


ALTERNATING CURRENT
MOTORS.

BY

A. S. McALLISTER, PH.D.

NEW YORK
MCGRAW PUBLISHING COMPANY
1906 co



vetae

THE NEW YORK

PUBLIC LIBRARY
S T7304
ASTOR, LENCX AND

TADEN F~' NAT.ONS.
R 18207 L

Copyrighted 1906
by the .
McGraw PusLisuing Company
New York




PREFACE.

In the preparation of the explanatory matter contained in
the present volume, the writer has had constantly in mind the
difficulties which he encountered in endeavoring to ascertain
the causes for the various effects which were described in the
available electrical literature in connection with the operation
of the several types of alternating-current motors. An exper-
ience of several years in instructing engineering students in
alternating-current phenomena has served to convince the
writer that the above mentioned difficulties are due primarily
to the methods employed in presenting the facts to minds un-
familiar therewith. It is believed that a large part of the
difficulty may be attributed to an inconsistent use of technical
terms, such as the word ‘ field,”” meaning at one time
magnetism, at another iron, and yet at another copper.
Many writers use the term ‘‘ power ’ without discrimination for
quantities measurable in watts or in watt-hours. It is surpris-
ing how frequently even well-informed writers use the term
‘* current "’ when “e.m.f.”’ is intended. One often sees the state-
ment ‘‘ a current is induced,’” when, as a matter of fact, the
circuit in which the current is supposed to flow is entirely open.
Much of the difficulty is due to the excessive use of mathematical
questions as an end rather than a means. It is believed that
mathematics should be employed merely as a short-hand method
of stating facts. Beyond any doubt much confusion is created
in the mind of an engineering student when an attempt is made
to express certain assumed relations in the form of mathematical
equations, and then to transform the equations to obtain a
result which he is asked to believe expresses physical facts,
merely because the equations, considered mathematically, have
been properly transformed.

In view of the facts stated above, and on account of the
belief that, for the purpose of imparting information, simplicity
is the criterion of worth, an attempt has been made to deal
directly with the electromagnetic phenomena of alternating-
current motors in the simplest possible manner, in so far as such
method is consistent with accuracy. Wherever mathematical
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equations are employed, the assumption upon which they are
based are definitely stated, and the inaccuracies in the assump-
tions and limitations in the equations are carefully noted, while
the results obtained from the transformed equations are inter-
preted with due regard to the inaccuracies and the limitations.
Moreover, the significance of each transformation is carefully
explained, so that the reader may be constantly reminded of
the fact that he is dealing directly with electromagnetic phe-
nomena and only indirectly with mathematics.

" It has been assumed that the reader is familiar-with the funda-
mental facts of electricity and magnetism, and that he has some
knowledge of the lower branches of mathematics. No attempt
has been made to explain the manner in which alternating
electromotive forces and currents may be represented in value
and time-phase position by straight lines, because a knowledge
of such representation can be presupposed. Much attention is
given to graphical diagrams and to examination of the facts upon
which they are based. Where necessary the errorsinvolved in the
assumptions are pointed out, and the magnitude of their effect on
the final results are discussed. In developing the graphical dia-
gram of the induction motor, the proof that the current locus is
(approximately) a circle has been based on the relation between
the equivalent electric circuits considered as certain intercon-
nected resistances and reactances, rather than on the resolution .
of the magnetic flux into certain components. The latter
method is the one most commonly employed. It is believed,
however, that the former method possesses peculiar advantages
in permitting the reader to follow the development step by step
without losing sight of the involved electromagnetic relations,
and in allowing the inaccuracies in the assumptions to be defi-
nitely determined.

The major portion of the volume has appeared as articles in
various publications, notably the Electrical World, the American
Electrician and the Sibley Journal of Engineering. The writer's
thanks are due to the editors of these publications for permis-
sion to incorporate the articles in this book. The writer
wishes to take this opportunity to express his appreciation of
the encouragement continuously received from his friend and
former colleague, Dr. Frederick Bedell.
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CHAPTER 1.
SINGLE-PHASE AND POLYPHASE CIRCUITS.

Economy oF CONDUCTING MATERIAL.

Although of all possible transmission systems the single-phase
requires the least number of conductors and, on the basis of
equality of maximum e.m.f. to the neutral point, the single-
phase is the equal with reference to the cost of conductors of
any polyphase system, practically all of the long-distance trans-
mission circuits are of the polyphase type, chiefly because of the
facts that polyphase generators are less expensive in construc-
tion and more economical in operation than single-phase ma-
chines, and, for the purpose of power distribution, polyphase
motors and synchronous converters are superior to single-phase
machines. Of all polyphase circuits operated with a given
maximum measurable e.m.f. between lines, the three-phase sys-
tem is the most economical with reference to the cost of con-
ducting material; which accounts for the fact that, with very
few exceptions, all transmission circuits are of the three-phase
type.

That all symmetrical transmission systems show the same
economy of conducting material, irrespective of the number of
phases, when compared on the basis of equality of maximum
e.m.f. to the neutral point, can be proved as follows: Let P=
the number of phases (and conducting wires); R = the resist-
ance of the total mass of conducting material, all wires being
considered in parallel; E = the e.m.f. to the neutral point,

and W = the power transmitted. Then P R = resistance per
4

. : w .
wire; 5 = power per phase, and pE = current per wire.

Representing the current per wire by I, the loss in transmission
is,

W \? w?

which is obviously independent of the number of phases.

1

PPPR=(
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For all systems in which the measurable maximum e.m.f. is
twice the e.m.f. from a single conductor to the neutral point,
the cost of conducting material for transmitting at a given
loss is the same. In this class fall the two-wire (single-phase),
four-wire (two-phase), six-wire (six-phase), and other systems in
which the number of phases is an even one. An inspection of
Fig. 1 will show that in the three-phase system the measurable
e.m.f. is only

2 cos } (lf,i’) = V3XE,

or 1.732 times that from one conductor to the neutral point.
On the basis of equality of measurable e.m.f., therefore, the

2
three-phase system requires (T3) = { as much conducting

———-
e Ss

. S

.

Fic. 1.—Emf.’'sof Fic. 2—E.mf.’s of
Three-phase Circuits. Six-phase Circuits.

material as any system in which the number of phases, P, is
even, since the conducting material varies inversely as the
square of the e.m.f. for any given system. The calculations re-
corded in Table I show that a higher conductor efficacy is
obtained in each case when P is odd than when it is even, and
that the smaller the value of P the higher the efficacy will be.
Since P, when odd, cannot be less than three, the three-phase
is of all systems the most economical.

While as regards the desirability of obtaining economy in
cost of conducting material, the problem of determining the
proper circuits for the distribution of electrical energy at the
end of a transmission line is quite similar to that connected
with the transmission circuits, factors other than economy
enter into this portion of the problem, which must be carefully
considered before any attempt is made at a definite solution. -
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TABLE l.—Relative conducting material required for different tranmisssion systems

% On basis of On basis of max-
H] minimum e.m.f. imum measurable e.m.f.
£ -
CFN
58 £q 23
5 46 §’§
£ Te °%
£ g &8 i i 5E
z ) @ &Y
é‘\
~ a,
3|2 zt
P ~ S ey PN
4 CIN g TN
kl Q| b q wi
o~ N N (] ” -
2 2.0000 1.000 2.0000 1.000
3 1.7320 750 e 1.7320 .750
4 1.4142 .500 2.0000 1.000
5 1.1756 .346 1.9022 .905
6 1.0000 .250 2.0000 saes 1.000
7 .8678 .188 R 1.9500 950
8 .7654 .146 2.0000 . 1.000
9 .6840 117 e 1.9696 .969

THREE-PHASE POWER MEASUREMENTS.

In measuring the power in a three-phase circuit the most
convenient method is one involving the use of two wattmeters
whose current coils are placed in any two of the three-phase
leads, and whose pressure coils are connected, respectively,
between these two leads and the third lead. A simple semi-
graphical proof of the correctness of the two-wattmeter method
of measuring the power in a three-phase circuit under any
condition of service is given below.

In Fig. 3, let the sides of the triangle A B C represent the
relative values and phase positions of the three e.m.fs. of an
unsymmetrical three-phase system. Assume the receiver to be
delta connected, and let I 45 be the current in coil AB, and 0,5
be the angle of lag of this current with respect to the e.m.f.
of the coil. Similarly, let Igc and I4c represent the value and
phase position of the currents in coils B C and A C. No restric-
tion is made as to the values of currents, e.m.fs. or as to the
several lag angles.
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Let a wattmeter be connected with its current coil in lead at
A, and its e.m.{. coil across between this lead andlead C. Also a
wattmeter at B, with pressure coil between B and C. Each

Fic. 3.—Phase Relation of e.m.f.’s and currents.

wattmeter will show a deflection, which may be represented by
W = E I Cos 0, where I is the amperes in the current coil, E is
the volts across the e.m.f. coil, and @ is the angle between this
e.m.f. and the current [.

Fi16. 4.—Measurement of power in coils 4 C and C B.

For sake of simplicity in explanation, assume, in the first
place, the current flowing in coil 4 B to be absent while measure-
ments are made upon the watts supplied to the other coils, as
indicated by Fig. 4. Evidently the sum of the readings of the
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meters as connected gives the watts in the two remaining coils,
since each meter is connected as though measuring power in a
single-phase circuit. Now assume, in the second place, the
current to flow in coil A B alone while the currents in the other
two coils are absent, as shown by Fig. 5. According to proof
given below, the wattmeters as connected now register as their
sum the true watts supplied to coil A B. When all three cur-
rents flow simultaneously, each wattmeter will show a de-
flection equal to the sum of its two previous readings, since its
e.m.f. coil has undergone no change in connection and the two
currents causing the former deflections are now superposed, and
the true power transferred will be properly recorded by the
two meters.

Fi16. 5.—Measuring power in coil A B.

Two wattmeters having their current coils in series with a
given single-phase load, and one terminal of the e.m.f. coil of
each meter connected to the opposite leads of the circuit supply-
ing power to the load and the other two free terminals con-
nected together and placed at any point of any relative poten-
tial compared with that of the load, as depicted in Fig. 5, will
give the true value of power transmitted.

In Fig. 6, let E4p be the e.m.f. across the load, /45 be the
load current and 045 be the angle between /45 and Eqp. Evi-
dently the watts transmitted are

Was = Eap Iap cos 0a.
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Now assume a wattmeter connected at A to C. Its reading
will be
WAC = EAC IAB cos 040.
A wattmeter at B to C will read
Waec = Epc Iag cos Osc.
From Fig. 6,
EapcosOap = AF.
EAC cos 0,4(: =AE.
EpccosOpc = BD = EF.
and since AF = AE+EF,
Iag (Eac cos Oac+ Epc cos O0pc) = Iap Eap cos 045
or Wac+Wae = Wap
and this value is independent of the position of the point C.

F16. 6.—Graphical proof of Fig. 5.

In consequence of this fact, P — 1 wattmeters may be used to
determine the true power in any P—phase system, however un-
symmetrical may be the phase relations, provided the free ter-
minals of the e.m.f. coil of each mater be connected to that
lead in which no wattmeter is placed.

MEASURING THREE-PHASE POWER WITH ONE WATTMETER.

A single wattmeter method which may be used for deter-
mining the angle of lag in balanced three-phase circuits is out-
lined below. It is believed that this method is not as generally
well known as its simplicity and comparative freedom from
errors justify.

If a wattmeter, connected as indicated by the diagram of
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Fig. 7, with its current coil in one lead of a three-phase circuit,
be read with its e.m.f. coil across between this lead and first one
and then the other of the remaining two leads, the two values
thus obtained may be used to determine the angle of lag of the
current by means of the following relation::

w,- W,
‘/§W+W

where ¢ is the angle of lag, and W,, W, are two readings of the
wattmeter, as indicated above.

When ¢ is greater than 60 degs. one readmg will be negative
so that the difference of readings will be greater than their sum.

tan¢ =

A 2~ X

-3
Fi16. 7.—Measuring three-phase power with one wattmeter.
The proof of this relation is as follows:

Let I = current in lead A X, ‘
E=emf. of AB and of AC,

then
W, =1Ecos (¢ — 30)
W, =1 E cos (¢ +30)
and since v
cos (@a+P) = cosacos B F sinasinf
W,—W, =1E([cos (¢ —30) —cos (¢ +30) ]
=2]Esin30sing =IEsin¢
and
W,+W, =1E{cos (¢ — 30°) +cos (¢ +30) ]
=2IEcos30°cos ¢ = /31 Ecos ¢
hence

(=

H =75 tan ¢, as above.



8 ALTERNATING CURRENT MOTORS.

If the em.f. of A B be not equal to the em.f. of A C, the
reading of the wattmeter in either position may be corrected to
such a value as would have been obtained had the two voltages
been equal, in which case the above relation will hold true.

Since any proportional error in the calibration scale of the
wattmeter affects equally both the sum and the difference of
the readings, and hence does not alter the ratio of the two, it
follows that a wattmeter having a proportional scale error of

100V

Switch

FiG. 8.—Testing Circuits.

any value whatever may be used to obtain the correct value
of lag angle, and that any instrument of the dynamometer type,
whether calibrated or not, may be used in place of the wattmeter.

The lag angle thus obtained is the true angle between the
current in lead A X and the mean voltage between .4 B and A C.

If the circuits are symmetrically loaded the sum of two
correct wattmeter readings will equal the real power, while
from the difference of the two readings may be obtained the
* quadrature '’ watts.
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WATTMETERS ON UNBALANCED LoADSs.

It is to be noted especially that the above method must be used
with care, because an unbalance of load may lead to incorrect
interpretation of the results. An exaggerated case of unbalance,
selected so as to emphasize the facts just stated, is shown
below. In order that all disturbing influences, other than the
unbalance of the load alone, may be eliminated from the prob-
lem, there has been assumed a non-inductive load supplied from
a three-phase circuit having equal e.m.fs. between the leads.

Fig. 8 represents the circuits and load, and shows the con-

< 'a",wﬂ

Fi16. 9.—Vector Diagram of Currents and Electromotive Forces.

nection of instruments for determining the power factor. As
seen, an e.m.f. of 100 volts between leads and a delta-connected
non-inductive load of 10, 20 and 30 amperes, respectively, per
phase have been chosen. The true power is evidently 6,000
watts, while the power factor per phase is unity.

Referring to Fig. 9, which represents the value and position
of the current per phase of the load indicated by Fig. 8, the
value of current registered upon an ammeter at C and its rela-
tive phase position may be ascertained by making use of the
geometrical figure cd fe. From the construction it is seen that
the current at ¢ is represented in valuc and phase by the line ¢ f.
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In the triangle c ¢ f, the side ¢ f is equal to

(ceé+eP+2ce.efcos 120°)
or is equal to

(ce+ceef+ef)t = v/1900 = 43.60 and

: . eb 20.00
smcﬁ, = S11 120"&—7 = 86643—60 = .3971
$c = 2324

Similarly the current at a is
(10*°+10 < 20+ 20%)} = /700 = 26.45, and

sind, = 866;2—2—2 = .3272
¢b =19°6".

Current at b is
(10°+ 10 x 30+ 30%) = 1/1300 = 36.05 and

. 10.00 .
squ b = Sﬁﬁm = .2402

¢y = 13° 54",

It is convenient to adopt some method of designating at once
each wattmeter and its connection in the circuit. Place, there-
fore, as subscript to the letter W, which is to represent the
reading of each meter, the letters showing the points between
which the voltage coil is connected, and place first that letter
corresponding to the lead in which is the current coil of the
wattmeter. Thus, W a b refers to wattmeter having its current
coil in lead a and its voltage coil connected across between this

lead and lead b.

Wattmeter Wac will record Ia Eac Cos pac, or
Wac = 26.45X100Xcos 19° 6’ = 2,500.
Wab = 26.45X100Xcos 40° 54’ = 2,000.
Wbe = 36.05X 100X cos 13° 54’ = 3,500.
W ba = 36.05X 100X cos 46° 06’ = 2,500.
Web = 43.60 X100 X cos 33° 24’ = 4,000.
Weca = 43.60 X 100 X cos 36° 36’ = 3,500.

I

It is seen at once that the true value of watts is recorded in
each case by the sum of the readings of any two wattmeters
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with their current coils in separate leads and their free pressure
terminals connected to the third lead, thus (Wac+Wbc) =
Wab+Wcb) = Wba+Wca) = 6,000, but that the true
watts may not be indicated by one wattmeter which has its
pressure coil free terminal transferred from first one and then
the other remaining lead, thus (Wac+Wab) = 4,500, (Wbc
+ Wba)= 6,000 (Wcb + Wca) = 7,500.

It was shown above that the angle of lag and the power
factor may be determined by the ratio of the readings of two
wattmeters. That such a method does not give accurate re-
sults with unbalanced loads was mentioned also. For purpose
of comparison, however, results determined by this method
are here recorded. Letting 0 reprasent the general angle of lag,

Wbc—Wac - 1000
0= V3 Whor Wac = V36000 = 20

6 = 16° 6/
cos 6 = .961
_Wcecb—Wab 2000
o = V3w ebrwab ~ V3000 = 772
6 = 30°0’
cos § = .866
~Wca—Whba — 1000
an0 =3 weaxwoa = V35000 ~ 2556
= 16° 6’
cos § = 961

Since the load has been so selected as to be strictly non-
inductive, it is evident that the lag angle indicated does not
exist, and that the power factor obtained by this method is in
error.

It is to be noted in this connection, however, that the angle
of lag obtained by the same formula used above, but sub-
stituting the ratio of readings of one wattmeter when its pressure
coil is transferred between the two leads, as mentioned above,
has, in fact, a physical significance, as here shown:

sWac—Wab _ 500
fanbe = V3Wacr wab = V31500 = 19%5 -

0, = 10°45
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While doubt must ever exist as to the value to be assigned
to the apparent power in a three-phase system operating oa an
unbalanced load, the method in common use for determining
the true power is correct for any condition of load, proportion
of e.m.fs. or relation of power factor of currents, though the
methods of proof of this fact, which are based on assumptions
of equal currents, equal power factors, or equal e.m.fs. per
phase, are evidently open to many objections.

EQUIVALENT SINGLE-PHASE CURRENTS.

Though some advantages may be claimed for the method of
dividing the amount of power supplied to a polyphase motor by
the number of phases and then treating the machine as that
number of single-phase motors, greater simplicity is introduced
into the calculation if equivalent single-phase qualities be de-
termined for the polyphase circuit. In accordance with this
plan the total number of watts supplied to the circuit is used
in computations without alteration, the measured e.m.f. of the
polyphase circuit is considered the equivalent single-phase
e.m.f., while the equivalent effective current is understood to
mean that value of current which must flow at the same power-
factor in a single-phase circuit at the same voltage to transmit
.the same power.

It is evident that in a two-phase circuit the sum of the cur-
rents of the separate phoses is the equivalent single-phase
current. This quantity will hereafter be referred to as the
“ total current,” or as simply the ‘‘ current ”’ of the two-phase
circuit. Since the total power transmitted in a three-phase
system is expressed by

: W = +/31Ecos 0,

/31 is the equivalent effective current. In the equation
above, I is the current per wire. For a delta-connected receiver
the current per phase is equal to ] +-4/3 or the sum for the three
phases is 31++/3 = /3 1. The quantity /3 [ has, therefore,
a physical significance as the total current in a delta-connected
receiver, though in a star-connected machine such quantity
exists only mathematically. However, for the sake of com-
bined generality of treatment and brevity of discussion, 1/3 1
will hereafter be spoken of as the ** total current,” or the * cur-
rent ”’ or the “equivalent single-phase current” of the three-
phase circuit.
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EQUIVALENT SINGLE-PHASE RESISTANCE.

In determining the copper loss of a given piece of polyphase
apparatus, it is convenient to know what value of resistance
must be taken so that the square of the total current may, by
its multiplication therewith, give the actual copper loss when
the corresponding current flows in the circuit. The following
very simple ratio is found to exist between the resistance of a

Fics. 10, 11 and 12.—Determination of Equivalent Single-
phase Resistance.

given circuit as measured by direct-current instruments and
the equivalent resistance for the total current:

For any two-phase receiver with independent, star, three-
wire, or mesh-connected coils, or for any three-phase receiver
with delta, star or combination-connected coils, the equivalent
resistance for the total current is equal to one-half of the value
measured between phase lines by direct-current instruments.

Figs. 13, 14 and 15.—Determination of Equivalent Single-
phase Resistance.

The proof of the above fact for circuits connected as shown
by Figs. 10, 11 and 12, is self-evident and no explanation need
be given.

Referring to Fig. 13 let r = resistance per quarter; then
2r+2 = r = R resistance measured by direct-current instru-
ments. Let 7 = current per coil; then /3 X7 = current per
lead and 2 4/9 X7= total current. Evidently the copper loss

‘\ .

,"/
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is 422 r. ‘Using the total current as above and R+2 as the
equivalent resistance the copper lossis (2 /2 Xi)*Xr+2 =447,

In the delta-connected circuit of Fig. 14, let r = resistance per
coil; then 2r+3 = R = resistance measured. Let i = current
per coil; then 3¢ = total current, and the copper loss is 3¢ r.

. . " . (39r2r

For equivalent single-phase quantities, the loss is EE
=3

In Fig. 15 let r = resistance per coil; then 27 = R = resist-

ance measured, and if ¢ = current per coil, then /37 = ** total ”

current. The copper loss is 342 7. Using ‘‘ total "’ current and
equivalent resistance, the loss is (\/3 X#)r = 3¢ r.

Since the ratio of effective resistance for the total current
to the measured resistance is the same for star and delta-connect-
ed, three-phase circuits, the same ratio must evidently hold for
a combination of the two connections.



CHAPTER II.
OUTLINE OF INDUCTION MOTOR PHENOMERNA.

METHODS OF TREATMENT.

For dealing with the phenomena of induction motors, there are
numerous points from which the problem may be viewed, each
view point involving a certain method of treatment, but it may
be stated that in general all methods lead to practically the
same results. Thus the machine may be treated as a trans-
former, or it may be considered a special form of alternating-
current generator delivering current to a fictitious resistance
as a load. It may be assumed that its torque is due to the
current produced in the secondary of the transformer of one
phase acting upon the magnetism due to the primary of another
phase, or it is possible to consider that the magnetisms due to
the separate phases combine to produce a revolving field in
which the secondary circuits are placed. In what follows, the
induction motor will be looked at from several points so that the
reader will be able to obtain a clear view of the actions of the
machine, a systematic attempt being made to present the motor
in such a light as to avoid all unnecessary complexities which
might tend to blur the vision.

Before dealing with the complex inter-relation of the com-
ponent parts of the motor which so combine in their actions as
to produce the performance obtained from the structure, it is
well first to take a glance at the machine in its simplest form
so as to see just what may be expected from it. It is believed
that this method, without introducing inaccuracies incon-
sistent with the object sought, possesses the advantage of allow-
ing the reader to become quickly acquainted with the machine,
and permits him to ascertain the involved electromagnetic
phenomena and to study them singly, and then conjointly, in
the simplest possible manner.

The machine that will be discussed here is the ordinary poly-
phase induction motor, having a stationary primary wound

16
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with overlapping coils in slots, and a revolving secondary which
moves in the rotating field set up by the primary windings.
It may be well at this point to call attention to the fact that
the primary coils can occupy either the moving or the stationary
member, provided that the stationary or the moving member,
respectively, is wound with the secondary coils. Due to this
fact the terms ‘‘ armature’’ and * field "’ members, when ap-
plied to an induction motor, are apt to lead to confusion. It
should be noted that the machine has two windings, the * pri-
mary '’ and the ‘* secondary,” either of which may be placed
on the ‘ rotor "' or the ‘* stator.”

ProoucTtioN orF REvoLviING FIELD.

As usually built, the primary coils form a distributed winding
similar to that of a direct current armature. These coils are
connected into groups according to the number of phases
and poles for which the machine is designed, there being one
group per phase per pole.

The current for each phase is run through the corresponding
group of each pole, tending to make alternate north and south
magnetic poles around the machine. These north and south
poles of each phase combine with those of the other phases to
make resultant north and south poles. These resultant poles
shift positions with the alternations of the currents and occupy
places on the primary core determined by the relative strengths
of the currents in the different groups of coils. Each magnetic
pole, therefore, advances by the arc occupied by one group of
windings for each phase during each alternation of the current.
It is thus seen that the resultant magnetic field revolves at a
speed depending directly upon the alternations and inversely
upon the number of poles.

In the revolving field is situated the secondary, in the windings
of which is generated an e.m.f. determined by the rate at which
its conductors are cut by the magnetic lines from the primary.
If the circuits of the secondary be closed there will flow therein
a current which, being in a magnetic field, will exert a torque
tending to cause the secondary member to turn in the direction
of the revolving field. The final result is that the speed of
the rotor increases to a value such that the relative motion of
the secondary conductors and the revolving field generates
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an e.m.f. sufficient to cause to flow through the impedance of -
the conductors a current, the product of which into the strength
of the field will equal the torque demanded.

As can be seen, the speed of the rotor can never equal the
speed of the rotating magnetic field, because the conductors of
the secondary must cut the lines of force of the field in order
to cause current to flow in the secondary winding, and pull the
rotor around; if the speeds were identical there would be no
cutting. The difference between these two speeds is commonly
known as the * slip.” For the purpose of this discussion the
slip will be considered in terms of the synchronous speed, that
is to say, if the synchronous speed were 1200 r.p.m. and the
actual speed of the rotor or secondary member were 1176 r.p.m.,
the slip would be 24+1200 = 0.02.

Since the conductors of the secondary cut an alternating field,
first of one polarity and then of the other, the current produced
in them will be alternating. The frequency of this current
is normally much lower than the frequency of the supply cur-
rent; the secondary frequency is equal to sf, s being the slip
and f the frequency. The current in the secondary being alter-
nating, the impedance of the secondary winding has a reactive
component in addition to its resistance. The reactance at
standstill is, of course, equal to

2nfL, = X,.

f being the frequency of the supply current and L, the coefficient
of self-induction of the secondary winding. The secondary re-
actance when the machine is in operation is equal to

2rnfLl,s =s X,

s being the slip, as previously explained.

It is evident that the reactance of the secondary increases
directly with the slip, so that with a constant value of secondary
resistance the impedance increases as the slip increases; not in
direct proportion, however. The effect of the reactive com-
ponent of the secondary impedance is to cause the secondary
current to lag behind the secondary e.m.f. by an * angle,” the
cosine of which is equal to the resistance of the circuit divided
by its impedance. If 0 represents this angle, cos 8 represents
the power factor of the secondary current.

Looking further into the effect of increasing the load on the
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motor, it will be plain that when the rotor is running near
synchronism the reactance is of negligible effect, so that the
secondary current increases directly with the slip and has a
power factor of practically unity. As the load increases, the
torque must be greater; the motor slip therefore increases, with
a consequent increase of secondary e.m.f. As the reactance
begins now to increase, the impedance also increases, and the
secondary current is no longer proportional directly to the
secondary e.m.f., and the current which does flow has a power
factor less than unity, that is to say, it is out of phase with the
secondary em.f. Thus it is out of time phase with the revolving
magnetism, thereby requiring a proportionately larger current
to produce a corresponding torque.

The increased draft of current demanded for the primary
circuit entails a drop of e.m.f. in the primary windings, and,
since there must be mechanical clearance between the primary
and secondary cores, the lines of force which pass from the
primary to the secondary are diminished by the increase of the
secondary current, which always flows so as to oppose the mag-
netism causing it. Therefore the magnetic field, which produces
the secondary e.m.f., decreases with increase of load. Since
only the qualitative behavior of induction motors is necessary
for the purpose of this discussion, and no regard need be had
at present for the quantitative performance, this effect will
be momentarily neglected.

SiMPLE ANALYTICAL EQUATIONS.

Let E, = secondary e.m.f. at standstill;
s E, = secondary e.m.f. at a slip s;
X, = secondary reactance at standstill;
s X, = secondary reactance at a slip s;
R, = secondary resistance.

then v/R 7452 X,? = secondary impedance,

I = __sE, =secpndary current, and cos § = —#
Vv Rg""sz Xz’ \/R,’+S’ .Yzz
= secondary power factor; all three at the slip, s.
sE, R,

X K =secondary torque, at the

T VRi+s X VERits Xp
slip, s; where K is a constant depending upon the terms in
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which torque is expressed, and upon the magnetic field,—the
latter being here assumed constant.

Hence D = I;—,‘:_% rotor torque at the slip s.

An examination of these formulas reveals many of the char-
acteristics of the induction motor, which it is well to discuss
at this point.

(1) The torque becomes maximum when R, = s X,.

(2) If R, be made equal to X,, maximum torque will occur
at standstill.

(3) Since at maximum torque R, = s X, the torque is equal to

s*X,E;K E,K
2s X7 2X,
and the value of maximum torque is independent of the resist-
ance.

(4) When X, is negligible the torque = K SRE’. or the
2
torque is directly proportional to the slip near synchronism,
and inversely to the resistance.

R2 E 2
R+ X2
less than X, can be increased by the insertion of resistance up
to the point where the two are equal; further increase of resist-
ance will then decrease the torque.

(6) The starting torque is proportional to the resistance and
inversely proportional to the square of the impedance.

(7) Since power is proportional to the product of speed and
torque, the output is equal to

(5) At standstill the tordue——- which, when R, is

KR,sE, . .
P=AQ1- )R"-G-—X—z A (1-=s)D, and is a maximum
at a slip less than that giving maximum torque.
E
(8) S

and at maximum torque R;? = s X,°. Therefore, I at maximum
torque = s E, § )

Vs X, T Ve X
current giving maximum torque is independent of the secondary
resistance.

whence it is plain that the secondary

i



OQUTLINE OF INDUCTION MOTOR PHENOMENA. 21

(9) At maximum torque the secondary power factor = ~-12:
= 0.707.
2 2
(10) I*R, = SE’R, sE,D and since E,is constant

T R+sX? K
for constant impressed pressure, the copper loss of the secondary
is proportional to the product of the slip and torque.

(11) For a given torque the slip is proportional to the copper
loss of the secondary and independent of the secondary reactance
or coefficient of self-induction.

(12) Output is equal to P = I E, (1 —s) cos §

sE, R
Veirsxr U e

R,sE;2 (1 —35)

D
R7+s X2 = K E,(1-5)

(13) If all losses except that of the secondary copper be
neglected, the input will be

D DE
'k_Ez(l—s)+ Kzs

P+PR, =

"and the efficiency will be
D
K E,(1-3s)
~ —=1-s.
D DE,s
? Ez (1 —‘S) + K

which means that the efficiency is equal to the absolute speed
in per cent. of synchronism. Since there must be losses in
addition to that of the secondary copper, the efficiency is always
less than the speed in per cent. of synchronism.

(14) At a given slip the torque varies as the square of the
primary pressure. This is seen from the fact that the sec-
ondary current at a given slip will vary directly as the strength
of field, the power factor will remain constant, and therefore the
torque which is obtained from the product of secondary current,
power factor and field will vary as the square of the field. Since
the strength of the field varies directly with the primary pressure
at a given slip, the torque will vary as the square of the primary
pressure.
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STARTING DEvVICES FOR INDUCTION MoOTORS.

Having thus determined the behavior of the induction motor
under various changes of condition, the next step is to ascertain
the methods by which it can be adapted to services of different
requirements.

If the impedance of the secondary be sufficiently great to
prevent a destructive flow of current when full pressure is ap-
plied to the primary with the rotor at standstill, the motor
may be started by being connected directly to the supply cir-
cuit. This is a method adopted quite extensively for motors
of small size. If the impedance consists for the most part of
reactance, the current drawn will have a low power factor,
which, in general, affects materially the regulation of the sys-
tem; the starting torque will be small.

It was proved above that by so proportioning the secondary
resistance that R, = X, the maximum torque would be exerted
at standstill. With resistance of such a value permanently
connected in the secondary circuit, at full load the slip would be
enormous and the efficiency correspondingly low, as shown
above. As a compromise in this respect, motors are usually
constructed with only comparatively large resistance in the
secondary windings.

In order to reduce the current at starting, large motors are
often arranged to be supplied with a lower primary e.m.f. and
the full line e.m.f. applied only after they have attained a fair
speed. This is also especially desirable when otherwise the
excessive starting torque would produce mechanical injury to the
shafting, etc., driven by the motor. For elevators and cranes
this method has found extensive application. Crane motors
are built with a secondary resistance which givés maximum
torque at standstill. The reduced primary pressure is secured
either from lowering transformers or from compensators (auto-
transformers). In either case, loops are taken to a suitable
controller, by which the pressure supplied to the primary of the
motor is governed. Pressures of a number of different values
are thus obtained. The very intermittent character of the
work performed by crane motors renders their low efficiency a
necessary evil, since in any case the efficiency must be less than
the speed in per cent. of synchronism.

In order to combine large starting torque with good running
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speed and efficiency, it is customary to provide resistance ex-
ternal to the secondary windings and arrange to suitably reduce
this resistance as the speed increases, allowing the motor to
run without external resistance for the highest speed. For
continuous service this method has proved highly satisfactory
and gives the best running efficiency. Ordinarily, this necessi-
tates the use of collector rings for the revolving member, whether
such be the primary or the secondary. When the secondary
revolves it is universally given a three-phase winding, inde-
pendent of the number of phases of the primary, and therefore
three collector rings are used. The external resistance is con-
nected either *‘ delta " or “‘ star,”” and regulated by a suitable
controller.

A very ingenious device for automatically adjusting the ex-
ternal resistance was exhibited at the Paris Exposition. It
was shown above that the frequency of the secondary e.m.f.
depends directly upon the slip and is a maximum at standstill.
If an induction coil of low resistance and high inductance be
subjected to an e.m.f. of varying frequency, the admittance
will vary inversely with the frequency. In the Fischer-Hinnen
device, just referred to, there is connected external to the sec-
ondary windings a non-inductive resistance of a value to give
practically maximum torque at standstill. In parallel with
this is connected a highly inductive coil of extremely small
resistance. At zero speed the admittance of the external im-
pedance consists practically of only that of the non-inductive
resistance. As the speed increases the admittance increases,
due to the decreased reactance, and at synchronism the external
impedance is somewhat less than the resistance of the inductive
coil. The action is, therefore, in effect the same as though the
external resistance had been decreased directly as the speed
increased. It is claimed that the starting device occupies so
small a space that it can be placed in the rotating armature,
so that no collector rings are required.

CONCATENATION CONTROL.

A common defect in all methods of speed regulation thus far
described is the low efficiency at speeds far below synchronism.
Attention has been frequently directed to the fact that the effi-
ciency is in any case less than the speed in per cent. of syn-
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chronism. In order, therefore, to run at high efficiency at
reduced speed, it is necessary to adopt some method of de-
creasing the synchronous speed.

The synchronous speed of a metor is equal to the alternations
of the system divided by the number of poles of the motor.
If, therefore, a motor is arranged for two different numbers of
poles it will have two different synchronous speeds. While
offering many advantages over other more complicated systems
of speed control, and introducing no unsurmountable difficulties
in practical application to existing types of motors, this method
has as yet passed little beyond the stage of experimental in-
vestigation.

With mechanical connection between two motors, ‘ con-
catenation " or ‘‘ tandem " control also offers a means of reducing
the synchronous speed. In practice, the secondary of one motor
is connected to the primary of the other, the primary of the
first being connected to the line. The frequency of the current
in the secondary of any motor depends upon its slip, as noted
above. At standstill, therefore, the frequency impressed upon
the primary of the second motor will be that of the line. As
the motor increases in speed the frequency of the secondary
of the first motor decreases, and at half speed the frequency
impressed upon the primary of the second motor will be equal
to the speed of its secondary; that is, it will have reached its
synchronous speed. If now, the primary of the second motor
be connected to the supply circuit and the secondary of the first
motor be connected to a resistance, the motors will tend to in-
crease in speed up to the full synchronism of the supply.

By the use of suitably selected resistances for the secondary
circuits of the two motors, this method gives the same results
as the series-parallel control of direct-current series motors, with
one important distinction, however. The series-wound motors
tend to increase indefinitely in speed as the torque is diminished,
while the induction motors tend to reach a certain definite speed,
above which they act as generators. In this respect they re-
semble quite closely two shunt motors with constant field ex-
citation, having armatures connected successively in series and
in parallel, with and without resistance, and, like the shunt
motors, when driven above the normal speed they feed power
back to the supply.



CHAPTER III.
OBSERVED PERFORMANCE OF INDUCTION MOTOR.

TeEsT witH ONE VOLTMETER AND ONE WATTMETER.

In the preceding chapter, a hasty glance was taken at the
characteristics of an induction motor under certain assumed
ideal conditions. It is well to show from actual tests just how
closely the observed results compare with the ideal calculated
results. Below there is given, therefore, the complete test of

b

o?

Fic. 16.—Test of Three-phase Motor with One Voltmeter
- and one Ammeter.

an induction motor under actual operating conditions, and in-
cidentally mention is made of a convenient method for testing
a motor when the supply of instruments is limited.

The method of testing a transformer or a generator by sep-
aration of the losses is well known. It is such a method, which
by a few slight modifications can be applied to induction motors,
that is given below. Most of what is stated in this connection
is true for any induction motor under any condition of service,

25
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though the greatest simplicity in testing and the requisite use
of the least number of instruments will be obtained only with
polyphase motors operating on well balanced and regulated
circuits. Each element of a test is treated separately.

MEASUREMENT OF SLip.

The determination of the slip of induction motor rotors
by counting the r.p.m. of both generator and motor is
open to many objections. If the two readings of speed be not
taken simultaneously though the true value of each be correctly
observed, when the speed of either is fluctuating the value of
slips will be greatly in error. A slight proportional error in
either speed introduces an enormous error in the slip. Where
the generator is not at hand the above method obviously cannot
be directly applied, and is applicable only when a synchronous
motor is available for operation from the same supply system
as the induction motor.

When the secondary current can be measured and the secondary
resistance is known, the most accurate and convenient method
for determining the slip is from the ratio of copper loss of sec-
ondary to total secondary input.

If we let I, be any observed value of secondary current, R,
the secondary resistance and W, the output of the motor, then

I;? R, _ Copper loss of secondary
W,+1,R, total secondary input

Slip=s=

As a proof of this fact, consider the magnetism cut by the
secondary windings to be of a strength which would cause to
be generated E, volts in the windings at 100 per cent. slip.

Let s be any given slip, W the total secondary watts, 8 the
angle of lag of secondary current, and X, the secondary re-
actance at 100 per cent. slip, then

_IiR, IR, IR, .
W,+I*R, W, ~I,E,cos 8’

sE, _ _SE,
VRt X5 Rysec 0

=

2

12 R, sI,E,R,

and I,E,cos 0 = I,E,R,cos0 sec 0 =S
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Since neither E, nor X, appears in the above equation, the
relation is independent of the strength of field magnetism cut
by the secondary windings and of the secondary reactance.

DETERMINATION OF TORQUE.

The torque of the rotor can be ascertained with the
highest degree of accuracy and facility from the ratio of sec-
ondary input to the synchronous speed, that is, the torque is
expressed in pounds at one-foot radius by the following equa-
tion:

W,-L,

Torque = D = 7.04 Syn. speed

where W, is the total primary input; L, the total primary
losses, and the synchronous speed is in r.p.m.

If L, includes the friction, D will equal the external rotor
torque, while if L, includes only the true primary iron and
copper losses, D will be the total rotor torque.

To prove the above expressed relation, let W, be total sec-
ondary input, W, the motor output, and s the rotor slip. Then

_ 33000 W,
2 z r.pm. 746
but W,= W s (1 —s) and r. p. m. = synchronous speed (1 —s).
Therefore,
W,

D=704 ———.
syn. speed

Therefore, for a given primary input and primary losses the
rotor torque is independent of secondary speed or output, and
any error in the determination of either of the latter quantities
need not affect in the least the value obtained for the torque.

If the total power received by the secondary is used up in the
secondary resistance the equation for the torque will be

IR,

D, = 7.04 syn. speed

or starting torque, which, as has been stated previc 'sly, may be
increased by any method which will increase the stationary
secondary copper losses.
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MEASUREMENT OF SECONDARY RESISTANCE.

Due to the inability to insert measuring instruments in the
secondary of squirrel-cage induction motors, the ordinary
direct-current method of determining the resistance cannot be
used.

If the rotor be clamped to prevent motion a wattmeter
placed in the primary circuit will read the copper loss of both
primary and secondary when the e.m.f. across the leads is re-
duced to give a fair operating value of primary current. If
from the reading of watts thus obtained there be subtracted
the known copper loss of the primary for the current flowing,
the value of the secondary copper loss will be secured. The
resistance of the secondary (reduced to primary) will be ob-
tained by dividing this loss by the square of the primary current.
It is to be noted that certain minor effects are here neglected.
These effects are of small moment and do not seriously modify
the final results. However, they will be treated at length in a
later chapter.

DETERMINATION OF SECONDARY CURRENT.

When the motor is provided with a squirrel cage secondary
winding, measurement of the secondary current cannot be
made directly, but the determination of its value must be
by calculation. The variation in value and phase of the
primary current may serve as an indication of the current
flowing in the secondary windings, though the actual increase in
primary current does not represent the increase in secondary
current.

The difference between the power components of the primary
current at no load and under a chosen load may be taken as the
equivalent increase in the power component of the secondary
current under the same conditions, while the difference between
the quadrature components of the primary current at the same
time is a measure of the equivalent increase in the quadrature
component of the secondary current.

When the no-load value of secondary current is negligible
the vector sum of the above-found components represents
the secondary current for the chosen load in terms of the
primary current. These facts will be. discussed more fully
hereafter.

N
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CALCULATION OF PrRIMARY PowER FacTor.

For a single-phase motor the determination of the primary
power factor will usually involve the measurement of primary
watts, volts and amperes.
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Fi1c. 17.—Test Characteristics of Induction Motor.

For two-phase motors with equal e.m.fs. across the separate
phases, one wattmeter alone may be used to obtain the power
factor by simply transferring the pressure coil from one phase

-~
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to the other, leaving the current coil always in one lead. The
reading of the wattmeter in one case will be W, = I E cos 6,
and in the second case, W, = I E sin @; whence tan § = %’
from which may be obtained the power factor.

For three-phase motors one wattmeter can similarly serve to

indicate the power factor. The wattmeter readings will be
W,=1Ecos (0—30); W, = I E cos (8+30),

whence tanf = /3 %‘;—J}G
1 3

CALCULATION OF PRIMARY CURRENT.

If the primary electromotive force watts, and power factor
be known, the primary current can readily be calculated and,
therefore, need not be measured.

It is evident from the above discussed facts that with two
and three-phase induction motors operated from circuits having
constant and equal e.m.fs. across the separate phases, one watt-
meter and one voltmeter can be used to determine primary
watts, amperes and volts, and secondary amperes, and that
when the primary resistance is known or can be measured the
complete performance efficiency, etc., of the motors can at once
be calculated.

In the above table and in Fig. 17 there are given the calculations
and the curves of such a test made upon a 5-h.p., eight-pole.
60-cycle, three-phase induction motor. The primary resistance
between leads at running temperature was .156 ohm, and the
equivalent secondary resistance (found as above) was .56 ohm.

Since the copper loss of a three-phase receiver is expressed by

the equation, \I g R I?, where R is the resistance between

lines and I is the current flowing in each lead, for either star
or delta-connected receiver no attention need be paid to the
method by which the primary coils are interconnected within
the motor or, in fact, whether the secondary be wound delta,
star or squirrel cage.

Tests made upon this same motor by the output-input meth-
ods agree throughout the whole range of the test with the
herewith recorded test within the limits of the inevitable errors
of observation of the various instruments used in the tests.



CHAPTER 1V.
INDUCTION MOTORS AS FREQUENCY CORVERTERS.

F1ELD OF APPLICATION.

For the satisfactory operation of arc lamps a frequency higher
than 40 p.p.s. is required, while when the frequency is much
below this value incandescent lamps may show a fluctuation
in brilliancy. The output of transformers may be shown to
vary as the three-eighth power of the frequency. These are
among the causes for the fact that in the older lighting stations
a frequency as high as 133 p.p.s. was quite common.

With later increase of magnitude and range of service, it was
found that a lower frequency improved the operation of alter-
nators in parallel, while the line regulation was also benefitted
by the change from the higher frequency. This led to the adop-
tion of a periodicity of about 50 to 60 p.p.s. With the advent
of the long-distance power transmission circuits, the advisability
of the adoption of a still lower frequency became apparent,
while the successful use of rotary converters for railway work
practically necessitates a frequency as low as 25 cycles. This
is the present standard frequency for such service.

When lighting is to be done from power supplied at 25 cycles,
some means must be provided for altering the nature of the
current before it can be applied to the lamps. A most satis-
factory method of accomplishing this result is by means of alter-
nating-current motors, of either the induction or synchronous
type, driving lighting generators. Where only high-voltage
alternating currents are available this method requires the use
of step-down transformers, a motor and a generator, each
carrying the full load. When the pressure at hand is suffi-
ciently low, step-down transformers may be dispensed with,
but a double equipment and double transformation of power
is still necessary, with consequent low efficiency and high cost
of installation.

A convenient method for changing the lower frequency to a

31



-

32 ALTERNATING CURRENT MOTORS.

value suitable for lighting purposes is by the use of ‘‘frequency
converters,” which constitute a special adaptation of induction
motors as secondary circuit generators.

CHARACTERISTIC PERFORMANCE.

In the ordinary induction motor the frequency of the sec-
ondary current is not that of the supply, but it has a value
represented by the product of the slip of the rotor from syn-
chronous speed and the frequency of the primary current.
It is only when the slip is unity, or at standstill that the pri-
mary and secondary frequencies are equal. Under this con-
dition the windings are in a true static transformer relation,
and, with the rotor clamped to prevent relative motion, current
at the primary frequency can be drawn from the secondary
windings. Obviously, the air-gap renders the induction motor
for such purposes much inferior to a static transformer, on
account of magnetic leakage between the coils.

If, now, the secondary be given a motion relative to the
primary, there may continue to be drawn from the secondary,
current at a frequency determined by the slip from synchronous
speed. If this slip be greater than unity—that is, if the motor
be driven backwards—the frequency of the secondary current
will be greater than that of the primary. By properly propor-
tioning the rate of backward driving, the secondary current
can be given a frequency of any desired value.

In order that the secondary frequency may bear a constant
ratio to the primary, it is necessary that the relative slip from
synchronism be constant, which condition can conveniently
be obtained by driving the rotor with a synchronous motor
operated from the same supply system as the primary.

Evidently the synchronous motor will demand power from
the supply in addition to that demanded by the primary circuit
of the frequency converter. The amount of this power is de-
termined by the speed of the synchronous motor and the torque
exerted by the frequency converter. When the slip of the
converter is unity, the power demanded by the synchronous
motor is zero; when, however, the slip is two—that is, when
the frequency of the secondary is twice that of the primary—
the power demanded by the synchronous motor is equal to
that demanded by the primary of the converter. A further
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analysis will show that the power supplied by the frequency
converter bears to the total output the ratio of the primary
frequency to that of the secondary, the remaining power being
supplied by the synchronous motor.

Capacity oF FREQUENCY CONVERTERS.

Since the total output appears at the secondary of the con-
verter it behooves us to ascertain in what manner the power
supplied by the synchronous motor enters the converter wind-
ings.

Let the ratio of primary to secondary turns be unity, and let
us consider the secondary current in phase with the secondary
e.m.f., and let it be counter-balanced by an equal current in
the primary in phase with its e.m.f., then

I = primary current in phase with the primary e.m.f.
and in phase opposition to the secondary current.

1 = secondary current.

E = primary impressed e.m.f.

S E = secondary generated e.m.f.,, where S = slip with
synchronism as unity.

I E = primary power.

I S E = secondary electrical power.

In the ordinary induction motor, where S is less than unity,
the secondary generated power (S [/ E) is dissipated in the
copper of the secondary windings, while the remaining power
received from the primary (I E — S I E) is available for mechan-
icai work  When S E is equal to unity the secondary generated
power (I E) is totally available cs electrical power, which may
be I=st in the resistance of the secondary windings or usefully
applied to external work, while the mechanical power of the
secondary is zero. When S is greater than unity the total
secondary generated power (S I E) is available at the secondary
terminals. Of this power (I E) is supplied by the primary,
while the remainder is supplied by the synchronous motor.

It is seen, therefore. that the effect of driving the secondary
backwards is to increase the secondary pressure above that of
the primary, and that the power for such increase is derived
from the synchronous motor.

A moment’s reflection will show that there is only partial
double transformation of power with a frequency converter,
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and that the sum of the capacities of the synchronous motor
and the converter must just equal the output plus the inevitable
losses in each machine. A numerical example will show this
quite plainly. If we assume a lighting load of 60 kilowatts to
be changed in frequency from 25 to 60 cycles, then the capacity
of the frequency converter proper must be 25 kilowatts, and
that of the synchronous motor 35 kilowatts, as shown above.
It should be noted, however, that while the iron loss of the con-
verter primary is the same as that of a 25-kw. induction motor
on 25 cycles, the iron loss of the secondary of the converter is
that of a 60-cycle, 60-kw. generator, and thus very materially
greater than that of a 25-kw. induction motor, which latter,
in fact, is usually quite negligible.

By over-excitation, the leading component of the current
demanded by the synchronous motor may be adjusted to equal
the lagging component due to the exciting current of the fre-
quency converter, so that the external apparent power factor
of the equipment may be kept quite high.



CHAPTER V.
THE HEYLAND INDUCTION MOTOR.

Excitatiox of Ixpuctiox MoToRs.

When there is impressed upon the primary of an induction
motor an e.m.f. of full normal value, the secondary being on
open circuit and the rotor stationary, there is caused to flow
within the windings a current the magnitude and phase of
which can best be determined by ascertaining the value of its
two components. Its power component is of a value such that
its product with the circuit e.m.f. is just sufhicient to supply
to the motor the no-load power, consisting of primary copper
loss and both primary and secondary iron loss. Its wattless
or quadrature component has a value such that its product
with the number of turns of the primary windings produces
the requisite magnetomotive force to cause to flow, through
the reluctance of its paths, a magnetic flux of which the
rate of change at each instant is proportional to the otherwise
unbalanced primary e.m.f. The unbalanced primary e.m.f.
referred to is that portion of the impressed e.m.f. which re-
mains after subtracting (in proper phase position) the e.m.f.
consumed by the local impedance of the primary windings
due to the passage of the current therein. The observed pri-
mary current is the vector sum of the above named components, -
while the phase relation of the current with respect to the
e.m.f. is given by that angle the cosine of which is equal to the
power component divided by the observed current.

It is evident that in order to decrease the phase displacement
between the current and e.m.f., it is necessarv to render the
power component and the observed current more nearly equal
in value. This may be accomplished by one, or both, of two
methods; t.e., increasing the power component, or decreasing
the wattless component of the current. The former method
is that to which is due the increased power factor, or decreased
phase displacement, with increase of load on the ordinary in-
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duction motor, the maximum power factor appearing when that
condition is reached when the ratio of the power component to
the wattless component is a maximum. If the wattless com-
ponent remained constant in value an increase in load would
always be accompanied by an increase in power factor. But
owing to the existence, upon increase of primary and secondary
currents, of local magnetic lines of {force which flow in closed
paths around the primary coil without enclosing any secondary
conductors and around the secondary without enclosing any
primary conductors, producing field distortion and a reduction
of the flux common to both windings, the wattless component
is increased with each increment of load and the rate of increase
is much augmented as full load is approached and passed. Ob-
viously, therefore, the result of loading an induction motor is
not to decrease the lagging current below that value which the
motor demands at no-load, though the increased power factor
is frequently credited with reducing the undesirable effects
which are caused by and proportional to the lagging wattless
component of the primary current.

The most logical method of improving the power factor of
operation of an induction motor is that which has for its object
the reduction of the wattless component of the primary current.
The employment of details of construction which lessen the
tendency of the flux to close around one winding without en-
circling the other, tends to the reduction of the wattless current
component with increase of load and thus improves the operating
power factor and the mechanical performance of the motor,
since the maximum torque which the rotor can exert and the
overload which the motor can carry are determined almost
wholly by the local reactance of the windings.

The amount of magnetic flux which the no-load wattless
component of the current must produce is determined by the
primary e.m.f. and frequency, and the value of the wattless
component depends upon the reluctance of the paths which
these lines must take. The major portion of this reluctance
is found in the air-gap which forms the scparating space be-
tween the rotor and stator. A reduction in the air-gap is
followed by an almost proportional decrease in the inductive
or wattless component of the current, which accounts for the
fact that all modern induction motors are constructed with
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"air-gaps as small as permitted by the requisite mechanical
clearance between the stationary and revolving members of
the machine. It is evident that much further improvement
along this line can scarcely be expected.

Although it is for the purpose of producing counter e.m.f.
in the primary that the core magnetism is required, it is not
essential that the exciting current should flow in the primary
windings; the magnetomotive force for excitation may with
equal effect be -upplied by current in the secondary, although
the ampere-turns in the one case must equal those in the other.

SEcoNDARY ExciTING MAGNETOMOTIVE FORCE.

Consider an induction motor with a stationary primary and
a revolving secondary, the latter being coil wound, and, for
simplicity of discussion, assume the secondary turns equal in
number to the primary. Let the rotor be at rest and the
secondary on open circuit. On applying normal e.m.f. to the
primary windings there will flow a current having power and
wattless components, as discussed previously. If the secondary
be now interchanged for the primary winding in its connection
to the external circuit, an exactly similar and equal current will be
found to flow in the secondary winding. If both the primary and
secondary windings be connected simultaneously to the ex-
ternal supply circuits, care being taken that the separate re-
volving fields due to the wattless current components in the
two windings travel around the air-gap in the same direction.
it will be found that at a certain position of the rotor relative
to the stator the two windings combined take a current equal
in value and character to that taken by each winding when
connected up alone. By increasing slightly the e.m.f. im-
pressed upon the secondary, the primary e.m.f. remaining as
before, the wattless component flowing in the primary windings
may be reduced to zero, or even given a negative value. Under
this condition the quadrature component of the ampere-turns
in the secondary windings has a value just sufficient to give
the magnetomotive force to produce the requisite core magnetism
to induce the desired primary counter e.m.f. The rotor is,
however, stationary, and even resists any attempt at motion
in either direction so that with connections arranged as just
described no mechanical power can be obtained from the motor.
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It is possible to supply the exciting magnetomotive force to
the motor through the secondary windings while the rotor
travels at full speed without any constructive change in the
windings of the motor, as here assumed. Consider normal
e.m.f. impressed upon the primary with the secondary on closed
circuit and the rotor traveling at full speed. The wattless com-
ponent of the primary current will have practically the same
value as with the secondary on open circuit and the rotor sta-
tionary. If now there be introduced into the secondary windings
direct current adjusted in value to equal the mean effective
value of the wattless component of the primary current, as
previously observed, it will be found that the lagging com-
ponent of the primary current has been reduced to zero, so that
the power factor has increased to unity. The motor may now
be given its full load and its performance will be found to be
satisfactory in -all respects.

DirecT CURRENT IN SECONDARY CoILS.

It is well at this point to investigate the advantages and dis-
advantages of this latter arrangement. The core magnetism
is not decreased in value, so that the exciting current is as large
as ever, but the latter has been transferred from the primary
to the secondary winding, and not only is its value the same
as before, but because of the fact that when existing in the
primary windings it was the wattless component of the working
current, its heating effect upon the secondary windings is just
equal to the reduction in heat loss in the primary windings;
therefore no gain has been made through a reduction in heat
loss.

Let E = primary e.m.f.

R = primary or secondary resistance.
I, = power component of primary current.
I, = exciting current, whether in the primary or sec-

ondary windings.
Under normal no-load conditions, the primary copper loss is
WIFFIFFR = 17 R+17 R

while the secondary copper loss at no-load is of practically zero
value.
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With direct current in the secondary winding, the copper loss
there is
17 R,
and the primary copper loss is
1, R,

so that the total copper loss, I,* R+12 R, in the two windings
is the same as before.

Although the actual excitation loss in the primary under
normal no-load cond tions was I R, the apparent exciting
power was I ¢ E in addition to the loss. This ‘‘ wattless "’
current, / q, is required to travel over the circuits and trans-
forming devices between the generator and motor, and tends
to decrease the field magnetism of the generator and to reduce
further the e.m.f. at the receiving end of the transmission line.
An elimination of this wattless component removes the greatest
objection to the otherwise admirable induction motor.

With direct current supplied to its secondary windings an
induction motor travels at synchronous speed, and, in fact, be-
comes transformed to a synchronous motor and therefore pos-
sesses all of the qualities inherent in the performance of this
type of machine. Mr. Heyland has devised a method, however,
by which approximately unidirectional current may be supplied
to the secondary windings while the motor yet retains the
characteristics of the asynchronous type of machine.

ALTERNATING CURRENT IN SECON