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1.—INTRODUCTION

The characteristics of the three-phase induction motor
(3-ph. I.M.) when operated under balanced conditions have
received great care and investigation. Nevertheless, its operation
with unbalanced stator connections has received comparatively
smaller attention. The general case to be discussed here (Fig.1)
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“ Fig. 1.—The general case of unbalanéed stator connections
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ix the operation of 3-ph. LM. having = mmetrical primary and
secondary windings, but the primary external impedances and
the supply voltages are unbalanced. This problem will be
discussed by the application of the method of symmetrical
components developed by Fortescue. General treatment will be
explained to obtain all motor operating characteristics of im-
portance. Particular cases of asymmetrical stator connections
will be also discussed.

2.—PRINCIPLES OF SyMMETRICAL COMPONENTS

The theory of symmetrical components method is a particular
case of the superposition theorem. A single asymmetrical
system of 3-ph. vector quantities I, I, and 1, may be replaced
by three symmetrical systems of positive negative and zero
sequence. These three systems are represented, respectively, by :
(3) 1, Iy, and I, where I, = a? Iy, I, = a L,,, and a is unit
vector quantity e*™?; (#) Ly Lz and I,, where I, = a I, and
I, = a? L,,; and (i#) L., 1y and I, where 1,, = 1,, = I.;
The asymmetrical system may be expressed mathematically by :

Ia = Ino + Inl + 112 ;

Ib = Ino + a’ 1!1 + a Il2 (1)
Ic:Iao + a Il\+ azld
It can be proved that;
Ino = 1/3 '(la + 1b+ Ic) ‘
Ial = lla (Ia + a lb + a? le)% (2)
and I.=" U, +a2l,+a 1)

When the method of symmetrical components is applied to
induction machines under unbalanced conditions, we assume the
following :

1. The machine itself has symmetrical windings, i.c. the
unbalance occurs from outside.  In practice, a slight unsymmetry
of stator windings may occur due to unequal resistances of the
three phases, mainly due to unequal average turn length for the




different phases. The effect of sucu unsymmetry on the behaviour
of induction wmachines is only swmall.

z. Kaunivalent circunit parameters are considered linear;
magnetic sziuration is neglected.
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2. Matual air gap gux is distributed sinusoidally and is
proportional o the net man.f. of the stator and rotor currents
producing if.

4. The wibalanice is only on one side of the air gap.

3.—ANALYSIS OF THE UNBALANCED STATOR CONNECTIONS

(8.1) Solution for Currents

The case to be considered is shown in Fig. 1. A star con-
nected stator will be assumed for the purpose of analysis. If,
however, the induction motor has delta connected stator, an
equivalent star connection can be found. We can, therefore, limit
our work ¢o discuss the 3ph. .M. having a star connected stator
winding with unbalanced connection. ‘

Due t: unbalanced connections, the stator phase currents
are unbalanced. They can nave no zero sequence componeuts
since sheir sum is always zero. The positive and negative
sequence components of the stator currents induce two oppositely
rotating fields which may e defined us rotating synchronously
in the clockwise and counterclockwise directions, respectively.

if ail speeds are taken as fraction of the synchronous speed,
the per unit slip is s and the rotor speed is (1-2). The clockwise
rotating ficld induces 1 the rotor voltages of slip frequency,
while tie counterclockwise rotating field induces in the rotor
voltages of freyuency {2-s) times rhe supply frequency f. The
positive and negative se-juence circnits per phase are shown in
Fig. 2 in which V,, and Vi, ave the positive and negative sequence
phise voltages of rse b of the miotor which is taken as our
reference phase YV, = 1, Z oy sud Vi, = Ly Zgy, where Zgy,



and Z, are the impedances of the 1.M. to positive and negative
sequence currents, respectively, as shown in Fig. 2.
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Fig. 2.—Equivalent circuits :

(a) Positive sequence (b) Negative sequeuce

Applying the method of symmetrical components, the expres-
sions for the positive and negative sequence stator currents
I, and I,,, are obtained in terms of the impedances Z, Z, and
Z., and the line voltages V and P. The expressions for I, and
1, are as follows: '

_ V(—ja?{3Lu—7y +aZ) + P.(jyBZm—a?Z,taZ,)
Im——‘j‘/g[Znﬂ(3Zm2+Za+Zb+Zc)+Zm2(Zl+Zb+Zc)+Zu(Zb+Zc)+ZbZe]
— V'(—j a ‘/3—Zml+zb__az Zc) - P" (_‘j \/":;Zml - aZa + ach)

It 17, (8 Zmg+ Lt It LY+ Ll L T LY+ 2Tt )+ T )

(4)

The stator phase currents can be derived by superposing
the positive and negative sequence current components in the
different phases. In the rotor, the positive and negative sequence
currents have two different frequencies, sf, and (2-s) f, respectively.
The rotor phase currents referred to stator areall equal to the root
mean square value of the magnitudes of the positive and negative
sequence rotor referred currents indicated in Fig. 2 by 1,; and L,
respectively.




(3.2) Solution for the Developed Torque and Power

The positive sequence rotor currents of frequency sf, will
induce a field rotating at a speed equal to the slip speed with
respect to the rotor, and at the synchronous speed w.r.t. the
stator. Since the stator positive sequence currents induce a field
rotating at the synchronous speed, the clockwise stator and rotor
rotating fields are always stationary w.r.t. each other. A clock-
wise torque will be developed similar to that of a 3-ph. L.M.
fed from a balanced supply system. The magnitude of thistorque
can be calculated from the equivalent circuit of Fig. 2-a in a
manner similar to that applied in case of balanced motor.

Similarly, both the counterclockwise stator and rotor fields
rotate synchronously in the opposite direction to that of the rotor;
a counterclockwise torque will thus be developed. Its magnitude
can be calculated applying the equivalent circuit of Fig. 2-b.

The resultant torque is the difference of the two developed
torques, its direction will be either clockwise or counterclockwise
according to whether the clockwise or the counterclockwise torque
is the prevailing one.

The mechanical power developed by the motor in watts is
equal to the torque in synchronous-watts multiplied by (1-s).
The shaft power is smaller than that developed by the amount
of the motor friction and windage losses.

The power taken by the .M. itself is the sum of the powers
taken by its positive and negative sequence circuits given in
Fig. 2. The total power consumed is the sum of the power
taken by the motor and the copper lossesin the added impedances.

4,—Kvsa ConnecrioNn oF THE THREE-PHASE

Inpucrion Motor

(4.1) Starting through a Kusa Resistance
(4.1.1) Introduction :

In some industries, as in taxtile industry, smooth starting
of the driving motors is necessary. A convenient possible way



is to insert a so-called gusa rvesistance in series with one stator
phase, as shown in Fig. 3. This method, mainly used to have
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Fig. 3. The stator of the 3.ph. I.LM. with a kusa resistance

smooth starting in case of squirrel-cage motors, was discussed by
many German authors (%3,%°). The name kusa is an abbreviation
for the German expression ‘Kurzschlussldufer Sanftanlauf”.

(4.1.2 ) Starting Characteristics :

The operation of the 3-ph. LM. with a kusa resistance R is
a special case of Fig. 1. The solutions for I, and 1, at starting
are obtained from the general equations (3) and (4) with
Z,=o0,Zy =Ry, Z,=0,P=aV,and Z,, = Z,, = Z,, where
Z, is the starting impedance of the motor per phase. Having
calculated I; and I, the phase currents I, Iy and Ia can be
computed applying the syminetrical components theory. The
locus of each phase current is a circle of parameter R,. Fig.4-a
shows the starting curient Iy, dowing through the kusa resistance
(ir terms of the swarting current I corresponding to Ry = o)
drawn as a tunction of the starting torque Tg (expressed in
terms of the torque T, obtained with R, -=0}, for aifferent motor
starting power {actors of &, "4 and (°8.

As regards the effect of the kusa resistance on the starting
turque T,. the behaviour of tie 3-ph. L M. will then approach




that.of the L-ph. I. M. having an auxihary winding. In the latter
case. the starting troque, besides depending on the phase shift
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Fig. 4—Relation between the kusa resistance, its current, and starting torque

between the currents in the main and auxiliary winding, depends
also on the magnitude of the current in the auxiliary winding,
Phase b including R, may stand for the axuiliary winding of the
I-ph. .M. The torque Ty will then depend on the current Iy,
being zero when Iy, = o. Fig. 4-b shows the relation between
Ry (expressed in terms of the starting impedance of the motor, Z)
and T,/T,, for different motor starting power factors of 0,04
and 0°8 The curves are asymptotic with the resistance axis
since an infinite resistance is required to have zero starting torque.

Fig. 5 shows the locus of motor terminal voltages with
variable Ry. The point b_ corresponds to infinite value of Ry,



and the point b, corresponds to Ky = 03 for any other value of
R,, the vertex b lies on the part of the circle o, to the right of

PARAMETER LINE
\_/b 4

Fig. 5.—Locus of motor torminal voltages,
(cos ®s = starting P.F.)

b bwo. The locus of the star point is the circle 0, whose diameter
is equal to 1/3 that of the circle 0,. It may be interesting to
note that the starting torque is proportional to the height h of
the triangle abc.

(4.1.3) Tt orque-slip' Curves:

To discuss the shape of torque slip curves, these curves are
drawn for variable values of Ry for a 3-ph., 10 H.P,, 220 V.,
50 cycle, 6 pole, induction motor. In all the curves of Fig. 6,
except the curve corresponding to Ry = o, there exists a very
small negative torque at synchronous speed. The shape of the
curves shows that the method of kusa resistance provides a way
to master the starting torque and the shape of the torque-slip
curve of the motor ; the starting period and acceleration will be
consequently mastered according to the duty of the motor.
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Fig. 6.—Torque-slip curves with different values of Ry

(4.2.) Starting through a kusa inductance

(4.2.1.) Starting Characteristics:

It has been explained how smooth starting of the 3-ph. L. M.
can be obtained by the use of a kusa resistance ; a kusa inductance
ban be similarly applied. The stator of the motor is connected as
in Fig. 3 with Ry substituted by the kusa inductive reactance jx;.
The solution of the positive and negative sequence starting currents,
I,; and Ly, can be obtained from the general equations (3) and (4)
with Z, =0, Zy = jXu, Z, =0, P=a V,and Zyy = Zpy=—Z,. The
phase currents Ly [u I, can then be expressed in terms of
I, and L, Fig. 7-a shows the current flowing in the kusa
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icductance with variable xaiues of tmis inductance drawn against
the corresponding starting torques T, for different values of
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Fig. 7 .Relation between the kusa reactance, current, and starting torque.

starting power factors of 0,04 and 0-8. Fig. 7-b shows the
relation between X, |3Z, drawn against TafT,. These curves are
asymptotic with the ordinate since an infinite value of X, is
required to have zero starting torque.

Fig. 8 shows the locus of motor terminal voltages with
variable values of X,  The vertex b lies on the part of the circle
0, to the left of b, be ; the part to the right of the line b, be
corresponds to the case of replacing the kusa inductance by
condenser.




(4.2.2) Comparison with the Case of Kusa Resistance:
The curreut curves shown in Fig. 7-a have the same shape
a8 ‘those obtained in the kusa resistance case drawn in Fig. 4-a.
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Fig. 8—Locus of motor terminal voltages with a kusa
inductance and condenser

As regards the curves of Fig. 7-b and Fig. 4-b, they have
clearly the same shape. It is interesting to note that a curve
in Fig. 7-b drawn for a motor starting power factor equal to
cos ¢, is identical with the curve in Fig. 4-b corresponding to
the power factor cos (90 - ¢,) = sin 9,.

It has been shown that a kusa inductance, as well as a kusa
“resistance, may be used to reduce the normal starting torque of
the 3-ph. LM. to the required value. As regards the supply
power factor, it is generally improved by the use of a kusa resis-
tance, while, as expected, it deteriorates with a kusa inductance.
For law starting power factor motors, below 0-5, a kusa resistance
is preferred to a kusa inductance as it is accompanied by the
higher power factor. In case of high starting power factor motors,
above 0'5, a kusa inductance may be recommended, though
accompanied by a slight reduction in supply power factor, in
order to avoid troubles due to overheating of kusa resistance if
the ‘motor fails to start quickly.



(4.3.) Starting through a Kusa Condenser

Having discussed the operation of the 3-ph: 1. M. with a
kusa resistance and a kusa inductance, it remains to study its
starting characteristics with a kusa condenser. The stator is
connected as in Fig. 3 with Ry replaced by a condenscr of reactance
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Fig. 9. Effect of kusa condenser on Tst (cos s = 0°4)
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equal to -jX;. This problem is a particular case of Fig. 1 with
Zy= 0, 2, =-jXy, L.~ o,and P =aV. Noting that at starting



Zos = Zw2 = Z, the expressions for the positive and negative
sequence currents, I; and I, for the starting phase currents,
Loy Ly and Ly, can be obtained easily.

Fig. 9 shows the starting torque available by the use of kusa
condenser, (expressed in terms of the normal starting torque T,)
drawn as a function of the capacitive reactance (expressedin terms
of Z,) foran induction motor whose starting power factor = 0-4.
It is seen that the curve possesses both a maximum and a
minimum value. The strange fact that the induction motor
may develop a negative torque for certain values of condenser
necessitates that the phase currents must form together a negative
sequence system. The expressions for the maximum positive
and maximum negative torques, expresssed in terms of T, are
given by :

. - 1 .
Maximum positive torque[T, = —,‘;__Eg:jp@ . (5).
. . 1 - 8 .
Maximum negative torque[T, = — ——2-——&?:—@ . (6)

Tt is seen also from Fig. 9 that it is possible to use two different
values of condenser so that the motor may develop starting torque.
bigger than or opposite to the normal starting torque.

5.—Tue Taree-Prase InpucTioN MoToR
" oN SinGLE Prase Purrry

(6.1) Introduction

The 3-ph. .M. is sometimes required to run on 1-ph. supply,
which is the case when such a supply or a badly balanced 3-ph.
supply is only available. It is well known that the 3-ph. .M.
on 1-ph. supply cannot start by itself and that auxiliary im-
pedances may be used to shift the phase currents and terminal
voltages in order to obtain a starting torque (). Quite often
the auxiliary impedances are employed for starting purposes only.
When the proper speed is attained they are cut off and i« ~otor



will then be capable o1 Opeiat.ty tione.  Of practical interest js
the case of a 3-ph. LM. run as a capacitor motor on 1-ph. supply
(Fig. 10). ‘
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Eig. 10.—Capacitor start of the 3-ph. LM.

The two common ways applied to run the 3-ph. L M. on 1-ph.
supply ard kither to let it run with one stator phase open (& 12 17),
or to connect its Primary circuit so that to consist of two parallel
connected stator phases in series with the third phase (%1217)
latter connection is only used as a braking connection.

(6.2) Capacitor Siart Motor

(6.2.1) Starting Characteristics -

The stator of the 3-ph. LM. is connected as in Fig.10. The
solution for the starting currents I, and L, is obtained from the
general equations (3) and (4) by substituting the values : Z,—o,
Z, = -jX, Z, — 0, P = o, and Zoy = Loy = Z,. Having
obtained I,, and I, the phase currents I, I, and I, can then be
obtained.

The locus of motor terminal voltages is as shown in F ig. 11.
This figure can be used to find the phase currents, the starting
torque, motor terminal voltages and phase voltages for any value
of capacitance applied.

It is evident that the starting torque of the motor depends
on the reactance X. To obtain the maximum available starting
torque, the condenser applied must have a reactance equal to 3/,
times the magnitude of the starting impedance of the motor




per phase, i.2. X = 1'5 Z, T'he maximum torque (expressed in
terms of the torque T, obtrined on 3-ph. supply) is expressed by

.(N)

1 cos ¢,
2 \/5 1 —sin ¢,

Maximum Torque T, =

————
-

Locus of star
pointu

s_of ver!ex, b

Fig. 11.—Locns of motor terminal voltages connected as in Fig. 10

Lt is easy to see that as the starting power factor of the
motor increases, the maximum available torque decreases till it
has a value= 0288 T, at unity power factor (thisis a limiting
case but not a practical one). ’ -

Fig. 12 shows the starting characteristics of an 1.M. having:a
starting power-factor = 0'3. It is seen that the starting P.F.
has attained a value = 09, In choosing the optimum valume of
capacitance required for successful starting, the torque per ampere
curve is really of practical help ; it is clear that the maximum
possible value of torque per ampere should be obtaived.  Fig. 12
shows that when X == 1°8 Z, the torque per ampere and the
power factor are very near to their maximum values, while the
torque is slightly reduced below its maximum value occurring
at X =15 Z, Actually the small reduction of the starting



torque is of no impotance so that with X = 1'8 Z,, the starting
couditions are pereferable to those obtained with X =15 Z
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Fig 12. Starting characteristics of the capcitor motor. Cos Pps=03
(Values are expressed in terms of corresponding values on 3.ph, supply)

(5.2.2) Split Phasing by means of Inductance or Resistance

An inductance or a resistance may be used instead of the
condenser connected as shown in Fig. 10 The solution for the
currents can he obtained from the general equations (3) and (4)
in a manner similar ta that applied in case nf condenser.

As expected, the maximum starting torque available by the
use of condenser is much higher than that obtained by the use
of inductance or resistance- The maximum starting torque in the
latter two cases can never be higher than 0288 T,, and are




available whoi 1 value of the inductive reactance or resistance
is equal to 1'% tiu~ the magnitude of Z Fig 13 shows the
maXimum startiny torque available, drawn as a function of motor
starting power tactor, in the three cases of applying condenser,
inductanc: and resistance.
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Fig. 13.—Maximum Tst using condenser, inductance, or resistance

(6.2.3) Con-lusion:

It is clear from Fig. 13 that the maximum torque available
in the resistance case is always bigger than that available in case
of indactance, for motor starting power factors below 0-707. The
reverse is true for higher power factors which inay occasionally
vz met with in case of small induction motors. In most cases
the starting of the 3-ph. LM. on 1-ph. supply can be accomplished

by the use of a resistance of ‘magnitude equal to 15 times the



magnitude of Z,, provided that the starting torque required is
sufficiently small. 1f the starting torque required is high, the
use of a condenser is incomparable. It was found that a condenser
of reactance equal to 1-8 times the magnitude of the starting
impedance of the motor per phase, Z,, is preferable to obtain good
starting characteristics regarding supply current, power factor,
and torque per ampere, than the condenser whose reactance is
equal to 1'5 times the magnitude of Z, which is necessary to
provide the maximum starting torque.

(5.3) The Operation with One Stator Phase Open

(6.8.1) Solution for Currents:

The solution for the positive and negative sequence currents
_for this extreme case of unbalance shown in Fig. 14 may be obtained

<

Fig. 14.—Operation of 3-ph. LM. with
one stator phase open

from the general equations (3) and (4) with Z, = o, Z;, = o,

Z. = o,and P = a V. The following result will be obtained :
- Vo1

Iy=—l,= 73 T + . . . . (8)

This result shows that the magnitude of either current is
equal to the phase valtage divided by the sum of the impedances
of the motor to positive ond negative sequedce currents. It
follows, therefore, that the 1-ph. L.M. is equivalent in some




respects to two identical poiyphase motors whose stator windinos
are connected in series in such a way to produce oppositely
rotating fields and whose rogors are rigidly coupled mechanically.
The distribution of voltage between the two motors depends upon
the slip. As the slip decreases, the motor whose torque is in the
direction of the rotor gains more and more voltage till at synchro-
nous speed it nearly utilises all the voltage, i.e. the other motor
will be practically inactive.

(5.3.2) Equivalent Circuit and Torque-slip Curve:

According to equation (8) the exact equivalent circuit for
the positive sequence stator current is as shown in Fig. 15-a.

o Jn i

rz

M s

2-3

(a) Exact equivalent circuit

2)X4%,) 24
ol T o

]<

m il

3

Lrs
1 -

€ b) Approximate equivalent circuil near syn.speer

Fig. 15.—Equivalent circuit of the 1.ph. IL.M.

The approximate circuit of Fig. 15-b may be applied for the

calculation of motor characteristics near synchronous speed.

Applying the exact equivalent circuit, the locus of the positive

sequence current is a circle of parameter s (2-s). The exact circle

diagram for 1-ph. running has a smaller diameter than that for
. . . . {3

3-ph. running. The starting curreut in the former case is —5—
: -l

times that in the latter case. Also, the magnetizing current near

synchronous speed in the former case in about /3 times that in



the latter case ; this contributes to the low power factor of the
1-ph, motor. The reduced starting current and the increased
magnetizing current in case of 1-ph. running are responsible for
the smaller diameter of the circle diagram.

As regards the torque in the case of l-ph running, the
resultant torque developed is the difference between the positive
and negative sequence developed torques. The resultant torque
is zero at two slips, namely, at starting and at a slip very near to
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Fig, 16.— Torque and P. F. curves of the 1.ph. LM

zero—at which the positive and negative sequence torques are
exactly equal. At synchonous speed, a very small negative
torque is developed ; thus the motor can never work at synchronous




speed even with no rotational losses. The torque-slip curve,
together with the supply power factor curve, are drawn against
slip in Fig. 16 for the 8-ph. I.M. mentioned in Section (4.1.3).
The maximum torque and the slip at which it is developed are
about one-half the corresponding values in case of 3-ph. running.
Also, the magnitude of the maximum torque in case of 1-ph.
running decreases as the rotor resistance is increased symmet-
rically in three phases while in 3-ph. running the rotor resistance
can only affect the value of the break-down slip.

The 1-ph. motor can have no braking region because the
1-ph. motor has no definite direction of rotation at standstill.
The 1-ph. motor can, however, operate as a generator when driven
at a supersynchronous speed. The mechanical power, efficiency,
and power factor in case of 1-ph. running are smaller than the
corresponding values in case of 3-ph. running.

(6.4) The Operation of the 3-ph. 1.M. on I1-ph. Supply
with Two Stator Phases Connected in Parallel

(8.4.1) Solution for Currents : .
The motor is connected as in Fig, 17. The solution for the

~
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Fig, 17.—The 3-ph. I.M. with 2 stator
phases connected in parallel

positive and negative sequence stator currents can be concluded
from equations (3) and (4) with Z, = o, Z,=o0, Z,=0,and P =o.



The positive and negative sequeice currents, Iy, and i, and the
supply current l. are expressed by :

[p’ == az \713 Zm| . . . . . . . . (9)
Ip2 = aVI?) Zm2 . . . . . . . (10)

L= V3 Zd V3Za - -« - - - @D

According to equations (9) and (10), the positive and negative
sequence currents at any slip s are equal in magnitude to 1 /J3
times the phase currents flowing on balanced 3-ph. voltages at
slip values of s and (2-s), respectively.

The loci of I,, and I,, are circles of parameter s, and the
locus of 1, is a circle of parameter & (2-8)- To get quantitative
results, the supply current locus is drawn in Fig. 18 for the LM.

Current in amperes
<j10 ~j20 =30 ~j40 -j50 ~j60_~j70 -j80 -j90_-J100110 120130 5140 150

o«
i~

-~
=]

-

ol

o
=
ed
>

“
®
. 2 6 —
< ~10
g .
€. 1 // N
£ 006 // \
<3 ;
$ 540.03
)
(a9 $:0 4+

1

(4 \ | /

2 i

Fig. 18.—Supply current Jocus of the motor connected as in Fig. 17.

whose particulars are given in Section (4.1.3). The starting
current in our case = 2 /3 times the starting current on balanced
3.ph. voltages : also, the supply current at synchronous speed 18
about 1/y/3 times the latter current. The high current at syn-
chronous speed is the cause of the small diameter of the circle
diagram and the low power factor of the motor.




(6.4.2) lorque-Slip Curves:

According to equations (9) and (10), the positive and nega-
tive sequence torque developed by the motor at any slips can be
easily seen to have values equal to 1/3 the torques developed on
balanced supply at motor slip values of s and (2-s), respectively.
The resultant torque is zero at starting and at a speed near to
synchronous speed. Fig. 19 (a) shows the torque-slip curve of our
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Fig. 19.—Torque-slip curves, with ditferent rotor resistance

experimental motor. It can be seen that the motor, even with
no rotational losses, will run at a slip of about 2:5%. The
maximum torque in our case is about 1f4 times the maximum
torque developed on balanced 3-ph. voltages, and about 1/2 times_
that obtained with one stator phase open,



The torque-slip curve (2) of Fig. 19 shows that with this
asymetrical connection the motor can drive the load if the load
torgiie is sufficiently low, but at & high slip, high currcot, and
low power fucror and efficiency. Compared with the motor
operatiiyg with one stator phase open, the latter is superior. In
this Iatter case, the maximum torque is nearly double the vorr s
ponding one in the former case, aud the negative sequence torque
is very nearly equal to zero at synchronous speed.  Ifa 3-ph. .M,
is required to operate on 1-ph. supply, the operation with one
stator phase open is definitely applied.

In fact, the high negative sequence torque at and near
synchronous speed has led to the application of this asvinmetrical
connection for braking of 3-ph. wound rotor induction motors (%),
If the rotor resistances are increased symmetricallv ia the three
eotor phases, the negative sequence torque at sypchronous spred
increases up to a maximum value of 1/3 the maximum torque
available on balanced 3-ph. suppiy. The voior resistances which
yield this maximum torque at synchronous running are those
required to develop the maximuw tovye o the balanced 3-ph. 1M,
at slip of s = 2. A further increusc in ili rotor resistances will
result in reducine the value of the negative toryue at syuchronous
speed until it att:ins a zero value at open rotor cirenit.  Torgu- -
slip curves with different values of rotor resistances are drawn in
Fig. 19 for our experimental motor. It is seen that they
approach a linear shape for high rotor resistantes,

6.—Trsts ox 1HE InDUCTION MOTOR

Test: weee made on a 3-ph., 10 H.P., 220 V., 50 cyles,
6 pule induction motor. Its shaft could be coupled, through a
Hexible coupiiie, to a direct current machine,  Moters were con-
nected to meusure all electrical quantities. Besides this I.M.—
d.c. machine set, another set was available to determine the
torque-slip curves (7).

The tests were tuade at a reduced line voltage, about one-
half the rated value, since this gave maximum permissible current




loading at high values of slip. Test results were then converted
to values for rated voltage assuming the current proportional to
the voltage and the torque proportional to the voltage square.
The experimental and theoretical results showed reasonable agree-
ment, A probable source of error was due to the change of motor

5

constants with temperature and saturation.
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