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PREFACE

In the twenty years since the first edition of “ Theory and Cal-
culation of Alternating Current Phenomena’ appeared, elec-
trical engineering has risen from a small beginning to the world’s
greatest industry; cleetricity has found its field, as the means of
universal energy transmission, distribution and supply, and our
knowledge of clectrophysics and eclectrical engineering has in-
creased many fold, so that subjects, which twenty years ago could
be dismissed with a few pages discussion, now have expanded
and require an extensive knowledge by every electrical engineer.

In the following volume I have discussed the most important
characteristics of the numerous electrical apparatus, which have
been devised and have found their place in the theory of electrical
enginecering.  While many of them have not yet reached any
industrial importance, experience has shown, that not infre-
quently apparatus, which had been known for many yecars but
had not found any extensive practical use, become, with changes
of industrial conditions, highly important. It is therefore
necessary for the eleetrieal engineer to be familiar, in a general
way, with the characteristics of the less frequently used types
of apparatus.

In some respeets, the following work, and its companion vol-
ume, “Theory and Caleulation of Eleetric Circuits,” may be
considered as continuations, or rather as parts of “ Theory and

aleulation of Alternating Current Phenomena.”  With the 4th
edition, which appeared nine years ago, ““ Alternating Current
Phenomena” had reached about the largest practical bulk, and
when rewriting it recently for the 5th edition, it became necessary
to subdivide it into three volumes, to include at least the most
necessary  struetural elements of our knowledge of electrical
engineering.  The subject matter thus has been distributed into
three volumes: “Alternating Current Phenomena,” “ Electric
Clircuits,” and “ Electrical Apparatus.”
CHARLES PROTEUS STEINMETZ.

Came Monawk, Visnk's CREEK,
July, 1017,
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THEORY AND CALCULATION OF
ELECTRICAL APPARATUS

CHAPTER I

SPEED CONTROL OF INDUCTION MOTORS

I. STARTING AND ACCELERATION

1. Speed control of induction motors deals with two problems:
to produce a high torque over a wide range of speed down to
standstill, for starting and acceleration; and to produce an
approximately constant speed for a wide range of load, for
constant-speed operation.

In its characteristics, the induction motor is a shunt motor,
that is, it runs at approximately constant speed for all loads,
and this speed is synchronism at no-load. At speeds below full
speed, and at standstill, the torque of the motor is low and the
current high, that is, the starting-torque efficiency and especially
the apparent starting-torque efficiency are low.

Where starting with considerable load, and without excessive
current, is necessary, the induction motor thus requires the use
of a resistance in the armature or secondary, just as the direct-
current shunt motor, and this resistance must be a rheostat,
that is, variable, so as to have maximum resistance in starting,
and gradually, or at least in a number of successive steps, cut
out the resistance during acceleration.

This, however, requires a wound secondary, and the squirrel-
cage type of rotor, which is the simplest, most reliable and there-
fore most generally used, is not adapted for the use of a start-
ing rheostat. With the squirrel-cage type of induction motor,
starting thus is usually done—and always with large motors—
by lowering the impressed voltage by autotransformer, often
in a number of successive steps. This reduces the starting
current, but correspondingly reduces the starting torque, as it
does not change the apparent starting-torque efficiency.

The higher the rotor resistance, the greater is the starting
torque, and the less, therefore, the starting current required for

1
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a given torque when starting by autotransformer. However,
high rotor resistance means lower efficiency and poorer spced
regulation, and this limits the economically permissible resistance
in the rotor or secondary.

Discussion of the starting of the induction motor by arma-
ture rheostat, and of the various speed-torque curves produced
by various values of starting resistance in the induction-motor
secondary, are given in “Theory and Calculation of Alternating-
current Phenomena’ and in “Theoretical Elements of Electrical
Engineering.”

As seen, in the induction motor, the (effective) secondary re-
sistance should be as low as possible at full speed, but should
be high at standstill—very high compared to the full-speed
value—and gradually decrease during acceleration, to maintain
constant high torque from standstill to speed. To avoid the
inconvenience and complication of operating a starting rheostat,
various devices have been proposed and to some extent used, to
produce a resistance, which automatically increases with in-
creasing slip, and thus is low at full speed, and higher at standstill.

A. Temperature Starting Device

9. A resistance material of high positive temperature coeffi-
cient of resistance, such as iron and other pure metals, operated
at high temperature, gives this effect to a considerable extent:
with increasing slip, that is, decreasing speed of the motor, the
secondary current increases. If the dimensions of the secondary
resistance are chosen so that it rises considerably in tempera-
ture, by the increase of secondary current, the temperature and
therewith the resistance increases.

Approximately, the temperature rise, and thus the resistance
rise of the secondary resistance, may be considered as propor-
tional to the square of the secondary-current, 7;, that is, repre-
sented by:

r =1 (14 at,?). (1)

As illustration, consider a typical induction motor, of the
constants:

€y = 110,
Yy=g—4b=001-0.13
Zy = 1o+ jzo = 0.1 + 0.37;
Zy =11+ jz. = 0.1+ 0.37;

the speed-torque curve of this motor is shown as A in Fig. 1.
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Suppose now a resistance, r, is inserted in series into the sec-
ondary circuit, which when cold—that is, at light-load—equals
the internal secondary resistance:

r = T = 01,

but increases so as to double with 100 amp. passing through it.
This resistance can then be represented by:

ro= 19 (1 4 4,2 10-4)
0.1 (1 + 4,2 109,

INDUCTION MOTOR =

Yo=.01—13, Zo=.1+.37, €,=110 &

- Z;=7+.8j F3

g SPEED CONTROL BY POSITIVE TEMPERATURE COEFFIGIENT 7,5

? SPEED CURVES 2

z L] )
15 ’ Ay 72,44 ::
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Fia. 1.—High-starting and acceleration torque of induction motor by posi-
tive temperature coeflicient of secondary resistance.

and the total secondary resistance of the motor then is:

'y =711+ 10 1+ ai?) 2
= 0.2 (1 + 0.57,2107%).

To calculate the motor characteristics for this varying resist-
ance, 7’1, we use the feature, that a change of the secondary re-
sistance of the induction motor changes the slip, s, in proportion
to the change of resistance, but leaves the torque, current, power-
factor, torque efficiency, etc., unchanged, as shown on page
322 of “Theoretical Elements of Electrical Engineering.” We
thus calculate the motor for constant secondary resistance, ri,
but otherwise the same constants, in the manner discussed on
page 318 of “Theoretical Elements of Electrical Engineering.”
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This gives curve 4 of Fig. 1. At any value of torque, T, corre-
sponding to slip, s, the secondary current is:

i = eVal® + ad
herefrom follows by (2) the value of ’y, and from this the new

value of slip:
s +s=11+r (3)

The torque, T, then is plotted against the value of slip, s’, and
gives curve B of Fig. 1. As seen, B gives practically constant
torque over the entire range from near full speed, to standstill.

Curve B has twice the slip at load, as A, as its resistance has
been doubled.

3. Assuming, now, that the internal resistance, r1, were made
as low as possible, r; = 0.05, and the rest added as external
resistance of high temperature coefficient: r® = 0.05, giving the
total resistance:

Py o= 0.1 (1 + 0.5 .2 10~%). 4)

This gives the same resistance as curve A: vy = 0.1, at light-
load, where 7; is small and the external part of the resistance cold.
But with increasing load the resistance, r'y, increases, and the
motor gives the curve shown as C in Fig. 1.

As seen, curve C is the same near synchronism as A4, but in
starting gives twice as much torque as A, due to the increased
resistance.

C and A thus are directly comparable: both have the same
constants and same speed regulation and other performance at
speed, but C gives much higher torque at standstill and during
acceleration.

For comparison, curve A’ has been plotted with constant
resistance r; = 0.2, so as to compare with B.

Instead of inserting an external resistance, it would be pref-
erable to use the internal resistance of the squirrel cage, to in-
crease in value by temperature rise, and thereby improve the
starting torque.

Considering in this respect the motor shown as curve C. At
standstill, it is: 4, = 153; thus r; = 0.217; while cold, the re-
sistance is: #/; = 0.1. This represents a resistance rise of 117
per cent. At a temperature coefficient of the resistance of 0.35,
this represents a maximum temperature rise of 335°C. As seen,
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by going to temperature of about 350°C. in the rotor conductors
—which naturally would require fireproof construction—it be-
comes possible to convert curve 4 into C, or 4’ into B, in Fig. 1.

Probably, the high temperature would be permissible only in
the end connections, or the squirrel-cage end ring, but then, iron
could be used as resistance material, which has a materially
higher temperature coefficient, and the required temperature
rise thus would probably be no higher.

B. Hysteresis Starting Device

4. Instead of increasing the secondary resistance with increas-
ing slip, to get high torque at low speeds, the same result can be
produced by the use of an effective resistance, such as the effect-
ive or equivalent resistance of hysteresis, or of eddy currents.

As the frequency of the secondary current varies, a magnetic
circuit energized by the secondary current operates at the varying
frequency of the slip, s.

At a given current, 4;, the voltage required to send the current
through the magnetic circuit is proportional to the frequency,
that is, to s. Hence, the susceptance is inverse proportional
to s:

b =

LCNRS

(5

The angle of hysteretic advance of phase, o, and the power-
factor, in a closed magnetic circuit, are independent of the
frequency, and vary relatively little with the magnetic density
and thus the current, over a wide range,’ thus may approxi-
mately be assumed as constant. That is, the hysteretic con-
ductance is proportional to the susceptance:

g’ = b tan a. (6)

Thus, the exciting admittance, of a closed magnetic circuit
of negligible resistance and negligible eddy-current losses, at the
frequency of slip, s, is given by:

YV =g —jb =b (tan « — j)
b

5= g (tane —J) ()

S

=9 _;

1“Theory and Calculation of Alternating-current Phenomena,”
Chapter XII.
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Assuming tan e = 0.6, which is a fair value for a closed mag-
netic circuit of high hysteresis loss, it is:

v =206 - j),

the exciting admittance at slip, s.

Assume then, that such an admittance, "/, is connected in series
into the secondary circuit of the induction motor, for the pur-
pose of using the effective resistance of hysteresis, which in-
creases with the frequency, to control the motor torque curve.

The total secondary impedance then is:

Z' =7 +—f};7
= <r1 4 %%) + js <x1 + 52>’ ¢

where: ¥ = g — jb is the admittance of the magnetic circuit at
full frequency, and
v = VEFE
b. For illustration, assume that in the induction motor of the

constants:

€y = 100;

Y, =0.02 — 0.27;

Zy = 0.05 4+ 0.157;

Zy = 0.05 + 0.157;

a closed magnetic circuit is connected into the secondary, of full
frequency admittance,

Y =g —jb;
and assume:
g=060b
b = 4;
thus, by (8):
Z'y = (0.05 + 0.11 s) + 0.335 js. 9)

The characteristic curves of this induction motor with hysteresis
starting device can now be calculated in the usual manner, dif-
fering from the standard motor only in that Z, is not constant,
and the proper value of r;, 2; and m has to be used for every
slip, s.

Fig. 2 gives the speed-torque curve, and Fig. 3 the load curves
of this motor.
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For comparison is shown, as 7", in dotted lines, the torque
curve of the motor of constant secondary resistance, and of the
constants:

Yo = 0.01 — 0.1;
Zo = 0.01 + 0.37;
Z, =01+ 037;

As seen, the hysteresis starting device gives higher torque at
standstill and low speeds, with less slip at full speed, thus a
materially superior torque curve.

INDUCTION MOTOR
- Yo=.02-2j: Z,=05+.455; e€,=100 =
[~ Z,=(.05 + 11s)+ .8357s 2
a SPEED CONTROL BY HYSTERESIS &
2= SPEED CURVE z
< b—) z
1180, i9 B — —\lo.0]
160 //4? W\ M Is.0l
7! L eee——T"" | |
140, /',7‘ >/\ \ \ \ 7.0
sl 1 \
120. T, &7 — L~ \\ 6.0
— -
100. 7 L2 ] \ \ 5.0
80 o S D B gy 4.0
e e \\ 3.0J
| 4Q \\ 2.0,
20. 1.0
0!1 0!2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fra. 2.—Speed curves of induction motor with hysteresis starting device.

p represents the power-factor, # the efficiency, v the apparent
efficiency, 7’ the torque efficiency and 4’ the apparent torque
efficiency.

However, T corresponds to a motor of twice the admittance
and half the impedance of T”. That is, to get approximately
the same output, with the hysteresis device inserted, as without
it, requires a rewinding of the motor for higher magnetic density,
the same as would be produced in T by increasing the voltage
/2 times.

It is interesting to note in comparing Fig. 2 with Fig. 1, that
the change in the torque curve at low and medium speed, pro-
duced by the hysteresis starting device, is very similar to that
produced by temperature rise of the secondary resistance; at



8 ELECTRICAL APPARATUS

speed, however, the hysteresis device reduces the slip, while the
temperature device leaves it unchanged.
The foremost disadvantage of the use of the hysteresis device
is the impairment of the power-factor, as seen in Fig. 3 as p.
The introduction of the effective resistance representing the
hysteresis of necessity introduces a reactance, which is higher
than the resistance, and thereby impairs the motor characteristics.
Comparing Fig. 3 with Fig. 176, page 319 of “Theoretical

INDUCTION MOTOR \ |amps.

Yo=.02—.2j; Z,=05+.15j, €,=100 \ %
Z,=(.05+.11s) + .836js l 140

SPEED CONTROL BY HYSTERESIS 130

SPEED CURVES

120

A {110

100

S Iy 0

L \\) o

'@/ ot 74 ~ 80

V 1o LT LA <l |
/ /// Y pd 60
| /A i 50
e :
/A //‘/ 30
// 20
LA
10
o5 110 115 210 215 3!0 8!5 410 4!5 50 56 610 615 70 75 | ¢

Fre. 3.—Load curves of induction motor with hysteresis starting device.

Elements of Electrical Engineering,”’ which gives the load curves
of T" of Fig. 2, it is seen that the hysteresis starting device reduced
the maximum power-factor, p, from 91 per cent. to 84 per cent.,
and the apparent efficiency, v, correspondingly.

This seriously limits the usefulness of the device.

C. Eddy-current Starting Device

6. Assuming that, instead of using a well-laminated magnetic
circuit, and utilizing hysteresis to give the increase of effective
resistance with increasing slip, we use a magnetic circuit having
very high eddy-current losses: very thick laminations or solid
iron, or we directly provide a closed high-resistance secondary
winding around the magnetic circuit, which is inserted into the
induction-motor secondary for increasing the starting torque.
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The susceptance of the magnetic circuit obviously follows the
same law as when there are no eddy currents. That is:

, :
[—
b = s (10)
At a given current, ¢;, energizing the magnetic circuit, the in-
duced voltage, and thus also the voltage producing the eddy
currents, is proportional to the frequency. The currents are
proportional to the voltage, and the eddy-current losses, there-
fore, are proportional to the square of the voltage. The eddy-
current conductance, g, thus is independent of the frequency.
The admittance of a magnetic circuit consuming energy by
eddy currents (and other secondary currents in permanent closed
circuits), of negligible hysteresis loss, thus is represented, as
function of the slip, by the expression:

, . b
Yi=g-ij; (11)

Connecting such an admittance in series to the induction-
motor secondary, gives the total secondary impedance:

1
Z/1=Z1+?’;
b

- <r1 + . b2>+ J <sx1 + T:i—-b_2>> (12)

g = b. (13)

That is, 45° phase angle of the exciting circuit of the magnetic
circuit at full frequency—which corresponds to complete screen-
ing of the center of the magnet core—we get:

Z'y ‘(”IJF1>(1+32)>+JS <x1+b(1+sz)> (14

Fig. 4 shows the speed curves, and Fig. 5 the load curves,
calculated in the standard manner, of a motor with eddy-current
starting device in the secondary, of the constants:

ey = 100,

Y, = 0.03 — 0.37;
Zo = 0.033 + 0.17;

Z, = 0.033 4+ 0.1 j;
b=3;

Assuming:
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thus: 0.33
0.33s2 . . .
7 = (0,083 + 757 )+ (01 + 1 )

7. As seen, the torque curve has a very curious s.hape: a
maximum at 7 per cent. slip, and a second higher maximum at
standstill.

The torque efficiency is very high at all speeds, and prac-
tically constant at 82 per cent. from standstill to fairly close of
full speed, when it increases.

4 INDUCTION MOTOR
3 Y=08—38j; Zo=.083+1j; €0=100
< _ 3387 Y+ ds (1 ,31) =
260 | 2088+ )+ s ( 155 3
200l2 | SPEED CONTROL BY EDDIES z
% o 9
|8 ~L_| _ SPEED CURVES g
Pl io] Tl __| i
| 200£L
\\ \,\ l/\ SYN.
180 . ~ thiik
1 -
160. == 8.0
140 T —L ] 7 ‘\ \|2.0.
T
120 A O o o \ 6.0.
| \ \
| 100 A A\ sl
T 14 v \
30, <t 4.0
604 s 3.0
40 2.0
R
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01 0i2 ds 0l4 | ols ols ol7 | o8 | ol

Fie. 4.—Speed curves of induction motor with eddy-current starting device.

But the power-factor is very poor, reaching a maximum of
78 per cent. only, and to get the output from the motor, required
rewinding it to give the equivalent of a 4/3 times as high voltage.

For comparison, in dotted lines as 7" is shown the torque curves
of the standard motor, of same maximum torque. As seen, in
the motor with eddy-current starting device, the slip at load is
very small, that is, the speed regulation very good. Aside from
the poor power-factor, the motor constants would be very
satisfactory.

The low power-factor seriously limits the usefulness of the
device.

By differently proportioning the eddy-current device to the
secondary circuit, obviously the torque curve can be modified
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and the starting torque reduced, the depression in the torque
curve between full-speed torque and starting torque eliminated,
ete.

Instead of using an external magnetic ecircuit, the magnetic
circuit of the rotor or induction-motor secondary may be used,
and in this case, instead of relying on eddy currents, a definite
secondary circuit could be utilized, in the form of a second
squirrel cage embedded deeply in the rotor iron, that is, & double
squurrel-cage motor.

INDUCTION MOTOR
Y0=.08-38j ; z°=.2033+.15: €,=100 \ ‘:;z’s-
— .33s . .33

z=(.088+ 5 ) +ds (M5, \ 150

SPEED CONTROL BY EDDIES 140

LOAD CURVES [

/ 130

120

ve 110

r = 100

= AL L1

80

1 L] T~ 0

/ ? // \'\ T

™

60

N A A s

/ / L%, 0

40

Wl .
Vi . 20
= 10

05 1i0 1}5 2lo 2/5 3l0 3!5 4!0 4i5 5l0 5!5 6l0 65 W0 5 |

Fia. 5.—Load curves of induction motor with eddy-current starting device.

In the discussion of the multiple squirrel-cage induction motor,
Chapter II, we shall see speed-torque curves of the character as
shown in Fig. 4. By the use of the rotor iron as magnetic cir-
cuit, the impairment of the power-factor is somewhat reduced,
so that the multiple squirrel-cage motor becomes industrially
important.

A further way of utilizing eddy currents for increasing the
effective resistance at low speeds, is by the use of deep rotor
bars. By building the rotor with narrow and deep slots filled
with solid deep bars, eddy currents in these bars occur at higher
frequencies, or unequal current distribution. That is, the cur-
rent flows practically all through the top of the bars at the high.
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frequency of low motor speeds, thus meeting with a high resist-
ance. With increasing motor speed and thus decreasing
secondary frequency, the current penetrates deeper into the bar,
until at full speed it passes practically uniformly throughout
the entire bar, in a circuit of low resistance—but somewhat
increased reactance.

The deep-bar construction, the eddy-current starting device
and the double squirrel-cage construction thus are very similar
in the motor-performance curves, and the double squirrel cage,
which usually is the most economical arrangement, thus will be
discussed more fully in Chapter IL.

II. CONSTANT-SPEED OPERATION

8. The standard induction motor is essentially a constant-speed
motor, that is, its speed is practically constant for all loads,
decreasing slightly with increasing load, from synchronism at
no-load. It thus has the same speed characteristics as the direct-
current shunt motor, and in principle is a shunt motor.

In the direct-current shunt motor, the speed may be changed
by: resistance in the armature, resistance in the field, change of
the voltage supply to the armature by a multivolt supply circuit,
as a three-wire system, etc.

In the induction motor, the speed can be reduced by inserting
resistance into the armature or secondary, just as in the direct-
current shunt motor, and involving the same disadvantages:
the reduction of speed by armature resistance takes place at a
sacrifice of efficiency, and at the lower speed produced by arma-
ture resistance, the power input is the same as it would be with
the same motor torque at full speed, while the power output is
reduced by the reduced speed. That is, speed reduction by
armature resistance lowers the efficiency in proportion to the
lowering of speed. The foremost disadvantage of speed control
by armature resistance is, however, that the motor ceases to be
a constant-speed motor, and the speed varies with the load:
with a given value of armature resistance, if the load and with it
the armature current drops to one-half, the speed reduction of
the motor, from full speed, also decreases to one-half, that is,
the motor speeds up, and if the load comes off, the motor runs
up to practically full speed. Inversely, if the load increases, the
speed slows down proportional to the load.

With considerable resistance in the armature, the induction
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motor thus has rather series characteristic than shunt character-
istic, except that its speed is limited by synchronism.

Series resistance in the armature thus is not suitable to produce
steady running at low speeds.

To a considerable extent, this disadvantage of inconstancy of
speed can be overcome:

(a) By the use of capacity or effective capacity in the motor
secondary, which contracts the range of torque into that of
approximate resonance of the capacity with the motor inductance,
and thereby gives fairly constant speed, independent of the load,
at various speed values determined by the value of the capacity.

(b) By the use of a resistance of very high negative tempera-
ture coefficient in the armature, so that with increase of load and
current the resistance decreases by its increase of temperature,
and thus keeps approximately constant speed over a wide range
of load.

Neither of these methods, however, avoids the loss of efficiency
incident to the decrease of speed.

9. There is no method of speed variation of the induction
motor analogous to field control of the shunt motor, or change
of the armature supply voltage by a multivolt supply system.
The field excitation of the induction motor is by what may be
called armature reaction. That is, the same voltage, impressed
upon the motor primary, gives the energy current and the field
exciting current, and the field excitation thus can not be varied
without varying the energy supply voltage, and inversely.
Furthermore, the no-load speed of the induction motor does not
depend on voltage or field strength, but is determined by
synchronism.

The speed of the induction motor can, however, be changed:

(¢) By changing the impressed frequency, or the effective
frequency.

(b) By changing the number of poles of the motor.

Neither of these two methods has any analogy in the direct-
current shunt motor: the direct-current shunt motor has no fre-
quency relation to speed, and its speed is not determined by the
number of poles, nor is it feasible, with the usual construction
of direct-current motors, to easily change the number of poles.

In the induction motor, a change of impressed frequency corre-
spondingly changes the synchronous speed. The effect of a
change of frequency is brought about by concatenation of the
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motor with a second motor, or by internal concatenation of the
motor: hereby the effective frequency, which determines the
no-load or synchronous speed, becomes the difference between
primary and secondary frequency.

Conecatenation of induction motors is more fully discussed in
Chapter IIL

As the no-load or synchronous speed of the induction motor
depends on the number of poles, a change of the number of poles
changes the motor speed. Thus, if in a 60-cycle induction motor,
the number of poles is changed from four to six and to eight, the
speed is changed from 1800 to 1200 and to 900 revolutions per
minute.

This method of speed variation of the induction motor, by
changing the number of poles, is the most convenient, and such
“multispeed motors’ are extensively used industrially.

A. Pyro-electric Speed Control

10. Speed control by resistance in the armature or secondary
has the disadvantage that the speed is not constant, but at
a change of load and thus of current, the voltage consumed
by the armature resistance, and therefore the speed changes.
To give constancy of speed over a range of load would require
a resistance, which consumes the same or approximately the
same voltage at all values of current. A resistance of very
high negative temperature coefficient does this: with increase of
current and thus increase of temperature, the resistance decreases,
and if the decrease of resistance is as large as the increase of
current, the voltage consumed by the resistance, and therefore
the motor speed, remains constant.

Some pyro-electric conductors (see Chapter I, of “Theory
and Calculation of Electric Circuits’”) have negative tempera-
ture coefficients sufficiently high for this purpose. Fig. 6 shows
the current-resistance characteristic of a pyro-electric conductor,
consisting of cast silicon (the same of which the characteristic
is given as rod II in Fig. 6 of “ Theory and Calculation of Electric
Circuits’’). Inserting this resistance, half of it and one and one-
half of it into the secondary of the induction motor of constants:
e = 110; Yo = 0.01 — 0.1j;Z, =0.1 4+ 035, Z: = 0.1 +0.37
gives the speed-torque curves shown in Fig. 7.

The calculation of these curves is as follows: The speed-
torque curve of the motor with short-circuited secondary, r = 0,
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is calculated in the usual way as described on page 318 of
“Theoretical Elements of Electrical Engineering.” For any
value of slip, s, and corresponding value of torque, T, thesecondary
current is 41 = ¢ v/a:® + az>. To this secondary current corre-
sponds, by Fig. 6, the resistance, 7, of the pyro-electric conductor,
and the insertion of  thus increases the slip in proportion to the

. . r 71 .
increased secondary resistance: » where r, = 0.1 in the

present instance. This gives, as corresponding to the torque,

T, the slip:

, _r+n
==

s s,

where s = slip at torque, 7', with short-circuited armature, or
resistance, 71.

As seen from Fig. 7, very close constant-speed regulation is
produced by the use of the pyro-electric resistance, over a wide
range of load, and only at light-load the motor speeds up.

Thus, good constant-speed regulation at any speed below
synchronism, down to very low speeds, would be produced—
at a corresponding sacrifice of efficiency, however—by the use
of suitable pyro-electric conductors in the motor armature.

The only objection to the use of such pyro-electric resistances
is the difficulty of producing stable pyro-electric conductors, and
permanent terminal connections on such conductors.

B. Condenser Speed Control

11. The reactance of a condenser is inverse proportional to
the frequency, that of an inductance is directly proportional to
the frequency. In the secondary of the induction motor, the
frequency varies from zero at synchronism, to full frequency at
standstill.  If, therefore, a suitable capacity is inserted into the
secondary of an induction motor, there is a definite speed, at
which inductive reactance and capacity reactance are equal and
opposite, that is, balance, and at and near this speed, a large
current is taken by the motor and thus large torque developed,
while at speeds considerably above or below this resonance speed,
the current and thus torque of the motor are small.

The use of a capacity, or an effective capacity (as polariza-
tion cell or aluminum cell) in the induction-motor secondary
should therefore afford, at least theoretically, a means of speed
control by varying the capacity.
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Let, in an induction motor:

Yo = g — jb = primary exciting admittance;
Zy = 1o + jwo = primary self-inductive impedance;
Z, = r; + jx, = internal self-inductive impedance, at full

frequency;
and let the condenser, C, be inserted into the secondary circuit.
The capacity reactance of C is

1

k=570 @

k
at full frequency, and s at the frequency of slip, s.

The total secondary impedance, at slip, s, thus is:

Zy¢ =ri+] (sm - {—:) (2)
and the secondary current:
sE . se
I, = jhEeeee—— (3)
. k 3
i N
= E (a1 — jay),
where:
a =
T om
k
8(8”1 - E) @
ag = —
m
2
m = 7‘12 + (S$1 — %)

The further calculation of the condenser motor, then, is the
same as that of the standard motor.?
12. Neglecting the exciting current:

Too = EY
the primary current equals the secondary current:
Io=1I
and the primary impressed voltage thus is:
Eo=E + Zolo

1 “Theoretical Elements of Electrical Engineering,” 4th edition, p. 318.
2
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and, substituting (3) and rearranging, gives:

- EO{TI +j<3$1—l—:>} - )
(ry + sro) + j(san + szo — E)

or, absolute: )
it (=2

e = (6)
k 2
(T1 + 87'0)2 + (le + STy — E)
The torque of the motor is:
T = 62.01
and, substituting (4) and (6):
sr160°
T —_
)

- 2
(ry + sro)? + (sxl + sz — %)

As seen, this torque is a maximum in the range of slip, s,
where the second term in the denominator vanishes, while for
values of s, materially differing therefrom, the second term in the
denominator is large, and the torque thus small.

That is, the motor regulates for approximately constant speed
near the value of s, given by:

sx1+sxo—l—;=0,

that is:

_ k
50 = \/9c L 8)

and so = 1, that is, the motor gives maximum torque near
standstill, for:
k = 2o + 1. (9)

13. As instances are shown, in Fig. 8, the speed-torque curves
of a motor of the constants:

Yo = 0.01 — 0.1,
Zo=Z; = 0.1 + 0.3,
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for the values of capacity reactance:
k = 0, 0.012, 0.048, 0.096, 0.192, 0.3, 0.6—denoted respectively
by 1,2, 3,4,5,6, 7.

The impressed voltage of the motor is assumed to be varied
with the change of capacity, so as to give the same maximum
torque for all values of capacity.

The volt-ampere capacity of the condenser is given, at the
frequency of slip, s, by: -~

R
Q =it

substituting (3) and (6), this gives:
seo?k

Q =
(rs + sro)? + <S$1 + szo — §>2

NN EEEN
SPEED CONTROL OF INDUCTION MOTOR BY CONDENSER IN SECONDARY
. Yo—01—1y:Z°—1+3g,Z—1+3 -

CAPACITY REACTANGE k: (1), (2) 0125 (3) .048;
(4) 6,(5) .192; (6) (7).
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Fra. 8.—Speed control of induction motor by condenser in secondary circuit.
Speed curves.

and, compared with (7), this gives:

k
! =
Q = - T.
At full frequency, with the same voltage impressed upon the
condenser, its volt-ampere capacity, and thus its 60-cycle rating,
would be:
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As seen, a very large amount of capacity is required for speed
control. This limits its economic usefulness, and makes the
use of a cheaper form of effective or equivalent capacity desirable.

C. Multispeed Motors

14. The change of speed by changing the number of poles, in
the multispeed induction motor, involves the use of fractional-
pitch windings: a primary turn, which is of full pole pitch for
a given number of motor poles, is fractional pitch for a smaller
number of poles, and more than full pitch for a larger number
of poles. The same then applies to the rotor or secondary, if
containing a definite winding. The usual and most frequently
employed squirrel-cage secondary obviously has no definite
number of poles, and thus is equally adapted to any number of
poles.

As an illustration may be considered a three-speed motor
changing between four, six and eight poles.

Assuming that the primary winding is full-pitch for the six-
polar motor, .that is, each primary turn covers one-sixth of the
motor circumference. Then, for the four-polar motor, the
primary winding is 24 pitch, for the eight-polar motor it is %5
pitch—which latter is effectively the same as 2§ pitch.

Suppose now the primary winding is arranged and connected
as a six-polar three-phase winding. Comparing it with the
same primary turns, arranged as a four-polar three-phase wind-
ing, or eight-polar three-phase winding, the turns of each phase
can be grouped in six sections:

Those which remain in the same phase when changing to a
winding for different number of poles.

Those which remain in the same phase, but are reversed when
changing the number of poles.

Those which have to be transferred to the second phase.

Those which have to be transferred to the second phase in the
reverse direction.

Those which have to be transferred to the third phase.

Those which have to be transferred to the third phase in the
reverse direction.

The problem of multispeed motor design then is, so to arrange
the windings, that the change of connection of the six coil groups
of each phase, in changing from one number of poles to another,
is accomplished with the least number of switches,
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156. Considering now the change of motor constants when
changing speed by changing the number of poles. Assuming
that at all speeds, the same primary turns are connected in series,
and are merely grouped differently, it follows, that the self-
inductive impedances remain essentially unchanged by a change
of the number of poles from n to n’. That is;

Zn = Z’o,
Zl = Z,l.

With the same supply voltage impressed upon the same number
of series turns, the magnetic flux per pole remains unchanged
by the change of the number of poles. The flux density, there-
fore, changes proportional to the number of poles:
BI n/
B ~n
therefore, the ampere-turns per pole required for producing the
magnetic flux, also must be proportional to the number of poles:
F’ n/
F—- = ;L—-.
However, with the same total number of turns, the number of
turns per pole are inverse proportional to the number of poles:
N'_n
N
In consequence hereof, the exciting currents, at the same
impressed voltage, are proportional to the square of the number
of poles:
Yoo 12

f0  m?’
and thus the exciting susceptances are proportional to the square

of the number of poles:
r2

b/
b n
The magnetic flux per pole remains the same, and thus the
magnetic-flux density, and with it the hysteresis loss in the
primary core, remain the same, at a change of the number of
poles. The tooth density, however, increases with increasing
number of poles, as the number of teeth, which carry the same
flux per pole, decreases inverse proportional to the number of

S

»
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poles. Since the tooth densities must be chosen sufficiently low
not to reach saturation at the highest number of poles, and their
core loss is usually small compared with that in the primary core
itself, it can be assumed approximately, that the core loss of
the motor is the same, at the same impressed voltage, regardless
of the number of poles. This means, that the exciting con-
ductance, g, does not change with the number of poles.

Thus, if in a motor of n poles, we change to n’ poles, or by the
ratio

a =
n

the motor constants change, approximately:

from: to:
Zy=r1¢ +jxo, Zy = 19 +j-’110-
Zy =11+ joy, Zy =11+ jri1.
Yo=g—jb, Yo=g-—ja2b.

16. However, when changing the number of poles, the pitch
of the winding changes, and allowance has to be made herefore
in the constants: a fractional-pitch winding, due to the partial
neutralization of the turns, obviously has a somewhat higher
exciting admittance, and lower self-inductive impedance, than
a full-pitch winding.

As seen, in a multispeed motor, the motor constants at the
higher number of poles and thus the lower speed, must be
materially inferior than at the higher speed, due to the increase
of the exciting susceptance, and the performance of the motor,
and especially its power-factor and thus the apparent efficiency.
are inferior at the lower speeds.

When retaining series connection of all turns for all speeds,
and using the same impressed voltage, torque in synchronous
watts, and power are essentially the same at all speeds, that is,
are decreased for the lower speed and larger number of poles
only as far as due to the higher exciting admittance. The actual
torque thus would be higher for the lower speeds, and approxi-
mately inverse proportional to the speed.

As a rule, no more torque is required at low speed than at
high speed, and the usual requirement would be, that the multi-
speed motor should carry the same torque at all its running
speeds, that is, give a power proportional to the speed.

This would be accomplished by lowering the impressed voltage
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for the larger number of poles, about inverse proportional to the
square root of the number of poles:

€ = —Li
Va
since the output is proportional to the square of the voltage.

The same is accomplished by changing connection from multiple
connection at higher speeds to series connection at lower speeds,
or from delta connection at higher speeds, to ¥ at lower speeds.

If, then, the voltage per turn is chosen so as to make the actual
torque proportional to the synchronous torque at all speeds, that
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Fra. 9.—Load curves for multispeedlinduction motor, highest speed, four
poles.

is, approximately equal, then the magnetic flux per pole and the
density in the primary core decreases with increasing number of
poles, while that in the teeth increases, but less than at constant
impressed voltage.

The change of constants, by changing the number of poles by
the ratio:

thus is:
from: o, Yo, Zo, Z1 to eo, aYo, aZo, aZ;

and the characteristic constant is changed from ¢ to a®d.
17. As numerical instance may be considered a 60-cycle 100-
volt motor, of the constants:
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Four poles, 1800 rev.: Z, = 7o + jzo = 0.1 + 0.3 7;
Zy=r1+jr1=014037;Ye =g — jb = 0.01 — 0.05 .
Six poles, 1200 rev.: Zy = 7o + jzo = 0.15 -+ 0.45j;
Zy=r1+3j21 =015+ 04535;Y, = g — jb = 0.0067 — 0.0667 .
Eight poles, 900 rev.: Zo = 7o 4 jzo = 0.2 + 0.67;
Z,=r1+jr1=02+06j5,Y, =g — jb = 0.005— 0.1;.

Figs. 9, 10 and 11 show the load curves of the motor, at the
three different speeds. Fig. 12 shows the load curves once more,
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Fra. 13.—Speed torque curves of three-speed induction motor.

with all three motors plotted on the same sheet, but with the
torque in synchronous watts (veferred to full speed or four-
polar synchronism) as absciss®, to give a better comparison.
S denotes the speed, I the current, p the power-factor and v the
apparent efficiency. Obviously, carrying the same load, that
is, giving the same torque at lower speed, represents less power
output, -and in a multispeed motor the maximum power output
should be approximately proportional to the speed, to operate
at all speeds at the same part of the motor characteristic. There-
fore, a comparison of the different speed curves by the power
output does not show the performance as well as a comparison
on the basis of torque, as given in Fig. 12,
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As seen from Fig. 12, at the high speed, the motor performance
is excellent, but at the lowest speed, power-factor and apparent
efficiency are already low, especially at light-load.

The three current curves cross: at the lowest speed, the motor
takes most current at no-load, as the exciting current is highest;
at higher values of torque, obviously the current is greatest at
the highest speed, where the torque represents most power.

The speed regulation is equally good at all speeds.

Fig. 13 then shows the speed curves, with revolutions per
minute as abscisse, for the three numbers of poles. It gives
current, torque and power as ordinates, and shows that the
maximum torque is nearly the same at all three speeds, while
current and power drop off with decrease of speed.



CHAPTER 1I
MULTIPLE SQUIRREL-CAGE INDUCTION MOTOR

18. In an induction motor, a high-resistance low-reactance
secondary is produced by the use of an external non-inductive
resistance in the secondary, or in a motor with squirrel-cage
secondary, by small bars of high-resistance material located close
to the periphery of the rotor. Such a motor has a great slip of
speed under load, therefore poor efficiency and poor speed regu-
lation, but it has a high starting torque and torque at low and
intermediate speed. With a low resistance fairly high-reactance
secondary, the slip of speed under load is small, therefore effi-
ciency and speed regulation good, but the starting torque and
torque at low and intermediate speeds is low, and the current
in starting and at low speed is large. To combine good start-
ing with good running characteristics, a non-inductive resistance
is used in the secondary, which is cut out during acceleration.
This, however, involves a complication, which is undesirable
in many cases, such as in ship propulsion, etc. By arranging
then two squirrel cages, one high-resistance low-reactance one,
consisting of high-resistance bars close to the rotor surface,
and one of low-resistance bars, located deeper in the armature
iron, that is, inside of the first squirrel cage, and thus of higher
reactance, a ‘‘double squirrel-cage induction motor” is derived,
which to some extent combines the characteristics of the high-
resistance and the low-resistance secondary. That is, at start-
ing and low speed, the frequency of the magnetic flux in the arma-
ture, and therefore the voltage induced in the secondary winding
is high, and the high-resistance squirrel cage thus carries con-
siderable current, gives good torque and torque efficiency, while
the low-resistance squirrel cage is ineffective, due to its high
reactance at the high armature frequency. At speeds near
synchronism, the secondary frequency, being that of slip, is low,
and the secondary induced voltage correspondingly low. The
high-resistance squirrel cage thus carries little current and gives
little torque. In the low-resistance squirrel cage, due to its low

reactance at the low frequency of slip, in spite of the relatively
27
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low induced e.m.f., considerable current is produced, which is
effective in producing torque. Such double squirrel-cage indue-
tion motor thus gives a torque curve, which to some extent is a
superposition of the torque curve of the high-resistance and that
of the low-resistance squirrel cage, has two maxima, one at low
speed, and another near synchronism, therefore gives a fairly
good torque and torque efficiency over the entire speed range
from standstill to full speed, that is, combines the good features
of both types. Where a very high starting torque requires
locating the first torque maximum near standstill, and large size
and high efficiency brings the second torque maximum very close
to synchronism, the drop of torque between the two maxima
may be considerable. This is still more the case, when the motor
is required to reverse at full speed and full power, that is, a very
high torque is required at full speed backward, or at or near
slip s = 2. In this case, a triple squirrel cage may be used, that
is, three squirrel cages inside of each other: the outermost, of
high resistance and low reactance, gives maximum torque below
standstill, at backward rotation; the second squirrel cage, of
medium resistance and medium reactance, gives its maximum
torque at moderate speed; and the innermost squirrel cage, of
low resistance and high reactance, gives its torque at full speed,
near synchronism.

Mechanically, the rotor iron may be slotted down to the inner-
most squirrel cage, so as to avoid the excessive reactance of a
closed magnetic circuit, that is, have the magnetic leakage flux
or self-inductive flux pass an air gap.

19. In the calculation of the standard induction motor, it is
usual to start with the mutual magnetic flux, ®, or rather with
the voltage induced by this flux, the mutual inductive voltage
E = e, as it is most convenient, with the mutual inductive
voltage, e, as starting point, to pass to the secondary current by
the self-inductive impedance, to the primary current and primary
impressed voltage by the primary self-inductive impedance and
exciting admittance.

In the calculation of multiple squirrel-cage induction motors,
it is preferable to introduce the true induced voltage, that is,
the voltage induced by the resultant magnetic flux interlinked
with the various circuits, which is the resultant of the mutual
and the self-inductive magnetic flux of the respective circuit.
This permits starting with the innermost squirrel cage, and
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gradually building up to the primary circuit. The advantage
hereof is, that the current in every secondary circuit is in phase
with the true induced voltage of this circuit, and is 7; = :—1,

1
where 7, is the resistance of the circuit. As e; is the voltage

induced by the resultant of the mutual magnetic flux coming
from the primary winding. and the self-inductive flux corre-
sponding to the 7,2; of the secondary, the reactance, 21, does not
enter any more in the equation of the current, and e; is the
voltage due to the magnetic flux which passes beyond the cir-
cuit in which ¢; is induced. In the usual induction-motor theory,
the mutual magnetic flux, ®, induces a voltage, E, which produces
a current, and this current produces a self-inductive flux, &',
giving rise to a counter e.m.f. of self-induction I;z;, which sub-
tracts from E. However, the self-inductive flux, ®';, interlinks
with the same conductors, with which the mutual flux, &, inter-
links, and the actual or resultant flux interlinkage thus is &, =
® — &'y, and this produces the true induced voltage ¢; = E —
Iz;, from which the multiple squirrel-cage calculation starts.!

Double Squirrel-cage Induction Motor

20. Let, in a double squirrel-cage induction motor:

E; = true induced voltage in inner squirrel cage, reduced
to full frequency,

I, = current, and

Zy = 12 + jxo = self-inductive impedance at full frequency,
reduced to the primary circuit.

E, = true induced voltage in outer squirrel cage, reduced
to full frequency,

I = current, and

Z) = r1 + jx, = self-inductive impedance at full frequency,
reduced to primary circuit.

E = voltage induced in secondary and primary circuits by
mutual magnetic flux,
E, = voltage impressed upon primary,

I, = primary current,
Zy =1y + jwo = primary self-inductive impedance, and
Y, = g — jb = primary exciting admittance.

1See “Electric Circunits’”’, Chapter XII. Reactance of Induction
Apparatus,
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The leakage reactance, xs, of the inner squirrel cage is that due
to the flux produced by the current in the inner squirrel cage,
which passes between the two squirrel cages, and does not in-
clude the reactance due to the flux resulting from the current,
I., which passes beyond the outer squirrel cage, as the latter is
mutual reactance between the two squirrel cages, and thus meets
the reactance, zi.

It is then, at slip s:

L =5 (1)
Ts
_ By,
L= 2)
Ln=1.+1+ Y.& 3
and:
E1 = Ez +jx2 Iz- (4)
B =FEy+ jz Iy + Io). (5)
Ey=E+ Zolo (6)

The leakage flux of the outer squirrel cage is produced by the
m.m.f. of the currents of both squirrel cages, 1 4 Is, and the
reactance voltage of this squirrel cage, in (5), thusis jz; (I'1 + Is)-

As seen, the difference between E; and E, is the voltage in-
duced by the flux which leaks between the two squirrel cages, in
the path of the reactance, z, or the reactance voltage, x2/2; the
difference between K and F; is the voltage induced by the rotor
flux leaking outside of the outer squirrel cage. This has the
m.m.f. [; + Is, and the reactance z;, thus is the reactance voltage
z1 (1 + I,). The difference between H, and E is the voltage
consumed by the primary impedance: Zolo. (4) and (5) are the
voltages reduced to full frequency; the actual voltages are s
times as high, but since all three terms in these equations are
induced voltages, the s cancels.

21. From the equations (1) to (6) follows:

E.=E (1 +J§:‘C‘2) (N
r=E +i%): ®)
-5 1+ 3 2 (2 + 2]

Sm (- (2 e 2 2)
= Bs (6 + jao), ©)
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where:
172
(10)
=T T T
az = (7‘1 + T9 + 7’2)
thus the exciting current:
100 = YO.E
= Fs (g — jb) (a1 + jas)
= E (b1 + jby), (11)
where:
b = a1g + asb
by = aeg — a]b} (12)
and the total primary current is (3):
S NI R :
To —.EZ{T2+T1(1 +552) + by + b (15
= I, (¢1 + jeo),
where:
C1 = 2 + Ti + by
s:mz ' (14)
€s = — + by
rire

and the primary impressed voltage (6):
Lo = E, {al + jaz 4+ (ro + jxo) (er + jCz)}
= E: (d1 + jdo), (15)
where:
dy = ai + 11 — ToCe
16
ds = ag + 7TeC2 + ZoCs (16)
hence, absolute:

€0
= — 17
& \/d12 + de? )
’I:o = 62‘\/012 + 022- (18)

22. The torque of the two squirrel cages is given by the product
of current and induced voltage in phase with it, as:
Dz = /E27 .IZ/,
_ st 19)
T2
D, = /E., /'
se®
T
= (1 4 22, (20)

7 79’
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hence, the total torque:
D = D2 + Dl; (21)

and the power output-
P =(1-s)D. (22)

(Herefrom subtracts the friction loss, to give the net power

output.)
The power input is:

Py = /E,, I/’
= e?(cuds + cods), (23)

and the volt-ampere input:

Q = eoZ'o.

Herefrom then follows the power-factor %): the torque effi-

. D . D .
ciency 5, the apparent torque efficiency 0 the power efficiency

P . P
P, and the apparent power efficiency q

23. As illustrations are shown, in Figs. 14 and 15, the speed
curves and the load curves of a double squirrel-cage induction
motor, of the constants:

eo = 110 volts;
Zy = 0.1 4 0.3;
Z,=0.5+0.27;
Z, = 0.08 + 047;
Yo =0.01 — 0.15;

the speed curves for the range from s = 0 to s = 2, that is, from
synchronism to backward rotation at synchronous speed. The
total torque as well as the two individual torques are shown on
the speed curve. These curves are derived by calculating, for
the values of s:

s =0, 0.01, 0.02, 0.05, 0.1, 0.15, 0.2, 0.3,
0.4,0.6,0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0,
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Fra. 14.—Speed curves of double squirrel-cage induction motor.
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the values:
822122
ag=1-—>
riTe
(BT
G2 = s(?"l + 72 + T-z)’
bl = a1 + azb,
by = asg — aib,
S S
==+ =+
C1 I~ + " + 1
2.
Cy = §_2}’5_2 + ba,
T1T2
d; = a; + o1 — ZoCe,
d2 = as + o2 + ToCy,
602
et = ———
di? + ds?
€2,
10 = e2 V¢i? + ¢
D ‘22_2,
2 = s
_ ses? sy’
Dy = Ty (1+ r22>
D = D, + D,
P =(1-3s)D,
Py = e? (cldl -+ Czdz),
Q = ey,
and:
P D PDPy
P,’P,’Q°Q @
Triple Squirrel-cage Induction Motor
24. Let:

& = flux, E = voltage, I = current, and Z = r + jr = self-
inductive impedance, at full frequency and reduced to primary
circuit, and let the quantities of the innermost squirrel cage be
denoted by index 3, those of the middle squirrel cage by 2, of
the outer squirrel cage by 1, of the primary circuit by 0, and the
mutual inductive quantities without index.

Also let: Yy = g — jb = primary exciting admittance.

It is then, at slip s:

current in the innermost squirrel cage:
sE
Is = =3 @®

T3
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current in the middle squirrel cage:
L= @)

T

current in the outer squirrel cage:

L= 3)
T1
primary current:
L=I+1.+1.+ Y.E. 4)
The voltages are related by:

By = Es + jusls, (5)
E,.=E, + J2, (.Iz+.13), (6)
E=F+jo.(:+ 1.+ I, (7)
Eo = E + Zd,, (8)

where z; is the reactance due to the flux leakage between the
third and the second squirrel cage; z. the reactance of the leak-
age flux between second and first squirrel cage; z; the reactance
of the first squirrel cage and z, that of the primary circuit, that
is, 1 + xo corresponds to the total leakage flux between primary
and outer most squirrel cage.

E;, B, and E; are the true induced voltages in the three squirrel
cages, F the mutual inductive voltage between primary and
secondary, and E, the primary impressed voltage

26. From equations (1) to (8) then follows:

.E2=E3<1 +j%>’ 9
Li=2 B (1435 (10)
Bi= B+ + 22 (14550 +i 72
— 8%5s - (T2 4 T2 T3
- E3{(1 - 793 )+JS <’I‘2 + ’I‘3+ 7'3)}
= Bs (a1 + ja), (11)
where:
0 = $2roxs
=1 — 2%t
o @
— k2o, L2 L8
@ =8 (.7'2 + T3 7'3)

I = :_1E3 (ay + jas), (13)
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.S%2

E=Es{a1+jag+j§£—l(a1+jag) +j'§.;”2_1(1+];;>+

. 8%1)

‘77‘3j

_ ( _ ST10e _ 8221332 . SX101 ._S'_.’.E} —82_1_ \
—-Ea{l(al T 7’27‘3)—'—'7 <a2+ T1 + T + 7'3)}
= Fs (b1 + jb2), (14)
where
STy S2T1T3
b= == " " T
Sx:(h ij : ST (15)
by =0y +— +—+
T1 T2 T3
thus the exciting current:
Ioo = Yol
= B (by + jb2) (g — Jb)
= s (c1 + jea), (16)
where:
Cc1 = b]g + bgb, (17)
Co = bog — bib,
and the total primary current, by (4):
_gls o+ S (1455 4 2 ;
Io=E; {7,1 (a1 4+ jas) + 7,2(1 +7J 7,3) +r3 +c: +,762}
= B (dy + jdo), (18)
where:
d1=£a1+£+£+611
7 To T3
s s (19)
ds = " as + ey + ¢ ]
Zolo = B3 (d1 + Jds) (ro + jxo)
= F3 (fi + jf2), (20)
where:
f] = Tod1 - xodg }
fz = rods + Tody (21)
thus, the primary impressed voltage, by (8):
Eo = E;s (by + jbs + f1 + if2)
= Es (g1 + 792, (22)

where:

1="b
nIih] 2
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hence, absolute:

€o
"= Viw e
do = esVdy® + do?, (25)
er = e[l + 8:”3”:2, (26)
e; = es Va1 agt 27)
26. The torque of the innermost squirrel cage thus is:
2
Ds = %:—; (28)
that of the middle squirrel cage:
8622_
D2 = 1"—2’ (29)
and that of the outer squirrel cage:
D, = 6;61—2; (30)
T1
the total torque of the triple squirrel-cage motor thus is:
D = D, + D; + Ds, (31)
and the power:
P=(1-3sD, (32)
the power input is:
Py = /Eo, Io/’
= e (digr + dogo), (33)
and the volt-ampere input:
Q = eoo. (34)

P
Herefrom then follows the power-factor ZZ—Q’ the torque effi-
. D . D . P
ciency 5, apparent torque efficiency —Q—' power efficiency P,

4

and apparent power efficiency g

27. As illustrations are shown, in Figs. 16 and 17, the speed
and the load curves of a triple squirrel-cage motor with the
constants:

e = 110 volts;

Zy,=0.1 +03j;
Z, =08 +4+0.1j3;
Z, =02 +0.37;
Zs = 0.05 4+ 0.8 5;
Y, = 0.01 — 0.15;
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ITRIPLE SQUIRREL CAGE]|

—— INDUCTION MOTOR
LOAD CURVES
— %
/ A;AZP.
/
S // 100.
EFF. | A
e [ *
7 | *
e /47 \I'\ 70.
<
/A M
;,qf‘g/A 504
/ / 40.
/ — 30
/ Pl 20
.//
10
1 2 4 6 T ¢ 111 12 18 kw

F1a. 17.—Load curves of triple squirrel-cage induction motor.
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the speed curves are shown from s = 0 to s = 2, and on them,
the individual torques of the three squirrel cages are shown in
addition to the total torque.

These numerical

values of s:
the values:
S2ox3
a=1-—
Tor3
Lo X
a =s{—+—+
2 (7‘2 + T3
ST1Q2
by = a1 —
1 1 7‘1
ST10
by = a + r +
1

c; = blg + bzb,
Cy = b2g “I" b]_b,
Say

S S
d=2 42 4=
r1 To T3

sas | S%r;

dy = 22 4 228
? 1 ToT'3 +

f1 = rod; — z‘odz,

f s = rods + xodl,
g1 = b1 + fy,
g = bs + fo

values are derived by calculating, for the

s = 0, 0.01, 0.02, 0.05, 0.1, 0.15, 0.20, 0.30,
0.40, 0.60, 0.80, 1.0, 1.2, 1.4, 1.6, 1.8, 20,

202

a2 = —— =
s 912+922’

T3
.—) ) 63,
T3

812, .
- to = €3 Vdi? + do?

Tl
sz ST S2pa?
—1—}———]: €22=832<1+ o
T2 T3 3

e = es* (a2 + as?),

2
+ cl, D3 = §e_3_,
T3
S ses?
— Do = —
r3 + C2) - Ta
2
D, =,
T1
D = Dl + -D2 + D3)
P =(1-3s)D,
Py = ¢;? (dlgl + dzgz),
Q = ety




CHAPTER III
CONCATENATION

Cascade or Tandem Control of Induction Motors

28. If of two induction motors the secondary of the first motor
is connected to the primary of the second motor, the second
machine operates as a motor with the voltage and frequency
impressed upon it by the secondary of the first machine. The
first machine acts as general alternating-current transformer
or frequency converter (see Chapter XII), changing a part of the
primary impressed power into secondary electrical power for
the supply of the second machine, and a part into mechanical
work.

The frequency of the secondary voltage of the first motor, and
thus the frequency impressed upon the second motor, is the fre-
quency of slip below synchronism, s. The frequency of the
secondary of the second motor is the difference between its im-
pressed frequency, s, and its speed. Thus, if both motors are
connected together mechanically, to turn at the same speed,
1 — s, and have the same number of poles, the secondary fre-
quency of the second motor is 2s — 1, hence equal to zero at
s = 0.5. That is, the second motor reaches its synchronism at
half speed. At this speed, its torque becomes zero, the power
component of its primary current, and thus the power com-
ponent of the secondary current of the first motor, and thus also
the torque of the first motor becomes zero. That is, a system of
two concatenated equal motors, with short-circuited secondary
of the second motor, approaches half synchronism at no-load,
in the same manner as a single induction motor approaches
synchronism. With increasing load, the slip below half syn-
chronism increases.

In reality, at half synchronism, s = 0.5, there is a slight torque
produced by the first motor, as the hysteresis energy current of
the second motor comes from the secondary of the first motor,
and therein, as energy current, produces a small torque.

More generally, any pair of induction motors connected in
concatenation divides the speed so that the sum of their two

40
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respective speeds approaches synchronism at no-load; or, still
more generally, any number of concatenated induction motors
run at such speeds that the sum of their speeds approaches
synchronism at no-load.

With mechanical connection between the two motors, con-
catenation thus offers a means of operating two equal motors at
full efficiency at half speed in tandem, as well as at full speed,
in parallel, and thereby gives the same advantage as does series
parallel control with direct-current motors.

With two motors of different number of poles, rigidly con-
nected together, concatenation allows three speeds: that of the
one motor alone, that of the other motor alone, and the speed of
concatenation of both motors. Such concatenation of two motors
of different numbers of poles, has the disadvantage that at the
two highest speeds only one motor is used, the other idle, and the
apparatus economy thus inferior. However, with certain ratios
of the number of poles, it is possible to wind one and the same
motor structure so as to give at the same time two different
numbers of poles: For instance, a four-polar and an eight-
polar winding; and in this case, one and the same motor struc-
ture can be used either as four-polar motor, with the one winding,
or as eight-polar motor, with the other winding, or in concatena-
tion of the two windings, corresponding to a twelve-polar speed.
Such “internally concatenated’”” motors thus give three different
speeds at full apparatus economy. The only limitation is, that
only certain speeds and speed ratios can economically be produced
by internal concatenation.

29. At half synchronism, the torque of the concatenated couple
of two equal motors becomes zero. Above half synchronism,
the second motor runs beyond its impressed frequency, that is,
becomes a generator. In this case, due to the reversal of current
in the secondary of the first motor (this current now being out-
flowing or generator current with regards to the second motor)
its torque becomes negative also, that is, the concatenated couple
becomes an induction generator above half synchronism. When
approaching full synchronism, the generator torque of the second
motor, at least if its armature is of low resistance, becomes very
small, as this machine is operating very far above its synchronous
speed. With regards to the first motor, it thus begins to act
merely as an impedénce in the secondary circuit, that is, the first
machine becomes a motor #gain. ~Thus, somewhere between
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half synchronism and synchronism, the torque of the first motor
becomes zero, while the second motor still has a small negative or
generator torque. A little above this speed, the torque of the
concatenated couple becomes zero—about at two-thirds syn-
chronism with a couple of low-resistance motors—and above
this, the concatenated couple again gives a positive or motor
torque—though the second motor still returns a small negative
torque—and again approaches zero at full synchronism. Above
full synchronism, the concatenated couple once more becomes
generator, but practically only the first motor contributes to the
generator torque above and the motor torque below full syn-
chronism. Thus, while a concatenated couple of induction
motors has two operative motor speeds, half synchronism and
full synchronism, the latter is uneconomical, as the second motor
holds back, and in the second or full synchronism speed range, it
is more economical to cut out the second motor altogether, by
short-circuiting the secondary terminals of the first motor.

With resistance in the secondary of the second motor, the
maximum torque point of the second motor above half syn-
chronism is shifted to higher speeds, nearer to full synchronism,
and thus the speed between half and full synchronism, at which
the concatenated couple loses its generator torque and again
becomes motor, is shifted closer to full synchronism, and the
motor torque in the second speed range, below full synchronism,
is greatly reduced or even disappears. That is, with high resist-
ance in the secondary of the second motor, the concatenated
couple becomes generator or brake at half synchronism, and
remains so at all higher speeds, merely loses its braking torque
when approaching full synchronism, and regaining it again beyond
full synchronism.

The speed torque curves of the concatenated couple, shown 1n
Fig. 18, with low-resistance armature, and in Fig. 19, with high
resistance in the armature or secondary of the second motor,
illustrate this.

30. The numerical calculation of a couple of concatenated
induction motors (rigidly connected together on the same shaft
or the equivalent) can be carried out as follows:

Let:

n = number of pairs of poles of the first motor,
7’ = number of pairs of poles of the second motor,
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3|3

a = — = ratio of poles, (1)

f = supply frequency.
Full synchronous speed of the first motor then is:

f.
So = 'ﬁa (2)
of the second motor:
f
S8 = o 3)

At slip s and thus speed ratio (1 — s) of the first motor, its
speed is:

S=(1—-s)So=(1—s)7—Lx 4)

and the frequency of its secondary circuit, and thus the frequency
of the primary circuit of the second motor:

sf;

synchronous speed of the second motor at this frequency is:

88 =s ;b—,,
the speed of the second motor, however, is the same as that of
the first motor, S,
hence, the slip of speed of the second motor below its synchronous

speed, is:
of (1-—-s)£=(s"l_s)f;

n' n  n

and the slip of frequency thus is:

s’=n’(§—1;'s)=s—-a(1—s),
s =s(l+a) —a. 5)

This slip of the second motor, s’, becomes zero, that is, the
couple reaches the synchronism of concatenation, for:

a
S0 = 1+a ©
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The speed in this case is:

S0 =(1—s)l
R
n(l+a)
31. If:

a=1,

™

that is, two equal motors, as for instance two four-polar motors

n=n" =4,
it is:
So=0.5,
f _f
O=——=:—)
So 2n 8

while at full synchronism:

&
I
S I,
]
|

If:

S s a
o
00 N

it is:

[

o

I
ol b0

&
I
0\3!,\"

= -L)
n 12
that is, corresponding to a twelve-polar motor.

While:

_Jf_ T
So=0=7
if:
a = 0.5,
n =8,
n = 4,
it is:
So=17
3f f
0 — —_—
S =15~ 12
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that is, corresponding to a twelve-polar motor again. That is,
as regards tothespeed of the concatenated couple, it isimmaterial
in which order the two motors are concatenated.

32. It is then, in a concatenated motor couple of pole ratio:

a = ’

3|

if:

s = slip of first motor below full synchronism.
The primary circuit of the first motor is of full frequency.
The secondary circuit of the first motor is of frequency s.
The primary circuit of the second motor is of frequency s.
The secondary circuit of the second motor is of frequency s’ =

s(1+a) — a.

Synchronism of concatenation is reached at:

— a M
=TT
Let thus:
eo = voltage impressed of first motor primary;
Yo=g —jb = exciting admittance of first motor;
Yy = ¢ — jb’ = exciting admittance of second motor;
Zo =10 + jro = self-inductive impedance of first motor
primary;
Z'y = 1’y + jz'o = self-inductive impedance of second motor
primary;
Zy = r1 + jz; = self-inductive impedance of first motor second-
ary;
Z'y = 'y + jx’y = self-inductive impedance of second motor
secondary.

Assuming all these quantities reduced to the same number of
turns per circuit, and to full frequency, as usual.
If:
e = counter e.m.f. generated in the second motor by its mutual
magnetic flux, reduced to full frequency.
It is then:
secondary current of second motor:

;o s'e _ [s(14+a) —ale _ s
I 1= 7"1 +js'x’1 - T’] +][S (1 +a) _ a] 1;'1 e(a1 ]a‘l); (8)
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where:
_rils(+a) —d
m
_o4s(1 + @) — al? ©
: m
m=r2+ 221+ a) — a)? (10)
exciting current of second motor:
I =eY' =e(g — jb), (11)

hence, primary current. of second motor, and also secondary
current of first motor:

'o=L=I14+1Tn

= ¢ (b1 — jba), (12)
where:
by = a, + g’,
bz = (2 "l" b/, (13)

the impedance of the circuit comprising the primary of the
second, and the secondary of the first motor, is:

Z =724+ 2'¢= (ri+ 1) + js (x1 + 7o), (14)

hence, the counter e.m.f., or induced voltage in the secondary
of the first motor, of frequency is:

sEy = se + IIZ;

hence, reduced to full frequency:

Ei=e+ Iﬁ
= ¢(c1 + jes), (15)
where:
¢ =14+ 7"1-"-’}3—-‘2171 + (1131 +x'o) by
/ (16)
= (-’61 + x’o) by — Z"l*is:LQ b,
33. The primary exciting current of the first motor is:
T =EY
= ¢ (d1 — jds), an
where:
d]_ = C1g + 02b (18)

_d_z = C;b b ng
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thus, the total primary current of the first motor, or supply
current:

Io = Il + Too
= e (fi — ifa), (19)
where:
fi=bi+ds
fo=bo + dz} (20)

and the primary impressed voltage of the first motor, or supply
voltage:

EO = El + ZO.IO
= ¢ (g1 + jga), (21)
where:
g1 = ¢1 + roft + zofe
g2 = ¢+ $0f1 - Tofz} (22)

and, absolute:

o = e Vg + gob (23)
thus:
6= — . (24)
\/912 + go? )

Substituting now this value of ¢ in the preceding, gives the
values of the currents and voltages in the different circuits.
34. It thus is, supply current:

. 2+ 2
zo=em=em/gi—-—;2+§;;

power input:
Po = /Eo, In/’
= ¢* (fig1 — fag2)

- zf_'x_gz - fzgz:
g:1% + g2
volt-ampere input:
Q = eolo,

and herefrom power-factor, etc.
The torque of the second motor is:

T = /8111/’

= eza,.
The torque of the first motor is:

T.= /By, L/
= e (lel - ’:2f2);
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hence, the fotal torque of the concatenated couple:
T=T +T, =e(a;+ c1f1 — cafe),
and herefrom the power output:
P=(01-9T,

thus the torque and power efficiencies and apparent efficiencies,

ete.
85. Asinstances are calculated, and shown in Fig. 18, the speed

oy 1 1]
2 Z=2,=0.140.85 Y=0.01-0.1
6000 w|k N =2=0.140.8§ Y= i
5 <
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Fia. 18.—Speed torque curves of concatenated couple with low resistance
secondary.

torque curves of the concatenated couple of two equal motors:
a = 1, of the constants: e, = 110 volts.

Y=Y 0.01 — 0.17;
Zy= Z'y = 0.1+ 0.37;
Z, =21 = 01+037.

Fig. 18 also shows, separately, the torque of the second motor,
and the supply current.

Fig. 19 shows the speed torque curves of the same concate-
nated couple with an additional resistance r = 0.5 inserted into
the secondary of the second motor.

The load curves of the same motor, Fig. 18, for concatenated
running, and also separately the load curves of either motor,

]
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are given on page 358 of ‘“Theoretical Elements of Electrical
Engineering.”

36. It is possible in concatenation of two motors of different
number of poles, to use one and the same magnetic structure for
both motors. Suppose the stator is wound with an 7n-polar
primary, receiving the supply voltage, and at the same time with
an n' polar short-circuited secondary winding. The rotor is
wound with an n-polar winding as secondary to the n-polar
primary winding, but this n-polar secondary winding is not
short-circuited, but connected to the terminals of a second

- 6000 T~
2y=2)=0.140.35| ¥ = 0.01 - [0.15
@ |_ s000L2 2
El” 5 Z
ES 2 — g
- |-2000/-2 ~ z
£ = N, z
@ @ \, >
al o0 -
—
g | &
S| _s000 \, 7]
\\ ——
4000 /
=g
~c0001.0 0.9 08 o7 ols 05 04 03 02 01 0.

Fig. 19.—Speed-torque curves of concatenated couple with resistance in
second secondary.

n’-polar winding, also located on the rotor. This latter thus
receives the secondary current from the n-polar winding and
acts as n’-polar primary to the short-circuited stator winding as
secondary. This gives an n-polar motor concatenated to an
n’-polar, and the magnetic structure simultaneously carries an
n-polar and an n'-polar magnetic field. With this arrangement
of “internal concatenation,” it is essential to choose the number
of poles, n and 7/, so that the two rotating fields do not interfere
with each other, that is, the n'-polar field does not induce in the
n-polar winding, nor the n-polar field in the n’-polar winding.
This is the case if the one field has twice as many poles as the
other, for instance a four-polar and an eight-polar field.

If such a fractional-pitch winding is used, that the coil pitch
is suited for an m-polar as well as an n’-polar winding, then the
same winding can be used for both sets of poles. In the stator,
the equipotential points of a 2 p-polar winding are points of
opposite polarity of a p-polar winding, and thus, by connecting
together the equipotential points of a 2 p-polar primary winding,

4
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this winding becomes at the same time a p-polar short-circuited
winding. On the rotor, in some slots, the secondary current of
the n-polar and the primary current of the n’-polar winding flow
in the same direction, in other slots flow in opposite direction,
thus neutralize in the latter, and the turns can be omitted in
concatenation—but would be put in for use of the structure as
single motor of n, or of n’ poles, where such is desired. Thus,
on the rotor one single winding also is sufficient, and this arrange-
ment of internal concatenation with single stator and single rotor
winding thus is more efficient than the use of two separate motors,
and gives somewhat better constants, as the self-inductive im-
pedance of the rotor is less, due to the omission of one-third of
the turns in which the currents neutralize (Hunt motor).

The disadvantage of this arrangement of internal concatenation
with single stator and rotor winding is the limitation of the avail-
able speeds, as it is adapted only to 4 + 8 + 12 poles and
multiples thereof, thus to speed ratios of 1 + 14 + 1§, the last
being the concatenated speed.

Such internally concatenated motors may be used advantage-
ously sometime as constant-speed motors, that is, always run-
ning in concatenation, for very slow-speed motors of very large
number of poles. :

37. Theoretically, any number of motors may be concatenated.
It is rarely economical, however, to go beyond two motors in
concatenation, as with the increasing number of motors, the
constants of the concatenated system rapidly become poorer.

If:

Yo=g — jb,
Zy = 1o + jo,
Zy = 11 + jI,

are the constants of a motor, and we denote:

Z=ZO+Z1=(To+T1)+j(1'o+xl)
=7+ jz

then the characteristic constant of this motor—which char-
acterizes its performance—is:

3 = yz;
if now two such motors are concatenated, the exciting admittance
of the concatenated couple is (approximately):

Y =2Y,
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as the first motor carries the exciting current of the second
motor.

The total self-inductive impedance of the couple is that of
both motors in series:

7z =27
thus the characteristic constant of the concatenated couple is:
0[ _ ylzl
=4yz
=49,

that is, four times as high as in a single motor; in other words,
the performance characteristics, as power-factor, etc., are very
much inferior to those of a single motor.

With three motors in concatenation, the constants of the
system of three motors are:

Y =3Y,
Z" =3 Z,
thus the characteristic constant:
& = yllzll
= Qyz
=949,

or nine times higher than in a single motor. In other words,
the characteristic constant increases with the square of the
number of motors in concatenation, and thus concatenation
of more than two motors would be permissible only with motors
of very good constants.

The calculation of a concatenated system of three or more
motors is carried out in the same manner as that of two motors,
by starting with the secondary circuit of the last motor, and
building up toward the primary circuit of the first motor.



CHAPTER 1V
INDUCTION MOTOR WITH SECONDARY EXCITATION

38. While in the typical synchronous machine and commu-
tating machine the magnetic field is excited by a direct current,
characteristic of the induction machine is, that the magnetic
field is excited by an alternating current derived from the alter-
nating supply voltage, just as in the alternating-current trans-
former. As the alternating magnetizing current is a wattless
reactive current, the result is, that the alternating-current input
into the induction motor is always lagging, the more so, the
larger a part of the total current is given by the magnetizing
current. To secure good power-factor in an induction motor,
the magnetizing current, that is, the current which produces
the magnetic field flux, must be kept as small as possible. This
means as small an air gap between stator and rotor as mechanic-
ally permissible, and as large a number of primary turns per pole,
that is, as large a pole pitch, as economically permissible.

In motors, in which the speed—compared to the motor out-
put—is not too low, good constants can be secured. This,
however, is not possible in motors, in which the speed is very
low, that is, the number of poles large compared with the out-
put, and the pole pitch thus must for economical reasons be kept
small—as for instance a 100-hp. 60-cycle motor for 90 revolu-
tions, that is, 80 poles—or where the requirement of an excessive
momentary overload capacity has to be met, etc. Insuch motors
of necessity the exciting current or current at no-load—which
is practically all magnetizing current—is a very large part of
full-load current, and while fair efficiencies may nevertheless be
secured, power-factor and apparent efficiency necessarily are
very low.

As illustration is shown in Fig. 20 the load curve of a typical
100-hp. 60-cycle 80-polar induction motor (90 revolutions per
minute) of the constants:

Impressed voltage: eo = 500.
Primary exciting admittance: Y, =0.02 — 0.6.
Primary self-inductive impedance: Zy = 0.1+ 033

Secondary self-inductive impedance: Z, =01+ 03,
52
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As seen, at full-load of 75 kw. output,
the efficiency is 80 per cent., which is fair for a slow-speed motor.
But the power-factor is 55 per cent., the apparent efficiency
only 44 per cent., and the exciting current is 75 per cent. of full-
load current.

This motor-load curve may be compared with that of a typical
induction motor, of exciting admittance:

Y, = 0.01 — 0.1j,

given on page 234 of “Theory and Calculation of Alternating-
current Phenomena’ 5th edition, and page 319 of “Theoretical

LOW SPEED INDUCTION MOTOR X amps)
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Yo=.02—.8] Zy=A+.8j ) 55
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F1c. 20.—Low-speed induction motor, load curves.

Elements of Electrical Engineering,” 4th edition, to see the
difference. ’

39. In the synchronous machine usually the stator, in com-
mutating machines the rotor is the armature, that is, the element
to which electrical power is supplied, and in which electrical
power is converted into the mechanical power output of the
motor. The rotor of the typical synchronous machine, and the
stator of the commutating machine are the field, that is, in
them no electric power is consumed by conversion into mechanical
work, but their purpose is to produce the magnetic field flux,
through which the armature rotates.

In the induction machine, it is usually the stator, which is the
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primary, that is, which receives electric power and converts it
into mechanical power, and the primary or stator of the induec-
tion machine thus corresponds to the armature of the synchro-
nous or commutating machine. In the secondary or rotor of the
induction machine, low-frequency currents—of the frequency
of slip—are induced by the primary, but the magnetic field flux
is produced by the exciting current which traverses the primary
or armature or stator. Thus the induction machine may be
considered as a machine in which the magnetic field is produced
by the armature reaction, and corresponds to a synchronous
machine, in which the field coils are short-circuited and the
field produced by armature reaction by lagging currents in the
armature.

As the rotor or secondary of the induction machine corresponds
structurally to the field of the synchronous or commutating
machine, field excitation thus can be given to the induction
machine by passing a current through the rotor or secondary and
thereby more or less relieving the primary of its funection of giv-
ing the field excitation.

Thus in a slow-speed induction motor, of very high exciting
current and correspondingly poor constants, by passing an
exciting current of suitable value through the rotor or secondary,
the primary can be made non-inductive, or even leading current
produced, or—with a lesser exciting current in the rotor—at
least the power-factor increased.

Various such methods of secondary excitation have been pro-
posed, and to some extent used.

1. Passing a direct current through the rotor for excitation.

In this case, as the frequency of the secondary currents is the
frequency of slip, with a direct current, the frequency is zero,
that is, the motor becomes a synchronous motor.

2. Excitation through commutator, by the alternating supply
current, either in shunt or in series to the armature.

At the supply frequency, f, and slip, s, the frequency of rotation
and thus of commutation is (1 — s) f, and the full frequency cur-
rents supplied to the commutator thus give in the rotor the
effective frequency,f — (1 — s) f = sf, that is, the frequency of
slip, thus are suitable as exciting currents.

3. Concatenation with a synchronous motor.

If a low-frequency synchronous machine is mounted on the
induction-motor shaft, and its armature connected into the induc-
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tion-motor secondary, the synchronous machine feeds low-fre-
quency exciting currents into the induction machine, and thereby
permits controlling it by using suitable voltage and phase.

If the induction machine has n times as many poles as the
synchronous machine, the frequency of rotation of the synchro-

How-

ever, the frequency generated by the synchronous machine must
be the frequency of the induction-machine secondary currents,
that is, the frequency of slip s.

Hence:

.o 1 ) —
nous machine is ﬁthat of theinduction machine, or 1

or: _ 1 ,
ST R Tl
that is, the concatenated couple is synchronous, that is, runs at

constant speed at all loads, but not at synchronous speed, but at
1

n-41

4. Concatenation with a low-frequency commutating machine.

If a commutating machine is mounted on the induction-motor
shaft, and connected in series into the induction-motor secondary,
the commutating machine generates an alternating voltage of the
frequency of the currents which excite its field, and if the field
is excited in series or shunt with the armature, in the circuit of
the induction machine secondary, it generates voltage at the
frequency of slip, whatever the latter may be. That is, the
induction motor remains asynchronous, increases in slip with
increase of load.

5. Excitation by a condenser in the secondary circuit of the
induction motor.

As the magnetizing current required by the induction motor is
a reactive, that is, wattless lagging current, it does not require a
generator for its production, but any apparatus consuming lead-
ing, that is, generating lagging currents, such as a condenser, can
be used to supply the magnetizing current.

40. However, condenser, or synchronous or commutating
machine, etc., in the secondary of the induction motor do not
merely give the magnetizing current and thereby permit power-
factor control, but they may, depending on their design or appli-
cation, change the characteristics of the induction machine, as
regards to speed and speed regulation, the capacity, ete.

constant slip
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If by synchronous or commutating machine a voltage is
inserted into the secondary of the induction machine, this vol-
tage may be constant, or varied with the speed, the load, the slip,
ete., and thereby give various motor characteristics. Further-
more, such voltage may be inserted at any phase relation from
zero t0 360°.  If this voltage is inserted 90° behind the secondary
current, it makes this current leading or magnetizing and so in-
creases the power-factor. If, however, the voltage is inserted
in phase with the secondary induced voltage of the induction
machine, it has no effect on the power-factor, but merely lowers
the speed of the motor if in phase, raises it if in opposition to the
secondary induced voltage of the induction machine, and hereby
permits speed control, if derived from a commutating machine.
For instance, by a voltage in phase with and proportional to the
secondary current, the drop of speed of the motor can be increased
and series-motor characteristics secured, in the same manner as
by the insertion of resistance in the induction-motor secondary.
The difference however is, that resistance in the induction-motor
secondary reduces the efficiency in the same proportion as it
lowers the speed, and thus is inefficient for speed control. The
insertion of an e.m.f., however, while lowering the speed, does
not lower the efficiency, as the power corresponding to the lowered
speed is taken up by the inserted voltage and returned as output
of the synchronous or commutating machine. Or, by inserting a
voltage proportional to the load and in opposition to the induced
secondary voltage, the motor speed can be maintained constant,
or increased with the load, ete.

If then & voltage is inserted by a commutating machine in the
induction-motor secondary, which is displaced in phase by angle
« from the secondary induced voltage, a component of this vol-
tage: sin a, acts magnetizing or demagnetizing, the other com-
ponent: cos a, acts increasing or decreasing the speed, and thus
various effects can be produced.

As the current consumed by a condenser is proportional to the
frequency, while that passing through an inductive reactance is
inverse proportional to the frequency, when using a condenser
in the secondary circuit of the induction motor, its effective im-
pedance at the varying frequency of slip is:

Z]‘?-_—T]_ +J (S.’Bl — %))

where 2, is the capacity reactance at full frequency.
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For s = 0, Z;* = =, that is, the motor has no power at or near

synchronism.
For:
Lo
sty — — =0,
s
or
\Fz
= —
(31
it is:

and the current taken by the motor is a maximum. The power
output thus is a maximum not when approaching synchronism,
as in the typical induction motor, but at a speed depending on the
slip,

and by varying the capacity reactance, z,, various values of reson-
ance slip, so, thus can be produced, and thereby speed control of
the motor secured. However, for most purposes, this is uneco-
nomical, due to the very large values of capacity required.

Induction Motor Converted to Synchronous

41, If, when an induction motor has reached full speed, a direct
current is sent through its secondary circuit, unless heavily
loaded and of high secondary resistance and thus great slip, it
drops into synchronism and runs as synchronous motor.

The starting operations of such an induction motor in conver-
sion to synchronous motor thus are (Fig. 21):

First step: secondary closed through resistance: A
Second step: resistance partly cut out: B.
Third step: resistance all cut out: C.

Fourth step: direct current passed through the secondary: D.

In this case, for the last or synchronous-motor step, usually
the direct-current supply will be connected between one phase
and the other two phases, the latter remaining short-circuited
to each other, as shown in Fig. 21, D. This arrangement retains
a short-circuit in the rotor—now the field—in quadrature with
the excitation, which acts as damper against hunting (Danielson
motor).
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In the synchronous motor, Fig. 21, D, produced from the induc-
tion motor, Fig. 21, C, it is:
Let:

Y, =g —jb = primary exciting admittance
of the induction machine,

Zy = 1o + jxo = primary self-inductive impe-
dance,

Z, = r1 + jx1 = secondary self-inductive im-
pedance.

Fie. 21.—Starting of induction motor and conversion to synchronous.

The secondary resistance, 7y, is that of the field exciting winding,
thus does not further come into consideration in calculating the
motor curves, except in the efficiency, as 71%r; is the loss of power
in the field, if 7; = field exciting current. = is of little further
importance, as the frequency is zero. It represents the magnetic
leakage between the synchronous motor poles.

7o i8 the armature resistance and z, the armature self-inductive
reactance of the synchronous machine.

However, 2, is not the synchronous impedance, which enters
the equation of the synchronous machine, but is only the self-
inductive part of it, or the true armature self-inductance. The
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mutual inductive part of the synchronous impedance, or the
effective reactance of armature reaction, 2/, is not contained in z,.

The effective reactance of armature reaction of the synchro-
nous machine, 2/, represents the field excitation consumed by the
armature m.m.f., and is the voltage corresponding to this field
excitation, divided by the armature current which consumes this
field excitation.

b, the exciting susceptance, is the magnetizing armature
current, divided by the voltage induced by it, thus, ’, the effect-
ive reactance of synchronous-motor armature reaction, is the
reciprocal of the exciting susceptance of the induction machine.

The total or synchronous reactance of the induction machine
as synchronous motor thus is:

z =)+
1
=$0+E"

The exciting conductance, g, represents the loss by hysteresis,
ete., in the iron of the machine. As synchronous machine, this
loss is supplied by the mechanical power, and not electrically,
and the hysteresis loss in the induction machine as synchronous
motor thus is: e%g.

We thus have:

The induction motor of the constants, per phase:
Exciting admittance: Yy, =g —jb,
Primary self-inductive impedance: Zy = 19 + jxwo,
Secondary self-inductive impedance: Z; = 1 4 jzi,

by passing direct current through the secondary or rotor, be-
comes a synchronous motor of the constants, per phase:

Armature resistance: To,

Synchronous impedance: = 2o + % @

Total power consumed in field excitation:
P = 24, (@)
where ¢ = field exciting current.
Power consumed by hysteresis:
P =ée%g. (3)
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42. Let, in a synchronous motor:

E, = impressed voltage,
E = counter e.m.., or nominal induced
voltage,
Z = r + jz = synchronous impedance,
I =14; — ji; = current,
it is then:
Eo=E+Z]
= F + (riy + zis) + j (w81 — 712), (4)
or:
E =B, —2Z]

= Eo - (Til -+ xiz) - ] (1?7:1 - 7"52): (5)
or, reduced to absolute values, and choosing:

E = ¢ = real axis in equation (4),

Eo = ey = real axis in equation (5),
e = (¢ + riy + i) + (xiy — r82)? [¢ = real axis], (6)
e2 = (eo — iy + wis)® + (w8 — 712)% [eo = real axis].  (7)

Equations (6) and (7) are the two forms of the fundamental
equation of the synchronous motor, in the form most convenient
for the calculation of load and speed curves.

In (7), 7; is the energy component, and %, the reactive com-
ponent of the current with respect to the impressed voltage, but
not with respect to the induced voltage; in (6), ¢ is the energy
component and 7, the reactive component of the current with
respect to the <nduced voltage, but nof with respect to the
impressed voltage.

The condition of motor operation at unity power-factor is:

23 = 0 in equation (7).
Thus:
et = (eo — r1)? + 2%;® ®

at no-load, for ¢; = 0, this gives: ¢ = e, as was to be expected.
Equation (8) gives the variation of the induced voltage and
thus of the field excitation, required to maintain unity power-
factor at all loads, that is, currents, 7.
From (8) follows:
. + /2% — x%e?
_ Te + V2% e )

(31
22
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Thus, the minimum possible value of the counter e.m.f., e,
is given by equating the square root to zero, as:

e="2e¢
Pt
For a given value of the counter e.m.f., e, that is, constant
field excitation, it is, from (7):

. e e? . Tep\ 2
G = 204 € _ (z - ___) :
22 2? ! 2]’ (10)

or, if the synchronous impedance, z, is very large compared with
7, and thus, approximately:

2= 2
. o e? .

= 22 4+ X — 4.2
72 z = g2 11 (11)

The maximum value, which the energy current, %, can have,
at a given counter e.m.f., e, is given by equating the square root
to zero, as:

(12)

’L.]=

io

For: 2y = 0, or at no-load, it is, by (11):
. e+ e
1y = ——
x

Equations (9) and (12) give two values of the currents ¢,
and 7, of which one is very large, torresponds to the upper or
unstable part of the synchronous motor-power characteristics
shown on page 325 of “Theory and Calculation of Alternating-
current Phenomena,’”’ 5th edition.

43. Denoting, in equation (5):

E =2 —je, (13)
and again choosing Eo = ¢, as the real axis, (5) becomes:
¢ — je'’ = (eo — 1ty — Fla) — J (21 — i), (14)

and the electric power input into the motor then is:

Po = /By I/
= 602.1, (15)
the power output at the armature conductor is:
Pl = /E: I/,

= 6,7;] + e”iz,
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hence by (14):
Py =41 (0 — 11 — xia) + 42 (2 — 7ia), (16)
expanded, this gives:
Py = eoin — 7 (3.2 + 729
= Py — 1%, (17)

where: 1 = total current. That is, the power out-
put at the armature conductors is the power input minus the
1% loss.

The current in the field is:

io = eb, (18)
hence, the 72r loss in the field; of resistance, r1.
7:027‘1 = €2b27'1. (19)

The hysteresis loss in the induction motor of mutual induced
voltage, e, is: e%g, or approximately:

P = ey, (20)

in the synchronous motor, the nominal induced voltage, e, does
not correspond to any flux, but may be very much higher, than
corresponds to the magnetic flux, which gives the hysteresis
loss, as it includes the effect of armature reaction, and the hys-
teresis loss thus is more nearly represented by eo%g (20). The
difference, however, is that in the synchronous motor the hys-
teresis loss is supplied by the mechanical power, and not the
electric power, as in the induction motor.
The net mechanical output of the motor thus is:

P=P1—?:02T1—Pl
= Po— 1% — 7:027"] - 62g
= egiy — 1 — €2y — €y, (21)

and herefrom follow efficiency, power-factor and apparent
efficiency.
44, Considering, as instance, a typical good induction motor,

of the constants:

ey = 500 volts;

Yy =0.01 — 0.17;

Zy,=0.1++037;

Zy =01+ 0.33j.



INDUCTION MOTOR 63

The load curves of this motor, as induction motor, calculated
in the customary way, are given in Fig. 22.

Converted into a synchronous motor, it gives the constants:

Synchronous impedance (1):

Z=r+jz=01+103].

Fig. 23 gives the load characteristics of the motor, with the
power output as absciss@, with the direct-current excitation,
and thereby the counter e.m.f., e, varied with the load, so as to
maintain unity power-factor.

The calculation is made in tabular form, by calculating for
various successive values of the energy current (here also the
total current) ¢;, input, the counter e.m.f., ¢, by equation (8):

e? = (500 — 0.17;)? + 100.61 ,2,

the power input, which also is the volt-ampere input, the power-
factor being unity, is:

Po = eoi1 = 500 Z'y_.
From e follow the losses, by (17), (19) and (20):

in armature resistance: 0.1 %%
in field resistance: 0.001 e3;
hysteresis loss: 2.5 kw.;

and thus the power output:
P = 50017 — 2.5 — 0.1 2,2 — 0.001 ¢?

and herefrom the efficiency.

Tig. 23 gives the total current as ¢, the nominal induced voltage
as e, and the apparent efficiency which here is the true efficiency,
as 7.

As seen, the nominal induced voltage has to be varied very
greatly with the load, indeed, almost proportional thereto. That
is, to maintain unity power-factor in this motor, the field excita~
tion has to be increased almost proportional to the load.

It is interesting to investigate what load characteristics are
given by operating at constant field excitation, that is, constant
nominal induced voltage, e, as this would usually represent the
operating conditions.
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AMPS,

INCUCTION MOTOR i
€,=500  Zo=1+87 N )
=01-1j =1+.87
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\ %
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Fia. 22.—Load curves of standard induction motor.
2
/ INDUCTION MOTOR
DIRECT CURRENT EXCITATION FOR
UNITY POWER FACTOR oLTY
e/ 8o=500 Zo=1+ .35 400
Yo=.01—45 Z4=.+.35
* (z=1"+10.87) 1300
SYNCHRONOUS 1200
/ 110
s MMPS
5001000
/ ;73 450900
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A4 0] S T 801400/ 800,
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Fre. 23.—Load curves at unity power-factor excitation, of standard induc-
tion motor converted to synchronous motor,
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Figs. 24 and 25 thus give the load characteristics of the motor,
at constant field excitation, corresponding to:
in Fig. 24: e = 2 e
in Fig. 25: e =5 e

For different values of the energy current, 7;, from zero up to
the maximum value possible under the given field excitation,

INDUCTION MOTOR
CONSTANT DIRECT CURRENT EXCITATION

o
500 =1+.8j
YO—O1 a3 Z1—1+ .87
(z = 1+10.87)
SYNCHRONOUS

100.

70.

3 -///‘ 80.
=

1/ 50. :M12P;.
/ / / // 40W 100}
/ / — i L 30,75
// —T 201 50,

10

/ 10 20 30 40 Kw

Fia. 24.—Load curves at constant excitation 2e, of standard inductinn
motor converted to synchronous motor.

as given by equation (12), the reactive current, 7, is calculated
by equation (11):

Fig. 24: iy = 48.5 — /9410 — i:%;
Fig. 25: iy = 48.5 — /58,800 — 4’

The total current then is:

i = Vit
the volt-ampere input:
Q b 607:;
the power input:
Py = eoib
5
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the power output given by (21), and herefrom efficiency 7,
power-factor p and apparent efficient, v, calculated and plotted.

Figs. 24 and 25 give, with the power output as abscissw, the
total current input, efficiency, power-factor and apparent
efficiency.

As seen from Figs. 24 and 25, the constants of the motor as
synchronous motor with constant excitation, are very bad: the
no-load current is nearly equal to full-load current, and power-

INDUCTION MOTOR
CONSTANT DJRECT CUSRRENT EXCITATION
e=5¢e
€,=500 _  Zo=4+.3]
Yo=.01—_.17 Zy=.1+.8i
(Z=.14+10.87)
SYNCHRONOQUS
%
< 100
8
// 90
AN
= /, /z/ 80.
11~ /1 70
// 60.
AMPS,}
2’// A 50250
/ / ; ///
Z "] 40.1-200
//// 30150
7/ 20100
/ 050
10 20 30 40 50 60 70 80 90 100 kw.

Fra. 25—Load curves at constant excitation 5 e, of standard induction
motor converted to synchronous motor.

factor and apparent efficiency are very low except in a narrow
range just below the maximum output point, at which the
motor drops out of step.

Thus this motor, and in general any reasonably good induction
motor, would be spoiled in its characteristics, by converting it
into a synchronous motor with constant field excitation.

In Fig. 23 are shown, for comparison, in dotted lines, the
apparent efficiency taken from Figs. 24 and 25, and the apparent
efficiency of the machine as induction motor, taken from Fig. 22.
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45. As further instance, consider the conversion into a syn-
chronous motor of a poor induction motor: a slow-speed motor of
very high exciting current, of the constants: :

eo = 500;

Yo = 0.02 — 0.6 5;
Zy, =0.1+0.37;
Zy = 0.1+ 0.37.

The load curves of this machine as induction motor are given
in Fig. 20.

LOW SPEED INDUCTION MOTOR oLt
DIRECT CURRENT EXCITATION FOR
UNITY POWER FACTOR /"”’ .
e, = 500 Z,=1+ .33 6001120
Yo =.02-.8§ Z,=.1+ 35 A ssals
Z =1+ 24) T AT
SYNCHRONOUS 180 500
s L
| /1 90.1450..900.
L~ d
80..400..800§
7 i I M 70.] 350,700
/] Sl ] 60.]300) 600}
v —
L — e 50| 250/ 500]
/i L1 200
L~ 301150
/ L1 20 [100] |
/ L 10} 50 |

10 20 30 40 50 €0 70 €0 90 100 110 120 130 140 150 160 170 180 190 200 kw.

Fra. 26.—Load curves of low-speed high-excitation induction motor con-
verted to synchronous motor, at unity power-factor excitation.

Converted to a synchronous motor, it has the constants:
Synchronous impedance:

Z = 0.1+ 197

Calculated in the same manner, the load curves, when vary-
ing the field excitation with changes of load so as to maintain
unity power-factor, are given in Fig. 26, and the load curves for
constant field excitation giving a nominal induced voltage:

e=15e
are given in Fig. 27.
As seen, the increase of field excitation required to maintain
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unity power-factor, as shown by curve ¢ in Fig. 26, while still
considerable, is very much less in this poor induction motor,
than it was in the good induction motor Figs. 22 to 25.

The constant-excitation load curves, Fig. 27, give character-
istics, which are very much superior to those of the motor as in-
duction motor. The efficiency is not materially changed, as was
to be expected, but the power-factor, p, is very greatly improved
at all loads, is 96 per cent. at full-load, rises to unity above full-

LOW SPEED INDUCTION MOTOR
CONSTANT DIRECT CURRENT EXCITATION
— e=1.5€
€0=500 Zo=1+.3]
I Yo=.02— .87 Zy=14+.83]
(z=.1+.25) %
SYNCHRONOUS 100
8 L] AMPS ]
L1
L~ \\ 90 450
P »
v 80| 400.]
[
/ = P 70| 350,
/ ki // / \
/ 1 enw_sooj
v
/ / // — 50._250.]
/ / L 40| 200.]
L]
L1
//L/ 30| 150,
j / 20 | 100
v
/ 10050
10 20 3 4 50 60 70 8 90 100 110 120 130 140 kw,

Fre. 27.—Load curve of low-speed high-excitation induction motor con-
verted to synchronous motor, at constant field excitation.

load (assumed as 75 kw.) and is given at quarter-load already
higher than the maximum reached by this machine as straight
induction motor.

For comparison, in Fig. 28 are shown the curves of apparent
efficiency, with the power output as abscisse, of this slow-speed
motor, as:

I as induction motor (from Fig. 20);

So as synchronous motor with the field excitation varying to

maintain unity power-factor (from Fig. 26);

8 as synchronous motor with constant field excitation (from

Fig. 27).
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Asseen, in the constants at load, constant excitation, S, is prac-
tically as good as varying unity power-factor excitation, S,, drops
below it only at partial load, though even there it is very greatly
superior to the induction-motor characteristic, I.

It thus follows:

By converting it into a synchronous motor, by passing a direct
current through the rotor, a good induction motor is spoiled, but
a poor induction motor, that is, one with very high execiting
current, is greatly improved.

9585085 |, | |2

S ““"‘—-—LK i
| 7€ I =
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/k-"ﬂ/+/ N\ - bl | +1 0.

[ v ~ >
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( 1? V // T I 40.
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V/ X €80 SYNCHR.CONCAT.INDUCT.,UNITY P.F.
A €8 8YNCHR.CONCAT.INDUCT.,CONSTANT EXCIT,—20]

e,
N
N
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Fra. 28.—Comparison of apparent efficiency and speed curves of high-
excitation induction motor with various forms of secondary excitation.

46. The reason for the unsatisfactory behavior of a good induc-
tion motor, when operated as synchronous motor, is found in the
excessive value of its synchronous impedance.

Exciting admittance in the induction motor, and synchronous
impedance in the synchronous motor, are corresponding quanti-
ties, representing the magnetizing action of the armature cur-
rents. In the induction motor, in which the magnetic field is
produced by the magnetizing action of the armature currents,
very high magnetizing action of the armature currentis desirable,
50 as to produce the magnetic field with as little magnetizing cur-
rent as possible, as this current is lagging, and spoils the power-
factor. In the synchronous motor, where the magnetic field is
produced by the direct current in the field coils, the magnetizing
action of the armature currents changes the resultant field excita-
tion, and thus requires a corresponding change of the field current
to overcome it, and the higher the armature reaction, the more
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has the field current to be changed with the load, to maintain
proper excitation. That is, low armature reaction is necessary.

In other words, in the induction motor, the armature reaction
magnetizes, thus should be large, that is, the synchronous react-
ance high or the exciting admittance low; in the synchronous
motor the armature reaction interferes with the impressed field
excitation, thus should be low, that is, the synchronous imped-
ance low or the exciting admittance high.

Therefore, a good synchronous motor makes a poor induction
motor, and a good induction motor makes a poor synchronous
motor, but a poor induction motor—one of high exciting admit-
tance, as Fig. 20—makes a fairly good synchronous motor.

Here a misunderstanding must be guarded against: in the
theory of the synchronous motor, it is explained, that high
synchronous reactance is necessary for good and stable synchro-
nous-motor operation, and for securing good power-factors at all
loads, at constant field excitation. A synchronous motor of low
synchronous impedance is liable to be unstable, tending to hunt
and give poor power-factors due to excessive reactive currents.

This apparently contradicts the conclusions drawn above in
the comparison of induction and synchronous motor.

However, the explanation is found in the meaning of high and
low synchronous reactance, as seen by expressing the synchro-
nous reactance in per cent.: the percentage synchronousreactance
is the voltage consumed by full-load current in the synchronous
reactance, as percentage of the terminal voltage.

When discussing synchronous motors, we consider a synchro-
nous reactance of 10 to 20 per cent. as low, and a synchronous
reactance of 50 to 100 per cent. as high.

In the motor, Figs. 22 to 25, full-load current—at 75 kw. out-
put—is about 180 amp. At a synchronous reactance of z =
10.3, this gives a synchronous reactance voltage at full-load
current, of 1850, or a synchronous reactance of 370 per cent.

In the poormotor, Figs. 20,26 and 27, full-load current is about
200 amp., the synchronous reactance z = 1.97, thus the react-
ance voltage 394, or 79 per cent., or of the magnitude of good
synchronous-motor operation.

That is, the motor, which as induction motor would be consid-
ered as of very high exciting admittance, giving a low synchro-
nous impedance when converted into a synchronous motor, would
as synchronous motor, and from the viewpoint of synchronous-
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motor design, be considered as a high synchronous impedance
motor, while the good induction motor gives as synchronous
motor a synchronous impedance of several hundred per cent., that
is far beyond any value which ever would be considered in syn-
chronous-motor design.

Induction Motor Concatenated with Synchronous

47. Let an induction machine have the constants:
Yy =g — jb = primary exciting admittance,
Zoy = 1o + jro = primary self-inductive im-
pedance,
r1 + jz1 = secondary self-inductive im-
pedance at full frequency,
reduced to primary,
and let the secondary circuit of this induction machine be con-
nected to the armature terminals of a synchronous machine
mounted on the induction-machine shaft, so that the induction-
motor secondary currents traverse the synchronous-motor arma-
ture, and let:

Z,

Zs = ry + jr2 = synchronous impedance of
the synchronous machine,
at the full frequency im-
pressed upon the induction
machine.
The frequency of the synchronous machine then is the fre-
quency of the induction-motor secondary, that is, the frequency
of the induction-motor slip. The synchronous-motor frequency

. . 1.
also is the frequency of synchronous-motor rotation, or - times

the frequency of induction-motor rotation, if the induction motor
has 7 times as many poles as th= synchronous motor.
Herefrom follows:

or:

™

S=n¥1

' ‘ . 1
that is, the concatenated couple runs at constant slip, s = P
thus constant speed,.

n .
— = — . 2
1—3s | of synchronism (2
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Thus the machine couple has synchronous-motor character-
istics, and runs at a speed corresponding to synchronous speed
of a motor having the sum of the induction-motor and syn-
chronous-motor poles as number of poles.

If n = 1, that is, the synchronous motor has the same number
of poles as the induction motor,

s = 0.5,
1—s=0.5,
that is, the concatenated couple operates at half synchronous
speed, and shares approximately equally in the power output.

If the induction motor has 76 poles, the synchronous motor

four poles, n = 19, and:
s = 0.05,
1—s = 0.95,
that is, the couple runs at 95 per cent. of the synchronous speed
of a 76-polar machine, thus at synchronous speed of an 80-polar
machine, and thus can be substituted for an 80-polar induction
motor. In this case, the synchronous motor gives about 5
per cent., the induction motor 95 per cent. of the output; the
synchronous motor thus is a small machine, which could be con-
sidered as a synchronous exciter of the induction machine.
48. Let:

]

B,

Ly

¢'o + je'’o = voltage impressed upon in-
duction motor.

E. = ¢y + je''y = voltage induced in induc-
tion motor, by mutual
magnetic flux, reduced to
full frequency.

¢’s + j¢'’s = nominal induced voltage
of synchronous motor, re-
duced to full frequency.

o = 70 — j7'’0 = primary current in induc-
tion motor.

I = 7'y — ji"”1 = secondary current of in-
duction motor and cur-
rent in synchronous motor.

Denoting by Z¢ the impedance, Z, at frequency, s, it is:

Total impedance of secondary circuit, at frequency, s:

Zs = le + Z2s
= (r1 + r9) + jo(1 + x2), 3)

B,
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and the equations are:
in primary circuit:
Eo = E: + Zlo;
in secondary circuit:
sy = sBy + Z¢[y;
and, current:
In=1,+ YE.
From (6) follows:
I.=1,—YE,
and, substituting (7) into (5):

sEy = sty + Z¢], — Z°YE,,
hence: . .
-S‘Ez + Z"Io'
s+ 2V’
substituting (8) into (4) gives:

SEz -+ (Z8 + sZy+ ZSZOY) Io
s+ Z°Y

B =

Eo=

and, transposed:

B+ Z7) =B+ [Z+ 20+ L)),

or:
E, VA
—— = Fo — v T Zo) 1
e o)
Denoting:
T + e = T,
s
T+ 2 =7
and:

Ly tiv =z

it is, substituting into (9) and (10):
B, (1+2'Y) = Ey+ (Z'+ Zo+ Z'ZoY) 1o,

B A
irzy P~ (1+Z'Y+Z°) fo

73

4)

()

O

@

@®

(9)

(10)

(11)

(12)
(13)
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Denoting: .
E,
1+2ZY
as a voltage which is proportional to the nominal induced voltage
of the synchronous motor, and:

— E = +je" (]_4)

zZ' .
#1+Z7?+zo-z_r+yx (15)
and substituting (14) and (15) into (13), gives:
E = B, — ZI.. (16)

This is the standard synchronous-motor equation, with im-
pressed voltage, Eo, current, Jo, synchronous impedance, Z, and
nominal induced voltage, E.

Choosing the impressed voltage, Ko = e, as base line, and
substituting into (16), gives:

e’ + je" = (60 - 7'7:’0 _ x?:”()) _— ] (xi,o —_ T’i,/o), (17)
and, absolute:
e? = (60 — To’b.’o - xo’i”o)2 -+ (wo’i'o - 7"07:’/0)2- (18)

From this equation (18) the load and speed curves of the
concatenated couple can now be calculated in the same manner
as in any synchronous motor.

That is, the concatenated couple, of induction and synchronous
motor, can be replaced by an equivalent synchronous motor of
the constants, e, e, Z and .

49, The power output of the synchronous machine is:

Py = /I, sE2/’,
where:
/a + jb, ¢+ jd/’

denotes the effective component of the double-frequency prod-
uct: (ac + bd); see “Theory and Calculation of Alternating-
current Phenomena,” Chapter X VI, 5th edition.

The power output of the induction machine is:

Py = /I, (1 —s) B/, (20)
thus, the total power output of the concatenated couple:
P=P, +P,

= /Iy sE2 + (1 — 9)E:/'; @1
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substituting (7) into (21):
P =/Iy—YEy, sE: + (1 — s)E./’; (22)
from (8) follows:
sl = E1 (s + Z°Y) — Z°,,
and substituting this into (22), gives:
P=/lo—YE, E:(1 4 Z°Y) — Z¢]o/’; (23)

from (4) follows:
By = Eo— Zol,,

and substituting this into (23) gives:
P=/Io(1+ ZoY) — YEo, Eo (1 + Z°Y) —
Io(Z8 + Zo + ZoZ:°Y) /. (24)

Equation (24) gives the power output, as function of impressed
voltage, Fo, and supply current, [o.
The power input into the concatenated couple is given by:

PU:/‘.EO;IO/,; (25)
or, choosing Ey = ¢ as base line:
Py = eoilo. (26)

The apparent power, or volt-ampere input is given by:
Q = eato, 27

1 = ‘\/;1:7(—)_“¢?—'(—)E
is the total primary current.

From P, P, and @ now follow efficiency, power-factor and
apparent efficiency.

50. As an instance may be considered the power-factor control
of the slow-speed 80-polar induction motor of Fig. 20, by a small
synchronous motor concatenated into its secondary circuit.

Impressed voltage:

where:

eo = 500 volts.

Choosing a four-polar synchronous motor, the induction
machine would have to be redesigned with 76 poles, giving:
n= 19,
s = 0.05.
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With the same rotor diameter of the induction machine, the
pole pitch would be increased inverse proportional to the number
of poles, and the exciting susceptance decreased with the square
thereof, thus giving the constants:

Yo=g —jb =002 — 0.54j;
Zo = 7o + jzo = 0.1 + 0.3 5;
Zi=r+jz; =014 0337.

Assuming as synchronous motor synchronous impedance,
reduced to full frequency:

Zo = ry 4 j22 = 0.02 4 0.2 j
this gives, for s = 0.05:

Z¢ = (ry 4 r2) + js (z1 + x2) = 0.12 + 0.025 7,
and:

8

Z'=r’+ja:'=gs— = 24 + 057,

7 =r4jz = 0.84 + 147,
and from (14):

_ E,
E=93— 1297
— 62 9
€= 184

thus:

2
3,913-9— = (500 — 0.847/y — 1.44"0)2 4+ (147 — 0.847"0)%,  (28)

and the power output:

P = /I,(0.836 + 0.048 7)) — (10 — 270),
(508 — 327) — I, (0.241 + 0.3265)/".  (29)

51. Fig. 29 shows the load curves of the concatenated couple,
under the condition that the synchronous-motor excitation and
thus its nominal induced voltage, es, is varied so as to maintain
unity power-factor at all loads, that is:

iy = 0;
this gives from equation (28):

2
3—6:;—9— = (500 — 0.847'0)2 + 1.96%"?,
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LOW SPEED INDUCTION MOTOR
WITH LOW FREQUENCY SYNCHRONOUS IN SECONDARY, /£ =
EXCITED FOR UNITY POWER FACTOR / o
=500 Zo=.1 + 3] 74
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Fre. 29.—Load curves of high-excitation induction motor concatenated with
synchronous, at unity power-factor excitation.

LOW SPEED INDUCTION MOTOR
WITH LOW FREQUENCY SYNCHRONOUS IN SECONDARY
ONSTANT EXCITATION, £ 17e —
eu = 500 Zo=J+ .35
Yo=.02- .54 Z,=.1+ .37
s =.05 Z,=.02+.27
SYNCHRONOUS
%
100
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3 90,450,
- _80) 400
=] >§ 701850
// — e 4 60.|_300]
A 501250
/ ~
e 40.| 200,
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; _10]_50]
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F1a. 30.—Load curves of high-excitation induction motor concatenated with
synchronous, at constant excitation.
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P = /(0.83611¢' — 10) + j (0.048 4% + 270),
(508 = 0.241"¢) — 7 (32 + 0.3264"0/

= (0.836 "o — 10) (508 — 0.2411¢’;) — (0.048 7" + 270)

(32 + 0.326 7'q).

As seen from the curve, ¢, of the nominal induced voltage, the
synchronous motor has to be overexcited at all loads. However,
¢ first decreases, reaches a minimum and then increases again,
thus is fairly constant over a wide range of load, so that with
this type of motor, constant excitation should give good results.

Fig. 30 then shows the load curves of the concatenated couple
for constant excitation, on overexcitation of the synchronous
motor of 70 per cent., or

e, = 850 volts.

(It must be kept in mind, that e; is the voltage reduced to full
frequency and turn ratio 1:1 in the induction machine: At the
slip, s = 0.05, the actual voltage of the synchronous motor would
be ses = 42.5 volts, even if the number of secondary turns of the
induction motor equals that of the primary turns, and if, as
usual, the induction motor is wound for less turns in the secondary
than in the primary, the actual voltage at the synchronous motor
terminals is still lower.)

As seen from Fig. 30:
the power-factor is practically unity over the entire range of
load, from less than one-tenth load up to the maximum output
point, and the current input into the motor thus is practically
proportional to the load.

The load curves of this concatenated couple thus are superior
to those, which ean be produced in a synchronous motor at con-
stant excitation.

For comparison, the curve of apparent efficiency, from Fig. 30,
is plotted as CS in Fig. 28. It merges indistinguishably into the
unity power-factor curve, So, except at its maximum output
point.

Induction Motor Concatenated with Commutating
Machine

52. While the alternating-current commutating machine, espe-
cially of the polyphase type, is rather poor at higher frequencies,
it becomes better at lower frequencies, and at the extremely low
frequency of the induction-motor secondary, it is practically as
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good as the direct-current commutating machine, and thus can
be used to insert low-frequency voltage into the induction-motor
secondary.

With series excitation, the voltage of the commutating machine
is approximately proportional to the secondary current, and the
speed characteristic of the induction motor remains essentially
the same: a speed decreasing from synchronism at no-load, by a
slip, s, which increases with the load.

With shunt excitation, the voltage of the commutating machine
is approximately constant, and the concatenated couple thus
tends toward a speed differing from synchronism.

In either case, however, the slip, s,is not constant and independ-
ent of the load, and the motor couple not synchronous, as when
using a synchronous machine as second motor, but the motor
couple is asynchronous, decreasing in speed with increase of load.

The phase relation of the voltage produced by the commutating
machine, with regards to the secondary current which traverses
it, depends on the relation of the commutator brush position
with regards to the field excitation of the respective phases, and
thereby can be made anything between 0 and 2, that is, the
voltage inserted by the commutating machine can be energy
voltage in phase—reducing the speed—or in opposition to the
induction-motor induced voltage—increasing the speed; or it
may be a reactive voltage, lagging and thereby supplying the
induction-motor magnetizing current, or leading and thereby
still further lowering the power-factor. Or the commutating
machine voltage may be partly in phase—modifying the speed—
and partly in quadrature—modifying the power-factor.

Thus the commutating machine in the induction-motor
secondary can be used for power-factor control or for speed
control or for both.

It is interesting to note that the use of the commutating ma-
chine in the induction-motor secondary gives two independent
variables: the value of the voltage, and its phase relation to the
current of its circuit, and the motor couple thus has two degrees
of freedom. With the use of a synchronous machine in the
induction-motor secondary this is not the case; only the voltage
of the synchronous machine can be controlled, but its phase
adjusts itself to the phase relation of the secondary circuit, and
the synchronous-motor couple thus has only one degree of free-
dom. The reason is: with a synchronous motor concatenated to
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the induction machine, the phase of the synchronous machine is
fixed in space, by the synchronous-motor poles, thus has a fixed
relation with regards to the induction-motor primary system.
As, however, the induction-motor secondary has no fixed position
relation with regards to the primary, but can have any position
slip, the synchronous-motor voltage has no fixed position with
regards to the induction-motor secondary voltage and current,
thus can assume any position, depending on the relation in the
secondary circuit. Thus if we assume that the synchronous-
motor field were shifted in space by « position degrees (electrical):
this would shift the phase of the synchronous-motor voltage by
« degrees, and the induction-motor secondary would slip in posi-
tion by the same angle, thus keep the same phase relation with
regards to the synchronous-motor voltage. In the couple with
a commutating machine as secondary motor, however, the posi-
tion of the brushes fixes the relation between commutating-
machine voltage and secondary current, and thereby imposes a
definite phase relation in the secondary circuit, irrespective of
the relations between secondary and primary, and no change of
relative position between primary and secondary can change this
phase relation of the commutating machine.

Thus the commutating machine in the secondary of the induc-
tion machine permits a far greater variation of conditions of
operation, and thereby gives a far greater variety of speed and
load curves of such concatenated couple, than is given by the
use of a synchronous motor in the induction-motor secondary.

53. Assuming the polyphase low-frequency commutating
machine is series-excited, that is, the field coils (and compensat-
ing coils, where used) in series with the armature. Assuming
also that magnetic saturation is not reached within the range of
its use.

The induced voltage of the commutating machine then is
proportional to the secondary current and to the speed.

Thus: e = piy 1

is the commutating-machine voltage at full synchronous speed,
where 7, is the secondary current and p a constant depending
on the design.

At the slip, s, and thus the speed (1 — s), the commutating
machine voltage thus is:

(1 —38)e,= (1 — s)piy 2



INDUCTION MOTOR 81

As this voltage may have any phase relation with regards to
the current, 2;, we can put:

Es = (p1+ jpa)la 3)
where:
P = \/p12+p22 “4)
and:
Do
t = £
an w p1 %)

is the angle of brush shift of the commutating machine.
(p1 + jp2) is of the nature and dimension of an impedance,
and we thus can put:

Z° = p; + jps (6)

as the effective impedance representing the commutating machine.
At the speed (1 — s),
the commutating machine is represented by the effective
impedance:

1=92=10=9p+jl1— 8 pe (M

It must be understood, however, that in the effective impedance
of the commutating machine,

Z° = py + jpa,

p1 as well as p; may be negative as well as positive.

That is, the energy component of the effective impedance, or
the effective resistance, pi, of the commutating machine, may be
negative, representing power supply. This simply means, that
the commutator brushes are set so as to make the commutating
machine an electric generator, while it is a motor, if p; is positive.

If p; = 0, the commutating machine is a producer of wattless
or reactive power, inductive for positive, anti-inductive for
negative, ps.

The calculation of an induction motor concatenated with a
commutating machine thus becomes identical with that of the
straight induction motor with short-circuited secondary, except
that in place of the secondary inductive impedance of the induc-
tion motor is substituted the total impedance of the secondary
circuit, consisting of:

1. The secondary self-inductive impedance of the induction

machine. :
6
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2. The self-inductive impedance of the commutating machine
comprising resistance and reactance of armature and of field,
and compensating winding, where such exists.

3. The effective impedance representing the commutating
machine.

It must be considered, however, that in (1) and (2) the re-
sistance is constant, the reactance proportional to the slip, s,
while (3) is proportional to the speed (1 — s).

54. Let:

Yo = g— jb = primary exciting admittance
of the induction motor.

Zo = 1o + jzo = primary self-inductive im-
pedance of the induction
motor.

Z, = r, + jz; = secondary self-inductive im-
pedance of the induction
motor, reduced to full

frequency. _

Zy = vy + jz, = self-inductive impedance of
the commutating machine,
reduced to full frequency.

79 = p, + jp, = effective impedance repre-
senting the voltage in-
duced in the commutating
machine, reduced to full
frequency.

The total secondary impedance, at slip, s, then is:

Ze = (ry + jsz1) + (re + jsze) + (1 — 8) (P2 + Jp2)
=[r+re+ A—=8)pd +jls @+ 22) + (1 —5) pa] (8)

and, if the mutual inductive voltage of the induction motor is
chosen as base line, e, in the customary manner,
the secondary current is:

Ii= 7 = (@~ ja)e, ©
where: |
o = slri4re+ (1 — s)pil
m
4=t [s (X1 + 22) + (1 — ) 3] (10

m
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and:
m=[ri4+r:s+ 1 — ) pl2 + [s (x1 + z5) + (1 — ) po*

The remaining calculation is the same as on page 318 of
“Theoretical Elements of Electrical Engineering,” 4th edition.
As an instance, consider the concatenation of a low-frequency
commutating machine to the low-speed induction motor, Fig. 20.
The constants then are:

Impressed voltage: e = 500;
Exciting admittance: Y, =0.02 - 0.6 5;
Impedances: Zo =01 4+ 033;

Zy =01 +03j;
Zy = 0.02 + 0.3 j;

Z° = —0.27].
LOW SPEED INDUCTION MOTOR A \
WITH LOW FREQUENCY COMMUTATING MACHINE IN SECONDARY, pres
SERIES EXCITED FOR ANTI-INDUCTIVE REACTIVE VOLTAGE \ 700
Py + jPy=0—,2j l
e, = 500 Zo=.1+.87 Z2=.02+.37 650
Yo =.02—.65 Zy=.1+.37 ASYNCHRONOUS / 600
550
%
D. 100/ 500
e ol 7 __| 90|50
// "ZL“N 5 201 400
— >
i A= v L 700350
//// R4 - 32 | 6al a0
.[ yi4 P ) 50| 250
) /AN A Ll
e
£ 30.150,
[ 177
I / 20! 100
4
// 0L 50
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 kv.

Fie. 81.—Load curves of high-excitation induction motor concatenated with
commutating machine as reactive anti-inductive impedance.

That is, the commutating machine is adjusted to give only
reactive lagging voltage, for power-factor compensation.
It then is:
Ze =012 +7j[0.6s — 0.2 (1L — s)].

The load curves of this motor couple are shown in Fig. 31. As
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seen, power-factor and apparent efficiency rise to high values, and
even the efficiency is higher than in the straight induction motor.
However, at light-load the power-factor and thus the apparent
efficiency falls off, very much in the same manner as in the con-
catenation with a synchronous motor.

Tt is interesting to note the relatively great drop of speed at
light-load, while at heavier load the speed remains more nearly
constant. This is a general characteristic of anti-induective im-
pedance in the induction-motor secondary, and shared by the
use of an electrostatic condenser in the secondary.

For comparison, on Fig. 28 the curve of apparent efficiency of
this motor couple is shown as CC.

Induction Motor with Condenser in Secondary Circuit

B5. As a condenser consumes leading, that is, produces lagging
reactive current, it can be used to supply the lagging component
of current of the induction motor and thereby improve the
power-factor.

Shunted across the motor terminals, the condenser consumes a
constant current, at constant impressed voltage and frequency,
and as the lagging component of induction-motor current in-
creases with the load, the characteristics of the combination of
motor and shunted condenser thus change from leading current
at no-load, over unity power-factor to lagging current at overload.
As the condenser is an external apparatus, the characteristics of
the induction motor proper obviously are not changed by a
shunted condenser.

As illustration is shown, in Fig. 32, the slow-speed induction
motor Fig. 20, shunted by a condenser of 125 kva. per phase.
Fig. 32 gives efficiency, n, power-factor, p, and apparent efficiency,
v, of the combination of motor and condenser, assuming an
efficiency of the condenser of 99.5 per cent., that is, 0.5 per cent.
loss in the condenser, or Z = 0.0025 — 0.5, that is, a condenser
just neutralizing the magnetizing current.

However, when using a condenser in shunt, it must be realized
that the current consumed by the condenser is proportional to the
frequency, and therefore, if the wave of impressed voltage, is
greatly distorted, that is, contains considerable higher harmonics
—especially harmonics of high order—the condenser may produce
considerable higher-frequency currents, and thus by, distortion
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of the current wave lower the power-factor, so that in extreme
cases the shunted condenser may actually lower the power-
factor. However, with the usual commercial voltage wave
shapes, this is rarely to be expected.

In single-phase induction motors, the condenser may be used
in a tertiary circuit, that is, a circuit located on the same member
(usually the stator) as the primary circuit, but displaced in posi-

LOW SPEED INDUCTION MOTOR

WITH SHUNTED CONDENSER

€9=500 Zo=.1++ .83

Y0=02-.65 Zy=.1+ .37

Z, =.0025 —.53

Yo |Awps,|
b 100500

T— \-\

s = [
I — 90,450,
\
) e 80.1_400]
701350
/ & 60300
/ ) 50._250]
e 40/ 200
/ B
30,150
/ L~ 20100
/ — 10,50}
10 20 80 40 50 60 70 80 90 100 110 120 Kw

F1a. 32.—Load curves of high-excitation induction motor with shunted
condenser.

tion therefrom, and energized by induction from the secondary.
By locating the tertiary circuit in mutual induction also with the
primary, it can be used for starting the single-phase motor, and
is more fully discussed in Chapter V.

A condenser may also be used in the secondary of the induction
motor. That is, the secondary circuit is closed through a con-
denser in each phase. As the current consumed by a condenser is
proportional to the frequency, and the frequency in the secondary
circuit varies, decreasing toward zero at synchronism, the cur-
rent consumed by the condenser, and thus the secondary current
of the motor tends toward zero when approaching synchronism,
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and peculiar speed characteristics result herefrom in such a
motor. At a certain slip, s, the condenser current just balances
all the reactive lagging currents of the induction motor, resonance
may thus be said to exist, and a very large current flows into the
motor, and correspondingly large power is produced. Above this
“resonance speed,” however, the current and thus the power
rapidly fall off, and so also below the resonance speed.

It must be realized, however, that the frequency of the sec-
ondary is the frequency of slip, and is very low at speed, thus a
very great condenser capacity is required, far greater than would
be sufficient for compensation by shunting the condenser across
the primary terminals. In view of the low frequency and low
voltage of the secondary circuit, the electrostatic condenser
generally is at a disadvantage for this use, but the electrolytic
condenser, that is, the polarization cell, appears better adapted.

56. Let then, in an induction motor, of impressed voltage, €o:

Yo =g —jb = exciting admittance;
Zy = 1o + jxo = primary self-inductive impe-
dance;

Zy = 11 + jx1 = secondary self-inductive im-
pedance at full frequency;

and let the secondary circuit be closed through a condenser of
capacity reactance, at full frequency:

Zy =13 — .7'232,

where r,, representing the energy loss in the condenser, usually is
very small and can be neglected in the electrostatic condenser,
so that:

Zs = — jia.

The inductive reactance, i, is proportional to the frequency.
that is, the slip, s, and the capacity reactance, z,, inverse propor-
tional thereto, and the total impedance of the secondary circuit,
at slip, s, thus is:

Zt=r4+7] (s:m - z—;), (1)
thus the secondary current:

-.Il='%§‘

= e (a1 — jaa), @
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where:
a 1
= —
YT m
z
s
=
3
and: (@)

m = %+ (s:c; + —?)2

All the further calculations of the motor characteristics now
are the same as in the straight induction motor.
As instance is shown the low-speed motor, Fig. 20, of constants:

e = 500;

Y, =0.02 — 0.6 5;
Zy =014 0.37;
Zy =01+ 037

with the secondary closed by a condenser of capacity impedance:

Z2 = - 0012 j,
thus giving:

2 =01+ 03(s - 0._3@)_

Fig. 33 shows the load curves of this motor with condenser
in the secondary. As seen, power-factor and apparent effi-
ciency are high at load, but fall off at light-load, being similar
in character as with a commutating machine concatenated to
the induction machine, or with the secondary excited by direct
current, that is, with conversion of the induction into a synchro-
nous motor.

Interesting is the speed characteristic: at very light-load the
speed drops off rapidly, but then remains nearly stationary over
a wide range of load, at 10 per cent. slip. It may thus be said,
that the motor tends to run at a nearly constant speed of 90 per
cent. of synchronous speed.

The apparent efficiency of this motor combination is plotted
once more in Fig. 28, for comparison with those of the other
motors, and marked by C.

Different values of secondary capacity give different operating
speeds of the motor: a lower capacity, that is, higher capacity
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reactance, T, gives a greater slip, s, that is, lower operating
speed, and inversely, as was discussed in Chapter I.

57. Itisinteresting to compare, in Fig. 28, the various methods
of secondary excitation of the induction motor, in their effect in
improving the power-factor and thus the apparent efficiency of
a motor of high exciting current and thus low power-factor, such
as a slow-speed motor.

The apparent efficiency characteristics fall into three groups:

3

LOW SPEED INDUCTION MOTOR \
— WITH CONDENSER IN SECONDARY CIRCUIT
€o =500 Zo=.1 + .8j
Yo=.02 —.8F  Zy=.+.8j /
- Z, = —.012j %
ASYNCHRONOUS P 130
v L 1
~
I — £ — ] 2T~ s0]
80
L LT T
L~ N \ 70
/’Z | ol

[
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Fia. 83.—Load curves of high-excitation induction motor with condensers in
secondary circuits.

1. Low apparent efficiency at all loads: the straight slow-
speed induction motor, marked by I.

2. High apparent efficiency at all loads:

The synchronous motor with unity power-factor excitation, S.

Concatenation to synchronous motor with unity power-factor
excitation, CS,.

Concatenation to synchronous motor with constant excitation,
CS.

These three curves are practically identical, except at great
overloads.

3. Low apparent efficiency at light-loads, high apparent
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efficiency at load, that is, curves starting from (1) and rising up
to (2).
Hereto belong: The synchronous motor at constant excita-

tion, marked by 8.
Concatenation to a commutating machine,
CC.
Induction motor with condenser in secondary
eircuit, C. .

These three curves are very similar, the points calculated for
the three different motor types falling within the narrow range
between the two limit curves drawn in Fig. 28.

Regarding the speed characteristics, two types exist: the motors
So, 8, CSo and CS8 are synchronous, the motors 7, CC and C are
asynchronous.

In their efficiencies, there is little difference between the
different motors, as is to be expected, and the efficiency curves
are almost the same up to the overloads where the motor begins
to drop out of step, and the efficiency thus decreases.

Induction Motor with Commutator

58. Let, in an induction motor, the turns of the secondary
winding be brought out to a commutator. Then by means of
brushes bearing on this commutator, currents can be sent into
the secondary winding from an outside source of voltage.

Let then, in Fig. 34, the fullfrequency three-phase currents
supplied to the three commutator brushes of such a motor be
shown as A. The current in a secondary coil of the motor,
supplied from the currents, A, through the commutator, then is
shown asB. Fig. 34 corresponds to a slip, s = 24. As seen from
Fig. 34, the commutated three-phase current, B, gives a resultant
effect, which is a low-frequency wave, shown dotted in Fig. 34
B, and which has the frequency of slip, s, or, in other words, the
commutated current, B, can be resolved into a current of fre-
quency, s, and a higher harmonic of irregular wave shape.

Thus, the effect of low-frequency currents, of the frequency
of slip, can be produced in the induction-motor secondary by
impressing full frequency upon it through commutator and
brushes.

The secondary circuit, through commutator and brushes, can
be connected to the supply source either in series to the primary,
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or in shunt thereto, and thus gives series-motor characteristics,
or shunt-motor characteristics.

In either case, two independent variables exist, the value of
the voltage impressed upon the commutator, and its phase,
and the phase of the voltage supplied to the secondary circuit
may be varied, either by varying the phase of the impressed
voltage by a suitable transformer, or by shifting the brushes on
the commutator and thereby the relative position of the brushes
with regards to the stator, which has the same effect.

However, with such a commutator motor, while the resultant
magnetic effect of the secondary currents is of the low frequency
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Frg. 34.—Commutated full-frequency current in induction motor
secondary.

of slip, the actual current in each secondary coil is of full fre-
quency, as a section or piece of a full-frequency wave, and thus
it meets in the secondary the full-frequency reactance. That is,
the secondary reactance at slip, s, is not: Z* = r; + jsz, but is:
Z¢ = r, + jxi, in other words is very much larger than in the
motor with short-circuited secondary.

Therefore, such motors with commutator always require
power-factor compensation, by shifting the brushes or choosing
the impressed voltage so as to be anti-inductive.

Of the voltage supplied to the secondary through commutator
and brushes, a component in phase with the induced voltage
lowers the speed, a component in opposition raises the speed,
and by varying the commutator supply voltage, speed control
of such an induction motor can be produced in the same manner
and of the same character, as produced in a direct-current motor
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by varying the field excitation. Good constants can be secured,
if in addition to the energy component of impressed voltage, used
for speed control, a suitable anti-inductive wattless component
is used.

However, this type of motor in reality is not an induction
motor any more, but a shunt motor or series motor, and is more
fully discussed in Chapter XIX, on “ General Alternating-current
Motors.”

59. Suppose, however, that in addition to the secondary wind-
ing connected to commutator and brushes, a short-circuited
squirrel-cage winding is used on the secondary. Instead of
this, the commutator segments may be shunted by resistance,
which gives the same effect, or merely a squirrel-cage winding
used, and on one side an end ring of very high resistance em-
ployed, and the brushes bear on this end ring, which thus acts
as commutator.

In either case, the motor is an induction motor, and has the
essential characteristics of the induction motor, that is, a slip, s,
from synchronism, which increases with the load; however,
through the commutator an exciting current can be fed into the
motor from a full-frequency voltage supply, and in this case, the
current supplied over the commutator does not meet the full-
frequency reactance, zi, of the secondary, but only the low-fre-
quency reactance, sz, especially if the commutated winding is in
the same slots with the squirrel-cage winding: the short-circuited
squirrel-cage winding acts as a short-circuited secondary to the
high-frequency pulsation of the commutated current, and there-
fore makes the circuit non-inductive for these high-frequency
pulsations, or practically so. That is, in the short-circuited con-
ductors, local currents are induced equal and opposite to the
high-frequency component of the commutated current, and the
total resultant of the currents in each slot thus is only the low-
frequency current.

Such short-circuited squirrel cage in addition to the commu-
tated winding, makes the use of a commutator practicable for
power-factor control in the induction motor. It forbids, how-
ever, the use of the commutator for speed control, as due to the
short-circuited winding, the motor must run at the slip, s, corre-
sponding to the load as induction motor. The voltage impressed
upon the commutator, and its phase relation, or the brush posi-
tion, thus must be chosen so as to give only magnetizing, but
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no speed changing effects, and this leaves only one degree of
freedom.

The foremost disadvantage of this method of secondary excita~
tion of an induction motor, by a commutated winding in addi-
tion to the short-circuited squirrel cage, is that secondary excita-
tion is advantageous for power-factor control especially in
slow-speed motors of very many poles, and in such, the commuta-
tor becomes very undesirable, due to the large number of poles.
With such motors, it therefore is preferable to separate the
commutator, placing it on a small commutating machine of a
few poles, and concatenating this with the induection motor. In
motors of only a small number of poles, in which a commutator
would be less objectionable, power-factor compensation is rarely
needed. This is the foremost reason that this type of motor
(the Heyland motor) has found no greater application.



CHAPTER V
SINGLE-PHASE INDUCTION MOTOR

60. As more fully discussed in the chapters on the single-phase
induction motor, in ‘‘ Theoretical Elements of Electrical Engineer-
ing” and “Theory and Calculation of Alternating-current
Phenomena,”” the single-phase induction motor has inherently,
no torque at standstill, that is, when used without special device
to produce such torque by converting the motor into an unsym-
metrical ployphase motor, etc. The magnetic flux at standstill
is a single-phase alternating flux of constant direction, and the
line of polarization of the armature or secondary currents, that
is, the resultant m.m.f. of the armature currents, coincides with
the axis of magnetic flux impressed by the primary circuit.
When revolving, however, even at low speeds, torque appears in
the single-phase induction motor, due to the axis of armature
polarization being shifted against the axis of primary impressed
magnetic flux, by the rotation. That is, the armature currents,
lagging behind the magnetic flux which induces them, reach
their maximum later than the magnetic flux, thus at a time when
their conductors have already moved a distance or an angle
away from coincidence with the inducing magnetic flux. That is,

if the armature currents lagg = 90° beyond the primary main

flux, and reach their maximum 90° in time behind the magnetic
flux, at the slip, s, and thus speed (1 — s), they reach their maxi-
mum in the position (1 — s)%r = 90 (1 — s) electrical degrees
behind the direction of the main magnetic flux. A component
of the armature currents then magnetizes in the direction at
right angles (electrically) to the main magnetic flux, and the
armature currents thus produce a quadrature magnetic flux,
increasing from zero at standstill, to & maximum at synchronism,
and approximately proportional to the quadrature component of
the armature polarization, P:

Psin (1 — s) g
93
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The torque of the single-phase motor then 1s produced by the
action of the quadrature flux on the energy currents induced by
the main flux, and thus is proportional to the quadrature flux.

At synchronism, the quadrature magnetic flux produced by
the armature currents becomes equal to the main magnetic flux
produced by the impressed single-phase voltage (approximately,
in reality it is less by the impedance drop of the exciting current
in the armature conductors) and the magnetic disposition of the
single-phase induction motor thus becomes at synchronism iden-
tical with that of the polyphase induction motor, and approxi-
mately so near synchronism.

The magnetic field of the single-phase induction motor thus
may be said to change from a single-phase alternating field at
standstill, over an unsymmetrical rotating field at intermediate
speeds, to a uniformly rotating field at full speed.

At synchronism, the total volt-ampere excitation of the single-
phase motor thus is the same as in the polyphase motor at the
same induced voltage, and decreases to half this value at stand-
still, where only one of the two quadrature components of
magnetic flux exists. The primary impedance of the motor is
that of the circuits used. The secondary impedance varies
from the joint impedance of all phases, at synchronism, to twice
this value at standstill, since at synchronism all the secondary
circuits correspond to the one primary circuit, while at stand-
still only their component parallel with the primary circuit
corresponds.

61. Hereby the single-phase motor constants are derived from
the constants of the same motor structure as polyphase motor.

Let, in a polyphase motor:

Y = ¢ — jb = primaryexciting admittance;

Zy = 1o + jzo = primary self-inductive im-
pedance;

Zy = r1 + ja1 = secondary self-inductive im-

pedance (reduced to the pri-
mary by the ratio of turns,
in the usual manner);

the characteristic constant of the motor then is:
¢ =Y (Zo+ Zy). )]

The total, or resultant admittance respectively impedance of
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the motor, that is, the joint admittance respectively impedance of
all the phases, then is:
In a three-phase motor:

W=3Kl
Z = % Z,, ( @)
Z° =117.|
In a quarter-phase motor:
Yo =2Y,
ZOO = }é ZO’ (3)
Zlo = % Zl-

In the same motor, as single-phase motor, it is then: at syn-
chronism: s = 0-

Y = Yo,

Z'y =227y, 4)

Z'y = Z,°
hence the characteristic constant:

0!0 = YI (Z,() + le)

= Y°(22Z,° + Z,9, 6)
at standstill: s = 1:

Y =170,

Z'y = 27y, (6)

Z' =217,

hence, the characteristic constant:
¥y =Y (2o + Z1%) @)

approximately, that is, assuming linear variation of the constants
with the speed or slip, it is then: at slip, s:

Y=Y Q-3
Z’o = 2 Zo,
Z'y =7, (1 + s).

This gives, in a three-phase motor:
s
Y’ =37 (1~ 3),
ZIO = %é Z 07 (9)
Z '1 = ;_ $ Zl-

®
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In a quarter-phase motor:
s
Y =27 (1-3),
Z'y = Zy, (10)
zy=2Fgp,

Thus the characteristic constant, #’, of the single-phase motor
is higher, that is, the motor inferior in its performance than the
polyphase motor; but the quarter-phase motor makes just as
good—or poor—a single-phase motor as the three-phase motor.

62. The calculation of the performance curves of the single-
phase motor from its constants, then, is the same as that of the
polyphase motor, except that:

In the expression of torque and of power, the term (1 — s)
is added, which results from the decreasing quadrature flux, and
it thus is:

Torque:
T"=T(1—¢)
= (1 — ) ae® 11
Power:
PP=P{1—5s)
= (1 — s8)2 e’ (12)

However, these expressions are approximate only, as they
assume a variation of the quadrature flux proportional to the
speed.

63. As the single-phase induction motor is not inherently
self-starting, starting devices are required. Such are:

(a) Mechanical starting.

As in starting a single-phase induction motor it is not neces-
sary, as in a synchronous motor, to bring it up to full speed, but
the motor begins to develop appreciable torque already at low
speed, it is quite feasible to start small induction motors by hand,
by a pull on the belt, etc., especially at light-load and if of high-
resistance armature.

(b) By converting the motor in starting into a shunt or series
motor.

This has the great objection of requiring a commutator, and a
commutating-machine rotor winding instead of the common
induction-motor squirrel-cage winding. Also, as series motor,
the liability exists in the starting connection, of running away;
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as shunt motor, sparking is still more severe. Thus this method
is used to a limited extent only.

(¢) By shifting the axis of armature or secondary polarization
against the axis of inducing magnetism.

This requires a secondary system, which is electrically un-
symmetrical with regards to the primary system, and thus, since
the secondary is movable with regards to the primary, requires
means of changing the secondary circuit, that is, commutator
brushes short-circuiting secondary coils in the position of effective
torque, and open-circuiting them in the position of opposing torque.

Thus this method leads to the various forms of repulsion
niotors, of series and of shunt characteristic.

It has the serious objection of requiring a commutator and a
corresponding armature winding; though the limitation is not
quite as great as with the series or shunt motor, since in the re-
pulsion motors the armature current is an induced secondary
current, and the armature thus independent of the primary
system regards current, voltage and number of turns.

(d) By shifting the axis of magnetism, that is producing a
magnetic flux displaced in phase and in position from that in-
ducing the armature currents, in other words, a quadrature
magnetic flux, such as at speed is being produced by the rotation.

This method does not impose any limitation on stator and
rotor design, requires no commutator and thus is the method
almost universally employed.

It thus may be considered somewhat more in detail.

The infinite variety of arrangements proposed for producing
a quadrature or starting flux can be grouped into three classes:

A. Phase-splitting Devices.—The primary system of the single-
phase induction motor is composed of two or more circuits
displaced from each other in position around the armature
circumference, and combined with impedances of different in-
ductance factors so as to produce a phase displacement between
them.

The motor circuits may be connected in series, and shunted
by the impedance, or they may be connected in shunt with each
other, but in series with their respective impedance, or they
may be connected with each other by transformation, ete.

B. Inductive Devices—The motor is excited by two or more
circuits which are in inductive relation with each other so as to

produce a phase displacement.
7
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This inductive relation may be established outside of the motor
by an external phase-splitting device, or may take place in the
motor proper.

C. Monocyclic Devices.—An essentially reactive quadrature
voltage is produced outside of the motor, and used to energize
a cross-magnetic circuit in the motor, either directly through a
separate motor coil, or after combination with the main voltage
to a system of voltages of approximate three-phase or quarter-
phase relation.

D. Phase Converter.—By a separate external phase converter—
usually of the induction-machine type—the single-phase supply
is converted into a polyphase system.

Such phase converter may be connected in shunt to the motor,
or may be connected in series thereto.

This arrangement requires an auxiliary machine, running idle,
however. It therefore is less convenient, but has the advantage
of being capable of giving full polyphase torque and output to
the motor, and thus would be specially suitable for railroading.

64. If:

&, = main magnetic flux of single-phase
motor, that is, magnetic flux produced
by the impressed single-phase voltage,
and ]
auxiliary magnetic flux produced by
starting device, and if
w = space angle between the two fluxes, in

electrical degrees, and
¢ = time angle between the two fluxes,

P

I

then the torque of the motor is proportional to:
T = a®P, sin w sin ¢; (13)

in the same motor as polyphase motor, with the magnetic flux,
&,, the torque is:

To = aéoz; (14)
thus the torque ratio of the starting device is:
T ® . .
t= T, = %, sin w sin ¢, (15)

or, if:

@ = quadrature flux produced by the starting device, that is,
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component of the auxiliary flux, in quadrature to the main flux,
&, in time and in space, it is:
Single-phase motor starting torque:

T = ad' &, (16)
and starting-torque ratio:
@/
b= 17

As the magnetic fluxes are proportional to the impressed vol-
tages in coils having the same number of turns, itis: starting
torque of single-phase induction motor:

T = beee sin w sin ¢

= beoe,, (18)
and, starting-torque ratio:
t= f— Sin w sin ¢
0
¢ (19)
= a,

where:
ey = impressed single-phase voltage,
¢ = voltage impressed upon the auxiliary or
starting winding, reduced to the same
number of turns as the main winding,
and
¢’ = quadrature component, in time and in
space, of this voltage, e,
and the comparison is made with the torque of a quarter-phase
motor of impressed voltage, o, and the same number of turns.
Or, if by phase-splitting, monocyclic device, etc., two voltages,
e: and e, are impressed upon the two windings of a single-phase
induction motor, it is:

Starting torque:
T = bejes sin w sin ¢ (20)
and, starting-torque ratio:
t= %1——62 sin w sin ¢, (21
0

where e, is the voltage impressed upon a quarter-phase motor,
with which the single-phase motor terque is compared, and all
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these voltages, e;, es, €, are reduced to the same number of turns
of the circuits, as customary.
If then:
Q = volt-amperes input of the single-phase
motor with starting device, and
Qo = volt-amperes input of the same motor
with polyphase supply,

Q
== 22
7= 0, (22)
is the volt-ampere ratio, and thus:
¢
v = - 23)
7 (

is the ratio of the apparent starting-torque efficiency of the
single-phase motor with starting device, to that of the same
motor as polyphase motor. » may thus be called the apparent
torque efficiency of the single-phase motor-starting device.

In the same manner the apparent power efficiency of the start-
ing device would result by using the power input instead of the
volt-ampere input.

66. With a starting device producing a quadrature voltage, ¢/,

t=2 (24)

is the ratio of the quadrature voltage to the main voltage, and
also is the starting-torque ratio.
The quadrature flux:

¢ = teo (25)

requires an exciting current, equal to ¢ times that of the main
voltage in the motor without starting device, the exciting current
at standstill is:

’ =
eoY 5

and in the motor with starting device giving voltage ratio, f,
the total exciting current at standstill thus is:

60Y0

5~ (1 +19)
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and thus, the exciting admittance:

YO
Y = 5 1+ 2); 27)
in the same manner, the secondary impedance at standstill is:
, 27,
S (28)

and thus:

in the single-phase induction motor with starting device pro-
ducing at standstill the ratio of quadrature voltage to main
voltage:

~

®|(\
)

the constants are, at slip, s:
s(1—1¢
Y = Yo{l — (___)_},

2
ZIO = 2Z00’ (29)
1+s
(S 0
Zs 1+m%'

However, these expressions (29) are approximate only, as they
assume linear variation with s, and furthermore, they apply only
under the condition, that the effect of the starting device does
not vary with the speed of the motor, that is, that the voltage
ratio, ¢, does not depend on the effective impedance of the motor.
This is the case only with a few starting devices, while many
depend upon the effective impedance of the motor, and thus
with the great change of the effective impedance of the motor
with increasing speed, the conditions entirely change, so that no
general equations can be given for the motor constants.

66. Equations (18) to (23) permit a simple calculation of the
starting torque, torque ratio and torque efficiency of the single-
phase induction motor with starting device, by comparison with
the same motor as polyphase motor, by means of the calculation
of the voltages, €/, e;, e,, etc., and this calculation is simply that
of a compound alternating-current circuit, containing the induc-
tion motor as an effective impedance. That is, since the only
determining factor in the starting torque is the voltage impressed
upon the motor, the internal reactions of the motor do not come
into consideration, but the motor merely acts as an effective
impedance. Or in other words, the consideration of the internal
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reaction of the motor is eliminated by the comparison with the
polyphase motor.

In calculating the effective impedance of the motor at stand-
still, we consider the same as an alternating-current transformer,
and use the equivaleat circuit of the transformer, as discussed
in Chapter XVII of “Theory and Calculation of Alternating-
current Phenomena.” That is, the induction motor is con-
sidered as two impedances, Zo and Z1, connected in series to the

Zy

—— Zo

Fre. 35.—The equivalent circuit of the induction motor.

impressed voltage, with a shunt of the admittance, Yo, between
the two impedances, as shown in Fig. 35.
The effective impedance then is:

Z =70+ ~1-—1——
7+ Yo
= Zot+ 1o (30)
approximately, this is:
Zs = Zo+ Zs. 31)

This approximation (31), is very close, if Z1 is highly inductive,
as a short-circuited low-resistance squirrel cage, but ceases to be
a satisfactory approximation if the secondary is of high resistance,
for instance, contains a starting rheostat.

As instances are given in the following the correct values of the
effective impedance, Z, from equation (30), the approximate
value (31), and their difference, for a three-phase motor without
starting resistance, with a small resistance, with the resistance
giving maximum torque at standstill, and a high resistance:
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N

Yo: Zo: Zy: Zg: Al

001 —0.15 01 +037 01 4+03; 0195+0592; 02 4065 — 0.005— 0.008;5
025 + 0357 0.336 +0.596; 0.354+06; —~ 0014 — 0.004;

06 +03/ 0661 +0620; 07 4063 —~ 0039+ 0020,
16 +03; 1.552+0.8047 1.7 4065 — 0.148 + 0.204,

A. PHASE-SPLITTING DEVICES

Parallel Connection

67. Let the motor contain two primary circuits at right angles
(electrically) in space with each other, and of equal effective
impedance:

Z =r+ jz.

These two motor circuits are connected in parallel with each
Z1
z [g,
Z, Iy
e
z
Ez.I2

Fie. 36.—Diagram of phase-splitting device with parallel connection of
motor circuits.

other between the same single-phase mains of voltage, e, but
the first motor circuit contains in series the impedance

Zy = 1+ jay,
the second motor circuit the impedance:
Zy = 13 + 433,

as shown diagrammatically in Fig. 36.
The two motor currents then are:

and [, = ) (32)

I = __ & __60
YT 742, Z + Z,
I = Il + -.I'l) (33)

the two voltages across the two motor coils:
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E.=0Z and E.=I.Z
Z Z

= ————— § = —_— ) 4
“7 7 “ZTF 7 (34)
and the phase angle between E; and E, is given by:
.. _Z+Z
m (cos ¢ + jsin ¢) = 7 ¥ 7, (35)

Denoting the absolute values of the voltages and currents by
small letters, it is:

T = bee, sin ¢; (36)

in the motor as quarter-phase motor, with voltage, e, impressed
per circuit, it is:
To = beoz, (37)
hence, the torque ratio:
t = — sin ¢. (38)
€o
The current per circuit, in the machine as quarter-phase motor,
is:
€0

2o = 2 (39)

hence the volt-amperes:

Qo = 2 eqty, (40)
while the volt-amperes of the single-phase motor, inclusive start-
ing impedances, are:

Q = eo, (41)
thus:
7
=34 " 2a (42)
and, the apparent torque efficiency of the starting device:

_ 1 2ees sing.
q eolz

1

(43)
68. As an instance, consider the motor of effective impedance:

Z =r—+jz =01+ 033
thus:
z = 0.316,
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and assume, as the simplest case, a resistance, ¢ = 0.3, inserted
in series to the one motor circuit. That is:

Z, =0, (44)
Zz = a.
It is then:
€0 €o €o €0
] = - = . I, = — = .
B = = 01103; " rTaeFiz 04+ 03
= ¢ (1 — 37), = ¢ (1.6 — 1.27);
(33): I =6 (26 —42j),
1 = 4.94 ¢;

r 4+ jx =e0'1+0'3j:
‘r+a+jz C04+03;
€1 = €y, ey = 0.632 €o,

r+jr  _0.1+03;
r+a+j5 04+03;

(384): Ei= e, E,=c¢

(35): m(cos ¢ + jsin ¢) =

= 0.52 4+ 0.36 7,
0.36
tan ¢ = 052
sin ¢ = 0.57;
(38): t = 0.36;
(43): v = 0.46.

Thus this arrangement gives 46 per cent., or nearly half as
much starting torque per volt-ampere taken from the supply
cireuit, as the motor would give as polyphase motor.

However, as polyphase motor with low-resistance secondary,
the starting torque per volt-ampere input is low.

With a high-resistance motor armature, which on polyphase
supply gives a good apparent starting-torque efficiency, » would
be much lower, due to the lower angle, ¢. In this case, however,
a reactance, +ja, would give fairly good starting-torque efficiency.

In the same manner the effect of reactance or capacity inserted
into one of the two motor coils can be calculated.

Asinstances are given, in Fig. 37, the apparent torque efficiency,
v, of the single-phase induction-motor starting device consisting
of the insertion, in one of the two parallel motor circuits, of
various amounts of reactance, inductive or positive, and capacity
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or negative, for a low secondary resistance motor of impedance:

Z =0.1+4+03j
and a high resistance armature, of the motor impedance:
Z=034+01j
resistance inserted into the one motor circuit, has the same effect
1.0
8
.6
Z=38+1j (Z=1+35
4 —]
a= +.2 Y.
| Z=I+87 | (ZF3+1d
H8 47 He -H5 +H4 -H3 H2 -+l T~ +H2 H3 -H4 H5 -+H6 HT +8
0
+.2
CAPACITY // +.4| INDUCTANGE (RESISTANCE)
+.6
/
+8
~JZ=3+1 /
+1.0
/ 11
| 114
+1.6
+1.8
Niz=
Z 1+31/ 42,0

Fic. 37.—Apparent starting-torque efficiencies of phase-splitting device,
parallel connection of motor circuits.

in the first motor, as positive reactance in the second motor, and
inversely.

69. Higher values of starting-torque efficiency are secured by
the use of capacity in the one, and inductance in the other motor
circuit. It is obvious that by resistance and inductance alone,
90° phase displacement between the two component currents,
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