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PREFACE

At the present time the study of Electricity and Elec-

trical Machinery occupies a very important place in the

curricula of industrial schools, technical high schools and

engineering schools. The appHcation of electrical power

is becoming so general that a knowledge of the simple

principles and operating characteristics of the different

types of electrical machinery is of great value to the man
engaged in technical work of any kind.

This text was written especially for the use of students

in technical high schools and similar institutions, but it is

believed that it will be of value also for certain courses

in engineering schools. Many of the students in engineer-

ing schools do not have the time for an exhaustive study of

the subject of Electrical Machinery, but every engineering

graduate should have some knowledge of the different kinds

of generators and motors in every day use. To such non-

electrical students the text should prove helpful.

In the preparation of this book the author has kept in

mind the importance of simple, non-mathematical, explana-

tions of the behavior of the various machines. A mathe-

matical treatment of the subject has been introduced only

when necessary; even then a rudimentary knowledge of

mathematics only is required for a clear understanding of

the subject matter.

I wish to express my appreciation of the courtesy the

various electrical manufacturing companies have shown in

furnishing me with the cuts used in the book.

J. H. M.
Columbia University,

January, 1914.
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CONTINUOUS AND ALTERNATING
CURRENT MACHINERY

CHAPTER I

ELEMENTARY PRINCIPLES AND LAWS OF CONTINUOUS
CURRENTS

1. The Electric Current. Everyone is more or less

familiar with some of the effects produced by an electric

current. The exact nature of the current itself is not

known but the magnetic action of a current, the heating

action of a current flowing through a conductor, etc., have

been accurately studied and the laws according to which

the actions take place have been formulated and tested

experimentally.

The four principal effects of an electric current are:

1. Production of a magnetic field.

2. Generation of heat.

3. Chemical action.

4. Physiological action.

Magnetic Effect. Whenever a current flows a magnetic

feld is produced around the conductor through which the

current is flowing; a compass needle placed near the con-

ductor carrying current will be deflected by such a field

and the deflection will cease as soon as the current stops

flowing.
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tIeaUng Effect.
^ When a current is flowing through a

conductor heat is always generated in the conductor and it

may get very hot. The filament of an incandescent lamp

and the electric welding machine, e.g., utilize this effect of

the electric current. If the conductor is large in cross-

section and the current not large, the heat generated may
be very small, but no matter how large in cross-section the

conductor may be or how small the current, some heat is

always generated. The law expressing the rate at which

the heat is developed will be given in a following para-

graph.

Chemical Effect. In a city where electric trolley lines

run through districts where iron water or gas mains are

laid, it is often found that the iron pipes become disin-

tegrated after a few years, due to the action of leakage cur-

rents from the trolley hues. The iron of Avhich the pipes are

constructed is made to combine with acids in the surround-

ing soil and is carried away; the action is called electrolysis.

In a copper-plating establishment current is passed through

a bath containing a solution of some copper salt and the

copper is taken from the solution and deposited upon one

of the metallic plates of the bath. These two actions

illustrate the chemical effect of a current.

Physiological Effect. If a current of sufficient magnitude

is sent through a living human being death is caused almost

instantaneously. If the current is smaller the result may
not be fatal, but severe muscular contractions occur, giving

what is called an " electric shock." This is an example of

the physiological action of an electric current.

2. Electromotive Force. In the previous paragraph

the effects of an electric current were discussed but nothing

was said as to how such a current might be produced.

Generation of e.mj. in a Primary Cell. If two metal

plates, one of zinc and the other of copper, are partly

immersed in a solution of sulphuric acid and the outside

ends of the two plates are joined together by a wire, an
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electric current will flow through the wire. The current

may be detected by any one of its actions as described in

section 1. The question arises as to what action causes

the current to flow through the wire. The wire by itself

cannot produce a current, so it is evident that there must
be some action in the vessel containing the two plates and

sulphuric acid (called a primary cell) which action results

in a current when the two plates are connected together

outside the solution. Such a cell, which, by some internal

action, is able to produce and maintain an electric current

is said to generate an electromotive force.

It must be remembered that, if current is to be pro-

duced by the cell, the two terminals of the cell must be

connected by some conducting body, i.e., some body through

which an electric current passes freely. But such a cell

generates an electromotive force (generally abbreviated to

e.m.f.) whether its terminals are connected together or not.

Some action takes place between the solution and the two

metal plates of the cell and this action causes one plate to

be at a higher electric pressure than the other. If two

conducting bodies, between which there exists a difference

of electric pressure, are connected together, current will

flow from the point of higher pressure to that of lower

pressure. The current is said to be caused by the e.m.f.

of the cell but, as stated before, the cell generates an e.m.f.

whether current flows or not.

Generation of e.m.f. hy Conductors Cutting a Magnetic

Field. A machine consisting chiefly of a set of conductors

revolving in a magnetic field (an electric generator) has,

when the conductors are thus made to move, some internal

action which causes its two terminals to be so charged that

there is between them a difference of electric pressure.

If the terminals of the machine are connected by a wire,

current will flow from one terminal to the other through

the connecting wire, and this flow will continue as long as

the connecting wire is left in place. /
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This machine which is able to continually maintain its

terminals at a difference of electric pressure while current

flows from one to the other, is said to generate an e.m.f.

and is called an electric generator. Again, it is to be noticed

that the machine generates an e.m.f. whether the con-

necting wire is used or not, i.e., whether current is flowing

or not. The machine generates an e.m.f. if it is capable of

sustaining a current between its terminals when they are

connected by some conductor.

E.M.F. Generated by a Thermo-couple. If two strips of

dissimilar metals are joined together and this junction is

heated (the free ends of the strips being kept cool) the

combination generates an e.m.f. This may be ascertained

by connecting together the cool ends of the strips by a wire

and testing for the presence of a current in the wire. Such

a combination is called a thermo-couple.

Nature of e.m.f. We may say in general that any

device which is capable of sustaining an electric current

through a closed circuit (of which circuit the device itself

is a part) generates an electromotive force. With our

present limited knowledge of electricity it is useless to try

to give an exact definition of electromotive force because

we know nothing about the nature of the force. In the

same way we cannot describe in simple terms the force of

gravitation. We only know that there is such a force as

gravitational force and that, as a result of the action of

this force, any two bodies in the universe are mutually

attracted toward one another and if free from the action

of other forces will move toward one another. Just as

gravitational force tends to produce motion in material

bodies, so electromotive force tends to produce motion of

minute electrical charges existing in all conducting bodies;

these electrical charges in motion constitute an electrical

current.

3. Conductors—Insulators—Resistance. We have in

the previous paragraphs referred to bodies which freely
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permit the passage of an electric current as conductors.

If the two terminals of an electric generator, or those of a

primary cell, are connected by a piece of dry string, or a
stick of dry wood, it will be found that no current passes

through the connecting piece of string or wood; such bodies

as these are called insulators. On the other hand, if the two
terminals are connected by any metallic body, or by a piece

of carbon, current will flow from the terminal of higher

electric pressure to the one of lower electric pressure and

such bodies are called conductors.

Resistance. Now if we make up a set of connecting

pieces of various materials with which to join the terminals

of the generator and have some means of measuring the

amount of current that flows between the generator ter-

minals when the different connecting strips are used, it will

be found that the current which flows will vary with the

different connectors. Although the e.m.f. of the generator

is the same when the various connectors are used a heavy

current will flow through some of them, a smaller current

through others, and an imperceptible current through

others. From this experimentally observed fact we get the

idea of resistance ; apparently some of these connecting strips

offer more resistance to the passage of an electric current

than others.

Conductors and Insulators. The difference between a

conductor and an insulator cannot be sharply defined,

because no body is a perfect conductor (one having no
resistance) and no body is a perfect insulator (one having

infinite resistance). This point must be kept in mind;

for emphasis we will illustrate it by an example. If we
make up a set of strips of various substances, all of the

strips being of equal cross-section and length, then use

them to connect the terminals of a generator and measure

the amount of current that flows through each we might

get results as shown by the table, page 6.
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Strip made of copper 100 units of current

" " iron 16

" " mercury 1.6

* * " carbon -—-• unit of current
2500

* *
'

* selenium *
*

*
*

40000000000

All of these substances are called conductors. If now
we used other strips made of mica, glass, gutta percha, etc.,

some current would flow but it would be so small that all

ordinary measuring instruments would fail to detect it;

these strips would be called insulators.

Resistance Depends upon Temperature. The resistance

of a body varies greatly with its temperature. In all

metallic bodies the resistance increases with the tempera-

ture but in a few substances, notably glass and carbon

and solutions of acids and salts, the resistance decreases

greatly with increase in temperature. At all ordinary

temperatures glass is a very good insulator; when red hot

it becomes a good conductor.

The variation of resistance with temperature in all pure

metals is found to closely follow the law given by the

equation,

i^,= ii:o(l+ .0040, (1)

where i?o = resistance of the conductor at 0° Centigrade.

Rt = resistance of the conductor at t° Centigrade.

< = temperature of conductor, above 0° Centigrade.

.004 = the temperature coefficient of resistance.

Resistance Depends upon Size and Shape of Conductor.

For a body made of any given material it is found that the

resistance varies directly with its length and inversely with

the area of its cross-section; thus a piece of iron one foot
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long and one square inch in cross-section would have

one-tenth as much resistance as a piece of the same cross-

section and ten feet long; the resistance of a piece one foot

long and one-thousandth of a square inch in cross-section

would be one tliousand times as great as that of the first

piece.

Formula for Resistance. The variation of resistance of

a body with its cross-section and length is expressed by the

equation,

R = 9- . (2)
a

where I = length of the conductor.

a = area of cross-section,

p = a constant, depending upon the material and upon
the units in which I and a are measured.

72 = resistance in ohms.

Generally electrical engineers measure I in feet and a

in circular mils, a circular mil being the area of a circle

one-thousandth of an inch in diameter.

Then p is the resistance in ohms per mil-foot of the sub-

stance of which the conductor is made. The constant p

varies greatly with different metals, being lowest for silver

and copper; for some special alloys p may be very large.

A few metals have the following values for p at 0° C.

Copper 0.6 ohms
Aluminum 17.5 *

*

Iron 58.3 **

German silver. . 125.7 **

Special alloys 450.0 **

Wire table. It is convenient to have the resistance of

copper wires put in the form of a table. Such a table is

given here, the number of the wire being that given by the

Brown & Sharpe gauge.
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For many approximate solutions it is sufficient to re-

member the constants for No. 10 wire only, as 1 ohm
per 1000 feet and a cross-section of 10,000 circular mils.

Other wires may be determined by remembering that the

size of the cross-section of a wire doubles for every three

numbers on the gauge. For example, No. 7 has an area of

20,000 circular mils and a resistance of 0.5 ohm per 1000 ft.;

No. 16 has 2500 circular mils cross-section and a resistance

of 4 ohms per 1000 ft.

4. Units. In previous paragraphs we have discussed

current, e.m.f., and resistance but have not given the units

in which these various quantities are ordinarily measured.

Various systems of units have been employed in the past,

but we shall work with the so-called practical system.

Most of the units in this system are named after famous

scientists. The units which we shall use mostly in the suc-

ceeding chapters are those of current, e.m.f., resistance

and quantity of electricity. In addition to these there are

the units of work and power and the units of the magnetic

field, etc., which will be taken up later.

Unit of Current. The unit of current is the ampere.

It is defined as that current which when flowing through a

standard voltameter (in which a silver plate is immersed in

a solution of silver nitrate) will deposit silver at the rate

of 1.118 milligrams per second.

Unit of e.m.f. The unit of electromotive force is the

volt. It is defined by fixing the value of the e.m.f. of a

standard Weston cadmium cell. By international agree-

ment the value of the e.m.f. of such a cell has been taken

as 1.0183 volts so that we may say the volt is of
l.Olco

the e.m.f. of a standard Weston cell.

The units of current, e.m.f., and resistance are fixed

in their relation to one another by a simple equation called

Ohm's law, which we shall take up in the next paragraph.

Having fixed two of the units, the volt and ampere, it is
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really needless to define the unit of resistance except in

terms of the ampere and volt. However, the definition is

often given in terms of a column of mercury so we add

it here.

Unit of Resistance. The unit of resistance is called the

ohm and is defined as that amount of resistance offered

by a column of pure mercury 106.3 cm. long, having a uni-

form cross-section and weighing 14.4521 gms. at 0° C.

Unit of Quantity. The unit of quantity is the coulomb.

It is defined as that quantity of electricity which is con-

veyed past any point in a circuit in one second of time

by a current of one ampere.

5. Ohm's Law. It was experimentally determined by

the celebrated physicist. Ohm, that there existed a direct

proportionality between the e.m.f. in a given circuit and

the current which flowed through the circuit. For a given

circuit, if the e.m.f. was increased to twice its value, the

current also increased to twice its value. If the e.m.f.

was reduced to one-tenth of its value the current was

decreased in the same ratio. When a direct proportionality

exists between two variables, it is always possible to express

the relation in the form of an equation by the use of a proper

constant.

If 7 = current in the circuit,

E= e.m.f. in the circuit;

then Ohm discovered that IccE and so we may put E= kl,

where k is some constant which will generally be different

for every circuit. Now this constant k is really what we

call the resistance of the circuit (designated by R) and so

we have the well known Ohm's law,

E=IR, (3)

which may also be written

^=1 - ^=7 (*)
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This R is generally designated as the " ohmic " resist-

ance of a circuit, to distinguish it from ' affective " resist-

ance, a term the significance of which will be taken up in

the chapter on Alternating Currents.

6. Joule's Law, Electrical Energy, and Electrical Power.

It has been stated before that whenever an electric current

flows through a conductor heat is generated in that con-

ductor. Now heat is a form of energy which can be easily

measured; ordinarily the unit of heat used in electrical

engineering is the gram-calorie, which is the amount of

heat required to raise one gram of water one degree Centi-

grade. If we can therefore measure the amount of heat

developed by an electric current flowing through a con-

ducting wire for a certain length of time, we can obtain a

relation between the electrical quantities, difference of

electric pressure (or voltage) and current, and the rate at

which energy is given off from the conductor in the form

of heat.

Joule^s Experiments. By a series of experiments in

which the heat given off by resistance w4res was made to

heat water in a closed vessel, the English physicist, Joule,

was able to find a definite relation between the electrical

quantities and the heat liberated. This equation, known
as Joule's Law, is

Qn = 0,24.EIt, (5)

in which Qh = the amount of heat liberated in gram-calories;

^= difference in electrical pressure, in volts,

between the extremities of the conductor

from which the heat is being liberated;

/= current, in amperes, through the conductor;

^ = time, in seconds;

0.24 = the conversion factor.

As the electrical units and the heat units had been inde-

pendently fixed, it was not to be expected that an equation
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in which heat units are used on one side and electrical

units on the other, would be free from some such factor.

If the electrical units or heat units had been differently

defined, this factor, 0.24, would have been different, and

might possibly have been made equal to one.

Importance of Joule's Law. This equation is one of the

most important there is in electrical science. It leads to a

clearer understanding of what we mean by electric pressure

and enables us to express at once the energy and rate of

energy, or power, in an electric circuit.

From this equation we get the idea that

Elt = a quantity of work.

It= Si quantit}^ of electricity, in coulombs, and E is sl

measure of the difference in electric pressure, or level,

against which the quantity of electricity, It, has been

moved.

Hydraulic Analogy. If a certain quantity of water, A
pounds, is lifted through a height, B feet, we know that

the amount of work done in the operation is equal to AB
foot-pounds. The E of our electrical problem corresponds

exactly to the B of the hydraulic problem. And just as

we know that water tends to flow from a higher level to a

lower, so the electric current always tends to establish itself

from the point of higher electric pressure or level to that

of the lower level.

Work Significance of Electric Pressure. If in the

hydraulic analogy above the amount of water. A, were

unity, the product AB would have the value IXB or B.

We may say, therefore, that B, the difference in level, also

measures the work done in lifting one pound through the

distance B.

Similarly, if in an electric circuit the product It is equal

to one, we arrive at another conception for E, the difference

in electric pressure between two points. It is the quantity
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of work necessary to carry a unit quantity of electricity

from the point of lower electrical pressure to the point of

higher pressure.

Unit of Work. The unit of work in the electrical system

is the Joule and is the amount of work done in one second

when a current of one ampere flows under a pressure of

one volt. 1

In the form of an equation,

J = EIt, (6)

where J= electrical work in joules.

Power. Now the rate at which work is being done is evi-

dently equal to J/t, but J/t= EI, so that the product EI
is a measure of the rate of energy, or power, of the electric

circuit. The unit of power is the watt, and is the power

represented by a current of one ampere flowing under a

pressure of one volt. A more common unit in which elec-

trical power is measured is the kilo-watt, which is equal

to one thousand watts.

We have therefore the relation that watts= j5J/. But

when E=IR we also have Watts = (IR)Xl =PR , which

is the equation ordinarily used in calculating the power

used in a circuit in the form of heat.

7. Potential and Difference of PotentiaL Much con-

fusion between the terms '' electromotive force " and
'' difference of potential '^ often exists and many times

the term " potential " is used in cases where it is really

inapplicable. In the previous section we used the idea

of electrical level and showed how the voltage, E, of the

electrical circuit corresponded to the difference in level

in the hydraulic problem. Wh^en a quantity of water at a

high level moves to a lower level it does work. When it

is at the high level it has the potentiality for doing work;

in other words, it possesses potential energy. Of course,

the water will possess some potential energy when at the
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lower level because there must still be lower levels to which
it may fall. But the potential energy of the water will

continually decrease as it moves to lower and lower levels.

Potential as a Level. Now the different levels may be

said to be slv different potentials because of the fact that

the water, when at these different levels, possesses different

amounts of potential energy. Instead of speaking of " the

difference of potential energy possessed by unit quantity

of water at two different levels " we might abbreviate the

expression and merely say " the difference in potential " or

" potential difference " of the two levels.

Potential Difference. We cannot speak of the level of

any place unless we refer it to some other place. Ordinarily,

sea level is taken as being zero and all other levels are

referred to it. But, of course, everyone realizes that sea

level is not zero; it merely serves as a reference surface.

These ideas obtained from the hydraulic problem

may be applied directly to the electrical problem. We
shall use the term " difference of potential,'' or " potential

difference " of two points in an electric circuit, meaning
the amount of work required to convey one coulomb of

electricity from the point of lower electric pressure, or

potential, to that of the higher potential. Just as the idea

of the ^' level of a point on a hill " would be meaningless

unless some reference point were used, so the word " poten-

tial " applied to any single point in an electric circuit is

meaningless; we shall not speak of the '' potential " of a

point but of the potential difference of two points of the

circuit.

Keeping in mind our original idea of electromotive

force, we shall speak of the e.m.f. of a generator or cell;

when considering two points in a circuit we shall speak

of the " potential difference " between the two points.

Thus we may say that a revolving armature generates an

e.m.f., and that between the two terminals of the machine

there is a potential difference of so many volts. The two



ELEMENTARY LAWS OF CONTINUOUS CURRENTS 15

terms are not synonymous. Thus a machine may be gen-

erating 100 volts in its armature while the difference of

potential of its terminals may be only 90 volts.

8. Magnetic Field; Law of the Magnetic Circuit. All

the space surrounding a magnet is said to constitute a

magnetic field. The imaginary lines from the north pole

of a magnet to its south pole really spread out and fill

all space.

Strength cf Magnetic Field. The strength of such a

magnetic field is reckoned in lines per sq.cm. and a field

is said to have unit intensity (one line per sq.cm.) when

the field acts upon a unit magnetic pole with a force of

one dyne at the point considered. The intensity of a mag-

netic field is usually represented by the symbol H. The
field near a magnetic pole is comparatively strong but

decreases rapidly in intensity with increasing distance

from the pole.

The earth itself is a magnet and the field at the earth's

surface acts upon a unit magnetic pole with a force of about

0.2 dyne. Such a field would be represented by one fine

for every 5 sq.cms. of area. The strength of field used in

electrical apparatus is generally of a density of several

thousand lines per sq.cm. A field of one line per sq.cm.

is said to have an intensity of one gauss. The strength

of field in the air gap of a generator might for example

be given as 10,000 gausses.

Continuity of Magnetic Lines of Force. A magnetic line

of force is always continuous, i.e., it closes on itself. A
line of force may be traced from the north pole of a magnet,

through an air space, into a piece of iron, through another

air gap, then into the south pole of the magnet, and through

the magnet to the north pole again, thus closing on itself

and forming a complete loop. The path taken by this

line of force may be called the magnetic circuit. The
magnetic circuit of a generator for example would be through

a pole into an air gap and so to the armature core, then
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through the armature core, through another air gap and

another pole, then through the yoke and so back to the

original pole. This complete path is called the magnetic

circuit of the machine.

Magnetic Field due to Current in a Coil. A coil of

wire carrying a current generates what is called a magneto-

motive force and this m.m.f. will produce a magnetic field

through and around the coil. There is a definite relation

between the total number of magnetic hues generated by
the coil, the current and number of turns in the coil, and

the constants of the magnetic circuit. This law of the

magnetic circuit may be put in the form of an equation

^-^, (7)

where $ = the total hues of force (or cimply total flux)

through the magnetic circuit;

iV = number of turns of wire in the magnetizing, coil;

7 = current flowing in coil in amperes;

R = the reluctance of magnetic circuit.

Reluctance. The dimensions of the magnetic circuit

may generally be determined fairly well and it is found

that if the whole circuit is made of the same material (as

for example of iron) we may write

^=i' (8)

where /= the mean length of magnetic circuit in cms.

;

A=the average cross-sectional area of circuit in

sq.cms.;

;jL= a constant, the value of which depends upon
the material comprising the magnetic circuit.

[L is called the permeability of the substance and is equal

to one for all ordinary non-magnetic substances as air,
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wood, paper, etc. For iron ^ may have values between

50 and 12,000 depending upon the quality of the iron,

the intensity to which it is magnetized, and its temperature.

The permeability of iron as this material is ordinarily used

in electrical machinery is about 2000.

If the magnetic circuit is made up of several parts in

series, as is generally the case, the expression for reluctance

will comprise several terms also.

Then we shall have

R=Jl_+J2 _|.J3 _^ .... (9)
[LlAi [L2A2 [LsAz

where the subscripts refer to different parts of the mag-

netic circuit.

9. Magnetization Curves—^Hysteresis. The magnetic

quality of a piece of iron is well shown by its magnetization

curve (sometimes called saturation curve). This curve

shows the relation between the magnetomotive force per

cm. length (or ampere-turns per cm. of length) acting

on a substance, and the density (i.e., lines per sq.cm.) of

the magnetic flux which is produced in the substance.

Flux density in substances which may be magnetized is

usually represented by the symbol B.

Use of Magnetization Curves. Magnetization curves are

extremely useful in calculating the necessary winding for

the field coils of a machine. Knowing the flux density,

B, required in a certain part of the magnetic circuit we
can obtain at once from the magnetization curve the nec-

essary ampere-turns per cm. of length; and this value

multiplied by the length of that part of the magnetic circuit

under consideration gives the ampere-turns required by
that part of the circuit. The sum of the ampere-turns

thus obtained for the separate parts of the circuit gives

the total ampere-turns required for the magnetic path.
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Magnetization Curves for Iron. By referring to Fig. 1,

which gives the magnetization curves for cast iron, cast

steel, and soft sheet iron, it is seen that for ordinary densities

the soft sheet iron is much more permeable than either of

the others. The cast iron is so much inferior to cast steel

as a magnetic conductor that it is scarcely ever used. It

mi-tii-|ttiHHttttti»mttimiti-i-nti;t-ti-riiittri-itt'tttrnriitnTitrrn:tir;:ii:t:!i:in-nrtiimnniitHiirn-r:in

2 i 8 10 1^ 14 IC 18 20 22 21 20 28 aO 32 31 30 38 40 42 44 40 48 50 62

Ampei-eturns per centimeter

Fig. 1.—Magnetization Curves, or B-H Curves.

is seen by the shape of these curves that, after a certain

density has been reached, the density does not increase

very much even if the m.m.f. is doubled. When a large

increase in m.mi. produces but small increase in the flux

density, the iron is said to be saturated; hence the name
saturation curve.

Permeability. The permeability, ju, is generally given
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as the ratio of the flux density to the m.m.f. per cm. length.

It is therefore evident that (jl may be obtained from the

magnetization curve for any required density. A straight

hne is drawn from the point on the magnetization curve

where the density has the required value, to the origin.

The tangent of the angle between this Une and the X axis

(i.e., the ratio of the vertical value for the point to the

horizontal value) is evidently eqaul to ^jl because by definition

[Ji.=B/H, (10)

where B = the flux density in lines per sq.cm.,

H= the m.m.f. per cm. length.

For example, the permeability of cast steel when the

density is 10,000 lines per sq.cm. as shown by the curve.

Fig, 1, is
'-—-=1220. The maximum permeabiUty

6.5X.47r

will occur at that density which makes the line drawn
through the origin tangent to the curve.

Hysteresis. If the iron is carried through a complete

magnetic cycle, i.e., from zero to a positive maximum
magnetization, then to zero, reversed, and to negative

maximum, etc., the complete magnetization curve will form

a loop as given in Fig. 2. This is called the hysteresis loop

of the iron; its area is a measure of the amount of work

used (in the iron) in carrying the iron through the cycle.

The exact nature of the action involved in the dissipation

of this energy is not known but it is supposed that the iron

is made up of molecular magnets and that as these molecular

magnets are reversed heat is generated by some sort of

molecular friction.

Occurrence of Hysteresis Loss in a Generator. In the

armature core of an electric generator or motor the magnetic

flux is continually reversing its direction as the armature
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revolves and so hysteresis loss must occur. That this is

the case may be determined by measuring the amount

of power required to rotate the armature core with and

without a magnetic field on the machine. In a small gen-

erator a test showed that the power required to drive the

armature around when the magnetic field of the machine

was excited was 200 watts greater than that needed when
there was no magnetic field. Practically all of this 200

'^^—
/ / /
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S /
% 1
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J
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/
/ ^ for Casts eel

_
Fig. 2.—Hysteresis Curve for Steel.

watts of powerwas used up in the armature core as hysteresis

loss; the heat due to this loss was sufficient to raise the

temperature of the core several degrees.

To keep the hysteresis loss in a machine low, specially

annealed iron or some special alloj^ steel is used. That

steel giving the hysteresis loop of least area is the one

which gives least hysteresis loss.

10. Generation of E.M.F. in a Conductor Cutting Flux.

That an e.m.f. is generated in a conductor when it is so

moved that it cuts the lines of a magnetic field was first
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detected by Faraday. The laws of induced e.m.f. generally

are not expressed in the form given above; they are based

on the idea of a complete electric circuit in which the total

number of lines of force is either increasing or decreasing.

But it seems clearer and easier to consider any wire by
itself. Is it generating an e.m.f. or not? Whenever the

wire is cutting flux an e.m.f. is generated and the magnitude

of this e.m.f. depends entirely upon the rate at which the

magnetic flux is cut. When the conductor moves through a

magnetic field so as to cut 10^ lines per second, one volt cf

e.m.f. is generated in that conductor.

Magnitude of e.m.f. If the length of a conductor is

I cms. and it is moving at a uniform velocity of v cm. per

sec. through a magnetic field of density H lines per sq.cm.

and if the motion of the conductor is perpendicular to the

direction of the magnetic field and to the length of the

conductor, the e.m.f. generated in the conductor will be

e.m.f. (in volts) =Z^?;/108. ..... (11)

The necessity for stating the mutual perpendicularity

of the motion, field direction, and length of conductor

will be easily seen. Suppose that the conductor is moved
in a direction parallel to the magnetic field; no flux will

be cut by the conductor and so no voltage will be generated

in it. Also if the conductor is moved in a direction parallel

to its length no flux will be cut and so no e.m.f. will be

generated. It sometimes happens in electric generators

that the motion of the conductor is perpendicular to its

own length but not perpendicular with the direction of the

magnetic field. If the motion makes an angle 6 with

the magnetic field, the induced e.m.f. is given by the

equation

:

e.m.f. (in volts) =Z^i; sine/108. . . . (12)
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In the armature winding of a dynamo-electric machine

some of the conductors cut the magnetic flux and others

(as for example, the end connections) do not cut any flux

and so generate no e.m.f. when the armature is rotated.

A distinction is sometimes made by calling those con-

ductors of the armature in which an e.m.f. is generated

inductors; the rest of the wires making up the winding

are called conductors.

Direction of the Induced E.M.F. As has been said, an

induced e.m.f. is always produced in a conductor where

the conductor is so moved that it cuts magnetic flux. The
direction of this induced e.m.f. is dependent upon the

direction of the magnetic flux and the direction of the

motion. A convenient rule which gives the direction of

the induced e.m.f. is as follows: Place the index finger of

the right hand in the direction of the magnetic lines of force

and the outstretched thumb in the direction of the motion;

the middle finger, held at right angles to the index finger,

will then indicate the direction of the induced e.m.f. This,

of course, will also be the direction of the current set up

in the conductor on closed circuit.

11. Force Exerted between a Magnetic Field and a

Conductor Carrying Current. If a conductor is placed in

a magnetic field (not parallel to the direction of the field)

and current is passed through the conductor, it will be

found that the conductor and magnetic field so act on one

another that a force is developed which tends to cause the

conductor to move in a direction perpendicular to the

direction of the magnetic field and to its own length.

Direction of Force. If the direction of the field is hori-

zontal, then the conductor will be urged in a vertical direction

when current is passed through it. Whether this force

v.dll be up cr down will depend upon the direction of the

current and the direction of the magnetic field. A rule

which gives the direction of the force is as follows: If the

index finger of the right hand is held pointing in the direction
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of the lines of force of the field and the middle finger (held

at right angles with the index finger) points in the opposite

direction to the current, then the conductor will tend to

move in the direction of the outstretched thumb.

If the direction of either is reversed the direction of the

force acting on the conductor is reversed; if the direction

of the current in the conductor and the direction of the

magnetic field are both reversed, the direction of the force

acting on the conductor remains unaltered.

Magnitude of the Force. The magnitude of the force

depends upon the length of conductor perpendicular to

the direction of the field, the amount of current sent through

the conductor, and the density of the magnetic field in

which the conductor is placed.

If l = the length in cms. of the conductor perpendicular

to the direction of the magnetic field;

H = ihe strength of the magnetic field in gausses;

/ = the current through the conductor, in amperes;

Then,

Force (in dynes) =^/^7/10. . . . . (13)

If the total length of the conductor is V and the angle

between the direction of the conductor and the magnetic

field is 0, 1 = V sin 6 ; so that we may write

Force (in dynes) =Z'i7/ sin 6/10. . . (14)

If the force is desired in terms of English units we have

Force (in pounds) = .886^^7 sin GXIQ-^, . (15)

where V is expressed in inches, H m lines per sq.in. and /

in amperes.
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Application of Formula. From the above formulae the

torque developed by any motor is easily calculated. If

the strength of the motor field is known, and if the cur-

rent flowing through the armature conductors and the

total length of conductor on the armature which hes in

the magnetic field are measured, the pull at the periphery

of the motor armature is then obtained by formula (15).

Then if the speed of rotation of the motor armature is

known, the horsepower of the motor is easily calculated.

12. Principles Involved in Operation of the Motor and

the Generator. A dynamo-electric machine is a machine

which may be used to convert mechanical power into

electrical power, or vice versa. A dynamo-electric machine

which is made to revolve by the application of mechanical

power, and which supplies electrical power to some outside

circuit is called an electric generator, or merely a generator.

A dynamo-electric machine to which is supplied electric

power, causing it to revolve and furnish mechanical power to

some load, is termed an electric motor, or merely a motor.

In so far as their construction is concerned the two types

of machine are practically identical. The same machine

will often serve either purpose; a machine which, run as

a generator, will give 5 kilowatts of electrical power at a

voltage of 110 volts, would, if connected to a 110 volt supply

line, run as a motor at about the same speed it previously

had as a generator and would have an output capacity

of about 5 horsepower.

Of course it must not be supposed that all machines

which operate satisfactorily as motors will serve equally

well as generators, or vice versa. Thus a motor of the type

used in railway service (known as a series motor) might

not operate as a generator at all; or at best its operation

would be more or less unsatisfactory. Other types of

machines, however, operate equally well for either purpose.

Principle of the Generator. The principle involved in

the operation of an electric generator may be briefly stated



ELEMENTAKY LAWS OF CONTINUOUS CURRENTS 25

thus: a conductor so moved through a magnetic field that it

cuts lines of force will have induced in it an electromotive

force. As stated in section 10 the magnitude of this

e.m.f. depends upon the rate at which the lines of the

magnetic field are cut.

An electric generator, then, is a device for producing

a magnetic field, in some manner or other, and having

conductors so arranged that they may be moved through

this magnetic field. Ordinarily the magnetic field is pro-

duced by a set of electromagnets and the conductors, in

which the e.m.f. is to be generated, are placed on the per-

iphery of a part of the magnetic circuit called the armature

core, which is capable of rotation. When the armature

core rotates, the conductors, which of course turn with it,

are carried through the magnetic field produced by the

electromagnets.

Principle of the Motor. The principle underlying the

action of the motor may be stated thus : If current is passed

through a conductor which is placed in a magnetic field (but

not so placed that it is parallel to the direction of the field)

a force acts on the conductor tending to move it in a direction

perpendicular to itself and to the direction of the field. The
magnitude of this force depends upon the strength of mag-
m.tic field, the strength of the current in the conductor,

the length of the conductor, and the relative direction of

the conductor and field.

Reversibility of Generator and Motor. In the motor,

therefore, we must have a magnetic field and conductors

so placed in this magnetic field that they may move. The
magnetic field of the motor is generally produced by electro-

magnets and the conductors are placed on a part of the

magnetic circuit, called the armature core, which is free

to rotate. Thus the principle parts of the generator and

motor are identical and a machine designed for one pur-

pose may usually be used for the other.

In fact, in a power station where SQVQral generatori^
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are used to furnish the output of the station, the driving

power may be taken away from one of the generators,

and it will continue to run, at practically the same speed

it had before, but will be operating as a motor, taking

electrical power from the other machines in the station.

Thus the generator and motor are reversible in their action.



CHAPTER II

PARTS OF A DYNAMO-ELECTRIC MACHINE—FUNCTION
MATERIAL, CONSTRUCTION

A dymano electric machine is a machine for converting

mechanical energy into electrical energy or vice versa. It may
be either a continuous current machine* or an alternating

current machine. In the first part of this text we shall

deal only with c-c. (abbreviation for continuous current)

machines. A general classification of the parts of any c-c.

dynamo electric machine may be made as follows:

(1) Field Frame; (2) Armature Core; (3) Commutator;

(4) Brushes and Brush Rigging; (5) 'Field Windings; (6)

Armature Windings. Each of these will be taken up
separately, giving reasons for the different forms seen

on various commercial machines, and showing why certain

materials are preferable to others.

13. Field Frame. Fig. 3 represents the magnetic circuit

of a simple bipolar machine and Fig. 4 shows the magnetic

circuit of a multipolar machine. 'By the term field frame

we mean that part of the magnetic circuit made up of

the yoke and poles (and pole shoes if there are any). In

continuous current machines that part of the magnetic

circuit constituting the field frame is stationary, while that

* In speaking of machines for use in circuits where the current is

uni-directional and non-varying the words direct-current and continuous^

current are both used; either is correct and they are generally used

synonymously—we shall use the term continuous-current as it seems

to describe the nature of the current better than the term direct-

current.

27
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part named the armature core revolves when the machine is

in operation. In an alternating current machine (taken

Fig. 3.—Sketch to Show Magnetic Circuits of a Bipolar Machine.

up in the later chapters) the field frame generally rotates

while the armature is stationary. In either case it is seen

Fig. 4.—Sketch to Show Magnetic Circuits of a Four-pole Machine.

that the field frame is that part of the machine which carries

the field coils through which current is passed to produce
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the magnetic field. Fig. 5 shows a continuous current

machine with a stationary field and Fig. 6 shows an alter-

nator with a rotating field.

When the field frame has only two pole pieces (there

must always be at least two), it is called a bipolar machine;

practically all small motors and generators are of this

form. Machines of 5 h.p. capacity and less are generally

Fig. 5.—General View of a c-c. Machine, Showing Stationary Field

and Revolving Armature.

bipolar; special high speed machines (driven by steam

turbines) have been built bipolar in very large sizes.

For generators or motors of ordinary speeds, above 10

h.p. in capacity, the multipolar form of field frame is gen-

erally used.

Number of Poles, The number of poles depends upon

the capacity of the machine and the speed at which it is

designed to operate. Of course the number of poles is
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always even, as they go by pairs; for every north pole
on a machine there must be a south pole. In large, low

-i

Fig. 6.—General View of an a-c Machine, Showing Revolvirg lid
and Stationary Armature. Westinghouse Elee. and Mfg. Co.

Fig. 7.—Turbo-driven Alternator, Showing Turbine and Generator
on Same Bed Plate. General Electric Company.

speed machines the number of poles may be as high as
72 or more. With the introduction of the high speed
turbine in place of the low speed reciprocating engine,
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these large multipolar machines are being replaced by

machines of 2 or 4 poles. Figs. 7 and 8 show the com-

parative sizes of two machines of about the same capacity.

Fig. 8.- -Altemator for Reciprocating Engine Drive.

Company.
General Electric

It is seen that the high speed turbo-generator (one designed

for turbine drive) is much smaller and more compact than

the older slow speed machine.



32 ELECTRICAL MACHINERY

Material for Yoke. The material of which the field

frame is made depends upon whether it is to be of the

revolving or stationary type. When the field frame is

stationary, cast steel is used at present; in the earlier

types of machine, cast iron was used in building the field

frame. Cast steel has much higher permeability than

cast iron and so a higher flux density may be used with

steel than with iron; because of this fact the field frame

of steel, to carry a certain magnetic flux, is much fighter

than would be the case if iron were used.

Material for Poles. The poles themselves are not cast as a

part of the yoke except in the case of small, cheap machines.

In discussing the design of field

coils we shall show that it is ad-

vantageous to keep the cross-sec-

tion of the pole as small as pos-

sible, and this makes advisable

the use of laminated iron, or a

solid piece of cast steel or-wrought

iron. A solid pole, however,

tends to heat excessively when a

machine is in operation, due to

currents circulating in the pole

face; most field poles are, there-

fore, built up of laminations, each about ye of an inch thick,

and are bolted to the yoke. Fig. 9 shows this construction.

Field Frame for Alternators. An alternating current

generator generally has a revolving field; the field frame

of such a machine designed for reciprocating-engine drive

is made of a cast steel yoke and laminated steel poles,

the same as a continuous current machine. The field frame

for a turbo-alternator, however, is of special construction,

being generally made from machine steel and having no

projecting pole pieces. Because of the high speeds at which

the revolving fields run, enormous mechanical strains occur

and the field must be designed with this idea in mind.

Fig. 9. -A Laminated Field

Pole.
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The field coils of such machines are generally made in

several narrow sections and imbedded in slots cut into

the cylindrical shaped field. In Fig. 10 one of these field*

frames is shown; it is seen that there are no projecting

pole pieces and that the field coil is in sections.

Leakage of Magnetic Flux. The function of the field-

coils and field frame is to produce a strong magnetic field
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in which the armature conductors may turn. Now all

of the magnetic lines generated by the field coils will not
pass through the armature core; part of them will go by
various so called leakage paths and this is called the leakage
flux. In Fig. 11 is shown the possi])le distribution of the

leakage flux between two poles of a multipolar generator.

The normal path of the flux is shown by the full lines and
the dotted lines show some of the leakage paths. In a
well designed machine the proportion of leakage flux to

total flux is kept low; perhaps it may be 20% on a small

machine.

Fig. 11.—Part of a Multipolar Machine Showing Distribution of

Magnetic Flux. Useful flux in solid lines, leakage flux in dotted

lines.

Advantage of Multipolar Frame. The reason for using

a multipolar, instead of a bipolar, field frame on a large

machine may be seen from an examination of the length

of the magnetic path in two machines of the same capacity,

one bipolar and the other multipolar. In the bipolar

machine a much longer path exists than in the multipolar

and the longer the magnetic path the more leakage there

will be; also a larger and more expensive field coil is required

for the machine having the long magnetic path. Difficulties

from armature reaction (explained in Chapter III) occur
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to a j];rcator extent in the bipolar machine than in the

multipolar machine of the same capacity. There are

other advantages of the multipolar frame which cannot

be discussed here.

Pole Shoes. Nearly all machines have the pole pieces

fitted with pole shoes. These shoes are sometimes made
in the form of cast iron collars which fit around that

end of the pole next to the armarture, but are generally

made as part of the pole itself. The laminations of which

the pole is built up are so shaped that, when the pole is

assembled, the lugs on the laminations form a pole shoe.

This is shown in Fig. 12 in which an assembled pole is

shown. The two projections on such a pole are called

the pole tips; that one which a point on the armature

first comes under as the armature revolves is called the

leading pole tip, and the other is called the trailing pole

tip. The term pole tip is used even when the pole has

no shoe; the edges of the pole itself constitute the pole

tips in this case.

The functions of the pole shoe are to increase the

effective area of the air gap, and to hold the field coil in

place. The air gap (that part of the magnetic circuit

between the pole face and armature core) constitutes

the greater part of the reluctance of the magnetic path; in

actual machines the air gap reluctance constitutes about

four-fifths of the total reluctance and so four-fifths of the

magnetomotive force of the field coil is used up in forcing

the flux through the air gap. By lessening the reluctance

of the gap the size of the field coil may be much
reduced.

Now the reluctance of the air gap = -— , where Z= the

length of the air gap (parallel to direction of magnetic lines)

and A = the cross-sectional area of the air gap. For air, ^,'

the permeability, is equal to one.

The minimum length of the air gap being fixed from
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consideration of mechanical clearance* the only way to

reduce the air gap reluctance is to increase its area and

this is what the pole shoe does.

Commutating Poles. Besides the main poles, most

modern c-c. machines have another set of poles which are

very narrow compared to the main poles and are placed

midway between the main poles; these small poles are to

help commutation and are called commutating poles. A
machine equipped with commutating poles is shown in

Fig. 13; the extra poles are seen to be very narrow in

Fig. 12.—A Pole, to Show how a Pole Shoe may be Formed of the

Laminations of Which the Pole Itself is Formed. Westinghouse

Elec. and Mfg. Co.

comparison with the main poles. Another special field

construction has been used on the auxiliary-pole synchronous

converter; in this type of machine each main pole is split

* There are other factors affecting the length of the air gap besides

that one mentioned here; as will be explained later the armature

exerts a reaction on the magnetic field and the effect of this armature

reaction is much exaggerated if the air gap is not of proper length.

This armature reaction effect is really the factor controlling the length

of air gap. On some high-speed alternators, e.g., the air gap length

may be an inch or more and evidently mechanical consideration?

would not necessitate an air gap of such length.
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in two parts and each part is wound separately. These

machines may also be fitted with commutating poles but

generally do not require them. An auxiliary pole converter

without commutating poles is shown in Fig. 14.

14. Armature Core. As previously stated the magnetic

circuit of any dynamo-electric machine may be considered

as made up of two parts, one of which moves with respect

to the other. The field frame, carrying the field windings

Fig. 13.—General View of a Field Frame to Show Commutating
Poles. The field coils have been removed from one main pole

and one commutating pole, to show the relative sizes of the two
poles. General Electric Company.

has already been discussed; the other part of the magnetic

circuit is called the armature core. On this part of the

magnetic circuit are placed the conductors which serve to

generate the e.m.f. (if the machine is a generator) or to

carry the current by which torque is developed (if the

machine is a motor). *

Lamination of Core. The armature core is always

made of laminated iron, that is, the core is built up by
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placing on the shaft a number of thin discs of iron and
clamping them tightly together. The reason for making
an armature core in this way, evidently much more difficult

and expensive than if a solid piece of cast steel were used,

will now be given.

Fig. 14.—A Special Construction of Field Frame. Each pole is made
up of two parts, one being about twice as large as the other part.

General Electric Company.

Experiment to show the Advantage of Laminating the

Core. Two armature cores, of exactly the same dimensions,

were made for an experimental generator. One of the

cores was of solid iron and the other was of thin iron plates

clamped together; thin paper was put between every other
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plate. Then each armature core was in turn mounted
in the field of the experimental generator and the power
required to rotate these bare armature cores at 1200 r.p.m.

with a certain strength of magnetic field, was measured.

When the laminated core was tested it was found that

the required power (excluding friction) was 9 watts; the

core was left running for sometime but it remained cool.

The solid core was then substituted for the laminated one

and the power consumption was 350 watts; after running

for a few minutes it became so hot that it had to be stopped,

for fear of damaging the bearings. From this simple test

we conclude that a solid armature core cannot be used

in dynamo-electric machinery because, 1st, it requires so

much power merely to rotate the armature core in the

magnetic field, and 2d, the heat generated in the rotating

core is so great that any windings on the armature core

would be burned.

Losses in Armature Core. The heat generated in aiiy

piece of iron, rotating in a stationary magnetic field, is due

to two effects, namely, hysteresis and eddy currents. It is

evident that as the armature core rotates it is magnetized

first in one direction and then in the opposite direction,

as a point on the core moves from under a N pole to a. S
pole. In Chapter I the question of hysteresis loss in a piece

of iron going through magnetic reversals was explained.

There is then this hysteresis loss in an armature core and

this loss may be kept small by using for the core iron

that has a very narrow hysteresis loop, such as a specially

treated alloy steel. After the sheet steel has been punched

out in proper shapes for the core construction, these lam-

inations are heated to a dull red heat and allowed to cool

slowly. This process, called annealing, results in a steel

having a very narrow hysteresis loop.

Loss due to Eddy Currents. Eddy currents (local currents

in the material of the core itself) are produced in the rotating

armature core because, as it moves through the magnetic
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field, an e.m.f. is generated in it {any conductor moving

through a magnetic field so as to cut lines of force has an

e.m.f. induced in it); the direction of this e.m.f. is parallel

to the shaft, i.e., lengthwise of the armature core. Under

a N pole it is in one direction and under a S pole in the

opposite direction. As the solid iron core may be considered

as one large conductor it is evident that these e.m.fs. in

the armature core will cause currents to circulate in the

core. The direction of these currents is shown by Fig.

X

North Pole

South Pole

Shaft

Armature
core

Fig. 15.—^Path of Eddy Currents in a Solid Armature Core.

15, which represents a section of the core, taken parallel

to the shaft. The direction of the e.m.f. induced in the

core is shown by the solid arrows and the path of the eddy

current is shown by the path formed by these arrows and

the dotted lines.

Reduction of Eddy Current Loss by Laminating the Core.

Now if the core is made of two parts, insulated from one

another as in Fig. 16, the eddy currents will have to flow

in two separate paths as shown. The resistance of each of
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these paths may be assumed the same * as that of the path

shown in Fig. 15 because that portion shown by the dotted

Hnes is the same in both figures and this is the greater

length of the path. The e.m.f. acting in one path of Fig.

16 is only one-half of that in the path of Fig. 15 and hence

the current in one path of Fig. 16 will be one-half of that

in Fig. 15. Hence the PR loss per path will be one-quarter

as large, but as there are two paths in Fig. 16 and only one

in Fig. 15 the PR loss in the divided core will be one-half

as great as that in the laminated core.

North Pole

South Pole

'Shaft

Aniiature
core

Fig. 16.—Eddy Current Paths when the Core has been Divided into

two Parts.

If the division is carried further, the PR loss due to

eddy currents is still more reduced and by using very thin

sheets this source of loss may be nearly eliminated. In

commercial machines the laminations are generally 0.014"

thick. The laminations may be insulated from one another

on large machines by a coat of insulating paint on each

lamination; on small machines the oxide coating, formed

on the iron sheet while it is being annealed, is relied upon

* This approximation is more nearly true as the thickness of the

laminations is decreased.
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for insulation. Sometimes thin paper is put between every

few laminations to increase the insulation.

Form of Laminations. In small armatures the lamina-

tions are solid discs, merely having a hole in the center for

the shaft. In multipolar machines it is unnecessary to

use solid discs because in a large core made up of solid

laminations, there would be more iron than is necessary

for the magnetic flux. The paths of the flux in a multi-

polar machine is shown in Fig. 17. It is seen that the iron

Fig. 17.—Hollow Discs are Used for Large Armature Cores. The

magnetic flux would not penetrate very deep into the core even

if it were solid.

inside the dotted circle is useless as far as the magnetic

circuit is concerned.

The discs for large machines, therefore, are generally

made ring-shaped; the iron which is punched from the

inside of the disc may be used for the armature of a smaller,

machine. If the armature is large (say more than 2 feet

in diameter) the rings will not be in one piece; each lamina-

tion is made up of several pieces. In building up an

armature core of such laminations, they are so assembled
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that the joints in one lamination do not come opposite

those in the adjacent one.

Smooth and Slotted Cores. In the early types of dynamo-

electric machines the periphery (outside surface) of the

armature core was smooth but in all modern machines the

armature core is toothed (or slotted). In such a core there

are a series of slots in the outer surface, running parallel

to the direction of the shaft. These slots serve to hold

the armature winding safely in place and also to reduce

the effective length of the air gap of the machine.

By reference to Fig. 18 it is seen that the minimum
length of air gap is fixed by the distance required for mechan-

FiG. 18.—Smooth Core and Slotted Core.

ical clearance between the armature and the pole face plus

the depth of the winding. In the toothed armature the

effective length of the air gap is determined by the mechanical
clearance distance only; as the armature teeth are good
conductors for the magnetic lines, the only distance the

magnetic lines have to go through air is that between
the outside of the teeth and the inside of the pole face.

Armature Spider. The ring-shaped armature core must
be fastened to the shaft in some way and for this purpose
the armature spider is used. The spider generally consists

of a (!ast-iron hub through which the shaft is fitted and from
which radiates a set of spokes; on the ends of the spokes
are lugs which are fastened by dovetailing keys to the
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inside of the armature core. The armature punchings

generallj^ have dovetailed slots punched on their inside

edge in such a fashion that when the core is assembled

they line up with one another and form a set of dovetailed

Fig. 19.—Assembled Armature Core for Large c-c. Machine.

slots in the inside surface of the armature core, into which

the keys in the spider fit.

In assembling such an armature the spider, fitted with

keys on the lugs, is laid horizontally on the shop floor. * Then

the laminations, one at a time, are slipped over these keys

* See Fig. 25.
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all the way around; when a coniplete ring of laminations

has been placed, the next layer of laminations is put on

in a similar manner, but so placed that the two rings

''break joints/' i.e., the joints between plates in the adjacent

layers do not come opposite one another.

Fig. 20.—Assembled Armature Core for Large a-c. Machine,

inghouse Elec. and Mfg. Co.

West-

An armature core, assembled on its spider and fitted

with shaft is shown in Fig. 19. This core is used in

the construction of a large multipolar continuous current

machine. The assembled armature core for a large alter-

nating current generator is shown in Fig. 20. This armature

is designed to be stationary; the field frame of the machine
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is the part that revolves. This type of armature core

is used on practically all large a-c. generators and motors.

Shape of Slots. The shape of the slot is determined

by various factors in the design, and somewhat by the kind

of winding with which the armature is to be supplied. In

case a formed coil is to be used an open slot is likely to

be used as shown in Fig. 21 (a); after the coil has been

slipped into place in the slot a wooden wedge (shown in

the second slot of (a)) is driven in place to hold the coil

securely in the slot.* Most machines use a semi-closed slot,

as shown in Fig. 21 (6) and (c). It is evident that a formed

coil could not be forced into slot (6) very easily. The coil

may be fitted into such a slot by having the coil only par-

b c

Fig. 21.—^Various Forms of Slots.

tially formed; that part of the coil which is to be pushed

into the slot is left untaped so that the wires forming the

coil can be separated and pushed into the slot one by one.

A small machine being wound with these partially formed

coils is shown in Fig. 22. The method of placing the coils

in the slots is apparent.

An armature having slots of the shape shown in (c) Fig.

21 may be wound with a completely formed coil if there

are to be two coil sides per slot in the winding. The coils

lie in the slot side by side as indicated. The coil marked

(2) is first pushed in through the narrow opening in the

slot and then pushed to the right to make way for coil

1 which is then put in place.

* See Fig. 51.
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Advantage of Semi-closed Slots. It is easily seen that

a semi-closed slot armature is more difficult to wind than

an open slot armature and the question arises, what advan-

tage does the semi-closed slot have over the open slot?

Evidently the semi-closed slot affords better protection and
support for the coils than does the open slot ; it may also be

seen by reference to Fig. 23 that the effective area of the

air gap is much larger when a semi-closed slot is used.

Fig. 22.—Winding a Core with Partially Formed Coils, on a Core with

Semi-closed Slots. Westinghouse Elec. and Mfg. Co.

This decreases the magnetic reluctance of the machine, so

that smaller field coils may be used. When open slots are

used, the effective area of the air gap (i.e., the area of that

part of the air gap through which the magnetic field goes)

is not much more than the area of the teeth situated under

a pole face, as seen by Fig. 23 (a). When the semi-closed

slot is used, the flux utilizes practically all of the area of

the air gap; the reluctance of the gap in (a) Fig. 23 ie

much greater than that of (6).
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The question of ventilation of electric machinery will

be taken up here because there are some features of con-

struction of the armature core which are incorporated in

the design with the idea of keeping the armature well

ventilated.

Capacity Limited hy Temperature Rise. One of the

factors determining the capacity, or rating, of any dynamo-
electric machine is the safe permissible temperature rise. Sup-

pose we have a generator which the manufacturers have given

a rating of 50 kw. and upon being tested it is found that the

armature of this machine becomes so hot, when carrying

a load of 50 kw., that there is hkelihood of the insulation

Fig. 23.—Semi-closed Slot Gives Greater Effective Area of Air Gap
Than Open Slot.

on the armature becoming damaged. It is evident that

50 kw. is more load than the machine can safely carry

continuously or we say the manufacturer has over-rated

the generator. As we know the heat generated in the

armature windings will be less if the load is less, we now
test it at 40 kw. load and after running at this load for

a sufficient length of time to have reached constant tem-

perature, the armature is fairly cool; say not more than
30° C. above room temperature.

It has been determined by the standardization committee

of the American Institute of Electrical Engineers that for

ordinary machines the safe temperature rise in the arma-

ture is 50° C. above the temperature of the room in which



PARTS OF A DYNAMO-ELECTRIC MACHINE 49

the machine is placed. As the load of 40 kw. increases

the armature temperature only 30° C, the machine can

evidently carry more load with safety,—and as 50 kw.

load averheated it, the safe capacity must be somewhere

between 40 kw. and 50 kw.

One way of keeping down the temperature rise of a

machine is by continually forcing cool air through it, thus

carrying off the heat; or we may say that the temperature

of the machine may be kept down by properly ventilating

it. Heat is generated in the armature core by the hysteresis

and eddy currents and it is necessary to carry off this heat

to keep down the core temperature. For this purpose

ventilating ducts are built into the armature core. As the

laminations are being assembled, spacers are introduced

about every three inches of core. These spacers are placed

radially so that air passages, about J" wide, are formed

through which air can circulate from the inside periphery

of the core to the outside. As the armature revolves,

cool air is drawn in through the ends of the core by the

spider and is thrown by centrifugal force through these

ventilating ducts out against the pole faces, etc. Fig. 24

shows how these ducts are placed in an armature core,

and the paths taken by the air as it passes through them

and Fig. 25 shows a partially assembled core, in which

the air ducts may be seen; on the top of the core may be

seen one of the spacing laminations which has been specially

formed with radial ridges in it about I" high. These ridges

serve to form the air ducts as the core is built up.

15. Commutator.* The e.m.f. generated by a coil of

wire as it rotates in a magnetic field is an alternating one,

i.e., the e.m.f. is first in one direction and then in the

opposite direction, a complete reversal taking place as a coil

side moves by one pair of poles. Now even if an armature

winding is made up of a great many coils, connected together

in any fashion whatever, the e.m.f. generated in this winding

* Read pp. 93-99 for action of commutator.
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as it rotates in the magnetic field is an alternating one,

and if the ends of the winding are connected to insulated rings

on the shaft and brushes bearing on the rings connected to

the external circuit, the e.m.f . which such an armature wind-
ing impresses in the external circuit is an alternating one.

The current which would flow in such an external circuit

Cool

Air

this

End

Fig. 24.—Use of Fan and Ventilating Ducts to Keep Armature Cool.

would be an alternating current; the current would flow

through the circuit in one direction for a short time, would

stop flowing altogether, and would then reverse and

flow in the opposite direction, etc. Such an alternating

current is useful in many classes of service but for many
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other classes of service, such as electroplating, electric

railways, etc., there is required a current which runs con-

tinuously in the same direction through the circuit.

The current through a circuit will not be continuously

in one direction (generally called a continuous current,

abbreviated c-c, or direct current, abbreviated d-c.) unless

the machine which is forcing current to flow through the

Fig. 25.—Partially Assembled Armature Core, Showing Ventilating

Ducts, also Lamination Used as Spacer. Westinghouse Elec.

and Mfg. Co.

circuit impresses on the circuit an e.m.f. which continuously

acts in one direction.

Function of the Commutator. The elementary generator

having slip rings and brushes connecting its windings to

the external circuit, could not do this. The commutator

is a device which serves to reverse continually the connection

of the armature coils to the external circuit so that, as

the e.m.f. in the coils reverses, the connection of the coils
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to this external circuit reverses also, thus maintaining on

the external line a uni-directional e.m.f.

Construction of the Commutator. The function and

action of the commutator will be taken up in detail in

Fig. 26.—^Commutator for Small 500-volt Motor. General Electric Co.

Chapter III; here we shall consider only the mechanical

features of the commutator. It consists essentially of a

set of copper bars, formed in such a shape that when

assembled, they form a hollow cyUnder. As they are

assembled insulation is put betweem adjacent bars so that

every bar is well insulated from every other. The commu-

tator for a small machine is shown in Fig. 26, and Fig. 27

shows the assembled commutator of a large railway

generator.
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In taking up the construction of the commutator we
shall consider the bars themselves, the insulation used in

the commutator, and the commutator spider, which serves

to clamp the bars together and hold them on the armature

shaft.

Form of bars. The bars themselves are always made
of copper, because it is a good conductor, is easy to shape

Fig. 27.—Commutator for Large Railway Generator, Showing Form
of a Spider. The commutator and armature here shown are com-

,
pletely assembled. General Electric Co.

properly, and wears well. Generally these bars are

stamped from copper rods, the cross-section of the rods

being trapezoidal so that as the bars are assembled side

by side they form a cylindrical ring. The bar for a medium
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sized commutator is shown in Fig. 28. The end view,

in (h), Fig. 28, shows the trapezoidal form of the bar; the

angle between the two sides depends upon how many bars

are to be used in the commutator. If there were to be

360 bars in the complete commutator this angle would

be about 1°; if there were to be 720 bars it would be about

one-half of a degree, etc.

Insulation. As the bars are assembled, sheets of insu-

lation must be placed between every bar and its neighbor;

also on the ends of the bar insulation must be used to

"Wires^- "Wires

Lug for making
Connection

Bearing Surface for Brush

liUg

^
(a) (6)

Fig. 28.—Sketch of a Commutator Bar.

keep it from contact with the spider, which clamps the

bars together. For the insulation between bars a special

grade of mica is always used; a grade of mica must be

employed which has about the same wearing qualities as the

copper bar itself. If the mica should be too tough and

wear away more slowly than the copper, the mica insu-

lation would soon project above the copper bars and would

cause sparking at the commutator.

The ability of mica to stand high temperature without

deterioration makes it preferable to any such insulation

as fiber, oiled cambric, etc. These substances are good

insulators when kept cool and dry but commutators fre-

quently become very hot when the machine is operating

and also sparking is likely to occur where the brushes bear
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on the commutator; under such conditions these insulators

would become charred and thus spoiled in so far as their

insulating qualitites are concerned.

Where the spider clamps the asseinbled copper bars,

insulation must be used to insulate the bars from the

spider. Ring-shaped pieces, with V-shaped cross-section,

are required for this purpose. Mica sheets are very brittle

and could not be bent into the proper shape for such use,

so micanite is generally used. This is made by cementing

very thin, small sheets of mica together by some such

flexible binder as shellac. The thin flakes of mica are laid

Bearing surface

Fig. 29.—Cross-section of a Small Commutator, Showing the More
Essential Parts of the Assembly. General Electric Co.

in the bottom of a tray to an even depth (perhaps one-

sixteenth of an inch) the thin shellac poured in and allowed

to drain off. By a proper drying and compressing process

a flexible sheet of micanite is obtained which, when warmed,

may be formed into any desired shape.

Spider. The commutator spider is made of cast iron

in two or three pieces. The assembly view of a small

commutator is shown in Fig. 29. The spider, shoTVTi in

cross-section, is seen to consist of a sleeve, a, that fits on

the armature shaft, a loose end ring, 6, and the lock nut, c.

The sleeve, a, is pinned to the shaft when the commutator
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has been placed in its proper position. The micanite rings

are shown at d. If the commutator has been properly

assembled the two surfaces marked e receive all the pressure

as the lock nut c is tightened; in this way the lock nut

serves not only to tighten the commutator bars endwise,

but also to squeeze them tightly together sidewise by
forcing them into a cylinder of smaller radius.

Number of Bars. The number of bars to be used in

a commutator depends principally upon the voltage for

which the machine is designed. The function of the com-

mutator is to change the alternating e.m.f. of the armature

coils to a unidirectional e.m.f. on the external circuit. If

too few bars are used in the commutator the line e.m.f.

will be unidirectional but will not be constant in value

i.e., it will be a pulsating e.m.f. If as many as 12-16 bars

are used between brushes, these pulsations are so small

as to be negligible.

If a two pole machine had only 8 bars in its commu-
tator, the amount of variation in the line e.m.f. would

be about 4%, hence this number of 'bars would be too

small for ordinary use. For an electroplating generator,

however, the pulsation would not be disadvantageous and

plating machines generally have very few commutator

bars. The number of bars to be used on railway genera-

tors or lighting generators etc. is fixed by the rule that

the voltage between adjacent bars should not be greater than

10 volts. Now as the full voltage of the machine exists

between adjacent sets of brushes this means that the mini-

, voltage of machine
, „mum number of bars= — Xnumber of sets

of brushes.

This rule is only approximate for many reasons. The
voltage between adjacent brushes is not distributed uni-

formly among the commutator bars between the same

brushes. Between a pair of adjacent bars on the com-^

mutator midway between two sets of brushes the e.m.f.
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may be 15 volts and at the same time two bars near one

set of brushes may have a difference in voltage of only

one or two volts. The above formula considers only

the average voltage between bars and so gives the min-

imum number of bars that should be used.

Effect of Using too Few Bars. Between adjacent bars

of the commutator the mica insulation is generally about
0.02'' thick and such a thickness of mica will stand a pres-

sure of perhaps 10,000 volts so that the limit of 10 volts

per bar is evidently not fixed by the dielectric strength

of the mica. The difficulty which arises if the voltage

per bar gets too high is caused by current leaking over

the surface of the mica insulation. The surface of the

mica becomes soaked with oil and if this oil carbonizes

it becomes a fair conductor. Even if there is no car-

bonized oil on the surface of the mica, there will always

be more or less dust rubbed into it, and also the whole

surface of the commutator may become coated with a

thin layer of oil and dust. If the voltage per bar is too

great under such conditions, current leaks over the sur-

face of the commutator from one brush to the next and

a " flash-over " may occur; i.e., a short circuit may occur

between a pair of brushes, the short circuit current fol-

lowing the surface of the commutator.

16. Brushes and Brush Holders. As the commutator,

to which the armature coils are attached, revolves with

the armature, it is necessary to have some stationary

conductors for making a rubbing contact with the moving

surface of the commutator, the external circuit being

connected to these stationary conductors. Such con-

ductors are called brushes; they are generally made of

carbon blocks, but may sometimes be made of copper leaves,

copper gauze, etc. The choice between copper and carbon

depends entirely upon the voltage for which the machine

is designed. A low voltage machine, such as is used in

electroplating, must be equipped with copper brushes; carboii
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brushes would not serve at all. For machines of voltages

of 100 and more carbon brushes must always be used.

Contact Area of Brushes. The brushes and commutator

form a moving contact surface across which all of the

current which flows from the armature to the external

circuit must pass. To keep this contact surface in good

condition, i.e., smooth and free from dirt, requires more

care than, any other task connected with the operation

of ^ dynamo-electric machinery. The area of the brush

where it comes in contact with the commutator surface

is called the contact area of the brush.

Safe Current. The current which can be carried safely

by a square inch of contact area depends upon the two

materials forming the contacting surfaces. If a copper

brush is bearing on the commutator surface and the brush

has one sq.in. of contact area, 150 to 200 amperes may
safely be carried from the commutator by the brush; if

the brush is made of carbon and has one sq.in. of contact

area, not more than 40-60 amperes may be safely carried.

If these values are exceeded, the brush and commutator

will get too hot.

If either the commutator or brush surface becomes

rough, the contact area is very much diminished. If a

piece of dirt works into the contact surface of a brush

and so makes a projection on this surface, it is evident

that the brush will touch the commutator only at this

projecting place unless the brush is very flexible.

Flexibility of Brushes. A brush made of copper leaves

or wires is very flexible while one made of a carbon block

is not flexible at all. So that if a slight projection on the

commutator lifts off from the commutator one part of

a copper brush contact surface, the rest of the brush may
stay in contact with the commutator owing to its flexi-

bility. But if one corner of a carbon brush is lifted from

the commutator, the whole brush leaves the commutator

surface and the circuit is practically opened.
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If the machine is delivering current to the external

circuit when this happens, sparking will occur at the com-

mutator surface and if this occurs for any length of time

the surface of the commutator becomes so roughened

as to be unserviceable. In so far as flexibility is concerned,

therefore, copper is preferable to carbon. The non-flexi-

bility of the carbon brush is partly overcome by using

instead of one big brush, several small brushes, each cap-

able of movement separately. Then, as one of these small

brushes is lifted from the commutator accidentally, no

open circuit is produced because the rest of the small

Fig 30.—Five Small Brushes, instead of One Large One, are Here
Used to Obtain Flexibility in the Brush as a Whole. AUis-

Chalmers Co.

brushes are still making contact. Fig. 30 illustrates this con-

struction; on the one brush holder stud there are mounted

five separate brushes, each of which is free to move by itself.

Brush Holders. As the brush (whether copper or car-

bon) wears away with use, some arrangement must be

made to feed continually the brush toward the commutator

so that the proper pressure between the brush and the

commutator is always maintained. The device by which

this is accomplished is called the brush holder. It is a

sort of clamp, through which the brush is capable of motion,

and is mounted on the brush holder stud. This motion
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of the brush is produced by a spring fastened tightly oU

one end to the brush clamp; the other end of the spring

presses directly on the brush itself. There may be several

brush holders on the same stud. On large machines as

many as twelve or more may be used; there are seldom

less than two because one carbon brush has no flexibility

and sparking is likely to result if only one is used.

Number of Sets of Brushes. There must be at least

two brush holder studs, one at which the current leaves

Fig. 31.—A Common Type of Brush Holder, Showing Brush in Place

General Electric Co.

the machine and another at which it enters. With the

type of armature winding commonly employed, as many
sets of brushes (i.e., groups of brushes on the same
stud) are required as there are field poles. A 12-pole

generator would have 12 brush holder studs, mounted rigidly

on the brush yoke; the studs would be equally spaced on

the yoke and insulated from it; every other stud would

be connected together and the two sets of studs so formed

could be connected to the two terminals of the generator.

In Figs. 31 and 32 are shown two types of brush holders.
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and P'ig. 33 shows the complete brush rigging of a small

c-c. generator.

Superiority of Carbon for Brushes. It has been said

that carbon brushes are used on all machines except those

designed for electroplating and this in spite of the fact

that copper is a better conductor than carbon and only

requires about one-quarter as much contact surface for a

given current. There are two important reasons why
carbon is preferred to copper for brushes: 1st, the mechan-

ical wear on the commutator is much less with carbon

than with copper; 2d, it is practically impossible to obtain

Fig. 32.—Brush Holder for Railway Motor. Westinghouse Elec.

and Mfg. Co.

sparkless commutation when copper brushes are used on

any but low voltage machines.

Sparkless Commutation. The commutation is said to

be sparkless, or ** black," when no sparking takes place

at the contact surface betw^een the brush and commutator.

It is very important that sparkless commutation be

obtained because under the action of sparking at the brush

contact, the commutator very quickly roughens, which

makes the sparking worse and so the machine is soon

rendered unfit for service. The explanation of this effect

(i.e., sparking produced by copper brushes) will be taken
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up in a later chapter. It must be borne in mind here,

however, that the sparking with copper brushes is not

due to such causes as rough commutator, etc.; no matter

how smooth the commutator may be or how well fitted the

brushes may be, this sparking cannot be eliminated.

:;£F!^'

Fig. 33.—Complete Brush Ringing of a Small c-c. Machine,

inghouse Elec. and Mfg. Co.

Wcst-

Pressure of Brushes. The springs on a brush holder are

adjustable so that the pressure exerted by a brush on the

commutator may be varied as desired. If too little pressure

is used, the contact is not good and the electrical resistance
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of the contact becomes high, hence the PR loss at this

place becomes too great and the brush will overheat. If

too much pressure is exerted by the brush on the com-

mutator, the power used up due to mechanical friction of

the brushes becomes too great and the brushes and com-

mutator will get hot from this cause. It has been found

that with carbon brushes the best results are obtained when

the springs are adjusted to give a brush pressure of about 1.4

lbs. per sq.in. of contact surface; this value may, however,

be anywhere between 1 lb. and 5 lbs., depending upon the

brush, speed, etc.

Resistance of Brush Contact. The resistance of the

contact surface of a carbon brush and commutator is a

variable depending upon the current density at the contact

surface. As the current density increases the resistance

decreases; the variation of the resistance with the current

takes place in such a manner that the IR drop at the contact

surface is nearly constant, and not dependent upon the current.

While this IR drop is slightly different with different types

of brushes and with the different grades of carbon employed,

it is safe to assume that on the average c-c. machine,

with the commutator in good condition, the drop is one

volt per brush contact. As there are always two brush

contacts in series the total brush contact resistance drop in

any c-c. machine is about two volts.

Brushes on Low-voltage Machines. It is because of this

contact resistance drop that carbon brushes are never

used on very low-voltage machines. We shall show in a

later chapter that the efficiency of any electric generator

must be less than the ratio of the termmal voltage to the

generated voltage.

The terminal YoltSige = Eg— IRa, (16)

where Eg = the generated voltage of the machine;

//2a= the total " drop " in the armature cir<;uit (always

greater than the brush contact resistance drop)

;
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If carbon brushes are used on the machine, we must put

Efficiency is less than

E,-2
Eo

(17)

Now if Eg is, say, 6 volts, the efficiency of the generator

would have to be less than 66% ; as a matter of fact, it

would probably be about 40%. On higher voltage machines

this drop of 2 volts at the brush contacts is not such an
important factor in determining the efficiency.

17. Field Windings. The field windings of a dynamo
electric machine serve to force the flux through the whole

of the magnetic circuit. The field coils are always placed

on the poles; the m.m.f. produced by these field coils must

be sufficient to force the magnetic flux through the poles,

yoke, air gaps, and armature core. If the length, area,

and permeability of each portion of the magnetic circuit

are known, the number of turns required in one field coil

and the current necessary can easily be calculated.

Ampere-turns. The term ampere-turn will be used

frequently in our discussion; its significance is easily seen

by a few illustrations. A coil of 50 turns in which a current

of 2 amperes is flowing has 100 ampere-turns; a coil of

one turn having a current of 100 amperes has 100 ampere-

turns; a coil having 2000 turns in which a current of 0.8

ampere is flowing has 1600 ampere-turns. The number of

ampere-turns of a coil is equal to the product of the number

of turns in the coil and the current flowing in the coil.

Referring to formulas (7) and (9), pp. 16 and 17, we
may write

4xiV/

Ai[Li A2[l2 A3[L3
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Substituting in this equation the proper vai'aes lor the

various lengths, areas, and permeabiUties, and knowing

the required flux, $, the number of ampere-turns which

will be necessary is found at once by solving for NI.

Knowing NI we can use as many turns as we like pro-

viding the proper current is used to make the product

AT the required amoimt.

Determination of Ampere-turns Necessary. This method

of determining the size of the field coil is almost never used

-Air gaps

Fig. 34.—Magnetic Circuit of a Small Old-style, Bipolar Machine.

Field coils shown by hatched area.

because a much simpler method is available. Let us

consider a bipolar field frame of the shape given in Fig. 34.

The magnetic circuit consists of the yoke, two poles, two

air gaps, and the armature core ail in series. The field is to

be excited by two coils shown in section at A and B, These

two coils give m.m.fs. which act in the same direction on the

magnetic circuit. We will figure the ampere-turns required

for the whole circuit as though only one coil was to be used;
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one-half this number will be the proper number of ampere-

turns per coil.

The B-H curves given on p. 18 are to be used in this

calculation. These curves are plotted between flux density

and ampere-turns per cm. length of the magnetic circuit.

Suppose that a ring of cast iron is to be magnetized to a

flux density of 5000 lines per sq.cm. and that the average

length of the magnetic path in the ring is 75 cm. How
many ampere-turns will be required?

By reference to the magnetization curve for cast iron

it is seen that to produce a flux density of 5000 lines per

sq.cm. 20 ampere-turns are required per cm. of length of the

path. As the length of the path is 75 cm. the number of

ampere-turns required is 75X20 = 1500 ampere-turns.

Field Coil Calculation. This same method may be used

for calculating the necessary ampere-turns for the magnetic

circuit of the machine shown in Fig. 34.

Suppose the necessary flux through the armature core

is 1,600,000 lines. There must be through the poles and

yoke more flux than this because of the leakage lines. If

the leakage factor is taken as 1.25 the flux through the yoke

and poles is 1,600,000X1.25 = 2,000,000 lines.

The cross-sectional area of the different parts of the

magnetic circuit would be given. The average length of

the magnetic path in each part may be estimated. From the

flux and cross-section the density in each part is calculated

and then from the magnetization curves the ampere-turns

per cm. are obtained; this quantity multiplied by the length

of path in that part of the circuit gives the required

ampere-turns for that part. The sum of the ampere-turns

required for each part gives the number required for the

complete magnetic circuit and one-half this number are

to be put in each field coil.

The number of ampere-turns required for the air gaps

cannot be obtained from the curve sheet but is easily

calculated as follows:
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^-
I

Afi

and for air ix=L

Transposing

or
NI B

I .4x •'

(19)

^20)

The ampere-turns required per cm. of air gap is there-

fore equal to the flux density in the air gap divided by A%.

In calculating the magnetic circuit it is convenient to

tabulate the data as shown below:

Average Area Flux Amp.- Amp.-
turns.

Part. Material. Length in Flux. Den- turns
in cm. sq.cm. sity. per cm.

Yoke Cast iron . 3o 350 2000000 5720 28 980
Poles Cast steel

.

30 each 200 2000000 10000 6.5 390

Air Gap.. . Air 0.2 each 250 1600000 6400 5095 2038

Armature.

.

Silicon

steel .... 25 150 1600000 10650 3 75

Total ampere-turns required 3483

3483
Ampere-turns to be used per coil = ——- = 1742

We will next figure the necessary ampere-turns for a

small modern bipolar machine with a slotted armature and

double yoke. In this yoke the flux from the pole divides,

half going one way and half the other. The flux in going

through the armature teeth is very dense and although the

length of path is small it is better to figure this as a separate

part of the magnetic circuit, instead of treating the teeth

as part of the armature core.
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A diagram of the magnetic circuit is given in Fig 35,

showing the location of the field coils, leakage lines, etc.

The poles are made of laminated iron and are bolted to the

cast-steel yoke. The area of the teeth is taken as the

cross-sectional area of as many teeth as lie under the pole

Fig. 35.—Magnetic Circuit of Small, Modern, Bipolar Machine.
Field coils shown by cross-hatched area: leakage lines shown
dotted.

face. Practically all the flux leaving the pole face crowds
into the teeth, very little of it going down to the armature
core by the slots. The leakage factor for the machine
is assumed to be 1.15; if the required armature flux is

1,200,000 lines the flux through the poles and yoke is then

1,380,000 lines.
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The pole shoe serves to increase the area of the air gap

so as to reduce the density in this part of the magnetic

circuit. Tabulating our data as before, and using the

magnetization curves, we have

:

Part. Material.
Length
in cm.

Area
in

sq.cm.
Flux.

Flux
Den-
sity.

Amp.-
turna
per cm.

Amp.-
turns.

Armature. Silicon

steel

15 120 1200000 10000 2 30

Teeth. . . . Silicon

steel

1.2 cm. on
each side

78 1200000 15400 36 82

Air gap... Air 0.25 cm.
each

120 1200000 10000 7975 3987

Poles .... Sheet steel

.

10 cm.
each

90 1380000 15350 8 160

Yo e. . . . Cast steel.

.

50 60

each

1380000 11500 9 450

Total ampere-turns required 4709

4709
Ampere-turns per pole = —— = 2355

These two examples will serve to show how the number
of field ampere-turns is roughly determined. In an actual

design other factors have to be taken into account; the

effect of the armature m.m.f. on the field strength has to

be considered and the problem is somewhat more com-

plicated than we have indicated.

Proper Size of Wire for a Shunt Wound Field* The size

of wire to be used in winding the field coils is now to be

determined. Generally, all of the field coils of the machine

are connected in series and then to some source of e.m.f.

from which the field current is to be taken. The average

length of one turn of the field coil is estimated from the

known size of the field pole and the assumed depth of the

coil. Suppose that the length of one turn close to the field

pole was 10 inches and that we assume a winding depth of

* See p. 104 for meaning of shunt field.
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ne inch; the length of an outside turn would be in the neigh-

borhood of 18 inches (if the pole were of rectangular cross-

section) so that the average length of a turn would be 14 inches.

Let £^ = the voltage of the field current supply;

A^/= the total ampere-turns required on the machine
=NI per poleX number of poles;

Z = the average length of one turn, in feet;

r= the resistance per foot of the proper sized wire;

this is to be determined;

7 = the current through the field circuit;

R = the resistance of the field circuit;

iV = the total number of turns on all coils in series.

Then,

R = Nlr, (21)

and

r E E
^=R=mr^ (22)

multiplying both sides by A^

Nlr Ir'

or

^ wr (24)

Now NI has been calculated, E is known, and I has been
approximately determined from the assumed size of the
field coil. Therefore, r, the resistance per foot, of the
proper sized wire to use, is determined. From the wire
table the diameter of the wire and its cross-sectional area
in circular mils can be obtained.

Knowing the proper sized wire and the number of
required ampere-turns, the proper number of turns is now



PARTS OF A DYNAMO-ELECTRIC MACHINE 71

to be determined. Here we at once notice a peculiarity

in the problem. So far as the magnetizing effect of the coil

is concerned, with a given supply voltage, it makes no difference

how many turns are used for the field coil; no matter how many
turns are used the m.m.f-. of the coil will he the same.

Suppose that we put on 1000 turns and that this number
of turns has a resistance of 50 ohms. If the voltage of the

field current supply is 100 volts the field current will be

2 amperes and the ampere-turns of the coil will be 2000.

If, now, 2000 turns are used the resistance of the coil

increases to 100 ohms, the field current decreases to one

ampere and the ampere-turns in the coil will be 2000 as

before.

Proper Number of Turns. There must be some method
of determining the proper number of turns to use; and

this is fixed hy the safe allowable temperature rise in the coil.

It is apparent that if, for example, only one turn were used

in the field coil, the proper number of ampere-turns would

be obtained but the current through the one turn would

be so great that the wire would melt. As the number of

turns is increased, the required current decreases; when
the number of turns has been increased to such an extent

that the current which flows through the coil does not

heat the wire more than 50° C. above room temperature

(the limit fixed by the A.I.E.E.), we may say that the

field coil has been properly designed.

The process of predicting the temperature rise from the

power used up as heat in the coil {PR loss in the coil) and

the calculated radiating surface requires judgment and

experience, because some radiating surfaces are more
effective than others, etc.

It has been found, however, from the results of many
tests that a safe figure to use in fixing the number of turns

is obtained by allowing 1200 circular mils per ampere in

the winding. The proper sized wire has already been found

and so the cross-ssection in circular mils is known. Suppose
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it was 2400 circular mils; this wire could safely carry

2 amperes so that if 3000 ampere-turns were required

per pole the proper number of turns = 3000/2 = 1500 per

coil. The figure 1200 circular mils per ampere, is good
only for field coils where the wires are packed tightly

together and the heat cannot easily escape. In armature
windings, where the ventilation is better, it is customary
to allow 750 circular mils per ampere, and if the wire were
stretched in the open, probably 200-300 circular mils would
be a sufficient allowance.

Construction of Field Coils. The kind of wire to be

used in making a field coil and the method of winding it

depends upon the machine for which it is to serve. For
small machines double cotton covered wire or enamel

covered wire is wound on a properly shaped wooden form.

It is then taken off and taped, and then dried and impreg-

nated with some insulating compound. When cold the

coil is ready for assembly on the machine.

For practically all revolving fields, copper ribbon is

used. This is wound on the spool edgewise. Onl}^ one

layer of winding is used so that each turn has an edge

exposed to the outside air. This construction serves to

more readily cool the winding, and, therefore, less than

1200 circular mils per ampere is required for ribbon wound
coils. Another reason for using ribbon, w^ound edgewise,

on revolving fields is that a field coil must be mechanically

strong to stand the centrifugal force exerted on its outer

edge (where it comes in contact with the pole shoe) when

the field is revolving. The ribbon wound coil stands

this strain easily even on very high speed machines while

a wire wound coil might possibly crush under the excessive

pressure due to centrifugal force.

The copper ribbon used for these field coils is insulated

by attaching a strip of paper on one side only, this being

sufficient to keep the adjacent turns from touching one

another. The outside edge has on it no insulation at all,
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hence the heat generated in the ribbon can readily escape

to the air. In Fig. 36 is shown a view of a wire wound

Tig. 36.—Wire-wound Field Coil. General Electric Co.

field coil and Fig. 37 shows a ribbon wound field coil; the

ribbon has been allowed to uncoil partially so that the

method of winding may be apparent.

Fia. 37.—Ribbon-wound Field Coil. General Electric Co.

18. Armature Windmgs. The question of armature wind-

mgs is a very broad one and we can give here only an
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elementary outline and analysis of some of the various

forms employed in different c-c. generators. By the

term " armature winding " is meant the group of con-

ductors placed on the armature core, which revolve with it

and cut the magnetic field. The different ways in which

these conductors may be placed on the armature core and

interconnected, leads to innumerable winding schemes.

The armatures of motors and generators are wound in

exactly the same way; the same factors have to be kept

in mind no matter whether the armature is to be used

for one purpose or the other. We shall speak of the dif-

ferent windings as generator windings but they serve just

as well for a motor armature.

Classification of Armature Windings. The armature

windings for alternating current generators are quite

different from those intended for a c-c. generator; we

shall consider here only the c-c. windings, the first two

general divisions of which are the ring winding and the

driun winding.

Ring Winding. In the ring winding the coils are wound
around the armature in such a way that half of the coil

is on the inside of the armature core. This may be seen

by reference to Fig. 38, which shows the armature of an

early type of generator. The winding of these armatures

is not as easy as the winding of a drum armature but a

more important objection is the amount of " dead wire "

on the armature.

Disadvantage of the Ring Winding. The conductors

on the inside of the core do not cut any flux as the arma-

ture revolves and hence they can generate no e.m.f. This

extra wire is detrimental to the machine not only because

of the extra cost for wire but because the resistance of the

armature winding is much larger than it should be; this

high resistance means high PR and a high heat loss in the

generator. As a result the efficiency is lowered.

The ring winding is used very little at present and we
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shall not discuss it further except in connection with the

Thomson-Houston arc generator which illustrates another

type of winding.

The drum winding is not easy to show by a diagram

however and so we shall, in analyzing the action of a drum
winding, often picture the drum winding as a ring winding.

The ring winding is easier to represent and the deductions

we make regarding its action apply equally well to the drum

winding.

FiQ. 38.—^View of a Ring-wound Armature (Early Type). Crocker-

Wheeler Co.

Drum Winding. The drum winding is distinguished

by the fact that all of the armature conductors are on the

outside surface of the armature core; the coils do not thread

through the inside of the armature as they do in the ring

winding. The drum winding does not contain as much

inactive wire, therefore, as the ring winding, also the opera-

tion of winding the armature, is much more easily accom-

plished with the drum than with the ring type. These

are two of the advantages which make the drum winding

so universally used. A typical drum wound armature

is shown in Fig. 39. This illustrates a medium sized drum
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wound armature; it may be seen that all of the winding
is placed on the periphery of the armature.

Fig. 39.—View of a Drum-wound Armature. Westinghouse Elcc.

and Mfg. Co.

The next distinction to be made is between the open
and the closed winding. In Fig. 40 are shown two ring

Fig. 40.—Open-circuit and Closed-circuit Windings.

wound armatures; (a) represents the winding of a Thom-
son-Houston arc light generator, which was once used very
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exteiisfvely for arc lighting. The armature had three

coils only, and these coils were connected to each other

and to the commutator as shown in the figure. This is

called an open circuit winding in contrast to (6), which
shows an eight-coil, ring armature with all of the eight

coils connected in series with each other, forming by them-

selves a closed circuit. Such is called a closed circuit

winding. The winding shown in (a) quite evidently does not

form by itself a closed circuit, in fact as the armature revolves

each coil is entirely out of the circuit twice per revolution.

Wave and Lap Windings. The next classification is

made according to the number of paths by which current

can flow through the armature winding to the external

circuit. In one type of winding, called the two circuit

or wave winding, there are two paths through the armature

no matter how many poles the generator may have. This

type of winding is used principally for railway motors;

it is seldom used for generators designed for lighting, power

purposes, etc.

In another type of winding there are as many paths

through the armature winding as there are poles on the

generator; this is called the multiple circuit or lap winding.

By far the greatest percentage of machines are equipped

with this type of winding.

From this classification we see that the most important

type of winding for c-c. armatures is the closed circuit,

drum, multiple path winding and we shall later give two

or three examples of this type. When the generator is

bipolar, the lap winding and the wave winding have the

same number of paths, namely, two. Two paths is the

smallest number which can be obtained with a closed cir-

cuit winding.

In discussing armature windings we shall call any con-

ductor in which an e.m.f. is induced an inductor; the rest

of the conductors making up the winding we shall call

simply conductors. The wires on the outer side of the coil
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of a ring winding are inductors, because when the armature
rotates these wires move through the magnetic field and an
e.mi . is induced in them. Those wireswhich are on the inside

of the armature core and on the ends are merely conductors.

Superiority of Multiple Circuit Winding for Generators.

One reason why the multiple circuit winding is used so much
more than the two circuit winding will appear when we
consider the voltage generated by a given number of arma-
ture inductors, first when connected so as to give a two path

winding and then when they are connected to give a multi-

ple path winding.

Suppose we have a 12-pole generator having 1500 active

inductors on the armature altogether. The voltage gen-

erated per inductor might be 2 volts. If these inductors

were arranged in a wave winding all of them would have

to be used in only two paths, so that there would be 750

inductors in series in each' path. The voltage generated

per path would be 1500 and this would be the voltage of

the machine. Now this would be much too high for an

ordinary c-c. generator, as the highest voltage ordinarily

used in c-c. service is 600, which is the voltage of an ordinary

railway system.

Suppose now that the inductors were arranged in a

multiple circuit winding; as the machine has 12 poles there

would be 12 paths in the winding and therefore the number

of inductors in series per path would be 125. The voltage

per path, which is the same as the voltage of the generator,

would be 250 which would be right for a lighting generator.

A machine of the size we have in mind could not use a

fewer number of inductors than 1500 because in that case

the inductors would have to be of such large cross-section

that they could not be bent readily and therefore the opera-

tion of winding the armature would be too difficult. Of

course the two windings would have the same capacity

in kw. ; the multiple path winding which generates one-sixth

as much'e.m.f. as the wave winding could carry six times
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as much current, making the output of the two windings

the same.*

Fig. 41.—Six-path Ring Winding.

The six path ring winding shown in Fig. 41 shows how

the six paths are formed in a multiple path winding; also

* The wave winding has, however, a certain advantage, and most
motors are wave wound. If the bearings of a machine become worn,

letting the armature down so that it is eccentric with respect to the

pole pieces, the flux from the lower poles into the armature becomes

greater than that from the upper poles. If the winding of such an

armature is multiple circuit, such an inequality in flux produces over-

heating and sparking at the commutator; ii the armature is wave
wound no such effect exists. As motors are small compared to genera-

tors, the idea brought out on p. 78 is not important when the machine

in question is a motor; moreover, motors are generally installed in

some corner rnd are rarely inspected for bearing wear, etc. Hence
the preponderance of wave windings for motors,
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how the voltage of the machine is the same as the voltage

generated in one path.

In a bipolar machine the lap and wave windings are

just alike except for the end connections, where the coil

connects to the commutator. The difference between

the two styles really appears only in a multipolar machine.

Examples of Armature Windings. In Fig. 42 is shown a

lap winding of the most elementary form. Twelve inductors

are to be arranged in a closed circuit winding and must he so

connected together that all conductors in series in a path give

an e.m.f. in the same direction in that path; we might state it

differently by saying that in either path there must be no

opposing e.m.fs.

Fig. 42.—Simple Bipolar Drum Winding.

If the two paths in Fig. 42 are followed out it will be

seen that, in going from one brush to the other through

either path ' of the winding, all inductors give an e.m.f.

in the same direction. This winding is made up of six

coils of one turn each; it will be noticed that the commuta-
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tor has as many segments as there are coils on the armature.

This will generally he the case; if a machine has 64 coils

there will ye 64 commutator segments no matter how many
turns there are per coil or how the coils are connected.

The two ends of any one coil connect to adjacent commu-
tator bars in the lap winding. In Fig. 42, for example,

the coil made up of inductors 4 and 9 has its terminals

connected to bars / and a which are adjacent. Suppose

the armature has revolved one-twelfth of a revolution from

the position show^n in Fig. 42, in the direction indicated by
the arrow; the brush A will at that time rest half on

segment a and half on segment /. Hence coil 4-9, the

terminals of which are connected to segments a and /, is

temporarily short circuited by the brush. At the same

time brush B is short-circuiting coil 3-10.

E.m.f. in Short-circuited Coils. If at the time a coil

is short circuited by a brush there is an appreciable e.m.f.

being generated in the coil; a large current will circulate

through the path made up of the coil, the two brush con-

tacts, and part of the brush itself. This short-circuit cur-

rent, as it is called, will produce disastrous sparking at the

brush contact if it is large; hence the brushes must he so placed

on the commutator that the coil which they short circuit occupies

such a position in the magnetic field that there is no e.m.f,

induced in it while it is short circuited.* Evidently the

position of the brushes shown in Fig. 42 satisfies the require-

ment because at the time a coil is short circuited the induct-

ors are moving in the interpolar space, where the flux is

practically zero.

In Fig. 43 is shown a four-pole machine having 24 induct-

ors on a lap wound armature. There are therefore four

paths and four brushes required. (In these figures of arma-

ture windings the brushes are shown on the inside of the

commutator for clearness only. Of course they really

bear on the outside surface.) There is one turn per coil

* This statement will be qualified later when discussing commutation.
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and so twelve coils; the commutator has twelve segments.

The position of the brushes satisfies the rule previously given.

Fig. 44 shows a four-pole wave winding, there being 22

inductors and only two brushes and two paths. The
method of connecting the different inductors together

gives the wave winding. Instead of going from 9 to 12 and

Back connections dotted lines
Front conneotions full lines

Fig. 43.—Simple Lap Winding for Four-pole Machine.

then back to 7, as in the lap winding of Fig. 42, this wave
winding continually goes forward, i.e., from 9 to 14 and
then to 19. If the winding were spread out on a flat sur-

face it would have a wave appearance.

The ends of a coil are connected to two commutator
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bars spaced by an angle slightly less or greater than the

angle occupied by a pair of poles.

Commercial Windings. None of the windings given so

far represents actual practice. In a slotted armature there

are always at least two inductors per slot and these induct-

ors are not parts of the same coil; they form sides of two

Back connections dotted lines
Front connections fulllines

Fig. 44.—Simple Wave Winding for Four-pole Machine.

different coils and the winding may be said to be a two

coil sides per slot winding or a one coil per slot winding. This

is the usual form of winding, using as many coils as there

are slots and therefore as many commutator bars as there

are slots. In each slot there are two coil sides.
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Such a winding is shown in Fig. 45. A four-pole

machine having 24 slots and one turn per coil is shown.

It is evidently a lap winding as one coil '^ laps over " its

neighbor. The proper position for the brushes is fixed by
locating a coil in which no e.m.f. is generated and then

placing one brush on the two adjacent segments to which

Fig. 45.—^A Typical Lap Winding, having Two Coil Sides per Slot.

the coil ends are attached. The other three brushes are

located symmetrically with respect to this one.

Pitch. The term pitch is frequently used in connection

with armature winding. The pitch of a coil is measured

by the number of inductors between coil sides. The pitch

so determined is usually called the back pitch; the front
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pitch is formed by counting the number of inductors between

the two connected to the same commutator bar. In Fig. 43

for example, the front pitch is three and the back pitch

is five. In Fig. 44 the front pitch and back pitch are both

equal to five. The average pitch of any winding should

be about the same as the number of inductors between

centers of consecutive poles. If this is not the case, there

will very likely be some inductors in every path which

generate an e.m.f. opposite to that generated by the rest

of the inductors in the path. While this is a disadvantage

there is an advantage gained by having short end connec-

tions when the pit^ch is less than the distance between

poles and so this fractional pitch, as it is called, is generally

used. If the number of inductors between the centers of

consecutive poles is 12, a suitable average pitch would

be 10, the front pitch being 11 and the back pitch 9.'

Developed wiridings. Instead of representing an arma-

ture winding as we have done in Figs. 42-45 a so-called

developed winding may be given. In such a diagram the

winding of the armature is represented in a plane surface,

just as though the winding had been peeled off from the

armature and laid on a' flat surface; the poles are repre-

sented in their proper positions and the commutator is

shown in developed form also. The winding of Fig. 44 is

shown in developed form in Fig. 46.

Current Capacity of a Winding. The current capacity

of an armature is fixed by the safe allowable rise in temper-

ature, just as the safe current for a field coil was fixed.

The armature is much better ventilated than the field

coils, however, because the fan action of the armature

comes into play as it revolves. It has been found that the

safe current density allowable in armature conductors

is reached by providing between 600 and 900 circular mils

cross-section of conductor per ampere, the lower figure

to be taken for the machine having the better ventila-

tion. If an armature winding is made up of four paths and
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the conductor comprising each path is No. 10 B. & S. wire

the safe current capacity per path is between 11.1 amperes

and 16.7 amperes—say 14 amperes. As there are four

paths in parallel on the armature and as each path can safely

carry 14 amperes, the armature may safely furnish 56 amperes

to the external circuit. If the same sized wire was used for

a wave winding, in which there would be only two paths,

the safe capacity of the armature would be 28 amperes.

Formed Coils. So far we have said nothing about the

actual process of winding the armature. The older machines

Commutator

E

Fig. 46.—A Developed View of a Wave Winding.

were all hand-wound but practically all modern machines

are wound with formed coils. Suppose that an armature

is to be wound with a coil pitch (i.e., back pitch) of 10 slots

in a certain armature, and that there are to be six turns

per coil. Instead of actually winding six turns of suitably

insulated wire in the proper slots (hand winding) the wire

may first be wound upon a wooden form, shaped in such a

fashion that when the formed coil is taken off this wooden

form it is of the right shape and size to be slipped, com-

plete, into the proper slots.
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Formed coils for use on c-c. machines are shown in Figs.

47 and 48. The ends of the coils are so bent that the

neighboring coils fit snugly against one another when they

are assembled on the armature core.

Fig. 47.—Typical Coils Used for a Lap Winding. Allis-Chalmers Co.

In Fig. 47 the front connections of a coil are so formed

that they lie close together, such a coil is used for a lap

winding in which the two ends connect generally to adjacent

commutator bars. The front connections of the coils

shown in Fig. 48 are bent widely apart so these coils are

designed for a wave winding.
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Insulation of Armature Windings. After the wire coil

is taken from the wooden form, it is taped tightly with

insulating tape, the ends are cut to the proper length for

connecting to the commutator and are properly bent so

that when placed on the armature the front pitch will be

Fig. 48.—Typical Coils Used for a Wave Winding. Note the form of

the front connections, as contrasted to those of the coils shown
in Fig. 47. AUis-Chalmers Co.

the desired amount. The amount of insulation put on these

formed coils before they are ready for use on the armature

depends upon the voltage for which the winding is designed.

In a high voltage machine several layers of cotton tape

and oiled cambric are bound tightly around the coil and
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then the coil is impregnated, by the vacuum process, with

some good insulating compound.

Fig. 49 shows several sets of such coils after they have

been taken from the impregnating tank' some impregnated

Fig. 50.—Small Armature Partially Wound with Formed Coils. Fish

board insulation placed in slots before coil is pushed in. Crocker-

Wheeler Co.

field coils may be seen also. Fig. 50 shows an armature

core which is partially wound with these formed coils.

In Fig. 50 can also be seen the method of preparing the

slots before the coil is forced into place. A sheet of

tough paper (fiber or fish-board) is bent into the form of a
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trouoh ami pushed into the slot and the formed coil is

pushed and hammered down into the slot inside this paper

trough. This insulating trough extends beyond the ends

of the armature core so that as the formed coil is hammered

into place there may be no risk of sharp edges on the iron

core cutting through the insulation of the coil and so

grounding it on the armature core.

Shape of Conductor. In small machines the armature

conductor is generally a round wire, which can easily be

Fig. 51.—insulation in Slot of a Bar-wound Armature. AUis-Chalmers

Co.

bent and shaped in sizes up to about No. 4. B. & S If

it is necessary to use larger cross-section than No. 4, several

smaller wires may be used in parallel. When the cross-

section necessary is larger than that of a No. 4 wire,

a specially shaped conductor would probably be used. A
round wire does not use the space in a slot very economi-

cally and so a rectangular shaped conductor is generally

used on large machines. Fig. 51 shows a cross-section

through the slot of a high voltage machine showing how
such copper bars fit into a slo.t, with the insulation around
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them, and a wooden wedge fitting tightly into grooves

in the sides of the slot near the top, which serves to

hold the winding in place and prevent it thrawing out

as the armature revolves. On small machines no wooden
wedge is used; after the coil sides have been hammered
snugly into place, a strip of stilf, insulating material is

slipped into the top of the slot and then binding wires

are wound around the armature periphery. Several bands

Fig. 52.—Showing Binding Wires, Around a Completed Armature.

Ventilating dacts may be seen also. Crocker-Wheeler Co.

of such binding wire are generally used, as shown by Fig.

52, which represents the armature of a small c-c. generator.

As the coils are being placed on the armature each end

is made fast to its proper commutator bar and, when all

the coils have been put in the slots, the end connections

are hammered snugly into their proper places. They are

then soldered to the commutator bars and the armature is

completed.



CHAPTER III

THE CONTINUOUS CURRENT GENERATOR

19. E.M.F. of a C-C. Generator. In calculating the

voltage generated l)y any machine we start from the funda-

mental rule that if a conductor cuts a magnetic field at the

rate of 10^ lines per second it generates one volt of e.m.f.

Therefore, to find the e.m.f. generated by any machine

Fig. 53.—Possible Field Distribution in the Air Gap.

it is only necessary to calculate how much flux the armature

winding cuts per second. First, a single coil armature

will be considered and then the more compUcated windings

will be taken up.

E.M.F. form for an Elementary Generator. Suppose a

ring-wound armature with only one coil, the two ends of the

coil being connected to two slip rings, as in Fig. 53. These

rings are represented one inside the other; really they would

93
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be of the same size and would be placed side by side on the

armature shaft. As the coil moves from ^ to 5 it is

cutting the magnetic field and, as the field is supposed to

be of uniform density under the pole face, the e.m.f.

generated will be constant during this time. In moving

from B to C no flux is cut, hence no e.m.f. is generated.

From C to D the coil is again cutting flux, but now the

e.m.f. will be in the opposite direction as compared to the

e.m.f. when the coil was moving from A to B, because

the flux is in the same direction as it was before, but the

motion is in the opposite direction. Then, as the coil

moves from D to A, no e.m.f. is generated.

f^T 37r /Itt

Fig. 54.—E.M.F. Wave Form, Without Commutator.

If the e.m.f. wave be represented by using the position

of the coil for the X axis and the magnitude of the generated

e.m.f. for the Y axis, a curve will be obtained, such as is

shown in Fig. 54. Calling the position zero when the coil

is at A, it is evident that when the coil has revolved 180°

the negative part of the e.m.f. begins; and, of course, when
the coil has rotated 360° (i.e., back to A) the cycle of events

begins over again.

Such a machine gives, then, an e.m.f. which alternates

in direction once every time the coil moves by a pole and,

if an external circuit were connected to the brushes (a)

and (6), an alternating current of the same shape as the

e.m.f. wave of Fig. 54, would flow in it.
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Action of Commutator. To make the simple machine

of Fig. 53 give a current which, in the external circuit, is

uni-directional, it is necessary to connect the ends of the

coil to the two segments of a two-part commutator and

27r 3Jr iTT

Time

Fig, 55.—E.M.F. Wave Form, With Commutator.

to so place the brushes on the commutator (diametrically

opposite to one another) that, at the same time that the

e.m.f. of the coil reverses the connection of the coil to the external

circuit reverses. When this is done a pulsating, uni-direc

Fig. 56.—Connections and Brush Position for One-coil Armature.

tional current as shown in Fig. 55 flows in the external

circuit.

The commutator and proper position of the brushes

to give such a current in the external circuit are shown in

Fig. 56, where the brushes are shown inside the commu-
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tator for clearness of representation. They really bear
on the outside surface of the commutator.

A single coil does not form a closed winding and would
never be used. If another coil is wound on the armature in

the same direction as the first, and if the coils are con-

nected as in Fig. 57, we have a two-coil, closed circuit

winding. The direction of the induced e.m.f. is marked on
both coils by arrows and it is seen that the e.m.f. of both
coils acts in the same direction as far as the outside circuit

is concerned, but that the two e.m.fs. oppose one another
in the local circuit made up of the two coils only. In this

Fig. 57.—Two-coil Armature and two-part Commutator.

two-circuit winding the e.m.f. of the generator is evidently the

same as the e.m.f. per path, hut the current capacity of the

machine is equal to twice the current capacity per path. The
e.m.f. wave form of the armature shown in Fig. 57 would

be exactly the same as that shown in Fig. 55, which was

for a single coil armature.

Necessity of Many Coils. The e.m.f. wave of Fig. 55

is not suited for ordinary purposes of lighting, running

motors, etc. A uniform, non-pulsating e.m.f. is desired

and this is the purpose of making an armature with many
coils and many commutator bars. Consider a four-coil,

closed circuit armature with a four-part commutator,
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connected as shown in Fig. 53. As the armature revolves

it is evident that every coil will generate a wave of e.m.f.

of the same shape and magnitude as that of any other coil

but that these waves will be behind one another, a time

equal to that required for one-quarter of a revolution

of the armature. Moreover the e.m.f. of the machine

is obtained at any time by adding together the e.m.fs.

of the two coils that are in series with each other at that

time in the path considered.

E.M.F, Form of a Four-coil Armature. The e.m.fs.

of the different coils are shown in Fig. 59 (a) the curves

Fig. 58.—Four-coil Armature and Four-part Commutator.

being numbered to correspond with the coils. Thus at

time = coil No. 1 is just moving under the iV pole and
beginning to generate an e.m.f. While it is still generating

voltage, coil No. 2 moves under the same N pole and also

generates an e.m.f. in the same direction as that of coil

No. 1. Then between the brushes these two coils are

acting in series and the line e.m.f. is the sum of these two.

The e.m.f. generated by the other half of the armature

winding is obtained by considering coils No. 3 and No. 4.

It will be found that they give, between the brushes, an

e.m.f. exactly equal to that given by coils No. 1 and No. 2
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and in the same direction with respect to the external circuit.

The Une e.m.f., obtained by adding the coil e.m.fs., is shown
by the broken hne of Fig. 59 (b). It is seen that although

the line e.m.f. is not yet regular, it never goes to zero value

as with the one coil winding (Fig. 55) and that the fluctua-

tion is only 50% of the maximum value.

TT 'Sir27r

( b)

Fig, 59.—Wave Forms for Four-coil Armature.

iTT

E.M.F. Variation in an Ordinary Generator. By con-

sidering in the same way an 8-coil armature with an eight-

part commutator it will be found that, as the number of

coils is increased, the pulsation in the line e.m.f. continually

decreases, and, on an ordinary commercial machine having

perhaps 20 coils between brushes, the variation is scarcely

perceptible and can only be detected by some sensitive

instrument like the telephone. Besides getting smaller

in magnitude as the number of coils is increased the fluctua-
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tions of e.m.f. also increase in rapidity until on commercial

generators they are in the neighborhood of 1000 or more
per second.

We see, then, that a multiple-coil armature, equipped

with a multiple-part commutator, will produce a uni-direc-

tional line e.m.f- of practically constant magnitude; the

machine is therefore called a continuous current or direct-

current generator. The e.m.f. in the individual coils is

alternating in direction; the commutator cannot change

this, but it does so change the connection of the coil to the

line that what is, in the coil, an alternating e.m.f. becomes

uni-directional on the line.

Method for Calculating the E.M.F. of a Generator. In

determining the e.m.f. of a generator it is only necessary

to calculate at what rate flux is being cut by all the con-

ductors connected in series in one path of the winding.

We shall use the term active inductors to indicate those

conductors on the armature which are cutting flux at the

time considered. Evidently all the inductors on an arma-

ture are not active because while some of them lie under

the pole face, generating an e.m.f., others must be situated

in the Interpolar space where there is no flux to be cut

and hence they can generate no e.m.f. Generally 60%
to 70% of the inductors of a machine are active.

Also we have to consider the fact that -some of the

active inductors lie in a weaker field than others. The
field may be considered in two parts; that directly under

the pole face where the field has normal density, and that

near the edge of the pole or pole shoe, where the density

of the field is less than normal. This part of the field

is called the pole fringe. To calculate the e.m.f. of the

machine it is necessary to find the voltage generated, (a)

by inductors under the pole face and, (6) by inductors in

the pole fringe, and then add the two voltages so obtained.

Example of E.M.F. Calculation. We will first consider a

bipolar machine wound with 44 coils of 8 turns each of
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No. 13 wire. The total length per turn is 2 feet, of which

1 foot is active. Assume the peripheral speed of the arma-

ture to be 3000 feet per minute, that 60% of the inductors

are active (i.e., lie under the pole face at the same time),

and that the flux density in the air gap is 10,000 lines per

sq.cm., the pole fringe not considered. It is desired to find:

(1) the generated e.m.f.; (2) the safe current capacity;

(3) the armature resistance; (4) the full load terminal

voltage.

The first thing to determine is the active length of inductor

'per path. This must be a two path winding, hence we have

:

Coils per path =22;

Turns per path = 176;

Lengtli of inductor per path = 176X1 = 176 ft.;

As the flux density is given in lines per sq.cm. we will work
in the metric system;

Length of inductor per path = 5370 cm;

Active length of inductor per path

= 5370X60% = 3220 cm;

The velocity of the inductors is 3000 ft. per minute

= 1525 cm. per sec;

Flux density = 10000 lines per sq.cm;

Flux cut per second = 3220X1525X10000

= 491X108 lines.

Hence the generated voltage per path = 491 volts, and

this is the generated e.m.f. of the machine.

A formula which is convenient is calculating the electro-

motive force of a generator is derived as follows

:

Let Z = total number of conductors on armature;

p = number of field poles

;

w = number of parallel paths in armature winding;
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</) = total flux per pole, entering armature;

iV = revolutions per minute of armature.

There are evidently Zjm conductors in series, per path.

Then flux cut by one conductor in one revolution = p</>.

Flux cut per second by one conductor

Average voltage generated by one conductor =

60
*

p<i)N

60X10^'

p(t)N Z
Voltage generated per path = --——^X—

.

60X 10^ m
As the voltage per path is the voltage of the machine

we have the formula:

e.m.f. of generator = o volts. . . (24a)
mXOXlO

Many times the data for a problem is given in such

a way that this formula is more convenient in obtaining

an answer than the method used in the previous problem.

Allowable Current. In a well-ventilated armature it is

safe to allow one ampere per 600 circular mils cross-

section of the armature conductor. As a No. 13 wire is

5178 cir. mils, in section the safe current to allow is about

8.63 amperes per path. As there are two paths in parallel

in this armature, and as each can safely carry 8.63 amperes,

the armature can carry about 17.3 amperes. If we had

supposed a poorly ventilated armature and allowed 900

circular mils per ampere, the safe current w^ould have been

11.6 amperes.

Calculation of Armature Resistance. The resistance of

the armature is obtained by calculating the resistance per

path and then dividing by the number of paths in parallel

in the armature. In the machine above there are in each

path 22 coils of 8 turns each and each turn is 2 feet long.

The length of wire per path is -therefore 352 feet. The
resistance of 352 feet of No. 13 wire (at 50° C.) =0.786 ohms.

786
As there are two paths, the armature resistance is ^ or

0.393 ohms. - v
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Calculation of Terminal Voltage. The full load IR drop

in the windings is therefore

0.393X17.3 = 6.8 volts (say 7 volts).

The drop at the brush contacts (carbon brushes assumed)

= 2 volts. Therefore

the total drop in the armature with full load current

= 7+2-9 volts.

The full-load terminal voltage (voltage at brushes)

= 491 volts (generated) — 9 volts {IR

drop) =482 volts.

Another Problem. Next consider a 12-pole, lap-wound

generator having 240 coils on the armature, 4 turns per coil

each turn consisting of two No. 8 wires in parallel. The

length per turn is 4 feet and the length of inductor per

turn is 20 inches. The armature is 4 feet in diameter and

makes 200 r.p.m. 50% of the inductors lie in a field of 9000

lines per sq.cm. and 20% of them lie in the pole fringe

where the average flux density is 5000 lines per sq.cm.

Find the same quantities as in previous problem.

To calculate the generated e.m.f. the method of precedure

is to find: (1) the length of inductor in the denser field

and calculate the e.m.f. generated by it {A)
; (2) the length

of inductor in the weak field and calculate the e.m.f. gener-

ated by it (B). The sum of (A) and (B) gives the total

generated voltage.

As the machine is lap wound and is 12 pole, there must

be 20 coils per path.

The length of inductor per path

= 20X4X20X2.54 = 4070 cm.;
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The length of inductor in the dense field

= 407 X50% = 2035cm. (A);

The length of inductor in the pole fringe

= 4070X20% = 814 cm. (B);

• u 1 J 4X200X2.54X12XX ^^^^
1 he peripheral speed = — = 1275 cm. /sec.

60

E.m.f. generated by inductors (A)

= 1275X2035X9000X10-8= 233 volts

E.m.f. generated by inductors (B)

= 1275X814X5000X10-8 = 52 volts

Total e.m.f. per path =285 volts

The conductor of which the winding is formed is a double

No. 8 and so has a cross-section of 33,020 circular mils.

Allowing 600 circular mils per ampere gives a capacity

per path of 55 amperes. As there are 12 paths in parallel

and each can carry 55 amperes the whole armature has a
capacity of 12X55 = 660 amperes. The length per turn

is 4 feet, therefore the length per coil is 16 feet. There

are 20 coils in series in one path, therefore the length per

path= 320 ft.

The resistance of 320 ft. of No. 8 wire is (at 50° C.) 0.224 ohm.

The resistance of 320 ft. of double No. 8 is therefore 0.112

ohm.

Hence the armature resistance is 0.112/12 = .00934 ohm;

Full load IR drop = 660 X.00934= 6. 16 volts.

Allowing 2 volts for the drop at the brush contacts gives a

full load IR drop in the armature of about 8 volts, so that

the full load terminal voltage = 285— 8 = 277 volts.

In these two sample problems the data was not taken

from actual machines. The voltages obtained are not

those of commercial machines. Certain voltages have been
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more or less standardized, by usage, for certain classes of

service. The voltages ordinarily used are 125 and 2^0

volts for lighting generators, and for railway generators

550-600 volts. Very special machines may be built for

voltages as high as 10,000 volts, but these are seldom used.

Generators intended for electroplating are generally built

for 10 volts or less.

20. Field Excitation. The field coils of a dynamo-
electric machine may be supplied with current from the

armature of the machine itself in which case it is called a

self-excited machine, or the power for the field coils may
be furnished from some other electric circuit, in which case

the machine is said to be separately excited. In general

we may say that all c-c. machines use self-excitation while

practically all alternating current generators have to be

separately excited.

The field current of any generator, whether c-c. or

a-c, must be continuous; the poles must be continuously

excited in the same direction. Now the e.m.f. of an a-c.

generator alternates in direction so that evidently the field

current of such a machine could not come from its arma-

ture. A small c-c. generator, called an exciter, is usually

employed to furnish the field current of an a-c. generator.

Different Field Windings. As was pointed out in the

last chapter the required number of ampere-turns may be

supplied by using a large number of turns and a small

current, or a few turns with a large current. The field

winding may be connected in parallel with the armature

of the machine; the coils are then wound with many turns

of comparatively fine wire, possibly as large as No. 14

on large machines while small machines might be wound
with No. 20 or smaller. When the field of a c-c. generator

is so connected across the armature terminals, i.e., in

shunt, or parallel, with the external circuit the machine

is said to have shunt-exdtation, and the winding is called

a shunt field.

When but a few turns of heavy wire are put in the field
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coils, the field winding is connected in series with the

external circuit and the field is called a series field.

In most c-c. generators the field coil is wound in two

parts. The larger part of the coil is made up of com-

paratively small wire and forms the shunt field, and the

smaller part of the coil is wound of a few turns of large

wire or copper ribbon and forms a series winding for the

generator. Such a generator, having the two kinds of

field coils, is said to be compound wound.

Diagrams of the three kinds of windings are shown in

Fig. 60; (a) being the shunt, (6) the series, and (c) the

compound winding. In the compound winding the shunt

field may be connected directly across the armature as in

(a) ('>) (c)

Fig. 60.—Various Field-circuit Connections; a, Shunt Field; b. Series

Field; c, Compound Field. In c the short-shunt connection is

in full lines; the dotted line shows the change necessary to make
a long-shunt connection.

the full fines of Fig. 60 (c) or it may be connected across

the armature and series field both as shown in the dotted

lines in the same figure. The first connection is called a

short shunt, while the second (the one in dotted lines) is

called a long shunt. A coil for a compound wound gen-

erator is shown in Fig. 61. It is seen that the coil is made
in two parts. The outside coil of few turns is the series

field; it is noticed that the terminals which lead the current

in and out of this coil are heavily constructed so as to

carry safely a large current. The current through a series

coil may be several hundred amperes on a large machine.

Field Rheostats. In series with the shunt field of any
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generator is generally placed a variable resistance (see Fig.

62), made of some high resistance material imbedded in

Fig. 6L—View of a Field Coil for a

Compound Generator. Westing-

house Elec. and Mfg. Co.

Rheostat

Fig. 62.—Connection of

Field Rheostat.

enamel, porcelain, or other heat-resisting body. The amount
of resistance can be varied by a movable shoe (carried on

an arm that rotates)

\\J L/f which makes contact

AxAy VY^ with anyone of many

n^, ^ SlidingrShoeC^^ r>r^ taps on the resist-

J7/^^^^^^
Arm _f^ ance. This adjust-

(^(o) ^'^^ able resistance is

J° ^ called a field rheo-

f'^W^ Oa/N^
stat. A diagram of

6 6
Terminals V7 Q TV the connections of

(Ar^ the movable contact

and the taps of the

Fig. 63.-—Inside Connections of a Field resistance is shown
Rheostat.

in Fig. 63. Figs. 64

and 65 show the external appearance of the rheostat, the

connections of which are given in Fig. 63. The cast-iron

plate serves a mechanical support for the enamel and re-

sistance wire, and also serves to radiate the heat generated

in the resistance wire.

Tapering a Rheostat. The size of wire used in a field

rheostat is ^Hapered"; the wire is much larger on one

end than on the other. If the rheostat is connected in
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series with a shunt field (as in Fig. 62) and the amount
of resistance in the rheostat is varied evidently the cur-

FiG. 64.—Front View of a Field Rheostat. Ward Leonard Co.

rent through the rheostat and field winding will vary.

As the rheostat is '' cut out " (i.e., as its resistance is

lowered) the cur-

rent in the circuit

increases; for this

reason the rheo-

stat wire is made
larger on the first

steps than on the

last steps. The
amount of taper

is generally 2:1,

i.e., the rheostat

can safely carry

twice as much
current on one

end as on the
Fig. 65.—Back View of a Field Rheostat,

other. Ward Leonard Co.
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Rating a Rheostat. A certain field rheostat might be

rated on its name plate: Resistance 35 ohms, maximum
current 8 amperes, minimum current 4 amperes. This

rating signifies that the total resistance of the rheostat is

35 ohms, that it will safely carry 4 amperes through all of

its resistance and that the first step will safely carry 8

amperes. Such a rheostat would be suitable for a field

having 28 ohms resistance connected to a 220-volt source

of supply. When the rheostat was " all in," the current

would be somewhat less than 4 amperes and when only

the last step of the rheostat was connected in the circuit

the current would be about 8 amperes.

Relation of Rheostat to Field Resistance. If this rheostat

was used to regulate the field of a small generator (say

one having 200 ohms resistance in the shunt field) it would

not have much effect. The change in field circuit resistance

from the " all in " position of the rheostat to the '^ all out "

position would be from 235 to 200 ohms and quite probably

this amount of change would not be sufficient. The field

rheostat to be used with any generator must be properly

designed for the field circuit of that generator. A rheostat

suitable for one field will not be at all suitable for another.

Shunting the Series Field. It is impossible to design

the series field of a compound generator with exactly the

right number of turns; these field coils are therefore always
" over-designed.'- By this is meant that the coil is wound
with more turns than are really necessary to give the required

number of series field ampere-turns, when all of the gener-

ator output current is flowing through them.

The action of this series field is weakened by putting

a shunt across the terminals of the series field. This shunt,

generall}^ made of German silver, ribbon-shaped conductor,

serves as a by-pass for part of the load current. The
division of the load current between the series field and the

series field shunt depends upon their relative resistances.

By adjusting the resistance of the shunt the number of
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ampere-turns in the series field (for any given load) may
be changed as desired. After this shunt has once been

adjusted it is not necessary to change it, and so it is not

made adjustable; in this respect, it is different from the

shunt-field rheostat.

21. Commutation. The function of the commutator and

its construction have been taken up in previous paragraphs,

and mention has been made of the fact that there may be

sparking at the contact surface of the brush and com-

mutator. The reasons for this sparking will now be given,

the superiority of the carbon brush over the copper brush

will be shown, and the purpose of the commutating poles

will be discussed.

The direction of the current through any coil is 'reversed

as the commutator bars, to which the coil ends are attached,

move under the brush. This must be so because before

the coil reaches the brush as at (A) Fig. 66 the current is

in one direction and when the coil is at {B) the current

is in the opposite direction in the coil. This reversal of

current takes place just as the coil is short-circuited by the

brush (C) Fig. 66. The reversing of the direction of cur-

rent in the coil as the coil moves under the brush is called

commutation. If this reversal takes place with no visible

sparking at the brush contact, the machine is said to have

sparkless commutation.

Effect of Self-induction on Commutation. The time in

which this reversal of current has to take place is very short

so that the rate of change of current as the coil is commutated

is very high, especially when the machine is carrying much
load. As the coil possesses self-induction this rapid reversal

of current sets up an e.m.f. of self-induction which tends to

maintain the current in its original direction. When this

e.m.f. of self-induction is high it is almost impossible to

obtain sparkless commutation and because of this fact

armature coils must be made with low self-induction.

The low coefficient of self-induction is obtained by winding
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but few turns per coil and by placing the coil in an open or

semi-closed slot. An armature wound in closed slots

would not commutate well at all because of the high self-

induction of its coils.

Rate of Current Change During Commutation. The

time during which the coil is short circuited is easily

calculated. Suppose a commutator having 90 segments

is making 1800 r.p.m. and that the brush has a width

equal to two commutator bars. Any two adjacent bars

have a coil connected between them so that the coil is

Fig. 66.

—

C Represents Position of Coil being Commutated.

short circuited during the time required for the mica insula-

tion between the two bars to move the width of the brush

contact.

In the above case this is equal to 2/90 X GO/ 1800 =
1/1350 of a second. If the armature is carrying 10 amperes

per path the rate of change of the current during commu-
tation is about 27000 amperes/sec. The -e.m.f. of self-

induction is equal to the coefficient of self-induction for

the coil, L, multiplied by the rate of change of current, and

as this latter term is so high, L must necessarily be kept
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low. For a given brush width and commutator speed the

rate of current change during commutation increases directly

with the current the armature is carrying. This rate is very

large on big machines and therefore the coefficient of self-

induction must be kept correspondingly low. It will be

noticed that on large armatures the coils have very few

turns; sometimes only one turn per coil is used.

Methods for Getting Sparkless Commutation. As the

coil moves under the brush the variation of the contact

resistance between the brush and the two segments to which

the coil is attached tends to make the current in the coil

reverse. In low voltage, slow-speed machines this effect is

great enough to produce sparkless commutation and it is

unnecessary to introduce into the short circuited coil an

e.m.f. to overcome that of self-induction. Commutation
which depends only upon this resistance effect to eliminate

sparking is sometimes called resistance commutation. If

some means is employed to generate in the short circuited

coil an e.m.f. equal and opposite to that of self-induction,

the machine is said to have e.m.f. commutation. Of course,

even if a machine employs e.m.f. commutation, the resist-

ance effect is also present, helping the e.m.f. effect.

Resistance Commutation. The idea of resistance com-

mutation may be understood by studying the variation

of the contact resistance as the commutator bars move
under a brush. Consider only a few coils of the armature

shown in Fig. 66; the coil undergoing commutation and a

few on each side of it are shown in Fig. 67, where B
is the coil about to be commutated. Actually the coil

B moves and the brush is stationary; in the diagram we
have shown the brush as moving backward on the com-

mutator and the coil as stationary because it is easier to

represent the relative motion of the two in this way. The
brush marked (1) gives the first position of the brush, that

marked (2) the second position we wish to consider, etc.

Position (1) shows coil B before it begins to be com-
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mutated, when all the current flowing through the left

side of the armature has to go through coil B and lead c

to reach the brush and so the external circuit. When the

brush is in position 2, this current has two paths by which

to reach the external circuit; through coil B and lead c

as before or else not through coil B at all but directly through

the lead h. The division of the current between these

two paths depends upon their relative resistances and
practically all the resistance of either path is in the brush

contact. Now as the brush moves from position (2) to

Fig. 67. Backward Motion of Brush Corresponds to Forward Motion

of Armature.

position (3) it is seen that the brush contact area diminishes

for one path and increases for the other. The original

path through coil B and lead c contains the brush contact

whose area is continually diminishing. But if the area is

diminishing the resistance is increasing in this path; at the

same time the resistance of the second path (directly

through lead h and not through coil B) is decreasing.

Therefore, during the time the coil is short circuited this

variation of brush contact resistance tends to stop the flow

of current through coil B.

We shall now see how the current is started through

B in the other direction by the same effect.
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Fig. 68 shows the developed winding and commutator

and also indicates the position of the field poles. Three

positions of the brush are shown corresponding to three

positions of the armature; the brush is shown as moving

backward, having position No. 1 at an earlier time than

position 2, etc. In position 1 the current from the right-

hand part of the winding gets to the outside circuit through

lead d and segment g. In position 2 this current has two

paths of about the same resistance through d and g as

before or through coil B lead h and segment /. Whatever

N

ABC
Armature colls

Connecting leads

\ Commutator

Fig. 68.—Showing Possible Paths for Currents from Coils to Brush.

current does take this latter path will evidently oppose

the current which has previously been flowing in B. So

that the actual current through B may be considered as

the difference between the current coming from A and that

coming from C.

With the brush in position 3 it is seen that the resist-

ance of the path through segment g is very high, as the

area of brush contact on this segment is very small.

Hence in this position most of the current from the right

side of the armature winding comes through leads d and c,

through coil B, and then through h and / to the brush.

Hence we see that at the same time that the variation of
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brush contact resistance is tending to stop the original cur-

rent through B it is tending to build up an equal current in

the opposite direction.

Current During Commutation. If this resistance com-
mutation is to work successfully the current through B
must have reversed and built up to the same value of cur-

rent as that flowing in coil C, before segment g leaves the

brush. If this condition is not satisfied, there will be more
or less sparking. The variation of current in coil B as

Fig. 69.—Possible Variation of Current During Commutation.

it is being commutated, may be well shown by a curve,

as in Fig. 69. If the current is 10 amperes in each side

of the armature and the time during which the coil is short

circuited is .001 second, and if the current in B completely

reverses during this time, the current curve has the form

shown by the full lines in Fig. 69.

Now suppose that the effect of varying the brush con-

tact resistance is not great enough to reverse completely

the current in B during .001 second. The current curve
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then might have the form shown by the dotted curve of

Fig. 69. In this case at the time when segment g leaves

the brush the current B is only 2 amperes (negative); it

should be 10 amperes (negative). But if the current

fiOwing in the right-hand part of the armature cannot

reach the external circuit through segment g it must go

through coil B, and this means that at the instant the brush

and segment g separate the current in B must suddenly

change from 2 amperes to 10 amperes. The rate of change

of current in B is very large at this instant and so a large

counter e.m.f. of self-induction is set up in B.

Brush

Fig. 70.—Place where Spark Appears.

Cause of Sparking. The current from C has then two

possible paths; it may force its way through B against

the high counter e.m.f. of B or it may form an arc over the

mica insulation and get to the brush without going through

coil B. This condition is indicated in Fig. 70. The forma-

tion of this small arc depends upon the high counter e.m.f.

of coil B and this in turn depends upon the rapid change in

current through B when segment g leaves the brush. This

rapid change of current is necessary because during the time

of short circuit the resistance variation has not been

sufficient to reverse completely the current in B (dotted

line, Fig. 69).
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Condition for Sparkless Commutation. If the current

in B was completely reversed during the short circuit

interval (as in the full line of Fig. 69) there would be no

change of current in B, as segment g left the brush and

hence no counter e.m.f. of self-induction to overcome.

In this case there would be no tendency of the current

from C to arc over the commutator, as segment g left the

brush and there would be no sparking. In fact, com-

mutation is always sparkless when the current in the coil

notation

Fig. 71.—Use of Pole Fringe for e.m.f. Commutation.

undergoing commutation is completely reversed during the

time the coil is short circuited by the brush.

E.M.F. Commutation. E.m.f. commutation is used on

nearly all modern machines. With high commutator

speeds the resistance variation is never sufficient to reverse

completely the current in the coil short circuited, so an

e.m.f. is induced in the coil while it is short circuited in

such a direction that it assists the current to reverse. This

e.m.f, may be induced by the pole fringe or by separate
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poles intended especially for this purpose called com-
mutating poles. If the pole fringe is employed the brushes

are advanced on the commutator so that the short circuited

coil lies in the edge of the magnetic field under the leading

pole tips, as shown in Fig. 71. (In case the machine is a

motor and not a generator this brush shift must be backward,

not forward, as in Fig. 71.)

20 Ampg. a

f\N:x ^^
i

D \\ \ \'G

10 Amps.

Time .00 .003

10 Amps.

\ k_ 20 Amps.
\ 1

^ Short Circuit \
|

Period ^^^'

Fig. 72.—Current During Commutation as Load is Changed.

Current Form in Short-circuited Coil. The current in

the coil during short circuit will now be the resultant of

the decaj ing current, shown in Fig. 69, and the current

produced in the short-circuited coil by the e.m.f. induced

in it by the pole fringe. It is supposed that resistance

commutation is not sufficient and that the current in B
at the end of the short-circuit period is shown by A, Fig. 72,

whereas it should be at B. The current produced in the

short-circuited coil by the induced e.mf. is shown by the
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line DE and the total current in the short-circuit coil is the

sum of the currents CA and DE, shown by CFB. This is

evidently the current required for sparkless commutation.

If the load on the machine changes so that the current

per path is 20 amperes instead of 10 amperes, the e.m.f.

required for sparkless commutation is much greater than

before. If the short-circuited coil still lies in the same

field strength as before, the current in B during short

circuit follows the curve C'G. The resistance variation, as

explained above, gives the current CA' and the addition

of the short-circuit current, DE (the same as before because

the e.m.f. producing it is the same) gives the current C'G.

At the end of the short-circuit period the current in coil B
should be at B' (negative), and it really is at G (positive).

Necessity of Shifting the Brushes with Load Variation.

If the brush is advanced more, so that coil 5 is in a denser

field than before, a greater e.m.f. is induced in it while

it is short circuited and the short-circuit current becomes

DE'. Now DE' added to C'A' gives the current C'F'B',

which is just right for sparkless commutation. Hence by
means of brush shifting, sparkless commutation may be

obtained but the amount of shift required varies with the

load so that if brush shifting is used the operator has to

change the position of the brushes (by moving the brush-

holder yoke) as the load changes. The amount of brush

shift necessary depends upon the design of the machine.

A modern well-designed machine operates fairly well with

no brush shift at all. The brushes are placed somewhere

between the proper no load position and proper full load

position and are left there no matter what the load may be.

Use of Commutating Poles. When commutating poles

are used, brush shifting is unnecessary. Small poles,

wound with a series winding, are placed midway between

the main poles and the flux produced by them acts in the

same way as does the pole fringe just discussed. The
brushes short circuit the coils lying directly under the
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commutating pole and are left fixed in this position; the

brushes on a commutating pole machine must never be

shifted after correct adjustment has once been made.

As these poles are equipped with a series winding (shown

in Fig. 73) the strength of field 'produced by them (and hence

the magnitude of the e.m.f. induced in the short circuited

coil) is proportional to the load; the magnitude of the short

circuit current will then be proportional to the load and it

C-, D., Main Poles

A., B,, Coinimitating Poles

Fig. 73.—Position and Connection of Commutating Poles.

was shown in the discussion of Fig. 72 that this was the

necessary condition for maintaining "black" commutation

as the load varies. The use of commutating poles (sometimes

called interpoles) has become almost universal on c-c.

motors and generators, especially on variable speed motors

in which the speed variation is obtained by field weakening.

Without the use of commutating poles the variable speed

motors could not be built to operate satisfactorily.

The field frame of a machine equipped with com-

mutating poles is shown in Fig. 13. The armature has been
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removed to permit a clear view of the field construction.

The commutating poles are made very narrow; generally

they reach over only two teeth (and the included slot) of

the armature core.

22. Armature Reaction. When the armature of a

dynamo electric machine is carrying current, the armature

acts like an electro-magnet and tends to distort the mag-

netic field produced by the field coils. This action of the

armature windings is called armattire reaction. This

action may be a distorting one only, in which case the mag-

netic field of the machine is not directly strengthened or

weakened by the armature reaction, but is merely twisted

Fig. 74.—Magnetic Field Produced by Field Coils Alone.

out of its normal path. In other cases the armature m.m.f.

may not only distort the main field but may either magnetize

(strengthen) it or demagnetize (weaken) it.

Armature Reaction Components, The distorting action

is called the cross magnetizing action of the armature and

that component of the armature's m.m.f. which directly

strengthens or weakens the main field is called its magnet-

izing or demagnetizing action, as the case may be. This

effect of the armature windings is shown by figures 74,

75 and 76. Fig. 74 shows the field produced by the main

field coils, called the main field; Fig. 75 shows the field

produced by the armature windings when they are carry-
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ing current. In this figure a minus sign in the conductor

cross-section signifies that the current is away from the

observer, and those conductors with a plus sign are carry-

ing current toward the observer. The main field is sup-

posed absent in tliis figure.

That the armature winding does give a field as shown in

Fig. 75 may be seen by supposing conductors 1 and 2 to

form one : uri\ of a solenoid; conductors 40 and 3 to form

another turn, etc. Thus, each conductor may be imagined

as connected with one on the opposite side of the armature

and the turns so formed all give an m.m.f. in the direction

shown by the field in Fig. 75.

Fig. 75.—Magnetic Field Produced by Armature Coils alone.

Distortion of Field hy Armature M.M.F, In Fig. 76 is

shown the field produced by the resultant m.m.f.; this

resultant m.m.f. is obtained by combining vectorially that

of the main field with that of the armature. In combining

quantities vectorially the quantities are represented by
lines drawn from a point in the directions of the quantities

and of a length proportional to their value. The diagonal

of the parallelogram drawn on these two lines as adjacent

sides thus represents the resultant effect of the two.

If the machine is a generator, the main field is twisted

in the direction of rotation of the armature as shown in Fig,
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76; in case the machine is a motor the twist of the main

field is in the opposite direction. The twist shown in Fig,

76 would be produced by a motor running in the direction

opposite to that indicated by the arrow.

Distortion Proportional to Load. As this twisting action

is produced by the m.m.f. of the armature windings, it

must be proportional to the current flowing through the

armature, i.e., to the load on the machine. At no load

there is no current in the armature windings and hence no

armature reaction. The twisting effect is a maximum when

the machine is carrying full load or overload.

FiQ. 76.—^Actual Field through Armature is Result of both Field

m.m.f. and Armature m.m.f.

Effect of Distortion on Commutating Plane. The most

important effect of this armature reaction is the shift it

produces in the commutating plane. If no armature reac-

tion were present, the coil which is short circuited by the

brushes should be in the plane AB, Fig. 76 (provided that

the necessity of moving the short-circuited coil under

the pole fringe for e.m.f. commutation is temporarily

neglected). Now the coil in the plane AB, Fig. 76, lies in

a magnetic field due to the distortion produced by the

armature reaction and so has an e.m.f. induced in it. This
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e.m.f. is, moreover, in the wrong direction to produce spark-

less commutation. The brushes must therefore, be changed

in position from the plane AB to the plane A'B'.

Effect of Brush Shift. This change in brush position

changes somewhat the current distribution in the armature

conductors. Some conductors which, before the brush

shift, were carrying negative current will now carry posi-

tive current, etc. Fig. 77 shows this new distribution of

current after the brushes have been moved through the

angle a; conductors 38, 39, 40, and 1, which, when the

Fig. 77.—Effect of Shifting the Position of the Brushes.

brushes were in plane AB, were carrying (+) current, are

now carrying (— ) current, and conductors 20, 19, 18, 17,

which previously were carrying (— ) current, now carry

(+) current.

Demagnetizing Turns and Cross-magnetizing Turns. The
armature conductors may now be considered in two groups.

Those in the angle A'OC, combined with those in the angle

DOB\ make up a set of turns whose m.m.f . is in direct oppo-

sition to that of the main field; these are called the de-

magnetizing turns. Those conductors included in the angle

COB'f combined with those in the angle A'ODy give a m.m.f.
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perpendicular to that of the main field; they constitute

the cross-magnetizing turns.

The field m.ni.f. is shown in Fig. 77 by OE, the armature

m.m.f. by OF. The resultant m.m.f. (which actually pro-

duces the magnetic field through the armature) is obtained

by adding OE and OF vectorially; it is shown at OK. The
armature m.m.f. may be divided into its two components,

OH, the cross-magnetizing force and, OG, the demagnetizing

force. It is seen that this demagnetizing force is produced

Fig. 78.—Showing Pole Tips with Half as Many Laminations as the

Main Part of the Pole.

by all conductors in an angle equal to twice that through

which the brushes have been shifted.

Reduction of Field Distortion. The amount that the

main field actually twists under the influence of the arma-

ture reaction depends upon how nearly saturated the

pole tips are, how long the air gap is and other factors.

If, without any distortion at all, the trailing pole tips are

saturated, then the field flux cannot crowd any more into

these pole tips even if the cross m.m.f. is very large.

Laminated pole pieces are generally constructed with the

laminations so shaped that only every other one extends
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Into the pole tips, so that there are in the pole tip only half

as many laminations as there are in the pole itself; such

a construction is shown in Fig. 78. This construction

tends to give saturated pole tips and consequently a field

that is not easily distorted; such a field is said to be a
" stiff " field.

Compensation of Armature Reaction. The magnetizing

effect of the armature coils may be neutralized by a com-
pensating winding. This consists of a winding imbedded
in slots in the pole faces, the winding having one half as

many turns as there are turns on the armature. These

Fig. 79.—^Location of a Compensating Winding.

conductors in the pole faces are put in series with the

armature so that they carry the same current as the armature,

but the connection is so made that every conductor in the

compensating winding carries current in the opposite

direction to an adjacent conductor on the armature. Fig.

79 shows how these conductors are placed in the pole face

and the relative direction of the current in the armature

and the compensating winding. The compensating wind-

ing is very little used; it makes a machine costly to build

and a machine without compensating winding, but equipped

with properly designed commutating poles, operates just

as well,
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Effect of Armature Reaction on Commutating Poles.

The commutating poles must be designed with turns enough

so that the armature cross-m.m.f. is neutralized under the

face of the commutating pole and, in addition, the proper

amount of flux required for sparkless commutation is

forced into the armature core around the coil being com-

mutated. The magnetic circuit of a two-pole generator

equipped with commutating poles is shown in Fig. 80.

It may be seen that the commutating poles do not prevent

the flux from crowding into the tips of the main field poles.

But this does practically no harm; the principal thing to

Fig. 80.—Magnetic Flux in a Commutating Pole Machine.

obtain is the proper field for e.m.f. commutation at the

two points A and B.

23. Characteristic Curves of Generators. If the load of

a generator is increased (speed, etc., being kept constant)

the terminal voltage of the generator decreases because of

the effects of armature resistance and armature reaction.

The curve showing how the terminal voltage changes with

increase in load is called the external characteristic of the

generator. If the terminal voltage is kept constant by

increasing the field current (thus increasing the generated

e.m.f.) as the load increases and a curve is plotted to show

how the field current varies with the load, the curve is
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called the armature characteristic (or field compounding

curve) of the generator. Many other curves of similar

nature may be constructed and they are all grouped under

the general name of characteristic curves. By inspection

of these curves it may easily be seen how one quantity

varies with respect to another, the rest of the variables

involved in the operation of the machine being maintained

constant.

The most important curves of a generator are the

external characteristic, the efficiency, and the mcgnetiza-

Hon curves. The first two are plotted with terminal

volts and efficiency respectively as ordinates and load

current as abscissae in both cases.

24. Magnetization Curve. The magnetization curve

is plotted l^etween terminal volts and field current, the

machine being oi>erated at no load and normal speed while

the data for the curve is being obtained. When there is

no load on a generator, the terminal volts and generated

e.m.f. are the same. The generated e.m.f. is directly

proportional to the flux through the armature if the speed

is held constant; the curve plotted between no-load ter-

minal volts and field current shows therefore the relation

between the field current and the flux which this field

current produces, hence its name of magnetization curve.

If the reluctance of the complete magnetic circuit of

the machine were constant, no matter how much the flux

might be, the magnetization curve would be a straight

line. The reluctance of the air gap (which, as shown

before, constitutes the principal reluctanc'e of the magnetic

circuit) is independent of flux density; the reluctance of

the iron part of the path, however, increases as the flux

density increases, especially at the higher densities. Hence

the magnetization curve of a machine is nearly a straight

line but tends to bend over slightly at the higher values

of the field current. The amount of bending shows how
nearly the iron part of the magnetic circuit is saturated.
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In a well designed machine normal voltage is obtained

with that value of field current which gives a voltage

somewhere near the knee of the magnetization curve, as

it is called; this point is shown at C in Fig. 81. It is seen

that for an increase in field current over the normal field,

OB, the increase in generated e.m.f. (hence in flux) becomes
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Fig. 81.—Magnetization Curve of a Generator.

tsmaller and smaller. This condition indicates that the

magnetic circuit is becoming saturated.

Residual Magnetism, When the field current is zero

the generated e.m.f. is not zero but has some small value,

perhaps 3% of the normal voltage; this is due to the

residual magnetism of the machine. After the field of a

generator has once been magnetized the iron pole pieces

and yoke stay magnetized to a slight extent and this magnet-

ism which stays in the frame after the magnetizing curreat
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has been reduced to zero is called the residual magnetism

of the machine. The amount of this magnetism depends

upon the quality of iron used in the magnetic circuit; if

all the iron of the magnetic path, poles and yoke as well as

armature core was soft and well annealed there would be

practicallj^ no residual magnetism.

This residual magnetism plays a very important part

in the operation of a self-excited generator. When such

a machine is starting, there is no voltage developed in its

armature, but as the speed increases the residual magnetism

gives a small e.m.f . in the armature and as the shunt field is

connected across the armature this small e.m.f. produces a small

current through the shunt field of the machine. This current,

even though it is small, increases somewhat the field strength

of the machine. As a result the e.m.f. generated in the

armature increases and hence more current flows in the

shunt field circuit.

" Building C/p." This action and reaction between

armature and shunt field continues until the generator is

operating at normal voltage; it is called the " building up **

of the generator. It is evident that if there was no residual

magnetism in the field this building up operation could

not take place; it would be necessary to excite the fields

from some outside source every time the generator was

started and this would much complicate the operation of

a generating station. If a shunt generator, by some chance,

loses its residual magnetism (the jarring it receives during

shipment might possibly effect such a result) it is necessary

to connect its field circuit to some source of electric power

and so re-establish the residual magnetism. In doing i\\\i

precautions must be observed as outlined in Chapter XIV.

The efficiency curve of a generator will not be taken

up here as Chapter V will treat this subject in detail.

25. External Characteristics of Series, Shunt, and Com-
pound Generators. The terminal voltage of any machine

can be obtained for any load by subtracting the armature
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IR drop from the generated voltage at that same load.

The generated voltage at any load is not easy to determine

because of the armature reaction effect. In the case of

a shunt generator, for example, knowing the value of the

shunt field current, we use the magnetization curve and so

expect to get the true generated e.m.f. for this field current.

But the generated e.m.f. with a certain field current and
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Fig. 82.—^External Characteristic of a Separately Excited Generator.

no load (under which condition the magnetization curve

is obtained) is different from the generated e.m.f. with the

same field current when the machine is carrying load. It

has been shown that the armature exerts a demagnetizing

effect on the main field and thus, even though the field

current of a generator is maintained constant, as the

machine is loaded the generated voltage falls because of

the field weakening due to the armature reaction.
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In Fig. 82 are shown the magnetization curve, curve

of generated e.m.f. and external characteristic (terminal

voltage) of a separately excited generator. The same

curves are given for a series generator in Fig. 83, for a shunt

generator in Fig. 84, and for a compound generator in Fig.

85. In each case the dotted curve is the magnetization

Load Current ^ ^

Fig. 83.—External Characteristic of a Series Generator.

curve, the dot-and-dash curve the curve of generated e.m.f.

and the solid line curve the terminal voltage.

Separately Excited Generator. The separately excited

generator has a constant field current as the load changes,

but the curve of generated e.m.f. decreases slightly with

load increase because of demagnetization by the armature.

Series Generator. In the series generator the m.m.f.

of the field is directly proportional to the load current

and so the generated voltage is nearly proportional to the
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load. When the load current is OA we would expect th<e

generated voltage to be equal to AD. But the demagnet-

izing effect of the armature neutralizes part of the field

m.m.f. The strength of this armature m.m.f. is taken

as equal to AB and hence the effective current in the series

field is really OB and not OA. The current OB gives a

voltage on the magnetization curve of BF, and AC is

equal to BF. So C is one point on the curve of generated
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Fig. 84.—External Characteristic of a Shunt Generator.

e.m.f. and other points can be found in similar manner.

The armature demagnetizing effect {AB) is of course pro-

portional to the load.

Shunt Generator, The shunt wound generator has an

external characteristic that falls off more rapidly than

does that of the separately excited machine because in the

shunt generator there are three effects tending to make the

terminal voltage fall as the load is increased. We have
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the armature reaction and the armature resistance drop

and in addition^ the shunt field current falls as the load is

increased, because of the lowered terminal voltage. The shunt

field current is evidently proportional to the terminal

voltage and so decreases with load increase.

If the resistance of the external circuit of a shunt gen-

erator is continually decreased, the external character-
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Fig. 85.—External Characteristic of a Compound Generator.

istic doubles back because of the decreased field current.

From B to F (Fig. 84) the machine is stable and this is the

working part of the external characteristic. The part

of the curve from F to E is generally difficult to obtain

as the machine does not definitely maintain any special

load on that part of the curve.

Even when the terminal voltage is zero (E, Fig. 84)

there will be some current circulating through the armature.
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The field coils can produce no magnetic field because they

have no current (the terminal voltage being zero) but

there is some residual magnetism to give the armature

e.m.f. which produces the short circuit current OE. At

this point the external circuit has zero resistance and the

machine is short circuited.

Compound Generator. In the case of the compound

generator the curve of generated e.m.f. rises as the load

increases. This is due primarily to the fact that the series

turns on the field give a magnetizing force which increases

directly with the load while the magnetizing effect of the

shunt field remains nearly constant;* the total magnetizing

force, therefore, increases somewhat with the load.

Amount of Compounding Used. The amount of increase

in generated e.m.f. as the load increases, depends upon

the number of turns in the series windings. It is customary

to put in the series coils a sufficient number of turns to

cause the terminal voltage of the machine to rise as the

load increases; such a machine is said to be over-com-

pounded. The amount of over-compounding is generally

about 10%; for example a small lighting generator might

be rated as 110 volts no load, 125 volts full load, and a

railway generator might be rated as 550 volts no load,

600 volts full load. The amount of over-compounding

depends upon the service for which the machine is intended;

it may be none at all, in which the machine is said to be

flat compoiinded. If there are not enough turns in the

series field to keep the terminal voltage from dropping

as the load increases, the machine is said to be under-

compounded. Such machines are never used in practice.

Use of the Compound Generator. Practically all machines

used in lighting or railway service are over-compounded.

In such work the characteristic to be obtained is a constant

* The shunt field current increases somewhat with increase of load

because of the increase in terminal voltage brought about by the series

field winding.
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voltage at the load, not at the generator. The life and effi-

ciency of an incandescent lamp are both greatly affected if

the voltage of the line to which it is connected goes either

above or below the voltage at which the lamp is rated.

Now if the terminal voltage of the generator should remain

constant, the voltage of points on the distributing system

must fall as the load is increased due to increased IR drop

in the wires of the distributing system.

In Fig. 8G this point is illustrated. A group of lamps

is connected to a center of distribution B; the generator

is located at ^. If the voltage at A remains constant

as the load increases, it is evident that the voltage at B
must fall because it is

always equal to the

voltage at A minus the

drop in the line AB.
But if the increase in

Generator

voltage at A, from no

load to full load, is just Yig. 86.—Elementary Diagram of a

equal to the IR drop in Power Distribution System.

AB when full load cur-

rent is flowing, then the voltage at B will be the same

at full load as it is at no load. At intermediate loads

the voltage at B will be somewhat above normal; the

external characteristic of a generator is always more or less

curved (due to the variable reluctance of the magnetic

circuit) so that if the machine is properly compounded at

full load it is always somewhat overcompounded at half

load. This effect is not enough to cause any trouble on the

system.

Series and shunt wound generators are used but very

little in practice. Some special arc light machines employ

series excitation, but their use is not extensive.

The difference between the no-load terminal voltage and

full-load terminal voltage (field excitation and speed con-

stant) expressed in percentage of the full-load voltage is



136 ELECTRICAL MACHINERY

called the regulation of a generator. Thus a machine hav-

ing no-load voltage of 121 and full-load voltage of 110

would have a regulation of 10%.
26. The Three-wire Generator. A great many electric

light installations are equipped with a three-wire distribu-

tion system. In such a system three wires are used for

carrying the current from th<) generator to the lamps. A
diagram of the scheme of cormections for such an installa-

tion is given in Fig. 87; the voltages given here are those

generally used for incandescent lamp circuits.

The generator which supplies such a three-wire system

must evidently have three wi-.*es connected to it; the extra

wire is called the neutral. Bijtween each outside wire and

Three
Wire
Gener-
ator

Neutral I
—

!

)f
Lamps 115 yolts 230 volts

) X,amps 115 'olts

Fig. 87.—^A Three-wire Distribution System.

the neutral the lamps are connected so that there is on the

lamps an e.m.f. just one-half that between the outside wires.

Connections for the Third Wire. The ordinary generator

has only two sets of brushes; the special feature in the

three-wire generator is the arrangement for connecting

the third wire (the neutral) to the armature windings.

This is always done by connecting an inductance coil

between two diametrical taps on the armature winding

and connecting the neutral wire to the center of this coil.

The inductance coil consists merely of several turns

of insulated wire wound on a laminated iron core. Some-

times this coil is built right into the armature spider; in

other cases it is not in the armature at all but located behind

the switchboard.

Fig. 88 illustrates these two schemes. In (a) the coil is

mounted in the armature spider and its center point is
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connected to a slip ring, A. The neutral wire connects

to the brush bearing on this ring. (In Fig. 88 the com-

mutator has been omitted and the two ordinary brushes

are shown as making contact on the periphery of the arma-

(«)

+

%x
h\ P o

oo

1
Neutral

y) r Bf-\

^
^#

(6)

Fig. 88.—Connections for a Three-wire Generator.

ture. This is done merely to keep the diagram clear.)

In the scheme shown at (6) the two diametrical taps A
and B connect to two slip rings and so through brushes

and leads to the outside inductance.
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Current in the Neutral. When the load on the two sides

of the system is exactly balanced the neutral carries no

current at all. When the load is unbalanced the neutral

wire carries a current equal to the amount by which the

load is unbalanced. For example if there is a load of 100

amperes on one side of a three-wire system and only 70

amperes on the other the neutral will carry the difference,

30 amperes.

27. Capacity of a Dynamo-electric Machine. The

capacity of a generator or motor is limited by either one

or the other of two effects, namely, heating or commutation.

Features Limiting the Temperature Rise. As the load on

a machine increases, more current must flow through its

armature (and series field if the machine has one) and the

heat produced in these circuits is proportional to the square

of the current. The temperature to which the windings will

rise depends upon two factors; the rate at which heat is

produced and the rate at which it can be radiated, or sent off

into the surrounding medium. The rate at which heat is

radiated from any body (e.g., an armature) depends upon the

difference in temperature between it and the surrounding air

and upon the amount of air that is carried over the radiating

surface. This second condition is really involved in the first

because if but little air is supplied it soon gets hot and so

reduces the temperature difference whereas if a lot of air is

supplied, as in forced ventilation, the air is carried away

from the radiating surface before it has time to get hot.

Effect of Ventilation Upon Capacity. In Fig. 89 are

shown two sets of curves, those for heat radiation and

that for heat production. The curve OAB gives the rate

of heat production plotted against the armature current

as abscissae. The three lines 0(7, OD, and OE, show the

rate of radiation for good, medium and poor ventilation;

the abscissae for these curves are the difference between

the armature temperature and room temperature. (It

is supposed that the air for ventilation is taken directly
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from the room and is therefore at the same temperature

as the room.)

The safe temperature rise in ordinary machines has

been fixed by the A.I.E.E. at 50° C. above room temperature,

hence the Hne KM is erected (in Fig. 89) at this value.

With good ventilation the rate of radiation at this tem-

perature is equal to the rate of heat production by the

current OG and so we say the safe current, in so far as

heating is concerned, is OG. If the ventilation is medium
the safe current is OH and if the ventilation is poor the

Temperature rise

Armature curreut

Fig. 89.—Curves of Heat Generation and Heat Radiation.

safe current is 01. This diagram shows the enormous

advantage of forced ventilation gained by equipping an

enclosed machine with a ventilating fan and proper air

ducts. By this means it is possible to increase its safe

current capacity by 200% or 300%. A certain railway

motor for example, might be rated as 75 h.p. with ordinary

ventilation and by suitable ventilation its rating might be

increased to perhaps 200 h.p. Practically all enclosed

machines are now designed with the idea of getting the

best ventilation possible.

Commutation Limits Capacity. The other limit to the
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capacity of a machine is fixed by the sparking at the com-

mutator. As was explained in the discussion of commuta-

tion, the current in any coil has to reverse during the short

interval of time during which it is short circuited by the

brush. Now the liability to spark at the commutator

was shown to depend upon the rate of change of current

necessary during the commutating period. As the time

during which commutation has to take place is constant

(for a given speed), the rate of change of current depends

directly upon the load the machine is carrying and so the

liability to spark depends directly upon the load. It has

been shown, however, how the commutating pole, produc-

ing in the short circuited coil an e.m.f. proportional to the

load, overcomes this difficulty and in properly designed

commutating pole machines the limit of capacity is set by

heating and not by commutator sparking.

Special Insulation Increases Capacity. There is of

course one other method by which a machine of given

size may have its rating much increased and that is by

using only insulating materials which will stand higher

temperatures. The limit of 50° C above room temperature

is proper for such insulating materials as cotton, shellac,

oiled cambric, etc. If a machine could be built with

nothing but mica and asbestos for insulation, it might run

safely at very high temperatures. Asbestos has been used

to some extent but it is difficult to work this material into

uniform sheets and coverings and, also, it absorbs moisture

readily. If some good heat resisting insulator could be

discovered the possible output of electric machinery could

be much increased.

There is one bad feature connected with this high

temperature of operation; the resistance of the windings

increase quite rapidly with the temperature and so results

in an increased PR loss and therefore in a lower efficiency.

28. Operation of C-C. Generators in ParalleL A
generating station has ordinarily several generators, all of



THE CONTINUOUS CURRENT GENERATOR 141

which, or only one of which, may be operated to supply

the station output.

Use of Several Generators Instead of One. The reasons

that several small sized generators are used to supply the

station output, instead of one large one, are two in number;

reliability and efficiency. Suppose the load on a station

is represented in the form of a curve, load in kw. being

plotted against time. An average curve would be as

shown in Fig. 90; the supposed load being made up of rail-

way traffic, lighting, and power for factories. The peak

bOOO
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Load curve for small station supplying
railway, lighting, and factory loads
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Fig. 90.—^A Possible Load Curve for a Small Power Statior^

load occurs at 8 o'clock in the evening, and is about 5000

kw. As the peak lasts only a short time, one generator

of 4000 kw. rating would fit the needs of the station in so

far as quantity of power was concerned. Such a generator

would be run overload for a short time but as a machine

must be able to carry 25% overload for two hours no harm
would result. But there would be two bad features about

such a station; 1st, if an accident should happen to the

machine the station would be without power of any sort

until the machine was repaired, and 2d, during most of the

day the machine would be operating with a load of less
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than 50% of its full load rating and consequently the

efficiency would be rather low. (See Chapter V).

Typical Installation. The proper installation to supply

a load curve as given above would consist of two 2500 kw.

machines and one 1000 kw. machine. Then from 12

o'clock until 6 o'clock a.m. the 1000 kw. machine would be
running and the other two would be shut down. During
most of the day one 2500 kw. machine would be used and
during the two hours of peak load the two 2500 kw. machines

would be used, or one 2500 kw. and the one 1000 kw. machine

would do because a generator will carry 30% overload

for a short time.

In such a station it is to be noticed 1st, that whatever

generators are running are operated at practically full load

under which condition the efficiency is a maximum and 2d,

any two generators of the three which are installed have suf-

ficient capacity to carry the station load. Therefore con-

tinuity of service is guaranteed and the station operates

efficiently; of course the first cost of the station would be

considerably higher for the three-generator equipment

than for the one-generator equipment.

Parallel Connection of Generators. In a station only

one set of bus-bars is used, no matter how many generators

there may be in the station. Bus-bars is the name given

to the heavy copper bars which run the length of the switch

board (behind it) and to which all generators and feeders

are connected. The positive bus connects to the positive

terminals of all machines in operation and all negative

terminals are connected to the negative bus. Such a con-

nection is called a parallel connection of generators; all

generators send their power into the one set of bus-bars

and the load, supplied by various feeders, is taken from

them, as shown in Fig. 91.

Division of Load. The question naturally arises as to

how these generators will divide the total load. Will each

take half or what will the division be and how is it deter-



THE CONTINUOUS CURRENT GENERATOR 143

mined? We have said that motors and generators are

reversable in their action and it may be that under special

conditions generator No. 2 may not be a generator at all

but may be running as a motor, generator No. 1 supplying

the necessary power to do this, besides supplying all of the

power required by the load.

In the case of shunt wound generators as shown in Fig.

Generators No. 1

Fig. 91.—Elementary Diagram of Station Connections for Shunt

Generators.

91 the division of load is easily regulated and may be

shifted from one machine to the other by simply manipu-

lating the field rheostats. If the external characteristics

of the two machines are known, the division of load may
be determined at once because of the fact that the terminal

voltage of both machines must be the same as they both connect

to the same bus-bars.

Fig. 92 shows the external characteristics of the two
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machines; it is supposed that at no load the two machines

generate the same e.m.f. This is brought about by varia-

tion of one or the other of the field rheostats. Machine

No. 2 is supposed to have an external characteristic that

drops with load increase more than that of No. 1. When
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Fig. 92.—Curves to Show Division of Load between Two Shunt
Generators in Parallel.

the load is 140 amperes evidently No. 1 must be supplying

90 amperes and No. 2 supplying 50 amperes and the line

e.m.f. (i.e., the terminal voltage of the two machines) is

105 volts.

If the load current is increased until the bus-bar voltage

falls to 100 volts machine No. 1 must be carrying 130
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amperes and No. 2 80 amperes and the load is therefore

210 amperes.

Equalization of Load. Suppose it is now desired to

equalize this load between the two machines, so that each

machine carries 100 amperes. This may be done either by

increasing the field current of No. 2 (cutting out some of

its field rheostat) or by decreasing the voltage of No. 1

(by increasing its field rheostat resistance). Suppose that

the voltage of No. 2 is increased by increasing its field

current, until its external characteristic crosses that of

No. 1 at 100 amperes; the external characteristic of No.

2 is raised throughout the whole range of the curve and is

shown by the dotted line ACB, in Fig. 92. When the

load is 200 amperes, each machine will take one-half of the

load but at lighter loads No. 2 will now take more current

than No. 1; when the load is 120 amperes for example.

No. 2 takes 80 amperes and No. 1 only 40 amperes.

Generators of Different Capacities. If the two external

characteristics coincided with each other throughout their

length and the load was once equally divided, it would be

equally divided for all loads. It may be, however, that the

two machines are not of the same capacity; No. 1 might

have a full load capacity of 100 amperes and No. 2 of only

50 amperes, in which case we would want the division of

load to be proportional to the capacities. In this case

the two characteristics must he similar in shape and the

no-load and full-load voltage of the two machines must he the

same; if No. 1 gives 110 volts at no load and 105 volts when
carrying 100 amperes No. 2 should give 110 volts at no

load and 105 volts when carrying 50 amperes. With such

external characteristics No. 2 would always carry one-half

as much current as No. 1.

Disconnecting a Generator from the Bus-hars. If it is

desired to disconnect one generator from the bus-bars its

load is first reduced to zero by increasing the resistance of

its field rheostat until its generated e.m.f. is the same as the
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bus-bar e.m.f.; when the generated and terminal e.m.fs.

of a machine are the same there can be no current flowing

through its armature. When the lead is zero, the generator

switch is opened and then the generator may be stopped.

When it is necessary to connect an additional generator

to the bus-bars, due to load increase, its terminal voltage

is first made equal to the bus-bar voltage then the generator

switch is closed; the machine will take no load on closing

Feeders

Main Busses

\

Equalizer Bug

No. 2 No. 1

Fig. 93.—Elementary Diagram of Station Connections for Two Com-
pound Generators in Parallel.

the switch but its load may be brought to any derired

value by decreasing the resistance of its field circuit.

Load Division with Compound Generators. When over-

compounded generators are operated in parallel, it is neces-

sary to install an extra bus-bar called the equalizer bus-bar.

The diagram of two compound generators, connected for

parallel operation is shown in Fig. 93.

Without this equalizer bus the parallel operation of two

compound generators is unstable; they will not divide

the load equally but on the contrary one machine will stop
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furnishing load altogether and will operate as a motor
from the other generator.

The external characteristics of the two machines are

given in Fig. 94 at A5 and AC. Suppose the load is 130

amperes and that rnachine No. 1 is supplying 50 amperes

and No. 2, 80 amperes, the bus-bar voltage being 115 volts.

Now something may happen to change the load on No. 1
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Fig. 94.—Curves to Show Load Division between Two Compound
Generators in Parallel.

to 63 amperes and so its voltage tends to rise to the point

F on the line AB. As the whole load is 130 amperes,

machine No. 2 will now carry only 67 amperes and so we

should expect machine No. 2 to operate at the point G of

its external characteristic. But the terminal voltage of

No. 1 would be higher than that of No. 2 and as they are

connected to the same bus-bars this is really an impossible

condition. Machine Nc. 1, however, which tends to be at



148 ELECTRICAL MACHINERY

a higher terminal voltage than No. 2, will force current

through the armature of No. 2 besides furnishing the current

to the feeders. The final result is that No. 1 operates at

some extreme point on its external characteristic, furnishing

all of the 130 amperes for the load and in addition enough
to run machine No. 2 as a motor.

If the action had started the other way (i.e., machine
No. 1 had for some reason, decreased its share of the load

from 50 amperes to 40 amperes) then the decrease in the

load of No. 1 would have continued until No. 2 was furnish-

ing all of the load current and enough to run No. 1 as a motor.

The operation of two such machines is therefore unstable;

any action which starts a re-distribution of the load con-

tinues until one machine is carrying all of the load and the

other has become a motor.

Action of the Equalizer Bus. It will be noticed that this

instability is due to the action of the series field; that

machine which momentarily increases its load at the same
time increases its terminal voltage and the terminal voltage

of the other machine must fall as part of its load is taken

away by the first machine. Now the function of the

equalizer bus is to get rid of this instability and it does this

by maintaining the IR drop over the two series fields equal

at all loads. As the resistance of the equalizer is prac-

tically zero, as is that of the main bus-bar, it is evident

that the drop in voltage from A to B must be equal to

that from C to D (Fig. 93).*

Suppose No. 1 tries to increase its share of the load;

the IR drop from C to D must increase and therefore so

must the IR drop from A to B increase. But the IR drop

from A to B can only increase if the current through the

*It will be noticed that the resistance of the cables connecting

the machines to the switch board must be treated as part of the series

field circuit. Evidently the drop in voltage from A to B (or C to D)
is equal to the drop in the series field proper plus the drop in the con-

necting cables.
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series field of machine No. 2 increases and if this field cur-

rent increases the voltage of No. 2 must increase also.

Hence any increase in voltage of No. 1 is accompanied by
an increase in the voltage of No. 2 and therefore No. 2 will

continue to furnish its share of the load.

It was noticed that without the equalizer bus when
No. 1 increased its load (and thereby its voltage) the volt-

age of No. 2 decreased and this was the cause of the unstable

operation; when the equalizer bus is used, however, if

No. 1 increases its load the voltage of No. 2 increases also,

thereby causing No. 2 to continue to carry its share of the

load.

Another way of looking at the same problem is to notice

that the two series fields are put in parallel by the use of

the equalizer bus and so any increase in one field must be

accompanied by a corresponding increase in the other.

If two compound generators of equal capacity are to

operate in parallel and divide the load equally, they must
have identical external characteristics and the resistances

of their series field circuits must he eqvAil. We say series

field circuit instead of series field because generally

the series field is paralleled by a shunt and it is the

resistance of the double circuit, series field with shunt in

parallel, which must have the same value for both machines.

Compound Generators of Different Capacities. If two

compound generators of unequal capacity are to operate

well in parallel, dividing the load according to their capac-

ities, the two machines must be adjusted to give the same

no load and full load voltages and the resistances of the two

series field circuits must he inversely proportional to their

capacities. This last condition evidently is fulfilled if the

full load IR drop is the same for each series field circuit.



CHAPTER IV

THE CONTINUOUS CURRENT MOTOR

29. Relation between Generator and Motor. As has

been said before the c-c. generator and the c-c. motor

are nearly identical in construction; the construction which

is best for one is generally best for the other; a machine

which runs well as a generator will generally operate satis-

factorily as a motor.

Difference in Operation. Although the construction

of the two is practically the same the operation of one

machine differs quite materially from that of the othero

The generator is always rotated by some prime mover at

a speed as nearly constant as possible. The motor, on the

other hand, has no prime mover but is
^
supplied with

electrical power instead of mechanical power as is the case

with the generator. The speed of an electric motor is gen-

erally not constant as the load is varied; in some cases

this speed variation may be small while in others the highest

speed of operation may be several times as great as the

lowest speed.

The function of a generator is to generate an e.m.f.

by moving conductors through a magnetic field while the

prime function of a motor is to produce a turning effort,

or torque.

Torque Acting in a Generator. When a machine is

operating as a generator and its armature is carrying cur-

rent, it too, develops a torque (because the armature con-

150
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sists of conductors carrying current, in a magnetic field)

and this torque opposes the motion of the armature. The
current in the armature flows uith the e.m.f. generated

in the moving armature. We may say, therefore, that so

far as mechanical power is concerned the generator is

absorbing energy and so far as electrical power is concerned

the machine is giving out energy.

Torque Acting in a Motor. In the case of a motor the

armature turns in the same direction as that in which it

is urged by the force acting on the armature conductors;

the mechanical power must therefore be positive, or output.

When the armature revolves it must generate an e.m.f.

(conductors moving in a magnetic field generate an e.m.f.)

and the current in the motor armature flows in a direction

opposite to this e.m.f.; the e.m.f. generated in a motor

armature is therefore called a counter e.m.f . As the current

flows against the armature e.m.f., the electrical power of

a motor must be negative, i.e., input.

30. Types of Continuous-current Motors. The classifi-

cation of motors is generally made according to the kind of

field winding they have. The three types are the shunt,

series, and compound. In the shunt wound machine the

field consists of many turns of fine wire and is connected in

parallel with the motor armature. The series motor has

a field winding consisting of a few turns of heavy wire

connected in series with the armature. The compound
motor has two sets of field coils; one of many turns of fine

wire in parallel with the armature and another of a few

turns of heavy wire in series with the armature. i

t
- The series winding of a compound motor may be so

connected that it assists the shunt winding in magnetizing

the field, or it may be so connected that the m.m.fs. of the

two windings oppose one another. The first is called a

cumulative-compound motor and the second a differential-

compound motor; the latter type is of so little use and of

so little practical importance that it is seldom met in practice.
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The term, compound motor, is therefore used to designate

that type in which the series and shunt fields assist one

another.

The characteristics of the three types of motors are

given here and will be explained more fully in the later

paragraphs.

The shunt motor has a fair starting torque and nearly

constant speed for all loads. It is used where the load

requires practically constant speed and the starting torque

demanded is not excessive.

The series motor operates through a wide range of

speed as the load changes, and at very light loads the motor

is likely to " run away," i.e., reach dangerous speeds. It

gives very great starting torque and is therefore used where

a heavy starting torque is demanded and the motor may be

positively connected to its load. The principal apph cation

of this motor is in railway service.

The compound motor has a starting torque greater

than that of the shunt motor but less than that of the series

motor. It has, however, a definite upper speed limit and

if all of its load is removed it will not run at dangerous

speeds. Its principal application is in elevator service,

machine tool drive, etc., where a fixed speed limit is neces-

sary and considerable starting torque is req'iired. The
number of series turns used on the field coils varies some-

what, according to the service required of the motor, but,

in general, we may say that, at full load, the series ampere-

turns are from 10% to 50% of the shunt ampere-turns.

The decrease in speed from no load to ful] load may vary

from 12% to 50% in different motors. i

31. Torque of a Motor. A motor develops torque

because on the periphery of its armature are placed con-

ductors through which current flows and those conductors

lying under the pole faces are in a magnetic field. These

conductors are then acted upon by a force which tends to

move them in a direction perpendicular to the magnetic
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field and to their length; such a force must then act as a

tangential force on the periphery of the armature.

Force Acting on a Conductor in a Magnetic Field. The
fundamental formula which we shall use in calculating

torque gives the relation between the length of the con-

ductor, the strength of the field in which the conductor

is lying, the current in the conductor and the force on

the conductor. If a conductor I cms. in length lies in a

uniform magnetic field of a density of H lines per sq.cm.

(direction of conductor being perpendicular to field) and

carries a current of I amperes, then the conductor is acted

upon by a force which tends to move it in a direction per-

pendicular to its length and to the direction of the magnetic

field, and the magnitude of this force, in dynes, is given by

the equation

f=HlI/10 (25)

If we wish to express H in fines per sq.in., I in inches, /

in amperes, and / in lbs. we shall have

f=2MlX^,x{^X~^=.885HIlX10-^. (26)

Illustration of Formula. Suppose that a conductor

10 inches long lies in a field of 60000 lines per sq.in. and
carries a current of 100 amperes. The force on the con-

ductor in lbs. is evidently
(

/=60000Xl00Xl0X.885Xl0-7 = 5.311bs.

If we desired the force in dynes we have

/= (y|^j X (10X2.54)X^ = 2,360,000 dynes?

Direction of Torque the Same for all the Armature Con-

ductors. In Fig. 96 is sketched the section of a four-pole

motor/ >^The conductors marked (+) are carrying current
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away from the observer and those marked (— ) are carrying

current toward the observer. The conductors under pole A
carry current away from observer and the flux is directed

downward, therefore they will all exert a force toward the

left as indicated by the arrow under them. Those under

pole C carry current in the same direction as those under

A but the direction of the field is upward therefore the

force is toward the right as shown by the arrow under pole

C. The conductors under the two poles B and D give

rield of strengthen

H/I

Fig. 95.—^A Conductor of Length I, Perpendicular to the Magnetic

Field and Carrying a Current /.

forces up and down respectively as shown by arrows and

it is now seen that all conductors tend to turn the arma-

ture in the same direction, i.e., counter-clockwise.

Torque Calculation. To calculate the magnitude of

this turning effort we must know the number of conductors

lying in the magnetic field, the active length of each con-

ductor (i.e., length of conductor under the pole face),

strength of field in the air gap where the conductors are

situated, and the current carried by the conductors. By
the use of formula (1) we can calculate the force in dynes
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on one conductor and this value, multiplied by the number

of conductors situated in the magnetic field, gives the

total force acting on the periphery of the armature.

Active and Inactive Conductors. It is to be noticed

that those conductors lying in the interpolar space produce

no turning effort; they are inactive conductors. When
calculating the e.m.f. of a generator it was pointed out that

Fig. 93.—All Conductors Give Torque in the Same Direction.

these same conductors were inactive in the production

of an e.m.f. in the armature; in fact that portion of the arma-

ture winding which generates an e.m.f. when the machine is

operated as a generator serves to produce torque when the

machine is operating as a motor. In calculating the e.m.f.

of a generator it was found advisable to divide the active

conductors into two parts, those lying directly under the

pole face, where the field has its maximum intensity, and
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those lying m the pole fringe where the field is weaker and

nonuniform. The same division of conductors is advisable

when calculating the torque of a motor.

Example of Torque Calculation. Suppose we wish to

calculate the peripheral force on the armature shown in

Fig. 96. The length of the pole face we take as 15 cm;

the field we consider uniform and of a density equal to

8000 hues per sq.cm. There are 200 conductors on the

armature of which 60% lie under a pole face and the current

in each conductor is 20 amperes. The force (in dynes)

per conductor is given by

/=iyZ 7/10 = 8000X15X20/10
= 240000 dynes

= .245 kg.

There are 200X60% = 120 active conductors.

The peripheral force on the armature is therefore

.245X120 = 29.4 kg.

Calculation of H.P. of a Motor. If the peripheral speed

of the armature is known, the output of the motor in ft.-

Ibs. per minute or horsepower is readily determined. If a

body is exerting a force /, and moving in the direction in

which this force is acting with a velocity v, then the rate

of doing work is equal to fv. Hence, if we multiply the

peripheral pull on the armature by the velocity of the

armature periphery, the product obtained is equal to the

amount of power which the motor is giving.

Let us consider a lap wound armature 4 ft. in diameter

having 12 poles. The winding consists of 240 coils of 4

turns each and the length of the pole face is 10 inches.

60% of the conductors lie under the pole face where the

flux density is 60000 lines per sq.in., and 15% lie in the pole

fringe where the average density is 35000 lines per sq.in.

What h.p. is the motor developing if the current flowing

into the armature is 480 amperes and the machine is rotating

200 r.p.m ?
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There are two things to find—the peripheral pull in

lbs. and the peripheral velocity in ft. per min. The prod-

uct of these two quantities divided by 33000 (the number

of ft.-lb./min. in 1 h.p.) will give the h.p. of the motor.

As the armature is lap wound and the machine has 12

poles the winding must have 12 paths. Therefore the

current per path = 480/ 12 = ^0 amperes, and this is the cur-

rent in each conductor. The active length of each con-

ductor is 10 inches. The total number of conductors

= 240X4X2 = 1920. Of these 60% (i.e., 1152), lie in a

field of 60,000 fines per sq.in. and 15% (i.e., 288) lie in a

field of 35,000 fines per sq.in.

The force in lbs, is therefore equal to

.885X10-7x401(1152X10X60000)

+ (288X10X35000)} =2970

The peripheral speed in feet per minute = 4XxX200 = 2515

The horsepower developed therefore =— — = 226.
ookJkjxJ

32. Current-torque Curves. The relation between the

torque developed by a motor and the current flowing

through its armature winding is shown by a current-torque

curve. This curve has different forms in motors with

different styles of field windings.

Shunt Motor. The simplest case is that of the shunt

motor. The field current of this machine is independent

of the current flowing through the armature because its

field windings are connected directly across the supply

line, the voltage of which is assumed constant. Now if

the field current of a motor is constant, the strength of its

magnetic field is practically constant. Hence from equa-

tion (25 ) it is seen that the current-torque curve of a shunt

motor must be a straight line, the torque being directly

proportional to the armature current. This is shown
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in Fig. 97 in which the result of a laboratory test is given.

The curves are practically straight lines, curve A being for

a weak field (all of the field rheostat was in series with the

field windings) and curve B for a strong field (field rheostat

"all-out")-

Series Motor. The series motor gives a different shaped

curve because the field strength of such a motor depends

upon the current flowing through its armature, the field

and armature being connected directly in series. The
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Fig. 97.—Current-torque Curves for Shunt Motor.

formula for torque involves the product of the field strength

and armature current; when the field strength is directly

proportional to the current through the field coils the

torque must vary as the square of the current.

This is the case with the series motor at light loads.

At values of armature current near full load (and for all

currents of higher value), the field is approaching satura-

tion so that the field strength is not proportional to the

current through the windings. At very high values of

current the strength of the field is practically independent
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of the current and thus the torque-current curve tends to be-

come a straight Hne, similar to that of a shunt motor. In

Fig. 98 the results of a test are shown. The magnetization

curve of the machine is given for reference, and it is seen

that so long as the magnetization curve is a straight line

the torque-current curve is parabolic in form but that for

currents which begin to saturate the field (shown to be about

14 amperes in Fig. 98), the curve becomes less steep and

approaches a straight line in form.
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Fig. 98.—Current-torque Curve for Series Motor.

Compound Motor. The compound motor gives a cur-

rent-torque curve the shape of which is intermediate

between those of the shunt and series types. The curves

for such a motor are given in Fig. 99; the field strength

at zero armature current is given by the shunt coils only,

but as the armature current increases the field strength

increases somewhat, due to the m.m.f. of the series coils.

Comparison of Different Motors, The current-torque

curves for three motors, all of the same rating, are given
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in Fig. 100. At full load the speed for all three motors is

the same and hence, as they gi\e the same h.p. output at

full load, the full load torque must be the same for all three.

From these curves may easily be seen one point of superior-

ity of the series motor for railway loads, where the torque

necessary for starting a heavy train is excessive. It is

seen from the curves of Fig. 100 that with 200% full load

current (which might be safely put through the motor for

jj 4 6 8 10 12 14 16 18 20 22
Armature current

Fig. 99.—Current-torque Curve for Compound Motor.

the short time necessary for starting) the series motor

gives much larger starting torque than either the shunt

or compound motor.

33. Speed-load Curves. The principal factor which

determines the selection of one type of motor or another

for a certain class of work is the variation of its speed as

the load on the motor is varied. The shape of the curve

showing this variation of speed is very different for the

different types.
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Comparison of Speed-load Curves. In Fig. 101 are shown

the speed-load curves for three motors having the same full-

load speed; curve A is that for a shunt-wound motor, curve

B is for a series and curve C is for a heavily compounded

motor. The shunt motor has a definite no-load speed and

the speed drops somewhat as the load is increased; on the

average shunt motor the drop from no load to full load may
be between 5% and 15% of the no-load speed. The amount
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Fig. 100.—Comparative Current-torque Curves

of decrease in speed depends upon the armature resistance;

the greater the resistance the greater the decrease in speed.

The curve for the compound motor has the same shape

as that for the shunt motor but the speed decrease with

increase of load is much more marked.

The series motor decreases its speed very much as its

load is increased; as the load is decreased the speed

increases rapidly and at very light loads the motor runs

at speeds which are far above the safe speed. If all load
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were taken off a series motor the speed would rise to such

a value that the centrifugal forces brought into play would

be so large that the winding would be thrown off the arma-

ture core and the commutator would probably' be thrown

to pieces.

Limited Application of Series Motor. This peculiarity

of the series motor limits its use to those classes of service

—

r

\

\

3400
\
\

2200

\
2000

\1800 s

Nv^1600
"--.^^ c

\
sg 1400

PH*

t4l200

-<^^s
V— ^r^r-^A

1000

800

600

m
200

a
^\^

u \\
1
"3

,

G 8 10 12 14 16 18 20 22
Armature current

Fig. 101.—Speed-load Curves for il-shunt motor, J5-series Motor,

C-compound Motor.

in which the motor may be directly (or by gears) connected

to its load so that under no condition would it be running

without enough load to hold its speed down to a safe value.

A series motor should never be belted to its load, because

if the belt should run off the motor pulley, the motor would

immediately start to '' race " and in a few seconds would
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be damaged. In electric railway installations the motor
is geared to the car axle so that there is never any possi-

bility of its running at excessive speeds.

Development of Speed-load Formula. The reasons for

the different shapes of the speed load curves will now be

taken up.

Let E= the voltage of the line to which the motor arma-

ture is connected;

e= the voltage generated by the armature winding,

generally called the counter e.m.f. of the

motor;

Rs= the resistance of the series field;

Ra= the resistance of the armature;

/ = the armature current;

$s/.= the field flux produced by the shunt field;

$s= the field flux produced by the series field;

$ = the total field flux= c|)s/»+ 4)s.

iV= the speed of rotation in r.p.m.;

The fundamental equation for determining the current

in such a circuit as a revolving armature is obtained by

equating the impressed force to the sum of the reacting

forces of the circuit.

Shunt Motor. The counter e.m.f. and the resistance

reaction both act against the impressed e.m.f. of the motor

so we put

E = e+IRa, (27)

from which we get

1=^ (28)

. Now we know

e =K^N, (29)
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where K is a constant involving the number of conductors

on the armature, etc. So we have

E—K^N

or

N=i^. ...... (31)

In the case of a shunt motor # is nearly independent

of the armature current, /, so that by inspection of equa-

tion (31) it may be seen that the decrease in speed as the

armature current increases is due to the factor IRa. Also it

is evident that the amount of decrease depends directly

uppn the value of the armature resistance.

Compound Motor. In the case of a compound motor

the equation for speed becomes

,^- lX($..+$.)
^^^^

With an increase in 7 (i.e., with increase in load) the speed

of the compound motor must decrease because of two

effects; the term I{Ra-\-Rs) increases directly with the load

and the term K(^sh-{-^s) increases somewhat with the load.

Although ^sh is independent of the current 7, the term

$a is directly proportional to the current, 7.

Series Motor. With the series motor we have

This equation shows that the speed of a series motor must

vary greatly as the load is changed. The flux $« is directly

proportional to the current, 7, so we may write

E-I(Ra+ Rs) .^.
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where A; is a constant depending upon the reluctance of

the magnetic circuit and the number of turns in the series

winding.

If the current is very small the denominator is corre-

spondingly small and as a result the speed becomes very

high. It is evident that the counter e.m.f. of a motor must

always be nearly as large as the impressed voltage and, as the

field flux of the series motor is very small at a light load,

excessive speed is required to generate the necessary amount
of counter e.m.f.

Calculation of No-load Speed. The no-load speed of a

compound or a shunt motor is easily calculated. At no

load there is practically no IRa drop so that the counter

e.m.f. must be equal to the impressed e.m.f. The no-load

speed may therefore be found by calculating what speed

the motor would have to run (as a generator) to generate

in its armature an e.m.f. just equal to that of the supply

line. 4

34. Effect of Armature Reaction on Speed. So far

nothing has been said regarding the effect of the armature

m.m.f. upon the speed of the motor. When discussing

armature reaction in Chapter III it was mentioned that

armature reaction occurred to the same extent whether the

machine is operated as a motor or a generator. But in a

generator the armature current flows in the direction of

induced e.m.f. and in the motor the armature current flows

against this induced e.m.f. (called counter e.m.f.). So that

the armature m.m.f. of the motor and generator are in

opposite directions. In the generator the mlain field flux

is twisted in the same direction as that in which the machine

is rotating; in the motor the armature so reacts on the

main field that it is twisted against the direction of rotation.

Direction of Field Distortion. This is shown in Fig. 102,

which shows the direction of the twisted field for generator

action in dotted lines and that for motor action in full

lines. Hence, if the brushes are to short circuit that coil in
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which no e.m.f. is being generated, they must be shifted

forward in a generator but backward in a motor.

Effect of Shifting Brushes. When the brushes are

shifted backward the armature, m.m.f. of the motor may
be spHt up into two components, one of which acts across

the main field and the other tends directly to demagnetize

Generator,

Fig. 102.—Field Shift in Motor and Generator, Caused by Armature

Reaction.

the main field. In a motor with brushes shifted backward

(i.e., against rotation) there is, therefore, an armature reac-

tion which weakens the main field as the load increases.

But a weakening of the field tends to make a motor speed

up because, if the field is weakened, the counter e.m.f.

decJ eases and so more current flows through the armature,

tending to increase the speed.
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Armature Reaction and Resistance Act to Neutralize One
Another. This effect of field weakening may be about

sufficient to overcome the effect of armature resistance

drop, in which case the speed load curve will be nearly flat,

giving no speed decrease with increase of load. If the

brushes are shifted too far back, the weakening of the

field caused by the armature reaction may be sufficient

to make the motor speed up with increase of load.

If the brushes are shifted forward, the armature reaction

tends to magnetize the main field and so the speed-load

curve of the shunt motor with brushes having a forward

shift, is nearly the same as that of a compound motor.

This condition is never met in practice as the brushes of a

motor spark viciously if shifted forward to any extent.

35. Effect of Line Voltage on Speed. If the voltage

impressed on a motor varies, the speed of the motor may be

expected to vary correspondingly. In the case of a shunt

motor the field flux decreases with a decrease in the impressed

fP j-p

voltage so that, in the formula for speed, N= \
K^

,

both E and $ vary and, if the field of the motor is not oper-

ated near saturation, the change in speed for a small change

in line voltage is not marked. And if E increases, $ in-

creases in nearly the same ratio so that, as E increases, the

speed does not increase very much.

In the case of a series motor there is no shunt field

and thus for a given current in the armature circuit, the

speed varies in nearly the same ratio as the impressed

voltage.

The compound motor, having both shunt and series

coils, has a change of speed, with change in line voltage,

greater than that of the shunt motor and less than that

of the series motor.

36. Motors with Commutating Poles. The problem of

commutation is just as difficult to solve for the motor as

for the generator. If a motor is not equipped with com-
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mutating poles the brushes must be shifted just as much
in the motor as in the generator, if sparkless commutation

is to be obtained.

Commutating poles, which are very important for the

successful operation of a generator, are even more impor-

tant in motor operation because the load variations are more

sudden and violent. Practically all modern motors

are fitted with commutating poles. The brushes of such

motors are carefully adjusted before the machine is sent out

from the factory and are generally held in place by a set

screw or clamp; the brushes on a commutating pole motor

must not be shifted from this position, as correctly deter-

mined in the factory.

Effects of Various Conductors on Armature. The poles

and armature of a bipolar, commutating pole motor are

shown in Fig. 103, and the direction of the e.m.f. induced

in each conductor is indicated. If the brushes are in the

neutral^ position (shown by line AB in Fig. 103) there is

no demagnetizing effect produced by the armature reaction

and in each half of the armature winding there are a cer-

tain number of active conductors generating the necessary

counter e.m.f.; these conductors are indicated by X and

Y in Fig. 103.

The conductors marked M and N add nothing to the

counter e.m.f. of the armature because in each half of the

winding the e.m.fs. generated in these conductors neu-

tralize each other. Considering the right-hand half of the

armature in Fig. 103, it is seen that under the S commutating

pole there are two inductors with a " negative " e.m.f,

and under the N commutating pole there are two inductors

generating a "positive" e.m.f.; hence in the right-hand

side of the armature the effective counter e.m.f. must all

be generated by the inductors marked X, The same
reasoning shows that the only inductors generating the

counter e.m.f. in the other path of the armature are those

marked Y,
^
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Effect of Forward Brush Shift. If the brushes are

shifted forward to the plane A" B" the motor will slow

down with an increase of load. This is due to three effects.

The IRa drop increases with the load and so slows the

Fia. 103.—^E.M.Fs. in Conductors of a Commutating-pole Motor.

motor down as shown before; the armature reaction in a

motor tends to magnetize the main field when the brushes

have a forward shift and so increases the counter e.m.f.,

thus causing a speed decrease; when the brushes are in

the plane A" B" it is seen that the inductors marked M

.
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and A^ help in generating a counter e.m.f. in the armature

winding. Those inductors marked M evidently add their

e.m.f. to that generated in the inductors X and those

marked N add their e.m.f. to that generated by the

inductors Y.

The e.m.f. generated in the inductors M and N is pro-

portional to the load because the strength of field produced

by the commutating poles is proportional to the load.

The e.m.f. generated in the inductorsX and Y is independent

of the load (so long as the speed remains constant) but the

counter e.m.f. of the armature winding as a whole tends to

increase with a load increase because of this effect of the

inductors M and N. In fact the effect of the conductors

M and N is just the same as though there were no com-

mutating poles and the main field increased in strength

with an increase in load. Hence these conductors and the

armature reaction (with a forward brush shift) tend to

make the motor act like a compound-wound motor which,

as we know, has a speed-load curve which drops quite

rapidly as the load is increased.

A certain commutating-pole motor ran at a speed of

1000 r.p.m. with no load; with the brushes in the plane

AB (Fig. 103), the full-load speed was 900 r.p.m. and with

the brushes in the position A'^ B^' the full-load speed was

670 r.p.m. This increase in speed decrease (670 r.p.m.

as compared to 9C0 r.p.m.) was caused by the combined

effect of the armature reaction and the commutating poles.

When the motor was carrying full load with the brushes

in the position A'^ B'^, they sparked badly. Why?
Effect of Backward Brush Shift. When the brushes

are moved backward as shown at A' B' (Fig. 103) the

speed-load curve tends to become more nearly flat. The

effects of the inductors M and N and of the armature

reaction both decrease the counter e.m.f. of the armature

as the load increases and thus tend to make the speed of

the motor increase with a load increase. The effect of the



THE CONTINUOUS CURRENT MOTOR 171

IRa drop, however, again tends to make the speed decrease

as the load is increased so that the shape of the speed-load

curve is determined by the relative magnitudes of these

two effects.

If the armature resistance is high and the armature

reaction and commutating poles relatively weak, the motor

speed will fall off as the load is increased. In a motor

having a smaller armature resistance the speed will actually

rise with an increase of load; one motor tested increased

its speed from 1000 r.p.m. at no load to 1080 at three-

fourths load and before full load was reached the motor
'' ran away," i.e., the speed suddenly increased to such a

value that the protecting devices in the armature circuit

opened the supply line.

Of course, the brushes were sparking to some extent

when in the position A' B' but not as badly as when in

the position A" B'\ In general it may be said, that,

with a backward shift of the brushes, the operation of a

commutating-pole motor is unstable; under certain con-

ditions the speed of the motor may oscillate violently even

when the load on the motor is constant. The motor men-

tioned above, with its main field weakened somewhat from

its normal strength, when the brushes were in the position

A' B' ^' hunted " between speeds of 800 r.p.m. and 1200

r.p.m. until, finally, the protecting fuses blew and opened

the circuit.

We may conclude, therefore, that on a commutating-

pole motor the brushes must be accurately set in position;

a shift of even one-half the width of one commutator bar

from the proper position will often produce sparking and

unsteady running.

37. Motor Starting Rheostat. When a motor armature

is stationary, there can be no e.m.f. generated in its wind-

ings because there are no conductors cutting lines of force.

If, then, the stationary armature of a shunt motor is con-

nected directly to the supply line, the current which will
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flow in the armature circuit may be calculated from the

equation

E= e-{-IRa, and as e = 0,

E = IRa or 1 =^ (35)

Necessity of Resistance for Starting a Motor. Now the

current calculated from this equation will be ten or twenty

times the full load current and will be disastrous in its

results.

Suppose a 110-volt motor, the full-load current of which

is 40 amperes. The armature resistance of such a motor

would be about 0.2 ohm. If the stationary armature were

connected directly to the 110-volt line, the current through

the armature would be 110-^0.2 = 550 amperes, whereas the

full-load current is only 40 amperes. The current of 550

amperes would burn the brushes, commutator, and wind-

ing, and also would probably blow the fuses in the supply

line.

After the motor is running there is not an excessive

current flowing through the armature because the current

is limited by the counter e.m.f. But while the armature

is accelerating this counter e.m.f. is small, and some other

means must be employed to limit the starting current.

This is the function of the motor-starting rheostat, or,

as it is frequently called, the starting box.

A starting rheostat consists of a variable resistance,

which may be gradually cut out as the motor speeds up

and which can be cut out altogether when the motor has

reached nearly normal speed. The total resistance of the

starting box must be of such a value that, when it is con-

nected directly across the motor supply line, the current

which flows through it will not he greater than about 150%

of the full-load curreiit for the motor. The starting box is
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Power Supply

sometimes designed so that it takes a current not greater

than the full-load current of the motor.

Example of a Proper Starting Rheostat. Suppose that a

starting box is desired for the 100-volt, 40-ampere motor

mentioned in the previous paragraph. If the current in

the armature circuit is to be 40 amperes at the start, the

total resistance of the armature

circuit (armature resistance and

starting box) must be 110/40 = 2.75

ohms. As the armature resistance

is 0.2 ohm, the total resistance of

the starting box must be 2.75— 0.2 =
2.55 ohms. The wire of which the

starting box is made must be of

sufficient size to carry safely 40

amperes during the short time

required for the acceleration of the

motor armature.

This resistance of 2.55 ohms

would have taps at about five

points so that it could be gradually

cut out as the motor speeds up.

The steps are not even; the above

rheostat would probably be divided

into steps of 2.55 ohms, then 1.7

ohms, 1.0 ohm, 0.4 ohm, and 0.2

ohm. The connection of the arma-

ture to the line through this variable

resistance is shown in Fig. 104. The wires of which the

starting box resistance is composed are imbedded in sand

in the best type of starting boxes; they are then enclosed

in fire-proof material so that if the operator keeps the

starting resistance in the circuit for a longer time than that

for which it was designed, thus overheating and possibly

melting it, no fire risk occurs.

A starting box of good design and manufacture is shown

Fig. 104.—Connection of

Resistance for Starting

a Motor.
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in Fig. 105. The lever, or arm by means of which the

resistance is cut out as the motor speeds up, is so connected

to a spring that it constantly tends to fly back to the " off
"

position, thus opening the armature circuit.

Special Features cf a Starting Rheostat. There are two

conditions under which the armature circuit should be

opened, and the starting box, shown in Fig. 105, is designed

Fig. 105.—Front View of a Motor-starting Rheostat. Ward-Leonard
Company.

to take care of these automatically. If too much load is

put on the motor, a dangerously large current may flow

through the armature circuit; under such a condition the

armature should be opened, thus stopping the motor and

warning the operator of the over-load. The " over-load

release " of the starting box, shown in Fig. 105, actuates

a stop which releases a small circuit breaker located on the

face of the starting box, thus opening the circuit when the

safe current is exceeded.
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Necessity of " No-voltage Release." The " no-voltage

release " permits the rheostat arm to fly back to the " off
"

position if the line voltage drops below a certain value.

The object of this release is always to open the armature

circuit when the supply line becomes " dead." When this

occurs (as, for example, when the station circuit breaker on

a feeder blows) the motor im-

mediately slows down and stops.

If the line is again made alive

(circuit breaker re-set) an exces-

sive current will flow through

the stationary armature and

may injure it. Of course, the

over-load release would open the

circuit under such conditions,

but these over-load releases are

designed only to break currents

of about the same magnitude as

the full-load rating of the motor.

As was shown on page 172, the

current which flows through a

stationary armature when it is

connected directly to a normal

voltage hue is many times the

full-load current and if the small

circuit breaker on the front of

the starting box were depended

upon to break such large currents

it would soon be damaged.

Connections for Starting Rheostats. The solenoid which

operates the no-voltage release is connected (in series with

a suitable resistance) directly across the supply line, and

the solenoid which operates the overload release is con-

nected in series with the motor. The connections of such

a rheostat to the motor and supply line is shown in Fig. 106.

In starting a motor the arm must not be moved over too

Fig. 106.— Connections of

" Over-load release " Mag-
net and " No-voltage re-

lease " Magnet of a Motor-

starting Rheostat.
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rapidly else the over-load release will blow; neither must

it be moved over too slowly else the resistance wire in the

rheostat is likely to be melted. The contact points on the

face of the rheostat should be kept clean, as must also the

sliding contact, or '' shoe," on the rheostat arm.

37a. Speed Control of Motors. It is often necessary to

vary the speed of a motor according to the changing require-

ments of the load. To make the electric motor suitable

for railway service, operation of machine tools, etc., it

must be possible to change quickly and easily its speed

through a wide range, and the scheme for obtaining this

variation in speed must be such that the motor operates

with a good efficiency at any one of the speeds required.

Possibility of varying Speed. By inspection of equation

31, page 164,

N--
E-IRa

it is seen that the speed may be varied by a change in the

impressed voltage E, the resistance of the armature circuit,

Ray or the value of the field flux, $. The loss in heat in

the armature circuit is equal to PRa (where Ra is the

resistance of the armature circuit), and if this quantity is

large the motor must necessarily be inefficient; speed con-

trol by the addition of resistance in the armature circuit is

therefore seldom used and will not be discussed here.

Multiple Voltage Control. In the system using multiple

voltage control, the power line consists of several wires,

and the voltage between various pairs is different. In

one system four wires are used to distribute power to the

motors and the power supplied to these four wires is obtained

from a set of three generators. The various voltages

obtainable by using different pairs of supply wires are

shown in Fig. 107. The voltage impressed on the arma-

ture in this system may be varied in steps from 60 volts
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Generators

rOfOfO
-iio- -6Q-

-140

-190

250

to 250 volts and the speeds obtainable would vary in about

the same proportion so that the highest speed obtainable

would be about four times the lowest speed. This would

be called a 1 : 4 speed control.

This scheme is used in the operation of motors for

driving machine tools. If a high speed is desired for a

certain operation on a lathe, the motor is connected to the

250-volt line, and, when lower

speeds are desired, the motor is

connected to one of the other

pairs of wires, having a suitable

voltage. Such a system of

speed control involves compli-

cated wiring and controllers for

the motors but its advantage

lies in the fact that the motors

operate at a comparatively

high efficiency at any one of

the speeds obtainable.

Speed Control hy Field

Variation. Another important

method for obtaining various

speeds consists in weakening

the field of the motor. This

is called field control. When
first discussing the speed-load curves of motors it was
shown that, under any condition of operation, the counter

e.m.f. developed in the armature winding must be nearly

equal to the impressed voltage. If now the impressed

voltage is maintained constant and the field flux is varied,

it is evident that the above condition can be fulfilled only

if the speed of the motor follows the changes in field strength:

a high speed corresponding to a weak field and vice versa.

The amount of variation which can thus be obtained

from a shunt motor of ordinary design is not very great;

the twisting of the main field by the armature reaction

Dist •ituting Lines

Fig. 107.—Power Distribution

Scheme for Multiple Voltage-

speed Control.
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is not enough to be objectionable when the main field is

operated somewhere near saturation, but when this field

is weakened, the effect of the armature reaction is much
exaggerated and the brushes will spark badly unless properly

shifted with every change in load.

Commutating Poles used with Field-weakening Control

Scheme. The type of motor best adapted for speed varia-

tion by the field control method is the commutating pole

motor and practically all motors intended for service where

a variable speed is desired are equipped with commutating

poles. In such motors the commutating pole provides

the flux required for sparkless commutation, irrespective

of the strength of the main field. Such motors are designed

for a speed range as. great as 1:6; ordinarily, however,

the speed variation obtainable is not greater than 1:3

or 1:4.

Variable Speed Motor Compared to a Constant Speed

Motor. The torque obtainable from a variable speed motor

is greatest when the main field has its greatest strength,

i.e., at minimum speeds. As the speed is increased by

field weakening, the torque decreases in about the same

ratio as the speed increases. This is due to the fact that the

torque of a motor is proportional to the product of the

armature current and the field density; the safe armature

current is nearly the same at high speeds as at low speeds

so that the torque goes down as the speed goes up. The
product of torque and speed is practically the same what-

ever the speed and this means that the motor has the same

capacity in horsepower over its whole speed range.

Now a motor to give a certain output must be of larger

size the slower the speed; the size of all variable-speed

motors is, therefore, larger than that of standard constant-

speed motors of the same horsepower capacity. A field

frame designed for a standard constant-speed 5-h.p. motor

would be used in the construction of a 3-h.p. variable-speed

motor: other sizes would be in about the same ratio.
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Comparison of Field Control and Multiple Voltage Methods.

The field-control method of speed variation results in the

efficient operation of the motor and the wiring of the power

supply to the motor is so much simpler than that of the

multiple voltage system that it is much preferred to the

latter. The nunaber of running speeds in the multiple-

voltage scheme shown in Fig. 107 is limited to six, while

the number obtainable when using field control depends

only upon the number of contact points in the field rheostat

of the motor; as many as 40 or 50 speeds are thus available

with the rheostats ordinarily employed.

The multiple-voltage control may employ more or less

field control, however, in which case the number of running

speeds obtainable is greater than when field control alone

is used. The chief advantage of the multiple-voltage

control over the straight field control lies in the smaller

size of motor required for a given horsepower capacity.

38. Speed control of Railway Motors. The speed

control of railway motors is accomplished by the variation

of the voltage impressed across the motor terminals by what
is called the series-parallel control. There are always at

least two motors on each electric car and sometimes there

are four, all of the same rating. When the car is first

started, all motors are connected in series, through a start-

ing resistance, to the 600-volt line, the trolley or third rail

being one side of the line and the track the other side.

The controller (which is simply a rotating switch) has

marked on its face various points, the number of these

points depending upon the type of motor equipment.

The Various Steps Used in Starting. The first three

points are generally " resistance points," i.e., while the

controller handle is pointing to any one of them more or

less of the starting resistance is connected in series with

the motors. On the fourth point the two motors are con-

nected in series with each other and directly to the fine.

This is called a " running point " because no power is
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being wasted as heat in the starting resistance and so the

equipment is operating at a fair efficiency. The motors

are next thrown into parallel connection and some of the

resistance is again put in series with them. While the

motors are being changed from series to parallel connection,

the controller handle is moving through the '* transition

points " and the controller handle is so designed that it

Points

Resistance Motor No. 1 Motor No. 2

Fig. 108.—Connections for Series-parallel Control of Railway Motors,

will not remain on one of these points unless held there.

When the transition points have been passed through

and the motors are connected in parallel, the resistance

is again cut out in two " resistance points " and, finally,

the two motors are each operating on the full line voltage.

This is the second " running point." The various connec-

tions used in the system of control are well shown in Fig. 108.

Disadvantage of the Above Scheme. The disadvantage

in this scheme of control is that while going through the
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transition points the tractive effort on the car, and hence

its acceleration, is much decreased. On points 5 and 6,

Fig. 108, the tractive effort will evidently be less than that

on point 4 because on these points only one motor is active;

the other has no current flowing through it. The accelera-

tion of a car equipped with this system is somewhat uneven.

The Bridge System of Control. In modern railway

equipments a different set of connections are used in accel-

erating the car, which is known as the bridge control.

A diagram of the connections used in this scheme is shown
in Fig. 109. Here T stands for a trolley connection and

G for a ground connection.

At first the two motors are connected in series with all

the resistance and there are three steps in cutting out

this resistance as before. When the " bridge " is put in

the first running point is reached. Next come the transi-

tion points, on the first of which the connection A is removed,

in the second, connection is made to the trolley and ground

as indicated, and in the third, the bridge connection is

removed.

During this transition period each motor continues to

carry the same current as it did on running point 4. The
starting resistances are so designed that when the bridge

is removed no sudden change takes place in the current

through the two motors. Then on points 5, 6, and 7 the

resistance is again cut out, and in point 8 the second running

speed is reached. All modern railway equipments are

being furnished with this bridge system of control as it

gives a more uniform acceleration than the older method

shown in Fig. 100.

Possibility of Field Weakening. If the motors are

equipped with commutating poles, two other running points

may be obtained. After point 4 has been reached a resis-

tance is shunted across each motor field, thus weakening

the field and increasing the motor speed and giving what

we may call running point 4A;. In changing from point 4
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to the first transition connection, these shunts are removed

and not connected again until after point 8 has been reached.

At present these shunts are not much used.

The Railway Controller. A typical railway controller

is shown in Fig. 110, and in Fig. Ill is given an enlarged

view showing some of the contact fingers bearing on the

Bridge

wnaAmW—^-^COOvO^

Resistance Points 1, 2 & 3

Running Point 4

avna/v^aaA-
Bridge

-'TJOGvCy'

G

G—^WVSAAMA/ ^MJ\/Cy

> Transition Points

G—^A^/SAA^^AA/v 'W5\/^y~

T—AM^^^WV^^ ^TJM\XI/

Resistance Points 5, 6 & 7

Running Point 8

Fig. 109.—^Connections for Bridge Control of Railway Motors.

copper segments which are carried on the main cylinder

of the controller. As these fingers break contact with the

segments, an arc is formed between a finger tip and a

segment tip and, if not taken care of, the arcing would

soon damage the controller. The controller is so designed

that the arc is formed in a magnetic field which tends to

lengthen the arc and so makes it rupture as soon as it is
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formed. This feature of the controller is called the mag--

netic blow-out. Also the segment tips and fingers are so

made as to be easily replaced by new ones when they have

been burned so much as to be unserviceable.

Fig. 110.— Inside \ lew of Railway Controller.

39. Use of a Fljnvheel with a Compound Motor. The
rate at which power is required by some kinds of machine

tools is very irregular; in the punch press or forming press

for example almost no power is required until the die comes
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in contact with the metal to be punched or formed. The
rolling mill is another instance of a tool calling for an irregu-

lar power supply.

If the mass of the moving parts is not very great in

such machines the power consumption of the driving motor

will be very irregular. Fig. 112 illustrates this point; the

full line curve shows the current consumption of a motor

driving a shears for cutting large iron bars.

Poi(3 Piece

Conlo/ntc/

Fig. 111.^—Some of the Contact of a Railway Controller. A niagnetic

" blow-out " scheme is used to prevent serious arcing at the

contacts. General Electric Company.

Now the motor in which such a current is flowing must

be made sufficiently large to commutate successfully the

greatest value of current, as at A. If the motor driving the

shears were a compound-wound motor with a comparatively

large number of turns in its series field (say 30%-40%
compounding), and a heavy fljrwheel is put on the same

shaft with the armature, the current to the motor, while
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doing the same work as before, will be given by the dotted

curve of Fig. 112, in which the maximum value is much
less than it was before. In fact this motor equipped with

the flywheel might be much smaller than the one without

the flywheel. The motor through which current A', Fig.

112, flows need be only about two-thirds as large as if cur-

ent A were the current input.

Effect of the Flywheel. The action of the motor equipped

with a flywheel is as follows: At time ti, Fig. 112, the load

on the motor suddenly increases and so causes the motor

to begin to slow down. As it slows down, the rotating

Time

Fig. 112.—Current Consumption of a Compound Motor, with and
without Flywheel.

flywheel is slowed down also and so gives up some of its

kinetic energy. During the time from ti to ^2, Fig. 112,

the electrical input to the motor is not as great as the power
demanded by the load, hence the motor slows down and

the retarding flywheel assists the motor to carry the load.

During this slowing dow^i process, the current input to the

motor must increase somewhat.

If at the time ti the speed is 1000 r.p.m., and at the

time t2 the motor has slowed down to 800 r.p.m. and the

speed-load curve of the motor is as given in Fig. 113, the

current must increase during the same period from OD
to OE. In Fig. 112, ati equals OD of Fig. 113 and bt2
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of Fig. 112 is equal to OE of Fig. 113. At the time (2 the

power demanded by the load is less than the input to the

motor and so the motor begins to speed up and to increase

the energy stored in the flywheel; the current begins to

decrease at the same time. At the time ^3 the motor has

regained its original speed of 1000 r.p.m. and the current has

fallen to the value OD. The single-hatched area in Fig. 112

represents the amount of energy which the retarding

flywheel gives up when the load is heavy and the double-
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Fig. 113.—Speed-load Curve of Heavily Compounded Motor.

hatched area represents the energy which the motor returns

to the flywheel when the load is light; these two areas are

equal.

This use of a heavy flywheel to equalize the input to a

motor supplying an intermittent load is becoming quite

general; it decreases the size of motor required and makes

the operation of the generating station much easier. This

last consideration is of importance only when the size of

the motor is somewhere near that of the generator supply-

ing its power.



CHAPTER V

THE EFFICIENCY OF A DYNAMO-ELECTRIC MACHINE

40. Importance of a High Efficiency. If the amount of

electrical power put into a motor is measured and the

mechanical power output is measured during the same time,

the efficiency of the motor may be obtained by finding

the ratio of the output to the input. In just the same way
the efficiency of a generator is the ratio of the output to

the input; in this case, however, the input is mechanical

power and output is in the form of electrical power. Both
input and output must be expressed in the same unit befoie

the efficiency may be calculated. Suppose, for example,

that the input to a small electric motor is 1 kw. and the

output is 1 h.p. The output in turns of kilowatts is .746,

.746
so that the efficiency is —-= 74.6%. Or we might say

the input is equal to 1.34 h.p. so that the efficiency is equal

to ^=74.6%.

Example of the Operating Cost of a Low-efficiency Machine.

The efficiency of an electrical machine is one of its most
important characteristics. To illustrate the importance of

a high efficiency for a motor let us consider the case of a

factory requiring 100 h.p. to run the machinery installed

in it. If the motor used to drive the shafting has an

efficiency of 90% the necessary input when the motor is

giving off 100 h.p. is equal to 100-^.90 = lll h.p. which is

equal to 83 kw. Suppose the price of power is $.06 per

kw.-hr. (prices vary between $.04 and $.15 per kw.-hr.,

187
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according to the size and location of the power station

and the amount of power used by the customer). The cost

of power per ten-hour day would be equal to $.06X83 X 10 =

$49.80.

If now the motor has an efficiency of 80% we may calcu-

late in the same way the cost for power to run the factory

a ten-hour day and find it to be $56.00. The difference in

cost in operating these two motors for a year would be

$1860.00, and this is more than the cost of the motor.

This one example serves to show how important the efficiency

of a dynamo-electric machine is commercially.

41. Losses and Their Variation with Load. Mechanical

Losses. There are several so-called losses in any electric

machine. For example, in the operation of a motor some

of the power input is used in overcoming the friction of the

shaft turning in the bearings, the friction of the brushes on

the commutator, and the friction of the revolving armature

on the air (called windage). These are usually designated

as mechanical losses.

Electrical Losses. There are aiso other losses due to

ohmic resistance, hysteresis, and eddy currents; these are

called electrical losses. As losses due to ohmic resistance

may be mentioned the PR losses in the field windings, in

the armature windings, and in the brushes and brush con-

tacts. Then there are the hysteresis loss in the armature

core, and the eddy-current losses in the armature core and

pole faces, where power is used and given out in the form

of heat.

Variation of Losses with Load. Some losses are inde-

pendent of the load the machine is carrying and some vary

with the load. If the speed of a machine (either motor or

generator) remains constant as the load varies, we may
assume that all of the mechanical losses are constant, i.e.,

independent of load. If they are measured at any one

load they may be regarded as having the same value for

any other load.
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When the speed of a machine varies as the load changes,

the mechanical losses may he considered to vary directly with

the speed.. If, for example, on a series motor, the mechanical

lobses are measured and found to be 800 watts when the

armature is turning 1200 r.p.m., they may be assumed to

equal 400 watts when the motor is turning 600 r.p.m.

The current flowing in a shunt field is nearly independent

of the load. In the case of a shunt motor connected to a

constant potential line the shunt field current will be entirely

independent of the load and hence the PR loss in the field

coils will be constant. This loss will be larger when the

machine is first started than when it has run a sufficient

length of time to get warmed up; in Chapter I the effect

of an increasing temperature upon the resistance of a con-

ductor was noted.

The current in the armature and series field of a motor

(or generator) is proportional to the load the machine is

carrying; the ohmic resistance loss is, therefore, propor-

tional to the square of the load and if the PR loss is plotted

as one co-ordinate with the load as the other, the curve

will be a parabola.

Loss at the Brush Contacts. The resistance of the brush

contacts (carbon brushes are assumed) is not a constant

quantity but depends upon the current density at the

contact surface. If the current density is low, the resist-

ance is high and vice versa. This is entirely different from

the armature and field circuits; except for the temperature

change effects the resistances of these circuits are constant

and not affected by the current density. It has been found

by experiment that the resistance of brush contacts varies

somewhat with the current density at the contact surface;

the IR drop through two brush contacts in series may be

calculated approximately by the formula,

Zjf? drop = 1.0+ (.3 X amperes per sq.cm. . . (36)
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r The normal current density at full load is 5 amperes

per sq.cm. so that the brush contact drop = .8+(.2X5) = 1.8

volts, for both brushes together. This drop is nearly the

same on all sizes of machines as it depends only upon the

current density in the brush contacts and not upon the cur-

rent itself; the current density is practically the same for

all sizes of machines.

The loss due to brush contact resistance is small compared

to the other losses in a machine and it is often computed by

taking the IR {contact resistance) drop as equal to 2 volts

at all loads. This makes the calculation of brush contact

PR very simple and. even though it is a rough approxima-

tion, but very little error is produced in the final result.

In a motor taking 40 amperes at full load the contact resist-

ance loss may be approximately obtained by putting PR
loss=40X2 = 80 watts, etc.

Hysteresis and Eddy Current Losses. In a shunt generator

or motor the hysteresis and eddy current losses are nearly inde-

'pendent of the load providing the speed does not change with

the load. They depend upon the flux density in the arma-

ture core and the speed with which the armature revolves.

The speed will generally change somewhat as the load

changes and these losses may be considered to vary directly

with the speed, the same as the mechanical losses.

I Stray Power. All of the mechanical losses, and the

hysteresis and eddy current losses (commonly called core

loss) are measured together and the whole loss is called

the stray power. The stray power therefore comprises all

mechanical losses and core losses and may be assumed to

vary directly with the speed.

Loss Curves. We have, then, four losses to take into

consideration when determining the efficiency of a motor

or generator; the stray power, which varies slightly with

the load, the shunt field loss which is generally independent

of the load, the brush contact resistance loss which varies

directly with the load, and the armature and series field



EFFICIENCY OF A DYNAMO-ELECTRIC MACHINE 191

(if there is any) PR loss which varies with the square of

the load.

These various losses are shown plotted as curves in Fig.

114. The results are taken from a test of a 5 h.p. shunt

motor and are about right for any continuous-current

machine of this capacity. The curve marked " total loss
"
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Fig. 114.—Loss Curves of a Motor.

is plotted by adding the ordinates of the other four curves, the

significance of which is indicated in the figure. The shunt

field loss is 97 watts at all loads, and the stray power is

320 watts at no load and practically the same at full load;

the brush contact resistance loss is 3 watts at no load and

80 watts at full load, the no-load armature PR loss is less

than one watt and at full load it is 242 watts.

42. Calculation of Efficiency from Loss Curves. If such

a set of curves is given for any machine its efficiency

curve may be at once obtained. The input to any electric

machine must evidently be equal to the output plus all
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the losses occurring in the machine; hence the efficiency

may be obtained by using the formula

Efficiency^
/"/P"^

. . . . (37)
output+ losses

At full load the output of the motor referred to in the pre-

vious paragraph is equal to 746X5 = 3730 watts.

The input must be 3730+ (242+97+80+320) =4469 watts.

3730
Hence the full load efriciency= .-,- =83.6%.

2982
When the output= 4 h.p., the efficiency = r>Qor> .^97

= 82.7%

2238
When the output= 3 h.p., the efficiency= ^^^^X"^= 80.3%

1492
When the output = 2 h.p the efficiency = = 75.1%

746
When the output = 1 h.p., the efficiency= ^.^ . - =62.1%

74b+4o5

When the output= h.p., the efficiency=j^ =0%
4:OU

Ordinarily the loss curves are not obtained in terms of

horsepower output but in terms of the armature current

and hence the efficiency curve is obtained in terms of the

armature current.

Efficiency Determination without Actually Loading the

Machine, To determine the efficiency of an electrical

machine it is not necessary to actually load it; some method

of determining the various losses is all that is required*



EFFICIENCY OF A DYNAMO-ELECTRIC MACHINE 193

This is a great advantage in the testing of large machines;

for example if a 1000-h.p. motor were to be tested, two dif-

ficulties would be encountered if it were attempted to

actually load it up to its rated capacity. First it would

be difficult to find some way of putting a load of 1000 h.p.

on the motor and then of measuring it accurately, secondly

it would require about 1000 kw. of power to run the test

and even though this power were available, it would all

be wasted in running the test unless some special " pump-
back " test* was used.

43. Obtaining Data for the Determination of Efficiency.

To determine the losses no facilities for loading the machine

are required and but little power is used in making the

test. To get the stray power the machine is run as a motor

with no load. When the rated voltage is impressed on

the armature, the field rheostat is adjusted until the rated

speed is obtained and then the input to the armature

circuit is measured.

The resistance of the armature winding is determined

and the armature PR loss (with no-load current flowing)

is calculated. This subtracted from the no-load input

to the armature gives the no-load stray power and this is

assumed as the same for all loads. The resistance of the

shunt field circuit is measured and the shunt field PR loss

is found. The brush contact resistance is calculated after

the area of the brush contact has been measured and the

brush contact PR loss may be determined from the formula

discussed in a previous paragraph.

* The term " pump-back " test is used to designate a test in which

two similar machines are being tested at the same time. In such a

case one machine is generally used as a motor to drive the other machine

as a generator; the power from the generator is " pumped " back

into the line from which the motor is drawing its power, hence the power

actually used, even when both machines are operating at approxi-

mately full load, is only that amount necessary to supply the losses

in the two machines. ^
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Example of Efficiency Prediction. The readings ob-

tained from such a test upon a 100-h.p. motor would give

results about as follows:

Rated voltage =230 volts;

Rated current =350 amperes;

Shunt field resistance (hot) =49.8 ohms;

Armature resistance (hot) = .0112 ohm;

Armature current (running hght) = 15. 1 amperes;

Total area of all brush contacts = 140 sq.cm.;

Current density at full.bad =4.93 amperes per sq.cm.;

Drop at brush contacts, full load

= 1.0+ (.3X4.93) =2.48 volts;

Drop at brush contacts, half load

= 1.0+(.3X2.46) = 1.74 volts;

Armature PR loss, no Ioad = 15.l2x.0112 = 2.5 watts;

Stray power, no load (assumed constant in this problem)

= (230X15.1)- 12.5+15.1^1.0+ ^.3X^)) 1=3455 watts;

2302
Shunt field loss = Tq-o = 1060 watts;

From the data the curves of Fig. 115 were plotted.

Then the total loss curve was constructed and from this

the efficiency was readily computed. The shape of the

efficiency curve is about the same for any electric motor
or generator. The efficiency is low at light loads, reaches

a fair value at half-load and, from this point up to one and
one-quarter load, is practically constant. The full-load

efficiency of large machines may be as high as 94%, while

for small machines of a few horsepower it is nearer 80%.
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Determination of Efficiency from Name-plate Data. The
full-load efficiency of a motor can always be approx-

imately determined from the rating given on its name plate.

The A.I.E.E. rules specify that, among other things, the

name plate of a motor shall give the voltage and current

for which the machine was designed at full load, and the

output in horsepower (if the machine is a motor).
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Fig. 115.—Loss Curves and Efficiency Curve for a Motor.

Suppose, for example, that the rating of a certain

machine from the name plate is 110 volts, 38.5 amperes,

5 h.p.

The watts input, full load =110X38.5 = 4350 watts.

The watts output, full load = 5X 746 = 3730 watts.

Hence the full-load efficiency = 3730 -^ 4350 = 85.7%.



CHAPTER VI

ELEMENTARY PRINCIPLES OF ALTERNATING CURRENT

44. Alternating Currents— Wave Shape — Frequency.

An alternating current is one which periodically changes its

direction of flow, assuming alternately positive and nega-

tive values. The current generally completes a period

(complete cycle of values) in a very short time, perhaps

one-fifteenth of a second or less. Also the sequence of

values assumed during the negative half of the cycle is

exactly similar to that of the positive half. In other words

if the instantaneous values of current are plotted with

time for the other co-ordinate, a wave is obtained, the two
halves of which are similar in a peculiar way. In Fig.

116 is shown one complete cycle of an alternating current;

if the loop B is moved back on the time axis to B' , then

A and B' are symmetrical with respect to the time axis.

Practically all alternating current and voltage waves have

tnis characteristic symmetry.

Alternation-Frequency, One-half a cycle is called an

alternation; in Fig. 116 the time CE is called the period

of the alternating current and the number of periods passed

through by the current in one second is called the periodicity

or frequency. A current of a frequency of 60 cycles for

example, passes through 60 cycles per second; the frequency

is expressed sometimes, however, in alternations per minute
and we might say that this 60-cycle current had a frequency

of 7200 alternations per minute.

Frequencies in Common Use. The frequencies in common
use for lighting and power purposes are 60 cycles and 25

196
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cycles per second. In the early days of alternating current

engineering a frequency of 133 was adopted as the standard

and recently it has been recommended that a frequency

of 15 cycles per second be used for railway motors of a certain

type. Sixty cycles is as low as can be employed for lighting

purposes; if a lower frequency than this is used, the result-

ant flickering of the lamp becomes tiring to the eye.

For the transmipsion of messages by wireless telephony

and telegraphy a frequency of many thousand cycles per

second is used; machines have been built for this work

which generate as high as 200,000 cycles per second.

Fig. 116.—Curve Illustrating Mirror Symmetry.

Shape of Wave. The shape of the curve representing

an alternating current or e.m.f . is sometimes very important.

In nearly all commercial circuits the forms of voltage and
current waves are simple sine curves as shown in Fig. 117;

there will always be more or less departure from the simple

sine form caused by the presence of sine waves of higher

frequency than the fundamental.

Upper Harmonics Affect Wave Shape. A current which

has approximately the form of a 60-cycle sine wave is likely

to be distorted by the presence of other sine waves of

frequencies of 180 cycles per second, 300 cycles per second,

etc. These higher frequency currents are called upper
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harmonics, being some multiple of the fundamental wave;

the 180 cycle is the xnird harmonic of the 60-cycle wave and

the 300-cycle wave is the fifth harmonic, etc.

Fig. 117.—a Sine Curve of E.M.F.

In all ordinary cases of distorted waves only the odd

harmonics appear; when a curve has the symmetry men-

tioned in the previous paragraph it may at once be assumed

that no even harmonics are present.

Fig. 118.—Voltage and Current Forms in an a-c. Circuit having an

Iron Core Inductance.

Typical Wave Shapes. In Figs. 118 and 119 are shown

some typical wave forms. Fig. 118 shows an e.m.f. wave

of nearly pure sine form. The current wave in the same
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figure represents the exciting current of a transformer;

its shape indicates the presence of the third and fifth har-

monics. Fig. 119 shows the e.m.f. wave of an alternating

current generator which the manufacturers guaranteed

would give a sine wave; this shows how poorly a machine

may sometimes be designed. Certain types of alternating

current apparatus would not operate at all if supplied with

power from such an alternator; if this machine were used

in making tests upon a circuit in which condensers were

E.M.F. ware with
eleventh harmonic

Fig. 119.—Reproduction of an e.m.f. Wave from an a-c. Generator,

Supposed to Give a Sine Curve.

used, the results obtained would be very difficult to

interpret.

45. Effective Values—Form Factor. As the magnitude

of an alternating current varies from instant to instant,

assuming all values between its maximum positive and

maximum negative values, it is apparent that we must

establish some method of determining what is the effective

numerical value of such a current in amperes. The equiv-

alence between the ampere of continuous current and the

ampere of alternating current is determined by the effect

of the two currents in heating a certain resistance. Or we

may say that an alternating current has an effective value of

one ampere when it produces heat in a certain resistance at
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the same rate as heat is produced in the same resistance hy

one ampere of continuous current.

Effective Value of a Sine Wave. It may be proved

experimentally or by the calculus, that if the alternating

current is a simple sine wave (i.e., no upper harmonics

present) as shown in Fig. 117, the effective value in amperes,

is equal to the maximum value in amperes, divided by

V2. That is, if we have an alternating current of the form

i = Im sin 60^; (38)

where i = t\ie instantaneous value of the current;

/„j= the maximum value of the current;

CO = 27r times the frequency

;

then I, the effective value of such a current is given by the

relation

I =IJV2=ImX.707 (39)

Effective Value of a Complex Wave. When the curve

of current is not a simple sine wave the relation between

the effective and maximum values can not be represented

by a simple expression. But, in any case, we have the rule

that the effective value of any alternating current is equal

to the square root of the average square of the instantaneous

values. This is expressed in some texts by the letters

R.M.S., meaning " root mean square."

What has been said in regard to current waves holds

good also for voltage waves, so we have, when e = Em sin cof,

E = Em/V2=EmX.707 .... (40)

where e = the instantaneous value of the voltage;

Em = the maximum value of the voltage;

E = the effective value of the voltage.



PRINCIPLES OF ALTERNATING CURRENT 201

Form Factor. It is sometimes desirable to know the

ratio of the effective value of a wave to its average value. The
ratio is called the form factor of the wave.

The average value of a simple sine wave may be obtained

by measuring the area between the curve and the X axis

Flat topped waTe
Form factor=1.00

-Peaked wave ,

Vorni factor=rKl6

Fig. 120.—Extreme Cases of Wave Distortion. Actual waves are

not as bad as these.

and then dividing this area by the base of the curve. The
average value of a sine wave is found to be equal to

2
EmX- or .QSQEm.

Hence the form factor is equal to

Em/V2^EmX^ = 1.11.

For a wave more peaked than a sine wave the form factor

is greater than 1.11 and for a flat topped wave it is less than

this value. Two extreme cases are given in Fig. 120.

46. Vector Representation. It is inconvenient to always

use the curve diagram for representing currents and e.m.fs.;

a much simpler method is by means of the vector diagram.
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Use of a Rotating Vector. It is a familiar fact that a

sine curve may be properly represented by a rotating

vector, the length of which is equal to the maximum value

of the sine wave and the speed of rotation of which (mea-

sured in radians per second) is equal to 2% times the fre-

quency of the alternating current.

In Fig. 121 the vector OA is supposed to rotate in the

counterclockwise direction with the angular velocity w,

where w= 2x/. Time is reckoned as zero when the vector

OA coincides with the X axis so that at the end of the

Y
.^__Direction of
^"""^^TOctor rotation

^\<f\^

/0^'\/^--^^^ :ci

Line of i-eference

Fig. 121.—Vector Representation of Voltage and Current.

time t the vector has swept through the angle w^. At

this time the instantaneous value of the current, which

the vector diagram is supposed to show, is OC=OA cos w^

and as the length of OA has been chosen equal to the maxi-

mum value of the current it is evident that the projection

of the vector OA on the X axis represents, at any time,

the instantaneous value of the current expressed analytically

by the equation i—Im cos (tit.

Projections on the X axis to the right of the Y axis

represent positive values of current while those to the left

represent negative values of current.
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47. Phase Displacement—Power—Power Factor. If an
alternating e.m.f. is applied to a circuit, a current will flow

which will, in general, be of the same shape as the e.m.f.

wave. There are some cases where this is not true but they

will not be considered until later.

Although the current and e.m.f. will, in general, be of

the same shape, they will not usually be in the same phase.

In Fig. 122 are shown the curves of e.m.f. and current in

two different circuits, one taking a leading current and the

other a lagging current.

Fig. 122.—Curves Showing Leading Current and Lagging Current.

In both of these circuits, the current is said to be out

of phase with the voltage; the phase difference is given

by the angle
(J)

in both cases. A current in phase with the

voltage would have its maximum and minimum values

at the same time as the voltage. Such a current is shown in

Fig. 123.

Lead and Lag on Vector Diagram. The idea of lead

and lag is expressed in a vector diagram by the relative

position of the two vectors used to represent the current

and e.m.f. In Fig. 121 is shown a voltage vector, OA, and

a current vector, OB; this diagram represents the current
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and voltage in an inductive circuit, on which the voltage

OA is impressed.

If the equation of the voltage is written e =Em ccs w'

then evidently the proper equation for current (referrf(

to the same time origin as the e.m.f.) is i = JmCos((x)t— <^) and c|

in the phase difference of current and e.m.f.

Power Factor. The power being used at any instant

in an a-c. circuit is given by the product of the values cf

e.m.f. and current at the instant considered. It is proved

in elementary texts on alternating currents that the power

used in any circuit, in terms of virtual voltage and current

is given by the formula Watts = EI cos (|).

Fig. 123.—Current r.nd Voltaf;e in Same Phase.

The product, LI, h sometimes called apparent power

and evidently ccs cj) is that quantity ly which the apparent

power must he multiplied to give the true power. It is there-

fore called the power factor of the circuit.

48. Active and Reactive Components of Voltage and
Current. It is generally necessary to use the expression
'^ voltage in phase with current " or '^ in-phase voltage "

and similar expressions. When the voltage and current

are represented as vectors, we resolve one on the other

and so get two components at right angles to one another.

In Fig. 124 the two possible schemes are represented.

In (a) the voltage OE is projected on the current vector

01. The component OA is in phase with the current and
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the component AE is 90° out of phase with the current.

In (6) the current is resolved into two components, OA
in phase with the voltage OE, and AI at 90° with the

voltage. The component OA is called the " watt com-

ponent " or " power component," or " in-phase component "

in various books. The component AI (or AE) is called the

" wattless component " or '' quadrature component " or

" out-of-phase component.'*

All of these terms are more or less vague and ambiguous.

We shall use the words active and reactive to designate the

two components. That component of the voltage in

phase with the current we shall call the active component

Fig. 124.—Vector Diagrams Showing Active and Reactive Components
of Voltage and Current.

of the voltage or merely active voltage. The component

of voltage 90° out of phase with the current we shall call

the reactive component of the voltage or reactive voltage.

Similarly the component of current in phase with the

voltage ^dll be called the active current and the component

of current at 90° with the voltage will be called the reactive

current.

The product of the voltage and active current (or current

and active voltage) gives the active power of the circuit.

The product of the voltage and reactive current (or current

and reactive voltage) gives the reactive power of the circuit.

When the single term power is used in connection with

an a-c. circuit active power^ or true power is always signified.
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The three terms we shall use in connection with power are

apparent power
j
power and reactive power.

We have also

Apparent power =^ 7. (41)

= voltageX current.

Power =jE; cos cl)X/ or ^X/ cos ct) (42)

= (active voltageX current) or (voltageX active

current).

Reactive power =^ sin
(J)X/ or j^X/ sin ci) . (43)

= (reactive voltageX current) or

(voltageX reactive current.)

Example, To illustrate these definitions and terms an

example is given. Suppose that a certain circuit carries a

current of 20 amperes when the impressed voltage is 100

volts and that the phase difference between the voltage

and current vectors is 37°, e.i., (j)= 37°. Now if
<J)
= 37°

cos (j)= 0.8 and sin (!)= 0.6.

Hence

Voltage =100
Current = 20

Active voltage =100X0.8=80
Reactive voltage = 100X 0.6 = 60

Active current = 20X0.8 = 16

Reactive current = 20X0.6 = 12

Apparent power = 100X 20 = 2000 volt-amperes

Power = 80X20 = 1600 watts

= 100X16 = 1600 watts;

Reactive power = 60X20 = 1200 watts

= 100X12 = 1200 watts.
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49. The Wattmeter—^Power Measurement. From what
has been said in the previous paragraph it is evident that

the power used in an a-c. circuit cannot be determined by
employing a voltmeter and ammeter as would be done in a

continuous current circuit. If it were possible to deter-

mine <]), then the power could be calculated from the readings

of these instruments, but to determine (j) directly it is

necessary to use either a laborious method of curve plotting

or else the use of special instruments as the oscillograph

or power factor meter; these instruments are not generally

available.

The Wattmeter. An indicating instrument has been

designed, however, and is constantly used on a-c. circuits,

which will actually indicate the EI cos
<f>

value for any

circuit; it is called the wattmeter. There are two coils

in this instrument, one fixed and made of a few turns of

comparatively large conductor and the other, movable

and made of many turns of fine wire. This movable coil

is mounted on a shaft, fitted with jewelled bearings, so

that it turns inside the stationary coil. It carries an

indicating finger which moves over a suitably graduated

scale.

It ^ay be proved theoretically and experimentally

that such an instrument, when properly cahbrat^d, actually

does read EI cos <[), E and / being the virtual values of

voltage and current in the circuit to which the wattmeter

is connected. Fig. 125 shows a well known type of portable

wattmeter. The current coil terminates in the heavy

copper lugs on the left of the instrument and the potential

coil is connected to the two smaller posts seen at the upper

end of the instrument case.

The rating of a wattmeter is always given in terms of volts

and amperes; the current coil can stand only a certain

number of amperes and the potential coil only a certain

pressure in volts; and if the power factor of a circuit is low

it is readily seen that the capacity of the meter in watts on
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such a circuit is low. In fact it often occurs in the laboratory

that a wattmeter is burned out when the indicating finger

shows only a fraction of the full scale deflection; the low

Fig. 125.—A Portable Wattmeter. Weston Electrical Instrument Co.

reading is due to the low power factor of the circuit and is

low in spite of the fact that the current through the meter

is dangerously high and may be burning the windings.

Wattmeter Ammeter

Source
of
A.C.

Supply

fSh-l-

Voltmeter c

,

Circuit in
V, hich power
and power
factor are to

,
be measured

Fig. 126.—Connection of Meters for Measurement of Power and

Power Factor.

Connection of Meters for Determining Power and Power

Factor. Fig. 126 shows the connection of an ammeter,

voltmeter, and wattmeter to a circuit in which it is desired

to know the power consumption and power factor. When
it is desired to obtain the highest possible accuracy of
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which says that the power used up in the circuit is equal

to the product of the (current)^ and a certain constant, R,

which we call the effective resistance. This equation con-

stitutes the definition of the term effective resistance.

From the definition it is evident that the effective resistance

of any circuit may be obtained by dividing the wattmeter

reading of the circuit by the squared value of the ammeter
reading.

Now a wattmeter reads, for any circuit, EI cos cj), and

E cos c[), is evidently the component of the impressed force

which is in phase with the current. But if

Watts = 72/? = ^/ cos (1>,

it is evident that

IR=E cos ^ (45)

which gives us another definition for effective resistance;

it is that quantity which multiplied by the current, gives

the component of the impressed force used up in phase

with the current, or active voltage.

Effective Resistance Increased by Hysteresis Loss, Radia-

tion Loss, etc. Let us suppose a circuit consists of a coil

of wire around an iron core and that an alternating current

is flowing through the coil; the iron core, being magnetized

first in one direction and then in another, will have to take

in enough energy to supply the hysteresis and eddy

current losses. This energy must be supplied by the

electric circuit which is magnetizing the core and if a watt-

meter is placed in the circuit it will indicate not only the

power used in heating the wire of which the magnetizing

coil is made, hut also that used in heating the iron core.

Hence, when the resistance of such a circuit is deter"

mined by dividing the wattmeter reading by the (current) ^

it will evidently be more than the conductor resistance by

an amount depending upon the magnitude of the loss in
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the iron core. In a small coil with an iron core used in the

laboratory for testing purposes, the conductor resistance

is 0.70 ohm and the effective resistance varies from 4 ohms

to 30 ohms, depending upon the current and frequency.

In the case of an aerial conductor used as an antennae for

sending messages by wireless telegraphy, the conductor

resistance may be quite small, but the effective resistance

is much greater owing to the energy that leaves the circuit

in the form of electric waves.

Skin Effect. When the alternating current is of high

frequency another effect comes into play to increase the

resistance of a conductor; it is called the skin effect. It

is found that, when the conductor is of appreciable diameter

(say, 0.25 inch) and the frequency is high (say several

thousand), the current does not utilize all of the cross-

section of the conductor but flows almost entirely in a thin

layer of the conductor near the surface. In fact, for very

high frequency currents a solid rod is not appreciably a

better conductor than a thin tube of the same material

of the same diameter. Of course, this effect increases the

effective resistance of a conductor.

51. Method Used for Solving A-C. Circuits. In a

circuit containing only resistance (no inductance or capacity)

the impressed e.m.f. is all used up in overcoming the resist-

ance reaction. This is expressed by Ohm's law, written

in the form

E=IR,

where E is the impressed e.m.f. and IR is the resistance

reaction (explained in next paragraph). This idea of

equating the impressed force to the reactions existing in

the circuit will be very useful in discussing inductance and

capacity. We shall attempt to show how all problems in

a-c. circuits may easily be solved by use of the general

equation,

Impressed force = sum of aU reactions in the circiut, (46)
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impressed, the amount of current which will flow will be

only a few amperes. Now the resistance of the circuit is

evidently the same as it was before and therefore the

resistance reaction, IR, can be only a few volts. The ques-

tion which immediately arises is this: if the sum of the

reactions of any circuit is equal to the impressed force ivlmt

reaction, besides that due to resistance, is there in this coil of

wire?

There must be some other reaction because the IR will

be only a few volts (say 10) and the impressed force is 100

volts. The other reaction which exists and assists the

resistance reaction in balancing the impressed force is that

due to the self-induction of the circuit and we call it the

inductance reaction.

Principle of Induced E.M.F. Faraday was the first

experimenter to show that when the number of magnetic

lines threading a coil of wire was varied, an e.m.f . was

induced in the coil. He also discovered that the magni-

tude of this induced e.m.f. was proportional to the rate

at which the magnetic field through the coil was varying.

Now it makes no difference whether the magnetic field

is produced by some source apart from the coil or by

the- coil itself. When the magnetic field (the variation

of which is inducing an e.m.f. in the coil) is produced

by a current flowing in the coil itself, the e.m.f. is called

the e.m.f. of self-induction.

Direction of induced E.M.F. This e.m.f. of self-induction

is always in such a direction that it opposes the change in

the current producing it. When the current is increasing

in a positive direction (i.e., the rate of change of current is

positive) the e.m.f. of self-induction is in the negative

direction and when the rate of change of the current is

negative the e.m.f. of self-induction is in the positive direc-

tion. This e.m.f. of self-induction which opposes any

change in the current through a coil we call the inductance

reaction. .
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Form of Inductance Reaction Curve. It can be shown

both geometrically and analytically that when the current

is a sine wave the rate of change of current is a wave of

similar shape but displaced 90° in phase. In Fig. 128

are shown two curves, the full line curve being that for

an alternating current, and the dotted one that for the rate

of change of this current. The inductance reaction is equal

to L, the coefficient of self-induction of the coil, multipUed

by the rate of change of current and is just opposite in phase

to the latter curve. Hence the inductance reaction is

similar in form to the rate of change in current curve and

^N /'V
\ / \
y''~^Current / y-\

/ \ \y^\ / / \ V'*'"
/ ^ /\ X / / \ /\
/ ^ / \ \\ ' 1" / \
1 Y \

/ \flme V

\ 1 \ / / \

/ \ \ 1 >^ / / ^

.^ \ \ / ys^_yi:nduXtauce
/ reaction\\ \

\ v y \

\
\ / ^— \

\ •'Rate of chance ^

of current

Fig. 128.—Curve Diagram of Inductance Reaction.

opposite to it in phase and it is shown in Fig. 128 by the

curve marked '' inductance reaction."

Inductance Reaction as a Vector. As this is a sine curve

in form it may be represented by a rotating vector. Hence
in the coil of wire connected to the 100-volt alternating

current line, there are offered two reactions to balance the

impressed voltage, the resistance reaction and the inductance

reaction, both of which may be represented by vectors.

We have seen before that the resistance reaction is in phase

opposition to the current and Fig. 128 shows the inductance

reaction to be 90° behind the current. Fig. 129 shows

these two reactions at OA and OB and their vector resultant

at OC.
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Now as the impressed force must be equal to the result-

ant of the reactions and opposite to this resultant in phase,

it is properly shown at OE. It is seen that the result of

such a construction is to show the current lagging behind

the impressed force and we know that this is really the con-

dition in an inductive circuit.

Magnitude of Current in an Inductive Circuit—Impedance.

It may be shown that if / is the frequency of the current

in the coil; L the coefficient of self-induction in henries and /

Kotat'ioQ

r
A, k
iV
1 /

/

/

I

C B

Fig, 129,—Vector Diagram of Inductance Reaction.

the current in amperes the inductance reaction is equal to
2x/L/ volts.

Now evidently

OC=OE=VOAH^OB^ (47)

=iVr2+2i^^=IVR^+X^, . (48)

where X= 2x/L.

The term 2x/L is called the reactance of the oircuit and

the expression VR'^-{-2%fL^ is called the impedance of the

circuit. It is sometimes designated by the letter Z,
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It is seen that by transposing the terms in equation

(48) we get the equation

j= ^ -— =^ (49)

It may be seen from Fig. 129 that in such an inductive

circuit,

^ OA IR R ,.^.

OC '\/iu'^2irfLl' VR^+2'KfL'

The reactance and impedance of a circuit are both meas-

ured in ohms, the same as resistance. This is really an

improper use of the unit but it is used throughout this

book because it is common practice.

Example to Illustrate Inductance and Impedance. To
illustrate the idea of inductance and impedance let us

suppose a circuit has a resistance of 100 ohms and a self-

induction of 0.5 henry and that the frequency of the cur-

rent in the circuit is 60 cycles. What is the reactance of

the circuit and how much is the impedance? As the react-

ance (in ohms) is given by the equation X = 27u/L we have

The impedance

X = 2xX60X0.5

= 188 ohms.

= Vl002+1882

= 213 ohms.

If an e.m.f. of 110 volts is impressed on this circuit the

current which will flow is given by the equation

, E 110 ^^,^i=^=^TiT-= 0.517 ampere.
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The inductance reaction= 2tu/L/ = 188X 0.517 = 97 .2 volts.

The resistance reaction = //^ = 100X0.517 = 51.7 volts.

The resultant of these two reactions is equal to

y'gy 22-1-51.72 = 110 volts and this serves to check the

accuracy of our calculation as we know that the sum of the

reactions must be equal to the impressed force.

The povrer factor of this circuit is equal to

resistance reaction 51.7 „ ._
cos 9= r-T~i T- =~rin = 0.47.^ total reaction 110

The amount of actual power used in the circuit is equal

to 727^ = 0.5172x100 = 26.7 watts. The apparent power

(voltsX amperes) used in the circuit is equal to 110X0.517

= 56.9 volt-amperes. As we know,

Power factor
volt-amperes

26.7

56.9
= 0.47,

which is the same as that obtained above and so checks

our calculations.

Current Depends upon Frequency. If the frequency

impressed on the circuit were only 25 cycles, the reactance

would be only 2xX25X0.5 = 78.5 ohms, and the resistance

would be the same as it was before. The impedance would

be 127 ohms and the current would be 110/127 = 0.867

amperes. The power used would be PR = 75 watts and the

volt-amperes 1 10X 0.867 = 95.4. The power factor would be

75 = 0.787, which is greater than it was before. If the
95.4

frequency were increased to 133 cycles the reactance would

be 418 ohms, the impedance 430 ohms, and the current

— =0.256 ampere. The power used in the circuit would
430

^

bO>5g watts md the power factor would be 0.233.
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From these calculations we see that the result of increasing

the frequency in an inductive circuit is to decrease the

current, the power used, and the power factor. A decrease

in frequency produces the opposite effects.

53. Capacity. Two conducting plates, separated by a

dielectric, constitute what is called a condenser. This

name is given to such an arrangement because it seems

to condense, or hold, the electricity which runs into it.

Construction of a Condenser. An ordinary condenser

consists not of one "pair of plates but of several hundred or

more plates of tin-foil, separated by sheets of a special

grade of paper which has been impregnated by some insu-

lating compound. Every other sheet of tin-foil is con-

nected together and these form one terminal of the con-

denser; the remaining sheets are connected together to

form the other terminal.

Condenser in a C-C. Circuit. When a condenser is

connected to a c-c. line, there is an instantaneous rush of

current until the condenser is charged and then no more

current flows unless the voltage of the line changes. If

the condenser is disconnected from the line and its two

terminals connected together by a conductor, there is a

sudden rush of current through the wire and the condenser

becomes discharged.

Charge and Discharge Current Curves. The charge and

discharge currents ordinarily last for only a small fraction

of a second; typical curves are shown in Fig. 130. The

full line curves represent the currents in a paraffine con-

denser and the dotted line curves those for a mica con-

denser. The substance which separates the metal plates

of a condenser is called the dielectric; the difference in the

shape of the two sets of curves in Fig. 130 is due to the

characteristics of the two different dielectrics, viz., paraffine

and mica.

Condenser in an A-C. Circuit. Now if a condenser is

connected to a line of alternating e.m.f., there will be
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current running into, or out of, the condenser continually.

It was stated above that when the e.m.f. on the terminals

of a condenser changes, current will flow either into, or out

of, the condenser. If the voltage increases the current will

be into the condenser and when the voltage decreases current

will flow out of the condenser.

Current in a Condenser in an A-C. Circuit. It may be

shown mathematically that if the voltage impressed on a

condenser is a sine wave the current flowing into the con-

FiG. 130,—Charge and Discharge Curves of Condensers.

denser will be similar in shape but will be 90° ahead of

the e.m.f. wave in phase; this is generally expressed by
saying th^t a condenser draws a leading current from the

line in contrast to an inductance, which draws a lagging

current from the line. In Fig. 131 are shown three curves,

one a sine wave of e.m.f., another the rate of change of this

e.m.f., and in phase with this second curve is shown the

current taken by the condenser. It is seen that this cur-

rent wave is 90° ahead of the voltage wave.

Power Used in a Condenser. Now if the voltage and

current in a circuit are 90° apart in phase the power used

in the circuit must be zero, as power= £"/ cos ^ and cos 90*^
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= 0. However, actual condensers do use some power
because of the heat losses in the dielectric and plates.

These losses are small, being practically zero in mica con-

densers and somewhat larger in paraffine condensers. The
angle of lead in different condensers varies from about 86"

to a few minutes less than 90°.

Capacity Reaction. The unit of capacity is the farad.

If C is the capacity of a condenser in farads and the voltage

Kate of Change
X-. of Voltasfe ^^

/ . \/ / ^

\^

Fig. 131.—Curve Diagram of Condenser Reaction.

(virtual) impressed on the condenser is E, the frequency

being/, then

/(virtual amperes) =2x/C^. . . . (51)

Writing this equation in another form we have,

^= 'X2xfC- (52)

Now E is the impressed force on the circuit and therefore

2%fC
must he the reaction of the circuit. In Fig. 132 is

shown the current / leading the impressed force E by 90°;
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^2^C

opposite to E in phase is shown the reaction of the con-

denser which is equal to r—r^. It is noticed that the

reaction in a condenser leads the current by 90°; but with

respect to the impressed force it

is the current which leads.

Ordinary Unit of Capacity.

The farad is too large a unit

to be useful for ordinary con-

densers; their capacity is gener-

ally given in microfarads, the

microfarad being one-millionth

part of a farad. Condensers are

used extensively in telephone

service. The capacities used in

different parts of the system

range from one-tenth to a few

microfarads. Condensers are

also used largely in wireless teleg-

raphy, but the capacities employed are very small, being

only a small fraction of a microfarad for small outfits, and

about one microfarad for very high-powered stations.

From the equation,

^'E

Fig. 132.—Vector Diagram
of Condenser Reaction.

7 = 2x/C^,

it is seen that, for a given voltage, the current increases

directly with the frequency. For instance, a 10-microfarad

condenser, on which is impressed an e.m.f. of 100 volts

and 60 cycles frequency will have a charging current of

2xX60XlOXlO-6 X100 = 0.377 ampere. If the frequency

is increased to 1000 cycles, the current will be 6.28 amperes.

In wireless telegraphy the frequencies used are very high

and, therefore, large currents are obtained with small

condensers. One of the transatlantic outfits has a capacity

of 1.16 microfarads and is used on a circuit of 75000 cycles
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per second. Even a low voltage across this condenser

would produce a very large charging current.

54. Current in Circuits Containing Resistance, Induct-

ance, and Capacity. Series Circuit. Let us consider a

circuit made up of an inductance, resistance and capacity

all in series arranged as in Fig. 133.

Let 7 = the current in the circuit;

E = the voltage impressed on the circuit

;

R = the effective resistance of the circuit

;

L = the coefficient of self-induction in henries;

C = the capacity of the condenser in farads;

/=the frequency of the voltage.

L R C
f®C05^5^vvwwv\—t^

Ammeter

arQry
A.C. Supply

of Voltage - E

Fig. 133.—Circuit Containing Inductance, Resistance and Capacity

in Series.

The three reactions which the current sets up in the

circuit are

:

Resistance reaction =IR, opposite in phase to the current;

Inductance reaction = 2x/L/, 90° behind the current;

Capacity reaction = ^ ,,, ,
90° ahead of the current.

zxjC

The sum of these three reactions must be equal and

opposite to the impressed force, E, The three reactions

are plotted in Fig. 134 as OB, OC, and OA respectively

and their resultant is found to be OE. The impressed
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force must be just equal and opposite to OE and is shown

at OF. The angle of phase difference between the voltage

and current is cj) and, in this circuit, it is seen that the

current leads the voltage. To find the magnitude of /

we use the equation of reactions

E= IR+2'KfLI-
2x/C'

(53)

this to be vector addition.

D^ A

I

27r/C

B \
C 4

F

7

Fig. 134.—Vector Diagram of Forces of Circuit in Fig. 133

In ordinary arithmetical form we have

E^ =TTf+(2i:fLI-~Y; . .

2'Kfc)

E=I
yl^'+{

or

7=

^'^^^-S^)''- •

E

>+(2-^^-2^)''

(54)

(55)

(56)

This expression has sometimes been called Ohm's law for

the alternating current circuit.
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It may be seen from Fig. 134 that tsin^ =EB/OB or

tan^ = ^^ (57)

or

, OB R ,_,
coscl> =^=-—=_==. . . (58)

The term ^i^2_j_/2x/L—^—r^j is called the impedance

of the circuit and the term (2x/L— ^—r^J is called the

reactance of the circuit. The letter Z is used for impe-

dance and the letter X for reactance. Equation (56)

would then be written,

^^VWW^z' • • • • •
^^9>

and

or

cos(i) =|; (60)

tan 4) =— (61)
R

From these formulas any series circuit can be calculated.

In case the circuit contains only capacity and resistance

the current would be obtained by using equation 56 and

putting L= 0. If there is neither inductance nor capacity

in the circuit, equation 56 reduces to the well known Ohm's

law7= ^/i^.
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Problem. Suppose that we have an inductance of

0.1 henry and 50 ohms resistance in series with a capacity

of 40 microfarads on a 60-cycle, 110-volt circuit. How
much current will flow and what will be the power factor

of the circuit?

110

^50H-(^-^^XQ-^- 2x60X40XlO-e
)'

110 110

\/502+ (37.7-66.4)2 VSOHC" 28.7)2

= ^^777= 1.73 amperes,
o/.b

tan<l) =—^7^= —0.575;

<t)
= 29° 55' (leading current);

or

50
cos cl)=-^= 0.870 or ^ = 29° 55\

57.0

Parallel Circuits. When there are two paths in parallel

for the current to flow through, the calculation of the

current becomes more diflficult. It is generally easier to

solve parallel circuits by the vector addition of the currents

in the different branches. Suppose a circuit as given in

Fig. 135. The magnitude and phase of the current in each

branch is first determined and plotted on cross-section

paper as in Fig. 136. The current in the inductive path is

calculated to be Oh, lagging behind the voltage OE by the

angle ^i. The current in the capacity branch is O/2,

leading the impressed force by the angle ^2- Now the

line current must be the vector sum of the two branch
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currents and is shown in Fig. 136 by 01 which lags behind

the impressed e.m.f., OE, by the angle 4>.

It is evident that 01 may be considered as made up
of two components, OA and AI. These two components

may easily be obtained from the branch currents by observ-

ing that

and

OA=OIi cos (1)1+072 cos ^2,

AI =Oh sin ^i~Oh sin cj)2.

Fig. 135.—Inductance and

Capacity in Parallel.

*-E

Fig. 136.—Current in the Circuit

Shown in Fig. 135.

There is also another method for solving parallel circuits

by a scheme involving the use of complex quantities but

it is not thought desirable to introduce it in this elementary

text.

55. Resonance. In circuits containing inductance and

capacity, these two quantities may be so proportioned that

2x/L =
2x/C'

(62)

In such . a case the inductance reaction becomes just

equal to the capacity reaction and hence these two reactions

will j ust neutralize each other, as they are opposite in phase.



PRINCIPLES OF ALTERNATING CURRENT 227

The only reaction left to balance the impressed force is the

resistance reaction and this may require a very large current.

If an inductance, capacity and resistance are in series and

L and C are so related that

2x/L= ^

then

/ =

2x/C'

E ^^
2 B

^R2^(2.fL-^)

The drop across the inductance (equal to 2'KfLI) may be

very large because I may be large. The same condition

holds with respect to the condenser.

Condition for Resonance. When the frequency, induc-

tance and capacity of a circuit are so proportioned that

2x/L = — , the circuit is said to be in a condition of reso-

nance ; the circuit is resonant. This condition obtains when
4x2/2LC = l or

^=2^ (63)

The value of / obtained by solving this equation for

any circuit is said to be the critical or resonant frequency

for the circuit.

Example oj a Resonant Circuit. Suppose we have an-

inductance of 0.1 henry, a capacity of 70.4 microfarads and

a resistance of 2 ohms connected in series to a 60-cycle,

110-volt line. How much current will flow and what will

be the voltage across each part of the circuit?

I=

—

,
= 55 amperes.

V22+(37.7-37.7)2
^
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The drop across the inductance

= 2x;LJ= 377X0.IX 55 = 2073 volts.

Across the condenser

55

377X70.4X10-6

Across the resistance

= 2073 volts.

55X2 = 110 volts.

Danger of the Resonant Condition. Thus it is seen that

in a resonant circuit having a low resistance enormous

voltages may build up across parts of the circuit; the voltage

across one part of the circuit may be many times greater

than the voltage impressed on the whole circuit.

This condition of resonance does not occur very fre-

quently in practice as the frequencies in common use are

too low to give resonant circuits with ordinary inductances

and capacities. It does, however, sometimes occur and

then line insulators, transformer windings, etc. are broken

down due to the high voltages set up in different parts of

the circuit.



CHAPTER VII

THE ALTERNATING CURRENT GENERATOR

56. General Construction. The alternating current gen-

erator, or alternator, as it is frequently called, consists of

a field structure, magnetized by electro-magnets, and an

armature, in the winding of which the electromotive force

is generated. In three respects the alternator differs greatly

from the continuous current generator; it has no commu-
tator, the field structure rotates instead of the armature as

in the case of c-c. machines and an alternator is practically

never self-exciting. Small alternators sometimes have a

stationary field and a rotating armature, but all large

alternators are of the revolving field type.

Slip Rings Instead of Commutator. In case the armature

rotates the ends of its winding are connected to slip rings

instead of to a commutator; the number of rings used

depends upon the type of armature winding but generally

there are either two or three. Brushes (generally made of

blocks of some special metal) bear on these rings and

serve to carry the current to the external circuit. When
the field revolves, the continuous current for its excitation

is led into the field winding by means of slip rings and

brushes.

Alternator Not Self-exciting. The current for 'the field

winding must be continuous and as the armature of the

alternator furnishes only alternating current it is evident

that some additional source of power must be available

for obtaining the field excitation.

^ 229
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Reasons for a Stationary Armature, There are several

reasons why the field of an alternator generally rotates

instead of the armature. The armature winding ordinarily

generates quite a high voltage, perhaps 2300 volts or even

11,000 volts. Such voltages require that the armature

winding be very carefully insulated and it is much easier

to insulate a stationary winding than it is to insulate one

designed to run at a high speed. In the latter case the

winding has to be designed to stand properly the mechanical

stresses due to centrifugal forces and, as a result, the insula-

tion is likely to be inferior.

As the armature of an alternator is not equipped with

a commutator, it is not at all necessary to have the armature

rotate and so they are nearly always stationary.

Special Field Structure for Turho-alternators. The steam

turbine is used very often as the driver for alternators and

a turbine must necessarily run at high speed to use the steam

economically. Now the field of an alternator can be designed

to stand the mechanical stresses due to this high rotative

speed much better than the armature can. The field

structure may be made of blocks of machine steel, while

an armature must be made of laminated iron; also the field

winding requires but very little insulation, while the wind-

ing of an ordinary armature demands insulation perhaps

one-eighth of an inch or more in thickness. This amount

of insulation makes the armature mechanically weak and

unable to stand high speeds of rotation.

Typical Forms of Alternators. Fig. 137 shows a small

alternator having a rotating armature, with slip rings,

etc., and Fig. 6 shows a revolving-field alternator which

generates 2300 volts and is for use in a large a-c. power

plant. The field structure is very strongly made and the

coils are strap wound as described on page 72 and shown

in Fig. 37. The multi-polar machine illustrated in Fig. 6

was designed to be run at a low speed by a reciprocating

engine. Alternators designed for turbine drive are much



THE ALTERNATING CURRENT GENERATOR 231

more compactly designed and have but few poles, generally

two or four.

57. Frequency. Alternators have been designed for

many different frequencies, but the standardization oi

electrical apparatus has eliminated all but two, so that all

Pig. 137.—Small Alternator Having Rotating Armature, Fitted with

Slip Rings. This is an early type of alternator.

modern machines are designed for either 60 cycles or 25

cycles per second. Earlier machines were built to give

133 cycles per second and there has been much talk of

machines for 15 cycles but the two named above are the

only standard frequencies used in American practice. In

Europe other frequencies are much used.



232 ELECTRICAL MACHINERY

i Frequency Fixed by the Speed and the Number of Poles.

The frequency of the e.m.f. which an alternator generates

depends upon its speed and upon the number of poles. A
complete cycle is generated in any conductor on the arma-

ture when a pair of poles have moved past it, hence to find

the frequency of an alternator it is only necessary to calcidate

the number of pairs of poles passing any armature conductor

in one second.

Typical Cases. Take, for example, a four-pole machine

turning 1800 r.p.m.; there are two pairs of poles, so that

every time the field makes a complete revolution there are

two cycles generated in any armature conductor. Now
this machine is turning 30 rev. per sec. and hence the fre-

quency is equal to 30X2 = 60 cycles per second. Suppose

a 10-pole machine turns 300 r.p.m.; it generates 5 cycles

per revolution and makes 5 rev. per sec, therefore it

generates a frequency of 5X5 = 25 cycles per second.

A certain turbo-alternator has two poles and turns 1500

r.p.m.; it generates therefore 25 cycles per second.

58. Excitation. Attempts have been made to build

self-exciting alternators but they have been failures as

evidenced by the fact that there are practically none in

service, except an occasional machine of very small capacity.

These small alternators with self excitation are sometimes

called double current generators.

Separate Excitation from Small C-C. Machines. All

alternating current stations have two or more small, self-

exciting, shunt-wound (or compound-wound), continuous

current machines whose sole purpose is to furnish the field

current for the alternators. As the amount of power used
in the field coils of an alternator is generally less than 5%
of its capacity, the exciters may be comparatively small

machines. An alternator having a capacity of 1000 kw., for

example, would require an exciter of about 25 kw. capacity.

Arrangement of Exciters in a Station. Sometimes each
alternator is furnished with its own exciter (either belted
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or direct-connected), but in large stations there is generally

a set of exciter bus bars on the switchboard and two or

more exciters (each equipped with its own driver) furnish

power to these busses. The field circuit of all alternators

are connected to this set of exciter bus bars. The exciters

are sometimes driven by alternating current motors and

at other times by small steam turbines or engines.

The field winding of an alternator is generally designed

for 125 volts and this is, of course, independent of the

voltage generated in the armature winding, which may
be several thousand volts.

59. Armature Winding. In general, the armature wind-

ing of an alternator resembles that of a continuous current

machine but is much simpler; it has comparatively few coils

and they are generally connected all in series. It was shown
in Chapter II that the winding of a c-c. armature might

be rather complex, using fractional pitch and being either

of the wave or lap type. But no such complexities are

encountered in alternator armatures; there are generally

not more than six coils per pair of poles and seldom more
than twelve and the arrangement and connections of these

coils are very simple. In the continuous current armature

it was necessary to use many coils of few turns each in

order to have the commutation take place without spark-

ing, but the alternator has no commutator and therefore

this limitation on its winding does not exist.

Single-phase and Polyphase Winding. Sometimes all

the coils on an armature are connected in series with one

another so that there is only one set of coils on the armature;

this is said to be a single-phase winding and the machine
is called a single-phase generator. There are only two
ends to the armature winding so the machine has but two
slip-rings and two brushes. Sometimes the coils of the

armature are divided in a certain way, to form two equal

independent groups and this is called a two-phase winding.

Moreoften the coils are divided into three equal groups
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and form a three-pnase winding. Probably ninety-five per

cent of the alternators in use to-day are three-phase

machines. The two-phase winding sometimes employs four

slip-rings and sometimes three; the three-phase winding

always has three slip-rings.

Development of the Different Types of Winding. The
development of these three styles of winding and the mean-
ing of the names will now be taken up. Suppose an ele-

mentary generator, having only one coil and two slip-rings,

as shown in Fig. 138. The e.m.f. wave which such an
armature would generate is shown in Fig. 138. It is a

simple sine wave.

Fig. 138.—E.M.F. Wave Form of Single-phase Generator.

Now suppose another coil is wound on the same arma-

ture, insulated from the first coil and connected to two

more slip-rings. This armature is shown in Fig. 139; the

four rings are shown one outside the other, whereas really

they would be all of the same size placed by the side of

each other on the armature shaft.

The e.m.f. generated by coil 2-2' will evidently he of the

same shape and magnitude as that generated by coil 1-1'

j

hilt its maximum value will occur 90 electrical degrees later

in time than the maximum value of that generated in coil 1-1'.

The e.m.f. waves of the two coils are shown in Fig. 146,

that of coil 1-1' being given by the full-line curve and that

of coil 2-2' by the dotted curve.

This armature would, therefore, feed power to two
separate circuits, one connected to the brushes a-a' and

the other to the brushes b-h\ The e.m.fs. on these two
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circuits would be equal in magnitude, but the phase of

one would be 90° behind that of the other. The generator

is said to be a two-phase generator and the two circuits

to which it supplies two-phase power is called a two-phase

system. ^

^
-~\"r

x-'-'^l-l-

Fig. 139.—^E.M.F. Wave Forms of a Two-phase Generator,

Sometimes the beginnings of the two coils are con-

nected together inside the armature winding; this con-

nection is brought out to one sUp-ring and the two ends

are connected to two other rings. Such a machine is called

a two-phase, three-wire alternator, as contrasted to that

Fig. 140.—^E.M.F. Wave Forms of a Three-phase Generator.

shown in Fig. 139, which is a two-phase, four-wire alter-

nator.

Now instead of placing two coils on the armature, 90°

apart, we might place on it three coils 120° apart as shown,

in Fig. 140. The three e.m.f. waves generated by such a

winding would all be of the same magnitude but would
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differ in phase from each other by 120°; this winding is

called a three-phase winding, and the system of wires to

which such an armature supplies power is called a three-

phase system.

It might seem that a three-phase system must consist

of six wires; as a matter of fact, there are never more than

three wires. The coils are always so inter-connected in the

armature that only three slip-rings are required on the

armature and hence only three wires in the three-phase

distributing system.

Fig. 141.—Two Ways of Interconnecting the Coils of a Three-phase

Armature.

Three-phase Y-connedion. There are two ways of

making this inter-connection of the coils; sometines one is

used and sometimes the other, but in either case only three

rings are used on the armature and only three wires are

used in the outside circuit. Fig. 141 (a) and (6) show the

two methods of connecting a three-phase armature. In

(a) all of the beginnings of the coils are connected together

and the ends of the coils are connected to the three slip-

rings. The junction of the beginnings of the coils is not

connected to any ring. An armature so connected is said

to be Y-connected because a schematic diagram of the

winding resembles the capital letter Y.
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Three-phase ^-connection. The other method of con-

necting the coils is called the delta connection, so named
because its schematic diagram resembles the Greek letter A.

In this connection the end of coil 1 is connected to the begin-

ning of coil 2, the end of coil 2, connected to the beginning

of coil 3, and the end of coil 3 is connected to the beginning

of coil 1. Then the three junction points are connected to

the three shp-rings, as shown in diagram (6), Fig. 141. The
A-connection is not used as frequently as the Y-connection,

about 90% of the alternators in use being Y-connected.

Equality of Voltages in a Three-phase System. The
three-phase system is peculiar in that the voltage measured

between any pair of wires is the same, and this is true no

matter whether the generator armature is A or Y-connected.

Having a given three-phase winding on an armature, the

output capacity will be just the same whether the A or Y
connection is employed, but the Y-connected machine will

give a higher voltage between lines than the A-connected

machine. The possible current output of the latter machine

is greater than that of the Y-connected machine in the same

ratio as its voltage is smaller, so that the two outputs are

equal.

A discussion of the voltage and current relations and

of the power and power measurement of three-phase circuits

will be taken up in detail in Chapter XIV.

Of course the armature windings of an alternator are

not arranged as shown in the simple diagram given in

Figs. 138-141; there are generally several pairs of poles

on an alternator and there is always more than one coil

per pair of poles, per phase.

A Typical Armature, to he Connected in Various Ways.

Let us consider a four-pole alternator having twenty-four

slots on the armature, so that there are six slots per pole.

The first thing to note about the winding of an a-c. arma-

ture is that there is generally only one coil side placed in any

one slot. (This is different from the c-c. armature which
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nearly always has two coil sides per slot and sometimes
more.) As each coil has two sides we shall require 12 coils

to wind the armature.

Single Phase Winding. If the armature is to be wound
single phase only 8 coils will be used, some of the slots being

left vacant; if a two-phase or three-phase winding is to be
wound, all slots wall be used. In the first case two groups
of six coils will be used and in the latter case 3 groups of 4
coils each.

Now these coils may be all full pitch (a coil reaching

from the center of one pole to the center of the next pole)

Fig. 142.—Formed, Concentric Coils for an a-c. Armature. The
smaller coil is shown completely covered with its insulating cov

ering; the larger coil is not yet insulated.

or the coils may be wound concentric, in which case some
of the coils must be fractional pitch. If the coils are all full

pitch they are all of the same shape and placed on the

armature just as though a continuous current, lap winding

were being formed; the only difference from a c-c. winding

would be in the end connections of the coils.

If the winding is to be for a small, low-voltage machine,

full pitch, lap-coils will very likely be used, but if the winding

is for a large, high-voltage machine, thQ concentric coils

are nearly always used.
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In Fig. 142 are shown two concentric, formed, coils

for use in winding an a-c. armature. The smaller coil

is shown completely insulated while the larger one is only

partially covered withjts insulating wrapping.

Developed Single-phase Winding. Fig. 143 gives a

developed winding for a single-phase alternator with full-

pitch coils and Fig. 144 shows the same winding when
concentric coils are used so that some of them have less

width than the distance between the centers of two conse-

cutive poleS; i.e.; they have fractional pitch.

To slip ring To slip rlngr

Fig. 143.^Developed Single-phase Winding, all Coils of Same Pitch.

Two-phase Winding. Now if the same armature is to be

wound two-phase, the full number of coils will be used,

i.e., twelve. They will be divided into two groups of six

coils each and these two groups will not be connected

together at all so that four slip-rings are required.

Sometimes, however, the beginnings of the two sets of

coils are connected together and this junction is connected

to one slip-ring, so that only three slip-rings are used, one

ring being common to the two phases. The two-phase,

four-wire, winding is shown in Fig. 145, concentric coils

being used.
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Three-phase Winding. This same armature might be

wound three-phase by dividing the twelve coils into three

groups of four coils each and properly connecting them.

To slip ring To slip ring

Fig. 144.—Developed Single-phase Winding, Using Concentric Coils.

The connections for a Y-winding are shown in Fig. 146

and in Fig. 147 are shown the connections for a A-connected

armature. It will be noticed that the connections of

Slip ring *1 Slip ring # 2 SliprlngTfS Slip ring *4

Fig. 145.—Developed Two-phase Winding.

the coils in these two figures are electrically the same as that

given for the elementary one-coil-per-phase machine shown

in Fig. 141.
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In Fig. 148 are shown some formed coils, completely

insulated and ready to put on the armature core. The

I Slip ring Snprtngr Slip ring

Connections 1, 3, 3, forms center of Y

Fig. 146.—^Developed Three-phase Winding, Y-connection.

cuts show how the end connections of the coils' of one

phase are bent (or left straight) to prevent contact with

Slip ring

Fig. 147.—Developed Three-phase Winding, A-connection.

the end connections of another phase. The possibility of

a break-down in the insulation between the different phases

is thus avoided.
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Proper Bracing for Armature Coils. When the winding
is for the armature of a slow speed, multiple-pole gen-

erator the end connections are short and rigid and require

no extra bracing to prevent bending in case of excessive

Fig. 148.—Formed Coils for a Polyphase Winding Showing How
End Connections are Bent to Lessen Liability of Insulation

Break-down between Coils of Different Phases. Allis-Chalmers

Co.

current, in the armature winding. In the case of a turbo-

generator, designed for high speed, and hence having a

field frame of only two or four poles, the end connections

are very long; if a short-circuit occurs on such a machine



THE ALTERNATING. CURRENT GENERATOR 243

the forces of attraction or repulsion between the various

end connections will twist them all out of shape unless

special precautions are taken. The end connections of

such generators are, therefore, well braced; where the ends of

the various coils cross they are rigidly fastened together by
wooden blocks and twine, or perhaps lashed to a wooden
frame designed especially for bracing the end connections.
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Fig. 149 shows the end connections of a four-pole turbo-

generator; the long end connections are evident and some

of the bracing may be seen. Such a machine, if it has

insufficient bracing at the end connections, may have its

coils so twisted and bent in case of a short-circuit that the

whole winding is ruined.

60. Armature Reaction. A-C. Machine compared to

a C-C. Machine, The study of armature reaction in alter-

nators is more difficult than that of continuous current

generators. The conductors of a continuous current machine

carry a current of constant value during one-half a revolution

(180 electrical degrees) and the current has the same value

during the next half revolution but is reversed in direction.

In Chapter III it was shown that this resulted in a constant

magnetizing or demagnetizing effect, combined with a

constant cross-magnetizing effect on the field.

Now the conductors of an alternating current armature

carry a current which is continually varying, so that each

coil by itself produces a periodic effect on the strength of the

field. In the case of a single -phase machine the entire

armature winding produces a pulsating effect on the main

field, while in the case of a polyphase machine the instan-

taneous effects of all the separate coils so combine as to

produce on the main field an effect which is constant in

magnitude and direction, the same as the continuous current

armature.

Analysis of the Action of a Single-coil Alternator with a

Non-inductive Load. A fair idea of the action of a single-

coil alternator may be obtained by studying Fig. 150. A
two-pole machine is considered and it is supposed that the

current in the coil is in phase with the generated e.m.f. so that

the current is a maximum when the coil is in the axis of

the main field. This position of the coil is numbered
4-4' in Fig. 150. The m.m.f. of the coil is given by the

vector Od, at right angles to the plane of the coil.

When the coil is in the position 1-1' the current is zero
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and hence there is no m.m.f. generated by the coil. At
the position 2-2' the current has started to build up and
the m.m.f. generated by the coil is shown by the vector

Ob, which is proportional to the value of the current when
the coil is in the position 2-2' and is at right angles to the

coil in this position. The m.m.fs. for the other positiors

of the coil given in Fig. 150 are shown by Oc, Oe and Of.

Locus of Armature M.M.F. is a Circle. The vectors,

if carefully constructed, are found to be on a circular locus,

which locus is given in Fig. 150 by the dotted circle. As
the armature continues to rotate (only 180° of rotation

i*'iG. 150.—Locus of Armature Reaction of a Single-phase Generator,

Current in Phase with Generated e.m.f.

is considered in Fig. 150) the m.m.f. vector of the armature

starts again over this same circular locus.

Division oj Armature M.M.F. into Components. If

we consider any m.m.f. vector (as for example 06), it is

seen that this may be divided into two components, OA
which tends to directly magnetize the main field, and OB
which tends to cross-magnetize the main field. For every

vector 06 there will be one symmetrically placed with

respect to Od as an axis of symmetry. In the case of 06

the symmetrical vector is Of. This vector Of may be

resolved into its two components, OA' and OB) the com-
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ponent OA' tends to directly demagnetize the main field

and OB is a cross-magnetizing effect.

Now every other vector has its mate and the resultant

direct magnetizing or demagnetizing effect of any such

pair is zero, because the magnetizing component of one is

just equal to the demagnetizing component of the other.

The cross-magnetizing effect of the two vectors (06 and Of

for example) is in the same direction so that the cross-magnet-

izing effect is not neutralized.

Hence we conclude that in the single-phase alternator,

the armature of which is carrying current in phase with its

generated e.m.f,, the armature reaction produces no re ultant

demagnetizing effect hut does cross magnetize the main field

so that it is concentrated in the trailing pole tips.

Armature M.M.F. Produces Pulsations in the Strength

of the Main Field. But although there is no net magnetizing

effect in such a machine it is to be noticed that at some

instants the main field is stronger than normal and at

others, weaker (because of the magnetizing effect OA and

demagnetizing effect of OA', for example). As a result

the main field pulsates in strength, and a study of this

effect shows that this pulsation takes place with a frequency

just twice as great as that of the generated e.m.f. of the

armature. It may also be seen that the cross-magnetizing

action is also pulsating in its effect, being a maximum when

the armature current is a maximum and 90° later, being

zero.

Effects of Single-phase Armature Reaction. The total

effect of the armature reaction in a single-phase generator

carrying current in phase with its generated e.m.f., is,

therefore, a periodic weakening and strengthening of the

main field combined with a periodic oscillation of the field

back and forth across the pole face. Both of these effects

produce eddy currents in the pole face so that a single-phase

generator, unless special ' precautions have been t^ken in

the design, is likely to develop a great amount of heat in
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the pole. In some cases this effect has been the factor

that Umited the output.

Single-phase Armature Reaction with Inductive Load.

Suppose now that the single-phase generator is carrying

an inductive load. The current in the armature will have

the same m.m.f. locus as it had in Fig. 150, but this circular

locus will be rotated toward the right as shown in Fig.

151. This represents the conditions for a lagging load

of power factor= .7((|) = 45°). It may be seen that the

components OA and OA', of a pair of vectors, no longer

neutralize one another; in fact with cos
(J)
= .7 (Fig. 151),

Fig. 151.—Locus of Armature Reaction of a Single-phase Generator,

Lagging Current.

both of these represent a demagnetizing action on the main
field. The sum of all the demagnetizing and magnetizing

components shows the net result to be a demagnetizing effect

for a lagging load. The cross-magnetizing effect is still

present but not to such an extent as it was for cos([) = l,

because during part of the alternation the cross-magnetizing

effect pushes the main field into the leading pole tips. This

would be the effect of the cross-magnetizing component

of Of, for example.

The result of these combined actions is that the armature

reaction of a single-phase generator, furnishing current to

an inductive load, not only makes the main field pulsate
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in strength and oscillate across the pole face, hut also pro-

duces a weakening of the main field, the amount of weaken-
ing depending upon the magnitude of the current in the

armature and upon the power factor of the load, and being

greater the less the power factor.

Single-phase Armature Reaction with Leading Armature

Current. In case the alternator is furnishing current to

a load having a leading power factor, the locus of the arma-

ture m.m.f. is a circle but is rotated backward from the

position it had for a non-inductive load. This condition

is shown in Fig. 152. A study of this figure shows that

Fia. 152.—Locus of Armature Reaction of a Single-phase Generator,

Leading Current.

for the single-phase alternator, furnishing a leading current,

the armature reaction results in a periodic pulsation in the

strength of the main field, an oscillation of the field across

the pole face from the leading to the trailing pole tips and

back, and a strengthening of the main field, which is pro-

portional to the armature current and dependent upon the

power factor, being greater the less the power factor.

Reaction of an Actual Multiple-coil Winding, The
previous analysis has been carried out for an armature

having a single coil; however, any ordinary single-phase

winding produces an effect nearly the same as though the

armature had but one turn, there being such a current
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in this one turn that the ampere-turns on the armature

are the same as with the real winding.

Magnitude of the Effect of Armature Reaction Upon the

Main Field. The magnitude of the effect of the armature

reaction depends upon the ratio of the armature ampere-

turns to the field ampere-turns. A machine having many
ampere-turns on its field (thus saturating the field poles)

and but few ampere-turns on its armature is said to have

a stiff field. The field of such a machine is affected but

little by armature reaction.

Analysis of Armature Reaction in a Two-phase Alternator

with Non-inductive Load. The effect of armature reaction

in a polyphase generator may easily be obtained by draw-

ing the vector showing the armature m.m.f. for each phase

separately and then combining them. Thus in the two-

phase armature the total m.m.f. may be obtained by adding

vectorially two chords of the circular locus at right angles

to one another. They are added at right angles because

the phase windings on the machine are 90° apart.

Reaction Constant in a Two-phase Alternator. Fig. 153

shows that the m.m.f. of the armature resulting from such

a construction is constant in magnitude and direction. The
m.m.f. of phase 1-1' is shown at OB and at the same instant

phase 2-2' is producing the m.m.f. OA. The resultant

of these is OC, and no matter at what instant the armature

reaction is considered the resultant will always be OCj the

maximMm value of the m.m.f. of one phase.

\

Reaction with Inductive Load. Fig. 153 shows the

conditions for a non-inductive load. The resultant OC,

is seen to be entirely a cross-magnetizing effect. Now
if the load were inductive the proper diagram would show

that the armature reaction is of the same magnitude OC,

but that it is advanced in the direction of rotation, as OC
of Fig. 154; the angle of advance being equal to <[), where

cos <!> is the power factor of the load

Now in the case of a load with a leading current the
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armature m.m.f. would still be of a magnitude equal to OC
but its direction would be behind that of OC, as shown

at OC, of Fig. 154. Again the angle YOG' is equal to ^.

Coils and vectors in dotted lines show
conditions for a fraction of a revolution

later than those shown by full lines.

Fig. 153.—Armature Reaction in Two-phase Alternator, Current in

Phase with Generated e.m.f.

Reaction of a Three-phase Alternator. The student

may construct for himself the diagram for a three-phase

alternator, and will find that this machine, like the two-

FiQ. 154.—^Armature Reaction in Two-phase Alternator, Lagging

and Leading Current.

phase machine, gives a non-pulsating armature reaction.

The magnitude of the reaction depends upon the magnitude

of the armature current and is equal to 1.5 multiplied by
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the magnitude of the maximum reaction of one phase of

the winding. The direction of this reaction depends upon

the power factor of the load, a lagging load demagnetiz-

ing the field and a leading one magnetizing it.

Previous Analyses for Balanced Loads Only. The pre-

vious analyses have been carried out on the assumption

of a balanced polyphase load, i.e. all phases carrying cur-

rents of the same magnitude. Summing up the results for

a polyphase machine, we see that, when the load is balanced,

the armature reaction is constant in magnitude and direction,

the same as in a continuous current machine; the magnitude

of the reaction depends upon the value of the armature

current and the direction depends upon the power factor of

the load.

61. Rating of A-C. Machinery. The rating of alter-

nating current machines, generators, transformers, etc.

is practically never given in kilowatts but in kilovolt-

amperes. A generator having a safe current capacity of

10 amperes and giving an e.m.f. of 100 volts would be rated

as having a capacity of one kilovolt-ampere or abbre-

viated, 1 kv-a.

To get the rating of a single-phase generator or trans-

former the safe capacity in amperes is multiplied by the

terminal voltage and this product is divided by one thousand.

For example a 2300-volt alternator having a safe current

. , 2300X100
capacity of 100 amps, would have a rating of ————

•

1000

= 230 kv-a.

Capacity of Polyphase Machines. If it were a two-

phase alternator having a capacity of 100 amperes per

phase and giving 2300 volts in each phase, the kv-a. rating

would be twice that of one phase, or 460 kv-a. If it were

a three-phase alternator, giving 2300 volts between any

two lines and having a capacity of 100 amperes per line the

w 2300X 100XVS ^^.
,kv-a. ratmg would be equal to = o98 kv-a.^

1000
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From this example it is seen that the kv-a. capacity of a

three-phase machine is obtained by multiplying the prod-

uct of the safe current per line times the voltage between

lines by -y/s and dividing by 1000. The reason for the use

of -y/s in this calculation will be given in Chapter XIV.

Reason for Rating in Kilovolt-amperes. Why should

the capacity of an alternating current machine be given in

kilovolt-amperes instead of in kilowatts? We have shown

that the output of an electric machine is fixed by the safe

heating and that this heating in the conductors fixes, there-

fore, the safe current the machine may carry. Its voltage

is fixed by the saturation of the magnetic field, number of

conductors, speed, etc. and cannot safely exceed that for

which the machine was designed. The two limiting factors

of the output are thus the current and voltage, and it may be

that the power factor of the load to which the generator

is furnishing current is less than unity.

Example. Let us consider the 23G0-volt, 100-ampere,

single-phase generator; its rating was 230 kv-a. Now if

the load power factor were 0.5, when the machine was

delivering 100 amperes at 2300 volts the watts output

would be 2300X100X0.5 = 115000 watts = 115 kw. So that

the generator would be working to its safe limit to supply

115 kw., whereas if the power factor of the load were

unity the possible output would be 230 kw. Thus the

possible power output of a generator depends entirely upon

the power factor of the load; alternating current machinery

is therefore rated in terms of volts and amperes, and not

watts. If a machine should be rated in kilowatts a load

of power factor equal to unity would be assumed.

62. Characteristic Curves. The two curves to be con-

sidered here are the external characteristic and armature

characteristic. The latter is often called the field-compound-

ing curve. The efficiency curve is similar in shape to that of

a continuous current generator and, as the same factors

determine the form of the curve for both machines, they
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will not be taken up here. They were discussed and

analyzed in Chapter V in detail.

External Characteristic. The external characteristic of

an alternator shows the relation between the terminal

voltage and the load current, the field current being held

constant at that value which gives rated voltage when
rated full-load current is being carried. The shape of

this curve resembles that of a continuous current, separately

excited generator, but the shape of the curve for an alternator

depends somewhat on the power factor of its load. Fig.
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Fig. 155.—External Characteristics of an Alternator on Different

Loads.

155 serves to illustrate this point; the rated full-load voltage

is OD and the external characteristic for a non-inductive

load is shown by the curve BGF^ for an inductive load by
the curve CGE^ and for load of leading power factor by
the curve QGP, It will be noticed that the drop in terminal

voltage, for a given increase in load current, is greater for

an inductive than for a non-inductive load.

Short-circuit Current. The value the current reaches

when the resistance in the load circuit is reduced to zero

(called the short-circuit current) may be from three to ten

times the rated full-load current, depending upon the
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design of the machine; ordinarily it is about five times the

rated full-load current.

If the armature impedance is known of course the short-

circuit current can be approximately calculated. The gen-

erated voltage of a certain machine is 122 volts when the

machine is excited to give its rated voltage, 110 volts, when

carrying the full-load current of 50 amperes. The armature

impedance is measured and found to be .40 ohm. Now
if the external circuit resistance is reduced to zero (i.e., the

machine is short circuited) all of the generated voltage must

be used up in overcoming the impedance drop in the arma-

ture. So that we may put

or

from which

110 = 7X.40

7= 276 amperes.

The short-circuit current of this machine is, therefore,

five and one-half times the full-load, rated current.

Factors Affecting the Form of the External Characteristic.

The factors which act to change the terminal voltage of an

alternator as the load is varied are : the armature resistance,

the armature inductance, and the armature reaction. In

obtaining the external characteristic the field current is

maintained constant and hence, if the armature current did

not affect the field strength, the generated e.m.f. would

remain constant as the load varied. But, as previously

shown, the armature reacts to affect the strength of the

main field; a lagging current demagnetizing the field and a

leading current magnetizing the field. Thus, as a lagging

load is increased, the generated e.m.f. of the armature decreases

even though the field current and speed are held constant.

With a load of leading current, the generator e.m.f. increases

with an increase of load.
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The terminal voltage is obtained by subtracting

(vectorially) the armature IR and IX drops from the

generated e.m.f. These combined effects give external

characteristics similar in form to those given in Fig. 155.

Field Compounding Curve. The armature characteristic,

or field compounding curve, shows the relation between the

load current and the field current, the latter being so

varied that the terminal voltage of the alternator remains

constant as the load is changed. The field current must

be increased to a considerable extent when the load is

changed from zero to rated capacity and over and this

increase is greater for an inductve than for a non-inductive

load.

Experimentally obtained results for a small alternator

are given by the curves KIN and KHM of Fig. 155. The
first curve is for a non-inductive load and the second for a

load of cos (]) = .7, lagj^ng current.

Capacity of the Exciter. The exciter for this alternator

must be designed to carry safely the current required under

the worst condition, i.e., overload with a lagging current.

Thus the exciter for the alternator whose curves are given

in Fig. 155 should be designed to carry the current OS,

although with a normal non-inductive full-load current,

the required field current is only OT.
63. The Voltage Regulator. Commercial loads always

have a lagging current and so if the excitation of an alter-

nator were left unaltered as the load increased, the terminal

voltage would fall to a considerable extent. It is desirable

with most pieces of apparatus to which power is supplied

(lamps, motors, transformers, etc.), to maintain a constant

voltage at the piece of apparatus.

This necessitates an increase in the terminal voltage

of the generator supplying the power, to overcome the

increased line drop with increased load, but if left to itself

the alternator would give a decrease in terminal voltage.

Hence it is necessary either to have the operator vary the
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alternator field current as the load is increased and decreased

or else to have some automatic device to regulate the alter-

nator field.

Operation of the Voltage (or Tirrill) Regulator. The
Tirrill regulator (so named after its inventor) serves the

purpose by controlling a resistance in the field of the

exciter furnishing the alternator field current. A cut

showing this ingenious device is given in Fig. 156 and

Fig. 156.—^View of Voltage Regulator (Tirrill Regulator) General

Electric Co.

a diagram of its connections is given in Fig. 157 by
reference to which its action will be described. A diagram

of the exciter with its field rheostat and its connection to

the alternator is given to make the operation of the regulator

easier to understand.

Essentially the regulator consists of three magnets,

Af A', and F and two pairs of contacts C, C and E, E',

which are opened and closed by these magnets.

Differential Relay Magnet. The operation of the differ-

ential relay magnet F will first be described. Its winding
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consists of two coils, H and H', both of which are excited

from the terminals of the exciter. One of them, H, is excited

all the time the exciter is running while the other H' is

excited only when the two contact points C and C make
connection mth each other. These two coils are differen-

tially wound, so that, when both of them are excited, there

is no pull on the armature S and the relay contacts E and

Compounding
. y^Windlng

f 'Alternator

Exciter

Fig. 157.—Connection Diagram of Voltage Regulator.

E' remain closed by the action of the spring Ky but when

contacts C and C are opened so that only coil H is excited

the solenoid F is magnetized, the armature S is pulled down,

and the contacts E and E' are separated.

The contacts E, E' are connected to the field rheostat of

the exciter, so that when they are together the rheostat is short-

circuited but when they are apart the rheostat is in the field

circuit as it is ordinarily. Hence, when C and C touch
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each other, the exciter voltage rises (due to cutting out

the field rheostat) and when they separate the exciter

voltage falls. When the regulator is in operation, the

armature S is continually vibrating (due to actions described

later) so that the exciter voltage is continually oscillating

above and below its proper normal value.

Action of the Exciter Solenoid. Suppose now that con-

tact C remains in a fixed position; we will examine the

action of the solenoid A, which is connected across the

exciter terminals. The plunger P is carried on a lever,

L, and is held in its highest position, when A is not excited,

by the spring B. The magnetic pull of ^ is about equal to

that of the spring B. As the exciter voltage rises and falls

therefore, the plunger P, falls and rises accordingly and s^

the contacts C and C are correspondingly opened and

closed.

Combined Action of Relay Magnet and Exciter Magnet.

We have seen that the operation of the contacts E, E' is

effected by the opening and closing of the contacts C, C.
Hence the combined action of the relay magnet and exciter

magnet is to maintain the exciter voltage constant (and

hence maintain the generator field current constant).

For suppose (after the regulation has been properly

adjusted) that the exciter voltage rises above normal.

The plunger P is pulled down opening the contacts

C, C, thus (by the action of the relay magnet) opening

the contacts E, E\ This inserts the rheostat in the

exciter field, by opening the short-circuit path in parallel

with the rheostat.

This action will decrease the field current of the exciter,

and therefore will decrease its voltage. The magnetic

pull on the plunger P is thus lessened, and it rises due to

the action of the spring B. This closes the contacts C,

C, closing the contacts E, E' and so short-circuiting the

field rheostat once more. The exciter voltage again rises and

the process is repeated. This action keeps the armature
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S in continual vibration at a rate of several vibrations per

second.

Action of the Generator Solenoid. Now consider the

action of the generator solenoid A\ Its winding is con-

nected across the terminals of the generator (through a

potential transformer for high-voltage machines) and

the action of its magnetic pull is to raise plunger P'. The

plunger P' is suspended from a lever L' and counterbalanced

to any desired degree by the adjustable weight D. When
the regulator is in adjustment and the voltage of the gen-

erator is normal, P' (and hence C which is carried on the

same lever as P') occupies a certain mean position. Voltage

on the alternator above normal will hft P' above its normal

position and so depress C below its normal position. A
decrease in alternator voltage will have the opposite

effects.

But if C is lowered it will require less pull on P to make

the contacts C, C open, so they will open on less than normal

exciter voltage, and when they open the exciter voltage

falls as explained before. But if the exciter voltage falls,

a corresponding decrease in the alternator voltage must

occur. Hence the total action of the regulator is to bring

the alternator voltage back to normal if it tends to rise;

also if the alternator voltage falls an increase in the exciter

voltage (and hence in the alternator voltage) must take

place. ..^.r^r^.^jf ,

The Tirrill regulator has been so perfected that it is

possible by its use to maintain the voltage of an alternator

constant to within one-quarter of one per cent. - ^-^

The Regulator may be used to Compound an Alternator.

It is many times desired to have the alternator voltage

increase with the load so as to overcome the line drop and

give constant voltage at some distant point on the line.

This is easily done by winding on A' another coil and con-

necting it to a current transformer in the generator line,

the connection to be so made that the action of this second
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winding is to neutralize the other. By properly propor-

tioning this second differential winding it is possible to

obtain any degree of compounding desired.

There are several auxiliary features to the regulator

which we have not considered, such as condensers across the

contacts, reversing switches for the contacts, the amount
of resistance required in the field rheostat for proper opera-

tion, etc. These may be found in trade publications

describing the regulator. \

64. Alternators Running in Parallel. Electrical power

for a city or community can be generated most efficiently

when all the generators supplying the power are located

in one central power station. The cost of electrical power

may be divided into several parts; coal and water, oil,

station attendance and repairs, line maintenance, interest

on investment and various other costs grouped under the

title of " overhead " charges. These are made ,up of office

rent, salaries of clerks, executive officers, taxes, etc.

Combination of Stations Reduces the Overhead Charges.

Practically all of these charges may be reduced if one

power station, instead of several, supplies all the power.

But one staff of executive officers need be employed, only

one set of books need be kept, and one office; the cost

for station attendance will not be as great as if several

stations are used, etc. Also larger generators would be

used in the larger station than in the smaller ones and we
know that large generators have a higher efficiency than

small ones. -

Necessity of Large Stations. The use of electrical

power is becoming so general that for large cities perhaps

a hundred thousand killowatts of power may be required

to supply all the demands. A generator to supply 100,000

kw. has never been built; the largest built so far has a capac-

ity of 20,000 kw. Hence to supply 100,000 kw. it would
require at least five of these big machines and they would all

he operated in parallel on the same bus bars. In some large
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stations as many as ten or more alternators have been

installed to supply the load and they all operate in parallel.

Number and Capacity of Machines. The considerations

which would govern the selection of the number and size

of machines for any given station are the same as those

discussed in Chapter III in the study of c-c. machines,

operating in parallel, but they may be reviewed here. In

general it is best to have the machines in a station of the same

size arid type, because only a few spare parts need be kept

in stock for making repairs. Coils are likely to burn out at

any time and a few should always be kept in the station

for making quick repairs in case of necessity. If all machines

are of the same size and type then only one set of coils need

be kept on hand but if several sizes are installed in a station

a proportionally greater number would have to be kept in

stock. Also if the same size machines are installed there

always exists the possibility of interchanging parts from

different machines if necessary.

I In any ordinary station there should be, however, at

least one small sized machine for carrying the load during

the early hours of the morning when it is very light.

Parallel Connection of Alternators Always Used, Having

several alternators, then, in a station, to be operated on

the same bus bars, the question arises as to how they shall

be connected together, in series or parallel. Practically

all power and lighting systems are designed for operation

at constant voltage irrespective of the load. If the alterna-

tors were connected for series operation it is evident that

the voltage on the busses would vary directly with the

number of alternators operating. If for example three

machines were operating in series, the bus-bar voltage would

be three times as high as if one only machine were operat-

ing. Hence it is evident that series connection of alternators

would not satisfy the requirement of constant voltage. But
even if it were all right to use the series connection in so

far as the load was concerned it could not easily be
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done because alternators operating in series are in unstable

equilibrium, unless the machines are mechanically coupled

together. If the two alternators (not mechanically coupled)

are connected in series to a load, the voltage on the load

will continually vary from zero to twice that of one alter-

nator. It is not thought worth while to further analyze

this point here as it has no commercial importance.

In considering alternators operating in parallel we
have three points to investigate. What precautions are

necessary in connecting an alternator to bus bars already

alive? What will happen if the generated voltage of this

machine is made greater or less than that of the bus bars

to which it is connected? (We emphasize the word generated

because, of course, the terminal voltage of the alternator

cannot be made different from that of the bus bars to

which it is connected.) How may the load be divided

between the different alternators, as desired by the opera-

tor? These three points will be taken up in the order

named.

65. Synchronizing. Suppose several alternators are

already operating in parallel on the same bus bars and

another alternator is to be connected to these same bus

bars; what conditions must be fulfilled before the switch,

connecting this incoming machine to the bus bars, may be

closed? They may be briefly stated thus:

1st. A machine voltage equal to the voltage of the line

(bus bars).

2d. A frequency for the machine which is the same as

that of the line.

3d. The phase of the machine voltage opposite to that of

the line.

4th. A machine e.mf. wave form similar to that of the line.

The first three conditions can be satisfied by various

manipulations which the operator can carry out but the

fourth cannot be accomplished by any variation of speed,

field excitation, etc.
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The Wave Form Not Adjustable. The e.m.f. wave form
of an alternator is fixed by the design of the machine and
cannot be affected by the operator; however, practically

all modern machines give wave forms very nearly sinusoidal

so that the fourth condition is nearly always satisfied to a

degree sufficient for successful parallel running.

Manipulation. The operation of manipulating the

incoming machine to bring about the first three conditions

and of closing the switch which connects it to the bus bars

is called synchronizing. It is evidently easy for the operator

to satisfy the first two requirements; the voltage of the

incoming machine may be varied by its field rheostat and
its frequency (depending directly upon the speed) may be

altered by changing the speed of its prime mover. To
satisfy the third condition a synchronizing device may be

used; either incandescent lamps
y

properly connected between the machine

and bus bars, or a synchronoscope

(many times called a synchroscope)

may be used.

The Synchronoscope. The syn-

chronoscope is an indicating instru-

ment having a dial over which a

finger rotates or oscillates. In the Fi^. I58.^ci]lating
better type (illustrated in Fig. 158) Synchronoscope.

the finger merely oscillates back Weston Elec Inst. Co.

and forth while the type shown in

Fig. 159 has a circular dial and the finger rotates over the

complete circle.

In either .type there are two independent electrical

circuits, one of which is connected to the bus bars and

the other to the incoming machine. The magnetic fields

set up by these two circuits so react on one another as to

make the needle either oscillate or rotate; a mark on the

dial shows the proper " synchronizing " position for the

needle and the synchronizing switch must not be closed
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until the first two conditions have been satisfied and the

synchronoscope needle points to this mark.

Use of Lamps Instead of a Synchronoscope. Fig. 160

shows how lamps may be used on low voltage machines. If

the machine were a 110-volt alternator, two 110-volt lamps

Fig. 159.—Rotating Synchronoscope.

Co.

Westinghouse Elec. and Mfg.

v^rould be used; with a 220-volt alternator, 220-volt lamps

would be proper, or, of course, two 110-volt lamps in series

might be used instead of each 220-volt lamp.

Difference in Frequency Shown by the Lamps or Syn-

chronoscope. In synchronizing, either with lamps or a

synchronoscope, the incoming machine is brought up to

approximately its proper speed and then its voltage is

adjusted until equal to the bus voltage. In case a syn-
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chronoscope is used it is then " plugged in " and it will

rotate, in one direction if the incoming machine is slow

and in the opposite direction if it is running too fast. The
number of revolutions per second gives the difference in

frequency between the incoming machine and the line.

In case lamps are used they will

flicker, being alternately bright

and dark; the number of flickers

per second gives the difference in

frequency of the incoming machine

and line.

''Dark" and ''Bright" Connec-

tions of Lamps, If the lam.ps are

connected straight across the switch

blades (as shown by the full lines

in Fig. 160), the proper time for

closing the synchronizing switch is

in the middle of a dark period,

while if they are connected zig-

zag across the switch (as in the

dotted lines of Fig. 160), the proper

time for closing the synchronizing svatcn is at the center

of a bright period.

Cause cf Lamps Flickering. The reason for the flicker-

ing of the lam^ps may be seen by reference to Fig. 161.

Incoming Machlno

Fig. 160.—Connection of

lamps for Synchroniz-

ing; "Dark" Con-

nection in Solid Lines,

" Bright " Connections

in Dotted Lines.

Lamp

Lamp
{

FiQ. IGL—Synchronizing Lamps form Part of a Closed Circuit, Con-

taining the Two Armatures in Series.

Machine A is already supplying load and machine B is to

be synchronized with it. The lamps form part of a closed
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circuit made up of the two armatures and the two lamps
ail in series. When the two e.m.fs. act together (in phase)

the lamps will glow, but when the two e.m.fs. are in

opposite phase (the condition required for synchronizing)

there will be no resultant voltage acting in this circuit,

as the two will just neutralize each other. If there is no
voltage in the circuit no current will flow through the

lamps and they will be dark; hence when the lamps are

dark it signifies that the two e.m.fs. are in phase opposition.

Lamps Used with High-voltage Machines. When the

m-achines are of high voltage, lamps cannot be used directly

Mne

Synchronizing
Switch

Incoming
Machine

..TTc^

Lamp

Fig. 162.—A Possible Connection for Using Low Voltage Lamp on
High-voltage Circuit.

on the line, but small transformers must be used. Fig. 162

shows one scheme for using one transformer and one lamp

The coils on the outside legs of the transformer core are so

connected that when the two e.m.fs. are in phase oppo-

sition, no flux goes through the center leg, hence the lamp

is dark and, when the two e.m.fs. are ISO*' out of their

proper phase relation, the flux from both outside legs goes

through the center leg and so the lamp glows.

Sequence of Operations in Synchronizing. To synchronize

the incoming machine, then, the proper sequence of opera-

tions is the following: The alternator is brought up to

approximately its proper speed and then its excitation
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is put on and the voltage is adjusted to approximately equal

that of the line; the synchronizing device is then put in

the circuit and the speed is again adjusted until the differ-

ence in frequency is very small, say, ten alternations per

minute (this figure will vary with different operators and

different machines). A final adjustment of the voltage

is now made to make it within one or two per cent of that

cf the line and, when the synchronizing device indicates

the proper phase relation, the synchronizing switch is

quickly closed. If the operator makes a bad " shot," i.e.,

closes the switch either too soon or too late, an excessive

current will result in the armature and the protective

devices will open and then another attempt must be made.

This discussion of synchronizing holds good for any

synchronous machine; either alternator, synchronous motor

or synchronous converter.

66. Circulating Current. Immediately after the alter-

nator has been synchronizeJ, ii takes no load at all; in this

respect it is similar to a c-c. machine which has just been

paralleled with the station bus bars. When c-c. machines

are operating in parallel and it is desired to have one of

the machines take more load, the voltage of this generator

is raised and it will increase its load in proportion to the

increase in its generated voltage.

Effect of Varying the Excitation of the Alternator, If it

is desired to make the incoming alternator take load the

natural thing to do is to increase its generated voltage

by cutting out some of the field rheostat the same as is

done with a c-c. generator. But such a procedure does not

make the alternator take load at all; the generator ammeter

indicates a current almost proportional to the increase in

excitation, but the generator output wattmeter gives

scarcely any reading.

Fig. 163 shows the alternator connected to the bus bars

through its ammeter and wattmeter. Increasing the

<:xcitation increases the reading of A but does not make W
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read to any extent. Hence this current indicated by A
must be a reactive current^ 90° out of phase with the ter-

minal voltage of the genera-

tor. The reactive current cir-

culates between the various

armatures and does not go

into the load circuit at all;

it is therefore called a circii-

lating current.

The reason for this circu-

lating current may be seen

by reference to Figs. 164 and

165. Let us suppose only

two alternators in parallel

supplying some power to a

Fig. 163.-Connection of Alter.
^^^^ ^1^'^^^' ^^'^ ^\^^ .^^;

nator to Bus-bars, through 2 has just been synchronized

Proper Meters. and SO is furnishing practi-

cally none of the power to the

load. Consider the local circuit made up of the two

armatures and bus bars, all in series with each other. If

the voltage of No. 2 is just the same as that of the bus bars

(this condition is obtained before synchronizing), there is

Ammeter

Wattmeter

No. 2 No. 2

Fig. 164.—^Parallel Connection of Alternators.

no resultant voltage in the local circuit and no current

flows around this circuit. The vector diagram for this

condition is shown in Fig. 165, where OEi gives the voltage

of machine No. 1 and OE2 gives that of machine No. 2.

Evidently the resultant of these two e.m.fs. is zero.



THE ALTERNATING CURRENT GENERATOR 2G9

Effect of Increasing the Voltage. If the voltage of

No. 2 is increased to OE2, there is a resultant voltage OR'

acting in the local circuit. As the armature circuits are

highly inductive, the e.m.f. will produce a current nearly

90° behind it in phase, shown in Fig. 165 by 0/', lagging

behind OR', by the angle 6, where

inductance of both armatures
tan 6 =

resistance of both armatures

Fig. 165.—Vector Diagram of Circulating Current.

The current 01' is practically 90° behind the phase of

OE2, hence does not represent a load on machine No. 2;

also it is practically 90° ahead of OEi, and so does not

represent a load on machine No. 1. It is merely a reactive

current, circulating between the two armatures and repre-

senting no power in either of them.

Effect of Decreasing the Voltage. If the voltage of

machine No. 2 is decreased to 0E2"j the resultant current

is again reactive but opposite in phase to what it was before

as shown at 01" in Fig. 165; it now leads OE2 and lags

behind OEi. This circulating current is really a magnet-

izing current for one machine and a demagnetizing current
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for the other. When No. 2 is over-excited (i.e., excited

to give a voltage higher than that generated by No. 1)

the current 01' tends to demagnetize No. 2 and magnetize

No. 1 while current 01" tends to magnetize No. 2 and

demagnetize No. 1.

This circulating current of course heats the armatures

and so decreases the safe current which the machines can

furnish to the load circuit because the total armature cur-

rent is made up of the vector sum of the load current and the

circulating current.

Summing up these ideas about circulating current we
may say, that if the voltage of one generator (operating in

parallel with others) is altered it does not affect the load

division between the different machines hut produces a cir-

culating current which unnecessarily heats the armatures

and tends at the same time to so react on the fields as to equalize

the generated voltages of all machines.

67. Division of Load. The next question which arises

is this—if the load division between two alternators (opera-

ting in parallel on the same bus bars) is not affected by a

variation of the field excitation how can the load be shifted

from one machine to the other? It may be shown both

experimentally and theoretically that if two machines are

sharing a load equally and it is desired to have machine

No. 2 take more load this can be accomplished only by in-

creasing the torque of the steam engine {or turbine) driving

machine No. 2.

To analyze the question let us suppose that two alter-

nators are operating in parallel, supplying power to some
outside load and that the load is equally divided between

the two machines. Under such conditions the e.m.fs.

of the two machines are exactly opposite in phase. We
further assume that the two e.m.fs. are equal so that there

will be no reactive circulating current between the two
machines. The two e.m.fs. are shown by OEi and OE2
in Fig. 166. /



THE ALTERNATING CURRENT GENERATOR 271

If the prime mover of No. 2 is given more steam it

will of course try to speed up generator No. 2. Bui this can

occur for only a small fraction of a second, until No. 2 has

pulled slightly ahead of No. 1 in phase; the two machines

must turn the same number of revolutions per minute

(same number of poles on both machines assumed) because

they are operating in synchronism with each other, so that

the increased speed of-No. 2 can only last during that small

time while No. 2 is puUing ahead of No. 1 in phase.

After No. 2 has pulled ahead in phase its e.m.f. vector

is represented in Fig. 166 by OEz, which is ahead of its

original phase by the angle a. Now the resultant of OEi

Fig. 166.—Vector Diagram to Show Load Division.

and OE2 is not zero but OR. This voltage acting in the

local circuit will force a current through the two armatures

and this current is shown in Fig. 166 by 07, lagging behind

OR by the angle 0, the angle being the same as it was in

Fig. 165.

The current 01 is nearly in phase with OE2 and nearly

180° out of phase with OEi, The result of this current is to

add to the load No. 2 was already carrying, a load represented

by the current 01, and to decrease the load No. 1 was carrying

by the same amount.

The Load Varies Directly with the Phase Shift. The

value of OR (hence of 01) depends upon the value of the

angle a (Fig. 166) and this angle depends upon the torque

of the prime mover of machine No. 2. To change the load

on one of the alternators from zero to full load it is only
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necessary to change a from zero to about 20° and for these

small values of a it is approximately true that the load on

the alternator is directly proportional to the angle a. Ex-

perimental results, illustrating this point, are given in

Fig. 167. It is shown there that for a given load increase

a somewhat smaller change in a is required when the gen-

erator is over-excited than when it is under-excited.

The electrical operator in a large power plant generally

has control of the steam supply to the various prime movers

so that he can by variation of the supply, shift the load

from one alternator to another as he desires.
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Fig. 167.—Curves Showing Phase Shift with Load Variation.

It sometimes happens that two alternators will not operate

satisfactorily in parallel. The division of load is not con-

stant; the load shifts quickly from one machine to the

other and back again. The rush of current between the

two machines as the load shifts from one to the other may
be sufficient to open the circuit breakers and so throw

the two machines out of step. Such machines are said

to have a low synchronizing power whereas machines which

operate smoothly, maintaining a fairly uniform division

of load are said to have a high synchronizing power.



CHAPTER VIII

THE TRANSFORMER

68. Principles Involved. A transformer is a piece of

stationary apparatus by means of which a-c. power may
be changed from one voltage to another. It consists essen-

tially of a closed magnetic circuit (made of laminated iron

and called the core) on which are placed two coils of insu-

lated wire, the two coils being entirely separate and insu-

lated from one another. (This later qualification will be

modified when discussing a special type called the auto^

transformer.) The two coils generally have a widely dif-

ferent number of turns; a certain transformer, for instance,

has 93 turns in one coil and 1800 in the other.

Exciting Current. One of the coils (called the primary)

is connected to an a-c. line of suitable voltage and the

resulting current which flows (the other coil being open

circuited) serves to magnetize the iron core; it is called the

exciting current. The magnetic flux through the core will

evidently be an alternating one, being in one direction

with positive current and in the reverse direction when the

current has reversed; hence any turn of wire surrounding

the core will have induced in it an e.m.f. because of this

varying flux.

Induced E.M.F. in the Secondary Coil. The second coil

(the one to which power is not supplied, called the secondary)

is also wound on the core and therefore will have an e.m.f.

induced it. Lamps, motors, etc., may be connected to

this secondary coil and will be supplied with power just

as well as though they were connected to the line which

273
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is feeding power to the primary coil. The terms " high-

tension coil " and '' low-tension coil " are often used instead

of the terms " primary coil " and '' secondary coil."

The power input to the primary depends directly upon the

amount of power being supplied by the secondary. It is not

at once evident how the power gets from the primary to

the secondary and we will first consider that point.

Equation of the Transformer. Fig. 168 represents an

elementary transformer, having a laminated, closed magnetic

circuit, core A, a primary coil, B, and a secondary coil, C.

Fig. 168.—View of Elementarj'^ Transformer.

Let /i = the primary current;

72 = the secondary current;

A^i =the number of turns in the primary coil;

iV2 = the number of turns in the secondary coil;

i?i = the resistance of the primary coil;

R2 = the resistance of the secondary coil;

6i and El = the primary impressed voltage (instan-

taneous and effective)

;

(l)
= the magnetic flux in the core at any time.

The impressed e.m.f. of the primary must be balanced

by the reacting forces in the primary coil, so we may write

(for an open-circuited secondary)

ei=Riii-\-NiXithe rate of change of flux) . (64)
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where

Riii = the resistance reaction;

iViX(the rate of change of flux) = the back e.m.f. of self-

induction.

In ordinary transformers the term Riii is very small

compared with iViX(the rate of change of flux), so that we
may neglect it without introducing an appreciable error.

We may therefore write

^1 =iVi X (rate of change of flux), . . (65)

or, in virtual values,

E= 2%}Ni^eff (66)

Effective Flux in the Core Constant. From this equation

we see that there must always be a certain flux (effective)

through the core in order to balance the e.m.f. impressed

on the primary; this flux must exist in spite of any demag-

natizing action the secondary current may produce.

Increase in Primary Current to Balance the Demagnetizing

Effect of a Secondary Current. For a secondary current

equal to zero there exists a small magnetizing current in

the primary; if some load is put on the secondary so that

its current is some value I2 the secondary coil will

produce a demagnetizing action on the core equal to

.4xiV2/2- But the primary current must always be sufficient

to produce in the core the flux ^eff^ hence when the secondary

current increases, the primarj^ coil automatically draws from

the line an increased current. This increase in primary

current will he just sufficient to overcome the demagnetizing

action the secondary current has produced.

Ratio of Currents. We may, therefore, put

.4xiVi7i' = .4x7^2/2, ...... (67)

where 7i' is the increase in 7i to overcome the demagnetizing

effect of 72. But as the magnetizing current of a trans-
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former is very small compared to its full load current

(generally about 5%), we may put, without much error,

A'kNiIi = Ai:N2I2, (68)

or

NiIi = N2l2, (69)

which gives the approximate fundamental relation between

the currents in the primary and secondary. This may
be stated in words thus : The primary ampere-turns are always

just equal to the secondary ampere-turns {the magnetizing

current being neglected).

Ratio of Voltages. If all the flux which the primary

produces threads the secondary coil (and this is approx-

imately true), the volts generated per turn will be the

same in each winding. If we* call this voltage e, we must

have

E2 = N2e (70)

and
Ei=Nie (71)

Equation (71) is true because the right-hand member is

the counter e.m.f. of self-induction and this must be equal

to the impressed e.m.f. (approximately).

Substituting (70) and (71) in (69), we have

EiIi=E2l2 (72)

This is the approximate equation for apparent power in

the two coils. Also from (70) and (71) we get the relation

' Ei/E2 = Ni/N2, (73)

which is the fundamental voltage relation in the two coils.

Expressed in words this relation is: The primary voltage

bears the same relation to the secondary voltage as the

number of turns in the primary coil bears to the number of

turns in the secondary coil. Of course, from equation (72)
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it is seen that any change in voltage must be accompanied

by a change in current in the opposite sense.

Equations (69), (72), and (73) give only the approximate

relations of the transformer quantities; the derivation of

the exact relations requires us to consider the loss due

to hysteresis and eddy currents in the core, the PR losses

in the windings, and the magnetic leakage.

69. Commercial Importance of the Transformer. From
the previous simple analysis it is seen that, by means of a

transformer a-c. power may be changed from one voltage

to another; if the secondary coil has more turns than

the primary, the voltage will be raised (i.e., " stepped up ")

and if the secondary coil has fewer turns the voltage will

be lowered ("stepped down")- Some of the greatest

power developments to-day are hydro-electric (using water

turbines for prime movers) in which the power station

must be situated close to the falls, the power of which is

being used. The place where the electric power is con-

sumed may be a hundred miles or more distant, so that a

long distance transmission line is necessary to carry the

power to the place of consumption.

Long Distance Transmission Requires a High Voltage.

It is commercially impossible to carry electric power any

great distance unless high voltage is used, because of the

high PR losses in the line, or else the heavy investment

for the copper wires. An approximate rule for the voltage

of ordinary transmission lines is from 500 to 1000 volts

per mile length of the line. A line 150 miles long might

be run at 80,000 volts or 100,000 volts, although special

conditions may cause departure from this rule.

Location of Transformer in a Power-transmission System.

These high voltages cannot be generated directly in an

alternator, neither can the power be supplied to the con-

sumer at such a high voltage, hence the problem the elec-

trical engineer has to face is this: The power may be

generated at medium voltages (2300-11,000 volts), must
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be transmitted at high voltage (perhaps 50,000-120,000

volts), and must be supplied to the customer at low voltage

(110-440 volts). The transformer raises or lowers the

voltages where required and, without the transformer, the

successful development of a-c. transmission systems would

have been impossible.

Fig. 169 shows how the transformer forms links in a

transmission and distribution system. For railway sub-

stations the voltage is changed, in one step, from the line

Motors

II _^
Lamps

Step Down
Transformer

Generator

Transmission

Step Up ~j

i-ansformer y^fTransformer
[mi

Lamps

Step Down r^T?*^^ P*'''°- - '"^'Transformer
uuMwy step L>own >^ ,

nxri Transformer I j

Lamps

Fig. 169.—Diagram of Power Transmission System, Showing Service

Performed by Transformers.

voltage to that required in the substation; for lighting work

the high voltage of the transmission line is generally stepped

down by a few large transformers to 2300 volts, and is then

distributed throughout the city at 2300 volts to small

transformers located on the poles which step it down again

to 110 volts.

Each of these small transformers (generally of less than

15 kv-a. capacity) supply perhaps 25 to 50 customers.

Fig. 170 shows one of these small transformers located on

a pole, just under the cross arms; in the cut only the out-

side containing case of sheet iron can be seen because the

coils and core are always put inside cases to protect them

from moisture, dirt, mechanical injury, etc. The small

wires going into the case at the back (next the cross arms)

are the 2300-volt wires and the larger wires coming from

the front are the 220-volt wires which connect directly to

the lighting wires in the customer's house.



THE TRANSFORMEK 279

Fig. 170.—Small Transformer Located on a Pole; the Two High-

tension Wires Enter at the Back and the Low-tension Wires

Come Out at the Front (i.e., the side not adjacent to the pole).

Westinghouse Elec. and Mfg. Co.
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70. Construction. In actual construction the trans-

former does not resemble at all that given in Fig. 168.

The cores can be most economically built up of rectangular,

instead of circular, sheets, and the two coils are always

placed as closely together as possible.

Two General Types. Two types of transformers have

been developed in which both of these ideas are incor-

porated; they are the core type and the shell type. In

both these types the cores are built up of thin sheets of iron,

generally rectangular in

shape, and the primary and

secondary coils are placed

in very intimate relation

with one another.

Core Type. The core type

closely resembles the ele-

mentary transformer shown

in Fig. 168; however the

shape of the core is rectangu-

lar (its cross-section is nearly

square) and the two coils

are placed one over the other

as close together as possible.

Each coil is divided into two

sections, the two sections

being placed on opposite legs

of the core. Fig. 171 shows

a view of an assembled core-type transformer ready to be

placed in its containing case. Space is left between the

two coils so that oil for cooling purposes may circulate

through the windings.

Shell Type. The shell-type transformer is shown in

Fig. 172. The coils of the core type are generally cylin-

drical in form but in the shell type they form a rectangular

structure (as shown in Fig. 173) similar in form to the core

of the core type, and the laminations (sheets of w^hich the

Fig. 171 .—Small Core-type Trans-

former, Completely Assembled.

General Electric Co.
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core is made) are built up around two legs of the assembled

coils.

Lamination of Coils. In order that the primary and

secondary coils may be placed closely together, they are

built up in thin sections (called '' pancake " coils) and the

sections of the two coils are sandwiched together, first a

thin section of the primary, then one of the secondary, etc.

Fig. 172.—A Small Shell-type Transformer, Completely Assembled.

Fort Wayne Electric Works.

One of these thin sections is shown in Fig. 174. In Fig.

177 is shown a cross-section of the assembled coils showing

how the sections are interspersed; there may be a dozen

or more of these sections in a large transformer. Fig 175

shows another method of winding shell type transformers;

here pan-cake coils were not used but the two coils are

placed intimately together by having the low tension coil
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built in two parts, the high tension coil being placed between

the two sections of the low tension coil.

Construction of the Core. Although the iron core of a

modern transformer forms a continuous iron path around

the coil, the laminations in the form of a hollow rectangle,

are not in one piece, because if such were the case, the coil

would have to be wound through them instead of being built

up independent of the core.

Fia. 173.—Coils for a Shell-type Transformer, Showing How One
Coil is Placed Over the Other. Westinghouse Electric and Mfg.
Co.

Each lamination is made of two pieces as shown by the

full lines of Fig. 177. In stacking them up around the

coils, every other one is reversed so that the joints come
as shown by the dotted Hues. Because of this alternation

of the joints, the core, when built up and clamped together,

is very solid and has but Httle more reluctance than it would
have if each lamination were one solid piece.

The most recent type of construction is really a modi-
fication of the core type; a view of one of these trans-

formers removed from containing case is given in Fig.
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178, from which it may be seen to resemble a core-type

transformer having winding on but one leg. The other

leg, used as a return path for the magnetic flux, is divided

into four parts, symmetrically disposed around the center
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Fig. 175.—Cross-section through Transformer Coils, Showing how

They may be Interspersed. The fine wire is the high-voltage

winding.

Fig. 176.—^This Cut Shows how the Coils of a Transformer are First

Assembled and Then the Core Built up around Them.
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leg, on which the coils are placed. This type uses con-

centric, cylindrical coils (which are the easiest to manu-
facture), is compact in its arrangement, and is more easily

cooled than either of the other types. A sketch of the trans-

former is given in Fig. 179; it shows how freely the cooling

oil may circulate between the coils and around all parts.

Size of Wire in Transformer Coils. The size of wire

used on the two coils is not the same; it is much smaller

for the high-voltage coil than for the low-voltage coil. The

/
Core plate

\

^
Primary-
Colls < -^ - Coils

\
Core plate

/

Fig. 177.—The Laminations, in the Form of Hollow Rectangles, are

Split so That They May be Put around the Sides of the Coils.

most efficient design is one in which the PR in the primary

coil is equal to that in the secondary. We have shown in

equation (72) that l2/Ii=Ei/E2, or, in other words, the

currents in the two coils are in the inverse ratio of their

voltages. Let us put

E1/E2 — a, the ratio of the transformer.

Then 72 = a 7i and if we are to have

l2^R2 = Ii^Ri, then evidently

am2 = Ri (74)

n for example a transformer has a ratio of 20:1, the high-

voltage coil should have 400 (= 20^) times as much resist-



286 ELECTRICAL MACHINERY

ance as the low-voltage coil. Now there are twenty times

as many turns on the high-voltage as on the low-voltage

Fig. 178.—^View of General Electric Type H Transformer.

coil so that the cross-section of the high-voltage coil should he —
a

times that of the low-voltage coil. This ratio of cross-sections
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gives approximately the same weight of copper for both

coils.

Transformers designed with this ratio, however, will

get hotter in the high-voltage coil than in the low-voltage

coil because, owing to the greater thickness of insulation

around the high-voltage coil, it is more difficult for the heat

to escape from the copper. In practice, therefore, a some-

what greater weight of copper is used in the high-voltage

winding than in the low-voltage.

Af/C4 ^^/£r/.os
•3ecoAf04/^r

/»/OrfJ>/iY'

O/i. Doer 0*c CMJtA//^e:LS

Fig. 179.—Plan of General Electric Type B Transformer, Showing

how the Oil May Circulate around and between the Coils.

Insulation of Windings. The insulation of the windings

of a transformer must be very carefully looked after because

of the high voltages to which a transformer is subjected.

The high-voltage coil must be insulated not only from the

low-voltage coil, but also from the core; a breakdown

in the insulation in either of these places would connect

to the high-voltage line a part of the transformer on which

the operator supposes there is either a low voltage or none

at all and he would probably receive a fatal shock in work-

ing around the transformer. Or a customer touching

what he supposes to be a low-voltage line might receive
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a fatal shock by connecting a high-voltage wire to ground

through his body.

Danger of a " Broken-down " Transformer. This pos-

sibility is illustrated in Fig. 180; it is supposed that the

high-voltage insulation has broken down so that the two

coils are connected together through the point of breakdown

at E. Then the low-voltage line (either C or D) becomes

charged with a high voltage of nearly the same potential

with respect to the ground as the line A. If a partial ground

exists on Hue B (as it generally will) and a person standing

on the ground touches either of the low-voltage wires,

C and D, he will receive a shock the same as though he

grounded the high-voltage line, A. And even if B has no

% Partial D
- ground

Fig. 180.—Sketch to Show the Danger of a Transformer Broker

Down between its High-tension and Low-tension Windings.

partial ground, a fatal shock might still be received due

to the charging current (the earth serving as a condenser

plate) his body will have to carry.

Construction of Coils. To obtain good insulation the

coils of a transformer are wound with insulated wire,

covered with a thick layer of tape. After they are wound

they are impregnated with some insulating compound,

and oiled cambric and special insulating papers are freely

used between the coils and between the coils and the core.

After being completed, the transformer insulation is tested

for break-down by using another high-voltage transformer
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and at least twice * the voltage for which the high-voltage

coil was designed.

Higher Insulation on First Turns. In order to protect

transformers from the high voltages due to surges (electrical

oscillations in a transmission line) it is customary to insu-

late the first few turns of the high-voltage winding much

better than the rest of the turns. It is found in practice

that a transformer not so built, nearly always breaks down

in these first turns.

71. Methods of Cooling. Due to the losses which

occur in the core and windings of a transformer it heats

up the same as any other piece of electrical apparatus.

But the heating in a transformer would be very exaggerated

unless means were taken to prevent it as there are no moving

parts to create air currents and so dissipate the heat. Spe-

cial means are always used to keep down the temperature

of a transformer.

Air cooling, oil cooling, or water cooling may be employed;

that most generally used for small transformers being the

oil cooling and for large transformers in power plants,

water cooling.

Air-cooled Transformers. In the air-cooling method a

fan is used to force cool air from the bottom of the trans-

former, past the windings and core to carry off the heat

from the top of the transformer. Sometimes the fan con-

nects to a pressure chamber in the basement of the station

and the row of transformers is placed directly over this

chamber. The bottom of each transformer case is open

and connects to the chamber below; the air pressure used

in the chamber depends upon the load the transformers

are carrying, being sufficient at heavy loads to send a very

swift air current through the transformers. The air should

be well cleaned otherwise dirt and foreign particles will

* This figure varies for different transformers being greater for low-

voltage than for high-voltage transformers.
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collect in the transformer case and tend to cause short

circuits, etc. Air cooling is not used to a great extent.

Oil-cooled Transformers. The method of cooling most
generally used is to place the transformer in a water-tight

case, filled with oil. The oil serves both as an insulator

and as a cooHng medium. Currents circulate in the oil

due to convection. These currents are '' up " next to the

transformer core and coils and " down '^ on the outside,

next to the case. The heat is carried by the oil currents

from the transformer to the case, through which it is con-

ducted to the atmosphere. The
direction of these currents is

shown in Fig. 181.

The use of oil in a trans-

former increases its capacity in

the same way that forced venti-

lation increases the capacity of

a motor or generator. This

method of cooling is the most
reliable there is; there is nothing

to get out of order as in the

case with air or water cooling.

In the larger sizes difficulty

is encountered because of the

great amount of heat generated

in the transformer; the smooth-iron case does not expose

enough surface to the air for proper cooling. Because of

this the case is made of corrtogated metal, as shown in Fig.

182, so that the radiating surface of the case is very much
increased. But in very large station transformers the heat

cannot be radiated fast enough even with a corrugated

case, so that resort is had to water cooling.

Water-cooled Transformer. A water-cooled transformer

is one in which the transformer is immersed in oil (as in the

oil-cooled transformer) but the oil itself is cooled by cir-

culating between coils of pipes, immersed in the oil, through

w/yyyyyy^yyMy^yyyyyy/y/y/y,Myy.

n

i;

m
Fig. 181.—^Arrows Show Di-

rection of Oil Currents

Around a Transformer.
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which pipes cold water is circulating. This method of cooling

is required in very large transformers such as are frequently

located in stations. Evidently the method could not be

Fig. 182.—Transformer Case Built of Corrugated Steel, to Give
Greater Cooling Surface. General Electric Co.

used for transformers located on poles or in out-of-doors

installations because of trouble due to the freezing of the

water, etc. A large water-cooled transformer removed
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from its case is shown in Fig. 183. The water piping is

made very carefully to protect against leaks because the

least trace of water in the oil would spoil its insulating

power.

Fig. 183.—^A Water-cooled Transformer, Out of its Case. The water-

pipes are placed near the top of the transformer case where the

oil is hottest.

72. Losses in a Transformer. The two sources of

energy loss in a transformer are the core loss and copper

loss. These two losses are generally about equal at full
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load, each of them being from 1 to 3% of the full-load

capacity of the transformer. The larger percentage applies

to the smaller sizes.

Core Loss. The core loss in a transformer is due to

hysteresis, and also to the eddy currents, which are set up
in the laminations of which the core is built.

As explained in Chapter I, it requires energy (work)

to carry iron through cycles of magnetization, a measure

of this energy being the area of

the hysteresis loop. As it is de-

sired to keep this loss in the

transformer as low as possible,

the iron for transformer cores

is carefully selected; only that

grade of iron which has a nar-

row hysteresis loop is used. For

a given transformer the hyster-

esis loss varies directly ivith the

frequency and with the 1.6 power

of the maximum flux density.

The eddy currents in the core

circulate in the laminations as

shown in Fig. 184, in which the

laminations are represented as

much thicker than they really

are. These currents heat the iron and so represent loss in

the transformer. This loss is kept low by using thin lami-

nations as explained in Chapter II. Fig. 184 gives the

cross-section of one leg of a core type transformxcr.

For a given transformer the eddy current loss varies with

the square of the frequency and with the square of the maxi-

mum flux density.

Core Loss Independent of Load. The flux density in a

transformer is nearly independent of the load on the secondary

and, as the frequency of the supply current does not vary

with the load, we may conclude that both hysteresis and

Fio. 184.—Sketch Showing

the Nature of the Paths

Taken by Eddy Currents

in a Transformer Core.

Here the laminations are

shown much thicker than

they really are used in

transformers.
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eddy current losses are independent of the load; hence the

core loss (which is the sum of these two) is independent oj

load.

Copper Loss. The PR loss in the windings evidently

increases with the square of the load current. This is

true for both transformer coils because we have previously

shown that the primary current increases proportionately

with any increase in the secondary current. The total

copper loss may be calculated from the equation:

CoppevLoss=Iimi+l2^R2 = IiKRi+am2), . (75)

200
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Fig. 185.—Curves of Losses in a Transformer, Showing Their Variation

with Load.

where the term {Ji^-^a^R'^ is called the effective resistance

of the transformer (of both coils) in terms of the primary

resistance.

Loss Curves. Fig. 185 shows the two loss curves of a

4-kv-a. transformer plotted against the secondary current;

the total loss curve is obtained by adding the two.

From the total loss curve the efficiency can easily be

calculated. We know that

efficiency= output/input= output/output+ losses.

.

Now assume any output, as for example, 10 amperes.

As this transformer is rated 2200 volts-110 volts, the
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output= 110X10 = 1100 watts. By reference to the ''total

loss " curve we see that the losses in the transformer for 10

amperes output amount to 80 watts.

Hence the efficiency of this output = „ =93.3%
llUu-f-oU

2200
At 20 amperes output the efficiency= =96.0%

At 30
" " " =

QQnnTior.= 96.5%

At 40 "
" " =^^Q0%o -96.7%

At 50
" " " =

r:rcnnTnnc =96.6%

3300+120

4400

4400+153

5500

5500+195

Form of Efficiency Curve. The efficiency curve is, thus

predetermined and has the shape given in Fig. 186.

This method of calculating efficiency is not rigidly correct

because the secondary voltage does not remain quite con-

stant as we have assumed. The resulting error is, however,

practically negligible.

Power Factor Curve. The power factor curve of the

primary circuit (supposing a non-inductive secondary

load) has the shape given in Fig. 186. The power factor is

about .30-.40 at no load and quickly rises to approximately

1.00, maintaining this high value until the transformer is

heavily overloaded.

Decrease in Secondary Terminal Volts as the Load Increases.

The secondary voltage falls slightly with an increase of

load (a constant impressed primary voltage being assumed),

the total change from no load to full load being 2-5%,
expressed as a percentage of the full-load voltage. This

percentage is called the regulation of the transformer.

Its value depends upon the resistance of the windings and the
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magnetic leakage; an increase in eithef of these factors pro-

ducing an increase in the regulation.
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Fig. 186.—Power Factor and Efficiency Curves of a Small Transformer.

Magnetic Leakage. The magnetic field, upon which

the operation of the transformer depends, is generated

by the primary coil; all of this magnetic flux does not

thread the secondary winding as some magnetic lines leak

Fig. 187.—^An Elementary Transformer, Showing Leakage Flux at

a. a. a. etc.

across from one part of the core to another without inter-

linking with the secondary coils. In the elementary form

of transformer, shown again in Fig. 187, the leakage flux

takes the path indicated at a,a, etc, while the normal flux
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threads both the secondary and primary. The amount

of leakage depends directly upon the load, because the

secondary current produces a back m.m.f. on the magnetic

circuit, forcing out of the secondary more and more flux

as the load increases. It is disadvantageous to have much
leakage in a transformer because of the poor regulation

which results; the two coils, primary and secondary, are,

therefore, placed as close together as possible.

73. All-day Efficiency. The " all-day " efficiency of a

transformer is a very important factor for the central

station manager to consider; in fact it is much more im-

portant than the efficiency as ordinarily defined.

Meaning of " All-day Efficiency." By all-day efficiency

is meant the ratio of watt-hours output to watt-hours input

during a whole day's operation. An example will make
this clear. Suppose a 5-kv-a. transformer is supplying a

lighting load; it would, in a normal day's run, operate at

full load 1| hours and perhaps at half load 1| hours; during

the rest of the day there would be no load on the trans-

former. Suppose the iron loss is 200 watts and the full-

load copper loss (PR) is 200 watts; the copper loss at half

load would be equal to (i)2x200 watts = 50 watts.

The transformer is connected to its supply line all

day so that the core loss for all day = 24X 200 = 4800 watt-

hours.

The copper loss for the 1§ hours full load = 1^X200 = 300

watt-hours and during the IJ hours half load = 1^X50= 75

watts, so that the total copper loss for the day's run is

375 watt-hours. The total loss in the transformer for

24 hours = 4800-f375 = 5175 watt-hours.

The energy output in one day= liX5000+1^X2500=
11,250 watt-hours.

The energy input in one day= 11,250+5175 = 16,425

watt-hours.

The all-day efficiency= r^^ = 68.5%.
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Now the efficiency of this transformer in the ordinary

sense

5000

5400
= 92.7%.

Proper Design to Get High All-day Efficiency. If the

transformer were redesigned (so as to have the same full-

load efficiency) with 100 watts iron loss and 300 watts

copper loss at full load the all-day efficiency would be better

than before.

Core loss, 24 hours = 24X 100 = 2400 watt-hours.

Copper loss, 24 hours = 1^X300+11X75 = 562 watt-hrs.

Output in 24 hours = 11,250 watt-hours (the same as

before)

.

The all-day efficiency=n^50^|^+562 = ^«-3%-

It is therefore evident that if a transformer is to be

used for a service on which the full load demand exists for

a short time only, the transformer should be designed

with as low a core loss as possible, even if the PR loss is

much increased thereby. This idea must not be carried

too far, however, because a transformer with high resistance

regulates poorly and it would be unsatisfactory for supplying

the power for lamps.

74. Determination of Losses. The iron loss in a trans-

former is easily determined by reading the watts input

(at normal voltage and frequency), when the secondary

is open circuited; connections as in Fig. 188. Although

this wattmeter reading does include a small PR loss due to

the exciting current, it is ordinarily not considered because

it is so small. The total wattmeter reading is reckoned as

core loss.

To determine the full-load copper loss connections are

made as in Fig. 189, a very low voltage being impressed on the

primary. This voltage is increased until the ammeter in

the short-circuited secondary indicates the full-load cur-
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rent. A reading of the primary wattmeter then gives the

full-load copper loss in both coils. (There is a very small

core loss included in this reading but it is ordinarily neg-

lected.) The copper loss for other loads may be deter-

mined by proportionality, if desired, without actually

measuring them. For instance, the half-load copper loss

will be one-quarter of the full-load loss; the quarter-load

loss will be one-sixteenth the full-load loss, etc.

The reading from these two tests may also be used to

predetermine the power factor and the regulation of the

transformer; the student is referred to more advanced

text-books for the method.

Wattmeter

Fia. 188.—Connection of Meters

for Iron Loss Determination.

Fig. 189.—Connection of Meters

for Copper Loss Determination.

75. The Autotransformer. This name is applied to an

ordinary transformer, the coils of which are connected

together electrically. Generally, the two coils of a trans-

former are connected together only by the magnetic field, but

in the autotransformer they are connected together not only

magnetically but also electrically.

Example of an Autotransformer. Suppose an ordinary

1100-volt/llO-volt transformer, the coils of which are

electrically connected together, as shown in Fig. 190. Now.
instead of taking the secondary line from c-d, as would

ordinarily be done, let the secondary load be taken from

the points d-e. The voltage of this secondary circuit will

be that of the primary, increased or decreased by the voltage

generated in the coil c-d. If the coil c-d acts in the circuit
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so as to make the voltage of d-e greater than that of a-h,

it shows that it is assisting the voltage of a-h) when the

voltage of d~e is less than that

of a-h the secondary e.m.f. is

opposing the primary e.m.f. The
secondary e.m.f. in the two cases

would be 1210 and 990 volts

respectively.

The Autotransformer May In-

crease or Decrease Voltage. The
autotransformer is represented

as having but one coil with proper

taps; Fig. 191 shows the connection for the 1100-1200

volt connection, and Fig. 192 shows the connection for

the 1100-1000 volt connection.

Neutralization of Current in Part of the Coil. In that

part of the coil common to both circuits, the primary and

secondary currents tend to neutralize one another. Suppose

the load in Fig. 192 is 10 amperes in the secondary circuit

Fig. 190. — An ordinary

Transformer Connected as an

Auto-transformer.

'f- >> 5

©32

lop-

Fig. 191.—An Auto-transformer

with Ratio Greater than Unity.

Fig- 192.—An Auto-transformer

with Ratio Less than Unity.

of 1000 volts; evidently 10 kv-a. must be supplied by the

primary coil to supply this load and 10 kv-a. at 1100 volts

10000
would require =9.1 amps. Therefore, the part of

1100

the coil AB (Fig, 192) carries 10— 9.1 = .9 ampere, neglect-

ing the exciting current. The part B-C, however, carries

the full 9.1 amperes.
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Because of this neutralization of currents, the auto-

transformer is very economical in the use of copper, especially

when the secondary and primary voltages are nearly the same,

76. The Constant-current Transformer. For arc light-

ing, the high voltage series system has proved to be

commercially successful and most arc light systems are of

this type. The arc lamps used in such work are of the

co7istant current type and requires a transformer which sup-

plies a constant secondary current.

Constant Current System Requires Variable Voltage.

In the operation of a series arc system it often happens

that some lamps go out, for some reason or other, and of

course this changes the resistance of the load circuit. If

the voltage impressed on the

circuit were constant, the

current would rise and fall as

the number of lamps burn-

ing is decreased or increased

and the lamps would operate

poorly. Hence there is re-

quired in the station a trans-

former the secondary voltage of

which varies with the number

cf lamps in circuit.

Operation of the Constant-

current Transformer. The
constant-current transformer

accomplishes this variation

by a variation of the leakage flux between the primary and

secondary. The secondary coil is made movable and the

primary fixed and the leakage flux will evidently depend

upon the separation of the two. A view of this type of trans-

former is given in Fig. 193. (This type is sometimes called

the " tub '' transformer.) The secondary coil is suspended

and nearly counterbalanced so that but little force is re-

quired to move it up, or to separate it from the primary.

Fig. 193.—View of a Constant-

current Transformer. General

Electric Co.
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Cor

The operation may be understood by reference to Fig.

194, which shows a simpUfied cross-section of a constant

current transformer. The leakage flux is shown in dotted

lines, and the leakage path is made noticeably large in such

a transformer.

Principle on which Operation Depends. The weight

used for counterbalancing the secondary is not quite

sufficient to make the coil float, but, of course, when the

secondary is carrying current, the leakage lines repell the

coil and help the counter

weight to make the coil float.

This force of repulsion is

proportional to the current

and the coil is under-counter-

balanced to such an extent

that when the rated secondary

current is flowing the coil

floats. If more than rated

secondary current flows, the

secondary is repelled farther

from the primary, so that

more leakage flux is pro-

duced. But the more leak-

age there is the lower is the

secondary voltage and so the secondary current lowers

and reduces to its proper value.

Illustration of the Action. Suppose the transformer is

operating on a certain load of series arc lamps and one

lamp goes out, thus reducing the resistance of the external

circuit. The secondary current will immediately increase,

thus increasing the repelling force between the secondary

and primary and raising the secondary coil. But this

decreases the generated e.m.f. in the secondary coil because

of the increase in leakage flux and so the secondary current

decreases to its normal value. Hence we see that this type

of transformer will give a constant secondary current so

Fig. 194.—Flux Distribution in a

Constant-current Transformer.
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long as the secondary coil is floating free on the leak-

age flux.

Characteristics of this Type of Transformer. Because

of the excessive leakage flux the primary of such a trans-

former has a rather low power factor; the value of the power

factor depends upon the separation of the coils, being

smaller, the greater the separation. The efficiency of this

type of transformer is somewhat lower than that of a con-

stant potential transformer. This is due to the construc-

tion: there is more iron in the core and more resistance
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Fig. 195.—Characteristic Curves of a Constant-current Transformer.

in the coils than there would be for a constant potential

transformer of the same capacity.

The characteristic curves of a constant current trans-

former are given in Fig. 195, in which are reproduced the

results of a laboratory test on a small constant current

transformer. Because of the low power factor and the

efficiency at light loads, it is customary to have several

taps on the secondary and to use that tap which makes the

transformer operate (on a given circuit) with its secondary

close to the primary, thereby producing a high power

factor. To prevent violent oscillation of the secondary

coil as the load varies, a dash-pot is employed which prevents

rapid motion of the secondary. From Fig. 195 it may be
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seen that the primary current as well as the secondary current

of such a transformer is practically independent of the load.

The explanation of this would require more space than can

be afforded here.

77. Special Types of Transformers. For various pur-

poses special transformers are used and we shall describe

briefly here the welding transformer, the instrument trans-

former, and the testing transformer.

Welding Transformer. The welding transformer is

designed for the purpose of making welded joints by heating

the junction of the metal with an electric current. The

two pieces to be joined are clamped tightly together and

the secondary of the transformer is short circuited through

this contact. Of course the resistance of the contact is

high as compared to that of the rest of the secondary cir-

cuit and it becomes intensely heated. After a few seconds

the two pieces fuse together at the joint. When they fuse

the contact resistance immediately falls and the joint

cools off and is finished. The primary coil of such a trans-

former is generally wound for 110-220 volts while the sec-

ondary has only one or two turns and so generates only a

few volts; the current capacity of the secondary is, how-

ever, very high, as perhaps thousands of amperes are re-

quired to make a weld quickly. A small transformer

designed for making joints in pieces not more than 3^'' diam-

eter is shown in Fig. 196. The jaws, in which the pieces

to be welded are clamped, are seen at the top.

Instrument Transformers. Instrument transformers are

of two types, current and voltage transformers. It is

not easy to build an ammeter to carry thousands of

amperes, or voltmeters to measure the very high voltages

used on transmission lines and so in places where high

currents and voltages are to be metered, meters of low

ranges are used in connection with suitable instrument

transformers. If, for example, the voltage of a 2200-volt

line is to be measured, a step-down transformer with a
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ratio of 20 : 1 might be used in connection with a voltmeter

having a range of 125 volts. Such a transformer is called a

potential transformer; it generally has a full-load capacity of

only a few watts, i.e., just sufficient to operate the volt-meter.

In using potential transformers it must be remembered

that they will not be accurate if more than the rated load

Fig. 196—a Small Electric Welding Transformer. The transformer

proper is located beneath the work holders. Thomson Electric

Welding Co.

is taken from them; also, they cannot be used as step-up

transformers if accurate results are required, a transformer

having a ratio of 60 : 1 stepping down might have a ratio

of 1 : 57 when used as a step-up transformer.

The current transformer is used when very heavy alter-
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nating currents are to be measured. An ammeter to carry

5000 amperes would be very cumbersome and expensive;

besides, a five-ampere meter in connection with a current

transformer, answers just as

welL A current transformer is

used also when it is desired to

measure the current in a high

voltage transmission Une. It is

not advisable to connect an
ammeter directly in series with

such a line, so a current trans-

former is used, and the ammeter,

connected in the secondary, is

thus insulated from the high

tension line. Such a transformer

is shown in Fig. 197.

Fig. 198 shows a transformer

designed to be connected in series

with the station bus-bars to indi-

cate the station current. It has

a ratio of 1500 : 5 and a five-

ampere ammeter is connected in

its secondary circuit. Of course

when the meter indicates the

full scale deflection (i.e., five

amperes on the usual calibra-

tion) it signifies that the bus-

bars are carrying 1500 amperes

and so the full scale of the meter

is marked 1500 amperes, etc.

When a current transformer is

carrying current, its secondary

circuit must not he opened. Two
bad effects may result, either the transformer may become
overheated or else a dangerously high voltage may be

generated in the open secondary.

Fig. 197. — Current Trans-

former for Use in High-

tension Transmission line.

General Electric Co.
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The Testing Transformer. All apparatus must be tested

for insulation before it is put in use. The voltage used in

this test is specified at perhaps twice the normal voltage

of the piece of apparatus being tested. Whenever a high-

voltage power transformer, for example, is to be tested

there must be available for making the test, a transformer

which can generate about twice that of the transformer

being tested. Also there is required a high voltage for

making corona loss tests, tests on the dielectric strength of

Fig. 198.—^A Current Transformer for Mounting in the Station Bus-
bars. Westinghouse Electric and Mfg. Co.

air, etc. So it is necessary to build transformers (for test

purposes only) that can generate between 500,000 and

1,000,000 volts. These test transformers do not have

much capacity but they are very bulky because of the space

needed for the separation of the coils to give proper insulation.

78. Polyphase Transformers. In transforming the volt-

age of a two- or three-phase power system it is possible

to use two or three single-phase transformers, or one poly-

phase transformer may be used. A two-phase transformer

has no commercial importance but three-phase transformers
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are used to a considerable extent. If three single-phase,

core type transformers were wound each on one leg only

and the three empty legs were combined to make the return

path for the flux of each transformer we would have essen-

tially a three-phase transformer. The flux carried by the

common return path, however, would be zero (because

three equal harmonic fluxes 120° apart in time have a zero

resultant). Hence as the common return leg carries no

flux, it is useless and so may be dispensed with.

Fig. 199.—^A Three-phase Transformer Removed from its Tank.

General Electric Co.

Three-phase Transformer. By this modification the three

leg, three-phase transformer is reached, having the primary

and secondary windings of one phase on each leg. The design

mentioned above, altered slightly to make the core easier to

construct, yields a transformer of the form shown in Fig. 199.

It may be seen that no common leg is used in such a design.

The three-phase transformer is slightly more efficient than

three single-phase transformers as there is less iron per kw.

output, but the cost of upkeep and of spare units is greater.

In general three single-phase transformers are used because

of the greater reliability and flexibility of the installation.^



CHAPTER IX

THE SYNCHRONOUS MOTOR

79. Feasibility of Running an Alternator as a Motor.

If two alternating-current generators are operating in par-

allel on the same bus-bars and the driving power is taken

away from one of them, it will {in general) continue to run,

at exactly the same speed it had before the driving power was

taken off.

Suppose two engine-driven generators, operating in

parallel, are running at 720 r.p.m. An accurate speed

indicating device is put on one of them so that its speed can

be read, then the steam is shut off from the engine to which

this generator is connected. We would naturally expect

the generator to slow down and stop if its driving source

is removed but, by watching the speed indicator while the

steam is being shut off from the engine, we may see that

the alternator not only does not stop but its speed never

changes while the steam is being shut off. The speed does

not even drop to 719.9 r.p.m. but remains at 720 r.p.m.*

Reversal of Operation. Now a machine cannot rotate

unless it is being supplied with power, and as the steam

engine is delivering no mechanical power it is evident

that the machine must be receiving electrical power. Sup-

pose two alternators operating in parallel as shown in

Fig. 200 and that the power output of No. 2 is indicated by

the wattmeter W. It is supposed that W is so connected

that when alternator No. 2 is helping No. 1 to carry the load

* This statement holds good only if the speed of the other alter-

nator is held constant during the operation.

309
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it reads positive power or power output. Now when the steam

is shut off from the prime mover of No. 2 it will be noticed

that W indicates negative poiver or power input, that is,

generator No. 2 is running as a motor and when so running

it is styled a synchronous motor.

Speed of Synchronous Motor. If an alternator is to be

used as a synchronous motor it has some features of design

different from those of a generator but essentially a syn-

chronous motor is nothing but an alternating current

generator operating in a manner opposite to its normal

operation. In two respects the synchronous motor and

generator are identical; they both have separately excited,

fields (generally rotating) and they both run at synchronous

Feeders
Supplying Load

Bus Bars

Prime Mover

No.l No.2

Fig. 200.—Alternators Operating in Parallel.

speed, no matter what the load may be. A 10-pole syn-

chronous motor supplied with 25-cycle power would run

300 r.p.m. no load, 300 r.p.m. half load, and 300 r.p.m.

full load, and the same speed even if overloaded. But a

10-pole generator running 300 r.p.m. would generate an

e.m.f. of 25 cycles per second, hence the significance of the

term " synchronous " motor.

80. Starting Characteristics. The synchronous motor

may be started by some auxiliary driver and, after being

brought up to synchronous speed and proper voltage, it

may be connected to the line just as though it were an
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" incoming " alternator.* The starting device used is

generally a small induction motorf (of 5 to 10% the

rating of the synchronous motor) mounted on the same

shaft with the armature of the synchronous motor.

Induction Motor as Starter. The induction motor must

have at least one pair of poles less than the synchronous

motor or else the synchronous motor could not be brought

up to synchronous speed. This is because of the fact

that the speed of an induction motor is from 5 to 10%
less than synchronous speed. If a 10-pole synchronous

motor is to be started by an induction motor this will have

only 8 poles. Suppose the power supply is 60 cycles, then

the synchronous speed is 720 r.p.rn. for a 10-pole machine

and 900 r.p.m. for an 8-pole machine. The induction motor

would therefore be designed to run at a speed 20% (180

r.p.m.) less than synchronous when it is supplying a load

just equal to the stray power losses of the synchronous

motor. It is always wound for the same voltage and num-

ber of phases as the synchronous motor so that the same

bus-bars may be used to feed both motors.

Induction Motor Method of Starting. Another method

of starting is called the induction motor method. In this

method no extra starting motor is necessary as the syn-

chronous motor itself is made to act as an induction motor.

We shall not analyse the theory of the method now as it

will be taken up in the chapter on induction motors but it

is sufficient to say that an armature wou7id with a polyphase

winding supplied with polyphase currents generates a rotat-

ing magnetic field. This rotating magnetic field produces

eddy currents in the pole faces and damping grids (see

next paragraph) and these eddy currents react on the

armature to make it revolve. By this action the armature

is accelerated until synchronous speed is reached. During

* For a description of the operations necessary to put an incoming

alternator on the line see page 262.

t Sec Chapter X for explanation of induction motor.
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the period of acceleration the field of the synchronous motor

is left without excitation; after synchronous speed has

been reached it is gradually excited and, if the armature

current decreases, the excitation is increased until the normal

value is obtained. It sometimes happens that the armature

pulls into synchronism with improper polarity, in which

case the armature current will increase as the field current

is increased. Some method must then be used to pull the

armature '' into step " (correct polarity), such as re-

starting.

High Starting Current and Low Torque. The current

taken from the line for starting a sj^nchronous motor in

this manner is generally two or three times the full-load

current, but in spite of this large current the starting torque

is not high unless the machine has been properly designed.

It was said that this method of starting depended upon the

reaction of the eddy currents in the pole faces, but with a

laminated pole we know these currents cannot be high

because of the subdivision of the path for the eddy

currents. To give a fair starting torque in this case

it is necessary to put in the pole faces damping grids or

amortisseurs.

Damping Grids in Pole Faces. These consist of heavy

bars of copper imbedded in slots in the pole face (the

direction of the slots is parallel to the armature shaft) and

short circuited at their ends by a copper band surrounding

the pole. In fact, these grids, cross-bars and band, are

sometimes made in one piece, a copper casting. These

grids form low-resistance paths for the eddy currents and

so help to produce a good starting torque. They also

tend to damp out oscillations of the armature (called

" hunting ")* and from this action they derive their name.

In Fig. 201 are shown some poles of a synchronous motor

on which the damping grids may be seen.

* See page 327 for explanation of this term.
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Low-voltage Taps for Starting. In starting a motor by

the induction method it is not feasible to connect it, when
stationary, to the Hne of normal voltage because the start-

ing current would be so excessive (from 5 to 10 times the

rated current) that the armature winding might be injured.

So the transformers feeding the motor are usually fitted

with half voltage taps and power is taken from these taps

to the lower sides of a double-throw switch, to the blades

of which the motor armature is connected as in Fig. 202.

The starting switch is thrown down at first and held there

until the motor approaches synchronous speed, when it is

BSrS-

an

^-Primary
Secondary

Coils

UZTf^,

Running
ositioa

Synchronous
Motor

i-tt
Starting
Position

Fig. 202.—Connection of a Synchronous Motor to Half-voltage Taps
for Starting.

quickly thrown to its upper position, which is the running

position.

Excitation. Of course the field circuit of a synchronous

motor requires continuous current. As the a-c. line feeding

the motor cannot furnish the current for excitation some

separate source of c-c. power is required. Sometimes a

small c-c. self-exciting generator is mounted on the armature

shaft of the synchronous motor as shown in Fig. 203; the

output of this small c-c. generator is just sufficient to sup-

ply the power for the field circuit of the synchronous motor,

perhaps 3% of the rating of the motor.



THE SYNCHRONOUS MOTOR 816

81. Speed-load Curves. The speed of a synchronous

motor is absolutely constant throughout its range of

operation. If an excessive overload is put on the motor,

it will pull out of synchronism with the line and a very

Fig. 203.—A Synchronous Machine with Exciter on same Shaft.

heavy current will rush through the armature. This

causes the circuit breakers to open and the motor is cut

off from the supply line and stops. It must then be re-started

and synchronized as described in a previous paragraph.

That overload at which the motor falls out of synchronism
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is called the " pull-out " point; generally this is between

75 and 150% overload.

Use of Synchronous Motors. Speed-load curves for two

motors are given in Fig. 204. The shape of these curves

shows that the synchronous motor is entirely unsuited for

loads requiring a variable speed, such as railway work,

or for driving machine tools. Its principal use is in

frequency-changing motor-generator sets.

Such motor-generator sets are generally used in connec-

tion with 25-cycle transmission lines. A 25-cycle synchro-

nous motor is direct connected to a 60-cycle generator
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Fig. 204.—Speed-load Curves for Synchronous Motors.

which furnishes power to local lighting circuits. This

transformation is necessary because 25 cycles per second

is too low to use for lamps as b^d flickering results. The
synchronous motors of these sets are also used to regulate

the power factor of the transmission line, as described in a

later paragraph.

82. Phase Characteristics or " V " Curves. Suppose a

synchronous motor is running light and that the field

current is at its normal value; the armature current will

be quite small, in fact, just enough to supply the no-load

losses. //, now, the field current is altered, either above or
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below its normal value, it will be noticed that the armature

current rapidly increases; for very low or very high values

of the field current the armature current may be much

greater than the full-load current although the motor is

running light.

Variation of Armature Current with Field Current. If

the locus of the armature current is plotted, it forms a

V-shaped curve, as shown in curve 3 of Fig. 205. If, now,

the motor is loaded (mechanically) up to its rating and the

field current again carried through as wide a range as

2 3 4 5 6 7

Field Current

Fig. 205.—Phase Characteristics or " V " Curves of a Synchronous

Motor.

possible, curve 1 will be obtained. For half load, a curve

similar to that one numbered 2 would be obtained. These

curves, showing the relation between the armature current

and the field current for a fixed load are called the phase

characteristics or " V " curves of the synchronous motor.

Variation of Power Factor with Field Current. If the

power input were measured as well as the armature current,

the power-factor could be calculated, the line voltage being

known. For the different loads the power-factor curves

would resemble those shown in dotted lines in Fig. 205.
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From these curves it may be seen that although a varia-

tion in the field current (from normal) is accompanied by

an increase of the armature current, the power input to the

motor is practically unaltered because of the decreased

power factor.

Reactive Current Caused by Improper Field Current. We
must conclude that field currents other than normal cause,

in the armature circuit, either a leading or a lagging cur-

rent, the amount of lead or lag depending upon how much

the field has been changed from its normal value. If a

power-factor meter had been used in the V curve test, it

would have indicated that, with fields greater than normal,

the motor took a leading current from the line, while with

less than normal excitation the motor took a lagging cur-

rent from the fine. This idea is generally expressed by

saying that an overexcited synchronous motor draws a leading

current and an underexcited motor a lagging current.

Reason for Reactive Current. The reason for these facts

becomes apparent when we

consider the circuit made up

of the synchronous motor

armature, the line, and the

armature of the generator

supplying the line, as shown in

,, «^^ ^- u n/r ^ * ^^ig- 206. Eg represents the
Fig. 206.—Circuit Made up of ^ il j t^ xu

Generator Armature, Motor generator voltage and Em the

Armature and Line. e.m.f. generated in the arma-

ture of the motor. Any current

which flows in this circuit must then be caused by the

resultant of Em and Eg.

In Fig. 207 are shown the possible relations of these

vectors. First, assuming no load and neglecting the stray

power, we see that when Em and Eg are equal and opposite

the resultant e.m.f. in the circuit in zero, hence no current

will flow. But now suppose the motor is overexcited so

that the motor voltage is shown by OEm' in Fig. 207. The

Line

Generator rANMotor
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resultant of OEm! and OEg is OR'. This resultant voltage

will cause a current to flow (through the two armatures

and line) which will lag nearly 90° behind OR' as the arma-

tures are highly inductive. This current is shown at

or in Fig. 207. This current is mostly reactive and it

leads the line voltage, OEg. Now if the motor voltage is

decreased to OEm" the resultant voltage becomes OR"
and the current through the circuit 01". This again is

reactive current and it lags behind the line voltage, OEg.

Power Factor Depends Upon Load and Field Current.

When the motor is already drawing from the line an active

R" ^a

Fig. 207.—Effect of Increasing or Decreasing the Field Current of the

Synchronous Motor.

current (to supply the power for whatever load it is carrying)

and the field current is varied, then the total armature cur-

rent is made up of the active current and the reactive

current; the resultant power factor depends upon the rela-

tive magnitudes of the two. This fact accounts for the

results given in Fig. 205 which show higher power factors

for the full-load run and half-load run than for the no-load

run.

At light loads it is sometimes impossible to make the

power factor equal to unity, no matter how the field current
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is varied. There are likely to be upper harmonics in the

current wave form at light loads and when such is the case

the watt meter reading is never equal to the products of

voltsX amperes, and hence the power factor, as calculated

from cos cj) =
^^ ^

cannot be equal to unity. This is

shown in the power factor curves of Fig. 205.

83. Effect of Changing Load and Excitation. We have

just seen that the overexcited synchronous motor takes a

leading current from its supply Une and an underexcited

motor a lagging current. And of course the motor always

takes current in phase with its supply voltage sufficient to

supply the power required by the motor to overcome its

losses and to furnish power to its load.

Fig. 208 shows the possible current and voltage relations

in an overexcited synchronous motor. The line voltage

is given by the vector OE and the motor current, for certain

conditions, by the vector 01. Now this current 01 may
be regarded as made up of two components, OA, in phase

with OE, and OB, leading the voltage OE by 90°. The
product OEXOA represents the electrical power required

by the motor to supply its load and losses.

Increase of Load with Fixed Excitation. Now suppose

that the load on the motor is increased and its excitation

left at its previous value. The reactive component, OB,
will remain as before but the product OExOA must increase

to supply the increased load. As OE is assumed constant,

OA must increase to some value OA' and the total motor
current is therefore given by 07'. The effect of this

increased load is evidently to increase the power factor of

the motor, as cos ([)' is greater than cos c[).

Fixed Load and Increased Excitation. Now suppose the

load on the motor had remained at its first value but the

field excitation had been increased; the active component
OA would remain constant but the reactive component
OB would have been increased from OB to 0B\ The motor
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current would have changed from 01 to 01" and the power
factor would have decreased from cos ^ to cos <|)".

In Fig. 209 are shown the two V curves for the loads

assumed in Fig. 208. For the load OA the current and

power factor are shown by the full-line curves, and for the

load OA' they are shown by the dotted curves. Evidently,

when the load is changed from OAXOE to OA'XOE (Fig.

208), the current increasing from XI to XI' (Fig. 209),

the power factor increases from XC to XC (Fig. 2C9).

But if the load current OA is left constant and the excita-

Fig. 208.—Vector Diagram, Showinp; Effect of Varying Either Load or

Excitation of the Motor.

tion is increased from OX to OX' (Fig. 209), the motor

current is changed from XI to XT' and the power factor

from XC to X'D.

84. Equivalent Circuit of Synchronous Motor. It is

evident that for any condition of load and excitation the

armature current of the synchronous motor can be con-

sidered as made up of two components, one in phase with

the line voltage and one 90° out of phase.

A synchronous motor is never run in practice with an

underexcited field but practically always with an overex-

cited field, so that we may always consider the reactive

current to be leading with respect to the line voltage.



S22 ELECTRICAL MACHINERY

Now let us suppose a circuit made up of a resistance Ry

paralleled by a condenser C, and we evidently have a cir-

cuit which, by properly proportioning R and C, may be

used to represent the synchronous motor. In Fig. 210 the

line current / is evidently equal to the vector sum of /' and
/". But I" corresponds to the energy current of the motor
and /' corresponds to the leading component of the motor
current.

Also as we know r' =E/R and r = E2TrfC, it is seen that,

by choosing proper values of R and C, V and /' may be

Field Current

Fig. 209.—Phase Characteristic and Power-factor Curves.

made to take any values we like. Hence the circuit of

Fig. 210 is the exact equivalent of the synchronous motor

provided we so select R that the energy dissipated in it is equal

to the power supplied to the motor and the condenser has such

a capacity that its charging current is just equal to the reactive

component of the motor current.

An increase in motor excitation (above normal) would

be represented in Fig. 210 by an increase in the capacity

of the condenser C, and an increase of the motor load would

be represented by a decrease in the resistance R,
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85. Use of a Synchronous Motor as a Synchronous

Condenser. The carrying capacity of any electrical cir-

cuit, in power, depends upon the power factor of the receiv-

ing circuit. A certain transmission line, for example, is

rated to carry 100 amperes at 60,000 volts and hence,

when the current and voltage are in phase with each other,

the carrying capacity of this line is 6000 kw. But if the

receiving circuit is made up mostly of induction motors

and lightly loaded transformers, the current in the trans-

mission line may lag as much as 45° behind the voltage.

Under these conditions the carrying capacity of the line

is equal to 60,000X 100X cos 45° = 4240 kw. Now the earn-

ing capacity of the transmission line in this case is only

1
I"

U Ir

Fia. 210.—^A Circuit, Electrically Equivalent to the Armature of an
Overexcited Synchronous Motor.

70.7% of what il is when the carrying capacity is 6000 kw.

For we must bear in mind this fact, the customer pays

only for the actual power he uses, i.e., EI cos ^ and not

for the apparent power, EI.

Improvement of the Line Power Factor. It is therefore

advantageous for the transmission line owners to contract

with customers in such a way as to bring about a high

power factor in the line. This can be done if a customer,

using a synchronous motor, is persuaded to run the motor

with an overexcited field. When such an arrangement is

not possible, it generally pays, on long, expensive, trans-

mission systems, for the owners to install at the end of the

line a synchronous motor. In this case it is likely that the

motor will not supply any mechanical power, but that it
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will merely " float " on the line, with its field considerably

overexcited. In such case it is called a synchronous

condenser.

Vector Diagram of the Circuit. Fig. 211 illustrates the

operation of such a scheme. The current r lags behind

I'" ]l'

Synchronous >^ Load of Induction

^ Motor, taking'vO) Motors, taking

leading current] lagging current

FiQ. 211.—Connection of Synchronous Motor to Compensate for the

Lagging Current of an Induction Motor Load.

the line voltage and the current F' is ahead of the line

voltage. Evidently under proper conditions the line

current / may be in phase with the line voltage.

The vector relations in such a case are shown in Fig.

212. The current supplied to the

induction motor is shown at Or,
having the active component OD
and the reactive component, OA.
The synchronous condenser cur-

rent is shown at 0I^\ having an
active component OC, just suffi-

cient to supply its own losses.

The field has been overexcited to

such an extent that its leading

component OB is just equal toOA

.

Evidently the line current 01 will

be in phase with the fine voltage

OE, hence the line power will

be unity and the line carrying

capacity as great as is possible.

It is not generally attempted to bring the power factor

of the line up to unity; this scheme of using a synchronous

Fig. 212.—^Vector Diagram
of Currents, Showing how
the Combined Load May
have a Power Factor of

Unity.
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condenser generally results in a power factor of perhaps

.90 or .95.

86. Phase Shifting of a Synchronous Motor, as the Load

is Varied. It has been shown that varying the excitation

of the synchronous motor does not affect its load and it will

be remembered that the same thing was shown in the case

of one alternator operating in parallel with another. In

discussing the parallel operation of alternators it was proved

that a change in the relative phases of the machine e.m.fs.

was required in order to change the load distribution.

Phase Shift Necessary for Load Variation. We can

show that the same thing holds good for a synchronous

motor; the motor c.e.m.f. must change its phase with respect

to the line e.m.f. if a change of load is to he accomplished.

Of course, actually, the change in the load is what happens

first; then the motor e.m.f. changes its phase in order to

produce a corresponding change in the electrical power

input.

Fig. 213.—Vector Diagram to Show Effect of Phase Shafting of the

Armature of a Synchronous Motor.

Vector Diagram Showing the Effect of Phase Shift. Fig.

213 shows how this phase shifting produces a change in the

power input. It is supposed that the line voltage and the

motor voltage are just equal and opposite, as shown at

OEi and OEm- The resultant of these two is zero and hence

this is the condition for zero input to the motor.
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Now suppose that, owing to the fact that a load has

been put on the motor, it has been retarded for a fraction

of a second until its voltage vector has taken a position

not quite opposite to that of the line voltage; this is shown

at OEm'- The resultant of OEm' and OEi is shown at

OR^; this voltage OR' causes a current to flow almost

90° behind the voltage because of the high inductance

-T- resistance ratio of the motor armature. The angle 6 is

determined by the relation tan 6 =—-,where Xm= 2'KfLm
Rm

= the inductance of the motor armature, and Rm is the

resistance of the motor armature.

Magnitude of the Phase Shift. The magnitude of this

current is determined by the relation IZtn= OR\ where

Zm is the impedance of the motor armature. As Zm is

generally small, it requires only a small voltage to force

the full-load current through the armature, and hence

only a small phase shift, a, is required. On some machines

tested a phase shift of 20° (electrical) was sufficient to

make the motor vary its load from zero to full load.

Phase Shift Proportional to Load. The current is shown

at 0/' and evidently this represents a motor input of

O-EJjXO/'Xcos ([). If more mechanical load is put on the

motor a further shift in the phase of OEm occurs. Suppose

it moves back to OEm", producing a resultant voltage,

OR", The current which this voltage causes is shown

by the vector 01", much larger than OV and in a slightly

different phase. The input = 0£'iXOr'X cos ([)', which will

be just sufficient to give a mechanical output equal to the

assumed increased load.

Power-factor Variation with Load. It will be noticed

from this diagram that ^ changes from a leading to a lag-

ging angle as the load in increased. If it is desired to

maintain a power factor of unity for the motor as the load

is varied, it is evident that the motor voltage must be slightly

increased as the load is increased. This is also shown in
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the form of the V curves of Fig. 205. The value of field

current which gives cos (j)= 1 for light loads is not quite

sufficient to give cos (1) = 1 for the full load.

87. Hunting of a Sjmchronous Motor. Suppose two a-c.

machines, one running as a generator and the other as a

synchronous motor, placed close together with their shafts

coaxial, so that by suitable experimental apparatus we

could compare the relative positions of the two armatures

as they both revolve at synchronous speed.

Let us suppose that we could stand at some fixed point

on the periphery of the generator armature, as it revolves,

and look at some point on the armature of the motor.

Of course, this point would seem to us stationary, for

although it would be really revolving at high speed, we

(supposedly on the periphery of the generator armature)

would be revolving at the same speed. If, now, a load

should be put on the motor we would see the armature of the

motor slow up a little, for a fraction of a second, until the

point we were observing on the motor armature had moved

backward a few degrees and then the motor armature would

regain its former speed. The point on the motor armature,

on which our gaze was fixed, would again appear stationary,

but it would be behind its former position. This change in

its position would correspond to the angle a, in Fig. 213.

A synchronous motor which has been properly designed

and which operates well, acts as we have just described.

For a given load any point on the motor armature has a

definite position when referred to a fixed point on the

generator armature. But it might be that the point on

the motor armature continually oscillated back and forth

about its proper mean position, so that at one instant the

motor armature would be ahead of its proper position and

the next instant, it would be behind its proper position.

While these oscillations were taking place, the armature

would be revolving on the average at synchronous speed.

This oscillation of the armature of a synchronous motor,
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about its proper mean position with respect to the generator

armature, is called hunting.

Natural Period. Under special conditions this hunting

becomes so violent that the motor will not stay in synchron-

ism but pulls itself out of step with the line and opens

the circuit breakers. It cannot be proved here but must
be taken as a fact that the armature of a synchronous motor

has a natural period of oscillation just as a pendulum has.

If a pendulum bob is displaced and allowed to swing we know
that it always swings with a definite time for one oscillation;

the time taken for the pendulum, swinging freely, to com-

plete one oscillation is called the natural period of the

pendulum. The synchronous motor armature has a natural

period just as the pendulum has and, if any irregularity

occurs either in the line voltage or load, with a periodicity,

which is the same as the natural period of the motor,

violent oscillations will very likely be set up which result

in the motor pulling out of synchronism.

Detection of Hunting. When a motor is hunting, the

electrical instruments showing the input oscillate back and

forth and the normal regular hum of the motor is changed

into a hum broken by rythmic beats.

To Prevent Hunting. There are several ways to stop

the hunting of a synchronous machine. One method

consists in changing the natural period of the motor arma-

ture by the addition of a heavy flywheel; another way is

to fit the pole faces with very heavy damping grids. If

the hunting is started by some irregularity of the load, such

as would be produced by the flapping of a belt, this trouble

should first be removed and the hunting may cease with-

out further change.

88. Mechanical Analogy of the Synchronous Motor.

Some of the operating characteristics of the synchronous

motor can easily be remembered by bearing in mind a suit-

able mechanical analogue. Fig. 214 gives such an analogue.

A source of power, such as the steam engine, shown at A,
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represents the power supply of the synchronous motor.

A clutch BB' represents the synchronizing switch, a fly-

wheel D represents the armature of the motor which is

connected by a thin flexible shaft, C, to the clutch B'B.

A pulley £', carrying a belt driving some load, represents the

load of the synchronous motor.

Operation Analogous to Synchronizing. The half of

the clutch B is running all the time as this represents the

live line to which the motor is to be connected. Now
evidently the clutch BB' could not be thrown together

with the half B' stationary; something would break. So

B' must first be driven by some outside source of power

Driving /
Power i (^

Fig. 214.—Mechanical Analogy of a Synchronous Motor. A, driver;

B-B , clutch; C, flexible shaft; D, heavy balance wheel; E, pulley

with belt.

until it reaches the same speed as B and then when the pins

on B' are opposite to the holes of B, the clutch may be

thrown together. This corresponds to closing the syncliro-

nizing switch of the motor.

Illustration of Phase Shifting. When the clutch is

thrown in, suppose a certain point P' on D is just in line

with a point marked P on the driver A. We know that

when load is put on the belt and pulley E, the thin shaft

C will twist, the amount of twist depending upon the

load on E. But if the shaft C twists backward, the point

P' must fall behind the point P by a certain angle;

this angle we called a in Fig. 213.
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Effect of Overload. Now no matter how great the twist

of C may be, P' and P revolve at the same speed, P' falling

farther behind P with increasing load on E. But if so

much load is put on E that the strength of C is exceeded,

then it will twist into two pieces and the set becomes inop-

erative. This corresponds to the opening of the circuit

breakers when a synchronous motor is overloaded.

Illustration of Hunting. The hunting of a motor has

an exact analogy in the arrangement of Fig. 214. D, in

combination with C, has a certain natural period of oscil-

lation. But, while D is revolving with the same r.p.m. as

A, it may be executing, also, natural oscillations so that

P' is oscillating back and forth with respect to P. If

the belt on E flaps with a period equal to the natural period

of the system D-C, D will quite likely oscillate more and

more violently until the shaft C breaks.



CHAPTER X

THE INDUCTION MOTOR

89. General Construction. An induction motor, like

any other motor, consists of a stationary part and a revolv-

ing part. The stationary part is called the stater and the

revolving part the rotor. The motor derives its name

from the fact that the rotor is not connected electrically to

the source of power supply; whatever currents circulate in

the rotor conductors are not produced directly by the

e.m.f. of the power supply, but result from e.m.fs. induced

in the rotor by the action of the magnetic field set up by the

stator.

Principle of Operation. The principle of operation of the

induction motor is just the same as that of any other type

of motor; the rotating member (rotor) is fitted with a set of

conductors in which currents flow and, as these conductors

lie in the magnetic field produced by the stationary part

(stator), a force is exerted on the conductors and the rotor

tends to revolve.

The motor depends, for its operation, upon the genera-

tion of a rotating magnetic field and the first characteristic

of the motor to be examined is this rotating magnetic field.

90. Rotating Magnetic Field. A picture of the stator

of a small induction motor with its windings, is given in

Fig. 215. From this illustration it may be seen that the

stator coils are distributed over the inside surface of a

laminated iron core. The coils are of few turns and resemble

very much the coils for the armature of a c-c. generator.

In fact the stator winding resembles very much the armature

331
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winding of a generator and, although its function is primarily

to produce a magnetic field, it does not resemble at all the

field winding of an alternator or c-c. generator.

Elementary Representation of a Stator Winding. It is

seen that the stator core has no projecting pole pieces as

has the field structure of an alternator, but to make the

explanation of the rotating magnetic field easier we shall

suppose that there are isolated pole pieces, each wound with

an ordinary field coil.

Fig. 215.—Stator of an Induction Motor, Showing Windings. General
Electric Co.

The diagram of such a stator, for a two-phase, two

poles per phase, motor is shown in Fig. 216. Poles 1 and

3 are wound in series and connected to the terminals marked

phase 1; poles 2 and 4 are similarly wound and connected

to the terminals marked phase 2. Moreover, these poles

are so wound that a current through coils 1 and 3 produces

a ^ pole at 1 and a Isl pole at 3 ; coils 2 and 4 are similarly

wound in such a way that when a iV pole is produced at 2,

a & pole is produced at 4, etc.

Each Phase Takes Same Current. Suppose that the

terminals of the motor are connected to a two-phase power
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supply, the e.m.f. waves of which are shown in dotted lines

in Fig. 223. In the two windings of the stator there will

flow equal currents, each lagging behind the impressed

e.m.fs. by the same amount because of the similarity of

the windings.

Fig. 216.—A Conventionalized Two-pole, Two-phase Stator.

Analysis of the Field at Successive Instants. We are to

consider the magnetic field produced by the stator windings

at different times and therefore Fig. 217 is marked, ^i, <2, hj

Fig. 217.—Voltages and Currents in the Two-phase Line Supplying

Power to the Two-phase Induction Motor.

etc. to represent the successive times. At a time ti, the

current Ji is zero and hence poles 1 and 3 (Fig. 216) are not

excited and have zero magnetic flux in them. At the same

time the windings on poles 2 and 4 are carrying a maximum
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current because 12 is a maximum at the time ti) suppose

the polarity is as shown, there being a A^ pole at 2 and a

S pole at 4. Then, at the time ^1, the magnetic field is in

the condition shown on the circle marked ti in Fig. 218.

At a time ^2 (Fig. 217) the current 7i is a maximum and I2

has a zero value; poles 1 and 3 are therefore magnetized

while poles 2 and 4 now have zero magnetism. This gives

a field as shown in the circle marked ^2 in Fig. 218.

At a time ^3 windings 1 and 3 carry no current and
windings 2 and 4 carry a maximum current, but this current

Fig. 218.—Polarity of the Different Poles at Successive Instants.

is in the opposite direction to what it was at the time ^1.

Hence the magnetic field is as shown on the third circle

of Fig. 218, marked ^3. At a time U poles 1 and 3 are

magnetized but in the opposite direction to what they were

at the time ^2, and poles 2 and 4 have no magnetism. This

condition is shown on the circle ^4. At a time t^ the mag-

netic field is in the same direction as it was at the time ti,

and after ^5 the previous cycle is repeated.

Comhination of Fields Equivalent to a Rotating Field.

This succession of conditions in the magnetic circuit is evi-

dently equivalent to a rotating magnetic field; this may be
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seen from Fig. 219 which shows the direction of the fields

given in Fig. 218.

Action of any Polyphase Winding. A three-phase

winding, suppHed with three-phase power would give a

rotating field in exactly the same manner as has just been

described for the two-phase winding. In fact, any poly-

phase winding connected with a suitable polyphase power

supply generates a rotating magnetic field, which remains

constant in strength as it rotates.

91. Speed of Rotation of the Field. By referring to

Figs. 218 and 219, it is seen that, in one cycle of current,

the magnetic field travels from pole 1 all the way around

the stator and back to pole 1. If we had represented a

Direction of magnetic field for each 90°of a cycle.

Fig. 219.—Direction of Magnetic Field at Successive Instants.

stator having two pairs of poles per phase, an analysis of

the rotating field would have shown that it moves half

way around the stator in the time required for one cycle of

the current. It is seen that the magnetic field travels over

one pair of poles per phase for one cycle of current, and this

irrespective of the number of poles or phases. A two-

phase motor having four poles per phase requires two

cycles of current for a complete revolution of the magnetic

field; this holds true whether the motor is two-phase, three-

phase, or any number of phases.

Calculation of the Speed of the Field. When it is stated

that an induction motor has four poles, four poles per phase

is always meant. A four-pole, three-phase motor, for

example, would actually have twelve coils (or sets of coils).
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How fast will the magnetic field revolve in such a motor

if it is supplied with 60-cycle power? As the motor has

two pairs of poles per phase, it requires two cycles of cur-

rent to make the field travel all the way around the stator.

As there are 60 cycles per second the field will make

(60^2) X 60, or 1800 r.p.m. Suppose an 8-pole motor sup-

plied with 25-cycle power; it would require 4 cycles of

current to give the magnetic field one complete revolution,

hence the field would turn 25 -^4X60 or 375 r.p.m.

Rotor Speed Less than that of the Field. The speed at

which the field of an induction motor turns is called syn-

chronous speed. The rotor never turns as fast as the

magnetic field, but perhaps 5-10% slower.

Slip. The difference between rotor speed and field

speed is termed the slip. Slip is generally expressed as a

per cent of the synchronous speed.

Thus sfip (%) = { synchronous speed— rotor speed) -t- syn-

chronous speed } X 100 (76)

Suppose a 60-cycle, 16-pole, 3-phase motor has a slip

at full load of 6%; at what speed does the rotor turn at

full load?

Synchronous speed = 450 r.p.m.

;

Slip = 450XC% = 27 r.p.m.
;

Rotor speed = 450- 27 - 423 r.p.m.

92. Rotor Construction. There are two types of rotor,

one called the squirrel-cage rotor and the other the wound
rotor. The cores of both must, of course, be of laminated

iron; the distinction comes from the manner in which the

conductors of the rotor winding are connected together.

Squirrel-cage Rotor. In the squirrel-cage rotor the wind-

ing consists of heavy copper bars imbedded in slots in the

periphery of the rotor and these copper bars are all short

circuited at both ends of the rotor by being soldered to
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heavy copper rings. The rotor slots are always semi-

closed (see p. 46) so that the bars must be pushed in from

the ends of the rotor core. As the voltage generated in

such a winding is low, very little insulation is required on

the bars; in fact, a heavy coat of insulating enamel gen-

erally proves sufficient.

An illustration of a squirrel-cage rotor, showing the

bars and short-circuiting ring is given in Fig. 220. The

Fig. 220.—View of End Rings and Bars of a Squirrel-cage Rotor, to

Show the Style of Winding. General Electric Co.

bars are not always placed parallel to the shaft, but are

sometimes " skewed " to some extent. This skewing tends

to give a more uniform torque in starting and also to reduce

the humming noise made when the machine is running.

Wound Rotor. The wound rotor is equipped with a

winding very similar to that of a revolving-armature alter-

nator. The different conductors are insulated from one

another and arranged in coils. These coils are generally
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grouped to form a F-connected three-phase winding and

the three ends are connected to slip rings mounted on the

rotor shaft as shown by the left-hand rotor of Fig. 221.

•so

O o3

^ a
CO

^^
O M
^ ^^

> o

This type of winding is therefore open-circuited until the

brushes, bearing on the slip rings, are connected together.

The external circuit through which these brushes ate

connected may be of low or high resistance and thus the
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resistance of the rotor circuit can be controlled by varjang

the resistance of this external circuit. This is done through

a controller switch similar in appearance and construction

to the railway controller.

The resistance may sometimes be located inside of the

rotor itself, on the spider. In such a rotor no slip rings

are necessary; the ends of the rotor windings are con-

nected to sliding fingers which make contact with the resist-

ance. The position of these fingers controls the amount

of resistance in the rotor circuit and the position of the

fingers is regulated by a lever which operates a sliding

sleeve mounted on the rotor shaft.

The three types of rotor are shown in Fig. 221; the

brush rigging for the slip ring rotor is also shown.

For induction motors of less than five horsepower, the

squirrel-cage rotor is nearly always used; it may be used in

sizes as large as 150 or 200 h.p. For larger sized motors the

wound rotor with external resistance, is generally used for

reasons given in the succeeding paragraphs.

93. Development of Torque. Consider a squirrel-cage

rotor in a revolving magnetic field. A cross-section of the

magnetic field and rotor conductors is shown in Fig. 222.

A two-pole motor is represented and it is supposed that the

field turns counterclockwise. If the rotor is stationary

(or turning at any speed less than that of the field) the con-

ductors on the top of the rotor will have a positive e.m.f.

induced in thenr (into the paper in the figure) and those

on the bottom will have a negative e.m.f. (out of the paper

in the figure). And as the rotor conductors are all connected

together by the end rings, currents will flow in the rotor in

the same direction as these e.m.fs. so that the top con-

ductors carry current away from the reader and the bottom

conductors carry current toward the reader.

All Conductors Give Torque in the Same Direction. But

we know that a conductor carrying current in a magnetic

field is acted on by a force which tends to move the con-
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ductor in a direction at right angles to itself. By applica-

tion of the rule given in paragraph 11 it is seen that the

top conductors (Fig. 222) have a force urging them toward

the left and the bottom ones have a force urging them

toward the right. Hence the rotor develops a turning

effort which tends to make it revolve in the same direction

as that in which the magnetic field is turning; in other words,

if the rotor can revolve it follows the magnetic field.

94. Rotor Speed. We have just shown that the rotor

is urged in the same direction as the magnetic field and now
the question arises, how fast will the rotor turn? Suppose,

Fig. 222.—A Revolving Magnetic Field Must Cut the Rotor Con-

ductors, unless the Rotor is Turning as Fast as the Field.

first, that there is no load on the motor and that the friction

is negligible so that the rotor is perfectly free to revolve.

As long as the rotor is turning at a speed less than that

of the magnetic field, e.m.fs. are induced in its conductors,

currents flow in the conductors, and a torque is developed

which tends to make the rotor " catch up " with the field.

The Rotor will not Revolve Faster than the Field.

When the rotor has caught up with the field so that field

and rotor are turning at the same speed there is no cutting

of the magnetic field hy the rotor conductors, and hence no

currents flow in the rotor circuits. But when there is no

current in the rotor there can be no torque developed.
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and hence the rotor can speed up no more. It follows,

therefore, that the limiting speed for the rotor is the same

as the speed of rotation of the magnetic field.

Actual Rotor Speed always Less than that of the Field.

Actually, there is always some friction for the rotor to

overcome, and hence the rotor can never run at exactly

synchronous speed (i.e., the speed of the field), but it

approximates it very closely. In a certain motor having

a synchronous speed of 900 r.p.m. the rotor turned 898

r.p.m. at no load, or, we might say, the rotor had a slip

of 2 r.p.m. or about 0.2%.

95. Starting Characteristics. The three important char-

acteristics of an induction motor when starting are torque,

current, and power factor. When at rest an induction

motor with a short-circuited rotor is essentially a short-

circuited transformer, the rotor corresponding to the short-

circuited secondary and the stator to the primary winding.

We know that a short-circuited transformer draws from the

circuit, to which it is connected, a very heavy current,

and this is also true of a squirrel-cage induction motor,

when at rest.

Large Starting Current. The first bad feature of a low-

resistance squirrel-cage rotor then is the large starting current;

a certain 5 h.p. motor having a full-load current of 27.5

amperes, takes 130 amperes when first connected to the

supply line of normal voltage and larger squirrel-cage motors

draw a proportionately greater overload current when
starting.

The Power Factor is Low. The power factor of this

starting current is very low and this, combined with the

fact that the current is large, produces bad fluctuations

in the line voltage when such a motor is switched to the

supply fine. The 5-h.p. motor mentioned above caused

the line voltage to drop from 110 volts to 102 volts when
starting, although when taking its normal full-load current

and running at its normal speed, the line voltage held up
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to 109 volts. Such a fluctuation in the line voltage is

prohibitive if lamps are connected to the line and even if

there is no lamp load to suffer, synchronous motors or

synchronous converters are likely to be disturbed in their

operation and may even pull out of step if the fluctuation is

excessive.

Low-starting Torque. In addition to' these bad features

of the squirrel-cage rotor, we have the additional one that

the starting torque is very small, generally but a small frac-

tion of the full-load torque.

Rotor Circuit with Variable Resistance. A high-resistance

rotor would have, when starting, none of the bad features

T Rfesistcidee^r^ra[3o ohm

) .

Jl \ y
/

nT
orq lie

-

gig y^ V-^ 'tow erL or

1

' \
\ ^ ^^" ŝ
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Fig. 223.—Curves Showing the Effect upon the Starting Character-

istics of Varying the Resistance in the Rotor Circuit.

mentioned above, but the efficiency of a motor with a high-

resistance rotor is necessarily low and the speed regulation

is poor. The. effect of rotor resistance upon the starting

characteristics of a motor is shown in Fig. 223. These

curves were obtained by a laboratory test of a small motor

having a wound rotor. Various resistances were inserted in

the external circuit of the rotor and the different quantities

measured. The rotor itself had a resistance of .5 ohm,

so that the quantities could not be measured for a rotor

circuit resistance less than this, but the curves were extra-

polated, as shown by the dotted lines.

Effect of Rotor Resistance upon Starting Characteristics.

It is seen from these results that, as external resistance is
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added to the rotor circuit, the torque and the power factor

increase, while the current decreases. A certain external

resistance (in Fig. 223 this is 2.2 ohms) gives a maximum
starting torque; if more than this is inserted the torque

again falls off. The proper starting resistance for this

motor would be about 3 ohms; for this resistance the

torque i^ still fairly high, the power factor is comparatively

high, and the current is not much in excess of the full-

load current.
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Fia. 224.—Running Characteristics of a Small Wound-rotor Induc-

tion Motor, Having No External Resistance.

96. Running Characteristics. The running character-

istics of the ordinary small induction motor with a low-

resistance rotor are shown by the curves of Fig. 224. The
no-load current (called the " running-light " current) is

generally between 20 and 40% of the full-load current.

The current increases with increase of load, and increases

more rapidly for the overloads.

The speed falls off slightly as the load increases, the

decrease from no load to full load being generally less than
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10% of synchronous speed. The difference between the

field speed and the rotor speed (i.e., the slip) increases

rapidly with overloads and, if the motor is loaded too much,
it stops altogether and is said to be '' stalled." Under
such conditions the circuit breakers (or fuses) in series

with the motor open the circuit and the load must be

removed, the circuit closed, and the motor again started.

This maximum load point is generally 75 or 100% greater

than the rated load of the motor; it varies with different

motors, but should always be considerably greater than the

2 3 15
Output in H.P.

Fig. 225.—Same as Shown in Fig. 224 but Some Resistance has been

Added to the Rotor Circuit,

rated load, otherwise the motor is Hkely to be " stalled
"

frequently.

97. Effect of Rotor Resistance upon Operating Charac-

teristics. The motor whose characteristics are shown in

Fig. 224 was equipped with a slip-ring rotor. For the

purposes of the test the rotor circuit resistance was increased

by inserting extra" resistance between the brushes on the

slip rings and the motor characteristics were again obtained.

The results are given in Fig. 225. They show that an

increase in rotor resistance produces, for a given load, an
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increased slip, a decreased efficiency, and an increase in

current. Also, the maximum load obtainable from the

motor is now only 6 hp., whereas with no extra resistance

it was nearly 10 hp.

If still more resistance were added to the rotor circuit,

the speed and efficiency for a given output would be still

further decreased. If too much resistance is put in the

rotor circuit, very little output can be obtained from it;

practically all of the power which goes into the stator of the

motor is used up as heat in the rotor circuit resistance grids.

By using a motor with a wound rotor and inserting

external resistance, it is possible to obtain good starting

cliaracteristics, i.e., low current, high torque and power

factor. As the rotor speeds up the external resistance

is gradually cut out, and the motor is normally operated

with no external resistance in the rotor circuit. Thus the

running characteristics are similar to those of the squirrel-

cage motor and the starting characteristics are much better

than those of the squirrel-cage rotor.

98. Speed Control. Several methods have been

designed for varying the speed of an induction motor for a

given output but none of them are very successful; the

induction motor is essentially a constant speed motor.

Variation of Rotor Circuit Resistance. The first method

consists of inserting resistance in the rotor circuit. We
explained in the last paragraph that this will cut down the

rotor speed, for a given load, but that it results also in a low

efficiency and a low " pull out " point. Hence the rotor-

resistance control scheme can be used economically only

during the time the motor is being started; in this way it

is similar to the resistance used for the control of series

c-c. railway motors.

Power Supply of Several Frequencies. It was at one

time thought feasible to have lines of two or three frequencies

and to switch the motor from one line to the other as a

change in speed might be desired. We have shown that
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the rotor always turns with a speed somewhat less than
that of the revolving field and that the speed of rotation

of the field is determined by the frequency of the power
supply. A motor designed for 25 cycles will run at more
than twice its rated speed if connected to a 60-cycle line.

In fact the speed of the motor is practically proportonal

to the frequency of the power supply.

A motor designed for a low frequency can safely be

run on higher frequency lines, provided the mechanical

strains in the rotor are not dangerous at the higher speed.

But a motor designed for 60 cycles should never be operated

on a 25-cycle line because of the excessive densities result-

ing in the magnetic circuit and the corresponding high

hysteresis loss. The multiple frequency scheme for speed

control never came into prominence owing probably to the

complexity of the wiring and station apparatus.

Varying the Number of Poles. In another scheme for

speed control the windings of the stator are connected

through a series of switches; by proper operation of these

switches it is possible to change the number of poles on the

stator. Thus a motor might have its windings so connected

through these switches that when they are thrown one way
the motor has eight poles and when thrown in the opposite

way the motor might have six poles. This scheme, while it

gives an efficient speed control, requires rather complicated

connections on the coils and so is not used as yet to a great

extent.

Cascade Connection. In some installations (notably

railway equipment) two motors are used connected in

concatenation or cascade. The stator of the first motor
is connected to the line, the slip rings of the first rotor are

connected to the stator windings of the second, and the

second rotor circuit is closed through a variable resistance.

When all the resistance is cut out of rotor No. 2, both

motors operate at half the speed they would have if directly

connected to the line (with rotor short circuited). This
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scheme is only applicable where two equal motors are con-

nected to the same load, as in electric cars.

There are other methods for controlling the speed of an

induction motor but they are all either inefficient or com-

plicated and high in first cost. We must conclude as before

that the induction motor is essentially a constant speed

motor.

99. Single-phase Induction Motor. All of the previous

analyses have been carried out with a polyphase motor

in mind. In some respects the single-phase induction

motor differs from the polyphase motor.

Single-phase Motor has no Starting Torque. Unless sup-

plied with some additional starting device, such as a com-

mutator, or extra stator winding with inductances or con-

densers, etc., the single-phase induction motor has no starting

torque. But when the motor is operating near synchronous

speed (with not more than about 20% slip) its characteristics

are exactly hke those of a polyphase induction motor.

There are some slight differences, such as a lower power

factor and less slip in the single-phase motor than in the

polyphase, but these differences are slight.

The absence of starting torque is due to the fact that the

stator has only one set of coils and is supplied with single-

phase current only; it can, therefore, produce only an oscillating

magnetic field and not a rotating magnetic field. To develop

torque it is necessary to have a rotating magnetic field as

was shown for the polyphase motor. When the motor is

running at nearly synchronous speed the rotor currents,

acting in conjunction with the single-phase stator winding,

actually do produce a rotating magnetic field and for this

reason the single-phase and polyphase motors act alike near

synchronous speed.

Split-phase Method for Starting a Single-phase Motor.

One way of designing a single-phase motor to give it a

starting torque is known as the split-phase method.

Although there is only one winding on the stator which can
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carry much current, there is an additional winding at right

angles to this, which is designed of sufficient size to carry

a magnetizing current during the starting period only.

After the rotor approaches synchronous speed this additional

winding is automatically cut out of the circuit. Fig.

226 shows the connection for such a split-phase motor; the

auxiliary coil is connected to the single-phase supply line

through a condenser. This condenser, if large enough, will

make the current in the auxiliary coil lead the current in

the main coil by nearly 90°, hence the two coils act like the

two coils of a two-phase motor and produce a rotating

Q-

A.C.
Power
Supply

ife

Main Coil

rwwsMn

Fig. 226.—Connection for a Split-phase, Single-phase induction

Motor, using Condenser to Get the Out-of-phase Current in the

Starting Coil.

magnetic field. After a suitable speed has been reached,

the auxiliary circuit is opened to prevent overheating.

An inductance may be used instead of a condenser to bring

about the phase difference of the currents in the two

windings.

Commutator Type of Motor. Another type of single-

phase induction motor which is much used employs a rotor

fitted with a commutator and brushes quite similar to a

continuous-current motor. After the motor reaches the

proper speed, all of the commutator bars are automatically

short-circuited and the brushes lifted from the commutator.

This action changes the rotor to an ordinary squirrel-cage
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rotor. This motor starts on the same principle as the

repulsion motor which is discussed in the next chapter.

A view of the commutator end of the motor is shown in

Fig. 227.

Polyphase Motor Superior to Single-phase Motor. It

is evident that the polyphase motor is much more suitable

for ordinary installations than the single-phase motor;

in the first place the polyphase motor costs less per h.p.

Fig. 227.—View of a Single-phase Motor Using Commutator and
Brushes for Starting. Wagner Electric Mfg. Co.

than the single phase and is more efficient in operation.

In addition no extra devices are necessary with the poly-

phase motor to produce a starting torque. Because of

these facts the single-phase motor is used only in small

sizes, and where polyphase power is not available.

100. Induction Motor Used as a Generator. If an

induction motor, connected to a polyphase line and running,

is driven by some outside source of power at a speed greater
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than synchronous speed (in the same direction it had as a

motor) the machine will act as a generator and so wlil

give off electrical power instead of absorbing it. An induction

machine so used is called an induction generator or some-

times an asjmchronous generator. Such an induction

machine cannot operate as a generator unless it is connected

to a supply line of fixed voltage and frequency and is then

driven above synchronous speed for this frequency.

Load Taken by an Induction Generator. The amount
of load such a machine furnishes to the line is determined

entirely by its speed: if it is driven 4 above synchronous
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Fig. 228.—Operating Curves of an Induction Generator.

speed it will furnish about twice as much power as though

it had only 2% greater than sy^nchronous speed. In the

case of the induction generator the rotor is turning jaster

than the magnetic fiM and the slip (i.e., difference between

the field speed and the rotor speed) is said to be negative.

Advantages of the Induction Generator. The operating

curves for a large induction generator are given in Fig. 228.

The chief advantages of this type of generator and the

reason for its increasing use in large power stations is its

short-circuit characteristic. If an ordinary alternator was

short circuited, it would burn up in a few seconds but
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if an induction generator is short circuited it stops generating

and so cannot harm itself.

Short-circuit Risk of a Power Station. The operating

engineer often uses the phrase " short-circuit risk of a

station; " by this term is meant the clanger of burning

up the apparatus of a station when a short circuit occurs

on the bus-bars. In case the short circuit occurs in a place

where the protective apparatus cannot operate, there is

much ^danger of burning up the synchronous generators

in the station. But when the short circuit occurs the

voltage on the bus-bars drops and so whatever induction

generators are connected to the bus-bars stop generating

and so do themselves no harm.

A synchronous generator (i.e., an ordinary alternator)

on the other hand, if short circuited would be very quickly

damaged, either by excessive mechanical strains or else

by overheating.

A station having 50,000 kw. capacity of synchronous

generators and 50,000 kw. capacity of induction generators

in parallel with them has a short risk of only 50,000 kw.

while its operating capacity is 100,000 kw. It is thus

advantageous to have a good share of the generators in a

large station of the induction, or asynchronous type; but

too many induction generators would result in a low power

factor in the station and hence it is not advisable to have

more than about half of the generators of this type.

The regenerative aciion of an induction motor running

above synchronous speed is used to some extent in electric

railway installations; a car running down hill may drive

its induction motors at higher than s>Tichronous speed

and thus furnish power to the rest of the system. In addition

to the saving in power of such a scheme there is the advantage

that the motors are acting as brakes, thus saving the

braking'equipment. Induction motors installed for hoisting

purposes may be used as induction generators in the same

way.



CHAPTER XI

COMMUTATING ALTERNATING CURRENT MOTORS

SINGLE-PHASE SERIES MOTOR; REPULSION MOTOR;

COMPENSATED REPULSION MOTOR

101. Field for the Single-phase Series Motor. As was

explained in Chapter IV a motor suitable for electric traction

must have a high starting torque, a variable speed-load

curve and good efficiency when operating at widely differ-

ing speeds.

The induction motor runs at nearly constant speed

irrespective of load and, if it is attempted to regulate the

speed, either complex connections or decreased efficiency

is necessary. The cascade connection of two motors

and the scheme wherein the number of poles is varied both

give only a definite change in speed; instead of having

one speed of efficient operation the motor has two speeds,

but neither of these schemes give a variable speed motor

and in addition the switching and wiring become com-

plicated. If rotor resistance is relied upon for speed varia-

tion a low efficiency is obtained at the same time.

The synchronous motor has a rather small starting torque

(when started as an induction motor) and operates at

constant speed, irrespective of load; it is evidently not

suited for railway purposes.

The single-phase series motors however, has starting

and running characteristics very similar to those of the

c-c. series motor and is thus suited for railway work. This

type of a-c. motor has been developed as a railway motor

352
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and is used to a limited extent for this purpose. The
most notable example is the New York, New Haven & Hart-

ford R.Il. which has been operating for several years with

single-phase series motor locomotives. It seems to be

fairly successful in this installation but because of its inferi-

ority to the c-c. series motor, it is not likely to come into

extensive use.

102. A-C. Series Motor vs. C-C. Series Motor. At
present, nearly all electric railways in this country use the

continuous-current series motor as their motive power.

The distribution of the electric power from the generating

station to the car wheel is inefficient because of the many
steps involved.

Losses in a System Using C-C. Motors. The power is

generated as alternating-current, goes through step-up

transformers at the station to the high-tension trans-

mission line and so to the substation; there it goes through

step-down transformers, to the synchronous converter

where it is changed to c-c. power and is sent out through

the c-c. feeders and trolley to the car. The speed control

of the series motor requires the use of rheostats and con-

siderable power is used up in these as well as in all the

other parts of the system just enumerated; probably not

more than 45%* of the power generated in the main station

is delivered to the car wheel.

The system of distribution and probable losses in each

part of the system are given in Fig. 229; the different

percentages given show the approximate loss of power

in that part of the system. These figures will vary widely

for different installations.

Losses in System Using A-C. Motors. In case the

alternating current series motor is used on the car the

power distribution is much simpler. At the station there

may be a step-up transformer connected directly to the

* Of course, this figure will vary widely in different installations,

depending upon the type of ai)paratus installed, schedule of cars, etc.
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trolley and feeders and then through an autotransformer

on the car to the motor. Speed control is obtained by
varying the ratio of the transformer so no rheostat losses

occur at the motor; evidently the losses in such a dis-

tributing system will be much less than those of a c-c.

system. If the a-c. motor were as efficient and reliable as

the c-c. series motor probably all railway installations

would use alternating-current power.

103. Principle of Operation. A continuous-current series

motor will run in the same direction ivhich ever ivay it is

connected to the c-c. line provided the relative connection

Transmission line 10 4

stssMSiSsau stop up 55^
Transiormer

Step down 5^
Transformer

rnator

Feeders 5^ H
Trolley 5 '/c \

10 ftStarting Resistance
1

Car Motor 10f»

Rotary j^^
Converter

Return Feeders

Fig. 229.—Possible Losses in the Various Parts of a c-c. Railway Dis-

tribution Syetem.

of its armature and field is left undisturbed. Hence, it

follows that a c-c. series motor, connected to an a-c. line,

would exert a uni-directional torque, and would revolve

continuously in the same direction and not oscillate back
and forth as might be expected.

Difficulties in Running a C-C. Motor on an A-C. Line.

Such an appUcation of the c-c. motor is not feasible because

of the low torque which it would give, the heating of the

yoke and poles and the heavy sparking which would occur

at the brushes. The low torque would result from the

high impedance of the field winding, which would permit

but little current to flow through the motor; the heating
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of the poles and yoke would result from the excessive

hysteresis and eddy current losses due to the alternating

magnetic field through this part of the magnetic circuit;

and the sparking would result from certain causes taken

up in a succeeding paragraph.

104. Construction. In a series c-c. motor the flux

through the field frame is uni-directional and constant, and

therefore this part of the magnetic circuit may be made
solid, of cast steel. It is only the armature, in which the

flux reverses, due to the rotation of the armature, which

is necessarily made of laminated iron. But in the series

a-c. motor the current through the field coils is alternating

and hence the flux through all of the magnetic circuit is

alternating, therefore, the entire field structure, as well as

the armature core, must be made of laminated iron. Be-

cause of this fact the series a-c. motor cannot be con-

structed as cheaply nor of such rigid mechanical design

as the c-c. motor.

Windings. The field coils of the a-c. series motor con-

sist of but verj^ few turns as compared to those of the

c-c. motor and it is found that the field frame is best made
without projecting poles, such as are used on the c-c.

motor. The field frame resembles very much the stator

of an induction motor, the field coils being imbedded in

slots.

It would not be well to fill all the slots with field coils

as such a design would not be efficient. But it is found

necessary to put on the field frame an additional set of

coils called the compensating winding. The two sets of

coils (main field and compensating field) completely fill

the slots of the field so that it resembles very closely the

stator of an induction motor. The field of a series a-c.

motor is shown in Fig. 230; this field is completely assembled

and ready for the armature.

The armature of an a-c. motor resembles that of a c-c.

motor very closely; the only difference is due to the manner
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of winding. The number of turns per coil is very low in
the a-c. motor and these coils are not connected directly
to the commutator bars but through resistance leads, to be
explained later.

105. Power Factor—Compensating Winding. If a c-c.

series motor were operated on an a-c. circuit, the power
factor would be very low, probably not more than .30 or
.40. This low power factor would be due to the high

Fig. 230.—^View of the Wound Field Structure of a Series Single-

phase Railway Motor. Westinghouse Elec. and Mfg. Co.

inductance of the field and armature windings and could

be increased only by decreasing the self-induction of these

two windings.

Compensating Winding. We know that an a-c. system

with a low power factor is very inefficient, both from the

standpoint of first cost and of operating cost; the series

a-c. motor must therefore be designed with low self- induc-

tion if it is to be successful. The self-induction of the field

winding is kept low by using fewer turns than would be
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used for a similar c-c. motor, and the self-induction of the

armature winding is reduced to practically zero by the

use of a compensating winding.

This winding consists of a set of coils, wound in slots

in the field frame in such a manner that their magneto-

motive force is just equal and opposite to that of the arma-

ture coils. Hence the armature cannot build up a magnetic

field because of these compensating coils and so it has no

self-induction. The compensating winding is connected

in series with the armature so that the magnetic effects

of the armature coils are neutralized at all loads.

Lov^ Frequency Power Necessary. Even though the

self-induction of the armature is reduced to zero by the

compensating winding, the motor cannot be successfully

used on 60-cycle circuits. The self-induction of the field

coils is so large that the power factor of the motor is small

if used on a circuit of greater frequency than 25 cycles.

The advocates of this type of motor have agitated for

15-cycle power for railway operation, but this frequency

is not likely to become standard in America. Practically

all alternating-current series motors are designed for 25-

cycle power.

Low Flux Density. The flux density in an a-c. motor

must be kept low in order to prevent heavy hysteresis and
eddy current losses in the field frame; thus for a given rat-

ing the a-c. motor is larger than the c-c. motor. Also, to

produce the required torque, the armature must have a

larger number of conductors in the a-c. motor because of

the low flux density used; this larger number of armature

turns does not increase the self-induction of the motor

because of the action of the compensating winding.

In Fig. 231 is shown a cross-section of an a-c. series

motor showing the relative positions of the main field, com-
pensating field, and brushes. As the compensating coils

carry twice as much current as the armature coils, it is

necessary to have only half as many turns in the com-
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pensating coils as in the armature. In Fig. 231 the com-

pensating coils are indicated by dotted lines and the main

field c€)ils by full lines.

106. Commutation. Sparkless commutation is a very

difficult thing to obtain on the a-c. series motor; of course,

in the c-c. motor commutation is the most difficult problem

for the designer to solve but in the a-c. motor it is a much

harder problem.

The difficulties met in the c-c. motor are present in the

a-c. motor and, in addition, there is a transformer effect of

Fia. 231.—Sketch of the Winding of a Series Single-phase Motor,

Showing Compensating Winding.

the field on- the armature coils which may produce a large

current in those coils short circuited by the brushes. In Fig.

232 is shown a diagram of the field and armature coils, a

ring armature being shown for simplicity of representation.

Short-circuited Coils have Transformer E.M.F. The

coils marked X and Y are short circuited by the brushes

and these coils are threaded by the field flux, which is

alternating. Hence an e.m.f. will be induced in coils

X and Y just as though they were the secondary winding

of a transformer of which the field coils represent the
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primary. This transformer e.m.f. will set up a large current

in the short-circuited coils and the rupturing of this cur-

rent as the coil moves from under the brushes causes heavy

sparking at the commutator.

Commutating Poles of no Use on an A-C. Motor. Com-
mutating poles cannot be used to overcome the difficulty

as in the c-c. motor because this transformer e.m.f. in the

short-circuited coil is greatest when the motor current is passing

through its zero value. Hence, if commutating poles were

used in series with the armature as in the c-c. motor, the

Fia. 232.—Sketch to Show Reason for High Current in a Coil During
Commutation, due to " Transformer " e.m.f.

flux from the commutating poles would he zero when it

should be a maximum. The method of eliminating the

trouble is not by commutating poles but by increasing the

resistance of the circuit through which the transformer

current flows.

107. Resistance Leads. The resistance of the coil

itself is not increased but an extra resistance is introduced

in the leads connecting the coils to the commutator bars.

These leads generally consist of a piece of resistance wire,

which is placed in the bottom of the same armature slot

in which the coil is to be placed. These leads have a

resistance of about twice that of the coil itself and are
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introduced into each commutator connection as shown by
r^r^Tj in Fig. 233.

The Resistance Leads do not Materially Increase the

Armature Resistance. The path for the transformer cur-

rent is made up of the coil, two resistance leads, two com-

mutator bars and the brush, so that the use of these leads

cuts down the transformer current in a coil to about one-

fifth the value it would have without them.

The addition of these resistance leads does not materi-

ally affect the resistance of the armature as a whole

because the total armature resistance between brushes is

Fig. 233.—To Show where Resistance Leads are Used.

many times that of one coil and the load current has

to flow through only two of the resistance leads in

addition to the coils. Thus if the armature had 100

coils and each resistance lead (sometimes called preven-

tive lead) had twice the resistance of a coil, the resistance

of the armature between brushes would be 54/50 as great

as though no resistance leads were used, while the resist-

ance of the path of the transformer current would be

increased five times. It is claimed that the use of such

leads makes sparkless commutation possible at all loads

on the a-c. series jnotor and also that the leads show, no

deterioration after much service.

108. Operating Characteristics. The operating, or run-

ning, characteristics of the motor resemble very much those
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of the c-c. series motor. A small series motor tested in the

laboratory gave results as shown in Fig. 234.

The torque, or tractive effort, increases nearly as the

square of the current, being a maximum for the lowest

,

*A

_A<_
25 Cycle, 110 Volt Series Motor

-100-

-90-

-80-

—70-

-60-

50-

-^-

-18-

-40-

-36-

-32-

-28-

-2ir-

20

-2600

v
-2200

2000

-1800

\
\ /
\ /

/

\ p fficit /
/

-1000 ^ k-^
^Cy ^ /

-1100

y^
1\ >/

^\^
/ ^O^

[^^-^
-1000 -^V®vy 1\ <9^

-40-

-30-

-20-

—16-

—12-

-800

—000-

\ ^
«^ ^

^1.
^^

\

^
y ^^

100-
^^ V

\

10 50

Amperes
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Motor.

speeds; this is one of the characteristics that make the

motor suitable for tractive work. The efficiency is fairly

high for all loads in the working range of the motor, but

is lower for all loads than that of a corresponding c-c.

motor. The extra iron and copper loss in the a-c. motor

account for this fact.
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The power factor is a maximum for the high speeds

and gradually decreases with increase of load. The reason

for this may be seen by reference to the vector diagram

shown in Fig. 235. The impressed voltage on the motor

is constant and in Fig. 235 is given by the radius OD of

the circular arc CC'D. The phase of the current is assumed

as 01. There are three reactions balancing the impressed

e.m.f. of the motor, viz., the inductance reaction, which is

proportional to the current, the resistance reaction, also

proportional to the current, and the c.e.m.f. due to the

rotation of the armature conductors.

B' B

Fig. 235.—^Vector Diagram of the Series Single-phase Motor.

For a current of 10 amperes the inductance drop of the

motor tested was OA and the power factor was cos c[).

For 40 amperes the inductance drop was OA' and the

power factor was cos ^' , which is eveidently less than cos cj).

109. The Repulsion Motor. This motor is one employ-

ing a wound armature with commutator and brushes,

but the armature circuit is not connected electrically to

the power supply* line. It was first developed by Elihu

Thomas in 1887, but has not yet come into very exten-

sive use. It has operating characteristics very similar

to those of thtJ series a-c. motor. It has an advantage
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over the series motor in that its armature is not connected

to the power Hne and so its power supply, which is fed into

the field circuit only, may be of much higher voltage than

can well be used on the series motor.

Principle of Operation. The principle on which the

motor operates may be understood by refei-ence to Fig. 236.

The field circuit is connected to the powei supply and so

an alternating flux is set up in the armature. The arma-

ture brushes are short circuited and the plane of the

brushes, A~B, is at an angle with the direction of the magnetic

field. An e.m.f. is induced in the armature coils by the

alternating field flux, and this e.m.f. causes a current to

circulate through the armature coils and the path con-

\
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Field Coll
/—V-~~V'—X*"^ h^; ^x

flSNS ^ i^^]
>o ^
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Fig. 236.—Circuits of a Simple Repulsion Motor.

necting the brushes together. The armature conductors

carrying current react on the magnetic field set up by the

field coil and so produce a torque. The magnitude of this

torque depends upon the value of the angle a. Fig. 236,

and the direction of the torque is always in the same

direction as that in which the brushes A-B have been

moved away from the center line of the field.

Torque Varies with the Position of the Brushes. The
dependence of the torque upon the angle a may be seen

by reference to Fig. 237. Any armature having short-cir-

circuited brushes may he represented by one short-circuited

turn, this turn being in a plane 90° away from the plane

of the brushes. In Fig. 237, for example, the short-circuited
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coil, AB, is equivalent to an armature having its brushes

in the plane XY, parallel to the field. Now such a short-

circuited turn as Ai^ (Fig. 237) would have a large short-

circuit current flowing in it as soon as the field of the

motor was excited, but this large current could produce

no turning effort because the conductors A and B^ in which

the current is supposed to be circulating, lie in a zero

magnetic field.

Suppose, now, that the short-circuited brushes of the

repulsion motor are advanced 90° so that the one armature

Fig. 237.—To Show how Torque Depends upon Brush Position.

coil, representing all the armature winding, is in the

position A'B', Fig. 237. Evidently the coil could produce

no turning effort because no current would circulate in it.

The plane of the coil is parallel to that of the flux and

hence there is no e.m.f. induced in it by the alternating

field flux.

If, now, the brushes are placed in such a position that

the equivalent armature coil is shown by A"B" in Fig. 237,

it is evident that there will be a current flowing in the

conductors of the short-circuited armature and that these
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conductors lie in a magnetic field. Hence there will be a

force exerted between the field and the armature con-

ductors tending to make the armature turn. This torque

will continue to be in the same direction as the flux alter-

nates, because the current in the armature and the field flux

both change together, so that the force between them is

constantly in the same direction.

To discuss this point more completely it would be

necessary to consider the relative phases of the field flux

and armature current and this would complicate the ques-

tion too much. We have given enough analysis to show
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Fig. 238.—Torque and Current of the Repulsion Motor Vary Greatly

with the Position of the Brushes, as Shown Here.

that the torque of such a motor (like that of the series

a-c. motor) is uni-directional and pulsating.

Direction of Rotation. When the armature conductors

are represented by the equivalent coil A"B" the brushes

must be at right angles to the plane of this soil, as shown

by CC in Fig. 237. When the brushes are placed back

of the center line of the magnetic field, the armature will

rotate in a counter-clockwise direction and vice versa.

Hence to vary the torque of a repulsion motor in magnitude

and direction it is only necessary to change the position of

the brushes on the commutator. The variation of the

tcrque and current with the position of the brushes is
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shown in the curves of Fig. 238. It is seen that the current,

as well as the torque, varies greatly with the position of

the brushes.

110. Compensated Repulsion Motor. The power factor

of the repulsion motor described in the last paragraph is

rather low and this is, of course, objectionable. Several

schemes have been developed for increasing the power

factor; a motor in which this is attempted is called a com-
pensated repulsion motor.

The general scheme is to have a winding so placed on

either the field or armature that the field inductance is

Fig. 239.—One Method of Compensating a Repulsion Motor

practically neutralized. One of the simplest of these schemes

is shown in Fig. 239. This type of motor was developed

by Winter and Eichberg; it gives the same characteristics

as the ordinary repulsion motor with the exception that

the power factor is much higher. The short-circuited

brushes are placed in the plane of the magnetic field and

an extra set of brushes, at right angles to the first pair,

are connected to the secondary of a transformer, the primary

of which is placed in the power supply line, in series with the

motor field winding. The secondary has several taps so that

the power factor may be maintained high at various speeds.
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CHAPTER XII

RECTIFYING DEVICES

THE SYNCHRONOUS CONVERTER; MERCURY ARC RECTIFIER)

VIBRATING RECTIFIER

111. Need of Rectifying Devices. We have mentioned

before the fact that it is generally best to generate electri-

cal power in the form of alternating-current power because

of the ease with which the voltage may be " stepped up "

for transmission and then " stepped down " again for

use in motors, lamps, etc. There are many installations

in which the power is desired as continuous-current power

at the place where it is used; it must generally be trans-

mitted from the main generating station as high voltage

a-c. power and then changed into c-c. power at the place

where it is used. This is the function of a rectifying device
•—to change a-c. power into c-c. power or vice versa. Charg-

ir^g storage batteries from a-c. lines and running c-c. rail-

way systems from a-c. power lines are the two cases where

rectifiers are mostly used to-day. For the latter purpose

sjmchronous converters (also called rotary converters) are

always used, while the mercury arc and vibrating rectifiers

are used for charging storage batteries from a-c. lines.

112. Principle of Operation of the Synchronous Con-

verter. The synchronous converter is really a combined

synchronous motor and continuous-current generator; it

receives alternating-current power as a synchronous motor

running at synchronous speed and delivers continuous-

current power. In appearance and construction it is prac-
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tically identical with a c-c. generator with this addition;

on that end of the armature opposite to the commutator
is mounted a set of shp rings (the number of rings depending
upon the number of phases desired) which are connected

by taps to the armature winding just as though this winding

had been intended for use as a synchronous motor.

In Fig. 240 is shown a small, three-phase synchronous

^

Fig 240.—General View of a Small Three-phase Sjmchronous Con-
verter, Showing Commutator on One End of the Armature and
Slip Rings on the Other. Fort Wayne Electric Works.

converter;
^_
it is seen to be identical in appearance with a

c-c. generator, with, however, the slip rings added on one
end of the armature.

Suppose that such^a machine is running, as a synchro-

nous motor; the action of the commutator and revolving

armature winding will be just the same as though the

armature was being driven by a belt and pulley instead

of by the synchronous motor action and hence there will
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be, on the brushes, a uni-directional e.m.f. If a load circuit

is connected to the brushes, c-c. power will be supplied to

this load. As the amount of c-c. power output increases,

the a-c. power input will correspondingly increase—^in

fact, the input on the a-c. end must always equal the c-c.

output plus the losses in the machine. The speed remains

constant (at synchronous speed for the machine considered

as a synchronous motor) irrespective of the load.

Continuous Voltage Independent of Load. The value

of the continuous voltage is nearly independent of the

load provided the alternating voltage is maintained constant;

this point is covered more completely by saying that, for

any converter, the ratio of the alternating voltage to the

continuous voltage is a constant. Moreover, this ratio

u independent of the field current, the frequency of the

a-c. supply, and the size of the machine; it depends only

on the number of phases for which the winding is tapped

on the a-c. end.

A three-phase converter has one ratio and a single-

phase converter has another, but the ratio for all three-

phase converters is the same, independent of size or fre-

quency. The value of this ratio for different phases will

now be derived.

113. Voltage Ratio and Its Dependence upon the

Kumber of Phases. Suppose a converter winding con-

sists of only twelve coils in a bipolar field, as shown in Fig.

241, and that each coil has the same number of turns and

each is spaced from its neighbor by xVX360° = 30°. The
derivation of the voltage ratio depends upon the assumption

that each coil generates a sine wave e.m;f. and hence, that

the e.m.f. of each coil may be represented by a rotating

vector.

Vector Diagram for the E.M.Fs. of Different Coils. The
vector diagram for the e.m.f. generated by each coil is given

in Fig. 242; all the vectors are of the same length and each

is spaced from its neighbor by 30°. Now we know that
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Fig. 24L—Elementary Winding for

a Synchronous Converter, Single-

phase Taps at A and B.

alternating e.m.fs. must be added vectorially (instead of

arithmetically) to give the resultant e.m.f., hence, if we
tap the winding of Fig. 241

at A and B (diametrical

points), the vector giving

the voltage A-B will be

found by adding vectorially

the e.m.fs. of coils 1 to 6

inclusive. But this vector

will evidently be the diam-

eter of a regular polygon

having for its sides the

vectors given in Fig. 242.

Voltage for Single-phase

Taps. This polygon is

shown in Fig. 243 and the

voltage between the points A and B, Fig. 241, is shown
by the line AB in Fig. 243. The c-c. brushes, by means
of the commutator, are continually maintained at a differ-

ence of potential equal to AB,
Fig. 243, because the brushes

continually make contact with

the winding on the line XY,
and so there are continually

six coils adding their e.m.f.

between the c-c. brushes.

But suppose that the points

A and B are connected to a

pair of slip rings; the maxi-

mum e.m.f. between the rings

will be AB, Fig. 243, and

this is the same as the e.m.f.

between the c-c. brushes.

Hence we have the relation that, on a single-phase

converter, the maximum alternating voltage is the same as

the continuous voltage, and hence the virtual alternating

10^

Fig. 242.—Vector Diagram of

the e.m.fs. Generated in the

Different Coils of Fig. 241.
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voltage of a single-phase converter is equal to the, tontinuous

voltageX—7=' This ratio is independent of the size of the

machine, the speed, the number of poles, or anything else;

for a single-phase converter this is a fixed quantity, it can-

not be varied.

Fig. 243.—The e.m.fs. of the Coils of the Closed Circuit Winding

Must Form a Closed Polygon.

Voltage for Three-phase Taps. Now, suppose the winding

shown in Fig. 241 is to be tapped for a three-phase a-c. sup-

ply; the taps would be at A, C, and D, Fig. 243. Between

each of these taps, there are four coils and the vectors

giving the different e.m.fs. are shown in Fig. 243 by AC,

CD
J
and DA. These vectors are equal to each other

and are 120° apart, as they should be for a three-phase

winding.
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The length of the vector AC can be found in terms of

the vector AB in the following manner. In Fig. 244 the

construction of Fig. 243 is duplicated to some extent, but

instead of the vector polygon we have the circumscribing

circle. The angle a, Fig. 244, is equal to 120° for the

Fig. 244.—Diagram for derivation of Formula Giving the Ratio of a
Synchronous Converter.

three-phase taps AC, hence COD ( = a/2) is equal to 60°.

Therefore, we have

AC=2AD = 2{OA sin a/2) =AB sin a/2 =AB sin 60°.

But AB = the continuous voltage -:- V2.
Hence

AC (three-phase voltage)

the continuous voltage,

V2
X sin 60° . (77)

= the continuous-voltage X.612.
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Therefore, the alternating voltage of a synchronous

converter is equal to 61.2 % of the continuous voltage and
this ratio is independent of the size of the converter, etc.

The voltage ratio for any other number of taps can be

found by substituting the proper angle for a/2.

The actual ratio of voltages on a synchronous converter

are somewhat different from those obtained from this

theoretically derived formula. There is an impedance drop

in the armature, which, of course, varies with the load

and this makes the ratio vary slightly as the machine is

loaded. A three-phase converter having a ratio of .615

at no load might have a ratio of perhaps .63 or more when
carrying full load. If the wave of alternating e.m.f . impressed

is not a true sine curve of course the ratio will be different

from that obtained on the assumption of sine curve of

e.m.f.

114. Current Forms in the Coils of a Synchronous

Converter. The rated capacity of a synchronous con-

verter is generally fixed by the safe rise in temperature,

the same as for any other electrical machine. Of course,

the heating increases with increase of load due to the in-

creased PR loss in the armature coils.

Now the currents flowing in the different coils of a
synchronous converter armature are of very peculiar shape.

An alternating current is flowing into the armature at the

a-c. taps and a continuous current is flowing away from
the c-c. brushes. The actual current in any coil is the

difference of these two currents.

Current Due to the C-C. Load. Consider the armature
shown in Fig. 241, connected to a commutator and supply-

ing a c-c. load, i.e., acting merely as a c-c. generator. The
currents in the different coils would be rectangular waves,

as shown in Fig. 245. If the load current were 10 amperes,

the current in each coil would be 5 amperes because the arma-
ture has two paths.

As each coil moves under a brush its current is changed
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from one direction to the opposite direction, but while the

coil is moving from one brush to the other its current is con-

stant in magnitude and direction. Each coil would have

its current commutated, or changed in direction, 30° (one-

twelfth of 360°) later than its neighbor and so the currenc

forms of Fig. 245 are seen to be correct.

Current Due to A-C. Input. Now consider the current

in each coil, supposing the machine running as a single-

——
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Fia. 245.—Currents in the Different Coils Due to c-c. Load.

phase synchronous motor. The current in each coil will

be a sine wave (supposing a sine wave of e.m.f. to be

impressed) and the maximum value of the current in any-

one coil is equal to one-half the maximum of the current

in the single-phase line supplying the power; this is true

because there are two paths in the armature between

which the line current divides equally.

Ratio of Alternating Current to Continuous Current in a

Single-phase Converter. Neglecting the losses in the machine,
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to make the equation simple, we may now write for the

single-phase converter,

a-c. input= c-c. output

But ^alt. = .707^con.

Hence, ^alt. = l-41/con.,

which gives the relative values of the continuous current

and the virtual alternating current. We know that the

maximum value of an alternating current is equal to

1.41 X the virtual value, so that

iftit.(maximum) = 1.4 l/ait. (virtual) = 2X /con.

Therefore, if the machine running as a single-phase

synchronous converter is supplying 10 amperes to the

c-c. line ( 5 amperes in the individual coils, as shown in

Fig. 245), the maximum value of the current in the a-c.

supply line is 20 amperes and the maximum value of the

alternating current in a coil is half of this value, or 10

amperes.

Actual Current in a Coil. The actual current in any

coil of the converter is the resultant of a sine wave of

current (maximum value equal to 10 amperes) and the

rectangular current shown in Fig. 245. Fig. 246 shows

the result of subtracting the continuous current in a coil

from the alternating current, on the supposition that the

alternating current has its maximum value when coil 1

is undergoing commutation.

Peculiar Current Forms. From Fig. 246 it is seen that

the currents in the individual coils are very different in

magnitude and form; this makes the heating of the various

coils different, it being much greater in those coils near the

a-c. taps. In case the converter is operating with a power
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factor different than cos ^ = 1, that coil having the greatest

current will be close to the a-c. tap but on one side of the

tap only; the adjacent coil, connected on the other side of

the a-c. tap will be much cooler.

115. Heating of Coils. The heating of the different

coils will evidently be different because the heating depends

upon the magnitude of the current; it follows that some
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coils will be hot when the converter is operating and others

will be comparatively cool. In those coils which run coolest

the alternating current flowing into the coil and the continuous

current flowing out of the coil nearly neutralize each other;

the more completely this neutralization takes place the

cooler the coil will be.

Neutralization of Currents in Various Coils. In a poly-

phase synchronous converter, this neutralization of currents
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is much more complete than in a single-phase converter,

also the heating of the different coils becomes more nearly

alike as the number of phases is increased. It is possible

to develop an expression for the heating in the various

coils for different numbers of phases;* such an analysis

yields results as shown in Fig. 247.

The base line of this set of curves represents the distance

between consecutive taps; it would correspond to half the
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Fig. 247.—Comparative Heating in the Coils between Adjacent Taps
of a Synchro^ous Converter.

circumference for a single-phase, bi-polar converter, one

third for a three-phase, one-sixth for a six-phase, etc.

The ordinates represent the relative heating in the different

coils for a given c-c. output of the converter. It is seen

how the heating of the co'ls decreases and becomes more
nearly alike in the different coils as the number of phases is

increased.

* Alternating Currents, Hay, p. 241 et seq.
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Heating of Coils when the Power Factor is not Unity.

Fig. 247 shows the conditions for a converter having normal

excitation, that is, with the power factor of the machine

unity. If the excitation is changed so that the converter

is operating at a power factor less than unity (due either

to a lagging or a leading current) the relative heating in

the different coils is yet more varied; there is not only more
difference between the hottest and the coolest coil than

when the machine has normal excitation, but, in addition,

Slip ring Slip rin Slip ring

Fia. 248.—Relative Heating a Different Power Factor; the Full Line

is for cos ^ = 1 and the Dotted Line for a Lagging Current in the

Converter Armature.

nearly all coils are hotter. This is shown in Fig. 248, where

the full4ine curve shows the relative heating in the dif-

ferent coils for cos ^ = 1 and the dotted curve shows the

same results when the converter is run with an underexcited

field.

116. Capacity of a Synchronous Converter. It is seen

from Fig. 247 how the heating of the coils is diminished

as the number of phases is increased and hence it is evident

that a given armature will have more capacity as a six-phase

converter than as a three-phase, or greater as a three-phase

than as a single-phase, etc. If we have a certain armature

which has a safe capacity of 100 kw. used as a continuous-
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current machine it will have more or less capacity used as

a synchronous converter, depending on the number of

phases, as given below.

Number of phases 1 3 4 6 12

Safe capacity in kvv 85.2 133 162 193 219.5

If the number of a-c. taps were increased to a very

great number, the safe capacity of the armature would

increase to 230 kw.

Converters always Polyphase. Single-phase converters

are practically never used because they have such a low

capacity and in addition they have a marked tendency

to " hunt," as explained in the chapter on synchronous

motors. Most converters are operated three-phase, although

in the larger sizes the tendency is to wind them six-phase

because of the increased capacity obtained. They are prac-

tically never used twelve-phase because the increase in

capacity is obtained only at the expense of complication

and increased cost of the brush rigging, rings, etc.

117. Methods of Starting Synchronous Converters.

The synchronous converter is essentially a synchronous

motor when considered from the input side; some method
therefore must be used for starting and synchronizing it

with the line. There are three different methods in use

to-day; starting as a c-c. motor from the comm-utator end;

as an induction motor from the slip-ring end; or by having

some auxihary starter, such as a small induction motor.

Starting from the Continuous Current End. In order

to start a converter from the c-c. end it is necessary to

have a c-c. supply available of the same voltage as that

which the converter gives when in normal operation. If

for example, the converter is only one of several in a

sub-station and one or more are in operation, the c-c.

power for starting may be taken from the c-c. end of those

already operating. A starting rheostat is put in the arma-

ture circuit and gradually cut out as the machine (starting
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as a shunt wound c-c. motor) speeds up; the speed is adjusted

by the field rheostat to bring the converter into synchronism

with the hne and then the converter is switched to the hne
after the indicating device (lamps or synchronoscope) shows
the proper phase.

Starting as an Induction Motor. The induction motor
method of starting is becoming more and more common.
Half-voltage taps are supplied on the transformers which
normally supply the converter, and with the field circuit

of the machine open, the a-c. end of the converter is switched

to the half-voltage line. When it has accelerated to nearly

synchronous speed, the starting switch (which is double

throw) is thrown over to the normal voltage line and then

the field circuit is closed (connected to the c-c. end of the

converter), and the field current gradually increased to its

normal value.

Field " hreak-up " Switch. In using this method of

starting a very high voltage may be induced in the field

coils, due to the field coils acting like the secondary of a

transformer, the armature being the primary; the field

circuit must be subdivided to avoid puncturing the insula-

tion of the field coils. This is done by a field '' break-up

switch " generally mounted on the frame of the machine.

Fig. 249 shows a 2000-kw. synchronous converter on

the frame of which may be seen the field " break-up "

switch ; on this machine a seven-pole switch is used to break

the field circuit in several places. The large single-pole

switch on the field frame is connected in the equalizer bus-

bar circuit.

Reversed Polarity. The field current may start to build

up in the wrong direction, making the c-c. instruments

connected in the converter circuit deflect backward; to

remedy this difficulty it is necessary to make the converter

slip back one pole before putting on the field excitation.

Sparking at the C-C. Brushes. If a converter is equipped

with commutating poles, this method of starting is likely
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to cause bad sparking at the c.-c brushes while the machine

is speeding up. To prevent this, the brush holders are

equipped with a simple lever arrangement whereby the

brushes may easily be Ufted off the commutator, while

the armature is accelerating, and then dropped back in place

on the commutator when synchronous speed has been

reached and the danger of serious sparking is over.

Use of Auxiliary Starter. When the third method of

starting is used, a small induction motor is mounted on one

of the armature pedestals, its rotor being mounted directly

on the shaft of the converter. The stator is wound for

the same voltage and number of phases as the converter

armature and the motor has just sufficient capacity to run

the converter at synchronous speed when it is supplying

no load. The induction motor always has one pair of poles

less than the converter (why?) and has a capacity rating

of from 5 to 10% of that of the converter.

Large Commutator Required on a Polyphase Converter.

A cut of a large six-phase converter is given in Fig. 249.

It is to be noticed that on this converter the commutator

is much larger than it would be on a c-c. generator of the

same size. This is because of the fact brought out in the

last paragraph; the capacity of the six-phase converter

is practically twice as much as that of a c-c. generator of the

same size {size—not capacity) and hence the c-c. brush rigging

and the commutator must be of twice the current capacity

as that required for a c-c. generator of the same size.

118. Compounding a Sjmchronous Converter by Series

Field and Line Inductance. We have proved that the

ratio of continuous voltage to alternating voltage is fixed

for a given synchronous converter. It is not therefore,

at once evident how a converter may be designed to give

a voltage on the c-c. end, increasing with load; yet this is

generally desired. For use in railway and lighting instal-

lations a converter is generally desired with about 10%
compounding; for example, the specifications for a rail-
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way converter might call for 550 volts at no load, 600

volts at full load, and those for a converter for a lamp

load 225 volts at no load, 250 volts at full load.

Necessary Increase in Impressed Voltage. But the ratio

of the continuous voltage to the alternating voltage is fixed

and it is therefore evident that if it is desired that the

Fig. 249.—A Six-phase Synchronous Converter, Showing the Field
'' break-up " Switch Mounted on the Frame. Westinghouse
Electric & Mfg. Co.

continuous voltage should increase with the load it can he

accomplished only by causing the impressed alternating voltage

to increase correspondingly with load. A three-phase railway-

converter to give 550-600 volts would require an impressed

alternating voltage of 550 X.612 =337 volts, at no load,
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and an alternating voltage cf 600X.012 = 367 volts at full

load. However, slightly more than this voltage would be

required to overcome the effect of armature impedance

drop which increases with the load.

The ordinary method for compounding a converter is

to have an inductance inserted in the a-c. line supplying the

converter and to equip the converter field with a series wind-

ing as well as a shunt winding. By use of this series wind-

ing, the excitation of the machine is increased with an

increase of load and this increased excitation causes an

automatic increase in the a-c. voltage impressed on the

machine.

'Power
Supply

Ic

^
Fig. 250.—Circuit Electrically Equivalent to the Converter Armature.

A Converter Similar to a Synchronous Motor, Now
in so far as its effect on the a-c. supply line is concerned,

the synchronous converter acts exactly like a synchronous

motor and hence, if it is overexcited, it draws from the

line a leading reactive current, besides whatever active

current it may be using. The magnitude of the reactive

current depends upon how much the machine is over-

excited; the more the overexcitation the greater is the lead-

ing current.

Equivalent Circuits. The armature circuit of the con-

verter may be represented by a condenser and resistance

in parallel as shown in Fig. 250. The current Ir, through

R, represents the active current that the converter requires

and the current Ic flowing into the condenser represents
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the reactive component of the converter current. As the

overexcitation of the machine is increased, the capacity

of the condenser C must be imagined to increase propor-

tionately in order that the circuit of Fig. 251 may correctly

represent the conditions in the actual synchronous con-

verter circuit.

In Fig. 251 the converter is again imaginea as consist-

ing of a resistance and a condenser in parallel, and there is

an inductance L in the supply line. The voltage of the line

is constant (with a value equal to E, irrespective of the load

and the excitation of the converter) and we wish to find the

effect on Er, the voltage impressed on the converter, as the

Fig. 251.—Inductance in the Supply Line Makes Compounding

Possible, because of the Condenser Action of the Converter

Armature.

excitation of the machine is increased. In Fig. 251 this

increase of excitation is to be represented by an increase

in the capacity of C.

Vector Diagram of the Circuit. The vector diagram

of the current and e.m.fs. is shown in Fig. 252. Suppose

that at first there is no superexcitation on the machine

so that the current and voltage Er are in phase. A circular

arc is constructed with E sls sl radius; the e.m.f. to over-

come the drop in the inductance L is shown at E^ and hence

the voltage across the armature of the converter is found

by vectorially subtracting El from E. The result, Erj

is found to be slightly less than E.

If, now, some superexcitation is put on the converter,



BECTIFYING DEVICES 3S5

giving a condenser current 7/, the line current is found

at I'; the e.m.f. to overcome the inductance drop is pro-

portional to this current and 90° ahead of it and is shown at

Ez/' By subtracting this El from E we find the converter

voltage at Er, which gives a voltage somewhat greater than

the line voltage E. (It is to be noticed that in constructing

this diagram El and E must always so combine that Er is

found in phase with Ir; Ir and the converter voltage Er
must be in the same phase and on the vector diagram this

is shown to be possible by the phase shifting of E.)

For still further increases in the field excitation of the

converter the currents are shown by I" and /'" and the

o I E E' E" E"'•^11 ^n '^n '^H

FiQ. 252.—^Vector Diagram of Compounding Action.

corresponding voltages are shown by Er' and Er^^\ It

is thus seen that, when there is inductance drop in the

line supplying the a-c. power to the machine, it is possible

to bring about an increase in the voltage impressed on the

converter by sufficiently overexciting the field, even though the

line voltage E, remains constant.

Compounding Accomplished Automatically. The ratio

of the alternating voltage to the continuous voltage is

practically constant so that this increase brought about

in the impressed voltage means a corresponding increase

in the continuous voltage of the converter. The over-

excitation of the converter field is automatically increased

as the load increases by means of a series field winding in
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addition to the shunt field ; the shunt field has enough m.m.f

.

to give the machine normal excitation and the overexcitation

of the converter is brought about entirely by the series field.

By introducing sufficient series field it is possible to com-

pound the converter to any degree desired. There is,

however, a practical limit on the amount of compounding
possible, for if too much inductance is introduced the

converter is likely to hunt badly.

" ~
150
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'

^^ Voltage at Converter |

Y^
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Fig. 253.—Curves Showing Compounding Action of an Overexcited

Converter.

This method of compounding is accompanied by undue
heating in some of the coils, as shown in Fig. 248.

Example of Compounding. Fig. 253 represents the effect

of operating a small converter, having a strong series field,

on a line having a correspondingly high inductance. These
results were obtained in the laboratory; such heavy com-
pounding is generally not found in practice.

119. Compounding by the Synchronous Booster. When
this method of compounding is to be used, the armature
of a small stationary field alternator is built up on the
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same shaft with the armature of the synchronous con-

verter. The field frame for the alternator is mounted on

the side of the converter field frame.

Construction of the Machine. The alternator armature

winding must be of the same number of phases as the

converter armature winding; its current capacity must be

equal to that of the converter armature; and its normal

generated voltage must be equal to the desired amount

of compounding. The different phases of the armature

winding are kept separate. The beginning of each phase

is connected to a slip ring and the end is connected to one

tap of the converter armature.

The a-c. line supplying power to the converter is con-

nected (through brushes) to the alternator slip rings.

Hence the converter is connected to the a-c. line through

the armature of the alternator, which, by suitable excita-

tion of its field, may be made either to raise or lower the

voltage impressed on the a-c. taps of the converter. By
suitably winding the alternator field coils, and connecting

them in series with the continuous-current load, the com-

pounding may be made automatic.

A synchronous converter fitted with a synchronous

booster is shown in Fig. 254. This machine was built for

10% compounding, therefore, the booster is somewhat
more than 10% of the capacity of the converter itself.

120. Auxiliary Pole Synchronous Converter. It has

been stated that the ratio of voltages was fixed for a certain

converter and that this ratio was independent of the field

excitation, etc. But it has recently been shown that if

the field pole of a converter is made up in two or more
parts, the excitation of each part being under separate

control, a certain amount of variation of the ratio is

possible. A machine having its field poles so constructed

is called an auxiliary pole, or split-pole converter; it has

been developed by one of the large manufacturers but has

not yet come into very general use. ' ^
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A discussion of the theory of this type of converter is

beyond the scope of this text; operating curves of a small

three-phase auxiliary pole converter are given, however,

in Fig. 255. In this machine it was possible to compound

the continuous voltage from 92 volts to 135 volts. As

the excitation of the auxiliary pole was varied from negative

n

Fig. 254.—^A Synchronous Converter Fitted with a Synchronous

Booster. Westinghouse Electric and Mfg. Co.

to positive, some variation in the strerlgth of the main

field poles was required in order to maintain the power

factor of the machine high.

121. Motor-generator Sets. One disadvantage of using

a synchronous converter to obtain c-c. power from an a-c.

supply is that the continuous voltage is fixed; in many cases

(notably in mine installations) c-c. power of variable voltage
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is required. For this purpose a motor-generator set is

used instead of a synchronous converter. An induction,

or synchronous, motor takes power from the a-c. line and

drives a continuous-current generator, the field excitation

of which may be varied. Of, course, a motor-generator set

costs more to install than a synchronous converter of equal

capacity and in addition it is not as efficient in operation

as the converter, but in some cases the advantages gained

130
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Fig. 255.—Curves Showing Compounding Possible on a Small Auxiliary

Pole Synchronous Converter.

by an adjustable, continuous voltage offset these dis-

advantages.

122. Vibrating Rectifiers—Rotating Commutator Rec-

tifiers. Many times a small amount of c-c. power is

desired where only a-c. power is at hand; the charging of

automobile storage batteries in the principal instance of

this kind. Generally the amount of power desired is not

sufficient to warrant the installation of a motor-generator
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set or a synchronous converter, and some simple, cheap

device must be used.

A vibrating rectifier has been designed and is on the

market which furnishes a few amperes of uni-directional

current at 10 volts or less. It consists of a polarized

armature which is so pivoted that when acted on by

A.C, Magnet

Polarized Armature

n^E^un^M.
Flexible Fl
connection t ,

I

—1- Battery to
be charged

nmwpy^
Transformer

^ Supply ^

FiQ. 256.—Connections of the Vibrating Rectifier.

an a-c. magnet it vibrates back and forth. A diagram

of the connections is given in Fig. 256 and a cut of the

device is given in Fig. 257. When E is positive (with

respect to H) the battery is charged through the contact

C and when F is positive (with respect to //) the battery

is charged through the contact C\ These contacts must be

adjustable so that sparking may be eliminated. This
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rectifier is small and simple to operate and should prove

very useful. The battery cannot be connected improp-

erly to the rectifier and cannot discharge if the alternating

voltage fails; this makes the rectifier a very reliable piece

of apparatus.

Another scheme for obtaining a small amount of c-c.

power employs a commutator which is rotated by a small

synchronous motor. The commutator has as many seg-

ments as the motor has poles and every other segment is

connected together. Then each set of segments is connected

y JJ"' _. " \

Fig. 257.—A Small Vibrating Rectifier, for Charging Storage Batteries

from an a-c. line. Westinghouse Elec. and Mfg. Co.

through slip rings and brushes to the a-c. supply line.

Brushes are placed on the commutator and the battery

to be charged is connected to these brushes. Careful

adjustment of the brush position is necessary to eliminate

sparking to this rectifying device.

123. Mercury Arc Rectifier. Neither of the devices

just described will operate well on circuits where much
c-c. power is desired because sparking would take place at

the contacts and the device would require constant atten-

tion when in operation.
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But is is found that a tube filled with ionized* mercury-

vapor (the air having been exhausted from the tube), having

mercury for one terminal and some such metal as iron for

the other terminal permits of the passage of current in one

direction only. If an alternating voltage is impressed on

the two terminals of the tube, current will flow through the

tube only when the mercury terminal is negative and the

iron terminal positive. In the tube itself, the current can

flow from the iron to the mercury hut cannot flow from the

mercury to the iron.

Tube flllea with
ronized Mercury
Y^por.

A.C.
Supply

Mercury

HHh IH
Connections

Time-

Current

Fig. 25S.—A Tube Filled with Ionized Mercury Vapor Acts like

Rectifying Valve.

The Mercury Tube Acts Like a Check Valve. If a mer-

cury tube is kept filled with ionized mercury vapor it will

therefore act as a rectifying valve; the current which flows

through it will be pulsating as shown in Fig. 258. Although

* The term ionized is used to designate a gas in which the normal

atom has been somewhat changed; a minute quantity of negative

electricity (called an electron) has been freed from the atom and can

move away from it. A gas in which this change has occurred conducts

an electric current quite freely and it is said to be ionized; a gas in its

normal condition conducts very poorly, in fact it is a good insulator.

A gas may be ionized by the passage through it of an electric spark,

by the influence of radium, etc.
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such a pulsating current is not suitable for motors or lamps

it would do very well for charging storage batteries. But
the principal application of mercury arc rectifiers to-day

is in connection with arc lamps and the current shown in

Fig. 258 is not suitable for arc lamp operation.

Use of Two Anodes. By the addition of another positive

terminal of iron and by using connections as shown in Fig.

YnrmWinnnrf
Transformer

A.C.
Supply

Connections

Time-

Current

Fig. 259.—By the Use of Two Anoies it is Possible to Get a More
Nearly Continuous Current.

259, it is possible to rectify every alternation, instead of

every other one. The mercury terminal, called the cathode,

is shown at C and the two iron terminals, called the anodes,

are shown at A and B. The battery is connected between

the cathode and a center tap H on the transformer. When
F is positive with respect to H, current will flow through

the tube and battery by the anode A and, when E is posi-
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live with respect to H, current will flow through the battery

and tube by the anode B. The current through the battery

will therefore have the form given in Fig. 259.

Ionization of Gas Necessary for the Operation. In order

to operate as described above it is necessary that the tube

be filled with ionized mercury vapor. If the mercury vapor

is once ionized the current flowing through the tube will

maintain the ionization but if the current ceases for a

fraction of a second the vapor immediately becomes non-

ionized and will not carry current. Hence a tube as repre-

sented in Fig. 259 would not maintain its ionization because

at times 1, 2, 3, 4, etc., the current reaches zero value.

Time >-

Fig. 260.—By Inserting Inductance in the Circuit the Current Form is

Changed as Shown Here. Compare with Fig. 260.

Maintenance of Ionization. If, however, the trans-

former supplying the power to the tube is designed with

considerable leakage (giving it self-induction) the current

is changed from the form given in Fig. 259 to that given in

Fig. 260; this current never reaches a zero value after the

tube starts to operate, hence if the ionization in the tube

is started by some method the current itself will maintain

the ionization.

Use of Starting Anode. To start the ionization an
additional anode, called the starting anode is provided.

This consists of a pool of mercury close to the cathode as

shown at D in Fig. 261. When the tube is tipped slightly

the mercury of D runs over and makes contact with C.
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If the starting switch S is closed, a current will flow from

D to C, the magnitude of which is limited by the resistance

R. Now, if the tube is tipped back, the mercury bridge

connecting C and D is broken and the rupturing of the cur-

rent causes a slight arc, which is sufficient to produce the

initial ionization of the mercury vapor.

Starting Resistance for Load. To make the tube start

readily a starting resistance R' controlled by the switch

S', is first used as a load. After the tube has operated

Fig. 261.—Connection Diagram for the Ordinary Mercury Rectifier,

Showing Starting Anode.

through this artificial load for a few seconds, it becomes

warmed and the battery may then be connected in the

circuit and the starting resistance cut out. Of course, the

switch S, controlling the starting anode D, is also opened

as soon as the tube is operating properly.

124. Application of the Mercury Arc Rectifier. The
two principal applications of the mercury arc rectifier are

{or charging storage batteries and for operating c-c. arc

lamps from a-c. mains.
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Capacity of Mercury Tubes. For charging storage

batteries the tubes are made in various sizes with capacities

of from three amperes to fifty amperes. For greater cur-

rent capacities, the glass tubes are hkely to overheat and so

attempts have been made to utihze metal tubes immersed
in oil to get proper cooling. However, the metal used must

Fig. 262.—View of a Mercury Rectifier Outfit,

trie and Mfg. Co.

Westinghouse Elec-

be one which does not amalgamate with mercury and iron

seems the only suitable substance. But an iron tube will

not hold a proper vacuum, so that tubes suitable for heavy

currents are, as yet, in the experimental stage. If this

problem is solved, it may be possible to substitute mercury

tubes for synchronous converters for railway operation.
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Use of the Mercury Tube for Arc Lamps. Flaming arc

lamps, similar to the magnetite lamps, require continuous

current for their operation. Series arc lamp systems are

most conveniently operated from constant-current trans-

formers, which of course, require an alternating-current

power supply. The secondary of the transformer, instead

of being connected to the lamp circuit directly, is connecied

through a mercury tube so that the arc lamps operate

on a rectified current. The constant-current transformer

operates to give practically constant current just as though

the mercury rectifier were not in the circuit.

A view of a mercury tube outfit for charging storage

batteries is shown in Fig. 262; this tube is designed to

carry 30 amperes and the tube is generally guaranteed

to give 400 hours life. As a matter of fact these tubes

generally give more than 1000 hours life in actual operation;

their failure is due to a change in the vacuum.



CHAPTER XIII

POLYPHASE POWER

125. Polyphase Power Compared to Single-phase Power,
The polyphase system, whether two-, three- or six-phase,

is evidently more complicated than the single-phase system,

yet practically all electrical power systems are three-phase.

Points of Superiority of Polyphase Power. There are

three important reasons for this fact. Polyphase appa-

ratus is cheaper to huild than single-phase apparatus of the

same capacity; polyphase machinery (induction motors,

synchronous converters, etc.,) has better operating character-

istics than single-phase machinery; three-phase power
transmission lines of a given kw. capacity and a specified

efficiency of transmission, require only three-quarters as much
copper for the line as would be required by a single -phase

line.

126. Polyphase Power for Transmission Lines. If a

given amount of power is to be transmitted, the two factors

which are generally fixed are the voltage and the efficiency

of transmission. We will compare the single-phase line with

a three-phase line, the same amount of power to be trans-

mitted over each and the power lost in each to be the same.

Let P = the power to be transmitted;

E = the voltage of the line, either single-phase or

three-phase;

7i = the current, single-phase line;

Ri = ihe resistance per wire of the single-phase line;

73 = the current, three-phase line;

R3 = the resistance per wire of the three-phase line.

398
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Then we may put

P =EIi=El3V^,

so that

/3=/i/V3.

The loss of power, single-phase line = 2Ji2i^i;

The loss of power, three-phase line = 3/3^/^3.

These two losses must be equal if the efficiency of the

two systems is to be the same, hence

2/12/^1 = 3732/23.

Putting for 13 its equivalent, /i/V3, we have

2/i2/2i=:3(7i/V3)2/23,

or

R3 = 2Ri,

If the cross-section of the wire for the single-phase line

is ^1 and for the three-phase line A3, we may put

^3=-.

There are two wires for the single-phase line and three

ijoires for the three-phase, so that the total cross-section

of copper for the single-phase line is 2Ai and for the three-

phase line 3A3.

Hence, the total cross-section of the line for

Single-phase

= 2Ai,

and for three-phase
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Hence the three-phase line requires only three-quarters

as much copper as the single-phase line.

It may be proved that of all polyphase systems the three-

phase requires less weight of copper than any other, and

as it has just been shown to require less copper than the

single-phase, the three-phase system is practic;ally always

used for power transmission systems.

127. Polyphase Machinery Compared to Single-phase

Machinery. The first cost of a polyphase machine of a given

kw. output is much less than that of a single-phase machine

of equal output, and the weight of the polyphase machine

is considerably less than that of the single-pha3e machine.

The reason for this may be seen by considering an alter-

nator, of a given number of armature coils, etc. Let the

safe current capacity of the coils be / and the voltage gen-

erated by all the coils when connected in series (single

phase winding) be Ei. The capacity of the alternator

will evidently be equal to EJ.
If now the coils are connected in three separate groups

to form a three-phase winding th3 current capacity of each

group will be /, as before, and the voltage of one group

will be E3 =-^Ei.

The possible output of the machine will be

ZE3l =^^EiI = 1.30EiL

Hence the three phase winding, made up of the same

coils used to form the single-phase winding, has a capacity

which is about 30% greater tha that of the single-phase

winding.

If the coils were made up into a six-phase winding,
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the possible output would be about 50% greater than as

if the single-phase winding were used.

The single-phase induction motor is more expensive

than a three-phase motor of the same capacity, not only

because it weighs more but because some special starting

devices must be furnished. As pointed out before, the single-

phase motor has no starting torque.

The single-phase converter is practically never used; its

capacity is much less than that of a three-phase machine

of the same size, and also the single-phase machine has a

great tendency to hunt. From the standpoint of safe heat-

ing, the three-phase machine would have a capacity more

than 50% greater than that of the single-phase machine.

The synchronous motor is always wound for polyphase

connection, not only because its capacity is thereby increased,

but, also, because of the possibility of starting the poly-

phase machine as an induction motor. The single-phase

synchronous motor would necessarily be equipped with

some special starting device.

The efficiency of practically any piece of machinery

is greater when designed for polyphase power than when

designed for single-phase power.

Hence we may conclude that polyphase machinery is prefer-

able to single-phase machinery because of its less cost and

weight and also because of its better starting and operating

characteristics.

128. Grouping of Apparatus on a Three-phase System.

When a three-phase generator is used for supplying the

current for a lamp load the three-phase system is generally

divided into three separate single-phase systems. This

is shown in Fig. 263. Three separate feeders are connected

to the three-phase line and these feeders supply the neigh-

boring districts.

Balancing of Loads. It is necessary to keep the loads

on the three phases nearly equal; when unequal the load

is said to be unbalanced. The unbalance in the current
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taken by the different feeders results in more or less unbal-

ancing in the voltages of the three phases and thus unsatis-

factory illumination results.

If the load is unbalanced, the voltage cannot be regulated

by such a device as the Tirrill regulator; this can work

on one phase only and hence the voltage can be maintained

constant on one phase only.

In grouping the apparatus on the three-phase system

it is not only necessary to connect the same capacity of

apparatus on each phase but the grouping must be done

in such a way that the load is balanced at all times. It

is not advisable to run single-phase motors from one phase

Lamps Lamps

Lamps or small Large motor
induction motors

Fig. 263.—A Single Three-phase Distribution System.

of a three-phase system; too much unbalancing results

unless the motor is very small.

129. Polyphase Power Transformation. It is not possi-

ble to transform a single-phase system into a polyphase

system by means of ordinary transformers, but it is possik le

to transform one polyphase system into another, also to

raise or lower the voltage of a given system with or without

changing the number of phases.

Two-phase to Three-phase Transformation. The trans-

formation of a two-phase system into a three-phase system

(or vice versa) is accomplished by two transformers grouped

according to the Scott connection. Fig. 264 shows how
the connection is made. Transformer A has a ratio of

1 to 1, and transformer B has a ratio of 1 to 0.866, so that the

voltage 1-4 is only 86.6% of the voltage 2-3. If it is desired
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to change from a high-voltage two-phase system to a low-

voltage three-phase system (or vice versa), it may be done

providing only that the secondary voltage of A is 86.6%
that of B.

Three-phase Transformation. Three-phase transforma-

tion may be accomplished by one three-phase transformer

or by three single-phase transformers. In special cases

two single-phase transformers may be used for three-phase

transformation.

The ratio in which the voltage is changed depends not

only upon the ratio of the transformers themselves but

Transformer A
Ratio 1 -

Fig. 264.—Connection of Transformers for Changing Two-phase

Power to Three-phase Power or Vice Versa.

also upon the way in which they are interconnected. Sup-

posing the transformers themselves have a rctio of one,

the ratio of the transformation is as given below:

Primaries Secondaries Ratio of

Connected. Connected. Transformation

Y Y 1

Y A .612

A A 1

A Y 1.73

The significance of the terms A and Y and the method

for making the connections was explained when discussing

the armature windings of an alternator.
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Special Cases. In addition to the four possible connec-

tions for three transformers given above, it is possible to

use only two transformers. In the A-A connection for

instance, the transformation would be a true three-phase

one, even though one of the transformers is removed.

This open A, or " V '' connection, gives balanced three-

phase voltages, but two transformers so connected have a

capacity of only 57% of the capacity of three transformers

connected in A. If, for example, two 1000 kv-a. trans-

formers were connected in V, they would have a combined

capacity (sometimes called '^ group " capacity) of only

1730 kw.; the addition of a third 1000 kv-a. trans-

former would raise the group capacity to 3000 kw.

In addition to the few simple connections shown, there

are many more complicated groupings possible. With one

scheme, called the " double A," it is possible to operate a

six-phase, synchronous converter from a three-phase supply

line. Thus the efficiency of the three-phase transmission

is combined with the increased capacity of a six-phase

converter.

130. Metering Power in a Polyphase Circuit. In the

polyphase circuit the power and power factor cannot be

obtained as easily as for the single-phase circuit. In

general, if a polyphase circuit consists of n wires, it is

necessary to have n-1 wattmeter readings in order to deter-

mine the power being supplied by the circuit. The con-

nection of the wattmeters for a three-phase circuit is shown
in Fig. 265. If the load is balanced and its power factor

is unity, the two wattmeters will read alike, but if the load

is unbalanced or the power factor is less than unity the

two meters will read differently. In any case, whatever

the balance and power factor, the sum of the two watt-

meter readings gives the true value of the power.

Circuits with Low-power Factor. In metering three-

phase power, however, caution must be observed as one

meter may be reading negatively. This occurs if the
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power factor of the load is less than 0.5; when the power

factor is just 0.5 ((|) = 60°) one wattmeter gives zero indica-

tion. As the power factor decreases, this meter begins

to deflect backward. To make it give a readable deflection

its potential leads must be reversed; a reading is then taken

and recorded as negative and the true three-phase power

is the difference of the two wattmeter readings.

A convenient method of determining whether or not

the reading of one meter should be recorded as negative

consists in increasing the power factor of the load slightly

ijfi
im

Fig. 265.—Connection of Wattmeters for Measuring the Power of

Three-phase Line.

and noting its effect on the readings of the two wattmeters.

This increase in the power factor may be brought about

by putting on an additional load which is non-inductive,

such as lamps. // the reading of one of the waitmeters

decreases when the power factor increases, its reading should

be recorded as negative. In measuring the input of an

induction motor running light, one of the wattmeters will

generally give a negative reading; as the load on the motor

is increased (thus increasing the power factor) it will be

noticed that the reading of one of the wattmeters decreases.
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CHAPTER XIV

AUXILIARY APPARATUS USED WITH ELECTRICAL
MACHINERY

131. Switches. Air-break Switch. A switch is a device

for easily opening and closing a circuit. The simplest

type consists of a copper blade, hinged at one end and

fitting tightly between two copper plates at the other. A
wooden handle is fastened to the end of the copper blade,

by which the switch is operated. It is styled a knife switch,

or an air-break switch, because the current is ruptured

in the air.

These switches are made in various sizes, from 25 amperes

to several thousand amperes. The larger ones use com-

pound blades, as the contact surface available on one blade

would not be great enough to carry the large currents with-

out over heating. The switches used for generators supplying

power to lighting circuits are generally double pole, one

blade being in each side of the line. Railway generators,

however, have the negative side continually connected to

the negative bus, and so to ground, so that these machines

require only a single-blade switch in the positive line.

Size of Switch. The length of the blade depends upon

the voltage for which the switch is designed; those to operate

on a 600-volt circuit being considerably longer than those

for a 250-volt circuit. This is due to danger of a short

switch not opening a 600-volt circuit even though the

blade has been pulled back as far as it will go.

Arcing at a Switch. Upon opening the switch an arc is

formed and the arc may run down the blade as the switch

406
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is opened and so hold over and burn from one post of the

switch to the other. To prevent this disastrous arcing

quick-break switches are sometimes used. These are so

designed that the switch is opened by a spring, snapping

the blade back very quickly.

" Cutting " of a Switch. Switches sometimes begin to

" cut," especially in the hinge. This is caused by grit

getting into the joint and wearing off little pieces of copper

as the switch is opened and closed. Then the little bits

of copper help this rubbing process until the blade is worn

very rough in the hinge and so makes poor contact and

is caused to overheat. As soon as "cutting " is detected,

a switch should be taken apart and the rubbing surfaces

smoothed down with a file and emery. A little grease

in the joint will generally keep the rubbing surface in good

condition.

Oil-break Switch. For voltages higher than 600 an

oil-break switch is generally used. This type of switch

opens in oil and the oil prevents the formation of a bad

arc as the circuit is broken. Oil-break switches are generally

used only on alternating current circuits, because the voltage

of a continuous-current system is seldom greater than 600

volts while the voltage of an a-c. system is seldom less than

2300 volts. A high 7oltage a-c. circuit opens quietly with

an oil switch, but an oil switch would not operate satis-

factorily on a high voltage c-c. circuit.

By means of an oil-break switch a high-voltage a-c.

circuit may be opened even when a high current is flowing

through the switch. The arc which forms when the switch

is opened is smothered by the oil and serious arcing or

burning of the switch contacts does not occur.

The oil-break switch is generally located in an oil tank

directly behind the switch board, and the handle by means

of which the switch is opened is located on the front of the

board. A link connects the handle and switch proper.

A small oil-break switch is shown in Fig. 266.



^08 ELECTRICAL MACHINERY

Disconnecting Sioitches. A high-voltage, a-c. air-break

switch is sometimes used but disastrous arcing Avill result

if the switch is opened when carrying much current. They
are used generally only as disconnecting switches; by means

Fig. 266.—A Small Manually-operated Oil Switch, Showing how it

is Mounted on the Switchboard. General Electric Co.

of such switches a feeder may be disconnected from live

buses, but this should be done only when the feeder is

carrying no power.

Remote-control Switches. A switch which is opened

directly by the operator is said to be a manually operated
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switch. In large stations the oil switch may be opened by a

small motor, the motor being located on the top of the

switch tank. The current supply for the motor is con-

trolled by a small switch placed conveniently for the opera-

tor; the oil switch itself may be far from the controlling

STvdtchboard. Instead of using a small motor for operating

a remote-control switch, the action of an electromagnet

may be used; in some types of switches (e.g., such as is

used on many railway equipments) compressed air may be

used to open and close the switch. It is the remote-control

switchthat makes the compact, remote-control switchboard

of a large modern power plant possible.

132. Fuses. When a machine or circuit is carrying

more current than that for which it was designed, serious

injury may result from overheating. The purpose of a

fuse is to prevent such a possibility. A fuse consists of a

piece of easily melted alloy, in the form of a wire or ribbon,

connected in series with the machine or circuit to be pro-

tected. The size of a fuse is so selected that when a dan-

gerous current is being carried by the circuit it is designed

to protect, the heat generated by the PR loss in the fuse is

sufficient to melt it and so the circuit is automatically opened.

Replacing a Fuse. When a fuse is blown, the circuit in

which it is connected should be opened by first opening the

proper switch and then a new fuse may be inserted. A new

fuse should not be inserted until it has been ascertained

that the circuit is dead; neglect of this point is likely to

prove dangerous to the operator putting in the fuse as the

new fuse may blow (melt) while he is inserting it and so

cause a dangerous burn.

There are several types of fuses in common use. The

earlier type was the string fuse, which consisted merely

of a piece of fuse wire inserted in the circuit by suitable

clamps and screws. The disadvantage of this kind is that

there is some danger of starting a fire when the fuse blows

and throws melted lead around.
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The plug fuse is designed to overcome this possibiUty;

it consists of a short string fuse mounted in a porcelain

plug fitted with a screw base like an incandescent lamp base.

The cover to the plug is made of mica so that it may be

seen whether or not the fuse has blown. The plug fuse is

illustrated in Fig. 267.

Cartridge Fuses. It is not permitted by the National

Board of Fire Underwriters to use plug fuses for currents

greater than 30 amperes. For larger

sizes the cartridge fuse must be used.

This consists of a tube made of fiber,

filled with borax, infusorial earth, or

similar substances through the center

of which the fuse ribbon passes. The
two ends of the paper tube are fitted

^Fuse, Such as ^s ^^^^ copper ends to which the ends of

Used in the Dif- the fuse are soldered. Short copper

ferent Circuits in blades are fastened to these copper caps
House Wiring. jn the larger sizes and these fit into

copper cHps on the fuse block. When
such a fuse blows, the arc is confined and smothered by the

substance with which the fiber tube is filled.

In order to detect whether or not such a fuse is blown a

tell-tale is provided. This consists of a very small fuse,

soldered to the copper terminals so that it is in parallel

with the main fuse. This small fuse however, for a short

way passes on the outside of the paper tube, so that it can

be seen. When the main fuse blows of course the little

one immediately melts and so gives evidence of the blowing

of the main fuse. Such fuses are generally called N.E.C.S.

fuses, meaning that they are designed in accordance with

the National Electric Code Standard.

For high tension circuits, say several thousand volts,

a special type of fuse is used, called an expulsion fuse. A
long thin fuse is fastened in a tubular container (of some

insulating material) open at one end. When the fuse blows
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the gases in the container suddenly expand, and blow

out of the opening. This explosive action of the hot gases

effectually puts out the arc formed by the melted fuse.

In Fig. 268 is shown a special type of such an expulsion

fuse. The fuse container is mounted in a frame which

serves as the blade of a switch; the switch is intended for

use when the line which it supplies is carrying no load.

Fig. 288.—An Expulsion Fuse,

Mounted in a Disconnecting

Switch. This fuse is for use

in a 15,000 volt line. Gen-

eral Electric Co.

Fig. 269.—The Disconnecting

Switch of Fig. 268 Shown
in the " Open " Position.

It is styled a disconnecting switch. Fig. 269 shows how
the switch looks when open.

Before leaving the subject of fuses we must say a word
regarding the practice of substituting copper wire, nails,

etc., for fuses that have been blown, due to an overload
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on the line. A fuse is used to protect against fire, overheating

of machinery, etc. and when the fuse fails to work dangerous

results may follow. If a fuse is replaced by a much larger

one, or copper wire, etc., the circuit is no longer protected.

An operator who replaces fuses by pieces of wire, etc., is

just as foolish as a fireman who sits on the safety valve of his

boiler and waits there for the boiler to blow up.

133. Circuit Breakers. In many kinds of service over-

loads occur quite frequently; this is especially true in railway

work. If several cars start up at the same time or some

cars start up just when two or three others are on an up-

grade, the feeder supplying power for that section of the

road is sure to be overloaded and, if it were fused, the

fuses would be continually blowing, causing much work
and annoyance to the operator. Also, during the time

spent in replacing the fuses, the feeder would be dead and

soon the cars would all be off their schedule time.

For this kind of service where overloads occur frequently

and an operator is present, fuses are not used for protection;

a switch that opens automatically when an overload occurs,

called a circuit breaker, is used instead. The circuit

breaker may open the circuit by an air break or by a break

under oil. The oil-break circuit breaker resembles in appear-

ance an ordinary oil-break switch, except that it has, of

course, the automatic tripping and opening mechanism.

These oil-break circuit breakers, when properly designed

will successfully open high-voltage a-c. circuits through

which thousands of kilowatts of power are being carried.

The air-break circuit breaker does not resemble a knife

switch very closely as may be seen by reference to Figs.

270 and 271. This illustrates a double-pole breaker for

a low voltage circuit of perhaps 100 amperes capacity.

Use of Multiple- Contacts on an Air-break Circuit Breaker.

The breaker shown in Fig. 270 is an air-break circuit breaker

and it has three sets of contact surfaces; when the break is

closed practically all of the current is carried through a
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set of contacts made by a copper foil finger pressing against

a copper block. When the breaker opens, these contact

surfaces open and the current goes through another pair

of copper contacts (not as carefully fitted as the first) and

when these open, a final pair of contacts carry the current.

This last contact is made between two carbon blocks,

-A Double-pole Air-brake Circuit Breaker for Use on a

Low-voltage Circuit. General Electric Co.

Fig. 270.-

the separation of which finally ruptures the current. The
idea of thus breaking the circuit through a series of contacts

is to preserve the main pair of contacts in good condition.

If the current were ruptured by the main contacts, the

arcing would soon spoil the contact surfaces. The arcing

is really all done at the carbon blocks; when they are worn

away a new pair may be put in.
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The arm of the breaker is held in the " closed " position

by a catch; it is tripped by the impact of a small plunger

or similar device which is operated by a solenoid located

in the breaker. This solenoid carries a current proportional

to that which the feeder is supplying and when this current

gets too large the solenoid lifts up the plunger, trips the

Fig. 271.—The Breaker of Fig. 270 is here Shown in the

Position. General Electric Co.

Open "

catch, and a spring forces the breaker to quickly snap

open. Fig. 271 shows the breaker in the '' open " position.

Procedure in Closing a Circuit Breaker. Each breaker

in a station has a knife switch or oil switch in series with it.

When a breaker opens it must not be closed until the sivitch

in the same feeder has been opened. The circuit breaker is

for the protection of apparatus etc., and cannot operate

if the attendant has hold of the handle, hence while it i^
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being closed it cannot snap open. If, however, the switch

in series with it is opened first, then the circuit breaker

closed, and then the switch closed, the circuit breaker is

free to operate and protection against overloads is always

obtained.

There is always an adjustment on a circuit breaker

which fixes the current at which it opens the circuit. A
certain breaker for example may be set to trip at any cur-

rent between 45 amperes and 90 amperes.

134. Overload, Time-limit Relays. Any electric

machine will stand an overload for a short time without

suffering injury. A manufacturing company will generally

guarantee that their machine will carry a 25% overload for

two hours and a 50% overload for one minute.

Heavy Overloads for a Short Time Not Dangerous. New
in certain kinds of work the load on an electric machine

is intermittent and for short periods of time there may be

quite a heavy overload on the machine. But if the dura-

tion of this overload is short, the machine will carry it

ssafely and it is not desirable to have the circuit opened

by a breaker or fuse. But if this overload should continue

too long, the machine would be injured, and it is thus

evident that a fuse or circuit breaker could not properly

take care of this kind of a load.

An overload, time-limit relay is designed to fit such a

service. It is essentially a circuit breaker, the tripping coil

of which is operated through a local circuit controlled by
a relay. When an overload occurs the relay armature

begins to move but the damping is such that a considerable

time is required for the armature to move far enough to

close the local circuit and thus trip the breaker. The time

elapsing from the moment the overload occurs to the tripping

of the breaker is adjustable by a valve in a dash-pot, or

similar device. It is evident from this description that

such a piece of apparatus as the time-limit relay just suits

the needs of motors operating punch-presses, rolls, hoists, etc.
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135. Meters. A complete description of the various

types of meters used in electrical circuits would be out of

place here and would take up too much space. We shall

describe, in an elementary fashion, a few of the more

important instruments and point out those qualities which

a manufacturer tries to incorporate in his meters.

Meters may be divided into three general classes: indi-

cating, recording and watt-hour meters. The latter are

sometimes called integrating meters.

Indicating Meters. An indicating meter is one, the

pointer of which deflects over a graduated scale, and so

indicates at any instant the current or voltage in the cir-

cuit to which it is connected. It has no rotating parts and

makes no record of the motion of its finger. These instru-

ments show the operator how much current a feeder is

carrying at any instant, or what voltage a machine is genera-

ting. From their indications the operator may properly

adjust the voltage, re-distribute the load from one machine

to another, etc.

They are subdivided into switchboard instruments and

portable instruments. The first are fastened permanently

on a switchboard and can generally be used only for indica-

tion on the machine or feeder to which they are attached.

The portable meters are smaller and more compact than the

switchboard instruments and are made for laboratory

work, or for carrying out to different parts of a distributing

system to read the current or voltage.

Switchboard Meters. A switchboard meter should be

compact, have a large, well marked scale of uniform grad-

uations (except in some special cases), have a large, black

pointer on the end of the indicating finger, and should be

well damped. Of course there are numerous other points

to consider, such as permanency of calibration, freedom

from temperature errors, etc., but we shall take up only

those mentioned above.

On large switchboards, having many generators connected
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to it, and supplying many feeders, the size of a meter is of

prime importance. There may be on one switchboard

a hundred or more meters and it is evident that if these

Fig. 272.—A Round-type Switchboard Ammeter. General Electric Co.

meters are not comparatively small, the switchboard must
be very large and so difficult for one operator to manage.

Also the expense for bus-bars, marble, copper feeders, etc.,

makes it advisable to keep the

size of a switchboard as small

as possible.

A round type of switch-

board instrument is shown

in Fig. 272 and in Fig. 273

is shown an edgewise type,

having the scale horizontal.

It will be noticed that the

design of the meter has been

carried out with the idea of

getting compactness and still

having a large, easily read, scale. The relative advantages

of the round type and the edgewise types are much in

discussion; which is the better seems to be an open question.

Fig. 273.—A Horizontal Edge-

wise Type Switchboard Meter.

General Electric Co.
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Scale of a Meter. The scale of an ammeter should be

uniformly graduated, but sometimes it is advisable to have

a voltmeter with a condensed scale on its lower ranges for

the purpose of getting a more open scale in the range where

it is always used. For instance a meter to be used on a

/<!'

Fig. 274.—Diagram to Illustrate How Far a Well-damped Meter
" Overshoots " its Proper Reading. Weston Electrical Instru-

ment Co.

600-volt circuit would probably have a total range of 700

volts; from zero to 400 volts the scale might well be con-

densed as the meter is practically never used on these ranges.

From 400 volts to 700 volts the scale could then be more
open than if the scale was uniform throughout its range.

The necessity for a clearly marked scale and large, easily-
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seen, indicating pointer is apparent when it is remembered
that one operator may have to notice continually the indi-

cations of a hundred or more of these meters.

Damping of a Meier. It is very essential that a meter

be well damped; otherwise the finger will be continually

oscillating back and forth and the operator must guess at

the proper reading. Air vanes on the moving element,

or the reactions of eddy currents in the moving element,

serve to prevent the oscillation of the finger. If the

meter is well damped it may be connected to a circuit and
the needle will almost immediately come to rest in its proper

position. An example of a well-damped instrument is

shown in Fig. 274. On being connected to a circuit the

finger overshot its proper position (3) by a very small

amount (to position 2) and immediately dropped back to

its proper position. It is not advisable to have the damp-
ing designed so weU that the meter overshoots not at all

because then the operator would have difficulty in ascertain-

ing whether or not the meter

were sticking and so not

indicating accurately.

Portable Meters. The
portable type of meter differs

from the switchboard type in

that it is generally more accu-

rately calibrated, has a more
accurate and finely divided

scale, and has a very thin in-

dicating pointer. A switch-

board instrument which indi-

cates with an accuracy of 1%
is generally plenty good enough; for laboratory tests, how-
ever, much higher accuracy is generally required. A com-
mon type of portsihle laboratory voltmeter is shown in

Fig. 275; it isf mpuntecl in a box and fitted with a carrying

handle.

Fig. 275.—a Portable Type Volt-

meter, for Laboratory Use.

Weston Electrical Instrument Co.
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Recording Meters. A recording meter is much used in

station work. Its moving element carries a pen which

draws a curve on a paper strip which is fed under the pen

by suitable clock work. A very fine type of recording meter

is shown in Fig. 276. The moving element is a kind of mag-

netic balance which carries the glass pen back and forth

Fig. 276.

—

A Recording Meter. Its records serve for checking

station efficiency, uniformly of load, etc. Westinghouse Elec.

and Mfg. Co.

over the paper strip as the current through the instrument

varies.

Value and Importance of Records. By inspection of the

curve traced by such an instrument the station superin-

tendent can tell at a glance just what the load on his station

has been, what its maximum and minimum values were and

when they occurred. Or, if the record is from a voltmeter,
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it serves to show how well the operator has maintained

the voltage constant. These meters are excellent for

keeping the operator at his task as they infallibly indicate any
variations in the station voltage.

Watt-hour Meter, An integrating meter or watt-hour

meter consists essentially of a little motor, the armature of

which is attached to a train of gears which operate fingers

over properly graduated dials. The motor is so designed

that its speed is directly proportional to the power being sup-

plied through the line to which it is attached. Hence the

number of revolutions through which it turns is propor-

tional to the power flowing

through the meter multiplied by
the time during which this power

flows. But the product of

powerX times = energy, and so

the number of revolutions of the

meter is proportional to the

amount of electrical energy that

has passed through it.

The train of gears is so de-

signed that the indications of

the fingers on the dials are in

kilowatt-hours or multiples there-

of. As just explained this type

of meter gives a reading propor-

tional to all the energy that has

passed through it and from this ^

fact it derives its name of " integrating '' meter; the name
watt-hour meter, however, is preferable. The Thomson
watt-hour meter is illustrated in Fig. 277 and Fig. 278

shows a watt-hour meter for use in a-c. circuits.

Frequency Meter. In the operation of alternating current

systems it is necessary to maintain the frequency of the

system constant. For the purpose of showing immediately

if this is so the frequency meter has been designed.

Fig. 277.—a Thomson Watt-
hour Meter. The ease has

been removed to show the

working parts. General

Electric Co.
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Various types of frequency meters have been designed,

one of the more common types being the vibrating reed

frequency meter. A series of steel reeds, of different natural

periods of vibration, are so mounted that they are all

attracted by an electro-magnet, which is connected across

a line the frequency of which is required. Although the

alternating magnetic field acts on all of the reeds only that

one whose natural period of vibration is the same as that of

Fig 278.—^A Watt-hour Meter for Use on a-c. Circuits. Westing-

house Elec. and Mfg. Co.

the magnetic field will vibrate appreciably. The natural

frequency of the different reeds is marked on the face of

the meter; by noticing which reed is vibrating the operator

can tell at a glance the frequency of the line.

Another type of frequency meter consists of a set of

coils connected to the line through inductances and resist-

ances and a movable iron vane which carries a pointer.

The combination of ooils is such that the iron vane assumes
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different positions when connected to lines of different

frequency. Such an instrument is shown in Fig. 279.

Power-factor Meter. The power-factor meter is an

instrument which is calibrated to read directly cos (j), the

power factor of the load to which it is connected. Such

an instrument is very useful for getting the proper adjust-

ment of field current on a synchronous converter, synchro-

nous m.otor, etc. In a station where several alternators are

operating in parallel this instrument is used to show whether

Fig. 279.—A Frequency Meter, with the Outer Case Removed to Show

the Internal Construction. General Electric Co.

the different generators are all operating with proper field

excitation. If one alternator shows a low power factor

compared to the others, its field excitation is either too

high or too low. By watching the power-factor meter the

operator can immediately bring the field current to its proper

value.

As the power factor of a circuit depends upon the phase

relation of the voltage and current in the circuit, there must
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be two sets of coils in a power-factor meter, just as there are

two coils in a wattmeter.

The stationary coils of a power-factor meter produce a

magnetic field which is in phase with the current in the

circuit. The movable coil, which is connected across the

load circuit (just as the potential coil of a wattmeter is

connected across the circuit), produces a magnetic field

the phase of which depends upon the phase of the line

voltage. The position which the movable coil takes under

the action of the two magnetic fields, depends upon the phase

relation of the voltage and current. The pointer which

the movable coils carry, moves over a scale calibrated

directly in the values of cos cj).

136. Switchboards. Originally the switchboard was a

very crude affair, a wooden rack on the front of which were

mounted the switches and fuses necessary for the operation

of the plant. To-day the switchboard is probably the

most important part of a generating plant; if an accident

happens at the switchboard, the whole plant may be

crippled.

The switchboard is the place to which the electric power

from the generators is supplied and metered and thence

distributed to the outside sj^stem through a group of feeders.

On it are located all the switches, meters, and protective

devices of the plant and from it the operation of the whole

plant, both inside and outside the power house is controlled.

Panels. A modern switchboard is divided into a number

of panels; each panel serves for the control either of one

generator or of a feeder or group of feeders. They are

styled the generator panels and feeder panels; in addition

there may be panels for exciters, recording meters, etc.

Construction of a Switchboard. The material of which

the board is made must be a good insulator and of pleasing

appearance; slate is sometimes used in cheap boards but

generally a high grade of marble is employed. The marble

is a better insulator than slate (which is likely to have
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streaks of conducting mineral matter through it) and is

much finer in appearance; of course it costs more than slate.

The panels may be from 18'' to 24'' wide and perhaps 6'

high. They are supported by a frame work of structural

steel anchored to the floor and wall of the station house.

Bus-bars. Behind the whole length of the switchboard

run a set (two or three) of heavy copper bars, called bus-

bars, or sometimes merely busses. The general arrange-

ment of the board is to have all the generator panels on one

side and the feeder panels on the other; the bus-bars then

convey the total power of the station lengthwise along the

board. For this reason they have a very large cross-section.

They, as also the rest of the connecting bars and wiring

on the back of the board, are supported by porcelain chan-

nels and cleats fastened to the steel frame work of the

board.

Arrangement of Panels. Each generator is connected

through its respective circuit-breaker, ammeter, and switch

to the bus-bar at a generator panel and each feeder is con-

nected to the bus-bars through its ammeter, circuit breaker

and switch. By having all generator panels on one end

of the board and all feeders on the other end, the addition

of more generators or feeders is easily accomplished with-

Qut disturbing the arrangement of the board; the proper

number of panels may be added at either end of the board.

At the center of the board between the generator and

feeder panels is located the station output panel on which

are located the recording and watt-hour meters that show the

total power output of the station. By daily records of

these meters and of the records of the customers' meters,

the station manager may obtain an idea of the efficiency

of his system, i.e., the ratio of the amount of power sold to

customers to the total power sent out of the station. If

this ratio is low he must improve it by better insulation

of the outside lines, checking the accuracy of the customers'

meters, etc.
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The front and back views of a single panel switchboard,

showing meters, oil switch, supporting frame-work of iron

pipe, etc., are shown in Figures 280 and 281.

Fig. 280.—Front View of a Single

Panel Switchboard'; the Meters,

Handle for the Oil Switch, are

Shown Here. General Electric

Co.

Fig. 281.—Back View of Panel

Shown in Fig. 280; the Oil

Switch, Iron Pipe Support,

etc., are Shown Here. Gen-
eral Electric Co.
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Switchboards for large alternating-current stations

are different from that shown above. The bus-bars of an

a-c. switchboard are generally of high voltage, perhaps,

11,000 volts. The circuit breakers and switches must
be of the oil immersed type and are cumbersome and difli-

cult to arrange well on the back of a switchboard. As the

oil switches are generally motor operated, it is of no advan-

tage to have them at the switchboard, so they are generally

located in some fire-proof recess out of the way.'

The control of these motor-operated switches Is carried

to the master switchboard, generally quite small compared

to the main switchboard. From this master control board,

the chief operator can manipulate all the machines and

switches in the station. The master control board is

generally located in a quiet part of the station but is so

placed that the operator has in full view, all of the machines

and apparatus which he controls. The chief advantage

of the remote control switchboard rests in the possibility

of one operator carrying out all the necessary switching

in the station; the responsibility is thus centralized and

fewer accidents, due to improper switching, take place

than in a station where several operators are required.

Another advantage is due to the isolation of the control

board; if an accident occurs in the station the chief operator

can carry out the proper switching operations without being

influenced by the confusion and noise in the generator

room. Small signal lamps of different colors, show the

operator w^hat machines are running, what feeders are alive,

what switches are open, etc. In fact the operation of the

whole station is clearly shown and easily carried out by one

man working on the master control board.



CHAPTER XV

OPERATION AND CARE OF ELECTRIC MACHINERY

137. Location. In selecting the proper location for an

electric machine the two principal points to be kept in

mind are first, a machine must be kept dry and second,

it must be kept free from dust and dirt. If these two require-

ments are not satisfied a motor or generator will soon

deteriorate and develop faults.

Effect of Moisture. If moisture is allowed to accumulate

on or around a dynamo-electric machine, the machine

will very soon be more or less grounded. A machine

is said to be grounded when any part or parts of the electric

circuits are connected to the frame work (field casting,

armature core, etc.) Such a grounding of the wdnding

may be very dangerous for the operator; in the case of a

high-voltage generator or motor it might cause a fatal

shock if the operator should come in contact with the

frame work when he is standing upon a concrete floor or

some other partially conducting surface. This point will

be more fully discussed in the section on faults.

Beside the possibility of grounds, there is that of the

windings becoming short circuited due to moisture. This

is especially likely to occur by the development of two

grounds, on different parts of the windings. A machine

which develops a short circuit is sure to be seriously damaged
by burning unless the fault is at once discovered and

removed.

Effect of Vibration. Of course, in choosing the location

for a machine care must be exercised that a firm foundation

428
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can be provided. Even though an electric machine is very

well balanced before leaving the factory it is sure to vibrate

more or less when running, unless it is fastened to a solid

bed of some sort. If a machine is allowed to vibrate when
in operation, there is likely to be sparking at the brush

contacts, owing to the fact that the brushes make poor

contact with the vibrating commutator; the vibration may
also make the bearings heat excessively.

Effect of Dust and Dirt. Any continuous-current machine

is almost sure to develop coromutator trouble if it is

operated in such a location that dust or dirt can fall on

the commutator. The dirt will work into the bearing

surface of the brush, producing a rough surface and spoihng

the commutator surface by scratching and undue wear.

Also it is likely to work into the insulation between the

commutator bars and produce a partial short-circuit between

adjacent bars. When a partial short-circuit occurs, it soon

develops into a complete short-circuit and the coil which

is attached to the two segments likely to bum out.

Faults Tend to get Worse. A point for the operator to

keep constantly in mind is that nearly all of the fauKs

developed by electrical machinery tend to aggravate themselves

if not immediately remedied. Thus a slight roughening of

the commutator will produce but imperceptible sparking;

unless, however, the rough spot is removed (the cause also

rcm.oved) the commutator will soon be unserviceable.

If it is absolutely necessary to run a machine in a room
where dust accumulates, as, for example, in a cement

mill or flour mill, an enclosed type of machine should be

installed if possible. This type of machine is completely

closed b> end pieces being fitted to the sides of the yoke;

the bearings are fitted into these end pieces. The armature,

commutator, etc. are thus completely shut in so that dirt

and dust can collect only on the outside of the machine,

where it can do but little harm. (All railway motors,

e.g., are of this enclosed type, so that the working parts
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are kept free from the dust and moisture with which the

car truck gets covered.) If it is not possible to use an
enclosed type of machine, the attendant must exercise

special care in keeping the commutator clean and must
blow the dust out of the windings by means of a bellows

whenever the machine is shut down.

138. Precautions in Starting a Machine. After a machine

has been properly installed a thorough inspection must be

given before the machine is started. The operator must look

over the machine very carefully to see that there are no

mechanical or electrical faults which would injure the

machine as soon as started.

The machine should be thoroughly blown out by a

bellows, so that any dust, dirt, chips, etc. which may have

collected in the interstices of the windings and various

parts, may be cleaned out.

Tightening of Parts, etc. All parts of the machine

should be thoroughly tightened; a pole may pull loose

from the yoke very soon if its fastening bolts are not drawn

up snug; the same precaution holds with respect to the

pole shoes and any other parts held together by bolts.

Care must be observed to see that there is nothing in

the air gap; a small nut, nail, etc., in the air gap may
cut the armature winding badly when the machine is

started.

Bearings. The machine must turn freely in its bearings

and the oil-rings must be picking up the proper amount of

oil. This latter point is extremely important; oil-ring

bearings operate so reliably in general that they receive

less attention from the operator than they really require.

The oil used in the bearing should be the best grade of

machine oil; if too thick, it will not flow freely through the

oil ducts in the .bearing and if too thin it runs out too

quickly and there is not a sufficient layer of oil between

the shaft and bearings for proper lubrication. The bearings

must be thoroughly cleaned from dirt, grit, etc.
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139. Spacing the Brushes. A machine may spark badly

at the brushes no matter how well the brushes may have

been ground and how smooth the commutator may be.

This may be due to the improper spacing of the brushes.

Of course many other causes may exist which produce

sparking; some of them have been taken up already and

they will be all grouped together in the tabulated list of

faults, which is given on a following page.

If a two-pole machine is considered it is seen at once that

the brushes should be spaced 180° apart on the commutator;

on a four-pole machine they should be 90° apart, etc. On
the earlier types of machines, where the interpolar space

(space between the adjacent tips of consecutive poles) was

large, the necessity for setting the brushes exactly the

right distance apart did not exist. Around one side of the

commutator of a two-pole machine there might be 49

segments between brushes and around the other side per-

haps 51 segments and still there might not be excessive

sparking.

Proper Spacing Important on Commutating Pole Ma-
chines. On the more modern machines, however, especially

on machines having commutating poles, the brushes must

be set exactly the right distance apart. On a high voltage

synchronous converter, if the spacing between one set of

brushes is greater than that between another set by half

the width of one commutator segment, bad sparking is

likely to result. In addition to the sparking trouble, the

armature of a machine on which the brushes are improp-

erly spaced is very Ukely to overheat, even though the

machine is not delivering full-load current to the outside

circuit.

Uneven Spacing Produces Sparking. The sparking,

with unequally spaced brushes may be due to either of

two causes, or both. As we have shown before, the arma-

ture winding of any continuous current armature consists of

two or more circuits in parallel, the lap woimd armature
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having as many paths as there are poles, and the wave

wound armature always having two paths. It may be

that there is a greater e.m.f. induced in one path than in

another if the brushes are unequally spaced. But if the

several paths are in parallel and one path has a greater

e.m.f. than the others, then this path will force current to

flow through the others even though there is no load on the

outside circuit.

c^3

rmr Load
nt<?')—r- —r-r —i-^ —pCurre

Fig. 282.—Brushes Unevenly Spaced; the Armature is Then Similar

to the Battery Circuit Shown in Sketch (6).

Cause of the Sparking. Consider the case shown in

Fig. 282 {a) where the brushes A, B and C are correctly

spaced, 90° apart, but D is misplaced so that the distance

A-D is 80° and the distance D-C is 100°. The paths A-B
and B-C generate the normal rated voltage of the machine

while the two paths A-D and D-C generate something less

than this value as there are less effective inductors in the

latter two quadrants than in the others.

The electrical conditions in the armature are then the

same as those shown in Fig. 282 (6) in which figure the

cells A and B are supposed to develop a higher e.m.f. than



OPERATION AND CARE OF ELECTRIC MACHINERY 433

the cells C and D. Even though there is no load on the

battery, the load circuit being open, there will still be

current flowing in the different cells as indicated by the

arrows. The amount of current which will thus flow in

the different paths of the armature depends upon the

inequality of the voltages in the different paths and upon

the resistance of the armature. In large machines this

resistance is very small and so, on large, high voltage

generators, it is very important that the brushes be spaced

exactly right.

If the brushes on a commutating-pole machine are

unequally spaced, it is impossible to eliminate sparking

at all brushes because when one brush or set of brushes

is in the correct position with respect to the commutating

poles, some of the other brushes cannot possibly be placed

properly, because we have supposed the brushes unequally

spaced while the commutating poles are always spaced

equally from each other. We have previously shown that a

commutating pole machine is very sensitive with regard

to the proper placing of the brushes with respect to the

commutating poles.

Testing for Spacing. The easiest way to obtain equality

in spacing is to measure the total circumference of the

commutator by laying a tape or strip of paper around

the commutator surface under the brushes. This distance,

divided by the number of brush studs, is the proper spacing

to use in measuring from the toe of one brush to the toe of

the next brush.

140. Fitting the Brushes. The brushes must be thor-

oughly " sanded " to fit the commutator. This task

requires a deal of time on the larger machines and must

be done carefully. The proper method is shown in Fig. 284.

Sandpaper (never emery cloth) must be used for this

purpose. The sandpaper is torn into strips shghtly wider

than one brush and a strip is inserted between the brush

to be fitted, and the commutator surface, the rough side
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of the paper being outside. (It is supposed that the

brushes have been adjusted for the proper tension of

about 1.4 lbs. per sq.in. of contact surface.) Then with

the strip of sandpaper held tightly against the surface of

the commutator, it is worked back and forth, grinding

FiQ. 283.—Sandpaper Held Improperly and Resultant Shape of

Brush.

the under surface of the brush to a shape that just fits the

commutator.

Improper Fitting of Brushes. While the brush is being

ground it is extremely important that the sandpaper be so

held that it lies tightly against the commutator for at least

an inch or two both ahead and behind the brush, otherwise

Sandpaper^^«%
Fig. 284.—Sandpaper Held Properly and Resultant Shape of Brush.

The sandpaper should be allowed to grind the brush only when
being pulled in the same direction as that in which the commuta-

tor ordinarily runs.

the brush will be ground in such a fashion that only the

center part of it fits on the commutator, the toe and heel

having been cut away by the sandpaper. Fig. 283 shows

the sandpaper improperly held and the resultant shape of

the brush. The surface of such a brush actually touching

the commutator surface is very small and, when a load is
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put on the machine, excessive heating will develop at this

point. Fig. 284 shows how the sandpaper should be held

and also how the brush when so ground fits the commutator

over its whole cross-section. While the brush is being

ground the sandpaper should be drawn under the brush

only in the same direction as the machine is designed to

run.

Use of Emery Cloth. If emery cloth is used instead

of sandpaper, two faults are likely to develop. The abrasive

material used in making the rough surface of the emery

cloth is a partial conductor and small particles of it are

likely to become imbedded in the insulation separating the

copper bars thus producing a partial short circuit of the

commutator. Or small particles of it may become imbedded

in the contact surface of the brush and so, when the machine

is in operation, may produce severe cutting (roughening)

of the commutator surface because the emery grains are

extremely hard.

141. Effect of Unequal Air Gaps. The inequality of

voltage in the different paths will also occur even when

the brushes are properly spaced, if the air gap under some

poles is less than under others. As there is the same mag-

netizing force on all field poles (same number of turns

and same current) that magnetic circuit having the smaller

air gap will have the smaller reluctance and therefore

the greater flux. Therefore the inductors lying under

those poles having the smaller air gaps will generate a

greater e.m.f. than the inductors lying under the poles with

a larger air gap. Hence those paths in the armature lying

under the poles with the smallest air gap length will generate

a greater e.m.f. than the other paths and so current may
flow from one path to the other in such an armature, even

though no load is being supplied by the machine.

The inequality in air-gaps is also likely to produce

heating in the bearings. That pole under which the mag-

netic field is most dense will exert a greater pull ou
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the armature core than the others, resulting in excessive

pressure on the bearing and thus tending to produce a hot

bearing.

Development of Unequal Air Gap hy Wear of Bearings.

This inequahty in air gap may not exist when the machine

is sent out from the factory but may develop if the bearings

are allowed to wear down to an appreciable extent. This

allows the armature to drop sUghtly, shortening the air

gap for the magnetic circuits on the lower side of the arma-

ture and lengthening it for those above.

This same difficulty occurs if one field coil becomes

short circuited from any cause. The inductors under the

pole with the short-circuited coil will generate practically

no voltage.

142. Faults Occurring in Electrical Machinery.* The
difficulties which may be encountered in the operation

of electrical machinery are tabulated below and an explana-

tion as to why they occur and how they may be remedied,

according to table on p. 437.

1. A rough or dirty commutator always produces spark-

ing at the brushes. The causes for the roughening of a

commutator have been given before. When the roughening

exists to a slight extent only, it may be remedied by polish-

ing the surface of the commutator with sandpaper. If the

machine is a motor, all brushes but one pair should be

lifted out of the holders; the one pair left in contact with

the commutator will carry enough current to run the moto**

with no load.

* In making up the following table the author had in mind prin-

cipally continuous current machinery, because faults are so much
more likely to develop on c-c. than on a-c. machinery. There is

generally no commutator on an a-c. machine and it is much more
rugged than a c-c. machine. For this reason trouble is seldom

experienced unless a machine is actually burned out or damaged

very seriously. In this case the machine would of course be sent

back to the factory. ^
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Faults likely

to occur in

the opera-

tion of c-c.

machinery

A. Sparking at

the com-
mutator

1. Rough surface

2. Brushes in the wrong position

3. Insufficient brush tension

4. Poorly fitted brushes

5. Armature overloaded

6. Vibration of the machine
7. Short-circuited coil

8. Open-circuited coil

9. Unequal brush spacing
10. Unequal air gaps
11. Poor design

[12. Bearings

r. TT ^- I
13. Commutator

B. Heatmg
-^ ^^ Armature

[ 15. Field coils

C. Generator
fails to

build up

the field

Motor fails

to start

16. Open-field circuit

17. High resistance in

rheostat

18. Dirty commutator
19. Wrong position of the brushes
20. No residual magnetism
21. Field connected incorrectly to

the armature
22. Speed low

23. Supply line dead
24. Fuses blown
25. Field or armature circuit open
26. Too niuch resistance in the field

rheostat

27. Too much starting torque re-

quired by the load

The motor is then run at a low speed and the surface

first smoothed by coarse sandpaper held on the commuta-
tor surface by a block of wood, the face of which is perfectly

flat. The sandpaper is moved slowly back and forth across

the commutator as it revolves and this process is continued

until all rough spots have been removed. Then finer sand-

paper may be used in a similar fashion to polish the surface

and, finally a commutator stone should be used, or else

fine sandpaper may be used with a small quantity of machine
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oil; this will produce a high polish. The commutator is

then cleaned with a piece of rag and all copper dust is

blown from the brushes and brush holders by a bellows.

The windings and commutator connections must also be

thoroughly cleaned out as the copper dust is likely to

produce short circuits.

Fig. 285.—Showing a Commutator-turning Tool in Position for

Turning a Commutator True. The device is mounted on one

of the brush-holder studs. Crocker-Wheeler Co.

If the commutator is too rough to be smoothed by

sandpaper, a special turning tool is generally used. The

tool holder fits on one of the brush holder studs and the

commutator is turned down just as though it were in a

lathe. (See Fig. 285.) Small armatures are generally
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removed from the field frame and swung in a lathe for

turning the commutator.

2. If the brushes are in the wrong position they will

all spark, but the difficulty is easily overcome by manipu-

lation of the brush yoke rocker. On some machines, not

equipped with commutating poles, the brush position

must continually be changed as the load changes if spark-

less commutation is desired.

3. The brush tension should be between one and one

and a half pounds per sq.in. of contact area. If the ten-

sion is not enough, the brush will not " follow " the commu-
tator and if the tension is too great, the commutator heats

because of excessive loss due to friction. Loosen or tighten

the springs used for holding the brush on the commutator.

4. These result through the unskilful fitting of the

brushes or by a faulty brush having hard spots in it and

so wearing unevenly. This trouble may be detected by a

close examination of the wearing surface of the brush,

after the brush has been taken from the holder. The
surface should be smooth and polished all over; if the

wearing surface is polished only in spots, it indicates a non-

homogeneous brush and a new one should be substituted.

5. A machine not equipped with commutating poles

will always spark when overloaded, w^hile a commutating

pole machine will not do so unless the overload is very

excessive. Inspection of the switchboard ammeter will

locate this trouble and if the meter indicates an overload,

part of the load should be taken off.

6. If a machine vibrates to any extent, it is likely to

prevent the brushes from making. firm contact with the

commutator surface and sparking occurs. The machine

must be put on a more solid foundation and balanced

better to get rid of this trouble.

7. A short-circuited coil will always produce bad spark-

ing at the brush contact every lime the short-circuited coil

passes under a brush. Unless the trouble is remedied very
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soon, the shc/rt-circuited coil will be burned out. Some-

times the short circuit occurs by a thin copper bridge being

spun over the mica insulation between the two copper

segments to which the ends of the coil are attached. Or

the insulation may have broken down on the armature

where the end connections of the coils cross each other.

8. An open-circuited coil produces very vicious sparking

every time the coil passes under a brush. The commutator

bars to which the faulty coil is connected soon become

very badly burned and, if the machine is allowed to run any

considerable time with an open-circuited coil, the bars to

which it is attached burn away so badly that it becomes

necessary to turn down the whole commutator before

sparking can be prevented, even though the faulty coil

has been repaired. The method of locating a short-cir-

cuited or open-circuited coil will be described in the last

section of this Chapter, i

9. This trouble has been discussed on a preceding page.

The brushes may be tested for even spacing by measuring

accurately the distance around the commutator surface,

between brushes. If this proves to be uneven, the spacing

may be changed by rocking the brush holder on the brush

holder stud.

10. The air gap may be accurately measured by a

tapered steel wedge. This wedge is chalked and then

pushed into the air gap as far as it will go in a direction

parallel to the shaft. The pole rubs the chalk off and so

the distance the wedge was inserted can be easily deter-

mined and its Width at this point measured by a microm-

eter caliper. This distance must be practically the same

for all poles; if it is not, a thin piece of sheet iron may be

inserted between the poles and yoke, where the air gap is

too long. This is generally called " shimming-up the pole."

11. When discussing the subject of commutation, it

was shown that when the coefficient of self-induction of

the armature coil was too high or the width of the brush
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too small or the speed of the commutator too high, it would
be impossible to obtain sparkless commutation. These

points are well understood by designers so that such a

cause of sparking is not likely to exist. If it does, the

operator can do nothing to remove it and the machine
must be turned back to the factory as being improperly

designed.

12. Heating of the bearings is generally due either to

lack of oil, to the poor grade of oil used, or else to the dirt

in the ])earing. The attendant should keep constant watch
of all bearings and if one begins to heat excessively the

cause should immediately be discovered and removed. If

this is not done, the bearing is likely to get hot enough to

melt the Babbitt metal lining and then the machine is very

Ukely to be injured seriously. If the Babbitt metal runs

out, the armature may drop enough to rub on the pole

faces and tear the binding wires loose etc., and the shaft

is likely to be scored badly where it goes through the

bearing.

If the bearing begins to get too hot, it is quite probable

that its temperature will continue to increase until the

lining melts. This is due to the fact that the excessive

heating of the box thins the oil to such an extent that it

no longer affords the requisite lubrication. If a bearing is

discovered dangerously hot, oil (preferably heavy, such as

cylinder oil) should be poured liberally into the holes on
the top of the box, the shaft should be cooled by pouring

water on it close to the bearing when possible (using care

to keep the w^indings dry) and the machine should be kept

turning slowly.

Water should never he poured over the box and the machine

should never be allowed to stop turning until the bearing has

cooled sufficiently to be at a safe temperature. If these

two precautions are not heeded the shaft is likely to " freeze
"

in the bearing, i.e., the bearing metal solidifies tight to the

shaft just as solder does in a soldered joint. When this
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happens, it takes a skilful mechanic to get it off; it should

not be attempted by the machine operator as the shaft

is likely to be spoiled by scratching and scoring in removing

the box.

13. If a commutator is allowed to become too hot, all

of the coil connections are likely to be melted loose from

the commutator bars. The over-heating of a commutator

may be due to excessive brush pressure, sparking at brushes,

too high a current density in the brush contact surface,

or having improper lubrication.

If too high a current density is used in the brushes,

either larger brushes must be employed or the rating of

the machine must be decreased. A commutator often

gets hot because of insufficient lubrication at the brush

contact surface; most brushes are made self-lubricating

but a little machine oil applied to the surface of the com-
mutator with a piece of rag often helps to keep the

commutator in good condition and stops heating and
sparking. All superfluous oil must be carefully removed
from the commutator surface by a clean rag or it will

soon result in a dirty commutator and, therefore, in

sparking.

14. The armature may become too hot either because

of excessive core loss or excessive PR loss. If the first

cause exists, the core has been improperly constructed

or else the machine is operating at a higher voltage than

that for which it was designed. If the armature heats

because of a high PR loss, there may be a short circuited

coil or else the machine is carrying too much load. In

either case the remedy is evident.

15. Excessive heating of the field coils is Hkely to occur

only if they are forced to carry more current than that

for which they were designed. One field coil may become
short circuited and thus cut out of the circuit; the rest of

the coils will then carry more than the normal current.

This fault very seldom occurs.
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16. A self-exciting generator often fails to build up
when started but the cause generally can easily be located.

If the machine fails to build up, the first thing to examine

is the connection of the shunt field. It must of course be

properly connected to the armature circuit. It may be

that, even though the field circuit is properly connected

to the armature, there is an open circuit somewhere. One
of the connections between the various coils may be open.

A bell-ringing magneto may be used to see if the field cir-

cuit is open, or a test may be made with any c-c. power

line available; an incandescent lamp connected to a 110-

volt line through the field circuit to be tested, will light if

there is no open circuit but will not burn if the field is open

somewhere. When this test is made, the field must be

disconnected from the armature otherwise the armature

forms a short circuit for the field.

Of course the generator cannot build up if the field cir-

cuit is open as its magnetic circuit cannot become excited.

17. There is always a rheostat in the shunt field of a

generator and if this rheostat is turned to the "all in
"

position the generator will likely refuse to build up.

The current which flows through the shunt field circuit

is equal to E/R/^r where

E= the generated voltage

Rf+r= the resistance of the field coils plus the field

rheostat resistance.

^ Now suppose the magnetization curve of the machine

is as given in Fig. 286, and tan (j)i = the resistance of the

field circuit. (The same scale is supposedly used for both

volts and amperes. If not, a proper change must be intro-

duced in the value of tan cj).) With the resistance of the

field circuit equal to tan cj), it is apparent that at no value

of the field current (except at very low values) does the

armature generate enough voltage to force through the
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field circuit enough current to excite the field sufficiently

to produce in the armature the voltage considered. Hence,

with this value for the field circuit resistance, the generator

could not build up.

But suppose that the field rheostat is all cut out so that

resistance of the field circuit becomes equal to tan (j)2.

Now when the generator has a field current equal to OD
it generates a voltage DE. But to force the current OD
through the field circuit requires only the voltage DB.

Field current in amperes

Fig. 286.—Diagram to Show Why a Generator Refuses to Build up
if There is too Much Resistance in its Shunt Field Circuit.

Hence the voltage DE forces through the field circuit a

current OH, which in turn makes the armature generate

the voltage HG, which again increases the field current.

This process continues until the point K is reached where

the generated voltage is just sufficient to force through

the field circuit the current at 01.

Therefore, in starting a shunt generator, it is necessary

to properly reduce the resistance in the field rheostat.

18. A dirty commutator produces the same effects as

the field rheostat resistance. The high contact-resistance
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of the brushes on the commutator (due to the dirty surface)

acts just the same as a high resistance in the field rheostat.

The commutator may be cleaned by holding a piece of oily

rag on the revolving commutator; the oil will generally

loosen the sticky, black coating which forms on a com-

mutator surface. The commutator should always be cleaned

after applying oil to its surface.

19. The brushes may have been disturbed and then set

in the wrong position so that, even if the field were excited,

there would be no voltage on the armature terminals.

The brush should rest on that commutator bar to which

is connected the coil which lies in the interpolar space;

whether or not this is so may generally be ascertained by

tracing the end connections of the coils.

20. In discussing the '' building up " of a self-exciting

generator we showed that some residual magnetism is

necessary to start the process. If, due to some jarring,

reversed current, or similar cause, the field frame has lost

its residual magnetism, it is necessary to re-magnetize the

field by supplying current to the field coils from some

outside source. A few primary cells will generally be

sufficient to give the requisite amount of residual magnetism.

Before connecting the cells to the shunt field circuit the

field must be disconnected from the armature, otherwise

the low resistance armature forms a short circuit for the

field and the current from the cells, instead of flowing

through the field, practically all goes through the armature.

21. The residual magnetism may have reversed so that

what small current is sent through the field circuit by the

voltage due to residual magnetism tends to decrease, instead

of increase, the field magnetism. In this case the residual

magnetism must be reversed or else the connection of the

field circuit to the armature may be reversed. This latter

procedure is permissible only in the laboratory because

it will cause the generator to build up with reversed

polarity. If this were done on a railway generator, for
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example, the station meters would all deflect backward

and the polarity of trolley and ground would be reversed

Such a condition would necessitate a complete change of

the meter connections or of the connection of the generator

to the bus-bar.

If it is necessary to reverse the residual magnetism, a

few dry cells will generally suffice. The shunt field is dis-

connected from the armature, at one terminal, and the

dry cells (perhaps half a dozen) are connected to the field

circuit for a few moments. Then the cells may be dis-

connected, the field connected again to the armature, and

the generator may start to build up alright. In case it

does not, the operation should be repeated, connecting

the cells to the field, however, with polarity opposite to

that first used.

In carrying out this operation, it is, of course, necessary

to disconnect the armature from the shunt field as the

armature would otherwise form practically a short circuit

(as it has such a low resistance) for the shunt field; the

current from the dry cells would nearly all go through the

armature, and so be useless for magnetizing the field.

22. If a generator is running at a speed very much lower

than rated speed, it will very likely refuse to " build up."

The speed should be increased until the rated value is

reached.

23. When a motor fails to start, the first thing to deter-

mine is whether or not the supply line is alive. This is

readily tested by a voltmeter or by an incandescent lamp
on a 110- or 220-volt circuit. On a 500-volt circuit several

incandescent lamps may be connected in series with each

other and then connected across the line to test for

voltage.

24. All motor circuits should be fused and it may, of

course, be that the fuses are blown. This may be deter-

mined by an inspection of the indicator on an enclosed fuse

or by testing the fuse in series with an incandescent lamp
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across the line. If the fuse is blown, of course, the lamp

will not burn.

25. Either the field or the armature circuit may be

open. The field circuit may be tested by holding the

starting rheostat lever on the first contact button and

with the armature stationary, testing for magnetism on

the pole shoes with a knife, keys, or similar article. If

the field has no magnetism, it shows that the field circuit

is open (provided the line is alive) and this open circuit

must be located and removed.

The armature circuit may be open in the armature

itself or in the starting box. The open circuit may be

found with a bell-ringing magneto, by trying to ring

through the different parts of the circuit.

26. If all of the resistance is '' cut in " on the field

rheostat, it may be that the torque the motor can develop

with the weak field is not sufficient to start the load. The

field rheostat should be turned to the '' all out " position.

27. It may be in some cases, that the starting torque

demanded of a motor is greater than the motor can exert.

On factory loads, where a great deal of belting is used, this

is especially likely to be true. In such a case some of the

belting must be disconnected from the motor, by a releasing

clutch or similar device, until the motor is up to its normal

speed. If this is not possible, a larger motor must be

installed.

143. Location of Armature Faults. The three faults

which are most likely to occur in an armature circuit are

due to short circuits, open circuits, or grounds. An armature

winding consists of a series of similar coils, all joined in

series and insulated from the armature core. If the winding

becomes electrically connected to the core at any place,

due to abrasion or the cutting of the insulation on the

coils, the winding is said to be grounded. One ground in

an armature winding does not interfere with the electrical

operation of the machine, but the iron frame of the machine.
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being electrically connected to the armature winding, may
give a fatal shock to an operator coming in contact with

it.

The frame of any electric machine should be well insu-

lated from the winding and it is advisable to actually

connect the framework of the machine to a ground con-

nection, such as a waterpipe. Then the operator will not

receive a shock upon coming in contact with the frame of

the machine even though the winding should become

grounded on the iron frame of the machine.

The location of a short-circuited coil, open-circuited

coil or ground is easily carried out with the help of very

simple apparatus.

To Locate a Short-circuited or Open-circuited Coil. Remove

Fig. 287.—Conneetions for Locating a Short-circuited or Open-cir-

cuited Coil.

all the brushes from the commutator but one pair. Con-

nect a dry cell to the pair of brushes, as in Fig. 287. Then

with a low reading voltmeter (the full range of which is

somewhat greater than the e.m.f. of the dry cell) read

the IR drop between every adjacent pair of commutator

segments. If there are no short-circuited coils or open-
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circuited coils the IR drops in the various coils will be

the same. Of course, if there are more coils in one path

of the armature winding than in the other the drop per

coil will be different. But all the coils in series with each

other in one 'path should have the same drop. If a short-

circuited coil is present it will be indicated by a zero IR
drop, or, at least, by an IR drop much smaller than that

of the other coils. An open-circuited coil is indicated by a

zero IR drop across all of the coils in the same armature

path, except the open-circuited coil, and the full voltage

of the cell across the coil which is open-circuited.

After all coils have been tested as far as possible the

armature should be revolved slightly so that the coils

connected to the commutator segments under the brushes

may be tested.

As has been mentioned before a short- or open-circuited

coil, on an armature which has been in service, can gener-

ally be located by the burned condition of those com-

mutator bars to which it is connected.

Test for a Grounded Winding. A test to see whether or

not the winding is grounded may be made by connecting

one side of a 110-volt line, through a voltmeter, to the

shaft of the armature and connecting the other side of the

line to any bar of the commutator. If the meter gives an

appreciable reading, it indicates a ground in the winding

because, if the winding was perfectly insulated no current

could flow through the voltmeter to make it indicate.

Whether or not the winding is badly grounded is determined

by the magnitude of the reading. If the meter gives a

hij^h reading, the winding is poorly insulated; a low reading

signifies a well-insulated winding. A well-insulated arma-

ture should give, with the ordinary c-c. voltmeter, less

than one volt when such a test is made. If the magnitude

of the reading is the same as though the meter were con-

nected directly to the 110-volt line, it indicates that there

is a bad ground somewhere in the winding, a ground so
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bad that no insulation at all exists between the armature

circuit and the core.

To Locate a Grounded Coil. To locate the grounded

coil of an armature all brushes are removed but one pair,

as for the previous test. The dry cell is connected to the

brushes as before, and one terminal of the voltmeter is

connected to the shaft of the armature and the other is

connected in turn to all of the commutator segments, as

indicated in Fig. 288. If there is no ground, the readings

will all be alike, while if a ground exists, the voltmeter will

give continually varying readings, it being practically zero

I'iG. 288.—Connections for Locating a Grounded Coil.

on one of the segments. This segment is connected directly

to the grounded coil.

Real Ground and Phantom Ground. Now it will be

found that each path indicates a grounded coil; one of them
is called a phantom ground. The two paths in the armature

being in parallel, if there is a point in one path which has

the same potential as the armature shaft (indicated by a

zero reading of the voltmeter), there must be in the other

path a corresponding point of zero potential which also will

give a zero reading on the voltmeter.

The two segments giving zero reading are marked
with chalk and then the armature is rotated a fraction of
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a revolution and the test repeated. Two apparent grounds

will again be detected, one in each path, but it will be

noticed that one of the segments is the same as was

detected before, while the other is now on a different seg-

ment than it was. That ground which persists on the

same commutator bar is the only real ground ; the one which

shifts from one segment to another as the armature is

revolved is a phantom ground only, as the winding is really

not grounded in this place at all. As the armature is

turned in several positions and tested each time, it will be

noticed that the phantom ground moves on the structure

in the opposite direction to that in which the armature has

been moved while the real ground turns just as the arma-

ture is turned.

Use of a Bell-buzzer for Making Tests. Instead of using

a voltmeter for these tests a telephone receiver may be

employed if the dry cell is connected to the brushes through

a bell-buzzer. This is a very convenient way of testing

as a suitable low reading voltmeter is not always available.

Repairing an Armature. Repairing a faulty armature

generally requires considerable skill and should not be

attempted by the average operator. A repair man from

the factory should be employed or, if the armature is a small

one, it may be shipped back to the factory for repairs.
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