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Preface fbr Third Edition

This book is written especially for engineering college students who
are not majoring in electrical engineering and also for those who are major-
ing in electrical communication.

The beginning portion contains enough single-phase, polyphase, and
transient circuit analysis to enable the student to understand the more
common types of industrial electrical machinery as deseribed in the middle
half and also to understand the more common elements of electronic
industrial control described in the last portion. It is believed that the
contents are sufficient to give a ‘‘non-electrical” engineer a good foundation
or working knowledge of all electrical apparatus that he is likely to use. It
should enable him to speak and understand the language of the electrical
engineer. ’

Furthermore it is believed that an electrical engineer whose major
interest is communication will find about all of the working knowledge of
power machinery that he is likely to need in his chosen specialty.

The choice of material is also intended to provide an introductory course
for electrical engineers where that course will be followed by more detailed
courses. The pace is set to enable the instructor to start laboratory
agsignments almost immediately after the first lecture.

Inasmuch as it may be desirable to omit some parts of the content to
accommodate a foreshortened course, a flow sheet has been added to show
chapters that must be studied in sequence and others that may be inter-
spersed as laboratory progress permits.

E. E. KiIMBERLY
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Introduction

The Structure of Matter.—All matter is believed to be made up of
atoms. Nothing was known about the structure of atoms until Thomson
discovered in 1895 that they contain both positively and negatively charged
electrical particles. The positively charged particle is called a proton and
has a mass of approximately 1 atomic-weight unit. The negatively charged
particle is called an electron and has a mass about 1 times that of a pro-
ton. The hydrogen atom consists of one proton and one electron. The
electron rotates in an orbit about the proton as if in a miniature solar
system. The negative charge on the electron has the same magnitude as
the positive charge on the proton, and so a combination of the two exhibits
no electrical manifestations.

An atom may contain more than one proton and usually contains as
many electrons as protons. The proton group, regardless of the number of
protons it contains, is called the nucleus of the atom. Chemical elements
are different one from the other because of the different numbers of protons
and electrons contained in their atoms. The characteristics of atoms are
not entirely accounted for by assuming only protons and electrons in their
structures. As more is learned about the atom, additional particles—such
as neutrons, positrons, and mesons—are imagined in order to explain the
new characteristics that are discovered. In the present state of the science
of engineering, only protons and electrons are useful in explaining -elec-
trical phenomena.

Static Electricity.—When glass is rubbed with silk in the classical
experiment in physics, some of the electrons in atoms in the glass are
induced to move over to the silk and so leave more protons than electrons
in the rod. The rod then exhibits a positive charge, and the silk has a
negative charge. Such charges are called static charges because they ““stand
on” or inhabit the bodies which exhibit the charges. Such manifestations
have few uses in engineering and, indeed, are likely to be troublesome.
Static charges appear on sheets of paper passing through a printing press
and cause the sheets to cling to each other and to the press. They appear
on the uniforms of nurses in hospital operating rooms and, by their dis-
charge, explode vapors of anaesthetics which may be present. They appear
on rapidly moving power-transmission belts and may produce sparks several
feet long.

Probably the most useful application is that of removing dust, smoke,
and vapor particles by precipitation from gases, from air in particular.
The particles in passage through the precipitator are given a charge, which

Xiii



Xiv INTRODUCTION

is usually positive, and are then caused to flow near plates or screens of
opposite charge to which they are attracted. The plates or screens are
shaken down periodically, and the residue is removed. No ‘static
machine’’ is used, however, for these industrial applications. Instead, high-
voltage electron tubes described in a subsequent chapter are used to obtain
high potentials.

Dynamic Electricity.—Early scientists studying electricity recognized
what seemed to be a migration phenomenon, but did not know whether
the electrons or the protons flow from one place to another. Faced by the
need of a convention, they chose to say that the flow was that of protons.
Later discoveries proved their choice to be an unfortunate one. A flow of
electrons constitutes an electric current, which is dynamic electricity or
electricity in motion. Electrong will not flow from one place to another
unless some force is applied to them. Any force which will cause such
flow is called an electromotive force (abbreviated emf).

Conductors and Insulators.—An electromotive force applied to the ends
of a copper rod will cause a flow of electrons from atom to atom in the rod,
because the copper atom yields -its electrons readily. The iron atom yields
its electrons less readily; so, if the rod were of iron, less current would flow.
If the rod were of wood or glass, still less current would flow because atoms
of those substances yield their electrons very reluctantly, A substance that
yields its electrons readily is called a conductor, and one that yields them
reluctantly is called an ¢nsulator. Throughout the range of possible sub-
stances to which electromotive forces may be applied, there is no definite
dividing point to distinguish conductors from insulators. No substance is
a perfect conductor, and none is a perfect insulator. Silver is the best
conductor known. Copper, while not so good a conductor as silver, is most
commonly used because of its relatively low cost. Dry wood, porcelain,
glass, and many synthetic materials are very good insulators.

Sources of Electromotive Force.—When a sheet of copper and a sheet
of zinc are immersed in a dilute solution of sulfuric acid, an electromotive
force is produced and a difference in electrical potential is found to exist
between the metal sheets. When these two sheets of metal are connected
by a conducting wire, electrons flow through the wire from the zinc to the
copper while within the solution electrons flow from the copper to the zine.
Thus, the electrons are said to flow around the circuit. Many combina-
tions of other metals and other solutions will produce the same phenomenon
involving flow of electrons. Electromotive force is thus produced by
chemical action. This is the principle of all primary batteries, including
the so-called dry cells used in pocket flaghlights.
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When a rod of a metal such as bismuth is joined to another rod of a
metal such as antimony and their joined ends are brought to a temperature
different from that of their free ends, an electromotive force is produced
and a difference in electrical potential appears between their free ends.
Such a combination is called a thermo-couple. Similar use of many other
metals produces similar results. Thermo-couples find use in the measure-
ment of temperatures, particularly those for which mercury-in-glass
thermometers would be too sluggish in response or where it would be incon-
venient or impossible to place them satisfactorily.

The most common method of producing or generating an electromotive
force is that of moving a conductor across a magnetic field or by causing the
strength of a magnetic field to change in a coil of a conductor. These
phenomena will be explained independently.






CHAPTER 1

Magnetic Fields and the
Generation of Electromotive Force

Magnetic Field.—A bar of hard steel that has been magnetized is
surrounded by a space within which other magnets are attracted or repelled
by it. This space is called the magnetic field and is theoretically infinite in
volume. The force with which a field acts upon another magnet at any
point is dependent on the infensity of the field at that point. The intensity
at any point in a field is dependent on its distance from the magnet which
produces the field. The intensity of a magnetic field at any point is defined
in terms of the force which it would exert upon a unit pole placed at that
point. In the concept of unit pole, it is assumed that either an isolated
north pole or an isolated south pole of a magnet can be produced in space.
If two such isolated poles be placed 1
centimeter apart and their magnetic
strengths be made equal and of such a
value that they attract or repel one
another with a force of 1 dyne, then
each pole isﬁsaid to have the strength
of 1 unit pole.

By definition,a magnetic pole which
is attracted tov'vard th? north by the Fig. 1-1. Magnetic Field Around
earth’s magnetic field is a north pole, a Bar-Type Magnet
and one which is attracted toward
the south is a south pole. If a magnetic compass be brought into the
proximity of a bar magnet, as in Fig. 1-1, the compass needle will assume a
definite direction.

As the compass is moved about in the field, it will be seen that the
direction of the force acting on the needle changes from point to point.
At every point the magnetic field has two defining properties, intensity and
derection.

If the compass be moved always on a line drawn longitudinally through
the needle, it will describe a smooth curve in space between the north and
south poles of the magnet. This curve is said to represent the path of a
magnetic line of force. For quantitative purposes the strength of a mag-
netic field at any point is defined in terms of lines of force or mazwells
per square centimeter. Thus, if a unit pole in a magnetic field be acted
upon by a magnetic force of 1 dyne, the field intensity at that point is said

1 .
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2 ErEcTRICAL ENGINEERING

to be 1 line of force per square centimeter or 1 gauss. All lines of force are
said to “‘emerge” from the north pole and to “enter’” at the south pole of a
magnet and to close upon themselves within the magnet. Fig. 1-2 shows
the magnetic field produced by a horseshoe magnet. Properties of the
magnetic field are further discussed in Chapter 7.

N

Protons Deserted
by Electrons

Excess
Electrons __

S
Fig. 1-2. M;gnetic Field Fig. 1-3. Generation of Electromotive
Around the Poles of a Horse- Force in a Conductor

shoe-Type Magnet

Electromotive Force Produced by Motion.—If a rod of conducting
material be caused to move in a magnetic field, as shown in Fig. 1-3, there
will be a disturbance in the balance of protons and electrons within the
atoms of the rod. Some electrons will migrate to the near end of the rod,
leaving an excess of protons on the far end. This disturbance in balance
is said to be caused by an electromotive force (emf) resulting from the
motion of the conductor across the magnetic field. The electromotive
force is said to produce a difference of poteniial between the two ends of the
rod. In practical units, electromotive force is measured in volts. When
the conductor is cutting a magnetic field or “magnetic flux” at the rate of
108 lines of force per second, 1 volt is being generated.

Expressed as a formula, the foregoing statement may be written as
follows: N do

€= m (1—1)
where e=instantaneous generated emf;
N =number of conductors in series (1 in Fig. 1-3);
¢ =number of lines of magnetic flux;
¢ =time, in seconds.
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This equation is called Faraday’s Equation in honor of the discoverer
of these relationships. The phenomenon is known as electromagnetic
induction and is the most common means used in the generation of voltages
for commercial use.

If there be a difference in potential between the ends of a rod, as in
Fig. 1-3, and the ends be joined by a metal wire, the electrons will flow
from the near end of the rod through the wire to the far end of the rod and
restore the electron-proton balance. Inasmuch as the excess electrons on
the near end of the rod are attracted to the excess positive protons on the
far end of the rod, the far end is said to be at positive potential or ‘“positive.”

If the direction of motion in Fig. 1-3 be reversed, the direction of the
emf generated in the rod will be reversed also. Or, if the direction of
motion remain as before and the polarity of the magnet be reversed, the
direction of the emf generated in the rod will be reversed.- The magnitude
of the emf generated in a conductor depends directly on the rate at which
that conductor cuts magnetic lines of force. Therefore, the emf is a direct
function of the velocity of the conductor and of the strength of the magnetic
ficld through which it moves.

Motion

Magnetism

Fig. 1-4. Fleming’s Rule of Generated emf

Fleming’s Right-Hand Rule.—By a rule known as Fleming’s right-
hand rule, the direction of the emf generated in a moving conductor may
be found if the direction of the magnetic field and the direction of motion
of the conductor in the field are known. The rule is as follows: Extend
the thumb, the first finger, and the second finger of the right hand mutually
at right angles along the axes of an imaginary three-plane coordinate
system. Point the thumb in the direction of motion of the conductor rela-
tive to the field, and point the forefinger in the direction of the flux (magnetic
lines), as indicated in Fig. 1-4. The second finger will then point along the
conductor in the direction of the positive end of the conductor.

If the conductor of Fig. 1-4 were a part of a complete circuit, the current
which the electromotive force would cause to flow would be said by con-
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vention to flow from the positive end of the conductor. All rules of
current flow are based on that premise, regardless of the fact that it is now
known that the electrons actually flow in the opposite direction. It is
not necessary to modify that point of view until the actual direction of
electron flow must be considered in electron tubes.

Electromotive Force Produced by Change of Flux Linkages.—If the
conductor of Fig. 1-4 were entirely above the magnetic field and its ends
were connected by a loop of wire hanging below the field, the field would be
entirely enclosed by the link or turn of
conductor so formed. If then the link
were dropped downward an inch, it would
no longer encircle or link any flux. The )
flux in the conductor link would then have
changed in the amount of ¢, the flux of -
the field. The flux lines of the field itself (o
are closed links, as shown in Fig. 1-2.
Therefore, the linkages of the flux lines
with the conductor link would have been gi; 15, yse of Rule of Thumb
changed; in this case, they would have
been reduced to zero.” The voltage generated in the conductor link would
be proportional to the rate of change of total flux linkages. If the down-
ward movement were accomplished in 1 second and the links of flux were
10% lines, the average voltage generated would be 1 volt because the flux
linkage change per second would be 108X 1=10% The equation of the
voltage at any instant in the movement of the conductor link is then

d¢
108 dt
This equation is the same as equation 1-1, but N is the number of con-
ductor links or turns (1 in this case). The flux-linkage viewpoint then leads
to the same result as the conductor-cutting-flux viewpoint. The flux-
linkage theory will be enlarged under the subject of inductance in a sub-
sequent chapter. )

If—instead of being moved as described—the conductor had been
held fixed while the flux was reduced to zero in 1 second, the rate of change
of flux linkages and hence the average voltage generated would have been
the same. That is the principle of the power distribution transformer.

e=N

Magnetic Field About a Conductor Carrying Current.—An electric
current flowing in a conductor produces a magnetic field around that
conductor. Fig. 1-5 shows the direction of this field when the current
flow is toward the observer. A dot (suggesting the point of an arrow)
on the cross-section of a conductor conventionally represents current or
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emf toward the observer. A cross or plus sign (suggesting tail feathers of
an arrow) represents current or emf away from the observer. If the con-
ductor be grasped by the right hand with the thumb pointing in the direc-
tion of current flow, then the fingers will point in the direction of the
magnetic lines of flux around the conductor, as shown in Fig. 1-5. This
is the magneiic rule of thumb.

The Ampere.—In the centimeter-gram-second (cgs) system of units,
electric current is measured in abamperes. The ampere is the practical
unit of current and is equal to one-tenth of an abampere. The ampere
may also be defined as that constant current which, when passed through
a standard solution of nitrate of silver in water, deposits silver at a rate of
0.001118 gram per second. Also the current is said to be 1 ampere when
the rate of electron flow is 6.28 X 108 electrons per second. ’

Electrical Resistance.—When water flows through a pipe, the walls
of the pipe offer resistance to the flow. Similarly, when an electric current
flows through a conductor, the substance of the conductor offers resistance
to the flow. The ohm! is the unit of measurement of electrical resistance,
and the conventional symbol for it is 2. A current of 1 ampere will flow
in a conductor having a resistance of 1 ohm when a difference of potential
of 1 volt is applied. The flow of electric current through a conductor pro-
duces heat and increases the temperature of the conductor.

Ohm’s Law.—If a constant difference of potential V be impressed
between the ends of a conductor, the current which will flow will be directly
proportional to the difference of potential and inversely proportional to
the resistance of the conductor. That fact was discovered by Ohm and
the law bears his name. The relation may be expressed by the following
formulas:

V
I-4 (1-2)

|4
=7 (1-3)
V=IR (1-4)

where I =the current, in amperes;
R = the resistance, in ohms;
V = difference of potential, in volts.

Thus, the resistance of a conductor appears as a ratio of the difference
of potential to the current which flows.

* A column of mercury having a mass of 14.4521 grams, a length of 106.3 centimeters,
a temperature of 0 C, and a uniform cross-section has a resistance of 1 ohm.
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PROBLEMS

1. In the diagram, a cross-section of a conductor is shown moving to the right in a
magnetic field. Will the emf generated in the conductor be toward or away from the
observer?

2. If the magnetic field of Problem 1 be of a uniform strength of 10,000 lines per
sq cm, the immersed perpendicular length of conductor therein be 10 cm, and the
velocity of motion of the conductor perpendicular to the field be
100 ft per sec, what is the magnitude of the generated emf?

Ans. 3.06 volts

3. Show the flux in the magnetic circuit of the four-pole gen-
erator of Fig. 10-13. Indicate the directions of the lines of flux
with arrowheads.

4. An electric heater whose resistance is 60 ohms is connected
to a 115-volt circuit. How much current flows in the heater?

5. A magnetic field links a 1-turn coil or one turn of wire and
varies in magnitude at the rate of 8x10° lines of flux per second.
Calculate the generated voltage.

Problem 1-1 6. If the coil of wire in Problem 5 contained 10 turns in
series, what would be the generated voltage?

7. If in Fig. 2-2 (a) the total flux is 1.27 x 108 lines and it is uniformly distrib-
uted, what would be the maximum value of the sinusoidal voltage generated in a con-
ductor rotating 1 revolution per sec? Ans. 4 volls

8. A conductor 10 cm long is caused to move across a field of 80,000 lines per sq in.,
as in Fig. 2-1 (a), at a velocity of 100 ft per sec. IFind the emf generated between the
ends of the conductor.

9. Calculate the maximum emf generated in a 20-turn coil rotating on its axis 200
revolutions per sec. The maximum flux enclosed in the loop is 400,000 lines.

10. A coil of 100 turns is cut by a magnetic field which is rising at a rate of 1 million
lines per minute. Calculate the emf generated. Ans. L volt

11. When at working temperature the heating element of an electric smoothing
iron has a resistance of 12 ohms. How much current will it draw from a 115-volt line?

12. A conductor 4 in. long is caused to oscillate linearly with sinusoidal velocity
across a magnetic field whose strength is 80,000 lines per sq in. The amplitude of
oscillation is 4 in. Calculate the maximum voltage generated in the conductor when
its frequency of oscillation is 20 cycles per szc.



CHAPTER 2

Commercial Forms of Electromotive Force;
Power and Energy

Instantaneous Values of Electromotive Force.—When a conductor
moves with uniform velocity through a magnetic field of uniform intensity,
there is generated in that conductor an emf of constant value. See Fig.
2-1 (b). Thisis called direct emf.! If, however, the field is not of uniform
intensity, or for any other reason the rate of cutting flux lines is not con-
stant, then the emf generated is not of constant value.

~ 1
l |
o §
( 1
s ' 0 i 2
Seconds
(a) )

Fig. 2-1. Generation of Direct emf

Assume that in Fig. 2-2 (a) the flux in the airgap between the poles N
and S is of uniform intensity and that the angular velocity of the conductor
shown is 27 radians per second and is constant. Fig. 2-2 (b) is a plot of the
rate at which the conductor cuts the magnetic field at every point in one
revolution. The generated emf wave is, hence, of the same shape. In
position A, Fig. 2-2 (a), the motion of the conductor is parallel to the lines
of flux of the field; and, since no flux is being cut, no emf is being generated.
This instant of time corresponds to 4 in Fig. 2-2 (). In position C in (@)
the conductor is moving at right angles to the lines of flux, and hence the
rate of cutting these lines is maximum. This position corresponds to the
instant C in Fig. 2-2 (b). Between positions A and C the rate of cutting
the magnetic field is a sinusoidal function of position and, therefore, of
time. After position E is reached, the conductor begins to cut across the
field in the opposite direction, and hence its generated emf is reversed in
direction and is shown as negative on the sinusoid.

In making one complete revolution in 1 second, the conductor has
generated in it all possible values of emf at a fixed speed and with a fixed
flux intensity; hence, the emf is said to have completed one cycle. The

! While the terms direct emf and direct current are somewhat difficult to justify
completely in describing such quantities, custom has firmly established such usage.

7
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number of cycles completed in 1 second is called the frequency. Thus, the
emf in Fig. 2-2 has a frequency of 1 cycle per second. The instantaneous
value of a sinusoidal emf is frequently expressed as
¢=E, sin ol (2-1)
where e =instantaneous value of the emf;
E . =maximum value of ¢;

w = 2rf = angular velocity, in radians per second;

{=time, in seconds;

f=1frequency, in cycles per second.

On the North American continent 25-cycle, 40-cycle, 50-cycle, and 60-cycle
frequencies only are in commercial power use.

Current caused to flow in a circuit by sinusoidally varying voltage is
called alternating current.

N
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Fig. 2-2. Generation of Sinusoidal emf

If the magnetic field of Fig. 2-2 (a) were not of uniform intensity, the
emf generated would, of course, be alternating, but would not be sinusoidal.
In many cases in practical engineering the generated electromotive forces
and currents are not sinusoidal. In almost all modern alternating-current
generators the conductors are stationary and the magnetic poles are rotated
past them at constant speed. However, the fluxes from the poles cannot
effectively be distributed over the pole faces so as to produce a sinusoidal
voltage under all conditions of loading. The voltage produced by any
particular coil of the generator looks approximately like that shown in Fig.
10-5 (a). However, by using many coils and shaping them properly, the
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terminal voltage wave shape is made so nearly sinusoidal that it may be
considered as such for practically all purposes.

Joule’s Law.—When a continuous current flows in a resistance, the
rate at which electrical energy is converted into heat energy is directly
proportional to the resistance and to the square of the current. This law
was discovered by Joule and bears his name.

Power.—By definition, rate of change of energy is power. Therefore,

the power in a resistance is
P=RI? (2-2)

where P =electrical power, in waiis;
R =resistance, in ohms;
I = current, in amperes.

The abbreviation for watt is w.

Since K = 1;—,

_Yep
P—IXI

or P =V1I watts (2-3)

where V = electromotive force, in volts.

Also P= %2 (24)

As explained on page 5 the ampere is defined in terms of the cgs system
of units. If a conductor 1 em in length be caused to move with a velocity
of 10® em per sec in and perpendicular to the lines of flux of a magnetic
field having a uniform intensity of 1 gauss, an emf of 1 volt will be generated
in the conductor (page 2). If at the same time a current of 1 ampere be
caused to flow in the conductor, the reacting force against which the con-
ductor must be moved will be ¥ dyne (page 128). The electrical power
generated in the conductor will be

P=VI=1x1=1 watt
The mechanical power input to the conductor will be

p-T2 (2-5)

where P =mechanical power, in dyne-centimeters per second;
F =force on the conductor, in dynes;
D = distance through which the conductor is moved, in centimeters;
! =time, in seconds.
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Thus,
510
P= —y = 107 dyne-cm per sec
By the law of conservation of power, the mechanical power must be

equal to the electrical power. Hence,
1 watt = 107 dyne-cm per sec

The most commonly used unit of mechanical power is the horsepower. ‘
Since 1 hp =550 ft-1b per sec, 1 {t=30.48 ecm, and 1 1b =445,072.3 dynes,
it follows that

1 hp = 550 x 30.48 X 445,072.3 dyne-cm per sec
=746 %< 107 dyne-cm per sec
=746 watts

Also, 1 kilowatt = 1000 watts.

Energy.—The product of power and time is energy. If the power in a
resistance is 1 kilowatt and the time of use is 1 hour, the energy used is 1
kilowatt-hour (kw-hr). The heat energy required to raise the temperature
of 1 Ib of water 1 deg F is called the British Thermal Unit (Btu). The
Btu is approximately equal to 778 ft-Ib. Some useful conversion equiva-
lents follow:

1 watt = 107 dyne-cm per sec =0.74 ft-Ib per sec
1 kilowatt = 1000 watts
1 horsepower = 746 watts
=550 ft-lb per sec
= 33,000 ft-Ib per min

1 kilowatt-hour = 3413 Btu

PROBLEMS

1. How many horsepower are required to hoist 4000 Ib at the rate of 50 ft per min?
2. How many kilowatts are required to supply the power in Problem 1?

3. What is the power in an electric iron whose resistance is 11 ohms, when the iron
is connected to a 115-volt circuit?

4. A bill for electric energy is $20 for 150 hours. The price of energy is 7 cents per
kilowatt-hour. What was the average power?

5. How much heat per hour is produced in the iron of Problem 3?

6. How many hours would be required for a heater of 10 ohms resistance connected
to a 220-volt line to produce enough heat to melt 100 1b of ice? Latent heat of ice is 144
Btu per pound.

7. A baseball field is lighted by 40 lamps, each of which draws 2.3 amperes from a
115-volt line. If the field is lighted for 23 hours and the cost of clectric energy is 3 cents
per kilowatt-hour, what is the energy cost? Ans, $0.756
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8. If power for the field in Problem 7 is furnished by an individual engine-generator
unit and the efficiency of the generator at the required load is 829, what must be the
horsepower output of the engine? Ans. 17.8 hp

9. A waterfall 72 ft high has a flow of 5000 tons of water per minute, 10 per cent
of which is diverted through a water turbine whose efficiency at full load is 729;. The
turbine drives an electric generator whose efficiency is 869, at full load. Calculate:
(a) the rated horsepower of the turbine; (b) the rated power output of the generator;
(¢) the dollar value of the yearly energy output if the equipment is operated at full load
continuously and the market price of the energy is 1.2 cents per kilowatt-hour.

10, An immersion heater used to maintain the temperature of a plating solution
draws 15 amperes from a 120-volt line. How many Btu per hour are delivered to the
solution?

11. An elevator with an unbalanced weight of 2000 1b is being driven at 250 ft
per min by a motor whose efficiency is 869%. The hoisting-gear efficiency is 729.
Calculate the power input to the motor. How much energy is used in raising the
elevator 80 ft?

12. If the voltage of Problem 10 were reduced 109, what would be the reduction
in power in the heater?

13. A 500-watt, 120-volt soldering iron will overheat if left connected to its supply
-without use. How much resistance must be connected in series with it to reduce its
* rate of heat input 209%,.

14. In a magnetic field like that shown in Fig. 2-2 a coil of 500 turns is rotating.
When the coil is in a horizontal position, it encloses 4 X 104lines of flux. If the maximum
voltage generated is 400 volts, what is the speed of rotation of the coil in revolutions per
minute?



CHAPTER 3

The Electric Circuit

Application of Ohm’s Law.—Ohm’s Law states that the direct current
in a circuit is equal to the impressed direct difference of potential divided
by the circuit resistance. Thus, by equation (1-2),

0
I-g

Example 3-1.—In Fig. 3-1 let the 230-volt direct-current generator G be connected
to the terminals of the resistor B whose resistance is 50 ohms, Find the current.

Solution.—The current is
V 230

k50
Voltage Rise and Voltage Drop.—When a voltage is generated in any
device or in any part of a circuit, the point of positive potential is said to
be at a higher potential than the point of negative potential. The means
by which the voltage is generated is said to produce a voltage rise, and the
rise is designated by the letter E. In some instances the instantaneous
value of a changing voltage rise may be under consideration and it will be
designated by e. When the circuit is completed,
as in Fig. 3-1, the available voltage E forces a cur-
rent through the remainder of the eircuit and there
E  RgV jissaid to be a voltage drop through that part of the
circuit. Drop in voltage is designated by the let-
ter V. The sum of all voltage rises in the circuit
Fig. 3-1. Circuit in gt be equal to the sum of all voltage drops. It
Example 3-1 . qe . . .
may seem that, as indicated in Fig. 3—1, there is a
distinction without a difference because E and V appear across the same
points in the circuit. However, in more complicated circuits the distinc-
tion will be found to be valuable.

I =4.6 amp

Comparison of Direct and Alternating Current.—As explained on
page 8, when an alternating voltage is impressed on a circuit an alternating
current flows. An alternating current may be compared to a direct
current on the basis of their respective abilities to produce heat in a resis-
tance. The instantaneous rate at which an electric current is capable of
producing heat is directly proportional to the square of that current, as
indicated by equation (2-2). Hence, throughout the cycle of ¢ (instantane-
ous value of alternating current), Fig. 3-2, the rate of heat production at
any instant is proportional to the value for the corresponding instant on

12
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the curve of 2. The averaée heating value, or effective value, of the current
over a whole cycle is therefore proportional to the average value of the ¢2
curve. The 72 wave is seen to be a sinusoid with twice the frequency of the
¢ wave and located above the axis of the ¢ wave.

The average value of a sinusoid is zero about its own axis. Hence,
2

the average value of 42 about the axis of 7 is Iw! above the axis of 7. That is,

2
2
Average 2= 7’"
Effective I = /Average
_ ./ In
2
dn
. V2
or Effective 1=0.707 I,, (3-1)

Thus, the effective value of a sinusoidal current (or voltage) is \—}5

(or 0.707) times its maximum value.

2
Axis of Symmetry of 42

Int —-—= I r: Equivalent Direct-Current Value
7L, _fYT PON [ ' _ _\__or Heating Value (RMS) ™)
636 I~ F T T TN T T TN T Average Vaige = T

Ie” =7071In
Iay =6360Im

Fig. 3-2. Comparison of Direct and Alternating Current

Alternating Currents in Resistive Circuits.—When an alternating
voltage is applied to a circuit, there are, in addition to the resistance of the
circuit, other factors which. affect the magnitude of the current. These
factors are inductance and capacitance. In circuits in which inductance
and capacitance effects are small, such as lamp circuits and heater circuits,
Ohm’s Law may be used for alternating currents as well as for direct

1 The effective value of current is the square root of the average 42 value and so is
sometimes called the root-mean-square (rms) value. An alternating current or voltage
is always specified by its effective value unless it is definitely stated otherwise. Maxi-

mum values are indicated by the subscript m, as in I, and E,. Average values are
indicated by the subscript av, as in I,, and E,.. .
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currents with acceptable accuracy. The effects of inductance and capaci-
tance in a circuit will be considered in Chapter 5.

Resistors in Series.—If two or more resistors be connected in series,
the current will be the same in all. The voltage drop across each resistor
is the product of the resistance of that resistor and the current; and the

X
IIl i

Fig. 3-3. Resistors in Series Fig. 3-4. Resistors in Parallel

voltage drop across the whole circuit is the sum of the voltage drops across
the individual resistors. In the circuit in Fig. 3-3, for example,

V=R\I+RyI+ RsI+RiI
or V=I(R,+R:+R;+Ry) (3-2)

In a series circuit the applied voltage is divided among the various
resistance parts of the circuit in proportion to their respective resistances.

Example 3-2.—Connected in series to a 230-volt line are four resistors having the
following resistances: R, =50 ohms, R;=10 ohms, B;=15 ohms, R;=40 ohms. Find
the voltage drop across each resistor.

Solution.—The total resistance is

RB=Ri+ R:+ R+ Ry
=50+10+15+40=115 ohms

By equation (1-2), I=%5= 230 _ 2.0 amp

Then the voltage drops are:

R I =50x2.0=100.0 volts
R, I =10x2.0= 20.0 volts
R:I=15%x2.0= 30.0 volts
R,J=40x2.0= 80.0 volts

100.0+ 20.0+30.0 +80.0 = 230 volts (check)

Resistors in Parallel.—If two or more resistors be connected in parallel,
the voltage drop across every one will be the same. The current in each
resistor may be calculated by Ohm’s Law. The total current in the com-
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bination will be the sum of the currents in all the resistors. Thus, in Fig.

3-4,
I=L+L+IL+1,

v v vV Vv
BTRTERTER
1 1
or I= V(R1+ +R3+R4) (3-3)
1 1 1
The reciprocals of the resistances, or - d , are called the
R Ry’ Ry

conductances of the branches 1, 2, 3, and 4, respectlvely.

In solving for the line current, the resistances of all resistors may be
combined into an equivalent single resistance. The reciprocal of the
equivalent single resistance is equal to the sum of the reciprocals of the
resistances in parallel. Let R =the equivalent single resistance. Then,

v
=%
1
_VXE
1,1
Hence, R (Rl R2+R§+R4) 3-4)
The value of 1 is the conductance of the whole parallel group. Thus,

R
the conductance of the group is equal to the sum of the conductances of the
individual resistors, ‘

Example 3-3.—Connected in parallel to a 230-volt line, as indicated in Fig. 3-4, are
four resistors having the following resistances: B; = 50 ohms, Bz = 10 ohms, R;= 15 ohms,
R,=40 ohms. Find the current I in the line.

First Solution.—In this case,
I=9L+L+I:+1,

Also, L=%=%’=4.6 amp
12_2%9=23.0 amp
Ia—%= 15.33 amp
I, —%= 5.75 amp

Therefore, 1=4.6+23.0+15.33+5.75~48.68 amp

Second Solution.—The conductance of the entire group of resistors is

1 1 1 1
B 50+10+15+40 0.2116
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The line current is

I=Vx11—3

=230x%0.2116 = 48.68 amp

Three-Wire Circuits.—Almost all lighting is done with 115-volt or
120-volt lamps, whereas almost all motors of more than } hp are operated
at 230 volts or more. It is sometimes desirable to distribute power for both
lamps and motors over the same line. For this purpose, three-wire cir-
cuits are used, as shown in Fig. 3-5. The two 115-volt generators G, and
G, are connected in series. This arrangement permits motors to be
operated at 230 volts across the two outside wires while lamps may be
used at 115 volts between either outside wire and the middle wire at the

same time.
Current

+
; Lamps
'Il-r>: °

Motors

- Middle or Neutral Wire ‘ ()
+ s

Current

oS

1

Current

Fig. 3-5. Three-Wire Distribution System

Furthermore, the power to the lamps is supplied with less power loss
in the line wires than would be incurred with two-wire, 115-volt distribu-
tion and the use of the same amount of line copper. 1If, as in Fig. 3-5, the
currents taken by the loads on the two parts of the line are unequal, the
middle wire carries the difference between the currents in the outside
wires. An attempt is always made-to balance the loads on the two parts
of the line as far as practicable. .

Example 3—4.—A load of 20 amperes at 115 volts is to be supplied by a two-wire line
each wire of which has a resistance of 0.5 ohm. Calculate the power loss in the line
and the power in the load.

Solution.—By equation (2-2), the power loss in the line is

P=RI*
=(0.5+0.5) x 20> =400 watts
By equation (2-3), the power in the load is '

P=EI
=115 %20 =2,300 watts
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If the load in the foregoing example were supplied by a three-wire line,

it should be divided approximately equally between the two parts to avoid

neutral-wire current as far as possible. The neutral wire should, in general,

be of the same size as either outside wire in order that, if the load be

removed from one side only, the middle wire will be as capable of carrying

the remaining load as is the remaining outside wire because both then
carry the same current.

Example 3-5.—If another similar wire be added to the line of Example 3-4, making

a three-wire, 115-230-volt circuit, how much power could be delivered at the load
point without having the loss in the line exceed 400 watts?

Solution.—For a given outside-wire current, maximum power can be delivered only
to a load which is equally balanced between the two sides of the line. Then, no current
will flow in the middle wire. With the same loss of 400 watts in two wires as in the line
in Example 3-4, the outside-wire current must be 20 amp. The maximum power
permissible in the load is

230 % 20 = 4,600 watts

The preceding examples show that, by adding 50 per cent more copper,
the power transmissible by a three-wire circuit with the same power loss as in
a two-wire circuit is increased 100 per cent. This fact demonstrates the
economic advantage of three-wire distribution over two-wire distribution
for providing 115-volt service as ordinarily used in home-lighting circuits.
The greater the load unbalance, the less advantageous is the three-wire
system. The load is carried with minimum line loss when the load is
balanced between the two sides of the line and there is no neutral-wire
current.

Kirchhoff’s Laws.—Kirchhoff has propounded two laws relating to
electrical circuits, and they now bear his name. In his first law, Kirchhoff
stated that there is always as much current flowing away from a point in a
circuit as there is flowing to that point. For example, in Fig. 3-7 at the
point M, the sum of the currents I, and I,, flowing away from M is equal to
the current I, flowing to M. This law is sometimes called Kirchhoff’s law
of currents.

In his second law, Kirchhoff stated that the sum of all voltage drops
around any one path of an electric circuit equals the sum of the voltages
impressed on that same path. For example, in Fig. 3-7, the equations are:

Path 1... IaRa+IaRL1+ImRm:Egl
Path 2. .. — IR+ [ Bra+ hiRy=Eyp
Path 3. . . I, R+ [ R+ 1R+ I, Ry=E  + E, 5

This law is sometimes called Kirchhoff’s law of voltages.

Network Solutions.—A circuit containing other than components in
simple series or simple parallel is called a network. An example of a net-
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work is shown in Fig. 3-6. The currents and voltages in them are deter-
mined by the simultaneous applications of Kirchhoff’s voltage and eurrent
laws.

In writing the path or loop equations for a network, such as that in Fig.
3-6, it is necessary that the directions taken around all paths be the same.
After all the voltages have been found for all parts of the circuit, the
voltage loop equations can be written for any closed traverse of the circuit.
At any junction point in the circuit the currents in the branches connected
to that point can be calculated by Kirchhoff’s current law by so-called
node equations. ’

d I ¢ I3 e
AAAAAAY NV
£y L3
A L 2R > B
R5 R 4
AAAAN A
I r I

Fig. 3-6. Example of a Network

In Fig. 3-6 there are only three unknown currents designated as Iy, I,
and I, since Is= I, and I,=I;. Therefore, there must be three equations.
These may consist of two voltage equations and one current equation and
are as follows:

ToopAd......... —E1+ LR+ LRy + IsRs =0
ToopB......... + Ey+ LRy — LR+ I;R;=0
At junction C. .. . Tg+ T+ 1T5=00r Ig—I,.—I,;=0
or 11_13“‘12=0 ‘

Also, Ii=I; and I,=1;

It should be noted that the resistance voltage drop in a circuit is in the
same direction as the current in it.
Example 3-6.—In Fig, 3-6, let E, =100, E,=90, R, =10, R.=8, Ry=15 R,=20,
and R;=30. Calculate the currents in and the voltage drops across all resistances.
Solution.—By Kirchhoft’s voltage laws,
—100+101,+81,+30I;=0
+ 90+2071,—81,+15I;=0
After simplification by substituting equivalent currents, these equations become:
481, — 8I;=100
—81,+431I3=-90
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By the solution of these simultaneous equations,
= +1.79 amp (Js)
I;=-176 amp (I..or —I.)
Then, I,=1.,=1.79-(-1.76) = +3.55 amp
The negative sign before 1.76, the value of I5, means that I; is flowing in R in the
direction opposite to that assumed when the loop B was traversed in a clockwise direc-

tion. Positive signs before the answers for I; and I» mean that the actual currents are
in the same sense around the circuit as was assumed for loop 4.

Voltage Drop of Two-Wire and Three-Wire Systems.—In the two-
wire line in Example 3—4, there is a voltage drop equal to

IR =20%1=20 volts

In order that 230 volts may be available at the load, the generator voltage
- must be raised to 230+20 =250 volts. The difference between the send-

ing-end (generator) voltage and the receiving-end (load) voltage is called
the line voltage drop.

R.=059 I
AN 2
+ —— [ -
T T IR, -
— > N
& 8 Path 1 )
o]
l | R =050 I 8
1 — AAAMAAA- m
R
. Inltn S 9
o~ > t (o]
PO Gy Path 2 S
— y ~
IuRy Path 3

Fig. 3-7. Three-Wire Distribution

If, in a three-wire circuit, the load is not equally divided between the
two parts of the circuit, the voltages across the two parts at the load will
not be equal. This inequality is caused by resistance in the middle wire.

Example 3-7.—A constant-voltage double generator set supplies power over a three-
wire line with a resistance of 0.5 ohm per wire to unbalanced-load resistance units of
20 ohms and 30 ohms, as in Fig. 3-7. Calculate the currents in all three lines and the
voltage appearing at each section of load.

Solution.—The load resistor of lesser value will have a greater current. Hence, I,,
will be in the direction shown, and
Im = Ia = Ib
The sum of all voltage drops in a series circuit is equal to the applied voltage. In
this case, the voltages applied to the top and bottom parts of the circuit are 125 volts.
Therefore, by Kirchhoff’s voltage laws, the equations are:
Path 1...... IaRa + IGRLI + ImRm =125
Path 2.... =I.Rp+ IR+ 1R, =125
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It having been established that I is flowing toward the left, the I,,R,. drop is from
right to left as indicated. THence, in traversing the lower circuit in the direction of I,
the established I,.R,, drop is taken as negative. Since I, =1,— I,

IR+ IR+ IR, — LR, =125
and LR+ iRy + I R124+ IR, = 125

By simultaneous solution

1,=4.12 amp
and I, =6.05 amp
Then, I,=1,~1,=1.93 amp
Also, I,R1=6.05x20=121.0 volts across R,
and TyRp2=4.12%x30 =123.6 volts across Ris

Effect of Fuse or Circuit Breaker in Middle Wire.—A fuse or a circuit
breaker should not be used in the middle wire of a three-wire single-phase
circuit, because the opening of the middle wire with the outside wires closed
would put the two parts of the load in series between the outside wires. If
the loads were not well balanced, the difference in voltages resulting across
them might be even greater than that found in Example 3-7 and might
cause serious injury to load equipment.

PROBLEMS

1. Plot aceurately on f-in. cross-section paper a sinusoidal current whose maximun
value is 3-4mperes. Plot on the same axes a curve of current squared. Demonstrate
that the square root of the average ordinate of the #2 wave is 0.707 times the maximum
ordinate of the ¢ wave. .

2. Determine the average value and the maximum value of one half-cycle (starting
at zero value) of a sinusoidal alternating current which will produce heat in a resistor
at the same average rate as a direct current of 30 amperes.

T 6e

Problem 3-6

3. A 100-turn coil is rotated in a uniform magnetic field and generates a voltage at
a frequency of 25 cycles. A voltmeter connected across the coil reads 30 volts. What
is the maximum flux enclosed by the coil?

4. A 200-turn coil in the form of a 6 in. X 6 in, rectangle rotates at 3600 rpm in a
uniform field of 50,000 lines per sq in. Calculate the instantaneous emf when the coil
is 60 deg past the point of zero voltage.

5. What is the maximum value of a sine wave of voltage which would produce
heat in a resistor at the same average rate as 100 volts of direct current?

6. As indicated in the diagram, five lamps rated at 75 watts, 115 volts are con-
nected in parallel with two lamps rated at 200 watts, 115 volts across a two-wire, 115-
volt line. Calculate the line current. Ans. 6.73 amp
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7. A 100-watt, 115-volt lamp is connected in series with a 500-watt, 115-volt
smoothing iron across a two-wire, 230-volt circuit. Calculate the voltage applied to
each. Calculate the power in each. A ( Lamp, 191.8 v.; Iron, 38. v.

ns. g
\Lamp, 278 w.; Iron, 55.6 w.

8. A 25-watt, 115-volt lamp is connected in series with a 200-watt, 115-volt lamp
across a 230-volt supply line. How many 25-watt, 115-volt lamps placed in parallel
with the first one will cause the 200-watt lamp to light to normal brilliance?

9. A 120-volt voltmeter has a resistance of 60,000 ohms. How much resistance
must the series multiplier for this meter have to make it a 600-volt meter? How much
current would the meter then draw from a 600-volt circuit?

10. The resistance of a resistor of about 4000 ohms is to be found by using a volt-
meter having a resistance of 60,000 ohms. What per cent of error would be introduced
by the current taken by the voltmeter? The voltmeter is connected directly across the
resistor.

11. If the voltmeter of Problem 10 were connected to include the ammeter and the
ammeter resistance is 0.001 ohm, what per cent of error in the measurement would be
introduced by the ammeter resistance?

12. If all of the shunt field coils of the generator of Fig. 10-12 are -connected in
series across a 600-volt bus, what would be the voltage across each coil?

13. A series street-lighting circuit has 75 lamps rated at 6.6 amperes, 225 watts.
The line resistance is 50 ohms, How many volts must be supplied by the supply trans-
former?

14. A compound generator whose full-load current is 50 amperes compounds its
voltage too much. The series field, which has a resistance of 0.06 ohm, is to be relieved
of 25 per cent of its current by means of a “diverter” or parallel resistor. What must
be the resistance of the diverter?

15. Tour shunt field coils as shown in Fig. 10-13 have a combined resistance of
100 ohms. If they were connected in parallel, what would be their combined resistance?

16. A lighting load of 100 lamps, each rated at 100 watts at 120 volts, is to be
supplied over a two-wire system each wire of which has a resistance of 0.1 ohm. What
must be the voltage at the generator to insure rated voltage at the lamps?  Ans. 136.6

17. Calculate the voltages that would appear across Rz, and across Ry of Example
3-7 if the middle wire were removed? Ans. [,R11=98.0; [ ,R12=147

18. Assume that Ry, of Fig. 3-7 is adjusted until 7, is 14 amperes and that at the
same time Ry, is adjusted until 7, is 10 amperes. What will then be the voltages across
Ry1 and across Rys?

19. Assume that in the circuit of Fig. 3-7 the resistor B, is disconnected and the
middle line is left open. What voltage will then appear between the mid-point between
the generators and the point M of the circuit?

20. A three-wire, 120/240-volt feeder of 2/0 conductor to an isolated machine shop
is 250 ft long. How many kilowatts can be drawn from the two outside conductors by
the shop motors alone without causing a loss of more than 10 volts in the line? How
many kilowatts can be drawn from one side of the system only without causing a line
voltage drop in excess of 10 volts. See the Appendix for the resistance per 1000 feet
of 2/0 conductor.

21. 1If in Fig. 3-7 the current in Ry, is 6.43 amperes and that through Ry, is 4.35
amperes and the resistance of each line is 0.4 ohm, what is the voltage across the terminals
of each generator?

22. What is the effective voltage generated in the coil of Problem 14, Chapter 2?



CHAPTER 4

Electromotive Forces in Conductors in Series

Use of Vectors.—The action of a sinusoidal voltage applied to a circuit
can best be analyzed by means of vectors. All physical quantities are either
scalars or vectors. A quantity that can be described by one attribute only,
such as weight, power, energy, length, emf, or current, is a scalar quantity.
A directed quantity which cannot be described by less than two attributes,
such as force, velocity, or acceleration, is a wector quantity. A vector
quantity has magnitude and direction.

North Pole
L}

Time
—

180° 270°

|
South Pole

Fig. 4-1. Generation of Sinusoidal emf

Vectors were first used to define space relationships; when so used
they may be called space veciors. The same devices may also be used to
define time relationships of two or more events; when so used they are
called teme vectors. It has been recently proposed to call a time vector by
the term phasor in order to retain the term vector for its original meaning
applying to space only.. The term vector is so firmly entrenched in the
language of engineering, however, that no confusion seems to arise from
its use in a time sense. Therefore, the term vector will be used in this book
and will be construed to mean a time vector unless otherwise indicated.

In Fig. 2-2 it was shown that the emf generated in a conductor moving
with constant velocity in a circular path in a uniform magnetic field may
be represented by a sinusoid. In Fig. 4-1 the conductor a is shown located
at the end of a radius space vector Oa revolving counter-clockwise with

22
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constant velocity about the origin O of a rectangular-coordinate system
with axes Ox and Oy. With the z-axis as reference, the generated emf in
@ is a sine function of the angle 6; by which the space vector Oa is displaced
from that axis. Thus,

On=0aq sin 6;

The sinusoidally varying emf E, in the conductor g is similar to the
sinusoidally varying projection On of the space vector Oa on the y-axis.
Thus, the sinusoid marked ¢, is a plot of Oa sin 6,. Hence, although emf
is a scalar quantity, it may be treated as a vector quantity. Similarly, current
may be treated as a vector and hereafter will be so used.

Fig. 4-2. Addition of Voltages in Conductors in Series

Phase Displacement.—If in Fig. 4-1 a second conductor b, which is
separated from conductor a by the angle 8z, be caused to move in the same
path as @ and with the same velocity and in the same direction as a, there
will be induced in conductor b a sinusoidally varying emf E,. The sin-
usoid marked e¢; is a plot of the instantaneous values of . The maximum
value of E, will occur later than that of E, by a time interval corresponding
to the angle 6, and the velocity of rotation. The angle 6, is the space
angle between conductors a and b and is also called the time phase dis-
placement angle between E, and E,. The emf K} is said to lag E, by 6,
degrees, or E, is said to lead E; by 6. degrees.

Addition of Voltages With Phase Displacement.—In Fig. 4-2 let E,
and E, be two electromotive forces generated in conductors a and & with
a time phase displacement angle 6, similar to that in Fig. 4-1.

If in Fig. 4-1 the farther end of conductor a be connected to the nearer
end of conductor b by a conductor which lies outside the magnetic field,
the electromotive forces K, and E; will act in series to produce a difference
of potential at their free ends which at every instant will be the sum of the
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instantaneous values of E, and- E;. The resultant sum will also vary
sinusoidally, as shown by the curve marked ¢ in Fig. 4-2 (b). InTFig. 4-2 (a)
the vector E is the vector sum of E, and E, and is seen to be the diagonal
of a parallelogram which has ¥, and E, as adjacent sides. The instantane-
ous value e of E is always equal to the algebraic sum of ¢, and e; at that
instant. The sinusoid e of Fig. 4-2 (b) is thus a plot of £ sin 5.

In the application of vectors in computations, it is customary to use
effective values which are maximum values times 0.707, as shown by equa-
tion (3-1). Vectors are assumed to rotate counter-clockwise.

Example 4-1.—A conductor with an effective generated emf E, of 0.10 volt is con-
nected in series with another conductor with an effective generated emf E, of 0.20 volt.

The angle 6, by which E, leads E, in time phase is 45°. What is the resultant emf E
that would be shown by a voltmeter?

L —
— -

x :7 E,=020 Ejcosh

Fig. 4-3. Vector Sum of Two Voltages

Solution.—The resultant emf E is the vector sum of E, and E,, and it can be found
by constructing a parallelogram of vectors, as shown in Fig. 4-3. This problem is one
in simple trigonometry, as it is merely required to find the length of a diagonal of a
parallelogram in which two sides and the included angle are known. The effective
values may be used in the vector diagram. The computations follow:

E<vV(E,+ E, cos 8.)2+ (E, sin 6,)*

=(0.204+0.10 cos 45°)%+ (0.10 sin 45°)2
=0.28 volt
E, sin 6; - 0.10 sin 45° o7
- -1
Ev+ E, cos 6; tap 4'88

62=tan™ 0.20+0.10 cos 45°

In solving Example 4-1, one of the vectors E, is laid out along the
horizontal axis of a rectangular-coordinate system. Also E, is resolved
into its horizontal component K, cos 6, and its vertical component E, sin 6;.
Then, in the equation for E, the horizontal components E; and E, cos 6;
are added to make the base of the triangle of which £ is the hypotenuse.
The value of E is then found to be the square root of the sum of the squares
of the base and the perpendicular side of a right triangle.

If, instead of only two electromotive forces E, and Ej, there had been
a sheaf of emf vectors resulting from a large number of conductors moving
in the circular path, the sum of all the electromotive forces in series could
most easily be found as follows: Resolve each emf into its horizontal and
vertical components; add algebraically all horizontal components and all
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vertical components; and combine the algebraic sums by taking the square
root of the sum of their squares. If it is desired to find both the magnitude
of the resultant emf and its phase displacement from a particular one of
the given electromotive forces, it is convenient to locate the sheaf of vectors
on a coordinate system the z-axis of which will be along that particular
emf vector.

Example 4-2.—TFive conductors connected in series have the following electro-
motive forces: E, =20 volts, E; =40 volts lagging, E. by 45°, E. =50 volts lagging E,

by 80°, E. =45 volts leading E. by 55°, and E, =50 volts leading E; by 75°. Find the
magnitude of the resultant voltage and its phase displacement from E,.

Fig. 4-4. Vector Addition of Several Voltages

Solution.—Fig. 44 shows graphically the arrangement of the vectors given. Their
components are as follows:

Voltage Horizontal Component Vertical Component -
E,.=20 volts 20 cos 0°= +20.00 20sin 0°= 0.0
E; =40 volts lagging 45° 40 cos 45° = +28.28 40 sin 45° = —28.28
E. =50 volts lagging 80° 50 cos 80°= + 8.68 50 sin 80°= —49.24
E; =45 volts leading 55° 45 cos 55° = +25.81 45 sin 55° = +36.86
E . =350 volts leading 75° 50 cos 75° = +12.94 50 sin 75° = +48.29
+95.71 + 7.63
Hence, E=v95.71"+7.632=96.0 volts
X
and 0 =tan 195“71—434

The resultant emf is 96 volts and it leads E, by 4°34".

A More Convenient Notation.—The terms horizontal component and
vertical component become burdensome. Also in some cases the axis of
reference is neither vertical nor horizontal as seen by the observer. In
mathematics, vectors are frequently expressed in what is called complex
notation and the vector is called a complex quantity or complex number.
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The quantity is not really complex in the usual sense, but it is called com-
plex because it is composed of two parts corresponding to the horizontal
component and the vertical component or, as they are sometimes called, the
in-phase component and the quadrature component. The general mathe-
matical form used is a+7b, in which a is the in-phase component and b is
the quadrature component. These in-phase and quadrature components
by definition correspond to the horizontal and vertical components,
respectively, as previously used. The prefix j indicates that b is a com-
ponent to be added to a at an angle of 90° counter-clockwise. The sig-
nificance of j is illustrated in Figs. 4-5 and 4-6.

a b

a
Fig. 4-5. Vector Addition a+b Fig. 4-6. Vector Addition a+;b

The prefix j is usually defined as an operator which rotates counter-
clockwise through 90° any vector by which it is multiplied. The operator j
is the same as the mathematician’s imaginary number ¢ which is vV —1.
A function expressed in complex form is usually designated by a dot above
it; thus, E=E.+jE, However, a generally accepted negligence has
resulted in omission of the dot where such omission will not result in con-
fusion,

Example 4-3.—Solve Example 4-2 by using complex notation.

Solution.—The given vectors are expressed as follows:

a jb
E, =20 volts +20.00 +;0
By = 40 volts lagging 45° +28.28 —28.28
E . =40 volts lagging 80° + 8.68-749.24
E4=45 volts leading 55° . +25.81 +7536.86
E. =50 volts leading 75° +12.94 +348.29

+95.71+j5 7.63

Therefore, E=+495.71+47.63

E=V05712+7.63
=96 volts (voltmeter reading)

763 _ yonys

_ -1
f=tan™ gr=y

The Polar Form of Vector Representation.—The rectangular vector
complex form a+jb is convenient to use in addition and subtraction of
vectors, but is somewhat less convenient for multiplication, division, and
the finding of powers and roots. The polar form A _/2 describes a vector
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of magnitu@e A at an angle 8 from the axis of reference. A vector which
would be E=8.66+3;5 would be expressed in polar form as E = 101 30°.

Also, the complete specification of the voltage E in Example 4-3 would be
E =96/4°34" volts. The vector length is called the absolute value, and the

angle is called the argument.

Vectors may be multiplied in polar form by multiplying their absolute
values and adding their arguments. Thus,

A1/0:X Ao/0= A1A, /0 +6, R C )

Vectors may be divided in polar form by dividing their absolute values
and subtracting their arguments. Thus,

A1Zﬂ1_+ Az_@:“ji—;/el_ez (4-2)

Vectors may be raised to powers by raising the absolute value to the
required power and multiplying the argument by the order of the power.

Th
® (4s/8)" = A/no (+-3)

Also, roots may be obtained by taking the root of the absolute value
and dividing the argument by the order of the root. Thus,

VA iV ﬁ (4-4)

If the sign of 6 in the result of a calculation is positive, the absolute
value lies 8 degrees counter-clockwise from the positive axis of reference.
If the sign of 6 is negative, the absolute value lies 8 degrees clockwise.

Exponential Form of Vector Representation.—-From calculus,

04 08
cos f=1- +.
|2 MEN

05 07

I_LL

and sin §=60—

where 6 is expressed in radians.
Therefore,

cos 6+7 sin 6=14356—

2
By McLaurin’s Theorem, ¢ may be expressed as an infinite series as

follows:
1ol 40
]4

l2L



28 ' ELectrRICAL ENGINEERING

3 . .o 00 6t 6
rlheI'Efore, 670=1+]9—]§—]I~3+E+.}'~5+ c e

which is the expression just derived for cos #+7 sin 8 and
e®=cos 8+7 sin @
A vector A can then be expressed as follows:
A=Ae (4-5)

PROBLEMS

1. A conductor in which the generated voltage is 0.80 volt (effective) is connected
in series with a second conductor in which the generated voltage of the same frequency
is 2.0 volts (effective), the second voltage being 30° out of phase with the first and lagging
it in time. Calculate the resulting voltage appearing across the free ends of the two
conductors. Ans. 2.7 volts

2. Express as a complex quantity the sum of the two voltages of Problem 1, assum-
ing the 0.80-volt vector to lie along the axis of reference.

3. Construct the sinusoids to represent the voltages of Problem 1.

4. Assume that on the rotating member of Fig. 2-2 there are eight conductors in
the positions A, B, G, D, E| F, G, and H, respectively, at a given instant. et the ends
of the conductors away from the observer be designated by primes. Assume that every
conductor generates a voltage of 10 volts rms and that its ends are connected through
sliding brush contacts to a stationary terminal board. If A’ were connected to C,

what voltage would appear between A and C’? Ans. 14.14 volts
5. If, in Problem 4, A’ were connected to C’, what voltage would appear between
A and C? Ans. 14.14 volts
6. 1If, in Problem 4, A’ were connected to D, what voltage would appear between
A and D? Ans. 7.65 volts
7. 1If, in Problem 4, A’ were connected to D’ and D were connected to G, what
voltage would appear between A and G'? Ans. 24.14 volts

8. How could all the conductors in Problem 4 be connected in series to produce the
highest possible voltage at two external terminals? How much would this voltage be?
Ans. Connect A'to E', Eto B,B " to F', Fto H,H to D', Dt C, ('
to G’. Read 52.66 volis between A and G. Several other equiva-

lent combinations are possible.

9. Assuming the voltage of conductor AA’ in Problem 5 to lie along the axis of
reference in a positive sense, show the addition of voltages in complex form. Use rms
values. Ans. (10+3j0)+(0-j10)=10-3710=14.14v.

or (10+70) = (0+710) = 10510 = 14.1} v.

10. If, in Problem 4, A’ were connected to D’ and the conductor DD’ were 120°
ahead of conductor AA’, what voltage would appear between A and D? Show the com-
plex addition of voltages. Ans. (10+j0)—(—5+378.66) =15 ~3j8.66 = 17.32 v.

11. Two generators on the same shaft generate voltages E;=80 and E.=60.
There is a phase angle of 45 deg between the two voltages. Calculate the two voltages
that could be obtained by connecting the two generators in series.



CHAPTER 5

Circuits With Resistance,
Inductance, and Capacitance

Inductance.—As described on page 4 and shown in Fig. 1-5, a current
in a conductor produces a magnetic field around that conductor. When
the current is increased or decreased, the strength of the magnetic field also
increases or decreases. Any change in the field strength causes an emf
to be generated or induced in the conductor. This phenomenon is called
self-induciton. The emf of self-induction is always in such a direction along
the conductor as to oppose the change in current which causes the change
in field strength that produces the emf. Thus, if the current decreases, the
induced emf tends to prevent the decrease.

The emf of self-induction is proportional to the rate of change of field
strength. The field strength produced by a current in a conductor with
no iron in its magnetic field is proportional to the current. If the conductor
is formed into a coil of N turns which are so located that all the flux pro-
duced by the current in every turn cuts every turn, then the emf generated
in each turn would be N times as great as if any turn were cut by only the
flux produced by the current in that turn. The flux produced by the cur-
rent in every turn generates an emf in every other turn also. In a coil,
the entire inductance phenomenon within the coil produced by the current
of the coil is called the self-inductance, or merely the tnductance, of the coil.
Such inductance is dernoted by L.

As stated on page 2, if a magnetic flux through a coil changes magni-
tude at a rate of 10® flux linkages per second, 1 volt is generated in the coil.
If the flux through the coil is produced by current in the coil and that
current is changing at a rate of 1 ampere per second when an electromotive
force of 1 volt is generated, the coil is said to have an inductance of 1
henry. 'This relation may be stated in equation form as follows:

__Nds or e

dl x 108 1081
where L is the inductance, in henrys; ¢ is the flux, in maxwells; I is the
current, in amperes; and ¥ is the number of turns in the coil. The constant

10® converts maxwells of the cgs system to the practical system of volts and
amperes.

(5-1)

Example 5-1.—A coil is wound with 1000 turns. When a current of 4 amperes is
passed through the coil, a flux of 3,000,000 maxwells is produced. (a) How many flux
linkages are there in the coil? (b) What is the inductance L, in henrys? (c) If the

29
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number of turns is reduced to 500 and the current is kept the same as before, what is
the new inductance L,?

Solution.—(a) The number of flux linkages is
. 1,000 x 3,000,000 = 30 X 108 (cgs units)

(b) The inductance is

30 x 108
Ll = mo—s =75 henrys
(¢) The new flux is 500
3,000,000 x 1000~ 1,500,000 maxwells

The corresponding number of flux linkages is
1,500,000 x 500 = 7.5 x 108

and the inductance is

7.5x108
Lz = W = 1875 henrys
< ~f ot
N 7 7 7
N\ S 5
I \
| | Ny
| 4 | Ny B
!
\ / »
\_~/ -7
~7 a-Mas” TaMgg
Fig, 5-1. Coil With Fig. 5-2. Two Coils With Mutual
Self Inductance Inductance

Tt should be noted that in the example the inductances were propor-
tional to the squares of the numbers of turns in the coil. With constant
current the flux is proportional to the number of turns; and, when the num-
ber of turns is reduced to half of the original number, the flux is also
reduced to half its original value. Therefore, the flux linkages per ampere
are proportional to the squares of the numbers of turns in the coil. This
is an idealized case in which it is assumed that the coil does not change size
or shape when the number of turns is changed and that the ability of the
flux path material to carry flux does not change as the flux density changes.
Refinements of these calculations which apply to more practical cases of
coils having various ratios of core diameter, length, and coil diameter
may be found in a Bulletin of the U.S. Bureau of Standards designated as
Reprint 169.

Mutual Inductance.—In Fig. 5-1 is shown a coil A with self-inductance
L, carrying an alternating current I which produces a flux ¢. All of the
flux is assumed to link all the turns N,. If a second coil B with N:(=N;)
turns is wound very closely over coil A so that all of the flux ¢ links also all
turns of coil B, then the voltages e and ep generated in the two coils by
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the flux ¢ will be equal. The coils are mutually linked by the same flux
and are said to be mutually coupled. Inasmuch as the flux linkages per
ampere are the same in both coils, their inductances are the same. How-
ever, the inductance of coil B is not a self-inductance because the flux ¢
which generates the voltage ep in coil B is not produced by current in coil B.
That type of inductance is called mutual inductance, to distinguish it from
self-inductance, and its symbol is 3.

If coil B instead of coil A carried the current, all flux linkages would be
the same as when coil A carried the current. Therefore, M is the symbol
for the coeflicient of flux interaction between mutually coupled coils and the
following relations may be written:

en=M %‘ (5-2a)
dip
and ea=M N (5-2b)
where ¢4 and ¢4 are associated with coil 4;
ep and tp are associated with coil B; and M o— P q 0
is the coeflicient of mutual inductance. » tD (:§ »
If, as in Fig. 5-2, coil B with Na(=N,) ﬂ_; p
turns is not intimately coupled with coil A €

but is located so that only half of the flux ¢
links it, then the mutual inductance is only Fig. 5-3. Two Coils With Iron
half as much as in Fig. 5-1 and only half as };;l:gvlzau;hzf Né‘f)?ﬁ?lcif:tlx g}
much voltage is generated in coil B because Coupling

of 74. The effectiveness of coupling is then

only half as great because half of the flux ¢ has leaked through paths
that do not pass through coil B. When the coils are intimately associated,
the leakage does not exist, the coupling is perfect, and the coefficient of

coupling K is unity. Hence, .
M=KLV LALB (5—3)

where L4 and Ly are the coeflicients of self-inductance of coils 4 and B,
respectively.

The coefficient K ;, expressed as a fraction simply shows how much of the
flux ¢ produced by coil 4 is intercepted by coil B. The coefficient of
coupling can be varied by moving coil B nearer to or farther from coil 4, by
rotating the axis of either coil with respect to the other, or by introducing
in their mutual path some magnetic material, such as iron, which will in-
crease the flux in that path. Fig. 5-3 shows two coils with a linking iron
path which improves the coupling coeflicient of the two coils. Mutual-
inductance devices are very useful ones, and those called static transformers
are discussed in Chapter 17.
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Example 5-2.—A coil A has a self-inductance L; = 220 X 10~* henry and has N 4 = 1000
turns. Coil B has a self-inductance of 95X 10™4 henry and has N =400 turns. When

coil A is energized by an alternating electromotive force of 220 volts and coil B is brought
tj} within 1 in. of it, coil B has 25 volts generated in it. Calculate the mutual inductance
Solution.—If K1, =1, the voltage generated per turn in coil B would be equal to that

in coil A. For this condition,

Es Na

Es N»
_ E AX N, B
S e
_ 220 x 400
~ 1000

Since coil B has only 25 volts generated in it,

and Eg

=88 volts

25
K= %8 =0.284

Then, M=0.284V220x 10X 95X 10~*
=41x10"* henry

Inductive Reactance.—According to equation 1-1, the instantancous
emf?! generated in a coil by a varying current in that coil is

—e=N10-3
e=N T %10
Also, if the flux linkages per ampere are constant,
46 105 1,3
N i = 10—8=L ar
di
Therefore, —-e=1L T
If the current is =1, sin wf,
1 d(Insin i)
—%= L=
= Lwl,, cos wl
When cos wt=1
e ER et En=Loln
E. I.
Also, By L
Hence, Eots= Lol
= 27rfLIeff
or, as it is conventionally written,
E=2rfLI=(2xfL)I (5-4)

! In the equation —er=N %‘;—’X 10~8, the minus sign is used because the voltage

generated in the coil by changes in flux linkages is opposite in sense to the applied
voltage causing the change in current which produces the change in flux.
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The expression (2zfL) is called the inductive reactance of the circuit.
The symbol for inductive reactance is X 1, and it is expressed in ohms, as is
resistance. Inductance is a property of a device or circuit. Inductive
reactance depends on the inductance and also on the frequency.

Y v

1
1
|
!
!
|
|
|
[

Time

Fig. 5~4. Voltage and Current Relations in a Circuit With Resistance Only

Circuits With Resistance and Inductive Reactance.—In a circuit
with resistance only, the current rises and falls in unison with the impressed
voltage, according to Ohm’s Law, as indicated in Fig. 5-4. There is no
time-phase displacement, between them.

Flux Current Induced e m f Applied Voltage Required
E
TS N - -
4 \ 4
/
/ N //
VY \ 2
\S
Y/ \ Y/
m———
I} 4 Time
Resistance R\ i/
Drop, IR \\ /
\ /
/
IX \ ’
" N R4
Component of Applied S

Voltage Required to Balance
the Induced emf
(Equal and Opposite to it)

Fig. 5-5. Current, Flux and Voltages in a Coil in an A-C Circuit

If a cireuit like that of Fig. 5-6 has induced in it an appreciable emf
because of inductance, the impressed voltage V must be large enough to
provide for the resistance voltage drop and also for the reactive voltage
drop. The resistive voltage drop and the reactive voltage drop cannot be
added algebraically because there is a time-phase displacement between
them. Hence, they must be added vectorially.

The resistive voltage drop IR through the circuit is that component of
the applied voltage required to force the current through the resistance of
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the circuit. The reactive voltage drop IX through the circuit is that
component of the applied voltage required to balance the opposing counter-
voltage generated by the change in flux linkages.

The magnetic field in a coil is in time phase with the coil current which
produces it. The induced emf caused by the sinusoidal change in magni-
tude of flux is greatest when the flux is zero because the magnitude of a

I sinusoidal function is changing most rapidly when
b passing through zero value. Hence, the induced
emf is greatest when the magnetic field and its par-
ent current are passing through their zero values
v and is in such a sense as to oppose the change of
current. But the resistance drop is greatest when
the current is at its maximum. The resistive drop
and the induced emf have a time-phase displace-
o ) ment of 90°, as indicated in Fig. 5-5.
Fl%‘ng;?s'tanlzzsiztg?ge: nd The applied voltage is the vector sum of the
IR drop and the IX drop, and is in phase with
no other variable. The current lags behind the applied voltage by the
angle 6 because of the inductanece in the cireuit.

For convenience, a circuit with resistance and inductive reactance,
such as a coil of wire, may be shown schematically with the resistance and
reactance portions separated as in Fig. 5-6. If it were possible actually to
separate R and L in a circuit, it would be possible to measure IR across R
and IX across L with a voltmeter.

JIX |

I
|

1Y :jIX V Jx
]
!

IR I 3

(a)

)
The Voltage Triangle The Impedance Triangle

Fig. 5-7. Relation of Resistance, Inductive Reactance, and Impedance

In Fig. 5-5, the voltage drop IX leads the voltage drop IR by 90°.
The vector sum IR+7IX is called the impedance drop of the circuit and
is symbolized by IZ. The relation of IR, I1X, and IZ is shown in Fig. 5-7
(a). The impedance drop IZ of a circuit is always equal to the applied
voltage E. Thus,

V=1I1Z (5-5)

Inasmuch as in a series circuit the current is common to all parts, it is
convenient to use the current vector as a reference and to draw it hori-
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zontally. If all sides of Fig. 5-7 (a) be divided by I, the result is the
impedance triangle of Fig. 5-7 (b). The impedance Z of the circuit is,
thercfore,

Z=R+jX (5-6)
or Z=vVE+X? (5-7)

Example 5-3.—A pure resistance R =50 ohms is connected in series with a pure
inductance L =0.106 henry to a 220-volt line whose frequency is 60 cycles per second.
Find the current and the angle § by which it lags the applied voltage.

Solution.—In order to find the impedance, it is necessary first to compute the react-
ance, which is

X =2xfL
=27 X 60 x 0.106 = 40 ohms .
&
As shown in Fig. 5-8, the impedance is 0‘0‘\ 740
Z =50+ 740
=V'502+402=64.0 ohms 5
Since V = IZ, the current is A
v Fig. 5-8. Impedance
== Triangle for
Z Example 5-3
220
= m— 3.43 amp

Also, the angle by which the current lags the voltage is
40
=tan-! — = 38°40’
\ 9 =tan 50 38°40
Therefore, I =3.43\38°40’

The angle 8, as calculated in Example 5-3, is actually the angle between
the resistance line and the impedance line. But the impedance drop is the
applied voltage and the current is always in phase with the resistance drop.
Therefore, 6 is the angle by which the current lags the applied voltage. The
angle 6 is called the characteristic angle of the circuit.

Inasmuch as a vector diagram is always associated with some cireuit,
a schematic diagram of the circuit should always be used with appropriate
references clearly marked unless the circuit is so simple that lack of a circuit
diagram will not lead to confusion.

Series Circuit of More Than One Part With Resistance and Inductance.
When two or more devices with resistance and inductance are connected in
series across an alternating voltage, the resistance of the whole is the
arithmetical sum of the resistances of all the parts and the inductance of the
whole is the arithmetical sum of the inductances of all the parts.

Example 5-4.—A coil having resistance R; =20 ohms and inductance L; =0.10 henry
is connected in series with a second coil having resistance R, = 50 ohms and inductance
L,=0.05 henry. It is required to force 10 amperes with 60-cycle frequency through
this circuit. What must be the applied voltage?
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Solution.—The schematic circuit diagram is shown in Fig. 5-9. The total resistance
18

R=Ei+ R,
=20+ 50 =70 ohms
Q ™ Also, the total inductance is
L=L+ Ly
Coil 1 =0.10+0.05=0.15 henry
The remainder of the solution follows:
P~ Q,; X, =2xfL, =37.73 ohms
X, =2xfLs=18.83 ohms
X = 92xfL = 56.56 ohms
Coit 2 Z=R+3;X
=70+556.56
=90 ohms
b J V=12
Fig. 5-9. Impedance Coils in Series =10X 90 =900 volts

Voltmeter V), Fig. 5-9, measures the voltage I(R;+jX:) across the impedance
Ri+7X,. Voltmeter V; measures the voltage I(R:+jX:) across the impedance R,+jX,.
The readings of these voltmeters may be computed as follows:

Vi=1Z, <
=I(R,+jX1) 2
=10(204537.73) g JXz
=427 volts

V'z = IZz N
=I(Ry+jX5) 2 dd
=10(50+518.83) 3
=534 volts A 4

R

The arithmetical sum of V; and V2 is ) 2
greater than 900, the required voltage, X &
but this sum has no significance because
V1and V; are not in phase. Their vector J X
sum is 900. The impedance diagram is -
shown in Fig. 5-10. R,

Parallel Circuits With Resist-  Fig 5-10. Impedance Diagram for
X Example 5-4
ance and Inductance.—When cir-

cuit parts with resistance and inductance are connected in parallel to a com-
mon source of alternating voltage, the current in each parallel part will have
the same magnitude and phase relation to the applied voltage as if each cir-
cuit existed alone. The total current drawn from the source will be the
vector sum of the currents in the parts that are in parallel. Inasmuch
as the applied voltage is common to all the circuit branches, it is custom-

ary to lay out the voltage vector horizontally and to refer all current
vectors to it.

Example 5-5.—In Fig. 5-11 are represented three branches of a circuit with resist-
ances and 60-cycle reactances which are connected in parallel to a 220-volt, 60-cycle
line. The resistances and reactances have the following magnitudes:

R1=40 X1=10
R,=10 X:=50
R3=5 X3=100
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Find the current in each branch. Find the total current taken from the line and its
phase displacement from the applied voltage.

Solution.—In branch 1, -

A
220
17404510
=5.33 amp
10
= -1 -~ _ o9
6, =tan m 14°3
1,=5.33\14°3’
I, cos 8, =5.33 X cos 14°3’
=5.33 x0.9600 = 5.110
I, sin 6, =5.33 X sin 14°3’
=5.33%x0.2427 =1.29

I

[1=5.110-51.29 Ie))
[ ]
R, Ra R
Ve~ X, X, X,

Lo J

Fig. 5-11. Circuit With Resistances and Inductances in Paraliel

In branch 2,

L=-2%0_
10+350
=4.32 amp
— 50 o
02 =tan 1E=78 427
I,= 4.32\78°42'
I, cos 92 =4.32 X cos 78°42/
=4.32x0.1959 = 0.846
I sin 6,=4.32 X sin 78°42’
=4.32%0.9806 =4.23
1,=0.846 — j4.23 @
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In branch 3,

__220
517100

=2.17 amp

I,

83 = tan ™! % = 87°8’

I3=2.17\87°8’
I3 cos 0;=2.17 X cos 87°8’
=2.17 x0.0500 = 0.108

I3 sin 93 =2.17 X sin 87°8’
=2.17x0.9987 =2.16

I5=0.108 — j2.16 (3)

The current I taken from the line may be
-»¥ found by combining the components of the cur-
rents in the branches, as follows:

L=5110-51.29 (1)
1,=0.846-7423  (2)
15-0.108-52.16  (3)

I-6.064-57.68
I1=9.78 amp

_, 768
6.064

1-9.78\51°42"

f=tan =51°42’ lagging

The vector diagram is shown in Fig. 5-12.

) 4 _
Fig. 5-12. Vector Diagram for Conductance, Susceptance, and Ad-

Example 5-5 mittance.—The in-phase and quadrature

components of complex numbers may be

found by a method differing somewhat from that explained on page 24.
In a simple series circuit containing resistance and inductance,

I=7

When complex-number notation is used,
V=V+j0

Z=r+jz
. V450

r+jz
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—jx
]1}

If the right-hand member of the last equation be multiplied by
its value will not be changed. Thus,
_V+ ]O r—jx
Crtjz X Jx
V(r-jx)
=R Jox?
_V(r—jz)
Tt

- V(r2 —T— :cz) —jV(rz —T— :cz)
or I=1,-;I, (5-8)

in which I, is the component of current zn phase with V and 1, is the com-
ponent of current in quadrature with V. The vector diagram for current
is shown in Fig. 5-13.

I

Lt 4

~JIy

Fig. 5-13. Vector Diagram for Current

The quantity —— o 5 is a factor by which the voltage V may be multi-
phed to find the component of current in phase with it, and the quantity
R + 5 is a factor by which V may be multlphed to find the component of
current in quadrature with it. The factor —— —Hc is called the conductance,

and its symbol is g. The factor is called the susceptance, and its

ﬁ
symbol is b. Thus, T
T

9= iy (5-9)

b_r2+x3 (5-10)

Just as all the reactances of a series circuit may be added algebraically,
so may all the susceptances of parallel circuits be added algebraically.
Also, all conductances of several parallel circuits may be added alge-
braically.

The complex quantity whose components are g and b is cailed admittance,
and its symbol is Y. Thus,

Y=g—jb (5-11)
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The admittance is the reciprocal of the impedance; that 1s,

1
Y- (5-12)
Also I=VY (5-13)

The unit of g, b, and Y is the reciprocal ohm or mho.

Example 5-6.—Solve Example 5-5 by considering conductance, susceptance, and
admittance.

Solution.—The computations for determining the admittance Y follow:

e T RS T i

po 10 _
l_rf-{-:r,f_ 1600+ 100

_ To _ 10
9= g 100+ 2500

& 50
“r2+zi 10042500

5
9= g 25+ 10000

0.00588

=0.00384

bs 0.01920

=0.00049

oo Te 100 _ 0.00980
0.02783 — j0.03488

Y =0.0445
D ——E e . .
Tiectron Flow The current from the line is
in Charging I-VY
_ _ =220 X 0.0445 =9.78 amp
E
0.03488
+ + - -1 — E1949/
6=tan™ 5 oa7Rg ~ 9142

I=9.78\51°42

ig. 5-14. El F1 . : -
Fig. 514, Hlestron Flow Capacitance.—If a device consisting of two

piates of a conducting material separated by an
air-gap be connected to a source of voltage, as in Fig. 5-14, the excess
protons of the positive plate will attract the excess electrong of the nega-
tive plate and the plates are said to be charged. The electrons will flow
to the upper (—) plate until the attraction from the positive plate is
balanced by the mutual repulsion of the electrons on the negative plate,
and then the flow will cease. The plates are then said to be fully charged.
Such a device is called a condenser, or capacitor.
If the plates of a condenser be moved closer together, the attraction
between electrons and protons will Increase, and more electrons will flow
into the negative plate. If, furthermore, the opposing arcas of the two
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plates be increased, the electrons will redistribute themselves, their number
per unit of surface will be less, their mutual repulsion will be less, and more
electrons will flow into the negative plate to restore the balance. If the
applied voltage be increased, more electrons will flow into the negative
plate. For any certain opposing (facing) plate area and distance between
plates, the device will have a certain capacity for assuming a charge. This
capacity is called capacitance. Its conventional symbol is C, and its unit
of measurement is the farad. 'The farad is inconveniently large for most
practical purposes, and hence the microfarad (mf), which is one-millionth
of a farad, is commonly used.

A condenser is said to have a capacitance of 1 farad if its capacity is 1
coulomb of electricity per volt of applied voltage. A coulomb is that
quantity of electricity which will pass a given point in a conductor in 1
second if the rate of current flow is 1 ampere.

Let @ denote the charge in the condenser. Then, the rate of current

flow is 0
I= —d—t
But, since @ =CE,
I=C % 10— (5-14)

where C = capacitance in microfarads.

Not all condensers have only air between their plates. Some have
‘waxed paper, mica, or other suitable material between the plates; and this
material, which is called the dielectric, makes the capacitance greater than
it would be if air alone were present.

Alternating Voltage Applied to a Condenser.—A sinusoidal voltage
applied to the terminals of a condenser produces a sinusoidal current. When
the applied voltage is maximum, the voltage of the charge on the con-
denser is equal to it and opposite in sign, and therefore no current flows.
Experiment shows that, as the applied voltage decreases, the potential of
the charged condenser forces current out of the condenser, and that this
current is maximum at the instant at which the applied sinusoidal voltage
is zero. The current taken by a perfect condenser leads the applied

voltage by 90° and is, therefore, a function of rate of change of voltage, or

d ) .
ﬁ. It is not possible to make a perfect condenser, but for all except the

most exacting cases the angle may be taken as 90°.
Capacitive Reactance.—With any applied voltage, the current that

will flow into a perfect condenser in which there is no initial charge is
proportional to its capacitance. The condenser is said to have capacitive



42 EvLecTRICAL ENGINEERING
reactance. The symbol for capacitive reactance is X,. The effective
current in a condenser with an impressed sinusoidal voltage is

I =X, (5-15)

where I.=condenser current;

V.= effective voltage impressed on the condenser;
X. = capacitive reactance,

The current at any instant is

. dv
1=C—
dit
_C d(V ., sin wt)
di
=CV mw cos ot
The maximum current is
I1,=CV,
The effective current is
I.=CV.w
V.
Thus, I,=-#— an
us, I.= 7, and .
X,=5-
" Cw
IR I
7 I
R R 6 ;
]
-~ i ~JIX
J 2 :
Yo Xe l
l |
Fig. 5-15. Resistance and Capaci- Fig. 5-16. Voltage Diagram for
tive Reactance in Series . Circuit of Fig. 5-15

Since the current taken by a condenser is proportional to its capacitance
and, by equation (5-15), it is inversely proportional to its reactance, then
its reactance is inversely proportional to its capacitance. Hence,

1
c

By a procedure similar to that used in the case of inductive reactance
(page 32), it may be shown that

X.=K
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1 1 .
»for === 5-16
Therefore, X. 2270~ Ca ( )
and I.=27fCV,=V Cw (5-17)

Series Circuits With Resistance and Capacitance.—In the circuit of
Fig. 5-15 the same current flows in both the resistance and the reactance.
The resistance voltage drop is in phase with the current, and the capacitive
reactance voltage drop lags the current by 90°, as indicated in Fig. 5-16.
The angle 6 is the characteristic angle.

Example 5-7.—A resistor with =30 ohms is connected in series with a.condenser

with C =50 microfarads to a 220-volt line whose frequency is 60 cycles. How much
current will flow?
Solution.—The capacitive reactance is
1
Xe= 2xfC
-1
" 27 X 60 x 0.00005

The current is found as follows:
14

z

=53.2 ohms

v
“R-jX,
oY
=—L=36 am
V30iyp30t o0 Amp

Example 5-8.—A resistor whose resistance is 10 ohms has a maximum safe current
capacity of 5 amperes. It is to be used on a 220-volt, 60-cycle line in series with a
condenser. What must be the capacitance of the condenser to limit the current to a
safe value?

Solution.—The impedance is

14
-7
= ?? =44 ohms
But Z-VETX:
1 2
=y B+ 27rfC)
102 LY
Therefore, Z=4 10+ (m) =44
from which C =0.000061 farad or 61 microfarads

Parallel Circuits With Resistance and Capacitance.—When two or
more circuits with resistance and capacitance are connected in parallel to
a common source of voltage, each circuit acts as if it existed alone. The
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total current drawn by all the circuits may be calculated by the same
method as was used for inductive circuits in Example 5-5.

Series Circuits With Resistance, Inductance, and Capacitance.—The
characteristics of series circuits with resistance, inductance, and capacitance
may best be studied by solving an example.

Example 5-9.—As shown in Fig. 5-17, a resistor with resistance Rg =10 ohms, an
inductive reactor with 60-cycle reactance Xz =50 ohms and resistance Rj=35 ohms,
and a condenser with 60-cycle reactance X,=45 ohms are connected in series to a 60-
cyecle line of 220 volts. TFind the current, the voltage across the inductive reactor, and
the voltage across the condenser.

Solution.— Zr=10+ jO
. Zr= 547550
Bp=100 Z- 0 ji5
. =50 Z=15+ j5
3 iV
é X, =50Q =5
& Co_ 220
X =450 © 15445
l I=13.9 amp
Fig. 5-17. Resistance, Induc- tan—t _5_= 090/
tance, and Capacita;:nce in 6 =tan 15 18°29

Series —
I=13.9\18°29’
The voltage across the inductive reactor is
171, =13.9(5+350)
=13.9%x50.2 =697.7 volts
The voltage across the condenser is

1Z.=13.9(0 - j45)
=13.9 X 45 = 625.5 volts

Fig. 5-18 is the vector diagram for this example.

IZ,=697.7v.——

v
IX =6255v
695 .

The most important point to be noted in
Example 5-9 is that, while the whole circuit
has only 220 volts applied to it, the condenser
part of the circuit suffers a potential of 625.5
volts. If the condenser were designed for only
220 volts, there would almost certainly be a
pun?ture (;i its infsuég’t;gn. 1? geneil.'aé, jn ex- IR 139w IR695v.
cessive voltage o .7 volts applied to an _, .
inductance coil designed for only 220 volts e sEéf'E,EmZ 51)_19:,1 gram
would not endanger the coil unless it were the
cause of excessive current which might cause overheating. When an induc-
tance is connected in series with a capacitance, care should be taken to avoid
voltages across the capacitor greater than that for which it was designed.

Line Voltage= 220 v.
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If the capacitance or inductance of a series circuit be so adjusted that
the voltage across the capacitor is just equal to the inductive voltage in
the reactor at some frequency, the circuit will act as if neither inductance
nor capacitance were present at that frequency and the resistance alone will
limit the current. This condition is called series resonance. One practical
use of series resonance is found in some types of radio receivers in which a
feeble voltage change between the antenna and the ground is made to

provide a relatively large voltage change for use on the grid of the first
amplifying tube.

Parallel Circuits With Resistance, Inductance, and Capacitance.—Each
of a number of parallel circuits connected to a common source of voltage
acts as if it exists alone. The characteristics of a combination of parallel
circuits may best be studied by solution of an example.

o
D
: : :
) 1
o &
= & gm 21
¥ =220v.~ 2 S
I R Il
- o] ~ 3
N v A
2 ]
> 3
o
o] }

Fig. 5-19. Parallel Circuits With Resistance, Inductive Reactance, and
Capacitive Reactance

Example 5-10.—Four circuits with constants as given in Fig. 5-19 are connected
in parallel across a 220-volt, 60-cycle line. Find the total current and its phase-angle
displacement from the applied voltage.

Solution.—Since this is a parallel circuit, V is common to all branches and will be
taken as the reference. For circuit 1,

n-Y

1
_ 220
5+715

I,=13.9 amp (lagging V)
6, =tan™! % =71°34’

1=4.39-;13.18 1)
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For circuit 2, v
L=+
Z,
__220
8+30

I,=27.5 amp (in phase with V)
012 =tan™! g =0
I;=275+;0 )
For circuit 3,
=T
3 Z.g

_ 220
T 10-35
1;=19.61 amp (leading V)

5
= 12 -96°34'
8; = tan 10 26°34

I;=17.57+58.78 3

For circuit 4,
.V
Ii=—
Z
_ 220 _ 220
10+710—515 10-35
1,=19.61 amp (leading V)

25 omoanr

6u=tan™t {5 = 26°34

I,=17.57478.78 @

I,

1,
I

05=0, )
i 2 ! Y
6, 8,=0

I,
Fig. 5-20. Vector Diagram for Example 5-10

The vector diagram is shown in Fig. 5-20. The total current is found as follows:

= 439-513.18 Q)
12=27.50+30 @)
I3=17.57+;8.78 (3)
1=1757+78.78 “)

1 =67.03+74.38

4.38
= -l =3%957
8 =tan 67.03 3°45

1=67.2/3°45
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The most significant point in Example 5-10 is that, while the arith-
metical sum of all the branch currents is 80.6 amp, the actual line current
is only 67.2 amp. If there were added another parallel circuit with
pure inductance which would take a current 0 —34.38 amp, the sum of all
leading and lagging components would be zero and the line current would
be 67.03+30 and would be in phase with V. This would be a case of anti-
resonance. A practical use for anti-resonance is found in industrial-power
distribution. The current used by mills and factories usually lags the
line voltage. By adding a condenser in parallel with the load at the factory,
anti-resonance may be approached; thus, there will be a reduction in the
line current and in the cost of conductors to provide the necessary power.

Fig. 5-21. Power in a Circuit With Resistance Only

The instantaneous power is the product of the
instantaneous voltage and instantaneous current.

Instantaneous and Average Power in a Circuit With Resistance Only.
The instantaneous power in a circuit is always the product of the instantane-
ous current and instantaneous voltage. Fig. 5-21 shows the power wave
as a locus of successive products of v and ¢ when the voltage and current
are in phase. The power passes through two cycles while the emf passes
through one. All the power values are positive, and all of the energy
represented by the area between the power wave and the axis is energy
flowing in one direction in the circuit. If V is the voltage applied to a
resistor and [/ is the resulting current, then the energy is that transformed
into heat in the resistor in every cycle multiplied by the number of cycles.
The power in the resistor is

P=VI (5-18)
in which P = average power;
V =rms volts;
I = rms amperes.
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Power in a Circuit With Resistance and Inductance.—In Fig. 5-22
are shown in sinusoids the conditions in Example 5-3. In such a case the
instantaneous product of v and 7 is not always positive. The part of the
power wave below the axis is negative; therefore, the energy represented
by the shaded areas is negative energy, that is, flowing from the circuit
back into the line. The net energy converted, per cycle, into heat in the
circuit is then proportional to the area above the axis less the area below the
axis.

Fig. 5-22. Power in a Circuit With Resistance
and Inductance in Series

P=V] cos @

In Fig. 5-22 the power wave completes one cycle of 2r radians in going
from a to b, and the power may be expressed as

p=Vnsin wtXI,sin (wt—0)
=Vaulnsin wi sin (wf —6)

2
/V,,Jm sin wt sin (wt—0) d(wl)
p__Jo

27
21
Py = YZLIE sin wt sin (wt—6) d(wt)
™ Jo
21
=_\_/—£I_"%\/—2Ye—” f (sin wt cos 8 — cos wt sin §) sin wf d{wt)

v

0

2
= -V—I/-(sin2 wt ¢os 0 —sin wt cos wt sin 6) d(wt)
i
0

= —?(w cos 8)
Hence, P.w=VIcos8 (5-19)
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The vectors of Fig. 523 show V and I and their relationship. It

may be said that the power is equal to the product of the voltage vector
and the projection of the current vector on it. The projection is [ cos 6.

The product of V and I then is not
equal to the power in a circuit with
inductance or capacitance; and equa-
tion (5-18), or P=VI, is a special
case in which cos #=1.
is a factor by which the product VI
of a circuit must be multiplied to
obtain the true power, and this factor
is called the power factor. The theory

Thus, cos 6

f—I €os Bﬁ

¥
6

T
!
!
!
I
|
I

I
Fig. 5-23. Vectors for Power

applied here in the inductive circuit applies to capacitive circuits as well.
In Example 5-10, cos 3°45’ is the power factor.

The following terms are used to identify the various power components:

VI =apparent power, in volt-amperes;
P=VI cos 0=active power, in watts;
P, =VI sin 0 =reactive power, in vars;

... P
cos 6 =power factor, which is .

Vi

The abbreviation for volt-ampere is v-a.

effective current in amperes.

¢

marked “C” and the other “D’.

Fig. 5-24. Meter Arrangement
for Example 5-3

Measurement of Power and Power Factor.—An a-c ammeter indicates
An a-c voltmeter indicates effective voltage.

An a-c wattmeter indicates aver-
age power in watts or kilowatts.
The proper location of instruments
for measuring V, I, and P in Ex-
ample 5-3 is shown in Fig. 5-24.
The ammeter A should be read
while neither the voltmeter wires
nor the potential-coil wires of the
wattmeter are connected. The
wattmeter should be read when the
voltmeter wires are not connected.
Some wattmeters are provided
with two terminals on the ‘“‘zero”
side of the potential coil, one

Connections for such wattmeters are

shown in Fig. 5-25. Connection to post “C”’ provides for automatic com-
pensation in indication for the power loss in the voltage coil of the watt-

meter.

Connection to the “D’” post is used when the wattmeter is used

in the secondary of a current transformer, as in Fig. 16-10,
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The Kv-a Vector Diagram.—If the voltage triangle of a circuit be
multiplied by the current of the circuit, a volt-ampere triangle is the result.
By dividing each side of this triangle by 1000, a kilovolt-ampere (kv-a)
diagram may be obtained. Such a triangle is shown in Fig. 5-26.

Ul —

To Load
TN
To Load

—4—— To Line
Lo
-
O
~s———— To Line

Compensating Non-compensating
Fig. 5-25. Wattmeter Connections

A motor or other device which takes its power at a low power factor
requires generating and transmitting equipment of a size proportional to
the total kv-a. For that reason the reactive kv-a of industrial power
apparatus is kept to the lowest economic minimum, as described in Chapter
25 relating to power-factor correction.

Effective Resistance.—By equation (2-2), which is based on Joule’s

Law, P
R= ﬁ (5*20)

If the resistance of a solenoid containing an

neg . . .
o ¢2  iron core be computed by equation (5-20), and if
xZ .
o2 2% the voltage be alternating and P be measured by
?,E a wattmeter, the power indicated by the watt-
-4

meter will include that converted into heat in
the copper of the coil and also that caused by
eddy currents and hysteresis loss in the iron of
the core. The reason for these iron losses is
discussed in Chapter 7. The resistance so calculated would be greater,
of course, than that which would have been found if direct current
had been used, because direct current can produce power loss only in
the copper of the coil. The value of the resistance found by a direct-
current test is called the “ohmic’” resistance. The resistance found by

Active Kv-a = Kw

. Fig. 5-26, Kv-a
Triangle
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using alternating current is called “effective’ resistance and is denoted by
R.. The difference between measured ohmic resistance and effective
resistance is determined largely by the quality and structure of the iron
core. Effective resistance is also somewhat different from ohmic resistance
because the alternating current does not distribute itself over the cross-
section of its conductor so effectively as does direct current, and the
alternating current sets up localized eddy currents in the conductor which
contribute further to the power loss and hence to the increase in the

S T s >
< < <

Fig. 5-27. Transposition of Grouped Conductors to Mitigate
Eddy-Current Losses

effective resistance. For this reason, when a large conductor must be
used, it is usually made up of several smaller conductors grouped together
and periodically transposed among themselves in the group so that in the
total length of the conductor every one of the small component conductors
has occupied every position in the group at least once, as shown in Fig. 5-27.

PROBLEMS

1. An impedance of 5+;8 ohms at 60 cycles is connected in series with a second
impedance of 8 —j0 ohms at 60 cycles across an alternating voltage of 230 volts at 60
cycles. Calculate the current. Ans. 15.1 amp

2. Calculate the current that would flow if the two impedances of Problem 1 were
connected in series across a line whose direct voltage is 230 volts.

3. Three single-phase motors whose impedances at standstill are 2+j3, 4452,
and 1+;2 ohms, respectively, are connected in parallel through the same starting
switch to a 230-volt alternating-current line. Calculate the current in the line at start.

Ans. 210 amp

4. Calculate the voltage applied to each impedance in Problem 1.

5. How many ohms of pure capacitive reactance must be connected in parallel
with the load of Problem 3 to correct its power factor to 1009,?

6. A reactor, whose 60-cycle impedance is 5+ 8, is connected in series with a
capacitor, whose 60-cycle rating at 230 volts is 20 kv-a, across a 230-volt, 60-cycle
a-c line. Calculate the voltage across the capacitor.

7. Calculate the active power, the apparent power, and the reactive power in
Problem 3.

8. A condenser with a capacitance of 200 mf is connected in series with a non-induc-
tive 20-ohm resistor across a 220-volt line. Determine the current that will flow at each
of the following frequencies: 30, 40, 50, and 60 cycles. What is the voltage drop across
each part of the circuit at 60 cycles? What is the power factor of the circuit in each case?

9. In starting a certain automobile, the starting motor draws 140 amperes {(average)
for 4 seconds. How many coulombs of electricity pass through the motor?

10. A condenser has a reactance of 10 ohms at 25 cycles. Calculate its capacitance.
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11. A condenser has a capacitance of 0.0002 farad. What voltage at 40 cycles
would produce 5 amperes of current in it?

12. A condenser of 0.00212 farad takes 4 amperes from a 120-volt line. What is
the line frequency?

13. In Problem 11, how much energy per cycle is exchanged between the condenser
and the supply?

14. How many farads of capacitance would be required in a condenser to produce
the same reactance in ohms on 60 cycles as does a pure inductance of 0.1 henry on 40
cycles? © Amns. 0.000106 farad

.15, An air-core inductance coil draws 6 amperes with a power loss of 400 watts
when it is connected to a 115-volt, 60-cycle supply. If the frequency were reduced
to 25 cycles, how many volts would be required to produce the same power loss?

16. A pure resistance of 5 ohms and a pure reactance of 10 ochms are connected in
parallel to a voltage of 100+ ;0 volts. Write the complex expression for the current.

17. A circuit containing 60-cycle impedances of 12+ j0, 0 — 512, and 0+ j6 connected
in series draws 10 amperes from a 60-cycle line of 134 volts. How much current would
the circuit draw from a 25-cycle line of 220 volts?

18. An inductive 60-cycle susceptance of 0.10 mho is connected in parallel with a
conductance of 0.15 mho across a 230-volt supply. What are the line current and
the angle by which it lags the line voltage?

19. What is the angle of displacement between two voltages whose complex expres-
sions are 0+3750 and 5+ j80?

20. A voltage of 125 volts is applied to a circuit containing three impedances of
4+355, 3— 6, and 4+j0 in series. Write the complex expression for the voltage across
the reactor. A

21. TFive condensers of 0.0012 farad each are connected in series across a 60-cycle,
440-volt a-c line. Calculate the current.

22. Calculate the current that would be taken from a 220-volt, 25-cycle line by the
five condensers of Problem 21 connected in parallel.

23. A coil of 1000 turns of wire is wound on a wooden ring. When a voltage of
240 volts of 60-cycle frequency is applied, the current is 20 amperes. If one-half of
the turns are removed and a voltage of 120 volts of 120-cycle frequency is applied, how
much current will flow? Assume negligible resistance. Ans. 20 amp

24, A wire solenoid has a power loss of 200 watts when a voltage of 240 volts of
60-cycle frequency is applied and a current of 2 amperes flows. What voltage at a
frequency of 25 cycles must be applied to produce the same power loss? -

Ans. 135 volts

25. Two resistors, RB;=1000 ohms and R.=20,000 ohms, are connected in series.
How many microfarads of capacitance must be connected across R; to reduce the
impedance across R; to 100 ohms, if the frequency fis 60 cycles per second? How
many, if f=400,000?

26. In the circuit shown in the diagram, C'=0.1 mf, R;
=20,000 ohms, and R,= 60,000 ohms. Calculate the imped-
ance of the circuit: (a) at 80 cycles per second; (b) at 8000
cycles per second.

Pl

B Ry

I ’
Problem 5-26



CHAPTER 6

Electrical Conductors

Resistance of Conductor.—Commercial copper wire for electrical use
may be had in many sizes and cross-sectional shapes. Round wire is
usually used in winding small magnet coils, motors, and generators. Wire
of rectangular section is more economical in space and is used in large equip-
ment. Conductors that may be bent frequently are usually built up of a
number of small wires and are called siranded conductors.

As may be shown by test and demonstrated by Ohm’s Law, the resist-
ance of a conductor of uniform cross-section is directly proportional to
its length and inversely proportional to its cross-sectional area. 'This
statement may be expressed by the formula

l
R=P—A (6-1)

in which R =resistance of a conductor, in ohms;
{=length of the conductor, in feet;
A = cross-sectional area of the conductor, in circular mils;
p=a constant depending on the resistive properties of the sub-
stance of the conductor.

For any conducting substance, p may conveniently be taken as the
resistance of a round bar of that substance 1 foot long and 0.001 inch or
1 mil in diameter. The cross-sectional area of such a bar is called 1
circular mil and the bar is said to be one circular mil-foot in size. The
resistance of 1 circular mil-foot of a substance is called the reszstivity of the
substance. The resistivity of a substance is the reciprocal of its con-
ductivity. At 25 C the resistivity p of annealed copper of 100 per cent
conductivity is 10.6 ohms. The resistivity of aluminum is about 2 times
that of copper, and the resistivity of iron is about 7 times that of copper.

The areas of similar plane figures are proportional to the squares of
their like dimensions; so a circle with a diameter of M mils has an area A
of M? circular mils, or A = M2

Example 6-1.—A two-wire line whose copper wires have diameters of 0.25 in. is
1 mile long. Find the resistance of the line at 25 C.

Solution.—The diameter of the wire is 250 mils. Then, the resistance of the line is
l
R=p i
5,280 % 2
2502

53

=10.6 X =1.79 ohms
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Wire Gages.—Although it is convenient to express all wire sizes in
"circular mils, round wires are frequently specified by American Wire Gage
numbers.! By remembering the progressive law followed in the table, it is
easy to convert gage numbers to circular mils or vice versa. A No. 10
copper wire has a diameter of approximately 100 mils and a resistance of
1 ohm per 1000 feet at 25 C.

As the gage number of the wire decreases, the cross-sectional area
doubles at every three numbers and the diameter doubles at every six
numbers. As the gage number increases, the cross-sectional area is halved
at every three numbers and the diameter is halved at every six numbers.
The area of any round wire is therefore /2 times as great as that of the
next smaller integral size. Sizes of conductors larger than 0000 are specified
in circular mils instead of by numbers.

Change in Resistance With Change in Temperature.—Almost all
metals and alloys show an increase in resistance with an increase in tempera-
tute. Some alloys properly proportioned show practically no such change
in resistance with change in temperature. When the temperature of a pure
copper wire above 0 C increases by 1 deg C, its resistarice rises 0.427 per
cent of its resistance at 0 C. This law is expressed by the formula

R; = Ro(]. + aot) (6—2)

in which R, =resistance at temperature ¢;
R, = resistance at 0 C;
ao=0.00427, for 0 C as reference;
t = temperature of conductor, in deg C.

It is only when O C is used as the base temperature that a,=0.00427.
For every other base temperature, there is another coefficient. To avoid
the need of a table of coefficients, it is best to remember only «,, which is
0.00427.

Example 6-2.—At 75 C a conductor has a resistance of 400 ohms. What is its
resistance at 835 C?
First Solution.—First, find the resistance of the conductor at 0 C. Thus,
Ry = Ro(1+ cut)
_i0
1.32

Then, the desired resistance at 35 C is
Rss = Bo(1 +at)
=303.3x1.149 = 348.5 ohms

and Ry =303.3 ohms

Second Solution.—In the temperature range from 0 C to 100 C, in which copper
conductors are usually used, the resistance of pure copper varies linearly with the
temperature. If this linear relationship continued in the lower temperatures, the

! See Appendix for American Wire Gage table.
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resistance of pure copper would be zero at —234.5 C. It is therefore permissible to
say that the resistance of pure copper is directly proportional to the temperature above
-234.5 C. The variation for this example is represented in Fig. 6-1. The resistance
at 35 C may then be found as follows:

Ry _234.5+35
R 2345+75

Ry = 348.5 ohms

—2345 C oc 35C 75 C
Fig. 6-1. Variation of Resistance With Temperature

Economical Size of Wire.—If the cross-sectional area of the wire used
be doubled, the power loss would be only half as much for the same current.
The choice of size of conductor is determined by four major considerations:

1. The mechanical strength must be sufficient to withstand stresses of
suspension. For interior wiring, except fixture cord, the minimum
size is No. 14. Fixture cord may be as small as No. 18.

2. The voltage drop in the line should not exceed 39, for lamp circuits
and 109, for motor circuits.

3. The temperature rise must not exceed the maximum permissible
temperature of the insulation used. See Tables A and B of the
National Electric Code in the Appendix.

4. The annual cost of the energy lost in the conductor should be
approximately equal to the annual investment costs of those parts of
the distribution system which are proportional to the weight of the
copper. This balancing of fixed charges against the cost of energy
lost establishes a relation such that the sum of the annual investment
costs and the cost of wasted line energy for a year will be a minimum.

The problem involved in choosing the size of conductor will be further
discussed in Chapter 23 under the subject, Most Economical Size of Cable.

PROBLEMS

1. A distribution system has an average power loss of 8 kw at a summer temperature
of 86 F. What would be the average power loss at —20 F with the same current load-
ing?

2. The copper field circuit of a direct-current generator has a resistance of 120 ohms
at a room temperature of 22 C. After 4 hours of operation, its resistance is found to be
132 ohms. What is its temperature?

3. A rectangular bus conductor has a cross-sectional area of § sq in. What is its
area in circular mils?
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4. What is the resistance at 25 C of a coil of commercial copper wire containing

1200 ft of No. 18 conductor?
5. At what temperature would the coil of Problem 4 have no resistance?

6. A load of 50 kw is located 200 ft from a generator. The generator terminal
voltage is 248 volts, and the voltage at the load is 230 volts. Calculate the area, in
circular mils, of the|distribution conductor. Would the National Electric Code permit
the use of this size of conductor (rubber-covered) indoors? (See Table B in the Appendix.)

7. What is the power loss in 1500 ft of No. 4 copper conductor carrying 100 amp
at 60 C?

8. A coil whose mean diameter is 6 in. contains 4000 turns of No. 22 copper wire,
What is its resistance at 50 C?

9. A 6t instrument lead of No. 18 copper wire is accidentally connected across a
115-volt a-c supply. Calculate the maximum rate at which heat is generated in the wire.

10. A transformer winding has a resistance of 0.2 ochm at 21 C. What will be its
temperature when its resistance measures 0.31 ohm?

11. A tungsten lamp on a 120-volt circuit draws 0.68 amp at a temperature of 2700
C. Calculate the current inrush at the instant of switching when the filament tempera-
ture is 25 C. Assume a constant temperature coefficient of 0.0045. Ans. 8.02 amp

12. Aluminum has a resistance 1.6 times that of copper and the weight of a unit
volume is one-third as great. If the conductor of Problem 7 were of aluminum instead
of copper, what would be its weight in pounds to produce the same heat loss at the same
current of 100 amp?

13. A 10-ft length of alloy resistance wire has a resistance of 2 ohms, Its diameter
is 0.020 in. What is the resistance per circular mil-foot of this alloy?  Ans. 80 ohms



CHAPTER 7

Electromagnets

Magnetic Circuit—Magnetism that depends on a flow of electric
current is called electromagnetism. Fig. 7-1 shows a typical magnetic
pattern produced by a loosely wound coil or solenoid with air core. While

Magnetic Field
[

Fig. 7-1. Solenoid With Air Core

most of the magnetic flux links all the turns of the solenoid, some of it
leaks through, as at a, and does not link the end turns. This is called
Jlux leakage with respect to the end turns. It may be shown by calculation!
that, if a solenoid whose length is many times its diameter be wound with
N turns uniformly distributed over its length [, the field intensity at its
center will be . ‘

47NT
H T (7-1)
Hl
and NI-= 0dn (7-2)

where I = current flowing, in amperes;
I=length of solenoid, in centi-
meters;
N =number of turns in solenoid;
H =field intensity, in gausses. S
If the solenoid were bent so that its Fig. 7-2. Closed-Loop
. . . Solenoid
axis formed a closed loop, as in Fig. 7-2,
and there were no flux leakage, the amperes required to produce a field
intensity H with N turns would be

7 10H1
4=N
The flux leakage from such a solenoid or coil may be reduced to an amount
negligible for most purposes by substituting for the air core a core of
v Principles of Direct-Current Machines, by A. 8. Langsdorf, MecGraw-Hill Book Co.
57
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some other material such as iron in which a magnetic field may be estab-
lished more easily than in air. Thus, for a magnetic circuit all or most of
which is in iron, equation (7-1) may be used except as modified in equation
(7-5). See the solution of Example 7-1. It is much easier to magnetize
iron than a vacuum, or air.

The ease with which a material may be made to carry magnetic lines
of induction, compared to the ease with which they may be established in
a vacuum, is called its permeability.

The following comparison may be made between the electrlc circuit and
the magnetic circuit.

Electric Circuit Magnetic Circuit

Eleciromotwve Force, emf or E. Magnetomotive Force, mmf or M.

Produced only by ampere-turns.
Unit is the gilbert, which equals
0.4xN1.

Produced by any one of several
means. Unit is the volt.

Conductivity, K. Permeability, p

Varies for different materials,
from practically zero to high
values. Has its highest values
for a few pure metals, notably
silver and copper. Is indepen-
dent of current density, but varies
with temperature, the change be-
ing different for different metals.

Restistivity, p

Reciprocal of conductivity.

Is unity for a vacuum, air, and
many other materials. Varies
from very slightly below 1 for a
few diamagnetic materials to
more than 1000 for iron and some
alloys. Varies greatly with flux
density B, but is not materially
affected by moderate tempera-
ture. The amount of change
with B varies greatly for different
alloys.

Reluctivity.

Reciprocal of permeability.

If equation (7-1) were used to find the flux density in the core of a
solenoid like that in Fig. 7-1, which is provided with an iron core of uniform-
cross-section and of permeability g, then

47rN 1
B=yH= 100 (7-3)
Also, ¢=BA (7-4)
47N]T p,A (7-5)

or ATV
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where B =flux density in the iron, in lines per square centimeter;
¢ = total flux in the iron;
A = cross-sectional area of the iron, in square centimeters;
I =length of the iron, in centimeters.

The term —ZE is called reluctance, and its symbol is P (tho). Reluctance
n

in 4 magnetic circuit corresponds to resistance in an electric circuit. Thus,

P= (7-6)

or o= (7-7)

SIS

in which M = magnetomotive force.
Equation (7-6) or equation (7-7) is called Ohm’s Law of the magnetic

circuit because of its similarity to the equation R=¥ or I =% of the

electric circuit.

The resistance of air to low electrical potentials is infinite, and so it is
. possible to “open’” an electric circuit. The reluctivity of air, however, is
1; so it is not possible to have a magnetic path of infinite reluctance and
hence, it may be said that a magnetic circuit cannot be opened.

10,000
8,000
6,000
4,000

2,000

Flux Density BB, in Lines per Sq Cm

0

0 5 10 15 20 25 30 35 40 45
"

Fig. 7-3. Magnetization Curve of Iron

Magnetomotive Force.—If a unit magnetic pole be placed in the
magnetic circuit of Fig. 7-2 and be carried along the complete path of a
magnetic line of force, the work done will be the magnetomotive force of the
coil. Its symbol is M or mmf. In equation (7-5) the term *—41;]371 is the
magnctomotive force, upon which the flux density depends directly.

Permeability and Saturation of Iron.—The permeability of a vacuum,
air, or any one of many other media is a constant, regardless of the flux
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Series Magnetie Ciceuit

Difference of Magnetic Potential

(®)

le
i

Series Electric Circuit

Magnetic

Electric

Current

Difference of Electrical Potential !

Fig. 7-4. Comparison of Series Electric and Magnetic Circuits

Source of

ric Circuit
emf Electric

¢ —

Magnetic Circuit

Ampere-Turn
Source of mmf

Hydraulic Source
[~ of Pressure

In an electric circuit containing
resistance only at constant tem-
perature, the resistance is always
the same regardless of the amount
of current flowing,.

In a magnetic circuit without
iron (or high-permeance alloy), the
reluctance is always the same re-
gardless of the amount of flux
present. In a magnetic circuit con-
taining iron, the reluctance varies
as a complicated function of flux
density, according to the magnetic
characteristics of the iron. When
only the mmf applied to the circuit
is known, the flux cannot be cal-
culated directly because the reluc-
tance is not known until the flux
is known.

In a hydraulic circuit, the re-
sistance to fluid flow varies as a
complicated function of the velocity
of flow. When only the pressure
in pounds per square inch is known,
the water flow cannot be calculated
directly because pipe friction is not

\?Q\ a constant but is a funetion of
Flow velocity of fluid flow.

Fig. 7-5. Comparison of Electric, Magnetic, and Hydraulic Circuits
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(density in it. The permeability of iron, nickel, cobalt, or any one of several
of their alloys is a variable function of the flux density in it. Fig. 7-3 is a
typical magnetization curve of flux density B in iron plotted against H
4
10
each centimeter of length. For convenience, the magnetization curves for
commercial iron are usually given as gausses plotted against ampere-turns
per centimeter of length of path. Beyond the point a, Fig. 7-3, called the
knee of the curve, the increase in B for a given increase in H becomes very
small. It is quite possible, but seldom practicable, to carry the magnetiza-
tion beyond the point b.

In calculating the number of ampere-turns required to magnetize a
piece of iron to a certain flux density, the permeability of the iron at that
Jlux density must be known, or a curve of NI per unit length of path plotted
against flux density must be available for the specific magnetic material
being used.

which, from equation (7-1), is times the ampere-turns (N 1) used for

Series Magnetic Circuits.—A magnetic circuit may be made up of
sections of different reluctances in series, just as an electric circuit may be
made up with different resistances in series.

Fig. 7-4 (a) shows a rod of iron of uniform quality, but of various cross-
sections in series. The analogous electrie circuit is shown in (b). The
different component lengths of the magnetic circuit may be of different
materials, and therefore may have different permeabilities, just as the
electric circuit may be made up of seetions of iron, copper, aluminum, ete.,
every one of which has different resistivity. There is, however, an impor-
tant difference. The permeability of any section (being a complex function
of flux density in that section) cannot be known unless the flux density is
known. Since the resistance of a metallic conduetor does not change (con-
stant temperature being assumed) when the current density in it changes,
Ohm’s Law may be applied readily regardless of current magnitude. A
comparison of the electric, magnetic, and hydraulic circuits is shown in
Fig. 7-5.

Although the sum of the differences of magnetic potential in a magnetic
circuit is equal to the total applied difference in magnetic potential, the
actual percentage division of difference of potential among the several
sections of Fig. 7-4 (a) will change as the flux density is changed. There-
fore, it is not possible to calculate directly the flux density in any section of
Fig. 7-4 (a) when a known différence of magnetic potential is applied to the
whole. Such a problem can be solved by trial and error only. However,
it is possible to calculate accurately the total mmf necessary to produce
any specific flux density in any part, as is demonstrated in Example 7-1,
which follows.
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Example 7-1.—Determine the number of ampere-turns necessary to produce u
magnetic field of 1,000,000 lines of flux in the structure of Fig. 7-6 (a). '

Solution.—The first step is to find the number of ampere-turns for part a of the
magnetic circuit and the number for part b, For part a,

< _ 1,000,000 12,730 lines per sq cm
14e % 10N2
(z)
27 X Radius
lo= —
2
2
_2mx50 _ 157 em
2
40,000
35,0001 €
g o
30,0001 o
g
250001 % s
a
20,0001 =
z
15,0007 2
a
10,0001 %
5,000
0

0 10 20 30 40 50 60 70
Ampere-Turns per Centimeter

®)
Fig. 7-6. Magnetic Circuit for Example 7-1

From curve a in Fig. 7-6 (b) corresponding to the kind of steel in section a in (a),
a flux density of 12,730 lines per sq cm requires 11.5 ampere-turns per centimeter.
NI, =amp-turns per centimeter X centimeters in part a
NI,=11.5x157=1805 amp-turns for part a
For part b,

2 =M = 19,890 lines per sq cm

=)
= (27r>< I}adlus) _1
2
=156 cm

From curve b in (b) corresponding to the kind of steel in section b in (@), a flux density
of 19,890 lines per sq cm requires 33 ampere-turns per centimeter.

N1, =amp-turns per centimeter X centimeters in part b
NI,=33x156 = 5148 amp-turns for part b

For the air-gap,

4aN1
H-=51
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The flux density in the air-gap (fringing being ignored) is the same as that in part b, or
19,890 lines per sq cm. Hence,
B =19,890 lines per sq cm
4xN1,
101
10 x 1 x 19,890
4

= 15,830 amp-turns

H-B-

and NI,=

The total number of ampere-turns is
NI,+NI,+NI,=1805+5148+ 15,830
= 22,783 amp-turns
When it is required to find the number of ampere-turns necessary to
produce a given flux density in air and the dimensions are in inches instead
of centimeters, it is convenient to use the converted equation for ampere-
turns.  Thus,

NI=0313B! (7-8)

where B = flux density, in lines per square inch;
I =length of gap, in inches.

Parallel Magnetic Circuits.—Magnetic circuits in parallel under the
influence of a common magnetomotive force carry flux in proportion to
their cross-sections and permeabilities and in inverse proportion to their
lengths. Fig. 10-13 shows a good example of magnetic circuits in parallel.
It should be remembered that any magnetic circuit has in parallel with it a
number of so-called leakage paths which carry useless flux. In some types
of apparatus, such as control magnets, the leakage flux may be neglected;
but in other apparatus, such as motors, generators, and transformers (see
Chapter 17), the design must include an allowance for leakage flux.

Hysteresis.—The theory advanced by Weber is probably the best
explanation of the magnetic phenomenon known as hysteresis. He
supposes that the molecules of all matter are small magnets. The mole-
cules of iron are strong magnets, and those of all other kinds of matter are
weak magnets. When a piece of iron is not magnetized, the molecules lie
in no orderly position, and the north poles and south poles are in such dis-
order that no appreciable lines of force leave the mass. However, under
the urge of a magnetomotive force, the molecules tend to arrange them-
selves parallel to the lines of forece acting upon them. In soft iron many
molecules are thus rearranged against the stresses of their original positions;
but, when the magnetizing force is removed, almost all return to their
original positions and there is again disorder. The few molecules that
retain their new positions produce a faint remanent magnetic field around
the iron. In very hard steel, a greater portion of the total number of
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molecules that are rearranged adopt the new positions permanently; and,
when the magnetizing force is removed, they produce a strong permanent
magnetic field around the iron. To rearrange a given number of molecules
requires a much stronger magnetizing force in hard steel than in soft steel
or iron,

If a bar of magnetically inert steel be surrounded by a solenoid, the
magnetomotive force produced may be varied at will by varying the
current in the solenoid. In Fig. 7-7 (a) is shown a plot of flux ¢ in a given
circuit of hard steel as a function of magnetizing ampere-turns.

N I 4 ’ b
¢
I

AL /

7 Hor126 NT r 126 NI
Loop A K/ ;bldf

oop Area =
f 4,
a
(a) d )

Fig. 7-7. The Hysteresis Loop

The molecules cannot be rearranged without work being done on them,
If the magnetization be carried to b, the relation of ¢ to NI will follow
the curve Ob and the work done will be proportional to the area Obe. If
now the magnetizing force be removed slowly, the ratio of ¢ to NI will
follow the curve bc. The remaining flux ¢O when NI=0 is called the
remanent flux and is a measure of degree of permanent magnetism. An
amount of work proportional to area ebc will be returned to the solenoid
circuit by induetion, while work proportional to area Obc will have been
used in overcoming the molecular friction of the process and will appear
as heat in the iron. Upon reversal of current in the solenoid, the magnetiz-
ing force may be carried to d and to f. After a second reversal of current,
the magnetizing force may be carried to b. For any value, say NI,
there may be either of the two values ¢, or ¢, after the iron has a magnetic
history of at least one eycle. The loop bedfb is called the hysteresis loop®
and its area is a measure of the hysteresis energy per cycle converted into
heat.

Iron subjected to the magnetizing force of an alternating current passes
through one hysteresis eycle for every cycle of the current. By experiment

Y 2kElectric and Magnetic Measurements, by C. M. Smith, The Macmillan Co., New
ork.
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it has been found that hysteresis loss in iron approximately is proportional
to the 1.6 power of the maximum flux density. Fig. 7-7 (b) shows a typi-
cal hysteresis loop for soft iron as used in most electrical machinery.

The hysteresis loss per pound is different for different kinds of iron
and steel, and is an important item to be included in purchase specifications.
Producers of magnetic sheet steel usu-
ally provide this information in the form
of a curve such as that in Fig. 7-8.

The hysteresis loss is proportional
to the frequency and to the volume of
iron, but is not affected by lamination,
as is the eddy-current loss. The mag-
L I netic quality of iron is affected by heat-

Flux Density n Kiloines per $q in treating and by mechanical working.

Watts Loss per Pound

Fig. 7-8. Hysteresis Loss in Iron
(for ome frequency) Permanent Magnets.—If an annular

ring of hardened steel or special alloy

is magnetized to the point b in Fig. 7-7 (a) and the mmf is then
removed, the magnetic strength decreases to point ¢. Such a structure
would have no practical value because all of the flux would be inside the
metal and would not be available for use. To make the flux available it is
necessary to cut a portion of the metal out to provide an air-gap, as in
Fig. 7-6. The air-gap causes an increase in the reluctance of the circuit
and, hence, a reduction of remanent
flux. The result is the same as ol—
though a reversed mmf had been
applied to the ring and had driven n
the flux farther down along the =
" hysteresis loop to a point such as m m, =
in Fig. 7-9, which shows only the
demagnetization portion of Fig.
7-7 (a); permanent-magnet, opera-~
tion is confined to that portion.
The distance to m from ¢ is deter-
mined by the length of the air-gap Demagnetizing Force, in

R 5 Gilberts per Centimeter
cut in the ring. If the metal of
the air-gap were to be replaced,
the flux density would not return
to point ¢ but would return to point n along what is called a minor
hysteresis loop. If the air-gap metal were again removed, the density
would return to m along the upper portion of the minor hysteresis loop.

Flux Density, in Gauss

Fig. 7-9. Demagnetization Curve and
Minor Hysteresis Loop

If a permanent magnet is to be used in a device, such as a direct-current
measuring instrument, from which it may be removed at intervals to
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facilitate repair of the device, its magnetism must be stabilized at some
value below that at which it is expected to work after it is assembled. This
stabilization is usually aceomplished by “‘knocking down” the magnetism
by applying a small amount of demagnetizing mmf.

Eddy Currents can ., Eddy. Currents cannot
flow freely in flow freely in
this structure this structure

Fig. 7-10. Eddy Currents and Their Paths

Eddy Currents.—A rod of solid metal, when subjected to an alternating
magnetic field, has electromotive forces set up in it. The rod may be con-
sidered as being made up of concentric laminating rings, as in Fig. 7-10 (a).
The alternating field cuts the rings and generates alternating electromotive
forces in them. These electromotive forces cause alternating currents,
called eddy currents, to flow through the resistance of the rings. The mag-
nitude of an eddy current is designated as I,. A power loss and a rise of
temperature result from eddy currents.

Transformer Core Toy Motor Frame
Fig. 7-11. Laminated Magnetic Paths

If the rod of Fig. 7-10 (a) be divided into many slender rods insulated
from one another, as in (b), the eddy-current paths will be broken up and
the power loss caused by these currents will be very greatly reduced.
Such a subdivision of an iron path is effective in mitigating eddy currents
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but is so poor mechanically that it is unsatisfactory for most practical
purposes.

In electrical machinery, eddy-current losses are mitigated by making
the magnetic paths of sheet-steel laminations. A sheet thickness of about
0.014 in. is commonly used. Fig. 7-11 shows the laminated structure of a
transformer and one of a toy a-c motor. In alternating-current machines,
the eddy-current loss is usually much less than the hysteresis loss. Lamina-
tion increases the resistance per volt induced in the eddy-current paths,
and so greatly mitigates the power loss caused by such current.

Inasmuch as eddy currents are caused
by voltages generated in the iron, they are
proportional to the rate of change of flux.
In the iron core of a coil, therefore, they
are proportional to the maximum flux 25
density and to the frequency. In the <N
armature of a d-¢ motor or generator ~y
they are proportional to the flux density
and to the speed. Therefore, the losses 20
caused by them are proportional to the
square of the maximum flux density and
to the square of the frequency or speed.
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Energy Stored in a Magnetic Field.
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voltage » is applied to the solenoid and
produces a current 7, the work done in a
time dt is

3

P>

dW =vi dit

This work may be divided into two parts, 0 5
as follows: Iy, Amperes in Field

) di . Fig. 7-12. Magnetization Curve
dW =R dt+ L (_i_t 1 dt for Example 7-2

W

1.0

The last term of this equation represents the energy stored in the
magnetic field in a time df. By integrating that term between the limits
zero and I, the energy stored in a given time may be found. Thus,

or W =3 LI* watt-seconds (7-9)
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"This equation of energy is correct only if the inductance L of the circuit is
constant.

When the magnetic cireuit contains iron, the inductance is not constant
and the stored energy is not so easily found. To find the energy in such a
field, the saturation curve like that given in Fig, 7-6 (b) must be available. .

Example 7-2.—The field winding of a two-pole d-¢ generator has 1000 turns per pole.

With a field current of 1.2 amp, the flux per pole is 1,500,000 lines. Calculate the
energy stored. The magnetization curve is as shown in Fig. 7-12,

Solution.—Draw a line through the origin tangent to the curve 4 D, and let it inter-
sect ¥ D extended at B. If the inductance of the circuit had remained constant as the
current was increased from zero, the inductance L would have been

_Ne
L=1o7
_2X1000x 27 X 105
B 108x 1.2
and the stored energy would have been
Ly
W=

45x 1.2
T2

=45 henrys

=32.4 watt-seconds

This energy is represented by (proportional to) the area ABC. However, with a
current I;=1.2 amp, the flux obtained was AE instead of AC; hence, the area ADE
represents the actual work done. The following is a proof of this statement.

P=UL1:

or Pdt=Nide

But W=fpdt
4
and W=Nfid¢>
0

b
Therefore, the energy W is proportional to i dé, which is area ADE. This area

0
may be measured with a planimeter. The energy then is

Area ADE 32.4% 496 _ 9.94 watt-seconds

82.4x Area ABC 162

Stored energy in a magnetic cireuit is used in one method of welding
thin sheets of metal by impulse. Stored energy presents a problem when
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interrupting an inductive circuit carrying direct current, because the
energy must be dissipated in the arc and the heat produced by the arc is
destructive to the opening contact points. In case the amount of energy
is relatively small, it is feasible to provide a condenser across the opening
points (as at the breaker points of an automobile distributor) to receive
the energy instead of permitting it to burn the points.

Application of Magnets.—Lifting magnets of large diameters suspended
from cranes are widely used in the handling of steel stock and scrap iron.
Magnets for this service are usually energized by direct current. The
same type of magnet is used in removing tramp iron from- grains before
milling and from more valuable machine-tool cuttings of copper, brass, ete.

e
: Coil ]|
o —————— =
i} T-Shading T
f Coil I Core O

=

b m
1 |
L J

(a) (b)

Fig. 7-13. Examples of One Type of Magnet and One Type of Solenoid

Many mechanical operations, such as opening and closing switches and
valves, are performed by use of magnets. Alternating-current magnets
have a more violent action than direct-current magnets and are generally
less satisfactory. The action of an a-c magnet is more violent than that of
a d-c magnet because the flux is almost as great in the open position of the
magnet as in the closed position. The flux in a d-¢c magnet is determined
largely by the armature air-gap, and so is relatively small when the arma-
ture is at the starting part of its closing stroke. The closing force is there-
fore small when the air-gap is large and increases as the stroke proceeds and
closes the air-gap.

In the a-c magnet almost all of the impedance is reactance, which is
low when the air-gap is large as in the beginning of the closing stroke. The
low impedance permits a high inrush of current which magnetizes the core
almost as strongly with the long air-gap as the reduced current does with a
short air-gap at the end of the closing stroke. The average force then in
the closure of an a-¢c magnet is a greater per cent of the maximum force
than is that in a d-c magnet. In some applications in which alternating
current only is available, but the violence of the a-c magnet is intolerable, a
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torque motor is used. The torque motor does not rotate far, but merely
turns through a portion of one revolution to accomplish its purpose and
then remains stationary though energized. In some cases, particularly
on motor control panels, the alternating current is rectified (see Chapter 27)
and direct-current magnets are then used. This method gives less violent
action and much quieter operation.

It is not difficult to make a satisfactory d-c magnet for moving mechanical
parts. An a-c magnet must, however, have a laminated magnetic circuit
unless the core is made of special high-resistance iron and must also be fitted
with a shading coil to reduce magnetic hum to a satisfactory minimum.
These items of construction are not easily achieved in make-shift construc-
tion. It is therefore better to buy an a-c magnet for a special use on the
open market from an experienced builder than to attempt to make one
from materials at hand.

Pull of Magnets and Solenoids.—In order to make the most effective
use of the ampere-turns on an electromagnet, it is necessary that a complete
iron path be provided for the flux when the movable part or armature is in
the closed position. Fig. 7-13 (a) shows the elements of a d-c magnet used
in a d-c motor starter to close the contacts X and Y of a portion of the
starter circuit. The force with which the armature is held may be expressed

by the equation
y q BA

F 72,130,000

(7-10)
in which F is the force, in pounds; B is the flux density at the pole face, in
lines per square inch; and A is the area of the pole face, in square inches.

When the armature is in its open position, the force available to start
its closure is less than the holding force after it is closed, because the
reluctance of the air-gap reduces the flux that reaches the armature.
The forces at the open and intermediate positions can be calculated only
after a rather complicated flux-density plot has been made to ascertain
how much flux actually reaches the armature. In practice the air-gap is
made relatively small; and, if greater motion is desired, it is obtained by
the mechanical advantage of a lever.

A solenoid is actually a coil of wire, but the term is frequently used to
specify a type of electromagnet in which the air-gap is placed inside the
coil where flux leakage can occur less readily. Fig. 7-13 (b) shows the
elements of a solenoid. A solenoid has a longer effective movement than a
magnet of the type in (¢). When a solenoid is magnetized with alternating
current from a constant-voltage source, the flux from the high current with
the core at the open position is not wasted so much in leakage as in the type
of magnet in (). If equation (7-10) for the force I is to be used to calcu-
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late the force exerted by an a-¢c magnet or solenoid, B must be the root-
mean-square value of the flux density.

The Shading Coil.—If no provision were made to prevent. it, the pulsat-
ing pull of an a-¢ magnet or solenoid would fall to zero twice every cycle
and the armature would be pulled away slightly by its restoring spring,
only to be pulled back again on the next rise of flux. Such action causes
chattering of the armature. This chattering can be greatly reduced or
even eliminated by surrounding a portion of the iron at the air-gap by a
closed loop or ring of copper called a shading coil. A shading coil is shown
in Fig. 7-13 (b). Because of the inductance of the coil, the flux through
the shading coil does not pass through zero when the rest of the flux does.
Therefore, there is always some flux in the gap to produce a closing force.

PROBLEMS

1. Calculate the flux density in part ¢ of the magnetic path in Fig. 7-6 (a) when
the total ampere-turns are 15,000.

2. Why is the toy motor frame of Fig. 7-11 open at the top?

3. A coil of 1360 turns of No. 18 copper wire (see Appendix) is wound in one layer
on a wooden ring whose circular cross-section is 4 sq in. and whose mean radius is 10 in.
What will be the current when the coil is connected to a source of 20 volts and the current
is direct? What will be the total flux in the core? Ans. 1045 lines

4, If the wooden ring in Problem 3 is replaced by a cast-steel ring, how many volts
would be needed at the terminals of the coil to produce 200,000 lines of flux? See
page 389 in the Appendix for the magnetization curve.

5. What will be the flux density in lines per square centimeter in Problem 4, if the
voltage is halved?

6. A change of 4 amp in a certain 1000-turn coil causes a flux change of 1,000,000
flux lines. Calculate the inductance of the coil.

7. A direct current of 4 amp flowing through 500 turns of wire is required to main-
tain a flux of 4 x 10¢ lines in an air-core reactor. What is the inductance of the reactor?

8. An air-core reactor of negligible resistance has an inductance of 0.2 henry.
What current will flow when a 60-cycle voltage of 230 volts is applied?

9. In Problem 8, what is the maximum instantaneous rate at which energy is
stored in the magnetic field?

10. A magnetic circuit of cast steel is magnetized to a flux density of 45,000 lines
per square inch. What percentage change in current will be necessary to double this
flux density? See the magnetization curve on page 389.

11. What percentage change would be required in Problem 10 if the circuit were of
19, silicon steel instead of cast steel?

12. When the armature iron of a d-¢ motor is magnetized to a density of 95,000
lines per square inch and the speed is 1800 rpm, the hysteresis loss is 420 watts. What
would be the liysteresis loss if the flux density were reduced to 90,000 lines and the speed
rlvere increased to 2500 rpm?  Assume that all parts of the armature have the same flux

ensity.
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13. When the speed and flux density of the motor of Problem 12 are changed as
specified, what will be the per cent of change in the armature eddy-current loss?

14. A magnetic contactor, when closed, requires a sustained current to hold it so.
What becomes of the power used?

15. A direct-current motor running at 2000 rpm is found to have a hysteresis loss
of 200 watts and an eddy-current loss of 300 watts in the armature iron. What will
be the total power loss in the armature iron if the speed is increased to 2500 rpm while
the field flux remains constant? The eddy-current loss is proportional to the square of
the frequency of reversal of magnetic flux. Ans. 718.7 watts



CHAPTER 8

Electrical Transients*

In most electrical circuits, only the steady-state currents and voltages
are of importance to the engineer, inasmuch as any temporary deviation
therefrom caused by closing or opening a circuit lasts but a short time.
Currents or voltages in a state of non-repetitive change are called transtents.
Transients are of practical importance because, even though they exist for a
short time only, they may cause the blowing of fuses or the puncturing of
insulation. Furthermore, repetitive transients are of great importance and
highly useful in electronic and allied circuits. Transients are likely to
appear in a circuit at the time of starting or stopping of current flow because
of inductance or capacitance, if they are present in the circuit. Resistance
in a circuit tends to limit both the magnitude and duration of a transient.

Current

0 Time, in Seconds

(b)

Fig. 8-1. Current Transient Caused by Temperature Change
in an Incandescent Lamp Filament When the Circuit Is Closed

Direct-Current Transients.—If a switch is caused to close in a hypo-
thetical circuit containing a battery, a switch, and only unvarying resist-
ance, as in Fig. 8-1 (a), the current will rise instantly to its ultimate or

steady-state value, which is K There will be no transient when the switch

R
is closed or when it is opened. If, however, the resistance is not constant
but varies with its temperature, there will be a current transient which will
subside only when the temperature has reached its ultimate value. Fig.
8-1 (b) shows such a transient current in a lamp which has a filament with
a perceptible inductance.

* For further analysis of transients see ‘“Alternating Current Circuits,” by K. Y.
Tang, International Textbook Company.

73
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Current Transient in a Purely Inductive Circuit.—If the pure resistance
of Fig. 8-1 be replaced by a hypothetical pure inductance, as in Fig. 8-2 (a),
and the switch be closed, the only deterrent to current rise is the induced
counter electromotive force in the inductance caused by the rise of current
and hence rise of flux therein. The induced voltage must be constant, and
the rise of current therefore must be constant. The induced vollage is
di
€= — L d_t
the current in the circuit. The resulting current would rise as shown in
Fig. 82 (b). The rate of current rise
isinversely proportional to the induc-
tance L.

This voltage is negative because it is opposite in direction to

Current Transient When RL Cir-
cuit Is Closed.—If the resistance and
inductance of Figs. 8-1 and 8-2 be
connected in series, as in Fig. 8-3 (a),
the rate of rise of current ¢ will be
affected by both circuit impedance
elements simultaneously; and the re-
sult will be similar to that shown in
Fig. 8-3 (b) when the switch is closed.
At any instant after the switch is

Time closed the voltage V must accomplish

i o . two things. It must provide one com-
Fig. 8_2I'ndl§§fvgf0€;‘cr;ftn tinan ponent, which is the iR voltage drop
across R, and a second component,

Current

which is equal to the induced voltage — LZ—; of the inductance L. There-
fore, ‘

L di
V=Ri+L% (8-1)

To derive the equation for the current at any instant after the circuit
is closed, it is convenient first to rewrite the voltage equation as follows:

V . Ldi
E'""Ra

Multiplying by % dt and dividing by %— %, we obtain

R i
~fw_—z_i

B
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R [
—L.[dt [ Z-i
- [ [roe (5-9)],

Rt

- Y VT (8-2)
This reduces to =B RE

The current then at any time after the switch is closed is the steady-

_ Rt

.V . . . )
state value 7,, = less the inductive transient component é,=e L, as

R R
shown in Fig. 8-3 (b). The transient component of current approaches
zero exponentially with time. Theoretically, the circuit current does not
reach its final value of Y until time

B

is infinite. In most instances,
however, it will attain prac-
tically its steady-state value in a
second or less.

Example 8-1.—A constant emf of
10 volts is applied to a coil having a des=L
resistance of 5 ohms and an inductance = p——+———"o—e——— -
of 0.01 henry. How much time will
elapse after the switch is closed until
one-half of the steady-state value of o=
current is reached?

Current

Solution.—Steady-state current i,
=%2=2 amp. By equation (8-2),

1_10_10 ~3% . 7

2 X E = 5 5 € // f v R

L e

Hence, e 001=05 i (d)

and t=0.00139 sec

Time Constant of the RL Cir-
cuit.—An examination of equa-
tion (8-2) will reveal that the
time required for the current in an R L circuit to rise to a certain percentage
of its final value is proportional to L and inversely proportional to B. The
larger the ratio of the inductance to the resistance, the more time will be
taken for the current to rise and the longer will be the time of the effec-
tive transient.

Fig. 8-3. Transient Rise of Current
in an LR Circuit

. L. . .
The ratio T called the itme constant of the cirecuit. When ¢ equals

7 equation (8-2) reduces to
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|4
y — — (1 — ¢!
=gd-
. |4
or 1= 0632 TB (8—3)

Therefore, after a time t=1% (beginning when ¢ =0), the current will have

risen to 63.2 per cent of its final value.

L[] _x
/ dt|;-o L

Current
\,

1 4
0632 ¢

\,
e

Time
Fig. 8-4. Time Constant in LR Circuit

The initial rate of rise of current after the circuit is closed may be found
by differentiating equation (8-2) with respect to . Thus,
di Vd
@ Ral
_R
=T¢ L amperes per second

_ Rt
)

When t=0, Z—’;=‘—£ amperes per second.

A current rising at the rate of % amperes per second will require #
seconds to reach the steady-state value of % This statement may be
expressed by the relation

from which b=

It is true, therefore, that the time constant L of a circuit is equal to the

R

time that would be required for the current 7 to reach its final value of %

if it continued to rise at its initial rate when t=0. Fig. 8—4 shows that
relationship.

In the circuit of Fig. 8-3 the voltage R across the resistance, being
proportional to 7, will have a rising characteristic similar to that of ¢ in
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Fig. 8-4; this is shown in Fig. 8-5. The difference between the constant
voltage V and the rising voltage drop R is the voltage er = Ll% across the

inductance. At the instant at which the circuit is closed, the applied
voltage V appears across L. After steady-state current is achieved, the
voltage V appears across K.

Voltage

Time

Fig. 8-5. Rate of Change of Voltage Across
L and R With Transient Rise of Current

Storage of Electromagnetic Energy.—Switching transients in RL
circuits are fundamentally caused by the storage of energy in the magnetic
field of the circuit or by the release of such energy previously stored. When
the circuit shown in Fig, 8-3 is closed, the power at any instant thereafter
is V2. Of that power a component 2R is converted to heat in the resistance,
and the remainder Py, is stored in the magnetic field of the inductance L.
The value of Py, is

. .di
PL=€L1=LZ d—;

B

Time

Fig. 8-6. Rate of Storage of Energy by Direct
Voltage Applied to an RL Circuit

By substituting in this equation the value of 7 from equation (8-2), we get:

Ve _E 2R¢

or P,= -R—(e_- L_¢ L) (8-4)
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A plot of values of this equation is shown in Fig. 8-6. The area under
this curve represents the energy stored in the magnetic field of the indue-

tance and is equal to
W= / Py dt
0

’
=/Lidi
0

or W =3%LI? joules (8-5)

If the circuit is broken after the field has grown for any length of time ¢,
the energy stored up to that time must be dissipated in the form of heat
in the circuit resistance. The circuit resistance R, now includes the
resistance R, (arc resistance) at the opened contacts in addition to the
resistance R of the original circuit element. The energy dissipated will
be divided between R, and R in proportion to their magnitudes. That

Current

Time

%)
Fig. 8-7. Current Transient in RC Circuit

portion dissipated at the circuit break will cause an arc. If the breaking
contact points are separated by a wide gap quickly, R, will be relatively
large; and proportionately more of the energy W will appear there in the arc
as heat. The faster the contact points are separated, the higher will be
the voltage across the arc and so the longer will be the arec.  Also, the longer
the arc, the higher will be the voltage acrossit. For that reason the circuits
of inductive devices, such as field circuits of motors and generators having
large stored energy, should be opened slowly lest the insulation of the
device be ruptured by high voltage induced in the winding.

Transient in an RC Circuit.—Assume that a constant voltage V, a
resistance R, and an uncharged condenser of capacitance ' are connected
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as in Fig. 8-7 (a). Assume also that the inductance of the circuit is zero.
At the instant at which the circuit is closed, the condenser—having no
charge—has no emf across it and so offers no restriction to flow of current.
The circuit then acts as one of pure resistance, and the initial current is
i=%. As current flows, however, the condenser receives a charge and
there is produced a counter-voltage which tends to reduce the current flow.
The emf across the condenser is

ec=61/idt
and V=Ri+61 f i dt (8-6)

To find the expression for current at any time after the circuit is closed,
it is only necessary to differentiate equation (8-6). Thus,

di <

0=R d_t+5
¢

or i=Ke EC

.V 14
Inasmuch as 7= B when t=0, K= B Therefore,
¢
i=we (8-7)

The graph of Fig. 87 (b) is a plot of this equation.
The voltage across the resistor R at any time is

3
eR=Ri=RX%e_‘_w

¢

or er=Ve EC volts (8-8)
The voltage across the condenser at any time, when there is a charge g, is

-t

ec= g =V-Ve EC

_ b

or ec=V({1—¢ EC) (8-9)
Example 8-2.—A constant voltage of 100 volts is suddenly impressed on a series

circuit of R =20 ohms and C =0.000004 farad. How many seconds after the circuit is
closed will be required for the voltage across the condenser to rise to 50 volts?

Solution.—By equation (8~9), ,
50 =100(1 —¢ ©0-00008)
t

from which e 0-00008=0),5
and t=0.0000554 sec
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Energy Stored in a Condenser.—The instantaneous power in the circuit

of Fig. 87 (a) is

p=Vi="pe ¢ (8-10)

The power in the resistance only is
2

2¢

Pr=Ri*=pe * (8-11)

The power or rate of storage of energy in the electric field of the condenser is

) t 9 2¢
be=p—Pr="pe T pe
13 2¢

V-5 —c
or Pe= E(e EC—e EC)  (8-12)

The energy stored in the condenser at
any time ¢ after the circuit is closed is
proportional to the area under a graph
plotted from equation (8-12) from t=0
to time {. The final steady-state energy
in the condenser is

Q
w=/ecidt=—[—g—dq

2
or w=13 %= X% (8-13)

When the condenser is fully charged
and the circuit is opened, the energy re-
mains in storage to do useful work.

Charge

Current

(®)

Fig. 8-8. Discharge of Current
in an RC Circuit

Discharge of a Condenser in an RC Circuit.—When a condenser is
charged to a voltage E, the charge will produce a voltage Z at its terminals
after the circuit is opened. If then, as shown in Fig. 8-8 (a), the condenser
and resistance circuit is closed at Ss, there will be a rush of current from C
through R. As the condenser thus discharges, the voltage across its
terminals decreases and the decrease in discharge current is an exporcxtial

function of time, as shown in Fig. 8-8 (D).

By Kirchhoff’s Law, when the circuit of Fig. 8-8 (a) is closed, cquation

Ri+é—fidt=0

(8-6) becomes

di .
7,+i=

Hence, R FTRIS:
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: __t

and 1=Ke =€
E¢

When (=0, 1= - B Therefore, K = —

ot

R

and the discharge current is

ic=——5¢€ EC (8-14)

(a)

Time

Fig. 8-0. Current and Voltage
Relationships in R Circuit

Example 8-3.—A condenser having a capacitance of 0.000004 farad and charged to
a potential of 100 volts is connected across a resistance of 20 ohms. How much time
will elapse before the voltage across the econdenser reaches 50 volts?

Solution.—In this case, ec =150, eg= —50, and in=IE—a=2.5 amp. From equation
(8-14), 100 :

—95= 1~ 0.00008

20
and t=0.0000554 sec
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If the resistance in the preceding example were 20 megohms, the time
required for the condenser voltage to fall to 50 volts would be 55.4 seconds.
This circuit then can be used as a time delay device in electronic control
circuits, inasmuch as the charge may be “leaked” off the condenser at any
desired rate. The accuracy of control is not good, however, for delays of
more than a few seconds because of the low rate of change of voltage and
current after about half the charge has been spent.

()
ly
|
1
| ¢
|
|
!
] o /
-7 Time
-
Lo—",7 4
I'd
,/
)
° +2Imax,
~Vm
t—wL(l cos wt)
A AR R U 5=
+H2Pmay, Vm
wk
1]
[7) Time
(c)

Fig. 8-10. Alternating Current and Voltage
Transients in an L Circuit

Transients in Alternating-Current Circuits.—Transient currents and
voltages are likely to occur in circuits when those circuits are suddenly
connected to or disconnected from a source of alternating voltage. The
transients are caused by the inductance and capacitance of the circuit and
are mitigated by the resistance of the circuit in much the same manner as in
the direct-current circuit. It will be assumed in all cases, unless otherwise
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stated, that thé applied voltage is sinusoidal and that the impedances of
all circuit elements are constant.

Circuit With Resistance Only.—In Fig. 8-9 is shown a circuit containing
only a resistance E. If the circuit is closed when the voltage is zero, as at
ty, the current will be zero at that instant and will then rise sinusoidally in
phase with » in accordance with Ohm's Law. Inasmuch as the only storage
of energy is that in the resistor in the form of heat, there will be no current
transient. In fact, there will be no transient, regardless of the time of
closure, because there is no inductive or capacitive energy storage.

Circuit Containing Inductance Only.—When a circuit containing only
inductance L, such as that of Fig. 8-10 (a), is closed, the current must
produce a voltage drop in the circuit that is equal at every instant (in-
cluding ¢t=0) to the applied voltage v. The counter emf must be sinu-
soldal to match the applied voltage. To produce a sinusoidal emf, the
rate of change of flux linkages in the inductance must be a sinusoidal func-
tion of time from the instant at which the circuit is closed. If the circuit
is closed at time ¢; when the voltage is at its maximum value, as indicated
in Fig. 8-10 (b), the conditions of =0 and ¢=0 are the same as they
would be if the circuit had been closed many cycles earlier with no transient
persisting. 'The current and flux then start from zero and vary sinusoidally
without a transient component. In the first half-cycle, ¢ makes a total
change of 2¢max. from ¢ =0 t0 ¢ = + Ppmax. to ¢=0.

If, however, the circuit is closed at #, as in Fig. 8-10 (c), — ¢max. does
not exist at that instant and a sinusoidal change of 2¢m.x. must oceur in
the first half-cycle beginning with ¢ =0. Therefore, in the first half-cycle,
the flux must rise to 2¢max.. Inasmuch as the flux is proportional to the
current ¢ which produces it, ¢ must also rise to 2l .. in the first half-cycle.
Under these ideal conditions ¢ would vary sinusoidally between zero and
2Imax. indefinitely, and the current could not be called a transient. In
practice, however, there is always some resistance in the circuit which
causes the current to diminish and there is established a steady-state varia-
tion which is symmetrical about the time axis.

When the circuit is closed at any instant,

LYV, sin (ut+9)
The angle @ is that corresponding to the instant at which the circuit is

closed after v=0. From this equation

di=KLﬂ sin (wi+®) dit
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By integration,

. Vo
= = cos (wl+®)+ K

When ¢=0, =0 and the constant of integration is

Vo
K= ol cos ¢
Therefore, v v
i=w—£‘ cos <I>—w—~z cos {wt+®) (8-15)

V"l . 0
The term T, 008 & is the transient component of the eurrent, and the term

ZZ cos (wt+®) is the steady-state component.

v ()

iss=%"sin (wt+P-6)
tt=—';ﬂe-’£—'sin(<1>—e)

/

7

Time

)
Fig. 8-11. Current Transient in RL Circuit

In Yig. 8-10 (¢) the circuit was closed when ¢ =0 and v = 0 with the slope
gg positive. Therefore, =0 and
. Va

i= 7 (1 —cos wt) (8-16)

Circuit With Inductance and Resistance Only.—In a circuit contain-
ing only R and L, as in Fig. 8-11 (a), let the circuit be closed at any time ¢,
as in Fig. 8-11 (b), corresponding to the angle ® after the voltage v is zero
and about to rise in a positive sense. The initial current will be zero,
inasmuch as the cireuit contains inductance which will prevent an instan-
taneous rise of current. 'The initial current may be thought of as being
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composed of a steady-state component %, and a transient component 7,
which are equal and opposite immediately after the circuit is closed. Thus,

Vo
Iss(m) = 7_

Therefore, 7, :% sin (wf+®—8) and is negative at {=0. The angle 6 is

L The transient current 7, is of the same magnitude but is posi-

i
tive in sign when ¢=0.

tan—?!

The condition for dynamic stability is
di

L d—t+ Ri=V, sin (wi—®)
kT
from which 7,=Ke L
The total current is
Vv _ERT
7= iss+it=7m sin (wt{@— )+ Ke L
When ¢=0, £=0 and the equation becomes
O=Kﬂ sin (®—60)+K
A
and K=—%sin (®-6)
1% _ET
Therefore, 1= 7’" [sin (wi+P—0)—¢ L sin (P—0)] (8-17)

Example 8-4.—A circuit having the constants R =100 ohms and L =0.5 henry is
switched to a 60-cycle supply of 220 volts at the instant when the voltage is zero

(th positive). What will be the magnitude of the current 0.00417 second after the

circuit is closed?

Solution.—In equation (8-17), V, =310, Z=213.6, «=377, =0, §=62°, and -
0.00417. Hence,

100000417
310 -

= g o_ 0.5 . _ o1
=313 [sin 28°—¢ sin (~62°)}=1.24 amp

Circuit With Capacitance Only.—If a circuit consisting of a condenser
with no charge is connected to an alternating voltage at the instant of zero
voltage, there will be no transient component of current. If the circuit is
closed after the voltage has any value whatsoever, the current inrush will
theoretically be infinite, inasmuch as the condenser will act as a short-circuit
until it has accumulated some charge. Practically, the inrush is controlled
by the impedance of the source of voltage, and that impedance cannot be
Zero.
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Circuit With Resistance and Capacitance Only.—In Fig. 8-7 (a) is
shown a eircuit containing only resistance and an uncharged condenser.
If this circuit is connected to a source of alternating voltage instead of
direct voltage, the current that will flow to establish dynamic equilibrium
must satisfy the condition that

Ri+éfi dt=V, sin (wt+®)

The angle ® is the angle at which the circuit is closed after =0 when
dv . i
g s positive.

If the condenser is initially uncharged, there is no voltage across it
and it acts with no impedance. The initial current then is i=%. As a
result of initial current flow, the condenser acquires a charge which produces
a counter voltage. That voltage is

1 /.
—afldt

€c=

Qe

The steady-state current is

Vo sin (wt+® - 0)

fo. =
88 Z
where 6 =tan—! %0
The transient current is
¢
’iz = KG— RC
1% —_t
Therefore, 1= 7’" sin (wt+®—68)+Ke EC
When ¢t =0, 7;=KR2 sin (®— 6) and
Vasin® V, .
K——R——— 7 Sin (®-6)

Vo .
=7 sin 6 cos (P—6)

By substitution of this quantity for K, we obtain:

t

i=YZﬁ sin (wt+®—0)+% sin 0 cos (®—0)e EC (8-18)

When 6=0or ($-6)= %r, %T, etc., there will be no transient component

of current. Therefore, when the circuit is closed at the instant at which z,,
would be a maximum, there is no transient component.
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When the condenser has an initial charge, the residual condenser
voltage is Ec=g. This voltage may be either positive or negative in the

circuit loop and is, therefore, added algebraically to the transient voltage.
From equation (8-6),

Ri+%fidt=Vm sin (wt+¢)+%

The constant of integration K for this equation is

_Vn Q
K= R—smOcos (®- 0)+RC
Q-+
= RC _
and 1y= [ i sin 8 cos (& — 0)+RC (8-19)
The current FQE’G EC i that caused by the original charge Q and is

positive if the flow is around the series loop in the positive direction. 1t
is apparent that there will be no transient current when the condenser
initially is negatively charged. Hence,

Vi . . Q

T sin 0 c-os (P-0)= ~ R0

When the condenser is initially charged, the general expression for the
current, is

Vo £

=2 sin (wi+d—0 +[ Sin 8 cos (@ —6) + ]e R (8-20

7 sin ( ) @-0)t55)e (820
Example 8-5.—A circuit containing a resistance R =5 ohms and uncharged capaci-

tance C =200 microfarad is connected to a 60-cycle voltage source of 70.0 volts at the

instant when the voltage has reached 86.6 per cent of its maximum value in a positive

sense. Write the equation for the current.

Solution.—From equation (8-20),
i- 110(1) . sin (3770+120.35°) + 11.87¢-iwor



CHAPTER 9

Polyphase Circuits

Classes of Circuits.—Circuits energized by one alternating emf are
called single-phase circuits. Circuits of more than two lines energized
by two or more electromotive forces not all of which are in time phase with
each other are called polyphase circuits. The use of polyphase circuits is
justifiable for economic reasons and also because of the superior perform-
ance of machines operating on them. Industrial polyphase circuits are
usually three-phase.

3 Generator Load

]
€p1 €03 €02

[ E
i ooz
| 302 Eo1

!

=)

-En i
\
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t
|
|
| 0

@

'\Instant of Time
(b)

Fig. 9-1. Relationships of Three-Phase emf’s

The Use of the Double Subscript.—In the analysis of single-phase
circuits the use of the single subscript, as in £ or s, is sufficient and simple
for designating sinusoidal and vector quantities. In polyphase circuits it is
advantageous to use a double-subscript notation which aids in describing
such quantities. For example, in Fig. 9-1 the vector Eg represents the
voltage generated in conductor 2 with point O as reference. Likewise, a
vector Ea would represent the same voltage but with reference to the near
end of the conductor. Therefore, Ex= — Ey. The double subscript is
then derived from the diagram of connections; and the vector point of
origin is indicated by the first letter or figure of the subseript, and the
termination of the vector is indicated by the second letter or figure of the
subscript.

88
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Three-Phase Circuits.—Fig. 9~1 (a) is a three-dimensioned representa-
tion of a magnetic field in which there are three revolving conductors dis-
placed 120 degrees from one another on their common ecircular path.!
The voltages generated in them will then be displaced in time by 120
degrees, as shown in Fig. 9-1 (b) by the sinusoids ey, €, and ey and their
corresponding vectors. The conductors will be said to have a positive
sense from the back, or zero, end toward the nearer end, as indicated by the
sequence of the numbers in the subscripts identifying the vectors which
represent the voltages generated in them. It is common practice to con-
nect the conductors or phases inside the machine, as at 0, so that the
terminals 1, 2, and 3 only are necessary to connect the machine to its load.
The generator is then said to be Y-connected or wye-connected.

A voltmeter connected to the terminals 1 and 2 in Fig. 9-1 (a) would be
affected by the voltages Eo and Egp. However, if the circuit be traced
through the two conductors from terminal 1 to terminal 2, the course
would be in a negative sense through conductor 1 and in a positive sense
through conductor 2, Therefore, the voltage appearing between terminals
1 and 2 will be the vector difference of Ey and Eg, and not their vector
sum. It is not important whether this vector difference be taken as Eo —
Egp or Eix— Eq.  If, however, the voltage between terminals 1 and 2 is to
be called Ey,, and the double subsecript is to be consistent in denoting the
vector direction, it is necessary that Ey= Egp— Ey.  Likewise, Egy = Eo—
Ep and Es = Eoi — Eos.  The voltages Eo, Eg, and Eg; are called the phase
voltages; and Ey, Fo, and Es are called the line-to-line voltages or simply
the lzne voltages. The voltage at which a generator is rated is always the
line voltage, unless otherwise stated.

By the trigonometry of Fig. 9-1 (b),

Ey; = Ew cos 30°+ ( — Eq) cos 30°
Since Ey = Ep (in magnitude),
E2=2E cos 30°
=1.732 E
or Ep=V3 Ey (9-1)

Therefore, in a Y-connected, three-phase system of balanced voltages, the
Line voltage equals V'3 times the phase voltage or line-to-neutral voltage.

Phase Sequence.—In Fig. 9-1 (a), the emf in conductor 1 is at its
maximum value. After 120 degrees more of rotation, the emf in conductor
3 will be maximum in the same sense.” After an additional 120 degrees

!In practical generators many conductors are used in every phase. They are

arranged in many ways not described in this book. For further study of windings, see
‘(‘jTheory of Alternating Current Machinery,” by A. 8. Langsdorf, McGraw-Hill Book
0.
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the emf in conductor 2 will be maximum in like sense. The emf’s in these
conductors are said to have a phase sequence of 1, 3, 2. If the direction of
rotation were reversed, the phase sequence would be 1, 2, 3. The phase
sequence of a three-phase power source is important in the application of
three-phase induction and synchronous motors described in Chapters 18
and 19 because the direction of rotation of such motors is determined by
the phase sequence of the applied voltages.

(a) Non-Inductive Load

Vo1

Vo3
(c) (a)

Fig. 9-2. Voltage and Current Relationships in Balanced
Y-Connected Systems

Electromotive Forces in a Delta-Connected System.—If three conduc-
tors like those in Fig. 9-1 (a) be connected in series (by proper collector-
ring arrangement) by connecting the near end of conductor 1 to the far end
of conductor 2, the néar end of conductor 2 to the far end of conductor 3,
and the near end of conductor 3 to the far end of conductor 1, then every
conductor would be traversed in a positive sense and the corresponding
voltage vectors would be found to add. The generator is then said to be
A-connected or delta-connected. For the A-connected generator,

Eo, = Eo1 cos 0° = jEy, sin 0°

Ey = Eq, cos 120°+;Ey, sin 120°

Eus = Eqs cos 240°+j5E, sin 240°
Since Ky = Ew= Ey (in magnitude),

En+ Eoe+ Eoy = 3Eo (cos 0°+cos 120°+ cos 240°) +
73Ey (sin 0°+sin 120°+sin 240°)
or E’m + E’oz + Eo:s =0 (9-2)
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Therefore, the net voltage tending to cause a current to flow around
the series delta (A) circuit is zero, and the connection is permissible because
no current will flow around the closed circuit. Three wires or leads may
be connected to the three junction points of the phases and may be used to
supply either single-phase or three-phase loads.

(@) Non-Inductive 3-Phase Load (b)Inductive 3-Phase Load
I
I, \\ v //Il N—I L »#
- 12 Lo~ N2 m, &7
! I3 AN
et

Fig. 9-3. Voltage and Current Relationships in A-Connected Systems

The Balanced Three-Phase Wye-Connected Load.—If three identical
resistances R, Ro, and R; or three identical impedances Z,, Z,, and Z; are
connected in wye, as in Fig. 9-2 (a) or 9-2 (b), and are then connected to a
source of three-phase voltages, three equal currents will flow in the branches
of the load circuit thus constructed. Voltage drops V=121, Vo= I.Z,
and Vo3 = I,Z; will appear across the impedances. If the impedances are
purely resistive, as in (@), the currents will be in phase with the voltage
drops across the respective impedances, as in (c¢). If the impedances
contain both resistances and inductances, as in (b), the currents will lag the
respective voltage drops by the angle 6, as in (d), where 4 is the character-
_stic impedance angle as has previously been explained for the usual single-
phase circuit. The phase currents in the impedances are, of course, the
line currents Iy, I», and Is.

The Balanced Three-Phase Delta-Connected Load.—If a group of three
identical resistances R, R, and Rj or three identical impedances Zi.,
Zos, and Z3 are connected in delta, as in Fig. 9-3 (a) or Fig. 9-3 (b), and are
then connected to a source of three-phase voltages, three equal currents
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will flow in the three phase or branch impedances. If the three line-to-line
voltages have the phase sequence V3, Vi, and Vi, they will produce
currents I, I, and I, respectively, in the three impedances. If the
impedances are purely resistive, the currents are in phase with the voltage
drops across the respective impedances, as in (¢). The angle 8 in (d)
between any current and the voltage which produces it will be the character-
istic angle of the impedance through which the current flows.

I,=190\32

§3=80/36°52’
% 19=80(36 52 I1=90/0°
2z

5-10hp
Motors

I,,=50145°

2
9

Vaz
I, 50\25° 2

(%)

In every case in this diagram, the angle shown after a current is the angle by
which that current leads or lags the voltage which produces it.

Fig. 9-4, Line Currents in Unbalanced Three-Phase Load

At a corner of the voltage delta, such as 3, Iy is positive to the corner
and I is negative to the corner. The corner 3 of the voltage delta cor-
responds to line 3 on the associated circuit diagram. The line current at
terminal 3 is made up of the currents of the two phase branches connected
to it. Therefore, Iy= I+ (—Is) or Ips— I3, Inasmuch as the phases
have been assumed to be of identical impedances, the angle between Iy
and — I3 is 60°. Therefore,

I;=1.732 I

or I;= \/5 Iy (9‘3)



Poryruase CIircurrs 93

Combined Delta and Wye Loads.—At its worst, a problem of calculat-
ing line currents may involve one or more delta loads, one or more wye
loads, and one or more single-phase loads connected between one line and
any other line, including the neutral line if there is one. Unbalanced wye-
connected loads are extremely rare, and their solutions are relatively so
complicated that they will be neglected entirely in the general case of
unbalance in line currents. Every problem involving unbalanced delta-
connected loads and miscellaneous single-phase loadings can be solved by
the methods used with the balanced delta-connected load; but, inasmuch
as currents at a delta point will almost never be just 60° apart in phase,
the factor V'3 cannot be used.

Example 9-1,—As indicated in Fig. 9-4 (@), a factory load consists of the following:

One department with seven 10-hp motors, 3-phase, 60-cycle, 230-volt, all of
which together draw 190 amp per line lagging their respective line-to-neutral
voltages by 58°,

One department with a lighting load of 90 amp at 100 per cent power factor
between lines 1 and 2.

One department with a total load of 50 amp at 70.7 per cent power factor, lagging,
connected between lines 2 and 3.

One department with a total load of 80 amp at 80 per cent power factor, leading,
connected between lines 3 and 1.

1
Calculate the line currents I,, Io, and Isin lines 1, 2, and 3 with a phase sequence of
Es, By, Eis.

Solution.—The vector diagram is shown in Fig. 94 (). The currents in line 1 may
be combined as follows:

I = I\120°+ (= I5\96°52") + I /90° - 32°
I, = 90 cos 120° + 790 sin 120° = - 45.00+ ;77.94
—I; = 80 cos 96°52'+ 780 sin 96°52' = — 9.57+ ;79.42
1,,,=190 cos 58°  +7190 sin 58° = +100.68+;161.12
+ 46.11+;318.48
1,=321.8/81°46’ amp
For line 2, the computations follow:

I,= 132\4_50—'*' (-~ 12&665) +12m;320+30°
I 50 cos (~45°) — 750 sin (—45°) = + 35.35— ;35.35
-1y 90 cos (~60°) — 79O sin (—60°) = + 45.00— ;77.94
I3, =190 cos (~62°) — 7190 sin (—62°) = + 89.18-7167.75
+170.33 —j281.04

i

I, =328.6\58%47 amp
For line 3, the values are:
Iy = [3\83°8" + (— I15\135°) + I3, \178°
I = 80 cos (—83°8")— 80 sin (—83°8") =+ 0.57—;77.04
=1 50 cos 135° + 750 sin 135° = — 35.35+3735.35
I3, =190 cos 178° +7190 sin 178° = —189.88 4+ j6.63
—215.66 — j35.96

I,=218.6/170°32" amp
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If the phase sequence of the voltages applied to the load is reversed by reversing
any two of the leads, then the currents in those lines will be reversed. In assembling
the vectors for addition at any corner of the voltage triangle to find the corresponding
line current, all current vectors associated with voltage vectors positive to the point
must be taken as positive and all current vectors associated with voltage vectors nega-~
tive to the point must be taken as negative (reversed).

20—

Ve~ 3 Ph.

(a)

20

V~ 3 Ph.

10—

30—

(b)
Fig. 9-5. Measurement of 3-Phase Power by Three-Wattmeter Method

Power in Three-Phase Circuit by Three-Wattmeter Method.—The
power in a three-phase system may be measured by placing a single-phase
wattmeter in each phase and adding the three readings. This method is
possible in a A system only if the phase units can be separated and in a
Y-system only if the neutral or wye point can be reached. Fig. 9-5 shows
the proper arrangement of wattmeters. In either (a) or (b),

P=Pi+ P+ Py
P=Vol, cos 61+ VyIs cos + Vs cos b
In (a), when 6, =6.=6;=9,
P=3Vul, cos b
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By equation (9-1), in which Vi, is used instead of Vi,

_Vn
V3

_ 3Vaul: cos @

V3
=V3VI cos §

Vo

Therefore,
P

and cos = 7;/—1 (94)

This value is the power factor of the balanced system whether A-connected
or Y-connected.

Fig. 6. Measurement of 3-Phase Power by Two-Wattmeter Method

Measurement of Three-Phase Power by Two-Wattmeter Method.—If
in Fig. 9-5 (a) the three meter potential coil terminals at O be kept joined,
but be removed from the neutral of the system, the readings of all watt-
meters will be unchanged, because the wattmeter potential coils themselves
form a balanced Y-connected circuit and so the voltage across every
potential coil remains unchanged. This method of measurement is called
the “floating neutral”’ method and is accurate on a three-phase three-wire
or four-wire system regardless of power factor or load unbalance.

If, then, the junction of the potential leads be moved and connected
to one of the line wires, as at x on line 1, the sum P+ P;+ P; will be
unchanged, although the power read from wattmeter W; will be zero.
Thus, it is possible and feasible to measure three-wire, three-phase power
in the circuit in Fig. 94 (@) by using only the two wattmeters W; and Ws.
This is called the two-wattmeter method and may be used with convenience
on any three-wire system, whether Y-connected or A-connected and
whether balanced or unbalanced, as in Fig. 9-6.
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A proof of the correctness of the two-wattmeter method in measuring
balanced three-phase loads is as follows. For convenience Fig. 9-7 is
drawn for a Y-connected circuit. In the vector diagram,

Vo1, Voz, and Vs are phase voltages;

Vi, Vas, and Vg are line voltages;

8 = displacement angle between a current and its respective phase-to-
neutral voltage.

Fig. 9-7. Vector Diagram of Two-Wattmeter Method

By the three-wattmeter method,

P=P+Py+ Ps
or P =Vul cos 6+ Vel: cos 0+ Vsl; cos 6 (@)
By the two-wattmeter method,
P=P,+ P

or P=VyI,; cos (30°+0) + Vi3I; cos (30°—6) (b)
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Since the right-hand members of equations (a) and (b) must be equal,
if both methods are to give the same results,

Vo1I1 cos 0+ VozIz COS 0+V0313 cos =
Viels cos (30°+6) + Vi1, cos (30°—6)

But Vo= Voo =Vos and I1 = I, = I5; and Vig= V3V =Vy. Therefore,
3Voul1 cos 0 =V3Vyl, [cos (30°+6) +cos (30°—6)]
Since this equation is an identity, it follows that
P+ Py= P+ P+ P;

Interpretation of Wattmeter Readings in Two-Wattmeter Method.—If
6 in Fig. 9-7 were greater than 60°, then the angle (30°+6) would be greater
than 90° and its cosine would be negative. Hence, the reading of watt-
meter W, would be negative and the power P, would be negative.

It should be noted that, for all cases when the current is lagging and
when 6 is greater than 0° and less than 90°, W, will give a higher reading
than W,. If the currents were leading—rather than lagging—their
respective phase voltages, W, would be greater than W, for values of 6
between 0° and 90°.

A good method of determining whether the low meter reading on a
balanced load should be taken as positive or negative is as follows: From
the common line (at C, Fig. 9-6) remove the potential coil wire of the lower-
reading wattmeter and touch it on the line containing the other wattmeter.
If, then, the needle of the lower-reading wattmeter reverses, the reading is
to be taken as negative. If the needle does not reverse, then the reading is
to be taken as positive. Return the moved wire to its original position.

Example 9-2.—The meters in the line to a three-phase motor being tested indicate
the following values:

V =220 volts I=17.6 amp (per line)
Wa.=1288 W, =3780

What are the power and the power factor?

Solution.—The power is

P=W,+W,
= 1288+ 3780 = 5068 watts

The power factor is, by equation (9-4),
P
V3VI

5068
V3% 220+17.6
Thus, Power factor =75.87

cos §=

0.758
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The power factor for a balanced load may also be found from the

equation

PF = cos tan—! %;Z_—?{,ﬂ V3 (9-5)

Example 9-3.—Calculate the readings of wattmeters W, and W, in Fig. 9-4 (a) and
the total power.
First Solution.—The wattmeter readings are:
W1 = Vn X i 1
=230\120° X 321.8/81°46’
=74,014 cos (120°—81°46’)

= 58,138
W;= Vza x I 3
=230/ 180° % 218.6/170°32"
= — 230 x ( —218.6 cos 9°28")
= 49,602
The total power is
Wi+ W.=107,733 watts
As a check, Pus= 230X 80 cos 36°52" = 14,720
Py =230 50 cos 45° = 8,130
Py =230 90 cos 0° = 20,700
230 o
P;= 3x7§X 190 cos 32°= 64,183
Piotar= 107,733 watts
3
O
0 0 .
\(b‘l'm 3¢ S l%eo - 36°52
¥

Fig. 9-8. Rotated Vector Diagram for Computing Reading
of Wattmeter /3 in Example 9-3

Second Solution.—In the calculation of power in problems of this type, when the
actual values of line currents are not needed, some students run less risk of error in sign
or position of current components if the power indicated by each meter is computed on
a different reference axis, instead of being computed on one common axis. For example,
the reading of wattmeter W, in Fig. 94 is the product of V5, (the voltage on the potential
coil) and I; cos @, where a is the angular displacement of I, from Vy. There is an
advantage, therefore, in taking the z axis of reference through V3 and also in rotating
the vector diagram so that V, is horizontal and runs from left to right as viewed by
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the student. The diagram will then appear as in Fig. 9-8. To solve for the reading of
wattmeter W, the diagram would be used as in Fig. 94, with V3 along the z axis of
reference. The simplified vector diagram for computing the reading of W; is shown in
Fig. 9-9.

gWit;h the axis taken through Vi, as in Fig. 9-8, the reading of wattmeter W, can be
found by computing only the in-phase or cosine components of current and then multiply-
ing their sum by Va. Thus,

ILi=In+Iin—Is

I, cos 0y = 90.00
Iin cos (8,,+30°) = 89.20
— I3 cos (60°—36°52") = 73.57
I, cos & =252.77

Wi=Vaul; cos a=230x%252.77 = 58,138
To calculate the reading of wattmeter W, the work follows:
Ii=I3+4 I — I

I cos (120°-36°52") =+ 9.57
I3n cos (180°430°— 32°) = —189.88
— I3 cos (180°—45°) =—- 3535
I; cos o = —215.66

W= — VX I, cos a=230X% ( —215.66) = 49,602

1 2 3
[4
B R,
Fig. 9-9. Simplified Vector Diagram Fig. 9-10. Circuit for
for Computing Reading of Wattmeter Phase Sequence
Ws in Example 9-3 Indicator.

It is important to note that the reading of the wattmeter W is positive because its
potential coil is connected across lines 3 and 2 in such a way that the vector — Ve is used
in the vector diagram. It must also be recognized that wattmeters W, and W; do not
actually measure power, but produce two readings which, when added algebraically,
give a sum which is equal to the power. The mathematical proof of this fact is given on
page 96, ’

Phase Sequence Indicator.—The direction of rotation of a polyphase
motor depends on the phase sequence of the voltage supply to which it is
connected. It is sometimes necessary to know in advance the phase
sequence of the power supply before the motor is started because reversed
rotation might damage the load which the motor is to drive. Fig. 9-10
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shows a wye-connected network which will indicate phase sequence.
Resistors R; and R; are small neon-filled glow lamps deseribed in Chapter
27. 1If lamp R; glows when the network is connected to the three-phase
power lines 1, 2, and 3, the phase sequence is 3-2-1. If lamp R, glows, the
phase sequence iz 1-2-3.

Three-Phase Kv-a and Power Factor.—Power in a three-phase load
is the sum of the powers in the three component parts of the load. Where
the load is Y-connected, as in Fig. 9-5 (a), the power is the same whether
the phases are balanced or unbalanced. Thus,

P=W+W.+W;
=V0111 cOos 01+V02[2 CcOoS 02+V03[3 Ccos 03

When the load is balanced,

V01 = V02 = Vos
Il = 12 = I3
and 01 = 02 = 03
Va
Al Va=—2
SO, 01 \/g
Therefore, P= 3(%;_1 I, cos 01)
or P=~3VI cos 6 (9-6)

Where the load is A-connected, as in Fig. 9-5 (b), the following relation
holds whether the phases are balanced or unbalanced:

P=W,+W+W;
=Vi3113 cos 013+ Varlar cos O+ Vialsp cos O3

When the load is balanced,
Vis= Vo=V
113 = 121 = 132
and €08 013 = COS ba1 = COS O3

Also,

1
V3
I

Therefore, P= 3(V13 V3 cos 013)

P=+3VI cos § (9-7)

Similarly, it may be shown that the number of reactive volt-amperes
(vars, reactive power, fictitious power) in a three-phase load is the algebraic
sum of the reactive volt-amperes of the component parts of the load.

Ila=
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Volt-amperes of a capacitive portion of a load must be taken opposite in
sign to volt-amperes of an inductive portion in the algebraic sum. When
the load is balanced, the number of reactive volt-amperes is

va,=V3VI sin 6 (9-8)

The total number of volt-amperes (apparent power) in a three-phase
load is the square root of the sum of the squares of the power and the
reactive volt-amperes. The method of combining the several kinds of
volt-amperes graphically is shown in Fig. 9-11.

va,

VQres 1

va,
Il

Vres

vaL

Ll

©

Fig. 9-11. Volt-Ampere Diagram

The power factor of a three-phase load is the ratio of the power to
the total volt-amperes. The foregoing definitions are predicated on the
assumption of sinusoidal eurrents and voltages only.

For some purposes, such as the calculation of condenser capacity
required for power-factor correction (see Chapter 25), the three-phase
quantities are used in an equivalent single-phase diagram.

The Three-Phase, Four-Wire System.—When both single-phase load
and three-phase load must be taken from the same power system with
probability of considerable load unbalance, it is advantageous to add a
fourth wire connected to the neutral of the power supply. The polyphase
loads are connected to the three line wires, and the single-phase loads are
connected between line and neutral on the various phases. This system is
particularly advantageous in business sections of large cities where the
load per square mile is very high. This type of distribution is called
a grid network, because the layout of the "system somewhat resembles
a gridiron.

In low-voltage grid networks the most common power voltage is 208
volts and the most common lamp voltage is 120 volts. If the line-to-line

voltage in the system were 220 volts, the line-to-neutral voltage would be

22
7;_)= 127 volts. Lamps are not commonly available for 127 volts, and a
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compromise voltage must be used. It is common practice to reduce the
more usual line-to-line voltage of 220 volts to 208 volts, which gives 120
volts line-to-neutral for lamps.

W
Neutral

w L
The wattmeter potential terminal marked O
should be the one that is connected to the line

which passes through the meter’s current coil

Fig. 9-12. Arrangement of Meters in Four-Wire System

Choice of Methods of Measuring Three-Phase Power.—In any three-
phase, three-wire circuit, either the three-wattmeter method or the two-
wattmeter method may be used, regardless of the degree of load unbalance.
If the system has a fourth wire leading to the neutral point of the generator,
the system is a four-wire system. Single-phase loads may be connected at
random between the neutral wire and the other wires of the line. Three
wattmeters connected as in Fig. 9-12 are required to measure the power in a
four-wire system. The number of wattmeters required to measure the power
in a system 1s always one less than the number of wires in the system.

PROBLEMS

1. A group of Y-connected resistors is connected in parallel with a group of A-con-
nected resistors to a 230-volt line, as shown in the accompanying diagram. Calculate
the line currents. Ans, I1=116.5 amp

112=123.6 amp

113=106.8 amp

L
o

230v.3-Phase

=]
z
o2 [
0
&
ok

Problem 9-1

2. Asindicated in the diagram on page 103, an induction motor drawing 50 amp at,
220 volts with 509, power factor, lagging, from a three-phase line has connected in
parallel with it between two line wires a single-phase electric furnace which draws from
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the line 25 amp at 1009, power factor. Calculate the total active power. Calculate
the current in each line. Ans. Iy =560 amp
Ir2=72 amp
s =56 amp

3. If, in Problem 2, the motor power only be measured by the two-wattmeter
method, what would be the reading of each wattmeter?

4. By use of a given size of wire, a load of 1000 kilowatts can be delivered over a two-
wire single-phase line with a loss of 750 watts per wire. How much power could be
delivered over a three-phase line through the same distance with the same weight of

copper and with the same power loss in the line? Ans. 1155 kw
L, 50 Amp
o T,
L, 50 Amp
o= A
25 Amp
L3 50 Amp
13
Problem 9-2

5. A balanced three-phase, Y-connected load of three single-phase impedances
each of which is 5+ j6 ohms is connected to a 230-volt line. Determine the line current
and the power in the load. Draw the vector diagram.

6. Three impedances Z4p=4+35, Zpc=5-36, and Zca=10+;j0 are connected in
delta across a 230-volt three-phase line whose voltage sequence is Vg, Vs, Vee.  Caleu-
late the line currents and the total power in the load. Draw the vector diagram of
voltages and currents.

7. Calculate the line currents in Problem 6 for the condition of reversed phase
rotation.

8. A balanced three-phase load at 609, power factor is being metered by the two-
wattmeter method. The total power is 4000 watts. What is the power indicated by
each meter?

9. Calculate the reactive volt-amperes in Problem 8.

10. A balanced load of three hundred 75-watt lamps on a three-phase system is
measured by the two-wattmeter method. ‘What will be the reading on each wattmeter?

11.  An induction motor draws from a three-phase line 5000 watts at 709, power
factor. If a single-phase wattmeter is connected with its current coil in line A and with
its potential coil across lines B and C, how much will be the reading of the wattmeter
and what will it measure?

12, A three-wire line of No. 1 conductors 200 ft long with Type-SN insulation (see
Appendix) supplies a 120/240-volt single-phase load with maximum permissible current.
‘What per cent of load increase would be permissible if the system voltage were changed
to three-phase 240 volts at the load? ’ Ans, 73.29

13. If three 5-ohm resistors connected in wye draw 10 amp per phase from a three-
phase line, how much power will they draw from the same line if they are connected in
delta? Ans. 4500 watls



CHAPTER 10

The Direct-Current Machine

Types of Direct-Current Machines.—Direct current is produced com-
mercially by application of the principle pertaining to generation of electro-
motive force that was discovered by Faraday and is described on pages
3 and 4. A machine that is used for production of direct current is called
a direct-current generator or dynamo.

Direct-current motors, which utilize direct current to drive other
machines, operate on the principle laid down by Lenz in his law of force

on a conductor carrying current in a magnetic field,

as described in Chapter 11. The direct-current

N motor and the direct-current generator are alike

in construction and differ only slightly in their

design proportions. The use of the direct-current

machine as a generator will first be discussed, and
then its use as a motor will be congidered.

Armature of Direct-Current Generator.—In
direct-current generators, the conductors are laid
in glots on the periphery of a laminated soft-steel
cylinder called the armature core. Fig. 10-1 shows

8 the rudimentary magnetic field and the armature

. _ elements, and Fig. 10-2 shows an armature. In all

F ’%:igl%';'n dR:f;Ef:rtgry except very large generators or those designed for

Elements low voltage, each slot holds many conductors

wound in long narrow coils. For simplicity, all

coil sides in wiring diagrams will be shown as single conductors. See the
elemental coils on the armatures of Figs. 10-6 and 10-8.

In modern generators, all conductors are not located on the same circle
as in Fig. 9-1 (a), but the conductors are equally divided between two con-
centric circles, forming a double-layer winding as in Fig. 10-1. Tnasmuch
as the emf generated in a conductor of a direct-current generator need not
be sinusoidal, the surfaces of the poles are made to conform almost to the
circular contour of the armature, in order that the magnetic circuit may be
more easily magnetized.

The Commutator.—In order that the alternating emf in each con-
ductor on a rotating armature core may appear at the terminals as uni-
directional voltage, the connections of every conductor to the external

104
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circuit must be reversed at every point in the revolution where its generated
emf is zero, as at a in Fig. 10-1. To accomplish this reversal, connecting
leads are brought out to the bars of a commutator. The commutator con-
sists of a bundle of wedge-shaped copper segments assembled in cylindrical
form and mounted on the armature shaft, as shown in Fig. 10-2, but
insulated from one another. The details of construction of the commutator
are indicated in Fig. 10-3.

(Courtesy Fairbanks, Morse & Co.)
Fig. 10~2. Direct-Current Motor or Generator Armature

The Elementary Genérator.—Fig. 10-4 shows an elemental generator
in which two conductors with a back connector form a loop terminating
at the two segments of a reversing switch or commutator. When the
conductors reach a position a midway between the pole tips, they will cut
no flux and hence generate no electromotive force. At that same instant,

Armature Wires

i lation
Connected Here Segment Mica Insu

i

Fig. 10-3. Details of Commutator

each of the brushes which connect the loop to the outside circuit will
change contact from one commutator segment to the opposite segment,
thus reversing the connection of the coil to the outside circuit. Inasmuch
as the dircction of the electromotive force generated by each conductor as
it re-enters the magnetic field will be opposite to the direction it had before
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the midpoint was reached, the direction of the electromotive force at the
brushes relative to the outside circuit will be the same as before. Hence,

the voltage appearing at the terminals of the generator will be approxi-
mately as shown in Fig. 10-5.

Brushes.—The brushes of a generator ride on the commutator and

connect the armature to the external circuit. They are so located as to

‘ connect directly to conductors which

are approximately midway between
poles.

Conductor

a
> Z
<,=
AY
)

Commutator

Windings.—A direct-current gen-
erator may have any even number of
poles. The number of poles used is
a matter of design economics and de-
pends chiefly on the speed and power
conductor output for which the generator is in-

Fig. 10-4. Elementary Generator tended. A wiring diagram of a four-

. pole generator is shown in Fig. 10-6.

In a two-pole generator the poles are 180 degrees apart and the emf of a
conductor passes through one cycle of 360 degrees in every revolution or
for every two poles passed. In a four-pole generator two cycles of emf
are generated in every revolution; and, therefore, 720 elecirical degrees
are passed through in every 360 mechanical degrees. In any generator

there are g electrical degrees in a mechanical degree, where P is the
number of field poles. A conductor

is said to have passed through 360 .

electrical degrees when it has experi- & @
enced one complete cycle of generated \ /

erf. Electromotive Force
In Fig. 106 the active parts of Generated in Conductors
the conductors lying in the armature (a)
slots, as 1, 2, 3, 4, etc., are shown ra- f \/ \
dially for convenience. The end con- —; & a

. Voltage at Terminals
nections shown dotted are on the back O anerator

end of the armature. Conductors 1 (b)

a3 Fig. 10-5. Voltage in Direct-Current
and 2, 3 and 4, .etc., lie in the bottom 18 o ferator
and top, respectively, of one slot. The
brushes a, b, ¢, and d are shown on the inside of the commutator for
convenience.

Lap Winding.—The winding in Fig. 10-6 is completely closed with all
conductors in series, as in the A connection described on page 90. In this
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case of many conductors distributed around the periphery of the armature,
it may be shown that, as in the A connection, the instantaneous algebraic
sum of all emf’s is zero. Hence, no current will flow around the winding.
By Fleming’s right-hand rule, the emf generated in each eonductor under
a south pole will be down, while the emf in any conductor under a north
pole will be up. Brush a is said to be positive because current would leave

N Rotation s

There are as many paths through the winding as there are poles.

Fig. 10-6. Lap Winding of Four-Pole Generator

the commutator at that point if an external circuit were available. Simi-
larly, it may be shown that brush c is positive and at the same potential as
brush a. Brushes a and ¢ may be connected together and be used as the
positive terminal of the generator. - Brushes b and d are negative and may
likewise be connected together to form the negative terminal of the genera-
tor. The poles alternate in polarity in sequence around the armature,
and the brushes likewise alternate in sign around the commutator. If the
winding in Fig. 10-6 is followed, it will be seen that the path laps back upon
itself repeatedly. The armature is therefore said to be lap wound. Fig.
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10-7 shows a resistive cireuit equivalent to that of a lap-wound armature
for a four-pole generator.

Each brush must be wide enough to make contact with at least two
segments at all times. Therefore, at least one coil is always short-circuited
by every brush. These coils are said to be under commutation because,
when the generator is loaded, the current in them is reversed in the inter-
polar spaces. The brushes are always so placed that the conductors of
the commutated coil are in the interpolar regions. They therefore cut no
main pole flux and generate no emf, except as described under the subject
of interpoles on page 122. Conductors under commutation contribute
nothing to the generator’s terminal voltage. Fig. 10-10 is a developed lap
winding of a four-pole generator with 25 armature slots.

The cirecuit through a
four-pole lap-wound
armature . is  equiva-~
lent to this one.

~.. Fig. 10-7. Resistive Circuit Equivalent to That of
a Four-Pole Lap-Wound Armature

Wave Winding.—In Fig. 10-8 is shown another type of winding on an
armature core similar to that of Fig. 10-6. This winding proceeds in the
same direction many times around the armature and closes on itself. This
type of winding is called a wave winding. In Fig, 10-9 is shown a resistive
circuit equivalent to that of a wave-wound armature for a four-pole genera-
tor. Fig. 10-11 shows a developed wave winding on an armature similar
to that used in Fig. 10-10. The designer’s choice between the wave wind-
ing and the lap winding is determined by the voltage, speed, and kilowatt
capacity of the generator. For a given speed, number of poles, and number
of armature conductors, the wave winding gives a higher voltage than a lap
winding for the following reason: In a wave winding (simplex)! half of
the conductors are in series between brushes, whereas in a lap winding
(simplex) the number of conductors in series between brushes is equal to
the total number of conductors divided by the number of poles.

In a lap-wound armature, two paths in parallel deliver current to each
positive brush. There are as many brushes as there are poles, and so a
lap winding always has as many paths in parallel as there are poles. With

! For complex and multiple re-entrant windings and special windings, see Principles
of Direct-Current Machines, by A. S. Langsdorf, McGraw-Hill Book Company.
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a wave-wound armature there are usually as many brushes as there are
poles, although there are only two paths through the armature irrespective
of the number of poles. Inspection of Fig. 10-8 will verify the foregoing

Rotation ~

There are only two paths, regardless of the number of poles.
Fig. 10-8. Wave Winding of Four-Pole Generator

The circuit through a
wave-wound armature
is equivalent to this
one, irrespective of the
number of poles.

Fig. 10-9. Resistive Circuit Equivalent to That of a
Four-Pole Wave-Wound Armature

statement for the four-pole generator. In Fig. 10-8 segment 5 touching
negative brush b is directly connected to segment 14 touching negative
brush d through conductors 9 and 16. The coil 9-16 is then under com-
mutation at the point shown and is contributing nothing to the generator’s
terminal voltage.
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Fig. 10-10. Developed Lap Winding
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Field Structure.—In most direct-current generators the frame is used
as part of the magnetic circuit. Fig. 10-12 shows a common type of con-
struction. The pole pieces are usually built up of rather thick (&)
laminations and are either cast in the frame or bolted to it. The bolted
type of construction permits removal, for repair, of a pole piece with its
exciting coil without disturbing other parts of the generator. The excit-
ing coils on the pole pieces are connected in series in such manner that the
current in them produces north and south poles alternately around the
frame, as in Figs. 10-6 and 10-8.

(Courtesy General Electric Co.)

- Note the arc-welded construction, the interpoles, and
the compensating windings embedded in the pole faces.

Fig, 10-12. Direct-Current Generator Frame

Field Excitation of Shunt Generator.—The field poles may be mag-
netized or excited by current from any suitable d-c¢ source, but the current
is usually taken from the generator itself. A generator whose field-wind-
ing current is obtained from its own armature is said to be self-excited.
This may be done by using field coils of many turns of small wire connected
in series with a control rheostat across the generator terminals (called
shunt connected). The series type of connection in which the field coils
are in series with the armature is unsuited to most applications and will be
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discussed later. The shunt connection is so called because the armature
supplies current to its field circuit in shunt with the load circuit if there is
one.

The circuit diagram of Fig. 10-13 shows the connections of a self-
excited shunt generator with field rheostat. A field rheostat is illustrated

To Load

Shunt Field

The field circuit is connected directly across the armature.
Fig. 10-13. Diagram of Self-Excited Shunt Generator

in Fig. 10-14. The field rheostat is used to vary the terminal voltage
within limits. The field circuit has many turns of small wire, and its
registance is high enough to permit its safe connection to the generator at
rated voltage without protective resist-
ance.

Building up Voltage of a Self-Ex-
cited Generator.—When a generator is
driven at constant speed without its
shunt circuit being closed, a very small
restdual voltage (1 to 5 volts) appears
at its terminals because of the residual
magnetism remaining in the iron.
When the field circuit is properly con-
nected, the residual voltage forces a
small exciting current through the field
circuit and thereby increases the field

(Courtesy Cutler-Hammer, Inc.)
strength. Because of the increased  Fig. 10-14. Shunt Field Rheostat
field strength, the generated voltage

increases. This reciprocal action continues until a point of stability is
reached at which the flux produced by the current in the field is just sufficient
to generate the voltage required to produce the field current. Most modern
generators are so designed that, with no resistance in series with the field,
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the voltage will rise to about 125 per cent of rated value. This condition is
represented by the point @ in Fig. 10-15. The straight line Oq is called a

field resistance line because its slope % is equal to R;, the resistance of

the field circuit including the field rheostat. After the voltage has built up,
it may be adjusted to any desired value between a and ¢ by increasing the
resistance of the field circuit by means of its rheostat. Generators are
usually designed so that the rated voltage is generated at the point b or at
somewhat higher field current. For every value of field-circuit resistance,
the resistance line will have a particular slope, such as Od or Ob. If the

At Normal Rated Speed

—

At Reduced Speed

Armature Terminal Voltage, ¥ ’

(1] Field Current, It
Fig. 10-15. Generator Self-Excitation Curve

resistance is made so high that the slope of the resistance line, as Oe, is

equal to or greater than that of the lower straight part of the magnetization

curve, the voltage of the generator will collapse and will drop to the residual

value O’. A generator may fail to build up for any of the following reasons:

1. Field-circuit resistance too high; including open circuit.

. Speed too low.

. Residual magnetism lost.

Direction of rotation incorrect.

Generator terminals connected to external circuit of too low resist-
ance.

6. Shunt-field terminals reversed.

[SL N

% If the generator speed be reduced, the magnetization curve will be
reduced in height proportionately, as shown by the dash curve of Fig. 10-15.
Whereas at rated speed the generator would build up when the field resist-
ance line is Ob, this line is too steep to permit build-up at the reduced
speed. + If the direction of rotation is incorrect, the residual voltage will
force current through the field coils in a direction%to demagnetize the field,
and build-up cannot occur.: If the generator is connected to a load circuit
of too low resistance, the load-circuit current due to residual voltage may,
by its magnetizing action in the armature, prevent build-up. TResidual
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magnetism may be restored by connecting the field circuit to any suitable
source of direct current.

Calculation of Electromotive Force in a Generator.—Whether an
armature winding is lap or wave, the active conductors lie in two or more
parallel paths. By active conductors are meant those which are not under
commutation but are actively cutting flux and so contributing to the useful
emf of the generator. The conductors in every path are in series, and the
sum of the electromotive forces generated in them determines the emf
appearing at the generator terminals at no load.

Let ¢ =the total lines of flux per pole;
Z =the total number of active conductors.

Then the flux cut per second by one conductor is

¢ X poles e 60

The average emf generated in one conductor is

; ot it -8
¢ Xpolesx 60 Mo 10-5 volts

The number of active conductors per path is Z divided by the number of
parallel paths, and the total emf genera’ced by the machine is
Z
jut' shsing) —8 - - —
E,=¢ X poles x = 60 M %10 parallel Daths (10-1)

Example 10-1.—An 8-pole, lap-wound generator with 800 active conductors is
excited to 8 X 10¢ lines of flux per pole and is driven at 600 rpm. Caleulate its generated
emf.

Solution.—This generator, being lap wound, has 8 parallel paths in its armature.
Hence, the total emf generated is
8 X 108 x 8 X 600 x 800
60X 10°%x 8
=640 volts

E,-

In a generator the conductors lie in slots which present a high reluctance
to the main flux, and the main flux appears almost entirely in the teeth.
It might seem then that the conductors shielded from flux by the teeth
would cut flux at a low or ineffective rate. One theory proposed is that the
flux lines “snap’ across the slot from tooth to tooth as the armature
rotates. Tt is properly more logical to consider the turn in the coil rather
than a single conductor of that turn. When the turn has its sides in the
neutral zones between poles, it encloses all of the flux of a pole and generates
no voltage because there is no rate of change of flux. When the turn has
1ts sides under the middles of adjacent poles, it encloses no flux but the
dé

rate of change of flux is high and the voltage generated is e =11V0Tdt'
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Performance of a Shunt Generator.—Not all of the voltage generated
in a loaded generator is available at the terminals because of the potential
drop in the resistance of the armature, brushes, leads, and contacts between
the brushes and the commutator. The total armature current I, is the
sum of the load current and the field current, and

Vi=E,~1.R, (10-2)

where V= terminal voltage;
E,=generated voltage;
I.R.=voltage drop through the resistance of the armature circuit.

If the exciting current of the generator is obtained from any source
other than its own armature, it is said to be separately excited. Separate
excitation is necessary when the armature voltage is not suitable for excita-
tion, as in high-voltage generators and arc-welding generators. Curve (a)
of Fig. 10-16 shows a typical external-voltage characteristic curve of a
separately excited generator. Curve (c) shows the external characteristic
of the same generator plotted against external or load current, when self-
excited. TFor curve (b) and tofal characteristic is plotted against I,, which
includes both the field current and the load current.

-

(a) Separately excited.
(b) Total characteristic self-
excited.

(¢ External characteristic
self-excited.

Terminal Voltage

Armature Amperes

Fig. 10-16. Shunt-Generator Characteristics

Curve (a) is not a straight line for the following reason: In addition
to the I.R, voltage drop in the armature circuit, there is some voltage
decrease because the magnetomotive force of the armature caused by its
own current weakens somewhat the main field flux. Curves (b) and (¢) are
much lower than (a) because, as the terminal voltage drops because of I,R.,
drop, the voltage applied to the field decreases and reduces the excitation.
Because of this cumulative action, a point is reached, as at y in Fig. 10-16,
beyond which a further attempt to increase the load current will result in
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collapse of the terminal voltage. This action determines one of the limits
of maximum momentary power output of any self-excited generator.

Other Limits of Power Output.—In addition to collapse of terminal
voltage, the permissible momentary power output of a generator is limited
by destructive sparking between the commutator and the brushes. The
maximum contthuous power output is determined by the maximum per-
missible temperature rise. That load on a generator which, when carried
continuously, produces the maximum permissible temperature rise is called
Jull load.

Voltage Regulation.—The change in the terminal voltage of a generator
when its load is changed from full load to no load while the speed remains
constant is called its woltage regulation. Regulation is usually expressed
as a per cent of full-load voltage. For example, if a generator has a
terminal voltage of 230 volts at full load and 250 volts at no load, its regula-
tion is

250 —230
230

Operation at Voltages Above or Below Rated Voltage.—The voltage
at which a generator is designed to operate is always indicated on the
name plate. At less than rated voltage, but at rated speed, the generator
operates nearer the knee of the saturation curve and has a regulation greater
(poorer) than normal. The armature reaction described on page 120
affects the weaker main field more than it would affect a field of normal
strength and tends to cause still greater voltage regulation. Because the
current is limited to the rated value to avoid excessive heating, the full
rated power output cannot be obtained at voltages much below normal.

When a generator is operated at a voltage above the rated value, but
at rated speed, the regulation is less (better) than normal. The higher
voltage permits a power output somewhat greater than normal. Inecreased
heating because of increased iron losses in the armature core usually limits
the permissible armature current to a value less than the rated value, and
hence the possible advantage is slight. The shunt field coils of most
generators will not overheat when carrying the maximum current possible
with self-excitation. Most generators are guaranteed to deliver their rated
kilowatt output at any voltage between 90 and 110 per cent of the rated
voltage.

=0.087 or 8.7 per cent

Operation of Speeds Above or Below Rated Speed.—When a shunt
generator is operated at reduced speed, but with rated voltage, the regula-
tion is better than normal because of the greater saturation required. If
self-excited, a generator may not be capable of producing rated voltage at
speeds less than 90 per cent of rated speed. At reduced speed the voltage
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gencrated per ampere of field excitation is less, and the effect on the maxi-
mum voltage is almost the same as an increase in shunt field resistance.
Because of reduced ventilation at reduced speed, the temperature rise for a
given armature current will be greater.

When a shunt generator is driven at higher than rated speed, but at
rated voltage, the regulation is somewhat poorer than at rated speed
because of operation lower down on the saturation curve. Also a change
in the speed of the prime mover affects the terminal voltage more at higher
speeds. It is not advisable to operate a generator at more than 15 per cent
above rated speed because of dangerous centrifugal stresses, especially
where the armature coils are held in their slots by band wires only.

(d)
a)
- ( ®
(@) Flat-compounded char-
acteristic. |
(b) Constant voltage at all | (¢)
loads. . |
(¢) Shunt-generator charac- o The load - voltage characteristic
teristic. § of a flat compound generator
() Over-compounded char- ] s no} flat
acteristic. H |
= l‘—— Full Load
| l

|
Load Current

Fig. 10-17. Compound-Generator
Characteristic Curves

The Compound Generator.—Curve (¢) of Fig. 10-16 corresponds to the
condition of fixed field-circuit resistance in a shunt generator adjusted to
give rated voltage V; at rated load. If the no-load voltage had been set
at V, ag in Fig. 10-17, the full-load voltage for operation indicated by curve
(c) would have been V,, which is much too low. The voltage may be kept
constant at all loads, as indicated by curve (b), by adjustments of the field
rheostat. The tendeney for the voltage to fall when the load current is
increased is then just balanced by the increased excitation accomplished
by adjustment of the rheostat.

A performance somewhat similar to that indicated by curve (b) may be
obtained automatically by causing the load current to flow through a few
turns of heavy wire on each field pole. The series-field exciting ampere-
turng thus added to the shunt-field exeiting ampere-turns increase the total
ampere-turns in direct proportion to the load current. If there were no
magnetic leakage and no armature reaction (see page 120), and the satura-
tion curve of iron were a straight line, the curve (b) could be almost exactly
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realized. However, the actual performance will be more like that indicated
by curve (a). Such a generator with both shunt-field and series-field wind-
ings is called a compound generator. A wiring diagram for a compound
generator is shown in Fig. 10-18.

Series.
Winding

49

Shunt
8 Winding

rL—.—-

+

Fig. 10-18. Wiring Diagram of
Compound Generator

When the series-field ampere-turns aid the shunt-field ampere-turns,
as just described, the machine is called a cumulative compound generator.
Such generators are used to supply most d-¢ distribution systems. They
may be over-compounded to compensate for voltage lost in /R drop in
feeders. If the series-field ampere-turns tend to produce flux in a direction
opposite to that of the flux produced by the shunt-field ampere-turns, the

—0
Q
oo
]
2 | Without
= | Diverter
£
E
_______ Q
'|s 5 g
<t
(>_g
<B
iy ! ]
>4 o}
§‘ Load Current
Connection Diagram Characteristic Curves

Fig. 10-19. Differential Compound Generator

machine is called a differential compound generator. Such generators have
very few practical applications, but are ideally suited to supplying power
to electrically powered excavators, inasmuch as the drooping voltage
characteristic prevents stalling of the driving engine when the excavating
bucket is accidentally stalled.
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A cumulative compound generator whose series-field ampere-turns
at full load are just sufficient to produce the terminal voltage that the
generator has at no load, as indicated by curve (a) of Fig. 10~17, is said
to be flat-compounded. It should be noted that in a flat-compounded
generator the terminal voltage is not constant between no load and full
load, as the name flat implies. If the full-load voltage is greater than the
no-load voltage, the generator is said to be over-compounded. The degree
of compounding of a finished generator may be adjusted by placing a suit-
able Jow-resistance, high-current-capacity resistor in parallel with the series

field and thus by-passing more or less
of the load current. Such by-pass
resistors are called diverters. Diver-
ters are usually made of nickel-silver
strip. The arrangement of a diverter
on a differential compound generator
and the effect of the diverter on the
characteristic curve are shown in Fig,
+ 10-19.

The Series Generator.—A gener-
ator which derives all of its excitation
from a series-field winding is called a
sertes generator. A wiring diagram
and a typical load characteristic curve
of a series generator are shown in
Fig. 10-20. Such a characteristic is
suited to but few industrial uses. At
one time, series generators were used
extensively in street lighting. They
are still used to some extent as series
voltage boosters in d-¢ transmission

Wiring Diagram of Series Generator

Terminal Voltage

Load Current
Characteristic Curve systems.
Fig. 10-20. Series Generator Annature Reaction.——When a gen-

erator is carrying a load, the current
in its armature produces a magnetic pole at the armature surface at every
interpolar space. See Fig. 10-21 (a). When the flux ¢, of the field
produced by the loaded armature exists jointly with the flux ¢; of the main
field, shown in (b), the resultant flux has the direction ¢, in (¢). As a result,
the commutating azis, that is, the axis on which commutation should oceur,
would shift from xy in (b) at no load through the angle & to z1y: in (¢) at
some particular load. The influence of armature flux in distorting the
main-field pattern is called armature reaction. In order that destructive
sparking between the brushes and the commutator may be avoided, it is
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necessary that the brushes be
moved forward in the direction of
rotation to the axis 2;y; correspond-
ing to the particular load. Since
the angle o varies as the load
varies, the brushes must be moved
to a new position corresponding
to every value of load current.
Furthermore, if the direction of
rotation of the generator armature
be reversed, the commutating axis
will shift to the opposite side of zy
and it will be necessary to provide
for a possible brush shift of angle
2« from the position ziy; shown
in (c).

Calculation of Armature Reac-
tion.—In a generator without
interpoles, the armature-reaction
ampere-turns may be considered
as being divided into two parts,
namely, those produced by the con-
ductors in the interpolar space in-
cluded in angle 2« in Fig. 10-21 (¢)
and those produced by all other
armature conductors.

The axis of the reaction mmf
produced by the conductors and
current in the angle 2a coincides
with the axis of the main-field
mmf; but, by Lenz’s Law, the reac-
tion mmf has a sense opposite to
that of the main-field mmf, and so
tends to demagnetize the main
field. This component of the arma-
ture reaction is called the demag- Armature reaction changes the main
nelizing component. The mmf . field flux density distribution. '
produced by armature current in Fig. 10-21. ]?Iflf eac tG%fnﬁ?&iture Reaction
the conductors outside the angle
2a has an axis perpendicular to that of the main field. The armature-
reaction component produced by that mmf is called the cross-magnetizing
component,
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In a generator having interpoles (see the next article), the brushes are
set at points midway between the poles; and so there can be no demagnetiz-
ing armature reaction. There is only a cross-magnetizing reaction.

Example 10-2,—A 4-pole generator has 720 armature conductors. The conductor
current at full load is 25 amp. If the brushes are shifted forward in the direction of

rotation 10 mechanical degrees, what will be the number of demagnetizing ampere-
turns per pole?

Solution.—The number of conductors per pole is 'Zi—0= 180. In a 4-pole generator,

10 mechanical degrees are equal to 20 electrical degrees. Hence, the number of demag-
netizing conductors per pole is 2% 920°
X

180)(—1?00—=40

Since 40 conductors are equivalent to 20 turns, the number of demagnetizing ampere-
turns per pole is
e pep 25 % 20 = 500 amp-turns

Commutating Pole

(Interpole)
s Commutating Pole Winding
/
b
T Series Winding
]
Rotation
l Main Pole
N S
Shunt Winding
+
[T 7
N

Fig. 10-22. Interpole Arrangement and Polarity in a Generator

Interpoles.—To avoid the commutation difficulty actually encountered
in old-style generators, narrow poles called tnterpoles or commutating
poles are used, as indicated in Fig. 10-22. These interpoles, being mid-
way between main poles, are just opposite the armature poles shown in
Fig. 10-21 (a). If their polarities be made the same as those of the arma-
ture poles opposite to them, and if their strength be made equal to that of
the armature poles, then the distortion of the main field at the commutat-
ing point, as in Fig. 10-21 (¢), may be almost entirely prevented. In
practice the interpoles are made stronger than just sufficient to neutralize
the armature flux, in order to aid in the reversal of current in the coils being
commutated. The inductaice of the coil tends to retard the reversal of the
di
a—t’

coil current by generating a prolonging voltage —e= L =, and the inter-



Tre Diruer-CURRENT MACHINE o123

poles must have sufficient additional strength to neutralize this inductive
voltage. The interpole windings are connected in series with the armature
windings, and therefore their correction ampere-turns increase or'decrease
in the same proportion as do the distorting ampere-turns of the armature.

In a generator the interpoles must be of the same polarity as the main
poles which they precede in the direction of rotation.

It is very difficult for a designer to calculate the exact number of turns
to be placed on the interpoles, and it is sometimes necessary to connect an
adjustable diverter around the interpole windings to permit shunting of a
part of the total armature current around those coils. If the ordinary
resistance diverter were used, a sudden surge of current caused by a sharp
increase in load would not divide between the interpole path and the diverter
path in inverse proportion to their respective resistances; but, because of
the high reactance of the interpole path, a disproportionately large portion
of the surge current would flow through the diverter. Such an improper
division would cause the interpole field to fail to rise in proportion to the
armature current to be commutated, and would probably cause the commu-
tator to flash over at the brushes. The proper division of surge current can
be obtained by inserting, in series with the interpole shunt, a conductor
wound around an iron core to form an inductance just equal to that of the
interpole coils. Such a diverter is called an inductive shuni.

Change in Characteristics.—A generator may be used successfully at
much less than rated voltage if separately excited, the desired voltage being
obtained by excitation adjustment, by speed adjustment, or by both. If
the ventilation were equally good at all speeds, the current that could be
taken from the armature without overheating would be the same at all
specds. At reduced speed and correspondingly reduced generated voltage,
the voltage regulation is poorer than normal because the I.R, voltage loss
per ampere in the armature is as great as before and the armature reaction
is also as great as before.

If the generator be driven at rated speed but be under-excited to obtain
reduced voltage, the voltage requlation will be poor because the field-distort~
ing ampere-turns of the armature for a given load are as great as ever and
have more effect on the weakened field than upon a normally strong field.
However, when the generator is so operated, full-load rated current may be
drawn from the armature without excessive heating.

As the speed of a self-excited generator is reduced, the maximum
terminal voltage to which it will build up is also reduced, for reasons dis-
cussed on page 114. A generator cannot be operated at half of its rated
voltage when self-excited, for reasons discussed on page 114. In order
that a self-excited generator may maintain its voltage within reasonable
limits from no load to full load, the magnetic circuit must be excited aboze
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the knee of its saturation curve. If a generator is separately excited, its
terminal voltage for any fixed current output is proportional to its speed.
An example will serve to demonstrate the possibility of altering the charac-
teristics of a self-excited generator to fit a definite need, without actually
altering the windings.

Example 10-3.—A compound-wound interpole generator rated 25 kw, 115 volts at
900 rpm is needed. There is on hand a generator rated 60 kw, 230 volts at 1800 rpm.
Can the generator at hand be satisfactorily converted without rewinding? Give
instructlions.

Solution.—The 115-volt requirement will be met when the speed is established at
900 rpm, instead of 1800 rpm. The shunt-field circuit must be broken in the middle,
and the two halves must be connected in parallel. Each field coil will then receive full
voltage when connected across the armature for self-excitation. The armature cooling
will be less effective at the lower speed, and so the permissible continuous current output
will be less. The number of ampere-turns in the series field per ampere of load will be
the same as before. The compounding percentage will be the same, therefore, and may
be satisfactorily altered by means of an adjustable low-resistance diverter connected
across the series field. The commutating voltage needed will not be quite so great at
the low speed, and the strength of the interpole field should be reduced by means of a
diverter.

The generator is therefore capable of delivering somewhat less than its original
normal current at 115 volts and 900 rpm, and should be satisfactorily convertible.

+
Equalizer Bus
+ +
L 3

Fig. 10-23. Cumulative Compound Generators in Parallel With Equalizer Bus

Parallel Operation of Compound Generators.—The economic genera-
tion of direct current sometimes involves the operation of two or more
generators supplying current to the same bus bars. The parallel operation
of shunt generators is accomplished with no particular difficulty, inasmuch
as the reduction of load on one generator for any reason permits a rise of its
terminal voltage and it therefore tends to recover the lost load. For this
reason, parallel operation of shunt generators is said to be “stable.” How-
cver, if the load on an over-compounded generator be reduced, the gen-
erated voltage will decrease and, therefore, the ability of the generator to
carry load decreases. When such a generator is connected in parallel
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with a similar one, the second generator assumes any load dropped by the
first and the additional load causes its voltage to rise still higher. Thus,
the loss of load and voltage by one generator and the subsequent gain of
load and voltage by the other results in an unstable state of operation, and
the underloaded generator will quickly be driven as a differential motor by
the other generator, which has also assumed all of the load. This unstable
condition can be rcmedied by connecting a low-resistance conductor, or
“equalizer,” between the series fields of the two generators at the points
where they connect to their respective armatures, as indicated in Fig.
10-23. When such an equalizer is used, the current in either series field
is not determined by the armature current of its own generator alone but
depends on the division of the load current between the parallel paths of
the two fields. In that way the compounding of the two generators is inter-
dependent, and complete stability of operation may be achieved.

In order that two over-compounded generators may share a common
load in proportion to their respective capacities, their characteristics must
be identical and the resistances of their series fields, including the equalizer
conductor, must be inversely proportional to their respective capacities.

Calculation of Series-Field Turns for Compounding a Shunt Generator.
If space permits, a shunt generator may be converted into a compound
generator by the addition of a series-field winding. In order to calculate
the correct number of turns to produce flat compounding, it is necessary to
know the number of shunt-field turns per pole and to make a simple test.
With the generator loaded to full-load current, the field rheostat should be
adjusted until the required terminal voltage is obtained, and the field
current should be recorded. The difference between this field current and
the field current required for no-load voltage will be the necessary increase
in the field current. This current increase multiplied by the number of
shunt-field turns per pole gives the increase in the number of ampere-turns
per pole required to accomplish compounding. The ampere-turn increase
divided by the full-load current gives the required number of series turns
per pole.

Example 10-4.—A 230-volt shunt generator requires 1 ampere of field current at
no load. At full load of 100 amperes the field current required for 230 volts is 1.4

amperes. The shunt-field winding has 3000 turns per pole. How many series-field
turns per pole must be added to flat-compound this generator?

Solution.—The required increase in the field current for a change from no load to

full load i
oad is 1.4-1=0.4 amp
and the increase in the number of ampere-turns in the shunt field is
3000 x 0.4 = 1200 amp-turns per pole

The series field should contain

1200
100 = 12 turns per pole
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Effect of Brush, Shift.—In a commutating-pole generator the brushes
are usually adjusted very accurately to commutate coils whose sides are
eractly under the interpoles. If the brushes were shifted slightly 7n the
direction of rotation, some of the interpole flux would enter the armature
back of the conductors under commutation. Since the polarity of an inter-
pole in a generator is opposite to that of the main pole which precedes it in
the direction of rotation, the net flux cut by active conductors between
brushes is the difference between the main-pole flux and the interpole flux.
When the generator is loaded, the interpole flux produces an effect similar
to a differentially connected series field and causes the terminal voltage
to drop abnormally.

A slight cumulative compounding may be achieved by shifting the
brushes slightly opposite to the direction of rotation; and such shifting is
good accepted practice, provided the commutation ig not impaired.

Commutator Wear.—As the commutator bars move under the brushes
of a generator carrying load, minute sparks are formed and hasten the
erosion of the two surfaces. If brushes are properly fitted to a new com-
mutator of a properly designed generator, the minute sparks will gradually
become invisible to the eye and will all but disappear. The commutator
should then assume a chocolate-colored polish and should operate for
months without appreciable loss of metal.

Unless the mica insulation between bars is undercut below the commuta-
tor surface, the unequal wear of mica and copper will cause the brushes
finally to rest largely on the mica edges and there will be acute arcing and
erosion of the copper. The commutator is then said to have high mica.
It is important, therefore, to use a brush of the proper abrasive properties
to wear away the mica at the rate at which the copper is vaporized. Only
brushes recommended by the generator manufacturer or a carbon-brush
specialist should be used.

When high mica has developed, the commutator should be turned to
a true surface and the brushes should be refitted. Undercutting the mica
from ¢ to & in. is often to be recommended. Slight roughness may be
removed with sand-paper. Emery cloth should never be used on a com-
mutator, because emery is a conductor of electricity and, if allowed to
lodge between bars, may cause the short-circuiting of one or more coils.

PROBLEMS

1. Construct a diagram similar to Fig. 10-21 (a) and (¢) for a 4-pole generator.

2. If the armature of a 50-kw, 230-volt, 4-pole, 1200-rpm lap-wound generator were
reconnected to form a wave winding, what would be its new rated voltage at the same
speed?

3. If thelap-wound generator of Problem 2 were 6-pole, at what speed would it have-
to be driven to generate 230 volts when reconnected to form a wave winding?

Ans. 400 rpm
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4. Would it be necessary to alter the connections of the shunt-field coil of Problem
3 to properly self-excite the generator? /Explain.

5. What would be the new kilowatt rating of the generator when reconnected as in
Problem 3?

6. If a self-excited generator failed to build up, and you were required to test for the
cause, in what order would you investigate the six causes in the list on page 114?

7. A certain 4-pole lap-wound generator, rated 50 kw, 125 volts at 1800 rpm, has
89 commutator bars. If each brush covers three bars exactly and a bar is 10 times as
wide as a Ijca strip between bars, what is the average time rate of change of current at
full load during its commutating interval?

8. What must be the per cent of over-compounding of a 220-volt generator to
produce 220 volts across a 30-kw load located 500 feet from the generator and supplied
through 2/0 conductor?

9. A certain shunt generator has a no-load voltage of 230 volts, with a field current
of 2.75 amperes. In order to maintain that voltage when the load current is 120 amperes,
the field current must be increased 20 per cent. How many turns of series-field winding
must be added to accomplish the same result by compounding, if each shunt-field coil
contains 1200 turns?

10. At rated speed a generator has a no-load voltage of 230 volts. What will be jts
no-load voltage, if its field flux is increased 5 per cent and its speed is increased 10 per
cent? .

11. A separately excited shunt generator has a no-load voltage of 230 volts and a
full-load voltage of 215 volts. Its full-load current:is 50 amperes. The armature-
circuit resistance at full load is 0.2 ohm. How much of the terminal-voltage Joss is
caused by armature reaction?

12. Two 600-volt shunt generators with ratings of 250 kw and 400 kw, respectively,
are operating in parallel to carry a 500-kw, 600-volt load divided between them in pro-
portion to their ratings. The voltage regulation of the first generator is 10 per cent,
and that of the second is 7.5 per cent, With a declining load, at what ampere load will
the two generators deliver equal power? Ans. 8370 amp, 622 volts

13. What is the full-load rated current of a 1200-kw, 600-volt generator?

14. What is the load current per conductor at full load in Problem 13, if the arma-
ture is lap wound and the generator has 12 poles?

15. If the shunt-field coils of a lap-wound generator were connected in two or more
parallel paths, instead of in series, what would be the effect of unequal resistances of
the paths?

16. A 4-pole, 900-rpm, wave-wound generator has 89 armature coils of 4 turns each.
The flux per pole is 107 lines, and 5 per cent of the coils are always under commutation,
Calculate the generated emf. Ans. 2029 volts

17. If the armature of Problem 16 were connected lap-wound, and all other con-
ditions remained the same, what would be its terminal voltage? Ans. 1015 volts

18. If the generator of Problem 16 is rated at 200 kw, what will be the kw rating
when the armature winding is changed as suggested in Problem 17?

19. A 1200-kw generator and a 750-kw generator share a 1500-kw load, How many
kilowatts should be carried by each machine?

20. For a temporary emergency requirement, 25 amperes at 115 volts are needed.
A 50-kw, 230-volt, 1200-rpm generator .s avajlable. How may this generator be used?
Ans. Drive at 600 rpm. Reconnect field coils into two parallel circuits, and self-

excite as originally.



CHAPTER 11

The D-C Machine as a Motor: Force on a
Conductor Carrying a Current in a
Magnetic Field

Lenz’s Law.—In Fig. 11-1 (a) is shown an endwise view of a conductor
immersed in a magnetic field, but carrying no current. No foree is exerted
on that conductor by the field. In (b) is shown the effect of passing an
electric current through the conductor.

The magnetic rule of thumb stated on page 5 will be found useful in
studying the action in Fig. 11-1 (b). With the current flowing toward
the observer, the magnetic flux
produced by it encircles the con-
ductor in a counter-clockwise direc-
tion, thus strengthening the main
field on the left of the conductor
and weakening it on the right of
the conductor. This distortion of
the main field produces a force to
the right on the conductor. By
experiment, it has been found that
the force on the conductor is di-
rectly proportional to the current
, in the conductor and to the
(b) strength of the main magnetic field.

Fig. 11-1. Force on a Conductor It should be noted that, if the cur-

Carrying Cur{fi:ltdm a Magnetic rent is flowing toward the observer,

as in Fig. 11-1 (b), and the con-

ductor were forced to move to the left against the magnetic force on it,

the voltage generated in it would, according to Faraday's Law given on

page 3, be in a direction toward the observer. Lenz's Law summarizes the

foregoing facts by stating that a current induced in a conductor always
produces a force which opposes the action that induces the current.

A current of 1 abampere, or 10 amperes, in a conductor located in a
magnetic field with a strength of 1 gauss in a direction perpendicular to the
conductor will cause each centimeter of length of that conductor to be acted
upon by a force of 1 dyne. It therefore follows that, under the same con-
ditions, 1 ampere will cause a force of < dyne per centimeter of immersed
length of conductor. Hence, the force on a conductor may be expressed

128
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in terms of the intensity of the field in which it is immersed and the con-
ductor length normal to the flux lines. The relation is:
BIl
= —*1‘6‘ (1 1-“1)

in which F=force, in dynes;

B =field intengity, in lines per square centimeter;

I =current, in amperes;

1=length of conductor normal to the field, in centimeters.

In ‘ I
——— —
+
Iy 1 Ea
:g o
: E
€
=3
Z
w
(a)
@, as Generator
Iy Lo+ Iy I
e e ——
+ Eg +
Egay (a2

T — B

(b)
G, as Motor being run by Generator G,

Fig. 11-2, Driving a Generator as a Motor

Simultaneous Application of Faraday’s Law and Lenz’s Law.—When a
generator is driven, but no current is delivered by its conductors, a voltage
appears at its terminals in accordance with Faraday’s Law. When a
load current is produced by the generator, that current flowing in the
armature conductors immersed in the main magnetic field produces a
reactive force on the conductors in accordance with Lenz’s Law, and this
force accounts for the increase in driving torque when the current output
increases. Thus, in a loaded generator these laws apply simultaneously.
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When a motor is operated at no load, it follows from Lenz's Law that
just sufficient current flows in the armature conductors to produce the
torque required to maintain its no-load speed. Simultaneously, according
to Faraday’s Law, the movement of the armature conductors through the
field generates an electromotive force opposite in sense to the applied
voltage. When a mechanical load is demanded at the motor shaft, the
no-load torque is not sufficient to maintain the speed, and the speed drops.

When the speed drops, the generated voltage also drops in proportion,
and more current can then flow to supply the new demand for torque.
Thus, in a motor both Faraday’s Law and Lenz’s Law always apply,
regardless of the amount of the load; whereas, in the generator both laws
apply only when load current is being supplied by the generator.

Fig. 11-3. Effect of Armature
Reaction in a Motor

There is no essential difference in construction between the direct-
current generator and the direct-current motor. There are, however, two
minor differences. First, the motor shunt-field coils are somewhat smaller;
secondly, the series-field coils (if there are any) and the interpole windings
are inter-connected with the armature and the shunt field differently in the
two machines. -~ *

The Shunt Motor—Let Fig. 11-2 (a) represent a shunt{ generator. If
the top brush is positive, all currents will be in the directions shown. By
definition, the positive terminal of a generator is the one from which the
_current is said to emerge, and the positive terminal of a motor is the one
at which the current is said to enter. If the load be replaced by an electric
battery or by another shunt generator G, with the same polarity as G,
but with slightly greater emf, all currents will be as shown in (b). Then,
the currents are related as follows:

Too=Tau+In+1p

The direction of I is unchanged because the voltage applied to the field
of G, is not reversed, and so the field polarity of G is unchanged. How-
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ever, the direction of I, is reversed because of the higher voltage of G,
and hence the armature torque is reversed. When the machine G, operated
as a generator, the torque with which the armature resisted the clockwise -
rotation by the prime mover was counter-clockwise; while the torque on a
motor with the same brush polarity is clockwise, and hence the machine
runs as a motor in the same direction as when driven as a self-excited generator.

Interpole Connections in a Motor.—When the machine & in Fig. 11-2
(b) is used as a motor, the directions of the currents in all its armature con-
ductors are reversed from those of Fig. 10-21 (a). The effect of this con-
dition on the total field is shown in Fig. 11-3.

Whereas the north pole of armature flux is at the bottom in Fig. 10-21
(a), where the machine is assumed to operate as a generator, the north pole
is at the top in Fig. 11-3, where the machine is treated as a motor. There-
fore, the interpole polarity in a d-c machine used as a motor must be
opposite to that of the machine when it is used as a generator with the same
direction of rotation and with the same magnetic-field polarity. In a
direct-current motor the polarity of any tnterpole must be oppostite to that of the
mazn pole which it just precedes in the direction of rotation.

Interpoles in either a generator or a motor maintain the commutating
zones midway between the main poles. This condition permits operation
of the machine in either direction of rotation without shifting the brushes.

Calculation of Torque in a Motor.—As shown by equation (11-1),
the foree on a conductor carrying a current is

BIl
0 dynes

The torque on one conductor at a radius of r centimeters is

Ili_él X r dyne-centimeters

Then the total torque, in pound-feet, on all active conductors (those under
poles and so capable of producing torque) is

T=737TX10°XZBIlr (11-2)

in which 7" =torque, in pound-feet;
Z =total number of active conductors;
B =air-gap flux density, in lines per square inch;
I = armature-conductor current, in amperes;
[ =active length of one conductor, in inches;
r = average lever arm, or radius, in inches.

Example 11-1.—A 4-pole 230-volt shunt motor has a lap-wound armature 8 in.
long with 800 conductors. The air-gap density is 50,000 lines per sq in. The mean
radius from the armature center to the conductors is 6 in. The pole faces cover 65
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per cent of the conductors. Calculate the gross torque when the armature draws 100
amp from the line.
Solution.—Tor purposes of substitution in equation (11-2),
Z =800 % 0.65 = 520 active conductors;
B = 50,000 lil{es: per sq in.; 100
I = current divided by number of paths = e 25 amp;
l=8in.;
r=061in.
Hence, the torque is
T =7.37x10"9x 520 x 50,000 x 25 x 8 X 6
=230 1b-ft
The method described for calculating the torque of a motor is correct
and is one that is generally used, but the theory of the method includes
the assumption that the conductors lie in a field of average intensity under
the pole faces. Actually, most of the field flux follows the lower-reluctance
paths through the armature teeth and so leaves the conductors in a rela-
tively weak field in the higher-reluctance paths through the slots of the
armature. However, the ampere-turns of the armature produce poles on
the armature midway between the field poles. 1t is the mutual attraction
and repulsion between field-pole fluxes and armature-pole fluxes that
produces the torque of the motor. Although this theory of torque produe-
tion is correct in fact, its application in calculations is very difficult.

Characteristics of Shunt Motors.—Shunt motors are called constant-
speed motors, although the speed may change as much as 12 per cent from
full load to no load on motors developing 4 to 5 hp, and 10 per cent on
motors of larger size. When a shunt motor runs without load, its armature
current is just large enough to produce the torque required to drive the
armature against the frictional resistance of air, bearings, and brushes and
the retarding drag (load) of armature-iron logs. The current is limited
by the armature-circuit resistance and by the counter eleciromotive force in
the armature conductors. The counter electromotive force of a motor is
the generated emf which would appear as terminal voltage if the motor
were being operated as a self-excited generator in the same direction, at the
same speed, and with the same field excitation. Then,

V=I,R.+E, (11-3)
where V =voltage applied to the motor;

I.R.=resistance voltage drop in armature circuit;
E, = counter electromotive force.

In an unloaded motor the relative magnitudes of quantities in equation
(11-3) may be about as follows:

230=2+228
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The motor power equation may be obtained by multiplying each
member of equation (11-3) by { o 'Thus,
Vie=ILR.+ B, (11-4)
The term I3R, represents the power lost in the armature because of its
resistance. The term E,I, represents the remainder of the power delivered
to the armature, and is the sum of the iron loss, the windage and friction
loss, and the power output at the shaft if there is a load on the motor.
Inasmuch as E, is a function of speed, its magnitude is a fairly good indica-
tion of the motor speed for any given load. Hence,

'V _ Speed at no load
E, Speed under load

Speed Control of a Shunt Motor by Field Adjustment.—Just as the
voltage of a shunt generator may be controlled by varying the resistance
of its field circuit, so may the speed of a shunt motor be controlled by the
same means. Refer again to equation (11-3), and let it be assumed 'that
a shunt motor is running at 2000 rpm. If the field-circuit resistance be
increased, the main-field flux will be decreased and ¥, will be propor-
tionately decreased. To balance the equation, I, must increase. An
increase in I, produces an increase in torque. The increase in torque
causes the speed to increase to a new value, which just requires the new
torque to maintain it. Thus, an increase tn the shuni-field resistance of o
shunt motor causes vts speed to increase.

) A shunt motor may be given
the characteristic of a
differential compound motor
by shifting the brushes to
a position slightly back-

(2) ward against the direction
of rotation.

Speed

Load
Fig. 11-4. Shunt-Motor Speed Regulation

Because of excess mechanical stresses and also because of commutation
limitations, it is not advisable to operate a constant-speed motor at more
than 15 per cent above its rated speed. With the field-circuit resistance at
its minimum, it is usually possible to obtain a speed as low as 90 per cent
of the rated speed at full load. However, the speed of many shunt motors
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cannot be reduced to rated value at no load, even by removing the external
rheostat resistance entirely.

Effect of Shifting Brushes From Neutral.—If the brushes be shifted
slightly backward from their neutral position against the direction of rota-
tion, a curve like (b) in Fig. 114 may be obtained. When the brushes are
shifted backward, the conductors between them cut both the main flux and
the flux of one interpole. Since the interpoles are opposite in polarity to
the main poles paired with them between brushes, their fluxes have the
effect of weakening the main-pole fluxes. Furthermore, the conductors
lying in the angles as 2« in Fig. 10-21 (¢) produce demagnetizing ampere-
turns that weaken the main field.

As explained on page 133, a weakening of the main-field flux causes the
speed to rise, and so the differential action of the interpoles and the demag-
netizing mmf causes the usual droop of curve (a) to be approximately
compensated as shown by (b). Too much backward shift of the brushes
may over-accentuate the characteristic of curve (b) and may cause unstable
speeds at loads greater than one-third or one-half of the rated load. Any
improvement in speed regulation obtained by this method is gained at the
expense of good commutation.

Speed Regulation.—When a shunt motor is loaded, the speed decreases
because the no-load current can produce only that torque required at no
load. Since E, is a function of rate of cutting of a constant magnetic field,
its value decreases when the speed decreases. In equation (11-3) both V
and R, are constant ; and, therefore, to maintain a balanced equation with a
decreased value for E,, the value of I, must increase. The forque is pro-
portional to I,, and so increases as [, increases. This related action of
speed decrease and torque increase continues until a stable condition is
reached, when the current corresponding to a certain speed is just sufficient
to drive the motor and its load at that speed. The change in speed cor-
responding to a change in load from zero to full load is called speed regula-
tton. Speed regulation is usually expressed as a per cent of full-load speed.
Thus,

Regulation, in per cent =No-load1§§§?ﬁ ;df l;g:zsd speed

Stabilizing Windings.—To insure sparkless commutation, many motors
are desighed with their interpole fluxes quite strong in comparison with
the main-pole fluxes. When such motors are operated at their maximum
speeds, and hence with their main poles only weakly excited, the distortion
of the main flux and the resulting saturation of the tips of the trailing poles
decrease the total flux and the net counter emf so seriously that unstable
operation results. To prevent such instability, a series winding composed

%100
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Same as in Fig. b/ / U -
Flux values increased by ~

stabilizing winding

Lﬂﬂu W—

Flux Resulting from AI(
Windings Acting at Once.

{Stabilizing winding not generally (d) - Motor
used when compensating winding Direction of Rotation
is used.)

Fig. (@) shows the distortion of main field flux caused by loading (no
interpoles).

" Fig. (b) shows the effect of interpoles in not only correcting field
distortion at the commutating point but also providing
reversed flux at that point to aid in the reversal of the con-
ductor current.

Fig. (c) shows the effect of the addition of a stabilizing winding
which restores the total flux per main pole to the original
no-load value by adding the é)ux which was lost by satura-
tion caused by crowding of flux to one pole tip.

Fig. (d) shows the effect of the compensating winding in restoring
the flux density distribution under load to the same form
which it had at no load (under main poles).

Fig. 11-5. Effect of Stabilizing Winding
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Fig. 11-6. Effect of Compensating Winding

of a very few turns of large conductor is added to each main pole and is so
connected that its mmf is in the same direction as the mmf of the shunt-field
winding. Such a winding is called a stabilizing winding because its flux,
which is added in the same relative amount ag that lost because of pole-tip
saturation due to “crowding,” prevents field weakening and stabilizes the
speed. Fig. 11-5 (¢) shows the effect of a stabilizing winding. Many so-
called shunt motors are provided with stabilizing windings.

Compensating Windings.—Stabilizing windings do not prevent crowd-
ing of the main-feld flux to one side of the pole. Commutating poles
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maintain the commutating zone at a point midway between the main poles,
but they do not correet distortion of the main flux at the main poles. Under
extremely severe operating conditions of reversal of rotation and wide range
of speed variation, it is necessary to add a compensating winding. If dis-
tortion of the main-field flux is not controlled by a compensating winding,
the violent shifting of the flux across the pole faces and the armature con-
ductors may induce high voltages in the armature coils and may cause
flashover between commutator bars when the motor is reversed quickly.
Compensating windings are embedded in longitudinal slots in the pole faces
and are connected in series with the armature. Fig. 11-6 (a) shows the
arrangement of compensating conductors and the flux ¢, that would be
produced by them if they acted alone. By makihg the compensating
ampere-turns just equal to the armature ampere-turns, the main-field dis-
tortion is practically eliminated, as indicated in Fig. 11-5 (d).

Compensating windings require a costly construction and are justified
only under extreme conditions, such as those encountered in steel-mill
motors.

The Compound Motor.—The compound motor is simply a shunt motor
with a series winding added to the main poles. This series winding is
similar to that in the compound generator. When the load current flowing
through the series winding produces an mmf having the same direction as
the mmf of the shunt-field winding, the motor is called a cumulative com-
pound motor. When the two-windings tend to produce fluxes in opposite
directions, the motor is called a differential compound motor.

When a cumulative compound motor is loaded, its main field is stronger
than when the motor is not loaded because of the added excitation of the
series winding. Equation (11-3) applies to the compound motor as well
as to the shunt motor. However, because of its greater field strength, the
compound motor does not need so much speed to generate the counter
emf E, as does the shunt motor, and it therefore runs at a somewhat lower
speed and has greater speed regulation when all other conditions are the
same.

The cumulative compound motor has somewhat higher starting torque
than a shunt motor of the same rating. In some applications, such as
punch-press service, shears, and other apparatus having large fly-wheels,
1t is essential that the motor speed decrease more than could be accom-
plished with a shunt motor when the heavy part of the load oceurs, in order
that part of the fly-wheel energy may be delivered up to smooth out the
fluctuations of power from the power line. The cumulative compound
motor is well adapted to applications of this kind. A typical compound-
motor characteristic is shown in Fig. 11-7. Curve (a) is for a shunt motor,
and curve (b) is for the same motor after a series winding has been added.
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In the differential compound motor, the series-field mmf is opposite
in direction to the shunt-field mmf, and so the resultant main flux is less
than it would be if the series field were not used. Inasmuch as the field is
weakened by increase in load, the speed rises with increase in load. This
is an unstable condition at loads greater than about one-third of the rated
load (the limit depends on the relative strengths of the shunt-field and series-
field mmf’s), and the motor may reach an unsafe uncontrollable speed or
“run away” very quickly. If the series field is exceptionally strong, the
motor may even stop and reverse its direction before running away. There
are extremely few practical applications for the differential compound
motor.

When the connections of a compound motor must be made the first
time without the benefit of a connection diagram, a simple test should be
made to assure proper connection
Shune of the series field. With the shunt
%) field fully excited, the motor

nd should be started! slowly. If the
() motor over-speeds or otherwise
When load s applied, the speed of a performs erratically, it should be
cumulative compound motor changes stopped and the series-field con-
more than does that of a shunt motor nections should be reversed. Even
if the motor reaches full speed
uneventfully, it cannot yet be
assumed that the series-field con-
nections are correct. A slight load
should be applied. If the speed decreases, the series-field connections
are correct. If the speed increases when the motor is loaded, the serieg
field is differentially connected and must be reversed.

Another method, which is possibly more convenient, consists of starting
the motor slowly and noting the direction of rotation; and then again start-
ing it with the shunt field opened. If the direction of rotation is the same
in both trial starts, then the compounding is cumulative.

Speed

Load

Fig. 11-7. Shunt-Motor and Compound-
Motor Characteristics

The Series Motor.—The general construction of a series motor is
identical with that of a shunt or compound motor, but its field flux is
derived solely from a series-field winding. The field flux is great at start,
and the starting torque is very high. As the speed increases, the back emf
E, increases and therefore the armature current decreases. The decrease
of armature current also flowing in the field causes the field strength to
decrease and the motor speed to increase still further. This cumulative
action continues until the load, the armature-iron loss, the windage and

1 The starting handle should be moved slowly, about 15 seconds being allowed for
full operation. See Chapter 15.
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other friction are just great enough to require the torque available at some
particular speed. When the load is varied, the speed varies greatly; and
the series motor is therefore unsuited to service requiring relatively con-

stant speed. Fig. 11-8 shows a typical

The starting torque is good, but

Speed

Load or Torque

series-motor speed-torque curve. The
the speed regulation is poor torque is almost inversely proportional
to the speed.

If the load of a series motor be too

greatly reduced, the speed may become
excessive and cause damage to the
windings. Therefore, it is not safe to
connect a series motor to a load by a

belt or other insecure means which

Characteristic might fail and allow a dangcrous speed.

Series motors are used for tractive pur-

poses on locomotives, street cars, ore bridges, and cranes, and for small

Fig. 11-8. Series-Motor

household devices.

Fig. 11-9 shows superposed the characteristic speed-load curves of a
shunt motor, a compound motor, and a series motor, all rated at the same

horsepower and speed.

Mathematical Comparison of
Characteristics.—For a shunt motor
the following equation may be written
to relate speed and load defined in

terms of armature current: »
V-I.R,
n—~—¢-Z, xk (11-5)

in which  n=speed, in rpm; .
V = applied voltage;
1., =resistive voltage drop
in the armature;
¢ = main-field flux;
Z' =number of active ar-
mature conductors;

Speed

Load

Fig. 11-9, Characteristics of Shunt,

Cumulative Compound, and Series

Motors, All Referred to the Same
Rated Speed and Power

k=a constant of the machine.

Inasmuch as ¢Z’ is a constant &, with constant excitation,

n= lﬂl(.;f -

1.R.)

or n=kkE, (11-6)

This is the equation of a drooping straight line to which the shunt-motor
characteristic of Iig. 11-9 is an approximation. Armature reaction pre-



ELECTRICAL ENGINEERING

140

0 OLIJOOTH TBIOUIY) AS33IN0Y) ¢
*Burjeey Aq pajltul] [013U0D eINYBWIIB Aq paads J19vq Mo[eq Pedds wnwrurpy |
*SI0JOW PIBPURYE I0] SON[EA dFCIOAT SMOYS BT, 4

*0%e ‘sIadwinp

peEor

anbioy pro|

a0  '893pLIq ‘89983 ‘9)SIoY  ‘SouBI)) | pPuU® [OIJTOD UO Jul uonBInW -1iry jo 7ued Iad (gg 03
"pejB[NIal oq UBD padds pur pannbal §f | -pusdop ‘peads wnux poads peol-ou 0100 Aq  peytuwry Q0¢ 03 peyrmul -onbioy poods-3uliiva
onblo) Funre)s YIy AIos SI0YM SOALI(J | -IXBW 0] Oz woif | ojugu] yIig AIop 390 1od OCg 0% 00g 3uljre)s  Aavey AIdA ‘punom-gorrag
‘099 ‘s10USTID J0£0Au00 ‘sdwund Jurpuis 991198 onbio} pwvol-[[n} jo juUs0
23unid ‘sfjor Buipuoq ‘sivoyg  ‘SPBO] 101ju00 pley | jO junowre uo spued wonsinw | Jed 09z 0% QLI 03 109518 | peads-jue)isuocd
Aupesing  ‘paads quLIsU0d A[I[e) pue | A£q poads olseq Jo Jued | o ‘Jue0 1od g7 Bur | -moo Aq pINWIT | -0 Fumaels Aq pellwal ‘punom
anbiyoy Jupreys YISy Fummboel seali§ | Jod ggT 09 poeds owey -punoduwiod pIepuBly *ua0 Jod ()9Z 0% QLT ‘anbiloy Jurrels LAvayy ~punoduze))
1019709 p[oy 4q (s3ur
~}¥I OUIOS IO Iamol) spley poods
SOUIYOBW FUINIOM-[R)OUL PUR | PIde 2eeq JO Juad | Fedm i SOSBOIOU] onbio} pwor -o[qejsnipe
~pooM  ‘SI0JBAS[0 'SI0A0AUOD ‘SIomolq | aod g9 03 peeds omky | *juso 1od oz 03 OI -7y Jo Jus0 Iod OZ 01 ‘punom-junyg
‘sug; ‘sdund  eINJLIUL) ‘peamb uorjeInur €Z1 09 10)81801 JUIIIBI8

=01 Peads uo Fuipuadep ‘podde-ojqersni
~pB 10 Peods-(UBIFUOD 98]  'OJOAIS 10U
018 BIUSWISIINbAI JUIB)S OIOYM BOALI(L

[o1uco play £q
peeds oweq Jo JuULO

~u100  Aq  pojIuTy
"3us0 10d 003 03 €31

Aq pejrual] st pus ‘ainj
~gwre 0} peoifddne ode
-1[0A UM golivp  onb
-10} FUIBIE WRIPIA

poeds-juB}suod

Iad g0g 09 peads olByg Jua0 10d ZT 03 8 ‘punom-junygy
onbioy, Futaunyy
suaay Hemeo R P iy oa
WNUIXEJ] -

dH 00€ OL T ‘SYOLOW O-d A0 SNOILYII'IddV ANV +SOIISTHEIOVIVHD

=11 ATdV.L



141

D-C MACHINE AS A MoTOR

“00) S11309]7] TeIdUay) A893IN0Y) 1
*sfurjrl ogyoads 10] JEYMIUIOS AIRA [[I4 [OIYM ‘530010 [BIOUASB sMOT[S 9[qe) SIU,T,
*103SIS0I FUNIBIE A(Q PI[[OIHUOD §1 JUILIND BUIL}F :8J0N

1q3Us %09T 9INyvwWie PUB P[OY 1038INWWOY)  “P[OY UIBIAL %G 1T pYerjs o 98uByd 1Y3Yg %%6 %91 988310 %06
v v L] v L] | ON v v
13y %8t 9IN)BULIB PUB P[OY IOIBINWUIOY)  "PBY UIB]Y AN IS 98uByo EL e 9,601 91 9880 %O0T1T
B [} v ] v v ON | ]
19318 %08 AIN}BULIE PUB P[OY 103€JNWUIOY) ‘P[OY U % LT 43S EELGlep 19308 %311 %08 adel0A %021
| [ | v = v v oN | [ | '
ANAOM-ANAOJINOD
uammw %91 9INJBUIIE PUB P[OY I0JBINWWO)  “p[og UTBTy %S 1T FRENR o3ueyd 19318 %96 %91 93BIOA %06
v v (] v [ ] B oN v v
19318 %St AINjEWIE PUB PIY JOBINWIWIOT)  "Ploy UL\ We'8 ELEN aguByd Y3y, %801 %81 9383[0A %0TT
L L] v ] v v oON n_ [ ]
JY3S %08 9IN)BUIIB PUB P[OY I0JBIJNUWIUIO)) ‘pP[OY UIBTAL % LT JqI1g oZusyo Y3I[Y %0T1T %08 98el10A %031
| | v ] v v oN | |
ANQOA-LNAHS
Ayoede) proT puoT peOT poadg anbiog,
ASION PBOIISAQ peoT Ing JueIIny) b2 b2 T peoT Furuunyy UOI}BLIBA
oneudeIy | WNWIXBA ‘asry aInjeloduray, PBOT-TM -1 ‘XBJA] puB ad8)OA
Kouowdyyif FURTSYG

osBaIDo(I= VW
SOILSIMALOVIAVHD YOILOW O~ NO NOILVINVA HOVITIOA 40 LOFAJAH TVIINID
1T AT19VL

asealouy = [}



142 ELEcTRICAL ENGINEERING

vents exact similarjty between the actual and the theoretical charac-
teristics.

In the cumulative compound motor, ¢ is not constant but increases
with load. As ¢ of equation (11-5) increases, the value of the fraction
decreases; and there is produced a curve with increasing droop, which
approximates the cumulative-compound characteristic of Fig. 11-9. The
amount of the droop depends on the number of ampere-turns of the shunt
field relative to those of the series field when loaded.

In the series motor,

T=kel (11-7)
If the saturation of the iron is low, ¢ is approximately proportional to I, and

T =k I (11-8)

(V- L.R.)
¢

The speed of a series motor is proportional to —— and may be

controlled by altering either V or ¢. The applied voltage may be reduced
by inserting a resistance in series with the armature, and ¢ may be reduced
by shunting part of the current around the field coils. The interaction of
¢ and I, produces an approximately hyperbolic speed-load characteristic
within the operating| range of the motor. Tables 11-1 and 11-2 give data
relating to characteristics and applications of d-¢ motors.

PROBLEMS

1. A certain 230-volt shunt motor with an armature current of 80 amp produces a
full-load running torque of 100 1b-ft. The armature-circuit resistance is 0.1 ohm. 1f
field flux is decreased 2 per cent and the speed is restrained from rising by external
means such as a large constant-speed motor, what will be the new torque?

2. A 230-volt, 25-hp, 1200-rpm shunt motor has a full-load armature-cireuit
resistance of 0.12 ohm and a full-load efficiency of 889,. Calculate the counter emf
at full load.

3. Why are interpoles desirable even when compensating windings are used?

__4. A conductor carrying 1200 amp is placed in and perpendicular to a field whose
mt,ensnty is 50,000 lines per sq in. Calculate the force on the conductor, in pounds
per foot of length.

5. A 20-hp, 230-volt, 1200-rpm motor has a full-load current of 74 amp. Its
armature resistance is 0.15 ohm. How many ohms must be provided in its starting
rheostat to limit the starting current to 150 per cent of the rated full-load current?
Under these conditions, how many pound-feet of starting torque would be produced?

Ans. 1.92 ohms; 131 Ib-fi

6. A 50-hp, compound-wound, 230-volt motor takes an armature current of 180 amp
at full load. Its armature-circuit resistance with 180 amp flowing is 0.06 ohm. Its
no-load speed with minimum shunt-field-circuit resistance is 820 rpm, and its full-load
speed is 780 rpm, approximately, How much resistance must be placed in series with
the armature to produce full-load torque at 500 rpm? Ans, 0.43 ohm
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7. If a motor has a torque of 20 1b-ft when the armature current is 15 amp, what
will be the torque when the armature current is reduced to 12 amp and the field flux is
reduced 5 per cent? :

8. A shunt motor is operated with its field excited from a 230-volt supply. Variable
voltage is available for the armature. The armature resistance is 0.102 ohm, exclusive
of brush contact. With 230 volts across the armature, the full-load speed is 600 rpm
and the armature current is 90 amp. Calculate: (a) the speed when the armature
applied voltage is 100 volts and the current is 80 amp; (b) the horsepower output in
(a) if 5 per cent of the armature input power is spent in windage, friction, and iron loss.



CHAPTER 12

Losses, Efficiency, and Rating of
Direct-Current Machines

Types of Losses.—Only a part of the mechanical power required to
drive a generator is available as useful electric power at the generator
terminals. The difference between the power input and the power output
is lost in the generator in the following four ways:

1. I7R, loss in the shunt-field winding.

2. I}R, loss in the armature circuit.

3. Friction loss (bearings, brushes, windage).

4. Hysteresis and eddy-current loss in armature iron.

Loss in Shunt-Field Circuit of D-C Generator.—The shunt-field
rheostat is necessary for control of the generator voltage, and so its power
loss must be included as chargeable to the generator along with the loss in
the field winding itself. Thus, the total field loss is V1.

Loss in the Armature Circuit.—The armature-winding power loss is
proportional to the square of the armature current. The armature-
circuit resistance is the sum of the component resistances of the armature
winding, commutator, brushes, brush holders, leads, and contact between
the brushes and the commutator. At any fixed temperature, the resist-
ances of all the component parts are constant except those of the brushes -
and brush contacts. The phenomenon of brush-commutator contact
resistance is not fully understood. Contact resistance between copper and
carbon decreases as the current density increases. With current densities
commonly used, the contact-resistance voltage drop between carbon brushes
and the commutator is approximately 2 volts (1 volt at the positive brush
set and 1 volt at the negative brush set) and is substantially constant at
common operating current densities.

Copper leaf brushes are commonly used on generators designed for
low voltage (below 40 volts). In some machines brushes molded or sawed
from blocks of a mixture of carbon and metallic powder are used. How-
ever, in most machines, brushes of carbon or carbon and graphite are used.

When brushes of carbon are used, their commutator-contact resistances
are found to decrease with an increase in current density. Because of the
inverse resistance characteristic of carbon-brush contacts, the resistance
of an armature circuit may be much less at full load than at no load. There-
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fore, in measuring the armature-cireuit resistance of a direct-current genera-
tor to be used in calculating its losses at full load, the rated full-load current
should be used.

Losses by Windage and Other Friction (Mechanical Losses).—Power
losses caused by air friction depend to a large extent on the shape of the
armature (projecting parts, etc.), and are approximately proportional to
the cube of the speed. Some directed blower action for cooling the genera-
tor is frequently provided by fan blades attached to the armature near the
windings. The additional windage loss is more than compensated for
economically by the greater output possible because of the added cooling.

Friction loss in sleeve bearings with oil rings is independent of the load,
and is proportional to the three-halves power of the speed. Brush frie-
tion loss is proportional to the speed and is independent of the load.

Stray Load Loss.—The classification stray load loss includes all losses
which vary with the load but which are not accurately determinable. Such
losses are caused by:

1. Eddy currents in armature conductors.

2. Short-circuit currents in coils under commutation.

3. Eddy currents in bolts and other solid parts of the armature.

4. Flux pulsations produced by change in the reluctance of the magnetic
path at teeth and slots; and flux pulsations produced by currents in
coils under commutation.

Distortion of the flux in the armature produced by the armature
reaction.

2]

Inasmuch as the stray load losses are not accurately determinable,
but do actually exist, the recommendation of the American Institute of
Electrical Engineers is that they be assumed as 1 per cent of the power
output when caleulating conventional efficiency of machines having an
output of 30 or more hp.

Armature-Iron Loss.—The reversal of flux in the armature iron because
of its turning produces a hysteresis loss, as explained on page 64. Eddy
currents also are set up in the iron, as explained on page 66. Both hys-
teresis and eddy currents cause power loss, and therefore affect the efficiency
of the machine. Hysteresis losses are approximately proportional to the
1.6 power of the maximum flux density, and eddy-current losses are pro-
portional to the square of the maximum flux density.

Efficiency.—The power efficiency of a generator is the ratio of the power
output to the power input. It may be expressed as follows:

Power output

Efficiency, i = -
fliciency, in per cent Power mput

X 100
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Inasmuch as power input equals the sum of the power output and the
power losses, the efficiency may also be expressed by the following relation:

Power output
Power output+ Power losses

% 100

Efficiency, in per cent =

This efficiency is called the conventional efficiency. The efficiency of a
generator may be measured by loading, if a calibrated prime mover and a
load of sufficient capacity are available. This efficiency is called the direct
efficiency.

No-Load Losses From “Running Light” Test.—The no-load losses
may be found by running the generator as a motor at rated speed and
voltage, and measuring the power input. The power input of the armature
less the small amount of armature resistance loss is the friction and iron
loss. The “running light” test for determining the so-called constant
losses is particularly convenient when it is not feasible to drive the genera-
tor by a calibrated motor.

Efficiency of D-C Motors.—The losses in a direct-current motor are
of the same type as those in a direct~current generator and may be found
in the same manner. For a given power output the shunt-field loss and
the armature-iron loss of a direct-current machine used as a motor are less
than when the machine is used as a generator because of the lower flux
required in the motor.

Example 12-1.—The efficiency of a direct-current, self-excited, flat compound
generator of 500 kw, 250 volts is to be determined. A 15-hp calibrated motor is avail-
able. Give instructions for obtaining the test data required for calculating the conven-
tional efficiency at any load.

Solution.—Drive the generator at rated speed with the calibrated motor. Excite
it separately (if separate d-c supply is available), and plot a curve of no-load terminal
voltage vs. power from the driving motor. The generated voltage is proportional to
the field flux. Therefore, the curve so drawn will show the values of fixed loszes (wind-
age, friction, and iron), as they vary with the generated voltage. Measure the armature-
circuit resistance (terminal to terminal), using 125, 100, 75, 50, and 25 per cent of the
rated full-load current. Draw a curve of armature-circuit resistance vs. load current.
Measure the shunt-field current.

Example 12-2.—The no-load losses of the generator in Example 12-1, including
shunt-field circuit loss, amount to 15 kw, The armature-circuit resistance at 31.6 C
is as follows:

9 Full-load current Res. in Ohms % Full-load current Res. in Ohms
125 0.0035 50 0.0042
100 0.0037 25 0.0046
75 0.0039

Calculate the efficiency of this generator at rated load at 75 C.

Solution.—The full-load current is

kw x 1000 500,000
——‘——V—'— = ——2-50 = 2000 amp



RaTing or DiREcT-CURRENT MACHINES 147

At fullload current and 75 C, the armature-circuit resistance is 0.0043 ohm. The
generated voltage is then

250+ (0.0043 X 2000) = 258.6 volts

Assume that, from the curve of generated voltage vs. armature power input, the power
input at 258.6 volts is 15,000 watts; and assume that the stray load loss is 0.01 % 500,000
=5000 watts. Then, Outout
. . 3 utpu
Conventional efficiency = Outout + Tosses tput+ Losses
_ 2000 X 250
~ (2000 x 250) + 15,000+ (20002 X 0.0043) 4- 5000

=0.930 or 93.09%,

The foregoing solution includes numerous small losses, such as pole-face losses and
eddy-current losses in the armature conductors, and also the increased shunt-field
current necessary to obtain the rated voltage when the generator is loaded.

When it is not practicable to measure the armature-circuit resistance at the requisite
percentage of rated current, it is recommended that the resistance of only the copper
portion of the armature circuit be used in calculating the I3 2R, loss. To this loss then
must be added 2I,, which is the brush-contact loss discussed on page 144.

Ratings and Standards.—All motors and generators are guaranteed to
perform satisfactorily when operated within certain arbitrary limits. The
temperature limits are usually specified on the name plate. The guarantees
usually allow a departure in speed or voltage of 10 per cent of the name-
plate value in the case of constant-speed machines.

Series motors are used frequently for varying-speed duty in which
the power demand changes rapidly through a wide range. Motors for
such service have an iniermaittent rating for perhaps 1 hour or 2 hours.
Their rating in horsepower indicates their ability to develop the required
torque at rated speed without commutating distress, but the time specified
indicates the limits of duration of rated load beyond which excessive tem-
perature will occur.

Permissible Temperatures for Insulation.—The full-load rating of a
motor or generator is that load which it can deliver without exceeding the
safe temperature of the insulation on the windings. Many insulating
materials are used in various combinations, and the temperature permissible
for any combination is that permissible for the material in it which has
the lowest safe rating. The National Electrical Manufacturers Associa-~
tion (NEMA), which is an organization of electrical manufacturers formed
for the purpose of setting manufacturing standards for all types of electrical
apparatus, and the American Institute of Electrical Engineers have grouped
the various materials into classes according to permissible operating tem-
peratures. These classes are O, 4, B, C, and H.

Class O: This class of insulation consists of cotton, silk, paper, and
similar organic materials when neither impregnated nor immersed in liquid
dielectric. The term organic is defined as a chemical compound contain-
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ing carbon in some form. The maximum safe temperature for this material
is 90 C. The 90 degrees are generally thought of as being composed of 40 C
ambient, 40 degrees average rise over ambient, and 10 degrees hot spot
over average rise. The standard ambient temperature of 40 C has been
selected because it is near the maximum encountered in most parts of the
United States. Should the ambient be at some temperature lower than
40 C, the average rise may be increased by the difference between the actual
ambient temperature and 40 C. Machines with Class-O insulation are
called 40-degree machines.

Class A: This classification includes: (1) all insulation materials listed
under Class O when impregnated or immersed in a liquid dielectrie; (2)
molded and laminated materials with cellulose filler, phenolic resins, and
other resins with similar properties; (3) films and sheets of cellulose acetate
and other cellulose derivatives having similar properties; (4) varnishes
(enamel) as applied to conductors. By a “‘rule of thumb’’ it is considered
that the life of this type of insulation is halved with every increase in
temperature of 8 degrees C. The limiting hot-spot temperature for this
class is 105 C. Machines with Class-A insulation are called 55-degree
machines. )

Class B: Class-B insulation consists of inorganic materials with organic
substances as binders and a small percentage of Class-A materials for
structural purposes. Mica, asbestos, fiberglass, and similar inorganic
materials are included in this class. The binder is generally recognized
as being the temperature-limiting part in most Class-B insulation. The
limiting hot-spot temperature for this clags is 105 C. The average life of
this class is said to be halved for every increase in temperature of 10
degrees C. Machines with Class-B insulation are called 80-degree machines.

Class C: This class of insulation includes only inorganic materials,
such as porcelain, quartz, glass, and mica. The temperature stability of
these materials is so great that no limiting hot-spot temperature is specified.
The performance of the machine, rather than its temperature, usually
serves to limit the maximum operating load.

Class H: This class includes almost all Class-B materials, but the
binding substance is composed of silicone compounds or materials of
equivalent properties. The recommended limiting hot-spot temperature
for this class is 180 C.

The temperature specified on the name plate of power machinery is the
temperature rise over ambient permissible for the class of insulation used.
The temperature is measured on the outside of the insulation by a mercury-
in-glass thermometer.

A number of books known as the NEM A Standards are published by
the National Electrical Manufacturers Association. In addition to the
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permissible temperature rises, NEM A has established horsepower ratings
of motors and many other standards of performance and design.

Rating of Enclosed Motors.—Motors having no restriction to ventila-
tion other than that necessitated by good mechanical construction are
called open motors. 'When the ventilating openings in the frame of a motor
are covered with wire screen, expanded metal, or perforated plates, the
openings in which do not exceed § sq in. in area and are of such shape as
not to permit the passage of a rod larger than 3 in. in diameter (except in
special cases), the motor is called a semi-enclosed motor. A semi-enclosed

(Courtesy Fairbanks, Morse & Co.)
Fig. 12-1. Semi-Enclosed Motor

motor is illustrated in Fig. 12-1. Motors so enclosed as to prevent circula-
tion of air between the inside and the outside of the case, but not covered
sufficiently to be termed air-tight, are called totally enclosed motors.

Semi-enclosed motors are used where it is necessary to protect the
internal parts against injury from foreign objects or to prevent personal
injury to workmen. Totally enclosed motors are used where it is necessary
to protect the internal parts completely against dust or corrosive vapors.

Explosion-Resisting Motors.—Totally enclosed motors are not neces-
sarily gas-tight. For operation in atmospheres of petroleum derivatives
(gasoline, etc.), lacquer-solvent vapor, ete., specially enclosed motors,

! For further classification of motors, see Standards of the American Institute of
Electrical Engineers, No. 5.
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known as explosion-resisting motors, are required by the National Board of
Fire Underwriters.

Totally Enclosed Fan-Cooled Motors.—The horsepower rating of a
totally enclosed motor may be restored almost to its “open’ rating by
means of a fan arranged to blow air over the outside of the frame. Another
fan inside the motor is used to agitate and circulate the enclosed air to
bring the heat from the windings to the cooling surfaces. A totally
enclosed fan-cooled motor is shown in the cut-away drawing in Fig. 12-2.

Full-Load Currents.—See the Appendix for full-load currents of direct-
current motors.

The continuous rating of a totally enclosed motor is about 60 per cent
of its rating when open. If an open type motor be semi-enclosed, its rating
will be reduced somewhat, the amount depending on the degree of enclosure.

PROBLEMS

1. A separately excited generator requires 69.7 hp to drive it at full load of 100 amp
and 500 volts. Its armature resistance is 0.1 ohm. What would be the continuous
rated horsepower of this generator when run as a motor on a 550-volt line?

2. Give instructions for calibrating a 230-volt d-¢ motor.

3. A 1-hp, 220-volt, 1800-rpm shunt motor has an armature resistance of 2.2 ohms
and a field resistance of 320 ohms. When running without load, but at rated voltage,
the armature current is 2.0 amp. What is the conventional efficiency when the load is
such that the armature current is 6 amp.?

4. A 25-kw, 230-volt shunt generator has a full-load speed of 1200 rpm. Its
friction and windage and iron loss is 700 watts. The resistance of the armature circuit
at full load is 0.15 ohm. The field current is 2.5 amp. Calculate the full-load efficiency.

5. A 75-kw, 250-volt shunt generator has a windage, friction, and iron loss of 4750
watts at rated speed. The armature-circuit resistance at full load is 0.05 ohm. The
field-circuit resistance is 50 ohms. Calculate the full-load efficiency.

6. A centrifugal pump with an efficiency of 599, is designed to deliver 3000 gal of
water per minute to an overhead tank against an effective pressure head of 50 ft and a
suction lift of 10 ft. Calculate the horsepower required of the driving motor, and select
the proper standard rating from the table in the Appendix.

7. What horsepower would be required of a motor to operate a hoist that is to lift
10 tons at the rate of 50 ft per min? The efficiency of the hoist is 72%,.

8. A 30-hp, 230-volt shunt motor has a full-load armature current of 110 amp.
The armature-circuit resistance, not including brushes, is 0.125 ohm. The no-load
armature current is 4.2 amp. Calculate the horsepower output when the armature
current is 90 amp.

9. A 230-volt shunt motor, rated 50 hp, has an armature current of 180 amp at
full load. When the motor is run at no load at rated speed and field current, the arma-
ture current is 8 amp and the voltage across the armature is 110 volts. The field current
is 2.4 amp. The armature-circuit resistance, exclusive of brush contact, is 0.1 ohm.
Caleculate the efficiency at full load. Ans. 86.29,



CHAPTER 13

Mechanical Connection Between
Motor and L.oad

Direct Drive and Gear-Head Motors.—Direct connection of a motor
to its load through a rigid shaft coupling or a cushioning flexible coupling
is most desirable if the rated motor speed is not too much higher than that
of the shaft to be driven. Specially designed motors are available for unit
assembly with the driven machine, If the rated speed of the motor rela-
tive to the driven shaft is too high, a geared-head unit with motor and gear
reduction assembled together may be had.

Outboard Bearing

{

- - —- ®

/ Flexible Coupling
_ -. [ - -
-. -

Fig. 13-1. Methods of Gear Mounting for Motor Drive

Belt Drives.—A series motor should not be connected to its load by a
belt because failure of the belt would permit the motor to reach a dangerous
speed. A shunt or compound motor may be used with belt drive. Where
a great speed reduction is obtained by using a very small driving pulley,
excessive belt tension must be avoided in any attempt to prevent intolerable
slipping. Such tension may cause the adjacent motor bearing to be over-
loaded. Also, a pulley which is too long may allow the center of belt
tension to fall too far from the motor bearing and thus cause excessive
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shaft deflection. The latter difficalty may be avoided by providing an
outboard bearing on the motor shaft. Because of the evils of excessive belt
tension and dangerous shaft moments, a minimum diameter and a maxi-
mum width of pulley for any motor will be specified by the manufacturer
on request.

The economic aspects of group drive of machinery by belts vs. individual
drive will be discussed in Chapter 23.

Gear Drives.—Because of vibration and shaft deflection, a pinion
on the unsupported end of a motor shaft, as indicated in Fig. 13-1 (a),
should not be used to drive a load greater than 75 hp. In applications
requiring more than 75 hp, it is advisable to use either an outboard bear-
ing, as Fig. 13-1 (b), or two outboard bearings and a flexible coupling, as
Fig. 13-1 (¢).

Calculation of Acclerating Time.—It is sometimes necessary to predict
the time required to accelerate a load by means of a motor of known speed- .
torque characteristics, or it may be necessary to produce a given speed in a
specified time. The total energy required to accelerate a load to full speed
may be allotted to two classifications, namely, the kinetic energy of inertia
of the motor and load, and the friction loss or its equivalent in the driven
machine. If the power required to drive the machine at any constant speed
equal to or less than full speed is not known, it may be determined approxi-
mately by analysis of the load or may be determined accurately by test.
It is also necessary to know the equivalent moment of inertia of the driven
machine as well as that of the driving motor.

Let the torque required to drive a given load at a series of constant
speeds be given by the load curve (2) in Fig. 13-2 (a). For this purpose
the relatively simple speed-torque curve of an induction motor (described
in Chapter 18) has been used rather than the stepped curve of a direct-
current motor, which would be more difficult to use. Let the speed-
torque characteristic of the driving motor also be as shown in Fig. 13-2 (a)
by curve (1). At any speed, the torque of the motor performs two func-
tions, namely, provides the power necessary for steady state at that speed,
and provides the power of acceleration. The torque available for accelera-
tion, as obtained by taking the difference between the ordinates to curves
(1) and (2) in Fig. 13-2 (a), is plotted in (). The acceleration, which is
determined by dividing the accelerating torque by the moment of inertia, is

plotted in (c). Here, the acceleration «, or %‘—:, is in radians per second per
second.
In general,

T =%a (13-1)
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Fig. 13-3. Reciprocal of Acceleration

in which 7' =torque, in pound-feet;
1 = moment of inertia;
a=motor acceleration, in radians per second per second.

The curve of Fig. 13-3 is a reciprocal of the curve of Fig. 13-2 (¢). The
total time required to attain any speed from any initial speed is the integral

of the function % of Fig. 13-3, with respect to w, between the initial and

desired speeds. The curve of dgé vs. speed is asymptotic to a vertical line
W
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at the steady-state ultimate speed. Theoretically the motor would con-
tinue to accelerate indefinitely. However, the time required to attain a
speed of, say, 98 per cent of the ultimate speed may be readily calculated
and gives results sufficiently accurate for most purposes.

Example 13-1.—A centrifuge has a steady-state torque requirement as a function
of speed, as shown by curve (2) of Fig. 13-2 (a). The moment of inertia of the motor
and all connected parts is 10. Calculate the time required for the motor with the speed-
torque characteristic shown by curve (1) in Fig. 13-2 (a) to accelerate the centrifuge
to 98 per cent of its ultimate speed.

Solution.—Fig. 13-2 (b) is a plot of the difference between curves (1) and (2) of

Fig. 13-2 (a), and represents the accelerating torque. The acceleration is
a=L

1
Fig. 13-2 (¢) is a plot of the acceleration « in radians per second per second against
speed. Fig. 13-3 is a plot of reciprocal values from Fig. 13-2 (¢). Synchronous speed
27 X 1200

60

Z% are plotted to a scale of 1 in, =0.05; and the abscissas are plotted to a scale of 1 in. =

400 rpm, or 1 in. =41.9 radians per sec. Hence, 1 sq in. under the curve of Fig. 13-3
equals 41.9x0.05=2.095 sec. There are 5.3 sq in. under that curve to 989, speed.
The time required to accelerate to 98% speed is 2.095 % 5.3 =11 sec,

of 1200 rpm is a speed w of =125.8 radians per sec. In Fig, 13-3 the ordinates



CHAPTER 14

Conversion of D-C Generator to D-C Motor

Similarity of Motor to Generator.—Inasmuch as the principal parts,
except the shunt-field winding, of a machine built for use as a motor are
identical with those intended for use in a generator, a d-¢ generator may’
be used as a d-c motor with only small sacrifice in performance. The
shunt field of a machine designed for generator use is stronger than if the
machine is intended for motor use, and therefore the possible operating-
speed range by shunt-field control , +
as a motor is somewhat greater ~7, T
than normal. Also a machine with
field coils designed for a motor will, v
when used as a self-excited genera-
tor, have a maximum voltage lower Eg A
than may reasonably be expected < -
of a machine designed for use as &  Fig. 14-1. Direction of Currents in a
generator. In converting a motor Shunt Motor
to a generator, or vice versa, it is usually necessary to change the connec-
tion of the armature and the various field windings relative to each other.

Conversion of Shunt Machine.—A shunt machine used as a motor
with line polarity as shown in Fig. 14-1 will have currents in its armature
and field windings as indicated. If the motor be disconnected from the
power supply, but its armature speed be maintained by an external driver,
the back emf E, will maintain I, in the same direction and almost as great
as before. Henee, a d-¢ shunt motor will operate as a self-excited generator
in the same direction of rotation without changing the direction of the field
flux and without changing any internal connections. If it were necessary
to reverse the direction of rotation from that when used as a motor, it
would also be necessary to reverse the field-coil connections to the armature
in order that the voltage might build up as explained on.page 113.

Conversion of Compound Interpole Type Machine.—A compound
interpole machine used as a motor with line polarity as shown in Fig. 14-2
will have currents in its armature and field windings as indicated. If this
motor be disconnected from the power supply, but its speed be maintained
by an external driver, the motor will become a self-excited generator in
the same manner as that of Fig. 14-1. If then the generator be connected
to a load, the load current I, (together with the shunt-field current) will
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flow through the armature in a direction opposite to the direction when

used as a motor.
If the motor in Fig. 14-2 was connected cumulative compound (in
which the series field aided the shunt field), the reversed direction of cur-
rent in the series field of the gen-

-~ Tt
m + erator would weaken the total field
Interpole Field and so cause the generator to be
101, B differential compound. The cur-
-4 . . .
) rent through the interpole winding
M ! would also be reversed. However
; ! (page 131), when the machine is
Series Field used in the same direction of rota-
~ tion and with the same main-pole
IIm=currenE as a motort polarity, the interpole polarity for
—current as a « .
_ v cUTTent as a generator motor use must be opposite to that
Fig. 14-2. Direction of Currents in a £ d henc
Compound Motor or generator use, an ence no

change is necessary in the interpole
connections. In the case of Fig. 14-2 the series-field connections must be
reversed if the generator is to be cumulative compound. Current is said
to enter a motor at the positive
terminal and to leave a generator at
the positive terminal.

The maximum voltage obtain-
able by self-excitation of a motor
used as a generator is seldom more
than 5 per cent greater than the A
rated voltage of the machine as a l
motor. —

—o +

Series Field

Shunt Field

pound interpole motor is to be operated
as a cumulative compound generator in
the same direction of rotation, but the
terminal which was positive as a motor is
to be negative as a generator. Give
instructions for accomplishing the change
by reversal of remanent magnetism.

I

Example 14-1.—A cumulative com- g!—J

Solution.—Let the two diagrams of
Fig. 14-3 show the magnetic polarities,
current directions, and direction of rota-  Fig, 14-3. Machine of Example 14-1
tion in the machine used as a motor. Let Used as a Motor
the two diagrams of Fig. 144 show the
magnetic polarities, current directions, and direction of rotation of the machine after
all the changes have been made. The conditions of Fig. 144 will be determined as
the solution progresses.

The armature-generated emf in the motor is toward the positive terminal (always
opposite to the direction of the armature current). With the same direction of rotation
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as before, the reversal of remanent magnetism as specified in the problem produces the
required terminal polarity by reversal of the generated emf. The shunt-field current
will hence be reversed, as in Fig. 14-4, and the generator will proceed to build up its
voltage from the reversed remanent magnetism. Current in the series field must flow
in the direction opposite to that it had for the original magnetic polarity. This it does
not do; and so the series field must be reversed, as in Fig. 14-4. Each interpole in a
generator must be of the same polarity as the main pole which it precedes in the direction
of rotation. Since the current through the interpoles has not been reversed, their
polarities are correct as shown, and their coil connections need not be changed.

The instructions for converting the motor to a generator are as follows:

1. Reverse the remanent magnetism of the field by separate excitation of the shunt
winding only.

— R et
{ Series Field

pod

E N IEL
€ G

a

=

w

i Interpoles
¢ +

Fig. 14-4. Machine of Example 14-1
Used as a Generator

2. Reverse the series-field coil connections.

A self-excited generator cannot reverse its own remanent magnetism because its
ability to produce demagnetizing current in its own shunt-field winding is dependent on
the presence of some flux. After the interpoles of a direct-current machine have been
properly connected in series with the armature, no subsequent conversion will require
changing that connection.

PROBLEMS

1. A cumulative compound interpole motor connected for operation in a clockwise
direction is to be driven as a cumulative compound generator in a counter-clockwise
direction with reversed polarity. Give instructions for making necessary changes
without reversing the remanent magnetism.

2. A cumulative compound interpole, self-excited generator is to be used as a
cumulative compound motor in the same direction of rotatlon Give instructions for
making necessary changes in connections.

3. Two compound generators in parallel are used to energize a factory power line.
The driving engine of one generator is stopped before the generator is disconnected from
the line. Analyze the probable results.



CHAPTER 15

Control of Direct-Current Motors

Starting' of D-C Motors.—A very small direct-current motor with low
armature inertia and relatively high armature-circuit resistance may be
started by connecting it without intervening resistance directly to the power
supply. Any other type of d-c motor must be started with the armature
in series with a rheostat of sufficient size to limit the starting current to a
safe value, or the armature must be connected to a variable-voltage power
source which will accomplish the same result. Such a device is called a
starting rheostat.

L

.

Fig. 15-1. Three-Point Starting Rheostat

Rheo.

Power Supply

Tt is a common practice to limit the starting current for a d-¢ motor
to about 13 times the full-load rated current. Inasmuch as no back emf
is present in the motor at the instant of start, the starting rheostat must
contain such resistance that, when it is added to the resistance of the arma-
ture circuit, the initial current will be limited to a safe value. These
starters are rated according to the size and voltage of the motor which they
are intended to start. The resistance of a 10-hp starter would be too small
for starting a 5-hp motor, and such a starter might cause distress at the
commutator. The resistance of a 10-hp starter would be too large for
starting a 20-hp motor, and such a starter might be burned out before the
motor reached full speed.

Starting rheostats are intended only for the intermittent duty of start-
ing. No more than 15 seconds should be consumed in moving the control
handle from the first point of contact to the final position. When the

1 For further study of motor controllers, see Control of Electric Motors, by P. B. Har-
wood. John Wiley and Sons.
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starting cycle must be repeated many times in rapid succession, as in crane

or dredge service, a special resistance unit adapted to continuous service
must be used.

Rheo.

Power Supply
O

Fig. 15-2. Four-Point Starting Rheostat

In Fig. 15-1 is shown a three-point starting rheostat, to which only
three connections are required. The solenoid or holding coil, which holds
the starting handle in the running position, is connected in series with the
motor field. By this connection a break in the shunt-field circuit also opens
the holding-coil circuit and permits the starting handle to return to the
“off”” position; and over-speeding of the motor is thus prevented.

(Courtesy Cutler-Hammer, Inc.)
Fig. 15-3. Starting and Speed-Regulating Rheostat

In Fig. 15-2 is shown a four-point starting rheostat, to which four con-
nections are required. This type of rheostat is required by adjustable-
speed motors in which the shunt-field current may be so greatly reduced
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at high speeds that a series holding coil would release the starter handle.
In the four-point starter the holding-coil current is independent of motor
operating conditions. The four-point starter is suitable for starting a series
motor, whereas the three-point starter obviously is not.

P

(Courtesy Cutler-Hammer, Inc.)
Note the arc barriers in the opened position to
permit inspection and repair.

Fig. 15-4. Drum Controller

In both the three-point starter and the four-point starter, the handle is
returned to the “off” position by a spring if the line voltage becomes too
low.

Some starters or controllers, like that illustrated in Fig. 15-3, are
intended for adjustable-speed duty and are designed so generously that
the starting handle may be left on any control point indefinitely without
causing overheating. Such controllers cost more than simple starters and,
when such equipment is purchased, it is advisable to specify the type of
duty—whether simple starting or combined starting and speed control.
By permitting some of the starting resistance to remain in the circuit, it is
possible to obtain motor speeds lower than those which may be had by
shunt-field control. The efficiency of such control is poor because of the
loss of power in the rheostat. Also, the speed regulation of a motor con-
trolled by series resistance in the armature circuit is high (great), and this
type of control is thus rendered unsuitable for many purposes.
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Drum Controllers.—Drum controllers, like that in Fig. 154, are used
on electric passenger coaches, cranes, hoists, dredges, etc., where extreme
ruggedness must be combined with great current-carrying capacity. They
are frequently provided with vertical operating handles geared to the drum,
so that the movements of the operator’s hand may more naturally be in the
direction in which the controlled device, such as a dredge, is intended to
move.

*

Fig. 15-5. Automatic D-C Motor Starter

Automatic Starters.—When hand-operated starters are used by care-
less or unskilled operators, the controlled device may be damaged by too
rapid starting, or the starter itself may be overheated by too slow starting.
Automatic starters operated by push-buttons eliminate the personal ele-
ment of hand-starters and assure proper control of the starting time.
Another advantage of automatic starters is the ease with which they may
be operated from one or more distant points. Fig. 15-5 shows a typical
automatic starter or controller,
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All types of automatic starters for d-¢ motors are provided with one
or more solenoids which close contacts in order to short-circuit sections
of the starting series resistance. Small motors rated at only a few horse-
power may be started rapidly, and their starters may short-circuit the
starting resistance in only one or two steps. Larger motors require
smoother acceleration, and their starters must have many solenoids to
short-circuit only small sections of resistance successively. The reversing
starter shown in Fig. 15-5 short-circuits the starting resistance in three
steps by closing solenoid-operated switches R, R;, and R, consecutively.

Types of Automatic Motor Starters.—There are four general types of
direct-current automatic motor starters, which differ mainly in the means
used to initiate the short-cireuiting of the sections of the starting resistor.
The principal types of starters are the following:

Counter-emf starters
Series-relay starters
Series-lockout starters
Definite-time-interval starters

Counter-emf Starters.—As a motor accelerates, its counter emf increases
and the voltage K, across the armature increases almost in proportion to
the increase in motor speed. In Fig. 15-6 is shown the wiring diagram
of a counter-emf type of motor starter. The starting relay SR closes
the main starting switch 4/ when the starting contacts are closed. The
holding contacts HC short-circuit the starting-button contacts and hold
the circuit closed through the coil of SR after the starting button is released.
The motor starts and accelerates until the voltage K, across the armature
rises to the voltage at which the relay R, is designed to close. Relay R
is usually designed to close at about one-half the rated voltage of the motor.
This voltage oceurs at about one-half the rated speed. Relays Ry and R;
are designed to close at about 80 per cent and 90 per cent, respectively, of
rated voltage and rated speed. The relays R, R, and R; are usually
made adjustable in order that the motor speeds at which they close may be
selectively chosen for the particular characteristics of the service for which
the motor is installed.

Counter-emf starters are unsatisfactory in sizes above about 3 hp
because the closing pressures on the contacts of the relays are small and the
- large currents taken by larger motors are likely to cause the contacts to
weld together so that they cannot be opened.

Series-Relay Starters.—As a motor accelerates, its counter emf in-
creases and causes the armature current to decrease. In Fig. 15-7 is
shown the wiring diagram of a series-relay type of starter which depends
on decreasing armature current for its operation. When the starting
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button is pushed, the relay SC closes its contacts. Contacts M close the
armature circuit and cause the motor to start. Contacts HC are holding
contacts which short-circuit the starting-button contacts. Contacts CC
close the circuit on one side of the coils of relays C14, C24, and C34.
Relays C14, C24, and C3A are high-inductance relays, which act slowly;
and so the quick-acting relay SEI in series with the armature opens its
contacts before relay C1A4 can close. As the motor accelerates, its arma-
ture current decreases to the point at which relay SR! is no longer held
open and its contacts close and energize C1A. Relay C1A closes its con-
tacts and thereby short-circuits SREI and also the first section of the start-
ing resistor. The whole armature current then flows in SR2 and causes it
to open its contacts before slow-acting relay C2A4 can act. The initial
inrush of current in SRE2 then subsides as the motor further accelerates,
until the armature current is no longer large enough to hold SR2 closed.
This performance is repeated by the other relays, SR3, C2A, and C34,
until all of the starting resistance has been short-circuited and the motor is
connected directly to the line.

The closure of the contacts of relays C1A, C2A, and C3A is firm, and
the danger of contact welding is much less than it is with the counter-emf
type of starter. The series-relay type of starter has the disadvantage of
having a multitude of relays, which require an unusual amount of attention
in their maintenance.

Series-Lockout Starters.—Some of the undesirable features of the
series-relay type of starter are avoided in the series-lockout type shown by
diagram in Fig. 15-8. This type of starter makes use of a special type of
relay containing two coils in series. Each coil is on a separate magnetic
frame and produces a separate magnet. One magnet used, as HC1, HC2, or
HC(C3 of Fig. 15-8, is called the holding magnet; and, when energized, it acts
to close the relay contacts. The other magnet used, as LO1, LO2, or LO3,
is called the lockout magnet, and acts simultaneously to open the relay
contacts. The holding magnet is designed for high magnetic leakage and
is magnetized by the armature current to a point high above the knee on its
magnetization curve. The lockout magnet is designed so as to provide a
large air-gap in its magnetic circuit. It is magnetized by the motor inrush
current only to a point just below the knee on its magnetization curve.
When the magnets are magnetized simultaneously by the motor inrush
current, the lockout magnet is the stronger of the two; and the contacts
are held open, and all of the starting resistor is left in the circuit. As the
inrush current decreases, the lockout magnet loses strength more rapidly
than does the holding magnet, until a current value is reached at which the
holding (closing) magnet strength predominates and closes the relay con-
tacts.
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When the starting button is pushed, the starting relay SR in Fig. 158~
closes the main motor contact switch M and also the usual holding contacts
HC. The starting inrush current flows through LO3, the starting resistor,
LO1, and HCI. When the starting current has decreased sufficiently,
HC1 closes the relay contacts and almost completely short-circuits the
first section of the starting resistor. The armature current then flows
through LO3, two-thirds of the starting resistor, LO2, HC2, and HC1.
When the inrush current decreases again sufficiently, HC2 closes its relay
contacts. The cycle is repeated by LO3 and HC3. When HCS3 closes its
contacts, all series coils are de-energized and the HCS3 contacts are held
closed by a small shunt coil SC.

The series-lockout starter is simpler than the series-relay starter and
requires no interlock relays or fingers. The series-lockout type of starter
is not well adapted to the control of variable-speed motors.

Definite-Time-Interval Starters.—The three types of automatic motor
starters previously described have one common fault under some starting
conditions. I the motor should fail to accelerate at any point in the
sequence of starting because of overload or because of low line voltage, the
changes in voltage or in current which initiate the successive steps of opera-
tion of the starter would not take place and the starting cycle would not be
completed. In the definite-time-interval starter, the time-delay between
the successive closings of the contactors which short-circuit the starting-
resistor sections is a fixed interval, regardless of the magnitude of current
or of voltage changes in the motor. In Fig. 15-9 is shown a wiring diagram
of a definite-time-delay (interval) starter. This type of starter will cause
a motor to accelerate to its proper speed or to be disconnected from the
power line by overload protective devices.

When the starter button is pushed, the relay SC closes its contacts.
Contacts M close the armature circuit and cause the motor to start.
Contacts HC are the usual holding contacts which short-circuit the starting-
button contacts. At the same time, contacts PM! close and start the
pilot motor, which rotates the contact drum slowly away from position 1
toward position 2. In position 2, contact 3 closes and energizes relay E,,
which short-circuits the first one-third of the starting resistor. In positions
3 and 4 of the contact drum, relays R, and R are caused to short-circuit
the remaining sections of the starting resistor. The pilot motor is stopped
by the opening of its circuit in drum position 1.

Automatic starters of this type are suited to applications in which
more than one motor is to be started at the same time. Corresponding
additional contact fingers and starting resistors must be provided on the
contact drum when multiple starting must be accomplished.
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Overload Protection of D-C Motors.—OQOverload protection of a motor
may be obtained by the use of simple fuses in series with the power linc.
However, fuses are generally unsatisfactory because they may open the
circuit on a short-time overload which would not injure the motor. For
the specific duty of motor protection there have been developed thermal
overload devices with heating characteristics as nearly as possible like those
of the motor to be protected. Such a device will disconnect the motor
only after an overload has been sustained for a dangerous period of time.
It is relatively difficult to make a heater-type relay with the same heating
characteristics as the motor which it is intended to protect. In some
cases, and particularly in protecting very small and totally enclosed motors,
the relay is therefore placed on or in the motor, so that it may also be
operated by heat received by convection or by radiation directly from the
hottest part of the motor.

Low-Voltage Release and Low-Voltage Protection.——Any automatic
starter of a type described, which uses a shunt coil on the final contact-
holding solenoid, will automatically disconnect the motor from the line if
the line voltage decreases to an abnormally low value. If such a starter
will restart the motor without attention after such a voltage failure, it is
said to provide low-voltage release. With such an arrangement it is certain
that the starting resistance will be used when the motor restarts after line-
voltage recovery provides resumption of service; and this condition is
desirable for some fan and pump applications. Low-voltage release is
undesirable and dangerous, however, when used in control of motors in
some types of service, because of the hazard involved in the unsupervised
starting of some kinds of machinery, Starters that are so designed as to
requirc supervised starting after every stop are said to provide low-voltage
protection. Automatic control equipment costs much more than manually
operated control for comparable service.

Miscellaneous Starting Devices.—In addition to the starting devices
described, many special starters have been produced for special service. In
one type, the field of the motor is constantly excited from one source of power
while the armature is supplied by a variable-voltage generator. This
method of multi-voltage control, called the Ward-Leonard system, while
higher in cost than most others, provides extremely smooth acceleration
and is used extensively in the control of high-speed elevators, mine hoists,
etc. In another type of starter for small d-c motors, the series resistance
consists of a stack of carbon dises the resistance of which is smoothly varied
by pressure.

Reversal of Direct-Current Motors.——The torque, and hence the direc-
tion of rotation, of a d-c motor may be reversed by reversing either the



172 EvecTRICAL ENGINEERING

field flux or the direction of armature current. If the reversal of rotation is
accomplished by field reversal, both the shunt field and the series field, if
there is one, must be reversed. The direction of current through the inter-
pole windings need not be reversed in order to maintain the proper polarity
sequence, as discussed on page 131.

If reversal of rotation is accomplished by reversal of armature current,
the direction of current through the interpole windings must also be
reversed. In “plugging” service, such as found in some steel-mill applica-
tions in which the motor is reversed frequently, reversal is accomplished by
armature and interpole reversal, rather than by field-flux reversal, because
of the simpler control required. Automatic reversing switches controlled
from a master switch are used in such service.

PROBLEMS

1. A 40-hp, 230-volt shunt-wound motor has an armature-circuit resistance of
0.11 ohm. Calculate the series starting-box resistance necessary to limit the starting
current to 1.5 times the rated running current. See Appendix for full-load current.

2. A motor name plate gives the following information: 7.6/9 hp, 115 volts, 56/68
amp, 900/1200 rpm, 1009, load, 24 hours 50 C.
(a) What is the rated speed at 9 hp, full load?
(h) What is the significance of the double speed specification?
(c) What is the significance of the double current rating?
(d) What is the significance of the temperature rating?



CHAPTER 16

Electrical Instruments and Meters

Types of Instruments.—Indicating instruments, such as ammeters,
voltmeters, wattmeters, power-factor meters, and reactive-factor meters,
provide continuous indications of the respective values which they are
expected to measure. Integrating meters, such as watt-hour meters,
ampere-hour meters, volt-ampere-hour meters and. watt-hour-demand
meters, operate at rates corresponding, respectively, to the power, current,
volt-ampere product, etc.; and, over any period of time, such meters indi-
cate an integraled quantity acerued in that time.

Fig. 16-1. Essential Parts of Permanent-Magnet
Moving-Coil Instrument

Direct-Current Voltmeters (D’Arsonval Type).—As explained on page
128, a conductor carrying a current and having a direction perpendicular
to a magnetic field is acted upon by a force which is proportional to the
current. In a d-c voltmeter, the essential parts of which are indicated in
Figs. 16~1 and 16-2, a constant field is produced by a permanent magnet.
The very small current taken by the ingtrument flows through a coil of a
few turns of wire mounted in the constant field in such manner that the
force causes the coil to tend to rotate against the torque of two restraining
spiral springs. Electrical connections to the coil are made through the
two springs. A resistor in series with the coil limits the current to a few
milliamperes. The current is proportional to the voltage applied to the
instrument, and hence a scale swept by a pointer attached to the pivoted
coil may be calibrated in volts. The voltage range to which a voltmeter is

173
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adapted is determined by the resistance of the series resistor. A voltmeter
is connected in a circuit in the manner indicated in Fig. 16-3.

Direct-Current Ammeter.—It is feasible to use the springs of a volt-
meter element like that shown in Figs. 16-1 and 16-2 in meters intended
to measure 5 amperes or less. Therefore, such an element without series
resistance may be calibrated and used as an ammeter. In measuring direct
currents greater than 5 amperes, a definite known fraction of the current is
diverted around the meter, but the meter is calibrated in terms of the total
current.

Resistor
Fig. 16-2. Direct-Current Voltmeter

A voltmeter connected across a resistor measures the voltage drop,
which is proportional to the current in the resistor. Hence, a voltmeter
connected across a known unvarying resistance may be calibrated in
amperes. Such a resistor is called a shuni. The voltmeter so used has an
extremely small resistance and is called a mzllivolimeter. The combination
of a millivoltmeter and a shunt is called an ammeter. For small currents

Load

¢ ®

Fig. 16-3. Direct-Current Voltmeter Connection

the shunt is usually enclosed in the millivoltmeter case. For large cur-
rents the heat liberated by the shunt is too great to be tolerated in the meter
case, and so the shunt is separately mounted. In switchboard installations
the shunt is frequently placed several feet away from the meter. The
meter must be calibrated with connecting leads having the same resistance
as those to be used between it and the shunt, because the lead resistance
is a large portion of the total millivoltmeter-circuit resistance and an indis-
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criminate use of long or short leads may introduce intolerable errors in
calibration. Fig. 164 shows proper connections of the two forms of d-c
ammeters.

A

w
-

Shunt

Load

Millivoltmeter

Resistor

Calibrated Leads
Line
) Sog I N

NSy

Shunt

Fig. 16-4. Direct-Current Ammeter Connections

Alternating-Current Dynamometer-Type Voltmeters and Ammeters.
If a D’Arsonval-type direct-current voltmeter be connected to a source
of alternating voltage, the torque is alternately in opposite directions and

Arrows Denote
Path of Current

Elements of Dynamometer
Type Instrument

produces no readable deflection.

Fig. 16-5.

If, however, the constant field of the
permanent magnet be replaced by the alternating field of a coil connected

in series with the movable coil, then the fields of the two coils reverse simul-



176 ELecTrICAL ENGINEERING

taneously, the successive torque pulses are in the same direction, and a
deflection of the pointer results. Such an instrument, the elements of
which are shown in Fig. 16-5, is called a dynamometer-type meter. The
dynamometer-type voltmeter may be used with alternating or direct
voltage. The scale divisions are badly crowded in the lower part, and
readings in the lowest 20 per cent of the scale are not reliable.

Ammeters of the dynamometer type are available only in low ranges
because of the difficulty of carrying large current in the springs of the mov-
ing coil. This type of meter measures effective values.

Fietd Winding

Poles due to Current  pginter
in Field Winding

Control
Spring

Movable Magnetic

Vane Attached to Shaft 0150
Fixed Magnetic Vane Spiral Spring
Repulsion-Type Inclined-Coil Attraction-
Instrument Type Instrument
(a) (b)

Fig. 16-6. Magnetic-Vane Voltmeters and Ammeters

Iron-Vane Voltmeters and Ammeters.—In the most popular and most
rugged type of portable iron-vane ammeter, the elemental parts of which
are shown in Fig. 16-6 (a), two iron vanes are mounted coaxially in a coil.
Current passing through the coil produces a magnetic flux, which is parallel
to the axis of the two vanes. One vane is fixed, and the other is free to
rotate against the restraining torque of a spiral spring. When flux appears,
the two vanes are magnetized with like poles. They then repel each other, .
and the action produces a deflection of a pointer attached to the movable
vane. The torque is proportional to the square of the flux and, hence, to
the square of the current in the coil. It is also a function of the angle
turned through. The scale therefore is not uniform, and either end, or
both ends, of it may be too badly crowded for accurate reading. Readings
in the lowest 20 per cent of the scale are not reliable.

The iron-vane voltmeter is similar to the ammeter, but many turns of
small wire are used in the coil instead of a few turns of large wire.

Another type of iron-vane instrument, called the inclined-coil attraction-
type voltmeter and ammeter, is shown in Fig. 16-6 (b). In this instru-
ment the axis of the coil is inclined 45° in one direction while the iron vane
is inclined 45° in the same direction. When flux appears in the coil, the
vane attempts to align itself with the flux against the action of a restrain-
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ing spiral spring. By this ingenious arrangement a scale with a span of
almost 180° is possible. Because of the crowding of the scale at the ends,
the instrument is usually designed to be used in only the most open part
of the possible scale.

Voltmeters and ammeters of the iron-vane and dynamometer types,
when calibrated at a frequency of 60 cycles, will have a degree of accuracy
ordinarily acceptable up to about 130 cycles. At frequencies above 130
cycles the accuracy becomes noticeably poorer with increase in frequency,
and so meters for high frequencies should be recalibrated at the frequencies
at which they are to be used.

U
Potentiai Coil _| Current Coil
Connections Connections
1 4 N
)
o
5
O J

I=Ammeter
VM =Voltmeter
W =Wattmeter

Fig. 16-7. Single-Phase Wattmeter Connections

Iron-vane instruments are suitable for both alternating-current and
direct-current measurements. However, when such a meter is used in
direct-current measurement, readings should be taken with reversed connec-
tions also, to eliminate the effect of possible stray fields and of magnetic
retentivity of the iron vane. The true reading is then the average of that
taken with normal connections and that taken with reversal of connections.
This type of meter measures effective values.

Electronic Voltmeters.—The electronic voltmeter is particularly useful
in measuring alternating voltages of only a few volts or a fraction of a volt,
because it draws no current and so will not disturb the most delicate circuit.
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It consists of a D’Arsonval-type voltmeter energized through an electron-
tube circuit, and has the disadvantage of requiring a source of a-c power for
its operation. See Chapter 28.

The Single-Phase Wattmeter.—The most common type of wattmeter
operates on the same general principle as does the dynamometer-type volt-
meter. The fixed coil contains a few turns of large wire and is connected
in series with the power circuit, just as is an ammeter. The movable coil
with its series resistor is connected across that part of a circuit in which the
power is to be measured. The divisions of the scale are somewhat crowded
in the lowest part, and readings obtained in the lowest 10 per cent of the
range should be regarded as unreliable, A wattmeter measures average
power.

Use of Wattmeter.—A wattme
to be metered in the manner shown

of the potential coil at P are always
ing terminals of the series or curre

The coil terminals may usually be

ter should be connected in the circuit
n Fig. 16-7. The connecting terminals
insulated to the hand, and the connect-
ent coil are almost never so insulated.
dentified by that difference.

ial-coil terminal marked zero or + be
ng through the current coil and on the
ig. 16-7. 1f the meter reading is nega-
ersing the current-coil connections. If
the potential-coil connections were reversed instead, the moving-coil end
of the potential-coil circuit would be at full line potential with respect to
the closely adjacent current coil, and electrostatic forces would tend to
influence the reading and introduce errors.

Inasmuch as the reading of a wattmeter is a function of the cosine of
the load phase angle, as well as of the current in the circuit, a moderately
high reading is no assurance that the current coil is not seriously overloaded
unless the power factor is known to be comparatively high. To protect
the current coil against such accidental abuse, an ammeter of the same
current rating as the current coil of the wattmeter should always be used in
the circuit, although readings of power only may be important as data.

With few exceptions, wattmeters may be used in either direct-current
or alternating-current circuits. The rare induction type of wattmeter
(Westinghouse) may be used on alternating-current circuits only.

It is important that the potent
the one connected to the line passi
load side of that coil, as shown in
tive, it should be corrected by rev

The Compensated Wattmeter.—Inasmuch as in Fig. 16-7 the potential-
coll current flows through the current coil, the wattmeter so connected
will read too high by the amount of the power lost in the potential coil.
When the power factor of the load is specially low, the wattmeter reading
will be relatively low, and the error introduced by the potential-coil power
may be too great to be ignored. In this case a compensated wattmeter is
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convenient. In the compensated wattmeter, a compensating coil having
the same number of turns as the current coil is wound on the current coil
and is connected in series with the potential coil. The current in the
compensating coil flows in a direction opposite to that of the current in the
current coil, and therefore its effect on the wattmeter field is nullified. In
some cases it is convenient also to have the effect of the voltmeter current
nullified in the wattmeter, so that the voltmeter need not be disconnected

Start of
Compensating
Winding
Field Winding —m—e—2

Action of Compensating Wattmeter

With Switch Open, <>
Line Current Equals
Voltmeter Current Plus Voltmeter
Potential-Coil Current

»

Action of Compensating Wattmeter having Voltmeter Winding

Fig. 16-8. Schematic Diagram of Compensated Wattmeter

when the wattmeter is read. Such a connection is shown in Fig. 5-25.
Fig. 16-8 shows schematically a wattmeter compensated for its own
potential-coil error, and also one compensated for both its own potential-
coil error and that which would be introduced by an accompanying volt-
meter.

Polyphase Wattmeters.—As explained on page 96, two wattmeters
may be used to measure the total power in a three-wire, three-phase circuit.
A polyphase wattmeter, in which two wattmeter elements are connected to
a common pointer, costs less and requires less space than would two single-
phase wattmeters with the same current and voltage range. In Fig. 16-9
i shown a polyphase wattmeter connected for use.

Potential Transformers.—It is common practice to use wattmeters
and voltmeters with a nominal voltage range of 0 to 150 volts on all a-c
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circuits of 100 volts or more. When such a meter is to be used on a circuit
whose voltage is greater than 150 volts, a potential transformer or voltage
transformer is used between the meter potential coil and the circuit. The
potential transformer is relatively small because its secondary burden is
only a few volt-amperes taken by one, two, or three meters. Fig. 16-10
shows two potential transformers properly connected for the measurement
of polyphase power by the two-wattmeter method. All instruments used
in the secondary of a potential transformer must be connected in parallel, as
are the voltmeter and the potential coil of W, in Fig. 16-10.

_J

Current Coil 4 ——— 8 ~~————+Current Coil B

feYe)

QOO0

Voltage Coil 4 | Voltage Coil B

Fig. 16-9. Polyphase Wattmeter Connections

Current Transformers.—Current transformers are used in a-¢ circuits,
either when large currents are involved or when the line voltage is danger-
ously high and it is advisable to insulate the meter from the power circuit.
Current transformers usually “step down’ the current to 5 amperes or less,
and for this reason meters and other devices connected in the secondary
circuit should be suitable for only 5 amperes. All instruments or other
devices, such as protective relay trip coils, should be connected in sertes when
used in current-transformer secondary circuits.

If the secondary circuit of a current transformer be open when the
primary circuit is energized, all of the primary current becomes magnetiz-
ing current, and a high voltage dangerous to life may appear at the secon-
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dary terminals. The high flux density may also overheat the iron core
seriously enough to damage the insulation. To prevent this condition, the
secondary winding of a current transformer should be short-circuited when
its circuit is not otherwise closed. The secondary circuit of a potential
transformer must never be short-circuited.

The theory of ‘current transformers and potential transformers is the
same as that of all other transformers described in Chapter 17. With the
few precautions already described these transformers may be used advan-
tageously, even though the theory of their operation is not fully under-
stood.

Current Transformer

s}

= i
Load
—

b Q

Current Transformer

00

56
R

Potential
Transformer

To 3—Phase Line

Potential
Transformer

O

Fig. 16-10. Three-Phase Power Measurement by Two-Wattmeter Method
Using Two Potential Transformers and Two Current Transformers

Proof of Connections When Instrument Transformers Are Used.
When instrument transformers are used in measuring three-phase power
by the two-wattmeter method, verification of the connection of the low-
reading element may be made by removing the potential-transformer
primary connection at the tomimon line (it is assumed that the upper
meter is the one of lower reading), as at @ in Fig. 16-10, and touching it at b.
If W, reverses, its reading is to be taken as negative. If it does not reverse,
then its reading is to be taken as positive. The potential-transformer con-~
nection must be restored to its original position at a.

The connections of a polyphase wattmeter may be checked in the
same manner as are those of two separate wattmeters. The wattmeter
should first be connected so that each element alone produces a positive
reading. With the potential coil of the higher-reading element dis-
connected, the algebraic sign of the lower-reading element is then checked
in the usual way. If this test shows a negative reading, then that element
must be reconnected so that its torque on the needle is opposed to the
torque of the higher-reading element.
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The same procedure should be used in proving the correctness of con-
nections of a polyphase wattmeter when potential transformers are used.
Tig. 16-11 shows a circuit diagram in which both current transformers and
potential transformers are used with a polyphase wattmeter to measure
power in a three-phase circuit,

Q00

Fig. 16-11. Polyphase Wattmeter Connections Using Current Transformers
and Potential Transformers to Measure Polyphase Power

Burdens of Current and Potential Transformers.—The load on a current
transformer or a potential transformer is called the burden. Potential
transformers are usually designed to operate with commercially acceptable
accuracy with a burden of two potential instruments, such as a voltmeter
and a wattmeter. Greater burden should not be imposed without specific
knowledge of the ultimate safe burden and the resultant ratio and phase-
angle errors of the transformer when so burdened.

Current transformers are usually designed to operate with commercially
acceptable accuracy with burdens consisting of an ammeter, a wattmeter,
and an overload relay trip coil of a circuit breaker. Some current trans-
formers of inferior quality are intended for trip-coil burden only or ammeter
burden only, and are not acceptably accurate for additional burden or for
measurement of power. Transformers of inferior quality, or others of
excellent quality that are over-burdened, permit excessive phase-angle
errors when used with wattmeters, and should not be so used.
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Power-Factor Meters.—Single-phase and polyphase power-factor
meters provide direct continuous readings of circuit power factor. The
accuracy of some types is poor in the scale range between 90 per cent
Iagging and 90 per cent leading. The pointer is without spring restraint
and assumes a definite position only when the instrument is energized.

Reactive~-Factor Meters.—The reactive power changes more with &
given change of load phase angle near zero than does the active power, and
hence a reactive-factor meter is more accurate than some types of power-
factor meters near unity power factor of load. Reactive-factor meters are
preferable for use with synchronous converters (see Chapter 29) because of
the delicate adjustment of phase angle desirable in the operation of these
machines.

Frequency Meters.—Commercial frequency meters are made in several
forms. The most common form employs vibrator reeds of different lengths
arranged consecutively in a row on a common mounting. The mounting
is caused to vibrate by a magnet whose exciting winding is connected across
the circuit in the same manner as a voltmeter. The reed weights are
adjusted so that, when the common mounting is vibrated within the fre-
quency range of the reeds, the reed tuned to that frequency vibrates. A
scale adjacent to the row of reeds is calibrated directly in frequency.

Another type of frequency meter employs the dynamometer principle.
The acecuracy of ordinary frequency meters of the non-precision type seldom
exceeds 99 per cent.

Rectifier-Type Meters.—Alternating-current voltmeters of any par-
ticular type require a definite volt-ampere input for a given pointer deflec-
tion, regardless of the range of voltage of the instrument. Hence, a low-
voltage meter must draw from the circuit more current than a high-voltage
meter. If the current is small through the device of low impedance across
which the voltage is to be measured, the low impedance of the low-reading
voltmeter may cause sufficient current to be by-passed around the device to
seriously disturb the measurement.

The rectifier-type voltmeter consists of a sensitive D’Arsonval move-
ment in conjunction with a rectifer unit of copper oxide. The impedance
of such an instrument may be made much higher than that of an iron-vane
or dynamometer-type instrument, but the readings cannot be relied on
within 5 per cent of full-scale value. Such voltmeters are calibrated for
sinusoidal wave shape only. Low-range low-impedance a-c ammeters are
also available in this type. A circuit for a rectifier-type instrument is
shown in Fig. 16-12.

Thermocouple Meters.—A sensitive 1’Arsonval instrument connected
to a thermocouple described on page xv measures the current caused by
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heating of the couple junction. If the couple be heated by a small resistor,
the meter may be calibrated in terms of current in the resistor. That is
the principle of the thermocouple ammeter extensively used for measure-
ment of high-frequency currents such as those used in radio communication.

The voltage of a thermocouple is proportional to the difference between
the temperature of its heated junction and the temperature of the other
ends of the couple metals. If no temperature compensation were provided,

AN

During these Half-Cycles During these Half-Cycles
C_urrgng Flows through Current Flows through
L/ Circuit in this Direction Circuit in this Direction—_,

Note that Instrument Current
is always in same Direction

(@)

Average Value

Fig. 16-12. Rectifier-Type Instrument Circuit

the accuracy of the instrument would decrease as the ambient temperature
in which it is used changed from that at which it was calibrated. To avoid
such errors, the ends of the heater wires are commonly connected to rather
massive metal blocks to which are also connected the instrument leads.
This is called “cold junction compensation” and helps to minimize tem-
perature errors. A circuit for a thermocouple-type instrument is shown in
Fig. 16-13.

Graphic Instruments.—Graphic instruments draw curves for a per-
manent record of the variation of eurrent, voltage, power, power factor, etc.
with time. For every electrical indicating instrument, there is a cor-
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responding graphic or curve-drawing instrument. These instruments are
highly useful in analyzing factory loads and loads of individual machines.
A graphic voltmeter and ammeter may show that a motor overheats
because the line voltage is allowed to become too low and the current

Millivoltmeter

foun

Resistor

Copper Leads
to Instrument

Thermocouple

Mica
Brass

Copper

Fig. 16-13. Circuit for Heater Thermocouple-Type Instrument
With Temperature Compensation

therefore becomes too great. A graphic wattmeter may show that the
load on a motor reaches the full-load value of the motor rating for only 10
minutes in every hour and does not exceed half-load in the other 50 minutes.
An induction motor so loaded runs at a lower power factor and efficiency,
" and should be replaced with one that is nearer the correct size and repre-
sents less invested capital.

Fig. 16-14. Watt-Hour Meter Register

Watt-Hour Meters.—Watt-hour meters are essentially motors so
designed that the speed is proportional to the power taken through them
by the load. The motor is geared to a gear-train register, and hence the
register reading is a product of power and time and indicates directly the



186 ELEcTRICAL ENGINEERING

(Courtesy General Electric Co.)

Fig. 16-15. Single-Phase Watt-Hour
Meter

Front View
-

N

Front View

Line

Neutral

Load
Line
Load

(@) Two:Wire Connection (b) Three Wire Connection

Fig. 16-16. Single-Phase Watt-Hour Meter Connections

work done in kilowatt-hours. The dials of the register are read from left
to right. The figure read on each dial is the one which the pointer points
to or pointed to last. In Fig. 16-14 the reading is 1602 kw-hr.
Direct-current watt-hour meters are of the commutator-motor type
or of the mercury type. The single-phase watt-hour meter, an example
of which is shown in Fig. 16-15, operates on the induction-motor prineiple.
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The speed of the disc armature is proportional to the power of the load.
In Fig. 16-16 (a) is shown the proper method of connecting a two-wire
single-phase meter, and in (b) is shown the proper method of connecting a
three-wire meter for measuring power in a single-phase, three-wire circuit
as supplied by the transformer of Fig. 17-7. The two-element polyphase
watt-hour meter contains two motor elements driving the same register,
and is connected in the same manner as a polyphase indicating wattmeter,
as indicated in Fig. 16-17. However, the third wire is also connected
to the meter in order that potential-coil connections may be made per-
manently when the meter is assembled.

To Line To Load

Fig. 16~17. Three-Phase, Three-Wire Watt-
Hour Meter Connections

Watt-hour meters for use on four-wire, three-phase circuits contain
three motor elements and are connected essentially in the manner shown for
the three meters in Fig. 9-12. A diagram of connections is usually fur-
nished with each meter.

When the load being metered by a two-element polyphase watt-hour
meter is reasonably steady, it is sometimes convenient to be able to deter-
mine the power, the current, and the power factor of the load without the
use of additional meters if the watt-hour meter is not sealed. It must first
be assumed that the voltage of the line is at its rated value. The potential
coils of the meter are provided with small links or other means for discon-
necting the coils for calibration purposes. To carry out the calibration,
disconnect one element and count the revolutions of the disc for a minute;
call this number S;. Reconnect the element, and repeat the counting
procedure with the other element disconnected; call this number S.. If it
is assumed that S, is larger than S,, the power factor is

PF = cos tan™! M\/g

81+ 8.
and p-Ku(S:1+S) (16-1)
60
where K, = disc constant = number of watt-hours per revolution.
P

Also, I=—i—— (16-2)
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The Oscillograph.—Because of the inertia of the moving parts of the
more common types of electrical measuring instruments, their indications
cannot follow accurately any rapid fluctuations of torque. Hence, they
can only show readings proportional to average torque, and so are of no
value in determining instantaneous values.

Wave Form of Transformer
No-Load or Exciting Current

Fig. 16-18. Typical Oscillogram

The Duddell type of oscillograph' operates on the principle of the
D’Arsonval-type voltmeter, but the weight of the moving element is so
small that its time lag because of inertia is negligible. In order to reduce
the weight, the coil is made of only one loop of very small span. A mirror
cemented to the coil provides an optic lever by which the coil deflection is
indicated on a viewing screen. Between the mirror and the viewing sereen
is an oscillating or rotating mirror which deflects the beam at an angle to
the direction imparted to it by the mirror. The result of the two motions
of the light beam is a pattern in two dimensions such as that in Fig. 16-18,
which shows the wave form of the exciting current of a transformer. Such

instruments are useful in determining wave forms of cur-
rents or voltages and the transient starting current
inrushes of motors, transformers, etc.
Another type of oscillograph uses a cathode-ray elec-
tron tube, and the two-dimensional image is made to
appear on the flattened end of the tube. This type of
Fig. 16-19. End instrument is especially useful in the analysis of ultra-
of Motor Shaft high speed transients to which the Duddell type of instru-
W;l;picsst;%l:o- ment is too sluggish to respond. The electromagnetic or

Duddell type of oscillograph is useful for studying phe-
nomena Whlch require 50 micro-seconds or more. For phenomena of
shorter duration the cathode-ray type of instrument is required. Both
types of oscillograph are adapted to visual uses and to the making of per-
manent photographic records.

! Principles and Practice of Electrical Engineering, by Gray and Wallace. McGraw-
Hill Book Co.
Elements of Electrical Engineering, by Arthur L. Cook. John Wiley & Sons, Inc.
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The Stroboscope.—The electric thermionic stroboscope is an instru-
ment which emits aceurately timed light flashes of extremely short duration.
If the light flashes are caused to illuminate a line on the end of a motor shaft,
as in Fig. 16-19, and the flashes are so synchronized with the motor speed
that the interval between successive flashes is exactly one revolution or a
whole number of revolutions, the line will appear to be stationary. Thus, if
3600 flashes occur every minute to illuminate a shaft running 3600 rpm,
the line will appear as a radius as in Fig. 16-19. If the motor were running
only 1800 rpm, the shaft would be illuminated two times in every revolu-
tion, and the line would appear as a diameter. If the speed were 1200 rpm,

(Courtesy General Radio Co.)

Fig. 16-20. Electric Stroboscope

three radial lines displaced 120° from each other would appear. When the
shaft is in a two-pole, 60-cycle induction motor, the spot fails to make a
complete revolution between flashes because of the motor’s slip; and it
therefore appears to drift in a direction opposite to the direction of shaft
rotation with a speed equal to the slip of the motor. The speed of an
induction motor may be found very accurately by subtracting the speed of
slip from the synchronous speed.

Sometimes, an electronic stroboscope is provided with a self-contained
calibrated oscillator by which the flash frequency may be controlled
throughout a wide range. Such an instrument is shown in Fig. 16-20.
If a vibrating shaft be illuminated by such an instrument, the flash fre-
quency may be adjusted to that of the shaft, and the shaft will be made to
appear stationary. Such a procedure permits analysis of critical speeds,
vibration amplitudes, and other phenomena of high-speed machines.
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PROBLEMS

1. A miilivoltmeter with a range of 0 to 50 is to be used with a 400-amp, 50-milli-
volt shunt. What will be the constant for this combination?

2. What is the resistance of a 50-millivolt shunt rated at 10 amp?

3. A direct-reading 5-amp, 100-volt wattmeter is used with a potential transformer
of 20:1 ratio and a current transformer of 50:5 ratio. By what constant must the
reading be multiplied?

4. Give complete instructions for proving the correctness of connections of a poly-
phase wattmeter, using both current and potential transformers, when measuring a
balanced three-phase three-wire load.

5. A 50-millivolt meter draws 1 milliampere for every 5 millivolts impressed on it.
How many ohms in series must be added to cause the meter to read full scale on 150
volts?

6. A voltmeter with a resistance of 15,000 ohms draws 10 milliamperes with full
scale deflection. How could this meter be converted to a satisfactory milliammeter
with 10 milliamperes full scale?

7. Itis required to measure a d-c voltage of about 700 volts. A 600-volt meter and
a 150-volt meter are available. Is it permissible to use these meters in series and to add
their readings? Explain. .

8. In using an ammeter and a wattmeter in the secondary circuit of a current trans-
former, why must the current coils be connected in series?

9. In using a voltmeter and a wattmeter in the secondary circuit of a potential
transformer, why must the potential coils be connected in parallel?



CHAPTER 17

Transformers

Uses of Transformers.—One of the many advantages of alternating-
current electricity is the ease with which it may be transforimed from high
voltage to low voltage and vice versa. Economy of transmission is great-
est at high voltage, but lower voltage is better suited to generation, dis-
tribution, and use. Voltages of 13,500 or fewer volts are commonly used
in generation; 13,500 to 250,000 volts are common for transmission over
great distances; and 13,500 or fewer volts are best for distribution and use
among customers. Transformers are used to “‘step” up or “step”” down
the voltage of a system to meet a particular need. A transformer is, in
general, the electrical analog to the gear reduction box of a mechanical-
power transmission system.
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Fig. 17-1.

Schematic Transformer Diagram

Theory of Operation.—Transformers operate on the principle of mutual
inductance described in Chapter 5. Those used for unusual purposes
sometimes have air cores, but almost all have iron cores because of the
advantages of smaller size, lower cost, and higher efficiency.

Fig. 17-1 (a) shows a simple transformer having two coils on an iron
core. An alternating voltage V applied to one coil, called the primary,
will cause a current I,, called the exciting current, to flow as in an ordinary
inductance coil. The exciting current produces the mutual flux ¢, and
also produces in the air around the primary coil a very small leakage flux
which is neligibly small compared to ¢.. The flux ¢, produces a counter
electromotive force E), which would be equal and opposite to V if there were
no resistance and no other flux linking the primary coil. If the primary
coil has N, turns and the secondary coil has N; turns and N, = N;, then ¢,
will also generate a voltage E» in the secondary coil; E; will equal E; because
both coils have the same number of turns. The number of volts generated

101
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per turn of N; and N will be the same because ¢, is common to both coils.
The voltage E; is then proportional to N; and can be made any desired value
by proper choice of secondary turns N,. The ratio of input voltage to
output voltage is then
L. (17-1)
E, N,

When a load is connected to the secondary coil, the resistances and
leakage fluxes of both coils modify the actual ratio of primary voltage to
secondary terminal voltage because they cause a leakage impedance voltage
drop. When a current I, flows in N, turns and a load circuit, as shown in
Fig. 17-1 (b), a magnetomotive force mmf, which is proportional to NI,
is produced in the secondary coil. By Lenz’s Law, mmf, is in opposition to
¢m and tends to reduce ¢.. Also, mmf, produces a flux ¢, in the air paths

around the secondary coil, and ¢, generates a voltage —ey= L, % which

is subtractive from E,. Furthermore, the slight reduction of ¢, reduces
E;, and go an additional primary component of current I appears in the
primary coil turns Ni. A magnetomotive force mmf, is produced in the
primary coil by N11; and produces a leakage flux ¢1; in the air paths around

the primary coil. This flux in turn generates a voltage —e;= L, %;il in the
primary coil.

The current I is the vector sum of I, and I;. The counter voltages
—e¢; and — ¢y cause reactance drops I,X; and I,X; in the primary coil and
secondary coil, respectively. The fluxes ¢ and ¢z, are called leakage
fluxes because each links only the coil that produces it and leaks around
the other instead of linking it as does ¢,. The leakage fluxes are not
actually distinguishable one from the other in the transformer but are
separated in theory for the purpose of analysis.

The transformer serves not only to transform voltages from one level
to another but also to isolate one circuit from all others when necessary.
The voltage and power losses are so small in most transformers that, for
most practical purposes, it can-be said that the volt-ampere input is equal
to the volt-ampere output. Unless the leakage impedances are unusually
large, the power factor on the primary side is about the same as that on
the loaded secondary side.

Voltage Transformation Ratio.—A transformer with an equal number
of turns on its primary and secondary windings will have a secondary
voltage only slightly less than the primary applied voltage, and its voltage
ratio is said to be 1:1. If, however, the secondary winding have only one-
half as many turns as the primary winding, the secondary voltage will be
only one-half as great as the primary voltage. The voltage ratio then will
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be 2:1. The primary and secondary generated electromotive forces are pro-
portional to the primary and secondary turns, respectively. Thus,

E_N,
B N,

A transformer with a turns ratio of 13,500 to 110,000 would be used to
step up the voltage at the terminals of a 13,500-volt generator to 110,000
volts for long-distance transmission. At the receiving end of the transmis-
sion line, another transformer with a turns ratio of 110,000 to 13,500 would
be used to step down the voltage to 13,500 volts for local distribution. On
the distribution feeders, transformers with turns ratios of 13,500 to 440 or
13,500 to 220 would be used to reduce the distribution voltage to a safe
and convenient value for general power application.

(17-2)

Current Transformation Ratio.—In a transformer of 1:1 ratio, 1 load
ampere flows in the primary for every load ampere in the secondary because
the corrective or cancellation ampere-turns added in the primary must be
equal to the demagnetizing ampere-turns Nal,. The current-carrying
capacity, and hence the size of wire, in the primary winding should be the
same?as that in the secondary winding. The exciting current is so small
as to be negligible and has been ignored in the foregoing statement. The
weight, of wire in the secondary should be the same as that in the primary
because the volt-amperes are the same in each. If the number of secondary
turns be only one-tenth as great as the number of primary turns, the cur-
rent-carrying capacity of the secondary conductors should be 10 times as
great as that of the primary turns. For every 10 load amperes in the
secondary, 1 load ampere will flow in the primary. Thus, the current trans-
formation ratio of a transformer that is normally designed is inversely
proportional to the turns ratio. The transformation is accomplished with
but small power loss in the transformer.

The Equivalent Circuit of a Transformer.—The leakage impedances
of a transformer cause a voltage loss between line and load exactly the
same as if they were not in the transformer but in the lines to or from the
transformer. The exciting current I, remains substantially the same for
all loadings. If a circuit be made up of two branches in parallel, as in
Fig. 17-2 (a), the voltage at the load and the current in the supply line
will be the same as actually would occur if a transformer with a 1:1 ratio
and the same values of X and R were used. Such a circuit is called the
equivalent circurt of the transformer because its effect between the supply
line and the load would be the same.

If the turns ratio is not 1:1, a modification in the circuit elements
must be made {o suit the turns ratio. For any definite secondary load, the
primary current will be the same regardless of the turns ratio because N1,
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merely produces a magnetomotive force mmf; which must be balanced by
the force mmf, at the available supply voltage. If the transformer had a
turns ratio of 4:1 and both windings had the same size of wire, their
resistances would be in the same ratio and R, would equal 4R,. However,
if the volt-ampere input and the volt-ampere output are to be equal, then
I, =41, and the current-carrying capacity of the secondary coil conductor
must be four times that of the primary coil conductor. As a result, the
secondary conductor must have four times the cross-sectional area and,
therefore, one-fourth of the resistance per turn. Hence,

LB
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1 L &)2 (17-3)
R \N;
R, X R, Xz
VAVAV Yoo VAV
L 3
¥ Y R,
I
(a) 1:1 Turn Ratio
N1 N 2
R, xRy %)
P00 AN~
2
v Y RL( ,,‘,';)
1.

b) Any Ratio 2L =
()ny anoNZ a

Fig. 17-2. Transformer Equivalent Circuits

Regardless of the value of the ratio &, the secondary resistance is
. 1

equal to the primary resistance divided by the square of the turns ratio,
provided the mean length of turn is the same in the two windings and the
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number of circular mils per ampere is also the same. If R, is to have the
same effect on the line current with only I flowing in it, then its magnitude

2
must be modified by (&) in the equivalent circuit. Similar reasoning

N,

may be applied to X, and its magnitude in the equivalent circuit must be
2
X, %) . The secondary constants of the transformer as used in the
2

equivalent circuit are called “reflected’’ constants. For use in the equiva-
lent circuit the load constants Rz and X1 must be modified in the same

2
way by multiplying them by (%) . An equivalent circuit is shown in
2

Fig. 17-2 (b) with reflected constants.

The equivalent circuit is useful for calculating the voltage change on
the secondary of a transformer when its load is varied or for calculating
the voltage necessary at the primary terminals to provide rated voltage
at the secondary terminals when the secondary is loaded.

Example 17-1.—A 5-kv-a transformer with a 4:1 turns ratio is to be used to supply
110 volts to a resistive load which draws full rated current from the transformer. The
transformer constants are: R;=2.75 ohms, R, =0.172 ohm, X, =4.0 ohms, and X,=0.25
ohm; and the load resistance is R, = 2.5 ohms. Calculate the necessary primary applied
voltage.

Solution.—The rated currents are:

Primary......... 5000 + 440 = 11.38 amp
Secondary....... 5000+ 110 = 45.45 amp
2
Also, R2(%) =2.75 ohms

4\ 2
XQ(T) =4.0 ohms

4 2
RL(I) =40 ohms

‘ o N L (N Ni\?
Then, Z - Ri+iXi+ Rg( NQ) + gxg(m) + RL(E)

— 275 +j4.0+2.75+ 4.0+ 40 = 46.19 ohms
and V=172 =11.38%46.19 = 525.64 volis

Determination of Equivalent R, X, and Z of a Transformer by Test.
If the secondary coil of a transformer is short-circuited and just enough
voltage is applied to the primary to cause rated full-load currents to flow
in the primary and secondary coils, the mutual flux required is so small that
the exciting current may be neglected. Also, because of the low flux
density in the iron, the iron losses may be neglected. However, the effec-
tive resistance and reactance are unchanged and may be determined by
measurements. With reduced voltage applied to the transformer, readings
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of P, V, and I, are the only ones necessary for calculating the constants.
Thus,

N\ P

R1+R2(N—;) =_I‘f (17-4)
NV

Zi+ ZZ(E) -7 (17-5)

Ni\2 AVT _?—2
e x (3 -/ () - () -

1+ 2 N2 Il I% (17 6)

Inasmuch as the test is made with low voltage, it is advantageous to

short-circuit the low side of the transformer because the voltage then

needed on the high side will be generally better suited to the available

instruments. If the test were made with the high side short-circuited, the
reflection constant would be %3
1

Example 17-2.—A 5-kv-a, 440/110-volt transformer is short-circuited on its low

side, and reduced voltage is applied to the high side. The meter readings are as follows:

P =110 watts, V =13 volts, and I, =11.38 amp. Calculate the equivalent resistance R
and inductance X of the transformer.

Solution.—By equations (17-4), (17-5), and (17-6),
4\?2 110
R+ Rz(I) = H—3§ =0.851 ohm

4\ 13
Z1+ ZQ(I) —T38= 1.141 Oth

2 —_—
X1+X2(%) - V11412 Z0.851% - 0.759 ohm

Unless the transformer is of unusual design, X; may be taken as equal to Xz(%)? and
2
R, may be taken as equal to Rz(‘%) . Then,

R;=0.425 ohm X,=0.379 ohm
R>=0.0265 ohm X2 =0.0237 ohm

Vector Diagrams and Voltage Regulation.'—Fig. 17-3 (a) is the vector
diagram of an actual transformer and shows how the leakage impedances
exact their vectorial toll of the voltage and leave only a substantial residue
which varies with change in either the power factor or the current in the
load. The secondary vectors are drawn to the same scales as the primary

ones and are then multiplied by the turns ratio M a or by the reciprocal

1
% = —(15’ the factor depending on the reflected quantities needed.
1

The exciting current I, which produces the flux ¢, would be in phase
with ¢ if there were no copper or iron losses. The flux ¢, generates the
! For further study of the transformer vector diagram and voltage regulation, see

Ilements of Electrical Engineering, by A. L. Cook, John Wiley & Sons, Inc., or Alternat-
ing Current Machinery, by R. R. Lawrence, McGraw-Hill Book Co.
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electromotive force E; in the primary coil and E:in the secondary coil. The
voltage E; forces current I, through the secondary leakage impedance
R:+jX, and the load impedance. The current I is the added or “cancella-
tion” current that appears in the primary coil to balance the magnetomotive
force mmf, caused by N:l;. The total primary current I, causes an
impedance drop [;{ R,+7X,) in the primary coil. Voltage V; then has a
component — E; to balance E; and another to provide the primary voltage

1

-~

A

n';;
N .
q
)
-~

ah E\=akE,

al,R,

al, X,
(a) (d)

Fig. 17-3. Transformer Vector Diagrams’

drop I.Z;. The secondary generated voltage aE: then fails to equal V;
because of the combined effect of both primary and secondary impedances.
The impedances Z; and Z; may be combined to make a total effective
impedance Z,. Thus,
Ze = Z1 +Z2

= (Rl +]X1) +02<R2 +]X2>

= (R1+a?Ry) +j( X+ a%X,)
or Z.=R.+jX. (17-7)
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(Courtesy Westinghouse Hlectric Corp.)

Fig. 17-4. Transformer Construction Details

a High-Voltage Leads

b Distributed Shell Form of Magnetic Circuit

¢ Barrier Between Coils and Iron

d High-Voltage Windings of Cotton-Covered Enameled Copper Wire

e Layer Material of Micarta Paper Crimped at Ends

f Fullerboard Channels Between Coils and Tron

g Low-Voltage Leads

h Barrier Between High-Voltage and Low-Voltage Coilg

i Fullerboard Collars to Provide Creepage Distance and Give Mechanical
Strength

7 Fullerboard Washers

% Cloth Insulation Between Coil Sections

I Low-Voltage Winding of Copper Ribbon Insulated With Paper and
Cambric Covering -

m Cooling-Oil Ducts
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where Z, is the effective transformer impedance of the equivalent circuit of
Fig. 17-3 (b) exclusive of the exciting admittance ¥ which is negligibly
small. The voltage regulation of the transformer, in per cent, is

Vl bl G-V_z
aV2

Regulation = (17-8)

In Fig. 17-3 (b), (c), and (d) are shown equivalent circuit vector dia-
grams drawn for constant values of V; and I, but for three different load
power factors, to show how the secondary terminal voltage is dependent on
the power factor of the load as well as on the magnitude of I,.

(Courtesy General Electric Co.)

Fig. 17-5. Wound-Core Type Transformer

Construction.—A common type of magnetic circuit for a transformer
is shown in Fig. 17-4. If the primary and secondary coils are ‘‘inter-
leaved” or assembled very closely together, the leakage flux between coils
and the voltage regulation are reduced to a minimum. Transformers
designed for arc-furnace service are purposely arranged for high flux leak-
age, in order to produce large voltage regulation and thus protect the
connected power line from excessive voltage disturbances when the ares are
struck.



200 EvrecTRICAL ENGINEERING

Fig. 17-5 shows another type of core and coil assembly in which the
primary and secondary coils are form-wound and are nested together before
the iron core is added. The core is in two parts, each consisting of a coil
of core steel wound around one side of the O-shaped coil assembly. This
construction has several advantages compared to the construction using
punchings. The magnetic flux is carried in a path in which the grain
direction in the iron is parallel to the flux direction and the maximum
permeability of the iron is therefore utilized. The air-gap reluctance is a
minimum because the flux in its whole path crosses but one gap; and that
gap is only as long as the distance between adjacent convolutions of the
iron strip, and its area is equal to that of one side of the strip. The weight
is less than with older types of construction and, because the core can be
applied by a special machine, the cost and the selling price are advantageous.

Losses and Efficiency.—A transformer energized from a power line
and supplying no load, but in constant readiness to do so, draws an exciting
current which is necessary to maintain the core flux, and this flux in turn
maintains the secondary voltage. The exciting current has a power
component which supplies the hysteresis and eddy-current losses in the iron
and also a very small amount of resistive power loss in the primary winding.
These losses are almost constant and are independent of the load, and
constitute a cost to the power system which must be passed on to the
consumer as a part of the readiness-to-serve charge in power contracts, as
discussed in Chapter 24.

When a transformer is loaded, the secondary current and the added
primary current cause an additional resistive loss which is proportional to
the square of the load current. The losses may be summarized as follows:

TFixed or constant

1. Core loss (hysteresis and eddy-current) {losses

2. Copper loss
(a) IR, (resistive loss in primary winding)

. o Variable 1
(b) LR, (resistive loss in secondary mndlng)} arlable losses

The power efficiency, in per cent, is:
Input power — Losses

Power efficiency = Taput power % 100 (17-9)
. Losses
or Power efficiency = (1 - W) X100 (17-10)

The power efficiency is maximum when the load is great enough to make
the fixed losses equal to those which are variable functions of the load.

The energy efficiency is of great importance in the case of any device,
such as a distribution transformer, which must be kept energized and ready
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for use without notice but is actually used only a small part of the time.
The energy efficiency is:

Energy output in kw-hr
Energy input in kw-hr

Energy efficiency = X 100 (17-11)

Example 17-2.—A 100-kv-a, 2300/230-volt, single-phase transformer, when excited
at normal rated voltage with no load, has a power input of 1000 watts. The resistance
of the primary coil is 0.243 ohm and that of the secondary coil is 0.00243 ohm. Calcu-
late the power efficiency when the secondary current is 200 amp and the load power
factor is 100%,.

Solution.—Core loss=1000 watts; secondary copper loss = I5R,=200°x 0.00243 =

97.2 watts; primary current = % x 200 = 20 amp; primary copper loss = I3 R, = 20° x 0.243
=97.2 watts. Hence,

. Losses
Efficiency = ( Toput pow er) x 100
1000+97.2+97.2 ~
(1 ~ (200 % 230) + 1000+ 97.2 + 97.2) x 100 =97.4%

Voltage Regulation.—The voltage regulation of a transformer depends
on the magnitudes of the resistances and the reactances of the windings.
The impedance of a transformer is usually specified in per cent. This
designation means that, with either the primary or the secondary winding
short-cireuited, the specified per cent of the rated voltage applied to the
other winding will cause full-load current to flow in both windings. Dis-
tribution transformers are usually designed with impedances of 2 to 4 per
cent. The per cent of voltage regulation with loads of rated current or
less cannot exceed the per cent of impedance. The impedance specified
on the name plate of a transformer is therefore an indication of the maxi-
mum voltage regulation that may be expected of it. The voltage regulation
of a transformer is based on the change in secondary voltage from full load
to no load with constant primary applied voltage. Thus,

Vno load — Vfull load % 100

Regulation = (17-12)

Vfull load

Operatlon at Other Than Rated Voltages and Frequencies.—Trans-
formers may be operated at voltages or frequencies within 10 per cent of
the rated values. If a 60-cycle transformer be connected to a 25-cycle line
of its rated voltage, it will draw excessive exciting current, the core will
overheat, and the result will be generally unsatisfactory. A 25-cycle
transformer may be used on a 60-cycle line of its rated voltage, but with
much higher voltage regulation than normal. It may be stated as a general
rule that, within the breakdown limits of its insulation, a transformer may
be operated at any frequency satisfactorily if the ratio of the applied voltage
to the frequency for which it was designed s maintained approximately.

Additive and Subtractive Polarity.—When transformers are to be con-
nected in parallel or in groups for three-phase service, identification of their
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terminal polarities is imperative. A transformer with additive polarity
is connected internally so that, if its primary coil be excited and one primary
terminal be connected to the secondary terminal nearest it, a voltmeter
connected between the other two terminals of the two windings will indi-
cate the sum of the primary and secondary voltages. If, when the trans-
former is so connected and excited, the voltmeter indicates the difference
between the primary and secondary voltages, the transformer is said to be
of subtractive polarity. Fig. 17-6 indicates the two types of internal con-
nections.

A standard plan of marking the terminals of power transformers has
been adopted by the National Electrical Manufacturers Association so that
interconnection of units may readily be made without polarity tests.
When an observer faces the high-voltage side of the transformer, the
extreme right high-voltage lead will be H;. Other high-voltage leads read-
ing right to left will be Hs, Hs, H., etc. Facing the low-voltage side of the
transformer, the observer will see the low-voltage leads marked X, X,, X,
ete., reading from either right or left. If terminal X, is diagonally across
the transformer from H,, the transformer is of additive polarity. When
H, and X, are adjacent, the transformer is of subtractive polarity.

HQ H, H; yIA

[e——2200 v.— 2200 vi——

= N R

N

| t

| ]

! AN !

| | VAAMAAAAAN

| [

: 2420 v, | 1980 v,
i

|

, AAAAAAAAANA :

| |

L L '

- _‘*——220 v——> L _ 220 vy

Connector
Connector

X - . X X0 X
2" additive Polarity 1 Psubtractive Polarity 2

Fig. 17-6. ‘Additive and Subtractive Polarity Connections

Transformer Single-Phase Connections.—Transformers are sometimes
provided with divided coils in both primary and secondary windings. The
transformer in Fig. 17-7 has four coils connected to provide 110-volt or
220-volt service from a single-phase 2200-volt feeder. Fig. 17-8 shows the
same transformer connected to provide only 110-volt service from a 1100-
volt feeder, but its effective capacity is then unchanged.

Parallel Operation.—Two or more transformers may be operated in
parallel from ‘the same power line, if their primary and secondary voltages
and impedances are the same. If their resistances and reactances are not
similar, circulating currents will flow between them and their effective
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capacities and efficiencies will be reduced. Transformers intended for
parallel operation should have the same per cent of impedance. If their
impedances are not the same, they will share the load in approximately
inverse proportion to their respective impedances. Thus, a transformer
with a small internal impedance will assume a greater part of the load than
will a transformer with a higher internal impedance.

2200 v—]
HQ Hp—OH; (H,

1100 v 11600 v

X0 XPTOXK, X,
110 v 110 v

220 v:
Arranged for either " Arranged for 110
110 volts or 220 volis. volts only.
Fig. 17-7. House- Fig. 17-8. House-
Lighting Transformer Lighting Transformer

Grouping of Single-Phase Transformers for Three-Phase Operation.
Single-phase transformers may be connected in groups in many ways for
three-phase transformation. Fig. 17-9 shows a A-A group and Fig. 17-10
shows a Y-A group. In general, groups with Y-A connection, but without
use of a fourth connection as a neutral, are to be avoided where unbalanced
loads must be carried, because an unbalance in load will cause a circulating
current of fundamental frequency to flow around the delta and will cause
increased heating. If, however, in a Y-A bank with ungrounded neutral a
primary conductor be opened, as by blowing of a fuse, while the secondary
is carrying a three-phase motor load, the bank will no longer attempt to
maintain three-phase voltage at its secondary terminals and neither the
primary nor the secondary winding will be overloaded. - Under these con-
ditions a three-phase motor on the secondary line will still operate single-
phase and will attempt to carry its assigned load. The current in one motor
line will be twice as large as that in either of the other two lines; and, if the
motor is protected by overload relays in only two of its lines, then there is

one chance in three that the motor will not be adequately protected against
excessive current.
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2200 v

[e——2200 V.—t—» 2200 v.——>
)

220 v:

220y

N
n
o
=

Fig. 17-9. Transformer Connections. 2200/220-Volt, 3-Phase, A-A

3800 v —|[ 3800 v————>

Fig. 17-11 shows three single-phase transformers stacked in a common
frame for immersion in a single tank for pole mounting.

The A-A connection has many advantages. If the load to be carried
may be expected to increase materially in a few years, the transformers may
be installed A-A, but with one unit omitted as in Fig. 17-12. Such a
group is called an open delta.
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2200 V——>le— 2200 V>

TRANSFORMERS

2200 v.

X NX:

£1epuo2ag

220 v- 220 v—»

220 v-

s l b

Fig, 17-12. Transformer Con-
nections. 2200/220-Volts,
Open-Delta, 3-Phase

(Courtesy Line Material Company)

Fig. 17-11, Three “Round-Wound”
Transformers Stacked for Immersion
in One Tank for Three-Phase Service

The open delta eliminates the fixed charges and depreciation on the
third transformer until the growing load requires the addition of the third.
However, the two transformers so connected have only approximately
58 per cent as much capacity as the complete group of three.! The reason

S Pn’nci})les and Practice of Electrical Engineering, by A. Gray and G. A. Wallace.
MecGraw-Hill Book Co.
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for this is as follows: In a group of three the line current to the load is
+/3 times the single transformer current; whereas, in an open-delta bank
each transformer must carry the same current as each of the two lines con-
nected to their “outside’ terminals. Therefore, the line current must not

exceed the current capacity of one transformer, which is \—/l,g, or 0.58, times

the three-transformer capacity.

If one of the group of a A-A bank of transformers fails, it may be
removed and the service may be continued with open-delta connections
until repairs can be made, although the system will have only 58 per cent
of the original capacity.

(Courtesy Line Material Company)

Fig. 17-13. Elements of Y-Connected, Three-Phase
Transformer With Three Magnetically
Interconnected Legs

It is sometimes desirable to increase the distribution voltage of a power
system to accommodate a growing load. If the transformers connected
to the system are A-A connected, it is feasible to reconnect them Y-A and
thus permit raising of the line voltage 73 per cent without replacing trans-
formers. Before deciding upon such a change, however, the adequacy of
the insulation in the transformers must be investigated.
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Three-Phase Transformers.—Three-phase transformers, instead of
groups of three single-phase units, may sometimes be used with con-
venience and economy. These transformers consist of three separate
windings mounted on a three-legged or four-legged core. They are lighter
and lower in cost, require less floor space, and are more efficient than three
single-phase transformers of equivalent capacity. However, their greater
cost of repairs, the greater cost of spare units, and the greater derangement
of service in case of failure weigh so heavily against their installation that
groups of three single-phase units are more commonly used. Fig. 17-13
shows a three-phase transformer on which the coils are assembled on three
magnetically interconnecting cores.

2200 v
Primary

Secondary

&4—-1800 v—=0

p

Fig. 17-14. Auto-Transformer

7
In 7

2,420 v.

Ny
I,
w,
4 220y, X
Y@ (5)

Fig. 17-15. Two-Winding Transformer Connected as an
Auto-Transformer

Auto-Transformers.—An auto-transformer has but one winding from
which two or more tap leads are made available, as in Fig. 17-14. It is
not economically adapted to high-ratio transformation, and the voltage
difference between the high-voltage and low-voltage sides seldom exceeds
50 per cent of the higher value. Auto-transformers are commonly used in
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thermionic battery-charging circuits and transformer-type starters for
induction and synchronous motors. The secondary circuit is not insulated
from the primary circuit, as in the two-winding transformer, and the auto-
transformer is therefore dangerous to life for some purposes.

If the losses in an auto-transformer are ignored, it may be said that the
volt-amperes input is equal to the volt-amperes output. An ordinary
two-winding transformer, such as the one shown in Fig. 17-6 with a per-
manent connector as in Fig, 17-15 (a), may be used as a step-up or step-
down auto-transformer. By connecting terminals H; and H, to a 2200-

volt line, 2420 volts may be obtained at
terminals H,; and X.. Also, by connecting
terminals X and X, to a 220-volt line, 2420
volts may again be obtained from terminals

tead 17 and X,.
It should be noted that, when the second-
ary is loaded as in the simplified diagram of
Fig. 17-15 (), part of the load current comes
to the load “‘conductively” from the line
downward toward the load tap. The re-
mainder of the load current comes to the
Fig. 17-16, Transformer in load “inductively’” from the secondary coil
Example 17-3 upward toward the load tap. The portion
of the load current in the secondary wind-
ing produces a counter magnetomotive force which tends to reduce the
mutual flux. There must then be a corresponding rise in primary mag-
netomotive force to counteract that of the secondary, if the mutual flux
is to be kept constant. The rise in primary amperes flowing through
the primary coil is said to produce ‘‘cancellation” ampere-turns. For

this arrangement,

n+I=1Ig

i

NI, =N,I, (17-13)
and I,=1,+1, - (17-14)

Example 17-3.—If the transformer of Fig. 17-16 is rated 100 kv-a as a two-winding
transformer, how many amperes may be delivered to a 2200-volt load connected to
terminals H, and H, without overloading either winding when the applied voltage at
H, and X is 24207

Solution.—In a two-winding transformer the full-load current of the 2200-volt wind-
ing is

100,000
2200 = 45.5 amp
This then is the maximum permissible value of I,. Hence,
Nlll = Nz]g
or N.I,=10N,x45.5

and Iy =455 amp
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Also, In=5+1,
=455 +45.5 = 500.5 amp
With this loading, neither the primary nor the secondary winding is overloaded

The Scott, or T, Connection.—Remnants of two-phase power systems
in this country and the adherence of certain foreign manufacturers to two-
phase special equipment sometimes make it desirable to convert power from
three-phase to two-phase or vice versa. This transformation may be
accomplished by the Scott, or T, connection of two transformers, as in
Fig. 17-17.

A
é 86.6% Tap
o B / o
2300v.3-phase
o 220v,
¢ 504 Tap °
" . 2-phase
Fi G
220v.
)
A4 K
B
H
D E )

Fig. 17-17. Scott, or T, Transformer Connections

Two identical transformers may be used, but a tap point B in one of
them must be available where 86.6 per cent of the turns have been traversed
from C, and a tap at the mid-point must be available in the other. When
the line is loaded, the secondary voltages become somewhat unbalanced,
but not sufficiently so to cause undesirable performance for most industrial

uses.
PROBLEMS

1. The efficiency of a single-phase, 10-kv-a, 2200/220-volt, 60-cycle transformer
is to be measured by loading. Show by a diagram the proper locations of all necessary
meters, and specify the required ranges of all instruments.

2. The single-phase transformer of Problem 1 has a primary resistance of 3.0 ohms,
a secondary resistance of 0.03 ohm, and a no-load power input of 100 watts. Caleulate
the energy efficiency in a period of 24 hours on the following load schedule:
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4 hours full load at 909, power factor;

2 hours % rated load at 1007, power factor;
18 hours no load.

The exciting current may be neglected.

3. Show by a diagram a three-phase group of single-phase transformers connected
(-A.  Let the transformers be similar, except that one is of additive polarity and two
are of subtractive polarity.

4. Specify the voltage ratio for each of a group of three single-phase transformers
to be used to ‘“‘step down” Y-A from a three-phase 2200-volt line to 220 volts for factory
service.

5. Specify the voltage ratios and kv-a capacities of two single-phase transformers
to ‘‘step down” from 2200 volts to 220 volts, three-phase, by open-delta connection to
supply a 175-kv-a load.

6. An auto-transformer is to be used to “step down” a voltage of 220 volts to 120
volts. The load current is to be 50 amp. Neglecting the exciting current, find the
current in each part of the transformer.

7. A 2300/230-volt, 10-kv-a, single-phase transformer has an effective resistance
of 2%, and a leakage reactance of 19,. Calculate the regulation at full load at 609,
power factor leading.

8. Calculate the regulation of the transformer of Problem 7 with 80 per cent of
full load at 609, power factor lagging.

9. A 50-kv-a, 60-cycle, 2300/230-volt transformer is to be used on a 25-cycle line
as a temporary expedient. What would be the approximate maximum voltage per-
missible on the 2300-volt winding? :

10. An anthracite mine has the following 8-phase, 60-cycle motors: two 100-hp
induction motors with estimated efficiency of 909, and power factor of 919, lagging;
five 50-hp induction motors with estimated efficiency of 829, and power factor of 789,
lagging; three 100-hp synchronous motors with estimated efficiency of 889, and power
factor of 809, leading. The available transmission line is 3100-volt, 60-cycle, 3-phase.
Write purchase specifications for three single-phase transformers to step down the
voltage to 440 volts by a Y-A connection for the motors. Assume a load diversity
factor of 699,.

11. A transformer has a full-load voltage of 108 volts and a no-load voltage of 115,
What is the regulation in per cent? Assume constant primary voltage.

12. A balanced three-phase load of 1740 kv-a is to be supplied by two transformers
connected open delta. What must be the single-phase kv-a rating of each transformer?

13. An auto-transformer for starting an induction motor steps down the line
voltage from 230 volts to 84 volts per phase line-to-neutral for the motor. If the trans-
former furnishes 20 kv-a per phase at 509, power factor, calculate the primary and the
secondary currents in the auto-transformer. Neglect the exciting current.

14. What would be the maximum permissible continuous kw output at unity
power factor, three-phase, from two similar 100-kv-a single-phase transformers connected
in T to a two-phase line?

15. Two 100-kv-a, 2400/480-volt transformers are connected in open delta for a
three-phase load of unity power factor. How many kilowatts of power can be delivered
to the load without overloading the transformers? Ans. 174 kw

16. A welding transformer operating from a 240-volt line has 500 turns in its
primary winding and 1 turn in its secondary winding. When the transformer during
a welding cycle draws 20 amp from the line, approximately how many amperes are
flowing in the weld? Ans. 10,000 amp
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17. A 100-kv-a, single-phase, 2400/240-volt, 60-cycle transformer has an iron loss
of 1200 watts at rated voltage and a copper loss of 1500 watts at rated current. If it is
assumed that 80 per cent of the iron loss is caused by eddy currents, what will be the
approximate efficiency at rated-load current when supplying a resistance load from a
25-cycle power line of 1000 watts? Ans. 95.8%

18. TUnder the conditions of Problem 17, the iron losses are abnormally low but the
transformer’s heat-dissipative capacity is as great as ever. 'What per cent of increase in
rated-load current is permissible,-if the operating temperature is not to exceed that for
which the transformer was designed? Ans. 2489



CHAPTER 18

The Polyphase Induction Motor

Characteristics of Polyphase Induction Motor.—The polyphase induc-
tion motor is the simplest, cheapest, sturdiest, and generally most reliable
industrial motor in general use in sizes greater than 3 hp. The squirrel-
cage rotor is extremely simple and has no electrical connections to any
other part of the motor or to the power supply. With proper design
proportions the polyphase motor may be satisfactorily started by connect-
ing it directly to the power supply through a manually operated or auto-
matic starting switeh of simple construction and low cost. However, it
does have certain disadvantages, such as low efficiency and low power
factor at less than half-load; and, being
essentially a constant-speed motor, it
cannot be adapted to variable-speed
duty without seriousloss in efficiency.
In the variable-speed form of poly-
phase motor, the rotor must be pro-
vided with collector rings to allow con-
nection to an external resistor, and this
form is not so simple and rugged as
the constant-speed form.

Principle of Operation.—If the
magnetized iron field structure of Fig.
18-1 be caused to rotate counter-clock-

) wise on its axis zzi, there will be, at

Fig. 18"3; Ifflfcdt?ﬁerﬁ?tglements the instant shown, electromotive forces
induced in the closed loop of wire a;
and these electromotive forces will cause a current to flow in the direction
shown, according to Faraday’s Law. As explained on page 128, the
current in the upper horizontal conductor will produce a forece toward the
left, and the same current in the lower horizontal conduetor will produce a
force on it toward the right. These forces produce a couple tending to
rotate the loop counter-clockwise about the axis zz..  The loop of wire will
tend to rotate in the same direction as does the magnetic field, and it may be
called a rotor. , '

If free to rotate, the rotor would tend to rotate at a speed equal to
that of the main field ¢. If it should succeed, it would be said to run in
synchronism with the main field. But the rotor could not attain synchro-
212

Rotation
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nous speed because, for its driving forces, it depends on relative motion
between itself and the field. Hence, the rotor must always run at a speed
somewhat less than that of the main field, in order that some driving torque
may exist. The numerical difference between the speed of the main field
(called synchronous speed) and the speed of the rotor is called slip. Slip
is usually expressed as a per cent of synchronous speed.

Fig. 18-2. Step in Develop- Fig. 18-3. Winding on
ment of Squirrel-Cage Rotor Squirrel-Cage Rotor

The Squirrel-Cage Rotor.—If the single loop of wire of Fig. 18-1 be
replaced by several similar loops uniformly displaced circumferentially
about the same axis, as in Fig. 18-2, the main field would never be without
immersed bars and the turning effort on the whole would be less pulsating
than with the single loop. In industrial induction motors many bars are

Courtesy Fairbanks, Morse & Co.)
Fig. 18-4. Squirrel-Cage Induction-Motor Rotor

used and, instead of being connected in loops as in Fig. 18-2, they are con-
nected to end rings as in Fig. 18-3. A rotor with such an electrical con-
struction is called a squirrel-cage rotor. The squirrel cage itself is built up
of copper or brass bars welded to end rings of similar material, or is cast of
aluminum alloy as one piece in place without insulation on a laminated
steel cylindrical core. A finished rotor of squirrel-cage construction is
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shown in Fig. 18-4. The extreme simplicity and ruggedness of construction
and the freedom from moving electrical contacts makes the squirrel-cage
motor the most popular in general industrial use.

The Rotating Magnetic Field.—The polyphase induction motor does
not have a rotating field structure, as suggested in Fig. 18-1; but, instead,
has a field of rotating flux density produced by a distributed winding on a
frame structure without moving parts, Such a frame, together with its
winding, is called a stgtor. The stator winding is sometimes called the
primary, and the rotor cage is the secondary. A completed stator is shown
in Fig, 18-5.

(Courtesy Fairbanks, Morse & Co.)
Fig. 18-5. Induction-Motor Stator

Fig. 18-6 (a) represents a simple three-phase, two-pole, Y-connected
stator with one coil per phase. The winding terminals L,, L., and L;
connect to the three wires of the three-phase line. A convention will be
used in Fig. 18-6 (b), in which instantaneous values of current above the
axis of sinusoids represent currents entering the stator winding and going
down in the slots and toward the Y-point of the winding. Three instants
of time will be chosen, and it will be demonstrated that the point of maxi-
mum flux density moves around the inner periphery of the stator.

If an instant ¢, be chosen in Fig. 18-6 (b), I, is passing through zero and
phase 1 contributes nothing to the magnetic field. However, the direction
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of I is down in slot ¢ and this current produces an mmf which would
produce a flux density

B2 = B2max sin [/}
(if not affected by other magnetomotive forces)

Phase Currents

(]
Fig. 18-6. Windings and Currents in an
Elemental Induction-Motor Stator
This flux goes #nfo the rotor along ¢, d, e, f, and out of the rotor along f, a,
b,c. At the same instant, the direction of I3 is up in slot e and this current
produces an mmf which would produce a flux density
Bj = Bimax sin (6 —120°)
(if not affected by other magnetomotive forces)
If superposed, these magnetomotive forces cancel each other between f and
¢ and between b and ¢, but add between f and b and between ¢ and ¢. Since
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the superposed magnetomotive forces are equal, the total flux density (it
being assumed that there is no iron saturation between f and b and between
cand e) is

B =2Bsu.x sin §

The magnetic axis lies on a line through
a and d, and the north pole is at the top
at a, as shown in the diagram in Fig. 18-7
for time ¢,.

By a similar procedure it may be
shown that at a time ¢, 120° later than ¢,
when I, is zero, the currents I, and I
produce a field whose density is

B 2= 2B2max Sin 0

The axis of this field is on a line through f
and ¢, and the north pole is at ¢, as shown
in the diagram in Fig, 18-7 for time ¢,.
Similarly, it may be demonstrated
that at time #; the axis of magnetism will
be as shown in the diagram in Fig. 18-7
for time f. Also, it may be demon-
strated that the value of flux density is
practically constant,! irrespective of time
or the position of the axis of polarity. A
magnetic field, the strength of which is
constant and the points of maximum in-
tensity of which rotate with constant
velocity, is called a perfect rotating field.
In commercial polyphase motors with the
common drum type of stator winding, as
shown in Fig. 18-5, a great number of
Fig. 18-7. Field Positions Corre- coils evenly distributed in slots around
SP°“di“1i,.t° Times L, &, Ly of the inner stator bore are used. These
ig. 18-6 (b) . . . .
_ coils are grouped in phase belis, in which
all coils (two or more adjacent coils) of a belt are connected in series.?2 A
phase belt occupying its portion of the total peripheral space is actually
used instead of a single coil per phase, as shown in the elemental diagram
of Fig. 18-6 (a). The direction of rotation of the field, and hence of the
motor, may be reversed by interchanging any two of the three line leads.

1 Principles of Alternating Current Machinery, by R. R. Lawrence. McGraw-Hill
Book Co.

2 Connecting Induction Motors, by A. M. Dudley. McGraw-Hill Book Co.
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Speed of an Induction Motor.—It has just been shown that in two-thirds
of one cycle the magnetic field rotated through two-thirds of one revolution.
With a frequency of 60 cycles, the field would rotate 60 times per second
and 3600 times per minute. In one cycle the field moves through 360
electrical degrees. Since there are 360 electrical degrees for every two
poles around the winding, a four-pole motor contains 720 electrical degrees;
so two cycles are required for every revolution of the field. Hence, a
four-pole motor runs only one-half as fast as a two-pole motor. A few
common synchronous speeds for 60-cycle motors are given in the following
table. -

Number of Poles Speed in rpm
2 3600
4 1800
6 1200
8 900
10 720
12 600

Rotating fields for motors with two, four, and six poles are shown in
Fig. 18-8.

Two-Pole Motor Four-Pole Motor Six-Pole Motor

Fig. 18-8. Induction-Motor Rotating Fields

Torque at Standstill.—The torque of a squirrel-cage motor is produced
by the mutual reaction of the main rotating field and the rotor field which
is produced by the rotor currents. The rotor bars and the end rings are
both resistive and inductive, and therefore the bar currents lag the induced
electromotive forces which produce them. When the motor is at standstill,
the frequency of the rotor currents is the same as that of the stator current.
Between standstill and synchronous speed the rotor-current frequency is
2xfLs

100’
8 is the slip in per cent of synchronous speed, and this reactance varies in
proportion to the slip.

proportional to the slip. Therefore, the rotor reactance is in which
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It may be shown® that the maximum torque is developed in a rotor
when the rotor reactance is approximately equal to the rotor resistance.
If a motor be designed so that the rotor resistance and reactance are equal
at standstill, the maximum torque will occur at standstill and the speed-
torque curve will be similar to curve (a) of Fig. 18-9.

If the rotor resistance be made somewhat less, but the inductance
be kept as before, the resistance and reactance will become equal at some
speed other than zero and the maximum torque will oceur at that speed, as
indicated in Fig. 18-9 by curve (b). If then the resistance be still further

reduced as far as practicable, a characteristic curve similar to curve (¢)
" may be obtained. It is significant that the maximum values of curves (a),
(b), and (¢) are all equal; and that the change in rotor resistance produces
only a change in the speed at which the maximum torque occurs, and
also a change in torque at standstill or starting torque. This phenomenon
is of great industrial importance in adapting motor characteristics to special
applications.

@) ()

2 Full Load

= Torque

'2 -—_ ———
Synchronous

Speed

Speed

Fig. 18-9. Induction Motor Characteristic
Speed-Torque Curves

The Constant-Speed Induction Motor.—The American Institute of
Flectrical Engineers has defined the constant-speed motor as one the speed
of which is either constant or does not materially vary; such motors are
the synchronous motor, the induction motor with small slip, and the direct-
current shunt motor. Therefore, a motor with characteristic like curve (c)
of Fig. 18-9 is a constant-speed motor and is widely used for general-pur-
pose duty. This type of motor is especially adapted to driving loom
spindles, d-c generators, circular saws, printing presses, and other constant-
speed equipment, which does not require in starting more than about 150
per cent of full-load torque. Such a motor is called a normal-torque motor.
In order to have a basis for normal starting torques, the electrical industry
has established minimum values for motors having two to sixteen poles.

3 Principles of Alternating Current Machinery, by R. R. Lawrence. McGraw-Hill
Book Co. :
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With full rated voltage applied at the instant of starting, the starting
torques will not be less than the following per cents of full-load torque:

2-pole, 150 per cent of full-load torque
4-pole, 150 per cent of full-load torque
6-pole, 135 per cent of full-load torque’
8-pole, 125 per cent of full-load torque
10-pole, 120 per cent of full-load torque
12-pole, 115 per cent of full-load torque
14-pole, 110 per cent of full-load torque
16-pole, 105 per cent of full-load torque

The constant-speed induction motor cannot be adapted to varying-
speed service, such as is required on stokers and some forced-draft blowers.
If it 1s desirable to change the characteristic of an induction motor from
that of curve (¢) in Fig. 18-9 to that of curve (b), the rotor resistance must
be increased. The resistance may sometimes be increased by the requisite
amount by turning some of the metal off the end rings with a lathe. Rotors
with cast-on cooling fans cannot be effectively altered much in this way.

By further increasing the rotor resistance it is possible to obtain
characteristic (a) which produces maximum torque at the instant of start-
ing. Motors having many variations of characteristics between those of
(a) and (c¢) are manufactured. The most popular one in general use has
characteristic (¢) because the starting torque is sufficient for most applica-
tions and its starting current is low enough to permit starting it directly
on full line voltage without using the more expensive starter required to
provide reduced starting voltage. The starting torque and current of an
induetion motor are controlled in its design mainly by the resistance and
reactance of the rotor. The resistance is determined by the size of rotor
bar and the resistance of the metal used. The reactance is determined by
the length of air-gap, shape cf slot, depth of slot below the rotor surface,
and amount of overhang of the bars beyond the rotor iron. Characteristic
(d) is obtained by using two cages of bars, one inside the other. The outer
cage has high resistance and low reactance, while the inner cage has low
resistance and high reactance. This combination produces a high starting
torque with low starting current and also good speed regulation. The
differences in rotor design are seldom discernible by mere inspection. By
means of a code letter, adopted by the National Electrical Manufacturers
Association, on the name plate it is possible to calculate the starting current
of any induction motor except one of fractional horsepower. The code
letters are shown in the accompanying tabulation.

By use of the code letter, it is possible to calculate the starting inrush
current of a motor and so to decide whether the starting of the motor would
cause excessive voltage disturbance on the power supply to which it is
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Kilovolt-Amperes Kilovolt-Amperes

Code per Horsepower, Code per Horsepower,
Letter with Locked Rotor Letter with Locked Rotor

A 0-3.14 L 9.0- 9.99

B . 3.15-3.54 M .. 10.0-11.19

C 3.55-3.99 N 11.2-12.49

D 4.0 —4.49 P o 12.5-13.99

E 4.5 -4.99 R ... 14.0-15.99

Fooo 5.0 -5.59 S 16.0-17.99

G . 5.6 —6.29 T 18.0-19.99

H ... 6.3 -7.09 U 20.0-22.39

J o 7.1 -7.99 Voo 22.4 and up

K ...... i areen 8.0 -8.99

intended to be connected. For example, a 100-hp, 440-volt motor with
code letter C would have a starting inrush current of

100x3.99X1000_ og o,

V3% 440

and a 100-hp, 440-volt motor with code letter H would have a starting
inrush of

The motor with the code letter H would require reduced-voltage starting
on most power systems.

Multi-Speed Motors.—Some constant-speed motors are provided with
leads from the pole groups brought out to an external switch by which the
number of poles and hence the synchronous speed may be changed quickly
even while the motor is running. Such a motor is defined as a mulii-
speed motor. For example, the pole leads may be so arranged as to provide
quick changes from 4 to 6 to 8 poles with corresponding synchronous speeds
of 1800, 1200, and 900 rpin, respectively, on 60-cycle supply. At each
speed the motor will run as a constant-speed motor, and no intermediate
speeds are available. Two-speed motors are sometimes built with two
separate windings to accomplish the change in speed.

Wound-Rotor (Slip-Ring) Motors.—For varying-speed duty it is neces-
sary that the resistance of the rotor winding be under control of the opera-
tor. For this purpose the rotor is provided with a polyphase winding that
is similar to the stator winding and is connected to an external polyphase
rheostat through collector, or slip, rings and brushes. A slip-ring motor
is illustrated in Fig. 18-10, and its wound rotor is shown in Fig. 18-11. By
proper control of the rotor rheostat, the operator is able to maintain maxi-
mum torque at all speeds in the starting period if desired. Rotor rheostats
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are usually designed to permit speed control also between 50 and 100 per
cent of full-load speed. Such a method of speed control results in reduced
efficiency, however, because of the I:R, losses in the rheostat. Slip-ring

(Courtesy Westinghouse Electric Corp.)
Fig. 18-10. Slip-Ring Motor

(Courtesy Westinghouse Electric Corp.)

Note the oil-throwing grooves in the shaft, the cooling
fans, and the wire bands around the end connections.

Fig. 18-11, Wound Rotor

motors are well adapted to printing machinery, reciprocating pumps,
ammonia compressors, and other applications requiring speed control or
large sustained starting torque. Such motors may be started by direct
connection to the power line through a line-starter (deseribed on page 228).
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The following points of economic importance should be noted.

1. With the high-resistance rotor in Fig. 18-12:
(a) The motor efficiency is lower because of higher rotor I2R loss.
() The motor will not attain a maximum power output so great as
that with a normal-torque rotor, mainly because of the greater
speed regulation.

11,400
1,300
“"\‘~ —t~— ] _Speed | 1.200
e O i e i S
N 1,100
\peed\
50 100 1,000
90 ppwc Faltt 900
/’i.. _,___.L— -7
40 - et 0 Effician.o=
80 = — ,] :c:ency 800 ¢
5 ¢ — =
S / P i -
g0 5 - w"* 700-3
3, % / ™\ 4
£30 3 60 yA 600 <
B oz i 5
& 2 50—t &
> é. 7 7§ & 500
: 8 // A
g20 E 40—~ 400
2 ';'_.I: | / Solid lines show performance
3 | w:th hlgh reststance rotor
%_) 30 7 + 300
& | Dashed lines show performance
/ with low-resistance rotor
10 20l 200
10 I
100
0
¢ T 2 3 4 5 6 7 @€ 9 10 ©

Horsepower Qutput
7% hp, 3-phase, 60-cycle, 220-volt, 1200 rpm
Fig. 18-12. Performance Curves of Three-Phase Induction Motor

(¢) The power factor is higher than with a normal-torque motor
because of higher rotor loss.

(d) The maximum efficiency occurs with a much lower output than
with a normal-torque rotor because rotor I2R losses are greater.

2. With either rotor in Fig. 18-12:

(a) The efficiency is poor at loads less than 25 per cent of rated
full load, and neither motor should be applied to a load requiring
much less than its rated output.
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In

I, =equivalent of no-load current.

. I,=equivalent of rotor current.

1.+ I, =equivalent of stator current at any load.
R, =resistance of stator.
R, =equivalent resistance of rotor.
R . = resistance equivalent to shaft loading.

S =rotor slip, expressed as fraction of synchronous speed.
Fig. 18-13. Three-Phase Induction-Motor Equivalent Circuit

B c
kl@ X“
1o
3 »
— ~

— /
% @ E
£ 4 H F

Fig. 18-14. Simplified Circle Diagram of Motor With
Low-Resistance Rotor

(b) The power factor is very low at all loads less than about half or
rated full load. See Chapter 25 on power-factor correction.

Determination of Performance of Polyphase Induction Motor Without
Loading.—The approximate characteristics of a polyphase induction motor
may be found without the necessity of loading. It is possible to construct
a circuit of resistances and reactances in a series and parallel combination
such that, when one of the elements is varied, the current variations simu-
late those in an induction motor. Such a circuit, which is shown in
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Fig. 18-13, is known as an equivalent circust, This cireuit is not actually set
up, but is shown to justify the vector diagrams of Figs. 18-14 and 18-15.

The quantities B, X1, Rs, and X, of the motor are also in its equivalent
circuit; but Ry is a variable resistance in the circuit whose variation may be
made to simulate a variable load on the motor. The vector diagram and
locus resulting from changes in the motor load is called the circle diagram
of the motor.*

C/
%
D
&
i
Va
%Q
{b'-\
P4 _ |y
5 z
~_
I,=7.07

Fig. 18-15. Circle Diagram for Example 18-2

The Simplified Circle Diagram.—In Fig. 18-13 the power in the resistor
R;, corresponds to the power output of the motor shaft. The powers in
R, and R, correspond to the power losses in the stator and rotor, respec-
tively, which cause their temperatures to rise. The reactances X; and X,
correspond to the leakage reactances of the stator and rotor, respectively.
The parallel circuit carrying current [, carries the equivalent no-load
current of the motor, and the losses in it corresponding to the windage,
friction, and iron losses (and some stator 2R loss) are assumed constant
regardless of speed. The current I, is the no-load current and lags the

applied voltage v per phase by the constant angle 6,, as shown in Fig.
V3

18-14.
The current I, corresponds to the rotor current, and in Fig. 18-14 it is
shown added vectorially to I, to complete the line current I,+ [,. Itis

4 Principles of Alternating Current Machinery, by R. R. Lawrence. McGraw-Hill
Book Co.
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assumed that the effective resistance of the rotor (and therefore of R) is
constant. However, the rotor-circuit reactance is constant (as its effect
is viewed through the line terminals), and the effective resistance B+ Rp
decreases as the load increases. The current 7, describes a locus which is a
circle whose diameter lies along AGE. Point C on the locus corresponds
to the condition when Ry is reduced to zero in Fig. 18-13, and corresponds
to the condition of blocked rotor or standstill in the motor.

The most obvious usefulness of the circle diagram is its help in determin-
ing the speed-torque characteristics of a motor without the necessity of
loading it. The diagram cannot be used with accuracy for a rotor (par-
ticularly the double-deck rotor) whose effective resistance changes with
change in speed. The circle diagram is drawn with “‘per phase’ values.
The motor may always be assumed to be Y-connected. As the motor load
changes, the point B of the circle diagram in Fig. 18-14 moves along the
circular locus between A and C.

Before the circle diagram can be drawn, three tests must be made and
the following data obtained:

1. Resistance of stator (hot) between line and neutral,

2. Current, voltage, and power per phase when running at no load.

3. Current, voltage, and power|per phase when rotor is at standstill

with applied voltage reduced,

From the circle diagram, the line current, speed, power factor, power
input, power output, efficiency, and|torque may be found and identified as
follows:

I,=no-load current per phase;
OC = current per phase with rptor blocked and full voltage on stator;

OB =line current in amperes for any chosen load;

Z‘g—g =slip as a fraction of synchronous speed;

Speed = synchronous speed minys the slip, in rpm;

cos 8 = power factor;

BHXV power input per phase;
V3 ’
M
B_\/;_(_V = power output per phase at shaft;
%X 100 = efficiency in per cent;
BK % \—I/f_?—) % 33,000
Internal torque = X3 (18-1)

746 X 27 X synch. speed in rpm
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This torque is the total torque produced in the rotor, and is measurable
directly in pound-feet only at standstill.
The horsepower output per phase is

v
BM x—=

P_*X_\/g 18-2
746 (18-2)

Example 18-1.—Give instructions for obtaining necessary data for construction of
the circle diagram and for determination of the speed-torque curve of a three-phase
squirrel-cage induction motor 73 hp, 1200 rpm, 220 volts, 60 cycle.

Solution.—1. Lock the rotor to prevent turning, and apply about one-fourth of the
rated voltage to the stator terminals until the temperature of the stator frame rises 40
deg C by thermometer reading.

2. Measure the terminal-to-terminal d-c resistance between any two stator terminals.
As a check, measure the resistance in the other two possible circuits of the stator also.

3. Apply a 3-phase voltage of about one-half of the rated voltage to the stator with
the rotor locked. Measure quickly the current per terminal, the applied voltage, and
the power input.

4. Release the rotor, and apply the rated voltage. Measure the current, voltage,
and power with the motor running at no load.

Example 18-2.—Construct the circle diagram and determine the starting torque of
the motor of Example 18-1, on the basis of the following data:

1. Temperature of room, 22 C.
Temperature of motor, 62 C.

2. I=26.5 amp, V =22.1 volts by d-c between terminals.
3. I=28.0 amp, V=109 volts, P =4066 watts with rotor locked.
4, I= 7.2 amp, V =224 volts, P =400 watts at no load.

Solution.—From the data in item No. 4 the no-load power factor is
400

PF=—e————

V33X 224X 7.2 290

In Fig. 18-15 lay out 7.07 amp at an angle 6 lagging the phase voltage \% and to

=0.143=14.3%

some convenient scale. Note that the circle diagram is to be constructed on the basis of
the rated motor voltage of 220 volts, although the actual test voltage was 224, A scale
of & in.=1 amp is used in Fig. 18-15. In this case,

6, =cos™1 0.143 = 81°47’

The locked-rotor current from the data in item No. 3 is 28 amp at 109 volts. At
220 volts it is

220
28 X @ =56.5 amp
The power factor of the blocked-rotor current is
4066
PF=—s—————=0.77 0r 77.0
PP Uoenas T 0T O THO%

Next, lay out 56.5 amp at 85 = cos™ 0.77 = 39°38'".

Draw the arc of a circle that passes through points A and C and has its center on
AE or AE extended.

The line CF represents the component of the phase current which is in phase with the
phase voltage when the rotor is locked with the rated voltage applied. Its length is
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therefore indicative of the power input per phase. Of the power input per phase, the
portion DE is indicative of the added power I2R per phase of the stator.
The line-to-line resistance is
vV 221

Ry L= 1" %5 0.834 ohm

Since the stator is assumed to be Y-connected, the resistance per phase is

Ry =23 0417 ohm

The resistance of a stator to alternating current is greater than that to direct current,
and the d-c resistance should be multiplied by a conversion factor. The a-c resistance
is greater than the d-c resistance because, when alternating current flows in the stator
conductors, the current distribution acress the conductor section is not uniform and the
accompanying iron losses appear to be caused by an added series resistance. IFurther-
more, this factor helps to correct for some of the approximations permitted in the
simplified circle diagram. Judgment in choice of this factor is based on performance of
similar motors; and, depending largely on the type of rotor used, the factor may have
any value between about 1.1 and 1.4.

A conversion factor of 1.4 should be satisfactory for the purpose of this example.
Hence, the corrected resistance per phase is

0.417x 1.4 =0.584 ohm
When the rotor is locked,
I*R = 56.5% X 0.584 = 1860 watts per phase
1860
I —?2-'(1—— 14.6 amp
V3
This is the component DE of CE, and so the point D is determined. The component
(D is, by measurement on Fig. 18-15, 27.1 amp.
The power per phase corresponding to CD is

27.1% 2—29 = 3450 watts
V'3
Since hp < 2N T
PInee ib = a3 500° 3450
222 % 33,000

_hpx33,000 746 ~
= 1900 = 2. %1300 20.3 1b-ft per phase

T =20.3%x3=060.9 Ib-ft for three phases
From Iig. 18-15 it is apparent that under no condition of speed will CD, and hence

the torque of this motor, be larger than at standstill. Therefore, the motor has a high-
resistance rotor.

Starting of Polyphase Induction Motors.—When a polyphase squirrel-
cage induction motor with a low-resistance rotor is connected directly to a
power line of its rated voltage and frequency, it draws from that line 5 to 7
times its rated full-load current. Such starting is called full-voltage start-
ing. If the impedance of the power line is small, and the voltage regulation
and frequency regulation of the generator are small and the rapid accelera-
tion of the load is not objectionable, then full-voltage starting is satis-
factory. If the voltage regulation and frequency regulation of the power
system are not unusually good, the starting current of a motor with a low-
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resistance rotor that develops 73 or more hp causes intolerable line dis-
turbances and may seriously affect the performance of other apparatus
on the same line. For these reasons such a motor should be started by a
reduced-voltage starter. Voltage reduction is usually accomplished by
“step-down”’ auto-transformers, by series line resistors, or by smoothly-
variable voltage regulators. \

The auto-transformer type of starter, one of which is shown in Fig.
18-16, is usually arranged for a choice of two or three starting voltages
ranging from 50 to 80 per cent of full line voltage. The choice of starting
voltage is determined by the starting torque required by the load.

(Courtesy Westinghouse Electric Co}p.)
Note the thermal overload relays on the enclosed panel.

Fig. 18-16. Auto-Transformer Type of Induction-Motor Starter

Motors with line-start rotors, high-torque high-resistance rotors, or
phase-wound rotors may be started on full voltage. Such starting requires
merely a starting switeh that provides overload and low-voltage protection.
A starter of this type is called a “‘line-starter.” The only advantage of full-
voltage starting over reduced-voltage starting lies in the difference in cost
of starting equipment. A full-voltage automatic line-starter is shown in
Fig. 18-17. The National Electric Code® requires that a safety switch
like that shown in Fig. 18-18 be installed between the starter and the line
to insure safety from shock when the starter is being repaired or adjusted.

A three-phase motor with all six phase leads available may be started on
reduced voltage in another manner, if it is designed for delta connection.
The phase leads are connected to a multi-blade double-throw switch, by
which the phases may be connected in Y for starting and in delta for run-

5 National Electric Code Handbook, by A. L. Abbott. McGraw-Hill Book Co,
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ning. This arrangement provides -\;—?—’ times the normal phase voltage for

starting and is satisfactory when the starting duty is not severe.

Regenerative Braking of Induction Motors.—The speed-torque curves
of Fig. 18-9 are only motor characteristics of much more extensive general
curves such as those shown in Fig. 18-19. If a rotor with characteristic

(Courtesy Cutler-Hammer, Inc.)

Fig. 18-17. Automatic Full-Voltage Induction-
Motor Starter

(a), (b), or (c) is driven above its synchronous speed S by external means in
a stator normally excited, its torque becomes negative and the motor
becomes an induction generator delivering electrical power back into the
system to which it is connected. The power factor and the power output
of an induction generator are determined by its design and the speed at
which it is driven, and are independent of the character of the load. An
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induction generator cannot supply magnetizing current to inductive
reactive loads and must be operated in parallel with a synchronous genera-
tor which will supply its magnetizing current and also establish and control

its frequency.

Starter
Safety Switch Motor
)

Power ~7
Supply A

((i’bz;rtésy V‘E!ectric Controil;&‘Mfg. ‘Co.)
Fig. 18-18. Safety Switch

(@) (b) (c)

—

Brake ® An Induction Motor may
T be used as a brake too
hs

T Motor
(4] S
Speed
Generator
D
3
o
S
-

Fig. 18-19. Generalized Induction-Motor Speed-Torque Curves

Furthermore, if an induction motor (while normally excited) be driven
in a direction opposite to that of its torque, as in the region to the left of
point O in Fig. 18-19, it will convert both mechanical energy and electrical
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energy into heat and will act as a brake. Thus, an induction motor will
act as a brake if driven backward or if driven above its synchronous speed
while connected to its power line. Such means are sometimes used to con-
trol the rate of stopping a connected device such as a small hoist.

A multi-speed motor running at its high speed will, when changed to a
reduced synchronous speed, decelerate to that speed very quickly because
of regenerative braking at all speeds higher than the reduced synchronous
speed. The low speed is convenient in “‘inching’’ a load, as when adjust-
ing a machine tool or when leveling an elevator car that is to be stopped at
a floor.

Single-Phase Operation of a Polyphase Induction Motor.—If one line
wire of a three-phase induction motor be opened while the motor is running
at full load, the motor will continue to run. However, the current per
terminal and the slip will be greater than normal, and the motor will be
quickly overheated. For this reason, overload protection should be pro-
vided in at least two lines in order that unsupervised, unintentional, single-
phase operation cannot continue if it should occur.

A polyphase motor connected to a single-phase power source has no
starting torque unless provided with special phase-splitting starting equip-
ment. If started by such a starter or by some external means, the motor
will carry about 60 per cent of its normal rated load with about normal slip
and normal temperature rise. The maximum torque will be only about 30
per cent of normal.

Operation at Other Than Rated Voltage and Frequency.—The torque
of an induction motor is proportional to the square of the applied voltage.
If the voltage applied is 10 per cent less than the rated value, the torque at
any speed will be only 0.90x0.90=10.81 or 81 per cent of normal. If the
starting requirements are particularly severe, a reduction of 10 per cent
in voltage may cause failure to start.

Synchronous speed is directly dependent on frequency, and will con-
sequently vary as the frequency is varied. Motors designed for 60-cycle
frequency may usually be operated on 50-cycle frequency at rated load
with a temperature rise of not more than 55 deg C. A 60-cycle motor con-
nected to a 25-cycle line will sometimes overheat without load because of
excessive exciting current. In general, a polyphase induction motor may
be operated at rated voltage at rated frequency or as much as 20 per cent

above rated frequency without injury, but with somewhat impaired
characteristics.
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PROBLEMS

1. Construct accurately the circle diagram for Example 18-2 on page 226. Calcu-
late the torque and the power output at one-half of rated speed. Calculate the starting
torque with 200 volts applied (line-to-line).

2. At what continuous power output may a 50-hp, 3-phase, 60-cycle, 220-volt,
polyphase, open-type, 40-deg C induction motor be operated if it be totally enclosed
and connected to a single-phase, 208-volt, 50-cycle line?

3. The full-load speed of an induction motor is given as 960 rpm. What is the
frequency for which it was probably designed? If the windings are open for inspection,
how may the number of poles be determined?

4. A 3-phase, 220-volt, 6-pole, 25-hp, 25-cycle induction motor has a power input
of 575 watts with 19.5 amp at no load. With the rotor blocked and 51.5 volts applied
to the stator, the power input is 2050 watts with a line current of 66 amp. The effective
resistance of the motor is 0.085 ohm per phase. Draw the approximate circle diagram,
and determine the starting torque and the maximum running torque in pound-feet.

5. A 3-phase, 4-pole, 60-cycle, 220-volt, polyphase induction motor is to be used
as a frequency converter by driving the open-circuited rotor backward against the
direction of the rotating field. If the rotor has half as many conductors in series per
phase as the stator, what will be the voltage and frequency available at the slip-rings
when the rotor is driven backward at 900 rpm?

6. A 6-pole, 50-hp, 25-cycle induction motor runs at 5% slip at full load. What
is the frequency of the rotor currents?

7. At full load, what is the speed of the motor of Problem 67

8. A 40-hp, 440-volt, 1200-rpm induction motor with 59, slip at full load has a

starting torque 1.5 times its full-load running torque. How many pound-feet of starting
torque would it develop with 230 volts applied?

9. How many pound-feet of starting torque would the 40-hp motor of Problem 8
develop if started on the 809, tap of its starting auto-transformer?

10. When tested for the purpose of finding the characteristics by circle diagram,
a certain two-phase induction motor yields the following data:

Phase 1 Phase 2
Volts Amp Watts Volts Amp Watts Speed
No load 440 5.5 440 440 5.5 440 1800 rpm
Blocked 113 114 575 113 114 575 0

Resistance = 1.56 ohms per phase.
Draw the circle diagram and calculate:
(@) Starting torque, in pound-feet, considering starting torque as 1.5 times full-
load torque.
(b) Torque at half of rated speed.
(c) Efficiency at 1.5 times full-load hp.



CHAPTER 19

The Polyphase Synchronous Motor

General Characteristics of the Synchronous Motor.—In contrast to
the induction motor, the polyphase synchronous motor runs at a constant
speed at any load for which the torque is less than its “pullout’” or ‘‘break-
down” torque. Such a motor has the advantage also of usefulness in
power-factor correction when operated in conjunction with other load of
low power factor characteristics. Prior to 1922, the poor starting torque
obtainable from the starting amortisseur winding, as developed to that
time, discouraged widespread adoption of the synchronous motor. How-
cver, improvements in design have vastly broadened its field of application
until it has become even more popular than the polyphase induction motor
in the larger sizes.

(Courtesy Fairbanks, Morse & Co.)

Fig. 19-1. Salient-Pole Rotor for Synchronous Motor

In the polyphase induction motor the rotor field, which reacts upon
the stator field to produce torque, is dependent on slip for its existence.
In the synchronous motor the rotor field is produced by electromagnets
mounted radially on the shaft, as shown in Fig. 19-1, and excited (mag-
netized) by direct current. The direct current is supplied from some
external source through slip-rings similar to those of a slip-ring induction
motor. In Fig. 19-2 is shown a small direct-current exciting generator
directly connected to the motor.

The stator of the polyphase synchronous motor is exactly similar to
that of the polyphase induction motor. The mutual attraction of the
rotating fields of the stator and the fields of the magnetized salicnt-pole

234
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revolving rotor causes the two sets of fields to ‘“lock together” and to rotate
in synchronism after they have been synchronized.

Starting of Synchronous Motors.—In order that a synchronous motor
may be self-starting as such, the rotor must be so light and its inertia must
be so small that it will accelerate to synchronism and its field poles will
lock in step with the rotating stator-produced fields as they pass by at
synchronous speed. In any but the very smallest synchronous motors
used in timing devices, the rotor inertia is too great for such rapid accelera-
tion, and the resulting alternate torque in opposite directions produces no
rotation.

o

(Courtesy Westinghouse Electric Corp.)
Fig. 19-2. Synchronous Motor With Direct-Connected Exciter

In starting an industrial synchronous motor, it must be driven to some
speed within about 5 per cent of synchronous speed by some means before
the revolving-field structure is magnetized. When the field is then
magnetized, it pulls into synchronism with the rotating field produced by
the stator winding, and the original driving torque may be discontinued.
The rotor may be brought to proper speed by a belted or direct-connected
motor or by the more usual method of providing the pole faces with a
squirrel-cage winding similar to that of an induction motor. This winding,
called an amortisseur winding, is shown occupying the longitudinal slots
in the faces of the poles in Fig. 19-1. After the rotor has attained near-
synchronous speed by amortisseur-winding drive, the field structure is
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excited by direct current, and the rotor locks with and runs synchronously
with the rotating field.

Synchronous motors are available in both line-start and reduced-
voltage-start types. The type chosen is usually determined by the start-
ing torque, synchronizing torque and horsepower required by the load, and
also by the capacity of the power system on which it is to be used.

To produce torque the rotor must lag slightly behind
the flux which it follows.

Fig. 19-3. Elements of a Synchronous Motor

Running Conditions.—In Fig. 19-3 a synchronous motor with a four-
pole field is shown at a definite instant while rotating counter-clockwise.
At the instant chosen in Fig. 19-3, the stator fields are at the axis z-x and
the rotor and its fields are at the axis y-y. The angle a between the two
axes, or the angle by which the rotor lags the stator fields, is called the
torque angle. If the axes z-x and y-y were coincident, the flux in the air-
gap would be radial and would produce no turning effort on the rotor. As
the load on the motor increases, the rotor lags behind the rotating field by a
greater angle, to produce the necessary torque. Thus, for a definite con-
stant load the rotor runs in perfect synchronism with, and at a definite
torque angle behind, the rotating field. With an increase in load, the rotor
drops back to a new position, to meet the new demand for torque. The
action is similar to that of dragging the rotor around by springs in tension.
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The amortisseur winding, which is a rudimentary squirrel-cage winding, was
first used on alternating-current generators driven by reciprocating engines
to damp out fluctuations in speed caused by the torque impulses of the
engine. ‘‘Amortisseur’” means ‘‘damper.”

If the load be too greatly increased, the magnetic coupling between
the rotor and the stator fields will be over-stressed and broken. Having
slipped a pole, the rotor will come to rest very quickly unless supported by
a strong amortisseur-winding torque. At synchronous speed the amor-
tisseur winding is electrically inert, because it has no motion relative to
the rotating field. Momentary changes in torque angle caused by changes
in load or slipping of poles are opposed by the amortisseur damping action.

h I
Fig. 19-4, Synchronous-Motor Vector Diagram

A salient-pole synchronous motor, after having been synchronized,
can carry a small fraction of its rated load even without field excitation.
Induction motors are available with slots cut longitudinally in the rotors
to produce rudimentary salient poles, in order to simulate unexcited
synchronous motors. Their low ratio of rated power to weight seriously
limits the use of such motors. They are called ‘‘reluctance’” motors be-
cause their torque derives from the attempt of the flux to decrease the
reluctance of the path through which it must pass.

Vector Diagram of the Synchronous Motor.—A synchronous motor
with its polyphase winding energized and producing a rotating set of field
poles will usually have enough reluctance torque to run without load if the
field structure is rotated to synchronous speed by some external driving
force so that the salient poles can lock in with the rotating set of field poles
as in Fig. 19-3. Such a motor when running would have a vector diagram
for every phase similar to that of a simple reactance coil.
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In Fig. 19-4, V is the phase voltage applied and I is the phase current
for that condition of operation. The current I is Ok on the diagram and
it lags V by the angle 8 which is the characteristic impedance angle of the
unexcited motor. The rotor salient poles lag the stator flux poles by «
mechanical degrees, as in Fig. 19-3, to produce enough torque to maintain
the speed.

If the windings on the rotor poles are then energized by direct current
passed through the rotor winding in proper direction to add to the flux
already in the poles, there will be a voltage E, generated in the stator coils
by the new rotor flux sweeping past them. The voltage E, is not quite 180
deg out of time phase with V because the rotor is lagging « mechanical
degrees behind the stator-produced poles. Since a mechanical degrees
correspond to 2« electrical degrees (in a four-pole motor), let 2a=4, in
which g is the lag angle in electrical degrees. The net voltage available
for forcing current through the stator is £,=V - E,;; and I is reduced to

I, in the ratio % = %—’ But I, still lags E, which produces it by 6 deg.

If the voltage E, is kept constant by keeping the direct current in the
field structure constant, and the motor is then loaded, the angle 8 will
increase to meet the new load demand. The voltage E, will then lie on
the locus ach which has gc = E, as a radius. If E. follows a cireular locus
as the shaft load varies, I); must also follow a circular locus def with radius
hd. 'The motor power factor is cos ¢. It is then apparent that the power
factor of a synchronous motor with constant field excitation is no more
constant regardless of load than is that of an induction motor, because ¢
changes as the changing load causes I; to move to the right or left along its
locus.

Synchronous Impedance.—The voltage I, which forces the current I,
through the impedance of the motor windings produces a voltage drop I.Z,.
The impedance Z, is called the synchronous impedance and is composed of
two parts. One part is R,+jX, which is the resistance and leakage
reactance of the winding. The other part is X,, which is not a reactance
in the usual sense but is the result of the effect of the stator ampere-turns
on the total flux of the motor. This effect is called armature reaction and
its magnitude depends almost altogether on the angle by which the rotor
poles lag the stator poles in space. It is apparent then that X, depends on
both the magnitude of the motor load and the motor power factor. If the
mmf of the armature reaction tends to decrease the total flux, its effect is
the same as additional reactance drop; and, therefore, X, and X, are
commonly combined and the result is called X,. The value of Z, is com-~
posed of both parts. Thus,

Zo= Ra+jXo+5X, (19-1)
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To determine Z, experimentally, the machine is driven at synchronous
specd without excitation. The polyphase winding is short-circuited
through three ammeters, one in each lead, to measure the current I, per
phase. A small direct current is then used to magnetize the field poles to
the point where the three ammeters show full-load rated current. From
the open-circuit saturation curve of the machine, the voltage E, per phase
is found corresponding to the direct current used. The synchronous

impedance, in ohms, is then Zs=%. With the polyphase winding short-

I
circuited, all of £, is used to force I, through the total impedance Z, of
the machine. Refinements of this procedure are necessary if Z, must be
determined accurately for some particular condition of loading.

1

Fig. 19-5. Vector Diagram of Over-Excited Synchronous Motor.

Effect of Varying Field Excitation When the Load Is Constant.—The
total power input per phase in Fig. 19-5 is

P,=VI  cos ¢ (19-2)

The power P; includes the shaft power output, if any, and the windage,
friction, iron, and copper losses (all per phase). Let it be assumed that,
while the motor is running with the vector conditions of Fig. 19-4, the field
excitation of the rotor is increased. That increase in rotor field strength
will increase E, and cause E, to swing counter-clockwise, carrying with it
I, at angle 6 lagging. If neither the shaft load nor the motor losses changed
during the field adjustment, I, cos ¢ would remain constant but I, would
be made to lie in a new position leading V by some phase angle ¢,, as in
Fig. 19-5. If ¢ = ¢, the power input per phase would actually be the same
as before because both load and losses would be unchanged.

The motor under this new condition of field excitation takes from
the power source not only VI, cos ¢ as a power component but also
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V1, sin ¢ in leading reactive volt-amperes, This is a valuable property
of a synchronous motor because, if such a motor is run “over-excited’”” on
a power system which has a preponderance of lagging power factor loads, it
acts partly as a condenser and improves the over-all power factor of the
system. This use is considered further in Chapter 25.

If a synchronous motor had no copper losses within itself, the power
input with constant shaft load would be constant regardless of any change
in field excitation, as long as synchronism was maintained. In that case,
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Fig. 19-6. Vector Diagrams of a Synchronous Motor With Different Degrees of )
Field Excitation (Polyphase Winding Assumed to Be Without Copper
Loss, in Accordance With Common Approximation)

if the field excitation were changed, I; would change but would follow a
vertical locus XY shown in Fig. 19-6 for three states of field excitation.
In a large motor E, is so large compared to the IR drop in the polyphase
winding that the IR drop may be neglected without introducing serious
error. All the synchronous-motor vector diagrams have been drawn with
the assumption that the synchronous impedance is the same at all power
factors. In a salient-pole motor which has been under consideration, the
impedance actually is different for different power factors but the differ-
ences within the normal or usual range of use are negligible.

The over-excited synchronous motor provides leading vars for power-
factor correction at remarkably low cost per var. A motor built to
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furnish no leading vars but to run at unity power factor has only enough
copper in its polyphase winding to enable it to take the necessary minimum
current to produce rated shaft horsepower. Its field winding has only
enough copper to provide enough FE, for unity power factor. Thus, a
motor rated at 100 per cent power factor is built at minimum cost and is
desirable when no leading vars are needed. However, by a small increase
in the amount of copper used in both windings, the motor may be over-
excited to produce vars at much less cost than that of the equivalent vars
in static condensers. The power factor specified on the name plate of a
synchronous motor is the minimum power factor leading at which the motor
can be run while carrying its rated horsepower load. Fig. 19-7 shows some
power-factor and current curves of a typical synchronous motor with and
without load and with a wide range of field excitation. There is almost
never a need to run such a motor with a lagging power factor.

P F Full Load

Current at Full Load
PF No Load

Current at No Load

Power Factor'of the Line Current

Field Current
Fig. 19-7. Synchronous-Motor Curves

The Synchronous Condenser.—Some synchronous motors are built
without shaft extensions but with great capacity for over-excitation. Such
machines are intended only to produce leading vars and are called synchro-
nous condensers. They are usually built in large sizes only (1200 kv-a or
more) because, when the whole cost of the machine must be charged against
its var-producing ability, it does not compare favorably economically with
static condensers in smaller sizes. It is commonly used in electric power
transmission systems to aid in controlling the voltage at points in the
system far distant from the generating station. The over-excited syn-
chronous motor that can drive machinery is preferred in industrial plants.
A vector diagram of a synchronous condenser is shown in Fig, 19-8.

Starting Procedure for Synchronous Motors.—As explained on page
235, synchronous motors are usually started by the induction-motor action
of amortisseur windings. The rotating fields sweeping past the rotor
poles induce an alternating voltage of possibly 1500 volts or more in the
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exciting windings on the poles. If not controlled in some manner, this
high voltage may be a hazard to life or it may cause failure of the field-coil
insulation. If the required starting torque of the motor is small, the excit-
ing winding may be short-circuited at start and thus relieved of the high-
potential stress. A more common practice, however, is to connect a
resistor, called a field discharge resistor, across the open field terminals.
This resistor is usually a part of the control equipment provided for the
motor. After the motor has attained nearly synchronous speed, the
dangerous field voltage no longer exists and the discharge resistor is dis-
connected. The field circuit is then connected through a control rheostat
to its source of direct-current excitation.

~~
— 3 "

Fig. 108, Vector Diagram of a Synchronous Condenser

In order that the amortisseur winding may react vigorously with the
rotating field produced by the stator, that field must find a ready passage
through the rotor pole structure. 1If the field windings are short-circuited,
they become highly reactive. As a result, the rotating-field fluxes lose
much of their strength by spilling over into the leakage paths in the air-
gap and between the poles, instead of passing normally through the poles
where they would react with the amortisseur winding and produce start-
ing torque. This loss of flux in the amortisseur winding reduces the starting
torque to some value considerably less than that which would be obtainable
with the field winding open. The starting torque may therefore be adjusted
between narrow limits by changing the value of the resistance in the dis-
charge resistor.

Synchronous-Motor Applications.—Synchronous motors are used to
excellent advantage on ball and tube mills; paper-pulp beaters; centrifugal
blowers; centrifugal and reciprocating compressors; crushers of cone, gyra-
tory jaw, or roll type; pulp grinders; steel rod mills; rolling mills; rubber
mills; and many other heavy drives.

PROBLEMS

1. A factory load of 1200 kv-a, 440 volts, 629, power factor lagging is to be increased
with improvement in power factor. With an efficiency of 909, how many horsepower
in synchronous motors operating at 809, power factor leading would be required to
correct the over-all power factor to 859, lagging?

2. A 3-phase synchronous motor rated 100 hp, 440 volts, 0.8 power factor, 140 amp,
60 cycles has a synchronous impedance per phase Z,=0.0931 —j0.3477 ohm, which is
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assumed to be constant. When the motor is running at its rated load and power factor,
what is the generated voltage E, per phase? Graphical solution is suggested.
Ans. 276 volls

3. Calculate the windage, friction, and iron losses of the motor running as described
in Problem 2. Ans. 4926 watts

4. If the loss in the d-c field of the motor of Problem 2 is 4000 watts, what is the
efficiency when operating as described?



CHAPTER 20

Alternating-Current Generators

Types of Alternating-Current Generators.—Alternating-current genera-
tors are of two general types, namely, induction and synchronous. The
induction generator was discussed in Chapter 18 as much as is justified by
its relative importance. The synchronous generator is so named because,
in contrast to the induction generator, it is capable of establishing a fre-

(Courtesy Fairbanks, Morse & Co.)
Fig. 20-1. Engine-Type Synchronous Generator

quency proportional to its speed and independent of its load. Synchronous
generators may be classified, according to their rotor construction, as
smooth-core generators and salient-pole generators.

Smooth-core rotors are of cylindrical form with exciting windings
embedded in longitudinal slots. They are used in high-speed generators
of large size (750 kv-a and greater at 1800 rpm or more). Generators
with salient-pole rotors are not essentially different in construction from

244



245

ALTERNATING-CURRENT GENERATORS

UWOTIONIISUO) IIPUf] I0}RIIUID
("0 2143091 pLouspH /13934n07))

1U51IN)-SUJRUIS)[Y [BO1)I0 A USALI(-[99YMIdNE M

07

3rq



246 ELECcTRICAL ENGINEERING

synchronous motors described in Chapter 19. A salient-pole generator is
shown in Fig. 20-1. The terminal voltage at no load is simply that
produced by the sweeping of the rotor flux across the stator conductors.

Further than mitigating excessively high voltage transients caused
by line-to-line system faults, amortisseur windings serve no useful purpose
if the generator is driven by a turbine. If the generator is driven by a
reciprocating engine, however, the amortisseur serves to smooth out the
pulsations in angular velocity characteristic of such engines. Fig. 20-2
shows the stator of a large waterwheel-driven alternator under construc-
tion.

[~ Fky=176val 50%
P F Lagging
£8 impedance Triangle
of Alternator

The reactance dropI X
is actually caused more
by armature reaction
than by flux leakage

¥ I, I=220vat
0 100% P F

IR

For any specified load current, more exciting
current is required with a lagging current
than with a leading current.

Fig. 20~3. Terminal Voltage of A-C Generator

Voltage Regulation.—The terminal voltage of an alternating-current
generator changes with change in load in a manner similar to that of a
direct-current shunt generator. Thus,

No-load voltage — Full-load voltage %
Full-load voltage

Regulation = 100  (20-1)
However, under some conditions of load the terminal voltage of an alternat-
ing-current generator will rise above that at no load. Fig. 20-3 shows how
this phenomenon can occur. When the terminal voltage is adjusted to
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normal 220 volts with a load of 1009, power factor, the necessary generated
voltage is 302 volts. When the power factor of the load is changed to 509,
lagging without change of load current or of field excitation, the terminal
voltage becomes only 176 volts. Under similar conditions, but with a load
power factor of 509, leading, the terminal voltage becomes 352 volts,
although the voltage produced by the d-c¢ field winding is only 302 volts.
The rest of the 352 volts are produced by the magnetizing effect of the lead-
ing component of current in the stator.

Fig. 204 shows representative terminal-voltage curves as a funection
of load in amperes for power factors of 1009, 509, leading, and 509 lagging.

50% p
Flag..
La.é’emg Full Load Kv-a
100% P F

Terminal Voltage

L

With fixed excitation, the terminal voltage
depends on both the current and the power
factor of the load.

Fig. 20~4. A-C Generator Voltage
Regulation

Kv-a

Effects of Armature Reaction.—It may be somewhat surprising to learn
that a load that draws leading vars from a synchronous generator may cause
the terminal voltage to be greater than the voltage without load. It is
evident that a magnetizing effect is being produced in the generator by
something other than the mmf of the direct-current winding. That other
source is the mmf of the armature reaction. As the term armature is used
here, it means the part of the generator that contains the polyphase
winding.

In Fig. 20-5 is shown one phase of a three-phase generator on a
developed diagram with rotor poles. When the rotor poles are in the posi-
tion in (@) with respect to the stator coil sides, the voltage generated in the
phase is of maximum magnitude. If the load is purely resistive, the
current will also be at maximum value at the instant shown in (a). The
current in the stator winding will produce the magnetomotive force mmf,
in the directions shown. The direct current in the windings on the field
poles will produce the magnetomotive force mmf, in the directions shown.
Examination of the diagram in (@) shows that on every pole one half of the
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pole has applied to it a resultant mmf equal to mmf,+mmf, and the other
half has applied to it a resultant mmf equal to mmf, — mmf,. The result
is a distorted mmf pattern across the pole. Half of the pole will be over-
saturated, and half will be under-saturated. Because of the saturation
characteristics of iron, more flux will be lost on the weakened side of the
pole than is gained on the strengthened side. The machine then incurs a
net loss of flux, and the terminal voltage will be less because of that action.
This is one cause of loss of terminal voltage when the generator supplies
a load with unity power factor.

Exciter Field Rheostat

——e(}
I~ Exciting Generator

A-C Generator

Exciter Field

Fig. 20-6. Circuit Diagram of A-C Generator With Exciter and Tirrill
Voltage Regulator

If the load were entirely inductive, as in Fig. 20-5 (b), the current
would be at its maximum value 90 electrical degrees later than the instant
at which the voltage is maximum, In that time lapse the poles would have
moved 90 electrical degrees-from their positions in (a) and would be in
direct line with mmf,, the direction of which is opposite to that of mmf,.
Therefore, the mmf over the whole pole would be equal to mmf, — mmf,,
and the generator would suffer a loss of flux. For any load of I amperes
of purely inductive load, the terminal voltage of a generator will be less
than that for the same current I of resistive load.

If the load were purely capacitive, the rotor poles would be in the
positions shown in (c), or not yet up to the positions in (a) by 90 electrical
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degrees. Therefore, the mmf over the whole pole would be equal to
mmf, +mmf, and the generator would gain flux and have a terminal voltage
probably greater than that at no load. Loads having intermediate power
factors would have intermediate effects.

If the generator has three phases, the other two phases contribute to
the magnetomotive force mmf, shown for one phase and produce a wave of
armature reaction mmf that rotates at synchronous speed always in fixed
position relative to the rotor poles under any particular condition of shaft
load and power factor.

Voltage Control of A-C Generators.—The voltage regulation of alternat-
ing-current generators is greater than that of direct-current shunt gen-
erators of comparable size. Correction of terminal voltage is usually
accomplished by automatic voltage control. A device known as a voltage
regulator is commonly used for this purpose.

The action of the Tirrill regulator is as follows: In Fig. 20-6 a trans-
former, with its primary connected across the terminals of the alternator
whose voltage is to be regulated, has its secondary connected to a solenoid a.
Assume that the alternator voltage is at the desired value and that the
regulator parts are therefore at rest. Assume next that additional load
is connected to the alternator so that its terminal voltage falls. The
decreased pull of solenoid @ will permit the weight w to open the contacts b.
This action de-energizes coil ¢ and releases the armature d, which closes
the contacts at e. These contacts short-circuit the portion of the exciter
field rheostat which is in use; and the exciting generator voltage rises and
boosts the field of the alternator, so that there is a rise in its terminal
voltage. The increased alternator voltage causes solenoid a to be strength-
ened, and so the contacts at b are closed again. The reclosing of contacts b
restores the circuit through coil ¢, causing the contacts e to open and the
exciter field rheostat to be inserted -again in the exciter field; and the
excitation of the alternator is again decreased. This cycle of events takes
place so rapidly that the rise and fall of the alternator voltage back and
forth across the normal or average is not perceptible. Coil f is almost,
but not quite, strong enough to hold the contacts ¢ open, so that only a small
change in current through coil ¢ is required to move armature d. This
arrangement increases sensitivity and speed of response. Coil g tends to
prevent overshooting of the voltage and to eliminate the action known as
“hunting.”

Such a regulator will control the voltage of the a-¢c generator within
close limits, even with large sudden changes in load. It is also possible to
cause the terminal voltage to rise with increase in load, so as to compensate
for loss of voltage at the load because of impedance voltage drop in the
intervening feeders.
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Fig. 207 shows a direct-acting voltage regulator of a simpler type, as
built by the General Electric Company. In series with the shunt field
of the exciter is a resistance unit consisting of resistance plates in series.
The ends of the plates, with contact tips forming a resistance stack, are
held together by a spring; and, when not in use, the plates are short-

[ -
y=" s 22 Exciter
== Z Shunt Field
~ Exciter
——F Field
Rheostat
S /% © L . Exciter
: ik
Stabilizer
Generator Field
Voltage- A-C Generator
Adjusting
Rheostat
Orque fHotor Potential
Transformer
A-C
System
Frictionless
Spring
Mounting

Dry-Type
Rectifier

Fig. 20-7. Resistance-Stack Type of Voltage Regulator

circuited and offer no resistance. When the alternator is started and its
voltage approaches the rated voltage, it energizes a torque motor through
a potential transformer and rectifier; and the torque motor, acting against
the spring of the resistance stack, causes the stack contacts to open one by
one and thus inserts added resistance into the exciter field cireuit. This
action lowers the exciter voltage, and so lowers the generator veoltage and
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thus causes some of the contacts to reclose as the torque motor relaxes.
These operations would be repetitive, and the generator voltage would
tend to drift or “hunt” above and below the desired normal voltage. To
prevent this hunting, a stabilizing transformer is connected across the
exciter-armature terminals. As the exciter voltage rises, a voltage is
generated in the secondary of the stabilizing transformer. This generated
voltage, acting through the rectifier, tends to nullify the rise in voltage on
the torque motor and so to stabilize the action and prevent “‘overshooting.”

Synchronizing Switch

Lamps or
Voltmeter

Alternator (@)
Ey,

Alternator (b)
Ey

Load

Egs, Es, Egp Ezb

Fig. 20-8. Circuit Connections for Alternators to Be Operated in Parallel

Rating.—An alternator is usually rated at the load in kv-a which it is
capable of carrying continuously at rated speed and voltage without
exceeding the allowable temperature rise. Also, it is usually rated at a
power factor of 80 per cent or 100 per cent. The 809 rating means that
the field is sufficiently strong to provide the rated terminal voltage at the
rated kv-a, even though the load power factor be as low as 80 per cent
lagging.

Parallel Operation.—The economic generation of alternating current
frequently involves parallel operation of two or more alternators. Direct-
current generators excited to the same terminal voltage may be connected
in parallel merely by connecting together terminals of like polarity. How-
ever, before two or more alternators can safely be connected in parallel,
their frequencies must be almost the same and their terminal voltages must
be almost the same. Furthermore, the terminal voltages of the machines
must be almost in phase. Fig. 20-8 shows a circuit diagram of two
three-phase alternators arranged to be operated in parallel, and shows also
the ideal vector relationship desirable at the instant of closing the syn-
chronizing switch. If the speed of the incoming alternator (@) is slightly
greater than that of alternator (b), there will be alternate instants when the
respective phase voltages of the two machines will be in phase, as in Fig.
20-8, and 180° out of phage, as in Fig. 20-9.
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When the respective phase voltages of the two generators are exactly
out of phase, the lamps of Fig. 20-8 will receive the combined voltage of
both alternators in series and will be fully lighted. If the synchronizing
switch were closed at that instant, the combined voltages of the alternators
would be applied to their combined impedances only, and there would

Ey

E,, Esa

Eg Ezp
Ela
Fig. 20-9. Alternator Voltages Exactly out of Phase

result a tremendous short-circuit eurrent which would possibly damage
the alternators. If, however, the switch be closed when the voltages of
the two alternators are in phase, as in Fig. 20-8, the resultant voltage
across the lamps will be zero, the lamps will be dark, and no circulating
current will flow. This method is called
“dark-lamp’’ synchronization. B, _EP

Fig. 20-10 shows the vectors of Fig. 20-8
superposed at an instant when alternator (a)
has drifted somewhat past the proper syn-
chronizing point and resultant voltages
E\Ew, Esuloy, and Es.Es have appeared Ez
across the synchronizing lamps. The shock
to the alternators resulting from careless Eab
timing of the synchronizing switch is pro-  Ess
portional to these resultant voltages. Eso

Significance of Phase Sequence.—If the F“‘%;,{‘t’?{gt‘;' A:Lecstg;fex};fnoﬁ]tw
phase sequences of the alternators in Fig. of Phase
20-8, as seen at the synchronizing switch,
are the same, all the lamps will brighten and darken in unison as syn-
chronism is approached. If they do not so brighten and darken in unison,
but the brilliance seems to ‘‘rotate,” then the phase sequences are not the
same and the synchronizing switch must not be closed. The phase
sequence may be corrected by reversing only two leads on either side of
the synchronizing switch.
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Synchronizing Current.—After the synchronizing switch in Fig. 20-8 has
been closed at the proper instant, the drifting of alternator (a) does not
instantly cease but continues until the resultant voltages E1,E1s, EouEas,
and Ejs,Fs become large enough to enable the motorizing current circulating
between the alternators to hold them exactly in synchronism. This current
is called synchronizing current. If the prime mover driving alternator (a)
were then disconnected, the synchronizing current would rise just enough to
drive machine (a) as a synchronous motor.

Division of Load Between Two Alternators.—If the power of the driver
of alternator (a) in Fig. 20-8 be increased by changing its governor setting,
then machine (a) will carry a larger portion of the load and alternator (b)
will be partly unloaded. The proportion of the total load taken by each
alternator will depend entirely on the prime-mover performance and not
at all on the relative field excitations of the alternators.

Effect of Change in Field Excitation.—If alternators (a) and (b) in
Fig. 20-8 are supplying a load jointly and the field excitation of machine
(@) is reduced, the division of power load will not be affected. However, a
circulating current will be caused to flow around the load circuit formed by
the two alternators. This circulating current will be leading with respect
to the voltage of alternator (o) and will thus supply the excitation deficiency
by armature reaction. Furthermore, the circulating current will be lagging
with respect to the voltage of alternator (b) and so will detract from its
cxcitation. The line voltage will decrease somewhat because of the
increased impedance drops in the two alternators, but the division of power
load will remain constant.

Synchronizing Devices.—When lamps are used to indicate synchronism,
it is not possible to determine exactly when the resultant voltages, as F,F1s,
B2 E o, and Es Ey in Fig, 20-10, across the lamps are zero, because these
resultant voltages must have some considerable magnitude before the lamps
will light at all. The indication of approximation to synchronism afforded
by lamps is sufficiently good for small alternators, but large alternators of
high speed or large inertia must be synchronized by more accurate devices.
For this duty synchronoscopes or synchroscopes have been developed. The
synchroscope is essentially a two-phase motor which rotates at a speed
equal to the difference in frequencies of the two alternators. The direction
of rotation indicates whether the incoming alternator is running too fast or
too slow. An indicating pointer attached to the rotating shaft shows when
the correct condition for synchronizing is reached. An attempt to syn-
chronize two large alternators with too great displacement error may cause
a broken shaft or loosened stator laminations.
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Hunting of Alternators.—The torque of a reciprocating engine is pulsat-
ing, and hence the power delivered to an alternator driven by it is pulsating.
If such a power unit is operated in parallel with another power unit, an
unstable condition may result as follows. When the torque of the engine
is greatest, its alternator takes momentarily more than its average load and
the other alternator takes less than its average load. When the engine
torque is least, its alternator takes less than its average load. This
oscillation of power, if too violent, may be cumulative; and, if the period of
oscillation is too near the natural oscillating frequency of the rotor, the
alternators may be thrown out of synchronism. Such oscillation is called
“hunting.” Destructive oscillation is prevented in alternators driven by
internal-combustion engines by heavy amortisseur windings similar to the
starting squirrel-cage windings of synchronous motors or by heavy fly-
wheels or their equivalents.

PROBLEMS

1. What is the full-load current per terminal of a 2300-volt, 3-phase, 2000-kv-u
alternator? ' ‘

2. A 2300-volt, Y-connected, 100-amp, 0.8-PF alternator has internal impedance
of 1+ j5 ohms per phase. A full load of 1009, P¥ is being supplied at the rated terminal
voltage. If the load is removed, but the field-rheostat setting is kept the same, what
will be the terminal voltage? 1If, then, a full load with 709, P¥ leading is applied, what
will be the terminal voltage? Assume the internal impedance to remain constant.

3. A 40,000-kv-a, 13,200-volt, 3-phase, 60-cycle, Y-connected alternator has a
stray power loss equal to 1.5% and a field loss equal to 0.4% of the rated output kv-a
at 859, power factor lagging. The effective stator resistance is 0.10 ohm per phase.
Calculate the efficiency at full load of 859, power factor, lagging.

4. A 50-kv-a, Y-connected, 3-phase, 220-volt, 1200-rpm, 0.8-power factor, 60-cycle
alternator requires 2.5 hp to drive it at rated speed at no load with field excitation.
The stator resistance is 0.05 ohm per phase. The field-circuit power input at full load
is 2kw. Calculate the efficiency at full load of 809, power factor lagging.

5. Two similar 3-phase, 2000-kv-a alternators in parallel supply a 3500-kw load
of 809, power factor lagging. If the output of the first alternator is 1600 kw at 709,
power factor, what are the kw and kv-a outputs of the other?

6. A 96-pole alternator is to be used to supply a 50-cycle power system. At what
speed must it be run?

7. An alternator running at 375 rpm generates 25 cycles per second. How many
poles does it have?

8. The stator of a 1000-kv-a alternator designed to be driven by a steam engine
is much larger and shorter than one of the same electrical size designed for direct con-
nection to a steam turbine. Explain.



CHAPTER 21

The Single-Phase Motor

Need for Small Motors.—A man can produce about 100 watts of
power continuously throughout a working day. In an 8-hour working
day his energy output in useful work would be 800 watt-hours. If he were
to sell this energy at prevailing rates which are charged for household con-
sumption, or at 6 cents per kilowatt-hour, his day of labor would be valued
at 4.8 cents. His efforts would not be sufficient to operate the family
washing machine for a whole day.

(Courtesy The Peerless Electric Co.)
Fig. 21-1. Single-Phase Motor Stator

Large motors turn the factory wheels, but fractional-horsepower motors
in particular save the backs of men. Fractional-horsepower motors are
almost altogether direct-current or single-phase alternating-current
machines, Because of the greater cost of providing polyphase power, few
small polyphase motors are in use. The small direct-current motor is not
essentially different from the large one. This chapter will be devoted to
the single-phase motor only. Execept for railway service, the single-phase
motor is built in sizes up to 50 hp only.

The many types of single-phase motors are distinguished by the means
by which their starting is achieved, and they will be deseribed in the
approximate ascending order of their merits.

256
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The Single-Phase Induction Motor.—A polyphase squirrel-cage
induction motor connected to a single-phase line of its rated voltage and
frequency will develop no starting torque; but, having been started in
either direction by some external means, such a motor will perform approxi-
mately with polyphase-motor characteristics. The single-phase induction
motor is seldom wound with the distributed lap type of winding, as in Fig,.
18-5, but usually has a concentric type, as in Fig. 21-1.

(@)

To Line

Shading Coil

Torque

Speed

(@) With high-resistance rotor
(b) With low-resistance rotor

Fig. 21~3. Shaded-Pole Motor
Fig. 21-2. Four-Pole Shaded-Pole Motor Characteristics

The Cost 1s Low; also the Efficiency

The Shaded-Pole Induction Motor.—Of the many devices used for
obtaining starting torque in a single-phase motor, the shaded pole is the
simplest and lowest in cost, but it is otherwise the least meritorious. Fig.
21-2 shows schematically the electrical features of a four-pole shaded-pole
motor. The name arises from the so-called shading coil of one or more
short-circuited turns of conductor surrounding a portion of each pole on the
air-gap end. The function of that coil is to delay the time of rise of flux in
the shaded portion of the pole, and also to delay the time of fall of the same
flux relative to the flux in the unshaded portion. This action simulates
very imperfectly the rotating fields of a polyphase motor and produces a
torque which tends to rotate the squirrel-cage rotor from the unshaded to
the shaded portion of the pole.

Fig. 21-3 shows some typical speed-torque curves of shaded-pole
motors with low-resistance and high-resistance rotors. These motors are
of relatively low efficiency and are unsatisfactory for any use requiring
more than a small fraction of 1 hp. The efficiency could be improved by
opening the shading-coil circuits after a starting; but, inasmuch as simplicity
and low cost are the chief merits of this kind of motor, the added mechanism
for opening the coils is not justified. This type of motor is used in small
desk fans, domestic-furnace control, and other services in which its inferior
characteristics may be tolerated. Fig. 214 shows a two-pole, so-called



258 ELECTRICAL ENGINEERING

core type of shaded-pole motor commonly used in small fans and phono-
graph-record players.

The Split-Phase Induction Motor.—As the name implies, the split-
phase motor splits the line current into two parts at start. One part
flows in the running winding at a great angle of lag behind the line voltage,
because the winding is of low resistance and has high reactance as it is
deeply embedded in the slots and is closely surrounded by iron. See
Fig. 21-5 (a). The other part of the line current flows in the starting
winding at a much smaller angle of lag behind the line voltage, as this
winding is of relatively high resistance because smaller wire is used and is of

1 4
o s
Phase Sblit by Resistance
(a)
Iy
P et 4
Phase Split by Capacitance
)
P
. I,=current in starting winding;
gllng'd dZII;:i 1;11“10 ‘g;{lt; TCOISet: ’ﬁ}’Pe Ir=current in running winding; :
aded-Pole Motor Wi wo Shading e=time phase angle between I, and ..
Coils per Pole (More Than One Shad- P gie betwe c A
ing Coil per Pole Improves Perform- Fig. 21-5. Vector Diagram of Split-
ance) Phase Motor

low reactance because it is in the tops of the slots. The phase is said to be
split by resistance. The starting and running windings are located 90
electrical degrees apart in the stator frame, and the fluxes produced by the
currents I, and I are approximately 30 degrees displaced in time. The
resulting field is a closer approach to the perfect rotating field than is that
of the shaded-pole motor. Details of construction of a split-phase induc-
tien motor are shown in Fig. 21-6.

The starting torque of the split-phase motor is usually about 23 times
the full-load running torque. However, the starting current may be 7 to 9
times as great as the rated full-load current, and for that reason this type
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of motor is almost never built in sizes greater than 3 hp. Because of

voltage disturbance caused by the high inrush of starting current, most
power-generating companies prohibit the use of split-phase motors greater
than  hp on domestic service lines.

The starting winding is almost always designed for intermittent duty
only, and is disconnected from the line by a centrifugal switch when the
motor approaches synchronous speed. Failure of the switch to open the
circuit because of a defect or because of mounting the motor vertically
when 1t is designed for horizontal operation will cause the starting winding
to be overheated.

(Courtesy Robbins & Muyers, Inc.)
Fig. 21-6. Split-Phase Induction Motor

Split-phase motors may be reversed by reversing the connections of
either the starting winding or the running winding. A typical speed-
torque curve is shown in Fig. 21-7. This type of motor is used for driving
washing machines, mangles, and other small devices which require only a
moderate starting torque.

The Capacitor Motor.—A split-phase motor may be provided with a
capacitor (condenser), whereby the phase-splitting is accomplished more
perfectly than is done by resistance and the starting characteristics are
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improved. See Fig. 21-5 (b). Such a motor is called a capacitor motor.
Its construction is illustrated in Fig. 21-8. The starting torque obtained
is 3 to 4 times the full-load running torque, and is usually about 30 per
cent higher than the maximum running torque. The starfing-current
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Fig. 21-7. Split-Phase Motor Characteristics

(Courtesy Howell Electric Motors Co.)

Note the squirrel-cage rotor and the enclosed capacitor
in the end of the frame,

Fig. 21-8. Capacitor Motor

inrush is 6 to 7 times the rated full-load current; but, because of the superior
power factor provided by the capacitor, the inrush current is only about 60
per cent of that of a resistance split-phase motor of comparable rating,.
Any device which requires a single-phase motor of high starting torque,
high efficiency, small slip, and quiet operation will be satisfactorily driven
by this type of motor.
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The Repulsion Motor.—The repulsion motor has operating character-
istics similar to those of the series direct-current motor. It has a stator
with a winding similar to that of a split-phase motor without the starting
winding. The rotor is similar to the armature of a direct-current motor,

Fig. 21-9. Elements of Repulsion Motor

but it has no electrical connection to the supply line. The brushes are
connected together in a common short-circuit. The principle of operation
will be described with the aid of Fig. 21-9.

For simplicity the motor is shown with a salient-pole stator and with
a rotor having full-pitch winding in which a conductor followed down in
any slot would be found to return in a diametrically opposite slot. Con-
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sider the rotor to be stationary and the flux to be rising in the direction
shown in Fig. 21-9 (¢). No flux threads the loop 1-9, and hence no voltage
is generated therein. In all other loops, by Faraday’s Law, voltages are
generated in the directions shown on the respective conductors. If a set, of
short-circuited brushes be placed on the horizontal axis connecting the
winding at the two points 5 and 13, no current will flow because on either

Starting Torque

—a +a +90°
Brush Shift Brush Shift

Fig. 21-10. Repulsion-Motor Starting Characteristics

the top half or the bottom half the sum of the voltages is zero. If the
brushes be rotated to the vertical axis, a large current will flow in the
brushes and in all conductors in the directions shown in (a). By Lenz’s
Law, conductors 2, 3, 10, and 11 will produce a torque in a counter-clock-
wise direction, while conductors 7, 8, 15, and 16 will produce an equal
torque in a clockwise direction. Hence, the motor will not tend to rotate.

Repulsion
Induction ®
@ g
2 x e
b) Full Load
i
Speed Speed
Fig. 21-11. Repulsion and Induc- Fig. 21-12. Repulsion-Induction
tion Characteristics Characteristic

If, however, the brushes be rotated through the angle o to the positions
shown in Fig. 21-9 (b), a new pattern of currents will appear, as shown.
By Lenz’s Law, conductors 16, 1, 2, 8, 9, and 10 will produce a clockwise
torque without an opposing torque, and the motor will tend to rotate. If
the brushes be displaced counter-clockwise from the vertical axis through a
similar angle o, the torque will be of the same magnitude as before, but will
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be in a counter-clockwise direction. The direction of the torque is the same
as the direction of brush displacemeni. Fig. 21-10 shows a typical curve of
torque vs. a. The speed-torque characteristic is shown by curve (a)
of Fig. 21-11. '

The repulsion motor is well adapted to small-crane service or other
applications in which large starting torque is essential and great speed
regulation is not objectionable.

(Courtesy Robbins & Myers, Inc.)
Fig. 21-13. Cut-Away Model of Repulsion-Induction Motor

The Repulsion-Induction Motor.—If the commutator of a repulsion
motor be short-circuited, the rotor becomes merely a type of squirrel-cage
rotor with a characteristic as shown by curve (b) of Fig. 21-11. The
repulsion-induction motor starts by its repulsion characteristics; and then
by the operation of a centrifugal switch the commutator is short-circuited
at about the speed marked X, and the motor continues its acceleration on
the indliction characteristic (b) which provides good speed regulation in the
normaltload region of speed. See Fig. 21-12.

Details of a repulsion-induction motor are shown in Fig. 21-13. These
motors are usually designed for a starting torque of 4 to 6 times the full-
load running torque. The starting-current inrush is from 2 to 4 times the
full-load current. The starting current may be adjusted to a lower value
by increasing the angle « of brush shift, but there will be a sacrifice in start-
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ing torque. Reversal is accomplished by shifting the brushes from one side
of the neutral axis to the other, just as in the repulsion motor.

This type of motor costs more than a polyphase motor of comparable
rating and is somewhat larger. It is well adapted to refrigerator com-
pressors, milling machines, floor finishers, machine tools, hoists, ete.

The Series A-C Motor (Universal Motor).—This motor is called a
universal motor because it can operate equally well on direct current or
alternating current. Its construction is similar to that of the direct-current
series motor with salient poles or to that of the repulsion motor with dis-
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Fig. 21-14, TUniversal-Motor Characteristics

tributed stator windings. However, the field and armature are connected
in series. All of the magnetic circuit must be laminated to minimize eddy-
current loss. The operating characteristics are similar to those of the
series direct-current motor in that both the starting torque and the speed
regulation are high. Curves for various conditions are shown in Fig. 21-14.

With the exception of those built for raillway-traction service, series a-c
motors are built in fractional-horsepower sizes only. They are inherently
best adapted to high-speed service (3000 to 10,000 rpm), and are commonly
used in floor sanders, vacuum sweepers, food mizxers, and other house-
hold and office appliances. To avoid the evils of poor commutation, it is
customary to shift the brushes in these motors a few degrees against the
direction of rotation, or to place the brushes on the neutral axis with respect
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to the physical poles but to rotate the commutator on the shaft a few
degrees in the direction of rotation with respect to the armature winding.
Such a motor is suitable for operation in only one direction of rotation.
Motors provided with compensating windings like those described on
page 137 will have identical characteristics in both directions of rotation.
Universal motors of the cheaper construction are not provided with com-
pensating windings.



CHAPTER 22

Electric Batteries

Primary Batteries.—Batteries are of two general types, namely,
primary and secondary. When a primary battery such as a “dry” flash-
light battery or a “wet’’ battery of zinc and copper sulfate (obsolete) is
constructed, all of the energy which the battery will ever deliver as electrical
energy is stored in the constituents as chemical energy. When a circuit is
provided between the terminals of such a battery, the current flow is
produced by the reaction and decomposition of the chemical reagents.
This decomposition and loss of energy is accompanied by an increase in
internal resistance.

The open-circuit terminal voltage of a dry battery within the useful
life of the battery is practically constant, and hence such voltage cannot be
used in determining the physical condition of the constituents, When an
attempt is made to draw current from an old used dry battery, the terminal
voltage decreases greatly because of internal resistance and the battery is
found to be worthless. Recharging is impractical and economically
unsound.

When a dry battery produces electric current, the chemical reagent
in contact with the electrode surfaces is used up and hydrogen gas collects
on the surface of the positive electrode. The collection of hydrogen gas is
called “polarization.” Because of the slow infiltration of fresh reagent and
the slow dispersion of hydrogen, the battery must be allowed to recuperate
after a short period of use. For this reason primary batteries of the dry
type are fit for only intermittent full duty.

Secondary (Storage) Batteries.—A secondary or storage battery is a
device of one or more cells for storing energy at one time for use at another
time. Knergy is put into it in the form of direct-current electrical energy
and is delivered from it in the same form, but is stored in the form of
chemical energy. After the battery is assembled, the energy is put in by
“charging” with direct current. When the battery is delivering energy, it
is said to be ‘‘discharging.”” A battery may be charged and discharged
many times before it is worn out. In charging, a direct current is forced
through the battery in opposition to its electromotive force.

The Lead-Acid Storage Battery.—The lead-acid battery consists of
one or more cells in which one or more “positive” plates of lead peroxide
on a lead frame are interleaved with two or more ‘‘negative” plates of
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spongy lead and the whole is immersed in a solution of sulfuric acid and
water. See Fig. 22-1.

When the battery is discharging, the lead peroxide is combining with
the sulfate (SO,) of the electrolyte to form lead sulfate (PbS0s). The lead
sulfate collects on the positive plates. Lead sulfate is formed on the nega-
tive plates and collects on them. This may be written as follows:

Charge Discharge
—_— '
Pb0, +2H,S80,+ Pb = PbS0+ PbS0, +2H-0
<
lead sulfuric lead lead
= t
peroxide  acid +lead sulfafue_*_sulfate_i_Wa et
A
£
Y 1280 1159
b
==
7.k

(Courtesy The Electric Storage Battery Co.)

Fig. 22-1. Lead-Acid Storage Battery Fig. 22-2. Hydrometer Used in
Testing Lead-Acid Batteries

Thus, when the battery is fully charged, the SO, is in the electrolyte; and,
when the battery is discharged, the SO, is on the plates in the form of lead
sulfate and the electrolyte is greatly diluted with water. Hence, the con-
dition of charge may be determined by measuring the specific gravity of
the electrolyte. Fig. 22-2 shows a hydrometer reading of 1.280 indicating
full charge and one reading 1.150 indicating complete practical discharge.
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Water lost by evaporation and electrolysis must be replaced frequently by
distilled water or other water of satisfactory purity. Batteries designed
for portable service and for high momentary power output such as is
required in automotive service usually have a specific gravity of 1.280 when
fully charged. Batteries designed for stationary service and continuous
duty usually have a specific gravity of about 1.220. It is therefore neces-
sary to know the specific gravity for which the battery was designed before
a hydrometer can be used intelligently to determine the condition of charge.

The automotive type of battery has the Fauré type of plate, which
consists of active material pasted into recesses or pockets of a lead frame.
This type of plate affords a maximum energy capacity per pound of weight
and per cubic foot of space. The life of the Fauré plate seldom exceeds
2 or 3 years in active service, largely because of shedding from the positive
plates.

The stationary type of battery has the Planté type of plate, which
consists of active material formed electrolytically on the lead frame.
This type of plate affords a maximum useful life, but is too heavy and bulky
for portable use.

Change in Voltage During Charge and Discharge.—The normal open-
circuit voltage of a lead-acid battery is approximately 2 volts per cell.
The battery should not be discharged further after its terminal discharge
voltage falls to 1§ volts per cell. Over a discharge period of 6 to 8 hours,
the average voltage is roughly 1.95 volts per cell.

The maximum charging voltage required is about 2.6 volts per cell.

Charging Rates.—The rate at which a battery may be safely charged
depends on the rate at which lead sulfate may be reduced on the plates and
hence depends on the rating and condition of the battery. If an attempt
is made to charge a battery at an excessive rate, part of the current is used
in reducing the lead sulfate and the excess current causes decomposition of
the water of the electrolyte. The liberated hydrogen rises to the surface.
That action is called ‘“‘gassing.”” The rate at which sulfate reduction may
be accomplished decreases as the charging progresses, and hence the
charging rate should be “tapered’ to a relatively small value at the end of
the charging period. Excessive gassing should be avoided because the
scouring action of the rising bubbles tends to wear away the active material
of the plates, particularly the positive plate. The scoured-off material falls
to the bottom of the jar, and may eventually fill the jar up to the bottoms
of the plates and short-circuit them. Furthermore, gassing indicates a
waste of energy and creates a fire and explosion hazard.

The maximum safe ampere rate of charge for any lead-acid battery,
regardless of its size or condition, is equal to the number of ampere-hours
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required to bring it to full charge. The finishing rate, however, does not
need to conform to this rule, but may be as great as recommended by the
manufacturer. Quick charging can be achieved by following this rule, but
the operation requires constant skilled attention. A compromise consists in
charging at such a rate that 63 per cent of the desired charge is received by
the battery in the first hour, and 85 per cent is received in the first two
hours. Such rapid rates of charging should be used only in emergency
because of the attention required to prevent damage to the battery.

Charging Methods.—Charging methods must be chosen to fit the type
of service. Batteries used for electric vehicle propulsion are discharged
during the travel hours of the vehicle and are then recharged in off-service
hours. They are sometimes given a ‘booster’”’ charge during the noon
hour, if the vehicle is near the charging station at that time. The booster
charge is kept as high as possible without objectionable gassing, in order to
store a maximum amount of energy in the short time allowable. A short-
time booster charge not only replaces some used-up energy but it also
accelerates the circulation of the electrolyte and makes the remaining por-
tion of the original charge more readily available for high discharge rates.
When a battery is charged in off-service hours, a moderate rate with the
usual tapered ‘“finish charge” is preferable. Equipment designed for
charging the batteries of a fleet of vehicles will automatically provide a
tapered charge.

Batteries used for central telephone or power station service are usually
charged continuously at a low “trickle charge” rate. A constant voltage of
appropriate value impressed across the battery terminals is sufficient for
proper charging. In no case should the battery temperature be permitted
to exceed 110 F.

Equalizing Charge.—In the usual cycle of charging and discharging,
all of the sulfate is not reduced in all the cells. If sulfate is permitted to
remain unreduced, its reduction becomes increasingly more difficult. The
hardened sulfate clogs the pores of the plates and reduces the capacity of the
battery. To prevent this accumulation, an “‘equalizing charge” at a rate
no higher than the “finish charge” rate should be given periodically. A
battery which is charged no oftener than once every week should have
every charge continued into an equalizing charge until all cells gas freely
and three consecutive half-hourly hydrometer readings show no increase
in specific gravity. A battery charged oftener than once every week may
be kept in best condition by making every fifth or sixth charge an equaliz-
ing charge.

Discharge Rates.—Most lead-acid storage batteries made by reputable
manufacturers may safely be discharged at any current which they are
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capable of producing. However, the ampere-hours obtainable from a
battery are greater at a low rate of discharge for a long time than at a high
rate for a short time. This difference exists because the voltage drops faster
at the higher rate. The ampere-hour capacity rating of a lead-acid battery
is usually referred to an 8-hour discharge time.
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Fig. 22-3. Nickel-Iron-Alkaline (Edison) Battery

Effect of High and Low Temperature.—In some types of batteries, the
effect of high temperature is primarily to cause the sulfuric acid of the
electrolyte to attack and carbonize the wood used as separators between
the positive and negative plates. Temperatures of 110 F or more tend
greatly to accelerate the destruction.
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Impurities in the plate substance and in the electrolyte cause localized
disintegration of the reagents and loss of charge. Batteries will hold a
charge much better if kept in a cool place.

Low temperature decreases the immediate effective capacity of a cell,
but causes no permanent injury unless the cell is in a low state of charge or
water has been added without subsequent charging.

Gas.—The gas given off by a lead-acid battery is hydrogen and is
highly explosive when properly mixed with air. Flames or glowing
cigarettes or cigars should not be brought near the battery during the
charging period or shortly afterward. Care should be taken to avoid dis-
rupting the charging circuit near the charging battery, lest the escaping
gas be ignited by the spark.

Care of Lead-Acid Battery.—When a battery is in use, water should be
added frequently. The top and the case should be kept clean to prevent
leakage paths which slowly discharge the battery. The battery should not
be permitted to stand in a discharged condition. It should be given an
equalizing charge at well-chosen intervals.

When not in use the battery should be fully charged and stored in a
cool dry place. If the electrolyte be drained off and stored separately,
local disintegration is minimized. After such draining the cells should be
filled with distilled water, unless there is a possibility of freezing tem-
perature.

The Nickel-Iron-Alkaline Storage Battery.—The nickel-iron-alkaline
storage battery was invented by Thomas A. Edison in an attempt to
develop a battery in which the chemical reaction is completely reversible.
The details of such a battery are shown in Fig. 22-3. The positive plates
consist of perforated steel tubes containing nickel hydrate, and the nega-
tive plates are steel sheets with perforated pockets containing iron oxide.
The electrolyte is an aqueous solution of potassium and lithium hydroxide.

The chemical equation of charge and discharge is as follows:

Q—
3Fe+8KOH +4H,0+6NI10y=Fe;0,+8KOH +4H,0+2N#;0,4
e—.
(Charged) (Discharged)

In this equation the hydroxide concentration (8KOH) is the same
whether the battery is charged or discharged. Hence, the state of charge
of a nickel-iron-alkaline battery cannot be determined by hydrometer
readings. The most convenient method of determining the state of charge
at any time is to charge and discharge the battery through an ampere-
hour meter arranged to compensate for the additional ampere-hours
required for charge.
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Charge and Discharge Characteristics.—The nickel-iron-alkaline
battery should be charged at such a rate as to complete the charge in about
7 hours. The ampere discharge rate is usually given on the basis of a 5-
hour discharge time. An accidental excess charge or charge in the reverse
direction does not injure the battery. An occasional short-cireuit is not
harmful.

The maximum voltage per cell when the battery is fully charged is
about 1.4 volts on open circuit. The average voltage per cell throughout
the discharge period is about 1.2 volts.
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Fig. 22-4. Comparison of Performances of Lead-Acid and Nickel-Iron-
Alkaline Battery

Care of Nickel-Iron-Alkaline Storage Battery.—No permanent injury
results when a nickel-iron-alkaline battery is over-discharged or is allowed
to stand in a discharged condition. Water must be added occasionally to
replace that lost by “gassing.” The gases produced are inflammmable, and
charging requires the same safety precautions as described for lead-acid
batteries. The fumes are not corrosive to wood or metal, as are those of
the lead-acid battery, and need not be guarded against. The electrolyte
should be renewed at intervals of 3 to 6 years. When the battery is to
be stored, it should be fully discharged and short-cireuited.
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Comparison of Lead-Acid and Nickel-Iron-Alkaline Batteries.
Advantages of the lead-acid battery are as follows:
1. It has much higher momentary overload capacity.
2. It has less change in voltage between full charge and maximum
practical discharge.
3. It costs less for comparable capacity.
4. Its efficiency is higher than that of the nickel-iron-alkaline battery.

Advantages of the nickel-iron-alkaline battery are:

1. Its weight is less for comparable capacity.
2. It requires less attention.

3. It does not give off obnoxious fumes.

4. 1t has a longer life.



CHAPTER 23

Economics of Use of Electrical Apparatus

Types of Problems Involved.—The economical use of electrical
apparatus demands the intelligent analysis of many problems of the
type common to all types of engineering, and also of some problems
peculiar to electrical engineering alone. There are problems involving
economic life, efficiency, and other items of operating cost. These items
are common to all kinds of machinery and other structures. Then there
are problems of energy rates, problems of uneconomic use of invested
capital because of low power factor, and problems of personal safety, which
are encountered only in the application and use of electrical devices.

Purchase of Industrial Machinery.—There is little danger of buying
shoddy new electrical apparatus in the United States of America, unless it
is in the field of fractional-horsepower motors and very small transformers.
In these markets there are offered items of low cost and, of course, of inferior
construction. However, the fact that inferior construction and possibly
low efficiency may be found does not condemn the manufacturers. It
merely requires an accurate understanding of the financial engineering of
purchase to guide the buyer in his choice between high and low first cost,
when the operating costs are different.

There are motors, generators, transformers, protective equipment,
ete., with various relative first costs, efficiencies, performance factors, and
life expectancies. First cost, efficiency, and performance are reducible
items and may be readily compared, but maintenance and life expectancy
are irreductble items and can be judged only by the history of the apparatus
if such is available. Furthermore, the reputation of the manufacturer is
the only assurance that unsatisfactory performance, if encountered, will be
rectified. It is common practice for all manufacturers to refuse responsi-
bility for defects arising more than 1 year or 2 years after the date of pur-
chase. This is felt to be necessary for their protectlon against the results
of abuse of the apparatus in service.

A motor, for example, is bought with the expectancy of about 20 years
of service. Where the need for a motor continues, a reinvestment would
be required every 20 yvears. If the purchaser could contract with a party
of the second part to furnish this motor service henceforth, the contract
price paid that party at the beginning of the service would be the present
worth of the permanent service. For the present worth of the investments
and reinvestments, let the symbol PWp be used. Furthermore, if the
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user could contract with a party of the third part for the cost of operation
henceforth, the contract price paid would be the present worth of that
permanent service. For this present worth let the symbol PW, be used.

The Calculation of PWp.—In the following analysis,

C. = the purchase price;
n = the life expectancy in years;
r=the interest rate.

The first motor requires an investment of C. dollars immediately.
Th
" PWpi=C.

To provide another C', dollars with which to buy the second motor at the
end of n years, it is necessary to invest at interest now the amount

C

PIVDZZW

Similarly, to provide money for purchase of the third motor, it is necessary
to invest at interest now the amount

C.
(14r)2n

Then, the present worth PWp of the investment and reinvestment for the
life of three machines would be

PWp=PWpi+PWps+PWps (23-1)

PWps=

If it were likely that the service would be required indefinitely, it would
be necessary to sum up the preceding series to (zn+1) terms. However,
in dealing with a rapidly progressing science such as the applications of
electricity to industry, it is pure folly to assume that obsolescence will not
retire any piece of apparatus in less than 100 years.

Calculation of PW,—The yearly operating cost of a motor includes
interest, taxes, insurance, repair cost, and energy cost. This total operat-
ing cost per year divided by the interest rate gives the capital investment
necessary to yield an amount of money equal to the annual operating cost
every year forever. The annual cost of operation is then said to be
capitalized. 'This capitalized amount is the item PW,.

Let (', =the annual cost of operation;
r = the interest rate;
m =number of machines to be bought consecutively.

An amount PW0=% invested now would yield an operating fund

forever, whereas a need is usually anticipated for an estimated term of years
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only. Therefore, for the years after the termination of the anticipated
need at the end of n years, there should be no investment made now to
provide for operating funds. The present worth of this unnecessary sum is

Coy 1
r o (14r)mn

and this amount must be subtracted from %’ to obtain PW,,, the partial

present worth corresponding to the years of anticipated need. Thus,

¢, C, 1
PWo= =X a5y
C, 1
or PWO = —r—[l —m] (23—2)

Therefore, PW, is capital set aside for the operation of the motor through-
out its life and the lives of its intended successors.

Calculation of PW,—The item PW, is the total present worth of the
service desired over the period of n years. Hence,

PW,=PWp+ PW, (23-3)

Example 23—-1.—A motor is to be bought to drive an air compressor. The motor
will run continuously 8 hours every day. The load is intermittent and of uncertain
duration, but is 50 hp for an average of 6 hours per day and 10 hp for 2 hours per day.
Power is available at 440 volts, 3 phase, 60 cycles.

Salesman No, 1 offers the following synchronous motor:
3 phase, 60 cycles, 440 volts, 50 hp, 1.0 power factor, 40 deg C
temperature rise, 1200 rpm
Life expectancy, 20 years
Price complete with exciter and automatic starter and

bageplate........... ... .. ... ... ..51400
Cost of installation.............. ... ... ... ........ 100
Total cost (Co).ovvrnnn e $1500

Efficiency at full load, 899,
Efficiency at % full load, 35%
Cost of maintenance, $25 per year
Salesman No. 2 offers the following wound-rotor induction motor:
3 phase, 60 cycles, 440 volts, 50 hp, 40 deg C temperature rise,

1150 rpm
Life expectancy, 20 years
Price complete with base plate and automatic starter. .. .. $1068
Cost of installation................................... 100
Total cost (Ce).onvenennn i $1168

Efficiency at full load, 88.5%
Efficiency at § full load, 34.09,
Power factor at full load, 88.5%
Power factor at § full load, 52.0%,
Cost of maintenance, $20 per year
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The cost of energy is $0.025 per kw-hr

The cost of taxes and insurance is 9 per cent of the purchase price

The interest rate is 69,

It is required to determine the choice of motor on the assumption that service will
be discontinued after 40 years.

Solution.—The present worth PW of proposal No. 1 will be found first, as follows:
PWop,=C.=$1500

C. 1500
A+ [1+0.06)%

PWp=PWpi+ PWp,=1500.00+ 467.87 = $1967.87

PWpe= = $467.87

The annual cost of operation is the sum of the separate costs enumerated as follows :

Full-load hpx 746 X hr per year of full-load hp
1000 x Eff at full load

$ full-load hp x 746 X hr per year of % full-load hp) $0.025
1000 X Eff at £ full load ’

50 746 X (6 X 365) 10X 746 x (2 x 365)

" 1000x089 ' 1000x035 ) ®0-025-8$2683.50

The cost of taxes and insurance is
$1400 x 0.09 = $126.00
The total annual operating cost is then

= $2683.50+ $126.00+ $25.00 = $2834.50
Therefore,

Oy 1 7]_2834.50T,
PW,= T[l (1 +7)mn 0.06 L (1+006)2X2°] $42,648.74

PW,= PWp+ PW, =$1967.87+ $42,648.74 = $44,616.61

The present worth of proposal No. 2 will now be found as follows:
PWpy=C.=$1168.00

C. 1168
PWos =755 = (T 0.067% ™~ $386-67

PWp=PWpi+ PW p: = 1168.00 + 386.67 = $1554.67

The annual cost of operation is the sum of the separate costs enumerated as follows:

Full-load hp x 746 X hr per year of full-load hp
1000 X Eff at full load

1 full-load hp X746 X hr per year of } full-load hp $0.025
1000 EAf at } full load ) xso.

50X 746 X (6 365) 10X 746X (2% 365)

= To00x0885 T 1o00x034 )< %0-025-82707.95

The cost of taxes and insurance is
$1068 < 0.09 = $96.12
The total operating cost is then
= $2707.95 + $96.12 + $20.00 = $2824.07
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Therefore,
2824.07F 1- 1
006 |~ (1+0.06)>
PW.=PWp+ PW,=$1554.67+ $42,491.80 = $44,046.47
The difference between the costs of the two proposals is
$44,616.61 — $44,046.47 = $570.14
Based on the present worth of the first proposal, the second one is better by 1.28%.

PW,= _] = $42,491.80
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The power-factor correction possibilities of the synchronous motor (see Chapters 19
and 25) have not been credited to it. Furthermore, if the load should decrease by 40 or
more per cent, the decreased power factor of the induction motor would bring a penalty
through the power-factor penalty clause, if any, in the power contract, whereas the power
factor of the synchronous motor could be held above the penalty point.

If the number of hours of use should increase above that given, the slightly superior
efficiency of the synchronous motor would cause the foregoing caleulations to favor that
machine even more,

Choice of Size of Apparatus.—It obviously is economically unsound to
to use a 25-hp motor to drive a machine requiring only 10 hp. Not only
is the capital investment unjustified, but at such a small fraction of full
load the efficiency of the motor is poor. If it is an induction motor, the
power factor at small fractional loads will be low. The same conditions
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exist in an under-loaded transformer; but, when a growing load is to be
supplied, it is sometimes more economical to install transformer capacity
in excess of the immediate need instead of later replacing a small unit with
a larger one.
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The curves of Fig. 23-1 show the relative purchase costs per horsepower
of several types of motors, and the curves of Fig. 23-2 show the costs of
their starting control equipment in a range of sizes from 1 to 75 hp. It is
obvious from the curve of polyphase-induction-motor costs, for example,
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that the cost of 10 hp in 1-hp motors is $39.00 X 10 = $390, whereas the
cost of the same horsepower in one 10-hp motor is but $120.00. This
difference in cost would suggest group drive by the 10-hp motor driving a
line shaft.

Group Drive vs. Individual Drive.—No hard-drawn rules favoring
group drive or individual drive for any application can be made. The
factors involved in any application are peculiar to that application and
are not common to all applications. Each case must be decided after the
advantages and disadvantages of both methods have been weighed. In
general, a saving will be realized with group drive under the following
conditions: ’

1. Where there are compact groups of constant-speed machines which
are to be run continuously or simultaneously.

2. Where there are compact groups of machines which, because of their
diversity of load, may be driven by a single motor of much smaller
rating than the combined capacities of the motors required for
individual drives.

3. Where groups of constant-speed machines with heavy peak-load
demands might require individual motors of a size much in excess of
the average running load.

4. Where the motors required for individual drive are small.

5. Where, in changing over an existing installation, the old system of
line-shafting may be used as already installed.

The initial cost will usually be less with individual drive under the
following conditions:

1. Where the machines are isolated and line-shafting is impracticable.

2. Where the roof construction will not safely support line-shafting
and the floor structure does not admit of hanging the line-shafting
beneath.

3. Where the speed of the machines must be independently variable.

4. Where it is necessary to move the machines from one location to
another frequently.

In addition to the foregoing considerations it should be remembered
that group drive with open belting presents some personal hazard.
Furthermore, where good appearance and working conditions are of great
importance, the individual drive is preferable because of the absence of
belts and line-shafting.

Operating Costs of Group Drive and Individual Drive.—The higher
efficiency of the group-drive motor is offset at least in part by the losses in
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belting and shaft bearings. There may, however, be a saving in power
costs with a group drive when the maximum demand for billing purposes is
based on “connected horsepower” (see Chapter 24). Thus, it might be
necessary because of peak loads to provide a 10-hp motor to drive a given
machine. Ten such machines would require ten motors for individual
drive, and the demand would be based on 100 connected horsepower.
It might be possible to arrange these machines for group drive and use
only a 40-hp motor, if the peak loads did not seriously overlap in the times
of their occurrences, Thus, the demand charge for group drive would be
only 0.4 times that for individual drive. Such economies in first cost and
demand charges (see Chapter 24) can sometimes be effected. In the case
of overtime work the group-drive motor must run badly under-loaded; at
times it may be necessary to drive the whole line-shaft system to operate
possibly only 10 per cent of the machines of the group.

Most Economical Size of Cable.—In planning the layout of a factory
distribution system, the four limitations stated on page 55 relative to
conductor size must be considered. The required meichanical strength and
the maximum allowable current-carrying capacity are both specified in the
National Electric Code of the National Board of Fire Underwriters. The
voltage drop allowable is fixed by the voltage variation which may be
tolerated at the load. However, these three requirentlents may be satisfied
by a conductor that is too small to meet the requirement of Lord Kelvin’s
Law, which is: For mazimum economy the yearly cost of energy dissipated
in the conductor must be equal to the yearly charges (depreciation, interest,
tazes, and repairs) against the investment in the conduttor.

Example 23—-2.—In a large cement plant it is necessary to provide three-phase power
at 500 amp to a 440-volt motor located 500 ft from the transformer substation. The
cost of energy is $0.02 per kw-hr. The load is to be carried 12 hours every day of the
year. Determine the proper size of conductor to be used.

Solution.—If rubber-covered cable is used on brackets in Opbn air inside the building,
the National Electric Code requires that a 700,000 cir mil cable be used to carry 500 amp.

The resistance of 700,000 cir mil cable at 75 C is 0.0197 ohm per 1000 ft
Resistance of 500 ft = 0.00985 ohm
IR loss in each cable = 500 x 0.00985 = 4.92 volts

Voltage from line to neutral of a 440-volt motor is %% = 2$4 volts

Maximum tolerable voltage reduction at the motor terminals is 10%, and the
tolerable reduction in each conductor is ‘

254 0.1 =25.4 volts

Phase displacement between line voltage drop and motor voltage may be neglected.
Hence, an actual drop of 4.92 volts is well within the allowab‘e limit. The mechanical
strength is certainly sufficient.

Kelvin’s Law should next be applied.
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The cost of energy lost per conductor per year is I*Ri times the cost per kilowatt-
hour. Thus,

2
Energy cost = ww%g—@ﬁx (12 % 365) X $0.02 = $215.71
The cost of 700,000 cir mil cable is $527.80 per 1000 ft. For 500 ft, the cost is
5277'80 — $263.90

This is the cost of one conductor. The fixed charges against such an investment with
an unknown salvage value may be taken at 129;. The life expectancy is 20 years.
The annual fixed charge is

$263.90x 0.12 = $31.67

Since the energy loss costs $215.71 per year, a larger cable will be more economical.
The cable loss will be inversely proportional to the area of the cross-section. The
cost of cable within a small range may be assumed to be directly proportional to the area
of the cross-section.

Let X =the new cross-section.
Then the new annual energy cost in terms of the new cross-section is
700,000 _ 150,997,000

$215.71 % X X

(a)

Also, the annual fixed charge on the new cable is

X
$31.67 % m =0.000045X (b)

By Kelvin’s Law, cost (¢) must equal charge (b). Therefore,

@%’(M — 0.000045X
150,997,000

p stk it Dt

or ’ X*=5.000045

and X =1,830,000 cir mils

The nearest commercial size is 1,800,000 cir mils. This, then, would be the most
economical size of conductor.

The assumption of linear variation of cost of conductor with conductor cross-section
cannot be justified exactly, but the error from such assumption is negligibly small.
Because of difficulty in handling very large conductors it is sometimes advisable to sub-
stitute for each conductor two or more conductors in parallel.!

PROBLEMS

1. A 10-hp motor whose {ull-load efficiency is 87.5 per cent cost $160. What must
be the selling price of a second motor having a full-load efficiency of 89 per cent, if
full-load operation only is considered and the two motors are to be exactly comparable
economically? The cost of energy is 2 cents per hp-hr. The time of operation is 3000
hours per year. Assume the life of either motor to be 25 years, and the interest rate
to be 6 per cent. The duration of the service is 75 years. Ans. $308

2. A 150-hp, 220-volt motor that costs $1200 has a guaranteed efficiency of 91 per
cent at full load. The cost of energy is 2 cents per hp-hr. The motor has a life of 25
years and is to be used 2500 hours per year. The duration of the service is.50 years.
If, instead, a 440-volt motor with an efficiency of 90 per cent were bought at the same
price, what would be the increase in the amount of the present worth of the service?

1 See National Electric Code Handbook, by Abbott. MecGraw-Hill Book Co.
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3. Ifin Problem 1 the hours of use per year were 500, what price must be paid for the
motor of higher efficiency to cause the present worth of the service to be the same when
performed by either motor?

4. A factory load of 500 kv-a of 460-volt, 3-phase motors is to be supplied by a
three-wire line from a bank of transformers 300 ft away. What size of soft copper Type
W insulated conductors must be used to satisfy the code requirements for outdoor over-
head distribution? (See Appendix for current-carrying capacities of conductors.)

Ans. 630 amp, 600,000 cir mils

5. If the available voltage at the transformers in Problem 4 is 460 volts, line-to-
line, what will be the line-to-line voltage available at the motors when the line current
is 630 amp? Ans. 464 volts

6. If the motors of Problem 5 are guaranteed to perform satisfactorily at a voltage
10 per cent less than their rated voltage and the current drawn by them when fully
loaded at 414 volts is 680 amp, what would be the maximum length of line for which the
600,000 cir mil conductor would be acceptable? Ans. 1368 ft

7. A city has a bank of three single-phase transformers, rated 200 kv-a each,
supplying a sewage-disposal plant. Each transformer has a core loss of 1100 watts and a
full-load copper loss of 1300 watts. In accord with the trend in standardization of
voltages, the power company from which energy is purchased plans to raise its distribu-
tion voltage from 2200 to 2460 volts. New transformers have a core loss of 800 watts
each. What will be the yearly saving in energy cost? The cost of energy is 1 cent per
kw-hr. Assume as an approximation that the total iron loss is proportional to the
square of the maximum flux density. Ans. 865.96



CHAPTER 24

Electric Power Rates

Power Charges.—All the charges involved in the purchase of electric
service are popularly called “power charges.” However, of the total
payment made to the power utility, only a small portion is actually a
function of rate of change of energy. The monthly power bill actually
includes the cost of fuel, the fixed charges on the equipment theoretically
reserved for the customer, and other costs of operation, in addition to the
profit for the utility stockholders and for the retirement of bonds.

When a prospective passenger purchases a railroad ticket, he pays a
simple price which includes the cost of the foregoing items, but he does
not know how his money is to be divided among them. Similarly, when s
customer pays for electric service in his home, he seldom knows even
approximately how his money is allocated among the many items which
make up the cost of that service. The expense involved in analyzing the
cost for every customer would be prohibitive. In the bill presented to the
domestic user, energy only is mentioned. The other items of cost are said
to be “hidden.” However, the size of most industrial installations and
the monthly energy bill involved justify the expense of periodic or continu-
ous analyses of the various items of cost in the billings, and they are charged
for individually.

Energy Charge.—It is obvious that there should be an item of charge
which is proportional to the energy used. This charge is fixed by the cost
of fuel and other items of operation which are functions of the kilowatt-
hours of energy used. It is called the energy charge and is based on the
monthly reading of the kilowatt-hour meter.

Demand Charge.—The load factor of all consumers is not the same.
That is, one consumer may use 5000 kw-hr of energy per month with a
nearly continuous load, which never exceeds 10 kw. The physical plant
equipment necessary to provide the maximum demand service for this
consumer will be only that required for 10 kw, and so the fixed charges to
be passed on to him should be only those associated with 10 kw of equip-
ment capacity. Another consumer may also use only 5000 kw-hr of energy
per month, but may demand as much as 500 kw through only a few hours
of use. In this case the physical plant equipment to be allotted to him is
500 kw, and so the fixed charges associated with his service would be 50
times as great as those for the other consumer. For this reason there is a

284
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“demand charge’” based on the maximum demand for power made by the
consuer.

The demand charge is sometimes based on the horsepower of connected
load, which is considered to be the consumer’s continuous threat of demand
for service. Another method of determining the demand for billing pur-
poses for moderately large consumers is to place a demand meter on the
premises two or three times in a year, and to use the reading taken at a
certain time as a basis for charge until the next reading is made, regardless
of possible changes in operating conditions in the interim. In the case of
very large consumers a demand meter is permanently installed and is read
every month at the time the kilowatt-hour meter is read. The demand
meter consists of a graphic wattmeter which produces a continuous record
to be analyzed monthly, or of a kilowatt-hour meter with a high-speed
register which is automatically reset to zero at the end of every time
interval of 10, 15, 30, or 60 minutes, according to the choice of the utility.
An indicator, which can be reset to zero by the meter reader only, shows the
maximum demand since the last resetting,.

Power-Factor Charges.—A consumer having a maximum demand
of 100 kw with 1009, power factor would pay the same demand charge as
if he had a power factor of say 509,. But the kilovolt-ampere capacity in
generating and distributing equipment required by a 100-kw load with 509,
power factor is approximately two times as great as that required for 100
kw with 1009, power factor. Therefore, in addition to the demand charge,
there must be a penalty charge against low power factor to distribute
equitably the fixed charges of the capital investment.

The actual methods used in applying the penalty for low power factor
are quite diverse, and may best be studied through reference to the actual
examples of power contracts shown in the latter part of this chapter.
Inasmuch as most industrial electrical power apparatus draws from the
power line some lagging reactive volt-amperes, the electric power utilities
welcome loads which take leading reactive volt-amperes in any amount
up to total compensation. It is sometimes possible to arrange a power
contract whereby the consumer is given a premium for maintaining a lead-
ing power factor within certain specified limits, in order to compensate for
some of the lagging reactive kv-a of other nearby consumers. The eco-
nomics of power-factor correction will be further dealt with in Chapter 25.

The demand meter is read directly in kilowatts. In some instances
the demand is determined in kilovolt-amperes, instead of kilowatts, in the
belief that the former is a more accurate measure of the investment in
physical equipment than is the latter.

Minimum Charges.—Although a consumer may use no energy within
a billing ‘period, the threat to do so and the overhead costs of keeping
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records on the service connection demand that a minimum monthly charge
be made. Some of the forms of the minimum charge may be seen in the
examples of power contracts shown.

Restricted Service Rates.—Because of the high peak demand on the
systems of some power utilities and a substantial margin of unused capacity
provided for emergency service, a restricted service is sometimes offered.
The use of such service is permitted at certain hours only, when the generat-
ing-station load is normally low. An attractive rate is possible for such
service, because of the curtailed investment required. Ideal loads for
restricted service are water pumping, water heating, and other uses of
electricity which are not necessarily synchronized with peak load operations.

SAMPLE RATE STRUCTURES
Schedule A

Alternating and Direct Electric Current Power Service. The Service
furnished under this schedule is Alternating Electric Current, Single or
Three Phase, 60 cycles, 120-240 or 220-440 volts, and Direct Electric
Current at 120-240 volts.

A minimum monthly charge of $1.25 per kw or fraction thereof, of
maximum demand, plus the following kw-hr charges for energy consumed.

First 2,500 kw-hr per month at 2} cents per kw-hr.
Next 2,500 kw-hr per month at 2% cents per kw-hr.
Next 2,500 kw-hr per month at 2 cents per kw-hr.
Next 2,500 kw-hr per month at 1§ cents per kw-hr.
Next, 90,000 kw-hr per month at 1 cent per kw-hr.
Next 100,000 kw-hr per month at .9 cent per kw-hr,

Schedule B

Character of Service:

115-230-460 volts alternating current.

Lighting will be included and will be billed at the power rate where the
normal monthly power bill amounts to not less than $125.00 per month,
provided the lighting demand is not more than 259, of the power demand.

115-230 volts direct current.

All direct current power service shall be supplied under this schedule
and the lighting will be billed at the power rate under the following con-
ditions:

A—where the normal monthly demand is 150 kilowatts or more.

B—where the normal monthly power bill is not less than $125.00 and

the lighting demand is not more than 259, of the power demand.

Minimum charge:  Two dollars and fifty cents ($2.50) net per month
on all installations up to and including 5 hp of connected load. Above 5 hp
of connected load, fifty cents ($0.50) net per horsepower per month.
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Demand: In determining the maximum demand of an installation
under power schedule B, the following rules shall apply:

If an installation is less than 5 hp, its demand will be arbitrarily fixed
at 5 hp. In installations of 5 hp to 25 hp, inclusive, the connected load in
horsepower will be multiplied by 0.6 and the product will be considered the
maximum demand in kilowatts. In installations of 25 hp to 50 hp, inclu-
sive, the connected load in horsepower will be multiplied by 0.55 and the
product will be considered the maximum demand in kilowatts. In installa-
tions of 51 hp to 200 hp, inclusive, the connected load in horsepower will
be multiplied by 0.5 and the product will be considered the maximum
demand in kilowatts. In installations of 201 hp and above, the connected
load in horsepower will be multiplied by 0.45 and the product will be con-
sidered the maximum demand in kilowatts,

RATES
Hours use of Hours use of Hours usc of
Demand* Rate Demand* Rate Demand* Rate
1to 50 $0.0660 156 to 160 $0.0345 266 to 270 $0.0272
51to 55 0610 161 to 165 .0340 271 to 275 .0270
56 to 60 0576 166 to 170 0335 276 to 280 0269
61 to 65 0544 171 to 175 L0330 281 to 285 L0268
66 to 70 0512 176 to 180 0325 286 to 290 L0267
71to 75 0480 181 to 185 .0320 291 to 295 .0266
76 to 80 .0465 186 to 190 0315 296 to 300 0265
81 to 85 0450 191 to 195 .0310 301 to 310 .0264
86 to 90 .0435 196 to 200 .0305 311 to 320 0263
91 to 95 0420 201 to 205 .0302 321 to 330 0262
96 to 100 0415 206 to 210 10299 331 to 340 .0261
101 to 105 .0400 211 to 215 .0296 341 to 350 .0260
106 to 110 .0395 216 to 220 .0293 351 to 360 0259
111 to 115 .0390 221 to 225 .0290 361 to 370 .0258
116 to 120 .0385 226 to 230 .0288 371 to 380 0257
121 to 125 .0380 231 to 235 .0286 381 to 390 .0256
126 to 130 .0375 236 to 240 .0284 391 to 400 .0255
131 to 135 .0370 241 to 245 L0282 401 to 425 0254
136 to 140 .0365 - 246 to 250 .0280 426 to 450 .0253
141 to 145 .0360 251 to 255 .0278 451 to 475 0252
146 to 150 .0355 256 to 260 .0276 476 to 500 .0251
151 to 155 .0350 261 to 265 0274 Above 500 .0250

* See page 290.

The company reserves the right to make tests at any time on the
premises of any customer, and may, at its option, fix the demand by test,
and the demand so fixed shall remain in force until the company makes
other tests to determine the maximum demand. In fixing the demand of
any installation, if there is a considerable portion of the load which is not
used during the company’s load peak, and if the customer will agree not
to use this portion of the load during such hours as the company may
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specify, then the company may take this feature into consideration in fix-
ing the maximum demand.

Discounts: Quantity discounts in accordance with the following
schedule are applicable to Power Rate B and are determined by the gross
bill, viz:

$100.01 to $125.00 49, 950.01 to  1000.00 329,
125.01 to  150.00 69 1000.01 to 1050.00 339,
150.01 to 175.00 89 1050.01 to 1100.00 349,
175.01 to  200.00 109, 1100.01 to 1200.00 359,
200.01 to  225.00 119 1200.01 to 1300.00 3519,
225.01 to  250.00 129, 1300.01 to 1400.00 369,
250.01 to  275.00 139 1400.01 to 1500.00 3619,
275.01 to  300.00 149, 1500.01 to 1750.00 379,
300.01 to 325.00 159, 1750.01 to 2000.00 371%
325.01 to  350.00 169, 2000.01 to 2250.00 389,
350.01 to  375.00 179, 2250.01 to 2500.00 3839,
375.01 to  400.00 189, 2500.01 to 2750.00 399,
400.01 to  450.00 199 2750.01 to 3000.00 3939%
450.01 to  500.00 209, 3000.01 to 3250.00 409,
500.01 to  550.00 229, 3250.01 to 3500.00 4039%
550.01 to  600.00 239, 3500.01 to 3750.00 419,
600.01 to 650.00 249 3750.01 to 4000.00 41319,
650.01 to  700.00 259, 4000.01 to 4250.00 429,
700.01 to 750.00 269, 4250.01 to 4500.00 4219,
750.01 to  800.00 279, 4500.01 to 4750.00 439,
800.01 to  850.00 28%, 4750.01 to 5000.00 4319,
850.01 to  900.00 299, 5000.01 and above 449,
900.01 to  950.00 309,

Schedule C

Rate: The consumer’s monthly bill shall be the sum of the demand
charge and the energy charge.

Demand Charge:
First 10 kw of billing demand at $30.00 per kw per year payable at the rate of $2.50
per month,
Next 30 kw of billing demand at $25.00 per kw per year payable at the rate of $2.10
per month,
Next 160 kw of billing demand at $21.60 per kw per year payable at the rate of $1.80
per month.
Next 200 kw of billing demand at $19.20 per kw per year payable at the rate of $1.60
per month.
All over 400 kw of billing demand at $18.00 per kw per year payable at the rate of
$1.50 per month,
Energy Charge: Energy used each month will be billed at the following rates:
Al kw-hrs in first quantity block at—38 mills per kw-hr.
All kw-hrs in second quantity block at—19 mills per kw-hr.
All kw-hrs in third quantity block at—16 mills per kw-hr.
All kw-hrs in excess of the sum of the three quantity blocks at 13 mills per kw-hr.
Energy Blocks

First Quantity Block: The kilowatt-hours in the first quantity block shall be as
follows:
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For corrected demands of:

From 5 kw to 25 kw—350 kw-hr.
From 25 kw to 100 kw—350 kw-hr plus 6 kw-hr for each kw of demand in excess of

25 kw.

From 100 kw to 400 kw—800 kw-hr plus 4 kw-hr for each kw of demand in excess of
100 kw.

From 400 kw to 1600 kw—2000 kw-hr plus 3 kw-hr for each kw of demand in excess
of 400 kw.

From 1600 kw to 5600 kw—>5600 kw-hr plus 21 kw-hr for each kw of demand in
excess of 1600 kw.

Over 5600 kw—15,600 kw-hr plus 2 kw-hr for each kw of demand in excess of 5600 kw.
Second Quantity Block: The kilowatt-hours in the second quantity block shall be
four times the kilowatt-hours in the first quantity block.

Third Quantity Block: The kilowatt-hours in the third quantity block shall be four
times the kilowatt-hours in the second quantity block.

Measured Demand: The measured demand shall be the average
kilowatt capacity used by the consumer during the fifteen-minute period
of maximum consumption during the month.

Power Factor: The company reserves the right to test or meter the
power factor of the consumer’s load and, if greater than 859, lagging, then
the measured monthly demand shall be decreased for billing in the ratio
that 859, bears to the actual power factor (in per cent) as determined.

The correction for all leading power factors shall be the same as for
1009, power factor.

If the power factor of the consumer’s load is less than 759, lagging,
then the measured monthly demand shall be increased for billing in the
ratio that 759, bears to the actual power factor (in per cent) as determined.

Corrected Demand: The measured demand in kilowatts corrected for
power factor shall be the corrected demand. In no event, however, shall
the corrected demand be less than 5 kw.

Billing Demand: The billing demand shall be the corrected demand in
kilowatts of the current month, but not less than 509, of the highest billing
demand of the preceding months.

Mintmum Charge: The minimum bill in any month shall be a sum
equivalent to the charge for 509, of the highest billing demand of the pre-
ceding eleven months.

Character of Service: This rate is available only to consumers having
demands of 5 kilowatts or over.

Example 24-1.—A consumer uses 6400 kw-hr of energy in a month, The maximum
demand as measured is 50.6 kw. Calculate the power bill under Schedule A,
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Solution.—The total energy charge is found as follows:

2500x0.025 =% 62.50
2500%0.0225 = 56.256
1400x0.020 = 28.00

Total = $146.75

Demand charge = 50.6 kw at $1.25 = $63.75
Total bill = $146.75+ $63.75 = $210.50
If the bill is paid when due, the charge is

$210.50 X 0.95 = $199.97

Hours Use of Demand.—The product of the kilowatts of demand and
the hours of use of that demand is a quantity of kilowatt-hours known as
a block of energy.

Example 14-2.—Solve Example 14-1, using the rates of Schedule B and taking the
demand as 50.6 hp.

Solution.—The number of hours of use of maximum demand is

6400 -+ 50.6 = 126.5 hr
Under Schedule B the rate is $0.0375 per kw-hr, and the charge is
6400 < 0.0375 = $240.00

With a gross bill of $250.00 the consumer is entitled to a discount of 129%,. Hence, the
net bill is
$240.00 x0.88 = $211.20

PROBLEMS

1. A consumer has an average monthly energy consumption of 140,000 kw-hr.
The maximum demand is 670 kw. The average power factor is 0.60. The plant works
576 hours per month, Calculate the average monthly power bill under Schedule C.

Ans. 83493.56

2. Calculate the monthly bill of Problem 1 under Schedule A.

3. Calculate the monthly bill of Problem 1 under Schedule B, if the connected load
is 1000 hp. Ans, 82172.38



CHAPTER 25

Power-Factor Correction

Importance of Power Factor.—The number of volt-amperes necessary
to supply power to a consumer is proportional to the power supplied and
is inversely proportional to the power factor at which it is supplied. There-
fore, at power factors other than 1.0, the number of volt-amperes necessary
to supply a given active power is greater than the active power itself.
Inasmuch as the capital investment, the fixed charges of which the demand
charge is intended to defray, is a function of volt-amperes, a demand charge
based on watts alone is insufficient to allocate properly the fixed charges.

Economic Limits of Power-Factor Correction.—If no cost were involved
in power-factor correction, the power factors of all industrial loads would
be regularly corrected to 1.0. In Schedule C of page 288 the power com-
pany imposes a penalty on power factors less than 0.75. In some contracts
a penalty is imposed for power factors less than 0.85. The theoretical
criterion that determines the choice of power factor below which a penalty
will be imposed is the cost of correction relative to the value of released
apparatus. Obviously, if it would cost $1000 in installed corrective appara-
tus to release $1000 worth of generating station and distribution apparatus,
the venture would yield a mere trading of dollars and would be economically
unsound where such release is the sole consideration. However, low power
factor causes poor voltage regulation in many cases, and the correction of
such regulation may justify a power-factor correction in excess of that
dictated by other considerations. The I?R losses in the generator and the
transmission apparatus caused by the increase of current made necessary
by low power factor must also be charged to this evil of low power factor.

Power-factor correction is strictly a problem of the power company,
but may affect the consumer through a penalty, if one is imposed by the
power company in its contract with the consumer. When the consumer
must pay a penalty for low power factor, power-factor correction becomes
one of his problems too.

In Fig. 25-1 is shown a kv-a diagram of a load, the power of which is
OH and the kv-a of which is 0A. Let it be assumed that seven equivalent
static condensers, of no loss and of A B kv-a each, are available to be con-
nected one by one in parallel with the load. By connecting one condenser
the angle of lag is decreased from 6; to 8, and the kv-a drawn from the line
is decreased by the amount A4;. By the installation of AB kv-a in a
static condcnser, 4 4; kv-a in generating station and transmitting equip-
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ment is released for other service. As successive condensers are connected,
the line kv-a is reduced successively, but not proportionately. When the
last condenser, which costs as much as any other, is added to reduce the

Reactive Kv-a

p |

This diagram demonstrates the economic effective-
ness of devices for power-factor correction when
used in circuits with low power factor.

Fig. 25-1. Graphic Representation of Power-
Factor Correction by Static Condenser Units

line reactive kv-a to zero, it releases only GG, kv-a in generating and dis-
tributing equipment. Thus, the effectiveness per unit of corrective kv-a
becomes less and less as the power factor to be improved approaches 1.0.
With the present cost of corrective apparatus, it is seldom sound economy
to correct the power factor to any value greater than 0.85.
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Power-Factor Correction by Resistive Load.—A resistive load, such as
a furnace, added to a system with low power factor will effect some improve-
ment. Thus, the power factor of the load in Fig. 25-2 (a) may be improved
" to that of (b) by the addition of the load kw.. As a result, the power factor
cos 6, of (@) is improved to cos 8, of (b). It is seldom, however, that the
need for power-factor correction will occur simultaneously with the need
for addition of apparatus with a high power factor.

Kwy E Kwy E
’ f
6,
%
E E g
x

(2) [(J]
Fig. 25-2, Power-Factor Correction by Addition of Active Power Load

Power-Factor Correction by Static Condensers.—The current taken
by a static condenser is practically 90° ahead of the voltage applied to it.
Therefore, the condenser kv-a may be treated as wholely reactive and
without loss component. Thus, if the power factor of the load of Fig.
252 (a) were corrected to cos . by a static condenser, the vector diagram
would be as shown in Fig. 25-3.

Kw

v

e ]
.

Fig. 25-3. Power-Factor Correction (One Phase) by Static Condenser

Kv-a,
Kv-ag

When the power factor of a three-phase system is to be corrected by
static condensers, three condenser units are usually connected in delta,
as near as practicable to the source of the low power factor. See Fig. 25—4.

Synchronous condensers are almost never used for power-factor cor-
rection by manufacturing industries.

Power-Factor Correction by Synchronous Motors.—As explained in
Chapter 19, the current taken by a synchronous motor may be made to
lead the applied voltage by over-exciting the field. Thus, a synchronous
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motor may be made to provide a load having a component that simulates
a condenser and provides some capacitive correction to any associated load
of lagging power factor. Fig. 25-5 shows the power factor of the load of
Fig. 25-2 (a) corrected to cos 6; by a synchronous motor.

1

I 1

Fig. 25-4. Power-Factor Correction by Condensers (Three Phase)

O

O

Most synchronous motors are provided with a field winding of sufficient
size to permit excitation to a power factor of 0.8 leading, when carrying
the full rated shaft load. Thus, if a motor is rated at 100 hp with an
efficiency of 929, at full load, the power input at 1009, power factor would

be
100 X 746

092x 1000 S kw

When the motor is excited to a leading power factor of 0.8, the total kv-a
input would be
81+0.8=101 kv-a

Kw,

Reactive Kv-a
Component of Motor Input

Power Component of Motor Input

Fig. 25-5. Power-Factor Correction by Synchronous Motor

and the reactive kv-a would be

V1012 —-812=60 kv-a

Power-factor correction obtained by over-excitation of synchronous motors
is very low in cost and is highly attractive.

Example 25-1.—A consumer has an average monthly energy consumption of 140,000
kw-hr. The average maximum demand is 670 kw. The average power factor is 0.60.



Power-Facror CorRECTION 295

The plant works 576 hours per month. Calculate the kv-a of static condensers required
to avoid a power-factor penalty under Schedule C of Chapter 24.
Solution.—The average hourly values are:
140,000 + 576 = 243 kw
243 +0.60 = 405 kv-a
V4057 — 2432 = 324 reactive kv-a

To avoid penalty the power factor must be raised to 0.75. The allowable kv-a values

are:
243 +0.75=324 kv-a

V3242 — 2432 = 214.3 reactive kv-a
The number of kv-a in static condensers required to avoid a power-factor penalty is
324 -214.3=109.7 say 110 kv-a

The vector diagram is shown in Fig. 25-6.
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Fig. 25-6. Vector Diagram of Example 25-1

Example 25-2.—The static condenser of the preceding example would cost $3000
installed. Under Schedule C of Chapter 24, what would be the saving in the power bill
in the first year?

Solution.—Inasmuch as the power factor is to be corrected to the minimum of 0.75
allowable without penalty, the billing demand will be equal to the measured demand of
670 kw. The charges are as follows:

Demand Charges:
10x$2.50=8 25.00
30x 2.10=  63.00
160x 1.80= 288.00
200x 1.60= 320.00
(670 —400) x 1.50= 405.00

Total =$1101.00
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Energy Charges:

1st quantity block = 2000 + [3 X (670 — 400)] = 2810 kw-hr

2nd quantity block =4 x 2810 = 11,240 kw-hr

3rd quantity block =4x 11,240 = 44,960 kw-hr

4th quantity block = 80,990 kw-hr
1st quantity block cost= 2810%x0.038 =% 106.78
2nd quantity block cost = 11,240 0.019= 213.56
3rd quantity block cost =44,960 X 0.016= 718.86
4th quantity block cost = 80,990 x0.013 = 1052.87

Total energy charge = $2092.07

Demand plus energy charge =$1101.00 + $2092.07
=$3193.07 per month

As calculated in Problem 1 on page 290, the monthly charge without power-factor
correction would be $3493.56. .
The amount saved per month because of power-factor correction is

$3493.56 — $3193.07 = $300.49
and the amount saved in the first year is
$300.49 X 12 = $3605.88

This is an excellent return in the first year on an investment of $3000.

PROBLEMS

1. In the plant of Example 25-1, a 300-hp synchronous motor is installed to run
at full load 576 hours per month with an efficiency of 929, and at a power factor of 0.8
leading. Calculate the new demand charge.

2. The motor of Problem 1 cost $1850.00. A similar motor capable of only 1.0
power factor could have been bought for $1775.00. What price per leading reactive
kv-a at full load and 0.80 power factor was paid to install the motor with a power factor
of 0.8 in preference to the motor with a power factor of 1.0? Ans. 80.41

3. A factory load consists of 400 kw of load with a power factor of 719, lagging.
Because of the power-factor penalty clause provided in the power and energy contract
when the power factor is less than 859 lagging, it is desirable to improve the over-all
power factor just enough to avoid the penalty. How many kv-a must be provided
by static condensers to effect the required correction? Ans. 150 kv-a

4. 1If in Problem 3 the correction were accomplished by adding synchronous motors
at 0.80 power factor, how many horsepower of motors running at full load and 889
efficiency must be added to the existing load to avoid the penalty imposed for low power
factor? Ans. 120 hp. Probably a 125-hp motor



CHAPTER 26

Illumination

Factors Affecting Vision.—The ability of the human eye to see depends
on the size of the object to be seen, the brightness to which it is illuminated,
the time of its exposure to the eye, and the brightness of the backgrqund
against which it is seen. The brightness of an object depends on the
amount of light falling upon its surface. It also depends on the ability of
that surface to reflect the light. An object upon which light falls is said to
be illuminated.

Intensity of Illumination; The Foot-Candle.—If a hollow sphere with
an inside radius of 1 foot be illuminated by the flame of one standard
international candle placed at the center of the sphere, the intensity of the
illumination on the inner surface is said to be 1 foot-candle. The foot-candle
is the standard unit of illumination.

Light Flux.—The light flux falling upon 1 square foot of the interior
sphere surface illuminated as just described is called a lumen. The area
of a sphere of 1-foot radius is 4= square feet. Therefore, if a hollow sphere
-1 foot in internal radius be illuminated from its center by a point light
source of 1 standard candle, the total light flux emitted will be 47 lumens.
The ability of a lamp to produce light is measured, not by its ability to
illuminate an object in some particular direction from it, but by its total
output in lumens. Hence, lamps are usually rated in lumens rather than
in candle-power.

Out-of-doors on a very bright day the illumination may be as great
as 10,000 foot-candles, while on a dark day it is sometimes as low as 200
foot-candles. The eye readily adapts itself to this wide range of intensity
by contraction or dilation of the pupil to admit less or more light. In
buildings without skylights the illumination seldom exceeds 100 foot-
candles. Near windows the illumination may be as great as 50 to 100 foot-
candles. This intensity is satisfactory for fine assembly work, inspection of
small parts, ete. Drafting boards should have about 50 foot-candles.
Office work and general reading requires 20 to 50 foot-candles. Illumina-
tion intensities of less than 10 foot-candles are unsatisfactory for any except
general lighting such as used in hallways, auditoriums and large manu-
facturing assemblies. TLocal high-intensity lighting should be accompanied
by some degree of general illumination.

Scientific research has shown that, while intensities somewhat less than
those just suggested may be used with good results, the fatigue of workmen
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and their tendencies toward accidents increase rapidly with decrease of
intensities below those recommended.

Light Sources.—The general popularity of the common incandescent
gas-filled lamp is due chiefly to its pleasing light and relatively low cost.
Lamps, such as the mercury-vapor, sodium-vapor, and neon-tube lamps, in
which a luminous vapor or gas is used as the light source, give a light of
marked characteristic color which is undesirable for most purposes. The
mercury-vapor lamp gives off no red rays, and red objects appear black
under its illumination. The arc lamp in various forms is used for produc-
tion of ultra-violet rays, photography, and projection purposes.

(Courtesy Sylvania Electric Products, Inc.)
Fig. 26-1. Fluorescent Lamp

In an attempt to produce light approximating daylight in quality, some
lighting units are provided with both incandescent lamps and mercury-
vapor lamps. This is called mized lighting. Mixed-lightirg units cost
much more than incandescent units with comparable lumen capacity, and
cannot be economically justified for most purposes, except where the color
of the light is highly important. Next to the incandescent lamp, the
fluorescent lamp is the most popular for general illumination.

Fluorescent Lamps.—The fluorescent lamp, shown in Fig. 26-1, con-
sists of a tubular bulb with an electrode sealed in each end. A small
amount of mercury sealed in the bulb produces a vapor, which is a con-
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ductor of electricity. When a sufficient voltage is applied to the electrodes,
the column of vapor glows weakly. However, the inside of the tube is
coated with a phosphor powder which, when excited by the mercury-vapor
glow, responds by glowing brightly and is said to be “luminescent.” The
various dominant colors available from these lamps are obtained by proper
choice of phosphor used in the coating,
and the shades are affected by the vapor
pressure.

Fluorescent lamps, in common with all
other electric-discharge sources of light, re- e
quire auxiliary control devices. One of gy 262 Choke Coil for
these devices, which is shown in Fig. 26-2, Fluorescent Lamp
is usually an iron-core choke coil or imped- )
ance coil, called a ballast, in series with the lamp. When the lamp is turned
on, the choke coil permits a voltage which will start the discharge; but, by
its impedance, it reduces the voltage across the lamp after the discharge
current begins to flow. Another of these
control devices, shown in Fig. 26-3, is a
starting switch which momentarily closes
the circuit through a heater coil in one end
of the tube and then opens it after the glow
has started. The low power factor caused
by the ballast reactor is improved by the
addition of a shunt condenser or by using
the lamps in pairs, one lamp of each pair
having a condenser element in its ballast.

A tube with a heater in only one end
will glow during only one half of every cycle,
and would produce stroboscopic effects that
are undesirable for most uses. For this rea-
son, most fluorescent tubes are provided
with a heater filament in each end, so that

(Courtesy Sylvania Electric tbey glow during both halves of every cycle.

Fig. 26.3. Starter for Fig. 264 shows. such a tube with }ts l?alla}st

Fluorescent Lamp and starter. Fig. 26-5 shows a circuit dia-

gram similar to that of Fig. 264 but in-

cluding also a condenser which hag been added to improve the power factor.

Fig. 26-6 shows a circuit in which two lamps are used with a ballast hav-
ing a high power factor.

Fluorescent lamps have a spectrum which approaches daylight more
closely than does that of incandescent lamps, and fluorescent lamps are
sometimes preferred for that reason. In general, they lose their usefulness
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because of decrease in light output caused by darkening before they fail to
operate.

Lamp Life.—Incandescent lamps, except those used in series street-
lighting circuits, are rated in watts at a certain rated voltage. They are
also designed for a certain length of life, such as 500, 750, 1000, 2000, and

L ——o -
A-C.Line

Fig. 26-4. Fluorescent-Lamp Circuit With Ballast and
Starter Switch

A-C Line Lamp

To %t

Fig. 26-5. Circuit for Single Fluorescent Lamp With
Ballast Having High Power Factor

| A-C Line Lamp
o C[:r:__.'_}
I B
(S)B
Fig. 26-6. Circuit for Two Fluorescent Lamps With
Ballast Having High Power Factor

3000 hours. The life of a lamp is dependent largely on the operating
temperature of its filament. Its efficiency as a light producer also depends
on its temperature. An economic balance between maximum life and
maximum efficiency is attained by the manufacturer, so that the cost of the
lumen-hours from the lamp will be a minimum. An incandescent lamp
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operated at low filament temperature will have a long life, but its lumen
output per watt of power input will be low. An incandescent lamp
-operated at very high filament temperature will have a high lumen output
per watt of input, but its life will be short. The rated voltage of a lamp
is that voltage at which the best economic balance is obtained between
efficiency and life. However, the inconvenience and cost of replacing a
highly efficient 500-hour lamp frequently in an inaccessible location may
be so great that a less efficient 2000-hour or 3000-hour lamp would be
preferred because of less frequent replacements.

When the filament of an incandescent lamp is lighted, particles of
filament are driven off. These particles collect on the inside of the bulb,
and cause darkening and hence a reduction in efficiency of light production.
This darkening may so reduce the efficiency that it would be more eco-
nomical to replace the lamp, even though the filament has not burned out.
In practice, however, this is seldom done. . The voltage at a lamp should
not depart more than 3 per cent from the rated voltage.

Frequent starting of fluorescent lamps may take more life from them
than long hours of burning because electrode evaporation is much more
violent in the starting period.

Comparison of Efficiency.—In an incandescent gas-filled lamp, 60 to
75 per cent of the energy is radiated as heat. In a fluorescent lamp, only
about 25 to 35 per cent of the energy is radiated as heat. Because the
efficiency of light production of fluorescent lamps is about double that of
filament lamps, and because the per cent of radiated heat is only about half
as much, the sensation of heat from a fluorescent lamp is only about one-
fourth that of a filament lamp for the same light output. Fluorescent lamps
may be operated economically on any voltage within 6 per cent above or
below rated voltage, but their efficiency decreases at higher voltages. With
present types of auxiliary equipments, they are not suited to flashing or
dimming applications. They operate most efficiently in temperatures
between 70 and 80 ¥, and are likely to develop starting difficulties in
refrigerated show cases or in outdoor applications in winter.

In general it may be stated that, if the color of light is not important,
filament lamps are more satisfactory than fluerescent lamps where the
illumination needed is low or moderate and the use is intermittent. The
fluorescent lamp is more satisfactory where the intensity must be high and
the lamp is burned many hours with few starts.

Light Control.—The eye must be protected from light that comes
directly from a high-intensity source. This is done by redirecting some
or all of the light upon the surface to be illuminated, or by enclosing the
lamp in translucent glassware. Redirection is accomplished by reflectors,
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which not only salvage the light directed in non-useful angles but also
diffuse that light to produce a soft illumination. Such light control pro-
duces direct lighting with a maximum efficiency of use of the light flux.
Direct-lighting units must be so arranged that the eye in the usual working
positions will receive no glare, either directly from the lamp itself or from
reflecting polished surfaces. Light that is
directed upward and reflected from a light-
colored ceiling produces a more pleasing
effect than does direct lighting, because of
more effective diffusion. This type of
/ \ lighting is said to be #ndirect. Indirect
lighting, while most pleasing of all, is also
Dome without Diffuser least effective in its use of light flux. Semi-
tndirect lighting is accomplished with a
luminaire which directs most of its light
toward the ceiling but permits some to pass

directly into the room.

/ \ Selection of Industrial Lighting Units.
General overhead industrial lighting is

~——" usually accomplished by the use of incan-

Dome with Diffusing Globe descent lamps with the RLM (Reflector

and Lamp Manufacturers’) Standard Dome

Reflectors shown in Fig. 26-7, or by multi-

ple units-of fluorescent lamps. The selec-
white Glass Neck  tion and placing of incandescent units may
be accomplished with the aid of Tables 26-1
and 26-2, as follows:

L \ Step 1. Determine the mounting height

as the highest point above the floor at

Dome with Diffusing White Glass Neck which the reflectors can be suspended with-

Fig. 26-7. RLM Dome out interference with belting, shafting, etc.
Reflectors

Step 2. Refer to Table 26-1 and, with
the mounting height of step 1, ascertain the proper spacing distance. If
spacing so obtained doesnot fit well in the building bays, a smaller spacing
with a lower mounting height should be used.

Step 3. Select from Table 262 the foot-candle illumination required
by the class of work, and find the nearest corresponding value in Table
26-1 under the selected spacing distance.

Step 4. Having found the proper foot-candle intensity, read, from the
first column in Table 261 on the left, the lamp size required. Reflectors
must be bought to fit the lamp size.
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The procedure just outlined does not allow for reflection from walls, and
takes no account of the height of room in relation to its width.! Table
26-1 is only for low-level general lighting.

Selection and spacing of other types of units should be carried out
according to the recommendations of the manufacturer. In some installa-
tions, building vibration is so severe as to reduce seriously the life of lamps.
Special shock-absorbing hangers are recommended for such service.

(Courtesy Sylvania Electric Products, Inc.)

Fig. 26-8. Industrial Type of Fluorescent-Lamp Fixture

Fig. 26-8 shows an industrial type of fluorescent-lamp fixture for two
100-watt lamps. Table 26-3 shows the proper spacing and mounting
height to obtain any normally used intensity of lighting with such a fixture.

PROBLEM

1. A rough carpentry shop 50 ft by 100 ft, with no usable natural lighting, is to be
illuminated by incandescent units with RLM dome reflectors. The suspension height
is 143 ft. Specify the location of outlets and the size of lamp to be used in each.

Ans. 3 rows, 18-ft spacing, 18 outlets, 300 or 500 walts each.
Use diffusing domes.

! For more accurate calculations, the reader is referred to booklets published by the
General Electric Company, Nela Park, Cleveland, Ohio.



CHAPTER 27

Electronic Devices

Thermionic Emission.—If the plates of the condenser of Fig. 5-14 be
maintained at normal room temperature, say 22 C, and be separated by
air at normal pressure, the attraction of the electrons of the charged nega-
tive plate toward the positive charge of the other plate will result in no
migration between plates unless the potential difference be made so great
as to cause breakdown of the resistance of the intervening air and permit
a spark discharge. If the plates be sealed in a highly evacuated cell, the
same phenomenon would be observed. If, however, the negative plate
(or electrode) be heated to incandescence, the movements of the electrons
therein will be greatly accelerated and some of the electrons themselves
will leave the electrode and cluster in an invisible cloud around it. This
cloud of electrons is said to constitute a “‘space charge,” and the phenom-
enon is called ‘‘thermionic emission.” Some of these electrons in space,
having been freed from the negative electrode by high temperature, will
migrate to the positive plate or electrode under the urge of the applied
potential. This migration of electrons and their passage around the cir-
cuit constitutes an electric current, and its strength may be measured by a
sensitive ammeter. A simple circuit carrying such a current is shown in
Fig. 27-1. If no potential were applied, the cloud would form neverthe-
less; but no migration would occur.

Tt should be noted that the direction of flow of electrons in the circuit
is opposite to that in which electricity is conventionally said to flow. This
contradiction occurs because the convention was established before the
facts were known and it cannot now conveniently be reversed.

Electron Affinity.—In an electron tube the element from which it is
intended to draw electrons is called the cathode. The element to which
the electrons are drawn is called the anode. Electrons are reluctant to
leave a cathode at ordinary room temperatures, and high voltage is required
to release them. If the temperature of the cathode is raised, the electrons
acquire added velocities which; if the temperature is high enough, enable
them to leave the cathode; however, they tend to fall back again. In the
state of separation from the cathode the restraining attraction of the
electron toward the cathode is greatly decreased, and the electron may be
attracted to the anode by a voltage much less than that which would be
necessary with a cold cathode. When an electron is acted upon by a
potential, as from battery B in Fig. 27-1, it leaves the cathode at a velocity
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that depends on the plate potential and the initial velocity attributable to
temperature. The electron mass acted upon by the potential, called the
anode or plate potential, is accelerated until it reaches the anode. The
velocity v of an electron “‘falling through’’ a voltage E is

v=5.93X10"X/E (27-1)

The velocity v is in centimeters per second, and is expressed in “‘electron
volts.””  The initial velocity required for the electron to leave the cathode
depends largely on the material of the cathode, and may vary between 1
and 6 electron volts. This voltage is called the electron affinity of the metal.

Electron Flow
— -
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==
e b=
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I o
\_/ £
©
['N T3
I
4 Plate Voltage
gzgiir;ent Fig. 27-2. Saturation Curves for
Cathode Temperatures
Fig. 27-1. Diode and Simple Circuit Ty, T-and T,

Every metal when heated will emit electrons, and the rate of emission
increases with rise in temperature. Pure metals have a high affinity and
must be heated to very high temperatures. Only tungsten and tantalum
will withstand the necessary high temperature.

Oxide-Coated Cathodes.—It has been discovered that a cathode coated
with an oxide of barium, caleium, or strontium will emit many times as well
as uncoated metal. The temperatures of such coated cathodes need not
be so high as those of uncoated cathodes, and a less expensive metal may be
used. Lower plate voltages may also be used. Uncoated cathodes are
still used for tubes with very high voltage.

Direct and Indirect Heating of Cathodes.—If a cathode is heated by
passing a current through it, it is said to be directly heated. The cathode
is then a filament of ribbon or wire. Defects of this construction are:
The filament is fragile, and the two ends of the filament are at different
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potentials with respect to the anode. This difference of potential leads to
difficulties when the filament is heated by alternating current.

An alternate construction is one in which the coated cathode is in the
form of a thin-walled coated tube. Inside the tube is the heating filament,
and the cathode is heated by radiation from it. These cathodes require
more time to become heated to operating temperature but have the virtues
of being rugged and of having no direct connection to the heating element.

The Diode.—An electron tube with two elements only, as described, is
called a diode. Fig. 27-1 shows a schematic diagram of a simple diode
circuit. The filament or cathode F is heated by the battery A. The
battery B produces the negative charge on the filament and the positive
charge on the plate. The ammeter I indicates the flow of electrons con-
stituting the electric current, which may be put to useful service. The
maximum rate at which electrons may be drawn from the cathode cloud at
high plate voltages is dependent on the number of electrons available.
The rate at which electrons are “boiled off”’ the hot cathode and made
available 18 determined by the cathode temperature. A curve of plate
current vs. plate voltage like each of those shown in Fig. 27-2 is called the
saturation curve of the electron tube.

Flectrons of the space charge, by their repelling action on electrons at
the surface of the cathode and by their proximity thereto, tend to limit
the number of electrons emitted. For this reason, at the rated plate
voltage or any lower voltage, the plate current of any particular electron
tube is limited chiefly by the space charge and is said to be “‘space-charge
limited.” The characteristic curve flattens off because, for any particular
cathode temperature, only a limited number of electrons can be emitted.
Tubes operated in the flattened portion of the curve are said to be ‘“tem-
perature limited.”” Radio tubes are normally operated in the space-charge-
limited range or the range below the knee of the curve in Fig. 27-2. This
becomes important where high peak currents are required from the tube.

For a flat anode and cathode the characteristic curves of Fig. 27-2 for
any cathode temperature may be expressed by Child’s Law as long as the
cathode is emitting freely and the current is therefore not space-charge
limited. Under such conditions,

I
I1=234%x10"°% XZ—Z (27-‘2)
where d is the spacing between anode and cathode, in centimeters.

The Diode as a Rectifier.—If for the battery B of Fig. 27—1 there be

substituted a source of alternating emf, a current will flow as long as that
emf charges the cathode negatively. When in the other half-cycle the
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plate is charged negatively, no current will flow because there are no free
electrons around the cold plate to migrate to the filament. Hence, the
tube will conduet in one direction only and may be used as a rectifier of
alternating current. For rectification of all but very small currents, the
gas-filled diode is more satisfactory because of its lower effective impedance.
The high-vacuum diode is suited to high-voltage (50,000 volts or more)
low-current service, such as for smoke and dust precipitation and radio
transmission.

The Gas-Filled Diode.—In the high-vacuum type of diode, the voltage
drop between elements is high. That high voltage drop may be greatly
reduced by the introduction of a small amount of gas.

Transtormer Primary Transformer Primary

Filament
Plate
Sl

@ @

S Battery ,_hf_'f

£ g

: ANVAN :

s s

(<] S

' Half-Wave Rectifier Full-Wave Rectifier
(@) (v)

Fig. 27-3. Elemental Circuit of Tungar Battery Charger

If an electron, in its journey from the cathode to the plate, collide with
a gas atom with sufficient velocity, one or more electrons will be detached
from that atom and will be caused to join those in migration. The gas
atom, having been robbed of one or more electrons, exhibits a positive
charge and is said to be tonized. Thus, the gas atoms contribute electrons
over and above those starting their migration from the cathode because of
plate potential, and the resulting current flow is increased in that way
because of the presence of gas and because the slow-moving ions tend to
neutralize the space charge. Diodes of the gas type are used extensively
in battery-charging service. In Fig. 27-3 (a) and (b) are shown simple
circuits for battery charging by half-wave and by full-wave rectification.
Fig. 27-4 shows an industrial type of diode charger. Overloads are liable
to destroy the active surface of the cathode by bombardment from gas atoms
which have lost one or more electrons by ionization and, being positively
charged, are attracted to the cathode.
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(Courtesy Westinghouse Electric Corp.)
Fig. 27-4. Diode Battery-Charger

Metering of Rectified Current.—The average value of one-half of a sine
wave of current (beginning at a time when the current is zero) whose

maximum value is I, is

@m=% I sin ot d(wt)
4]
—0.6361,

For the whole cyele of current, only one-half of which is used,

iavg = 06326—171 = 03181,,,

This is the value read on a direct-current ammeter,

(27-3)
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The effective value of one-half of a sine wave of current (beginning at
a time when the current is zero) whose maximum value is I,, 18

Tetr = /‘/i/ 12, sin” wt d{wt)
T
0

For the whole cycle of current, only one-half of which is used, the effective

value is
2
Tots = /‘/ <—0'70271"")— =0.501,, (27-4)

Hence, an a-c ammeter in series with a d-c ammeter in a resistive circuit
carrying half-wave rectified current would read higher than the d-c meter
in the ratio of

0.50

A direct-current ammeter is provided on a rectifier intended for battery
charging because the charging value of any current is proportional to its
average value, and not to its effective value. The effective value as read
by an a-c ammeter is always the heating value.

Capacitor Voltage

\ / \
// \ / \
/ \ . / \
A\ Time / \

- Y
C tor C t /
) . apacitor Curren \\ / Applied Voltage
N

(a) ) -

Fig. 27-5. Voltage Characteristic of a Condenser-Loaded Half-Wave Rectifier
When a Resistive Load Is Added in Parallel

The ratio of the reading of an a-¢ ammeter to the reading of a d-c
0.707
0.636

ammeter in a resigtive circuit earrying full-wave rectified eurrent is

1.11.

The ratio of the readings of a-c and d-¢ ammeters in a battery-charging
circuit carrying half-wave or full-wave rectified current depends on the
relative magnitudes of the battery voltage and the maximum value of the
charging voltage; and so the foregoing ratios do not apply accurately in
that case. Before a charging current can flow, it is necessary that the
voltage of the charging device be greater than the emf of the battery.
Hence, the charging-current impulse is not a complete half-cycle of a
sinusoid.
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The Half-Wave Rectifier With Capacitance Load.—If in the circuit of
Fig. 27-3 (a) the battery is replaced by a condenser, the condenser will be
charged to the peak plate voltage on the first half-cycle in which the plate
is positive. Successive half-cycles of positive plate voltage will then have
no effect on the potential of the condenser. If the condenser is used as a
source of very small current, however, its charge will be drained off some-
what between positive half-cycles and will be restored successively by
following half-cycles of positive voltage impulses. Fig. 27-5 shows the
phenomenon of drain and recharge when the load is a high-resistance
registor. The rate of drain between charging impulses follows the ex-
ponential law of discharge of a condenser through a resistor and is therefore
a function of C and R.

Capacitor Voltage

= A
\ \
4 / \ 7 \
T | [/ N/ N/ N/
/ / / \ /
/ \\ / \ \
B |/ ¥/ \\'/ \\'/
\ I\ AN 7
\ 7/ \ 7\ //
\ /N /A /
\ / \ / \ /
\\ // \ // \ /
~_” \\__/ \\V//
(a) )

Fig. 27-6. Voltage Characteristic of a Condenser-Loaded Full-Wave Rectifier
When a Resistive Load Is Added in Parallel

In applications where loss of condenser voltage because of current drain
is within acceptable limits, the half-wave rectifier is satisfactory and is
desirable because of its simplicity. If the current drain through the load
is unusually heavy, it is advisable to use a full-wave rectifier, like that
shown in Fig. 27-3 (b), which recharges the condenser to full voltage
twice as often as does a half-wave rectifier. This voltage characteristic is
shown in Fig. 27-6.

The Half-Wave Rectifier With Inductive Load.—If a purely ideal
inductive load were connected to a half-wave rectifier, the voltage applied
to the load would be switched on every conducting half-cycle when the
voltage was zero and about to become positive. It is to be expected then
that the current would rise as shown in Fig. 8-10. When the voltage
reached zero at the end of the first conducting half-cycle, the current would
be maximum instead of zero as it would be if the load were purely resistive.
The tube would then continue to conduct during the following negative
half-cycle because the decreasing flux of the inductance would simulate
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a generator with positive voltage applied to the plate. The current would
then be completely sinusoidal but always positive.

If the load consists of both inductance and resistance in series, the self-
induced voltage of the inductance cannot maintain the current throughout
the entire negative half-cycle of generator voltage, and the current varies
as shown in Fig, 27-7.

m
Current if R=0

Ve //\\
// A Current //
/ \ Curren y e e
/
/ \ /
X 4
/
\\ / 50

N 4 B

Fig. 27-7. Current Characteristic of Half-Wave Rectifier Connected
to an RL Load

The Full-Wave Rectifier With Inductive Load.—If the load were purely
inductive on a full-wave rectifier, the current in the inductance would rise
on the first conducting half-cycle on one tube to point m in Fig. 27-7 but
would not fall again because it would be augmented by the current from the

- L

Fig. 27-8. Full-Wave Rectifier With RL Load

second tube on the succeeding half-cycle. As a result the load current
would continue to rise until some element of the circuit was destroyed or
the rise was limited by some element other than the inductance.

If, however, the load contains resistance in series with the inductance,
as in Fig. 27-8, the current will rise only until the voltage drop across
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the resistance is equal to the d-c component of the load voltage. The d-c
or average value of a half-wave of a sinusoid starting at zero is 0.636 times
the maximum value, as derived on page 311. If the inductance of the load
is large, the current through the load resistor and hence the voltage avail-
able between A and B will be nearly constant. A condenser connected
across R will reduce still further whatever ripple remains. The foregoing
statements are made on the assumption that the voltage drop through the
tube is negligible.

Actual Voltage

\ \, 1N

Fig. 27-9, Simplified Ripple Voltage (Steady State) Across RC Load
Connected to Full-Wave Rectifier

Comparison of RC and RL Loads.—When a full-wave rectifier load
consists of resistance and capacitance in parallel, the direct voltage avail-
able across the load is the maximum value of the applied voltage less that
which occurs because of loss of condenser charge between charging impulses.
When the load consists of resistance and inductance in series, the direct
voltage available (across R) is only 0.636 times the maximum value of
applied voltage.

The RC load, while making a relatively large voltage available when no
current is drawn from it, does lose voltage when a current is taken from it
because of draining of charge from the condenser. The RL load, in com-
parison, maintains its no-load voltage value across R more closely when
cwrent is drawn from terminals A and B.

Magnitude of Ripple in the Qutput Voltage of RC Load.—The voltage
variation across the terminals of an EC load on a rectifier depends on the
loss of charge on the condenser between charging impulses, and so depends
on the magnitude of current drain to the follower circuit and also on whether
the rectifier is half-wave or full-wave. With either half-wave or full-wave
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rectifier, sufficient accuracy may be had by using the simplifying assump-
tion that the ripple is saw-toothed instead of having sinusoidal and ex-
ponential components. This comparison is shown in Fig. 27-9 for a full-
wave rectifier.

Example 27-1.—Suppose that a condenser in an RC load on a full-wave rectifier is
required to deliver an average current of 100 milliamperes at 1000 volts (average) with

a deviation therefrom of only 10 volts, How many microfarads of capacitance are
required? The frequency is 60 cycles per second.

Solution.—Under the simplifying assumptions the condenser discharges from 1010
to 990 volts in one half-cycle or t3v sec. If the discharge continued at that rate, the
time ¢ required for the condenser to discharge would be

1010 1
t=—2—0—)<m=0421 sec
The initial discharge current is
7, =0.100 X 1010 _ 0.101 amp
1000

Thé initial power of discharge is then
pi=eX1;=1010x 0.101 = 102.01 watts

The condenser voltage and current decrease together and their product is inversely
proportional to the square of the time of discharge. The average value of this square-
law function is one-third of the initial discharge rate. Therefore,

_pi_102.01 _
Pave = 3 3= 34 watts

If the initial charge is @, and the charge remaining tiv sec later is Q;, then

Q;=34x0.421 = 14.31 watt-sec

990
and Q=01 X 1010~ 14.02 watt-sec

In a condenser, @ = EC. Therefore,

(:=14.31=1010 C
Q:=14.02= 990 C

By solution of either of these equations, C =0.014115 farad or 14,115 mfd.

Peak Inverse Voltage.—In the full-wave rectifier of Fig. 27-3 (b)
either tube when not conducting will have impressed upon it a voltage
equal to the peak value of the whole transformer. That voltage, which is
called the peak inverse voltage, is attempting to force an electron current
from anode to cathode (backward) through the tube. Therefore, when a
diode is used in a full-wave rectifier, it should be chosen with proper regard
for its rated peak inverse voltage.

The Triode.—If a mesh screen or grid be placed between the cathode
and the plate of a diode, its presence will not materially affect the migration
of electrons. However, if the grid be charged negatively with respect to the
cathode, some of the electrons migrating from the hot filament will be
driven back in accordance with the law of repulsion of similar charges, and
the current flow in the plate circuit will be diminished. Conversely, a
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positive charge on the grid will accelerate the migrating electrons and will
increase the plate current. Because the grid is much nearer to the cathode
than it is to the plate, a small change in grid potential may be made to
cause a great change in plate current. This action is called amplification.
The three-electrode tube is called a triode. By use of the triode a small
amount of power may be made to control a large amount of power. Such
a high-vacuum tube is known as a pliotron.

Grid Volts Plate Volts, Ey,
—20 —16 -—12 -8 -4 0 100 200 300

E..=negative grid bias

Fwy=average value of plate voltage
es=instantaneous total plate voltage

e.=Iinstantaneous total grid voltage
e, =instantaneous value of a-¢c component of grid voltage
ey=instantaneous value of a-¢c component of plate voltage
Iy=average value of plate current
p=Instantaneous total plate current
ip=Instantaneous value of a-c component of plate current

Fig. 27-12, Amplification of Alternating Voltage

5.5 volts peak-to-peak grid input
110 volts peak-to-peak plate output

Transfer and Plate Characteristics of a Triode.—In Fig. 27-10 is shown
a family of curves, known as mutual or transfer characteristics, drawn for
various plate voltages on a 6C5 triode. Inasmuch as the negative grid
portions of the characteristics are of importance, only those portions are
shown. Another set of characteristics, known as plate characteristics, is
shown in Fig. 27-11 for a 6C5 triode. Fig. 27-10 and Fig. 27-11 are placed
close to each other for convenience in further development. From these
curves it is possible to predict the performance of a triode in a circuit. In
Fig. 27-12 it is seen how a small negative grid bias voltage can be used to
control the plate current produced by a large plate voltage.
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The Load Line and Dynamic Characteristic.—Figs. 27-10 and 27-11
represent the static characteristics of a 6C5 which will now be used to
develop the dynamic characteristic in conjunction with a circuit. In
Fig. 27-13 is shown the circuit to be used as an amplifying device for
alternating voltage. By Kirchhoff’s Law,

) Ebb = ibRL + €p
or €p = Ebb - ibRL (27—5)

This is the equation of a straight line called the load line. If e, across the
triode were zero, all of the voltage Ew would appear across B, ; and the cur-

rent 7, would be
E bb

"R,
400
~ 50,000

1f the voltage e, were 400 volts, no voltage would be left for R.; so
would be zero. With these intercepts known, the load line is drawn in
Fig. 27-11.

%

=(.008 amp

e 4o
| 1
b
4] S 2 =50,00022 IEIRN
R
o
— ()
= Eyp=400 s
€g —_—
Ecc T— _j'—_ I
—”||+ | o — — — e
Il B

Fig. 27-13. Triode Amplifier Circuit

Intersections of the load line and the plate characteristics of Fig. 27-11
represent points for which the plate current is such that the sum of the
voltage across the triode and the voltage drop across R, is equal to the
plate battery voltage E. If all such points are transferred to the mutual
characteristic graph of. Fig. 27-10, the resulting locus is a tube-and-circuit
characteristic called the dynamic characteristic.

Plate Resistance.—When the plate current flows in a tube, a portion of
the plate circuit voltage is required to force the electrons from cathode to
plate. That voltage acts as an ordinary rz drop in the circuit; however,
inasmuch as the plate characteristic is not linear, the voltage drop is not
proportional to the plate current. The resistance which causes the voltage
drop is called the plate resistance. The plate resistance, being a dynamic
function of plate current, must be specified for some particular value of grid
voltage to have any meaning.
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For any quiescent point on the tube characteristic, the plate resistance
is equal to a small change of plate voltage divided by the resulting change
in plate current. Thus,

. e
P AL
The plate resistance may be found most easily by drawing a straight line
tangent to the plate characteristic at the quiescent point chosen and then
calculating the resistance from the slope of the tangent line. Most
manufacturers of tubes give the plate resistance at several quiescent points.

(27-6)

Voltage Gain of a Tube.—The amplification factor u of a tube cannot
be considered as all profit because only the change of voltage across the
load resistance Ry is available for use. The voltage gain v, must be calcu-
lated by comparing the change in voliage across Rz only with change in
e.. 'The voltage change across Ry is only proportional to the total change
in e, because the circuit contains r,. Therefore,

R

vy = Rotr, (27-7)
Amplification Factor, Plate Resistance, and Transconductance.—The
plate current of a triode in its circuit may be made to change by changing
either the plate voltage or the grid potential. The amplification factor
relates these two functions. If, from a given operating point on the mutual
characteristic, a change of grid voltage Ae. results in a change of plate
current A7, and a subsequent change of plate voltage — Ae, will restore the

plate current to its original value, then the amplification factor is

=22 (27-8)

For example, if a change of 40 volts on the plate will restore a plate-current
change caused by a change of +2 volts on the grid, the amplification factor
is 20.

The plate resistance r, is found by dividing a small change in plate
voltage by the accompanying change in plate current (in amperes).

The grid-plate transconductance or mutual conductance g. is found
for any fixed plate voltage by dividing a small change in plate current Az,
by the change in grid voltage Ae. that produced it. Therefore,

_diy
gm - dec
and B=Gnlp (27-9)

where ¢, is in mhos and 7, is in ohms,

Amplification of Alternating Voltage.—In the circuit of Fig. 27-13 let
it be assumed that an a-c generator impresses a voltage e, between the
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grid and the cathode. This voltage is superposed on the bias voltage E..
and therefore adds to and subtracts from E. on the dynamic characteristic.
This action is shown in Fig. 27-12. A positive increase in grid voltage
(reducing the grid bias) causes an increase in 7;. An increase in 7, causes
an increase in 7R 1 across the load resistor, thus leaving a smaller voltage e,
across the triode. The voltage e, is therefore reversed in phase from e..
The instantaneous plate current is

’ib = Iz,+l'p(,,mx_) sin wi (27—10)
The instantaneous component of voltage across the triode is
Cp= —’ipRL= _ipRL(max_) Sin wi (27—11)

This is the output voltage available between terminals A and B of Fig.
27-13.

If the dynamic characteristic were linear, the output voltage would
have the same wave form as the grid input signal. Only a portion of the
dynamic characteristic is acceptably straight, however, and it is important
that the bias voltage E.. be so chosen that the swings of e, will not over-
reach the straight portion. Regardless of the bias point chosen, excessive
grid signal voltage will cause more than the straight part of the dynamic
characteristic to be used and distortion of the output voltage across Ry
will oceur.

The Alternating-Current Equivalent Circuit.—For the circuit of Fig.
27-13, the equation for plate current change is

. A
Aty =gm Aey+ 8% G P
T
Also, Ae,= — Ry A1, rp
. - R, AL ™~
Therefore =0m —n 1 R
erefore, A7, =g, Ae;+ Y ]eg N, L
By simplifying the equation, we obtain l#eg
. GmTp Aey |
A L i
YR F EK lent C
1 = ig. 27-14, Equivalent Circuit
Since gur, s 1 Ae Corresponding to the Circuit of
AL, = Vg 27-1 Fig. 27-13
b + R (27-12)

It follows, therefore, that a generator having a voltage u Ae, and con-
nected in series with the anode would produce the same change A7, in the
plate current as Ae, in the grid circuit actually does. It is therefore feasible
to replace the actual circuit with an equivalent circuit such as that shown
in Fig. 27-14. The battery voltage Ej, is not shown because A, is only
the usable incremental part of the total plate current. If the simple
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equivalent circuit is to be used, it is necessary that the triode be operated
on the linear portion of its characteristic.

If e, is a sinusoid, then Equation (27-12) may be written as a vector
equation as follows:

= __&_ _
R (27-13)
If the load contains inductance also, then Xquation (27-13) becomes
E
) el 27-14
S AED> @r14)
where Z;=Rr+jX 1.
The alternating component of plate voltage is
_ [,LEQZL -
e (27-15)
3
2]
(a) Actual Circuit (b) Equivatent Circuit
Fig. 27-15. Circuit for Measuring u
The gain of the amplifier of Fig. 27-13 is then expressed as follows:
. I,,ZL ,UEL
aln = = - 27-16
M= T TR, 7. ( )

Application of the Equivalent Circuit in Measuring u.—The circuit
shown in Fig. 27-15 may be used in measuring u. The impedance Z, is
the impedance of the coupling transformer as measured from terminals
f1 and f. The batteries do not appear in the equivalent circuit because
only the incremental voltage is to be used and the battery resistances are
negligible. The resistance R, is the equivalent internal plate resistance
of the triode. The voltage drop between cathode and grid is V;,= — I R1.
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The voltage rise is Fyy= —Vig=IR;. When Kirchhoff’s Law is applied
around the anode circuit, we obtain:

wEw=plRi=(I1,+ I, R+ I(Z.+ Ryp)

_(uRi—Ry)1,
R:,+Z.+ R,

If the values of Ry and R, are so adjusted that I, does not exist, there
will be no signal at ¢, and % and no signal voltage across Z,. The two loop
circuits are then said to be balanced. When I, =0, uR1— R;=0 in Equa-
tion (27-17) and Re .

u= z (27-18)

from which I, (27-17)

31

~o
Osc.

K K
(a) Actual Circuit (b) Equivalent Circuit

Fig. 27-16. Circuit for Measuring gm

Application of the Equivalent Circuit in Measuring g,,.—The grid-plate
transconductance g., may be measured by means of the circuit shown in Fig.
27-16. The circuit is balanced by varying R until I,=0. For this circuit,

E,=I,R+ (I, +I,)R~-yuE, (27-19)
pE,=LZ,+ (I,+I1,)R, (27-20)
From Equations (27-19) and (27-20),
_ E,(uR - R,)
P (R+R,)(R,+Z.)— R?
When 1,=0, R = % - gi,,, Therefore, '
R ‘ Im =%§ (27-21)

The Resistance-Capacitance-Coupled Amplifier.—If the amplifier
cireuit, of Fig. 27-13 is to be used to excite the grid of a succeeding stage of
amplification as indicated, a condenser C' must be interposed to prevent
flow of positive current to that grid from Ew. To be certain that the grid
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of the succeeding stage remains negative, a grid leak resistor E; and a
negative bias voltage K. must be added. The ratio of the grid voltage of
the succeeding stage to the grid voltage on the tube shown in Fig. 27-13 is

G _ bR _
eqn Rp+r, “

(27-22)

The ratio K, is the amplification factor of the tube and circuit and it
obviously can never be quite so large as x. It is important therefore that a
tube having high u be used in this type of circuit.

This type of amplifier has the merit that the coupling is independent of
frequency as long as the condenser reactance is not so high as to be com-
parable with E;. If it is comparably great, the remaining voltage across
R, that is available to the following grid will be noticeably reduced below
that across Bz. At very high frequencies the grid-to-filament capacitance
will provide a reactance that is small compared to R, and the amplification
factor will be reduced because the alternating-current plate circuit imped-
ance is reduced.

Impedance

/Resistance~0apacitance w

g2
egl

Ka.=

Frequency

Fig, 27-17. Comparative Characteristics of Impedance-Coupled and
Resistance-Capacitance-Coupled Amplifiers

The Impedance-Coupled Amplifier.—In the circuit of Fig. 27-13, Ey
must be great enough to cause the direct plate current to flow through the
combined resistance of r, and R;. If R be replaced by an inductance L,
less voltage Eg is needed for the same direct plate current; and at the
same time the plate circuit impedance wL, can be kept large. Such an
amplifier is really an inductance-capacitance amplifier, but the term
impedance-coupled is generally accepted. The amplification constant is

ez pwly
“en AN, (27-23)

At lower frequencies K, for an impedance-coupled amplifier will
decrease worse than for a resistance-capacitance-coupled amplifier because
for a particular value of alternating-current plate current the reactance of
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L, is proportional to frequency. At very high frequencies also K, will
decrease worse than for a resistance-capacitance-coupled amplifier because
the distributed capacity inherent in a coil used for L, acts like a condenser
in parallel with L, and lowers the available voltage across L.

A comparison of characteristics of impedance-coupled amplifiers and
resistance-capacitance-coupled amplifiers is shown in Fig. 27-17.

The Transformer-Coupled Amplifier.—In Fig. 27-13 the output voltage
at AB for any particular plate-circuit alternating current is
eﬂR L

En=—
AB Ritr,

(27-24)

If a transformer is substituted for Rz, the secondary output voltage will be
higher than the primary voltage by the factor a=%, For effective use
of plate signal current it is essential that the primary input impedance be
larger than r,. Since 7, is always several thousand ohms, the primary
coil must have many turns and the core must be of high-permeability iron.
Since the secondary coil has about the same volume of copper as the primary
coil, the maximum number of secondary turns is limited by the size of the
smallest commercially available wire and the step-up ratio is limited
accordingly. Ratios between 3:1 and 10:1 have been commonly used in
the audio range of frequencies. Any attempt to increase the turns ratio
by decreasing the number of primary turns causes a decrease in input
impedance and, when carried too far, results in less rather than more
secondary voltage.
The voltage across the primary of the transformer is

Epei = peg, (27-25)

lp__
% .
The amplification factor K, is
e N2 uX,
K.= €n N T+ X, (27-26)
Tubes with high x have high r, and are generally unsatisfactory for trans-
former coupling.

The amplification characteristic of a transformer-coupled circuit is
much the same as that of Fig. 27-17, but at higher frequencies there is a
peaking of K. because of resonance between the transformer leakage
reactance and the distributed capacitance of its windings. The higher
amplification factor is obtained at the expense of fidelity of reproduction
of the input signal.

The Triode as a Detector.—When a triode is used as an amplifier, it
should be operated in the straight portion of its characteristic curve to
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insure fidelity of its output. If the grid bias is so great that the grid
potential swings are in the curved portion of the characteristic, as shown in
Fig. 27-18, then a positive signal potential will cause a greater change in
plate current than will a negative signal potential of the same strength.
This phenomenon results in partial rectification and is popularly known as
demodulation or detection. Detection is necessary in radio recetvers to
convert the alternating high-frequency incoming signals to audio-fre-
quency signals to which a telephone receiver or similar instrument will
respond.

Plate Current

Unidirectional Impulses
to Telephone Receiver

+ Grid Voltage

A
i
I

= Grid Voltage

Signal

Fig. 27-18. The Triode Used as a Detector
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Fig. 27-19. Triode Amplifier Circuit Including Interelectrode Capacitances

Tetrodes.—In a triode every one of the three electrodes forms the plate
of a small condenser. In a 6C5 triode these interelectrode capacitances
are of the order of 3 to 4 micromicrofarads. When the plate frequency is
very high, those capacitances produce reactances sufficiently low to alter
substantially the performance of the triode. The refined circuit of Fig.
27-13 complete with interelectrode capacitance is shown in Fig. 27-19.

: The grid-plate capacitance C,, is most important because it constitutes
a coupling circuit element between input and output which may cause the
grid to lose control. Capacitance C,, is magnified in importance also by
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the tube amplification. To mitigate the effect of C,, a second grid, called
the screen grid, is added between the plate and the control grid and is kept
positive with respect to the cathode. Most of the electrostatic lines of
force from the plate terminate on the screen grid instead of on the control
grid or the cathode, giving the effect of greater distance between the plate
and the cathode-grid group. The effect is the same as that of lowering the
capacitance Cyp.

As a result of interposing the screen grid, the plate voltage has much less
effect on the plate current beyond the region of instability, as shown in
Fig. 27-20. These characteristics produce high amplification factors and
high plate resistance.
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Fig. 27-20. Average Plate Characteristics for Type 24-A Screen Grid Tetrode

The unstable region is unusable for most purposes because of the non-
linearity of the characteristies. Secondary emission at the plate, caused by
bombardment of the plate by electrons from the cathode, causes the dip in
characteristics in that region. In a triode the secondary emission electrons
fall back to the plate; but, when a screen grid is added and its potential
is higher than that of the plate, those electrons are drawn to the screen
and produce a current in it. Increase in plate voltage in the unstable
region causes greater secondary emission, and therefore less net plate
current, because one electron striking the plate may release more than one
electron from it. The non-linearity in the unstable region disappears when
the plate potential is made equal to or greater than the screen potential,
because the secondary electrons remain at the plate.

Although the amplification factor of the tetrode is many times as

great as that of a triode, its plate current is much less. These qualities
determine the choice of tube for a particular use.
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Pentodes.—While some characteristics of a tetrode are superior to those
of a triode, the unstable region is undesirable for most uses. This region
may be made usable, however, by the addition of still another grid, called
a suppressor grid, interposed between the screen grid and the plate. The

cC
Fig. 27-21. The Pentode Used as an Amplifier

I
E,

suppressor grid is connected directly to the cathode and is therefore at
cathode potential. Being at cathode potential, the suppressor grid repels
the electrons of secondary emission back to the plate and prevents loss of
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Fig. 27-22. Average Plate Characteristics of Type 6SJ7 Pentode

plate current at low plate voltages. Furthermore, the suppressor shields
the plate from the control grid and cathode, and gives an amplification
factor even higher than that of the tetrode. Fig. 27-21 shows a pentode
in a simple circuit; and Fig. 27-22 shows the characteristics of a 6SJ7
pentode.
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Beam-Confining Electrode
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Fig. 27-23. Elements of the Beam Power Tube
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Fig. 27-24. Average Plate Characteristics for Type 6L6 Beam Power Tube

The Beam Power Tube.—The effects of secondary emission may be
eliminated by means other than a suppressor grid. In the beam power
tube shown in Fig. 27-23, the beam-confining plates or shields are at
cathode potential and by their repelling action confine the cathode elec-
tron flow in two concentrated beams. These beams, while still producing
secondary emission at the plate, act like a space charge and repel the
emitted electrons back to the plate. In the resulting characteristics of
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Fig. 27-24 the linear region extends over a wider range of plate voltage and
the knee is more sharply defined than in those of a pentode.

The beam power tube is specially desirable where a maximum of power
with a minimum of distortion is needed. If the screen grid of a beam
power tube is connected to the plate instead of to the cathode, the plate
characteristics become those in Fig. 27-25.
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Fig. 27-25. Average Plate Characteristics for Type 6L6 Beam Power Tube
Connected as a Triode (Screen Is Connected to Plate Instead of to Cathode)
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Fig. 27-26. The Triode as an A-C Generator

The Triode as a High-Frequency Generator.—A circuit such as shown
in Fig. 27-26 may be used to provide variable-frequency a-c¢ voltages for
such purposes as radio transmission and operation of stroboscopic lamps.
In Fig. 27-26 the triode acts as an amplifier of any slight, signal applied to
it. The amplified signal passes through the coil K which, if properly
related inductively to L, will induce an additional emf in L; and this will
add to the original signal. This action is called regeneration. The par-
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allel circuit LC will then oscillate at its own natural frequency (resonance),
and an a-c output voltage will appear at the transformer terminals. The
frequeney of the output voltage may be controlled by the adjustment of
L or C or both. The output energy is derived from the battery B.

Gas-Filled Triodes.—The gas in a gas-filled diode will not ionize
until the plate potential exceeds a certain minimum value because, in order
that a migrating electron may dislodge another electron from a gas atom
by collision, it must have attained a considerable velocity before it collides

Load
to be Controlled,

Cathode
O

Battery C Battery B

70 to 90 v from Battery C' to start
60 v from Battery C' to operate

110 v from Battery B minimum to
start

70 v from Battery B to operate
Fig. 27-28. Grid-Glow Tube

Fig. 27-27. Grid-Glow and Simple Circuit
Tube

(Courtesy Westinghouse Electric
orp.

with the atom. The velocity attained by a free body is a direct function of
the force applied and depends also on the duration of application of the
force. Hence, if the gas pressure is high (there are many atoms per unit
volume), an electron leaving the filament cloud will not travel far toward
the plate before it collides with a gas atom. Therefore, to accelerate the
electron to an ionizing velocity in such a short distance, a higher plate
potential (force) must be used than if the gas were less dense.

A grid placed near the cathode and between the cathode and the plate
may be charged and used to control the electron velocity and, hence, the
plate voltage necessary for ionization of the gas. The ionization potential
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having been reached, the tube becomes highly conducting, and the current
flow is limited almost entirely by the resistance of the external plate circuit.
The grid potential, having started the current flow, is powerless to stop it,
even though the grid be made highly negative to the cathode. This is
called a “trigger’’ action. The grid voltage which just fails to produce
ionization is called the critical voltage. If the plate current be interrupted,
the grid will regain control. Thus, even though the gas-filled triode is
similar in construction to the vacuum-type triode, its characteristics are
much different. The cold-cathode tube of this type is called a grid-glow
tube, and the hot-cathode type is a thyratron.

Load to be Controlled}

Transformer

Grid Voltage Phase
Shifting Circuit

G

®

The circuit containing Ri, R., B» and C is for phase-shift control.
Control is effected by varying R..
R, permits grid-to-cathode potential but restricts flow of grid current.

Fig. 27-29. Grid-Glow Tube With Alternating Grid and Plate Voltages

. The Grid-Glow Tube.—The grid-glow tube, as shown in Fig. 27-27,
is a cold-cathode tube with two electrodes and a grid. One of the electrodes
is specially designed to act better as a cathode by making it larger than the
other and coating it with some substance, such as oxide of barium, stron-
tium, or caleium, to improve its emission. If enough voltage is impressed
between the cathode and the plate, with no voltage applied between the
cathode and the grid, ionization of the gas will occur and a current will
flow. When the tube conducts current in normal operation, all or part of
the cathode glows with a pink greenish glow; hence, the name grid-glow
is used. If, however, a voltage from battery C in Fig. 27-28 be impressed
between the grid and the cathode with the polarity shown, the voltage
required of battery B to start the glow and current flow will be changed.
If the grid is made positive with respect to the cathode, the breakdown
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voltage required of battery B will be less. If the grid is made negative
with respect to the cathode, the voltage required of battery B for break-
down will be greater.

After conduction through the tube in Fig. 27-28 has started between
the cathode and the plate, the grid-cathode voltage is powerless to stop it,
and current will continue to flow until the voltage between the plate and
the cathode has been reduced below the cut-off voltage of about 50 volts in
small tubes and 200 volts in large tubes. Meanwhile, of course, the grid-
cathode voltage must have been reduced below the voltage required to
start the flow. The grid then regains control, and retains it even though
the plate-cathode voltage be raised again.

Conduction Starts

Adjustable C-Battery Voltage\/ Critical Grid Voltage \

Fig. 27-30. Current Flow Through a Grid-Glow Tube With Uni-Directional
Grid Voltage and Alternating Plate Voltage

If the B battery of Fig. 27-28 be replaced with a source of alternating
voltage, as in Fig. 27-29, the plate voltage will pass through zero twice
every cycle, and so the grid voltage may regain control once every cycle.
Inasmuch as the tube is not a conductor when the cathode is positive, the
plate-current impulses will be in one direction only, and one pulse will
oceur every cycle, as shown in Fig. 27-30.

The instant in the plate-voltage cycle at which conduction starts may
be adjusted to any point in the first positive quarter of every cycle by
adjusting the voltage received on the grid from the battery C. Obviously,
the start cannot be delayed to any point in the second quarter of the cycle
because all starting values in the second quarter are duplicated in the first.
In order to start conduction in the second quarter of the cycle, it is neces-
sary to apply alternating voltage to the grid as well as to the plate. In
order to make the starting point adjustable, it is necessary to interpose a
phase-shifting network in the grid-voltage circuit, as shown in Fig. 27-29.
The critical grid voltage is that minimum grid voltage which will start con-
duction in the tube for any given plate voltage. If the grid is negative
with respect to the cathode, then the critical grid voltage rises as the plate
voltage rises.
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In Fig. 27-31 is shown the effect of phase shift of grid voltage as it
controls the time of start of tube conduction in every eycle. As the phase
of the grid voltage is shifted, the average value of the current permitted to
flow in the plate circuit and load is varied.

The grid voltage actually applied has a greater maximum value than
the critical grid voltage. As long as the grid voltage exceeds the critical

Plate Voltage Critical Grid Voltage

Grid Voltage

Critical Grid Voltage

(v

Plate Voltage Critical Grid Voltage -

Grid Voltage

(c)

X X

Grid Voltage
(d)
Fig, 27-31. Control of Plate-Circuit Current by Phase Shift of Grid Voltage

voltage at all points on the curve, the plate current is blocked. If, however,
by a phase-shifting circuit such as shown in Fig. 27-29, the grid voltage be
caused to lead in time phase its position shown in Fig. 27-31 (a) and shift
to the position in (), there will be a point X in the plate-voltage cycle at
which the critical voltage will be slightly greater than the grid voltage and
ionization and hence conduction will occur. After this breakdown, cur-
rent will low throughout the remaining portion (shaded in Fig. 27-31) of



Evrrcrronic DEvicEs 335

the positive half of the cycle. Because of the rectifying action previously
described, no current will flow during the negative half-cycle. Also none
will flow in the following positive half-cycle until the grid voltage again
becomes less than the critical voltage. In this manner the effective value
of the current permitted to flow in the plate circuit containing the load
may be controlled by simply shifting the tnne
phase of the grid potential.

The grid-glow tube starts almost instantane-
ously and requires no heating-up period. It is
particularly useful in service where it must be
ready for operation without notice and where
instant starting is required. It does not deterio-
rate with age when not operating, and requires no
power to keep it at operating temperature. It
has a disadvantage, however, in that only a few
milliamperes of current may be drawn in its plate
circuit. Also, because its gas pressure is high
and both electrodes are cold, the voltage at which
breakdown will oceur in the reverse direction from
the anode to the cathode is not much higher than
its normal cathode-to-anode breakdown voltage.
For this reason, if a grid-glow tube is operated
near its peak plate voltage, a momentary small
increase in that voltage on alternating voltage
may cause the tube to conduct in both directions.

The Thyratron.—The thyratron, shown in Fig.
27-82, is similar in many respects to the grid-
glow tube, but its dissimilar characteristics have -
made it a more generally useful tube. Its higher (Courtesy Westinghouse Electrio
permissible plate current makes it readily appli- rig. 27-32. Thyratron
cable to motor control, welder control, sequence
control in manufacturing processes, and innumerable other services. Its
cathode is a filament or an electrode heated by radiation from a filament.
The tube is filled with a gas, mercury vapor, or a mixture of the two.

The characteristics of thyratrons are similar to those of grid-glow tubes;
but their electron emitters, being heated, will pass much greater current
safely. The grid-to-cathode potential difference which will just start
ionization depends largely on the voltage applied between the plate and the
cathode. In Fig. 27-33 is a typical curve showing the relationship between
the plate voltage and the grid-to-cathode potential or “‘bias.” From this
curve, for example, it is seen that a plate voltage slightly greater than 60
volts will start ionization and conduction through the tube, if there is no
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Fig. 27-34, Thyratron With Grid-Voltage Phase-Shift Control, Using
Fixed Reactor and Variable Resistor

(Note Dot in Symbol Denoting a Gas or Vapor Tube)

grid-to-cathode bias. However, a grid voltage of only 6 volts will prevent
ionization at any voltage below 700 volts. The grid voltage is so effective
in preventing ionization because the grid is so close to the hot cathode,
where the ionizing electrons are emitted.

After the grid voltage has triggered the thyratron, the grid is immersed
in the avalanche of electrons passing from cathode to anode. The voltage
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drop between grid and cathode is then very low in that low-resistance path
because of the plate current flow and is much lower than existed while the
grid was below the triggering potential. To protect the grid circuit against
overload current after firing, it is necessary
to add a current-limiting resistor R, in series
with the grid.

Fig. 27-34 shows a thyratron and its
phase-shifting circuit. In conjunction with
the symbol for the tube in that circuit, there
is shown a dot, which indicates gas in the
tube. The effect of grid-voltage phase shift
in a thyratron is essentially the same as
shown in Fig. 27-31 for a grid-glow tube.
Fig. 27-35 shows two thyratrons arranged
in a cireuit for full-wave rectification.

Electron Flow
-—

Power Input
Transformer

Control
Potential Transformer

Fata'al (Courtesy General Eiectric Co.)
Output Fig. 27-36. Cut-away View of
Fig. 27-35. Two Thyratrons Arranged in an Ignitron and Also its Cir-
Circuit for Full-Wave Rectification cuit Symbol

The Ignitron.—Of all gas-filled tubes the ignitron is capable of passing
the highest plate current without injury, its physical dimensions being
considered. Its construction is shown in Fig. 27-36. It consists of a
double-walled cylindrical steel jacket enclosing a graphite anode, a mercury-
pool cathode, and an “‘igniter” finger of silicon carbide or other substance of
high resistivity which dips into the mercury pool. Water is circulated
between the two walls of the jacket to keep the mercury vapor in the inside
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space at the proper pressure for the best results. The mercury, being an
almost indestructible source of electrons, is capable of passing unusually
high currents of electrons to the graphite anode. The anode is made of
graphite to enable it to withstand the intense bombardment of these
electrons. Because of these features the ignitron is capable of passing
unbelievably large currents for heavy-power duty such as is found in elec-
tric spot-welding and the electrolytic reduetion of ores.

The characteristics of operation of the ignitron are similar to those
of the thyratron, but the control of ionization is accomplished differently.
When an “igniting’’ current of a few amperes is passed between the igniter

tnput Transformer
Primary

>

l
|
|
!
1

N

Fig. 27-37. Two Ignitrons for Full-Wave Conduction With Thyratron-
Controlled Igniter Circuits

and the mercury cathode, a small arc appears at the area of contact and
ionizes a portion of the vapor at that point. If at that time a sufficient
voltage is present between the anode and the cathode, complete ionization
of the vapor space occurs and conduction begins. Just as in the grid-
glow tube and the thyratron, the igniter has no further control over the
action of the tube until such conduction has been stopped by opening the
plate circuit or by reducing the plate voltage below that required for main-
taining the conduction.

Unlike the thyratron, the ignitron does not require a warming-up period,
and so it is always ready for instant use. It does, however, require much
greater firing power in its igniter circuit than the thyratron does in its grid
circuit. The power required for its firing is somewhat variable, and so the
power in the igniter circuit must be comfortably higher than that required
on the average in order to insure certainty of firing. If an ignitron fails
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to fire on an impulse from a thyratron, the igniter-to-cathode voltage will
be permitted to rise far above normal, the igniter current will be excessive,
and the protecting fuses in the igniter circuit will be blown. In the thyra-
tron the grid-to-cathode voltage is held negative to prevent firing before
the desired instant; whereas in the ignitron the conduction is started by
positive action by the arcing between the igniter and the mercury-pool
cathode.

Ignitron Circuits.—In Fig. 27-37 is shown a full-wave heavy-duty
rectifier circuit with two ignitrons and two thyratrons controlling their
igniter circuits. If current is allowed to flow backward in the igniter
circuit, that is, from the cathode to the igniter, the igniter will be damaged.
If a thyratron is not used to control the igniter current, some other type of
rectifier, such as the copper-oxide rectifier described on page 342, must be
used. The grid-control transformer is sometimes designed to give a sharp-
peaked voltage output, so that the instant of firing of the thyratron may
be more accurately controlled. The ignitron plate circuit and the ignitron
are in parallel. When the ignitron fires, the thyratron is almost relieved
of plate voltage and ceases to conduct. If, however, the ignitron fails to
fire, the full peak of plate voltage is permitted on the thyratron; and dam-
age will certainly occur unless the circuit is protected by a fuse or a cur-
rent-limiting resistor.

The Mercury-Vapor Rectifier.—Mercury vapor may be used as the
conducting medium in a diode of the gas-filled type, and is widely used in
heavy-duty rectifiers. Just as in other types of diodes, the cathode of the
mercury-vapor rectifier must be heated before conduction can take place.
The use of mercury as the cathode permits the rectifier to withstand heavy
momentary overloads without damage. During operation the mercury
vapor is formed in the evacuated tube over a pool of mercury, which is
the cathode. By tipping the tube momentarily, the mercury is caused
to touch the anode and to produce an arc and vapor. The heat of the
arc produces the necessary ionization of the mercury vapor, and conduc-
tion takes place through the external anode circuit if complete. How-
ever, after the first half-cycle of conduction is completed, ionization
ceases and the conduetion cannot restart until the tube is tipped again.
Because of the practical difficulty of maintaining the current over the nega-
tive half-cycle of plate voltage, the mercury-vapor rectifying tube must be
provided with a holding or “keeper’ circuit when used for half-wave
rectification.

Fig. 27-38 shows a type of full-wave rectifier, together with its circuit,
as used in battery charging. The electrodes A and D of the rectifier tube
are anodes. The electrode C is a starting anode only. To start the opera-
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tion, the tube is tilted until part of the mercury from reservoir B spills
into contact with C and starts an arc. The are produces mercury vapor
and ionizes that vapor. If, in the half-cyele in which contact is made, the
anode D is positive to B, electrons will pass from B to D and a charging
current will flow through the battery. On the next half-cycle, the anode 4
will be positive to B and the electron flow will be from B to A, causing a
current in the battery in the same direction as before.

Transformer

Fig. 27-38. Mercury-Vapor Rectifier

Iy I I, Iy

Tube Currents

Battery Current

(b)
Fig. 27-39. Mercury-Vapor Rectifier Qutput Current

If the current of one half-cycle were allowed to fall to zero before the
next half-cycle started, ionization would cease and rectification would be
discontinued, as in the half-wave rectifier without keeper circuit. An
inductance X inserted in the cathode lead causes the current flow to persist
for more than 180 degrees of time, and so causes overlapping in time with
the following half-cycle, as shown in Fig. 27-39 (¢). Inasmuch as the
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resultant current of Fig. 27-39 (b) never falls to zero, the ionization
and hence the tube conductance is never zero, and rectification continues
from cycle to cycle.

Mercury-vapor rectifiers of steel-clad construction, like that shown in
Fig. 27-40, are in use in street-railway and general-transportation service.
They are usually built for operation on 3-phase supply. By proper trans-

(Courtesy General Electric Co.)
Fig. 27-40. Mercury-Arc Rectifier

former connections they may be operated as 6-phase or even 12-phase
rectifiers. The ripple in the output of a 6-phase unit is less than that from
a 3-phase unit, and the ripple from a 12-phase unit is even less than that
from a 6-phase unit. The ripple sometimes causes objectionable noise in
telephone systems whose lines parallel those of power circuits supplied by
such rectifiers. The noise can be reduced to an acceptable minimum, how-
ever, by the use of filter circuits.

The Copper-Oxide Rectifier.—Some minerals and combinations of
minerals and oxides demonstrate valve action when placed in an electric
circuit. An outstanding example of this phenomenon is that of copper
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and its red oxide. A copper disc coated on one side with a thin layer of
cuprous oxide exhibits a much higher electrical resistance when a current
is passed through it in a direction from copper to oxide than when the direc-
tion is from oxide to copper.

Commerecial rectifiers employing this principle may be bought complete
or may be built up of the oxide-coated discs to suit a definite purpose.
See Fig. 27-41. Contact is made on the bare side of the copper disc and

(Courtesy Westinghouse Electric Corp.)
Fig. 27-41. Copper-Oxide Rectifier
(Note the heat-radiating fins)

also on the oxide-coated side by lead or foil washers in the tightly-bolted
stack. Figs. 27-42 and 2743 show typical circuits and arrangements of
parts for copper-oxide rectifiers. Such rectifiers are widely used in radio
receivers; in small battery chargers; in rectifier-type instruments described
on page 183; and in many other services, such as in electroplating, industrial
truck-battery charging, electrolysis prevention, welder controls, airplane-
engine starting, motion-picture projection arcs, ‘‘quick-chargers’” for
batteries, and other high-current loads. Generally speaking, this rectifier
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is competitive with motor-generator sets up to 12 volts at any current.
Above 12 volts the choice of a rectifier would depend on other factors, such
as reliability, freedom from moving parts, negligible amount of mainte-
nance required, and ease of control from the a-c side.
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Fig. 27-42. Circuit Diagram of Fig. 27-41
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Fig, 27-43. Circuit of Full-Wave Copper-Oxide Rectifier

Photoelectric Cells.—The photoelectric cell, or phototube, is a diode
in which the cathode is usually of half-cylindrical shape and covered inside
with a material such as lithium, potassium, rubidium, sodium, or cesium
which is capable of emitting electrons when it is struck by light. The
anode is a small metal rod located at the axis of the cathode, and is made
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slender so as to cut off as little light as possible. When light strikes the
emitting material, electrons are emitted as from a hot cathode but in
relatively much smaller numbers. The resulting current is very small, and
the plate voltage must be high to force that current through a resistance
large enough to produce an IR drop that is usable as output voltage to the
grid cireuit of an amplifier. TFig. 27-44 shows a simple circuit for a photo-

tube.
Light Sensitive Cathode

To Vacuum
Tube Amplifier

Resistance of Very High Value:
Plate Potential Battery o otance of Very High Value;

10° to 10'°0hms

Fig, 27-44. Simple Photoelectric-
Cell Circuit
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Fig, 27-45. Sample Characteristics of Vacuum Phototube

The phototube is not equally responsive to all colors or wavelengths of
light, Lithium is most responsive to the blue region of the spectrum,
while cesium is most responsive to the red region. By combining different
metals the spectral response may be extended over a wide range. Photo-
tubes are made in both vacuum and gas-filled types. The characteristics
of the vacuum type are shown in Fig. 27-45. The vacuum phototube
has almost linear response to variations of light intensity if the color quality
of the light remains unchanged. It is therefore adaptable where reproduc-
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ible results are necessary. The load line may be used on phototube charac-
teristics the same as on those of a triode.

The Gas-Type Phototube.—When a suitable gas is introduced in a
phototube, the passage of electrons causes ionization by collision the same
as in a gas-filled triode, nullifies the space charge, and produces greater
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Fig. 27-46. Sample Characteristics of Gas-Type Phototube

B

. (Courtesy General Electric Co.)
Fig. 27-47. Photoelectric Relay

current than it would if the gas were not present. The gas-filled phototube
is therefore not space-charge limited as the vacuum type is, and the plate
current can be increased by increasing the plate voltage even above that
which will draw all emitted electrons from the cathode. The increase in
plate current with increase in plate voltage occurs because, in the migration
of an electron from cathode to anode, the higher the plate voltage the greater
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the acceleration of the electron after a collision and so the more ionizing
collisions it can have before reaching the anode. Fig. 27-46 shows a family
of characteristic curves of the type 918 gas-filled phototube for different
intensities of illumination. In applications where linearity of response is
unimportant, such as “on”” and “off”’ relay operation, the gas-filled photo-
tube is preferred over the vacuum type because of its greater current and
sensitivity. )

Anode voltages of gas-filled phototubes are generally limited to 90 volts
or less because higher voltages are likely to lead to a sustained uncontrolled
discharge. Fig. 27-47 shows a photoelectric relay using a gas-filled photo-
tube.

PROBLEMS
1. Calculate the ripple voltage amplitude of a half-wave rectifier with a load

resistor of R =5000 ohms in parallel with a condenser of C =100 mfd. The frequency
of supply is 20 eycles. Use the simplifying assumptions relating to wave form,

C=25ufd
R =1,000 ohms

220 v. (rms)

220 v. {rms)

Problem 27-3

R\ =3,000 ohms
Epp=280 v.
E=40 v.

Problem 27-4

2. Calculate the amplification factor of the 6C5 triode whose plate characteristics
are shown in Fig. 27-11.

3. What is the average direct voltage across the load in the accompanying circuit?
Assume that the tubes are perfect rectifiers.

4. 1Inthe accompanying circuit it is necessary to make the gas tube fire by increasing
the light on the phototube from 0 to 0.03 lumen. Assume that the gas tube fires when its
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grid is at zero volts. What must be the value of R, to just fire the gas tube? Use the
characteristic curves of Fig. 27-45 for a vacuum-type phototube.

5. The following data are found in the tube manual for the triode in the accompany-
ing circuit:

Plate voltage 250 v. Heater current 0.3 amp
Grid bias —-20 v. Amplification factor 8
Plate resistance 1700 ohms Transconductance (g,) 4700 micromhos
Ieater voltage 6.3 v. Plate current 40 ma

Tind the values of Ew and E.. to give the specified operating conditions.
Find the effective value of alternating voltage across L.
Find the total power input to the triode with zero a-c grid voltage.

Problem 27-5

R =500
R
100 v
{rms)
60 cyc.
=C
Problem 27-6 Problem 27-7

6. Assume that the thyratron in the accompanying circuit fires when the grid
voltage is zero, and that there is no tube drop. If C =1 microfarad and E = 5000 ohms,
at what angle will the triode fire? If R is adjusted so that the thyratron fires at 45 deg,
what is the average current through R.?

7. In the accompanying circuit is shown a 6C5 triode connected as an amplifier.
E..=—8, R;,=>50,000, and E»=300. Draw the load line and determine the d-¢ com-
ponent of the plate current. What are the maximum and minimum voltages across
Ry, if ¢, is a sine wave with an amplitude of 2 volts? Find r, for this operating point.



CHAPTER 28

. Electronic Applications

Circuits for Electronic Applications.—In electronic industrial control,
there are a fairly well defined set of phenomena which are most frequently
used. It is the purpose of this chapter to describe some of the most
common fundamental circuits and available commercial devices in which
they are used. These devices use one or more of the fundamental circuits
in combinations to perform the desired functions. In addition to the
common elements, fundamental circuits for these devices usually contain
resistors, condensers, or inductances, strategically dispersed according to
the experience of the designer, to improve performance for a definite or
restricted purpose. Use is also made of some ‘‘trick” circuits which are -
too numerous and varied to include here.

Rectifier Colpitts Oscillator
__________ —__ H.F.Choke —_

i~ a1 .

i

|

= !

g 1

o |

< I
1 Output

T

._J

Fig. 28-1. Fundamental Circuit With Colpitts Oscillator for Converting
Low-Frequency Power to High-Frequency Power

High-Frequency Oscillators.—High frequencies are here defined as
those above 50,000 cycles per second. For industrial power supply the
Colpitts circuit, Fig. 281, or the coupled-grid self-excited oseillator circuit,
Fig. 282, is most commonly used. In either circuit, the alternating supply
voltage is stepped up through a power transformer to some voltage between
about 7500 and 15,000 volts and is then rectified by a suitable bank of
mercury-vapor rectifier tubes., In Fig. 28-1 the condensers C; and C;
form an anti-resonant circuit with L and the inductance of the load which
may be an induction heating coil fed at the output terminals. The induct-
ance L is tapped so that, even though different heating coils may be used,
the total inductance of the circuit can be kept at proper value for anti-
resonance at the desired frequency. Condenser C, is a “blocking” con-
denser and prevents the flow of direct current into the resonant circuit.
The high-frequency choke coil passes the direct current to the anode of the

348
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oscillator tube, but presents a high limiting impedance to the high-frequency
currents which would otherwise flow back into the rectifier. The con-
denser C; by-passes back to the cathode any high-frequency current which
does pass through the choke.

Rectifier Coupled- Grid Oscillator
I 7/__H._F. Choke __ _/FeedBack Coil_1

it il

A-C Input

Fig. 28-2. Fundamental Circuit With Coupled-Grid Oscillator for
Converting Low-Frequency Power to High-Frequency Power

The voltage across condenser Cj, being applied between the grid and
the cathode of the oscillator tube, feeds back part of the tube’s anode out-
put, and so causes the tube to be an amplifier and hence a self-regenerator
at the frequency established by the constants of the anti-resonant circuit.
The oscillator tube is a high-voltage vacuum tube sometimes known as a
pliotron.

In Fig. 28-2 the grid voltage is supplied by a feed-back coil inductively
coupled to the variable inductance L. The condenser Cr replaces the
condensers C: and C; of Fig. 28-1.

Tube-Firing Voltage

D-C
es AR = —_l Input
Arc-Sustaining Voltage
C.. Output
Time o °
Fig. 28-3. Saw-Toothed Voltage Output Fig. 28-4. Relaxation-Oscillator
of a Relaxation Oscillator Circuit Using Gas-Filled Diode

Relaxation Oscillators.—The oscillator known as a relaxation oscillator
works on the principle that the rate of charging a condenser from a d-c
supply can be controlled by a series resistor, much as the rate of filling a
tank with water at constant pressure can be controlled by throttling the
discharge pipe. The chief use of this type of oscillator is in the production
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of periodic voltage pulses which rise from one value to a higher value line-
arly in time as shown in Fig. 28-3. When voltage is applied to the circuit

represented in Fig. 284,
V= Ri+%f¢ dt (28-1)

The term 51 1 dt is the voltage across the condenser C and is a function

of time. The voltage e. across the condenger rises, as in Fig. 28-3, until it
reaches the diode firing voltage. The diode then fires, and the condenser

‘Y

D-C (4

Input fd Output
Oy

Fig. 28-5. Relaxation-Oscillator Circuit Using
Gas-Filled Triode

D-C

\nput Qutput

m-_ Coupling Transformer

Control Frequency tnput

Fig. 28-6. Relaxation-Oscillator Circuit With
Grid Synchronized With External Frequency

discharges through its arc until e. falls below the arc-sustaining value.
The condenser then proceeds to recharge, and the cycle is repeated. The
voltage e. appears at the output terminals, as shown in Fig. 28-4. The
lower the resistance R, the faster will the condenser charge, and the faster
will the cycle be repeated. Thus, the frequency is readily controlled by
adjusting the resistance R. This type of oscillator is used in the cathode-
ray oscilloscope to sweep the beam along the reference axis at a constant
speed and then to return it very quickly to its starting point for repetition.
Another circuit, using a gaseous triode, is shown in Fig. 28-5. Resistors
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R, and R;form a voltage divider by which the grid voltage may be adjusted
so that the firing voltage of the tube condenser, and hence of the tube, may
be controlled. The frequency of discharge is controlled by the resistance
R,

Tt is sometimes desirable to synchronize exactly the frequency of a
relaxation oscillator with that of some other frequency source, such as a
60-cycle power line. This synchronizing may be accomplished by using
the cireuit of Fig. 28-5 modified as in Fig. 28-6. In operation, the syn-
chronizer acts to fire the tube at one definite point on the control frequency
eycle a brief instant before the oscillator condenser alone would have fired it.
To accomplish this, the oscillator frequency is adjusted by resistor R, to a

Enforced Frequency Natural Frequency

of Oscillator of Oscillator
1 =
A== —
1 [ == ‘/ ———

Control Frequency

Time

Fig. 28-7. Forced (Synchronized) Frequency of a Relaxa-
tion Oscillator Produced by Control-Frequency Excitation
of Grid

value just below that at which it is to be synchronized, as shown in Fig.
28-7. Let it be assumed that, on the first positive hali-cycle of control
frequency shown, the oscillator tube would have fired at exactly the correct
time without grid-voltage urge. On the next positive half-cycle, it would
have fired slightly too late without the urge of the grid-control voltage.
Every successive cycle of the oscillator then is caused to start at the same
instant on its corresponding grid-control voltage, and the oscillator-output
frequency is the same as the grid-voltage frequency regardless of its ten-
dency to lag. It is obvious that synchronizing cannot occur if the natural
oscillator frequency is greater than that desired, because the tube could
fire when the necessary plate voltage was reached irrespective of the urge
or control by the grid voltage. Cathode-ray oscilloscopes use this method
for producing stationary screen patterns.

Filter Circuits.—The output of a rectifier, as shown in Fig. 27-3, is
satisfactory for charging a battery or for operating a relay, but for most
purposes 1t must be smoothed out until practically pure direct current
remains with very little “ripple.” This smoothing is accomplished by
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means of filters consisting of networks of R, L, and C circuit components
arranged in a unique fashion. Fig. 28-8 shows a very simple filter con-
sisting of one L unit or “‘choke’ and one condenser interposed between the
rectifier and the load. For only moderate smoothing of the current, this
simple filter may be sufficient; but, for more complete purification of cur-
rent output, more units must be added as in Fig. 28-9 and Fig. 28-10.

L
o FITTO
Load
i N A
Input from Qutput Current
Fult-Wave Rectifier =t to Load
[}
o—
Fig. 28-8. Simple Filter
L, L, L;
o—/JHTO DI 000
Load
n i 7 7 K NS N 7 N7 N7 N
lnput from Qutput Current
Full-Wave Rectifier L =L__ la to Load
€ C, Gy
.=

Fig. 28-9. Inductance-Input Filter With Three Sections

o 73000 ~J000

Input Load

L 1
Te A

)i

i
\£]

Fig. 28-10. Condenser-Input Filter

In Fig. 28-9 the current encounters the choke L first, and so the filter
is called an inductance-input filter. This choke offers high impedance to
the high-frequency components of currents and reduces them, but gives the
fundamental-frequency and d-¢ components little opposition. The funda-
mental component divides; part of it passes on through choke L, and part
of 1t charges condenser C;. As the component passing through L, starts to
decrease, C; discharges and tends to maintain the current in L,. Thus, the
current in L. never falls to zero but varies about as shown in the graph at
Ls.  Successive filter units 1,C1, LzCs, etc. may be added until the output
is sufficiently pure for the purpose intended.
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In Fig. 28-10 the current encounters the condenser C; first and the
filter is called a condenser-input filter. The filtering action is essentially
the same as that in an inductance-input filter.

In comparing the two types of filters, it is seen that in the condenser-
input filter the last condenser is a reservoir of energy from which load energy
may be drawn almost steadily while the replenishment is intermittent.
If the load current be increased, it must be drawn at a reduced voltage
because the intermittent input increments are not sufficient to maintain
the originally higher state of charge. For this reason the condenser-input
filter has a poor voltage regulation and is poorly suited for varying load.

In Series
with Load §
o \ Path of
L [y Vo B :l/rAIemating Flux

7

Path of
Direct Flux
- +

D-C Control Voltage
Fig. 28-11, Circuit With Saturable Reactor

An inductance-input filter must have a certain minimum current in its
inductances to be effective. It therefore follows that with light load the
filtering action is less satisfactory than at loads nearer rated load. The
voltage regulation of this type of filter is better than that of a condenser-
input filter, but the filter should always be at least partly loaded for best
results. The inductance-input filter is best suited to varying power loads.

Saturable Reactors.—Because of the non-linear shape of the saturation
curve of iron, the flux per ampere, and hence the inductance of an iron-core
reactor, is a complex function of the flux density in the core. As the flux
density increases beyond the first approximately straight portion of the
magnetization curve, the reactance decreases rapidly. By superposing a
uni-directional but variable mmf on the core, a variable reactor without
moving parts may be obtained. Fig. 28-11 shows one of the simpler
methods of doing this. The a-c coils produce simultaneous mmf’s, and
hence flux, around the long outer magnetic circuit but none of appreciable
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magnitude in the middle leg. In this way, no a-c voltage is induced in the
d-¢ control coil on the middle leg. Flux produced by the d-¢ control coil
divides between the outside two legs and produces a variable “‘pre-satura-
tion” in them. The core is said to be ‘“biased”’ by the d-¢c ampere-turns.
The effect of bias on the reactance of the coil is evident in Fig. 28-12. 1If
the core is biased by 2 ampere-turns per inch and an alternating current
producing NI, =0.5 is passed through the a-c coil, the reactance of the
coil will swing from 27.5 ohms when the alternating current is negative to
only 13 ohms when the current is positive. The average reactance is
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Fig. 28-12. Reactance Variation in a Saturable Reactor

about 20.2 (from the graph). However, the average reactance affecting
the negative part of the a-c eycle is about 14.5 ohms and that affecting the
positive half is about 16.5 ohms. Therefore, when the core is biased to
a point on the bend of its magnetization curve, the reactance is not the
same on both halves of the current cycle and the current will be distorted.

If the bias were 5 ampere-turns per inch, the average reactance would
be only 3 ohms and the current would be distorted less than with a 2-
ampere-turn bias. With a bias of only 1 ampere-turn, the maximum
reactance would be 27.5 ohms and both halves of the current would be
_equally affected. In Fig. 28-12 a change in reactance in the ratio of 10
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to 1 is accomplished by a change in direct control current of less than 4 to
1. For some applications the distortion of current caused by biasing the
core to a point near the curved part of the magnetization curve is not
objectionable. In other cases such distortion is objectionable and the use
of the saturable reactor must be restricted to the more nearly linear parts
of the curve.

Peaking Transformers.—It is sometimes desirable to have the output
voltage of a transformer sharply peaked instead of sinusoidal in form.
One use for the peaking transformer is found in the grid-firing circuit of a
thyratron, where the thyratron must fire at exactly the same instant in

(a)

Fig, 28-13, Wave Forms in a Peaking Transformer

every cycle under varying load conditions or with changing characteristics
of the thyratron caused by aging. In the usual type of transformer, as
the flux density rises into the curved part of the magnetizing curve, more
magnetizing current is drawn from the line to maintain the sinusoidal form
of the flux. As a result, the normal magnetizing current is of the form
shown as 7, in Fig. 28-13 (a).

If a resistance is placed in series with the transformer primary, it will
tend to dominate the impedance and hence to subdue the peak of current
which would flow if the resistance were not present. The failure of the
current to reach its normal peak causes the flux wave to be ‘‘starved’’ where
its peak would normally be, and so the flux wave tends to be flat-topped.
As a result the voltage is practically zero while the flux is approximately
constant at its maximum, and sharp peaks of voltage are produced near the
instant when the flux is zero, as shown in Fig. 28-13 (b).
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Phase-Shifting Devices.—In the application of many electronic devices
it is necessary to shift the phase of the grid voltage relative to the anode
voltage, in order to adjust the tube firing point in the anode-voltage cycle.
The circuits of Fig. 28-14 are suitable for such phase control. By proper
choice of the circuit elements in (a), (b), and (c), the angle of voltage phase
shift, 6, may be made as great as 165°. Any of these circuits may be found
incorporated in control circuits requiring phase shift.

R X

PWUWDUW

v (a)

14 L 7

§ 14 (c)

E,

IR

Fig. 28-14. Voltage Phase-Shifting Circuits

Phase of Voltage Obtained From RL Phase-Shifter.—1It is necessary
when using g simple phase-shifter of limited range, such as that shown in
Fig. 28-14 (a), to connect the phase-shifting elements K and L in the
proper relation to the applied voltage in order that the resulting control
voltage will be variable in the proper phase range of plate voltage. This
proper relationship will be demonstrated by means of Fig. 28-15.

Let it be assumed that e. (negative from cathode to grid) is large
enough to block conduction in the tube when it lags 180 degrees behind
the voltage e, as in (b). That condition is shown vectorially in (d) and
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by the vector E. in position ¢p in (c¢). To permit the tube to conduct late
in its positive half-cycle, it is necessary for e, to lag less than 180 degrees
behind ¢, in (b), in order that e, will lose control of e, before e falls to zero
- as in (¢). The phase change of E, in (¢) that can be accomplished by

t
L2
T Load
.
77N, Pan N
// \, / \

b

= i

~Critical Voltage -
%)

E; B,

)

Fig. 28-15. Triode Controlled by RL Phase-Shifter

changing R is a phase lag « with ideal R and L. In any inductance
coil there is resistance, and E, must always lead the position ¢p in (c).
With an RL phase-shifter, therefore, conduction cannot be started in the
first few degrees of the half-cycle because of the resistance remaining in the
inductance coil. The RC phase-shifter allows control to start practically
at the beginning of the conducting half-cycle because a condenser of high
quality has negligible series resistance.
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If the connections of the phase-shifter to the transformer T, were
reversed, the locus of E, would be as in (f). In that case the tube grid
would always be positive at the beginning of the conducting half-cycle and
could effect no control of the plate current. The same lack of control -
would result if the connections to T» were not reversed but R and L were
merely interchanged in the circuit.

In Fig. 28-15 (@) a convention known as the dot convention is used to
indicate relative instantaneous polarities in different parts of the cireuit.

3-Phase
Input E)

3-Phase
Output E,

3-Phase
Input E

Fig. 28-16. Phase Shift Using Variable-Position Rotor in a
Three-Phase Stator

A dot at the terminal of a transformer such as T: means that when this
terminal is instantaneously positive any other dotted transformer terminal
in the cireuit is also positive with respect to the other end of its coil. In
Fig. 28-15 (@) when the plate is made positive by the dot terminal of trans-
former T4, point m of the RL circuit connected to transformer T\ is also
positive. All points in R and L between m and p are negative to m and
therefore negative to the plate of the tube. The degree to which point »
and the grid are negative to m depends on the value of the variable resist-
ance K which controls the phase relation of the voltage E, between ¢ and n
with respect to the voltages pm and st.
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The grid voltage E, would be constant in magnitude, regardless of its
position in its range of shift, if the inductance L contained no resistance.
That resistance, however, causes E, to decrease somewhat as R in the phase-
shifter is increased.

Fig. 28-16 shows the use of rotatable elements, known as ‘“‘selsyns”
or “auto-syns,”’ for obtaining the full 360 degrees of phase shift either

single-phase or polyphase, as used in multi-electrode tank-type power
rectifiers.

(Courtesy Westinghouse Elézﬁtric Corp.)
Fig. 28-17. Mot-O-Trol Cabinet With Control Station

Direct-Current-Motor Control.—In Chapter 11 it was shown that the
speed of a shunt or compound motor can be controlled within a limited range
by shunt-field current adjustment, but that for speeds below this range a
reduced voltage across the armature becomes necessary. By using elec-
tron tubes both of these means become available, and the power is taken
from single-phase or polyphase a-¢ power supply. Several circuits for
accomplishing this control have been developed but, inasmuch as all have
the same essential principles, the deseription of a typical one will suffice.

The Mot-O-Trol (Westinghouse).—Fig. 28-17 shows the Mot-O-Trol
unit complete with control station. The circuit for this controller is
shown in Fig. 28-18. 'The armature power is obtained from the power
transformer, and the current is rectified by the two thyratrons WL-672
producing full-wave rectification. The WL-672 tube is a gas-filled tetrode.
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The KU-627 tubes are quite similar to the triode mercury-vapor
thyratrons previously described. They act as full-wave rectifiers to
provide the direct current for the motor shunt field. The time-delay
relay in the field circuit prevents current flow in the plate circuits of the
two KU-627 tubes until their filaments have reached a proper operating
temperature in starting. Dynamic braking is accomplished by closing
the armature circuit through LCR and RCR and the variable resistor
between them.

The effective current through the armature, and hence the voltage
across the armature and in turn the motor speed, is controlled by a phase-
shift circuit applied to the WL-672 grid voltage. A speed change of as

(Courtesy Westinghouse Electric Corp.)

Fig. 28-19. Inside View of Photo-
Electric Relay

much as 50 to 1 may be accomplished in this way, with the field excitation
held constant. Additional speed change from 2 to 1 up to 4 to 1 (special
motors) may be obtained by field-current control accomplished in the same
manner by phase shift of grid voltage on the KU-627 tubes. In Fig. 28-17
both phase-shift potentiometers are controlled manually by the speed-
control knob at the top of the operating control station.

Speed regulation of a motor whose armature is fed through electron
tubes is poor, if no compensation is provided. This compensation is
accomplished by means of the two-part (tapped) resistor just below the
motor armature of Fig. 28-18. As the motor is loaded, it takes more
armature current; and, so, less voltage appears across the armature and
the speed-compensating two-part resistor in parallel with it. The voltage
across the right-hand portion of this resistor is applied to the grid of a
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control tube in the control-circuit cabinet. As this voltage decreases with
increase in load, the control tube acts to advance the firing angle of the
WL-672 tubes and so to increase the armature voltage.

The Electronic (Light-Sensitive) Relay.—The light-sensitive relay has
a wide field of applications, a few of which are as follows:

Opening doors .
Counting moving parts on a conveyor belt
Selecting objects according to color
Counting vehicles

Operating burglar alarms

Leveling an elevator at any floor

Lighting lamps on approaching darkness

ep  Anode Voltage
€eg Grid Bias from R3
e; Grid Voltage to Fire
A-C Input ept Grid Bias by Photo Tube

e ¢ Grid Bias when Photo
Tube is llluminated

Thyratron

C

1L

Fig. 28-20. Electronic-Relay Circuit for Control by Light Beam

These devices operate when a light beam is broken or dimmed below a
minimum intensity. Fig. 28-19 is an inside view of such a device, and
Fig. 28-20 is a sample of the circuit which is sometimes used.

In Fig. 2820 the contacts to be opened or closed when the phototube
is darkened are at 4 and B. The normal at-rest condition obtains when
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the thyratron is conducting and so holding the relay contacts up. The
thyratron conducts only when the phototube is illuminated, and so the
device operates on interruption of either the light source or the power source.

In operation, the phototube current, which is uni-directional, passes
through resistor R;, condenser Ci, and the potentiometer from which it
receives its voltage. Condenser Cs, in parallel with R, is charged also;

:

(Courtesy Westinghouse Electric Corp.)

Fig. 28-21. Application of Photo-Electric Tube and Light
Beam for Counting Objects on a Conveyor

and discharges through R; when the phototube half-cycle current starts
to decrease. This condenser therefore helps to maintain a positive grid
bias on the thyratron, and insures its conducting. The circuit consisting
of €1, Rs, and a portion of the transformer winding carries a current which
produces a voltage drop across Rs. This voltage biases the thyratron grid,
but is shifted in phase from the thyratron’s anode-circuit voltage and is not
quite sufficient to fire the thyratron. It is obvious that the anode voltage
e, even at its maximum, must not be great enough to fire the thyratron
without the aid of the phototube-augmented positive grid voltage. How-
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ever, when aided by the phototube-produced positive voltage across R,
the voltage across R; will fire the thyratron on the positive voltage cycle.
If the phototube current is interrupted because of light failure, the remain-
ing bias is insufficient to fire the thyratron and the relay relaxes. The
resistor K; is inserted to limit the thyratron grid current when the tube

fires.
Pinch Bridle
Roll Rolls

Strip Speeds up to 2,000 fpm

D-C @

/—LD»C Output

Amplifier
and
A-Clnput] Thyratron

Panel

A-C Input

Phototubes

Fig. 28-22. Industrial Application of Photo-Electric Relay to Control Slack
in Rolling Strip Steel

Electron Gun

A4
S) e
I
I 1L It Fluorescent Screen
r LU L
+ 7

™ To High-Voltage D-C Supply

Sweep voltage assumed on deflectors b
Sinusoidal voltage on deflectors a

Fig. 28-23. Fundamental Circuit of Cathode-Ray Oscilloscope

Figs. 28-21 and 28-22 show two industrial control applications of the
photo-electric relay.

The Cathode-Ray Oscilloscope.—The cathode-ray oscillograph or
oscilloscope is a device for observing high-speed phenomena in electrical
circuits, and operates very much like the magnetic Duddell type described
on page 183. In the cathode-ray type, however, the visible trace is
produced on the large end of a funnel-shaped tube, the end of which is
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. coated with a fluorescent material. Fig. 28-23 shows the construction,
schematically, of a cathode-ray tube and its accompanying control circuits.

In Fig. 28-23 the electrons are boiled off into a cloud around the
cathode C, which is indirectly heated from the filament. High potentials
on anodes A; and A, accelerate the freed electrons and focus some of them
into a thin beam or ray as they pass through the anodes to bombard the
fluorescent screen. If deflecting electrodes a@ and b are not energized, the
spot of light on the fluorescent screen caused by the striking of the electron
ray will be in the center of the screen. If, however, a saw-toothed voltage
function, such as shown in Fig. 28-3, be impressed on deflecting plates b,
the beam will be deflected by the electrostatic charge on the plates and
will be caused to sweep horizontally at uniform velocity across the screen
and then to snap back quickly. The frequency with which the sweeps are
repeated is determined by the setting of the relaxation oscillator or an
equivalent device. Such a sweep of the spot on the screen provides a time
axis on which to superpose the magnitude function of any voltage wave to
be investigated as to shape. The voltage to be analyzed is impressed
across deflection plates a, which deflect the ray vertically in proportion
to the magnitude of the voltage.

In Fig. 28-23 i1s shown a screen trace that would be obtained by energiz-
ing deflection plates a by a sinusoidal voltage. It is important to note that
the wave trace is accurate only in the center portion of the screen and is
distorted on both ends. In order to make use of the full width of the screen,
there is usually maintained on the horizontal deflectors a constant voltage
called a “‘pedestal” voltage which is just great enough to deflect the static
spot to one side of the screen. In Fig. 28-23 the grid G is used to control
the beam or ray density, and hence the brightness of the luminous spot is
controlled by changing P;. The structure of the grid and the aperture in
anode A; are so designed as to prevent passage of all electrons which tend
to stray from the desired beam path. The focusing of the beam is con-
trolled by P.. Most of the electron acceleration is accomplished by the
potential on anode A,.

Deflection of the beam is sometimes accomplished magnetically instead
of electrostatically. Because of greater simplicity in the construction
of magnetic-deflection tubes, they are cheaper than electrostatic-deflection
tubes. However, the magnetic-deflection principle, because of the lag of
current caused by inductance in the coils, is not suitable for voltage
measurements, but is confined to the sweep axis. Electrostatic deflection
has the advantage that practically no power is required, and the auxiliary
circuits are simpler than those required for electromagnetic deflection.

The Duddell type of oscillograph is satisfactory for frequencies up to
about 5000 cycles per second, but the cathode-ray oscilloscope is applicable



366 ErectricAl ENGINEERING

to all frequencies up to the high-range radio frequencies at which the time
of one eycle is comparable to the transit time of the electron between the
cathode and the fluorescent screen.

Cathode-ray oscilloscopes are usually equipped with suitable pre-
amplifiers for the deflector circuits, so that input voltages of low magnitude
may be analyzed satisfactorily.

Industrial X-Rays.—X-rays are a form of invisible radiation similar
to heat rays or light rays, but their wave lengths are shorter (frequencies
higher). Because of their short wave lengths, X-rays are able to penetrate
substances which are opaque to light rays, and so may be used to photo-
graph in silhouette substances such as animal tissue, wood, and metals.
Fig. 28-24 shows the range which X-rays oceupy in the radiation spectrum.

Long Waves Visible Light Short Waves

Secondary
Cosmic Rays

Fig. 28-24. Position of X-Rays in the Radiation Spectrum

Fig. 28-25. Radiograph of Casting, With Blowhole
Shown as Shadow near Center

Radiography is somewhat similar to photography, but the rays must be
made to pass through the specimen to be studied and to strike a photo-
graphic plate after the passage. The number of X-rays which reach and
affect the plate depends on the thickness and density of the specimen and,
of course, on the time of exposure. The greater the thickness or density
of the specimen to be X-rayed, the more powerful must be the X-ray beam
directed at it, in order to obtain an acceptable exposure of the plate in a
reasonable length of time. Brass is almost eight times, and steel is about
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two and one-half times, as opaque to X-rays as is aluminum. Fig. 28-25
shows a typical radiograph of a casting in which there is a gas pocket or
blowhole that is invisible from the outside.

X-rays may be produced in any of several ways, but available industrial
X-ray apparatus produces them by directing electrons against a metallic
target. The electrons are produced by an electron gun similar to that
shown in Fig. 28-23; but, instead of striking a fluorescent screen, they
strike a slanted metallic anode as shown in Fig. 28-26. The X-rays
produced by this collision are deflected at a right angle to the electron beam
and, unhampered by the glass of the tube side, emerge as a narrow-angle
beam directed toward the specimen, as shown in Fig. 28-26.

To High-Voltage
D-C Supply

Fig. 28-26. Schematic Diagram of X-Ray Tube and Object
to Be X-Rayed

X-ray equipment is rated according to the maximum voltage which can
safely be applied to the X-ray tube. In the present state of development,
industrial X-ray equipment is available from 140 kv to 10,000 kv; the
voltage is selected according to the thickness and density of the object to
be X-rayed. Fig. 28-27 shows a typical X-ray machine with power supply
for 150 kv. .

The use of industrial X-ray equipment involves a certain amount of
personal hazard, if it is not properly shielded. Stray emission while the
tube is in operation may reach near-by persons and, by its cumulative
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(Courtesy Westinghouse Electric Corp.)
Fig. 28-27. Industrial X-Ray Machine With Transformer

Input @

i J]I[
_|[+ — | [+
Fig. 28-28. Simplified Circuit Diagram
for Electronic Voltmeter

effect, may cause ray ‘“‘burns.”” To prevent such injury to the operator
and others, it is necessary to enclose the radiating portions of the equip-
ment in walls of lead sheet or equivalent thickness of other substances, such
as earth or water. The required thickness of the protecting wall depends
on the power of the X-ray, and recommendations are offered by makers of
the equipment. ’

Vacuum-Tube Voltmeters.—Vacuum-tube or electronic voltmeters
make use of some of the unique characteristics of electron tubes, and so are
available in many types. They are available for measuring direct, rms,
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average or peak voltages. Of the many types available, only the simplest
and possibly the most commonly used type for measuring rms values of
alternating voltages will be described here.

The chief advantages of the electronic voltmeter are its high input
impedance, wide frequency range, and sensitivity. Because of its high
impedance it does not divert enough current to disturb the circuit to which
it is connected. Fig. 2828 shows a simplified diagram of one type of
electronic voltmeter. It uses a simple evacuated triode as a detector, as
described in Chapter 27. The milliammeter in the plate circuit is cali-
brated in terms of rms volts applied to the grid. This type of voltmeter is
available with a built-in rectifier and filter, so that it may be connected
to a standard 120-volt, 60-cycle supply.

PROBLEMS

1. A 60-cycle, 120/60-volt phase-shifter is to be built by using a center-tapped
transformer and an inductance coil of 3 henrys and 300 ohms resistance. Calculate
the magnitude of the control voltage and its phase angle with respect to the secondary
terminal voltage if the series resistor of the phase-shifter has a resistance of 2000
ohms. Calculate the phase angle for alternate positions of the phase-shifter elements.

Problem 28-2

2. The accompanying circuit is set up and found to be correct. On which end
of the transformer primary OF should the dot be placed? If the load inductance L is
large enough to insure constant tube current during the conduction period, what is the
average load current for a firing angle of 30 degrees? The plate-to-plate voltage is
282.8 volts rms and £y is 20 ohms.



CHAPTER 29

Special Motors and Generators

It is the purpose of this chapter to describe some of the more commonly
used motors and generators designed with special characteristics to meet
the requirements of special duties. ~

The Arc-Welding Generator.—The characteristics of an arc-welding
generator are similar to those of an ordinary direct-current, compound-
wound generator with the series field differentially connected, or one in
which the armature reaction is very great. A typical circuit diagram for an
arc-welding generator is shown in Fig. 29-1. The open-circuit voltage is
adjustable between about 40 and 100 volts. This voltage is desirable for

gi 1)
\\\\\h /

.

Welding
Generator

Field Winding

350 Amp Point
250 Amp Point
175 Amp Point

100 Amp Point {Switch Open)

Fig. 29-1. Schematic Diagram of Separately Excited
Arc-Welding Generator

striking the are, but the voltage across the arc when welding must be of
the order of 25 to 40 volts at the chosen welding current. The welding
current for a particular weld is chosen by the operator in acecord with his
best judgment. The welding current is sometimes controlled by a multi-
blade switch, by which successive portions of the series-ficld winding may
be short-circuited and the drop of the characteristic curve may be con-
trolled. See Fig. 29-2 for typical characteristic curves of generators of
one type.

With some types of welding generators it is necessary to connect a
smoothing reactor in series with the line, to aid in stabilizing the arc.
With others, stability is achieved by the design of the generator alone.
Every builder of arc-welding generators uses a special circuit scheme and
welder design.

370
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The Third-Brush Generator.—The generator used on automobiles for
battery charging must operate over a wide range of speed with a reasonably
uniform current output. This characteristic may be achieved in several
ways, the most popular of which is by use of the “third brush” method of
exciting.

100

90

[0}
(=2

Diverter Switch Closed on 350~Amp Point

~
(=3

I
+ Diverter Switch on 250-Amp Step
I | ]

T

| I | I
i Diverter Sw'itch on175-Amp Step

Voltage at End of Welding Leads
[
(=]

| |
0 %/ Dive!rter Svlvitch OI!l 100—;Amp Ttep
\ Desirable Voltage at Arc
* AN ./
20 \ \ ~
10 \
0 \ \ \

o] 100 200 300 400 500 600
Welding Current in Amperes

Fig. 29-2. Characteristics of Welding Generators of One Type With
Diverter Switch on Various Steps

Reverse
Current Cutout

Fig. 20-3. Third-Brush Generator

In the third-brush generator, a schematic diagram of which is shown in
Fig. 29-3, the shunt field is not excited directly from the main brushes, but
is connected between one main brush and the third brush, which may be
adjusted at will within limits around the periphery of the commutator be-
tween A and B. The voltage available for excitation is only that generated
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in the armature conductors producing voltage on the commutator between
Band C. When the generator is started and begins to build up, the grow-
ing flux density is practically uniform at the pole faces. When the voltage
rises to a value somewhat above that of the battery, the reverse-current
cutout closes the charging circuit. There being no interpoles or compensat-
ing windings, the armature current produces a severe distortion of the field
flux, as shown in Fig. 29-3. Much of the flux, which at first cuts conductors
between B and C to produce excitation voltage, is thus forced into the
leading pole tip nearer 4 and is lost for the purpose of excitation. Further-
more, there is a net loss of flux because of saturation of the pole tips. As

Fig. 20-4. Diagram of 6-Phase Synchronous Converter

the speed is increased above a minimum speed determined by design, the
losses of voltage by armature reaction equal the gain in voltage by gain
in speed, and the charging current can rise no higher.

In addition to the field distortion by the armature reaction, the strength
of the field is further reduced by the demagnetizing action of the short-cir-
cuit current in the conductors being commutated by the third brush. The
ultimate result is a reduction of charging current as the speed is increased
beyond a limit determined by the design proportions of the generator.

The Synchronous Converter (Rotary).—The synchronous converter is
a machine which may be used as a synchronous motor and a d-¢ generator
simultaneously. It is essentially a d-c generator with armature taps con-
nected through slip-rings to external terminals. Through these taps the
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machine may be run from a polyphase line as a synchronous motor. See
Fig. 204 for the construction of such a machine.

In order to produce the usual d-¢ voltages, such as 230, 250, 550, and
600, it is necessary that the a-c voltages at the slip-rings have special values
which are different from those in standard commercial use. For this
reason, transformers of special secondary voltages are always supplied
as regular equipment with the converter. The following table gives the
required ring-to-ring a-c voltages necessary to produce 250 volts d-c at the
commutator with 1-, 3-, 4- and 6-phase supply voltages.

Number of Supply Phases Ring-to-Ring A-C Voltages
1 176.7
3 153
4 125
6 88.5

Operating Characteristics.—The voltage at the d-c terminals bears a
fixed ratio to the a-c voltage at the slip-rings, and can be varied only by
varying the a-c voltage. The a-c voltage may be varied by changing the
transformer taps or, indirectly, by changing the d-c excitation as in a
synchronous motor. Over-excitation causes the converter to take a lead-
ing current. The leading current flowing through the reactance of the
transformers causes an increase in their secondary voltages and, hence, an
automatic compounding of voltage. Because of excess heating of armature
conductors at and near the tap points’ when the power factor departs
more than 10 per cent or so from unity, this method of voltage control by
field rheostat can be used only within small confines near unity power factor.
The same heating characteristic which limits the range of compounding
also limits to almost negligible proportions the capacity of the converter for
correcting the power factor of a power system, as may be done so readily
with a synchronous motor. The relative merits of the synchronous con-
verter and the synchronous motor and d-¢ generator set are as follows:

Advantages of converter:

1. Cost is less per kilowatt of capacity.

2. Efficiency is higher.

3. Weight is less, and foundation may be smaller.
4. Requires minimum of space.

Advantages of synchronous motor and generator set:

1. Wider range of d-c voltage is available.
2. Motor may be used to correct power factor.

! Principles of Alternating Current Machinery, Chapter 27, by R. R. Lawrence,
MeGraw-Hill Book Co.
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Balancer Sets.—Three-wire direct-current distribution systems are
usually energized from a two-wire generator connected to the two outside
lines. The approximately balanced voltages between the outside lines
and the middle line are maintained in some cases by a balancer set connected
as shown in Fig. 29-5.

+

=
o
o
([
Balancer Set

Fig. 290-5. Three-Wire System With Balancer Set

%

L—IIS Ve 115 y—>

The balancer set consists of two identical shunt or compound direct-
current machines with their shafts rigidly coupled together and with their
armature circuits connected in series across the outside lines of the three-
wire system, The middle wire of the system is connected to a point
between the armatures of the two machines. The series fields of the two
machines are so connected that, when a current flows therein because of

115v,

Fig. 20-6. Three-Wire System by
Dobrowolsky Coils

load unbalance, the machine on the more heavily loaded side becomes a
cumulative-compound generator while the machine on the more lightly
loaded side becomes a differential-compound motor. Because the balanc-
ing action is dependent on current difference in the two sides of the system,
it is not necessary that voltage unbalance actually occur before the restor-
ing action is available. When the load is balanced, the two units run as
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motors in series without load. Very close voltage regulation is possible
by this method of compounding. Balancer sets are made of such size as to
compensate for load unbalance of 25 or less per cent of the full capacity of
the main generator.

The Three-Wire Generator.—The use of the balancer set to provide
voltage balance on a three-wire system is open to the objection that the
balancer requires service and attendance and requires power for its opera-
tion in addition to a considerable capital investment. These objections
have been almost entirely overcome by the use of a balancer coil due to
Dobrowolsky. As shown in Fig. 29-6, the balancer coil is simply a pair of
reactor coils connecting points 180 electrical degrees apart on the armature
winding and being themselves connected. The point at the reactor-coil
connection is connected to the middle line of the three-wire system.

Main Exciting I\(A:otor to be
Generator Generator ontrolled

Coupling
Shaft

L

Fig. 29-7. Ward-Leonard Motor Control

Inasmuch as any pair of reactor coils connects two points on the
armature 180 electrical degrees apart, the voltage across a pair of coils is
alternating and the alternating current in the coils is small and similar to
the exciting current of a transformer. However, the direct current of load
unbalance flows freely in the coils. The coils are wound on separate iron
cores mounted on the armature, or are wound on separate cores outside the
machine. With coils mounted on the armature, only one slip-ring is
necessary; whereas, with separate cores outside the machine, two or more
slip-rings are necessary.

Adjustable-Speed Drives.—Many motor applications require adjust-
able speed throughout a wide range of speeds. Mechanical speed changers
are sometimes satisfactory if the power involved is not very great or if the
necessary rate of speed change is low. A speed change of 3 to 1 may be
obtained economically by shunt-field control in a d-¢c motor, if the motor is
specially built for adjustable-speed service. When the low speed must be
very low compared to the high speed, the speed may best be changed by
raising or lowering the voltage applied to the armature while the field
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strength is held constant. The armature voitage may be varied by simply
inserting a control resistor in series with it. This method is used in con-
trolling very small motors, such as sewing-machine and small-fan motors,
but the power loss in the control resistor makes the method uneconomical
with large motors. Furthermore, the speed regulation is poor and its
amount is intolerable in most cases when the load is variable.

To Load

Excitation

Fig. 20-8. Amplidyne Generator

One method of obtaining adjustable voltage consists of using a generator
driven at constant speed but provided with variable separate excitation.
The Ward-Leonard system used for this purpose is illustrated in Fig. 29-7.
The main generator G and the exciting generator E are driven by a con-
stant-speed motor M (a-c or d-¢). The generator-armature leads are con-
nected directly to the motor-armature leads, without an intervening resistor.
The field of the main generator is increased, decreased, or reversed by the
control rheostat FR. The resulting increase, decrease, or reversal of the
generator voltage causes the corresponding desired changes in motor speed
and direction of rotation. The cost of this type of speed control is pro-
hibitive for all but special applications, such as large hoists, elevators, and
rolling mills.

Alternating-current motors do not serve adjustable-speed applications
so well as do direct-current motors. As mentioned on page 220, the speed
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of a wound-rotor induction motor may be varied by varying the rotor-cir-
cuit resistance, but the efficiency is low and the speed regulation is poor.
Several motors of the brush-shifting type have been developed, in which a
counter voltage is generated by a special winding on the motor itself. This
counter voltage is applied to the rotor in such a way as to limit the rotor
currents without the power loss that would occur if a rotor resistance were
used. The magnitude of the counter voltage, and hence of the speed, is
controlled by shifting the brushes around the commutator. The speed
regulation of this type of motor is good at all speeds, but the cost is rela-
tively great; and so its use is limited to spinning-frame drive, forced-draft
fans in power houses, and similar applications which require accurate speed
control.

The Amplidyne (General Electric Company).—The shunt-field circuit
of the generator in the Ward-Leonard system of Fig. 29-7 is highly induc-
tive, and so the current in it changes slowly after the field-rheostat setting
is changed. For this reason the voltage change at the generator terminals
is sluggish and not satisfactorily responsive for some purposes. The
amplidyne generator, shown in Fig. 29-8, has a very rapid response to
changes in exciting voltage, and permits the accurate control of great
power by small changes in little power.

In Fig. 29-8 the exciting or control field flux ¢. is produced by a few
ampere-turns only in the small exciting-field coil. The armature, driven
at constant speed in this field flux ¢., generates voltages in the usual
manner about the vertical axis. Brushes B; and B. on this axis are short-
circuited and so permit currents to flow in all armature conductors. These
currents produce the usual armature reaction field ¢,, which is vertical in
the figure and across the excitation field ¢,. The armature rotation in the
field ¢,, which its own currents have produced, generates a new set of
voltages around the horizontal axis. Brushes B; and B, on the horizontal
axis make these voltages available at the load terminals. The load cur-
rents and the short-circuit currents obviously cannot exist simultaneously
in the armature conductors, but combine algebraically to produce the true
current. The excitation power is extremely small compared to the full-
load output watts, and so may be supplied by a small electronic control
~circuit. The response in generator voltage change is very rapid and is
especially useful in such applications as steel mills, excavators, and auto-
matically-directed artillery.
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TABLE A—ALLOWABLE CURRENT-CARRYING CAPACITIES OF
CONDUCTORS IN AMPERES

Not More Than Three Conductors in Raceway or Cable

(Based on Room Temperature of 30 C. 86 F.)

'Ir{.ubbeRr‘ Paper
ype Thermo-
”I‘rype %‘g p]a.sti((:) Impreg-
. {&e_ﬁ) Asbestos Asbestos nated Asbestos
Size Rubber Type TA Var-Cam Asbestos ype A
AWG Thermo- | Type RH | Var-Cam | Type AVA | Type Al | (14-8
MCM [Plastic Type V. | Type AVL | (14-8) | Type AA
(11?4?/0) Asbestos Type AIA
Type T Var-Cam
(14-4/0) Type AVB
14 15 15 25 30 30 30
12 20 20 30 35 40 40
10 30 30 40 45 50 55
8 40 45 50 60 65 70
6 55 65 70 80 85 95
4 70 85 90 105 115 120
3 80 100 105 120 130 145
2 95 115 120 135 145 165
1 110 130 140 160 170 190
0 125 150 155 190 200 225
00 145 175 185 215 230 250
000 165 200 210 245 265 285
0000 195 230 235 275 310 340
250 215 255 270 315 335
300 240 285 300 345 380
350 260 310 325 390 420
400 280 335 360 420 450
500 320 380 405 470 500
600 355 420 455 525 545
700 385 460 490 560 600
750 400 475 500 580 620
800 410 490 515 600 640
900 435 520 555 .. ...
1,000 455 545 585 680 730
1,250 495 590 645 L. .
1,500 520 625 700 785
1,750 545 650 735 e
2,000 560 665 775 840 ... ...
CORRECTION FACTOR FOR ROOM TEMPERATURES OVER
30 C. 86 F.
C F
40 104 .82 .88 .90 .94 .95 . ...
45 113 .71 .82 .85 .90 .92 s
50 122 .58 .75 .80 .87 .89 .
55 131 41 .67 74 .83 .86 ..
60 140 .58 .67 .79 .83 91
70 158 .35 .52 .71 .76 .87
75 167 v .43 .66 72 .86
80 176 .30 .61 .69 .84
90 194 .50 .61 .80
100 212 e .51 77
120 248 A .69
140 284 .59
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TABLE B—ALLOWABLE CURRENT-CARRYING CAPACITIES OF
CONDUCTORS IN AMPERES
Single Conductor in Free Air
(Based on Room Temperature of 30 C. 86 F.)
Rubber Thermo-
Type R A%%::égs Trapreg- Bilrl;\v{r-\g
Size ”Il\‘zle)): Iﬁ%\f Type TA \%:?%:2181 Antz:teéi Asbestos | _1ype SB
AWG (14-6) | Rubber | VarCam | Type | 3502 | Type A |“wonthers
MCM Type RH| TypeV | AVA 58 (14-8) eather-
Thlzgrt:im— Asbestos ’Xv’ﬁ pe | TYPe AA TyI;)e WP
C
Fype T Vi‘f;ggm . Ala gﬁ%{?
Type TW AVEB
14 20 20 30 40 40 45 30
12 25 25 40 50 50 55 40
10 40 40 55 65 70 75 55
8 55 65 70 85 90 100 70
6 80 95 100 120 125 135 100
4 105 125 135 160 170 180 130
3 120 145 155 180 195 210 150
2 140 170 180 210 225 240 175
1 165 195 210 245 265 280 205
0 195 230 245 235 306 325 235
00 225 265 285 330 355 370 275
000 260 310 330 385 410 430 320
0000 300 360 385 445 475 510 370
250 340 405 425 495 530 410
300 375° 445 480 555 590 460
350 420 505 530 610 655 510
400 455 545 575 665 710 555
500 515 620 660 765 815 630
600 575 690 740 855 910 710
700 630 755 815 940 1005 780
750 655 785 845 980 1045 810
800 680 815 880 1020 1085 845
900 730 870 940 e e 905
1,000 780 935 1000 1165 1240 965
1,250 890 1065 1130 v e
1,500 980 1175 1260 1450 1215
1,750 1070 1280 1370 e A
2,000 1155 1385 1470 1715 Coas ... 1405
CORRECTION FACTOR FOR ROOM TEMPERATURES OVER
30 C. 86 F.
C F :
40 104 .82 .88 .90 94 .95 R
45 113 .71 .82 .85 .90 .92 e
50 122 .58 .75 .80 .87 .89 vee
55 131 41 .67 .74 .83 .86 ...
60 140 .58 .67 .79 .83 91
70 158 .35 .52 71 76 .87
75 167 e .43 .66 ~72 .86
80 176 .30 .61 .69 .84
90 194 .50 .61 .80
100 212 cee .51 77
120 248 . .69
140 284 .59
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ROUND COPPER WIRE

Ohms per

R | e | CEET | ShES | tonvre Weletinib
27 .0142 202 .000158 52,6 .609
26 0159 253 .000199 417 767
25 .0179 320 .000252 33.0 971
24 .0201 404 .000317 26.2 1.22
23 0226 511 000401 20.7 1.54
22 .0254 645 .000507 16.4 1.95
21 .0285 812 .000638 13.0 2.46
20 .032 1020 .000804 10.3 3.10
19 036 1300 .00102 8.14 393
18 .040 1600 .00126 6.59 4.85
17 045 2030 .00159 5.22 6.12
16 .051 2600 .00204 4.07 7.86
15 .057 3250 .00255 326 9.82
14 .064 4100 .00322 2.58 124
13 072 5180 .00407 2.04 15.7
12 .081 6560 .00515 1.61 19.8
11 .091 8280 .00650 1.28 25.0
10 102 10400 .00817 1.02 31.5

9 14 13000 0102 814 39.3
8 129 16600 .0131 .634 50.5
7 144 20700 0163 .510 62.8
6 162 26200 .0206 403 79.4
S 182 33100 0260 319 100.
4 .204 41600 .0327 254 126.
3 .229 52400 .0412 202 159.
2 258 66600 0523 159 201.
0 325 106000 .0830 100 320.
2/0 .365 133000 .105 .0791 404.
4/0 .460 212000 166 .0500 650.
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MULTIPLYING FACTORS FOR CONVERTING D-C RESISTANCE OF LARGE
CONDUCTORS AND CABLES TO A-C RESISTANCE

Conductor Size Multiplymg Factor

in Circular Mils

25 Cycles 60 Cycles
250,000 o 1.005
300,000 o 1.006
350,000 R 1.009
400,000 e 1.011
500,000 e 1.018
600,000 1.005 1.025
700,000 1.006 1.034
750,000 1.007 1.039
800,000 1.008 1.044
900,000 1.010 1.0565
1,000,000 1.012 1.067
1,250,000 1.019 1.102
1,500,000 1.027 1.142
1,750,000 1.037 1.185

2,000,000 1.048 1.233




A

Acceleration of motor and load, 154
Additive polarity, 201

Admittance, 38

Amortisseur winding, 235, 237, 246
Ampere, 5

Amplidyne (General Electric Co.), 377

Amplification, 318, 320, 325
Anode, 307

Anti-resonance, 47
Arc-welding generator, 370
Armature, d-c, 104
Armature reaction, a-¢, 247
Armature reactlon d-c, 120
Auto-transformer, 207

B

Balancer coil (Dobrowolsky), 375
Balancer set (motor-generator), 374
Batteries
Lead-acid, 266
Nlckel-lron-alkahne (Edison), 271
Beam power tube, 329
Belt drives, 152
Braking, Regenerative, 229
Burden, Instrument transformer, 182

C

Candle power, 297
Capacitance, 13, 40, 41
Capacitive reactance, 41
Capacitor, 40
Capacitor motor, 259
Cathode, 307, 308
Cathode ray oscilloscope, 364
Characteristic angle, 35
Child’s Law, 309
Circle diagram (induction motor), 223
Circular mil, 53
Commutator 104
Compensating winding, 136
Complex quantity, 25
Condenser

Static, 40

Synchronous, 241
Conductance, 15, 38
Conductivity, 58
Conductors, 53
Converter, Synchronous (rotary), 372
Coulomb, 41
Coupling, inductive, 31
Current transformer, 180

Index

D

D’Arsonval meters, 173
Demand charge, 284
Demodulation, 326
Detection, 326

Dielectric, 41

Diode, 309

Dobrowolsky coil, 375
Double subscripts, 88
Dynamic characteristics, 319

E

Eddy currents, 66
Effective current, 13
Effective resistance, 50
Electromagnets, 57
Electromotive force, 2
Electron affinity, 307
Electronic relay, 362
Electron volt, 308
Energy, 10

Energy charge, 284

Equalizer bus (parallel compound gener-

ators), 125
Equalizing charge, 269
Equivalent circuit

Electron tube, 321-324

Induction motor, 223

Transformer, 194
Excitation

Self, 113, 114

Separate, 116

F

Farad, 41
Fa.radaysequatlon 3, 129

Fauré plate (storage battery) 268

Field discharge resistor, 242
Field, Magnetic, 1, 4

Filter circuits, 351
Fleming’s rule, 3
Fluorescent lamps, 298
Foot-candle, 297

G

Generator
Alternating-current, 244
Direct-current, 104
Third-brush d-c, 371
Three-wire, 375

Gilbert, 58

Grid-glow tube, 332

Group drive, 280

391
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H
Henry, 29
High mica, Effect of, 126
Hunting, Synchronous generator, 255
Hysteresis, 63

Ignitron, 337

Impedance, 34, 238

Inductance
Mutual, 30
Self, 29

Induction generator, 229

Induction motors, Polyphase
Characteristics and types of, 218
Circle diagram for, 224
Determining performance without load-

ing, 223
Efficiency of, 225
Operation at other than rated voltage
and frequency, 231

Regenerative braking of, 229
Single-phase operation of, 231
Starting of, 227
Torque of, 217
Wound-rotor (slip-ring type), 220

Induction motors, Single-phase
Capacitor start, 259
Repulsion, 261
Repulsion-induction, 263
Series (universal), 264
Shaded-pole, 257
Split-phase, 258

Inductive reactance, 32

Instruments and meters
D’ Arsonval, 173
Dynamometer, 175
Electronic, 177, 368
Frequency, 183
Iron-vane, 176
Power-factor, 183
Reactive-factor, 183
Rectifier-type, 183
Thermocouple-type, 183
Watthour meter, 185
Wattmeter, 178

Instrument transformers
Current, 180
Potential, 179

Insulation, 147

Interpoles, 122, 131

Ionization, 310

Joule’s Law, 9

K
Kirchhofi’s Law, 17, 80

INDEX

L
Lap winding, 106, 110
Lenz’s Law, 128, 129
Load line, 319
Lumen, 297

M

Magnetomotive force, 58
Magnets, 65, 69, 70
Mercury-vapor rectifiers, 339
Meters (see Instruments)
Microfarad, 41
Mil, Circular, 53
Minimum charge, 285
Motors, a-c
Polyphase induction (see Induction
motors)
Single-phase (see Induction motors)
Polyphase synchronous (se¢ Synchro-
nous motors)
Motors, d-c
Compensating winding of, 136
Compound, 137
Effect of brush shift in, 134
Efficiency and losses of], 144, 147
Enclosure of, 149
Explosion-resisting, 149
Interpoles in, 135
Series, 138
Shunt, 130
Speed control of, 133
Speed regulation of, 134
Stabilizing windings in, 134
Torque of, 142
Mot-O-Trol (General Electric Co.), 359
Mutual inductance, 30

N
Network solutions, 17

0

Ohm’s Law, 5, 12
Open-delta transformer connections, 205
Operator (unit vector), 26
Oscillators

Colpitts, 348

Coupled-grid, 349

Relaxation, 349
Oscillograph, 188
Oscilloscope, 364

P

Parallel operation
of a-c¢ generators, 252
of d-c generators, 124
of transformers, 202
Peak inverse voltage, 316
Peaking transformer, 355
Pentode, 328



InpEX

Permeability, 58, 60
Phase sequence, 89, 253
Phase sequence indicator, 99
Phase-shift devices, 356
Photoelectric cells and tubes, 343
Planté plate (storage batteries), 268
Plate resistance (electron tube), 319, 320
Pliotron, 318
Polarity, Additive and subtractive, 201
Potential transformer, 179
Power ‘
Active, 49
Apparent, 49
Computation of, 9, 47
Reactive, 49
Three-phase circuit, 94, 99
Power factor
charges, 285
correction, 291, 297
meters, 183
Three-phase, 95
Use of, 47
Protection, Overload, for d-¢ motor, 171

R

Reactance

Capacitive, 41

Inductive, 32, 33
Rectification, 309-316, 339
Rectifiers

Copper-oxide, 341

Ignitron, 337

Mercury-vapor, 340

Thyratron, 335
Regenerative braking (induction motors),

229

Regulation

Speed, of a-c motors, 218

Speed, of d-c¢ motors, 134

Voltage, of a-c generators, 246

Voltage, of d-c generators, 117

Voltage, of transformers, 201
Relaxation oscillator, 349
Relays

Electronic, 362

Magnetic, 69, 165
Reluctivity, 58
Repulsion-induction motor, 263
Repulsion motor, 261
Resistance, Effective, 50
Resistivity, 53
Resonance, 45
Running-light test, 146

S

A/ '

Safety switch, 230

Saturable reactor, 353

Scott transformer connection, 309
Screen-grid tube, 327

393

Self-excitation, 113, 114
Self-inductance, 29
Sequence, Polyphase phase, 89
Series generator, 120
Series resonance, 45
Shaded-pole motor, 257
Shading coil, 71
Shunt motor, 130
Single-phase motors (see Induction motors)
Slip, Induction motor, 213
Solenoid, 57, 70
Space charge, 307
Split-phase motor, 258
Squirrel-cage rotor, 213
Stabilizing windings, 134
Starters, a-c, 227, 235, 241
Starters, d-c
Automatic, 165
Manual, Three- and four-point, 160, 161
Storage batteries
Lead-acid, 266
Nickel-Iron-Alkaline (Edison), 271
Stray load losses, 145
Stroboscope, 189
Subtractive polarity (transformer), 201
Susceptance, 38
Synchronizing (a-c generators), 252
Synchronizing current, Devices for, 254
Synchronous converter, 372
Synchronous generator
Hunting of, 246, 255
Parallel operation of, 252
Rating of, 252
Regulation of, 246
Voltage control of, 250
Synchronous motor
Applications of, 242
Power factor characteristics of, 239
Rating of, 241
Starting of, 235, 241

T

Temperature-limited operation (electron
tube), 309
Tetrode, 326
Thermionic emission, 307
Thermocouple instruments, 183
Third-brush generator, 371
Three-wire generator, 375
Three-wire distribution circuit, 16, 374
Thyratron, 335
Time constant, 75
Torque calculations
for d-¢ motor, 131
for induction motor, 225
Transconductance, 320
Transfer characteristic, 318
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Transformer
Burden (instrument), 182
Current (instrument), 180
Equivalent circuit of, 194
grouping, 203
Losses and efficiency of, 200
Parallel operation of, 202
Peaking (voltage), 355
Potential (instrument), 179
T-connection of, 209 .
Voltage regulation of,” 201
Transients, 73
Transposition of conductors, 51
Triode, 316, 330, 331
Two-wattmeter method of measuring
power, 95

U
Universal motors, 264

\'s
Vacuum tube voltmeter, 368
Var, 49
Vector, 22
Volt, 2

Voltage regulation

of a-c generator, 246

of d-¢ generator, 117

of transformer, 196, 201
Voltage regulator, 250
Volt-ampere, 101
Voltmeters, 175-178

W

Ward-Leonard control of d-¢ motors, 375
Watthour meter, 185

Wave winding, 108, 111

Weber, 63

Wire gage, 54

X
X-ray (industrial), 366
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