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1 INTRODUCTION

The first poly-phase induction motor was invented by Nikola Tesla in 1886. After this
invention, the whole scenario of the engineering changed. It is believed that the most widely
used motor is AC motor. More than 90% of the mechanical power used in industry is supplied
by the poly-phase induction motor. The USA having a total 150 million horse power, uses
more than 50 million horse power by induction motors alone. Each year, one million motors
are added there. Moreover, 20 million single-phase fractional horse power motors are used in
domestic application such as fans and washing machines.

The poly-phase induction motor does not require excitation except the AC source. You can
say it is a singly excited machine. It requires reactive power and draws a lagging current. The
power factor of the motor at the rated load is nearly 0.8 which is quite low at light loads. To

mit the reactive power and keep the air gap short, the magnetic reactance of the induction
_.>tor must be high as compared to that of the synchronous motor of the same size and
rating, except in the small motor category. This short air gap is determined by some factors
like noise and magnetic losses.

Such motors are also known as asynchronous machines because they run at other
than the synchronous speed. Like other electrical machines, an asynchronous machine is
also reversible, i.e., it can operate as both a motor and a generator. The operation of the
asynchronous machine is determined by the speed of the rotating field related to the rotor.

Just like other motors, it converts electrical power into mechanical power. In DC motors,
the electrical power is directly conducted to the armature via brush and commutator, hence
they are called conduction motors. In AC motors, the rotating part called the rotor does not get
power directly as in DC motors. It comes through induction as in transformers. Hence, this
motor is known as induction motor. However, the induction motor is a rotating transformer
in which primary winding is stationary and secondary winding is rotating.

1.1 Classification of AC Motors
AC motors can be classified as in the flow chart givenbelow

1.2 Advantages of the Induction Motor

(i) Simple and robust construction.
(i) Cheap and reliable.
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(iii) Efficiency is higher because no brush and slip rings are needed, so friction losses are
reduced.

(iv) No extra prime mover is required means it is self starting.
(v) Maintenance is low.

1.3 Disadvantages of the Induction Motor

(i) Its speed decreases as load is increased.
(i1) Starting torque is less as compared to the DC motors.

‘2 CONSTRUCTION

The construction of the poly phase induction motor
is very simple as shown in Fig. '1. Its main parts
are:
(i) A frame to support the stator and to carry
bearings.
(i) A laminated stator core to carry the poly
phase winding.
(iii)) A laminated rotor core to carry either squirrel
cage or poly phase winding.
(iv) Shaft to maintain air gap.
(v) A cooling arrangement.

Fig. ‘1 Various parts of the 3-phase
induction motor
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2.1 Frame

1t is the outer body of the motor as shown in Fig. 2. Its main function is to support the
stator core and windings, to protect the inner parts and provide the facility for cooling. The
frame may be die-cast or fabricated. Up to 50 kW rating, the frames are die-cast because
this facilitates the use of thicker cross-section -

where more mechanical strength is required. For
large motors like 250 kW and more, the frame
is generally fabricated. The frame is provided
with feet, and it must be enough strong and rigid
because the air gap in the induction motor is
very small. If the frame is not rigid the rotor
will not remain concentric with the stator and
will unbalance the magnetic pull.

Frame

Fig. 2 Frame of poly phase induction motor
‘2.2 Stator

The stator of the induction motor is just similar to that of the synchronous machine. The
main function of the stator core is to carry the alternating flux which produces eddy current
and hysteresis loss inside it. Hence, the core is made of high grade alloy steel lamination to
reduce the eddy current losses. These laminations
are slotted in the inner periphery of the frame
and are insulated from one another by an oxide
coating produced by heat treatment or by varnish
coating. These laminations are held by the flange.
Ventilating ducts are provided along the length
of the core at every 5 or 7 cm by spacers placed
between laminations. The insulated conductors
are placed in the stator slots to form a three-
phase winding. The winding may be either
star- or delta-connected. Such stator is shown Fig. 3 Stator of poly phase induction motor
in Fig. 3.

Stator

Double layer windings are mostly used for the stator winding because they are very
easy to manufacture, assemble and repair. The windings are distributed and are mostly short
pitched. The short pitched and distributed windings are effective to limit the magnitudes of
the harmonics in the air gap flux. Wherever possible, integral short winding is also used.

Now, air gap reluctance is different at different points of the stator while the rotor rotates.
This pulsating reluctance produces pulsating exciting current, irregular torque, noise, etc. So
the general tendency is to use a large number of stator slots to reduce the effect of variable air
gap but if we increase the number of slots, the narrow teeth and manufacturing cost increases.
So, the number of slots on the rotor is made different from that of stator slots and rotor slots
are skewed to make more uniform reluctance.

If we conclude the above things, the windings, air gap and slots must be selected so that
the exciting current and machine reactance gives the desired operation. The air gap length
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should be made as small as possible to reduce magnetizing current required to set up the air
gap flux. If the air gap becomes too small, it increases the noise and tooth face loss and even
poses a starting problem.

2.3 Rotor

The rotor of the induction motor is also built of laminations of the same material as the stator
but the laminations are thicker than in stator because of the lower frequency of the rotor flux.
The laminated cylindrical core is directly mounted on the shaft. These laminations are slotted
on its outer periphery for rotor conductors. There are two main types of the rotor.

2.3.1 Cage rotor

This type of rotor consists of cylindrical laminated core having slots nearly parallel to the
shaft axis or skewed. A copper or aluminium bar conductor which is insulated is placed in
each slot. These bars are short circuited by heavy end rings of the same material. So the
conductors and the end rings make a cage. Hence, this type of the rotor is called squirrel
cage rotor as shown in Fig. 4.

Shorted end

ring s
\A\_y-’: T

Skewed
rotor bar

Fig. 4 Squirrel cage rotor

Skewing of the rotor conductors has the following advantages.
(a) More uniform torque is produced and the noise is reduced.
(b) Locking of the rotor is reduced.

Advantages of cage rotor
(i) Simple in construction.
(i) No chance of burning of rotor winding.
(iii)) Automatically equals the number of poles as the number of stator poles.
(iv) No maintenance, hence long life.
(v) Highly efficient.
(vi) Excellent running performance.
Disadvantages of cage rotor
(i) Produces low starting torque.

(i) No speed control can be obtained from rotor side as rotor conductors are permanently
shorted.
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(iii) Draws high starting current.
(iv) Low power factor operation.

2.3.2 Wound rotor (slip ring rotor)

This type of rotor consists of an armature having slots on its outer periphery. Insulated
conductors are placed in these slots and connected to form a three-phase distributed winding
just similar to that of the stator winding. The rotor windings are connected in a star. The
number of poles on the stator and on the rotor must be the same for producing torque.

The three terminals of star connections are connected to the three insulated slip rings as
shown in Fig. 5. These slip rings are mounted on the rotor shaft having brushes resting on
them. The brus.es are connected to the three variable résistances which are connected in star
form. These resistances have the following purpose.

Fig. 5 Wound rotor (slip ring rotor)

(a) To increase the starting torque of the motor with reduced starting current.
(b) To control the speed of the motor.

Advantages of wound rotor
(i) Gives high starting torque.
(i) External resistance can be inserted in rotor winding.
(iii) Draws low starting current.
(iv) Can be started from rotor side.
(v) Speed control is possible both from the rotor and stator side.
(vi) Better power factor operation compared to the cage motor.

Disadvantages of wound rotor
(i) Construction is not simple.
(i) Rotor winding can be damaged.
(iii) Require more maintenance compared to cage motor.
(iv) More costly.
(v) Less efficient than cage motor.
(vi) Running performance is inferior to cage motor.
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A comparison between cage rotor and wound rotor is tabulated here.

3 PRODUCTION OF ROTATING MAGNETIC FIELD

When a balanced 3-phase current is flowing in the 3-phase winding, a rotating magnetic field
is produced. All 3-phase rotating machines are associated with the rotating magnetic field in
their air gaps.

A stator of a 2-pole, 3-phase machine has three windings displaced from each other by
120° along the air gap periphery. Each phase is distributed or spreads over 60°, i.e., phase
spread, 6 = 60° as in Fig. =~ 6(a). The three-phase winding a, b and c are represented by three
full pitched coils aa’, bb" and cc’.

A
pt
Phas: 2hase
windir finding -
xis of
ase a
Ax
. phe
(a) (b)
Fig. 6

A current in phase winding sets up magnetic flux directed along the magnetic axis of the
coil aa’. Here, it is assumed that positive currents are flowing, indicated by crosses in the
coil sides of @’, b’, ¢ in Fig.  6(b). The current produced by three-phase winding is shown
in Fig. 6(c).

* Now, at the instant 1, current in the phase a is positive and maximum, i.e.,
I

m

Imandib=ic=—7
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~60°~i<60°
1 2 3
Fig. " 6(c)
. . Im . Im .
e At the instant 2, =55 by =7 and i, =-1,
. . m . . Im
e At the instant 3, i,=— > ip=1, and i =- >

The two poles produced by the resultant flux are shown in Fig. 7(a) which is turned
through a further 60°. The space angle traversed by the resultant flux is equal to the time
angle traversed by the currents.

The rotating field speed, for P pole machine is revolution in one cycle.

1
i P2
* Hence, I% revolution in f cycle.

* — revolution in one second. (because f cycles are completed in one second)

pl2
120f
* So, synchronous speed, N, = — pm

This can also be achieved by graphical method or say by space phasor representation as

in Fig. "7(b).

e When currents i, iy, and i, flow in their respective field windings, then three stationary
pulsation mmf F,, F}, and F, produced which gives resultant mmf F which is rotating at
synchronous speed.

e At the instant 1,

i, = I, — Space phasor F, = maximum mmf F,,

1
ib=ic=—5m—>themmfphasoer=Fc=7m
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Axis of
Axis of Axis of resultant flux
r
Instant 1 Instant 2 Instant 3
Fig. 7(a)

=
C

N
2
1

o
L

Fr=(3/2)F,, Fr=(3/2)F,,

Fig. 7 (b) Graphical representation

The resultant of F,, F;, and F, is F and is magnitude is given by

2F,, . 3
FR=Fm+Tcos6O =§Fm
The vertical component of F, and F. cancels each other.

e At the instant 2
1

7’" and i, =-1I,

ia=ib=

m

The mmf phasor F, = F, = >

and space phasor F, = max. mmf F,,

The resultant mmf Fy = % F,, (it rotates by a space angle of 60° clockwise)

e At the instant 3, I

ia=ic=—7'" and iy=1,
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The resultant mmf Fj = % F,, (it rotate further by a space angle of 60° clockwise from its
position at instant 2).
So, from the above discussion, we can conclude the following points:

4 OPERATING PRINCIPLE OF 3-PHASE INDUCTION MOTORS

As said earlier, the general principle of the induction motor is to convert electrical energy into
mechanical energy. When we apply 3-phase AC supply to the stator of the induction motor,
the rotating magnetic field of constant magnitude is produced in the air gap which rotates at
the synchronous speed. Its rotating direction depends upon the phase sequence of the applied
three-phase voltage. This rotating flux is cut by the rotor conductors which are stationary.
Let for simplicity, one conductor be on the rotor as shown in Fig. ~8(a). The rotation of
the rotating field is clockwise. According to Faraday’s law of electromagnetic induction, a
voltage is induced in the rotor conductor. Since the rotor circuit is closed, the current will
flow in the rotor conductor. Now, when the rotating field is rotating in the clockwise direction
and the conductor is stationary, we can say that the conductor is moving in the anticlockwise
direction with respect to the rotation field. By right hand rule we can find the direction of
the current to be outward as shown by the dot as in Fig.  8(b).

St~tor
e Motion of the conductor
relative to the rotating fielt
Rotation of
\ field FIuX unedlion

(@ (b)

Fig. 8 Section of alternator

Now the rotor conductor current produces its own magnetic field as in Fig. 8(c). We
already know that if a conductor which draws a current, is placed in a magneuc field, a
force is experienced by it. So, the rotor conductor experiences a force whose direction can
be found by the left hand rule as in Fig. .8(d). It is seen that the force of the conductor is
in the same direction as that of the rotating field. The conductor being in the rotor slots on
the outer periphery of the rotor, this force acts in a tangential direction and the rotor starts
to rotate in the direction of the rotating magnetic field.


Ahmed
Pencil

Ahmed
Pencil

Ahmed
Pencil

Ahmed
Pencil

Ahmed
Pencil

Ahmed
Pencil


Prepared by: Dr. Ahmed Saleh
The University of Tobruk
www.ahmed.ucoz.org Three Phase Induction Machines

(© (d)

Fig. - 8

The other way of understanding the production of torque in the induction motor is by the
torque equation,

P .
Tig=- 5 K Mgraror Mrotor Sin 8

Here, T;,4is the induced torque, P is the number of the pole of the machine, K is constant,
Mgrator = stator mmf, Myqrog = rotor mmf and § = angle between the two fields. The minus
sign indicates that the fields tend to align themselves by decreasing the angle 3.

From the above equation it is clear that a constant torque which varies neither with time
nor with rotor position can be obtained when two mmfs having constant amplitude and
constant angular displacement from each other are possible. It is very easy to get the two
mmfs of constant amplitude but very difficult to get constant angle between stator and rotor
mmf axis, especially when one winding is stationary and the other is rotating. This can be
achieved in three ways (i) both stator and rotor axes are made to fix in the space even when
the rotor is rotating, (ii) if the rotor mmf axis is fixed relative to the rotor, the stator mmf
axis must rotate at the rotor speed relative to the stationary stator winding, and (iii) the two
mmf axes rotate such that they remain stationary with respect to each other.

In the induction motor, the stator mmf rotating at the synchronous speed N, produces
poly-phase current in the rotor winding. Since the rotor is stationary, the frequency of the
rotor current is the same as that of the stator supply. Therefore, the rotor mmf also rotates at
the synchronous speed N, in the direction of the stator mmf.

So, interaction of the two relatively stationary fields produces torque as per the above
equation. Due to this torque, rotor begins to rotate at the speed N in the direction of the
rotating magnetic field to reduce the relative motion as per Lenz’s law.

It is obvious that when N = N, no voltage, and hence no current, is produced in the rotor
circuit, and hence no torque is produced.
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5 SLIP

From above discussion, it is clear that the induction motor can never run at the synchronous
speed. It runs at slightly less than the synchronous speed. Therefore, the induction motor is
called asynchronous motor. The difference between the synchronous speed N, and the actual
rotor speed N is called the slip.

Synchronous speed — Actual speed of the rotor
Synchronous speed

Hence, Slip s =

(51

. N,-N
Hence, % slip s = N x 100

S

Sometimes, N, — N is called the slip speed. So, the actual speed of the rotor or motor is
N=NJ1-5).

In small motors, the value of slip at full load changes from 5% while in large motors, its
value is 2%.

.6 FREQUENCY OF THE ROTOR CURRENT

When the rotor is stationary, the frequency of the rotor current is same as that of a supply
frequency. But when rotor starts to rotate, the frequency of the rotor depends upon the slip
speed. So if the frequency of the rotor at any slip speed is f,, then

120 £, 120 f
N,—N= 5 And also, N, = 5
e g . r Ns -N
Dividing one equation by the other we get, ? =—5 =5
s
[Rotor frequency, f, = sf ( 6.1

When the rotor is stationary, N=0,so Slips=1and f,=f

If the motor is driven by a prime mover up to the synchronous speed, N, then s = 0 and
f, = 0. Therefore, the frequency of the rotor varies from s =0 to s = 1.
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120
Solution: N, = f= 12030 _ 1500 rpm
P 4
. _N;-N 1500 - 1460
1 = = = V. 2 = 2
Stip = =& 500 - 002=2%
Solution: Rotor frequency, f,=sf
slip s =’; - % 0.04 = 4%
120
Now, N, = 2 f= 120: 0 _ 1500 rpm

Speed of the motor N = (1 — s) N, = (1 — 0.04) x 1500 = 1440 rpm

Solution:
120 _ 120 x 60

P 8
(ii) No load speed, Ny = (1 — sy) N, = (1 — 0.01) x 900 = 891 rpm

(iii) Full load speed, Ng; = (1 — s5;) N, = (1 —0.03) x 900 = 873 rpm

(i) Synchronous speed N, = =900 rpm

(iv) Frequency of the rotor current at standstill,
fr,=sf=1x60=060
(v) Frequency of the rotor current at full load,
fr=5p.f=0.03x60=18HZ

. 120 120 x 50
Solution: N, = = 3

(i) Motor speed, N = (1 —s) N, = (1 — 0.03) x 1000 = 970 rpm
@) f,=sf=50x%x0.03=1.5Hz

= 1000 rpm
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7 ROTOR EMF AND ROTOR CURRENT

When the rotor is stationary, an induction motor is just like a transformer with secondary
short circuited. Hence, induced emf per phase in the rotor E, at the starting is given by,

N,
E,=E, x Fl,
where E, = induced emf per phase to stator
N, = number of turns of stators
N, = number of turns of rotor

When the rotor is running, its relative speed with respect to the stator field is less. Hence,
the induced emf in the rotor which is directly proportional to the slip is also less, and is given
by sE,.

When the rotor conductors of the induction motor are cut by the rotating magnetic field,
an emf is induced in the rotor conductor according to Faraday’s law and hence rotor current
flow. This rotor current can be calculated as under.

(i) When the rotor is at standstill position.
Let E, = emf induced in the rotor conductor per phase at standstill
R, = rotor resistance per phase
X, = rotor reactance per phase at standstill = 2nfL,
Z, = rotor impedance per phase at standstill
I, = rotor current per phase at standstill

SO, Zz = R2 +jX2.
¢ 71
Power factor at standstill, cos ¢ e e
ower factor at standstill, cos ¢, = - = ————
Z 2 2
2 \/Rz + X5
(ii) Rotor current at slip s or, say, in running condition,
The emf induced in the rotor conductor per phase at slip, s = E,, = s E,
Rotor resistance per phase = R,
Rotor reactance per phase at slip s, X,, = 2nsf, L, =5 X,
Rotor impedance per phase at slip s, Z,, = R, + jsX,
( 72

R, R,

Power factor at slip s, cos ¢, = \j - = = —
R2 + (sX2) \j[ 2] )
2 2 5 + X2
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So, if we make a comparison of the various rotor parameters at different conditions, we
can conclude the following:

"Hotor resistance remains the same in both the conditions.

120
Solution: N, = Tf =120 x % =750 rpm
5§ =4.5% = 0.04 pu
Speed of the motor,N = (1 — s) N, = (1 — 0.06) x 750 = 705 rpm
Frequency of the rotor emf, f, = sf=0.06 x 50 = 3 Hz
(i R,=2Q and X,=4Q
Rotor importance at stand still, Z,, = R, + jX, =2 + j4 = 447 £63.43°
Power factor at standstill, cos ¢, = cos 63.43° = 0.44 lagging
N;—N _ 1750 - 650
N 750

(ii) Slip at the rpm of 650 rpm, s, = =0.13
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Rotor impedance at s, is given as: Z,;; =R, + j; X, =2 +j0.13 x4 =2+ j0.52 Q
Z,, =2.06 £14.57°

Power factor at 650 rpm, cos 14.57 = 0.96

Solution: E, = Rotor induced emf per phase at standstill = % =4041V

Total impedance of the motor = Rotor stator impedance = Stator impedance
Zyy=(1+j8)+(5+j4) =6+ 12 =13.41 £63.43°

E, 4041 20°

2 DALV 3013 £-6343°A
Zy 1341 £63.43° 3013 £-63.43

(i) Rotor current at stand still, I, =

(i) Now, slip, s = 4% = 0.04 pu

SE, 0.04x4041 _ 161 1.61
Z,, 1+j8x0.04 1+;0.32 1.042£17.74°

L, =154 £-17.74°

Rotor current at slip of 4%, I,,=

Solution: Rotor emf per phase, E, = % =46.18V

(i) Atslip 5% =0.04 pu, sE, =0.05 x 46.18 =230V

Z,, = \R: + s X2 = \0.006 + 0.12 = 0.100 Q

Rotor current at 5% slip, I, = s_122 _ 230 _ 23.09 A
Z,, 0.100
R, _0.006
cos ¢y, = =—=—-=10.06, ¢,, = 86.56
02 Z,, 0.100 ¢

(i) When slip = 1, i.e., at standstill
sE,=1x46.18=46.18V
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Zy, = \R2 + sX2 = \0.006” + 1> = 1.00 Q

E
Rotor current at 100% slip, 1, = sZ 2= % =46.18 A
2s .
R
c08 &, = Z—; - % — 0.006

120
N o= f=120x50

Solution: s="p ; = 1000 rpm
fo=sf
fi_2
=—=—=0. =4
s 730 0.04 = 4%
N=(1-5)N,=(1-0.04) x 1000 = 960 rpm
8 TORQUE

The main principle of the motor is to convert electrical power into mechanical power. So,
induced torque, or electromechanical torque, or developed torque of the induction motor
depends on the rotor current, rotor power factor and rotating flux. So, the torque is given
by

Ting o< 91, cos ¢,
where ¢ = Rotating flux of stator

I, = Rotor current per phase
cos ¢, = Rotor power factor

Now, rotor emf per phase at stand still, E, o ¢

oo Typg o< EsIycos 0, or T4=kE,I, cos ¢, where k is constant.
Putting the value of 1, and cos ¢,, we can get the torque during running condition.
sE, R,

Ting = kEy X X
VR + s°X2 \R? + 8°X2

Correct the equation ( 8.1) as under:

( 8.1
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8.1 Starting Torque

The name itself indicates that the torque developed by the motor during the starting period is
called starting torque. When the induction motor is stationary, the slip is 1. Therefore, starting
torque of the motor is obtained by putting the value of slip = 1 in the torque Eqn. (' 8.1).

( 82)

d
For getting maximum starting torque, det = 0. Solving the Eqn. ( 8.2), finally we get
2

R, = X,. Generally, the rotor resistance is not more than 1 to 2% of its leakage reactance for

higher efficiency. To get higher starting torque, extra resistance is added in to the rotor circuit
at the starting time and cut slowly as motor get speed.

So, we can say that maximum starting torque is produced by the induction motor when
the rotor resistance is equal to the rotor standstill reactance.

8.2 Condition for Maximum Running Torque

The torque developed by the motor during the running condition is called as running torque.

ksR,E3
When the motor is running, the torque is given by the Eqn. ( 8.1), i.e., Tyyy = 2—2222
R, +s°X,
. . . SR, R, R, .
Now the torque will be maximum if 5 T or R > is
R, +s°X, R 2
Zero. 2 2 Tz+sX§ {ﬁ—Xz\K +2R, X,

The torque will be maximum when the right hand side of the equation is maximum which

. . R,
is possible when i X,s=0

R,=sX 2
=5 or s=

2 2 X,
Hence, the induced torque is maximum when the rotor resistance per phase is equal to

the rotor reactance per phase under running condition.
Putting the R, = sX, in the torque Eqn. ( .8.1), we get

( 83)

Equation ( 8.3) shows that the maximum torque is independent of the rotor resistance.
R,

If sy is the value of the slip at which the maximum torque is obtained, then sy, = X
2
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Hence, the speed of the motor at maximum torque is given as N, = (1 — s,.) N,

8.3 Relation Between Starting Torque and Maximum Torque

From the equations of starting torque ( 8.2) and maximum torque ( 8.3), we can get

T, kRE5 25X, 2R,X,

= X =
Toax Ro+X, ksE5 Ri+X,

Dividing the numerator and denominator by Xg, we get

T, 2RXJX;, 2RyX,
xR X5 (R
wim X
X X
2 2 R
Now, we know that the slip at which maximum torque occurs is given as s,,, = X—2
Hence, we can get g
( 84)

8.4 Relation between Full Load Torque and Maximum Torque

In a manner similar to the above, we can get the relation between the full load torque and
the maximum torque of the induction motor as under.
. ksR,E;
F= 2 2
R, +s5° X,
T, ksR,E 25X sR2X,
Toax RO+ (sXp)® ksE, R+ (sX,)

Dividing the numerator and denominator by Xg, we get
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T, SR3XJX; 2s s

Toax  R2+ (X UX2  Sha + 8°

max

max

Hence, the relation between full load torque and maximum torque is
( 85)

. 8.5 Starting Torque of Squirrel Cage Motor
We know that the resistance of the squirrel cage motor is fixed and very small compared to
its reactance because at the standstill the frequency of the rotor current is equal to the supply
frequency. So, the rotor current 7, is large and lags by a wide angle behind E, so the starting
torque per ampere is very poor. It is hardly 1.5 times the full load torque and starting current
is 5 to 7 times the full load current. Hence such motors are not applicable where high starting
torque is required.

8.6 Starting Torque of Slip Ring Motor
In a slip ring motor, the torque can be increased by improving its power factor by adding
extra resistance in the rotor. As the motor gains speed, this resistance is slowly cut down. This
extra resistance increases the rotor impedance so the rotor current is reduced.
9 POWER 5
‘o sk, E, .
We know that rotor current per phase is given by, I, = = which
R+ XD J[R] |, 2
5 + X2

can be presented by simple series circuit as shown in Fig. 9.

I, X,

R/s

Fig. 9

From Fig. .9, it is clear that per phase input power (gross) to the rotor P,; = E, I, cos ¢,.
Rz/s

%

K

where cos ¢, = =
2
} + X5
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R, LR,
= 12

=— 2  xL,-2=pP2
N S
Bt

( 9.1

So, from Fig. 9, we can say that per phase power input to the rotor is equal to the

R
2 . .
122 5 because no power 1s consumed in reactance X2.

P, is the power transferred from stator to the rotor via air gap so this power is also called

R -
air gap power. This power may be written as P, = Ig Tz = I§R2 [ L 5 s]

[Rotor copper loss = 5P, ( 9.2

Thus the copper loss is equal to the slip times rotor input (air gap power). This air gap
power is also called as slip power. It is the portion of the air gap power which is not converted
in to the mechanical power.

Now, P,; = Rotor ohmic loss + Internal mechanical power developed in rotor (P,.,)

. Rotor ohmic loss = Power transferred from stator to rotor (P,;) — Mechanical power
developed by the rotor (P,,..,)

Pech = Pac — Rotor copper loss = Py — 5Py = Py(1 — 5) = I%Rz{ L ; 5 }
or, Rotor copper loss = P, {%s } =s5Pyg
Internal (gross) torque developed per phase is given by

Internal mechanical power developed in the rotor

ind Rotor speed in mechanical radian per second

¢ 93)

So from the above discussion, if once the air gap power is found, three more quantities
can be found as given below:

Rotor copper loss = s P,

Pmech=PAG(1 —S)

T. = P AG
ind o,
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Equation (" .9.3) is more important because it gives the induced or developed torque
directly in terms of air gap power and synchronous speed is constant and not depends on
loading condition of the motor, the torque can be obtained directly from the air gap power.
Since the torque is given by the above equation ( 9.3), the air gap power is sometime called
“the torque in synchronous watts”. Synchronous watt is the torque that develops power
of 1 watt when the machine is running at synchronous speed.

_ 120 _ 120 x 50

Solution: N; D ¢ - 1000 rpm
Now, Ny =1 =550 Ny
900 = N; — N S0
N, —900 -
S = ¥ _ 100;)000900 —01
T, 2s

max

T,=0.198 T,, = 19.38% T,

K
Solution:  Slip corresponding to maximum torque S,, = ?2 = % =0.27
2 .
Tow _ 2, Smax__ 0042+027% _ 0074 _,,,
Tina 255 2%004x027 0.0216
N, = w =750 rpm
Speed at maximum torque produced, Ny, = (1 — s,,,,) N, = (1 — 0.27) x 750
Ny, =547 rpm

Solution:  Stator input, P; = 50 kW, s = 4% = 0.04 pu
Stator loss = 1 kW Stator output = 50 — 1 = 49 kW = Rotor input
Total rotor copper loss = s x Rotor input = 0.04 x 49 = 1.96 kW
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Rotor copper loss per phase = 1T% =0.65 kW

Mechanical power developed = Rotor input — Rotor copper loss
=49 — 0.65 = 48.35 kW

Solution: N, = 1208X 50
A}

=—=—=004=4

s 7750 0.0 %

N=(1- 9N, = (1 -0.04) x 750 = 720 rpm

_2nN _2rnx 720 _ rad
0= =" =175.39 oo¢

Shaft power output = 150 x 75.39 = 11.309 kW

=750

Ppeen = (150 + 10) x 75.39 = 12.062 kW
0.04
1-0.04
(ii) Input of the motor, P;, = Ppech + Preopper + Pscopper = 12.062 + 0.50 + 0.800

P, =13.362 kW

Output 11,309
Input ~ 13.362

(i) Rotor copper 10ss, Pgopper = (%_s ) Pech = x 12062 = 0.50 kW

(iii) Efficiency = = 0.8463 pu = 84.63%

Solution: f= 50 Hz and f, = % = 1.66 Hz
Q) s=§=15—?)6=0.03 pu
NS = M = 1500 rpm

(i) N=(1-s)N,=(1-0.03) x 1500 rpm = 1455 rpm

(iii)) P, = Rotor input — Rotor copper loss (Rotor copper loss — s x Rotor input)
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72750
P ech =75 x 1000 — 0.03 x 75 x 1000 —72750 = 72.75 kW = 7T 97.54 HP

(iv) Rotor copper loss per phase = s x 75000 = 0.03 x 75000 = 2250 W

(v) Rotor resistance per phase = R, = (Rotor copper loss per phase)/I2

2250
Solution: N, = M =750 rpm
N N;-N 7501720
= = = 0. =4
(i) Slip, s N, 750 0.04 pu=4%

(i) Ppeopper = § X Rotor Input
= s x (Mechanical power developed + Rotor copper loss)

P Rcopper = S(P mech T P Rcopper)

PRcopper = (1 . S) =S Pmech
p _ SPpecn  0.04 x 25 x 1000
Reopper =™ 1 _ g 7 1-0.04

(iii) Total stator Input = Rotor input power + Stator loss

=1041.66 W

= % x Rotor copper loss = Stator loss

1041.66
= =27.54 kW
0.04 + 1500 =27.5
(iv) Line current = __27540 47.89 A
V3 x 415 x 0.8

W) f,=s5f=0.04x50=2Hz

Solution: Let r be the value of the external rotor resistance in ohms
R, =0.004 + r
The starting torque will be maximum when R, x X,
0.004 + r=0.3
r=0.3-0.004 =0.296 Q
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H2230 = 1500 rpm

Speed at maximum torque, N,, = 1450 rpm

Ny - Ny 1500 — 1460

Solution: N, =

=0.02=2%

Slip at maximum torque s,,,, =

N, 1500
R, 0.5
NOW, Smax=x—2, o X2=m= 25 Q
28 Spax

If T is torque at slip, s r _ T
Tmax §7 + Shhax

_2x003+002x35 _ 0.042

= =3230 N
0.032 + 0.02? 0.0013 3230 Nm

. T

10 EFFECT OF CHANGE IN SUPPLY VOLTAGE ON THE STARTING

TORQUE
kR,E;

2 2
R2+X2

We know that the starting torque is given by, T, =

When the rotor is stationary, induced emf in the rotor is E, o< ¢ o< V.
2
_ K'R,V,

st o 2
R, + X,

2
Tye<V ( 10.1)

Hence, we can say that starting torque is proportional to the square of the supply
voltage.

If the motor is running at slip s then torque of the motor is given by

where k” is other constant

ksRyE: KSR,V

== where k' is other constant
R2+s X2 R2+s X2

Tind

Now slip at full load is very low, so sng can be neglected with compared to the Rg.
Tipg = sV2

Hence, when the supply voltage is changed, the torque under running condition also
changes. So, to maintain the same torque, the slip should be increased or the speed
decreased.


Ahmed
Rectangle

Ahmed
Pencil

Ahmed
Pencil


Prepared by: Dr. Ahmed Saleh
The University of Tobruk
www.ahmed.ucoz.org Three Phase Induction Machines

11 WINDING EMF

Let V, be the per phase voltage applied to the stator.
T, as the number of stator winding turns in series per phase.
T, the number of rotor turns in series per phase.
¢ as flux per pole produced by the stator.
E, the stator induced emf per phase.
E, the rotor emf when the rotor is standstill.
E,, as emf induced in the rotor when the rotor is running at slip s.
R, as stator resistance per phase.
R, the rotor resistance per phase.
L, is the rotor inductance per phase at standstill due to leakage flux.
X, the leakage reactance of the rotor per phase when the rotor is standstill.
f as stator frequency.
f, as frequency of the induced emf in the rotor at a slip s.
s X, the leakage reactance of the rotor per phase at the slip s.
k, the distribution factor of stator.
k4, the distribution factor of rotor.
k., the coil span factor of stator.
k., the coil span factor of rotor.
- Stator induced emf per phase E, =4.44 k. k;; f¢ T,
Induced emf in the rotor per phase when it is at standstill
E, =444 kokpfoT,
Induced emf in the rotor per phase when it is running at slip s
E,, =444 kyky, /0T, = SE,

Now, let k., k;; = k,,; = Winding fector of the stator.
k., kg = k,, = Winding factor of the rotor

E =444k, foT,

E,, =444k, f 0T,

Now suppose, T,; = k,,,T;and T, = k,, T,

5 kT T

E, k,T, 97

where T,; and T, are the effective stator and rotor turns per phase.

T, ;s = Effective turn ratio of an induction motor.
I Ta_ 1
L T, Ty
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From the above equation, it is clear that the ratio between stator emf and rotor emf is
constant at standstill. Thus, the induction motor behaves like a transformer. Here, it is to be
noted that the factors for stator and rotor windings are not same because the number of stator
and rotor turns are not same.

12 EQUIVALENT CIRCUIT

We know that the induction motor is considered as a transformer in which energy is transferred
from stator to rotor with change in frequency. This energy is transferred via the air gap. When
the motor is stationary, it acts as a simple transformer with an air gap and secondary is short
circuited. At standstill, the frequency of the rotor-induced emf is the same as the supply
frequency. At any value of slip s, the rotor current reacts on the stator winding at the stator
frequency because the rotating magnetic field and rotor field are stationary with respect to
each other.

12.1 Stator Circuit

Thus, induction motor may be viewed as a transformer with an air gap and a variable
resistance in the secondary. The performance characteristics of the induction motor can be
found by simple network using equivalent circuits. The equivalent circuit of stator model is
given in Fig. .10.

Fig. . '10 Equivalent circuit of stator

This stator model has a winding resistance R, and leakage reactance X,. The no load
current /, simulated by a pure inductive reactor X, carrying magnetizing current /, and non-
inductive resistor R carries core loss current I .

Thus, Ly=1,+1,

The total magnetizing current I, in the induction motor is comparatively larger than
transformer because air gap has a higher reluctance in the motor. In a transformer the value
of I, is about 2 to 5% of the full load current while in induction motor it is about 25 to 40%
of the full load current.

12.2 Rotor Circuit

When a 3-phase supply is applied to the stator of the induction motor, a voltage is induced in
the rotor. This rotor voltage depends on the relative motion between the rotor and the stator
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field. At standstill, this relative motion is the largest. This is also called locked or blocked
rotor condition. If the induced voltage at standstill is E,, then the induced voltage at any slip
is given by

sE, = Slip x Induced voltage at standstill

The rotor resistance is given by R, and is independent of the slip. The reactance of the
rotor X, is dependent on the inductance of the rotor and frequency of the voltage.

Hence, if L, is the inductance of the rotor, then X, = 2xnf,L,. But f, = sf
s X, =2nsf L, = s2nfL,) = sX,, where X, is standstill reactance of the rotor.
The rotor circuit is shown in Fig. 11.

I Xs.=8X, R,

e R A

Fig. 11 Equivalent circuit of rotor

The rotor impedance is given by, Z,, = R, + jX,,

E2S

The rotor current s = ( 12.1)
ZZS

A 122

=Ry +isX, (122

From the Fig. 11, we can say the I, is a slip frequency current produced by s E, which
is the slip-frequency-induced emf in the rotor. If we divide the Eqn. ( .12.2) with the slip s,
we get
E, .
L,=—"— (¢ 12.3)
R, .
5 ti%

So, if we draw the rotor circuit as per Eqn. (' 12.3),
it will be as shown in Fig. 12. Here, it is noted that the
magnitude and the phase angle of the current /, is same. But
there is 2 major difference in Eqn. ( 12.2) and ( 12.3). In
Eqn. ( 12.3), the rotor current J, is produced by a constant
line frequency voltage E, and while in Eqn. (' 12.2) it is
produced by a slip frequency voltage.
One more thing is noted that in Fig. * 11, in the rotor ey -
circuit resistance R, is constant while leakage reactance s X, Fig. 12
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R
is variable. On the other hand, in Fig. 12, leakage reactance X, is constant and resistance Tz is

variable.

Here, Eqn. ( .12.3) is an important one, so it should be understood very clearly. It
indicates the secondary circuit of a imaginary transformer whose voltage ratio is constant
with same frequency at both sides. The current drawn by the imaginary stationary rotor is
the same as that of the rotating rotor and producing the same mmf wave. By this concept, it
is possible to transfer the rotor (secondary) impedance to the primary (stator) side.

It should be clearly understood that when the rotor current and voltages are reflected to
the stator, their frequency also changes to the stator frequency.

12.3 COMPLETE CIRCUIT MODEL REFERRED TO STATOR

To get the complete per phase equivalent circuit of the induction motor, it is required to refer
the rotor circuit over to the stator circuit. If we talk about the transformer, the voltage, current
and impedances on the secondary side can be transferred to the primary side by turns ratio.
It is done similarly in the case of induction motor.

If a is the effective turn ratio of the induction motor.
R’ is the rotor resistance per phase referred to the stator
X}, is rotor reactance per phase referred to the stator

E, E
T, T,
,_ T
2=72E2=‘1E2=E1
. 1)
Similarly, 2=
'2=‘1(%+J'X2)
'2=‘12R2
'2=‘12X2

The complete circuit model is shown in Fig. .13. This model is identical with the 2-winding
transformer.

Fig. .13 Complete circuit model
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12.4 Approximate Equivalent Circuit

The complete circuit (Fig. 13) is further simplified by shifting the shunt impedance
branches R, and X, to the inpat terminal for easy calculation as shown in Fig. * 14. Here it
is assumed that V, = E; = E’. This circuit is called approximate equivalent per phase circuit
of the induction motor. In this circuit, only the resistance which represents the developed
mechanical power by the rotor depends on the slip, while all other quantities are constant.

This circuit is most popular and is a standard for all performance calculations of an induction
motor.

Fig. 14 Approximate equivalent circuit

From Fig. 14, the following equations at any slip can be obtained:
’ Ré . ’
Impedance at AA"=Zyp =\R) + | +j(X| + X))
V V
I 1 1

2 = =
Zox R’
. (Rl + Tz) + (X, + X%)

14
= ‘

R,22 7\2
R+ + (X + X))

4= Iy Z=0, = I} cos o, - j I sin 6,

Ry
X, + X Ry +—+
where tan ¢, = ~ and cos ¢ — ———
R, Zyw
R+

oV
No load current, Li=l,+1l,=—+_——=V, 7 I x
0

PRy X Ry
Total stator current, L=0+1,
Total core losses, P =3V, 1, cos 0,

4

R
Stator input = 3V, I, cos ¢, = 3V, 15 cos ¢, + P, =3 I’% (R1 + Tz) + P

core
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, , R, VA(RYs)
Air gap power per phase, Py =V I5 cos 0, =I'; — =

s - 2
R2 72
R1+T + X, +X5)

P
Induced torque, Ty = miG

s

12.5 Separation of Mechanical Losses from Rotor Copper Loss in the
Circuit Model
In the per-phase complete equivalent circuit, the resistance R’/s consumes the total rotor input
RI
(air gap power). So, air gap power is P,; = 31’% Tz

The actual copper losses in the rotor are given by Pgopper = 3 I’g R,
Mechanical power developed Py, = Pag — Preopper = 31'% Tz - 31’% R,
Preen = 32 Ry [ - 1]
mech — 272 | s
Py = Preopper + Prcen = 312 Ry + 312 R+ — 1
AG — * Rcopper mech — 2 2 22| s
Py =312 [R'2 +R, [l- 1”
2 s

_ R, R
A1so,R3+R;[lTs]=R'2+T2_Rf -5

4

It is clear that Tz may be divided into two components. R’, gives the rotor copper loss per

— S

5 ] represents the mechanical power developed. We can say that the variable

phase and R), [ L

R
resistance Tz shown in Fig. 12 may be replaced by the actual rotor winding resistance R,

and a variable resistance R, ., which gives the mechanical shaft load.

Rue = RA(1-1) ¢ 124) I * *

This equation is useful because
any mechanical load can be
represented by a resistance in the
equivalent circuit. The modified per
phase circuit is given in Fig. 15
using this expression.

Jlechanical
yad resistor

Fig. 15
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Solution: The equivalent circuit is shown as under in Fig. 16.

R )4 ) ¢4
R,/s
Fig. 16
Rils + jZ,) J X, 0.12/0.04 + j0.45) (j28.5
_Rofs+jZy) Xy ( Jj0.45) (j28.5) 287 +0.738

BTRYs 4 Xy + Xy 3 +28.95
Zep =324 £2147°

___415N3 239.60 £0° _ o
Stator current = 304 J21AT° - 304 J2dT 73.95 £-21.47

Power factor, cos 21.47° = 0.93 lagging

Motor input, P,, = V3V, I, cos ¢ = V3 x 415 x 73.95 x 0.93 = 49.434 kW

4

. . 2 R2 2 0.12
Power transferred via air gap, Py =3 X I} X — =3 x 73.95" x 004 49.217 kW

Mechanical power developed, P, = (1 — 5) Py = (1 — 0.04) 49.217 — 47.248 kW
Output power = P, ., — Constant loss = 47.248 — 0.5 = 46.748 kW

Output
utput o _ 46748

27N = 2xnx 1240 < 60 =310 Nm

Net torque or shaft torque =

Output _ 46748
Input 49434

Efficiency = = 0.9456 pu = 94.56%
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Solution: The approximate equivalent circuit is shown as under in Fig. 17.

- ! . R » X, g
/s =1/0.04
1% Iy D I
Fig. 17
: : : : R, 0.7
The slip at which maximum torque is produced, S, = =
VB2 + (X, + X5 052+ 22
=33%
5 I’R,
T — P, AG — Smax
mx - 2rNJ60  2mNJ60
1%
I 1 500~3 —53.06 A

2 = =
VR, + R)* + (X, + X5)> (0.5 +0.7)2 + 22

7 _3%5306"x07/033 _ 1791595

max = T X 1500060 - 157.07 ~ 1406 Nm

13 TORQUE SLIP AND ITS CHARACTERISTICS

If the load on an induction motor changes, there is definite effect on induced torque and
speed. To understand this, the torque-speed relationship must be examined. First, we will
study it for the motor’s magnetic field behaviour and then study the general equation for
torque as a function of slip will be derived from the equivalent circuit of the motor.

When the motor is at no load, its speed is nearly at the synchronous level. The stator
magnetic field, or say mmf of stator, Mgraror in the machine is produced by the magnetizing
current I, and the magnitude of this current and hence Mgparog is directly proportional to
the voltage E, of the equivalent circuit. Now, if E, is constant, the stator magnetic field
is constant. But in the actual machine, E; varies as the load changes, because the stator
impedance drop varies with load. However, this drop is very small, so E|, I, and hence
Mg raror approximately constant with changes in load.
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At no load, the slip is small. So, the relative motion between the rotor and magnetic field
is small. Thus, the voltage induced in the rotor sE, and hence the rotor current is also small.
Again, the rotor frequency is small too, so the reactance of the rotor is almost zero. So, the
rotor current is almost in phase with rotor induced emf sE,. This small rotor current produces
a small rotor field Myopor Which is behind the net magnetic field (greater than 90°). Here,
note that the stator current must be quite large even at no load because it must supply most
of Mgraror- Therefore, induction motors have large no-load current compared to other types
of machines.

The induced torque, which keeps the rotor turning is given by

Ting = kMgraror X Mrotor

Its magnitude is given by T4 = kMgraror Mroror Sint O

Since the rotor field is very small, the induced torque is also small just to overcome the
rotational losses.

Now suppose, as the motor is loaded, its slip increases and the speed falls. Since the speed
is low, the relative motion between the rotor and stator magnetic field is more and hence
more rotor current is produced which in turn increases in Mgopor Hence, the angle between
Mpgoror and rotor current also changes. Since the slip is more, the rotor is more too, resulting
in rotor reactance. Therefore, the rotor current now lags behind the rotor voltage. Notice that
the rotor current has increased so the angle 3 also increases. The increase in Mgqgrog tends
to increase the torque induced, while increase in the angle § tends to decrease the induced
torque. The first effect is larger than the second effect; hence, the overall induced torque
increases to supply the increased load to the motor.

At the point when the term sin § decreases more than the term Mygrog increases, there
is a limit of pull out torque. After this point, a further increase in load decreases the induced
torque and the motor stops.

So, the knowledge of the magnetic field gives approximately torque-speed curve of an
induction motor. We know that the magnitude of the induced torque is given by

Ting = k MstaTor MRoroR Sin 8

Each terms of this equation can be considered separately to derive the overall machine
behaviour as under:

(i) The rotor magnetic field Myorog is directly proportional to the rotor current (1) till
the rotor is unsaturated. As the slip increases, the rotor current also increases.

(ii) The stator magnetic field Mgpapog in the motor is proportional to E; which is almost

constant.

(iii) The angle & between the stator and rotor magnetic field can be expressed in a very

useful way. This angle is just equal to the power factor angle of the rotor plus 90
degrees.

8 =0, +90°

Therefore, (sin ¢, + 90°) = cos ¢,. This term is the power factor of the rotor.

The plot of the above three terms is shown in Fig. 7 18. Since the induced torque is
proportional to these three terms, the torque speed curve of the induction motor can be
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constructed from the multiplication of these three terms as in Fig. 19. This curve can be
divided into three parts as under:

1. ar M-
A

- v g v [STVIIVV] g

|

P atav mmcimw fantan

Fig. 18

(a) The first region is called the low slip region. In this region, as we increase the load,
the motor slip linearly increases and at the same time the rotor speed also decreases
linearly. In this region, the rotor reactance is negligible, so the rotor power factor is
almost unity. The steady state operating range of an induction motor is included in
this low slip region.

(b) The second region is the moderate slip region. Here, the rotor frequency is more
than before and the rotor reactance is equal to the rotor resistance. Hence, the rotor
current cannot increase rapidly as before. The maximum torque or pull out torque
occurs at the point where the increment in the rotor current is perfectly balanced by
the decreased rotor power factor, while increasing the load.

(c) The third region is called high slip region. Here, the induced torque is decreased while
increasing the load.

Now, we will consider a general equation for induced torque in terms of speed. The
induced torque in an induction motor is given by

T _Pmech
ind — ,,
T _ Py
ind = (p

;)
The synchronous speed of the motor is almost constant. So, the air gap power gives the
torque of the induction motor. The air gap power is the power crossing from stator to rotor

4

R 4
and it is the power absorbed by Tz The total air gap power is given by P, =31 ’% ?2
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So,

if the rotor current is known, the induced torque can be known too.

A plot of induction motor as a function of slip is plotted as in Fig. = 19(a). A plot

giving
Fig.

Induced torane. % of full lnad

Fro

both speeds, above as well as below the normal speed of the motor is shown in
19(b).

Induced torque, % of full load

(a)
Fig. 19

m the two graphs of Fig. 19, some important information about the operation of the

induction motor can be listed as below:

@
(ii)

(iii)

@iv)

)

(vi)
(vii)

(viii)

The induced torque is zero at the synchronous speed.

The locked rotor torque may be different at different standstill position of the rotor
with respect to the stator.

This curve is nearly linear between no load and full load. In this range, the value of
the rotor resistance is much more than the rotor reactance. So, as the slip increases,
the rotor current, the rotor magnetic field and the induced torque increase linearly.
There is a maximum torque called pull-out torque which is 2 to 3 times the full
load torque which cannot be exceeded. If the load torque is equal to or more than
breakdown torque, there is a rapid decrease in the developed torque by the machine
and the speed suddenly decreases and the machine stops.

The starting torque is slightly more than its full load torque, so this motor can start
with connected load. If both torques are equal or starting torque (locked rotor torque)
is less than the load torque, the motor does not start.

The torque on the motor for a given slip changes as the square of the applied voltage
which is used to speed control of the induction motor.

If the motor is driven faster than the synchronous speed, the machine works as a
generator.

If the motor is running in the direction opposite to the direction of the magnetic field,
the induced torque in the machine stops the motor. This is called plugging.


Ahmed
Pencil

Ahmed
Pencil

Ahmed
Pencil

Ahmed
Pencil


Prepared by: Dr. Ahmed Saleh
The University of Tobruk
www.ahmed.ucoz.org Three Phase Induction Machines

The mechanical power is plotted as in Fig. -.20. It is to be noted that the power supplied by
the motor occurs at a speed different from the maximum torque.

70(
60(
50(
40(¢

30(

Induced torque, % of full load

20(

10C

cuv wuv [Rvivj [RViViv) 1oV [Rlviv) [V VIR VIVIv]

Fig. 20

The effect of changing rotor resistance on the torque speed curve of a wound rotor is
shown in Fig. 21. From the curve, it is clear that as the resistance is increased, the pull-out
speed of the motor decreases but the maximum torque always remains constant.

14 POWER FLOW OF THE INDUCTION MOTOR

We know that the power input of the induction motor is 3-phase AC supply. So, input power
is given by
Py =\3V,I, cos ¢ = 3V,1, cos ¢, where cos ¢ is the input power factor.
The various losses in the stator are:
(i) Copper losses, Pgcqpper = 31 % R,
(i1) Core losses, Pg e
Power output of the stator, Pog = Py — Pgcopper = Pscore

This power is transferred to the rotor through air gap hence it is also known as air gap
power P, of the motor.

So, output power of the stator = Air gap power = Rotor input power.

Pos = Py = Pir
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v v (23 (2 (R

Speed in % of synchronous speed
1.0 0.8 0.6 0.4 0.2 0
Slip as a fraction of synchronous speed

Fig. 21

The various losses in the rotor are:
(i) Copper losses, Pgcopper = 3[22R2
(ii)) Core losses, Pgcore
(iii) Friction and windage losses, Py,
Stray load losses; P,;, consists of all losses which are not considered above, like the losses
due to harmonics field.

Now, the mechanical power developed, P, can be obtained by subtracting the rotor
copper losses from the rotor input power. The remaining power is changed from electrical to
mechanical form which is called developed mechanical power P, ;.

P mech — P INR — P Reopper — TAG ~ P R copper
Pmech = PAG - 3I§R2

The output of the motor is given by P, = Ppecn — Pp, — Pross

Now, during starting period, the rotor core losses are more but as the speed of the motor
increases, these losses get reduced. A friction and windage loss at the starting is zero and as
the motor gets speeded up, it increases. So, the sum of the friction and windage losses and the
core losses is almost constant with any change in speed. Hence, these losses are sometimes
bunched together and called as rotational losses.

*. Rotational losses, Pror = Ppy + Preore + Prise
*. Output of motor, P, =P .ch — Pror

Here P, is the shaft power or useful power.
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Fig 22 Power flow diagram of induction motor

Rotational loss is a purely mechanical quantity. Hence, it is not shown by any element in
the equivalent circuit.

There is no method to show the core losses on the circuit model. Core losses of the
motor consist of stator core losses and rotor core losses. The rotor core losses vary with rotor
frequency and hence with the slip. Under normal conditions, the slip is 3% and hence rotor
frequency is about 1.5 Hz. So, rotor core losses are negligible. Hence, all the core losses are
bunched together and represented by resistor R, in the stator circuit.

15 INDUCTION MOTOR AS A TRANSFORMER

We know that an induction motor is a rotating transformer having an air gap and contains
stator as a primary winding and short-circuited rotor as a secondary winding as shown in
Fig. .23. The energy conversion takes place through induction.

Fig. 23

The vector diagram is also same for the transformer. It is shown in Fig. 24.
V. = E, + I,(R, + jX)) and E, = ,(R, + jsX,). However, there is some important points
of difference between the transformer and the induction motor, which are:
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Fig. 24 Vector diagram of induction motor

(i) The magnetic leakage and leakage reactance of the stator and rotor of the induction
motor are high as compared to the transformer.

(i) Induction motor has an air gap hence the magnetizing current in the motor is higher
than the transformer.

(iii) Because of the distributed winding in motor, the ratio of stator and rotor currents is
not equal to the ratio of the turns per phase in the rotor and the stator.

(iv) Losses of the induction motor are more. Hence, the efficiency of the motor is lower
than the transformer’s.

. 15.1 Transformer and Induction Motor at No Load

Table 7.1 Combarison between a Transformer and an Induction Motor at No Load

cona...
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Contd...

16 MEASURING THE SLIP

We know that a poly-phase induction motor always runs at a speed less than the synchronous
speed. The difference between the actual speed of the motor and the synchronous speed is
known as the slip. To measure the slip of the motor, generally following methods are used.

Generally, the tachometer (speedometer) is used to measure the speed of the motor
directly. Tachometer may be analog or digital.

(i) By electro-mechanical counter

This is a very simple and direct method for measuring the slip. Here, a small synchronous
motor is used that has the same number of poles as the induction motor. A cylinder having
circular slip ring is fitted at the end of each shaft. A small contactor is connected to the slip
ring and slip rings are connected with an electrical pulse counter as shown in Fig. = 25.
Synchronous motor runs at the synchronous speed. So, the induction motor slips a

revolution and the contactor closes the circuit and registers a pulse. The number of pulses
per minute directly gives the number of slips in rpm.
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Fig. 25

(ii) By mechanical differential counter

In this method, a mechanical differential is used. The output gear of the differential rotates
at a speed equal to the difference of two input gears which are connected to the synchronous
motor and induction motor shaft. The main disadvantage of this system is that due to the gear
arrangement, the induction motor is somewhat loaded.

(iii) By stroboscopic method

As shown in Fig. 26, this method uses a circular metallic disc. This disc is painted to
produce black and white segments. The number of segments is equal to the number of poles
in the induction motor. For a 4-pole motor, two white and two black segments are used. This
disc is mounted on a shaft and illuminated by neon-filled stroboscopic lamp. The motor is
started and the number of lines passing a fixed point is counted for one minute. If we divide
this reading by the number of lines, it gives the slip speed, i.e., N; — N. So we can find the

N —
slip from the equation, s = — N % 100.

s

Fig. 26
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Now-a-days, a stroboscope is used to measure the actual speed of the motor. In this
instrument, a bulb flashes constantly, the flash speed of which is adjustable. When the number
of flashes is equal to the speed of the motor, the motor looks stationary and the speed of the
motor is known.

(iv) By comparing the rotor and stator frequencies

We know that f, = sf, so the frequency is generally known or can be measured by connecting
a frequency meter in the supply. The rotor frequency is so low that individual cycles can
actually be counted. For this purpose, a DC moving coil milli-voltmeter with a central zero,
is used. This voltmeter is connected between the two leads of the rotor (if the rotor is wound
rotor) and the cycles are noted. Here, one should remember that one complete cycle equals
the movement from zero to the maximum right, back to zero and on to a maximum left and

. : f, . :
then to zero again. Then, the slip can be calculated as s = 7’ However, in the squirrel cage
rotor, it is not possible to connect the voltmeter.

17 DETERMINING THE EFFICIENCY

We know that the motor is a converter which converts electrical energy into mechanical
energy for certain applications. In this process, the energy is lost as shown in Fig. 27.

Fig. 27

The efficiency of a motor is greatly affected by its losses and improper designing and
operating conditions. These losses can be minimized and the efficiency of the motor can be
increased. Variations in losses can be in between 2 to 20%. Table 2 shows the types of
losses for an induction motor.

The efficiency of a motor can be defined as “The ratio of a motor’s useful output power

to its total input power.”

. Output power
ThUS, Efﬁmency = W

Table - 2 Tvnes of Losses in an Induction Maotor
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Efficiency of small motors can be found directly by loading them. The input power and
output power of the motor are measured by wattmeters and the efficiency is calculated. For
large motors, this method is not suitable because it is very difficult to arrange a large load.
Secondly, a large amount of power is wasted in direct loading. Hence, indirect methods
are used to calculate the efficiency of the poly-phase induction motors. The following tests
are performed. Circuit parameters of the equivalent circuit are also determined from these
tests.

(1) No load test

The following parameters are determined from this test. The connection diagram is shown
in Fig. 28.

w

Re——¢

3P, 415V,
50 Hz

Yo——

Be——¢

vvy

Fig. 28 No load test of induction motor

(a) No load current I,

(b) No load power factor, cos §,.

(c) Windage and friction losses.

(d) No load core losses.

(e) No load input power.

(f) No load resistance R, and reactance X,

In this test, the motor is run at the rated voltage and frequency. The input power is
measured by two wattmeters. An ampere-meter and voltmeter are also connected as in
Fig. ~28. When the machine is on no load, the slip is close to zero. So the circuit to the right
of the shunt branch of the complete equivalent circuit is open circuit. Since the machine is
running at no load, the total input power is equal to the total losses that occur in the motor.
So, the total input power contains stator copper losses, stator core losses and friction, and
windage losses. Stator core losses and friction, and windage losses are called constant or
fixed losses because they are independent of the load.

Hence, total power input= Wy=W, + W, =P ...

Since the power factor of the motor under no load is very low, generally less than 0.5,
one wattmeter will show negative reading. Therefore, the direction of the current coil is
reversed.
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Here, input power to the motor, W, = V3V, 1, cos ¢,

Vj is the line voltage, V, is phase voltage = and I, is the no load current

0
%,
0s Oy = Ve
1, =1, sin ¢,

Wo _ W
BVl, 3V,

I,= I cos ¢ = I X

Friction and windage losses of the motor can be
separately found by taking a number of readings of
W, at different stator applied voltages. Then a graph
between W, and V,, is plotted which is nearly parabolic
at the normal voltage, since iron losses are directly
proportional to the square of the applied voltage. The
curve is extended to cut the vertical axis at A (Fig. .29).
At the vertical axis, V = 0 and hence OA represents
the voltage independent losses which are friction and
windage losses.

NA lnad nawar inninit w

(2) Blocked rotor test - -
voltage

This test is performed to find:
(a) Short circuit current, I,
(b) Power factor on short circuit, ¢,
(c) Full load copper loss
(d) Total equivalent resistance and reactance of the motor referred to the stator.

In this test, the shaft of the motor is blocked and the rotor winding is short circuited if
the motor is slip ring type. In the cage motor, the rotor is permanently short circuited. This
test is also called locked rotor test.

In this test, reduced voltage is applied to the stator so that full load current of the motor
flows in the stator. The power input here is equal to the copper losses of the rotor and the
stator, because reduced voltage is applied and the rotor is blocked. Hence, core losses and
mechanical losses are neglected.

Fig. '29 Determination of friction and
windage loss

Thus, Total power input on short circuit, W, = Total copper loss

I, = Line current on the short circuit.
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V,. = Line voltage on short circuit.
W, =BV, cos ¢, = 3I..R,,

scTsc

where ¢, is the power factor on the short circuit.

-

eq — 2

31,

Vscp
Zy=7

scp

Equivalent reactance of the motor referred to the stator, X,, = \’qu - qu

Now the stator resistance per phase is measured by using simple voltmeter-ammeter
method. Due to skin effect, the multiplying factor of 1.25 may be used to get the AC
resistance.

The efficiency of the motor by using the equivalent circuit can be obtained by the
following procedure. For this purpose, three tests are required.

(a) Stator resistance measurement.

(b) No load test to get the constant loss.

(c) Load test to measure the total input and the slip.
After obtaining data from these three tests, we can calculate the efficiency as under:
(i) Measure the input power of the stator

(i) Calculate the stator copper loss at no load.

(iii) Subtract the no load copper loss from the no load input power which is the constant
loss containing the sum of friction and windage loss and core loss.

(iv) Load the motor and measure the input power, current and slip.
(v) Calculate the stator copper loss at the given load.
(vi) Subtract the copper loss from the motor input power to calculate rotor input power.
(vii) Multiply the rotor input power by slip to get the rotor copper loss.
(viii) Calculate the total copper loss in the rotor by adding rotor copper loss and constant loss.
(ix) Subtract the total rotor loss from the rotor input power to get the rotor output power.

However, the efficiency calculated from the equivalent circuit is more accurate. The
efficiency calculated by no load and block rotor test gives lower value.

Solution:
i) Wy=W, - W, =5200 - 3200 = 2000 W
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415
Vo=="==240V
]

Wo __ 2000

3Vol, 3 %240 x20

Roo_ Vo __ 240 _
07 Iycos ¢, 20 x 0.02

=0.13

cos ¢ =

50 Q

Vo 240

X, = = =1237Q
07 Iy sin ¢ 20 x 0.970 37

(i) W, =2200 + 700 = 2900 W
60
\3
2900 _
3 x 34.64 x 60
We 2900
Rg=—7= >
312 3x60

Ve 34.64
Z =-2X=222"_0577Q
“=T. =760 0.577

X,y = V0.577% — 0.26* = 0.515

V=2 =3464V

0.46

cos s, =

=0.26 Q

Solution:
(i) No load test:
Stator copper loss at no load = 31(2)R1 =3x25*x0.015=28.12W
Core loss = Constant loss — No load copper loss — Mech. loss = 500 — 350 — 28.12

=1122 W
Core loss per phase = %22 =374 W
230
Phase voltage = — = 13279 V
¥
cos = 100 =026, 0p=7492 and sin ¢, = 0.965

V3 x 13279 x 25
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132.79
=————=2042Q
025 %026~ 20
132.79
=————=550Q
07 25 % 0.965

(i) Blocked rotor test:
75
Volt per phase = —=43.30V
PP =3

2900

cos s, —=22 =080
“\3 x 34.64 x 60
w
Ry = o 30002 _040
3I;, 3 x50
Ve 43.30
zeq_I—_T_o.suz

sc

X, =V0.87> - 042 = 0.77 Q
18 FACTORS AFFECTING THE EFFICIENCY OF THE MOTOR

(a) Age of motor: New motors are more efficient.

(b) Capacity of motor: Just like other equipment, motor efficiency is increased with the
rated capacity.

(c) Speed of motor: Higher speed motors are usually more efficient.

(d) Type of motor: For example, efficiency of the squirrel cage motors is generally more
than slip-ring motors.

(e) Temperature: It also affects the efficiency of the motor. For example, totally-enclosed
fan-cooled (TEFC) motors gives more efficiency than that of screen protected drip-
proof (SPDP) motors.

(f) Rewinding of motor: If the motor is rewound, its efficiency is decreased.

(g) Load.

When we assess the motor, load and efficiency must be determined. Generally, full load
efficiency of the motor is given on the name plate by the manufacturer all over the world.
However, when a motor is used for a long time, its efficiency cannot be determined because
sometimes nameplates of motors are lost or painted over.

19 CIRCLE DIAGRAM

Performance of the induction motor can be easily understood by circle diagram under all
operating conditions. The circle diagram of the induction motor is drawn from the data of
approximate equivalent circuit as in Fig. 30.

The equivalent circuit is shown in Fig. ~ 30 where the excitation branch is shifted left.
This is justified when the stator impedance drop caused by no load current is neglected.
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v
5

Fig. 30 Approximate equivalent circuit of induction motor

The current 15 can be written as
Vi

5=
’ Ré g N2
R +Ry+\5)) + X +X5)
It lags behind the applied voltage by an angle ¢,, such that
X, + X5

in ¢, =

’ Ré g 772
R, +R, + - + X, + X%)
Combining the above two equations, we get
4 .
————si
X +X3)

This is the equation of a circle with a diameter of

’

1= n ¢,
1
X, +X%)
will change which will cause change in rotor current I5 as shown as under Fig. 31(a).
The locus of input current /; can be found by adding a constant current I, and I’ as
in Fig. 31(b).

. By changing the load, sin ¢,

| Vi |
| (X, + X3) |

@) (b)
Fig. 31
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19.1

Construction of the Circle Diagram

To construct the circle diagram of the motor, data from no load and blocked rotor tests are
required. From those data, circle diagrams can be drawn as under.

@

(ii)

(iii)
(iv)

)

(vi)

We get V,, I, W, and cos ¢, from no load test, and V., I,,, W,, and cos ¢,, from

scr Tsc?

blocked rotor test. I, is the short circuit current at reduced voltage V.. So, the short

can be obtained by I, = Vl x I, where V is

sc

circuit current at normal voltage I,

the normal voltage.

The normal voltage applied to the stator V; in equivalent circuit is taken along the
Y-axis. The no load current I, is drawn at angle ¢, from OV,. The no load current is
shown by OO’ in Fig. .32. The voltage and current scales are chosen arbitrarily, but
power scale and torque scales are derived as:

Power scale: watt per cm = V; x amperes per cm.

V

1
Torque scale: N.m per cm = @, X amperes per cm.
£

Fig. .32 Circle diagram of induction motor

Line OA is drawn perpendicular to the voltage phasor OV,.

Phasor OD is drawn at an angle ¢,. from phasor OV, (lagging). So, phasor OD
indicates the line current at the rated voltage when the motor is blocked.

Points O” and D are on the circle. To get the centre of this circle, line O’E is drawn
parallel to the line OA. Now O’D is joined. FG is drawn perpendicular to O’D which
bisects O’D at point F and intersects line O’E at point G. With G as centre and O’G
as radius, draw a semicircle O'MP’DE.

Since the voltage phasor is drawn vertically, all the vertical distances give active
components of currents and power to different scale, i.e., O'H gives active component
of the no load current which supplies core losses, friction & windage losses and
small amount of no load copper losses. O’H also gives the input power at no load to
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some other scale. Similarly, the vertical component DA of OD represents the active
component of short circuit current /. which also represents the input power on short
circuit to some other scale.

(vii) Hence, DA gives the input power when the rotor is blocked. This input power gives
the core losses and stator—rotor copper losses. Line DB represents the stator and rotor
copper losses when BA = O’H subtracted from DA.

’

(viii) Therafter, line DB is divided by C into two segments such that ]C)—g = %2 In case of
squirrel cage motor, stator resistance R, is measured and CB is made equal to stator
copper loss (3IfcR1). If motor is wound rotor type, line DB is directly divided into

DC _ R,

CB R,

(ix) After getting point C, it is joined with O’. O’C is a torque line.

two parts such that

19.2 Some Important Lines on the Circle Diagram

(1) In the circle diagram, line O’D represents the output line or mechanical power
developed line.

(ii) If a line X’P’Y’ is drawn parallel to the line LPA and tangentially to the semicircle
then the vertical intercept P’ P between this tangential line X’P’Y’ represents the
maximum power input to the motor.

(iii) If a line L’Q’D’ is drawn parallel to the torque line UQC and tangentially to the
semicircle, then the vertical intercept Q’Q gives the maximum torque.

(iv) If a line K'S’A” is drawn parallel to the output line O’D similarly, S’S gives the
maximum output power.

(v) At any load current ; (represented by OM), the secondary current referred to the
primary is I (represented by O’M) being equal to phasor difference of (I, — I). LM
represents the energy component of the load current /,.

From the circle diagram,

No load current per phase = OO’

Input current per phase = OM

Rotor current per phase referred to stator = O'M

Motor input power watt per phase = LM

Constant losses watt per phase = LR

Stator copper loss per phase = RU

Rotor input power per phase = UM

Rotor copper loss = UV

Air gap power in watt per phase = UM on power scale and shaft torque in Nm on torque
scale.

Shaft output in watt per phase = MV

ML
I factor = —
nput power factor OL

Motor output per phase = MV
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Output  yM

Per unit efficiency = Tnput ~ LM

Rotor copper loss v
Rotor input UM

Per unit slip, s =

Starting torque in Nm per phase = DC

LM

Power factor cos ¢, = oM

Solution: Voltage =415V
No load current, I, = 25 A.
No load power factor, ¢, = 0.15
No load phase angle, ¢, = cos™ 0.15 = 81.37°
Short circuit voltage, V. = 175V
Short circuit power factor, ¢,, = 0.3, short circuit phase angle, ¢,, = 72.54°
Short circuit current, I, = 150 A

> 7sc

Short circuit current at normal voltage, [, = AN I, = 415 x 150 _ 335.71 A

P isen Ty 175
Short circuit power input with this current, W,, = \3 x VI, cos ¢,
W, =3 x 415 x 335.71 x 0.3 = 72392.61 W

Let the current scale be taken as 15 A per cm. The circle diagram is shown in
Fig. 33.

The procedure for drawing the circle diagram is as under:

(i) Voltage is considered as the reference vector on Y-axis. The no load current, shown

by OO’, I, = 25 A is drawn at an angle of 81.37° with Y-axis. Hence, I, = Ea)

15
= 1.66 cm.
335.71

(ii) Phasor OD is the I, and its value is T 22.38 cm. It is drawn at an angle of
72.54° with Y-axis.

(iii) O’E is drawn parallel to the X-axis and FG is the bisector of the O’D.
(iv) Taking G as center and O’G as radius, draw the semicircle.
(v) DA gives the input power at short circuit with the normal voltage. It is measured and

7239261
7.2

it gives 7.2 cm and it indicates 72392.61 W, hence, 1 cm = = 10055 W.
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Fig. 33

(vi) Motor output is 50 kW. Hence, as per above power scale, the interception between
50000
10055
So, the vertical line ML can be found which is equal to the 4.25 cm. Point M is the
full load operating point.

semicircle and out line O’D is =4.97 cm.

(vii) Full load current is given by OM and its value is measured as 4.9 cm.
Hence, OM =4.9 x 15 =73.5 A.
Power factor ¢ is measured from circle diagram as ¢ = 30° = cos 30 = 0.86

(viii) The stator copper loss = % = 1.25 rotor copper loss.

Total copper loss = Stator copper loss + 1.25 rotor copper loss = 2.25 rotor copper loss.
(ix) From the circle diagram, total copper loss = DB = 7 cm, and rotor copper loss = DC
Hence, Total stator copper loss = BC, and thence, total copper loss, DB = 2.25 x DC

DC——2.25_2‘25_3.11cmandCB DB-DC=7-3.11 =3.88 cm.

The line O’C represents the torque line.

(x) To find the maximum torque, draw a line GQ’ which is perpendicular to the torque
line and if it is drawn vertically downward from point Q’, it will intersect the torque
line at point Q.
Line QQ’ indicates the maximum torque and its value is 9.5 cm.

. Maximum torque = QQ’ x Power scale = 10055 x 9.5 = 95522.5 syn watts.

(xi) To get maximum input power, line PP’ is drawn from the centre G of the
semicircle.
Maximum input power = PP’ x Power scale = 11.6 x 10055 = 116.638 kW


Ahmed
Pencil


Prepared by: Dr. Ahmed Saleh
The University of Tobruk

www.ahmed.ucoz.org Three Phase Induction Machines
VU _0.1

(xii) Slip at full load, = MU =39 =0.0256 = 2%

. _MV _ 38 _ _

(xiii) Efficiency at full laod, = ML =425 0.89 pu = 89%
Solution: Applied voltage, V,, = 500 V.
No load current, Iy=15A
No load input, W, = 1500 W
1500
No load power factor, =——— =0.115
d %= 5 % 500 x 15

No load phase angle, ¢y = 83.39°

Short circuit voltage, V=250V

Short circuit current, I,.=60A

Short circuit input power, W, = 7500 W

Short circuit current with normal voltage, I, = v I.= 500 x 60 =120 A

Ve 250
S : Lien \? 120\
Short circuit input power with normaly voltage, W, = 7] % W, = (E) x 7500
sc
= 30000 W
Wien 30000
Short circuit power factor, cos ¢, = <= =
d *e = Bvr,, ~ VB x 500 x 120

scn
o, = cos™ 0.028 = 73.73°
sC

Let the current scale be taken as 5 A per cm. The circle diagram is shown in Fig. 34.

1?0 = 2 cm drawn with angle of 83.39° with V.

Phase OA represents 120 A. Hence, % = 24 cm with angle of 88.39 with V.

No load current phasor OO’ =

As earlier, draw line O’E parallel to X-axis, draw a semicircule and get AD which is the
input power on short circuit with normal voltage. It is of 10 cm and it is of 30000 W.
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Fig. 34

30000 _ 3000 w

Hence, Power scale =

Full load current is 35 A; hence, 35—5 =7 cm. Taking 0" as the centre with radius 7 cm, an
arc is drawn which intersects the semicircle at point M. This represents full load condition.
Join M and O.

Draw perpendicular ML from point M on the X-axis which cut the output line, torque
line.

The stator copper loss is 60% of the total copper loss.
From the circle diagram,
Total copper loss = DB = 8 cm

*. Stator copper loss = 0.6 x DB = 0.6 x 8 = 4.8 cm

*. Rotor copper loss = 8 — 4.8 =3.2 cm

At full load condition:
MR _ 5.15 o
Power factor = PO0-6 - 0.8583 or power factor = cos ZVOP = cos 31° = 0.8572
.UV _0.15 _ _

Slip = MU= 45 = 0.0333 =3.33%
Output power, MV = 4.4 cm = 4.4 x 3000 W = 13200 W

. _MV _ 44 _ _
Efficiency = ML =515~ 0.85 pu = 85%

Speed at full load = N(1 — s) = 120 g (1—s)= M (1 - 0.033) = 1450 rpm

Torque at full load, = MU = 4.5 cm = 4.5 x 3000 = 13500 syn. W

Max. power factor is got by drawing a line from point O tangentially to the semicircle at
point M’
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. cos ¢,, = ZVOM’ = 31° = cos 31° = 0.8572

Starting torque, = DC = 3 cm = 3 x 3000 = 9000 syn. W

Max. power input can be obtained by drawing a line FG which cuts the semicircle at point
S’ and the line SS’ is drawn vertically downward which cuts the horizontal line at point S.
This line SS” is the

Maximum output which is of 7.5 cm = 7.5 x 3000 = 22500 syn. W

Max. power input can be get by drawing vertical line PP’ from point P and is value is of
11.2 cm

Max. power input = 11.2 x 3000 = 33600 syn. W

Max. torque is obtained by drawing GQ’ perpendicular to the O’C and dropping vertical
line cutting at Q’ to the torque line. Line QQ’ is the max. torque and is of 8.5 cm.

Max. torque = 8.5 x 3000 = 25500 syn. W

QQ” 135 _

Slip for maximum torque = @ =35 0.15 =15%
1300
Solution: cos o= ———— =0.18
%= B xa1sx 10

No load phase angle, ¢, = cos™ 0.18 = 79.63°

4000

cos ¢, =— =036
¢ V3 x 160 x 40
Short circuit phase angle, ¢, = 68.89
. Vv 415

Short circuit current at normal voltage, I, = v I, = 160 x 40 =103.75 A

Short circuit input power with normal voltage, W,,,, = (%) x W,

sc

2
W, = (103'75) x 4000 = 26910 W
scn 40
Now taking current scale as 1 cm =5 A

Iy= 15—0 =2cm and I, = 1035'75 =20.75 cm

Both these currents are with their respective phase angle with V as shown in Fig. 7.35.
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Fig. 7.35

AD which is input power on short-circuit with normal voltage, is of 10 cm and 26910 W.

Hence, power scale, lcm= % =2691 W
Now output power is given as 15000 W and from circle diagram it is equal to MV
_ 15000 _
Output power = 2601 5.57 cm

Line current is given by OM and is measured as 6.5 cm =6.5x5=325A
Power factor is measured from circle diagram as 30°, cos 30° = 0.866
Uv _ 025

Slip is given by OM- 45 = 0.05 pu =5%
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