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PREFACE

Electrical machines are the backbone of modern industrial and technological
advancements. The power our homes, drive our factories, and enable the devices that have
become integral to our daily lives. Understanding the principles and applications of
electrical machines is not only a fundamental aspect of electrical engineering but is also
essential for anyone seeking a career in the electrical and electronics industry.

This book, "Induction, Synchronous, and Special Electrical Machines' is crafted with a
primary focus on the comprehensive under standing of electrical machines, catering to the
needs of diploma students in electrical and electronics engineering. Whether you are a
student embarking on your academic journey, an instructor guiding aspiring minds, or a
practitioner in thefield, this book aims to be your reliable companion.

Key Features of the Book:

Comprehensive Coverage: The book covers a wide spectrum of electrical machines,
including induction motors, synchronous machines, and specialized machines such as
stepper motors, servomotors, and single-phase motors.

Accessible Language: We have strived to present complex concepts in an easly
understandable language, ensuring that students at the diploma level can grasp the
fundamental s and applications of electrical machines with confidence.

Practical Insights: Real-world examples and case studies are integrated throughout the
book to bridge the gap between theoretical knowedge and practical application. These
insights will help students appreciate the relevance and significance of the subject matter.

[llustrative Visuals. Richly illustrated diagrams, schematics, and phasor diagrams
accompany the text, enhancing the reader's ability to visualize and comprehend the
intricate workings of electrical machines.

Exercises and Problem Solving: Each chapter includes exercises and problems that
encourage active learning and application of the concepts. Solutions to selected problems
are provided to assist students in their self-assessment and progress.

Emerging Trends: Recognizng the ever-evolving nature of the field, the book al so touches
upon emerging trends in electrical machines, such as the application of power electronics
and renewable energy integration.
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Target Audience: This book is tailored to meet the needs of diploma students pursuing
electrical and electronics engineering. It serves as an ideal resource for diploma-level
courses in electrical machines, offering a strong foundation for those who wish to pursue
higher studies or enter the workforce directly.

Acknowledgments. We would like to express our gratitude to the educators, students, and
professionals who have contributed to the development of this book through their insights,
expertise, and valuable feedback. Their dedication to the field of electrical machines has
been instrumental in creating this comprehensive resource.

We invite all readers to embark on a journey through the pages of "Induction,
Synchronous, and Special Electrical Machinesfor Diploma Sudents.” May this book serve
as a guiding light, illuminating the path to a deeper understanding of electrical machines
and inspiring the engineers and innovators of tomorrow.

Dr. K. Selvajyothi
Dr. S. Tamilsalvi
Prof. Sarat Kumar Sahoo
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OUTCOME BASED EDUCATION

For the implementation of an outcome based education the first requirement is to develop
an outcome based curriculum and incorporate an outcome based assessment in the
education system. By going through outcome based assessments, evaluators will be able to
evaluate whether the students have achieved the outlined standard, specific and measurable
outcomes. With the proper incorporation of outcome based education there will be a
definite commitment to achieve a minimum standard for all learners without giving up at
any level. At the end of the programme running with the aid of outcome based education,
a student will be able to arrive at the following outcomes:

Programme Outcomes (POs) are statements that describe what students are expected
to know and be able to do upon graduating from the program. These relate to the sKills,
knowledge, analytical ability attitude and behaviour that students acquire through the
program. The POs essentially indicate what the students can do from subject-wise
knowledge acquired by them during the program. As such, POs define the professional
profile of an engineering diploma graduate.

National Board of Accreditation (NBA) has defined the following seven POs for an
Engineering diploma graduate:

POL1. Basic and Discipline specific knowledge: Apply knowledge of basic mathematics,
science and engineering fundamentals and engineering specialization to solve the
engineering problems.

PO2. Problem analysis: Identify and analyses well-defined engineering problems using
codified standard methods.

PO3. Design/ development of solutions. Design solutions for well-defined technical
problems and assist with the design of systems components or processes to meet
specified needs.

POA4. Engineering Tools, Experimentation and Testing: Apply modern engineering
tools and appropriate technique to conduct standard tests and measurements.

PO5. Engineering practices for society, sustainability and environment: Apply
appropriate technology in context of society, sustainability, environment and ethical
practices.
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POG6. Project Management: Use engineering management principles individually, as a
team member or aleader to manage projects and effectively communicate about well-
defined engineering activities.

PO7. Life-long learning: Ability to analyse individual needs and engage in updating in
the context of technological changes.
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COURSE OUTCOMES

By the end of the course the students are expected to learn:

CO-1:

CO-2:

CO-3:

CO-4.

CO-5:

Gain comprehensive understanding of AC and Special electrical machines,
including their working principles, constructional details, and torque-speed
characteristics.

Develop proficiency in analysing rotor quantities, such as frequency, induced
EMF, and power factor, and their impact on motor performance. Understanding
the power flow diagram and operation in all four quadrants.

Acquire knowledge of starters, speed control methods, and motor selection
criteria for different applications, ensuring efficient operation and maintenance
of AC motors.

Explore the principles of operation of three-phase aternators and synchronous
motors, including torque analysis, voltage regulation, and maintenance practices.

Understand the diverse applications of special AC machines, including
synchronous reluctance motors, switched reluctance motors, BLDC motors, and
stepper motors.

M apping of Course Outcomes with Programme Outcomes to be done according to
the matrix given below:

Expected M apping with Programme Outcomes
C (1- Weak Correlation; 2- Medium correation; 3- Strong Correlation)
our se Outcomes
PO-1 | PO-2 | PO-3 | PO-4 | PO-5 | PO-6 | PO-7
CO-1 3 3 3 3 1 2 3
CO-2 3 3 3 3 1 2 3
CO-3 3 3 3 3 1 2 3
CO-4 3 3 3 3 1 2 3
CO-5 3 3 3 3 1 2 3
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GUIDELINESFOR TEACHERS

To implement Outcome Based Education (OBE) knowledge level and skill set of the
students should be enhanced. Teachers should take a major responsibility for the proper
implementation of OBE. Some of the responsibilities (not limited to) for the teachers in
OBE system may be as follows:

Within reasonable constraint, they should manoeuvre time to the best advantage of
all students.

They should assess the students only upon certain defined criterion without
considering any other potential ineligibility to discriminate them.

They should try to grow the learning abilities of the studentsto acertain level before
they leave the institute.

They should try to ensure that all the students are equipped with the quality
knowledge as well as competence after they finish their education.

They should always encourage the students to develop their ultimate performance
capabilities.

They should facilitate and encourage group work and team work to consolidate
newer approach.

They should follow Blooms taxonomy in every part of the assessment.

Bloom’s Taxonomy

Level Teacher should Student should be Possible M ode of
Check ableto Assessment
Students ahility to . S
Create create Design or Create Mini project
Evaluate Students "."b'“ty to Argue or Defend Assignment
justify
Anal Students ahility to Differentiate or Project/Lab
MRS distinguish Distinguish Methodology
Appl Students ahility to Operate or Technical Presentation/
pply use information Demongtrate Demongtration
Students ahility to ] . . .
Under stand explain the ideas Explain or Classify Presentati on/Seminar
Students ahility to ) )
Remember recall (or remember) Define or Recall Quiz
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GUIDELINESFOR STUDENTS

Students should take equal responsibility for implementing the OBE. Some of the
responsibilities (not limited to) for the studentsin OBE system are as follows:

Students should be well aware of each UO before the start of a unit in each and
every course.

Students should be well aware of each CO before the start of the course.

Students should be well aware of each PO before the start of the programme.
Students should think critically and reasonably with proper reflection and action.
Learning of the students should be connected and integrated with practical and real
life consequences.

Students should be well aware of their competency at every level of OBE.
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List of Abbreviations

ABBREVIATIONSAND SYMBOL S

General Terms

Abbreviations Full form Abbreviations Full form
AC Alternating Current MMF Magneto Mative Force
DC Direct Current PPM Pulse Position Modulation
GE General Electric LIM Linear Induction Motor
HP Horse Power RL LOAD Inductive Load
ABB Asea Brown Boveri RC LOAD Capacitive Load
EMF Electromotive Force ZPF Zero Power Factor
R Root Mean Square oCC Open Circuit Characteristic
1) Induction Motor SCC Short Circuit Characteristic
YD Variable Frequency oC Open Circuit
Drives SC Short Circuit
PF Power Factor TPSTS Triple Pole Single Throw
RPM Revolutions Per Minute Switch
MAX Maximum DPSTS Double Pole Single Throw
VA Volt-Ampere Switch
KVAR Kilo Volt Ampere M Moving Iron
Reactive MC Moving Cail
HVAC Heating, Venting, And Air ASA American Standard
Conditioning Association
DOL Direct Online Starter KVL Kirchhoff's Voltage Law
Silicon Controlled BHP Brake Horsepower
SCR Rectifi
eclificys BLDC Brushless Direct Current
VVVF Vaiable Voltage Variable FHP Fractional Horse Power
Frequency
. . PMBLDC Permanent Magnet
VSD Variable Speed Drive Brushless Direct Current
MOSFET Metal Oxide PM SM Permanent Magnet
Semiconductor Field Synchronous Motor
Effect Transistor
i BLPM Brushless Permanent
IGBT Insulated Gate Bipolar Magnet
Transstor )
: _ VR Variable Reluctance
PWM Pulse Width Modul ation Snitched Reluct
. . SRM 11Cl uctance
:|\S/|C[:: Permanent Split Capacitor Motor
Rotating Magnetic Field CNG Computerised Numerical
CS Centrifugal Switch Control
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General Terms
Abbreviations Full form Abbreviations Full form
HIPOT High Potential Testing UPF Unity Power Factor
List of Symbols
Symbols Description Symbols Description
() Magnetic Flux Vi Stator Voltage
Ns Main Flux Speed Vs, Rotor Voltage
N; Rotor Speed $ Torque Angle
s Sip Z Impedance
l Rotor Current P, Output Power
p No of Poles P:c Rotor Copper Losses
Hz Hertz Pt Friction And Windage Losses
e Induced Emf in The Rotor o) Active Power
e Induced Emf in The Stator Q Reactive Power
Kuws Stator Winding Factor S Apparent Power
K e Rotor Winding Factor Ploss Power Losses
% Percentage n Efficiency
3@ Three Phase E Farad
T Torque K4 Distribution Factor
Tmax Maximum Torque Zs Synchronous | mpedance
Tstg Starting Torque XL L eakage Reactance
FL Full Load Xs Synchronous Reactance
N Speed At Full Load . Armature Current
Th Full Load Torque Ra Armature Resistance
Toaese Maximum Torque \VA Terminal Voltage
Vi Line Voltage l.Ra Armature Resistance Voltage Drop
I Line Current l. Xs Reactive V oltage Drop
lsc Short Circuit Current S Complex Power Input
Pu Mechanical Power P, Real Input Power
f Frequency Qi Reactive Input Power
q Angle S, Complex Power Output
Kp Pitch Factor P, Real Output Power
Q Ohm Qo Reactive Output Power
r Stator Resistance Pasixmax | Maximum Power Devel oped
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Symbols Description Symbols Description
X1 Stator Leakage Reactance Phys Hysteresis L osses
ry Rotor Resistance Brnax Maximum Flux Density
X5 Rotor Leakage Reactance Peddy Eddy Current Losses
Iy No-Load Current Ep Back Emf
I, Stator Current o Load Angle
I, Rotor Current ® Degree
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THREE-PHASE INDUCTION
MOTOR- Working and Construction

UNIT SPECIFICS
Through this module we have discussed the following aspects:

e Familiarizing the working of Induction motor;

o Concept of rotating magnetic field and its speed;

e Concept of rotor speed and dlip;

e Constructional details of 3-phase Induction motor;
e Types of 3-phase Induction Motors;

e Frequency of rotor emf and current;

e Problems.

The photos of practical motor are shown to detail the various parts of the machine. The real time
applications of the topics are discussed for inducing further curiosity and creativity.

Besides giving a large number of multiple-choice questions as well as questions of short and
long answer types marked in two categories following lower and higher order of BloonT's
taxonomy, assignmentsthrough a number of numerical problems, alist of references and suggested
readings are given in the unit so that one can go through them for practice. It isimportant to note
that for getting more information on various topics of interest some QR codes have been provided
in different sections which can be scanned for relevant supportive knowedge.

After therelated practical, based on the content, thereisa“ Know More”’ section. This section
has been carefully designed so that the supplementary information provided in this part becomes
beneficial for the users of the book. This section mainly highlights theinitial activity, examples of
some interesting facts, analogy, history of the development of the subject focusing the salient
observations and finding, timelines starting from the devel opment of the concerned topics up to the
recent time, applications of the subject matter for our day-to-day real life or/and industrial
applications on variety of aspects, case study related to environmental, sustainability, social and
ethical issues whichever applicable, and finally inquisitiveness and curiosty topics of the unit.
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RATIONALE

Induction motor is the work horse of any industry. It has a widespread application in industrial
and domestic applications. About 50% of the power consumption is due to the induction motor
loads. This chapter introduces the students to the construction and working principle of the motor.
To understand the fundamentals in the principle of operation very important aspect is the self-
starting capability of three phase induction motor due to revolving field.

PRE-REQUISITES

Machines|: Semll|
Physics: Electromagnetism (Class X)

UNIT OUTCOMES

List of outcomes of this unit is as follows:
U1-O1: Understand construction of the motor

U1-0O2: Ableto understand the congtructional differencein squirrel cage and slip ring induction
motor

U1-O3: Fed the production of rotating flux in the stator
U1-O4: How sdf-starting is possible in induction motor
U1-O5: Ableto get to know about the significance of slip

Unit-1 EXPECTEDMAPPINGWITHCOURSEOUTCOMES
Ol (1-WeakCorrelation;2-Mediumcorrelation;3-StrongCorrelation)
CO-1 CO-2 CO-3 CO-4 CO-5
Ul-01 3 - - = -
U1-02 3 - - = -
U1-03 3 - - = -
U1l-O4 3 - - = -
U1-0O5 - 3 B _ -
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1.1 INTRODUCTION

The main energy source for the world is fossil fuel-based power plants. The invention of steam
engines during industrial revolution helped in conserving thermal energy into electrical energy.
This electrical energy is available as alternating current (AC) source. British scientist Michael
Faraday invented (1821) that by placing a current carrying conductor in a magnetic field the
conductor experiences a torque due to the interaction of electrical current and magnetic field.
Thus, the electrical energy is converted to mechanical energy. This has paved the way to design
the most primitive of machines a DC (Direct Current) machine by another British scientist
William Sturgeon in the year 1832. But this machine was very expensive and wasn't used for any
practical purpose due to the absence of energy sources.

The first induction motor was invented by the eminent Nikola Tesla in 1887. The invention of
cage-rotor induction motor in 1889 and the three-limb transformer in 1890 by Mikhail Dolivo-
Dobrovolsky have contributed a lot towards industrial developments. Tesla and Westinghouse
have devel oped two phase, 60 Hz, wound rotor induction motors in their early stages and B. G.
Lamme in 1893 come up with first practical induction motor with a rotating bar winding rotor.
The General Electric Company (GE) began devel oping three-phase induction motorsin 1891. By
1896, General Electric and Westinghouse signed a cross-licensing agreement for the bar-winding-
rotor design, later called the squirrel-cage rotor. Induction motors find their significant place in
industrial drive applications and out rule the dc motors since ac power is used in generation,
transmission and distribution.

The advancements in the technology have resulted in inventions and innovations such that the
mounting dimensions of a 7.5 HP motor of 1897 has the same dimension as that of a 100 HP
induction motor. The range of power available in market are from 0.25 — 500 HP. The general
makes are Siemens, Crompton grieves, Kirloskar, Bharat Bijlee, Hindustan, Marathon, ABB etc

1.2 CONSTRUCTION OF THREE PHASE INDUCTION MOTOR:
An Induction motor mainly consists of two parts: (a) Stator and (b) Rotor

(a) Stator:

(i)  Stator coreis made of laminated silicon steel stampings and has slots and teeth oniits
inner periphery to house stator windings as shown in Fig.1.1 a b and c. The
stampings are 04.to 0.5 mm thick.

(i)  Stator carries a 3-phase winding displaced in space by 120° electrical

(iii)  The 3-phase winding is either star or delta connected and is fed from 3-phase supply

(iv) Theradial ventilating ducts are provided along the length of the stator core

(v)  For higher capacity machines the stator coreis segmented as shownin Fig 1.1 c.
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@ (b) (0)

Fig.1.1: a) Stator core stampings for a low rating machine, b) yoke and Stamping of three phase
induction motor, c) Stator core stampings for a higher rating machines

(b) Rotor:

() Rotor comprises acylindrical laminated iron core, with slots on outer periphery

(i)  Likestator, rotor laminations are punched in one piece for small Machine as shown
inFig1.2.

(iii)  Inlarger machine the laminations are segmented.

(iv) If there are ventilating ducts on the stator core, an equal number of such ducts is
provided on rotor core.

(€Y (b)

Fig.1.2: a) Rotor stampings, b) Structure of the laminated rotor

There are two types of rotor constructions:
a) Squirrd cage rotor
b) Slipring or wound rotor

a) Squirrel Cage Rotor:
i. Thisrotor consists of acylindrical laminated core with parallel slots
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ii. Rotor slots are usually not quite parallel to the shaft but for reducing the magnetic hum
and locking tendency rotor slots have slight skew

iii. Inrotor slots heavy copper, aluminium or aloy bars are housed

iv. Rotor bars are permanently short circuited at the ends. This limits the insertion of any
external resistance.

Now let us have alook into the exploded view of the induction motor shownin Fig.1.3. Therotor
isdie casted in aluminium and it is short circuited at both the ends. The picture reveals that this
aluminiumring shorts all the coils and that iswhy it looks like a squirrel cage. Then we could see
some coils or windings inside called stator windings which form various poles corresponding to
A phase, B phase and C phase which are wound on the circumference of this stationary system.
Thisis called the yoke where the stator is anchored on to the ground through these foot plates.
i.e why we say that once the poles are fixed in space they do not rotate and what makes the flux
to rotate is basically by virtue of the 3-phase source that you supply which are 120° apart. The
rotor isinserted into this stator and then the end plates are fitted in through these holes and bearing
that will cause afull smooth rotation of the shaft. Beyond this face plate there is fan mounted on
the shaft and there is another enclosure for covering the fan. Thisfanisto provide cooling for the
machinei.e. an air-cooled induction machine. All these windings are brought out as three terminal
points A phase, B phase, C phase and all neutrals connected together for one or other end of the
coil of the various phases. Of course for various ratings the sizes will be different.

Fig.1.3: Exploded view of Squirrel cage induction motor

Advantages of squirrel cage induction rotor are:

v Itsconstruction is very simple and rugged.
v Asthere are no brushes and dlip ring, these motors require less maintenance.

Applications:

Squirrel cage induction motor is used in lathes, drilling machine, fan, blower printing machines
etc
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b) Sip Ring or Wound Rotor:

(i) Therotor iswound for the same number of poles and number of phases as that of stator

(ii) Rotor winding is either star or delta but star connection is preferred

(iii) The three star terminals are connected to three brass slip ring mounted on rotor shaft as
shownin Fig.14.

(iv) Theseslipringsareinsulated from rotor shaft

(v) Sliprings connected with brushes and three brushes can further be connected externally
to 3- variable rheostats.

(vi) This makes possible to introduce additional resistance in the rotor circuit during starting

period

Fig.1.4: Construction of Slip ring rotor

Advantages of dlip ring induction motor are:

v It has high starting torque and low starting current.
v Possibility of adding additional resistance to control speed.

Applications:

Slip ring induction motor are used where high starting torque is required i.e. in hoists, cranes,
elevator etc.
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Table 1: Difference between Slip Ring and Squirrel Cage Induction Motor

I\Slb Feature Slip Irrl]r(;%gtrig:?nsgtvg:)und Squirrel cage induction motor

1. | Construction Complicated due to presence of | Very simple
dip ring and brushes

2. | Windings Similar windings in stator and | Short circuited rotor bars
rotor.

3. Rotor resistance | Resistance canbeadded by using | it's not possible to add external
dlip ring and brushes resistance

4. | Startingtorque | High starting torque can be | Staring torque islow and cannot
obtained by adding external | beimproved
resistance

5. |Brushesand dip | Slip ring and brushes are present | Slip ring and brushes are absent

rings

6. M aintenance Frequent maintenance isneeded | Less maintenance only required

7. | Cost More Cheap

8. | Usage Rardy used in industry Due to its simple construction

and low cost. Hence, widely
used

9. Efficiency Rotor copper losses are highand | Less rotor copper losses and
hence less efficiency hence high efficiency

10. | Speed contral Speed control by rotor resistance | Speed control by rotor resistance
method is possible method is not possible

11. | Applications Slip ring induction motor are | Squirrel cage induction motor is
used where high starting torque | used in lathes, drilling machine,
isrequired i.e. in hoists, cranes, | fan, blower printing machines
elevator etc. efc.

1.3 WORKING PRINCIPLE

Induction motors are very popular since 80% of the prime moversall over the world use induction
motors for various applications. Let us began our discussion by an initial comparison of the
induction motor with the 3-phase transformers. In the case of 3-phase transformers, the energy
moves from the electrical side into the magnetic domain and then back again into the electrical
domain in the secondary. A similar energy transfer happens from the primary side coil called the
stator to the secondary side coil called the rotor, another domain called the mechanical domain,
in induction motor. We can tap the energy in the electrical domain or in the mechanical domain
or both depending upon the type of the motor.

Electrical power is converted to mechanical power in the rotating part of an electrical motor with
the help of commutator hence a dc motor can be called as conduction motor. However, in ac
motor the rotor does not receive eectric power by conduction but by induction in exactly the
same way as the secondary of a 2-winding transformer receives its power from the primary i.e.
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why such motors are known as induction motors. In fact, an induction motor can be treated as a
rotating transformer i.e. one in which primary winding is stationary with the secondary winding
freeto rotate. Thus, it works on the principle of induction where electro-magnetic force (emf) is
induced in to the rotor conductors when rotating magnetic field of stator cuts the stationary rotor
conductors. Asdiscussed in the last section, therotor is short circuited in squirrel cage motor and
cannot take any electrical energy from the rotor. So, all the electrical energy can be taken only
from the mechanical domain. i.e the energy path is eectrical domain — magnetic - mechanical
domain and in the case of the other category the wound rotor induction motor or the dlip ring
induction motor the electrical domain, energy enters the machine goes into the mechanical
domain and the energy can be tapped out either in the electrical domain of the rotor or the
mechanical domain of the rotor.

According to Faraday's laws of electromagnetic induction, a voltage (e = BLv) is induced on the
rotor conductors and thereby a current isinduced in the short-circuited rotor conductors by virtue
of the relative motion of the rotor conductors with respect to the field inside the machine. By
Lorentz law (F = BIL) there is a force which is induced on the rotor conductors and the
accumulated force on al the rotor conductors create a torque and makes the rotor move.

1.4 PRODUCTION OF ROTATING MAGNETIC FIELD

When a 3-@ stator winding displaced in space by 120° electrical is energized by a 3- @ supply
having 120° displaced in space, a rotating magnetic field sets up in the stator. But the important
concept now is that how do we bring about a relative motion between the field in the motor and
therotor conductors. Now, to achieve that we use a 3-phase source with same effective amplitudes
displaced in space by 120°. These currents flow through coils in the stator of the motor wherein
the cails are physically located in space by 120°, a combination of three phase supply given to
three phase winding produces a rotating magnetic field. So let us now see how this rotating
magnetic field is created in the stator.

Let f be the frequency of the stator supply. i.e. f cycles/s.

Let P be the number of poles/phase of the motor.

Time taken by the rotor to make full 360° or 1 revolution = 1/f s.

Hence, the number of revol utions made by the rotor in a minute or 60s for one pole pair = 60f
The number of revolutions per minute = 120f/P

This speed is called as the synchronous speed of the machine which is dependent on the number
of poles and frequency of the supply. The number of poles is always an even number. The
synchronous frequency increases with supply frequency and decreases with increase in the
number of poles.

Let us try to understand the theory behind the production of rotating magnetic field. For that,
imagine the stator of an electric motor where the three-phase winding is physically distributed
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in the stator core displaced in space by 120°. Let us assume the phasors of each phase as shown
inFig.1.5.

Although the vector sum of three currents in a balanced three-phase system is zero at any instant,
the resultant of the magnetic fields produced by the currents is not zero rather it will have a
constant non-zero value rotating in space with respect to time. The magnetic flux produced by
the current in each phase can be represented by:

Dy = @y, sin(wt)
@Oy = @, sin(wt — 1209
Dy = @, sin(at — 240°)

@y

Fig.1.5: Phasor representation of stator fluxes

Where, @, @, and @5 are the instantaneous flux of corresponding Red, Y ellow and Blue phase
winding, @,, amplitude of the flux wave. The variation of flux w.r.t space can be represented as
shownin Fig.1.6.

Let us consider the first instant when 6 = 0° as shown in Fig.1.6.
Theinstantaneous values of R, Y and B phase fluxes are
@O = @, sin(0) =0

@y = @y, sin(—120°) = (—0.5V3) @,
@p = @, sin(—240°) = (0.5V3) Dy,
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Theresultant of thesefluxesat 0° i.e. @, is1.5@,, whichisshowninFig.1.7.

Fig.1.6: Variation of stator flux w.r.t space

@,

N\

s
5% N (6:593) oy,

(1.5) @y,
Fig.1.7: The resultant flux at 0°

Now, let us consider the 2" instant where 6 = 60° as shown in Fig.1.6.
Theinstantaneous values of R, Y and B phase fluxes are
@y = @y, sin(60) = 0.5V3D,,
@y = @, sin(60 — 1209 = (—0.513) D,
@O = @, sin(60 — 240°) =0
The resultant of these fluxes at instant 2 is 1.5@&,,, which is shownin Fig.1.8. Also, this phasor is
rotated in the clockwise direction through 60°.
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@ (0.5V3) @y,

- (0.5V3) @y,
-

Fig.1.8: The resultant flux at 2" instant

Let us consider the 3 instant where ot = 120° as shownin Fig.1.6.
Theinstantaneous values of R, Y and B phase fluxes are
@ = @y, sin(120) = 0.5V3D,,
@Oy = @, sin(120 — 1209 =0
&y = @, sin(120 — 240°) =- 0.5V3®,,

Dr \(0.5V3) v,
P

Fig.1.9: The resultant flux at 3" instant
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The resultant of these fluxes at instant 3 is 1.5@,,, which is shown in Fig.1.9. Here the resultant
flux is rotated further 60°. In this way we can prove that due to balanced supply applied to the
three - phase stator winding a magnetic field rotating or revolving at constant speed is established.

In general, for P poles, the rotating field makes one revolution in P/2 cycles of current. Referring
to the waveform of three phases, the time instant 4 represents the compl etion of one quarter cycle
of alternating current from the time instant 1. During this one-quarter cycle, the field has rotated
through 90°. At one complete cycle of current from the origin, the field has completed one
revolution. Therefore, for a 2-pole stator winding, the field makes one revolution in one cycle of
current. In a 4-pole stator winding, it can be shown that the rotating field makes one revolution
in two cycles of current.

1.5 DIRECTION OF ROTATING MAGNETIC FIELD

The phase sequence of the three-phase voltage applied to the stator winding is R-Y-B as shown
inFig.1.6. If this sequence is changed to R-B-Y,, it is observed that the direction of rotation of the
field is reversed i.e., the field rotates counter clockwise rather than clockwise. However, the
number of poles and the speed at which the magnetic field rotates remain unchanged. Thusit is
necessary to change the phase sequence in order to change the direction of rotation of the
magnetic field. For a three-phase supply, this can be done by interchanging any two of the three
lines. Therefore, the direction of rotation of a 3-phase induction motor can be reversed by
interchanging any two of the three motor supply lines.

1.6 ROTOR SPEED AND SLIP

Now the synchronously revolving flux sweep past the air gap and cuts the short-circuited rotor
conductors. Thisinduces a current in the rotor circuit. The direction of this current is such asto
oppose the relative speed between the stator flux and the rotor speed. Hence the rotor rotates at a
speed less than the synchronous speed in a direction same as that of stator flux reducing the
relative speed. Therotor current interacts with the revolving flux in the stator producing atorque.
Thesdlip in aninduction motor isthe difference between the main flux speed and their rotor speed.
The symbol s represents the dip. It is expressed by the percentage of synchronous speed.
Mathematically, it iswritten as,

%s = %x 100

S

Thevalue of dlip at full load varies from 6% in the case of a small motor and 2% in alarge motor.
The induction motor never runs at synchronous speed. The speed of the rotor is always less than
that of the synchronous speed. If the speed of the rotor is equal to the synchronous speed, no
relative motion occurs between the stationary rotor conductors and the main field. Then no EMF
induces in the rotor and zero current generates on the rotor conductors. The electromagnetic
torgque is also not induced. Thus, the speed of the rotor is always kept dightly less than the
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synchronous speed. The speed at which the induction motor work is known as the slip speed. The
difference between the synchronous speed and the actual speed of the rotor is known as the dlip
speed. In other words, the dlip speed shows the relative speed of the rotor concerning the speed
of thefield. The speed of therotor isdlightly less than the synchronous speed. Thus, the slip speed
expresses the speed of therotor relative to the field.

Therefore, the rotor speed is obtained as:
N, = Ns(l —s)
Slip plays an essential role in the induction motor. As we know, the slip speed is the difference

between the synchronous and rotor speed of the induction motor. The emf induced in the rotor
because of the relative motion, or we can say the slip speed of the maotor. So,

e, X Ny — N,
Therotor current is directly proportional to the rotor induced emf
i, X e,
Torqueis proportional to the rotor current. Therefore,
T=K(N;—N,) xs
i.e. thetorqueisdirectly proportional to slip.

The above eguation shows that the torque induced on the rotor is directly proportional to the slip
of the induction motor. The high value of dip induces a greater emf in the rotor. This EMF
devel ops a heavy torgque on the rotor conductors.

The value of the dlip is adjusted by considering the load on the motor. For full-load, a high value
of torqueis required. This can be achieved by increasing the amount of the slip and reducing the
speed of the rotor. The dlip of the motor is kept |ow when the induction motor is running at no-
load. The small dlip produces a small torgue on the motor. The value of the induction motor slip
is adjusted according to the requirement of the driving torque at the normal working condition.

1.7 SIGNIFICANCE OF SLIP

Let ustake a3 phase, 4 pole, 50 Hz induction motor. Now for this induction motor calculate the
frequency of the rotor currents f, for the following conditions; 1) at standstill meaning the rotor
shaft is not moving; 2) motor is running at 500 rpm in the same direction as the field; 3) motor is
running at 500 rpm however in opposite direction as the field rotates and 4) what is the condition
when the motor is running at 2000 rpm in same direction as field.

Let us understand the operation of the motor under these four running conditions.
Synchronous speed = 120 f/P = 120x50/4 = 1500 rpm.
case 1: at standstill, speed of rotor = O rpm.
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Slip = 1500-0/1500 = 1
Rotor current frequency = sf = 50 Hz.

Case 2: motor turns at 500 rpm in the same direction as thefield
dip = (1500 — 500) / 1500 = 1000/ 1500 = 2/ 3 = 0.66.
rotor frequency = sf = 33.33 Hz.

When the rotor speed is 500 rpm in the same direction as the field the mode of operation is
motoring inits regular manner.

Case 3: The motor turns at 500 rpm in opposite direction with respect to the field.

Let us say counter clockwise rotation as positive, clockwise as negative, so if the stator flux is
rotating in a counter clockwise or anticlockwise direction (positive) and say that the motor is
rotating in clockwise direction. Then the dip is (1500 — (- 500)) / 1500 =2000/1500 = 1.33. The
dipisgreater than 1. So, if thedipis greater than 1 it is breaking operation and whenever the dip
is between 0 and 1 thisis normal motoring operation.

Case 4: The motor is rotating at 2000 rpm in the anticlockwise direction itself along the stator
field. This means that the mechanical shaft speed is greater than the synchronous speed.

Slip = 1500-2000/1500 = - 0.33.
Now the rotor frequency = - 0.33x50 = -16.66 Hz.

Consider a vehicle in which the induction motor is used as the drive. Let us assume this vehicle
is moving uphill. The rotating m.m.f is moving at synchronous speed and the shaft is trying to
catch up with it and it is motoring and it is pulling the vehicle. And once the vehicle has gone
uphill and then it starts going downhill the motor is also going to be aided by the gravity, so the
motor is also going to rotate not only by the electrical energy that is being supplied but also is
going to get aided by the gravity and if the gravitational acceleration is high then the shaft speed
can go beyond the synchronous speed. In this case the inertial energy which is there in the mass
of thevehicleis put back to the supply i.e. the motor isacting like agenerator, and thenitis called
an induction generator.

1.8 ROTOR CURRENT FREQUENCY
The frequency of the applied the voltage and current produced in the stator are the same and is
given by,
_ NyxP
I="%0
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The rotor induced emf is proportional to the relative speed between stator flux and rotor speed.
i.e, onthedlip. Thus, therotor frequency is given by,

oM xP
T 120
& — (NS_NT)XP =s
o 120%
f=sf

When therotor is stationary, i.e., Nr = 0, then, s =1. Hence, the frequency (f;) of the rotor current
is the same as that of the supply frequency (f).

fr=f
When the rotor picks up speed, the relative speed between the rotating magnetic field and the
rotor decreases. Asaresult of this, the dip (s) and hence the rotor current frequency decreases.

At synchronous speed, i.e., Nr = Ns, s = 0 and hence the frequency of the rotor current is zero.

fr=20

1.9 ROTOR EMF
By Faraday’ s laws of € ectromagnetic induction, induced emf
do d .
e=N i Na(wm sinwt) = N @,,w coswt
i.e. magnitude of induced emf in the stator (es) is proportional to Ng @,,,f

The induced emf in the rotor (&) is proportional to N, @,,sf

E _ KyysNs

e, K, sN,
Where Kws and Ky are winding factor for stator and rotor respectively.

UNIT SUMMARY

The aim of this chapter is to understand the construction and working principle of the induction
motor. Theinduction machine has such arobust and straight forward construction. The principle
of operation of the motor conveys clearly why induction motor is called asynchronous machine.
Also, discussed about the revolving field and how it helps in starting the three-phase induction
motor. The significance of positive, negative and zero dlip are discussed in detail.
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EXERCISES

1

2.

A 3-phase 8 pole 50 Hz induction motor runs at 740 r.p.m. find its % dip.

A 12 pole 3-phase alternator driven at speed of 500 r.p.m. supplies power to an 8 pole 3 ¢
induction motor. If the slip of motor is 0.03 p.u, calculate the speed.

A 3-phase 4 pole induction motor is supplied from 3¢ 50Hz ac supply. Find synchronous
speed rotor speed when dlip is 4% the rotor frequency when runs at 600r.p.m.

A 12 pole 3-phase alternator is coupled to an engine running at 500r.p.m. If supplied a 3¢
induction motor having full speed of 1440r.p.m. Find the %age slip, frequency of rotor current
and no of poles of rotor.

The rotor of 3-phase induction motor rotates at 900 r.p.m. when stator is connected to 3¢
supply, find the rotor frequency.

A 3-phase 50Hz induction motor has a full load speed of 960 r.p.m find dlip, No. of poles,
Frequency of rotor induced e.m.f, Speed of rotor field w.r.t. rotor structure, Speed of rotor
field w.r.t. Stator structure, Speed of rotor field w.r.t. stator field, Speed of rotor field w.r.t
stator field is zero.

A 3-phase, 400V wound rotor has delta connected stator winding and star connected rotor
winding. The stator has 48 turns/phase while rotor has 24 turns per phase. Find the stand till
or open circuited voltage across the slip rings.

Multiple Choice Questions

1

“The direction of induced current in the rotor is so asto oppose the cause producing it”. This
is given by

a. Faraday’s law

b. Lenz' slaw

c. Electromagnetic law
d. Ampere'slaw

If the rotor of the machine catches the speed of the rotating magnetic field, then the motor
will

a. Rotate at the speed of rotating magnetic field

b. Rotate at double the speed of the rotating magnetic field

c. Eventually stop
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d. None of these

3. Slip speed of the motor decides the magnitude of theinduced emf and therotor current, which
in turn decides the torque produced. If Nsis the synchronous speed and N is the motor speed
inrpm, then the sip speed is given by

a Ns

b.Ns—N

c.Ns+N

d. N-Ns

4. At star, the dip of the induction motor is
al
b.0
c.05
d. None of these

5. Slip of aninduction motor will be zero,
a. At start
b. When machineis rotating at its maximum speed
c. When it isrotating at half of the maximum speed
d. Cannot be zero

6. A 4 pole, 3-phase, 50 Hz star connected induction motor has afull load slip of 5%. Then full
load speed of the motor is

a. 1500
b. 1400
c. 1405
d. 1425

7. A 50 Hz, 3-phase dlip ring induction motor, has 6 poles on stator and 4 poles on rotor. Then
the machine will run at

a. 1000 rpm
b. 1500 rpm
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c. 1400 rpm
d. Machinewill not run at all

8. A 3-phase, 50 Hz squirrdl cage induction motor, has 6 poles on stator and 4 poles on rotor.
Then the machine will run at

a. 1000 rpm
b. 1500 rpm
c. 1750 rpm
d. Machinewill not run

9. Therotor frequency of a 3-phase induction motor is
a. Slip times the supply frequency
b. 1/ dip times the supply frequency
¢. Equal to the supply frequency
d. None of these

10. Nature of the rotor power factor in running condition is always
a. Leading
b. Lagging
c. Either leading or lagging
d. Neither leading nor lagging

Answers of Multiple Choice Questions
1. b.Lenz'slaw

2. c. BEventudly stop
3. b.Ns—N

4. a1l

5. d. Cannot be zero
6. d. 1425

7. d. Machinewill not run at all

8. a 1000 rpm

9. a. Slip times the supply frequency
10.b. Lagging
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Short and Long Answer Type Questions

Long Answer Questions with Answers
1. Explain the working principle of three phase induction motor.

When a 3-@ stator winding displaced in space by 120° electrical is energized from a 3- @
supply having 120° time displacement a rotating magnetic field is setup in the stator.
This rotating magnetic field revolving at synchronous speed is established in the air gap
between the stator and rotor. Ns = 120. f/P Where Nsrepresents the synchronous speed, f
represents the supply frequency and P represents the number of poles in the machine.
This rotating magnetic field passes through the air gap and cuts the stationary rotor
conductors.

Due to the relative speed between the rotating flux and the stationary rotor EMFs are
induced in the rotor conductors.

If the rotor conductors are short circuited, currents start flowing in the rotor conductor.
According to Lenz's law the direction of the induced current is such that it opposes the
cause.

Cause is the relative speed between the rotating field and stationary rotor.

Hence, the rotor has a tendency to reduce its relative speed.

So, rotor begins to move in the direction of rotating field and conti nues towards achieving
synchronous speed and the machine runs at a speed near but below synchronous speed
(the rotor dlips back) depending upon load on shaft.

As the speed of rotor reaches synchronous speed (speed of the stator magnetic field)
relative speed becomes zero. Hence, no emf, no current and therefore no torque at
synchronous speed. Hence rotor never reaches to synchronous speed.

2. What happens when therotor of the induction motor runsat synchronous speed?

If the rotor attains synchronous speed, the relative speed between stator flux and the rotor
conductors become zero resulting no induced emf and induced current inthe rotor conductors.
Hence, rotor flux fails to be established hindering induced torque. This slow down the rotor
dueto friction as showninthe Fig.

Zero friction and other losses is a hypothetical / imaginary condition. there cannot be any
motion without friction. In case of motor, there are other losses like losses due to air
resistance, iron losses, copper losses etc. Motor approaching synchronous speed is possible
only if it is having zero friction, zero air resistance, zero iron loss (eddy current loss and
hysteresis loss in the core), copper loss (I square R loss in the rotor) etc. An induction motor
can thus speed up to near synchronous speed but it can never reach synchronous speed.
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If the induction motor’s rotor were > the rotor bars would be stationary
turning at synchronous speed relative to the magnetic field
no rotor current < no induced voltage

no rotor magnetic field > Induced torque = 0

v

Rotor will slow down due to friction

Short answer Questions:

Nouak~rwbdpE

. Why are 3-phase induction motors very popular as drives for industrial applications?

What are the various types of 3-phase induction motors as per the rotor construction?
List the differences between squirrel cage and slip ring rotor.

Define dlip of induction motor.

A 3-phase induction motor does not run at synchronous speed. Why?

How to change the direction of rotation of induction motor?

Write the application of dlipring induction motor.

Long answer Questions:
1. Withthe help of diagrams, explain how arotating magnetic field is produced in the air gap of

2.
3.

a 3phase induction motor.
Explaintheprinci pl eof operati onof 3-phasel nductionmotor.

Explai nwithneatdi agramof constructi onof squi rrel cagei nducti onmotor.

Numerical Problems

1

2.
3.

A 3-phase, 50 Hz induction motor has 8 poles and operates with a dlip of 4 % at a certain
load. Determine the frequency of the rotor current. [2HZ]

A 3 ¢ 4 pole 50 Hz induction motor runs at 1460 r.p.m. find its % dlip. [2.667%]
A 12 pole3 ¢ alternator driven at speed of 500 r.p.m. supplies power to an 8 pole 3 ¢ induction
motor. If the dlip of motor is0.03 p.u, calculate the speed. [727.5 rpm]|

A 3-¢ 4 pole induction motor is supplied from 3¢ 50Hz ac supply. Find
a. synchronous speed

b. rotor speed when dlipis 4%

c. therator frequency when runs at 600r.p.m. [1500 rpm; 1440 rpm; 30HZ]
A 3 ¢ 50Hz induction motor has a full load speed of 960 r.p.m

a. finddip

b. No of poles

c. Frequency of rotor induced e.m.f
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d. Speed of rotor field w.r.t. rotor structure
€. Speed of rotor field w.r.t. Stator structure

f. Speed of rotor field w.r.t. stator field [4%; 6; 2HZ; 40 rpm; 1000 rpm; O rpm]

PRACTICAL

1. Identify various parts of the 3-phase induction motor and list various materials used for
constructing.

2. ldentify various applications of induction motor and note the specifications of the motor in
various applications. Note the following: voltage, current, torque, speed etc.

3. Observe the three-phase supply voltage through a sensor

4. Measure the voltages applied in each phase of the three-phase induction motor.

5. How to change the direction of rotation of the rotor?

6. Calculatethe Slip speed of the given induction motor experimentally.

KNOW MORE

1. Working of Induction motor
https://www.youtube.com/watchv=AQqyGNOP 30& ab_channel=L esics

2. How to manufacture a three-phase induction motor
https:.//www.youtube.com/watch?v=esY VPt77u04& ab_channel=NideGroup

3. Mass production of Induction motor
https://www.youtube.com/watch?v=gsW-sCsc& ab_channel =SM TWindingEqui pment

4. Disassembling three phase induction motor
https://www.youtube.com/watch?v=hd9e7cx_gkc& ab_channel=Skill Footage

5. Revolving magnetic field

https://www.youtube.com/watch?v=vM u6DmfKHTs& ab channel=learnchannel
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THREE-PHASE INDUCTION
MOTOR - T vs N Characteristics

UNIT SPECIFICS
Through this module we have discussed the following aspects:

o Consideration as arotating transformer representing equivalent circuit;
e Variation of torquew.r.t dip (speed);

e Phasor diagram;

o Power factor at starting and running conditions;

o Power flow diagram;

e Four quadrant operation;

e Problems.

For the purpose of fostering more curiosity and creativity as well as enhancing problem-solving
abilities, the themes practical applications are covered.

Along with a large number of multiple-choice questions and questions with short and long
answers divided into two categories based on Bloom's taxonomy's lower and higher orders, the
unit also includes assignments through a number of numerical problems, a list of references, and
suggested readings that one can use as practice materials. It is significant to notice that several
portions of the website feature QR codes that can be scanned for further information on a variety
of interesting topics.

Following the relevant practical exercise, a "Know Mor€" section is provided, which expands
upon the information discussed. The present section has been meticulously crafted to ensure that
the additional material included herein becomes advantageous to the readers of the book. This
section primarily emphasises the introductory aspects, notable facts, analogies, historical
background, key observations and findings, chronological progression from the inception of the
subject to the present, practical applications in everyday life and industry, relevant case studies
pertaining to environmental, sustainability, social, and ethical concerns, and lastly, topics that
provoke curiosity and inquiry within the unit.
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RATIONALE

Understanding the relationship between torque and slip (speed) is crucial for analysing the
performance of induction motors. The torque-dlip characteristics provide insights into the motor's
ability to generate torque at different operating conditions. Studying these characteristics helpsin
motor selection, load matching, and predicting the motor's behaviour under varying load
conditions.

Induction motors exhibit different torque characteristics during different operating conditions.
Sudying the starting torque is important to ensure that the motor can overcome the inertia and
start theload. Full load torqueindi cates the maxi mum continuous tor que that the motor can deliver
under normal operating conditions. Understanding the relationship between starting torque, full
load torque, and maximum torque helps in motor sizing and ensuring reliable operation.

The induction motor can be conceptualised as a generalised transformer, wherein electrical
power is converted to mechanical power. The understanding of the phasor diagram depiction
facilitates the analysis of the electrical and magnetic fields within the motor, along with the
examination of power flow and the relationships between voltage, current, and power factor.

Induction motors can operatein all four quadrants of the tor que-speed plane, allowing for both
motoring and generating modes. Understanding the four-quadrant operation is essential for
applications such as regenerative braking or motor-generator sets. The power flow diagram
illustrates the transfer of power between the electrical and mechanical domains during different
motor operating conditions.

PRE-REQUISITES
Machines|: Semll|
Physics: Electromagnetism (Class X)

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U2-O1: Rotating transformer analogy to deduce equivalent circuit
U2-02: Derive the torque equation and describe the T-N characteristic
U2-0O3: Deduce phasor diagram and power factor

U2-O4: Describe power flow in the motor

U2-O5: Explain four quadrant operation of the motor as a drive
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Unit-2 EXPECTEDMAPPINGWITHCOURSEOUTCOMES

o M (1-WeakCorrelation;2-Mediumcorrelation;3-StrongCorrelation)

CO-1 CO-2 CO-3 CO-4 CO-5

U2-01 3 - - = =
U2-02 3 - - = =
U2-03 - 3 - - =
U2-04 - 3 - - =
U2-05 - 3 - - =
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2.1 INTRODUCTION

In the realm of electrical motors, induction motors play a significant role due to their efficiency,
reliability, and versatility. Understanding the characteristics of torque versus slip (speed) is
crucial to comprehend the behaviour of these motors across various operational scenarios.
Moreover, exploring the different types of torques - starting, full load, and maximum - and their
relationshi ps provides valuabl e insightsinto the performance capabilities of induction motors. To
deepen our understanding, we will also examine the induction motor as a generalized transformer,
incorporating phasor diagrams to visualize its operation.

Additionally, wewill delve into the concept of four-quadrant operation and power flow diagrams
to illustrate the power exchange between the motor and its load. Through this comprehensive
exploration, we will gain a comprehensive understanding of the characteristics, operation, and
control of induction motors, contributing to our knowledge of electric motor systems.

2.2 RELATIONSHIP BETWEEN MECHANICAL DEGREES AND

ELECTRICAL DEGREES

Asdiscussed in unit | the stator of the induction motor may be wound for 2 poles, 4 poles, 6 poles
etc. Consider a 2 pole 3 phase winding, for such a winding, the mechanical rotational frequency
of the magnetic field is fo Hz (say 50 times/s).

A 4 pole 3 phase winding exhibits a rotational frequency of fo/2 Hz, i.e., 25 Hz. The dectrical
phenomenon for this case with a mechanical rotation is shown in Fig.2.1. A 6 pole 3 phase
winding exhibits a rotational frequency of fo/3 Hz and so on. So, the maximum mechanical
frequency of the rotor isfor 2 poles. As the number of polesincreases the speed of the machine
become slower. This reduction in the mechanical speed is due to the fact that whatever electrical
and electromagnetic phenomenon witnessed for a mechanical angle range 0-2n for a 2-pole
machineisfully seeninthe eectrical anglerange 0-2n/p for a 2p pole winding. Here p represents
the number of pole pairs.

Fig.2.1: Representation of electrical angle for one complete mechanical rotation of the rotor for a 4-
pole machine
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i.e., one cycle of the electrical phenomenon like voltage, current and flux density for a 2-pole
winding gets completed within 2x/p radians. Therefore, mechanical angle of 2x radians is
equivalent to 2n/p el ectrical radians.

The equivalent circuit for the electrical phenomena is created at the mains frequency. The
mechanical quantities like shaft torque, speed etc are computed at the mechanical speed.

Example:
A 50 Hz induction motor runs at 1450 rpm. The power output is 3600 W. Determine (a) number
of poles, (b) dlip, (c) torque devel oped.
Nearest synchronous speed of this motor is 1500 rpm.
_ f 50
Ns = 120.; = 120.?
P=4
Slip = Ns—N;/ Ns= 1500 — 1450/ 1500 = 0.033 = 3.33%
Mechanical power = 3600 W =1. 0 W
Torque T = 3600/® = 3600/(2x N/60) = 23.7 Nm.

a) EMF Equation

Consider any one phase of the induction motor with 2 poles. Let the number of turns/phasebe T.
Thereisarotating magnetic field in the air gap which when cut by the stator conductors give rise
to an alternating voltage. Thisinduced emf will counter balance the applied voltage under ideal
conditions. The flux distribution in the air gap is sinusoidal.

For a conductor of length L rotating with an angular velocity » making an angle 6 as shown in
Fig.2.2, theinduced voltage=B sin 6 L (ro)

For a cail (2 conductors), theinduced voltage=2B sin 6 L (ro)

Fig.2.2: Plane of the coil at 6 when in the magnetic field
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For T turnsin one phase

Emf(0) =2BsnOL (ro) T

Emf(t)=2Bsin(ot) L (ro) T

Thisemf is also an alternating one.

Flux/pole ® = 2BrL

Total flux = 4BrL

Emf (t) for asingle coil = ®w sin (wt)

Emf (t) per phase= Do T sin (wt)

Maximum induced emf/phase = @ (2rf) T

RMS value of induced emf/phase = Maximum/N2=4.44® f T

Here emf equation resembles that in a transformer and hence, the induction motor can be called
as the rotating transformer.

If the windings are distributed instead of concentrated, a factor Ky < 1 comes into the emf
equation. If the pitch of the coil is not full, a pitch factor Kp< 1 also need to be included into the
emf expression.

RMS value of induced emf/phasein the stator windings= 4.44 Ky Kp®@ f TV

b) Rotor induced EMF
Let thedip bes< 1. Let the mains frequency bef Hz
The mechanical rotation frequency = (1-s) f.
The relative speed of the rotating magnetic field w.r.t rotor windings = sf
The emf induced in the rotor will be at a frequency sf Hz.
The rms value of induced emf inthe rotor E; =4.44 @ f T Volts=s. Ex

2.3 EQUIVALENT CIRCUIT OF AN INDUCTION MOTOR

Consider a star connected machine with stator resistance be r1Q2, stator leakage reactance be X1
Q, rotor resistance rQ and rotor leakage reactance Xz Q.

Theinduction motor draws negligible current under no load condition from the supply mains just
like the transformer and this current sets the rotating magnetic field in the stator. The stator side
of the induction motor is represented by Fig.2. 3. The stator circuit draws a no-load current I,
which has two components. One of these components is used to magnetize the stator core (Im)
represented through the inductor with reactance X and the other to supply eddy current losses
(Iw) in the machine represented through R as shown in Fig.2.3.
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Io=1,+ I,

In the case of an induction motor, the total magnetising current I is significantly higher, ranging
from approximately 25% to 40% of the rated current. This is compared to a transformer, where
the magnetising current typically accountsfor just about 2% to 5% of the rated current. The higher
reluctance observed in the induction motor is due to the presence of an air gap. The magnitude of
the magnetising reactance Xo in an induction motor is also significantly low.

Fig.2.3: The per phase equivalent circuit of IM

When a three-phase supply is given to the three-phase stator winding an emf E; isinduced in the
stator winding. As the rotor is rotating at a speed called dlip speed, the emf induced in the rotor
is sE1. Therotor reactance is sX . The impedance of the rotor is Ry+jsXo.

Rotor current |, = sEy/s V(R2/s)? + X22) = Ei/ V(R2/9)? + X2?)

Thus, the impedance of the rotor changes as shown in the equivalent circuit of rotor as shownin
Fig.2. 4.

Fig.2.4:Equivalent circuit of rotor
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Let us rewrite thisimpedance further as;
X2+ (RofS) = j X2+ (Rof9)+ Rz - Ry= jX2+ Ra+ (R2fS) (1-9)

Thisisrepresented as shownin Fig. 2.5

R,(1-s)/s

i

Fig.2.5: Modified Equivalent circuit of the rotor

The quantity 1,°Rz is the rotor copper loss. The component 1,2 (Ro/s) (1-9) is the mechanical
equivalent power developed in the rotor.

The equivalent circuit when rotor impedances, voltage, current etc., are shifted to the stator side
isasshowninFig.2.6.

I1 R1 JX1 RlZ jx’Z
e— [ 11— _1—

A

R (1-8)/s
v

v, R, X A4
A
O« 3

Fig.2.6: Equivalent circuit w.r.t stator

a) Torque of a 3 phase I nduction motor
The power output = 3 1,2 (R2/9) (1-S) = tox = Tws (1-9)
Torque developed t = 3122 (Ra/9) (1-9) /ms (1-5) = 3 12 (R2/S) /ws
The power 3 122 (R2/s) known as the torque in Synchronous Watts.
Torque in Synchronous Watts/ Synchronous speed = True torque devel oped
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b) How to calculate Maximum Torque (Break down Tor que)

Torque developed t = 3 122 (R2/9) /s

From the rotor side of the equivalent circuit,
lo=sE,/ \/(Rz/S)z + Xzz)

Therefore, = kSEzsz/ (R22 + (SXz)Z)

The rotor resistance, rotor inductive reactance, and synchronous speed of an induction motor are
all considered constantsin this equation. Because the rated voltage that is supplied to the 3-phase
induction motor continues to be maintained at a constant level, the stator emf also remains
unchanged. The ratio of the emf generated by the rotor to the emf generated by the stator is the
definition of the transformation ratio. Therefore, if the emf of the stator is constant, the emf of
the rotor must also be constant.

Hence, to find the maximum torque differentiate this w.r.t slip and then equate to zero as all other
parameters except slip in the torque equation are constants.

Applying dt/ds = 0, s> = R% X2

i.e. Slip at which maximum torque occurs (sm) isobtained as s = £Ry/ X2

Neglecting negative value of dlip

Sm= Rz/ X

At starting s = 1, so the maximum torgque occurs when rotor resistance = rotor reactance.
Maximum Torque developed tmax = KE2? / 2X2N-m.

From the equation mentioned above, it can be concluded that

e Themaximum torqueis directly proportional to the square of the rotor-induced emf when the
rotor is at a standstill.

e Thereationship between the maximum torque and rotor reactance isinversely proportional.

e The maximum torque remains unaffected by changes in rotor resistance.

The dip at which the maximum torque is generated is dependent upon the resistance of the rotor,
denoted as R,. By manipulating the rotor resistance, it is possible to achieve maximum torque at
any desired slip value. The value of this maximum torque increases with increase in value of Ro.

2.4 TORQUE-SLIP CHARACTERISTICS
a) Low dip/high speed region:

e Let x axisrepresent the speed and y axis represent the torque. Now, at standstill the speed of
the motor is zero at which s = 1 and at synchronous speed s = 0 as shown in the Fig.2. 7.
Hence, sis between 0 and 1, it gradually grows from 0 to 1.
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b)

The torque of the motor is given by, T = ksE2?Rz / (R22 + (SX2)?)

Torque

-—Stable region—-—I--UnstabIe regionl-l

Tm ________ O e N P _I

Low slip ——f—=

region - High slip
region
Tus |
Talls
= Slip

S=0 S=Sm S=1

Fig.2.7: Torque — speed Characteristics of Induction Motor

When the speed of the rotor is close to the synchronous speed, resulting inalow dlip, theterm
(sX2)? in the torque equation becomes significantly smaller compared to R22. Hence, there
exists a direct relationship between T and s. Therefore, it can be observed that at lower dlip
values, the torgue of an induction motor exhibits a proportional relationship with dip. This
relationship is depicted by alinear graph, asillustrated in Figure 2.7.

The portion of the motor's operation range, specifically from s = 0 to s = sm, is commonly
referred to asthe low slip or stable region. The operating point of the motor is situated within
this region.

Torque at synchronous speed = 0. At synchronous speed, s=0i.e., Ry/s=w i.e., Rotor current
I> = 0. Hence no power output and no torque.

The torque experiences an increase as the slip increases, reaching its maximum value when
the dip is equal to Ry/X,. The maximum value of torque is commonly referred to as the
breakdown or pull-out torque. In typical operational scenarios, the pull-out torque of an
induction motor is observed to be approximately two to three times greater than the rated full-
load torque. Hence, the motor is capable of enduring short-term overloads without stalling.

High slip/low speed region:

When the load exceeds the maximum torque, the slip isincreased, resulting in a significantly
larger value for the term (sX2)? compared to R;2. Hence, the effect of R;? is ignored
incomparison with (SX2)?, resulting in an updated expression for the torque.

T= kSEzsz/ (SX2)2 orT= kEzsz/ (SXZZ)
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In the above expression, all variables remain constant except for the value of s.

Therefore, T o 1/s. As a result, at higher slip values, torque isinversely proportiona to dlip,
s, and the induction motor's torque dlip characteristics are rectangular hyperbolas as shownin
Fig.2. With anincreaseinload in this region, slip increases but torque decreases. As aresult,
the motor failsto carry theload, slows down, and finally stops. This high slip region (between
s=sypands=1)isreferred to as an unstable region as a result.

The locked rotor torque, also known as the starting torque, is the torque that the motor
produces when it starts at zero speed or at rest, as shown in Fig.2.8. For starting heavy or hard
types of loads like positive displacement pumps, cranes, traction, etc., a high starting torque
is particularly important. In situations where the required starting torque is low or close to
zero, such as centrifugal fans or pumps, alower starting torque can be accepted. At the start,
dip equals 1. The starting torque is the corresponding torque.

Tgg= 3 E2Ro/ (R1+R2)2 + XZ) ®s

The pull-up torgue is the minimum torque in Figure 2.8 and is produced by the motor during
its acceleration from zero to full-load speed, prior to reaching the breakdown torque threshol d.
When the motor initiates and begins accel eration, the torque typically undergoes a gradual
reduction until it achieves a minimum value at a specific speed, known as the pull-up torque
point. Subsequently, the torque experiences an increase until it reaches its maximum value at
a higher speed, referred to as the break-down torque point. The pull-up torque is of utmost
importance in applications that require the transmission of power via temporary barriersin
order to achieve the desired working conditions.

 jr 2/ Pullout or breakdown torque

L Starting (locked-rotor)
torque

E’gllup torque

B2 ZEE A R e e
k Rated torque, T, i Opgratlng
J region
0 1
_/ Speed

Rated speed
Sync. speed

Fig.2.8: Various torques marked in the Torque — speed Characteristics of Induction Motor
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Full-load torgue refers to the torque necessary to produce the specified power output of an
electric motor when operating at its maximum speed under full-load conditions. Figure 2.9
illustrates a normal torque-speed curve that displays two different loads exhibiting an
identical steady running speed (N). Thetorque-speed curve of the motor isshown by the solid
line, whereas the load characteristics are represented by the two dotted lines. Load (A)
exhibits characteristics commonly found in a basic hoist, wherein the motor experiences a
constant torque regardless of its rotational speed. Conversely, load (B) can be likened to that
of afan. Theterm" Ta" denotesthe accel erating torque, which signifiesthe disparity between
the torque generated by the motor and the torque necessary to operate the load at a given
velocity.

The operational torque and speed of the motor are determined by the intersection of these

properties. To ensure the selection of the appropriate motor for this load, it is important to
accuratel y determine the torque-speed characteristic of the driven load.

Fig.2.9: Motor Torque — speed Characteristics with that of the load requirement

2.5 INDUCTION GENERATOR

The induction machine can be used as a generator. It is alternatively referred to as an
asynchronous generator. Under specific conditions, an induction machine has the capability of
acting as a generator.

a) Slip becomes negative.
b) The electric torque produced is greater than the prime mover torque.

Let us consider an induction machine that is connected to a prime mover with controllable speed.
If the speed of the prime mover is increased to the point where the slip becomes negative,
meaning that the speed of the prime mover exceeds the synchronous speed, If the speed of the
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prime mover isincreased beyond the negative maximum torque val ue, the generator's generating
effect ceases to exist. The induction generator's speed throughout its operation is evidently not
synchronous; hence, it is called an asynchronous generator.

Since the induction generator is not a self-excited machine, reactive power and magnetising
current are needed in order to create a rotating magnetic field. The supply mains or another
synchronous generator is some of the sources the i nduction generator uses to get its magnetising
current and reactive power. Since the induction generator constantly needs reactive power from
the supply system, it cannot operate alone. Anisolated or self-excited i nduction generator, on the
other hand, might use a capacitor bank for reactive power supply rather than an AC supply
system. Let's think about the isolated induction generator shown in Figure 2.10. When an
induction generator is connected to the grid or a stand-alone system, the reactive power needed
to create the air gap magnetic flux is supplied by a capacitor bank connected to the machine,
whilein the latter case, the reactive power is drawn from the grid.

1 c c3 c2 C,
>0
@
g
Z
2
§ Ci>C,> Cy> C,

Y

Capacitor Current, |,

Fig.2.10: Self-excited Induction generator
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Theinduction generator and load are both provided with lagged reactive power by the capacitor
bank in this situation. i.e., the induction generator's and the load's combined reactive power
consumption is equal to the capacitor bank's total reactive power supply. When the rotor of the
induction machine rotates at the proper speed, there is the formation of a small terminal voltage
oa acrossthe stator terminal, asshownin Figure 2.11. This voltage oa causes the capacitor current
ob to be produced. The voltage de is produced by the current bc sending current to od. Until the
induction generator's saturation curve crosses the capacitor load line at some point, the
cumulative process of voltage creation continues. In the provided curve, this point is known asf.

Magnetizetion curve
of Induction mechin

g

m1

»
Ld

O bq |

Fig.2.11: Generated voltage vs Magnetization current of the induction generator

Application of I nduction Gener ator

e Regenerative breaking of hoists driven by 3-phase induction motors frequently uses
externally stimulated generators.
o Sdf-excited generators are commonly employed in wind turbines.

2.6 VARIOUS OPERATING MODES OF INDUCTION MOTOR

The torque-speed curve of the induction motor for constant rotor resistance showing variation of
torque with positive and negative values of s demonstrating various modes of operation like
Motoring region, generating region and Breaking region as shownin Fig.2.12.

a) Motoring Region

The dip in motoring mode is between 0 and 1. When a 3-phase supply is applied to the stator, a
revolving flux rotating at synchronous speed is formed, and the rotor maintains a relative speed
known as the dip speed to facilitate unidirectional torque. At synchronous speed, the dip is zero,
while at standstill, the lip is one. As dlip goes from 0 to 1, the torque of the motor changes from
zero to full-load torque. Thisisthe induction motor's general operating range.
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b) Generating Region

During the generating mode, the induction motor operates at a speed higher than the synchronous
speed, exhibiting the characteristics of aninduction generator. In order to achieve a speed greater
than the synchronous speed, an external prime mover is used. Therefore, both slip and torque
exhibit negative values. In this operational mode, the machine undergoes the conversion of
mechanical energy into electrical energy. Inthe event of a stand-alone system, the establishment
of the air gap magnetic flux necessitates the provision of reactive power through a capacitor bank
linked to the machine. Conversely, in the case of grid connections, the maintenance of the air gap
flux requires the drawing of reactive power from the grid.

N
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Speed —
Slip—
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»
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Fig.2.12: Torque-Speed Characteristics of Induction machine under various modes of operation

¢) Braking Region

In this braking region, the polarity of the supply voltageis reversed, causing the motor to reverse
its direction and reverse the current. Thistype of dectrical braking isreferred to as plugging. The
dip is more than one when braking. Heat is produced as a result of the kinetic energy stored in
theload. It isalso created as heat if the stator is connected to the power supply. Asaresult, before
entering braking mode, the supply from the stator must be disconnected. This procedure causes
the motor to stop in a short period of time.

2.7 PHASOR DIAGRAM OF INDUCTION MOTOR

A phasor diagramis a graphical representation that illustrates the phase relationship between the
voltages and currents in an electrical system as shown in Fig.2.13. In the case of an induction
motor, the phasor diagram provides a visual representation of the electrical quantities and their
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relationships, aiding in the understanding of the motor's operation, power flow, and performance
characteristics.

Stator Current: The stator current is represented by a phasor, typically dencted as I1. It isin
phase with the stator voltage (V1) in a balanced 3-phase system.

Rotor Current: The rotor current is typically denoted as I.. It lags behind the stator current by
an angle (62) known as the rotor impedance angle. The rotor current is induced by the rotating
magnetic field of the stator.

Stator Voltage: Thestator voltage, denoted as V1, isthe applied 3-phase voltage across the stator
winding. It is considered as the reference phasor and is typically represented along the horizontal
axis.

°

Fig.2.13: Phasor diagram of the induction motor

Rotor Voltage: The rotor voltage, denoted as V>, is induced by the relative motion between the
rotating magnetic field and the rotor conductors. It lags behind the rotor current by an angle (62)
due to the rotor impedance.

Power Factor: The power factor in an induction motor is the cosine of the phase angle between
the stator current (I1) and the stator voltage (V1). A lagging power factor indicates an inductive
load.
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Slip: Slipisthe relative speed difference between the rotating magnetic field and the rotor. It is
denoted as s and can be represented as a ratio or percentage. Slip is directly related to the rotor
current and torque production.

Torque Angle: Thetorque angle, denoted as 8, represents the phase angle difference between the
stator current (11) and therotor current (12). It determines the torque production and power transfer
in the motor.

The phasor diagram of an induction motor operating under load conditions exhibits similarities
to that of aloaded transformer. The main difference lies in the operational characteristics of the
secondary in an induction motor and a transformer. In an induction motor, the secondary is both
rotating and short-circuiting, while in a transformer, the secondary remains stationary and is
connected to aload. Theload applied to an induction motor is mechanical, whil e the load imposed
on a transformer is eectrical. The phasor diagram of an induction motor can be created by
determining the electrical equivalent of the mechanical 1oad on the motor.

Let @ represent the magnetic flux that is associated with both the primary and secondary sides.
E; denotes the self-induced e.m.f. in the stator, while E;r represents the mutually induced em.f.
in the rotor. Let R1 denote the resistance per phase of the stator, and X1 represent the reactance
per phase of the stator.

The voltage per phase V1 of the stator must be sufficient to counteract the self-induced em.f. E1
and provide for the voltage drops |1 R1 and |1 X1. The voltage applied to the stator,

=B+ TR+, == B+ TZ,

In arunning condition, the rotor-induced e.m.f. has to supply the drop across impedances due to
the rotor being short-circuited, and thisis given by:

Eyr = LRy + jIpyXo = LyZy,

E2 is proportional to the number of rotor turns relative to the number of stator turns. 2, the rotor
current when running, lags Exr by arotor p.f. angle of @
The effect of load is represented by the reflected rotor current 1" on the stator side and is given
by:

o' =K 2

The induction motor draws current |, the phasor sum of I and Im, while it is not under load. The
total stator current taken from the sourceis:

Tl = To + Lo

Theinduction motor's power factor is determined by the angle of @4, or the cosine of @1, between
V1 and 11.The induction motor's phasor diagram can be produced using al of the relationships
mentioned above.
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To draw a phasor diagram, follow these steps:

1. Use @ the phasor as areference.

2. Thereisa90° lagin the induced voltage E;.

3. Toillustrate - E1, reverse the voltage phasor Ei. In phase with E; is the phasor Ez. Draw
I2r, which islagging Ezr, or the E; direction, at an angle of ®.

To determine the precise location of Ear, display 1 Rz drop in phase with lor and 2r Xor
leading the resistive drop by 90°.

Toget I/, reversel .

Icisin charge while I is in phase with. To get Io, combine I, and Ic.

Toget I1, add I and I

Add I R dropinphasewith |1 and 11X 1 at 90 degrees, starting at thetip of the E; phasor,to
get 11 to V1 phasor.

Thereisa® angle between V1 and I1.

E

©No G

©

2.8 POWER FACTOR IN INDUCTION MOTORS

Power factor is defined as the ratio of the real power (active power) to the apparent power
consumed by the motor. It is a measure of the efficiency of power utilization by the motor andis
an important parameter in assessing the electrical system's overall performance. In an induction
motor, the power factor isinfluenced by the characteristics of the motor itself, theload it isdriving,
and the operating conditions.

The power factor in an induction motor is primarily determined by two factors:

Magnetizing (or Core) Power : Induction motors require a certain amount of reactive power to
establish the magnetic field in the motor's stator. This reactive power, known as magnetizing
power, is necessary for the motor to operate but does not contribute to useful work. It creates an
inductive component in the motor's current, leading to a lagging power factor.

L oad Power : The active power (real power) consumed by the motor to perform mechanical work
is known as the load power. It contributes to useful work, such as driving a pump or rotating a
fan. The load power determines the overall power factor and can be either leading or lagging,
depending on the nature of the load. The power factor in an induction motor is typically lagging
(inductive) and is denoted by alagging angle (0) between the stator current and voltage. A lagging
power factor indicates that the motor is drawing more reactive power than necessary, which can
result in decreased system efficiency and increased line losses.

Improving the power factor of an induction motor can be achieved through various methods,
including:

i) Power Factor Correction Capacitors. Installing power factor correction capacitors in
paralld with the motor helps compensate for the reactive power requirements, reducing the
lagging power factor and improving overall system efficiency.
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ii) Variable Frequency Drives (VFDs): Using VFDs alows for speed control of the motor and
can provide improved power factor performance by adjusting the motor's voltage and
frequency.

iii) Proper Sizing and Selection: Selecting an induction motor with a power rating appropriate
for the load requirements can hel p optimize power factor performance.

Induction motors benefit from maintaining a high power factor since doing so lowers energy
losses, boosts system effectiveness, and puts less strain on the electrical distribution network.
When devel oping, running, and maintaining induction motor systems, it's crucial to take power
factor into account in order to maximise energy efficiency and overall system performance.

A lagging (inductive) power factor is presented to the power line by induction motors. For big
hi gh-speed motors that are completely loaded, the power factor can be as favourable as 90%. The
highest high-speed motor power factor is 92% at 3/4 load. Small low-speed motors can have
power factors as low as 50%.

Asthe rotor increases speed, the power factor increases, rising from 10% to 25% at start-up. The
motor mechanical load has a significant impact on power factor (PF) (as is evident from
Fig. 2.14.). Similar to atransformer with no resistive load on the secondary is an unloaded motor.
The secondary (rotor) to the primary (stator) reflect very little resistance. Thus, a reactive load as
low as 10% PF is observed on the power line. The power factor rises as a result of an increased
resistive component being reflected from the rotor to stator when the rotor is loaded.

Fig.2.14: Power factor vs load current of the induction motor

2.9 POWER FLOW DIAGRAM AND LOSSES OF INDUCTION MOTOR

Power Flow Diagram of Induction Motor explains the input given to the motor, the losses
occurring, and the output of the motor. The input power given to an induction motor is in the
form of three-phase voltage and currents.
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Fig.2.15: Power flow diagram and losses of Induction motor

The Power Flow Diagram of an Induction Motor is as shown in Fig.2.15.

Input power to stator P. = 3 V1l; cos (0).
where, V1 isthe stator voltage applied.

I1 isthe current drawn by the stator winding.
cos (0) isthe stator power factor.

Lossesin an I nduction M otor :

Thefollowinglist of lossesthat happen during energy conversionsin aninduction motor i ncludes:

(i) Constant losses (ii) Variable losses.

(i) Constant losses. Constant | osses refer to losses that are unaffected by changes in the load and

remain constant despite load variations. These |osses may be:

(a) Corelosses: Thelaosses observedin both the stator and rotor coresinclude hysteresis and eddy
current effects. The losses due to eddy currents in the rotor core can be considered small, as the
frequency of the rotor current is quite low, typically ranging from 0.5 to 2 Hz. The mentioned
losses can be classified as constant or fixed losses, as they depend on the voltage and frequency,

both of which are typically maintained at a constant level.

(b)Friction and windage losses: These losses remain constant as they are directly influenced by
the speed of theinduction motor. The speed of aninduction motor remains nearly constant during
normal running, with a very small dlip. These losses occur in the machine as a result of power
being used to overcome friction at the bearings and wind resistance. There may be some sliding

friction loss that occurs in the dlip ring induction motor.
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(i) Variable losses: Variable losses are losses that depend on the load and change as the load
changes. These | osses are:

(a) 1?R loss in stator winding.
(b) IR lossin rotor winding.

These | osses are al so constant because they are proportional to the speed of the induction motor.
The speed of an induction motor is nearly constant (dlip is very small while running normally).
These losses occur in the machine as a result of power loss owing to bearing friction and to
overcome wind resistance. The dide ring induction motor suffers from additional dliding friction
loss.

(c) Brush contact loss: Only dlip-ring induction motors have thistype of loss. This occurs because
brushes and dlip rings have contact resistance. Its magnitude is very small because its contact
resistance is kept to a minimum.

(iii) Stray losses: These losses take place in both the iron core and the winding of the machine.

These cannot be determined exactly but are accounted for, but they are taken intoconsideration
during the calculation of the machine's efficiency by a suitable factor.

Thelosses in the stator are: Ps= 3 1°Rs + P+ Pe

The output power of the stator is given as: Pos = Pis — (3 1°Rs + Phs+ Pes)

The power produced by the stator passes to the rotor of the machine through the air gap between
the stator and therotor. The power of the machineisreferred to astheair gap power, denoted as

Pg.

Thus, Power output of the stator = air gap power = input power to the rotor

Rotor input = Power input - Stator copper and iron | osses.

Thelosses in the rotor are as follows:

I°’R lossesin the rotor resistance.

They are also called Rotor copper losses and represented as: Pre = 3 I°R;

Hysteresis and eddy current losses in the rotor core. They are known as Rotor cor e losses.
Rotor Copper loss = Slip x power input to the rotor.

Deveoped Power = (1 — ) x Rotor input power.

Friction and Windage losses Prw

Stray load losses Pnisc, Which includes all losses not covered elsewhere, such as losses caused by
harmonic fields. When the copper losses in the rotor are subtracted from the input power of the
rotor (Pg), the resulting power represents the conversion of electrical energy into mechanical
energy. Theterm used to describe this concept is " Devel oped Mechanical Power Prmg".
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Deve oped Mechanical power = Rotor input — Rotor copper 10ss
The equation provided represents the output of the motor:

Po = Pmd — Ptw - Pmisc

P, is called the shaft power or the useful power.

Rotational losses

The rotor core losses are high during acceleration and at start up. These losses reduce as the
induction motor's speed increases. At first, there are no losses due to friction or windage. The
losses start to rise asthe speed does as well. With a change in speed, the total losses from friction,
windage, and core remain nearly constant. These losses are callectively referred to asrotational
losses.

It is given by the equation shown below:
Prot = Pw + Ph +Pe + Prisc
Po = Pmd - Prot

The rotational losses are not explicitly included in the equivalent circuit, but they are purey
related to mechanical aspects.

Efficiency

The standard definition of efficiency, as denoted by the ratio of output power to input power,
when applied to the induction motor.

2.10 FOUR QUADRANT OPERATION OF MOTOR DRIVE

The torque and speed of the motor are mechanically related to the el ectrical quantities of current
and voltage. Let's look at the conventions that determine the four-quadrant operation of motor
drives. A positive motor speed is associated with rotation in the forward direction. The forward
speed of drives that operate in only one direction will be their normal speed. When dealing with
loads that move in both upward and downward directions, the motor's speed responsible for the
upward motion is typically referred to as the forward motion speed. In the case of reversible
drives, the forward speed is selected without any specific criteria or constraints. A negative sign
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denotes the reverse speed, which is associated with rotation in the opposite direction. Positive
motor torque refersto the torque that generates accel eration or the rate of increasein speedin the
forward direction. The motor torque is determined by

dw
dt

T=T+J

The direction of positive load torgque is the exact opposite of positive motor torque. If a motor
produces deceleration, it is considered to have negative torque.

wm 4

Forward Forward
braking motoring

®
®

Ny

Reverse Reverse
motori ng braking

Fig.2.16: Four Quadrant operation of the drive.

There are two modes in which a motor operates: motoring and braking. It moves by converting
electrical energy into mechanical energy through motoring. It acts as a generator when braking,
transforming mechanical energy into electrical energy and blocking motion. Both forward and
reverse motoring and braking functions are possible with motors.

The Four Quadrants Operation of the motor drive is shown in Figure 2.16 with the torque and
speed coordinates for both forward (positive) and reverse (negative) motions. The ratio of a
motor's speed to torque determines its output power. The devel oped power is positive in quadrant
I. Asaresult, the machine functions as amotor to supply mechanical energy. Therefore, operation
in quadrant | is known as forward motoring. Power is negative in quadrant Il. As a result, the
machine operates by braking against its forward motion. Thus, forward braking is the activity of
guadrant Il. In a similar manner, operations in quadrants 11l and IV can be distinguished as
braking and reverse motoring, respectively.
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Let'slook at how a hoist operates in the Four Quadrant Operation of Mator Drivein Fig.2.17 to
get a better understanding of the notations above. Arrows indicate the motor and load torque
directions as well as the speed direction.
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Fig.2.17: Four Quadrant operation of a motor driving a hoist load.

A rope wound on a drum attached to the motor shaft makes up a hoist. The cage, which is used
to move people or objects from one level to another, is attached to the rope's one end. A
counterweight is attached to the rope's other end. The counterweight's weight is chosen to be
higher than the weight of a cage that is completely empty but lower than the weight of a cage that
is completely loaded. The cage will go higher when the motor is moving in the forward direction.
Fig.2.17 also displaysthe speed-torque parameters of the hoist load. It is useful to plot the positive
load torque on the same axis as the positive motor torque, even though Eqg. (2.2) states that they
are opposite in sign. In fact, the load-torque curve represented in this way is the opposite of the
actual Load torque remains constant and unaffected by speed. This is mostly true with a low-
speed hoist, where forces due to friction and windage are so small that they can be considered
negligible compared to those due to gravity. Gravitational torque remains consistent and
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unaffected, regardless of whether the direction of the driving motor is reversed. The load torque
line TI1 in quadrants | and IV represents the positive speed-torque characteristic of the loaded
hoist. Thistorque representsthe potential for increased efficiency and balance between the | oaded
hoist and counterweight. The load torque line TI2 in quadrants 1l and |11 represents the speed-
torgque characteristic of ahoist that isready for new challenges! Thistorqueisthe positive impact
of the counterweight on the hoist. Its sign is positive because the weight of a counterweight is
always higher than that of an empty cage.

The quadrant | operation of a hoist allows for the uplifting movement of the cage, which
corresponds to the positive motor speed, moving in an anticlockwise direction. This motion will
be achieved when the motor generates a positive torque in an anticlockwise direction, matching
the magnitude of the load torque T11. Since developed motor power is positive, thisis an exciting
forward motoring operation!

Quadrant |V operation is achieved when aloaded cageis safely lowered. The weight of aloaded
cage is higher than that of a counterweight, which means it has the power to come down
effortlessly thanks to gravity. To ensure the cage's speed is within a safe range, the motor will
generate a positive torque T, equal to T12, in an anticlockwise direction. Thiswill help maintain
asecure environment. As both power and speed are negative, driveis operating in reverse braking,
but this means we have the opportunity to slow down and make a controlled stop.

Operation in quadrant Il is achieved when an empty cage is moved upwards. Because a
counterweight is heavier than an empty cage, it has the strength to effortlessly lift it up. To ensure
safety, the motor will generate a braking torque equal to TI2 in a clockwise (negative) direction,
effectively limiting the speed to a safe value. Since speed is positive and devel oped power is
negative, it is an opportunity for controlled decel eration.

Operation in quadrant |11 is achieved when a cage is lowered and ready to be filled with new
possibilities. Since an empty cage has a lighter weight than a counterweight, the motor can easily
produce torque in a clockwise direction. Since speed is negative and power is positive, thisis an
exciting reverse motoring operation.

UNIT SUMMARY

The study of characteristics of torque versus slip (speed) in an induction motor reveals essential
insights into its performance under various conditions. These characteristics include starting
torque, full load torque, and maximum torque, each of which plays a role in understanding the
motor's capabilities and limitations. Viewing the induction motor as a generalized transformer
with phasor diagrams simplifies the analysis of its electrical and magnetic aspects, aiding in
comprehending its behaviour and facilitating calculations.
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Four quadrant operation is a crucial concept that allows the motor to operate in both forward and
reverse directions, enabling versatile motor control and applicationsthat require frequent changes
in direction, like electric vehicles and industrial machinery. The power flow diagram provides a
visual representation of energy transfer between the electrical power source and the mechanical
load, helping optimize motor efficiency and identify potential energy losses.

EXERCISES

1

Plot the torque-speed characteristics for atypical 3-phase induction motor on a graph. Label
and explain the regions corresponding to starting, accelerating, full-load, and maximum
torque.

Draw a phasor diagram representing the primary and secondary voltage and current vectors
of a 3-phase induction motor operating at a given load condition. I nclude the rotor i mpedance
angle and explain how it affects the diagram.

Given the primary voltage and current phasors of an induction motor, calculate the secondary
(rotor) current phasor and angle. Use thisinformation to determine the motor's power factor.

Describe the concept of four-quadrant operation in the context of an induction motor. Explain
the significance of positive and negative torque and positive and negative slip.

Create a power flow diagram for aregenerative braking system usi ng afour-quadrant-capable
induction motor. Show the power flow between the motor, the load, and the electrical gridin
both motoring and regenerating modes.

Given the mechanical and electrical power input and output values for an induction motor,
calculate its efficiency for different load conditions. Illustrate these efficiency values on a
power flow diagram.

Multiple Choice Questions

1. Which characteristics of an induction motor provide insights into its performance under

various conditions?

a) Slip-Speed Characteristics

b) Power Flow Characteristics

¢) Torque-Speed Characteristics
d) Voltage-Current Characteristics
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2. Starting torgue of an induction motor is crucial because it determines:
a) The motor's maximum speed.
b) The motor's full load torque.
¢) Whether the motor can overcome initial resistance and start moving.
d) The motor's efficiency at rated | oad.

3. Which torque of an induction motor is used to assess its efficiency under normal operating
conditions?

a) Maximum Torque
b) Starting Torque
¢) Full Load Torque
d) Stall Torque

4. The induction motor can be represented as a generalized transformer using:
a) Voltage-Angle Diagram
b) Phasor Diagram
¢) Power Flow Diagram
d) Slip-Speed Diagram

5. Four quadrant operation of an induction motor refersto its ability to:
a) Operatein four different voltage quadrants.
b) Operate at four different speeds.
¢) Operatein both forward and reverse directions.
d) Generate power in four distinct power ranges.

6. The power flow diagram of an induction motor helpsin:
a) Sdlecting the appropriate starter for the motor.
b) Analyzing the dlip-speed characteristics.
¢) Optimizing motor efficiency and identifying potential energy |osses.
d) Understanding the motor's maximum speed.

7. Which characteristic is essential for assessing the motor's ability to handle varying |oads?
a) Starting Torgue
b) Full Load Torque
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¢) Maximum Torque
d) Stall Torque

Answers of Multiple-Choice Questions

Noug,rwdpE

c. Torque-Speed Characteristics

¢. Whether the motor can overcome initial resistance and start moving.
c. Full Load Torque

b. Phasor Diagram

c. Operate in both forward and reverse directions.

c. Optimizing motor efficiency and identifying potential energy losses.
¢. Maximum Torque

Short and Long Answer Type Questions

Short answer questions

1
2.
3.

©CoO~N® U N

What does the torque-speed characteristic of an induction motor show?

Define starting torque, full load torque, and maximum torque in an induction motor.

How are starting torque, full load torque, and maximum torque related to each other in an
induction motor?

How can an induction motor be represented as a generalized transformer?

. What does a phasor diagram in an induction motor represent?
. What is the significance of the rotor current in the phasor diagram?

What is meant by four quadrant operation in an induction motor?

. How isa power flow diagram used in an induction motor analysis?
. What does the power flow diagram indicate about an induction motor?

Long Answer type questions

1

Describe the torque-speed characteristic of an induction motor in detail. Explain how the
torgue output varies with slip and discuss the significance of starting torque, full load torque,
and maximum torgue in motor operation.

How are starting torque, full load torque, and maximum torgue related to each other in an
induction motor? Explain the concept of breakdown slip and its importance in motor
performance.

Elaborate on the practical applications of the torque-speed characteristic curve in selecting
and controlling induction motors for different industrial and commercial applications.
Explain the concept of representing an induction motor as a generalized transformer. How
does the stator winding function as the primary winding, and what is the role of the rotor in
the analogy?

Draw a phasor diagram for an induction motor and explain the significance of stator and rotor
currents and voltages. How does the phasor diagram help visualize the €l ectrical and magnetic
interactions within the motor?
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6. Discuss the key differences between the phasor diagram of an induction motor operating at
no-load and full load conditions. How does the power factor and magnetizing current change
between these two scenarios?

7. What isfour quadrant operation in the context of an induction motor? Explain with examples
how the motor can operate in both forward and reverse directions and perform motoring and
braking in each quadrant.

8. Construct a power flow diagram for a three-phase induction motor, and explain the
significance of active power, reactive power, apparent power, and power losses in the motor
system.

9. How does the power flow diagram help identify the efficiency and losses in the motor?
Discuss the importance of power factor correction in improving motor efficiency.

10. Discuss the need for using starters in induction motors during start-up. Explain why the
starting current of induction motorsis much higher than the full load current and how starters

help in limiting this current.

11. Compare and contrast various types of motor starters, including stator resistance, auto
transformer, star-delta, rotor resistance, and soft starters. Explain the working principles and
applications of each starter type.

12. Suppose you need to start a high-power induction motor with limited voltage fluctuations
during start-up. Recommend the most suitable starter type for this scenario and justify your
choice based on efficiency, torque characteristics, and impact on the power supply.

Numerical Problems
1. Aninduction motor has the following data:

Full Load Torgue (Tr.) = 100 Nm; Maximum Torgue (Tmax) = 150 Nm; Synchronous Speed
(Ng) = 1500 RPM. Calculate the dlip at which the motor produces Full Load Torgue and
Maximum Torque.

Solution:
Given:
TeL =100 Nm
Tmax =150 Nm
Ns = 1500 RPM
Slips=(Ns—Np) / Ns
where N; is the motor speed in RPM.
For Full Load Torque: se. = (Ns- Neu) / Ns
For Maximum Torque: suax = (Ns- Nmax) / Ns
Let's assume:
N_FL = 1440 RPM (Speed at Full Load Torque)
N_MAX = 1200 RPM (Speed at Maximum Torgue)
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Calculating Slips:

S = (1500 - 1440) / 1500 = 0.04 or 4%

Swax = (1500 - 1200) / 1500 = 0.20 or 20%
Answers:

Slip at Full Load Torque (sq.) = 4%

Sip at Maximum Torgue (Svax) = 20%

2. For an induction motor with stator current (Is) of 10 A and rotor current (I,) of 5 A, draw a
phasor diagram considering the stator current as the reference.

Solution:

In aphasor diagram, vectors represent the magnitude and phase angle of currents or voltages.
Since the stator current (ls) is considered the reference, its phasor is drawn horizontally (0°).

Answers:
Let's represent stator current (Is) = 10 A and rotor current (1) =5 A.

The phasor diagramwill show the stator current (Is) as a horizontal line (0°) with a magnitude
of 10 A, and the rotor current (I;) as a vector at an appropriate angle (positive or negative)
with a magnitude of 5 A.

3. Caculate the active power (P), reactive power (Q), apparent power (S), and power losses
(PLoss) in the three-phase induction motor. Given, the foll owing information:

Line voltage (V) =400 V (rms), Line current (I.) = 50 A (rms), Power factor (pf) = 0.85
(lagging), Motor efficiency () = 0.92

Solution:
The apparent power (S) of the motor
S=+3* VL * IL =3 *400 * 50 = 34,641 VA
The active power (P) of the motor
P=S* pf =34,641* 0.85~29,445 W
The reactive power (Q) of the motor
Q=1(S"2 - P'2) =(34,641"2 - 29,4452 )~ 17,473 VAR
The power losses (PLoss) in the motor
Ploss=P/1=29,445/0.92=32,016 W
Answers:
S~ 34,641 VA, P~29,445 W, Q= 17,473 VAR&PLoss~ 32,016 W



Induction, Synchronous and Special Electrical Machines | 53

PRACTICAL

1

By varying the speed of theinduction motor plot its Torque-Speed Characteristics. Also, study
the performance and provide insights into starting, full load, and maximum torques.

Create a phasor diagram for an induction motor by representing the stator and rotor currents
and voltages as phasors. Observe how these phasors vary with the motor's operating
conditions (start-up, full load, etc.). This practical helps understand the electrical aspects of
the motor and how they relate to its mechanical behaviour.

Employ avariable frequency drive (VFD) to control the speed and direction of an induction
motor. Run the motor in all four quadrants (forward motoring, forward regenerative braking,
reverse motoring, and reverse regenerative braking). This experiment showcases the motor's
capability to operatein different directions and hel ps understand the concept of four-quadrant
operation.

Set up an induction motor with aload and measure the input power, output power, and | osses.
Create a power flow diagram to visualize how e ectrical power is converted into mechanical
power and any losses incurred in the process. This practical provides insights into motor
efficiency and the distribution of power within the system.

KNOW MORE

1

2.

Power Factor Explained - The basics what is power factor pf
https://youtu.be/Tv_7XWf96gg?si=D1mED062L IRNb6fp

Types of Motors Used in Industrial Designs
https://youtu.be/EW2uQnNRmMUIQ?si=sGX - 2xLvDWY gdly
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THREE-PHASE INDUCTION
MOTOR- Starting and Speed Control

UNIT SPECIFICS
Through this module we have discussed the following aspects:

e Importance of starters and familiarizing various starters of Induction motor;
e Various conventional and static speed control methods of Induction Motors,
e Sdlection of motor for various applications;

e Importance of motor maintenance;

e Variousways for maintenance:

e Problems.

This Module delves into the industrial applications of various topics to bring curiosity and foster
creativity. It includes different types of assessments, such as multiple-choice, short answer, and
long answer questions, categorized accor ding to Bloom's taxonomy. Additionally, the unit provides
numerical problems for practice, a list of references, and suggested readings. Notably, the unit
incorporates QR codes throughout its sections, allowing readers to scan them for supplementary
knowl edge on specific topics of interest.

Following each practical aspect, thereisa"Know More" section carefully crafted to provide
users with additional valuable information. This section encompasses various elements, including
introductory activities, intriguing facts, historical context related to subject development,
noteworthy observations and discoveries, timelines tracing the topic's evol ution to the present day,
real-life and industrial applications, case studies involving environmental, sustainability, social,
and ethical considerations, and intriguing and curiosity-inducing topics.

RATIONALE

Induction motors arethework horsein all theindustries. It has extensive usein both industrial and
residential applications. About 50% of the power consumption is due to the induction motor loads.
This chapter introduces the students to importance of starting, speed control and maintenance of
the motor. the rationale for starting, speed control, and maintenance of three-phase induction
motors is to ensure safe and efficient operation, protect the electrical system from excessive
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current, meet varying load demands, reduce energy consumption, extend motor life, and prevent
costly downtime. These practices are essential acrossawide range of applications, fromindustrial
manufacturing to residential appliances, to ensure the seamless functioning of electric motors.

PRE-REQUISITES

Machines|: Semll|
Physics: Electromagnetism (Class X)

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U3-0O1: Understand need of starters, various starting methods
U3-02: Able to understand various speed control methods
U3-03: How to select motor for various applications

U3-0O4: Understand importance of maintenance

U3-O5: Able to get to know various ways to execute maintenance

unit-3 EXPECTEDMAPPINGWITHCOURSEOUTCOMES
Ol (1-WeakCorrelation;2-Mediumcorrelation;3-StrongCorrelation)
CO-1 CO-2 CO-3 CO-4 CO-5

U3-01 - - 3 _ -
U3-02 - - 3 _ -
U3-03 - - 3 _ -
U3-04 - - 3 _ -
U3-05 - - 3 _ -
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3.1 INTRODUCTION

Three-phase induction motors, often referred to as asynchronous motors, are among the most
ubiquitous and i ndispensable components in the realm of electrical machinery. Their significance
lies in their exceptional reliability, efficiency, and adaptability to a myriad of industrial,
commercial, and residential applications. Operating on the fundamental principles of
electromagnetic i nduction, these motors exhibit a straightforward yet robust design, consisting of
astator with three windings supplied with three-phase alternating current (AC) power and arotor,
typically of the squirrel-cage type, which remai ns unconnected to an external power source. What
distinguishes these motors is their inherent ability to self-start, without the need for brushes or
commutators, making them virtually maintenance-free. This sdf-starting characteristic,
combined with their ability to generate substantial torque, renders three-phase induction motors
the ideal choice for applications requiring the conversion of electrical energy into mechanical
work, such as driving pumps, fans, conveyors, compressors, and various other industrial
machinery.

Their versatility in adapting to varying loads and requirements positions three-phase induction
motors as the driving force behind the productivity of countless industries. Their role extends
from propelling heavy machinery in manufacturing plants to ensuring efficient circulation in
HVAC systems, and from powering essential appliances in households to maintaining water
distribution in municipal utilities. Beyond their reiability and efficiency, three-phase induction
motors offer another crucial advantage: their ease of integration with advanced control systems
and speed-regulating devices, allowing for precise management of motor speed and performance
in applications that demand accuracy and efficiency. As such, these motors serve as the
cornerstone of modern automation and industrial processes, contributing to enhanced
productivity, energy conservation, and the seamless operation of vital systemsin our daily lives.

3.2 STARTERS

The motor starters are the device used for starting of motor. Its primary purpose is to limit the
high inrush (starting) current while switch on the motor. In general, the starting current is4 to 10
times depends on the motor rating and can cause voltage drops in mains, stress on the el ectrical
system, and mechanical stress on the motor itself.

A significant inrush current occurs at the time of starting in an induction motor due to the motor's
inherent characteristics and the physics of its operation. Several factors contribute to this
phenomenon:

a) Initial Magnetization of the Core: The magnetic core of the motor is initially
unmagnetized. The absence of magnetic flux resultsin very low impedance in the motor
windings. Consequently, when the motor is switched on the magnetic field beginsto build
up in the core dueto thisinitial current drawn is exceptionally high, causing a momentary
surge.
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b) Lack of Counter Electromotive Force (Back EMF): During startup, the motor rotor is
stationary. As a result, there is no rotation to induce a counter el ectromotive force (back
EMF) in the motor windings.

¢) High Torque Requirement: To overcome inertia and initiate motion, the motor needs a
high torque. The mechanical Torque in an induction motor is directly proportional to the
current drawn from the supply, so a high inrush current is required to produce the
necessary starting torque.

d) Impedance Mismatch: The impedance (resistance and reactance) of the motor windings
and the supply system may not match perfectly at startup. This mismatch can result in a
momentary spike in current as the motor and power supply adjust to each other's
characteristics.

€) Voltage Drop: Voltage drop in the power supply system can worsen the inrush current
issue. If the supply voltage is not perfectly constant, the motor may draw even more
current to compensate for any voltage sag during startup.

It's important to note that while the inrush current is high during startup, it quickly decreases as
the motor begins to rotate. As the rotor accelerates, it generates a back EMF that opposes the
supply voltage, reducing the current to its normal operating value. In most cases, the inrush
current lasts for only afraction of a second.

To mitigate the effects of inrush current and its potential impact on the electrical system, various
motor starters, such as star-delta starters, auto-transformer starters, and electronic motor starters,
are employed. These devices provide controlled and gradual voltage ramp-up to the motor,
reducing the initial current surge and minimizing voltage disturbances in the electrical system.
There are several types of motor starters commonly used with three-phase induction motors:

Direct Online Starter (DOL)

Stator Resistance starter

Autotransformer Starter

Star Delta Starter

Soft Starter

Rotor Resistance or Slip Ring Motor Starter

oukrwdpE

Direct On-Line (D.O.L.) Starting

Fig.3.1 givesthe circuit configuration for starting of 3@ induction motor using DOL starter. The
current drawn by the motor while starting about 4 to 7 times of the rated current even under no
load condition. The starting torque also required will be 1.5 to 2.5 times the rated torque. The
parts of a DOL starter is main contactor, protective devices, overload relay, start and stop push
buttons which is used for motor starting operations. Pressing the start button energizes the
contactor, which simultaneously connects the supply to three phase windingsin stator. When the
“STOP’ button is pressed the main contact is released and supply to the motor is cut off.
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DOL starters are suitable for motors with ratings below 5 kW to prevent excessive line voltage
drop caused by the high starting current.

Fig.3.1: Schematic representation of D.O.L starting

Starting of Squirrel Cage Motors

To limit the inrush current in the squirrel cage induction motor the supply voltage to stator can
be reduced, and the following are the different methods of it.

e Stator resistance
e Star-delta switches
e Autotransformer

1. Stator Resistance Starting

In this method, a variable external resistance is connected in series with each phase of the stator
winding as shown in Fig.3.2 during starting. The connected external resistors reduces the voltage
appeared to the motor as 70%. Thus, a reduced supply voltage applied across the motor terminals
limiting the starting current. As the motor speed accel erated and reaches 80% of the rated speed
gradually cut down the resistance fully so that the motor attains rated speed as rated voltage is
applied to the motor. When the initial voltage is decreased by 50%, as per Ohm's law (V=12)
dictates that the initial current will also reduce to the ratio. The relation between mechanical
torgue and input voltage of three-phase induction motor is the starting torque is proportional to
the square of the applied voltage. Therefore, if the applied voltage is reduced to half of its rated
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value, the starting torque will only be 4™ of its normal voltage value. This approach is commonly
employed to achieve a smooth starting for small induction motors.

Fig.3.2: Schematic representation of stator resistance starting

Drawbacks;

e Thestarting torque is reduced and it increases accel eration time due to reduced voltage
starting

e Power lossin the starting resistances.

2. Star-Delta Starting
Star-Delta Starter, also known as a wye-delta starter, is used for motors rated up to 25 HP.

Fig.3.3: Schematic representation of star-delta starting
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It starts the motor in a"star" (wye) configuration as shown in Fig.3.3, which reduces the voltage
applied to the motor. After starting the motor, the speed increases and reaching certain value or
time period the two-way switch moved to the "delta configuration, providing full voltage to the
motor. Star-delta starters reduce the inrush current and mechanical stress on the motor When the
stator windings are connected in start the voltage appeared across to the phase windings will be
reduced by a factor 1/\3 and the starting torque also reduced to 1/3 times compare to delta
connected winding.

Disadvantage:
At thetime of starting in the star mode there is alarge reduction in stating torque.

3. Autotransformer Starting

Auto-transformers are compatibl e for both Y/A connected squirrel cage motors. They function as
30 step-down transformers, featuring various taps that enable motor starting at different voltage
levels, such as 50%, 65%, or 80% of the rated voltage. When empl oying an auto-transformer as
astarter, the current drawn by the motor while starting islower than therated current of the motor.
Thereductionin starting current is proportional to transformation ratio and output voltage of the
auto transformer. For instance, when a motor starts on a 65% tap, it receives 65% of the line
voltage and draws 65% of the line voltage's starting current value. However, the line current will
be 42% (65% of 65%) of the line voltage's starting value, reflecting the difference due to the
transformer's action. The internal connections of an autotransformer starter are illustrated in
Figure 3.4.

During motor starting, the control switch is set to to the "start" position, in this case the auto
transformer delivers the reduced voltage to motor and speed increases gradually.

Fig.3.4: Schematic representation of autotransformer starting.
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As the motor speed reaches 80% of its rated speed, then auto-transformer is automatically
disconnected fromthecircuit whenthe switchisswitchedtothe"run" position. Thetype of switch
used for thistransition can be either air-break (for small motors) or cil-immersed (larger motors).

Additionally, auto-transformer starters often incorporate safeguards against voltage drops and
overloads, including time-delay circuits to ensure the motor operates efficiently and safely. The
autotransformer starting method of induction motors has many advantages such as this method
reduces the losses in starting, low starting current etc. This method is expensive and used for the
motors rated above 25 HP.

Electronic Soft Starter

Electronic starters, or soft starters, are typically used with squirrel cage induction motors rather
than dlip ring induction motors. Electronic soft starters use power semiconductor switches to
control the voltage supplied to the motor during startup. They provide a gradual voltage ramp-
up, resulting in a smooth and controlled acceleration. Electronic soft starters are often used for
motors of various sizes and are highly effective in reducing inrush current and mechanical stress.
In a conventional motor starter, providing the motor with full voltage at the outset produces the
highest starting torque, which can pose a mechanical risk to the motor.

Electrical soft starters controls and variesthe supply voltage or current. Typically, voltage control
is achieved through the use of anti-paralle connected Silicon Controlled Rectifiers (SCR) as
depicted in Figure 3.5.

Ff 1

FR1 FR2 FR3

- - b

KM 1,3 main contactor
FR1,3 overload relay
Q 1,3 softstarter

Fig.3.5: Schematic representation of electronic soft starting
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Advantages of Soft Starter

e They provide very gradual increase of voltage and hence a smooth rise in the speed.

e By adjusting the firing angle, gradually or rapidly it controls the motor speed during starting
and shutdown.

e They limit the inrush current and thus, preventing the power surges which avoids the
overheating of motor.

e Since the losses in electronic starters are very less compared to resistive starters.  So, the
efficiency of the motor increased.

e The soft starters are smaller in size and compact that takes up very small space in mounting
in motor control panels.

e Low Cost

Disadvantages of Soft Motor Starter

The eectronic starters reduces the voltage applied to the motor but starting torque is directly
proportional to the supply voltage the induction motor. So the soft starters are applicable for
low or medium rated motors.

Applications of Soft Starter
Industrial Fans, Conveyer belts, Motors using belt & pulleys
The choice of starter depends on factors such as:

e Themotor'ssize,

e Theloadit drives,

e Theavailable power supply, and

e Thedesiredlevel of control during startup.

Slip Ring Induction Motor Starting or Rotor Resistance Starting

Sip-ring motors are started by applying the rated voltage to the stator, as additional start
connected resistance are connected to the rotor circuit through dlip-rings as shown in Figure 3.5.
The external resistance added to the rotor side reduces the starting current in both the rotor and
the stator, consequently enhancing power factor and increasing the starting torque.

This allows dip-ring motors can be started at full load condition. It's important to note that the
external resistance is solely intended for starting purposes and is gradually removed as the motor
gains speed. This method invol ves a star-connected variable resistance in therotor circuit viadip-
rings, as depicted in Figure 3.6.
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3 Phase

Supply folmre ‘

“Main
Switch

External
Resistance

Fig.3.6: Schematic representation of rotor resistance starting.

3.3 SPEED CONTROL METHODS

Various industrial and commercial applications require precise control of motor speed and there
are some common speed control methods, including stator voltage control, pole changing, rotor
resistance control, and VVVF (Variable Voltage Variable Frequency) control. To get better
clarity on speed control methods, let us see the basic formulas of speed and torque of three phase
induction motor.

Synchronous speed (Ns) of the motor is given by

120f
s = T
where,
f - frequency of supply voltage and
P - total number of polesin stator
The rotor speed is given by:
N=N;(1-5)

where,

N - rotor speed inrpm.

N;s - synchronous speed in rpm.
s - isthedip.

The torque devel oped by a 3@ induction motor is given by:
_ 3 SE,*R,
- 27N (R* + (sX2)?)
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When therotor is at standstill dip, s=1.
So, the Torques equation is given by,
_ 3 E,*R,
21N (R,* + (X))

where,

E> - the rotor emf.

N;s - the synchronous speed.

R - the rotor resistance.

X2 - the rotor inductive reactance.

3.3.1Speed Control from Stator Side

The Speed control of Induction Mator can beimplemented at both stator and rotor side. The stator
side speed control techniques are,

e V /f contral or frequency control.

e Controlling supply voltage.

e Changing the number of stator poles.
e Adding rheostat in the stator circuit.

a) V/fControl or Frequency Control
The synchronous speed of the motor is given by

120f
Ny = —5—

The emf induced in the stator of the three-phase induction motor is given by:

EorV =4440K Ty, f
|4

® = 444KT,, f
where,
K - isthewinding constant,
Ton - isthe number of turns per phase,
f - isthe supply frequency.

Now if the frequency of supply voltage is reduced then the flux increases causing saturation of
rotor and stator cores which will further cause increasein no load current of the motor. Hence, it
is important to maintain flux, ¢ constant which is possible only by varying the voltage. To achieve
the speed control in a three-phase induction motor using the V/f method, it's necessary to provide
the motor with variable voltage and variable frequency. This can be conveniently achieved by
employing a converter and inverter combination.
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b) Controlling Supply Voltage

In this method, the voltage supplied to the stator windings of the motor is varied to control the
speed. This method is simple and cost-effective but may not provide very precise speed contral,

especially at lower speeds.

The torque of athree-phase induction motor is given by:

o sE,*R,
(R,? + (sX,)?)

In low dlip region (sX2)? is negligibly small as compared to R,. So, torque becomes:
SE, z
R,
Since rotor resistance, Rz is constant the equation of torque becomes:

T o SE,*

T

As the rotor induced emf Exx V, T o sV2.

However, with decrease in the supply voltage, torque decreases. But for supplying a constant
load, the dlip should be increased which can be achieved by reducing the speed. This method of
speed control sees limited applications in practice because it demands a significant reduction in
voltage to achieve even dlight speed changes. Consequently, this results in an elevated motor
current, leading to overheating of the induction motor.

¢) Pole Changing:

Some three-phase induction motors are designed with multiple sets of stator windings, each with
adifferent number of poles. By switching between these windings, the motor's synchronous speed
and, consequently, its operating speed can be changed. This method is well-suited for squirrel
cage induction motors because these motors inherently devel op rotor poles that match the stator
winding's poles. By changing the total number of polesin stator, the Synchronous speed (Ns) can
be varied. For instance, a stator may be wound with two 3-phase windings. one for 4 poles and
the other for 8 poles, with a supply frequency of 50 Hz.

e synchronous speed when 4 pole winding is connected, Ns = 120*50/4 = 1500 RPM
¢ synchronous speed when 6 pole winding is connected, Ns = 120*50/8 = 750 RPM

3.3.2 Speed Control from Rotor Side

The speed control of three phase induction motor from rotor side are further classified as:
e Adding external resistance on rotor side.
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o Cascade control method.
o Injecting dlip frequency emf into rotor side.

a) Rotor Resistance Control:

An external resistance is introducing in series to the rotor circuit of the motor. By varying the
resistance, the rotor current and, hence, the motor speed can be controlled. Rotor resistance
contral is often used in wound rotor induction motors and provides good speed control at the cost
of increased compl exity and energy dissipationintheresistors. Thisissimilar to armature control
method in DC motor speed control.

b) Cascade Operation

In this method, two motors are mechanically coupled on a common shaft to ensure they operate
at the same speed. One of these motorsis supplied by a 3¢ supply, while the other motor isdriven
by the induced e ectromotive force (emf) generated in the first motor through slip-rings. as shown
inFig.3.7.

3 phase
Supply

slip-rings

Motor A nna Motor B :g

Fig.3.7: Speed control of slip ring induction motor via cascade operation

Motor A is called the main motor and motor B is called the auxiliary motor.

Let, Na = Supply frequency of motor A
Ne = Supply frequency of motor B
P. = No. of stator poles of motor A
P, = No. of stator poles of motor B
N = Speed of the set and same for both motors

f Frequency of the supply

Now, slip speed of motor A,

_ NSl - N
YNy
Frequency of the rotor induced emf in rotor A
f1 = Slf

Now, auxiliary y motor B is supplied with the rotor induce emf
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therefore,
120 f; 120 s,f
Ngz = =
P, P,
Now substitute the value of s
120 f (Ng; — N)
NSZ =
P2N51
At no load, speed of the auxiliary rotor is almost same as its synchronous speed.

i.e.N= Ne.
From the above equations, it can be obtained that

_120f
(P, £ Py)
where,
+ - Cumulative cascading

- =differential cascading
In this method the following speed ranges can be obtai ned
i Motor A alone

NS,

ii. Motor B alone

NS,

iii. Cumulative Cascading
120 f

B (P +P)

iv. Differential Cascading
120 f

T (PP

¢) By Injecting EMF In Rotor Cir cuit

In this technique speed of an induction motor is varied by external voltage applied into the rotor
circuit. It's crucial that the injected voltage (electromotive force or emf) matches the same
frequency as the dlip frequency. However, there are no restrictions on the phase of the injected
emf. When we inject emf that is in opposition to the phase of the rotor-induced emf, it increases
the rotor resistance. Conversely, when we inject emf that isin phase with the rotor-induced emf,
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it reduces the rotor resistance. Thus, by altering the phase of the injected emf, speed control can
be achieved. This method offers the significant advantage of achieving a wide range of speeds,
both above and bel ow the rated speed range. Various methods can be used toinject emf, including
systems like the Kramer system and Scherbius system.

3.4 VARIABLE VOLTAGE VARIABLE FREQUENCY (VVVF)
CONTROL

The VVVF Drive is a type of induction motor drive used for speed control in industries. This
method is mainly used to control the speed or torque of three-phase induction motors. VVVF
control, also known as VFD (Variable Frequency Drive) or VSD (Variable Speed Drive), is one
of the most versatile and efficient methods for motor speed control. This method varies both the
voltage (V) and frequency () supplied to the motor and thusit controls of motor speed and torque
as required. They are widely used in various applications, including pumps, fans, conveyor
systems, and HVAC systems.

Fig.3.8: Schematic representation of VVVF Drive system

The VVVF Drive system has three main blocks as shown in Fig.3.8. They are:

1. Voltage Controlled Rectifier or AC-DC Converter
2. DCLink or Filter
3. Frequency Controlled Inverter
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VFD’s convert incoming AC power to DC and then use an inverter to generate the desired output
voltage and frequency.

Voltage Controlled Rectifier or AC-DC Converter

Therectifier circuit converts the input three phase AC voltageinto DC voltage. It’ sreferred to as
a"voltage-controlled rectifier" because, beyond converting AC to DC, it can also control or vary
the rectified output voltage level. This converter or rectifier circuit is typically constructed using
components like diodes, silicon-controlled rectifiers (SCRs), among others. By modulating the
gate pulse sent to the SCRs, it's possible to adjust both voltage and current conduction.

Filter Circuit or DC Link

It contains either a parallel/series capacitor and inductor or a combination of both. The main
purpose of this circuit is to smooth or filter the ripple in rectified DC output voltage from and
supplies the constant DC link voltages to the inverter circuit.

Inverter

The inverter circuit plays an important role and it converts applied DC voltage into a variable
three-phase AC supply. The output voltage and frequency are controlled by pulse width
modul ation techniques.

The variable voltage variable frequency output from the inverter is applied to induction motor to
control the speed. Typically, this inverter circuit is consisting high-speed switching
semiconductor devices such as MOSFETSs or IGBTs. By selecting suitable inverter circuit and
PWM control methods, control the voltage and frequency of theinput AC supply. The controller
and control logic for the inverter circuit is implemented using a microprocessor.

3.5 SELECTION OF INDUCTION MOTOR FOR VARIOUS
APPLICATIONS

Selecting the right three-phase induction motor for different applicationsinvolves considering the
torque-speed requirements of the load. Matching the motor characteristics to the load
characteristics is crucial for efficient and reliable operation. Here's a general guide for selecting
three-phase induction motors based on different load torque-speed requirements:

a) Constant Speed Applications:

In applications where the load requires a constant speed regardless of variations in the load
torgque, a standard squirrel-cage induction motor is suitable. Choose a motor with a nameplate
speed that closely matches the desired operating speed.



b)

©)

d)

f)

9)
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Variable Torque Applications:

For applications with variable torque loads, such as centrifugal pumps and fans, consider
motors with the following characteristics:

e Select amotor with a speed rating that closely matches the desired operating speed.

e Look for a motor with a horsepower rating appropriate for the load's maximum torque
reguirements.

o Ensure that the motor's service factor (usually mentioned on the nameplate) is sufficient
to handle temporary overload conditions.

Constant Torque Applications:

In applications with constant torque loads, such as conveyor systems and extruders, focus on

motors

e That can deliver consistent torque over a wide speed range.

¢ With a higher horsepower rating than required for the load's torque requirements at rated
speed.

e Designed for inverter-duty or VVVF control, as these motors can handle varying speeds
while providing constant torque.

High Starting Torque Applications:

Some |oads, like crushers and compressors, require a high starting torque to overcome initial
resistance. Select motors with a high starting torque. Motors designed for high torque
applications typically have alower dip, meaning they can handle higher loads during startup.

Variable Speed Applications:

For applications that require variable speed control, such as conveyors with changing load
conditions, use Variable Frequency Drives (VFDs) in combination with standard induction
motors. Choose a motor with a nominal speed rating and horsepower that meet the load's
requirements under typical operating conditions. Use a VFD to adjust the motor's speed as
needed to match the load's torque-speed curve.

Specialized Motors:

Some applications may require specialized motors, such as explosion-proof motors for
hazardous environments or washdown-duty motors for wet environments. Ensure that the
motor selected meets the specific requirements and safety standards of the application.

Efficiency Consider ations:

Consider energy-efficient motors, such as those labelled as "NEMA Premium" or "IE3" for
improved energy savings, especially in applications with constant or variable torque loads.
Always refer to the load's torque-speed requirements, and consult motor manufacturers
catal ogues and technical specifications to choose the most appropriate three-phase induction
motor for a specific application. Additionally, compliance with local regulations, safety



72 | Three - Phase Induction Motor — Starting and Speed Control

standards, and environmental conditions should also be considered during the selection
process.

3.6 MAINTENANCE OF THREE PHASE INDUCTION MOTOR

Regular and proactive maintenance practices can significantly extend the lifespan of three-phase
induction motors and reduce the risk of unexpected failures. Neglecting maintenance can lead to
motor failures, costly downtime, and reduced productivity. Additionally, adhering to
manufacturer recommendations and industry standards is essential to maintain motor reliability
and efficiency.

Here is some key maintenance practices for three-phase induction motors:

Visua Inspection: Regularly inspect the motor for signs of wear, damage, or overheating.
Look for loose or damaged connections, frayed wires, and any unusual noises or vibrations.
Cleaning: Keep the motor clean and free from dust, dirt, and debris. A clean motor dissipates
heat more efficiently and isless likely to overheat.

Lubrication: If the motor has lubrication points (e.g., for bearings), follow the manufacturer's
recommendations for lubrication intervals and use the appropriate |ubricant.

Alignment: Ensure that the motor and driven equipment are properly aligned. Misalignment
can lead to excessive vibrations and premature bearing failure.

Bearing Maintenance: Inspect and | ubricate motor bearings regularly. Replace bearings when
they show signs of wear, noise, or excessive play. Monitor bearing temperature using
temperature sensors, if available, to detect overheating.

Cooling System: Check the motor's cooling system, such as fans and cooling fins, for proper
operation. Ensure that the motor is adequately cooled to prevent overheating.

Electrical Connections. Inspect electrical connections and terminals for signs of corrosion,
loose connections, or overheating. Tighten loose connections and replace damaged
components.

Insulation Resistance Testing: Periodically perform insulation resistance tests to check the
condition of the motor windings. This helps detect insulation breakdown before it leads to
motor failure.

Vibration Analysis. Use vibration analysis tools to monitor motor vibrations. Unusual
vibration patterns can indicate problems with the motor or its mounting.

Regular Maintenance Schedule: Develop a maintenance schedule based on the motor's
operating conditions and load. High-load motors may require more frequent mai ntenance.
Environmental Considerations: Protect the motor from harsh environmental conditions, such
as extreme temperatures, moisture, and corrosive substances. Use appropriate enclosures or
covers when necessary.

Balancing: For motors with rotating parts like fans or rotors, ensure that they are balanced to
reduce vibrations and extend the life of the motor and connected equipment.
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Infrared Thermography: Periodically perform infrared thermography scans to identify hot
spots or overheating issues in the motor, which can indicate problems with electrical
connections or winding insulation.

Keep Records. Maintain detailed records of maintenance activities, including inspection
dates, repairs, and replacements. This documentation can help track the motor's history and
plan future maintenance.

Training and Education: Ensure that maintenance personnel are properly trained in motor
maintenance procedures and safety practices.

UNIT SUMMARY

This comprehensive unit provides a halistic understanding of starters in three-phase induction
motors, their control methods, selection criteria, and maintenance practices, enabling effective
application and upkeep in diverseindustrial settings.

EXERCISES

1

Given a 10 HP three-phase induction motor that drives a high-inertiaload. Explain why using
a soft starter would be a better choice than a DOL starter for this application. Calculate the
approximate inrush current reduction achieved by using a soft starter compared to a DOL
starter for this motor.

A manufacturing plant has a variety of induction motors of different sizes. Describe the
specific criteriaand considerations that should guide the choice of starter type for each motor
based on its size and application. Create a table listing different motor sizes and their
recommended starter types, explaining the rationale behind each choice.

In a material handling system, you need to control the speed of a conveyor belt driven by a
three-phase induction motor. Discuss the advantages and disadvantages of using stator
voltage control compared to VVVF control using a VFD for this application. Calculate the
potential energy savings by using VVVF control compared to stator voltage control over a
year if the conveyor operates 24/7.

Y ou are tasked with selecting a motor for awater pump used in aremote agricultural location
with unreiable power supply. Describe the motor characteristics, control method, and
maintenance considerations for this specific application.

A company is expanding its production line and needs to choose motorsfor various machines.
Explain the importance of load torque-speed requirements and how they affect motor
selection for different machines in the production line.

A facility manager is implementing a preventive maintenance program for a set of induction
motors. Describe the key steps and tasks that should be included in the maintenance checklist
for these motors.
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7. During a routine inspection, you discover an unusual vibration in a motor. Discuss the
possible causes of this vibration and the steps you would take to diagnose and resol ve the
issue. Provide alist of common vibration analysis tools and their specific uses in diagnosing
motor issues.

Multiple Choice Questions
1. Why are starters used in three-phase i nduction motors?
a) To provide mechanical support
b) To control motor speed
¢) To protect against overload
d) To improve power factor

2. Which type of starter is commonly used for reducing the starting current of a motor?
a) DOL starter
b) Star-delta starter
¢) Auto-transformer starter
d) Soft starter

3. What isthe primary purpose of stator resistance starters?
a) To reduce motor speed
b) To protect the motor against high voltage
¢) Toincrease the motor's power factor
d) To limit the starting current

4. Which method allows for changing the number of poles in a three-phase induction motor?
a) Stator voltage control
b) Pole-changing method
¢) Rotor resistance control
d) VVVF contral

5. VVVF stands for:
a) Very Variable Voltage Frequency
b) Variable Voltage Variable Frequency
¢) Voltage Variation via Frequency
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d) Variable Voltage Variable Flux

6. Which type of motor istypically suitable for applications requiring high starting torque?
a) Synchronous motor
b) Induction motor
) Stepper motor
d) DC motor

7. In which application would you typically choose a motor with a variable frequency drive

(VFD)?

a) Pump

b) Celling fan

c¢) Conveyor belt
d) Electric oven

8. What is the primary purpose of |ubricating the motor bearings during maintenance?
a) Toincrease motor speed
b) To reduce motor noise
¢) To prevent bearing wear and extend motor life
d) To improve motor efficiency

9. Which of the following is an essential maintenance task for three-phase induction motors?
a) Changing the motor's voltage rating
b) Periodically checking the motor's power factor
¢) Cleaning the motor's exterior casing
d) Checking and tightening electrical connections

Answers of Multiple-Choice Questions
1. ¢) To protect against overload

2. b) Star-delta starter

3. d) Tolimit the starting current

4. b) Pole-changing method

5. b) Variable Voltage Variable Frequency

6. b) Induction motor
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7. c) Conveyor belt
8. ) To prevent bearing wear and extend motor life
9. d) Checking and tightening electrical connections

Short and Long Answer Type Questions

Long Answer Questions with Answers

1. Explaintheneed for startersin three-phase induction motorsand discuss the different

types of startersused.
Three-phaseinduction motorsrequire starters for several reasons. One primary needisto limit
the high inrush current that occurs when the motor isinitially switched on. Thisinrush current
can be several times higher than the motor's rated current and can cause voltage drops in the
power supply system, leading to voltage fluctuations and potential damageto other connected
equipment. Starters help mitigate this issue by gradually applying voltage to the motor,
allowing it to start smoathly.

There are several types of starters used in three-phase i nduction motors:

e Direct-On-Line (DOL) Starter: This is the simplest type of starter and directly connects
the motor to the power supply at full voltage. It is suitable for small motors with low
starting torque requirements but can lead to a significant inrush current.

o Star-Delta Starter: Star-delta starters are used for motors with higher starting torque
requirements. They initially connect the motor in a star configuration (lower voltage) to

¢ reduce the starting current and then switch to a delta configuration (full voltage) after a
brief period.

e Auto-Transformer Starter: Auto-transformer starters use an auto-transformer to reduce the
starting voltage temporarily and then increase it gradually during startup. This method
reduces inrush current and provides smoother acceleration.

¢ Rotor Resistance Starter: Rotor resistance starters are used in slip-ring induction motors.
They insert external resistance into the rotor circuit during startup to control starting
current and torque.

o Soft Starter: Soft starters use solid-state el ectronics to control the voltage applied to the
motor, gradually ramping it up during startup. This results in a smooth and controlled
acceleration, minimizing inrush current.

Each type of dtarter is chosen based on the motor's characteristics, starting torque

requirements, and the impact on the power supply system.

2. Describevarious methodsfor controlling the speed of thr ee-phase induction motorsand

discusstheir advantages and disadvantages.

Three-phase induction motor speed control is essential in various industrial applications.

Several methods are employed for this purpose, each with its advantages and disadvantages:

e Stator Voltage Control: By varying the voltage supplied to the stator windings, the motor's
speed can be controlled. Reducing voltage decreases speed, and increasing voltage
increases speed. However, this method may lead to reduced torque at lower speeds and
can affect motor efficiency.

¢ Pole Changing Method: This method involves changing the number of polesin the motor
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by switching between multiple winding configurations. It alows for discrete speed
changes but is limited by the available winding configurations and may lead to increased
complexity and cost.

¢ Rotor Resistance Control: By inserting external resistance into the rotor circuit, the rotor
current and torque can be controlled, affecting speed. This method is effective for dip-
ring motors but results in energy lossesin the resistors.

o Variable Voltage Variable Frequency (VVVF) Control: VVVF control is achieved using
variable frequency drives (VFDs). By independently controlling voltage and frequency,
VFDs provide precise speed control while maintaining torque across a wide range of
speeds. This method is highly efficient but may require additional investment in VFD
equipment.

The choi ce of speed control method depends on the application's specific requirements, including
the desired speed range, torque, and efficiency goals.

3. Discuss the factors to consider when selecting a three-phase induction motor for a
specific application, taking into account load tor que-speed requirements.

Selecting the right three-phase induction motor for a given application involves considering

several factors, primarily related to the load's torque-speed requirements:

e Load Torque Profile: Understanding the load's torque-speed profile is crucial. Some
applications require high starting torque, while others need constant speed or variable
speed contral. This profile hel ps determine the appropriate motor type and control method.

e Operating Environment: Consider the operating environment, including temperature,
humidity, and the presence of dust or corrosive substances. Choose a motor that can
withstand these conditions.

o Load Inertia: The load's inertia affects the motor's ability to accelerate and decelerate.
High-inertia loads may require motors with higher starting torque.

e Speed Range: Determine the required speed range for the application. Some motors may
have limitations on their speed control capabilities.

e Power Supply: Ensure that the available power supply voltage and frequency match the
motor's requirements.

o Efficiency Requirements. Consider energy efficiency goals. High-efficiency motors may
be preferred for applications where energy consumptionis a concern.

¢ Maintenance Requirements. Evaluate the maintenance requirements of the motor. Motors
with sealed bearings and low maintenance needs are preferred for some applications.

e Budget Constraints: Factor in budget limitations and cost considerations when selecting a
motor and control system.

4. Explain the key maintenance practicesfor ensuring thereliable operation of three-phase
induction motors.
Maintenance is crucial for prolonging the life and ensuring the reliable operation of three
phase induction motors. Key maintenance practices include:
e Regular Inspection: Periodically inspect the motor for signs of wear, damage, or |oose
connections. Thisincludes checking the housing, electrical connections, and cooling fans.
e Lubrication: Lubricate motor bearings as recommended by the manufacturer. Proper
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[ubrication reduces friction, heat, and wear in the bearings.

e Cleaning: Keep the motor clean from dust, dirt, and debris. Clean the exterior and ensure
proper ventilation to prevent overheating.

¢ Alignment and Balancing: Check and correct motor alignment to prevent vibration issues.
Imbalanced | oads can lead to premature wear.

e Temperature Monitoring: Use temperature sensors to monitor motor temperature.
Abnormal temperature increases may indicate problems with the motor or itsload.

o Electrical Testing: Periodically test the motor's insulation resistance, winding resistance,
and eectrical connectionsto detect any deterioration.

o Vibration Analysis: Employ vibration analysis tools to detect mechanical problems, such
as misalignment or imbalance, which can lead to motor failure.

e Bearing Replacement: Replace motor bearings when they show signs of wear or damage
to prevent motor breakdown.

¢ Regular Maintenance Records: Maintain records of all maintenance activities, including
dates, repairs, and replacements. This hel psin scheduling preventive maintenance.

o Sofety: Always follow safety procedures and lockout/tagout protocols when performing
maintenance to prevent accidents.

Long answer Questions:

1

1
2.

Discuss the advantages and disadvantages of using an auto-transformer starter compared to a
star-delta starter in three-phase i nducti on motors. Provide practical examples where each type
would be preferred.

. Explain the principle of Variable Voltage Variable Frequency (VVVF) control in three-phase

induction motors using a Variable Frequency Drive (VFD). Discuss the benefits of VVVF
control in terms of motor performance and energy efficiency.

. You are tasked with selecting a three-phase induction motor for a high-inertia conveyor

systemin anindustrial plant. Describe the key factors you would consider in motor selection,
including motor type, size, and control method, and justify your choices based on the specific
requirements of the application.

. Imagine you are the maintenance supervisor in a manufacturing facility that relies heavily on

three-phase induction motors. Discuss the importance of creating a comprehensive
maintenance schedule for these motors. Outline the steps involved in developing such a
schedule and the benefits it brings to the facility's operations.

. Explainthe concept of predictive maintenance for three-phase induction motors. Describethe

techniques and tools available for predictive maintenance, such as vibration analysis, thermal
imaging, and online monitoring systems. Highlight the advantages of adopting

predictive maintenance over traditional preventive maintenance strategies.

Short answer Questions:
What is the primary purpose of using a starter in a three-phase induction motor?
Name three common types of motor starters used for controlling the starting current of
induction motors.

3. Explain the difference between a Direct-On-Line (DOL) starter and a Soft Starter.
4. What does VVVF stand for in the context of motor control?
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5. Briefly describe the pole-changing method for controlling the speed of induction motors.

6. How does stator voltage control affect the speed of a three-phase induction motor?

7. What factors should be consi dered when selecting a motor for an application with high starting
torgue requirements?

8. Name one application where a variable frequency drive (VFD) is commonly used for motor
speed contral.

9. Why isit important to match the motor's power supply requirements to the available power
source?

10. What is the purpose of lubricating the bearings in a three-phase induction motor?

11. Give an exampl e of a maintenance task that hel ps prevent electrical faultsininduction motors.

12.How can vibration analysis be used for motor mai ntenance, and what does it hel p detect?

Numerical Problems
1. Consider a 3-phase, 415V, 50Hz induction motor with the following specifications:
Power rating: 7.5 kW; Full-load current: 15 A; Starting method: Direct-On-Line (DOL)
starter. Calculate the following: a. Starting Current (Ist); b. Size of Overload Relay
Solution:
a. Starting Current (ls):
InaDOL starter, the starting current is typically 6-8 times the full-load current.
Let'sassumeit's 7 times the full-load current:
Iss=7*15A=105A
b. Size of Overload Relay:
To protect the motor from overheating, we need to select an overload relay.
Typically, the relay setting is 125% of the full-load current. So,
Overload rlay setting=1.25* 15 A = 18.75 A ~20A
Answers:
Starting Current (Ist) = 105 A
Size of Overload Relay~20A

2. Consider a 3-phase, 380V, 50Hz induction motor with these specifications:
Power rating: 15 kW; Full-load current: 30 A; Starting method: Star-Delta (Y-A) starter.
Calculate the following: a. Starting Current (Ist); b. Size of Overload Relay

Solution:

a. Starting Current (I«):

InaY-A starter, the starting current is reduced to 1/3 of the DOL starting current. Therefore,
ls=(1/3)* (30A)=10A
b. Size of Overload Relay:
As before, we need to protect the motor with an overload relay. Using the same 125% setting,
we get:
Overload relay setting=1.25* 30 A = 37.5 A ~ 40A
Answers:
Starting Current (Ist) =10 A
Size of Overload Relay = 40A
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3. Suppose you have a 3-phase, 415V, 50Hz induction motor with the foll owing specifications:
Power rating: 15 kW; Synchronous speed (Ns): 1500 RPM; Full-load speed: 1440 RPM;
Rated current: 30 A. The speed of the motor is regulated to 1200 RPM using VFD. Calculate
the following: Frequency Setting for VFD and Motor Speed at 50 Hz.

Solution:
a. Frequency Setting for VFD:
Synchronous speed:
Ns=(120*f) /P
Where Ns is the synchronous speed (1500 RPM), f is the frequency, and P is the number of
poles.
Rearranging the formulato solve for frequency (f):
f=(Ns* P)/ 120
For this motor with 1500 RPM synchronous speed and 4 poles:
f=(1500* 4) / 120 =50 Hz
So, you would set the VFD to output a frequency of 50 Hz to achieve 1200 RPM.
b. Motor Speed at 50 Hz:
Now, calculate the motor's speed at the selected frequency of 50 Hz:
Motor Speed = (f / 50 HZ) * Ns
Motor Speed = (50/ 50) * 1500 RPM = 1500 RPM
The motor will run at 1500 RPM when the VFD is set to 50 Hz.

Answers:
Frequency Setting for VFD = 50 Hz
Motor Speed at 50 Hz = 1500 RPM

4. Suppose you have a 3-phase, 415V, 50Hz induction motor with the following specifications:
Power rating: 7.5 kW; Synchronous speed (Ns): 1500 RPM; Full-load speed: 1440 RPM
Rated current: 15 A; Motor has two stator windings. 2 poles and 4 poles
Calculate the speed when operating in 4-pole mode.

Solution:
a. Speed in 4-Pole M ode:
In 4-pole mode, the motor will have half the synchronous speed (Ns/2). So:
Speed = Ns/ 2 = 1500 RPM / 2 = 750 RPM
When operating in 4-pole mode, the motor will run at 750 RPM.

Answers:
Speed in 4-Pole Mode = 750 RPM

PRACTICAL

1. Observe starting current, voltage, and the time it takes for the motor to reach full speed with
varying loads and analyse the starting characteristics of the induction motor using a DOL
Starter.
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Compare the starting characteristics by measuring starting current, voltage, and the time it
takes for the motor to reach full speed when a star-delta starter isin star mode to that in delta
mode.

Demonstrate the benefits of a soft starter in reducing starting current and mechanical stress
during motor startup with DOL, autotransformer and start-delta starters.

KNOW MORE

1

2.

3.

Soft Starter for 3 Phase Induction Motors- full lecture!
https://youtu.be/ QCOFFUdY F947si=jb3U7fL6zuK K9 Lk
What isa VFD? (Variable Frequency Drive)
https://youtu.be/q7] FGOn6xfU?2si=fZCbX uyxQ18IMgme
What is the Difference between VFD and Soft Starter?
https://youtu.be/ ZztDN5XX507si=iEaTUjZJjwFUt2ec
Types of faultsin three phase induction motor
https://youtu.be/Zkbn62GALql

Electric motor troubleshooting and mai ntenance techniques
https://youtu.be/390nOrLHAaw?si=Y 50vOVU2Y 4T1aGkX
Motor Maintenance & Troubleshooting [ 25KW Motor ] | Motor Coil Winding Burned by
I mbalance Rotor
https://youtu.be/ntOc4h792UE?si=jUov0C0j4IO8jule
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SINGLE PHASE INDUGTION
MOTORS

UNIT SPECIFICS
Through this module we have discussed the following aspects:

o Familiarizing the working of single phase induction motor;

o Doublefield revolving theory;

o principle of making these motors self-start — Construction and working;

e Torque-speed characteristics;

o Motor selection for different applications as per the load torque-speed requirements;
e Maintenance of single phase induction motors;

The photos of practical motor are shown to detail the various parts of the machine. The real time
applications of the topics are discussed for inducing further curiosity and creativity.

Besides giving a large number of multiple-choice questions as well as questions of short and
long answer types marked in two categories following lower and higher order of Bloom's
taxonomy, assignmentsthrough a number of numerical problems, alist of references and suggested
readings are given in the unit so that one can go through them for practice. It isimportant to note
that for getting more information on various topics of interest some QR codes have been provided
in different sections which can be scanned for relevant supportive knowledge.

After therelated practical, based on the content, thereisa“ Know More” section. This section
has been carefully designed so that the supplementary information provided in this part becomes
beneficial for the users of the book. This section mainly highlights theinitial activity, examples of
some interesting facts, analogy, history of the development of the subject focusing the salient
observations and finding, timelines starting from the devel opment of the concerned topics up to the
recent time, applications of the subject matter for our day-to-day life and industrial applications
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on variety of aspects, case study related to environmental, sustainability, social and ethical issues
whichever applicable, and finally inquisitiveness and curiosity topics of the unit.

RATIONALE

Snce home appliances are of single phase, three phase induction motor cannot be used. Industry
applications with low power requirements are also in need of single phase only. About 50% of the
power consumption is due to the induction motor loads. This chapter introduces the students to the
construction and working principle of the motor. To understand the fundamentals in the principle
of operation very important aspect is the starting methods of single phase induction motor and it’s
torque-speed characteristics.

PRE-REQUISITES

Machines|: Semll|
Physics: Electromagnetism (Class X)

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U4-O1: Understand the construction of single-phase induction motor

U4-0O2: Ableto understand the working of different types of single-phase induction motor
U4-0O3: Fed the production of double field revolving theory

U4-O4: Why self-garting is not possible in single phase induction motor

U4-O5: Ableto get to know about the application of single-phase induction motor

) EXPECTEDMAPPINGWITHCOURSEOUTCOMES
Unit-4 (1-WeakCorrelation;2-Mediumcorrelation;3-StrongCorrelation)
Outcomes
CO-1 CO-2 CO-3 CO-4 CO-5 CO-6
U4-01 3 - - - - -
U4-02 3 - - - - -
U4-03 - 3 - - - -
U4-0O4 - 3 - - - -
U4-05 - 3 - - - -
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4.1 INTRODUCTION

A single-phase induction motor is a type of electric motor that operates on a single alternating
current (AC) supply. It is a widely used and versatile device, finding applications in various
domestic and industrial settings due to its simplicity, reliability, and cost-effectiveness. Unlike
three-phase motors that have three sets of windings and a rotating magnetic field, single-phase
induction motors have only one set of windings, making their design and construction less
complex.

The key principle behind the operation of a single-phase induction motor is the induction of a
magnetic fieldin the stator (stationary part of the motor) when connected to an AC power source.
The aternating current in the stator winding produces a magnetic field that alternates direction,
creating a magnetic flux. This changing magnetic field induces a current in the rotor (rotating
part of the motor) through electromagnetic induction, causing the rotor to turn and generate
mechanical outpuit.

Single-phase induction motors are commonly used in household appliances, such as fans,
washing machines, and refrigerators, as well as in small-scale industrial applications. They are
suitable for tasks that do not require extremely high power outputs, and their relatively ssimple
construction makes them cost-effective and easy to maintain. Despite their straightforward
design, engineers have developed various types and configurations of single-phase induction
motors to optimize performance for specific applications.

In summary, single-phase induction motors play a crucia role in powering a wide range of
devices, combining simplicity, efficiency, and affordability to meet the el ectrical motor needs of
both residential and industrial environments.

4.2 SINGLE-PHASE INDUCTION MOTOR

For home and commercial applications, single-phase motors are more desirable than three-phase
induction motors. Only single-phase electricity is available due to utility. Therefore, the three-
phase i nduction motor cannat be used in this kind of application. And therefore, it is necessary to
study about single phase induction motor. With the exception of the stator's single- phase winding,
this motor's architecture is essentially identical to that of athree-phase induction motor. The rotor
resembles the rotor of a squirrel cage induction motor with three phases. The end ring short
circuits the rotor bars. An alternating flux is created when single-phase AC voltage is given to
the stator coil.

The flux induces a voltage in the rotor during the positive half cycle, and the consequent current
generates atorque. Therotor has anatural tendency to spin in one direction. Thetorque generated
tends to rotate the rotor in the opposite direction during the negative half cycle. The rotor is
incapable of rotating in any direction due to its inertia. The single phase induction motor cannot
start onits own for this reason. Fig.4.1 depicts the single-phase induction motor's construction.
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Fig.4.1: Construction of Single-Phase Induction Motor (Image Courtesy: Wikipedia)

Similar to athree-phase induction motor, a single-phase induction motor's two main parts are the
Stator and Rotor. The only component that is different is the stator winding. The stator winding
isasingle phase, not three-phase. The stator core and the three-phase induction motor share the
same core. A single-phase induction motor's stator has two windings, with the exception of
shaded-pole induction motors. A primary winding and an auxiliary winding, respectively, make
up these two windings. The stator core has laminated construction to reduce eddy current loss.
The single-phase supply is delivered to the stator winding, also referred to as the main winding.
Therotor of asingle-phase induction motor isthe same asthat of a squirrel cage induction motor.
Rotor winding is replaced with rotor bars, and the end rings short-circuit it. It consequently
generates acomplete pathintherotor circuit. Therotor bars are braced to the end ringsto increase
the mechanical strength of the motor. The rotor slots are in some way santed to avoid magnetic
coupling. It was also used to help a motor run smoothly and softly.

4.2.1 Working of Single-phase Induction Motor

The stator winding, often known as the main winding, receives a single-phase AC supply.
Alternating current flowing through the stator coil produces magnetic flux. This flow is referred
to as the "main flux". Imagine the rotor is moving while being encircled by a magnetic field
produced by the stator windings. According to Faraday's law, when current first begins to flow
in a circuit, it does so along a short path. This current is referred to as rotor current. The rotor
current resultsin the production of rotor winding flux. Thisflux is known asrotor flux. There are
two fluxes. the stator produces the primary flux, while the rotor generates the secondary flux.
I nteracti on between the main flux and the rotor flux, resulting in atorque and rotation of therotor.
Analternating stator fieldiswhat it is. At the same synchronous speed, the stator field also moves.
The frequency of the power source and the number of poles both affect the motor's synchronous
speed. Using the double field revolving theory, the operation of a single phase induction motor
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may be understood. When the em.f. follows sine law, the flux follows cosine law given by
& = Oy coswt

We know that
ejwt_'_e—jwt

cos ot =
2

q) - cDmeth_'—ze_th

@ = D2 &M+ D2 e

Hence an alternating flux can be represented by two rotating fluxes, each equal to half the value
and each rotating synchronously in opposite direction.

The resultant flux at different values of 6(wt) are explained using the following vector diagram.
0=0°

When 6=0°, resultant flux = <I>2_m + <I>2_m = &y, as shown in Fig.4.2 (a-1) when 6=30°, ® = 2X(I)2—m
co0s30 = 0.866dm as shown in Fig.4.2 (a-ii). At 6=90°, resultant flux is zero as shown in Fig.4.2
(a-iii). At 6= 180°, &= dm and 6=360°, ®=dm as shown in Fig.4.2 (a-iv). The graph drawn with
flux on y-axis and 0 on x-axis is nothing but a Co-sinusoidal curve as shownin Fig.4.2 (b).

Fig.4.2: (a) Vector diagram, (b) Co-sinusoidal curve
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If the actual speed of therotor is N rpm, then the dlip w.r.t. forward rotating flux is s.
=Ns—N
Ng
The backward rotating field rotates in a direction opposite to the direction of the rotor. Hence the
speed should be taken as—N.
Ns—(-N) _ Ng+N _ Ng+N-Ng+Ng_ 2Ng—(Ng—N)
Ng Ng Ng Ng

S =

$=2-%

Anticlockwise and clockwise fluxes revolving around the stator, cut the rotor conductors, induce
a voltage in the rotor. This voltage circulates a rotor current as the rotor is short circuited. The
forward field produces forward torque and the backward torque. The resultant torque is the
difference of T and Ty, since Tr and Ty are in opposite directions.

We know that
Slip x rotor Input Power = Rotor Cupper loss
s.Tos = Ir?r,
= Ir'ry
- Swg
Ir?
SfWsg
Nettorque, T=Ti- Tp
Ir?r, ,1 1
as G %)
1
2—Sf

I

Forward torque, Ts =

T==

)

T=Klr?r, (- —
f

Fig.4.3: Torque- Speed characteristic of single-phase induction motor
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At standstill condition, S=1

Substitute S =1, the starting torque, T«=0

Thus the single phase induction motor is not self-starting.

The torque- speed characteristic of single phase induction motor is shownin Fig.4.3

There are various techniques for starting the single-phase induction motor. Because mechanical

methods are not very practical, the motor is temporarily started by turning it into a two-phase
motor.

According to the auxiliary device used to start the motor, single-phase induction motors are
divided into different categories. They are classified as follows:

a. Split-phase resistance start induction motor
b. Split phase Capacitor start induction motor
c. Capacitor start capacitor run motor

d. Permanent split capacitor (PSC) motor

a. Split-phase resistance start induction motor

In a Split Phase induction motor the status is provided with two paralle winding displaced in
space by 90°fig. 4.4 shows the winding windings of the split phase induction motor. The starting
winding or auxiliary winding has less turns of smaller diameter to make the winding more
resistive (R=pl/a). The running or main winding has thicker turn and a large number of turnsto
make the winding more inductive.

Fig.4.4: Resistance Split-phase induction motor (a) Schematic Diagram, (b) Phasor Diagram and (c)
Torque-Speed Characteristics

The vector diagram shows the faith relations of starting winding current 1, and current row main
winding Im. The resistance of the starting winding is increased by the connecting the offer
resistance ‘R’ in series withiit.
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Hence the current 1, lags behind V by angle of 10°the current I lags behind the voltage V by a
large angle 40°. The two current 1, and Im displaced by an angle 30° produce a rotating magnetic
field (RMF) in the stator. This RMF cuts the rotor conductors. A voltage is induced in the rotor
winding this voltage circulate occurring in the rotor conductors. The current carrying rotor
conductors experience aforce and rotate in the direction of RMF.

After the motor reaches 75% of the rated speed the switch connected in series with the starting
winding is disconnected. Thus the starting winding is connected only at the time of starting. The
torque developed directly proportional to sina. Since o is around 30° starting torque s less.

T=1;Imsina
When a = 90°
T = Tmax

Single phase induction motor starts as a two phase motor runs as single phase motor since o is
small it is not used in practice. The torque-speed characteristics of the motor during main and
auxiliary winding and only main winding is shown in Fig.4.4(c).

The disadvantages of this motor are Low Starting torque, Noisy. The applications of such motors
are Qil burners, Machine tools, Grinders, Washing Machines and Air Blowers.

b. Split phase Capacitor start induction motor

In this motor a capacitor is connected in series with the starting winding as shown in Fig.4.5 (a).
Therefore the current in the starting winding will lead the applied voltage. The current through
the main winding is lagging the voltage by an angle of 40° asshownin Fig.4.5 (b). The angle ‘o’
between current I, and la is 80°. The torque is proportional to sina. Since ‘o’ is large starting
torgque is large for this motor. The power factor angle ¢ is when is less when compared with
residence split phase motor.

Fig.4.5: Capacitor-start induction motor (a) Schematic Diagram, (b) Phasor Diagram and (c) Torque-
Speed Characteristics
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The power factor of the capacitor split phase motor isimproved the starting torque of this motor
is 3 to 4.5 times the full 1oad torque. Once the motor reaches 75% of rated speed the centrifugal
switch (CS) opens and disconnected the starting winding from the circuit. The torque-speed
characteristics of the motor during main and auxiliary winding and only main winding is shown
in Fig.4.5(c). Applications of this motor are such as Pumps, Compressors, Refrigerators, Air
conditioners and Washing machines.

c. Capacitor start capacitor runinduction motor

In this motor, two capacitors Cs for starting and C; for running are used as shown in Fig.4.6(a).
The first capacitor is designed to be utilised intermittently for beginning. Here, a centrifugal
switch is also required. Given that it is utilised for running, the second one must be rated for
continuous duty. Figure 4.6 (b and c) depicts the torque-speed characteristics with two windings
with different val ues of capacitors aswell asthe phasor diagram of two currentsin both scenarios.

Fig.4.6: Capacitor-start capacitor-run induction motor (a) Schematic Diagram, (b) Phasor Diagram
and (c) Torque-Speed Characteristics

When the first case starts, the phasor difference between the two currents is (@mt+ (¢o>90°),
however when the second caseis running, it is 90°. The second scenario is a balanced two-phase
motor that satisfies afore mentioned requirements as well as having two windings with the equal
number of revolutions. Therefore, thereis only aforward rotating field and no backward rotating
field. The motor's efficiency in this scenario is also fulfilled. The motor operates more effectively
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in this situation. As a result, using two capacitors improves the motor's performance during
startup and operation. Applications for this motor include compressors and refrigerators, among
others.

d. Permanent-split capacitor (PSC) motor

In this motor the capacitor connected in series with the auxiliary winding used for starting and
running conditions as shown in Fig.4.7. The motor runs continuously with the capacitor and the
centrifugal switchis not required.

The motor behaves like a two phase induction motor. The capacitors used in this motor must be
designed for continuous duty. The capacitor used in an ail filled capacitor. The noise is reduced
because the motor producers are uniform RMF. This motor is costlier than split phase capacitor
motor as the auxiliary winding has to be designed for continuous duty.

Fig.4.7: Capacitor-run induction motor

The advantages of this motor are increased overload capacity, higher power factor, higher speed
and reduced noise. This motor is used in applications such as exhaust fans, blowers, office
machine etc.

4.2.2 Maintenance of single-phase induction motors

Regular maintenance is necessary for electric motorsin order to prevent failure and increase their
lifespan. A minimum of every six months should be set out for maintenance and testing of motors
and motor parts. Only then can a motor's life and eff ectiveness be maintained. Well discussthree
different types of maintenance:

e Preventive maintenance— to prevent operating problems and make sure that the motor
continuously provides reliable operation.

¢ Predictive mai ntenance- which makes sure that the appropriate maintenance is done at
the appropriate time.

¢ Reactive maintenance- when afailure occurs, the motor is repaired and replaced.
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Preventive M aintenance
Regularly performed preventive maintenance on electric motors can assist avoid motor failure

and, as a result, unforeseen production interruptions. Preventive maintenance includes some of
the most critical components are

¢ Voltage and current imbalance

e Under voltage and overvoltage

e Motor ventilation

e Humidity and condensation

e L oose connections

e Bearings, Bearing life, Bearing lubrication
e Lubrication type, Lubrication Intervals

Predictive M aintenance

By identifying issues at an early stage and fixing them, predictive maintenance for electric motors
aims to lower maintenance costs. A few examples of data that can be used to forecast when the
motor needs to be serviced or replaced include observations of the motor's temperature,
vibrations, etc. Theteststhat offer the necessary information regarding the condition of the motor
are listed bel ow.

e Cleaning and drying stator windings

e AC high potential phase to ground test and phase-to-phase test

e High potential testing — HIPOT

e Motor temperature

o Surgetest

e Bearing considerations

e |nsulation-related issues

e Cleaning and drying of the stator windings

e Ground insulation test

e High potential testing,

e Phase-to-phase and ground-to-phase tests for AC and DC high potential systems.

e Thermographic inspection

e Reactive Maintenance

When motors malfunction, it's crucial to analyse the motor to determine what went wrong and
why. In most cases, effective preventative maintenance can stop failure. In order to prevent the
same failure from occurring elsewhere in the motor or in the entire system, al identical
equipment must be inspected if the failure was caused by a weak component or by insufficient
mai ntenance.

4.3 SHADED POLE INDUCTION MOTOR

A single-phase induction motor is not a self-starting motor, as is common knowledge. Changes
must be madeto the structure for it to get started. L et's examine the shaded pol e induction motor's
design and operation. A shaded-type induction motor is built similarly to a standard single-phase
induction motor, with the exception of the stator pole.
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A shaded pole motor has two sections for its stator poles. The motor is referred to as a shaded
pole induction motor because one portion of the pole is made up of a short-circuited copper coil
called the shaded cail, while the other portion is referred to as the unshaded portion of the pole.
The rotor of a three-phase induction motor is constructed similarly to a standard squirrel cage

motor. The single-phase, two-pole induction motor with shaded coils on each of the stator poles
isshownin Fig.4.8.

Stator

winding
1-¢ AC

Squirrel

Supply ?:age

rotor

| — Shading
coil
feermermretp ey

Fig.4.8: Single-phase two-pole induction motor

4.3.1 Working Principle of Shaded Pole Induction Motor

When the stator winding is supplied with a single-phase AC, a magnetic field (®m) is created by

the motor's poles, but another field (®s) is produced by coils that are shaded in either the same or
the opposite direction.

Fig.4.9: Single Phase AC supply
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Therotor rotates because of the spinning magnetic field created by the interaction of these fields.
Let's take a look at three distinct examples of a positive half cycle of an AC supply at various
timeinstants, ty, tp, and ts.

Case-1 (At instant t = ty):

The waveform in Fig.4.9 shows that at instant t = t;, as may be seen. The flux ®n, generated by
the coil increases asthe current in the cail raises. Since the supply is of alternating, the flux's rate
of change tends to produce an em.f. in the pol€'s shaded coil portion. Currents will flow through
the shaded cail as it is short-circuited, as shown in Fig.4.10 The shaded coil simultaneously
devel ops an additional flux that is directed in the opposite direction fromthe primary flux, as seen
below.

Atinstantt=1t1 Atinstant t =t2 At instant t = t3
Fig.4.10: Production of torque in a shaded pole induction motor

Thus as a result of the opposition of these two fluxes created by the main winding and shaded
coil. The shaded cail'sregion will experience zero net flux. Asaresult, the centre of the unshaded
areawill be where the magnetic axis of the net flow is located.

Case-2 (At instant t = tp)

The peak value of the cycle or current is now available at instant t = t,. No further current will be
added or changed in this area. As aresult, it lows down the flux's rate of change, reducing the
induced e.m.f. in the shade cail in the process. The shaded coil flux (®s) is producing at this stage
will be practically not present at all. Asaresult, the main winding's flux ®m will be equally spread
around the pole. The magnetic axis of the pole will thus be located in the middle of the whole
pole (with shaded and unshaded portions), as seen bel ow.

Case-3 (At instant t = t3)

Therate of change of current will be reducing at this moment. Due to the alteration in flux, there
will be an induced em.f in the shading coil when the current varies. But in the present scenario,
the main winding and the shaded coil will both create fluxes ®m and dsthat are directed in the
same direction. Additionally, the shaded area will have more flux congestion than the unshaded
area. As a result, the net magnetic axis of the pole will be located in the middle of the pole's
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shaded region, as seen below. The negative half cycle likewise features a recurring series of
instants as a rotating magnetic field will be created as a result. Where by the motor often starts
by itself. This sort of motor produces starting torque that is between 50% and 60% of the full-
load torque.
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Fig.4.11: Torque-Speed characteristic of shaded pole induction motor

The speed change is really challenging. On each ends of the poles, two sets of shade rings must
be installed in order to reverse the rotation's direction. Y ou may accomplish a certain rotational
orientation by opening one ring and shutting the other. However, the procedure is costly as well
astime-consuming. The typical Torque-Speed characteristic of a shaded pole induction motor is
shownin Fig.4.11. Thiskind of motor'sinitial torqueisjust 40 to 50 percent of itsfull-load torque

Advantages of Shaded Pole | nduction M otor
The designissimple.
Extremely affordable;

Rugged.
A centrifugal switchis not necessary.

Disadvantages of Shaded Pole I nduction M otor

e Poor starting torque.
o Copper losses in the shade ring result in extremely low efficiency and a very small
over-load capacity.

Applications of Shaded Pole | nduction M otor

These have applicationsin devices with modest starting torque needs, including astiny fans, toys,
hair dryers, movie projectors, and advertising displays.
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4.4 REPULSION TYPE MOTOR

Repulsion Motors are a unique type of single phase AC motor that function by repelling poles
that are identical to one another. This motor's rotor circuit is shorted by a carbon brush, and the
stator is powered by a single phase of AC current.

4.4.1 Construction of Repulsion Motor

The stator, rotor, and commutator brush assembly are the three primary parts of arepulsion motor.
A single phase exciting winding comparable to the primary winding of a single phase induction
motor is carried by the stator.

Brush axis
y

N
V% -

| SN N S—

Stator Winding

Fig.4.12: Repulsion Motor

Similar to a conventional DC motor, the rotor includes a distributed DC winding that connects to
the commutator at one end. The carbon brushes have shorted against one ancther.

The stator winding in Fig.4.12 above has a single phase AC winding that generates the working
m.m.f. in the air gap. It is demonstrated that the rotor's brushes are shorted. Shorting the rotor
circuit causes the stator to operate as a transformer, sending power to therotor.

4.4.2 Working principle of Repulsion Motor

Thefundamental theory of how arepulsion motor operatesisthat "similar polesrepel each other."
In other words, the two North Poles will oppose one another. Similar to how two south poles
repe one another. When the stator winding of a repulsion motor receives a single phase AC
supply, it generates amagnetic flux along the direct axis, asindicated by the arrow inthe previous
figure. When this magnetic flux interacts with the rotor winding, an em.f is produced. A rotor
current is created as aresult of thise.m.f. Due to the commutator assembly, thisrotor current then
generates a magnetic flux that is directed along the brush axis. An electromagnetic torque is
created as aresult of the interaction of the fluxes produced by the stator and rotor.
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The angle between the stator-produced field and brush axis in Fig.4.13(a) above is 90°. This
indicates that the brush axis and the direct axis are in quadrature. The stator and rotor windings
won't induce each other under these circumstances. As a result, no e.m.f and hence no rotor
current are generated. No e ectromagnetic torque is thus produced. As a result, the motor won't
operate when a=90°. This state is analogous to an open circuit transformer Since the zero rotor
m.m.f has no effect on the flux produced by the stator. Thisisthe basisfor the terms open-circuit,
no-load, high impedance, and neutral used to describe the brush position at o = 90°. Consider the
example in which a=0°, as illustrated in Fig.4.13(b).

Fig.4.13 (a): Angle between the stator field and brush axis, 0 = 90°

Peak e.m.f isinduced throughout the brushesin this case. Thisis dueto the fact that the magnetic
fluxes of the rotor and stator coincide, resulting in perfect mutual coupling. Because the
electromagnetic torque T is represented as

Te = k (Stator Field Strength) (Rotor Field Strength) Sina
whereisk is a constant.
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Fig.4.13 (b): Angle between the stator field and brush axis, 0 = 0°

As a = 0° no electromagnetic torque is produced. Conseguently, in a repulsion motor, no
electromagnetic torque is produced when the angle between the rotor and stator magnetic flux
axesis either zero or 90 degrees.
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However, asillustrated in Fig.4.14, the brush axis is located somewhere between o = 0° and 90°.
If the flux produced by stator is considered to be oriented from A to B, then the rotor
flux produced must contain a component in the oppasite direction. Thisis simply due to Lenz's
Law. Asaresult, therotor flux isdirected from C to D. It should be noted that it cannot be directed
from D to C because this would result in a flux component directed from A to B, which would
violate Lenz's Law.

Fig.4.14: Brush axis between 0 = 0° and 0 = 90°

Asthe stator flux is directed from A to B, the South Pole (S;) isformed at A. Similarly, at C, the
South Pale (S) isgenerated. S; will repel S, because comparable poles repel each other. Because
of this repulsion between like poles, the motor will revolve clockwise. Thisis why this motor is
known as the Repulsion Motor. The following diagram and explanation demonstrate that the
rotational direction of a repulsion motor may be reversed by simply shifting the brush axis to the
opposite side of the filed winding (stator winding).
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Fig.4.15: Variation of current and torque with respect to different positions of brush

Figure 4.15 depicts the changes of current and torque with regard to different brush positioning.
The following points should be observed from af orementioned curve:
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e Rotor current is maximal when the direct and brush axes coincide.
e When the brush isin quadrature with the direct axis, the rotor current is zero.

Maximum torque is obtained in a repulsion motor when the stator and rotor field axes are 45°
apart. Repulsion motors are used in Hoists, Machinesin Textile, Printing presses, Pumps & Fans,
mixing machines, machine tools, petrol pumps and drive compressors.

Advantage of a Repulsion Motor

A repulsion motor has many advantages, including high starting torque, low starting current, and
a broad range of speed control with smooth speed variation. The following are a few of the
disadvantages of the repulsion motor. The power factor is substantially lower at lower speeds.
Due to heat production and arcing at the brush assembly, brushes and commutators quickly
exhaust.

Subsequently, it all comes down to the repulsion motor. Most commutator motors are limited to
1500 V because excessive voltages provide arisk of arcing across them. Because the rotor circuit
isnot el ectrically coupled to the power supply, these types of motors are used where high voltages
are necessary.

4.5 AC SERIES MOTOR

A conventional DC series motor will always run in the same direction, regardiess of supply
polarity. The torque direction is determined by the respective positions in space of flux and
armature current. When thelineterminalsareflipped, the field and armature currents are reversed,
but the torque direction stays unchanged. As aresult, the motor keep rotating in similar direction.
When a standard DC series motor connects to an alternating current supply, both armature and
field currentsreverse at atime, producing unidirectional torquein the motor. Consider atwo-pole
motor with the alternating current in its positive half; the polarity of the field poles and currents
flowing through the armature conductors will be as shown in Fig.4.16.

The armature conductors circulate positive currents under N-pole and negative currents under S-
pole. Using Fleming's left-hand rule, we can see that the torque created in the armature will try
to rotate anti-clockwise.

The alternating current then passes through the negative half cycle, as shown in Fig.4.17. The
current flowing through the field winding and armature will now change as well. Because of the
uniform torque created by the two parts of the cycle, the armature will tend to rotate in the same
direction.

The series motor may operate on both DC and AC supplies as a result. Because of the following
factors, a DC series motor's functioning from an AC sourceis not satisfactory:



Induction, Synchronous and Special Electrical Machines | 101

Fig.4.16: Polarity of the field poles in the ac series motor first half

Fig.4.17: Polarity of the Field Poles in the AC Series Motor Second Half Cycle

Theefficiency isinappropriate. Thisis brought on by the alternating flux'sincreasein core wastes.

e As the source provided is alternating, the reactance of the armature and field windings
increases, causing the deviceto run at alow power factor.

e There will be a lot of sparking at the brushes. Commutation issues are made worse by the
voltage the transformer performance generates in the coil that is undergoing commutation.

Construction of AC SeriesMotor

When a DC series motor is referred to as an AC series motor, several modifications are required
to ensure that it operates satisfactorily on the AC source. To reduce eddy current wastes, fully
laminated yokes and poles should be used. By lowering the field reactance and armature
reactance, the power coefficient can be increased. The field cail is designed with fewer turnsin
order to reduce the field reactance. Additionally, a lower pole flux reduces the EMF of the
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transformer in the commutating winding. The motor needs to have a lot of poles, each of which
provides less flux overall. The field flux would likewise be reduced if the field cail's turns were
reduced. The armature turns must be increased proportionally in order to maintain the torque
fixed and smooth on the shaft. This may enhance the armature's responsiveness and reactance.
The armature reactance should be reduced as much as possible using compensating coil.
Compensation improves commutation as well. Since the compensating coil's flux is the opposite
of thearmatures, it effectively cancels out the response caused by the armature. To avoid the short
circuit problem, single-turn brushes and narrower coilsareused in the armature windings. The
extremely constrained air volume allows for the application of smaller field rotations per pole.
The source's frequency is decreased. Therefore, a suitable commutation is attainable at lower
frequencies since the transformer EMF isrelated to frequency.

Since the field and armature circuit reactance now directly affects power factor, we can lower
reactance by reducing the field winding's number of turns. However, there is one issue: when the
number of revolutions is decreased, the field m.m.f will also decrease, which will result in a
decreasein the air gap flux. Overall, this causes the motor speed to increase but the motor torque
to decrease, which is not what is expected. Now, how can we solve this issue? The adoption of
compensatory winding is the solution to this issue. There are two different of motors based on
how the compensatory winding is used, and they are as follows:

e Motors of the conductively compensated type.
e Motors of the inductively compensated type.

Conductively Compensated Type of Motors

o : ‘
T (”G‘J’r\l 1'._ l ",-'//f.-_ ™ ,

FIELD WINDING

CONCEPTING WINDING

Fig.4.18: Conductively Compensated type of AC series motor

Thecircuit diagram for the conductively compensated type of motorsis shownin Fig.4.18, which
is provided below. The compensatory winding and armature circuit are linked in series in this
type of motor. The stator slots receive the winding. The primary field axis and the axis of the
compensatory winding are electrically 90 degrees apart.
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Inductively Compensated Type of Motors

The circuit diagram for the inductively compensated type of motors is shown in Figure 4.19,
whichis provided below. The compensatory winding in this type of motor is not connected to the
motor's armature circuit. The armature winding will function as the transformer's primary
winding in this instance, while the compensating winding will serve as the secondary winding.
The compensatory winding's current will bein phase opposition to the armature windings current.

The single phase AC series motor complete schematic diagram, including inter pole and
compensatory winding adjustments, is shownin Fig.4.20.

FIELD WINDING

CONCEPTING WINDING

Fig.4.19: Inductively compensated type of ac series motor
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Fig.4.20: AC series motor with interpoles and compensating winding

A solid-state device is the most effective way to control the speed of this sort of motor. The
benefit of having compensating winding has already been covered. Let'stalk about theinterpoles
purpose. The inter poles primary purpose is to increase the motor's performance in terms of
improved efficiency and a greater output from the predetermined size of the armature core. In
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order to lower the series field inductance, we have taken a very large reactive voltage drop in
comparison to either the armature or the compensatory field.

DC Series Motor

AC Series Motor

T ——

Fig.4.21: Torque-Speed characteristic of the ac series motor

Asdepicted in afore mentioned Fig.4.20, the winding of theinter pole circuit islinked in parallel
with the non-inductive shunt. Numerous appliances, including portabledrills, hair dryers, table
fans, and culinary appliances use the motor. Torque speed characteristics of ac series motor
isgiveninFig.4.21.

4.6 UNIVERSAL MOTOR

A special type of motor known as a "universal motor” is designed to run on either a DC supply
or a single phase of AC power. These motors frequently have field windings and series wound
armatures, which produces a high starting torque. Asaresult, the machinery that universal motors
are intended to power typically comes with them already installed. Most universal motors are
designed to work at speeds greater than 3500 RPM. They run more slowly under an AC source
than they do with a DC supply of the same voltage because reactance voltage loss occursin AC
but not in DC. Universal motors come in two fundamental varieties: (i) compensated type, and
(i) uncompensated type.

4.6.1 Construction of Universal Motor

The architecture of a DC machine and a universal motor are remarkably similar. It is made up of
a stator, which is positioned atop field poles. Weaved field coils are attached to the field poles.
But thearmature and the stator field circuit, along with the compl ete magnetic path, arelaminated.
Lamination is crucial to lowering the AC's eddy currents. Brushes are positioned on the
commutator, and the rotary armature is wound with either straight or skewed dots. The
commutation on AC is less efficient than that on DC because of the current generated in the
armature coils. As a result, the used brushes have a high resistance. Fig.4.22 depicts the cross-
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sectional view of Universal Motor, and Fig.4.23 depicts the sectional view of non-compensated
type universal motor.

Yoke Pole core &
pole shoe

Commutator
Armature

Fig.4.22: Sectional view of Universal Motor

Field on the Stator

Armature

o<«——A.C. or D.C. Supply
Fig.4.23: Cross-sectional view of non-compensated type universal motor
There are two different kinds of universal motorsin use: compensated and non-compensated.

As seenin Fig.4.24(a), the non-compensated motor is typically constructed with concentrated or
prominent poles.
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Sin Ie-phase <«—Compensating
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Upply Single-phase
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@ (b)
Fig.4.24: shows the connections for two types of universal motors: (a) non-compensated and (b)
compensated.

The compensated motor, on the other hand, has a scattered field winding. Therefore, the stator of
a motor like this resembles a split phase induction motor. Both of these motor designs have a
coiled armature that resembles atiny DC motor. The connection schematic for a universal motor
is shown in Fig.4.24. Non-compensated type in (a), compensated type in (b).

4.6.2 Working of Universal Motor

A universal motor can run on asingle phase AC or DC supply. The universal motor functions as
aDC series motor when it is supplied withaDC source. An electromagnetic field is created when
electricity travels through the field winding. The conductors of the armature likewise carry the
same current. A current-carrying conductor encounters a mechanical force when it is exposed to
an dectromagnetic field. The rotor begins to revolve as a result of this mechanical force, or
torgue. The Fleming | eft hand rule determinesthe direction of thisforce. It still generatesasingle-
direction torque when supplied with AC power. Armature winding and field winding arein phase
because they are coupled in series. Consequently, the direction of current changes as the polarity
of AC fluctuates.

In order to maintain the same direction of force on armature conductors, the direction of the
magnetic field and the direction of armature current reverse. Therefore, universal motors operate
on the same principles as DC series motors, whether they are powered by an AC or DC supply.
A universal motor's torque-speed characteristics are comparable to those of a DC series motor. A
universal motor's speed is low under full load and extremely high under no load. Gear trains are
typically utilised to achieve the desired speed on the demanded load. The graphic displays the
speed/load characteristics for both AC and DC supplies.

Applications of Universal Motor

o Home equipment like hoover cleaners, drink and food mixers, domestic sewing machines,
etc. all employ universal motors.
o Portable drills, blenders, and other appliances employ universal motors with greater ratings.
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A.C. Series Motor

D.C. Series Motor

0 Torque —

Fig.4.25: Torque-Speed characteristics of a universal motor

4.7 HYSTERESIS MOTOR

The synchronous Hysteresis Motor has a cylindrical rotor, uses non-projected poles, and does not
require any DC excitation of the rotor. It is a single-phase motor with a ferromagnetic material-
covered rotor. For the purpose of creating a rotating magnetic field, the stator is wound with both
primary and auxiliary windings. Some hysteresis motor designs additionally allow for shaded
pole stator options.
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Fig.4.26: Construction of hysteresis motor & hysteresis loop for rotor

The stator of a hysteresis motor is designed in such away asto create synchronising rotating field
from single phase supply. The rotor has a smooth, cylindrical design constructed of high
retentivity hard magnetic materials like chrome steel or anico. For this, a material with alarge
hysteresis loop area must be chosen. There are no teeth or windings on the rotor. The hysteresis
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motor's rotor has a great resistance to reduction. Hysteresis motor construction and the type of
hysteresis loop needed for the rotor material is depicted in Fig.4.26

4.7.1 Working Principle of Hysteresis Motor

A hysteresis motor initially operates as a single phase induction motor, but asit runs, it transforms
into a synchronous motor. A revolving magnetic field is created when a stator is powered by a
single phase AC supply. To sustain the revolving magnetic field, both the main and auxiliary
windings must be continually supplied during start up and operation. This field causes the rotor
to produce poles.

Duetotherotor material's predominance of the hysteresis phenomena, the rotor pole axisis offset
from the axis of the revolving magnetic field. Rotor poles are drawn to the moving stator field
poles as aresult. As aresult, a torque known as hysteresis torque is applied to the rotor. At all
speeds, this torque is constant when the axis of the stator.

Hysteresis torque and torque brought on by induced eddy currents in the rotor cause the rotor to
initially begin rotating. The stator pushes the rotor into synchronism whenever the speed is close
to that of synchronous motion. Inthis scenario, the torque caused by eddy currents al so disappears
when the relative motion between the stator field and rotor diminishes. All that is present is
hysteresis torque, which keeps the rotor spinning at synchronous speed. The constant magnetic
locking between the stator and rotor is ensured by the strong retentivity. The Hysteresis Motor
either rotates at synchronous speed or not at all because of the magnetic locking concept.

4.7.2 Torque Speed characteristics of Hysteresis Motor

In this hysteresis motor, the running and starting torques are nearly equal. The direction of the
stator, which primarily carries the two windings, can be changed by switching the terminals of
either the main winding or the auxiliary winding. As can be observed from the torque speed
characteristics in the Fig.4.27, the torque at start-up remains nearly constant throughout the
operation of the hysteresis motor.

Torque

speed

0 N

Fig.4.27: Torque Speed characteristics of Hysteresis Motor
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The benefits of a hysteresis motor include

Because the rotor has no teeth or winding, there are no mechanical vibrations.
As aresult, the operation is quiet and noiseless.

High inertia loads can be accelerated.

Multispeed operation is possible by using a gear train.

The drawbacks of the hysteresis motor include

o Low power factor, low torque, and low efficiency
e Comesinavery small size
e Poor performance

Applications of Hyster esis M otor

Because it operates quietly, hysteresis motors are employed in sound recording instruments,
high-quality record players, electric clocks, tele printers and timing devices.

UNIT SUMMARY

Theaim of this chapter isto understand the construction and working principle of the single phase
induction motor. The principle of operation and double field revolving theory of the motor
conveys clearly why induction motor is called asynchronous machine. Also, discussed about the
different starting methods and how it helps in starting the of single phase induction motor. The
significance of repulsion motor, universal motor, ac series motor and hysteresis motor were
discussed in detail.

EXERCISES

1. A double field revolving theory is applied to a three-phase induction motor with the
following parameters. P=4, =50 Hz, s=0.02. Calculate the synchronous speed, rotor speed,
and dlip.

2. For acapacitor start capacitor run motor, the capacitance of the start winding is 20uF, and
the capacitance of the run winding is 30uF. If the motor operates at 1750 rpm and has a
torgue of 25Nm, calculate the slip and the frequency of the rotor.

3. A seriesmotor isrequired for a specific application with a load torque of 15Nm and a speed
of 15001500 rpm. Determine the suitable series motor based on torque-speed characteristics.

4. A single-phase induction motor is experiencing high temperature during operation. If the
motor is rated at 1HP and operates at 230V, 50Hz, and 8A, calculate the power factor and
suggest measures to reduce temperature and improve efficiency.



110 | Single Phase Induction Motor

Multiple Choice Questions

1. Single-phase induction motor are
a. Sdf-starting
b. Not self-starting
c. Sdf-starting with the help of an auxiliary winding
d. Need another motor

2. If asingle-phase induction motor isrunning at N rpm and the synchronous speed is Ns. If its
dip with respect to forward field is s, what is the dlip with respect to the backward field?
a s
b. -s
c. 1-9
d (2-9

3. Therotating magnetic field is produced by two windings displaced by 90 electrical degrees.
Thisisthe principle of

a. Phase sequence
b. Phase splitting
c. Phasetiming

d. Phase shifting

4. Thetorque developed by a single-phase induction motor drop to zero at

a. Synchronous speed

b. Speed dlightly above synchronous speed
c. Speed dightly below synchronous speed
d. Rated speed

5. Theno load current of a single-phase induction motor is around % of full load current
a 10
b. 20
c. 40
d. 80

6. The power factor at which single phase induction motors usually operateis

a 0.7lag
b. 0.81lag
c. 0.7 lead
d. Unity

7. Single phase induction motors are made sel f-starting by
a. Increasing rotor resistance
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b. Using an external starting device
¢. Using auxiliary winding
d. Any of the above methods

8. Thetwo windings provided on the stator of a single-phaseinduction motor, one main winding
and the other auxiliary winding are connected

a. Inparald
b. Inseries
c. Eitherinseriesorin paralle
d. Through inductive coupling

9. The stator winding of a single-phase induction motor is splitted into two parts to

a. Improve efficiency

b. Improve power factor
c. Devedop starting torque
d. Increase speed

10.1n a single-phase induction motor

a. Both the main and auxiliary windings are placed on stator
b. Both the main and auxiliary windings are placed on rotor
¢. Mainwindingis placed on stator and auxiliary winding on rotor
d. Auxiliary winding is placed on stator and main winding on rotor

11.1n asplit phase induction motor, the ratio of number of turns of auxiliary winding to the main
windingis
al
b. <1
c. >1
d 2

12.Why a centrifugal switchesis are used in a single-phase induction motor?

a. To protect from overloading

b. Toimprove the starting performance of the motor

c. Tocut off the starting winding at an appropriate i nstant
d. Tocutinthe capacitor during running conditions.

13. Centrifugal switch fitted on the rotor will work when

a. Rotor speed reaches its rated conditions
b. Rotor speed exceeds 70 per cent of its rated value
¢. Rotor speed exceeds synchronous speed
d. Rotor speed exceeds 40 per cent of its rated value
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14. The torque speed characteristic of two-phase induction motor is largely affected by
a. Supply Voltage
b. Speed of the motor
c. X/Rratio
d. Supply frequency

15.The direction of rotation of a split phase induction motor can be reversed by reversing the
connections to the supply of
a. Auxiliary winding only
b. Mainwinding only

Either (a) or (b)

. Both (a) and (b) simultaneously

oo

16. The capacitor in a capacitor start induction run AC motor is connected in series with

a. Starting winding

b. Running winding

¢. Rotor winding

d. Compensating winding

17.The shaded pole motor is used for

a. High starting torque

b. Low starting torque

¢. Medium starting torque
d. Very high starting torque

18.1n a shaded pole motor, shading coils are used to

a. Reduce winding losses

b. Reduce friction losses

¢. Produce rotating magnetic field
d. Protect against sparking

19.1n a shaded pole induction motor, locked rotor current is full load current

a. Lessthan
b. Equal to
c. Slightly morethan
d. Severa timesthe
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20.The direction of rotation of a shade pole induction motor
a. Cannot be reversed unless there is a provision for shifting of shading coil from one half
to the other half of the pole
b. Can bereversed by interchanging
c. Canbe reversed by interchanging the supply terminals
d. Canbe reversed by open circuiting the shading rings

21.Therepulsion motor starts and runs as a

a. Split-phase motor
b. Capacitor-start motor
¢. Repulsion motor
d. Compound motor

22. A repulsion motor runs as an induction motor when the

a. Commutator segments are short-circuited
b. Brushes are shifted to a neutral plane
Shorting devices are disconnected

d. Stator connections are reversed

o

23.The commutator in a repulsion motor provided in

a. Armature windings

b. Stator windings

c. Short-circuiting device
d. Starting-winding

24, Hysteresis motor isa

a. Synchronous induction motor

b. Single phase induction motor
¢. Single phase synchronous motor without any salient pole and without DC excitation
d. Single phase synchronous motor with salient poles and without DC excitation

25.Hysteresis motor operates on the principle of

a. Hysteresisloss

b. Eddy current loss

c. Electromagnetic induction
d. Magnetization rotor

26.Therotor of a hysteresis motor is built up of

a. Cast iron sheet
b. Hardened stedl rings
c. Think silicon steel laminations
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d. Thin metal |laminations

27.A hysteresis motor

a. Isasdf-starting motor

b. Does not need DC excitation
¢. Does not need Pony motor
d. All of the above

28.The main reason for using a hysteresis motor for high quality tape recorders and record
playersis that

a. Itsspeedis constant (synchronous)

b. It develops extremely steady torque

c. Itrequiresto centrifugal switch

d. Its operations do not affect by mechanical vibrations

29.The electric motor generally used in household food mixersis

a. Universal motor

b. Shaded pole motor

c. Capacitor start motor
d. None of the above

30. Which motor has no teeth or winding?

a. Split phase motor
b. Reluctance motor
c. Hysteresis motor
d. Universal motor

31.Motor which can be produce uniform torque from standstill to synchronous speedsis

a Universa motor

b. Stepper motor

¢. Reuctance motor
d. Hysteresis motor

Answers of Multiple Choice Questions

1. c. Sdf-starting with the help of an auxiliary winding
2.d(2-9

3. b Phase splitting

4. c. A speed slightly below synchronous speed

5. ¢. 40

6. a 0.7lag
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7. c. Providing an additional winding on the stator called the auxiliary winding

8. a Inparald

9. c. Develop starting torque

10. a. Both the main and auxiliary windings are placed on stator

11. b. Lessthan one

12. c. To cut off the starting winding at an appropriate instant

13. b. Rotor speed exceeds 70 per cent of itsrated value

14. c. X/Rratio

15. c. Either (a) or (b)

16. a. Starting winding

17. b. low starting torque

18. c. produce rotating magnetic field

19. c. dlightly more than

20. a. Cannot be reversed unlessthereis a provision for shifting of shading coil from one
half to the other half of the pole

21.c. repulsion motor

22. a. commutator segments are short-circuited

23. a. armature windings

24, c. Single phase synchronous motor without any salient pole and without dc excitation

25. a. Hysteresis loss

26. b. A group of specially hardened stedl rings

27. d. All of the above

28. b. It devel ops extremely steady torque

29. a. Universal motor

30. c. Hysteresis motor

31. d. Hysteresis motor

Short and Long Answer Type Questions

Long Answer Questions with Answers

1. Why is the fundamental approach for starting a single phase induction motor not
recommended?

A single-phase motor's rotor will continue to spin in the same direction if it is mechanically
rotated in that direction. In fact, the rotor accelerates swiftly until it reaches a speed that is
just a little bit slower than the synchronous speed. The motor will continue to rotate after it
reaches this speed even though the stator winding is only receiving single-phase electricity.
For large motors, thisway of starting is typically not practical. It also cannot be used to power
amotor that is situated in an inconvenient location.
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2. Given the Double-Field Revolving Theory, why can't a single phase induction motor
start?

The double-field revolving theory is put up as a sol ution to the paradox of zero initial torque
and subsequent rotational torque. This hypothesis is based on the observation that an
alternating sinusoidal flux can be represented by two rotating fluxes rotating at synchronous
speed in opposite directions, each flux being equal to one-half of the highest value of the
aternating flux (i.e., m/2).

Therefore, two related fields revolving at synchronous speed in opposing directions and with
a half of the amplitude of an alternating field can replace it. The resulting vector of two
rotating flux vectorsis an oscillating stationary vector along the X-axis that changes length
over time.

3. What istherotor's position when it is stationary?

Consider the scenario when the stator winding is coupled to a single-phase supply and the
rotor isimmoabile. The alternating flux generated by the stator winding can be represented as
the total of two rotating fluxes 1 and 2, each of whichis revolving at synchronous speed (Ns
= 120 f/P) in the opposite direction and is equal to one half of the maximum value of
alternating flux.

At a complete stop, these two torques are equal and in opposition, resulting in a zero net
torgue devel opment. Consequently, a single-phase induction motor cannot start on its own.

4. What causes a motor to move from aresting to operating state?

Since bath circuits' impedances are equal when the system is at rest, s= 1. Rotor currents are
therefore equivalent, or I = la,. The rotor current Iz, is larger (and also has a lower power
factor) than the rotor current I when the rotor is rotating due to the unequal impedances of
thetwo rotor circuits. The backward rotating flux will be decreased as aresult of their mm.f.,
which isin opposition to the stator m.m.f.

Asaresult, the driving torque increases as speed increases while the opposing torque reduces
as the backward flux drops. The motor immediately picks up speed to reach final speed.

5. How to make Single-Phase Induction Motor Self-Starting?

The single-phase induction motor is not self- starting and it is undesirable to resort to
mechanical spinning of the shaft or pulling a belt to start it. To make a single-phase induction
motor self-starting, we should somehow produce a revolving stator magnetic field. This may
be achieved by converting a single-phase supply into two-phase supply through the use of an
additional winding. When the motor attains sufficient speed, the starting means (i.e.,
additional winding) may be removed depending upon the type of the motor.
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Name the types of single phase motors with respect to the method employed to make
them self-starting?

(i) Split-phase motors-started by two phase motor action through the use of an auxiliary or
starting winding.

(ii) Capacitor motors-started by two-phase motor action through the use of an auxiliary
winding and a capacitor.

(iii) Shaded-pole motors-started by the motion of the magnetic field produced by means of a
shading coil around a portion of the pole structure.

What isthe major cause of noisy oper ation of the single phase induction motor ?

If the two windings arc displaced 90° electrical but produce fields that are not equal and that
are not 90° apart in time, the resultant field is still rotating but is not constant in magnitude.
One effect of this non uniform rotating field is the production of a torque that is non-uniform
and that, therefore, causes noisy operation of the motor. Since 2-phase operation ceases once
the motor is started, the operation of the motor then becomes smooth.

Describe the principal of operation of Split-Phase I nduction M otor ?

The stator of a split-phase induction motor is provided with an auxiliary or starting winding
Sinaddition to the main or running winding M. The starting winding is|ocated 90° el ectrical
from the main winding and operates only during the brief period when the motor starts up.
The two windings are so resigned that the starting winding S has a high resistance and
relatively small reactance while the main winding M has relatively low resistance and large
reactance as shown in the schematic connections in Fig. Consequently, the currents flowing
in the two windings have reasonable phase difference c (25° to 30°) as shown in the phasor
diagramin Fig.

Usually wher e split phase induction motor s are used?

These motors are suitable for driving things like (a) fans, (b) washing machines, (c) oil
burners, (d) small machine tools, etc. when a moderate starting torque is needed.

These motorstypically rangein power from 60 W to 250 W.

What is Shaded Pole Motor ?

The shaded pole induction motor is a simple single-phase induction motor that is self-
starting with one of the poles shaded by a copper ring. A copper ring can also be called a
shaded ring, where it serves as a secondary winding motor. There is only one direction of
rotation, and it is not possible to reverse the direction. There are very low power factor and
high power induction losses in this motor. The induced starting torque in the motor is very
low. Because of these reasons, its efficiency islow. Dueto this, it hasalow power rating. The
motor isalso asalient pole split phase motor.
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11. Explain the Construction of Shaded Pole I nduction M otor.

According to the basic construction, there are two poles. This motor consists of a stator and a
cage-type rotor. Stators have projected poles, also called main poles. A main winding is
formed by the supply winding on the main poles. The poles in this motor are unequally
divided into two halves, with the smaller half carrying a copper band. On the smaller part is
acopper ring with asingleturn. Alternatively, thisring is called a shading coil. Shading poles
are fitted with shading coils on the main poles.

12. Explain the working principle of shaded pole induction motor.
A flux isinduced in the pole€' s main part when power is applied to the stator. As a result of
this flux, the shading coil isinduced with a voltage. This serves as a secondary winding. A
coil’ s current direction should be such that it opposes the flux entering it, accordingto Lenz’s
law. In transformers, this acts as the secondary winding.

13. Statethe characteristics of shaded pole induction motor.
These are some of the characteristics of shaded pole motors.

e Thesdtarting torqueis half that of a full-load machine
e Dueto power lossin the shading cail, efficiency islow.
e Fansand other small devices use this motor
e Thedirection of rotation depends on the shaded cail position.
14. What ar e the advantages of shaded pole motor ?
e | ow cost,
Self-starting
Constructionissimple
Robust
Reliability

15. What benefits do shaded pole motor s offer ?
Low cost, self-starting, straightforward in design, robust in nature, and reliability.
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16. What ar e the disadvantages of shaded pole motor ?

17.

18.

19.

20.

21.

e Low starting torque

Power factor islow

More losses

Poor efficiency

Speed reversal is complicated

What drawbacks do shaded pole motor s have?

Low power factor, extremely low starting torque, large losses, Lower efficiency and
Difficult to reverse speed because it calls for pricey copper rings

What arethe usesfor an induction motor with shaded poles?
The following applications involve the usage of motors with shaded poles:

e They are perfect for small devices like relays and fans because they are inexpensive and
simpleto start.

o Intablefans, hairdryers, and exhaust fans.

o Inrefrigeration, cooling fans, and air conditioning.

e Taperecorders, projectors, record players, €ectronic clocks, and photocopiers.

Why isthe Shaded Pole Induction M otor suitable for low power rating?
This motor is not suitable for higher power ratings because of the following bottlenecks.

e Thereisalarge magnetizing current drawn by the motor, resulting in alow power factor.
Consequently, the motor has quite high no-load losses.

e Motors have very low starting torques.

e Asaresult of higher losses, the motor’s efficiency is very low.

What will happen when we give an AC supply to DC series motor ?

An AC supply will produce a unidirectional torque because the direction of both
the currents (i.e. armature current and field current) reverses at the same time. Due to
presence of alternating current, eddy currents are induced in the yoke and field cores which
results in excessive heating of the yoke and field cores. Due to the high inductance of the
field and the armature circuit, the power factor would become very low. Thereis sparking at
the brushes of the DC series motor.

What ar e the advantages of hyster esis motor ?

The main advantages of hysteresis motor are:

e No mechanical vibrations take place during its operation.
e Operate in quiet and noiseless.

e Suitableto accelerate inertialoads.

e Multi-speed operation is possible.
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Short answer Questions with Answers:

1

8.

What is major difference between a 3-phase induction motor and a single-phase
induction motor ?

Unlike a 3-phase induction motor, a single-phase induction motor is not self- starting but
requires some starting means.

Why single phase induction motor does not self-starts?

The single-phase stator winding produces a magnetic field that pulsates in strength in a
sinusoidal manner. The field polarity reverses after each half cycle but the field does not
rotate. Consequently, the alternating flux cannot produce rotation in a stationary squirrel-
cage rotor.

What isthe value of dip at standstill?

Note that each rotating field tends to drive the rotor in the direction in which the fiel d rotates.
Thus the point of zero dlip for one field corresponds to 200% dlip for the other. The val ue of
100% dlip (standstill condition) is the same for both the fields.

What is starting torque and starting current of split phase induction motor ?

The starting torque is 15 to 2 times the full-loud torque and starting current is 6 to 8 times
the full-load current.

Why built-in-thermal relay is necessary in split phase induction motor and what isits
purpose?

Since the starting winding is made of fine wire, the current density is high and the winding
heats up quickly. If the starting period exceeds 5 seconds, the winding may burn out unless
the motor is protected by built-in-thermal relay. This motor is, therefore, suitable where
starting periods are not frequent.

What is speed variation of split phase induction motor from no load to full load?

They are essentially constant-speed motors. The speed variation is 2-5% from no-load to full-
load

How do | identify a shaded pole motor ?
A shading coail, which is a copper ring, can be used to identify this motor’ s auxiliary

winding.

Why isit called a shaded pole motor ?

A separate small winding, called a shading coil is used in the stator. The term shaded
pole comes from that.
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I sashaded pole motor AC or DC?
Original type of AC single-phase induction motor.

What isthe differ ence between shaded pole and PSC motor s?
Shaded motors use old technology and old design, while PSC motors use new
technol ogy.

How do you contr ol the speed of a shaded pole motor ?
A dimmer can be used to control the speed of this motor by varying the voltage.

What ar e the applications of repulsion induction motor?

Repulsion induction motors are used in high starting torque with essentially a constant
running speed.

What is a universal motor ?

The motorswhich suit both a single-phase AC source and a DC source of supply and voltages
are known as universal motors.

What ar e the advantages of the univer sal motor?

High power density is the main advantage of universal motors. The other benefits are low
cost, portability, and capacity to function without contral.

What ar e the types of a universal motor?

The two types of universal motors are compensated and uncompensated motors. The
uncompensated is built with concentrated poles, and the compensated motor has field
windings

Can | use a universal motor asa generator?

Universal motors can be used as DC series motors with modifications. But, universal motors
are generally not recommended as generators due to voltage control issues. Modification
required to use a universal motor as a DC generator is to add shunt winding to stabilize it.

What ar e the differ ences between DC motorsand univer sal motor s?

The universal motor has different winding ratios with thin iron laminations. DC motors
cannot operate on AC supply, while universal motors operate on AC and DC supply.
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18.

19.

What is hyster esis motor ?

Hysteresis motor is defined as a synchronous motor that is having cylindrical rotor and works
on hysteresis losses induced in the rotor of hardened steel with high retentivity. Itisasingle
phase motor and its rotor is made of ferromagnetic material with nonmagnetic support over
the shaft.

What isthe speed-tor que characteristics of hysteresis motor ?
Thetorqueis almost constant from starting to running condition. During starting the starting
torgue is the eddy current torque along with the hysteresis torque.

Torque
A

Tst

speed

0 Ny

During running condition net running torque means only the hysteresis torque. The speed-
torgue characteristics is shown bel ow.

Long answer Questions:

1
2.

Discuss why single phase induction motor do not have a starting torque.

Draw the circuit diagram of a capacitor start capacitor run single phase induction motor and
explain its working.

Using double revalving fied theory, explain why a single phase induction motor is not self-
starting.

What are the disadvantages of single phase induction motor when compared with a three
phase induction motor?

Describe the construction and working of a shaded pole motor.

Explain the Construction of Repulsion Induction Motor.

Explain the Working of Repulsion Induction Motor.

What are the Characteristics of Repulsion Induction Motor?

What isan AC Series Motor?

What is conductively compensated type of motors?

. Explain the working principle of the ac series motor.
. Explain Principle of Operation of AC Series Motor.

Describe the constructional features of the ac series motor.
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14. Draw the torque and speed characteristic of the ac series motor.
15. What are the Application of the AC Series Motor?

16. Explain briefly the maintenance of single phase induction motors.
17. What are the applications of hysteresis motor?

18. What are the disadvantages of hysteresis motor?

Short answer questions:

NG~ WDNE

How to produce Rotating Magnetic Field from 2-Phase Supply?

Why split-phase induction motors are most popular single- phase motorsin the market?

I's shaded pole motor self-starting?

What are the two types of AC series motor on the basis of the usage of compensati ng winding?
How does a universal motor work?

Explain the construction of hysteresis motor.

Explain the working principle of hysteresis motor.

What are the types of hysteresis motors?

Numerical Problems

1. A three-phase induction motor operates at 50 Hz with 6 poles. Determine the synchronous speed
and dip when the motor isrunning at 1450 rpm.

2. Inaresistance start induction run motor, the total resistance in the starting circuit is 8Q, and the
motor has 4 poles. Calculate the dlip when the mator is running at 1100 rpm.

3. For acapacitor start capacitor run motor with 2 poles, the rated speed is 2800 rpm, and the full-
load torque is 30NmM. Determine the dip at full load and the corresponding rotor speed.

4. A single-phase induction motor is operating at 230V and 60Hz, drawing a current of 6A with a
power factor of 0.8. Calculate the apparent power, active power, and reactive power consumed
by the motor.

PRACTICAL

1. Conduct experiments to measure and plot torque-speed characteristics for Resistance start
induction run, capacitor start induction run, capacitor start capacitor run, shaded pole,
repulsion type, series, universal, and hysteresis motors.

2. Demonstrate routine maintenance procedures for single-phase induction motors.

3. Emphasize tasks such as lubrication, bearing inspection, and cleaning.

4. Simulate common faults in single-phase induction motors and demonstrate the diagnostic
process.

5. Discuss methods for rectifying identified faults.

6. Conduct an experiment on the given single phase induction motor to study the double field

revolving theory.
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KNOW MORE

1. Working of single phase Induction motor.
https://www.youtube.com/watch?v=awrUxv7B-a8

2. Working of shaded pole induction motor.
https://www.youtube.com/watch?v=4EY wvV 9yM 30
https://www.youtube.com/watch?v=_vy4zGsOynw

3. Working of repulsion motor.

https://www.youtube.com/watch?v=0ClwatSGesk

4. Working of AC series motor
https://www.youtube.com/watch?v=8QUCqG308gA

5. Working of universal motor
https://www.youtube.com/watch?v=1T SQIO-1Xg

REFERENCES AND SUGGESTED READINGS

1. P.S. Bimbhra, Electric Machines, Khanna Book Publishing Co., New Dehi (ISBN: 978-
93- 6173- 294)

2. Mittle, V.N. and Mittle, Arvind, Basic Electrical Engineering, McGraw Hill Education
New Delhi, ISBN :9780070593572

3. Kothari, D. P. and Nagrath, I. J., Electrical Machines, McGraw Hill Education. New Delhi,
ISBN:9780070699670

4. Bhattacharya, S. K., Electrical Machines, McGraw Hill Education, New Dehi,
ISBN:9789332902855

5. Theraja, B.L., Electrical Technology Vol-I1 (AC and DC machines), S.Chand and Co.
Ltd., New Delhi, ISBN : 9788121924375

6. Sen, S. K., Special Purpose Electrical Machines, Khanna Publishers, New Delhi, ISBN:
9788174091529

7. Janardanan E. G, Special Electrical Machines, Prentice Hall India, New Dehi 1SBN:
9788120348806

8. Hughes E., Electrical Technology, ELBS
9. Cotton H., Electrical Technology, ELBS

Dynamic QR Code for Further Reading



https://www.youtube.com/watch?v=awrUxv7B-a8
https://www.youtube.com/watch?v=4EYwvV9yM30
https://www.youtube.com/watch?v=_vy4zGs0ynw
https://www.youtube.com/watch?v=0Clwa6SGesk
https://www.youtube.com/watch?v=8QUCqG3O8gA
https://www.youtube.com/watch?v=1T_SQIO-1Xg

THREE PHASE ALTERNATOR

Working and Construction

UNIT SPECIFICS
Through this module we have discussed the following aspects:

e Constructional details of 3-phase alternator;

o Concept of cylindrical type rotor and salient pole type rotor and their speed;

e Familiarizing the working of alternator;

e EMF equation of alternator;

e Coil span factor and distribution factor;

e Problems.
The figures of alternator are shown to provide the details of stator stampings, and various parts of
the rotor. Better understanding on EMF generation through numerical problems. A list of

references, animated videos and suggested readingsaregiven in the unit so that one can go through
them for practice.

RATIONALE

Alternator isthe Electric power provider without which the global survival has become a question
today. It has a widespread application. This chapter introduces the students to the construction,
wor king principle and generation of EMF of the alternator.

PRE-REQUISITES

Machines |:Sem 11
Physics: Electromagnetism (Class X)

UNIT OUTCOMES

List of outcomes of this unit is as follows:
At the end of the chapter student will be ableto
U5-0O1: explain the constructional difference in smooth cylindrical rotor and salient pole rotor.
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U5-02: understand the working of an alternator

U5-0O3: describe coil span factor and distribution factor.

U5-O4: differentiate short pitched coil and full pitched coil.

U5-O5: derive an expression for EMF.

Unit-5
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5.1 INTRODUCTION

An AC generator is a machine that transforms mechanical energy from a prime mover into
Alternating Current (AC) electrical power. Synchronous generators, which operate as three-phase
AC machines play a pivotal role in producing significant power quantities in thermal,
hydroelectric, and nuclear power plants. They run at a constant speed called synchronous speed.
Two distinct categories of alternators exist: Revolving armature type and the revolving field type.
In the case of revolving armature alternators, the field poles remain fixed while the armature
serves astherotor. This configuration is suitable for applications with lower capacity and voltage
ratings. Its design resembles that of a DC generator, employing slip rings instead of split rings
(commutator). In revolving field type, the armature forms the stator and the field poles rotate.
Most alternators belong to this classification. The advantages of this type of stationary armature
areasfollows:

e Thearmature windings can be protected against mechanical stresses due to centrifugal forces
and short circuit currents.

¢ Insulating the armature winding for high voltage is imperative and it is easier to insulate the
high voltage armature winding, asit is stationary.

e Thearmatureis cooled more easily and readily.

5.2 CONSTRUCTIONAL DETAILS OF ALTERNATOR
The main components of alternator are as follows:
a. Stator(stationary):

1. Stator core

2. Stator winding

3. Stator frame
b. Rotor (rotating):

1. Magnetic poles and field winding
Sip-rings
Brush and brush holder
Spider
Exciter
Shaft and bearings

© 0o~ WD

a. Stator

The stator core, constituting the immobile element of the alternator, remains stationary. It is
constructed from the laminations of silicon stedl (a stedl alloy) as givenin Figure 5.1. The stator
coreisthe armature core. Along theinnermost perimeter of these laminated stator cores, the slots
are punched. These dots serve as the house for assembling the stator winding (also known as the
armature winding). The entire assembly, comprising the stator core and winding, is upheld by a
stator frame.
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The alternator's rotating magnetic field continuously interacts with the stator core. This
interaction generates circulating electric currents called eddy currents, which result in power
losses within the core. The stator core is thus constructed using thin laminated stampi ngs(sheets)
insulated from one another to prevent the eddy currents from forming and causing losses. For
smaller machines, these stampings are cut into compl ete rings, and for larger machines, they are
divided into segments. The sheets also have holes for ventilation, both along the length and from
the center outward, to help with effective cooling.

On the inside rim of the stator core, there are dots available. There could be open type slots or
semi-closed dots. Due to the possibility of form-wound coils, the majority of alternators use open
type dots. In case of conductor failure, burnt coils can be easily replaced in this open type dots.
The winding approach is more effective. However, the distribution of air-gap flux will not be
uniform, leading to distortion in the produced EMF waveform. Semi-closed dots can be used to
get around this, however they cannot accommodate the use of form-wound coils. Fully closed
dots, although effective, are more expensive to implement and are thus less commonly used.

Stator Slot

Fig.5.1: Stator stamping

Insulated copper or a uminium conductors areinserted into the slotsin the stator core to assemble
the armature winding. When the magnetic field cuts these stationary conductors, they induce
EMF. An alternator's armature basically consists of three-phase winding in a delta or star fashion
for connection.



Induction, Synchronous and Special Electrical Machines | 129

The outermost component of the alternator is called the stator frame. This frame plays a crucial
role in providing support to the entire aternator structure. It is usually made from welded steel
plates, cast iron, or cast steel materials. One of its key functions is to prevent the dust and other
particles from entering the sensitive parts of the alternator. Moreover, the stator frame helps to
maintain the proper positioning of the stator core and winding components. In addition to this, it
offers mechanical protection to the entire alternator system.

b. Rotor

The rotating part of the alternator is called the rotor. It has copper windings, also referred to as
field winding, and is manufactured in the form of a cylinder. The spinning magnetic field is
produced by the field windings, which are electromagnets. The shaft of the rotor is turned by a
driving belt and pulley arrangement. A prime mover is the source that turns the rotor. Any type
of device, including an engine, awater or wind turbine, is possible. In alternators or synchronous
generators, there are two different types of rotors. In aternators or synchronous generators, there
aretwo maintypesof rotors. Salient Pole and Cylindrical Pole. Thesetypes of rotors have distinct
designs and functions.

Salient Pole Type:

This rotor style features a significant number of projection or projecting poles installed on a
magnetically laminated steel or cast-iron core. The word "salient” describes something that
protrudes or is projected, likein theillustration given in Figure 5.2 below. To minimize the eddy
current losses, these poles are made from laminated steel or cast iron with strong magnetic
properties.

Fig.5.2 — Salient pole rotor
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The pole shoes include numerous dots for winding dampers, which help to prevent haunting.
After being wound across the poles, the field coils are joined in series, the ends of the coils are
connected to a separate DC power source through a set of dip rings, the field coil is powered. On
the rotor's shaft are mounted the dlip ring and brushes. Salient pole type alternators are
characterized by short axial length and larger diameter. Dueto this, they are employed aslow and
medium speed alternators, like those found in hydroelectric plants. The pole face is shaped in a
way that the gap between the pole center and pole tips increases radialy. This arrangement
ensures an even distribution of magnetic flux across the armature, resulting in the creation of a
smooth sinusoidal electrical waveform. Additionally, the pole shoe takes up about two-thirds of
the pole pitch.

Smooth Cylindrical Type:

This kind of rotor has two or four poles. These alternators are commonly linked to high-speed
steam turbines. The rotor is built using a steel cylinder layered with laminations. On the outer
edge of the rotor, there are dots punched to hold the field winding. Around two-thirds of the
rotor's pole pitch has these dots, while the remaining one-third doesn't. The field windings on
this cylindrical rotor are connected in series fashion.

Fig.5.3: Cylindrical type rotor

As seen in Figure 5.3 illustration, the pole areas of the rotor are not dotted. Thistypeis referred
to as a non-salient pole or round rotor because the poles don't extend out from the core. Unlike
the salient pole rotor, this kind possesses fewer protruding poles, contributing to a greater axial
length and a smaller rotor diameter. Given its lengthier rotor core, natural ventilation is not
enough, and external cooling methods are essential for optimal performance. Robust construction,
mechanical strength, resilience, noise free operation, better dynamic balancing, and a consistent
distribution of magnetic flux areall provided by the smooth cylindrical design. Less windageloss
occurs. It is appropriate for operations that require high speed (around 3000 rpm) and silence.
Damper windings are unnecessary in this design. These cylindrical designs are well-suited for
hi gh-speed alternators, commonly found in thermal power plants.
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5.3 OPERATION OF SYNCHRONOUS GENERATOR
Generation of alter nating voltage

An alternating voltage gets produced when an armature coil rotates within asteady magnetic field
created by unmoving field poles. This type of voltage can also be generated when a stationary
armature is surrounded by magnetic field poles that are in motion. Whenever the armature
conductors move in relation to the field's magnetic flow, it creates voltage in those conductors.
In both situations, the resulting voltage takes on a smooth wave pattern, resembling the natural
curves of asine wave.

In direct current (DC) generators, the field poles remain still while the armature conductors spin.
The produced voltage, even though it's alternating, is transformed into a steady direct voltage at
the brushes by utilizing commutator. Unlike a DC generator, rotating magnetic field and a
stationary armature coil make up the Synchronous Generator or alternator. It operates on abasic
principle of electromagnetic induction as DC generators.

The aternator's rotor is propelled at the appropriate speed by the prime mover, a device that
provides the necessary mechanical energy to it. In the case of slower and moderately paced
alternators, water turbines are commonly employed as the prime mover, while steam and gas
turbines are preferred for larger and faster alternators. As the rotor spins, its poles move beneath
the armature conductors of the stationary stator. Consequently, the unchanging armature
conductors are cut by the magnetic flux. Thisinteraction induces an Electro Motive Force (EMF)
and thereby circulates the current within them. Due to the alternation between north pole and
south magnetic poles, one full cycle of aternating EMF is produced in the armature coil when a
north pole and a south pole cross the cail. This induced EMF within the synchronous generator
or aternator can be calculated using the equation derived as presented bel ow.

Relationship between Number of poles, Frequency and Speed

The frequency of the generated EMF depends on two factors: the count of the polesin the field
system and the speed of the field poles movement. During one complete rotation of the field
system, an armature coil experiences cut by P/2 north poles and P/2 south poles. Whenever a pair
of poles goes over a conductor, it induces one cycle of EMF init. This corresponds to an angular
distance that is twice the pole pitch. The number of cycles generated per revolution of field pole
is number of field pole pairs, whichis P/2.

Frequency (f) = (Number of cycles generated per Revolution) x (Number of
Revol utions made per second).

f=(P/2)x(N/60)=PN/120Hz.
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Where,
P = Total number of magnetic poles
N = Rotor speed in RPM
N = 120f/P
f = Frequency of the generated EMF in Hz

To achieve the desired frequency in its output, the alternator needs to operate at its synchronous
speed. This requirement stems from the fact that the positions of the rotor poles remain fixed.

Expression for induced EMF in a synchronous machine
During one revolution of the rotor, each stator conductor cutsaflux of d¢g = P webers.

Thetimeit takes for the rotor polesto complete onefull revolutionisdt = fv—oﬁconds. Hence, in

accordance with Faraday's law of electromagnetic induction, the average electromotive force
(EMF) induced in asingle stator conductor is given by

Average EMF per conductor = i—‘f = (};—% = %weber/sec
N

Thereare‘Z’ conductorsin series per phase. Average induced EMF per phase,

Ea = EMF per conductor x Number of conductors

PN
60

We know that the rotor speed, N = %
P (29
~Eay :%Z =20fZ )

Equation (1) provides the average value of induced electromotive force (EMF) per phase.
Considering that each turn consists of two conductors (Z = 2T), the formula for the average
induced EMF per phase can be expressed as:

Ea= 4T @f volts
Where,

Z = Number of conductorsin series per phase
T = Number of coils or turns per phase
( = Flux per polein webers

RMS value of EMF per phase = (Average Value/Phase) x (Form Factor)
For asinusoidal voltage wave, form factor = 1.11.
The RMS val ue of the induced EMF per phase can be written as,

Ems= 4Tofx 111 = 4.44¢fTvolts ~ ===mmm- 2
Equation (2) gives the RMS value of the induced EMF with the foll owing assumptions —
e All the armature conductors are concentrated in one stator slot.
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e Windings per phaseisfull pitched.
The winding being short pitched and distributed, the actual induced EMF available per phase
takes the coil span factor and distribution factor into account.

The actual induced EMF per phaseis thus given by,
Epn= 4.44¢@fTkgsk,volts e (3

Where,

k; = Distribution factor
k, = Pitchfactor

Equation (3) is called as the EMF equation of an alternator.

In a star-connected alternator:

e Thelinevoltageis 3 times the phase voltage: E{ = V3Eph.

e However, the line current and phase current remain the same: I = .

In a delta-connected alternator:
e Thelinecurrent isV3 times the phase current: I, = V3Ip.
o Y, theline voltage and phase voltage are equivalent: E. = Epn.

Armature Windings

The coil that carries current to create the main magnetic field is referred to as the field winding.
On the other hand, the cail in which an electromotive force (EMF) is generated is known as the
armature winding. Thisisacontrast to direct current (DC) machines, which employ closed circuit
windings. In alternators, the windings are open, meaning that there is no continuous closed path
for the armature currents within the winding itself. One end of the winding is connected to the
neutral point, while the other end is brought out, especially for a star-connected armature. There
are two types of windings. single layer and double layer. The single layer windings come in two
forms. wave winding or chain winding. Below, you'll find explanations of some fundamental
terms related to windings.

e Pole pitch: Thisis the angular distance between the centers of two neighboring polesin a
machine.

e Caoil span: It'sthe distance, measured in terms of either armature slots or conductors, between
the two sides of a coil.

e Full pitch winding: When a coil has a span equal to one pole pitch (covering 180°
eectricaly), it'sreferred toasafull pitch winding. For instance, if the coil sidesare placedin
dots 1 and 7, it's a full-pitched winding. If the coil sides arein dots 1 and 6, then it's short-
pitched. This means the coil span is 5/6 of the pole pitch or 30° less than 180°. It falls short
by 1/6. Thisisillustrated in the Figure 5.4.
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e Short pitch winding: Coils are considered short-pitched when their spanis dlightly lessthan
the pole pitch, meaning it is less than 180°. In this case, the coils are also called chorded or
fractionally pitched. Thisisillustrated in the Figure 5.4.

Advantages of short-pitched coils

e They reduce the amount of copper needed for end connections.

e The generated EMF can be made to resemble a sine wave more closdly, reducing or
eliminating the distorting harmonics.

o Efficiency isimproved dueto areductionin eddy current and hysteresis | osses caused by the
elimination of high-frequency harmonics.

Disadvantages of short-pitched coils

The overall voltage around the coil is somewhat decreased because the voltages induced in the
two sides of short-pitched coils are slightly out of phase. This results in the vectorial sum being
less than their arithmetic sum.

Full-pitch coil Short-pitched or chorded coil

Fig.5.4: Full pitched and Short Pitched Coil

Turnsand Conductors
A turn consists of two conductors. A coil is made of several turns connected in seriesas givenin

Figure 5.5.
/:dcs @
| g

One-turn coil Twitur% coil Multi-turn coil

Overhang
\

Fig.5.5: Relationship between Number of Turns and Conductors
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Vector sum of the EMF induced per coil

Coil factor =
Oll Span factor Arithmetic sum of the EMF induced per coil

Coail span factor or pitch factor for short pitched windings (kp)

The total EMF induced per phase is lesser in short pitch windings coils compared to that of full
pitch winding coils. The reductionin EMF is quantified using pitch factor,

Pitch fact k= EMF induced in a short pitch coil
HenTacon P~ EMF induced in a full pitch coil

If the coil span falls short of full pitch by an anglea,

a
k, = cos—
a 180 * Number of slots for which the winding is short pitched
k, = cos5 =
2 (Number of slots)
Number of poles
Where,

ky,, Pitch factor islesser than unity.

ais short pitch angle.

Distribution factor or breadth factor or spread factor (kq)

When the coils comprising a phase of windings are distributed in two or more slots per pole, the
EMF in the adjacent coilsis out of phase with respect to one ancther and their resultant will be
lesser than the algebraic sum.
EMF with distributed winding
EMF with concentrated winding
mp

Vector sum of EMF induced per coil — SinT

Distribution factor, k; =

kd:

Arithmetic sum of EMF induced per coil msin B
2

Where,

k4islesser than unity for distributed winding.
m = number of slots per pole per phase.

B = angular displacements between the dots.

180
ﬁ = (Numberofslots)

Number of poles

UNIT SUMMARY

The aim of this chapter is to understand the construction and working principle of the alternator.
The alternator has two types of construction which is deployed based on the requirement of the
application, speed, and the prime mover. The principle of operation of the alternator conveys
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clearly why alternator is called as a synchronous machine. Also, discussed about the EMF
equation and numerical in the alternator.

EXERCISES

1. Determine the speed at which a 6-pole alternator should be driven to obtain the frequency of
EMF induced to be 60Hz.

Given Data:

Number of poles (P) = 6, frequency (f) = 60Hz.
Solution:

N = 120 f/P=120x 60/ 6 = 1200rpm.

2. Calculate the mechanical and electrical degree between adjacent poles in a 6-pole electrical
machine.

Given Data:
Number of poles (P) =6

Solution:
Mechanical degree or angular measure in space (Omech) = 360/P = 360/6 = 60°.
Electrical degree or angular measure in cycles (Odec) = (P/2) X Omen= 6/2 X 60° = 180°.

3. A 3 phase, 16 pole, star-connected alternator has 240 stator slots with 8 conductors per slot
and the conductor of each phase are connected in series. The coil span is 144° electrical. The
machine speed is at 375rpm and the flux per pole is 0.061wb distributed in the air gap
sinusoidally. Calculate the phase and line EMFs.

Given Data:
Number of poles (P) = 16, Y -connected, Number of dots (S) = 240, Number of conductors
per slot
(Zs) = 8, Speed (N) = 375rpm, flux (¢) = 0.061 wb.

Solution:

Number of slots = gP = 240/16 = 15.

Number of poles

Number of slots per pole perphase (m) = 15/3=5
180°

Angular displacements between the dots (8) = wmmaermon- = 180915 =
Number of poles
in™&
12°electrical Distribution factor, k; = = iz

msin —
2
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.. 5x12°

kg= 2= 0.957
el L 12° :

5sin —
2

Pitch factor,k, = cos=>
2
Chording angle, @ = 180° — coilspan = 180° — 144°= 36°
kp= cos2 = 0.951
2

PN _ 16x375
120 120

= 50Hz

Frequency,f =

Number of conductors per slot x Number of slots

Number of turns per phase (T) =

2 x Number of phases
__ZsxS _ 8x240

T=——=———=320
2x3 2x3

Induced EMF per phase(Epn) = 4.44¢@fTkk,volts
Epn =4.44 x 0.061 x 50 x 320 x 0.957 x 0.951 = 3943.43 valts

Line voltage (Ev) = v3Eph = 6830.02 volts.

Multiple Choice Questions

1. Alternator operates on principles of
a. Electromagnetic induction
b. Sdf-induction
¢. Mutual induction
d. Sdf or mutual induction

2. Inalternators, the rotating part is
a. Armature
b. Field system
c. Armature aswell asfield system
d. None of the above

3. Salient poletyperotors are
a. Larger indiameter and larger in axial length
b. Larger in diameter and smaller in axial length
c. Smaller in diameter and larger in axia length
d. Smaller in diameter and smaller in axial length

4. Disgtributed winding is preferred over concentrated winding as it
a. Reduces noise
b. Reduces amount of copper required
¢. Reduces harmonics thus improves generated emf waveform



138 | Three-Phase Alternator-Working and Construction

d.

Reduces machine size

5. The emf generated in alternator due to nth harmonic components of flux will be
the fundamental emf in magnitude.

a

b
C.
d

Equal to

. Morethan

Lessthan

. None of the above

Answers of Multiple Choice Questions

UAWN PR

a. Electromagnetic induction

. b. Fidd system

. b. Larger in diameter and smaller in axial length

¢. Reduces harmonics thus improves generated emf waveform
C. Lessthan

Short and Long Answer Type Questions

Long Answer Questions with Answers

1. What are the advantages of stationary armature and rotating field system? Show the
difference between stationary armature and rotating ar matur e types.

Advantages of stationary armature and rotating field

Ease of construction.

Better insulation of armature possible.

Lesser no of dip rings-Only two slip rings are required for DC supply to the field winding
on therotor.

Thicker conductors can be used in the armature.

Reduced rotor inertia.

Increased outpuit.

Easy of current collection.

Reduced armature leakage reactance.

Due to simple and robust construction of the rotor, higher speed of rotating DC field is
possible.

Improved ventilation and heat dissipation.

Advantages of stationary armature are as follows

The armature windings can be protected against mechanical stresses due to centrifugal
forces and short circuit currents.
Insulating the armature winding for high voltage is imperative and it is easier to insulate
the high voltage armature winding, asit is stationary.

The armature is cooled more easily and readily.
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The difference between stationary armature and rotating armature types are given in the

figures below
> > Prace
[ —e—— wosn
Polo  Pole |
» Sart ]“/ -
UN S NG
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P £ of - Save
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Fig 5.6 DC Generator: Rotating Armature and Fig 5.7 AC Generator: Stationary Armature and
Stationary Field Rotating field

2. Differentiate between cylindrical pole and salient polerotor.

Cylindrical pole rotor Salient polerotor

¢ Rotor surface is smooth e Dueto projected poles, rotor surface not
smooth

e Used for high-speed turbo generators | ¢  Used for low or medium speed hydro-
such as the ones driven by steam generators driven by water-turbines
turbines or gas turbines

e Most common speed rangeis3000or | ¢ Most common speed range is 100 — 400

1500 rpm rpm

e Flux distributioninspacebetweenthe | o  Unlessthe rotor is specially shaped, the
rotor and the stator is sinusoidal asthe flux distribution between stator and
air gap is uniform between stator and rotor may not be sinusoidal due be non-
rotor uniform air gap

e Sincethe speedis high, to generate e Sincethe speedislow, to generate
rated frequency, the number polesin rated frequency, it is necessary to use
rotor are restrictedto 2 -4 large number of polesin rotor, starting

from 4 to 50

o Torestrict centrifugal forces at high e Toaccommodate large number of
speed, diameter of the rotor islower poles, diameter of rotor islarge

e Sincethediameter islow, to produce | e Since diameter ishigh, axial length
the desired output, axial length of rotor is kept lower to produce the
rotor is made large as compared to desired output

diameter
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e Friction of therotating rotor withair | e  Air friction while rotation is much
islow higher
e Rotationisless noisy e Rotation produces lot of noise

3. Explain the construction of alter nator

Winding constr uction
e 3-phase winding on the stator
¢ DCfiddwinding onthe rotor

Stator:
e Stationary part of the machine.
o Built up of sheet-steel laminations having sots onitsinner periphery.
e 3-phase winding is placed in these slots and serves as the armature winding of the
alternator.
e Armature winding is connected in star and the neutral is connected to ground

Rotor:
¢ Rotor carries afield winding which is supplied with DC source through two slip rings.
e DC source (called exciter) is generally a small DC shunt or compound generator
coupled with shaft of the alternator.

Types of rotor
i) Salient (or projecting) pole type and ii) Non-salient (or cylindrical) pole type. The
constructional layout of both types are given in figures bel ow.

SALIENT POLE Non

salient pole
@,
FIELD 3 y
WINCING ®
%g\
s s
D.C. SUPPLY
@
lo
@7 A&

D.C. SUPPLY

Figld
Winding

Fig 5.8 Salient Pole type rotor Fig 5.9 Non salient pole type rotor

i) Salient poletyperotor:
e Salient or projecting poles are mounted on alarge circular steel frame.
o Fixed to shaft of aternator.
¢ Individual field pole windings are connected in series.
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o When fidd winding is energized by the DC exciter, adjacent poles have opposite
polarities.
e Low and medium-speed alternators (120-400 rpm) such as those driven by diesel
engines or water turbines have salient pole type rotors due to the following reasons:
a) Excessivewind agelossif driven at high speeds and would tend to produce noise.
b) Salient-pole construction cannot withstand the mechanical stresses when subjected to
higher speeds.

¢) Salient-poletype rotors have large diameters and short axial lengths.

ii) Non-salient pole type rotor

¢ Rotor is made of smooth solid forged-sted radial cylinder.

Has a number of slots along the outer periphery.

Field windings are embedded in these slots and are connected in series to the slip rings.
Field windings are energized by the DC exciter.

The regions forming the poles are usually left ungl otted.

Poles formed are non-salient.

o High-speed alternators (1500 or 3000 rpm) are driven by steam tur bines and use non-
salient type rotors due to the following reasons:
a) Mechanical robustness and gives noisel ess operation at high speeds.
b) The flux distribution around the periphery is nearly a sine wave
c) Better emf waveform is obtained compared to salient-pole type.
d) Steamturbinesrun at high speed and a frequency of 50 Hz is required.
€) So, small number of poles on the rotor are used. (also called turbo aternators).
f) Has2 or 4 poles and have small diameters and very long axial lengths.

Numerical Problems

1
2.

3.

Explain the effect of harmonics on pitch and distribution factors.
Find the pitch factor for the alternator with four poles, coil span 1 to 8, and 36 stator slots.
[Ans: 0.94]
Determine distribution factor for the alternator having 4-pole, 36 slots, three phase single
layer winding.
[Ans:0.96]
An alternator has 10 pole, 50Hz, 600 rpm, armature diameter 1.2m, core length 0.4m, 180
dots wound with double layer, coil span of 15 dots, three turn. The coils are connected in
60deg. Flux density distribution is afunction of B = sin© + 0.5sin30 + 0.3sin50. Derive the
equation for i) instantaneous emf per conductor, ii) instantaneous emf per coil.
[Ans: i) e=14.93sinO + 5.97sin 30 + 2.98sin50O. ii) 86.5sinO + 25.35in30 + 4.63sin50)]
A 6pole alternator has 90 dots, 8 conductors per sot, flux per pole 50mwb revolves at
1000rpm. Find the generated EMF assuming star connection machine with winding factor
0.96.
[Ans: 1280V]
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PRACTICAL

1. Showcase the application of moving armature principles in small DC motors used in
household appliances or toys. Disassemble and analyze a small DC motor to identify its
components.

2. Compare the rotor constructions of different types of motors (e.g., squirrel cage rotor of
induction motor vs. wound rotor of synchronous motor). Discuss the advantages and
applications of each.

3. Discuss the practical applications of single and double-layer windings in motors and
generators. Compare the winding configurations in terms of efficiency and performance.

4. Use a small alternator model to explain the key components, including the rotor, stator, and
winding arrangement. Measure the voltage output at different speeds to understand the
relationship.

KNOW MORE

1. How an alternator works
https://youtu.be/QX10SR}JT8g7si=fgAmOGf41tvdJdEX
https://youtu.be/T8zJK XKU_yM ?si=AbcCCfunSOpdNViY

2. Construction of synchronous machine

https://youtu.be/QBpNOStWv2U 2si=rY Qn6TQi51EOWCcgA
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THREE PHASE
ALTERNATOR- voltage Regulation

UNIT SPECIFICS
Through this module we have discussed the following aspects:

o Alternator loading-Factors affecting the terminal voltage of alternator;
e Armature resistance, and leakage reactance drops;

¢ \oltage Drop due to Armature reaction;

e Armature reaction at various power factors;

o Terminal Voltage Equation - Synchronous impedance;

e Phasor diagram of Alternator under variousload conditions;
e \oltage regulation- synchronous impedance method,

¢ Maintenance of alternators.

The figures of alternator are shown to provide the Equivalent circuit of alternator, Details of the
effect of load power factor on armature reaction, Phasor diagram of Alternator under variousload
condition, Open circuit and short circuit characteristics of the alternator.

RATIONALE

Alternator isthe Electric power provider without which the global survival has become a question
Today. It has a widespread applications. This chapter details to the students about the alternator
on load, terminal voltage equation of the alternator under various load conditions construction,
and voltage regulation of the alternator.

PRE-REQUISITES

Machines |:Sem 11
Physics: Electromagnetism (Class X)


https://en.evotecpower.com/newsshow/180.html
https://www.shreeagency.co.in/three-phase-alternator.html
https://www.electrical4u.com/alternator-or-synchronous-generator/
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UNIT OUTCOMES

List of outcomes of this unit is as follows:

At the end of the chapter student will be ableto

U6-O1: Explain the factors affecting the terminal voltage of alternator.
U6-02: Understand the armature reaction effect on main flux.

U6-0O3: Deriveterminal voltage equation for alternator under load.
U6-O4: Determine voltage regulation of alternator.

U6-05: Understand the basics of alternator maintenance.

unit-6 EXPECTEDMAPPINGWITHCOURSEOUTCOMES
Bl (1-WeakCorrelation;2-Mediumcorrelation;3-StrongCorrelation)
CO-1 CO-2 CO-3 CO-4 CO-5
Ue6-01 - - - 3 n
U6-02 - - - 3 -
U6-03 - = = 3 N
U6-04 - - - %) -
U6-05 - = = 3 N
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6.1 INTRODUCTION

Alternators are crucial components in electrical power generation. The performance of these is
subject to countless factors that influence their terminal voltage. Understanding and managing
these factorsis essential for ensuring a stable and reliable power supply. Thisintroduction delves
into the details of alternator loading, exploring key € ements such as armature resistance, leakage
reactance drops, armature reaction at different power factors, synchronous impedance, and
voltage regulation methods. The discussion extends to direct |oading and synchronousimpedance
approachesfor maintaining optimal voltage levels. Lastly, theimportance of regular maintenance
practices in sustaining the efficiency and longevity of alternators is highlighted. Together, these
aspects form a comprehensive overview of the factors that shape the terminal voltage of
alternators, shedding light on the particulars involved in their operation and maintenance.

ALTERNATOR LOADING

6.1.1 Factors affecting the terminal voltage of alternator

When an alternator is put under load, the entire induced electromotive force (EMF), ie, Eg
doesn't fully appear across the terminals of the output, V:. As the load on an alternator change,
the terminal voltage of the alternator also changes, and it is evident from the equivalent circuit
of the alternator in Figure 6.1. This variation in terminal voltage is caused by different factors,
including voltage drops due to the armature's resistance (Ra), armature |eakage reactance (Xy),
and the influence of the armature reaction.

Fig.6.1: Equivalent circuit of the alternator

Voltage Drop dueto Resistance (Ra) and L eakage reactance (X.) in the Armature:

When the armature conductors carry current under load, there's a drop in voltage due to the
armature resistance (Rg). This drop is proportional to the current (Ia) and is in phase with it.
Furthermore, when load current flows through the armature, it generates its own magnetic field,
creating a part of the field that passes around the conductor and spreads into the machine.
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These additional magnetic fields, known asleakagefluxes, include varioustypeslike slot |eakage
flux, zig-zag leakage flux, harmonic |eakage flux, peripheral |eakage flux, tooth top |eakage fl ux,
and

skew leakage flux. These leakage fluxes contribute to the inductive nature of the armature
winding, resultinginthe creation of aself-induced EMF known asreactance EMF. Thisreactance
EMF leads the current la by 90°, meaning it's ahead of the current in terms of its phase.
Considering these effects, the armature winding is often assumed to possess a leakage reactance,
referred to as X.. This concept helps explain how the armature winding behaves when dealing
with these inductive effects caused by the leakage fluxes.

\oltage Drop due to Armature reaction, Xar:

During no load condition, the magnetic flux in the air gap is generated solely by the rotor's
Magneto Mative Force (MMF). However, under a load, the armature conductors carry a load
current, leading to the creation of an armature flux. As a result, the air gap's magnetic flux
changes compared to the no-load condition due to the influence of the armature flux.
Thusinthe air gap, there are two distinct fluxes: one isthe main flux or field flux, and the other
one is the armature flux. This armature flux interacts with the magnetic flux produced by the
rotor's poles. Thisinteraction causes the resultant flux in the air gap to either decrease or increase
in comparison to the main field flux in the alternator. This phenomenon, where the armature flux
influences the main flux generated by the rotor's or field's magneto motive force, is termed
armature reaction.

The armature reaction leads to a voltage drop in the armature winding, which needs to be taken
into account. To deal with this, the armature winding is often given an artificial reactance known
as "fictitiousreactance" (Xa). Thisvalue of X & is chosen so that when multiplied by the armature
current (1), it accurately represents the voltage drop caused by armature reaction. This way, the
impact of armature reaction on the machine's performance can be better managed and analyzed.
Also, it'sasignificant consideration in alternator design and operation, asit affects the machine's
performance and characteristics when it's under load.

It's important to recognize that both armature and main fluxes rotate at the same synchronous
speed and direction. The impact of armature reaction is influenced by two main factors: the
power factor of the load and the magnitude of the armature current.  The power factor of the
load determines whether the armature flux distorts, opposes, or assists the flux generated by the
rotor's MMF. This phenomenon is essential to consider because it influences the machine's
overall performance.

6.2 EFFECT OF LOAD POWER FACTOR ON ARMATURE REACTION

6.2.1 Unity Power Factor Load
When the load has a unity power factor (UPF), which means it's purdly resistive, armature
reaction affects the main field flux in away that it doesn't weaken it but distortsiit.
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In the phasor diagram shown in Figure 6.2, there's a 90° phase difference between the field flux
and the armature winding flux. This distortion due to armature reaction causes a dight drop in
theterminal voltage in the alternator. For aunity power factor load, armature reaction hasa cross-
magnetizing effect.

Main
- Flux
" At UPF load Nevrsties
k Ia Flux
/ 1 Induced EMF
Armature Main
Flux Flux
. At Zero PF Laggin
=il s
| Induced EMF
Armature
At Zero PF leading Flux .
_ — Main
/ *  Flux
, —pp |
Main Flux
Induced EMF

Armature Flux

Fig.6.2: Effect of Load Power Factor on Armature Reaction

6.2.2 Zero Lagging Power Factor Load

When the |oad power factor is zero lagging, indicating a purely inductive load, armature reaction
weakens the main field flux instead of distorting it. This weakening of the main field flux leads
to areduction in the generated electromotive force (EMF).In the vector diagram of Figure 6.2,
you can observethat the armature and field winding fluxes are entirely oppositein direction. This
effect of armature reaction, in this case, reduces the main flux and consequently decreases the
EMF generation. For zero lagging power factor pure inductive loads, armature reaction actsin a
demagnetizing manner. When the alternator supplies a lagging power factor load, the armature
reaction is partly demagnetizing and partly cross magnetizing.
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6.2.3 Zero Leading Power Factor Load

In situations where the load power factor iszero leading, meaning it's purely capacitive, armature
reaction strengthens the main field flux without distorting it. This strengthening results in an
increase in the generated EMF, boosting the alternator's performance.

In the vector diagram of Figure 6.2, you can observe that the armature and field winding fluxes
are in the same direction, with 0° phase difference between the field flux and the armature
winding flux. For zero leading power factor pure capacitive loads, armature reaction acts in a
magnetizing manner. When the alternator supplies leading power factor load, then the armature
reaction is partly cross magnetizing and partly magnetizing.

6.3 TERMINAL VOLTAGE EQUATION- SYNCHRONOUS IMPEDANCE

For alternator, the terminal voltage Vt can be written as
Vt = Eg - IaRa - anXL - anXar """" (1)
Vt = Eg - IaRa - an(XL +Xar)

The leakage reactance X, and the armature reaction reactance X« may be combined to give
synchronous reactance Xs.

Vo= Ej— LRy — jlu(Xs) e )
Vt Eg - Ia(Ra +jXS) """" (3)

Thetotal voltage drop in an aternator under load is= 1aRg + jlaXg = la(Rg + j X9 = laZs
Zis known as synchronous i mpedance of the armature.
Thus, from equations (1) to (3), the terminal voltage becomes,

Vi=Eg— l2g e (4)

Where,

Eg - induced EMF,

la - armature current,

Ra - armature resistance,

XL - leakage reactance,

Xar - armature reaction reactance,

Xs - synchronous reactance

Zs - synchronous impedance
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6.3.1 Phasor diagram of Alternator under various load conditions

The phase relationship between armature induced EMF, Eg due to field flux and the current
flowing through the armature 1, depends upon the power factor of the load. The induced EMF Eg
can be obtained from the terminal voltage V; analytically using the equation,

E, =V, + I,Z,
E; = Vi+ LRy +jlXs e (5)

Resistive L oad:

The vector diagram givenin Figure 6.3 is drawn to obtain theinduced EMF, Egfrom theterminal
voltage V;, considering the terminal voltage V: as a reference phasor. When the load connected
tothealternator isresistive, the armature current maintai ns the same phase astheterminal voltage
(OP).The armature resistance drop 1.Ra (PQ) is due to the armature current, |, and hence it
always lies in phase with current 1, (i.e., PQ in phase with OP, and ||* to PQ). Drop due to
synchronous reactance jlaX¢(QR) can be drawn from PQ taking 90° shift to get |.Z¢, Egisthen

obtained using Equation 5.

i
O L, Vi P LR, Q

Fig.6.3: Induced EMF in the alternator for Resistive load - Phasor diagram

From the triangle OQR, the expression for induced EMF, Egis given as,
OR? = 0Q? + QR?

E,> = (OP + PQ)* + QR?

Eg = (Ve + IaR)? + (I X)?
Inductive Load: RL load

At a zero lagging power factor (purely inductive), the current 1, lags behind the voltage V(OP)
precisely by 90°. However, for loads with lagging power factors, the current |,1ags behind the
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terminal voltage V: by an angle @. The provided Figure 6.4 illustrates a phasor diagram for a
lagging power factor scenario.

Fig.6.4: Induced EMF in the alternator for RL load - Phasor diagram

The armature resistance drop 1.Ra (PQ) is dueto the armature current 1, and henceit alwayslies
in phase with current I, (i.e., ST in phase with OS, and || to PQ). Drop due to synchronous
reactance jlaXisshown by QR, taking 90° shift from PQ to get 1.Z  Egis then obtained using
equation 5.Therefore, from the triangle ORT,

OR? = OT? + TR?

E,> = (0S+ST)? + (TQ + QR)?

Ey=(Vicos® + I,R)? + (Vsin® + [,X)?

(0] Vi P

Fig.6.5: Induced EMF in the alternator for RC load - Phasor diagram
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Capacitive Load: RC load

At a zero leading power factor (purely capacitive), the current |, leads V; exactly by 90°. In the
case of aleading power factor load, the armature current 1, leads the terminal voltage V: by an
Angle [J as shownin Figure 6.5.

OR? = 0OT? + TR?

E,* = (0S + ST)? + (QT — QR)?

Ey= (Vicos @+ I;R,)? + (V,sin® — [,X,)?
Based on the information provided above, we can draw the following conclusions:

For cases of unity and lagging power factors, the product of la (armature current) and Xs
(synchronous reactance) will have a positive sign. This is because at unity and lagging power
factors, the armature reaction's effect on Xs is both demagnetizing and cross-magnetizing.

For aleading power factor, the product of 1, and Xs will have a negative sign. This means that
the terminal voltage (Vi) is greater than the generated electromotive force (EQ) due to the
magnetizing effect of armature reaction.

6.4 VOLTAGE REGULATION

Loading an alternator causes its terminal voltage to drop or rise depending on the (i) Magnitude
of load and (ii) Nature of the load. The change in voltage from no load to full load is given by
parameter called voltage regulation. The performance of the machine is better, if the voltage
regulation value is small. Voltage regulation refers to the percentage increase in voltage that
occurswhen full load is disconnected, excitation being set to provide the normal voltage initially.
Itisexpressed in percentage.

Regulation = @x 100 %
t

where,
Viistheterminal voltage per phase;
Egistheinduced voltage per phase.

There are several methods in alternatorin order to estimate Ego. They are direct loading method,
synchronous impedance method (EMF method), ampere turns method (MMF method), and
Potiertri angle method(ZPF method). Direct loading method can be used, in case of small
generators, whereas for large alternators, Eg cannot be determined by the direct loading method.
Itis usually predetermined by any of the other different methods, applicability limited to non
salient pole alternators.
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6.4.1 Synchronous Impedance Method (EMF method)
This EMF method requires the following.

e Armatureresistance, Ra,
e Open Circuit Characteristic (OCC), and
e Short Circuit Characteristic (SCC)

No load tests are conducted to find the amature resistance per phase, OCC upto 125% of rated
voltage, and SCC for rated current.

e Armature Resistance (Ra):

The per-phase value of Ra can be directly determined using methods like the Wheatstone bridge,
voltmeter, and ammeter approach. As a general rule, a value approximately 1.6 times the DC
resistance is commonly used for calculations.

e Open Circuit Characteristic (OCC):

The OCC can be acquired by operating the machine under no-load conditions and noting the
induced voltage values at the stator winding terminals as the field excitation current varies. This
process continues until the voltage reaches 125% of the rated value.

e Short Circuit Characteristic (SCC):

The SCC is obtained by short-circuiting the armature windings through a low-resistance
ammeter. The machine is then run at its rated speed, gradually increasing the field current until
the armature current reaches the rated val ue.

6.4.2 Procedure to obtain OCC and SCC

For the given alternator motor coupled set, the ratings and the required apparatus details are
provided in the Tables 6.1 and 6.2 respectively to conduct OC and SC tests on alternator.

Table 6.1: Rating of alternator and motor

ALTERNATOR MOTOR
Power Rating: 5kVA 7.5 kW
Rated Voltage: | 415V 415V
Rated Current: | 7.5A 45A
Rated Speed: 1500 rpm 1440 rpm
Excitation: 12A

The connections are to be given as shown in the circuit diagramin Figure 6.6. K eeping the motor
field rheostat in the indicated position and with the TPSTS open, the motor supply is switched
ON, by closing DPSTS;.Motor is started using the 3-point starter by moving the handle from OFF
to ON position and the motor is brought to its rated speed by adjusting the rheostat in the motor
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field circuit. Supply is switched on to the field winding of alternator by closing the DPSTS;. The
procedure to plot OCC and SCCisgivenin below.

Table 6.2: Apparatus required to conduct OC and SC Tests on Alternator

I\Slb Name of the Appar atus Range Type Quantity
1 Rheostat 2000hms/3A 2 Nos

2 Voltmeter (0-600V) Ml 1No

3 Ammeter (0-10A) Ml 1No

4 Ammeter (0-2A) MC 1No

5 Tachometer - INo

6 DPSTSand TPSTS - 1 Noeach
7 Connecting wires & Fuse - As Required

Fig.6.6: Circuit to conduct OC and SC tests on alternator

OC Test Procedure

1. Using the 200 ohm potential divider, current in field circuit isincreased in steps of 0.1A and
at each step the alternator induced voltageindicated by voltmeter and the corresponding field
current (I) are noted.

This procedure is continued until the alternator voltage is 125% of its rated voltage.

Using the data, OCC curve can be plotted taking the field current long x-axis, and induced
EMF along y-axis, Eg Vs s.

wn
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S. No. It (A) Egoa-) (V) | Egony(V)

S.C. Test Procedure

1
2.
3.

o

After Completing O.C. Test, the potential divider is brought to its minimum position.

The alternator terminals are then short circuited by closing TPST switch through an ammeter.
Therated current is made to flow through the armature of the stator windings by carefully
adjusting 220 ohms potential divider from the minimum position.

Field current is noted from the ammeter connected in the field winding, for the rated full load
current in the armature winding ammeter.

Using the data, graph can be plotted against I Vss.
Figure 6.7 gives the OCC and SCC.
S. No. I+ (A) Isc (A)
A
Eo (V) occ
0 1 T
Isc(A) / ™,

/

/
f/ /
/[

sSC

.
F

Is(a) ———=

Fig.6.7: OCC and SCC of alternator

After completing these OC and SC tests experimentally, synchronous i mpedance, and synchronous
reactance are calculated using the formulae. The steps involved in the voltage regulation
calculation of EMF method are as follows.

Stepsinvolved in Synchronous | mpedance calculation and Regulation predeter mination:
1. OCC curveisdrawn with induced EMF for varying field current from the OC test data.

Ego VeI’SUS If.
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2. To create the short circuit characteristic SCC (straight line), origin is connected with a point
corresponds to the field current required to circulate the full load rated current.

Airgap Line
oCcC ]_
=
&
N i 3]
1
: scc |8
]
1
) A Isc
o=
s |
> 1
l

Field Current —

Fig.6.8: Extraction of Open circuit voltage and short circuit current

3. To Calculate the Synchronous I mpedance (Z9):
Under identical field current conditions (from Figure 6.8 - graph),

_ (Open circuit voltage per phase)

7. =
§  (Short circuit current per phase)
Voc
zZy = %
* s
Synchronous Reactance,, Xs = [Zs% — R,*

Ego = N (Vecos@ + 1,Rg)* + (Vysin® + [,X,)?

Where,
Ego = no load Induced EMF per phase,
V= Rated voltage per phase,
Ra = Armature resistance in ohms,
la= Armature current in Amps,
‘+' for lagging pf. load.
‘-’ for leading pf. load.

4. Regulation is calculated as

Ego—Vt
Vi
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6.5 MAINTENANCE OF ALTERNATORS

An alternator is an electro-mechanical device with stator, rotor winding and an external DC field
excitation. Alternator generates power on coupling with a prime mover. Maintenance of
alternators is essential to ensure their proper functioning and longevity. Regular maintenance
hel ps prevent breakdowns, improves efficiency, and reduces the risk of costly repairs.

Before starting any maintenance work on the alternator, all safety precaution should be taken.
Also, the manufacturer's guidelines and recommendations for maintenance are to be followed.
Regular mai ntenance not only prolongsthe life of the alternator but also ensuresthe overall health
and reliability of the electrical system in your vehicle or machinery.

Regular inspections:

Visual inspections of the alternator is necessary to check for any signs of damage, wear, or loose
connections. Look for frayed wires corrosion, and broken parts. Any irregularities, strange noises,
or other signs of problems have to be addressed before they escalate.

Some of the inspection key points are as follows.

e Cleantheaternator ventilation passage.
e Check the Insulation resistance of stator and rotor winding.

e Ensure that the alternator is securely mounted in place. Loose mounts can cause vibrations,
leading to damage over time.

Air gap between stator and rotor to be checked and maintained between 1.5 to 2 mm.

Slip rings to be checked for even wear down to be renewed if required.

Automatic Voltage Regulator to be checked and cleaned off oil and dust.

A vacuum cleaner can be used to remove dust accumulated in the inner parts of alternator.
All the connection in the terminal box to be tightened properly.

Forced Ventilation around alternator must be maintained all the time.

The foundation bolts of the alternator to be checked for tightness.

Check the tension of the alternator belt regularly. It should have the correct amount of tension
to drive the alternator properly. Too loose or too tight can cause issues.

After regular maintenance is performed, the following are the major tests to be conducted
periodically.
Cooling system:

Alternator's cooling system should be working efficiently. Overheating can lead to damage and
premature failure. This testing will help to address the issues in thermal aspects.

No-load Test:

A no load test should be carried out and general condition such as noise, temperature, voltage
generated etc. of the alternator should be observed and noted.

Regular load testing:

L oad tests on the alternator determine its ability of the alternator to handle electrical loads. This
will help to locate any potential |oad issues.
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UNIT SUMMARY

The aim of this chapter is to analyse the factors affecting the terminal voltage of the alternator,
induced EMF of the alternator on load, effect of load power factor on armature reaction, phasor
diagrams of induced EMF s of the alternator for various |oad power factor and voltage regulation
of the alternator. Also, for the synchronous impedance method, this chapter explains how to
predetermine the voltage regulation of the alternator experimentally with open circuit and short
circuit tests.

EXERCISES
1. Explain the power devel oped by a synchronous generator.
2. Explainthe parallel operation of aternator.
3. Explainthe voltage regulation of the alternator by MMF method.
4. Explainthe voltage regulation of the alternator by Potier triangle method.
5. The OC and SC test results of the alternator is given as follows.
Open circuit voltage - Ego linetoline)
Fied current - I
S. No. I+ (A) Egoi-n) (V)
1 16 3100
2 25 4900
3 37.5 6600
4 50 7500
5 70 8300

Ignore the armature resistance and leakage reactance. Determine the regulation at 0.8pf using
synchronous impedance method. A field current of 20A is found required for the circulation of
full load current on short circuit test.

Multiple Choice Questions
1. The magnitude of leakage flux in alternator depends on
a. Air gap thickness
b. The magnitude of armature current
c. Phase angle between terminal voltage and armature current

d. Bothaandb

2. For zero factor leading, the effect of armature reaction in an aternator on the main flux is
a. Magnetizing ¢. Cross-magnetizing
b. Demagnetizing d. None of these

3. Which of the following methods would give higher than actual value of regulation of an
alternator?
a. MMF method c. ZPF method
b. EMF method d. ASA method



158 | Three-Phase Alternator-Voltage Regulation

4. A polyphasefiddis
a. Pulsating and rotating
b. Pulsating and stationary
c. Constant in amplitude and rotating at synchronous speed
d. Constant in amplitude and stationery in space

5. The necessary condition for parallel operation of two alternatorsis
a. Terminal voltage should be the same
b. Phase sequence should be the same

Frequency should be the same

d. All thethese

o

Answers of Multiple Choice Questions

a. Magnetizing

a. Magnetizing

b. EMF method

¢. Constant in amplitude and rotating at synchronous speed
d. All of these

agrwdE

Short and Long Answer Type Questions
Long Answer Questions with Answers

1. Draw the equivalent circuit of the alternator that isin delta connection.
For delta connection the equivalent circuit of the alternator is given bel ow.

Fig. 6.9: Equivalent circuit of the alternator in Delta connection



Induction, Synchronous and Special Electrical Machines | 159

2. Drawtheequivalent circuit of the alternator that isin star connection.

Fig. 6.10 Equivalent circuit of alternator in star connection

When an alternator is put under |oad, the entire induced el ectromotive force (EMF), ie., Eg doesn't fully
appear across the terminals of the output, V:. As the load on an aternator change, the terminal voltage
of the alternator also changes. This variationinterminal voltage is caused by different factors, including
voltage drops due to the armature's resistance (Ra), armature |eakage reactance (X.), and the influence
of the armature reaction.

For alternator, the terminal voltage Vt can be written as
Vt = Eg - IaRa - anXL _anXar _______ (1)
Vi = E; — I,R, — jl, (X, + Xop)

Theleakage reactance X and the armature reacti on reactance X - may be combined to give synchronous
reactance Xs.

Vi=Eg— IR, — jl.(Xs) - (2
Ve = Eg - Ia(Ra +sz) ------ (3)
Thetotal voltage drop in an alternator under load is= 1aRg + jlaXg = la(Rg + jX9 = lZg

Z is known as synchronous impedance of the armature.
Thus, from equations (1) to (3), the terminal voltage becomes,

Ve=Eg— 1,2 - (4)
where,
Eg istheinduced EMF,
laisthe armature current,
Ra is the armature resistance,
XL isthe leakage reactance,
Xar is the armature reaction reactance,
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Xsisthe synchronous reactance

Zsisthe synchronous impedance

Hence the equivalent circuit of the alternator in Figure 6.1 becomes that in the Figure 6.7. For delta
connection the equivalent circuit of the alternator is given below.

Short Questions:

NG~ wDdE

Define synchronous reactance.

Write down the equation for the terminal voltage of the alternator on | oad.

Does the synchronous machine has dlip speed?

What is the effect of lagging load power factor on armature reaction?

Define voltage regulation of the alternator.

What are the methods to determine voltage regulation?

Write down the formula to determine the synchronous i mpedance.

What are the factors that cause variations in the terminal voltage of the loaded alternator?

Long Questions:

1
2.

3.

o

Explain the vector diagrams for the loaded aternator.

Explain about alternator maintenance scheduling considering the economic power
generation.

Explain the factors to be considered for the application of alternator in the hydroelectric
power generating plants.

Explain the site location and limitations for deploying the alternator in the thermal electric
power generating plants.

Derive the expression for terminal voltage for the loaded alternator under various power
factor load.

Explain the effect of armature reaction on the alternator.

Derive the reactive power output per phase of the alternator.

Detail the effect of various load power factor on armature reaction?

Numerical Problems

1

An aternator has arated voltage of 11kV and is operating at 0.8 power factor lagging. If the
load current is 100A, calculate the terminal voltage. Consider the synchronous reactance as
2Q.

. A 3-phase alternator is loaded to 80%80% of its rated kVA. If the field excitation is reduced

by 10%, calculate the new terminal voltage. Assume a power factor of 0.85 lagging.

An alternator has an armature resistance of 0.5Q and a leakage reactance of 2Q. If the
alternator is delivering 1000A to a load with a power factor of 0.9 lagging, calculate the
armature voltage drop.

An alternator operates at a power factor of 0.9 leading. If the synchronous reactance is 3Q
and the load current is 800A, calculate the armature reaction voltage.
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5. Analternator has arated voltage of 20kV and a synchronous reactance of 5Q. If the full-load
current is 1000A with a power factor of 0.9 lagging, calculate the voltage regulation using
the direct loading method.

6. During routine maintenance, the insulation resistance of an alternator is measured and found
to be 2MQ. If the acceptable minimum insulation resistance is 1MQ, evaluate the condition
of theinsulation.

PRACTICAL

1. Set up asmall alternator and load it progressively. Measure the terminal voltage at different
loads and analyze theimpact of factors such asload current, power factor, and field excitation
on terminal voltage.

2. Introduce variations in field excitation and observe the effect on terminal voltage. Discuss
the importance of maintaining optimal excitation for stable voltage output.

3. Connect aload bank to the alternator and vary the load resistance. Measure the voltage drop
across the armature resistance and leakage reactance to ill ustrate how these factors influence
the overall performance.

4. Use circuit simulations or a physical model to showcase the concept of armature resistance
and leakage reactance drops. Discuss how these drops affect the efficiency and voltage
regulation of the alternator.

5. Vary the power factor of the load and observe the changes in armature reaction. Use
instruments to measure the armature reaction at different power factors and discussitsimpact
on the alternator's performance.

6. Perform routine maintenance tasks on an alternator, such as cleaning, inspecting brushes and
dip rings, checking insulation resistance, and lubricating moving parts. Discuss the
importance of regular maintenance in ensuring the reliable operation of alternators.

KNOW MORE

1. Armature reaction of the alternator
https://youtu.be/8HFa Y jZIFc?si=pL5ygSrgY HO5VgK O

2. Terminal voltage under load and V oltage regulation of alternator
https://youtu.be/abusK z1Y RsY ?si=osNmUQwtmmOK e7-0
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SYNCHRONOUS MOTOR

UNIT SPECIFICS
Through this module we have discussed the following aspects:

e Familiarizing the working of Synchronous motor;

o Familiarizing the phasor diagram of Synchronous motor;
o Different torguesin a Synchronous motor;

o Power flow equations of Synchronous motor;

e  Synchronous motor on load with constant excitation;
o [Effect of excitation at constant |oad;

e V-Curves and Inverted V-Curves;

e Hunting and Phase swinging;

e Methods of Sarting of Synchronous Motor;

e Lossesin synchronous motors and efficiency;,

e  Applications of Synchronous motor.

The photos of practical motor are shown to detail the various parts of the machine. Thereal time
applications of the topics are discussed for inducing further curiosity and creativity.

Besides giving a large number of multiple-choice questions as well as questions of short and
long answer types marked in two categories following lower and higher order of Bloom's
taxonomy, assignmentsthrough a number of numerical problems, alist of references and suggested
readings are given in the unit so that one can go through them for practice. It isimportant to note
that for getting more information on various topics of interest some QR codes have been provided
in different sections which can be scanned for relevant supportive knowedge.

After therelated practical, based on the content, thereisa“ Know More” section. This section
has been carefully designed so that the supplementary information provided in this part becomes
beneficial for the users of the book. This section mainly highlights theinitial activity, examples of
some interesting facts, analogy, history of the development of the subject focusing the salient
observations and finding, timelines starting from the devel opment of the concerned topics up to the
recent time, applications of the subject matter for our day-to-day real life or/and industrial
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applications on variety of aspects, case study related to environmental, sustainability, social and
ethical issues whichever applicable, and finally inquisitiveness and curiosty topics of the unit.

RATIONALE

Synchronous motors are used in a variety of industries, including oil and gas, industrial &
manufacturing, metals & mining, and others. The major market, which includes the use of
synchronous motors for pumps, extruders, and compressors, is captured by the industrial &
manufacturing industry. This chapter introduces the students to the construction and working
principle of the synchronous motor. Also briefly discussed on the methods of Sarting
of Synchronous Motor; losses in synchronous motors and efficiency and applications of
Synchronous motor.

PRE-REQUISITES

Machines|: Semlll
Physics: Electromagnetism (Class X)

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U7-0O1: Understand construction of the synchronous motor.

U7-02: Ableto understand the congtructional differencein cylindrical and projected pole.
U7-03: Fed the synchronisation of the stator and rotor.

U7-O4: Why sdlf-garting is not possible in synchronous motor.

U7-O5: Ableto get to know about the zero dip.

unit-7 EXPECTED MAPPING WITH COURSE OUTCOMES
Ol Eees (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
CO-1 CO-2 CO-3 CO-4 CO-5
u7-o1 - - = 3 -
U7-02 - - = 3 -
Uz7-03 = - - 3 -
u7-o7 - - = 3 -
U7-05 = - - 3 -
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7.1 INTRODUCTION

The Electric motors which are advanced one as well asthe Modern electrical power transmission
are based on 3-® electric power system, which was invented in the year 1885. There are several
renowned individuals who all had significant involvement in the inventions of three phase power
system (Dobrowolsky, Hasdwander, Teda and Wenstrom, Dolivo, Ferraris, Bradley,).
Application like Electric cars and robots which are highly dynamic mostly uses three phase
synchronous motor. In 1887, Friedrich August Haselwander invented the first Synchronous
Machine. The first synchronous generator which is of three phase type with salient poles was
built by Friedrich August Haselwander. However, the German Post the postal service known as
German Post forbids the use of his device out of concern for the disruption of telegraph wires.
Haselwander's patent applications failed aswell. Haselwander's synchronous motor made in1887
isshownin Fig.7.2. The practical synchronous motor used in industry is shown in Fig.

Fig.7.1: Haselwander's synchronous motor made in1887

The advancements in the technology have resulted in inventions and innovations such that
the Haselwander's synchronous motor practically used in practice. Therotor of asynchronous
motor which is considered to be an AC motor revolves at the same rate as the rotating
magnetic field (RMF). The speed at which magnetic field of stator revolves is known as
synchronous speed which is a function of supply frequency. So this Machine is known as
synchronous motor. In synchronous motor the rotor and the supply current frequency are
synchronised. The rotor of a synchronous motor has either permanent magnets or field
windings that are energised by an external source rather than relying on the induced rotor
current. RMF is produced by the stator in synchronous motors. Synchronous speed istherate
at which therotor's magnetic field rotates while magnetically locking with the rotating RMF-.
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Fig.7.2: Synchronous motor

Because of its many advantages, such as power aspect correction for energy conservation and
excellent efficiency, synchronous motors are more widely used in the industrial sector.
Synchronous motors are frequently used in industry, where they may be used as generators or
motors depending on the sector. To provide more consistency, it often operates at a synchronous
tempo, which is a consistent speed with predictable frequency. Due to their outstanding
performance, minimal power loss, low maintenance requirements, and adaptability to different
plant layouts, synchronous motors are becoming more and more popular.

7.2 CONSTRUCTION OF SYNCHRONOUS MOTOR

Synchronous generator and Synchronous Motor have similar construction. Synchronous motor
has two main parts namely Stator and Rotor. Stationary part of Synchronous Mator is known as
stator. For reducing the eddy current loss and hysteresis | oss core of the stator is made up off thin
laminated sheets made from cast iron or steel having better magnetic property. The three-phase
alternating stator field winding, also known as the armature winding, is held in axial dotsin the
core. When armature winding of stator is connected to three phase power supply, rotating
magnetic field (RMF) is generated.

The synchronous motor'srotating part is called therotor. Rotor has slotsfor holding field winding
and is of cylindrical shape. It isresponsible for generating the magnetic field or poles. DC source
like a small DC generator is connected to the shaft of rotor can be used to energise the rotor
through brush assembly and slip rings. Hence DC sources are used for excitation.

Salient Pole Rotor

The term ‘salient’” means ‘pointing outward’. The salient Pole rotor has protruding or
projecting poles toward the armature winding. The rotor coreis made of alaminated steel
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sheet for reduction in hysteresis and Eddy current. The field windings are wounded around
each pole.

3-¢ Input

Yoke
Stator Core

3-¢ Armature
Windings

Fig.7.3: Stator of the Synchronous motor Fig.7.4: Salient pole rotor of Synchronous motor

Generally, in salient Pole type SM the number of poles is large; hence it is not suitable for
applications with high-speed as high windage losses occur. This type of rotor isused in low and
medi um-speed synchronous motors. As the number of poles are more the diameter is large and
axial lengthissmall. Slip rings and brush assemblies are utilised to create an el ectrical connection
between a machine's rotating part and stationary part. To energise the field winding through DC
excitation salient pole type can be used.

Non-Salient Pole or Cylindrical Rotor

Non-salient polerotor isalso called cylindrical rotor because of its cylindrical shape andis made
of laminated steel. Field windings are slotted in the core of the rotor that is wedge-shaped to keep
them from being pulled out.

Fig.7.5: Cylindrical rotor of Synchronous motor
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While the core's undotted portion becomes magnetic pole In comparison to salient pole type
rotor, costlier, less poles, a smaller diameter, and a longer axial length are all characteristics of
therotor thistype of rotor. Thistype of rotor design helpsin robustness flux, mechanical strength
etc. and distribution of flux is uniform.

7.3 WORKING PRINCIPLE OF SYNCHRONOUS MOTOR

The Synchronous motors have the drawback of not being self-starting. An induction motor-like
rotating magnetic field (RMF) with a constant magnitude and revolving at synchronous speed is
created when a three-phase balanced voltage is given to the stator winding. This RMF can be
predicated on two poles revolving synchronously in a clockwise orientation. Fig.7.7(a) depicts
the Ns and Ss stator poles. The stator, which contains Ns at the top of the structure and Ss at the
bottom, along with the rotor poles depicted in Fig.7.7(a), generate a repulsive force throughout
the first half cycle. Therotor typically rotates anticlockwise.

Fig.7.6: Schematic representation of Synchronous motor

The stator has S at the top and Ns at the bottom for the following half period, as shown in
Fig.7.7(b). This produces an attracting force, which causes the rotor to turnin aclockwise manner.
As aresult, the torque applied to the rotor reverses fast. Due to its significant inertia, therotor is
unable to react to this torque. As a result, synchronous motors cannot start themselves. As
demonstrated in Fig.7.7(c), if the rotor poles are likewise spinning at synchronous speed using a
pony motor, therotor poles will have switched positions by thetime the stator poles do. The stator
poles pull the rotor poles towards them and the two moves together. So, the magnetic locking
concept underlies how the synchronous motor operates. A motor that operates synchronously is
a doubly excited machine, meaning that in order to produce synchronism; it needs AC and DC
power for both the stator and the rotor.
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The windings of the stator receive a three-phase AC to produce RMF. The rotor and stator are
intended to have an equal number of poles.

Synchronous speed is the rate of rotation of these polesthat isin time with an input frequency f.
Itis provided by

Ns=2120f/P e (7.1
3 phase supply
A A A
! !
Ng — g :
N NN iR
(o]
S \ N ‘
NS N -
" Sg N ~ Sg
B B ll
Fig.7.7(a) Fig.7.7(b) Fig.7.7(c)

Fig.7.7: Stator and rotor poles representation of Synchronous motor

The windings of the rotor receive a DC source in order to provide a constant magnetic field. The
magnetic field of the rotor remains constant since the DC source delivers continuous current. At
the opposing ends of the rotor, magnetic poles are produced. When the rotor reaches the
synchronous speed, its poles begin to revolve at the same rate as the stator's RMF.

Therewill be noload torque if the shaft rotates substantially the same rate as the stator RMF. The
poles of the stator and rotor line up. The rotor begins oscillating around the new equilibrium
position when a mechanical force is applied; this behaviour is referred to as "hunting.” The rotor
begins to produce torque as it trails the stator RMF by a few degrees. The angle in between them
grows as the load increases until the rotor field trails RMF by 90°. The motor now delivers its
breakdown torque, which is the highest amount of torque. The motor stalls if theload istoo great.

7.4 FEATURES OF SYNCHRONOUS MOTOR
The characteristics of synchronous motors are as follows.

e Synchronous motors cannot naturally start themselves. To synchronise with the supply
frequency, the rotor must be accel erated to synchronous speed.
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e Only the input supply's frequency affects its speed. The synchronous motor's speed is
managed using a variable frequency drive (VFD).

e Theload has no effect on its speed. As a result, any change in the load has no effect on the
synchronous motor.

e Thetorgqueincreases astheload does. Any torqueincrease that exceeds the breakdown torque
will cause a synchronous motor to stall.

e The operation of a synchronous motor is either at synchronous speed or not at all.
Leading and trailing power factors are both possible operating modes for synchronous motors.
Asaresult, they are employed in industries to enhance power factors.

7.5 EQUIVALENT CIRCUIT OF SYNCHRONOUS MOTOR

A synchronous motor is often a doubly excited system as well, which implies that the motor
rotates under two separate excitations. The stator winding receives a three-phase AC supply,
creating a rotating magnetic field. Similar to that, the rotor winding receives a DC supply. Back
e.m.f. is produced within the armature windings whenever the rotor rotates with synchronous
speed. Keeping that in mind, the comparable circuit is sketched to illustrate the synchronous
motor. The circuit representation of one phase for a cylindrical-type synchronous motor is shown
in the picture bel ow.

Fig.7.8: Equivalent circuit of Synchronous motor

In the equivalent circuit,
E = Excitation Voltage or E;¢
I = Field current
V = It is the armature’s applied terminal phase voltage.
[, = The amount of armature current per phase the motor draws from the source
R, = Effective armature resistance for each phase
Xs = Synchronous reactance per phase of the motor stator armature winding

Zs = Impedance per phase of the armature
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@ = Phase angle between V and I,

cos @ = Power factor

§ = torque angle= Phase difference between E;and V

[,R, = Itis the armature resistance, or voltage drop per phase.

[,X; = Reactive voltage drop per phase due to armature reactance and

armature reaction effects

Zs=Ry+jXs e (7.2)
For a synchronous motor
V = E¢ + I, Zg
V =E;+ (R, +jX;)
Ef=V—-LR,—jl.Xe e (7.3)

Phasor diagram of Cylindrical Rotor Synchronous M otor

A three-phase cylindrical rotor synchronous drive may run at lagging, unity, or leading power
factors. In light of this, the phasor diagram is created using the aforementioned formulae.
Understand how asynchronous motor reacts under no-load and | oad circumstances before reading
the section.

(i) Phasor Diagram for Lagging Power Factor

Consider that the supplier is providing a trailing current to the synchronous motor. By taking
equation (7.3) into consideration, a phasor diagram is created. In order to build that phasor
diagram, the supply voltage's phasor value is used as a guide, with the result that OA = V. The
armature current trails the input voltage; as aresult, the phasor of the voltage V and the armature
current phasor la follow each other by a phase angle o.

Fig.7.9 (a): Phasor diagram of Cylindrical Rotor Synchronous Motor for Lagging Power Factor
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Draw the voltage drop phasor (AD = -12R3), starting from point A, in the opposite direction from
the current phasor. The voltage drop resulting from synchronous reactance draws perpendicul ar
to the 1.Ra phasor from the extremity that defines this phasor (from point D) (DE = -12Xs). Join
AE to obtain the voltage drop overall caused by total impedance (-1aZs). Thus, En=V — laRa—
jlaXs=V —1aZs Join OE, which indicates the electromagnetic field that is generated per phase
for the phasor En. Power angle or torque angle o refers to the phase distinction between V
and Ep.

We can also draw the phasor diagram considering the other equation, V= Ep + [, Ra + jla Xs

Fig.7.9 (b): Phasor diagram of Cylindrical Rotor Synchronous Motor for Lagging Power Factor

(i) Phasor Diagram for Unity Power Factor

Consider that the synchronous machine is obtaining its current from the source with a power
factor of unity. Equation (3) is taken into account while drawing the phasor diagram.

Fig.7.10 (a): Phasor diagram of Cylindrical Rotor Synchronous Motor for Unity Power Factor

Create a reference phasor using the terminal voltage so that OA = V. The armature current and
voltage are in phase when the power factor is unity. As a result, |, is pulled onto the voltage
phasor by itself, causing OB to equal la. Draw the voltage drop phasor caused by armature
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resistance using the voltage phasor's extreme point (point A). It isdrawn so that AB = -14R, which
is the opposite of the existing phasor. Point B is used to calculate the decrease caused by
synchronous reactance. It is drawn so that BC = -1.Xs by being paralléel to the laRa phasor. Add
AC to get the overall voltage loss. Join OC back emf per phase, where OC is the phasor Ep. The
torque angle 5 is the difference in phase between V and Ep. Thus,

Eb=V —_ Ia Ra—anX3=V —_ IaZs

If equation (2) were taken into consideration while drawing the phasor diagram, it would
resembl e the image bel ow.

Fig.7.10 (b): Phasor diagram of Cylindrical Rotor Synchronous Motor for Unity Power Factor

(iii) Phasor Diagram for Leading Power Factor

Consider, however, that the synchronous motor is obtaining a current from the source at the
leading power factor. The phasor diagram is once more drawn using the same equation (3).

Fig.7.11 (a): Phasor diagram of Cylindrical Rotor Synchronous Motor for Leading Power Factor
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Draw OA =V using the source voltage's phasor value as a reference. Since the armature current
precedes the stator voltage, the phasor representing armature current |, is drawn at an angle ¢ to
the voltage phasor V. Draw the I1.Ra drop's phasor from point A in a manner that it is positioned
in opposition to the one that is now present (AE = -1aR3). The laXS drop is drawn perpendicular
towards the | .Ra phasor (EF = -1aXs) starting at the extremity of the phasor (from the point E). To
get the overall voltage drop (-1aZs), join AF. Join OF, which stands for the induced emf phasor
per phase. The load angle is now determined by the phasor that exists between V and Ex.
Hence,

Ep=V—laRa—jlaXs= V—laZs

Y ou may create the phasor diagram for the leading power factor by using equation (2) as shown
below.

Fig.7.11 (b): Phasor diagram of Cylindrical Rotor Synchronous Motor for Leading Power Factor

Deter mination of E; by using complex algebra
Let V betaken as reference phasor.
V=V.0°=V+j0
For lagging power factor cos @
L=1,—0=1,cos®—jl,sin®
For unity power factor
I,=1,20°= I, +ij0
For leading power factor
L=LL+0=1,cos®+jl,sin®d
The synchronous impedance is given by
Zs = R, +jX,
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The excitation voltageis given by

Ef =V —1,Z
For lagging power factor cos @

Bl §=VL0°— (I, £ — ®)(R, +jXs)
=V +j0—(Icos @ —jl, sin ®)(R, + jX;)

= (V—1I,R,cos® — [,X;sin @) — j(I,X; cos @ — [,R, sin @)

Er =/ (V—1,R, cos @ — I,X, sin )2 + (I,X cos @ — I,R, sin )2
IR, sin® — [, X, cos @

(V—1,R, cos @ — I, X, sin @)

Similarly for leading power factor cos @

Er =/ (V—1,R, cos @ + [,X, sin @)% + (I,X cos @ + I,R, sin @)?2

§ =tan™!

1 laR4 sin@+1,Xgcos®
(V-1,R, cos @+, X, sin @)

For unity power factor (cos @ = 1)E; = /(V — I,R)? + (I,X)?2

and § = —tan~! (ﬁ)

and 6 = —tan~

Deter mination of E¢ by phasor diagram
For lagging power factor shownin Fig.7.9(a)
From triangle ODM
OD? = 0B2 + BD? = 0B2 + CE? = (OC — BC)? + (CA — EA)?
Ef = (Vcos @ — I,R,)? + (Vsin @ — [,X;)?
For unity power factor load shown in Fig.7.10(a)
0D? = 0C? + CD?
Ef’ = (V= LR + (I.Xs)?
For leading power factor shownin Fig.7.11(a)
0D? = 0B2 + BD? = (OC — BC)? + (CA + AE)?
Ef = (Vcos @ — I,R,)? + (Vsin @ + [,X;)?

7.6 DIFFERENT TORQUES IN A SYNCHRONOUS MOTOR

Understanding the properties of a synchronous motor requires to understand the necessary torque
to operate it at al times, from its beginning condition to its final shutdown. The varieties of
torgues connected with the synchronous motor need also be known in order to use it for various

pUrposes.
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The synchronous motor produces four forms of torque: pull-in torque, pull-out torque, beginning
torgue, and running torque. Let us go through them in depth.

e Starting Torque

Starting torque is additionally known as locked rotor torque. It is the minimal torque created by
a synchronous machine with the rotor locked (i.e. stationary rotor) irrespective of the angular
location of the rotor when rated voltage and frequency areapplied. The motor's armature windings
supply the locked rotor torque. It is also known as breakaway torque. It is the amount of torque
necessary to rotate the motor from a standstill state. For centrifugal pumps, it can be as low as
10% and as high as "200 or 250% of full load torque" for loaded reversible of two-cylinder
COMPressors.

e Running Torque

Running torqueisthetorgque generated by a synchronous machinewhileit isrunning. Therunning
torque is influenced by the motor's power rating and speed. The maximum operating torque
needed by the machine being driven is determined by peak output power.

e Pull-in Torque

Because the synchronous motor isn't self-starting, it begins operating as an induction motor &
operates at a speed that is 2% to 5% slower than the synchronous speed. The DC voltage for
excitation is subsequently provided, and the rotor pulls through phase with the synchronously
spinning magnetic field of the stator. Pull-in torque is the greatest amount of torque at rated
frequencies and voltages that a synchronous motor will generate, when DC excitation is given to
the motor.

e Pull-out Torque

The amount of load which can be provided to a synchronised motor has a limit. As the load
increases, so does the torque angle or load angle () until a stage is achieved. Because the motor
torgue is less than the load torque at this point, the rotor becomes pulled out of synchronism &
the motor comes to rest. As a result, pull-out torque, also known as breakdown torgue, is the
greatest amount of load torgue which a synchronous motor can produce at its rated frequency and
voltage without |osing synchronism.

7.7 POWER FLOW EQUATIONS FOR A SYNCHRONOUS MOTOR

The equivalent circuit shownin Fig.7.8 has the phasor diagram at lagging power factor shown
inFig.7.9(a).

Here E¢lags behind V by angle 6 so that
V=VL0°%E;= E;.— 6§

By KVL
V = Ef + [, Zg

V-Ef _ V/0° Ee/-8 _V
Zs  Z£0, Is.0, I,

I, =

£0,— X2 —(6+86,)
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=Y g B (510
a _Zs Z Zs ( Z)

Complex Power input to Motor per phase (Sim,)
Sim = l)im + jQim = Vla*

V?2 VE
=Z—Sz92— fz5+e

“Pm +iQim = (\ZI cos 0, + sm 0 ) - [Vz—lifcos(S +6,) +jVZ—]ifsin(8 +6,)]

Real Input Power per Phaseto the motor (Pyy,)
Equating the real parts of Eq. (7.12) we get P,
VZ

VE;
P = Z—cos 0, — Z—cos(S +6,)

Pim— R ——cos(8+9)
But 6, = 90° — oy
cos(8 +0,) = cos{90° + (6§ — az)} = —sin(8 — ay)

2
:52 R, + E51n(8 — 0ay)

l)im =
Reactive input Power per Phaseto the motor (Qin,)
Equating the imaginary parts of Eq. (7.12) we get Q;r,

Qim = \Z/—zsin 0, — %sin(S +6,)

V?2 VE
Qim = Z_SZXS fsm(cS +0,)

But 6, = 90° — oy
sin(6 + 6,) = sin{90° + (6 — az)} = cos(8 — ayz)
V2 VE;

Qim = Z_SZXS - Z—SCOS(5 —az)

Complex power output per phase of the motor (Syp,)
Som = l:'om + onm = Efla*
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=E2-6 V49 Ef4(8+9)
B § Zs z Zs z

l:'om + onm

2
= VZ—Efcos(eZ —98) +j%sin(9Z —-8) — {E—f £

2
2 €os 0, +] Z—fssin(ez)} ------- (7.15)

Real Power Output Per Phase of the Motor (Py,)

Equating the real parts of Eq. (7.15) we get P,
VE E¢
P, = Z—fcos(eZ —-98) — Z—fcos 0,

s s
VE; Ef
Pom = Z—SCOS(eZ - 8) - Z—SzRa

But 8, = 90° — ay
cos(8, — 8) = cos{90° — (6 + az)} = sin(8 + ay)

2
Pom = %sin(S +ay) — %Ra ------- (7.16)

Reactive Power Output Per Phase of the Motor (Qgm)

Equating the imaginary parts of Eq. (7.15) weget Qo
_ VE; Ef
Qom = Z—sm(@Z -8 — — - sin 0,

S S
VE; Ef
Qom = Z_SSIH(GZ -8 - Z_SZXS

But 8, = 90° — ay
sin(0, — 6) = sin{90° — (8 + az)} = cos(6 + az)

VE Ef
“ Qom = Z—Sfcos(S +ayz) — éXS ------- (7.17)

For a synchronous motor, power at the shaft = P, — rotational losses

P, is the mechanical power developed or gross power developed. Rotation losses include
friction, windage and core | osses.

Maximum Power Output of the Motor
For maximum power output of the motor

dPyp, d?Pypm
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Differentiating equation 7.17w.r.t § and equating it to zero.

d [VEf E
5 = (Z—SSIH(8 + (XZ) —Z—SzRa> =0

VE
—fcos(8 +az) =0
Zs
~8+0;,=90°=> §=90°—a; = O,
The maximum power output of the motor is given by

VE; Ef
l:’om(max) = (Z_Sf - Z_ZZ Ra) """" (718)

Thisoccursat 6 = 6, which defines the limit of steady state stability. Py max) iSaso called the
maxi mum power devel oped.

7.8 EFFECT OF EXCITATION AT CONSTANT MECHANICAL LOAD

In a synchronous motor, the stator current (I3 is calculated by dividing the voltage-phasor
resultant (E;) across V and E, with the synchronous impedance Zs. One of the most essential
characteristics of a synchronous motor is the ability to change the field excitation, it may be
configured to range from trailing to leading power factor. Considering a synchronous motor with
an unvarying mechanical load and afixed supply voltage. Because the mechanical 1oad and speed
are both constant, the power input provided by the motor (=3 V*14 *cos ¢) is likewise constant.
This indicates that the in-phase element |, cos ¢ taken from the supply will stay constant. When
the field excitation is altered, the back e.m.f E;, likewise changes. For differing quantities of field
excitation, this causes a change in the phase position of |, with respect to V and the synchronous
motor. It is worth noting that the extreme of present phasor |, are on the straight line AB. As a
result, the motor's power factor cos ¢ changes. The synchronous motor's phasor diagram is shown
inFigure 7.12.

Now consider what occurs in a synchronous motor whenever the excitation voltage gets higher
or lowered.

(i) Under excitation

The motor is considered to be under-excited whenever the field excitation is such that E, < V.
Under these conditions, the eectrical current I, trails behind V, causing the motor power factor
tolag, asillustrated in Fig.7.12 (a). Thisis simple to understand. Since E, <V, the net voltage E;
has fallen and is turning clockwise. Because the angle ( = 90°) among E; and | »is steady, phasor
|2 also rotates clockwise, implying that current |, lags behind the source voltage. As a result, the
motor has atrailing power factor.

(ii) Normal excitation

The motor is considered to be regularly excited when the field excitation is at alevel where Ep =
V. Thisis seen in Figure 7.12 (b). It is worth noting that rising excitation (i.e., increasing Ep)
causes the phasor E; and therefore |, to rotate anti-clockwise, implying that the |, phasor has
moved closer to the phasor V. As aresult, p.f. rises while remaining behind. Because the input
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power (=3 V*|,*cos ¢) remains constant, the stator current |, hasto decrease asthe p.f. increases.
Assume that the field excitation is raised until the electrical current |, is in phase alongside the
applied voltage V, resulting in a synchronous motor p.f. of unity. At unity p.f., the resulting E;
and, hence, 1, are minimal for a given load.

(iii) Over excitation

If theimpact of field excitation causes E, to exceed V, the motor is considered to be overexcited.
Asseenin Fig.7.12 (c), current |, leads V and the electric motor's power factor leads. It should
be noted that E; and hence |, continue to rotate anti-cl ockwise from the typical excitation paosition.
As aresult, laisin command of V. According to the preceding discussion, if the synchronous

motor's coil is under-excited, it produces atrailing power factor.

Fig.7.12 (a). Normal
Excitation

When E=V
Lagging Power Factor

Fig.7.12 (b). Under
Excitation

When E<V
More Lagging Power
Factor

Fig.7.12 (c). Over Excitation
When E>V
Leading Power Factor

Fig.7.12 (d).Critical
Excitation

Fig.7.12: Phasor diagram of Effect of Excitation at Constant Mechanical Load.
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The power factor increases with increasing excitation until it reaches unity at usual excitation.
Under these circumstances, the current taken from the supply of eectricity is minimal. When the
excitation is raised further (i.e., overexcited), the motor's power factor approaches leading. The
current through the armature (1) is smallest at unity p.f. and grows as the el ectrical power factor
deteriorates, either leading or trailing.

(iv)Critical excitation

Theregion of excitation is raised until the point when the angle of phase between voltage V and
current | is zero. Thistype of excitation is known as critical excitation. It signifiesthat the current
remains in phase with the voltage V, as seen in Fig.7.12 (d). With a power factor of unity, the

current being drawn will be the smallest. Extending the excitation beyond that limit causes the
synchronous motor to draw current with a higher power factor.

Comparison of various excitations

The below table compares the effect of different excitation for synchronous motor with a fixed
load.

Table 7.1: Comparison of various excitations

Excitation | Comparison | Power Factor | Armature
of E& V Current
Normal E=V Lagging Increases
Under E<V MoreLagging | Increases
Over E>V Leading Increases
Critical E>V Unity Minimum

7.9 V-CURVES AND INVERTED V-CURVES

According to the preceding explanation, if excitation is changed from extremely low (under
excitation) to extremely high (over excitation), current |, reduces, reaches minimal at unity p.f.,
and then grows again. However, in nature, theinitial trailing stream becomes unity and eventually
leads. Thisisshownin Figure 7.13.

Excitation can be enhanced by raising the field current going through the synchronous motor's
field winding. If agraph of the motor's armature current (1) vsfield current (If) is shown, itsform
appears like a V. When similar graphs are created under different load circumstances, we get a
family of curves that all look like V's. These curves are known as synchronous motor V-curves.
Figure 7.13 (@) depicts them. In contrast, if the power factor (cos) is plotted against the field
current (Ir), the graph has the form of an inverted V. Inverted V-curves for synchronous motors
are generated by charting p.f. against It at various load situations. Figure 7.13(b) depicts these
CUrves.
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Typically, the manufacturer provides the synchronous machine's V-curves so that the user may
identify the consequent operation under a specific set of conditions.

current, I,

Lagging Leading
erExcitation Power factor Power factor
Region Region
» b
L Py »
Field current, I, Field current, I,
Fig.7.13: (a) Fig.7.13: (b)

Fig.7.13: V-Curves and Inverted V-Curves of synchronous motor

Experimental setup

V curves for various load circumstances may be obtained using a two-wattmeter approach setup
with a synchronous motor. The synchronous motor is linked to the shunt wound direct current
machine. The dc machineisinitially started likea motor by supplying power for thefield winding.
When the motor reaches synchronous speed, the synchronous machine's field is activated. By
then, the motor has achieved synchronism. When this is completed, the dc motor's power source
is cut off, and it now serves like a load for the synchronous machine. Measure the ammeter,
voltmeter, & wattmeter readings for different degrees of field excitation on no-load.

DCBusBars
Wi
AT Field
T~ Exdtation
| ) Fidd winding
A J \ - wA—) —}ﬂ, —wjd for DC machine
/ \. b s -

3:phase ] { -\ X *DC
AC supply \ Machine Machine

VWV \

]

Fig.7.14: Experimental setup for V-Curves and Inverted V-Curves
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The direct current (DC) generator is now loaded to the point where the motor is roughly half
loaded. Analyse the values of the parameters within a metrefor varying excitation while keeping
the load constant. Rep the process for the whole load as well. The V shapes of the motor that is
synchronous may be obtained by plotting the observed data on a graph.

7.10 HUNTING OR PHASE SWINGING

Hunting or Surging or Phase Swinging:

The load angle of an unloaded synchronous machine is zero degrees. As the shaft load increases,
so does the load angle. Assume that load P1 is unexpectedly supplied to an unloaded machine
shaft, causing the machine to slow down for a brief period. Also, the load angle () grows from
zero to one. During the initial swing, the eectrical power produced equals the mechanical load
P1. Because equilibrium has not been attained, the rotor swings further synchronous machine has
zero-degree load angle. Onincreasing the shaft |oad gradually load angle will increase.

Let us consider that load P1 is applied suddenly to unloaded machine shaft so machine will slow
down momentarily. The load angle reaches 61 and becomes 62. Load angle exceeds 6 1 and
becomes 2. The produced electrical power is now bigger than the prior one. The rotor reaches
synchronous speed. However, it does not remain at synchronous speed and will continue to
accelerate beyond synchronous speed. The load angle decreases as the rotor accel erates above
synchronous speed. As aresult, no balance is achieved once more. As aresult, the rotor swings/
oscillates around the new equilibrium point. This is referred to as hunting or phase swinging.
Hunting happens not just within synchronous motors but additionally in synchronous generators
when the load is abruptly changed.

Causes of Hunting in Synchronous M otor

Sudden changein load.

Sudden changein field current.

A load containing harmonic torgue.
Fault in supply system.

Effects of Hunting in Synchronous M otor

It may lead to loss of synchronism.

Produces mechanical stresses in the rotor shaft.
Increases machine |osses and cause temperature rise.
Cause greater surges in current and power flow.

It increases possibility of resonance.
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Reduction of Hunting in Synchronous M otor
Two techniques should be used to reduce hunting. These are

e Use of Damper Winding: It is made consisting of moderate electrical resistance
copper or aluminium brushes that are placed in the slots of the pole faces of a salient
pole machine. Damper winding reduces hunting by creating torque in the opposite
direction of rotor slide. The degree of damping torque varies with slip speed.

o Use of Flywheels: A huge and hefty flywheedl is provided with the prime mover. This
improves the primary mover'sinertia and aids in keeping the rotor speed fixed.

¢ Creating a synchronous machine with appropriate synchronising power coefficients

¢ Designing synchronous machine with suitable synchronizing power coefficients.

Damper
winding Bar
000
' Stator
o 000 [
o
o "End
Ring
o —9 J
o)
© o
o) O
% 000 o°
©o00

Fig.7.15 (a): Representation of Damper winding in Synchronous Motor

Fig.7.15 (b): Load angle vs. settling time



Induction, Synchronous and Special Electrical Machines | 185

7.11 STARTING METHODS OF SYNCHRONOUS MOTORS

Because of the inertia of the rotor, synchronous motors are not naturally self-starting. When
power is provided, the stator RMF immediately begins to rotate at synchronous speed. Therotor,
on the other hand, cannot keep up. The following approaches are utilised to achieve the speed
needed for the rotor properly to synchronise.

e Damper Winding

The salient pole rotor employs a damper winding. It is a short-circuited winding, similar to that
of an induction motor. The RMF induces a current in this winding, which generates its own
magnetic field, which interacts with the RMF and produces the necessary starting torque. When
the rotor approaches synchronous speed, DC excitation is delivered to the rotor field winding,
and the motor enters synchronism. The damper winding is used to start the motor using an
induction motor in this way. This winding also aids in dampening oscillations caused by rapid
changesin |l oad.

e Pony Motor Method

Pony motors are tiny induction motors or direct current shunt motors that are linked to the shaft
of synchronous motors. It contributes to the required starting torque. The direct current (DC)
excitation is not used until the rotor has reached a speed close to synchronous speed. The rotor
magnetically latches with RMF, and the pony motor's power source is turned off.

e Variable Frequency Method

A variable frequency drive, or VFD, is a device that produces electricity at a changeable
frequency. As we all know, synchronous speed is determined by the supply frequency. To lower
the synchronous speed, the frequency is first set to a minimum. The speed is progressively
increased until it reaches the desired or regular pace.

7.12 LOSSES, POWER STAGES AND EFFICIENCY OF A

SYNCHRONOUS MOTOR

A synchronous motor & an alternator (or else synchronous generator) are the same mechanism
with distinct stages of power flow. When a machine is used to generate alternating current (AC)
power (by converting input mechanical power towards output electrical power), thisis referred
to as a generator or synchronous generator. A synchronous motor is one that uses the same
equipment to generate mechanical power (by turning input electrical energy through output
mechanical energy). The losses in both machines are practically same, i.e. the losses with
synchronous motor & synchronous generator (alternator) are almost identical except for the
power flow stages.
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L osses in Synchronous M otor

A motor's output mechanical power is always less than its input el ectrical power. The energy is
lost as heat in various areas of the machine. It affects the motor's efficiency.

The synchronous motor losses are categorised into the following groups

o Copper Losses
e Ironand Core Losses
e Rotational and Frictional Losses

Copper Losses

Copper losses (which are also referred as e ectrical |osses) arelosses caused by current & winding
resistance in copper windings. That is the reason, why it is often referred to as I?R losses. It
happens in both the stator and the rotor of a synchronous motor.

Stator Loss

Itis caused by the input alternating current with stator winding resistance within the form of heat.
Itis provided

Pstator= (|staor) 2 Retator

Where,

Psaor = power lossin stator

| saor = iNpUL Stator current (armature winding)

Rsaor = resistance of stator (armature winding)
Rotor Loss

Because of the tiny DC rotor current passing through the field winding, the rotor lossis less than
the stator loss. It is delivered by

Protor= (|rotor) 2 Rrotor

Where,

Protor = Power lossin rotor

Irator = DC rotor current (field winding)

Rrotor = Resistance of rotor (field winding)
Brushes L oss

Similarly the brusheslossis also considered copper 12R losses that account for rotor losses given
by

Plorush loss= (|rotor) 2 Rbrush
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Iron and Core L osses

M agnetic L osses

The iron losses or core losses (also termed magnetic losses) are losses that take place in the
synchronous motor's core or iron sections as a result of the material's magnetic characteristic.
There are two types of losses. hysteresis |osses and eddy current losses.

Magnetic L0sses = Phys + Peddy

Hysteresis L oss

It develops as a result of the magnetization as well as demagnetization of the ferromagnetic core
caused by a changing magnetic field. A ferromagnetic substance cannot change magnetization
abruptly. During an electromagnetic reversal, it progressively demagnetizes as the supplied
magnetic field quickly reverses. The demagnetization of the core requires a significant amount of
applied power. This phenomenon isreferred to as hysteresis loss and provided by

Phys = NBma - fV

Where,

Phys = Hysteresis |osses

n = Hysteresis coefficient

Bmax = Maximum flux density

f = Supply frequency

V = Volume of the magnetic material
Eddy Current Loss

Eddy current loss develops primarily as a result of the current produced in the synchronous
motor's core. A fluctuating magnetic field, as we know, produces a current within a conductor,
and the coreisformed of iron, which is an excellent conductor. The induced current is known as
Eddy current, and it flows in the core, squandering electric power in the form of heat, which is
described as Eddy current loss. It is provided by

Pedady = ke B2 32y

Where,

Peday = Eddy current losses

Ke= Eddy current coefficient

Bmax = Maximum flux density

f = Supply frequency

t = Thickness of lamination

V = Volume of the magnetic material

Laminating the core reduces Eddy current loss. To decrease the induced (Eddy) current, the core
is made of thin sheets having lamination between them.
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Rotational and Frictional L osses

M echanical L osses

Rotation & friction losses (which is additionally referred as mechanical 10sses) occurs between
the machine's stationary and moving el ements. Since the rotor speed of a synchronous motor is
constant, they are constant losses. A synchronous motor has two forms of mechanical 1osses.

Friction L osses

Friction losses in bearings occur in synchronous motors, owing to friction among the rotating and
stationary parts. It is delivered by

Prriction = K N

Where ‘K’ is constant and ‘N’ is the speed in RPM

Windage L osses

Windage | osses are caused by friction between spinning components and air. It is provided by
Puindage = k N3

Windage losses rise with speed cube and are also affected by rotor design. Because of the

protruding poles, a salient pole rotor offerslarger windage losses. As aresult, when designing the
rotor, speed has to be taken into account.

Stray Losses

Stray losses are known as the difference among the overall losses and actual loss. These include
a few minor losses, that caused in a synchronous motor for a variety of causes, but cannot be
easily accounted, for example flux distortion, inconsistent current distribution in the armature,
and so on. It is calculated as 1% or 0.01 from the overall losses.

Psray = 1% P tota_1osses = 0.01 X Prota_losses

Power Flow Diagram for Synchronous M otor

Power supplied in a synchronous motor is provided with a pin, and the mechanical power output
is measured as Pout. Pout is the synchronous motor's real power output and the mechanical and
electrical losses consume electricity and reduce the motor's real power outpuit.

E—— Gross =) Net Output
Input ; .

P Stator Mechanical Iron, Mechanical
Power Copper Power Fricgt(ion Power
tothe Losses Developed Excitation at Rotor Shaft

XCI | P
Stator (Pn) (PM) Losses (Pour)
e ——— E———

Fig.7.16: Power Flow Diagram for Synchronous Motor
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Electrical Mechanical

Priald

Pl'l'l Pmui_ Pshaft

o

siray F'Cﬂr'é ,

PSiat:-r III:“rutu-r
."—i_’l

Variable losses Rotational losses (fixed)

Fig.7.17: Power Stages of Synchronous Motor

Let'stake a closer ook at the phasor representation to better realiseit. A synchronous motor's
phasor schematic is shown below

Fig.7.18: Phasor diagram for synchronous motor

Where

V = Supply voltage per phase

la= Armature current per phase

Ra = Armature resistance per phase

En = back emf

E: = resultant voltage, V — Ep

Zs= synchronous impedance
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0 = internal angle, between laand E;
o = Load angle

¢ = Power factor angle

Input Electrical Power
The amount of input power for each phaseis provided by
Poh = Vlacose
Thetotal three-phase input power required by a synchronous motor is provided by
Pn=3 VL I Cos ¢
Pn=3Vpnlpn Cos ¢
Where
V. = Line Voltage
IL = Line Current
Vpn = Phase Voltage
Iph = Phase Current

Gross Mechanical Power Developed

The power produced in the rotor is represented by the overall mechanical power Pm. Itis
computed by deducting the windings loss of the stator from the input power, as shown below.

Pstaor = 3 |a2 Ra
Where‘lyd and ‘R isthe armature current and resistance.

Pm = Pin — Psaor
Pn=V3I.VL Cos ¢ —3 12 Ra
Or

Pm= back emf x armature current x cosine of the angle between them
Pm = Evla cos(a — ) for lagging p.f
Pm = Evlacos(a + @) for leading p.f

M echanical Power Output

The real mechanical power given to the shaft, subsequently the load is referred to as output
power and it is computed by deducting magnetic, mechanical, and stray |osses for mechanical
power.

Pout = Pm — Pmagnetic ~-Pmechanica
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Synchronous M otor Efficiency

A synchronous motor's efficiency is defined as the proportion of its output mechanical power
Pout to itsinput el ectrical power P It is provided by

Efficiency, 1= Pout / Pin
Efficiency, 1 = (Pin — Plosss) / Pin
% Efficiency, 1 = (Pin — Plosses) / Pin X 100%
L osses affect a synchronous motor's efficiency. The magnetic |osses are constant with respect to

speed. Therefore, the connected load determines the efficiency. The most effective motor is a
synchronous motor, which has a maximum efficiency of about 90%.

7.13 ADVANTAGE & DISADVANTAGES OF SYNCHRONOUS MOTOR
Advantages of synchronous motor are

¢ |t has a constant operating speed.

e Speed depends on supply frequency and does not vary with any changein load.

e This motor operate in lagging, unity and leading power factor by changing the field
excitation.

e Thismotor is used for power factor improvement and called as synchronous condenser.

o Higher efficiency above 90% as compared to the induction motor.

o Cost-effective at alower speed than an induction motor.

Disadvantages of synchronous motor are

It is not self-starting and require other means to provide near synchronous starting speed.
This motor stallsif the load exceeds beyond breakdown limit.

Requires an external DC source for its rotor field excitation.

Unless the VFD (variable frequency drive) is utilized to change its supply frequency, the
motor's speed cannot be changed.

Hunting occurs with sudden application of load.

¢ Frequent maintenance requires due to slip rings and brushes.

e More complicated and costlier than induction motors.

Comparison of Induction and Synchronous M otor

Table 7.2: Induction vs. Synchronous Motor

S. No. Induction Motor Synchronous M otor

1 Itisasingle-excited machinethat | It's a doubly-excited machine that needs
does not require dc excitation. both DC and AC power.
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S. No. Induction Motor Synchronous M otor
2. It possesses inherent starting It needs outside resources to start.
torque
3. It never runs at synchronous Operates at synchronous speed
speed and its speed drops as the
load increases.
4, Speed control is possible Speed control is not possible

5. Supply only mechanical 1oads Supply mechanical loads and can be
used for improving system power factor

6. Operates only at lagging P.F. Operatefor inall P.F.

7. Maximum torque is proportional Maximum torque is proportional to
to square of the supply voltage.

the supply voltage

7.14 APPLICATIONS OF SYNCHRONOUS MOTOR
Applications of synchronous motor are

Constant Speed Application: Constant speed applications where the speed does not vary
with increasing load.

Power Factor Correction: The power factor of the electrical circuit can be varied by
changing the excitation of the synchronous motor. It is called a synchronous condenser.
Frequency Changer: Synchronous motor are used to run an alternator to supply having a
different frequencies. Such a synchronous motor is known as a frequency changer.
Voltage Regulation: This motor can act as a variable capacitor by varying its excitation. It
can be used for voltage regulation by controlling the reactive power in power transmission
line.

General Applications: Grinders, pul p beaters, rock crushers, metal rolling mills, cement
mills, rubber and textile mills, ball mills, steel mills, fans, blowers, centrifugal pumps, air
COMPressors.

7.15 TYPES OF SYNCHRONOUS MOTORS BASED ON ROTOR
MAGNETIZATION

According to the magnetization of the rotor, there are primarily two classifications for
synchronous motors.

DC Excited M otor

A DC source is utilized to excite the rotor of a synchronous motor through a dip ring. Field
winding on the rotor is magnetized to produce a steady magnetic field that interacts with the
rotating magnetic field on the stator.



Induction, Synchronous and Special Electrical Machines | 193

Non Excited M otor

A non-excited synchronous motor can produce a magnetic field without the need of outside
excitation. It is made of a permanent magnet that produces its own field, either independently or
with the stator field.

The Non Excited Motor can be classified into the following types

e Permanent Magnet Synchronous Mator
e Hysteresis Synchronous Motor
¢ Reluctance Synchronous Motor

UNIT SUMMARY

Theaim of this chapter isto understand the constructi on and working principl e of the synchronous
motor. The synchronous motor has such a complex construction. The principle of operation of
the motor conveys clearly why it is called synchronous motor. Also, discussed about the method
of starting and various phenomena of the three-phase synchronous motor. The advantages,
disadvantages and application also discussed in detail.

EXERCISES

1. A 75KW, 400V ,4 poles, 3 ¢ star connected synchronous motor has (R+jXs) = 0.04 + j
0.04Q/ph. Calculate full load 0.8 P.F. leading emf/phase and the gross mechanical power
devel oped. Assume efficiency of 92.5%.

Solution:
Output=75 kW, P=4, Zs=0.04 +j 0.4 , Cos ® = 0.8 lead, I] = 92.5 %
E =2 Pn=?
Input = Output/ 1)=75/0.925=81.08 kW
P =3 V.. Cosg
I.=Pi/N3 Vi Cos ¢

_81.08 x1000 _ 146.2 A
V3x400x0.8

E%= (V Cos® —IR)?+ (V SIn® + IX)?

Ven= VL3 =22 = 2309 V/Ph

E?=(230.9 x 0.8 — 146.2 x 0.4)?+ (230.09 x 0.6 + 146.2 x 0.4)?
E=2652V/Ph [E|>V|

Pm = P% 312R=81.08 x 10%- 3x (146.2)? x 0.04=78.51 kW

I
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2. A 400 valt, 3- ¢ ,star connected cylindrical rotor synchronous motor has R+ jXs=0.5+j7.5

Q/Ph for an e.m.f. of 1.25 times the terminal voltage. Find the maximum mechanical power
devel oped by the machine.

Solution:
VL =400V, R+jJIXs= 0.5+ 7.5, E=1.25V, Pra = ?
Ven= VL3 =22 = 2309 V/Ph
E = 1.25 x 230.9 = 288.6V

VE -E2 Cos 6 _[230.9 x 288.6]—288.6%>xCos 86.1
= L2020 ] =811.8 W/Ph
S

7.512
Zs=v0.52+752 =751Q

Sinl=Z12 = g7
7.51

Prnax = 3Prmax = 3 X 8118.8 = 24.35KW
=230 _ 35 6 HP

746

3. A 20 Pole, 40 HP,660 V, 60Hz, 3¢, star connected synchronous motor is operating at no load

with generated e m.f. is exactly equal to applied voltage. At no-load therotor isretired by 0.5

mechanical degree from its synchronous position Xs= 10Q, R=1 Ohm. Find power input per

phase, armature copper |oss per phase and armature current/Ph. Neglect mechanical losses.
Solution:

P=20V,V. =660V, § = 0.5 Mech ,R=1 Ohm,X<=10 Ohm, 1.=? and Loss=?
P = Pm + CUioss (szo)

V =V N3 =660/3 =381

Zs=R+jXs=1+j10=10.05 284.3

pi = V2Cos@—VECos (0+6)
ZS

Pi= 3812 Xcos 84.3 — 3812 xc0s(84.3+5)
10.05

Pi=Losses = 1258W/Ph
I’R = 1258

| = /ifs =355A

(Note: Mechanical ¥=P/2 X 6= 20/2 X 0.5=5 Electrical, At no load V=E,
P.= Cu. Losses Losses, Pn=0)

=1258W/Ph
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4. A50Hz, 4 pole, 3¢ ,star connected synchronous motor has Xs= 120 Q/Ph, R=0, the excitation
is such that open circuit voltageis 13.2 kV. Motor is connected to 11 kV, 50 Hz supply. What
is the maximum load in the motor supply before losing synchronism? What is the
corresponding torque line current and power factor?

Solution:
f=50Hz, P=4, Xs= 120 Q/ph, R = 0, Open circuit voltage = emf=13.2 V
Linevoltage= 11000V, Pnx=2,T=7?1=7 Cosp = ?
Operated at max , so 6=90°=10

_ VE-EZ%Cos®

P =
max Zs

=6350V

_ 11x103

V3
_ 13200
V3

P = ‘)/(—Esin6 = 403.27 kw/Ph

= 7621V

_ 6350%7621—7621%2C0590°
Pin (mag = V07+ 1207
Pm (max) = 403.2 kW/ph

5= 2 = 2500 = 157 Rad/sec

60 60
=122%0 — 1500 rpm

Ns

Pmm 403.2x103
T= mMax =

= 2568.15 N-m/ph
W 157

Total power = 3T = 7704 N-m
Since max load & = 90°, so right angle triangle
1Z=+VE?2 +V2=+76212 + 63502 = 9919 V/ph

1=2=20_-go6A
Z 120
fR=0
Output = input — 12R(0)
Input = output

P = Pmn=403.2 kW
VICosp = 403.3 kw

403.2x103
Cosp =
6350%82.6

Cosp = 0.769 (leading)
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5. A 3-0, star connected, 2000V, synchronous motor has R + jXs= 0.2+j2.2 Q/ph. Theinput is
800kW at rated voltage and emf is 2500 volts. Calculate the armature current and power

factor.
Solution:
_ 2000 _
V= Bvoale 1154.7 Viph
_ 2500 _

7 =022 + 2.2 = 22Q/ph
0 = cos'22 =8478
22

800x103
PI =

= 266.67 w/ph

V2Cos@—-VECos(0+6)
ZS

P =

800 x103 _ (1154.7)2c0584.78—1154.7x1443.3c05(84.78+5)
3 2.2

3
=200X00 _ 1154.72¢0s84.78 = —1154.7 x 1443.3 cos(84.78 + &)

cos(84.78 + 6) =-0.2792
84.78 + 6 = 106.21
6=214
(12)?> = V?+ E? - 2VE Coss
= 1154.7°+1443.3°-2 X 1154.7 X 1443.3 X cos 21.4
|1Z = 559.54
| = 559.54/2.2 = 254.63A

Cos @ = P/VI = —200X1¢° _ _ 905

3X1154.7x254.63

6. A 3-@, star connected, 400 V, synchronous motor takes a input power of 5472 watts at rated
voltage, R=0, Xs=10Q, if'its excitation is adjusted such that the e.m.f. is equal to rated voltage
of 400 V. Calculate the load angle (&), armature current and power factor.

Solution:
8 =20°, Xs=10Q, Cos @ = 0.98
V= 400/7/3 = 230.94 VV//Ph
P, = 5472/3 = 1824 W/Ph

Xs=10Q/Ph
P= YE $ns
X
230.94% .

1824 =———Sind
10
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. 1824 X10
Siné =
230.942

6=20°
122 = V2+E2-2vecosd

=2%230.942-2*%230.94%*c0s20= 6432.78

|- [643278
XS

Cos @ =P/VI =

1824
——=0.98
230.94%8.02

7. A 400V, 50 Hz, 3-phase, 37.3 kW, star connected synchronous motor has a full efficiency of
88%. Synchronous impedance of the motor is (0.2+ 1.6) ohm/ph. If the excitation of motor
is adjusted to give a leading p.f. of 0.9, calculate for full load (i) the induced e.m.f. and (ii)
the total mechanical power devel oped.

Solution:
V=400V , 3¢ , f=50HZ, star connected, P, = 37.5kW , n=0.88 , R=0.2 Q/ph,
Xs=1.6 Q/ph, cos¢= 0.9(lead)
P;,=Po/ n=37.5/0.88 = 42.61 KW
Py, =V, I, cosd

[ = Pin =42.61><1o3
L™ Bvicosd ~ V3x400%0.9

Vo = 400 = 231V
ph \/g
cos$=0.9, sing=0.436

Epp =+ (cosd — IR)2 + (Vsind + IX,)?

=68.334; I, = I, = 68.334

1
=[(231x 0.9 — 68.33 x 0.2)% + (231x 0.436 + 68.33 x 1.6)?]z =285.99V
E, =3 X E,;, = V3 x 285.99 = 495.35V
Py, = Py, — 3I%R = (42.61 x 103) — 3 x (68.332) x 0.2 = 39.808kW

8. A 220V, A connected, 50 HZ synchronous motor has a synchronous reactance of 2.502 and
negligible armature resistance its friction and windage losses are 1.0 kW and its core losses
are 1.0 kW. The shaft is supplying a 22.5KW load .Find the load angle and induced e m.f. in
the stator winding is 255V

Solution:
V, =220V ,A,f = 50HZ X, = 2.50,R = 0, Wjg,, = L5KW ,W, = 1KW ,
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v, = 220V
E, = 255V
Zs =R +JXs=25290° = 2.5 2/ph
Pm=Po+ Stray losses= 22.5 + 1 + 1.5 = 25KW
B, =[VE cos(8 — &) — E? cos 0]/ Z
= [VE cos(90 — &) — E% cos 90]/Z,

=VEsiné /Z;
25x103%2.5
sinéd =B, X Z,/VE 570 x 255 0.37136

& =sin~1(0.3713) = 21.79°

9. A 400V, 6 pole, 3-¢,50Hz, star connected synchronous motor has negligible armature
resistance and 42 synchronous reactance per phase. It takes a current of 15A at unit P.F.,
when operating with certain field current. If the load torque is gradually increased until the
linecurrent is60A .Thefield current isremaining unchanged. Find the grosstorque devel oped
and the new P.F.

Solution:
V=400V, P= 6, 3, f=50Hz, ,R = 0, X, = 402/ph,], = 154, cos = 1
IL =604 :Tgross =? pf =?

Vop = ‘% =231V,Z; = 0 + j4 = 4290°, Zs= 40/ph, 6 = 90°,& = 0, L, = I, = 15A.

Eyp = |V2+Eg? =+/2312 + 602 = 238.66V

IE: ErZEDV

0 lph Vph=231

Y
r
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Case-2

When load torque gradually increases, the load angle increases. Hence the vector diagramis
modified and it is given below.

Ly =1, = 604, V,, =V =231V ,E,;, = 238.66V
lta G aEE, = 1Zg = 60 X 4 = 240V

From triangle OAB

cos LAOB= (V2 + Eg% — E?)/2VEy

_ (231%+42402-238.66%) _ 0.487

2X231%x240

a?+b%-c?

(COSG = 2ab )
£AOB= cos™10.487 = 60.86
Now power factor angle= ¢ = 8 — LAOB = 90 — (60.86) = 29.142

p-f.= co0s(29.14) = 0.873(lag)
Py, = V3 xV, x I, cos ¢ Watt
=3 x 400 x 60 x 0.873
= 362899 W = 36.28KW
P, =P, —3xI?R =3628—3x602x0x 1073 = 36.28KW
_ 120f 120 % 50

s 2 3 = 1000rpm
21N,
B,=TX w=TX )
P,  36.28x 103
Ty = =aN = zmxiooo = 46N —m
> =)

10. A 500 V, 6 pole, 3@, 50 Hz, star connected Synchronous motor has a resistance and
synchronous impedance of 0.3Q and 3Q per phase respectively. The open circuit voltage is
600V . If thefriction and corelosses are 1kW, calculate the line current and power factor when
motor output is 100 HP.

Solution:

Givenare VL =500V, P =6, 30, f=50Hz, Y, R=0.3Q/ph, Xs = 3Q/ph, E = 600V, losses =
1kw, Po= 100 HP. I. and cos®="?

P =Po + losses= 100 x 746+1= 75.6 KW

3Ev cos(0—8) E?
3Evcos(9-9) E- cos 6
Zs Zs

=30 _9887v,0 =tan-1 = =tan-1> =843
V3 R 0.3

P =
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Zs=VR% + Xs%2 =,/(0.3)% + (3)% = 3.015Q

600 600
3 X—= X288.7 84.3— 6§ 3(>=)? 84.3°
76.6 x 10° = 5 00N ) o

’ 3.015 3.015

5=843-285="558
(1Z)? = E2 + V2— 2VE cos§

= (346.4)2 + (288.7)%— 2 x 346.4 X 288.7 C0S 55.8
(1Z)=301.52

| = 30152 _ 30152

Zs  3.015
(OR)
_Vs0-Ez-6
=

=100.008 A

_288.7£40 — 346.4455.8
3.0154£84.3

=97.65-j 21.579
=100.0052 — 12.46°
p.f=cos ®
=c0s12.46

=0.976

Multiple Choice Questions

1. A 3- phase synchronous motor has

High torque during starting
No torgque during starting
Low current during starting
Low torque during starting

opoTw

2. A 3- phase synchronous motor needs dc supply for excitation

a. Continuously

b. At the starting instant only
C. indtator

d. None of these
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3. Which of the following statementsis/are incorrect for a synchronous motor?
(i) It has starting torque.
(i) I1ts speed varies from no-load to full-load.

(iii) It can operate at It lagging, leading and zero power factors.
a (i),>ii) & (ii)

b. Only (ii)

c. Only (iii)

d. & (i)

4. Synchronous motors have

a. Salient pole type rotor

b. Smoocth cylindrical type rotor

c. Either salient type pole or smooth cylindrical type rotor
d. None of the above

5. Anideal synchronous motor has no starting torque because the

a. Rotor is made up of salient poles
b. Relative velocity between the stator and the rotor m.m.fs. is zero
c. Reative velocity between the stator and rotor m.m.fs. is not zero
d. Rotor winding is highly reactive

6. In a synchronous motor
a. Rotor m.m.f. and stator m.m.f. are stationary with respect to each other
b. Rotor m.m.f. rotates somewhat faster in comparison to stator m.m.f.
c. Stator m.m.f. rotates somewhat faster than rotor m.m.f.
d. None of the above

7. A 3-phase synchronous motor speed

a Constant under all loads
b. Varieswithload

c. Varieswith half load

d. Varies with power factor

8. A 3-phase synchronous motor
a. Thefidd m.m.f. leadsthe air gap flux and leads the armature m.m.f.
b. The armature m.m.f. leads the air gap flux and air gap flux leads the field m.m.f.
c. Thearmature m.m.f. leads the air gap flux and air gap flux lags behind the field m.m.f.
d. None of the above
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9. Armature current of a synchronous motor on no load

a. Leadsapplied voltage by 90 degree.

b. Lags behind applied voltage by 90 degree
Itisin phase will applied voltage

d. Zero

o

10. Astheload isincreased on a synchronous motor, its speed

a. Decreases

b. Increases

¢. Remains constant and additional load is supplied by shift in relative position no of the
rotor with respect to stator rotating magnetic field

d. Remains constant for some time and then falls abruptly

11. Synchronous motor meets increase in load by taking more armature current as

a. Anincrease in motor current results from the rotor pole moving backward relative to the
stator pole.

b. Moator current increases as the back e.m.f. drops.

c. A stronger rotating field resultsin arise in motor current.

d. None of the above

12. Normal excitation is present in synchronous motor operation. The armature current drawn
from the supply main increases with an increase in load because of

a. Increaseinback em.f.

b. lowering of motor speed

¢. Anincreasein the voltage across the armature as a result.
d. A riseinthe power factor

13. Theresultant voltage acting across the armature circuit of a synchronous motor (E;) isthe _of
induced emf in the armature circuit (Ey) and supply voltage V

a Arithmetic sum

b. Arithmetic difference
c. Phasor difference

d. Phasor sum

14. Phase em.f. induced in the armature of a synchronous motor (Ey) depends upon

a. Rotor speed

b. Load

¢. Bothload and speed
d. None of the above
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15. In a synchronous motor, the synchronizing power come into action when

a. Rotor speed either exceeds or falls below the synchronous speed
b. Rotor speed is equal to synchronous speeds

¢. Rotor speed falls below the synchronous speed

d. Rotor speed exceeds the synchronous speed

16.A synchronous motor's load angle, also known as the coupling angle, is the angle between

a. Rotor and stator poles of the same polarity
b. Rotor and stator poles of opposite polarity
c. Rotor and stator teeth

d. None of the above

17. The frequency, pole count, and load torque of a 3-phase, 7-pole, 50 Hz synchronous motor
are halved. The motor will run at

a. 3000 r.p.m.
b. 1500 r.p.m.
c. 750r.p.m.
d. None of the above

18. Exciters of synchronous machines are

a. D.C. shunt machines

b. D.C. series machines

¢. D.C. compound machines
d. Any of the above

19. A synchronous motor is running on aload with normal excitation. Now if the load on the
motor is increased

a. Power factor aswell as armature current will decrease
b. Power factor aswell as armature current will increase
c. Power factor will increase but armature current will decrease
d. Power factor will decrease and armature current will increase

20. The efficiency of a properly designed synchronous motor will usually fall in range

a. 60 to 70%
b. 75t080%
c. 85t095%
d. 991t099.5%
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21. The p.f. of a synchronous motor is better than that of induction motor because

a. Stator supply isreeaved from producing the magnetic field.
b. Mechanical load on the motor can be adjusted

¢. Synchronous motor runs at synchronous speed

d. Synchronous motor has large air gap

22. In a synchronous motor, damper windings are provided on

a Stator frame

b. Rotor shaft

c. Polefaces

d. None of the above

22. In a synchronous motor it the back em.f. generated in the armature at no-load is
approximately equal to the applied voltage, then

a. Themotor issaid to be fully loaded

b. Thetorque generated is maximum

c. Theexcitation issaid to be zero percent

d. Theexcitation is said to be hundred percent

24, Construction of a synchronous motor resembles with

a  Series motor

b. Induction motor
c. Alternator

d. Rotary converter

25. The breakdown torque in a synchronous motor is

a. Proportional to the applied voltage

b. Proportional to the square of the applied voltage
c. Inversdly proportional to applied voltage

d. None of the above

26. A three-phase synchronous motor will have

a. Nodlip-rings
b. Onedlip-ring
c. Twodlip-rings
d. Threedip-rings
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27. Synchronous motor are operate at

a. Lagging power factor only
b. Leading power factor only
c. Unity power factor only
d. Any power factors

28. Synchronous motor working at leading power factor can be used as

a. Voltage booster
b. Phase advancer
c. Noise generator
d. Mechanical synchronizer

29. Which of the following motors the stator and rotor fields rotate simultaneously?

a. D.C. motor

b. Reluctance motor
¢. Universa motor

d. Synchronous motor

30. Synchronous motor can be made self-starting by providing

a. Damper winding on rotor poles face

b. Damper winding on stator

c. Damper winding on stator as well asrotor poles face
d. None of the above

Answers of Multiple Choice Questions

1. b. No starting torque

2. a. Continuously

3. ¢. Only (iii)

4. a. Salient pole rotor

5. b. Relative velacity between the stator and the rotor mmfsis zero

6. a. The rotor mmf and stator mmf are stationary with respect to each other

7. a. Remains constant at all loads

8. b. The armature mmf leads the air gap flux and air gap flux leads the field mmf

9. a. Leads the applied voltage by 90 degree.

10. c. Remains constant and additional load is supplied by shift in relative position no of the rotor
with respect to stator rotating magnetic field

11. a. Therotor pole falls back relative to the stator pole causing an increase in motor current
12. c. Increase in resultant voltage across the armature
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13. c. Phasor difference

14. b. Load

15. a. Rotor speed either exceeds or falls bel ow the synchronous speed
16. b. Rotor and stator poles of opposite polarity

17. b. 1500 r.p.m.

18.a. D.C. shunt machines

19.d. Power factor will decrease and armature current will increase
20. c. 8510 95%

21. a. Stator supply is relieved of responsibility of producing magnetic field
22. c. Polefaces

23. d. The excitation is said to be hundred percent

24. c. An alternator

25. b. Directly proportional to applied voltage

26.c. Two dlip-rings

27. d. Lagging, leading and unity power factors

28.b. Phase advancer

29. d. Synchronous motor

30.d. None of the above

Short and Long Answer Type Questions

Long Answer Questions with Answers

1. Why 3® synchronous motor is not self-starting whereas 3® induction motor is self-
starting?
In the case of synchronous motor stator winding is fed with 3® AC supply producing a RMF.
The rotor poles are excited by a DC supply, hence poles are produced. It is only that when
rotor poles and stator magnetic field are magnetically locked the rotor will continue to rotate
at constant synchronous speed. If the rotor poles are not locked then rotor will come to rest
and hence synchronous motor is not self-starting.

In induction motor the rotor is not excited by a DC supply, but emf are induced in rotor
conductor due to induction when 3® supply is fed to stator and hence a torque is produced
making the motor self-starting.
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2. Draw the families of curvesof SM. at no load and full load showing the relation between
armature and field current. Also draw the P.F and field current using these curves
explain how the motor ‘overloaded’ with noload connected toits shaft.

Families of curves of a S.M. at no load, half load and full load showing the relation between
laand I+ and p.f and |t are shown in the section 7.9respectively.

When the motor is over excited, the motor drawsthe leading current and shown by the current
drawn by the motor minimum which is almost no-load current of the motor.

3. Explain what happened when the excitation of SM isvariesat constant load?

The change in the excitation of a synchronous motor operating on constant load causes the
variation in the power factor of the motor when over excited synchronous motor has leading
power factor shown in the section 7.8. However, when under excited, it has lagging p.f.

4. What ar e the methods of starting for synchronous motor ?
Pony motor starting( using ac or dc motor)

» Starting as squirrel cage Induction motor or using damper winding
e Starting as dip ring Induction motor
e Using DC machine coupled toit.

5. Why damper windings are used in synchronous motor? Or How synchronous motor is
started as squirrel cage motor ?

Copper bars that have been short-circuited and are inserted into the rotor poles' face make up
the damper winding. The stator winding of a three-phase synchronous motor produces a
rotating magnetic field when an a.c. supply is applied to the stator. The damper winding,
which is a part of the synchronous motor's rotor winding, induces em.f. and, as a result,
currents begin to flow. Thus, torque affects the rotor. Synchronous motor damper windings
serve the same purpose as induction motor rotor windings. So the synchronous motor starts
as an induction motor and continues to accel erate because of the damper windings. The rotor
windings are linked to exciter terminals when the motor reaches roughly 95% of the
synchronous speed, and the rotor is magnetically locked by the rotating magnetic field.

6. What isthe function of damper winding in synchronous motor ?

In synchronous motor the damper winding are provided for starting torque and to prevent or
minimize hunting.

7. What is hunting?

The sudden changes of load on synchronous motor set up oscillations in the rotor. Such
oscillation of rotor about its new equilibrium position is called hunting.
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8. What arethe effects of hunting?

The effects of hunting in synchronous motor are Loses synchronism, Develops mechanical
stress on rotor shaft, I ncrease machine losses and increase temperature of machine.

9. What ispull in torque?

When a motor is operating as an induction motor, the torque needed to draw it into
synchronism is known as the pull-in torque.

10.What is pull out torque?

Pull out torque is the greatest torque that a motor can produce without pulling out of
synchronism. Its value ranges from 1.5 to 3.5 times the torque at full load.

11.What isthe effect on speed if the load isincreased on a 3 phase synchr onous motor ?

From no load to maximum | oad, the motor operating at constant frequency bus bars maintains
a consistent speed of operation.

12. Why a synchr onous motor is called a constant speed motor ?

In synchronous motors, load increases cause an increase in load angle while speed remains
constant. Astheload increases, the load angle al so increases. The motor desynchronizeswhen
the electrical load angle approaches 90 degrees. Because of this, the motor must revolve at
synchronous speed to maintain synchronism.

13. State the main featur es of synchronous motor.
The main features of synchronous motor are

e Themotor is not inherently self-starting
e The speed of operation is always in synchronous with the supply frequency irrespective

of load conditions
e Themotor is capable of operating at any power factor.

14. In what way synchronous motor isdifferent from other motors?

The same principle governs both dc and ac motor operation. Magnetic locking between the
magnetic fields of the stator and rotor is what allows synchronized motors to work.

15. A synchronous motor startsasusual but failsto develop itsfull torque. What could it be
the reason?

The reasons for fails may be due to exciter voltage may be too low, field poles may be
reversed, there may be either open-circuit or short-circuit in the field.



16.

17.

Lon

ok wdpE

~

10.
11.

12.

13.
14.

15.
16.
17.
18.
19.

20.

Induction, Synchronous and Special Electrical Machines | 209

What potential causes could there be for a 3-phase synchr onous motor not to start?
The following reasons may be the potential causes

Voltage may be too low.

Too much starting load.

Open circuit in one phase or short circuit.
Field excitation may be excessive

What do you mean by an ‘infinite bus bar’? What ar e its specialties?

An infinite bus-bar is an ideal voltage source having zero internal impedance. Its terminal
voltage remains constant irrespective of the load connected to it. Bus bars receiving power
from alarge grid can be treated as an infinite bus for all practical purpose.

g answer questions:

Discuss any two methods of starting of synchronous motors.

Write a short note on the constant excitation circle.

Derive an expression for the power devel oped per phase of a synchronous motor.

Explain the variation of current and power factor of a synchronous motor with excitation.
Derive an expression for torque developed in a synchronous motor.

Write short notes on the following:

i)causes of Hunting and its suppression

ii) Mathematical analysis of power developed in Synchronous motor

Explain the different methods of starting of synchronous motors.

Show that the locus of stator current for a constant output of 3-phase synchronous motor
connected to a constant voltage, constant frequency bus-barsisacircle?

Explain the construction of damper winding. Clearly show the location of damper winding.
Derive the expression for the maximum power devel oped by a synchronous motor.

Draw and explain the phasor diagram of 3-phase synchronous motor when (i) it is over
excited (ii) it is under excited.

What is meant by excitation circle? Explain construction of excitation circle for a
synchronous motor.

Explain the operation and characteristics of synchronous induction motor.

Draw the phasor diagrams of synchronous motor for unity, leading and lagging power factor
conditions.

List and Explain the Starting methods for synchronous motor.

What are the merits and demerits of synchronous motor?

Explain the procedure to determine the V and inverted V- curves of a synchronous motor.
Discuss the principle of operation of a synchronous motor. Also list their applications.
Derive an expression for power developed in a cylindrical rotor synchronous motor interms
of load angle and synchronous impedance.

Explain the construction of ‘excitation circle’ for a synchronous motor.
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Short answer Questions:

What are various applications of synchronous motors?

What could be the reasons if a 3-phase synchronous motor fails to start?
What is meant by hunting in synchronous motors and how it can be avoided?
What is the function of synchronous condenser?

What is power circle of a synchronous motor?

Explain the principle of operation of Synchronous motor.

What is a synchronous condenser? What are its applications?

Why a 3-phase synchronous motor will always run at synchronous speed?
How the starting current limited in case of a synchronous motor provided with a damper
winding?

10. What are the effects of increase in excitation of a synchronous motor?

11. How isthe hunting avoided in a synchronous motor?

12. Draw the phasor diagram of a salient pole synchronous motor.

13. How can the speed of the synchronous motor varied?

14. What is synchronous condenser? List any two applications of it.

15. What is hunting phenomenon?

WoOoNourwWDN R

Numerical Problems

1. A synchronous machine has a synchronous reactance of 1.0 ohm per phase and an armature
resistance of 0.1 ohm per phase. If Ea=4602-10°V and phase voltage is 4802-0°V. Is the
machine a motor or generator? How much power P is this machine consuming from or
supplying to the dectrical system? How much reactive power Q is this machine consuming
from or supplying to the electrical system?

[Ans. This machine is a motor, It is consuming reactive power, P=125.3 kW and Q=28.9
kVAR]

2. A 400 V, three phase, star connected synchronous motor takes 3.73 kW at normal voltage
and has an impedance of (1+j8) ohm per phase. Calculate the current and p.f. if the induced
e.m.f.is460V.

[Ans. 6.28 A, 0.86 lead]

3. A 2200 V, three phase, star connected synchronous motor has a resistance of 0.6 ohm and a
synchronous reactance of 6 ohm. Find the generated e.m.f. and the angular retardation of the
motor when theinput is 200 kW at power factor unity and power factor 0.8 leading.

[Ans. 2.21 kV, 14.3° and 2.62 KV, 12.87]

4. The synchronous reactance per phase of a three phase star connected 6600 V synchronous
motor is 20 ochms. For a certain load, the input is 915kW at normal voltage and the induced
lineem.f. is8942 V. Calculate the line current and the p.f. (Neglect the resistance).

[Ans. 97A and 0.8258 Leading]
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5. Theinput to a 11kV, three phase, and star connected synchronous motor is 60 A. The effective
resistance and synchronous reactance per phase are 1 ohm and 30 ohms respectively. Find the
power supplied to the motor and the induced e.m.f. for the p.f. of 0.8 leading.

[Ans. 915 kW and 13 kV]

6. A 10 kW, 400 valt, 3-phase, star connected synchronous motor has a synchronous i mpedance
of 0.3 +j 2.5. Find the voltage to which the motor must be excited to give a full load output
at 0.866 leading pf. Assume the armature efficiency of 90%. Also calculate the total
mechanical power devel oped, losses in armature winding and iron plus excitation cases.

[Ans. Ep=252.96 Volts]

7. The line current of 11 kV, three phase, star connected synchronous motor is 60 amperes at a
power factor of 0.8 leading. The effective resistance and synchronous reactance per phase are
respectively 1 ohm and 30 ohms. Find the phase and the line value of the induced emf and
also the power input of the motor.

[Ans. Egn=7528.92 angle — 11.3° Volts. E. =13040.47 Volts]

8. The load in a factory is 800 kVA at 0.85 power factor lagging and in addition there is a
synchronous motor having an input of 200 KW. Determine the input to the synchronous motor
in kVA and the power factor at which it must operate, if the power factor of the combined
load should be 0.95 lagging.

[Ans. KVA rating of the motor = 239.737 kVA, Power factor of the motor= 0 834 (leading)]

9. The full load current of a 6600 valt, 3-phase star connected synchronous motor is 80 amperes
at 0.83 power factor leading. The resistance and synchronous reactance of the motor are 3
ohms and 22 ohms per phase respectively. Calculate the phase and line value of emf induced,
the efficiency and the bhp of the motor. The stray |osses are equal to 35 kW.

[Ans. Phase value of induced emf =4861 Valts, Line value of induced emf=8419.5 Volts,
Efficiency=87.8 %, BHP of the motor= 893 37. BHP]

10. A 208 V, star connected, synchronous motor is drawing 50 A at unity power factor from a
208V power system. Thefield current flowing under these conditionis 2.7 A. Its synchronous
reactance is 1.6 ohm. Assume a linear open circuit characteristic. Find the phase voltage of
the motor, internal generated voltage and torque angle.

[Ans. phase voltage of the motor=120 20° V, internal generated voltage=144,-33.7° V and
torque angle and torque angle= -33.77
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PRACTICAL

1

2.

Identify various parts of the 3-phase synchronous motor and list various materials used for
construction.

Identify various applications of synchronous motor and note the specifications of the motor
in various applications.

Study the effect of variation of field current upon the stator current and power factor of a
synchronous motor at various load and draw V-curves and invert V-curves.

Study how to operate the synchronous motor as a condenser?

Perform the speed control of synchronous motor as a modern drive.

KNOW MORE

1

2.

Working of synchronous motor
https://www.youtube.com/watch?v=Vk2iDXxZlhs
Construction & Working Principle of Synchronous Motor
https://www.youtube.com/watch?v=JC73hjt6Plw
Understanding electric motor Windings!
https://www.youtube.com/watch?v=YYQayMrK4Fo
Synchronous Motor
https://www.youtube.com/watch?v=fdMIuEgh48M&list=PLPpCFgQP7QKHSJQnSwaigL89gs
hecycXs

Electrical Motors Manufacturing Process
https://www.youtube.com/watch?v=90pwrbdyMvU
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Fractional Horsepower (FHP)
Motors - Working and Construction

UNIT SPECIFICS
Through this module we have discussed the following aspects:

e Familiarizing the construction, working of Synchronous Reluctance Motor,

e Familiarizing the construction, working of Snitched Reluctance Motor,

e Familiarizing the construction, working of BLDC motor,

e Familiarizing the construction, working of Permanent Magnet Synchronous Motors,
e Familiarizing the construction, working of Sepper motors,

e Familiarizing the construction, working of AC and DC servomotors,

e Torque speed characteristics of above motors,

e Applications of the above motors.

The photos of practical motor are shown to detail the various parts of the machine. The real time
applications of the topics are discussed for inducing further curiosity and creativity.

Besides giving a large number of multiple-choice questions as well as questions of short and
long answer types marked in two categories following lower and higher order of BloonT's
taxonomy, a list of references and suggested readings are given in the unit so that one can go
through them for practice. It is important to note that for getting more information on various
topics of interest some QR codes have been provided in different sections which can be scanned
for relevant supportive knowedge.

After the related practical, based on the content, thereis a*“ Know More” section. This section
has been carefully designed so that the supplementary information provided in this part becomes
beneficial for the users of the book. This section mainly highlights theinitial activity, examples of
some interesting facts, analogy, history of the development of the subject focusing the salient
observations and finding, timelines starting from the devel opment of the concerned topics up to the
recent time, applications of the subject matter for our day-to-day real life or/and industrial
applications on variety of aspects, case study related to environmental, sustainability, social and
ethical issues whichever applicable, and finally inquisitiveness and curiosty topics of the unit.
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RATIONALE

Special machines or Fractional horse power motors are the work horse of any industry. It has a
widespread application in industrial and domestic applications. This chapter introduces the
students to the construction, working principle and applications of the special machine. To
understand the fundamentals in the principle of operation of these machines is very important
aspect. The use of power e ectronics technology plays an important role for special machines.

PRE-REQUISITES

Machines|: Semll|
Physics: Electromagnetism (Class X)

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U8-0O1: Understand construction of the fractional horse power (FHP) motor
U8-02: Able to understand the constructional differencesin FHP motor
U8-03: Fed the working principle of FHP motor

U8-0O4: Why sdlf-garting is not possiblein FHP motor

U8-O5: Able to get to know about the applications of FHP motor

) EXPECTED MAPPING WITH COURSE OUTCOMES
Otﬁggr-r?es (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
CO-1 CO-2 CO-3 CO-4 CO-5
Us-o1 = = = = 3
Us-02 = = = = 3
Us-03 = = = = 3
Us-04 = = = = 3
us-o8 = = = = 3
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8.1 INTRODUCTION TO SYNCHRONOUS RELUCTANCE MOTOR

A ferromagnetic rotor, like those seen in reluctance motors, induces non-permanent magnetic
poles despite the absence of windings. This rotor uses magnetic reluctance to produce torque.
This type of motor is one that is individually activated, and the rotor it uses is not symmetrical.
Different types of reluctance motors are available, including synchronous, variable, switching,
and variable stepping reluctance motors. Due to the difficulty in constructing and operating them,
this motor had a limited use at the beginning of the twenty-first century. Therefore, this can be
avoided by devel oping design tools, theory, and embedded systems.

One type of synchronous electric motor is the synchronous reluctance motor without field
windings or permanent magnets and generates torque due to the difference in magnetic
conductivities along the direct and quadrature axes of the rotor. Due to its ssimple & robust
construction, thistype of motor is currently becoming increasingly popular as a choicefor hybrid
and electric vehicles. The primary advantage of this motor is the absence of rotor cage losses,
which allows for a permanent torque that is larger than that of an IM (Induction Motor) of the
same size. The structure of Synchronous rel uctance motor is shownin Fig.8.1.

Fig.8.1: Synchronous Reluctance Motor

The following are the magjor characteristics of synchronous reluctance motors.

* |n comparison to induction motor drives, the field-based control algorithm is simplified.
 The precise torque can be chosen so that it has no impact on the rotor's temperature.
» This motor's rotor is less expensive than those of induction and permanent magnetmotors.

8.1.1 Construction of Synchronous Reluctance Motor

This motor's design is comparable to that of the salient pole synchronous motor. This motor's
stator contains three phase symmetrical winding, but the rotor without any field winding. This
winding will produce a sinusoidal rotating magnetic field within the air gap, and the induced
magnetic field within the rotor can result in the development of a reluctance torque. This rotor
has a tendency to link to the stator field with the least amount of reluctance possible. Using iron
laminations in the axial direction that are divided by non-magnetic material, the rotor of the
current rel uctance motor can be designed. This motor's performance is comparable to that of an
induction machine, but because it is simpler, less expensive, and has a sturdy structure, it may
have a higher efficiency than an induction motor.
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This motor is primarily intended for use in situations requiring high power. This can be
categorised in the manners depicted in Fig.8.2 (a), (b), and (c).
» Sdlient pole rotor

» Axialy Laminated Rotor,
» Transverse, or radial laminates

@) (b) (©)

Fig.8.2: (a) Rotor with salient poles, (b) Axially laminated rotor and (c) Transversally laminated rotor

Reluctance motors are ideal for a variety of applications because they may give extraordinarily
high power density at alower cost. The main demerits are strong torque ripple when used at lower
speeds, which also produces noise. This motor's stator mostly consists of prominent
electromagnet poles that are comparable to those in a BLDC motor. A soft magnetic material,
such as laminated Si stedl, is used in the rotor. Several projections of this material function like
prominent magnetic poles with magnetic resistance. The rotor poles of the motor have less than
the stator poles, which minimises torque ripple and prevents the poles from connecting totally. A
rotor poleis fully in the unaligned position when it is located in the midst of two adjacent stator
poles. This is the highest point of magnetic reluctance for the rotor pole. Many rotor poles are
totally attached to many stator poles and are in aless reluctant position when they are aligned.

Once a stator poleisturned on, the rotor's torque will change in a way that reduces reluctance. In
order to connect through the stator field, the adjacent rotor pole can be withdrawn from its
unconnected state. By consistently pulling the rotor, the stator field should rotate before the rotor
polesin order to sustain revolution.

Certain motor types substitutes will run on three-phase AC éectricity. The mgjority of the
designs that are currently on the market are of the switched rel uctance type because electronic
commutation offers significant control advantages for smooth operation, motor speed contral,
and starting. High efficiency at synchronous speed without the use of rare earth permanent
magnets is one of synchronous reluctance motor's key characteristics. The distributed sinusoidal
AC stator windings that are connected via a specific rotor lamination design are primarily
supported by these motors. These motors simple, low-inertia revolving assembly design enables
synchronous speed operation. Fewer torgue applications require for efficient operation can use
synchronous rel uctance motors.
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8.1.2 Working Principle of Synchronous Reluctance Motor

A rotating magnetic field is produced in the electric motor's air gap by the alternating current
entering through the stator windings. The Magnetic field lines of a synchronous rel uctance motor
isshowninFig.8.3. In order to reduce the rel uctance (magnetic resistance) inthe magnetic circuit,
the rotor triesto align itself with its most magnetically conductive axis (d-axis) using an applied
field. The difference between the direct Lq and quadrature L inductances directly relates to the
torque's amplitude. Therefore, the torque produced increases with increasing difference.

Fig.8.3: Magnetic field lines of a synchronous reluctance motor

The Fig.8.4 below can be used to explain the basic concept. The conductivity of the object "a"
made of anisotropic material varies along the d and g axes, but the conductivity of the object "b"
made of isotropic magnetic material is constant in all directions. If thereis an angle between the
lines of the magnetic field and the d axis, the torque produced by the magnetic field applied to
the anisotropic object "a" will increase. The magnetic field will undoubtedly become distorted if
the object's "a" d axis does not align with the lines of the magnetic field. In this instance, the
deformed magnetic lines' direction will match the object's q axis.

A magnetic field is produced in a synchronous reluctance motor by a stator winding that is
sinusoidally dispersed. The field can be thought of as sinusoidal because it rotates at synchronous
speed. In such a case, there will always be a torque designed to lower the potential energy of the
entire system by lowering the field distortion along the q axis (3—0).
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Fig.8.4 An object with (a) anisotropic geometry and (b) isotropic geometry in a magnetic field

The el ectromagnetic energy will continue to be transformed into mechanical energy if the angle
is maintained, for instance by adjusting the magnetic field. The magnetization and the torque that
the stator current produces aim to decrease field distortion. The current angle, or the angle
between the current vector of the stator winding and the rotor d-axis in a rotating coordinate
system, is used to adjust the torque.

8.1.3 (A) Phasor Diagram

Figure 8.5 be ow shows the synchronous reluctance motor's phasor diagram. A synchronous
reluctance motor does not employ DC excitation. Vs is therefore excluded. Stator resistance
is neglected. YWsis the stator flux linkage.
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Fig.8.5 (a): Phasor diagram of the synchronous reluctance motor with g-axis as reference
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Fig.8.5 (b): Phasor diagram of the synchronous reluctance motor with d-axis as reference

8.1.3 (B) Torque-Speed and Torque-Load Angle Characteristics of
Synchronous Reluctance Motor

In synchronous rel uctance motors, the natural tendency of aferromagnetic material to align itself
with a magnetic field generates the reluctance torque. The synchronous rel uctance motor is not
self-starting on a fixed frequency a.c. supply unless the rotor is supplied with a squirrel-cage
winding to allow starting by induction motor action. The rotor speed oscillates above and bel ow
its average value as the rotor speed approaches synchronous speed because the reluctance torque
is superimposed on the induction motor torque. The instantaneous rotor speed rises to
synchronous speed and the rotor locks into synchronism with the stator field if the load torque
and inertia are not too high.
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Fig.8.6: Torque-speed characteristics of synchronous reluctance motor
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The torque-speed characteristics of a synchronous reluctance motor are shown in Fig.8.6. The
motor starts as atwo phase induction motor at between 300 and 400 percent of itsfull load torque
(depending onthe orientation of therotor's salient pole axiswith respect to the axis of the rotating
magnetic field). By virtue of its saliency, the motor now operates as a synchronous motor once it
reaches its maximum speed as an induction motor due to the reluctance torque pulling the rotor
into step with the revolving field. The rotor can be pulled into synchronism with the pulsating
single phase field as it gets closer to synchronous speed due to the reluctance torque. It is clear
from Fig.8.6 that even when the torque is increased, the motor speed stays the same. However,
the motor loses synchronism when the torque exceeds its maximum value. Up to alittle bit more
than 200% of its full load torque, the motor runs at a steady speed.

Accordingto Fig.8.6, the motor speed stays constant even when thetorqueisincreased. However,
as the torque rises above its maximum val ue, the motor |oses synchronism. Up to just over 200%
of its maximum torque at full load, the motor runs at constant speed. A centrifugal switch opens
with the beginning winding at 3/4th of the synchronous speed, and the motor continuesto produce
a single phase torque product using only its running winding. The reluctance torque is enough to
bring the rotor into synchronism with the pulsating single-phase field as it approaches
synchronous speed. Up to alittle bit more than 200% of its full load torque, the motor runs at a
steady speed. It will continue to run as a single phase induction motor up to 800% of its rated
output if it is loaded beyond the draw out torque value.

Fig.8.7: Torque- angle characteristics of salient pole machine

Plotting the previously mentioned equation for various field excitations results in the various
torques (Te) - angle curves for both driving and generating modes, as shownin Fig.8.7.
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The dotsin Fig.8.1.7 dencte the steady-state limit, which is represented by the maximum points.
Itis clear from the equation that given a fixed excitation and torque angle, the produced torque
remains constant if Vswe is kept constant (i.e., the supply voltage is altered proportionally to the
frequency). However, the synchronous rel uctance motor is defined as a motor with the same basic
design as a salient pole synchronous motor but without a field winding on the rotor. As a resuilt,
the motor is not excited. As a result, the reluctance torque component is the lowest curve in the
torgue angle characteristic of Fig.8.7 generated for the salient pole machine, which corresponds
to zero excitation or zero percent excitation.

The ideal synchronous reluctance machine has a rotor whose structure allows the inductance of
the stator windings in the d-q reference frame to vary sinusoidally from a maximum value Lg
[Direct inductance] to a minimum value Lq [Quadrature inductance] as a function of angular
displacement of the rotor. This results in the reluctance torque component having the shape
depicted in Fig.8.7.

8.1.4 Features of the Synchronous Reluctance Motor
Advantages:

¢ |t hasareduced torqueripple.

e Thismotor's rotors can be built from inexpensive and highly durable materials.

e Standard PWM AC inverters can be used to operate this motor.

e This motor can withstand temperatures that are very high.

e Thismotor's structureis both sturdy and straightforward.

e Thismotor can operate at high speeds.

e Sincethereisno need for field excitation in this motor at zero torque, the losses caused by
electromagnetic spinning are eliminated.

¢ Since demagnetization is not a concern, these motors are more reliable than permanent
magnet motors.

¢ Duetothismotor's simplicity, amulti-motor drive can useit to synchronously run multiple
motors using a single power source.

Disadvantages.

e Thecost of these motorsis higher than the cost of an induction motor.

e Sensor less control and rotor position sensors must be used to synchronise speed with an
inverter's output frequency.

e Thismotor is heavier and has alower power factor than an induction motor.

e A variable frequency driveis used to power it.

Applications:
The synchronous rel uctance motor has the following uses.

o Dueto itsaffordability, robust construction, natural simplicity, etc., it is suitable for low-
power applications such as fibre spinning machines.
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e Timing devices, phonographs, control devices, recording instruments, etc. are some
examples of applications where consistent speed is essential.

o [tisutilisedin place of pumpsin conveyors as proportioning devices.

e These motorsare utilised in synthetic fibre manufacturing equi pment aswell asturntables,
regulators, synchronised conveyors, metering pumps, and regulators. Used in the process
of film material otherwise continuous sheet.

e Usedin folding, wrapping machines, and auxiliary time machine.

The synchronous reluctance motor overview is what this sectionis all about. Due to its higher
efficiency and lack of magnets, this motor offers assurance by offering a sustainable
environmental option to lessen its overall environmental impact. Its lower operating expenses
will enable a quick payback. This product benefits from the great efficiency and dependability of
synchronous motors as well as induction motors.

8.2 INTRODUCTION TO SWITCHED RELUCTANCE MOTOR

An electromechanical energy conversion tool that transforms electrical energy into mechanical
energy is a switched reluctance motor. In contrast to DC motors, where energy conversion occurs
as aresult of the Lorentz Force Law, switching rel uctance motors convert energy as a result of
the principles of variable reluctance. The definition of resistance is the opposition of flow to the
magnetic field. The resistance that obstructs current flow isits electrical equivalent.

The flow of the magnetic field is known as flux in the magnetic field, whereas the passage of
chargesis known as current in the electrical field. Magnetic poles devel op on the stator and rotor
of the rel uctance motor as aresult of the magnetic field's property.

Fig.8.8: Switched Reluctance Motor

The motor rotates as a result of the interaction between these poles. Switching circuits utilizing
power eectronics devices are utilized to change the magnetic poles.
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As a result, the term "switched" has been employed. The structure of the Switched Reluctance
Motor is depicted in Fig.8.8. The variable reluctance principle is responsible for the
electromagnetic torque generated by reluctance motors. The poles must be generated with
opposing charges in order to produce a varied reluctance; for example, if one pole of the stator is
south one moment, it should be north the next. So that the rotor's rotation will be caused by a
varied torque produced by this variable field. Power electronic components are utilized in a
switching circuit to provide achangeablefield. A spinning magnetic field is generated on the stator
poles as a result of the switching circuits being activated.

8.2.1 CONSTRUCTION OF SWITCHED RELUCTANCE MOTOR

The machinery component and the switching circuit are the two main components of a switched
reluctance motor. Stator poles and rotor poles are the components of a machine, such asa DC
motor, in the machinery section. Silicon steel makes up the stator poles. Outside, the poles are
projected. The number of polesis determined by the machine speed. Wetypically use 6 polesfor
speeds about 1000 rpm. Typicaly, ferromagnetic materials are used to wind the rotor.
Additionally, these materials experience fewer eddy current losses and hysteresis. The stator
construction has the rotor stamped into it. Hall-effect sensors are utilized to dynamically
determine the rotor's position. This makes it possible to regulate the motor's speed. The motor's
design is simple, robust, and requires minimal maintenance. It offers all-around excellent
operation, and motor speed control is also made simple. Reluctance motors are one of the most
often utilized motors as aresult of these factors.

Fig.8.9: Outer part of stator poles and the inner parts of rotor poles

InFigure 8.9, therotor poles arelocated inside whil e the stator poles arelocated outside. A single-
phase supply excites the stator poles. Squirrel cage rotors are used to provide a rotating magnetic
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field for synchronous reluctance motors. A rotating magnetic field cannot be produced by a
single-phase supply.

With aswitched rel uctance motor, switching circuits based on power € ectronicsare used to create
the rotating field. The reluctance principle states that magnetic flux always seeks to move along
the path with the lowest rel uctance, just as current seeks to move through the path with the lowest
resistance. As aresult, the reluctance between the pol es of the stator and the rotor varies, and the
rotor attempts to align itself with the axis with the least reluctance. The rotor is rotated in this
process by a variable reluctance torque.

8.2.2 Switched Reluctance Motor Design

The design of a three-phase switching reluctance motor is depicted in the following Fig.8.10. It is
supplied by a DC source, which a three-phase inverter converts into AC. Two MOSFETS or
IGBTs serve as the switching components of each leg of the inverter. One phase of the inverters
is connected to each phase of the stator. It is a three-phase inverter that changes DC into AC in
response to the switches being triggered.

Fig.8.10: Switched reluctance motor design

According to the switching order, the switches are numbered. The switches A, B, and C make up
the circuit's upper half. The circuit's lower half is made up of the switches A', B', and C'. Each
switch from the upper tothelower half at atimeisactivated, and these two switchestogether make
up one phase. These two switches are linked to the stator's two poles. The remaining phase is
formed similarly by B, B' and C, C', which are connected to the stator's other poles.
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8.2.3 Torque - Speed Characteristics of Switched Reluctance Motor

The mechanical subsystem design characteristics typically place limits on the maximum torque
that can be created in a motor and the maximum power that can be transferred. By altering the
duty cycle of the chopper, the torque can be changed for a given conduction angle. However, due
to mechanical considerations, the greatest torque created is constrained to a specific value. The
constant maximum torque area of operation is depicted in Fig.8.11, which also shows the torque
speed characteristic of a switching reluctance motor (AB).

The torque-speed capability curve might deviate from the clock torque characteristics at very low
speeds. Itischallengingto limit the current without the aid of the motor's sel f-emf, and the current
reference may need to be decreased, if the chopping frequency or the bandwidth of the current
regulator are constrained. If extremely low windage and coreloss allow for anincreasein chopper
losses, a larger torque can be obtained with a higher current. Naturally, in any part of the speed
range up to wb very considerably higher torque can be obtained under intermittent conditions.
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Fig.8.11: Torque - speed characteristics of switched reluctance motor

The torque below base speed is restricted by the motor current. The highest speed at which
maxi mum current may be provided at rated voltage with fixed firing anglesis known asthe corner
point, or base speed, or b. The maximal torque at rated voltage falls with speed squared if these
angles are till held constant. The maximum current can still be driven into the motor over a
sizable speed range, however, if the conduction angle is increased (i.e.,) 8 on decreased. This
keeps the torque at a greater level to keep the power characteristic consistent. But the core |osses
and windage | osses increases with the speed.



Induction, Synchronous and Special Electrical Machines | 227

Thus the curve BC represents the maximum permissible torque at each speed without exceeding
the maximum permissible power transferred. This region is obtained by varying 6p to its
maximum value 6p max. 0p is dwell angle of the main switching devices in each phase. Point C
corresponds to maximum permissible power; maximum permissible conduction angle. The
highest possible torque that can be applied at each speed without exceeding the maximum
permitted power transfer isrepresented by curve BC. By adjusting 6p until it reachesits maximum
value, Bp max, this region is obtained, where 0p is the dwell angle of each phase's primary
switching components. Maximum power and maximum conduction angle are corresponding to
Point C.

8.2.4 Characteristics switched reluctance motor
The characteristics of the switched rel uctance motor can be summarised as
The switched reluctance motor could be single-phase or three-phase.
Managing speedis simple.
High speed can be attained by modifying the triggering circuits.
An inverter can be used to operate it with a DC source as well.
One phase's control is separate from the control of the other two phases.
The feedback diodes can be used to recover the unused energy that was given to the
amotor. This increases efficiency.
¢ By adjusting the switching devices firing angles, various speeds can be achieved.

Advantages
The following are some benefits of a switching rel uctance motor.
e Because the unused energy can be returned to the source via the feedback diodes, this motor
is more efficient than a DC motor.
e This motor's speed can be easily controlled because the supply phases can be adjusted to a
great amount, allowing for a smooth change in speed.
e Themotor can be energized both by an AC and a DC supply.
e Stator polesrequire minimal maintenance because they are durable.
e Theswitches voltagerating is likewise lower, which makes the machine more inexpensive.

Disadvantages
The disadvantages of the motor are as follows
e The machine's existence of ripple torque is its primary drawback. Unwanted interferences,
also known as harmonics, between the rotor and stator are what produce the ripple torque.
Unwanted losses and torque ripple are results of the harmonics. But it can be avoided by
utilizing cutting-edge modulation methods like pulse width modulation or space vector
modulation.
e Because switches are present, they frequently experience wear and tear issues. Therefore, we

must frequently replace them. But because they are less expensive, the system's efficiency
won't be affected.
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e Switching losses also reduce productivity. The switches typically have moderate conduction
losses and high switching | osses.

Applications

Dueto its versatility, switched reluctance motors are often used in
Robotics

Aviation

Industrial Applications

Automation

Washing machines

Vacuum cleaners and fans

This section discussed switching reluctance motors in action and learned how they work. These
motors have become more well-liked as a result of the devel opment of power electronic devices.
They have some restrictions neverthel ess because they are dependent on switching devices. The
operation is additionally enhanced by the usage of hall-effect based sensors. It would be intriguing
to consider how to regulate the speed of a closed-loop switching reluctance motor. Which
controller would perform more effectively?

8.3 BRUSHLESS DC (BLDC) MOTOR

Despite the fact that brushed motors existed prior to the development of brushless motors,
German physicist Ernst Werner Von Siemens created the first brushed DC motor in 1886.
Because brushed motor useisinefficient and expensive to maintain, there are several difficulties.
In 1962, the invention of brushlesstypetook place by T.G. Wilson and P.H. Trickey, while these
difficultieswere being considered. Thedesign of this brushless motor paved theway for increased
productivity and time savings in several industries.

To address some challenges, a BLDC motor, also referred to as a brushless DC motor, isa motor
that operates without brushes. A brushed one and a BLDC operate differently depending on
whether brushes are present or not. Brushes are used to transfer or gather current to the
commutator in a typical machine. However, sparks result when the brushes are used. It dlides
between the brushes as and when the rotor revolves. During the rotation of the shaft, the brushes
ignite. Life expectancy also decreases as a result of this reduction in efficiency. In order to
overcomethese drawbacks, a BL DC was created that operates much more smoothly than atypical
one. Sparking isalso avoided becausethe brushes are not used. Thislengthensthe motor'slifespan
and improves its performance.

Microcontrollers are capable of controlling all of the common motor types, each of which has a
unique use. Today's mators are all switching to brushless DC technology. Although DC motors
have earned their popularity over the years, the BLDC option is significantly more advantageous
due to advancements in microcontroller affordability and motor design. Every common type of
motor has a particular application and can be controlled by a microcontroller. We can better
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comprehend the operation of the BLDC motor by using the DC motor as a reference, as most
people have a good intuitive understanding of the way a DC motor works.

8.3.1 Brushed DC Motors Review

Within a stationary magnetic field, a DC motor (brushed) with winding assembly (armature),
brushes, and commutators switches current to separate windingsinthe proper ratio to the external
permanent magnet field is shownin Fig.8.3.1. The pros and cons of this motor are

Pros:

- Theeasiest eectronic control €liminates the requirement for controller commutation.
- Needsjust four power transistors.

Cons:

- Speed control necessitates the use of a sensor.

- Thebrushes and commutator generate sparks and eventually wear out.
- Sparks reduce max power.

- ltisdifficult to remove heat from an armature.

- Poor power density

Fig.8.12: Brushed DC Motors

8.3.2 Construction of BLDC Motor

Therotor and stator are fixed within aframe that makes up the device. The revolving component
is the rotor, while the stationary component is the stator. The frame serves as both a support for
the internal peripherals and a shield against the outsi de elements. Permanent magnets are used to
hold the rotor in place, and the stator's cails serve as an electromagnet. The number of polesis
determined by operational needs. The slots in the stator are used to house the coils. The number
of poles determines how many coils should be used.
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These coils are energised in accordance with the requirements. A brushless direct current motor
is made up of a permanent magnet rotor and stationary windings as shownin Fig.8.3.2. The Pros
and Cons of Brushless DC motor are

Pros:

e Thereare no brushes or commutators to wear out.
There are no sparks or extrafriction.

More efficient than a direct current motor

Higher speed than DC motor

Better power density than a DC motor

Cons:

e Commutation reguires arotor sensor or sensorless approaches.
e 6 power transistors are required.

Brushless DC motors are DC motorsthat are built from theinside out and do not have brushes. It
has the benefit of being a permanent magnet, which means that all of the power applied may be
utilised for torque. It contains windings on the outside, allowing heat to travel through the outer
wall and be readily dissipated. Thisis something that a DC motor cannot achieve. In addition, the
absence of brushes eliminates the friction and sparks that hinder DC motors from operating at
high speeds. However, the requirement for six transistors instead of four implies that the
electronics cost will be higher, and the el ectronic commutation will make it more complicated.

Fig.8.13: Construction of Brushless DC motor

8.3.3 Brushed DC Commutation

The brushes and armature switch the windings in the armature to DC power. Every winding
experiences a positive voltage, followed by a disconnect, and finally a negative voltage. The
armature's field interacts with the static magnet, causing torque and revol ution.
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Fig.8.14: Inside-out model of the BLDC motor.

Despite the fact that actual DC motors can differ greatly, this one is a good model. Regardl ess of
whether this variant with three windings in the armature exists, DC motors are substantially more
probable to have more commutator bars, windings, and brushes, in particular when they get
larger. The idea of the windings switching DC voltage remains unchanged, but the waveform
becomes more intricate. This model is shown in Fig.8.14 as a straight forward illustration that
best illustrates the BLDC motor's "inside-out" design Take notice of the sparks at the brushes;
thisis where ionisation may result in a"ring fire—a brush-to-brush short circuit.

8.3.4 Three-Phase Bridge to Drive BLDC Motor

A DC moetor built from the inside out but without brushes or commutators is what is known as a
brushless DC motor. Transistors are used in place of the mechanical switches, and the windings

are shifted from the armature to the stator. From the outsi de, the magnet is moved i nside to become
therotor.

Fig.8.15: Transition from DC to Brushless DC motors
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Fig.8.15 depicts the transition from DC to Brushless DC motors. The six-transistor (3-phase)
bridge's replacement of the brushes and commutators in particular as shown in Fig.8.16. In
practice, iron laminations carry the magnetic fields, closing the magnetic loops and minimising
the air gaps. All motors must have this to operate at their peak efficiency. Here, the transistors
are MOSFETSs, which are awell-liked option at lower voltages. I nsulated gate bipolar transistors
are employed in higher-voltage applications. To manage inductive kick or flyback currents, each
transistor must have a diode connected in parallel withiit in either scenario.

Hall sensors sense magnetic fields and are able to be employed to determine the angle of arotor.
For each sensor, the output is a digital 1 or O, depending on the magnetic field nearby. As
indicated in 8.17 each Hall sensor is positioned 120 degrees apart on the back of the motor. The
Hall sensors output logic bits that show the angle as the rotor rotates. At any given time, one
winding is connected to positive via an upper transistor, one is connected to negative via a lower
transistor, and oneis shut off.

N

|==|||? | STEP3 | P4 | STEPS | STEPB l STEP |:~:r| P2 [E':III’E

Fig.8.16: Six-step Commutation

Fig.8.17: Hall Sensors and its output
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Thisis aso known as trapezoidal or 120- degree commutation. Though the 120-degree phraseis
not evident to most people, it simply indicates that one winding, or phase, is shut off at any given
time, resulting in just two-thirds of the current flowing. All windings are used in 180-degree
commutation. When all three sensors are combined as shown in Fig.8.17, they create six distinct
logic combinations or steps. The motor phase combinations are deciphered from these three bits.
The Hall sensor, named for the scientist who discovered the phenomenon, produces very low-
level voltage changes in response to a nearby magnetic field. The mgjority of sensors on the
market have the amplification and comparator required to convert them to digital devices. They
increase the cost and length of the motor, and they are exposed to the hostile environment of the
motor, limiting its heat capability and power. The remaining structure of the motor, which is
constructed of copper, iron, and magnets, can generally withstand far higher temperatures than
silicon.

Based on their binary states, the three hall bits are assigned a number. The first step is binary
101, the second is 001, and so on. Filling out a table of six choices, plus the two more invalid
states of 000 and 111, yields all of the possible combinations. Then, when the Halls are equal to
001 (decimal 1) or 101 (decimal 8), turn on the U-phase upper transistor. This order is only
acceptable when the motor is only turning one way. For reverse operation, create a new tablein
which the opposite transistor (swap upper and lower) is turned on for each state. These devices
are shown astotally on or off for clarity; however, they are actually PWM at a certain duty cycle
almost every time. The hall sensor and the inverter output is shownin Fig.8.18.

I STEP1 [ STEP2 | STEP3 | STEP4 | STEPS | STEP& | STEP1 | STEP2 l STEPA |
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Fig.8.18: Hall sensor and the inverter output
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8.3.5 Torque-Speed Characteristics of PMBLDC Motor

Assume that commutation is accurate, the phase current waveform isideal, and the converter is
powered by anideal voltage source, V. Then, V=E + R

When the phase resistance is low, the properties are similar to those of a DC shunt motor. The
speed can be changed by altering the voltage (V). Chopping, or PWM, is used to control voltage.
There are limits to both continuous and discontinuous operations. Fig.8.19 (a)shows the Speed-
Torque characteristics of BLDC motors. Heat transmission and temperature rise occur during the
continuous limit, while the maximum rating of the semiconductor switch happens during the
discontinuous limit. Figure 8.19 (b) depicts the T-N characteristic family for various constant
supply voltages, Current, torque, supply voltage, and speed should all be within acceptablelimits.

Continuous
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Fig.8.19 (a): Speed-Torque characteristics of BLDC motors
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Fig.8.19 (b): Family of T-N characteristics for various constant supply voltages.
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Line AB parallel to x-axis represent the maximum torque devel oped. Line FG represent the T-N
characteristics for maximum permissible voltage and line DH perpendicular to x-axis represents
maximum permissible speed. The area OABCDO shown in Fig.8.19 (c)is the permissible region
of operation.

Continuous

N

Fig.8.19 (c): Permissible region of operation.
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Types of BLDC Motor

BLDCs are classified into two categories. They are classified as in-type and out-type.
It is determined by the structure; for example, if the rotor is designed to rotate outside, it is out-
type. The rotor is designated IN-type if it is designed to rotate internally. Out-type is the most
commonly used type.

Controlling Speed of BLDC M otor

The speed of this type can be controlled relatively easily because it has a controller. The voltage
may be adjusted to control the speed. The speed of the coils can be changed depending on the
amount of voltage applied to energisethem. Tolessen the speed of the motor, the voltage provided
to the coilsis reduced.

Advantages
e Highly reliable
Smoother operation
High power output
Can be used for higher speed applications
No brush isrequired
No sparking
Light inweight
Less noise

Disadvantages

e Complex operation
¢ Reqguires maintenance
e A controller isrequired
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e Costly
e Sensorsarerequired

Applications
The applications of PMBLDC motors are given below.

Industrial drives (fans, pumps, blowers, handling systems)
Machinetools

Servo drives

Automation process

Internal transportation systems
Robots

Air conditioning systems
Washing machines

Vacuum cleaners

Security systems

Elevators

Light railways

Street cars

Electric road vehicles

Air craft flight control

A BLDC motor was defined in this section. It is a motor that does not need brushes to offer a
smoother as well as more effective operation. Its construction, operation, the difference between
anormal and brushed type, speed control, uses, flaws, and application were all discussed. What
is a commutation in DC machines, and why is a commutator employed, is a question for the
readers.

8.4 PERMANENT MAGNET SYNCHRONOUS MOTORS

Nearly two decades before the induction motor was discovered, synchronous motors were first
developed in the year 1869. The induction motor was created in the first decades of the 20th
century, and its uses were greatly expanded. While the synchronous motor's range did not expand
until the early 1920s. It took almost 8 years to advance the required initial capability through
interaction with the induction motor, include synchronous motor uses for power factor
modification, and ultimately eliminate the manual initiation restriction by developing direct
control for synchronous motors. Permanent Magnet Synchronous Motor (PMSM) is a type of
synchronous motor used as a permanent magnet for the creation of the excitation field. Because
it produces a sine-shaped flux distribution in the space between the rotor and stator components,
this sort of permanent sine wave motor is also known as a brushless type. Even the current wave
produced by that device has a sine wave pattern.
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PMSMs offer higher torque for small frame sizes and no rotor current since they are made of
permanent magnets. These devices also offer a good range of power-to-size ratios, enabling
straightforward designs with little torque loss. There must be commutated similarly to BLDC
motors, but due to the design of the windings, the signals must be in fine shape to provide better
performance. The PMSM devices are mostly used in controllers like digital signal processors or
microcontrollers since they are built with sophisticated controlling algorithms. Fig.8.20 depicts
the permanent magnet synchronous motor's construction.

The machine is primarily made up of a revolving element called a rotor and a stator that is
stationary. Axial air gap devices laminations are most likely produced by rolling them with soft
sted strips. Different lamination portions act as teeth gaps where armature windings are also
present, and the yoke section ends up becoming the magnetic route. The rotor of a motor is
typically found inside the stator; however occasionally externally positioned rotors may exist.
The permanent magnets that make up the rotor sections have strong coercive forces. Synchronous
motorsaredividedinto electric motorswithand without prominent polerotors based ontherotor's
design. Compared to an electric motor with a salient pole rotor, which has inductances that are
not equal, Lq Lg, the motor with a non-salient pole rotor has equal quadrature and direct
inductances, or Lq= Lq. Fig.8.21 displays several motor configurations dependent on the design
of therotor.

Fig.8.20: Construction of PMSM
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Fig.8.21: Motor Configurations based on rotor design

Additionally, there are two types of PMSM dependent on the architecture of the rotor: surface
PMSM and inner PMSM. These contain a core part with windings and a stator section with an
exterior frame. The design of this kind of rotor isfrequently seenin 2-phase and 3-phase winding
schemes. The second form of PMSM is one with scattered winding and one with concentrated
winding, and it is dependent on the design of stators. The number of dots per pole and phase in
the distributed winding isin the range of Q = 2, 3.... k. In contrast, the focused winding contains
dots with equal spacing over the whole stator perimeter since the number of slots per pole and
phase is Q = 1. The two coils that make up the winding can be connected either in series or
paralld.

Additionally, the PMSM is divided into two kinds after being attached to the rotor core by a
permanent magnet:

e Surface Mounted PMSM
e [Interior/Buried PMSM

Surface M ounted PM SM

Here, the magnet is placed on the surface of the rotor. As the design of this kind is not robust, it
isnot applicablefor applications those function at high speed. Asthe magnet and air permeability
are similar, this kind of design creates a regular air gap. So, there is no presence of reluctant
torgue. Regarding this, the motor's dynamic efficiency is higher, making it appropriate for high-
performance machine tool drivers and the robotics industry.

Interior/Buried PM SM

In this case, the permanent magnets are positioned inside the rotor rather than on its surface. This
enhances device strength and so used for applications that operate at high speed. As because of
the salience feature, there exists reluctant torque in the PMSM.
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8.4.1 Working of Permanent Magnet Synchronous Motor

The permanent magnet synchronous motor working is dependent on how the rotor's static
magnetic field and the stator’s revolving magnetic field interact. The principle of revolving
magnetic field in the stator section of the motor is similar to the 3-phase induction motor. As per
Ampere's principle, the rotor’s magnetic field operating with the synchronous AC of the stator
windings generates atorque that allowstherotor to start revol ving. The permanent magnets which
are located on the rotor of the motor generate a static magnetic field. When the speed of the stator
field and rotor’s rotational speed synchronizes, then the rotor poles link up with the revolving
magnetic field of the stator.

As per this, the PMSM device will not start automatically. It has the self-starting ability when the
device has a direct connection with the 3-phase current network which means when the current
frequency isinthe range of 80 Hz.

Torque-speed characteristics

The torque-speed characteristics of BLPM sine wave motor is shown in Fig.8.4.3.For given Vc,
Ic (maximum permissible voltage and current) torque remains constant from low frequency to
corner frequency fo. Any further increase in frequency decreases the maximum torque. The
shaded part represents the permissible region of operation in torque speed characteristic.

If the speed israised past point D inthetorque speed characteristics, thereisarisk of over current
since the back emf E, keeps growing while the terminal voltage stays constant. After that, the
current travelling from the motor back to the sourceis virtually entirely reactive. Duetolossesin
the motor and converter, the g axis current and torque are both minimal. Thus, the power flow is
turned around. This mode of operation is only feasible if the motor exceeds the converter's
capacity or is powered by an external load or prime mover.

Fig.8.22: Torque-speed characteristics
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Table 8.1: Comparison between PMSW and BLDC

Per manent M agnet Synchronous
M otor

Brushless DC Motor

It is a synchronous machine

It is a synchronous machine

Theinput is sinusoidal currents

The deviceis fed with direct currents

This deviceis suitable for higher speed
levels

This device is suitable for lower speed
levels

It generates less noise

It generates high noise when compared
with PMSM

Complicated controlling algorithms

The device can be constructed with
simple controlling algorithms

It has the possibility of 3 phases ON at
asingleinstance

For aBLDC, only 2 phases can bein ON
state at the sametime

Minimal corelosses

It has high core losses as because of
harmonic content

Benefits and Drawbacks of PM SM
The advantages of permanent magnet synchronous motor are:

e |tiscapable of eradicating field copper |osses.

¢ Enhanced power density
e Minimal rotor inertia
e Robust motor architecture

e Smooth torque and high dynamic performance are the outputs.

Deliversincreased efficiency

Permanent magnet synchronous motor drawbacks include:

e The PMSM device is more expensive than other motor types available today.

o |t affects demagnetization.
e These motors do not self-start.
o Lossof field flux control's adaptability

Per manent Magnet Synchronous M otor Applications
The applications of PMSM are

¢ Numerous home appliances, including air conditioners, fans, lifts, and compressors

o Applicableto factory automation
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Vacuum cleaners

Applied to robotic systems
Shutters and gates
Surveillance platforms

8.5 STEPPER MOTOR

A stepper motor is atype of spinning electric motor having discrete angular motions of the rotor
caused by control signal pulses. The stepper motor served as the servo motor’ s successor. Stepper
(pulse) motors convert the control signal in the form of a pulse sequence directly (without the use
of afeedback sensor) into a fixed angle of shaft rotation or linear movement of the mechanism
proportional to the number of pulses. This circumstance simplifies the drive system and replaces
the closed-loop servo drive (servo) system with an open-loop one, which has benefits such as
lower device cost (fewer elements) and increased accuracy due to stepper motor rotor fixation in
the absence of signal pulses. As a result, servo motors are employed in tasks requiring high
performance (accuracy and speed). In other circumstances, stepper motors are commonly
employed due to their inexpensive cost, ease of control, and high accuracy.

8.5.1 The Construction of Stepper Motor

A stepper motor, similar to any other spinning el ectric motor, is made up of two parts: arotor and
a stator shown in Fig.8.23. The stator is the static component, whereas the rotor is the revolving
component. Because the rotor lacks dlip rings and a commutator, stepper motors are both
dependable and affordable. Therotor is equipped with either salient poles or tiny teeth. The rotor
of the reluctance stepper motor is made of soft magnetic material with salient poles. A permanent
magnet rotor is used in a permanent magnet stepper motor. The hybrid stepper motor comprises
a composite rotor with soft magnetic material teeth (pole tips) and permanent magnets.

Fig.8.23: Hybrid stepper motor

Rotating a de-energized motor can reveal if the rotor has permanent magnets or not; if thereisa
holding torque and/or pulsation during rotation, the rotor contains permanent magnets. A stepper
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motor's stator i ncludes a core with salient (protruding) polesthat are often composed of laminated
stamped el ectrical steel sheetsto prevent eddy currents and heat buil d-up. A stepper motor's stator
typically contains 2 to 8 phases. Power is not displayed in the stepper motor's specifications
because it is not designed for continuous spinning. In comparison to other eectric motors, a
stepper motor has a modest power output. The rotor pitch (step), or the angle of rotor rotation
corresponding to one pulse, is one of the defining parameters of a stepper motor. When the control
pulses change, the stepper motor takes one step per unit of time. The step size is determined by
the motor's architecture, which includes the number of windings, poles, and teeth. The step size
might range from 90 to 0.78 degrees depending on the motor's design. Using the right control
method, you can still achieve a step reduction in half with the help of the control system.

8.5.2 Characteristics of Stepper Motor
The important characteristics of stepper motors are

Therotor revolvesin distinct angular increments.

The average motor speed is proportional to the rate at which the pulse command isissued.
When the command pulse rateis low, the rotor rotates in steps.

At a high command pulse rate, the rotor moves smaoothly.

Torque of the motor varies from 1uN-mto 40 N-m.

Power output range varies from 1 W to 2500 W

High Torque-to-inertiaratio

8.5.3 Types of Stepper Motors
The stepper motors are classified as following types

a. Variable reluctance (VR) stepper motor
b. Permanent magnet stepper motor
c. Hybrid stepper motor

a. Variable reluctance (VR) stepper motor

A synchronous reluctance motor is a variable reluctance stepper motor. A reluctance stepper
motor's stator typically has 6 salient polesand 3 phases (a pair of poles per phase), while the rotor
has 4 salient poles and a step of 30 degrees. A switched-off variable reluctance stepper motor,
unlike conventional stepper motors, does not have a holding (braking) torgque as the shaft rotates.
The rotor and stator teeth form the magnetic circuit's reluctance, which varies with the rotor's
angular position.

Types of variable reluctance motor

i.Single-stack type
ii.Multi-stack type



Induction, Synchronous and Special Electrical Machines | 243

i. Singlestack VR stepper motor

Fig.8.24: Construction of Single stack VR stepper motor

The construction and schematic diagram of single stack VR stepper motor is shown in Fig.8.24
and Fig.8.25. There are no permanent magnets in the stator. The poles are salient types and
oncentrated windings are used. Field windings are carried by each pole. Even numbers of poles
in the stator and in series phase windings are present, opposite poles are coupled. There are no
permanent magnets in the rotor. The number of poles on the stator and rotor differs.

Fig.8.25: Schematic of VR stepper motor

Operation

Rotor strives for the lowest possible rel uctance position.

Ns - Nr
Step angle, B = ;v X 360°

Step angle = 360%mNr
Where
NsNo. of stator poles or stator teeth
N-No. of rotor poles or rotor teeth
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m-no. or stator phases

Motor hasthe following modes of operation.

Mode 1: one — phase ON or Full Step operation

Mode 2: Two — phase ON

Mode 3: Half — step operation

Mode 4: Micro stepping

Mode 1: one — phase ON or Full Step operation: Shown in Fig.8.26 (a) and (b)
Only one phase is energized at any time and each phase is excited by using switches.
Phase-A excited

A1l A2 gets aligned with rotor teeth 1 & 3.

Phase-B excited

B1 B2 getsinlinewith rotor teeth 4 and 2.

The rotor rotates at an angle of = 30.

Clockwise direction

Phase-C excited

C1 C2 aligned with rotor teeth 3 and 1.

The rotor rotates at an angle of 6 = 30.

Rotor total movement = 60°.

Clockwise direction.

Fig.8.26 (a): One-phase ON mode (Phase-A & Phase-B)
Phase-A excited
e AlandA2 arealigned with rotor teeth 4 and 2.
e Therotor rotates at an angle of 6 = 30.
¢ Rotor total movement = 90°.
o Clockwise direction
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Fig.8.26 (b): One-phase ON mode (Phase-C & Phase-A)

Stator sequence: ABCA — clockwise direction
Stator sequence: ACBA — anti-clockwise direction

Table 8.2: Truth table for one-phase ON mode

Clock Wise Direction Anti-Clock Wise Direction
Ph-A Ph-B | Ph-C | Degree Ph-A| Ph-B Ph-C Degree

+ - - 0° + - - 0°

- + - 30° - - + 30°
- - + 60° - + - 60°
+ - - 90° + - - 90°
- + - 120° - - + 120°
- - + 180° - + - 180°
+ - - 180° + - - 180°
- + - 210° - - + 210°
- - + 240° - + - 240°
+ - - 270° + - - 270°
- + - 300° - - + 300°
- - + 330° - + - 330°
+ - - 360° + - - 360°
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Mode 2: Two —phase ON oper ation

e At any giventime, two phases of stator windings are energised.

e Therotor is subjected to torque from both phases and can come to rest at any point halfway
between two neighbouring full step positions.

Atinitial,

A1l and A2 are aligned with rotor teeth 1 and 3 as shown in Fig.8.27(a).

Phase-A & B excited

e Therotor is subjected to torque from both the A and B phases as shown in Fig.8.27(b).
e Rotor rotates at an angle of 6 = 15°.

o Clockwise direction

Fig.8.27(a): Initial position

Phase-B & C excited

Fig.8.27 (b): Two-phase ON mode (Phase-AB & BC)

e Therotor is subjected to torque from both the B & C phases.
e Rotor rotates at an angle of 30°.
e Rotor total movement is 6 = 45°.



Induction, Synchronous and Special Electrical Machines | 247

o Clockwise direction

Phase-C & A excited

e Therotor is subjected to torque from both the C and A phases as shown in Fig.8.27(c).

e Rotor rotates at an angle of 30°.

e Rotor total movement is 6 = 75°.

e Clockwise direction.

Phase-A & B excited again

¢ Rotor experiences torque from both A and B phases

e Rotor moves through an angle of 30°.

e Total movement of rotor is 6 = 105°.

e Clockwise direction.

e Stator sequence: AB, BC, CA — clockwise direction

e Stator sequence: AC, CB, BA — anti-clockwise direction

e Torqgue devel oped in two-phase on mode is more than torque devel oped in one-phase on
mode.

¢ Rotor transient damping occurs faster in this mode than in two-phase on mode.

Fig.8.27 (c): Two-phase ON mode (Phase-CA & AB)

Table 8.3: Truth table for Two-phase ON mode

Clockwise Direction Anti-Clockwise Direction
Ph-A Ph-B Ph-C Degree Ph-A Ph-B Ph-C Degree
+ + - 15° + - + 15°
- + + 45° - + + 45°
+ - + 75 + + - 75
+ + - 105° + - + 105°
- + + 135° - + + 135°
+ - + 165° + + - 165°
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Clockwise Direction Anti-Clockwise Direction
Ph-A Ph-B Ph-C Degree Ph-A Ph-B Ph-C Degree
+ + - 195° + - + 195°
- + + 225° - + + 225°
+ - + 255° + + - 255°
+ + - 285° + - + 285°
- + + 315° - + + 315°
+ - + 345° + + - 345°

M ode 3: Half-step oper ation

e One-step and two-step modes are used alternately as shown in Fig.8.28(a).
e Excitation sequence: A, AB, B, BC, C, CA .... etc.
e Therotor revolves at a step angle of 15°.

Phase-A excited

Al and A2 are aligned with rotor teeth 1 and 3.

The rotor isnow at an angle of 6 = 0°.

Phase-A & B excited

Phase A and B are excited.

The rotor rotates through an angle of 6 = 15°.
Clockwise direction.

Fig.8.28 (a): Half step mode (Phase-A & AB)

Phase- B excited
e Phase B isthe only one that is energised, whereas Phase A is de-energized, as shownin
Fig.8.28(b).
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e Therotor rotates through an angle of 15°.

e Rotor total movement is 0 = 30°

e Clockwise direction.

Phase- B & C excited

e Phases B and C are excited.

e Therotor rotates through an angle of 15°.

e Rotor total movement is 0 = 45°

e Clockwise direction.

e Stator sequence: A, AB, B, BC, C, CA — clockwise direction.

e Stator sequence: A, AC, C, CB, B, BA — anti-clockwise direction

Fig.8.28 (b): Half step mode (Phase-B & BC)

Table 8.4: Truth table Half-step operation

Clockwise Direction Anti-Clockwise Direction
Ph-A Ph-B Ph-C Degree Ph-A Ph-B Ph-C | Degree
+ - - o° + - - o°
+ + - 15° + - + 15°
- + - 30° - - + 30°
- + + 45° - + + 45°
- - + 60° - + - 60°
+ - + 7%° + + - 75°
+ - - 90° + - - 90°
+ + - 105° + - + 105°
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Clockwise Direction Anti-Clockwise Direction
Ph-A Ph-B Ph-C Degree Ph-A Ph-B Ph-C | Degree
- + - 120° - - + 120°
- + + 13%5° - + + 13%°
- - + 150° - + - 150°
+ - + 165° + + - 165°

Mode 4. Micro stepping

The step angle of the VR stepper motor isvery tiny.

Also known as small stepping.

It employs two phases concurrently, as in two-phase ON mode.

However, the two currents have been rendered unequal.

Current through Phase A is held constant, while current through Phase B is gradually
increased until the maximum current is attained.

Phase-A is then reduced in incremental increments to zero.

When, B=1.8°, Resol ution =360°%p=360%1.8°=200 steps/revol ution.
When, p=0.0018°, Resol ution =360%p=360°0.0018°=20,000 steps/revol ution.

By employing micro stepping, fine resol ution can be obtained.
High resol ution and smooth low-speed functioning.
Used in printing, photo type setting etc.

Multi-stack VR stepper motor

Fig.8.29: Stack Stepper Motor

The schematic of Multi-stack VR stepper motor is shown in Fig.8.29.
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e Usedto get alower step sizein therange of 2 to 15°.

e Stacksrangefrom3to7.

e Three-stack machines are quite prevalent.

Tooth pitch=360%N,=360%12=30°

Step angle = 360%mN,=360%3 x 12=10°

Each rotor poleis displaced by 10°

Operation

The phase excitation and the operation of 3-stack stepper motor is shownin Fig.8.30.
Phase-A excited

e Stack —A gets excited.

e Therotor poles of stack-A align with the stator poles.

e Therotor poles of stacks B and C are not aligned due to offset.
Phase-B excited

e Stack —B gets excited.

e Therotor poles of stack-B align with the stator poles.

¢ Rotor rotates by 10 degrees anticlockwise.

e Therotor poles of stacks A and C are not aligned due to offset.
Phase-C excited

e Stack —C gets excited.

e Therotor poles of stack-C align with the stator poles.

e Rotor moves by 10 degrees in an anti-clockwise manner.

e Therotor poles of stacks B and A are not aligned due to offset.

Initial: or Phase - A excited :

stator slot-1 slot-2

Rotor-A o polet slot-1 L pole2 slot-2 o pole3 |
0 degrees

Rotor-B sot sot1 sot2 NN

Rotor-C BN sot ETEI 0 ot SSEN slot2

Phase - B excited :

stator slot-1 slot-2
Rotor-A [pole-1 slot-1 . pole2 slot-2 . pole3 slot-3
Rotor-B [ polet slot-1 [ olez slot-2 [ poles ]

10 degrees anticlockwise
Rotor-C

Phase - C excited :
stator slot-1
Rotor-A slot-1  Npolesziy slot-2 ~ pole3 slot-3

Rotor-B [pole-1] slot-1 [ polez ] slot-2 [ pole3 | slot-3

Rotor-C INGCETN st NSSEN 0 o2 SSES

10 degrees anticlockwise

slot-2

Fig.8.30: Operation of 3-stack stepper motor
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Advantages

e Low rotor inertia

¢ A hightorque/inertiaratio

o Capable of rapid stepping

o Fast ewing capability

e Light weight

e Three, four, and five phase, single and multi-stack variants are offered.
o Ability to freewhed

Disadvantages

e 3.6 degree step angles are often available.

¢ When the windings are de-energized, no detent torque is available.

e Shows mid-range resonance at particular stepping ratings under certain driving situations.
o Low efficiency at low voltages and steps per second.

B. Permanent M agnet Stepper M otor

A permanent magnet stepper motor's windings are subjected to phased alternating current. In
practise, this is usually invariably a square wave produced by a direct current power supply. A
squarewave signal changing from plusto minus, for example, from+2.5V to-2.5V, is generated
by the bipolar control system. The unipolar control system adjusts the direction of the magnetic
flux of the cail by alternately supplying two signals to opposite terminals of the coil with respect
toits central tap. There are several ways to control:

a. wavedrive,
b. full step drive,
c. half step drive.

Construction
Construction of Permanent Magnet Stepper motor is given in Fig.8.31.

Stator A, A
winding o ?

Smooth cylindrical
rotor

Stator pole

Fig.8.31: Construction of Permanent Magnet Stepper motor

Stator
e Stack of stedl laminations



Induction, Synchronous and Special Electrical Machines | 253

o Projected poles

e Multi polar type

Rotor

e Permanent magnet.

e Salient pole or cylindrical type.

e Cylindrical type used mostly.

e Made of ferrite or rare earth material.

Operation:

1-Phase ON mode
¢ One of the stator winding is energized.
e Therotor poles align with the energised stator poles.
e Stator windings can be energised with either current polarity.
o A+ Flow of positive current through phase winding A.
A- Flow of negative current through phase winding A.

Phase A with + current

e Positive current is applied to phase winding A.
e Theangleof rotationiszero. i.e., 6 =0°.

Phase B with + current

o Positive current is applied to phase winding B.

o Rotor rotates 90 degrees clockwise. i.e., 6 = 90°.

Fig.8.32 (a): Phase A & B with + current
Phase A with - current:

o Negative current is applied to phase winding A (ie) current flows from A2to Al
e Therotor revolves through 90° in a clockwise motion. 6 = 180°.
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Phase B with — current:
e Negative current is applied to phase winding B (i€) current flows from B2 to B1.
e Therotor revolves through 90° in a clockwise motion. 6 = 270°

Fig.8.32 (b): Phase A& B with — current

e Therotor isthen rotated through one compl ete 360-degree revol ution after the phase
winding A is energised.

Table 8.5: Truth table

Phase A Phase B Rotation 0
+ 0 Q°
0 + a°
- 0 180°
0 - 270°
+ 0 Q°

e The polarity of the phase currents determines the motor direction

Clockwise direction (PR VA PN P PN

Counter clockwise direction 1A%, 147, 1A%, 1aY, 1a"

C. Hybrid Stepper Motor

A hybrid stepper motor was created by combining the best characteristics of both stepper motors:
variable reluctance and the permanent magnet, resulting in areduced step angle. Therator of the
hybrid stepper motor is a cylindrical permanent magnet magnetised along the longitudinal axis
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with soft magnetic radial teeth. Typically, the stator has two or four phases that are spread
between pairs of prominent poles. For the unipolar drive, the stator windings can be tapped
centrally. Bifilar coiling is used for centre tap winding.

The hybrid stepper motor has:

o smaller step than a variable reluctance stepper motor or a permanent magnet stepper
motor;

o therotor is afine-toothed permanent magnet. To lower pitch, the rotor's north and south
teeth are offset by half of the tooth pitch;

¢ thetooth pitch of the stator polesis the same as that of the rotor;

o Thereareat least 2 phasesin the stator;

e Toprovide asmaller step, the teeth of adjacent stator poles are offset by one-fourth of the
tooth pitch.

e Combines VR and PM motors.

e Therotor is made out of a permanent magnet with North and South poles at either end.

e End caps are also affixed at either end.

e End caps are Ferro-magnetic in nature.

¢ A half toothed pitch causes the two ends caps to be misaligned with respect to one another.

o Attherotor, they establish the alternate N and S poles.

o North polesareshownin full linesat the front end, while south poles are shown in dotted lines
at thefar end.

Fig.8.33: Construction of Hybrid Stepper motor
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Operation:

e Stator has four phases: A1,Az, B1, B2.

e There are two phases: phase A and phase B.

Phase-A is energised by a positive current.:

e Pole Ai— north pole

e Ax—south pole.

e Al attracts the extreme South Pole.

e A attracts the front end north pole

e Rotor rotation is equal to zero degrees.

Phase-B is energised by a positive current:

e Pole Bi—north pole,

e B,-south pole.

e B1 attracts the extreme South Pole.

e B, attracts the front end north pole

e Rotor rotation is equal to thirty degrees.

e Rotor total rotation, 0 =30°

e Clockwise direction.

Phase-A energised with negative current:

e PoleA;—south pole

e A>Northpole.
Al attracts the front end north Pole
A attracts the extreme end south pole
Rotor rotation is equal to thirty degrees.
Rotor total rotation, 6 =60°

Fig.8.34: Operation of Hybrid Stepper motor
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e A1B1A2B> A1-C| ockwisedirection.

o A1B>A:B1A;1— counter-clockwise direction.

Advantages of hybrid stepper motor

¢ Provide détente torque with de-energized windings.

e Fewer resonance tendencies.

e Capability of handling high stepping rates.

o High efficiency at lower speeds and steps per minute.

¢ Increased holding torque capability.

e Improved damping due to the presence of a rotor magnet.

Disadvantages of hybrid stepper motor:
e Increased inertia and weight due to the presence of arotor magnet.
e Changesin magnet strength have an effect on performance.

Distinctive features;

Soft magnetic rotor with salient poles;

The simplest and least expensive stepper motor;
No detent torque in de-energized state;

Large step angle.

Permanent Magnet Stepper Motor

A permanent magnet rotor is used in a permanent magnet stepper motor. Typically, the stator has
2 phases. Stepper motors with an active rotor generate higher torques than variable reluctance
motors and ensure the rotor remains fixed when the control signal is deleted. The downside of
active rotor motors is the huge angular step (7.5-90 degrees). This is because manufacturing a
permanent magnet rotor with a large number of polesistechnicaly difficult. If the detent angle
isbetween 7.5 and 90 degrees, the stepper motor is most likely a permanent magnet stepper rather
than a hybrid stepper.

For use with aunipolar control circuit, the windings could be centred tapped. To power windings
without a centre tap, bipolar control is required.

Thus, by the type of windings, two types of stepper motors are distinguished:

a. unipolar,
b. bipolar.

The hybrid stepper motor has

e The step is less than that of a variable reluctance stepper motor and a permanent magnet
stepper motor;

e Therotor is a permanent magnet with fine teeth. The north and south teeth of the rotor are
offset by half of the tooth pitch to reduce the pitch;
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e Thestator poles have the same tooth pitch as the rotor;
e Thesdtator has at |east two phases,
e Theteeth of adjacent stator poles are offset by a quarter of the tooth pitch to create a smaller

step.

8.6 AC and DC Servomotors

A DC motor that does not operate continuously for alonger period of timeis what a servo motor
isin essence. It features a special design that enables the motor to revolve with more accuracy
and precision at a certain angle. A feedback mechanism is used to control this machine. Control
motors are another name for servo motors. They do not employ continuous energy conversion;
instead, they are used as output actuatorsin feedback control systems. Although the Servomotor's
design and operation are distinct, its operating principle is the same as that of other
electromagnetic motors. Their power rating ranges from a few hundred watts to a mere fraction
of awatt.

The motors rotor inertiais minimal and their responsetimeis quick. The motor'srotor is narrower
in diameter and longer in length. They work at extremely low speeds, and occasionally even zero
speeds. Radar, computers, robotics, machine tools, tracking and guiding systems, processing
controls, etc. al often employ servo motors.

8.6.1 Classification of Servo Motor
They are classified as

e AC Servo Motor
e DC Servo Motor

The AC servomotor is further divided into two types:

e Two Phase AC Servo Motor
e Three Phase AC Servo Motor

8.6.2 DC Servo Motor

Armature MMF

Fig.(a) Fig.(b)
Fig.8.35: (a) Connection of Separately Excited DC Servo motor
(b) Armature MMF and the excitation field MMF in quadrature
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Permanent magnet DC motors or independently stimulated DC motors are both types of DC servo
motors. The connection of a separately excited DC servo motor is shown in Fig.8.35 (a), and a
DC machine's armature MMF and excitation field MMF are shown in quadrature in Fig.8.35 (b).
Due to the decoupling of torque and flux, this offers a quick torque response. As aresult, even a
dight variation in the armature voltage or current causes the rotor's position or speed to alter
considerably. The majority of high-power servo motors are mostly DC. The motor torque-speed
characteristicsis shown in Fig. 8.36.

an>va2>vai

Torque T

o}
Speed N

Fig.8.36: Torque-Speed Characteristics of DC Servo Motor

It is clear that the slope is negative based on the previously mentioned criteria. As a result, a
negative slope gives the servo drive system viscous damping.

Applications

The servo motor has a wide range of uses because of its accurate and precise control, some of
which are described bel ow:

e Automation Industry

e Computers and robotics Industry

e Aviation

e Manufacturing Industry

e Pharmacy

e Food Services

e Tracking and guidance systems.

DC Servo Motor Advantages and Disadvantages
The benefits of a DC Servo Motor include
e Precise Control and Accuracy

e Stable Operation
¢ Fast Response
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¢ Lightweight and portable
e Four Quadrant operation possible

The drawbacks of a DC servo motor include

e Duetothe complex circuit, reliability is less
e Dueto closed-loop componentsi.e. amplifier, gearbox, etc. it is costly

8.6.3. AC Servo Motor

The two varieties of AC Servo Motors are 2 and 3 Phase AC Servomotors. Two-phase squirrel
cage induction motors are the most common form of AC servomotor. For low-power applications,
they are employed. Induction motors with three phases are now used in applications that call for
high power systems. An AC servo motor is a particular kind of servomotor that produces
mechanical output utilising AC dectrical input in the exact form of angular velocity. This
servomotor's output power typically falls between watts and a few hundred watts. The range of
an AC servo motor's working frequency is 50 to 400 Hz. Below is a schematic of an AC servo
motor. The primary benefits of ac servo motors are their reduced weight, stability, and
dependability during operation, lack of noise during operation, linear torque-speed
characteristics, and lower maintenance costs in the absence of dlip rings and brushes.

AC ServoMotor Construction

A two-phase induction motor is typically what an AC servo motor is. Similar to a typical
induction motor, this one is built utilising a stator and rotor. This servo motor's stator typically
has a laminated construction. As seen in Fig.8.6.3, this stator has two windings that are spaced
90 degrees apart. This phase variation causes a rotational magnetic field to be produced.

Fig.8.37: Construction AC Servo Motor
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The first winding is known as the main winding or also known as fixed phase or reference
winding. Here, the control winding or control phaseistriggered by a changeable control voltage,
whereas the main winding is operated by a source of constant voltage supply. A servo amplifier
only supplies this control voltage. Generaly, the rotor is available in two types of squirrel cage
type & drag cup type. The rotor used in this motor is a hormal cage-type rotor including using
end rings as short-circuits and aluminium bars mounted in slots. For maximal flux linking, the air
gap is kept to a minimum. The other type of rotor like adrag cup is mainly used where theinertia
of the rotating system turns low. So this hel psin decreasing power consumption.

Working Principle of AC Servomotor

The working principle of the ac servo motor is; firstly, a constant ac voltage is given at the
startor's main winding of as seen in Fig.8.38, the servomotor and another stator terminal are
simply linked to the control transformer through the control winding. Because of the applied
reference voltage, the synchronous generator’s shaft will rotate at a specific speed & obtains a
certain angular position.

Fig.8.38: AC Servo Motor Circuit

In addition the shaft of the control transformer is compared to the shaft of the synchro generator
at a certain angular point. Therefore, the error signal will be provided by comparing the two
angular locations. More particularly, the levels of voltage for the equivalent shaft positions are
evaluated which produces the error signal. So this error signal communi cates with the present
voltage level at the control transformer. After that, this signal is given to the servo amplifier so
that it generates uneven control voltage. By this applied voltage, again In order to obtain the
desired position of the motor inside the AC servomotors, therotor reaches a specified speed, starts
revolution, and continues until the error signal val ue reaches zero.
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Characteristics of AC Servo Motor

Figure 8.6.5 depicts the torque speed characteristics of an AC servo motor. Due to its primary
dependence on the ratio of reactance (X) to resistance (R), the torque in the following
characteristics changes with speed but not linearly. When thisratio is low, the motor's properties

are more linear than when it is high, which indicates that the motor has high resistance and low
reactance.

Fig.8.39: Torque-Speed Characteristics of AC Servo Motor

Advantages and Disadvantages
The following are some benefits of using AC servo motors.

e The speed control characteristics of this motor are good.

e They generate less amount of heat.

e They offer high efficiency, more torque per weight, reliability & reduced RFnoise.
e They need less mai ntenance.

e They have alonger life expectancy in the nonexistence of a commutator.

e These motors are capable of handling higher current surges in industrial machinery.
o At high speeds, they offer more constant torque.

e Theseare highly rdiable.

e They provide high-speed performance.

e These are wdll-suitable to unstable |oad applications.

The disadvantages of AC servo motors include the following.

e AC servo motor control is more difficult.

e These motors can be broken by constant overload.

o Gearboxes are frequently necessary to transmit power at high speeds.

Applications
The applications of AC servo motors include the following.

o ACservomotorsare useful insituations where position control isimportant and arefrequently
used in machine tools, robotics, and semiconductor devices.
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e These motorsare used in the instruments which operate on servomechanism likein computers
& position control devices.

= AC servo motor is used in machine tools, robotics machinery & tracking systems.

e Theseservo motorsare used in avariety of industries because of their efficiency& versatility.

e The AC servo motor is used in most common machines & appliances like water heaters,
ovens, pumps, Off-road vehicles, equipment in gardens, etc.

o Many of the appliances & toolsthat are used every day around the house are power-driven by
AC servo motors.

Comparison between AC servomotor and DC ser vomotor
The following table compares AC servomotor and DC servomotor

Table 8.6: Comparison between AC and DC servomotor

S. No. AC servo motors DC servo motors

Low power output High power output
Less efficiency High efficiency

3. Less maintenance due to | Frequent maintenance due to
absence of commutator commutator

4, Less stability problem More stability problem
No radio frequency noise More radio frequency produces

due to brushes
6. Stable and Smooth operation | Noisy operation

Comparison between Stepper and Servo M otor
The following table compares Stepper and Servo Motor

Table 8.7: Comparison between Stepper and Servo Motor

S.No | Basisfor Comparison Stepper Motor Servo M otor
1 Basic Stepper motor operates It is continuous operating
insteps. machine.
2. System configuration Open loop Closed loop
Power requirement More Comparatively less
4, Design Simple Complex
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S.No | Basisfor Comparison Stepper Motor Servo M otor

5. Ability to response High Comparatively low

6. Cost Inexpensive Expensive

7. Reliability More Less

8. Noise and vibration High Comparatively less

9. Operating speed Sow Fast

10. | Feedback mechanism Not exist Exist

11. | Heat generation More Comparatively less

12. | Number of poles Generally 50 to 150 Around 4 to 12

13. | Lifespan More Less

14. | Damage dueto Less proneto get damaged. | Comparatively more

overload prone to get damaged.

18. | Torgue produced High Low

16. | Efficiency Less More

17. | Tolerancetowards High Low

moment of inertia

18. | Applications In 3D printing equipment, | Systemsfor placing
games, textiles, welding | antennas, automated
equipment, and other | doors, cameras, remote
industries. controlled devices, etc. in

robotics.

Difference between Servo Motor and DC Motor
The following table compares Servo Motor with DC Motor in tabular form.

Table 8.8: Comparison between Servo Motor and DC Motor

S.No BASIC SERVO MOTOR DC MOTOR

1 Wire system | Power, ground, and control are | Power and ground are the two
the three wires that make up a | wiresthat make up a DC motor.
Servo motor.

2. Assembly It consists of a DC motor | A DC motor is a standalone
assembly, a gearing set, a | device that requires no
control circuit, and a position | assembly.

Sensor.
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S. No BASIC SERVO MOTOR DCMOTOR

3. Rotation Unlike a DC motor, a servo | A DC motor moves
motor does not rotate | continuoudly.

constantly and fredy. It only
rotates 1800 times per minute.

4, Examples They are utilised in robotic | Car wheds, fans, and other
rudder control, arms, and legs. devices employ DC motors.

UNIT SUMMARY

This comprehensive unit provides a holistic understanding of different types of fractional motors
like Synchronous Reluctance Motor, Switched Reluctance Maotor, BLDC, Permanent Magnet
Synchronous Motors, Stepper motors, AC and DC Servomotors. Construction, working Torque
speed characteristics and applications of above motors were discussed.

EXERCISES

1. A brushless DC motor has 1212 dots on the stator and 1010 magnets on the rotor. If the
motor operates at 15001500 rpm, calculate the e ectrical and mechanical angles per pole.

2. Draw torque-speed characteristics for a Permanent Magnet Synchronous Motor and compare
them with a Synchronous Reluctance Motor for a given load torque.

3. Identify and explain the application scenarios where a Switched Reluctance Motor is
preferred over a BLDC motor.

Multiple Choice Questions
1. Which of the following is/are the main advantages of synchronous rel uctance motor?
a. Cheaper
b. Higher efficiency
c. Robust
d. All of the above

2. Which one of the following is an application of synchronous rel uctance motor?
a. Pumps or conveyers

b. Nuclear reactors
c. Bothaandb
d. None of the above
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3. Which one of the following is a useful property of synchronous reluctance motor?
a. High inductance

b. High speed capability
¢. High temperature capability
d. All of the above

4. The figure shown below is a construction of motor? _ staToR
a. Induction
b. Reluctance
c. Brushless

d. None of the above

MAIN
WINDING
STARTING
WINDING

5. Which one of the following motor costsis high?
a. Synchronous rel uctance motor

b. Induction motor
c. Bothaandb
d. None of the above

6. Which of the following is employed to enhance the operating for a switched type
reluctance motor?
a. Switching diode
b. Switching inverter

¢. Switching transistor
d. All the above

7. In a switched type reluctance motor, which of the following factors affects magnetic
type circuit?
a. Air gap
b. Short circuit
¢. Open circuit
d. All the above

8. A switch-type reluctance motor is designed using which of the following materials?
a. S Sted
b. Al sted
c. Pt sted
d. Sted
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9. Thefidld winding in a BLDC motor is kept up on
a. Stator
b. Rotor
¢. Can be placed anywhere
d. Absent

10. Which of the following is not a benefit of a BLDC motor over atraditional DC motor?

a. Less mai ntenance

b. Long life
c. Norisk of explasion or possibility of RF radiation

d. Low cost

11. Which DC motor is frequently used in medical fields?
a PMDC
b. BLDC
¢. Brushed DC motor
d. Cannot be determined

12. BLDC construction is sameto that of
a. Conventional DC motor
b. Induction motor
c. Permanent magnet synchronous motor
d. Totally different construction

13. A typical brushless motor lacks
a. Commutator
b. Permanent magnet
c. Electronic controller
d Fixed armature

14. Alternatively, BLDC can be used for
a. Synchronous motor
b. Normal brushed DC motor
¢. Induction motor
d. Air motor

15. The number of windings on the field of permanent magnet d.c. motor is
a. More compared to shunt motor
b. Less compared to shunt motor
c. Absent
d. None of these
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16. Permanent magnet d.c. motors are extensively used in
a. Automobiles
b. Heaters
c. Air conditioners
d. All of these

17. Which of these motors revolvesin discrete angular steps?
a. Servo motor
b. DC motor
C. Stepper motor
d. Linear Induction Motor (LIM)

18. The stepper motor responds to
a. A programmed sequence of input electrical pulses.
b. Pulse Width Modulation (PWM).
c. feedback signal.
d. Pulse Position Modulation (PPM).

19. A variable reluctance stepper motor's rotor is made of material and has salient poles.
a. Ferromagnetic
b. Diamagnetic
¢. Non-magnetic
d. Paramagnetic

20. A variable reluctance stepper motor has eight primary poles, each with five teeth. Calculate
the stepping angle for arotor with 60 teeth.
a. 0.9 degree
b. 3 degree
c. 0.5degree
d. 1.8 degree

21. The step angle of a stepper motor is 2.50. Determine the number of steps required for the
shaft to turn twenty rotations
a. 3600
b. 2500
c. 144
d. cannot be determined
22. The stator and rotor have the same number of poles and thus the same pole pitch.
a. Permanent Magnet stepper motor
b. Single stack variable reluctance stepper motor
c. Multi stack variable reluctance stepper motor
d. Hybrid stepper motor
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23. The combines the characteristics of the Variable Reluctance Stepper Motor and the
Permanent Magnet Stepper Motor.
a. Multi stack variable reluctance stepper motor
b. Hybrid stepper motor
c. Servo motor
d. None of the above

24. Therotational speed of a stepper motor is dependent on
a. Magnitude of supply voltage.
b. Polarity of stator current.
c. Magnitude of stator current.
d. Step pulse frequency.

25.Which of the following is most accurate motor?

a. Squirrd cage induction motor
b. Universal motor

c. Servomotor

d. Repulsion motor

26. A DC servo motor consists of

i. asmall DC motor,
ii. feedback circuit,
iii. gearbox.
a. Only (i)
b. Only (ii) and (iii)
c. All of the above
d. only (i) and (ii)

27. Consider the following statements regarding DC servomotor:
i. The speed of servomotor can be controlled by varying the armature voltage.
ii. The armature is deliberately designed to have large armature resistance.
a. Only statement (i) is correct.
b. Only statement (ii) is correct.

c. Both statements (i) and (ii) are correct.
d. Both statements are wrong.

28. In AC servomotor main winding and control winding are displaced by

a. 90° dectrically
b. 90° mechanically
c. 180°%electrically
d. 180° mechanically
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29. One of the basic requirements of servomotor isthat it must produce high torque at all

a. voltages
b. loads
C. speeds

d. frequencies

30. DC servomotors are used in

a. Purdy AC control systems

b. Both AC & DC contral systems
c. Purdy DC control systems

d. None of these

Answers of Multiple-Choice Questions

1 d. All of the above

2 c.Bothaandb

3 d. All of the above

4 b. Reluctance

5 a Synchronous rel uctance motor

6 c. Switching Transistor

7 a Air Gap

8 a S Sted

9 b. Rotor

10 d. low cost

11 b. BLDC

12 c. Permanent Magnet Synchronous M otor

13 a Commutator

14 b. Normal Brushed DC motor

15 c. Absent

16 d. All of these

17 c. Stepper Motor

18 a. a programmed sequences of input el ectrical pulses
19 a. Ferromagnetic

20 a. 0.9 degree

21 a. 3600

22 c. Multi stack variable reluctance stepper motor
23 a. Multi stack variable reluctance stepper motor
24 d. Step pulse frequency.

25 c. Servomotor

26 c. All of the above

27 c. Both statements (i) and (ii) are correct.

28 a. 90° dectrically

29 b. loads
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30 c. Purely DC control systems
Short and Long Answer Type Questions

Long Answer Questions with Answers

1. Compar e synchronous reluctance motor and induction motor ?

S.No. | Synchronous Reluctance Motor Induction Motor
1 Better efficiency Poor efficiency
2 High cost Low cost
3 Low power factor High power factor
4 Used for low and medium power Used for high power
applications. applications.

2. Mention some advantages and disadvantages of synchronousreluctance M otor.

Advantages:

e Thereis no demagnetization, hence synchronous rel uctance.

e There need be no excitation field at zero torque, thus eliminating electromagneti ¢ spinning
losses.

¢ Rotors can be constructed entirely from high strength, low-cost materials.

Disadvantages.

e Compared to induction motor it is dightly heavier and has low power factor. But
increasing the saliency ratio, the power factor can be improved.

¢ High cost than induction motor.

o Need speed synchronization to inverter output frequency by using rotor position sensor

and sensor less control.

3. Write at least five properties of synchronousreluctance motor.
¢ High output power capability.
o Ability of the rotor to withstand high speeds.
¢ Negligible zero-torgque spinning | osses.
e Highreliability.
e Lower torqueripple
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4. What arethe design consider ations in synchronous r eluctance motor ?

The design considerations of synchronous rel uctance motor are,
o Power factor
o Copper loss and core loss
o Cost
o Efficiency

5. Givethe operating principle of radial flux motor.

In radial flux motor, the magnets are alternately poled and radially magnetized, but because
the magnet pole areais smaller than the pole area at the rotor surface, the air-gap flux density
on open circuit is less than the flux density in the magnet; this design is essentialy ‘under
excited’ and relies on the addition of a magnetizing component of armature current to produce
the total air gap flux.

6. Compar e synchronous reluctance motor and Switched reluctance motor.

S. No. | Synchronousreluctance motor Switched reluctance motor

1 Equal no. of stator and rotor poles. | Itisaform of stepper motor that has
lesser fewer poles.

2. Operate at pure sinusoidal voltage. | Optimal drive waveformisnot a
pure sinusoidal.

3. The stator iscylindrical typewith | Thestator of SRM has salient
distributed winding. poles with concentrated coilslike a
dc motor.

4 |Used for low and medium power

applications Used for high power applications.

5. Speed control requires a variable | Does not need any variable-frequency
frequency drive. drive.

6. Excitation is a set of poly phase | Excitation is a sequence of current
balanced sine wave currents. pulses applied to each phase.

7. Distinguish between axial and radial air gap motors?

S. No Axial air gap motors Radial air gap motors

1 Axially laminated rotor. Radially laminated rotor.
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S. No Axial air gap motors Radial air gap motors

2 By increasing Lq/ Lqratio, we obtain By decreasing Lq/ Lq ratio, circulating
more power factor and efficiency. flux in the rotor pole faces.

3 Designed to have high saliency. Designed to have optimized flux guide.

4 Rotor has two design structures. Rotor has one design structure.

5 Good choice for high speed Poor choice for high speed
applications. applications.

8. What benefits does a switching reluctance motor offer?
¢ Robust with simple construction.

The Rotor requires minimal mai ntenance becauseit has no brushes, sliprings, or windings.

A permanent magnet does not exist.

The ventilation system is easier because |osses primarily occur in the stator.

Simpler power semiconductor switching circuitry

Power short circuits are not likely to shoot through faults,

The polarity of the current in the phase winding has no bearing on the amount of produced

torque.

¢ By adjusting the region of conduction, the machine's operation can be quickly switched
from driving mode to generating mode.

e Obtaining avery high speed is achievable.

e The self-starting device.

e Through the use of feedback diodes, energy stored in the phase winding is returned to the

supply.

9. What arethe benefits and drawbacks of stepper motor s?
Benefits

e |t can be driven in an open loop with no feedback.

o Because stepper motors respond immediately to digital control signals, they are a perfect
candidate for digital computer controllers.

e |tismechanically straight forward.

e |t requiresless maintenance.

Drawbacks

Low efficiency with standard controllers.
Fixed step angle.

Limited capacity to handle big inertialoads.
Limited power output and size options.
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10. Explain about how the SRM works.

A sequence of current pulses are applied at each phase stimulate the motor. As a result,
individual phases are excited, pushing the motor to rotate. Rotor attempts to align in either
the maximum inductance or minimum reluctance position. The stator phase receives
electricity, which causes the motor to produce torquein the direction of increasing inductance.

Phase A ener gized: Phase B ener gized: Phase C ener gized:

aa getsaligned with AA’, bb* gets aligned with BB'. aa getsaligned with CC'.
Minimum rel uctance Minimum reluctance Minimum rel uctance position.
position. position. Inductance is maximum.
Inductance is maximum. Inductance is maximum.

11.List out the advantages and disadvantages of the converter circuit with two power
semiconductor devicesand two diodes per phase.
Advantages:
o Reduces switching losses of converter circuit.
e Control of each phaseis completely independent of the other phases.
Disadvantages:
e Converter circuit expensive

12. Mention theconverter circuit'sbenefitsand drawbacks. It hastwo power semiconductor
devicesand two diodes for each phase.

Advantages:

e Each phase's contral istotally independent of the operation of the other phases,
o Lowersthe converter circuit's switching losses.

Disadvantages:
e Expensive converter circuit
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13. Differ entiate between Conventional DC motor and PM BLDC motor .

Comparison between conventional DC motor and PMBLDC motor:

S.No. | Features Conventional DC motor PMBLDC motor
1 Mechanical On the stator, therearefield | Therotor is equipped
structure magnets. with field magnets.
2. Maintenance High Maintenance L ow maintenance
3. Life Shorter Longer
4, Speed/Torque Moderately flattened - as Flat - Allowsfor
characteristics speeds increase, brush operation at all speeds
friction increases, lowering | with therated load.
useable torque.
5. Efficiency Low / Moderate High
6. Rotor inertia High Low
7. Speed range Low — Mechanical High — No mechanical
constraints constraints
8. Efficiency Moderate High
Contral Simple & inexpensive Complex and expensive

14. Comparison between mechanical and electronic commutator.

S.No |Mechanical Commutator Electr onic commutator

Commutator segments and mica
1. |insulation make up the commutator.
Carbon graphite is used to make brushes.

The commutator empl oys power
electrical switching components.

The stator houses the commutator
assembly.

2. |Therotor houses the commutator
assembly.

3. |The arrangement includes shaft position
sensing.

It necessitates the use of a separate
rotor position sensor.

4. |The number of commutator segmentsis
extremely large.

The number of switching devicesis
restricted to six.

5. |Sliding Contact between the commutator
and the brushes.

There are no diding contacts.
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S.No [Mechanical Commutator Electr onic commutator
Sparking takes place. Thereis no sparking.
7. |It must be serviced on aregular basis. It takes very little mai ntenance.
8. |Controlling the voltage available across | PWM techniques can be used to
tappings is difficult. regulate the voltage available across
armature tapping.
Specially designed devices and
9. |Exceptionally reliableat all. protection circuits can improve
reliability.

15. Explain the oper ation of different types of BLPM DC motor.
Types of BLDC based on magnetic arc:

The flux-density distribution in the motor's air gap can be used to classify BLPMDC motors.
They do,

e BLPM sguare wave DC motor.

e BLPM sinewave DC motor.

16. What ar ethe benefits and drawbacks of VR stepper motor s?

Benefits:

e Lowrotor inertia

High torqueto inertiaratio
Light weight

Capable of high stepping rate
Ability to free wheel

Drawbacks:
e Normally availablein 3.6° to 3°step angles.
¢ No detent torque available with windings de-energized.

17. What ar ethe benefits and drawbacks of a per manent magnet stepper motor ?
Benefits:

Low power demand
High detente torque as compared to VR motor
Rotor do not require external exciting current
It produces more torque per ampere stator current

Drawbacks;

e The motor has more inertia.
e Decreased acceleration
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18. What ar ethe benefits and drawbacks of a hybrid stepper motor?
Benefits:

Lesslikely to resonance.

Provide détente torque when windings are de-energized.

Increased holding torque capability
Capability for high stepping rates

Drawbacks;

e Increased inertia and weight due to the presence of a rotor magnet.
o Performance impacted by changes in magnetic strength.

19. Draw a stepper motor ‘s usual static characteristics.

The Torgue- Angle and Torgque-Current characteristic of stepper motor are shown in figure
below.

T4 T
TH === v L PP

; i

: :

H H

i s

: P TD : 1
Om ¢] IRated

Torque- Angle Characteristic ~ Torque- Current Characteristic

20. Distinguish between VR, PM, and hybrid stepper motors.

S. No.| VR Stepper motor PM Stepper motor Hybrid stepper motor
1 | Lessrotorinertia Moreinertia Moreinertia
2 | Lightweight Heavy weight Heavy weight
3 |Detent torque not Detent torqueisavailable | Detent torque is available
available with de-energized windings

4 | Nopermanent magnet | Permanent Magnet Rotor | Permanent Magnet Rotor
Rotor

5 | Salient poletype Rotor| Cylindrical Rotor Salient pole type Rotor
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21. Differentiate between the half step and full step activities of a stepping motor.

S. No.

Half step operation

Full step operation

The half step operation, also known as
half stepping, can be obtained by
ctivating the three phases in the
sequence a, ab, b, bc, ¢, and so on.

The entire operation can be obtained by
activating only one phase at atime.

This mode, also known as wave
excitation

This mode is also known as one-phase
- ON mode.

Produces smoother shaft rotation
through continuous half stepping..

This is the most basic and generally
used method of making the motor step.

22. I n stepping motor s, compar e single stack and multi stack arrangements.

S. No.

Single stack

Multi stack

The number of stator poles should be
distinct from the number of rotor poles.

The number of stator poles should be
equal to the number of rotor poles.

A field coil is attached to each stator
pole.

It is employed to achieve small step
sizes. It is made up of midentical single
stack variable reluctance motors with
rotors mounted on a singl e shaft.

Short Questions with Answers
1. What is a synchronousreluctance motor ?

It is the motor driven by reluctance torque which is produced due to tendency of the salient
rotor poles to align themsel ves with synchronously rotating field produced by stator. In this
motor, the magnets are left out of the rotor or they are demagnetized. The rotor of
asynchronous reluctance motor has salient poles but neither have fidd windings nor

permanent magnets.

2. What arethe types of synchronous reluctance motor ?
A. The main types are,
i. Cageless
ii. Line-start
B. According to the magnetization (when the stator winding is energized),
i. Radial type
ii. Axial type
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3. Why are SR machines so common in variable-speed drives?

A common application for SR machines in adjustable speed drivesis the control of driving a
motor in both motoring mode and generating mode of operations.

4. What isthe purpose of switching reluctance motor closed loop control?

The switching reluctance motor benefits from closed loop control because it has improved
repeatability and stability.

5. State the principle of operation of synchronousreluctance motor.
When a piece of magnetic material islocated in a magnetic field, aforce acts on the material
tending to bring it into the most dense portion of the field. The force tends to align the
specimen of material in such a way that the reluctance of the magnetic path that lie through
the material will be minimum. In general, reluctance torque is devel oped by the tendency of
a ferromagnetic material to align itself with a magnetic field. (i. e.,) when the stator winding
is energized, the evolving magnetic field produces rel uctance torque.

6. State any four advantages of synchronous reluctance motors.
e |t can operate from essentially standard P.W.M. a.c. inverters.
e Lower torqueripple.
e Simple and rugged construction.
[ )

It has high speed capability.

7. List any four applications of synchronousreluctance motor.
e The synchronous rel uctance motor is widely used for many constant speed applications
such as recording instruments, timings devices, control apparatus and photograph.
o Itisemployed for low power application such as spinning mills.
e Usedin processing of continuous sheet or film material;
o Appliedin synthetic fibre manufacturing equipment.

8. Define Torque Angle.
In reluctance type synchronous motor, when the load is increased lightly, the rotor
momentarily slows down, causing the salient poles of the rotor to lag the rotating field. This
angle of lag is called the torque angle.

9. Define reluctance torque.
In a synchronous rel uctance motor, the torque which is produced at critical speed, dueto the
tendency of the salient rotor poles to align themselves with synchronoudly rotating field
produced by the stator is known as reluctance torque. (i.e.,) the reluctance torque is produced,
when the low-reluctance path provided by the salient rotor poles causes them to snap into
synchronism with the rotating flux of the stator and the rotor is pulled around by simple
magnetic attraction.
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10. Compare PMBLDC motor and switched reluctance motor ?

S. No. PMBLDC Motor

Switched Reluctance Motor

1. A permanent magnet is arotor.

Thereis no permanent magnet in
therotor.

2. Priceis high

When compared to PMBLDC, the
cost islower.

3. Efficiency is high

Efficiency isless

11. How arethe directions of rotationsrever sed in case of PM BLDC motor ?

Altering the direction of a BLDC motor:

For Anticlockwise direction: For clockwise direction:

PT1-Trl PT1-Tr3
PT2-Tr2 PT2-Trl
PT3-Tr3 PT3-Tr2

Where PT1, PT2, PT3 — photo transitors.

12. What ismeant by demagnetization in PMBLDC motor?

The second quadrant of the B-H loop is the most critical. This is referred to as the
demagnetization curve. In the lack of externally provided ampere-turns, the magnet's
operating point lies at the point of intersection of the demagnetization curve and theload line,

the slope of which is the product of poand the external circuit's permeance coefficient.

13. How the demagnetization occursin PMBLDC motor?

Demagnetization occurs during normal motor operation when the torque and back emf are

constant and the field flux level getslow.

14.When does a PM synchronous motor oper ate as synchronous r eluctance motor ?

If the magnets are removed or demagnetized, the permanent magnet synchronous motor

operates as a synchronous reluctance motor.

15.What ar e the differ ences between conventional synchronous motor and PM

synchronous motor ?

S.No | Conventional synchronous motor

PM synchronous motor

supply through slip rings and brushes.

1. | Fieddwinding of therotorisprovidedby aDC

rotor.

Magnets are permanent in the
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S.No | Conventional synchronous motor PM synchronous motor
The presence of dip-rings and brushes Easy to maintain.
2. | increases the amount of maintenance
required.

The DC fidld is maintained off when the | Thereis no way to "turn off" the
3. | wound field synchronous motor is started as field.

an induction motor.
no sensor for rotor position. Using a sensor, the location of the
4 rotor shaft may be determined.

16.List out the differences between the PM brushless DC motors and PM synchronous
motors.

S. No. PM brushless DC motor PM synchronous motor
(Squar e wave) (Sine wave)

1 Thestator's winding has been focused.| It has distributed winding on the stator.

2 Produces voltage that issquare or | Induces sinusoidal voltage.
trapezoidal.
3 Known as brushless DC motor. Known as brushless AC motor.

4 A low-power driveis employed. A high power driveis used.

17. What are the applications of a servo motor?
Automation, Robotic, Manufacturing, etc.

18. What isthe definition of holding torque?

Holding torgue is the maximum load torque that an energised stepper motor can withstand
without falling out of balance.

19. What isthe definition of detent torque?

Detent torque is the maximum load torque that an unenergized stepper motor can withstand
without dipping. It is aso known as cogging torque.

20. Describe some stepper motor applications?
i. Floppy disk drives.
ii. Quartz watches.
iii.Camera shutter operation.
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iv.Dot matrix and line printers.
v. Machinetool applications.
vi.Robatics.

Short and Long Answer Type Questions

Long answer Questions

Describe the constructional features of synchronous rel uctance motor.

What are the types of synchronous reluctance motor? With neat diagrams, explain the same.

Explain the operation of axial type synchronous reluctance motor.

Explain the operation of radial type synchronous reluctance motor.

Explain briefly working principle and operation of synchronous reluctance motor.

Draw and explain the steady state phasor diagram of synchronous rel uctance motor

Draw and discuss atypical torque-speed characteristics of synchronous rel uctance motor.

Enumerate the advantages, disadvantages and applications of synchronous reluctance motor.

Draw and explain torque-angle curve and speed - torque characteristics of synchronous

reluctance motor.

10.Explain the Switched Reluctance Motor's (SRM) constructional characteristics and
operation.

11.Explain how a microprocessor-based controller controls a switched resistance motor with a
neat sketch.

12. Describe the Switched Rel uctance motor's Speed-Torque characteristics.

13. State some applications of SRM?

14.What benefits does a switching rel uctance motor offer?

15.Explain briefly the construction and working principle of PMBLDC motors.

16. Explain the operation of PMBLDC motor.

17.List out the differences between conventional DC motor and PMBLDC motor?

18.What are the advantages of BLPM dc motor over conventional DC motor?

19. State the principle of operation of PM brushless DC motor.

20.What is an el ectronic commutator?

21.List any four permanent magnet materials.

22.Compare PMBLDC motor and switched rel uctance motor?

23.List out some applications of BLPMDC motor?

24. Comparison between mechanical and € ectronic commutator.

25.Explain briefly constructional and working principle of PMBLDC motors.

26.Explain the operation of PMBLDC motor.

27.Explain briefly about the mechanical commutator in conventional DC motor and electronic
Commutator in BLPMDC motor.

28. Analyse the operation of e ectronic commutator in PMBLDC motor with neat diagram.

29. Explain the speed — Torque characteristics of PMBLDC motor.

30.With neat sketch, explain the constructional features of Permanent Magnet Synchronous

Motor.

CoNo~WDNE
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31. Describe the construction and performance of PMSM with neat diagram.

32.Explain the torque- speed characteristics of PMBL SNW or PMSM motor.

33. State the important features of permanent magnet synchronous motor.

34.What are the types of materials used in permanent magnet motor?

35.What are the types of PM synchronous motor?

36.List out the differences between the PM brushless DC motors and PM synchronous motors.
37.State the drawbacks and applications of PMSM.

Short answer Questions:

What is a synchronous rel uctance motor?

What are the types of synchronous rel uctance motor?

Mention some applications of synchronous rel uctance motor.

Draw the torque-angl e characteristics of synchronous reluctance motor.
State the principle of operation of synchronous rel uctance motors.
What are the types of rotor available in synchronous rel uctance motor?
Mention any two advantages of synchronous rel uctance motors.

Noasrwd R

Numerical Problems

1. A synchronous reluctance motor has 8 poles and operates at 60 Hz. Determine the
synchronous speed and the number of rotor teeth required to achieve a specific pole pitch.

2. Inaswitched reluctance motor with 6 stator poles and 8 rotor poles, calculate the step angle
and the corresponding step resol ution if the rotor has 24 teeth.

3. For a stepper motor with 200 steps per revolution and operating at 1000 rpm, calculate the
time required for the motor to complete one full revol ution.

PRACTICAL

1. Implement a closed-loop position control system using an AC or DC servomotor. Show how
feedback from an encoder influences the motor's behaviour.

2. Demonstrate the use of servomotors in robotics by programming a robotic arm to follow a
predefined path.

3. Showcase the precision positioning capabilities of stepper motors in applications like 3D
printers or CNC machines.

4. Demonstrate the use of PM SMs in high-performance applications such as electric vehicles or
industrial servo systems.

5. Implement closed-loop speed control for aBLDC motor using amicrocontroller. Demonstrate
the startup sequence and measure the motor's response to varying loads.

6. Show how BLDC motors are used in drone propulsion systems and demonstrate the
advantages of their efficiency and compact design.

7. Showcase the suitability of SRMs in applications requiring high torque density and
intermittent operation, such as in automotive systems.

8. Measure the synchronous speed of a SynRM and compare it with the theoretical calculation.
Demonstrate how the rotor position affects the motor performance.



284 | Fractional Horsepower Motors - Working and Construction

KNOW MORE
1. Special Electromechanical Systems (I ntroduction)
https://nptel .ac.in/courses/108102156
2. Working of Synchronous Reluctance M otor
https://en.engineering-solutions.ru/motorcontrol/syrm/
3. Working of Switched Reluctance M otor
https://www.€l procus.com/switched-rel uctance-motor-working
4. Working of BLDC
https://www.€l procus.com/brushl ess-dc-motor-advantages-applications- and-control/
5. Working of Permanent Magnet Synchronous Motors
https://www.linqui p.com/bl og/per manent-magnet-synchronous-motors/
6. Working of Stepper motors
https://www.monolithi cpower.com/en/stepper-motors-bas cs-types-uses
7. Working of AC and DC servomotors

https://el ectricalworkbook.com/ac-servo-motor/
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APPENDICES

APPENDI X-A : Suggestive Template for Practicals
- Aim
Explain briefly about the aim of the experiment.

- Relevance
Explain about the relevancy of the experiment in your own words.

- Regquirements
List out al the required apparatus along with their proper specifications.

- Procedure, Observations and | nference
Explain the procedure of the experiment step-wise and note the observations properly.
On the basis of observations certain inference is to be made. Y ou can use atable similar
to that given below:

Step No. [Procedure Observation Inference

2
3

- Video/ animation
If possible, you can go through some video/animation to visualize the steps physically.

- Calculations
Properly calculate all the required physical quantities essential for your experiment.

- Result and Discussion (Error measurement)
Obtain the final result and discuss about it with proper considerations of errors which
can beintroduced during your experiment.

- Conclusions
Finally give your conclusion based on the obtained results.

- Validation of thetopicsin Experiment
Try to validate the result of the experiment in real life scenario.

- Useof ICT
Y ou can also study using the available online resources. These are useful asthereis no
time constraint at all. Some of which arelisted (not limited to) below:

https://swayam.gov.in
https://nptel.ac.in
https://www.swayamprbha.gov.i



https://swayam.gov.in/
https://nptel.ac.in/
https://
http://www.swayamprbha.gov.i/
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APPENDI X-B : Indicative Evaluation Guidelines for Practicals/ Projects/ Activitiesin
Group

Process Related Skills

Criteriaand L evel Developing Competent Proficient
Handling the Set-up
Recording of Data

Time management
Team Work
Individual Work
Safety Precautions

Product Related Skills
Criteriaand L evel Developing Competent Proficient
Content

Research/Survey

Use of latest
Technology

Stays on Topic
Preparedness

Confidence of
Presentation

ICT Usage including
ppt Making Skill

Time Management

Group Efforts
Individual Efforts
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APPENDI X-C : Assessments Aligned to Bloom’s L evel

- Bloom’s Taxonomy — It has been coupled into following two categories for
developmentof Questions for this Book as given below:

Category | Questions

Category || Questions
- Higher Order Thinking Skills

Bloom's Level 1: Remember
Bloom’'s Leve 2: Understand
Bloom's Level 3: Apply

Bloom's Level 4: Analyse
Bloom’'s Leve 5: Evaluate
Bloom’'s Leve 6: Create
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APPENDI X-D : : Recordsfor Practical

S.No. |Exp. No. Name of the Date
Experiment Actual Repeat | Remarks

Marks Signature
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CO AND PO ATTAINMENT TABLE

Course outcomes (COs) for this course can be mapped with the programme outcomes (POs)
after the completion of the course and a correation can be made for the attainment of POs to
analyzethe gap. After proper analysis of the gap in the attainment of POs necessary measures
can be taken to overcome the gaps.

Table for CO and PO attainment

Expected Mapping with Programme Outcomes

S B EEmEs (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)

PO-1 PO-2 PO-3 PO-4 PO-5 PO-6 PO-7

CO-1

CO-2

CO-3

CO-4

CO-5
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AC Servo Motor, 258, , 262

Air gap power, 43

Alternating current, 3, 57, 85, 119, 186

Alternating flux, 85, 87, 101, 116, 120

Ampere turns method, 151

Apparent power, 40, 51, 52, 123

Armature reaction, 143, 151, 161, 171

Armature resistance, 145, 70, 269

Asynchronous motors, 57

Autotransformer, 58, 59, 61

Auxiliary winding, 86, 108, 120

Axial air gap devices, 237

Back EMF, 58

Backward torque, 88

Base speed, 226

Beginning torque, 176

Bifilar coiling, 255

Bipolar control, 252, 257

BLDC motor, 213, 228, 231, 265, 280

Breadth factor, 135

Break down Torque, 31

Breakaway torque, 176

Breakdown torque, 33, 169, 205

Brush contact loss, 43

Brushes Loss, 187

Capacitor bank, 35

Centrifugal switch, 91, 114

Concentrated winding, 135, 137, 238

Conduction angle, 226, 227

Conductively compensated
motors, 102

Constant losses, 42

Constant Speed, 70, 193

Constant Torque, 71

Copper losses, 96, 186

type

INDEX

of

Corner point, 226

Critical excitation, 181

Cross magnetizing, 147

Cumulative cascading, 68

Current angle, 219

Cylindrical Pole, 129

Damper winding, 184, 205

Damper windings, 131

D-axis, 218

DC Link, 69, 70

DC Servo Motor, 258

De-energized windings, 257, 277
Demagnetizing, 147, 151

Detent angle, 257

Détente torque, 257, 277
Differential Cascading, 68

Direct Current, 3

Direct inductance, 222

Distribution factor, 133

DOL starter, 58, 80

Double field revolving theory, 87, 123
Doubly excited machine, 168
DPSTS, 153

Duty cycle, 226, 233

Eddy current coefficient, 188

Eddy current losses, 28, 129, 187, 224
Electro Motive Force, 131
Electromagnetic induction, 8, 57, 131
Electromagnetic torque, 12, 97, 224
Electronic soft starters, 62

EMF method, 151, 158

End caps, 255

Faraday's law, 16, 86, 132
Ferro-magnetic, 255

Ferromagnetic materials, 224
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Forced Ventilation, 156

Form Factor, 132

Forward torque, 88

Four-quadrant operation, 24, 44, 53

Fractionally pitched, 134

Friction and windage losses, 42

Friction Losses, 188

Full pitch winding, 133,

Full step drive, 252

Gravitational torque, 47

Half step drive, 252

Hall sensors, 232

High inrush current, 58, 76

High power density, 217

High Starting Torque, 71

Hunting, 169, 184, 208, 210

HVAC, 57, 69

Hybrid stepper motor, 241

Hysteresis Loss, 187

Hysteresis motor, 107, 123

laxs drop, 174

Induction generator, 14, 37

Inductively compensated type of motors,
103

Insulated gate bipolar transistors, 232

Interior/Buried, 238

In-type, 235

Inverted V-curves, 182

Inverter, 66, 70, 222, 233, 266, 271

lonisation, 231

Kramer system, 69

Lagging power factor, 38, 174, 210

Leakage reactance, 138, 143, 157, 160

Least reluctance, 225

Lenz's Law, 99

Load angle, 174, 183, 197, 203, 208

Load torque, 47

Lorentz Force Law, 223

Magnetic locking, 108, 168

Magnetic Losses, 187

Magnetising current, 29, 35

Magnetising reactance, 29

Magnetizing power, 40

Magneto Motive Force, 146

Main flux, 12, 86, 144, 158
Mechanical Losses, 188
Microcontroller, 228, 283

MMF method, 151, 158
Multi-stack, 242, 250

Negative voltage, 230

Normal excitation, 179, 203

Ohm's law, 59

Open Circuit Characteristic, 152
Out-type, 235

Over excitation, 180

Permanent magnets, 229

Pitch factor, 28, 135, 141

PMSM, 236, 239, 282

Pony motors, 186

Potiertriangle method, 151

Power factor, 23, 52, 119, 204, 272
Power factor correction capacitors, 40
Power flow diagram, 26

Predictive maintenance, 92
Preventive maintenance, 92, 93
Prime mover, 34,127, 156, 184, 239
PSC, 89,92, 121

Pull-in torque, 176, 208

Pull-out torque, 32, 176

Pull-up torque, 33

PWM, 70, 222, 268, 276

Q axis, 218, 239

Quadrature inductance, 222
Reactive maintenance, 92

Real power, 40, 189

Regenerative breaking, 36
Reluctance torque, 216, 225, 278
Repulsion motor, 97, 109, 115, 124
Reverse braking, 47

Revolving flux, 12, 36

Ring fire, 231

Rotating magnetic field, 1, 131, 202
Rotating transformer, 8, 23, 28
Rotational losses, 44, 178
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Rotor copper losses, 7, 43

Rotor core losses, 43

Rotor Cupper loss, 88

Rotor current, 14, 29, 99

Rotor frequency, 14, 20

Rotor impedance angle, 38, 48
Rotor leakage reactance, 28

Rotor Loss, 187

Rotor reactance, 29,

Rotor resistance, 7, 28, 43, 51, 64, 110
Running torque, 122, 176

Salient Pole, 129, 166

Scattered winding, 238

Scherbius system, 69

Self-starting ability, 239

Series motor, 100, 119, 122

Servo motor, 241, 258, 281

Shaded coil flux, 95

Shaded-type induction motor, 94
Shaft power, 44

Short Circuit Characteristic, 152
Single-phase induction motor, 85, 123
Single-stack, 242

Slip, 1,42, 71, 109, 160, 205, 241, 280
Slipring, 2,17, 42, 84, 130, 193, 207
Slip-ring motors, 63

Space vector modulation., 227
Sparking, 228, 275

Spinning magnetic field, 95, 176, 224
Split phase induction motor, 89, 106
Spread factor, 135

Squirrel cage rotor, 4

Standstill condition, 89, 120
Star-delta switches, 59

Starting torque, 6, 24, 59, 96, 122, 206
Static magnetic field, 239

Stator leakage reactance, 28

Stator Loss, 187

Stator resistance, 28, 51, 60, 74
Steady state stability, 179

Step size, 242, 250

Stepper motor, 241, 268, 277, 283

Stray losses, 43, 189, 198

Stray Losses, 189

Surface Mounted, 238

Synchronism, 108, 168, 195, 208, 279
Synchronous generators, 127
Synchronous impedance, 143, 211
Synchronous motor, 108, 200, 283
Synchronous reactance, 170
Synchronous reluctance motor, 265
Synchronous speed, 8, 108, 193, 283
Terminal voltage of alternators, 145
Three-phase induction motors, 57, 76
Three-phase inverter, 225
Three-phase stator winding, 29
Torque angle, 39, 171, 212, 279
TPST, 154

Trapezoidal, 233, 281

Two-pole induction motor, 94
Under excitation, 179

Unipolar control circuit, 257
Universal motor, 104, 121, 124

UPF, 146

V / f control, 65

V- curves, 182, 210

Variable losses, 42, 43

Variable reluctance, 242

Variable Speed, 69, 71

Variable Torque, 71

VFD, 53, 69, 79, 170, 186, 192
Voltage regulation, 143, 151, 160, 193
VSD, 69

VVVF, 64, 78

Wave drive, 252

Windage Losses, 188

Wound rotor, 3, 4, 16, 67, 142

Zero excitation, 222

Zero leading power factor, 148, 151
ZPF method, 151, 158






