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CHAPTER 1

GENERAL PRINCIPLES OF POWER TRANSMISSION

The term “power transmission” is self-explanatory, referring as it
does to the transmission of power, i. e., the development of power at
one point and its delivery at some other point more or less distant.
There are, however, a number of other expressions which are used in
connection with the subject of power transmission and which are
not as easily defined, and it is therefore deemed advisable to define
such words as force, energy, work, power, efiiclency, etc., before dealing
specifically with the subject of power transmission by means of elec-
tricity.

According to Newton’s definition, a force is any cause which tends to
move a body from a condition of rest to motion, or from a condition of
motion to rest. According to a more modern definition, force is any
cause that produces, stops, changes, or tends to produce, stop or change
the motion of a body. There are two classes of forces: those which act
upon a body from without, and those which act upon a body from
within. The first class may be termed external forces, and the second
class molecular forces. '

When motion is produced by a force against a resistance, work is
done. In the popular conception of the meaning of the word “work,”
a visible result is usually presupposed. In a mechanical sense, how-
ever, work is supposed to have been performed whenever certain
forces have been active against a resistance. The work, for example,
may consist of lifting a body against the resistance of gravity, or of
moving a body along a horizontal plane against the resistance of fric-
tion; but work is also done if simply the friction within a mechanism
is overcome, without any other useful result having been accomplished.
Work is commonly measured in foot-pounds. A foot-pound is the
amount of work done in lifting one pound a distance of one foot against
the force of gravity. According to the metric system, in which the
kilogram, a weight equal to 2.2 pounds, and the meter, a distance of
3.28 feet, are the units of weight and length, respectively, a kilogram-
meter i8 the unit of work.

Energy is defined as the power or capacity of doing work, and may
be classifled as kinetic and potential. Kinetic energy is due to motion,
while potential energy is due to the position or inherent condition of
a body. A moving body which overcomes resistance displays kinetic
energy. The amount of energy it displays depends upon its speed of
motion, or velocity, and the resistance to its motion. The potential
energy of a body resides in it irrespective of motion, and may be de-
fined as its capacity or possibility for doing work. For example, a
body of water at a high elevation enclosed by a dam is not performing
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work, but it is possessed of potential energy, because it has the possi-
bility or capacity for doing work if released and permitted to fall, under
the action of gravity, and to operate some hydraulic machinery during
the motion thus resulting. Potential energy is also present in a body
thrown in the air at the instant before it commences to fall again.
In this latter case the potential energy is rapidly transformed into
kinetic energy when the body commences to move downward. It may
also be said that potential energy is present in gun-powder and dyna-
mite, because these substances possess a capacity for doing work,
although that work is not being performed until, due to certain cir-
cumstances, such chemical action t\akes place which permits the poten-
tial energy to change into kinetic energy.

A machine, strictly speaking, should be defined as a device by means
of which a force is able to produce an effect or do work. In a majority
of cases it Is supposed that the machine is doing useful work, that
is, work which can be utilized for producing desired effects, although
this is not always the case. The whole output of the work of a
machine, for example, may be sometimes absorbed by friction, and thus
apparently lost, as far as its usefulness for accomplishing a desired
effect is concerned. The force applied to a machine is commonly called
the power.

A distinction is sometimes made between a machine and a motor. A
motor is in some Iinstances regarded as the source of power in a
rurely mechanical sense; in other words, a motor is a machine which
transforms some form of energy into mechanical motion. A broad ap-
plication of the word energy is here made use of, according to which
electricity is a form of energy, and the expanding quality of steam
or the explosive possibilities of gas are other forms of it. The machines
by means of which the energy of electricity, steam or gas can be trans-
formed so that their respective powers can be utilized for doing useful
work are very different from each other; but while the machines and
the methods of transformation differ, the mechanical results are alike.

As already stated, a force applied to a machine is commonly called
the power. The expression “power” is also used for expressing the
amount of work that is being done in a certain period of time. A
horsepower, for instance, expresses the rate of work done per minute or
per second. It is equal to 33,000 foot-pounds per minute. This means
that in order to lift, for example, 1,000 pounds 33 feet in one minute,
work to the amount of 33,000 foot-pounds, or one horsepower, must be
done in one minute. The element of time must be considered, other-
wise the rate at which the work is being done cannot be estimated.
The time need not necessarily be a minute. It may be a second, in
which case only 1/60 of the power would be required; 33,000 foot-
pounds a minute, hence, equals 560 foot-pounds per second. The power,
however, is still equal to one horsepower.

The power of steam engines, gas engines or electric motors is
rated according to this basis. They are built to produce power at a
certain rate per second, or per minute. Commonly the electric motor
is rated by the second, while the steam engine is rated by the minute,
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but if a properly constructed one horsepower electric motor and a one
horsepower steam engine are compared with each other, at normal
nominal load, it will be found that each produces 33,000 foot-pounds
per minute or 550 foot-pounds per second. The voltage and current re-
quired for the electrical machine, and the quantity of steam and its
pressure required for the steam engine, must vary to produce the
different amounts of power, but in both cases, one kind of energy is
transformed into another. In the first case the electricity is trans-
formed into magnetism through which.a pulling action is developed
between the fleld magnets and the armature of the motor, causing
rotation, as indicated in Fig. 1. In the second case steam is expanded
in the cylinder of the engine, as indicated in Fig. 2, and while thus ex-
panding, forces the piston ferward, and transmits power through the
piston-rod and connecting-rod to the crank-shaft. In both cases the
power produced car be taken off by belting or other:means, so that in
both cases the results are the same, although the means employed for
producing the results are different.

The efficiency of a device or machine may be expressed as the ratio
Letween the power taken out of the machine and the power sent into

—

S——
Mnokinsry,N. Y.
Fig. 1. Prinoiple of Action ot an Fig. 2. Prinoiple of Action of &
Eleotric Motor Steam Engine

the machine. For Instance, if an electric motor develops 8 horsepower,
that is, if & horsepower can be taken off from the belt pulley of the
motor and used for driving other machinery, and an amount of elec-
trical energy equal to 10 horsepower has been sent into the motor in
the form of electric current, to produce the motion of the motor, then
the efficiency would be the ratio of 8 to 10, which equals 0.8 or 80 per
cent. In power transmission of whatever kind, whether electrical or
purely mechanical, the efficiency is one of the most important features
to be considered. The choice of method for power transmission is
usually guided entirely by the efficiency expected, and the cost of the
various apparatus required.

Methods of Transmitting Power

Although it may be stated as a demonstrated fact that electrical
transmission of energy is by far the most efficient method in existence
when all factors are taken into consideration, other methods have been
tried extensively, and are used to a considerable extent under favorable
conditions. Power may be transmitted for certain distances by means
of steam, compressed air, water, and wire rope. In large cities, notably
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in New York, steam pipes extend over considerable distances under the
sireets of the city. While the steam is used mainly for heating and
its utilization for power is very limited in comparison, it may be con-
eeived of that steam for power purposes might be transmitted over
small areas in this manner. In Paris a system of pipes carrying com-
pressed air met with general success for some time; in the same way
water under pressurc can be readily converted into power by means of
small water wheels. But these systéms cannot be employed for the
transmission of power between points widely apart. They represent
a case of the distribution of power over shori areas.

Wire rope transmission belongs to a class of its own, yet it exempli-
fies the principle of transmitting power: from point to point. A wire
rope moving over a distance of several miles cannot, however, be very
eficient. The friction, inertia and repairs are very great. It has been
estimated that the cable power transmission used for the street car
systems some years ago in New York and Chicago barely reached the
figure of 20 per cent efficiency; that-is, out of over 1,000 horsepower
developed, only 200 horsepower were effective in moving the street
cars. Hence wire rope transmission is very inefficient, even over
comparatively short distarces. Over long distances, such as 10 miles
or more, the wire rope, compressed air, water or steam methods of
power transmission would practically prove commercial as well as
engineering failures. Power transmission over long distances is ex-
clusively carried out by means of electricity.

Blectric Power 'i‘mnsmiulon

The transmission of a high-tension direct-current over lines of con-
slderable length is attended with difficulties which present almost
unsurmountable objections to its use. The alternating current, in-
stead, seems to be narticularly adapted to long distance power trans
mission. The reasons why the direct-current cannot be employed are,
in the first place, cost and difficulty of insulation, and second, the
difficulty of transformation. On the other hand, when an alternating
current is employed for long distance transmission, the insulation prob-
lem is comparatively easy; there is no necessity for revolving parts in
the transformers; and the transformation from a high to a low poten-
tial or voltage, and vice versa. and from an alternating to a direct-
current is readily, cheaply and efficiently accomplished. The cost of
installation is also much less with alternating current generators than
with direct-current generators.

The alternating current employed for long distance power transmis-
sion is as a rule not the ordinary single-phase current, but the two-
or three-phase current. A two or three-phase current is employed be-
cause it makes a properly comstructed motor self-starting, which is a
condition impossible to accomplish with a single-phase current. The
self-starting feature is also of importance when at the end of the trans-
mission line it i3 desired to change or transform the alternating cur-
rent into direct-current by means of a rotary converter. Tnese various
subjects will be treated more in detail in subsequent chapters.
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Efficlency of Transmission

‘Whether direct or alternating current is employed, the eficiency of
the system, that is, the percentage of power returned out of the total
power sent into the line, is of the greatest importance. There are a
number of considerations which must be taken into account, when the
problem of transmitting a given power over a given distance is to be
solved. The most important features of the problem are the drop of
voltage in the line, the power lost during transmission in the line,
the cost of the copper wire employed, and the relation between the cost
of the copper and the power lost during transmission.

In order to examine a specific case, let us assume that 100 horse-
power are to be transmitted a distance of one mile with a 10 per cent
drop in voltage. If the engine delivers 100 brake horsepower and the
dynamo transforms, say, 95 per cent of this power into electrical energy,
then 85 horsepower will enter the transmission line. Assume that of this
90 per cent will be delivered at the other end of the' line. The power
delivered then at the distant end of the line will be 95 — 9.5 horse-
power, leaving a balance of 85.5 horsepower. The: process, however, is
not yet completed, although the power is now at hand, ready for use.
It is now necessary to transform it again into mechaniecal energy by
means of an electric motor. This transformation involves a loss of
from 5 to 10 per cent on an average. Hence the balance left will be
85.6 — 8.66 = 76.95 horsepower with 10 per cent loss in the motor,
and 85.5 — 4.275 — 81.226 horsepower at o yper cent loss in the motor.
The efficiency of transmission with a 100 horsepower at the one end,
and with the losses throughout in the dynamo, transmission line, and
motor taken into account, will thus be about 77 per cent with a 10 per
cent loss in the motor. The 100 brake horsepower delivered by the
engine is thus reduced to 77 horsepower on account of the electric
transmission. This loss is not prohibitive if the cost of the trams- -
mission line is within reasonable limits. In some cases, however, the
cost of the transmission line becomes very high, sometimes prohibitive,
and in such Instances certain means must be employed to raise the
eficlency or to reduce the cost of installation. It is evident that a
high efficiency is profitable cr not, according to whether the increased
cost of Installation, due to the increased efficiency, is proportionately
less or greater than the gain in efficiency.

Effect of High Voltage on the Efficlency .

When power is lost in the transmission line it is wasted in the form
of heat. This loss is commonly called the C*R loes, and is due to the
dissipation of the electrical energy through the resistance. The reason
why this loss is termed the C*R loss Is because it equals the square of
the current, in amperes, multiplied by the resistance, in ohms. The
product obtained is the heat loss in watts. This loss is of a serioun
character and increases rapidly with any increase of current in the
circuit. The relationship between the power loss in the transmission
line to the strength of current, in amperes, in the line, is shown in
Table I. The figures in this table illustrate the influence of a diminish-
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ing current and an increasing resistance upon the losses in the line.
The current is shown to diminish systematically, while the voltage
increases in the same proportion, so that the total amount of power
transmitted is kept constant. The loss of power in heat during the
" transmission, however, {8 shown to diminish with a decreasing strength
of current, even when the resistance increases. It is thus evident that
the losses in transmission are due to the use of a heavy current. One
of the axioms, therefore, of electric power transmission is that the
current should be kept at 2 minimum value by the employment of
high voltages in the transmission line. As will be seen in Table I, in
the first line of figures given, the total drop with 10 oums resistance
and a current of 10 amperes is 100 volts. A loss of 100 volts out of
1,000 is a drop of 10 per cent and at the same time a resistance of
10 ohms causes a waste of 1,000 watts of the total power of 10,000
watts sent through the line. This is a loss of 10 per cent of the total
power to be tranSmitted.
Now suppose & power line one mile in length is to be erected whose
total resistance is cne ohm. If 10 kilowatts (10,000 watts) are to be

TABLE I. LLOSS IN HEAT IN POWER TRANSMISSION

Amperes | Voita | RoNginee | TOLDOP | Lo Matte
10 | 1,00 10 100 1,000
9 | 11 1 9 801
8 1,260 12 96 768
7 1,428 18 o1 687
6 1,667 14 84 504
5 | 2000 15 75 875
4 2,500 16 64 266
8 | 8888 17 51 158
2 | 5000 18 36 73
1|10 19 19 19

transmitted at a voltage which is chosen so as to obtain the most
economical results, then the following considerations must be observed:
the effect of an increasing pressure—the total amount of power remain-
ing the same and the resistance of the line not varying-—will be that
of greatly improving the operation of the system. This may well
manifest itself in a reduced loss in the transmission, represented both
by a smaller drop in voltage and by less loss of power in heat. In
the case used as an example, if a power of 10,000 watts were to be
transmitted at a pressure of 100 volts, a current of 100 amperes would
be required. If the resistance in the line is one ohm, it will be seen
that the total energy to be transmitted would be wasted in heat, the
waste in heat being equal to the square of the current, in amperes,
multiplied by the resistance, or 100* X 1 = 10,000 watts dissipated in
heat. This condition would be a case in which the efficiency of the
transmission would be 0. A pressure of 100 volts hence would be en-
tirely impossible for transmitting the power mentioned with the given
resistance. :
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Let, however, the pressure be raised to ten times this value, or to
1,000 volts, the resistance remaining at one ohm. Under these circum-
stances 10,000 watts would be transmitted with a current of 10 amperes.
With one ohm resistance in the line, the drop in voltage would be
10 X 1 = 10 volts, and the loss in heat would be 10* X 1 — 100 watts,
that is, the loss in heat and in voltage would be but one per cent. The
increase of the voltage to ten times its original value thus had the effect
of reducing the heat loss from a total equivalent of 10,000 watts, -
representing the waste of all the power, to 100 watts or one per cent of
the power. In other words raising the pressure to 10 times its value
reduced the loss to 0.01 of its value. From this we may formulate the
fundamental law that if the resistance .of a transmission line remains
constant, and the total amount of power to be transmitted also is con-
stant, then if the voltage is increased, the loss due to the transmission
is reduced inversely as the square of the voltage. According to this.
doubling or tripling the voltage, the total power and line resistance
remaining constant, produces a reduction of the heat loss of 1/4 or 1/9,
respectively, of its value with the original voltage.

Generating the Power

The fact that a high voltage is necessary in developing power for
transmission, that it must be transformed up or down, as the case may
be, end that a commutator is absolutely out of the question for volt-
ages beyond a certain point, leads inevitably to the conclusion that the
only solution to the power transmission problem is to be found in the
-application of an alternating current. Here again a difficulty arises of
a most important character. The simple alternating current, although
readily generated and transformed, is hardly suited to the purposes
ultimately held in view, namely, the transformation of electrical into
mechanical energy. Recourse is, therefore, as is already mentioned,
had to the two-and three-phase alternating current for such purposes.



CHAPTER II

POWER TRANSMISSION PLANT AND APPARATUS

Modern power transmission plants, consist, in general, of an equip-
ment of two or three-phase alterrators and step-up transformers, with
either water power or steam as the original source of energy. The
receiving or distributing end of the system consists of step-down
transformers and a rotary converter. If the current is to be distributed
simply as an alternating current for power purposes, no rotary con-
verter is necessary. In Fig. 3 a diagrammatical view of a power
transmission installation is shown. In the power station the engine,
generator, switch-board and step-up transformer are shown. From the
power station the current is carried by the line to the transforming
sub-station, provided with switch-board, step-down transformer and
rotary converter. We will now describe each of these apparatus in
detall.

Generators

The generators used in producing alternating current are commonly
termed alternators. They can be made of three types. In the first type
the armature revolves and the fleld magnets are stationary. In the
second type the fleld magnets revolve and the armature remains sta-
tionary. In the third type, usually called inductor alternators, both
fleld magnets and armature are stationary and iron cores revolve be-
tween the armature core and the fileld magnet poles.

Every alternator is designed to work at a particular frequency. By
frequency Is meant the number of alternations or changes-in the -direc-
tion of a current in a circuit per second. For example, if a current in
an alternating machine changes its direction 200 times per second, it
13 said to possess 200 alternations per second, or the frequency of the
alternator Is 200. The higher the frequency is the greater is the drop
in voltage, due to inductance, but the smaller are the transformers
necessary for changing the voltage from a higher to a lower one, or
vice versa. The frequency in alternators may be as low as 20 or as
high as 200 or more, according to the purpose for which the current is
to be used. Arc lighting, for example, requires a frequency which is
not less than 40. The numerical value of the frequency is obtained by
multiplying the number of revolutions of the -alternator per second by
the number of pairs of poles. In practice a high frequency is obtained
by using multi-polar machines, that is, machines having a great num-
ber of poles.

The unfavorable effect of a high frequency upon the capacity of a line
{0 conduct a given amount of energy has led to the adoption of as low
a frequency as is consistent with a continuity of flow. The reason why
a high frequency influences the capacity of the line adversely is that
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12 No. 78—PRINCIPLES OF ELECTRICITY

& shunt-winding such as is used on direct-current compound-wound ma-
chines, however, a small constant potential direct-current dynamo is used
to supply the required current for the field magnets. This small dynamo
is sometimes coupled directly to the end of the armature shaft of the
alternator, but is more commonly belted to a pulley on that shaft. The
series coils of the fleld magnets of the alternator are excited by a cur-
rent obtained from the alternator armature, in manner similar to that
used in direct-current dynamos, and which has been explained in Part
III of this treatise, MAacHINERY'S Reference Series No. 75. The alter-
nating current cannot, however, be used directly for this purpose, and,
therefore, a commutator iz employed which changes the alternating
current into a direct-current for use in the field magnet windings.
This current, while direct, is a pulsating current, that is, the potential

0

ackinery, NA.
Pig. 4. Frame for a 120 K. W, Single-phase Alternator

rises from a minimum to a maximum value, and then falls again-to a
minimum; the action {s somewhat similar to that of a pump without a
pressure chamber.

The current for the series coils, rectified as described, is now led
from the commutator brushes to the fleld coils, and this arrangement
permits of a regulation of the potential of the generator. The regula-
tion of the alternator is thus accomplished as easily as in a direct-cur-
rent machine. The main energy of the flelds, however, is that received
from the exciter or small direct-current dynamo already mentioned;
only the regulating portion of it is received from the armature itself.
This flexible combination of the two methods has made single-phase
alternators thus equipped very successful.

The shifting of the brushes on the commutator will be sufficient to
meet and correct voltage variations. The brushes may be set when
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the voltage decreases, or when it rises, or to meet a certain condition
of overload otherwise impossible to adequately control. The voltages
developed by standard machines run from 1,100 to 2,200 volts, and the
alternations are about 16,000 per minute. The flelds are made of thin
sheet steel, very soft and of high permeability. These sheet steel

—_—

(COLLECTOR RINGS

COMMUTATOR
FOR COMPENGATION

é’ Machinery,N. Y.

Fig. 5. Armcture for 120 K. W. Single-phase Alternator
plates are held In a mold when the frame is being cast. The poles
and the frame are thus incorporated with each other as shown in
Fig. 4. Joints are avoided by this means and a higher efficlency and

TABLE II. DATA FOR 16,000 ALTBRNATION
SINGLE-PHASE ALTERNATORS

Belt Speed
Capacity ht i Revoluti
Kilow:yn: No. of Poles p:: anne:m wl::).un:hn per M‘:n::e-
45 10 4,607 8,280 1,600
60 12 4,542 4,180 1,885
90 14 4,488 6,480 1,146
120 16 4,450 7,970 1,000

better regulation results. The armatures of this class of alternators
are slotted and receive a cofl very readily, the teeth being cut with
parallel sides. The windings are easily held in place by fiber wedges

C ARMATURE WINDING TO COLLECTOR RINGS
SECONDARY ARMATURE WINDING
< TO COMMUTATOR FOR COMPENBATING COILS

Machinery,N.Y.

Fig. 6. Principle of Armature Winding

which are removable when examination or repairs to armature coils
are necessary.

The fleld and armature shown'in Figs. 4 and 5, are for a 120 K.W.
single-phase alternator. The principle of the winding for compensa-
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tion is shown in Fig. 6.

No. 78—PRINCIPLES OF ELECTRICITY
Some data relating to the capacity, speed,

number of poles, etc., are given in Table II.

Engine Type Alternators

For large plants where heavy currents are transmitted or distributed
at a comparatively high voltage, the flywheel of the engine and the

7/

/ .’mwl‘tu'n.&l.m
Pig. 7. An Engine-type Generator

armature cf the single-phase
alternator are built in one.
The vis viva of the armature
is sufficient to perform the
function of the flywheel
proper, without detracting
in any way from the effici-
ency or capacity of the
plant. The armatures in
this case are built up of a
spider upon the rim of
which the laminated iron
of the armature is secured,
as Indicated in Fig. 7. A
huge flywheel thus results,
which serves as an alterna-
tor armature. This idea
originated in Europe, par-
ticularly in Germany and
Austria, and is satisfactory
as a saver of space and ex-
pense. The coils are formed
before Iinsertion into the
slots. By this means no dif-
flcult work Is required to
make substitutions for in-

jured coils, and only ordinary care is necessary in assembling the

armature.

The principle is carried out also in a reverse manner, the

poles revolving and the armature remaining stationary.

TABLB III.

DATA FOR ENGINE TYPB

ALTERNATORS

Capacity in
Kilowatts

800
400
500
750

Alternations

7,200 |
7.200
7,200
7,200

Revolutions
per Minute

The gigantic size of large electrical machinery can be best understood
by examining Fig. 7, showing the comparative size of an armature

and fleld and a man.

The machine in this case represents a 1,600 K.W.

generator with an armature of the character described. The armature



POWER TRANSMISSION 16

has not been assembled and the laminations of the armature have not
been attached.
Two- and Three-phase Alternators

The type of alternator so far described is the single-phase alternator.
As already mentioned, two and three-phase alternating current lends
itself, in general, better to the purpose of power transmission. The
meaning of the phases of alternating current has been referred to in
Part III of this treatise, MacHINERY’S Reference Series No. 75. Briefly,
two alternating currents which arrive at different points of their
cycles, as their maximum or minimum values, or their point of re-
versal, at the same moment, are said to be in phase. If, however, one
current reaches its maximum value a certain time previous to another
current, then the two currents differ in phase. Alternators which are
employed for furnishing current which thus has either two or three
phases are called two or three-phase alternators, respectively. The
separate phases of the current are produced by separate windings of
the armature, so arranged as to produce the desired phases. In two-
phase machines the difference in
r/ \ phase is omequarter of a complete

cycle. Each armature winding is us-

ually provided with a separate pair

A of collector rings, making four rings

c i :in all. Four wires are also required

| ' .for carrying the current. Sometimes

N o € -only three collector rings are used,

/ in which case only three wires are

- - —se0- __.. used in the line. In this case one

Machinery.N.¥.' Ting is used for each of the armature

PFg. 8. Sraph eo‘;o‘;o;v;%g;‘o: t- windings, while the third ie common

to both. The line wire connected to

this common collector ring carries at any moment a current equal
to the sum of the currents in the other two wires at that moment.

In the three-phase alternator three distinct windings are used, the
difference in phase being one-third of a complete cycle or alternation
of the current. In this case the current flowing in one direction is at
any instant equal to the current flowing in the opposite direction, so
that only three wires are required for the three separate currents. At
any moment one of the wires will act as the return conductor for the
cther two. Only three collector rings are required as well.

When dealing with alternating currents, the graphical method of
representing the electromotive force or current, as shown in Fig. 8, is
very convenient, as it illustrates to the eye the rise and fall of the
electromotive force and the pulsations of the current. As a rule, only
one period or cycle is drawn on the diagram, all the cycles being alike.
The length of one cycle, as from A to B is assumed to equal 360 degrees,
irrespective of the length of time required for the complete cycle. This
method makes it possible to designate different points on the curve
as being a certain number of degrees apart. For example, in Fig. 8,
*f the line AB 1s assumed to be 360 degrees, then the distance from
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A to C being 1/6 of the total length, AC would be 60 degrees. This
method of designating various curve points makes it possible to speak
of the angle between two curves drawn in the same diagram; for
example, the angle between the curve designated as D and the curve
designated as E, would be 30 degrees.

Power Factor

If an alternating electromotive force is applied to a circuit the re-
sulting alternating current may or may not have its changes in direc-
tion occuring at the same time as the alternating electromotive force.
If the changes of the current take place exactly at the same time as the
changes in electromotive force, then the two are said to he in the same

e \
/ N\ ANGLE
Yy \ CURRENT | AN "??
\‘ —y o
\ |
Y t
\ ,'!
E.M.F/ KA
. / d
\ 4 1
\ 4 H
N\ /80—
1
p— - ——— 3'0"'—"—‘ 1
Ma«klmn'y.N._l’.>I

Fig. 9. Current Leads Hlectro-

motive Force FIXED S8ERIES COIL

OF WATTMETER

L ~
I’I \“
// \
/ wE.M.F. HUNT  NON-INDUCTIVE
! \ COIL OF TAl
/ \ WATTMETER BEHSTANCE
AN
| \
) =~ \‘
[ANGLE | CURREN \ CIRCUIT IN WHICH POWER
OF LEAD \ / EING MEASURED "~ |
. . / Machinery,N. Y.
< Fig. 11. Diagram showing Principle
b e e of Wattmeter
Machinery,N. ¥.

Fig. 10. Ourrent Lags behind \
Hlectromotive Force \
phase. If, however, the changes of current occur later than the changes
in the electtomotive force, then the current is said to lag behind the
electromotive force. Should the current change earlier than the elec-
tromotive force, then the current would be said to lead the electro-
motive force. This is shown graphically in Figs. 9 and 10.

In direct-current transmission the power in watts is determined as
the product of the number of volts by the number of amperes in the
circuit. In alternating current power transmission this is true only if
the current and the electromotive force are in phase, because other-
wise the values shown by the voltmeter and ammeter will not be the
true values which, if multiplied together, will give the true power.
‘While the power in the circuit at any instant is the product of the
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actual simultaneous values of current and electromotive force, the
product of the volts and amperes indicated by the measuring instru-
ments would not give this true value; the product of the readings of
these Instruments must be multiplied by a power factor in order that
the true power may be obtained. This power factor is the ratio of the
volt-amperes to the watts, and equals the cosine of the angle of lag or
lead of the current. In Fig. 9, for example, this angle is 30 degrees.
The power factor depends upon the nature of the circuit and the
nature of the machines or resistances in it. A large amount of current
may be supplied to a circuit having a low power factor, and yet the
actual power given to the circuit may be comparatively low. In a
case of this kind the readings of the ammeter are too deceptive to be
recorded as an indication of the output of the machine supplying the
circuit.

The angle of difference in phase between the current and the elec-
tromotive force is called ¢ by general usage, and the formula for the
power in watts is:

W=FEXCcos ¢
in which

W = power in watts,

E = electromotive force in volts,

C = current in amperes.

1t {8 evident that the greater the angle ¢, the smaller is the cosine
of the angle. (that is, the power factor) and the less is the total power
obtained from a given current and voltage. Hence a decided difference
in phase between current and electromotive force is detrimental to the
power output. This difference in phase is due to the inductance and
consequent impedance in the line. (See Part I of this treatise,
MacHINERY's Reference Series No. 73).

To show a simple case of the influence of lag on the part of the
current, take an instance of 100 volts and 10 amperes operating in the
circuit. If there is no difference of phase, the two power components
operate simultaneously and the total energy — 10 X 190 X cos 0° =
1,000 watts. If inductance causes a lag of 10 degrees then the total
watts = 10 X 100 X cos 10° — 985. 1f the inductance causes a further
increase in lag, until it reaches a value equal to 30 degrees the true
watts are 10 X 100 X cos 30° — 866 watts.

The power factors in tlese cases are respectively the ratios between
the true watts and apparent watts or 1,000 = 1,000, 985 -+ 1,000, and
866 = 1,000. The figures are therefore 1.00, 0.985 and 0.866. The
power apparent with ammeter and voltmeter would be 1,000 watts.

The Wattmeter

As already mentioned, power measurements cannot be made by an
ammeter and voltmeter for the obvious reason that these instruments
take no cognizance of the difference of phase of current and electro-
motive force. The wattmeter, nowever, is contrived to meet this re-
quirement and gives readings of the true power in watts. A diagram
showing how this device is constructed is shown in Fig. 11. There are,
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in the wattmeter, a movable coil and a fixed coil. The movable coil is
placed as a shunt across the terminals when the meter is used. It
has in series with it a non-inductive resistance. The fixed coil is
placed in series with the circuit. . Under these conditions the instru-
ment has two currents operating in such a manner that the force re-
quired to hold the movable circuit with its axis at right angles to that
of the fixed coil will be proportional to the product of the mean value
of the currents, respectively. This force is indicated by hands on dials
on the face of the instrument. The wattmeter gives the net result

Fig. 12. Moderate-speed Revolving-fleld Alternator

of the power in the circuit. The conditions required for obtaining
successful results, as given by Prof. J. A. Fleming for the operation of
a wattmeter, are covered by the following statement: ‘“The current
through the series coil of the instrument must have the same value
as the current through the circuit to be measured, and the current
through the shunt coil of the wattmeter must be exactly in step with
the difference of potential between the ends of that shunt circuit; in
other words, the shunt circuit must be strictly non-inductive. This
can only be secured by winding the movable coil of the wattmeter with
no very large number of turns.”
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Methods of bDrlvinc Alternators

Alternators may be driven from a steam engine or.other source of
power by being belted to the latter, or they may be direct-connected to
the original source of power. This latter method is, perhaps, the most
commonly used in modern plants. In Fig. 12 is shown a small moder-
ate-speed revolving-field alternator arranged for being direct-connected
to the driving engine. This alternator is provided with a direct-con-
nected exciter for furnishing the current to the fleld. This particular
type is made by the Gereral Electric Co.,, and may be made for deliver-
ing either single-, two-, cr three-phase current.

In Fig. 13 is shown a generator direct-connected to a vertical single-
cylinder engine. In Fig. 14 a generator is shown direct-connected to

Fig. 18. @ Direoct. d to Bngine

a low pressure Curtis steam turbine. In Fig. 16 is shown a gasoline
electric generating set of 25 kilowatts capacity of the type made by the
General Electric Co.

Transformers

Transformers serve the function of changing the voltage of a current.
If the change is from a low voltage to a high voltage, the transformer
is termed “step-up” transformer, and if the change is from a high
voltage to a low voltage the transformer is termed a “step-down”
transformer. One of the features which makes the alternating current
especially useful for power transmission is the fact that it readily
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lends itself to transformation of voltage either up or down. When
the electric current has been generated by the alterator and before it
enters the power line, all of the energy is let into the transformer to

Pig. 14. G Direct. d to Ourtis Steam Turbine

be “stepped-up” to a high voltage, at which it is transmitted through
the line. At the end of the power transmission line it passes into

Fig. 16. Gasoline-electric Generating Set
another set of transformers before being sent into the distributing
lines, and is *“stepped-down” to a safe voltage.
The transformer consists in its simplest form of two coils of wire
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wound upon an iron core. One coil is called a primary and is supplied
with an alternating current at a certain voltage. Whea this current
passes through the primary it causes the iron core enclosed in it to be
magnetized and thus generates a current in the other coil, which is
called the secondary. The current in the secondary may have a voltage
greater, equal to, or less than the voltage in the primary coil depend-
ing upon the relative number of turns of the two coils. When the
voltage is to be raised, the number of turns in the primary must be less
than the number of turns of the secondary. The ratio between the
number of turns in the two coils is practically the same as the ratio
between the two voltages. A step-down transformer, of course, is con-

MNachinery,N. Y.

Fig. 17. Case for Transformer
shown in Fig. 16

Machinery,N. Y.

Fig. 16. General Appearance of Large
8ize rmer

structed in a reverse manner; that is the number of turns in the
primary must be greater than the number of turns of the secondary.
When a transformer is used for either increasing or decreasing the
voltage, one of the coils consists of a great number of turns of com-
paratively small diameter wire, well insulated, through which passes
a small current at a high voltage. The other coil, consisting of a
few turns, is made of heavy wire, so as to permit the passing of a cur-
rent of greater strength at low pressure.

As an example of the action of a transformer assume that a current
of 3,000 volts is to be reduced to 100 volts. The number of turns would
then be in the ratio of 30 to 1. The ratio of the voltages is the same
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as the ratio of the number of turns, because, apart from the inevitable
losses in the transformer, the power put into it and that taken out will
be practically equal. Assume that we want to take out of the second-
ary 100 amperes at 100 volts. We then must put into the primary
at least 5 amperes at 2000 volts, the product of the number of amperes
and volts being the same, or 10,000 in each case.

.

High Voltage Transformers

The introduction of the polyphase motor of Tesla’s design and the
development of a nigh insulation, high-pressure transformer went hand
in hand with the sudden augmentation in the number of successful
power transmission plants installed. High pressure transformers came
into vogue to meet a necessary requirement in transmission plants.
They run in sizes from about 10 to over 500 K.W. capacity. The obtain-
ing of high insulation is accomplished by bufilding up both pri