
figures this angle is BAC, or ¢, and the value of the natural cosine AC, gives the power factor.
By inspection of the figures, it is evident that decreasing the reactance decreases the angle
¢ and increases cos ¢ or the power factor. The circular arc in each figure being at unity
distance from the center A. the power factor with decreasing reactance evidently approaches
unity as its limit, this limit being shown in fig. 2,136 where the reactance B'C’ =0.

phase difference angle) whose tangent is 0, is the angle of o
degrees. Hence, the power factor which is equal to cos¢ =
cos 0°=1.
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Ques. What is the usual value of the power factor in
practice?

Ans. Slightly less than one.
Ques. Why is it desirable to keep the power factor near
unity?

Ans. Because with a low power factor, while the alternator

a%a T -
2 5
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Fi1G. 2,137.—Diagram illustrating power factor test, when on non-inductive and inductive
circuits. The instruments are connected as shown and by means of the double throw switch
can be put on either the non-inductive or inductive circuit. First turn switch to left so
that current passes through the lamps; for illustration, the following readings are assumed:
ammeter 10, volt meter 110, and watt meter 1,100. The power factor then is watt meter
reading + volts Xamperes =1,100 actual watts +1,100 apparent watts=1, that is, on non-
inductive circuit the power factor is unity. Now throwing the switch to the right con-
necting instruments with the inductive circuits, then for illustration the following readings
may be assumed: ammeter 8, volt meter 110, and watt meter 684. Now, as before, power
factor =watt meter reading +volts Xamperes =684 + (8 X110) =684 +880 = .78.

may be carrying its full load and operating at a moderate tem-
perature, the consumer is paying only for the actual watts which
are sent over the line to him.

For instance, if a large alternator supplying 1,000 kilowatts at 6,600
volts in a town where a number of induction motors are used on the line
be operating with a power factor of say .625 during a great portion of
the time, the switchboard instruments connected to the alternator will
give the following readings:
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Volt meter 6,600 volts; ammeter 242.4 amperes; power factor meter .625.

The apparent watts would equal 1,600,000 watts or 1,600 kilowatts,
which, if multiplied by the power factor .625 would give 100,000,000 watts
or 1,000 kilowatts which is the actual watts supplied. The alternator
and line must carry 242.4 amperes instead of 151 amperes and the differ-
ence 242.4 —151 =91.4 amperes represents a wattless curren! flowing in the
circuit which causes useless heating of the alternator.

The mechanical power which is required to drive the alternator is equiv-
alent to the actual watts produced, since that portion of the current which
lags, is out of phase with the pressure and therefore requires no energy,

RESISTANCE
C B

R

ALTERNATOR {::]
A

FiG. 2,138.—Ayrton and Sumpner method of alternating current power measurement. Three
volt meters are required, and accordingly the method is sometimes called the three
volt meter method. [t is a good method where the voltage can be regulated to suit the load.
In the figure, let the non-inductive resistance R, be placed in series with the load AB. Meas-
ure the following voltages: V, across the terminals of R, Vi, across the load AB, and Vs, across
both, that is, from A, to C. Then, true watts = (Va* —Vj2 =V2) +2R. The best conditions
are when V=V, and, if R =14 ohm, then W =Vt --V;2-V1,

LOAD

]

Ques. How are alternators rated by manufacturers in
order to avoid disputes?;

Ans. They usually rate their alternators as producing so
many kilovolt amperes instead of kilowatts.

Ques. What is a kilovelt ampere (kva)?

Ans. A unit of apparent power in an alternating current
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circuit which is equal to one kilowatt when the power factor
is equal to one.

The machine mentioned on page 1,522 would be designed to carry 151
amperes without overheating and also carry slight overloads for short
periods. It would be rated as 6.6 kilovolts and 151 amperes which would
equal approximately 1,000 kilowatts when the power factor is 1 or
unity, and it should operate without undue heating. Now the lower the
power factor becomes, the greater the heating trouble will be in trying
to produce the 1,000 actual kilowatts,

Ques. How can the power factor be kept high?

Ans. By carefully designing the motors and other apparatus
and even making changes in the field current of motors which
are already installed.

Ques. How is the power factor determined in station op-
eration?

Ans. Not by calculation, but by reading a meter which forms
one of the switchboard instruments.

Ques. When is the power factor meter of importance in
station operation, and why?

Ans. When rotary converters are used on a.c. lines for sup-
plying direct currents and the sub-station operators are kept
busy adjusting the field rheostat of the rotary to maintain a
high power factor and prevent overheating of the alternators
during the time of day when there is the maximum demand
for current or the peak of the load.

Example.—An alternator delivers current at 800 volts pressure at a

frequency of 60, to a circuit of which the resistance is 75 ohms and .25
henry.

Determine: a, the value of the current; b, angle of lag; ¢, apparent watts;
d, power factor; e. true power.
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F16. 2,139.—Curves illustrating power factor. In a circuit having no capacity or inductance,
the power is given by the product of the respective readings of the volt meter and ammeter,
as in the case of a direct current. In the case of a circuit having capacity or inductance,
this product is higher than the true value as found by a watt meter, and is known as the
apparent watls. The ratio true watls +apparent walts is known as the power factor. The
current flowing in an inductive circuit, such as the primary of a transformer, is really made
up of two components, as already explained, one of which (the load or active component)
is in phase with the pressure, while the other the magnetizing component, is at right angles.
to it, that is, it attains its crest value when the other is at zero, and vice versa. To illus-
trate, take a complete cycle divided into 360 degrees and lay out on it the current required
to correspond to a given load on the secondary of a transformer, say a crest value of 100
amperes, and at right angles to this lay out the current required for exciting the magnetic
circuit of the transformer, giving A, merely for purpose of illustration, a crest value of
25 amperes. Combining these curves, the dotted curve in the figure is obtained and which
represents the resultant current that would be indicated by an ammeter placed in the pri-
mary circuit of the transformer. It will be noted that this current attains its maximum
at a point 14° 2’ later than the load currént, giving the angle of lag. Multiplying the ap-
parent watts by the cosine of the angle of lag gives the true watts. Now assurning the
diagram to show the full load condition of the transformer, the angle of lag being 14° 2/,
the power factor at full load is .97 (.97 being the value of the natural cosine of 14° 2’ as
obtained from a table, of natural cosines). With no external load on the transformer, the
ioad component of the current is that necessary to make up the core losses.
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a. Value of current
pressure E
impedance TV m
800
V754 (2X3.1416 X60 X .25) = 6.7 amperes
b. The angle of lag
reactance 2 rfL=2><3.l416x60>< 25 _

current =

tan¢ = 1.25
e resistance R 75
X
1
= [
z g - hd
5 e |
I
o @ —_
(4]
2 = < | =

INDUCTIVE LOAD

FiG. 2,140.—Fleming’s combined volt meter and ammeter method of measuring power in
alternating current circuits. It is quite accurate and enables instruments in use to be
checked. In the figure, R, is a non-inductive resistance connected in shunt to the inductive
load. The voit meter V, measures the pressure across the resistance XY. A and A, are am-

meters connected as shown. Then, true watts = { A} —A —(%)’) X%—' If the volt meter V,

take an appreciable amount of current, it may be tested as follows: disconnect Rand V,
at Y. and see that A and A;, are alike; then connect R and V, at Y, again, and disconnect

the load. A;, will equal current taken by R and V, in parallel.

¢ =angle of lag=1.25=51° 15’ (interpolating from table, page 921).

¢. The apparent power

apparent power = volts Xamperes =800X6.7 =5,360 watts

=5.36 kva.
d. The power factor

power factor = cosine of the angle of lag
=cos 51° 15’ =.626.
e. The true power

true power =apparent power X power factor
=5,360 X .626 =3,355 watts.
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Poor Power Factor an Executive Problem.—A.c. motors re-
quire current for field magnetization. This magnetizing cur-
rent is taken from the source of current supply and flows
through the motor field and back to the mains without doing
any useful work, and serves only to magnetize the motor.
The power current, on the other hand, is the flow of electricity
whose energy is converted by the motor into useful mechanical

&4

'_F

F1G. 2,141.—Watt meter method of three phase power measurement. Two watt meters are
required in unbalanced systems as shown in the illustration. The total power transmitted
is then the algebraic sum of the readings of the two watt meters. If the power factor be
greater than .5, the power is the arithmetical sum, and if it be less than .5, the power is
the arithmetical difference of the readings.

work. An a.c. motor, therefore, requires a total current which
is composed of magnetizing and power current.

Power factor, the ratio between the power current and the
total current supplied to the motor, is a measure of the utiliza-
tion of the current furnished.

It is an indication of the proportion of the electricity that is converted
into useful work. The balance simply serves to magnetize the motor.
Power factor less than unity has been recognized and understood by engi-
neers to be a problem influencing economy since the first use was made of
alternating current machinery. Today, however, low power factor has
become an executive and managerial problem, for correction of low power
means greater and better production, reduced power costs and increased
profits.
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Low Power Factor Causes Many Avoidable Wastes.—The
effects of low power factor are felt in all industries and it re-
sults in many avoidable manufacturing wastes of which the
following are some of the principal examples:

1. Relatively large and costly electrical equipment, including alter-
nators, cables, switches and transformers, the dimensions of which are
governéd by the total current rather than the power current.

. 2. Reduced efficiency for the whole of the electrical equipment because
the copper losses for a given power load are inversely proportional to the
square of the power factor.

0 lz ] Relation of rpngnetizing current ::J
to working current for
g N Difterent Power Factors 1]
~ 5 \\ VI M YL S
) A\, Watt C w_I 1
s AN i
- 16 S
§ 72 =
68 N
E 64
60 S
&% =
2 ]
8 <
- s
1 3 S 7 9 11 13 15 17 139 21 23
Magnetizing Factor %

FiG. 2,142.—Power factor curve. By aid of this curve the magnetizing kva. can be determined
for any power factor. For instance, a line with 60 per cent. power factor and a load of
150 kw. requires 150 multiplied by 1.3 =195 magnetizing kva.

3. Poor voltage regulation for the whole system. Low power factor
creates a heavy voltage drop in inside factory wiring as well as further re-
ducing the voltage by its influence on the entire electric distributing system
from the power house to the factory. This reduction in voltage (poor reg-
ulation) results in many evil effects such as overheating of motors, de-
crease in their maximum horse power capacity, decrease in their starting
torque, unsteady speed and shortening of their useful life.

4, A higher cost for power current because the initial cost of the elec-
trical system as a whole is relatively high per unit of power rurrent supplied.
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The effects of poor regulation caused by low power factor
will be noticeable in the manufactured product of any plant
because variation of voltage means fluctuation in motor speed.

This radius determines
the copper . Generator

4 and feeders o>r limits the
duty of existing generators
and feeders

This line s »ows how
much worhk the above
heating value can'be
made to de iver at

various powvvsar-factors

et ¥ =
L—7OO H.P.Work Value —=t= ' "I
The ultimatz result at

Wattmeter Readin _.l
- 850 H.P.Work value —f M unity power-factor is
100% work

150 H.P.gained by raising
Power-factor from 70% ta85%

N
Group ot Induction Motors [
700 H.P.-70% Power-factor \:‘/

Y .
k Group of Induction Motors (610 H.P)\
and Synchronous Motars (249 H.P.)-

N\ 850 H.Pat 85%
Same load on generators {/ Power-factor —
and feeders | / \
\
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J 1

Gain for consumer 150 H.P. without
increasing feeders - Gain for Power
Company revenue from 150 H.P. motor
from same generator and feeder

Fi 2,143 to 2,145.—Typical power factor diagram showing gain by raising the power
lactor: fig. 2,145 shows benefits to consumer and power company on the basis shown in
fi - 4 L

1R
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This fluctuation is sufficient in some cases to cause a distinct falling off
in production. In other cases, however, a fluctuation in motor speed will
influence the uniformity of machine made products while not sufficient to
reduce production. Poor regulation also means poor lighting which
always results when the voltage fluctuates, so that here again low power
factor, by causing poor industrial lighting, reduces production and the
quality of machine manufactured products.

Low power factor by increasing the current required by
motors increases the energy losses in the distribution system.

These wiring losses due to low power factor in some cases become extreme-
ly large when compared with the total energy required by the plant and
in many cases the plant wiring is so taxed by the heavy current that it
is too small to give satisfactory service.

70% Power factor

.13 (3 Phase)

FIG. 2,146 —Meter reading on three phase circuit 70%, power factar.

An energy loss of 10 per cent may be easily reached with a
voltage drop of three per cent if the power factor be not cor-
rected.

An 80 per cent power factor results in about a five per cent energy loss
in the wiring system when the measured voltage drop is about three per
cent as the following calculation will show.

It is sometimes considered that if the voltage drop between the source
of supply and the motor be three per cent that the energy loss be also three
per cent. The fact is, however. that the energy loss is inversely propor-
tional to the square of the power factor so that if the voltage drop be three
per cent the energy loss at different power factors will be as follows:

For an 807, power factor

3%+ .64=4.7%
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For a 559, power factor
3%+ .3=10%

Low Power Factor Increases Operating Cost.—Manufactur-
ers who operate their own generating plants suffer a large in-
vestment loss through low power factor. Excess capacity of
alternators, lines, transformers, feeders, and switching equip-
ment is necessary to take care of magnetizing current.

Electrical investment cost varies inversely (approximately) as the power
factor so that a system designed for 70 per cent power factor costs about
40 per cent more than one designed for unity power factor.

In the case of a manufacturer who purchases current his power rate
must contain all of the generating cost as well as a profit on these costs so
that if the power factor of the generating system be low, the manufacturer
in his power rate pays the interest charges upon the extra investment
caused by low power factor.

TEST QUESTIONS

1. Define the term power factor.

2. Give two marine analogies illustrating power factor.

3. What is the difference between the true power and the
apparent power?

4. What is usually meant by power factor?

5. Upon what does the power factor depend?

6. How does the power factor vary in value?

7. What is the effect of lag or lead of the current on the
power factor?

8. Give method of obtaining the power curve.

9. Under what condition is the power factor unity?
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10.
11.

12.
13.
14.
15.
16.

19.
20.

21.

22.

23.

24.

25.
26.
27.

What should be noticed about the power curve?

Can the power factor be less than unity if the current
and pressure be in phase?

What is the effect of lag and lead on power factor?

Can the power factor be zero?

What does the term wattless current mean?

Give steam engine analogy of power factor.

Give some examples where the phase difference is
very nearly 90°.

Why is the power factor equal to cos¢?

Does the power factor apply to capacity reactance in
the same way as to inductance reactance?

How is power lost in a condenser?

When is inductance introduced into a circuit to
increase the power factor?

Prove that the power factor is unity when there is no
resultant reactance in a circuit.

What is the usual value of the power factor in prac-
tice?

Why is it desirable to keep the power factor near
unity?

How are alternators rated by manufacturers in order
to avoid disputes?

What is a kilovolt ampere (kva)?

How can the power factor be kept high?

How is the power factor determined in station opera-
tion?
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CHAPTER 50

Alternators

Use of Alternators.*—The great increase in the application
of electricity for supplying power and for lighting purposes in
industry, commerce, and in the home, is due chiefly to the
economy of distribution of alternating current.

Direct current may be used to advantage in densely populated districts,
but where the load is scattered, it requires, on account of its low voltage,
too great an investment in distributing lines. In such cases the alternator
is used to advantage, for while commutators can be built for callecting
direct current up to 1,000 volts, alternators can be built up to 12,000
volts or more, and this voltage increased, by step up transformers of high
economy, up to 100,000 volts or more, Since the copper cost is irversely
as the square of the voltage, the great advantage of alternating current
systems is clearly apparent.

The use of alternating current thus permits a large amount of energy
to be economically distributed over a wide area from a single station, not
only reducing the cost of the wiring, but securing greater economy by
the use of one large station, instead of several small stations.

The higher voltages generated by alternators enables the transmission
of electrical energy to vastly greater distances than possible by a direct
current system, so that the energy from many waterfalls that otherwise
would go to waste may be utilized.

Classes of Alternator.—There are various ways of classifying
alternators. They may be divided into groups, according to

*NOTE.—The author objects to the ridiculous terms alternating current genmerator for alter-
nator and direct current generator for dvnamo. Why use three words in place of one?
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1, the nature of the current produced; 2, type of drive; 3,
method of construction; 4, field excitation; 5, service require-
ments, etc.

From these several points of view, alternators then may be
classified:

1. With respect to the current, as:

a. Single phase;
b. Polyphase.

2. With respect to the type of drive, as:

a. Belt or chain driven;
b. Direct connected.

3. With respect to construction, as:

a. Revolving armature;
b. Revolving field;

¢. Inductor.
Homopolar and heteropolar.

4. With respect to mode of field excitation, as:

a. Self-exciting;
b. Separately excited;

Exciter direct connected, or gear driven.

¢. Compositely excited.

5. With respect to service requirements, as:

. Slow speed;
. Fly wheel;

. High speed;
. Water wheel type;
. Turbine driven.

& e o0
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Single Phase Alternators.—As a general rule, when alter-
nators are employed for lighting circuits, the single phase ma-
chines are preferable, as they are simpler in construction and
do not generate the unbalancing voltages often occurring in
polyphase work.

F16. 2.147.—Elementary four-pole single phase alternator. It has four “inductors” whose
pitch is the same as the pole pitch. They are connected in series and terminate at the two
collector rings as shown. The poles being alternate N and S, it is evident that there will
be two cycles of the current per revolution of the armature. For any number of poles,
then, the number of cycles equals the number of poles divided by two. Applying Fleming's
rule for induced currents, the direction of the current induced in the inductors is easily
found as indicated by the arrows. The field magnets are excited by coils supplied with
direct current, usually furnished from an external source; for simplicity this is not shown.
The magnets may be considered as of the permanent type.

Ques. What are the essential features of a single phase
alternator?

Ans. Fig. 2,147 shows an elementary single phase alternator.
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It consists of an armature, with single phase winding, field
magnets, and two collector rings and brushes through which
the current generated in the armature passes to the external
circuit.

Ques. In what respect do commercial machines differ
mostly from the elementary alternator shown in fig. 2,147,
and why?

{ONE REVOLUTION} .
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Fi16s. 2,148 and 2,149.—Developed view of elementary single phase four pole alternator and sine
curve showing the alternating current or pressure generated during one revolution, The arma-
ture is here shown as a flat surface upon which a complete view of the winding is seen. If
M., be any position of an inductor, by projecting up to the curve gives N, the corresponding
value of the current or pressure. Magnetic lines are shown at the poles representing a
a field decreasing in intensity from a maximum at the center to zero at points half way
between the poles, this being the field condition corresponding to the sine form of wave.
In actual machines the variation from the sine curve is considerable in some alternators.
See figs. 1,968 and 1,969,

Ans. They have a large number of poles and inductors in
order to obtain the desired frequency, without excessive speed,
and electro-magnets instead of permanent magnets.

Ques. In actual machines, why must the magnet cores be
spaced out around the armature with considerable distance
between them?

Ans. In order to get the necessary field winding on the cores,
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and also to prevent undue magnetic leakage taking place, later-
ally from one limb to the next of opposite sign.

Ques. Is there any gain in making the width of the arma-
ture coils any greater than the pole pitch, and why?

F16. 2,150.—Elementary four pole two phase alternator. The winding consists of one inductor
per phase per pole, that is, 1uir. inductors per phase, the inductors of each phase being
connected in series by the ““connectors” and terminating at the collector rings. This ar-
rangement requires four collector rings, giving two independent circuits. The pitch of
the inductors of each phase is equal to the pole pitch, and the phase difference is equal to
one-half the pole pitch, that is, phase B, winding begins at B, a point half-way between
inductors A and A’, of phase A, winding. Hence when the current or pressure in phase A,
is at a maximum, in the ideal case, when inductor A, for instance is under the center of a
pole, the current or pressure in B, is zero, because B, is then half-way between the poles.

Ans. No, because any additional width will not produce
more voltage, but on the contrary will increase the resistance
and inductance of the armature. '




~
1,538 Alternators

Polyphase Alternators.—A multiphase or polyphase alter-
nator is one which delivers two or more alternating currents
differing in phase by a definite amount.

For example, if two armatures of the same number of turns each bc
connected to a shaft at 90 degrees from each other and revolved in a bi-
polar field, and each terminal be connected to a collector ring, two sep-

{ONE REVOLUTION}
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F1Gs. 2,151 and 2,152.—Developed view of elementary two phase four pole alternator and sine
curves, showing the alternating current or pressure generated during one revolution of the
armature. The complete winding for the two phases is here visible, the field magnets being
represented as transparent so that all of the inductors may be seen. By applying Fleming's
rule, as the inductors progress under the poles, the directions and reversals of current are
easily determined, as indicated by the sine curves. It will be seen from the curves that
four poles give two cycles per revolution. Inductors A and B, are lettered to correspond
with fig. 2,150, with which they should be compared.

arate alternating currents, differing in phase by 90 degrees, will be de-
livered to the external circuit. Thus a two phase alternator will deliver
two currents differing in phase by one-quarter of a cycle, and similarly a
three phase alternator (the three armatures of which are set 120 degrees
from each other) will deliver three currents differing in phase by one-third
of a cycle.

In practice, instead of separate armatures for each phase, the several
windings are all placed on one armature and in such sequence that the
currents are generated with the desired phase difference between them
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as shown in the elementary diagrams 2,150 to 2,152 for two phase cur-
rent, and figs. 2,153 to 2,155 for three phase current.

Ques. What uses are made of two and three phase current?

Ans. They are employed rather for power purposes than for
lighting, but such systems are often installed for both services.

PHASE C

Fi1G. 2,153.—Elementary four pole three phase alternator. There are three sets of inductors,
each set connected in series and spaced on the drum with respect to each other two-thirds
pole pitch apart. As shown, 8ix collector rings are used, but on actual three phase machines
only three rings are employed, as previously explained. The inductors have distinctive
coverings for the different phases, The arrows indicate the direction in which the i