1. Explain the Working principle of transformer
1. The basic working principle of a
transformer is mutual induction
between two windings linked by
common magnetic flux.
2. The primary and secondary coils
are electrically separated but
magnetically linked to each other.
3. When,
primary
winding
is
connected to a source of alternating
voltage, alternating magnetic flux is
produced around the winding.
4. The core provides magnetic path
for the flux, to get linked with the
secondary winding. Most of the flux gets linked with the secondary winding which is called
as 'useful flux' or main 'flux', and the flux which does not get linked with secondary winding
is called as 'leakage flux'.
5. As the flux produced is alternating (the direction of it is continuously changing), EMF gets
induced in the secondary winding according to Faraday's law of electromagnetic induction.
This induced emf is called 'mutually induced emf', and the frequency of mutually induced
emf is same as that of supplied emf. Thus, in a transformer the frequency is same on both
sides.
6. If the secondary winding is closed circuit, then mutually induced makes the current flow
through it, and hence the electrical energy is transferred from one circuit (primary) to another
circuit (secondary).
2. Derive the EMF Equation of a Transformer
Let
ϕm = Maximum value of flux in Weber
f = Supply frequency in Hz
N1 = Number of turns in the primary winding
N2 = Number of turns in the secondary winding
Φ = flux per turn in Weber
As per the faradays laws,
The average value of the emf induced is directly proportional to the rate of change of
flux.

The flux changes from + ϕm to – ϕm in half a cycle of 1/2f seconds.

Flux increases from its zero value to maximum value ϕm in one quarter of the cycle
i.e. in ¼ of the timeperiod.

Average rate of change of flux is d  m  0  4 f volts
m
1
dt
4f
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Therefore the average e.m.f per turn is 4m f
Rmsvalue
As
 Formfactor  1.11 for sinusoidal varying quatities
Averagevalue
Hence, RMS value of e.m.f/turn is 1.11* 4m f  4.44m f
RMS value of e.m.f in the primary & secondary winding. =( e.m.f/turn) * No:of turns
Therefore Emf induced in primary winding having N1turns is E 1 4.44 fNm 1
Emf induced in secondary winding having N2 turns is E 2 4.44 fN
m
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3. Explain the Construction of Transformer
The simple construction of a transformer, need two coils having mutual inductance and a
laminated steel core.
The two coils are insulated from each other and from the
steel core.
The device will also need some suitable container for the
assembled core and windings, a medium with which the
core and its windings from its container can be insulated.
In order to insulate and to bring out the terminals of the
winding from the tank, bushings made of porcelain are
used.
In all transformers, the core is made of transformer sheet
steel laminations assembled to provide a continuous
magnetic path with minimum of air-gap included.
The steel should have high permeability and low hysteresis loss. For this to happen, the steel
should be made of high silicon content and must also be heat treated.
By effectively laminating the core, the eddy-current losses can be reduced. The lamination
can be done with the help of a light coat of core plate varnish or lay an oxide layer on the
surface. For a frequency of 50 Hertz, the thickness of the lamination varies from 0.35mm to
0.5mm for a frequency of 25 Hertz.
To reduce the leakage fluxes in the transformer the windings of the primary and secondary
coils are interleaved in the core type and sandwiched coils in the shell type.
To reduce the volume of the cu wire the core used must be the stepped core or cruciform
core.
4. Compare and distinguish the types of transformers
There are two major types of transformers based on construction. 1. Core type 2. Shell type
S.No
1
2
3
4

5
6
7

Core type Transformer
The winding encircles the core
The cylindrical type of coils are used

Shell type transformer
The core encircles the winding
Generally multilayer disc type or
sandwiched coils coils are used
As windings are distributed, the As windings are surrounded by the core,
natural cooling is more effective
the natural cooling does not exists.
The coils can be easily removed from
For
removing
any
winding
for
maintenance, a large number of laminations
the maintenance point of view
are to be removed. This is difficult.
The construction is preferred for low
The construction is used for very high
voltage transformers
voltage transformers
It has a single magnetic core
It has a double magnetic core
In a single phase type there are two
In a single phase type the core has three
Limbs
Limbs
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2. Discuss the losses and efficiency in the transformer
Transformer is a static device, i.e. it doesn’t have any parts, so no mechanical losses exist in
the transformer and only electrical losses are observed.
So there are two primary types of losses in the transformer:
1. Copper losses
2. Iron losses
Other than these, some small amount of power losses in the form of ‘stray losses’ are also
observed, which are produced due to the leakage of magnetic flux.
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Copper losses
1. These losses occur in the windings of the transformer when heat is dissipated due to the
current passing through the windings and the internal resistance offered by the windings.
2. So these are also known as ohmic losses or I 2R losses, where ‘I’ is the current passing
through the windings and R is the internal resistance of the windings.
3. These losses are present both in the primary and secondary windings of the transformer and
depend upon the load attached across the secondary windings since the current varies with the
variation in the load, so these are variable losses.
Iron losses or Core Losses
1. These losses occur in the core of the transformer and are generated due to the variations in
the flux.
2. These losses depend upon the magnetic properties of the materials which are present in the
core, so they are also known as iron losses, as the core of the Transformer is made up of iron.
And since they do not change like the load, so these losses are also constant losses.
There are two types of Iron losses in the transformer:
1. Eddy Current losses
2. Hysteresis Loss
Eddy Current Losses
1. When an alternating current is supplied to the primary windings of the transformer, it
generates an alternating magnetic flux in the winding which is then induced in the secondary
winding also through Faraday’s law of electromagnetic induction, and is then transferred to
the externally connected load.
2. During this process, the other conduction materials of which the core is composed of; also
gets linked with this flux and an emf is induced.
3. But this magnetic flux does not contribute anything towards the externally connected load or
the output power and is dissipated in the form of heat energy.
4. So such losses are called Eddy Current losses and are mathematically expressed as:
Pe = Ke f² Kf² Bm²
Where;
Ke = Constant of Eddy Current
Kf2 = Form Constant
Bm = Strength of Magnetic Field

Hysteresis Loss
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1. Hysteresis loss is defined as the electrical energy which is required to realign the domains of
the ferromagnetic material which is present in the core of the transformer.
2. These domains loose their alignment when an alternating current is supplied to the primary
windings of the transformer and the emf is induced in the ferromagnetic material of the core
which disturbs the alignment of the domains and afterwards they do not realign properly.
3. For their proper realignment, some external energy supply, usually in the form of current is
required. This extra energy is known as Hysteresis loss.
Mathematically, they can be defined as;
Ph = Kh B m1.6 f V
 The Efficiency of the transformer is defined as the ratio of power output to the input power.
Where,
V2
= Secondary terminal voltage
I2
= Full load secondary current in A
Cosϕ2
= power factor of the load
Pi
= Iron losses
= hysteresis losses + eddy current
loss
Pc
= Full load copper losses = I22Req

Also, the efficiency at any amount of load(x) is given by
outputinwatts xVAcos 
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Therefore the condition for obtaining the maximum efficiency is the variable loss I 2 r 2 e 2
must be equal to the constant loss Wi .



Also, the load current at which the maximum efficiency occurs is I 2 max  
Multiplying both sides with 1000 *V2


1000 * V2 * I 2 max  1000 * V2 *

Load KVA max  1000 * V2 *


Load KVA

max
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I2Fullload  Wi 
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Variation of voltage regulation and efficiency with respect to load and load powerfactors
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11. Explain OC and SC tests on a single phase transformer
Ans: Purpose of conducting OC and SC tests is to find
i) Equivalent circuit parameters ii) Efficiency iii) Regulation
Open Circuit Test:
1. The OC test is performed on LV side at rated voltage and HV side is kept opened.
2. As the test is conducted on LV side the meters selected will be at low range values like
smaller voltmeter, smaller ammeter and low pf wattmeter
3. As the no-load current is quite small about 2 to 5% of the rated current, the ammeter
required here will be smaller range even after on LV side which are designed for higher
current values.
4. The voltmeter, ammeter and the wattmeter readings V0, I0 and W0 respectively are noted
by applying rated voltage on LV side.
5. The wattmeter will record the core loss because of noload input power.

Calculations from OC test readings:
R0, X0 and Iron loss are calculated
from the OC test results as
V0
V0

Core resistance R0 
I w I0 cos0
V0
V0

Magnetizing reactance X 0 
I m I0 sin 0
P
Where cos0  0
V0 I 0
and iron loss Wi = P0 (No load input power)
Short Circuit Test:
1. The SC test is performed on HV side at rated current and LV side is kept Shorted.
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2. As the test is conducted on HV side the meters selected will be at low range values like
smaller voltmeter, smaller ammeter and unity pf wattmeter
3. As the voltage required to circulate the short circuit rated current is very small about 10 to
15% of the rated HV voltage, so the voltmeter required here will be smaller range even the
test is conducted on HV side.
4. The voltmeter, ammeter and the wattmeter readings Vsc, Isc and Wsc respectively are noted by
passing rated current on HV side.
5. The wattmeter will record thecopper loss corresponding to the Isc.

Calculations from SC test readings:
re(HV), xe(HV) and cu loss are calculated
from the SC test results as
Equivalent resistance referred to HV side is
P
R  sc  r
sc
e( HV )
I sc2
Equivalent impedance referred to HV side is
Zsc 

Vsc
 ze( HV )
I sc

Equivalent reactance referred to HV side is X sc 

 xe( HV )

The culoss is equal to the wattmeter reading Wsc
 Thus, the approximate equivalent circuit of the transformer can be drawn by the calculated
values of R0 and X0 on LV side and re(HV) and xe(HV) on HV side.
 The efficiency at any load is calculated from the losses Wi and Wcufl as
xVAcos 
100
xVAcos   Wi  x 2WFLCu

x 

The regulation of the transformer is calculated from the re(HV) and xe(HV) as
%reg 

I HV reHV cos  I HV xeHV sin 
100 where  is for lagging pf and  is for leading pf
VHV
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ALTERNATOR - WORKING PRINCIPLE
 Synchronous generator or AC generator is a device which converts mechanical power in the form of
A.C.
 It works on the principle of ELECTRO MAGNETIC INDUCTION and it is also called as Alternator.
 An alternator consists of armature winding and field magnet, but the difference between the alternator
and DC generator is that in the DC generator armature rotates and the field system is stationary.
 This arrangement in the alternator is just reverse of it, the armature is stationary called as stator and
field system is rotating called as Rotor.
For generating EMF, three things are essential:
1) Magnetic field
2) System of conductors
3) Relative motion between those two.
 The conductors are mounted on the stator and the field poles are mounted on the Rotor core
 Relative motion between the stator conductors and the field is brought about rotating the field
system.
 The rotor is coupled mechanically to a suitable prime mover. When the prime mover runs, the
rotor core also rotates and the field flux is cut by the stationary stator conductors and emf’s are
induced in them.
 If a load is connected across the stator terminals electric power would be delivered to it.

CONSTRUCTION OF ALTERNATOR
An alternator consists of mainly two parts
1. Stator
2. Rotor
Stator:
1. The armature core is supported by the stator
frame and is built up of laminations of special
magnetic iron or steel iron alloy, the core is
laminated to minimize the loss due to Eddy
currents.
2. The laminations are stamped out in complete
rings or segments. The laminations are insulated
from each other and have space between them for allowing the cooling air to pass through.
9

3. The inner periphery of the stator is slotted and copper conductors which are joined to one
another constituting armature winding housed in these slots.
4. The other ends of the winding are brought out are connected to fixed terminal from which
the generator power can be taken out.
5. Different shapes of the armature slots are available
a. The wide open type slot also used in DC machines has the advantage of permitting easy
installation of form-wound colis and there easy removal in case of repair but it has the
disadvantage of distributing the air gaps flux into bunches that produce ripples in the
wave of generated EMF.
b. The semi closed type slots are better in this respect but do not allow the use of form wound coils.
c. The fully closed slots do not disturb the air gap flux but they try to increase the inductance of the
windings. The armature conductors have to be threaded through, thereby increasing the initial labour
and cost of the winding. Hence, these are rarely used.
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Rotor
Depending upon the type of application, these are classified into two types
1) Salient-pole or projecting pole type
2) Non silent-pole or round rotor or cylindrical rotor
Salient-pole or projecting pole type
1. It is used for low and medium speed alternators used
in hydro and diesel power generating station.
2. The poles are made of laminated sheets and fixed to
the rotor by dove tail joint.
3. Short circuited damper bars are placed in the slots
provided on the pole surfaces.
4. These are used to prevent hunting and to provide
starting torque in synchronous motors.
5. The field coils are placed on the poles as shown in
the figure
Key features:1. It has non-uniform air gap.
2. The diameter of the rotor is more than of the cylindrical rotor.
3. The no. of poles is higher than that of the non salient-pole rotor
4. Axial length is less.
5. The prime mover speed is less and is driven in hydal turbines
6. These generators are used in hydro electric stations so these are called as hydro
generators.
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EMF method (or) Synchronous impedance method:
This method is also known as synchronous impedance method.
Here the magnetic circuit is assumed to be unsaturated.
In this method the MMFs (fluxes) produced by rotor and stator are replaced by their equivalent
emf, and hence called emf method.
To predetermine the regulation by this method the following information is to be determined.
Open circuit characteristics of the alternator.
Short circuit characteristics of the alternator.
The voltage drop in an alternator is mainly due to the following reasons
1. Voltage drop due to armature winding resistance (Ia Ra)
2. Voltage drop due to armature winding leakage reactance (I a XL)
3. Voltage drop due to armature reaction drop (Ia Xa)
 The combination of 2 and 3 leads to the voltage drop due to armature winding leakage
reactance and armature reaction drop called as voltage drop due to synchronous reactance
(Xs)= Ia (XL+Xa) = Ia Xs
 Combination of the drops due to Ra and Xs is known as voltage drop due to synchronous
impedance drop (Ia Zs)
INTRODUCTION
 It may be recalled that a d.c. generator can be run as a d.c. motor. In like manner, an alternator
may operate as a motor by connecting its armature winding to a 3-phase supply. It is then called a
synchronous motor.
 As the name implies, the synchronous motor runs at synchronous speed (Ns = 120f/P) i.e., in
synchronism with the revolving field produced by the 3-phase supply. 
 The speed of rotation is, therefore, tied to the frequency of the source. Since the frequency is 
fixed, the motor speed stays constant irrespective of the load or voltage of 3- phase supply.
 However, synchronous motors are not used so much because they run at constant speed (i.e.,
synchronous speed) but because they possess other unique electrical properties. 
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CONSTRUCTION
 A synchronous motor is a machine that operates at synchronous speed and converts electrical
energy into mechanical energy.
 It is fundamentally an alternator operated as a motor. Like an alternator, a synchronous motor has
the following two parts:
i. Stator which houses 3-phase armature winding in the slots of the stator core and receives power
from a 3-phase supply
ii. Rotor that has a set of salient poles excited by DC to form alternate N and S poles.

 The exciting coils located on the rotor shaft are connected in series to two slip rings and DC
is fed into the winding from an external exciter mounted on the same shaft.
 The stator is wound for the same number of poles as the rotor poles and its speed of rotation
is given
120f
 Synchronous speed Ns 
p
Where,
f = frequency of supply in Hz
p = number of poles
 An important drawback of a synchronous motor is that it is not self-starting and auxiliary
means have to be used for starting it.
Salient features of a synchronous motor:
1. Synchronous motor runs only at synchronous speed or it doesn’t runs at all.
2. Its speed is constant (synchronous speed) at all loads.
3. Synchronous motor can be made to operate over a wide range of power factors (lagging, unity
or leading) by adjustment of its field excitation. Therefore, a synchronous motor can be made
improve the power factor of the system.
4. Synchronous motors are generally of the salient pole type.
5. Synchronous motor is not self-starting and an auxiliary means has to be used for starting it.
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OPERATING PRINCIPLE
 The fact that a synchronous motor has no starting torque can be easily explained.
 Consider a 3-phase synchronous motor having two rotor poles NR and SR. Then the stator will
also be wound for two poles NS and SS.
 The motor has direct voltage applied to the rotor winding and a 3-phase voltage applied to the
stator winding.

 The stator winding produces a rotating field which revolves round the stator at synchronous
speed Ns(= 120 f/P).
 The direct (or zero frequency) current sets up a two-pole field which is stationary so long as
the rotor is not running.
 Thus, we have a situation in which there exists a pair of revolving armature poles (i.e., NS SS) and a pair of stationary rotor poles (i.e., NR - SR).
 Suppose at any instant, the stator poles are at positions A and B as shown in figure below, It is
clear that poles NS and NR repel each other and so do the poles SS and SR.
 Therefore, the rotor tends to move in the anticlockwise direction. After a period of half-cycle
(or ½ f = 1/100 second), the polarities of the stator poles are reversed but the polarities of the
rotor poles remain the same as shown in below figure Now SS and NR attract each other and
so do NS and SR.
 Therefore, the rotor tends to move in the clockwise direction. Since the stator poles change
their polarities rapidly, they tend to pull the rotor first in one direction and then after a period
of half-cycle in the other. Due to high inertia of the rotor, the motor fails to start.
 Hence, the synchronous motor has no self-starting torque i.e., a synchronous motor cannot
start by itself.
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Unit – 4 (BEE) R -19 Regulations – I ECE II Semester
Induction Machine: Principle of operation and construction of three-phase induction
motors –slip ring and squirrel cage motors – slip-torque characteristics – efficiency
calculation – starting methods Brake test on 3-Phase Induction Motor.
CONSTRUCTION OF 3-PHASE INDUCTION MOTOR
The 3-Phase induction motor consists of mainly two parts namely stator and rotor
Stator: The stator consists of
 Stator frame: The stator frame is made of cast iron and consists of
cooling fins
It gives the support and protects other parts of the motor
 Stator core: The stator core is made of with laminated high grade alloy steel
stampings and slotted on the inner periphery and these stampings are insulated.
 Stator winding: The stator winding is placed in the stator core, which is connected
either in star or delta
Squirrel cage Rotor:
1. The rotor core is a cylindrical one built from a high
grade alloy steel laminations.
2. It consists of rotor slots in parallel to the shaft axis on
the outer periphery.
3. In general the slots are not parallel to the shaft but skewed with some angle to the
shat
4. The purpose of the skewing is to prevent interlocking and to reduce the humming
noise
5. The rotor copper bars are placed in the rotor slots and the bars are short circuited
with end rings.
6. In Cage rotor type there is no chance of adding the external resistance to the rotor
to improve the torque developed at starting.
 Slip ring rotor (or) Phase Wound rotor:
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1. The rotor core is a cylindrical one built from a high grade alloy steel laminations.
2. It consists of rotor slots on the outer periphery where the star connected winding is
done.
3. The star connected rotor winding is done for the same poles as that of the stator
winding
4. The ends of the star connected rotor winding are connected to the three slip rings
placed on the shaft.
5. The carbon brushes are mounted on the slip rings, through which an external resistance
is added to the rotor.
6. The advantage of the Wound rotor is the starting torque is improved by adding the
external resistance to the rotor using slip rings.
Rotating Magnetic Field
1. The induction motor rotates due to the rotating magnetic field in 3 phase
induction motor, which is produced by the stator winding in the air gap between
in the stator and the rotor.
2. The stator has a three phase stationary winding which can be either star connected
or delta connected.
3. Whenever the AC supply is connected to the stator windings, line currents IR, IY,
and IB start flowing.
4. These line currents have phase difference of 120o with respect to each other.
5. Due to each line current, a sinusoidal flux is produced in the air gap.
6. These fluxes have the same frequency as that of the line currents, and they also
have the same phase difference of 120o with respect to each other.
Let the flux produced by the line currents IR, IB, IY be φR, φB, φY respectively.

Mathematically, they are represented as follows:
φR = φm sin ωt = φm sin θ
φY = φm sin (ωt – 120o) = φm sin (θ – 120o)
φB = φm sin (ωt – 240o) = φm sin (θ – 240o)
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The effective or total flux (ɸT) in the air gap is equal to the phasor sum of the three
components of fluxes ɸR, ɸY and, ɸB.
Therefore, ɸT = ɸR + ɸY + ɸB
Step 1: The values of total flux ɸT for different values of θ such as 0, 60, 120 , 180 …..
360o. are to be calculated
Step 2: For every value of θ in step 1, draw the phasor diagram, with the phasor ɸ R as the
reference phasor i.e. all the angles are drawn with respect to this phasor.
For θ = 00
φR = φm sin ωt = φm sin θ = 0
φY = φm sin (ωt – 120o) = φm sin (θ – 120o) = φm sin (0 – 120o) = (-)φm sin 120o = -0.866
φm
φB = φm sin (ωt – 240o) = φm sin (θ – 240o )= φm sin (0 – 240o ) = (-)φm sin 240o = 0.866
φm
Therefore, ɸT = 0 + ɸY + ɸB = ɸT = 0 +(- ɸY )+ ɸB
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For θ = 600
φR = φm sin ωt = φm sin θ = φm sin 60 = 0.866 φm
φY = φm sin (ωt – 120o) = φm sin (θ – 120o) = φm sin (60 – 120o) = (-)φm sin 60o = -0.866
φm
φB = φm sin (ωt – 240o) = φm sin (θ – 240o )= φm sin (60 – 240o ) = (-)φm sin 180o = 0
Therefore, ɸT = ɸR +(- ɸY )+ 0
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For θ = 1200
φR = φm sin ωt = φm sin θ = φm sin 120 = 0.866 φm
φY = φm sin (ωt – 120o) = φm sin (120 – 120o) = (-)φm sin 0o = 0
φB = φm sin (ωt – 240o) = φm sin (120 – 240o ) = (-)φm sin 120o = -0.866 φm

Therefore, ɸT = ɸR +0+ (- ɸB )
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For θ = 1800
φR = φm sin ωt = φm sin θ = φm sin 180 = 0
φY = φm sin (ωt – 120o) = φm sin (180 – 120o) = φm sin 60o = 0.866 φm
φB = φm sin (ωt – 240o) = φm sin (180 – 240o ) = (-)φm sin 60o = -0.866 φm
Therefore, ɸT = 0 + ɸY + (- ɸB )
T 



Y 2   B 2  2 Y  B cos 60
2

2

 3


 

3
 T  
   2  
   
      
2
2
 2

 2

2
3
 3 
T  3       m  1.5m
2
 2
For θ = 2400
φR = φm sin ωt = φm sin θ = φm sin 240 = -0.866 φm
φY = φm sin (ωt – 120o) = φm sin (240 – 120o) = φm sin 120o = 0.866 φm
φB = φm sin (ωt – 240o) = φm sin (240 – 240o ) = φm sin 0o = 0
Therefore, ɸT = (- ɸR ) + ɸY + 0

T   R    Y   2 R Y cos 60
2



 T 

2


















2
3
 3 
T  3       m  1.5m
2
 2

4

BEE – UNIT -4

For θ = 3000
φR = φm sin ωt = φm sin θ = φm sin 300 = -0.866 φm
φY = φm sin (ωt – 120o) = φm sin (300 – 120o) = φm sin 180o = 0
φB = φm sin (ωt – 240o) = φm sin (300 – 240o ) = φm sin 60o = 0.866 φm
Therefore, ɸT = (- ɸR ) + ɸY + 0
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For θ = 360
φR = φm sin ωt = φm sin θ = φm sin 360 = 0
φY = φm sin (ωt – 120o) = φm sin (360 – 120o) = φm sin 240o = - 0.866 φm
φB = φm sin (ωt – 240o) = φm sin (300 – 240o ) = φm sin 60o = 0.866 φm
Therefore, ɸT =0 + (- ɸY ) + ɸB
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In the similar way as shown in the phasor diagrams the resultant or total flux rotates 60

degrees for every instant and completes one cycle of rotation in the direction of phase
sequence of the supply.
Thus when a three phase supply is applied to the three phase winding connected either in
star or delta it produces a rotating magnetic field having
i.

a constant magnitude of 1.5 times the Φm

ii.

a constant speed of synchronous speed Ns=120f/P

iii.

a direction equal to its phase sequence
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WORKING PRINCIPLE OF 3-PHASE INDUCTION MOTOR
1. The balanced three-phase winding of the stator is supplied with a balanced three-phase

voltage.
2. The current in the stator winding produces a rotating magnetic field, with constant

magnitude of 1.5Øm and rotates at synchronous speed of Ns=120f/P
3.

The magnetic flux lines in the air gap cut both stator and rotor (being stationary, as the
motor speed is zero) conductors at the same speed.

4. The emfs in both stator and rotor conductors are induced at the same frequency, i.e. line

or supply frequency, with No. of poles for both stator and rotor windings (assuming
wound one) being same.
5. As the rotor winding is short-circuited at the slip-rings, current flows in the rotor

windings.
6.

The electromagnetic torque in the motor is in the same direction as that of the rotating
magnetic field, due to the interaction between the rotating flux produced in the air gap by
the current in the stator winding, and the current in the rotor winding.

7. This is as per Lenz’s law, as the developed torque is in such direction that it will oppose

the cause, which results in the current flowing in the rotor winding.
8. As the rotor starts rotating in the same direction, as that of the rotating magnetic field due

to production of the torque as stated earlier, the relative velocity decreases, along with
lower values of induced emf and current in the rotor.
9. If the rotor speed is equal that of the rotating magnetic field, which is termed as

synchronous speed, and also in the same direction, the relative velocity is zero, which
causes both the induced emf and current in the rotor to be reduced to zero. Under this
condition, torque will not be produced.
10. So, for production of positive (motoring) torque, the rotor speed must always be lower

than the synchronous speed. The rotor speed is never equal to the synchronous speed in
an IM.

6

Slip
It is defined as the relative speed or slip speed (N s - Nr) expressed in terms of
synchronous speed
s

NS  Nr
Ns

 Since the speed at standstill is zero, the slip is 1.
 As the speed of rotor increases the slip decreases.

TORQUE EQUATION OF 3-Φ INDUCTION MOTOR
Torque at stand still
The torque in the motor is directly proportional to the product of flux and active
component of the rotor current
T   I 2 cos2
Here the flux is directly proportional to the rotor induced emf E 2 i.e   E2
The rotor current I2 and rotor power factor cosΦ2 are
E
R
I2  2 and cos2  2
Z2
Z2

T  E 2

E2

R2
2
2 
R X2
R X
2

2

2

2

2

2
E2 R
k 3
2
T  k R 2X 2 where
2n
2

2

here ns is synchronou s speed in rps
s

2


R
Therefore, torque at standstill is T    3  E
22 2
2 n R  X 2

s 
2
2
From the above equation torque at stand still depends on rotor resistance (R 2), so keeping
this R2 as variable the condition for the maximum torque at standstill is
dTst
0
dR2
Rewriting the stand still torque
2
R
TK 2 2 2
where K 3E
2 and T R2 2
2n
R X
R X2
2

2

 R

2 X 
dR
2
 22
2 
0
dR

s



R

2

 X 2   R 2R

R

2

2

2

2
2

X

2

R2  X 2  2R 2  R 2  X 2
2

2

2

2



2
2 2

2


2

0

 R 2  X 2   R 2R
2

2

2

 0
2

2

RX

2

2

2

Therefore on adding the resistance to the rotor such that R2 = X2, the motor will develop
maximum torque at stand still.
The maximum torque at standstill is T
max

2


X
  3 E
22 2  2
 2n X X

s 
2
2




K
2X

T

max

2

3 E2

2
 2n 2X
s

2

TORQUE - SLIP CHARACTERISTICS
 The

torque-slip

characteristics

in

an

induction motor shows the variation of the
torque developed with respect to changes of
slip.
 When the load on the motor is removed
gradually the speed increases and the slip
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decreases
 Considering, the speed at standstill Nr = 0 the slip s =1 and as the speed increases from 0
to Ns the slip s decreases from 1 to zero, any how the induction motor never rotates at Ns
so the slip never becomes 0
 Let the torque in an induction motor is
2


T   3 22 sE2 R 2 T22 sR
2
2n R  sX 
R  sX 
s 

2
2
2
2
 For the smaller values of slips i.e 0 < s < sm , sX2 << R2 so neglecting sX2 , the torque in
this smaller range of slips is
T

sR2
R22

s
T
R2

T s

 As the torque is directly proportional to slip s, Therefore as slip increases the torque
increases linearly and attains maximum torque when slip s = sm
 For the larger values of slips i.e sm < s < 1, R2 << sX2 so neglecting R2 , the torque in this
larger range of slips is
T

R2
sX 2

T
2

1
s

 As the torque is inversely proportional to slip s, Therefore as slip increases the torque
decreases linearly and falls to the value of standstill torque T st at s = 1
Salient points:
1. The maximum value of the torque is independent to the rotor resistance
2. The slip at which the maximum torque occurs (sm) depends on the rotor resistance
3. The motor develops maximum torque at starting itself by making sm =1 which is
possible when R2 = X2
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