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UNIT IIT THREE PHASE INDUCTION MOTOR
Constructional details — Types of rotors — Principle of operation — Slip —cogging and crawling- Equivalent
circuit — Torque-Slip characteristics - Condition for maximum torque — Losses and efficiency — Load test -
No load and blocked rotor tests - Circle diagram — Separation of losses — Double cage induction motors —
Induction generators — Synchronous induction motor.

1. Explain how a three phase supply produces a rotating magnetic field of constant value at constant speed

with vector diagrams.

The working principle of three phase induction motors is based on the production of rotating magnetic field. The
rotating magnetic field can be defined as the field or flux having constant amplitude but whose axis is continuously
rotating in a plane with a certain speed.

A three phase induction motor consists of three phase winding as its stationary part called stator. The three phase
stator winding is connected in star or delta. The three phase windings are displaced from each other by 120°. The
windings are supplied by a balanced three
phase a.c. Supply Induction motor

The three phase currents flow
simultaneously through the windings and are
displaced from each other by 120° electrical.
Each alternating phase current produces its
own flux which is sinusoidal. So all three
fluxes are sinusoidal and are separated from
each other by 120°. If the phase sequence of
the windings is R-Y-B, then mathematical .
equations for the instantaneous values of the Star or delta connected 3 phase winding
three fluxes ®r @y and Oy can be written as,

g = D, sin (wt) = Oy, sin (i) ¢ PhaseR  PhaseY PhaseB
Dy = @y, sin (ot - 120°) = @, sin (6 — 120°) (ii) N ANAr4 N
Oy = @y, sin (0t - 240°) = @, sin (0 - 240°) (iii)
Let ®r, Py and Oy be the instantaneous values A : o
of three fluxes. The resultant flux is the phasor addition b=
of all three. : -
Case 1:0=0° o
SubStltutll_lg In equalorl (1), (i) and (iii), (a) Waveforms of three fluxes (b) Assumed positive directions
Or =D, sin 6 & ; :
Oy = D,y sin (— 120°) =-0.866 D,
Oy = @y, sin (- 240°) = +0.866 D, e A
// \\ ‘D
BD is drawn perpendicular from B on ®r. It bisects O . )/ /‘\/ T
OD =DA=0r/2 ) AN
In triangle OBD, L_BOD = 30° / \ -
CnosH;(I)lfj ob _ o1 ¢ = +0.866 ¢, B; D ,C ¢y=-08660,

OB 0.866 dm

Or=2x 0.866 ®, x cos 30" = 1.5 O,
So magnitude of @t is 1.5 @, and its position is vertically upwards
at0=0°. /
Assumed positive
Case 2: =0 = 60° direction of ¢y
Or = D, sin 60° = 0.866 D, ' (a) Vector diagram for 6 = 0°
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®y = O, sin (-60%) = -0.866 D, Gy =—0.866 Gy === m - o7 A

®p = @, sin (-180%) =0
Doing the same construction, drawing perpendicular from B
on @ at D we get the same result as,

Or=150, o
But it can be seen that though its magnitude is 1.5 @, it has ,
rotated through 60° in space, in clockwise direction, from its ~ Assumed positive » 120°
previous position. of oy /

{b) Vector diagram for 6 = 60°

c

~

Case 3:=0=120°

Dr = @y, sin 120° = 0.866 @y, >

Oy = D, sin 0=0 Assumed

@y = O,y sin (-120°) = -0.866 Oy, o c

of 0g « $r =+ 0866 4

Doing the same construction, drawing perpendicular from B on @ at D we
get the same result as,

Or=1.50,
But it can be seen that though its magnitude is 1.5 ®,, it has rotated 0g=—0866 ¢y X-----"" A
through 60 in space, in clockwise direction, from its previous position. o1
And from its position at = 0°, it has rotated through 120° in space, in {c) Vector diagram for 6 = 120°

clockwise direction.
Case 3: =0 =180°

. \
Assumed positive N

Op = ®,, sin 180° =0 direction of dg .
Oy = ®,, sin (60°) = 0.866 D, “o
Oy = @y, sin (-60°) = -0.866 D, 120° y

Doing the same construction, drawing perpendicular from B on @1 at D we

get the same result as, Oy =+08660ngf----ID %, 05=-0.866 0
Or=1.50, N\ !

But it can be seen that though its magnitude is 1.5 @, it has rotated through \>/ )

60° in space, in clockwise direction, from its previous position. LANERN A

And from its position at & = 0°, it has rotated through 180° in space, in A

clockwise direction.
So for an electrical half cycle of 180°, the resultant @7 has also
rotated through 180°.

(d) Vecter diagram for 6 = 180°

2. Describe the constructional features of squirrel cage and slip ring induction motors. Discuss the merits
of one over other.
The induction motor consists of two main parts,
1. The part i.e. three phase windings, which is stationary called stator.
2. The part which rotates and is connected to the mechanical load through shaft called rotor.
The conversion of electrical power to mechanical power takes place in a rotor.
Hence rotor develops a driving torque and rotates.
Stator
o The stator has a laminated type of construction made up of stampings which are
0.4 to 0.5 mm thick.
e The stampings are slotted on its periphery to carry the stator winding.
o The stampings are insulated from each other to keep the iron losses to a minimum
value.
e The number of stampings are stamped together to build the stator core.

2 Stator Lamination
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The built up core is then fitted in a casted or fabricated steel frame.
The choice of material for the stampings is generally silicon steel, which minimizes the hysteresis loss.
The slots on the periphery of the stator core carries a three phase winding, connected either in star or delta.
This three phase winding is called stator winding. It is wound for definite number of poles.
This winding when excited by a three phase supply produces a rotating magnetic field.
The choice of number of poles depends on the speed of the rotating magnetic field required.
o The radial ducts are provided for the cooling purpose.
Rotor
The two types of rotor constructions used for induction motors are,
1. Squirrel cage rotor and 2. Slip ring or wound rotor
Squirrel Cage Rotor

e The rotor core is cylindrical and slotted on its periphery.

e The rotor consists of uninsulated copper or aluminium bars called rotor conductors.

e The bars are placed in the slots. These bars are permanently shorted at each end with the help of conducting
copper ring called end ring.

e The bars are usually brazed to the
end rings to provide good
mechanical strength.

e The entire structure looks like a
cage, forming a closed electrical
circuit. So the rotor is called
squirrel cage rotor. Copper or )

aluminium bars End ring

e As the bars are permanently
shorted to each other through end
ring, the entire rotor resistance is
very very small. Hence this rotor also called short circuited rotor.

e As rotor itself is short circuited, no external resistance can have any effect on the rotor resistance. Hence no
external resistance can be introduced in the rotor circuit. So slip ring and brush assembly is not required for
this rotor. Hence the construction of this rotor is very simple.

In this type of rotor, the slots are not arranged parallel to the shaft axis but
are skewed as shown in the Fig.. v_
The advantages of skewing are, ' v R Shaft
1. A magnetic hum i.e. noise gets reduced due to skewing hence skewing ‘
makes the motor operation quieter.
2. It makes the motor operation smooth. s
. ots are

3. The stator and rotor teeth may get magnetically locked. Such a tendency skewed
of magnetic locking gets reduced due to skewing. Skewing in rotor construction
4. It increases the effective transformation ratio between stator and rotor.
Slip Ring Rotor or Wound Rotor

e In this type of construction, rotor winding is

(a) Cage type structure of rotor (b) Symbolic representation

e The slots contain the rotor winding. The three Brush .

ends of three phase winding, available after B } Y X
connecting the winding in star or delta, are [ /7" """"
permanently connected to the slip rings.

. Star connected Rotor

e The slip rings are mounted on the same shaft. rotor winding frame

exactly similar to the stator. TR
e The rotor carries a three phase star or delta //’ \‘\ Slp rings
connected, distributed winding, wound for / N\ L
same number of poles as that of stator. ;' C 5 - ~ & Shaft
e The rotor construction is laminated and slotted. E :
1 1
1 1
i !

External star
connected rheostat
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In this type of rotor, the external resistances can be added with the help of brushes and slip ring arrangement,

in series with each phase of the rotor winding.

3. Compare squirrel cage and wound rotor constructions of induction motor.
S.No Wound or Slip ring rotor Squirrel cage rotor

1. Rotor consists of a three phase winding Rotor consists of bars, which are shorted at the ends
similar to the stator winding. with the help of end rings.

2. Construction is complicated. Construction is simple

3. | Resistance can be added externally: As permanently shorted, external resistance cannot

be added

4, Slip rings and brushes are present to add Slip rings and brushes are absent
external resistance.

5. Frequent maintenance is necessary Maintenance free

6. Rotors are costly Rotors are cheap

7. High starting torque can be obtained Moderate starting torque

8. Rotor must be wound for same number of poles The rotor automatically adjusts itself for the same

number of poles as that of stator

9. Rotor resistance starter can be used Rotor resistance starter cannot be used

10. | Rotor copper losses are high hence efficiency is less | Rotor copper losses are less hence efficiency is high

11. | Speed control by rotor resistance is possible Speed control by rotor resistance is not possible

12. | Used for lifts, hoists, cranes, elevators, compressors | Used for lathes, drilling machines, fans, blowers,
etc. waterpumps, grinders, printing machines etc.

4. Describe the principle of operation of a 3 phase induction motor with a neat sketch. Explain why a rotor

Rotor conductors

So,

is forced to rotate in the direction of rotating magnetic field.

When a three phase supply is given to the three phase stator winding, a rotating magnetic field of constant
magnitude is produced. The speed of this rotating magnetic field is synchronous speed, N, r.p.m. The R.M.F. gets cut
by rotor conductors as R.M.F. sweeps over rotor conductors. Whenever conductor cuts the flux, e.m.f. gets induced in
it according to Faraday’s Law of electro-magnetic induction. As rotor forms closed circuit, induced e.m.f. circulates
current through rotor called rotor current whose direction is given by Lenz’s law. According to Lenz’s law the
direction of induced current in the rotor is so as oppose the cause producing it. The cause of rotor current is the
induced e.m.f. which is induced because of relative motion present between the rotating magnetic field and the rotor
conductors. Hence to oppose the relative motion i.e. to reduce the relative speed, the rotor experiences a torque in the
same direction as that of R.M.F. and tries to catch up the speed of rotating magnetic field.

Direction of

Direction of
R

N; = Speed of rotating magnetic field in r.p.m.
N = Speed of rotor i.e. motor in r.p.m.

Induced current in rotor conductor

——a RMF.
Direction

Stator

B f Cancellation
Addition SIS . of two fluxes
of fluxes [ Vv (low flux area)

igh flux areg* . '

1
/\(‘\)% Mechanical
AN force
11
'\ VRotor

N;s - N = Relative speed between the two, rotating magnetic field and the rotor conductors.
Thus rotor always rotates in same direction as that of R.M.F.
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5. Define the term slip of an induction motor. Explain its significance.
Slip of the induction motor is defined as the difference between the synchronous speed (N;) and actual
speed of rotor i.e. motor (N) expressed as a fraction of the synchronous speed (N;). This is also called absolute
slip or fractional slip and is denoted as s.
_ Ns—-N
"~ Ns
The percentage slip is expressed as,

%s=N;‘Sleoo

In terms of slip, the actual speed of motor (N) can be expressed as,
N=N; (1-s)
At start, motor is at rest and hence its speed N is zero.
s=1 at start
This is maximum value of slip s possible for induction motor which occurs at start. While s = 0 gives us N =
N; which is not possible for an induction motor. So slip of induction motor cannot be zero under any circumstances.
Practically motor operates in the slip range of 0.01 to 0.05 i.e. 1 % to 5 %. The slip corresponding to full load
speed of the motor is called full load slip.

6. Explain the effect of slip on the rotor parameters
(a) Effect on Rotor Frequency
The speed of rotating magnetic field is,
N, = 1201/P (1)
where f = frequency of supply in Hz.

At start when N = 0, s = 1 and stationary rotor has maximum relative motion with respect to R.M.F. Hence
maximum e,m.f. gets induced in the rotor at start. The frequency of this induced e.m.f. at start is same as that of supply
frequency.

In running condition the magnitude of the induced emf decreases as its frequency.

(Ns—N)=120f,/ P (i1)
Where, f; = frequency of rotor induced emf in running condition at slip speed (Ns; — N)
Dividing equation (ii) by (i), we get
Ns—-N 120fr/P
Ns 120f /P
Therefore s=1f,/f orf, =sf
Thus frequency of rotor induced e.m.f. in running condition (fr) is slip times the supply frequency (f).
(b) Effect on Magnitude of Rotor Induced E.M.F.
E, = Rotor induced e.m.f. per phase on standstill condition
As rotor gains speed, the relative speed between rotor and rotating magnetic field decreases and hence induced
e.m.f. in rotor also decreases as it is proportional to the relative speed Ny — N. Let
E,; = Rotor induced e.m.f. per phase in running condition

E; o N, and Es a (Ng—N)
Ey _ Ng-N Ns-N _ '
5, - N, but Ny slip s
E?_r = 3
E2 E,: = sE,

The magnitude of the induced e.m.f. in the rotor also reduces by slip times the magnitude of induced e.m.f. at
standstill condition.

(c) Effect on Rotor Resistance and Reactance

R, = Rotor resistance per phase on standstill

X, = Rotor reactance per phase on standstill
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Now at standstill, f, = f hence if L2 is the inductance of rotor per phase,
X2 = 2J'Ifr Lz =2af Lz
While R, = Rotor resistance in Q /ph
Now in running condition, f; = sf hence
Xy, =2uf, L, =2nsf L, =s. 2nf L,
X=Xy
Where X, = Rotor reactance in running condition
If Z, = Rotor impedance on standstill condition
= R2 +j Xz Q/ ph
Z, =vVR2% +X22 Q/ph
While Z,, = rotor impedance in running condition
= JR22 + (sX2)2 Q/ph
(d) Effect on Rotor Power Factor
Cos ¢, = rotor power factor on standstill
R2 R2
Z2  VR22+X22
Cos @, = rotor power factor in running condition
R2 R2

Z2r \/m
(e) Effect on Rotor Current
I, = Rotor current per phase on standstill condition
E2 per phase E2

= A
Z2 per phase VR22+X22

I = Rotor current per phase in running condition.
E2r sE2

= A
Z2r | JRZZA (X2
7. Derive the torque equation for a three phase induction motor.
The torque produced in the induction motor depends on the following factors.
1. The part of rotating magnetic field which reacts with rotor and is responsible to produce induced e.m.f. in
rotor.
2. The magnitude of rotor current in running condition.
3. The power factor of the rotor circuit in running condition.

T a ® I, cos Oy, (D)
Where @ = Flux responsible to produce induced e.m.f.
L, = Rotor running current
Cos @y, = Running p.f. of rotor
The flux ® produced by stator is proportional to E; i.e. stator voltage.
O o E; )
While E; and E, are related to each other through ratio of stator turns to rotor turns i.e. K.
== (3)
Using equation (3) in (2),
E,;o® 4)
Thus in equation (1), ® can be replaced by E,
. E2r sE2
While L, = = A
Z2r | JRZ+GRDT

R2 _ R2

And Cos @y = — = ——x—
S P o JR22+(sX2)2
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sE2 R2
JR22+(sX2)2 " /R22+(sX2)?

Therefore, T o E..

sE22R2
*Rozy (sx2)z "
ksE22R2 ) _
= m N-m where k = constant of proportionality
= 21'[3ns [ng = synchronous speed in r.p.s = N/60]
3 sE22R2

= . -m
2mns " R22+ (sX2)2

Starting torque
Starting torque is nothing but the torque produced by an induction motor at start. At start, N = 0 and slip s = 1.
So putting s = 1 in the torque equation, the starting torque,
3 E22R2
2mns  (R22+ X22) N-m
8. Derive the condition for the maximum torque in a three phase induction motors. Also obtain the
expression for the maximum torque.

For maximum torque,
dT

ds
Where T =

st

ksE22R2
R22+ (sX2)2
As load on motor changes, its speed changes and hence slip changes. This slip decides the torque produced
corresponding to the load demand.
dT d . ksE2?R2
ds  ds R22+(sX2)2)

d d
(ksE3 Rjy) = (R3 +5% X2)-(R3 +s% XJ) = (ks EJ Ryp)

a1 _ =
ds (R2 +52 X2)2
ksE2 R, [25 X2] - R2 +s* X2) kE2 R,) = 0
w28k X3EZR)-REZKEZR)-ks* X2 E2R, = 0
ks? X3 E3 Ry -RIKEJ R, = 0

SZX‘E - R% =0 Taking k E% R, common.

, R22 R2
=—— ors=—-
X22 X2
This is the slip at which the torque is maximum and is denoted by s,
R2
Sm=T=
™ X2

R2
By substituting sp, = ey in the torque equation, maximum torque T, is

_ kspE2?R2 KE2?
R22+ (spX2)2  2X,
From the expression of Tm, it can be observed that

m N-m
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1. It is inversely proportional to the rotor reactance.

2. It is directly proportional to the square of the rotor induced e.m.f. at standstill.

3. The maximum torque is not dependent on the rotor resistance R,. But the slip at which it occurs i.e. speed at which it
occurs depends on the value of rotor resistance R,.

9. Draw and explain a typical torque-speed characteristic for a 3 phase induction motor. Explain the
relation between torque and slip before and after the maximum torque. Show the stable region in the
graph.

The curve obtained by plotting torque against slip from s = 1 (at start) to s =0 (at synchronous speed) is called
torque-slip characteristics of the induction motor.
sE22R2 N
*R22+ (sX2)?
E, is also constant. Therefore,

sR2 N
o———— N-m
R22+ (sX2)2

m

i) Low slip region
In low slip region, ‘s’ is very very small. Due to this, the term (s X5)? is so small as compared to R, that it can
be neglected.

sR,?
Therefore T = R22 s as R, is constant.
2

Hence in low slip region torque is directly proportional to slip. So as load increases, speed decreases,
increasing the slip. This increases the torque which satisfies the load demand.

Hence the graph is straight line in nature.

At N =N, s =0 hence T = 0. As no torque is generated at N = N, motor stops if it tries to achieve the
synchronous speed. Torque increases linearly in this region, of low slip values.

ii) High slip region

In this region, slip is high i.e. slip value is approaching to 1. Here it can be assumed that the term R,? is very

very small as compared to (s X,)*. Hence neglecting R,” from the denominator, we get
sR2 1
o —
(sX2)2 = s

So in high slip region torque is inversely proportional to the slip. Hence its nature is like rectangular
hyperbola.

Now when load increases, load demand increases but speed decreases. As speed decreases, slip increases. In
high slip region as T a 1/s. torque decreases as slip increases. But torque must increase to satisfy the load demand. As
torque decreases, due to extra loading effect, speed further decreases and slip further increases. Hence speed further
drops. Eventually motor comes to standstill condition. The motor cannot continue to rotate at any point in this high slip
region. Hence this region is called unstable

0]

Torque

region of operation. ‘

So torque - slip characteristics has two T Focmmmoee Ag\_ Maximum torque
parts, ! ™ . Stable region ~ OA = Stable region

\ 1. Straight line called stable region of . i . ’;Eir:tx’j__sﬁgﬁr;i?;"g rque

operation. : *\ce— Unstable region Point B = Starting torque

2. Rectangular hyperbola called unstable e f-- : AN Point C = Full load torque
region of operation. T E \\\

In low slip region, as load increases, slip /A o ?B
increases and torque also increases linearly. The | '
maximum torque, the motor can produce as load o s=s, =7 Stip
increases is T,, which occurs at s = s,,. So linear s=0 (N=0)

(N=Ny) —_—

behavior continues till s = sy,.
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If load is increased beyond this limit, motor slip acts dominantly pushing motor into high slip region. Due to
unstable conditions, motor comes to standstill condition at such a load. Hence T, i.e. maximum torque which motor
can produce is also called breakdown torque or pull out torque. So range s = 0 to s = s, is called low slip region,
known as stable region of operation. Motor always operates at a point in this region. And range s = s,, to s = 1 is called
high slip region which is rectangular hyperbola, called unstable region of operation. Motor cannot continue to rotate at
any point in this region.

Ats=1,N=01i.e. at start, motor produces a torque called starting torque denoted as T.
10. Explain the Torque/speed Curve and discuss briefly the effect on the speed-torque characteristics of an
induction motor.
The torque developed by a 3-phase motor depends on its speed but the relation between the two cannot be
represented by a simple equation. It is easier to show the relationship in the form of a curve.
In this diagram, T represents the nominal full load

torque of the motor. The starting torque (at N = 0) is 25T
1.5 T and the maximum torque (break down torque) is 1 ocked-Rotor P—
2.5T. 3 &~ Torque . ric"or :";”n
At full-load, the motor runs at a speed of N. When g1-5 { a
mechanical load increases, the motor speed decreases & T > lljr
till the motor torque again becomes qual to the load T Tl(l)r(;ﬂg , : 5(;1;}1
torque. As long as the two torques are in balance, the ' |
motor will run at constant (but lower) speed. However % i " : ; :
If the load torque exceeds 2.5T, the motor will ' R 40 60 80 100

otational Speed, % T T
suddenly stop.

N Ny

Shape of Torque/speed curve: : :

For a squirrel-cage induction motor (SCIM) shape of its torque/speed curve depends on the voltage and
frequency applied to its stator.
If fis fixed, T o V2.

E E
z z . 440V
Also synchronous > : 110V 60 Hz 660V

speed depends on the supply 2 150 g 15 Hz & 9 Hz
frequency. In practice, supply = . \ = _ R
voltage and frequency are 475 ~" Motor Generator 3 75
varied in the same proportion g5 A : — = ael

Break ' Break -

in order to maintain a constant _ . ! \
flux in the air-gap. For 900 450 n_ 450 900 1350180022502700 900 450 O 450 900 135018002250 ﬂ.:?ﬁﬁ_
example, if voltage is doubled, . —»Speed (rpm.) | peai (r.p.m.)\

. 75| |
then frequency is also doubled. : '
Under these conditions, shape
of the torque/speed curve
remains the same but its (a)
position along the X-axis
(speed axis) shifts with frequency. Since the shape of the torque/speed curve remains the same at all frequencies, it
follows that torque developed by a SCIM is the same whenever slip speed is the same.

150/

11. Prove that to increase the starting torque an extra resistance must be added in the rotor circuit.
In slip ring induction motor, externally resistance can be added in the rotor.
R, =rotor resistance per phase
sE2%R2
R22+ (sX2)2
Externally resistance is added in each phase of rotor through slip rings
R,’ = new rotor resistance per phase

Torque T o
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T - sE2?R,’
orque T o0 —5———
d R, 2+ (sX2)2
The starting torque at s = 1 R, and R,’ are
E22R, q T E22R,’
o an o0 >
T R24 X, TR, 24 X,

. E2? Torque

Maximum torque T,, o X, A |
2 Maximum torque line _ . _
R2 Tob---=mm—- Rl gy A Ty =Ty, With Ry =X,
For R, s;m= E where T,, occurs !
R2' o TS=a Ty withR', >R,
For R,’, Sm’ = E where same T, occurs. . .l _i T, With Ry > R,
T~~~ Ty with original Ry

As Ry’ > Ry, the slip sp,” > sp. the starting torque Ty’ /:

for Ry’ is more than Ty for R,. Thus by controlling the :
. . ] .
rotor resistance the starting torque can be controlled. If . : . ——Slip
s=0 Sm 8y, 8", s=1

resistance is further added to rotor, maximum torque is
constant but slip at which it occurs increases and so starting torque increases.

12. Discuss the different power stages of a 3 phase induction motor with losses with the help of a power flow
diagram.

Induction motor converts an electrical power supplied to it into mechanical power. The various stages in this
conversion is called power flow in an induction motor.

The three phase supply given to the stator is the net electrical input to the motor.

The net input electrical power supplied to the motor is,

P, = 3 VoI cos o

This is the stator input.

The part of this power is utilized to supply the losses in the stator which are stator core as well as copper losses.

The remaining power is delivered to the rotor Net electrical input  Pin
magnetically through the air gap with the help of -
rotating magnetic field. This is called rotor input
denoted as P».

P, = P;, — Stator losses (core + copper)

The rotor is not able to convert its entire input

. . Stator output

to the mechanical as it has to supply rotor losses. = Input to rotor P,
The rotor losses are dominantly copper losses as

rotor iron losses are very small and hence generally . (Rl(())t:srei;on
neglected. So rotor losses are rotor copper losses are neglected)
denoted as Gross mechanical
P.=31, 2 R, power developed "~ m
C I

Where I, = Rotor current per phase in running
condition

R, = Rotor resistance per phase
After supplying these losses, the remaining part of .
P, is converted into mechanical which is called Useful power or P
gross mechanical power developed by the motor Shatft power
denoted as P,,.

Pn=P,-P,

Part of P, is utilized to provide mechanical friction and windage. Finally the power is available to the load at the shaft.
This is called net output of the motor denoted as P, This is also called shaft power.

10
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rotor output  gross mechanical power developed Pp,

Rotor efficiency = - -
rotor input rotor input P,

Net output at shaft _ Pout

Net motor efficiency = —
net electrical input to motor  Pj,

13. Derive the relation between input, rotor copper losses and mechanical power developed in terms of a
slip of a three phase induction motor.
Let T = gross torque developed by motor in N-m
PowerP=Tx ©

2mN
Where o = angular speed = o0’ N =speed in r.p.m

Input to the rotor P, is from stator side through rotating magnetic field which is at synchronous speed N.

21tNs
P, =T x o, where o, = rad /sec (D)
2TtNs L.
P,=Tx where N is in r.p.m
Rotor output is gross mechanical power developed P,.. rotor gives the output at speed n.
21N
P,=Tx®» wherew= —
60
Py=Tx 2
m = X 60 ( )
Rot loss Pe= Py~ Py =T x o _Tx 2N 728 (N-N) (3
otor copper loss P, =P, — P, =T x 0 1 0 QL Ns—=N)  (3)

Dividing equation (3) by (1),
P Txzg(s-N) Ns-N

= = =s
PZ TXZT[NS NS
60

Rotor copper loss P, = s x rotor input P;,
Thus total rotor copper loss is slip times the rotor input.

P2 - Pc = Pm
P2 — SPZ = Pm
(1-s) P, =P,

Thus gross mechanical power developed is (1 — s) times the rotor input.

The relationship can be expressed in the ratio form as,
Py Pe: Pyyi: 1281 (1-8)

14. Develop an equivalent circuit of a 3 phase induction motor. What do the various parameters represent?
Represent the approximate equivalent circuit and state its significance.

The energy transfer from stator to rotor of the induction motor takes place entirely with the help of a flux mutually
linking the two. Thus stator acts as a primary while the rotor acts as a rotating secondary when induction motor is
treated as transformer.

If Stator
E, = Induced voltage in stator per phase
E, = Rotor induced e.m.f. per phase on standstill

Air gap

rotor turns E; f

~ stator turns E;

E,; = Rotor induced e.m.f. in running condition per

phase Rotor
R, = Rotor resistance per phase

Rotating secondary

11
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Xar = Rotor reactance per phase in running condition
R, = Stator resistance per phase
X = Stator reactance per phase
When induction motor is on no load, it draws a current from the supply to produce the flux in air gap and to supply
iron losses.
This current I has two components.
1. I. = Active component which supplies no load losses
2. I,,- Magnetising component which sets up flux in core and air gap
These two currents give us the elements of an exciting branch as,

\%
Ry = Representing no load losses = -
C

\%
Xo = representing flux set up = 1—1
m
The equivalent circuit of induction motor is given by,

Stat
or Air gap Rotor All values per phase

—
3]
S

I

Rotor current per phase in running condition.
E2r sE2

A
Z2r  /R22+(sX2)?

E2

| &2+ (x2)2

So it can be assumed that equivalent rotor circuit in the running condition has fixed reactance X,, fixed voltage E, but
a variable resistance Ry/s.

R R
—2 =R, +—=2+R,
S S

Ry 1
?—Rz‘i‘Rz(s—-1)=R2+R2(1-S)/S

So the variable rotor resistance R,/s has two parts,
1. Rotor resistance R, itself which represents copper loss.

2. R, (1 — s)/s which represents load resistance Ry.. So it is electrical equivalent of mechanical load on the motor.
The rotor equivalent circuit is

(a)

Equivalent circuit referred to stator:

12
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1
_E;

K

transformation ratio

Ey

KsE2
Rotor current referred to stator I,,” =K I, = ——=
JR22+(sX2)2

X
Rotor reactance referred to stator X,” = —i

R
Rotor resistance referred to stator R,” =

27|
r'l\)l\)

R,. = equivalent resistance referred to stator = R; + R;’
Xie = Equivalent reactance referred to stator = X; + X;’

K2 and Xle = X] + F

Ri.=R; +

13
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15. Derive the power equations from the equivalent circuit.

P;,= input power =3 V; I, cos ¢
Where V, = stator voltage per phase
I, = current drawn by stator per phase
cos @ = power factor of stator
stator core loss = I,,> Ry
stator copper loss =3 I,* R,
where R, = stator resistance per phase

317, %Rs
P, = rotor input = —x 2

P. = rotor copper loss = 3 I'Zrz R,

Thus P,=s P,
. . _BI’ZrZR’Z I 21 _oyp 2pr
Gross mechanical power developed P,, =P, — P, = — - 31,," R, =3T1,."R'5 (1-s) /s
P 31,2 R, (1-
Torque developed T = Zm =2 2121151 2L
60

Where N = speed of motor
N=N; (1-s)

3]! r‘2 RI 31/ rz RI

Therefore T= ZZTSZ/S =90.55x ZN—Z/S N-m
60 S
V1 1-s

I, = where Ry’ =R, —
2" (Rye + RIL)+j X1e P s
Vy

V(Rie + R'L)2+(Xqe)?
Maximum Power OQutput
In this circuit, the exciting current I, is neglected. Therefore

!
IZr

L= I,2r
Vi
Therefore I, = — >
V(Rie +R7L)Z+(X1e)
Power supplied to the load
Poe = 3L7RJ
V,?
= R’
P Ree t R+ (X0
To obtain maximum output power, = =
dR’L
2 ’
d 3 Vl (RL)

R, |[R e +RD)2 +(X1)21]

(Ree + R + ()" 1B VE] =3 VIRL) [2 (Rpe + RL)]) = 0
(Rpe + R + (X0 = 2 (RL) Ry + RY) =0 ... Taking 3 V common

’ ’ ’ ’ 2_
R2 + (R)* + 2Ry Ry + X2, -2 Ry RE —2(Ry)" =0

14
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2 2 _ 7 \2
RZe + Xle = (RL)
But Zie = 4 Rfe +X12e = leakage impedance referred to sfator
.2
zi, = (Ry)

Therefore Ry’ =74

Hence the power output is maximum when the equivalent load resistance is equal to the standstill leakage
impedance of the motor.
Corresponding Slip

, ,1-s
Ry =7Zi.=R, T

By solving we get

R/

Slip at maximum output, s = —
Riy+Z1e
C di i tput (P 3 Vi z
orresponding maximum gross power outpu =
P s SIOSEP Ut (Pouy mex (Rye +Z1e)?+(X1e)?  °

By solving

3V,2

(Pout) max — watts

2(Rie +Z1e)

16. Explain briefly about crawling and cogging.
CRAWLING

Squirrel cage induction motors exhibit a tendency to run at very slow speeds (as low as one-seventh of their
synchronous speed). This phenomenon is called as crawling of an induction motor.

This action is due to the fact that, flux wave produced by a stator winding is not purely sine wave. Instead, it is a
complex wave consisting a fundamental wave and odd harmonics
like 3rd, 5th, 7th etc. The fundamental wave revolves synchronously
at synchronous speed N whereas 3rd, 5th, 7th harmonics may rotate
in forward or backward direction at Ny/3, N5, N7 speeds
respectively.

Hence, harmonic torques are also developed in addition with
fundamental torque. 3rd harmonics are absent in a balanced 3-phase
system. Hence 3rd harmonics do not produce rotating field and
torque.

The total motor torque now consist three components as:

Torque —»

(1) the fundamental torque with synchronous speed N, 1

(ii) 5th harmonic torque with synchronous speed Ns/5,

(ii1) 7th harmonic torque with synchronous speed Ns/7 (provided

that higher harmonics are neglected). 10 Y,87 06 04 02 0
Now, 5th harmonic currents will have phase difference of or 0_[1 0_14 .1]6 ols 1l,g

5x 120 = 600° =2 x 360 - 120 = -120°. Hence the revolving speed Syncronous speed N —3

set up will be in reverse direction with speed Ns/5. The small amount of 5th harmonic torque produces braking action
and can be neglected.

The 7th harmonic currents will have phase difference of 7 x 120 = 840° = 2 x 360 +120 =+ 120°. Hence they will
set up rotating field in forward direction with synchronous speed equal to Ns/7. If we neglect all the higher harmonics,
the resultant torque will be equal to sum of fundamental torque and 7th harmonic torque. 7th harmonic torque reaches
its maximum positive value just before1/7 th of Ns. If the mechanical load on the shaft involves constant load torque,

15
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the torque developed by the motor may fall below this load torque. In this case, motor will not accelerate upto its
normal speed, but it will run at a speed which is nearly 1/7th of its normal speed. This phenomenon is called
as crawling in induction motors.

COGGING

This characteristic of induction motor comes into picture when motor refuses to start at all. Sometimes it happens
because of low supply voltage. But the main reason for starting problem in the motor is because of cogging in which
the slots of the stator get locked up with the rotor slots.

When the slots of the rotor are equal in number with slots in the stator, they align themselves in such way that both
face to each other and at this stage the reluctance of the magnetic path is minimum and motor refuse to start.
This characteristic of the induction motor is called cogging.

Apart from this, there is one more reason for cogging. If the harmonic frequencies coincide with the slot frequency
due to the harmonics present in the supply voltage then it causes torque modulation. As a result, of it cogging occurs.
This characteristic is also known as magnetic teeth locking of the induction motor.

Methods to overcome cogging

e The number of slots in rotor should not be equal to the number of slots in the stator.
¢ Skewing of the rotor slots, that means the stack of the rotor is arranged in such a way that it angled with the axis of
the rotation.

17. Explain with necessary diagrams the principle of operation and characteristics of the double cage
induction motor.

Squirrel cage motors are the most commonly used induction motors, but the main drawback in them is their
poor starting torque due to low rotor resistance. (Starting torque is directly proportional to the rotor resistance). But
increasing the rotor resistance for improving starting torque is not advisory as it will reduce the efficiency of the
motor (due to more copper loss). External resistance for starting of purposes cannot be added; as the rotor bars are
permanently short circuited. These drawbacks are removed by a double squirrel cage motor, which has high
starting torque without sacrificing efficiency.

Construction Of Double Squirrel Cage Rotor

Rotor of a double squirrel cage motor has two independent cages on the same rotor. Bars of high resistance
and low reactance are placed in the outer cage, and bars of low resistance and high reactance are placed in the
inner cage. The outer cage has high 'reactance to resistance ratio' whereas, the inner cage has low 'reactance to
resistance ratio.

Outer cage

/ High R

Low X

,'.\

“ " -High resistence bar _,
‘\‘ -

- Low resistence bar /_

Top bar —~ ; /
it
Bottom bar—"11i

)
vy ajt Inner cagi/q
,,,,, d Low R

High X

Working Of Double Squirrel Cage Motor

At starting of the motor, frequency of induced emf is high because of large slip (slip = frequency of rotor emf /
supply frequency). Hence the reactance of inner cage (2nfLL.  where, f = frequency of rotor emf) will be very high,
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increasing its total impedance. Hence at starting most of the g
current flows through outer cage despite its large resistance (as
total impedance is lower than the inner cage). This will not
affect the outer cage because of its low reactance. And because
of the large resistance of outer cage starting torque will be
large.

As speed of the motor increases, slip decreases, and hence
the rotor frequency decreases. In this case, the reactance of
inner cage will be low, and most of the current will flow
through the inner cage which is having low resistance. Hence
giving a good efficiency.

When the double cage motor is running at normal speed,
frequency of the rotor emf is so low that the reactance of both 0
cages is negligible. The two cages being connected in parallel, 10 & Slip 0.0
the combined resistance is lower.

The torque speed characteristics of double squirrel cage motor for both the cages are shown in the figure.

% Torque ——

Comparison between single cage and double cage motors:

1.

2.

Equivalent Circuit
The two cages are assumed to be parallel. -

upper and lower cages respectively referred
to the stator.

upper and lower cages respectively referred
to the stator.

reactances of upper and lower cages
respectively referred to the stator.

the stator which pulls the rotor to run behind it (the
machine is acting as a motor).

means of a prime mover, the slip will be zero and hence Prime
the net torque will be zero. The rotor current will become Mover
zero when the rotor is running at synchronous speed.
If the rotor is made to rotate at a speed more than the engine)
synchronous speed, the slip becomes negative. A rotor

A double cage rotor has low starting current and high starting torque. Therefore, it is more suitable for direct on
line starting.

Since effective rotor resistance of double cage motor is higher, there is larger rotor heating at the time of starting as
compared to that of single cage rotor.

The high resistance of the outer cage increases the resistance of double cage motor. So full load copper losses are
increased & efficiency is decreased.

The pull out torque of double cage motor is smaller than single cage motor.

The cost of double cage motor is about 20-30 % more than that of single cage motor of same rating.

I’5. and I’,, are the currents in the

R’,, and R’y are the resistances of Vi Ry

X’ and X’; are the leakage

Iy

18. Write a brief note on induction generator.
If an AC supply is connected to the stator terminals of an induction machine a rotating magnetic field produced in

P (active power)

If the rotor is accelerated to the synchronous speed by

(e.g. petrol

Q (reactive power)

current is generated in the opposite direction, due to the Induction AC Supply
rotor conductors cutting stator magnetic field. Machine line

17
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This generated rotor current produces a rotating magnetic field in the rotor which pushes (forces in opposite
way) onto the stator field. This causes a stator voltage which pushes current flowing out of the stator winding against
the applied voltage. Thus, the machine is now working as an induction generator (asynchronous generator).

Induction generator is not a self-excited machine. Therefore, when running as a generator, the machine takes
reactive power from the AC power line and supplies active power back into the line. Reactive power is needed for
producing rotating magnetic field. The active power supplied back in the line is proportional to slip above the
synchronous speed.

Self-Excited Induction Generator

An induction machine needs reactive power for excitation, regardless whether it is operating as a generator or a
motor. When an induction generator is connected to
a grid, it takes reactive power from the grid.

A capacitor bank can be connected across —
the stator terminals to supply reactive power to the [ e l /_\\
f

machine as well as to the load. When the rotor is o @ —— Load

P {acnve powed)

rotated at an enough speed, a small voltage is

generated across the stator terminals due to residual \/1\{ Q
magnetism. Due to this small generated voltage, ey N X
capacitor current is produced which provides further — I—\‘

reactive power for magnetization.
Applications of induction generators: Induction
generators produce useful power even at varying rotor speeds. Hence, they are suitable in wind turbines.

Advantages: Induction or asynchronous generators are more rugged and require no commutator and brush
arrangement (as it is needed in case of synchronous generators).

Disadvantage of induction generators is that they take quite large amount of reactive power.

The torque slip characteristic for motoring and generating action is shown in figure.

To
i
Torgque
Slip —=
™ T Spoad —p
: ¢ '8 [Starting Torgue) .
N 0 Ny 7n,
[5=1) g=1 5=l sf]
- Braaking A Matoring s Ganarating K
Region Rageie Regian

19. Write a brief note on synchronous induction motor.

In the applications where high starting torque and constant speed are desired then synchronous induction motors
can be used. It has the advantages of both synchronous and induction motors. The synchronous motor gives constant
speed whereas induction motors can be started against full load torque.

Consider a normal slip ring induction motor having 3 phase winding on the rotor as shown in fig. The motor is
connected to the exciter which gives d.c. supply to the motor through slip rings. One phase carries full d.c. current
while the other two carries half of the full d.c. current as they are in parallel. Due to this d.c. excitation, permanent
poles (N and S) are formed on the rotor.

18
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Initially it is run as a slip ring induction motor with the
help of starting resistances. When the resistance is cut out
the motor runs with a slip. Now the connections are
changed and the exciter is connected in series with the
rotor windings which will remain in the circuit
permanently.

As the motor is running as induction motor initially
high starting torque (upto twice full load value) can be
developed. When d.c. excitation is provided it is pulled
into synchronism and starts running at constant speed. The
synchronous induction motor provides constant speed, e
large starting torque, low starting current and power factor
correction.

'§

Performance Characteristics of Synchronous Induction Motors

In the performance characteristics of synchronous induction motor, three different types of torques are to be
considered. These are

o the starting torque which indicates capacity of motor to start against load,

e pull in torque which indicates the ability of the motor to maintain operation during change over from induction

motor to synchronous motor,

e pull out torque which represents the running of motor synchronously at peak load.
The first two torques are closely related with each other and are the characteristics of the machine running as induction
motor. The pull out torque is characteristics when it is running synchronously. The characteristics curves for
synchronous induction motor operating at full load unity p.f. and at 0.8 p.f. leading is shown in the Fig.

1

|+ 1] R

H Power
| ! factor 80

i
a ISlaw -!
2 ! malor a.
- i
5 .
# I Reactive = i

I KVA £ '

- i

100 - 100
% roe % outpUl —a
Unity p.f. 0.8 p.f. Leading

When the load exceeds the synchronous pull out torque, the machine looses synchronism and runs as an induction
motor with fluctuation in torque and slip due to d.c. excitation. With reduction in load torque the motor is
automatically resynchronized.

Advantages of Synchronism Induction Motor

1) The synchronous induction motor can start and synchronize against more than full load torque which
is not possible with salient pole synchronous motor which must be started against light load.

i1) The exciter required for synchronous induction motor is of smaller capacity as the gap is not long as
compared to normal salient pole motor.

i) The rotor winding in synchronous induction motor can function as providing excitation and required
damping. So no separate damper winding is required.

v) No separate starting and control equipments are required.

Disadvantages of Synchronous Induction Motor
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1) As the gap is small as compared to normal salient pole synchronous motor it will not give large
overload capacity.

i) The variation of power factor is large as compared to normal synchronous motor.

iii) The speed variation is not possible for synchronous induction motor as it runs at constant motor.

Applications of Synchronous Induction Motor
e The applications where mechanical load is to be driven along with phase advancing properties of synchronous
motors are to be used then use of synchronous induction motor is better option.
e applications where in load torque is remaining nearly constant, this motor can be used

20. Which tests are required to be performed to obtain the data for the circle diagram? How these tests are
performed?
The data required to draw the circle diagram is obtained by conducting (i) no load or open circuit test and (ii)
blocked rotor test or short circuit test.
No Load Test
In this test, the motor is made to run without any load i.e. no load condition. The speed of the motor is very
close to the synchronous speed but less than the synchronous speed. The rated voltage is applied to the stator. The
input line current and total in put power is measured. The two wattmeter method is used to measure the total input
power. The circuit diagram for the test is shown in the Fig. 1.

W,

Wy

[ ====5

- -

No load
on motor

Fig. 1 No load test

The calculations are,
Wo=1\3V, I, cosd,
Wo
No load power factor, cos @, =—F7=
P ° \/EVO Io

The parameters of the equivalent circuit can be obtained as,
I.=1, cos®, = Active component of no load current
I, = I, sin®, = Magnetising component of no load current
R,= V, (per phase) / I. (per phase) = No load branch resistance
Xo=V, (per phase)/ I, (per phase) = No load branch resistance
The power input W, consists of following losses,
1. Stator copper loss i.e. 3 I,” R, where I, is no load per phase current and R, is stator resistance per phase.
2. Stator core loss i.e. iron loss.
3. Friction and windage loss.
Under no load condition, I, is also very small and in many practical cases it is also neglected. Thus W, consists of
stator iron loss and friction and windage loss which are consists for all load conditions. Hence W, is said to give fixed
losses of the motor.
W, = No load power input = Fixed loss
Blocked Rotor Test
In this test, the rotor is locked and it is not allowed to rotate. Thus the slip s = 1 and R.' = R,' (1-s)/s is zero. If
the motor is slip ring induction motor then the windings are short circuited at the slip rings.
A reduced voltage (about 10 to 15 % of rated voltage) is applied such that stator carries rated current. Now the
applied voltage Vi, the input power Wy and a short circuit current I, are measured.
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As Ry' = 0, the equivalent circuit is exactly similar to that of a transformer and hence the calculations are similar
to that of short circuit test on a transformer.
V.= Short circuit reduced voltage (line value)
I = Short circuit current (line value)
W, = Short circuit input power
Now W= \/SVSC I(ccos®d, Line values

Wsc
Short circuit power factor of a motor cos @g.= \/_—
3Vsc Isc

Wi =3 ()’ Ry
where I,. = Per phase value
Wsc

Equivalent resistance referred to stator R, = P—
3(Isc)

Equivalent impedance referred to stator, Z,.= V. (per phase)/ I (per phase)

Equivalent reactance referred to stator, Xje = |Z1e> — Rye?

During this test, the stator carries rated current hence the stator copper loss is also dominant. Similarly the rotor
also carries short circuit current to produce dominant rotor copper loss. As the voltage is reduced, the iron loss which is
proportional to voltage is negligibly small. The motor is at standstill hence mechanical loss i.e. friction and windage
loss is absent. Hence we can write,

W, = Stator copper loss + Rotor copper loss
But it is necessary to obtain short circuit current when normal voltage is applied to the motor. This is practically
not possible. But the reduced voltage test results can be used to find current Iy which is short circuit current if normal
voltage is applied.
If VL= Normal rated voltage (line value)
V.= Reduced short circuit voltage (line voltage)

Then ISn = (VL / VSC) X Isc

where I = Short circuit current at reduced voltage
Thus, Isy = Short circuit current at normal voltage
Now power input is proportional to square of the current.
So Wgn = Short circuit input power at normal voltage
This can be obtained as,
WSN = (ISN / Isc)2 X Wsc
But at normal voltage core loss can not be negligible hence,
Wsn = Core loss + Stator and rotor copper loss

21. Explain the procedure of drawing circle diagram of an induction motor. What information can be
drawn from the circle diagram and how?
By using the data obtained from the no load test and the blocked rotor test, the circle diagram can be drawn
using the following steps:
Step 1: Take reference phasor V as vertical (Y-axis).
Step 2: Select suitable current scale such that diameter of circle is about 20 to 30 cm.
Step3: From no load test, I, and @, are obtained. Draw vector I, lagging V by angle ®,. This is the line OO' as
shown in the Fig.
Step 4: Draw horizontal line through extremity of I, i.e. O', parallel to horizontal axis.
Step 5: Draw the current Isy calculated from I, with the same scale, lagging V by angle @, from the origin O.
This is phasor OA as shown in the Fig.
Step 6: Join O'A. the line O’A is called output line.
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Step 7: Draw a perpendicular bisector of O'A. Extend it to meet line O'B at point C. This is the centre of the
circle.
Step 8: Draw the circle, with C as a center and radius equal to O'C. This meets the horizontal line drawn from
O' at B as shown in the Fig.
Step 9: Draw the perpendicular from point A on the horizontal axis, to meet O'B line at F and meet horizontal axis
at D.
Step 10: Torque line.

The torque line separates stator and rotor copper losses.

Thus the vertical distance AD represents power input at short circuit i.e. Wgy, which consists of core loss and
stator, rotor copper losses.

Now FD = O'G = Fixed loss

Where O'G is drawn perpendicular from O' on horizontal axis. This represents power input on no load i.e.
fixed loss.

Hence AF o Sum of stator and rotor copper losses

Then point E can be located as,
AE  Rotor copper loss

EF Stator copper loss
The line O'E under this condition is called torque line.

]

MM = Maximum output
LL* = Masdmum input
JK = Maximiuom lorgus

- - - g

-

P11 T—

la IS.N.

Power scale: As AD represents Wgy i.e. power input on short circuit at normal voltage, the power scale can be
obtained as,

Power scale = —=- W/cm
1(AD)
where I[(AD) = Distance AD in cm
Location of Point E: In a slip ring induction motor, the stator resistance per phase R, and rotor resistance per
phase R, can be easily measured. Similarly by introducing ammeters in stator and rotor circuit, the currents [; and
I, also can be measured.
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K =1,/I, = Transformation ratio

AE Rotorcopperloss 1,°R, R, I R, 1
Now — — pp 22 AR =8 —

EF Stator copperloss I1;°R; R; ' R; K2
But R,'= RZ/K2 = Rotor resistance referred to stator
AE/EF = R,'/R,

Thus point E can be obtained by dividing line AF in the ratio R,' to R;.

In a squirrel cage motor, the stator resistance can be measured by conducting resistance test.
Stator copper loss = 3Isn’ R where Igy is phase value.
Neglecting core loss, Wgy= Stator Cu loss + Rotor Cu loss
Rotor copper loss = Wy - 3Isy” Ry
AE/EF = (Wgx - 3Isv* Ry) / BIsy* Ry)

Dividing line AF in this ratio, the point E can be obtained and hence O'E represents torque line.
Predicting Performance Form Circle Diagram

Let motor is running by taking a current OP as shown in the Fig. The various performance parameters can be
obtained from the circle diagram at that load condition.

Draw perpendicular from point P to meet output line at Q, torque line at R, the base line at S and horizontal
axis at T.
Using the power scale and various distances, the values of the performance parameters can be obtained as,

Total motor input = PT x Power scale

Fixed loss = ST x power scale

Stator copper loss = SR x power scale

Rotor copper loss = QR x power scale

Total loss = QT x power scale

Rotor output = PQ x power scale

Rotor input = PQ + QR = PR x power scale

Slip s = Rotor Cu loss = QR/PR

Power factor cos = PT/OP

Motor efficiency = Output / Input = PQ/PT

Rotor efficiency = Rotor output / Rotor input = PQ/PR

Rotor output / Rotor input = 1 - s = N/N; = PQ/PR

The torque is the rotor input in synchronous watts.

Maximum Quantities
The maximum values of various parameters can also be obtained by using circle diagram.
1. Maximum Qutput: Draw a line parallel to O'A and is also tangent to the circle at point M. The point M can
also be obtained by extending the perpendicular drawn from C on O'A to meet the circle at M. Then the maximum
output is given by I(MN) at the power scale. This is shown in the Fig.
2. Maximum Input: It occurs at the highest point on the circle i.e. at point L. At this point, tangent to the circle is
horizontal. The maximum input given I(LL') at the power scale.
3. Maximum Torque: Draw a line parallel to the torque line and is also tangent to the circle at point J. The point J
can also be obtained by drawing perpendicular from C on torque line and extending it to meet circle at point J.
The 1(JK) represents maximum torque in synchronous watts at the power scale. This torque is also called stalling
torque or pull out torque.
4. Maximum Power Factor: Draw a line tangent to the circle from the origin O, meeting circle at point H. Draw a
perpendicular from H on horizontal axis till it meets it at point I. Then angle OHI gives angle corresponding to
maximum power factor angle.
Maximum p.f. = cos {L {OHI} = HI/OH
5. Starting Torque: The torque is proportional to the rotor input. At s = 1, rotor input is equal to rotor copper loss
i.e. | (AE).
: Tsare = I(AE) x Power scale ~ .....oooeeeee. in synchronous watts
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Full load Condition

The full load motor output is given on the name plates in watts or h.p. Calculate the distance corresponding to

the full load output using the power scale.

Paraliel to

Then extend AD upwards from A onwards, equal to Voltage output line

the distance corresponding to full load output, say A'.
Draw parallel to the output line O'A from A'to meet the
circle at point P'. This is the point corresponding to the
full load condition, as shown in the Fig.

Once point P'is known, the other performance
parameters can be obtained easily as discussed above.

] o Full load output
LA

to power scale

0¥

]
]
]
L)
I
I
1
1
1
I
i
T
»
D

22. Obtain equivalent circuit parameters from the no load and blocked rotor test on induction motor.

NO LOAD TEST

1. No load power factor, cos (g =W,/ Vg 1o
V, — No load voltage per phase in volts

Iy — No load current per phase in amps

W, — No load power per phase in watts

2. Active Component, I, = Iopn) cos (g

3. Magnetising Component, I, = Iy sin (g

4. No load resistance (Rg) =V, /1. Q
5. No load reactance (Xy) = Vo /1, Q

BLOCKED ROTOR TEST

1. Equivalent impedance referred to stator, Zicphy = Vsc phy / Iscen

2. Equivalent resistance referred to stator, Ric pny = Wsc @n) / [3 Izsc(ph)] Q

3. Equivalent reactance referred to stator, Xeepn = N [(Zi (ph))z —(Rye (ph))z] Q

4. Rotor resistance referred to stator (R’; pn) = Rie pn — R Q

5. Rotor reactance referred to stator (X; pn) = Xiepn /2 =X Q
Where R; - stator resistance per phase

X — stator reactance per phase

Rl > R(ac) =1.6 R(dc)

6. Equivalent load resistance, R’y =R’, (1/s—1) Q

Where slip, s = (N; — N) / N

N; — Synchronous speed in rpm

N — Speed of motor in rpm
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