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35.1. General

In this chapter, it will be shown that the performance characteristics of an induction motor are
derivablefromacircular locus. The datanecessary to draw the circle diagram may be found from no-
load and blocked-rotor tests, corresponding to the open-circuit and short-circuit tests of atransformer.
The stator and rotor Cu losses can be separated by drawing a torque line. The parameters of the
motor, in the equivalent circuit, can be found from the above tests, as shown below.

35.2. Circle Diagram for a Series Circuit

It will be shown that the end of the current vector for aseries circuit with constant reactance and
voltage, but with avariableresistanceisacircle. With referenceto Fig. 35.1, it is clear that

A
Z (R2+X2
-V, X
X @+ x)
weing = X
(R* + X?)
O I = (VIX)sno

It is the equation of a circle in polar co-

R
Fig. 35.1 Fig. 35.2

ordinates, with diameter equal to V/X. Suchacircleisdrawnin Fig. 35.3, using the magnitude of the
current and power factor angle ¢ as polar co-ordinates of the point A. In other words, asresistance R

Y

(a) (b)
Fig. 35.3

isvaried (which means, in fact, @is changed), the
end of the current vector lies on a circle with
diameter equal to V/X. For alagging current, itis
usual to orientate the circle of Fig. 35.3 (a) such
that itsdiameter ishorizontal and the voltage vector
takesavertical position, asshownin Fig. 35.3 (b).
There is no difference between the two so far as
the magnitude and phase relationships are
concerned.

35.3. Circle Diagram for the Approxi-
mate Equivalent Circuit

Theapproximate equivalent diagramisredrawninFig. 35.4. Itisclear that thecircuit to theright
of pointsab issimilar to aseries circuit, having a constant voltage V, and reactance X, but variable
resistance (corresponding to different values of dlip s).

Hence, the end of current vector for 1, will lieonacirclewith adiameter of V/X ;. InFig. 35.5,

I, istherotor current referred to stator, |,
isno-load current (or exciting current) and
I, is the total stator current and is the
vector sum of the first two. When 1)’ is
lagging and @, = 90°, then the position of
vector for 1, will bealong OCi.e. at right
anglesto the voltage vector OE. For any
other value of @,, point A will moveaong
the circle shown dotted. The exciting
current |jisdrawn lagging V by an angle
@, If conductance G, and susceptance

=X+ _
f X=X, Xl;l‘ Ry =R,tRL
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B, of the exciting circuit are assumed constant, then |, and @, are also constant. The end of current
vector for |, is also seen to lie on another circle which is displaced from the dotted circle by an
amount | ,. Itsdiameter isstill V/X, and isparallel to the horizontal axis OC. Hence, wefind that if
an induction motor istested at various loads, the locus of the end of the vector for the current (drawn
by it) isacircle.

E
35.4. Determination of G, and B,
If the total leakage reactance X, of the
motor, exciting conductance G, and exciting |,
susceptance B, are found, then the position A T T=a -
of the circle O'BC' is determined uniquely. AN AN
One method of finding G, and B, consistsin At/ N
running the motor synchronously so that slip Eb—wé/ i, [/ \
s=0. In practice, it is impossible for an =+ ot A Cl
induction motor to run at synchronous speed, Ch I, |« VIX, \\ > |
dueto the inevitable presence of friction and 0 < V/X » | C
windage losses. However, the induction o -
motor may be run at synchronous speed by Fig. 35.5
I X R another machine which supplies the friction and windage
»— M losses. In that case, the circuit to the right of points ab
behaves like an open circuit, because withs =0, R = «
(Fig. 35.6). Hence, the current drawn by the motor is |
(@ Z X only. Let
V = applied voltage/phase; |, = motor current /
) W = wattmeter reading i.e. input in watt ; Y, =
b R exciting admittance of the motor. Then, for a 3-phase
Fig. 35.6 induction motor

W=3GV2 o G, = % Also, 1,=VY, of Yy=IV

BO
Hence, G, and B, can be found.

JOZ -G =\l(1/V)? -G

35.5. No-load Test

In practice, it is neither necessary nor feasible to run the induction motor synchronously for
getting Gy and B,. Instead, the motor isrunwithout any external mechanical load onit. The speed of
the rotor would not be synchronous, but very much near to it ; so that, for al practical purposes, the
speed may be assumed synchronous. The no load test is carried out with different values of applied
voltage, below and abovethevalue of normal voltage. The power input ismeasured by two wattmeters,

Wo 1o A& c
I
= Wo
&
> _~~|E ¥~ Stator
A _——-——E Cu Loss
Al—_=——" — — _— — _ _——Normal
D Voltage
0 B >
Voltage

Fig. 35.7 Fig. 35.8
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I, by an ammeter and V by a voltmeter, which are included in the circuit of Fig. 35.7. Asmotor is
running on light load, the p.f. would be low i.e. less than 0.5, hence total power input will be the
difference of the two wattmeter readings W, and W,,. Thereadingsof thetotal power input W, |, and
voltageV areplotted asinFig. 35.8. If weextendthe curvefor W, it cutsthevertical axisat point A.
OA represents|osses dueto friction and windage. |f we subtract |oss corresponding to OA from W,
then we get the no-load el ectrical and magnetic lossesin the machine, because the no-load input W to
the motor consists of

(i) small stator Culoss 3 I02 R, (i) stator corelossW, =3G, V2

(iii) lossdueto friction and windage.

Thelosses (ii) and (iii) are collectively known as fixed losses, because they are independent of
load. OB represents normal voltage. Hence, losses at normal voltage can be found by drawing a
vertical linefrom B.

BD = lossduetofriction and windage DE = stator Culoss EF = coreloss

Hence, knowing the corelossW ., , G, and B, can be found, as discussed in Art. 35.4.

Additionally, @, can aso befound from the relation W, = /3 V, 1, cos @,

W, . . .
O cosq, = 0 whereV, = linevoltage and W, is no-load stator input.

V3V 1,
Example35.1. Inano-load test, an induction motor took 10 A and 450 watts with a line voltage

of 110 V. If stator resistance/phaseis 0.05 Q and friction and windage losses amount to 135 watts,
calculate the exciting conductance and susceptance/phase.

Solution. stator Culoss =31, R, =3x10°x0.05=15W
O stator coreloss = 450 — 135 - 15=300 W

Voltage/phase V = 110/+/3 V; Coreloss=3G, V>
300

300 =3G,x (110//3)* ; Go= — =
o U NEL NG 2

= 0.025 semeng/phase
Yo =lo/V=(10x /3)/110=0.158 siemens/ _
phase

B, = (Y2 - G?) =1/(0158% -0.025))
= 0.156 siemens/phase.

35.6. Blocked Rotor Test

It isalso known as locked-rotor or short-circuit test. This test
isused to find—

1. short-circuit current with normal voltage applied to sta-
tor

2. power factor on short-circuit

Both the values are used in the construction of circledia-
gram This vertical test stand is capable of

. absorbing up to 10,000 N-m of
3. total leakagereactance X, of the motor asreferredto pri- L £ BTN e [T

mary (i.e. stator) (max 150.0 hp at 1800 rpm). It helps
4. total resistance of the motor Ry, asreferred to primary. o develop speed torque curves and
. . . performs locked rotor testing
Inthistest, therotor islocked (or allowed very slow rotation)
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and the rotor windings are short-circuited at slip-rings, if the motor has awound rotor. Just asin the
case of a short-circuit test on a transformer, a reduced voltage (up to 15 or 20 per cent of normal
value) isapplied to the stator terminalsand is so adjusted that full-load current flowsin the stator. As
in this case s=1, the equivalent circuit of the motor is exactly like a transformer, having a short-
circuited secondary. Thevaluesof current, voltage and power input on short-circuit are measured by
the ammeter, voltmeter and wattmeter connected in the circuits as before. Curves connecting the
above quantities may also be drawn by taking two or three additional setsof readingsat progressively
reduced voltages of the stator.

(a) It isfound that relation between the short-circuit current and voltage is approximately a
straight line. Hence, if V isnormal stator voltage, V jthe short-circuit voltage (afraction of V), then
short-circuit or standstill rotor current, if normal voltage were applied to stator, is found from the
relation

I x VIV
where Igy = short-circuit current obtainable with normal voltage
I, = short-circuit current with voltage V g
(b) Power factor on short-circuit isfound from
W, = 4BV lgcosgs; O cos@=We/(+/3Vg lg)
where W, = total power input on short-circuit
Vg = linevoltage on short-circuit
Il = linecurrent on short-circuit.
(c) Now, the motor input on short-circuit consists of
(i) mainly stator and rotor Cu losses
(i) core-loss, whichissmall dueto thefact that applied voltageisonly asmall percentage of the
normal voltage. This core-loss (if found appreciable) can be calculated from the curves of
Fig. 35.8.
O Total Culoss = Wg—W
317Ry = Wy=Wg, @ Ry =(Wy-W¢)/317
(d) Withreferenceto the approximate equivalent circuit of aninduction motor (Fig. 35.4), motor
leakage reactance per phase X, asreferred to the stator may be cal culated as follows :

Zy = Vgllg Xo1= \/(251 - I:251)

Usually, X, is assumed equal to X' where X, and X, are stator and rotor reactances per phase
respectively asreferred to stator. X, =X, =X, /2

If the motor has awound rotor, then stator and rotor resistances are separated by dividing Ry, in
theratio of the d.c. resistances of stator and rotor windings.

Inthe case of squirrel-cagerotor, R; isdetermined as usual and after allowing for * skin effect’ is
subtracted from R, to give R, — the effective rotor resistance as referred to stator.

0 R, = Ru—R,

Example35.2. A 110-V, 3-¢, star-connected induction motor takes 25 A at a line voltage of 30
V with rotor locked. With thisline voltage, power input to motor is440 W and corelossis40W. The
d.c. resistance between a pair of stator terminalsis0.1 Q. If theratio of a.c. to d.c. resistanceis 1.6,

find the equivalent leakage reactance/phase of the motor and the stator and rotor resistance per
phase. (Electrical Technology, Madras Univ. 1987)

<
I

30/+/3 =17.3V : 1= 25 A per phase
17.3/25 = 0.7 Q (approx.) per phase

Solution. S.C. voltage/phase,

ZOl
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O

d.c. resistance/phase of stator
a.c. resistance/phase

L eakage reactance/phase

Electrical Technology

XOl

Ry

400

Stator and rotor Cu losses = input — coreloss =440 — 40 = 400 W
3% 25" x Ry,

0 Ry, =400/3 x 625=0.21 Q
where R, is equivalent resistance/phase of motor asreferred to stator.

= J(0.7%-0.21%) =0.668Q

0.1/2=0.05Q
0.05x1.6=0.08Q

Hence, effective resistance/phase of rotor as referred to stator
R, = 021-0.08=0.13Q

35.7. Construction of the Circle Diagram

Circlediagram of aninduction motor can be drawn by
using the data obtained from (1) no-load (2) short-circuit

test and (3) dtator resstance test, as shown below.
Step No. 1

From no-load test, | , and @, can be cal culated. Hence,
asshowninFig. 35.9, vector for |, can belaid off lagging

(o, behind the applied voltage V.
Step No. 2

Next, from blocked rotor test or short-circuit test, short-
circuit current Iy corresponding to normal voltage and

@ arefound. The vector OA represents | o = (IV/Vg) in
magnitude and phase. Vector O'A represents rotor current |, asreferred to stator.

Clearly, thetwo points O' and A lieon therequired circle. For finding the centre C of thiscircle,
chord O'A isbisected at right angles-its bisector giving point C. The diameter O'D isdrawn perpen-

E
A
7
v L 7 IS
N 4&—Rotor
/ ® Cu Loss
/ 2R & E
I, /Iéi & Q\)‘Q\& \\ 5
= / L |4 Stator
1 7 10;0,\)6 \ Cu Loss
F . - F
e ~Z¥o¢ I C b
077 I, «—Fixed Loss
0] P K G
Fig. 35.9

Windings inside a motor

dicular to the voltage vector.
Asamatter of practical contingency,
it is recommended that the scale of
current vectors should be so chosen
that the diameter is more than 25 cm,
in order that the performance data of
the motor may be read with reason-
ableaccuracy fromthecirclediagram.
With centre C and radius = CO', the
circlecan bedrawn. Theline O'A is
known as out-put line.

It should be noted that asthe voltage
vector isdrawn verticaly, all vertical
distancesrepresent the active or power
or energy components of the currents.

For example, the vertical component O'P of no-load current OO’ represents the no-load input, which
suppliescoreloss, friction and windageloss and anegligibly small amount of stator I°’Rloss. Simil arly,
the vertical component AG of short-circuit current OA is proportional to the motor input on short-
circuit or if measured to a proper scale, may be said to equal power input.
Step No. 3
Torqueline. Thisistheline which separates the stator and the rotor copper losses. When the
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rotor islocked, then all the power supplied to the motor goesto meet corelosses and Cu lossesin the
stator and rotor windings. The power input is proportional to AG. Out of this, FG (= O'P) represents
fixed lossesi.e. stator core loss and friction and windage losses. AF is proportional to the sum of the
stator and rotor Cu losses. The point E is such that

AE _ rotor Cu loss

EF ~ stator Culoss

Assaid earlier, line O'E isknown astorque line.

How to locate point E ?

(i) Squirrel-cage Rotor. Stator resistance/phase i.e. R, is found from stator-resistance test.
Now, the short-circuit motor input W, is approximately equal to motor Cu losses (neglecting iron
|0sses).

2
AE _ W -3I5 R
EF 3 g R
(i) Wound Rator. In this case, rotor and stator resistances per phaser, and r, can be easily
computed. For any values of stator and rotor currents |, and |, respectively, we can write

Stator Culoss=3I¢°R, 0 rotor Culoss=Wg-31s°R, [

2

r,_r,0,0 . .
AE = 22-2p/27, Now, 11—k = transformation ratio
EF Il rl r.l DIlD I2

AE _ L 1 _ r,/ K2 _T,' _equivalent rotor resistance per phase

EF n o K2 n n stator resistance per phase

Value of K may be found from short-circuit test itself by using two ammeters, both in stator and
rotor circuits.

L et usassumethat themotor isrunning and taking acurrent OL (Fig. 35.9). Then, the perpendicular
JK representsfixed losses, INisstator Culoss, NL istherotor input, NM isrotor Culoss, ML isrotor
output and LK isthetotal motor input.

From our knowledge of the rel ations between the above-given various quantities, we can write :

V3.V, .LK = motorinput V3.V, .JK = fixedlosses
\/§.VL.JN = stator copper loss \/:_%.VL.MN = rotor copper loss
V3.V, .MK = total loss V3.V, .ML = mechanical output
J3.V_.NL = rotor input [ torque
1 ML /LK = output/input = efficiency
2. MN/NL = (rotor Culoss)/(rotor input) = dlip, S.
3 ML _ rotor qutput _1_e- N _ _ actua speed
NL rotor input Ng  synchronous speed
LK _
4. o - power factor

Hence, it is seen that, at least, theoretically, it is possible to obtain al the characteristics of an
induction motor fromitscircle diagram. Assaid earlier, for drawing the circle diagram, we need (a)
stator-resistance test for separating stator and rotor Cu losses and (b) the data obtained from (i) no-
load test and (ii) short-circuit test.

35.8. Maximum Quantities

It will now be shown from the circle diagram (Fig. 35.10) that the maximum values occur at the
positions stated below :

(i) Maximum Output

It occurs at point M where the tangent is parallel to output line O'A. Point M may belocated by



1320 Electrical Technology

drawing aline CM from point C such that it v
isperpendicular tothe output lineO'A. Maxi-
mum output isrepresented by thevertical MP.
(i) Maximum Torque or
Rotor Input

It occursat point N wherethetangent is
parallel to torque line O'E. Again, point N
may be found by drawing CN perpendicular
tothetorqueline. Itsvalueis represented by
NQ . Maximum torque is also known as
stalling or pull-out torque.

(iii) Maximum Input Power

It occurs at the highest point of thecircle
i.e. at point R where the tangent to the circle is horizontal. It is proportional to RS. Asthe point R is
beyond the point of maximum torque, theinduction motor will be unstable here. However, the maximum
input isameasure of the size of thecircleandisanindication of the ability of the motor to carry short-
time over-loads. Generally, RS istwice or thrice the motor input at rated load.

>

\

%

¢ \nput
\
1| Locked \ Input

Fig. 35.10

Example 35.3. A 3-ph, 400-V induction motor gave the following test readings;

No-load : 400V, 1250 W, 9 A, Short-circuit : 150 V, 4 kW, 38 A

Draw the circle diagram.

If the normal rating is 14.9 kW, find from the circle diagram, the full-load value of current, p.f.

and dlip. (Electrical Machines-|, Gujarat Univ. 1985)
Solution. cos@, = % =02004; @,=785°
X X
Y
AV
¢
66.1°
78.5° D
0 X
Fig. 35.11
4000 .
cos@p;, = ————— =0.405; =66.1°
% 7 Bx150x38 %

Short-circuit current with normal voltageis| o = 38 (400/150) = 101.3 A. Power taken would be
= 4000 (400/150)2 =28,440W. InFig. 33.11, OO  represents |, of 9A. If current scaleis1cm=5A,
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then vector OO' = 9/5 = 1.8 cm* and isdrawn at an angle of @, = 78.5° with the vertical OV (which
representsvoltage). Similarly, OA represents| g, (S.C. current with normal voltage applied) equal to
101.3 A. It measures 101.3/5 = 20.26* cm and isdrawn at an angle of 66.1°, with the vertical OV.
LineO'D isdrawn parallel to OX. NCistheright-angle bisector of O'A. Thesemi-circle O'AD
isdrawnwith C asthe centre. Thissemi-circleisthelocusof the current vector for all load conditions
from no-load to short-circuit. Now, AF represents 28,440 W and measures 8.1 cm. Hence, power
scale becomes: 1 cm = 28,440/8.1 = 3,510 W. Now, full-load motor output = 14.9 x 10° = 14,900 W.
According to the above cal culated power scale, theintercept between the semi-circle and output line
O'A should measure = 14,900/3510 = 4.25 cm. For locating full-load point P, B Aisextended. ASis
made equal to 4.25 cm and SP isdrawn parallel to output line O'A. PL is perpendicular to OX.

Linecurrent = OP=6cm=6x5=30A; @= 30°(by measurement)
p.f. = cos30°=0.886 (or cos @= PL/OP = 5.2/6 = 0.865)
N dip = fotor Culoss
o 'P rotor input
InFig. 35.11, EK represents rotor Cu loss and PK represents rotor input.
i = i :% =
O dip = PK 45 0.067 or 6.7%

Example35.4. Drawthecirclediagramfor a 3.73 kW, 200-V, 50-Hz, 4-pole, 3-@star-connected
induction motor from the following test data :

No-load : Line voltage 200 V, line current 5 A; total input 350 W
Blocked rotor : Line voltage 100V, line current 26 A; total input 1700 W

Estimate from the diagram for full-load condition, the line current, power factor and also the
maxi mum torque in terms of the full-load torque. Therotor Cu loss at standstill is half the total Cu

loss. (Electrical Engineering, Bombay Univ. 1987)
R
AV
B
=
3
g2
&
T
=18
Q8
S
o S
78°15 3lg e
0 D X
Fig. 35.12
Solution. No-load test
lo = 5A, oS = 20— =0202; @ = 78915
3% 200%5

The actual lengths are different from these values, due to reduction in block making.
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Blocked-rotor test :

1700
J/3x100x 26

Short-circuit current with normal voltage, | 5 = 26 x 200/100 =52 A

Short-circuit/blocked rotor input with normal voltage = 1700(52/26)2 =6,800 W

Inthecirclediagram of Fig. 35.12, voltageisrepresented along OV which isdrawn perpendicular
to OX. Current scaleislcm=2A

Line OA isdrawn at an angle of ¢, = 78°15 with OV and 2.5 cminlength. Line AX' isdrawn
paralel to OX. Line OB represents short-circuit current with normal voltagei.e. 52 A and measures
52/2 =26 cm. AB represents output line. Perpendicular bisector of AB isdrawn to locate the centre
Cof thecircle. With Cascentreand radius= CA, acircleisdrawn which passesthrough points A and
B. From point B, a perpendicular is drawn to the base. BD represents total input of 6,800 W for
blocked rotor test. Out of this, ED represents no-load loss of 350 W and BE represents 6,800 — 350 =
6,450 W. Now BD = 9.8 cm and represents 6,800 W

O power scale = 6,800/9.8 =700 watt/cm or 1cm=700W

BE which representstotal copper lossin rotor and stator, isbisected at point T to separate thetwo
losses. AT representstorqueline.

Now, motor output = 3,730 watt. It will be represented by aline = 3,730/700 = 5.33 cm

The output point P on the circleislocated thus:

DBisextended and BRiscut =5.33cm. Line RPisdrawn parallel to output line AB and cutsthe
circleat point P. Perpendicular PSisdrawn and Pisjoined to origin O.

Point M corresponding to maximum torque is obtained thus :

From centre C, alineCM isdrawn such that it isperpendicular to torqueline AT. It cutsthecircle
at M whichisthe required point. Point M could also have been located by drawing aline parallel to
thetorqueline. MK isdrawn vertical and it represents maximum torque.

Now, inthecircle diagram, OP = line current on full-load = 7.6 cm. Hence, OP represents 7.6 x
2=152A

Power factor on full-load

cosq@, = =0.378; = 6742

SP _645 _
op - 76 080
Max. torque _ MK _ 10
F.L. torque PG 56

O Max. torque = 180% of full-load torque.

=18

Example. 35.5. Draw the circle diagram from no-load and short-circuit test of a 3-phase. 14.92
kW, 400-V, 6-poleinduction motor fromthe following test results (line values).

No-load . 400-V, 11 A, pf. = 0.2
Short-circuit  :  100-V, 25A, pf. = 04
Rotor Cu loss at standstill is half the total Cu |oss.

From the diagram, find (@) line current, dlip, efficiency and p.f. at full-load (b) the maximum
torque. (Electrical Machines-|, Gujarat Univ. 1985)

Solution. No-load p.f. = 0.2; @,=cos 1(02)=785°
Short-circuitpf. = 0.4: ¢, = cos " (0.4) = 66.4°

S.C. current |, if normal voltage were applied = 25 (400/100) = 100 A

S.C. power input with this current = +/3 x 400 x 100 x 0.4 = 27,710 W
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Assume a current scale of 1 cm =5 A.* The circle diagram of Fig. 35.13 is constructed as
follows:
(i) No-load current vector OO’ represents 11 A. Hence, it measures 11/5= 2.2 cmand isdrawn
atanangleof 78.5°with QY.
(if) Vector OA represents 100 A and measures 100/5 = 20 cm. It isdrawn at an angle of 66.4°
withOY.
(iii) O'Disdrawn parallel to OX. NCistheright angle bisector of O'A.
(iv) With C asthe centre and CO' asradius, asemicircle is drawn as shown.
(v) AF represents power input on short-circuit with normal voltage applied. It measures 8 cm
and (as calculated above) represents 27,710 W. Hence, power scale becomes
lem = 27,710/8 = 3,465 W

Y
AV
(0
66.4°
78.5° L b
0 0 L F

Fig. 35.13

(a) F.L motor output = 14,920 W. According to the above power scale, theintercept between the
semicircleand the output line O'A should measure = 14,920/3,465 = 4.31 cm. Hence, vertical line PL
isfound which measures 4.31 cm. Point P represents the full-load operating point.**

(@) Linecurrent = OP = 6.5 cm which meansthat full-load line current
= 65x5=325A. @ = 32.9° (by measurement)
O cos 32.9° = 0.84 (or cos 9= PL/OP =5.4/6.5=0.84)
i = i :% = . = E = 4_3 =
dip = PK 535 0.056 or 56% ; Bl - 54 08 or 8%

(b) For finding maximum torque, line CM is drawn [J to torque line O'H. MT isthe vertical
intercept between the semicircle and the torque line and represents the maximum torque of the motor
in synchronouswatts

Now, MT = 7.8 cm (by measurement) O T = 7.8 x 3465 = 27,030 synch. watt

Example35.6. A 415-V, 29.84 kW, 50-Hz, delta-connected motor gave the following test data :

No-load test . 415V, 21 A, 1,250 W

Locked rotor test : 100V, 45 A, 2,730 W

Construct the circle diagram and determine
*  Theactual scale of the book diagram is different because it has been reduced during block making.

**  The operating point may a so be found by making AS = 4.31 cm and drawing SP parallel to O'A.
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(a) theline current and power factor for rated output (b) the maximum torque.
Assume stator and rotor Cu losses equal at standstill. (A.C. Machines-|, Jadavpur Univ. 1990)

Solution. Power factor on no-load is = __ 1250  _ 0.0918
J3x415x21
O @ , = cos ' (0.0918) = 8444
Power factor with locked rotor is = __270  _ 0.3503
J3x100 % 45
O @ ¢ = cos *(0.3503) = 69°30

Theinput current | g on short-circuit if normal voltage were applied = 45 (415/100) = 186.75 A
and power taken would be = 2,730 (415/100)% = 47,000 W.

Let thecurrent scalebe 1 cm=10A. Thecirclediagram of Fig. 35.14 isconstructed asfollows:
E

f, = 69°30¢
f, = 84°44

> T

0

Fig. 35.14

(i) Vector OO’ represents 21 A so that it measures 2.1 cm and islaid at an angle of 84°44' with
OE (whichisvertical i.e. adong Y-axis).
(if) Vector OA measures 186.75/10 = 18.675 cm and is drawn at an angle of 69°30" with OE.
(iii) O'Disdrawn parallel to OX. NC istheright-angle bisector of O'A
(iv) With C asthe centreand CO' asradius, asemi-circleisdrawn asshown. Thissemi-circleis
the locus of the current vector for all load conditions from no-load to short-circuit.
(v) The vertical AF represents power input on short-circuit with normal voltage applied. AF
measures 6.6 cm and (as cal cul ated above) represents 47,000 W. Hence, power scale becomes,
1 cm =47,000/6.6 = 7,120 W
(a) Full-load output = 29,840 W. According to the above power scale, theintercept between the
semicircle and output line O'A should measure 29,840/7,120 = 4.19 cm. Hence, linePL is
found which measures 4.19 cm. Point P represents the full-load operating point.*
Phasecurrent =OP=6cm=6x10=60A; Linecurrent = \/3x 60 = 104 A
Power factor = cos 0 POE = cos 35° = 0.819
(b) For finding the maximum torque, line CM isdrawn O to thetorqueline O'H. Point H issuch
that
AH _ rotor Culoss
BH ~ stator Culoss

*  The operating point may a so by found be making AS = 4.19 cm and drawing SP parallel to O'A.
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Since the two Cu losses are equal, point H isthe mid-point of AB.
Line MK represents the maximum torque of the motor in synchronous watts
MK = 7.3cm (by measurement) = 7.3 x 7,120 = 51,980 synch. watt.
Example 35.7. Draw the circle diagram for a 5.6 kW, 400-V, 3-¢, 4-pole, 50-Hz, dlip-ring
induction motor from the following data :
No-load readings: 400V, 6 A, cos @, = 0.087 : Short-circuit test : 100V, 12 A, 720 W.
Theratio of primary to secondary turns = 2.62, stator resistance per phaseis0.67 Q and of the
rotor is 0.185 Q. Calculate
(i) full-load current (i) full-load dlip
(iii) full-load power factor
(iv) _maximumtorque (v) maximum power.
full - load torque
Solution. No-load condition
@, = cos ' (0.087) = 85°

69°40¢

85°

X¢

Fig. 35.15

Short-circuit condition
Short-circuit current with normal voltage = 12 x 400/100 = 48 A
Total input = 720 x (48/12)% = 11.52 kW
720 ,

m =0.347 or Q= 69° 40

Current scaeis, lcm = 2A

Inthecirclediagram of Fig. 35.15, OA =3 cmandinclined at 85°with OV. Line OB represents
short-circuit current with normal voltage. It measures 48/2 = 24 cm and represent 48 A. BD is
perpendicular to O X.

For Drawing Torque Line

cos@, =

K =262 R,=0.67Q R,=0.185Q
(in practice, an allowance of 10% is made for skin effect)
rotor Cu loss 2 0.185 rotor Culoss _ 1.9
O — " = 262°x —— =19 0 ————— === =0655
stator Cu loss 0.67 total Culoss 2.9
Now BD = 8.25cm and represents 11.52 kW

11.52/8.25 = 1.4 kW/cm

power scale
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O lcm = 14kW
BE representstotal Culossand isdivided at point T intheratio 1.9 : 1.
BT = BEx1.9/29=0.655x8=5.24cm

AT isthetorqueline

Full-load output = 5.6 kW
It isrepresented by aline=5.6/1.4 =4 cm
DBisproducedto Rsuchthat BR=4cm. LineRP isparallel to output lineand cutsthecircle at

P. OP representsfull-load current.

PSisdrawnvertically. PointsM and Y represent points of maximum torque and maximum output

respectively.
0] FL.current = OP=575cm=575%x2=115A
(ii) FL.dip = F6-02 -0047 or 47%
PG 425
SP _ 46 _
fo= = ="2"=08
(i) Pl = op “575
(iv) max.torque  _ MK _ 1005 _, 4

full-load torque PG 4.25

(v) Maximum output isrepresented by YL =7.75cm.
O Max. output = 7.75x 1.4 = 10.8 kW

Example 35.8. A 440-V, 3-¢, 4-pole, 50-Hz slip-ring motor gave the following test results:
No-load reading : 440V, 9 A, p.f.=0.2
Blocked rotor test: 110V, 22 A, p.f.=0.3
The ratio of stator to rotor turns per phaseis 3.5/1. The stator and rotor Cu losses are divided
equally in the blocked rotor test. The full-load current is 20 A. Draw the circle diagram and obtain
thefollowing :
(a) power factor, output power, efficiency and dlip at full-load
(b) standdtill torque or starting torque.
(c) resistance to be inserted in the rotor circuit for giving a starting torque 200 % of the
full-load torque. Also, find the current and power factor under these conditions.

Solution. No-load pf. = 02 O @ g=cos 1(0.2)=785°

Short-circuit pf. = 03 O @ g=725°

Short-circuit current at normal voltage = 22 x 440/110 = 88 A

SC.input = /3 x440x 88x0.3=20,120 W =20.12 kW
Takeacurrent scaleof 1cm=4A
In the circle diagram of Fig. 35.16, OA = 2.25 cm drawn at an angle of 78.5° behind OV.

Similarly, OB =88/4 =22 cm and isdrawn at an angle of 72.50 behind OV. The semi-circleisdrawn
asusual. Point Tissuchthat BT = TD. Hence, torqueline AT can bedrawn. BC represents 20.12 kW.
By measurement BC = 6.6 cm.

A\
S
\¥
X M
P o0
L Torque
Al E
H

Fig. 35.16
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O power scale = 20.12/6.6 = 3.05

O lcm 3.05 kW

Full-load current = 20 A. Hence, it is represented by alength of 20/4 =5 cm. With O as centre
and 5 cm asradius, an arc is drawn which cuts the semi-circle at point P. This point represents full-
load condition. PH is drawn perpendicular to the base OC.

(@ (i) pf.=cos@=PH/OP =4.05/5=0.81

(if) Torque can be found by measuring the input.
Rotor input = PE=3.5cm=3.5x 3.05=10.67 kW

Now N, = 120 x 50/4 = 1500 r.p.m.

0 T, = 9.55P,/N, = 9.55 x 10,670/1500 = 61 N-m
(i) output = PL =3.35 x 3.05=10.21 kW

(iv) efficiency = SUPUL - PL _335 _ g3 of g3

input  PH 4.05

: rotor Culoss _ LE _ 0.1025
= —— === —— = =0. K%
V) sip rotor input PE 35 0.03 or ’
(b) Standstill torqueisrepresented by BT.
_ _ _ _ 9.45x10° _
BT=3.1cm=3.1x%3.05=9.45kW O Tgq=955x 350 - 60.25 N-m

(c) Wewill now locate point M on the semi-circle which corresponds to a starting torque twice
the full-load torquei.e. 200% of F.L. torque.

Full-load torque = PE. Produce EP to point S such that PS= PE. From point S draw aline
paralel to torque line AT cutting the semi-circleat M. Draw MN perpendicular to the base.

At starting when rotor is stationary, MN representstotal rotor copper losses.

NR = Culossin rotor itself asbefore ; RM = Culossin external resistance

RM =4.5cm=4.5x 3.05=13.716 kW = 13,716 waitt.

Cu loss/phase = 13,716/3 =4,572 watt

Rotor current AM =17.5cm=175x4=70A

Letr,’ bethe additional external resistance in the rotor circuit (as referred to stator) then
r, x 70°= 4,572 or r, =4,572/4900=093Q

Now K =1/35
[0 rotor resistance/phase, r, = 1, x K*=0.93/3.5°= 0.076 Q

— oM = _ : _ MF _ 975 _
Stator current = OM = 19.6 x 4 = 78.4 A ; power factor = oM -~ 187 - 0.498

Example 35.9. Draw thecircle diagramof a 7.46 kW, 200-V, 50-Hz, 3-phase slip-ring induction
motor with a star-connected stator and rotor, a winding ratio of unity, a stator resistance of 0.38
ohmV/phase and a rotor resistance of 0.24 ohm/phase. The following are the test readings ;

No-load : 200V, 7.7 A, cos@, = 0.195

Short-circuit : 100V, 47.6 A, cos@, = 0.454
Find(a) starting torque and (b) maximum torque, both in synchronous watts

(c) the maximum power factor (d) the dlip for maximumtorque

(e) the maximum output (Elect. Tech.-1l, Madras Univ. 1989)
Solution. @, =cos "(0.195) = 78%45; @, =cos (0.454) = 63°

The short-circuit | 5 with normal voltage applied is = 47.6 x (200/100) = 95.2 A
Thecircle diagram isdrawn as usual and is shownin fig. 35.17.

With acurrent scaleof 1 cm =5 A, vector OO" measures 7.7/5 =1.54 cm and represents the no-
load current of 7.7 A.
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Similarly, vector OA represents | o i.€. short-circuit current with normal voltage and measures
95.2/5=19.04 cm
Both vectors are drawn at their respective angles with OE.

The vertical line AF measures the power input on short-circuit with normal voltage and is
= /3 %200 x 95.2 x 0.454 = 14,970 W.

Since AF measures 8.6 cm, the power scaleis 1 cm = 14,970/8.6 = 1740 W
The point H is such that

E

P

63°
78°45L0 =z
G

o0 \ X

0 F
Fig. 35.17
AH <= rotorCuloss _  rotorresistance*  _0.24

B total Culoss  rotor + stator resistance  0.62

Now AB = 8.2 cm (by measurement) O AH =8.2x 0.24/0.62 =3.2cm
(a) Starting torque=AH = 3.2 cm = 3.2 x 1740 = 5,570 synch. watt.
(b) Line CM isdrawn perpendicular to the torque line O'H. The intercept MN represents the

maximum torque in synchronous watts.

Maximumtorque = MN = 7.15 cm = 7.15 x 1740 = 12,440 synch. watts.
(c) For finding the maximum power, line OP is drawn tangential to the semi-circle.
O POE = 28.5°

O maximum p.f. €0s 28.5°=0.879
(d) Thesdlip for maximum torqueis=KN/MN=1.4/7.15=0.195
(e) LineCL isdrawn perpendicular tothe output lineO'A. From L isdrawnthevertical lineLD.

It measures 5.9 cm and represents the maximum output.

O maximumoutput = 5.9 x 1740 = 10,270 W

Tutorial Problems 35.1

1. A 300 h.p. (223.8 kW), 3000-V, 3-¢, induction motor has a magnetising current of 20 A at 0.10 p.f.
and ashort-circuit (or locked) current of 240 A at 0.25 p.f. Draw the circuit diagram, determinethe
p.f. at full-load and the maximum horse-power. [0.85 p.f. 621 h.p. (463.27 kW)] (I.E.E. London)

2. Thefollowing are test results for a 18.65 kW, 3-¢, 440.V slip-ring induction motor :
Light load : 440-V, 7.5 A, 1350 W (including 650 W friction |0ss).

*  Because K = 1, otherwise it should be R, = R/K?.
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S.C.test: 100V, 32 A, 1800 W
Draw thelocus diagram of the stator current and hence obtain the current, p.f. and slip on full-load.
On short-circuit, the rotor and stator copper losses are equal. [30 A, 0.915, 0.035] (London Univ)

3. Drawthecirclediagramfor 20 h.p. (14.92 kW), 440-V, 50-Hz, 3-@induction motor from thefollowing
test figures (line values) :

No-load : 440V, 10A, p.f. 0.2  Short-circuit: 200V, 50 A, p.f. 0.4
From the diagram, estimate (8) theline current and p.f. at full-load (b) the maximum power devel oped
(c) the starting torque. Assume the rotor and stator I°R losses on short-circuit to be equal.
[(@) 28.1 A at 0.844 p.f. (b) 27.75 kW (c) 11.6 synchronous kW/phasg] (London Univ.)
4. A 40 h.p. (29.84.kW), 440-V, 50-Hz, 3-phase induction motor gave the following test results

No. load : 440V, 16 A, p.f. =0.15 S.C. test : 100 V, 55 A, p.f. = 0.225
Ratio of rotor to stator losses on short-circuit = 0.9. Find the full-load current and p.f., the pull-out
torque and the maximum output power developed.

[49 A at 0.88 p.f. ; 78.5 synch. kW or 2.575 times F.L. torque ; 701.2 kW] (I.E.E. London)

5. A 40h.p. (29.84 kW), 50-Hz, 6-pole, 420-V, 3-¢, slip-ring induction motor furnished the following
test figures:

No-load : 420V, 18 A, p.f. =0.15 S.C.test: 210V, 140 A, p.f. =0.25
The ratio of stator to rotor Cu losses on short-circuit was 7 : 6. Draw the circle diagram and find
fromit (&) the full-load current and power factor (b) the maximum torque and power devel oped.
[(@ 70 A at 0.885 p.f. (b) 89.7 kg.m ; 76.09 kW] (I.E.E. London)
6. A 500 h.p. (373 kW), 8-pole, 3-¢, 6,000-V, 50-Hz induction motor gives on test the following
figures:
Running light at 6000 V, 14 A/phase, 20,000 W ; Short-circuit at 2000 V, 70 A/phase, 30,500 W

The resistance/phase of the star-connected stator winding is 1.1 Q, ratio of transformation is 4 :1.
Draw thecirclediagram of this motor and cal culate how much resistance must be connected in each
phase of the rotor to make it yield full-load torque at starting. [0.138 Q] (London Univ.)

7. A 3-phaseinduction motor has full-load output of 18.65 kW at 220 V, 720 r.p.m. The full-load p.f.
is0.83 and efficiency is85%. When running light, the motor takes5 A at 0.2 p.f. Draw thecircle
diagram and use it to determine the maximum torque which the motor can exert (a) in N-m (b) in
terms of full-load torque and (c) in terms of the starting torque.

[(8 268.7 N-m (b) 1.08 (c) 7.2 approx.] (London Univ.)
8. A 415-V, 40 h.p. (29.84 kW), 50.Hz, A-connected motor gave the following test data :
No-load test : 415V, 21 A, 1250 W ; Locked rotor test : 100V, 45 A, 2,730 W
Construct the circle diagram and determine

(a)the line current and power factor for rated output (b) the maximum torque. Assume stator and
rotor Cu losses equal at standstill.

[(a) 104 A : 0.819 (b) 51,980 synch watt] (A.C. Machines-l, Jadavpur Univ. 1978)

9. Draw the no-load and short circuit diagram for a 14.92 kW., 400-V, 50-Hz, 3-phase star-connected
induction motor from the following data (line values) :

No load test : 400V, 9 A, cos ¢ =0.2

Short circuit test : 200V, 50 A, cos = 0.4

From the diagram find (&) the line current and power factor at full load, and (b) the maximum output
power. [(a) 32.0 A, 0.85 (b) 21.634 kW]

35.9. Starting of Induction Motors

It has been shown earlier that aplaininduction motor issimilar in actionto apolyphase transformer
with ashort-circuited rotating secondary. Therefore, if normal supply voltageisapplied to the stationary
motor, then, asin the case of atransformer, avery largeinitial current istaken by the primary, at least,
for ashort while. It would be remembered that exactly similar conditions exist in the case of ad.c.
motor, if it isthrown directly acrossthe supply lines, because at the time of starting it, thereisno back
e.m.f. to oppose theinitial inrush of current.
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Induction motors, when direct-switched, takefiveto seventimestheir full-load current and devel op
only 1.5to 2.5 timestheir full-load torque. Thisinitial excessive current is objectionable because it
will producelargeline-voltage drop that, in turn, will affect the operation of other electrical equipment
connected to the samelines. Hence, it isnot advisable to line-start motors of rating above 25 kW to
40 kW.

It was seen in Art. 34.15 that the starting torque of an induction motor can be improved by
increasing the resistance of therotor circuit. Thisiseasily feasiblein the case of slip-ring motors but
not in the case of squirrel-cage motors. However, intheir case, theinitia in-rush of currentiscontrolled
by applying a reduced voltage to the stator during the starting period, full normal voltage being
applied when the motor has run up to speed.

35.10. Direct-switching or Line starting of Induction Motors

It has been shown earlier that

Rotorinput = 2N, T=k T —Art. 34.36
Also, rotor Culoss = sx rotor input
0 31,R, = sxkT 0O TO I222/s (if R, isthe same)
Now L, Ol O TOLYs o T=Kl,7s
Atgartingmoment s = 1 0 T, = KIS wherel, = starting current
If I = normal full-load current and s = full-load slip
thenT, = KI/s 0 I_st = S:EEZ_Sf

f ofrg
When motor is direct-switched onto normal voltage, then starting current is the short-circuit
current ..
0 Ta %Iﬁgs =a’ wherea=1_/I
T dig 0T =

Suppose in a case, le = 71,5=4%=0.04,the T,/ T;= 7°x0.04=1.96
O starting torque = 1.96 x full-load torque

Hence, wefind that with acurrent asgreat as seven timesthe full-load current, the motor devel ops
astarting torque which is only 1.96 times the full-load value.

Some of the methods for starting induction motors are discussed below :

Squirrel-cage Motors

(a) Primary resistors (or rheostat) or reactors

(b) Auto-transformer (or autostarter)

(c) Star-deltaswitches

In all these methods, terminal voltage of the squirrel-cage motor is reduced during starting.
Slip-ring Motors

(a) Rotor rheostat

35.11. Squirrel-cage Motors
(@) Primary resistors
Their purpose is to drop some voltage and hence reduce the voltage applied across the motor

terminals. In thisway, theinitial current drawn by the motor is reduced. However, it should be noted
that whereas current varies directly as the voltage, the torque varies as square of applied voltage*

*  When applied voltage is reduced, the rotating flux @ is reduced which, in turn, decreases rotor em.f. and
hence rotor current |,. Starting torque, which depends both on ® and I, suffers on two counts when
impressed voltage is reduced.
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Squirrel Cage Rotor

When the stator's moving magnetic field cuts across the rotor's conductor bars, it induces I
voltage in them. Py 3-f
This voltage produces current, which circulates through the bars and around the rotor [ I Supply
end ring. This current in turn produces magnetic fields around each rotor bar. The _
continuously changing stator magnetic field results in a continuously changing rotor
field. The rotor becomes an electromagnet with continuously alternating poles, which
interact with the stator’s poles.
Current # 7 Switch
X Primary
resistors
4_
Magnetic Fields
. Stator
Squirrel cage rotor
(Art34.17). If the voltage applied across the motor terminals
isreduced by 50%, starting current is reduced by 50%, but
torqueis reduced to 25% of the full-voltage value.

By using primary resistors (Fig. 35.18), the applied
voltage/phase can be reduced by a fraction ‘x’ (and it
additionally improves the power factor of theline slightly).

— — 2
ly =xlg and Ty=x"Tg

As seen from Art 35.10, above,

T, _ Oy _ _Oxig?
T O O -St =0 St
f of0 O 'f0

I

X Eilﬁgsf =x*.a.s
Of0

It is obvious that the ratio of the starting torque to
full-load torqueisx® of that obtained with direct switch-
ing or across-the-line starting. This method is useful
for the smooth starting of small machines only.

(b) Auto-transformers

Such starters, known variously as auto-starters or
compensators, consist of an auto-transformer, with
necessary switches. We may use either two auto-
transformers connected as usual [Fig. 35.19 (b)] or 3 Variable auto-transformer
auto-transformers connected in open delta [Fig. 35.19
(8]. This method can be used both for star-and delta-connected motors. As shown in Fig. 35.20
with starting connections, areduced voltage is applied across the motor terminals. When the motor
has ran up to say, 80% of its normal speed, connections are so changed that auto-transformersare cut
out and full supply voltageisapplied acrossthe motor. The switch making these changesfrom‘ start’
to ‘run’ may be airbreak (for small motors) or may be oil-immersed (for large motors) to reduce
sparking. There is also provision for no-voltage and over-load protection, along with a time-delay
device, so that momentary interruption of voltage or momentary over-load do not disconnect the
motor from supply line. Most of the auto-starters are provided with 3 sets of taps, so as to reduce
voltage to 80, 65 or 50 per cent of the line voltage, to suit the local conditions of supply. The
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V-connected auto-transformer is commonly used, because it is cheaper, although the currents are
unbalanced during starting period. This is, however, not much objectionable firstly, because the
current imbalance is about 15 per cent and secondly, because balance is restored as soon as running

conditions are attained.
The quantitative rel ationshi ps between the motor current, line current, and torque devel oped can

be understood from Fig.35.20.

In Fig 35.20 (&) is shown the case when the motor is direct-switched to lines. The motor current
is, say, 5 timesthefull-load current. If Visthelinevoltage, then voltage/phase acrossmotor is \V/ /+/3.

O le = 5k = % where Z is stator impedance/phase.

In the case of auto-transformer, if atapping of transformation ratio K is used, then phase voltage

acrossmotor isKV /+/3 , asmarked in Fig. 35.20 (b).

. K V
OO motor current at startingl, = — =K. — =K .l.=K .5]I
g1, \/— 37 < f

Supply L Supply

w &3, 5% A

\"
3Z
3-0 3-0 [
% [

Run Run
Stator Stator
(a)
I,=5I; I
v £V
L
Stator Auto-transformer Stator
(@) (b)

Fig. 35.20
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The current taken from supply or by auto-transformer isl, =K I,=K*x 51, = K*| _ if magnetising
current of the transformer isignored. Hence, we find that although motor current per phaseis re-
duced only K timesthedirect-switching current (.- K < 1), the current taken by thelineisreduced K2
times.

Now, remembering that torque is proportional to the square of the voltage, we get

With direct-switching, T, O/ J3 )2; With auto-transformer, T, 0 (KV / J3 )2

O T,IT, = (KV/V3)I(VIY3) o T,=K’T, or T =K>.T_

O torquewith auto-starter = K? x torque with direct-switching.
Relation Between Starting and F.L. Torque

It is seen that voltage across motor phase on direct-switching isV/+/3 and starting current is| &=

| .. With auto-starter, voltage across motor phaseis K V/+/3 and 1 =K I,
2

|
Now, T, 0 18(s=1) and T, 0L
St
T, _O T O
—ﬁzg—ﬁgsf o =K g¥0s=K.d.y (v 1g=Kly)
T [|If|] f Ot

Note that this expression is similar to the one derived in Art. 34.11. (a) except that x has been
replaced by transformation ratio K.

Example 35.10. Find the percentage tapping required on an auto-transformer required for a
squirrel-cage motor to start the motor against 1/4 of full-load torque. The short-circuit current on
normal voltage is 4 times the full-load current and the full-load dlip is 3%.

Solution. s =1 ooy s-00

T, 4 I

!

0 Using Te = g2 %igsf , weget L =K2x42x003

T I'¢ 4

f gfd

2 _ 1 — - 0,
0 K = rogs 0 K=072 o K=722%

Example 35.11. A 20 h.p. (14.92 kW), 400-V, 950 r.p.m., 3-¢, 50-Hz, 6-pole cage motor with
400 V applied takes 6 times full-load current at standstill and develops 1.8 times full-load running
torque. The full-load current is 30 A.

(a) what voltage must be applied to produce full-load torque at starting ?
(b) what current will this voltage produce ?
(c) if the voltage is obtained by an auto-transformer, what will be the line current ?

(d) if starting current is limited to full-load current by an auto-transformer, what will be the
starting torque as a percentage of full-load torque ?

Ignore the magnetising current and stator impedance drops.
Solution. () Remembering that T 0 V2, we have
Inthefirst case, 1.8 T, 0 4007, ; In the second case, T, [ V*

AV _ 400 _
O (400) =18 O V—E—Z%.lv
(b) Currentsare proportional to the applied voltage.
O 61, 0400;102081 0 | =6x2981 - 6x2981x30 _45,5,

400 400
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(c) Here K = 298.1/400
Linecurrent = K1 = (298.1/400)° x 6 x 30 = 100 A
(d) Wehave seenin Art. 33.11 (b) that line current = KZISC

Now, linecurrent = full-load current I; (given)
O 30 = K*x6x30 O K’=16
| T,
Now, using Ta Kzg—gxsf weget % =1 61 x0.05 =0.3
Ty 0O T 6 E E
Here N, = 120 x50/6 = 1000 r.p.m. N =950 r.p.m.; s, = 50/1000 = 0.05

O Ty = 03T or 30% F.L. torque

Example 35.12. Determinethe suitable auto-transformation ratio for starting a 3-phaseinduction
motor with line current not exceeding three times the full-load current. The short-circuit currentis5
times the full-load current and full-load dlip is 5%.

Estimate also the starting torque in terms of the full-load torque.
(Elect. Engg.ll, Bombay Univ. 1987)

Solution. Supply line current = K2 l&

Itisgiven that supply line current at start equals 3 I; and short-circuit current | . =5 1; wherel,
isthefull-load current

0 3l, = K®x5l, or K*=06 O K=0775 or 775%
In the case of an auto starter,
| |
Ta Kzg—gxsf 0 Tscoex B xoos=075
T; DI f [ T Elf E
0 Ty = 0.75T; = 7% of full-load torque.

Example 35.13. The full-load slip of a 400-V, 3-phase cage induction motor is 3.5% and with
locked rotor, full-load current is circulated when 92 volt is applied between lines. Find necessary
tapping on an auto-transformer to limit the starting current to twice the full-load current of the
motor. Determine also the starting torque in terms of the full-load torque.

(Elect. Machines, Banglore Univ. 1991)

Solution. Short-circuit current with full normal voltage applied is
I = (400/92) I, = (100/23) I

SC
Supply linecurrent = 14 =21,
Now, line current ly = KZISC
O 21 = K*x(100/23) I 0 K?=0.46: K = 0.678 or 67.8%
Ol
Also, % = K? DI—D XS =0.46 x (100/23)2 x 0.035 = 0.304
f Ot
0 Ty = 30.4% of full-load torque

Tutorial Problems 35.2

1. A 3-@motor isdesigned to run at 5% slip on full-load. If motor draws 6 times the full-load current
at starting at the rated voltage, estimate the ratio of starting torque to the full-load torque.
[1.8] (Electrical Engineering Grad, |.E.T.E. Dec. 1986)

2. A squirrel-cage induction motor has a short-circuit current of 4 times the full-load value and has a
full-load slip of 5%. Determine a suitable auto-transformer ratio if the supply line current is not to
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exceed twice thefull-load current. Also, expressthe starting torque in terms of the full-load torque.
Neglect magnetising current. [70.7%, 0.4]
3. A 3-¢, 400-V, 50-Hz induction motor takes 4 times the full-load current and devel ops twice the full-
load torque when direct-switched to 400-V supply. Calculateintermsof full-load values (@) theline
current, the motor current and starting torque when started by an auto-starter with 50% tap and (b)
the voltage that has to be applied and the motor current, if it is desired to obtain full-load torque on
starting. [(8) 100%, 200%, 50% (b) 228 V, 282%]

(c) Star-delta Starter

Thismethod isused in the case of motorswhich are built to run normally with a delta-connected
stator winding. It consists of atwo-way switch which connectsthe motor in star for starting and then
indeltafor normal running. The usual connectionsare shownin Fig. 35.21. When star-connected, the
applied voltage over each motor phaseisreduced by afactor of 1/+/3 and hence the torque devel oped
becomes 1/3 of that which would have been devel oped if motor weredirectly connectedin delta. The
linecurrent isreduced to 1/3. Hence, during starting period when motor is'Y -connected, it takes 1/3rd
as much starting current and develops 1/3rd as much torque as would have been developed were it
directly connected in delta.

Relation Between Starting and F.L. Torque

|4 per phase = ilsc per phase

V3
3-f Supply
NI, N
Stator
I,/ Phase =/ Line =Y
Stator ’J» 37
b Run A
R A %
O O O

I, / Phase = v
Z
I,/ Line = /zZV

Fig. 35.21
where . isthe current/phase which A-connected motor would have taken if switched onto the supply
directly (however, line current at start = 1/3 of line 1)
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Now T, 012 (s=1) —Art. 35.10
T O 1s
2 2
T, - O 0 01,0

o 1.2
O = 0 St = S = S =& s
T dig BegT ®m o

Here, |4 and | represent phase values.

Itisclear that the star-delta swith is equivalent* to an auto-transformer of ratio 1/ or 58%
approximately.

This method is cheap and effective provided the starting torque is required not to be more than
1.5 timesthe full-load torque. Hence, it is used for machine tools, pumps and motor-generators etc.

Example35.14. Thefull-load efficiency and power factor of a 12-kW, 440-V, 3-phaseinduction
motor are 85% and 0.8 lag respectively. The blocked rotor line current is45 A at 220 V. Calculate
the ratio of starting to full-load current, if the motor is provided with a star-delta starter. Neglect
magnetising current. (Elect. Machines, A.M.|.E. Sec. B, 1991)

Solution. Blocked rotor current with full voltage applied

I = 45x440/220=90 A

Now, /3 x440x1 x0.8 = 12,000/0.85 0O I = 231A
In star-delta starter, ly = 1./J3 =90/4/3 =52A

0 lg/1; =52/231=2.256

Example35.15. A 3-phase, 6-pole, 50-Hz induction motor takes 60 A at full-load speed of 940
r.p.m. and devel ops a torque of 150 N-m. The starting current at rated voltageis 300 A. What isthe
starting torque? If a star/delta starter is used, determine the starting torque and starting current.

(Electrical Machinery-11, Mysore Univ. 1988)
Solution. Asseen from Art. 33.10, for direct-switching of induction motors

Ol IF

% = EWE S Here, I4=1,=300A (linevalue) ; I; =60 A (linevalue),
f
s = (1000 - 940)/1000 = 0.06 ; T, = 150 N-m
0 T, = 150(300/60)° x 0.06 = 225 N-m

When gtar/ddta starter is used
Starting current = 1/3 x starting current with direct starting = 300/3 = 100 A
Startingtorque = 225/3 =75 N-m —Art 35-11 (c)
Example35.16. Determine approximately the starting torque of an induction motor in terms of
full-load torque when started by means of (a) a star-delta switch (b) an auto-transformer with 70.7

% tapping. The short-circuit current of the motor at normal voltage is 6 times the full-load current
and the full-load slip is 4%. Neglect the magnetising current.

(Electrotechnics, M.S. Univ. Baroda 1986)

|

Solution. (a) Ta -1 5152 s, =1 x6 x0.04 =048
Tf 3 DI f D 3

O Ty = 048 T, or 48% of F.L.value

(b) Here K = 0.707=1+2; K?*=1/2

* By comparing it with the expression given in Art. 35.11 (b)
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Now, Ts =y %'_Ezsf =16 x00a=072
T ¢ 2
f Of0
0 Ty = 0727, or 72% of T,

Example 35.17. A 15 h.p. (11.2 kW), 3-¢, 6-pole, 50-HZ, 400-V, A-connected induction motor
runsat 960 r.p.m. on full-load. If it takes 86.4 A on direct starting, find the ratio of starting torqueto
full-load torque with a star-delta starter. Full-load efficiency and power factor are 88% and 0.85
respectively.

Solution. Here, | J/phase

86.4/ /3 A

|4 per phase 1 .Iscperphase:ﬂ =288A

J3 J3x+/3
Full-load input line current may be found from
J3 x400x 1, x0.85 = 112 x 1070.88 0 Full-load 1, =21.59 A
FL. | = 2159/J3 A; I, =21.59/ /3 A per phase
= 120 x 50/6 = 1000 r.p.m., N=950;s =0.05
Ts = WH 0 T4=0267T, or 267% FL.torque
T, D| . D 21.59

Example 35.18. Find the ratio of starting to full-load current in a 10 kW (output), 400-V, 3-
phase induction motor with star/delta starter, given that full-load p.f. is 0.85, the full-load efficiency
is 0.88 and the blocked rotor current at 200 V is 40 A. Ignore magnetising current.

(Electrical Engineering, Madras Univ. 1985)

Solution. F.L. line current drawn by the A-connected motor may be found from
V3 %400 x I, x0.85 = 10 x 1000/0.88 O 1, =193A

Now, with 200V, the line value of S.C. current of the A-connected motor is40 A. If full normal
voltage were applied, theline value of S.C. current would be = 40 x ( 400/200) =80 A.

O I (linevalue) = 80A ; | (phase value) = 80/+/3 A
When connected in star across 400 V, the starting current per phase drawn by the motor stator
during starting is

1 1 _80_80
|, perphase = — x| perphase= —x—===2A —Art. 35.10
aPETPISE = g " =PI 5 R T

Since during starting, motor is star-connected, | 4 per phase = line value of |, = 80/3A
r linevalue of starting current _ 80/3 _ ; 54
line value of F.L. current 19.3 '

Example35.19. A 5 h.p. (3.73 kW), 400-V, 3-¢, 50-Hz cage motor has a full-load slip of 4.5%.
The motor develops 250% of the rated torque and draws 650% of the rated current when thrown
directly on the line. What would be the line current, motor current and the starting torque if the
motor were started (i) be means of a star/delta starter and (ii) by connecting across 60% taps of a
starting compensator. (Elect. Machines-I I, Indore Univ. 1989)

Solution. (i) Linecurrent = (1/3) x 650 = 216.7%

Motor being star-connected, line current is equal to phase current.

O motor current = 650/3 = 216.7%

Asshown earlier, starting torque devel oped for star-connection isone-third of that developed on
direct switching with delta-connection 0 Tg =250/3=833%

(ii) Linecurrent = K®x I = (60/100) x 650 = 234%
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Motor current = K x |, = (60/100) x 650 = 390%
T, = K®x T = (60/100)* x 250 = 9%
Example. 35.20. A squirrel-cage type induction motor when started by means of a star/delta

starter takes 180% of full-load line current and devel ops 35% of full-load torque at starting. Calcu-
lated the starting torque and current in terms of full-load values, if an auto-transformer with 75%

tapping were employed. (Utilization of Elect. Power, A.M.|.E. 1987)
I
Solution. With star-delta starter, Ts = 1%&52 S
¢ 3o

Linecurrentonline-start |, = 3x180%of I, =3x181; =541

Now, T4/T, = 0.35(given); 1 /l; =54

O 035 = (/3)x54°s or 54°s =105

Autogtarter : Here, K = 0.75

Linestarting current = K” 1 = (0.75)° x 5.4 I, = 3.04 |, = 304% of F.L. current

Is = KZE'EEZ St Is = (0.75° x 54”5
T, o'+ 0 T;

(0.75)? x 1.05 = 0.59
Ty = 059 T; =5%% FL.torque

Example. 35.21. A 10 h.p. (7.46 kW) motor when started at normal voltage with a star-delta
switch in the star position is found to take an initial current of 1.7 x full-load current and gave an
initial starting torque of 35% of full-load torque. Explain what happens when the motor is started
under the following conditions : (a) an auto-transformer giving 60% of normal voltage (b) aresis-
tance in series with the stator reducing the voltage to 60% of the normal and calculate in each case
the value of starting current and torque in terms of the corresponding quantities at full-load.

(Elect. Machinery-111, Kerala Univ. 1987)
Solution. If the motor were connected in deltaand direct-switched to theline, then it would take

aline current three times that which it takes when star-connected.
O linecurrentonlinestartor I, =3x 171, =5.11;

We know Ts = l%ligsf
T, 3 le 0

Now :Ir_—S‘ = 0.35 ..given; II;’C =51 ...calculated
f f

0 035 = (1/3)x51°xs

We can find s; from 5.1° x s = 105
(a) When it isstarted with an auto-starter, then K = 0.6
Linestarting current = K®x1_=0.6"x5.11,=0.836;
TJT, = 06°x51°xs = 0.6°x105=0.378 0 Tq=37.8% of FL. torque

(b) Here, voltage across motor isreduced to 60% of normal value. Inthiscase motor currentis
the same as line current but it decreases in proportion to the decrease in voltage.

Asvoltage across motor 0.6 of normal voltage
0 linestarting current = 0.6x5.11,=3.061;
Torque at starting would be the same as before.
T /T, = 06°x51°x5=0378 [ T, =37.8% of FL. torque.
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Tutorial Problems 35.3

1. A 3-phase induction motor whose full-load slip is 4 per cent, takes six times full-load current when
switched directly onto the supply. Calculatethe approximate starting torquein terms of thefull-load
torque when started by means of an auto-transformer starter, having a 70 percent voltage tap.

[0.77T;]

2. A 3-phase, cage induction motor takes a starting current at normal voltage of 5 times the full-load
value and itsfull-load slip is 4 per cent. What auto-transformer ratio would enable the motor to be
started with not more than twice full-load current drawn from the supply ?

What would be the starting torque under these conditions and how would it compare with that
obtained by using a stator resistance starter under the same limitations of line current ?
[63.3% tap ; 04T, ; 016 T, ]

3. A 3-phase, 4-pole, 50-Hz induction motor takes40 A at afull-load speed of 1440 r.p.m. and develops
atorque of 100 N-m at full-load. The starting current at rated voltage is 200 A. What is the starting
torque ? If a star-delta starter is used, what is the starting torque and starting current ? Neglect
magnetising current.

[100 N-m; 33.3 N-m; 66.7 A] (Electrical Machines-1V, Bangalore Univ. Aug. 1978)

4. Determine approximately the starting torque of an induction motor in terms of full-load torque when
started by means of (@) a star-delta switch (b) an auto-transformer with 50% tapping. Ignore
magnetising current. The short-circuit current of the motor at normal voltageis5 times the full-load
current and the full-load dlip is 4 per cent. [(a) 0.33 (b) 0.25] (A.C. Machines, Madras Univ. 1976)

5. Findtheratio of starting to full-load current for a7.46 kW, 400-V, 3-phase induction motor with star/
delta starter, given that the full-load efficiency is 0.87, the full-load p.f. is 0.85 and the short-circuit
currentis15A at 100 V. [1.37] (Electric Machinery-11, Madras Univ. April 1978)

6. A four-pole, 3-phase, 50-Hz, induction motor has a starting current which is 5 times its full-load
current when directly switched on. What will be the percentage reduction in starting torque if (&)
star-delta switch is used for starting (b) auto-transformer with a 60 per cent tapping is used for
starting ? (Electrical Technology-111, Gwalior Univ. Nov. 1917)

7. Explain how the performance of induction motor can be predicted by circle diagram. Draw thecircle
diagram for a 3-phase, mesh-connected, 22.38 kW, 500-V, 4-pole, 50-Hz induction motor. The data
below give the measurements of line current, voltage and reading of two wattmeters connected to
measure the input :

No load 500 V 83A 2.85 kW -1.35 kW
Short circuit 100 V 32A -0.75 kW 2.35 kW
From the diagram, find the line current, power factor, efficiency and the maximum output.

[83 A, 0.9, 88%, 50.73 kW] (Electrical Machines-l1, Vikram Univ. Ujjan 1977)

Thesemotorsarepractically alwaysstarted with full line voltage
applied across the stator terminals. The value of starting current is
adjusted by introducing avariableresistancein therotor circuit. The = -
controlling resistance is in the form of arheostat, connected in star -he
(Fig. 35.22), theresistance being gradually cut-out of therotor circuit, ]
eee I

as the motor gathers speed. It has been already shown that by
increasing therotor resistance, not only istherotor (and hence stator)
current reduced at starting, but at the sametime, the starting torqueis {
also increased due to improvement in power factor. -
The controlling rheostat is either of stud or contactor type and

T —
35.12. Starting of Slip-ring Motors l .
3 ]

T
ST

L 1 -

Slip-ring electric motor
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may be hand-operated or automatic. The starter unit usually
includes a line switching contactor for the stator along with no-
voltage (or low- voltage) and over-current protective devices.
There is some form of interlocking to ensure proper sequential
operation of the line contactor and the starter. This interlocking
prevents the closing of stator contactor unless the starter is “all
in.

As said earlier, the introduction of additional external
resistancein therotor circuit enablesaslip-ring motor to develop
ahigh starting torque with reasonably moderate starting current.
Hence, such motors can be started under load. This additional
resistanceisfor starting purpose only. It isgradually cut out asthe

Rheostat motor comes up to SpGEd-
Switch
R 3-0Supply
SN
o \\\c
N
N
N
N
N
Stator
)
Rotor 1
Slip Rings Rheostat
Fig. 35.22

The rings are, later on, short-circuited and brushes lifted from them when motor runs under
normal conditions.

35.13. Starter Steps

Letit beassumed, asusually itisinthe case of starters, that (i) the motor startsagainst aconstant
torque and (ii) that the rotor current fluctuates between fixed maximum and minimum valuesof I,
and |, , respectively.

In Fig. 35.23 isshown one phase of the 3-phase rheostat AB having n steps and therotor circuit.
LetR,, R, ....etc. bethetotal resistances of therotor circuit on thefirst, second step...etc. respectively.
TheresistancesR,, R, ..., etc. consist of rotor resistance per phaser, and the external resistances p,,
p, ... €tc. Let the corresponding values of slips be s}, s, ...etc. at stud No.1, 2...etc. At the
commencement of each step, the current is |, and at the instant of leaving it, the current is 1, . .
Let E, bethe standstill e.m.f. induced in each phase of the rotor. When the handle touchesfirst stud,

the current risesto amaximum valuel ..., so that
Ly = sk, _ E
max
R+ %) |I(R/8)?+X2]
where s, = dlipatstartingi.e. unity and X, = rotor reactance/phase

Then, before moving to stud No. 2, the current isreducedto |, ;. and slip changesto s, such that
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|2 = E2
min
R /%) + X3]

As we now move to stud No. 2, the
speed momentarily remains the same, but
current rises to | because some resis-

) 2max
tanceis cut out.
E
Hence, 1, = 22 -
R/ )” + X1 Star
After some time, the current is again Point

reduced to I,
to s; such that

and the slip changes

E2
JIR /)% + X2

Aswe next move over to stud No.3, again current risesto |, although speed remains momen-
tarily the same.

O | orrax

I2min =

= E, Similarlly  1,i,= E,
J(R/s)?+x2] R8P + X2

Atthelast studi.e. nth stud, | wheres, ., = slip under normal running

E

2max > >
0/ 8,0 + X3)
conditions, when external resistance is completely cut out.
It isfound from above that

|y = 5 = 5 == 5
RIS+ X2 (R /)” +X]] 0,/ 5507 + X
or 5:&:& = =_n-1 :ﬁ =" (I)
S S S S$i-1 S Shex
Similarly,
Iy = E - E, == E,
RIS+ X2 \I(R,/5)° +X3] JR, /80" +X3)
o R_RBR_R__Ra (i)
S S 0§ Srex
From (i) and (ii), we get
i:i:i: _______ :& :& :&: _____ = 2 =K
5 5 S R R R R, (say) (i)
Now, from (i) itisseen that R, = 2%

Now, s, = 1at starting, when rotor is stationary.
O R, =r)/s,,. Hence R, becomesknowninterms of rotor resistance/phase and normal slip.
From (iii), we obtain
R, = KR;;R;=KR,=K’R,;R,=KR,=K°R, andr,=KR,_,=K""". R,

_ I. .
or r,=K""'. 2 (puttingthevalueof R,)
SfTBX
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K = (5,,)"" " wherenisthe number of starter studs.

The resistances of various sections can be found as given below :
P, = Rl—RZ:Rlz—KRlz(l—K) Rl;pZ:Rz—RS:KFel—KZRlzKp1
Pz = Rg—R,=K"p,etc.
Hence, it is seen from above that & T . th T
if 5.« iSknown for the assumed value

I omax OF the starting current, then n can
be calcul ated.

Example 35.22. Calculate the
steps in a 5-step rotor resistance
starter for a 3 phase induction motor.
Thedlip at the maximum starting cur-
rent is 2% with slip-ring short-cir-

cuited and the resistance per rotor Fig. 35.24
phaseis 0.02 Q.
Solution. Here, Srax = 2%

0.02,r,=002Q,n=6

R, = total resistancein rotor circuit/phase on first stud
= 1,/Sy = 0.02/002=1Q
Now, K = (550" '=(0.02)"°= 04573

R, = 1Q;R,=KR; =0.4573x1=0.4573Q

R, = KR,=0.4573x0.4573=0.2091 Q; R, = KR; = 0.4573 x 0.2091 = 0.0956 Q

R, = KR,=0.4573 x 0.0956 = 0.0437 Q; r, = KR; = 0.4573 x 0.0437 = 0.02 Q (as given)
The resistances of various starter sections are as found below :

p, = R -R,=1-0.4573=0.5427 Q; p, = R,—R;=0.4573 - 0.2091 = 0.2482 Q
p; = R;—-R,=0.2091-0.0956=0.1135Q; p,=R, - R;=0.0956 — 0.0437 = 0.0519 Q
ps = R;—r,=0.0437 - 0.02=0.0237 Q

The resistances of various sections are shown in Fig. 35.24.

35.14. Crawling

It has been found that induction motors, particularly the squirrel-cage type, sometimes exhibit a
tendency to run stably at speeds aslow as one-seventh of their synchronous speed N.. This phenom-
enon isknown as crawling of an induction motor.

Thisactionisdueto thefact that the a.c. winding of the stator produces aflux wave, whichisnot
apuresinewave. Itisacomplex wave consisting of afundamental wave, which revolves synchro-
nously and odd harmonics like 3rd, 5th, and 7th etc. which rotate either in the forward or backward
directionat N,/ 3, N,/ 5and N,/ 7 speeds respectively. Asaresult, in addition to the fundamental
torque, harmonic torques are also devel oped, whose synchronous speeds are 1/nth of the speed for
the fundamental torquei.e. N/ n, where nisthe order of the harmonic torque. Since 3rd harmonic
currents are absent in a balanced 3-phase system, they produce no rotating field and, therefore, no
torque. Hence, total motor torque has three components : (i) the fundamental torque, rotating with
the synchronous speed N (ii) 5th harmonic torque* rotating at N/ 5 speed and (iii) 7th harmonic
torque, having aspeed of N_/ 7.

*  The magnitude of the harmonic torquesis 1/n° of the fundamental torque.



Now, the 5th harmonic currentshave a
phase difference of 5 x 120° = 600° = — 120°
in three stator windings. The revolving
field, set up by them, rotatesin thereverse
direction at N,/ 5. The forward speed of
the rotor correspondsto adlip greater than
100%. The small amount of 5th harmonic
reverse torque produces a braking action
and may be neglected.

The 7th harmonic currentsin the three
stator windings have a phase difference of
7 x 120° = 2 x 360° + 120° = 120°. They
set up a forward rotating field, with a
synchronous speed equal to 1/7th of the
synchronous speed of the fundamental
torque.

If weneglect all higher harmonics, the
resultant torque can betaken asequal to the
sum of the fundamental torque and the 7th
harmonic torque, asshowninFig. 35.25. It
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| Stable
T Stable
wn
] =
4 :
= w2
o)
2
______________ (=%
| | | |
1.0 W 0.6 0.4 0.2 0
<«— SLIP
[ | | | | ]
0.0 0.2 0.4 0.6 0.8 1.0

Speed % of Ny —»
Fig. 35.25

is seen that the 7th harmonic torque reaches its maximum positive value just before 1/7th synchro-
nous speed N, beyond which it becomes negativein value. Consequently, the resultant torque char-
acteristic shows a dip which may become very pronounced with certain slot combinations. If the
mechanical load on the shaft involves a constant load torque, it is possible that the torque devel oped
by the motor may fall below thisload torque. When this happens, the motor will not accelerate upto
its normal speed but will remain running at a speed, which is nearly 1/7th of itsfull-speed. Thisis

referred to as crawling of the motor.

35.15. Cogging or Magnetic Locking

Inner Cag Outer Cage
Low R 1 £ High R

High X Low X

Fig. 35.26
Double-cage, 30-kW, 400/440-V, 3-f, 960 r.p.m.

Fig. 35.27

squirrel-cage motor. (Courtesy : Jyoti Ltd., Baroda)
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Therotor of asquirrel-cage motor sometimes refusesto start at al, particularly when the voltage
islow. Thishappens when the number of stator teeth S, is equal to the number of rotor teeth S, and
is due to the magnetic locking between the stator and rotor teeth. That is why this phenomenon is
sometimes referred to as teeth-locking.

It is found that the reluctance of the magnetic path is minimum when the stator and rotor teeth
face each other rather than when the teeth of one element are opposite to the slots on the other. Itis
in such positions of minimum reluctance, that the rotor tends to remain fixed and thus cause serious
trouble during starting. Cogging of squirrel cage motors can be easily overcome by making the number
of rotor slots prime to the number of stator slots.

35.16. Double Squirrel Cage Motor

The main disadvantage of a squirrel-cage motor is its poor starting torque, because of its low
rotor resistance. The starting torque could be increased by having a cage of high resistance, but then
the motor will have poor efficiency under normal running conditions (because there will be more
rotor Culosses). Thedifficulty with acage motor isthat its cageis permanently short-circuited, so no
external resistance can be introduced temporarily in its rotor circuit during starting period. Many
efforts have been made to build asquirrel -cage motor which should have ahigh starting torque without
sacrificing itselectrical efficiency, under
normal running conditions. Theresultis Speed % OF N—»
amotor, dueto Boucheort, whichhastwo 0 0.25 0.5 0.75 1.0
independent cages on the samerotor, one

inside the other. A punching for such a /
double cagerotor isshownin Fig. 35.26. Double Cage

/

The outer cage consists of bars of a
high-resistance metal, whereas the inner
cage has |ow-resistance copper bars.

Hence, outer cage hashigh resistance
and low ratio of reactance-to-resistance,
whereastheinner cage haslow resistance We/
but, being situated deep in the rotor, has
a large ratio of reactance-to-resistance.
Hence, the outer cage devel ops maximum
torque at starting, while the inner cage 1.0 0.75 0.5 0.25 0
does so at about 15% dlip. <— Slip

Assaid earlier, at starting and at large
dlip values, frequency of induced em.f in
the rotor is high. So the reactance of the inner cage (= 2mtf L) and therefore, itsimpedance are both
high. Hence, very little current flowsin it. Most of the starting current is confined to outer cage,
despite its high resistance. Hence, the motor devel ops a high starting torque due to high-resistance
outer cage. Double squirrel-cage motor is shownin Fig. 35.27.

As the speed increases, the frequency of the rotor em.f. decreases, so that the reactance and
hencetheimpedance of inner cage decreases and becomesvery small, under normal running conditions.
Most of the current then flows through it and hence it devel ops the greater part of the motor torque.

In fact, when speed is normal, frequency of rotor em.f. is so small that the reactance of both
cagesispractically negligible. Thecurrentiscarried by two cagesin parallel, giving alow combined
resistance.

Hence, it has been made possibleto construct asingle machine, which hasagood starting torque

Outer Cage

\

% Torque

Fig. 35.28
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with reasonable starting current and which maintains high efficiency and good speed regulation,
under normal operating conditions.
The torque-speed characteristic of a double cage motor may be approximately taken to be the
sum of two motors, one having ahigh-resistance rotor and the other alow-resistance one (Fig. 35.28).
Such motors are particularly useful where frequent starting under heavy loadsisrequired.

35.17. Equivalent Circuit

Thetwo rotor cages can be consideredin paralldl, if it isassumed that both cages completely link
themain flux. Theequivalent circuit for one phase of therotor, asreferred to stator, isshownin Fig.
35.29. If the magnetising current is neglected, then the figure is simplified to that shown in Fig.
35.30. Hence, R)/sand R/'/sareresistances of outer and inner rotors asreferred to stator respectively
and X, and X;" their reactances

Total impedance asreferred to primary is given by

. 1 . Z'Z,
Z. = R +iX.+———— =R +j X, + —0__
01 1 J 1 1/Zl'+1/ZO' 1 J 1 Zol+ Zil
I R, Z, X R, 7 X,
> W RS W —— s
\ 28 Stator R R’ Stator
S S ’
R, R’
S S
G B 7 7
" Zg Z Vi Zg 4
X, X', X X,
Rotor Rotor
Fig. 35.29 Fig. 35.30

Example35.23. A double-cageinduction motor hasthe following equivalent circuit parameters,
all of which are phase values referred to the primary :

Primary R =1Q X, =3Q
Outer cage Ry = 3Q X, =1Q
Inner cage R’ = 06Q X/ =5Q

The primary is delta-connected and supplied from 440 V. Calculate the starting torque and the
torque when running at a slip of 4%. The magnetising current may be neglected.

Solution.

Refer to Fig. 35.31 10 30
(i) At sart, s=1
1
for = BT Y@ +106+5) T
= 268+]4538Q
Current/ phase = 440/ (2.68% + 4.538%)>=83.43 A l XpE xO
Torque = 3x 83.43° x (2.68 - 1)
= 35,000 synch watt. Fig. 35.31

(ii) when s=4 per cent
Inthiscase, approximatetorque may befound by neglecting the outer cageimpedance altogether.
However, it does carry some current, which is almost entirely determined by its resistance.
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1
1/(3/0.04) +1/(0.6/0.04 + | 5)
Current/phase = 440/(13.65% + 6.45)Y2 = 29.14 A
3 x 29.14% x (13.65 — 1) = 32,000 synch watt.

Example 35.24. At standstill, the equivalent impedance of inner and outer cages of a double-
cagerotor are (0.4 + j2) Q and (2+ j0.4) Q respectively. Calculate the ratio of torques produced by
the two cages (i) at standstill (ii) at 5% dlip. (Elect. Machines-|I, Punjab Univ. 1989)

Solution. The equivalent circuit for one phase is shown in Fig. 35.32.
(i) At standgtill, s=1
]1 12

Impedance of inner cage = Z, = ,/0.42 + 22 =2.04Q - ¥ oa A
% g
S

Zy, = 1+j3+ =13.65+] 6.45

Torque

Impedance of outer cage = Z, = /2% + 0.4> =2.040Q

If I,and I, are the current inputs of the two cages, then Vi
power input of inner cage, P, = Ii2 R =04 Ii2 watt X 22 X, 2 jo.4
power input of outer cage, P, = 1,” Ry = 21,7
2
torque of Quter cage, T, _ R_ 2l _s %‘_052 Fig. 35.22
torqueof innercage, T ~ B 0412 Ol

oz, f 204)2
= 5 ! =5|1==] =5 T --E-
AL (2_04 O To:T,::5:1
(i) When s = 005
Zy = \(Ry/9) + X2] =(2/0.05)? +0.4° =40 ©
Z = \/[(R/s)2+xi2] :\/(0.4/0.05)2+22 -825 0
I Z 825
. I =z, = 4o 0206
— 2 _ 2. _ 2 _ 2
P, = 1R,/ s=401.% P =12R /s= 8],
T,_P _4012 __0,f ,
0 P=2=—2=5n°0 =5(0206)°=021
T R s CH,O

O Ty:T,::021:1
It is seen from above, that the outer cage provides maximum torque at starting, whereas inner
cage does so later.

Example 35.25. A double-cage rotor has two independent cages. Ignoring mutual coupling
between cages, estimate the torque in synchronous watts per phase (i) at standstill and at 5 per cent
dlip, given that the equivalent standstill impedance of the inner cageis (0.05 + j 0.4) ohm per phase
and of the outer cage (0.5 + j 0.1) ohm per phase and that the rotor equivalent induced e.m.f. per
phaseis 100 V at standstill.

Solution. The equivalent circuit of the double-cage rotor is shown in Fig. 35.33.
(i) At gtanddtill, s=1
The combined impedance of the two cagesis
ZyZ;
Z,+Z
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where Z, = impedance of the outer cage ;

2
Z, = impedance of theinner cage = I Iy o5
7 = (0.5+j0.1)(0.05+j0.4) i S

(0.55+ j 0.5) S
. 100V
= 0.1705 + j 0.191 ohm

0 Z = J0.17052 +0.1912 =0.256 Q l Xgj04  Xgj01

Rotor current 1, = 100/0.256 A; Combined resistance R, =

0.1705 Q Fig. 35.33
Torque at standstill in synchronous watts per phaseis
_ 25 _ (100 _
= 1,"R,= (0.256) % 0.1705 = 26,000 synch watts

(i) Heres=0.05
(05 101)(@“04

) =1.01+] 0.326 ohm

7 = 1005 0.05
(005 0.5 J05)
05 0.05

Z = Jwon? + 03262 =1.06Q

Combined resistance R, = 1.01 Q ; rotor current = 100/1.06 A

Torque in synchronous watts per phaseis

= 1, R, = (100/1.06)" x 1.1 = 9,000 synch.watt.

Example 35.26. In a double-cage induction motor, if the outer cage has an impedance at
standstill of (2 + j 1.2) ohm, determine the slip at which the two cages develop equal torquesif the

inner cage has an impedance of (0.5 + j 3.5) ohm at standstill.

(Electric Machines, Osmania Univ. 1991)

Solution. Let sbethe dlip at which two cage develop equal torques.

Then Z, = J(2/9?+1.2% and Z,= ,/(0.5/9)% + 357

. o, _ oz, _ (025/5%) +35°
00 T Bl T W im

Power input to outer cage P, = 12R1/s
_ 12,2 0.5
0 Py = Iixgi PpElyx =2
2 2
. L _AR %I_lgx _(025/5) 435",
T. P, 0.0 (4/s%) +1.44
As T =T,

+12. 25 x4 [0 s=0.251=251%
s ¢ ]

Example 35.27. The resistance and reactance (equivalent) values of a double-cage induction
motor for stator, outer and inner cage are 0.25, 1.0 and 0.15 ohm resistance and 3.5, zero and 3.0
ohmreactancerespectively. Find the starting torqueif the phase voltageis 250 V and the synchronous
speed is 1000 r.p.m. (I.E.E. London)

Solution. The equivalent circuit is shown in Fig. 35.34 where magnetising current has been

neglected. At starting, s=1
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Impedance of outer cage Z, = (1 +] 0) 1 0250 3.5Q

Impedance of inner cage  Z' = (0.15+j 3)

Thetwoimpedancesarein parallel. Hence, their equivalent
impedance

L. L7 _ A+j0)(015+]3
27 Zy+Z T @+j0)+(015+j3
= 0.889+] 0.29

Stator impedance = (0.25 + 3.5)
0 total impedance Z, = (0.889 +j 0.29) + (0.25 + 3.5)
= (114 +j 3.79) Q (approx.)

_ hase voltage _ 250+ j0 _ . _
1= P = =182-]60.5=66.15A
Current total phaseimpedance  1.14 + j3.79 ]

Rotor Cu loss/phase = (current)2 x total resistance/phase of two rotors
= 66.15° x 0.889 = 3,890 W
Total Culossin 3-phases =3 x 3890 = 11,670 W

Now, rotor input = Ms; At starting, s=1 [ rotor input=11,670 W

0 Tyt = 11,670 synchronous watts
11,670

Also Tsiart X 21TNS =11,670 or Tstart: m

=111.6 N-m (approx.)
Note. If torques developed by the two rotors separately are required, then find E, (Fig. 35.34), then |, and
I,. Knowing these values, T, and T, can be found as given in previous example.

Example35.28. A double-cage induction motor hasthe following equivalent circuit parameters
all of which are phase values referred to the
primary : :

Primary : R, = 1ohm X, =280ohm

Outer cage: Ry’ = 3ohm X, = 1.0ohm

Inner cage: R’ = 0.50hmX'=50hm

The primary is delta-connected and sup-
plied from 440 V. Calculate the starting torque
and the torque when running at a dlip of 4 per
cent. The magnetizing branch can be assumed <
connected across the primary terminals. Fig. 35.35

(Electrical Machines-11, South Gujarat
Univ. 1987)

Solution. The equivalent circuit for one phase is shown in Fig. 35.35. It should be noted that
magnetising impedance Z, has no bearing on the torque and speed and hence, can be neglected so far
as these two quantities are concerned

(i) At ganddtill s = 1
Z,Z/ _ (3+j1.0)(05+5)

1Q 2.8Q

400v G

7' = =
2 T 70+ 7 35+ 6)
= 1.67+] 156
Zyy = Z,+Z, = (1+] 28) + (167 +] 1.56)

(2.67 +j 4.36) = 5.1 ] 58.5°
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Voltage per phase,  V,; = 440V. Since stator is delta-connected.
I, = V,/Z, =440/510 58.5°=86.27 [ 58.5°
Combinedresistance R, = 1.6Q
[0 starting torque per phase = I, R, = 86.27° x 1.67 = 12,430 synch. wat.
(if) when s = 0.04
Z, = (3/0.04) +]1.0=75+j10; Z'=(05/0.04)+j5=125+j5
Z,Z' _ (75+ j1.0)(125+ |5)
Zy+2Z (87.5+ | 6)
Zyy = Z,+Z, =(1+]28)+(10.3+) 6.47) = 11.3+j 6.47 = 13.03 [] 29.8°
|} = V,/Z, =440/13.03 0 29.8° = 33.76 [+ 29.8°
combinedresistance R, = 10.3Q
0 full-load torque per phase = I,/ R, = 33.76” x 10.3 = 11.740 synch. watts
Obvioudly, starting torque is higher than full-load torque.

z, = =10.3+] 3.67

Tutorial Problems 35.4

1. Cadlculate the steps in a 5-section rotor starter of a 3-phase induction motor for which the starting
current should not exceed the full-load current, the full-load slip is 0.018 and the rotor resistance is
0.015 Q per phase

pP,=046Q;p,=0206Q;p;=0.092 Q;p,=0.042Q ; p; =0.0185 Q
(Electrical Machinery-111, Kerala Univ. Apr. 1976)

2. Thefull-load dip of a3-phase double-cage induction motor is 6% and the two cages have impedances
of (3.5+j 1.5) Q and (0.6 + j 7.0) Q respectively. Neglecting stator impedances and magnetising
current, calculate the starting torque in terms of full-load torque. [79%]

3. Inadouble-cage induction motor, if the outer cage has an impedance at standstill of (2 +j 2) ohm
and the inner cage an impedance of (0.5 +j 5) Q, determine the slip at which the two cages develop
equal torques. [17.7%]

4. Thetwo independent cages of arotor have the respective standstill impedance of (3 +j 1) ohm and
(1 +j 4) ohm. What proportion of the total torque is due to the outer cage () at starting and (b) at a
fractional slip of 0.05 7(a) 83.6% (b) 25.8%] (Principle of Elect. Engg.l, Jadavpur Univ. 1975)

5. Aninduction motor has a double cage rotor with equivalent impedance at standstill of (1.0 +j 1.0)
and (0.2 +j 4.0) ohm. Find the relative value of torque given by each cage at a slip of 5%.

[(a) 40.1 (b) 0.4: 1] (Electrical Machines-, Gwalior Univ. Nov. 1977)

35.18. Speed Control of Induction Motors*

A 3-phaseinduction motor is practically aconstant-speed machine, moreor lesslikead.c. shunt
motor. The speed regulation of an induction motor (having low resistance) isusually lessthan 5% at
full-load. However, there is one difference of practical importance between the two. Whereas d.c.
shunt motors can be made to run at any speed within wide limits, with good efficiency and speed
regulation, merely by manipulating a smple field rheostat, the same is not possible with induction
motors. Intheir case, speed reduction isaccompanied by a corresponding loss of efficiency and good
speed regulation. That iswhy itismuch easier to build agood adjustable-speed d.c. shunt motor than
an adjustabl e speed induction motor.

Different methods by which speed control of induction motors is achieved, may be grouped
under two main headings:

*  For Electronic Control of AC Motors, please consult the relevant chapter of this book, inval. I11.
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1. Control from stator side
(a) by changing the applied voltage (b) by changing the applied frequency
(c) by changing the number of stator poles
2. Control from rotor side
(d) rotor rheostat control
(e) by operating two motorsin concatenation or cascade
(f) by injecting an em.f. in therotor circuit.

A brief description of these methods would be given below :

(a) Changing Applied Voltage

This method, though the cheapest and the easiest, is rarely used because

(i) alargechangeinvoltageisrequired for arelatively small changein speed

(i) thislargechangeinvoltagewill result in alarge changein the flux density thereby seriously
disturbing the magnetic conditions of the motor.

(b) Changing the Applied Frequency

Thismethod is also used very rarely. We have seen that the synchronous speed of an induction
motor isgiven by N = 120 f/P. Clearly, the synchronous speed (and hence the running speed) of an
induction motor can be changed by changing the supply frequency f. However, this method could
only be used in cases where the induction motor happens to be the only load on the generators, in
which case, the supply frequency could be controlled by controlling the speed of the prime movers of
the generators. But, here again the range over which the motor speed may be varied islimited by the
economical speeds of the prime movers. This method has been used to some extent on electrically-
driven ships.

(c) Changing the Number of Stator Poles

This method is easily applicable to squirrel-cage motors because the squirrel-cage rotor adopts
itself to any reasonable number of stator poles.

From the above equation it isalso clear that the synchronous (and hence the running)speed of an
induction motor could also be changed by changing the number of stator poles. This change of
number of polesisachieved by having two or more entirely independent stator windingsin the same
dlots. Each winding gives a different number of poles and hence different synchronous speed. For
example, a 36-slot stator may have two 3-¢ windings, one with 4 poles and the other with 6-poles.
With asupply frequency of 50-Hz, 4-pole winding will give N = 120 x 50/4 = 1500 r.p.m. and the 6-
polewinding will give N = 120 x 50/6 = 1000 r.p.m. Motorswith four independent stator winding are
aso in use and they give four different synchronous (and hence running) speeds. Of course, one
winding is used at atime, the others being entirely disconnected.

Thismethod has been used for elevator motors, traction motors and a so for small motorsdriving
machinetools.

Speedsin theratio of 2:1 can be produced by asingle winding if wound on the consequent-pole
principle. Inthat case, each of the two stator windings can be connected by a simple switch to give
two speeds, each, which means four speedsin all. For example, one stator winding may give 4 or
8-poles and the other 6 or 12-poles. For asupply frequency of 50-Hz, the four speeds will be 1500,
750, 1000 and 500 r.p.m. Another combination, commonly used, isto group 2- and 4-pole winding
with a 6- and 12-pole winding, which gives four synchronous speeds of 3000, 1500, 1000 and 500
r.p.m.

(d) Rotor Rheostat Control

In this method (Fig. 35.36), which is applicable to slip-ring motors aone, the motor speed is
reduced by introducing an external resistance in the rotor circuit. For this purpose, the rotor starter



Computations and Circle Diagrams 1351

may be used, provided it is continuously rated. This method is, in fact, smilar to the armature
rheostat control method of d.c. shunt motors.

It has been -
shown in Art  3_Phase tarting Rheostat
34.22 that near Supply & Speed Controller
synchronous o A
speed (i.e. for very Q1 © L/ ’
small dlip value), .

—F
TOYR,. E{ Rotor P o\

It is obvious Collector
that for a given Rings
torque, slip can be

increased i.e.
speed can be Fig. 35. 36
decreased by increasing the rotor resistance R,

One serious disadvantage of thismethod isthat with increase in rotor resistance, | ’R losses also
increase which decrease the operating efficiency of themotor. Infact, thelossisdirectly proportional
to the reduction in the speed.

The second disadvantage is the double dependence of speed, not only on R, but on load aswell.

Because of the wastefulness of this method, it is used where speed changes are needed for short
periods only.

Example 35.29. Therotor of a 4-pole, 50-Hz slip-ring induction motor has a resistance of 0.30
Q per phase and runs at 1440 rpm. at full load. Calculate the external resistance per phase which
must be added to lower the speed to 1320 rpm, the torque being the same as before.

(Advanced Elect. Machines AMIE Sec.E1992)

Solution. The motor torqueisgiven by T = %
R, + (s X,)

Since.X,isnot given.T = < 52R2 -Ks
R R

Inthefirst case, T, = Ks,/R,, inthe second case, T, =Ks, / (R, +71)
where r isthe external resistance per phase, added to the rotor circuit
SinceT,=T, 0 Ks/R,=Ks,/(Ry+nor(R,+1)/R,=s,/s
Now, N = 120 x 50/4 = 1500 rpm; N, = 1440 rpm; N, = 1320 rpm
Os, = (1500 - 1440)/1500 = 0.04; s, = (1500 — 1320)/1500 = 0.12
03+r _012 4 ,-0ggq
0.3 0.04

Example35.30. A certain 3-phase, 6-pole, 50-Hzinduction motor when fully-loaded, runswith
a dlip of 3%. Find the value of the resistance necessary in series per phase of the rotor to reduce the
speed by 10%. Assume that the resistance of the rotor per phaseis0.2 ohm.

(Electrical Engineering-11 (M), Bangalore Univ. 1989)
Solution. T = 2K5R2 Z:KsszzK—s
Ry +(sXy) R R,
0 T,=Ks;/R,andT,=Ks,/(R,+r)whereristheexternal resistance per phase added to the
rotor circuit.
Since T, = T,,Ks/R,=Ks,/(Ry+1)or (R, +1)/R,=5s,/s,
Now, N = 120 x 50/6 = 1000 rpm., s; = 0.03, N; = 1000 (1 — 0.030) = 970 rpm.

- neglecting (s X,)
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N, = 970 - 10% of 970 = 873 rpm., s, = (1000 — 873)/1000 = 0.127
02+r 0127
02 ~ 003

(e) Cascade or Concatenation or Tandem Operation

Inthismethod, two motorsare used (Fig. 35.37) and are ordinarily mounted on the same shaft, so
that both run at the same speed (or else they may be geared together).

The stator winding of the main motor A is connected to the mainsin the usual way, while that of
the auxiliary motor B is fed from the rotor circuit of motor A. For satisfactory operation, the main
motor A should be phase-woundi.e. of slip-ring type with stator to rotor winding ratioof 1: 1, sothat,
in addition to concatenation, each motor may be run from the supply mains separately.

There are at least three ways (and some-
timesfour ways) inwhich the combination may
be run. —9 3-0

1. Mainmotor A may be run separately 2 Supply

O

r = 0.65Q.

fromthesupply. Inthat case, the synchronous
speed isNg, = 120 f / P, where P, = Number
of stator poles of motor A.

2. Auxiliary motor B may be run Motor Motor /"
separately from the mains (with motor A being A B :@

disconnected). Inthat case, synchronous speed
is Ng, = 120 x f / P, where P, = Number of !
stator poles of motor B.

3. The combination may be connected
in cumulative cascade i.e. in such away that
the phase rotation of the stator fields of both Fig. 35. 37
motorsisin the samedirection. Thesynchro-
nous speed of the cascaded set, in this case, isNg, = 120 f/(P, + P, ).

Pr oof

Let N = actua speed of concatenated set ;

N, = synchronous speed of motor A, it being independent of N.

a
Clearly, the relative speed of rotor A with respect to its stator field is (Ng, — N). Hence, the
frequency f ' of theinduced em.f. inrotor A isgiven by
Ng, - N
N

sa
Thisis also the frequency of the em.f. applied to the stator of motor B. Hence, the synchro-
nous speed of motor B with thisinput frequency is
f' _120(Ng, — N) f

N’ = 120 7 T (i)

f' = x f

(Notethat N " is not equal to Ny, which is the synchronous speed of motor B with supply frequency f ).

Thiswill inducean em.f. of frequency, say, f " intherotor B. Itsvalueisfound from thefact that
the stator and rotor frequencies are proportional to the speeds of stator field and the rotor
N' - N
O fr = — " f
Nl
Now, on no-load, the speed of rotor B is amost equal to its synchronous speed, so that the
frequency of induced em.f. is, to afirst approximation, zero.
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fr =0, o N-Nf=g or N=N ..(ii)
Nl
From (i) above N' = 120 F (N = N) _ 120 f ﬁl—ﬂm
I:)b x Nsa I:)b NsaB

Hence, from (ii) above,

120f§l—£D:Nor 120f:|\|§1+ix120f5
N$B B Ng, R H
Putting Ny, = 120f/P, we get
120f Pa ,120f0_ 0O, RO 120 f
= = + =Npl+ ON= ——<
AT R R

Concatenated speed of the set = 120f/ (P, + P,)
How the St Starts ?

When the cascaded set is started, the voltage at frequency f is applied to the stator winding of
machine A. An induced em.f. of the same frequency is produced in rotor A which is supplied to
auxiliary motor B. Both the motors develop a forward torque. As the shaft speed rises, the rotor
frequency of motor A falls and so does the synchronous speed of motor B. The set settlesdown to a
stable speed when the shaft speed becomes equal to the speed of rotating field of motor B.

Consi derl ng load conditions, wefind that the electrical power taken in by stator A is partly used
to meet its I°R and core losses and the rest is given toitsrotor. The power given to rotor is further
divided into two parts : one part, proportional to the speed of seti.e. N isconverted into mechanical
power and the other part proportional to (N, — N) isdevel oped as el ectrical power at the slip frequency,
and is passed on to the auxliary motor B, which usesit for producing mechanical power and losses.
Hence, approximately, the mechanical outputs of thetwo motorsareintheratioN : (N, — N). Infact,
it comes to that the mechanical outputs are in the ratio of the number of poles of the motors.

It may be of interest to the reader to know that it can be proved that

(i) s = f"/fwheres=dlipof the set referred to its synchronous speed N..

= (Ng.—N)/Ng
(i) s =55
where s, and s, are slips of two motors, referred to their respective statorsi.e
Neg =N N’ N
S, = T\I—g and s =
Conclusion

We can briefly note the main conclusions drawn from the above discussion :

(a) the mechanical outputs of the two motors are in theratio of their number of poles.

(b) s=f"/f (c) s=

4. Thefourth possible connectionisthe differential cascade. Inthismethod, the phaserotation
of stator field of the motor B is opposite to that of the stator of motor A. This reversal of
phase rotation of stator of motor B is obtained by interchanging any of itstwo leads. It can
be proved in the same way as above, that for this method of connection, the synchronous
speed of the set is

Ng = 120f/(P,—P,)

Asthe differentially-cascaded set has avery small or zero starting torque, this method is rarely
used. Moreover, the above expression for synchronous speed becomes meaningless for P, = P,..

Example 35.31. Two 50-Hz, 3-¢induction motors having six and four poles respectively are
cumulatively cascaded, the 6-pole motor being connected to the main supply. Determine the
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frequencies of therotor currents and the dipsreferred to each stator field if the set hasa dlip of 2 per
cent. (Elect. Machinery-11 Madras Univ. 1987)

Solution. Synchronous speed of set Ny, = 120 x 50/10 = 600 r.p.m.
Actual rotor speed N = (1 - s) N, = (1 - 0.02) 600 = 588 r.p.m.
Synchronous speed of the stator field of 6-pole motor, N, = 120 x 50/6 = 1000 r.p.m.
Slip referred to this stator field is
Ng, — N _ 1000 - 588

Sa = TN 000 - 0412 or 41.2%

sa
Frequency of the rotor currents of 6-pole motor f ' ='s, f = 0.412 x 50 = 20.6 Hz
Thisisalsothefrequency of stator currents of thefour pole motor. The synchronous speed of the
stator of 4-pole motor is

N' = 120 x 20.6/4 = 618 r.p.m.
N'- N _ 618 —588
N~ 618
= 0.0485 or 4.85 %
The frequency of rotor current of 4-pole motor is
f" = 5 f'=0.0485 x 20.6 = 1.0 Hz (approx)

Asacheck, f* = sf=0.02x50=1.0Hz

Example 35.32. A 4-pole induction motor and a 6-pole induction motor are connected in
cumulative cascade. The frequency in the secondary circuit of the 6-pole motor is observed to be 1.0
Hz. Determine the slip in each machine and the combined speed of the set. Take supply frequency as
50 Hz. (Electrical Machinery-11, Madras Univ. 1986)

Solution. With reference to Art. 35.18 (e) and Fig. 35.38

Ng. = 120 x 50/(4 + 6) = 600 r.p.m.
s =f"/f=1/50=0.02

Thisslip, asreferred to the 4-pole motor, iss, =

N = actual speed of the concatenated set 3" . Supply
600 - N
0O 0.02 = 600 or N =583r.pm. /O o
N, = 120 x 50/ 4 = 1500 r.p.m. “ i Motor S
s, = (1500 - 588)/1500 N B —X

=0.608 or 60.8% 7
f' =s,f=0.608 x50=30.4 Hz
N' = synchronous speed of 6-pole motor
with frequency f ' Fig. 35.38
= 120 x 30.4/6 = 608 r.p.m.
_ N'- N _ 608 - 588
TN T 608
Example 35.33. The stator of a 6-pole motor is joined to a 50-Hz supply and the machine is
mechanically coupled and joined in cascade with a 4-pole motor, Neglecting all losses, determine
the speed and output of the 4-pole motor when the total load on the combination is 74.6 kKW.
Solution. Asall losses are neglected, the actual speed of the rotor is assumed to be equal to the
synchronous speed of the set.
Now, Ng = 120 x 50/10 = 600 r.p.m.

<

=0.033 or 33%
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Assaid earlier, mechanical outputs arein the ratio of the number of poles of the motors.

O output of 4-pole motor = 74.6 x 4/10 = 29.84 kW

Example 35.34. A cascaded set consists of two motors A and B with 4 poles and 6 poles
respectively. The motor A is connected to a 50-Hz supply. Find

(i) the speed of the set

(i) the electric power transferred to motor B when the input to motor A is 25 kW. Neglect
losses.(Electric Machines-|, Utkal Univ. 1990)

Solution. Synchronous speed of the set is*

Ng. =120 f/(P,+ P,) = 120 x 50/(6 + 4) = 600 r.p.m.

(if) The outputs of the two motors are proportional to the number of their poles.

O output of 4-pole motor B = 25 x 4/10 = 10 kW

(f) Injecting an emf. in the Rotor Circuit

In this method, the speed of an induction motor is controlled by injecting a voltage in the rotor
circuit, it being of course, necessary for the injected voltage to have the same frequency as the slip
frequency. Thereis, however, no restriction as to the phase of the injected em.f.

When we insert avoltage which isin phase opposition to theinduced rotor em.f., it amountsto
increasing the rotor resistance, whereas inserting a voltage which isin phase with the induced rotor
e.m.f., isequivalent to decreasing itsresistance. Hence, by changing the phase of theinjected e.m.f.
and hence the rotor resistance, the speed can be controlled.
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Fig. 35.39

One such practical method of this type of speed control is Kramer system, as shown in Fig.
35.39, whichisused in the case of large motors of 4000 kW or above. It consists of arotary converter
C which convertsthe low-dlip frequency a.c. power into d.c. power, whichisused to drive ad.c. shunt
motor D, mechanically coupled to the main motor M.

The main motor is coupled to the shaft of the d.c. shunt motor D. The dip-rings of M are
connected to those of the rotary converter C. Thed.c. output of CisusedtodriveD. Both Cand D

* |tisassumed that the two motors are connected in cumul ative cascade.
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are excited from the d.c. bus-bars or from an exciter. Thereisafield regulator which governs the
back em.f. E; of D and hencethed.c. potential at the commutator of C which further controlstheslip-
ring voltage and therefore, the speed of M.

One big advantage of this method is that any speed, within the working range, can be obtained
instead of only two or three, aswith other methods of speed control.

Yet another advantageisthat if therotary converter isover-excited, it will take aleading current

which compensates for the lagging current drawn by main motor M and hence improves the power
factor of the system.
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Fig. 35.40

In Fig. 35.40isshown another method, known as Scherbius system, for controlling the speed of
large induction motors. The dlip energy isnot converted into d.c. and then fed to ad.c. motor, rather
itisfeddirectly to aspecial 3-phase (or 6-phase) a.c. commutator motor-called a, Scherbius machine.

The polyphase winding of machine C is supplied with the low-frequency output of machine M
through a regulating transformer RT. The commutator motor C is a variable-speed motor and its
speed (and hence that of M) is controlled by either varying the tappings on RT or by adjusting the
position of brusheson C.

Tutorial Problems 35.5

1. Aninduction motor has adouble-cage rotor with equivalent impedances at standstill of (1.0 +j 1.0)
and (0.2 +j 4.0) Q. Find the relative values of torque given by each cage (a) at starting and (b) at 5
%sdlip [(a) 40:1 (b) 0.4:1] (Adv. Elect. Machines AMIE Sec. B 1991)

2. The cages of adouble-cage induction motor have standstill impedances of (3.5 +j 1.5) Q and (0.6 +
j 7.0) Q respectively. Thefull-load slipis6%. Find the starting torque at normal voltage in terms of
full-load torque. Neglect stator impedance and magnetizing current.

[300%] (Elect. Machines-I, Nagpur Univ. 1993)

3. Therotor of a4 pole, 50 Hz, dlip ring induction motor has a resistance of 0.25 ohm per phase and
runs at 1440 rpm at full-load. Calculate the external resistance per phase, which must be added to
lower the speed to 1200 rpm, the torque being same as before.

[1Q] (Utilisation of Electric Power (E-8) AMIE Sec. B Summer 1992)
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35.19. Three-phase A.C. Commutator Motors

Such motors have shunt speed characteristics i.e. change in their speed is only moderate, as
compared to the changeintheload. They areideally suited for drives, requiring auniform accelerating
torque and continuously variable speed characteristics over awiderange. Hence, they find wide use
in high-speed lifts, fansand pumps and in the drivesfor cement kilns, printing presses, pul verised fuel
plants, stokers and many textile machines. Being more complicated, they are also more expensive
than single-speed motors. Their efficiency ishigh over thewhole speed range and their power factor
variesfrom low value at synchronous speed to unity at maximum (supersynchronous) speed.

The speed control isobtained by injecting avariablevoltage at correct frequency into the secondary
winding of themotor viaitscommutator. If injected voltage assiststhe voltageinduced in the secondary
winding, the speedisincreased but if it isin the opposing direction, then motor speedisreduced. The
commutator acts as a frequency changer because it converts the supply frequency of the regulating
voltage to the dlip frequency corresponding to the speed required.

Following are the two principal types of such motors:
(i) Schrageor rotor-fed or brush shift motor and (ii) stator-fed or induction-regul ator type motor.

35.20. Schrage Motor*

Itisarotor-fed, shunt-type, brush-shifting, 3-phase commutator induction motor which hasbuilt-
in arrangement both for speed control and power factor improvement. In fact, it is an induction
motor with abuilt-in slip-regulator. 1t has three windings:two in rotor and onein stator as shown in
Fig. 35.41 and 35.42 (a) The three windings are as under:

3 Phase
Supply
A,
A,
= <«+—Commutator
. Regulating
Primary Winding
Winding C C (Rotor)
(Rotor) 2 L
K_Secondary
Winding
(Stator)

Fig. 35.41

(i) Primarywinding. Itishoused inthe lower part of the rotor slots (not stator) and is supplied
through slip-rings and brushes at line frequency. It generates the working flux in the machine.

After the name of itsinventor K.H. Schrage of Sweden.
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(if) Regulating winding. It isvariously known as compensating winding or tertiary winding.
It isaso housed in rotor sots (in the upper part) and is connected to the commutator in a manner
similar to the armature of a d.c. motor.

(i) Secondary winding. It is contained in the stator slots, but end of each phase winding is
connected to one of the pair of brushes arranged on the commutator. These brushes are mounted on
two separate brush rockers, which are designed to move in opposite directions rel ative to the centre
line of the corresponding stator phase (usually by arack and pinion mechanism). BrushesA,, B, and
C, move together and are 120 electrical degrees apart. Similarly, brushes A,, B, and C, move
together and are also 120 electrical degrees apart. A sectiona drawing of the motor is shown in
Fig. 35.44.

(a) Working
When primary is supplied at line frequency, there is transformer action between primary and
regul ating winding and normal induction motor action between primary and secondary winding. Hence,
voltage at line frequency isinduced in the regulating winding by transformer action. The commuta-
tor, acting as a frequency changer, converts this line-frequency voltage of the regulating winding to
the dlip frequency for feeding it into the secondary winding on the stator. The voltage across brush
pairs A,A,, B,B, and C,C, increases as brushes are separated. In fact, magnitude of the voltage
injected into the secondary winding depends on the angle of separation of the brushes A, and A,, B;
and B, and C, and C,. How dip-frequency em.f. isinduced in secondary winding is detailed bel ow:
When 3-@ power is connected to slip-rings, synchronously rotating field is set up in the rotor
core. Let ussuppose that thisfield revolvesin the clockwise direction. Let us further suppose that
brush pairs are on one commutator segment, which means that secondary is short-circuited. With
rotor still at rest, this field cuts the secondary winding, thereby inducing voltage and so producing
currentsin it which react with the field to produce clockwise (CW) torquein the stator. Since stator
cannot rotate, as areaction, it makes the rotor rotate in the counterclockwise (CCW) direction.
Suppose that the rotor speed isN rpm. Then
1. rotor flux is till revolving with synchronous speed relative to the primary and regulating
winding.
2. however, thisrotor flux will rotate at slip speed (N, - N) relativeto the stator. It means that
the revolving rotor flux will rotate at slip speed in space.
3. if rotor could rotateat synchronousspeedi.e. if N = N, then flux would be stationary in space
(i.e. relative to stator) so that there would be no cutting of the secondary winding by the flux and,
consequently, no torque would be developed in it.
As seen from above, in a Schrage motor, the
flux rotates at synchronous speed, relative to rotor

but with dlip speed relative to space (i.e. stator), Secondary
whereas in anormal induction motor, flux rotates Winding
synchronously relativeto stator (i.e. space) but with
slip speed relative to the rotor. (Art. 34.11). N -
Another point worth noting is that since at B T
synchronous speed, magnetic field is stationary in
space, theregulating winding actsasad.c. armature Regulating (ii)
and the direct current taken from the commutator Winding

flows in the secondary winding. Hence, Schrage
motor then operates like a synchronous motor.

(b) Speed Control

It isquite easy to obtain speeds above as well Primary
as below synchronism in a Schrage motor. As flfindins
shown in Fig. 35.42 (b) (i) when brush pairs are
together on the same commutator segment (i.e. are @
electrically connected via commutator), the sec-
ondary winding is short-circuited and the machine Fig. 35.42
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operatesasaninverted* plain squirrel-cage induction motor, running with asmall positivedlip. Part-
ing the brushes in one direction, as shown in Fig. 35.42 (b) (ii) produces subsynchronous speeds,
because in this case, regulating voltage injected into the secondary winding opposes the voltage
induced in it from primary winding. However, when movement of brushesisreversed and they are
parted in opposite directions, the direction of the regulating voltage is reversed and so motor speed
increases to super synchronous (maximum) value, as shown in Fig. 35.41 (b) (iii) The commutator
provides maximum voltage when brushes are separated by one pole pitch.

No-load motor speedisgiven by N [N, (1 - K sin 0.50) where B isbrush separationin electrical
degreesand K isaconstant whose val ue depends on turn ratio of the secondary and regul ating windings.

Maximum and minimum speeds are obtained by changing the magnitude of the regulating voltage.
Schrage motors are capable of speed variations from zero to nearly twice the synchronous speed,
though a speed range of 3:1 issufficient for most applications. It isworth noting that Schrage motor
isessentially ashunt machine, because for aparticular brush separation, speed remains approximately
constant as the load torque isincreased as happens with dc shunt motors (Art 29.14).

(c) Power Factor Improvement

Power factor improvement can be brought about by changing the phase angle of the voltage
injected into the secondary winding. As shown in Fig. 35.43, when one set of brushesis advanced
more rapidly than the other is retarted, then injected voltage has a

quadrature component which leadsthe rotor induced voltage. Hence,

it resultsin the improvement of motor power factor. Thisdifferential

movement of brush setsis obtained by coupling the racks driving the

brush rockersto the hand wheel with gearshaving differing ratios. In

Schrage motor, speed depends on angular distance between the

individual brush sets(A, and A, inFig. 35.41) but p.f. dependsonthe

Fig. 35.43 angular positions of the brushes asawhole.
10 )
N\ .
i
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Fig. 35.44. Sectional drawing of a Schrage motor (Courtesy : Elekrta Faurandou, Germany)
(d) Starting
Schragemotorsareusually started with brushesinthelowest speed position by direct-on contactor
starters. Usually, interlocks are provided to prevent the contactor getting closed on the line when
brushesarein any other position. One major disadvantage of thismotor isthat itsoperating voltageis
limited to about 700 V becausea.c. power hasto befed through slip-rings. Itisavailableinsizesupto
40 kW and is designed to operate on 220, 440 and 550 V. It is ordinarily wound for four or six poles.

* Inverted in the sense that primary is in the rotor and secondary in the stator - just opposite of that in the
normal induction motor (Art. 34.3).
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Fig. 35.44 shows a sectional drawing of a Schrage motor. The
details of different partslabelled in the diagram are as under:

1. rotor laminations 2. stator laminations 3. primary winding
4. secondary winding 5. regulating winding 6. dlip-ring unit
7. commutator 8. cablefeed for outer brush yoke 9. cablefeed
for inner brush yoke 10. hand wheel.

35.21. Motor Enclosures

Enclosed and semi-enclosed motorsare practically identical with
open motors in mechanical construction and in their operating
characteristics. Many different types of frames or enclosures are
available to suit particular requirements. Some of the common
type enclosures are described below:

(i) Totally-enclosed, Non-ventilated Type

Fig. 35.45. Totally-enclosed Such mptqrs have solid framesand end- shieldg bgt no openi ngs
surface cooled 750 W, 750 r.pm.  for ventilation. They get cooled by surface radiation only (Fig.
high torque induction motor 35.45). Such surface-cooled motorsare seldom furnished in sizes
(Courtesy : Jyoti Limited) above two or three kW, because higher ratings require frames of

much larger sizesthan fan-cooled motors of corresponding rating.

Fig. 35.46. Totally-enclosed, fan-cooled Fig. 35.47. Squirrel-cage motor, showing cowl
10-kW 440/400-V, 1000 r.p.m. 50-Hz over the external fan.
induction motor (Courtesy : Jyoti Limited) (Courtesy : General Electric Co. of India)

(if) Splash-proof Type
In the frames of such motors, the ventilating openings are so constructed that the liquid drops or
dust particlesfalling on the motor are coming towardsit in astraight line at any angle not greater than
100° from the vertical are not able to enter the motor either directly or by striking and running along
the surface.
(iif) Totally-enclosed, Fan-cooled Type
In such motors (Fig. 35.46), cooling air is drawn into the motor by afan mounted on the shaft.
Thisair isforced through the motor between the inner fully-enclosed frame and an outer shell, over
the end balls and the stator laminations and is then discharged through openingsin the opposite side.
Aninternal fan carriesthe generated heat to thetotally enclosing frame, from whereit isconducted to
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the outside. Because of totally enclosing frame, all working parts are protected against corrosive or
abrasive effects of fumes, dust, and moisture.

(iv) Cowl-covered Motor

These motorsare simplified form of fan-cooled motors
(Fig. 35.47). These consist of totally-enclosed framewith a
fan and cowl mounted at the end opposite to the driving
end. Theair isdrawn into the cowl with the help of fan and
is then forced over the frame. The contours of the cowl
guide the cooling air in proper directions. These motors
are superior to the usual fan-cooled motorsfor operationin
extremely dusty atmospherei.e. gasworks, chemical works,
collieriesand quarriesetc. becausethere are no air passages
which will become clogged with dust. Fig. 35.48. Squirrel cage motor

(V) Protected Type

This construction consists of perforated covers for the openingsin both end shields

(vi) Drip-proof Motors
The frames of such motors are so constructed that

liquid drops or dust particles, falling on the machine
at any angle greater than 15° from the vertical, cannot
enter the motor, either directly or by striking and
running along ahorizontal or inwardly inclined smooth
surface (Fig. 35.51).
(vii) Sdf (Pipe) Ventilated Type
The construction of such motors consists of enclosed
shieldswith provision for pipe connection on both the
shields. Themotor fan circulates sufficient air through

Fig. 35.49. Protected slip-ring motor with totally  pipes which are of ample section.

enclose slip -rings. (Courtesy : General .
Electric Co. of India) (viii) Separately (Forced) Ventilated Type

These motors are similar to the self-ventilated type
except that ventilation is provided by a separated blower.

35.22. Standard Types of Squirrel-cage Motors

Different types of 3-phase squirrel-cage motors
have been standardized, according to their electric
characteristics, into six types, designated as design A,
B, C, D, Eand F respectively. Theoriginal commercial
squirrel-cage induction motorswhich were of shallow-
dlot type are designated as class A. For this reason,
Class A motorsare used asareference and arereferred
to as‘normal starting-torque, normal starting-current,
normal dlip’ motors.

(i) Class A - Normal starting torque, normal
starting current, normal slip

(if) ClassB - Normal starting torque, low starting
current, normal dlip

(iif) Class C - High starting torque, low starting
current, normal slip Fig. 35.50. Squirrel cage A C induction motor
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(iv) Class D - High starting torque, low
starting current, high slip

(v) ClassE - Low starting torque, normal
starting current, low glip

(vi) Class F - Low starting torque, low
starting current, normal slip

35.23. Class A Motors

It is the most popular type and employs
squirrel cage having relatively low resistance
andreactance. Itslocked-rotor current with full
voltageisgenerally morethan 6 timestherated
full-load current. For smaller sizesand number
of poles, the starting torque with full voltageis Fig. 35.51. Drip-proof slip-ring 50 up, 440/400-V,
nearly twice the full-load torque whereas for 50HZ, 1000 r.p.m. motor (courtesy : Jyoti Limited)
larger sizes and number of poles, the
corresponding figureis 1.1 times the full-load torque. Thefull-load slip islessthan 5 per cent. The
general configuration of slot construction of such motorsis shown in Fig. 35.52. As seen, the rotor
bars are placed close to the surface so as to reduce rotor reactance.

Such motors are used for fans, pumps, compressors and conveyors etc. which are started and
stopped in frequently and have low inertialoads so that the motor can accelerate in afew seconds.

35.24. Class B Motors

These motors are so built that they can be started at full-load while developing normal starting
torque with relatively low starting current. Their locked-rotor current with full voltage applied is
generally 5to 5 1/2 times the full-load current. Their cages are of high reactance as seen from Fig.
35.53. The rotor is constructed with deep and narrow bars so as to obtain high reactance during
starting.

Such motors are well-suited
for those applications where there N
islimitation onthe starting current /§ @
or if the starting current is till in
excess of what can be permitted,
then reduced voltage starting is Fig. 35.52 Fig. 3553
employed. One of the common
applications of such motorsis large fans most of which have high moment of inertia. It also finds
wide use in many machine tool applications, for pumps of centrifugal type and for driving electric
generators.

35.25. Class C Motors

Such motors are usually of double squirrel-cage type (Fig. 35.54) and combine high starting
torque with low starting current. Their locked-rotor currents and slip with full voltage applied are
nearly the same as for class B motors. Their starting torque with full voltage applied is usually 2.75
times the full-load torque.

For those applications where reduced voltage starting does not give sufficient torque to start the
load with either class A or B motor, class C motor, with its high inherent starting torque along with
reduced starting current supplied by reduced-voltage starting may be used. Hence, it is frequently
used for crushers, compression pumps, large refrigerators, coveyor equipment, textile machinery,
boring mills and wood-working equipment etc.
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35.26. Class D Motors

Such motors are provided with a high-resistance squirrel cage giving the motor a high starting
torquewith low starting current. Their locked-rotor currentswith full voltage applied are of the same
order as for class C motors. Their full-load dslip varies from 5% to 20 per cent depending on the
application. Their dot structureisshown in Fig. 35.55. For obtaining high starting torque with low
starting current, thin rotor bars are used which make the leakage flux of the rotor low and the useful
flux high.

Since these motors are used where extremely high starting torque is essentia, they are usually
used for bulldozers, shearing
machines, punch presses, foundry
equipment, stamping machines,
hoists, laundry equipment and metal
drawing equipment etc.

35.27. Class E Motors

These motors have arelatively
low dlip at rated load. For motors
above 5 kW rating, the starting cur-
rent may be sufficiently high as to 7
reguire acompensator or resistance @ 2 @
starter. Their dot structureisshown
in Fig. 35.56 (a).

Fig. 35.54 Fig. 35.55

() (b)
35.28. Class F Motors Fig. 35.56

Such motors combine alow starting current with alow starting torque and may be started on full
voltage. Their low starting current is due to the design of rotor which has high reactance during
starting [Fig. 35.56 (b)]. Thelocked rotor currentswith full voltage applied and the full-load dlip are
in the same range as those for class B and C motors. The starting torque with full voltage applied is
nearly 1.25 timesthe full-torque.

QUESTIONS AND ANSWERS ON THREE-PHASE INDUCTION MOTORS

Q. 1. How do changesin supply voltage and frequency affect the performance of an induction
motor ?

Ans. High voltage decreases both power factor and slip, but increasestorque. Low voltage does
just the opposite. Increasein frequency increases power factor but decreases the torque. However,
per cent slip remains unchanged. Decreasein frequency decreases power factor but increasestorque
leaving per cent slip unaffected as before.

Q. 2. What is, in brief, the bass of operation of
a 3-phase induction motor ?

Ans. The revolving magnetic field which is pro-
duced when a 3-phase stator winding is fed from a 3-
phase supply.

Q. 3. What factors determine the direction of
rotation of the motor ?

Ans. The phase sequence of the supply lines and
the order in which these lines are connected to the sta- Fig. 35.57
tor winding.
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Q. 4. How can the direction of rotation of the motor be reversed ?

Ans. By transposing or changing over any two line leads, as shown in Fig. 35.57.

Q. 5. Why are induction motors called asynchronous ?

Ans. Because their rotors can never run with the synchronous speed.

Q. 6. How does the dip vary with load ?

Ans. The greater the load, greater isthe slip or slower is the rotor speed.

Q. 7. What modifications would be necessary if a motor is required to operate on voltage
different from that for which it was originally designed ?

Ans. Thenumber of conductors per slot will haveto be changed in the sameratio asthe change
involtage. If thevoltageis doubled, the number of conductors per slot will have to be doubled.

Q. 8. Enumerate the possible reasons if a 3-phase motor fails to start.

Ans. Any one of the following reasons could be responsible:

1. oneor morefuses may be blown.

2. voltage may betoo low.

3. the starting load may be too heavy.

4. worn bearings due to which the armature may be touching field laminae, thus intro-
ducing excessivefriction.

Q. 9. A motor gtops after sarting i.e. it fails to carry load. What could be the causes ?

Ans. Any one of thefollowing:

1. hot bearings, which increase the load by excessive friction.
2. excessive tension on belt, which causes the bearings to heat.
3. failure of short cut-out switch.
4. single-phasing on the running position of the starter.

Q. 10. Which is the usual cause of blow-outs in induction motors ?

Ans. The commonest causeis single-phasing.

Q. 11. What is meant by ‘single-phasing’ and what are its causes ?

Ans. By single-phasing is meant the opening of one wire (or leg) of a three-phase circuit
whereupon the remaining leg at once becomes single-phase. When athree-phase circuit functions
normally, there are three distinct currents flowing in the circuit. Asis known, any two of these
currents use the third wire asthe return pathi.e. one of the three phases acts as areturn path for the
other two. Obviously, an open circuit in one leg killstwo of the phases and there will be only one
current or phase working, even though two wires are left intact. The remaining phase attempts to
carry all theload. The usual cause of single-phasing is, what is generally referred to as running
fuse, which is afuse whose current-carrying capacity is equal to the full-load current of the motor
connected inthe circuit. Thisfusewill blow-out whenever thereis overload (either momentary or
sustained) on the motor.

Q. 12. What happens if single-phasing occurs when the motor is running ? And when it is
stationary ?

Ans. (i) If already running and carrying half load or less, the motor will continue running asa
single-phase motor on the remaining single-phase supply, without damage because half loads do
not blow normal fuses.

(i) 1f motor isvery heavily loaded, then it will stop under single-phasing and sinceit can
neither restart nor blow out the remaining fuses, the burn-out is very prompt.
A stationary motor will not start with one line broken. In fact, due to heavy standstill
current, itislikely to burn-out quickly unlessimmediately disconnected.
Q. 13. Which phase is likely to burn-out in a single-phasing delta-connected motor, shown
in Fig. 35.58.

Ans. The Y-phase connected across the live or operative lines carries nearly three times its
normal current and isthe one most likely to burn-out.

The other two phases R and B, which arein seriesacross L, and L ; carry more than their
full-load currents.




Q. 14.
AnNs.
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C ~——2 |B

L, Burn out

Fig. 35.58 Fig. 35.59

What currents flow in single-phasing star-connected motor of Fig. 35.59.
With L ; disabled, the currentsflowing in L, and L ; and through phases Y and B in series

will be of the order of 250 per cent of the normal full-load current, 160 per cent on 3/4 1oad and 100
per cent on 1/2 load.

Q. 15.
AnNs.

Q. 16.
Ans.
Q. 17.
Ans.

How can the motors be protected against single-phasing ?

(i) By incorporating acombined overload and single-phasing relay in the control gear.

(if) By incorporating a phase-failure relay in the control gear. The relay may be either
voltage or current-operated.

Can a 3-phase motor be run on a single-phase line ?

Yes, it can be. But a phase-splitter is essential .

What is a meant by a phase-splitter ?

It isadevice consisting of anumber of capacitors so connected in the motor circuit that it

produces, from a single input wave, three output waves which differ in phase from each other.

Q. 18.
Ans.
Q. 19.
Ans.
Q. 20.
Ans.

What is the standard direction of rotation of an induction motor ?
Counterclockwise, when looking from the front end i.e. non-driving end of the motor.
Can a wound-motor be reversed by transposing any two leads from the dip-rings ?
No. Thereisonly one way of doing soi.e. by transposing any two line leads.

What is jogging ?

It means inching a motor i.e. make it move a little at a time by constant starting and

stopping.

Q. 2L
Ans.
Q. 22.
Ans.

What is meant by plugging ?

It means stopping a motor by instantaneously reversing it till it stops.
What are the indications of winding faults in an induction motor ?
Some of theindications are as under:

(i) excessive and unbalanced starting currents

(if) some peculiar noisesand (iii) overheating.

OBJECTIVETESTS - 35

1. Inthecirclediagram for a3-@induction motor, (b) short-circuit power factor
the diameter of the circle is determined by (c) fixed losses
(@) rotor current (d) motor resistance as referred to stator.
(b) exciting current 3. In the circle diagram of an induction motor,
(c) total stator current point of maximum input lies on the tangent
(d) rotor current referred to stator. drawn paralle to
2. Point out the WRONG statement. (a) output line
Blocked rotor test on a 3-¢ induction motor (b) torqueline
helps to find (c) vertical axis
(a) short-circuit current with normal voltage (d) horizontal axis.
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4.

10.

1.
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An induction motor has a short-circuit current
7 timesthefull-load current and afull-load slip
of 4 per cent. Its line-starting torque is .......
times the full-load torque.

(@ 7 (b) 1.96

(0 4 (d) 49

InaSCIM, torquewith autostarter is....... times
the torque with direct-switching.

(a) K? (b) K

(©) UK? (d) UK

where K is the transformation ratio of the
autostarter.

If stator voltage of a SCIM isreduced to 50 per
cent of its rated value, torque developed is
reduced by ....... per cent of itsfull-load value.
(a) 50 (b) 25

(© 75 (d) 57.7

For the purpose of starting an induction motor,
aY-A switch isequivalent to an auto-starter of
rtio.......per cent.

(a) 333 (b) 57.7

() 732 (d) 60.

A double squirrel-cage motor (DSCM) scores
over SCIM in the matter of

(a) starting torque

(b) high efficiency under running conditions
(c) speed regulation under normal operating

conditions

(d) all of the above.

In a DSCM, outer cage is made of high
resistance metal bars primarily for the purpose
of increasing its

(a) speed regulation

(b) starting torque

(c) efficiency

(d) starting current.
A SCIM with 36-dot stator has two separate
windings : one with 3 coil groups/ phase/pole
and the other with 2 coil groups/phase/pole.
The obtainable two motor speeds would be in
theratio of

(@ 3:2 (b) 2:3

(0 2:1 (d 1:2
A 6-pole 3-¢ induction motor taking 25 kW
from a50-Hz supply is cumulatively-cascaded
to a4-pole motor. Neglecting all losses, speed
of the 4-pole motor would be ....... r.p.m.

(a) 1500 (b) 1000

(c) 600 (d) 3000.

and its output would be ....... KW.

(e 15 (f) 10

(9) 50/3 (h) 25.

ANSWERS

12.

13.

14.

15.

16.

17.

18.

Which class of induction motor will be well
suited for large refrigerators?

(a) ClassE (b) ClassB

(c) ClassF (d) ClassC

In a Schrage motor operating at supersyn-
chronous speed, the injected emf and the
standstill secondary induced emf

(a) arein phase with each other

(b) areat 90°in time phase with each other
(c) arein phase opposition

(d) none of the above.

(Power App.-111, Delhi Univ. July 1987)
For starting a Schrage motor, 3-¢ supply is
connected to
(a) stator
(b) rotor viadlip-rings
(c) regulating winding
(d) secondary winding via brushes.

Two separate induction motors, having 6 poles
and 5 poles respectively and their cascade
combination from 60 Hz, 3-phase supply can
give the following synchronous speedsin rpm
(a) 720, 1200, 1500 and 3600
(b) 720, 1200 1800
(c) 600, 1000, 15000
(d) 720 and 3000
(Power App.-ll, Delhi Univ.Jan 1987)
Mark the WRONG statement.
A Schrage motor is capable of behaving as a/
an
(a) inverted induction motor
(b) dlip-ring induction motor
(c) shunt motor
(d) seriesmotor
(e) synchronous motor.
When a stationary 3-phase induction motor is
switched on with one phase disconnected
(a) itislikely to burn out quickly unless
immediately disconnected
(b) itwill start but very slowly
(c) itwill makejerky start with loud growing
noise
(d) remaining intact fuses will be blown out
due to heavy inrush of current
If single-phasing of a 3-phase induction motor
occurs under running conditions, it
(a) will stall immediately
(b) will keep running though with slightly
increased slip
(c) may either stall or keep running
depending on the load carried by it
(d) will become noisy while it still keeps
running.

l.c2 c3. d4 b5 a6.c7.b8 d9o bil0aill c f12. d 13. a 14. b 15. a
16. d 17.a 18.c
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