Ch1 : Induction motor
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Rotating Magnetic field (R.M.F.)
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. So if the arrangement is made to rotate a permanent
magnet, then the resulting field is a rotating magnetic field. But ion this method, it is necessary to rotate a
magnet physically to produce rotating magnetic field.

But in three phase induction motors such a rotating magnetic field is produced by suppl ying currents to a
set of stationary windings, with the help of three phase a.c. supply. The current carrying windings produce
the magnetic field or flux. And due to interaction of three phase fluxes produced due to three phase supply,
resultant flux has a constant magnitude and its axis rotating in space, without physically rotating the
windings. This type of field is nothing but rotating magnetic field. Let us study how it happens.

Production of R.M.F.
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. This is shown in the Fig. 1.
The three phase windings are denoted as R-R', Y-Y'and B-B'.
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Fig.1 Star or delta connected 3phase winding
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 w hich 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 three fluxes ®r , @y and @y can be written as,

Or =0, sin(ot) = d,sin® (1)
Oy=sin (ot - 120°) = d,sin (6 - 120°) ... (2)
Op= O, sin (ot - 240°) = @, sin (0 - 240°) ... (3)

As winding are identical and supply is balanced, the magnitude of each flux is ®,. Due to phase
sequence R-Y-B, flux lags behind @y by 120° and @ lags @y by 120°. So ®gultimately lags @g by 240°. The
flux @y is taken as reference while writing the equations.

The Fig. 2(a) shows the waveforms of three fluxes in space. The Fig.2(b) shows the phasor diagram
which clearly shows the assumed positive directions of each flux. Assumed positive direction means
whenever the flux is positive it must be represented along the direction shown and whenever the flux is
negative it must be represented along the opposite direction to the assumed positive direction.

Let @p, ®yand ®pbe the instantaneous values of the three fluxes. The resultant flux ®ris the phasor
addition of @y, ®y and Dp.

O = Og+Oy+dp
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Let us find ®rat the instants 1, 2, 3 and 4 as shown in the Fig. 2(a) which represents the values of 0 as
0° 60°, 120° and 180° respectively. The phasor addition can be performed by obtaining the values of @y,
@y and Oy by substituting values of 0 in the equation (1), (2) and (3).
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(a) Waveforms of three fluxes (b) Assumed positive directions

Fig. 2

Case 1 : 6=0°
Substituting in the equations (1), (2) and (3) we get,
Or=D,sin 0°=0
Oy =, sin(-120° ) = -0.866 D,
®p= O, sin (-240°) =+ 0.866 D,

/0

’

’
Assumed positive ,/
direction of ¢y /

Fig. 3(a) Vector diagram of 6 =0°

The pahsor addition is shown in the Fig. 3(a). The positive values are are shown in assumed positive
directions while negative values are shown in opposite direction to the assumed positive directions of the
respective fluxes. Refer to assumed positive directions shown in the Fig 3(b).

BD is drawn perpendicular from B on ®r. It bisects Or.
OD =DA = ®y/2
In triangle LOBD =30°
: cos 30° = OD/OB = (©1/2)/(0.866 @,,)
Or=2x0.866 O, x cos 30°
=150,

So magnitude of ®ris 1.5 @, and its position is vertically upwards at 6 = 0°.
Case2 0=060°

Equation (1),(2) and (3) give us,

Dy = D, sin 60°=+0.866 O,




®y =, sin (-60°) = -0866 D,
Op= D, sin (-180°) =0
So @y is positive and Oy is negative and hence drawing in appropriate directions we get phasor diagram
as shown in the Fig. 3(b).
oy =-0.866 o,
Assumed positive
of &y l,‘
Fig 3(b) Vector diagram of 6 = 60°
Doing the same construction, drawing perpendicular from B on at D we get the same result as,
Or=150,
But it can be seen that though its magnitude is 1.5 ®m it has rotated through 60°in space, in clockwise
direction, from its previous position.
Case3: 0=120°
Equations (1),(2) and (3) give us,
®p= Om sin 120° =+0.866 Pm
Oy= dmsin0°=0
®p=®m sin (-120° ) = -0.866 ®m
So @y is positive and Dpis negative. showing @y and ®gin the appropriate directions, we get the phasor
diagram as shown in the Fig . 3(c).
»
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positive .
gi'r::tlon \C\ o = +0.866 6,,
¢g=-08660, “----- A
o1
Fig. 3(c) Vector diagram of 0 =120°
After doing the construction same as before i.e. drawing perpendicular from B on @+, it can be provided
again that,
Or=1.5 Om
But the position of ®ris such that it has rotated further through 60°from its previous position, in
clockwise direction. And from its position at 6 = 0° it has rotated through 120° in space, in clockwise
direction.
Case 4: 0=180°
From equations (1),(2) and (3),
@y = ®m sin (180°) =0
®y= ®m sin (60°) = +0.866 ®m
®p = ®m sin (-60°) = -0.866 dm
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Assumed positive \\‘
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¢y = +0.866 0,5 g D Vo %s=-08360,

Fig. 3(d) Vector diagram of 0 = 180°

So O =0, Dy is positive and Oy is negative. Drawing @y and @y in the appropriate directions, we get

the phasor diagram as shown in the Fig. 3(d).

From phasor diagram, it can be easily proved that,
®r=1.5Om

Thus the magnitude of @t once again remains same. But it can be seen that it has further rotated through
60° from its previous position in clockwise direction.

So for an electrical half cycle of 180°, the resultant ®has also rotated through . This is applicable for
the windings from the above discussion we have following conclusions :
a) The resultant of the three alternating fluxes, separated from each other by , has a constant amplitude of 1.5
®m where ®m is maximum amplitude of an individual flux due to any phase.
b) The resultant always keeps on rotating with a certain speed in space.
Key point : This shows that when a three phase stationary windings are excited by balanced three phase a.c.
supply then the resulting field produced is rotating magnetic field. Though nothing is physically rotating, the

field produced is rotating in space having constant amplitude.

Speed of R.M.F

120f
N = P = Speed of R.MLF.

Direction of R.M.F.

Three phase
wancing of induction motor

{a) Clockwise rotation (b) Anticlockwise rotation

Fig. 4
The direction of the R.M.F. is always from the axis of the leading phase of the three phase winding
towards the lagging phase of the winding. In a phase sequence of R -Y-B, phase R leads Y by 120° and Y
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leads B by120°. So R.M.F. rotates from axis of R to axis of Y and then to axis of B and so on. So its
direction is clockwise as shown in the Fig. 4(a). This direction can be reversed by interchanging any two
terminals of the three phase windings while connecting to the three phase supply. The terminals Y and B are
shown interchanged in the Fig. 4(b). In such case the direction of R.M.F. will be anticlockwise.

As Y and B of windings are connected to B and Y from winding point of view the phase sequence

becomes R-Y-B. Thus R.M.F. axis follows the direction from R to B to Y which is anticlockwise.
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Fig. 1 Concept of slip rings and brush
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The advantages of skewing are,
1. A magnetic hum i.e. noise gets reduced due to skewing hence skewing makes the motor
operation quiter.
It makes the rotor operation smooth.
3. The stator and rotor teeth may get magnetically locked. Such a tendency of magnetic
locking gets reduced due to skewing.
4. It increases the effective transformation ratio between stator and roto
Fig. 2 Skewing in rotor construction
Comparison of Squirrel Cage and Wound Rotor
Sr. 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
similar to the stator winding. the ends with the help of end rings.
Construction is comphcated. Construction is very simple.
Resistance can be added externally. As permanently shorted, external resistance
cannot be added.
4 Slip rings and brushes are present lo add Skp rings and brushes are absent.
external resistance.
5 The construction is delicate and due lo The construction is robust and maintenance
brushes, frequent maintenance is necessary. | free.
6 The rotors are very costly. Due to simple construction, the rolors are
cheap.
7 Only 5% of induction motors in industry use | Very common and almost 95% induction
slip ring rotor. motors use this type of rotor.
8 High starting torque can be obtained. Moderate starting torque which cannot be
controlled.
9 Rotor resistance starter can be used. Rotor resistance starter cannot be used.
10 Rotor must be wound for the same number | The rotor automatically adjusts itself for the
of poles as that of stator. same number of poles as that of stator.
1" Speed control by rotor resistance is possible. | Speed control by rotor resistance is not
possible.
12 Rotor copper losses are high hence efficiency] Rolor copper losses are less hence have
is less. higher efficiency.
13 Used for lifts, hoists, cranes, elevators, Used for lathes, driling machines, fans,
compressors elc. blowers, water pumps, grinders, printing
machines elc.
L
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Induction motor works on the principle of electromagnetic induction.

When a three phase supply is given to the three phase stator winding, a rotating magnetic field
of constant magnitude is produced as discussed earlier. The speed of this rotation magnetic field is
synchronous speed Ngr.p.m.

N, = 08 speed of rotating magnetic field
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Where f = supply frequency.
p = Number of poles for which stator winding is wound.
This rotating field produces an effect of rotating poles around a rotor. Let direction of rotation
of this rotating magnetic field is clockwise as shown in the Fig. 1(a).

Fig. 1

Now at this instant rotor is stationary and stator flux R.M.F. is rotating. So its obvious that
there exists a relative motion between the R.M.F. and rotor conductors. Now the R.M.F. gets cut by
rotor conductors as R.M.F. sweeps over rotor conductors. Whenever conductors cuts the flux, e.m.f.
gets induced in it. So e.m.f. gets induced in the rotor conductors called rotor induced e.m.f. This is
electro-magnetic induction. As rotor forms closed circuit, induced e.m.f. circulates current through
rotor called rotor current as shown in the Fig.1(b). Let direction of this current is going into the
paper denoted by a cross as shown in the Fig. 1(b).

Any current carrying conductor produces its own flux. So rotor produces its flux called rotor
flux. For assumed direction of rotor current, the direction of rotor flux is clockwise as shown in the
Fig. 1(c). This direction can be easily determined using right hand thumb rule. Now there are two
fluxes, one R.M.F. and other rotor flux. Both the fluxes interact with each as shown in the Fig. 1(d).
On left of rotor conductor, two fluxes cancel each other to produce low flux area. As flux lines act
as stretched rubber band, high flux density area exerts a push on rotor conductor towards low flux
density area. So rotor conductor experience a force from left to right in this case, as shown in the
Fig. 1(d), due to interaction of the two fluxes.

As all the rotor conductors experience a force, the overall rotor experiences a torque and starts
rotating. So interaction of the two fluxes is very essential for a motoring action. As seen from the
Fig. 1(d), the direction of force experienced is same as that of rotating magnetic field. Hence rotor
starts rotating in the same direction as that of rotating magnetic field.

RMF

Fig 1 (d
Alternatively this can be explained as : according to Lenz's law the direction of induced current
in the rotor is so as to 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
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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 the
rotating magnetic field.
So, Ns = Speed of rotating magnetic field in r.p.m.

N = Speed of rotor i.e. motor in r.p.m.

Ns - 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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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.
Mathematically the relationship cab be expressed as,
T o ® I, cos Oy,

3 E,* R,

T, = :
st 21![19 (R22+x22)
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“ g S YO LY =0
8 (R, +5° X,%)
s = RJ/X; Neglecting negative slip
This is the slip at which the torque is maximum and is denoted as s,.
. Sm= R2IX2
by substituting s, = Ro/X, in the torque equation.
kE,?
2
Tm = 3% N-m.
2
from the expression of T,,, it can be observed that
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4 To control the voltage applied to the stator, the firing

angle of the triac is controlled. For the scheme shown,
the firing sequence is T, T;', T,, T,', T; and T,'. The

interval between the successive firing is 60° while the

firing frequency is six times the input frequency. When
T;' is fired, T; and T;' conduct for. Then T, is fired and
Ts'and T,conduct for next 60°. The cycle is repeated.

Each triac conducts for 120°, once fired. As long as
thyristors is fired, it conducts and correspondingly
voltage is variable to the stator. Thus by controlling the

firing angle, the voltage applied to the motor can be

controlled steplessly. The rotor induced e.m.f.
E, depends on the stator voltage while torque depends
on E,. Thus by controlling stator voltage smoothly, the
torque can be controlled smoothly while speed also gets
controlled smoothly from zero to the synchronous
speed. Due to reduced voltage applied the starting




current is small and need of the starter is eliminated.

Hence the arrangement is called soft starter.
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