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Chapter 6

Induction Motors
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The Development of Induced Torque in an Induction
Motor

Maximum Maximum
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Figure 6-6

The development of induced torque in an induction motor. (a) The rotating stator field Bg
induces a voltage in the rotor bars; (b) the rotor voltage produces a rotor current flow,
which lags behind the voltage due to rotor inductance; (c) the rotor current produces a
magnetic field B lagging rotor current by 90°. Interaction between By and Bg produces a

torque in the machine.
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The Concept of Rotor Slip

« Slip speed is defined as the difference between
synchronous speed and rotor speed:

Where ng = slip speed of the machine
n___ = speed of the magnetic field

sync

n_= rotor mechanical speed

m

slip " 'sync m

n nsync

sync

slip=s =
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The Equivalent Circuit of an Induction Motor
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Figure 6-7 Stator Circuit Model Rotor Circuit Model
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Figure 6-9 Rotor Circuit Model Figure 6-10 Rotor Circuit Model

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.




The Equivalent Circuit of an Induction Motor

R, = Stator resistance/phase

X, = Stator leakage reactance/phase

R,= Rotor resistance referred to stator/phase

X, = Rotor leakage reactance referred to stator/phase

I JXi

R,
o — AN ~Y

IM l

Figure 6-12
The per-phase equivalent circuit of an induction motor.
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« Unlike a transformer, in an induction motor, due to the
presence of an air gap, the magnetizing current is
significant and its effect may not be ignored. However,
the core-loss resistance may be removed from the
equivalent circuit and its effect accounted for by
Including core losses in our calculations.

¢, Wb

Transformer —

Induction
motor

%, Aeturns

Figure 6-8
The magnetization curve of an induction motor compared to that of a transformer.
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Power Flow and Losses of an Induction Motor

P AG i conv

I ' o

. |
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Figure 6-13
The power-flow diagram of an induction motor
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Power and Torque in an Induction Motor

« The input impedance of the motor is given by

Zeq = (Ra+jX0)+(Ro)||(iXm)||(Re/s+jXo)
V

L =—==1]4

eq
Pin = 3V,l1cos(&)
IDAG - IDin B PSCL- IDcore
P, =3I'R,
The only element in the equivalent circuit where the air-gap
power can be consumed is in the resistor R2/s, therefore,
R

P_=31>2
AG 2 S
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« The power converted from electrical to mechanical form,
P.onys IS given by

Pconv = PAG B PR

PRCL = 3|22R2
PCOf'lV — (1_ S)PAG

CL

* The output power can be found as

Po P o PF&W -P

ut conv misc

« The induced torque is given by the equation
P,, (@-s)p, P

conv AG

" w (A- S)aw, 0,

m ync sync

3 R
Ting = w—|22 (?2)

sync
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Example 6-3. A 460-V, 25-hp, 60-Hz, four-pole, Y-connected induction motor has
the following impedances in ochms per phase referred to the stator circuit:

R,=0641Q R,=03320
X, = 110600 X,=04640Q X, = 2630

The total rotational losses are 1100 W and are assumed to be constant. The core loss 1s
lumped in with the rotational losses. For a rotor slip of 2.2 percent at the rated voltage and
rated frequency. find the motor’s

(a) Speed

() Stator current
(c) Power factor
(d) Fropy and F
(€) Tipg and Ty,
(f) Efficiency
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Solution
The per-phase equivalent circuit of this motor is shown in Figure 6-12, and the power-flow
diagram is shown in Figure 6-13. Since the core losses are lumped together with the friction

and windage losses and the stray losses, they will be treated like the mechanical losses and
be subtracted after P, in the power-flow diagram.

(a) The synchronous speed is

_ 120/, _ 120(60 Hz) _

Nne = " p = 4 poles 1800 r/min
'j' ) R
of @ = (1800 t/min) 7 ‘f‘d)(___ lﬁg‘:‘) = 188.5 rad/s

The rotor’s mechanical shaft speed is

n, = (1 — S).'?S},nc

= (1 — 0.022)( 1800 r/min) = 1760 r/min

Or w,, = (1 — S)msyn-:

= (1 — 0.022)(188.5 rad/s) = 184.4 rad/s
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(b) To find the stator current, get the equivalent impedance of the circuit. The first

step is to combine the referred rotor impedance in parallel with the magnetiza-

tion branch, and then to add the stator impedance to that combination in series.
The referred rotor impedance is

RE

J

§

_ 0.332
- 0.022

= 15.09 + j0.464 ()} = 15.10£1.76° ()

i

+ j0.464

The combined magnetization plus rotor impedance is given by
1
1/jXy + 1/7Z,

1
—j0.038 + 0.0662£L—1.76°

|
— = ]2.9< o
0.0773/. —=31.1° 12.94/31.1° ()

Zf:

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

12



Therefore, the total impedance is

Ztc:t - Zstat + Zf
= 0.641 + j1.106 + 12.94£31.1° Q)

= 11.72 + j7.79 = 14.07433.6° ()

The resulting stator current is

\."T
l] :—(b

Ztﬂt

266.,.0° V )
= 14.07/336°Q 1888473367 A

(¢} The power motor power factor is
PF = cos 33.6° = 0.833 lagging
(d) The input power to this motor is
P, = V3Vl cos 6
= 1/3(460 V)(18.88 A)(0.833) = 12,530 W
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The stator copper losses in this machine are
PscL = 3ITR,
= 3(18.88 A)%(0.641 ) = 685 W

The air-gap power is given by
Pig =P, — P = 12530 W — 685 W = 11,845 W
Therefore, the power converted is
Pow=(—5Pg=(1-—0022)(11,845 W) = 11,585 W
The power P, is given by

P.=P,. —P,=11585W— 1100W = 10485 W

lhpj—mlh
796 W)~ TP

= 10485 W
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(¢) The induced torque is given by

PAG

Weyne

LL8ASW _ o
1885 rad/s _ 028 Nem

Tind

and the output torque is given by

P

ot

Toad — w,,

10485 W .
= 184.4rad/s 20O Nem

(In English units, these torques are 46.3 and 41.9 lb-ft, respectively.)
(f) The motor’s efficiency at this operating condition is

P
n =5 % 100%

1

10,485 W o n
= 12530 W * 100% = 83.7%
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Induced Torque in an Induction Motor
e The induced torque in an induction motor was to be

_ IDconv _ IDAG _ 3 |2 RZ
0] ) ) ’

m sync sync

S

» To find rotor current I, the stator circuit is replaced with
Its Thevenin equivalent circuit.

I, JX5

" +
)E Ry
A
Figure 6-17

Per-phase equivalent circuit of an induction motor.

R 1
Vq) JXy

- O
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AMN— o
B JXm
Vru = Ry +jX, +jXpy Vo
Vo JXm Viu
Vi = Xy v,
TH= 7= =V
\/Rl- + (X + X))~
o O
(a)
JX R,
A~ W\, ¥ &
X _ JXu R, +jX))
e THZ R + X, + X))
o o
(b)
Ry JXTH X2
12'0 0 o SRV .Y oV N
Viu E, Ry

(c)

Figure 6-18
(a) The Thevenin equivalent voltage of the stator circuit. (b) The Thevenin impedance. (c)
The resulting simplified equivalent circuit of an induction motor
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VTH =V -JXM

"R+ j(X,+ X,)
JXu(R+ JX,)
R+ )X+ X,,)

ZTH - RTH+ jXTH =

I — VTH
© R, *tR, /s (X, + X,)
I — VTH
2
JRLFR,IS) +( Xy X, )
_P. _3V} R,/s
Tind - -

a)sync a)sync (RTH t Rz /s )2 T (XTH+ Xz )2
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Figure 6-19
A typical induction motor torque-speed characteristic curve
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Maximum (Pullout) Torque in an Induction Motor

o _ P 3V R, /s
oy, 0, (RLFR,IS) +(X+ X,)
dz-ind:O
ds
R,
\/R (Xt X, )

_ 3V

]

max

20w [R + JRE+ (X X )}

« Slip at maximum torque can be varied by changing rotor resistance
while the corresponding maximum torque is independent of R,
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Figure 6-22
The effect of varying rotor resistance on the torque-speed characteristic of a wound-rotor
induction motor.
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Example 6-4. A two-pole, 50-Hz induction motor supplies 15 kW to a load at a
speed of 2950 r/min.

(a) What is the motor’s slip?

(b) Whatis the induced torque 1n the motor in N « m under these conditions?

(c) What will the operating speed of the motor be if its torque is doubled?

(d) How much power will be supplied by the motor when the torque is doubled?

Solution
(a) The synchronous speed of this motor is

120f. 5
n.. . = 120 _ 12050 Hz) _ 3000 r/ min

sync P 2 poles

Therefore, the motor’s slip is

., — N
s = = (% 100%)

Neync

3000 r/min — 29350 r/ min o
B 3000 r/ min (x 100%)

= 0.0167 or 1.67%
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(b) The induced torque in the motor must be assumed equal to the load torque, and
P,y must be assumed equal to Py, since no value was given for mechanical
losses. The torque is thus

Tind — %
m
_ 15 kW
~ (2950 r/min)(27r rad/r)(1 min/60 s)
= 48.6 Nem

(c) In the low-slip region, the torque—speed curve is linear, and the induced torque
is directly proportional to slip. Therefore, if the torque doubles, then the new
slip will be 3.33 percent. The operating speed of the motor is thus

n, = (1 — s)n = (1 — 0.0333)(3000 r/min) = 2900 r/min

Sync

(d) The power supplied by the motor is given by

Pcom-' = Tinclwm

= (97.2 N +m)(2900 r/ min)(27r rad/r)(1 min/ 60 s)
= 29.5 kW
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Example 6-5. A 460-V, 25-hp, 60-Hz, four-pole, Y-connected wound-rotor induc-
tion motor has the following impedances in ohms per phase referred to the stator circuit:

R, =0641Q R,=0332Q
X, =1.1060 X,=0464Q X, =263Q

(a) What is the maximum torque of this motor? At what speed and slip does it
occur?
(b) What is the starting torque of this motor?

(c) When the rotor resistance is doubled, what is the speed at which the maximum
torque now occurs? What is the new starting torque of the motor?
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Solution
The Thevenin voltage of this motor is

Vi, =V Xu
TH T4 /5o2 2
VR{ + (X| + X))

(266 V)(26.3 ())

= _ : = 2552V

V(0.641 Q)% + (1.106 Q + 26.3 Q)2
The Thevenin resistance 1s
Xy 2
R R ‘
TH 1(}{] + XM)
| 26.3 () \2 _

~ (0641 Q) 1106 Q + 2630, _ 02909

The Thevenin reactance is

Xy =~ X, = 1.106 Q)
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(a) The slip at which maximum torque occurs 1s given by Equation

_ 0.332 () — 0.198
V(0.590 Q)2 + (1.106 Q + 0464 Q2
This corresponds to a mechanical speed of
n, = (I = s)ng,. = (1 — 0.198)(1800 r/min) = 1444 r/ min
The torque at this speed is
3V2
Toax = — 14 =229N-m
. E{US},“C[RTH + ‘\‘IR%H + (XTH + Xz)z]
_ 3(2 55 V)3(0.332 )
(B) Tt = R 5 rad/9)[(0.590 O + 0.332 Q)2 + (1106 Q + 0.464 Q7]

= 104 N*m
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(c) If the rotor resistance is doubled, then the slip at maximum torque doubles, too.
Therefore,

Smax — 0.396
and the speed at maximum torque is
ny, = (1 = s)ngpe = (1 — 0.396)(1800 r/min) = 1087 r/min
The maximum torque is still
Toax — 229 Nem
The starting torque 1s now

S 3(255.2 VY’ (06649
st (188.5 rad/$)[(0.590 Q) + 0.664 Q)> + (1.106 Q + 0.464 )?]

= 170 Nem
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Induction Motor Testing

 The No-Load Test: to obtain the rotational losses and
Information leading to magnetizing reactance. Motor
operated at rated voltage and no load.

I, |3 =0
e I\" /-\’| — /\: R,
&
5 I 1
Initial o
equivalent 'y R, XM R, A=3)
circuit: 8
P
5 1
Variable T 1e's &
voltage,
variable I v
frequency, . No load Since i R, &
three-phase { =i +o VW SRS '
Ry, (—)>>R,
power ) = Y 2
source . and
’ ) B I v jX ) o e
P, £ R, =5)>>X,, VYo R M Rp e w=Ry (54
B« SR " A— by A} =
2 J this circuit
reduces to: -0 !
(a)
); iX,
+ o—JM__JWY\ .
Combining
/\', & W and Vv /,\'\, I‘)n windag
R yields: &c > Xy
-0
(b)

Figure 6-53
The no-load test of an induction motor. (a) test circuit. (b) the resulting equivalent circuit.
Note that at no load the motor’s impedance is essentially R;+ j (X;+X,).
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* The rotational losses of the motor are

» I —
in I:)SCL-l_ I:)core-l_ I:)F&W-l_ I:)misc — I:)SCL-l_ I:)rot
D — 2
ScL 3 I1,n| Rl
D — _ 2
rot I:)in 3 I1,n| Rl
L, = Yo . X,+ X
eq ~ ™M M
I1,n|

o The stator resistance will be obtained from the dc test.

o X; will be obtained from the locked-rotor test.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

29



The DC Test: to obtain stator resistance, R;. An
adjusted dc voltage is applied between two terminals of
the stator circuit such that rated armature current flows.

Vv

R — DC
L2
DC
Current-
limiting
resistor

Voe
(variable)

Figure 6-54
The circuit for a dc resistance test.
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The Locked-Rotor (or Blocked-Rotor) Test: to obtain R,,
X+X,, and X,, (using the no-load test results).

Adjustable- 0

voltage, B
adjustable- b m > Locked
frequency, N - rotor

three-phase
power source

e
Jr=te=Jest
I+ I+ 1
(a) I =~ f © = Ipraed
I, R, JX, I JX5
— —
o ~Y Y Y'Y
AN —
|

o So neglect R and X,

Figure 6-55 o

The locked-rotor test for an induction motor: (a) test circuit; (b) motor equivalent circuit
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» The locked-rotor reactance at test frequency, X'y, IS
obtained from

Z.|= =2
LR I1 \/§|,_

P

Coséd, = -
J3V.I

ZLR = RLR+ jXII_R = |ZLR||%
* The locked-rotor reactance at rated frequency, X, IS

frate '
XLR = f—dXLR = X1+ Xz

test

* X; and X, are found from rule of thumb based on rotor design.

R.=R*+R, >R,
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Example 6-8. The following test data were taken on a 7.5-hp, four-pole, 208-V,
60-Hz, design A, Y-connected induction motor having a rated current of 28 A.

DC test:
Vpec = 13.6V Ipc = 28.0A
No-load test:
V=208V f=60Hz
Iy =8.20A )
I-=8.18 A

LLocked-rotor test:

V,=25V f=15Hz
I, =28.1A P, =920 W
I, =28.0 A
I-=27.6A

(a) Sketch the per-phase equivalent circuit for this motor.

(b) Find the slip at the pullout torque, and find the value of the pullout torque itself.
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Solution
(a) From the dc test,

=0.243 Q)

R = Vbe _ 13.6 V
1 2Ipc  2(28.0A)

From the no-load test,

_812A +820A + 8.I8A

IL,IW 3 = 8.17 A
208 V
Vq‘),nl = V3 = 120V
Therefore,
120V , _
Zy| = 217 A = 14.7 () = X, + Xy

When X, is known, X, can be found. The stator copper losses are
Psop = 31T Ry = 3(8.17 A)*(0.243 Q) = 48.7 W
Therefore, the no-load rotational losses are

Prot = Pin,nl - PSCL,nl
= 420W — 48.7TW = 371.3 W
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From the locked-rotor test,

2 2 277 6
P A _8.;3 A+2T6A _ 5yg 4

The locked-rotor impedance is

z ‘:Vas: Vr _ 25V
LRI L0 V3L, V3(27.9 A)

= 0.517 ()

and the impedance angle 6 is

P

1 in

V3Vl

| 020 W
V3(25 V)(27.9 A)

0 = cos™

= COS

= cos™10.762 = 40.4°

Therefore, R g = 0.517 cos 40.4° = 0.394 () = R, + R,. Since R, = 0.243 (),
R, must be 0.151 (). The reactance at 15 Hz is
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X{g = 0.517 sin 40.4° = 0.335 ()

The equivalent reactance at 60 Hz is

- frated r f(‘?—r[} HZH
ALk = Jiest Xir = (...15 Hz._.-] 0

For design class A induction motors, this reactance is assumed to be divided
equally between the rotor and stator, so

X, =X, =0.67Q
Xy = |Z,| — X, =147Q — 067 Q = 14.03Q

Fi

(b) For this equivalent circuit, the Thevenin equivalents are found from Equations
(6—41b), (6—44), and (6—45) to be

Vig=114.6 'V Ry = 0.221 ) X1y = 0.67 ()
Therefore, the slip at the pullout torque is given by

R.?
-S' - = f
M VR + Xy + X))
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_ 0.151 Q
V(0.243 Q)2 + (0.67 Q + 0.67 Q)2

= 0.111 = 11.1%

The maximum torque of this motor is given by

2
3Vig
Ems},.nc[RTH + VR%H + (XTH + XZ)]

max

3(114.6 V)2
2(188.5 rad/s)[0.221 ) + V(0.221 Q) + (0.67 Q + 0.67 Q)°]
= 66.2 Nem

Y Y Y
o—AN———
0.243 O joe1Q |
I
I

R JXpy =j14.03Q Ry _0.1510
(unknown) s s

I
I
I
I
o $
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