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CHAPTER 1

Synchronous Machine

Learning Objectives :

After reading this chapter you should be able to :

YV V V V V V

Understand parallel operation of alternator.

Understand equivalent circuit and phasor diagrams.

Understand different method of voltage regulation.

Understand classification of synchronous machines.

Explain construction and working of synchronous machines.

Explain power flow equation and efficiency of salient pole and non-salient pole.

Table of Contents

1.1 Introduction 1.16  Synchronous Motor
1.2 Electrical & Mechanical Degrees 1.17  Equivalent Circuit for Non-salient or
1.3 Synchronous Generator or Alternator Cylindrical Rotor Synchronous Motor
1.4 Flux density Wave Form of EMF in 1.18 Power Flow in Synchronous Motor
Different Rotors 1.19 Efficiency of Synchronous Machines
1.5 Classification of Alternators 1.20 Effect of Change in Excitation When
1.6 Flux Per Pole in Synchronous Machine Mechanical Input Kept Constant in
1.7  Armature Winding Synchronous Motor
1.8 Armature Reaction 1.21 Effect of Change in Excitation When
1.9 Voltage Drop in Synchronous Machine Steam Input or Driving Torque is Kept
1.10 Equivalent Circuit for Non-salient or Constant in Synchronous Generator
Cylindrical Rotor Synchronous 1.22  V-curves and Inverted V-curves
Generator 1.23  Salient Pole Synchronous Machine
1.11 Voltage Regulation of an Alternator 1.24 Power Flow Equation of Salient Pole
1.12  Characteristics of Alternator Machine
1.13 Method of Finding Voltage Regulation 1.25 Slip Test
1.14 Power Flow in Cylindrical Rotor 1.26  Parallel Operation of Alternators or
Synchronous Generator Synchronous Generators
1.15 Synchronizing Power Coefficient &
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Electrical Machines [EE/EEE] GATE ACADEMY®

1.1

o Introduction

1.2

Definition : Synchronous machine constitutes of both synchronous motors as well as
synchronous generators. An AC system has some advantages over DC system. Therefore, the
AC system is exclusively used for generation, transmission and distribution of electric power.
The machine which converts mechanical power into AC electrical power is called
as Synchronous generator or Alternator. However, if the same machine can be operated as a
motor is known as Synchronous motor.

Features of synchronous machine :

Doubly excited machine : Synchronous machines are a doubly excited machine, i.e., two
electrical inputs are provided to it. Its stator winding which consists of a three-phase supply, and
rotor winding is energized to dc source.

Electromechanical transducer : A synchronous machine is just an electromechanical
transducer which converts mechanical energy into electrical energy or vice versa.

Dynamically induced emf : The emf developed in synchronous machines is dynamically
induced so there must be a relative motion between armature and field. This can happen in two
cases :

1. Rotating armature and stationary field poles

2. Rotating field poles and stationary armature.

In a synchronous machine, the field winding is mostly on the rotor and armature winding is
mostly on the stator. However, the field winding can be placed on stator while armature winding
on rotor.

o Electrical & Mechanical Degrees

Definition :

Mechanical degrees : The degree of physical or mechanical rotation in a single conductor in
an alternator.

Electrical degrees : The degree or the cycle of emf induced in a single conductor in an
alternator.

Consider a two pole alternator, when a conductor rotates in the field, the emf induced in the
conductor will be maximum when the conductor is at the center of the pole and the emf induced
will be minimum when the conductor is in the middle of the gap between the two poles, so when
we consider the graph of the induced emf versus the position or degree of rotation. For one
complete rotation of the conductor in the field, one complete cycle of emf is generated in
the conductor (Positive half cycle at south-pole and negative half-cycle at north-pole).

The same way when we consider a 4-pole alternator a single conductor when completing
one mechanical rotation will cross the four poles there by giving the induced emf graph with two
positive half cycles and two negative half-cycles which gives us two complete cycles of induced
emf.

So for One Mechanical rotation (360 degrees) the induced emf completes two cycles (
360x2 =720 degrees in terms of the sine wave).
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GATE ACADEMY® Synchronous Machine 1.3

1.3

So, the relation between Electrical and Mechanical degrees can be written as,

Number of poles

Electrical degrees = X Mechanical degrees

, P
ie., 0, =—,
2
Frequency of induced emf : The frequency of the generated voltage depends upon the number
of field poles and on the speed at which the field pole are rotated. One complete cycle of voltage

is generated in an armature coil when a pair of field poles passes over the coil.

Let, P= Number of poles, N = Speed of the rotor in rpm, f = Frequency of the induced emf.

From the discussion, we can write,

P

One mechanical revolution of rotor = P cycles of emf electrically
P .

Thus there are B} cycles per revolution.

. . . N .
As speed is N rpm, in one second, rotor will complete (@) revolutions.

But cycle/sec = Frequency = f
Frequency f = (Number of cycle per revolution) X (Number of revolutions per second)

P N PN

f=—Xx—=—

2 60 120

Above equation give the relation between three quantities, the number poles P, the speed of the

(cycles per sec)

rotor N in rpm and the frequency f of an induced emf in Hz.

Synchronous speed : From the above expression, it is clear that for fixed number of poles,
alternator has to be rotated at a particular speed to keep the frequency of the generated emf
constant at the required value. Such a speed is called synchronous speed of the alternator

denoted as N,.

120 f
So, N, ="
P

=" Synchronous Generator or Alternator

Definition : The synchronous generator or alternator is an electrical machine that converts the
mechanical power from a prime mover into an AC electrical power at a particular voltage and
frequency. The frequency is an important property of A.C Electrical energy. Frequency is
depending on the speed. To achieve fixed frequency, the machine must be always driven only at
one speed is called the synchronous speed. That's reason these machines are called synchronous
machines.
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1.4 Electrical Machines [EE/EEE] GATE ACADEMY®

1.3.1 Working Principle of Synchronous Generator

An alternator operates on the same fundamental principle of electromagnetic induction as a DC
generator i.e., when the flux linking a conductor changes, an e.m.f. is induced in the conductor,
like a DC generator, an alternator also has an armature winding and a field winding.

But there is one important difference between the DC generator and alternator. In a DC
generator, the armature winding is placed on the rotor in order to provide a way of converting
alternating voltage generated in the winding to a direct voltage at the terminals through the use
of a rotating commutator. The field poles are placed on the stationary part of the machine. Since
no commutator is required in an alternator, it is usually more convenient and advantageous to
place the field winding on the rotating part (i.e., rotor) and armature winding on the stationary
part (i.e., stator).

An alternator has 3-phase winding on the stator and a DC field winding on the rotor. This
DC source (called exciter) is generally a small DC shunt or compound generator mounted on the
shaft of the alternator.

Alternator operation : The rotor winding is energized from the DC exciter and alternate N and
S poles are developed on the rotor. When the rotor is rotated in anti-clockwise direction by a
prime mover, the stator or armature conductors are cut by the magnetic flux of rotor poles.
Consequently, e.m.f. is induced in the armature conductors due to electromagnetic induction.
The induced e.m.f. is alternating since N and S poles of rotor alternately pass the armature
conductors. The direction of induced e.m.f. can be found by Fleming’s right hand rule and
frequency is given by,
fPN
120
Where, N =Speed of rotor in r.p.m., P =Number of rotor poles.

The magnitude of the voltage induced in each phase depends upon the rotor flux, the number
and position of the conductors in the phase and the speed of the rotor.

When the rotor is rotated, a 3-phase voltage is induced in the armature winding. The
magnitude of induced e.m.f. depends upon the speed of rotation and the DC exciting current.
The magnitude of e.m.f. in each phase of the armature winding is the same. However, they differ
in phase by 120° electrical.

What are the advantages of having armature winding on stator?

Due to following reasons the most of the alternators in practice use armature winding on stator.
For small voltage rating alternators rotating armature arrangement may be used.

1. High generation voltage : The generation level of a.c. voltage may be higher as 11 kV to
33 kV. This gets induced in the armature. For stationary armature large space can be provided
to accommodate large number of conductors and the insulation.

2. Avoid stress : It is always better to protect high voltage winding from the centrifugal forces
caused due to the rotation. So high voltage armature is generally kept stationary. This avoids
the interaction of mechanical and electrical stresses.
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Synchronous Machine 1.5

3.

Easy operation : It is easier to collect larger currents at very high voltages from a stationary
member than from the slip ring and brush assembly. The voltage required to be supplied to
the field is very low (110 V to 220 V d.c.) and hence can be easily supplied with the help of
slip ring and brush assembly by keeping it rotating.

Less sparking : The problem of sparking at the slip rings can be avoided by keeping field
rotating which is low voltage circuit and high voltage armature as stationary.

Low inertia : Due to low voltage level on the field side, the insulation required is less and
hence field system has very low inertia. It is always better to rotate low inertia system than
high inertia, as efforts required to rotate low inertia system are always less.

High output : Rotating field makes the overall construction very simple. With simple, robust
mechanical construction and low inertia of rotor, it can be driven at high speeds. So greater
output can be obtained from an alternator of given size.

High efficiency : With armature on the Stator and Field winding on the Rotor, only two slip
rings are required due to which losses associated with slip ring and carbon brushes are
reduced and efficiency increases.

Better ventilation : The ventilation arrangement for high voltage side can be improved if it

is kept stationary.

1.3.2 Comparison of Rotating Field Over Stationary Field

Comparison of rotating field over stationary field are as follows :

S. No. | Rotating field or stationary armature | Stationary field or rotating armature
1. Easy insulation. Complex insulation.
Ji Easy cooling. Cooling is not easy.
3. High efficiency. Low efficiency.
4. Low cost and small size. High cost and big size.
5. Capacity above 25 kVA. Capacity below 25 kVA.
6. Brush drop is not appreciable. Brush drop is appreciable.
7. Requires two slip rings. Requires four slip rings.
8. Very low sparking and brush friction. Very high sparking and brush friction.
9. Poles are fixed to the rotating part and Poles are fixed to the stationary part and
armature is placed on the stationary part. | armature is placed on the rotating part.

1.3.3 Construction of Alternators

In case of alternators the winding terminology is slightly different than in case of d.c. generators.
In alternators the stationary winding is called 'Stator' while the rotating winding is called
'Rotor'. So most of alternators have stator as armature and rotor as field, in practice.

Stator : The stator is a stationary armature. The section of an alternator stator is shown in the
figure (a).
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1.6 Electrical Machines [EE/EEE] GATE ACADEMY®
This consists of a core and the slots to hold the Stator core
armature winding similar to the armature of a dc
generator. The stator core uses a laminated
construction. It is built up of special steel
stampings insulated from each other with varnish
or paper. The laminated construction is basically Copper Conductor slot
to keep down eddy current losses. Generally conductor
choice of material is steel to keep down hysteresis Fig. (a) Stator construction
losses. The entire core is fabricated in a frame made of steel plates. The core has slots on its
periphery for housing the armature conductors. Frame does not carry any flux and serves as the
support to the core. Ventilation is maintained with the help of holes cast in the frame.

Rotor :

There are two types of rotors used in alternators :

1. Salient pole type 2. Cylindrical type (Non-salient pole).

1. Salient pole type rotor : This is also called projected pole type as all the poles are projected
out from the surface of the rotor. Construction of a salient pole rotor is as shown in the figure
below.

* The projected poles are made up from
laminations of steel. The rotor winding is
provided on these poles and it is Projected
supported by pole shoes. pole

e Salient pole rotors have large diameter
and shorter axial length.

¢ They are generally used in lower speed Mechanical
electrical machines, say 100 RPM to support
1500 RPM. ) )

* As the rotor speed is lower, more number Fig. (b) Salient pole type rotor
of poles are required to attain the required frequency. (NS = 120f/P  therefore, f =
Ns*p/120 i.e. frequency is proportional to number of poles). Typically, number of
salient poles is between 4 to 60.

¢ Salient pole rotors generally need damper windings to prevent rotor oscillations during
operation.

* These rotors have large diameters and small axial' lengths. The limiting factor for the
size of the rotor is the centrifugal force acting on the rotating member of the machine.

¢ Salient pole synchronous generators are mostly used in hydro power plants.

* Flux distribution is relatively poor than non-salient pole rotor, hence the generated emf
waveform is not as good as cylindrical rotor.

2. Cylindrical type (Non-salient pole) : Non-salient pole rotors are cylindrical in shape having
parallel slots on it to place rotor windings. It is made up of solid steel. The construction of
non-salient pole rotor (cylindrical rotor) is as shown in figure below. Sometimes, they are
also called as drum rotor.

O e s e T




GATE ACADEMY® Synchronous Machine 1.7

Cylindrical rotor Cross sectional view
* They are smaller in diameter but having longer axial length.

¢ Cylindrical rotors are used in high speed electrical machines, usually 1500 RPM to 3000
RPM.

* Windage loss as well as noise is less as compared to salient pole rotors.

* Their construction is robust as compared to salient pole rotors.

*  Number of poles is usually 2 or 4.

* Damper windings are not needed in non-salient pole rotors.

* Flux distribution is sinusoidal and hence gives better emf waveform.

* Non-salient pole rotors are used in nuclear gas and thermal power plants.

* Generally 2/3" rotor periphery is slotted to accumulated field winding and 1/3™ of rotor
periphery is left alone for formation of pole.

Solved Example 1

If the dimensions of all the parts of a synchronous generator, and the number of field and
armature turns are doubled, then the generated voltage will change by a factor.

(A)1 (B)2 (C)4 (D)8

Sol. Phase emfinduced, E=4.44f N ;¢

4
Where, ¢ = Flux per pole = 5 B, r
Dimensions are doubled i.e., | =2l and r'=2r
So, flux per pole, ¢ =44
Number of turns doubled i.e., N'=2N
Frequency changes only when the poles are changed i.e. f =f
Phase emf induced E'=4.44f (2N, )(4¢)=8E Ans.
Hence, the correct option is (D).
O b o o S




1.8 Electrical Machines [EE/EEE] GATE ACADEMY®

Solved Example 2

Two 3-¢ alternators are such that one has twice the linear dimensions of the other. The field

winding of each are excited to give identical sinusoidal air gap flux density waveform. Both
have the same number of stator slots and identical winding patterns. The conductors per slot in
big alternator is K times that of the smaller one. The value of K to get equal phase voltage at the
same frequency is

(A)8 (B) 4 (C)0.5 (D)0.25

Sol. Phase emfinduced, E=4.44f N ,0=4.44f N (B A)
Total surface area of the alternator, A= 2mrl
Flux density B, and frequency of both the alternator are same i.e., A = A (given)
Area of small alternator, A =2l
Area of big alternator, A, =2mr,l, =2mr(2r,)(2l,)=4A

Conductors per slot in small alternator = Conductor,

slot

The conductors per slot in big alternator is K times that of the smaller one i.e.

Conductors per slot in big alternator = KxConductor,

slot
Toget E, =F then AN, =AN,

4 A x K xConductor, , = A xConductor,
K= % =0.25 Ans.

Hence, the correct option is (D).

Scan for I-EI =
Video Solution O]

Solved Example 3

Two mechanically coupled alternators deliver power at 50 Hz and 60 Hz respectively. The
highest speed of the alternator is

(A)3600 rpm (B) 3000 rpm (C) 600 rpm (D) 1500 rpm

Sol. Given : Frequency of first alternator f, =50Hz,
Frequency of second alternator f, =60Hz

120 f
P

If both alternators are coupled then both will rotate at same speed i.e. N,

Synchronous speed, N, =

So N. =N
? S S
© C . ht Head office : A-115 Ground Floor, Shopping Complex, Smriti Nagar, Bhilai, (C.G.), Contact : 9713113156,6266202387 WWW.gateacademy.Shop
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GATE ACADEMY® Synchronous Machine 1.9
12050 120x60

PSOHZ I:zy()Hz
F)()OHZ — é
PSOHZ 5
In order to get maximum speed, multiply with minimum no. of poles i.e. ¢2°’
R, _6.2_12
P, 5 2 10
120x50 120x50
Now, N, = = =600rpm
PSOHZ 10
120x60 120x60
N, = = =600rpm Ans.
P, 12
Hence, the correct option is (C).
TEST9
1 .
Q.1 A hydraulic turbine having rated speed Numberof | . gth | Number | Operating
of 250 rpm is connected to a ArmAtUre | ormature | ofpoles | speed
conductors
synchronous generator. In order to ) Smaller Larger Smaller | Higher
produce power at 50 Hz, the number of (B) Larger Smaller Larger Lower
poles required in the generator are © Larger Larger Smaller Lower
(D) Smaller Smaller Larger Higher
[GATE 2004] —
Q4 In a cylindrical rotor synchronous
(A)6 (B) 12 . o
machine, the phasor addition of stator
(©) 16 (D) 24 and rotor mmfs is possible because
Q.2 A 10 pole, 25 Hz alternator is directly [ESE 2001]
coupled to and is driven by 60 Hz (A)two mmfs are rotating in opposite
synchronous motor. What is the number direction
of poles for the synchronous motor? (B)two mmfs are rotating in same
[ESE 2007] direction at dlfferenjc speed
(C)two mmfs are stationary wrt each
(A)48 (B) 12 other
(C)24 (D) 16 (D)one mmf is stationary and the other
Q.3  Four important parameters of alternators mmf is rotating
have comparatively larger or smaller Q.5 A 6 pole machine is rotating at a speed
values, depending upon the type of the of 1200 rpm. This speed in mechanical
tu?bine drive‘n alterpator, a hy§raulically (A) 40, 40m (B) 1207, 407
driven machine will have which of the
following combinations? [ESE 2004] (C) 20m, 607 (D) 40m, 1201
. Head office : A-115 Ground Floor, Shopping Complex, Smriti Nagar, Bhilai, (C.G.), Contact : 9713113156, 6266202387 Www,gateacademy.shop
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Numerical

— | Answer
—1| Type Questions

"
Q.1

Q.2

Q.3

Armature Winding

Determine the breadth and pitch factor
for three phase winding with two slots
per pole per phase. The coil span is five
slot pitches.

A 3-phase, 50 Hz, 8 pole alternator has a
star connected winding with 120 slots
and 8 conductors per slot. The flux per
pole is 0.05 Wb, sinusoidal distributed.
Determine the phase and line voltages.
The stator of a 3-phase alternator has 9
slots per pole and carries a balanced 3-
phase double layer winding. The Coils

Q4

are short pitched and the coil pitch is 7
slots. Find the distribution factor and
pitch factor.

A 3-phase, 16-pole, alternator has star
winding with 144 slots and 10
conductors per slot. The flux per pole is
0.035 Wb and speed is 370 rpm.
Calculate :

(a) Frequency

(b) Phase and line voltage

Equivalent Circuit for Non-Salient or Cylindrical Rotor Synchronous

Generator

Q.1 A 3-phase star connected alternator lagging and normal rated voltage.
delivering current at 0.8 power factor Compute the terminal voltage for the
lagging. At no load, the terminal voltage same excitation and current at 0.8 p.f.
18 3500 V and at full load of 2280 kW, it leading.
is 3300 V. Calculate the terminal voltage Q.4 A 3-phase, 10 kVA, 400 V, 50 Hz star
when delivering current to a 3-phase, connected alternator supplies the rated
star connected load having a resistance load at 0.8 power factor lagging. If the
of 8 Q and a reactance of 6 Q per armature resistance is 0.5 Q and
phase. Assume constant speed and field synchronous reactance is 10 Q, find the
excitation. torque angle.

Q.2 A 1000 kVA, 6.6 kV, 3-phase, star Q.5 A 3-phase alternator delivers power to a
connected alternator has X, =25 Q per balanced 3-phase load. It is observed
phase. It supplies rated load at rated that the open circuit emf phasor leads the
voltage 0.8 power factor lagging. corresponding terminal voltage phasor
Calculate terminal voltage with same by15° Neglecting the effect of
excitation at full load but at 0.8 power harmonics, the angle between the axis of
factor leading. the main field mmf and the axis of

Q.3 A 2000 kVA, 11 kV, 3-phase star armature mmf will be in electrical
connected alternator has synchronous degree when load power factor is
impedance Z_ =0.3+ j5 Q per phase. (a) 0.707 lagging (b) 0.707 leading
It delivers full load current at a p.f. of 0.8 (c) unity

R T A




synchronous generator rated at 10 kVA,
230 V has an armature resistance of
0.5 Q per phase and a synchronous
reactance of 1.2 Q per phase. Calculate
the percentage regulation at full load at
power factor of

Multiple
Choice
Questions

1.11 Electrical Machines [EE/EEE] GATE ACADEMY®
.' Voltage Regulation of an Alternator
Q.1 A 3-phase star connected alternator is (a) 0.8 power factor lagging,
rated at 1500 kVA, 11 kV. The armature (b) 0.8 power factor leading,
effective resistance and synchronous (c) Determine the power factor such that
reactance are 1.2Q and 24Q per phase the voltage regulation is zero on full
respectively. Calculate the percentage load.
regulation for a load of 1200 kW at Q.4 Analternator has synchronous reactance
power factor of of 20% and negligible resistance.
(a) 0.8 lagging Calculate its voltage regulation when
(b) 0.8 leading working at full load :
Q.2 A 3-phase, 10 kVA, 400 V, 50 Hz star (a) 0.8 power factor lag,
connected alternator supplies the rated (b) Unity power factor and
load at 0.8 power factor lagging. If the (c) 0.8 power factor lead.
armature resistance is 05 Q and Q.5 A 3-phase star connected alternator is
synchronous reactance is 10 Q, find the rated at 1600 k.VA’ 13_5 00 V. The
) armature  effective resistance and
torque angle and voltage regulation.
synchronous reactance are 1.5 ohm and
Q.3 A 3-phase, star connected, round rotor

30 ohm respectively per phase.
Calculate the percentage regulation for a
1280 kW at power factor of

(a) unity power factor,

(b) 0.8 lagging and

(c) 0.8 pf leading.

. EMF Equation of Synchronous Machine

Q.1 An alternator delivers the power at 40 voltages. In case the field current is
Hz frequency. If this alternator is reversed, the phase sequence will
coupled to another alternator delivering become
power at 25 Hz, the two highest possible (A) RBY (B)RYB
speeds of the set will be (C) YRB (D) None of these
(A)300 rpm, 150 rpm Q.3 If ¢, is the maximum value of flux due
(B) 150 rpm, 100 rpm to any one phase, then resultant flux in
(C) 600 rpm, 300 rpm 2-phase and 3-phase a.c. machines
(D)2400 rpm, 1500 rpm would respectively be given by

Q.2 A three phase altematf)r has a phase (A) ¢ and 1.50_; both rotating
sequence of RYB for its three output (B) 6, and 1.5, ; both stand still

O Byt i o s g ot 10 o s o bt st
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(©) ¢,,, stand still and 1.5¢,,, rotating
(D) 1.5¢,, and 2¢,,; both rotating

6. rotating in a direction opposite to
rotor rotation
From these, the correct answer is :

Q.4 A synchronous machine has its field (A)2,5 (B)1,4.6
winding on the stator and polyphase () 2’ 46 (D) 1’ 3’ 5
arma.ture winding on the roto.r.‘ Wh.en Q.5 A synchronous motor coupled to the
running under steady state conditions, its alternator to link up a 60 Hz system to
air gap ﬁeld is : 25 Hz system. The three highest possible
1. stationary wrt stator speeds of the system will be
2. rotating at synchronous speed Ng (A)300 rpm, 150 rpm, 100 rpm

wrt stator (B)300 rpm, 150 rpmm, 75 rpm
3. rotating at Ng in the direction of (C)300 rpm, 300 rpm, 150 rpm
rotor rotation (D)600 rpm, 300 rpm, 150 rpm
4. rotating at double the Ng wrt rotor
5. rotating at Ng wrt rotor

s  Armature Winding

Q.1 A rotating field type 4 pole, 1500 rpm, Common Data for
three phase alternator has flux per pole = Questions 3 & 4
1.5 Wb and coil span is 156 electrical.

It has 60 slots on armature and number A 4 pole, 50 Hz, synchronous generator has 48
of conductor per slot is 16. Calculate slots in Whlch a double laygr wmdmg is used.
. Each coil has 10 turns and is short pitched by an
induced emf per phase. i
angle to 36° electrical. The fundamental flux per
(A)44.95kV (B)49.85kV pole is 0.025 Wb. [GATE 2006]
(C)52.56 kV (D)54.23 kV Q.3 The line-to-line induced emf (in volts),
Q.2 A 10 MVA, 11 kV, 50 Hz, 3-phase star for a j[hree phase star connection is
. approximately
connected synchronous generator is (A)808 (B) 888
driven at 300 rpm. The armature (C) 1400 (D) 1538
winding is housed in 360 slgts with .6 Q.4 The line-to-line induced emf (in volts),
conductors per slot. The coil span is for a two phase connection is approxi-
five-sixth of a pole pitch. Calculate the mately
flux per pole required to give 11 kV line (A)1143 (B)1332
voltage on open circuit. () 1617 (D)1791
A)0.095 Wb B)0.077 Wb Q.5  Ad4-pole, 3-phase, double-layer winding
(A) ®) is housed in a 36-slot stator for an AC
(C)0.068 Wb (D)0.086 Wb machine with 60° phase spread. Coil
span is 7, short pitched. Number of slots
in which top and bottom layers belong to
different phases is [GATE 2003]
(A)24 (B) 18
©)12 (D)0
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s Armature Reaction
Q.1 A synchronous generator is feeding a Q.4 If the field of a synchronous motor is
zero power factor (lagging) load at rated underexcited, the power factor will be
current. The armature reaction is [ESE 2003]
[GATE 2006] (A)Lagging
(A)magnetizing (B) Leading
(B) demagnetizing (C) Unity
(C) cross-magnetizing (D)More than unity
(D) ineffective Q.5 Match the List-I1 (Power factor) with
Q.2 The flux per pole in a synchronous List-Il (Armature reaction of an
motor with the field circuit ON and the alternator) and select the correct
stator disconnected from the supply is answer using the codes given below the
found to be 25 mWb. When the stator is lists [ESE 2000]
connected to the rated supply with the List-1 List-11
field excitation unchanged, the flux per A. | UPF 1. | Fully
pole in the machine is found to be 20 demagnetizing
mWb while the motor is running on no- .
load. Assuming no-load losses to be B. | ZPF lagging | 2. | Fully o
zero, the no-load current drawn by the magnetizing
motor from the supply|[ GATE 2002] C. | ZPF leading | 3. | Cross-
(A)lags the supply voltage. magnetizing
(B) leads the supply voltage. D. | Intermediate | 4. | Partly cross-
(C)isin phase with the supply Voltage. lagging magnetizing
(D)is zero. and partly
Q.3 When does a synchronous motor operate demagnetizing
with leading power factor current? Codes: A B C D
[ESE 2007] A)3 1 4 2
(A) While it 1s under excited B)3 1 2 4
(B) While it is critically excited C©1 3 2 4
(C) While it is over excited 1 3 4 2
(D) While it is heavily loaded
m°  Answer of Test - 1 (Based on EMF Equation of Synchronous Machine)
Tl » o] ¢ | s e ¢ e & |
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.' Explanation of Test - 1 (Based on EMF Equation of Synchronous Machine)

Sol.1
Given : Speed N =250rpm
Frequency f =50Hz .

120 f
Synchronous speed, N = %
250 = 120x50
Number of poles required P =24 Ans.

Hence the correct option is (D).
Sol.2

Given : Number of poles of alternator P =10
Frequency of alternator f, =25Hz
Frequency of motor f, =60Hz.

If both are coupled then both will rotate at same

speed i.e. N,.
120 f

Synchronous speed, N, = OPX
So, Ny =Ng

120x25 120x60

10 P

Number of poles for the synchronous motor,

P,=24 Ans.
Hence, the correct option is (C).
Sol.3

Generally Hydraulically driven machines are
verticaly mounted, mostly they are “salient pole
synchronous machines”. These machines has
larger rotor diameter to accommodate more
number of poles and more number of armature
conductors.

But power output o« D*L o< volume of rotor, so
inorder to get fixed terminal voltage and power
output as D T, L4, ie.,

1. Rotor length should be low.

2. Axial length of armature turns should be
small.

Generally D =5L for sailent pole machine.

Note : Due to saliency, this type of rotor is not
mechanically balanced well, so should driven
at low speed to avoid large centrifugal forces.

Hence, the correct option is (B).

Sol.4

To produce the torque, both stator and rotor field
are stationary with each other but due to torque
angle both field vector are not possible with
each other hence phasor addition only possible.
Hence, the correct option is (C).

Sol.5
Given : Speed N=1200 rpm
Number of pole P = 6.

PN
Frequency, f =—
ATEREY T T 120
f= 61200 = 60 cycles/sec.
120

1 cycle = 360° electrical degrees = 2 electrical
radians
Frequency f in electrical radians per sec

= 60X 2melectrical radians/sec

= 120m elect radians/sec Ans.
Speed in mechanical radians/sec

= %x Speed in electrical rad/sec
= 2 %1207
P

= %x 1207 = 40 mechanical rad/sec.Ans.

Hence, the correct option is (B).

© Copyright
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- Explanation of NAT Questions (Based on Armature Winding)

Sol.1
Given : Number of slot per pole per phase =2
Coil span = 5 slots.

) Slots
ie., m=———=
Poles x Phase
) Slots
Pole pitch = =2xPhase=2x3=6
Pole

180°x Pole 1 80"
Slots Slots/ Pole

Slot angle, =

_180° 0
sin(MB/ 2)
msin (B/2)
K. = sin (2x30°/2)
2sin(30°/2)
Pole pitch = 6 slots
Coil span = 5 slots
Short pitch = Pole pitch — Coil span
=6-5=1slot
Short pitch angle, oo =1x[3 =30°

B

Breadth factor, K, =

=0.966 Ans.

0
Pitch factor, K p = COS (%) = oS (%) =0.966

1-I
Scan for !Elh*‘jEl
Video Solution %

Sol.2

Given : Number of pole P=8
Number of slots = 120

Flux per pole ¢, =0.05Wb

Frequency f =50 Hz, Conductor per slot = 8.

Number of slot per pole per phase,

_ Slots 120

" PolesxPhase 8x3

180°xPoles 180”8
Slots 120

5

=12°

Slot angle, B =

Distribution factor, K, = Lﬁ'ﬁ/b
msin (3 /2)
. 0
K, =SnOX12772) _ 4 o567
5sin(12°/2)

Conductors per slot = 8
Total number of conductor per phase,

Conductors
Zy=———
Phase
_ Conductors _ Slots
Slots Phase
Z= 8><Q =320
3
Total number of turns per phase,
Z
== 20160
2 2

Induced emf per phase, Ej =4.44K fo N
E,n =4.44x0.9567x50%0.05x160
En=17kV Ans.

Line voltage, E, = J3x Phase voltage
E =3x1.7kV=294KkV  Ans.

Sol.3

Given : Number of slot /pole =9

Coil pitch = 7 slot.

Number of slot per pole per phase,
Slot 9

B PolexPhase 3
180xPoles 180

Slot angle, B = =20’
gle, p Slots 9
Distribution factor,
. B . 3x20
sinm=  sin
Ky=—=2=—2_-0.96 Ans.
. B . 20
msin—  3sin—
2 2
Pole pitch = Slots =9slots
Pole

Head office : A-115 Ground Floor, Shopping Complex, Smriti Nagar, Bhilai, (C.G.), Contact : 9713113156,6266202387 www.gateacademy.shop

© Copyright

Branch Office : Raj Tower 3rd Floor, Tatya Para Chowk, Raipur, Chhattisgarh 492001, Contact : 9755662248 WWW. [ﬂacebook.com/gateacademy




1.16 Electrical Machines [EE/EEE]

GATE ACADEMY®

Coil span =7 slots

Short pitch = Coil pitch — Coil span
=9-7=2slots

Short pitch angle o=2xfB=2x20=40’

Pitch factor, K, =cos (%) = cos? =0.9397

Ans.

Sol.4

Given : Number of poles P=16
Number of slots = 144

Flux per pole ¢, =0.035Wb

Conductor per slot =10
Synchronous speed N, =370rpm .
(a) Frequency :
Synchronous speed, N, = %

PN

S

120

Frequency, f =

¢ _ 37016

(b) Phase and line voltage :
Number of slot per pole per phase,
M= Slots _ 144 _
Polesx Phase 16x%3

=49.33 Hz Ans.

0
Slot angle, = 180 xPoles
Slots
0
B 180" x16 _ 20’
144
Distribution factor, K, = Lﬁﬁ/z)
msin (B/2)
. 0
_SINGX207/2) _ ) 559
3sin (207 / 2)

Total number of conductor per phase,
_ Conductors _ Conductors y Slots
Pn Phase Slots Phase

2, = 105122 — 480
3

Total number of turns per phase,

z
——p“=4—§0=240

ph

Induced emf per phase,
E,,=444K;fo N

E,, =4.44X0.9597x49.33x0.035%240
E,, =1.765 kV Ans.

Line voltage, E, = 3% Phase voltage

E =+/3x1.765kV =3.057 KV Ans.

. Explanation of NAT Questions (Based on Equivalent Circuit for Non-Salient
or Cylindrical Rotor Synchronous Generator)

Sol.1
Given : No load line voltage =3500 V

Full load line voltage =3300 V

Full load power P =2280 kW

Load resistance R, =8 Q

Load reactance X, =6 Q .

At 0.8 power factor lagging i.e., cos¢=0.8
d=cos™ 0.8=36.86"
sin( =sin36.86 =0.6

No load phase voltage = 3500 =2020.7 V,

N

Full load phase voltage = 3390 =19053V

V3
P :\/§VLI Lcosd
2280x10° =~/3%3300% 1, x0.8
Armature current,
|2y, 22280107 ac6 A
V3%3300x0.8

Voltage drop per phase for a current of 498.6 A
=2020.7-1905.3=1154V
Voltage drop per phase for 1 A current
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_154 0.2315
498.6

Let | be the current supplied by the alternator.
Then, the voltage drop per phase supplying a
current | at 0.8 power factor lagging = 0.2315 |
Volts.
Terminal voltage per phase for supplying a
current | at 0.8 power factor lagging

=2020.7-0.23151

Load impedance,

Z, =R+ X2 =82 +6> =10 Q

Load terminal voltage =Z | =101 Volts
101 =2020.7-0.23151
| =197.5 A
Terminal voltage per phase
=Z1=197.5x10=1975 V
Terminal line voltage, V, =~+/3x1975 V
V, =34208 V Ans.
Sol.2

Given : Power S=1000 kVA
Line voltage V, =6.6 kV .

Terminal voltage, V; = M = 0600 =3810.5V
NERNE]
Full load armature current,
- S _ 1000x10’
T BxV. Bx6.6x10°

Synchronous reactance, X =25 Q per phase

=87.48 A

At 0.8 power factor lagging,
cos$p=0.8

d=cos™ 0.8=36.86"

Lagging armature current,
|, =87.48/-36.86° A

Generated emf per phase, E, =V; + jI_X|
E, =3810.5+87.484-36.86"x j25

E, =5413£18.86° V per phase
Now excitation is fixed i.e. E; is constant.

At 0.8 power factor leading,
cos(0=0.8
d=cos™ 0.8=36.86"
Leading armature current,
|, =87.48/36.86" A

Let new terminal voltage be V,
V; =E, —jlI_X,
V, =5413/18.86° — j87.48.£36.86" x25
V; =6434.3 V per phase

Terminal line voltage,
V, =3V, =3x6434.3V

V, =11.144 kV Ans.
Scan for IEIE%IE‘
Video Solution EE%
Sol.3

Given : Power S=2000 kVA
Line voltage V, =11 kV
Synchronous impedance Z,=0.3+ )5 Q per

phase.
Terminal voltage,
V. = V. 11000

NN
Full load armature current,

| - S _ 2000x10°
TBxV. Bx1Ix10}

At 0.8 power factor lagging, cos$ =0.8
d=cos"' 0.8=36.86"

=6350.85V

=105 A

Lagging armature current, |, =1052£-36.86"A
Generated emf per phase, E, =V, +1,Z,

E, = 6350.85+105./—36.86° X (0.3 + |5)
E, =6703£3.43° V per phase
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Now, excitation is fixed i.e. E; is constant.

At 0.8 power factor leading,
cos$p=0.8

d=cos™ 0.8=36.86"
Leading armature current, |, =105236.36° A
Let new terminal voltage be,
VT = Ef - laZS
V, =670343.43° —105£36.86° x(0.3+ j5)
V; =6980.82 V per phase

Terminal line voltage

V, =3V, =/3x6980.82 V =12.091 kV Ans.

Sol.4
Full load or rated value, S=10 kVA
and V| =400 V

Synchronous impedance,

Z, =R+ jX,=(0.5+j10) Q
Terminal voltage per phase,

V. =V, /<3=400//3=2309 V

Full load armature current,
| = S 10000

*TBxV, A3x400
At 0.8 pflagging, cos¢=0.8 = ¢=236.86°

=1443 A

|, =14.43/-36.86'A
Generated emf per phase, E. =V, +1,Z,
E, =230.9+14.432-36.86" X (0.5+ j10)

E, =341.8£18.97° V

Torque angle, & =18.97" Ans.
Sol.5
Given : Power factor cos ¢ =0.707 lagging
Torque angle =15’
Power factor angle ¢ =cos™ 0.707 =45° .

(@)

(b)

0.707 power factor lagging :

Angle between the axis of the main field
mmf and the axis of armature mmfi.e.

Angle between F, and F, =90° +
Angle between F, and F, =90° +(¢+38)

Angle between

F, and F, =90° +45° +15"

Angle between

F, and F, =150’ electrical Ans.

0.707 power factor leading :

For leading power factor following two

case are occur
Case-1: When ¢>0 ,

From the phasor diagram it is clear when
&> then y=¢-9

F, lags F.by 90° -y =90"-0+8
Case 2 : When 0<9 ,

E
¢ /

F, Y
é
¢ >V,

From the phasor diagram it is clear when
d <9 then y=0-¢

F, lags F.by 90° +y=90"+8-¢
In this case ¢ >0s0 y=¢—9

1,9, F,

Angle between F; and F, =90° —y
=90"—p+8 =90° —45" +15°
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Angle between
F, and F, =60’ electrical. Ans.

(¢)  Unity power factor ¢$=0° i.e., <&
SO’ V= 6—(1)

Angle between, F, andF, =90° +y
=90"—p+8 =90° +15°—-0°

Angle between
F, and F, =105’ electrical. Ans.

.' Explanation of NAT Questions (Based on Voltage Regulation of an Alternator)

Sol.1
Given : Armature resistance R, =1.2 Q

Synchronous reactance X, =24 Q
Load power P =1200 kW
Line voltage V, =11000 V .
cos$p=0.8
d=cos™ 0.8=36.86"
sinp =sin36.86=0.6

VL

Terminal voltage, V; =—
NE]

v, =109 _ 635085 v

N

(a) At 0.8 power factor lagging :
Load power B, = NG V. I cosd
1200x10° =~/3x11000x I, x0.8

Armature current,

| ] = 1200x10°
® 0 Bx11000x0.8
Generated emf at lagging pf,

E =/(V; coso+1,R)* +(V; sino+1,X,)’

£ _ (6350.85x0.8+78.72x1.2)*
f +(6350.85x0.6+78.72x 24)?

=78.72 A

E, =7968.68 V

. = .
% Voltage regulation = V—xlOO Yo
T

_7968.68-6350.85
6350.85

x100%

=25.47% Ans.

(b) At 0.8 power factor leading :

Load power P. :x/§VLILcos¢
1200x10° :\/§><11000><IL><0.8

Armature current,
I — —

1200x10°
® 0 Bx11000x0.8
Generated emf at leading pf,

E, =V cosd+ 1 R ) +(V; sino—1,X,)’
e \/(6350.85><0.8+78.72><1.2)2
=

=78.72 A

+(6350.85%0.6 —78.72% 24)’
E, =5520.25 V

_ E, -V,
% Voltage regulation = v %100 %
T

_5520.25-6350.85
6350.85
=-13.07% Ans.

x100%

Sol.2
Given : Power S=10 kVA

Line voltage V, =400 V
Armature resistance R, =0.5 Q

Synchronous reactance X, =10 Q.

Terminal voltage, V; = % = % =2309V

Full load armature current,

I, = S 10000 =14.43 A

" BxV. 3x400

Head office : A-115 Ground Floor, Shopping Complex, Smriti Nagar, Bhilai, (C.G.), Contact : 9713113156,6266202387 Www.gateacademy.shop

© Copyright

Branch Office : Raj Tower 3rd Floor, Tatya Para Chowk, Raipur, Chhattisgarh 492001, Contact : 9755662248 www. ijacebook.com/gateacademy




1.20 | Electrical Machines [EE/EEE]

GATE ACADEMY®

Synchronous impedance,
Z =R + X, =(0.5+]10) Q
At 0.8 power factor lagging :
cos(p=0.8

o = cos™ (0.8) = 36.86"
Current, |, =14.43/-36.86"A
Generated emf per phase, E; Z0=V, +1_Z,
E, £8=230.9+14.43£-36.86" x(0.5+ j10)

E,£8=341.8£18.97" V

Torque angle, § =18.97° Ans.

o . E -V .
o Voltage regulation = v x100%
T

_341.8-230.9
230.9

Sol.3
Given : Armature resistance R, =0.5 Q

Synchronous reactance X, =1.2 Q

Power S=10 kVA, Line voltage V, =230 V.

Terminal voltage, V; = V20 1328 V

V33

Full load armature current,
| = S 10000

T BxV, J3x230

(a) At 0.8 power factor lagging :
i.e.,cos0=0.8

d=cos™ 0.8=36.86"
sin( =sin36.86 =0.6
Generated emf at lagging pf,
E, =V coso+1,R)* +(V; sing+1,X,)?
e :\/(132.8><0.8+25.1><0.5)2
+(132.8%0.6+25.1x1.2)*
E, =161.76 V

=25.1A

x100% =48% Ans.

E —
% Voltage regulation = fV L x100%
T

_ 101761328 1 0004 = 21.8% Ans.
132.8
(b) At 0.8 power factor leading :
i.e.,cos(0=0.8

d=cos'0.8=36.86"
sin( =sin36.86 =0.6
Generated emf at leading pf,
E; =/(V; cos0+1,R,)” +(V; sino— I, X,)’
e =\/(132.8><0.8+25.1><0.5)2
+(132.8x0.6—25.1x1.2)°
E, =12871V

0 f i — E Vi 0
% Voltage regulation = Y, x100%
T

_128.71-132.8
1328

(©) Zero voltage regulation :
Condition for zero voltage regulation,

x100 =-3.08% Ans.

|.Z
cos(0,+¢)=—-=2-=
2V,

Z. =R +jX,=05+]j1.2
Z,=13£67.38" =276,

cos((1)+67.38°)=%3>;Ié3
x132.

(0+67.38) =cos ™' (=0.123)
$=97.056—-67.38=29.68’

Power factor for zero voltage regulation
=cos()=0.87 lead Ans.

Scan for lEI EEI
Video Solution ]

Sol.4
Given : Full load armature current |, =1 pu,

Full load terminal voltage V; =1 pu,

Synchronous reactance X, =20%=0.2 pu,
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Synchronous Machine 1.21

Armature resistance R, =0

(a) A 0.8 power factor lagging :
i.e.,cos0=0.8

d=cos'0.8=36.86"
sin( =sin36.86 =0.6
Generated emf,
E, =/(V; coso+1,R) +(V; sing+1,X,)’
E, =+/(1x0.8)> +(1x0.6+1x0.2)> =1.1313

. . E-Vp .
% Voltage regulation = Y, x100%
T

LB 00 S 133%  Ans.

(b) At unity power factor :
Generated emf,

E, =(V; +1,R)* +(1,X,)’

= J(1+0)* +(1x0.2)> =1.0198
% Voltage regulation

E -V —
=—_Tx100% =1'OI;T81><100%
A
=1.98% Ans.
(c) At 0.8 power factor lead :

1.e.,,cos0p=0.8
d=cos'0.8=36.86"
sin () =sin36.86 =0.6
Generated emf,
E, =V, cos0+1,R)” + (Vg sino—1,X,)’
E, = \/(le.S)z +(1x0.6—-1x0.2)> =0.8944
% Voltage regulation
E -V _
=¥x100%=%x100%
A

=-10.56% Ans.

Sol.5
Given : Armature resistance R, =1.5 Q

Synchronous reactance X, =30 Q

Load power P, =1280 kW
Line voltage V, =13500 V .

Vi

Terminal voltage, V; =—
3

v, = 13500 _ 90403 v

V3

In star connection,

Line current = Phase current = Armature current
=1,

(a) Unity power factor :
cosdo=1 = ¢=0" = singp=0
P =\/§VL| L COSO
1280x10° =~/3x13500x | x1
l,=1_=5474 A

Generated emf at unity power factor,
E, =V +1.R) +(1,X,)

E, =+/(7794.23+54.74x1.5)* +(54.74x30)’
E, =8045.7 V

% Voltage regulation = %x 100%
T

_ 8045'7_7794'23><100% ~3.229%

7794.23

Ans.
(b) 0.8 lagging power factor :
cos0=0.8==236.86" =sinp=0.6
P :\/§VLI L cosd
1280x10° =~/3x13500x |, x0.8
l,=1 =6843 A

Generated emf at lagging pf,
E, =/(V; coso+1,R) +(V; sing+1,X,)’
£ - (7794.23%0.8 + 68.43x1.5)
f +(7794.23x0.6 + 68.43%x30)°
E, =924424 V
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% Voltage regulation = %x 100 %
T

924424 -7794.23
7794.23

x100% =18.6%

Ans.
(©) 0.8 leading power factor :

cosd=0.8=0=36.86"=sin¢p=0.6
P :\/§VLI L CosO

1280x10° =~/3x13500x |, x0.8
l,=1_=6843 A

Generated emf at leading pf,

E, =/(V; cos¢+1,R) +(V; sing—1,X,)’
e _ \/(7794.23><0.8+68.43><1.5)2
=

+(7794.23x0.6 — 68.43x30)
E, =6859.6 V

% Voltage regulation = %x 100 %
T

_ 6859.6-7794.23
7794.23

x100% =-11.99%

Ans.

. Explanation of Multiple Choice Questions (Based on EMF Equation of

Synchronous Machine)

Sol.1
Given : Frequency of first alternator f, =40Hz

Frequency of second alternator f, =25Hz

120 f

5
If both alternators are coupled then both will
rotate at same speed i.e., N, .

Synchronous speed, N, =

So, Ny =Ng
120x40 120%25
P40HZ PZSHZ
Py 5
Fo 8
First possible condition when P =2, the ratio is
B _10
P, 16
N, = 120x25 _ 12025 _ 300rpm
Py 10
Ans.
N 120x25 _120x40 _ 300 rpm

S
Pao

16
Second possible condition when P =4, the

ratio is,

P _20
P, 32
N, = 120%x25 _ 120%x25 —~150pm
Ps 20
Ans.
N, = 120x25 _ 120x40 —150rpm
Po 32
Ans.

Hence, the correct option is (A).

Sol.2

If direction of field current is reversed, then
there is no change in its phase sequence. Usually
the phase sequence of alternator can be changed
by changing/reversing the direction of rotor
rotation. But not depends on field current
direction.

Hence, the correct option is (B).

Sol.3

In a 2 phase and 3 phase AC machine, rotating
MMF is produced with magnitudes of ¢, and

3
Eq)m'

Hence, the correct option is (A).
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Sol.4 P 5
The armature field/air gap field % 12
L. Thé main field (mmf or poles) is First possible condition when P =2, the ratio is
stationary w.r.t stator P10
~. The armature field(mmf or poles) ﬁ = o
must be stationary w.r.t stator 60
because the two fields armature field N, = 12025 = 12025 =300rpm
and main field must be stationary Ps 10
w.r.t each other. Ans.
2. Hence armature field (mmf or poles) Second possible condition when P =4, the
will rotate in opposite direction to rotor ratio is
(Armature) rotation. P, 20
3. The armature field will rotate at double P, 48
the N, w.r.t rotor. 12025  120%25
Hence, the correct option is (B). N = - =150rpm
) Y P 20
Sol.5 Ans.
Given : Frequency of first alternator f, = 60Hz Third possible condition when P = 6, the ratio is
Frequency of second alternator f, =25Hz Ps 30
Synchronous speed, N, = 120 f Fo 72
N 120x25 _ 120x25 ~100rpm
If both alternators are coupled then both will s P, 30
rotate at same speed i.e. N ARS.

So, Ns = st
120x60 120%25
F)60Hz PZSHZ

Hence, the correct option is (A).

. Explanation of Multiple Choice Questions (Based on Armature Winding)

Sol.1

Given : Number of poles P=4
Number of slots = 60

Flux per pole ¢,=1.5Wb
Conductor per slot =16
Synchronous speed N, =1500rpm
Coil span =156° .

Number of slot per pole per phase,

B Slots _ 60 _s
Poles xPhase 4x3

180°xPoles 180" x4
Slots 60
Distribution factor, K, = M
msin (B/2)
K. = sin (5x12°/2)
5sin(12°/2)
Pole pitch=180", Coil span =156’
Short pitch angle, o = Pole pitch — Coil span
o =180 —156" =24°

Slot angle, B = =120°

=0.9567
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Pitch factor, K, =cos (g]
2

0

Kp =cos {ﬁj =0.978
2

Total number of conductor per phase,

_ Conductors
" Phase
_ Conductors _ Slots
P Slots Phase
60

Zp, =16x=>=320

Total number of turns per phase,

Z 320
_Sph _ _
oh ———7—160
Frequency, f = PN, 15004 =50 Hz
120 120

Induced emf per phase,
E,=444K K, fo N,

En =4.44%0.9567x0.978x50x1.5%x160

E, =49.851kV Ans.

Hence, the correct option is (B).
Sol.2

Given : Synchronous speed N, =300rpm,

Line voltage E, =11kV,

Total number of slot = 360,
Conductor per slot = 6,

Phase voltage E = 11000 _ 6351V
3
Slot per pole per phase,
_ Slots _ 360 _6
PolesxPhase 20x3

Synchronous speed, N, = % =300 rpm

120f  120x50
300

20

Number of poles, P =

S

180° xPoles _ 180°x20
Slots 360
Distribution factor, K, = M
msin (B /2)
_sin(6x10°/2)
6sin (10°/2)

=10°

Slot angle, B =

=0.956

Coil span = %x Pole pitch = %><180° =150’

Short pitch angle, o =Pole pitch — Coil span
0.=180°-150° =30°

Pitch factor, K, = cos (gj
2

0

Kp =Cos [ﬁl =0.966
2

Total number of conductor per phase,

_ Conductors
P Phase
_ Conductors _ Slots
™~ " Slots . Phase
360

Zy, = 6x=—=="720

Total number of turns per phase,
Z, 720
ph = A = T = 360

Induced emf per phase,
B =444 K K, fo N,

Flux per pole, ¢ = B
TP 444K K N
6351
O = 4 44x0.966x0.956x S0x 360
¢, =0.086 Wb Ans.
Hence, the correct option is (D).
Sol.3

Given : Number of pole P=4
Frequency, f = 50 Hz, Number of slots = 48
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Flux per pole ¢,=0.025 Wb

Number of turns in each coil =10 .
For double layer winding :
Number of coils = Number of slots = 48
So, total number of turns, N =48x10 =480
Turns per phase,

_ Number of turns _ 480

N, = =160
Pn phase 3
Number of slots per pole per phase,
Slots 48
m= = =
PolexPhase 4x3
Slot angle, = 180xpoles _ 180x 4 _15°
slots 48
For n'" Harmonic, distribution factor is given by,
sin ngﬁ
Ko =—x
msin n—B
2

Hence, the fundamental distribution factor is
given by,

sinr;B sin 4><215

K0|l = 5 = 5 =0.957

msin—  4sin—
2 2

For n'" Harmonic, pitch factor is given by,
n
K pn =c0s 706
Hence, the fundamental pitch factor is given by,
K, = cos > = cos18" = 0.951
2
Winding factor is given by,
Ky, =K, Ky =0.951x0.957=0.91

Induced emf per phase is given by,
B, =4.44K K o, N,

E,, =4.44x0.951x0.957%0.025x50x160

E, =808 V

Line voltage, E, =+3E, =+/3x808=1400 V
Ans.

Hence, the correct option is (C).

Scan for
Video Solution

Sol.4

For 2-phase,

Number of slots per pole per phase,
Slots 48

- PolexPhase 4x2

Number of t
Turns per phase, N, = Umber oF turhs

phase

N =%=240

ph
Distribution factor for 2- phase,
sin (nﬁj sin 6x15
dae ) ([3) .15
msin| — 6sin—
2 2
Induced emf per phase is given by,
B, =4.44K Ko, N,
E,n =4.44x0.951x0.903x0.025x50% 240
E,=1143.85V
Line voltage,

E =v2E, =V2x1143.85=1617V  Ans.

Hence, the correct option is (C).

Scan for E' ) E!
Video Solution & :

Sol.5

Given : Number of poles P =4

Number of slots = 36, Phase spread, ¢ =60’
Coil span = 7 slots.

Number of slots per pole per phase,

M= Slots 36
Pole xPhase 4x3
Pole pitch, Slots _30_ 9
Pole 4

Short pitch = Pole pitch — Coil span
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=9 -7 =2slots 36
=3-2)x—=12
Since, coil is short pitched by 2 slots so it is ( ) 3

shifted left side by 2 slots.
Slots

Hence, same phase slots = (m—2)x

Different phase slots=36—-12 =24
Hence, the correct option is (A).

.' Explanation of Multiple Choice Questions (Based on Armature Reaction)

Sol.1
For lagging load is the current will be shifted in
space by an angle 90°.From maximum emf
which coincide with center of pole. The
armature flux and field flux act directly opposite
to each other. Thus, armature reaction of the
alternator at lagging zero power factor is a
purely demagnetizing type. That means,
armature flux directly weakens main field flux.
Hence, the correct option is (B).
Sol.2
With the field circuit ON and the stator
disconnected from the supply,
o, =¢,, =25 mWb
When the stator is connected to the rated supply
with the field excitation unchanged,
o, =0, +0, =20 mWb
The observation here is when motor is in
operation the net flux decreasing i.e.,
o, =0, — 0, =20 mWb
Effect of Armature reaction is due to
demagnetization i.e, and it happens in
leading power factor. So the no load
current drawn by motor leads the supply
voltage
Hence, the correct option is (B).
Sol.3
In case of motor under zero power factor leading
condition of alternator, the effect of armature
reaction mmf is purely demagnetizing. And
0, > ¢, machine is to be said as over excited to

maintained terminal voltage.
Hence, the correct option is (C).

Sol.4

Machine is to be said as under excited to
maintained terminal voltage i.e ¢, <¢,. It is
obtained when the motor under zero power
factor lagging loading condition of alternator,
the effect of armature reaction mmf is purely
magnetizing.

Hence, the correct option is (A).

Sol.5

The effect of armature reaction mmf on main
filed mmf of alternator and motor is tabulated
below.

S Synchronous generator Synchronous motor
© | P fact
No. ower factor Armat.ure Excitation Armafure Excitation
Reaction reaction
Unity P .. .
1. ity Fower Cross Magnetizing | Normal Cross Magnetizing | Normal
Factor
Zero power
Purel Purel
2. | Factor urey .. Over urey .. Under
. Demagnetizing Magnetizing
Lagging
Zero power
Purel Purel
S| Factor Nrarcn);tizin Under D::ay netizin, Over
Leading e s e s
Lagging Cross Magnetizing | Slightly Cross Magnetizing | Slightly
4. .. o
Power Factor | + Demagnetizing | Over + Magnetizing Under
5 Leading Cross Magnetizing | Slightly Cross Magnetizing | Slightly
. Power Factor | + Magnetizing Under + Demagnetizing | Over

From the above table.
Hence, the correct option is (B).
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CHAPTER 2

Induction Machine

s Learning Objectives :
After reading this chapter you should be able to :
» Understand basic of induction machine.
» Explain construction and working of induction machine.
» Understand equivalent circuit diagrams.
» Understand torque and power equations.
» Explain different test of induction machines.
» Understand starting and speed control of induction machine.
2.1 Introduction 2.15 Effect of Change in Air Gap Length
2.2 Rotating Magnetic Fields 2.16  Frequency Converters or Frequency
2.3 Construction of Induction Motor Changers
2.4 Types of Load on Electric Motors 2.17  Induction Motor Stability
2.5  Working of Induction Motor 2.18 Speed Control of Three Phase Induction
2.6 Magnetic Fields in Induction Motor Motor
57 Inverted Induction Motor 2.19 Testing of Induction Motors
2.8 Effect of Slip on Rotor Frequency 220 (AIE Torgus Caze Misions
29 Equivalent Circuit of Induction Motor 2.21 Starting of Three Phase Induction Motor
2.10 Power Flow in Three Phase Induction 2.22 Cogging or Magnetic Locking
Motor 2.23  Single Phasing of Three Phase Induction
2.11 Torque in Induction Motor Motors
2.12  Torque Ratio for An Induction Motor 2.24  Induction Generators
2.13  Torque-Speed (Slip) Relationship
2.14 Operating Characteristics of Induction
Motors
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2.1 4" Introduction
An induction machine is basically a rotating machine. It is either to convert mechanical energy
to electrical energy (Induction generator) and to convert electrical energy to mechanical energy
(Induction motor)

Construction-wise there is no difference between induction generator and induction

motor, the same machine can be used as either generator or a motor.

* [fthe input is electrical energy, then it work as an induction motor

¢ [f the input is mechanical energy, then it work as an induction generator

Induction machines have two modes :

1. Motoring mode; N, < N,

2. Generating mode; N, > N

Where, N, =Rotor speed and N, = Synchronous speed.

At N, =N, induction motor doesn't operate. Induction machine is also called asynchronous
machine. In induction machine the two windings are stator winding and rotor winding. Induction
machine is singly excited machine like Transformer. Induction machine and transformer both
are operated on same principle i.e. mutual induction principle. Induction machine is basically a
transformer with a rotating short circuited secondary.

The phasor diagram and equivalent circuit of 3- ¢ induction motor are almost similar to those
in a transformer. In Induction motor, the magnetizing current is 30-50% of rated current.
Induction machine is a variable frequency machine (i.e. slip frequency). This machine is electro-
mechanical energy conversion machine. In Induction machine magnetic circuit is discontinuous
magnetic circuit or composite magnetic circuit. (Air gap is the magnetic path between stator and
rotor)

Reluctance offered to the flux is high as compared with transformer due to air gap. Induction
motor is just similar to D.C shunt motor and has D.C shunt motor
type characteristics (D.C shunt motor is replaced by Induction motor). Speed control of
Induction machine is very difficult.

Mechanical power output of induction motor, P = 27221-
Note : Power output of induction motor is directly proportional to speed.
Advantages of induction motors over DC motors :
Because of some of the following advantages, the induction motors are replacing the dc motors,
in various applications. The advantages are :
1. Low cost.
2. It can produce sufficient torque.
3. Ruggedness, smaller size and weight.
4. Speed control by using thyristors can give a wide range of speeds.
5. Low maintenance requirement since the squirrel cage induction motor does not use the
commutators and brushes.
R S VS
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6.

They can operate in dusty and explosive environments, because the brushes are not being
used. Therefore there is no possibility of sparking.

They can operate at higher speeds, of the order of 12000 rpm. This is again possible as the
brushes are absent so no friction.

Its torque speed characteristics is similar to dc shunt motor characteristics. So it runs at
almost constant speed at all loads.

Disadvantages of induction motors over DC motors :

AN e

Low starting torque.

Lagging and low power factor.

The efficiency of induction motors varies with speed.

Speed control by electrical methods is not easy.

In induction motors the flux and armature (stator) current cannot be controlled separately, as
there is only stator winding and rotor is not accessible for the user.

Applications of induction motor :

1.
3.
5.
7.

Conveyors 2. Food and chemical industries
Pumps 4. Extruders
Paper and sugar industries etc. 6. Fans

Chemical, textile, mines and traction etc.

Difference of induction machine and transformer :

Induction machine and transformer both operate on the principle of electromagnetic induction
or mutual induction and hence there are many similarities between the two machines. But still
there are certain differences mainly due to the fact that one is a rotating machine while other is
static machine. Differences are as follows :

1.

A Transformer is a static device, whereas motor is a dynastic machine contains on moving
parts.

A transformer transfers electrical power from one circuit to another without changing the
supply frequency, i.e. it only step-up or step-down the level of voltage and current,
whereas induction motor converts electrical power into mechanical power.

In a transformer, the frequency of induced EMF and current in the secondary is same as
supply frequency, i.e. primary and secondary frequency is constant while in an induction
motor, the frequency of current and EMF on stator remains same, whereas the frequency of
the rotor is variable which depends on slip and slip further depends on motor loads. The
frequency of induced EMF on the rotor is equal to slip times the stator frequency.

In a transformer, both the input and output energy (primary and secondary) is in the form
of electrical energy, whereas in motor, the supply energy in the rotor is in electrical form and
the stator energy converted to the mechanical form of energy.

A transformer is an alternating flux machine while induction motor is a rotating flux
machine.

In a transformer, mostly a ferromagnetic iron core is used as a medium for the passage of
flux from primary to secondary, whereas in an induction motor, the air gap is used between
rotor and stator.
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7. A transformer can be operated at any kind of power factor depends on load while induction
motor operated on lagging power factor because it draws lagging current to magnetize the
rotor field at starting and operating due to air gap.

8. A transformer efficiency is always higher than the induction motor efficiency because there
is no moving parts in a transformer, whereas mechanical losses occurs in an induction motor
as it is not static machine like a transformer.

Difference between synchronous motor and induction motor :

Synchronous Generator is popular because it generates constant frequency output but Induction

Generator is not so popular because it generates power at variable frequency. Differences are as

follows :

S. No.

Synchronous motor

Induction motor

1.

Construction is complicated

Construction is simpler, particularly in
case of cage rotor.

Not self-starting.

Self-starting.

Separate dc source is required for rotor
excitation.

Rotor gets excited by the induced emf. So
separate source is not necessary.

The speed 1is always
irrespective of load.

synchronous

The speed 1is always less than

synchronous but never synchronous.

Speed control is not possible.

Speed control possible though difficult.

As load increases, load angle increases,
keeping speed constant as synchronous.

As load increases, the speed keeps on
decreasing.

By changing excitation, the motor power
factor can be changed from lagging and
leading.

It always operates at lagging power factor
and power factor control is not possible.

It can be used as synchronous condenser
for power factor improvement.

It cannot be used as a synchronous
condenser.

Motor is sensitive to sudden load changes
and hunting results.

Phenomenon of hunting is absent.

10.

Motor is costly and requires frequent
maintenance.

Motor is cheap specially cage motors are
maintenance free.

2.2

=" Rotating Magnetic Fields

Definition : When balanced poly-phase currents flow in balanced poly phase windings a rotating
magnetic field is produced which rotates in synchronous speed. In other words, all poly-phase
a.c. machines are associated with rotating magnetic fields in their air gap.

The induction motor operates on the principle of rotating magnetic field which is produced
by the stator winding of the induction motor in the air gap between the stator and rotor.
The stator is three phase winding which can be either star connected or delta connected.
Whenever the ac supply is connected to the stator winding line current I, I, and | start

flowing and these line currents are phase shifted by 120° with respect to each other.
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Due to each line current a sinusoidal flux is produced in the air gap. These fluxes have the same
frequency as that of the line current and they are also 120° phase shifted with respect to each
other.

Let the flux produced by the line current |, is ¢y, flux produced by I, is ¢, and flux

produced by | is ¢g.

(I)A
N b 4,
0 180 v 33003

Fig. (a)
Og = O, sinot ...(0)
Oy = 0,,sin(wt—120") ...(ii)
0g = 0y, sin(t —240") .. (i)

Total flux ¢, in the air gap between the stator and rotor is equal to the phasor sum of the three
component fluxes,

O =0 +0y +0g
Let the phasor ¢ as the reference phasor and all the angle expressed and drawn with respect to

this phasor at different value of wt such as 0°, 60°, 120 and 180° and obtain the value of ¢,

Case 1 : For first condition assume (ot =0")

Put the value of ot in equation (i), (i1) and (ii1), E
we get SN
. 0 (I)m \\
0, =0,sin0" =0 c 4 5

\/§ by

q)Y = q)m Sin(oo _1200) = _Tq)m

> Oy
SO Reference
¢B = ¢m sin(Oo - 2400) = gq)m g

Draw a perpendicular line in OB for finding

oy ¥

magnitude of o, . Fig. (b) Phasor diagram when ot =0

In figure (b), ¢,=0B=2x0A
and OA=0Ccos30° ..(iv)

NG

And we know that, OC = ¢, = Tq)

m
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Put this value of OC in equation (iv), we get

V3. 303
OA_T%X?_Z%

3 3
d =0B=2x=¢ ==
an q)m 4¢m 2¢m

In phasor diagram shown that when wt=0, ¢_ lead by ¢, by 90° and magnitude is %q)m.

Case 2 : Assume (ot =60°)

Put the value of ot in equation (i), (ii) and (iii),
3

0n = 0,51 60° =—=0, b,

B3

0y =0,,sin(60° —120°) = —73%

Y € Reference
dg =0, sin(60—240°)=0

Draw a perpendicular line in OB for finding

magnitude of ¢,,. * ¢, (Positive direction)

In figure (c), 0,,=0B=2x0A Fig. (c) Phasor diagram when a¢ = 60"
and OA=0C cos 30’ (V)

3

And we know that, OC = ¢ = 7q)

m

Put this value of OC in equation (v),

OA: ﬁq)mxﬁ:iq)m
2 2 4
3 3
d =0OB=2x=-¢_ ==

In phasor shown that when ot =60, ¢_ lead by ¢, by 30° and magnitude is %q)m.

Case 3 : Assume (ot =120°)

Put the value of wt in equation (i), (ii) and (ii1), we get

3

0g = 0,,5in120° = n

dy = 0,,sin(120° —120°) = 0

B3

dg =0, sin(120" —240") = —73¢m
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Draw a perpendicular line in OB for finding magnitude of ¢,,.

In figure (d), ¢, =0B=2x0A

Oy,
and OA=0Ccos30’ ...(vi) ‘
And we know that, OC = ¢, = ﬁq)m

2 0" S Reference
Put this value of OC in equation (vi), we get ‘
OA:ﬁq)mxﬁ:zq)m . ,
2 2 4 oy
3 3 Y _¢B """""""""""""" B¢m

and On =0OB= 2XZ¢”‘ - Eq)m Fig. (d) Phasor diagram when o¢ =120°

In phasor diagram shown that when

ot =120, ¢, lags by ¢, by 30”and magnitude is %q)m.

Case 4 : Assume ot =180°

Put the value of wt in equation (i), (ii) and (ii1),

dg=0,sin180° =0

B

o, =, sin(180° —120°) = 73%

B3

Og = 0,,sin(180" —240") = —Tq)m
Draw a perpendicular line in OB for finding ox
magnitude of ¢,.
In figure (¢), ¢, =0B=2x0A ~0 >0,

B Reference

and OA=0C cos 30’ ..(vii)
and we know that, OC = ¢, = ?q)m 42 47 Bk
Put this value of OC in equation (vii),

OA—ﬁq) xﬁ_iq) B

2 "™ 2 4" Fig. (e) Phasor diagram when ot = 180°

and

3.3
=OB=2x>0 ==
O 2 O ) O

In phasor diagram shown that when ot =180, ¢, lags by ¢, by 90° and magnitude is %(bm.

So, the conclusion is that, the magnitude ¢, at any value of ot from 0° to 360° is same and

rotates in the clock wise direction in space.

Important term related to speed of rotating resultant MMF :

1. Mechanical degrees : The degree of physical or mechanical rotation in a single conductor
in an alternator.
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2. Electrical degrees : The degree or the cycle of emf induced in a single conductor in an

alternator.

Consider a two pole alternator, when a conductor rotates in the field, the emf induced in
the conductor will be maximum when the conductor is at the center of the pole and the
emf induced will be minimum when the conductor is in the middle of the gap between the
two poles, so when we consider the graph of the induced emf versus the position or degree
of rotation. For one complete rotation of the conductor in the field one complete cycle of
emf is generated in the conductor (positive half cycle at south-pole and negative half-cycle
at north-pole).

The same way when we consider a 4 pole alternator a single conductor when completing
one mechanical rotation will cross the four poles there by giving the induced emf graph with
two positive half cycles and two negative half-cycles which gives us two complete cycles
of induced emf.

So, for one mechanical rotation (360 degrees) the induced emf completes two cycles (
360x2 =720 degrees in terms of the sine wave).
So, the relation between electrical and mechanical degrees can be written as,

Number of poles

Electrical degrees = 5

X Mechanical degrees

Le., 0, = Eem

2
Frequency of induced emf : The frequency of the generated voltage depends upon the
number of field poles and on the speed at which the field pole are rotated. One complete
cycle of voltage is generated in an armature coil when a pair of field poles passes over the

coil. Let, P= Number of poles, N = Speed of the rotor in rpm, f =Frequency of the
induced emf.

From the discussion, we can write,

One mechanical revolution of rotor = g cycles of emf electrically.
P .
Thus there are EY cycles per revolution.

As speed is N rpm, in one second, rotor will complete (%j revolutions.

But cycle/sec = Frequency = f
Frequency, f = Number of cycle per revolution X Number of revolutions per second
=D N _PNy,
2 60 120
Above equation give the relation between three quantities, the number poles P, the speed
of the rotor N in rpm and the frequency f ofan induced emf in Hz.

(cycles per sec)
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4.

Synchronous speed : From the above expression, it is clear that for fixed number of poles,
alternator has to be rotated at a particular speed to keep the frequency of the generated emf
constant at the required value. Such a speed is called synchronous speed of the alternator
denoted as N,.

So, N, = 120 f
P

2.3 ,” Construction of Induction Motor

Definition : Three phase Induction motor mainly consists of two parts called as the Stator and
the Rotor. The stator is the stationary part of the induction motor, and the rotor is the rotating
part. The construction of the stator is similar to the three-phase synchronous motor, and the

construction of rotor is different for the different machine.
2.3.1 Stator

As its name indicates stator is a stationary part of induction Stator winding

motor. A stator winding is placed in the stator of induction  gt0r frame
motor and the three phase supply is given to it. Shape of stator
is hollow cylindrical.

The stator of the three-phase induction motor consists of
three main parts :

1.

2
3.
1

Stator core

Stots

Stator frame,
Stator core
Stator winding or field winding.

Stator frame : It is the outer part of the three phase induction motor. Its main function is
to support the stator core and the field winding. It acts as a covering, and it provides
protection and mechanical strength to all the inner parts of the induction motor. The frame
is either made up of die-cast or fabricated steel. The frame of three phase induction motor
should be strong and rigid as the air gap length of three phase induction motor is very small.
Otherwise, the rotor will not remain concentric with the stator, which will give rise to an
unbalanced magnetic pull.

Stator core : The main function of the stator core is to carry the alternating flux. In order to
reduce the eddy current loss, the stator core is laminated. These laminated types of structure
are made up of stamping which is about 0.4 to 0.5 mm thick. All the stamping are stamped
together to form stator core, which is then housed in stator frame. The stamping is made up
of silicon steel, which helps to reduce the hysteresis loss occurring in the motor.

Stator winding or field winding : The slots on the periphery of the stator core of the three-
phase induction motor carry three phase windings. We apply three phase ac supply to this
three-phase winding. The winding wound on the stator of three phase induction motor is also
called field winding, and when this winding is excited by three phase ac supply, it produces
a rotating magnetic field.
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The three phases of the winding are connected either in star or delta depending upon which
type of starting method we use. We start the squirrel cage motor mostly with star-delta starter
and hence the stator of squirrel cage motor is delta connected. We start the slip ring three-
phase induction motor by inserting resistances so, the stator winding of slip ring induction
motor can be connected either in star or delta.

Shapes of stator slots (types of slots) : The shape of slots has an important effect upon the
operating performance of the motor as well as the problem of installing the winding. In general
three types of slots can be used in three phase induction machines, namely

1.
1.

Open slots 2. Semi-closed slots 3. Closed slots

Open slots : The representation of open type slots is shown in figure.
Advantages : Si steel \ar frap,
(i). When open slots are used, winding coils can be formed lamination &7/ Wi):

“wy

and insulated completely before they are inserted in the ""/9

slots.

\\\\‘m

7

A,

(1) Easy for repair.
(ii1))Avoids excessive slot leakage.

(iv)Leakage reactance is less in open type slot. Therefore more amount of power will be
transferred from stator to rotor and torque production is high.

Disadvantages :

(1) Inserting winding into the slots is difficult.

(i1) More leakage flux, reactance of leakage flux is high. Therefore less amount of power
will be transferred from stator to rotor and torque production is less.

Semi-closed slots : The representation of semi closed type slots is shown in figure.

Semi closed 1 mm air gap

Advantages :
(1) The average air gap length between stator and rotor is less as shown below figure.

o o o
© © O] Stator

Rotor
o © o

(i1) Flux distribution is uniform and harmonics are less.
(i11)The operation of motor is smooth.

Disadvantages :

(1) Inserting windings into the slot is difficult task.

(i1) More leakage flux.

(i11)Less amount of power will be transferred from stator to rotor. Hence, torque production
is less.
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3. Closed slots : The representation of closed type slots is shown in figure.

Si-steel
lamination

oD
Closed
Advantages :
(1) The average air gap length between stator and rotor is very less therefore machine draw
very less exciting current as shown in below figure,
Closed type

o slot

(o2 e Je]
00O
00O

Rotor
o © o

(i1) Flux distribution is uniform. Hence, harmonics are almost absent.
(iii)The operation of motor is very smooth.

Disadvantages :

(1) Itis very difficult to place windings into slots.

(i1) The leakage flux is very high.

(ii1))Power transfer from stator to rotor is very less. Hence, production of toroque is also very
less.

Conclusion :

Magnetizing current, | _(open) > | (semi open) > | (closed)

No load power factor, cos@,(open) < cos ¢, (semi) < cos ¢, (closed type)
Leakage reactance, X,(open) < X, (semi open) < X (closed)

Torque production, T (open) > T (semi open) > T (closed)

Harmonic torque, Open > Semi open > Closed.

In general semi open type slots are preferred in induction machine. Open type slots are preferred
in DC machines and synchronous machine.
Comparison of different slot in stator :

Open slot Close slot Semi closed
Net air gap is more. Net air gap is least. Moderate.
Requires more magnetising = Loss magnetising current. Moderate magnetizing.

current to maintain flux.

W.r.t. magnetising current | Better power factor. Moderate power factor.
operating PF is low.

Offers more reluctance to | High leakage and high leakage | Moderate.
leakage flux and less leakage | reactance.
reactance.
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W.rt. leakage reactance = Low operating power factor. | Moderate operating power
operating power factor is factor.
better.
Non uniform air gap produce | No slot harmonics. Moderate slot harmonics.

slot or teeth or space
harmonic.

2.3.2 Rotor

The rotor is the rotationary part of machine, which is connected to mechanical load through
shaft. The conversion of electrical power into mechanical power take place. The rotor is placed
inside the stator. The rotor core is also laminated in construction and uses cast iron. It is
cylindrical, with slots on its periphery.

The rotor conductors or winding is placed in the rotor slots. The two types of rotor

constructions which are used for induction motors are,

1. Squirrel cage rotor 2. Slip ring or wound rotor

1. Squirrel cage rotor : The rotor core is cylindrical and slotted on its periphery. The rotor
consists of uninsulated copper or aluminium bars called rotor conductors. The bars are placed
in the slots. These bars are permanently shorted at each end with the help of conducting
copper ring called end ring.

The bars are usually brazed to the end rings to provide good mechanical strength. The
entire structure looks like a cage, forming a closed electrical circuit. So the rotor is called
squirrel cage rotor. The construction is shown in the figure (a).

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

As rotor itself is short circuited, Copper or
no external resistance can have . A.Huminium bars
any effect on the rotor resistance. Fig. (a) Squirrel cage rotor
Hence no external resistance can be introduced in the rotor circuit. So slip ring and brush
assembly is not required for this
. Rotor core
rotor. Hence the construction of \
this rotor is very simple. 0 Slots are skewed

In this type of rotor, the slots \
are not arranged parallel to the ¥ :\
shaft axis but are skewed as 57 / Shaft
shown in the figure (b). . . )
Advantages of skewing are : Fig. (b) Skewing in rotor construction
(1) A magnetic hum i.e. noise gets reduced due to skewing hence skewing makes the motor

operation quieter.

(i1) It makes the motor operation smooth.
R S VS
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(i11)The stator and rotor teeth may get magnetically locked. Such a tendency of
magnetic locking gets reduced due to skewing.

(iv) It increases the effective transformation ratio between stator and rotor.
Advantages of squirrel cage induction motor :

(1) They are low cost.

(i1) Require less maintenance (as there are no slip rings or brushes).
(ii1)Good speed regulation (they are able to maintain a constant speed).

(iv)High efficiency in converting electrical energy to mechanical energy (while running, not
during startup).

(v) Have better heat regulation (i.e. don’t get as hot).

(vi)Small and lightweight.

(vii)Explosion proof (as there are no brushes which eliminate the risks of sparking).
Disadvantages of squirrel cage mnduction motor :

(1) Very poor speed control.

(i1) Although they are energy efficient while running at full load current, they consume a lot
of energy on startup.

(ii1)They are more sensitive to fluctuations in the supply voltage. When the supply voltage
is reduced, induction motor draws more current. During voltage surges, increase in
voltage saturates the magnetic components of the squirrel cage induction motor.

(iv) They have high starting current and poor starting torque (the starting current can be 5-9
times the full load current; the starting torque can be 1.5-2 times the full load torque).

Application of squirrel cage induction motor :
(1) Squirrel cage induction motors are commonly used in many industrial applications.

(i1) They are particularly suited for applications where the motor must maintain a constant
speed, be self-starting, or there is a desire for low maintenance.

(ii1)These motors are commonly used in :
¢ Centrifugal pumps
* Industrial drives (e.g. to run conveyor belts)
e Large blowers and fans
* Machine tools
* Lathes and other turning equipment

2. Slip ring rotor/Slip ring induction motor or wound rotor : In this type of construction,
rotor winding is exactly similar to the stator. The rotor carries a three phase star or delta
connected, distributed winding, wound for same number of poles as that of stator. The rotor
construction is laminated and slotted. The slots contain the rotor winding. The three ends of
three phase winding, available after connecting the winding in star or delta, are permanently
connected to the slip rings. The slip rings are mounted on the same shatft.
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We have seen that slip rings are used to connect external stationary circuit to the internal
rotating circuit. So in this type of rotor, the external resistances can be added with the help
of brushes and slip ring arrangement, in series with each phase of the rotor winding. This
arrangement is shown in the figure (c).

Slip rings
. 1 1 | — p ring
— . ye— Shaft

_"}%s(‘( \m RE v Bde—Brush

K { { { External star
connected rheostat

Star connected ~Rotor
rotor winding ~ frame
Fig. (c) Slip rings or wound rotor

This way the value of rotor resistance per phase can be controlled. This helps us to control

some of the important characteristics of the motor like starting torque, speed etc.

Advantages of slip ring induction motor :

(1) High starting torque with low starting current. The maximum starting can be achieved in
the slip ring motor compared to the squirrel-cage motor by inserting an external resistor
in each phase of the rotor circuit and cutting the resistance during start-up.

(i1) The main advantage of slip ring induction motor is that its speed can be controlled easily.
(111)The speeds can be adjusted in the case of the slip ring induction motor (wound rotor) by
inserting a resistor. Therefore, slip ring motors are considered variable speed motors.
(iv) A squirrel cage induction motor takes 600% to 700% of the full load current. But a slip
ring induction motor takes a very low starting current approximately 250% to 350% of

the full load current.

Disadvantages slip ring induction motor :

(1) The initial and maintenance cost is more compared to the squirrel cage motor due to the
presence of slip rings, brushes, short circuit devices, etc.

(i1) The speed regulation is deficient when operating with external resistors in the rotor
circuit.

(1i1) The efficiency and power factor of the slip ring motor are lower compared to the squirrel
cage induction motor.

(iv)Sensitivity to fluctuations in supply voltage.

Application of slip ring induction motor :

(1) They are used in areas where high starting torque is required. And where squirrel cage
induction motors cannot be used because of their high starting currents.

(i1) These motors are used with high inertia loads.

(111))Wound Rotor Induction Motor is used in applications which require smooth start and
adjustable speed.
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(iv)Some of the applications of this motor include cranes, mills, hoists and conveyors.

(v) Wound rotor induction motor is also used in fans, blowers and mixers.

(vi)They are used in large pumps in water industry.

Function of external resistance in slip ring induction motor :

(1) It increases the starting torque produced by induction motor.

(i1) It is also increases the rotor power factor at the time of starting.

(i11)It limits the starting current drawn by induction motor. Therefore no external starting
methods are required to start this induction motor.

(iv)If external resistance is varied on running condition then the speed of induction motor
will be controlled. This method of speed controlling is called resistance speed
controlling.

In running condition leakage flux is high and hence leakage reactance of rotor is high.

Therefore power transfer from stator to rotor is less and the machine has less running

torque.

Slip ring induction motor has good starting performance but inferior running
performance (high excitation current, low no load and full load power factor, low

torque under running condition) when compared to squirrel cage induction machine.

Comparison of squirrel cage and slip ring induction motor/Slip ring rotor :

S. No.

Slip ring rotor or wound rotor

Squirrel cage rotor

1.

Rotor consists of a three phase winding
similar to the stator winding.

Rotor consists of bars which are shorted
at the ends with the help of end rings.

Construction is complicated.

Construction is very simple.

Resistance can be added externally.

As permanently shorted, external

resistance cannot be added.

Slip rings and brushes are present to add
external resistance.

Slip rings and brushes are absent.

The construction is delicate and due to
brushes, frequency maintenance is

necessary.

The construction is robust and

maintenance free.

The rotors are very costly.

Due to simple construction, the rotors are
cheap.

Only 5% of induction motors in industry
use slip ring rotor.

Very common and almost 95% induction
motors use this type of rotor.

High starting torque can be obtained.

Moderate starting torque which cannot
be controlled.

Rotor resistance starter can be used.

Rotor resistance starter cannot be used.

10.

Rotor must be wound for the same
number of poles as that of stator.

The rotor automatically adjusts itself for
the same number of poles as that of
stator.
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11. | Speed control by rotor resistance is | Speed control by rotor resistance is not
possible. possible.
12. | Rotor copper losses are high hence | Rotor copper losses are less hence have
efficiency is less. higher efficiency.
13. | Used for lifts, hoists, cranes, elevators, | Used for lathes, drilling machines, fans,
compressors etc. blowers, water pumps, grinders, printing
machines etc.

Solved Example 1

A 3 phase, 6 pole, 50 Hz induction motor has a slip of 1 % at no load and 3% at full load.
Determine :

(a) Synchronous speed

(c) Full load speed

(e) Frequency of rotor current at full load.

(b) No load speed
(d) Frequency of rotor current at stand still.

Sol.

Given : Number of pole P=6, Frequency f =50Hz, Slip at no load =0.01,
Slip at full load = 0.03.

120 120x50

(a) Synchronous speed, N, = 5 =1000 rpm Ans.
(b) Slip at no load = 0.01,

No load speed, N, = N,(1-s)=1000(1-0.01) =990rpm Ans.
(c) Slip at full load = 0.03,

Full load speed, N, = N (1-5)=1000(1-0.03) =970rpm Ans.
(d) Atstand still, N, =0, so s=1

Rotor frequency, f'=sf =1x50=50Hz Ans.
(e) Slip at full load = 0.03

Rotor frequency, f'=sf =0.03x50=1.50Hz Ans.

Solved Example 2

A 12 pole, 3 phase alternator is coupled to an engine running at 500 rpm. It supplies an induction
motor which has a full load speed of 1440 rpm. Find the slip of the motor.

Sol.

Given : Alternator : Number of pole P =12, Synchronous speed N, =500rpm .

Induction motor : Rotor speed = 1440 rpm.

In alternator, Induction motor

Alternator

120 f ( :| .: )
Synchronous speed N, = % O / \ O
NP 12 P=12, N, =500rpm N, =1440rpm
. Frequency f =——= 500 =50Hz
120 120

This frequency supply induction motor.
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In induction motor, assuming number of poles, when synchronous speed comes near by the

rotor speed.

120f  120x50

Synchronous speed, N, =
Y P P 4

=1500rpm

-N %100 = 1500-1440

Percentage slip (% S) = NSN : x100=4% Ans.
Scan for Iy EE
Video Solution I'EI .
TEST9
1 )

Q.1 A three phase induction motor run at 290
rpm at full load with 50 Hz supply. Find
number of pole of motor and slip.

Q.2  The frequency of the supply to the stator
of an 8-pole induction motor is 50 Hz
and the rotor frequency is 3 Hz.
Determine :

(a) The slip
(b) The rotor speed.

Q.3  The frequency of the e.m.f. in the stator
of a 4 pole induction motor is 50 Hz and
that in the rotor is 1.5 Hz. What is the
slip? At what speed is the motor
running?

Q.4 A 3-phase slip-ring induction motor is
wound for 4 poles on stator and 6 poles
on rotor. When 3-phase balanced
voltage source at 50 Hz is applied to the
motor, it will run at :

(A) 1500 rpm (B) 1000 rpm
(C)750 rpm (D) zero speed

Q.5 A 6 pole, 50 Hz wound rotor induction
motor when supplied at the rated voltage
and frequency with slip ring open
circuited, developed a voltage of 100 V

Q.6

Q.7

between any two rings. If the rotor is
driven by an external means at 1000 rpm
opposite to the direction of stator field,
the frequency of voltage across slip rings
will be [ESE 2000]

(A)zero (B)50 Hz

(C) 100 Hz (D)200 Hz

A 3-phase induction motor has 2 poles
and is connected to 400 V, 50 Hz supply.
When the slip is 4%, calculate the actual
rotor speed and rotor frequency.
(A)2880 rpm, 2 Hz

(B)3120 rpm, 2 Hz

(C)2880 rpm, 48 Hz

(D)3120 rpm, 48 Hz

In a 4 pole, 3-phase, 50 Hz induction
machine the slip rings are open
circuited. The frequency of the voltage
across slip rings is 75 Hz. The rotor is
driven at speeds of

(A)750 rpm, 3750 rpm

(B) 750 rpm, 2250 rpm

(C) 1500 rpm, 2250 rpm

(D) 1500 rpm, 3750 rpm
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= N\ Numerical
— | Answer
—1| Type Questions

. Types of Load on Electric Motors

Q.1 A 3-0, 4 pole slip ring induction motor
is connected to 3-¢, 50 Hz supply from
the rotor side through slip rings. The
stator terminals are shorted and machine
is found to be running at 1440 rpm.
Determine :
(a) Frequency of stator current

- Magnetic Fields in Induction Motor
Q.1  An 8-pole, 3-phase, 50 Hz induction
motor is operating at a speed of 700 rpm.

Determine the frequency of the rotor
current. [GATE 2014]

Q.2 A 50 Hz, 440 V, three-phase 4-pole
induction motor develops half the rated
torque at 1490 rpm. With the applied
voltage magnitude remaining at the
rated value, what should be its frequency
if the motor has to develop the same
torque at 1600 rpm? Neglect stator and
rotor winding resistance, leakage
reactance and iron losses.

Q.3 A 3-phase, 50 Hz induction motor has a
full-load speed of 1440 r.p.m. For this
motor, calculate the following :

(a) Number of poles
(b) Full-load slip and rotor frequency
(c) Speed of stator field with respect to
(1) Stator structure and
(i1) Rotor structure and
(d) Speed of rotor field with respect to

w Inverted Induction Motor

Q.1 A 4 pole, 3 phase slip ring induction
motor is used as frequency changer. Its
stator is excited 3-phase, 50 Hz supply.

Q.4

Q.5

(b) Speed of rotor magnetic field with
respect to rotor

(c) Speed of SMF with respect to rotor
and its direction with respect to rotor
rotation.

(d) Speed of SMF with respect to RMF.

(1) Rotor structure
(i) Stator structure and
(111)Stator field.
A 4-pole synchronous generator driven
at 1500 rpm feeds a 6 pole induction
motor which is loaded to run at a slip of
5%, what is the motor speed?
A 6 pole, 50 Hz wound rotor induction
motor when supplied at the rated voltage
and frequency with slip rings open
circuited, developed a voltage of 100 V
between any two rings. Under the same
conditions its rotor is now driven by
external means at
(a) 1000 rpm opposite to the direction of
rotation of stator field
(b) 1500 rpm in the direction of rotation
of stator field
Find the voltage available between slip
rings and its frequency in each of these
cases.

A load requiring 3-phase 20 Hz supply
is connected rotor through three slip
rings of SRIM
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(a) At what two speeds the prime mover
should drive rotor of slip ring
induction motor?

Multiple
Choice
Questions

(b) Find ratio of two voltages available
at slip rings at two speeds.

-

[\)

Q.

Q.3

Magnetic Fields in Induction Motor

An eight pole wound rotor induction
motor operating on 60 Hz supply is
driven at 1800 rpm by a prime mover in
the opposite direction of the revolving
magnetic field. The frequency of the
rotor current is

(A) 60 Hz (B) 120 Hz
(C) 180 Hz (D) none
A 3-phase, 4-pole squirrel cage

induction motor has 36 stator and 28
rotor slots. The number of phases in the
rotor is

(A)3 B)9

()7 (D)8

Induction motor can be regarded as a
generalized transformer due to certain

similarities except rated [ESE -2020]

Q.4

Q.5

Equivalent Circuit of Induction Motor

(A)Frequency (B) Flux
(C) Speed (D)Induced emf

An 8-pole, 3-phase, 50 Hz induction
motor is operating at a speed of 700 rpm.
The frequency of the rotor current of the
motorin Hzis . [GATE 2014]

The rotor of a three phase, 5 kW, 400 V,
50 Hz, slip ring induction motor is
wound for 6 poles while its stator is
wound for 4 poles. The approximate
average no load steady state speed when
this motor is connected to 400 V, 50 Hz

supply is : [GATE 2002]
(A)1500 rpm (B) 500 rpm
(©)0 rpm (D)1000 rpm

Q.1  If the rotor power factor of a 3-phase Q.2 A 3-phase, star-connected SRIM is fed
induction motor is 0.866, the spatial from 200 V, 50 Hz source. Stator to rotor
displacement  between the stator effective turns ratio is 2. At a rotor speed
magnetic field and the rotor magnetic of 1440 rpm, the rotor induced emf per
field will be phase would be
(A) 30° (B) 90° (A)4.62V (B)46.2 VvV
(C) 120° (D) 150° (©)8.0V (D)9.24V

- Power Flow in Three Phase Induction Motor

Q.1 A 400 V, 50 Hz, 30 HP, three-phase 900 W respectively. The friction and
induction motor is drawing 50 A current windage losses are 1050 W and the core
at 0.8 power factor lagging. The stator losses are 1200 W. The air-gap power of
and rotor copper losses are 1.5 kW and the motor will be [GATE 2008]
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(A)23.06 kW (B)24.11 kW (D)3950 W, 24.45 Nm
(C)25.01 kW (D) 26.21 kW
Q.2 A 36.775 kW, 6 pole, 50 Hz slip-ring

Q.3

Q4

Q.5

induction motor runs at 960 rpm on full
load with rotor current of 40 A.
Allowing 300 W for copper loss in the
short circuiting gear and 1200 W for
mechanical loss, find resistance R, per

phase of three phase rotor winding.
(A)0.21 Q (B) 031 Q

(C) 0.41 Q (D) 0.25 Q

The rotor of a 3-phase, 50 Hz and 4 pole
induction motor takes 120 kW at 3 Hz,
determine the rotor speed and the rotor
copper losses.

(A)1410 rpm, 6.8 kW

(B) 1520 rpm, 6.8 kW

(C) 1410 kW, 7.2 kW

(D)1520 rpm, 7.2 kW

The motor of the previous question. Has
a stator copper loss of 3 kW, a
mechanical loss of 2 kW and a stator
core loss of 1.7 kW. Calculate the motor
output at the shaft and the efficiency,
neglect rotor core losses.

(A)110.8 kW, 92%

(B) 114.6 kW, 88.85%

(C)110.8 kW, 88.85%

(D)114.6 kW, 92%

A 3-0, A-connected, 4 pole, 50 Hz

induction motor has stator resistance of
0.4 Q/phase at  the

temperature for line current of 20 A, the
total stator input is 4000 W for
negligible stator core loss. Determine
internal power and torque developed.
(A)3840 W, 24.45 Nm

(B)3840 W, 28.32 Nm

(C)3950 W, 28.32 Nm

operating
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.' Explanation of Test - 1 (Based on Magnetic Fields in Induction Motor)

Sol.1
Given : Frequency f =50Hz

Rotor speed N, =290rpm.

If rotor speed is 290 rpm so synchronous speed
N, is near to rotor speed assume N, =300rpm

Synchronous speed, N = 1201

120f  120%50 _

Number of pole, P = 20
s 300
Ans.
N.—N
Percentage slip, (%S) = SN Lx100
_300-290,100=333%  Ans,
300
Sol.2
Given : Number of pole P =8
Frequency f =50Hz
Rotor frequency f'=3Hz.
(a) Slip :
Rotor frequency f '=sf
Slip= f— = 3 =0.06 or 6% Ans.
f 50
(b) Synchronous speed,
N 120 f _120%50 _ 750pm Ans.

> P
Rotor speed, N, = N (1-5)
N, =750(1-0.06)=705rpm  Ans.
Sol.3

Given : Number of pole P=4
Frequency f =50Hz

Rotor frequency f'=1.5Hz.
Rotor frequency, f'=sf

Slip, s= f— = L5 =0.03p.u.=3% Ans.
f 50

Synchronous speed,
120f  120%50
P

Speed of the motor, N, =(1-S)N,
N, =(1-0.03)x1500 =1455r.p.m.Ans.

Sol.4

With un-equal no. of phases of stator and rotor
the induction machine operation is possible.
Poles of stator must be equal to the poles of the
rotor otherwise stator RMF and rotor RMF are
not stationary with each other, hence torque
production not possible.

Hence, the correct option is (D).

Sol.5
Given : Number of pole P=6

N, =

=1500r.p.m.

Stator frequency f =50 Hz
Motor speed N, =1000 rpm.
Frequency of voltage across slip ring,
f. =sf =2x50=100 Hz Ans.
Hence, the correct option is (C).

Sol.6
Given : Number of pole P=2
Stator frequency f =50 Hz

Voltage V =400 V , Slip s=4%=0.04.
Synchronous speed,
_120f  120x50
s P -
Rotor speed, N, =(1-S)N,
N, =(1-0.04)x3000 = 2880 rpm Ans.
Rotor frequency, f, =sf =0.04x50=2 Hz.
Ans.

N

=3000 rpm

Hence, the correct option is (A).

Sol.7
Given : Number of pole P =4
Stator frequency f =50 Hz

Rotor frequency f, =75 Hz.
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Synchronous speed, N, =(1-1.5)x1500=750 rpm Ans.
120f  120x50
N, = P 4 1500 rpm Rotor speed at S, =—1.5,
N =(-s,)N
Slip, s=t D15 < =0
f 50 N, =(1+1.5)x1500=3750 rpm Ans.

Rotor speed at § =+1.5, Hence, the correct option is (A).

er = (1 - Sl)Ns

.' Explanation of NAT Questions (Based on Types of Load on Electric Motors)

Sol.1 Speed of SMF with respect to rotor N;= 1500
Given : Rotor speed N, =1440 rpm rpm Ans.
Number of pole P =4 Speed of SMF with respect to RMF =0 Ans.

Direction of SMF is opposite to the direction of

Supply frequency f =50 Hz. . o
rotor rotation as it is inverted motor.

Synchronous speed, Frequency of stator current

120x f  120x50 _
N, = 5 = 1 =1500 rpm ~sx fr:1500 1440><50
1500
Speed of RMF with respect to rotor, N,= 1500 60
=——>x50=2 Hz Ans.
rpm Ans. 1500

e Explanation of NAT Questions (Based on Magnetic Fields in Induction Motor)

Sol.1 Number of pole P=4, Speed N, =1490rpm
Given : Number of pole P=8 New speed N, =16001pm.
Frequency f =50Hz

Synchronous speed,

R N, =700rpm.
otor speed N, rpm _120f  120%50

Synchronous speed, N, = =1500rpm
N = 120 f = 120%30 =7501pm Slip at speed of 1490 rpm,
° P 8
N.—N -
: N.—N S=——- 15001490 =0.00667
Full load slip, s= SN : N 1500
) Since, torque develop by an induction motor,
=079 _ 4 066 = 6.6% 2
= —=VU. = 0. 0 oc
750 T oe &
Frequency of rotor current, Slip ‘s’ for constant torque and constant applied
f'=sf =0.066x50=3.33Hz Ans. voltage remains unchanged
Sol.2 New synchronous speed,
Given : Frequency f =50Hz N Ny 1600 ~1610.7rpm

" 1°s 1-0.00667

Line voltage V, =440V
New frequency,
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_ PxNg, 4x1610.7

] =53.7Hz
120 120

f

Ans.
Sol.3
Given : Frequency f =50 Hz

Full load speed N =1440 rpm .
(a) The use of full-load speed of 1440 rpm

gives,
N = 120 f
P
1440 = 120 f _ 12050
P
= 12050 =4><lPoles
1440 6

Since the number of poles must be even
and a whole number, the induction
motor must have 4 poles. An induction
motor runs at a speed, a little less than
synchronous speed.

Therefore, poles = 4. Ans.
(b) Synchronous speed,
N, =129299 _ 1500 1pm
Slip, s= N, —N, _ 1500-1440 —0.04
N, 1500
Rotor frequency,
f.=sf =0.04x50=2 Hz Ans.

(©) (1) Speed of stator field with respect to
stator structure N, =1440 r.p.m.

= 2mx1440 =150.8 rad/sec Ans.

(i1) Speed of stator field with respect to
revolving rotor structure = Ny — N,
=1500-1440 = 60 rpm

_2™X60 _ ¢ o83 rad/sec  Ans.

(d) (1) Speed of rotor field w.r.t. rotor
structure
= Ns - Nm
=60 r.p.m.

_2™X60 _ ¢ o83 rad/sec  Ans.

(i1) Speed of rotor field w.r.t. stator
structure
=N,= 1500 r.p.m.

= 2mX1500 _ 157 08 rad/sec Ans.
(i11)Since, both the stator and rotor fields
are rotating at synchronous speed of
1500 rpm with respect to stator
structure, speed of rotor field with
respect to stator field is zero. Thus
the stator and rotor fields are
stationary with respect to each other.
Ans.

Scan for O 0
Video Solution ‘EI a

Sol.4

Given : Number of pole P=4

Generator speed = 1500 rpm

Number of pole in induction motor P =6
Slip = 5% = 0.05.

Frequency of synchronous generator,

. 4x1500 _ 50Hy
120
Synchronous speed of induction motor,
N, = 12050 _ 1000 rpm

Motor slip, s=0.05 (given)
Motor speed, N, = N (1-5)

N, =1000(1-0.05)=950 rpm Ans.
Sol.5

Given : Number of pole P=6
Stator frequency f =50 Hz
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Rotor voltage V, =100 V.. Voltage available between slip ring,
(a) Synchronous speed, sV, =2x100=200 V Ans.
N, = 120 f :120><5() 1000 pm (b) Rotor speed, N, =1500rpm
p 6 . N,—N, 10001500
Slip, s=—2 = =0
Rotor speed, N, =—1000rpm (given) N, 1000
Slio, g2 Ns—Ne _1000—(-1000) _ Rotor frequency,
P SETNT T 00 f = =0.5x50=25Hz Ans.
Rotor frequency, Voltage available between slip ring
fr =< =2%50=100Hz Ans. =SV2 =0.5x100=50V Ans.

. Explanation of NAT Questions (Based on Inverted Induction Motor)

Sol.1 N=N,—N, =1500—-600 =900 rpm
Given : Number of pole P=4 Ans.
Supply frequency f =50 Hz For negative sign,
N, =N+ N, =1500+600 =2100 rpm
Rotor frequency f, =20 Hz. Ans
i N.—N -

(a) Speed of rotor field with respect to stator (b) Slip 1, § = Ne—Nr _ 1500-900 _

_12O><50_1500 m N, 1500

- Ry Slip 2,

Speed of rotor field with respect to rotor = N, —N, _1500-2100 _ _

120x20 N, 1500
= =600 rpm Ratio of two voltage,
Rotor can rotate in same or opposite 5 =2 -1 Ans.

E s

direction to rotor field n, £600 =1500

For positive sign,
. Explanation of Multiple Choice Questions (Based on Magnetic Fields in
Induction Motor)

Sol.1 f = (900+1800)x—— =180 Hz Ans.
Given : Number of pole P=8 120

Frequency f =80 Hz Hence, the correct option is (C).

Sol.2

Given : Number of pole P=4

Stator slop =36, Rotor slot = 28.

Rotor speed N, =1800 rpm.

Synchronous speed,
_120f _ 120%60

N, =900 rpm In case of a squirrel cage motor, the number of
P 8 phases is treated as number of Cu bars (or) slots
Rotor frequency, f, = W per pole

Head office : A-115 Ground Floor, Shopping Complex, Smriti Nagar, Bhilai, (C.G.), Contact : 9713113156,6266202387 www.gateacademy.shop

© Copyright

Branch Office : Raj Tower 3rd Floor, Tatya Para Chowk, Raipur, Chhattisgarh 492001, Contact : 9755662248 www. ijacebook.com/gateacademy




GATE ACADEMY® Induction Machine 2.25
Number of phase in motor Slip,  s= NSN— N, _ 7507;0700 0067

_ Rotorslot 28 _
Number of pole 4

Though the number of phase are different on
stator and rotor, the induction motor operation
is possible.

Hence, the correct option is (C).

Sol.3

In transformer frequency same on both sides. In
induction frequency in rotor side f» = sf where
slip ‘s’ depends upon frequency.

Hence, the correct option is (A).

Sol.4

Given :Supply frequency f =50Hz

Number of poles P =8

Rotor speed N, =700 rpm.

Synchronous speed is given by,
_120f _ 120x50

NS
P 8

=750 rpm

Frequency of rotor current is given by,
f. =sf =0.067x50 =3.33 Hz

Hence, the frequency of the rotor current of the
motor is 3.33 Hz.

Sol.5

Given : Power P = 5 kW, Volatge V=400 V
Frequancy f= 50 Hz

Number of stator poles P, = 6 pole

Number of rotor poles P = 4 pole.

Here the number of poles on stator and rotor are
different, the rotor and stator fields will have
different speeds which produces a pulsating
torque with zero average value in the rotor. Thus
the speed of the rotor will be zero when stator
and rotor have unequal poles.

Hence, the correct option is (C).

" Explanation of Multiple Choice Questions (Based on Equivalent Circuit of

Induction Motor)

Sol.1
Given : Rotor power factor cosd, =0.866.
For 3-phase induction motor :
Spatial displacement =90+ ¢,
Where, ', "' is power factor angle of rotor.
From data, cos®, =0.866
0, =30°

Spatial displacement between stator and
rotor magnetic field,

M =90°+30° =120° Ans.
Hence, the correct option is (C).

Sol.2
Given : Voltage V =400 V

Stator frequency f =50 Hz

. N
Stator to rotor turns ratio —- =2
2

Rotor speed N, =1440 rpm
N, =1500 rpm (assume).
Rotor speed, N, =(1-S)N,

1440 = (1-5)x1500
Slip, s=0.04

The rotor induced emf per phase,

E, =<, =0.04x2 2 461V Ans.

V3

Hence, the correct option is (A).
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. Explanation of Multiple Choice Questions (Based on Power Flow in Three

Phase Induction Motor)

Sol.1

Given : Output power P,, =30 HP

Line voltage V, =400V

Frequency f =50Hz

Motor line current 1, =50A

Power factor cos ¢ =0.8

Rotor copper loss =900 W

Stator copper loss =1500 W

Stator core loss =1200 W

Friction and windage loss = 1050 W.

Stator input power, B, = J3 V.| cos®
R, = V3%x400x50%0.8=27712.8 W

Rotor input B, = Air gap power

= P, —(stator copper loss + stator core loss)

Air gap power,
P, =27712.8—(1500+1200)
P, =25.012kW Ans.

Hence, the correct option is (C).

Sol.2
Given : Number of pole P=6

Output power P, =36775 W

Frequency f =50 Hz

Rotor speed N, =960 rpm

Rotor current |, =40 A

Copper loss in short circuiting gear =300 W

Mechanical loss = 1200 W.
Synchronous speed,
120f  120x50

N, = =1000 rpm
= c p
Slip, s= N, =N, _ 10002960 _ 04 or 4%
N 1000

S

Mechanical power output
= Motor output + Mechanical losses
P, =P, +Mechanical loss

P, =36775+1200=37975W

Rotor output = Mechanical power output
+ Short-circuiting gear loss
P, =37975+300=38275 W

Rotor copper losses, P, = sxF,
P, =0.04x38275=1531W
and P, =3IR

Rotor resistance,

P 1531
R=—%= >3 >=0.3189Q  Ans.
31, 3x40
Hence, the correct option is (B).

Sol.3

Given : Supply frequency f =50 Hz
Number of pole P=4

Rotor input B, =120 kW and

Rotor frequency f =3 Hz.

Slip,  S=-12=>--0.06
50
and stlzgf =120:50=1500 rpm

Rotor speed, N, = N(1-5)
N, =1500(1-0.06) =1410 rpm
Rotor copper loss,
P, =P, =0.06x120 kW =7.2 kW
Ans.
Hence, the correct option is (C).

Sol.4

Given : Stator copper loss = 3 kW
Mechanical loss =2 kW

Stator core loss = 1.7 kW.
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Stator loss = Stator copper loss
+ Stator core loss
=3+1.7=4.7 kW
Stator input power = Rotor input + Stator loss
P,=120+4.7=124.7 kW

Mechanical power developed,
P, = B, —Rotor copper loss

P =120-72=112.8 kW Ans.

Efficiency, n = % %100

n

n:MXIOOZSS.SS% Ans.
124.7
Hence, the correct option is (C).
Sol.5

Given : Stator input P,=4000 W

Number of pole P=4, Frequency f =50 Hz
Stator resistance R =0.4 Q

Stator current |, =20 A..

Stator copper loss

2
=3I’R =3x(§j x0.4=160 W

NG

Rotor input power, P, =B —Stator loss

P, =4000-160=3840 W

Synchronous speed,

_120f  120x50
P 4
Internal torque
P P, 3840x60

9 =
®, o N 1500x2m
60

N

=1500 rpm

=24.45 Nm

Ans.
Hence, the correct option is (A).
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