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FOREWORD

Engineers are the backbone of any modern society. They are‘the ones responsible for the
marvels as well as the improved quality of life across the world. Engineers have driven
humanity towards greater heights in a more evolved and unprecedented manner.

The All India Council for Technical Education (AICTE), have spared no éfforts towards
the strengthening of the technical education in the country. AICTE is always commiited
towards promoting quality Technical Education to make Indiaa modern developed nation
emphasizing on the overall welfare of mankind.

An array of initiatives has been taken by AICTE.in last decade which have been
accelerated now by the National Education Policy (NEP) 2020. The-implementation of
NEP under the visionary leadership of Hon’ble Prim¢ Minister of India envisages the
provision for education in regional languages to all, thereby ensuring that every graduate
becomes competent enough and is in a position te.contribute-fowards the national growth
and development through innovation & entrepreneurship.

One of the spheres where AICTE had been relentlessly working since past couple of years
is providing high quality original te¢hnical contents at Under Graduate & Diploma level
prepared and translated by éminenteducators in various Indian languages to its aspirants.
For students pursuing 2™ year of their Engineering education, AICTE has identified 88
books, which shall be translated into.12 Indian languages - Hindi, Tamil, Gujarati, Odia,
Bengali, Kannada, Urdu, Punjabi, Telugu, Marathi, Assamese & Malayalam. In addition
to the English medium, books in-different Indian Languages are going to support the
students to-understand-the coneepts in their respective mother tongue.

On behalf of AICTE, I'express sincere gratitude to all distinguished authors, reviewers
and translators from the renowned institutions of high repute for their admirable
contribution in a record span of time.

AICTE is confident that these outcomes based original contents shall help aspirants to

master the subject with comprehension and greater ease.
NS NIV

(Prof. T. G. Sitharam)
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PREFACE

Outcome based education (OBE) as the name imply focuses on the outcomes rather than
the output. It talks of the abilities developed in the students to: explore, learn and apply
the fundamental concepts; analyse the given complex situations, evaluate and,; develop
probable solutions. It assigns less weightage to the marks, grade and rank secured by
students. OBE is already in existence in many developed countries since more_than 50
vears. In India also, the institutes of national importance are practicing it since the same
period. However, penetration of OBE in other universities and institutes started roughly a
decade before when the National Board of Accreditation (NBA) revised-its manual in the
vear 2013. The first step towards implementation of OBE is to build an outcome-based
curriculum and outcome-based course content: Efforts in this direction are facilitated
when textbooks and reference books having OBE approach are also available:

Numerous books on electric machines written by different authors-exist in the market.
This AICTE Technical book on electric motors and transformers is an attempt to rewrite
the concepts in line with OBE approach. It will be translated by AICTE in different Indian
languages and therefore will also aid to assist the students’ from socio-economically
disadvantaged areas who have completed. their schooling with non-English medium of
instruction.

Except the basic concepts of electrical engineering studied at first year level; there is
no other pre-requisite for understanding this book. Unit-1 and 2 deal with dc machines,
Unit-3 deals with single —phase transformer while the last two units cover three-phase
transformer and special purpose transformers. The content of this book is drafted in a
systematic and orderly manner throughout the volume keeping in mind the target
beneficiaries, wide coverage of essential information and the topics recommended by
AICTE. Efforts.are made to explain the concept of every topic in the simplest possible way.
Innovative illustrations with detail labelling are presented to make the discussions self-
explanatory. The units also include medium and higher level problems solved in a step-
wise manner and followed by multiple choice questions, short and long questions and
unsolved problems with final answers for self-assessment by students. At the end of every
unit, additional information (which is not a part of the syllabus) is provided for curious
minds in the ‘Know More’ sections.

(vi)



[ sincerely hope that this book will inspire the students to learn, discuss, apply and
analyse the concepts related to electric motors and transformers and make it one of their
favourite courses in the complete program. I shall be thankful for all the suggestions, which
will contribute to the improvement of future editions of the book. It gives me immense
pleasure to place this book in the hands of the teachers and students. It was indeed an
immense pleasure to work on the different aspects covered in the book. Happy reading,

Sfruitful learning!
Dr. Sanjay B. Bodkhe

(vii)



OUTCOME BASED EDUCATION

For the implementation of Outcome Based Education (OBE), the first requirement is to
develop an outcome-based curriculum and incorporate an outcome-based assessment in
the education system. By going through the 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 OBE 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 program running with the aid of OBE, a student will be able to arrive at
the following program outcomes.

Program Outcomes (PO) are the 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 course-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:

PO1. 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 analyse 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
specitied needs.

PO4. Engineering Tools, Experimentation and Testing: Apply modern engineering
tools and appropriate technique to conduct standard tests and measurements.

POS. Engineering practices for society, sustainability and environment: Apply
appropriate technology in context of society, sustainability, environment and
ethical practices.

(viii)



PO6. Project Management: Use engineering management principles individually, as a
team member or a leader 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.

(ix)



COURSE OUTCOMES (CO)

The theory, practical experiences and relevant soft skills associated with this course are to
be taught and implemented, so that the students demonstrate the following industry
oriented COs associated with the above-mentioned competency:

CO1:Analyse and compare different types of dc generator; discuss their construction and
operation; derive mathematical relations and apply them to calculate the unknown
quantities from given data; and dismantle a dc machine to validate the theoretical
understanding.

CO2: Apply knowledge of basic mathematics, science and engineering.to understand the
working of dc motor; calculate the unknown quantities or parameters; discuss the
methods of starting and speed control-and perform experiments on dc motors in
laboratory using engineering tools to test the performance and controllability.

CO3:Discuss the types, construction and material used .in single-phase transformer,
analyse its working at No-load and.at On-load conditions; understand the phasor-
diagram, equivalent cirecuit and conditions for parallel operation; determine the
performance in terms of efficiency and regulation; and conduct experiments in
laboratory to test the performance and correlate with theoretical concepts.

CO4:Differentiate power and distribution transformers; compare three-phase transformer
with a bank of three, single-phase transformers; understand cooling methods, Scott
connection and parallel operation; tefer to Indian Standards to understand the
connections, specifications‘and criteria for selection of distribution transformer and
identify the phase-wise windingsof a three-phase transformer when they are masked.

COS:Understand. the need, construction and operation of different special purpose
transformers; discuss.the effect of non-linear load on transformer performance and
test these special purpose transformers using modern engineering tools.

(x)



Expected Mapping with Programme Outcomes

Course (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Outcomes
PO-1 PO-2 PO-3 PO-4 PO-5 PO-6 PO-7
CO-1 3 3 | 3 1 - 1
CO-2 3 3 | 3 1 - 1
CO-3 3 3 | 3 1 - 1
CO+4 3 3 | 3 2 - 1
CO-5 3 3 | 3 2 - 1

(oxi)




ABBREVIATIONS

General Terms

Abbreviation Full form Abbreviation Full form
PMBLDC Permanent Magnet Brush Less LV  Low voltage side
Direct Current motor
BLDC Brush Less Direct Current BCC Body centered cubic structure
motor of grains
NdFeB Neodymium iron boron FCC Face centered cubie structure
magnets of grains
PV  Photo Voltaic IS Indian Standard
GNA Geometrically Neutral Axis AN _‘Air Natural cooling
PMSM Permanent magnet synchronous ONAN " Oil-immersed Air Natural
motor cooling
IGBT Insulated-gate bipolar transistor OFAN ' Oil-immersed, Forced oil
circulation with Natural
cooling
PLC Programmable logic controllers OFAF Oil-immersed, Forced oil
circulation with Forced air
cooling
IEEE Institute of Electrical and OFWF  Oil-immersed, Forced oil
Electronics Engineers circulation with Forced water
cooling
EMI Electromagnetic interference OLTC ON-load tap changers
SCR  Silicon controlled rectifier UPS  uninterruptible power supply
EV  Electric vehicle MNA Magnetic Neutral Axis
BHP. Brake-horse-power VFD Variable Frequency Drive
HC Holding Magnet or Holding OLR Over Load Release in 3-Point
Coil in 3-Point starter starter
CT Current transformer SMPS  Switch Mode Power Supply
PT Voltage transformer PM Permanent magnets
CRGO Cold Rolled Grain Oriented CRNGO Cold Rolled Non-Grain
steel Oriented steel
HRS Hot Rolled Steel HV High voltage side

(xid)



Symbols

emf
B

SYMBOLS

Description

Electromotive force

Flux density (Wb/m?)
Flux linkage (volt.second)
Magnetic flux (Wb)

Flux per pole in dc machines

Peak value of flux in transformer
(Wb)

Armature flux (Wb)

Flux produced by shunt field
winding (Wb)

Flux produced by series field
winding (Wb)

Frequency (Hz)

Rotor speed (rpm)

Rotor speed (rad/s)

Number of poles

Total number of armature
conductors

Electrical angle (degree)

Mechanical angle (degree)
Front-pitch

Back pitch

Number of parallel paths in dc
machines

Emf generated across armature
winding in dc generator

Symbols

(xiii)

K

R,
R;
Xi
Xz

X

X,

Vi
Vi
Ly

I

ZN

Description

Transformation ratio of transformer
Primary winding resistance per phase
Q)

Secondary winding resistance per
phase (Q)

Primary winding leakage reactance per
phase ()

Secondary winding leakage reactance
per phase (Q)

Primary winding impedance per phase
((9)

Secondary winding impedance per
phase (Q)

No load resistance (£2)

Magnetizing reactance (£2)

Apparent power (VA)
Phase voltage (V)
Line voltage (V)
Phase current (A)

Line current (A)

Star connection without neutral
terminal (HV side)

Delta connection (HV side)
Zigzag connection (LV side)

Star connection with neutral terminal
brought out (HV side)

Zigzag connection with neutral
terminal brought out (HV side)

Star connection without neutral
terminal (LV side)



Symbols
Ep
Fu

Fy

Description
Back emf'induced in armature
winding in dc motor
Armature mmf (AT)
Demagnetizing component of F,
(AT)
Cross-magnetizing component of
F. (AT)
Voltage across field winding (V)
Field current (A)
Field winding resistance (€2)
Voltage across armature winding
V)
Armature current (A)

Armature winding resistance (€2)

Shunt field winding resistance (£2)
Series field winding resistance (£2)
Critical resistance value of shunt
field winding (€2)

Critical speed value in dc shunt
generator (rpm)

Load current (A)
Hysteresis loss (W)

Eddy current loss (W)
Iron loss or.Core loss (W)

Copperloss or Ohmic loss (W)

Efficiency
Field constant

Symbols

(xiv)

d

yn

zn

th

T

Description

Delta connection (LV side)

Zigzag connection (LV side)

Star connection with neutral terminal
brought out (LV side)

Zigzag connection with neutral
terminal brought out (LV side)
Voltage across primary-winding
Voltage across secondary winding
Emfinduced in primary winding (V)

Emf induced in secondary winding (V)

Primary winding current (A)
Primary winding current at No-load
condition (A)

Magnetizing component of /, (A)
Working component of 7, (A)

Secondary winding current (A)

Load component of secondary winding
current (A)

Primary winding number of turns per
phase

Secondary winding number of turns
per phase

Supply voltage connected across
armature winding (V)
Electromagnetic torque developed on
armature winding (Nm)

Torque available at the shaft terminal
(Nm)

Load torque (Nm)

Voltage constant



GUIDELINES FOR 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 abilitics of the students-to a certain 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 teamwork to consolidate newer
approach.

They should follow Bloom’s.taxonomy in every part of the assessment.

(xv)



Bloom’s Taxonomy

Level

Create

Evaluate

Analyse

Apply

Understand

Remember

(or remember)

Teacher should | Student should be | Possible Mode of
Check able to, Assessment
Students abilit . S
uaents abtity Design or Create Mini project
to create
Students abilit
" er'l > 2.1 Hy Argue or Defend Assignment
to justify
Students ability Differentiate or Project/-Lab,
to distinguish Distinguish Methodology
Students ability Technical
Operate or i
to use Presentation/
. . Demonstrate )
information Demonstration
Students ability Preseiitation/
to explain the Explain or Classify K . on
. Seminar
ideas
Students ability
to recall Define or Recall Quiz

(ocvi)




GUIDELINES FOR STUDENTS

Students should take equal responsibility for implementing the Outcome Based Education

(OBE). Some of the responsibilities (not limited to) for the students in OBE system are as

follows:

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

Students should be well aware of each Course Outcome (CO) before the start of the
course.

Students should be well aware of each Program Outcome (PO) before the start of
the program.

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.

(i)
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DC Generator

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

o Construction of different parts of direct currvent {(dc) generator, their: functions and
materials used;

Principle of operation of dc generator,

Fleming’s Right Hand Rule and its application to determine the direction of generated
emf;

Concept of slip-ring, split-ring and commutator;

Lap and wave type armature windings with steps for their development,

Mathematical formulation of (speed-induced) motional emf;

Commutation process and method for its improvement;

Armature reaction process, its-effects‘and remedies;

Types and applications of dc generator,

Overview of different types of measuring instruments.

The above topics are discussed in detail with sufficient number of illustrations and solved examples
to enable the reader get an insight of the processes and understand better.

Besides giving many multiple-choice questions as well as questions of short and long answer
types in two categories following the lower and higher order of Bloom’s taxonomy, assignments
through numerical problems, list of references and suggested readings are also provided for
practice. A dynamic QR code is provided at the end which can be scanned for relevant supportive
knowledge.

After the related laboratory experiment based on the content, is a “Know More” section. It has
been designed to provide opportunity to the readers to explore more on the topic.
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RATIONALE

Electrical machine is an important and inevitable element in human life. Right from the generation
of electricity to the rolling of wheels, avoiding a rotating electrical machine in mechanical systems
of manufacturing industries, locomotion, Electric Vehicle (EV) and Hybrid Electric Vehicle (HEV)
is not possible. DC generators are the first dynamic electromechanical systems that were used for
the generation of electricity. Due to the popularity of alternating current (ac) right from the
generation to utilization, bulk dc power generation using dc generators is now no more_used.
However dc generators are used in certain control machinery and lab electrics-for the
determination of output power and torque. Homopolar dc generator working on the principle.of
Faraday’s Disk Generator delivering low voltage high current dc is used for certain. specific
applications. The basic principles and the engineering concepts involved in it arve very much useful
to a student of electrical engineering and they serve as a logical and convenient beginning towards
the study of conventional dc motors, ac generator, ac‘motors-and special purpose-machines. The
control of dc machines is simpler than that of ac machines. Many phenomena occurring in ac / dc
machines can be easily explained with dc machines.

PRE-REQUISITES

Basics of Electrical Engineering

UNIT OUTCOMES

List of outcomes of this unit is as follows:

Ul-Ol: Describe the construction, operation and functions of different parts of dc machine
Ul-O2: Discuss commutation, armature reaction, their issues and solutions

Ul-03: Calculate winding data, emf, efficiency and other quantities of dc generator
Ul-04: Apply Fleming'’s right'hand rule to determine the direction of induced current
Ul-05: Discuss electrical measuring instruments and their types

Ul-06: Dismantle a de:machine and identify the different parts

. EXPECTED MAPPING WITH COURSE OUTCOMES
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1.1 INTRODUCTION

Electrical energy is rarely available in nature to be used directly. The electrical energy dissipated during
lightning strike is available naturally but due to its transient and uncertain nature, it cannot be utilized
or stored for later use. All electrical appliances and systems that we use actually convert the input
electrical energy into some other usable form like heat, light, sound, displacement (linear or angular)
etc. The physical machines used in large manufacturing industries and electrical traction / locomotion
are seldom static and are supposed to perform useful work. To enable them for doing so, they are
coupled with electric motors which impart them the required mechanical energy in rotational form.
Electrical traction locomotive, cement industry, textile industry, steel industry, paper industry, food
industry and pharmaceutical industry are some of the examples. This indicates that there has to be'some
devices which can convert energy from non-electrical form to electrical form and vice-versa.

An electromechanical device which converts mechanical energy into electrical energy is known as
electric generator whereas the one which converts electrical energy into mechanical energy is known
as electric motor. The generator receives mechanical.energy in rotational form from'a device generally
referred as prime mover. This prime mover can beeither a steam turbine, gas turbine, hydraulic turbine
or wind turbine etc. The electric power available for utilization ate of two type.— Direct Current (dc)
and Alternating Current (ac). Generator and'motor can be similarly classified as dc type and ac type.
Schematic block diagrams of generator and motor.are shown in Fig..1.1 (a) & (b) respectively.

Mechanical Electrical Electrical Mechanical
input power . output power input power . output power
:"> Electrical utp > | > Electrical tpﬁp
7(Nm) Generator V (volts) V (volts) Motor T (Nm)

N (rpm) 1 (amp) I(amp) N (rpm)
Fig. 1.1(a): Block diagram of electrical generator Fig. 1.1(b): Block diagram of electrical motor

The history of generation of'electticity as a modern industrial revolution date back to 18™ century.
By the end of this century, storage batteries were invented. In 1820, it was discovered that, the electric
currents are associated with magnetic field. A year later, it was found that a force is exerted on a current
carrying conductor:when it is placed in the magnetic field. In 1831, the Michael Faraday’s laws of
induction made. it clear-that an‘inter relationship exists between electric and magnetic circuits. During
the same period, a parallel research led to the invention of an electromechanical dc source of constant
amplitude to recharge the batteries. In the second half of the 19™ century the invention of commutator
facilitated the way for the birth of dc generator and motor.

Since 20 century, ac power is widely adopted for electricity generation, transmission, distribution
as well as utilization. The reasons are obvious. The dc motor and generator work on the physical
electrical contacts between rotating commutator and stationary carbon brushes, leading to electrical
spark and related Electro Magnetic Interference (EMI) problems to modern equipment. Due to sparking
at the trailing edge of brush and commutator segments, there is chance of explosion when hazardous
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gases are present in atmosphere, like in underground mines. As such, the application of dc machines in
underground mines is totally forbidden. The commutator of a large dc machines are made with Copper
Silver alloy. Due to these reasons the procurement, control and maintenance of dc machine are not cost
effective as that of an equivalent ac machine. With to the advent of powerful permanent magnets like
NdFeB and Hall effect (Integrated Circuit -IC) sensor / latch, currently Permanent Magnet Brush Less
Direct Current (PMBLDC) Motors are becoming more popular. Therefore practically, the use of
conventional dc machine as dc generator for bulk power generations is rare, except in certain specific
applications.

In certain applications like traction, the dc motor operates as a generator for short time periods in
regenerative braking mode. The conventional aircrafts and ships that are isolated from land based ac
grid employ dc sources including dc generators and batteries. Currently these are being replaced using
ac machines and modern power electronics. Homopolar dc generators based on Faraday’s disk capable
of delivering low voltage and extremely high dc current are inuse for metal extraction and in defence
sector. In modern times, due to the availability of power semiconductor technology, the‘available ac
power is converted into dc using a solid-state rectifier wherever dc power is.needed. Also, the solar
Photo Voltaic (PV) system is preferred to generate the dc power-directly. It has merits like static
operation, environment friendly and minimum maintenance..Solar PV~ generation and Fuel cell
technology do not require prime mover for de power generation.

1.2 DC MACHINE

DC machine can function as a (a) generator (b) motor-and (c)‘brake. The constructions of both, dc
generator and dc motor are similar therefore,-any dc.generator can be ideally operated as a motor and
vice-versa. However, such interchange of role should not be practiced due to poor commutation causing
large sparking at loaded condition. Their fundamental properties are identical as a result of which
whatever we learn about a dc generator can’be directly applied to a de motor. Both, the generated voltage
in a generator and an electromagnetic torque in a motor depend on the rate of change of flux-linkages
with the winding. DC generators can be designed to generate power ranging from a few kilo-watts to
hundreds of kilo-watts. DC motors are constructed in many sizes from 1.5 — 3 V motor required in toys
to a huge 100 MW (or. more) motor used in rolling mill application.

1.2.1 DC Generator: Principle of operation

The working of a dc generator is based on Faraday’s law of electromagnetic induction. A motional
(Speed Induced) electromotive force (emf) is induced in the conductor when it moves in a stationary
magnetic field such that it cuts the field at right angles to the direction of flux. If the flux density of
stationary magnetic field is B Wb/m?, conductor active length is / meters, and its uniform peripheral
velocity is v m/s than, the motional emf induced in the conductor is given by,

e = Blv volts (L.1)
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To understand this principle, imagine a pair of stationary magnets placed a distance apart with
opposite North and South poles facing towards each other as shown in Fig. 1.2. Let there be a cylindrical
drum type rotor having two diametrically opposite slots and placed between the two magnets. The rotor
assembly is free to rotate about its shaft axis and is called an armature. Now consider a rectangular
insulated copper coil ABCD wound on the rotor core such that the two coil sides AB and CD are housed
in the two slots as shown in Fig 1.2. Note that, the lengths AB and CD of the coil shall be able to cut
the magnetic flux of the stationary magnets when the coil is being rotated. This results in change in flux
linkage and generates speed induced emf in the coil sides. The remaining lengths BC and DA will not
have any such contribution, but they help in addition or summation of voltages produced in AB and
CD. Therefore, the lengths AB and CD only are regarded as active lengths and are commonly termed
as Conductors AB and CD. These are placed in armature winding such that AB and-CD at any instant
of time while in rotation face opposite flux density (due to North and South poles).and result in opposite
speed induced emfs in them, which get added.

The electrical power generated in the coil can be utilized only when an electric load (say. a resistor
R) is connected across it. To connect the rotating‘armature coil to a:stationary electric load, some
interfacing device will be required which will transfer the generated-electrical power from rotating coil
to the stationary load. In dc machines, this task is performed by a‘device called commutator and a pair
of brushes. Details about commutator and brushes are provided aheadin'Sections 1.3.4 and 1.3.5.

To understand the wave shape of generated emf, assume that instead of commutator, two slip-rings
X1 and X3 are used. Slip-rings are the copper rings that are tightly fixed on the rotor shaft but electrically
insulated from the shaft as well as from each other. End terminals of the coil ABCD are connected
(internally) to these slip rings. Let the terminal. A of the coil be connected to X; and terminal D be
connected to X2. Now consider two solid blocks of carbon that are called as carbon brushes. Let them
be mounted on some other stationary object but riding on slip-rings, thereby maintaining an electrical
contact with rotating slip rings. The external load (resistor R) is connected across these brushes.

Now, rotate the rotor with the help of prime mover. The conductors AB and CD will cut the main
flux created by North and South polesiand result into flux-linkages. By Faraday’s law, emf will be
generated in both conductors' whose magnitude will be directly proportional to the rate of change of flux
linkages.

da do
=_ - = _nN2Z 1.2
e T N; T volts (1.2)

Where, dA is the change in flux linkage (volt.second), d@ is the change in flux (weber), dt is the change
in time (second) and N, is the number of turns in the coil (In Fig. 1.2, N; is assumed equal to 1). The
minus sign takes into account the direction of induced emf as given by Lenz’s law. The total emf
generated in the coil will be the summation of speed induced emfs in each conductor and it will appear
across the pair of brushes. Since the armature coil forms a close circuit through the load resistor R, the
generated emf will force a current in the load. Thus, electrical power is generated and is delivered to the
load. Eq. (1.1) and (1.2) represent the motional emf and transformer action emf respectively but they
give identical results though expressed in different manner based on two different processes, one is
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dynamic and the latter one is static. To prove this equality, refer to Fig. 1.2 again. Assume that the rotor
is being rotated by the prime mover and let the infinitesimal distance travelled by any conductor of
length ‘/” (say conductor AB or CD) in time ‘d?’ is ‘dx’. While doing so, it is cutting the magnetic field
of density ‘B’. The change in flux linkage experienced by the conductor will be,

dA = B(area of plane travelled by the conductor in time'dt") = B(l dx)

Divide both sides of above equation by ‘dr’.

copper slip
rings (Rotating) S

Fig. 1.2: Schematic diagram of‘a basic dc generator with one armature coil and slip-rings

dl_B(ldx>_Bl
dt o \ac)7°F
Thus the above equation shows that, in magnitude, the voltages given by Eqn. (1.1) and (1.2) are

identical.

1.2.2 Fleming’s Right Hand Rule

This rule is employed to determine the” direction of motional or speed induced emf (an electrical
quantity) induced in a conductor having.flux linkages with magnetic field. It involves three different
domains i.e. electric, magnetic, and physical and can be applied whenever a relative motion exists
(v # 0) between the conductor and the magnetic field. For example, we can apply it when,
e A moving conductor is cutting a steady magnetic field or
e A moving field is cutting a stationary conductor
To apply this rule, three fingers of right hand i.e., first finger, thumb and middle finger are stretched
away from each other such that each of them gets aligned perpendicular to the remaining two.
e  First finger is oriented in the direction of magnetic field (North to South) where the conductor
is placed.
o Thumb is oriented in the direction of motion of conductor (relative to the direction of motion
of magnetic field if the field is also moving)
o Middle finger will give you the direction of emf or current induced in the conductor.
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Mathematically, the induced emf or electric field intensity is given as E = v X B. These are shown in
Fig. 1.3(a) & (b).

Relative

v

motion of

conductor ;
Magnetic flux
in which B
conductor is
present 'kr

)y ¥ N
L= ;
/.

emf induced in
the conductor

(@) (b)

Fig. 1.3 (a) Fleming’s Right Hand Rule (b) Vector notation

1.2.3 Magnitude and direction of induced emf

The space distribution of airgap flux density produced by the pair of magnets in Fig. 1.2 approximates
a flat-topped wave as shown in Fig. 1.4. When the coil ABCD'is rotated in this field, an alternating emf’
is generated in the coil and it appears across.the pair-of brushes. The direction of this emf can be
determined by applying Fleming’s right hand rule. To understand the wave shape of generated emf, let
us consider various angular positions of the coil-Imagine that the rotor is rotated in counter-clockwise
direction. Refer to Fig 1.5(a). The angular positions are marked as 0°, 90°, 180° and 270°.

Stator

Main ® (X Field

poles N S winding
Flux density
distribution
due to main o o

poles only 180 270
0° 90° 360°

Fig. 1.4: Space distribution of air-gap flux density
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(a) When conductor AB is at 0° and CD is at 180°:
Refer to Fig. 1.5(a). The conductors are moving along the lines of main flux established by the North
and South poles and therefore, the speed emf induced in them will be zero.

(b) When conductor AB is at 90° and CD is at 270°:

Refer to Fig. 1.5(a) & (b). The coil has rotated by 90° angle. The two conductors are cutting the main
flux, moving at right angle to the flux and therefore, speed emf will be induced. Applying Fleming’s
Right Hand Rule, the direction of generated current ‘/” will be found as B-A-X;-load-X>-D-C-B. In the
load resistor ‘R’, the current is flowing from R; to Ra.

(c) When conductor AB is at 180° and CD is at 0°:
This position will be identical to position (a) above and the emf generated in both conductors will be
zero.

(d) When conductor AB is at 270° and CD is at 90°:

Refer to Fig. 1.5(a) & (c). The coil has further rotated by 90° physical angle. Applying Fleming’s right
hand rule again, the direction of generated current is found to be C-D-X>-load-Xi-A-B-C. This time,
the current in load resistor has reversed and is flowing from R to Ri.

\
lip ring:

\

(2 (b) (©

Fig.1.5: Load current at different positions of armature coil when slip-rings are used

Thus the emf'(and current) actually generated in the armature coil and delivered to the external load are
of alternating type (ac) when slip-rings are used. The direction of induced current in every conductor
of the armature coil will undergo reversal when it moves from the stator pole of one magnetic polarity
to the next pole of opposite magnetic polarity.

In Fig. 1.4, it was shown that the space distribution of airgap flux density produced by the pair of
magnets approximate a flat-topped wave. Since, the speed induced emf has similar waveshape with
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respect to time as that of flux density distribution in the airgap, the emf induced in the coil ABCD will
also attain a similar non-sinusoidal waveshape when it is rotated in this field. Therefore, to generate an
emf and current of sinusoidal waveshape, some changes in the main pole dimensions are required. The
pole faces are shaped in such a way that the flux density distribution in the airgap becomes sinusoidal.
Consequently, the current induced in coil ABCD that is delivered to the load becomes sinusoidal. This
is shown in Fig. 1.6. Thus it is clear that, the dc generator actually generates alternating current (ac).

The ac nature of generated emf and current can be converted into dc if we replace the slip-rings by
split-ring. Split-ring is a copper ring cut into two segments Y and Y, such that both segments are semi-
circular as shown in Fig. 1.7. They are tightly mounted on the shaft but electrically insulated.from the
shaft as well as from each other. End terminals of the coil ABCD are connected (internally) to these two
segments of the split-ring. Let the terminal A of the coil be connected to Y1 and terminal D be connected
to Y2. Two stationary carbon brushes for electrical connection to rotating armature are fixed on the
stationary end-cover and are made to rock on the rotating split-ring as shown. The external load (resistor
R) is connected across these brushes.

1807 270°

o 3600

l
|
1
'
'
|
'
'
'

Fig. 1.6: Load-current delivered by a basic dc generator-when slip-rings are used

(@ (b)

Fig. 1.7: Load current at different positions of armature coil when split-rings are used

Let a prime mover rotate the rotor in counter clockwise rotation and consider same four positions
of the coil ABCD as discussed above. At positions (a) and (c), when the conductors AB and CD will be
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moving along the lines of main flux, the cutting action between them will be absent and the emfs induced
will be zero. Whereas, in the other two positions when the conductors are cutting the flux and moving
almost at right angles to the flux, emfwill be induced. This is the same as was happened when slip-rings
were used above. Let us now determine the direction of induced current flowing in the loop when the
induced emfis not zero. You may apply Fleming’s Right Hand Rule again.

(a) Conductor AB is at 90° and CD is at 270°:
Refer to Fig. 1.7(a). The direction of generated current in the loop will be B-A-Y-load-Y»-D-C-B.
Note that the current in load resistor is from R to Ro.

(b) Conductor AB is at 270° and CD is at 90°:

Refer to Fig. 1.7(b). Due to 180° rotation, conductor AB has acquired the previous position of conductor
CD and vive-versa. Also, the split-ring segments Y| and Y, have interchanged-their positions. The
direction of generated current is found to be C-D-Y»>-load-Y-A-B-C. Note carefully that, the direction
of current in the load resistor has not changed. It is stillfromR; to R,.

From Fig. 1.7 (a) & (b), it is clear that due to the use of split-ring, the direction of emf and current
in the load does not change. It is unidirectional but of pulsating nature as shown in Fig:‘1.8. Thus, though
the actual generation is of ac type, the split-ring and brushes have rectified it (i.e:‘converted from ac to
dc) for the load.

0)

1
!
1
|
90° 180 270° .~ 360r G—>
Fig. 1.8: Load currentdelivered by a basic dc generator when split-rings are used

A practical dc generator has many coils on the armature similar to the coil ABCD considered above.
Therefore a split-ring arrangement with only two segments Y1 & Y2 will be insufficient. The number
of copper segments should be equal to.the number of armature coils. Such a device is then called as
‘Commutator’. If the armature is provided with many coils and a commutator than, the dc current in the
load is almost steady and.not of pulsating type. Thus, a commutator acts as a mechanical rectifier in a
dc generator:

1.3 CONSTRUCTION OF DC MACHINE

The schematic view of a practical dc machine is shown in Fig. 1.9. An elementary dc machine consists
of following major parts.

(1) Yoke (ii1) Field winding (v) Commutator

(i) Main poles (iv) Armature core (vi) Armature winding
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The yoke, main poles and field winding together makes the stationary part called as Stafor. Armature
core, armature winding, shaft and commutator together represents the rotational part called as Armature.
Additionally, pair(s) of stationary carbon brushes, a pair of end-covers and other mechanical parts are
also present. Details about each of them are presented below.

Consider a rectangular armature coil ABCD of single turn as shown in Fig. 1.2. Let the
maximum flux density due to stator poles be 1.2 Wb/m? and the rotor speed be 600
rpm. If the cylindrical drum type rotor core has an axial length of 40 cm and a diameter
of 120 cm, calculate the maximum value of emf induced in one conductor.

Data:

B=1.2 Wb/m?, N =600 rpm, / =40 cm = 0.4m, D = 120 cm = 0.12m, E/conductor =?
Solution:

The coil ABCD has two conductors AB and CD.

Rotor speed in rps = speed in rpm/60 = 600/60 = 10 ps.

Rotor circumference = peripheral distance over the rotor surface

=D =3.14x0.12==0.3768 m

Peripheral velocity v = (nD) x speed in rps= 3.768 m/s

EXAMPLE 1.1

» Maximum emf induced in one conductor e. = Blv = 1.2 x 04 x3.768 =1.8 V

1.3.1 Yoke

Yoke, also termed as Quter body or Frame:-is the cylindrical outer shell within which all other parts are
housed. It is closed at both ends‘by two end-covers that also support the bearings to assist smooth
rotation. Since the flux in Yoke almost remains constant, cast steel is used for its fabrication. Most of
the dc machines are foot mounted, which rest on a plane horizontal surface. Another type of mounting
is the ‘flange mounting™ in which.one of the end cover is shaped such that the machine can be directly
fixed on the vertical'plane surface of the mechanical loading system. Y oke serves two functions:

e It provides physical support and protection to all the inner parts of the machine and

e [t serves'as a lowreluctance path for the magnetic flux established by the poles fixed to the yoke.
In large dc machines, this frame cannot be manufactured as a single unit and therefore fabrication is
done by suitably welding its different parts and then the poles are bolted to the inner periphery of the
frame. In small size special machines, stack of thin laminations are fastened together to form a solid

structure of the frame. Also, in smaller machines the field poles and yoke are shear cut in single
stamping. Typical example is the motor used in small house-hold mixers.
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Yoke Pole core
Field winding
Pole shoe
Slot
Armature
conductor Brush
Armature Commutator
corc
Shaft~
Foot

A0 Terminals of
—  armature winding =

Fig. 1.9: Constructional details of a practical dc machine

1.3.2 Main Poles and Field winding

Solid projecting poles made from fabricated steel are fastened on the inner periphery of the Yoke with
the help of bolts and are always even in‘number. The. poles have pole core and pole shoe as shown in
Fig. 1.9. The pole core is wound with.a winding called as Field winding. When this winding is excited
(means, when dc current is passed through it) it establishes the main magnetic field that directs its flux
@,, through the air-gap to the armature-core and then to the next pole. The direction in which the field
winding is wound on the poles should be such that when excited, opposite polarities (North and South)
will be formed on the adjacent poles; Right hand thumb rule can be used to determine the direction of
flux produced by the field winding (See appendix).

The pole shoes are generally-laminated which means, they are a stack of thin sheets of magnetic
material cut in the required shape. Every sheet is called as lamination or stamping and is electrically
insulated from all others. Such structure using thin insulated laminations is preferred to minimize the
eddy current loss in the pole shoes. Sometimes the pole core and pole shoe, both are made from same
laminations. They either form an integral unit or are separately attached to each other. The enlarged
shape of pole shoe helps to cover more area of the armature to come under the influence of main flux.
The face of pole shoes is shaped in such a way that there is slightly increased airgap at their tips. This
is done to create a sinusoidal nature of airgap flux density distribution in space (close to armature
surface) which then ensures that the induced emfand current in the armature winding are also sinusoidal.
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Flux density in space can be measured using Hall Effect Gaussmeter. The stator poles serve three
functions:
e Provide physical support to the field winding and establishes main flux @,,.
e Reduces the reluctance of magnetic path and
e Spreads out the flux for better uniformity.

The choice of number of stator poles depends on many factors including the physical dimensions of
the armature core. One of them is the frequency of emf reversal in the armature which is given by,

—_ PN (1.3)
f= 120 Hz

where P is number of stator poles and N is the rotor speed in rpm. It is known that, the armature of dc
machine faces alternating magnetic poles when being rotated and results in cyclic change in the direction
of speed induced emf in an armature conductors. This was‘discussed in Section 1.2.3..If 'we choose a
large number of poles, the frequency of reversals will be high and consequently it will result into
excessive iron loss in the armature core. Normally, the value of f* lie between 25.and 50 Hz. A typical
laminated pole and the symbol of field winding are shown in Fig. 1.10(a) and (b). The stators of 2-pole
and 4-pole dc machine are shown in Fig. 1.11(a) and (b).

Laminations
)

Fig. 1.10: (a) Actual Field pole without field winding (b) Symbol of field winding

Field windinz

Pole

Fig. 1.11(a): Stator of a 2-pole dc machine Fig. 1.11(b): Stator of a 4-pole dc machine
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1.3.3 Armature

Armature is the rotating part of a dc machine. It primarily consists of a shaft, drum type magnetic core
and armature winding. The armature magnetic core is cylindrical, laminated and has semi-closed or
open slots on its outer periphery. The central bore of the armature core carries a long shaft which extends
either on both sides or on single side through end covers. To insert a shaft inside the core, a continuous
hole along with a key-way is punched at the centre. The magnetic core is laminated to minimize the
eddy current loss. Every lamination (also called as stamping) is around 0.5 mm thick of non-grain
oriented electrical grade Silicon sheet steel or hot rolled electrical grade Silicon sheet steel. These
laminations are also perforated for axial air ducts which permit the axial circulation of air‘and helps-to
improve cooling. In large machines radial ducts are also provided for cooling. For radial ducts-a gap of
around 10 mm is provided between two packets of several stampings of certain thickness, this allows
the cooling air to flow in radial direction.

The slots on the periphery of armature core are either die<cut or punched in required shape. Their
prime purpose is to house and hold the armature coils against the centrifugal forces that are developed
on the coils when being rotated. One of the major functions of the magnetic core is‘to-provide a low
reluctance path through itself to the main flux<@,, established by stator poles. Therefore, the material
used for it should have high permeability-and high saturation flux density. Schematic view of an
armature assembly is shown in Fig. 1.12.

The ends of shaft are supported by two bearings and helps in uniform rotation of the rotor. A
cylindrical object called commutator is mounted on the shaft on one side of the core as shown. Armature
windings terminals are brazed to the commutator segments. The extended portion of shaft is connected
to prime mover or other rotating machines using mechanical coupling or flexible coupling, which
enables both the machines to run‘at identical speeds if directly coupled.

Awmature core Rotor =lot

Shaft Commutator

Fig. 1.12: Armature

1.3.4 Commutator

The armature winding of a dc machine is composed of many number of coils identical to the coil ABCD
discussed in Section 1.2.1 and 1.2.3. In Section 1.2.3, only one coil was considered so obviously, the
split-ring having two copper segments of semi-circular shape was appropriate to connect the two
terminals of the coil (See Fig.1.7). However, with more number of coils, two segments would be
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insufficient and therefore, the split-ring is replaced by a device called ‘Commutator’ that performs the
same function as that of the split-ring but for more number of coils.

Constructionally, it is a cylindrically shaped device placed on the same shaft but at one end of the
armature core. It consists of a number of segments or bars separated from each other by a suitable
insulating material. Each segment has riser which is electrically jointed by brazing to the armature
conductors. The commutator segments are made from hard drawn copper or copper-silver alloy. The
thin insulation between adjacent segments is usually 0.8 mm thick and is made from mica or micanite.
Different components of commutator assembly are shown in Fig. 1.13.

Commutator bar

Commutator bar

mica insulation &=V - cut

oy
Mns?

Shaft

(a) (b)

B
arj Mica

S

q end ring

(c)

Fig. 1.13: Commutator, assembly

1.3.5 Brush assembly and brushes

Brush assembly consists of brush holder and brush. It is fixed on the stationary end cover and arranged
concentrically around the commutator. Brushes made from either hard carbon, natural graphite, electro-
graphite or metal graphite are-housed in the brush holders. They are made to rest on the commutator
segments by applying suitable pressure with the help of stainless steel springs. Flexible conductors
called pig tail are connected to. the brushes which also serve as terminals of armature winding.
Schematic view of a brush is shown in Fig. 1.14. Figure 1.15 shows the different parts of a dc machine.

1.4 ARMATURE WINDING

Armature winding is one of the most important constituent of any rotating machine. When generator is
being rotated using a prime mover at certain speed, a speed induced emf gets generated and appears on
its armature terminals. This generated dc voltage supplies dc current and dc power when a resistive load
is connected across the armature terminals. The armature current results in the development of counter
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torque on the same rotor which opposes the prime mover torque and as result the speed of prime mover
may drop with rise in load. The speed of prime mover is normally regulated using governors in any
power plant and other speed control methods in standalone systems.

Spiral spring

Carbon
brush
Carbonbrush
Fig. 1.14(a) Brush Fig. 1.14(b) Brush assembly
Fan cover End cover

Poles and field winding
End cover

Fig. 1.15: Different parts of DC machine

When the dc machine is used.as a motor, the Lorentz force developed on the armature conductors results
in an electromagnetic torque and produces rotational motion in the direction of torque.

The armature winding of a dc machine is composed of @ number of coils identical to the coil ABCD
considered in Section 1.2.1 and 1.2.3. Before we discuss the armature winding and its types, it will be
appropriate to begin with the elementary terms involved in it. They are (i) Armature coil, conductor and
end connection, (ii) Coil span, (iii) Pole pitch, (iv) Full pitched and fractional pitched coil, (v) Front
pitch, back pitch, resultant pitch, average pitch and, (vi) Commutator pitch. Fig. 1.16(a) shows a section
of the developed (unfolded) armature winding to understand these terms. Fig 1.16(b) shows the symbol
of armature winding.
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1.4.1 Armature Coil, Conductor and End Connection

An armature coil ABCD was discussed in Section 1.2.1. The two coil-sides AB and CD that lie in the
slots of armature core are termed as conductors. If the coil has only one turn, the number of conductors
will be two. For ‘n’ number of turns, the number of conductors will be 2n per coil. That portion of the
coil which is not present in the slots but it completes the loop at front and rear sides is called as ‘End
connection’ or ‘winding overhang’. Thus, conductors and end connections together forms a coil. The
terminals of all armature coils are suitably connected (brazed) to the respective commutator segments.

End

C;)\il C;)\il \\/Connections
e \\\\ﬁnd Connection 3 \\‘

Wi \i 1 Ybﬁj ———Conductors
| i i Yr —%

%%Yr%fconductor % ie o ]
L N N
S

Commutator

1 Insulation between I i i | | [

E |
adjacent segments
v %L | & |

ommutator Segments

[a]. Lap Winding [b]: Wave Winding

Fig. 1.16 (a): Unfolded view of‘armature windings

Fig. 1.16 (b): Symbol of rotating armature

1.4.2 Coil Span or Coil Pitch

The distance between two sides of an armature coil measured in terms of number of armature slots is
called as coil span.

1.4.3 Pole Pitch

The number of armature slots or armature conductors coming under the influence of one stator pole is
called as pole pitch. It can also be defined as the distance between adjacent poles but expressed in terms
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of number of armature slots or armature conductors. If ‘Z’ represents the total number of armature
conductors (considering all armature coils) and ‘P’ represents the total number of stator poles than,

4
Pole pitch = P (1.4)

If we imagine an armature coil placed such that, it has one conductor under the centre of North Pole and
other conductor under the centre of adjacent South Pole than, such a coil is called as full pitched coil.
In a full pitched coil, the direction of emf induced in its two conductors will be of opposite polarity due
to the influence of opposite polarity poles. In other words, the two emfs shall be 180° electrical apart
when seen externally. This can be verified by applying Fleming’s Right Hand Rule. Hence, one pole
pitch is said to be of 180° electrical degrees or  radians. However, internally within the coil the two
emfs will appear as aiding each other and the total emf across.the coil will be the sum of these two emfs
belonging to two different conductors.

Note that in electrical systems, the displacement measured inelectrical degree (8, ) represent the
phase displacement while that measured in mechanical degree (6,,) represents physical-displacement.
They are related by,

6, = — 6, (1.5)

1.4.4 Full Pitched and Fractional Pitched Coils

If the coil span of an armature coil is equal to.one pole pitch than, it is termed as ‘full pitched coil.” In
full pitched coil, both coil sides will link with. same magnitude of stator field but having opposite
polarities and therefore, the absolute magnitudes of emfinduced in them will also be equal. However,
if the coil span is less than one pole pitch,-it-is called as fractional pitched coil. In dc machines, the
armature coils are normally full pitched: The net emfinduced in a full pitched coil is always more than
that induced in a fractional pitched coil.

1.4.5 Front Pitch, Back Pitch, Resultant Pitch and Average Pitch

The distance between two successive conductors that are connected together on the commutator side
i.e., on the front side of rotor is called as Front Pitch (Yz). The distance between two successive
conductors of the same coil but measured on the rear side i.e., on the back side of rotor is called as Back
Pitch (Y ). The distance between the beginning of one coil and the beginning of next coil on the
armature is called as Resultant Pitch (Y ). The average pitch is given by,

Yt Y

1.6
av > (1.6)
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1.4.6 Commutator Pitch and Number of Commutator Segments

The distance between two copper segments of a commutator to which two terminals of the same
armature coil are connected, is called as Commutator Pitch. It is measured in terms of number of
commutator segments. The total number of commutator segments are equal to the number of coils.

1.4.7 Types of Armature Winding

Depending on the difference in arrangement of end connections at commutator side, the-armature
winding is classified as:

(i) Lap winding

(ii) Wave winding.

Selection amongst them depends on various factors like, required current rating, required voltage rating,
size of the machine, available space, cost etc. Both lap and wave windings can be developed as

(i) Single layer winding

(ii) Multilayer winding.

In single layer winding, each armature slot consists of only one coil side-wheteas in double layer
winding, two coil sides of different coils (one side per coil) are housed in'each slot. For the satisfactory
arrangement of end connections, doublelayer winding is commonly used. Liap and wave windings can
also be designed and developed as

(i) Simplex lap, Simplex wave,

(ii) Duplex lap, Duplex wave and

(i) Triplex lap, Triplex wave windings.

A duplex winding has two simplex windings.in parallel whereas a triplex winding has three simplex
windings in parallel. Usual practice to prefer the simplex windings.

While deciding the slots for coil sides, it'is important to ensure that the two sides of every coil are
placed under the stator poles of respective-opposite polarities (North and South) so that, the emfinduced
in the two coil sides will always aid each other internally within their close circuit. Also, both lap and
wave windings should form a close loop inthemselves so that if we start from any point on one coil and
traverse over all conductors of other coils, we should be able to reach back at the same point without
any break or discontinuity in between.

1.5 SIMPLEX LAP WINDING

Lap winding is preferred for those applications where the dc machine is required to have low voltage
and higher current rating. The lap wound dc generators are used as exciter or pilot generators supplying
large dc field current at low voltage to the field winding of either three phase alternator or synchronous
motor. The dc motors operating with battery supply may also have lap winding. In this winding, the two
terminals of every armature coil are connected to the adjacent segments of commutator. Also, the
finishing terminal of one coil is connected to the starting terminal of the next coil on the same
commutator segment. Lap winding can be classified as,
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1) Progressive lap and
(i1) Retrogressive lap winding

The retrogressive type lap winding is usually preferred due to shorter span of the coil which also reduces
the winding cost. Two coils wound as lap winding are shown in Fig. 1.16(a).

In Lap winding:
e VY.and Ygare always odd in number but never equal to each other (Y # Yy ). It means that
Yr and Yy will differ by atleast 2.
If Yy > Yg than, Y = (Y5 + 2) and it is called as ‘Retrogressive Lap winding’
If Yy <Yp than, Y = (Y + 2) and it is called as ‘Progressive Lap winding’
e The average of Yy and Y equals to one pole pitch.

e Resultant pitch Y, = (Y -Yz).
e Commutator pitch =+1.
e Number of Parallel paths (4) in the armature winding equals.to the number.of poles (4 = P).
e Number of carbon brushes equals to the number of poles (P)
e Number of commutator segments = number of coils
EXAMPLE:

For better understanding of Simplex lap winding, let us develop it fora dc machine having the following

requirements: P =4, armature coils= 12, double layer progressive'winding, 1 turn per coil. The winding

data is calculated as under. Since every coil has only one turn, conductor can also be termed as coil side.
e Total number of armature conductors Z.=. (12 X 2) = 24

e Pole pitch = % = % = 6 coil sides

e Average pitch Y, = % = % =6, ~ YVp+Yy =12

e For Progressive lap winding; Yz .= (Yr + 2), - Yp = 5 coil sides, Yy = 7 coil sides
e Being a doublelayer winding, number of slots = number of coils = 12

e Number of commutator segments = number of coils = 12

e Commutator pitch=+1.

With above data, develop a winding diagram using the following steps as shown in Fig. 1.17.

Step 1. Calculate the winding data.

Step 2. Draw 12 commutator segments, C1, C2, C3,........... Cl12

Step 3. Draw 12 slots, S1, S2, S3,........... S12 by thin lines.

Step 4. Draw 2 North and 2 South poles (polarity of adjacent poles to be opposite) such that there will
be 12/4 = 3 slots under each pole
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Step 5. Draw two coil sides in each slot in the form of short parallel lines and number them as
1,2,3,........ 24, Ifall odd numbers (1,3,5,7,9,11,13,15,17,19,21,23) represent coil sides in upper
layer, the remaining with even number will represent those in lower layer.

Step 6. Assume and indicate the direction of current which will flow in each coil side by arrows. If
current in coil sides under N-Pole is assumed downwards than in coil sides under S-Pole, it will
be upwards.

Step 7. Make end connections on commutator side using the value of front pitch Yz = 5. Coil side
No.1 should be connected to Coil side No. (1+5) = 6. Similarly, Coil side No.3 should be
connected to Coil side No. (3+5) = 8 and so on.

Step 8. Make end connections at rear side using the value of back pitch Yz = 7. Coil side No.1:should
be connected to Coil side No. (1+7) = 8. Similarly, Coil side No.3 should be-connected to Coil
side No. (3+7) =10 and so on.

Step 9. Thus, the simplex, progressive, double layer, lap type armature winding with 12 coils is
developed.

Step 10. Now let us determine the location of brushes on the commutator. For that, observe the direction
of current in coil sides that were showndn Step 6. You will notice that at commutator segment
C2, the currents from both coil sides 1 and 6 are incoming. Same‘is the case with C8. Similarly,
at commutator segment C5, the currents of both coil sides 7.and 12.are outgoing. Same is the
case with C11.

Therefore, for rotor position as shown in.this Fig: 1.16, brushes should be located at C2,
C5,C8 and C11. At C2 and C8, the brushes will receive current from the commutator whereas
at C5 and C11, the current will leave the brushes and enterinto the commutator. Thus 4 brushes
shall be required which proves that in Lap winding, the number of brushes equals the number
of stator poles.

Step 11. Brushes terminals at C2, C8 are joined together to form one terminal of armature winding and
brush terminals at C5, C11‘are joined together to form the other terminal.

1.5.1 Parallel Paths (4)

In Fig. 1.17, you will observe that the lap winding consisting of 12 coils got divided into 4 parallel paths
with 3 coils per.parallel.path which proves that ‘the number of parallel paths in a lap winding equals to
the number of stator poles’. This is simplified in Fig. 1.18. If ‘£” and ‘I’ are the emf and current in each
coil side than the.net emf and current in every coil will be ‘2E” and ‘I’ respectively. From Fig. 1.18, the
emf across each parallel path and current in it will be ‘6E” and ‘I’ respectively.

Emf generated across armature winding terminals will be same as the emf across parallel paths. By
Kirchoff’s current law (KCL), total output current of armature winding will be equal to the sum of
currents in all parallel paths.

~ E; = 6E volts and I, = 4l amperes
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Fig. 1.17: Simplex lap winding for P

1.6 SIMPLEX WAVE WINDING

In this type, the armature winding progresses

in one direction from one coil to the next coil around the

armature core justlike waves. The two terminals of every armature coil are connected to the commutator
segments a distance apart equal to the average pitch. Like lap winding, the wave winding can be

classified as

Progressive type

@

Retrogressive type.

(i)
A section of simplex wave winding is shown in Fig. 1.16 (b).
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Bg=6E~—————— >

Fig. 1.18: Parallel‘paths in simplex lap winding

A 4-pole dc generator having 48 armature coils is lap. connected. If the machine
generates a voltage of 240V and delivers a current of 80A to.theload calculate, (a) the
current delivered per brush, (b) the current flowing in each coil and (c) the average
voltage induced per coil.

Data:
P =4, 4 =4 (since lap connected), armature coils = 48, £, =240V, I, = 80A

Solution:
Since information about field winding is'not provided, assume that, armature current
= load current
(a) See Fig. 1.17 for clarity.
The load current of 80A flows out of the (+) ve terminal and back into the (-) ve
terminal of the generator. Being a lap connected winding, the number of brushes
= number of poles = 4. Two brushes will be (+) ve and 2 will be negative.
~ Current per brush = 80/2 = 40A

(b) In'lap winding, the number of parallel paths (A) = number of poles (P)
Therefore, each brush will gather current from 2 parallel paths.
Consequently, current in each coil will be 80/4 = 20A

(c) Voltage across each parallel path = voltage across winding terminals = 240V
Number of coils per parallel path = 48/4 = 12
~ Voltage per coil =240/12 =20V

EXAMPLE 1.2
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In Wave winding:
e Both Yz and Yy are odd and have same sign. They may be equal or differ by 2.

e The average pitch is given by,
_ Yp+Yp Z+2

Y. =FTB _
av 2 P

Where (+) sign is for Progressive Wave winding and (-) sign is for Retrogressive Wave winding. It is
necessary that, the average pitch given by above expression should be an ‘integer’.
e By substituting the given values of Z and P in above equation, (Y + Y3) can be calculated.
Deciding the individual values of Y and Yy is based on whether the average pitch (Yay) is-an Even
number or an Odd number.

o If (Yav) is an even number than: Yy = (Y, — 1) and Yy = (Y,, + 1)
o If (Yav) is an odd number than: Yz = Y5 =Y,

Resultant pitch Yy = (Y5 + Y&).
Commutator pitch equals to the average pitch (Y,)-
Number of Parallel paths (A) in the armature winding equalsto.4 = 2 regardless of the number
of stator poles.
e Number of brushes equals to 2. It can be raised to4 todistribute the currents.
e Number of commutator segments = number of coils
For more understanding of Simplex wave winding, let us develop. it ‘for a dc machine of same
specifications that were used for Lap winding in Section 1.5, Fig:.1.17. But before doing so, verify
whether the mandatory requirement of average pitchras mentioned above will be fulfilled i.e.

Yoo = ZP# should be an integer (1.7)

In Fig. 1.17, the number of coils were 12; P = 4 therefore Z = 24. Y,, by above equation will be either
5.5 or 6.5 which is not an integer. It means that wave winding cannot be developed for Z =24, P =4
(though lap winding will be possible). For Z = 30, 34, 42 etc., wave winding can be developed with P
= 4. Thus there is a restriction on the value of Z for given number of poles.

EXAMPLE

Let us now developa simplexwave winding of retrogressive type, double layer, 15 coils and 4 stator
poles. Let each coil consist-of 1 turn. The winding data is calculated as under. Since every coil has only
one turn, conductor can be also be termed as coil side.

e Total number of armature conductors Z = (15 x 2) = 30

. Ye+Yp  Z-2 . . o
e Average pitch Y, = % = =~ where (-) sign represents retrogressive type winding.

Substituting Z =30 and P =4 we get, Yoo = 7.

Since Yo =7 is an Odd number, -~ Yy =Yz =Y, =7

Being a double layer winding, number of slots = number of coils = 15
Number of commutator segments = number of coils = 15
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Commutator pitch = Y, = 7.

With above data, develop an unfolded winding diagram using the following steps as shown in Fig. 1.19.

Step 1.
Step 2.
Step 3.
Step 4.

Step 5.

Step 6.

Step 7.

Step 8.

Step 9.

Calculate the winding data.

Draw 15 commutator segments, C1, C2, C3,........... Cl15.

Draw 15 slots, S1, S2, S3,........... S15 in thin lines.

Draw two coil sides in each slot in the form of short parallel lines and number them as
1,2,3,........ 30. If all odd numbers (1,3,5,7,9,11,13,15,17,19,21,23, 25, 27, 29) represent coil
sides in upper layer, the remaining with even number will represent those in lower layer.
Draw two North and two South poles with adjacent poles of opposite polarities. Since the:pole
pitch is not an integer, the number of slots covered by each pole will not be an‘integer.
Assume and indicate the direction of current which will flow in each coil side by arrows. If
current in coil sides under N-Pole is assumed upwatds than in coil sides.under. S-Pole, it will
be downwards.

Make end connections at commutator side using the value of. front pitch Yy = 7. Coil side
No.12 is connected to Coil side No. (12+7) = 19 and both are connected to  Commutator
segment C8. Similarly, Coil side No.10 is connected to Coil side No.(10+7)= 17 and both are
connected to C7. Thus all other end-connections can be made.

Make end connections on rear side using the value of back pitch ¥z = 7. Coil side No.12 is
connected to Coil side No. (12-7) = 5. Similarly; Coil side No.19-is connected to Coil side No.
(19+7) =26 and so on.

Thus, the simplex, retrogressive, double layer, wave type armature winding with 15 coils is
developed.

Step 10. Now let us determine the location of brushes on the commutator. For that, observe the direction

of current in coil sides that were shownin Step.6. You will notice that at commutator segment
Co, the currents from both coil'sides 8 and 15 are incoming. Whereas, at commutator segment
C10, the currents of both coil sides 16.and 23 are outgoing. At rest all other commutator
segments, current of one coil side is incoming and that of other coil side is outgoing.

Therefore, for.rotor position as.shown in this Fig. 1.19, brushes should be located at C6
and C10. At C6; the brush'will receive current from the commutator whereas at C10, the current
will leave the brush'and enter into the commutator. Therefore 2 brushes will be sufficient. Thus,
in Wavewinding, only 2 parallel paths are formed regardless of the number of stator poles. By
Kirchoff’s cutrent law (KCL), total output current of armature winding will be equal to the sum
of currents of all parallel paths, therefore I, = 21 Ampere.
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Fig. 1.19: Simplex wave winding for P = 4,715 armature coils; double layer retrogressive type

1.6.1 Dummy or Idle Coil
In wave winding, there is a restriction-on'the value of Z for a given number of stator poles. It is,
Z+2 .
Yoo = N\ should be an integer.

Therefore, it is not possible to construct a wave winding with any number of armature coils. We have
observed this limitation in‘Section 1.6. For P = 4, wave winding can be developed with odd number of
armature coils like 15,:17, 21 etc. so.that Z = 30, 34, 42 respectively. We know that in double layer
winding, the number of slots are equal to the number of armature coils. In a dc machine, it is necessary
that, the number of slots.on both sides of the brush axis should be equal which means that the total
number of slots should be even and not odd.

When the standard laminations are used in making of armature core for wave winding, the exact
symmetry cannot be maintained. Therefore an extra coil is housed in the vacant slot portion to maintain
the mechanical balance. It is not connected to the commutator. This coil is called as Dummy coil and
used in relatively small machines. It is not preferred in large machines to avoid adverse effect on
commutation.
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1.7 EMF EQUATION

Let,

@,, = main flux per pole produced by the stator poles (weber)

Z = total number of armature conductors = number of slots X number of conductors per slot

= 2 X total number of active coils (ignore dummy coil) X turns per coil
= total number of stator poles
= number of parallel paths in the armature winding
= rotor speed (rpm)
E;, = emf generated (induced) across winding terminals = emf across parallel paths

Note: Conductor is the armature coil-sides per turn that is housed in the slot. It links with the'main flux
and therefore contributes to the process of electromagnetic induction.

d_(Z)

dt

During one rotation of the rotor, every armature conductor will make one revolution and therefore will

Average emf generated per conductor, E. =

link with total flux available around the air gap and is equal to P times @,,.-The time required for one

revolution of the conductor (or one rotation of the rotor) will be (;—;) seconds:

.. PN
Ee= 60
Conductors in each parallel path = (g)
The emf generated in each parallel path will be,
@..PN Z
E, = > A Volts (1.8)

The rotor speed can also be expressed in radians/sec as,
2N

W= =0 Rad/sec

E _(PZ) o
9 = \2na) ¥"m

PZ
() = &
21A

Ey = K.w®y, Volts (1.9)

Let Ke = Voltage constant,

Since the terminals of parallel paths also appear as terminals of armature winding therefore, Eq. (1.8)
and (1.9) represents the total emf generated in the armature winding of the dc generator. For Lap
winding, 4 = P and for Wave winding, 4 = 2.
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The armature winding of a 4-pole dc generator has 200 turns and runs at 800 rpm. At
no-load, the voltage generated by the machine is 240V. Estimate the useful flux per
pole when the winding is (a) lap connected and (b) wave connected.

Data:

P =4, armature turns = 200, N = 800 rpm, E, = 240V, @,,, =?
Solution:

Number of conductors Z = 200 X 2 = 400

(a) When the winding is Lap connected, number of parallel paths 4 = P =4 ]
o
— Since, no-load voltage (i.e. open circuit emf) E; = QTZ(I:N%
A ) _ 60AE;
- - O = vy = 0045 Wb
<§E (b) When the winding is Wave connected; number of parallel paths 4 =.2
< _ _ 60AE;
L - O = v = 0.0225Wb
1.8 COMMUTATION

In Section 1.2.1, we have seen that the direction of induced current.in all armature conductors reverses
after one pole pitch i.e. when they move from:the region of North pole to the region of South pole or
vice-versa. This results into generation of alternating currents in armature winding though the machine
is called as dc generator. The conversion of generated alternating current into direct current is carried
out by the commutator and brushes.

In Fig. 1.17 and Fig. 1.19, it.is observed that, the directions of armature current on the two sides of
brush are always opposite. It-means that when the brush shifts from one commutator segment to the
next, the corresponding armature coil (refetred as coil undergoing commutation) gets short-circuited
between the adjacent commutator.segments and the direction of current in it gets reversed. As armature
rotates, all the armature coils in sequence undergo for commutation process — change of direction of dc
current. This process of currentteversal in the short-circuited coil is known as commutation. The time
required for the reversal is called as commutation period ‘t.’.

Refer to Fig.1.20 (a) — Fig.1.20 (e). Three armature coils 1, 2, 3 of a Lap winding are shown. They
are connected to three commutator segments C1, C2, C3. A carbon brush is riding on the commutator,
as armature rotates. The brush width is equal to the sum of width of one commutator segment and one
mica insulation. Assume that due to rotation of armature, all armature coils are moving towards right
with respect to the stationary carbon brush. Let the current in each coil be 10A so that the brush current
will be 20A.
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(a) Coil 1 Coil2  Coil 3 (b) Coil I Coil2  Coil3

(©) Coill  Coil2  Coil3 (d) Coil 1 Coil2  Coil 3

(e) Coil I < Coil 2 Coil 3

27" Spark (2/5A)

Fig. 1.20: Commutation process

In Fig. 1.20(a), the brush is in contact with.commutator segment C2 and one mica insulation
therefore, brush current will be the sum of currents in coil-2 and coil-3 (10 + 10 =20A). This is the
beginning of commutation period “t.’.

In Fig. 1.20(b), the armature has moved towards right therefore, the brush has touched commutator
segment C1. Now it is in.contact with both C1 and C2 and hence has short circuited coil-2. Since
the contact area of brush with C1 is less.than that with C2, the contact resistances will be different
and therefore current distribution is'not equal (5 + 15 = 20A).

In Fig. 1.20(c),.coil-2 has-reached the middle of short circuit period. The brush contact area with
C1 and C2 are equal and currents from coil-1 and coil-3 will directly enter into the brush because,
relatively.it will. be the low impedance path (10 + 10 = 20A). Current in short circuited coil-2 will
be zero.

In Fig. 1.20(d), due to further advancement of the coils, the contact area of brush with C1 is greater
than that with C2, the contact resistances will be different and therefore current distribution is not
equal (15 +5=20A).

In Fig. 1.20(e), the brush is in contact with full commutator segment C1 and one mica insulation
therefore, brush current will be the sum of currents in coil-1 and coil-2 (10 + 10 =20A). This is the
end of commutation period ‘t.’.
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If the current in coil undergoing commutation (coil:2) reverses linearly from +/ (+20A) to —/ (-20A)
within the commutation period ‘t.’, it is called Linear Commutation. This is shown in Fig. 1.21.
Practically, there are factors which try to avoid linear commutation and therefore reversal of current
from +/ to —I does not complete within the commutation period ‘t.’. Some current is left even after the
brush has advanced ahead and lost its contact with the previous commutator segment. The remaining
current enters into the brush from the previous segment through air resulting into a spark between them.

W
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+10A

-10A

|
|
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|
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|
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(a) Linear commutation (b), Under commutation

Fig. 1.21: Coil current versus time during commutation

One of the prime factors that prevent linear commutation is the inductance of the coil undergoing
commutation. The change in its current results into two voltages.in the coil. One due to self-induction
and other due to mutual induction: Sum of these two voltages is-called reactance voltage. It causes the
coil current to lag in time compared to that in linear commutation and therefore delays its reversal.
Hence the condition is also'known as delayed commutation or under-commutation. It causes sparking
between the brush and commutator segment: This condition can be avoided if we ensure coil inductance
at minimum value by using a fewest possible number of turns per armature coil.

If the resistive voltage drop in the commutating coil circuit is made more significant compared to
reactance voltage than, the delayed commutation effect can be minimized. This can be achieved by
increasing the contact voltage drop between commutator and brush which is resistive in nature. Hence
carbon brushes are preferred due to their appreciable contact drop. When commutation is improved by
using the advantage of resistive voltage drop, the process is known as resistance commutation.

Alternately, if we produce a rotational voltage in the commutating armature coil such that it will
oppose the reactance voltage than; the commutation process can be improved. This method is called as
voltage commutation.Interpoles or commutating poles are popularly used for voltage commutation.

1.8.1 Interpoles or Commutating Poles

Reactance voltage induced in the armature coil undergoing commutation (i.e. reversal of current) is
primarily responsible for the delay in commutation process and results into sparking between the
commutator segments and brush. Interpoles are the additional small poles fixed on the inner periphery
of the yoke and located on the GNA between the larger main field poles. The number of interpoles are
equal to the number of main poles. They do not have pole shoes and do not undergo magnetic saturation.
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A simple commutating winding of few number of turns but thicker wire is wound over the interpoles.
This is shown in Fig. 1.22.

Main field
winding
N
; Commutating
DSANEN 5 winding
©)
S @ s —
Main pole
(p’ M é ®
@ N
@ ® Interpole or
Commutating
[ ] pole

Fig. 1.22: DC generator with main poles and Interpoles

Interpoles are supposed to establish. sufficient mmf which ‘will induce a rotational emf in the
commutating armature coil (i.e the coil undergoing commutation) and cancels the reactance voltage.
Also, it should be able to neutralize the cross magnetizing armature mmf in the interpolar region near
the tips of main poles. Since both; reactance voltage and cross magnetizing mmf are proportional to the
armature current, the commutating winding (also‘called as interpole winding) on the interpoles is
connected in series with the armature winding: The direction of commutating winding must be such that
the polarity of interpole will be same as main pole ahead of it (in the direction of rotor rotation) for a
generator and that of main pole just behind it for the motor. Interpoles have localized effect in interpolar
region only and cannot help in performance of the machine.

1.9 GNA, MNA & BRUSH AXIS

In dc machines, the distribution of main flux @,, in airgap is symmetrical about the centre line of field
poles i.e. the eentreline of North and South poles. This centre line is called as field-axis, polar axis or
direct axis (d-axis). It is shown in Fig. 1.23 for a bi-polar dc machine. Exactly midway between the
field poles but perpendicular to the polar axis is the Geometrically Neutral Axis (GNA). It is also called
as interpolar axis.

When the armature rotates through 360°, the armature conductors will have flux linkage with @,,
of different flux densities at different locations. While crossing the field axis, the flux density
encountered by them is maximum whereas at GNA, flux density is zero. At field axis, they will cut @,,
at right angle whereas when they pass across GNA, every conductor will move almost parallel to
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@ .- Consequently, maximum emfis induced in the armature conductors on field axis and zero on GNA.
Thus, when @,,, alone is present, GNA acts like a magnetically neutral zone and therefore, is also called
as Magnetic Neutral Axis (MNA).

The brushes are placed on MNA to improve commutation which reduces sparking between the
trailing edge of brush and commutator. At MNA, the short circuited coil undergoing commutation links
with no flux density and therefore the rotational voltage induced in the coil is negligibly small. The axis
passing through the brushes is called as ‘Brush axis’ and since it is electrically at quadrature to the d-
axis (i.e. field axis), it is also called as quadrature axis or g-axis.

Main pole

Field axis LN v
(polar axis) 3 ®I@ et .
Main flux Brush Arrgs;ure} I\ Brush
Fig. 1.23: Main flux @,,, when @, = 0 Fig. 1.24: Armatureflux @, when @,,, = 0
1.10 ARMATURE REACTION

Effect of armature flux @, on main flux @,, is called as Armature Reaction effect. The distribution of
main flux @,, in the airgap when I, = @,-= 0 are shown Fig. 1.23. At no-load, the armature current I,
will be zero. But when load is connected: (electrical load for generator mode and mechanical load for
motor mode), I, # 0. This armature current I, will establish its own flux called as armature flux @,,.
Fig. 1.24 presents the distribution of armature flux @, when the main flux is absent (@, = 0).

In a practical dc machine, both @,, and @, exist simultaneously when the load is connected.
Resultant of the two is shown in Fig.'1.25. From these figures, you will notice that the effect of armature
current (which has produced @) is to displace the resultant flux in the direction of rotation of rotor
when the machine is.acting as a dc generator. However when it operates as a dc motor, the displacement
of resultant flux is against the direction of rotation. This can be verified by applying right hand thumb
rule as well as the Fleming’s rules. The Magnetic Neutral Axis (MNA) that is always at right angle to
the resultant field too gets displaced due to armature reaction. Therefore, the brushes should be shifted
forward in the direction of rotation of the rotor when the machine is operating as generator and shifted
backward opposite to the direction of rotation in order to bring them on the new MNA. Let the angle by
which the brushes are shifted from GNA be denoted by ‘B’. This is shown in Fig. 1.26 for a dc generator.
It is found that the resultant flux density at the leading edges of the pole shoes has weakened while it
has increased at the trailing edges.
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Fig. 1.25: Resultant flux in a dc generator due to armature reaction

After the brush shift, armature flux @, will also get shifted as shown.in Fig 1.26. The armature mmf
‘Fg’ can be resolved into two components ‘Fg’ and ‘F;’. The direction of ‘Fy’ 4s'in direct opposition to
the direction of main field @,,, and therefore is called as ‘de-magnetizing mmf’. The direction of ‘F¢’ is in
quadrature to the direction of main field @, It will produce a distortionor cross magnetization of main
field @,, and therefore is called as ‘distortional or cross-magnetizing mmf". Thus the effect is to resolve
the armature winding into two component windings as“(i). de-magnetizing component and (ii) cross
magnetizing component. The armature conductors lying within'the POQ = 2f and XOY = 28 will
contribute to de-magnetizing effect while all other conductors.will contribute to cross magnetizing
effect. This is shown in Fig. 1.27(a) and (b).

The effect of armature reaction is to decrease the flux density under one pole tip and increase it under
the other causing saturation. Consequently; the resultant flux becomes less than what it would had been
in the absence of armature reaction.when-@,, alone is present and therefore, the generated emf also
decreases. The increased flux density at.some parts of the machine will increase the iron loss. It will
also increase the maximum voltage between adjacent segments of the commutator at load than at no-
load. If it goes beyond 30V, there is a possibility of a continuous spark between adjacent segments
which may culminate into Ting of fire..The armature reaction also causes delayed commutation, hence
more sparking at the brushes. These reasons lead to faster wear and tear of commutator and brushes.

The effect of armature reaction is to decrease the flux density under one pole tip and increase it
under the other causing saturation. Consequently, the resultant flux becomes less than what it would
had been inthe absence of armature reaction when @,,, alone is present and therefore, the generated emf’
also decreases. The increased flux density at some parts of the machine will increase the iron loss. It
will also increase the maximum voltage between adjacent segments of the commutator at load than at
no-load. If it goes beyond 30V, there is a possibility of a continuous spark between adjacent segments
which may culminate into ring of fire. The armature reaction also causes delayed commutation, hence
more sparking at the brushes. These reasons lead to faster wear and tear of commutator and brushes.
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Fig. 1.26: Armature flux alone after brush shift

Fig. 1.27(a): Demagnetizing armature conductors Fig. 1.27(b): Cross magnetizing armature conductors

Armature reaction effect canbe reduced by adopting the following measures:

e Shifting of brush axis from GNA to MNA

e Increasing the length of airgap at the pole tips so as to avoid magnetic saturation at pole tips which
is caused by overcrowding of flux due to armature reaction. The length of airgap at pole tip can be
1.5 to 2 times the airgap length at pole centre.
Increasing reluctance of pole tip
Use of compensating winding of nullify the armature reaction effect in polar region
Use of interpoles to nullify the armature reaction effect in interpolar region

1.10.1 Compensating Winding

The cross magnetizing armature reaction is proportional to armature current. In case of overloading or
rapid changes in load (both in generator and motor), the armature current responds to the changes in
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load by making similar changes in itself. This results in the shifting of resultant flux in forward and
backward direction with every change in load. In other words, if you refer to Fig.1.25, the position of
new MNA will keep changing with every change in load. The shifting of resultant flux will induce a
rotational emf in the armature coils whose magnitude will depend on the rapidity and magnitude of
changes in the load. At the instant when an armature coil is located at the peak of a badly distorted
resultant flux wave, the rotational emf may be high enough to cause dielectric breakdown of the
insulation between adjacent commutator segments to which the coil is connected. This will result in a
flashover or arcing between the segments. The maximum allowable voltage between adjacent
commutator segments is of the order of 30 to 40V.

To address this problem, slots are made in the face of stator field pole shoes and‘an additional
winding called as compensating winding is housed in them. This winding is connected in series with
armature winding and made to carry the armature current in such a way that the current in them will be
in opposite direction to that flowing in the armature conductors directly below the pole'shoes which are
responsible for the cross magnetizing effect. This is shown in Fig. 1.28. Thus a compénsating flux
created by compensating winding will be in opposition to the-armature flux directly. below the pole
shoes. This will minimize the distortion of main flux @,, and secure a sparkless.commutation which
otherwise would be substantial in the absence of compensating winding./It can be. verified by applying
the right hand thumb rule. Compensating winding causes increase in.machine cost and hence is usually
employed in big size dc machines which are subjected to heavy overloads or rapidly fluctuating loads,
example: rolling mill motors, turbo-generators etc.

Main Buush !
pole \-
© ©)

&

|

Compen.sating Main field
winding winding

Slot in
main pole Armature
shoe w mdmg

Fig. 1.28: DC generator with compensating winding

1.11 TYPES AND APPLICATIONS OF DC GENERATOR

Dc machines (both, dc generator and dc motor) are classified depending on the mode of excitation. In
other words, they are based on the connection of field winding with main winding and how the same
will be energized to establish the main magnetic field. Fig. 1.29 shows the classification.
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DC Generator
|

v v

Separately excited type Self-excited type
v y v
DC shunt generator DC series generator DC compound generator
v v
* Long-shunt compounded type * Cumulatively compounded type
® Short-shunt compounded type e Differentially compounded type

Fig. 1.29: Classification‘of dc generator

1.11.1 Separately Excited DC Generator

In separately excited dc generator, the field and armature windings.are not.interconnected. The main
magnetic field @,, is established either by,

(i) Connecting a separate voltage source across the field winding or by

(i) Replacing the set of stator poles and field winding by permanent magnets.

Schematic circuit diagram of the former one is.shown inFig. 1.30: The field winding is made of many
turns of thin copper wire with effective resistance: R much higher than the armature winding
resistance R, and is connected across a de voltage source V. If V represents the terminal voltage across
armature winding then by applying Kirchoff’s voltage law (KVL) in field and armature circuits we
have,

The generated emf E; =V +.1,R,

V=(E;—I,Ry) = K@ — IR, (1.11)

In addition to the.ohmic drop I, R,, voltage drop at the brush contacts also take place in the armature
circuit. This drop'is approximately constant and is of the order of 2 volts with carbon brushes provided
that the armature current per cm? contact area of the brushes do not exceed 7A. For simplicity, the brush
contact resistance is assumed to be constant and is included in R,. The performance of a dc generator
can be assessed using following characteristics.

e Magnetization characteristic or open circuit characteristic (OCC)

e Internal characteristic
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e External characteristic

<4
]
]
]
‘
R |
I A Electrical

i f Iolad
57 1
\ o

Fig.1.30: Separately excited dc generator

A. Magnetization characteristic

The magnetization characteristic of a dc generator is also known as no-load characteristic and is similar
to the magnetization curve of a ferromagnetic material. It is a curve of field current (1 f) versus the open
circuit voltage across armature winding terminals with the machine rotatedat a constant speed. From
above voltage equation, during open-circuit, armature current I, = 0, therefore, resistive voltage drop

I,R, = 0 and the armature terminal voltage equals to generated. emf ( Vo= Eg). At Ir =0, the
externally provided excitation is absent but still a small flux-is-available between the poles which
generates a small emf in the armature winding. This is the residual flux due to residual magnetism
already available in the mainpoles of all types of d¢ generator. It is shown in Fig. 1.31. In absence of
residual magnetism, once the field winding need to be connected to dc supply voltage.

Initially at low values of I¢, the main flux @, is small, poles are unsaturated and therefore E
increases linearly. Later, due to magnetic non-linearity, some reduction in flux takes place (4 to 8%)
and therefore a greater increase in Iy is required to produce the same rise in Ej; as that in the lower part
of the curve. DC generators are-usually:designed so that the operating point ‘P’ which corresponds to
the rated value of armature-terminal voltage lie on knee of the magnetization curve. Since E, &
speed (N), a family of @CC can be obtained for different values of speed. The magnetization curves
(OCC) of dc generator at different speeds (N; > N, > N3) are shown in Fig. 1.31.

B. External characteristics

This characteristic shows the relationship between armature terminal voltage V, and the load current
(same as armature current /,) provided that the field current I; and rotor speed are held constant at their
rated values. At no-load, the armature circuit is open, armature current I, = 0, and therefore the no-load

terminal voltage and generated emf are equal (Va(nl) = Eg). With rise in electrical load, current I, will

increase in direct proportion to the load and result into the rise in resistive voltage drop I, R,. This is
evident from the following equation,
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V= (&, — L.R,) (1.12)

where R, actually includes the resistance of armature winding, resistance of brush and resistance of
brush contact. The voltage drop due to brush contact is approximately constant, of the order of 2V per
brush provided that the current per cm? contact area does not exceed 7A. Apart from the IR, drop, there
is an additional drop in the terminal voltage from no-load to full load condition and it is due to the
demagnetizing armature reaction. Both effects will cause voltage drop in the armature circuit resulting
into the fall of terminal voltage as shown in Fig. 1.32. This terminal voltage drop is about 5 —10% from
no-load to full load condition. The resulting curve is called as external characteristic.

At N, (rpm)
Vi) = Eq
At N, (rpm)

Z At N; (rpm » m
5] S

) Z

g’ N

s %

E s

S 3

g =3

=% —

]

0 Field current [, (A) 0 Load current I; (A) ——
Fig. 1.31: OCC of dc generator Fig. 1.32: External characteristic of dc generator

1.11.2 Self Excited DC Generator

In self-excited dc generator, the field winding is connected either in parallel or in series with armature
winding and accordingly,.the machine is called as dc parallel generator and dc series generator. DC
compound generator has two field windings, one is connected in series and the other in parallel with
armature winding..In all types of self-excited dc generators, the machine derives its excitation from the
emf generated in armature winding and no separate voltage source is connected across the field winding.

Initially,'when the rotor is at standstill, the generated emf” E; = 0, therefore the machine cannot

excite it’s field winding to produce the main field @,,. To help the machine to self-excite and build up
the generation of‘emf from this stage, following conditions should be fulfilled.

(a) Itis necessary that there should be some residual magnetism in the field poles.

(b) Field winding must be connected in a direction so as to aid the residual magnetism.

(c) The field winding resistance should be less than the critical resistance value.

(d) The rotor speed should be greater than the critical speed value.

(e) The field circuit should be closed.
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1.11.3 DC Shunt Generator

Dc shunt generators are the widely used types of dc generator. They need no external power for
excitation and provides almost steady terminal voltage from no-load to full load. Schematic circuit
diagram of a dc shunt generator is shown in Fig. 1.33. The voltage building process starts with rotation
of the armature by means of prime mover. Due to the presence of a small amount of residual main flux
@,, in the airgap, the armature conductor have flux linkages with it and this process induces a small
magnitude of emf E, in the armature winding. Since the two windings together make a close.circuit; the
emf E; causes some current to flow in the field winding. If this shunt field current I, sets up in the
direction so as to aid the residual flux, the resulting airgap field produced by main poles-@,,, becomes
stronger than before and therefore the magnitude of Ej increases. Consequently, [y, increases and
builds up E; further. The mutual cumulative reinforcement between.E, and @,, continues till
equilibrium is reached. Thereafter, there is no further rise in E4. The point of equilibrium depends on
the open circuit characteristic, critical resistance and critical speed. " Apply KVL in.the two close loops
of Fig. 1.33.

1.13
V = (Eg—I,Rq) = Kow®y, — 1R, (1.13)
1.14
V = LpRgy ( )
% — (PZ)
¢ \2mA

A. Critical resistance (R;)

Critical resistance R, of a dc-shunt generator is the maximum magnitude of its field winding resistance
with which the machine will just excite for a given speed N. For any further rise in Ry, beyond R, the
machine fails to self-excite and cannot build up its generated voltage. Refer to Fig. 1.34. It shows
straight lines of " different’ slopes representing the shunt field winding resistances Rgpq,
Rgpo, Rgps obtained by the relation V, = I, R, . Three open circuit characteristic curves OCC1, OCC2,
OCC3 corresponding to different speeds N;, N> and N; are also plotted.

It is observed that, Ry, is tangent to OCC1 which corresponds to speed N;, Rgp, is tangent to
OCC2 which corresponds to speed N and Rgy3 is tangent to OCC3 which corresponds to speed Ns.
Therefore, Ry, will be termed as the critical resistance at speed N;, Rg,, Will be the critical resistance
at speed N> and Rgy,3 will be the critical resistance at speed Ns.

Now observe the points of intersection P and Pg between (i) OCC1 and Rgy,3, (ii) OCC1 and Ry,
respectively. In the first case, voltage coordinate of point Pa represents the maximum emf E,;, which
the generator can build up at speed N; when the shunt field winding resistance is Rgy3. If the winding
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resistance is increased to Rgp,, the maximum emf that could be generated decreases to Egyp as given by
point Pg. For rise in winding resistance to Rgp,, the resistance line will become tangent to OCC1 at
which the machine will just self- excite. Hence Ry, will be called the critical resistance R, at speed N;.
For any further rise in field winding resistance the Ry, line will not intersect with OCC1 and the machine
will fail to self-excite, giving only a small voltage due to residual magnetism. Thus the critical resistance
value depends on operating speed.

B. Critical speed (N.)

Critical speed N, of a dc shunt generator is the minimum value of rotor speed with which the machine
will just self-excite for a given value of its shunt field resistance Ryj,. For any further drop in rotor speed
below N, the machine will fail to self-excite and cannot build up its required generated voltage. Refer
to Fig. 1.34 again. Consider OCC; and R4 line. Since Ry is tangent to OCCi, Ry will' be the critical
resistance at speed N;. Similarly, N; will be termed as critical speed N, for the:given shunt field
resistance Rgp, . If the winding resistance is maintained constant at Ry, ,.but the speed is reduced below
Ni (say N; corresponding to OCC2), than the OCC will not intersect the resistance line which means,
the machine cannot self-excite. Thus, the critical speed value depends on the field winding resistance
of dc shunt generator.

R Rsnz .Rsh3
LB o J S Py
) A g, a4 -y OCC1 (N, rpm)
EgB
1, I Z 0CC2 (N; rpm)
»- »- + < [_yjC "o
N i gn i
A Iy, | i £ OCC3 (N; tpm)
+ Rsh | ) Z
Electrical 5
Eg F FF V load E
- I ! 8
| ! 5
AA | ! ©
v i
<!
0 Field current I;(A) —
Fig.1.33: DC shunt generator Fig. 1.34: Critical resistance and critical speed
C. No-load characteristic or OCC of a dc shunt generator

Variable rheostat is connected in series with the field winding of a dc shunt topology and a voltmeter is
connected across the armature winding terminals. The rotor is rotated at constant rated speed and the
shunt field current I, is varied in steps by adjusting the rheostat. Corresponding readings of armature
terminal voltage are noted along with the values of I;,. A graph of Iy, versus V) is plotted to give
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OCC. Practically, there is no difference between the OCC of a dc separately excited generator and a
shunt generator.

D. External characteristic of dc shunt generator

External characteristic is the relationship between armature terminal voltage 1/, and the load current /

keeping the shunt field resistance R, and rotor speed N constant. The load connected across armature

winding terminals is varied in steps and the corresponding values of V, and / are noted. =~ When", the

generator is loaded, voltage across armature winding terminals decreases due to following major

reasons:

(a) Ohmic voltage drop I, R, in armature winding

(b) Voltage drop due to armature reaction effect

(¢c) Being a self-excited generator, the voltage drop in V,due to the above two, factors results in the
drop in shunt field current Iy, which reduces the generated emf E;. This is because, the voltage V;,
appears across shunt field winding also.

The first two factors are common with separately excited generator but the third factor which is the

most significant is applicable to dc shunt generator only. It is<due to.the thitd factor, the external

characteristic of a dc shunt generator is more drooping than that of a‘separately excited generator. It is

shown in Fig. 1.35.

1.11.4 DC Series Generator

The field winding is connected in series-with the armature winding and load. Therefore, the circuit
should be closed for self-excitation. Since the field winding carries load current, it is made up of thick
wire or strips with few number of turns. Series generators are rarely used except as voltage boosters.
The circuit connection is shown in Fig. 1.36. If the field current crosses the permitted limit, the magnetic
poles may get saturated and the developed voltage falls to zero. This can be observed from its external
characteristics. Apply KVL in the two closeloops of Fig. 1.36.

V =E;—I,(Ry + Ry.) (1.15)

1.11.5 DC Compound Generator

DC compound generators have two field windings. One is connected in series with the armature winding
and the other in parallel. Both field windings are wound on the same stator poles and are excited
simultaneously. The magnetic field established by shunt field winding is @, and that produced by the
series field winding is @,. Resultant of the two is the main magnetic field @,,. If @y, and @, are in
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same direction, the machine is called as cumulatively compounded generator and if they oppose each
other, it is known as differentially compounded. This is shown in Fig. 1.37.

Vi) = Eg
Stable operating region
@ + <
2 A !
g 1
Z | 1
~ |
[5) | |
E’ 174 Electrical
4 load
3 I i
2 I i
[ i
v |
0 Armature current /, (A) ———> . <
Fig. 1.35: External characteristic of a dc shunt generator Fig. 1.36:DC series generator
Compound generator can also be classified as Shunt field
\[ winding
short shunt generator and long shunt @ 5 }; Q}
generator. It depends on the circuit topology. e ©) ) ©)
Circuit connections are shown in Fig. 1.38.(a) A senesfietd
& (b). Performance characteristics of a dc | | Winding | 1

compound generator can be attuned to suit the H—H %

load requirements by adjusting the number of

turns of appropriate field winding as over Dse . Dsn Dse  Dsn
compounded under compounded and ﬂat Cumulatively compounded Differentially compounded
compounded. Fig. 1.37 Cumulative and differential type
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g e s V =E;—1,(Rqg + Rse)
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Fig. 1.38 (a) DC short shunt generator Fig. 1.38 (b) DC long shunt generator
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Amongst the different types of dc generator discussed above, separately excited type and cumulatively
compounded type generators are commonly preferred. Separately excited generators can provide a wide
range of output voltages whereas the self-excited generators may produce unstable voltages in lower
ranges particularly when the field resistance becomes equal to critical resistance or more than that. The
external characteristics of shunt and separately excited generators are drooping in nature with respect
to rise in load. On the other hand, a cumulatively compounded generator produces a substantially flat
voltage characteristic or the one which rises with load. Cumulatively compound generator can be used
to provide almost constant dc voltage irrespective to connected load. Differentially compound generator
exhibits large drop in voltage when loaded, as such they are preferred for dc arc welding,

1.12 LOSSES AND EFFICIENCY

The word ‘Loss’ in any electrical machine indicates the loss of active power (in watts) which culminates
into the production of heat and its dissipation. The losses are important for following reasons:
e They determine the operating efficiency of the machine which relates with cost.
e They determine the heating of the machine that relates with. power rating and melting of winding
material, insulation damage.
e The currents associated with them determine the voltage drops and affect the performance.
In general, power loss have three categories:
e loss in electrical circuit,
e loss in magnetic circuit
e loss in mechanical system.
e A high voltage machine may have dielectric loss also.
For a dc machine (generator and motor), let us‘discuss-them in detail. Loss can be broadly classified as:
e Jariable loss which is the copperloss, mainly in armature winding
e Constant loss (P.)
The constant loss includes:
e core loss,
mechanical loss,
shunt field copper loss and

stray loss.

1.12.1 Copper Loss

The copper loss is also called as ohmic loss or resistive loss. It takes place in all the windings where
current in flowing against the winding resistance and is given by I2R watts. The armature current varies
with the magnitude of load and therefore its corresponding I2R, loss also changes. Hence, it is also
called as variable loss. In dc machines, the copper loss takes place in the following windings.

(a) Copper loss in armature winding, I2R, watts
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(b) Copper loss in compensating winding (it carries armature current)

(c) Resistive loss in brushes and brush contacts

(d) Copper loss in series field winding (only in series type and compound type machines)

(e) Copper loss in shunt field winding (only in shunt type and compound type machines)
The current in shunt field winding is normally constant and do not change considerably with any
variation in load therefore, the associated copper loss 12, Ry, remains same at all load conditions and is
treated as one of the constant loss.

1.12.2 Core Loss

The core loss is also called as open-circuit loss, no-load loss or iron loss as it takes placein the iron
core of the machine. The armature core of dc machine is subjected to rotational magnetization. The
losses result due to the cyclic changing flux densities in'the magnetic core as armature rotates. It is
further classified as:

e Hysteresis loss

e FEddy current loss

Hysteresis loss

It originates from the repeatedly changing orientation of dipoles when ‘subjected to changes in the
magnetization of the core due to.rotation. In dc machines, the armature core and slot teeth thereon
experience these changes when moving from North pole to‘South pole and vice-versa. Also, the stator
pole shoes also experience the change in magnetization due to armature reaction. Hysteresis loss can be
expressed as:

1.16
Po =Kol Bl s (1.16)

where, K}, is the proportionality constant‘dependent on the material characteristics and volume of iron
core, frepresents the frequency of reversal of magnetization and the exponent n ranges between 1.5
and 2.5 with a value 2.0.being usually used, it is referred as Steinmetz constant. Hysteresis loss
increases noticeably when the machine is loaded because the armature mmyf due to load current changes
the space distribution of flux densities significantly. However, this rise in core loss is accounted as a
part of stray loss. Hysteresis loss can be minimized by selecting a high permeability material for the
magnetic core.

Eddy current loss

This loss takes place due to the induction of eddy currents in the magnetic core when it is subjected to
changing flux densities. It is dependent on the squares of maximum flux density (B,e,) in Wb/m?,
frequency (f) in cycles per second and thickness of single lamination (7) in meter as,
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w 1.17
P, =K, (Bmax fT)Z @ ( )

where K, is the proportionality constant dependent on resistivity and volume of iron core. Eddy current
loss is minimized by fabricating the magnetic core from a stack of laminations where every lamination
is a thin stamping of required shape and insulated on both sides.

Mechanical loss
This loss consists of friction at the bearings and brushes. Rotating structures of machines cuts air.and
certain power is lost in that. It is jointly referred as friction and windage loss.

Stray loss

When the machine is loaded, due to leakage and fringing; the flux links with other metallic parts of the
machine like outer frame, brush holder, shaft, bearings etc and causes magnetic losses. Secondly, due
to the presence of armature slots, the airgap flux density distribution is.never uniform. The resulting
losses are called as stray load loss. Practically,it is difficult to determine this loss with accuracy and
usually 1.0 percent of the output power is considered as stray loss.

1.12.3 Efficiency (1)

Efficiency of any system is the measure of its quality which-tells.us about the level of output that can

be derived from the system.for given input. For.an electtic generator, it is expressed as,
output power in watts

input power in watts

output power Vi, (1.18)

]7:

output power+variableloss+constant loss - VIL+I2R,+P,

A four pole deshunt generator-having lap connected armature winding has armature
resistance of 0.15 Q, shunt field resistance of 100 Q and 64 armature conductors. The
effectivearea of cross section per pole is 2.5 X 1072 m It generates 25 kW at a voltage
of 250 V. If the-armature is rotated at 600 rpm, calculate the airgap flux.

Data:

P =4, 4 =4 (since lap connected), R, = 0.15 Q, Ry = 100 Q, Z = 64, Per pole area of
cross section = 2.5 x 1072 m?, P, = 25 kW, V=250 volts, N = 600 rpm, B, =?

EXAMPLE 1.4
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EXAMPLE 1.5

Solution:

Load current I, = =2 = 1004

Shunt field current Ig, = RL =25A
sh

~ Armature current I, = I; + L,

=10254

Generated emf E; =V + I,R, =
265.375 volts
OmPN Z

60 A
_ 604E,

But, E; =

e X ——>

O

= 0.4146 Wb

PNZ

A
—

Electrical
load

A
Ll

The armature of a four pole, lap wound shunt generator has. 120 slets with-4.conductors
in each slot. The flux per pole is.0.05 Wb. The armature resistance-and shunt field
resistance are 0.05 Q and 50 Q:Find the speed of the machine‘when supplying 45 A at

a terminal voltage of 250V.
Data:

P=4,4 =4, slots = 120, 4 conductors/slot, R, = 0:05 Q, R, = 50 Q, @,,, = 0.05 Wb,

I =45A, V=250volts, N =?
Solution:

Z=120x4 =480

Shunt field current Ig, = RL =5A
sh

~ Armature currently = I+ I, = 50 A

Generated emf E; =V +1[,R, =1252.5 volts

PN Z
But, E; = ZinPN. Z
60. A

N=22% = 631 rpm

L€ N>,
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A lap wound dc shunt generator having 80 slots with 10 conductors per slot generates
at no-load an emf of 400V when running at 1000 rpm. At what speed it should be rotated
to generate a voltage of 220V on open circuit.

Data:
Slots = 80, 10 conductors/slot, Eq; =400V at N; = 1000 rpm. For Eg> =220V, N; =?
Solution: I, I
> > + -
Since, Ey = 22002, r
60 A AT I i
. Egl — Nl + ) Rsh | ;
s T = Electrical
Egz Ny Eg F FF 4 Ioa(I:l
Substituting the values . J : |
& N =550 rpm ) . 3

The lap connected armature of a 4 pole, dc shunt generator.is required to supply the
following loads connected in parallel'at 250V: (1) 5 kW. geyser, (i1) 2:5. kW lighting
load. The generator has an armature resistance of 0.2'Q and-a.field tesistance of 250
Q. The armature has 120 conductors in the slots and runs at'1000.rpm. Allowing 2V
for brush contact drops and neglecting friction; calculate flux-per pole and armature
current per parallel path.

Data:

P=4,4=4,7=120,R,= 02 Q, R, =250Q, V' =250 volts, P, = (5§ + 2.5) = 7.5kW,
contact drop =2V, N=1000 rpm, @,,, =2,.1,/A =?

Solution: , . I, I .
Load current I;, = =2 = =—"= 304 g g N
v 250 A g : ;
sh !
Shunt field current I, = Y214 + * Ry, I :
Rsn E vV Electrical
Armature current , =1y + [ = € F  FF | Jor]
314 A : i
Generated emf . E; =V +1I,R, + Voo

contact drop.= 258.2 volts
@mPN Z
60 A

604k, 0.129Wh
m= pNzZ ~

Armature current per parallel path
=31/4="7.75A

But, E; =

EXAMPLE 1.7
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EXAMPLE 1.8

EXAMPLE 1.9

A dc separately excited generator delivers 80A at 240V to a resistive load when
running at 800 rpm. Calculate the load current and voltage if the prime mover speed
is reduced to 600 rpm. The armature resistance is 0.1  and contact drop due to

brushes = 2V. Neglect armature reaction.

Data:

R,=0.1Q, contact drop =2V, V; = 240 volts, I,; = 80A, N; = 800 rpm, For N> = 600

rpm, V>=? 1,2 =?

Solution:

. 240V
Load resistance R; = oon = 30N

When N; = 800 rpm, the generated emf
is,

Egy = Vi + 1R, + brushdrop =

240 + (80 x 0.1) + 2 =250V

Since the field excitation (/) is not
changed, when N, = 600 rpm,

Eg Ny
EgZ NZ
E, = 600 X 250 =187:5V
- 7927800 r O
The new terminal voltage V, =1,,R; =
3lq;
Egp =V, + 1oRy # brush drop
= 3l

+ (I X 0.1) + 2

+ <5
N :
N

Rf l Electrical

L /B
FOur AN
\\ v <_i

(187.5 = 2)
az = T =59.8384

V, =31,, =179.5 volts

A dc separately excited generator is connected to a dc bus of 440V and supplies 500
kW to the load. If the load is reduced to 250kW, what change will be required in the
rotor speed so as to maintain the terminal voltage at same value? Explain this change.
Consider 0.02 Q as resistance between the armature winding terminals and ignore

armature reaction effects.
Data:

R,=0.02 Q, V; =V>=440 volts, P,; = 500kW, P, =250kW, (N>- N;) =?

A
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Solution:
Case-1:
Output power Py; = Vilas

Emf generated Egqy = V) + [51R,
. Egy = 462.727V

Case-2:
Output power Poz = V2l,2

~ I, =568.1814
Emf generated Egp =V, + [3;R,

» Eg = 451.363V

®mPN Z
Zo. <

60 A’ Eg o< DN
Assuming constant field excitation, - @,, =

constant

Since, E; =

2 I, = 1136.3634

Explanation:
The rotating mechanism of every
electrical generator is acted upon
by two different torques. One is
the driving torque (T;) provided
by prime mover and the other one
is counter-acting torque
(T.) produced due to armature
current (I;). WhenT,; = T,, the
rotor speed is constant.

If the load P, is reduced, the
armature current- [, will also
decrease and so will result into

. Eg2 _ N, Np—N; _ Eg2—Eg1

" Eg1 Ny Ny Eg drop in T, Therefore, T; > T, and

The percentage reduction in rotor speéd should ~the retor speed-will«rise. This
be, change will tend to.increase E; as

well as the terminal voltage V.

451.363 — 462.727

462.727 To. »maintain the terminal
voltage. constant at its previous
value, the rotor speed should be
reduced from prime mover side.

1.13 ELECTRICAL MEASURING INSTRUMENTS

Any individual who enters the electrical engineering laboratory to conduct basic experiments will be
using the ammeter, voltmeter and wattmeter. It is always useful to understand the operation of some of
the measuring instruments before actually using the. In this section, we shall discuss the basic principles
of most commonly used instruments.-Measuring instruments are broadly classified in following two
ways.
(a) Absolutetype
(b) Secondary type

(a) Indicating type
(b) Recording type
(c) Integrating type

1.13.1 Absolute Instruments

The absolute instruments are those which present the value of measured quantity in terms of deflection
and physical constants of the instrument. It is not required to compare this reading with that of any
standard instrument i.e. calibration is not required. Example: Rayleigh current bridge, tangent
galvanometer.
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1.13.2 Secondary Instruments

These instruments can be used for the measurement of unknown quantity only if their calibration is
carried out with standard instrument. Example: Moving iron instrument, moving coil instrument
electrodynamic instrument etc.

1.13.3 Indicating Instruments
Indicating instruments indicate the root mean square (RMS) value of the measured quantity that is valid
only for the instant when measurement was carried out. Example: Ammeter, voltmeter, wattmeter etc.
All indicating instruments that indicate the magnitude of measured quantity by means:of pointer
deflection require the following three torques for their operation.

e Deflecting torque (T;)

e Restoring torque or controlling torque (T.)

e Damping torque (po)
At steady state deflection of the pointer, Ty = T,

A. Deflecting torque

Deflecting torque causes the moving system and the pointer.to move from zero position and acquire a
steady state deflection proportional to the magnitude of measured quantity. The production of this
torque depends upon the principle employed in the instrument. Example: Moving iron type, moving
coil type, dynamometer type etc.

B.  Controlling torque

This torque acts in direct opposition to the deflecting torque and limits the movement of the moving
system and ensures that the magnitude of deflection of the pointer is unique and is always the same for
a given value of electrical quantity.to be measured. In the absence of this torque, with deflecting torque
acting alone, the magnitude of deflection will be maximum for all magnitudes of measured quantity and
will not return back to zero position even after the electric supply is disconnected. Control torque can
be provided by following methods: Spring control method, gravity control method etc.

C. Damping torque

Damping torque minimizes the oscillations of the pointer about its final steady state deflection and
makes it steady. In.the absence of this torque, the pointer after reaching to its final position (where T; =
T,) will start oscillating. Therefore, to damp out these oscillations, damping torque is introduced which
is in opposition to the deflecting torque and exists only when the pointer is in motion. Depending on its
magnitude, the damping levels can be classified as underdamped, over damped and critically damped.
It can be provided by following three methods: Air friction or pneumatic damping, fluid friction
damping and eddy current or electromagnetic damping.
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1.13.4 Recording Instruments

These instruments not only indicate the value of measured quantity valid for the instant when
measurement was carried out but also provides a record of variations in it over a predetermined period
of time. Example: Cardiogram, X-Y plotter, strip chart recorder, storage Oscilloscope, data logger etc.

1.13.5 Integrating Instruments
The integrating instruments are those which measure, register and integrate the quantity being'measured
over a predefined period of time. Example: Energy meter, odometer etc.



52 | DC Generator

UNIT SUMMARY

® The electromechanical device that converts mechanical energy into electrical energy is
called as electric generator whereas the one which converts electrical energy into
mechanical energy is called as electric motor.

® The generator receives mechanical energy in rotational form from a device generally
referred as prime mover.

® The motional emf induced in a conductor is given by e = Blv sinf volts where 6 is
the angle between velocity vector v and magnetic field vector B. When .the.conductor
moves at right angle to the flux direction, sinf =4.

® Fleming’s right hand rule is used to determine the direction of ' motional erf induced in a
conductor having flux linkages withda magnetic field.

® The emf actually generated bya de generator is of alternating type-It is converted into dc
by commutator and brushes.

® The armature core and stator pole shoes are laminated to.minimize the eddy current loss.

® The stationary part called of a dc machine is called.as stator and consists of Yoke, poles
and field winding. The armature. core, armature’ winding and commutator together
represents the rotational part ealled as armature.

® The armature coil-sides that lie in'the slots of armature core are termed as conductors.
® The number of conductors = twicethe number of turns.

® The armature:winding:is. of two types: Lap type and Wave type.

® The number of armature conductors per stator pole is called as pole pitch.

® The electrical and mechanical angles are related by 8, = SBm where P = number of poles.

® In lap'winding, the number of parallel paths 4 = P whereas in wave winding 4 = 2.

o PN Z
® The generated emf = no-load voltage = open circuit voltage E; = %Z volts.
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When the brush shifts from one commutator segment to the next, the corresponding
armature coil gets short-circuited and the direction of current in it gets reversed. This
process of current reversal in the short-circuited coil is known as commutation.

Interpoles are employed to cancel the reactance voltage by inducing a rotational emf in
the commutating coil and thus improves commutation.

The centre line of North and South poles is called as field-axis, polar axis or direct axis
(d-axis). An axis exactly midway between the adjacent poles but electrically
perpendicular to the polar axis is also called as interpolar axis.

Effect of armature flux @, on main flux @,, is called as Armature Reaction.

Armature reaction effects are of two types: (a) eross-magnetizing and(b) demagnetizing.
Compensating winding neutralizes the cross magnetizing armature reaction effeet.
Armature voltage equation for a separately excited and shunt generator is V' = (E; — I,R,)
Armature voltage equation for.a dc series generatoriSV =Eg— I,(R, + Ry.)

In self excited generators, availability of residual magnetism in field poles is necessary.

Critical resistance R, of a de shunt generator. issthe maximum magnitude of its field
winding resistance with-which the machine will just excite for a given speed M.

Critical speed N, of a de shunt generator is the minimum value of rotor speed with which
the machine will just excite for'a given‘value of its shunt field resistanceRgy, .

DC compound generator has two field windings, one is connected in series with armature
winding and the otherin patallel.

In compound‘generator, if /@y, and @, are in same direction, it is cumulatively
compounded and-if they oppose each other, it is known as differentially compounded.

Indicating instruments indicate the RMS value of the measured quantity that is valid only
for the instant when measurement was carried out.

Recording instrument provides a record of variations in the measured quantity over a
predetermined period of time.

Integrating instrument integrates the measured quantity over a predefined period of time.
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EXERCISES

Multiple Choice Questions

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

In dc shunt generator, the machine builds up its voltage from zero due to,

(a) permanent magnets
(b) residual magnetism in the poles

Dummy coil is used to,
(a) to maintain mechanical balance
(b) to minimize the power loss

Carbon brushes are mounted,
(a) on MNA between adjacent poles
(b) at the centre of North pole

(c) external voltage source
(d) armature current

(c) to fulfil the pole pitch
(d) to generate emf’

(c) atrthe centre of South pole
(d)in the armature slots

The emfinduced in the armature of a dc generator is,

(a) directly proportional to main flux and
inversely proportional to rotor speed
(b) inversely proportional to main flux and
directly proportional to rotor speed

(c) direetly proportional to main flux and to
rotor speed both
(d) inversely proportional .to main flux and to

rotor speed both

The electrical angle between adjacent opposite poles of a 4-pole generator is

(a) 45°
(b) 180°

(c) 90°
(d) 360°

The armature of a dc generator having lap winding consists of 72 slots with 6 conductors per slot.

The number of commutator segments will be,
(a) 216
(b) 432

(c) 108
) 72

A 4-pole dc machine has 12 slot armature with lap ' wound progressive winding and 2 coil sides per

slot. The front pitch will be,

()3
(b) 6

(©7
(d)5

In a dc machine, the armature mmf is always directed along the,

(a) polar axis
(b) brush axis

Due to armature reaction, the shift in MNA is,
(a) in the direction’ of rotation of rotor for dc
generator and against the direction of rotation in
dc motor

(b) in the direction of rotation of rotor for dc
generator and dc motor both

(c) interpolar axis
(d) none of these

(c) in the direction of rotation of rotor for dc
motor and against the direction of rotation in dc
generator

(d) against the direction of rotation of rotor for
dc generator and dc motor both

In a dc machine, the armature reaction and inductance of commutating armature coil results in,

(a) linear commutation
(b) delayed commutation

Under commutation results into,

(a) sparking at the leading edge of brushes

(c) over commutation

(c) Sparking at the middle of brushes



1.16

1.17

1.18
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(b) sparking at the trailing edge of brushes

(d) no sparking at all

Interpoles in dc machine are employed to counteract the,

(a) cross magnetizing effect of armature mmf in
commutating zone and the reactance voltage
(b) demagnetizing effect of armature mmf in
commutating zone and the reactance voltage

Polarity of interpoles is,

(a) same as that of main pole ahead in dc
generator and the main pole behind in dc motor
(b) same as that of main pole ahead in dc motor
and the main pole behind in dc generator

(c) reactance voltage alone

(d) armature mmf

(c) same as that of main pole ahead. in dc
generator and in dc motor both
(d) same as that of main pole behind in dc
generator and in dc motor both

In a dc machine having interpoles as well as compensating winding,

(a) Interpole winding and compensating winding
are connected in series with armature winding

(b) Interpole winding is connected in series with
armature winding whereas compensating <in
parallel

(¢) Interpole winding and compensating
winding are connected in parallel with armature
winding
(d) Interpole winding is connected-.in parallel
with armature winding whereas compensating
in series

The critical resistance in dc generator is the resistance of its,

(a) armature winding
(b) field winding

Effect of armature reaction is.to,
(a) weaken the main flux
(b) strengthen the main flux

(c) commutating winding
(d) compensating winding

(c) reverse the main flux
(d) protect the main flux

For voltage build up.n a de series generator, it is necessary that the,

(a) armature circuit should be closed

(b) armature circuit should be open

For voltage build up in a de shunt generator, it is necessary that the,

(a) field resistance should be greater than critical
resistance
(b) field resistance should-be‘less-than critical
resistance

Answers of Multiple Choice Questions

(c) field resistance should be equal to the
critical resistance

1.1 (b)
1.10 (b)

1.2 (a) 1.3 (a) 1.4 (c) 1.5 (b)

L11(b)y 112 113(a) 1.14(a)

1.6 (a) 1.7 (d) 1.8 (b) 1.9 (a)

1.15 (b) 1.16 (a) 1.17 (a) 1.18(b)
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Short and Long Answer Type Questions

Short Answer Questions

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.20

Name the different components of dc generator.

What are the functions of Yoke?

Describe construction of a commutator.

What will be the effect of rise in speed on the induced emf of a dc shunt generator?

What will be the effect of reduction in excitation current on the emf'of a separately excited generator?
What is the effect of change in load on the terminal voltage of a dc shunt generator? Explain.
Why the brushes should be placed on magnetically neutral axis?

What is reactance voltage in dc generator?

Explain the difference between shunt, series and compound generators based on construction,
Distinguish between commutating winding and compensating winding.

How will you adjust the terminal voltage of a dc shunt generator?

Compare slip ring, split ring and commutator.

What should be properties of the insulation between adjacent commutator segments?

How to decide the width of a carbon brush?

What is the purpose of key hole in the armature core?

How laminated core helps in reducing eddy current loss?

Why sparking is produced between brush and commutator?

What should be done to minimize this sparking?

What is armature reaction?

Why brush axis should be displaced from GNA?

Long Answer Questions

1.1

1.2
1.3
1.4
1.5
1.6

1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14

1.15

With the help of labelled diagram, explain‘the construction.of dc machine and functions of its
different parts.

What is a commutator? Explain its need and operation in dc generator.

What is the cause of sparking between the commutator and brushes? How it can be minimized?
Explain (i) resistance commutation and (ii) voltage commutation

Discuss the function and working of interpoles:

Why is it required to shift.the'brush axis in a.dc machine? Compare this shift when operating as a
generator and as motor.

What is compensating winding? Explain its connection and operation.

Classify dc machine.into different types.

Discuss the working of self-excited generators.

Explain the terms (i) critical resistance and (ii) critical speed.

Explain armaturereaction. Discuss its effect on the machine performance.

Why do the terminal voltage of a dc shunt generator drop with rise in load? Write relevant equations.
Discuss the different types of losses in dc machine.

What are the different types of electrical measuring instruments? Briefly explain each type with
examples.

Discuss briefly the difference types of torques required in indicating instruments.
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Numerical Problems

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

A 6-pole dc generator has 250 armature conductors and runs at 1000 rpm. If the no-load emf
generated across the armature winding terminals is 500V, calculate the useful flux per pole when

the winding is (i) lap connected and (ii) wave connected.

In numerical problem 1.1, for the same value of flux per pole, if 600V is to be generated on open

circuit across armature winding, at what speed the rotor should be rotated? Consider lap connection.

A dc separately excited generator having 0.04 Q armature resistance and 2V brush drop supplies

125V and 200A to a load resistance when running at 1000 rpm. If the speed is reduced to 800 rpm,

what will be the new current and voltage supplied to the load. Neglect armature reaction.

A 6 pole dc generator has a simplex wave wound armature and flux per pole of 0.02Wb: If the

prime mover speed is 750 rpm, what should be the number of armature turns to generate an emf of
500V. If the rotor speed is increased to 1000 rpm, calculate the emf generated considering the same
number of turns and flux per pole.

The lap wound armature of a 4 pole dc generator has90 slots and 6 conductors per: slot. If the

machine runs at 1400 rpm, what will be the generated emy. If the current per conductor is 120A,

determine the rated power output. Consider flux per pole equal to 50 mWb:

A 6 pole dc generator has wave wound armature with 36 slots, 2 coil sides per slot and‘8 turns per

coil. If the axial length of each pole is 18 cm and the mean diameter of the airgap between stator

and rotor is 25 cm, calculate the emf generated across armature winding.-Assume the average flux

density over one pole pitch equal to 0.8 Wb/m?.

The lap connected armature of a 4 pole dc machine is 14.5-‘cm in radius.and 21 c¢m in active axial

length. It has 33 slots and 33 coils each having only 11 turns. The arc of each pole shoe is 70% of
the pole pitch. If the average. flux density per pole.is 0.8 "Wb/m? and rotor speed is 1200 rpm,

calculate the armature induced em/f. Also find the current per conductor if the armature current is

240A.

A dc short shunt compound generator has.wave connected-armature winding and R, = 0.15.2,

R, = 0.050, Ry, =110 Q. The number of poles are 4 and brush contact drop is 0.9V per brush.

If the machine delivers 230V and 50A to-the load, calculate the emf generated and current per

armature conductor.

Answers of Numerical Problems

1.1 0.12Wb/pole, 0.04 Wb/pole; 1.2 1200 rpm; 1.3 159.4A, 99.6V; 1.4 333 turns, 666.6V;
1.5 630V, 302 kW 1.6 650V 1.7 389V, 60A 1.8 242V, 26A
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PRACTICAL

Aim: To dismantle a DC machine

Different parts of a dc machine are shown in Fig. 1.15. It is redrawn below.

Fan cover End cover

Poles and field winding

End cover
Fig. 1.39 Different parts of dc machine
Machine specifications:
Refer to the name plate of the machine and note down following specifications.
kW/HP: Frame: RPM:
Insulation Class: Armature Voltage: Duty:
Type: Armature Current: Max. Ambient Temp. (°C):
Cooling: Field Voltage: Weight (kg):
Protection: Field Current: Enclosure:
Make:
Precautions:

The following precautions should be taken while dismantling a dc machine.

1. Before starting the disassembling or re-assembling of a dc machine, refer to the respective
manufacturer’s manual for specific precautions. Check whether, it is a horizontal assembly machine
or a vertical assembly machine.

2. The stator of a dc machine has two sides. The side where commutator is located is called ‘non-drive
end’ (N-end) and the other side where the shaft can be coupled with the mechanical load or a prime
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mover is called as ‘drive end’ (D-end). The armature should be dismantled or reassembled only
from the drive end of the stator.

3. When pulling a ball bearing, force of the bearing puller should be exerted only on the inner race to
remove the bearing from the shaft.

4. When using the bearing puller, protect the shaft end.

5. Do not use sharp edged tools.

6. Drain the oil from bearings (if any) before removal.

Procedure:

1. First remove the external electrical connections.

2. Remove air ducts if any present at the place of installation and dismantle the machine from
foundation.

3. Disconnect the machine from the mechanical drive< Mark the positions ‘of both halves of the
mechanical coupling before disconnecting.

4. Remove accessories and inspection covers.

5. Loosen the leads and cables coming from the two windings into the terminal box: Label the cables
and connections before disconnecting them.

6. Disconnect the wires present at the brush gear (brush rocker) which.go to the stator.

7. Take out the carbon brushes from the brush holder by releasing the spring pressure present on them.

8. Wrap a suitable insulating cover around the commutator to protect it from any damage during the
dismantling.

9. Place wooden blocks under the stator so that both end covers (end shields) become unsupported.

10. Remove the terminal box.

11. Remove the outer bearing cover at non-drive end.

12. Place a suitable insulating material between the stator and rotor to avoid any damage.

13. Unscrew the fixing bolts that tie the.end cover to the stator and remove the end cover at non-drive
end.

14. Take due care to ensure that.the main gasket between end cover and the stator is not damaged.

15. Now proceed to the drive.end and remove the outer bearing cover at that side.

16. Repeat steps 12 and 13 at drive end.

17. Take out the armature out of the stator from the D-end side without knocking on commutator.

Observation:

Draw diagram or capture. a photograph of every dismantled part of the machine by a camera and paste its
print copy in the journal: Discuss briefly the construction, material and functions of each part. Refer Section
1.3 for details.

Conclusion:
The given dc machine is of type with ratings kW, volts and rpm. It is
successfully dismantled and the different components are studied.
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APPENDIX

Ampere’s Right Hand Thumb Rule

This rule is applied to determine the direction of
magnetic field or the flux produced by a current
carrying conductor. Imagine that the current
carrying conductor is held in the right hand as
shown such that the thumb indicates the direction
of current. Then, the rest of the fingers will
indicate the direction of flux established by this
current.

Maxwell’s Cork Screw Rule

The direction of magnetic field or flux due to a
current carrying conductor can also be determined
by applying Maxwell’s Cork Screw Rule. Imagine
that you are holding a right threaded screw in your
hand. Let the screw be rotated such that the screw
advances in the direction of current as shown.
Then, the direction of rotation of the screw will be
the direction of magnetic flux produced by the
current.

Dot and Cross Marking

Imagine a current: carrying conductor that is
perpendicular_to the plane of this paper. The
direction of current coming out of the paper is
represented by a ‘Dot’ while that entering into the
paper is represented by a ‘Cross’.

The above discussed Right Hand Thumb Rule or
the Cork Screw Rule can be employed to
determine the direction of flux produced by these
currents. This is as shown in figure.

Magnetic flux
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M tic flu
Current 7 (amp) ag}nc '
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Ampere’s Right Hand Thumb Rule
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Maxwell’s Cork Screw Rule
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Dot and Cross Marking
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Direction of flux established by a current carrying coil

The direction of magnetic flux established by a current carrying coil can be determined by applying the
above discussed Right Hand Thumb Rule or the Cork Screw Rule as shown. If the current in the coil is
reversed than, the flux will also get reversed.

To determine the direction of flux produced by a current carrying coil (not by a single conductor), it
is convenient to orient the four fingers of right hand in the direction of current flowing in different turns
of the coil. The thumb will then indicate the direction of flux established on the inner side of the coil.
This will be usually required in rotating machines.
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Direction of flux established by a current carrying coil
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KNOW MORE

Energy in electrical and magnetic forms exist since the birth of universe. Development of systems for
the conversion of energy into electrical form took place since 18™ century. However, it is believed that
in ancient India, the ‘Agastya Samhita’ written around 4000 BC by sage Agatsya describes the.method
to make dry cell with 1.138 volts and 23mA, the electroplating process and hydrogen balloons. It also
mentions that water can be split into oxygen and hydrogen. The text in ‘Agastya Samhita’ says,

TEITCY HUAY 9T AHYS GEEPAH| BTeATea@aids eI Srearag#. |
gEdTSel [AUTcad: URereaIfeaTad: | FAMeSd daoil AAasuraiad#

Which means, “Place a well-cleaned copper plate in an earthenware vessel:. Cover it first by copper
sulfate and then by moist sawdust. After that, put a mercury-amalgamated zinc sheet.on top of the
sawdust to avoid polarization. The contact will produce an energy known by the twin name of Mitra-
Varuna. Water will be split by this current into Pranavayu and Udanavayu.A-chain of one hundred jars
is said to give a very effective force.

When a cell was prepared according to Agastya Samhita-and measured, it'gave open circuit voltage
of 1.138 volts, and a short circuit current of 23 mA. The modern electrochemical battery cell resembles
Agastya’s method of generating electricity [6].

In 1831, the Michael Faraday’s law. of induction made it clear that an inter relationship exists
between electric and magnetic circuits. He also-discovered the operating principle of electromagnetic
generators in 1831-1832. The first kind of electric generator.was a homopolar generator which used a
copper disc rotating between a pair of poles of a horseshoe.magnet. This is named as Faraday’s disc.
When the disc was rotated by external means in the field of permanent magnet, it induced an electric
current radially outward from the centre of the disc towards its edge. A stationary sliding spring contact
‘m’ which was connected to external terminal ‘B’* was used to carry the current from periphery of the
disc. The current flowed out through the spring contact ‘m’, to the external load and back into the centre
of the disc through the axle and contact “B’. This design was found inefficient due to the limited power
output. It could produce.a small dc voltage due to single current path through the magnetic field. The
output dc current of a homopolar generator is high of the order of 1.0 kA when rotated at very high
speeds (of the order'of 20,000 rpm) but the output voltage is small of about 5V.

Later, other researchers found that if multiple turns of wire in a coil are used in place of the disc, it
could produce more voltage because the output voltage induced in the coil is directly proportional to
the number of turns in the coil. So it became possible to design generators to produce any desired voltage
by varying the number of turns. Thus wire winding became an essential component of all subsequently
designed generators. Thereafter, came the era of hetropolar generators where the conductors and coil
sides are made to face the North and South poles alternatively due to which they experience repeated
reversals in the direction of magnetic flux. This was not the case in homopolar generators.
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2 Direct Gurrent Motor

UNIT SPECIFICS

Through this unit the following aspects are discussed.:

e Principle of operation of Direct Current (DC) motor;

o Concept and significance of back emf;

o Application of Fleming’s Left Hand Rule;

o Concept of torque, speed and BHP;

o Types of DC (dc) motor and voltage equations,

o Losses and efficiency;

o DC motor starter.ANecessity and types;

e Brake test and speed control methods of dc.shunt and dc series motor;

e QOverview of brushless dc motor.
Detail explanation with sufficient number of illustrations and solved examples are covered in this
Unit to enable the readers get. an effective  understanding of the machine. Multiple-choice
questions, questions for short and long answers and numerical problems following the lower and
higher order of Bloom’s taxonomy, are provided for practice. References and a dynamic QR code
are given at the end for suggestive self-learning.

Laboratory experiments on demotor along with the required details are also provided to enable
the students perform them in‘laboratory and write effective reports. This is followed by a “Know
More” section. 1t is designed to offer opportunity to the readers to explore more on the topic.

RATIONALE

For a while, imagine your life without fan, pump, blender, refrigerator, vacuum cleaner, washing
machine, air conditioner, dishwasher, printer etc. Imagine that the manufacturing industries do
not use electric motor. With such a strange assumption, you will be shocked to visualize that the
current standard of living of humans has reverted back by at least a century.
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Most of the present-day comforts of our daily life right from household appliances,
transportation to industry systems have become possible because electric motors are employed to
realize them into fact. Electric motors are extremely important in modern day to day life. They turn
the wheels of progress at a new speed and help to accelerate the working of existing systems. Every
electrical engineer should be aware of the different types of electric motor and their characteristics
so as to be able to select the appropriate one for a given application. Electric motors are broadly
classified on the basis of the source for which they are designed, as dc motors and ac motors. The
conventional ac motors are further classified as induction motors and synchronous motors. This
unit will present and explain the details of dc motor. Note that, the dc motors are excellent in-terms
of controllability and hence are considered as a role model for conventional ac motors.

PRE-REQUISITES

Basics of Electrical Engineering

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U2-O1: Discuss the different types of dc motor and their operation, formulate the voltage and
current equations, draw the characteristics and suggest applications;

U2-02: Explain the significance of back emf, need of starter.and discuss the starter types;
U2-03: Calculate the unknown quantities of dc motor at different operating conditions;
U2-0O4: Apply Fleming'’s left hand rule to determine the direction of torque;

U2-05: Explain speed control methods and-compare them on the basis of merits and demerits,
U2-06: Discuss the construction and working.of brushless dc motor;

U2-07: Perform experiments on dc.shunt'and dc series motors and evaluate the performance.

EXPECTED MAPPING WITH COURSE OUTCOMES
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
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2.1 INTRODUCTION

Now, as we have reached to a good understanding of dc generators, we can initiate our study on dc
motors. DC motors are used to convert the dc electric energy into mechanical energy of rotational form.
This mechanical energy then can be used to drive the mechanical systems right from everyday
household tools like fan, pump to heavy industrial machinery like punch press, hoist, crane, automobile,
steel plant, paper plant etc.

DC motors are suitable for a wide range of speed control as well as for fast reversals. They offer
fast response to any change in reference speed during the speed control and can also generate high
starting torque. However, the use of dc motors in ordinary industrial applications is not common due-to
its high initial cost and high maintenance requirement as compared to Variable Frequency Drive (VFD)
controlled ac motors. The wear and tear of commutator and brushes is one of the common cause in dc
machines that attract more maintenance. DC motors are preferred for special industrial‘applications in
steel mills, mines and electric trains.

2.2 DC MOTOR: OPERATING PRINCIPLE

DC motor has the similar construction as that of dc generator and consequently; a dc machine can be
used as a generator or as a motor provided that it also has interpoles on the stator. Refer to Section 1.3
and 1.8.1 of Unit-1 to revise the construction of de machine and interpoles.

Now, consider a dc motor as shown in Fig. 2.1. Let the field winding on stator poles be connected
across a dc voltage source so that the current flowing in it will magnetize the poles and establish a main
magnetic flux @,, between them. Also connect a dc voltage source V; across the terminals 4 and A4 of
armature winding so as to establish a current I, in the armature winding. Note that, when the dc machine
is used as a generator, the terminals of armature winding are connected across an electrical load whereas
if you want to use it as a motor than, the armature terminals are connected across a dc source.

Yoke Field winding carrying

externally supplied dc
current
Ammature conductor

carrying current /,

Stator pole or
Field pole

Commutator Armature
Carbon (rotor)

brush

Fig. 2.1: Schematic diagram of a basic dc motor
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Since the armature winding comprises of ‘Z” number of interconnected conductors that are configured
in ‘4’ number of parallel paths, let the current in each conductor be ‘I’ such that, / = I,/4. Recall that,
for Lap winding, 4 = P and for Wave winding, 4 = 2. (See Section 1.2.1, 1.5.1 and 1.6 of Unit-1 for
the meaning of conductor and parallel path).

Thus, the armature conductors which are carrying current will be surrounded by the main flux @,,.
Interaction between main pole flux @,,, and armature current /, will result into the production of physical
force on all armature conductors. If ‘£” metre is the active length of each armature conductor and ‘B,,’
weber/m? is the average flux density due to field poles than, the force produced on every single
conductor will be,

F. = B,,I1¥ Newtons (2.1)

If the sum of forces produced on all conductors is multiplied by the radius of armature. ‘7’ than the
resulting product will be the electromagnetic torque T, developed on the armature. This torque will set
the rotor in motion. For better understanding of the operation, consider an armature winding having
only one coil that is housed in two diametrically opposite slots: When ‘external dc currents are passed
through both, field winding and armature winding, they will establish the -main flux @,,, and armature
flux @, respectively. The direction of these currents can be represented by Dot and Cross marking. The
direction of fluxes produced by them can'be obtained by applying Right Hand Thumb Rule. (Refer to
the Appendix of Unit-1 for details of Dot-Cross marking and Right-Hand Thumb Rule). This is as shown
in Fig. 2.2(a) and (b). Depending on the respective directions of @,,, and @,, they will aid each other on
one side of the armature conductors and oppose each.other on the other side. This will increase the net
flux density on one side of armature conductors and reduce it on the other side as shown in Fig. 2.2 (c).

Fig. 2.2: Development of electromagnetic torque in a dc motor, (a) main flux @,,, alone,
(b) armature flux @, alone, (c) resultant of @,,, and @,
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By virtue of the basic property of magnetic flux that it always attains the shortest and least reluctance
path between the North and South poles, forces F, will be developed on the armature conductors in the
direction as shown in Fig.2.2(c). Collectively, F, of all conductors will result into the production of an
electromagnetic torque T, on the rotor and push it to rotate. If the direction of either @,,, or /, (hence @)
is reversed, the direction of torque will also get reversed and the rotor will rotate in opposite direction.
But if both @,,, and @, are reversed than, the direction of torque and direction of rotation will remain
same. The directions of force, electromagnetic torque and rotor rotation can also be found out by
applying Fleming’s Left Hand Rule. It is explained in the next section 2.2.1.

Once the armature starts rotating, the armature conductors will cut the main flux @,, and have flux
linkages with it. By Faraday’s law, these flux linkages will induce motional emf (i.e. speed emf) in the
armature conductors similar to that in generator operation discussed in Section 1.2 of Unit-1.-According
to Lenz’s law, the motionally induced emf opposes the dc.voltage across armature. The polarity of
induced emf can be determined by applying the Fleming’s Right Hand Rule and it will be found that
this emf during motoring is always in opposition to the polarity of sourcevoltage V; that is connected
across the armature winding. Hence it is called as‘Back emf (Ep) or counter emf. Thus, at rotor speed
N =+ 0, the armature circuit will have two types of voltages, source-voltage ¥;and back emf E;,. The net
voltage in armature winding will be the difference between themi.e. (V. — E}). At the time of starting
when motor is initially at rest, the motional or speed induced back-emyf, E,'= 0. Therefore, to restrict
the magnitude of current /, within safe limits during starting, certain provisions are suggested.

2.2.1 Fleming’s Left Hand Rule

This rule is employed to determine the direction of force (a physical quantity) developed on a conductor
which is carrying current and is placed in a magnetic field. Like Fleming’s Right Hand Rule, this rule
involves three different domains i.e. electrical, magnéetic, and physical. To apply this rule, three fingers
of left hand i.e., first finger, middle finger and thumb are stretched away from each other such that each

of them gets aligned perpendicularly with theremaining two. This is shown in Fig. 2.3 and 2.4.
Direction of force Direction of magnetic field
developed on the J in which the current carrying
=)

conductor conductor is placed
Force

"\ /_,-/9/' F Field B
\ g
/'1.

b\ _—~
! \ -

| w 90°
! \ T~

."I: \ | ~ 90°

/ f;--hh“xllx .\\\
/ — ~)
7B TN

\ " Direction of current already
/ flowing in the conductor

(a)
Fig. 2.3 (a) Fleming’s Left Hand Rule (b) Vector notation

Current /

(b)
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The alignment of these fingers will be as:

o First finger is oriented in the direction of magnetic field (North to South) in which the conductor
under consideration is placed.

o Middle finger is oriented in the direction of current flowing in that conductor.

o Thumb will give you the direction of force developed on the conductor which will set it in motion.

N N Current

Force F.
Fo;::e 2 '/Zé Lén 00° s l ‘g\{’\?}i F(;ce
\\Ng\g\) : l Cur[rent . l XK (/‘/‘/ > c
S N ! Flux ¢,, S N

(a) Current I, coming out of the paper (b) Current I, entering into. the paper

9
Force F,

Flux ¢,

Fig. 2.4 Use of Fleming’s Left Hand Rule to determine the direction of Force

2.2.2 Significance of Back emf

It was explained in Section2.2 above that, after supplying the de¢ currents both in field winding and
armature winding, the interaction between fluxes produced by them results into an initial starting
electromagnetic torque on the armature due to which it starts rotating. Due to the rotation of armature,
the armature conductors that are housed'in its slots will cut the main flux @,,,. This cutting action will
induce a back emf Ej in the armature conductors. whose direction is always opposite to the dc source
voltage V; for motoring action.

The process of production of back emf .Ep in a dc motor is identical to the production of generated

emf Eg in a dc generator. Therefore, for the same dc machine, |E,| = |Eg | Hence, from equation (1.8),
@.,PNZ
= - 2.2
b 0 4 Volts (2.2)
It can be simplified-as,
E, = K,w®,, (2.3)
Where,
Pz
K, = (—) = voltage constant
2TmA
21N . .
w = ;T—O = angular speed of rotor in radians/second (rad/s)

N= rotor speed in rotations per minute (r.p.m.)
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If R, denotes the resistance of armature winding than the voltage equation in armature loop will be
(neglecting the brush contact voltage drop),

V, = E, + IR, (2.4)

. Armature current will be,
_ Vi—Ep
I, = R.
To ensure low value of armature copper loss, high output

(2.5)

power, and low voltage drop, the armature winding resistance
R, should be less. Ideally, it should be zero. Fig. 2.5 Armature equivalent circuit

During starting condition, (starting condition implies that initial transient period when both windings
are connected across the dc source but the rotor has notyet started rotating);speed. N = 0 and therefore
from equation (2.2), the back emf is zero. Consequently, the armature current during starting condition
will be very high. This can be verified from equation (2.5).

Consider a dc separately excited motor having rated input voltage and rated armature current of
220V, 11.36A respectively (Rated current is also referred as. full load current).'Let R, = 1{). During
starting condition when N = 0, back emf E;, = 0« The armature current from equation (2.5) will be,

220 -0
= 220A

a(N=0) =

This initial transient starting current is significantly higher than the rated value of current and therefore
it produces high copper loss in the armature winding: Consequently, more heat will be dissipated and
may result into insulation damage. But once the rotor starts.rotating, N # 0. and the magnitude of back
emf starts building. When the rotor speed reaches closetorated value, E}, reaches close to the magnitude
of supply voltage V;. Obviously,. the net voltage in armature winding will now reduce from V, to
(Vi — E},) and therefore, the magnitude of transient starting current also comes down to a lower steady
state motoring value of armature current.

Thus, the presence of back emf E}, régulates the magnitude of armature current /, within safe limits.
In the absence of Ej, the current magnitude becomes dangerously high.

2.3 TORQUE AND SPEED

The turning effect of a force is called as torque or moment of the force. It is a measure of the rotational
force that can cause an object to rotate about an axis. The unit of torque is Newton.meter (Nm). Sections
2.2 and 2.2.1 have provided a detail explanation about how a force is developed on all armature
conductors when they carry current and are placed in the magnetic field of stator poles. This force on
each conductor was given by equation (2.1) and is reproduced below.

F. = Bg,I1¥ Newtons
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Where B., is the average magnetic flux density in the air gap, / is the current per armature conductor
and ¢ is the length of armature conductor (The length of armature conductor € = axial length of
armature core = axial length of stator field poles). B.,can be expressed as,

total main flux _ DpP

% " total airgap area encountered by this flux  27mrf

Where, @,,, = main flux per stator pole in weber, P = number of stator poles and » = mean radius of air
gap (or by approximation, » = radius of armature core) in meter. The current per conductor. can be
expressed in terms of armature current as,

Where, 4 = number of parallel paths in armature winding. In Lap type armature winding, 4 = P whereas
in Wave type winding, 4 = 2. (See Section 1.5.1 & 1.7 fordetails). Let Z = number of armature
conductors in the armature winding. The sum of forces developed on all. armature. conductors can be
obtained by substituting the values of B, and / in above equation of F. 'and then multiplying by Z as,
@.PZI,
T omr A
The armature torque will be,

T, = Sumof all F, X radius = F Xr

- (5-) >0 (2:6)
* “Aag) 4 Pnle gy
The above torque expression canbe simplified by replacing all
constant terms as,
-~ Armature torque = T, =K.0;,1, Nm 2.7 Fig. 2.6 Force and torque

1\PZ
where, K, = (E) a Torque-constant

Thus, the armature torque is directly proportional to the product of main flux and armature current.
Theoretically, torque constant K; is same as Voltage constant K,.

2.3.1 Shaft Torque

Whole of the armature torque 7, as calculated above is not available at the motor shaft. Some part of it
is lost in overcoming the mechanical power loss. This mechanical power loss is due to the friction at
bearings and the opposition of surrounding fluid (air) to rotation. Hence, it is also called as friction and
windage loss. Therefore, the shaft torque Ty is,

T, = T, — torque lost in overcoming mechanical loss
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It can also be expressed as,

Shaft power output in watts P, (2.8)
T = N = j Nm

(“™"/60)

where,
2nN . .

w === Angular speed of rotor in radians/second (rad/s)
N = Rotor speed in rotations per minute (r.p.m.)
Py, = Shaft output power (W)

2.3.2 Brake-Horse-power

The mechanical power output available at the shaft Py,can be expressed in watts (W) as well as in
brake-horse-power (BHP). It is this power that drives the mechanical load.-Hence:BHP is the
mechanical power available at the shaft. This shaft power Py, can be calculated using equation (2.8).
The conversion between two units of measurement is,

1 horse power = 746 watts (2.9)

A 20 cm long copper conductor is placed in a magnetic field of flux density 1 Wb/m?.
If a dc current of 1A is passed through the conductor; what will be the force developed
on it?
Data: B=1Wb/m?’, £=02m I'= 1A F. =2
Solution: From equation (2.1),
Force F, = BI¥

=1x1x02=02N

EXAMPLE 2.1

A 4 pole, lap wound'dc motor has'60 slots on the armature and 20 conductors per slot.
The flux per pole is 20 mWb. If the armature current is 60A, calculate the torque
developed in the acmature,

Data: P.=4, A~="P = 4 (since lap connected), slots = 60, conductors per slot = 20,
@, =20 X107 Wh, 1,=60A, T,=?

Solution:

Total number of conductors Z = 60 X 20 = 1200

From equation (2.6), T, = (i) }jTZ Ol

=229.3 Nm

EXAMPLE 2.2

1 4x1200x20%x1073x60
2 Ta = [—
2T 4
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EXAMPLE 2.3

A 6 pole, 480V, lap wound dc shunt motor has 864 armature conductors. The flux per
pole is 0.05 Wb and armature current is 100A. If the armature resistance is 0.2 Q,
calculate the rotor speed and torque developed in the armature.

Data: P=6,4A=P=06,V, =480V, Z =864, ®,, = 0.05 Wb, [, = 1004, R, = 0.2 Q,
N=2T,=?

Solution:
From equation (2.4), Back emf E, = (V; — I;R,) = 480 — 100 x 0.2 = 460V
From equation (2.2), Back emf F, = 2222
- Speed N = —2%%%. _ 639 rpm
0.05X6X864

From equation (2.6), T, = (%) % 1
Substituting all values,
7, =687.89 Nm

2.3.3 Ratio of Back Emf to Armature Torque

From equation (2.3), back emf'is,

Eb = Kea)¢m

From equation (2.7), armature torque is, T, = K;@, 1,

Where K; = K, = (i) %Z = torque constant-=.voltage constant

L Epw
’ Ta Ia
OF, 1, & 0T,

In rotating electrical machines,

(2.10)

Torque (Nm) X Angular speed (rad/s) = Back emf X Armature current = Power (watts)

Thus in equation (2.10), wT, Tepresents power, It also means that, E; I, is power. Thus, E; I,= electrical

equivalent of mechanieal power developed in the armature. This can also be verified from the armature

voltage equation,

Vi =E, + IR,

Multiply both sides by /., the power equation will be,

Vil, = Epl, + I2R,

Where, VI, =  Electrical input power drawn by the motor from dc source in watts

~ Epl, =

I12R, =  Armature copper loss in watts

Electrical equivalent of the mechanical power developed in the armature in watts
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2.3.4 Speed

The production of electromagnetic torque 7, on the armature results into its acceleration. A drive
continues to rotate at a steady state speed when torque 7, equals the opposing load torque 7. Expression
for rotor speed can be derived from the basic voltage equation (2.4), back emf'equation (2.3) and torque
equation (2.7) given above. They are reproduced below.

Vi =E, + IR,

Ey, = K.w®,,

Ta = Ktwmla
Where, K, = K; = (i)%z
w = % = rotor speed in radians/second, expressed inangular form.
N = rotor speed in rotations per minute (r.p.m.)

Substituting the value of £} in above voltage equation, the rotor speed in.rad/s will be,

Ve — 4R, Vi R, (2.11)
W =— = —— 7 I
Ke Qm Ke Qm Ke Qm
From above torque equation,
Ta Ta

1, = =
\ Kt q)m Ke Qm
Where, K, = K. Substituting this value of armature current in above speed equation, the expression for
rotor speed in terms of armature torque and input.voltage will be,

(2.12)

Vi Rg
w = O Fax ar ]
[Kewm Kepy? (a] TAS

From above speed equation, it is observed that the rotor speed is directly proportional to input voltage
V; but it is inversely proportional to the main flux @,,.

Initially after the motor is.connected to the source, the electromagnetic armature torque 7, will start
building up and the rotor will accelerate from zero speed. At a condition when the magnitude of T,
becomes equal to all the-opposing torques 77, the rotor speed becomes constant and such a situation is
called as steady-state condition or equilibrium condition. These opposing torques are also called as load
torque 77 and they are primarily due to the opposition offered by mechanical load, friction and windage.
Note that during the-.motoring action, 77 acts in opposite direction to 7, and both act on the same rotating
system. Usually, the mechanical loads like hoist, conveyer, winder, lathe machine, fan, pump, blower,
propeller, press etc. are mechanically coupled to the motor shaft through a rope-pulley mechanism,
gear-train, belt-drum system or by direct coupling.

After the steady state condition is achieved, if the mechanical load on the shaft is increased, the
load torque 7; will increase and will become greater than 7. Obviously, the rotor speed will start
drooping. To overcome this rise in 77, the armature torque 7, should increase till it again becomes equal
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to T;. Equation (2.12), indicates that in such a situation, there will be corresponding drop in the rotor
speed. This justifies why the rotor speed decreases due to the rise in mechanical load on the shaft.
A 230V dc shunt motor draws a no-load current of 3A and full-load current of 30A
from dc supply. If the armature resistance is 0.4 Q, what will be the change in back
emf from no-load to full-load condition?
Data: V; =230V, Iy = 3A, 151y = 304, (Epny — Epnry) =7 Ra=0.4Q
Solution:
From equation (2.4),
Back emf E, = (V, — I,R,)
Since, Ry is not given and since, normally
R >> Ray o Iy K 1y, = letI=1,
At no-load:
Epery = (Ve — Lo Ra) = 228.8V
At full-load: Ep(ryy = (V — IprnRa) =218V

- There will be a drop in back emf of 10.8V
from no-load to full load.

ey
“E

=
[l

e
]

|
Vv

EXAMPLE 2.4

A 220V, 4 pole, dc shunt motor has 500 armature conductors-and two parallel paths.
The armature and shunt field resistances are/0.25Q and 125 Q respectively. If the flux
per pole is 0.02 Wb and input current is'12 A, caleulate the speed and torque developed
in armature.

Data: V; =220V, P=4,7=.500, A =2, R, = 0.25Q, Ry, = 125Q, @,,, = 0.02 Wb,
I=12A. N,and T,=7?,

Solution: R

Shunt field current Igy = :—fh =1.76 A o

Armature current I, =1.— I, =10.24A v, §+ 5

Back emf E,y = (Vp = 1,R,) =217.44A T.

Back emf‘is-also given by equation (2.2) as, i

@,,PN Z o«
57760 A

ol Substitute all values to get speed The rotor angular speed
O - N =652 rpm w =2 = 6827 radls
L From equa'tion (2.10), the electrigal equivalent . Armature torque =
aa of mechanical power developed in the armature E.l
= is, £, 1, = wT, T, =—2%=13261Nm
< w
> ~ Eyl, = 2226.58W
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2.4 TYPES OF DC MOTOR

The classification of dc motor is based on the mode of excitation of field winding. It is similar to that
of dc generator as discussed in Section 1.11. Accordingly, dc motor is classified into different types as
shown in Fig. 2.7. The main difference between a separately excited dc motor, dc shunt motor and dc
series motor is that in the first type, two separate voltage sources are connected across the armature
winding and field winding respectively. Whereas in shunt and series type dc motors, the armature and
field windings are fed from the same voltage source.

One more category of dc separately excited motor exists. It is called as Permanent Magnet (PM)
DC Motor. In this motor, the field winding is absent and instead, separate excitation (i.e. main magnetic
field @,,,) is provided by permanent magnets fixed in place of poles on the stator. The armature winding
present on the rotor with its commutator-brush arrangement is connected across a dec voltage source.

DC compound motors have two field windings that are-wound on the same poles. Due to the
variation in winding connections and variation in flux directions produced by these field windings, the
operating characteristics of different types of dc motor differ significantly from €ach other and hence
appropriate type of dc motor needs to be selected for a given mechanical load. Following are the three
important characteristics:

(a) Torque - armature current characteristic
(b) Speed - armature current characteristic
(c) Speed - torque characteristic

DC Motor
I

v

Separately excited type

v v

v v v

Separate p ;
field oMy DC shunt motor DC series motor | | DC compound motor
. Magnet

winding type
type ¢ A\ 4

o Long-shunt type o Cumulatively compounded type
o Short-shunt type o Differentially compounded type

Fig. 2.7: Classification of dc motor
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2.4.1 DC Shunt and Separately Excited Motors

In a dc shunt motor, the armature and field windings are connected in parallel with each other across
the same input source whereas in dc separately excited motor, they are connection-wise isolated from
each other and two separate voltage sources are employed for them. The circuit diagrams are shown in
Fig. 2.8. Let R,y and Ry represent the resistance of field winding in dc shunt and dc separately excited
motors respectively. R, is the resistance of armature winding. The corresponding voltage and current
equations follow the Kirchhoff’s laws and are given below.

dc shunt motor dc separately excited motor
Vi = E, + IR, + brush drop V; = E, + IR, + brush drop
R I T 1f=g_;
>
i_>

(a) (b)

Fig. 2.8: Circuit diagrams of (a) DC shunt motor.and (a):DC separately excited motor

In these motors, the source voltage connected across-field winding is usually constant. Therefore the
main flux @, is almost constant (if armature reaction s assumed to be negligible) and as a result,
operating characteristics of these two.machines are identical. Fig. 2.9 (a), (b) and (c) shows the three
different characteristics of dc shuntand dc separately excited motors.

Curve without // Curve With_ Curve with
armature / armature reaction armature reaction
reaction / 4 effect effect

effect / =Yy AV_
/. Curve g g -
) / with = Curve without > = Curve withoM >~
Z armature ,% armature - armature
I~ reaction é reaction é reaction
3 effect o effect @ effect
z 5 g
e}

e & e

0 Armature current /, (A) —> 0 Armature current /, (A) —> 0 Torque 7, (Nm) —

(a) Torque- armature current (b) Speed- armature current (c) Speed- torque

Fig. 2.9: Characteristics of dc shunt motor and dc separately excited motor
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The torque equation (2.7) T, = K;9,,1, reveals that, if @,, is held constant than, T, « I, thus giving a
linear relationship between them. At low magnitudes of mechanical load, less armature torque T, is
sufficient to overcome the load torque and therefore the current I, is less. Consequently, the armature
flux @, is less and hence it’s demagnetizing armature reaction effect on @,, is negligible. Thus @,,
remains almost constant. However at higher magnitudes of mechanical load, T,, I, and @, are notably
large and hence the demagnetizing armature reaction effect of @, on @,, is substantial. This weakens
the flux @, and therefore, the torque current characteristic deviates from the straight line as shown in
Fig. 2.9(a). (You may refer to Section 1.10 of Unit 1 and revisit the phenomenon of armature.reaction).
Vi Rq
Kebm  KeOm
voltage V; and field current Iy, or Ir are held constant, the rotor speed is affected mainly by I, R, drop

From speed equation (2.11), w = I, rad/s, it is observed that when the supply

and the magnitude of main flux @,,. Atlow values of mechanical load, I, is less but at higher loads, /,
will increase and it will result into the fall in rotor speed. However, at higher.values of /,, also the
demagnetizing armature reaction effect will be substantial and therefore the effective value of @,, will
decrease. Consequently, the corresponding drop inspeed will be less. This is shown in-Fig. 2.9(b).
The speed-torque characteristic is also called as mechanical characteristic. It.is this characteristic

of the motor that is prominently used at the time of selection of a ' motor forthe given mechanical load.
Vi Rq
R
Ke®m . (Ke@m)? &
when mechanical load is increased, the armature torque T, will inerease and it will result into a drop in

It can be obtained from speed equation (2.12), w = [ rad/s. As explained above,

speed. However, at higher mechanical load, also the effective value of @, decreases due to armature
reaction and hence the speed-torque characteristic will be less drooping. In dc shunt and dc separately
excited motors, the drop in rotor speed is very less. In medium size motors, the speed drop from no-
load to full-load condition is of the order of 5%.

The dc shunt motor is commonly used in those applications which require approximately constant
speed at all values of load from zero.to full load condition. Examples are: centrifugal pump, blowers,
fans, conveyers, machine tools, printing press etc. The separately excited dc motors are employed in
applications where adjustable speed is required.

2.4.2 DC Series Motor

In dc series motor, the-armature and field windings are connected in series with each other as shown in
Fig. 2.10. The armature current and field current will be same as the input current. The voltage and
current equations will are,

V, = Ep + I(R; + Rs,) + brush drop

I=1,=I

Where R, is the resistance of series field winding. The total resistance in the armature circuit will
be (R, + Ry,.).
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The main flux produced by field winding will be
proportional to armature current, @,,, o I

o Let @ = Kl
Where K = field constant
The torque equation (2.7) will get modified as,

Ta = K@l = K K, I? (2.13)

Fig. 2.10: Circuit diagram of DC series

motor
The speed equation (2.11) will get modified as,
Vi R Vi Rg+R
w =S Ra g _ Ve (RatRse) (2.14)
Ke@m  KoOm KeK 1 KeKys
Substitute the value of [ = TZ from equation (2.13) into equation(2.14); the speed equation in
thf
terms of torque will be,
Vi 1 R,+R
w — t _ ( a se) (215)

VEeKrfTa KoKy
Using above equations, the characteristics of dc series motor are constructed as shown in Fig. 2.11.
From equation (2.13), at lower values of armature current I, the-armature torque is directly proportional
to the square of armature current I2. Therefore, the relationship between them will be parabolic. But at
higher values of mechanical load, the armature current / will be high. Since / is flowing through field
winding also, the main flux @, will inerease. This will tend to saturate the magnetic circuit.
Simultaneously the armature flux @, ‘will also-increase and enhance the demagnetizing armature
reaction effect. As a result, the rise'in @, will be compensated by the rise in @, and therefore, the
resultant air gap flux will remainconstant at @,,. Hence, from equation (2.13) again, in case of magnetic
saturation, torque will remain proportional to.I and the characteristic curve between them will be a
straight line. This shown in Fig. 2.11(a).

(Ra+Rse) .
—Ker is
a constant, the speed-current characteristic will be hyperbolic. This shown in Fig. 2.11(b). The speed-

Equation (2.14) represents the relationship between speed and armature current. Since

torque characteristic.of dc series motor can be constructed by using equation (2.15). It shows that, if the
magnetic saturation and armature reaction effects are neglected, the speed varies inversely as the square
root of torque \/T_a The relationship between them is hyperbolic as shown in Fig. 2.11(c).

In dc series motor, since the torque is proportional to square of armature current 12, for the same
rise in torque, increase in motor current is less as compared to that in a dc shunt and dc separately
excited motor where the torque is proportional to armature current /. Hence during heavy loads or
overloads, the current and temperature rise in series motor remains within reasonable values.
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/ Operating
region

Torque 7. (Nm)
~
N
Rotor speed N (rpm)
Rotor speed N (rpm)

0 Armature current [ (A) —> 0 Armature current I (A) —> 0 Torque 7, (Nm) 3>

(a) Torque- armature current (b) Speed- armature current (c)-Speed-torque

Fig. 2.11: Characteristics of dc series motor

The outstanding feature of dc series motor is that; it can generate high starting torque. In other
words, at zero speed, the generated torque is very high. This merit-allows the use.of dc series motor in
those applications which are loaded right from the beginning and require high starting torque. Example:
traction, hoist, crane etc.

As a precautionary measure, it should be ensured that the dc series motor is never started at no-
load. If the motor is switched ON ‘to the supply at no-load where the torque is very less, it over-speeds
and may lead to mechanical damages. The initial starting current at no-load is so large that it causes
blowing of fuses. However, blowing of fuses protects the motor from further damage. This is evident
from Fig. 2.11(c). Hence, at least 15% of full load should be present right from the starting condition.

DC series motors are referred as Constant Power Motor, because in the operating region, power
remains almost constant irrespective:of speed of operation. On the other hand, shunt motors are regarded
as Constant Torque Motor where the torque is almost constant irrespective of speed. In case of ac motor
also, shunt characteristics are referred’as Constant Torque characteristics and series characteristics are
referred as Constant Power characteristics.

When a dc series motor is connected across an ac source, the direction of torque 7, do not change
much and rotor continues to rotate in same direction. This is because T, = K;@,,I. With alternating
supply connected. across series- motor, both @,, and I will reverse simultaneously. Series motors
designed to operate onboth ac and dc supply are called as Universal motor. For limiting the eddy current
losses in Universal motor operating on ac supply or rippled dc supply, the magnetic circuits of field
poles are made with laminated stampings. Common applications are drilling machine, grinder and
kitchen mixer etc.

DC shunt motor has larger field winding inductance compared to that of armature circuit
inductance. This causes the field flux to lag behind the armature current with ac excitation. The torque
production is ineffective hence, dc shunt motors are not operated on ac supply.
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2.4.3 DC Compound Motors

Some applications require a combination of the operating characteristics of dc shunt and dc series
motors. In such cases, dc compound motors are employed. As mentioned above, dc compound motors
have two field windings that are wound on the same stator poles. One of them is connected in series
with armature winding and the other one is connected in parallel with armature winding. Series field
winding carries large armature current hence, it has few number of turns of thicker wire. The shunt
winding is connected in parallel hence, it shares almost full supply voltage but carries low current. These
field windings when excited establishes their respective magnetic fields @, and @,. Resultant of these
two fields is the main field @,,. If @, and @, are in same direction, @, will strengthen @y, and the
machine is called as dc cumulatively compounded motor. However, if they are in opposite diréctions,
@, will weaken @, and it is called as dc differentially compounded motor.

Based on the winding connections, compound motors are also classified as (1) long shunt type and
(2) short shunt type motors. The circuit diagrams are shown inFig. 2.12 followed by their voltage and
current equations.

Different characteristics of dc compound motor are shown in-Fig. 2.13. A-dc -differentially
compounded motor possesses inherent instability during the starting as well-as running conditions. It
tends to race under heavy overloaded conditions. In such.motors under overload condition, the series
field flux may become excessively large due to large starting current, therefore, net flux may reverse in
direction. This causes the motor to start in opposite direction. Hence, dec differentially compounded
motors are rarely used.

Vi=Ey+1,(R;+ Rs.) +brushdrop (2.16)

=1+

I, =
sh Rsh

(a) DC long shunt type compound motor

Vi, = E, + IR, + IRs, + brushdrop (2.17)

I=1,+ I
Vi—IR Ep+I R

Iy, = tR se = ”R“ £ (218)
sh sh

(b) DC short shunt type compound motor
Fig. 2.12: DC compound motors
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(a) Torque- armature current (b) Speed- armature current (c) Speed-torque

Fig. 2.13: Characteristics of dc compound motor

2.5 STARTING OF DC MOTOR

Usually, dc motors below 1 HP (0.746 kW) rating are directly connected to the power supply. This is
because the magnitude of armature resistance R, in.small size motors is relatively high and therefore
they do not allow the starting current to exceed safe limits. Series motors designed to function as
Universal Motor for kitchen'mixer, grinder and portable drilling machine are a few examples. Similarly,
the tiny dc motors below 24 'V rating used in toys are connected directly to the source. However, such
practice cannot be allowed in larger capacity motors.

The voltage equations in different types of dc motor were discussed above and are reproduced below.

Ve = (E, +1,R,) in de shunt and dc separately excited motors
Vi=E, +1,(R;+Rs) indc series and dc compound motors
From equations (2.2) and (2.3), the back emf E»is given by,
@nPN Z
b 760 4
Where N and w:are the rotor speeds expressed in r.p.m. and rad/s respectively.
During starting condition when the dc supply is just connected to the motor and the rotor is yet to rotate,
speed N = w = 0:and therefore the back emf E, = 0. From above voltage equations, it will be found that
the magnitude of armature current /, during starting condition will be restricted only by the winding
resistances R, and R,.. It may be noted that, in moderate and larger capacity motors, the armature and
series field windings are designed to have low magnitude of R, and Ry so as to reduce the copper loss
and voltage drops. Consequently, if rated value of input voltage is applied during starting condition

than, the motor will draw dangerously high magnitude of transient armature current which is also called
as starting current.

= Kewwm
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For example, consider an 8.8 kW (11.8 hp), 220V dc shunt motor. Let R, = 0.5Q. The rated value
of armature current I, (i.e. highest current which the machine can carry safely) will be 8800/220 =
40A. From above voltage equation, during starting condition, since £5 = 0, the starting value of I, will
be 220/0.5 = 440A. Such heavy starting current may result into:

(i)  Excessively large starting torque, causing damage to coupling between motor and load shatft,
(i)  Significant sparking between the commutator and brushes and damage to them,
(iii)  Creation of hot spots in the winding and weakening of the insulation,
(iv)  Blowing off the fuse,
(v)  Damage to the rectifier (AC to DC converter) that is supplying power to the motor, and
(vi)  Large voltage dip in the supply lines thereby affecting the performance of .other electrical
equipment which are connected to the same lines.
Once, the rotor starts rotating, back emf E}, starts building up and consequently the current decreases. In
view of this, it is advisable to take appropriate measures.and limit the magnitude of armature starting
current below rated value that can be handled safely so that the motor develops sufficient starting torque
without causing electrical damage to armature windings/commutator segments/.brushes/ supply system
and without causing any mechanical damage tototating parts. This‘necessity introduces the need of a
device called as dc motor starter. These starters can be either of (i) Manual type.or (ii) Automatic type.
The common types of manual starter thatare used for starting of dc shunt motor are:
(i)  3-Point starter
(i) 4-Point starter
Following types of manual starters are commonly used for dc series motor.
(i)  2-Point starter or No-load release starter— drum controller
(i)  No-volt release starter.
Starters are the devices that confines the magnitude of armature current within safe limits during starting
condition. The manual starters mentioned-above have a provision of adding external resistances in series
with armature winding before the input supply is switched ON. After connecting the supply, as the rotor
accelerates and E}, starts building, these additional resistances are then removed in steps. In addition,
these starters also have motor protection features like No-Volt release and Over-Load release.

2.5.1 Three —'Point Starter

Three-point starter is used for the starting of dc shunt motor. Externally, it has three terminals L (Line),
A (Armature) and F(Field) hence known as 3-point starter. L-terminal should be connected to the dc
source, A-terminal to the armature winding and F-terminal to the field winding of motor. This is shown
in Fig. 2.14. The assembly of a practical 3-Point Starter is shown in Fig. 2.15.

Internally, it has a set of multiple resistors R;, R», R3, R4, Rs that are connected between the copper
studs (1, 2, 3, 4, 5 and RUN). One more stud is located before Stud-1 and is named as ‘OFF’. It is not
connected to any resistor. There is a movable arm with handle which can be moved on different studs
starting from ‘OFF’ to ‘RUN’ position. This movable arm is attached to a spiral spring which helps to
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bring the movable arm back to ‘OFF’ position when supply is disconnected or during the abnormal
condition. A conducting strip below the moving arm conducts electricity from supply to studs. There
are two protective electromagnets with corresponding coils. One is called as Holding Magnet- Holding
Coil (HC) or ‘No-volt release and the other one is called as Over Load Release (OLR). HC is connected
in series with field winding whereas OR is connected in series with armature winding. The function of
HC coil is to hold the movable arm on the ‘RUN’ stud during the normal running condition and release
it whenever, the field current becomes zero or is very low or when the input supply voltage gets
disconnected. Function of OLR coil is to disconnect the motor from the supply during everload
condition. Under overload condition- the conventional OLR effectively short circuits the HC, causing
the movable arm to come back to OFF position due to spring action. When commercial OLR relays are
in use, they are directly connected to the armature circuit.

During disconnected state, the movable arm is maintained at ‘OFF’ stud by the spring. It indicates
that the motor is disconnected from supply. To start the motor, the handle is moved to'different studs in
sequence from ‘1’ to ‘RUN’. When it comes in contact'with‘Stud-1, the series combination of HC coil
and field winding gets connected across the supply whereas the armature winding gets connected in
series with all the starting resistors (R; + R, + R3 + R, + R:). Since the current begins to flow in both
the armature and field windings, the motor starts running. As the speed increases,.the back emf E} also
increases. Therefore, the external resistors are no more required in‘the armature circuit. Hence the
movable arm is moved ahead from Stud-2 to ‘RUN’ thereby cutting the external resistors in steps.

There is a soft iron piece attached to the movable arm. When it comes on ‘RUN’ stud, the soft iron
piece touches the holding magnet and remains there for the normal running of the motor till the HC coil
is carrying sufficient current. In case of power failure or if the field winding gets open circuited
accidentally, HC gets demagnetized and the spiral spring brings the handle back to ‘OFF’ position. Note
that during running condition, the main flux @,, should not.be allowed to become zero or become very
low otherwise, the rotor speed increases to dangerously high value. This is because, speed N is inversely
proportional to @, (See equation 2.2). In. other words, the field current should not become zero.

Another protective device-is the Over Load Release Magnet (OLR). In case, the armature current
exceeds the preset value dueto-overload, OLR"Magnet becomes stronger and attracts the movable soft
iron bar towards it. As a'result, terminals @ and b of the HC coil gets short circuited. The HC Magnet
gets demagnetized and releases the handle. It gets pulled back to ‘OFF’ position by the spiral spring and
thus the motor is disconnected from supply.

In case of 3-point starter, HC'is connected in series with the field winding. When 3-point starter is
used with dc shunt motor having provision of speed control using field weakening, the force of attraction
produced by HC may even become so weak that spring force can bring the movable armature back to
OFF stud.

With DC shunt motor having provision to raise the speed above base speed using field weakening,
4-point starter is used. In case of 4-point starter, the HC is connected directly across supply voltage. In
case of voltage failure, the HC is demagnetized causing the movable arm to come back to OFF stud due
to spring action. However, it does not provide field failure protection.
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Fig. 2.15: 3-Point Starter glimpses
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2.5.2 Two - Point Starter

Two-point starter is used for the starting of dc series motors. Externally, it has two terminals L (Line)
and F (Field). L-terminal is to be connected to the dc source and F-terminal to the field winding of
motor. This is shown in Fig. 2.16.

2-Point Starter

| |
| |
| Re o |
| |
: : Holding
1 | Magnet
R | 10
I 78N GE” _assa, |
| |
Handle )
: : Spring
Soft iron piece/:—// :
Movable arm \ :
| |
| |
| |
| |
| |
I ® |
(O SN X D L . J|
+ Iy X~ hl
*o—o | A |
| |
ooty § | - o
: Y YY : Series
| |
Y AA | Motor
A I

Fig. 2.16: 2-Point Starter

A starting resistance (R; + R, + R3 + R, + Rg) is inserted in series with the armature winding for
restricting the armature current within safe limit during starting condition. It is then gradually cut out
as the rotor accelerates. The armature current passes through the series field winding, armature winding
and the holding coil (HC). After the'movable arm touches the stud ‘RUN’, the holding magnet attracts
the soft iron piece and holds the.arm against the spring. Thus at this position, the motor has reached its
final normal speed, the starting resistance is totally cut out from the circuit and the motor receives rated
input voltage for normal operation.

In case of removal ofload orreduction in load below a safe value, the magnitude of armature current
1, gets reduced. This results into the decrease in strength of holding magnet and hence, it is no more
able to hold the;movable arm against the restoring torque of spring. The arm returns back to ‘OFF’
position and the motor gets disconnected from supply. This type of motor protection against very light
loads is important in dc series motors because at lower values of /,, the machine over-speeds and may
cause mechanical damage to the couplings. This was studied in Section 2.4.2, Fig. 2.11(b). Hence, this
type of 2-Pole starter is also called as No-Load Release Starter. Two-point starter in the form of drum
controller is also in use for starting, speed control and speed reversal. The extra resistances in series
starter are rated to carry full load current continuously for low speed operation.
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The conventional starters discussed above for dc shunt and dc series motors’ are based on resistance
control. For limiting the starting current, controlled voltage starting using solid state starters based on
solid state ac-dc full bridge and half bridge thyristor controlled rectifier / converter operating on ac
supply and dc-dc chopper operating on dc supply are quite common nowadays.

2.6 SPEED CONTROL OF DC MOTOR

All electric motors have a specified rated speed as mentioned on their name plate. When the mechanical
load on motor shaft changes, a corresponding change in rotor speed takes place naturally. This was
discussed in Section 2.3.4. However, in many applications, an intentional adjustment’in speed is
required to attain high productivity, proper operation and high quality products. Speed control below
and above rated speed is needed in many applications.

Some applications require the motor to rotate at constant speed even when the load is changed. The
winder used in paper mill needs fast adjustment of motor speed in accordance with the changing
diameter of the roll so as to maintain a constant tension in the paper. In metal cutting ' machine, the tool
must have its speed adjusted according to the size of the work-piece, type of cutting tool, metal to be
cut and other factors. Other examples include, electric crane, electric traction, electrical equipment used
in mines, textile industry, rolling mills etc. DC motors are most suitable for wide range of speed control
and therefore are the preferred choice for many adjustable speed-drives..From equation (2.11),

Rotor speed, W= +—¢ radls
Voltage constant K, = (i)%z
The rotor speed @ can be converted. into rofations.per minute (r.p.m.) by using the following

relationship where N is rotor speed in r:p.m.
2N

60
Thus, rotor speed of a dc motor can be controlled by any of the following methods:
(i) By varying the resistance of armature circuit
(ii) By varying th¢ main field (@y,) of the motor
(iii) By varying the input voltage V; applied to the armature terminals.
The above methods canbe applied to all types of dc motor.

2.6.1 Speed Control of dc Shunt Motor

Following methods are used for speed control of dc shunt motor:
1) By varying the resistance of armature circuit
(i1) By varying the armature input voltage V't
(1ii) By varying the main field @,,
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(i) By varying the resistance of armature circuit

Fig. 2.17(a) shows the connection diagram for speed control of dc shunt motor by varying the armature
circuit resistance. A speed-controlling variable resistor Ry eyt is connected in series with armature
winding to vary the effective resistance of armature circuit. The speed equation (2.11) will modify as,

_ Vie-1Ig (Ra +Ra(ext))

KO rad/s (2.19)

If the main flux @,, and input voltage V; are held constant than, for constant value of load torque 77, the
variation in rotor speed for different values of external speed-controlling resistance Rq gty 1S shown in
Fig. 2.17(b). At no-load, I, = 0, wy = V;/K,®,,. Load torque is the torque offered by-mechanical
load to the motor. It opposes the armature torque 7, and hence opposes the rotation of rotor.

Note that if 77 is constant, the armature torque 7, and armature current /, of'a de shunt motor also
remains constant. This is because, for a dc shunt motor, @,,, is normally constant. Therefore from torque
equation (2.7), I, remains same. Examples of constant torque load are:-low speed hoist, conveyer etc.

Ra(ext)] < Ra(ext)2 < Ra(ext)3

Ny =no-load speed
—> l At Ra(mt) = O
; ~ At Ry
1 = |
» g At Ryfery>
V, = Z ! At Ryexys
= 3 I
T & |
1 ¥ |
i 8 |
= g |
:_> TL ]
0 Torque (Nm) —>
(a) Circuit diagram (b) Speed-torque characteristics

Fig. 2.17: Speed control of<dc shunt motor by varying the resistance of armature circuit

When Rgoxpy 18 increased then, from above equation (2.19), it is observed that the rotor speed will
decrease. Thus by this method, the speed control is accomplished in downward direction below rated
speed. The range-of speed control is not constant and depends on the value of load torque 77 as shown
in Fig. 2.17(b). The main advantage of this method of speed control is that very low speeds down to
creeping speeds of a few r.p.m. can also be obtained.

In this method, the field current 7y and hence the main flux @, are held constant. Any change in I
results in a variation of speed as shown in Fig. 2.18.
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Following are the drawbacks of this method.
For I,

N (rpm)

(a) Rotor speed above rated value cannot be obtained Io<q
shi shl

because at Ry ox)= 0, speed is rated. and Ry (exe) Forl
or g

cannot be decreased below zero. )
(b) At low operating speeds, Rgexyy is high

. -Va(V)
therefore, excessive power loss - g

2 : . Va(V)
(IaRa(ext) watts) oceurs in Ry (exr)- This reduces

the motor efficiency resulting in higher operating
cost.

-N (rpm)

(c) At higher values of Ry ey, the change in rotor

d due to ch in th itude of load
Speed due .0 C. ange 1 Hhe magnituce © ) oa Fig.2.18: Armature voltage-control-of dc shunt
torque 7r is high. In other words, for higher . qiqr

values of Ry (ext), the speed regulation is poor.

(ii) By varying the armature input voltage Vi:

This method of speed control requires a variable voltage source. It is-a quite attractive method due to
its increased efficiency if solid-state power semiconductor converter circuit is used to obtain the variable
dc voltage. Following types of devices can be employed to vary the dc voltage.

(a) AC to DC Converter or Rectifier which converts ac voltage into variable dc voltage.

(b) DC to DC Chopper Circuit which converts-fixed de voltage into variable dc voltage output.

(c) Autotransformer and uncontrolled Rectifier

(d) Ward Leonard method which requires an-additional motor-generator set
Referring back to equation (2.1.1), 1t is.observed that, the rotor speed is linearly related to the armature
voltage when the field current /y;, and hence @,,, are constant.

= V=la%a rad/s
Ke Q)m

For constant Joad torque 77, the variation in rotor speed for different values of armature voltage is shown
in Fig. 2.19: The armature voltage control method is preferred for lowering the speed below rated value.
This is because at rated input voltage, the speed is also rated. If any attempt is made to obtain the rotor
speed above rated value by using this method, it will require a rise in input voltage above rated value.
Note that, it is never advisable to apply input voltage higher than the rated value (specified by
manufacturer) as that may weaken the insulating material and shorten the life of machine. As shown in
Fig. 2.18, the rotor speed and armature voltage are linearly related hence, this is the best method for
quick speed reversal.
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Ny=no-load speed

\l\ At Vt = Vrated

<4 |

\:\ At V,

\;\ AtV Vi2 < Vi < Viatea

Rotor speed N (rpm)

T,

Torque (Nm) —>

(=}

Fig. 2.19: Speed-torque characteristics for speed control of dc shunt motor by varying.input voltage

(iii) By varying the main field @,,:

In this method of speed control of dc shunt motor by varying the field excitation, the speed can be
increased by reducing main flux @,,, and vice-versa. The connection diagram is shown in Fig. 2.20(a).
An external speed-controlling variable resistor Ry () is conneeted in series with field winding to vary

the field current /y. Rise in R o5y will cause a dropin [, and vice-versa. The speed equation (2.11) is,
_ Vi=I4R,

rad/s
KeDm
If magnetic saturation is neglected the main flux,
Q)m x Ish
Ve=I4R
W=t g (2.20)
KoK flgh

Where, @,, = K¢ I, and K is the field constant.

Thus, rotor speed is inversely proportional to the field current as well as inversely proportional to @,,.
o 1
“ Ish
At R (exty = 0, the current I, and rotor speed, both have rated value. Since the speed is inversely
proportional-to Iy, for any reduction in speed below rated value by this method, it will require a
corresponding rise in g, above rated value. It means that Ry (., should be reduced below zero which
is not possible. However, to obtain speeds above rated value, Iy, can be decreased by increasing Ry oxy)-
Thus, this method of speed control by varying the field excitation can be employed for getting the
speeds above rated value. Hence, it is also called as ‘Field Weakening Method’ because rise in speed is
attained by reduction in main field. The speed-torque characteristics for different values of main field
is shown in Fig. 2.20(b).
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(a) Circuit diagram (b) Speed torque characteristics

Fig. 2.20: Speed control of dc shunt motor by varying the main field @,

The inductance of shunt field winding is higher than that
of armature winding. We know that, an inductive circuit
stores energy in the form of electromagnetic field and
due to which it opposes any change in the magnitude or

N (rpm)

direction of current flowing through it. To reverse the

speed by this method, it will demand for the reversal in

direction of field current. Any attempt to quickly  -LiA) 0
change the direction of field current, first needs to 1;(8)
discharge the already stored energy in field winding due
to positive field current and thereafter the new.field
current in negative direction can be:made to flow:

-N (rpm)

However, the winding inductance does not allow this
quick change and results in huge spark in'the contactor.

Hence, this method is not suitable for speed reversal. Fig- 2f2I1d Speedl control of dc shunt motor by
The shunt field current versus speed characteristics in main field contro

four quadrants is shown in Fig:2:21. The advantages of  this method of speed control are:

(a) Speeds above rated value canbe obtained.

(h) As the magnitude of shunt field current Iy, is normally small, the power loss 1%, R F(ext) 18 also
small,. the current rating of external speed-controlling resistor is small and overall efficiency is
good.

However, it has the following limitations:

(a) Speeds below rated value cannot be obtained.

(b) There is a limit to higher speed because if the field is weakened too much, there is a loss of stability.

(c) This method is not suitable for speed reversal.

(d) DC Shunt motor should be started using 4-point starter.
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2.6.2 Speed Control of dc Series Motor

Following methods are used in speed control of dc series motor:

(i) By varying the resistance of armature circuit:

In this method, the speed is reduced in downwards direction below rated speed. An external variable
resistor Ry (exr) is connected in series with the armature and field winding. It is also called as'speed-
controlling resistance. The circuit diagram and resulting speed-torque characteristics of dc series motor
at different values of Ry (exr) are shown in Fig. 2.22 (a) and (b). It can be observed that, how.at constant
torque load, different speeds are obtained by varying R, eyt provided that the input voltage V#is held
constant. The speed governing equation (2.15) for a dc series. motor is reproduced.below,

Vi 1 & (Rg#Rse)
[KeKf \[Ta K Kf

w = Vi L ) (Ra+Rse+Ra(ext)) (2'21)

[KeK 5 \[Ta KoKy

w

It will get modified as,

1
:_> Ra(exl)Z > Ra(exl)l
! A
]
i + =
Pt E Y R YY é
. = b =z At Ryfexy =0

T - 3

' i AA 1 g At Ra(exl)l
1 o

4
i Ra(ext) At Ra(exl)Z
:
—>
0 Torque 7, (Nm) —
(a) Circuit diagram (b) Speed- torque characteristics

Fig. 2.22: Speed control of dc series motor by varying the resistance of armature circuit

This method-of speed control is most economical for constant torque loads like low speed hoist,
conveyer belt etc: The major drawback of this method is the high power loss I 2Ra(ex,:) in the speed-
controlling resistor Ry (exr) Which reduces the overall efficiency. Due to this drawback, it is suitable for
intermittent duty loads like crane, hoist because in such loads, the motor is not operated continuously
for a longer duration of time. Drum controller is used for starting and speed control of medium capacity
dc series motor. They have resistances which can carry rated current on continuous basis.
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(ii) By varying the main field @,,:

In this method, the speed of a dc series motor is increased in upward direction by changing the main

magnetic flux @,, produced by field winding. It can be varied by any of the following:

(a) Changing the field current ‘I’ with the help of an external diverter resistance Ry (cy¢) that is
connected in shunt with the field winding.

(b) Changing the field mmf by using a tapped field winding.

(a) By Shunting the Field Winding or Diverter Field Control:

From equation (2.11), we know that the rotor speed is inversely proportional to the main flux @,,. Since
this flux is produced by field current, it means that the field current of a dc series motor /° can be varied
to obtain a change in speed. In this method, the field winding<is shunted by.an external diverter
resistance Ry (.x¢) and some part of field current ‘2> is bypassed through Rf .x¢y. This is shown in Fig.
2.23(a). Since Ry (xy) is a variable resistor, it can be adjusted to change the field current. The effect of
variation in the values of Ry (¢t on the speed-torque characteristic of ad¢ series motor is demonstrated
in Fig. 2.23(b). This method was useful in traction application for running the trains at higher speed.

/’ Ra(ext)Z < Ra(ext)]
E
E
% At Rf(ext )2 (Low)
: \ At Ry (oxy1 (High)
g At Ryery = 0
= (open circuit)
0 Torque 7, (Nm) —
(a)Circuit diagram (b) Speed- torque characteristics

Fig. 2.23: Speed control of dc series motor by shunting the field winding

(b) By using a Tapped Field Winding:
To employ this method of speed control of a dc series motor, it is necessary that the field winding should
have tappings as shown in Fig. 2.24. This can be ensured at the design and manufacturing stage of the
machine. When the tapping is changed, the effective number of turns of series field winding that will
be carrying current, will also change and therefore, it will change the series field mmf (ampere-turns).
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To attain high speed operation, lesser

¥

number of turns should be selected so as to

decrease the flux. Thus the main flux @, i 3
produced by series field winding can be Vi+ YY
varied. This method is preferred in small size = e
dc or ac/dc universal motors used in i- AA ;
domestic appliances. i It S;
— <

Fig. 2.24: Speed control of dc series motor having
tapped field winding

2.7 LOSSES AND EFFICIENCY

In Unit-1, Section 1.12, details about the different types of losses takingplace in‘a dc machine (generator
as well as motor) and their effect were discussed. Students are advised to go through that section prior
to the following explanation. The power equation in all electrical. machines is:

Output power (W) = input power (W) = total power loss(W)
In an ideal machine, the power losses are absent and therefore whatever power is received by the

machine as input, it delivers the same amount of power as output thus resulting into 100% efficiency.
The total power loss in a rotating machine can be expanded in two ways as:

o Total power loss = total copper loss + total coréloss + mechanical loss
o Total power loss = variable loss + constant loss

Copper loss as the name imply, primarily-takes place in the copper windings. In a dc machine, the
copper loss takes place as,

e Armature copper loss (IZR,),
e Field copper loss in series field and shunt field windings (I2Rs, + I12,Rsy),
e Contact power loss at brushes (I, X voltage drop per brush X number of brushes)

The sum of armature copper loss; series field copper loss and contact power loss at brushes is also called
as ‘Variable loss’ as their magnitude varies with the changes in the magnitude of load (electrical load
in case of generator and mechanical load in case of motor). This is because, these copper losses are
dependent on I, and the armature current I, is dependent on the magnitude of load.

The total core loss P., which is also called as /ron loss and No-load loss. 1t is independent of the
changes in the magnitude of load and takes place in the armature core and pole shoes. As explained in
Section 1.12, this core loss primarily comprises of hysteresis loss and eddy current loss.

In a dc shunt machine and dc compound machine, as far as the input voltage V; is held constant, the
shunt field current I, remains same at all values of load. Hence the shunt field copper loss I%, Ry, also
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remains constant. Similarly, the mechanical loss, also called as friction and windage loss which
represents the loss of power due to friction at the bearings and opposition to rotation by the surrounding
air is independent of the magnitude of load. Hence, it too remains constant. The other type of constant
loss is the Stray loss which represents a small amount of power loss in other metallic parts due to leakage
and fringing of the flux. Hence, together, they are called as ‘Constant loss.” Thus,

e Variable loss = total copper loss = (I2R, + I2R,, + power loss at brush contacts)
e Constant loss = core loss P, + 1%, R, + mechanical loss + stray loss

2.7.1 Efficiency (n)

Efficiency of a dc motor is given by,

Shaft power output P
% = ftp BV O
Input power P;
P P; — total power loss
%n = sh x 100 - - B %100 (2.22)
Pgp + total power loss P;

Where,

P, = input voltage V, X input current I,

PS]‘L: Tshx(,l)

2.8 BRAKE TEST

This is a direct method of determining the efficiency of a dc motor in laboratory. It is also called as the
load test on motor. The motor mechanical output power is calculated using spring balance reading and
speed of rotation. The experimental setup consists of a brake drum and belt arrangement as shown in
Fig. 2.25(a). The brake drum is mechanically coupled to the shaft of the motor and the belt is wrapped
around half periphery of the drum. Two spring balances are attached at the ends of the belt. They are
fixed to a stationary steel structure such that, it becomes possible to vary the tension in the belt by
tightening or loosening the:load adjustment wheels. The circuit connections for a dc shunt motor are
shown in Fig. 2.25(b).

Initially, the belt.is kept loose to ensure no-load condition. The motor is started and made to run at
rated speed with thehelp of a variable field resistor R¢(exs). The load-adjustment wheels are tightened
gradually till the-ammeter reads rated current of the motor. This confirms that rated load is applied. The
readings of the two spring balance in kilogram (kg) are noted. Let them be represented by M; and M.
Also, the rotor speed (), ammeter reading (/) and voltmeter reading () are noted.

Now, net tension in the belt will be the difference of the two spring balance readings multiplied by
acceleration due to gravity.

F=981(M; — M,) N
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wheel

Load H
adjustment 4:»!:_“ l'-"-' e!%g
!

'.. | Spring
i balance
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e L >
DC MG L]
Moter e ;,\-“ Brake drum LA

: * P2 Ey
.‘%. AR Water space m = Vl‘(@
4 . Y the drum for > - -
) =

""T‘?g 3 cooling

n )
ﬂ"g“: W <

" Belt
(a) Experimental setup (a) Electrical circuit diagram for dc shunt
motor

Fig. 2.25: Brake Test on dc' motor,

Shaft torque Ty, = F X r, where r = radius of the brake drum in metres + half thickness of belt
Shaft power output will be Pgp, = Ty, X @

Py, =Ts, x ZL Watts (2.24)

2nN
60 and N is the rotor speed in rotations per minute

(r.p.m). The electrical input power will be the product of input voltage and input current.
P, = VI Watts

Where, w = angular speed of the rotor.in rad/s‘=

% Efficiency n = “ x 100 (2.25)

While performing this test, heavy friction is caused between the rotating drum and the stationary belt.
Consequently, the resulting friction loss produces heat. Therefore to cool the brake drum, some water
should be poured into the space provided for it in the drum before connecting the motor to the supply.
This is shown in Fig. 2.25(a).

Brake test is advised only on small size motors because in case of big motors, it is difficult to
dissipate the large amount of heat generated between the brake drum and the belt. This test can be
performed on all types of dc motor. However, while performing it on a dc series motor, care should be
taken to ensure that the belt on the brake drum is tight enough throughout the experiment even before
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the motor is connected to the dc source. This is because at no-load and at light loads, the dc series motor
attains dangerously high speed. The reason was discussed in Section 2.4.2. The relative merits and

demerits of brake test are:

e  This method is simple and can be performed on dc shunt, dc series and dc compound motors.

e The efficiency can be determined under any actual load condition between no-load and full-load.

e [t cannot be performed on big size motors due to large heat generation.

o Inherent error in spring balances may be present which can make the calculated value of efficiency

inaccurate.

Though drum needs to be cooled down using water, rotating drums heats the leather belt due to which
such belts becomes smooth to cause slippage. A pinch of sand between belt and drum surface.removes

the slippage by making the belt surface rough again.

EXAMPLE 2.6

EXAMPLE 2.7

A 220V, dc shunt motor runs at 500 rpm when the‘armature current is 50A. Calculate
the speed if the torque is doubled. Considet R, = 0.2 Q:

Data: V,= 220V, N; = 500 rpm, I,; =50A, R, = 0.2 Q, Tz = 2T, N> =7

Solution:
From equation (2.7), T, = K; D, 1,
In a dc shunt motor, @,,, = constant

~T, « I, =
Given that: -2 = 2 -
Ta1 '
Ig i
3 ﬁ =2, & Iy = 21, = 100A A\
From equation (2.2), Ej, = Q)':—(I;Nij
E, Now, Epy = (V, — I;1R,) =210V
AN N 0.8 Q_ Eb2 = (Vf - IazRa) = 200V
m
For a dc shunt motor, @,,, = constant & oc @
Ny Epy
“ N . E), +~ N, =476 rpm

A/dc shunt motor supplied at 230V runs at 900 rpm. Calculate the resistance required
in series with the armature circuit to reduce the speed to 500 rpm. Assume that the
armature current is 25A.

Data: V; =230V, Ia; = 25A, N; = 900, N, = 500, Rafexy="?

Solution:

Armature resistance R, is not given. Normally it is very small and ideally, it should be
zero. Hence assuming that R, = 0.
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E, =V, — Ia(Ra + Ra(ext))
Initially at Ragexy = 0, N; =900 rpm
. Ey, =V, =230V

A
v

+

In the second case, Vi =
Rg(exty # 0 and N, = 500 rpm |
. s
From equation (2.2), E, = o0 4 L
Epy  No Oy _
S From voltage equation again, §
But in a dc shunt motor, flux remains Epy =V — Iy, (Ra + Ra(ext))
constant, @y = Dz 127.77 = 230 — 25(0 + Rafext))
500 . —
E,, = 230 X — = 127.77V “ Rogexry = 4089 Q
900
A dc series motor with unsaturated magnetic circuit and negligible resistance when
running at a certain speed on a givenload takes 40A at 450V. If'the torque varies as a
cube of speed, find the external resistance that should be connected in series to reduce
the speed by 30%.
Data: V; =450V, I; = 40A, (Ra + Re) =0, T, &< N3, Ny = 0.7Ny, Ragexyy =?
Solution:
Initially, consider Ruexy= 0 and speed.= ;.
Back emf Ebl = Vf - Il(Ra + RSE) L 450V
From equation (2.13), T, = K; @, ] = KthI2
ie., T, « I2
In this problem it is given that, T, o< N3
o 12 oc N3
IZ N (0.7Ny)3 Substituting the values,
TETNETNE o Eyy= 18443V
2 _ 073 28 \\
I7 = 0.7% X 40%=548.8; @ I, =23.42A For the above circuit, back emf'is, 3
. PN Z x
Fromeequation (2.2), E, = "610 " Ey, =V, — 1, (Ra + Rge + Ra(ext)) o
. Vi, —E (I
In a dc series motor, @,, o [ Ragexty = t . b2 _ (R +R.) =
& E, o< NI bt N 2 | s
. @ ~ 1_2(1 — 0.3)N, ?uRstltutei Tlvz;;l;s, §E<
h Epq B L Ny T Ratexn =T Ll
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A 220V, dc series motor is running at a speed of 800 rpm and draws 80A current. If the total
resistance of armature and series field windings is 0.15 Q, calculate the speed when the motor
develops half the torque. The magnetic circuit is unsaturated.

Data: V, =220V, N; = 800rpm, I; = 80A, R, = (Rs + Rye) = 0.15Q, T2 =0.5T41, N> =?

Solution:

From equation (2.13), T, = K; @, I = KthI2

T, 12
. 2 a2z __ 12
1e.,Tao<I , T__I_Z
a1 1

.. . T, 1
But, it is given that, -z — =
Ta1

11,

8oz 2’
Back emf,
Ebl = (Vt - IlRt) = 208V

From equation (2.2), E,, =

In a dc series motor, @, o [
& Ep < NI

EXAMPLE 2.9

I, = 56.564

Eb2 = (Vt - Ith) = 21151 \Y%
_ OmPNZ

Substitute the values
N, = 1150 rpm

A 4 pole, 220V de series motor has.a.wave connected armature winding with 1200
conductors. The flux per pole is. 20mW b when the motor is drawing 46A. The iron
and friction loss amount to 900W. Armature-and series field resistances are 0.25 Q
and 0.15 Q respectively. Find the (i) speed, (ii) total torque, (iii) shaft power, (iv)

shaft torque and (v) efficiency.

Data: V; = 220V, P = 4, 4 = 2 (since wave connected), Z = 1200, @,, = 20 X
1073 Wb, I = 46A, P. = 900W, R, = 0.25Q, R, = 0.15Q. N, T, Ts, Pspand 5y = ?

Solution:

(i) Calculating speed:
From.equation (2.2), E, =

Substitute the values,
& N =252 rpm

EXAMPLE 2.10

Back emf Ey,. = V; —I(R, + R,,) =201.6V

@mPN Z
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Electrical Power Input,
Pi=V,1=10120W
~ Mechanical Power Output at the

(i) Calculating total (armature)torque:
From equation (2.10), E} I, = wT,
Where, for a dc series motor I, = 1

shaft will be,
~T, = Evla =E,l 1 Py, = (Power Input — Total loss) =
A b'a(2nN/60) 8374“,
Or you can use equation (2.6) directly,
1\PZ (iv) Calculating shaft torque:
fa= (E)? Omla From equation (2.8),
Substituting the values T, = Psh _ _Psh _ 317.48W. o
T, =351.59 Nm w 21N /60 '
(iii) Calculating shaft power: (v) Calculating efficiency:
Total copper loss = I2(R, + Rs,) = %N =% 100 = 82.74%
846.4W Pi
Total loss = total copper loss + (iron loss +
+ friction
loss)

Total loss = 846 + 900 = 1746W.

A 240V, 25 HP, dc shunt motor has armature and field resistances of 0.14 Q and 80 Q
respectively. Contact voltage drop is 1'V-per brush. At full load, the motor takes 95A
current from supply. Calculate: (i).Armature and field copper loss, (ii) power loss in
the brush contact, (iii) Core + mechanical losses‘and, (iv) full load efficiency.

Data: V; =240V, R, = 0.14Q, Ry, =80%, Contact drop per brush= 1V, Py, = 25HP =
25 X% 746 = 18650 W,. I'=95A,, n="

Solution:

I’

Shunt field current I, = Ri =3A
sh

+

Armature current [,.= (I — L) = 92A

(i) Calculating copper loss:

Armature copper loss = IZR, = 1184.96W
Field copper loss = %, Ry, = 720W

- -mmed
1

|
N

EXAMPLE 2.11
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(i) Calculating contact power loss at brushes:

At the contact between commutator and brushes, some power gets lost due to the
transfer of armature current /, between the commutator and brushes. This power loss
is treated as a copper loss and is included in the armature copper loss when not specified
separately. The machine should have minimum two brushes to provide the incoming
and outgoing paths for I,.

~ Power loss at brush contact will be,

= number of brushes X voltage drop per brush X I,
= 2X1x92 =184W

~ Total copper loss =

=1184.96 + 720 + 184 = 2088.96W

(iii) Calculating Core + Mechanical losses:
Shaft power output at full load,

Py, = 25HP = 25 x 746 = 18650 W,
Power input at full load,

P, = VI =22800W

Total power loss = P; - Py, = 4150W
Core loss + Mechanical loss = total loss- copper loss
. Core loss + Mechanical loss = 4150 — 2088:96 = 2061.04W

(iv) Calculating efficiency:

% ="2Lx100 =817

A 220V dc motorsgenerates a back-emf of 210V while rotating at 1480 rpm. If it
draws an armature currentof S0A; calculate the torque developed in the armature.

Data: V; =220V, Ey= 210V, N = 1480 rpm, I, = 50A, T, =?
Solution:

From equation (2.10), E, I, = wT,

Where, the rotor angular speed w = % =154.9 rad/s

@ T, =222= 6778 Nm

w

EXAMPLE 2.12
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A dc shunt motor runs at 1000 rpm on 220V supply. Its armature and field resistances
are 0.5 Q and 110 Q respectively and the total current taken from supply is 26A. It is
desired to reduce the speed to 750 rpm. Keeping the armature and field currents same,
what resistance should be inserted in the armature circuit?

Data: V,= 220V, R, = 0.5Q, Ry = 1109, I; =1, =26A, Ny = 1000, N, = 750, Rufex
=9

Solution:

Shunt field current I, = Ri =2A
sh
Armature current I, = I, = (I, — Ig,) = 24A
When Ra(ext) = 0,
Ep1 = (V; — I,4R,) =220 — 24 x 0.5 = 208V

When Ra(ext) * 0,
Epy =V — Iy, (Ra + Ra(ext))

o

Epz = 220 — 24(0.5 + Ra(ex)) ~ By, =208 X 220 _isev R
. @ PN Z 1000 ~N

From equation (2.2), £} = === From above equation again, "
Ep; _ Ny Bmg 156 = 220 ~24(0:5+ Ry (exr)) =
Epr Ny @y . Rygexey=2.166 © >
But in a dc shunt motor, flux remains constant ;E
L

Dm1 = Dm2

While performing brake test on a 240V, dc shuntmotor, it takes S0A from supply and
runs at 1400 rpm. The difference between spring balance readings is 10kg and the
radius of brake drum is 75 em: Calculate the shaft torque and efficiency.

Data: V, =240V, I =50A, N =1400 rpm, (M;-M>) = 10kg, r = 75 X 1072m, Ty, n=?
Solution:

From equation.(2.23)
Ty = 9.81r(M;~M,) = 981 X 75 X 1072 X 10 = 73.575 Nm
Shaft power output will be Py, = Ty, X @

Py =T, x 22 =10.781 kW

60
Input power P; = VI = 240 x 50 = 12kW

EXAMPLE 2.14

% Efficiency n = “ x 100 = 89.84%
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EXAMPLE 2.15

A 250V, dc shunt motor runs at 1000 rpm and takes a current of 25A. Calculate the
speed when the motor is loaded and takes a current of S0A and the armature reaction
weakens the field by 3%. Consider armature and shunt field resistances equal to 0.2

Data: V=250V, N; = 1000 rpm, I; = 25A, [, = 50A, @, = 0.97@,, R,=0.2Q, Ry,

Q and 250 Q respectively.
=250Q, N,="?
Solution:

Shunt field current I, = Ri =1A
sh

In a dc shunt motor, the main flux @,,
remains constant. It also means that, Iy,
remains constant.

v g = (I — Lsp) = 24A
gy = (I — Isp) = 49A
Epy = (Ve — I,1R,) = 2452V
Ep, = (Ve —I5R,) =2402V

From equation (2.2), E}, = Q’Z?’%
E

“ N « b
D

Due to armature reaction effect, the -net
airgap flux @ willbe the resultant of @, and
@, Therefore, @ will be responsible for the
emf and torque generation.

2.9 BRUSHLESS DC (BLDC) MOTOR

The conventional brushed dc motor discussed so far has commutator and carbon brushes which are
necessary for commutation..Due to friction and transfer of current between the stationary brushes and
the rotating commutator, sparking is produced between them which results into their fast wear and tear.
Due to the presence of windings both on stator and rotor, the initial cost of a brushed dc motor is high.
Only because of the excellent performance, high efficiency and large power to volume ratio, they are

preferred in industries.

Brushless dc (BLDC) motors are the modern electric motors that are becoming increasingly popular
in many applications such as domestic appliances, automotives, acrospace, consumer products, medical
equipment, industrial automation and instrumentation. The cooling fan used in Switch Mode Power
Supply (SMPS), computers and laptop uses BLDC motors. Most of the e-bikes, 3-wheelers and a few

1
\%

=z

- mmmd
]

E
Hence, N Eb

SN B0

N1 Epy @
In this'problem,
28N @ 1
@, (1=03)p, 097
Substituting the values,
SN2 =994 rpm.

4-wheelers running on road employ BLDC motor for their propulsion.
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As the name implies, BLDC motors do not use brushes for commutation; instead, they are
electronically commutated. The rotor do not have winding; instead, permanent magnets are fixed on the
rotor. BLDC motors have many advantages over brushed dc motors and induction motors like better
speed versus torque characteristics, high dynamic response, high efficiency, long operating life,
noiseless operation, and higher speed ranges etc. In addition, the ratio of torque delivered to the size of
motor is higher making it useful in applications where space and weight are critical factors. However,
this motor cannot be connected directly to the source; an inverter and position sensors are necessary for
its operation. Inverter is a static, power electronic circuit that is used to convert the fixed-voltage dc
supply into variable-voltage, variable-frequency ac supply.

Although this motor is named as brushless dc motor but actually, it falls under the-category of ac
synchronous motor. This means that, the magnetic field generated by the stator and the magnetic field
generated by the rotor rotate at the same frequency. In other-words, these two magnetic fields rotate at
same speed and hence, this motor do not experience the “slip” that is normally present in induction
motors. To provide a general idea about how it is energized, a block diagram of 3-phase BLDC motor
drive is shown in Fig. 2.26.

Hall
DC AC Effect
Supply Sensors
3-Phase
) —
Inverter
’ -
S
Gate
Signals
Wi < Controller |«
Generator N

Fig. 2.26: 3-phase BLDC motor drive

2.10 TYPES OF BLDC MOTOR

BLDC motor is a member of permanent magnet synchronous motor family. These motors necessarily
have permanent magnets (PM) on the rotor. The stator winding has two types of variants. In one variant,
the stator winding is distributed sinusoidally in different slots of the stator and therefore, the shape of
induced back emf'in the stator winding is also sinusoidal. The second variant of stator winding is that
of concentrated type and hence it results into trapezoidal shape of induced back emf. Thus, PMSMs are
classified on the basis of the wave shape of their induced emfi.e., sinusoidal and trapezoidal. They are
known as:

e Permanent Magnet Synchronous Motor (i.e. with sinusoidal back emf) and

e Brushless DC Motor (i.e. with trapezoidal back emy).
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In addition to the back emf, the phase currents in stator winding also have sinusoidal and trapezoidal
variations in the respective types of motor. Since, the torque developed is directly proportional to the
phase current, it makes the torque output of a PMSM (i.e. with sinusoidal back emf) smoother (i.e. lower
torque ripple) than that of a BLDC motor which has trapezoidal back emf. However, this comes with an
extra cost, as the sinusoidal motors take extra winding interconnections because of the coils distribution
on the stator periphery, thereby increasing the copper intake by the stator windings. Whereas, the
concentrated type stator winding of BLDC motors is relatively simple and also this motor has simplicity
of control. Hence, BLDC motors are more popularly used compared to PMSM.

Depending upon the control power supply capability, the motor with correct stator voltage rating is
chosen for a given application. Normally, 48V or less rated voltage BLDC motors are used in
automotive, robotics, etc. Motors with 100V or higher ratings are used in domestic.appliances,
automation and in industrial applications. BLDC motors are available in 1-phase;2-phase and 3-phase
configurations. Out of these, 3-phase motors are most popular and widely used.

2.10.1 Classification of BLDC motor based on flux paths

The permanent magnet motors can also be classified based.on the path of flux flowing between the
stator and rotor. These paths can be either in radial direction‘or in axial direction. Accordingly, they are
classified as:

e Radial flux motors and

e Axial flux motors or Pancake motors.

All conventional motors (including the dc machines-discussed so far) have flux flowing from stator to
rotor and vice versa through the air gap in radial direction. Torque is produced when the radially
travelling main magnetic field interacts with the axially flowing armature currents. These machines are
commonly used in practice.

The axial flux motors are constructed such that, the flux flow along the axial direction of the shaft.
When this axially travelling . magnetic’ field interacts with the radially travelling currents, torque is
produced. The axial flux motors are relatively compact in size and may have one or more number of
stators, rotors and air-gaps cascaded alternately in a sandwich pattern. Such a machine with one stator
and one rotor and.two stators and one rotor are shown in Fig. 2.27 (a) and (b) respectively. Because of
two stators, the power density of the later one is higher than that having only one stator. The air gap in
axial flux motors is-adjustable during and even after assembly.

In radial flux motors, retention of the magnets against centrifugal force on the rotor is required but
there is no such requirement in axial flux motors. In high performance applications, high power density
and good acceleration capacity are the highly desirable features. Due to the inherent advantages like
compact size, high power density and acceleration capacity, the axial flux motors are being considered
in high performance applications like aerospace, aviation, marine and some traction applications
including that of the hybrid electric vehicles. The main reason due to which the axial flux PM motor
has not become a common choice is its complex manufacturing and assembly requirements.
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Rotor Stator Stator Stator ~ Stator  Rotor  Stator Stator
assembly coils core core coils assembly coils core

/

Permanent magnets Permanent magnets
(@) (b)

Fig. 2.27: Axial flux PM motor (a) having one stator and one rotor, (b) having two stators.and one rotor,
Source: [9]

2.10.2 Classification Based on Rotor Position

The brushed dc motors discussed earlier in this chapter had electromagnets (comprising of main poles
and field winding) on the stationary stator and an armature winding (lap‘type or wave type) on the rotor.
Such type of construction was necessary. due to the need of mechanical commutation that is provided
by commutator and carbon brushes. However. after 1950, the availability of high energy density
permanent magnets have made it possible to.replace.the electromagnets by permanent magnets. Also,
the advent of static, semiconductor based high power switching devices like silicon controlled rectifier
(SCR), insulated-gate bipolar transistor (IGBT) etc. and the electronic inverter circuits that make use of
these switching devices have made it possible to-replace the mechanical commutator-brush pair by
electronic commutation in the form ofdnverter circuit. These technological developments led to the
birth of PMSM and BLDC machines:

In BLDC motors, permanent magnets are mounted on the rotor whereas the armature winding which
is supplied with high input current through inverter is now wound on the stationary stator. This topology
simplifies the construction as well'as maintenance. Depending upon, whether the rotor is inside the
stator or outside the stator; BLDC motor can also be classified as:

e Innerrotortype and
e  Outer rotor type

The outer rotor type BLDC motors are mainly preferred in electric vehicles (EV), drones, water
pumping and home electronics. In EVs, both types of BLDC motors can be employed. The inner rotor
type motor can be coupled to the wheel via a gear system whereas, the outer rotor type motor can be
installed inside the driving wheel and operate directly from the wheel without a gear system. Hence, the
outer rotor type BLDC motor used in EVs in also called as Hub Motor. Such a system allows to remove
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the gear system thus increasing the overall efficiency. It also provides high torque and helps increasing
the mileage of electric bikes. However, since the stator that carries armature winding is enclosed inside
the rotor assembly, the heat produced due to power loss in the windings and the stator core is not easily
dissipated. As the motor is housed inside the wheel hub, the overall weight of the wheel increases that
may lead to stability issues. Fig 2.28 (a), (b) shows the stator and rotor of a Hub motor.

Permanent magnets
Concentrated coils

@ (b

Fig. 2.28: Hub'motor (a) stator (inner part), (b) rotor (outer part)

2.10.3 Construction of Inner Rotor Type BLDC Motor

The inner rotor type BLDC motor has two'main parts. The stationary part is called as stator. It consists
of a cylindrical, laminated magnetic. core with axially cut slots on the inner periphery and windings
housed in these slots. The other.one which is free to rotate is called as rotor. Both are cylindrical in
shape and concentric to each other with a thin airgap between them. Stator consists of an outer frame
and salient poles. Concentrated coils are wound over these poles. For a two-pole machine, the coils
wound on diametrically opposite poles.are connected in series and they constitute one phase of the stator
winding. In this way, three.phases (R —R'; Y —Y'; B — B’") are formed as shown in Fig. 2.29.

The rotor consists ofa.cylindrical magnetic core on which, permanent magnets are fixed. Based on
the required-magnetic flux density in the rotor, appropriate magnets are chosen. Ferrite magnets are
used traditionally. They are less expensive but have a demerit of low flux density for a given volume.
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Concentrated
coil wound on
the stator pole

Permanent

magnet Rotor.core

Fig. 2.29: Construction of a BLDC motor

Neodymium iron boron magnets (NdFeB) are the rare-earth magnets which are very strong and can
provide approximately 20 times the magnetic field per unit volume compared to the regular ferrite
magnets. Use of NdFeB magnets allows to generate more torque for the same size of the motor. Based
on the different arrangements of permanent magnets.on the rotor, it is classified as: (a) Surface mounted
type, (b) Embedded type and (¢) Inserted type.. These three constructions of the rotor are shown in Fig.
2.30. A typical surface mounted rotor is shown in Fig2.31.

Rotor core

magnets

Permanent ' - \
\O2

T

(a) Surface mounted type (b) Embedded type (c) Inserted type

Fig. 2.30: Construction of rotor
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Fig. 2.31: A typical surface mounted rotor

2.11 OPERATION OF BLDC MOTOR

The motor operation is based on attraction-and repulsion between the. stator poles and permanent
magnets of the rotor. The three phase windings on the stator are energized and de-energized sequentially
by the inverter. When current flows through the stator coil, it magnetizes its pole and based on the
direction of coil current, either North or South Pole is induced: The stator poles which are energized
attracts the closest permanent magnet on the rotor having opposite polarity. The rotor moves if the
current is shifted to the next coil (of next phase). Sequential charging of each phase winding causes a
smooth rotation of the rotor. The torque depends on the amplitude of current, the number of turns of
stator winding, the strength and size of permanent magnets, the air gap between the rotor and stator
poles, and the radius of rotor.

During the running condition, a trapezoidal shaped back emf'is induced in the stator coils. The input
current pulses fed to the stator.coils are each of 120° duration and should be located in the region where
the back emfis constant and maximum. Therefore, before exciting any stator coil, it is necessary to have
an advance information about the polarity of rotor magnet which is available close to that coil.
Accordingly, the direction of coil current can be decided to induce appropriate pole on the stator. For
this purpose, position sensors like Hall-effect sensor are mounted on the stator, which provides this
information. The applied voltage from the inverter has to be synchronized with instantaneous rotor
position as indicated by the position sensors. The torque remains constant for a speed range up to the
rated speed. The motor can be made to run up to a maximum speed, which can be up to 150% of the
rated speed. However, as speed increases, the torque starts decreasing. Applications that have frequent
starts and stops and frequent speed reversals require more torque compared to the rated torque value.
This is because, extra torque is needed to overcome the inertia. The torque-speed characteristic of BLDC
motor is shown in Fig. 2.32. Fig. 2.33 shows the timing diagram of induced back emf and motor input
currents and torque.
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Fig. 2.32: Torque speed characteristic of.a BLDC motor
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Fig. 2.33: Induced back emf, phase currents and torque waveforms of a BLDC motor
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UNIT SUMMARY

® A dc motor receives electrical energy from a dc voltage source and converts it into
mechanical energy in the form of torque and rotational speed.

e DC motor has similar construction as that of dc generator. The same dc machine can
be used as a generator and as a motor provided that it also has interpoles on its stator.

® When the dc machine is used as a generator, the terminals of armature winding are
connected across an electrical load whereas if you want to use it as a motor than, the
armature terminals are connected across a dc source.

® The force produced on a conductor of length £, that is carrying cutrent Zand placed in
a magnetic field of density By, is given by, F, =B,,,I{. Newtons:.

e Fleming’s left hand rule is used to determine the<direction of force deyveloped on a
conductor which is carrying currentand is placed in a magnetic-field.

® Back emf E; induced in the armature conductors.is in opposite direction to supply
voltage and therefore is useful in limiting the magnitude of armature current within safe
limits.

e Alternating nature of<armature current is' necessary when' flowing in the armature

conductors of a dc motor. The commutator and brushes-converts the supplied dc current
into ac.

® The process of production of back emf Ep in a de motor is identical to the production of
generated emf Eg in a dc generator. Hence they.are governed by the same equation.

® The magnitude of back emf’is ditectly proportional to the product of rotor speed and
main flux. E, = K, w®;,

e Starting current in“a.dc moter is-dangerously high in magnitude because during the
starting condition, rotor'speed and hence the back emf are zero.

® To restrict the magnitude of starting current within safe limits, starter is used.

e Torque developedin a de motor is directly proportional to the product of main flux and
armature curtent. T,.= K, 0,1,

e The torque actually available for the use by mechanical load is called as shaft torque
and is‘given as, Ty, = T, — torque lost in overcoming the mechanical loss

® 1 horse power = 746 watts
e Torque (Nm) X Angular speed (rad/s) = Power (watts)
® The armature voltage equation for a dc motor is: V; = E,, + IR, + brush drop

® The armature voltage equation for a dc generator is: E; = V; + [, R, + brush drop
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Shunt field current I, and hence the main flux @,, in a dc shunt motor are normally
constant provided that the supply voltage V; is not changed.

The shunt field winding is made of large number of turns and high resistance Rgy,. This
reduces the magnitudes of Iy, and constant losses. Ideally, Ry, = o0

The series field winding and armature winding have very low resistance so that the
voltage drops (I R,, I;Rs.) and the variable losses are less. Ideally, R, = R, = 0.

In dc shunt and dc separately excited motors, the drop in rotor speed due to rise in load
is very less. Hence, a dc shunt motor is also called as constant speed motor.

The dc shunt motor is commonly used in those applications which *require
approximately constant speed at all values of load from zero to full load condition.
Examples are: centrifugal pump, blowers, fans, conveyers, machine tools.

In dc series motor, since the torque is proportional to armature cufrent squared 12, for
the same rise in torque, increase in motor<current is less as compared to that in a dc
shunt and dc separately excited motor.where the torque is‘proportional to.armature
current /.

The outstanding feature of dc series motoris that, it can-generate high starting torque.

DC series motor is used in‘those applications. which-.requirehigh starting torque.
Example: traction, hoist, crane, electric vehicle etc.

For safe starting of dc:shunt motor; 3-Point Starter or'a 4-Point Starter can be used.
For safe starting of dc series. motor, 2-Point Starter or drum controller can be used.

Rotor speed of a de motor can be controlled by any of the following methods:

1. By varying the resistance of armature circuit

2. By varying the main field (@) of the motor

3. By varying the input voltage V; applied to the armature terminals.

By varying the resistance of armatire circuit or by varying the input voltage across

armature winding, speed  controlover a range upto rated speed can be implemented.
However, rotor speedabove rated value is not possible by this method.

By varying the shunt field current and hence by changing the main flux, speed control
above rated speed canbe implemented. However, the rotor speeds below rated value
are not possible by this method.

Brake test is a direct method of determining the efficiency of a dc motor in the
laboratory. It is also called as /oad fest on the motor.

Brushless dc motor consists of permanent magnets on the rotor in place of armature
winding. The concentrated coils on the stator are fed a modulated ac supply through an
inverter. This is a high speed motors that is popularly being used in domestic
applications and electric vehicles.

The wave shape of emf induced in the stator coils of a BLDC motor is of trapezoidal

type.
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EXERCISES

Multiple Choice Questions

2.1

2.2

23

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

Which of the following can be a normal value of armature resistance of a dc machine?

(a) 0.002Q (b) 0.5Q

(©15Q (d) 150 @

The electrical equivalent of mechanical power developed in the armature of a dc motor is,
(a) input power minus all losses (b) output power plus all losses

(c) the product of armature current and back emf (d) product of output power and angular speed
The wave shape of back emf'in a dc motor is,

(a) trapezoidal (b) unidirectional and constant

(c) sinusoidal (d) pulsating only in positive direction

If a dc generator is made to run as a dc motor in the same direction, the direction of back.emf will,
(a) reverse (b) remain same

(c) it cannot run as motor (d) back emf will be zero

In a dc shunt motor running at rated speed, if the field circuit gets open-circuited, the speed will
tend to,

(a) decrease (b) increase

(c) remain unchanged (c) cannot-be predicted

Function of a dc motor starter is to,

(a) increase the starting torque (b) limit the-starting current

(c) both (a) and (b) (d).none of the above

DC motors should not be reversed during running condition when the supply is ON because,

(a) Back emf'will oppose the supply voltage (b) high amount of current will flow in the motor
and'may damage it

(c) both (a) and (b) (d) none of the above

A dc shunt motor is fed with a rated supply voltage and rated field current. It also has an external
resistance connected in series with armature winding. To obtain rotor speed less than rated value,
(a) reduce the supply.voltage.and increase the (b) ) increase the supply voltage and decrease

field excitation the armature circuit resistance
(c) increase the supply voltage and reduce the (d) decrease both, the armature voltage and field
field excitation excitation

A dc shunt.motoris supplied with rated voltage and rated excitation. It is driving a mechanical
load. If the load torque is doubled than, the speed,

(a) become half (b) become double

(c) decrease slightly (d) increase slightly

A dc series motor has a diverter resistance connected across field winding. If this diverter resistance
is increased then the speed will,

(a) increase (b) decrease

(c) remain unchanged (d) cannot be predicted

A dc series motor runs at rated speed on rated excitation current. If an external non-zero resistor is
connected in series with field winding, the speed will,

(a) increase (b) decrease
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(c) remain unchanged (d) cannot be predicted
2.12  Ifadc generator is made to run as a dc motor in the same direction, the direction of armature current
will,
(a) reverse (b) remain same
(c) it cannot run as motor (d) armature current will be zero

2.13 A 120V, dc motor having armature resistance of 0.5Q and back emf equal to 110V will have an
armature current equal to,
(a) 20A (b) 460A
(c) 240A (d) 220A
2.14 A 120V, dc motor having armature resistance of 0.5Q and back emf equal to 110V will have an
armature current during starting condition equal to,
(a) 20A (b) 460A
(c) 240A (d) 220A
2.15 Ifthe current supplied to a dc series motor is increased from 10A to 12A then, neglecting magnetic
saturation, the percentage rise in its torque will be,
(a) 44% (®) 2%
(c) 20% (d) no change
2.16  IF the load current and main flux of a dc motor are held constant, and the armature input voltage is
increased by 10% than the speed will,
(a) increase by 10% (b) decrease by10%
(c) remain same
2.17 If the pole flux ¢, of a dc motor tends to change towards zeto, the.speed will tend to,
(a) become zero (b) approach infinity
(c) no change (d)«cannot be predicted

2.18 For an application requiring high starting torque-but approximately constant speed, the most
suitable motor will be a de,

(a) shunt motor (b) series motor

(c) compound motor (d) separately excited motor
2.19 The speed of a dc motor can be controlled by adjusting its,

(a) field current (b) armature input voltage

(c) armature circuit resistance (d) all of the above
2.20 Brake test for the measurement of efficiency of a dc machine is

(a) an indirect method (b) a direct method

(c) a regenerative method (d) none of the above

Answers of Multiple Choice Questions

2.1 (b) 2.2.(c) 2.3 (o) 2.4 (b) 2.5 (b) 2.6 (b) 2.7 (b) 2.8 (a) 2.9 (¢
2.10 (b) 1.11 (b) 2.12 (a) 2.13 (a) 2.14 (¢) 2.15 (a) 2.16 (a) 2.17 (b) 2.18 (¢)
2.19 (d) 2.20 (b)
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Short and Long Answer Type Questions

Short Answer Questions

2.1
2.2
23
2.4
2.5

2.6
2.7
2.8
2.9

Describe how the direction of rotation of a dc shunt motor can be reversed?
Justify why a dc series motor is never run without load.

Explain: “The back emf acts as a current regulator”

Describe with relevant diagrams the different methods of a dc machine.

Four terminals of a dc shunt machine are available in the terminal box but they are un-named: How
will you identify the terminals of armature winding and field winding? Note that the two windings
are not interconnected.

Distinguish between the series field winding and the shunt field winding of a dc compound machine?
Explain what would happen if a dc motor is directly switched ON to the supply?

Explain the functions of no-volt release in a 3-point starter.

Explain why there is a drop in rotor speed due to rise.in load?

2.10 Give examples of electrical and mechanical load.

2.11 Which losses of a dc compound motor are constant? Justify your answer.

2.12 State applications of dc shunt and dc series motor:

Long Answer Questions

2.1

2.2

23
2.4

2.5

2.6

2.7

2.8
2.9

Discuss the different methods of speed control of de shunt motor. Draw the torque speed
characteristics for each of them.

“The direction of rotation of a dc series motor remains same even when the input supply is reversed”
Justify.

Derive the torque speed characteristics of a dc shunt and dc series motor. Compare them.

Consider a dc shunt motor connected to a-3-point.starter.“"What will happen if:

(1) Attempt is made to start the motor-with the field circuit open.

(i1) Field circuit becomes open-circuited when the motor is already running.

(iii) The motor is overloaded when it is.already running.

Discuss the advantages and.disadvantages of field control method for the speed control of a dc shunt
motor.

Analyse qualitatively-for what will happen when:

(a) The load torque and field current are held constant but the armature voltage is halved.

(b) The load torque and armature voltage are held constant but the field current is halved.

A dc shunt motor is running-at rated load. What will happen when:

(a) Field winding terminals are interchanged.

(b) Supply terminals are interchanged.

Explain why iron loss is treated as constant loss and the copper loss as variable loss?

Discuss the construction and working of a BLDC motor.

2.10 Explore the various experimental methods for determination of efficiency of a dc motor.
2.11 What will happen to the direction of torque, if supply voltage is reversed in (i) dc shunt motor and

(i1) dc series motor?

2.12 Why only dc series motor is used as universal motor and not the dc shunt motor?
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Numerical Problems

2.1

2.2

23

24

2.5

2.6

2.7

2.8

2.9

2.10

A 230V, dc shunt motor has an armature resistance of 0.5Q and field resistance of 115 Q. At
no-load, it rotates at 1200 rpm and the armature current is 2.5A. On application of rated load,
the speed drops to 1120 rpm. Determine the line current and power input when the motor
delivers rated load.

A 6 pole, lap connected, 230V dc shunt motor has 410 armature conductors. It takes 41A on
full load. The flux per pole is 0.05 Wb. Armature and field resistances are 0.1 Q and 230 Q
respectively. Contact drop per brush is 1V. Determine the rotor speed and total“torque
developed in the rotor.

A dc series motor with unsaturated magnetic circuit and negligible resistance when running
at a certain speed on a given load takes S0A at 500V. If the load torque varies as cube of
speed, find the resistance necessary to reduce the speed by 20%.

A 240V, dc shunt motor has a field resistance of 400 Q and armature resistance.of 0.1 Q. The
armature current is S50A and the speed is 1000 rpm. Calculate the additional resistance in the
field to increase the speed to 1200 rpm. Assume that the armature-current remains same and
the magnetization curve is a straight line.

A 250V separately excited dc machine has armature and field resistances of 0.06 Q and 100
Q respectively. Determine the total-power developed in armature when .working as a: (i)
generator delivering 25kW output and (ii) motor taking 25kW-input from the supply.

A 250V, dc shunt motor has armature resistance of 0.25 Q. On-load, it takes armature current
of 50A and runs at 750 rpm. If the motor flux is reduced by 10% without changing the load
torque, find the new speed of the motor.

A 4 pole, 240V, wave connected de shunt motor gives 11.19kW when running at 1000 rpm
and drawing the armature and field currents: of 50A and 1A respectively. It has 540
conductors. If armature resistance is 0.1 Q and contact‘drop per brush is 1V, find: (i) useful
flux per pole, (ii) total torque, (iii) useful torque and (iv) efficiency.

A dc shunt motor has an armature resistance 0f 0.1 Q and it is connected across a 220V
supply. The motor runs at 800 rpm and draws an armature current of 20A. Calculate the
additional resistance to be connected in series with armature winding to reduce the speed to
520 rpm. Ignore the armature reaction effect.

A 460V dc series motor runs at 500 rpm taking a current of 40A from supply. The combined
resistance of armature and series field winding is 0.8 Q. If the load is reduced such that the
motor takes 30A, calculate the new speed and percentage change in torque. Assume flux as
proportional to the field current.

A 24V, dc series. motor takes 40A when giving its rated output at 1500 rpm. The combined
resistance of*armature and field winding is 0.3 Q. Determine the value of resistance that
should be added in series to obtain rated torque at: (i) starting condition and (ii) 1000 rpm.

Answers of Numerical Problems

2.1

2.6

33A, 2.2 655rpm, 130.5 Nm 23 3975Q 24 80Q 2.5 Py=25600W
8050W Pn = 24400W
828 2.7 13.05mWhb, 112.21Nm, 2.8 3.815Q 2.9 679rpm, 2.10 57Q,1.9Q
rpm 106.86Nm, 91.42% 43.75%
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PRACTICALS

Experiment No: 1
Aim: To reverse the direction of rotation of a dc shunt motor.

Machine specifications:
Refer to the name plate of the machine and note down the following specifications.

DC Shunt Motor:
kW/HP: Frame: RPM:
Insulation Class: Armature Voltage: Max. Ambient Temp.:
Type: Armature Current: Field Current:
Duty: Make:
Apparatus:

Device Make Range Quantity
3-Point Starter 01
DC Ammeter 01
DC voltmeter 01
Rheostat 01

Circuit connections:

3-Point Starter . 3-Point Starter
ICDP Switch ICDP Switch
r————= i L A F rm———- I L A F
| |
| I ) Fusel ; | |
' I ! ! I I
| [ | ! | |
[ | : + | |
20V | : I : 220V | | |
DC = | :: | bC = | |
Source T - Iy I Source T I I
| [T | ; | |
| Lo | ; ! |
1 | | ! | |
i | | Ra(ext) ! | |
'_> —ie —> o—i—e
L | L |

(a) Forward/ normal direction (b) Interchanging the field winding terminals
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. 3-Point Starter 3-Point Starter
ICDP Switch ICDP Switch
r————- I L A F r————- | L A F
el SR I 17U

| |
i I i T
! (] Fuse | ! (T Fuse |
| by ' | b '
" (] | A . I |
220V | il : FFF 220V | Lo :
DC = poh | DC = N
= I = I !
Source i T | Source 7 Y |
: I | g AA | Loy I
: Pl : 27 ‘ | Al : =z
i | o | Ragew | | o |
>t — < - -—I—-.K—O\.Oi—d—
L | L __ [
(c) Interchanging the armature winding terminals (d) Interchanging the terminals.of both; field and
armature winding
Fig. 2.34: Connection diagrams for different directions of rotation
Theory:

There are many applications in which the motor is required to rotate in forward andreverse directions. This
feature is used to stop, slow down or reverse the direction of motor spinning force. For example: The garage
door opener used in garage and automatic sliding door opener used in malls, offices and banks employ a
motorized system that opens and closes.the gates. The motor used in hoists is required to operate in both
directions. These applications require equal torque in-both directions.

To reverse the direction of rotation, it is necessary to reverse the direction of developed torque. From
equation (2.7) the armature torque is given by, T, = K¢®.;;1, where the main flux is directly proportional to
the field currenti.e. @, o If.

T, < I Iy

Thus to reverse the torque, the direction of €ither the armature current /, or the field current /; should be
changed. Simultaneous reversal of both currents will maintain the same direction of torque and the rotor will
not be able to rotate in opposite direction. Thiscan be implemented either by reversing the polarities of the
dc source or by reversing the terminals of the winding. Method of reversal of dc motor depends on the type
of motor. In different motors, it can be implemented as:
e DC series motor: Reversing the direction of current either in field winding or in armature winding.
e DC shunt motor: Reversing the direction of current either in field winding or in armature winding.
o DC separately excited motor: Changing the polarity of supply voltage either to the field winding or to

the armature winding.
e Permanent magnet DC motor: Changing the polarity of supply voltage.

Precautions:

1. Make tight connections as shown and switch on the supply after they are verified by the instructor.
2. Ensure that you are standing on a rubber mat while performing the experiment.
3. Stand at a safe distance from the experimental setup when it is running.
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4. Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.

5. In this experiment, to reverse the direction of rotation, do not try to open and reverse the winding
terminals while the motor is in energised state. First disconnect it from the supply.

Procedure:

6. Turn off the ICDP switch. The starter handle should return-back to‘OFF’ position by its own.
7. Reverse the winding terminals as shown in‘the next diagram (Fig. 2.34 (b))
8. Repeat steps 2 to 8.
9. Repeat the experiment as per Fig. 2.34 (¢) and (d).
Observations:
Sr. No | Diagram Connection Direction of rotation Remark
L. Fig (a) | Normal
2. Fig (b) | Interchanging the field winding
terminals
3. Fig (¢) Interchanging the armature
winding terminals
4. Fig (d) | Interchanging both,field and
armature winding terminals
Conclusion:
Discussion:

1.

1. Make connections as shown in Fig. 2.34 (a)

2. Ensure the starter handle at ‘OFF’ position before switching on the supply.

3. Ensure the variable rheostat in armature circuit at maximum resistance position before switching on

the supply.

4. Turn on the ICDP switch (Iron Clad Double Pole) and move the starter handle gradually towards

‘RUN’ position.

5. Note the direction of rotation of rotor. Treat it as ‘Forward’ direction. If it is not possible for you to
observe the direction of rotation correctly, vary the speed by adjusting'the variable rheostat in

armature circuit.

Why starter is used in this experiment?

It is known that, starting condition is that short-time interval when the input supply is just fed to the
motor but it has not yet started running. In such a condition, the back emf induced in the armature
winding is zero and therefore the only opposition offered to armature current is due to the armature
resistance. Since R, is normally very small in magnitude, the armature current during starting condition
is dangerously high. Therefore, to restrict this starting current within permissible limits and to ensure

safe starting of the motor, starter is employed.
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Which is the preferred method for reversal of rotation of a dc motor when machine is at rest and not
connected to supply?

Since the field winding carries lesser current than the armature winding, reversing the field current is
easier. It requires a low rating, lightweight reversing switchgear and thus reduces the cost. Hence field
current reversal is preferred.

NOTE:

Field winding of shunt motor has large number of turns and its inductance is large. The stored energy of
field winding must be dissipated before it is reconnected in reverse fashion. Strictly no attempt.should
be made to reverse either the field winding or armature winding when supply is ON and motor is running,
as it will cause plugging or counter current operation causing the back emfto come in series with supply
voltage resulting in very large amount of current to flow in armature circuit. This will eventually damage
the DC motor.

For quick reversal of separately excited dc motor, the voltage of armature should be brought gradually
to zero and then slowly increased in reverse direction- as is being done in Ward Léonard Control.

Why speed reversal by changing the direction of field current Iz is not possible in PMDC motor?

In a permanent magnet dc motor, the stator has permanent magnets in place of poles wound with field
winding. Therefore, the main flux remains constant and cannot be .varied:

If it is not possible to separate the connection between the:armature and field winding than, how speed
reversal can be done?

If it is not possible to separate the armature winding from field winding, it means the armature and field
currents cannot be reversed independently. In that case, the.speed reversal is not possible.

In a dc compound motor, field current of which field winding should be reversed to reverse the motor
speed?

A dc compound motor consists of two field windings. One is connected in series with armature winding
and is called as series field winding whereas, the other one is connected in parallel with armature and is
called as shunt field winding. If'the current in any one of them is reversed than, the characteristics of the
motor will change from differential‘type to.cumulative type and vice-versa. This will create a mismatch
with the load characteristics. Hence, currents in both field windings should be reversed to reverse the
speed direction. Ifreversing the terminals of both field windings is not possible than, the armature current
alone should be reversed.

Why only de series motor can be used as a Universal motor and not the dc shunt motor?

Universal motor.is that motor which can run on ac as well as on dc supply. From equation (2.7), if the
directions of both, the armature current and field current are reversed, the torque remains unidirectional
and hence, the motor continues to run in same direction. When the supply voltage to a dc series and a dc
shunt motor is reversed, in both cases, the torque should remain unidirectional regardless of the supply
voltage polarity. However, only dc series motor is used as ac series motor or universal motor. When ac
source is connected across a series motor, the armature and field currents will change simultaneously in
magnitude as well as in direction. They are in-phase because both windings are in series. But when a dc
shunt motor is connected across an ac source, the two winding currents will have a phase difference due
to different impedances of the two windings. If the motor runs, it will run poorly.
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Experiment No: 2
Aim: To perform brake test on a dc shunt motor.

Machine specifications:
Refer to the name plate of the machine and note down the following specifications.

DC Shunt Motor:
kW/HP: Frame: RPM:
Insulation Class: Armature Voltage: Max. Ambient Temp.:
Type: Armature Current: Field Current:
Duty: Make:
Apparatus:

Device Make Range Quantity
3-Point Starter 01
DC Ammeter 01
DC voltmeter 01
Rheostat 01
Tachometer 01
Spring balance 01
loading arrangement

Circuit connections:

3-Point Starter
ICDP Switch
r————= vod L.F A

oayes—H 1 ]

|
i Foy F [ Spring
: : :I ug : balances
i |
B : ! : + M:
220V Lol '
DC = | :I I Vi \D Water cooled
Source T - | I: | - FF F brake-drum
i )y I Mechanical
i : ] : coupling
| Ll | Rytexy
— .—0-..“\.—0'\‘0!—4 <
L |
Fig. 2.35: Connection diagram of brake test on a dc shunt motor
Theory:

This test is performed to determine the efficiency of a dc motor by direct measurement of the input and
output power. For details, refer to Section 2.8.



Electric Motors and Transformers: Theory and Practicals | 123

Precautions:
1. Make tight connections as shown and switch on the supply after they are verified by the instructor.
2. Ensure that you are standing on a rubber mat while performing the experiment.
3. Stand at a safe distance from the experimental setup when it is running.
4. Do not bend to note readings. Stand straight and avoid parallax error while taking the readings.
5. In this experiment, due to friction between the brake-drum and the belt, heat is produced. To

dissipate the same, pour permissible amount of water in the space provided in the brake drum when
the machine is disconnected from supply.

6. While increasing the load, ensure that the ammeter reading does not exceed the rated current value

of the motor.
Procedure:

1. Make connections as shown in circuit diagram.

2. Ensure the starter handle at ‘OFF’ position before switching on the supply.

3. To ensure the starting of motor at no-load, loosen the belt around the drum.

4. [Initially, set the variable rheostat in field circuit at minimum resistance position before switching
on the supply.

5. Turn on the ICDP switch (Iron Clad Double Pole) and move the starter handle gradually towards
‘RUN’ position.

6. Adjust the speed at rated value by varying the rheostat. Now, domot disturb the rheostat throughout
the test.

7. Note the readings of input voltage, input.current, speed and the two spring balance tensions.

8. Increase the mechanical load on the motor by tightening the belt with the help of load adjustment
wheels and note the corresponding readings.

9. Take 8 to 10 sets of reading upto rated load.

10. Loosen the belt and bring the rheostat to initial position.

11. Turn off the ICDP switch. The starter handle should return back to ‘OFF’ position by its own.

12. Remove the connections and calculate efficiency at different load conditions.

Observations and-Calculated Results:

Sr. No. | -L(A) | %(V) | N (tpm) | M (kg) | M2 (kg) | (M,~M) | Toy | Py | P |
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Calculations:
1. Measure the circumference of the brake drum and calculate its radius (7) in meters.

2. Calculate the torque as, Ty, = rg(M; — M,) where, (M; — M,) is the difference between spring
tensions, g = acceleration due to gravity.

Calculate the power output as, Py, = Ty, X % where, N = rotor speed in rpm.
Calculate the input power, P, = V.1

Calculate the percentage efficiency as, n = Ppifl x 100

S kW

Draw the graph of output power P, versus 7, Ty, and N on the same graph paper

Result and Conclusion:

Model Graph:
th',"
pa— N "’
F 3 N
SEIR: n
SR ,o°
"U ,
e D P
=R |93 R
(] E % »°
Ble| g
8|2
< |~ o7
175} X
(0,0 Output power Py, (W) —>
Fig. 2.36: Graph of Py, versusn,Tg,, [ and N
Discussion:

1. During no-load operation, whatis the utility of input power? Also comment on speed and efficiency.

During no-load‘condition, the power output of the motor is zero. A small amount of input power is drawn
by the motor. from the dc source. It is utilized to overcome the no-load losses, namely the mechanical
loss and the field copper loss. Since the power output is zero, the efficiency is also zero. The no-load
speed is slightly greater than the full load-speed. As the machine is loaded, the speed falls slightly.

2. Why the speed reduces slightly when the dc shunt motor is loaded?

With rise in load, the armature current /, increases and therefore the voltage drop in armature winding
IR, also increases. Consequently, the back emf (E, = V, — I,R,) decreases. From equation (2.2), speed
N « E,. Hence, the rotor speed decreases. Refer to A physical explanation of this phenomenon is given
in Section 2.3.
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3. When the motor is loaded, how does it adjusts itself to the new load condition?

When the mechanical load on the motor is increased, it means that the load torque 77} is increased. Note

that, 77, always acts in opposition to the torque 7, developed by the motor. Due to rise in load, speed and

. Ve—E . .
back emf decreases. Consequently, the armature current given by I, = (tR—b) increases. Since the
a

armature torque is directly proportional to armature current (T, < @,,1,), T, also increases till it becomes
equal to T;.

4. Why the starting torque in a dc shunt motor is less than that in a dc series motor?

The starting torque of a dc shunt motor is directly proportional to armature current (T, « I,) Wwhereas in
a dc series motor, it is directly proportional to square of armature current (T, o I2). This:is-because, in
a dc shunt motor, the main flux @,, is constant whereas in a dc series motor, it is directly proportional
to armature current I,. During the starting condition, armature current is high in magnitude and is also
called as starting current. Due to these reasons, the starting'torque of a dc shunt'motor.is-less than that
of a dc series motor.

5. What will happen if the field winding of a dc shunt motor gets open-circuited during running condition?

With the use of 3-Point starter, in the event of field winding getting open-circuited; the no-volt coil (HC)
of the starter will not receive any current and it will release the handle. Thus the starter will return back
to ‘OFF’ position. Since the field winding is highly inductive, sudden. interruption of current in it will
cause the induction of high voltage in it which.may be dangerous:to its insulation.

Experiment No: 3
Aim: To perform brake test on a dc series motor.

Machine specifications:

Refer to the name plate of the machine and note‘down following specifications.

DC Series Motor:
kW/HP: Frame; RPM:
Insulation Class: Armature Voltage: Max. Ambient Temp. ("C):
Duty: Armature Current: Make:

Apparatus:

Device Make Range Quantity

2-Point Starter 01
DC Ammeter 01
DC voltmeter 01
Rheostat 01
Tachometer 01
Spring balance loading arrangement 01
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Circuit connections:

2-Point Starter

ICDP Switch L F
| I 1 1 1
| [ -
IR e |
i I Spring
i : :I Fuse : balances
I |
: + : || : + MZ
220V | I
DC = : I : VtC\D Water cooled
Source 7| - | : ! | - brake-drum
i | |: | Mechanical
: Lo | coupling
| ol | Ragexy
| a(ex
Lo e 3 oo N <
L ——__ |
Fig. 2.37: Connection diagram of brake teston a dc series motor

Theory:

This test is performed to determine the efficiency of a dc motor by direct measurement of the input and
output power. For details, refer to Section 2.8.

Precautions:

1. Make tight connections as shown and switch on.the supply after.they are verified by the instructor.

2. Ensure that you are standing on a rubber mat- while performing the experiment.

3. Stand at a safe distance from the experimental setup when itis running.

4. Do not bend to note readings. Stand straight and avoid parallax error while taking the readings.

5. In this experiment, due to friction between the brake-drum and the belt, heat is produced. To
dissipate the same, pour limited amount of water in the space provided in the brake drum when the
machine is disconnected from supply.

6. While increasing the load, ensure that the ammeter reading does not exceed the rated current value
of the motor.

7. Do not apply full voltage across the dc series motor terminals at no-load.

Procedure:

1. Make connections-as shown in circuit diagram.

2. Ensure the starter handle at ‘OFF’ position before switching on the supply.

3. Initially, to-ensure the starting of motor on-load, tighten the belt around the drum.

4. Pour water in the drum for cooling.

5. Initially, set the variable rheostat in armature circuit at maximum resistance position before
switching on the supply.

6. Turn on the ICDP switch (Iron Clad Double Pole) and move the starter handle gradually towards
‘RUN’ position.

7. Adjust the speed at rated value by varying the rheostat. Do not disturb it throughout the test.
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11.
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13.
14.
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Note the readings of input voltage, input current, speed and the two spring balance tensions.

Increase the mechanical load on the motor by tightening the belt with the help of load adjustment
wheels and note the corresponding readings.

Take 8 to 10 sets of reading upto rated load.

Keep the belt tight and bring the rheostat to initial position.

Turn off the ICDP switch. The starter handle should return back to ‘OFF’ position by its own.
Remove the connections and calculate efficiency at different load conditions.

If belt becomes hot and starts slipping over drum, sprinkle a small amount of sand between belt and
drum.

Observations and Calculated Results:

Sr.No.| I(A) | V(V) | N Gpm) | M; (kg) | M2 (k) | (My~My) | Ty | By [P | 7
L.
2
3.
4
Calculations:
1. Measure the circumference of the brake drum and calculate its radius () in meters.
2. Calculate the torque as, Ty, = rg(M; — M,). where, (M, — M,) is the difference between spring
tensions, g = acceleration due to gravity.
3. Calculate the power output as, Py, = T, X % where, N = rotor speed in rpm.
4. Calculate the input power, P, = V41
5. Calculate the percentage efficiency as,n = Pp%h X100
6. Draw the graphs of outputpower Py, versus 7, Ty, and N on the same graph paper
Model Graphs:
o Ton
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’ ’ ’ \ N "
\
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0,0 —

Output power Py, (W)

Fig. 2.38: Graph of Py, versus 1, Ty, [ and N
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Result and Conclusion:

Discussion:

1.

In brake test, how is the mechanical power developed by the motor utilized?

In brake test, the mechanical power developed by the motor is absorbed (actually wasted) in the form of
heat by the brake drum due to its friction with the belt. Hence, the drum is water-cooled.

Why a dc series motor should not be operated at no-load and light loads?
From equation (2.15), speed of a dc series motor is inversely proportional to the square root of torque

1
(NOCJT_a

at light loads with full applied voltage is known as ‘racing’. This is not desirable from the mechanical
strength point of view of the machine.

). At no-load, the torque is zero and at light loads, it is very small. Running a dc series motor

What are the advantages and applications of a dc series motor?

A dc series motor is capable to generate high starting torque and meet fluctuations in load. It is a constant
power motor. Due to these advantages, its preferred applications are traction; lift, crane, hoist etc.

What type of starter is used for starting a-de series motor?
2-Point starter and drum-controller are used.

What is the effect of magnetic saturation on the speed and torque of a dc series motor?

After magnetic saturation, the speed becomes almost constant. Torque becomes proportional to armature
current /, instead of ()% After saturation, the charactéristics arelike those of a dc shunt motor.

Experiment No: 4

Aim: To control the speed-of dc shunt motor by varying the (i) armature circuit resistance and (ii) field.

Machine specifications:

Refer to the name plate of the:machine and note down following specifications.

DC Shunt Motor:

kW/HP: Frame: RPM:

Insulation Class: Armature Voltage: Max. Ambient Temp. (OC):
Type: Armature Current: Field Current:

Duty: Make:
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Apparatus:
Device Make Range Quantity
3-Point Starter 01
DC Ammeter 01
DC voltmeter 01
Rheostat 01
Rheostat 01
Tachometer 01
Circuit connections:
ICDP Switch 3-P01n;Starter
roT T | _[L F

> L ool I

E | :I Fuse | 4

i I

Lo A

220V | P [
1 || K\
DC __ " Vv, (v
Sourceg' : I : ¢ <> X P

i | :: | AA Loy

A |

LA ' Ro R

: ! | af(ext) flext

:—> o—l:Lko—O‘\Ol <

-
|
I
|
|
|
7'\

Fig. 2.39: Circuit connection.for speed control of dc shunt motor

Theory:

This test is performed to control:the speed of a d¢ shunt motor by various methods. Refer to Section
2.6.1 for details.

Precautions:
1. Make tight connections as shown and switch on the supply after they are verified by the instructor.
2. Ensure that'you are standing on a rubber mat while performing the experiment.
3. Stand at a safe distance from the experimental setup when it is running.
4. Do not bend to note the readings. Stand straight and try to avoid parallax error while taking the
readings.
Procedure:

Make connections as shown in circuit diagram.
Ensure the starter handle at ‘OFF’ position before switching on the supply.

3. Initially, set the armature variable rheostat R, at maximum resistance position and the field
variable rheostat Ry, at minimum resistance position before switching on the supply.
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4. Turn on the ICDP switch (Iron Clad Double Pole) and move the starter handle gradually towards
‘RUN’ position.
(a) By Varying the Armature Circuit Resistance:

(1) Keep the field rheostat undisturbed at its minimum resistance position so that the field current
Iy, remains constant at its rated value.

(i) Reduce the armature rheostat R,y in steps and measure corresponding values of V, and speed.

(b) By Varying the Field:

(1) Keep the armature rheostat undisturbed so that the armature voltage ¥, remains constant at
rated value.

(i1) Increase the field rheostat Ry, in steps and measure corresponding readings of /g and speed.

Observations and Calculated Results:

By Varying the Armature Circuit Resistance By Varying the Field
Shunt field current I = A Armature voltage V, = V
Sr. No | Armature voltage Speed Sr. No. Field current Speed
( Va) (N) (Ish) (N)
Model Graphs:
ARMATURE VOLTAGE FIELD CURRENT
CONTROL CONTROL
Rated value of speed i ) i
~~ TTTTTTTTTTTTTIEN. N TR 1 o E‘ :
g : E’ Rated value of speed !
& | < i
! 151 |
= | 2 |
2 | g |
-
5 : .
~ | |
(0,0) Rated vallue of 0,0) Rated value of
armature voltage Field current
Armature Voltage V, (V) ——> Field Current [, (A) ——

Fig. 2.40: Graph of Armature voltage versus speed and Field current versus speed
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Result and Conclusion:

Discussion:

1.

What are the limitations of armature circuit resistance method and field control method of speed
control?

By armature circuit resistance method, the rotor speed above rated value cannot be obtained whereas by
field control method, the rotor speed below rated value cannot be obtained.

Initially, why the field rheostat should be set at minimum resistance position?

If initially, the field rheostat is set at maximum resistance position than, the field current and hence the
main flux will be minimum. Since, the speed is inversely proportional to main flux, the. motor will start
to a high speed.

From the size of the winding terminals comingout of the machine, is'it possible to identify the shunt field
winding?
Yes, the leads of shunt field winding are thinner as compared to the leads of armature and series field
windings.

Why should the shunt field winding have a large number of turns whereas the series field winding have
less number of turns?

The shunt field winding has to establish a major component of main field. At the same time, it is designed
to carry less current so as to reduce the no-load current and the no-load losses. Therefore to produce high
mmf (ampere.turns), the number of turns of shunt field winding are more than those of the series field
winding. Secondly, the series winding is connected. in series with armature winding and therefore, it
carries the high armature current: Hence to produce lesser ampere.turns, its number of turns are less.

Why the resistance of armature winding and series field winding are low?

The armature current flowing in these two windings is high in magnitude. To restrict the current density
within prescribed limits, these two windings are made from thicker wires. Since resistance is inversely
proportional to the-area-of cross ‘section of the wire hence, resistance of armature winding and series
field winding-are low.

How the lossesaffect the machine?

Loss means'the loss of active power in watts. It causes heating of the machine. Due to temperature rise,
the insulation is affected. If the temperature exceeds the specified value for insulation, the insulating
material gets deteriorated and hence, the life of insulation as well as of machine decreases.
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7.

10.

What is a universal motor?

Universal motor is a special electrical machine that is designed to operate on ac as well as dc supply. It
is basically a dc series motor with laminated magnetic circuits to minimize the iron loss when powered

by ac supply.

How it becomes possible for a dc series motor to work on ac supply?

In a dc series motor, both armature winding and field winding are connected in series and fed from a
common supply. Hence, they carry the same current. If the supply voltage polarities are reversed than,
the current in both windings will change simultaneously and so, the direction of main flux produced by
field winding will also reverse. As the torque developed in the rotor is directly proportional to the product
of armature current and main flux, it will remain unidirectional. Hence, the rotor continues to rotate in
same direction even when alternating polarity supply is connected.

Why a dc shunt motor cannot be used as universal motor?

In a dc shunt motor, the armature and field windings are connected in parallel and fed from the common
source. If the polarity of voltage source is reversed than, the current in both windings will change and
so, the direction of main flux produced by field winding will also reverse. Therefore, theoretically, it
may be possible to run the shunt motor on a¢ supply.

Practically, the field windings of a.dc series motor and dc shunt motor are designed differently. In
series motors, the field winding carries high armature current therefore, it is'constructed from thick wire
with a few number of turns so that, the voltage drop and power 10ss in this winding are low. In dc shunt
motor, the field winding is designed to carry low current which is just-sufficient to establish the required
amount of main flux and therefore, it is constructed from thin wire.with a large number of turns. But this
also results in high resistance and high inductance of field winding in dc shunt motor as compared to
those in dc series motor. If a shunt motor is connected across ac supply than, with every reversal of
supply voltage, the currents intwo windings.will tend to reverse but they will not reverse simultaneously.
In other words, the armature current and main. flux will not be in phase with each other. The developed
torque will not be uniform and even'if the rotor rotates; it will run at low speed making noise.

What is the difference between series rheostat and potential divider?

A series rheostat is connected in series with the circuit whose current is to be adjusted whereas a potential
divider is connected ‘across the circuit to vary the voltage. Normally, to use as a series rheostat two
terminals of the yariable resistor are ‘sufficient but for use as potential divider, three terminals are
necessary. Two.are fixed terminals and the third one is variable.
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KNOW MORE

The brake test studied in Section 2.8 is a direct method of determining efficiency of a dc motor. Though it is
an accurate method, a considerable amount of power gets wasted in the form of heat in the brake drum due
to the actual loading. Two alternate methods exist for the determination of efficiency. One is performed at
no-load condition while the other one is performed on full-load. They are: (1) Swinburne’s Test and (2)
Hopkinson’s Test respectively. These two tests are currently not in the syllabus of Diploma Programme.
However, the fast learner curious students may explore more details on them and gain added knowledge.

Swinburne’s Test was introduced by a British
Electrical Engineer Sir James Swinburne. In this test,
the dc shunt or dc compound machine is run as a
motor at no-load and the no-load losses of the
machine are determined simply by measuring the
input current and input voltage. Then, the additional
losses are estimated from the motor data. This is a
very simple and economical test because it is
performed at no-load and the machine efficiency can
be determined in advance at any desired load.

Sir James Swinburne

Hopkinson’s Test requires two<identical de shunt machines which aremechanically coupled and also
electrically connected in parallel with each other. One is operated as amotor and the other one as generator.
This method is useful for testing large capacity de machines under loading conditions. The determined
efficiency is more realistic in nature as it takes into account the stray load losses also. The Hopkinson's test
is also known as regenerative test or back-to-back test or heat-run test. Though the machines are operated at
full load condition, the power drawn from.the supply is used only for supplying the losses. This test is used
in those cases where the identical dc motor and dc generator are mechanically coupled (Motor-Generator set)
and the combined iron losses are to be determined because their individual iron losses cannot be separated.
Thus, in Hopkinson's test, a pair of both motor and a generator is required and the test is performed at full-
load condition whereas in Swinburne's test, only one dc machine is required and the test is performed at no-
load. Due to the operation at-full-load, the temperature rise can be observed only in Hopkinson's test and not
in Swinburne's test. Details.of both tests can be studied from the references mentioned below.

In Unit-1 and Unit-2, we. have studied the
application of. Fleming’s right hand rule and
Fleming’s deft hand-rule. These simple methods to
remember the relationships between magnetic field,
current and force{(or motion) in electrical machines
were devised by a British Electrical Engineer Sir
John Ambrose Fleming (1849 - 1945). He is the
inventor of the oscillation diode valve or vacuum
tube and also carried out a lot of research in electrical
measurements and machinery. Some people also call
him as Father of Electronics. Professor Sir John Fleming
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3 Single Phase Transformers

UNIT SPECIFICS

Through this unit the following aspects are discussed.:

Need and types of transformer;

Construction and functions of different parts of transformer,
Material used for different parts;

Principle of operation;

EMF equation and transformation ratio;

Significance of transformer ratings;

Winding resistances and leakage reactances,

Phasor diagram at No-load and On-load conditions;
Equivalent circuit of transformer, equivalent resistance and reactance;
Voltage regulation, operating efficiency and all day efficiency;
Direct loading test;

Open circuit and short circuit (OC/SC) tests,

Polarity test on single-phase transformer.

This unit presents a detailed explanation on different aspects of single phase transformer with
sufficient number.of diagrams-and solved examples. With due consideration to the different
cognitive levels of Bloom’s taxonomy, multiple-choice questions, questions for short and long

answers and numerical problems with final answers are provided for practice and self-assessment.

References and a dynamic QR code are given at the end for suggestive self-learning.

Many laboratory experiments on single phase transformer are also included that explains the

purpose, procedure, calculations, and interpretation of results. This will help students to correlate

and validate the theoretical knowledge with experimental findings and write effective reports. At

the end, a section “Know More” is included to arouse curiosity to explore more information on

transformers.
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RATIONALE

Imagine two electric circuits which are isolated electrically but still they work and perform in
coordination with each other. Imagine an electric circuit in which you would like to maintain
different voltage levels in different parts of the same circuit. Imagine a situation where you are
required to measure current and voltage in the range of thousands of amperes and thousands of
volts but the ammeter and voltmeter of those ratings are not available in the market. Imagine that
the power generating station is located hundreds of kilometre away from the load centre and that
the power station is required to provide power in megawatts at generated voltage level which will
naturally require very thick transmission lines to carry huge currents.

Those who are new to the topic may get puzzled for the solution which can answer all the above
questions. The answer common to all of them is ‘Transformer’. Transformer:is one of the vital
components of Power System that is employed in generatingstations, transmission and distribution
networks. It also finds its role in different applications including traction system, méasurements,
welding, domestic appliances etc. Broadly, transformers can be classified on the-basis of number
of phases for which they are designed as single-phase type and multi-phase type. This unit will
present and explain the various aspects of single phase transformer.

PRE-REQUISITES

Basics of Electrical Engineering

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U3-O1: Discuss the uses of transformer and. its classification based on different aspects;
U3-02: Describe the construction, material used for different parts and function of every part;

U3-03: Explain the principle of ‘operation and derive voltage equations, EMF equation and
transformationratio;

U3-0O4: Apply Right-Hand Thumb Rule to determine the direction of flux and induced current;
U3-05: Draw and explain the phasor diagrams at No-load and On-load conditions;
U3-06: Drawthe equivalent circuit and explain the significance of its parameters,

U3-0O7: Calculate voltage regulation, operating efficiency, all-day efficiency and explain the
significance of ratings,

U3-08: Explain direct loading test and OC/SC tests and compare them for merits and demerits;
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U3-09: Use the OC/SC test observations to determine equivalent circuit parameters, efficiency,
and regulation;

U3-010: Perform laboratory experiments based on single phase transformer, analyse the results
and interpret the findings to reach valid conclusions.

EXPECTED MAPPING WITH COURSE OUTCOMES

(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
CO-1 CO-2 CO-3 CO-4 CO-5
U3-01 = =
U3-02 = =
U3-03 = =
U3-04 = =
U3-05 = =
U3-06 = —
U3-07 = a
U3-08 = =
U3-09 = =
U3-010 2 4

Unit-3
Outcomes

W W [W [ W[ | W] W|Ww|lw
1
1
1
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3.1 INTRODUCTION

Electrical energy is particularly useful because it can be transferred over long distances and distributed
in a wider network and converted into other desired forms efficiently and economically. All this have
become possible mostly due to the availability of a static electromagnetic device called as Transformer.
It is a simple device which interlinks two or more electrical circuits by a common magnetic circuit.
There are no moving parts. Transformers can increase or decrease the voltage or current in an ac circuit.
They can electrically isolate different ac circuits from each other. In power system, it is said that in the
entire world, after electricity is produced in power stations, it is transformed into different voltage levels
three to four times before it finally reaches the consumer end. Fig. 3.1 shows a schematic of how transfer
of electric power takes place from generating station to the user.

Transmission

Wind power | __{ line
Sol - Distribution
olar .
line
photovoltaic “
Hydropower E
Thermal ﬁ
Generating Power  Transmission Power Distribution Consumer
station transformer tower transformer  transformer (load)
(Step-up) (Step-down) (Step-down)

Fig. 3.1: Transfer of electric power from generating station to the user

Transformers work on the basic principle of mutual induction. It is known that, the flow of current
in any circuit (or a conductor) is always associated with magnetic field surrounding that conductor. If
the current is of alternating type then its magneticfield will.also change in magnitude and direction in
accordance with the changes in current with respect to time. This is the reason why we say that the
magnetic flux produced by a current'is inphase with that current. Now, if another circuit is placed in
the vicinity of the first circuit whichis carrying alternating current than, the second circuit will link with
some of the alternating flux produced by first'circuit and therefore an emf will be induced in the second
circuit. This is called mutual induction. Because, it works on the principle of mutual induction,
transformers are operated on ac supplyand not on dc. As there are no moving parts, the power loss due
to mechanical friction and windage is zero and little maintenance is required as compared to rotating
machines. This results in high efficiency of transformers which lie between 94% - 96% approximately.

3.2 TRANSFORMER AND ITS TYPES

Transformer is a static electromagnetic device which transforms electrical potential from one level to
another by mutual induction at same frequency on both sides i.e. input and output sides. It is mostly
used in power system networks to step-up or step-down the voltage. Hence, the voltage levels on the
two sides may or may not be equal depending upon for what application it is designed and fabricated.
In electronic circuits, it is used to match the source and load impedances for maximum power transfer
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between them. It should be understood that, transformer is not an energy conversion device but a device
that transforms electrical energy at same or different voltage and current levels. The size of transformer
varies from very small ones that are used in audio, video and communication related electronic circuits
to power transformers of thousands of MVA rating used in power system. Transformers can be
classified on the basis of many aspects as shown in Fig. 3.2. In spite of these variations, all transformers
work on the same principle and also, their basic philosophy of construction remains same.

Classification of

Transformer
|
v v v v v
Based on Based on Special
number of Based on Voltage Base‘? " Purpose
Phases Lomsieiien Transformation s Transformers
e [-Phase type | | ® Core type o Step-up type'| | ® Power ,L o [nstrument
e 3-Phase type | | ® Shell type o Step-down transformer transformers
type e Distribution Based on o Welding
e [solation type| | transformer Frequency transformer
e Traction
transformer

o Power frequency transformer. (S0Hz - 60 Hz)

e Transformer for aircraft and space applications
(400Hz and above)

o Audio frequency transformer (20Hz — 20kHz)

® Radio frequency.transformer (20kHz & above)

e Pulse transformer

Fig. 3.2: Types of transformer

In its simplest form, transformer consists of'a magnetic core on which windings are wound. A single-
phase transformer has minimum two windings, one for the input side and one for the output side. A
three-phase transformer has minimum six windings, three on each side which are either connected in
star or delta configuration. The winding across which input ac source is connected is termed as Primary
winding whereas the winding across which electrical load is connected is called as Secondary winding.
The current in primary winding produces an alternating magnetic flux that travels through the core and
links with the secondary winding where it induces emf by mutual induction. Similarly, the current in
secondary winding establishes its own flux which links with primary winding. For a given transformer,
though any side can be used as primary and secondary, care should be taken to limit the input voltage
within the permitted voltage rating of the winding. Single phase transformers are normally used in
electronic circuits, control circuits and domestic equipment. The three-phase transformers are employed
in power system. A basic type of 1-phase transformer is shown in Fig. 3.3.
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If the secondary voltage V> is greater than primary voltage V; than the transformer is called as step-
up transformer whereas in case of V> < V;, it is called as step-down transformer. In some low power
applications, transformer is used just to isolate two circuits electrically and any change in voltage level
is not required. In such cases V> = V;. These transformers are called as isolation transformer. In radio
transmitter and electronic communication devices that work on radio frequencies, the magnetic core is
replaced by solid insulating substance. These transformers are called as air-core transformer.

The power and distribution transformers are used in power system. They differ in terms of power
handling capacity, duty of operation and maximum efficiency condition. Power transformers ‘come in
ratings above 500 kVA. They are employed in sub-stations of power plant and transmission.networks
to step-up or step-down the voltages (66kV, 132kV, 220kV, 400kV, 765kV). Distribution transformers
are upto 500 kVA rating, relatively smaller in size and are used as step-down transformer for the
distribution of electrical energy at low voltages less than or equal to 33kV for industrial consumers and
230V (phase voltage) for domestic consumers. These transformers shall be dealt in detail in Unit-4.
Instrument transformers are used for the measurement of high voltages and high.currents as potential
transformer (PT) and current transformer (CT) respectively. PTs are designed to step down the voltage
and CTs are designed to step down the current such that the voltmeters.and ‘ammeters available
commercially could be used for the measurement. Welding transformer shall be-discussed in Unit-5.

Laminated magnetic core

Primary & =N Secondary

winding / winding
QQ’

Electric
AC e N Vs load
Source Q (bulb)

W

|

Fig. 3.3: Basic construction of a single-phase core type transformer

3.3 CONSTRUCTION OF 1-PHASE TRANSFORMER

The conventional transformer has following main elements:
(a) A magnetic circuit (core) comprising of limbs and yokes and
(b) Two electric circuits comprising of primary winding and secondary winding.
Based on the shape of magnetic core, transformer is classified as (a) Core type and (b) Shell type. The

horizontal sections of magnetic core are called as Yoke and the vertical ones are called as Limb. In
single-phase transformer, the core type construction has two limbs and the windings are wound on both



Electric Motors and Transformers: Theory and Practicals | 141

the limbs. Shell type construction has three limbs and both windings, primary and secondary are wound
on middle limb only. Fig. 3.4 shows the schematic diagrams of both types of transformer.

3.3.1 Construction of Magnetic Core

When the transformer is in operation, some amount of active power (watts) is lost in the magnetic core
as well as in the windings. This power loss produces heat which gets dissipated to the surrounding area.
Like any other electrical equipment, insulating items like electrical grade insulating paper; Bakelite
sheet, pressboard, wood etc. are used in a transformer. Production of heat due to power loss imposes
risk to these insulations. Therefore, all efforts are made during the manufacturing stage to ensure the
power loss at minimum value. The power loss in magnetic core is called as core loss, irondoss or No-
load loss. This core loss is further divided into two types as (&) hysteresis loss and (b) eddy current loss.
Different aspects related to the construction of core are based on the minimization of this core loss.

Llimb Li{nb Limb Lilmb Li mb
v
v Yoke v Yoke ¢ !

— (_____>

— = —=

— I —F= .

— = >

(___> dq >

*~— P T F—
Yoke & S—
Yoke
(a) Core type (b) Shell type

Fig. 3.4: Single-Phase Transformer. (Basic construction)

(4) Use of silicon-steel alloy for reduction of hysteresis loss

Hysteresis loss (Ph) is produced due to.continuous reversal in the direction of magnetization of the core
because, the magnetic flux established in the core is of alternating type. To minimize hysteresis loss,
the magnetic core should’be made from a‘material that has high permeability. Commonly used material
are CRGO silicon-steel alloy and amorphous alloy. Addition of silicon in iron increases its permeability.
Addition of silicon content ‘also.increases the material resistivity which consequently helps in the
reduction of eddy currents. A small amount of silicon (about 3%) is added in iron to produce the silicon-
steel alloy: Higher content of silicon in iron tends to make the material brittle and difficult to cut in
required shape for making the stampings. Different types of material used for magnetic core are dealt
in detail in the section 3.4.

(B) Use of laminated core for reduction of eddy current loss
Eddy current loss results from the induction of eddy currents in the core when it carries alternating flux.
These eddy currents whirl round and round in the form of concentric circles. This phenomenon can be
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visualized as identical to the eddies developed in water bodies. In order to minimize the power loss
produced by eddy currents, the magnitude of eddy currents should be minimized by reducing the area
of cross-section of the path where eddy currents are produced. For this purpose, the core is made from
several pieces of thin sheets of silicon-steel instead of making it a solid one-piece core. The resulting
core is called as laminated core and the thin sheets are called as lamination or stamping. Their thickness
varies between 0.3 and 0.5 mm. To make a transformer core, first a thin coat of heat resistant enamel
insulation like varnish, is applied on all sides of every stamping. Thereafter, they are stacked over each
other and then tightly clamped together to form a solid core structure. As a result, eddy currents-from
one stamping cannot enter into the adjacent stamping and the sum total of eddy currents produced in all
stampings is much less than the eddy current that would have been produced in a non-laminated core.
Thus a laminated core results in reduced eddy current loss. Fig. 3.5 shows E, I and C shaped stampings.

Fig. 3.5: E, | and C shaped stampings

(C) Core cross-section and interleaving of joints

For single phase transformer, stampings: are ‘available \in their standard shapes identical to the
English letters ‘L, I, C and E’. These individual pieces are joined together to form the core. To reduce
the reluctance offered by magnetic.core to the flux established in it, continuous joints in the core cross-
section should be avoided so that there'is no continuous air gap in the path of magnetic flux. This is
ensured by interleaving the joints in'adjacent layers of stampings. This is shown in Fig. 3.6(a). There
are different methods of'interleaving by-adopting different types of joints. Butt joints as shown in Fig.
3.6(b) are suitable if Hot Rolled Steel (H:R.S.) is used for making the stampings. But for the Cold Rolled
Grain Oriented steel (CRGO), such joints are not suitable. This is because at the place of joints, the flux
path becomes at right.angle to the direction of rolling which increases the magnetization current and
power loss-in the core. Therefore, for CRGO, mitred joints are used for interleaving as shown in Fig.
3.6(c). More information of CRGO and rolling process is provided in Section 3.4.

Most of the single-phase and 3-phase transformers are of core type. For small core type transformers,
limbs with square or rectangular cross-section can be used. This is shown in Fig. 3.7(a). However in
such arrangements, considerable amount of useful space remains unutilized. An improved arrangement
is to employ cruciform cross-section as shown in Fig. 3.7(b). The cruciform limb requires stampings of
different widths. Typical core sections having two and three steps are shown in Fig. 3.7(b) and (c)
respectively. The core stepping is introduced such that the net cross-sectional area of the limb is
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maximum for the number of steps employed. The corners of the steps lie on the circle (of predetermined
diameter) which is actually the inner periphery of the coils.

Interleaved Interleaved
joints

)

Joint in
Mit
second layer Butt _//\ . 1.red\_’
joint joint
Joints in first
\ <« and
third layers
(a) Interleaving of joints between E (b) Butt joints (c) Mitred joints

and | shaped stampings
Fig. 3.6: Interleaving of joints by different types of overlap

Cross-section of
laminated core limb

.“—-E:—|

k Inner periphery of the

winding wound over the limb

Fig. 3.7 Limbs of the core with different cross-sections: square, 2-step cruciform and 3-step cruciform

3.3.2 Single-Phase Core Type Transformer

Single-phase core type transformer has a magnetic core with two limbs. Two windings of concentric
type also called as cylindrical type‘are wound spirally over the limbs. In the basic construction of core
type transformer presented in Fig. 3.3, it was shown that, all the turns of primary winding are wound on
one limb and all turns of secondary winding are wound on the second limb. This type of construction
assumes that, all the flux produced by each winding will travel through the core and link with the second
winding. Practically, some part of the total flux produced by each winding completes its path through
air without travelling in the core and therefore, does not link with the other winding. This part of each
flux which does'not link with the other winding is called as leakage flux and it serves no useful work.
Hence, if the two windings are wound away from each other on different limbs, they are not able to use
all the flux established by each other. To minimize the effective leakage flux, both windings of a core
type transformer are halved and wound on both limbs one over the other with an insulating paper
maintained between them. Fig. 3.8 shows a practical core type transformer.
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For step-up and step-down applications, the two windings are designed for different voltage ratings.
One of them is a high voltage (HV) winding while the other one is the low voltage (LV) winding. The
LV winding is wound on the inner side and the HV winding is wound on the outer side. This is primarily
done to reduce the cost of insulation and to ease the provision of tappings. In case of On-load tap
changing, tappings are provided on the HV winding. The thickness of insulating material that is
provided between the core and inner winding as well as between the two windings which are wound
one over the other depends upon the potential difference that will appear across the insulation. The
magnetic core is normally grounded and therefore its potential is zero. For example, consider a

==L = 6350V and V) = 240V If, HV winding is wound
on the inner side than, the potential difference across insulation between core and inner-winding will be
(6350 — 0) = 6350V whereas, if LV winding is wound on the inner side than, it will'be equal to 240V.

The cost on insulation can be saved if LV winding is close to the core and HV winding is'on the outer

transformer having rated voltages as, Vi, =

side. In both cases, the potential difference across insulation between the two windings will be (6350 -
240) = 6110V. This is referred as insulation coordination. Some-applications require the provision of
tappings in the transformer so as to obtain different voltage ratings. Tappings are provided on the HV
winding because it has relatively higher number of turns. It becomes easier to doso when the HV
winding is wound on the outer side.

Insulation Insulation
between LV and between core and
HV windiigs LV winding

(]
HV Lv LVE. HV HV qLv] LvE HV

S| Magnetic core

(a) Typicalview (b) Schematic diagram

Fig. 3.8: Practical core type single-phase transformer

3.3.3 Single-Phase Shell Type Transformer

In shell type transformer, the LV and HV windings are wound over the central limb. These windings
are of sandwich type as shown in Fig. 3.9(b). Each winding is subdivided into subsections. LV and HV
subsections are alternately put in the form of sandwich. Since the core is grounded, LV winding is
placed closer to the core so that the cost of insulation between the core and the winding closer to it is
less. Note that, the bottom and top LV coils are of half the size of other LV coils.
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Since both windings are on the central limb, it has total flux produced by both windings which then gets
divided equally and returns back through the outer two limbs. Due to this reason, the area of cross-
section of middle limb is twice that of the two outer limbs. As both windings are able to link with almost
all the flux produced by each other, the leakage flux is less and hence the leakage reactance is also less.
This results in better voltage regulation.

(c) Typical view

Middle limb Magnetic core
\
i Insulation
| whisrima N between core
m@% \\_/and LV
] winding
HY
U Insulation
between LV
':i}’/ e and HV
windings

(d) Schematic.diagram

Fig. 3.9: Practical Shell type Transformer

3.3.4 Differences Between Core Type and Shell Type Transformers

Core type Transformer

Shell type Transformer

. The core has two limbs and both LV and HV

windings are wound on both limbs.

. Windings are of concentric type also called as
cylindrical type.

. Windings surround the core.therefore, it is
easier to locate the winding faults.

. Easier to fabricate’and repair.

. For the'same.given output and voltage rating,
core type transformer requires less iron.

. Less costly.

. Leakage flux is more compared to shell type
construction therefore, the leakage reactance
is more and hence voltage regulation is poor.

. The core has three limbs but both windings

are wound on middle limb only.

. Windings are of sandwich type also called as

disk type.

. Core surrounds the windings therefore, to

locate the winding faults is difficult.

. Fabrication and repair is difficult.

. For the same given output and voltage rating,

core type transformer requires more iron.

. Relatively, high cost.

. The magnetic and electric circuits are tightly

coupled therefore leakage flux is less, the
leakage reactance is less and hence voltage
regulation is better.
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Core type Transformer

Shell type Transformer

. The magnetic path is relatively longer and
hence, the magnetizing current is more than
that in a shell type transformer.

. Since windings surround the core, support
against electromagnetic forces developed
under fault conditions between current
carrying conductors is less.

. It gives  better

8. It provides shorter magnetic path and hence,

the magnetizing current is less than that in a
core type transformer.

support against
electromagnetic forces developed under fault
conditions between the current carrying
conductors.

10. Natural cooling is better as windings are on | 10.Natural cooling is poor due to the embedding
the outer side. of windings.

11.Core type transformer is preferred for high-
voltage, high-power applications

11.Shell type transformer is preferred for low-
voltage, low-power applications

3.4. MATERIAL USED FOR TRANSFORMER CORE

In section 3.3.1(A) it was informed that, the core stampings are made from silicon-steel alloy due to its
high permeability and high resistivity, which consequently results in low core loss. This is also called
as Electrical sheet steel. Thin sheets of this alloy are shear cut into stampings of required shape.
Depending on the method of how the material was processed during manufacturing, the electrical sheet
steel is classified as (a) Hot rolled type and (b) Cold rolled type. The cold-rolled sheet steel is either of
grain oriented type or non-grain oriented type. The-Cold Rolled Grain Oriented (CRGO) sheet steel is
preferred for the making of transformer core. It is because, in CRGO sheet steel, if the magnetic flux is
oriented in the direction of rolling; the core loss is‘significantly less as compared to the core loss when
flux passes across the direction-ofrolling. This aspect is discussed below.

It is known that, all metals are composed of atoms. When metals are in liquid state, the atoms are
randomly arranged and relatively free to. move. However, when cooled below the melting point, they
rearrange and pack themselves-together to form regular arrays of atoms called crystals or grain or unit
cell. These tiny crystals.increase in size by the progressive addition of atoms. Thus metals and alloys
have a strong.tendency to crystallize so as to attain a solid state and therefore, the resulting solid metal
is not one crystal butactually a huge bunch of many smaller crystals. For example, at room temperature
the grain of iron'is a body centred cubic (BCC) structure, which is an array with one atom at each corner
of the cube, and one in the centre of this cube. Similarly, aluminium grain is a face centred cubic (FCC)
structure. They are shown in Fig. 3.10. The structure, size and orientation of these grains result from
the material composition (constituents of alloy) and the way the material is made (e.g. forging, casting
or additive manufacturing etc.).
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(a) Body Centered Cubic (BCC) (b) Face Centered Cubic (FCC)
Fig. 3.10: Grain structures

Composition of the grains and their orientation determine the basic properties of metals'and alloys.
The metal forming process which is adopted in industries to' manufacture thin sheets of metal or alloy
is called as ‘Rolling’. It employs the use of many rollers to compress and alter the shape-of raw material
(billet), improve its uniformity and/or enhance the mechanical properties of the material. Such a rolled
steel sheet can be categorized into two types as,«(a) Hot rolled steel'and (b) Cold rolled steel. Both
demonstrate distinct characteristics that make them suitable for different applications. The main
difference between hot rolled steel and cold rolled steel is the temperature at which they are processed.
Hot rolled steel is rolled above recrystallization temperature of the material:' At such high temperature,
grains cannot be formed.

Cold rolled steel is essentially the hot rolled steel whichs further processed below the material’s
recrystallization temperature. During the rolling process,-it is possible to control and orient the grains
in a desired direction. Accordingly, two types of sheet steels.can'be made as (a) Non-Grain-Oriented
steel and (b) Grain-Oriented steel. The magnetic properties of a material depend on the orientation of
the grains (i.e. crystals) of the material. The grain-oriented steel is costly and has high magnetic flux
density to an extent of 30% in the rolling direction. It also has low area of the hysteresis loop, low core
loss & high magnetic permeability:

3.4.1 Hot Rolled Steel

In the hot rolling process, a large rectangular slab of metal or alloy referred to as a billet (which is to be
processed) is.heated @bove its recrystallization temperature (usually 1700° F or greater) and then
compressed into a large roll of thin sheet. While still hot, it is passed through a series of rotating rollers
to achieve the required dimensions and then allowed to cool. During the process of hot rolling at
temperature higher than the recrystallization temperature of the material, the crystals (grains) get
damaged and the temperature does not allow ‘recrystallization’. Recrystallization is a process where the
damaged grains are replaced with a new set of grains during the rolling process. This can happen only
when the metal is cool, so any metalworking process that involves forming the metal at temperatures
above the recrystallization point is considered as “hot rolled”.
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It is known that, matter expands when it is hot and shrinks while cooling. In view of this fact, the
dimensions of hot rolled steel cannot be controlled accurately and hence, it is used in those applications
that do not require extremely tight dimensions, like agricultural equipment, construction material etc.

3.4.2 Cold Rolled Non-Grain-Oriented Steel (CRNGO)

Cold rolled steel is the hot rolled steel that has undergone additional processing to improve its
dimensional and mechanical properties. During the cold rolling process, cooled hot rolled steel passes
through another series of pairs of rollers at room temperature. Since the material is no longer hot-and
malleable, a significantly higher amount of pressure is required to compress it into the.desired shape.
While this process is more labour-intensive and costlier than the hot rolling process, it can achieve
tighter dimensional tolerances and better surface qualities: Cold rolled has about 20% more physical
strength than that of hot rolled steel. This makes it more suitable for use in high-stress-applications.

A cold rolled non-grain-oriented-steel, usually has silicon content of 2 to 3.5% and has similar
magnetic properties in all directions. In other words, it is isotropic in nature. CRNGQO is less expensive
than CRGO. It is used when cost is more important than efficiency and is preferred in applications
where the direction of magnetic flux is-not constant. Example, stator and rotor cores of rotating
equipment like electric motors and generators. This is because, in'rotating machines, the cross section
is circular and hence the magnetic field at each point is tangential-to circle. It means that the magnetic
field changes its direction at every point.

3.4.3 Cold Rolled Grain-Oriented Steel (CRGO)

In cold rolled grain oriented steel, the silicon.content is usually about 3%. By fully annealing during the
cold rolling process, the grains are oriented in the direction of rolling. Consequently, the permeability
is high and magnetic flux density is increased by.30% only in the direction of rolling compared to other
directions. Thus CRGO is magnetically superior in the rolling direction. If the magnetic flux is oriented
in the direction of rolling then it experiences less reluctance and hence the core loss is less. This alloy
is commonly used for the cores of power and distribution transformers. CRGO is usually supplied by
the steel mills in«the form of roll or coil. It has to be shear cut into laminations of required size and
shape to use them for transformer core.

In Fig. 3.6(a) & (b), two types of joints between the stampings are shown. One is the butt joint
and other is mitred joint. In butt joint, it can be seen that just before the place of joint when the flux
coming through the yoke will bend by 90° to enter into the limb, it will be required to travel across the
direction of rolling till it crosses the joint. This will increase the power loss in the joint area and increase
the temperature of that part of the core. However in mitred joint, this problem will be minimum.
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3.4.4 Amorphous Core

The core of the first practical transformer was made from carbon steel sheets by William Stanley in the
year 1885. It was then replaced by Silicon-steel alloy in order to reduce the core losses. While CRGO
silicon-steel is commonly used for the transformer core, introduction of amorphous alloy core is also
receiving increasing popularity.

Amorphous core transformer is a kind of energy efficient transformer in which the core is made
from very thin foils of amorphous alloy composed of about 80% iron and remaining about 20% is a
mixture of boron and silicon. The amorphous alloy is a soft ferromagnetic material. It is formed by a
process of rapid solidification of molten alloy. Due to high speed of solidification, the atoms get no
opportunity to form crystalline structures (grains) and they solidify in a disordered manner (i.e.
amorphous). This allows it to be magnetized and de-magnetized quickly in any direction with very less
core loss. In other words, it is isotropic. Due to the non-crystalline structure, it has higher electrical
resistivity which is about three times compared to the typical silicon-steel lamination sheets. Also, the
thickness of amorphous foil is very less (about 0.025-mm). Highresistivity and very less thickness of
the foil results in significant reduction in eddy current loss [11].. Consequently, the core loss in
amorphous core transformer is about one-thirdof that in conventional CRGO core transformer.

Instead of the hot rolling and celd rolling procedures for~forming the steel sheets, the
amorphous foil is produced by dripping hot molten alloy on an internally cooled, fast rotating wheel.
When the molten alloy touches the cold wheel surface, the rapid .cooling process of hot alloy fixes its
iron molecules in their current position, leading to the amorphous. structure without forming any
crystalline array in the material. Hence, the amorphous alloy foil is.also called as metal glass.

Although amorphous alloy core results in reduction of core loss, it presents some drawbacks
like low saturation magnetization (i.e low saturation flux density) and increase in losses at high magnetic
fields. Therefore the size of amorphous alley core has te be bigger than that of silicon-steel core for the
same value of magnetic flux. This increases the length of windings wound on the core and also the
copper loss increases. Hence, the price ‘of amorphous core transformer is higher compared to the
traditional transformer [12]. A typical:iamorphous core is shown in Fig. 3.11.

Fig. 3.11: Amorphous alloy core
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3.5 PRINCIPLE OF OPERATION

Consider a two-winding transformer with secondary winding open

(not connected to load) as shown in Fig. 3.12. This is called as no- I, ( Magnetic core
load condition. When an ac voltage Vi is applied across the >
primary winding, some current starts flowing through it. This \Jr

+
+
current is called as No-load current and is denoted by /. It sets up Vi @ E, E, Open
an alternating magnetic flux @ in the core which links with both _ - \ -

the windings. By Faraday’s law of electromagnetic induction, due
to flux-linkage of this flux @ with the windings, it induces emf'in Primary Secondary
both windings. Their RMS values are denoted by £1 and E> for the
primary and secondary windings respectively. E is called, the self-
induced emf and E» is called the mutually-induced emf. The self-
induced emf  E1 opposes the applied voltage V; due to Lenz’s law.

Fig. 3.12: Transformer.at No-load

Now, if the secondary winding circuit is closed by connecting an
electrical load across it than, the emf E> will drive a current /> in the secondary winding and in the load.
Thus ac power from primary circuit is transformed to the secondary circuit by mutual induction. The
polarities shown in Fig. 3.12 are the instantaneous polarities.of ac voltages and emfs.

3.5.1 EMF Equations
The instantaneous value of alternating flux produced by the No-load current in primary winding is,

? =0,, sinwt webers 3.1)
Where,
w = 2nf (in radians/second) and f. = frequency (in Hz)
By Faraday’s law, the magnitude.of emf induced in a coil (winding) due to the changing flux which
links with the coil is directly proportional to the rate of change of flux-linkages. Mathematically, it can

be expressed as,

dl d d
= —N—Q = —Na (@,,, sin wt)

S T

Where,

A = N@ = flux-linkage (volt.second) and N = Number of turns in the winding

Minus sign indicates the opposing nature of induced emf as per Lenz’s law. The above equation can be
used to write the equations for instantaneous value of emf'induced in both windings. For primary side,

d
e, =—N; a (@,, sinwt) = —N;@,,,w cos wt

By trigonometric relation: — cos wt = sin(wt — 90°)
e; = N,0,,w sin(wt — 90°)
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Let, N,0,,w = E,;; = amplitude (peak value) of e;

e; = E,; sin(wt — 90°) (3.2)
Similarly for the secondary winding, instantaneous value of induced emf will be,
e, = E,, sin(wt — 90°) (3.3)

Where, E,,, = N,®,, 0 = amplitude (peak value) of e,
It is known that, the Root Mean Square (RMS) value of a sinusoidally alternating quantity is given by,
Amplitude (i. e. Peak value)

V2

Therefore, the RMS values of emf'induced in the two windings will be,
Eml _ lemw _ lem(ZTEf)

RMS value =

E, =2 = =
vz V2 V2
E, = 4.449,,fN; volts
Similarly, in secondary winding, E, = 4.440,,f N, volts (3.4)

N1 and N, are the number of turns in primary and secondary winding respectively.

3.5.2 Transformation Ratio (K)

Transformation ratio of a transformer is defined as-the ratio of number of turns of secondary winding
N> to the number of turns of primary winding N.

Using emf equations (3.4),

For a transformer, Input volt-amperes (V1/1)= Output volt-amperes (V2/2)

Also, for an ideal transformer, the winding impedances are zero therefore, V; = E; and V, = E),

wNe B _Vo_ L
N E VL (3_5)

Where, V1, E1 and V>, E are the terminal voltages and induced emfs of primary and secondary windings
respectively.

e For a step-up transformer: Vo>V, N2> Ny, ~ K>1
e For a step-down transformer: V2 < Vi, No < Nj, ~ K<1
e For an isolation transformer: V> = V1, N, = Ni, ~K=1

Symbols of different types of transformer are shown in Fig. 3.13.



152 | Single Phase Transformers

Vo> Vo< h V=V
N1§§N2 N1§§N2 N]ééNz N1§§N2
Primary Secondary

Secondary Primary Primary  Secondary Primary  Secondary

(a) (b) (©) (d)

Fig. 3.13: Transformer symbols (a) step-up; (b) step-down; (c) isolation type; (d) air-core type

3.6 CONCEPT OF IDEAL AND PRACTICAL TRANSFORMERS

It is known that, ideal systems are those which have no losses. The output power delivered by them is
equal to the input power drawn by them from the source and therefore, their efficiency is 100%.

Practically, ideal systems do not exist but all practical systems should be designed to perform close to

their ideal counterparts. An ideal transformer is considered to have the following properties:

The resistances R; and R, of primary and secondary windings. are zero. Therefore, the
respective voltage drops (/1R and45R») and the copper losses (I2R; and IZR;) are also zero.
The complete magnetic flux produced by each winding travels through the magnetic core and
links with the other winding. In other words, the leakage flux is zero.

Permeability of the magnetic core is constant i.e., the core always remains in unsaturated state.
At No-load condition when the secondary winding is open, the No-load current /, flowing in
primary winding is utilized for the production of magnetic flux only. In other words, the No-
load current /, is a purely magnetizing (i:e. purely inductive) current and lags the applied
voltage 7 by 90°. Hence, the input power taken by an ideal transformer at No-load condition
from the source is P; = V;1,cos 90%.= 0.

Both, iron loss and copper loss in an ideal transformer are zero at No-load as well as at On-
load conditions. Therefore, the efficiency is always 100%.

A practical transformer deviates from ideal transformer in terms of all the above properties. Following

are the comparative features.of a practical transformer:

The primary and secondary windings have non-zero resistances R; and R». Therefore, the
respective voltage drops (/1R and LR>) and the copper losses (2R, and IZR,) are not zero.
Out of the total magnetic flux produced by each winding, some portion completes its path
through-air without travelling through the core and does not link with the other winding. This
portion of total flux is called as leakage flux. It performs no useful work but results into a
voltage drop (/1.X1 and [2X2) in the winding which has produced it.

Permeability of the magnetic core is not constant. It is directly proportional to the flux density.
Normally, transformers are designed to operate at the knee point of their saturation curve.
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e The No-load current /, flowing in primary winding is utilized for the production of magnetic
flux as well as for producing the iron loss in the core. In other words, the No-load current /,
performs two tasks and accordingly, it can be resolved into two components /, and [y, as,

=10, +1, (3.6)

1 is called as magnetizing component and its function is to produce the magnetic flux. I, is
called the working component or iron loss component and its function is to produce iron loss.
I_u lags V1 by 90° whereas [, being a power-loss component is always in phase with 73,

e The efficiency of a practical transformer is always less than 100%. However, being a static
device, power loss due to mechanical friction and windage is absent and therefore the
efficiency of a practical transformer is always above 90% but less than 100%.

3.6.1 Phasor Diagram of Transformer at No-Load

Phasor diagram of any ac circuit or an ac device'is the graphical representation of its.current and voltage
equations where the RMS currents and RMS voltages are represented-by phasors. Following general
steps may be followed to draw the phasor diagram of any given ac device or ac machine.

1. Understand the operation of the device.

2. Write voltage and current equations of the device by using Kirchhoff’s laws.

3. Draw the phasors in the sequence identical to-the sequence of their entry in the operating
process. Use basic rules of phasor relationship between current and voltage for purely resistive,
inductive and capacitive elements.

4. Add or subtract the phasors as per the:governing voltage and current equations.

Using above steps, let us draw the phasor diagram-of an ideal and practical transformer at No-load
condition as shown in Fig. 3.14 (a) and (b) respectively. Being a No-load condition, the secondary
winding will remain open and therefore /> = 0. The operation will start with application of input voltage
V1 across primary and therefore/;-shall'be the first phasor to draw. It will produce a No-load current /,
in primary winding, ‘For ideal transformer, /, will lag V1 by phase angle 8, = 90°. In a practical
transformer, 8, = 90°. Therefore, /, should be resolved into two components, 1, and /. as explained in
Section 3.6. In-both cases, the magnetic flux @ will get established in the core. This flux should be
shown in phase with the current that has produced it. From the flux and induced emfs of equations (3.1)-
(3.3), it is cleartthat, £1 and E> will lag flux @ by 90°.

@ =@, sinwt
e; = E,; sin(wt — 90°)
e, = E, sin(wt — 90°)

In a practical transformer, the No-load current I, is 1- 5% of Full-load primary current.
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(a) (b)

Fig. 3.14: No-load phasor diagram of (a) an ideal transformer-and (b) a-practical transformer

3.7 OPERATION OF TRANSFORMER IN ON-LOAD CONDITION

To begin with, consider a two winding transformer at No<load condition as discussed above. Let input
voltage V1 be connected across the primary. It will produce a No-load current /, in primary winding
which then will establish a flux @ in the core as shown in Fig. 3.15(a). The direction of flux at any
instant of time can be determined by applying the Right' Hand Thumb rule. (See Appendix of Unit-1).

o ted,e <@
1, r-’-)¢7 2 h=l+1 T*Pzﬁ;%d??% iEE
n 1P SIS Lt s <iT\_L (ﬁ>
:\‘L: :—k—‘: M“) Loa 24—17—0\: :444’>
V1 :1: ot i @ PR :ﬁ_; Load
\:? <,1,,-_. L s <’:"FT>

() (b) <)

Fig. 3.15: Operation of a practical transformer On-load condition

Now, let the secondary side be closed by connecting a load across it than, the mutually induced emf E,
will produce a current /> in the secondary winding. The direction of this current will be governed by
Lenz’s law according to which, /> should flow in a direction such that the flux @, produced by /> will
be in opposition to the original flux @. This is shown in Fig. 3.15(b).
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Now, there are two fluxes @ and @, in the core. The net flux is (@ — @,) which is less than the
original net flux @. Due to the reduction in net flux, the magnitude of self-induced emf E;will also
reduce. If you observe the primary winding circuit where the input voltage /1 has not changed its value
but E; (which is in opposition to V1) has reduced then consequently, you will find that, the input current
delivered by 7 has increased. Let the additional current flowing in primary winding be denoted by I,
such that the resultant primary current is,

L=1,+1 (3.7)

Since I has come into existence due to the presence of load, it is called as load component.of primary
current. I; will flow in the same direction of /, and will establish its own flux @5 in the same direction
of original flux @. Now, there are three fluxes in the core @, @, and @5. @, and @, are in opposite
directions. This is shown in Fig. 3.15(c). Since the mmf of primary side is equal to the mmf of secondary
side, the magnitude of @ is always equal to the magnitude of @,.

N11§ = N1, = Ny 1y |®’2| & |®2|

Therefore, they will cancel each other and thelux left in the core'is-the original flux @. Thus, the net
flux in the core remains same (= @). Practically, the variation innet flux is negligible, between 1% and
3% from No-load to Full-load conditions. Hence, transformer is also-called as.a Constant Flux Machine.
The magnitude of I, is given by,

, Ny1,
Is] = 52 = K| 69

Where, K = transformation ratio:

A 230/115 V, single phase‘transformer.is supplying a load of SA at a power factor of
0.866 lagging. The No-load current is 0.2 A at a power factor of 0.208 lagging. Calculate
the primary current and power factor:

Data:

V1 =230V, V3= L15V, [, = 5 A, cosf, = 0.866 lagging, I, = 0.2 A,
cos 0,-=0.208 lagging, I, =?, cosf; =?

Solution:

To understand this example, refer to the phasor diagram as shown for lagging power
factor load.

The current in primary winding is given by,
11 = Io + Ié
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It is known that, the nature of power factor depends
on the nature of current. If the current of a circuit
lags the voltage than, power factor of that circuit is
said to be of lagging type. Similarly, the power
factor is of leading type if the current leads the
voltage.

It is given that, cos 8, = 0.866 lagging,
& /0, = cos™10.866 = 30°

Hence current /> can be expressed in polar frame as,
I, =5/ —30°A where the (-) sign indicates that
this current is lagging behind the voltage /> by a
phase angle of 30°.

Similarly, given that, cos8, = 0.208 lagging,
o /6, = cos~10.208 = 78°
Hence current /p can be expressed in polar frame
as, Iy = 0.2£—78° A
The magnitude of secondary current as referred to primary. side is,
V. 115
|I3| = K1, :Vilz =39 X 5 =254
In polar frame it will become, I, = |I}|£ 8, = 2.5/ — 30°A
Substituting the values of I, and I, in above equation.
» I = (0.2£ — 78°)+(2.54 = 30°)
Since it is convenient to perform phasor addition. in: rectangular reference frame,
converting I, and I, from polar frame to rectangular frame.
~ I; = (0.0415 — j0.1956) + (2.165 —1.25).=(2.2065 — j1.4456)
Converting I; from rectangular frame to the polar frame
~ I =2.638£4—-33.23° A
Thus, |I;| = 2.638A and cos 8;-= cos.33.23° = 0.826 lagging

EXAMPLE 3.1

3.8 WINDING PARAMETERS AND VOLTAGE EQUATIONS

Differences between an ideal transformer and a practical transformer were discussed in Section 3.6. The
deviation between them is mainly due to the presence of winding resistances and leakage flux in a
practical transformer. The resulting impedances comprising of winding resistances and leakage
reactances are referred as winding parameters of the transformer.
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3.8.1 Winding Resistances

In a practical transformer, the primary and secondary windings are made from copper which possesses
finite magnitude of resistance uniformly distributed over the length of the windings. They can be
denoted as R; and R; for the primary and secondary windings respectively. Although they are distributed
throughout the winding length, for convenience, they are treated as lumped parameter.

3.8.2 Winding Leakage Reactances

In a practical transformer, the total flux produced by each winding has two components. One-is the
magnetizing component that travels through the magnetic core and links with the other winding to
produce a mutually-induced emf in that winding. The other component is that which links with its own
winding that has produced it but does not link with the other‘winding and hence is‘called as leakage
flux component. Let the leakage flux components of the primary and secondary: windings be denoted
by @,, and @,,. Since they link with their own winding, @;; will produce a self-induced emf e;; in
primary and @;, will produce a self-induced emf ey, in secondary. By Lenz’s law, the polarity of e;;
will always be in opposition to the polarity-of input voltage V1. Similarly, the polarity of e;, will be in
opposition to the polarity of mutually induced emf E». In other words the emfs e;; and e;, induced by
leakage fluxes will act like voltage-drops in primary and secondary winding respectively.

To account this effect of leakage flux in the transformer;, let us assume two fictitious inductive
reactances X; and X> in series with primary and secondary windings respectively. Their magnitudes
should be such that, e;; = [, X; and e;, = [,X,. These two fictitious reactances X; and X> which
represent the effect of leakage flux are called as leakage reactances of the primary and secondary
windings respectively.

In view of above, a practical transformer can be treated as a combination of an ideal transformer
and winding parameters (R1, X1 and R», X3) connected externally to the two windings. This is shown in
Fig. 3.16 where all voltage polarities represent-the instantaneous polarities.

R] X] RZ XZ
AMA— VY N L e MY
q P q >
P </>
Vi I > Vs
4 P 9 >
<\> </>
> T |
—_— e

Fig. 3.16: Practical transformer = Ideal transformer + winding resistances + leakage reactances
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3.8.3 Voltage Equations

From Fig. 3.16, the primary and secondary voltage equations can be developed by applying Kirchhoff’s
Voltage law (KVL).

e For Primary winding:

Vi = Ey + LRy +jX,)
= E1 + 11Z1 (39)

e For Secondary winding:

E, =V, + L(R, + jX;)

Where,

V1 is the input voltage connected across primary winding (in volts)

V3 is the secondary terminal voltage that shall be available for theload (in volts)

E/ and E; are the emfs produced in primary and secondary windings respectively (involts)
1 and I are the currents in primary and secondary winding respectively (in-amperes)

R and R, are the resistances of primary and secondary winding respectively.(in Q)

X1 and X> are the leakage reactances of primary and secondary winding respectively (in Q)

Z1 and Z; are the impedances of primary and secondary winding respectively (in )

A single phase transformer has 350 primary‘and 1050-secondary turns. The net cross
sectional area of the core is 55 cm?, If the primary winding is connected to a 400V, 50
Hz single phase supply calculate, (i) -voltage induced in secondary winding and (ii)
maximum value of flux density inthe'core.

Data:
N1 =350, N, =1050,4 = 55¢cm? =55 x 104 m%, V1 =400 V, f= 50 Hz, E» =?, B,,=?
Solution:
Transformation ratio K = % = %= 3; « V, =KV; =1200V
1 1

The voltage equations. of primary and secondary sides are,
V, =By + LZyand B, = V, + L,Z,
Since, the winding impedances Z; and Z, are not given, they can be treated as
negligible and hence, V; ~ E; and E, = V,

~ E, =1200V
The emf'induced in primary winding is given by,
E, = 4.440,,fN, = 444B,AfN, = V;
“ ~ B,, = 0.936 wb/m?

M T 444AfN,

EXAMPLE 3.2
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The required No-load voltage ratio in a single phase, 50 Hz core type transformer is
6600V/500V. Find the number of turns in each winding if the flux is to be 0.06 weber.

Data:

f=50Hz, '1=6600V, V>=500V, @, = 0.06 wb, N1 =2, N, =?

Solution:

The voltage equations of primary and secondary sides are,

V, = B, + .2, and E, = V, + [,Z,

Since, the winding impedances Z; and Z, are not given, they can be treated as
negligible and hence, V; ~ E; and E, = V,

The emf'induced in primary and secondary windings are,

~ By =4440,fN, =V,

S Ez = 4’4’4®mfN2 =~ VZ
V2
N, =——— =137.53t
2 4-4-4-®mf urns

Similarly, N; = 495.49 turns
Since the number of turns cannot be a decimal, rounding to integers.

«. N; =496 turns and N, =38 turns
Note: The value of N; can also be calculated using transformation ratio XK.

EXAMPLE 3.3

3.9 PHASOR DIAGRAM ON LOAD CONDITION

After connection of load, new currents I, and I} come into existence and therefore, the phasor diagram
of a practical transformer deviates from its No-load version shown in Fig. 3.14 (b). The current and
voltage equations (3.6) — (3.10) are reproduced below.

L=1,+1,
I = I, + I - where, |I}| = K|L,|
Vy = Ey + L(Ry +jX;)
Ey =V, + (R, +jX3)
Recall that, in a purely resistive load, current /> will be in-phase with voltage V2. In an inductive load,

I, will lag behind 7> by-a'load power-factor angle 6 whereas, in a capacitive load, /> will lead V> by
load-power factor angle 6. Following steps may be adopted to draw the phasor diagrams:
1. Draw flux @ as reference.
2. Considering equations (3.1)-(3.3), draw E, and E» lagging flux @ by 90°.
3. For convenience, reverse phasor £, on the upper side and consider its magnitude |—E; | only.
This simplification allows to have all phasors belonging to primary winding on the upper side
of flux @ and those belonging to secondary winding on the lower side of flux @.
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4.

Considering equation (3.6), draw the magnetizing current (i.e flux producing current) I_u in
phase with flux @ whereas [,, leading I, by 90°. Add ], and I,, by Parallelogram Method to
get the resultant /..

Draw voltage phasor V> as lagging E> by a small angle called as load-angle /5. Depending on
the nature of load (resistive, inductive or capacitive), draw current /> as shown,

Considering equation (3.8), draw the load component of primary current I, in phase opposition
(i.e. 180° apart) to J». Considering equation (3.7), add I, and I, by Parallelogram Method to
get the resultant primary current I;.

Now draw the primary voltage equation (3.9). Draw the resistive voltage drop /3R, from the
tip of |[—E;| but in phase with /;. Then draw the inductive voltage drop I, X; from the tip of
I, R, but leading I; by 90°. Finally by Polygon Method of phasor addition, add |—E, |, I; R; and
I,X; to get the input voltage V;.

Similarly draw the secondary voltage equation (3.9) to get the correct magnitude of its
resultant phasor E».

Fig. 3.17 (a), (b) and (c) shows the phasor diagrams of a practical transformer supplying power to a
purely resistive load, an inductive load and a capacitive load respectively.

L

Vs
LR, }
LR
. E 2432 E
]Iz)(z 2 jlzXz y L2
(a) With purely resistive load (b) With inductive load (c) With capacitive load

Fig. 3.17: Phasor diagram of a practical transformer on-load condition



Electric Motors and Transformers: Theory and Practicals | 161

3.10 EQUIVALENT CIRCUIT OF TRANSFORMER

Equivalent circuit of a transformer is an electrical model that can be used to predict the performance of
the transformer at different loading conditions without actually loading it in real-time. The performance
indicators may include No-load current, iron loss, copper loss, efficiency and voltage regulation. It is
based on the same current and voltage equations (3.6) — (3.10) that we have used to draw the phasor
diagrams in Section 3.9. Using equations (3.9) and (3.10), the practical transformer is represented by a
combination of an ideal transformer, winding resistances and leakage reactances as shown in Fig. 3.16.

Vi = By + (R, +jX;)
E, =V, + L(R, +jX;)
By equation (3.7), the input current I; should be resolved into two components as,
L=1I+1
Where, I, is the No-load component of I; while I} is the load component of I;. By equation (3.6), the
No-load current I, can be further resolved into two components as,
L=1+1,
Where, I, is the magnetizing component (i.e. flux-producing component = inductive component) of
1, that produces the flux @. This magnetizing effect of I_u can be represented by a fictitious inductive
reactance X, such that (1 EXO) will be the amount of reactive power (in volt-amperes-reactive) required
to magnetize the core (i.e. to produce the flux @).

1, is the working component or iron loss component of I, which decides the magnitude of iron loss
in the core. Since iron loss is the loss of active power (in watts), I, is also called as active component
of I, and its effect can be represented by a fictitious resistor R, such that, (I2R,) is the amount of active
power that was consumed as iron loss it the core. With above additions, Fig. 3.16 can be modified to

give a complete equivalent circuit of the transformer as shown in Fig. 3.18. Z is the load impedance
that can be connected across secondary.

E .
R, = ; L = No-load resistance such that, iron loss = IZR, watts

w
X, = I—: = Magnetizing reactance so that, magnetizing power = IEXO VAR is required to produce @.
Ry Xj I, I, L R, X,
_IVV\Im - »-
& Ve
| v Io //
| ;
v, R, X, &
I N
: W 1, <
| - - < Ié/
Primary Secondary

Fig. 3.18: Complete equivalent circuit of the transformer
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3.10.1 Simplification of Equivalent Circuit

The complete equivalent circuit of Fig.3.18 has machine parameters on both sides, primary and

secondary. It can be simplified by transferring all machine parameters on any one side.

A. Simplified equivalent circuit as referred to primary side

Step 1: The No-load branch (comprising of the parallel combination of R, and X)) of Fig. 3.18.can
be shifted towards source side with negligible loss of accuracy. This No-load branchis-also
called as exciting branch. The resulting form is shown in Fig. 3.19 (a).

Step 2: The secondary winding resistance R> and leakage reactance X> can be transferred on primary

side as R} and X} respectively such that, (I3)2R} = I3R, and (I})?X; =12X,

R, = ()" R, = B2 = Secondary winding fesist ferred'td pri id
2 = 2 = K2 = cCOo ry win mg resistance as reircrre (0] prlmary S1d¢e

I

' I7\? X3 { ) )
X; = (—) X, = ko Secondary winding leakage reactance as referred to primary side

I

Since R and R are in series, they can be combined together. Similarly, the series combination of X

and X; can be combined together. The simplified equivalent circuit of transformer as referred to
primary side is shown in Fig. 3.19 (b). Z. is theload impedance that can be connected across secondary.

e Equivalent resistance of complete
transformer as referred to primary side is,

) Ry
Ro1 =(R; + Ry) = (R1 + ﬁ)

o Equivalent leakage reactance of complete
transformer as referred to primary side is,

) X2
Xo1 = (X1 +X3) = (X1 +ﬁ>

e Equivalent impedance of complete
transformer as referred to primary side is,

Zol = (Rol +jX01)

(3.11)

(3.12)

(3.13)
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Roi= Xo1=
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Fig. 3.19: Simplified equivalent circuit of transformer as referred to primary side

B. Simplified equivalent circuit as referred to.secondary side

Conversely, the complete equivalent circuit of transformer (Fig. 3.18).can also be-simplified by

transferring all ohmic elements from primary side to the secondary.side. The resulting elements as

referred to secondary side will be:

referred to secondary side

e No-load resistance as referred to secondary R} = R,K?
side,

e Magnetizing reactance as referred to X, = X,K?
secondary side,

e Resistance of primary winding as referredto .| R} = R{K?
secondary side

e Leakage reactance of primary winding as X = X;K?

e Equivalent resistance of complete
transformer as referred to secondary.side is,

Ry2 = (R, + R}) = (R, + R1K?)

e Equivalent leakage reactance of complete
transformer as referred to secondary side is,

Xo2 = (Xp + X1) = (X, + X;K?)

e Equivalent impedance of complete

transformer asreferred to secondary side is,

ZOZ = (Roz +jX02)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)
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EXAMPLE 3.4

A 2400V/120V, 30kVA, 20Hz single phase transformer has a HV winding resistance of
0.1Q and leakage reactance of 0.22Q. The LV winding resistance is 0.035Q and the
leakage reactance is 0.012Q. Find the equivalent winding resistance, reactance and
impedance referred to the (i) HV side and (ii) LV side.

Data:

Rated voltages are: V1 =2400V and V> =120V, Rated capacity (i.e. Full load capacity) =
30kVA, R; =0.1Q, X; =0.22Q, R, = 0.035Q, X> = 0.012Q,

D Roi=2,Xo1=2(@{1) Ro2=2,Xp2="?

Solution:

From the given voltage ratings of 2400V/120V, the given transformer is a.step-down
transformer because the higher voltage is written first. It means that, HV winding
(2400V) will be the primary side and the LV winding (120V) will form the secondary
side. Let the primary and secondary quantities be‘denoted by suffix ¢1° ‘and 2’
respectively.

vV, 120 1

Transformationratio K = = = — =—
Vi 2400 < 20

The equivalent circuit parameters as referred to primary side (HV side)-are:
R
Ry = (R +R)) = <R1 +K—22) = (0.1'+ 0.035 x 202) = 14.102

X
Xoy = (X, +X3) = <X1 ¥ K—22> = (0.2240.012 x 20%) = 5.0202

Bor = ngl +X2, =+/14.12 + 5.02% = 150

The equivalent circuit parameters as referred to secondary side (LV side) are:

1

1
Xoz = (X #X) = (X, +X%,K?) = (0.012 +0.22 % ﬁ) = 0.01255/

2 5 /Rgz + X2, = /0.035252 + 0.012552 = 0.037402

Note: Once, Roy, Xo1 and Zo; are calculated, the values of Rop, Xo2 and Z» can also be
obtained directly as,

1
Ro; = (Ry1K?) = (14.1 X ﬁ) = 0.035250

1
Xoz = (Xg1K?) = (5.02 X ﬁ) = 0.012550
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3.11 VOLTAGE REGULATION

With fixed applied voltage V1 connected across primary winding, if the magnitude or power-factor of
load connected on secondary side is changed than, a corresponding change in the secondary terminal
voltage V> is noted. This variation in V> takes place due to the change in voltage drops across winding
resistances and leakage reactances and the phenomenon is referred as ‘ Voltage Regulation.’

Voltage regulation of a transformer is defined as the percentage change in secondary
terminal voltage when the load at a given power-factor is changed from zero to Full-load
value or vice-versa provided that, the applied voltage V; is held at constant RMS value.

Ideally, there should not be any change in the secondary terminal voltage even if changes in load
has taken place. In other words, ideal value of voltage regulation is zero. Practically,a goodtransformer
must keep its secondary terminal voltage as constant as possible under all conditions of variations of
load. Hence, the voltage regulation should be as less as possible.

The amount of change in secondary terminal voltage due to change in load depends on the
magnitude as well as on power-factor of the load. If a resistive load connected across secondary is
increased, it results in rise in currents but corresponding drop in secondary terminal voltage. If the load
is inductive and is increased then, the dropin secondary terminal voltage is more than that of resistive
loads. However, with rising capacitive loads, thereis a corresponding rise in secondary terminal voltage.
Consequently, the voltage regulation becomes negative. Fig. 3.20.(a) shows the change in V> with load
for different types of load. The variation of percentage regulation with power factor is shown in Fig.
3.20 (b). Mathematically, regulation can be calculated from secondary as well as from primary side.

For capacitive +8; |
E, load < +64 :
T < 14 |
Fortesistive g I
load E 12 I
] B 0f L
For inductive 5 ) I
< e T4 |
\>-/ load g 4. |
N o T |
> -6 :
I
0 Load or output power (W) __ -8 1
Or output current /> (A) ZPF UPF load ZPF
Leading load Lagging load
Fig. 3.20 (a): Change in secondary terminal Fig. 3.20 (b): Change in voltage regulation with

voltage with load load power factor
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3.11.1 Calculating Voltage Regulation from Secondary Side

If E; is the secondary terminal voltage at No-load (it also means the mutually induced emfin secondary
winding) and V> is the secondary terminal voltage at Full-load (i.e. rated secondary voltage) than, the
percentage regulation can be calculated as,

. Ex;—Vp
% Voltage Regulation ‘Up> = T X 100
2
E, -V
% Voltage Regulation ‘Down’ = 22 % 100 (3.21)
2

Note that unless stated, the word ‘Regulation’ should always be taken as Regulation-"Down .

3.11.2 Calculating voltage regulation from primary side

Voltage regulation can also be calculated in terms of primary values:. When the transformer is at no-
load, V1 is approximately equal to £ because at No-load the impedance drop /,Ziis negligible. Using
transformation ratio ‘K’, the corresponding values of secondary No-load voltage ‘E>’ and secondary
Full-load voltage ‘ V>’ can be obtained as referred to primary.side as,

E’—EZ—E V.
Z_K_ 1"~ V1

ViV,

% Voltage Regulation = X 100 (3.22)

1

In equations (3.20) and (3.21), it was assumed that, the input voltage applied across primary winding is
maintained at constant RMS value. As the transformer is loaded with resistive or inductive loads, the
secondary terminal voltage falls‘and hence to restore it at rated value, the input voltage applied across
primary winding should be increased. Hence,

Voltage regulation of a‘transformer is also defined as the percentage change in input voltage
required to be applied across primary winding in order to maintain rated voltage at the terminals of
secondary winding when the load at a given power-factor is changed from zero to Full-load value or

vice-versa.

If the primary input voltage has to be changed from its rated value 7 to V] than,

Vi-Vq

% Voltage Regulation =

v X 100 (3.23)
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3.11.3 Calculating Approximate Voltage Drop

The numerator in equations (3.21)-(3.23) is the voltage drop from No-load to Full-load conditions. This
voltage drop can be determined in terms of equivalent circuit parameters. Consider an approximate
equivalent circuit as referred to secondary side. The No-load branch consisting of R, and X, is omitted
with negligible loss of accuracy. This is shown in Fig. 3.21(a). The resulting voltage equation will be:

E; = Vo + L,(Roz + jX,2)

Where, R,, and X,, are the equivalent resistance and leakage reactance of transformer as referred to
secondary. The phasor diagram of this circuit supplying lagging power-factor load (inductive) is shown
in Fig. 3.21(b).

0]
R02 = )(02 = 12 ;]
[2 :R2+R ’1 :Xz"f‘X’]
> — MW Y
) )
I I
I I
E2 VZ
I I
I I
| < < |
Fig. 3.21(a): Approximate equiv. circuit Fig. 3.21(b): Phasor diagram for equiv. circuit in Fig.

referred to secondary side 3.21(a)

On this phasor diagram, draw an arc-of radius ‘OA”’ (= |E,|) considering ‘O’ as centre. Extrapolate the
line ‘OB’(= |V,|) to.cut this-arc at-some point ‘C’. -~ [(0A) = I(0C). Now draw a line from ‘A’
perpendicular to ‘OC’. Let them intersect at ‘D’. From this diagram, the voltage drop (E, — V,) will
be approximately equal to:

(Ez=V2) = [1l(0A) — 1(0B)] = [1(OC) — 1(0B)] =~ [I(OD) — I(0B)]
Construct A BGF'and A AGH as shown. From these triangles, [[(OD) — [(OB)] = [L(BF) + [(GH)]
/ GBF=/GAH=20°
I(BF) = I,R,, cos 6 and,
I(GH) = I,X,, sin6
(E; —V,) =[I(BF) + I(GH)] = I,R,, cos 8 + I,X,, sin @
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(E; —V3) =1,(R,, cos 8 + X,, sin 6)

Similarly, for leading power-factor load (capacitive), the expression for voltage drop will be,

(EZ - Vz) = IZ(ROZ cos B _XDZ sin 9)

Therefore in general, the voltage drop on secondary side is given as,

(EZ - Vz) = IZ(ROZ cos 6 iXUZ sin 9) (324)
And voltage regulation can be calculated as,
I;(Ry, cos 81X,,sin 6@ 3.25
% Voltage Regulation = 2(Ro2 - o2 ) x 100 €2
2
The approximate voltage drop of equation (3.23) can also be expressed as referred.to primary.
(3.26)

I;(Rg1€c0s 61X, sin6)
X

% Voltage Regulation =

100
4

Where, cos 8 = load power factor. (+) sign is applicable for inductive loads (lagging power factor) and

(-) sign is applicable for capacitive loads (leading power factor). For resistive loads, cos @ = 1 and

sinf = 0.~ (E, —V,) = LLR,,. Fromabove equations, the reésistive and reactive voltage drops are:

IRy,

Vpr = x 100

2
L X
v, = =2x100
E
2

% Voltage Regulation = v, cos 8 + v, sin 8

I1Ry1

= V—1X100 =%R
= Ilvﬂxmo =9%X
1

(3.27)

Note that, from above.values of % equivalent resistance (% R) and % equivalent leakage reactance (%

X), their true values can be calculated as,

%R XV
Ry, = -

1; X100

%X XV,
Xo1 =

;X100

%R XV,
 Re= o
1,X100
%X XV,
; Xo2 = 2
1,X100
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3.12 LOSSES AND EFFICIENCY

In a practical transformer, a certain fraction of input power is wasted in the form of heat and
consequently, the output power of the transformer is less than its input power. This power loss is a loss
of active power and can be classified in two categories (i) [ron-loss (P;) and (ii) Copper-loss (Pcu). As
the names imply, iron-loss takes place in the magnetic core and therefore is also called as Core Loss or
No-load loss or Open-circuit loss. The copper loss takes place in primary and secondary windings that
are made from copper and is also called as Ohmic loss.

Total loss in a transformer = Iron loss (P;) + Copper loss (Pc) (3:28)

3.12.1 Iron Loss

In Section 3.3.1, it was informed that the iron-loss is of two types, (1) Hysteresis loss(Pn) and (ii) Eddy
current loss (Pe). Hysteresis loss is produced because the magnetic core is continuously subjected to
reversal of magnetization by the alternating magnetic flux @.-And to minimize this loss, it is necessary
that a highly permeable material like CRGO silicon-steel alloy or amorphous alloy should be used to
fabricate the core laminations. More details about these alloys are given in Section 3.4.

Eddy current loss is produced due to the induction-of eddy currents in the core by alternating
magnetic flux. To minimize this loss, the core is made from thin insulated stampings or laminations and
such a core is said to be a laminated core. For more details, revisit Section 3.3.1.

Iron loss (P;) = Hysteresis loss (Pp) + Eddy current loss (Pe) (3.29)

Mathematically, these two types of iron‘loss are expressed as,

Ph Ny thB;rlLax W/kg
P, = K, (Bpax ft)z W/kg

(3.30)

where, Kj, is the proportionality constant dependent on the material characteristics and volume of
magnetic core, By is the peak flux density (in Wb/m?), f represents the frequency of reversal of
magnetization in'Hz (which is the same as supply frequency) ¢ is the thickness of lamination (in m) and
the exponent n ranges between 1.5 and 2.5 depending upon the magnetic properties of the core material.
It is called as Steinmetz constant (n). K, is the proportionality constant whose value depends upon the
volume and resistivity of core material, and the units employed.
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3.12.2 Why Iron Loss is also Called as Constant Loss?
From equation (3.4), the emf equation is,
E1 =~ V1 = 4’4’4®mfN1 VOltS = 4’-4'4'BmaxAifN1
o B —_ V1
TTmax A 444, fN,
Thus, maximum value of flux density B, or flux @ in the core is directly proportional to the ratio of
input voltage V; and input frequency f. B,,, can be held constant by keeping the ratio (%) constant.
Therefore from Equation 3.30,

Ph =thB7Trl1ax OCf
P, = K,(Bpax ft)* < f? (3.31)

In equations (3.31) the winding currents (I3, I, and I;) are not present so it'means-that, both Hysteresis
loss and Eddy current loss are independent of any changes in the load.-However, they depend on input
voltage V1 and input frequency f.

Hence, for a constant input RMS voltage and frequency, the iron loss (P;) is:independent of load and
its value remains same from No-load to Full-load: In other words, iron loss is.a Constant loss. This can
also be justified from Section 3.7 where we have concluded that,in a:transformer, the net flux in the
magnetic core remains constant from No-load to Full-load conditions. Hence, the iron loss that depends
on flux also remains constant:

The value of iron loss can be determined experimentally by conducing Open-circuit test on the
transformer (discussed ahead).

3.12.3 Copper Loss

The loss of active power that takes place in copper windings is called as copper loss. It is due to the
ohmic resistances (Ri-and Ry) of the two windings. The total copper loss in a transformer is given by,

P., = I2R, + I2R, Watts
= IZR,, Watts
= I2R,, Watts (3.32)

From above equations, it is clear that the copper loss varies as square of current. Since the winding
currents are directly proportional to load, it means that copper loss will vary with any changes in the
magnitude of load. Hence it is also called as Variable loss. If Pcy 1y is the copper loss at Full load than

2 2
at Half Full-load it will be (%) Poyy(1y; at one-third Full-load it will be (g) Pouy(r1y and s0 on.
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At No-load, it will be very small because at No-load, the primary current /, is very small and the
secondary current /> is absent. From equation (3.27), the winding resistance of complete transformer is
given by,
%R = v, = 22 x 100 %
1
Similarly, if we compute it in terms of secondary referred quantities than,

I>R
%R =v, = ZV—Z"waO%

Multiply and divide the right hand side of above equations by their respective currents,

2 2
1Ro1 I3R
X 100% = -2-22 x 100%
V.1, % VoI, ° (3.33)

1
% Copper loss =

Note that, using the above equations, the value of equivalent resistance can be obtained as,

R.. = % Copper lossxV; __ % Copper lossxV,
o1 ™ I, X100 BC2 I;X100

Experimentally, the value of copper loss.can be measured by conducing Short-circuit test on the
transformer (discussed ahead).

3.12.4 Efficiency (1)

Efficiency of a transformer is defined as the ratio of active output power to active input power. Hence,
it is also referred as Power efficiency or Commercial efficiency. Since efficiency is based on active
power (in watts) and not on the apparent power (in volt-amperes), it depends on power-factor (cos @°).
For a given volt-ampere load, efficiency:is highest at unity power-factor.

% = Output power (W) 2400 = Scosf % 100
o= Input power (W) " Scosf + Losses
Output.power Input power — P, — P,
%7 = L, x100 = —PP LT ey 100

Output power +.P; + P, Input power (3.34)
Where,
P,and P, = iron loss and copper loss respectively,
cosf = load power-factor and
S =11 = apparent power in voltamperes.

Experimentally, efficiency of a transformer can be determined by performing any of the following tests:
(a) Direct loading test and (b) Open-circuit test and short-circuit test, (¢c) Back to back or Sumpner’s
test.



172 | Single Phase Transformers

3.12.5 Condition for Maximum Efficiency (9,,4.)

The variation of efficiency with output power and load power-factor cos 8 is shown in Fig. 3.22. At
No-load, efficiency is zero. With rise in the magnitude of load, output current and power increases and
so there is a rise in efficiency also. At some value of load, the peak value of efficiency is reached. For
any further rise in load, the rise in P, is more significant than the rise in output power and therefore,

the efficiency falls. Let us now derive the condition which when fulfilled should yield maximum
efficiency. From equation (3.34),

_ Input power — P; — Fy,

Input power

2 0
. _ Vlll COSQl—Pi—IlRol 99%
te. = V1l cosfy 98% - /_\COSH
Vil cos@, Vil cosf, 96% A //’5 ~ 06
Where, cos 6, is the input power factor. :\j I’//
. an 2 /,,”
For maximum value of ; —— = 0 5 i
dT] — Py Ro1 E g[ﬁ !
a, 0t ise  Viceser 0 0%
1 111 €081 ¥ & Load-or output power (W)
or output current 1>, (A) —
— J2
Pi = IiRo; (3:35) Fig. 3.22: Change in efficiency with output

power

The above equation is the condition for maximum efficiency. If means that, to get maximum efficiency,
the magnitude of load applied (or output power) should be such that, at that value of load, the iron loss
and copper loss in the transformerare equal. The load or output power in volt-amperes (Smax n)which
gives maximum efficiency is.given by,

i

Smaxn = Sk X (3.36)

Peurry

Sr = Rated-ecapacity.in voltamperes, P; = rated iron loss and Peyrr)= Full-load copper loss.

3.13 ALL-DAY EFFICIENCY OR ENERGY EFFICIENCY

Transformers used in distribution networks supply power to commercial and residential consumers.
Their primaries are energized throughout twenty-four hours. The load connected on the secondary side
however keeps on changing between very low values or No-load and Full-load. Consequently, the



Electric Motors and Transformers: Theory and Practicals | 173

output power and the copper loss also changes with load but the iron loss occurs throughout the day. In
Section 3.12.2, we have studied that, iron loss does not depend on load and it remains constant between
No-load and Full-load conditions. However as seen in Section 3.12.2, actual iron loss depends on input
voltage V1. Any change in V1 will change the iron-loss. Distribution transformers are therefore designed
to have low value of iron loss.

Equation (3.34) cannot give correct information about the efficiency of distribution transformers
or any other transformer which has its primary energized all the time but the load (i.e. output power) on
its secondary side is not constant. Therefore in place of power efficiency, the concept of all-day
efficiency also called as energy efficiency is introduced which is measured for a period of 24 hours.

Output energy in Watthours

~ = For 24 hours
Nall-day Input energy in Watthours ( )

(3.37)

A 50kVA, 11000/440V, 50 Hz single phase transformer has primary winding resistance
of 7.8Q and secondary winding resistance of 0.0085Q."Calculate the' equivalent
resistances as referred to primary and secondary sides and. from them calculate the Full-
load copper loss.

Data:

Rated voltages are: V1 =11000V and V> =440V, Rated capacity (i.e. Full load capacity)
=50kVA, /=50 Hz, Ri=7.8Q, R> = 0.0085Q, (i) Ro1 = 2, (ii) Ro2 = ?, Peugrry=?

Solution:
As explained in Example 3.4 above; the HV winding of 11000V will be the primary side
and the LV winding of 440V will'be the secondary side. Let the primary and secondary
quantities be denoted by suffix ‘1’ and.*2’ respectively.
. . v, 440
Transformation ratio K = V—i =3 = 0.04
The equivalent resistance as referred to-primary side (HV side) is:
L Ry\ 0.0085\
Ryy =(Ri + R)) = (R1 +ﬁ> = (7.8 + 0.042 ) =13.110
The equivalent resistance as.treferred to secondary side (LV side) is:
Ry, = (R, + R}) = (R, + R{K?) = (0.0085 + 7.8 x 0.04%) = 0.020982
The copper loss that takes place in both windings can be determined by using any of
the following methods:
Method I; P.,, = I*R; + I2R, watts
Method 2: P.,, = I?R,; watts
Method 3: P.,, = I?R,, watts
Note: The values of primary and secondary currents /; and /> should correspond to the
same load condition at which the copper loss is to be calculated.

EXAMPLE 3.5
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EXAMPLE 3.6

Example: To find copper loss at Full-load, the currents should be Full-load currents. If
copper loss at Half-Full load is to be determined than the currents should be Half-Full-
load currents.

Full load currents (also called as rated currents) are calculated as,

Full load capacity of transformer in voltamperes 50000
= 4.545 A

I = = =
1FL) rated primary voltage in volts 11000

Full load capacity of transformer in voltamperes 50000
= =113.64 A

2(FL) = rated secondary voltage in volts T 440

“ Pey(rry = IirryRo1 = 4.545% x 13.11 = 270.91W
Note: Students are advised to calculate P, 1) by the other two methods also and verify
that the result for practice.

A 25 kVA, 2200V to 220V single phase transformer has primary resistance of 1 Q and
secondary resistance of 0.01Q. Find the equivalent resistance as referred to secondary
and the Full-load efficiency at 0.8 lagging power factor if the iron loss of the transformer
is 80% of the Full-load copper loss.

Data:
Rated capacity (i.e. Full load capacity) =25kVA, Rated voltages are: V| =2200V and V>
=220V,R1=1Q,R>=0.01Q, P; = 0.8P¢y (p1y; (1) Rz =2, (i) Nper0.8) =7

Solution:
Transformation ratio K = 2 = == = 0,1
v, | 2200
The equivalent resistance as referred to secondary side (LV side) is:
Ry; = (R, ¥+ R)) =(R, + R, K?) = (0.01 + 1 x 0.12) = 0.0202
Full load secondary current (also called as rated secondary current) is,

Full load capacity of transformer involtamperes 25000
Lypry = . = =113.64 4
rated secondary voltageinvolts 220

“ Peurr) = 122(FL)R02 =113.64% x 0.02 = 258.264W
It is given that, P; = 0.8P g, sy
~ P, = 0.8 x258264.=.206.611W

Efficiency is-given. as,
_ Output power (W) VA capacity X power factor

Input power (W) VA capacity x power factor + iron loss + copper loss

At Full load and 0.8 power factor, it will be,
Full load VA capacity x 0.8

Full load VA capacity X 0.8 + P; + Pey 1y
. B 25000 x 0.8
" NrLoe) = 25000 x 0.8 + 206.611 + 258.264

NFLo0.8).~=

X 100 = 97.72%
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A 100 kVA single phase transformer has a maximum efficiency of 98% at Full load and
a power factor of 0.8 lagging. The daily load cycle of the transformer is as follows:

e 20kW load at 0.5 lagging power factor ..... 12 hours
o 80kW load at 0.8 lagging power factor ..... 06 hours
o 100kW load at 0.9 lagging power factor ..... 06 hours
Calculate the all-day efficiency of transformer.

Data:

Full load capacity = 100 kVA, 74y is at Full-load condition, nmax(r10.8) = 98%
Solution:
Transformer output power at Full load is, = 100 x 103 X 0.8 = 80000 W = 80kW
Output power (W)
Output power (W)+losses (W)’
~ Total Loss at FL and 0.8 power factor = 1.632 kW = P; + Pey sy
It is given that the 7,,,,, happens at full-load condition./Also, it is known that'at 7,,,4,
iron loss = copper loss. Therefore, in this example,
1.632 x 103

Pi = Poygpry =~ —— = 81633 W
Above value corresponds to Full-load of 100 kVA. - Py qoorva) = 816.33W
To obtain the copper loss during the given three load conditions, convett the
corresponding value of output power from kW to kVA.
e The 20 kW load at cos 8 .= 0.5 will correspondto 20/0.5 = 40 kVA
e The 80 kW load at cos@ = 0.8 will correspond to 80/0.8 = 100 kVA
e The 100 kW load at cos 8 = 0.9 will correspond to 100/0.9 = 111.11 kVA

The energy lost in copper loss for given durations in different intervals will be,
e During 20 kW, 0.5 pf(i.e. 40 kVA) load for 12 hours,

40kVA\*
Ey20wy = 816.33W x <100kVA) x 12 = 1567.4 Wh

e During 80 kW, 0.8 pf (i:¢:100.kVA) load for 6 hours,
100kVA\*
Ecuczoiim = 816.33W X (m) X 6 = 4899.96 Wh
e During 100 kW, 0.9 pf (i-e. L11.11 kVA) load for 6 hours,
111.11kVA
Ecu(ZOkW) = 816.33W X (m
-~ Energy lost in"Copperloss during 24 hours is,
E=1567.4 +4899.96 + 6046.76 = 12514.12 Wh = 12.514 kWh
Energy lost in [ron loss during 24 hours is,
E; = 816.33 X 24 = 19591.92 Wh = 19.591 kWh
=~ Total energy lost in 24 hours is Eje = Ecy + Ei=32.105 kWh
Output energy in 24 hours = (20 X 12 + 80 X 6 + 100 x 6) = 1320 kWh

Output energy during 24 hours

Since, efficiency n =

2
) X 6 = 6046.76 Wh

~ All-day efficiency =

Output energy during 24 hours+losses during 24 hours

B 1320
" 1320 + 32.105

EXAMPLE 3.7

X 100 = 97.62%
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3.14 SIGNIFICANCE OF TRANSFORMER RATINGS

The name plate of a transformer is fixed on its outer body (transformer tank). It bears the apparent power
rating (inkVA or MVA), primary and secondary voltage ratings, frequency, polarity, maximum ambient
temperature, cooling method, percentage impedance, name of the manufacturer, year of manufacturing
Indian Standard (IS) or International Standard (IEC) Number and other details. In addition, a three-
phase transformer name-plate also includes winding connection diagram, vector group, type of
insulating oil, and weight.

The kVA or MVA rating represents maximum permissible capacity of that transformer up to
which it can be loaded to operate safely. It is interesting to note that this rating is expressed in volt-
amperes (VA) and not in watts (W) although the load or output power is measured in watts:which is
given by,

P =VIcos@ watts

Let it be known that, the maximum loading capacity of any electrical device is decided by the maximum
amount of heat that can be produced and safely dissipated by that device without causing any harm to
itself. It depends upon the class of insulating material employed in the device and the cooling
arrangement made available to dissipate the heat to the surrounding atmosphere.

In Section 3.12, we have seen that in a transformer, heat is-produced due to two types of power
loss: (i) iron loss and (ii) copper loss:In the same section we havealso studied that, iron loss is dependent
on voltage and the copper loss is dependent on winding currents. None of these two losses are directly
dependent on power factor cos 6. This is one of the prime reasons why the power rating of a transformer
is provided in kVA or MV A and not in kW or MW.

Secondly, the power rating in kVA or MVA simplifies the calculation of rated currents in the
two windings without considering the load power-factor. However, for the calculation of actual currents,
this information about load is necessary. The given kVA or MV A rating mentioned on the name plate
is the Full-load power rating and.is applicable to both primary and secondary sides. If ‘kVA’ is the
given power rating and V1, V> are the given voltage ratings of a single-phase transformer than the Full-
load currents (also called:as rated currents). are calculated as,

kVA x 103

Lirry = T Amperes
kVA x 103

Ly = T Amperes

The maximum ambient temperature represents the allowable surrounding temperature limit. The
percentage impedance indicates the change in secondary terminal voltage at full-load. If the secondary
No-load voltage is 433V and percentage impedance is 6.5% than at Full-load (100% loading), the
secondary terminal voltage will be [433 — (0.065 x 433)] = 404.85 volts.
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3.15 DIRECT LOADING TEST

Direct loading test on a transformer is one of the basic laboratory experiment performed to determine
the following:

(i)  Total loss and efficiency
(i)  Change in terminal voltage and voltage regulation

As the name implies, the transformer is made to supply power to an actual variable load that is connected
across its secondary winding. On both sides of the transformer, voltage, current and power are.measured
with the help of measuring instruments i.e. voltmeters, ammeters and wattmeters. A single-phase ac
source is connected across the primary winding. Fig. 3.23 shows the schematic to conduct'this test. The
variable load may be of resistive, R-L or R-C type.

After connecting the circuit, the input source is switched ON with load maintained in switched-
OFF condition. The current, voltage and power readings Vi Iy, Wi and Vs, I, Wa on primary and
secondary sides respectively are noted. Obviously, at No-load, /> and > will be zero. Let the secondary
terminal voltage during this first set of reading at No-load be designated as V>air)= E3. The load is then
increased in steps upto its Full-load value and all the above quantities are measured every time. Let the
input power, output power and secondary terminal voltage at Full-load be denoted'by Wir), Warr) and
Vo respectively.

Wi
I 2
C P
AC .
Source (.0 CVD CVD Variable
load
Fig. 3.23: Direct loading test on single-phase transformer
The Full-load efficiency is‘then calculated as,
WarL)
%n = x 100 3.38
=W (3.38)
The percentage voltage regulation at full load is,
% Regulation = M x 100 (339)

2(NL)

Total loss at Full-load is, = Wiy — Warn

Voltage drop at Full-load is, =Vowry — Vaerr)
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Due to the direct loading of transformer by a real load, the accuracy of results of this test is high.
However, significant amount of electrical energy is consumed which is directly proportional to the
transformer rating and the time required to complete the test. Secondly, upon loading, Vi drops. It has
to be maintained at rated value using an autotransformer. Hence, this test is preferred only on small size
transformers.

3.16 DETERMINATION OF EQUIVALENT CIRCUIT PARAMETERS

The equivalent circuit parameters of a transformer are determined by performing Open-circuit (OC)
and Short-circuit (SC) tests. The parameters so obtained can be used to predetermine the efficiency and
regulation at any load condition. In Section 3.15, we have studied the direct loading method to.determine
efficiency and regulation. Let us start with the basic differences between these two methods. The former
method is direct and makes use of an actual load whereas, the OC-SC test is.anindirect loading method
and is analytical. It does not require any actual load to be connected across secondary. Though the
accuracy of direct loading method is slightly<higher, the OC-SC tests.offer. following relative
advantages.

e The OC-SC test gives no-load current (), rated iron-loss (), rated copper loss (Pcurr)) and
all parameters of equivalent circuit in addition to efficiency and regulation.

e The OC-SC test is used to predict the performance of transformer at any desired magnitude and
power-factor of load without actually usinga real load.

e The direct loading method is lossy since it involves power consumption equal to the rating of
transformer. While, the OC-SC test that is based on equivalent circuit consumes only a small
fraction of its power rating. Hence it is cost-effective.

3.16.1 Open Circuit (OC) test

This test is performed to determine the no-load current (/,), its components /Iy, and /,, no-load parameters
of equivalent circuit (R, and X,) and iron loss (P;). As the name implies, secondary winding is kept open
(i.e. at no-load) and the primary is-energized by applying an input voltage equal to the rated primary
voltage (V, = V). Theconnection diagram is shown in Fig. 3.24. The measured readings are V, (= rated
voltage), I, and W,

Since, the secondary side is open-circuited, the secondary current I, = 0, [; = 0 and therefore the
output power is zero. Still the wattmeter on primary side indicates some amount of input power (W)
drawn from the supply. Obviously, this input power is being utilized to produce power loss only. From
equation (3.7), the input current will be equal to the no-load current I,. From equation 3.6, I, has two
components, the loss producing active component /y, and the flux producing magnetizing component /..
They can be determined from measured readings as follows.
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H,
Open
circuit
L, H

Fig. 3.24: Open-circuit test on a two-winding transformer

From the phasor diagram of practical transformer in Fig. 3.14(b) we have,
I, =1,cos8,
I, =1,sing, (3.40)

Wo

Where, the no-load power-factor is, cos 8, = v
o‘o

From the simplified equivalent circuit of Fig.<3.19(b), the no-load resistance Rs and magnetizing
reactance X, will be,

R0=E=L

I, 1,cosb,
b, Y, (3.41)
° 1,7 I,sin6,

During this test the load is zero therefore, the variableloss (i.e. copper loss) which is dependent on load
is also zero. It means that, the input powert (W,) taken from-supply is solely consumed to produce iron
loss. Since, the applied input voltage (¥,) is equal to rated primary voltage, the iron loss will also be of
rated value. Hence, the wattmeter reading (W,) during open-circuit test is treated as rated iron-loss (P;).

W, =P, (3.42)

Actually during the open-eircuit test, in addition to iron loss a small amount of copper-loss (I2R;) also
takes place in primary winding. Since, the magnitude of /, is very small (/, is 1 - 5% of full-load current)
the resulting copper loss.is negligible as compared to rated iron loss. Hence, wattmeter reading (W) is
considered as rated iron-loss (P;). The equivalent circuit for OC test is shown in Fig. 3.25.

[1:[,, [,2:0
b
|
Xo
V(;:Vj RO
I, 1,

Fig. 3.25: Transformer equivalent circuit during open-circuit test
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This test is normally performed on Low Voltage (LV) side and the High Voltage (HV) side is open-
circuited. In other words, the LV side is treated as primary and all measuring instruments along with
input source are connected on this side. Therefore after calculations, the equivalent circuit parameter
values R, and X, are obtained as referred to primary side (LV side in this test).

3.16.2 Short Circuit (SC) Test

This test is performed to determine the equivalent resistance (Rs), equivalent leakage reactance (Xic),
and rated copper loss (Peurr)) of the transformer. As the name implies, secondary winding is-short-
circuited and the primary is energized by applying a reduced input voltage (V) which will be just
sufficient to pass rated currents (i.e. full-load currents) in the two windings. The connection diagram is
shown in Fig. 3.26. The measured readings are Vs, /s (= rated current), and W.

The SC test is normally performed on High Voltage(HV) side andthe Low Voltage.(LV) side
is short-circuited. In other words, all measuring instruments as well as:the input source are connected
on HV side. Therefore after calculations, the equivalent circuit parameter values R and X, are obtained
as referred to HV side (which will be the secondary side as per the convention adopted in Section 3.16.1:
OC test).

Short-circuit
link

1-Phase Dimmerstat

H, L,

Fig. 3:26: Short-circuit test on a two-winding transformer

Since, the secondary side is short-circuited, the secondary terminal voltage V, = 0 and therefore the
output power is zero. Still the'wattmeter on primary side indicates some amount of input power (W)
drawn from the supply. Obviously, this input power is being utilized to produce power loss only. During
SC test, both iron-1oss and copper-loss in the two windings will take place. But the iron-loss is negligibly
small because, the-applied input voltage (Vi) is very less. Whereas, due to the presence of rated
magnitude currents in the two windings, the copper-loss has rated magnitude. Hence, the wattmeter
reading (Ws) during short-circuit test is treated as full-load copper-1oss (Peu(rr)).

Wse = Peucrry (3.43)

From equation (3.32), total copper loss in the two windings is defined as,

total copper loss = (winding current)? x equivalent resistance of transformer
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Pcu(FL) =W = Ischsc watts

~ Equivalent resistance of transformer will be,

7%
R = % Q
Isc (3.44)
The equivalent impedance of transformer will be,
V.
Ze =" Q
sc (345)

~ Equivalent leakage reactance of transformer will be,

Xse = Zszc - Rszc Q (3.46)

Since, the HV side on which short-circuit test was performed is the'secondary side (as per.the'convention
adopted in Section 3.16.1: OC test),
“ Rge = Ryp and X = X,

Once, the equivalent circuit parameters and losses are obtained, efficiency ‘and voltage regulation can
be calculated using equations (3.25) and (3.34) for any load current .J> and power-factor cos 6. The
equivalent circuit for SC test is shown in Fig. 3.27.

I SC RSC X;C
L MY
?
|
Short-
If“ circuit
|

Fig.:3.27: Transformer equivalent circuit during short-circuit test

3.17 POLARITY MARKING

At any instant of time in each winding of a transformer, one terminal is always positive with respect to
the other. There is a rise in voltage from negative terminal (lower potential terminal) to the positive
terminal (higher potential terminal). When two or more transformers are to be connected in parallel for
their joint operation, the terminals having similar polarity should be connected to each other otherwise,
it may result into a short-circuit.

In Section 3.7 it was explained that by Lenz’s law, the secondary flux @, is always in opposite
direction to the flux @ produced by primary winding. At any instant of time, the polarity of secondary
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induced emf E> and the direction of induced current /> are then determined from the direction of @, by
applying right hand thumb rule. It is worth noting that the direction in which the two windings are
wound on the limb play an important role in deciding the instantaneous direction of £ and /. This is
demonstrated by two examples shown in Fig. 3.28 (a) and (b). In both of them, the direction of primary
winding and the polarities of input source V| are maintained same. However, the directions in which
secondary winding is wound on the limb are different. After the application of right hand thumb rule, it
will be observed that, the direction of /> and E» are different in the two examples. In other words, they
have different polarities. Hence, before interconnecting the windings of different transformers for their
parallel operation, it is essential to identify the similar polarity terminals of all windings.

DA S I AR P
JTER s T o + o A il
=== 1O ER
—H_ﬁt> — 3 = jﬂ—_«_; —H_*r:? > 7 -t :‘;*—»[_u

Rt TR PO | 7

(a) (b)

Fig. 3.28: Effect of change in winding direction on the direction of £> and I»

Polarity test is performed to determine the terminals having the same instantaneous polarity. In a
transformer, polarity means relative direction of induced-emfs in the primary and secondary windings.
There are two types of polarities: (1) Subtractive and.(ii) Additive.

Consider a two-winding transformer having HV winding terminals Hi, H» and LV winding
terminals Ly, L. If we consider HV winding ‘as primary and LV winding as secondary than, the emf
induced in HV winding will be denoted by E1 and that induced in LV winding by E». Let the terminals
Ha, L, be joined together and a-voltmeter be connected across Hy, L. Let the secondary winding remain
open and an ac input voltage be applied across primary winding as shown in Fig. 3.29 (a) and (b).

Imagine arbitrary polarities (+) at. Hy terminal and (-) at H, terminal on the primary side. Observe
the voltmeter reading from which we have to identify the corresponding polarities at terminals on the
secondary side. For easecof understanding, assume that the transformer voltage rating is 2200V / 220V.

Subtractive polarity:

If the voltmeter reading = (E; — E2) = (2200 — 220) = 1980V than, the transformer is said to have
subtractive polarities. From the unfolded view of transformer with subtractive polarity in Fig. 3.29 (a),
it can be easily found out that on the secondary side, the polarity (+) must be at L terminal and (-) at L
terminal. So, the terminals Hy and L; have similar polarities. Similarly, the polarities at H, and L, are
similar. For polarity marking, instead of assigning the (+) and (-) signs, usually the symbols like ®, m,
A ctc. are used to represent terminals having similar polarities.
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Voltmeter
L
: voltmeter reading
+ + = —
[ Secondary (El Ez)
H, L,
Short-circuit
link
(a) Subtractive polarity
Voltmeter
+
L .
v, (59, voltmeter reading
| - - =(E1+ Ey)
Secondary
Vi g E,  Open |:> ©
|+
[
H, L,
Short-circuit

link
(b) Additive polarity

Fig. 3.29: Polarity test on single-phase transformer

Additive polarity:

If the voltmeter reading = (£ + E2) =(2200.+ 220) = 2420V than, the transformer is said to have additive
polarities. From the unfolded view of transformer with additive polarity shown in Fig. 3.29 (b), on the
secondary side, the polarity (+) must be at L, terminal and (-) at L; terminal. So, the terminals H; and
L, have similar polarities: Similarly, the polarities at H, and L are similar. The AC (+) polarities are
represented by symbol dot (e) on the diagrams.

3.18 PARALLEL OPERATION OF SINGLE PHASE TRANSFORMERS

In Section 3.1 we have seen that, for the transfer of electricity from generating station to load centres,
power transformers and distribution transformers are necessary. The MVA capacity of these
transformers should be sufficient enough to handle the power flow and peak load demand satisfactorily.
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In many cases, it is preferred to install and operate two or more transformers of lesser MVA rating in
parallel instead of running a single transformer unit of higher MVA rating. Though multiple number of
low MVA transformers connected in parallel will require more space and a bigger protection system
against faults as compared to a single unit of higher MVA transformer, the former choice yields
following overriding advantages.

e Improves system reliability
In a set of transformers operating in parallel, if fault is developed on any one of them than it.can be
disconnected for repair work while others can continue and maintain the process of power transfer
(at reduced level). On the contrary, if there is a single unit of bigger MVA transformer and if it has
a fault than, when removed from the circuit, total power supply to the load will get disconnected.

e Improves system economy and efficiency
When operating in parallel, power transformers can be turned ON and OFF depending upon the
availability of load. During light load periods, some transformers can be.disconnected and others
can supply the total load. This will nullify the iren-loss in disconnected transformer thus improving
the overall efficiency of the system. Also, the cost incurred for power wastage.in iron-loss will be
saved thus enhancing the system economy.

¢ Reduces the cost of stand-by unit
As compared to the size of stand-by unit (spare) for a bigger MV A transformer, it will be smaller
for a set of low MVA parallel.connected transformers.

e Allows future rise in load demand
To fulfil the rise in future load demand, additional transformer can be connected in parallel with
the currently running transformer instead-of replacing it with a bigger size transformer. Thus the
cost involved in upgrading the capacity can'be lowered.

For parallel operation, the primary, windings are connected in parallel. Similarly, the secondary
windings are also connected in parallel. This is shown in Fig. 3.30 for transformers A and B. Together,
they transfer power from common source to'the common load. It is necessary that the sum of MVA
capacity of all transformers that are running together in parallel should not be less than the peak power
demand of the load. Fig. 3.31 presents-the simplified equivalent circuit of two parallel connected
transformers. The emfs induced in their secondary windings E>a and Eop are represented as voltage
sources for clarity. Z,4.and Zosg are the equivalent impedances of two transformers as referred to their
secondary sides. Note that for the sake of simplicity, the no-load exciting branches comprising of Ro
and Xo are omitted from the equivalent circuit. (Refer to Section 3.10.1(B) and Fig. 3.21 (a) in Section
3.11.3 for details).
Thus the total load current and total apparent power (in kVA or MVA) delivered to the load are,

12 = IZA + IZB amperes

S = SA + SB = VZIZA + VZIZB VOltampereS (347)
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Fig. 3.30: Conceptual diagram of two single-phase transformers A and B in parallel
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Fig. 3.31: Simplified equivalent circuit of two parallel connected transformers referred to secondary side

3.18.1 Conditions for Parallel Operation of Single-Phase Transformers

Before connecting two or more transformers in parallel, it should be verified that after connecting their
primaries in parallel across the'same source, their no-load secondary voltages will match each other in
magnitude as well as in phase. This can be ensured by fulfilling the following conditions.

e Transformers should have similar polarities:
This is the most important condition which must be satisfied before interconnecting two
transformers in parallel. Let us examine the situation when transformers A and B with different
polarities are connected in parallel across a common load. This is shown in Fig. 3.32.
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(a) Circulating current in secondary windings (b) Equivalent circuit representation

Fig. 3.32: Transformers with different polarities connected in parallel

It is clear that due to different instantaneous polarities, the secondary emfs Era-and Eop will add
together and produce a heavy circulating current /. within the.secondary-loop-and the transformer
may get damaged. This results in dead short circuit.

Eypn + Ezp
Zoza tZo28

c

e Voltage ratios of the transformers should be equal:

When the primary windings of two parallel transformers are connected across the same voltage
source, their secondary voltages should be equal (i.e “E34 = E,p). If this condition is not fulfilled
than in addition to the load current /7, circulating. current /. is also produced on both primary and
secondary sides. This circulating current is directly proportional to the difference between the emfs
E>a and Esp and gives rise/to-additional ohmic losses thus reducing the overall efficiency. The
resultant current in any transformer is equal to the phasor sum of the circulating current and load
current shared by it.

e KkVA ratings should be inversely proportional to the respective equivalent impedances:

If the two parallel connected transformers have same kVA rating than their equivalent impedances
Zooa and Zyop should also be equal. But if the transformers having different kV A ratings are to be
operated in parallel than their kVA ratings should be inversely proportional to their equivalent
impedances Zo2a and Z,og. This can be proved as follows. Refer to the simplified equivalent circuit
in Fig. 3.31. By Kirchoff’s Voltage law (KVL), the voltage equations will be,

Eyn —LuZoza =V,

Eyp —LgZosg =V,
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Eza—laZooa = Ezp —lpZoop
Assuming that the voltage ratios of the two transformers are equal so that, E,4, = E,5 = E),
LaZoza = 1282028

IZ_A ZOZB

Lg  Zo2a
Multiply and divide LHS of above equation by E,

EZIZA — ZOZB
EZIZB ZOZA

Thus the transformer having greater equivalent impedance will share less kVA output and that
having lower equivalent impedance will share more’kVA‘output. In other. words, the kVA shared
by each transformer is inversely proportional torits equivalent impedance. The total load current
will be the sum of secondary currents of two transformers. Similarly; the total output kVA will be
the sum of individual kVA output of both transformers.

12=12A+123 and S=SA+SB
In per unit system, this condition is expressed as ‘for parallel operation, the per unit leakage
impedances of the transformers based on their own kVA ratings should be equal’.

Ratio of equivalent leakage reactance to equivalent resistance should be equal:

For parallel operation, the ratio of equivalent leakage reactance to equivalent resistance of the two
transformers should be equal.

Xoza . Xozp ' o Xoia _ Xoip

Roza Ro2B Ro14 RoiB

. X
Since, tan™! (R—"Z) =20 and cos 8. = power factor,
02

. . X . . X
It means that, if the ratio of =22 of two transformers are not equal than, the one having higher RLZ
02 02

. . . X, .
ratio will operate at poor power factor as compared to the other transformer having lower RLZ ratio.
02

Obviously, the total kVA output delivered to the load will be less than the sum of individual kVA
outputs of the two transformers.

Important: Amongst the above four conditions of parallel operation, the first one related with
polarities is mandatory. The second one related to equal voltage ratios should be satisfied as
accurately as possible since different secondary voltages will give rise to undesired circulating
currents even at No-load. For the last two conditions, some deviation is tolerable.
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3.19 LOAD SHARING BETWEEN PARALLEL CONNECTED
TRANSFORMERS

The sharing of load current and apparent power between two parallel connected transformers can be
discussed for the following two situations:

() When the voltage ratios are equal (- E,4 = E,p)
(ii) When the voltage ratios are not equal (i.e. F,4 # E,p)

3.19.1 Load Sharing when Voltage Ratios are Equal

Consider two transformers A and B connected in parallel as shown in Fig.-3.30. The simplified
equivalent circuit as referred to secondary side is givenin Fig. 3.31¢ The voltage equations will be,

Eyu 342024 = V5
Eyp = LgZosg =V,
Eyu = hnZoga = Ezp—I3pZosp

Since voltage ratios are equal, the no-load secondary voltages (i.e. induced emfs) will also be equal.
Ezp = Exp
“ A2aZoza = IzpZo2p
The total load current, I, = I, + L
~ L = (I; — I,4) Put this value in above equation and simplify.

ZOZB

La= (12 N\ IZA) Zoon

ZOZB

L= L ——228
287 2 (Zoga + Zozp)

(3.48)

ZoZA

Similarl L =L 7——F—
imilarly, 2B 2 (ZOZA + ZoZB)

Equations(3.48) represent the load currents shared by two parallel connected transformers when their
voltage ratios are.equal. To determine the sharing of apparent power (voltamperes), multiply both sides
of equations (3.48) by V> and simplify. Since,

V,I,4, = S, = Apparent power output supplied by transformer A to the load

V,I,5 = Sg = Apparent power output supplied by transformer B to the load

VoI, =S = (S, + Sg) = Total apparent power consumed by the load
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Zo2p
S, =S—2028
4 (Zo24 + Zo28)
Zo2a
g =g Zoza (3.49)
5 (Zo2a + Zo28)

3.19.2 Load Sharing when Voltage Ratios are not Equal

Again consider the same two transformers A and B connected in parallel as shown in Fig. 3:30 and their
simplified equivalent circuit referred to secondary side as given in Fig. 3.31.

Let, Z;, = Load impedance, o Vo=0LZ, = +15)7,

The voltage equations will be as given below where E,, #E,5 because the voltage ratios are not equal.

Eyp —lhnZosa = Vy=16LZ, = (IZA + IZB)ZL (3.50)
Eyp — LipZog= Vo= LZ; = (IZA Sy IZB)ZL (3.51)
Eyp—14Z02a = Ezp =1lhpZoos

v Eyp —Esg = LaZosa— IpZozs

[(EZA IR EZB) - IZAZOZA]

ZOZB

w g =

To determine I, 4, eliminate I,5 from equation (3.50) by substituting above value of I,z and simplify.

[(EZA "N\ EZB) - IZAZozA]}
Zy
ZOZB

Eyu —aZora = {IZA fa

EynZozp + Z1(Expy — Eap)
Zo24Zo2p + (Zoza + Zo2p)Zy,

12A -

EypZoza + Z1,(Ezp — Ezy)

. AN .52
Similarly, 2 Zo2aZosp + Zoza + Zo28) 21 (3:52)

Ey0Z02p + E2pZ02a
Zo2aZo2p + (Zoga + Zozp)Z),

The total load currentis, I = (Iz4 + L) = (3.53)

To derive expression for terminal voltage V>, divide the numerator and denominator of equation (3.54)
by Z,24Z 25 and simplify,
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(175 +725)

Multiply both sides by Zy,

V2 = IZZL = (354)

(o * 72 7)

Apparent power output supplied by transformer A to the load S; =V, 1,4
Apparent power output supplied by transformer B to the load Sz = V, 1,5
Total apparent power consumed by the load S = (S, + Sg)

A single phase transformer takes 10A on no-load ata power factor;of 0.2agging. The
turns ratio is 4:1 (step down). If the 1oad on the secondary'is 200A at apower factor of
0.85 lagging, find the primary curtent and power factor. Neglect the.voltage drop in
windings.
Data:
Ni:N2=4:1, I, = 2004, cosf, = 0.85 lagging, [, = 104, cos 6, = 0.2 lagging,
I; =7, cosf; =?
Solution:
Refer to the phasor diagram of Example 3.3 again.
The current in primary winding is given by,
L=1+1I
It is given that, cos-@, = 0.851agging, -- £0, = cos~10.85 = 31.78°
Hence current /> can be expressed. in polar frame as,

I, = 200£ =31.78%A where the (-) sign indicates that this current is lagging behind
the voltage /> by-a phase angle of 31.78°.

Similatly, given that, cosf, = 0.2 lagging, - Z0, = cos™10.2 = 78.46°
Hence current /o can be expressed in polar frame as, I, = 10£ — 78.46° A
The magnitude of secondary current as referred to primary side is,

|Ié| =KI, = Flz = Z X 200 = 504

1 p—
In polar frame it will become, I; = |I;| /6, = 50/ — 31.78°A

EXAMPLE 3.8

Substituting the values of I, and I in above equation.
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» I, = (10£ — 78.46°) + (50£ — 31.78°)

Converting I, and I} from polar frame to rectangular frame (Refer Appendix),
o I = (2-79.797) + (42.5 — j26.33) = (44.5 — j36.129)

Converting I; from rectangular frame to the polar frame

~ ~ I, =57.32/—-39.07° A
Thus, |I;| = 57.32A and cos 6; = cos 39.07 = 0.77 lagging

The following readings were obtained from OC and SC tests performed on a 10 kVA,
450V/120V, single phase transformer.

OC test: 120V, 4.2A, 80W  ..... on LV side with HV side open circuited

SC test: 9.65V, 22.2A, 120W ..... on HV side with L'V short circuited

Calculate the approximate equivalent circuit constants referred to-primary side.

Data:

Rated capacity (i.e. full load capacity) = 10kVA, Rated voltages are: /', =450V and 1
=120V, V, =120V, I, = 4.24, Wy = 80W,V,. =9.65V, ;. =22.2A,W;. = 120W,
R0: ?,Xo: ?,Rol = ?,Xol =7

Solution:
As per given voltage ratings (450V/120V),. the transformer is of step down type.
Therefore HV side will be the primary and LV will be the secondary side.

From OC Test: As mentioned in the'question, OC. test readings were observed on LV
side i.e. secondary side. Hence, the OC ‘test caleculation results will be as referred to
secondary. Since the constants are required to be determined as referred to primary,
necessary change in calculation will be required.

w,
cos 6, = V; = (0.1587
o°0

~ 6, = 80.86% and sinf, = 0.9873
The no-load parameters of equivalent circuit will be,

R LN = 180.0340
"_IVW_I,,COSO,,_ '
X, =2 =<—"— =28.9380
I, .~ I,sing,

As referred to primary, they will be,

R — (R,,) _ [ 180.034 ] — 2532990
° 7 \k2) " 1(120/450)2] ~ '

2
X = (X,,) _ [ 28.938 ] — 407140
°~\k2) " [(120/450)2]

EXAMPLE 3.9
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EXAMPLE 3.10

From SC Test:
Zge =75 = 04346 Q
Ry, = @ =0.24340Q

_ 72 ZZ — RZ =0.3599 O

Since, the SC test was performed on HV side which is the primary side in this problem
hence,
R,; = R, = 0.2434 0

X,, = X,o = 0.3599 02

For the transformer and OC/SC test results of Example 3:9, calculate:
(1) Efficiency at full load and at half full load, 0.8 power factor lagging

(i1) Voltage regulation at full load andsat half full load, 0.8 power. factor lagging
Data:

Rated capacity (i.e. full load capacity) = 10kVA, Rated voltages are: V1 =450V and V>

= 120V, V, = 120V, 1, = 4.24,W, = 80W, VSC = 9.65V; I, =22.24,W,, = 120W,
(1) r](FL,O.S) 9 r]( FL,0. 8) (11) V.R. *(FL,0. 8) V R: (1FL 0. 8)
Solution:  The results of Example 3.9 are: R, = 0.24342; X,; = 0.3599

Calculating primary currents:

_ Fullload voltamperes __ 10000 __
(a) At Full load, Il(FL) " rated primary voltage < 450 2224
Half Full load voltamperes __ 5000 _
(2) At Half full load, Il(lFL) rated primary voltage 450 1114
Note: The half full load current’can also be determined as [, Grry = Il(FL)

Calculating Efficiencies:

During OC test, voltage applied on LV side was equal to the rated voltage of LV side.
i.e. Vo = V> = 120V. Hence, the wattmeter reading ¥, will represent rated iron loss.
~ Iron loss P; = W, = 80W

Similarly; during SC test, the current flowing in HV winding (i.e. primary winding in this
example) was equal to the full load primary current. i.e. I = Iy 51y = 22.2A. Therefore, the

wattmeter reading Wsc will represent full-load copper loss.
+ Full load.copper loss Peypry = Wse = 120W

(1) Efficiency at full load and 0.8 power factor is,
Full load VA % 0.8 10000 x 0.8

1(FLO8) = Fullload VA X 0.8+ P; + Peygryy | 10000 X 0.8 + 80 + 120
(ii) Efficiency at half full load and 0.8 power factor is,

x 100 = 97.56%
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_ Half Full load VA x 0.8
(3r1.08) = Half Full load VA x 0.8 + P, + Peu(ir)
2

5000 x 0.8
- ~ x 100 = 97.32%
5000 x 0.8 + 80 + (7) x 120

Calculating Voltage Regulation (V.R.):

(1) At full load, 0.8 lagging, the voltage drop as referred to primary side is,
Voltage drop = I;(pry(Ro1056 + X,,5in8) = 22.2(0.2434 X 0.8 + 0.3599 X 0.6) = 9.11V
voltage drop as referred to primary

9.11
X =—=X =2.029
rated primary voltage 100 450 100 =2.02% S

(i) At half full load, 0.8 lagging, the voltage drop as referred to primary side is,
Voltage drop = Il(lFL)(RmCOSG + X,,sinf) = 11.1(0.2434 x 0.8 + 0.3599 X 0.6) = 4.55V
’ voltage drop as referred to primary 4.55

. V.R = X 100 = ——x100 = 1.019
(FL, 0.8 lag) rated primary voltage 450 y %

~ V.RL, 081ag) =

A 10 kVA, 500V/250V, single phase transformer gave following test tesults:

OC test (LV side): 250V, 3A, 200W

SC test (LV side): 15V, 30A, 300W

Calculate the efficiency and voltage regulation at full load; 0.8 power factor lagging.
Data:

Rated capacity (i.e. full load capacity) = 10kV A, Rated voltages are: V1 =500V and V>
=250V, V, =250V, 1, = 34, W, = 200W;V,, = 15V, I,..= 304, W, = 300W,

() nrLo8) =7, (i) VeR.(zp0.8) =7

Solution:

If this example is compared with Examples-3.9 and.3.10, you will find that in this example,
both OC and SC tests are performed on LV side. In other words, the measuring instruments
were connected on LV side during both. tests.and the HV side was open-circuited or short-
circuited.

From given voltage rating (500V/250V),.the LV side is secondary side. Therefore, all
calculation results of OC and'SC tests will be the values as referred to secondary side.

Calculating equivalent resistance and equivalent leakage reactance:

From SC test-observations:
V.

Zee =Zpy=2.=10.5Q
Isc

Ry =Ry = ,W—z =0333Q

X.. = Xop = ZZ — RZ =0.3727Q

Calculating Efficiency:

During OC test, voltage applied on LV side was equal to the rated voltage of LV side i.e.
V, = V> =250V. Hence, the wattmeter reading W, will represent rated iron loss.

~ Iron loss P; = W, = 200W

EXAMPLE 3.11
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EXAMPLE 3.12

However, during SC test, the current (I, = 304) flowing in LV winding is not equal to
the full load secondary current because, the full load secondary current is,

_ Fullload voltamperes 10000
" rated secondary voltage 250

IZ(FL) =40A

Therefore, the wattmeter reading W, will not represent full-load copper loss and it should
be calculated separately.
< Full load copper loss = Py 1y = IZZ(FL)RO2 = 40% x 0.3333 = 533.28W
(1) Efficiency at full load and 0.8 power factor is,
Fullload VA x 0.8 10000 x 0.8
TFLO®) = Fullload VA x 0.8 + P; + Peyrry 10000 x 0.8 + 200 + 533.28
=91.6%

Calculating Voltage Regulation (V.R.):

(1) At full load, 0.8 pflagging, the voltage drop as referred to secondary side is,

Voltage drop = I (R,,c050 + X,,5in0) = 40(0.333 X 0.8 + 0.3727.X 0.6)
= 19.6V

VR __ voltage drop as referred to secondary o 19.6 1008
- UL 08lag) T rated secondary voltage 250
= 7.84%

x 100

A 50 kVA single phase transformer has on full-load, the copper loss of 600W and iron
loss of 500 W. Calculate the maximum efficiency and the.load at which it appears.
Assume unity power factor load.

Data:

Rated capacity (i.e. full load capacity) = 50kVA, Py = 600 W, P, =500 W,
cos 0 =1, (DSmaxn =2 ((D)Nmax =7

Solution: From eq. (3.34),

(1) To get maximum efficiency, the load or output power (Smax 77) in kVA should be:

Pi

S = Spp X
maxn Pcu(FL)

Where, Sp; = Rated capacity (i. e. full load capacity) = 50 kVA

.S —5. x |— —50x 500—4564kVA
* Omaxn — °FL Pcu(FL) - 600 - .

(i1) Maximum efficiency is expressed as,

Brax n(inW) Smax n (in VA) X load powerfactor
fhmazx = Bnax n(in W) + 2P; B Simax 7 (in VA) x load powerfactor + 2P,
45640 x 1
o Ny = x 100 = 97.85%

45640 x 1+ 2 x 500
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The efficiencies of a 400 kVA, single phase transformer are 98.77% when delivering
full-load at 0.8 power factor and 99.13% at half-load and unity power factor. Calculate
the iron loss and full-load copper loss.

Data:  Rated capacity (i.e. full load capacity) = 400 kVA,

r](FL’o_S) = 9877%, n(%FL,UPF) = 9913%, (1) Pi =? (11) PC‘LL(FL) =?

Solution:
Efficiency of a transformer at any fraction ‘x’ of the load is given by,
xFull load VA X cos6

xFull load VA X cos6 + P; + x2 P,y
In given case 1: x=1,cos 8 = 0.8, n, = 98.77%
Substitute all given values in above equation,

Pi+Peyy=3985W S (i)
In given case 2: x=1/2,cos 0 = 1, n,, = 99.13%
Substitute all given values in above equation,

Pi+025Pypy =1755W o Lo e (ii)
Subtracting eq.(ii) from eq. (i) we get,

Nx, cosp) =

EXAMPLE 3.13

Py = 2973 kW and P, = 1.012 kW

A single phase transformer with.a ratio 5:1 has primaryresistance.of 0.4 Q and reactance
of 1.2 Q and the secondary winding resistance of 0.01 @ and reactance of 0.04 Q.
Determine the percent regulation when delivering 125A at 600V and power factors of
(1) 0.8 lagging, (ii) unity and (iii).0.8 leading,
Data:
Ni:N> =5:1, R; =0.4 Q, X;=1.2 Q; R; =0.01Q,. X> =0.04Q, ©, =125A, Vit 125 10ad) =
600V, Find V.R. at (i) cos 8 = 0.8 lagging,(ii)cos 8 = 1, (iii) cos 6 = 0.8 leading
Solution:
Transformation ratio K = % = §
1

The equivalent circuit parameters-as referred to secondary side are:

1
Ry = (R, + RY) = (Ry+ R, K?) = (0.01 +0.4 % ﬁ) =0.0260

1
Xoz = Xy + XD ="(X, +X,K?) = (0.04 +1.2% ﬁ) = 0.0880

Now; calculate the voltage drops referred to secondary side,

Voltage drop = I, (R,,cos8 t X,,sinf)
Where (+) sign is for inductive loads (lagging power factor) and (—) sign is for the
capacitive loads (leading power factor). Given that at a load current of 1, = 125A, the
secondary terminal voltage is 600V.

EXAMPLE 3.14
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EXAMPLE 3.15

In given case (i): cos 8 = 0.8 lagging,
Voltage drop = 125 X (0.026 X 0.8 + 0.088 x 0.6) = 9.2V

It is known that, when inductive load is connected across the secondary winding, the
secondary terminal voltage drops from its no-load value (i.e. rated value) to some value
on-load which is 600V in this example. Since a voltage drop of 9.2V has taken place, it

means that the no-load voltage for this case must be = 600 + 9.2 = 609.2 V

VR _ voltage drop as referred to secondary 100 = 9.2 % 100 = 1.51%
(1254, 0.8lag) — secondary No-load voltage ~609.2 TR

In given case (ii): cos @ = 1

Voltage drop = 125 X (0.026 X 1 + 0.088 x 0) = 3.25V
It is known that, with resistive load, the secondary terminal voltage drops from its no-
load value to some value on-load which is 600V in this example. Since a voltage drop
= 3.25V, it means that no-load voltage for this case must be = 600 + 3.25 = 603.25 V.

voltage drop as referred to secondary 3.25

= = - 0
V-Razsa, vrr) secondary No-load voltage g 100 603.25 1 JU0 JAS58%

In given case (iii): cos @ = 0.8 leading,
Voltage drop = 125 x (0.026% 0.8 — 0.088 X 0.6) = —4 V.

It is known that, with capacitive load, the’'secondary terminal voltage rises from its no-
load value to some value on-load which is 600V in this example. Since a‘voltage drop

= -4V, it means that the no-load voltage for this case must be = 600 - 4=596 V
voltage drop as referred to secondary —4
%100 = =—% 100 = —0.671%

V.R1254, 08iead) =

secondary No-load voltage 596
609.2V.
& [603.25V |
o600V o= L 600V
596V |
|
|
'195A
0

Load current ; (A)

A 2300V/230V single-phase transformer has the primary and secondary winding
resistances of 2°Q and 0.02 Q respectively. Its iron loss at normal supply voltage is
600W. Calculate the secondary current at which the efficiency will be maximum and
also'calculate the maximum efficiency when the load power factor is 0.9.

Data:

Rated voltages are: Vi = 2300V and V> =230V, R; =2 Q, R»=0.02Q, P, = 600 W,
cos 0 = 0.9, (Dlz¢maxn) =? ((DNmax =?
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Solution:
The equivalent resistance as referred to secondary side (LV side) is:

Vor2
Ryz = (R, +R) = (R, + R1K?) = [Rz + R, <_2> ]

Vi
230 \2
=0.02+2><< ) =0.040Q

2300
Fromeq. (3.33),
At maximum efficiency, the iron loss and copper loss are equal i.e.,
P; = Poy(max n) = 600 W

The copper loss of transformer at maximum efficiency condition can be expressed as,

Pcu(max 1) 600
- Dahaxn) = ‘ R, = |02~ 122.47 A

The output power in watts at maximum efficiency condition and:0.9 power factor is,
Prax n = Valptmax ) €0s 0 = 230 X122.47 X 0.9 = 25352.21 W.

) A Pmaxn _ 25352.21
“ Nmax = Pmaxn + 2P; N 25352.21 +2x 600

Pcu(max n = Izz(max n)ROZ

x 100 = 95.48%

A 250V/500V single phase transformer'gave following test results:
SC Test: 20V, 12A, 100W with LV 'winding short-circuited.
OC Test: 250V, 1A, 80W on 1LV side

Determine the equivalent circuit. parameters, insert them on the equivalent circuit
diagram and caleulate applied voltage and efficiency when the output is 10A at 500V
and 0.8 power factorlagging.

Data:
Rated wvoltages are: V1 = 250V and V> = 500V; I, = 10A, Vaat 10A 10ady = S00V,

As per given voltage ratings (250V/500V), the transformer is of step-up type. Therefore
LV side will be the primary and HV will be the secondary side.

cos 8 = 0.8 lagging, V, =250V,[, = 1A, W, = 80W,V,, = 20V, ;. = 12A, W, = 8
100W, Rs= 7, Xo =2, Ro1 = 2, Xo1 = 2, Vi(at 10A load) = ?, #](at 10A load) = ? ™
Solution: Ly
. . _Vp _ 500 _ o
Transformation ratio K = v = 250 -
<

x

L
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From OC Test: As per question, the OC test readings were observed on LV side i.e.

primary side. Hence, the OC test calculation results will be as referred to primary.
Ho - 20— 032, £02=71.33°and sin6, = 0.9474
Volp  250x1
The no-load parameters of equivalent circuit will be,
Ry=2o=_Yo_
Iy, I, cos@g

cosf, =

_V _ Vo

=781.250; X,= = 263.880Q

I, Ipsingd
From SC Test: As per question, during the SC test, LV winding was short circuited. It
means that the input supply was fed to HV side and readings were observed on HV side
i.e. secondary side. Hence, the SC test calculation results will be as referred to
secondary. They should be converted as referred to primary to represent them on the

simplified equivalent circuit which will be as referred to primary.

Zoo="Zgp = ‘I’— =1.666 Q;
WSC

RSC = R02 = 1_2 = 06949, XSC = X02 = wZSZC - R.Sg(.‘ =1514 Q
Now, refer these values to primary side.

Ry, 0.694 X0z 1.514
ROl = (F) = (2—2) = 01735.0, X01 = ( ) N ( ) = 0.3785.2

K2. 22
Ro= Xo1=
L I, 0.1735Q 0.3785Q
? > 1’ AN fm—r_
| o
|
Ro= Xo=

AA
W

|
|
o
Vi 781.25Q] . $26383.0 N
|

Calculating efficiency:
During OC test, the applied value of input voltage was equal to the rated voltage =250V
hence, the wattmeter reading during OC test will represent rated iron loss.
& Ironloss Pi= W, =80W
The copper loss at I, = LOA will be = P.; = I2R,, = 102 X 0.694 = 69.4 W
__ Output power (W) VoI, cos @
" Input power (W).~ V;I5cos@ 4P, + P,

500x 10x 0.8

= X = . 0,
500 x 10 x 0.8 +80 + 69.4 100 =96.39%

Calculating Vi(at10A load)::

During the load current of /> = 10A, voltage drop (VD) at 0.8 lagging power factor and
as referred to secondary side is,

VD, = L(Ryycos0 + X,,sinf) = 10 x (0.694 x 0.8 + 1.514 x 0.6) = 14.636 V

Referring this secondary voltage drop to primary side using transformation ratio,

VD 14.636
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It is known that, with inductive load, the secondary terminal voltage drops from its no-
load value to some value on-load which is 500V in this example. It means that to obtain
rated secondary voltage of 500V during the inductive load of /> = 10A, input voltage
higher than its rated value of 250V should be applied on primary side.

" Viat10atoaay = V1 +VDy =250+ 7.31 = 25731V
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UNIT SUMMARY

e Transformers work on the principle of mutual induction. They have primary and
secondary windings that are electrically isolated from each other. As these windings
are wound on the same magnetic core, they are magnetically coupled to each other,

® The magnetic core is made from the laminations of either CRGO silicon steel or-the
amorphous alloy.

e The winding to which input ac source is connected is called as ‘Primary winding’ and
that across which the electrical load is connected is called as ‘Secondary. winding’. Any
winding of a given transformer can be used as{primary and secondary.

e Transformers transform electrical potential from .one level to another ar same
frequency. In other words, frequency remains same on both sides.

. . y ) Vv, N
® In an ideal transformer, voltages are transformed in the direct:ratio of turns, V—Z = N—Z
1 1

ol 3 L N,

Currents are transformed in inverse ratio of turns, =N

2 1

N g g Z N.
Impedances are transformed in directratio squared, Z—Z = (N—Z)
1 1

e Power (watts) and volt-amperes in anddeal transformer remains same on both sides.

® In an ideal transformer; No-load current is used only for magnetizing the core.
Therefore in an ideal transformer, /, =1, and /y, = 0.

e Two types of power loss takes place'in atransformer. (i) Iron loss takes place in the
magnetic core and (ii) Copper-loss takes place in the copper windings.

® Iron loss remains censtant for.all values of load (from No-load to Full-load) provided
that the input voltage and input fiequency supplied to the transformer are not changed.
Hence, iron loss is also.called'as ‘No-load loss’ and ‘Constant loss’.

e Copper loss varies.as square of currents which in turn varies with changes in load.
Hencey'it is also called as ‘Variable loss’.

® Iron loss comprises of (i) Hysteresis loss and (ii) Eddy current loss.

e . Being-a static device, mechanical loss (i.e. friction and windage) is absent in
transformers hence, its efficiency is always greater (> 90%) than the efficiency of
rotating machines.

® To reduce the hysteresis loss, core laminations are made from highly permeable
material like CRGO silicon steel or amorphous alloy.

e To reduce the eddy current loss, the magnetic core is made from a stack of thin
laminations which are insulated from each other before forming the stack.
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Transformer works with maximum efficiency (i.e minimum losses) at that value of load
when “Iron loss = Copper loss”.

Since, the transformers employed in power system operate continuously for 24 hours a
day, All-day efficiency (also called as energy efficiency) is calculated for them.

In core type transformer, the windings surround the core and therefore winding repair
is relatively easy.

In shell type transformer, the magnetic core surrounds the windings hence, winding
repair is relatively not easy.

The emfs induced an primary and secondary windings are given by:
E, = 4.440,,fN; voltsand E, = 4.440,,fN, volts

. o o N. E. V- I
Transformationratiois;: K==2==2==2=21
1 Ey £} Iz

=

The current equations are: I, = I, + I, and‘ I} ='I, + I; where, |I;| = KII,|

The net flux in the magnetic core remains same at all'values of load (from No-load to
Full-load). Hence, transformer is also’called as ‘Constant flux machine’,

The voltage equations on the primary and secondary sides are:

Vi = Ey + L(Ry + jX;) and By =V, + L(R; + jX3)

Equivalent circuit of a transformer'is useful for pre-determining analytically, the
performance of that transformer at any magnitude.and any. power factor of the load
without connecting an actual load acroessits secondary. For doing so, the values of
simplified equivalent circuit parameters i.e. Core-loss resistance R,, Magnetizing
reactance X,, Equivalent resistance (Ro1 or R.).and Equivalent leakage reactance (Xoi
or X,2) must be known.

The values of R, and X, can'be determined from Open-circuit test and values of (Ro1 or
Ry2) and (Xo1 or X2) canbe determined from Short-circuit test.

In Open-circuit test; the input power indicated by wattmeter reading W, is treated as
equal to rated iron-loss.P; provided that, rated value of input voltage V1 should be
applied.

In Short-circuit test, the'input power indicated by wattmeter reading Wi is treated as
equal.to rated copper-loss P, provided that, the windings are made to carry rated value
of their currents.

OC test is normally performed on LV side (with HV side open-circuited) and SC test
is normally performed on HV side (with LV side short-circuited). This is not a
mandatory requirement. It is practised so that the measuring instruments of
commercially available range could be used.

Voltage regulation of a transformer is defined as the percentage change in secondary
terminal voltage when the load at a given power-factor is changed from zero to full-
load value or vice-versa provided that, the applied voltage V1 is held at constant RMS
value.
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® Voltage regulation of a transformer is also defined as the percentage change in input
voltage required to be applied across primary winding in order to maintain rated voltage
at the terminals of secondary winding when the load at a given power-factor is changed
from zero to full-load value or vice-versa.

e With rise in resistive load, there is fall in secondary terminal voltage V2. If the load is
of inductive type or R-L type, V> drops by larger magnitude. However, if the load is of
capacitive then with rise in magnitude of load, there is a rise in V> also. Hence, for
capacitive load, the transformer’s regulation is negative.

e Transformer full-load capacity is expressed in terms of apparent power (KVA or MVA)
and not in terms of active power (kW or MW). This is because, the iron loss’depends
on voltage and copper loss depends upon current. None of them depends onpower-
factor.

e Experimentally, efficiency and voltage regulation can be determined by performing any
of the two tests: (i) Direct loading test or (i1) OC/SC test. In direct loading test; an'actual
variable load is connected across secondary. In OC/SC test, first, the parameters of
equivalent circuit are calculated<fromthe observed readings. Then from these
parameters, efficiency and voltage regulation are determined.

® Polarity marking is very important when two or'more transformers are to be connected
in parallel. Polarity marking is important in multiphase systems also.

e Transformers are required to be connected in parallel when the power capacity of an
existing transformer is insufficient to cater the increased load demand.

e Mandatory condition that should ‘be fulfilled. before connecting two or more
transformers in parallel is that; they should have similar polarities. Otherwise, heavy
circulating current is produced within the transformers that may damage them even at
No-load.

e Other desirable conditions ‘to.be fulfilled for parallel operation are (i) voltage ratios
should be equal,:(ii) the ratio of their kVA (or MVA) ratings should be inversely
proportional.te the ratio-of their equivalent leakage impedances and (ii) their ratios of
equivalent leakagereactance to equivalent resistance should be equal.
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EXERCISES
Multiple Choice Questions
3.1  Inanideal transformer,
(a) iron losses are absent (b) winding resistances are zero
(c) magnetic core has infinite permeability (d) all the above options
3.2 Magnetic core in transformers in primarily used to,
(a) reduce iron loss (b) provide low reluctance path to the flux
(c) reduce eddy current loss (d) all the above options
3.3 Transformer magnetic core is made from laminations to,
(a) reduce eddy current loss (b) reduce cost of transformer
(c) simplify the construction (d)all the above options
3.4  The self and mutually induced emfs E| and E; in a transformer are always,
(a) in-phase with each other (b) out of phase with each other
(c) equal in magnitude (d) determined by magnitude of load
3.5 A step-down transformer decreases the,
(a) voltage (b) current
(c) frequency (d) all the above options
3.6  In a transformer, leakage flux is always proportional to the winding currents because,
(a) the two windings are electrically isolated (b) leakage path does not saturate due to air in it
(c) mutual flux is confined to the core (d) all the above options
3.7  In a2-winding transformer; em/ per turn in primary is always emf per turn in secondary
(a) equal to (b) K times
(c) 1/K times (d) K2 times
3.8  While performing SC test on a transformer,» _°  winding is usually short-circuited.
(a) High voltage (b) Low voltage
(c) any
3.9  The regulation of transformer is negative when the load is of type.
(a) resistive (b) inductive
(c) capacitive (dR-L
3.10 No-load test on a transformer is performed to determine the,
(a) magnetizing current and iron loss (b) No-load current and rated copper loss
(c) magnetizing'current and hysteresis loss (d) No-load current and eddy current loss
3.11 During SC test, iron loss is neglected because,
(a) iron loess is actually absent (b) iron loss is constant at all values of load
(c) due toreduced voltage, mutual flux is just a small fraction of normal flux
3.12 Transformers are rated in kVA and not in kW because,
(a) load power factor is normally unknown (b) kW is the unit of active power
(c) all losses depend only on voltage and current  (d) It is convenient to express in kVA
3.13 At lighter loads, transformer efficiency is poor because,

(a) transformer losses are high (b) constant loss is high in proportion to output
(c) copper loss is low (d) all the above options
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3.14 The efficiency of a transformer is maximum when,

(a) Output power is greater than input power (b) Output power is equal to input power
(c) both iron loss and copper loss are zero (d) its iron loss is equal to the copper loss
3.15 Energy efficiency of a transformer primarily depends on,
(a) copper loss (b) magnitude of load
(c) duration of load (d) options (b) & (c)
3.16 The essential condition for parallel operation of two or more transformers is that their,
(a) polarities should be equal (b) voltage ratio should be equal
(c) kVA ratings should be equal (d) all the above options
3.17 A 200V/400V transformer has 1000 primary turns. The number of turns in secondary are,
(a) 500 (b) 4000
(c) 2000 (d) 400
3.18 A 220/1100 V transformer has primary resistance = 0.1Q2. As referred to secondary, its value is,
()2.5Q (b).0.5Q
(c) 0.02Q (d) 0.004 Q
3.19 During SC test, the applied voltage is 2% of rated voltage. The core loss during SC test will be,
(a) 0.04% of rated core loss (b) 4% of rated:core loss
(c) 0.4% of rated core loss (d) 40% of rated core.loss
3.20 A 200kVA transformer has iron loss = 1kW and Full-load copper loss.= 2kW. It will have
maximum efficiency at kVA load.
(a) 50 (b) 100
(c) 70.6 (d) 1414
3.21 If copper loss at 3/4'"™ Full-load is 3600W then its valueat Full-load will be,
(a) 2025 W (b) 6400°'W
(b) 2700 W (d) 4800 W

3.22 A transformer has core loss = 100W-and equivalent resistance referred to secondary side = 0.25 Q.
Its secondary current at maximum efficiency will‘be;

(a) SA (b) 20A
(c) 25A (d) 10A

3.23 The primary and secondary rated currents of a 5 kVA, 220/1100V single phase transformer are:
(a) 4.54A, 22.72A (b) 5A, 10A
(c) 22.72A, 4.54 A (d) 10A, 5A

Answers of Multiple Choice Questions

31 d 32 b 33 a 34 a 35 a 3.6 b 3.7 a 3.8 b 39 ¢
310 a 311 ¢ 312 ¢ 313 b 3.14 d 3.15 d 3.16 a 317 ¢ 318 a
319 a 3.20 d 321 b 322 b 323 ¢
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Short and Long Answer Type Questions

Short Answer Questions

. . N, E v, 1
3.1 Stating the assumptions show that, K= =2 =2 =2=2
Ny Ei Vi I

3.2 What is the order of magnitude of No-load current in a transformer?

3.3 What is the significance of magnetizing current in a transformer?

3.4 Name the law and rule that are used to determine the direction of induced emf'in a transformer.
3.5 What is the difference between magnetizing reactance and leakage reactance?

3.6 State whether true or false: Transformer is used to connect two circuits at different frequencies.
3.7 Define equivalent resistance and equivalent leakage reactance of a transformer.

3.8 What are the different losses incurred in a transformer? How they can be reduced?

3.9 State the condition for maximum efficiency.

3.10 What is the difference between direct loading test and indirect loading tests of a-transformer?
3.11 Justify: ‘Regulation of transformer is negative when load is capacitive’.

3.12 How is the magnetic leakage reduced in practical transformers?

3.13 Justify: Parallel operation of transformers improves the system reliability’.

3.14 What is the difference between hot rolled and CRGO steels?

3.15 Compare ideal transformer with practical transformer.

3.16 Why is the core made from several thin laminations?

Long Answer Questions

3.1 Explain the construction of a transformer. Discuss the material used for each of them

3.2 What are the benefits of cruciform cross section and'mitred joints in the core?

3.3 Explain the working of a transformer at No-load-and whenload is connected.

3.4 Discuss: ‘Transformer operates at poor input power-factor when working at No-load’. Hint: Refer to
the phasor diagrams at No-load and On-load.

3.5 Draw and explain phasor diagram of a-transformer supplying power to an R-L load.

3.6 Discuss OC/SC tests. Compare with direct loading test.

3.7 Explain: ‘Transformer is aconstant flux machine’.

3.8 Develop complete equivalent circuit of a transformer. Simplify it as referred to (i) primary side and
(ii) secondary side.

3.9 Explain how the primarycurrent /; increases if the secondary current /, is increased?

3.10 In a transformer; explain how impedances are transferred from primary to secondary and vice-versa.

3.11 Why iron.is used‘for making the transformer core? What will happen if the core is made from non-
magnetic material?

3.12 What will happen if a transformer designed for 50 Hz is operated on a 100 Hz supply?

3.13 What will happen if the primary winding is connected across dc supply?

3.14 What are the different conditions for parallel operation of transformers? Explain wht will happen if
they are not fulfilled?

3.15 What do you mean by additive polarity and subtractive polarity of a transformer?

3.16 What are the different types of insulations used in a transformer? What is responsible for their ageing
and damage?
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Numerical Problems

3.1

3.2

33

34

3.5

3.6

3.7

3.8

3.9

A single-phase transformer is rated as 600/200V, 25kVA, 50Hz. Calculate (i) magnitudes of primary
and secondary currents when it is fully loaded, (ii) maximum core flux and output voltage when the
transformer is excited from HV side. Number of turns of HV winding = 60. Assume ideal transformer.
A 230/460V transformer has a primary resistance of 0.2 Q and leakage reactance of 0.5 Q. The
corresponding values of secondary side are 0.75 Q and 1.8 Q respectively. Find the secondary terminal
voltage when supplying 10A at 0.8 lagging power-factor.

A 5kVA, 200/1000V, 50Hz, 1-phase transformer gave following test results.

OC test (on LV side): 200V, 1.2A, 90W; SC test (on HV side): 50V, 5A, 110W

Compute the parameters of approximate equivalent circuit referred to LV side and find percentage
voltage regulation when the transformer is delivering 3kW at 0.8 lagging power factor. The input
primary voltage is 200V.

The SC test results (on HV side) of a 200V/400V, 50 Hz transformer are: 15V, 10A,85W. Calculate
secondary voltage when delivering SkW at 0.8 lagging power factor, the primary voltage being 200V.

Ina25kVA, 2000/200V transformer, the iron and copper loss are 350W and 400W respectively at rated
load. Calculate the efficiency on unity power factor at (i) Full-load and «(ii) Half full load. Also
determine the load to get maximum efficiency.

A 10kVA, 500/250V single phase transformer has maximum efficiency of 94% when delivering 90%
of its rated output at unity power factor. Estimate the efficiency when delivering rated output at 0.8
lagging power factor.

A 50kVA single-phase transformer of 2300/230V tating has-the primary and secondary winding
resistances of 2 Q and 0.02 Q respectively. The iron-loss.is 412W. Calculate the efficiency at (i) Half
full-load and (ii) Full-load when the load power factor is 0.8.

A 220/400V, 10kVA, 50Hz single-phase transformer has at Full-load, a copper loss of 120W. If it has
an efficiency of 98% at Full-load unity power factor, determine the iron loss.

The efficiency of a 1000kVA, 110/220V, 50Hz. 1-phase transformer is 98.5% at Half full-load and 0.8
leading power factor. The efficiency of same transformer at Full-load, UPF is 98.8%. Determine (i)
iron loss, (ii) Full-load copper loss and'(iii) maximum efficiency at maximum power factor.

3.10 Find the all-day efficiency.of a 500kVA distribution transformer whose copper loss and iron loss at

Full-load are 4.5kW and.3.5kW respectively. During the 24 hours duration, it is loaded as given below.

Number of hours Loading in kW Power-factor
06 400 0.8
10 300 0.75
04 100 0.8
04 0 -
Answers of Numerical Problems
3.1 41.664, 1254, 3.2 4248V 3.3 R, =444.44Q X, = 34 3778V 3.5 97.08%,
0.045Wb, 200V 179.85 Q, Ro1 = 0.176 Q, 96.52%,
Xo1 =0.359 2, 3.34% 23.38kVA
3.6 92.57% 3.7 94.56%, 3.8 84.08W 3.9  4.073kW, 3.10 97.6%
95.76% 8.073kW, 98.9%
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PRACTICALS

Experiment No: 1

Aim: To check the functioning of single-phase transformer

Transformer specifications:
Refer to the name plate of transformer and note down its specifications whichever are available.

kVA rating: 1 kVA HYV side rated voltage: 230V | LV side rated voltage: 115V
Frequency: 50Hz Ambient temperature: Cooling method:
% Impedance: IS Standard: Year of manufacturing:
Make:
Apparatus:

Device Make Range Quantity
1-phase dimmerstat Input: 0240 V, 5A 01
AC Voltmeter 0:150-300'V 02
Multimeter 01
Insulation tester 01
Thermometer 01
ICDP Switch 01

Circuit connections:

ICDP Switch

(0-150)V

S 1kVA

I-Phase 230V:115V
Dimmerstat ’

Fig. 3.33: Connection diagram for transformation ratio of single-phase transformer
Theory:

The objective of this experiment is to,
(1) Inspect the transformer for external damages if any.
(i1) Measure the insulation resistance at available ambient temperature
(iii)  Check the continuity of two windings.
(iv) Measure the winding resistances at available ambient temperature
) Measure transformation ratio.
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Precautions:
6. Make tight connections as shown and switch on the supply after they are verified by the instructor.
7. Ensure that you are standing on a rubber mat while performing the experiment.
8. Stand at a safe distance from the experimental setup when it is running.
9. Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
10. Ensure that the dimmerstat output voltage setting is at zero setting before switching ON the supply.
11. Do not apply input voltage higher than the rated primary voltage of transformer.
12. Select voltmeters of appropriate range if the transformer ratings are different from those given here.
Procedure:
1. Inspect the exterior parts of given single phase transformer for visible damages if any.
2. Check the insulation resistance:
For this purpose, first short-circuit each winding/by joining its both terminals to-each other. Then
connect the leads of insulation tester (i) between windings‘and core,.and (ii) between-windings to
measure the insulation resistance. Also note'the ambient temperature using thermometer.
3. Check winding continuity:
Use multimeter or an ohmmeter to check separately, the continuity of each winding.
4. Measure winding resistances:
Using the same multimeter or ohmmeter, measure dc'resistances (Ruv and Rrv) of both windings.
5. Measure transformation ratio (K):

(1)  Connect thecircuit as shown above:

(i1) Ensure that the dimmerstat is at zero voltage position and turn ON the ICDP switch.
(iii)  Apply rated value of input voltage:
(iv)  Note the voltmeter readings, and calculate transformation ratio.

Alternatively, you may use a ‘Transformer Turns Ratio Tester’ to measure the value of K.

Observations and Calculations:

Insulation Insulation Insulation | Resistance | Resistance | Transformation | Transformation
resistance resistance resistance of HV of LV ratio from ratio from
between the |.between the | between the | winding | winding ratings measurements
core and HV | corerand LV | LV and HV | Ruv (Q) | Ruv (Q) _ Vagrated) _ Va(measured)
winding winding winding K= Vi (rated) " Vimeasured)
MQ) MQ) MQ)

Ambient temperature (°C):

External damages observed if any:




Conclusions:
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Discussion:

1. Why is it important to check the insulation?

Insulation resistance is primarily checked to test the integrity of the winding insulation. Better insulation
implies lower leakage current and safe performance.

2. Which factors are primarily responsible for the deterioration of insulation?

Temperature and the potential difference acting across the insulator are primarily responsible.for the
deterioration of insulation.

3. What are the different classes of insulation?

As per Indian Standard IS: 1271 (1958), insulation is classified on the basis of ‘thermal stability
(maximum temperature that it can sustain safely) as given below.

Class of | Temperature Examples
insulation (°C)
Y 90 Cotton, silk, paper cellulose, wood without impregnation. These
material are not suitable for electrical-machines due to fast deterioration.
A 105 Material of Class Y with impregnation or coating of a dielectric oil
E 120 Synthetic resin, enamels; cotton and paper laminates
B 130 Inorganic material like mica, glass fibre, asbestos etc
F 155 Class B material with suitable bonding material of high thermal stability
H 180 Glass fibre, asbestos and mica with silicon resins
C > 180 Porcelain, glass, quartz etc

4. In a practical transformer, where'is insulation employed?

(1)
(i)
(ii1)
(iv)
V)
(vi)

(vii)

(viii)

Insulation between core and windings

Enamel varnish-coated on the surface of copper wires
Interlayer insulation

Inter-winding insulation between primary and secondary
Outer layer insulation on HV winding

Laminations of the core are insulated from each other to avoid the flow of eddy currents
between them.

Insulation between transformer assembly and the container (i.e transformer tank)

Transformer oil in an oil-immersed transformer acts as a insulation between the transformer

assembly and tank. It also acts as medium to transfer heat from core and windings to the outer
tank body.
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5. Why in a core type transformer, both windings are wound one over the other on both limbs?

As explained in Section 3.3.2, both windings are halved and wound over each other on both limbs so
that almost whole of the magnetic flux produced by each of them links with the other winding. In other
words, it reduces the leakage flux.

6. Which winding is wound first over to the core and why?

The LV winding is wound first over the core and then the HV winding is wound on the LV winding.
This practice minimizes the cost of insulation between the core and its nearest winding. Read Section

3.3.2 for more details.

7. In the magnetic core made from CRGO silicon steel, in which part of the core, iron-losses are more?

In a magnetic core made from CRGO silicon steel, iron-loss is more wherever the flux is not oriented in
the direction of grains. For example, (i) around the holes punched in the laminations where bolts are

inserted, (ii) at corners where the direction of flux is required to change by 90° etc:

8. In distribution and power transformers, what is the potential of the core?

The magnetic core is normally grounded hence its potential is zero volts.

Experiment No: 2

Aim: To determine regulation and efficiency of a single-phase transformer.by direct loading

Transformer specifications:

Refer to the name plate of transformer and note down its specifications whichever are available.

kVA rating: 1 kVA

HV siderated voltage: 230V | LV side rated voltage: 115V

Frequency: 50Hz

Ambient temperature:

Cooling method:

% Impedance: IS*Standard: Year of manufacturing:
Make:
Apparatus:
Device Make Range Quantity

1-phase dimmerstat Input: 0-240 V, 5A 01
AC Voltmeter 0-300 V 01
AC Voltmeter 0-150 V 01
AC Ammeter 0-10 A 01
AC Ammeter 0-5A 01
1-Phase Wattmeter 0-5 A, 0-300V 01
ICDP Switch (including fuse) 10 A 01
Variable resistive load with DPST switch 0-1kW 01
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Circuit connections:

Wi DPST
ICDP Switch :
wi 0-55a (0-9)A, 300V (0-10)A  switch
—— 1 L m “~o
o L |
I I C P I
230V, : | I
HeN O © |
' [ N 0-150)V I
Source : | L[ ©-300v ( ) 1
I
'—r..lk’—e\ch —_— 1 N .lk I
L————! | Phase 1kVA Variable
Dimmerstat 230V:115V resistive load
bank
Fig. 3.34: Connection diagram for direct loading test on single-phase transformer
Theory:

Refer to Section 3.15 for the theoretical explanation on polarity marking:

Precautions:

Make tight connections as shown and switch on the supply after.they are‘verified by the instructor.
Ensure that you are standing on a rubber mat while performing the experiment.

Stand at a safe distance from the experimental setup*whenitis running.

Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
Ensure that the dimmerstat output voltage setting is at zerossetting before switching ON the supply.
Do not apply input voltage higher than the rated primary voltage of transformer.

Do not increase load above rated value by, limiting the winding currents upto rated magnitude.

Select measuring instruments of appropriate range if the transformer ratings are different from those
given here.

® NN R L=

Procedure:

Make connections as shown in Fig. 3.34.

Set the dimmerstat at zero voltage position and the load bank switches at OFF position.
Calculate the rated values of currents from the transformer ratings and keep them ready with you.
Turn ON the ICDP switch:

Gradually increase the dimmerstat output voltage upto the rated primary voltage of transformer and
keep it undisturbed. Note the readings of all measuring instruments. These are the no-load readings.
Now turn ON the DPST switch and increase the load in steps upto rated currents.

SNk LD =

= o

For every setting of the load, note down the readings of all measuring instruments.
Turn OFF the load and reduce the dimmerstat output voltage to zero.

Turn OFF the ICDP switch. Calculate efficiency and regulation for every set of reading.
10 Draw graph of output power (W>) versus (i) %n and (ii) secondary terminal voltage V>.

©
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Observations and Calculations:

Sr.No| I, " Vs L | W, =V,xI,| % Efficiencyn | % Regulation
2.
10. | 230 VaFL) | Rated

*  Multiply the observed reading of wattmeter by its multiplying factor. See wattmeter covet.

% Efficiency n = % X 100
1

% Regulation =

Load or output power W5 (W)

oroutput current /, (A) =2

Output power (W) versus % efficiencyn

Graph:
S
&
5
2
s
53]
0
Results:

(1) Full-load efficiency
(2) Full-load regulation

Conclusion:

I

Va2 o 100
2(NL)
Vo
=
&2

0 Load or output power W, (W —
Or output current /; (A)

Output power () versus terminal voltage V5.

(Comment on the nature of graphs)
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Discussion:

1.

Give a real-life experience of voltage regulation.

Sometimes in our houses, we receive less voltage from the power distribution company due to
which the performance of electric appliances and fittings is not satisfactory. This usually happens
during the evening time when most of the electrical appliances, electric lamps, and ventilating
devices are in ON state. During summer season, it may happen during the afternoons and nights
also. Let us investigate the probable reason. It was informed in Section 3.1 and 3.2 that, distribution
transformers are employed by power companies to step-down the input voltage to 230V (phase
value) which is then delivered to the residential and commercial consumers. This is the secondary
terminal voltage /> of the transformer.

Normally, all residential and commercial consumers have inductive (R-L) loads. When the load
is increased, the load current (which is also the secondary winding current /> of transformer) will
also increase. Consequently, the two voltage drops as refetred to secondary sidei.e. I;R,, and I, X,
will increase. As a result, there is a fall in secondary.terminal voltage /> of the transformer which
we experience in our houses.

Why wattmeter is not used to measure the output power in this experiment?

In this experiment, we have connected resistive load across the transformer. For resistance, the power-
factor cos® = 1. Therefore, W, =V,I, cos 8 =V, I, watts. Therefore, a product of voltmeter and
ammeter reading can serve the purpose‘and hence wattmeter.is not ¢mployed.

What is wattmeter multiplying factor?

Wattmeter is an electrodynamic type measuring. instrument which has a current coil (M-L) and a
potential coil (C-P). Commercially, the wattmeters are provided with multiple selections for current
range and voltage range. This is accomplished by shunt and series resistors of appropriate magnitudes
inside the instrument. However for all combinations of current and voltage ranges, the scale below the
pointer remains same. Hence to distinguish the readings for different voltage and current range
selections, multiplying factors (MF) are provided by the manufacturer of the wattmeter.

Can we use R-L load in this experiment?

Yes, R-L load can also be used. However, with R-L load you have to connect a wattmeter on the
secondary side also to measure , becausefor R-L load, cos @ < 1.

What is the difference between DPST switch and ICDP switch?

ICDP and DPST switches-stand for ‘Iron Clad Double Pole switch’ and ‘Double Pole Single Throw
switch’ respectively. DPST switch is a pair of ON-OFF switches which operate together. It can be used
in ON/OFF configuration where its terminal-pair is either connected or not connected. ICDP switch is
normally used to switch ON or OFF the main single-phase supply and hence is also called as Main
Switch: It also contains two fuses. One is for ‘Phase’ wire and the other is for ‘Neutral’.

What is the function of fuse?

Fuse breaks the circuit if a fault or over-load causes too much current to flow. Thus it provides protection
against over-load and short-circuit fault.

How load increases when more number of parallel resistors of the load bank are connected in the
circuit?

It is known that when more number of resistors are added in parallel, the magnitude resultant resistance
decreases. This leads to rise in load current and hence the rise in output power in this experiment.
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8. Can the voltage regulation be negative? Justify your answer.
Yes voltage regulation can be negative when the load is capacitive. This is because, with rise in
capacitive load, the secondary terminal voltage increases till some value of load.

9. What is the condition for maximum efficiency?
Efficiency of a transformer is maximum for that value of load at which, the iron loss and copper loss of
a transformer are equal.

10. Which is the other method for determining efficiency and regulation?

Efficiency and voltage regulation of a transformer can also be determined by performing the open-circuit
and short-circuit tests.

Experiment No: 3

Aim: To perform open-circuit and short-circuit tests on a single-phase transformer

Transformer specifications:
Refer to the name plate of transformer and note down its specifications whichever are available.

kVA rating: 1 kVA HV side rated voltage: 230V | LV side rated voltage: 115V
Frequency: 50Hz Ambient temperature; Cooling method:
% Impedance: IS Standard: Year of manufacturing:
Make:

Apparatus:

Device Make Range Quantity

1-phase dimmerstat Input: 0-240 V, 5A 01
AC Voltmeter 0-75V 01
AC Voltmeter 0-150 V 01
AC Ammeter 0-5A 01
AC Ammeter 0-1 A 01
1-Phase Wattmeter 0-5A,0-75V 01
1-Phase/Wattmeter 0-1 A, 0-150V 01
ICDP Switch (including fuse) 10 A 01
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Circuit connections:

W,
(0-150)V
ICDP Switch (0-DA
H,
| I
230V, |
50 Hz, @ : ) % Open
AC | circuit
Source : ! (0-150)v
.—r.‘k—@'\%: | + L H
L———-! 1-Phase 2 2
Dimmerstat

Fig. 3.35: Connection diagram for open-circuit test on single-phase transformer
W
(0-75)V
ICDP Switch (0-5)A
Li

Short-circuit

link
(0-75)V.
| N - -
- - 1-Phase 2 2
Dimmerstat LkVA
230V:115V

Fig. 3.36: Connection diagram for short-circuit test on single-phase transformer

Theory:
Refer to Section 3.16 for the theoretical explanation on OC and SC tests.

Precautions:
1. Make tight connections ‘as'shown and switch on the supply after they are verified by the instructor.
2. Ensure thatyou are standing on a rubber mat while performing the experiment.
3. Stand at a safe distance from the experimental setup when it is running.
4. Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
5. Ensure that the dimmerstat output voltage setting is at zero setting before switching ON the supply.
6. Do not apply input voltage higher than the rated primary voltage of transformer.
7. Be careful during short circuit test because a reduced input voltage is sufficient to produce rated

currents during SC test. Do not allow the winding currents to exceed rated magnitude.
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8. Select measuring instruments of appropriate range if the transformer ratings are different from those

given here.
Procedure:
OC Test:

1. Make connections as shown in Fig. 3.35.

2. Set the dimmerstat at zero voltage position and turn ON the ICDP switch.

3. Gradually increase the dimmerstat output voltage upto the rated voltage of transformer and keep it
undisturbed. Note the readings of all measuring instruments. These are the no-load readings.

4. Bring back the dimmerstat position to zero output voltage and turn OFF the ICDP switch,

5. Calculate no-load parameters of the equivalent circuit as referred to primary

6. At No-Load Condition or during OC Test, the transformer power-factor is ‘very poor (low).
Therefore, for more accuracy, the Wattmeter used in OC Test is a Low Power-factor (LPF)
Wattmeter.

SC Test:

1. Make connections as shown in Fig. 3.36.

2. Calculate the rated values of winding currents from the transformer ratings.

3. Set the dimmerstat at zero voltage position and turn ON the ICDP-switch.

4. Gradually and slowly increase the dimmerstat output wvoltage ‘until rated current flows in the
winding. Note the readings of all measuring instruments, Note that, a reduced input voltage is
sufficient to produce rated currents during SC test.

5. Bring back the dimmerstat position to zero output voltage and turn OFF the ICDP switch.

6. Calculate equivalent€ircuit parameters.

7. Calculate voltage drop at full load, regulation and efficiency.

Observations and Calculations:
OC Test:

Note:

Vo Io Wo = Wattmeter cos 60 = Wo R = A X = v,
reading x MF Volo | 7 ™ I, cos 8, ° " 1,sin6,

Rated value

*  Multiply the observed reading of wattmeter by its multiplying factor (MF). See wattmeter cover.

To obtain the.equivalent circuit as referred to HV side (which is considered as primary side in a
230V: 115V transformer), all parameters of the equivalent circuit should be as referred to primary. The
OC test was performed on LV side therefore the above values of R, and X, are as referred to LV side
(i.e. secondary side). They should be referred to primary side as:
. . 5
R, = R—‘; and X, = X—‘; here, the transformation ratio K = Lo 118
K K vi 230
During OC test, since rated voltage (115 V) was applied on input side, the wattmeter reading W, will
be equal to the rated iron-loss of transformer. Therefore,

PiZWO
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SC Test:
Vse I Wi = Wattmeter _ Vs r =W .
reading x MF Zse = I, T2 | Ko = [ Zse ~ R
Rated
value

*  Multiply the observed reading of wattmeter by its multiplying factor (MF). See wattmeter cover.

Note: Since SC test was performed on HV side, the above values of Ry and X are as referred'to HV side
(i.e. primary side). They can also be written as:
Ry =R,y and X, =Xy
During SC test, since rated current was flowing in the windings, the wattmeter reading Wy, will be
equal to the rated copper-loss (i.e. full-load copper doss) of transformer. Therefore,
Pew(rry = Wsc
Calculate efficiency and voltage regulation:

(1) At Full-load, 0.8 lagging power factor

% _ Full load VA capacity x 0.8 R0
0 NerLos) = Full load VA capacity x-0.8 + Pi+ Py

ey (Roy %.0.8 + Xy % 0.6) y
v,

% Regulation = 100

(i1) At Full-load, 0.8 leading power factor

% 4 Full load VA capacity % 0.8 % 100
0 NerLog) = Full load VA capacity X 0.8 + P; + Pcy(rr,

Ly (Roy X0.8 — X,y X 0.6) y
4

% Regulation = 100

(iii) At Full-load, unity power factor

o R Full load VA capacity x 1 % 100
oMELUPE) T FliToad VA capacity X 1+ P; + Peypry

Il(FL)Rol

% Regulation = x 100

1
Results:

(1) Full-load efficiency at 0.8 lagging, 0.8 leading and UPF
(2) Full-load regulation at 0.8 lagging, 0.8 leading and UPF

(3) Simplified equivalent circuit as referred to HV side:
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Rol Xol
AA———Y Y
R s
| |
| |
Vi R 1 X’ E;
|

Discussion:

1.

Why is it preferred to perform OC test on LV side and SC test on HV side?

It is not mandatory to perform OC test on LV side and SC test on HV side. One can perform both tests
on any one side also. Consider a 10kVA, 11kV/230V single-phase transformer. Duringthe OC test, we
have to apply rated input voltage. If OC test is performed on HV side then, voltmeter and. wattmeter
capable of measuring 11kV will be required which are commercially not available. Similarly, during the
SC test, rated currents should be passed. The rated current on LV side will be 47.82A. Ammeter and
wattmeter of this current range may not be available. Hence, it is preferred.to perform OC test on LV
side and SC test on HV side.

Why are transformers rated in kVA and not in kW?
Refer Section 3.14.

Why iron-loss are neglected in SC test?

During SC test, the applied voltage is of reduced magnitude whereas current flowing in the windings are
of rated magnitude. Therefore, iron loss taking place.in the transformer core is negligibly small as
compared to the copper loss take takes place in both windings. Hence with allowable loss of accuracy,
it is assumed that the input power (indicated by the wattmeter) is totally consumed by copper loss alone.

Why copper-loss is neglected in OC test?

During the OC test, current /> = 0 and therefore current /;'=7, which is just 1 to 5% of rated current.
Whereas, the applied voltage has rated magnitude. Therefore, copper loss in secondary winding is zero
and that in primary winding is negligibly small as compared to the iron loss. Hence with allowable loss
of accuracy, it is assumed that input power (wattmeter reading) is totally consumed by iron loss alone.

What is the output power during’OC and SC tests?
Output power is given by P, = V,I, cos @ During OC test, /, = 0 and during SC test, V> = 0. Hence,
during OC as well as SC tests, the output power is zero.

Why reduced voltage is applied during SC test?
The approximate equivalent circuits as referred to primary side during (a) normal load condition and (b)
during SC test are shown below, Z’L = Z; / K2 is the load impedance as referred to primary side

[1 Rol Xol [lsc Rol Xol
T»_IM_/‘VY‘\§| T
| |
Vi 2 Vise =0
| | |
(a) During normal load condition (b) During SC test

Fig. 3.37 Approximate equivalent circuits as referred to primary side
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. . . V.
When load is connected across secondary, the input current is, Iy = Z—j_z,
o1 L
. o . . 1%
During short circuit test, Z’. = 0 and therefore, the input current is, ;5. = lec
o1

Where, Z,; = (Ry; + jX,1). Since, Z,; < Z], even a small input voltage V. is sufficient to produce
rated currents in the windings during SC test. If rated input voltage (V5. = V;) is applied during SC test
than, due to lesser opposition Zo, large current will be produced in the windings which can produce
huge amount of copper loss and heat.

7. Why Low Power Factor (LPF) wattmeter is preferred during OC test?

At no-load (i.e open circuited secondary), the input current /, is mostly of magnetizing nature (i.e
inductive) and its active component (/i) is relatively very small. Therefore, the power factor at no-load
is poor (between 0.2 and 0.4). It improves as load is increased due to rise in active component.of current.
To understand better, refer to the phasor diagrams in Fig. 3.17. At no-load the input phase angle 6, is
the angle between V' and I, whereas after connecting the load, the input phase angle 8, is the angle
between Vi and /;. It can be observed that, 6, > 6; which means that the.input power factor at no-
load (cos 8, )is smaller than the power factor (cos@,;) when load.is connected. Hence for more
accuracy, Low Power Factor (LPF) wattmeter ispreferred during OC test.

8. In this experiment, OC and SC tests were performed on a 50 Hz supply: What will be the effect on
equivalent circuit parameters if the same tests are repeated on a 60 Hz supply?
As inductive reactances are directly proportional to frequency, they will increase in the ratio (60/50).
The resistances will remain almost same.

9. During SC test, Wsc = 75 W when the current in short-circuit link is 104. What will be the wattmeter
reading if the current in short-circuited secondary is doubled?
Since copper loss is proportional to square of cutrent, it'will inctease four times if the current is doubled.
Hence wattmeter reading will be Wsc = 300 W

Experiment No: 4

Aim: To perform polarity test'on single-phase transformer whose polarity markings are masked

Transformer specifications:

Refer to the name plate of transformer and note down its specifications whichever are available.

kVA rating: 1 kVA HYV side rated voltage: 230V | LV side rated voltage: 115V
Frequency:< S0Hz Ambient temperature: Cooling method:
% Impedance: IS Standard: Year of manufacturing:
Make:
Apparatus:
Device Make Range Quantity
1-phase dimmerstat Input: 0-240 V, 5A 01
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AC Voltmeter 0-300 V 01
AC Voltmeter 0-150 V 01
AC Voltmeter 0-600 V 01
ICDP Switch (including fuse) 10 A 01

Circuit connections:

(0-600)V
ICDP Switch
H, L,
— , .
230V,
69 © et
Source (0-300)V (0-150)V
b 1-Phase H L
Dimmerstat

Short-circuit
link
Fig. 3.38: Connection diagram for polarity test.on single-phase transformer

Theory:

Refer to Section 3.17 for the theoretical explanation on polarity marking.

Precautions:
1. Make tight connections as shown and switch-on the supply after they are verified by the instructor.
2. Ensure that you are standing on a rubber mat while performing the experiment.
3. Stand at a safe distance from the experimental setup when it is running.
4. Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
5. Ensure that the dimmerstat output voltage setting is at zero setting before switching ON the supply.
6. Do not apply input voltage higherthan the rated primary voltage of transformer.
7.  Select measuring instruments of appropriate range if the transformer ratings are different from those

given here.

Procedure:

RS e

Make connections as shown in Fig. 3.38.

Connect the HV side to input source through a dimmerstat.

Short circuit the terminals H» and Lo.

Connect three voltmeters as shown.

Set the dimmerstat at zero voltage position and then turn ON the source.

Assume a dot (®) on any one terminal of HV winding (representing either + or — polarity) say at H;.
Increase the input voltage gradually upto rated value by adjusting the dimmerstat position.
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8. Note the voltmeter readings and analyse them to identify the position of corresponding dot on LV

side.

e IfV; = (V; — V,) than, the transformer has subtractive polarities.

e IfV; = (V; + V,) than, the transformer has additive polarities.

Observations:
Sr. No Vi Va2 V3 If, V =(V; — V) If, V; = (V; + V)
1. The transformer is of The transformer is of

subtractive polarities. additive polarities.
Terminals H;, L; will have | Terminals.H;, L, will have
similar polarities. Similarly, | similar polarities. Similarly,
the instantaneous voltage the instantancous voltage
polarities of Ha, L will be polarities of Ha, L will be
same. same.

Conclusion:

Discussion:

1. What is transformation ratio? What will be its value for a step-up, step-down and isolation transformer?

Transformation ratio is theratio of number of turns of secondary winding N2 to the number of turns of
primary winding N1. It can also be expressed as the ratio of voltages or as the ratio of currents.

Ns “E, ~V, I,
MRV
Where, V1 and V2 are the terminal voltages of primary and secondary windings respectively.
Vo>V, No>N;, ~ K>1
Vi<V, No<N;, -~ K<1
Vo=Vi, No=N;, ~ K=1

For a step-up transformer:
For a step-down transformer:

For an isolation transformer:

What do you mean by the statement ‘transformer provides isolation’?

Transformer provides electrical isolation between circuits that are connected to primary and secondary
windings. Due to the'magnetic mutual coupling, the effect of load on the secondary side gets reflected
on primary side:The isolation feature is useful when a pulse-transformer is employed to couple the gate-
pulse generator with gate terminal of a power semiconductor based switching device like silicon
controlled rectifier (SCR).

Polarity test gives us the continuous polarity or instantaneous polarity?

It gives instantaneous polarity only. Transformer being an ac machine, the voltage polarities as well as
the current direction alternate after every half cycle. Polarity test simply indicates, which two terminals
from primary and secondary side have same instantaneous polarities.
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4

10.

The rated copper loss and rated iron loss of a transformer are 400W and 150 W respectively. What will
be their values at half-full load?

Copper loss varies with load and hence is called as “variable loss’ whereas, iron-loss is independent of
load and is therefore called as ‘constant loss’.

1 2
Peufirr) = () Peurry = 100W and P, (tr1) = Pecy = 150W

Calculate the rated primary current of a 2 kVA, 230/115 volts single-phase transformer. What will be
its values at half-full load? Can you obtain the corresponding values on secondary side?

Full load voltamperes 2000

= = =8.69A
1FL) rated primary voltage 230
1 8.69
Ly = () Ly = 22 = 43454
1 4 230
IZ(FL) = EII(FL) = <V_2) Il(FL) = E X 8.69 =17.391A

17.391

1
Lopsy = (2) Loy = 22 = 8.69A

Full-load efficiency of a single phase transformer is 96% at 0.8 lagging power factor. What will be the
change in efficiency on full-load 0.8 leading power factor?

Efficiency does not depend on the lagging or leading nature of power factor. Hence, it will remain same.

Could you think of a situation where incorrect.connections-at transformer terminals would be harmful?
Two or more transformers connected wrongly in parallel with respect'to their polarities will result into
short circuit. Heavy current will circulate within the transformer windings.

Determine the direction of secondary emf and-currentin the following example.

Hint: Use Right hand thumb rule (Refer appendix-of ‘Unit-1: Direction of flux established by a current
carrying coil) to find the direction of primary flux @ and then show secondary flux @, in opposite
direction of @. Using Right hand thumb rule again, determine the direction of I, from @,.

L
s S s I
Nt
_'._<£> <\>—L

Indicate similar polarity terminals by dot marking on LV and HV sides of Question 7.
Hint: Refer Section 3.17 for details.
Draw the lines of magnetic flux produced by currents in the conductors shown below.

Hint: Use Right hand thumb rule (If unable to answer, you may refer to Appendix of Unit-1: Ampere’s
Right Hand Thumb rule, Dot & Cross marking).

& O,
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Experiment No: 5

Aim: To perform parallel operation of two single-phase transformers and,
(i)
(i)

* Teachers may divide this experiment into two separate experiments.

Determine the load current sharing *
Determine the apparent and real power sharing *

Transformer specifications:
Refer to the name plates of both transformers and note down the specifications whichever are available.

TRANSFORMER: A Make:

LV side rated voltage: 115V

kVA rating: 1 kVA

HYV side rated voltage: 230V

Frequency: 50Hz

Ambient temperature:

Cooling method:

% Impedance:

IS Standard:

Year of manufacturing;:

TRANSFORMER: B

Make:

kVA rating: 1 kVA

HYV side rated voltage: 230V

LV side rated voltage: 115V

Frequency: 50Hz

Ambient temperature:

Cooling method:

% Impedance: IS Standard: Year of manufacturing:
Apparatus:
Device Make Range Quantity
1-phase dimmerstat Input: 0-240 V, 5A 01
AC Voltmeter 0-300 V 01
AC Voltmeter 0-75-150 V 01
AC Voltmeter 0-600 V 01
AC Ammeter 0-5A 01
AC Ammeter 0-10 A 03
AC Ammeter 0-20 A 01
1-Phase Wattmeter 0-5A,0-75V 01
1-Phase Wattmeter 0-10 A, 0-150 V 02
1-Phase Wattmeter 0-20 A, 0-150V 01
Variable rheostatic load bank 2kW, 115V 01
ICDP Switch (including fuse) 10 A 01
DPDT Switch 20 A 01




224 | Single Phase Transformers

Circuit connections:

(0-150)V

(0-600)V
ICDP Switch
H, L,
—T : :

230V,
o9 O wiltn ©
Source (0-300)V

b 1-Phase H, L.

Dimmerstat

Short-circuit
link
Fig. 3.39: Connection diagram for polarity test

WSC
(0-75)V
ICDP Switch (0-5)A
Hi L;
Short-circuit
link
L==—=l | Phase e L,
Dimmerstat
Fig. 3.40: Connectiondiagram for short-circuit test or impedance test
Woa W,
(0-150)V (0-150)V
o 0-10)A 0-20)A
1CDP Swich (0-10A A (0107 ©-10 (0-20)A 020
! =5y
T .h\"e\-cl ] T @ o0 @ L 0
Iy Fuser 4 I I
230V, : I : I 4.| | I
I I I I
o) GO @) ;l
I I I \ a I
Source : Il : | | (0:300)v ©-150v I
I |
oot N !
e _ | -Phase DPDT Yariable
Dimmerstat Switch resistive load
bank
(0-100A (0-150)V
(0-10)A

Fig. 3.41: Connection diagram for parallel operation
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Refer to Sections 3.18 and 3.19 for the theoretical explanation on parallel operation of transformers.

Precautions:

Sl IR AN e

Make tight connections as shown and switch on the supply after they are verified by the instructor.
Ensure that you are standing on a rubber mat while performing the experiment.

Stand at a safe distance from the experimental setup when it is running.

Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
Ensure that the dimmerstat output voltage setting is at zero setting before switching ON the supply.
Do not apply input voltage higher than the rated primary voltage of transformer.

Do not allow the load kVA rating to exceed the sum of kVA ratings of the two transformers.

Select measuring instruments of appropriate range if the transformer ratings.are different from those
given here.

Procedure:

1.

10.

For each of the transformers, note down the name plate ratings and.calculate the rated currents for
both the windings.

As explained in Section 3.18, the two transformers must have identical polarities, identical voltage
ratios, equal ratios of equivalent leakage reactance-to equivalent resistance and the equivalent
leakage impedances inversely proportional to-the respective kVA ratings. It is assumed that these
conditions are already satisfied. If they are not verified.than;

First perform Polarity Test on both transformers as per the connection diagram shown in Fig. 3.39
and identify their similar polarity terminals. Mark them by ‘dot’. For detail procedure on polarity
test, refer to Experiment No. 4.

Also, confirm that the no-load secondary voltages of both transformers match in magnitude.

Then perform Short Circuit Test on both transformers as per the connection diagram shown in Fig.
3.40 and calculate equivalent leakage impedances Z,»a, Zo2; equivalent leakage reactances Xooa,
Xo2g and equivalent resistances Rora, Roog-Mark them by ‘dot’. For detail procedure on Short-circuit
test, refer to Experiment No: 3.

Now connect the two transformers in parallel across a common variable resistive load as shown in
connection diagram of Fig. 3.41.

Ensure that initially, the dimmerstat position is at zero. Also ensure all the load switches as well as
the DPDT switchin OFF position.

Turn ON the input source and increase the dimmerstat output voltage gradually until rated voltage
appears across the primaries of each transformer.

Increase the load in steps till rated value and note the readings. Ensure that, the load kVA rating
does not exceed the sum of kVA ratings of the two transformers.

After all sets of reading are noted, turn OFF the load switches, turn OFF the DPDT switch, adjust
the dimmerstat position to zero and turn OFF the ICDP switch.
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Observations:
POLARITY TEST
Transformer | V; vV, V3 Verify If, V3 =(V; = V,) If, Vo =(V; +V,)
Voltage ratio
V
K=—
Vi

A The transformer is of | The transformer is of
subtractive polarities. | additive polartities.

B Similar polarity Similar polarity
terminals are: Hj, L; terminals are: Hi, L
and Hz, L2 and Hz, L1

SHORT-CIRCUIT TEST
Transformer | Vi I Wee 2, =2, = Vee R, =R, = @ Xop=X, =/ZZ —RZ
ISC ISC
A
B

Considering HV side of both transformers as primary and LV sides as secondary.

Transformer | Z,, = K*Z,, | R,; = K*Ryy | X,p'=K?X,, | Verify whether, | Verify whether,
A ZOZB _ kVAA XOZA — XOZB
Zoza KVAp | Roza  Rozm
B
PARALLEL OPERATION
Sl’. NO. V1 I1 V2 Iz W2 IzA WzA IzB WzB
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Calculations:

(i) To determine the load current sharing

Sr. No. L Dba Calculated value of a bLp Calculated value of I3 Remark
_ ZOZB _ ZoZA
=L =)

(Zoza + Zo28) (Zoza + Zo28)

(ii) To determine the apparent power sharing

St. | S=V,I, | S4 = V,1,, | Calculated value Sx.| Sp = V51, | Calculated value of Sg| Remark
No. — Zo2g _ Zooa
(Zo24 + Zo28) (Zo2a+ Zo28)

(iii) To determine the real power sharing

St. | Woyu | Wop | W, Calculated value Calculated value Calculated value Remark
No. Wiy =Voloycos 0\ Wop =VoL,pcos8 | W, =W, , + W,p

Since the load is resistive, cos 6. = 1

Conclusion:
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Discussion:

1.

Why do we need to operate transformers in parallel?

The main reason of parallel operation is to fulfill the future rise in load demand at optimum cost by
increasing the MVA capacity of existing system. Otherwise, the other solution would have been to
replace the currently operating low MVA transformer by a higher MVA transformer which is not
cost effective. Secondly, running two or more low capacity transformers in parallel offers additional
advantages like, improvement in system reliability by maintaining the continuity of supply,
improved economy, increase in overall efficiency and reduction in the cost of stand-by unit.

What are the conditions to be satisfied for parallel operation of transformers?

The conditions that should be fulfilled before running two or more transformers in parallel are:

1. Interconnected terminals of two transformers should have same polarities.

2. The transformers should have same voltage ratios.

3. If the transformers of different MVA ratings are.to be connected in parallel.than, their kVA
ratings should be inversely proportional to theirrespective equivalent leakage impedances.

4. The transformers should have same ratiofof equivalent leakage reactance to equivalent
resistance.

Amongst above four conditions, the first one is mandatory.

If the two secondaries of the transformers in parallel are not connected with proper polarity and a
voltmeter is connected in series with the winding then the reading will be?
The voltmeter will read the sum of no-load secondary voltages of the two transformers.

Why is the rating of the transformer expressed in.kVA?

Transformer rating is expressed in terms of apparent power i.e voltamperes (either kVA or MVA)
and not in terms of active power (i:e. VI cos8 watts). This is because, the iron loss depends on
voltage and the copper loss depends on current. These two losses are responsible for the production
of heat which the transformer should be able to sustain safely. The power factor cos 6 directly does
not contribute to any loss or heat.

If a 100kVA transformer has'Zoa=28, then the other transformer of 500kVA in parallel

must have equivalent leakage impedance of ?

100
ZoZB Z% X 2 =0.2Q

At no-load if Eoa and Exp are the secondary voltages of transformers A and B and their
equivalent leakage impedances are Zoa and Z s then circulating current is ?

e If the transformers.are connected in parallel with correct polarities than the circulating current
in-secondary loop will be,

Q Eya — Ezp
ZoZA + ZoZB
e But if they are connected with incorrect polarities on the secondary side than,
_ EptEp
° ZoZA + ZoZB

Can two transformers of different sizes be operated in parallel?

Yes transformers of different kVA or MVA ratings can be connected in parallel provided that, the
condition 3 in Ques. 2 is satisfied. However, voltage ratios and voltage ratings should be equal.



10.

Electric Motors and Transformers: Theory and Practicals | 229

When is the circulating current produced in the parallel operation of two transformers?

It is produced in two cases: (i) when the polarities are incorrect and (ii) when voltage ratios are not
equal.

What is the effect of circulating currents when two transformers are connected in parallel?

Circulating current results in additional copper loss.

Among transformers and rotating machines, which one has higher efficiency?

Transformer has higher efficiency as compared to all rotating machines. This is because, the rotating
machines have mechanical losses too (friction and windage) which are absent in transformers.
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APPENDIX

Lagging and Leading nature of ac quantities:

All sinusoidally varying ac quantities (current, voltage, magnetic flux etc.) can be represented graphically as
well as mathematically. The graphical forms include (i) waveforms and (if) phasor diagrams. Waveforms
represent instantaneous magnitude and are denoted by small-case letters like i, v, e etc. Phasors represent
Root-Mean-Square (RMS) value and are denoted by capital letters like I, V, E etc. Consider a set of «ac
currents i, i, i3 and i4 as shown by waveforms in Fig. 3.42. The x-axis represents ‘time’ axis(wt) whereas
the y-axis represents the instantaneous magnitude.

I
90°
9 LI
F)_go"
I
Fig. 3.42 Fig. 3.43

Though any one of the four currents can be treated as reference, it is convenient to consider that waveform
as reference whose positive half cycle starts.at wf= 0. Therefore, let i> be the reference current. You will
notice that the changes in magnitude and direction of i, and i3 are identical and simultaneous. Hence i, and
i3 are said to be in-phase with each other. In other words, the phase angle between them is zero. On the time-
axis (wt), the positive peak of is comes 90° later than.the positive peaks of i, and i3. Hence, is is said to be
lagging i» and i3 by 90°. Similarly you will find on the time axis that, the positive peak of i1 comes 90° earlier
than the positive peaks of i>.and i3. Hence, #14s said to be leading i> and i3 by 90°.

The above finding can also be represented in the form of phasors as shown in Fig. 3.43. Remember that,
the phasors always rotate'in counter-clockwise direction at a speed governed by frequency. Therefore, if the
acute angle between phasors and their rotation are considered, you will observe that (i) /> and /3 are in-phase,
(ii) I4 is lagging 4, and I3'by 90° and (iii) /; is leading /> and /5 by 90°.

Mathematically, the instantaneous values will be,

i, = IL,,sinwt

i3 = I3 sinwt
iy = Ly sin(wt —90°)
i; = Ly, sin(wt +90°)

Negative phase angle indicates lagging nature and positive phase angle indicates leading nature of the
quantity with respect to reference. 1,1, I,42, Iz and I, are the peak values of four currents.
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Calculations in complex frames:

Phasor calculations are normally carried out in (7) Rectangular reference frame and (i) Polar reference frame.
The Rectangular reference frame is preferred for addition and subtraction of phasors while Polar reference
frame is preferred for multiplication and division of phasors.

In Rectangular reference frame, the ac quantity is represented in terms of its real component and
imaginary component. Consider two phasors A and B in a complex frame as shown in Fig. 3.44. The X-axis
is called as real axis and Y-axis as imaginary axis. a, and a; are the real and imaginary components of A.
Similarly, —b, and —b; are the real and imaginary components of B. For example: When we write impedance
as Z = (R £ jX)0, the resistance R is real component of Z and reactance +X is its imaginary component.

In Polar reference frame, phasors are represented in terms of their magnitude (RMS value) and'the phase
angle between that phasor and the reference. Considering Fig. 3.44 again. |A| and |B| are the magnitudes of
phasors A and B whereas 6, and 6, are the phase angles between the respective phasor and reference. Note
that, the positive real axis is considered as reference and all phase angles should be measured starting from
the reference. If the phase angle is measured from reference in anti-clockwise direction than it is treated as
positive otherwise as negative. Therefore, phasors A and B-are expressed in these two reference frames as,

In Rectangular reference frame: A
A=a, +ja - }
B=—br—Jbi b .00 01 }

In Polar reference frame: i R) a,
A=1Al26, | <62
B = |Bl/~6,

Where, BY | -bi

Operator |j| =v—-1, j2=-1 Fig. 3.44

AC quantities can be converted from Rectangular reference frame to Polar reference frame and vice-versa.
Rectangular to  |A| = [a? + a? Polar to a, = |A4| cos b,
Polar — Rectangular — a; = |4| sin 6,

20, = tan~L%
ar

Addition, Subtraction, Multiplication and Division of phasors

Recall that addition and subtraction should be preferably done in Rectangular frame whereas, multiplication
and division in Polar frame. If the values are not available in required reference frame than, first they should
converted into the required frame using above conversion formulae. For the phasors in Fig. 3.44,

Addition: A+ B =[a, + (=b)] + jla; + (=b))]
Subtraction: A—-B = [a, — (=b)] +jla; — (=b]
Multiplication: Ax B =|A4|x|B|l£(6, +6,)

A |A]
Division: == ﬁz(al -0,)

Note: Ready facilities for all above operations in the two reference frames are available on all scientific
calculators. Read their manuals carefully to understand and use them.
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KNOW MORE

Distinguished Electrical Engineers of India known for their Illustrious Work

Maneklal Sankalchand Thacker was an Indian power
engineer and the Director General of Council of Scientific
and Industrial Research (CSIR), the largest R & D
organization in India. He completed BSc (Engineering)
from University of Bristol, UK. and received four honoris
causa doctoral degrees; Doctor of Science from Mysore
University and BHU, Doctor of Literature from
Annamalai University and Doctor of Engineering from
Roorkee University. He also worked as Professor,
department of Power Engineering and Director IISc,
Bangalore; Secretary, Ministry of Education and Scientific
Research.

He did considerable research in power engineering:
spanning design problems in electrical plant; thermal and

Maneklal S.Thacker (1904-1998)

hydropower projects, their economics and instrumentation for power installations.
He received Padma Bhushan in 1955 from Government of India:and was elected Fellow of American
Institute of Electrical Engineers and Indian Academy of Sciences, Bangalore.

Ayyagari Sambasiva Rao was an_Indian Scientist .and
founder of Electronics Corporation of India L'td. (ECIL)
Hyderabad, Telangana. He completed his M.Sc in Physics
from Banaras Hindu University where Dr.: Sarvepally
Radhakrishnan was the Vice-Chancellor. and then Masters
in Electrical Engineering from Stanford University.

His greatest achievement was in deading his team in
bringing APSRA, India’s first nuclear reactor to a critical
stage.

In recognition of his services to the nation he received
the Padma- Shri- Award in 1960, Shanti Swaroop
Bhatnagar Award for Engineering Sciences in 1965,
Doctor of Science degree, honoris causa, from Andhra
University in 1969, Padma Bhushan in 1972, and Fellow

Ayyagari S Rao (1914-2003)

of Indian Academy of Sciences in 1974. A postal stamp was released on 16 Nov. 2014 on the occasion of

his birth centenary.



Electric Motors and Transformers: Theory and Practicals | 233

Bantval Jayant Baliga received his B.Tech. degree in
electrical engineering from IIT Madras in 1969, M.S. and
Ph.D degrees from Rensselaer Polytechnic Institute in
1971 and 1974 respectively. He is well-known for his
invention of Insulated Gate Bipolar Transistor (1IGBT).

From 1974, he worked for 15 years at General
Electric Research and Development Center
in Schenectady NY, then joined North Carolina State
University in 1988 as Full Professor. He introduced the
concepts of functional integration of MOS with bipolar
physics and merging of PIN with Schottky physics. He has i
written 19 books and over 500 papers in peer-reviewed Bantval J. Baliga (born 28" April'1948)
journals. He holds 120 U.S. patents.

Amongst many awards received by him, the most
prominent ones include highest recognition by the US government, the National Medal of Technology and
Innovation in 2011 by the hands of President Barack Obama, the Russian top.technology award Global
Energy Prize in 2015 and the [EEE Medal of Honor in.2014.

N. R. Narayan Murthy, the Founder and .Chairman
Emeritus of Infosys, completed his Bachelor's degree in
electrical engineering from the University of Mysore in
1967 and a Master's degree in Technology from the Indian
Institute of Technology, Kanpur, in 1969.

He was awarded Padma Vibhushan, award in India by
the Government of India in 2008.

Satya Nadella is the Executive
Chairman and CEO of Microsoft.  He" completed his
Bachelor's degree . in electrical engineering from
Mangalore University, -a-Mastet's degree in Computer
Science from+the University of Wisconsin — Milwaukee
and a Master's degree in Business Administration from the
University of Chicago.

In 2022, Nadella was awarded Padma Bhushan, the
third highest civilian award in India by the Government of
India.

Satya Nadella (born 19" August 1967)
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4 Three Phase Transformers

UNIT SPECIFICS

Through this unit the following aspects are discussed.:

Need of 3-phase transformer;,

Comparison between a bank of three 1-phase transformers and-a-3-phase transformer
Construction and functions of different parts of transformer.and the cooling methods,
3-phase transformer connections as per 1S:2026 (Part IV)-1977;

Selection of transformer as per IS: 10028 (Part 1)-1985;

Power transformer and Distribution transformer;,

Amorphous core type distribution transformer;

Criteria for selection of distribution transformer and power transformer;
Specifications of three-phase distribution transformers as per 1S:1180 (part 1)-1989;
Three phase to two phase conversion (Scott connection);

Need of parallel operation of three phase transformers,

Conditions for parallel operation;

Phasing out test on 3-phase transformer.

After making the students familiar with'I-phase transformer, a comprehensive discussion on
different aspects of three-phase transformer with sufficient number of diagrams is provided in this
Unit. As three-phase transformers are widely employed for power transmission and distribution, it
is advisable that by the end of this Unit, the students of electrical engineering should attain the
expected outcomes which are given below. With due consideration to Bloom’s taxonomy, multiple-
choice questions, questions for short and long answers and numerical problems are provided for
practice and self-assessment.

A laboratory experiment on the phasing-out test is included that will help students to test a
given three-phase transformer practically whose phase markings are masked. The “Know More”
section supplements additional information about the overall assembly of a commercial three-
phase transformer which curious students will enjoy reading. Finally, the list of references and a
dynamic QR code are given at the end for suggestive self-learning. Happy reading!
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RATIONALE

By this time you must have gained a good level of understanding about the importance and
functional aspects of single-phase transformer. Do you know that the electric power that is
generated, transmitted and distributed amongst different consumers in all countries across the
world is not of single-phase type but it is of three-phase type? Do you know that although a
residential consumer needs single-phase power at 230V level and an industrial consumer needs
three-phase power at 11kV - 66kV level, it is first stepped-up to very high voltages before
transmission (220kV, 400kV, 765kV etc.) and then at the end of transmission line it is stepped down
to lowvoltage levels? Do you know that practically in power systems, the three-phase transformers
are extensively employed as compared to 1-phase transformers?

This Unit will satisfy the quest for answers to above questions and much-more.-Note that
although there are differences between the construction of three-phase. and -single-phase
transformers but, the basic operating principle remainsisame. In this Unit, you shall also journey
to the related Indian Standards which all transformeraanufacturers in India are required to follow
as per law.

PRE-REQUISITES

Basics of Electrical Engineering

UNIT OUTCOMES

By the end of this Unit, the students will be able to;

U4-O1: Compare a three-phase transformer with a bank of three single-phase transformers;
U4-02: Compare power transformer and distribution transformer on different aspects;
U4-0O3: Explain the construction, types.and cooling methods of three-phase transformer;
U4-0O4: Describe amorphous core type distribution transformer;

U4-05: Identify the three-phase transformer connection using clock-hour diagram as per
1S:2026 (Part-1V) 1977,

U4-06: Select a three-phase transformer as per 1S:10028 (Part-1) 1985 and discuss the criteria
for selection;
U4-0O7: Explainthe specifications of three-phase transformer as per 1S:1180 (Part-1) 1989;

U4-08: State the application of two-phase power and explain the conversion from three-phase
power to two-phase using Scott connection,

U4-09: Explain the need of parallel operation of three-phase transformers and the conditions for
parallel operation;

U4-010: Perform the phasing-out test on three-phase transformer in laboratory and make valid
conclusion from the observations.
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4.1 INTRODUCTION

In section 3.1 it was informed that, after the generation of electricity, power is transferred over long
distances and distributed in a wider network. Generation of power takes place at 11kV or slightly higher
in power stations. It is then stepped-up to higher voltage levels like 132kV, 220kV, 400kV, 765kV at
step-up or transmission substations for transmission over long distances. After transmission, it is
stepped-down to distribution voltage levels (66kV, 33kV, 11kV) at step-down or distribution
substations and then to utilization voltage level (433V). Finally, it is delivered to the consumer. This
generation, transmission and distribution of electrical power is of three-phase type. Transmission of
power at high voltage reduces the magnitude of current and ohmic line losses. This makes.it possible-to
use higher gauge (thinner) copper wire, thus reducing both material and labour costs significantly. Each
time, the voltage is stepped-up or stepped-down, a three-phase transformer is required. It would be
interesting to understand the reasons why the electric grid opts three-phase -power for generation,
transmission and distribution.

4.1.1 Why three-phase system is used in electrical power system?

The number of phases in an electrical power system.is determined by.several factors, including
efficiency, cost, and ease of use. Three-phase systems are widely used because they offer a good balance
between these factors. In a three-phase system, power is transmitted using three conductors, each
carrying an alternating current that.s displaced.in phase from that'in other conductors by 120 degrees.
Following are some of the advantages of 3-phase system.

o Cost-effective: A single-phase system requires two conductors whereas a three-phase system
requires three conductors when the load is balanced. With only one extra conductor, a three-phase
system can transmit three times the power of single phase.

e Load balancing: In a three-phase system; the.power is evenly divided between the three phases.
Thus it allows for a balanced distribution of power and prevents overloading of any single phase.

o Higher efficiency: For the same magnitude of power, conductor current in a three-phase system is
less than that in a single-phase system. This reduces the amount of energy lost in ohmic losses,
increases the transmission efficiency and allows for more power to be transmitted over longer
distances. Thus, three-phase systems can handle higher magnitudes of power in Megawatts and are
more suited for heavy industrial and commercial loads.

o Improved motor performance: A single phase motor provides marginal performance. A two-phase
motor offers slightly improved performance but it requires three conductors. With same number of
three conductors, a three-phase motor is able to produce an uniformly rotating magnetic field and
offers various advantages like self-starting nature, smooth operation, silent operation, reduction in
size and cost, superior performance and reduced maintenance. This is the reason why more than
70% motors used in industries are three-phase induction motors.

e  Whenever required, a single-phase can be easily obtained from the three-phase supply.
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In view of the above discussion, one may question why higher number of phases such as 6, 9, 12 etc.
are not preferred for transmission and distribution of power. Higher number of phases would require
additional conductors and make the system more complex, more expensive. Also, increasing the number
of phases does not result in proportional rise in the efficiency of the system. It will complicate the
generator, transformer, switch gear, and transmission line construction, and would increase the cost
significantly. These reasons make three-phase system a preferred choice.

However, transformers used in rectification from three-phase ac to dc have multiphase transformers
for reducing the ripples content in output dc.

4.2 COMPARISON WITH A BANK OF THREE 1-PHASE TRANSFORMERS

For every voltage transformation from one voltage level to another, a three-phase transformer or a bank
of three interconnected single-phase transformers can be used. Years ago, the common practice was to
employ a bank of three single-phase transformers and interconnect their.windings.in star-or delta on
both primary and secondary sides. This practice has become obsolete in current times. Due to the
improvement in design, manufacturing process, better acquaintance of operating persons and cost
reduction, three-phase transformers of equivalent rating have become a‘favoured.choice. However, in
hilly regions or mines where the transportation of huge three-phase transformer could be a challenge, a
bank of three single-phase transformers can be preferred. Both practices.have their relative merits and
demerits. They are presented in Table 4.1.

Table 4.1. Comparison between three-phase transformers and a bank of three single-phase transformers

Three-Phase Transformer Bank of three Single-Phase Transformers

1. Occupies less floor space for the same rating,”| 1.° Occupies more floor space.
2. Weighs less for the same rating. 2. Weighs more.

3. Costs about 15% less for the same rating. 3. Costs more because the three separate

g P
magnetic cores require more iron and
more auxiliary apparatus.

4. Because of relatively ‘less iron in the | 4. More amount of iron in three separate

common magnetic core, the«iron loss P; is cores results in high iron loss and low
less and hence efficiency is.more. efficiency.

5. On both LV ‘and HV sides, the three | 5. Onboth LV and HV sides, the star or delta
windings can be connected in star or delta connections are made outside the
inside the transformer tank and therefore on transformer tank and therefore on the HV
HV side, only three high voltage leads are side, six high voltage leads must be
brought out and three bushings are required. brought out which require six bushings

that increases the cost.

6. Incase of fault on any winding, the complete | 6. In case of fault on any one unit, the

unit needs to be disconnected for repairs thus remaining two single-phase transformers
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Three-Phase Transformer Bank of three Single-Phase Transformers
disconnecting the complete power supply to can be operated in V-V or open-delta
the load. mode and continuity of supply at reduced

power level (57.7%) can be maintained.

7. The cost of stand-by unit is more because its | 7. The cost of stand-by unit is less because its

ratings will be same as the three-phase ratings will be same as single-phase
transformer. transformer.
8.  Repair work is relatively difficult. 8. The three units being separate, théir repair

work is easy.

4.3 POWER TRANSFORMER AND DISTRIBUTION TRANSFORMER

The transformers used in step-up and step-down substations. are power transformer, distribution
transformer, current transformer (CT) and potential transformer (PT). CT and PT are the instrument
transformers which are meant for measurement purpose and shall be discussed in Unit-5. The power
and distribution transformers are employed for the transformation.of voltage levels of electrical power
which is finally delivered to the consumers. They differ in terms of power handling capacity, duty of
operation and maximum efficiency condition.

Though these two transformers work on the same principle of operation which was discussed in
Unit-3 and have identical construction, there exists a few differences-with respect to their service
conditions and hence their design aspects. This is-because during the 24 hours load cycle, the power
demanded by loads is not constant but keeps on varying between no-load (light load) and full-load (i.e.
rated load) conditions. In Indian regions located on the northern part of Deccan plateau, during the
winter season, the load demand is maximum in the-evening and minimum at night. Typical views of a
power transformer and pole-mounted distribution transformer are shown in Fig. 4.1 (a) and (b) followed
by Table 4.2 highlighting major differences between the two.

(b) Pole-mounted Distribution Transformer

Fig. 4.1 Three-Phase Transformer glimpses
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Table 4.2 Differences between Power Transformer and Distribution Transformer

Power Transformer

Distribution Transformer

Power transformers come in ratings above 500
kVA. They are employed in substations to
step-up or step-down the voltages (765kV,
400kV, 220kV, 132kV, 66kV).

Distribution transformers are upto 500 kVA
rating, relatively smaller in size and are used
as step-down transformer for the distribution
of electrical energy at low voltages which are
suitable for utilization at consumer premises.
(< 33kV for industrial consumers and 230V
(phase voltage) for domestic consumers),

Power transformers are normally connected in
parallel with each other. They are controlled
to operate almost always at or near their rated
capacity (kVA rating). Therefore, during the
light load periods, some of the power
transformers are disconnected and the overall
load is shifted on those which are kept
operating. Thus, whenever a power
transformer is in energized condition, it is
normally near the full-load condition.

Distribution transformers are always. kept
energized for 24 hours a day. The 1oad across
their secondary varies over a widerange from
littleor no-load to rated value. A distribution
transformer installed in.a residential colony
will be under-loaded for a considerable period
of the day but in the evenings it may get
loaded: to rated value..Thus for most of the
time, distribution transformers work at or near
light-load. condition:.

This saves the iron loss during light load
periods because, iron loss is a constant loss
which is independent of connected load.

The copper loss which is directly proportional
to'the square of load current varies with load
condition but, the wastage of energy in iron
loss keeps on taking place throughout the day
and night.

Hence, power transformers are designed: to
have minimum copper loss because at-higher
loads, the copper loss is much mote than the
iron loss.

Hence, distribution transformers are designed
to have minimum iron loss.

In view of above,.a power transformer is
designed to have ‘maximum “efficiency at or
near its full-load kVA“ (i.e: rated kVA)
condition.

In view of above, a distribution transformer is
designed to have maximum efficiency at
about one-half of its rated kVA (i.e. full-load
kVA).

Hence the choice of the power transformer out
of a large number of competing transformers
should be based on full-load efficiency.

Consequently, the full-load efficiency is less
than maximum efficiency.

Power transformer does not come in direct
contact with consumer terminals.

Distribution transformer may have its
secondary side directly connected to the
consumer terminals.

Large leakage reactance and short-circuit
protection in Power transformers.

Less leakage reactance.
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4.4 CONSTRUCTION OF THREE-PHASE TRANSFORMER

As informed in Section 3.3, the single-phase and three-phase transformers have two main parts. They
are: (i) A magnetic core comprising of limbs and yokes and (ii) one winding on the primary side and
one winding on the secondary side both of which are wound on the same limbs of magnetic core. Based
on the shape of magnetic core, three-phase transformers are classified as

(i) Core type transformer and
(i) Shell type transformer.

Recall that, in a single-phase transformer, there is only one single-phase winding on.the primary
side and one single-phase winding on the secondary side. However in a three-phase transformer, as the
name implies, there should be a three-phase winding on primary side and a three-phase winding on the
secondary side. In other words, the primary side has a set of three, single-phase windingsand similarly,
a set of three, single-phase windings is present on the secondary side. These single-phase windings are
interconnected either in star, delta or zig-zag configuration. Thus altogether; there are six-single-phase
windings in a three phase transformer when connected in star or delta..In case of zigzag ‘configuration,
each single-phase zigzag winding is split into two-parts. Therefore; if zigzag connections are made on
the secondary side then there are total nine segments of single-phase windings.

Detailed discussion on the construction of magnetic core by using CRGO Silicon-steel alloy for
the reduction of hysteresis loss, use of laminated core for the reduction of eddy-current loss, types of
core cross-section, types of joints and interleaving of joints are presented in Sections 3.3.1 and 3.4.3 of
Unit-3. The same is valid and applicable to three-phase transformers also. Students are advised to revisit
the above sections of Unit-3 for more understanding.

4.4.1 Core Type Construction

In Fig. 3.4 of Unit-3, we saw that the core-type construction of magnetic core of a single-phase
transformer has two limbs and two yokes. The construction of three-phase core-type transformer has
evolved from the construction of single-phase transformer and is very interesting to know. Refer to Fig.
4.2(a). It shows three single-phase, core-type transformers (T1, T2 and T3) physically arranged such
that, their un-wound limbs are-brought in close contact. Whereas the other limb of each transformer is
wound with both primary and secondary windings. When the three primary windings are connected
across a balanced three=phase ac supply, three alternating fluxes (@, @, and @) will be established by
them in their respective cores. The three un-wound limbs which are in close contact with each other
will carry the total flux (@, + @, + @5). The three alternating fluxes can be expressed as,
@, = @, sinwt
@, = @, sin(wt — 120°)
@3 = @,, sin(wt + 120°)
(@1 + @2 + @3) =0 (41)
Since, these three fluxes are equal in amplitude and time-displaced from each other by 120°, their phasor
sum will always be zero. Thus the central limbs will carry no flux and hence can be eliminated as shown
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in Fig. 4.2(b). However, such type of construction can be very expensive and it is therefore simplified
further. The three-phase core type transformer shown in Fig. 4.2(c) is the final form adopted
commercially. However in this form, the central phase has relatively less reluctance as compared to
those on outer limbs due to which the magnetizing current in central phase windings is slightly less than
the magnetizing current in two outer limb phase windings. But this difference is negligibly small. Fig.
4.2 (c) also shows the HV winding of each phase wound over the LV winding of that respective phase.
This is called as concentric type winding and is used in core type transformers.

T2
T2
Tl
=R Y
R ._:::E I3
== = B
R b
(a)
Laminated tic core
T1 T2 T3 HLAEate o LV winding
—— — )
$— — B &
R, F— Y & ° &
~—r—1 ~——1
r & y & b =%
~—| ~— o—

(c) Final shape of three-phase core type transformer

Fig. 4.2: Evolution of three-phase, core-type transformer

4.4.2 Shell Type Construction

A three-phase shell-type transformer is shown in Fig. 4.3. Its shape looks as if three single-phase shell-
type transformers are placed side by side. The primary and secondary windings of each phase are placed
on the central limb. To allow equal width and equal cross-section area of all unwound limbs (i.e. the
limbs on which no windings are wound), the direction in which the windings of the central phase are
wound is reversed as compared to the outer two phases. This helps in saving the core material and hence
reduces the cost.
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In shell type transformers, sandwich type HV and LV windings are almost exclusively used. In this
type of winding, both HV and LV windings are sub-divided into many sections. The HV sections lie in
between the LV winding sections. Consequently, most of the flux produced by one winding of a phase
links with the other winding of that phase. In other words, the leakage flux gets reduced and therefore,
there is a reduction in leakage reactances thus reducing the voltage regulation.

Fig. 4.3: Three-phase, shell-type transformer

4.5 THREE-PHASE TRANSFORMER CONNECTIONS

The three windings on primary side and three windings on secondary side of a three-phase transformer
can be connected in star, delta; open-delta (V) and zigzag configuration. Choice of particular
configuration depends on the service conditions. The most commonly used transformer connections are:
star-star, delta-delta, star-delta, delta-star and V-V. Before discussing them individually, it will be useful
to revise the basics of star and delta connections. Students are advised to first visit the appendix provided
at the end of this unit (before Know-More) to refresh their understanding about star and delta.

4.5.1 Star-Star Transformer

This connection is most economical in-high voltage (HV), small capacity (low kVA) transformers. It is
because, the voltage appearing across each phase winding (V) is less than the line voltage (Vz). This
is evident from the following voltage relation of star connection,

v,
Vo = T% = 57.7% of V, (4.2)

As a result, the insulation required by phase-windings is stressed by only 57.7% of line voltage. This
reduces the requited insulation of phase-windings and also reduces the number of turns. Hence as
compared to delta, star-star connection is preferred in cases where the input and output line voltages are
high. However in star connection, the phase current is equal to the line current(l, = I,) therefore thick
copper conductors will be necessary to carry the large phase currents. Hence, the use of this connection
is restricted to small kVA rating transformers. The drawback of star-star transformer is that, it performs
satisfactorily with balanced loads but not with unbalanced loads. The phase shift between primary and

secondary line voltages can be either 0 or 180°.
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Note that, for the output voltages to be sinusoidal, it is necessary that the resultant flux in the core
should be sinusoidal. Because of nonlinear shape of B-H curve of the magnetic core, the flux can be
sinusoidal only when the third harmonic component is present in the phase currents. In star connection,
the third harmonic currents can exist only when the neutral point is grounded. But if none of the neutral
points in a star-star transformer are grounded, then there will be no path available for the flow of third
harmonic currents. Therefore, they cannot exist in phase windings. This may result in non-sinusoidal
wave shape of the output voltage waveform.

Consider a star-star transformer as shown in Fig. 4.4. Let N; and N: represent the number-of turns
per phase on the two sides. Suffix ‘1’ indicates primary side and suffix ‘2 indicates secondary side.

. . N v I
Transformation ratio g = -2 _ ‘phz _ ph1

N1 Vphnr  Ipn2

Input voltamperes = 3Vpn1lpns =3 %IM = V3Vl
Output VOltampel‘eS = 3Vph21ph2 = 3(KVph1) (Ip%) = 3 (%) 1L1 = \/§ VL11L1 (43)

Three-phase input voltamperes = three-phase output.voltamperes

Iph] =dp Iphz =1

Primary'winding Secondary winding

Fig. 4.4: Three-phase, star-star transformer

4.5.2 Delta-Delta Transformer

This connection is suitable for low voltage (LV), large capacity (high kVA) transformers. It is because,
the voltage appearing across each phase winding is equal to the line voltage (V7).

V, = Vyn
As a result, the insulation of all phase windings are stressed by whole of the line voltage. This increases
the insulation requirement of phase-windings and also increases the required number of turns. Hence
as compared to star, delta-delta connection is preferred in applications where the input and output line
voltages are low. However, in delta connection, the phase current is less than line current because,
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I
Lp = T% =57.7%of I, (4.4)

Therefore relatively, thin copper conductors will be sufficient to carry the phase currents. Hence, the
use of this connection can be allowed to large kV A rating transformers. Secondly, the close delta loops
provide paths for the flow of third harmonic currents in phase windings. Consequently, the magnetic
flux is sinusoidal and hence, the output voltages are also sinusoidal. The phase shift between primary

and secondary line voltages can be either 0° or 180",

Consider a delta-delta transformer as shown in Fig. 4.5. Let N; and N; represent the number of turns
per phase on the primary and secondary sides respectively. Suffix 1 and 2 represent the primary and
secondary side respectively.

. . N v I
Transformation ratio, g = -2z _ ‘phz _ ph1

N1 Vphnr  Ipn2

Input voltamperes = 3Vpn1lpn1 = 3Vi1 (ILT;) =3V,
i 1
Output voltamperes = 3Vpn2lpnz = 3(KVph1) (me) = 3V; (%) =BV, Iy 4.5)

Three-phase input voltamperes = three-phase output voltamperes

Loni
$ IphZ
Primary winding Secondary winding

Fig. 4.5: Three-phase, delta-delta transformer

4.5.3 Star-Delta Transformer
This connection is commonly used in step-down transformers for stepping down the voltage from high
level to a medium or low level. It is employed in substations after the completion of transmission line.

A star-delta connected transformer is shown in Fig. 4.6. In these transformers, there is a 30" phase shift
between the primary and secondary line voltages due to which, it cannot be connected in parallel with
a star-star or delta-delta transformer.
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Iph] =1
Primary winding Secondary winding

Fig. 4.6: Three-phase, star-delta transformer

Transformation ratio g = N, = Vphz = Tpna

N1 Vprni  Iph2
The ratio between secondary line voltage and‘primary line voltage is 1/v/3 times the transformation
ratio of each transformer.

Voo K
VLl \/§
On the input side due to star connection,
Input voltamperes = 3Vpp1lpn1 =3 %IM =3Vl
On output side due to the delta connection,
Output voltamperes = 3Vpn2lpn2 = 3(1( me) (Ip%) = 3V, (ILT;) =3Vl (4.6)

Three-phase input voltamperes= three-phase output voltamperes

4.5.4 Delta-Star Transformer

This connection is.commonly used in step-up transformers for stepping up the voltage from low or
medium level to a high-level. It is employed in substations at the beginning of transmission line. A delta-

star connected transformer is shown in Fig. 4.7. There is a 30° phase shift between the primary and
secondary line voltages in a delta-star transformer due to which, it cannot be connected in parallel with
a star-star or delta-delta transformer.

. . N v I
Transformation ratio g = -2 _ ‘phz _ ph1

N1 Vphnr  Ipn2
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[phZ =1

Primary winding Secondary winding

Fig. 4.7: Three-phase, delta-star transformer

The ratio between secondary line voltage and primary-line voltage is v/3 times the transformation
ratio of each transformer.

VLZ
E =V3K
On the input side due to delta connection,
Input voltamperes = 3Vpnilpn1 = 3V14 (ILT;) = V3Vl
On output side due to the star connection,
Output voltamperes = 3Vpn2lpna = 3(KVph1) (1”%) =3 (%) I, =3Vl 4.7)

Three-phase input voltamperes = three-phase output voltamperes

4.5.5 V-V or Open-Delta Transformer

The V-V or Open-delta transformer results when one of the single-phase transformer or one phase
winding (from both, primary-and secondaty.sides) of a delta-delta transformer is removed. The input
three-phase supply is. connected*across remaining two windings. V-V connected transformer is
employed in following situations:
e  When one of the single phase transformer of a delta-delta bank is disconnected due to the fault
developed on it and the supply is to be continued to the load at reduced power level.

e  When'it is anticipated that in future, there may be a rise in load demand and would require higher
kV A rating of the transformer then in that case initially, it is operated in V-V mode. After the rise

in load demand, the third phase is closed and it is operated in delta-delta mode at higher power
level.

It should be noted that, the total load that can be carried by a V-V transformer is not two-third of the
total kVA capacity in delta-delta mode but, it is only 57.7% of it. This is proved as given below. The
V-V connected transformer is shown in Fig. 4.8.
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VphZ =V

AGS

-

Primary winding Secondary winding

Fig. 4.8: Three-phase, V-V transformer

For a delta-delta transformer:

VL = Vph
I, =31,
Output voltamperes =+3 VI, = 3VohzIpn2

When connected in V-V mode:
The line voltage and phase voltage are equal, Vi, = Vp,
The line current and phase current are equal, I;, = L,
Output voltamperes =3 Vil = /3 Vonzlpnz

voltampereratinginV — Vmode V3 VonzIpna — 0.577 (4.8)

voltampere rating in delta— deltamode . 3Von2lphz

4.5.6 Zigzag Connection

The zigzag connection is also called as ‘inter-star’ connection. It is employed on the secondary side and
is primarily used to suppress the third harmonic voltages between phase and neutral so that the output
voltage of the transformer becomes sinusoidal.
In zigzag connection, each single-phase winding is made of two halves and both halves are wound
in the same direction. For example, the single-phase winding of phase-a will have two halves as: a;-a,
and as-as. Similarly, the other two phases will have bi-ba, bs-bs, ¢i-c2 and c3-c4 as shown in Fig. 4.9 (a).
The polarity of al and a3 are same. Similarly, the polarity of bl and b3 are same. Also, the polarity of
cl and c3 are same.
Let the voltage across each half of the zigzag winding be V> then the phase voltage will be

v/3 V, and the line voltage will be 3V,. This can be proved by analysing the circuit connection in Fig.
4.9 (a) and phasor diagrams shown in Fig. 4.9 (b) and (c).
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Vaiaz| = Vazasl = V2
[Vpibzl = [Vpspal = V2
Verczl = Vezeal = V2
/
From Fig. 4.9 (a) the phase voltages will be, v
Vph1 = _a1a2 - Vc3c4
Vphz = Vblbz - Va3a4 N
— — \
Vph3 = Veicz2 = Vbspa
\
AN Vphzz\/3 V, /
These equations can be plotted to obtain the ® .. W i //
phasor diagram as shown in Fig. 4.9 (b). After P Sy 4E
S~ -7

simple graphical simplification and analysis on
this phasor diagram, we get the phase voltages
as Fig. 4.9 (a): Three-phase zigzag winding

|Vph1| = |Vph2| 3 |Vph3| =35

These phase voltages can be used to obtain the line voltages by equations,

Vi, = Vph1 - Vphz

Via= Vphz — 17ph3

Vis = _ph3 - me
Another phasor diagram can be .drawn_using above relations as shown in Fig. 4.9 (c). After
simplification. the line voltages will be obtained as,
Vil = Wia| = Vi3l = 3V,

If I, is the current in.each single-phase” winding then the three—phase volt-amperes of zigzag
connection will be,

Voltamperes = 3V, L,, = 3(\/§V2)12 = 3+/3V,1, (4.9)
But if we consider the individual capacities of both the halves of all three single-phase windings than,

their arithmetic sum will be = 6V,1, voltamperes. Thus it means that, when connected in zigzag

configuration, the three-phase capacity decreases from 6V,I, to 3v/3V,I, voltamperes. Thus only
86.66% of the combined individual capacity is available in zigzag mode. With zigzag connection, two
types of three-phase transformer connections are possible:

o Delta - Zigzag transformer: This transformer is useful for supply of power to rectifiers (i.e. ac to
dc converters).
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e Star - Zigzag transformer: This connection permits unbalanced loading even when the neutral of
star side (primary) is not grounded. Recall here that, in star-star transformers, without grounding of
neutral, the unbalanced loads gives poor performance and therefore are not permitted.

V. Vii=3V,
adat Vphjz\/.g Vz A
P Ps /// \\
_ e : / \\
Va]aZ A i’ : /// \\
| ,/ \\\
~Von 300/ Vo 1=V3V;
<~
Vs =N3V5 Vs
4 A \
ARy
/
// 30() \\
/ \
/ \
// \\
___________________ \Y
Vis= 3V, Fini Vara=N3V Vo= 3V,
(b) (c)

Fig. 4.9: Phasor diagrams of three-phase zigzag connection

A 3-phase 11kV/433V transformet. supplies power to a 100 kVA resistive load.

Calculate the line and phase currents carried by the HV and LV windings when the
transformer is connected as,

(i) HYV instar and LV in delta
(il)) HV in delta and LV in star
(i) Both HV and'LV sides in star

Data: Vi = 11000 volts, Vz> =433 volts, apparent power = 100 kVA
Solution:

Since HV voltage (11 kV) is mentioned first, treat HV side as primary (suffix 1) and
LVsside as secondary (suffix 2).

Vpha 433
Vphi 635085

—
(i) When HV winding is in star and LV is in delta: S
_ Vi _ 11000 _ . . L

Von1 = Nl 6350.85V ........ Since HV is in star =
Vonze = Vo = 433V ......... Since LV is in delta <§E
>

i

Transformation ratio K =

= 0.06817
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EXAMPLE 4.1

Since the three-phase apparent power is written as, S3,, = V3V,
~ Secondary side currents will be,
. Szpn 100 X 103
23V, 3 x433

I _ L = 76.984
phz_ﬁ_ .

Transformation ratio is also expressed as K =

=133.33 4

Iphl
ph2

Iyn1 = Klpp, = 0.06817 X 76.98 = 5.2477A
In star connection; I;, = I,
S IL1 = phi = 524’7714

(ii) When HV winding is in delta and LV is in star:

Vo1 = Vi1 = 11000V ......... Since HV is.in delta
Vi, 433 . 4
Vonz = % =5= 250V ... Since LV is in‘Star

Vpnz _ 250
Vphi 11000
Secondary side currents will be,

S3pn 100 x 103

I, = =
2 VBV, V3 x433

Iphz — ILZ =13333A

= 0.0227

Transformation ratio K =

=133.334

Primary side currents are,

Lny = Kl = 0.0227 x133:33 = 3.034

“1, = V31 =3 x3.03 =5.2484

(iii) When both HV and LV windings are-in star:

Vont = ‘% = “j;" = .6350.85V
Vi 433
Vona = "2 =22 =" 2507
Vphz - ] 250

= 0.0393

Transformation ratio. K = =
Vpna  6350.85

Secondary side currents will be,
_ Szpn_ 100x 103

I, = =
273V, 3 x433
Iph_z = ILZ =13333A

=133.33 4

Primary side currents are,
Ipn1 = Klpp, = 0.0393 X 133.33 = 5.2484
oIy = Iy = 5.2484
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4.5.7 Clock Hour Method

For a given three-phase transformer, in addition to the awareness of connection (star, delta or zigzag)
used in high-voltage (HV) and low-voltage (LV) windings, it is equally important to have information
about the phase-angle between the HV and LV line voltages because they may or may not be in-phase
with each other. This knowledge is necessary mainly when two or more number of three-phase
transformers are to be operated in parallel. The phase angle between HV and LV line voltages depends
upon the direction in which the windings are wound and the type of connections employed (star, delta
or zigzag) on HV and LV sides. This phase angle can be expressed either in degrees or by a much more
convenient method of angle designation called as ‘Clock hour method’.

While representing a three-phase transformer, the HV winding connection is indicated by.a capital
letter (Y for star connection, D for delta and Z for zigzag). The LV winding connection is indicated by
a lower case letter (y for star connection, d for delta and z for zigzag).

According to Clock method, the HV line voltage phasor is.considered as minute-hand of the clock

and it is always fixed at the 12 O’clock position (i.e. zero hour position). The LV line voltage phasor is
represented by hour-hand and its position is decided by the phase-angle between-HV and LV line
voltages. For example, a three-phase transformer ‘Yd 11’ represents HV winding connected in star, LV
winding in delta and the position of LV line phasor (hour-hand).at 11.0’clock: This is shown in Fig.
4.10 (a).

We know that, all phasors on a phasor diagram always rotate in.anti-clockwise direction at a common
speed. With this understanding, you will observe that the LV line phasor (hour-hand) is moving ahead

of HV line phasor (minute-hand) by 30°. Hence it means that, in a ¥d1/ transformer, the LV line voltage
Viwy leads the HV line voltage Vi by 30°. Similarly, Dyl represents HV winding in delta, LV

winding is star and V7. lagging behind Vi, by 30°. Yy0 will mean both windings in star and the line
voltages on two sides as in-phase with each other. This‘is shown in Fig. 4.8 (b) and (c) respectively.

(b) Dy1

Fig. 4.10: Examples demonstrating clock hour method

The clock hour method can also be applied to three-phase, three-winding (primary, secondary, tertiary)
transformers. The first letter apply to highest voltage winding and the next two letters pertain to the
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other two windings in order of decreasing voltage. Example: Yy0d!I represents a three-phase, three-
winding transformer with HV winding in star, medium-voltage winding in star and LV winding in delta.
‘0’ indicates that the line-voltage of medium-voltage winding is in-phase with Vimy). Whereas, ‘1’

indicates that V. lags Vzay) by 30°.

4.5.8 Connections as Per Indian Standard IS: 2026 (Part -1V) 1977

Indian Standards are the guiding documents published by Bureau of Indian Standards (BIS): They are
developed through consensus of experts. BIS is the National Standard Body which functions under the
Ministry of Consumer Affairs, Food & Public Distribution, Government of India. It is responsible for
the activities of standardization, marking and quality certification of goods. IS: 2026 (Part —1V) 1977 is
the Indian Standard titled as “Specification for Power Transformers: Part IV, Terminal Markings,
Tappings and Connections”. It provides guidelines on transformer connections; tappings and markings.
Details of connection related guidelines are as discussed below.

Symbols of three-phase connection:

As per this standard, in a three-phase transformer or in a bank of three interconnected single-phase
transformers, the connection between phase-windings isindicated by symbols shown in Table 4.3. For
an auto-transformer in which the two windings have'a common part; the winding of the pair which has
the lower rated voltage is indicated by letter a.

Table 4.3 Symbols for three-phase connections

Type of High voltage Intermediate voltage and
connection winding low voltage windings
Star without neutral terminal Y y
Delta D d
Zigzag Z z
Star connection with neutral terminal brought out YN yn
Zigzag connection with neutral terminal brought out ZN zn

Terminal names-and identification of windings:

The line terminals of a three-phase transformer or a bank of three interconnected single-phase
transformers are denoted by reference letters U, V and W in place of A,B,C. The neutral terminal of a
star or zigzag connection is denoted by letter ‘/V’ for high-voltage (HV) and ‘n’ for LV winding.

The various windings of a transformer are denoted by reference numbers which precede the above
reference letters. The HV winding is denoted by the reference number 1, and 2, 3, 4.... are used for other
windings in descending sequence of their rated voltage. For example, in a two-winding, three-phase
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transformer, the line terminals on HV side are named as, 1U, IV, IW and LV side as 2U, 2V, 2W. For
a three winding, three-phase transformer they are 1U, 1V, IW on HV side, 2U, 2V, 2W for intermediate
voltage winding and 3U, 3V, 3W for LV winding.

Series/Parallel connections:

If phase-windings consist of several parts which may either be connected in series or in parallel, then
the end points of these parts are denoted by reference numbers 1, 2, 3, 4,... Wherever clarification is
required about the voltage level of the winding, the above reference letters precede these reference
numbers as, Ul, U2, U3, U4, VI, V2 etc.

Phase Displacement between windings:

To represent a three-phase transformer, the vector relating to.the high-voltage (HV) winding is taken as
the vector of origin. In other words, it is fixed at 120’ clock on'the clock-hour figure, This is already
explained in section 4.5.7.

Examples:

1. Consider a three-phase, three-winding (primary, secondary and tertiary)transformer having voltage
ratings of 150 kV (in delta), 60 kV (in star with neutral point not brought out) and 10 kV (in star
with neutral point not brought out). Let the two star winding voltages be in-phase with each other
and lag behind the delta winding voltage by 30°. This transformer will be represented as Dy1y1.

2. Consider a three-phase, three-winding (primary, secondary and tertiary) transformer having voltage
ratings of 6 kV (in star with neutral point brought out); 380 V (in star with neutral point not brought
out) and 220 V (in zigzag with neutral point not brought out). Suppose, the two star winding
voltages are in-phase with one another and the zigzag winding voltage lags them by 30°. The
representation of this transformer will be YINy0z1

Table 4.4 gives some more examples of different connections and their representation.

Table 4.4 Three-phase transformer connections and their representation

Connection Representation Interpretation

I3V 1y 2U 2V 2W Yy0 Both windings are in star.
Their voltages are in-phase

with each other.

HV winding LV winding
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Connection Representation Interpretation
IU 1V 1IW LV winding Yy6 Both windings are in star.
Their voltages are out of phase
with each other.
HV winding 2U 2V 2W
I 1v 1w 2U 2V 2W Dd0 Both windings are in delta.
Their voltages are in-phase
with each other.
HV winding LV winding
1IU 1V 1W LV winding Dde6 Both windings are in delta.
Their voltages-are outof phase
with each other.
HV winding 2U 2V 2W
U IV 1W 2U 2V 2W Ydl HV. winding is in star, LV
winding is in delta. The
voltage of LV winding lags the
voltage of HV winding by 30°.
HV winding LV winding
Iy 1v 1w 2U 2V 2W Ydil HV winding is in star, LV
winding is in delta. The
voltage of LV winding leads
the voltage of HV winding by
30°.
HV winding LV winding
U _IVL 1W, (52U 2V 2W Dy1 HV winding is in delta, LV
winding is in star. The voltage
of LV winding lags the voltage
of HV winding by 30°.
HV winding LV winding
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Connection Representation Interpretation
U 1V 1w 2U 2V 2W Dy11 HV winding is in delta, LV

winding is in star. The voltage
of LV winding leads the
voltage of HV winding by 30°.

HV winding LV winding

4.6 COOLING OF TRANSFORMER

The currents flowing in the windings of a transformer causes the absorption of some amount of active
power in the winding resistances and results in generation of heat in the windings. This absorbed power
which is not transferred to the load is called as copper loss orvariable loss or load loss. Similarly, the
alternating flux in magnetic core causes some loss of active power in the form of hysteresis loss and
eddy current loss resulting into generation of heat in the core. If the generated heat is not properly
removed and dissipated, it may result in the damage of insulation-and even melting of conducting
material. The provision of cooling ducts in-the core enhances the dissipation of heat upto some extent.
Following are some of the cooling methods commonly employed in-transformers.

(a) Air Natural cooling (AN)

(b) Oil-immersed Air Natural cooling (ONAN)

(c) Oil-immersed, Forced oil circulation with Natural cooling (OFAN)

(d) Oil-immersed, Forced oil circulation with Forced air cooling (OFAF)

(e) Oil-immersed, Forced oil circulation with.Forced water cooling (OFWF)

(f) Dry-type transformer

(g) Hydrogen cooling (For large power rotating machines).

4.6.1 Oil-lmmersed; Natural Cooled Transformer (ONAN)

It is also called as oil-immersed self-cooled transformer. In this arrangement, the transformer is
submerged in a tank filled with high-grade transformer oil (mineral oil) for cooling purpose. The oil has
high dielectric strength‘and good thermal conductivity. It transfers the heat from windings and core to
the surrounding metal tank where it is dissipated by radiation and convection to the outside air. This
method is normally preferred in out-door installations. The oil must be kept as free as possible from
moisture and oxygen, dissolved combustible gases, and particulates.

As the power rating increases, external cooling tubes or radiators are connected to the transformer
tank to increase the effective cooling surface. The hot oil expands in volume, circulates through the
radiators and gets cooled due to natural air flow. The Oil-immersed Natural cooling (ON) of a
Distribution transformer is shown in Fig. 4.11 (a).
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4.6.2 Oil-lmmersed, Forced air Cooled Transformer (ONAF)

For higher rating transformers, external fans are employed to force the air through radiators. As the hot
oil circulates through radiators by gravity, it gets cooled. It is also called as oil-immersed air-blast

transformer. This is shown in Fig. 4.11 (b).

4.6.3 Oil-immersed, Forced oil/ Forced Water Cooled transformer (OFOW)

For transformers in mega voltampere range, cooling is enhanced by an oil-water heat exchanger. - Hot

oil drawn from the transformer tank is pumped to a heat exchanger where it flows through pipes that
are in contact with cool water on exterior side. Such heat exchangers are very-effective, but they are

costly because water itself has to be continuously cooled@nd circulated. This is shown'in Fig. 4.12.

VAA

Fig. 4.11 (a) Oil immersed, natural air cooling of
distribution transformer

Bushings

Transformer
tank

Oil pump

e

fem—

Radiators|

o

Bushings
Forced Air /\ F orced Air

AT RYIVA

Radiators

_/

Transformer
tank

ik Jiy

Fan Fan

Fig. 4.11 (b) Oil immersed, forced-air cooling of

transformer
— —
A\ Forced
water
—

Fig. 4.12 Oil immersed, forced-oil, forced-water cooled transformer
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4.6.4 Dry Type Transformer

In dry type transformer, the magnetic core and windings are not immersed in oil. The windings may be
encapsulated (encased or surrounded) with solid insulation like Nomex paper or the transformer may
be of gas-immersed type or air-immersed type. Nomex is inherently a flame-resistant and high-
temperature resistant material that does not melt, drip, or support combustion in air. Cast-resin dry type
transformers are used in high moisture areas. In these transformers the primary and secondary windings
are encapsulated with epoxy resin which does not retain moisture. The encapsulation prevents moisture
from penetrating the winding. Fig. 4.13 shows a cast-resin, dry type distribution transformer.

Indoor transformers below 200 kV A can be directly cooled by the natural flow of surrounding air.
In crowded areas and inside the buildings, the installation of oil-immersed transformers is normally
avoided and dry type transformers are recommended. The paper insulation of dry transformers have
better heat-carrying capacity, apart from the insulating properties. As compared .to. ONAN type
distribution transformers, the Dry type transformers are-designed at lower current density. This results
in larger weight of core, larger weight of copper and larger surface area for.cooling. These transformers
are bulky in size and are costly. They have longerlife as compared tothat of ONAN.type transformer.

(a) Epoxy resin insulation‘enclosures  (b) 8-Phase, 1250 kVA, 11kV/433 V, cast-resin, dry-type, indoor
distribution transformer,

Fig. 4.13 Dry type transformer

4.7 SELECTION OF THREE-PHASE TRANSFORMERS

The selection of three-phase transformer for a given application is carried out in accordance with the
selection criteria specified in Indian Standard 1S:10028 (Part-I) 1985. This standard is titled as “Code
of Practice for Selection, Installation and Maintenance of Transformers Part-1: Selection”. As per this
standard, the following aspects should be considered as main governing features for the purpose of
selection of both power and distribution transformer.
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Ratings,

Taps,

Connection symbol,
Impedance,

Termination arrangement,
Cooling, and

Nk W=

Fittings and accessories.

4.7.1 Ratings

This IS Standard gives guidelines about kVA ratings and Voltage ratings of the transformer. It states
that, the kVA rating (i.e. apparent power rating) should comply with IS: 2026 (Part-1)-1977.
Accordingly for both distribution and power transformers,
e  The rated power should be for continuousloading.
o If different values of apparent power are specified for different methods.of cooling, the highest
of these values is the rated power.
e For a two-winding transformer (primary and secondary) the-same value of rated power will be
applicable to both windings.
e  When rated voltage is applied across primary-winding of the transformer, and rated current
flows through the terminals of its secondary winding then, it mean that the transformer is
receiving rated power for that pair of windings.

Voltage Ratings:

Criteria for Selection of Distribution Transformers | Criteria for Selection of Power Transformers

(Upto and equal to 1600 kVA) (More than 1600 kVA)
The no-load secondary voltage should be 433 volts | The no-load secondary voltage should be
for transformers to be-used in'415 V system. specified as 5% more than the nominal voltage
so that the transformer voltage regulation gets
compensated partly.

In case if the transformers are to be operated in parallel then, the voltage ratio should be selected in
accordance with guidelines given in IS: 10028 (Part 2)-1981. This is applicable to both power
transformers and distribution transformers.
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4.7.2 Connection Symbol

Criteria for Selection of Distribution Transformers | Criteria for Selection of Power Transformers
(Upto and equal to 1600 kVA) (More than 1600 kVA)

The two-winding transformers (primary and | The two-winding transformers of HV voltage
secondary) should be preferably connected in delta- | rating up to 66 kV are delta-star (Dyn) and star-
star and the exact connection symbol (Dynll or | star (¥Ny). For higher voltages, star-star
Dyn1) should be specified. This is in accordance | (¥Nyn) or star/delta (¥Vd) connections may be
with IS: 2026 (Part 4)-1977. preferred. For parallel operation with other
transformers, selection should be-as per IS:
10028 (Part 2)-1981.

4.7.3 Impedance

For both, distribution and power transformers, the impedance values should confirm the guidelines
given in IS: 2026 (Part-1) 1977. Also, if these transformers are required for parallel operation then
impedance values should be decided with due consideration to1S: 10028 (Part-2) 1981.

Criteria for Selection of Distribution Transformers | Criteria for Selection of Power Transformers
(Upto and equal to 1600 kVA) (More than 1600 kVA)

The transformer impedance . value should. be | The transformer impedance should be decided
selected considering the standard available.rating.| taking ‘into consideration the secondary fault
of switchgear (circuit breaker) that may be required | levels and the voltage dip.

to be connected on the secondary ‘side -of
transformer and the associated voltage drops:

4.7.4 Taps

The output voltage (secondary terminal voltage) of transformers vary in accordance with their input
voltage and the load. Normally; the nature of load to whom power is supplied by the transformer is of
inductive and resistive type. Therefore during loaded conditions, the output voltage decreases, whereas
during oft-load conditions, the output voltage increases. In order to balance the voltage variations, taps
(also called as tappings) are provided on HV winding. To change the tappings as per requirement, a
device called as Tap-changer is used.

Tap changers can be either ON-load tap changers or OFF-load (OFF-circuit) tap changers. In an
ON-load tap changer, the tapping can be changed without isolating the transformer from the supply. In
an OFF-load tap changer, it is done after disconnecting the transformer.
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Criteria for Selection of Distribution Transformers
(Upto and equal to 1600 kVA)

Criteria for Selection of Power Transformers
(More than 1600 kVA)

Distribution transformers of this rating are
normally provided with OFF-circuit taps on HV
side. Only in special cases ON-load tap changer

(OLTC) may be required.

Power transformers have ON-load tap
changers (OLTC) on HV side. The total
number of taps should be 16 in steps of 1.25 %.

The standard range for OFF-circuit taps which are provided on HV side should be + 2.5% and+ 5.0%.
This is also applicable to power transformers whenever, Off-circuit taps are required.

4.7.5 Termination Agreement

In both, distribution and power transformers, the HV andLV terminals may be bare outdoor bushings,

cable boxes or bus trunking depending upon the method of installation. However in power:transformers

of up to 33 kV, porcelain bushings and for transformers of 66 kV and-above, .0il-filled condenser type
bushings should be specified. For installation in‘polluted atmospheres, the bushings should be specified
with extra creepage distances as given in IS: 2099-1973. Fig. 4.14 shows the HV.and LV bushings of a

three-phase transformer.

4.7.6 Cooling

Criteria for Selection of Distribution Transformers
(Upto and equal to 1600 kVA)

Criteria for Selection of Power Transformers
(More than 1600 kVA)

Generally ONAN, AN or ANAN cooling methods
are employed. Details of different types of cooling
methods are explained in Section 4.6.

Generally ONAN, ONAN/ONAF, ONAN
/ONAF/OFAF or OFWF cooling methods are
employed.

Convervator

Low voltage
(LV) bushings
(04)

Radiators for
cooling

High voltage (HV)

| ’q l I 3 ;/ bushings (03)

Transformer
tank

Fig. 4.14: HV and LV bushings of transformer
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4.7.7 Fittings and Accessories

Criteria for Selection of Distribution Transformers
(Upto and equal to 1600 kVA)

Criteria for Selection of Power Transformers
(More than 1600 kVA)

Explosion vent should be provided for all 11 kV
transformers above 400 kVA rating and all 33 kV
transformers. When radiators are required to be
detached for transportation, isolating valves should
be specified. Alarm and trip contacts for oil
temperature  indicator, winding temperature
indicator and gas actuated relay may be specified
when monitoring and control devices are available

for the transformer protection.

In addition, the following provisions should be
made: (a) Skids and hauling lugs, (b) Magnetic
oil level gauge with low level alarm contacts;
(c) Rollers; (d) Winding temperature indicator
with electrical contacts for alarm/trip_ and
controlling fans and pumps; (¢). Gas and oil
actuated relay with alarm and trip contacts.; (f)
Explosion vent; (g) Accessories for cooling;
(h) Oil_temperature indicator with alarm and
trip contacts; (i) Two sampling valves at top
and bottom of main tank.

4.8 SPECIFICATIONS OF THREE-PHASE DISTRIBUTION TRANSFORMER

The specifications of a three-phase, oil-immersed, naturally air-cooled, two-winding (primary and

secondary), non-sealed type, outdoor mounted, distribution‘transformer are governed by the Indian
Standard IS: 1180 (Part-I) 1989. It is titled as “Outdoor type three-phase Distribution Transformers
up to and including 100 kVA, 11 kV- Specification, Part-1: Non-Sealed type”. This standard

provides guidelines on following specifications:

1. Ratings:

o kVA rating, o Rated frequency,

No-Load voltage ratios

Winding connections and vectors
Tappings and tapping methods
Transformer tank

Transformer oil

Nk wbd

Fittings:

o Standard Fittings, e Conservator,

8. Terminal arrangement:
o Bushings and their dimensions,

9. Mounting arrangement
10. Insulation levels
11. Limits of temperature rise

e Nominal system voltage

o Clearances between the bushings
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12. Losses and impedance values:
e Losses, o Impedance

13. Tolerances

14. Ability of transformers to with-stand external short-circuit
15. Efficiency and Regulation

16. Marking:

e Rating plate, e Terminal Marking plate

4.8.1 Ratings

kVA Rating: The transformer kV A rating shall be any amongst the standard values i.e.
16 kVA, 25 kVA, 63 kVA and 100 kVA.
Rated Frequency: The rated frequency shall be 50 Hz:

Nominal system voltage: Nominal system voltage shall be chosen from 3.3'kV, 6.6 kV and 11kV.

4.8.2 No-Load Voltage Ratios

The No-load voltage ratios shall be as follows: 3300 volts/433-250 volts; 6600 volts/433-250 volts;
11000 volts/433-250 volts; 10450/433-250 volts.

4.8.3 Winding Connections and Vectors

The primary winding shall be connected-in Delta and.the secondary winding in Star with neutral
terminal brought out such that the vector symbolis' Dyn11. This will make a positive phase displacement
of 30° from the primary to secondary vectors of the same phase. In Distribution transformers upto
100k VA rating, the secondary winding is connected in Star so that, the neutral connection could be
made available to the consumers. Hence, neutral should be brought out to a separate insulated terminal.

4.8.4 Taps

Taps (also called as tapings) are normally not required on distribution transformers of ratings upto 100
kVA and 11'kV. However, they may be provided if specifically desired by the purchaser. In that case,
tap changing is with transformer in OFF-condition (OFF-load tap changers). For more information on
taps, revisit Section 4.7.4.

4.8.5 Transformer Oil

The transformer oil shall comply with the requirements of IS 335: 1983. Primarily, it should be suitable
for use as an insulating and heat transfer medium.
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4.8.6 Transformer Tank

The transformer tank which will house the oil-immersed transformer inside it should be of adequate
strength to withstand any pressure built-up inside the tank. The exterior of the tank and all other ferrous
fittings shall be given a triple coat of weather-resistant paint or enamel. Also, all steel screws, nuts and
fasteners exposed to atmosphere shall be either galvanized or cadmium-plated.

4.8.7 Fittings
Standard Fittings: Transformer tank should be fitted with the following:

e Two earthing terminals with symbol =

e Oil level guage for indicationof oil level inside the transformer tank

e Lifting lugs

e Ratings Plate and Terminals Marking Plate

o Plain breathing device which can prevent entry of rain water or insects
inside the transformer tank

e Drain-cum-sampling value at the bottom of transformer tank to drain out
the oil whenever necessary during preventive maintenance or repairs.

e Thermometer pocket for transformers above 25 kVA rating

e Oil-filling hole

Conservator: On transformers of rating 63kVA and 100kVA, the provision of conservator tank is
mandatory. This tank is provided on the top of the:main tank and both are connected by a hollow pipe
between them. This provides additional space for the gases evolved from transformer oil when it
becomes hot. For more details see section ‘Know More” at the end.

4.8.8 Terminal Arrangement

Bushings: These transformers should be fitted with three high-voltage (HV) and four
low-voltage (LV) outdoor type bushings as shown in Fig. 4.14 above. Their
electrical characteristics shall be in accordance with IS 2099:1986 for HV
bushings and IS 7421: 1974 for LV bushings.

Bushing clearances: The minimum phase-to-phase and phase-to-earth external clearances (gaps)
between the adjacent bushings shall be as follows:
For LV bushings upto 1.1 kV: 75 mm and 40 mm respectively
For HV bushings: 255 mm and 140 mm respectively.
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4.8.9 Insulation Levels

The insulation levels should be such that the transformer shall be capable of withstanding the power
frequency (50 Hz) and impulse test voltage as given in IS 2026 (Part 3): 1981.

4.8.10 Limits of Temperature-Rise

The permissible temperature-rise shall not exceed 55°C (when.measured
by resistance method).

For transformer winding:

For top oil: Temperature-rise shall not exceed 45°C when measured by thermometer.

4.8.11 Losses and Impedance Values

Losses: For transformers without taps, losses should not exceed the following.
Transformer No-Load loss (Fixed Load loss at 75°C
kVA Rating loss or constant loss) (Variable loss)

16 KVA 80 W 475 W
25 kVA 100 W 685 W
63 kVA 180 W. 1235 W
100 kVA 260 W 1760 W
Impedance: The recommended value of impedance at 75°C is 4.5%.

4.8.12 Efficiency and Voltage Regulation

The values of efficiency and regulation-shall be based on loading at rated kV A and Unity power-factor.
However, if desired by the purchaser, they may be calculated at other power-factors also.

4.8.13 Marking

Each transformer should be provided with non-detachable, weather-proof Rating Plate and Terminal
Marking Plate. They may also be combined into a single plate. Fig. 4.15 (a) and (b) shows specimen
terminal marking plate and rating plate.
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SIN 92092V 2W
U 1v 1w
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(a) Terminal Marking Plate

MADE IN INDIA

3 PHASE TRANSFORMER Sr. No. |

STANDARD |:| FREQUENCY Hz 0
KVA [ ]

TYPE OF COOLING ONAN
VOLTS AT HV |:| VECTOR GROUP Dyn11
NOLOAD  “py [T ] MASSOF oIl rg

v [ ] TOTALMASS kg
v.| ] voLoFoIL !

IMPED VOLT % |:| MONTH'& YEAR OF MFG.

CUSTOMER |

AMPERES

UL,

ORDER NUMBER |

MANUFACTURER’S NAME

(b) Rating Plate

Fig. 4.15: Marking Plates

4.9 PHASOR GROUPS

Depending on the phase displacement between lines-voltages of HV and LV winding, three-phase

transformers are classified into four phasor groups (Also called as vector groups). This is shown in
Table 4.5.
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Table 4.5 Phasor groups of three-phase transformers

Group Phase angle between HV and LV Types of connection Examples
Number Line-voltages

Group No. 1 0° | Viaw is in-phase with Vi) star-star, delta-delta Y0, DdO

Group No. 2 | 180° | Viaww is out of phase with Vimy) | star-star, delta-delta Yy6, Dd6

Group No.3 | -30° | Vyup lags behind Vimy by 30° | star-delta, delta-star, | YdI, Dyl, ¥zI
star-zigzag
Group No. 4 | +30° Viay leads Vi) by 30° star-delta, delta-star, | YdI1, Dyil,
star-zigzag Yz11

4.10 THREE-PHASE TO TWO-PHASE CONVERSION OR
SCOTT CONNECTION OR T-CONNECTION

Two-phase supply is usually required in special cases like, two-phase-electric arc furnaces or for
interlinking a three-phase system with two-phase system. Note -that, the voltages in a two-phase
balanced system have equal magnitudes but they are displaced from each other by a phase angle of 90°.
Conventionally, power stations produce three-phase voltages ' which have a mutual phase displacement
of 120°. One may think of taking any two phases and the neutral wire from a three-phase source to
supply power to a two-phase load. But with this type of arrangement, the three-phase supply system
will become unbalanced and the 120° phase displacement-will not result into satisfactory performance
of the load.

In 1890s, an electrical engineer-and Professor from Yale University, Charles F. Scott invented a
circuit connection for the conversion of three-phase supply to two-phase supply and vice-versa. In his
honour, it is called as Scott connection. It requires two single-phase transformers. One of them should
have a centre tap both on.its primary side and is called as Main Transformer. The second one should
have a tapping at 86.6% of its turns on primary side and is called as Teaser Transformer. The circuit is
connected as shown'in Fig. 4.16. Let the primary and secondary winding terminals of teaser transformer
be denoted by P, Q and p, q respectively. Similarly, let the terminals of main transformer be R, S and
r, s respectively. As shown in figure, Q is connected to the centre tap of main transformer. A three-
phase balanced ac source 4-B-C is connected across the terminals P, R and S. A two-phase load is
connected across'the terminals p-q and r-s. Consider the input line-voltage Vac as reference phasor. If
V1 is the magnitude of input line-voltage than,

VBC = VRS = VLZ 00
VCA = VSP = VLZ_ 1200
VAB = VPR = VLZ1200 (410)
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Teaser
transformer
y 86.6% Tap 5 P .
P \
| |
3-Phase Ip Q: qu
AC B— | |
Source Y Il
Q q
S~~~ r\\ Main
m transformer
S-— V,g—-7

Fig. 4.16: Scott connection for three-phase to two-phase conversion

Vee = Vas =V, £ 09

Vea = Vop =Vt — 120°

Vag = Vpg = V;, £120° (4.11)
These relations can be represented graphically as shown-in Fig.4.17(a). Let the positive directions of

current and voltage in the two primary windings of teaser and‘main transformers be taken along /pp and
Irs respectively as shown in Fig. 4.16. Traversing the circuit along P-Q-R, the voltage equation will be,

VPR =, VPQ + VQR
Or,
Vpr = VPQ - VRQ
Since Q is connected to the centre tap between R and S, it can be rewritten as,
S — 1 —
Vpr-= VPQ - EVRS
£ — 1 —
Voo = Vpr + > Vks
Substituting the values from equations (4.1),
Vpg =V, £120° +5V, £ 0°
¥4 — 0 l 0
Vog =V (1£120° +3 2 0°)
By vector addition in rectangular reference frame (refer Appendix in Unit-3), we get,
VPQ = 0.866 V, 290° (4.12)
Equation (4.12) is the voltage across primary winding of teaser transformer. Note that, it is only 86.6%
of full voltage. It can also be proved by phasor diagram shown in Fig. 4.17(b). Since the primary

winding of main transformer is connected across the supply terminals B and C, therefore from equation
(4.11) again, the voltage across primary side of main transformer is,
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Vis = Vge =V, £ 0° (4.13)
Thus the two primary voltages Vpp and Vgs are now phase shifted by 90°. Assuming that all windings
are wound in same direction, the voltage across secondary windings V,, and Vs should be drawn in
parallel with their respective primary voltages Vpo and Vgs as shown in Fig. 4.17(c). Thus the three-
phase voltages are converted into two-phase voltages V), and V..

()
Fig. 4.17: Phasor diagrams related with Scott.connection

Refer to equations (4.12) and (4.13) again. The voltages appearing-across the primary windings of teaser
and main transformers are not equal i.e. 0.866 Vy.and V; respectively. To have equal volts per turn in
the two primary windings either, the number of turns of teaser primary should be 0.866 times the number
of turns of main primary or the teaser transformer should haye'a tap-at 86.6% turns on its primary side.

4.11 PARALLEL OPERATION OF THREE-PHASE TRANSFORMERS

In Section 3.18 of Unit-3, we have studied the parallel operation of single-phase transformers. The
conditions that should be fulfilled before parallel operation were discussed in Section 3.18.1. They were:
1. Both transformers must-have similar polarities.
2. Both transformers should have same ‘voltage-ratios.
3. Their kVA ratings should be inversely proportional to respective equivalent impedances. In
other words, they should have'equal per-unit leakage reactances.
4. The ratios of equivalent leakage reactance to equivalent resistance should be equal.

All the above conditions are applicable for parallel operation of three-phase transformers also and they
have same:consequences when not fulfilled. Therefore, readers are expected to revisit Section 3.18 first.
In addition to above, for the parallel operation of three-phase transformers, fulfilment of following two
conditions is also necessary.

5. Both transformers should belong to the same Phasor Group (Vector Group). In other words,
the phase-displacement between the secondary line-voltages corresponding to respective
phases should be zero.

6. The phase-sequence should be same for both transformers.
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4.11.1 Same Phasor Groups

Both, Yy0 and Dd0 belong to Phasor group No. 1. Therefore, they can be connected in parallel.
Similarly, Yy6 and Dd6 belong to Phasor group No. 2 and can be connected in parallel. Let us
now analyse what will happen when the transformers belonging to different phasor groups are
connected in parallel. Obviously their secondary line-voltages corresponding to respective phases
will not be in phase.

Consider that, two three-phase transformers 1 and 2 shown in Fig. 4.18 are to be connected in
parallel by means of switches Si, S» and Ss. Before closing these switches, if the voltage across each of
them is zero then after closing them, there won’t be any current circulating within the two secondary
windings and the switch. This is treated as healthy condition. For this to happen, the secondary line-
voltages Vi, Vi, V. of transformer 1 should be in-phase with secondary line-voltages V.V, V. of
transformer 2. This is shown by phasor diagram in Fig. 4.19 (a).

3-phase

Input NI -

bus
A*“B* C PrUON R
at by ¢ pt.qr r
S1 /SZ /S3 <

3-phase I NS o

Output

bus

Fig. 4.18: Parallel operation of three-phase transformers

Now imagine that, these line voltages are not in-phase with each other. In other words, the two
transformers belong to different phasor-groups. The voltage phasor diagram for such a situation is shown
in Fig. 4.19 (b). It can'be clearly seen that, following voltages will appear across the switches before
their closure.

Vsi =V, _‘7p
Voo =Vp =V,
Vez =V =V (4.14)

After closing the switches, these voltages will result in large currents that will circulate within the two
secondary windings even at No-load and cause additional losses and temperature-rise in the windings.
They will not contribute to the load current.
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VS]:O

V. \ /
V, W%

(a) When secondary voltages of two (b) When secondary voltages of two
transformers are in-phase transformers are not in-phase

Fig. 4.19: Voltage phasor diagrams

4.11.2 Same Phase Sequence

Phase sequence is the order in which the voltage waveforms of a_poly-phase-ac source reach their
respective peaks. For a three-phase system, there.are only two possible phase sequences: U-V-W and U-
W-V corresponding to the two different possible directions of ac generator rotation.

Consider again the two three-phase transformers to be connected. in parallel by switches Sy, S; and
S3 as shown in Fig. 4.20. Note the change in connection on secondary sides. Imagine that, the switch
S2 is now wrongly connected across terminals b and r in place of b and q. Similar error is with switch
S3. It means that on one side of the switches, the phase sequence is a-b-c. Whereas on its other side, it
is p-r-q in place of p-q-r.

3-phase

Input NI N

bus
4% B* C P* 0" R
a C P q r
S1 /SZ /S3 4

3-phase P N N

Output

bus

Fig. 4.20: Parallel operation of three-phase transformers with incorrect phase sequence
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When they are connected with correct phase sequence like Fig 4.18, the secondary voltage phasor
diagram will be as shown in Fig. 4.21 (a) which is similar to that shown in Fig. 4.19 (a). But when they
are connected with different phase sequences then the resulting voltage phasor diagram will be as shown
in Fig. 4.21 (b).

(a) When phase sequences are same (b) When phase sequences are different
Fig. 4.21: Voltage phasor diagrams

It clearly shows that the voltage across switch S; will be zero but the voltages across Sz and S3 will have
large magnitudes at the time of closing. They will be as,

V51= —‘7p=0

Q

o~
[ ¥}

Il
[
i

Ve = 0=, (4.15)

Thus large currents will circulate at No-load within the two secondary windings causing additional
losses and significant temperature-rise in the. windings: They will not contribute to the load current.

4.12 AMORPHOUS CORE DISTRIBUTION TRANSFORMER

In Section 4.3, it was informed that, distribution transformers are maintained in energized state
continuously for all the.24 hours every day. They carry a load which varies from time to time during
the day & night and the maximum load occurs only for few hours in a day. Despite this fact, the kVA
capacity of distribution transformer has to be decided to cater the maximum load.

Like any. other transformer, the total power losses in a distribution transformer consists of no-load
loss (i.e. hysteresis.loss plus eddy current loss in the magnetic core) which are independent of the load,
and the load loss (i.e. copper losses or winding losses) which is dependent on the loading of transformer.
As the load-factor of a distribution transformer is normally low, it means that, the no-load loss which
take place continuously forms a high percentage of the total losses in the transformer. It amounts to
more than 2% of the total electricity which the transformer conducts. Hence, the design of distribution
transformers is focused strongly on reducing the no-load losses without compromising the performance.
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In Section 3.4 of Unit-3, it was informed that the transformer magnetic core is made from either
CRGO silicon steel alloy or the amorphous metal material. Amorphous metal is a ferromagnetic
material that offers both reduced hysteresis loss and eddy current loss. It is because this material has
random grain structure which results in high permeability thus giving a narrow hysteresis loop compared
to the conventional CRGO silicon steel material. It also increases the resistivity of the material. This
makes the amorphous metal more popular for distribution transformers. Typical grain structures are
shown in Fig. 4.22.

oooooooocoooo 009 60
000000000000000 9.90 AT
00060060060 00060

(a) Regular crystalline structure of grains in (b) Random structure of grains in
CRGO Silicon steel Amorphous metal

Fig. 4.22: Grain structures

The CRGO Silicon steel magnetic'core is made from thin laminations of standard shapes (like E, I, C)
and the joints between them are interleaved and mitred. This was explained in detail in Section 3.3.1 of
Unit-3. The core of an amorphous metal is made from a thin ribbon or foil of amorphous material which
is wound spirally to get the desired dimension of the<core. A typical five legged, three-phase amorphous
core without and with windings is shown'in Fig. 4.23 (a)and (b) respectively.

Some of the key differences between a.CRGO-Silicon steel core transformer and an amorphous
core transformer are listed in Table 4:6.

(a) Unwound amorphous core (5 legs) (b) Amorphous core with windings (shell type construction)

Fig. 4.23: Three-phase, amorphous core transformer
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Table 4.6 Comparison between CRGO core transformer and amorphous core transformer

Sr. No. | Parameter CRGO core transformer Amorphous core transformer
1. | No-load losses Higher Lower. Hence, the temperature
rise is also less.
2. | Maximum efficiency At around 35% - 40% of Maximum efficiency point shifts
loading point rated load more towards lighter loads
3. | Efficiency at full-load | High Low
Weight of transformer | Heavy Lighter in weight
5. | Size of transformer for | Comparable Slightly higher
the same kVA rating
6. | Ease of repair Easy Relatively difficult
Initial cost Comparatively low Comparatively high
8. | Repair cost Comparable High

Amorphous core transformer gives better harmonic wave tolerances:-However, ithas the following
drawbacks:

e Degradation of efficiency over time
e High failure rates
e Low ability to withstand the short circuit impact and Poor overload capacity

4.13 PHASING OUT TEST

This test is performed on three-phase transformersto identify the primary and secondary windings
belonging to the same phase. It is:relevant when'the terminals of all the primary and all the secondary
windings are either masked or-not'marked.

In this test, all the windings of a three-phase transformer are short circuited except any one primary
and any one secondary.~A low woltage dc supply is applied across the selected primary and a
galvanometer or ammeter is-connected to the terminals of secondary winding which is not shorted. The
galvanometer reading is.noted. Now this secondary winding is short-circuited and the galvanometer is
connected across another secondary winding and the procedure is repeated. However, the primary
winding across which the dc source was connected is not changed. After testing all the secondary
windings, conclusion is drawn from the galvanometer readings.

At the instant when dc supply is switched ON, the rate of change of flux-linkages will induced an
emf in that secondary winding which corresponds to the primary winding across which the dc voltage
is applied. Therefore, the secondary winding across which maximum deflection has occurred is marked
as the secondary side of the primary winding to which the source was connected. In other words, both
belong to the same phase. Fig. 4.24 shows the schematic diagram of phasing-out test. When the key ‘K’
is pressed, dc pulse voltage will appear across the primary winding. The winding across which
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maximum deflection occurs is the secondary phase winding that corresponds to primary winding to
which dc source is connected. To understand the detail procedure, refer to the experiment in the later
part of this Unit.

Key Primary Secondary
‘K -\ side side

Low . Galvanometer
voltage = G

dc source

Short-circuit
link

Short-circuit
link

Short-circuit
link

Short-circuit
link

7. 7 TN

Fig. 4.24 Phasing-out/test on three-phase transformer
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UNIT SUMMARY

Power transmission is carried out at high voltage levels to reduce the magnitude of
current. This allows the use of thin wires for current and thus reduces the cost.

Reduction in the magnitude of current also reduces the copper loss and voltage drop.in
transmission line.

Three-phase power transformation from one voltage level to another can be carried-out
by using a three-phase transformer as well as by employing a bank of three single-phase
transformers.

Distribution transformers are kept in energized state continuously for 24 hours a day
whereas some of the power transformers:are disconnécted during light load periods.

Distribution transformers are designed such that their-iron-losses will'be minimum
whereas power transformers are designed to.have minimum.copper loss.

The horizontal parts of magnetic core are called.as yoke while the vertical legs are
called as limb.

Third harmonic currents have frequency three times. more than the fundamental
frequency.

The load that can be carried by an open-delta (V-V) transformer is only 57.7% of the
total load that it can carry when conneeted in delta-delta mode.

Clock hour method is used to. frepresent.the connections of transformer HV and LV
windings and the phasor relationship between their line voltages.

In clock hour method, the'minute hand of the clock represents HV side line voltage
whereas thehour hand represents LV side line voltage.

kVA rating of power and distribution transformers is always selected for continuous
loading.

Tap-changers are of two types: ON-load tap changer and OFF-load tap changer.

Distribution transformers are preferably connected in delta-star with neutral terminal
of the secondary side being grounded.

Taps are provided on the HV winding. They are used to balance the transformer output
voltage between No-load and Full-load conditions. Taps can be changed by using a
device called as ‘Tap-Changer’.
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® As per IS: 1180 (Part-I) 1989, the value of efficiency and voltage regulation to be
specified by the manufacturer should be based on loading at rated kVA and Unity
power-factor. However, if desired by the purchaser, they may be calculated at other
power-factors also.

e Transformers are classified in four phasor groups on the basis of the phase displacement
between line voltages on HV and LV sides as Group No.1, 2, 3 and 4.

® Scott connection also called as T-connection is used to convert a balanced three-phase
supply into two-phase supply.

® For parallel operation of three-phase transformers, it is necessary that theyshould have
same polarities and they should belong to the same phasor group. Also their phase
sequence should be same.

® Amorphous core are normally preferred<in distribution transformers because they
produce less iron loss.

® The method of cooling of a thrée-phase transformer is selected ‘on the basis of
voltampere rating.

® Dry type transformers are normally preferred.for indoor installations and crowded
areas.

e The phasing-out test is carried out to identify, the HV-LV winding pairs of each phase
in a three-phase transformer.
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EXERCISES

Multiple Choice Questions

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

A three-phase transformer has delta connected HV winding and star connected LV. It can be
represented as:

(a) Dy0 or Dy6 (b) Dyl1 or Dyl

(c) Dy0 only (d) Dyl only

A three-phase transformer having star connected HV winding and delta connected LV can be
represented as:

(a) Ydl or Yd11 (b) YdO or Yd6

(c) Yd1 only (d) Yd6 only

A three-phase star-star transformer can be represented as:

(a) Yyl or Yyll (b) Yy0 or Yy6

(c) Yyl only (d) YyO only

A three-phase delta-delta transformer can be represented as:

(a) Dd1 or Dd11 (b) DO or' Dd6

(c) Dd1 only (d) Dd0.only

YNd1 represents a transformer with

(a) Neutral terminal of HV side brought out (b) Neutral terminal of HV side not brought out
(c) Neutral terminal of LV side brought out (d) Neutral terminal of LV side not brought out
A Dyl1 transformer can work in parallel with: (i) YdI1, (ii) Dyl; (iii) Yz11, (iv) Dyl1

(a) All of the above (b)-(1) and(ii) only

(c) (i) only (d) ()5 (i) and (iv)

As compared to delta-delta transformer, the capacityof V-V transformer is,

(a) 50% (b) 66.66%

(c) 57.7% (d) 100%

When a delta-delta transformer is delivering rated load, suddenly one of the phase gets
disconnected and the transformer now operates in V-V mode. The overload on transformer will be
(a) 73.2% (b) 57.7%

(c) 66.66%

When a V-V transformer is converted into delta-delta, its capacity will increase by,

(a) 73.2% (b) 57.7%

(c) 66.66%

Which of the following connections should be selected for the conversion of three-phase into two-

phase supply?
(a) star-delta (b) delta-star
(©) V-V (d) Scott

A three-phase, delta-star connected, 11kV/433 V transformer has a primary side line current of SA.
The corresponding line current on secondary side will be:

(Hint: the voltage rating so given are always the line voltages)

(a) 142A (b) 127A

(c) 86A
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4.12  The input power taken by a 3-phase, star-delta transformer is 10 kVA. The output power will be,
(a) 5.77kVA (b) 10 kVA
(c) 17.32kVA

4.13 Consider a 50 kVA, 11kV/433V, delta-star transformer. Its rated primary and secondary line
currents will be, (Hint: the voltage rating so given are always the line voltages)
(a) 4.7521A, 56.3332A (b) 3.798A, 64.468A
(c) 2.6243A, 66.6686A

4.14 Consider a 50 kVA, 11kV/433V, delta-star transformer. Its rated primary and secondary phase
currents will be, (Hint: the voltage rating so given are always the line voltages)
(a) 4.7521A, 56.3332A (b) 3.798A, 64.468A
(c) 1.5151A, 66.6686A

4.15 Consider a50kVA, 11kV/433V, star-star transformer. Its rated primary and secondary lineCurrents
will be, (Hint: the voltage rating so given are always the line voltages)
(a) 2.6243A, 66.6686A (b) 47521A, 56.3332A
(c) 3.798A, 64.468A

4.16 Consider a 50 kVA, 11kV/433V, star-star transformer. Its-tated primary and secondary phase
currents will be, (Hint: the voltage rating so given are always the line voltages)
(a) 3.798A, 64.468A (b) 2.6243A,66.6686A
(c) 4.7521A, 56.3332A

4.17 Consider a 50 kVA, 11kV/433V, delta-delta transformer:: Its rated primary and secondary line
currents will be, (Hint: the voltage rating so-given are always.the'line voltages)
(a) 4.7521A, 56.3332A (b) 2.6243A, 66.6686A
(c) 3.798A, 64.468A

4.18 Consider a 50 kVA, 11kV/433V, delta-delta transformer. Its rated primary and secondary phase
currents will be, (Hint: the voltage rating so givenare always the line voltages)
(a) 4.7521A, 56.3332A (b) 3:798A, 64.468A
(c) 2.15A, 46.823A (d).1.5151A, 38.4911A

4.19 Consider a 50 kVA, 11kV/433V, star-delta transformer. Its rated primary and secondary line
currents will be, (Hint: the voltage rating so given are always the line voltages)
(a) 2.6243A, 66.6686A (b) 4.7521A, 56.3332A
(c) 3.798A, 64.468A

4.20 Consider a 50 kVA, 11kV/433V, star-delta transformer. Its rated primary and secondary phase
currents will be, (Hint: the voltage rating so given are always the line voltages)
(a) 3.798A, 64:468A (b) 4.7521A, 56.3332A
(c) 2.6243A, 38.4911A

Answers of Multiple Choice Questions

41 b 42 a 43 b 44 b 45 a 4.6 d 4.7 c 48 a 49 a
4.10 d 411 b 412 b 413 ¢ 4.14 ¢ 4.15 a 4.16 b 417 b 4.18 d
419 a 420 c
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Short and Long Answer Type Questions
Short Answer Questions

4.1 What are the different winding connections used in a three-phase transformer?

4.2 Name the types of windings used in core type and shell type three-phase transformers.

4.3 How sandwich type winding reduces the leakage flux?

4.4 Why star connection is preferred for high voltage, low kVA transformer?

4.5 Why delta connection is preferred for high line currents?

4.6 Why a star-delta transformer cannot be connected in parallel with star-star or delta-delta transformer?

4.7 When is the zigzag connection used in three-phase transformers?

4.8 Describe the following transformers: Dd6, Dyn1, YNdI1.

4.9 Name the symbols suggested by Indian Standard to represent the line terminals of a three-phase
transformer.

4.10 Name the governing features for the selection of three-phase transformer.

4.11 List the standard kVA ratings and nominal system voltages of a three-phase distribution transformer
as specified by Indian Standard IS: 1180 (Part-1)-1989.

4.12 Why in distribution transformers, the secondary winding is connected in star?

4.13 Explain Scott connection.

4.14 Why is amorphous core popular in distribution transformers?

4.15 Why cooling of transformer is important? List the different methods of cooling in a three-phase
transformer.

4.16 When is phasing-out test performed?

Long Answer Questions

4.1 Why three-phase system is preferred for. powet generation, transmission and distribution?

4.2 Compare a three-phase transformer with a-bank of three single-phase transformers.

4.3 Compare power transformer and distribution transformer.

4.4 Compare core type and shell type three-phase transformers.

4.5 When is the V-V connectionused in a three-phase transformer?

4.6 Explain zigzag connection.

4.7 Describe clock hourmethod.

4.8 State the considerations for selection of kVA rating of a transformer?

4.9 Explain the need of tappings. in a three-phase transformer.

4.10 Classify three-phase-transformer on the basis of phasor groups. Explain the type of connection and
phase displacement in each of them with examples.

4.11 Prove that the two phase voltages obtained from Scott connection are displaced from each other by
90°.

4.12 Explain parallel operation of three-phase transformers.

4.13 What are the conditions for parallel operation of three-phase transformer? Which of them are
common with the parallel operation of single-phase transformers?

4.14 Compare CRGO core transformer with amorphous core transformer.

4.15 Explain dry type transformer. Where is it preferred?

4.16 Explain the functions of conservator and breather.
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PRACTICAL

Experiment No: 1

Aim: To perform phasing-out test on a three-phase transformer.

Equipment and Apparatus:

Device Make Range Quantity
3-Phase transformer with all 12 terminals 2 kVA 01
of six windings brought out
1-phase dimmerstat Input: 0-240 V, 5A 01
Rectifier 12V 01
Multimeter/ DC voltmeter 0-10V 01
Galvanometer 0-30mA 01
ICDP Switch 01
Circuit connections:
ICDP Switch Primary  Secondary
Lo . - side side
‘ I | Rectifier
(" Fuse | |
I =
s N S L
AC So) I | &Q G
o [ — 0.
Source : I | (0-10)v (0-30) mA
|
—te
L-=- 1-Phase
Dimmerstat
Short-circuit Short-circuit
link 1Y S2 link
Short-circuit Short-circuit
link 1B 83 link

Fig. 4.25: Connection diagram for phasing-out test on 3-phase transformer

Theory: Refer to Section 4.13.
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Precautions:
1. Make tight connections as shown and switch on the supply after they are verified by the instructor.
2. Ensure that you are standing on a rubber mat while performing the experiment.
3. Stand at a safe distance from the experimental setup when it is running.
4. Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
5. Ensure that the dimmerstat output voltage setting is at zero setting before switching ON the supply.
6. Do not apply more than 1V dc voltage across primary windings.
Procedure:
1. Name the three primary windings as 1R, 1Y and 1B and the three secondaries as<S1, S2 and S3.
2. Connect an input ac source through a dimmerstat and rectifier across the primary winding 1R and

a galvanometer across any one secondary say ‘S1°.

3. Short-circuit the primaries 1Y, 1B and the secondaries S2, S3.
4. After connecting the circuit, ensure that the dimmerstat is at zero output voltage position.
5. Switch on the 1-phase ac supply.
6. Adjust the dimmerstat position very gradually so as to get adow output voltage of say 1V dc on the
output side of the rectifier. This step should be executed with due care.
7. Observe the galvanometer. If it shows deflection, write ‘\>“in the cell corresponding to 1R as
primary and S1 as secondary. However, if there isno-deflection then write ‘x* in that cell.
8. Now adjust the dimmerstat back to zero voltage position and switch OFF the ac supply. Connect
the galvanometer to secondary S2 and short circuit the secondary S1.
9. Repeat Step-6 and similar to Step-7, write'a “’ or *x in the cell corresponding to 1R as primary
and S2 as secondary.
10. Repeat Steps 8 and 9 for secondary S3 and write a “\’ or “x’ in the cell corresponding to 1R as
primary and S3 as secondary. This completes the test for primary winding 1R.
11. Similarly, repeat steps 2 - 10 for 1Y as Primary and then for 1B as Primary.
Observations:
Sr. DC Deflection of galvanometer observed between
No. | Supply secondary terminals Remark
givento | peflection Deflection Deflection
Primary | _across first | across second | across third
winding | secondary S1 | secondary S2 | secondary S3
L. 1R Since ‘\’ corresponds to
secondary, it means that this
secondary belongs to Phase-R
and should be renamed as 2R.
2. 1Y Since “\’ corresponds to
secondary, it means that this
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secondary belongs to Phase-Y
and should be renamed as 2Y.

3. 1B Since “\’ corresponds to
secondary, it means that this
secondary belongs to Phase-B
and should be renamed as 2B.

Conclusion:

Discussion:

1.

Why the remaining windings are short-circuited during phasing-out test?

All windings in a three-phase transformer have large inductance. During the switching-ON and
switching-OFF instants of a highly inductive circuit, there is.a possibility of high induced emf in the
mutually coupled remaining windings. To avoid any risk to the persons and equipment, all the remaining
windings are short-circuited.

Why the low voltage dc supply is connected across primary winding and not.ac supply in this test?

The objective of phasing-out test is to identify the primary-secondary pairs of different phases and this
is possible even by momentary induction of emf in the corresponding secondary. In this test, this
momentary induction of emftakes place at the switch-ON and OFF instants. If an ac source is connected
across primary in place of dc than there will be a continuous induction of emfin the secondary winding
which is not required.

Secondly, since dc supply is connected across primary winding, the frequency of winding currents is
zero and that results in zero inductive reactances (X; = 2rmfL Q) of the windings. Consequently, the
opposition to winding currents will be due-to winding resistances alone. Since the winding resistances
are normally very small it means that, the total winding impedance (in the absence of X7, it will be equal
to the winding resistance, Z = R) will be very less. Hence to limit the winding currents at low value, a
small dc voltage is applied.

Can we perform phasing-out test on single-phase transformer?

A single-phase transformer has only one primary winding and the winding on secondary side is mutually
coupled with the primary. In other words it is already known that, they correspond to each other. Hence
phasing-out test is not required.

What is the difference between galvanometer and ammeter?

Ammeter indicates the magnitude of the current flowing through it. But, a galvanometer indicates both,
the direction and the magnitude of the current being measured. This is because, the galvanometer has a
centre-zero scale. With reversal in direction of current, the direction of deflection of pointer also
reverses. However, galvanometers come in very low current range (Example: 30 mA) whereas,
ammeters are available in higher ranges also (Example: 0 — 20A).
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APPENDIX

Star and Delta connections:

Consider three identical, phase-windings each having two terminals. One of them can be named as
starting terminal while the other one as finishing terminal. Let V},; and /,; represent phase voltage and
phase current whereas V. and /; represent the line voltage and line current respectively. Assume that
the three-phase system is balanced. Therefore,

|VL| = |VAB| = |VBC| = |VCA|

|IL| = |IL1| = |IL2| = |IL3|
|Vph| = |VAAI| = |VBBI| = |VCCI|
|Iph| = |IAAI| = IIBBll 4 IICCll

Star connection:
If similar terminals of the three phase-windings

are joined together to form a neutral point (also
called as star-point) then, the resulting
configuration is called star-connection  as
shown in Fig.4.26. The line voltages in a star
connection will lead their respective phase
voltages by a phase angle of 30°. Therefore as
shown in phasor diagram of Fig. 4.27,

Vs will lead Vi by 30°
Ve will lead Vs by 30°
Vea will lead Vee by 307

VAB

Relationships in star connection:

Current relation: [, =L,

Voltage relation” -V, = /3 Von

Apparent power:
Sspn = 3Vpnlon =V3 VI, VA

VCA
Fig. 4.27 Voltage phasor diagram of star connection
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Delta connection:

If dissimilar terminals of the three phase-
windings are joined together to form a close
circuit (loop) then, the resulting configuration
is called delta-connection as shown in Fig.4.28.
The line currents in a delta connection lag
behind their respective phase currents by a

phase angle of 30°. Therefore as shown in
phasor diagram of Fig. 4.29.

I will lag Lie by 30°
11> will lag Izz: by 30°
I3 will lag Icc by 30°

Fig. 4.28 Delta.connection

- |
Relationships in delta connection: Liy -~ :
£ |
Current relation: [, = V31 “Ip: 30° |
urrent relation L V3 ph BB ~ o e
Voltage relation V= V,p, LK \
<
Apparent power: Oxo 0 30°
Sg Ph = 3Vph1ph = \/§ VLIL VA IC\C 30° |[BB’
|
SR :
\\\ |
<\
Y/

Fig. 4.29 Current phasor diagram of delta connection
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KNOW MORE

Parts of Oil-immersed Transformer
Majority of the three-phase transformers installed at outdoor locations are of oil-immersed type.
They are immersed in a tank filled with oil. This oil serves two functions. It acts as an insulating
medium as well as a cooling medium. The basic parts of an oil-immersed transformer are:
Laminated magnetic core 0il Conservator tank

3-Phase HV and LV windings
Transformer tank

Bushings

Transformer oil
Cooling tubes/Radiators
Oil Conservator
Breather

Transformer

Buchholz relay

o N ol Sl

. Explosion vent Buchholz

10.Bushings 3
We have already studied the

windings. Let us now have a quick ~&_. < ﬂ\)

details of magnetic core and the
Radiators

overview of the other parts of

transformer. Fig. 4.30 Distribution transformer

Transformer tank

Transformer tanks are made from sheet steel. They are designed such that sufficient cooling surface
should be available to dissipate the heat generated due to power losses in the core and windings.
Main function. of transformer  tank is to provide a housing for the transformer oil and the
transformer: It also provides protection from external physical objects.

Transformer oil

The oil which is extensively used is called transformer oil and is a mineral oil obtained from
fractional distillation of crude petroleum. To avoid the risk of fire, synthetic oils like Askarel are
also developed for transformers. Since the whole transformer is immersed in oil, it is necessary that
the oil should have good electrical insulting property (high dielectric breakdown strength). At the
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same time, it should also be able to transfer the generated heat from winding and core to the
surrounding tank.

Cooling tubes and Radiators

Cooling tubes and Radiators provide additional surface area for the effective cooling of transformer
oil. The transformer oil is circulated through the cooling tubes/ radiators. The circulation may either
be natural or forced. In natural circulation, when the temperature of the oil increases, the hot oil
naturally rises to the top, and the cold oil sinks downward. Thus the oil naturally circulates through
the tubes. In forced circulation, an external pump is used to circulate the oil.

QOil conservator

Oil conservator is an airtight, metallic, cylindrical‘'drum that.is fitted above the transformer. It is
connected to the main transformer tank which is completely filled with oil by means of a pipe. The
normal oil level in the conservator is approximately in the middle of the conservator. During the
transformer operation, the oil expands due to heating and some oil-enters into-the conservator from
the transformer tank. Similarly, during light load periods, when oil temperature is less, it contracts
and some oil goes back into the transformer tank from the conservator.

Breather

During the transformer operation ON-load condition when the oil in transformer tank expands due
to heating and enters into the conservator, it forces-some air above the oil surface to move out of
the conservator into the atmosphere: Similarly, when the temperature is less, the oil contracts and
some of the oil moves from conservator to the transformer tank. During this process, the volume
above the oil surface in conservator increases and air enters into the conservator from atmosphere.
Thus the transformer breathes like all living things. As the atmospheric air may contain moisture,
it tends to contaminate the oil and reduces its dielectric strength. To avoid the pollution of
transformer oil, a device called-as Breather is fitted on the mouth of the pipe that connects the
conservator tothe atmosphere. This device consists of Silica Gel beads made from amorphous and
porous form-of silicon dioxide. Silica Gel absorbs moisture from atmospheric air before allowing
it to enter inside the conservator. Thus the breather acts like an air filter.

The colour of Silica Gel beads used in transformer is blue. After absorbing moisture these
beads turn pink in colour. One of the advantages of Silica Gel is that it is fully reversible and can
be reused multiple times after drying or baking until it is fully saturated.
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Buchholz relay

Buchholz relay is a protective device that is fitted in the pipe which connects the transformer tank
to the oil conservator. The operation of this relay depends on the fact that most internal faults within
the transformer generates gases in the oil. During the movement of oil from transformer tank
towards the conservator, the gas bubbles in the oil gets trapped in the Buchholz relay. After sensing
the presence of gases in the oil, the Buchholz relay activates the alarm circuit as well as the tripping
circuit which leads to disconnecting the transformer from grid.

Explosion vent

During heavy internal faults, the oil temperature increases significantly. The explosion vent allows
the boiling oil to expel outside the transformer to avoid-any explosion likeaccident. The level of
explosion vent is normally maintained above the level of conservator.

Bushings

In power and distribution transformers, the out-coming terminals of transformer windings have to
pass over the transformer tank which is normally earthed for safety. To.ensure complete separation
from the transformer tank, these:out-coming live terminals of a«transformer are provided by
bushings. For systems upto 66 kV, porcelain or oil filled bushings also called as non-condenser
bushings are used. The oil-filled bushing consists of a hollow porcelain cylinder of special shape
with a conductor, preferably a hollow tube through.its centre. The space between the conductor and
porcelain is filled with insulating oil.
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Special Purpose
Transformers

UNIT SPECIFICS
Through this unit, the different aspects of following special transformers.are discussed:

o Single-phase and three-phase auto transformers;

o Current transformer;

e Potential transformer;

e  Pulse transformer;

e [solation transformer;

o Welding transformer;

e ‘K’ factor of transformers and;

e QOverheating due to non-linear loads and harmonics.

Although the basic construction and operating principle of all transformers remain same, special
considerations are necessary while designing special purpose transformers for dedicated
applications. Autotransformers; instrument transformers, isolation transformer, pulse transformer,
welding transformer, traction transformer, furnace transformer are some of the examples.

This unit will present an overview of special purpose transformers with detail explanation and
diagrams. Laboratory experiments are also included to validate the theoretical understanding. The
“Know More” section supplements additional information on the diagnostic method of detection
of incipient faults’and health-estimation of transformer. This method is called as Dissolved Gas
Analysis (DGA) and.is popularly used by all major power utilities. Finally, the list of references
and a dynamic QR code are given at the end for suggestive self-learning. Happy reading!

RATIONALE

Transformers designed for special purpose applications are different in terms of design aspects
although their basic construction and working remains the same. For example, a transformer
designed to operate at 400 Hz frequency will be smaller in size as compared to 50 Hz transformer
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of identical voltampere (VA) rating. Obviously, such low-weight, high-frequency transformers are
preferred in aircrafts, spaceships and airborne equipment. In power system, the transformers are
employed to either increase or decrease the voltage. However, there are applications where the
voltage level need not be changed but the transformers are used to protect the load from voltage
surges and dc transients. Some high precision transformers are simply used to measure the current
and voltage of high magnitudes. The primary and secondary side of some transformers consist of
a single, common winding resulting into the absence of electrical isolation.

This Unit will take the students on a journey to visit different members of the transformer
family, each one of which is very special in itself.

PRE-REQUISITES

Basics of Electrical Engineering

UNIT OUTCOMES
By the end of this Unit, the students will be-able to,

U5-0O1: Compare an autotransformer with two winding transformer and discuss its construction,
working, merits/demerits and applications,

U5-02: Distinguish between CT and PT and discuss their operational aspects;

U5-03:  Explain the need and functioning of pulse transformer and isolation transformer;
U5-0O4: Describe welding transformer and explain‘its V-I characteristics;

U5-05:  Discuss the overheating due.to.non-linear loads and K-factor rating of a transformer;

U5-06: Conduct laboratory experiments on special purpose transformers and write reports.

EXPECTED MAPPING WITH COURSE OUTCOMES

(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
CO-1 CO-2 CO-3 CO-4 CO-5
US-01 P - - -
US-02 - - - -
US-03 - - - -
US-04 - - - -
US-05 - - - -
US-06 - - - -

Unit-5
Outcomes

W[ W W] W] Wl W
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5.1 AUTOTRANSFORMER

The single-phase and three-phase transformers discussed in Unit 3 and 4 are the two-winding
transformers which mean that there are two separate windings per phase (primary and secondary) and
they are electrically isolated from each other. The transfer of power from primary to secondary winding
in a two-winding transformers takes place by mutual magnetic induction.

Autotransformers are single-winding transformer and the same winding is used for both, the
primary and secondary sides. Obviously, such arrangement cannot provide an electrical isolation
between the two sides. The transfer of power from primary to secondary side in an autotransformer
takes place by both methods; direct conduction and mutual induction. Autotransformers. are classified
as

e  Step-up type,

e Step-down type and

e Variable voltage type
As the names imply, in a step-up autotransformer, the output voltage()>) is greater-.than the input
voltage (V7). In a step-down autotransformer, the-output voltage is less than the input.voltage. Variable
voltage autotransformers can be of both step-up and step-down types and they provide a wide range of
variable ac voltage at the output from a_fixed ac voltage at the input. They are commonly used in
laboratories and industries. The variable voltage autotransformers are also called as Dimmerstat and
Variac. Autotransformers can also be classified on the basis of number.of phases as,

¢ Single-phase autotransformer and

e Three-phase autotransformer
Autotransformers have following advantages:

e They have low leakage reactance because predefined portions of the same coil act as primary

as well as secondary.

e They require copper less than that of a two-winding transformer of same kVA capacity and
hence costs less.

e They have efficiency higherthan the two-winding transformer of same kVA capacity because
of low ohmic loss and low core loss due to the reduction in material.

e Power rating of an“autotransformer is higher than that of an equivalent two-winding
transformer because the power is transferred by both mutual induction as well as by conduction.

However, an autotransformer has'some demerits as well:

e The equivalent impedance of an autotransformer is less than the equivalent impedance of a
two-winding transformer of same rating. This results in high current when a short-circuit fault
occurs.

e Autotransformers do not provide an electrical isolation between the primary and secondary
sides and as a result, they are not able to block the flow of dc transients throughout a three-
phase power system.

e During the fault condition, if there is an open-circuit in the common part of the winding then,
the secondary side is subjected to primary voltage minus a small voltage drop.
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5.1.1 Single-Phase Autotransformer

Single-phase autotransformers have only one winding that is common to both primary and secondary.

A. Construction

Constructionally, it consists of a laminated Silicon-steel core and one single-phase copper winding
wound on the core. This is shown in Fig. 5.1. At least three tappings A, B, and C are taken out from the
winding. One of them (C) acts as a common neutral point for both primary and secondary sides.

Laminated silicon-steel core

, A |77 0>y

§ B X

@ 1/1 M I:}Nz v

1, C 1 L v
b4 Vs

Fig. 5.1: Single-phase, step-down type autotransformer on NO-load

For step-down application, the input ac source is connected across the entire coil between the terminals
A and C whereas the load is connected across a portion between the terminals B and C. This portion of
the primary coil that is connected to the load also acts as.a secondary. In case of step-up application, the
input ac source is connected across a portion-between B and C and which acts a primary whereas, the
load is connected across the entire coil. Symbolic representations of step-down and step-up
autotransformer with a fixed tap (B) on the output side are shown in Fig. 5.2(a) and (b). However, if it
is desired to obtain a variable output voltage > then the tap (B) is connected to a carbon brush (housed
in a brush holder) that can be moved over the coil. As a result, the number of turns on the primary and
secondary side will change and cause-a smooth variation in the output voltage from zero to slightly
more than the maximum: input voltage ;. Such variable voltage autotransformers are also called as
Dimmerstat or Variac. They consist of a single layer of a high conductivity insulated copper wire,
wound over an insulated toroidal core made of ribbon of thin insulated Silicon-steel. Fig. 5.2 (¢) and
(d) shows the symbolic representation of single-phase dimmerstat and its commercial view. ~

A
L B Vs
Vi
N C
Secondary Primary Secondary
Vo<V L>1 Vy>V, ;o L <

Fig. 5.2 (a): Step-down type autotransformer Fig. 5.2 (b): Step-up type autotransformer
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Primary ¢ Secondary

Fig. 5.2 (c): Schematic of single-phase dimmerstat Fig. 5.2 (d): Single-phase dimmerstat

B. Working

Consider an autotransformer having a winding A-C of N; turns that is wound on the magnetic core as
shown in Fig. 5.1. Let this winding be connected across an ac voltage source V; which will circulate a
current /, and establish a flux ¢ in the magnetic core. Let there be a tapping B’ on the winding such
that, the number of turns between terminals B and C are V. By transformation ratio K, (Refer to Section
3.5.2 of Unit-3), the output voltage V> across the terminals' B and C can‘be computed as,

V, = KV, = (x—) v, (5.1)

Thus it acts as a two-winding transformer with primary-voltage ¥/; cennected across A and C while the
secondary voltage V> appearing across terminals B and C. However there is absence of electrical
isolation between the two sides. Now if a load is connected across the secondary terminals B and C then
both primary and secondary circuits will carry-the currents /; and /> respectively. However, by
Kirchoff’s current law, the portion B-C will carry.a current (/> — ;). This is shown in Fig. 5.3.

Magnetic core

N oA S ¢y
i’ TP ¢
/]\ :xa- B I .
KT’ o e |
L (L-I)t— e .

C S’ 7, E@

Fig. 5.3: Single-phase, step-down type autotransformer ON-load condition

By transformer action, the mmf due to current /; should be equal and opposite to the mmf produced by
current />.
I;(Ny — Np) = (I; = )N,
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After simplification we get,
LN, = LN, (5.2)

Assuming that both the transformer losses and the no-load current /, are negligible, then the output
apparent power drawn by the load should be equal to the input apparent power supplied by the source.

VI, = VoI, (5.3)

Equations (5.1), (5.2) and (5.3) of single-phase autotransformer are identical to those of a two-winding
transformer having a transformation ratio K = N, /N;.

C. Power transfer in autotransformer

In Section 5.2 above, it was informed that, the transfer of power from primary side to.secondary in an
autotransformer takes place by both methods (i) direct conduction and (ii) mutual induction.

The total voltamperes supplied by input voltage source is  =T1;1, (5.4)
Refer to Fig. 5.3 again.

The mmf of portion A-B is =1L,(N; —N,) =[N, — 4N,
Substituting the value of I; N; from equation (5.2)

~ mmjf of portion A-B will be =IL,N, — [N, =(I; — [{))N;
But (I, — I;)N, is the mmf of portion B-C. It means that, the portion A-B acts as primary winding and
portion B-C acts as secondary winding of the autotransformer because in any transformer, the primary

mmf and secondary mmf are equal. Therefore as pertransformer action, voltamperes from portion A-B
should be transferred to portion B-C by mutual induction.

=~ Power transferred by mutual induction will be.» = Vg = (V; — V)1, (5.5)

Divide equation (5.5) by equation (5:4)and simplify

= Power transferred by mutual induction = (1 — K) X total input voltamperes (5.6)

Where K = V, /V; = transformation ratio.
The remaining power is transferred by direct conduction. Therefore equation (5.5) from equation (5.4),
-~ Power transferred by conduction will be = [V, — (V, =V,)I] =V,I, (5.7)

Divide equation (5.7) by equation (5.4) and simplify

.. Power transferred by conduction = (K) X total input voltamperes (5.8)
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D. Copper saving in autotransformer

The volume and hence the weight of copper required in a transformer is directly proportional to the
length and area of cross-section of copper wire used for the windings. In other words, it is directly
proportional to the number of turns and the magnitude of currents. Let us estimate the copper required
by an autotransformer and a conventional two-winding transformer of same ratings. Consider the two
transformers shown in Fig. 5.4 (a) and (b).

7 7 L
[ (Ni- Nz){ |/ S
| \
v, \ | S H }Nz Vlz
a N v, \ »
\\4 / N Secondary
C Primary
Primary Secondary
Fig. 5.4 (a): Autotransformer Fig. 5.4 (b): Two-winding transformer.of same rating
In an autotransformer:
Weight of copper in portion AB < (N; — N,) I3
Weight of copper in portion BC o< N, (I, —1;)
Total copper weight in autotransformer(W.) = (N, — N,)I, + " N,(I, — I) (5.9)
In a two-winding transformer:
Weight of copper in primary winding « N; 14
Weight of copper in secondary winding>oc. N, I,
Total copper weight in two-winding transformer (W) = N;I; + N, I, (5.10)
Divide equation (5.9) by equation.(5.10) and simplify,
Copper weight in autotransformer, W, = (1 — K)W (5.11)

Where, K= N,/N; =V,/V; = transformation ratio
W = total copper weight in a two-winding transformer

Saving in copper-will be,

Copper saving = (W —-W,) = KxW (5.12)

Thus a considerable amount of copper can be saved with V> approaching V;. For a voltage reduction
with transformation ratio K = 0.5, approximately 50% copper can be saved when autotransformer is
employed in place of a two-winding transformer.
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5.1.2 Three-Phase Autotransformer

In a three-phase autotransformer, for each phase, an individual single-phase winding (coil) is provided.
In fact, a three-phase autotransformer can also be constructed by suitably interconnecting three single-
phase autotransformers of identical characteristics and ratings, in star or delta. There is no magnetic
coupling between the three phases.

In a three-phase autotransformer, three voltage taps are provided on the three coils. They may be
either fixed on the coils to provide fixed output voltages or they may be attached to carbon brushes so
that they could be moved on the coils thus providing variable output voltages. In the latter case, it is
also called as dimmerstat or variac. Schematic diagrams of three-phase autotransformers.in star and
delta are shown in Fig. 5.5 (a) and (b). Normally, the three windings of autotransformer-are star
connected. However, it is important to connect the neutral to common star point. There is no
autotransformer action in star connected autotransformer if the common neutral point making star is not
connected and almost full input voltage may appear on the output side. Although'this a demerit of
autotransformer, but it is effectively used in autotransformer starting of three-phase induction motors
without momentary disconnection of supply to the induction motor.

i
R I : Output R

| |
| [
|
[ [ three- : | Output
put -y | T phase gt O e three-
three- ! ! voltage three- ! ! phase
phase B : —— phase vl I voltage
voltage o—o—fYYYIYT— | voltage : !
| | I
N I B !
|

Fig. 5.5 (a): Three-phase autotransformer in star  Fig. 5.5 (b): Three-phase autotransformer in delta

5.1.3 Applications of Autotransformers

e They serve as variablevoltage ac source in laboratories so as to test various equipment whose
rated voltage is lessthan the supply voltage available in the laboratory.

o In laboratories, the three-phase dimmerstat is used for reduced voltage starting of three-phase
induetion motor so that the motor starting current could be restricted within safe limits. This
also" helpsin the starting of large three-phase induction motors without momentary
disconnection of supply to the induction motor.

o Insubstations, autotransformers are used to transfer the incoming high voltage to the next lower
voltage level. They are preferred to transform voltages when the primary to secondary voltage
ratio is close to 1. Autotransformers are generally equipped with ON-load Tap Changers.

e They are used for controlling the dc output voltage of rectifier by adjusting its ac input voltage.

e They are also required for interconnecting two power grids operating at different voltages.
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5.2 INSTRUMENT TRANSFORMERS

In dc circuits, when high-voltage and high-current are to be measured by the commercially available dc
voltmeter and dc ammeter of lower range, we make use of a series resistor Ry and shunt resistor Ry
respectively as shown in Fig. 5.6. However, this technique cannot be adopted for the measurement of
high ac voltages and high ac currents.

DC Ammeter
T O\ =
&Y

] Shunt
Series R N__~ tesistor
resistor se Ry

Load
— DC Voltmeter

Fig. 5.6: Measurement of dc current and dc voltage (high. magnitudes)

In substations, to ensure the protection of human and equipment during fault conditions, suitable
protection systems comprising of relays and circuit-breakers. are.in place: These protection systems
involve continuous monitoring of high ac voltages (in kilovolts).and high ac currents (in hundreds of
ampere). Transformers designed especially for the-measurement ‘of high ac voltages and high ac
currents are employed for this purpose and are called as Instrument transformers. They are of two types:

e  Current transformer (CT)

e Voltage or Potential transformer (PT)

The function of current transformer is to step-down the high current being measured to a lower range
which could be conveniently measured by.the low—range ammeters that are commercially available or
sensed by the control circuits. Theprimary winding of a CT is always connected in series with the line
whose current is to be measured while the secondary side is connected across an ammeter or an actuating
coil of the relay. Similarly; the function of potential transformer is to step-down the high voltage being
measured to a range which could be-conveniently measured by the low-range voltmeters that are
commercially available or:sensed by the control circuits. The primary winding of a PT is connected
across the lines whose ‘voltage is to be measured while the secondary side is connected across a
voltmeter or.an actuating coil of the relay equipment. General connections of CT and PT are shown in
Fig. 5.7.

In case of current and voltage transformers, the load appearing across their secondary terminals is
called as burden.
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Current transformer
Phase rTTTTN

I
I
H AC Ammeter |Load

- } AC Voltmeter

Potential
transformer

Neutral

Fig. 5.7: Measurement of ac current and ac voltage (high magnitudes) using instrument transformers

5.2.1 Current Transformer (CT)

Current transformers are the high precision transformers in which the ratio of primary current /; to
secondary current /> is a known constant and is provided by the manufacturer as CT ratio. For example,
a CT with a ratio of 300:5 is rated for 300A primary current at. full-load and.will produce 5A of
secondary current when 300A will flow through the primary. This CT ratio changes very little with the
burden and the phase angle between /; ‘and /> is.very small, usually much‘less than one degree. The
primary winding is made from thick copper wire and has a very few number of turns. It is always
connected in series with the line. The secondary winding is made from thin wire and has a large number
of turns. The nominal secondary current is usually rated at'SA, irrespective of the primary current rating
so that standard instruments and relays could be connected on'the secondary side.

When the line current exceeds 100A, CTs are made of a laminated torroidal core or a torroidal
ferromagnetic core on which several turns of secondary. winding alone are wound. The line whose
current is to be measured is made to pass through the core and itself acts as a single-turn primary
winding. Considering the transformation ratio, K'=1, /I, = N,/N;, a CT having 150:5 ratio will have
30 times more turns on the secondary‘than onthe primary. Torroidal CTs are simple, inexpensive and
are widely used in medium-voltage (MV) and low-voltage (LV) indoor applications. Fig. 5.8 shows a
torroidal core CT and its.symbol.

Torroidal
ferromagnetic
core

Line I
(acting as single- > NN
turn primary)

(a) (b)
Fig. 5.8: Current Transformer (a) Torroidal core type CT, (b) Symbol of CT
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The insulation between the primary and secondary
winding must be sufficient enough to withstand the full line-
to-neutral voltage, including line surges. The maximum
voltage which a CT can sustain is always mentioned by the
manufacturer on the nameplate. The high-voltage CTs used
in substations are housed in a grounded steel case. On the
upper side of this steel case is a large porcelain bushing to
isolate the HV line from the ground. The upper end of the
bushing has two terminals, one for the incoming line current
and the other for the outgoing line current. Therefore, the
line current enters into one terminal of CT, flows down the
bushing, the primary winding, then up in the bushing and
finally leaves the second terminal of the CT. To eliminate
the danger of fatal shock when touching the secondary side,

one of the secondary winding terminals of a CT installed in
substations is always connected to ground. Fig. 5.9 shows
the view of a medium voltage CT connected in substation.

Fig. 5.9 Medium voltage CTs

5.2.2 Why the Secondary of a CT Should not be Open-Circuited?

Open-circuiting the secondary winding of a CT while-its primary is carrying current is dangerous and
may cause serious hazard in terms of electric shock to the operator. In other words, either an ammeter
or low-impedance actuating coil of a relay should be'connected across the secondary or otherwise the
secondary winding of a CT should be closed else, large voltage will appear on the secondary of CT
causing insulation failure and resulting-in fire.. The reason is based on the fundamentals of transformer
that were discussed in Section 3.5.1 and 3.7-of Unit 3.

It is known that, the current flowing in the primary of a CT is the line current /; of high magnitude.
If the secondary winding is epen then, the secondary current /> and hence I both will become zero. As
a result, whole of 7; will.act as excitation current /, (i.e. No-load current) and consequently, produce a
large flux whose peak will be much higher than normal. The flux is so large that its peak will saturate
the core and hence for most of the time in every half cycle the flux will remain constant at saturation
value. This will'make the flux waveform of flat-top shape as shown in Fig. 5.10.
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It can be analysed by dividing ever half
cycle into three parts. The middle part is
the region when core is saturated and flux

Line current /;
K

is constant. During this period, since the

rate of change of flux d@/dt = 0, no emf’ 0
or negligible emf will be induced in the
secondary winding. The other two parts
are on the either sides of the saturation
+3kV

region where the core is not saturated and
the rate of change of flux d@/dt (and
hence the rate of change of flux linkages
dA/dt) is very high. This will induce 0
large voltage peaks of several hundred
volts in the open-circuited secondary

Secondary

induced emf when
secondary

winding is open

during the unsaturated periods and may -

be fatal to the person working on it. Also,

failure of insulation of CT secondary
Fig. 5.10: Typical primary_current, flux and secondary
voltage when CT is open-circuited

causes fire.

5.2.3 Potential Transformer (PT)

Potential transformer is also called as Voltage transformer. They are the high precision transformers in
which the ratio of primary voltage to secondary voltage is a known constant that is mentioned by the
manufacturer on the nameplate. It changes very little with the burden. Also, the secondary voltage is in
phase with the primary voltage. The construction ofa PT is similar to that of a conventional transformer.
The number of turns in the primary are much more than in the secondary winding. The primary winding
is made to have higher impedance hence, it carries less current. The insulation between the primary and
secondary windings should be sufficient to withstand the high line-to-neutral voltage on HV side.

PTs installed- in high-voltage (HV) lines always measure line-to-neutral voltage. One of the
primary winding terminal is connected to the ground while the other is connected to the HV line. Thus
there is only one porcelain bushing and only one terminal coming out of it. Like CT, one terminal of
the secondary winding of a PT is always connected to ground to avoid the danger of fatal shock when
touching one of the secondary terminals. In absence of such grounding, the (invisible) distributed
capacitance between the primary and secondary windings may produce a very high voltage between the
secondary and the ground. Fig. 5.11 shows a typical PTs installed in substation and the symbol of PT.
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When the primary of a PT is in energised state,
precaution should be taken to avoid short-circuit of
its secondary winding. This is because, in normal
operating condition, the secondary winding of a PT
is either connected to a voltmeter or to the actuating
coil of a relay, both having high impedance Z; and
therefore, the secondary as well as primary currents
are low. But accidently, if the secondary winding
gets short-circuited then, Z; will become zero. Since
the primary side is already connected across high
line-to-neutral voltage of HV line, it will circulate
large short-circuit currents in both primary and
secondary windings. This may damage the
equipment connected on secondary side or even
endanger personal safety.

(a) (b)
Fig. 5.11: Potential Transformer (a) Symbol, (b) PTs in substation

5.3 PULSE TRANSFORMER

So far, the transformers discussed.in this book are designed to operate with continuous and sinusoidally
alternating waveforms of voltages-and currents. Pulse transformers are the transformers that handle
voltages and currents in.the form of pulses which are non-continuous signals. The application of pulse
transformer is quite common in electronic communication networks, radar systems, televisions, digital
computers, electrical control circuits etc. The main functions that a pulse transformer can perform are:

e To change the.amplitude of voltage pulse

e Toinvert the polarity of voltage pulse

e To provide dc isolation between the source and load that are connected on the primary and
secondary sides of pulse transformer

e To couple different stages of pulse amplifiers and

e To function as an isolation transformer

The pulse transformers used in electronic circuits and electrical control circuits are quite small in size.
Both primary and secondary windings have comparatively few turns so that the leakage inductances are
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minimum. They are designed to operate at high frequencies of the order of 20 kHz — 100 kHz. The pulse
transformers employed in electrical control circuits are used to isolate the low-power, low-voltage gate
control circuit from the high-power, high-voltage power electronic circuits. Those used in radar systems
are relatively bigger in size and voltage rating.

The construction and operation of a pulse transformer is identical to that of conventional
transformers. However to allow high frequency, the magnetic core is made from highly permeable
material. Ferrite core or the nickel-iron alloy called as ‘Permalloy’ are commonly used. Fig. 5.12 shows
the kind of voltage pulses that are normally given as input to the pulse transformer. The pulse width
varies from a fraction of microseconds to about 25 microseconds.

A

-
|

e | | .
I~ T 1 Time (seconds)

ON-time OFF-time
Fig. 5.12: Train of input voltage pulses

< Input voltage (volts)

It is expected that that a pulse transformer should reproduce the input pulse as accurately as possible on
its output side. A typical output pulse produced by it on its secondary side is shown in Fig. 5.13. The
distortions in this output pulse can be determined by transient analysis.

Output voltage pulse

Overshoot Input voltage pulse
A WA S S
- - — i —
i
|
|
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|
|
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|
0.177777] !
0T A —— -
S i< > < Time (seconds)
Lo |
Rise time Decay time

Fig. 5.13: Output voltage pulses of a pulse transformer

The performance analysis of pulse transformer can be carried out by dividing the output response into
three parts as:

o The front edge of output voltage pulse
e The middle flat-top region of the pulse and
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e The trailing edge of the pulse after its termination.

The Rise-time (#,) represents the time taken by the output voltage pulse to rise from 10% to 90% of its
final magnitude. In order to keep the rise time within limits, the leakage inductances of the transformer
should be kept to a minimum. In the middle region, the output voltage pulse is seen to have a downward
tilt. This is because, the output voltage cannot remain flat (identical to the input pulse) else, it will mean
that the pulse transformer is allowing dc to pass through it which is not possible in any transformer.
However, this tilt (drop-off) of the output pulse can be kept as small as possible by having high
magnetizing inductance of the transformer. In other words, the core should be made from highly
permeable material.

From Fig. 5.12 and 5.13, it is observed that when the input pulse is zero, the output pulse does not
reduce to zero instantaneously. This happens due to the magnetic energy stored in the transformer
inductance when input voltage pulse is not zero. There is a backswing of the output voltage and because
of the transformer inductance and stray capacitance, damped oscillations and long-duration negative
overshoots are observed after the decay-time of the output pulse. Usually, the off-period of the pulse
train is quite large as compared to the on-period hence, the pulse transformers.can handle high pulse-
power levels also.

5.4 ISOLATION TRANSFORMER

Till now we have seen that, the transformers are used in power system to step-up or step-down the
voltage. However in some applications, the transformer is not-required to increase or decrease the
voltage but it is employed to break a circuit into'two physicallyisolated circuits (primary and secondary)
so that the direct current noise signals or the voltage surges:.can't travel from primary to secondary. Such
transformers are called as isolation transformer.

Therefore, in an isolation transformer; the number of turns in primary and secondary windings are
equal and transformation ratio K~='1. Hence, it is also called a 1:1 ratio transformer in terms of voltage,
current, and turns ratio. An isolation transformer provides isolation physically and electrically between
the two circuits. The electrical energy from primary side to secondary is transferred through magnetic
coupling.

Ni=N, Vi=V and ;=1

Isolation transformers-play a major role in the protection of people and equipment. They provide
galvanic isolation and are used to protect against electric shock, to suppress electrical noise in sensitive
devices, or to transfer power between two circuits which must not be connected together. Those with
electrostatic shield are used in Uninterruptible Power Supply (UPS), power supplies for sensitive
equipment such as computers, medical devices, and laboratory instruments etc. They can be designed
and manufactured both for the low frequency of 50/60Hz, 400 Hz and for higher frequencies in kHz to
MHz range. Suitably designed isolation transformers also block interference caused by ground loops.
The main function of an isolation transformer is to reduce the voltage spikes coming into the supply
lines.
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Due to lightning, static electricity, or due to sudden
change in load, a sudden rise in voltage level takes place that

lasts for a very short duration of time (in nanoseconds or ]\Isz
microseconds). This transient change in voltage is called as Vj _ Vj

voltage spike. The voltage spikes may have high voltages 1, =1, oI
ranging upto several thousand volts. Such high voltage spikes

when reaches the load can cause the interruption of services or

can damage the electronic equipment. Also, voltage spike v, Vs
causes electromagnetic interference (EMI). It results in

malfunctioning of equipment causing loss and damage. If we

connect an isolation transformer between the power supply Primary ShcoEy ~

lines then, due to the inductive nature of transformer windings,
the voltage spikes get minimized on the secondary side before
reaching the load. Fig. 5.14 shows the schematic view of an Fig. 5:14: Isolation transformer
isolation transformer.

5.5 WELDING TRANSFORMER

Arc welding is a process of joining metal to metal using electricity..It involves the creation of enough
heat to melt the metals and the melted metals when cooled, results into their binding. The most important
device in the arc welding process is the Welding Transformer. Welding transformer is basically a step-
down transformer with high leakage reactance both in primary and secondary windings. An arc is
initiated between the two metal electrodes that are connected to the two terminals of secondary winding.
This arc produces sufficient heat to melt the metals.to bejoined.

Welding transformer differs from'a conyentional two-winding transformer in construction as well
as in performance. In Unit-3 it was informed that,in a conventional transformer, the flux produced by
the primary and secondary windings should be-able to link with each other’s winding to a larger extent
so that the leakage flux is minimum‘and the resulting leakage reactances X; and X> are also minimum.
The effect of this consideration in a conventional transformer is that, with rise in secondary current />
(or the rise in load), the change in secondary terminal voltage V> is less and hence, the voltage regulation
is good. On the contrary,a welding transformer is designed such that, the leakage flux and leakage
reactances are purposefully made high in magnitude so that, with rise in secondary current /2, there is a
large drop«n secondary terminal voltage V. For this to happen, the primary and secondary windings of
a welding transformer are either wound on separate limbs of the magnetic core or on the same limb but
spaced distance apart. Provision of saw-cut in the magnetic core also helps in increasing the leakage
reactance. Schematic diagram of welding transformer and its V-/ characteristics are shown in Fig. 5.15
(a) and (b) respectively. For initiating the arc, the welding electrodes of a welding transformer are
initially short-circuited and then they are separated by a small gap for the conduction of electric current
1> in the form of arc.
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(a) (b)

Fig. 5.15: (a) Schematic diagram and (b) V-1 characteristic of welding transformer

The magnitude of secondary current /> through the arc depends upon the magnitude of voltage in
the secondary winding. Once the arc is initiated then,to limit the current. magnitude, it is necessary that
the voltage should decrease. If the leakage reactances are large then any increase in winding currents
will increase the voltage-drop across these reactances and consequently, the output voltage will decrease
which is essential to limit the welding current as the weld is practicallya short-circuit.

If we use a conventional transformer (having low leakage reactances) in place of a welding
transformer for the purpose of arc welding then, due to short-circuit on the secondary side, the short-
circuit currents will be significantly high in both windings. They will.produce high copper loss resulting
into excessive heat in the windings and damage the transformer. In the absence of welding transformer,
a conventional two-winding transformer with series inductive teactance capable of carrying large
current is also an alternative.

5.6 ‘K’ FACTOR OF A TRANSFORMER

Electrical loads are either linear or non-linear. Linear loads consume electric power from the supply
without disturbing the sinusoidal wave-shape of the input current and input voltage. Examples of linear
load are the directly line-connected @c.motors and incandescent lighting. Non-linear loads consume
power in a discontinuous manner at-designated intervals and hence disrupt the sinusoidal shape of input
current. For example, if a diode is connected between an ac source and the load, it will allow only
positive half-cycle of current waveform. Examples of non-linear loads are electronic lighting ballast,
computers, fax and photocopy machines, uninterruptible power supply (UPS), programmable logic
controllers (PLC), telecommunication equipment, and induction heating equipment etc.

In the modern era, most of the electrical equipment are controlled by electronic circuits so as to
make their operation energy-efficient. Electronically controlled, variable-speed ac motor drive is a good
example of non-linear load in which the semiconductor switches are continuously switched ON and
OFF. The ON and OFF switching results in non-continuous flow of current from the supply lines to the
motor. As a result, the input current tends to deviate from its sinusoidal wave-shape. In other words,
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harmonics are introduced in the input current because any waveform that is not purely sinusoidal in
shape is said to have harmonics. By Fourier expansion, harmonics are described as the sinusoidal
waveforms of higher frequencies and different amplitudes whose presence makes the original current
and voltage waveform non-sinusoidal. Based on the frequency, harmonics are designated as 2" order,
3" order, 4™ order, 5™ order harmonic and so on. The frequency of 3™ order harmonic is three times the
frequency of original waveform. Similar is the meaning of other harmonics.

The high-frequency harmonic current components introduced by such non-linear loads cause
overloading and overheating of the transformer and the neutral wire. To save the transformer from
overheating and damage, it has to be derated. For example, if a transformer of say 500 kVA designed
to supply linear load is used to feed non-linear loads then due to the back feeding of harmonics by non-
linear loads, the transformer will overheat and therefore, it has to be derated. In-other words, the
maximum load on the transformer has to be restricted to much below 500 kVA else, an over-size
transformer should be used.

In view of the above disadvantage of non-linear loads, LEEE (/astitute of Electrical and Electronics
Engineers, NJ, USA) has introduced a constant named as K-factor. It'is the standard measure of the
ability of a transformer to withstand non-linear loads which produces harmonics. A K-factor rated
transformer means a transformer that is designed and manufactured to handle harmonics and operate
upto its full-capacity without any damage: The range of constant ‘K’ varies from'1 to 50. The higher is
the K-factor rating of a transformer, the more harmonic distortion it is able to sustain. K-factor rated
transformers withstand the heating effects of harmonic currents due. to their larger winding coil
diameters. They are designed for lower flux density by increasing-the size of their magnetic core and
thus minimizing the iron loss. K-factor is defined as,

K-factor = Y5, I, (pu)? h? (5.13)
Where,
Iy (pu) = rated current at 4" order harmonic (in per unit of rated 7ms load current)
h = the harmonic order

As a rule of thumb, if the load is purely electrical (inductive and resistive) and there are no electronic
components in it then, K-1 rated transformer can be used to supply power to such loads. With relative
increase in the electronic components compared to electrical components in the load, the K rating of the
transformer is increased. For example, for UPS with filter, induction heating equipment and PLC, K-4
rated transformer can be used. For telecommunication equipment and UPS without filter, K-13 rated
transformers are used. For mainframe computer loads and variable speed motor drives, the K-20 rated
transformers are preferred. For other loads identified as producing very high amounts of harmonics of
higher order, K-40 is used.

For systems where the third order and other triplen harmonic components are significant, using a
delta-star transformer is also a solution. This is because, triplen harmonics often cause problems for the
neutral wire, but when a delta winding is present on the primary side of a two-winding transformer, then
triplen harmonics can circulate inside the delta loop instead of the neutral wire.
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UNIT SUMMARY

The transfer of power from primary to secondary winding in a two-winding
transformers takes place by mutual induction whereas in an autotransformer, it takes
place by mutual induction as well as by direct conduction.

Autotransformer has higher efficiency and less cost than a two-winding transfotmer of
the same kVA rating.

Autotransformer does not provide electrical isolation between the. primary and
secondary sides because it is a single-winding transformer.

Current transformer is used with low-range ammeter to measure high' ac currents
whereas, potential transformers are used with low-range voltmeters to-measure high ac
voltages.

The secondary winding of a CT should never, be open-circuited while its primary is in
energised state to avoid the danger of fatal shock to the operator due high induced
voltage.

The secondary winding of'a PT should.never be‘short-circuited while its primary is in
energised state to.avoid the danger of-high winding current, excessive heat and damage.

Pulse transformers are used to transfer the high frequency voltage pulses from primary
to secondary with identical reproduction andare ' mostly employed in Power Electronics
circuits and in electronic communication-networks.

Isolation transformers-are employed to block the transfer of dc transients (noise signals)
from primary to secondaryand thus-isolate the two circuits from each other physically.

Welding transformers ‘are purposefully designed to have high leakage flux. This
increases.the leakage reactance due to which when secondary of welding transformer
is initially short-circuited for the initiation of arc, current is limited due to voltage drop
across primary leakage reactance.

A transformer designed to supply linear loads should be derated when employed to
supply non-linear loads.

Transformers with K factor rating are specially designed and fabricated to supply non-
linear loads.
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EXERCISES
Multiple Choice Questions
5.1 A dimmerstat can provide output voltage input voltage.
(a) less than the (b) more than the
(c) less than and slightly more than (d) more than and slightly less than
5.2 Copper saved in an autotransformer is times the copper required in 2-winding transformer:
(@) K (b) (1-K)
(c) (K-1) (d) UK
5.3 Autotransformers should not be connected across a dcvoltage source because;
(a) the source may get short-circuited (b) the source may get open-circuited
(c) the output voltage will be zero (d) Output voltage will be equal to input voltage
5.4  The primary winding of a CT is always connected in with the supply line and the primary
winding of a PT is always connected in with the supply lines.
(a) series, parallel (b) parallel, series
(c) series, series (d) parallel
5.5 A torroidal core CT with only secondary winding is'to be designed with a CT ratio of 100/5A. The
number of turns of secondary winding should be;
(a) 100 (b).20
(b) 5 (d) 500
5.6  The two terminals of primary winding of a PT employed in substation are connected to,
(a) two different HV lines (b) neutral and ground
(c) HV line and ground (d) HV line and neutral
5.7  Pulse transformers operate at,
(a) power frequency of 50 Hz (b) high frequencies between 20 kHz — 100 kHz
(c) frequencies between 50 Hz.—100 kHz (d) any frequency
5.8  Inisolation transformer, the transformation ratio is,
(aK=1 (b)K <1
c)K>1
5.9  The main objective of isolation transformer is to,
(a) step-down the voltage (b) step-up the voltage
(c) minimize the voltage spikes (d) minimize the losses
5.10 Welding transformer is used for,

(a) arc welding (b) gas welding
(c) resistance welding (d) laser beam welding
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Short and Long Answer Type Questions

Short Answer Questions

5.1 Compare an autotransformer with two-winding transformer.

5.2 Explain how an autotransformer transfers power by mutual induction.

5.3 Explain: ‘Leakage reactance in an autotransformer is less’.

5.4 Write the applications of single-phase and three-phase autotransformers.

5.5 Why the primary winding of a CT carries high current whereas the primary winding of a PT carries
low current?

5.6 Why are porcelain bushings required in CT and PT?

5.7 Whatis burden?

5.8 Why are the secondaries of a CT and PT used in substations usually grounded?

5.9 Why is the core of a pulse transformer made from highly permeable material?

5.10 What is the meaning of galvanic isolation between primary and secondary winding in-an isolation
transformer?

5.11 Explain the significance of K factor.

5.12 What is IEEE? What are its functions? (Explore from internet)

5.13 What are harmonics?

Long Answer Questions

5.1 Derive expressions for the power transferred by. autotransformer by mutual induction and
conduction.

5.2 Derive expression for copper saved.in an autotransformer ‘compared to a two-winding transformer
of same rating.

5.3 Analyse why a shunt resistor anda series resistor are not used with ammeter and voltmeter to measure
high ac currents and high ac voltages respectively.

5.4 Discuss in detail why the secondary winding of a current transformer should not be open-circuited
when its primary is carrying the line current.

5.5 Discuss in detail why the secondary winding of a voltage transformer should not be short- -circuited
when its primary is connected across the HV lines.

5.6 Explain any one application of pulse transformer.

5.7 What are the design'considerations of a‘pulse transformer to make the output pulse as accurately as
possible identical to.the input pulse?

5.8 Discuss how additional heating is produced in a transformer supplying non-linear loads.

5.9 Explain how you will identify a suitable transformer on the basis of type of load to which it will be
connected.

5.10 Distinguish between the linear and non-linear loads. Give examples.

5.11 Discuss welding transformer. Why is it necessary to have high leakage reactance in a welding
transformer? How is it ensured?

Answers of Multiple Choice Questions

51 ¢ 52 a 53 a 54 a 55 b 5.6 c 57 b 58 a 59 ¢
5.10 a
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Experiment No: 1

PRACTICALS

Aim: To connect the autotransformer in step-up and step-down modes noting the input and output readings

Equipment and Apparatus:

(b) For autotransformer in step-up mode

Device Make Range Quantity
1-phase autotransformer (variac) Input: 0-270 V, 5A 02
Voltmeter 0-150V 01
Voltmeter 0-300V 01
Rheostat or lamp load (optional) 75092, SA 01
ICDP Switch 01
Circuit connections:
ICDP 1-Pha Step-down
Switch A autotransformer
—————— Variac NS 1|
[ ==
Ntk A
230V, e | J L J | N
sor, Copfiy R0 L3 () (1]
| | | R |
AC » lo : : | i
| | |
Source ! oll 5 :_ JI : — I
Lo _ - (0-300V) t____1 (0—150V)
(a)For autotransformer in step-down mode
ICDP Step-up
Switch 1 -Phase autotransformer
T T r
SeeelRT |
I Fusel 1 5 | | I |
230V, : I : : “« | —» : __L_ -
SOHZ,@ Ch 3 | | (\D | Load |
| | | ]
e |l iip Loyl G [
ource ; L : —— - I
L-——-! 0—150V) t—=——-" (0-300V)

Fig. 5.16: Connection diagrams for autotransformer in step-up and step-down modes
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In Section 5.1.1, the single-phase autotransformers are discussed in detail. We know that,
autotransformers are the single-winding transformers that could work in step-up as well as in step-
down modes as there is no electrical isolation between the primary and secondary sides. When the
tap on the winding is made movable, we can get variable output voltage. Such autotransformers are
commonly used in institutional laboratories, research centres as well as industries and are commonly
called as dimmerstat or variac.

In industries, it is usually required to use a variac for the testing of electrical equipment-whose
input voltage rating is less than the voltage made available by power utilities. In view of such
application, this experiment gives confidence to students to use autotransformers. Here, we shall
connect two variacs. One will be used to vary the input voltage for safe conduction of experiment.
The other one will be used as a device on which the experiment is to be performed. Hence to avoid
confusion, they will be referred as ‘variac’ and’ ‘step-up or step-down autotransformer’
respectively. In above connection diagrams, a load is<shown connected across.secondary side.
However, it is optional and one may keep the secondary side open.

Precautions:

AN

Make tight connections as shown and switch on the supply after they are verified by the instructor.
Ensure that you are standing on a rubber mat while performing the experiment.

Stand at a safe distance from the experimental setup when it is Tunning.

Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
Ensure that the variac output voltage setting:is at zero setting before switching ON the supply.

If you are using a load, make sure that it is.turned-OFF at the beginning of the experiment.

Procedure:

(A) For step-down mode of autotransformer:

1.
2.

Make the connections as shown above.

Ensure that the knob of variacs as well as the knob of step-down autotransformer, both are at zero
position before switching the supply ON.

Switch ON the input supply.

Increase the input voltage using the variacs so that the voltmeter /; reads some input voltage say
100V.

Turn_the knob of step-down autotransformer in clock-wise direction to increase the output voltage
V3. Note the readings. Observe that, V> < V.

If you have connected a load, turn it ON and ensure that, the load current is not more than the rated
current value of the step-down autotransformer.

Take more sets of readings by increasing the input voltage V; to say 150V, then 200V and repeat
steps 4 -7.

Switch OFF the load, bring back the knob of step-down autotransformer then, variacs to zero
position and switch OFF the supply.

Open switch in Fig 5.16 (a), record output voltage. Is autotransformer working?
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(B) For step-up mode of autotransformer:

1.

Make the connections as shown above.

2. Ensure that the knob of variacs is at zero position and the knob of step-up autotransformer at
maximum position before switching the supply ON.

3. Switch ON the input supply.

4. Increase the input voltage using the variacs so that the voltmeter V; reads some input voltage say
20V.

5. Turn the knob of step-up autotransformer in counter clock-wise direction to increase the output
voltage V. Note the readings. Observe that, V>> V.

6. If you have connected a load, turn it ON and ensure that, the load current is not more than the rated
current value of the step-down autotransformer.

7. Take more sets of readings by increasing the input voltage V; to say 25V, then 30V and repeat steps
4-7.

8. Switch OFF the load, bring back the knob of step-down autotransformer then, variacs to zero
position and switch OFF the supply.

Observations:

(A) For step-down mode of autotransformer:

Sr. Input voltage Output voltage Transformation ratio
No. ") (72) K =V/V)

1.

2

3.

4

(A) For step-up mode of autotransformer:

Result:

Sr. Input voltage Output voltage Transformation ratio
No. ) (V2) K=V/V)

1.

2

3.

4

Write average value of transformation ratio in both modes

Conclusion:
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Discussion:

1.

Distinguish between autotransformer and two-winding transformer.

Autotransformer is a single-winding transformer in which the same winding is common for both primary
and secondary sides. Thus there is a saving in copper and hence the cost of autotransformer is less than
that of a two-winding transformer of same rating. However, the electrical isolation between the two
transformers gets lots which is necessarily required in some applications. Due to the presence of direct
conducting path between primary and secondary winding, the power transfer in an autotransformer takes
place by both methods; electrical conduction and mutual induction. This allows relatively higher power
capacity in autotransformers.

As the name imply, a two-winding transformer has two individual and isolated windings for the
primary and secondary sides. The transfer of power takes place by mutual induction only. Due to the
presence of isolation between primary and secondary sides, the dc transients in-the primary winding (if
any) cannot enter into the secondary circuit. This is the biggest advantage of two-winding transformer.

Write applications of autotransformer.

e Testing of electrical appliances/device at reduced voltages

e Reduced voltage starting of induction motor

e Speed control of induction motor by varying the input voltage

e Adjustment of temperature produced by a resistive heater by varying the ac input voltage
e Adjustment of focus light intensity by varying the ac input voltage

e  Step-up and step-down applications

Why is autotransformer not used as distribution transformer?

Autotransformers are normally preferred when the transformation ratio (K=V2/V1)is close to 1. They
are used for stepping down the voltage from:such as'220kV to 132kV. In distribution network, as it is
usually required to step-down the'voltage from 11kV to 433V, the required transformation ratio is too
low therefore autotransformer is'not used on distribution side. There are chances of full high voltage
appearing on LV side, which is dangerous and fatal.

Can we operate an autotransformer on. dc supply in place of ac?

No. Autotransformeris a device to be operated on ac supply only. If a dc source is connected on its input
side then due to zero frequency, the leakage reactance becomes zero and the impedance will be due to
the winding resistance only ‘which is normally small. The autotransformer winding will act like a short-
circuit across the dc source and draw large current leading to damages.

What will happen if the magnetic core of a transformer is replaced by non-magnetic material?

The B-H curve of a non-magnetic material has very less slope. In other words, the permeability of non-
magnetic material is very poor. This will require a large mmf and a large magnetizing current for
producing the required magnitude of flux in the core. Due to large magnetizing current, the power-factor
will be extremely poor. Also, it will result into high copper loss and poor efficiency. The winding will
become hot.
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Experiment No: 2

Aim: To check the functioning of current transformer (CT)

Equipment and Apparatus:

Device Make Range Quantity
Current transformer CT ratio: 20/5A 01
1-Phase Variac Input: 0-270 V, SA 01
Ammeter 0—20A 01
Ammeter 0—5A 01
Rheostatic variable load 1009, 5A (or as per the CT rating) 01
ICDP Switch 01
Circuit connections:
v - Single-turn
IC,_])_P_SlNit?h I Transfort;er/ primary
™ N
230V, : :: Fuse: : J : (0-20A) / E_ ":I_
50 Hz, @ : ” : : : Secondary: &
AC X % I
Source Lol onopekl (0-54)
ey 1-Phase
Variac

Fig. 5.17: Connection diagram to the functioning of current transformer (CT)

Theory:
In Section 5.2.1 and 5.2.2, the current transformer is discussed in detail. It is extensively used not
only in generating stations and electrical substations but also in industrial and commercial electrical
power distribution networks. In terms of voltage, it is a step-up transformer where > </; and V> >
V;. Small size, torroidal type CT with single-turn primary is very common in the 11 kV substations
as well as in industrial'automation system wherever high currents are to be monitored.

Precautions:
1. Make tight connections as shown and switch on the supply after they are verified by the instructor.
2. Ensurethat you are standing on a rubber mat while performing the experiment.
3. Stand at a safe distance from the experimental setup when it is running.
4. Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
5. Ensure that the variac output voltage setting is at zero before switching ON the supply.
6. Ensure that the ammeter is already connected across the secondary winding and that it is not open-

circuited.



Electric Motors and Transformers: Theory and Practicals | 317

Procedure:
1. Make the connections as shown above.
2. Ensure that the knob of variac at zero position before switching the supply ON.
3. Ensure that the load is switched OFF.
4. Switch ON the input supply.
5. Increase the input voltage using the variac so as to apply some voltage to the load.
6. Note the primary and secondary currents /; and /> of CT. Observe that, I, <1,.
7. Increase the load and repeat step 6.
8. Switch OFF the load, bring back the knob of variac to zero position and switch OFF the supply.
Observations:
Sr. CT Input current CT Output current CT ratio
No. D) (I2) 075
1.
2.
3.
4.
Result: Write average value of CT ratio and compare it with that'mentioned on the name plate.
Conclusion:
Discussion:
1. Distinguish between current.transformer and power transformer.

Current transformer is similar in construction to a power transformer. Both have a magnetic core and
two windings. They work on the same principle of electromagnetic induction but there are a few
differences. A power transformer can be of single-phase type as well as of three-phase type whereas, the
current transformer is in single—phase only.

The primary winding of a power transformer is normally connected across a substantially constant
voltage source-while, the secondary winding is connected across the load which varies in impedance
over a widerange. As a result, the current flowing in the primary winding of a power transformer is
determined by the secondary current which in turn depends on the magnitude and power-factor of load.
Whereas, in a current transformer, the primary winding is connected in series with the load whose current
is to be measured. A measuring instrument or the actuating coil of a protective relay is connected across
the secondary of a CT (also called as burden of CT) and their impedance remains almost constant. Since,
the load varies over a wide range a day, the primary current of a CT also varies accordingly and therefore,
the current in the secondary winding of a CT is determined by its primary current (i.e. load current).
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In a power transformer, due to the fixed input voltage the magnetic flux in the core substantially
remains constant at all loads. Whereas in a CT, the magnetic flux in the core varies with primary current
(i.e. the load current).
2. What is burden of a CT?

Burden of a CT is the value of load connected across its secondary winding. This load can be in the form
of a voltmeter or the actuating coil of a protective relay. It is expressed as an output in voltamperes (VA).
The rated burden value is mentioned on the name plate of a CT.

3. Write applications of current transformer.

o For measurement of high ac current which cannot be measured directly by the available
ammeters of low range.

e  For protection of electrical circuits against high current.
e For metering and analysing the current
4. What precaution is necessary while using a CT?
Precaution should be taken that the secondary winding is never open-circuited when:its in energized
state. Either connect an ammeter, or a relay coil or close the secondary winding circuit.
5. What are the different types of CT?
e Indoor type CT: They are used on low voltage circuits.
e Outdoor type CT: They are used in high voltage circuits like substations and switchyards.

e Portable type CT: These CTs are also called as Clamp-on CT, and Split-core CT. The core is split
into two parts and can be easily made to.encircle any line whose current is to be measured.

e Hall Effect Current Sensor: As shownin Fig. 5:18,
the Hall effect current sensor .has a ‘circular

magnetically permeable core, Hall effect device Magnetically
permele core

and a signal conditioning cireuit, The conductor
whose current is to be measured is allowed to pass
through the core. A Hall effect device is placed in

Amplifier

the gap of the core and at right angles to the flux
in the core. For a given magnitude of current (/)
being measured, a proportional magnetic field is

produced around the current-carrying conductor Hall

. ) . Conductor Sensor output
which then concentrates in the core. The magnetic carrying effect voliage
field generated by the input current (J) is detected current °/’ device proportional
and converted into a voltage signal by the Hall ol

effect device. Since the output of the Hall device
is small, it is amplified to a voltage of several volts
by an amplifier.

Fig. 5.18: Hall effect current sensor

The Hall effect current sensor is best suited for the measurement of dc currents. For ac current
measurement, inductive sensors are preferred.
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Aim: To check the functioning of potential transformer (PT)

Equipment and Apparatus:

Device Make Range Quantity
Potential transformer 1100V/110V 01
1-Phase Variac Input: 0-270 V, 5A 01
Voltmeter 0-300V 01
Voltmeter 0—-150V 01
ICDP Switch 01
Circuit connections:
ICDP Switch Potential
w7 —__ Transformer
T T"O\Cl I 1
: I Fusel 1 J I
230V, I | |
some (B0) 1113 (VB ()
| |
SAC | I | (3 T0-300) (0 150V)
ource | |_ __ J| .
L__4vl Primary Secondary
1-Phase
Variac

Fig. 5.18: Connection diagram to Check the functioning of potential transformer (PT)

Theory:

In Section 5.2.3, the potential transformer is discussed in detail. It is used for stepping down the
system voltage to a convenient value which could be applied across low range voltmeters and relays.
This is because, the commercially ‘available relays are designed to operate at low voltages.

Obviously, in a potential transformer, V> < V;and I, > I;.

Precautions:

AN e

Make tight'connections as shown and switch on the supply after they are verified by the instructor.
Ensure.that you are standing on a rubber mat while performing the experiment.

Stand at a safe distance from the experimental setup when it is running.

Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
Ensure that the variac output voltage setting is at zero before switching ON the supply.

Ensure that the secondary side of the PT is not short-circuited.
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Procedure:

NNk BN

Observations:

Make the connections as shown above.

Ensure that the knob of variac at zero position before switching the supply ON.
Switch ON the input supply.
Increase the input voltage using the variac so as to apply some voltage to the primary of the PT.
Note the primary and secondary voltages V; and V> of PT. Observe that, V> < V.

Repeat steps 4 and 5 for different values of input voltage V.

Bring back the knob of variac to zero position and switch OFF the supply.

Sr.
No.

PT Input voltage
(V)

PT Output voltage
(V2)

PT ratio V/V3)

1.

2
3.
4

Result: Write average value of PT ratio andcompare it with that mentioned on the name plate.

Conclusion:

Discussion:

1. Differentiate between'CT and PT.

Both CT and PT are the instrument transformers designed for the measurement purpose. In a CT, the
load whose current is to be measured is connected in series with the primary winding whereas in a PT,
the load whose voltage is to be measured is connected in parallel with the primary winding. In other

words, a'CT is connected in series with the load and a PT is connected across the load.

Precaution should be taken that, in energized state, the secondary of a CT is never open-circuited and

the secondary of a PT is never short-circuited.

2. Write applications of potential transformer.

e They are used with ammeter and wattmeter to measure the high-voltage transmission line

voltage and power.

e To signal protective relays when a fault occurs on a high-voltage line.




Electric Motors and Transformers: Theory and Practicals | 321

Experiment No: 4

Aim: To check the functioning of isolation transformer

Equipment and Apparatus:

Device Make Range Quantity
1-Phase Isolation transformer 1kVA, 230V 01
1-Phase Variac Input: 0-270 V, 5A 01
Voltmeter 0-300V 02
ICDP Switch 01

Circuit connections:

ICDP Switch Isolation
R —— Trans former
T oNoT [
Iy Fusel | I
230V, : I : : ‘J : ?
me OV
AC : Il : I I 3
I | |
S
ource : ’U\—e\&lﬁT'_ _ J| .
L=l Primary Secondary
1-Phase
Variac

Fig. 5.19: Connection diagram to Check the functioning of isolation transformer

Theory:
In Section 5.4, the isolation transformer is discussed in detail. It is used in industries to transfer the
electrical power from an ac source to some load (say, equipment or device) or to transfer gating
signals from control circuit to power semiconductor circuit, usually for equipment safety reasons.
Obviously, in a potential transformer, V> =V, and ,=1,.

Precautions:
1. Make tight connections as shown and switch on the supply after they are verified by the instructor.
2. Ensure that you are standing on a rubber mat while performing the experiment.
3. Stand at a safe distance from the experimental setup when it is running.
4. Do not bend to take readings. Stand straight and avoid parallax error while taking the readings.
5. Ensure that the variac output voltage setting is at zero before switching ON the supply.

Procedure:

1. Make the connections as shown above.
2. Ensure that the knob of variac at zero position before switching the supply ON.
3. Switch ON the input supply.
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4. Increase the input voltage using the variac so as to apply some voltage to the primary of isolation
transformer.
5. Note the primary and secondary voltages V; and V> of isolation transformer. Observe that, V> = V.
6. Repeat steps 4 and 5 for different values of input voltage V.
7. Bring back the knob of variac to zero position and switch OFF the supply.
Observations:
Sr. Input voltage of Output voltage of | Transformation ratio
No. | isolation transformer | isolation transformer K=V/Vy)
(V) (V2)
1.
2.
3.
4.
Result: Write average value of transformation ratio
Conclusion:
Discussion:

1. Compare isolation transformer and autotransformer.

e Isolation transformer isa two-winding transformer whereas autotransformer is a single-winding
transformer.

e The primary and secondary sides of an isolation transformer are electrically isolated from each
other. An autotransformer has a primary and a secondary winding that are partly shared.

e The primary and secondary terminal voltages in an isolation transformer are equal whereas an
autotransformer is‘normally used to step-up, to step-down or to provide a variable output
voltage:

e  The-transfer of power from primary to secondary in an isolation transformer is by mutual
induction only whereas, in an autotransformer, it takes place by mutual induction as well as
direct conduction.

2. Write applications of isolation transformer.

e To create isolation between a power source and the powered circuit or powered equipment.
e To change the electrical power flowing between two circuit lines that are not electrically
connected.
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Experiment No: S5

Aim: To test the operation of pulse transformer

Equipment and Apparatus:

Device Make Specification | Quantity
Pulse transformer of suitable make and rating 01
Signal generator or function generator 01
Cathode Ray Oscilloscope (CRO) or Digital 01
Storage Oscilloscope (DSO)

Circuit connections:

Theory:

Pulse Transformer

AC @ Signal
Source Generator

Secondary

Fig. 5.20: Connection diagram To test the operation of pulse transformer

In Section 5.3, the pulse transformer is discussed in detail: Pulse transformers are of two types; (i)
power type and (ii) signal type. The high power pulse transformers are mainly used in pulse power
technology where the energy fromlow power sourceis slowly stored and sharply released to the
load.

The signal type pulse transformer delivers a rectangular pulse-like signal or a series of pulses.
The number of turns in both primary and secondary are very less to minimize the leakage flux and
leakage reactance. They are often used for the transmission of the digital data and in the gate drive
circuitry of semiconductor switches.’ They are also used in digital logic and telecommunication
circuits. Pulse transformers normally operate at high frequencies. They are relatively smaller in size
and can transfer more power than the same size conventional two-winding transformer. Like
isolation transformers, the pulse transformer provides galvanic isolation between the two sides and
allows fast control signals to be transmitted without much distortion in the signal wave-shape. Due
to high operating frequency (in kHz), the magnetic core of pulse transformer is made from highly
permeable material like ferrite, Permalloy and silicon steel laminations. Pulse transformers are also
be made of air-core type. Other applications of signal type pulse transformer are line coupling, small
isolated power supplies and also as common mode chokes in filtering applications.

Commercially, signal type pulse transformers are also available in encapsulated form with industry-
standard-pinout. Example: muRata 78601/1C general purpose pulse transformer (See its data sheet
from internet).
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Precautions:

1. Read the CRO/DSO manual and understand its control features carefully before operating.
2. Read the data-sheet of pulse transformer being used for its pinout and voltage details.

Procedure:

1. Make the connections as shown above.

2. In this experiment, muRata 78601 IC is considered. Readers can also use some other:pulse
transformer. The general procedure will remain same.

3. Energize primary pins 1 and 3 at relevant voltage and frequency say 100mV and 1 kHz.

4. Observe the voltage waveforms at input pins (1, 3) and output pins (4, 6) on CRQ or DSO.

5. Measure the voltage magnitudes.

Observations:
Sr. Input Output Nature.of input | Nature of output Remarks
No. voltage voltage waveform waveform
1.
2.
3.
Result:
Conclusion:
Discussion:

1. Why a pulse transformer-has less.number of turns and low inter-winding capacitance?
Pulse transformers have less number of winding turns to minimize the flux leakage and low inter-
winding capacitance to ensure that the profile of the signal is maintained on the secondary as accurately
as possible.

2. Write applications of pulse transformer.

e  Pulse transformer is designed for the transmission of voltage pulses between its windings and
into the load. They can be used for signal transmission, low-power control circuits, and in high-
power switch mode power supplies (SMPS).

e The low-power pulse transformers are used for interfacing the gate control circuit with the
power semiconductor switches like power transistors, SCT, traic etc.
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|
KNOW MORE

Dissolved Gas Analysis (DGA) of Transformer Qil

Like a medical doctor, use a syringe and Transformer which has no substitute, plays a
major role in power transmission and

take the oil sample of a transformer to R )
distribution. Its correct and_<continuous

diagnose its internal health and to assess operation improves the overall efficiency and

its remnant life. reliability of the system.~Majority of the
transformers used in power system are of oil-
immersed type. In other words, the complete

transformer comprising of magnetic core and

windings is immersed in a ‘metal tank that is

filled with oil. This oil aets as a dielectric as
-,
.

Transformer

Syringe valve \\

well as'a coolant medium.

When. put into service, the iron loss and
copper. loss (stray loss also) of transformer
produces heat' and the temperature of all

Sampling
valve

components of the transformer assembly
including the transformer oil increases.

This leads to the deterioration of oil.<It-also leads to-the evolution of various hydrocarbon gases in
the oil. For example; hydrogen, methane, cthane, ethylene, acetylene and others. Initially, these
gases get dissolved in the oil ‘but after oil saturation, they evolve above the oil surface. During
abnormal conditions like overload; external short-circuit or internal fault, the temperature increases
significantly. The oil may almost boil and liberate excessive gases.

In the ‘Know. More’ section of Unit-4, we have seen that, a protective device called as
‘Buchholz relay. is mounted on the top of transformer tank and is connected between the
transformer tank and'the conservator tank. After oil saturation, when high volume of gases evolved
in the oil gets liberated from the oil surface, they travel upwards and get trapped in the Buchholz
relay. The protection circuit of Buchholz relay gets closed and it disconnects the transformer from
the grid thus safeguarding the transformer from explosion.

The Buchholz relay comes into action after the problem has grown up sufficiently and the
transformer is almost on the verge of collapse. It responds only to the severe fault conditions
requiring immediate removal of transformer from service and resulting in power outages which
causes dissatisfaction to the customers. Since the generated gases first dissolve in the oil long
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before they enter into the Buchholz relay, an analysis of these dissolved gases will help for a
preventive action at an initial stage of the fault.

What is DGA?

Dissolved Gas Analysis (DGA) is a diagnostic tool which can tell us about the internal health of
the transformer, the rate of growth of the problem and hence estimates the transformer age if the
problem keeps growing at the same pace. It is a quantitative and qualitative analysis of oil samples
taken from different parts of the transformer for the purpose of taking preventive action much
before the fault reaches its critical stage. This is similar to a medical doctor who makes his diagnosis
on the basis of pathological test reports and suggests appropriate medicine and-care. . He-doesn’t
wait for the patient to enter into critical stage and directly.admit him in ICU on ventilator.

Due to the presence of any abnormal thermal .or electrical stresses. on the oil and paper
insulation etc., degradation products are formed in the oil which leads to the evolution of dissolved
gases. The internal incipient faults like arcing, corona discharge, low energy sparking, overheating
of cellulose insulation, overheating due to the concentration of flux, eddy currents in copper, poor
contacts etc. are some of the causes that start the degradation process.

How DGA works?

The basic diagnosis is based upon the types and relative quantities of dissolved gases. The gases
most commonly analysed are methane (CHa), ethane (C,Hs); ethylene (C.Ha) acetylene (C:H>) and
hydrogen (H»). It is found that different types-of internal faults result into different gases or
combination of gases. After determining the magnitudes of gases in ppm (parts per million),
conclusions are drawn on the internal-.condition.of transformer using various methods and
standards. The Indian Standard.IS-10593.is one of them.

Procedure to conduct DGA
Following are the main steps-of DGA.
e QOil sampling
o Extraction of dissolved gases and analysis

e Interpretation of analysis results

Oil samples are normally taken from both the top of the transformer main tank and from the bottom
of the main tank. Oil syringes are used to obtain an oil sample from the transformer. This syringe
is similar to the medical syringe used by doctors for collecting blood-sample or for injecting
medicine into the human body. Alternatively, a closed glass or metal container or tube is also used
in accordance with the IEC standard.
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Once the oil sample is collected, the dissolved gases are extracted from the oil in a vacuum
chamber by stirring it in an air-tight flask. The gases so extracted are a mixture of many gases.
Therefore, the individual gases are separated from the mixture by using a device called as ‘Gas
Chromatograph’. It is based on a technique called as Chromatography which deals with the
separation, identification and quantification of different components in a given mixture. To
measure the volume of each gas in ppm, standardisation and calibration of the chromatograph is
essential.

Diagnosis using DGA

After the magnitudes of individual gases are known, the next step is to interprete the internal
condition of the transformer from these gases. The identified gases are compared with their
standard permissible limits considering the transformer rating, period of service, oil-filtration, oil-
reclamation and oil-replacement history etc. For this purpose, the various available methods are:

e Key-Gas method

e Total combustible gas content method
e Duval’s triangle

e Brown Boveri practice

e Hitachi method

e Roger’s ratio method

e Dornenberg ratio method

Every method has its own limitation. Also, it is possible that, the interpretation of the same case by
different methods may be different..Hence it is normally said that interpretation about the
transformer condition by DGA is not a rule’but an Art which depends upon the experience and skill
of the person doing it. This problem points towards the need of an artificial intelligence based
software. As per Key-Gas method, the following gases when they exceed their permissible limits
indicate the type of fault as mentioned against them in Table 5.1.

Table 5.1: Key-Gas method

Sr. No. Key Gas Associated Fault
1. CHs Arcing
2. H» Corona
3. CHy Overheating of oil
4. CO Overheated cellulose insulation
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CO AND PO ATTAINMENT TABLE

Assessment of attainment of course outcomes (COs) can be done after the completion of the course
and the assessment of student performance. They can be mapped with programme outcomes (POs)
and for the attainment of POs to analyse the 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
Course (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Outcomes

PO-1 PO-2 PO-3 PO-4 PO-5 PO-6 PO-7

CO-1

CO-2

CO-3

CO-4

CO-5

The data filled in the above table can beused for gap analysis.



air-core transformer, 140
all day efficiency, 172
amorphous core, 149, 273
armature reaction, 32
armature, 14, 15, 17
autotransformer, 293, 298
axial flux motor, 107

back emf, 69, 70
BLDC motor, 104
Brake test, 96
brake-horse power, 73
breather, 288

brushes, 5, 15, 16
Buchholz relay, 289
burden, 299

bushings, 265, 289
butt joint, 143

clock hour method, 253
coil span, 16, 17
commutating poles, 30
commutation, 28
commutator, 5, 10, 14
compensating winding, 34

componded motor; 82
concentric type winding, 243
conductor, 17

conservator, 265, 288
constant flux machine, 155
constant loss, 170

constant power motor, 81
constant torque motor, 81
controlling torque, 50

INDEX

copper loss, 170

copper loss, 43, 169

core loss, 44, 169

counter emf, 69, 70

CRGO, 143, 146, 148

critical resistance, 39

critical speed, 40
cross-magnetizing mmf; 33
current transformer, 140, 299, 300

damping torque; 50

deflecting torque, 50

delta. connection, 244,245, 254, 286
de-magnetizing mmf;, 33
dimmerstat, 294

direct loading test, 177

Dissolved Gas Analysis (DGA), 325
Distribution transformer, 140, 240
dot and cross marking, 60

dry type transformer, 259

dummy coil, 26

eddy current loss, 12, 14, 44, 141
efficiency, 43, 45, 96, 171, 172
electrical angle, 18

electromotive force (emf), 4, 5, 7, 27,
139, 150

end-cover, 11

energy efficiency, 172

epoxy resin, 259

equilibrium condition, 75
equivalent impedance, 162
equivalent leakage reactance, 162
equivalent resistance, 162
external characteristic, 37, 41,
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Faraday's law, 3, 4, 150

field winding, 12
field-weakening method, 91
Fleming's left hand rule, 69
Fleming's right hand rule, 6
flux-linkages, 4
fractional-pitched coil, 16, 18
full-pitched coil, 16, 18

generator,3
geometrically neutral axis, 30, 31
grain or crystal, 146

Hall effect gauss meter, 13
harmonics, 308

hub motor, 108

hysteresis loss, 44, 141

idle coil, 26
interleaved joints, 143
interpoles, 30

iron loss component of current, 161
iron loss, 44, 169, 170
isolation transformer, 305

K-Factor of transformer, 307

lamination; 12,.14, 142
lap winding,19
leakage flux; 143, 152
leakage reactance, 157
limb; 140

load balancing, 238
losses, 43, 95

M

magnetizing characteristic, 37
magnetically neutral axis (MNA), 31
magnetizing component of current, 161
main poles, 12

mechanical angle, 18

mechanical loss, 45

metal glass, 149

mitred joint, 143

motor, 3

mutual induction, 138

mutually induced emf, 150, 157

Nomex, 259

off-load tap-changer; 261
oil-immersed transformer, 257, 258
on-load tap changer, 261

open circuit test, 178

open delta connection, 244, 248, 254

open-circuit characteristic (OCC), 40

parallel operation of transformers, 183,
184,270

parallel path, 68

parallel paths, 21, 24

phase displacement, 230, 255
phasing-out test, 275

phasor calculations, 231
phasor groups, 267

phasor, 230

polar reference frame, 231
polarity marking, 181
pole-pitch, 16, 17

potential transformer, 140, 299, 302
Power transformer, 140, 240
prime mover, 3
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pulse transformer, 303 T tapped field winding, 94
taps, 261, 264
R radiators, 288 torque, 71
ratings, 176, 260, 264 traction, 4
rectangular reference frame, 231 transformation ratio, 151
Right hand thumb rule, 60, 154
RMS value, 230 U uninterruptible power supply, 305, 307

universal motor, 81, 83
S  Scott connection, 268

self induced emf, 155, 157 Vv variable loss, 170

shaft torque, 72 variac, 294

short circuit test, 180 voltage regulation, 165, 166
slip-rings, 5 voltage spike, 306

solar photovoltaic (PV), 4

specifications of transformer, 263 W  wave winding, 19,22

speed, 75 welding transformer, 306
split-ring, 9 working component of current, 161
stamping, 12, 14, 142

star connection, 244, 254,285 Y © yoke, 11, 140

starter, 84, 97

starting current, 83 7 zigzag connection, 244, 249, 254

steady-state condition, 75
step-down transformer, 140
step-up transformer, 140
stray loss, 45
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