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FOREWORD

ELECTRICITY is the greatest force known to
mankind.

ELECTRICITY is leaping ahead at an unbeliev-
able rate. It is moving into practically every part
of the world and has become the most important
factor in modern civilization. Practically every
month the Kilowatt hour demand sets a new high
—it has been doing this for the past 25 years.
ELECTRICITY, even though it is one of Amer-
ica's voungest industries, already employs directly
and indirectly over 3 million people.

All of our marvelous developments in Radio, Tele-
vision, Electronics, Radar, etc., employ electrical
power and the principles of Electricity. It is truly
one of the world’s greatest industries.

Because of the tremendous opportunity in the
field of Electricity, there have been many books
written on the subject. Most treat with one specific
phase of Electricity. This set of books — Coyne
Practical Applied Electricity (of which this volume
vou now read is an integral part)—covers the en-
tire field.

This set is NEW. It includes the very latest
methods and explanations of Electrical installation,
operation and maintenance.

COYNE PRACTICAL APPLIED
ELECTRICITY WRITTEN BY A STAFF OF
EXPERTS

Most LElectrical publications are written by one
man and can therefore only cover his own specific
knowledge of a subject. COYNE PRACTICAL
APPLIED ELECTRICITY, however, represents
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the combined efforts of the entire Coyne Electrical
School Teaching Staff and the assistance of other
authorities on the subject. These men have a wide
field and teaching experience and practical knowl-
edge in electricity and its allied branches.

HOW THIS SET WAS DEVELOPED,
In submitting any material for these books these
experts kept two things in mind —1. MAKE IT
SIMPLE ENOUGH FOR THE “BEGINNER"—
2. MAKE IT COMPLETE, PRACTICAL and
VALUABLE FOR THE “OLD TIMER”. Al
material that was submitted for these hooks by any
individual was then rewritten by an editorial group
so that added explanations for the benefit of clar-

ity and easier understanding could be included.

Coyne Practical Applied Electricity can pay you
big dividends every day “on the job”. However, if
you only use the set occasionally when you MUST
BE SURE before going ahead on a job—the set
will pay for itself many times over,

Coyne Practical Applied Electricity is to an
electrician what a set of complete law books is to
a lawyer or a set of medical books is to a doctor.
Regardless of whether a lawyer or a doctor is “just
starting out’” or is an “old timer” and has been
practicing his profession for many years he has
many occasions to refer to his reference books,
Many doctors and lawyers spend thousands of dol-
lars on complete sets of reference books—they find
it a very wise investment,

In ELECTRICITY the need for good reference
books is just as great. So, when you make a pur-
chase of this set you are not just buying a set of
books—you are making an investment in your fu-
ture that can pay dividends all your life.

A

PRESIDENT
COYNE ELECTRICAL SCHOOL
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You will note that in some places in this Set we have explained
and shown illustrations of some of the  earlier types of Elec-
trical equipment.

WE HAVE A DEFINITE REASON FOR DOING THIS,
namely, many of the earlier units are much easier to un-
derstand. An important point to keep in mind is that the
BASIC PRINCIPLES of these earlier machines are the same as
those of the modern equipment of today.

Modern equipment has not materially changed in prmc)ple——
IT IS MERELY REFINED AND MODERNIZED. It is from
the earlier basic theories and simple beginnings that the com-
plicated mechanisms of today have been developed. IT IS TO
THESE EARLY BEGINNINGS WE MUST OFTEN TURN IN
ORDER TO GET A FULL UNDERSTANDING OF THE
PRESENT ADVANCED TYPES OF EQUIPMENT.

In the early days many of the parts and mechanism of Elec-
trical equipment were visible whereas today much of it is not.
However, the PRINCIPLES OF THE EARLY EQUIPMENT
ARE SIMILAR TO THOSE OF MODERN ELECTRICAL AP-
PARATUS.

SO IN VARIOUS PLACES IN THIS SET, WE SHOW YOU
SOME OF THIS EARLIER EQUIPMENT BECAUSE ITS CON-
STRUCTION 1S SIMPLER AND EASIER TO UNDERSTAND
AS YOU STUDY THE MODERN EQUIPMENT. THEN FROM
THESE EARLIER TYPES OF EQUIPMENT WE CARRY
YOU ON- TO THE VERY LATEST DEVELOPMENTS IN
THE FIELD.




HOW TO USE
THIS SET OF BOOKS

Coyne Practical Applied Electricity will be of
use and value to you in exact proportion to the
time and energy vou spend in studying and using it.

A Reference Set of this kind is used in two
distinct ways.

FIRST, it is used by the fellow who wishes to
make Electricity his future work and uses this Ref-
erence Set as a home training course.

SECOND, it is especially valuable to the man
who wishes to use it strictly as a Reference Set.
This includes electricians, mechanics or anyone
working at any trade who wishes to have a set of
books so that he can refer to them for information
in Llectrical problems at any time.

You, of course, know into which group you fall
and this article will outline how to properly use
this Set to get the most value for your own per-
sonal benefit.

How To Use This Set As A Home Training
Course In Electricity

The most important advice I can give the fellow
who wishes to study our set as a home training
course in [Electricity is to start from the begin-
ning in Volume 1, and continue in order through
the other 6 volumes. Don’t make the mistake of
jumping from one subject to another or taking a
portion of one volume and then reverting back to
another. Study the set as it has been written and
you'll get the most out of it.

Volume 1 is one of the most important of the
entire Set. Every good course of training must have
a good foundation. Our first volume is the founda-
tion of our course and is designed to explain in
simple language terms and expressions, laws and
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How To Use This Set of Books

rules of Electricity,upon which any of the big instal-
lations, maintenance and service jobs are based.
So, become thoroughly familiar with the subjects
covered in the first volume and you will be able to
master each additional subject as you proceed.

One of the improvements we made in this set
was to add “review” questions throughout the
books. You will find these questions in most cases
at the end of a chapter. They are provided so “be-
ginners” or “old timers” can check their progress
and knowledge of particular subjects. Our main
purpose in including the “review” questions is to
provide the reader with a “yardstick” by which he
can check his knowledge of each subject. This fea-
ture is a decided improvement in home study ma-
terial.

Above all, do not rush through any part of these
books in order to cover a large amount at one time.
You should read them slowly and understand each
subject before proceeding to the next and in this way
you will gain a thorough understanding as you read
and think it out.

For the special benefit of the fellow desiring to
learn Electricity at home, we have prepared a great
number of diagrams and illustrations. Refer to these
pictures and diagrams in our books regularly.

How To Use Coyne Practical Applied Electricity
Strictly As A Reference Set

The man who is interested in using these books
mainly for reference purposes will use it in a little
different way than the fellow who is trying to learn
Electricity as a trade. Some of the types of fellows
who usc this set strictly for reference purposes are:
home owners, electricians or mechanics, garage
owners or workers, hardware store owners, farmers
or anyone who has an occasional use for electrical
knowledge. Those types of fellows should use this
set in the following manner.

If some particular type of electrical problem pre-
sents itself, refer immediately to the Index—it will
give you the section in which the subject is covered.




How To Use This Set of Books

Then, turn to that section and carefully read the
instructions outlined. Also read any other sections
of the set mentioned in the article. As an example,
in checking over some information on electric mo-
tors, some reference might be made to an electrical
law of principles contained in Volume 1 of the Set.
In order to thoroughly understand the procedure to
follow in working out the electrical problem, you
should refer to Volume 1 and get a better under-
standing of the electrical law on principles involved.

Use The Master Index To Locate
Electrical Subjects

‘Thousands of men use this Set in their daily
problems, both on the job and around the home
as well. If you follow the instructions outlined you
will be able to locate any information you may
want at any time on your own electrical problems.

And here’s a very important point. Although
this set of hooks starts in Volume 1 and proceeds
through the other 6 volumes in order, it makes an
ideal home study course—nevertheless, any individ-
ual book in the series is independent of the others and
can be studied separately. As an example, Volume
3 covers D.C. motors and equipment. If a man
wanted to get some information on D.C. machines
only he could find it completely covered in this
volume and it would not be essential to refer to any
other volume of the set unless he wanted some
additional information on some other electrical
principle that would have a bearing on his problem.

This feature is especially beneficial to the “old
timer” who plans to tse the set mainly for field
reference purposes.

We believe, however, that the entire set of 7 vol-
umes should be read completely by both the “begin-
ner” or the expert. In this way you get the greatest
benefit from the set. In doing so the experienced
Electrician will be able to get very valuable informa-
tion on subjects that he may have thought he was
familiar with, but in reality he was not thoroughly
posted on a particular subject.
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ALTERNATING CURRENT

Alternating curent electricity provides one of the
greatest fields of opportunity and one of the most
fascinating branches of work and study in the entire
electrical industry today.

In the last few years, alternating current and A.C.
machines have come into such extensive use in
nearly all industries that no electrical man can af-
ford to he without a knowledge of this very inter-
esting form of energy and equipment.

One of the greatest advantages of alternating cur-
rent 1s that it can be much more economically trans-
mitted over longer distances than direct current.
This 1s due to the fact that the voltage of alterna-
ting current energy can easily be stepped up to very
high values by means of transformers.

The economical high-voltage transmission of al-
ternating current makes it possible to generate this
form of energy more cheaply in large and efficient
central generating stations or power plants, and
then transmit it to towns and factories at consider-
able distances.

High tension transmission lines also make pos-
sible the use of water power produced in large
hydro-electric plants which are often a long distance
from ‘the towns and places where the electrical en-
ergy is used. ,

Thousands of miles of high-voltage transmission
lines, operating at voltages from 66,000 to 220,000,
tie together the great steam and hydro generating
stations in vast super-power networks throughout
this country. These lines carry hundreds of thou-
sands of horse-power of clean, silent, and efficient
electric energy to turn the wheels in our great fac-
tories, to light our homes and city streets; and to
operate electric railroads, etc.

Interconnection of huge power generating plants
and centers by high voltage A.C. lines makes pos-
sible great economies of operation and increases the
dependability of electric supply. It tends to balance
or equalize the varying loads of the different towns,

1




Alternating Current

communities, and factories, into a more uniform av-
erage load on all of the interconnected generating
plants; and thereby reduces the number of spare
generators that must be carried in any of the plants
for peak loads. Connecting a great number of
power plants together also makes it possible for one
generator, plant, or line to be shut down for repairs
without interrupting the electric supply to the users,
as the full load can be carried temporarily by the
other plants on the system.

o
{

B

.

Fig. 1. This photo shows a high voltage power line of the type which
carry thousands of h. p. of electrical energy throughout the country.

For these reasons, alternating current transmis-
sion lines have heen developed with tremendous
rapidity so that at present their voltages run as

2
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high as 290,000, and new power lines are constantly
being installed in a great network throughout the
entire country. Engineering tests and experiments
are now being carried on toward the development of
still higher voltage transmission lines.

Even with our present super-power lines it is pos-
sible to economically transmit many thousands of
horse power over distances of several hundred miles.

Great generating plants in Chicago have supplied
power to the city of Pittsburg, and have for a short
test period supplied power to light the streets of
Boston. Chicago has some of the largest genera-
ting plants in the world, and these plants are con-
nected with others in a vast system with transmis-
sion lines reaching to the eastern and southern
coasts of the U. S., and long distances north and
west.

Great steam generating plants producing from
100,000 kw. to 500,00 kw. each feed the alternating
current to the transmission lines; and new power
plants are constantly being built to supply the ever-
increasing demand for electric power.

It is almost impossible to comprehend the tre-
mendous rate at which alternating-current electrical
equipment has been developed, and the present rate
of expansion of this great industry.

In 1889 an A.C. generating unit of 400 kw. capac-
ity was put into operation, and was thought to be a
very large unit at that time. The size of A.C. gen-
erators kept increasing until, in 1917, units of 45,000
kw. were in use, and a unit now operating in one
of Chicago’s large power plants is of 208.000 kw.
capacity.

Hydro-electric plants have also developed rapidly.
In 1890 only a few thousand h.p. were produced at
Niagara Falls, but now its electrical output has been
increased to over one million h. p-

A new hydro plant of the Philadelphia Electric
Company, at Conowingo, Maryland, produces nearly

3
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Alternating Current

one-half million h. p. of electric energy; and there
are hundreds of other water-power plants which
generate from 10,000 to 100,000 h. p. and more each.
Fig. 3 shows a photo of the great dam and power
house

The operating of all these steam and hydro-elec-
tric power plants provides steady jobs at good pay

-and clean. fascinating work, for many thousands of

trained electrical men. The construction of new
plants and power lines, and the inspection and

maintenance of existing lines, employs thousands

more.

Then there is the manufacture, installation, and
maintenance of the vast number of A. C. electrical
machines and devices that use the millions of h. p.
generated by all these power plants.

Electrical manufacturers have produced approxi-
mately 2% billion dollars worth of electrical equip-
ment in a single year. Try to imagine, if you can,
the additional number of men required each year
to produce, install, operate, and maintain that equip-
ment .

Approximately 80% of all the money invested
in the electrical industry in the U. S. is invested
in sixtv-cycle, A. C. equipment; and about 90%
of all the electric power generated is A. C. So
you can readily see the value of a good knowledge
of this branch of electricity.

Manufacturing and industrial plants in this coun-
try are over 80% electrified at present. The ma-
chines in these plants are largely driven by A. C.
motors, hecause of their practlcally constant speed,
rugged construction, and low maintenance costs.
Fig. 4 shows a typical example of A. C. motors
used for individual drive of machines in a textile
mill.

The most common type of A. C. motors have no
commutators or brushes, which greatly reduces
their wearing parts and the amount of care they
require.

Special types of A. C. motors with high starting
torque have heen developed for certain uses for

5
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which D. C. motors were formerly considered neces-
sary, and now there are A. C. motors available for
practically every need.

Alternating-current synchronous motors are ideal
for operating equipment where absolutely constant
speed is required.

In addition to the hundreds of thousands of h. p.
used in A, C. motors, factories also use alternating
current very extensively for spot welding and butt
welding machines, enameling ovens, heat-treating
furnaces, and other processes, as well as for light-
ing.

Sixty-cycle alternating current is very suitable for
lighting with incandescent lamps, as the periods of
zero voltage between the alternations are so very
short that they do not allow time for any noticeable
dimming of the light from the lamp filaments. So
wherever alternating current is used for power pur-
poses it 1s also used for lighting; and in homes,
offices, and stores alternating current is by far the
most generally used for lighting.

Some very important branches of the electrical
industry actually depend upon alternating current
for their existence. Radio is one of these, and as
the energy used in radio transmission is high-fre-
quency A. C.,, the study of alternating current prin-
ciples is very essential to anyone who plans to fol-
low radio work.

The increase in the use of alternating current
in the last few years and the thousands of uses
which have been developed for it so far, make it
almost 1mpossible to over-estimate the extent to

which A. C. will undoubtedly be used in the near
future.

The high rate of development and expansion
in this field requires many additional trained men
vearly. There are thousands of electricians in the
field today who have followed D. C. work almost
exclusively and know almost nothing about
the principles of alternating current and A. C. ma-
chines.
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Therefore, this branch offers the finest of oppor-
tunities to trained practical men who have a good
knowledge of alternating current.

And let us emphasize again that, in addition to

Fig: 4. This view shows a number of A, C. motors being used for in-
dividual drive on machines in a textile mill. Thousand of factories
and industrial plants use electric motors in this manner for driving
their various machines and equipment. (Photo courtesy G. E.
Company)

being a very valuable subject to know, alternating
current electricity is one of the most fascinating
and interesting subjects any ambitious student can
ever hope to find.

Alternating current differs from direct current in
many ways, but practically all the principles of
electricity which you have learned so far can, with
a few 'modifications, be easily applied to A. C.

Alternating current is often thought to be a dif-
ficult subject to master. It does not need to be at
all, when properly explained in a practical manner.

In the following pages the principles of alter-
nating current and the operation and care of A. C.
machines will be covered in a simple non-technical
manner, for the needs of the practical man.

7




Nature of A.C.

Study these pages caretully tor the sake of your
future earning capacity, and to qualify yourself for
some of the splendid opportunities in this field.

1. NATURE OF ALTERNATING CURRENT

Alternating current is current that constantly
changes in value and periodically reverses in direc-
tion.

This reversal of the current is caused by the
armature conductors passing first a north and then
a south pole in the generator.

You have learned that-A. C. is induced in the
conductors of any ordinary generator armature, and
that to obtain D. C. we must rectify the current
from a generator armature by means of a commu-
tator.

Alternating current can be made to produce heat,
light, and magnetic effects just as D. C. can. The
principal differénce in the magnetic fields of A. C.
and D. C. circuits is that alternating current pro-
duces a constantly varying flux, the lines of which
are always in motion or expanding and contracting
around the conductor. The alternating or moving
magnetic field of alternating current is what makes
./ possible the operation of transformers, to step the
voltage up or down as desired.

2. INDUCTANCE AND CAPACITY IN A.C.
CIRCUITS

The moving A. C. flux also sets up in any A. C.
circuit, self-induction due to inductance. This in-
ductance and also a condenser effect, or capacity,
which is caused by the constantly varying voltage
of A. C. circuits, are the two principal differences
between A. C. and D. C. circuits.

We have learned that the important factors in
any direct-current circuit are pressure, current, and
resistance. We have the same three factors to
consider in any A. C. circuit and also the two
additional factors—inductance and capacity.

Ohms law applies also to A. C. circuits, with a
slight modification to include the inductive and

8
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capacity etfects on the current, as well as the effects
of resistance.

Many of the most important advantages of A. C.
and many of the greatest achievements in the elec-
trical industry are based on these two additional
factors in A. C. circuits—namely, inductance and
capacity. They will both be thoroughly explained
a little later.

3. GENERATION OF ALTERNATING
VOLTAGE .

The development or generation of alternating-
current voltage is shown in Fig. 6. At the left
of this figure is a sketch of a simple two-pole
generator in which the progress of the conductor
throughout one revolution is shown in eight steps
of 45° each. The successive values of voltage which
will be induced in this conductor are plotted or
projected along a horizontal base-line at the right
side of the figure.

1 Cycl
{36);:)')e

F—= 1 Alternation —- f Alternation —
(180°) ‘(180')

————— x
F= A "~ d Time
Earlier
Time
Later
a Axis (3 A
Y
_____ RN SRS PR N/ S .

l— 90"

180" —— |
l 270"
GENERATION OF ALTERNATING CURRENT

Fig. 6. The above diagram i}lustrates the manner in which alternating

voltage is produced in a simple two-pole generator. The sine curve
shows the variations and reversal of voltage for one revolution of
the armature. Study this diagram very carefully with the accom-
panying explanation.

The values above the line are positive voltage
values and those below the line are negative. Elec-
trical degrees and time are also plotted along this
axis line. The electrical degrees are represented

9




Generation of A.C.

by 'spaces of uniform length and drawn to scale,
for example Y-inch for each 45 degrees, or Y5-inch
for each 90 degrees, etc.

Other spacing values can be used to suit the size
of the drawing desired.

Time “later” is indicated in a right-hand direc-
tion and time “earlier” in a left-hand direction. To
illustrate this, a vertical line “X Y” is drawn
through the axis; and all values on the right-hand
side of this vertical line are later in time, while
all values on the left are considered to be earlier
in time with respect to this point.

While the conductor shown at No. 1 is moving
in the neutral plane of the magnetic field it will
have no voltage induced in it. Therefore, the
voltage value at this point will be as shown at “a”
on the axis line. The axis line always represents
zero voltage value.

As the conductor moves around the armature 45
degrees in a clockwise direction it comes to position
2, where it is beginning to cut into the field flux
of the N pole, and at a more and more abrupt

angle. At this point the voltage value will be as
shown at “B”, or the point where the dotted line
running to the right from conductor 2 intersects
the vertical line which is just 45 degrees later than
the one at “a”.

When the conductor moves another step, or 45
degrees, farther to position 3, it will then be cutting
at right angles to the dense flux of the N pole,
and will produce a voltage value as shown at “c”,
where the dotted line from the conductor intersects
the time line, which is now 90 degrees later than
the one at “a”.

When the conductor moves to position 4 it is
beginning to leave the flux from the N pole and
its induced voltage will be somewhat lower, as
shown at “d”. As the conductor moves on to posi-
tion 5 it is again passing through the neutral plane
or at a point where it doesn’t cut any appreciable
amount of flux, and its voltage will again be at
zero value, as shown at “e”.

10
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The voltage values which this conductor will pro-
duce in passing from position 5 back to 1 will be
the same as those from 1 to 5, except that the
voltage will be in the reverse direction, as the con-
ductor is now cutting in the opposite direction
through the flux of the S pole. These negative
values are represented at the points, f, g, h, and i,
or below the axis lines.

The armature conductor has now passed through
a complete set of positive and negative values and
through one complete revolution or 360 electrical
degrees.

4. SINE CURVES; ALTERATION, CYCLE,
FREQUENCY

If we connect the points a, b, ¢, d, e, f, g, h,
and i all together with a curved line, that line will
form what 1s known as a sine curve. This curve
gives us a clear mental picture of the manner in

which the voltage varies in amount and reverses
in direction in an a-lternating -current circuit,

The values from “a” to “e” are all positive and
constitute 180 E° (electncal degrees) or one alterna-
tion. The values from “e” to “1"" form the negative
alternation. These two successive alternations, one
positive and one negative, complete one cycle.

If we were to go on revolving the conductor
rapidly it would produce one cycle after another of
alternating current, provided the coil were con-
nected to a closed circuit. The number of these
cycles which occur in each second of time is called
the frequency of an alternating current circuit, and
is expressed in cycles per second. Nearly all ‘AC.
systems ‘in this country today use 60-cycle fre-
quency.

FExamine the diagram in Fig. 6 very carefully, un-
til you are sure you know the number of electrical
degrees in one alternation and in one cycle.

A conductor in a generator must always pass one
pair of poles, or one north and one south pole, to
complete a cycle. Therefore, the greater the num-
ber of poles in a generator the greater will be the
number of cycles it will produce per revolution. The

11
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110,000 kw, having hydrogen-cooled generators.

Fig. 7A. Third G-E Vertical-Compound Steam Turbine Generator Set,
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frequency of any A.C. generator can always be de-

termined by the following simple formula:

RPM
f= X N
60
In which:
f = frequency in cycles per second

RPM = revolutions per minute of generator

60 = no. of seconds per min.

N = no. of pairs of poles in generator.

5. ELOW.OF ALTERNATING CURRENT

If an alternating voltage such as shown in Fig. 6
is applied to a closed circuit, alternating current

will flow. The current will, of course, vary in
amount and reverse in direction, just as the voltage
does. These alternations or impulses of current can
be shown by a curve similar to the one for voltage
in Fig. 6. Current first starts to flow around the
circuit in one direction, and continues in this direc-
tion during one alternation, or 180°. In a 60-cycle
circuit this would be for 1/120 part of a second.

During this period the current value or intensity
keeps gradually increasing up to maximum during
the first 90°, or one-half alternation. Then it starts
to decrease in amount, but continues in the same
direction for another 90°, or the last half of the
alternation.

When the current in this direction has fallen to
zero value, it then reverses and flows in the other
direction for one alternation or 1/120 part of a sec-
ond, again rising and falling in value or amount.

6. MAXIMUM AND EFFECTIVE VALUES
OF ALTERNATING CURRENT

Fig. 8-A shows a curve for one complete cycle
of single-phase alternating voltage, and Fig. 8-B
shows a curve for the current that we will assume
is caused to flow by that same voltage cycle.

These curves show maximum values of one volt
and one ampere for this circuit. You will note that

13
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these maximum values last for qnly a very short
period during each alternation. So, if we were go-
ing to determine the heating effect or power that
would be continuously produced by such an A.C.
circuit with one volt maximum pressure and one
ampere maximum current, we could not expect as
great a result as from a D.C. circuit with one volt
continuous pressure and one ampere continuous cur-
rent.

By actual test we find the heat produced by the
A.C. current is about 70%, or to be more exact .707

11
10 Maximnum Value 1.
%1 Effective Value 1017
Iy Averaqe Value 636
2| ¥ H
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A Negative
=y
9|
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10—
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1%7]
10 Maximun Value 1.
"
: - .Effe,ctwg Value 107
v Averaqe Value .636
"
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a oy
¥l %
4 q_
al Current Sime Curve
£l o]
1%

Fig. ‘8. These sketches show the maximum, effective, and average
values of alternating voltage and current.

of that produced by the D.C. current when both
currents have equal maximum values,

We therefore say that the effective voltage and
current values of an A.C. circuit are .707 of the
maximum values. It is this effective value that we
consider .in ordinary work and calculations with
A.C. circuits. Ordinary A.C. voltmeters and am-
meters are calibrated to read the effective values
and not the maximum values.

14
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Therefore, if an A.C. circuit has meter readings
of 100 volts and 100 amperes, we know these to be
the effective values; and this circuit would produce
just as much heating effect as a D.C. circuit of 100
volts and 100 amperes.

Compare carefully the effective and maximum

values shown in Fig. 8 You will note that the
effective value is nearly three-quarters of maximum
value.

If an A.C. circuit has a maximum voltage value
of 100 volts, the effective value would be .707 X
100, or 70.7 volts.

7. CALCULATION OF EFFECTIVE AND
MAXIMUM VALUES

The effective values of an A.C. voltage or current
curve for any alternation, can be calculated by what
is called the root mean square (R.M.S.) method.

This calculation is made by getting the instan-
taneous values of the curve at points one degree
apart and squaring all these values. Next all these
squares are added together and averaged, by divid-
ing the sum by the number of squares. Then,
taking the square root of this average, we would
have the root mean square; or, in other words, the
square root of the average square of the separate
values.

This method of squaring the curve values and
then getting the square root to obtain the effective
value, is used because the heating effect of any
A. C. circuit is proportional to the square of current
at any instant.

The process just described may seem somewhat
technical, but with a little reviewing you will find
that the principle is quite simple.

You may not have occasion or need to use the
R.M.S. method in any calculation in your ordinary
electrical work for some time; but it may be very
handy for some future reference, so it is given here
for your convenience at any later time. It is also
given as a matter of interest, so you may know

15
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how the effective value 1s obtained and where the
figure .707 comes from.

Remember that an A. C. circuit will perform just
as much work per volt and per ampere as a D. C.
circuit, because ordinary A. C. meters read the
effective values only, and these are the values com-
monly considered in A. C. work.

One of the most important points to be consid-
ered, however, is that to produce a given effective
voltage in an A. C. circuit, the maximum voltage
for its short periods during each alternation will
be considerably higher than the effective voltage
registered bv the meter. This places a higher
voltage strain on the insulation of an A. C. circuit
of a given effective voltage value, than on a D. C.
circuit of the same voltage.

When either the maximum or effective value of
an A. C. circuit is known, the other can be found
by one of the following formulas:

Effective value = Max. value X .707
Maximum value = Eff. value =+ .707

It is often easier to multiply by the reciprocal
of a number than to divide by the number itself,
and the same result can be obtained by either meth-
od. You will recall that the reciprocal of a number
is equal to 1 divided by the number. So, in the
case of the effective value .707, its reciprocal is

1
707,

Accordingly, the above formula for finding maxi-
mum value can be changed to read:
Max. value = eff. value X 1414
The use of this formula is illustrated by the fol-
lowing example.
| If we have a motor which is being rewound to
‘ operate on a 2200-volt circuit, what would be the
maximum voltage stress on its insulation?
If the effective value is 2200 volts, then:

b Max. value = 2200 X 1.414, or 3110.8 volts.
|

This would be the maximum voltage impressed
f “on the insulation of the motor winding and, al-

or 1.414,

equal to
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lowing enough extra for safety factor to prevent
possibility of puncture of the insulation, it would
probably be insulated for 5000 volts or over.

8. AVERAGE VALUE OF ALTERNATING
CURRENT

By referring again to Fig. 8, you will note that
an average value of the curves is also shown. The
average value is .636 of the maximum value. This
figure is used in a few electrical calculations and in
the design of electrical machines, but not a great
deal in ordinary electrical work.

Because of the shape of the sine curves for alter-
nating current and the fact that the heating effect
is proportional to the square of the current values,
the effective value is actually a little higher than the
average value, as shown in Fig. &

The voltage alternations produced by an actual
power generator would not be quite as smooth or
perfect in shape as the curves shown in these fig-
ures. Instead they would have little irregularities
or ripples in them; but as they follow the same
general shape, all ordinary circuit calculations for
A. C. are based on the true sine curves as shown.

9. SINGLE-PHASE AND POLYPHASE
CURRENTS

You have already learned that A. C. circuits are
of single-phase, two-phase, and three-phase types;
and in the lessons on A. C. armature winding the
method of generating single-phase and polyphase
currents was explained. If you find it necessary to
refresh your memory on these points, review Arma-
ture winding lesson No. 29.

You will recall that the term “phase” refers to the
number of separate individual voltages set up in an
A. C. circuit or the number of separate sets of
alternations in the circuit.

Fig. 9 shows three sets of curves for single-phase,
two-phase, and three-phase circuits. The single-
phase curve at “A” has successive alternations of
180° each. The two-phase circuits have two sets of
alternations occurring 90° apart; that is, they start,
reach their maximum values, and finish always

17
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90° apart. Three-phase circuits have three sets of
alternations, 120° apart, as shown at “C” in the
figure.

You will recall that these alternations are gen-
erated with the various spacings in degrees, by spac-
ing the armature conductors the same number of
electrical degrees in the generators.

€

f— 180" ——-‘
A
[— 180° ———~

Smgle Phase Voltage Curve

Phase-A Phase-B

B
E— 20" —cl-—,so'
Two Phase Voltage Curves.
PhaseA PhaseB PhaseC Phase-A
1 )
| i I
! i | | l
' : : | |
C T T T : T
1 ] [ ] 1
. | ! i !
I |
I
t
0 ]
fe—— 120" 120’ V20"
— 240
P 300"

Three Phase Voitage Curves.

Fig. 9. The above diagram shows the sine curves for single-phase,
two-phase, and three-phase alternating voltages.

Each alternation of any single-phase or polyphase
circuit consists of 180°, and each cycle consists of
360°. Keep in mind also that the poles in an alter-
nator are always spaced 180° electrical degrees
apart, and that a pair of poles constitutes 360 elec-
trical degrees.

Six-phase energy is also used in some cases, for
converters and rectifiers. Fig. 10 shows a set of
curves for six-phase energy. Two-phase circuits
are still used to some extent in older installations.
Single-phase and three-phase systems are by far the

18
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most commonly used. Single-phase systems are
used extensively for incandescent lighting and small
power motors, and three-phase systems are used
almost exclusively for -large motors, general power
work, and transmisston lines.

10. PHASE RELATIONS OF VOLTAGE AND
CURRENT

The voltage and current of an A.C. circuit can
both be shown in the same diagram by separate sets
of curves drawn along the same zero or axis line,
as shown in Fig. 11. This figure shows the curves
for a three-phase circuit. The solid line represent
the voltage impulses and the dotted lines represent
the current impuilses.

1 2 3 - s e 1 2 3

- GO™-m4e- GO s~ GO 60" 60" Go*
Six Phase Voltage Curves

Fig. 10. This sketch shows the sine curves for the voltage of a
six-phase A, C. circuit. Compare these sketches carefully with
the ones in Fig. 9, and note the number of degrees spacing between
each phase and the next.

- oo R N ~

Three Phase Voltage and Current Curves.

Fig. 11. Voltage and current curves of a three-phase circuit. The
]\(oltage is shown by the solid lines and the current by the dotted
ines.

In this diagram the current value is shown to be
slightly less than the voltage value by the lower
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height of the curves; but the current alternations
are in phase or ip step with the voltage alternations.
In other words, the current and voltage alternations
of each phase start together, reach their maximum

values together,‘and finish together. -
This seems to be the proper or natural condition,

as you know that the current variations are caused
by the variations in pressure or voltage; so it would
seem quite natyral that the two should be in step,
or “in phase”, as we say.

It is possible, however, to have the current im-
pulses occur out of phase with the voltage impulses
in A.C. circuits, due to the effects of inductance or
capacity in these circuits.

The current may either lag or lead the voltage,
according to whether the inductance or capacity is
greatest in the circuit. These conditions will be
fully explained a little later.

11. EFFECT OF LAGGING OR LEADING
CURRENT ON POWER

When the current and voltage impulses are in
phase with each other, or working together in the

same direction, they will, of course, produce more
useful power in watts when they are out of phase
or working in opposite directions part of the time.

When current and voltage are in phase as shown
in Fig. 12, the product of the voltage and current
values at any instant will give the watts power at
that instant.

The power curve in this diagram is shown by the
heavy line, and is all above the axis line, represent-
ing useful power. )

In Fig. 13 the voltage and current are slightly out
of phase, and the current is lagging a few degrees
behind the voltage. This causes short periods dur-
ing each alternation when the voltage and current
are in opposite directions, as shown between the
lines “a” and “b”. During this period there is no
useful power in watts produced and the power curve
is shown below the axis line, representing what is
known as wattless power

This wattless power does not produce any useful
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power on the system, but merely produces addi-
tional heating of the couductors, and thereby limits

.

Power Curve
Watts

Fig. 12. This diagram shows the curves for the voltage, current, and
power of single-phase A, C. circuit, in which the voltage and cur-
rent are in phase with each other.

Power Curve

Wattless Powe

Fig. 13. Voltage, current, and power curves of a single-phase circuit
in which the voltage and current are out of phase. The current,
represented by the dotted curves, is shown lagging behing the volt-
age in this case.

the capacity of generators, motors, and lines in

which this condition exists. :

\When multiplying the values of voltage and cur-
rent curves to obtain the power in watts at any in-
stant, the polarity of the curves must be carefully
observed. \When voltage and current curves are of
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the same direction or polarity, their product wil] all
be positive or useful watts, and is shown by the
power curve above the axis line. At points where
the voltage and current curves are of opposite po-
larity, their product will give negative or wattless
power, shown by the power curve below the axis
line. )

12. A.C. CIRCUITS

The practical man may often have occasion to
make simple measurements and calculations with
the voltage, current, and power of A.C. circuits, in
his work in the field as an electrical construction
man, power plant operator, or maintenance man.

These calculations can be made with A.C. circuits
in very much the sanie manner that you have al-
ready learned for D.C. circuits; and just as easily.
once you have a thorough knowledge of A.C. prin-
ciples and the important factors which control the
current and power in A.C. circuits.

It is sometimes difficult for a student to see how
these calculations can be made with A.C., because
of the manner in which the voltage and current are
continuously and rapidly varying in value and re-
versing in direction. It is our purpose to simplify
these points and avoid the unnecessary misunder-
standing and difficulties which so frequently worry
students and electricians who do not have a proper
understanding of the simple fundamentals of alter-
nating current.

An excellent fact to keep in mind at all times is
that an alternating current circuit can at any par-
ticular instant be compared to a D.C. circuit.

As we usually work with the effective values of
current and voltage in A.C. circuits and can always
consider the circuit during a certain period of one
alternation, or as the current is flowing in only one
direction for the moment, this greatly simplifies
tracing the flow of current inthe circuit and making
any calculations with the current or voltage.
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13. INDUCTIVE REACTANCE, CAPACITY
REACTANCE, and IMPEDANCE

We have already mentioned that in A.C. circuits
there are always two other factors besides resistance
which control the current flow, and these are induc-
tance and capacity.

The effects or opposition offered by inductance
and capacity to the current and voltage of an A.C.
circuit, are known as inductive reactance and capa-
city reactance.

4

RESISTANCE

IMPEDANCE { INDUCTIVE REACTANCE
REACTANCE {

— CAPACITY REACTANCE

Fig. 14. This figure shows the several different factors which make up
the impedance in an A, C. zircuit.

If resistance, inductive reactance, and capacity re-
actance all tend to control the current flow in A.C.
circuits, we should be able to sum these all up to-
gether to get the total controlling effect on the cur-
rent and thus simplify our calculations and prob-
lems. That i1s exactly what we do.

The total opposition offered to the flow of cur-
rent in an A.C. circuit, is called impedance. The
impedance of an A.C. circuit therefore, compares
with the resistance of a D.C. circuit.

The factors that make up the impedance can be
illustrated in another way as shown in Fig. 14,

Impedance is here shown as being composed of
the resistance and total reactance. The total react-
ance is then subdivided into its two classes, Induc-
tive reactance and Capacity reactance.

The impedance and reactance of A.C. circuits are
both measured in the unit ohm, to be comparable to
the resistance in ohms.

The symbols used to indicate these very import-
ant factors of A.C. circuits are as follows:
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Z = Total impedance in ohms
X = Total reactance in chms
XL = Inductive reactance in ohms
Xc¢ = Capacity reactance in ohms
R == Resistance in chms

14. OHMS LAW FOR A.C. CIRCUITS

Now that we know the factors that control the
flow of current in A.C. circuits and also that they
can all be grouped into impedance in ohms, it is easy
to see how Ohms law can be applied to an A.C. cir-
cuit by simply substituting the ohms of total imped-
ance for the ohms resistance used in D.C. Ohms law.

From Ohms law for D.C. circuits we learned that
the current flow could be determined by dividing
the voltage by the resistance in ohms. Then for
A.C, circuits, the current can be determined by di-
viding the effective voltage by the impedance in
ohms. Or,

E

I ———

z

And from this we can obtain by transposition the
other two very convenient formulas:

E
7 —

,and E=1 X Z
I

As inductance and capacity are such important
factors in A.C. circuits, and are the_cause of induc-
tive reactance and capacity reactance, it will be well
to learn more about them. In addition to offering
opposition to the current and voltage, inductance
and capacity also cause the current to be out of
phase with the voltage in most A.C. circuits.

24



Alternating Current

EXAMINATION QUESTIONS

1. Define alternating current.

2. 1In addition to current, pressure, and resist-
ance, what two other factors are present in an A.C.
circuit?

3. Define an alternation, a cycle.

4. Give the formula for use in determining the
frequency of an A.C. generator.

5. Are ordinary A.C. voltmeters and ammeters
calibrated to read effective or maximum values of an
A.C. circuit?

6. What would be the maximum voltage value in
an A.C. circuit where the effective value is 110
volts?

7. Draw a diagram showing three phase voltage
curves.

8. When the current in an A.C. circuit is “in
phase” with the voltage, does the maximum value
of current occur at the same time as the maximum
value of voltage?

9. When does Wattless power exist in an A.C.
circuit?

10. Give the three Ohms Law formulas for use
in A.C. circuits.
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INDUCTANCE

Inductance is that property or ability which an
electric circuit possesses for developing a counter
electro-motive -force within the circuit itself, by
electro-magnetic induction.

The counter-E. M. F. due to inductanc is caused
by the variations or changes of current strength in
the circuit, and the corresponding changes or vari-
attons in the magnetic flux around it.

All A, C. circuits will have a certain amount of
inductance. In some cases this inductance is so small
that it can be disregarded entirely in ordinary probh-
lems; while in other cases the inductive effect is so
great that the whole operation of the circuit or de-
vice may depend upon it.

Inductance tends to oppose every change of cur-
rent that occurs in any circuit, by generating or in-
ducing a counter-voltage of self-induction as the
changing flux cuts across the conductors of the cir-
cuit itself,

For this reason, A. C. circuits which have coils or
machines windings connected in them, have a much
greater inductance than straight wires or lines, or
incandescent lighting circuits. This 1s because coils
and windings set up very strong fields of concen-
trated magnetic flux, and as these lines of force cut
across the turns of the coil they generate consider-
able counter-voltage of self-induction.

A. C. circuits to which are connected induction
motors and transformers are very highly inductive,
because of the windings of these machines and their
location on the iron cores of the device in a manner
which is ideal for establishing very strong magnetic
fields. :

Ordinary incandescent lighting circuits are con-
sidered as practically non-inductive because their

inductance is so small that it 1s usually not consid-
ered in ordinary calculations.

The counter-voltage and inductive reactance
which recult from inductance in the winding of A.
C. machines regulate or limit the current flow a
great deal more than the ohmic resistance does. This
1s the reason why many A. C. machines and devices

27
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Counter Voltage

will be burned out almost immediately if they are
connected to a D. C. circuit of the same voltage.

The direct current, being constant in value, does
not have a continually varying or moving flux to set
up the counter-voltage of self-inductance.

The unit with which we measure inductance in a
circuit is called the henry. A circuit has an induct-
ance of one henry when a current change of one
ampere per second will induce one volt counter-
voltage of self-induction in that circuit.

The unit “henry” is sometimes known as the co-
efficient of self-induction, and the symbol for this
unit, “henry”, is the capital letter L. Therefore, the
evpression 10 L. means 10 “henrys” of inductance in
the circuit.

Sometimes the inductance of a circuit is much
less than one henry, and is expressed in milli-henrys
(M. H.), or 1/1000 part of a henry.

1. COUNTER-VOLTAGE OF SELF-
INDUCTION

Fig. 1 illustrates the manner in which the count-
er-voltage is built up by induction in a coil in an
A. C. circuit. The current flowing through the coil
sets up a strong magnetic field around all its turns.

We know that with alternating current these lines
of force will be constantly expanding and contract-
ing, and reversing in direction, as the current varies
in amount and reverses in direction

As the lines of force expand and contract, and cut
across the turns of the coil in first one direction and
then another, they will induce a voltage which op-
poses the applied voltage.

It will be well to keep this fact always 1n mind—
that the electro-magnetically induced currents are
always in such a direction that the field set up by
them tends to oppose or stop the force which pro-
duced them. This is known as Lenz’s Law, as it
was discovered by an early experimenter ‘named
Lenz. :

The manner in which the counter-voltage is set
up by induction is illustrated more in detail in Fig.
2. In this figure we have shown a sectional view
of a coil of wire as though the turns were all cut in

.
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half, lengthwise through the coil. The current set
up by the applied line voltage at the particular in-
stant, is shown flowing in at the lower conductor
ends and out at the top ends.

Fig. 1. The alternating flux around coils or wires of A. C. circuits
produces voltage of self-induction and inductive reactance in the
circuits.

The flux which will be set up by this current is
shown around the lower end of the right-hand turn
of the coil. Flux would, of course, be set up around
all the turns but, for convenience in illustrating the
principle of 1nduct10n is shown only around this
one turn,

When the current of one alternation in the circuit
builds up in the turns of the coil the flux shown
around the conductor or single turn will expand
more and more until the current reaches maximum
value. During this building up of the current and
flux, the lines will be cutting across adjacent turns
of the coil in the direction shown, and will be induc-
ing a voltage in them.

By applying the right-hand rule for induced vol-
tages, we find that the direction of the voltage in-
duced in the second turn of the coil, will be oppo-
site to the applied voltage. This also checks with
Lenz’s law which says that the direction of the
induced current will be such that its field will op-
pose the force that produces it.

When we consider that the flux of a coil in an
A. C. circuit will be continually cutting across all
turns of that coil, and that the counter-voltage it
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will induce in all these turns will add together as
the turns are all in series, we can then see that the

Current {low out

OO RO RO WO

» @ ©

Current flow in

Fig. 2. The above diagram illustrate_s the manner in which. the
counter-voltage of self-induction is built up in an inductance coil.

counter-voltage of self-induction in such a coil may
greatly limit the flow of current through it.

If we place an iron core in such a coil, and allow
it to build up a much stronger field, this will greatly
increase the inductance of the coil. Such coils are
often called choke coils because of the “choking” or
limiting effect which their counter-voltage has on
the flow of alternating current through them.

A coil of several hundred turns wound on a large
iron core and connegted across a 110 or 220-volt, 60-
cycle circuit, may produce nearly as much counter-
voltage as the applied line voltage, and allow only
a very small current to flow through the coil.

This explains why coils of A. C. devices or ma-
chines are usually wound with a much smaller num-
ber of turns than are D. C. devices for circuits of
the same voltage; because on A. C. circuits the in-
ductive reactance or counter-voltage controls the
current even more than the ohmic resistance does.
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This self-induced voltage caused by the induct-
ance of a coil as shown in Fig. 2-A, being in a direc-
tion which opposes the applied line voltage, actually
tends to make the current in the coil lag behind its
voltage. That is, the current alternation does not
reach its maximum value until a few degrees later
than the voltage does, as shown by the curves in
Fig. 2-B.

When the voltage of the alternation reaches max-
imum value, the current tends to stop increasing,
but this causes the flux around the conductor to
stop expanding and also to stop generating the
counter-voltage in the turns of the coil. This allows
the current to rise to its full maximum a little later
than the voltage reaches its peak.

Current flow out

Current flow in

Fig. 3. This view shows the flux around one turn of a coil during the
period when the current is at maximum value. The flux is neither
contracting nor expanding at this period, and therefore produces no
voltage of self-induction.

This is illustrated in Fig. 3-A, where the flux has
stopped expanding and producing counter-voltage:
and on the curves at “B” the current and voltage
peaks are marked by the round dots.
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As the voltage starts to reduce and causes the
current to decrease, the lines of force around the
turns of the coil will start to contract or die down
as shown in Fig. 4-A. They are now cutting across
the turns of the coil in the opposite direction to
what they formerly were, and so they induce a vol-
tage in the same direction as the applied voltage.
This self-induced voltage now adds to, or aids, the
applied voltage, which still further explains why the
current flow reaches its maximum value after the
voltage does.

As the voltage dies on down to zero and the cur-
rent also tends to decrease to zero, the contracting
lines of force keep on inducing voltage that tends to
make the current continue in the same direction,
even for a short instant after the applied voltage
has reached zero.

Current flow out

()
A

Fig. 4. This, sketch shows the same coil as in Figs. 2 and 3 during
a period when the current through the coils is decreasing from
maximum to zero value. Note how the flux contracts and cuts
across the turns of the coil.

Thus the current of the alternation reaches its
zero value slightly later than the voltage does.
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2. LAGGING CURRENT CAUSED BY
INDUCTANCE

From these illustrations we can see that induct-
ance causes the current to reach its maximum and
zero values a few degrees later than the voltage, or
to lag behind the voltage. Inductance, therefore,
causes the current to be out of phase with the vol-
tage. The greater the inductance of an A. C. circuit,
the farther its current will lag behind the voltage.

In circuit diagrams inductance is usually repre-
sented by turns of a coil, as shown in Fig. 1.

In a circuit that has practically all inductance and
very little resistance, the current would lag almost
90 degrees behind the applied voltage. If it were pos-

sible to have a circuit with all inductance and no re-
sistance, the current lag in that circuit would then
be 90°. This condition is, of course, not possible,
because all circuits have some resistance.

Fig. 5 shows the curves for the applied voltage E,
counter-voltage of self-induction Ec, current I, and
flux F, for a circuit that we shall assume has induct-
ance only and no reststance.

The change in current value and the correspond-
ing flux change are much more rapid as the current
passes its zero point. This can be seen by noting
the various amounts of current change along the
curve I, between the vertical time lines which divide
the alternation into even time periods of 14 alterna-
tion each. You will note that the current change
from *“1” to “m” is much greater than in the next
equal time period from “m “n”.

to 'n
This very rapid change of current and flux will
cause the maximum counter-voltage to be induced

. at the time the current passes through its zero value.

The curve Ec shows the counter-voltage at maxi-
mum during this period.

The current changes at the lowest rate when near
its maximum value, or from o to p, and p to q. The
correspondingly slower flux change at this point
causes the induced counter-voltage to be at or near
zero value during this pertod.

So we find that the counter-voltage of self-induc-
tion in this case lags behind the current by 90 de-
grees. The applied line voltage to overcome the
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counter-voltage is 180° out of phase with it, or in
direct opposition to the counter-E. M. F.

The applied voltage therefore “leads” the current
by 90°, or as we more commonly say, the current
“lags” the voltage by 90°.

In actual circuits, the curtent would never lag
this far but would he somewhere between this point
and the “in phase” position, according to the amount
of inductance in the circuit.

The curve E, which represents the applied voltage
to overcome the voltage of self-induction, is shown
180° out of phase with the voltage of self-induction
and 90° ahead of the current.

In any actual circuit the energy voltage would be
a few degrees later than the voltage curve E in this
figure, because there would be a little resistance to
overcome.

The applied voltage in Fig. 5 is shown at zero
value when the current is at maximum, while in an
actual circuit having some resistance, the energy
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Fig. 5. Curves for a single-phase circuit in which the current and
voltage are approximately 90° out of phase with each other, due
to inductance in the circuit.

voltage would still be a little above the zero value.
as shown by the short dotted section of the curve

7y

at “X7.

3. SELF-INDUCTION IN D. C. CIRCUITS

While there is practically no inductive effect or
counter-voltage of self-induction in a D. C. circuit
as long as the current does not vary, there is often
considerable voltage of self-induction set up in
windings of large D. C. machines or magnets when
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the circuit is first closed or opened. This effect is
encountered with the rotors or fields of large alter-
nators, as their coils are excited by D. C.

When D. C. voltage is first applied to the field
winding of large machines, it may actually require
several seconds or more for the current to build up
to its full value and overcome the effects of self-
induced counter-voltage set up by the expanding
flux. . '

When such circuits are opened, the sudden col-
lapse of flux around the coils may induce very high
voltage, which tends to oppose the decrease of cur-
rent or keep the current flowing in the same direc-
tion. This accounts for the very severe arcs drawn
when some highly-inductive D. C. circuits are
opened.

The choking effect or counter-voltage of self-in-
duction in an A. C. circuit will vary directly with
the frequency of the current, or the rapidity with
which the flux changes and reversals are made.

This fact is taken advantage of in constructing
certain apparatus, such as choke coils for lighting
arresters, load-limiting reactors, etc. These devices
will be explained later.

4. CALCULATING INDUCTANCE AND
INDUCTIVE REACTANCE

The amount of inductance which any coil or de-
vice may have in henrys can be calculated by the
following formula:

_ Maximum flux X no. of turns
(5= Maximum current X 108
In which:

10% = 100,000,000, or the no. of lines of force
necessary to be cut in one
second to produce one
volt.

When the inductance of a certain device or circuit
is stated or known in henrys, the inductive react-
ance in ohms can be found by the following for-
mula:

XL =2g X XL
In which:
XL inductive reactance in ohms
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. Self-Induction
m = 3.1416, or ratio of circumference to
diameter of a circle
27 = 6.2832
f = frequency in cycles per second

il

L inductance in henrys

This formula is very important, as the inductive
reactance is one of the factors we need to know in
order to apply the A. C. ohms law for making any
A. C. circuit calculations.

As most A. C. power circuits are highly inductive
due to the machine windings, as previously ex-
plained, inductive reactance is the factor most com-
monly encountered in ordinary A. C. work in power
plants and industrial plants.

5. CAPACITY

In alternating current circuits there is always a
certain amount of condenser effect, or tendency to
store an electro-static charge as the varying voltage
of each alternation is applied. This condenser effect
is known as the capacity of a circuit.

You will recall, from an explanation of condens-
ers in the Lesson No. 1, that a condenser consists
of two or more surfaces or areas of conducting
material, separated by an insulator or dielectric.
This condition exists in an electric circuit, as the
wires form the conducting areas, and their insula-
tion, or in some cases air only, forms the dielectric
between them.

You have also learned in the earlier discussion of
condensers that the amount of charge in coulombs
which a condenser will absorb depends on the vol-
tage applied.

On ordinary low-voltage A. C. circuits of short
length, the condenser or capacity effect is so small
that it need not be considered in every day prob-
lems. On high-voltage transmission lines of great
lengths, the capacity effect is often very great and
must be carefully considered in several ways.

For example, such lines may store such a charge
that even after they are disconnected from the
power plant they may hold a charge of thousands
of volts and many kilowatts. In fact, they often
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hold so much of a charge for a short period after the
voltage source has been disconnected from them,
that the wires would be very dangerous to handle
until after they have been shorted together or
grounded by placing a ground wire across them.
This discharges the capacity charge stored in the
line and makes the wires safe to handle.

6. UNIT OF CAPACITY

Capacity of electric circuits or condensers is
measured and expressed by the unit, farad. A con-
denser has one farad capacity when a charge of one
coulomb will raise the condenser potential one volt.

The coulomb, you will recall, is a flow of one am-
pere for one second. A condenser of one farad capa-
city will take a charge of one coulomb when one
volt is applied to its terminals.

Most condensers have capacities of only a few
millionths of a farad: so the unit micro-farad, mean-
1
1,000,000

used than the larger unit.

Capacity is, however, always expressed in farads
or fractions of a farad when used in calculations.
For example, 50 microfarads would be expressed as
000,050 farad. The symbol for farads or capacity
is the large letter “C”.

ing of a farad, is much more commonly

7. CONDENSER CHARGING CURRENT

When voltage is first applied to the terminals of
a condenser, as shown in Fig. 6, a current will at
once start to flow into the condenser to store up its
electro-static charge. If the direction of the applied
voltage and current for the instant are as shown by

the arrows in Fig. 6-A, the top plate of the con-
denser will become positively charged and the lower
plate negatively charged, as shown.

When the voltage is first applied to a condenser
and before its plates have had time to build up their
charge of voltage, the current flow into the con-
denser will be very rapid and at maximum value,
even -though the applied voltage is still very low.
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This is illustrated by the curves in Fig. 6-B. The
curve E represents the applied voltage; the curve I,
the current flow to the condenser; and the dotted
curve Ec, the counter-voltage of ‘the condenser.
These curves are shown for a circuit that has prac-
tically all capacity and very little resistance.

You will note at the first curve on the left that
the current reaches maximum value just a little
later than the applied voltage starts from zero

APPLIED VOLTAGE —»
+ + 4+ 1+ + +
—— — |

A.C. LINE IR EE AR NN )

Fig. 6. This diagram shows the current leading the voltage by
nearly 90°, due to capacity or condenser effect in the circuit.

value. Then, as the applied voltage keeps on in-
creasing, the counter-voltage, Ec, of the condenser
is building up and reduces the flow of current until
it reaches zero value just after the applied voltage
reaches maximum.

In this circuit, therefore, the current leads the
voltage by nearly 90 degrees. If it were possible to
have a circuit with all capacity and no resistance,
the current would lead the voltage by 90°.

When the applied voltage passes its maximum
value and starts to die down, the condenser starts
to discharge, causing the current to start to flow in
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the reverse direction just after the applied voltage
reaches maximum. -

As the condenser discharges, its counter-voltage
dies down as shown by the dotted curve Ec, until it
reaches zero value just.a few degrees later than the
applied voltage does.

When the alternating voltage reverses, the cur-
rent flows into the condencer in the opposite direc-
tion and charges its plates with opposite polarity.

In this manner a condenser receives its heaviest
or maxumum current, just as the applied voltage re-
verses and starts to build up in a new alternation,
and then the condenser discharges its current ahead
of the next voltage reversal, causing the current in
such a circuit to lead the voltage.

Current does not actually flow through a con-
denser as long asts insulation is not punctured by
too high voltage, but the rapid flow of alternating
current in and out of a condenser as it charges and
discharges, provides a flow of current that can be
measured by an ammeter or used to operate devices,
just as though it actually flowed clear through the
circuit. '

The amount of the charging current is propor-
tional to the size or capacity of the condenser, and
is also proportional to the amount and frequency of
the applied voltage.

When a condenser is connected in a high fre-
quency circuit it will allow a much greater flow of
current than when in a low frequency circuit.

Condensers in a D. C. circutt do not allow any
current flow except during the first instant that the
voltage is applied, and while the condenser is tak-
ing its charge. If a condenser which has been
charged in this manner is short-circuited, it will dis-
charge its energy in one violent rush of current.

8. CAPACITY REACTANCE

Capacity of an A. C. circuit causes capacity re-
actance, or condensive reactahce, as it is often
called. This condensive reactance tends to oppose
the flow of current similarly to resistance and in-
ductive reactance.

Capacity reactance tends to oppose any change in
the voltage of a circuit, and causes the voltage to
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lag behind the current, as previously explained.

We flearned that inductive reactance causes the
current to lag behind the voltage; so we find that
in this respect capacity reactance is opposite to in-
ductive reactance.

Lagging voltage can also be expressed as “lead-
ing current” as both terms express the same condi-
tion in the circuit. In describing the phase relations
of the voltage and current, we usually say “lagging
current” or “leading current”; and seldom refer to
lagging voltage.

When the capacity of any circuit is known in
farads, the capacity reactance in ohms can be de-
termined by the following formula:

1
X=X IXC
In which:
Xc = capacity reactance in ohms
f = frequency in cycles per sec.
C = capacity in farads
27 = 6.2832
This formula is very important, as we want to be

LINE )

CONDENSER—|

r
N

LINE J

Fig. 7. A condenser connected in parallel with a motor will cause
lagging voltage or leading current, and will neutralize effects of
induction produced by the motor.

able to convert the apparent resistance effect of
capacity into ohms capacity reactance, in order to
apply Ohms law to any A. C. circuit problems.
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Capacity effect or condensers are usually shown
in circuit diagrams by a symbol such as is used in
Fig. 7. This symbol represents the plates of a con-
denser, the two groups of which are connected to
the two wires of the circuit. In an actual condenser
the insulation between the plates may be any con-
venient form of dielectric, such as fibre, glass, rub-
ber, paper, or oil. In the case of A. C. circuits and
lines, this insulation which forms the dielectric for
the condenser effect may be the insulation on the
wires, or, as in the case of transmission lines, merely
the air between the wires

As capacity reactance is opposite in effect to in-
ductive reactance, special condensers are often con-
nected in A. C. circuits in industrial plants, to
neutralize the effects of inductance and lagging cur-
rent. The advantages of this will be explained later.

In Fig. 7 the condenser is connected in parallel
with a motor. When the voltage of any alternation
starts to build up on this circuit, the condenser takes

a charge and its voltage opposes the building up of
the applied energy voltage, thus causing it to lag.

When the energy voltage reaches maximum, the
condenser will be fully charged and, as the energy
voltage starts to decrease, the condenser voltage
will then be applied to the circuit and will tend to
oppose the dying down of the energy voltage, or
will maintain it longer. This retards the dying down
of the energy voltage and causes it to reach its zero
value an instant later. After the energy voltage
reaches zero the condenser will still be discharging
or applying a little voltage to the circuit.

Thus we have another illustration of the manner
in which a condenser causes the lagging voltage, or
leading current as it is more frequently expressed.

The effects of capacity are very useful and valu-
able in many circuits.

Static condensers are often used on highly-induc-
tive power circuits to improve, the power factor by
neutralizing the effect of excessive inductance.

Condensers are also used extensively in radio and
telephone work to pass currents of certain frequen-
cies and stop those of lower frequency or D. C. in
various circuits.
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Series A.C. Circuits

9. SUMMARY OF INDUCTANCE AND
CAPACITY

Some of. the most important points to remember
about inductance and capacity are summed up brief-
ly in the following:

Inductive equipment in A. C. circuits consists of
coils, windings of transformers, motors, generators,
choke coils of lightning arresters, current-limiting
reactors, etc.

Capacity effects in A. C. circuits are produced by
static condensers, over-excited synchronous motors,
long transmission lines or underground cables, etc.

{Inductance opposes current changes
(a){Capacity opposes voltage

| changes

[Inductance causes lagging current
(b){Capacity causes leading

[ current

[The effect of inductance is opposxte to that
(c){ of capacity, or their effects are 180° apart

[ and tend to neutralize each other

[Excessive inductance is detrimental to the
(d){ power-carrying capacity of a circuit

| Excessive capacity is detrimental to the

| power-carrying capacity of a circuit

[Inductance may be used to neutralize the
(e){ effect of excessive capacity

| Capacity may be used to neutralize the ef-

| fect of excessive inductance

[Inductance causes low power-factor, “lag-

ging”
(f){Capac1ty causes low power- factor, “lead-
ing”

[Lagging power-factor may be compensated
(g){ for by static condensers or over-excited

| synchronous motors.

10. SERIES A. C. CIRCUITS

There are four classes of series circuits commonly
encountered in alternating current work. These are
as follows:

(a) Circuits with resistance only

(b) Circuits with resistance and inductive re-

actance
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(¢) Circuits with resistance and capacity reac-
tance
(d) Circuits with resistance, inductive react-
ance, and capacity reactance.
Incandescent lighting circuits and those supply-
ing similar non-inductive equipment are considered
to have resistance only. Actually these circuits
have a slight amount of inductance and capacity,
but it is so small that it is negligible.
Circuits of this type can be treated similarly to
D. C. circuits, because the resistance is practically

Re=8 OHMS KL = 6 OHMS
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fig. 8. A’ A resistance coil connected in series with an inductance

coil in an A. C. circuit. “B”. This sketch shows the method of
determining the amount of impedance of the circuit shown at “A’’,

the only opposing force to the current and therefore
the resistance equals the total impedance. To de-
termine the current flow in such circuits it is only
necessary to divide the applied voltage by the re-
sistance or impedance in ohms.

The most common types of circuits encountered
in alternating current power work are those which
have resistance and inductive reactance. The
method of determining the impedance and currents
of such circuits will be covered in the following
paragraphs.
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11. CALCULATION OF IMPEDANCE IN
SERIES A. C. CIRCUITS

Fig. 8-A shows a resistance and an inductance
connected in series. The resistance of 8 ohms is rep-
resented by the usual symbol, with which you are’

already familiar, and the inductive reactance of 6
ohms is represented by the coil symbol which is
commonly used for showing inductance in circuits.

At first thought, it might seem that we can merely
add the ohms resistance and ohms inductive react-
ance to get the total impedance in the circuit; be-
cause this was a method used in D. C. circuits with
two or more resistances in series. This method can-
fiot be used with resistance and inductive reactance,
however, because their effects on the current are
out.of phase with each other.

If this circuit had only resistance, the current
which would flow when alternating voltage is ap-
plied would be in phase with the voltage. If the
circuit had only inductance, the current which
would then flow would be 90° out of phase with the
voltage, or lagging 90° behind it.

12. GRAPHIC SOLUTION FOR RESISTANCE
AND INDUCTIVE REACTANCE IN
SERIES

As the inductive reactance and resistance both
tend to effect the flow of current and its phase posi-
tion with respect to the voltage, we can determine
these effects by the use of a diagram such as shown
in Fig. 8-B. A current of 5 amperes is assumed to be
flowing through circuit “A”. In Fig. “B” we have
a horizontal line used to represent the voltage drop
E d across the 8 Ohms resistance which is in phase
with “I", and a vertical line at an angle of 90° with
the horizontal line, to represent the voltage drop
E d across the 6 Ohms inductive reactance.

These two lines can be drawn to scale so that the
length of each will represent the proper value in
volts or ohms. In diagrams of this type, the lines
are all considered to be revolving like the spokes of
a wheel, in a counter-clockwise direction around
the point where they join at “a”.

Keep this fact well in mind whenever examining
or working with such diagrams.
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If these lines are revolving counter-clockwise, then
the shorter line representing the voltage drop across
the inductive reactance “XL” will be 90° ahead of
the long line which represents the “E d” across “R™.

As the current which flows through the resistance
“R” would be in phase with the voltage drop across
“R” the horizontal line can also be allowed to repre-
sent the current which is in phase with the voltage
drop across “R”.

If we now draw dotted lines as shown, to com-
plete the rectangle, we will have what is known as
a parallelogram of forces and the length of the
diagonal line 1Z will indicate the total voltage
drop across the circuit, and its position with respect
to the line “I R” will indicate the angle of phase dif-
ference between the current and the applied voltage.

If the lines representing the voltage drop across
the resistance and inductive reactance are carefully
drawn to scale (in this case 1/2C in. per volt) and
at the proper angle, then by measuring the length
of the line “IZ” we will get the total applied voltage.

The line “IZ” will also represent the total im-
pedance with the scale drawn to allow 4 in. per
ohm,

This graphic method provides an exceedingly
simple way of solving such problems. It would not,
of course, be very accurate on large values or
figures, because it would be difficult to make the
lines long enough or to measure them with sufficient
accuracy. This diagram will, however, show the
manner in which the amount of current lag in de-
grees is determined by the proportion of resistance
and inductive reactance in the circuit.

By examining the diagram in Fig. 8B or by
drawing another like it with a longer line to repre-
sent a greater amount of inductive reactance, you
can readily see that this would swing the diagonal
line “1Z” farther upward, or would cause a greater
angle of phase difference between the current and
voltage.

On the other hand, if we were to increase the
amount of resistance and lengthen the horizontal
line, this would swing the diagonal line down and
nearer to the resistance line and bring the result-
ing current nearer in phase with the voltage.
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13, FORMULA FOR IMPEDANCE OF RE-
SISTANCE AND INDUCTIVE REACT-
ANCE IN SERIES

The impedance of such a circuit, with resistance
and inductive reactance in series, can be calculated
accurately by the following formula:

Z = VR? + X12

We can obtain the impedance in ohms by squar-
ing the resistance and inductive reactance in ohms,
adding these squares together, and then extracting
the square root of the sum, as shown by this
formula:

In the case of the circuit shown in Fig. 8, where
we have 8 ohms resistance and 6 ohms inductive
reactance, our problem would be:

Z = /82 4 62, or
Z = /64 + 36, or

Z.= /100, or 10 ohms impedance

This illustrates the various steps in solving such
a problem with the exception of the details of find-
ing the square root.

In case you have not practiced square root prob-
lems for some time it will be a very good plan to
refer to your grade school arithmetic book and prac-
tice a few square root problems until you can handle
them easily, because there are numerous opportuni-
ties in alternating current electric problems to use
square root to excellent advantage.

On the great majority of ordinary electrical jobs
it will not be necesary to use such problems; but,
if you desire to work up to higher positions, you will
want to be able to work out the problems pertain-
ing to the various circuits and machines you may
be operating.

14. RESISTANCE AND CAPACITY IN
SERIES

Fig. 9-A shows a circuit in which a resistance and
capacity are connected in series. The resistance of
4 ohms is represented by the usual symbol and the
capacity reactance of 3 ohms is represented by the
symbol for a condenser.

To find the impedance of this circuit we will draw
a horizontal line of proper length to represent the 4
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ohms resistance, and a vertical line to represent the
3 ohms capacity reactance. This time, however, we
will draw the vertical line 90° behind the horizontal
line which represents the resistance. The line is
drawn in this position because we know that capac-
ity reactance tends to make the current lead the
voltage.

If the circuit were all capacity and no resistance,
this lead would be 90°; but, as there are both re-
sistance and capacity, we make the lines of
proper length and space them 90° from each other,
to determine what the angle of lead of the current
will be.

By again completing the parallelogram with dot-
ted lines and drawing the diagonal line through it
cornerwise, this line “Z” will represent the total im-
pedance and the angle between it and line “R” show
the phase position or angle of lead of the current.
The applied voltage would also be represented
along this diagonal line. The lines in this figure
are drawn to scale, using Y%-inch per.ohm, and you
will find by measuring the line “Z” that it shows
the total impedance to be 5 ohms.

R Xe
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Fig. 9. “A”. This circuit has a resistance connected in series with a
Condenser. ‘‘B’”’. The vector diagram shows the method of deter-

mining the lmpedance and angle of lead between the current and
voltage for a circuit such as shown at *

This, of course, is not the sum of the two values
4 and 3, which would be obtained if they were
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added by arithmetic, but it is the correct vectorial
sum of the two values when they are out of phase
90° as shown.

The impedance of the circuit shown in Fig. 9
can be calculated by the use of a formula very simi-

lar to that used for the circuit in Fig. 8. The formula
is as follows:

Z = v/ R2 4+ Xc?, or, in this case
Z V42 4 32 or
Z =116+ 09, or

Z * /25, which gives 5 chms impedance

15. RESISTANCE, CAPACITY, AND
INDUCTANCE IN SERIES

Fig. 10-A shows a circuit in which we have re-
sistance, inductance, and capacity all in series.
R Ao Re

Rl
AAAAN 00 ——=
A 16 OHMS 22 OHM3 10 OHMS

Ry =22

o

[P ¢

Xe =10

Fig. 10. ‘““A”. Resistance, inductance, and capacity connected in se-
ries in an A, C. circuit. “B”. Note how the capacity reactance
is subtracted from the inductive reactance, as the two neutralize
each other in the circuit.

In Fig. 10-B, all three of these values are repre-
sented by the solid lines, R, Xc, and Xr. In this
case we have again drawn a horizontal line to repre-
sent the resistance. The line XL, representing in-
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ductive reactance, is drawn 90° ahead of the re-
sistance line; and the line Xc, representing capacity
reactance is drawn 90° behind the resistance line.

We know that inductive reactance and capacity
reactance have opposite effects in the circuit and
will therefore tend to neutralize each other. As the
inductive reactance is the greater in this case, our
first step will be to subtract the 10 ohms capacity
reactance from the 22 ohms of inductive reactance.

This neutralizes or eliminates the 10 ohms capac-
ity reactance and 10 ohms of the inductive reactance.
The remaining 12 ohms of inductive reactance
which are not neutralized by the capacity effect,
and the resistance, will be the factors which de-
termine the total impedance and the phase angle
of the current.

Once more drawing our parallelogram with the
remaining factors or values, we find that the current
still lags behind the applied voltage and that the
total impedance is 20 ohms. The scale to which

the lines are drawn in this case is 1/16 of an inch
per ohm.

The total impedance of a circuit suclt as shown
in Fig. 10-A can be more accurately calculated by
means of the formula:

Z = VRZ+ (X1 — Xc)2
In this case X1 — Xc is 22 — 10, or 12.
Then, 122 = 144,

The next step indicated by the formula is to
square the resistance. This will be 16 X 16, or 256.

Then, 256 + 144 = 400.
And the final solution of the problem will be:

Z = \/400, or 20 ohms.

16. PARALLEL A. C. CIRCUITS

Parallel alternating current circuits are of the
same four general types as &eries circuits. That
is, they may contain resistance only, resistance and
inductance in parallel, resistance and capacity in
parallel, or resistance, inductance, and capacity in
parallel.
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To determine the impedance of parallel A. C.
circuits we must use the reciprocal method, some-
what similar to that which was explained for paral-
lel resistances in D. C. circuits.

You will recall that with D. C. circuits when the
resistances were in series we added the resistance
in ohms of all the circuits to obtain the total re-
sistance. But when resistances were in parallel we
first added the conductances or reciprocals of the
resistance to obtain the total conductance, and then
inverted this or obtained its reciprocal, which is the
total resistance.

This is the same general method used in deter--
mining the total impedance or parallel A. C. cir-
cuits.

R :%/3 Ohm

Xu=:'2 Ohm

Lime

Fig. 11. Resistance and inductance in parallel. The impedance for this
circuit can be determined by the formulas given on this page.

The opposite of impedance in A. C. circuits is
the admittance. Admittance in this case means the
same as conductance in D. C. circuits. Admittance
is, therefore, always the reciprocal of the impedance
and is expressed in ohms, the same as conductance
for D. C. circuits.

17. RESISTANCE AND INDUCTANCE IN
PARALLEL

Fig. 11 shows a resistance of 2/3 ohm connected
in parallel with an inductive reactance of 14 ohm.
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The total impedance of this circuit can be deter-
mined by the following formula:

1

1\2 1\2
—_ + —_
\/(R> (XL)

According to this formula we must first obtain
the separate reciprocals of the resistance and induc-
tance by dividing the number 1 by each of these
values in ohms. These reciprocals are then squared

and added together and the square root of their
sum next obtained. The final step is to obtain
the reciprocal of this square root by dividing the
number 1 by it, as shown by the formula.
Using with the formula the values given in Fig.
11, the problem becomes:
1

- 112 1\2
70
NG+
Here we have substituted the —iohm resistance

‘ 1 :
for the “R” shown in the formula, and the > ohm

inductive reactance for the XL shown in the for-
mula.

We next divide the number one by each of these
values, to obtain their reciprocals, and our problem
then becomes:

1

NORE:
Then by squaring these reciprocals as indicated
by the formula, the problem becomes:
7~
\/ r
Before we can add 2— and 4, they must both be

converted to like fractions, or:
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1 1
9 16 25
\/z+7°r T

Then obtaining the square root of ? our problem

is reduced to i_,

7Z =

2

R:'aOhm

Xc=Y30nm

Lime

Fig. 12. Resistance and capacity in parallel in the A. C. circuit. Prac-
tice using the formulas given on these pages for determining the
impedance of such circuits

We then divide 1 by -—g- to get the reciprocal,

. 2 .
which equals - ohms, total impedance.

18. RESISTANCE AND CAPACITY IN
PARALLEL

Fig. 12 shows a circuit with a resistance of o

. 1
ohm and a capacity reactance of 3—ohm, connected

in parallel. The total impedance of this circuit can
be determined by a formula similar to the one just
used, or as follows:

1
Z —_
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Substituting the values given for the circuit, the

problem becomes:
1

= e /1\2
() + ()
4 3
When we divide the figure 1, in each case, by

the resistance and reactance to get their reciprocals,
we then have:

1 1
L=V es® "Vigro
As 16 + 9 = 25, the problem now remains:
z= L
V25
The square root of 25 = 5, so this reduces the
problem to:
Z = 1, or 1 ohm impedance

19. RESISTANCE, INDUCTANCE, and
CAPACITY IN PARALLEL
Fig. 13 shows a circuit with inductance, resist-
ance, and capacity in parallel.
The total impedance of this circuit can be found
by the formula:

Z = !

V@' (xe - %)

Note the similarity between this formula and the
one which was used for impedance of series circuits
having inductance, resistance, and capacity. The
principal difference is merely that with parallel
circuits we use the reciprocals of the values, instead
of the values in ohms themselves.

You will also note that with parallel circuit prob-
lems we subtract the reciprocal of the inductive
reactance from the reciprocal of the capacity reac-
tance, as one of these effects tends to neutralize
the other, as they did in series circuits.

In the circuit shown in Fig. 13 the inductive
reactance in ohms is larger than the capacity reac-
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tance, but when the reciprocals of these values are
obtained their relative sizes will be reversed, as
shown by their subtraction in the formula.

In a circuit where the capacity reactance might
be the greatest, we would reverse the order of
subtraction, in order to subtract whichever recip-
rocal is smallest from the one that is largest

Substituting the values from the circuit in Fig.
13, for the symbols given in the formula, the prob-
lem of determining the total impedance becomes:

1

RNOERR

Our first step will be to convert the whole num-
bers and fractions, to fractions, as foliows;

1_ 4 _3
l—s——T, and lyz ——2-,
1
3t
Then by dividing 1 by each of the fractions to

obtain their reciprocals we have:
1

JEYLG-2y
i) T\3 73
Next subtracting —i— from —%— as shown in the

latter part of the formula, we have:
1 1

Then—i—squared equals i, and 1 squared equals

16
1 1
=3 _—0r Z = —_———
1, So, Z 9 1 o 2
TR 16
Obtaining the square root of Egives i—,

So, Z = %, or ¥ ohm impedance
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<

Once more let us remind you that on your first
electrical jobs you may not have much use for
problems or formulas’such as the foregoing. But
as you may wish to be able to calculate the impe-
dance of A. C. circuits at some future date, these
problems have been worked out step by step in
these pages to provide a guide or reference for
vou, in case you need them in the future.

XL =1%k Ohms

R = 14 Ohms

NVVVVVN
\ Xe =Ys Ohms
—
—

i

Fig. 13. This sketch shows inductance, resistance, and capacity con-
nected in parallel. The method of determining the impedance of
such a circuit is thoroughly explained in this lesson.

Working them out carefully and also applying
these formulas to other similar circuit problems
will be very good practice, and will also help you
to more clearly understand certain points about
impedance, admittance, and reactance in A. C. cir-
cuits.

20. CURRENT IN PARALLEL CIRCUITS

The total line current or resultant current as it
is called, and also the amount of lag or lead of
the current in parallel A. C. circuits, can be worked
out by the use of vector diagrams-such as those
shown in Figs. 8, 9, and 10 for series circuits.

When using vector diagrams for parallel circuits,
the lines can be allowed to represent the currents
through the resistance, inductance, and capacity
branches of the circuit.

The current through the separate branches of the
circuit, or the devices which contain the resistance,
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inductance, and capacity, can be determined by the
use of an A. C. ammeter, or by the use of Ohms
law formulas for each branch, as follows:

I =E,I =£,I =£,etc.
R XL Xc

For example, in Fig. 14 is shown a circuit with
resistance, inductance, and capacity in parallel. We
can assume that these are a heater resistance, a
transformer winding, and a condenser all operated
from the same 40-volt line. Separate tests made
with an ammeter in the circuit of each device show
8 amperes flowing through the resistance or heater,
4 amperes through the inductance or transformer
coil, and 2 amperes in the condenser circuit.

40€E. 81, 41. 21. | ‘

Fig. 14, Note the amount of current in each of the branches of the
above circuit and compare sketch with Fig. 1§, while deter-
mining the total current in this circuit.

By use of Ohms law formulas, we can determine

N
=
o
v
ub“< £
= 1*Ror8
-
- 1
e I
~.f !
S~ 1
~ -
- 1
-~ 1
______________________ o
<+
5
3
wix
4
o

Fig. 1s. .This diagram illustn:ates the method of determining the cur-
rent in parallel A. C. circuits which have all three factors; re-
sistance, inductance, and capacity.

the resistance and reactance in ohms of each of
‘hese devices as follows:
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R =Eor R =i}2,or50hms
I 8

X =TEor XL = %), or 10 ohms

Xc =Eor Xc = 40 or 20 ohms

I 2’

We can represent the currents of this circuit hy
the vector diagram shown in Fig. 15.

The solid horizontal line represents the current
through the resistance; and- as this current will be
in phase with the line voltage, this same line can
represent the phase position of the voltage.

The vertical line, which is 90° behind the hori-
zontal current and voltage line, represents the cur-
rent through the inductance.

The shortest vertical line, which is 90° ahead of
the horizontal line, represents the current through
the condenser.

Now if we subtract the leading current from the
lagging current, and draw dotted lines to form the
parallelogram with the remaining lagging current
and the current which is in phase with the voltage,

the diagonal line, I through this parallelo-

_ E

71
gram will represent the total line current.

It may seem peculiar that the total line current
or vectorial sum of the three currents is only slightly
more than the current through the resistance. This
is due to the fact that the leading and lagging
currents, which are balanced, tend to neutralize
each other. or actuallv circulate between the con-
denser and inductance in Fig. 14, and do not flow
on the line wires frum the generator. This inter-
esting fact will be further discussed later in a
section on power factor.
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EXAMINATION QUESTIONS

1. a. What is the unit of Inducance?
b. What is the symbol of this Unit?

2. State the Lenz’s Law.

3. Will inductance in an A. C. circuit cause the
current to lag or lead the voltage?

4. a. What is the unit of capacity? )
b. What symbol do we use for this unit?

5. What would be the impedance 1n a sertes cir-
cuait containing an inductance of 4 Ohms and a re-
sistance of 3 Ohms?

6. Give the formula for use in calculating the
total resistance in a series circuit containing, resist-
ance, inductance, and capacity.

7. Give the formula for determining the total
impedance in a circuit containing capacity in paral-
lel with resistance as shown by Fig. 12,

8. In a circuit containing resistance, inductance
and capacity in paratllel, will the sum of the currents
through the parallel paths always equal the total
line current? Why?

9. What type of electrical equipment causes in-
ductance in a circuit.

10. In what type of circuit is capacity an im-
portant factor?
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POWER FACTOR

We have learned so far in our study of alterna-
ting current and A. C. circuits, that inductive re-
actance and capacity reactance often cause the cur-
rent in these circuits to be out of phase with the
voltage.

We have also found that this reduces the amount
of effective or true power in watts and causes a
certain amount of wattless energy.

In a D.C. circuit the power in watts can always
be obtained by multiplying the volts by the amperes.
It can also be obtained with a wattmeter. When
the current ‘and voltage of an A. C. circuit are in
phase with each other the power can be determined
by the same methods as used for D. C. circuits. That
is, by obtaining the product of the volts and am-
peres.

1. TRUE POWER AND APPARENT POWER

When the voltage and current of an A. C. circuit
are out of phase their product will not give the
true power in the circuit, but instead gives us what
we call apparent power. The apparent power of
A. C. circuits is commonly expressed in kilovolt
amperes, abbreviated kv-a.

Alternators, transformers, and certain other A. C.
machines are commonly rated in kv-a. When an
A. C. wattmeter is connected in a circuit which has
lagging or leading current it will read the true
power and not the apparent power. This is due to
the fact that the coils which operate the pointer in
the meter depend upon true or effective power for
their torque which moves the pointer against the
action of the spring.

It is very important to remember that you can
always obtain the true power of an A. C. circuit
by means of a wattmeter. The product of volt-
meter and ammeter readings in the circuit will give
the apparent power, and this figure will usually be
more than the true power, because the current in
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most A. C. circuits lags somewhat behind the volt-
age.

Keep in mind that true power is expressed in
watts and kilowatts and apparent power in volt-
amperes or kilovolt-amperes.

2. POWER FACTOR DEFINITION AND
FORMULA

The ratio between the apparent power and true
power in any circuit is known as the power factor
of that circuit. This power factor is expressed in
percentage and can always be found by dividing
the true power by the apparent power, or this can
be expressed as a formula in the following manner:

True power
Power FFactor =

Apparent power

The practical man, doing electrical maintenance
work or power plant operating in the field, is likely
to have many occasions to use this formula and
method of determining the power factor of various
machines or circuits with which he is dealing.
Therefore, it 1s well to keep in mind that you can
always determine the apparent power of a circuit
or- machine by means of a voltmeter and ammeter
and obtaining the product of their readings; then
obtain the true power by means of a wattmeter,
and finally determine the power factor by means
of the formula just stated.

If the apparent power in kv-a. is known for any
circuit or machine, and the power factor of that
circuit or machine is also known, then the true
power can be determined by the following formula:

True Power = App. power X P. F.

As many A. C. machines are rated in kv-a. and
have their power factor stated on the name-plate,
this formula will often be very handy for deter-
mining the amount of true power the machine will
supply.

In.case the true power and the power factor of
a circuit are known, the apparent power can be
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determined without the aid of meters by the fol-
lowing formula:
True power
Apparent Power = ——
P. F.

The greater the angle of phase difference between
the current and voltage in an A. C. circuit, the
less true power will be obtained and the lower will
be the power factor. Therefore we find that power
factor will always depend upon the amount of lag
or lead of the current.

3. LAGGING OR LEADING CURRENT

Tests show that the power factor is mathemati-
cally equal to what is called the cosine of the angle
of lag or lead between the voltage and current.
When the voltage and current are exactly in phase
this angle is zero, and its cosine is 1, so the power
factor will then be 1009,.

This condition is often called unity power factor.
As the voltage and current get out of step or out
of phase, the power factor starts to drop below
100%, and the greater the angle of phase difference
becomes the lower the power factor will drop.

If the angle of phase difference was 90° either
lagging or leading, the power factor would be zero,
and, regardless of the amount of voltage or the
amount of current flowing, there would be no true
power developed.

A lag or lead of 90° is not encountered in elec-
trical circuits, because there is always a certain
amount of resistance, and no circuit is entirely made
up of inductance or capaciy.

The term “angle of phase difference” which will
be used considerably from now on is represented
by the symbol © or ¢.

4, CAUSES OF LOW POWER FACTOR

As previously mentioned, the majority of A. C.
circuits possess considerable inductance. There-

fore, we _usually find lagging current on most power
circuits in the field.

61




Power Factor

Lightly loaded A. C. power equipment, such as
motors, alternators, and transformers have much
lower power factor than fully loaded machines. ' For
this reason idle or lightly loaded A. C. machines
should be avoided as much as possible, and all such
equipment kept operating as nearly at full load as
possible. .

A great number of factories and industrial plants,
using large amounts of A. C. equipment, fail to
realize the importance of power factor and of hav-
ing machines of the proper size and type so that
they can be kept operating fully loaded. This re-
sults in low power factor on their circuits, and in
the overheating of conductors and machines by the
excessive currents set up by wattless power. This
condition provides a splendid field of opportunity
for the trained electrical maintenance man who has
a knowledge of power factor, and the ability to
measure the power required for various loads and
select suitable motors and other equipment to han-
dle these loads in the most efficient manner. ,

In many cases hundreds of dollars per month can
be saved on power bills,i machines and circuits re-
lieved of current overloads, and frequent damage
to windings prevented, by simply correcting the
power factor in the plant. A great many untrained
electrical men have little or no real conception of
this subject and its importance. So vou will find
it very well worthwhile to carefully study and ob-
tain a good understanding of these principles, and
of the methods for correcting power factor. which
will be covered later.

5. EXAMPLES OF LOW POWER FACTOR

The following problems, which are very typical
of conditions often encountered in the field, should
help you to more fully understand and appreciate
this material given on power factor.

Let us suppose that on a certain job you have
measured a circuit with a voltmeter and ammeter,
and found 30 amperes flowing at 220 volts. Multi-
plying these two figures gives us 6600 watts of
apparent power. A wattmeter connected in this
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same circuit snows a reading of only 3960 watts
true power, which indicates that the power factor
is rather low. :

By the use of the formula:

true power
Power Factor = ————

app. power
3960
which, in this case would he —— = .60 I". F., it is
6600
easy to see that a great deal of the current which is
flowing in this circuit is not producing effective
power.

1f the company in whose plant this condition
exists is generating its own power, the generators
may be overloaded and overheated by wattless cur-
rent, which doesn’t produce power at the motors or
equipment.

In case the power is being purchased from some
generating company, we should keep in mind that
these concerns very often give lower power rates
if the consumer’s power factor is kept up to a
certain value. In other casés the customer may be
charged a penalty rate for having low power factor.

Therefore it is often good economy to change the
motors which are causing the low power factor, or
to install power factor corrective equipment, such as
synchronous motors or static condensers.

These devices provide condenser or capacity et-
fects which neutralize the effects of induction mo-
tors and transformers, and .thereby prevent exces-
sive lagging current on the line and generators.

A. C. machines are commonly rated in kv-a., or
kilovolt amperes, because the heating effect in their
windings is proportional to the square of the cur-
rent in amperes which these windings are caused to
carry.

If these machines were rated in kw. and the
power factor was exceedingly low, they might be
forced to carry more current than their windings
could stand, in an attempt to produce the proper
amount of true power in kw.

This is exactly what happens in a number of cases
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in various plants, where there are no trained elec-
tricians who understand or appreciate the import-
ance of power factor, and the necessity for measur-
ing the current in amperes as well as the watts or
kw. shown by the wattmeters.

Suppose that in another case there is a trans-
former in the plant where you are employed, and
this transformer is rated at 10 kv-a. and connected
to a 440-volt line. A wattmeter in the circuit of
the transformer shows the load to he only 9 kw,,
but the transformer contmually operates at a rather
high temperature, as though its windings migth be
overloaded.

An ammeter could be used to determine the cur-
rent flow, but in this case let us assume that the
test 1s made by a portable power factor indicator,
and that it shows the power factor to be 73%

If we check up on these figures with the formula
previously given for apparent power, it will soon
show why the transformer is operating above nor-
mal temperature.

In the first place a 10 kv-a. transformer designed
to operate on 440 volts would have a current capac-

ity of about 22.7 amperes. This could be proven in
the following manner.

10 kv-a. is equal to 10,000 volt-amperes or appar-

ent watts. W
Then, according to the formula — — I, from
E
Watts law, we find that in this case there would be :
10,000
or 22.7 4 amperes,
440

full load current for the transformer.

. The actual load on the transformer we have found
is 9 kw. at 75% P.F. 9 kw. — 75 = 12 kv-a.
apparent power.

Then, as 12 kv-a. is equal to 12,000 apparent
watts, the current for this load can be determined
as follows

W 12,000
—— =1, or ———— == 27.3 amperes.

E 440
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This shows that the transformer is carrying 5.6
amperes more than its full rated load, or is about
20% overloaded. This is not an excessive overload
and would probably not cause any damage if the
transformer is well ventilated and the load not left
on too long.

This 10 kv-a. transformer would be fully loaded
under each of the several following conditions.

10 kw. output at 100% P.F.
9 kw. output at 90% P.F.
8 kw. output at 80% P.F.
7 kw. output at 70% P.F., etc.

6. POWER IN SINGLE-PHASE CIRCUITS

Thus far we have only mentioned power in single-
phase circuits.

With balanced polyphase circuits the power of
the system will be the product of the power in one
phase multiplied by the number of phases.

If the power is considerably unbalanced in the
several phases, i1t should be calculated separately
for each phase, and the power of the separate phases
is then added together to get the total power on
the system.,

The apparent power in a single-phase circuit is
determined by the usual Watts Law formula:

App. W.=E X I

The true power in kw. for a single-phase circuit
is found by the formula:

True W =E X I X P.F.

When the apparent power, or kv-a., and the volt-
age of a single-phase circuit are known the current
can be determined as follows:

App. W

E

7. POWER IN TWO-PHASE CIRCUITS

In balanced two-phase circuits, the power is cal-
culated the same as for two single-phase circuits,
that is, by the formulas:

App W =2 X E X1
TrueW =2X E X 1 X P.I.

To determine the current in either phase of a bal-

I —
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anced two-phase circuit when the voltage and total
kv-a. are known, use the formula:
App. W
2XE
Two-phase power is used very little at present,
but vou may occasionally encounter some older in-
stallations of this type which are still in use.

8. POWER IN THREE-PHASE CIRCUITS

The power of balanced three-phase circuits can he
determined by the formulas:
App. W =E X1 x 1732
True W =1L X1 X 1732 X DI
These formulas will apply to any balanced three-
phase circuit, whether it is connected star or delta.
The constant 1.732 is used in three-phase formu-
las because the power of one phase of a three-phase
circuit is always:
X1
App. W = —"——
= 1732
This is due to the fact that in delta-connected
systems the linie current is always 1.732 times the
phase-winding current of any device on the system;
and 1n star-connected systems the line voltage is
always 1.732 times the phase-winding voltage.
Therefore, part of the current in any phase wire
of a three-phase, delta circuit is not effective in pro-
ducing power in that phase, but 1s used in the other
phases; and part of the voltage of any phase of a
three-phase, star system is effective in producing
power in the other phases,
So the apparent power in any one phase will al-
ways be:
E X1
1.732

To obtain the power for all these phases we would
then use the formula: .
3 X E X I
Total 3-ph.app. W, = ———
1.732
However, as 1.732 is also the square root of 3, it
is not necessary to multiply the single-phase power
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by 3 and then divide by 1.732, as the same result is
obtained if we simply multiply the single-phase
power by 1.732, as shown in the first two formulas
given for three-phase power.

These two formulas are well worth memorizing,
as vou will have frequent use for them in any work
with three-phase power circuits or machines, and
vou can always depend upon them to quickly and
easily determine the apparent power or true power.

To get the true power always use the formula
which includes the power factor.

9. CURRENT IN THREE-PHASE CIRCUITS

To determine the current of any phase of a bal-

anced three-phase circuit, when the apparent power

in kv-a. and the voltage are known, the following
formula can he used
[ — App. W

1.732 X E

When the voltage, true power in kw., and power
factor are known, the current can be determined as
follows:

True W
T 1732 X E X P.F. ,

To determine the voltage when apparent power

and amperes are known:
. App. W
T 1732 x 1

To determine the voltage when true power and

amperes are known:
F— True W
) 1.732 X I X P.F.

The voltage and current can also be determined
with voltmeter and ammeter, when they are avail-
able. Check these formulas by actual meter tests
on the job whenever you have the opportunity.

1

10. PRACTICAL FIELD PROBLEMS

\What will be the true power of a balanced three-
phase circuit which has 20 amperes flowing at 440
volts, and at 80 per cent P.F.?
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Using the formula:
True power = 1732 X E X I X P.F.
our problem becomes:
440 X 20 X 1.732 X .80 = 12193.28 true watts,
440 X 20 X 1.732 = 15241.6 apparent watts

: The apparent power in kv-a. will then be:

15241.6
,or 1524 kv-a.
1000
The true power in kw. will be:
12193.28
,or 12.2 — kw.
1000

Suppose that in another case you have made a
meter test on the circuit to a 65 h.p., three-phase
induction motor. * The voltmeter shows 230 volts
across any one of the three phases, and an ammeter
connected first in one phase and then the others,
shows that the load is properly balanced and that
85 amperes is flowing in each wire. What is the
apparent power of this circuit in kv-a?

Using the formula:
3Ph. App. W=E X 1IX 1732

We find that E X 1 = 230 X 85, or 19,550
Then 19,550 X 1.732 = 33,860.6 watts, and 33,860.6
-~ 1000 = 33.86 + kv-a.

Testmg this same circuit with a wattmeter, we
find only 20,320 watts or 20:32 kw. of true power in
the circuit.

Assuming that both the voltmeter and ammeter
test and the wattmeter tests were made at the same
time, and while the motor was operating under the
normal mechanical load which it drives, what is
the power factor of the circuit?

true power
PF. =

apparent power
or, in this case,

20.32

P.F. = ,or .60 + P.F.

33.86
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This is very low and undesirable power factor,
and if we check the motor input in h. p., we will find
the probable cause of the low power factor.

The motor is rated at 65 h. p., but is consuming
only 20.32 kw. of true power when running with its
normal connected load. As 1 kw. is equal to 1.34
h.p., then 20.32 X 134 = 272+ h. p,, and this is
less than half of the motor’s full rating.

Lightly-loaded induction motors operate at a
much lower P.F than fully loaded ones, and are
common causes of low power factor,

In cases such as the one in this problem, if the
mechanical load on the motor is never more than
272 h. p. and not particularly difficult to start, the
65 h. p. motor should be changed to one of about 27
or 30 h. p., to ohtain better P. F. and higher effici-
ency.

If the total true power in a balanced, $40-volt,
three-phase system 1s 125 kw., and this system is
operating at 90 per cent. power factor, what will be
the current in each phase?

Referring back to the formula given for finding
current «n a 3 Ph. circuit, when the true power,
power factor, and voltage are known, we find that:

True watts
I

= , or
1.732 X E X P.F.

in this case, 125 kw. = 125,000 true watts; therefore
125,000

I , or 18224 amperes.

1732 X 440 X 90

Work out this problem and prove the figures.
Practice working problems with the formulas given
in this lesson until you are quite familar with their
use and the manner in which the power factor af-
fects such calculations on actual ctrcuits and ma;
chines which you will encounter in your work.

POWER MEASUREMENT

In the preceding articles we have mentioned sev-
eral times the use of meters to measure the voltage,
current, or power of A. C. circuits.
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It is very important that you appreciate the great
value of meters in such work, and also that you
know how to properly connect and use them. This
fact was emphasized in the Direct Current lessons
and it is equally as important, or even more so, in
connection with A. C. circuits and machines.

The intelligent use of the proper meters often
helps to improve the efficiency of operation of vari-
ous power machines, and also prevents damage to
equipment by making sure that the voltage and cur-
rent are right for the design and rating of that
equipment. ‘

In many cases very great savings can be effected
by permanently connecting the proper meters to
certain heavy power circuits or the circuits of indi-
vidual machines, to allow frequent observation of
voltage, load, and power factor conditions.

Frequently the'saving effected in this manner will
more than pay for the cost of the meters, in the
first few months of their use.

On circuits where no meters are permanently in-
stalled, it is well to make periodic tests with port-
able meters, to see that the machines or circuits are
operating at proper voltage, and that they are not
overloaded. These tests will also show if certain
machines are operating lightly loaded and causing
low power factor and poor efficiency.

Many of the values for A. C. circuits can be easily
calculated when certain others are known, by the
use of the formulas which have been given in the
preceding articles. In other cases, it may be much
quicker and easier to use meters to determine these
values. By using meters where necessary or most
convenient and the simple formulas where meter
readings are not obtainable, practically any problem
can easily be solved.

11. CONNECTING INSTRUMENTS

When making any tests with portable meters or
when installing permanent meters, it is very im-
portant to properly make all connections, Other-
wise, incorrect readings will be obtained, and wrong
connections may result in damage to the instru-
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ments, or danger to the person making the con-
nections.

With A. C. voltmeters, ammeters, and wattmeters
also. the same general rule applies as was given for
D. C. meters: always connect voltmeters and poten-
tial elements of wattmeters across the line, and al-
ways connect ammeters and current elements of
wattmeters in series with the line — never in
parallel.

The coils or shunts of ammeters and of the cur-
rent elements of wattmeters are of so low resistance
that if they were connected across the line, a short
circuit would result and probably burn out the in-
strument. In such cases there is also danger of the
operator being burned by flying drops of molten
copper, or of his getting “‘lashed eyes” from the
blinding flash of the arc which may be caused by the
short circujt, when wrong connections are made to
live circuits.

The following connection diagrams and instruc-
tions for the use of meters on various tests are given

Line

/<N

Fig. 1. This sketch shows the method of connecting the meters to
medsure voltage, current, and power of a single-phase motor.

to enable you to make such tests correctly and
safely.

12 POWER MEASUREMENT ON SINGLE-

y PHASE CIRCUITS

Fig. 1 shows the proper connections for a volt-
meter, an ammeter, and a wattmeter in a single-
phase circuit. Note that the voltmeter and potential
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coil of the wattmeter are both connected across the
line; and that the ammeter and the current coil of
the wattmeter are both connected in series with
the line.

It does not matter which side of the line the am-
meter and wattmeter are connected in, as all the
current to the motor must flow through each line
wire, and correct total readings can be obtained
from either wire.

The voltmeter in this case will indicate whether
or not the line voltage is proper for the voltage rat-
ing of the motor as given on the name-plate of the
machine.

Too low a voltage will cause reduced torque and
poor efficiency of motors, and possibly also cause
them to overheat.

The ammeter when connected as in Fig. 1 will
indicate the current load on the motor and show
whether the machine is overloaded, or possibly too
lightly loaded. The full-load current rating of A.C.
motors is usually stamped on their name-plates.

The wattmeter may be used instead of the am-
meter to determine the load on the machine; but
if the power factor is low, the wattmeter reading
divided by the voltage is not a reliable indication of
the current load on the machine; because with low
power factor there may be considerable waftless
current flowing.

The wattmeter can be used with the voltmeter
and ammeter to determine the power factor of the
machine. The wattmeter will read the true power,
and the product of the voltmeter and ammeter read-
ings will give the apparent power. Then, dividing
the true power by apparent power will give the
power factor, as previously explained.

The wattmeter reading gives the true power in-
put to the motor, and enables one to calculate the
h.p. the motor should deliver if it is operating
properly. ‘

13. METER CONNECTIONS FOR HIGH
VOLTAGE CIRCUITS

Fig. 2 shows the meters and connections for
measuring the voltage, current, and power of a high-
voltage circuit, where instrument transformers are
used.
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On circuits over 600 volts, meters are very seldom
connected directly to the line, because of the danger
to operators and the difficulty and expense of in-
sulating the meter elements for the higher voltages.

Special transformers are used to reduce the vol-
tage and current at the meters to a definite fraction
of the voltage and current on the line. These trans-
formers are called current transformers and poten-
tial transformers, and are designed to maintain on
their secondaries a fixed ratio of the voltage or cur-
rent on their primaries. The meters used with such

To Load

G
[

Fig. 2. When meters are used to measure the energy of high voltage
lines instrument transformers are used to reduce the voltage and
current to the meters.

Line

F

%

transformers can, therefore, be calibrated to read
the full voltage, current, or power on the line.

The potential transformer at the left in Fig. 2, has
its primary winding connected across the line, and
its secondary supplies both the voltmeter and the
potential coil of the wattmeter, which are connected
in parailel. ¢

The current transformer on the right has its pri-
mary coil connected in series with the line, and its
secondary supplies both the ammeter and the cur-
rent coil of the wattmeter, which are connected in
series.
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\ You will note that the secondaries of both trans-
formers are grounded, to prevent damage to instru-
ments and danger to operators in case the insulation
between the high-voltage primary and the low vol-
tage secondary coils should fail.

The potential transformer is equipped with fuses
in its primary leads.

Never disconnect an ammeter from a current
transformer without first short-circuiting the sec-
ondary coil of the transformer,

If the secondary of a current transformer is left
open while its primary is connected to the line,
dangerously high voltages may be built up in the
secondary. This will be more fully explained in a
later lesson on transformers.

14. DETERMINING RESISTANCE OF A. C.
CIRCUITS

Resistance measurements on A. C. circuits can be
made by use of a Wheatstone bridge or a megger,
both of which were explained in lesson 39 on D. C.
meters. The Wheatstone bridge is most frequently
used for making accurate tests on lines or devices
of various resistances, although the megger is very
convenient for making tests where extreme accur-
acy is not required.

The resistance of an A. C. circuit or device can
also be calculated from voltmeter and ammeter read-
ings, by passing low-voltage direct current through
the circuit under test. Inductance does not oppose
the flow of D. C., so the current flow will be pro-
portional to the voltage and resistance only.

When the voltage and current readings are ob-
tained with D, C. meters and with D. C. voltage
applied to the circuit, the resistance can then be
determined by the formula E — I = R, with which
you are already familiar.

*It is well to remember that the resistance of wires
and metallic circuits of copper, aluminum, iron, etc.,
will increase with any increase in the temperature
of the conductors. This is particularly true of iron
or resistance alloys in rheostats, and of the filaments
in incandescent lamps.
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~ The resistance of lamp filaments when heated to
incandescence may be from 4 to 10 times as high as
it is at 70° F., or ordinary room temperature.

15, CURRENT MEASUREMENTS ON
THREE-PHASE CIRCUITS

Fig. 3 shows a three-phase motor with an am-
meter connected in one of its line wires to measure
the current. If the motor is operating properly, the
current should be very nearly the same, or balanced
in all three phases.

The current rating on the name-plate of any three-
phase motor is the amount of current that should
flow in each of the three wires leading to the motor.
Therefore, if the motor shown in Fig. 3 has a
name-plate rating of 50 amperes, an ammeter should
show 50 amperes in any of the three wires when
the motor is operating fully loaded.

1f the current is unbalanced to any great extent,
it indicates that there is probably a fault in one or
more of the phases in the motor winding.

Load

Lime

i

T’

Fig. 3. Ammeter connected to measure the current in one phase of a
s three-phase motor.

Where the current of a three-phase system is
known to be balanced at all times, one ammeter per-
manently connected in any of the three wires is all
that is required to determine the current.

It is well, however, to occasionally test all three
phases with_a portable ammeter, to locate any pos-
sible unbalance which may occur due to faulty ma-
chine windings; or to locate unbalance which may
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occur on main wires by connecting more single-
phase equipment on some one phase than on an-
other. .

All single-phase load connected to a three-phase
system should be kept balanced as much as possi-
ble, by connecting an equal number of devices or
equal loads in kv-a. to each phase.

-
I oo
-
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Fig. 4. This diagram shows three different connections for a voltmeter
used to measure the voltage of each phase of the three-phase line
to this motor.

Where the load is likely to be unbalanced and the
amount of load on the different phases is varying,
it is often well to have three ammeters, one con-
nected in each phase.

16. VOLTAGE MEASUREMENTS ON
THREE PHASE CIRCUITS

Fig. 4 shows the method of connecting a volt-
meter to indicate the voltage of a three-phase sys-
tem or motor. The voltmeter can be connected be-
tween any two of the three wires, and should show
approximately the same reading on all phases.

Slight variations of voltage between the various
phases generally do not harm, but if the voltmeter
shows widely varying readings, when connected
first at X, then at Y, and then at Z, it indicates that
the circuit is unbalanced.

This unbalance and reduced voltage on certain
phases will decrease the torque and efficiency of
three-phase motors operating on the line.
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17. POWER MEASUREMENTS ON THREE-
PHASE CIRCUITS

For measuring the power of three-phase circuits,
either single-phase or polyphase wattmeters can be
used. The readings of single-phase wattmeters can
be totalled up to obtain the three-phase power. while
a three-phase wattmeter will read directly the true
power of all three phases.

Line X x
A Load
x Lx
* Lime
x
B Load
x

Fig. 5-A. Above is shown the method of connecting wattmeters to a
single-phase circuit to locate the proper terminals of the potential
and current coils.

Fig. 5-B. This sketch illustrates the method of reversing the leads to
the potential coil if necessary, to make the meter read properly.

Where single-phase wattmeters are used, the two
wattmeter method shown in Fig. 6 is very com-
monly applied.

In order to obtain correct results with the two
meters, it is necessary to test them to make sure
that, corresponding coil leads are brought out to
the same meter terminals; or, if they are not, to get
them correctly marked so that the meters can be
connected properly to the three-phase wires to ob-
tain the right polarity of the meter coils.

To test the meters, connect them both to a single-
phase circuit, or to the same phase of a three-phase
circuit, as shown in Fig. 5-A. Make sure that there
is some load on the circuit to enable the meters to
show a reading.
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If both meters give the same indication with their
pointers moving across the scale in the right direc
tion, then carefully mark or tag the terminal of the
potential coil and the terminal of the current coil
which are connected together and to the line. In
this figure these leads are each shown marked with
an ‘(X’,. .

If one of the meters reads “backwards” when con-
nected as shown in Fig. 5-A, the potential coil
leads should be reversed as shown in Fig. 5-B.
The meter should then read “forward’; that is, its
pointer should swing to the right across the scale.
The terminals or leads should then be marked as
shown.

With the two meters now connected to the three-

x
X
oYV C
Line Load

Fig. 6. This sketch shows the connections for usinﬁ two single-phase
wattmeters to measure the power in a three-phase circuit.

phase circuit as shown in Fig. 6 and with the
proper terminals connected together and to the lines,
the meter readings will be called “positive” read-
ings. The sum of the two meter readings will be the
total three-phase power of the circuit. If the meters
are properly connected as shown in Fig. 6 and the
pointer of one meter attempts to swing backwards,
or belew zero, the potential leads of that meter
should be reversed, as shown on meter No. 2 in Fig.
7. Its reading is then called “negative,” and should
be subtracted from that of the positive meter to get
the three-phase power.
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18. CORRECT CONNECTIONS NECESSARY
FOR ACCURATE RESULTS

Fig. 8 also shows the connections for the “two
wattmeter method” but shows the current coil of
one of the meters connected in a different phase
from what it was in Fig. 6. The current coils of
the two wattmeters can be connected in any two of
the three phases, and if the potential coil leads are
properly connected the results should be the same.
However, one of the potential coil leads of meter
No. 2 is connected wrong in Fig. 8 as this connec-
tion will give correct readings only when the power
factor is unity, or 100%.

As unity power factor is seldom found on any
A C. circuit, this connection should usually be
avoided, and the potential coil lead should be con-
nected as shown by the dotted line.

When the “two wattmeter method” is used, the
ends of the potential coils which are not attached
directly to the same wire with their current coils
should connect to the line wire in which no current
coil is connected; as shown in Fig. 7, or in Fig. 8
after the one lead is corrected as shown by the
dotted line.

It may at first seem peculiar that two wattmeters

Load

Fig. 7. This diagram shows the connections to the lower wattmeter
reversed to obtain proper readings on circuits with low power
factor.

used in this manner will give the total three-phase
power of the circuit. This is true, however, because
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the current which flows to the load through the un-
metered wire at any instant must be flowing back to
the alternator through one or hoth of the other
wires, thus allowing the two meters to read full
3 ¢ power.

The phase relations between the currents and vol-
tages of a balanced three-wire system are such that
the “two wattmeter method” will accurately give
the. total three-phase power, if the connections are
properly made and the readings are added if they
are hoth “positive”, or subtracted if one is “nega-
tive” and the other “positive.”

If wattmeter No. 1 in Fig. 6 reads 8000 watts and
meter No. 2 reads 6000 watts, the total power will
he 8000 + 6000, or 14,000 watts.

If the meters must be connected as shown in Fig.
7 to obtain readings above zero, then the negative
reading must be subtracted from the positive read-
ing to get the total power.

For example, if meter No. 1 in Fig. 7 reads 20000

Line

X Load

A Romac oced

Fig. 8. This sketch shows the correct and mcorrect methods of con-
necting one of the wattmeters when measuring three-phase power
by the “two wattmeter method.”

watts and meter No. 2 reads 6,000 watts, thén the
total power will be:

20,000 — 6,000 or 14,000 watts.

In all circuits where the power factor is less than
50 per cent., one of the two wattmeters will give a
negative reading. °
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On circuits where the load is quite constant, one
wattmeter can be used to determine the three-phase
power, by connecting it first in one phase and then
in another, as shown at positions 1 and 2 in Fig. 9.

The reading of the meter in position 1 is noted,
and the meter is then shifted to position 2, and the
reading is again noted. If both readings are “posi-
tive”, their sum will give the total true power. If
one readmg is “positive” and one negative, their
difference will give the total true power.

One wattmeter should not be used to determine
total three-phase power on circuits where the load
varies much, as the load may change while the
. meter connections are being changed, and thus give
an incorrect total.

LINE - LOAD

Fig. 9. The above diagram shows the manner of connecting one watt-
meter in two different phases of a three-phase system in order to
measure the total power.

19. POWER MEASUREMENT ON HIGH
VOLTAGE CIRCUITS

Fig. 10 shows the connections for the “two watt-
meter method” of measuring three-phase power on
high-voltage circuits where instrument transformers
are used.

Separate potential transformers supply the vol-
tage from the two phases to the potential elements
of the wattmeters. Separate current transformers
supply the proportional current from the two phases
to the current elements of the two wattmeters.

The same procedure of marking the potential and
current coil leads and checking the positive or nega-
tive readings is followed in this case as when no
instrument transformers are used.
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20. THREE METER METHOD OF POWER
MEASUREMENT

Fig. 11 shows three wattmeters used to measure
the total power of a three-phase system.

With this connection we use a “Y box” which
consists of three separate resistances, connected to-
gether at one end to form a star connection and pro-
vide a neutral point to which one end of each watt-
meter potential coil is connected.

When connected in this way, each wattmeter

O
LINE Mm LOAD

[ |
L L

Fig. 10. Connections for two wattmeters on a three-phase circuit, using
instrument transformers to reduce the voltage and current to the
meters.

measures only the power of the phase in which it is

connected, and the total power will be the sum of

the three meter readings.

For example, if meter No. 1 reads 14,000 watts,
meter No. 2 reads 16,000 watts, and meter No. 3
reads 17,000 watts; the total power will be 47,000
watts.

Wattmeters connected in this manner will always
read “positive” regardless of the power factor.

This makes the method very simple and reliable
and one which is very commonly used on large
power circuits, where very accurate readings are
important and all chance of error should be avoided.

For measuring the total power of a three-phase,
four-wire system, the connections shown in Fig. 12
are used. In these systems the neutral wire is al-
ready provided by the fourth wire which is con-
nected to the star point of the winding of the alter-
nator or at the transformer connections, and there-
for no Y box is needed.
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The total power of the three-phase four-wire
system thus measured will be the sum of the three
meter readings.

21. METERING ALTERNATOR QUTPUT

Fig. 13 shows the meters and connections for
measuring the power output -of an alternator, both

LINE LOAD
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*]@[a
N

Y B0oX
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Fig. 11. Meter connections for a “‘three wattmeter method” for measur-
ing the total power in a three-phase circuit. The Y Box shown in
this diagram is explained in the accompanying paragraphs.

in true power and apparent power, and also for

determining the voltage, current, and power factor.

We will assume that the meter readings are as
follows :
Voltmeter = 440 [¢
Ammeter = 60 I
Wattmeter No. 1 = 18250 W

Wattmeter No. 2= 21,750 W

The total three-phase true power will then be
18,250 + 21,750 = 40,000 W, or 40 kw.

The total three-phase apparent power will be
E X' T X 1732, or 440 X 60 X 1732 = 45,724.8
watts or approximately 45.725 kv-a.
true power

app. power
or, 40 <+ 45725 — 874, or 87.49% P.F.

22. METER TESTS, POWER PROBLEMS

The following practical examples are given to
make you thoroughly familiar with the use of the

~

The power factor will then be
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formulas and methods commmonly used on actual

circuits in the field.
st s F@j__

LOAD

ALTERNATOR

NS |

NEUTRAL \

Fig. 12. This diagram shows the connections for three wattmeters to
measure the power of a three-phase, four-wire system,

Men who can make these calculations as well as
operate and maintain the machines intelligently are
the men who hecome foremen, or chief operators.

Assume that a meter test of a single-phase circuit
shows the following readings:

Voltmeter = 220 E
Ammeter = 80 1
Wattmeter = 14,000 W

What will be the kw., kv-a., and "I, of this
circuit?

Use the proper formulas in ecach case, looking
them up in the preceding articles if necessary, and
work out each part of the problem step by step.

The answers are given here to enable vou to
check your results.

kw. = 14, kv-a.= 17.6, and P.F. = 79.5%
In another case, assume you are testing an alter-

nator and obtain the following meter readings:

Voltmeter = 2200 E
Ammeter = 50 1
Wattmeter = 160,000 W
\What will be the kw., kv-a., and P.F.?

Answers: kw. = 160, kv-a. = 190.54, and
P.F. = .839 or 84 —%.
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On a two-phase system we find a voltage of 200 E
on each phase, current of 60 I on each phase, and
a wattmeter reading shows 9,000 watts on each
phase. What will be the kw., kv-a.,, and P.F.?

Answers: kw. = 18, kv-a. = 24, and P.F. = 75

If a coil or winding of an A. C. machine has a
flow of 5 amperes through it when connected to
200 E, A.C.,, and has 20 amperes through it when
connected to 100 E, D.C., what will be the impe-
dance, the resistance, and the P.F. of the winding?

On A. C. circuits:

E 200

T = = Z, therefore = = = 40 ohms impedance
On D. C. circuits:

5 R, theref Ly 5 oh 1

I = R, theretore >0 ohms resistance

When both the resistance and impedance are
known,

R ‘3 1
I =
— = P.F, T1eref0re =3 , or .125,

or 12% % P.F. g A
ﬂ

Fig. 13. Voltmeter, ammeter, and wattmeter connected to measure the
voltage, current, and power output of a three-phase alternator.

o

3 Phase
Alternator

To Load

If a circuit with a condenser or capacity effect,
causing a capacity reactance of 20 ohms, is con-
nected in series with a resistance of 12 ohms, what
is the total impedance and the P.F.?

Z =+ RE+ X2 orZ =/ 122 + 202
122 = 12 X 12 or 144
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20% = 20 X 20 or 400
144 + 400 = 544
\/?42 = 23.3+ , ohms impedance

R _ 12 o
—7.— = P.F., or Zi—% = .515, or 51.5% P.¥.

EXAMINATION QUESTIONS

1. (a) Define apparent power. (b) What unit
do we use to express apparent power?

2. Define power factor.

3. What would be the power factor on an A.C.
single phase circuit with meter readings as follows?
20 amperes, 110 volts, 2000 watts?

4. What would be the true power on a balanced
three phase circuit with 10 amperes flowing at 220
volts with a power factor of 60 per cent?

5. Draw a sketch showing ammeter, voltmeter,
and wattmeter connections for use in a single phase
motor circuit.

6. How are meters usually connected to an A.C.
line of over 600 volts?

7. Draw a sketch showing how you would con-
nect two single-phase watt meters for measuring
the total power on a three-phase circuit.

8. Draw a sketch showing one voltmeter, one
ammeter, and two wattmeters arranged to measure
the output of a three-phase alternator.
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A. C. GENERATORS
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As most of the electrical power generated is alter-
nating current, the operation and care of A. C. gen-
erators, or alternators as they are commonly called,
is a very important subject. This lesson will deal

principally with the common types of alternators;
their construction, operation and care.

The windings used in alternators and the prin-
ciples by which they generate alternating voltage
have been covered in the Armature Winding lessons
and in Alternating Current Lesson 44.

Alternators are made in sizes ranging from the
small belt-driven or engine-driven types of from
1 to 50 kv-a: up to the mammoth turbine-driven
units of over 200,000 kv-a.

Alternators can be divided into the following
classes: (A) Revolving armature or revolving field
types: (B) Vertical or horizontal types; (C) Tur-
bine or engine types.

1. REVOLVING FIELD ALTERNATORS

Practically all A. C. generators of over 50 kv-a.
capacity are of the revolving-field type, because this
type of construction permits the generation of much
higher vdltages in the stationary armature wind-
ings, and also because it eliminates the necessity of
taking high-voltage energy from a revolving mem-
ber through sliding contacts. This greatly simpli-
fies the construction of the machine and reduces
insulation difficulties.

Revolving-field alternators are commonly made
to generate voltages as high as 13,200, and some
are in opération producing voltages of 22,000 di-
rectly from their stator windings. Alternators can !
now be constructed to produce voltages as high as

36.000. The generation of such high voltages makes
possible very economical transmission of this en-
ergy, and also reduces the necessary winding ratio
of transformers when the voltage is to be stepped
up still higher for long distance transmission.

At the left in Fig. 1 is shown the stator, or sta-

87




A. C. Generators

tionary armature. of an alternator. The rotor, or
revolving field, which has been removed from the
stator, is shown at the right. Note the stator coils
or windings which are practically the same for
alternators as for A. C. induction motors.

These windings were thoroughly described, both

as to construction and connections, under Three-
Phase Stator Windings in lessons 30 and 31.
- Note also the construction of the revolving field
element and the manner in which the poles are
mounted on the spider. The collector rings, through
which the low-voltage direct current is passed to
the field coil, can be seen at the end of the rotor.

Fig. 1. Above are shown the complete stator of an A. C. generator
on the left and the revolving field or rotor on the right. The field
coils on the rotor are excited with direct current and revolved
within the stator to generate alternating current in its windings,
Some of the smaller A. C. generators have revolv-

ing armatures which are wound very similarly to

those for D. C. generators. and have connections
brought out to slip rings so the generated energy
can be transferred from the revolving armature to
the line by means of these slip rings and brushes.

However, many of the smaller alternators are

also built with revolving fields. Fig. 2 shows a

belt-driven alternator of 125 kv-a. capacity, with a

revolving field and stationary armature. This gen-
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erator is driven at 900 R.P.M. and produces three-
phase, sixty-cycle energy at 2300 volts. Note the
three leads which are brought out from the stator
for permanent connections to the switchboard or
line when the machine is installed. In this man-
ner the toad current flows directly from the station-
ary armature to the line without any slip rings or
sliding connections in the circuit. Note the D. C.

Fig. 2. This photo shows a 125 kv-a. alternator of the horizontal
belt-driven type. Note the D. C. exciter-generator which is direct
connected to the left end of the shaft. (Photo Courtesy Allis
Chalmers Mifg. Co.)

exciter-generator which is attached directly to the
end of the shaft of this alternator.

Fig. 3 shows the revolving field for a small alter-
nator of the type shown in IFig. 2. Note carefully
the construction of the field poles on this rotor, and
also the slip rings and D. C. exciter-armature on
the end of the shaft.

The direct current energy required to excite the
field of an A. C. generator is very small in com-
parison with the A. C. output of the machine. This
energy for excitation varies from three-fourths of
one per cent. to two and a half per cent. of the total
capacity of the alternator.

It 1s easy to see, therefore, that the revolving field
will require much smaller and lighter conductors
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than a revolving armature would; and also that the
handling of this smaller amount of energy through
brushes and slip rings at low voltage, is a much
simpler proposition than to handle the total load
current of the machine at the high voltages used
on modern alternators.

Keep in mind that it makes no difference in the
nature or amount of voltage generated by the ma-
chine whether the field poles revolve past the sta-
tionary armature conductors or the armature con-
ductors revolve past the stationary field poles. As
long as the same field strength and speed of motion

Fig. 3. This view shows the construction of the rotor or revolving
field of an alternator similar to the one shown in Fig. 2. Examine
its construction carefully and note the position of the collector rings
and exciter-armature on the shaft.

are maintained, the cutting of the lines of force

across the conductors will in either case produce

the same voltage and the same frequency.

2. VERTICAL TYPE AND HORIZONTAL
TYPE ALTERNATORS

The terms vertical and horizontal as applied to
A. C. generators refer to the position of the shaft.
Belt-driven alternators, or generators that are con-
nected directly to steam engines, are usually of the
horizontal-shaft type. The generator shown in Fig.
2 is of the horizontal type.

Large steam-turbine-driven generators are also
more commonly made in the horizontal types, al-
though some of these are in operation which have
vertical shafts.

Water-wheel generators are more commonly
made in the vertical type, as this construction al-
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lows the generator to be placed on an upper floor,
with the water-wheel on a lower level and attached
to the generator by means of a vertical shaft.

This reduces the danger of moisture coming in
contact with the generator windings due to any
possible leakage or dampness around the water-
wheel.

Fig. 4 shows a large, vertical type, water-wheel-
driven generator. This machine has a capacity of
18,750 kv-a. and produces 60-cycle alternating cur-
rent at 6600 volts. Machines of this type usually
operate at quite low speeds, this particular one hav-
ing a normal speed of 11215 R.P.M.

Fig. 4. Large vertical type alternator for water-wheel drive. The
stator core and wndings of this machine lay in a horizontal posi-
tion just inside the lower frame work, and the field poles revolve
on the vertical shaft within the stator. (Photo Courtesv Allie
Chalmers Mfg. Co.)

Note the D. C. exciter-generator mounted on top
of the shaft above the thrust bearing and main
support members of the generator frame. The
water-wheel attaches to this generator at the cou-
pling which is shown on the lower end of the shaft.
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Horizontal-type generators usually present a
much simpler bearing problem, as the horizontal
shaft lies in simple sleeve-bearings which support
the weight of the revolving field at each end of the
shaft.

Vertical-tvpe generators require special thrust-
bearings to support the weight of the shaft and
rotor, and also a set of guide bearings to keep the
rotor in proper alignment within the stator core.

Vertical-tvpe machines require less floor space,
which is one advantage in their favor where the
power plant must be as small as possible.

3. TURBINE TYPE AND ENGINE TYPE
ALTERNATORS

The terms “turbine™ and “‘engine” type as applied
to alternators refer to the tvpe of prine mover by
which the alternator is driven. As there 1s consid-
erable difference between the speeds of ordinary re-
ciprocating steam engines and those of steam tur-
bines, the generators designed for engine drive are
of considerably different shape and construction
than those designed for high-speed turbine drive.

ngine-driven alternators are usually of quite
large diameter and narrow in width from one side
to the other of the stator core. The rotors for these
machines usually have a rather large number of
field poled, in order to obtain the proper frequency
at their low operating speeds.

Steam-turbine-driven gencrators, or turbo-alter-
nators as they are commonly called, are usually
made with much smaller diameters and greater in
length than the engine-type geunerators. The very
high speeds at which steam turbines operate makes
necessary the small diameter of the revolving field
of the generator, in order to reduce centrifugal
stresses.

These higher operating speeds also make possible
the generation of ordinary 60-cvcle energy with a
very small number of field poles.

Turbine-driven generators are commonly made
with twe or four poles on the revolving held. Ifig.
0 shows a large steam-turbine-driven alternator of
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50,000 kw. or 62,500 kv-a. capacity. The generator
is on the left in thlS view and the steam turbine on
the right. The two are directly connected together
on the same shaft,

Fig. 6. Large steam-turbine-driven alternator. The turbine with its
control mechanism is on the right. This alternator is enclosed in
the air-tight casing at the left. This unit is typical of hundreds
of great steam-driven generators in usé in modern power plants
throughout this country. ¢Photo Courtesy General Electric Co.)

This alternator is completely enclosed in an air-
tight casing to keep out all dirt and moisture from
its windings, ana to allow cooling by forced air cir-
culation within this casing.

4, CONSTRUCTION OF ALTERNATORS.
ARMATURES

Regardless of the type or construction of the al-
ternator, the two principal parts to be considered
are the armature and the field. The main winding,

,  whether it is placed on the rotor or in the stator,
is usually referred to as the armature; and, as pre-
viously mentioned, these armature windings for or-
dinary A. C. generators are practically the same as
those for the stators of induction motors. In fact,
the same winding can be used for either a motor or
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generator, if the squirrel cage is exchanged tor a
revolving field with the proper number of poles,
or vice versa.

On large machines there are enormous magnetic
stresses set up between the conductors of the wind-
ing when the generators are heavily loaded or dur-
ing timeés of sudden surges due to overloads or
short-circuits. For this reason, it is necessary to
securely anchor or brace the coils, not only by slot
wedges but also by using at the "coil ends, special
supports which are rigidly connected to the stator
frame.

The coils are securely tied or wrapped to these
braces or supports and in some cases are mechani-
cally clamped down on the supports to prevent dis-
tortion or warping of the coils due to magnetic
stresses set up by the flux around them.

The view on the left in Fig. 7 shows the frame
of a turbine-driven alternator with one of the first
stator punchings or core laminations in place. This
view shows the manner in which these core lamina-
tions are fitted in the stator frame and held in place
by the dovetail notches in the frame.

When the complete core is assembled ,the lamina-
tions are also held more firmly together by the use
of clamping rings and bolts which apply pressure
at the ends of the stator core.

The view at the right in Fig. 7 shows the same
stator with the core completely assembled and the
windings in place. Note the heavy connections
which are made between the phases and coils of the
winding and also the manner in which these con-
nections are rigidly secured to the end of the stator
core.

Fig. 8 shows an excellent view of the end of the
winding in a large turbine-driven generator, and
shows clearly the method of bracing and tying the
coils in place. Note the comparatively small dia-
meter and great length of the stator openings on
the machine shown in Figs. 7 and 8. \

The armature coils on large alternators are usu-
ally made of heavy copper bars and consist of only
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a few turns to each coil. These coils are heavily
insulated according to the voltage of the machine,
and are securely wedged into the slots.

Spaces or air ducts are left at intervals through-
out the stator when the laminations are assembled,
to allow free circulation of the cooling air through-
out the windings.

5. FIELD CONSTRUCTION

The field of an A. C. generator is constructed
very much the same as the field of a D. C. gen-
erator, except that the field of an alternator is usu-
ally the revolving element. I.ow-speed alternators
of the large diameter engine-driven types usually
have the field poles mounted on a spider or wheel-
like construction of the rotor, as shown in Fig. 1.

Fig. 3 also shows the mounting of the field poles
on a smaller rotor of the solid type which is used
for a small diameter, medium-speed alternator.

The poles consist of a group of laminations tight-
lv clamped together and equipped with a pole-shoe,
or face, of soft iron. They are attached to the rotor
core or spider, either by means of dovetail ends and
slots or by means of bolts.

Fig. 9 shows several views of field poles of the
dovetail type. These views also show the pole
shoes an'l the rivets which hold the laminations to-
gether. The coils for field poles of this type may be
wound with either round or square wire, or thin,
flat, copper ribbon of the type shown in Fig. 11.

Field potes and coils of this type are sometimes
called “spool wound”, hecause of the shape of the
poles and the manner in which the coils are wound
cn them.

The field coils are connected either in series or in
series-parallel groups, according to the size of the
machine and the exciter voltage which is applied.
They are always connected to give alternate north
and south poles around the entire field. Alternator
fields always have an even number of poles.

On" high-speed turbine-driven alternators which
have long rotors of narrow diameter it would be
very difficult to construct field poles of the “‘spool
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wound” type, and also extremely difficult to hold
the coils in place because of the great centrifugal
force at these high speeds. For such machines the
field coils are usualy wound in the slots cut in the
surface of a long, solid field rotor or core.

Fig. 8. This photo shows the end of a stator winding for a high

speed turbo-alternator. Note the rigid bracing of the coil ends.

I'ig. 12 shows a two-pole rotor of this type, in
which the field coils can be plainly seen at the left
end of the slots. These coils are wound with strap
or bar copper. When the rotor is completed, a
metal casing or sleeve is placed over both ends of
the cotls as shown at the right end of this rotor.
This sleeve protects the coils from damage or
mechanical injury and also holds them securely in
place and prevents them from being thrown or bent
outward by the high centrifugal force exerted upon
them during operation.

Fig. 13 shows a closer view of the end of a rotor
of this type. on which the slip rings and ventilating
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blades can be clearly seen. This type ot rotor con-
struction provides a very rugged field element and
very secure mounting of the coils and is, therefore,
ideally suited to the very high speeds at which
steam-turbine alternators are operated.

Fig. 9. Several views of laminated field poles such as commonly
used in revolving field alternators..

6. COOLING OF GENERATORS

All electrical equipment produces a certain
amount of heat in proportion to the losses which
take place within the windings. Large A. C. gen-
erators produce considerable heat, even though
their efficiencies often approach 98%. In the enor-
mous sizes in which generators are built today
the cooling of these machines becomes a serious
problem. s

The heat must be removed or carried away from
the windings as rapidly as it is created or the wind-
ings would soon overheat to a point where the in-
sulation would be damaged. As the resistance of
copper conductors increases with any increase in
temperature, the efficiency of the machine would
also be reduced by allowing it to operate at tem-
peratures higher than normal.

Natural air circulation is not sufficient for effec-
tive cooling of the windings of these large machines,
as it is with smaller D. C. and A. C. generators.
Therefore, it is necessary to use one of the several
forms of artifictal cooling or forced ventilation.

One very common method of cooling is to com-
pletely enclose the generator in a housing, such as
shown on the machine in Fig. 6, and force a blast
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of air under low pressure through this housing and
the machine windings. The air used for this pur-
pose is first washed with a spray of water to cool
it and clean it of all dust and dirt, and then the air
is dried before being passed through the generator
windings.

Fig. 11. Field coil which is wound with thin copper strip, making a
coil which is very compact and easily cooled.

This clean air is then kept dry and is recirculated
through the generator over and over again, being
cooled each time it leaves the machine, by being
passed over a set of cold water pipes.

It is of the greatest importance that this venti-
lating air be kept circulating constantly through
large alternators during every moment of their
operation, and also that the air be kept clean and
dry.

Some other gases are more efficient than air for
carrying off the heat from machine windings. Hy-
drogen gas is being successfully used for this pur-
pose. Because of its efficiency in absorbing heat
from the windings and transferring it to the cooling
pipes through which the gas is circulated outside of
the generator, the use of hydrogen in this manner
makes possible increased efficiencies and reduced
sizes of alternating current machines.
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Hydrogen being an explosive gas, it is necessary
to eleminate all possibility of its becoming ignited
around the generator; otherwise an explosion and
serious damage would result.

Large alternators are usually equipped with
thermometers or electrical temperature indicators
to show the tempertaure of their armature windings
at all times during operation. Many large high-
speed alternators have water-cooled bearings, with
water circulating through passages in the metal
around the bearings, to carry away the heat.

|

7. ALTERNATOR FIELD EXCITATION

The field of an alternating current generator is
always excited or energized with direct current and
in this manner constant polarity is maintained at
each pole. As alternators do not produce any direct
current themselves, they cannot be self-exciting, as
many D. C. generators are.

The direct current for excitation ot alternator
fields is produced by a separate D. C. generator,
known as the exciter generator. The exciter ma-
chine may be belt-driven from a pulley placed on

the shaft of the main alternator, or it may be di-

rectly connected and driven by the end of the alter-
nator shaft as on the machines in Figs. 2 and 4.

In some cases in large power plants the exciters
are driven by separate prime movers. Sometimes

Fig. 12. This photo gives an excellent view of a high speed field rotor
such as commonly used in turbine-driven alternators. Note how
the field coils are placed in slots in the solid rotor so that when
they are excited with D. C. they will.create two field poles on
Epp;)sitc sides of the rotor. -(Photo Courtesy Allis Chalmers Mfg.

o.

one large exciter-generator is used to furnish di-
rect-current field energy for several alternators,
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each of which obtains its field current from the
exciter bus.

In other cases, there may be a number of exciter-
generators which are all operated in parallel to
supply the exciter bus with direct current; and any
or all of the alternators can obtain their field cur-
rent from this bus.

Exciter-generators are usually of the compound
type and of a voltage ranging from 110 to 250 volts.
It is not necessary to use high voltage for field
excitation, as this current is only used to produce
magnetic flux, the strength of which is determined
by the number of ampere turns on the field poles.

The direct current from the exciter generator or
busses is conducted to the revolving field poles of
the alternator through brushes and slip rings, as
previously explained. These slip rings can be
plainly seen on the revolving field units shown in
Figs. 3 and 12.

Fig. 13. End-view of high speed field rotor showing shield ring over
the coil ends and also showing ventilating blades and slip rings.

8. CONNECTIONS OF EXCITER AND
ALTERNATOR FIELD CIRCUIT

Fig. 14 shows the connection diagram and circuit
of an exciter-generator connected to a three-phase
alternator. This alternator has four poles on its

103




A. C. Generators

revolving field and in this case all of the poles are
connected in series.

The stator winding is of the ordinary type which
has been previously described in the lesson on A.
C. Armature Windings, and in this diagram it is
simply shown as a continuous winding around the
stator, having three line leads which are connected
to points 120 degrees apart around the winding.

Damper \Nindinq Vv A
R
ooy /RN N
—e,
Line
or Bussey @
- J\ 'T o R|
q
J
Exciter

Fig. 14. This diagram shows the connections_of the stator and rotor
of a three-phase alternator with the exciter-generator, rheostats,
meters, and field discharge switch.

When the field of this alternator is excited with
direct current and the poles revolved so their flux
cuts across the conductors of the stator winding,
three-phase alternating current will be generated
and supplied to the line or busses. )

If this four-pole machine has its field revolving
at 1800 R.P:M., the frequency of the generated A. C.
will be 60 cycles per second. according to the for-
mula given in Article 4 of A. C. lesson 44,

The- exciter shown in this figure is a compound-
wound D. C. generator and has its voltage con-
trolled by means of a shunt-field rheostat, R. The
exciter voltage can be controlled either by manual
operation of the field rheostat or by an automatic
voltage regulator in connection with the field rheo-
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stat. This regulator will be explained in later para-
graphs and in this figure we shall consider the rheo-
stat to be manually operated.

A voltmeter and ammeter are shown -connected
to the exciter circuit between the D. C. generator
and the field discharge switch, S, of the alternator.
They are connected at this point because it is desir-
able to know the exciter voltage before the field
switch is closed, and also because of the high volt-
ages which may be induced in the alternator field
if the field discharge switch should accidently be
opened while the alternator is operating in parallel
with others.

The ammeter indicates the amount of field cur-
rent which is being supplied to the alternator at
any time, and furnishes an indication of the field
strength and normal or unusual operating condi-
tions in the alternator

9. FIELD DISCHARGE SWITCH

The field discharge switch is a special type of
switch which has a third or auxiliary blade attached
to one of the main blades and is arranged to make
contact with an extra clip just before the main
blades of the switch are opened, and also during
the time that this switch is left with the main
blades open.

. This places the field discharge resistance, D. R,
across the collector rings and field winding of the
alternator when its circuit to,the exciter is open.
The purpose of this discharge resistance is to pre-
vent the induction of very high voltages in the field
winding when its circuit is interrupted and the flux
allowed to collapse across the large number of turns
of the field winding.

Placing this resistance across the field winding
allows the induced voltage to maintain a current
through this closed circuit for a short period after
the switch is open. This uses up the self-induced
voltage and magnetic energy of the field, and allows
the current to die down somewhat gradually.

If the flux of the alternator field were allowed to
collapse suddenly by completely opening the cir-
cuit, the induced voltage might be sufficiently high
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to puncture the insulation of the field windings and
cause short-circuits or grounds between the wind-
ing and the core.

10. EXCITER AND ALTERNATOR
RHEOSTATS

Between the field discharge switch and the slip
rings is an alternator field rheostat, “J”. This rheo-
stat is used to obtain very fine and accurate’ adjust-
ment of the alternator voltage, and its resistance is
usually so proportioned that its full range of volt-
age operation is just equal to the change in voltage
obtained by moving the arm of the exciter rheostat
one point.

It is easy to see that the voltage of the main
alternator can also be conveniently controlled by
adjusting the voltage of the exciter generator. As
the exciter voltage is varied, more or less current
will be forced through the field winding. By the
proper use of both the exciter field rheostat, R, and
the alternator field rheostat, J, a wide range of volt-
age adjustment in very small steps can be obtained
on the alternator.

For example, suppose that the exciter shunt field
rheostat has 10 points, which will make it possible
to obtain 10 voltage changes on both the exciter
output and the alternator output. If the alternator
field rheostat has 20 points, we can obtain 20 steps
or variations in the.alternator voltage between each
two adjacent points of the ten-point exciter rheo-
stat.

With this combination it is therefore possible to
obtain 200 voltage variations, which will permit
very accurate voltage adjustment of the alternator.

11. FACTORS GOVERNING VOLTAGE AND
FREQUENCY OF ALTERNATORS

From the alternator field rheostat we follow the
exciter circuit to the brushes which rest on the slip
rings, K-K. The slip rings are mounted on the
rotor shaft but are well insulated from the shaft
and from each other. ILeads are taken from these
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rings to the field coils. The slip rings and brushes
form the sliding connection between the stationary
part of the exciting circuit and the revolving alter-
nator field.

Regardless of whether the alternator field is con-
structed with spool type coils on projecting poles
as shown in Fig. 14 or with coils imbedded in the
slots of the solid rotor as used on high-speed tur-
bine generators, as long as direct current is passed
through these coils a powerful magnetic field will
be set up at each pole of the electro-magnets formed
by the coils.

When the alternator field is thus excited or ener-
gized and is then revolved within the armature or
stator core, it is evident that the lines of force from
the field poles will be cut by the stationary arma-
ture conducters. In this manner a voltage is in-
duced in the armature conductors and, as we have
already learned, this voltage will be proportional to
the number of lines of force in the field, and to the
speed with which the field poles are rotated, as well
as the number of conductors in series in the arma-
ture winding.

As the frequency of the alternator depends upon

its speed and the number of field poles, we cannot
vary the speed of the alternator to vary its voltage,
as we can with direct current generators.
. The frequency must be kept constant in order to
maintain constant speed of the motors attached to
the system, and if the speed of the alternator were
to be varied it would, of course, change the fre-
quency. For this reason, the voltage of an alterna-
tor must be adjusted by means of the alternator
field rheostat or the exciter field rheostat.

The voltmeter in Fig. 14 is across the armature
leads of the exciter generator and will .show any
variations in the voltage produced by the exciter
when its rheostat is adjusted.

When once the setting of the alternator rheostat,
J, has been established, the voltmeter will give
somewhat of an indication of the variations brought
about in the alternator field strength when varying
the exciter voltage.
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The ammeter provides a more accurate indication,
because its readings will show the amount of cur-
rent flowing through the alternator field with any
adjustment or change in either the exciter or alter-
nator rheostats.

12. CONTROL AND ADJUSTMENT OF
ALTERNATOR VOLTAGE

It is often necessary to change the voltage pro-
duced by the armature of an A. C. generator while
it 1s in operation, in order to compensate for voltage
drop in the lines with increasing load on the system.
In other words. when the load is increased, the
added current flowing through the line will cause
a greater voltage drop; and, in order to maintain
constant voltage at the load. the alternator voltage
should be increased.

We have already mentioned that the alternator
voltage can be controlled either by manual opera-
tion of the rheostats by the plant operator, or by
an automatic regulating device.

Manual or hand regulation is generally used only
in small power plants which are not operating as a
part of a large system,

The accuracv and uniformity of hand regulation
depend upon the faithfulness and skillof the opera-
tor. This method is not usually satisfactory in
large plants or on systems where there are frequent
variations of considerable amounts in the load, be-
cause it requires almost constant attention on the
part of the operators and even then doesn’t prevent
some voltage variation at the load.

It is very important to have constant voltage on
most electrical machines and devices, in order to
maintain their rated torque and speed. This is
particularly true where any iighting equipment is
connected to the system, because if the voltage is
allowed to vary to any extent, it causes noticeable
fluctuations in the brilliancy of incandescent lamps.

13. AUTOMATIC VOLTAGE REGULATORS

To obtain more accurate and immediate voltage
adjustment for all variations in load, automatic

-
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voltage-regulators are generally used in connection
with the exciter field rheostat. (One of the most
common types of these devices is known as the
Tirrill voltage regulator. This device autematically
regulates the alternator voltage within very close
limits by means of a set of relays which cut resist-
ance in or out of the field rheostat of the exciter-
generator.

The relavs are operated by variations in the volt-
age and current load on the lines leading from the
main alternator.

Fig. 10 shows the connection diagram of a Tirrill
automatic voltage-regulator. If you will trace out
each part of this diagram very carefully, you will
be able to easily understand the operating principle
of this device.

\Whenever the load on the alternator is increased,
this will increase the amount of current flowing in
each wire of the three-phase line, and the current
transformer, A, will have an increased current -flow
in its secondary winding.

The secondary of this transformer is connected
through a set of multiple point switches, B and C,
to the solenoid coils; D and E. When these two
coils have their current increased, they tend to pull
the plunger downward and operate the lever arm
to close the contacts at F.

\When the contact F is closed it completes a cir-
cuit through coil G of the differential relay which
is energized by direct current from the exciter-gen-
erator. Coil H of this relayv is connected directly
across the exciter-armature and is normally ener-
gized at all times.

Coil G is so wound that when it becomes ener-
gized it neutralizes the magnetism set up in the
core by coil H, and this allows the armature to
release and be drawn upward by the spring, J, thus
closing the contacts at I.

These contacts are connected across the exciter
field rheostat, K, and can be arranged to short-
circuit all or part of this resistance. When the re-

109




A..C. Generators

sistance of this rheostat is cut out of the shunt
field of the exciter it allows the exciter voltage to
increase, thereby mcreasmg the field strength and
the voltage of the main A. C. generator.

Fig. 15. This photo shows an automatic voltage regulator of a type
similar to the one for which the wiring was shown in Fig. 10, and
shows the arrangement of the solenoids and relays on the panel.
(Photo Courtesy General Electric Co.)

If the A. C. generator voltage rises above normal,
it will increase the voltage induced in the secondary
coil of the potential transformer, P, thereby
strengthening the solenoid coil, M, which will raise
the plunger and open the contacts, F.

When the contact opens at F' this de-energizes
coil G of the differential relay, allowing the mag-
netism of coil H to draw the armature down and
open contacts at I.

This removes the short-circuit from the exciter
rheostat and places the resistance back in series
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with the shunt field. The contacts at IF can also be
opened by the coil M if the exciter voltage rises
too high.

When using a regulator of this type, the exciter
field rheostat K should be set at a point so that if
it were used alone it would maintain a voltage
slightly lower than that required by the system.

The automatic regulator will then short out the
resistance of the rheostat often enough to maintain
the voltage at its proper value. The arm which
operates the lower contact at F continually vibrates
or oscillates, and opens and closes the contacts at

Fig. 16. Automatic voltage regulator for controlling the voltage of
several alternators in parallel. (Photo Courtesy General Electric
Co.)

frequent intervals during the operation of this

device.

These contact arms are accurately balanced and
adjusted by means of adjusting screws on the
counter-weight, W, and the tension of the spring, R.
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A condenser, O, is connected across the contacts
I to reduce arcing and prevent burning and pitting
of these contacts when they open and close the
short-circuit on field rheostat K.

The relay armatures which operate the various
contacts are pivoted at the points marked S. The
switches, B and C, are used to vary the strength
of the solenoid coils, E and B, and thereby adjust
the regulator to operate at the proper amount of
increased load current.

EXAMINATION QUESTIONS

1. Into what three classes may alternators be
divided?

2. What per cent of the total energy output of
an alternator is used in field excitation?

3. Which of the two elements, the field or the

armature of an alternator, is usually the revolving °
element? Why?

4. Describe one method by which large alterna
tors are cooled.

5. What kind of current is used for exciting the
field of alternators?

6. How is the field excitation current produced?

7. Why are field discharge switches used on
large alternators?

8. What would be the frequency output of a 4
pole alternator when operating at 750 R.P.M.?

9. Is it practical to adjust the voltage output of
in alternator by varyving the speed of the alterna-
cor? Why?.

10. Name one common tvpe automatic voltage
regulator. Draw a sketch showing how this regu-

/lator is connected to an alternator.
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OPERATION AND PARALLELING OF
ALTERNATORS

It is only in very few cases, such as in small
isolated power plants, that a single A. C. generator
is operated alone. Usually several A. C. generators
are operated in parallel in the same plant, and in a
great many cases a number of power plants gener-
ating A. C. are all tied together in parallel.

In order to operate alternators in parallel we
must have their voltages equal and in addition to
this, the machines must be properly phased out and
synchronized.

These three conditions are the principal ones
which must be observed before connecting any al-
ternator in parallel with another.

You have already learned how to adjust the volt-
age of A. C. generators. Voltage adjustment, of
course, can only be used to vary the voltage within
a limited range above and below that of the normal
voltage of the machine. Therefore, alternators must
all be designed for the same voltage in order to
operate*successfully in parallel. Then the final ad-
justments can be made with the rheostats to ex-
actly equalize the voltage.

1. PHASING OUT ALTERNATORS

“Phasing out” consists of identifying the phases
of polyphase generators, in order to get the corre-
sponding phase of two or more machines connected
together. For example, the three-phase alternator,
which is by far the most common, usually has the
phases marked or designated . B, and C. \When
connecting an alternator to one or more others, or
to the busses in a power plant in which other gen-
erators are operating, each phase must connect to
the corresponding phase of the busses or other alter-
nator: A to A, B to B, and C to C.

Phasing out is usually necessary only when a
machine is first installed or after some changes
have been made in the connections of the windings
of the machine. Once the generator has been prop-
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erly phased out and the connections permanently
made to the busses on the switchboard, it 1s not
necessary to test the phases again unless changes
are made in the generator or in the plant.

If a generator is disconnected even temporarily,
the phases should be plainly and accurately marked,
so that they can be connected back in the same
manner when the machine is again attached to the
busses or leads to the other alternator.

If an armature of an alternator has been rewound
or if the connections have been changed in any way,
the machine should always be phased out before
reconnecting it to the busses or line.

Synchronizing is an operation which must be
performed every time an A. C. generator is par-
alleled with other running machines. This will be
explained in later paragraphs.

There are several methods that can be used for
phasing out A. C. generators. Two of the most
common are known as the lamp-bank method and
the motor method. .

Equally good results can be obtained with either
method, and the choice of one or the other will
usually depend upon the convenience or the adapt-
ability of the available equipment.

2. LAMP-BANK METHOD OF PHASING OUT

Fig. 1 shows the connections and illustrates the
principle of the lamp-bank method of phasing out
alternators. In this diagram two alternators are
shown properly connected and furnishing power to
the busses and outgoing line. A third similar gen-
erator is shown suitably located and ready to be
phased out and connected to the live busses. The
lamps to be used in the phasing-out operation are
shown connected around the oil switch.

A sufficient number of lamps must be connected
in series in each phase to withstand double the
voltage of the alternator. It ‘can readily be seen,
therefore, that if the voltage of the machine is

\

114




Alternating Current

higher than 440 volts, it would require a consider-
able number of lamps in order to use this method
that is if the lamps only were used,

B8U3 BARS | 3 PHASE 10 [vou'.s

Fig. 1. This diagram shows the method of connecting lamps for phas-
ing out an alternator which is to be operated in parallel with two
others.

So, with higher voltage machines step-down trans-
formers are often used to reduce the voltage to
the lamps. Small power transformers or instru-

ment transformers can be used.

In phasing out a new generator by this method
it is necessary to bring it up to its rated speed and
voltage. The lamps connected as shown in Fig. 1
will then alternately light up and go dark, due to
the generator voltages being out of phase and in
phase at different periods.

If all three sets of lamps become bright and dark
together or at the same time, it indicates that the
proper phases of the new generator are connected to
corresponding phases on the opposite side of the
oil switch. If the lights do not burn bright and dim
together it is then necessary to intercharge or re-
verse any two leads of the generator which is being
phased out.

While this interchange can be made anywhere
between the generator and the oil switch or be-
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tween the oil switch and the busses, it is usually
best to reverse the leads right at the generator
terminals. We should never reverse the leads of
any other machine to make the phases match with
the new generator, as this would reverse the rota-
tion of all of the three-phase motors operating on
the system.

Extreme caution should be used never to connect
even a small generator in parallel with another one
or to live busses, without first carefully phasing it
out; because if one A. C. generator is connected in
parallel with others when out of phase, it results in
practically a short-circuit on the running machines,
the same as though one D. C. generator of the
wrong polarity were connected in parallel with
others,

Care should also be used to see that the lamps
are of sufficient number and resistance to stand
double the voltage of the alternator, because at
certain periods during the alternations they may
be subjected to the voltage of the new machine plus
that of the running machines in series.

When phasing out higher voltage machines and
using lamps and transformers, the primary and sec-
ondary leads of the transformer should be care-
fully marked and tested if necessary, to determine
whether they are of additive or subtractive polarity.
These terms will be explained later, in the section
on transformers.

Care should also be taken not to reverse either
the primary or secondary leads of the transformer,
but to have them all connected with the same re-
spective leads both to the alternator and busses.

3. MOTOR METHOD OF PHASING OUT

Fig. 2 shows the connections for phasing out an
alternator by means of a three-phase motor. To use
this method conveniently and to avoid making mis-
takes in connections, it is usually best to connect
the leads of the three-phase motor in uniform order

to the blades of a double-throw, three-pole, knife
switch.
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The outer contacts or clips of the switch on one
side are connected to the busses or running gener-
ators, while the clips on the other side are eon-
nected to the machine which 1s to be phased out.
With this connection the motor can be operated
either from the new generator or the running ma-
chines. When the connections are properly made,
the generator which is to be phased out is brought
up to rated speed and voltage. The knife switch is
then closed to operate the motor from this gener-
ator, and the direction of the motor rotation is care-
fully noted.

STATION BUS BARS

. |

440 VOLT I

@
1

Fig. 2. The above sketch shows the connections and illustrates the
method for phasing out an alternator by means of a three-phase
motar..

To avoid mistakes, it is best to mark this clock-
wise or counter-clockwise direction of rotation with
a chalked arrow, either on the pulley or the frame
of the machine, on the side from which you are
observing it. Then open the double-throw switch
and allow the motor to conre to a full stop. The
switch is then closed in the opposite direction, to
run the motor from the bus bars and running alter-
nators, and the direction of rotation is again noted.

I the motor rotates in the same direction in both
cases, the generators have like phases connected
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opposite to each other on the switch terminals. If
these same leads are carefully connected to the oil
switch in the same respective manner, the gener-
ators should operate satisfactorily in parallel after
having been synchronized.

If the motor rotates in the reverse direction when
the switch is in the second position, it will be neces-
sary to interchange or reverse any two leads of the
generator which is being phased out. The connec-
tions should then be tested again by running the
motor from each side of the switch, and it should
run in the same direction in bdth positions of the
switch blades.

If the voltage of the alternator is too high for
any available motor, small power transformers can
be used to reduce the voltage for making this test
of the phases.

4. SYNCHRONIZING OF ALTERNATORS

As previously mentioned, any A. C. generator.
must be carefully and accurately synchronized be-
fore being connected in parallel with other running
generators.

Synchronizing is one of the most critical opera-
tions to be performed in a power plant, and should
be given careful study.

This is an operation which you want to be sure
you thoroughly understand before applying for any
position as a power plant operator.

Synchronizing means to bring the generators into
step or so that their positive and negative alterna-
tions occur at exactly the same time. On large
machines this must be accurate to within a few de-
grees that is, the same alternations of each ma-
chine must have their maximum and zero values
occurring at the same instant in each phase.

By referring back to the sine curves which were
shown for the voltage alternations in the first A. C.
lesson, and also by drawing a few curves for your-
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self, if necessary, you will soon see what is meant
by having the alternations occur in phase or in
step with each other.

If alternators were connected together when out
of phase more than a very few degrees, it would
result in very heavy surges of current between the
two machines, because of the difference in their
voltages at any instant. If two machines were con-
nected together when they were 180° out of phase,
this would mean that one generator would be pro-
ducing positive voltage while the other was produc-
ing negative voltage, and it would result in a double
voltage short-circuit, the same as though two D. C.
generators were connected together with wrong
polarity.

The nearer the two machines are to being in
phase, the less will be the difference in their in-
stantaneous voltages at any point of the cycle.

By careful adjustment of the speed of the “incom-
ing” alternator, we can by means of a synchronizing
device get the two machines exactly in phase with
each other. A skillful operator can then close the oil
switch at just the right instant and connect the
machines in parallel with practically no resulting
surge or current flow between the “incoming” and
running generators.

If large generators are connected together when
they are very much out of phase, it is likely to
wreck the machine windings and possibly cause
serious damage to the generators and other plant
equipment.

The two most common methods for determining.

when alternators are in synchronism are by the use
of either a synchroscope or lamp-bank. A voltmeter
is sometimes used for this purpose also. A synchro-
scope is by far the more reliable and convenient, as
it shows whether the incoming generator is running
too slowly or too fast and indicates which way the
governor or throttle of the prime mover should be

adiusted in order to bring this machine to the same
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frequency as the running machines.

The pointer of the synchroscope also indicates
more accurately when the generators are exactly
in phase with each other.

3 PHASE 110 VOLT BU3 BARS
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Fig. 3. Connection diagram for synchronizing either of two alternators
with the bus bars by means of a lamp bank and double-throw
switch,

The operation and connections of the svnchro-
scope were explained in the lesson on A. C. Meters,
and you may desire to review articles 7 to 10 in

lesson No. 48 before continuing with this lesson.

When voltnieters are used. they are connected
the same as the lamp-bank, which will be explained
in the following paragraphs.

Voltmeters to be used for syvnchronizing should
be of the “dead beat” type, or well damped so that
their pointers do not oscillate or swing too far be-
yond the actual voltages. Voltmeters are seldom
used for this purpose because of their cost and the
fact that a sy mhrowope costing very little more
is much more convenient and rdmble

5. SYNCHRONIZING WITH LAMPS

b

The lamp-bank method of synchronizing is used
quite extensively in small plants, where the gener-
ators are not large and the cost of the synchroscope
s considered prohibitive
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Fig. 3 shows the connections for using lamps
to synchronize two alternators. You will note that
these connections are practically the same as when
lamps are used to phase out an alternator, except
that the lamps are arranged with a double-throw,
three-pole_switch, so they can be used to synchron-
ize either alternator with the busses, according to
whichever machine may be running at the time.

The incoming generator, which in this case is
No. 1 in the figure, is started and brought up to
speed and voltage. The synchronizing switch, S,
is then closed to the right and the lamps will alter-
nately become bright and dark, the same as in phas-
ing out an alternator, except that in this case the
alternators are presumed to have been phased out
and the three cets of lamps should all go bright and
dark together.

\When the generators are 180° out of phase, or
one machine positive and the other negative, their
voltages will add together through the lamps and
cause the two lamps in series in each phase to burn
brightly.

When the generators are exactly in phase—that
is, phase A of generator No. 1 reaches its maximum
voltage at the same time phase A of generator No.
2 does—these voltages are then opposing each other
on the busses and no current will flow through the
lamps.

If the frequency of the incoming machine is only
slightly different from that of the running machine,
the lamps will brighten and darken very slowly:
but if the frequency of the incoming machine is
considerably different from that of the running ma-
chine, the lamps will flicker on and off very rapidly.

So, by adjusting the governor or throttle of the
prime mover which drives the incoming generator
and watching the operating of the synchronizing
lamps, we can tell whether we are approaching the
frequency of the running generator or if we are
getting farther away from it.

When the speed of the incoming generator is
properly adjusted and the frequencies are almost
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exactly the same, the lamps should go on and off
very slowly, actually remaining dark for a second
or two, and requiring several seconds to change
from bright to dark each time. :

During the rhiddle of this dark period, the switch
which connects the incoming generator to the
busses should be closed. By watching the speed
with which the lamps brighten and go dark
throughout several of these periods, one can ap-
proximately time the length of the dark period so
that the switch can be closed about the middle of
this period.

This requires good judgment and skill, which can
be obtained only by practice.

One of the disadvantages of using lamps for syn-
chronizing is the fact that an incandescent lamp
requires a considerable proportion of its rated vol-
tage to cause the filament to light even enough to
be noticeable. Therefore, there may be some small
difference in voltage between the two alternators.
even when the lamps are dark. This is the reason
for closing the switch at the middle of the dark
period, when the voltage difference between'the two
machines should be zero.

Alternators should never be paralleled as long
as the lamps are burning at all; or, in case a syn-
chroscope is used, as long as it indicates any phase
difference between the two machines. If the phase
difference is small when the machines are par-
alleled, they may pull in step; and while there may
not be any serious damage the first time this is
done, if it is done a number of times the severe
shock to the windings will sooner or later damage
their insulation or the coil bracing.

The very heavy surges of current which result
through the generator windings when they are
paralleled slightly out of phase, set up enormous
magnetic stresses which tend to distort the conduc-
tors at the end of the coils and also apply very
heavy pressures against the insulation in the slots.
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This also results in severe mechanical shock to the
entire machine.

6. SYNCHRONIZING WITH
SYNCHROSCOPES

The lamp-bank method will probably be encoun-
tered in a number of small plants and may often be
very handy to you in synchronizing small gener-
ators when no synchroscope is available. The syn-
chroscope is, however, by far the most commonly
used in modern plants of any size, and because nf
its extreme accuracy this instrument should be used

whenever possible. ,

Another of the decided advantages of the syn-
chroscope over the lamp-bank is that its pointer
indicates whether the incoming generator is run-
ning too fast or too slow.

When the synchroscope is used, the governor or
throttle of the prime mover is adjusted according
to the indication of the synchroscope pointer and
whether it is revolving in the direction showing
that the incoming generator is running too fast, or
in the opposite direction showing that it is running
too slow.

When the speed of the incoming generator has
been adjusted to a point where the synchrdscope is
revolving very slowly in the “fast” direction the
knife switch or oil switch which connects the in-
coming machine to the busses can then be closed,
just as the pointer reaches the mark on the center
of the scale.

By connecting the alternators together when the
incoming machine is running slightly faster than
the running machines, it enables the incoming gen-
erator to pick up its share of the load more readily
and smoothly.

When paralleling alternators by means ot remote
controlled oil switches it is often necessary to allow
a fraction of a second for the actual closing of the
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oil switch. This is done by closing the remote con-
trol switch just before the synchroscope pointer
reaches the mark on the scale, so that the oil switch
will close and parallel the alternators just at the
time the pointer is on the mark and the machines
are in exact synchronism.

7. STARTING UP ALTERNATORS

The procedure to be followed when starting an
alternator and preparing to bring it on to the busses
in parallel with others may vary in certain details
with the operating policies of different plants, bus
there are certain general methods and precautions
to be fellowed.

The following material on this subject applies
orly to alternators which are already installed and
ir. operating condition. The procedure for starting
new alternators which are to be operated for the
first time will be covered in a later lesson on the
installation and operation of electrical machinery.

When starting an alternator in a small plant, the
electrician or switchboard operator may also have
to start the prime mover. In large power plants
the prime movers are usually started and controlled
by the turbine engineers or men of the steam crew.

In either case, a certain amount of time must be
allowed for the routine and preparations necessary
in starting the prime movers. These points will be
covered more fully in a later lesson on prime
movers.

Before starting an alternator we should make
sure that the armature and field switches are open.
The field switch should be set in the discharge posi-
tion.

If the exciter is separately driven. it should be
started and brought up to full rated speed before
the alternator is started. If the exciter is driven
from the alternator shaft it will, of course, come up
to speed at the same time the main alternator does.

In either case the exciter voltage should be kept
low, usually at about 50% of its rated voltage, until
after the field circuit to the alternator has been
closed. This allows the voltage to be built up more
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gradually in the armature of the alternator.

The alternator field switch can next be closed, to
energize the field poles. Then adjust the exciter
voltage until the alternator armature develops its
full rated voltage. If the generator is to operate
alone and supply power to a line, the armature
switch may then be closed. If the generator is to
operate in parallel with others, it must first be
properly synchronized before closing the armature
switch.

In some cases, when starting a single alternator
that is to be operated alone, it is desirable to close
its armature switch to the line with the alternator
voltage at about one-half its full rated value. This
allows the generator to pick up any load which may
have been left connected to the system, without
such heavy current surges through the machine.
The voltage can then be brought up to normal by
means of the field rheostats, after the armature
switch is closed.

Always remember that the three most important
requirements befofe paralleling A. C. generators
are: (AA) They must be of equal voltage; (B) Gen-
erators must have been phased out and have like
phases ready to connect together; (C) The gener-
ators must be in synchronism.

When these conditions have been obtained the
armature switch may be closed and the incoming
generator connected in parallel with the bus bars
and running machines. The alternators should then
operate satisfactorily in parallel, if thev are of the
proper design and characteristics.

8. ADJUSTING AND TRANSFERRING LOAD
ON ALTERNATORS

The next step is to make the alternator which
has just been connected pick up its share of the load
on the system. This cannot be done by increasing
the armature voltage, as is done with direct current
generators.
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Alternating current generators are caused to take
more of the load by slightly increasing the power
applied by the prime mover. This is done by ad-
justing the governor or throttle of the prime mover
so it will deliver slightly more power to the alter-
nator,

This, of course, tends to make that alternator on
which the power is increased run slightly faster
than the others, but the tendency of two or more
alternators to hold together in synchronism after
they are once paralleled prevents the machine from
actually running any faster than the others.

Instead, the additional power applied by the
prime mover merely causes this generator armature
to advance a few degrees in phase ahead of the
others, and this will cause it to pick up its share
of the load.

The field rheostat can then be adjusted to reduce
any cross currents or wattless currents between the
armatures of the alternators in parallel. This is .
very important, and the field current should be ad-
justed until the armature current of each alterna-
tor is at the minimum for the load they are carrying
at that time.

In other words, by having wrong field adjustment
on alternators, it is possible to have the sum of the
currents from the separate machines equal consider-
ably more than the total load current being taken
from the busses. These cross currents between the
alternators may result in heating, if they are not
kept at a minimum.

\When the proper load distribution has been ob-
tained between the generators operating in parallel,
they should maintain this division of load, pro-
vided the governor of the prime movers is properly
adjusted so that all machines respond alike to vari-
ations in the load.

9. SHUTTING DOWN AN ALTERNATOR

When the load on a certain power plant or group
of alternators is reduced tg such an extent that it
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is not economical to keep all of the alternators
operating, one of the machines can be disconnected
from the bus and shut down until such timde as in-
creased load may again re