Induction Motor
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3- Phase induction machine construction

3 stator windings (uniformly
distributed as in a synchronous
generator)

Two types of rotor:

— Squirrel cage
— Wound rotor (with slip rings)

Squirrel cage rotor

Wound rotor (with slip rings)



The Rotating Magnetic Field

* The basic idea of an electric motor is to generate two magnetic
fields: rotor magnetic field and stator magnetic field. The rotor
will constantly be turning to align its magnetic field with the
stator field.

* The 3-phase set of currents, each of equal magnitude and with a
phase difference of 120°, flow in the stator windings and generate
a rotating field will constant magnitude.
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The Rotating Magnetic Field

The net magnetic field has a constant magnitude and rotates
counterclockwise at the angular velocity w.

The stator rotating magnetic field can be represented as a north
pole and a south pole.
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For a two pole machine,  f,(Hz)=f, (rps) = én, (rpm)

For a p-pole machine, Jo(Hz)== f (rps) = —-—" (rpm)



Principle of Operation

* This rotating magnetic field cuts the rotor windings and
produces an induced voltage in the rotor windings

* Due to the fact that the rotor windings are short circuited, for
both squirrel cage and wound-rotor, and induced current flows
in the rotor windings

* The rotor current produces another magnetic field

« Atorque is produced as a result of the interaction of those two
magnetic fields

z-ina’ szRst

Where 7, ,is the induced torque and B, and B are the magnetic
flux densities of the rotor and the stator respectively



Induction Motor Speed

At what speed will the induction motor run?

— Can the induction motor run at the synchronous speed,
why?

— If rotor runs at the synchronous speed, then it will appear
stationary to the rotating magnetic field and the rotating
magnetic field will not cut the rotor. So, no induced
current will flow in the rotor and no rotor magnetic flux
will be produced so no torque is generated and the rotor
speed will fall below the synchronous speed.

— When the speed falls, the rotating magnetic field will cut
the rotor windings and a torque is produced.



Induction Motor Soeed

* So, the induction motor will always run at a
speed lower than the synchronous speed

* The difference between the motor speed and
the synchronous speed is called the slip speed

nslip = ns;vnc o nm
Where ng,,= slip speed
n_, = speed of the magnetic field

sync

n,, = mechanical shaft speed of the motor



The Slip

&= ns;gw —n,,
HSJ_W

Where s is the slip
Notice that : if the rotor runs at synchronous speed
s=0
if the rotor is stationary
s=1

Slip may be expressed as a percentage by multiplying the
above by 100. Notice that the slip is a ratio and doesn't
have units.



Induction Motors and Transformers

* Both induction motor and transformer works on
the principle of induced voltage

— Transformer: voltage applied to the primary windings
produce an induced voltage in the secondary windings

— Induction motor: voltage applied to the stator windings
produce an induced voltage in the rotor windings

— The difference is that, in the case of the induction
motor, the secondary windings can move

— Due to the rotation of the rotor, the induced voltage in
it does not have the same frequency of the stator
voltage.



Rotor Frequency

* The frequency of the voltage induced in the
rotor is given by

_ p'”.ﬁfrp
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Where f, = the rotor frequency (Hz)

p = number of stator poles

n.., = slip speed (rpm)

slip
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Rotor Frequency

* What would be the frequency of the rotor's
induced voltage at any speed n,?

=51

* When the rotor is blocked (s=1) , the
frequency of the induced voltage is equal to
the supply frequency.

* On the other hand, if the rotor runs at
synchronous speed (s = 0), the frequency will
be zero.



Torque

* While the input to the induction motor is electrical
power, its output is mechanical power and for that
we should know some terms and quantities related
to mechanical power.

* Any mechanical load applied to the motor shaft will
introduce a torque on the motor shaft. This torque
is related to the motor output power and the rotor
speed




Horse Power

* Another unit used to measure mechanical power
is the horse power.

* |tis used to refer to the mechanical output power
of the motor.

* Since we, as an electrical engineers, deal with
watts as a unit to measure electrical power, there
is a relation between horse power and watts:

hp =746 watts




Example 1

A 208V, 10 hp, four pole, 60 Hz, Y-connected
induction motor has a full-load slip of 5 percent

1. What is the synchronous speed of this motor?

2. What is the rotor speed of this motor at rated
load?

3. What is the rotor frequency of this motor at rated
load?

4. What is the shaft torque of this motor at rated
load?



Solution

Moy

_ 1201, _ 120(60) ~ 1800 rpm

P

n, =(1=s)n,

=(1-0.05)x1800=1710 rpm

S, =sf,=0.05x60 =3Hz

r ‘P{JHI Pﬂl’l."
load — -
On 2p2
60

_ 10/p =746 u‘ai‘f’ [hp =41.7N.m
171027 (1/60)



Power losses in Induction Machines

Copper losses
— Copper loss in the stator (Pgy) = 1,%R,

— Copper loss in the rotor (Pg¢,) = I,°R,

Core loss (P,,,.)

Mechanical power loss due to friction and
windage

How this power flow in the motor?



Power flow in Induction Motor
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Power Relations

P = NG Vi cos@=3V,1I, cos®

Py =3 Jfrljj;‘i

‘R]G = En o (‘PSCL + Eor‘e)

Frer =31 _2 R,
R‘om' = RdG o PRC.[

]Jmm'
B:nr = Rﬂ?ﬂ' - (P +w + Psn'nj') rmcf =

m



Power Relations

P, =\3V,1,c0s0=37,1 cos6
P =31 1:R1

R,

R{G - H‘f _(PSCI_ +Bore) = IDﬂ::nrfn- +PRCJ’_ = 3!5 —_— = PRCI_
S s
PRCI = SI_ERg
Fow =P~ Py =31, R,(1-5) _ Lo (1-5)
§ s
‘Pcom- = (1 - S)R{G
E _ (1 _S)PAG

— conv
Fow = Boom = (Fpo+ i) Tina = @ (1-s)a,

m




Example 2

A 480-V, 60 Hz, 50-hp, three phase induction motor
is drawing 60 A at 0.85 PF lagging. The stator copper
losses are 2 kW, and the rotor copper losses are 700

W. The friction and windage losses are 600 W, the
core losses are 1800 W, and the stray losses are

negligible. Find the following quantities:
1. The air-gap power P,
2. The power converted P,,,,,.

3. The output power P,..
4. The efficiency of the motor.



Solution

P, =\31,1, cos@
= 3 480%60%0.85 = 42.4 kW

R{G = ‘F:n - RS(" n Pmm
=424-2-18=386kW
‘I:'om‘ =RJG_RQ("L
=38.6- m =379kW
1000
F:mr = Bram' - PF&"'
=379- 600 =373kW P
1000 7 =29 100%
Pm
373 373
out -—— = 30 h === ].[][}:880
0746 " 04 °



Example 3

A 460-V, 25-hp, 60 Hz, four-pole, Y-connected induction motor
has the following impedances in ohms per phase referred to the
stator circuit:

R,=0.641Q R,=0.332Q
X=1.106 Q X,=0.464 Q X,=26.3Q

The total rotational losses are 1100 W and are assumed to be
constant. The core loss is 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

1. Speed
2. Stator current 5. Ting @Nd Tipaq
3. Power factor 6. Efficiency

4' PCOI)V and POU(



Solution

__120f, 120x60
sync P
n =(-sn__=(1-0.022)x1800=1760 rpm

R, 0332

Z, =—+jX, = + 70.464
= g “0.022

=15.09+ j0.464 =15.1£1.76° Q
1 1

Z — =
P71/ jX, +1/Z,  —j0.038+0.0662£—1.76°
B 1
0.0773£-31.1°

=1800 rpm

=12.94/31.1°Q)




Solution

Zfo!‘ :ZSMT
=0.641+ j1.106+12.94.231.1°Q
=11.72+ j7.79=14.07£33.6° Q

46020°

+Zf

V B
=== 3 =18.88/-33.6° A
Z. 1407/336°

ror

PF =c0s33.6°=0.833 lagging
P =J3V,1, cos 0 =[3x460x18.88x0.833 =12530 W

3. P, =3I’R =3(18.88)’ x0.641 =685 W
4. P, =P, —P., =12530-685=11845 W



Solution

P, =(1-5)P, =(1-0.022)(11845) =11585 W

conv

P =P, P, =11585-1100=10485 W

q
- 10489 =14.1hp
746 )
poofe U8B o eNm
ined (9_-,;-,.-._- 7 % 180%0
Lo 10 soNm

T = =
load a Om 2 TX 176%0

5
= o 1000 = 1048

in

x100=83.7%

)

12530



Example 4

A two-pole, 50-Hz induction motor supplies 15kW to a
load at a speed of 2950 rpm.

1. What is the motor’s slip?

2. What is the induced torque in the motor in N.m
under these conditions?

3. What will be the operating speed of the motor if
its torque is doubled?

4, How much power will be supplied by the motor
when the torque is doubled?



Solution

5
o _120f, _120x 0=3000rpm

P 2
Mome — 1, 3000-2950

n 3000

e

=0.0167 or 1.67%

"' 10 Py, given

cassume P =P .and7 . =7
conv d ind

loa load
5 3
D, 2950x ="

60
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Solution

In the low-slip region, the torque-speed curve is
linear and the induced torque is direct

proportional to slip. So, if the torque is doubled
the new slip will be 3.33% and the motor speed

will be
n =(-s)n__ =(1-0.0333)x3000 =2900 rpm

syne

P = ind 0

conv m

D)
= (2x48.6)x(2900x%) =29.5kW



