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Continuous
Assessment Pattern

Altogether 4 quizzes may be taken during the
semester, 2 quizzes will be taken for midterm
and 2 quizzes will be taken for final term.

Altogether 4 assignments may be taken during
the semester, 2 assignments will be taken for
midterm and 2 assignments will be taken for
final term.

The students will have to form a group of
maximum 3 members. The topic of the
presentation will be given to each group and
students will have to do the group presentation
on the given topic.



CIE — Continuous Internal Evaluation (90 Marks)
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SEE — Semester End Examination (60 Marks)

Bloom’s Category Final Examination

Remember 15
Understand 10
Apply 10
Analyze 10
Evaluate

10
Create

05




Course Learning Outcomes
(CLOs)

After completing this course successfully, the
students will be able to -

1

truction, principles of
of electrical machines.

2

s of electrical machines.

3

es subject to specific

ents.

4

alysis of single and three

Ine performance.



Synopsis / Rationale

This Course is essential for the students to learn basic principles and the
operation of AC electrical machines such as synchronous generator,
synchronous motor, three phase and single-phase induction motors. By
understanding these machines' theoretical foundations and practical
applications, students gain insights into efficient power generation,
transmission, and utilization. Furthermore, the course equips learners
with the skills to analyze, design, and troubleshoot synchronous and
induction machines, fostering expertise crucial for electrical engineering
and energy-related industries




rn about the basic electrical machines, their operation, and
tions.

erstand the basic principle and operation of electrical
es like synchronous generator, synchronous motor, and
DN motor.

pme acquainted with the applications of these machines in the
al power system.



Synchronous machines- types-constructional details-types of
armature windings- double layer -integral & fractional slot — lap —
single layer — hemitropic, whole-coil & mush windings - (developed
winding diagram for assignment only.) - Principle of operation -
synchronous generators - EMF equation-winding factor- space and
time harmonics - flux density distribution and their analysis-
armature reaction in 3-phase and I-phase alternators - leakage
reactance - synchronous reactance - pharos diagram under loaded
condition - load characteristics.

15

Voltage regulation of alternators- methods for finding regulation -
emf, mmf, Potier methods-salient pole machines - two reaction
theory — regulation by slip test- reluctance power - short circuit
conditions-concept of transient and sub transient reactance’s -
parallel operation of alternators- synchronizing methods - two
alternators 1n parallel — governor characteristics — load sharing -
synchronizing power- operation on infinite bus bars - torque angle -
maximum power — power angle diagram — methods of excitation -
automatic voltage regulators.

15




Synchronous motors- principle of operation- operation on infinite
bus bars - phasor diagrams constant excitation and constant power
output circle diagram - V curves and mverted V curves for motor
and generator operations - hunting and suppression - starting
methods — synchronous condenser — applications of synchronous
motor.

15

Design of synchronous machines - specific loading- choice of
specific electric and magnetic loadings — output equation-
classification-turbo alternators- water wheel generators- -separation
of D and L- main dimensions - short circuit ratio and its
importance 1n design.

15




Teaching-

, Assessment  Alignment
Learning
Strategy to CLO

Strategy
Basic Principle of Alternator Operation, | Lecture,
Details about Stationary Armature, Multimedia, | Feedback, CLO 1
Details of Construction, Damper Group Q&A
Windings, Speed and Frequency Discussion
Armgture; Windings, Concentr.ic or [ ecture
Chain Windings, Two layer Winding, ’
Wye and Delta Connections, Short Multimedia, Feedback, CLO 1
Pitch Winding, Pitch factor/Chording Practical Q&A CLO?2
factor—Distribution or Breadth Factor
or Winding Factor or Spread Factor Example
Equation of Induced E.M..F, Effect of Lecture,
Hormonics on Pitch and Distribution Multimedia Feedback CLO 2
Factors, Factors Affecting Alternator : ’ ’
Size,Vector Determination of Voltage Practical Q&A CLO3
Regulation Example




Teaching-

, Assessment | Alignment
Learning
Strategy to CLO
Strategy
Operation of Salient Pole Synchronous Lecture,
Machine, Phasor Diagram for a Salient Multimedia, Midterm CLO 3
Pole Synchronous Machine, Calculations Group Quiz #1
from Phasor Diagram Discussion
Power Developed by a Synchonous Feedback,
. Lecture,
Generator, Conditions for Parallel , , Q&A , CLO4
. Multimedia, .
operation of Alternators Assignment
Synchronizing of Alternators,
Synchronizing Current, Synchronizing Lecture,
Power,Alternators Connected to Infinite Multimedia, | Feedback, CLO 3
Busbars, Synchronizing Torque, Effect of Practical Q&A CLOA4
Load on Synchronizing Power, Alternative | Example
Expression for Synchronizing Power




Teaching-

I , Assessment = Alignment
earnin
- Strategy to CLO
Strategy
Parallel Operation of two Alternators Lecture,
Effect of Unequal Voltages on Multimedia, | Feedback, CLO 4
Distribution of Load Time Period of Group Q&A
Oscillation, Maximum Power Output Discussion
Feedback,
_ Lecture,
Mathematical Problems on Alternator . . Q&A CLO4
Multimedia .
Quiz#2
General Principle of Operation, Method
of Starting of Synchronm.ls Lecture,
Motor,Motor on Load with Constant : : Feedback,
o o Multimedia, CLO 1
Excitation, Power Flow within a . Q&A
. . Practical . CLO 2
Synchronous Motor, Equivalent Circuit Assignment
of a Synchronous Motor, Power Example
Developed by a Synchronous Motor




Teaching-

, Assessment  Alignment
Learning
Strategy to CLO
Strategy

Synchronous Motor with Different

Excitations, Effect of increased Load with

Constant Excitation, Effect of Changing Lecture, CLO?

Excitation of Constant Load, Different Multimedia, Feedback, CLO 3
10. Torques of a Synchronous Motor, Power Group Q&A _J

Developed by a Synchronous Motor, Discussion CLO 4

Alternative Expression for Power

Developed

Construction of V curves Hunting or

Surging or Phase Swinging, Methods of Lecture,

Starting, Procedure for Startlr?g a Multimedia, Feedbacko, CLO 3
11. Synchronous Motor, Comparison , Q&A, Quiz

between Synchronous and Induction Practical #3 CLO4

Motors, Synchronous Motor Example

Applications

Mathematical Problems on Synchronous Lecture, Feedback, C1.0 4
12. Motor Multimedia Q&A




Teaching-

, Assessment | Alignment
Learning
Strategy to CLO
Strategy
' inci i Feedback,
Working pr1nc1p1.e of Inductlot.l Lecture, CLO 1
13. Motor,Construction of Induction Motor, , , Q&A
. Multimedia, ) CLO?2
Squirrel-cage Rotor, Phase-wound Rotor Assignment
Production of Rotating Field, Rotation of
Rotor, Slip, Percentage of Slip, Analysis Lecture, Feedback, CLO?2
14. of the Relation between Torque and Rotor | Multimedia, Q&A CLO3
Power Factor
Starting Torque, Condition for Maximum
Starting Torque, Effect of Change in | Lecture, Feedback, C1LO 4
15. Supply Voltage on Starting Torque, = Multimedia, Q&A
Torque under Running Condition
An;ﬂg;ls (;f Elfle Relatloél ;)etw(;:erij rl;;)iqude - Feedback,
an 1 orque an eed, rull-loa urc,
16. P P . N Q&A . CLO 4
Torque and Maximum Torque, Starting | Multimedia, ,
Torque and Maximum Torque Quiz #4




Torque/Speed Curve, Shape of Torque/
Speed Curve, Torque/Speed
Characteristic, Equivalent Circuit of an

Teaching-
Learning

Strategy

Assessment
Strategy

Alignment
to CLO

_ . Lecture,
Induction Motor, Induction Motor . . Feedback,
, Multimedia CLO3
17. Operating as a Generator, Power Stages Q&A
. . ,Group . CLO4
in an Induction Motor, Torque , , Assignment
Developed by an Induction Motor, Discussion
Torque, Mechanical Power and Rotor
Output
Mathematical Problem on Induction Lecture, Feedback,
18. : : CLO4
Motor Multimedia Q&A
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Alternators

A.C. generators or alternators (as they are
usually called) operate on the same fundamental
principles of electromagnetic induction as d.c.
generators. They also consist of an armature
winding and a magnetic field. But there 1s one
important difference between the two. Whereas
in d.c. generators, the armature rotates and

DC generator

-".l'. i I'lll{ Illlr

4‘

the field system 1s stafionary, the arrangement Single split ring commutator

in alternators 1s just the reverse of it. In their

case, standard construction consists of armature

winding mounted on a stationary element called sfafor and field windings on a rotating element called rotor.




Alternators

Stator Frame
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Stationary Armature

Advantages of having stationary armature
(and a rotating field system) are :

1. The output current can be led directly
from fixed terminals on the stator (or

armature windings) to the load circuit, 2. Itiseasier to insulate stationary armature winding
without having to pass it through for high a.c. voltages, which may have as higha
value as 30 kV or more.

brush-contacts.
3. Theshiding contacts i.e. slip-rings are transferred

to the low-voltage, low-power d.c. field circuit
which can, therefore, be easily insulated.

L aminated core

9

4. The armature windings can be more easily braced
to prevent any deformation, which could be
produced by the mechanical stressessetup asa
result of short-circuit current and the high
centrifugal forces brought into play.

w Armature
windings
(in slots)

stators
assembly

Stationary armature windings



Construction

Stator Frame
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Streetbike stator




Rotor

(i) salient (or projecting) Pole Type (ii) Smooth Cylindrical Type

==

Turbine Driven Rotor

Slip Rings

5

High speed -1200 RPM Salient-pole
Ormore Rotor

Low speed -1200 RPM
Cross-section Orless Schematic

AN

Types of rotors used in alternators




Damper Windings

Non-Sahent
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Speed and Frequency
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Speed and Frequency

Since one cycle of e.m.{. 1s produced when a pair of poles passes past a conductor, the number of
cycles of e.m.f. produced 1n one revolution of the rotor 1s equal to the number of pair of poles.

No. of cycles/revolution = P/2 and No. of revolutions/second = N/60

P N PN
_ PN _PN o
frequency = 5 Xy =150 -
PN
_ PN ¢
or 120 ¢

N 1s known as the synchronous speed, because it 1s the speed at which an alternator must run, in
order to generate an e.m.f. of the required frequency. In fact, for a given frequency and given number of
poles, the speed 1s fixed. For producing a frequency of 60 Hz, the alternator will have to run at the
following speeds:

No. of poles 2 4 6 12 24 36
Speed (r.p.m.) 3600 1800 1200 600 300 200
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Armature Windings

The two types of armature windings most commeonly
used for 3-phase alternators are :

(i) single-layer winding
(i) double-layer winding
Single-layer Winding
It 1s variously referred to as concentric or chain winding.
Sometimes, 1t 1 of simple bar type or wave winding.

D.C. Armature




Single-layer Winding

Coil Stator Rotor

Single Layer Winding in Armature Winding refers to an arrangement in Permaneet
which only one conductor or coil side 1s placed in each armature slot of
the machine.

It 1s one of the simplest forms of armature windings used 1n electrical
machines such as DC machines, alternators, and synchronous machines.

_,..A!-. ' adil "
Gap

5ensor

Single layer winding

Star Point



Concentric or Chain Windings

It would be noted that the polar group of each phase 1s 360° (electrical) apart in this type of winding
1. It 1s necessary to use two

different shapes of coils to O 180° 1607
avold fouling of end | Pole pilt,:h
connections. —\I“\. rll —N /ﬁ]\‘ )
2. Since polar groups of each /7 ~ ,,J} N (- NP
phase are 360 electrical de- )
grees apart, all guu:h groups rl |y B R v B
are connected in the same
3 f[]']]iﬂcz?n‘d t 15 that h ijj \::h J/J Q {j \:L
: ¢ disadvantage 1s tha | J L ] |
short-pitched coils cannot 4 ~— ~—
be used. |_‘ 360° .,.|
(S N A— N7
77 77 77\ N 1T
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Two-Layer Winding
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Concentric or Chain Windings

RI\I,E T T T O VR R TR T

Y]\S,ﬁ [ | 11, 12 ‘ l 17 , 18 | | 23, 24 |
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Wye and Delta Connections

R —— Full Pitch
c . . 5/6 Pitch
o EE =
- R, E
i $ :
L
= B,/ R, =
%\_O 009RRR v O
2 1
Yz .
B,

(a) (b)




Pitch factor/Chording factor

The pitch factor or coil-span factor kp or k_1s defined as

vector sum of the induced e.m.fs. per coil

arithmetic sum of the induced e.m.fs. per coil

It 1s always less than unity.

Let E be the induced e.m.1. in each side of the coil. If the coil were full-pitched i.e. if 1ts two sides were
one pole-pitch apart, then total induced e.m.1. in the coil would have been=2E_ [Fig. 37.17 (a).

If 1t 18 short-pitched by 30° (elect.) then as shown in Fig. 37.17 (D), their resultant 1s £ which 1s the
vector sum of two voltage 30° (electrical) apart.

E = 2 E cos 30°2=2E.cos 15°
- vectorsum = E 2 E; cos15°
‘ arithmetic sum 2 E. 2E;
Hence, pitch factor, k= 0.966.

=¢c0515°=0.966




Distribution or Breadth Factor or
Winding Factor or Spread Factor

3-phase single-layer winding for a 4-pole
alternator. It has a total of 36 slots 1.e. 9
slots/pole. Obviously, there are 3 slots /
phase / pole. For example, coils 1, 2 and 3
belong to R phase. Now, these three coils
which constitute one polar group are not
bunched 1n one slot but 1n three different
slots. Angular displacement between any
two adjacent slots = 180°/9 = 20° (elect.)




Distribution or Breadth Factor or
Winding Factor or Spread Factor

E = E.cos20°+ E .+ E.cos 20°
= 2 E;cos 20° + E
= 2E.x09397+E, =288 E;
The distribution factor (k) 1s defined as

e.m.f. with distributed winding

e.m.f. with concentrated winding

In the present case
e.m.f. with winding in 3 slots/pole/phase ~ E
ka = e.m.f. with winding in 1slots/pole/phase 3 E
E. E E
> > 3
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Equation of Induced E.M.F

Let Z = No. of conductors or coil sides in series/phase
= 2T — where T'1s the No. of coils or turns per phase
(remember one turn or coil has two sides)
P = No. ofpoles
f = frequency of induced e.m.f. InHz
@ = {flux/pole inwebers

sinm /2
k; = distribution factor=,, sin B/2

k. or kp = pitch or coil span factor=cos o2
kf = from factor=1.11 —ife.m.f. 1s assumed sinusoidal
N = rotorr.p.m.

In one revolution of the rotor (i.e. in 60./N second) each stator conductor is cut by a flux of ®P
webers.

d® = ®DP and df = 60/N second

dd OP ONP
d 60/N 60

Now, we know that f=PN/120 or N= 120 f/P
Substituting this value of Vabove, we get

QP 120 f

60 P
If there are Z conductors in series/phase, then Average e.m.f./phase =2f ®Zvolt=4 f®T volt

R.M.S. valueofem.f/phase =1.11 x4/ ®T=4.44Ff DT volt*.

Average e.m.f. induced per conductor=

Average e.m.f. perconductor = =2f ® volt




Effects of Harmonics on the Pitch and
Distribution Factor

(a) Ifthe short-pitch angle or chording angle 1s o degrees (electrical) for the fundamental flux wave,
then 1ts values for different harmonics are

for 3rd harmonic = 3 o ; for 5th harmonic =5 ot and so on.

pitch-factor, k. = cosov2 —for fundamental
= cos 30/2 —for 3rd harmonic
= cos 501/2 —for 5th harmonic etc.

() Similarly, the distribution facmr 18 also different for different harmonics. Its value becomes
k, = sin m p/2 where 7 1s the order of the harmonic

msin B/2 B/
sin mp/2
for fundam = 1 Ky =
or ental, n A msinp/2
| In 3 /2
for 3rd harmonic, n =3 ka3 = :iiﬂﬂ; EJE
for 5th harmonic, n=> s = ?;115,:51 EE

() Frequency isalso changed. If fundamental frequency 1s 50 Hz i.e. f; = 50 Hz then other frequen-
clesare:

3rd harmonic, J. =3x50=150 Hz, 5th harmonic, f.=5 x50=250 Hz etc.




Factors Affecting Alternator Size

Factor

Load

Power Factor
Armature Reaction
Speed

Field Excitation
Temperature
Mechanical Factors

| 05525

Effect

Affects voltage regulation and power factor.
Influences armature reaction and voltage stability.
Weakens or strengthens main flux depending on load.
Directly impacts frequency and output voltage.
Controls terminal voltage and stability.

Increases losses and reduces magnetic flux.
Misalignment and vibration cause performance issues.

Copper, core, and mechanical losses affect overall efficiency.



Voltage Regulation

P.F. Leading

It 1s clear that with change 1n load, there 1s a change
in terminal voltage of an alternator. The magnitude of
this change depends noft only on the load but also
on the load power factor.

The voltage regulation of an alternator 1s defined
as “the rise in voltage when full-load 1s removed (field
excitation and speed remaining the same) divided by
the rated terminal voltage.”

E, -V

Terminal Volts

x 100

. Yo regulation ‘up’ =

Load Current
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Operation of a Salient Pole Synchronous Machine

The operation of a salient pole synchronous machine involves the
interaction of its rotor and stator magnetic fields to generate or consume
electrical power. The machine consists of a salient (protruding) pole rotor,
which 1s typically used in low-speed applications such as hydroelectric power
plants. When the machine operates as a generator, the rotor 1s excited by a
DC current, creating a magnetic field. This rotor 1s driven at synchronous
speed by a prime mover (e.g., a turbine), and the rotating magnetic field
induces an alternating voltage in the stator windings through
electromagnetic induction.

In synchronous operation, the rotor magnetic field rotates at the same speed
as the stator’s rotating magnetic field. The salient pole structure causes the
machine to exhibit anisotropy—its magnetic reluctance 1s not uniform in all
directions. This results in two components of the electromagnetic torque: the
synchronous torque, due to interaction between the rotor and stator fields,
and the reluctance torque, caused by the alignment tendency of the rotor’s
poles with the stator’s field to minimize magnetic reluctance.




Operation of a Salient Pole Synchronous Machine

When operating as a motor, the salient pole synchronous machine is
supplied with three-phase AC power to the stator, producing a rotating
magnetic field. The rotor, excited by DC current, aligns itself with the
rotating field and runs at synchronous speed. To start, an auxiliary method
such as a damper winding or external prime mover 1s used because
synchronous motors cannot self-start.

The salient pole design offers advantages such as better torque
characteristics at low speeds and high efficiency 1in applications where the
machine speed is relatively slow. However, it exhibits a non-uniform air
gap, leading to a more complex analysis of its performance, including
considerations of direct-axis and quadrature-axis reactances (d-axis and q-

axis). These reactances impact the machine's voltage regulation and
stability, making it essential to account for them 1n operational analysis.




Phasor Diagram for a Salient Pole Synchronous
Machine

Jr'lT R
h X{f ’ X{f W ?
(. 1)

(s

(a) (b)




Calculations from Phasor Diagram

In Fig. - dotted line AC has been drawn perpendicular to /_ and CB 1s perpendicular to the

phasor for E,. The angle ACB =\ because angle between two lines 1s the same as between their perpen-
diculars. It1s also seen that

I; = I,smy;1 =I cosVy;hence, [, =1/cosy

In AABC, BC/AC = cosyorAC=BClcosy=1 X /cosy=1 X
O fy E
wj____L___- O . ey
U ~_V e I X,




Calculations from Phasor Diagram

From A ODC, we get
AD+ AC Vsmo+IX .
tany = = —generafing
OE+ED Vcoso+1I,R,
Vsmo—1 X . .
_ _ —motoring
Vsmo—I1, R,
The angle Y can be found from the above equation. Then, 6=\ — ¢ (generating) and d=¢ —
(motoring)

As seen from Fig. 37.73, the excitation voltage 1s given by
E,= Vcoso +IgRﬂ +1,X, —generating




Calculations from Phasor Diagram

=V cos E—IgRﬂ—IdXd —motoring
Note. Since angle ¢ 1s taken positive for lagging p.1.,
it will be taken negative for leading p.1f.

If we neglect the armatrue resistance as shown in
Fig. then angle 6 can be found directly as under :

=+ o (generating)
and = ¢ — o (motoring).
In general, Vv = (p+0).
I, = I siny
=] s (p*0); I =1 cosy=1I cos(dp+0)
AsseenfromFig.37.73, Fsin 6 = 1,X,=12X,
cos (b + o)




Calculations from Phasor Diagram

e Vsmo = I, X (cos¢cosdEfsmmpsino)
or V= 1I1X cos¢cotot] X smn¢

I,X,cospcoto = V£[ X sin¢
I _X_cos
tand = ag °05 ¢

rxl, X, sin ¢
In the above expression, plus sign 1s for synchronous generators and minus sign for synchronous motors.
Simularly, when R 1s neglected, then,
E, = Vcosoxtl; X,
However, if R and hence I R, drop 1s not negligible then,
E, = Vcosd+1 R, +1;X, —generating
= VGDSa—IqRﬂ—IdXﬂT —motoring
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Power Developed by a Synchronous Generator

If we neglect R  and hence Cu loss, then the power developed (P ) by an alternator 1s equal to the
power output (P, ). Hence, the per phase power output of an alternator 1s

P, . = VI cos¢=power developed (p,) ...(7)
Now, as seen from Fig., 37.72 (a), Ing= Vsnd;l,X,=E,—Vcosod ...(i7)
Also, I, = I,sin(¢p+0),I,=I cos(p+0) ...({if)
Substituting Eqn. (7i7) in Eqn. (i7) and solving for I cos ¢, we get
Vo Voo Voo
= —sin 0+ 20— 20
I cos¢ X, sin X, s1n 21X, sin
Finally, substituting the above in Eqn. (i), we get
2
V'(xX,-X)
Pd=£51ﬂﬁ+ll»” 11 s;,inlﬁ:E sin O + X, 7 sin2d
X, 2 X, X, X, 2X,;X,

The total power developed would be three times the above power.




Parallel Operation of Alternators

The operation of connecting an alternator in parallel with another alternator or with common bus-bars
1s known as synchronizing. Generally, alternators are used 1n a power system where they are in parallel
with many other alternators. It means that the alternator 1s connected to a live system of constant voltage
and constant frequency. Often the electrical system to which the alternator 1s connected, has already so
many alternators and loads connected to it that no matter what power 1s delivered by the incoming alterna-
tor, the voltage and frequency of the system remain the same. In that case, the alternator 1s said to be
connected to infinife bus-bars.

It 1s never advisable to connect a stationary alternator to live bus-bars, because, stator induced e.m.{.
being zero, a short-circuit will result. For proper synchronization of alternators, the following three condi-
tions must be satisfied :

1. The terminal voltage (effective) of the incoming alternator must be the same as bus-bar voltage.

2. The speed of the incoming machine must be such that its frequency (= PN/120) equals bus-bar
frequency.

3. The phase of the alternator voltage must be identical with the phase of the bus-bar voltage. It

means that the switch must be closed at (or very near) the instant the two voltages have correct phase
relationship.
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Synchronizing of Alternators

Synchronizing of Alternators refers to the process of connecting an alternator to a live electrical grid or
another alternator already 1in operation. Synchronization ensures that the incoming alternator operates
smoothly 1n parallel without causing disturbances to the system. This process 1s crucial for maintaining
system stability, sharing loads, and ensuring efficient operation.

Conditions for Synchronizing Alternators

Voltage Equality:

The terminal voltage of the incoming alternator must match the voltage of the existing system or running
alternator.

Frequency Equality:

The frequency of the incoming alternator must be the same as that of the grid or running alternator.
Phase Sequence:

The phase sequence (order of phases: R-Y-B) of the incoming alternator must match the phase sequence of
the existing system.

Phase Angle Matching:

The phase angle of the voltage waveform of the incoming alternator must align with the voltage waveform
of the system.

These conditions ensure that there 1s minimal voltage difference between the alternator and the grid to
avoid circulating currents and mechanical stresses.




Synchronizing of Alternators

Methods of Synchronizing Alternators

Three Lamp Method:

Three lamps are connected across corresponding phases of the alternator and the grid.

When the lamps darken and brighten simultaneously, the phase sequence is correct, and synchronization
occurs when all lamps are dark (zero potential difference).

Synchroscope Method:
A synchroscope 1s used to display the difference in frequency and phase between the incoming alternator

and the grid.
The pointer on the synchroscope rotates; the alternator 1s synchronized when the pointer 1s stationary and

pointing to the "12 o’clock" position.

Automatic Synchronization:
Modern systems use automatic synchronizers and sensors to adjust the voltage, frequency, and phase

automatically.




Synchronizing of Alternators

Procedure for Synchronizing Alternators

Start the Alternator and bring 1t to rated speed using the prime mover.

Match the voltage of the incoming alternator to the grid voltage using field excitation.
Check and adjust the frequency of the alternator to match the grid frequency.

Verify the phase sequence using the three-lamp method or a synchroscope.

Wait until the phase angle difference 1s minimal (synchroscope pointer is stationary).
Close the circuit breaker to connect the alternator to the grid.

Importance of Synchronizing Alternators

Ensures smooth and stable parallel operation.

Prevents circulating currents that can damage the alternator windings.
Maintains voltage stability and frequency 1n the power system.
Enables load sharing among alternators.




Synchronizing Current

Synchronizing Current refers to the current that flows when an alternator 1s connected to a power
system or another alternator without perfect synchronization. This current arises due to differences in
voltage magnitude, phase angle, or frequency between the incoming alternator and the running system.
If these differences are significant, the synchronizing current can be very large, potentially causing
severe mechanical and electrical stress.

Synchronizing Power

When an alternator 1s operating in parallel with a power system, 1ts rotor aligns with the rotating magnetic
field of the stator, maintaining synchronism. If the rotor experiences a small displacement or phase shift, a
torque 1s developed due to the difference in phase angle between the alternator's internal voltage and the
system voltage. This torque produces synchronizing power, which works to restore the rotor back to its
original position.

Synchronizing power is directly proportional to the change in phase angle (6\deltad) and helps maintain
the stability of the alternator in the power system.




Alternators Connected to Infinite Bus-bars

Now, consider the case of an alternator which 1s connected to infinite bus-bars. The expression for
P given above 1s still applicable but with one important difference i.e. impedance (or reactance) of only
that one alternator 1s considered (and not of two as done above). Hence, expression for synchronizing
power in this case becomes

E, = oF —as before

Iow = E/Z.=E /X.= O0E/X; —if R_1snegligible

Synchronizingpower P, = El . =EOE/Z = (IEZfZS = OEY/X o — per phase
Now, E/Z.= E/X; = S.C.current [

Pey = OE”/XS = OE, E/X.=0oE Iy —per phase

(mﬂre accurately, P, = = 0E” sin 0/X.=0E I;-.51n0)
Total synchronizing power for three phases =3 P,




Synchronizing Torque

Let T, be the synchronizing torque per phase in newton-metre (N-m)
(@) When there are two alternators in parallel

2T N :
Ty XS = Po, o T, = Py _OE/2Xs
60 ¥ 2m N, /60 2m N, /60
3P,  30E°/2X

— S N
XN, /60 2N /60

(0) Alternator connected to infinite bus-bars

2N
Isy X0~ = Psr

Total torque due to three phases.

2
= = N-m
o Lsv= oan. 760~ 2N, /60

3Py 30E°/ X N
2N /60 27N, /60

where N = synchronous speed inr.p.m. =120 f/P

Again, torque dueto 3 phase =




Effect of Load on Synchronizing Power

In this case, instead of P, = o E“/X, .. the approximate value of synchronizing power would be
= O0LEV/X where V1s bus-bar voltage and E 1s the alternator induced e.m.f. per phase. The value of E=V
+ 1Z,

E=(Vcos®+IR )+ (Vsin ¢ + IX)'T"
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Parallel Operation of Two Alternators

Consider two alternators with identical speed/load char- I

acteristics connected 1n parallel as shown in Fig. The -
commeon terminal voltage V 1s given by

V=E-1Z,=E,-LZ,
E,-E, = 1Z -1,Z, g
Also I =1, +L,and V=1Z

~) B
E, = LZ +1IZ=1(Z+Z)+LZ Q :
=

E, = LZ +1Z=L(Z+Z,)+1Z L
. (E,-E))Z+EZ,
\ T Z(@Z,+Z,)+Z,Z,
(E,-E)Z+EZ
L=2z@z +2)+2,2,’

EZ, +E,Z
L =72@ +2)+7,Z,
v _1z-_ BL*EZ . E-V, E-V

I =
Z,+Z,+(Z,Z,/L) ! Z, 2 Z,
The circulating current under no-load conditionis I. = (E, = E,)/(Z, + Z,).




Parallel Operation of Two Alternators

Using Admittances
The terminal Voltage may also be expressed in terms of admittances as shown below:
V =1Z=(1,+L)Z s L +1, = VIL=VY (i)
Also L= (E,=V)Z,=(E,-V)Y,; L, = (E,—V)Z,=(E,- V)Y,
' L+L = (E,-V)Y,+(E,-V)Y, ...(i0)

From Eq. (i) and (i), we get
E, Y, +EY,

Using Parallel Generator Theorem

E, -V E-V),
V=1Z=0+Z=|"7z 'z

(El + EE}Z—‘V[L+L]1
zh zﬁ zﬁ :EE

4 [ S U I B B S
zh Zﬁ

SC1 5C12 SC
Z 7, Z,

where I, and I, are the short-circuit currents of the two alternators.

el _l.+ 1 +.]' 1
It Z = |z Z, Z, ;then‘v’xz—n=lscﬂrV=ZﬂISC




Effect of Unequal Voltage

Letus consider two alternators, which are running exactly in-phase (relative
to the external circuit) but which have slightly unequal voltages, as shown in Fig.

- It E, 1s greater than E,, then their resultant1s £ = (E, — E,) and 1s in-phase
with E,. This E, or E;-setup a local synchronizing current /. which (as discussed
earlier) 1s almost 90° behind £ and hence behind E, also. This lagging current
produces demagnetising effect on the first machine, hence E| 1s re-
duced. The other machine runs as a synchronous motor, taking almost 90° leading
current. Hence, 1ts field 1s strengthened due to magnetising effect of armature
reaction (Art. 37.16). This tends to increase E,. These two etfects act together

and hence lessen the inequalities between the two voltages and tend to establish
stable conditions.

£y



Maximum Power Output

The power output per phase 1s

P

Now, from A OBC, we get
IXg

51N o

IX.cos¢p = Esmna
EV sin o
X
Power becomes maximum when
=901t I/ E and X are regarded
as constant (of course, E 1s fixed by
excifation).

P =

P .. =EV/IX,
It will be seen from Fig. |

(b) that under maximum power

output conditions, [ leads V'by ¢ and
since LXleads Iby 90°, angle ¢ and
hence cos ¢ 1s fixed = E/LX

VIX ; cos )
Flicos ¢ =
¢ X,
E E

sin (90 + 0) " cos 0

T

(b)



Maximum Power Output

Now, from right-angled A AOB, we have that LY. = \/ E* +7? . Hence, p.f. corresponding to maxi-

mum power output 1s
cosd = £
JE: + 77
The maximum power output per phase may also be written as
P .=Vl . coso=VI__ EE >
JE> +V

where I _ represents the current/phase for maximum power output.
Ifj}m the full-load current and % X, 1s the percentage synchronous reactance, then

I.X I.x100
%X, = L Sxi100 . L=
X, %X,
N P _ oy E _EV_EIfme
ow, max max 7 E_X o % X
JE +7 s s

Two things are obvious from the above equations.
0 L IUDIIKJEE+VE
max o4 ¥ Vv
Substituting the value of %X, from above,
. _ _loor, KVEJEE+V1:JE1+V1
max 100 7.X, V X




Maximum Power Output

100El, g 100

- — . X h
(ii) P_.. % X, V% X, VI # ber phase
E 100
= . X
V% X, F.L. power output at u.p.f.
Total maximum power output of the alternator is
E 100

= . X
7V % X, F.L. power output at u.p.f.
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Mathematical Problems on Alternator

Mathematical problems related to transformers will be practiced and solved during classroom sessions.
Problems from the prescribed reference book will be addressed, and additional practice materials will be
provided to enhance understanding and proficiency.
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Synchronous Motor

1. It runs either at synchronous speed
or not at all i.e. while running 1t main-
tains a constant speed. The only way to
change 1ts speed 1s to vary the supply
frequency (because Ns =120 f/ P).

2. It1s not inherently self-starting. It has
to be run upto synchronous (or near
synchronous) speed by some means,
before 1t can be synchronized to the
supply.

3. Itis capable of being operated under

a wide range of power factors, both lag-
ging and leading. Hence, 1t can be used

for power correction purposes, 1n addi-
tion to supplying torque to drive loads. Synchronous motor




Principle of Operation
3 Supply
A
ﬂt-;?\\
I @ | IH.
N
B



Principle of Operation

The rotor (which 1s as yet unex-
cited) 1s speeded up to synchronous
/ near synchronous speed by some ar-
rangement and then excited by the
d.c. source. The moment this (near)
synchronously rotating rotor 1s
excited, it 1s magnetically locked into
position with the stator i.e., the rotor
poles are engaged with the stator poles and both run synchronously in the same direction. It 1s because

of this interlocking of stator and rotor poles that the motor has either to run synchronously or not at
all. The synchronous speed 1s given by the usual relation N. =120 f/ P.

The rotor and the stator parts of motor.




Principle of Operation

However, 1t 1s important to understand that the arrangement between the stator and rotor poles 13
nof an absolutely rigid one. As the load on the motor 1s increased, the rotor progressively tends to fall
back in phase (but not in speed as in d.c. motors) by some angle (Fig. ) but if still continues fo
run synchronously. The value of this load angle or coupling angle (as it 1s called) depends on the
amount of load to be met by the motor. In other words, the torque developed by the motor depends on
this angle, say, L.

i : P
Ng Ng .
X | 1| m
lI | -
E ! | - 17 | D
Il | :
I |
S| S |
| | ! Driver Load
—» >
Light Load Heavy Load




Motor on Load with Constant Excitation

Before considering as to what goes on inside a synchronous motor, it 1s worthwhile to refer
briefly to the d.c. motors. We have seen that when a d.c. motor 1s running on a supply of,
say, V volts then, on rotating, a back e.m.f. E; 1s set up in its armature conductors. The resultant
voltage across the armature 1s (7 — E;) and it causes an armature current I, = (V' — E;)/ R, to flow
where R _1s armature circuit resistance. The value of £, depends, among other factors, on the speed of
the rotating armature. The mechanical power developed in armature depends on E; I (E; and I being
in opposition to each other).




Motor on Load with Constant Excitation

Fig. shows the condition when the
motor (properly synchronized to the supply)
1s running on ro-lead and has no losses.™ and
1s having field excitation which makes E; = V.
It 1s seen that vector difference of E; and V" 1s
zero and so 1s the armature current. Motor in-
take 1s zero, as there 1s neither load nor losses
to be met by it. In other words, the motor just
floats.

If motor 1s on no-load, but it has losses,
then the vector for E, falls back (vectors are
rotating anti-clockwise) by a certain small
angle o (Fig. ), so that a resultant voltage
E, and hence current /_1s brought into existence, which supplies losses.**

Stator of synchronous motor




Power Flow within a Synchronous Motor

then

Let R, = armature resistance / phase ; X; = synchronous reactance / phase

&L
_ Ex V-E/ _
L. = R +jX;; I, = Z_s_ Z. ; Obviously, V=E, + 1 Z

The angle 6 (known as internal angle) by which 7 _lags behind £, 1s given by tan 0 =X,/ R .
If R_1s negligible, then 6 = 90°. Motor mput =V I cos ¢ —per phase
Here, V' 1s applied voltage / phase.

Total input for a star-connected, 3-phase machine is, P= +/3 ¥, . I, cos 0.
The mechanical power developed in the rotor 1s

P, = back em.f. X armature current X cosine of the angle between the two i.e.,
angle between / and E, reversed.

= E; I cos (0. — @) per phase ...Fig. 38.8



Power Flow within a Synchronous Motor

Out of this power developed, some would go to meet iron and friction and excitation losses.
Hence, the power available at the shaft would be less than the develnpﬂd power by this amount.

Out of the mput power / phase V' I cos ¢, and amount I R 1s wasted 1n armature®**, the rest
(V.1 cos¢— I R ) appears as mechamcal power in I"DIDI‘ 0111: of it, tron, friction and excitation
lnsses are met and the rest 1s available at the shaft. If power input / phase of the motor 1s P, then

_ 2
P=P +I'R

or mechanical power in rotor P = P- I; R, —per phase

For three phases P = JgVLILcnsq}—BIfRﬂ

m
The per phase power development in a synchronous machine 1s as under :




Power Flow within a Synchronous Motor

Armature (i.e., stator) Cu loss

- IIEIE'R o

Power input/phase 1n stator

P=| Vi cos ¢

Mechanical power in armature

P_= E, I cos(0l—¢)

Iron, excitation & friction losses

Different power stages 1n a synchronous motor are as under :

=

A C Electrical

Power Input to
Stator (Armature)

P.

i

Stator

= Q=

Output power P_ .

Gross Mechanical o
Iron Friction

Power Developed e
in Armature :D & Excitation :D

P 88

m

Net Mechamical

Power Output at
Rotor Shaft, ':9

F

ol




Equivalent Circuit of a Synchronous Motor

Fig (a) shows the equivalent circuit model for one armature phase of a cylindrical rotor
synchronous motor.
It 1s seen from Fig. (b) that the phase applied voltage V' 1s the vector sum of reversed back

e.m.f. i.e., —E,; and the impedance drop /_Z.. In other words, V' =(—E, +1 Z.). The angle or* between
the phasor for V" and E, 1s called the load angle or power angle of the synchronous motor.

-
|

-
ey

—
'S E“x
WL/
11

Field
Wind

[ D.C.
Source
0 -

(a)




Power Developed by a Synchronous Motor

Except for very small machines, the armature resistance of a synchronous motor 1s negligible as
compared to 1ts synchronous reactance. Hence, the equivalent circuit for the motor becomes as

shown 1n Fig. (a). From the phasor diagram of Fig. (D), 1t 1s seen that
AB = E,;smo=1 X.cos¢
EV .
or VIcos¢p = X, Sin &
Now, V1 cos ¢ = motor power input/phase
E.V
P = —2-sina ...per phase*
X
EV .
= 3——sin O ... for three phases
X
Since stator Cu losses have been H, %
neglected, P, also represents the gross g o
mechanical power {P, } developed by the B
motor. V g(~) B
3E\)V .
P = " _sina l
X g -
The gross torque developed by the motor (@)

1S Tg =9.55P /N_N-m ..Nsinrpm.
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Synchronous Motor with Different Excitations

A synchronous motor 1s said to have normal excitation when its E; = V. If field excitation 1s such
that E, < V, the motor 1s said to be under-excited. In both these conditions, it has a lagging power
factor as shown 1n Fig.

On the other hand, 1f d.c. field excitation 1s such that £, > V, then motor 1s said to be over-excited

and draws a leading current, as shown 1n Fig. (a). There will be some value of excitation for
which armature current will be in phase with V7, so that power factor will become unity, as shown 1n

Fig. (b).

The value of o and back e.m.f. E, can be found with the help of vector diagrams for various
power factors, shown in Fig.




Synchronous Motor with Different Excitations

(/) Lagging p.f. As seen from Fig.
AC’ = AB°+BC*=[V —E,cos (0—0)]" +[E, sin (6 — )]’

E, = J[V — 1 Z.cos (6 — 0l + [1 Z.sin (6 — oI

tﬂﬂ_l(ﬂ) o] I Z.sin (90— 0)
AB _V—IHES cns{ﬂ—q}}d

Load angle o

(if) Leading p.L

E, = V+I1 Z.cos[180°—(0+¢)]+ I Z,sin[180°—(0+ ¢)]
o = tan "

(iif) Unity p.f. |

Here, OB = I R and BC =1 X,

E, = (V-ILR)+jI X,; a.=tan




Different Torques of a
Synchronous Motor

Various torques assoclated with a synchro-
nous motor are as follows:

starting torque
running torque
pull-1n torque and

I A

pull-out torque

Torque motors are designed to privide maximum
torque at locked rotor or near stalled conditions




Power Developed by a Synchronous Motor

In Fig. - OA represents supply voltage/phase and I = I'1s the armature current, 4B 1s back
e.m.f. at a load angle of o.. OB gives the resultant volt-

age E,=IZ. (or IX .1f R _1s neghglhle} [ leads beq; +I }‘:
and lags hahde b}rananglaﬂ tan (X /R ). Line i } ’Em

CD 1s drawn at an angla of0toAB. ACand ED are 1 to
CD (and hence to AE also). ,
Mechanical power per phase developed in the rotor N &
1S V El\f;'l 3
P = E,Icosy ..(7)
InAOBD,BD= [Z.cosVy
Now, BD = CD-BC=AE -BC Y
IZ.cosy= Vcos(B—a)—E,cosO H
E a
Icosy = Lcns(ﬂ—u)——bcnsﬂ o
Z. Zs
Substituting this value 1n (7), we get
E 1 EV E;
P perphase = E, 14 cos(@—o)——=2cosO|=—L—cos(O0—0o)——2cos 0% ...(i0)
Zg Zg 1 Zs Zs




Power Developed by a Synchronous Motor

This 1s the expression for the mechanical power developed in terms of the load angle (o) and the

internal angle (0) ot the motor for a constant voltage V" and E; (or excitation because E; depends on
excitation only).

If Tg 1s the gross armature torque developed by the motor, then

TEEET:NS = PmﬂrTg=mem5=me2RNS —N.Inrps
P 60 P
_ m__ =20 Im_gs55m -
le = 2N, /60 21" N, N, —Nginrpm

Condition for maximum power developed can be found by differentiating the above expression
with respect to load angle and then equating it to zero.
dP, EV

_m —— sm(@—o)=0 or sm(@—o)=0 A ¢
o = o sn-a) (60

I
=



Power Developed by a Synchronous Motor

E8 5 cosovor (P), = LV Ly o5, ...(ii)
Zs S s Zs
This shows that the maximum power and hence torque (*.- speed

1s constant) depends on V and E, i.e., excitation. Maximum value of | i
0 (and hence o) 1s 90°. For all values of ¥ and E, this limiting value
of o 1s the same but maximum torque will be proportional to the
maximum power developed as given 1n equation (7ii). Equation (i) 1s
plotted 1n Fig. 38.22. "\

If R _1s neglected, then Z. = X,and ©=90° .. cos0=0 : | '\
0 45° 9p° 135° 180°

value of maximum power (P, ) =

Torque —

EV | EV | :
P, = —;, sinot ...(iv) (P, . = XL ... from equation Coupling Angle
S s

(iif)* The same value can be otained by putting o0 = 90° 1n equation
(iv). This corresponds to the “pull-out’ torque.
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Construction of V-curves

The V-curves of a synchornous motor show how armature current varies with its field current
when motor input is kept constant. These are obtained by plotting a.c. armature current against d.c.
field current while motor input 1s kept constant
and are so called because of their shape (Fig.

There 1s a family of such curves, each
corresponding to a definite power intake.

In order to draw these curves experimen-
tally, the motor 1s run from constant voltage
and constant-frequency bus-bars. Power
input to motor 1s kept constant at a definite
value. Next, field current 1s increased in small
steps and corresponding armature currents are
noted. When plotted, we get a VV-curve for a
particular constant motor input. Similar curves 0 ’

_ _ Field Current
can be drawn by keeping motor mput constant
at different values. A family of such curves is

Armature Current

U.P.F. Field
Current




Construction of V-curves

Detailed procedure for graphic construction of V-curves 1s given below :
1. First, constant-power lines are drawn as discussed 1n Art.

2. Then, with 4 as the centre, concentric circles of different radii 4 B, 4 B,, A B,, etc. are drawn
where A B, AB,, A B,, etc., are the back e.m. s corresponding to different excitations. The
intersections of these circles with lines of constant power give positions of the working points
for specific loads and excitations (hence back e.m.fs). The vectors OB, OB,, OB, efc.,
represent different values of £, (and hence currents) for ditferent excitations. Back e.m.f.
vectors 4 B, 4 B, etc., have not been drawn purposely in order to avoid confusion (F1g. 38.56).

3. The different values of back e.m.fs like 4 B, 4 B,, A B,, etc., are projected on the magnetisation
and corresponding values of the field (or exciting) amperes are read from it.

4. The field amperes are plotted against the corresponding armature currents, giving us “V~°
curves.




Methods of Starting

1. At the beginning, when voltage 1s applied, the rotor 1s stationary. The rotating field of the
stator winding induces a very large e.m.f. in the rotor during the starting period, though the
value of this e.m.f. goes on
decreasing as the rotor gath-
ers speed.

Normally, the field windings
are meant for 110-V (or 250
V for large machines) but

during starting period there
are many thousands of volts
induced in them. Hence, the
rotor windings have to be
highly insulated for with-
standing such voltages.

3-0 Supply




Methods of Starting

2. When full line voltage 1s switched on to the armature at rest, a very large current, usually 5
to 7 times the full-load armature current 1s drawn by the motor. In some cases, this may not
be objectionable but where it 1s, the applied voltage at starting, 1s reduced by using auto-
transformers (F1g. ). However, the voltage should not be reduced to a very low value
because the starting torque of an induction motor varies approximately as the square of the
applied voltage. Usually, a value of 50% to 80% of the full-line voltage 1s satisfactory.

Auto-transformer connections are shown in Fig. For reducing the supply voltage, the
switches S, are closed and S, are kept open. When the motor has been speeded-up, S, are
closed and S, opened to cut out the transtformers.




Procedure for Starting a Synchronous Motor

1. First, main field winding 1s short-circuited.

2. Reduced voltage with the help of auto-transformers 1s applied across stator terminals. The
motor starts up.

3. When it reaches a steady speed (as judged by 1ts sound), a weak d.c. excitation 1s applied by
removing the short-circuit on the main field winding. If excitation 1s sufficient, then the

machine will be pulled into synchronism.

4. Full supply voltage 1s applied across stator terminals by cutting out the auto-transformers.

5. The motor may be operated at any desired power factor by changing the d.c. excitation.




Comparison Between Synchronous and
Induction Motors

1.

For a given frequency, the synchronous motor runs at a constant average speed whatever the
load, while the speed of an induction motor falls somewhat with increase in load.

The synchronous motor can be operated over a wide range of power factors, both lagging
and leading, but induction motor always runs with a lagging p.f. which may become very
low at light loads.

A synchronous motor 1s inherently not self-starting.

The changes 1n applied voltage do not affect synchronous motor torque as much as they
affect the induction motor torque. The breakdown torque of a synchronous motor varies
approximately as the first power of applied voltage whereas that of an induction motor

depends on the square of this voltage.
A d.c. excitation 1s required by synchronous motor but not by induction motor.

Synchronous motors are usually more costly and complicated than induction motors, but
they are particularly attractive for low-speed drives (below 300 r.p.m.) because their power
factor can always be adjusted to 1.0 and their efficiency 1s high. However, induction motors
are excellent for speeds above 600 r.p.m.

Synchronous motors can be run at ultra-low speeds by using high power electronic converters
which generate very low frequencies. Such motors of 10 MW range are used for driving
crushers, rotary kilns and variable-speed ball mills etc.



Synchronous Motor Applications

Synchronous motors find extensive application for the following classes of service :
1. Power factor correction
2. Constant-speed, constant-load drives

3. Voltage regulation

APPLICATIONS OF SYNCHRONOUS
MOTOR

INDUSTRIAL

; PUMPS
MACHINERY

CLOCK AND
TIMER

COMPRESSORS

HVAC SYSTEM
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Mathematical Problems on Synchronous Motor

Mathematical problems related to transformers will be practiced and solved during classroom sessions.
Problems from the prescribed reference book will be addressed, and additional practice materials will be
provided to enhance understanding and proficiency.
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Induction Motor

As a general rule, conversion of electrical power into
mechanical power takes place in the rofating part of
an electric motor. Ind.c. motors, the electric power 1s
conducted directly to the armature (i.e. rotating part)
through brushes and commutator Hence,
in this sense, a d.c. motor can be called a conduction
motor. However, in a.c. motors, the rotor does not
receive electric power by conduction but by
induction 1n exactly the same way as the secondary
of a 2-winding transformer receives its power from

the primary. That 1s why such motors are known as induction motors. In fact, an induction motor can

be treated as a rofating transformer i.e. one 1n which primary winding 1s stationary but the secondary
1s free to rotate

Of all the a.c. motors, the polyphase induction motor 1s the one which 1s extensively used for various
kinds of industrial drives. It has the following main advantages and also some dis-advantages:




Induction Motor

Advantages:
1. Ithas verysimple and extremely rugged, almost unbreakable construction (especially squirrel-
cage type).
2. Itscostis low and it 1s very reliable.

3. It has sufficiently high efficiency. In normal running condition, no brushes are needed,
hence frictional losses are reduced. It has a reasonably good power factor.

4. Itrequires minimum of maintenance.

5. It starts up from rest and needs no extra starting motor and has not to be synchronised. Its
starting arrangement 1s simple especially for squirrel-cage type motor.

Disadvantages:

1. [Its speed cannot be varied without sacrificing some of its efficiency.

2. Just like a d.c. shunt motor, its speed decreases with increase 1n load.

3. Itsstarting torque 1s somewhat inferior to that of a d.c. shunt motor.




Construction

An induction motor consists essentially of two main parts :
(@) astatorand (b) arotor.

(@) Stator

The stator of an induction motor 1s, 1n principle, the same as that of a synchronous motor or generator.
It 1s made up of a number of stampings, which are slotted to receive the windings [Fig..  (a)]. The stator
carries a 3-phase winding [Fig.  (b)] and 1s fed from a 3-phase supply. It i1s wound for a definite number
of poles®, the exact number of poles being determined by the requirements of speed. Greater the number of
poles, lesser the speed and vice versa. It will be shown mn. ‘that the stator windings, when supplied
with 3-phase currents, produce a magnetic flux, which 1s of constant magnitude but which revolves (or
rotates) at synchronous speed (given by N_= 120 f/P). This revolving magnetic flux induces ane.m.f. in the

rotor by mutual induction.




Construction

(0) Rotor
(i) Squirrel-cage rotor : Motors employing this type of rotor are known as squirrel-cage induction
motors.

(if) Phase-wound or wound rotor : Motors employing this type of rotor are variously known as
‘phase-wound’ motors or ‘wound” motors or as ‘slip-ring’ motors.




Squirrel-cage Rotor

Almost 90 per cent of induction motors are squirrel-cage type, because this type of rotor has the
simplest and most rugged construction imaginable and 1s almost indestructible. The rotor consists of
a cylindrical laminated core with parallel slots for carrying the rotor conductors which, it should be

Fig. (&) Squirrel-cage rotor with copper Fig. (b) Rotor with shaft and brings
bars and alloy brazed end-rings (Courtesy . Gautam Electric Motors)
(Courtesy . Gautam Electric Motors)

noted clearly, are not wires but consist of heavy bars of copper, aluminium or alloys. One bar 1s placed
in each slot, rather the bars are inserted from the end when semi-closed slots are used. The rotor bars
are brazed or electrically welded or bolted to two heavy and stout short-circuiting end-rings, thus
giving us, what 1s so picturesquely called, a squirrel-case construction (Fig. ).

It should be noted that the rotor bars are permanently short-circuited on themselves, hence 1t 1s
not possible to add any external resistance 1n series with the rotor circuit for starting purposes.




Phase-wound Rotor

This type of rotor 1s provided with 3-phase, double-layer, distributed winding consisting of coils
as used 1n alternators. The rotor 1s wound for as many poles as the number of stator poles and 1s
always wound 3-phase even when the stator is wound ftwo-phase.

The three phases are starred internally. The
other three winding terminals are brought out and
connected to three insulated slip-rings mounted
on the shaft with brushes resting on them |Fig.

(D)]. These three brushes are further
externally connected to a 3-phase star-connected
rheostat [Fig. (c)]. This makes possible the
introduction of additional resistance in the rotor
circult during the starting period for increasing
the starting torque of the motor, as shown 1n Fig.

(a)(Ex.. . and ) and for changing its Fig. 34.5 (a)
speed-torque/current characteristics. When running under normal conditions, the slip-rings are
automaftically short-circuited by means of a metal collar, which 1s pushed along the shaft and connects
all the rings together. Next, the brushes are automatically lifted from the slip-rings to reduce the
frictional losses and the wear and tear. Hence, i1t 1s seen that under normal running conditions, the
wound rotor 1s short-circuited on itself just like the squirrel-case rotor.




Phase-wound Rotor

1. Frame. Made of close-grained alloy cast wron.

2. Stator and Rotor Core. Built from high-quality low-loss silicon steel laminations and flash-enam-
elled on both sides.

3. Stator and Rotor Windings. Have moisture proof tropical insulation embodying mica and high
quality varnishes. Are carefully spaced for most effective air circulation and are rigidly braced to
withstand centrifugal forces and any short-circuit stresses.

4. Air-gap. The stator rabbets and bore are machined carefully to ensure uniformity of air-gap.

5. Shafts and Bearings. Ball and roller bearings are used to suit heavy duty, toruble-free running
and for enhanced service life.

6. Fans. Light aluminimum fans are used for adequate circulation of cooling air and are securely keyed
onto the rotor shaft.

7. Slip-rings and Slip-ring Enclosures. Slip-rings are made of high quality phosphor-bronze and
are of moulded construction.
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Production of Rotating Field e 3wire |

System

(@) When 6=0°1i.e. corresponding to point 0 in Fig. D,
= 0, but @, 1s maximum i.e. equal to @, and negative.
Hence, resultant flux ®@,= ®, and, being negative, 1s shown

by a vector pointing downwards [Fig (1)].
(b)) When 6=45°i.e. corresponding to point 1 in Fig. . At this instant, @, =®_ / J2 and is
positive; @,=®_ / /2 butisstill negative. Their resultant, as shown in Fig (ii),1s®_=

J [(d, / V2) + (9, / V2)'] = ® although this resultant has shifted 45° clockwise.

(¢) When 6 = 90° i.e. corresponding to point 2 in Fig.  Here ®, =0, but ®, = ®_and is
positive. Hence, @ =@, and has further shifted by an angle of 45° from its position in () or by
90° from 1ts original position 1n (a).

(d) When ©6=135°}.e. corresponding to point3 inFig. .. Here, ®,=®, / J/2 and is positive, D,

— @ _/+[2 and is also positive. The resultant &, = @ _ and has further shifted clockwise by
another 45°, as shown i Fig. (iv).




Production of Rotating Field

Phase-1 Phase-2
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Why Does the Rotor Rotate ?

The rotor in an electrical machine rotates due to the interaction between magnetic fields and current-
carrying conductors, which produces a torque. Here's an explanation of the process:

Magnetic Field Creation: When an electrical current flows through the stator windings (stationary part of
the machine), 1t creates a rotating magnetic field in the air gap between the stator and rotor.

Induced Currents (in Induction Motors): If the rotor 1s not rotating initially, the relative motion between
the rotor and the rotating magnetic field induces currents in the rotor conductors, following Faraday's
Law of Electromagnetic Induction.

Lorentz Force: The interaction between the induced currents 1n the rotor and the stator's magnetic field
generates a force (Lorentz force) on the rotor conductors. This force acts tangentially to the rotor,
creating a torque.

Synchronization in Synchronous Motors: In synchronous motors, the rotor already contains a permanent
magnet or an electromagnet. The rotor aligns itself with the stator's rotating magnetic field, causing
continuous rotation.

Energy Conversion: The torque produced by the interaction of the magnetic fields and current causes the
rotor to turn, converting electrical energy into mechanical energy.

In summary, the rotor rotates due to the magnetic interaction between the stator and rotor fields. This
principle 1s foundational to the operation of various electrical machines, such as motors and generators.




Why Does the Rotor Rotate ?
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Slip

In practice, the rotor never succeeds in “catching up’ with the stator field. If it really did so, then
there would be no relative speed between the two, hence no rotor e.m.1., no rotor current and so no
torque to maintain rotation. That 1s why the rotor runs at a speed which 1s always less than the speed
of the stator field. The difference in speeds depends upon the load on the motor. ™

The difference between the synchronous speed N_ and the actual speed N of the rotor 1s known
as slip. Though it may be expressed in so many revolutions/second, yet it 1s usual to express it as a
percentage of the synchronous speed. Actually, the term “slip’ 1s descriptive of the way in which the
rotor ‘slips back’ from synchronism.

N —N
%slip s = SN x 100

5

Sometimes, N, — N 1s called the slip speed.

Obviously, rotor (or motor) speed s N=N_(1 — s).

It may be kept in mind that revolving flux is rotating synchronously, relative to the stator (i.e.
stationary space) but at slip speed relative to the rotor.




Relation Between Torque and Rotor Power Factor

1t has been shown that in the case of a d.c. motor, the torque 7', 1s proportional to the
product of armature current and flux per polei.e. T = ¢ [ ,. Similarly, in the case of an induction motor,
the torque 1s also proportional to the product of flux per stator pole and the rotor current. However,
there 1s one more factor that has to be taken into account i.e. the power factor of the rotor.

Te<l,cos¢, or I =k¢lI,coso,
where I, = rotor current at standstill

¢, = angle between rotor e.m.1f. and
rotor current

k = a constant
Denoting rotor e.m.1. at standstill by E,, we have that E, o< ¢
I' =< E,I,cos,




Relation Between Torque and Rotor Power Factor

or I' = kE, I cos ¢,
where "1‘71 15 another constant.

The effect of rotor power factor on rotor torque 1s illustrated
in Fig. and Fig. for various values of ¢,. From the
above expression for torque, it 1s clear that as ¢, increases (and
hence, cos ¢, decreases) the torque decreases and vice versa.

In the discussion to follow, the stator flux distribution is
assumed sinusoidal. This revolving flux induces 1n each rotor
conductor or bar an e.m.f. whose value depends on the flux
density, in which the conductor 1s lying at the instant considered
(- e=Blvvolt). Hence, the induced e.m.f. in the rotor 1s also
siusoidal.
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Starting Torque

The torque developed by the motor at the instant of starting 1s called starting torque. In some cases, it
1s greater than the normal running torque, whereas in some other cases it 1s somewhat less.

Let E, = rotor e.m.f per phase at standstill;
R, = rotorresistance/phase

X, = rotor reactance/phase at standstill
Z, = \/{ R§ + XEE} = rotor impedance/phase at standsftill
E E R R
Then, L = Z_E: 22 N Gm%:;: 21 )
2 JR2 + X2) 2 J(R2 + xD)

Standstill or starting torque 7=k, E, I, cos ¢,

or = kE, . £ e klE i ...(D)
\/(RQ +X7) \/(RQ +X7) R+ X,

If supply voltage V1s constant, then the flux ® and hence, E, both are constant.

I, = kz > Ry =k, % where k2 15 some other constant.
RZ+x? °2Z
2
3 3 E R,
- ———, -~ = i
how. L7 2N, 2N, R+ X)

Where Ns — synchronous speed in rps.



Starting Torque of a Squirrel Cage Motor

The resistance of a squirrel-cage motor 1s fixed and small as compared to i1ts reactance which 1s very
large especially at the start because at standstill, the frequency of the rotor currents equals the supply
frequency. Hence, the starting current 7, of the rotor, though very large in magnitude, lags by a very large
angle behind E,, with the result that the starting torque per ampere 1s very poor. It 1s roughly 1.5 times the
full-load torque, although the starting current is 5 to 7 tfumes the full-load current. Hence, such motors are
not useful where the motor has to start against heavy loads.




Starting Torque of a Slip Ring Motor

The starting torque of such a motor 1s increased by improving its power factor by adding external

resistance 1n the rotor circuit from the star-connected rheostat, the rheostat resistance being progres-
sively cut out as the motor gathers speed. Addition of external resistance, however, increases the rotor

impedance and so reduces the rotor current. At first, the effect of improved power factor predominates
the current-decreasing effect of impedance. Hence, starting torque 1s increased. But after a certain

point, the effect of increased impedance predominates the effect of improved power factor and so the
torque starts decreasing.




Condition for Maximum Starting Torque

It can be proved that starting torque 1s maximum when rotor resistance equals rotor reactance.

Now T - kR, dT, _z 1 LY (2R,) 0
2 2 AR 21 52 2 2 242
R+ X : Ry +X;, (R +X3)

2 2 2 ) _
or Rz Jr}fE ZRZ S Rz_Xz-




Effect of Change in Supply Voltage on Starting
Torque

Wehaveseenin . thatT_= ﬁf‘l ﬂlz . Now E, o< supply voltage V
B+,
2 2
k; V'R .V R .
T, = 2—2 =223 5 2 where k, is yet another constant. Hence T, o< V”.

R, +X, Z;
Clearly, the torque 1s very sensifive to any changes in the supply voltage. A change of 5 per centin

supply voltage, for example, will produce a change of approximately 10% in the rotor torque. Thus fact 1s of
importance in star-delta and auto transformer starters




Torque Under Running Conditions

Te<EJI cos@,orTe ¢l cosp, (v E,<0)
where E_ = rotor e.m.f./phase under running conditions

I = rotor current/phase under running conditions
Now E = sE

r 2
sE, c
I = —f=
Z IR} +(sx)"]
R, .
cos ¢, = —Fig. 34.20 Z, SX
JIR; + (s,)°] :
r .. S®ER _k®.s.ER,
R} +(sX,))? Ry +(sX,) W\’ .
RE
2
k, .SE; R,
AlsoT = Réa +( SXE)E (- Eyo< () Fig. 34.20

where £, 1s another constant. Its value can be proved to be equal to 3/2 mV_(Art. 34.38). Hence, in that
case, expression for torque becomes

3 sE;R, 3 sE, R,
2N .R;" +(sX,)" 2N 7
At standstill when s = 1, obviously

2 2
klEE Rl or = 3 _ EE‘R’Z
2iNs R; + X

T =

Ie = B2+ x2

J the same as in Art. 34.13.
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Condition for Maximum Torque Under Running
Conditions

The torque of a rotor under running conditions 1s

- _ _KOER, _ . sE; R, O
R, +(sX,)’ R +(sX,)

The condition for maximum torque may be obtained by differentiating the above expression

with respect to slip s and then putting it equal to zero. However, 1t 1s simpler to put ¥'= % and then
differentiate it.

2 2 2 2
k ® sE,R, kd®sE, k®ER, ds |d SEEE k®E,R,

2
R

‘1‘1 = A, or R; =5 Xf or R,=sX,
kds EE k {I) EER;;

Hence, torque under running condition 1s maximum at that value of the slip s which makes rotor

reactance per phase equal to rotor resistance per phase. This slip 1s sometimes written as s, and the
maximum torque as 7.




Condition for Maximum Torque Under Running
Conditions

Slip corresponding to maximum torque is s = R,/X,
Putting R, = s.X, 1n the above equation for the torque, we get

Fds’EX, [ k®sER, k®E ( kdsE |
T . = —=—=| or L= lor T, . = 2| or 2 (i)
25" X, 2R, ) 24X, 2R
Substituting value of s = R,/X, in the other equation given 1in (i) above, we get
v 2 2
ro g RIX)ER L E
o R +(R,/X,).x; 24X,
3 K
Since, k, = 3/2nN_wehave = 2 N-m

mx 2N, 2X,
From the abowve, it 1s found

1. that the maximum torque is independent of rotor resistance as such.
2. however, the speed or slip at which maximum torque occurs is determined by the rofor




Condition for Maximum Torque Under Running
Conditions

resistance. As seen from above, torque becomes maximum when rotor reactance equals its
resistance. Hence, by varyving rotor resistance (possible only with slip-ring motors) maxi-
mum torque can be made to occur at anv desired slip (or motor speed).

3.  maximum torque varies inversely as standstill reactance. Hence, it should be kept as small
as possible.

4. maximum torque varies directly as the square of the applied voltage.

5. for obtaining maximum tforque at starting (s =1), rotor resistance must be equal to rotfor
reactance.




Relation Between Torque and Slip

k @ sE,R, Max. Torque

T = —— 722 o R
R; +(sX,)’
It is clear that when s =0, T=0, hence ‘

the curve starts from point O.

At normal speeds, close to synchro- 6R
nism, the term (s X,) 1s small and hence

negligible w.nf. R, =

Torque

5
Tc‘: —
R, R

or T o 51f R, 15 constant.

Hence, for low values of slip, the
tﬂrquefsllp curve is .a,p[.:-mmmatal}r a i 6 - n_l g {.': 4 n'. ; i
straight line. As slip increases (for <«— Slip
increasing load on the motor), the torque | | | | | |
also increases and becomes maximum 0 0.2 04 0.6 0.8 1.0
when s =R,/X,. This torque is known as Speed % of Ng——»

‘pull-out’ or *breakdown’ torque I or
stalling torque. As the slip further
increases (i.e. motor speed falls) with further increase in motor load, then R, becomes negligible as

compared to (s.X,.). Theretore, for large values of slip




Full-load Torque and Maximum Torque

Let Sfbﬂ the slip corresponding to full-load torque, then

P and T o1
f R§+{3f Xﬂ}l = ED{XE
Tf ESIRQIE

I, max Ri? + (s f X 9 }1
Dividing both the numerator and the denominator by X;? we get

7 =

TﬂlEIE (Rﬂfffz)z +3f L‘Iz-l-S‘%-

where a = R,/X, = resistance/standstill reactance*




Starting Torque and Maximum Torque

where

T

St

E""&]

o

o

R,
R+ X,

1
2.X,
2R, X, 2R,/ X,  2g
Ry+X, 1+(R,/X,)" 1+a
R, rotor resistance

22 _ *
X,  stand still reactance *- phase
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Shape of Torque/Speed Curve
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Current/Speed Curve of an Induction Motor
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Induction Motor Operating as a Generator

When run faster thamn its synchronous speed, an induction motor runs as a generator called a Induction
generafor. It converts the mechanical energy it recerves into electrical energy and this energy 1s released by
the stator (Fig. ). Fig. shows an ordinary squirrel-cage motor which 1s driven by a petrol engine
and 1s connected to a 3-phase line. As soon as motor speed exceeds 1ts synchronous speed, it starts
delivering acfive power P to the 3-phase line. However, for creating its own magnetic field, it absorbs
reactive power O from the line to which 1t 1s connected. As seen, O flows 1n the oppeosire direction to P.

P

Stator

Petrol Induction
Engine Machine




Induction Motor Operating as a Generator

The active power is directly proportional to the slip above the synchronous speed. The reactive
power required by the machine can also be supplied by a group of capacitors connected across its

terminals (Fig. ). This arrangement can be used to supply a 3-phase load without using an
external source. The frequency generated 1s slightly less than that corresponding to the speed of
rotation.
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Power Stages in an Induction Motor

Stator 1ron loss (consisting of eddy and hysteresis losses) depends on the supply frequency and
the flux density in the iron core. It is practically constant. The 1ron loss of the rotor 1s, however,

negligible because frequency of rotor currents under normal running conditions is always small. Total
rotor Cu loss =3 I; R,

Different stages of power development in an induction motor are as under :

‘ Mech. PDWEI“
Developed Rotor
IIMutﬂr Stator Rotor Rotor in Rotor Windage Output
nput in Cu & and
— Stamr '::> e ':> I“Pm E:> E:: E> G":“L Friction E> Fou
g5 or 58 or
P, Losses Torque Losses T
\ T




Torque Developed by an Induction Motor

An induction motor develops gross torque I, due to gross rotor output P, (Fig. ). Its value can
be expressed either in terms of rotor input P, or rotor gross output P, as given below.

T, = B_ 5 In te f rotor input
o o 2nN ...in terms of rotor inpu
P P
e ... In terms of rotor output
£ ® 2nN P
The shaft torque T 1s due to output power P_ . which 1s less than P, because of rotor friction and

windage losses.
I, = P _J/o=P_ /2N

The difference between Tg and T, equals the torque lost due to friction and windage loss in the
motor.

In the above expressions, Nand N_are inr.p.s. However, if they are inr.p.m., the above expressions
for motor torque become

P, _60 B R,

— - . =955 —= N-
e 2w N. /60 2w N, N, .
P, 60 P, P
= === M _955 L N.
YTN/60 2m N N
P 60 P P
T — aut — . ﬂHf:g..Sﬁ aut N-
o IAN/60 2m N N o



Induction Motor Torque Equation

The gross torque T, developed by an induction motor 1s given by

I, = P, /2 TN, —N_Imr.p.s.
= 60P,/2nN_=955P,/N, —N_inrp.m.
Now, P, = rotor Culoss/s= SIEE R, /s

SEE B sKEl
2 2 2 2
\/Rz + (s X,) JR1+{3X1)

where K 1s rotor/stator turn ratio per phase.
sE.R,
R +(s X))

As seen from Art. 34.19, I, =

35 E;R,

P, = 3x
’ R +(s X,)

x 1=
AY

s’K*E/R, (1_3s K’E/R,
S R +(s X))’
P __3 . sER
g 2N, 27N R§+(£X1)E
3 s K°E/R,
or — X 7 7
2TNs Ry +(sX,)

Here, E,, E,, R, and X, represent phase values.

— 3x
Also, = R +(s X,)

— interms of £,

— 1in terms of £,

In fact, 3 K TN, = k1s called the constant of the given machine. Hence, the above torque equation
may be simplified to
2
To— & s ETR,

4 RQE +(EXE)E

— interms of £
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Mathematical Problems on Induction Motor

Mathematical problems related to transformers will be practiced and solved during classroom sessions.
Problems from the prescribed reference book will be addressed, and additional practice materials will be
provided to enhance understanding and proficiency.



