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Electrical Machines

Electrical machines convert energy existing in one form to another, usable, form. These machines
can broadly be divided into three categories: generators, motors and transformers. Generators convert
mechanical energy into electrical energy, motors convert electrical energy to mechanical energy,
and transformers change the voltage level in ac system and are considered to be the backbone of a
power system.

Electrical machines play an important role in domestic appliances, commercial devices and
industrial applications. It is important for students of electrical and electronics engineering to learn
the basic concepts of transformers, motors, generators and magnetic circuits. This book explains
the design of transformers, decoding of generators and performance of electrical motors through
descriptive illustrations, solved examples and mathematical derivations. Construction, working
principles and applications of various electrical machines are discussed in detail. In addition, it offers
an engrossing discussion on special purpose machines, which is useful from an industrial prospective
in building customised machines. The text contains hundreds of worked examples and illustrations
and more than a thousand self-assessment exercises. It is an ideal textbook for undergraduate students
of electrical and electronics engineering.

S. K. Sahdev is Associate Dean at the Faculty of Technology and Science at Lovely Professional
University, Jalandhar. He has more than thirty-five years of teaching experience. In addition, he has
helped industrial units to set-up electrical laboratories for testing and developing their products.
He has authored six books. His areas of interest include electrical machines, electric drives, power
electronics and power systems.
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Preface

This book on ‘Electrical Machines’ has been written for under-graduate students of Electrical
Engineering (EE) and Electrical & Electronics Engineering (EEE) belonging to various Indian and
Foreign Universities. It will also be useful to candidates appearing for AMIE, IETE, GATE, UPSC
Engineering Services and Civil Services Entrance Examinations.

We know that electrical energy has a wide range of applications where electrical machines play
a vital role in industrial production and many other areas of science and technology. Accordingly,
this book has been designed so that it be useful not only to students pursuing courses in electrical
engineering but also for practising engineers and technicians.

‘Electrical Machines’ is taught at various universities under different titles such as Electrical
Machines-I, Electrical Machines-II, DC Machines and Transformers, Electromagnetic Energy
Conversion Devices, Special Purpose Machines, etc. All the topics in such courses have been covered
in this single unit. As such, the book covers the revised syllabi of all Indian and Foreign Universities.

Generally, students find Electrical Machines to be one of the most difficult subjects to understand,
despite the availability of a large number of text books in this field. Keeping this fact in mind, this
text has been developed in a systematic manner giving more emphasis on basic concepts.

Each chapter of the book contains much needed text, supported by neat and self-explanatory
diagrams to make the subject self-speaking to a great extent. A large number of solved and unsolved
examples have been added in various chapters to enable students to attempt different types of questions
in examination without any difficulty. Section Practice Problems have been added in all the chapters
to maintain regular study and understanding. At the end of each chapter sufficient objective type
questions, short-answer questions, test questions and unsolved examples have been added to make
the book a complete and comprehensive unit in all respects.

The author lays no claim to original research in preparing the text. Materials available in the
research work of eminent authors have been used liberally. But the author claims that he has organised
the subject matter in very systematic manner. He also claims that the language of the text is lucid,
direct and easy to understand.

Although every care has been taken to eliminate errors, however it is very difficult to claim
perfection. I hope this book will be useful to its users (students, teachers and professionals). I shall be
very grateful to the readers (students and teachers) and users of this book if they point out any mistake
that might have crept in. Suggestions for the improvement of the book will be highly appreciated.
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CHAPTER

Electro Magnetic Circuits

4 N

/Chapter Objectives h
After the completion of this unit, students/readers will be able to understand:

What is magnetic field and its significance?

What is a magnetic circuit?

What are the important terms related to magnetism and magnetic circuits?

What are the similarities and dissimilarities between magnetic and electric circuits?

How series and parallel magnetic circuits are treated?

What is leakage flux and how it affects magnetic circuits?

What is magnetic hysteresis and hysteresis loss?

What is electromagnetic induction phenomenon?

What are Faraday’s laws of electromagnetic induction?

What are self- and mutual inductances and what is their significance?

What is the effective value of inductances when these are connected in series—parallel combination?

What are electromechanical energy conversion devices?

How does torque develop by the alignment of two fields?

What are the factors on which torque depends?

How to determine the direction of torque or induced emf in rotating machines?

NN N N T N N N N N NN

Introduction

It is always advantageous to utilise electrical energy since it is cheaper, can be easily transmitted,
easy to control and more efficient. The electrical energy is generally generated from natural resources
such as water, coal, diesel, wind, atomic energy, etc. From these sources, first mechanical energy is
produced by one way or the other and then that mechanical energy is converted into electrical energy
by suitable machines. For the utilisation of electrical energy, it is again converted into other forms
of energy such as mechanical, heat, light etc. It is a well-known fact that the electric drives have
been universally adopted by the industry due to their inherent advantages. The energy conversion
devices are always required at both ends of a typical electrical system. The devices or machines
which convert mechanical energy into electrical energy and vice-versa are called electro—mechanical
energy conversion devices.
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The operation of all the electrical machines such as DC machines, transformers, synchronous
machines, induction motors, etc., rely upon their magnetic circuits. The closed path followed by the
magnetic lines of force is called a magnetic circuit. The operation of all the electrical devices (e.g.,
transformers, generators, motors, etc.) depends upon the magnetism produced by their magnetic
circuits. Therefore, to obtain the required characteristics of these devices, their magnetic circuits
have to be designed carefully.

In this chapter, we shall focus our attention on the basic fundamentals of magnetic circuits and
their applications as electromechanical energy conversion devices.

1.1 Magnetic Field and its Significance

The region around a magnet where its poles exhibit a force of attraction or repulsion is called
magnetic field.

The existence of the magnetic field at a point around the magnet can also be determined by placing
a magnetic needle at that point as shown in Fig. 1.1. Although magnetic lines of force have no real
existence and are purely imaginary, yet their concept is very useful to understand various magnetic
effects. It is assumed (because of their effects) that the magnetic lines of force possess the following
important properties:

(?) The direction of magnetic lines of force is from N-pole to the S-pole outside the magnet. But
inside the magnet their direction is from S-pole to N-pole.
(ii) They form a closed loop.
(#ii) Their tendency is to follow the least reluctance path.
(iv) They act like stretched cords, always trying to shorten themselves.
(v) They never intersect each other.
(vi) They repel each other when they are parallel and are in the same direction.
(vii) They remain unaffected by non-magnetic materials.

Iron filings |— Magnetic needle

Fig. 1.1 Magnetic field around a bar magnet
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1.2 Magnetic Circuit and its Analysis

The closed path followed by magnetic flux is called a magnetic circuit.

A magnetic circuit usually consists of magnetic materials having high permeability (e.g., iron,
soft steel, etc.). In this circuit, magnetic flux starts from a point and finishes at the same point after
completing its path.

Figure 1.2 shows a solenoid having N turns wound on an iron
core (ring). When current / ampere is passed through the solenoid,
magnetic flux ¢ Wb is set-up in the core.

Let [ = mean length of magnetic circuit in m;

a = area of cross-section of core in m?;

u, = relative permeability of core material.

Flux density in the core material, B = % Whb/m?

Magnetising force in the core material.

Fig. 1.2 Magnetic circuit

- B - ¢  ATm
Ho M, aHy M,
According to work law, the work done in moving a unit pole once round the magnetic circuit (or

path) is equal to the ampere-turns enclosed by the magnetic circuit.
ie, Hl=NI or ¢ X1 = NI or o= S\ B
a ty 1, (17ap p,)

The above expression reveals that the amount of flux set-up in the core is

() directly proportional to N and [ i.e., NI, called magnetomotive force (mmf). It shows that the
flux increases if either of the two increases and vice-versa.

(it) inversely proportional to l/a p, u, called reluctance of the magnetic path. In fact, reluctance is
the opposition offered to the magnetic flux by the magnetic path. The lower is the reluctance,
the higher will be the flux and vice-versa.

Thus, Flux = _mm.f
reluctance

It may be noted that the above expression has a strong resemblance to Ohm’s law for electric
current (/ = emf/resistance). The mmf is analogous to emf in electric circuit, reluctance is analogous
to resistance and flux is analogous to current. Because of this similarity, the above expression is
sometimes referred to as Ohm’s law of magnetic circuits.

1.3 Important Terms

While studying magnetic circuits, generally, we come across the following terms:

1. Magnetic field: The region around a magnet where its poles exhibit a force of attraction or
repulsion is called magnetic field.
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2.

3.

Magnetic flux (¢): The amount of magnetic lines of force set-up in a magnetic circuit is called
magnetic flux. Its unit is weber (Wb). It is analogous to electric current I in electric circuit.
The magnetic flux density ar a point is the flux per unit area at right angles to the flux at that
point.

It is, generally, represented by letter ‘B’. Its unit is Wb/m? or Tesla, i.e.,

B:%Wb/mz or T (1 Wb/m2=1x 10* Wb/cm?)

Permeability: The ability of a material to conduct magnetic lines of force through it is called
the permeability of that material.

It is generally represented by u (mu, a Greek letter). The greater the permeability of a material,
the greater is its conductivity for the magnetic lines of force and vice-versa. The permeability
of air or vacuum is the poorest and is represented as u, (where u, = 47 x 10”7 H/m).

Relative permeability: The absolute (or actual) permeability u of a magnetic material is much
greater than absolute permeability of air u,. The relative permeability of a magnetic material
is given in comparison with air or vacuum.

Hence, the ratio of the permeability of material u to the permeability of air or vacuum u,, is
called the relative permeability u, of the material.

ie., U, = /Jio or U=pyH,

Obviously, the relative permeability of air would be u/u, = 1. The value of relative permeability
of all the non-magnetic materials is also 1. However, its value is as high as 8000 for soft iron,
whereas, its value for mumetal (iron 22% and nickel 78%) is as high as 1,20,000.

Magnetic field intensity: The force acting on a unit north pole (1 Wb) when placed at a point
in the magnetic field is called the magnetic intensity of the field at that point. It is denoted by H.
In magnetic circuits, it is defined as mmf per unit length of the magnetic path. It is denoted by
H, mathematically,

m.m.f M AT/ m

H= -
length of magnetic path [

Magnetomotive force (mmf): The magnetic pressure which sets-up or tends to set-up magnetic
flux in a magnetic circuit is called magnetomotive force. As per work law it may be defined as
under:

The work done in moving a unit magnetic pole (1 Wb) once round the magnetic circuit is called
magnetomotive force. In general

mmf = NI ampere-turns (or AT)

It is analogous to emf in an electric circuit.

Reluctance (S): The opposition offered to the magnetic flux by a magnetic circuit is called its
reluctance.

It depends upon length (/), area of cross-section (a) and permeability (1 = p, p,) of the material
that makes up the magnetic circuit. It is measured in AT/Wb.



Electro Magnetic Circuits 5

[
a ‘uO nur

It is analogous to resistance in an electric circuit.
8. Permeance: It is a measure of the ease with which flux can be set-up in the material. It is just
reciprocal of reluctance of the material and is measured in Wb/AT or henry.

Reluctance, S =

L _ 9Kl wiAT or H
reluctance l

Permeance =

It is analogous to conductance in an electric circuit.
9. Reluctivity: It is specific reluctance and analogous to resistivity in electric circuit.

1.4 Comparison between Magnetic and Electric Circuits

Although magnetic and electric circuits have many points of similarity but still they are not analogous
in all respects. A comparison of the two circuits is given below:

Magnetic Circuits Electrical Circuits
L
| R=p3
> WWW—¢

| =

+||— _E_ -Iu
Fig. 1.3 Magnetic circuit Fig. 1.4 Electric circuit
Similarities
1. The closed path for magnetic flux is called 1. The closed path for electric current is called
magnetic circuit. electric circuit.
2. Flux = mmf/reluctance 2. Current = emf/resistance
3. Flux, ¢in Wb 3. Current, Iin ampere
4. mmfin AT 4. emfinV
5. Reluctance, S = S T 5. Resistance, R = pLQ or R= L1 g
au auo Ky a o a
6. Permeance = 1/reluctance 6. Conductance = 1/resistance
7. Permeability, 7. Gonductivity, o= 1/p
8. Reluctivity 8. Resistivity
9. Flux density, B= [ Wh/m? 9. Current density, J= éA/m2
’ a

10. Magnetic intensity, H= NI/I 10. Electric intensity, E= V/d
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Dissimilarities

1. Infact, the magnetic flux does not flow but it sets-
up in the magnetic circuit (basically molecular
poles are aligned).

2. For magnetic flux, there is no perfect insulator. It
can be set-up even in the non-magnetic materials
like air, rubber, glass etc. with reasonable mmf

3. The reluctance (S) of a magnetic circuit is not
constant rather it varies with the value of B. It
is because the value of i, changes considerably
with the change in B.

4. Once the magnetic flux is set-up in a magnetic
circuit, no energy is expanded. However, a small
amount of energy is required at the start to create
flux in the circuit.

1. The electric current (electrons) actually flows in
an electric circuit.

2. For electric current, there are large number of
perfect insulators like glass, air, rubber, etc.,
which do not allow it to follow through them under
normal conditions.

3. The resistance (R) of an electric circuit is almost
constant as its value depends upon the value of
p which is almost constant. However, the value of
pand Rmay vary slightly if temperature changes.

4. Energy is expanded continuously, so long as the
current flows through an electric circuit. This
energy is dissipated in the form of heat.

1.5 Ampere-turns Calculations

In a magnetic circuit, flux produced,

6= mm.f.  _ NI
reluctance  I/a u, U,
or AT required, NI = L -_B [ =HI
afopt, — HoH,

1.6 Series Magnetic Circuits

A magnetic circuit that has a number of parts of different dimensions and materials carrying the
same magnetic field is called a series magnetic circuit. Such as series magnetic circuit (composite

circuit) is shown in Fig. 1.5.

Fig. 1.5 Series magnetic circuit
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Total reluctance of the magnetic circuit,
S=8+S5,+5,+8,
l; " L " L " lg
a Mo lyy Gy Mo My a3 Ho Hy3 ag Ko
Total mmf = ¢S

o L " L n L n L
ayHo Hyy Gy Ho Myy a3 Hg M3 dg Hy
By, 4 Byl n Byl n Bl
Mo Mpy Ho My Holez o Hg

=H, ll+H212+H313+Hglg

1.7 Parallel Magnetic Circuits

A magnetic circuit which has two or more than two paths for the magnetic flux is called a parallel
magnetic circuit. Its behaviour can be just compared to a parallel electric circuit.

Figure 1.6 shows a parallel magnetic circuit. A current carrying coil is wound on the central limb
AB. This coil sets-up a magnetic flux ¢, in the central limb which is further divided into two paths
i.e., (i) path ADCB which carries flux ¢, and (ii) path AFEB which carries flux ¢,.

FI————<- ¢3——#¢‘———> ¢2——ID
I 1| I
. > 4/ a
l3; ag _.>: | N I 292
| |
| | |
| — 1, B! a1 |
1 |
E-- """~ Bf ________ g

Fig. 1.6 Parallel magnetic circuit

It is clear that ¢ = ¢, + ¢,

The two magnetic paths ADCB and AFEB are in parallel. The ATs required for this parallel circuit
is equal to the ATs required for any one of the paths.

If §, =reluctance of path BA i.e., [|/a, u,,,
§, = reluctance of path ADCB i.e., l,/a, y, 1,,
S, =reluctance of path AFEB i.e., Ljla;p, 1,4
*. Total mmf required = mmf required for path BA + mmf required path ADCB or path AFEB.
ie., Total mmfor AT= ¢ S, + ¢, S,=¢ S, + & S,
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1.8 Leakage Flux

The magnetic flux which does not follow the intended path
in a magnetic circuit is called leakage flux.

When some current is passed through a solenoid, as
shown in Fig. 1.7, magnetic flux is produced by it. Most of
this flux is set-up in the magnetic core and passes through
the air gap (an intended path). This flux is known as useful
flux ¢,. However, some of the flux is just set-up around the
coil and is not utilised for any work. This flux is called

leakage flux ¢,.
Total flux produced by the solenoid.
$=0,+9 Magnetic
Leakage co-efficient or leakage factor: The ratio of core
total flux (¢) produced by the solenoid to the useful flux Fig. 1.7 Leakage flux

(4,) set-up in the air gap is known as leakage co-efficient.
It is generally represented by letter ‘4.

¢

Leakage co-efficient, 1 = ——

Fringing: It may be seen in Fig. 1.7 that the useful flux when sets-up in the air gap, it tends to
bulge outwards at b and b’ since the magnetic lines set-up in the same direction repel each other.
This increases the effective area in the air gap and decreases the flux density. This effect is known
as fringing. The fringing is directly proportional to the length of the air gap.

Example 1.1
An iron ring of 400 cm mean circumference is made from round iron of cross-section 20 cm?. Its

permeability is 500. If it is wound with 400 turns, what current would be required to produce a flux
of 0-001 Wb?

Solution:
The magnetic circuit is shown in Fig. 1.8.

Mean length of magnetic path, [ =400 cm =4 m
Area of X-section of iron ring, a = 20 x 10~* m?
Absolute permeability, p, = 4m x 107

Now mmf = flux x reluctance

lm
NI = ¢x ol Fig. 1.8 Magnetic circuit
400 x I = 0-001 x ) 4 7
20 x 107" x 4w x 107" x 500
0.001 x 4

Current, [ = =17-958 (Ans.)

20 x 107 x 47 x 1077 x 500 x 400
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Example 1.2
An electromagnet has an air gap of 4 mm and flux density in the gap is 13 Wb/m?2. Determine the

ampere-turns for the gap.

Solution:
Here, l,=4mm=0-4 cm =4 x 103 m; B, =13 Wb/m?2
Ampere-turns required for the gap
—H xI = @ng =13 % 4%107 = 413683 AT (Ans)
&8 Uy 4 x 10™

Example 1.3
A coil of insulated wire of 500 turns and of

resistance 4 Q is closely wound on iron ring. The
ring has a mean diameter of 0-25 m and a uniform
cross-sectional area of 700 mm?>. Calculate the
total flux in the ring when a DC supply of 6V is
applied to the ends of the winding. Assume a relative
permeability of 550.

Solution:

Mean length of iron ring, I = 7 D = 7x 025 = 0:25
7Tm Fig. 1.9 Magnetic circuit
Area of cross-section, & =700 mm?2 =700 x 1070 m?

Current flowing through the coil,

_ Voltage applied across coil

= Resistance of coil
6
=9 _1.5A
5 5
NI X .
Total flux in the ring, ¢ = 7 C]l\’/j m = la,uo,u,
oMr

500 x 1-5x 700 x 107° x 47 x 1077 x 550
B 0-257

= 0-462 mWb (Ans.)

Example 1.4
What are the similarities between electrical circuits and magnetic circuits? An iron ring of mean

length 50 cm and relative permeability 300 has an air gap of 1 mm. If the ring is provided with winding
of 200 turns and a current of 1 A is allowed to flow through, find the flux density across the airgap.

Solution:
Here, li =50 cm =05 m; p, = 300; lgz Imm =0-001 m; N=200turns; /=1 A

Ampere-turns required for air gap = B /
0

8
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Ampere-turns required for iron ring = B [;
:Ll’() ‘Llr
. B B .
or Total ampere-turns required = —1_ + [; ()]
P a Ho & Mo M,
Ampere-turns provided by the coil = N =200 x 1 =200 .0
Equating eqn. (7) and (i), we get,
_B(, LB 05
or 200 = ™ (lg + rj = (0.01 + 300)
= B.(0-001+0-00167) = L x 000267
Ho Ho
Coon 200X iy 200 x 4 x 107 _
or Flux density, B = 000067 000267 =0-09425 T (Ans.)
Example 1.5

A coil of 1000 turns is wound on a laminated core of steel having a cross-section of 5 cm®. The
core has an air gap of 2 mm cut at right angle. What value of current is required to have an air gap
Sflux density of 0-5 T? Permeability of steel may be taken as infinity. Determine the coil inductance.

Solution:

Here, N = 1000 turns; a= 5 cm? =5 x 1074 m?;
lg =2mm=2x10"m;B=05T;u =0
Total ampere-turns required,

AT = B B ;- 05 95%x103+0=79

e T i —7
) Hy M, 47 x 10

B
As 1, = oo xIl; =0
(Ash, =izt <o)

0Mr
- _ AT _ 79 _,.
Current required, I= 7 = 1000 = 0-796 A (Ans.)
. _No _NxBxa _1000x0-5x5x10~*
Inductance of coil, L= 7 = 7 = 0.796
= 0-314 H (Ans.)
Example 1.6

A flux density of 12 Wb/m? is required in 2 mm air gap of an electro-magnet having an iron path
1 metre long. Calculate the magnetising force and current required if the electro magnet has 1273
turns. Assume relative permeability of iron to be 1500.

Solution:
Flux density, B = 12 Wb/m?
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Relative permeability of iron, u = 1500
No. of turns, N = 1273
Length of iron path, /, = 1m

Length of air gap, lg =2mm = 0-002 m
Magnetising force for iron H; = B__ 1 '72 =636-6 AT/m
Mol 4m x 107" x 1500
. . B 1-2
Magnetising force for air gap, H = — = ——=—— = 954900 AT/m
£ £ £ap Ho 4 x 107
ATs required for iron path = H/, = 636:6 X 1 = 636-6
ATs required for air gap = Hglg = 954900 x 0-002 = 1909-8
Total ampere-turns = 636-6 + 1909-8 = 2546-4
Current required, I = Total ATs _ 2546 -4 _ 55 (Ans.)

N 1273

Example 1.7
Estimate the number of ampere-turns necessary to produce a flux of 100000 lines round an iron

ring of 6 cm? cross section and 20 cm mean diameter having an air gap 2 mm wide across it
Permeability of the iron may be taken 1200. Neglect the leakage flux outside the 2 mm air gap.

Solution:
The magnetic circuit is shown in Fig. 1.10
Area of cross section of the ring, @ = 6 cm? = 6 x 10~* m?
Mean diameter of the ring, D, = 20 cm =02 m
Length of air gap, [, =2 mm = 2 x 103 m
Flux set up in the ring, ¢ = 100,000 lines
= 100,000 x 10-8
= 0-001 Wb

Relative permeability of iron, pu, = 1200

Fig. 1.10 Magnetic circuit

Mean length of ring, [ =nD  =nx02
=0-6283 m
Length of air gap, lg =0-002 m

Length of iron path, /; = 0-6283 — 0-002

=0:6263 m
Now, mmf = flux x reluctance
Ampere-turns required for iron path,
I .
AT, = ¢ x —— = 0001 x ——— 06263 _
alloh, 6x107 x 4w x 107" x 1200

= 69221 AT
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Ampere-turns required for air gap,

!
AT, = ¢ x —5— = 0001 x 0-002_____ _ 65258 AT
& atly 6 x 107 x 47 x 10~

Total ampere-turns required to produce the given flux

= AT + ATg = 09221 + 2652-58 = 334479 AT (Ans.)

Example 1.8

A wrought iron bar 30 cm long and 2 cm in diameter is bent into a circular shape as given in Fig.
0.11. It is then wound with 500 turns of wire. Calculate the current required to produce a flux of 0-5
mWb in magnetic circuit with an air gap of 1 mm; u, (iron) = 4000 (assume constant).

Solution:

Here, I,=30cm =03 m;

Diameter, d = 2 cm

2
(2
Area, a = %dz = %XIOA m?

=nx 1074 m?

¢ =05mWb=05x 10" Wb

Fig. 111 Magnetic circuit

N = 500 turns
) [
Ni=f bk
a ‘u’Olu’r luO
-3
= 0-5x10 - 0.3 + 0.0017 — 4433 A (Ans))
500 x r x 1077 | 4 x 107" x 400 4m x10™

Example 1.9

A circular ring 20 cm in diameter has an air gap 1 mm wide cut in it. The area of a cross-section
of the ring is 3-6 cm?. Calculate the value of direct current needed in a coil of 1000 turns uniformly
wound round the ring to create a flux of 0-5 mWb in the air gap. Neglect fringing and assume relative
permeability for the iron as 650.

Solution:
Here, Area of cross-section of the ring, a = 3-6 cm? = 3-6 x 10~* m?

No. of turns of the coil, N = 1000
Flux set-up, ¢ = 0-5m Wb =05 x 103 Wb
Relative permeability of iron, p = 650

Length of air gap, /, = 1 mm =1 x 103 m
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Mean diameter of ring = 20 cm =20 x 102 m

Length of iron path [, = 7D = 7x 20 x 102 m = 62-83 x 10 m

i

Reluctance of iron path =

:uO nur a
)
= 0283 <10 — =213669 AT/Wb.
4r x 107" x 650 x 3-6 x 10
AT required for iron path = 0-5 x 103 x 213669 = 10683 AT
I -3
Reluctance of air gap = —*— = 1x10 =2210485 AT/Wb

Hoa 4z x1077 x3-6x107*
AT required for air gap = 0-5 x 1073 x 2210485 = 11052 AT
Total AT = (AT), + (AT),, = 10683 + 11052 = 2173-5 AT

Current ] = TORLAT _ 21735 _ 54935 A (Ans)

N 1000

Example 1.10

A coil is wound uniformly with 300 turns over a steel ring of relative permeability 900 having a
mean diameter of 20 cm. The steel ring is made of bar having circular cross-section of diameter
2 cm. If the coil has a resistance of 50 ohm and is connected to 250 V DC supply, calculate (i) the
mmf of the coil, (ii) the field intensity in the ring, (iii) reluctance of the magnetic path, (iv) total flux
and (v) permeance of the ring.

Solution:

The magnetic circuit is shown in Fig. 1.12.

7= Y - 250
Current through the coil, I = =350
(1) mmf of the coil = NI =300 x 5 =1500 AT (Ans.)
(ii) Field intensity H = %
where, [ = D = 02 7 metre
= 1500 _ 53g7. o
H= 0 - 2387-3 AT/m (Ans.) V =250V
1 Fig. 1.12 Magnetic circuit
(#ii) Reluctance of the magnetic path, S =
a:uO/J’r

where, a= Fd* = %5 (0-02)" =7 10~ m% , = 900

S = 02n/n x 1074 x 47t x 107 x 900

= 17-684 x 10° AT/Wb (Ans.)
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@iv) Total flux,

m.m.f. 1500
- = = 0-848 m Wb (Ans.
¢ N 17 - 684 x 10° Ans.)

(v) Permeance = 1/S = 1/17-684 x 10° = 5-655 x 107 Wb/AT (Ans.)

Example 1.11
Calculate the relative permeability of an iron ring when the exciting current taken by the 600 turn

coil is 1.2 A and the total flux produced is 1 m Wb. The mean circumference of the ring is 0-5 m and
the area of cross-section is 10 cm?.

Solution:
ni= 9%0
a/.lo,u,
o x1
M= quy NI

where N =600 turns; /=12 A; =1 m Wb =1 x 102 Wb; /=0-5m; a = 10 cm? = 10 x 10~* m?

_ 1x107° x0-5
10x107% x 47 x 1077 x 600 x 1-2

u, = 5526 (Ans.)

Example 1.12
An iron ring of mean length 1 m has an air gap of 1 mm and a winding of 200 turns. If the relative

permeability of iron is 500 when a current of 1 A flows through the coil, find the flux density.

Solution:
The magnetic circuit is shown in Fig. 1.13.

Now, mmf = flux x reluctance

L l
ie., NIl = ¢ i 45
a :u0 nur (l/.to
L
or NI = B L+ =
:LLO lur ”0

where N =200 turns; /=1 A; p_= 500

Fig. 1.13 Magnetic circuit

lg =1 mm =0-001 m;

l,=(1-0-001) =0999 m

200)(1:3( 0.99 0-001)

47 x 107 x 500  4m x 1077

_ 200 .. 2
or B = 738573 = 0-0838 Wh/m* (Ans.)
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Example 1.13
A rectangular magnetic core shown in Fig. 1.14 (a). has square cross-section of area 16 cm*. An

air-gap of 2 mm is cut across one of its limbs. Find the exciting current needed in the coil having
1000 turns wound on the core to create an air-gap flux of 4 m Wb. The relative permeability of the
core is 2000.

g
N

N =1000

—
2mm_L —

_T_

~

— == cm—%:
-
=

5
el
<l o
B
I
Y————16cm———*— AL
le—— 20 om —»| le—— 20 om ——»|

(a) Given circuit (b) Circuit with path of field

[
\
|<— 25cm

Fig. 1.14 Magnetic circuit

Solution:
Here, Area of x-section, @ = 16 cm? = 16 x 1074 m?; lg =2mm=2x10"m

No. of turns, N = 1000; Flux, ¢ =4 m Wb =4 x 103 Wb; W, = 2000

=25T

-3
Flux density required, B = % _ 4x107

16 x107*

Each side of the cross-section = v16 =4 cm
Length of iron-path, [, = |25 - 2 X%+20—2 X% x2-0-2

=73-8 cm =0-738 m
B

. B
Total ampere-turns required = —= [, + ;

Uy = Uy M,
_2:5x2x10° . 2-5x0-738
4 x 1077 41 x 1077 x 2000
= 3979 + 734 = 4713

Exciting current required, I = Total amge re-tums _ ;1(7)83 =4713 A (Ans.)

Example 1.14
An iron ring of 10 cm? area has a mean circumference of 100 cm. If has a saw cut of 02 cm wide.

A flux of one mWb is required in the air gap. The leakage factor is 1.2. The flux density of iron for
relative permeability 400 is 1.2 Wb/m?. Calculate the number of ampere-turns required.
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Solution:

¢ 1x107°
Flux density in air gap, B, = —% = =22 _ =] Wb/m?
Y B e = T lox 10+

Flux in iron ring, ¢, = A x ¢g (where A is leakage factor)

=12x1x103=12x 107 Wb

-3
Flux density in iron ring, B = ® = % =12 Wb/m?
a 10x10
B B.
Total ampere-turn required = H, [, + H, [, = —glg +—1
88 Mo HoH,
-1 _x0.2x107+ 12 x 1
4m x 10 4 x 107" x 400
= 3978-87 (Ans.)

Example 1.15

A steel ring 10 cm mean radius and of circular cross-section 1 cm in radius has an air gap of 1
mm length. It is wound uniformly with 500 turns of wire carrying current of 3 A. Neglect magnetic
leakage. The air gap takes 60% of the total mmf Find the total reluctance.

Solution:

Total mmf = NI =500 x 3 = 1500 ATs

Mmf for air gap = 60% of total mmf = 0-6 x 1500 = 900 ATs

)
. _ ‘g
Reluctance of air gap, Sg = e

where, /, = I mm=1x 103 m;a=nx (0012 =nx10*m?
1x1073 108
S = = ATs/Wb
¢ oax10* x4nr x107  4n?

Flux in the air gap, ¢, = %ﬁ;‘m - ?OLS x 472 = 3672 x 1075 Wb

Mmf for iron = Total mmf — air mmf = 1500 — 900 = 600 ATs

Flux in the iron ring, ¢, = ¢, = 36 7 x 107 Wb
(since there is no magnetic leakage)

; 8
Reluctance of iron ring, §; = MMF. of iron _ 600 - 10 AT /Wb

o, 3672 x10° 672
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Total reluctance, S =S +S.= — + =—
& 4n ent  n?

= 422 x 10° ATs/Wb (Ans.)

10° | 10° 108(1 1)

Example 1.16

Determine magnetomotive force, magnetic flux, reluctance and flux density in case of a steel ring
30 cm mean diameter and a circular cross-section 2 cm in diameter has an air gap 1 mm long. It
is wound uniformly with 600 turns of wire carrying a current of 2.5 A. Neglect magnetic leakage.
The iron path takes 40% of the total magnetomotive force.

Solution:
Mmf of the magnetic circuit = NI = 600 x 2-5 = 1500 ATs (Ans.)

As iron path takes 40% of the total mmf, the reluctance of iron in 40% and the rest of the reluctance
(60%) is of air path.

S, 60 _3 _
S, T40 0 2 T 15
. [
Reluctance of air path, S, = ¢
a,

where [, =1x 107 m; a= % 22 x 104 =1 x 104 m?;

-4
S, = 110 = 2533 x 10° ATs/Wb

X107 x 47 x 1077

Se _2-533x10°

— 1. 6
5 1.5 = 1-688 x 10° ATs/Wb

Reluctance of iron path, Sl.

Total reluctance = S + S, = (2533 + 1-688) x 106 ATs/Wb
=4-221 x 10¢ ATs/Wb (Ans.)

mm.f.  _ 1500
reluctance 4 .221 x 10°

Magnetic flux, ¢ = =0-3554 m Wb (Ans.)

3
Flux density, B = L] = M = 1131 Wb/m? (Ans.)
a T x10

Example 1.17

Aniron ring is made up of three parts; [, = 10 cm, a, =5 cm?; l,=8cm,a,=3 cm?; ly=6cm,a,=
25 cm?. It is wound with a 250 turns coil. Calculate current required to produce flux of 0-4 mWb.
1y, =2670, u, = 1050, 1, = 600.
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Solution: ¢ =04mWb
-3
Flux density B, = L % I ay, my 5, a3, m,
4 5x10”
= 0-8 Wb/m?
-3
po 8 _04x107
a 3x 10"
= 133 Wb/m?
¢ 0-4x107°
By=—"—=——""7p I
az  2.5%x107* 3:83,M3
= 1-6 Wb/m?2 Fig. 1.15 Series magnetic circuit as per data

Total Ampere-turns required

B B B
AT= — | +—2-1, + ——1,
Ho 1y Mo Hy Ho U3~
_ 1 0-8 ) 1-33 ) 1-6 )
= %107 [267OX0 10+1050><0 08+—600><0 06:|
= 23192

Current required to produce given flux,

_ AT _231-92

I N 250

=0-928 A (Ans.)

Example 1.18

The ring shaped core shown in Fig. 1.16 is made of a material having a relative permeability of
1000. The flux density in the smallest area of cross-section is 2 T. If the current through the coil is
not to exceed 1-5 A, compute the number of turns of the coil.

Fig. 1.16 Series magnetic circuit as per data
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Solution:

Flux in the core, p=BxA=2x2x10"*=4x10"* Wb
Total reluctance of the magnetic path,
§=8+5,+S;

L L L
+ +—
ay Mo Ky ay U 1y az Ho 1,

(b k)
Ho By \ @y Gy a3

1 ( 0.1, 0-15
4 x 1077 x 1000\ 4 x10™*  3x 107
13:926 x 105 AT/Wb

Total mmf required, NI = ¢ S
or Nx15=4x10"*x 13926 x 10’

No. of turns, N = 371-36 (Ans.)

Example 1.19

0-2
+
2><10*‘j

The magnetic frame shown in Fig. 1.17 is built-up Part-A

of iron of square cross-section, 3 cm side. Eachair - {__ _________ ; | 3t

gap is 2 mm wide. Each of the coil is wound with ' — ‘2 mm

1000 turns and the exciting current is 1-0 A. The : P 9T T °

relative permeability of part A and part B may be : : 4 b c

taken as 1000 and 1200 respectively. i C Part-B 11F §
Calculate, (i) reluctance of part A; (i) reluctance L e : l

of part B; (iii) reluctance of two air gaps; (iv) total e 20 om >i

reluctance of the complete magnetic circuit; (v) mmf
produced and (Vi) flux set-up in the circuit.

Solution:
l

A
afloH,y

where, [, =20 -(15+ 1:5) + (15 + 15) =20 cm =02 m
a=3%x3=9cm?=9x10~*m% pu_, = 1000;

() Reluctance of path A, S, =

0-2

S =
A7 9% 10 x4 x 1077 x 1000

I

allot,p

(ii) Reluctance of path B, S, =

Fig. 1.17 Series magnetic circuit

=176839 AT/Wb (Ans.)
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where, [, = (20 -15-15)+2 (10 - 15) = 34 cm = 034 m; p_, = 1200
S, = 034 = 250521 AT/Wb (Ans)
9x 107 x4 x107" x 1200
/
e . _ i
(@) Reluctance of two air gaps, Sg =
where, [ =2+2=4mm=4x 103 m
S, =4x 1039 x 10~* x 4nt x 107 = 3536776 AT/Wb (Ans.)

(iv) Total reluctance of the composite magnetic circuit,
S=8,+S8z+S,=176839 + 250521 + 3536776

= 3964136 AT/Wb (Ans.)
(v) Total mmf = NI= (2 x 1000) x 1 =2000 AT (Ans.)

. . oo mmf. _ 2000 _ .
(vi) Flux set-up in the circuit, ¢ = reluctance — 3964136 ~ 0-:5045 m Wb (Ans.)

Example 1.20

A magnetic core made of annealed sheet steel has the dimensions as shown in Fig. 1.18. The cross-
section everywhere is 25 cm?. The flux in branches A and B is 3500 m Wb, but that in the branch
C' is zero. Find the required ampere-turns for coil A and for coil C. Relative permeability of sheet
steel is 1000.

,—-80cm—— ~-80cm-—+ ,—-80cm-~-_~-80cm-—+
I Y | | Y |
| | - a | | ®
._o ! é q 1 b - - d4 ! P IE I b -
D 5] q D: o q
T = P 3 ;T¢ 3 l¢1 lg 2
— | I | —e — I 2] | e
A 1B C, A 1 B C,
_______ I\ -~ P A N
Fig. 1.18 Given parallel magnetic circuit Fig. 1.19 Flux distribution in the parallel magnetic circuit
Solution:

The given magnetic circuit is a parallel circuit. To determine the ATs for coil ‘A’, the flux distribution

is shown in Fig. 1.19.
Since path ‘B’ and ‘C’ are in parallel with each other w.r.t. path ‘A’

mmf for path ‘B> = mmf for path C,
1.e., ¢1 S] = ¢2 Sz

-6 -2 -2
ie. 3500 x 107 x 30 x 107~ _ 6, x 80 x 10
alu0:ur alu()lu“r

¢, = 13125 x 10-° Wb
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Total flux in the path ‘A’, ¢ = ¢, + ¢,
= (3500 + 1312:5) x 107 = 48125 x 10-®* Wb

Actual (resultant) flux in path A” = ¢— ¢, = 3500 x 10-° Wb
ATs required for coil ‘A’ = ATs for path ‘A’ + ATs for path ‘B’ or ‘C’

-6
_ _3500)(10 _4(0-8+0-3)
4 x 107" x 1000 x 25 x 10

= 1225-5 (Ans.)
To neutralise the flux in section ‘C’, the coil produces flux of 1312-5 u Wb in opposite direction.
ATs required for coil ‘C” = ATs for path ‘C* only

. _6 .
_ 1312_75 x107 x0-8 ~ =334-22 (Ans.)
4m x 107" x 1000 x 25 x 10

1.9 Magnetisation or B-H Curve

The graph plotted between flux density B and magnetising force H of a material is called the

magnetisation or B—H Curve of that material.

The general shape of the B—H Curve of a magnetic material is shown in Fig. 1.20. The shape
of the curve is non-linear This indicates that the relative permeability (u, = B/u, H) of a magnetic
material is not constant but it varies. The value of p, largely depends upon the value of flux density.

Its shape is shown in Fig. 1.21 (for cast steel).

— 1200
E - \

3 B Saturation u

= T /

m 800 /

[ 400

A
o 0 0-4 0-8 1-2 16
—>» H (AT/m) —— B (Wh/m?)

Fig. 1.20 B-H curve of a magnetic material Fig. 1.21 p-Bcurve

The B—H curves of some of the common magnetic materials are shown in Fig. 1.22. The B—H
curve for a non-magnetic material is shown in Fig. 1.23. It is a straight line curve since B = u, H

or B oc H as the value of 4, is constant.
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150 | T ——F 2.0
125 oS =T
5 T o LA T1.5
< 100 2° 5
P <
e |/l ¢ =
o 075 / 1.0
a0 — g
T 0'50/ Gas\f\(o ?05
0-25
L —1
0 500 1000 1500 0 400 800 1200
— H(AT/m) — H (AT/m)

Fig. 1.22 B-H curve for different magnetic materials Fig. 1.23 B-H curve for a non-magnetic materials

110 Magnetic Hysteresis

When a magnetic material is magnetised first in one direction and then in the other (i.e., one cycle
of magnetisation), it is found that flux density B in the material lags behind the applied magnetising
force H. This phenomenon is known as magnetic hysteresis.

Hence, the phenomenon of flux density B lagging behind the magnetising force H in a magnetic

material is called magnetic hysteresis.
‘Hysteresis’ is the term derived from the Greek word hysterein meaning to lag behind. To

understand the complete phenomenon of magnetic hysteresis, consider a ring of magnetic material
on which a solenoid is wound uniformly as shown in Fig. 1.24. The solenoid in connected to a DC
source through a double pole double throw reversible switch (position ‘1).

Solenoid

Ring of B

’ C o f E— H
D.PD.T
reversible
switch
e
d

DC source

Fig. 1.24 Circuit to trace hysteresis loop Fig. 1.25 Hysteresis loop
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When the field intensity H is increased gradually by increasing current in the solenoid (by
decreasing the value of R), the flux density B also increases until saturation point a is reached and
curve so obtained is oa. If now the magnetising force is gradually reduced to zero by decreasing
current in the solenoid to zero. The flux density does not become zero and the curve so obtained
is ab as shown in Fig. 1.25. When magnetising force H is zero, the flux density still has value ob.

Residual Magnetism and Retentivity

This value of flux density ‘ob’ retained by the magnetic material is called residual magnetism and
the power of retaining this residual magnetism is called retentivity of the material.

To demagnetise the magnetic ring, the magnetising force H is reversed by reversing the direction
of flow of current in the solenoid. This is achieved by changing the position of double pole, double
throw switch (i.e., position ‘2’). When H is increased in reverse direction, the flux density starts
decreasing and becomes zero and curve follows the path bc. Thus residual magnetism of the magnetic
material is wiped off by applying magnetising force oc in opposite direction.

Coercive Force

This value of magnetising force oc required to wipe off the residual magnetism is called coercive force.

To complete the loop, the magnetising force H is increased further in reverse direction till
saturation reaches (point ‘d’) and the curve follows the path cd. Again H is reduced to zero and the
curve follows the path de. Where oe represents the residual magnetism. Then H is increased in the
positive direction by changing the position of reversible switch to position ‘1’ and increasing the flow
of current in the solenoid. The curve follows the path of efa and the loop is completed. Again of is
the magnetising force utilised to wipe off the residual magnetism oe.

Hence, cf1is the total coercive force required in one cycle of magnetisation to wipe off the residual
magnetism.

Since the meaning of hysteresis is lagging behind, and in this case flux density B always lags
behind the magnetising force, H, therefore, loop (abcdefa) so obtained is called hysteresis loop.

111 Hysteresis Loss

When a magnetising force is applied, the magnetic material is magnetised and the molecular magnets
are lined up in a particular direction.

However, when the magnetising force in a magnetic material is reversed, the internal friction
of the molecular magnets opposes the reversal of magnetism, resulting in hysteresis. To overcome
this internal friction of the molecular magnets (or to wipe off the residual magnetism), a part of the
magnetising force is used. The work done by the magnetising force against this internal friction of
molecular magnets produces heat. This energy, which is wasted in the form of heat due to hysteresis,
is called hysteresis loss.

Hysteresis loss occurs in all the magnetic parts of electrical machines where there is reversal of
magnetisation. This loss results in wastage of energy in the form of heat. Consequently, it increases
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the temperature of the machine which is undesirable. Therefore, a suitable magnetic material is
selected for the construction of such parts, e.g., silicon steel is most suitable in which hysteresis loss
is minimum.

112 Importance of Hysteresis Loop

The shape and size of hysteresis loop of a magnetic material largely depends upon its nature. For a
particular location, the choice of the magnetic material depends upon the shape and size (i.e., area)
of its hysteresis loop. The hysteresis loops of some of the common magnetic materials are shown
in Fig. 1.26.

(?) Hard steel: The hysteresis loop for hard steel is shown in Fig. 1.26 (a). This loop has larger area
which indicates that this material will have more hysteresis loss. Therefore, it is never used for
the construction of machine parts. However, its loop shows that the material has high retentivity
and coercivity. Therefore, it is more suitable for making permanent magnets.

B

—>
—>

/~‘->H +—H ——H
(a) For hard steel (b) For silicon steel (c) For wrought iron

Fig. 1.26 Hysteresis loop for different magnetic materials

(@) Silicon steel: The hysteresis loop for silicon steel is shown in Fig. 1.26 (b). This loop has smallest
area which indicates that this material will have small hysteresis loss. Therefore, it is most suitable
for the construction of those parts of electrical machines in which reversal of magnetisation is
very quick e.g., armature of DC machines, transformer core, starter of induction motors etc.

(iii) Wrought iron: Figure 1.26 (c) shows the hysteresis loop for wrought iron. This loop shows that
this material has fairly good residual magnetism and coercivity. Therefore, it is best suited for
making cores of electromagnets.

Section Practice Problems

Numerical Problems

1. Aniron ring has a cross-sectional area of 400 mm?2 and a mean diameter of 25 cm. It is wound with 500
turns. If the value of relative permeability is 500, find the total flux set-up in the ring. The coil resistance
is 400 Q and the supply voltage is 200 V. (Ans. 0-08 m Wb)
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2. Aniron ring of mean diameter 22 cm and cross-section 10 cm? has an air gap 1 mm wide. The ring is
wound uniformly with 200 turns of wire. The permeability of ring material is 1000. A flux of 0-16 mWh is
required in the gap. What current should be passed through the wire? (Ans. 1-076 A)

3. Anironring has cross-section 3 cm? and a mean diameter of 25 cm. An air gap of 0-4 mm has been made
by saw cut across the section. The ring is wound with 200 turns through which a current of 2 A is passed.
If the total flux is 21 x 1075 weber, find j for iron assuming no leakage. (Ans. 2470)

4. Aniron ring has a mean circumferential length of 60 cm with an air gap of 1 mm and a uniform winding
0f 300 turns. When a current of 1 A flows through the coil, find the flux density. The relative permeability
of iron is 300. Assume i, = 4 x 107 H/m. (Ans. 0-1256 T)

5. Inthe magnetic circuit shown in Fig. 1.27, a coil of 500 turns is wound on the central limb. The magnetic
path from A to B by way of outer limbs have a mean length of 100 cm each and an effective cross-sectional
area of 2.5 cm2. The central limb is 25 cm long and 5 cm? cross-sectional area. The air gap is 0-8 cm long.
Calculate the current flowing through the coil to produce a flux of 0-3 m Wb in the air gap. The relative
permeability of the core material is 800 (neglect leakage and fringing).

|—=—=—===-- 1—A—————j
| | |
| ] |
I | |
| | |
| 1 |
I | |
| | |
L——————;L—B ______ |
Fig. 1.27
Short Answer Type Questions

Q.1. What is a magnet?

Ans. A substance that attracts pieces of iron is called a magnet.

Q.2. What are permanent and temporary magnets?

Ans. A magnet that retains magnetism permanently is called a permanent magnet. Whereas a magnet in
which magnetism remains temporarily is called a temporary magnet. A wire wound soft iron piece
becomes a temporary magnet when a DCis passed through the wire.

0.3. What are magnetic poles?

Ans. The ends of amagnet from where the magnetic lines of force appear to emit or enter are called magnetic
poles, these are identified as north and south poles respectively.

Q.4. What do you understand by magnetic field?

Ans. The space occupied by the magnetic lines of force around a magnet is called the magnetic field.

Q.5. What do you mean by magnetic axis?

Ans. Magnetic axis is the imaginary line joining the two poles of a magnet. It is also called as the magnetic

equator.
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Q.6.
Ans.

Q.7.
Ans.

Q.8.
Ans.

Q.9.
Ans.

Q.10.
Ans.

Define and explain a magnetic circuit.

A complete closed path followed by a group of magnetic lines force is called a magnetic circuit. Ina
magnetic circuit, the magnetic flux leaves from north pole, passes through the circuit and returns to
the north pole.

Mention at least four properties of magnetic lines of force.

1. Magnetic lines always emanate from north pole and terminate at south pole outside the magnet
whereas they are set-up from south to north pole inside the magnet.

The magnetic lines of force do not intersect each other.

The magnetic lines of force set-up in one direction have a repulsive force between them and therefore
do not intersect.

4. The magnetic lines of force always follow the least reluctance path.

Explain the term MMF.

The force which drives the magnetic flux through a magnetic circuit is called the magnetomotive force.
Itis produced by passing electric current through wire of number of turns. It is measured in ampere-
turns (AT).

MMEFin a magnetic circuit can be compared to EMFin an electric circuit. Both are pressure. MMF is
magnetic pressure and EMFis electric pressure.

Define relative permeability.

The relative permeability (u,) of a material (or medium) is defined as the ratio of the flux density
produced in that material or medium to the flux density produced in vacuum by the same magnetising
force.

B
H,= 5
r B(]
where, B— Flux density in the material or medium in tesla
B, — Flux density in vacuum

Define permeance of magnetic circuit.

Permeance is the reciprocal of reluctance. It is the ease of the magnetic material with which magnetic
flux is set-up in it. It is equivalent to conductance in an electric circuit. Its unit is weber per ampere-
turn.

1

Permeance = por ctance
- 1 — aluo H
//.UO My /

where, /= length of the magnetic circuit
a—area of cross section of the magnetic circuit
1, — absolute permeability of the magnetic circuit.
u,— relative permeability
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Q.11.
Ans.

Q.12.
Ans.

0.13.
Ans.

Q.14.
Ans.

Q.15.
Ans.

0.16.
Ans.

Give similarities of electric and magnetic circuits.

Se.

No Magnetic Circuit Electric Circuit
1. | The closed path for magnetic flux is called The closed path for electric current is called
magnetic circuit. electric circuit.
2, - __MMF __emf
Flux (¢) Reluctance Current (/) Resistance
3. | MMF (Ampere-turns) emf (volt)
/ : /
4. | Reluctance (S) = Resistance (R) = p—
= 2 a (R)= p
5. | Reluctivity Resistivity
6. | Permeance Conductance
7. | Flux density B = % Whb/m?2 Current density (J) = é ampere/m?
8. | Magnetic field intensity H = % AT/m Electric field intensity £ = % volt/m

What is a composite magnetic circuit?

A composite magnetic circuit consists of different magnetic materials. The magnetic materials have
different permeabilities and length it may also have an air gap. Each path will have its own reluctance.
Since the materials are in series, the total reluctance is given by the sum of individual reluctances.

State ‘Ohms law’ of a magnetic circuit.
The ‘ohms law’ of a magnetic circuit is given by

MMEF
Reluctance

The above equation is similar to that of the ohm’s law in electric circuit. Flux is analogous to current,
MMFto EMF and reluctance to resistance in electric circuit.

Flux = e, ¢=

Define leakage factor.
Leakage factor is defined as the ratio of total flux to the useful flux.

Why is it necessary to keep air gaps in magnetic circuits as small as possible?

Usually, the ampere-turns (AT) required for the airgap is much greater than that required for the magnetic
circuit. It is because the reluctance of air is very high as compared to that offered by iron. Therefore,
it is always preferred to keep air gaps in magnetic circuits as small as possible.

Why does leakage occur in a magnetic circuit?

In a parallel magnetic circuit, a large amount of flux follows the intended path. At the same time a small
amount of flux leaks through the surrounding air since air is not a magnetic insulator. Therefore, leakage
of flux takes place easily. The leakage flux is useless, it is harmful in an electrical machine.
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Q.17.
Ans.

What is magnetic fringing?

While crossing an air gap the magnetic lines of force tend to bulge out. The reason is that the magnetic

lines of force repel each other when passing through non-magnetic material. This phenomenon is known
as fringing.

0.18.
Ans.

What is hysteresis in a magnetic material?

The phenomenon due to which magnetic flux density (B) lags behind the magnetic field intensity (H)
in a magnetic material is called magnetic hysteresis.

Q.19.
Ans.

Give the units of MMF, reluctance, flux and give the relation between them.

Reluctance =

MMF

Flux

Quantity

Unit

MMF

Ampere-Turn

Flux

Weber

Reluctance

AT/weber

113 Electro Magnetic Induction

The phenomenon by which an emf is induced in a circuit (and hence current flows when the circuit
is closed) when magnetic flux linking with it changes is called electro-magnetic induction.
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(a) Bar magnetic in motion (b) Coil in- motion

Fig. 1.28 Electromagnetic induction

For illustration, consider a coil having a large number of turns to which galvanometer is connected.
When a permanent bar magnet is taken nearer to the coil or away from the coil, as shown in Fig. 1.28
(@), a deflection occurs in the needle of the galvanometer. Although, the deflection in the needle is
opposite is two cases.

On the other hand, if the bar magnet is kept stationary and the coil is brought nearer to the magnet
or away from the magnet, as shown in Fig. 1.28 (), again a deflection occurs in the needle of the
galvanometer. The deflection in the needle is opposite in the two cases.

However, if the magnet and the coil both are kept stationary, no matter how much flux is linking
with the coil, there is no deflection in the galvanometer needle.
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The following points are worth noting:

(?) The deflection in the galvanometer needle shows that emf is induced in the coil. This condition
occurs only when flux linking with the circuit changes i.e., either magnet or coil is in motion.

(ii) The direction of induced emf in the coil depends upon the direction of magnetic field and the
direction of motion of coil.

114 Faraday’s Laws of Electromagnetic Induction

Michael Faraday summed up conclusions of his experiments regarding electro-magnetic induction
into two laws, known as Faraday’s laws of electro-magnetic induction.

First Law: This law states that “Whenever a conductor cuts across the magnetic field, an emf is
induced in the conductor.”

or
“Whenever the magnetic flux linking with any circuit (or coil) changes, an emf'is induced in the circuit.”

Figure 1.29 shows a conductor placed in the magnetic field of a permanent magnet to which a
galvanometer is connected. Whenever, the conductor is moved upward or downward i.e., across the
field, there is deflection in the galvanometer needle which indicates that an emf is induced in the
conductor. If the conductor is moved along (parallel) the field, there is no deflection in the needle
which indicates that no emf is induced in the conductor.

For the second statement, consider a coil placed near a bar magnet and a galvanometer connected
across the coil, as shown in Fig. 1.30. When the bar magnet (N-pole) is taken nearer to the coil [see
Fig. 1.30 (a)], there is deflection in the needle of the galvanometer. If now the bar magnet (N-pole) is
taken away from the coil [see Fig. 1.30 ()], again there is deflection in the needle of galvanometer
but in opposite direction. The deflection in the needle of galvanometer indicates that emf is induced
in the coil.
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(b) Bar magnet take away from the coil

Fig. 1.29 Conductor moving in the field Fig. 1.30 Coil is stationary but bar magnet
(field) is moving
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Second Law: This law states that “The magnitude of induced emf in a coil is directly proportional
to the rate of change of flux linkages.

Rate of change of flux linkages = Wb-turns/s

N(9, - ¢,)
t
where, N = No. of turns of the coil; (¢, — #,) = change of flux in Wb

t = time in second for the change
According to Faraday’s second law of electro-magnetic induction;

« N, —9)

t
_N (¢2 o)

Induced emf,

(taking proportionality constant, as unity)

In differential form, e= N % volt

Usually, a minus sign is given to the right-hand side expression which indicates that emf is
induced in such a direction which opposes the cause (i.e., change in flux) that produces it (according
to Lenz’s law).

_ d¢
e= th volt

1.15 Direction of Induced emf

The direction of induced emf and hence current in a conductor or coil can be determined by either
of the following two methods:

1. Fleming’s Right Hand Rule: This rule is applied to determine the direction of induced emf
in a conductor moving across the field and is stated as under;

“Stretch, first finger, second finger, and thumb of your right hand mutually perpendicular to
each other. If first finger indicates the direction of magnetic field, thumb indicates the direction
of motion of conductor then second finger will indicate the direction of induced emf in the
conductor.”

Its illustration is shown in Fig. 1.29.
2. Lenz’s Law: This law is more suitably applied to determine the direction of induced emf in a
coil or circuit when flux linking with it changes. It is stated as under:

“In effect, electro-magnetically induced emf and hence current flows in a coil or circuit in such
a direction that the magnetic field set up by it, always opposes the very cause which produces it.”

Explanation: When N-pole of a bar magnet is taken nearer to the coil as shown in Fig. 1.30, an emf
is induced in the coil and hence current flows through it in such a direction that side ‘B’ of the coil
attains North polarity which opposes the movement of the bar magnet. Whereas, when N-pole of
the bar magnet is taken away from the coil as shown in Fig. 1.30, the direction of emf induced in the
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coil is reversed and side ‘B’ of the coil attains South polarity which again opposes the movement
of the bar magnet.

1.16 Induced emf

When flux linking with a conductor (or coil) changes, an emf is induced in it. This change in flux
linkages can be obtained in the following two ways:

(/) By either moving the conductor and keeping the magnetic field system stationary or moving
the magnetic field system and keeping the conductor stationary, in such a way that conductor
cuts across the magnetic field (as in case of DC and AC generators). The emf induced in this
way is called dynamically induced emf

(i) By changing the flux linking with the coil (or conductor) without moving either coil or field
system. However, the change of flux produced by the field system linking with the coil is obtained
by changing the current in the field system (solenoid), as in transformers. The emf induced in
this way is called statically induced emf

1.17 Dynamically Induced emf

By either moving the conductor keeping the magnetic field system stationary or moving the field
system keeping the conductor stationary so that flux is cut by the conductor, the emf thus induced
in the conductor is called dynamically induced emf

Mathematical Expression

Considering a conductor of length [ metre placed in the magnetic field of flux density B Wb/m?
is moving at right angle to the field at a velocity v metre/second as shown in Fig. 1.31 (a). Let the
conductor be moved through a small distance dx metre in time dt second as shown in Fig. 1.31 (b).
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(a) Conductor moving in  (b) Conductor is moving (c) Area swept by (d) Conductor is moving
uniform magnetic field through a distance dx the conductor at an angle 6 with the field

perpendicular to it

Fig. 1.31 Dynamically induced emf
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Area swept by the conductor, A =/ x dx
Flux cut by the conductor, ¢ =B xA =B [ dx
According to Faraday’s Law of electro-magnetic induction;

flux cut ¢ _ Bldx

Induced emf, e = ime 4 - i

=Blv (since dx/dt = v (velocity))

Now, if the conductor is moved at an angle 8 with the direction of magnetic field at a velocity v
metre/second as shown in Fig. 1.31 (d). A small distance covered by the conductor in that direction
is dx in time dt second. Then the component of distance perpendicular to the magnetic field, which
produces emf, is dx sin 6.

Area swept by the conductor, A = [ X dx sin 8

Flux cut by the conductor, ¢ = B x A = Bl dx sin 0

Induced emf e = w =Blvsin 0

Example 1.21
A coil of 500 turns in linked with a flux of 2 mWb. If this flux is reversed in 4 ms, calculate the

average emf induced in the coil.

Solution:
Average induced emf, e = 62_?
where, N=500turns;d ¢=2—-(-2)=4m Wh;dt =4 x 103 s;
-3
e =500 x & =500V (Ans.)
4 x 10~

Example 1.22
A coil of 250 turns is wound on a magnetic circuit of reluctance 100000 AT/Wb. If a current of 2 A

flowing in the coil is reversed in 5 ms, find the average emf induced in the coil.

Solution:

¢ = mmf/reluctance i.e., ¢ = NI/S

where, N =250; I = 2A and S = 100000 AT/Wb.

250 x 2
= Jooo00 ~>m Wb
. do
Average induced emf e = N o
where, d¢=5-(-5)=10 m Wb (since current is reversed)
-3
e = 250 x 10X10 2 _ 500 v (Ans)

5x%x10
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1.18 Statically Induced emf

When the coil and magnetic field system both are stationary but the magnetic field linking with the
coil changes (by changing the current producing the field), the emf thus induced in the coil is called
statically induced emf

The statically induced emf may be:

(@) Self induced emf (¢7) Mutually induced emf

@) Self induced emf: The emf induced in a coil due to the
change of flux produced by it linking with its own turns is
called self induced emf as shown in Fig. 1.32.

The direction of this induced emf is such that it opposes the
cause which produces it (Lenz’s law) i.e., change of current
in the coil.

Since the rate of change of flux linking with the coil depends
upon the rate of change of current in the coil. Therefore,
the magnitude of self induced emf is directly proportional

to the rate of change of current in the coil. Therefore, the battery
magnitude of self induced emf is directly proportional to Fig. 1.32 Flux produced by coil
the rate of change of current in the coil, i.e., linking with its own turns
dl dl
e’ =12
e - or e T,

where L is a constant of proportionality and is called self inductance or co-efficient of self
inductance or inductance of the coil.

(i) Mutually induced emf

The emf induced in a coil due to the change of flux produced by another (neighbouring) coil,
linking with it is called mutually induced emf as shown in Fig. 1.33.

Fig. 1.33 Flux produced by coil-A linking with coil-B

Since the rate of change of flux linking with coil ‘B’ depends upon the rate of change of current
in coil ‘A’. Therefore, the magnitude of mutually induced emf is directly proportional to the rate
of change of current in coil A, i.e.,
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dl, dl,
e o« — ore, = M—-
modt n dt
where M is a constant of proportionality and is called mutual inductance or co-efficient of

mutual inductance.

1.19 Self Inductance

The property of a coil due to which it opposes the change of current flowing through itself is called
self inductance or inductance of the coil.

This property (i.e., inductance) is attained by a coil due to self-induced emf produced in the coil
itself by the changing current flowing through it. If the current in the coil is increasing (by the change
in circuit conditions), the self-induced emf is produced in the coil in such a direction so as to oppose
the rise of current i.e., the direction of self-induced emf is opposite to that of the applied voltage. On
the other hand, if the current in the coil is decreasing, the self-induced emf is produced in the coil
in such direction so as to oppose the fall of current i.e., the direction of self-induced emf is in the
same direction as that of the applied voltage. In fact, self-inductance does not prevent the change of
current but it delays the change of current flowing through a coil.

It may be noted that this property of the coil only opposes the changing current (i.e., alternating
current). However, it does not affect the steady (i.e., direct) current when flows through it. In other
words, the self-inductance of the coil (by virtue of its geometrical and magnetic properties) will
exhibit its presence to the alternating current but it will not exhibit its presence to the direct current.

Expressions for self inductance:

L= dl/dt(smcee Ldt)
_ N Gnce e =N Zpdl) o N fGoeg o NI
=7 (smcee =N- = Ldtj = 1T apg, (smced} = 1T aug,

1.20 Mutual Inductance

The property of one coil due to which it opposes the change of current in the other (neighbouring)
coil is called mutual-inductance between the two coils.

This property (i.e., mutual-inductance) is attained by a coil due to mutually induced emf in the
coil while current in the neighbouring coil is changing.

Expression for mutual inductance:

1
M= —Sn (since e, = Md')

dl, I dt dt
_Naoo [ _ v 990 _ o dl
= since e,, = N, T M Y7

_ NN, since ¢, = _Mh
L apo, 1 apgp,
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1.21 Co-efficient of Coupling

When current flows through one coil, it produces flux (¢,). The whole of this flux may not be linking
with the other coil coupled to it as shown in Fig. 32. It may be reduced, because of leakage flux ¢,
by a fraction k known as co-efficient of coupling.

Thus, the fraction of magnetic flux produced by the current in one coil that links with the other
is known as co-efficient of coupling (k) between the two coils.

If the flux produced by one coil completely links with the other, then the value of k is one and the
coils are said to be magnetically tightly coupled. Whereas, if the flux produced by one coil does not
link at all with the other, then the value of k is zero and the coils are said to be magnetically isolated.

Mathematical expression: Considering the magnetic circuit shown in Fig. 1.34. When current /,
flows through coil-1;

L= MO gy = Mol Mo ) (01 = k)
1 1 1

Fig. 1.34 Flux produced by one coil linking with the other

Now considering coil-2 carrying current 7,;

Ny9, Ni¢y _ Niko,

L,= T and M = 1, = I, (1)) ( ¢y = k¢2)
Multiplying equation (i) and (if), we get,
MxM = Nyk ¢, » Nk ¢,
1 I
or = 2t Mot =KL, L,
1 I
or M= k\LL, N (173)

The above expression gives a relation between mutual-inductance between the two coils and their
respective self inductances.
Expression (iii) can also be written as,

M
LiL,

k =
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1.22 Inductances in Series and Parallel

Consider two coils magnetically coupled having self-inductance of L, and L, respectively, and a
mutual-inductance of M henry. The two coils, in an electrical circuit, may be connected in different
ways giving different values of resultant inductance as given below:

Inductances in series: The two coils may be connected in series in the following two ways:

(i) When their fields (or mmfs.) are additive i.e., their fluxes are set-up in the same direction as
shown in Fig. 1.35 In this case, the inductance of each coil is increased by M i.e.,

Total inductance, L, = (L, + M) + (L, + M) =L, + L, +2 M

(ii) When their fields (or mmfs.) are subtractive i.e., their fluxes are set-up in opposite direction as
shown in Fig. 1.36. In this case, the inductance of each coil is decreased by M, i.e.,

Total inductance, L= (L, -M) + (L,-M)=L,+L,-2M

Note: It may be noted that direction of field produced by a coil is denoted by placing a Dot at the side
at which current enters (or flux enters the core), see Fig. 1.35 and 1.36.

+M

Ty Ty
B
Fig. 1.35 Inductances in series having field in Fig. 1.36 Inductances in series with field in
same direction opposite direction

Inductances in parallel: The two coils may be connected in parallel in the following two ways:

(!) When the fields (or mmfs.) produced by them are in the same direction as shown in Fig. 1.37.

L L, —M?
Total inductance, L, = ——2 —
T L+L,-2M
4 ® P4
S SN 3
Al Ly v\‘ TA|1 Ly T
T, T 1 2
Al . P B
—p>—e ——o
4 L,
Ta| 2 T
3 4

Fig. 1.37 Inductances connected in parallel fields Fig. 1.38 Inductances in parallel fields are in
are in same direction opposite direction
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(i) When the fields (or mmfs.) produced by them are in the opposite direction as shown in Fig. 1.38.

L L,—M*

Total inductance, LT = m

Example 1.23
A coil has 1500 turns. A current of 4 A causes a flux of 8 mWb to link the coil. Find the self inductance
of the coil.

Solution:
Inductance of the coil, L = NTQ)
where N =1500; ¢=8 x 103> Wband I =4 A.

_ 1500 x8 x 107

L
4

=3 H (Ans.)

Example 1.24
Calculate the value of emf induced in circuit having an inductance of 700 micro-henry if the current

flowing through it varies at a rate of 5000 A per second.

Solution:
Inductance of the coil, L = 700 x 107 H
dl
Rate of change of current, T = 5000 A/s

Magnitude of emf induced in the coil,

e= L% =700 x 107 x 5000 = 3-5 V (Ans.)

Example 1.25
An air cored solenoid has 300 turns its length is 25 cm and its cross section is 3 cm?. Calculate the
self-inductance is henry.
Solution:
No. of turns of the solenoid, N = 300
Length of solenoid, / = 25 cm = 025 m
Area of cross section, a = 3 cm? =3 x 10~4 m?

For air core, p, =1

N? N?
Inductance of the solenoid, = ——— ="——al,
l/a ‘uO :ur l

_ 300 x 300
- 025

= 01375 mH (Ans.)

x3x 107 x47m x 1077
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Example 1.26
Calculate the inductance of toroid, 25 cm mean diameter and 6.25 cm? circular cross-section wound

uniformly with 1000 turns of wire. Hence calculate the emf induced when current in it increases at
the rate of 100 A/second.

Solution:

2
Inductance of the toroid, L = NT X allyU,

where, No. of turns, N = 1000 turns
Mean length / = 7 D =025 7 m;
Area of cross-section, a = 625 x 10~ m? and
Relative permeability, 1. = 1
L = (1000 x 625 x 10* x4 1 x 107 x 1/025 n
=1mH (Ans.)

Induced emf, e = L% =1x107x 100 =01V (Ans.)

Example 1.27

The iron core of a choke has mean length 25 cm with an air gap of 1 mm. The choke is designed for
an inductance of 15 H when operating at a flux density of 1 Wb/m?. The iron core has a relative
permeability of 3000 and 8 cm? area of cross-section. Determine the required number of turns of
the coil.

Solution:
Inductance of the coil, L = N%/S,

where S is the total reluctance of the magnetic circuit

i l,

T apgu,  ap,

_ 0-25 + 1x107
8x107™* x4 %1077 %3000 8x10*x47x107’

Now N = |JLS; =+15x1077612 =4020-5 turns (Ans.)

=1077612 AT/Wb

Example 1.28
Two coils have a mutual inductance of 0-6 H. If current in one coil is varied from4 A to 1 A in 0-2

second, calculate (i) the average emf induced in the other coil and (ii) the change of flux linking the
later assuming that it is wound with 150 turns.

Solution:

dl
Mutually induced emf, e, = d_tl
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where, M=06H;dl,=4-1=3Aanddt=02s

e, =06x3/02=9V (Ans.)

Now, e, =N, ag,
dt

e, xdt 9x0-2
N, 150

.. Change of flux with second coil, d¢,, = =12 mWb (Ans.)

Example 1.29
Two coils having 100 and 50 turns respectively are wound on a core with w= 4000 p,,. Effective core

length = 60 cm and core area =9 cm?. Find the mutual inductance between the coils.

Solution:

N, N
We know that, Mutual Inductance M = %zﬂa

where, N, = 100; N, = 50; u = 4000 p; / = 60 cm = 60 x 102 m; a =9 cm? = 9 x 10~ *m?

_ 100x50%4000 py x9x10™*

M 2
60x10”

100 x 50 x 4000 x 410 x 9 x 10~
60 x 1072

=377 mH (Ans.)

Example 1.30
A wooden ring has mean diameter of 150 mm and a cross-sectional area of 250 mm?. It is wound with

1500 turns of insulated wire. A second coil of 900 turns in wound on the top of the first. Assuming
that all flux produced by the first coil links with the second, calculate the mutual inductance.

Solution:

. N, N
Mutual-inductance, ~ M = — ; 2au,u,

where, N, = 1500; N,=900; [=n D =015 tm; a =250 x 10®m?; p =1

M= szsoxm‘6 X 4 x 107 x 1 = 0-9 m H (Ans.)

Example 1.31
Two coils A and B of 600 and 1000 turns respectively are connected in series on the same magnetic

circuit of reluctance 2 x 10° AT/Wb. Assuming that there is no flux leakage, calculate (i) self-
inductance of each coil; (ii) mutual inductance between the two coils.
What would be the mutual inductance if the co-efficient of coupling is 75%.

Solution:

Self inductance of coil A, L = le /S
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where N, = 600 and S =2 x 10° AT/Wb.

L, = (600)%/2 x 10° = 0-18 H (Ans.)

Similarly, L, = (1000)%/2 x 10° = 0-5 H (Ans.)

Mutual inductance, M= 4L,

when k=1;M=1+0.18x0.5 =03 H (Ans.)

when k=075 M= 075 v0.18 x 0.5 = 0-225 H (Ans.)

Example 1.32
Two air-cored coils are placed close to each other so that 80% of the flux of one coil links with the

other. Each coil has mean diameter of 2 cm and a mean length of 50 cm. If there are 1800 turns of
wire on one coil, calculate the number of turns on the other coil to give a mutual inductance of 15 mH.

Solution:
Reluctance, [ — 0-5 = 12665 x 10 AT/Wb
aHo Ky %x(o 102> x4 x107 x1
Now L,=N}/SandL,=N; /S
LL, =N, NS
Also M= kJLL, =kN,N,/S

where M = 15 x 107 H; N, = 1800; k = 0-8;

15 x 107 = 0-8 x 1800 x N,/12665 x 10°

15x107 x1-2665%10°
or N, =

2 0.-8x1800 = 13193 turns (Ans.)

Example 1.33
Two coils with negligible resistance and of self inductance of 0-2 H and 0-1 H respectively are

connected in series. If their mutual inductance is 0-1 H, determine the effective inductance of the
combination.

Solution:

Total inductance of the two coils when connected in series;

L=L+L,+2M=02+01+2x0-1=0-5Hor0-1H (Ans.)

Example 1.34
The combined inductance of two coils connected in series is 0-6 H and 0-1 H depending upon the

relative direction of currents in the coils. If one of the coils when isolated has a self inductances of
0-2 H, calculate the mutual inductance of the coils and the self inductance of the other coil.
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Solution:
The combined inductance of the two coils when connected in series;

(a) having their field additive = L, + L, + 2M = 0-6 (D)
(b) having their fields subtractive = L, + L, —2M = 0-1 (7))

Subtracting equation (i) from (i), we get,
4M = 0-5 or M = 0-125 H (Ans.)
From equation (ii); L, + L, -2 x0-125=0-1or L, + L, =035 H
Self inductance of one coil, L, =0-2 H
Self inductance of second coil, L, = 025 - 0-2 = 0-15 H (Ans.)

Example 1.35
Two coils of self inductance 120 mH and 250 mH and mutual inductance of 100 mH are connected in

parallel. Determine the equivalent inductance of combination if (i) mutual flux helps the individual
fluxes and (ii) mutual flux opposes the individual fluxes.

Solution:
(?) When mutual flux helps the individual fluxes;

LL,—M> _120x250 — (100)?

L= L L, =2 120 + 250—2x100 - 11765 mH (Ans)
(i) When mutual flux opposes the individual fluxes.
LL, - M’ — (100)>
L= -2 = 120250 = (A00)" _ 35.088 m H (Ans)

T7 L +L,+2M 120 + 250 + 2 x 100

1.23 Energy Stored in a Magnetic Field

When some electrical energy is supplied to a coil, it is spent in two ways:

(i) A part of it is spent to meet % R loss which is dissipated in the form of heat and cannot be
recovered.

(i) The remaining part is used to create magnetic field around the coil and is stored in the magnetic
field. When this field collapses, the stored energy is released by the coil and is returned to the
circuit.

The energy stored in the magnetic field is given by the expression:

Energy stored in magnetic field = %L I?

Example 1.36
A solenoid of 1 m in length and 10 cm in diameter has 5000 turns. Calculate the energy in the

magnetic field when a current of 2 A flows in the solenoid.
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Solution:

2
Inductance of the solenoid, L= NT X allol,

where, N=5000; a =nd*4=25nx10"*m% [=1m;p = L.

L =(5000%x25ntx 107*x4nx 107 x 1/1 =02467 H

Energy stored = %LI2 = %XO - 2467%(2)* =0-4934 J (Ans.)

1.24 AC Excitation in Magnetic Circuits

To magnetise the magnetic circuits of electrical devices such as transformers, AC machines,
electromagnetic relays, etc., AC supply is used. The magnetisation of magnetic circuits is called
their excitation.

The magnetic circuits are never excited by DC supply, because in case of DC excitation the steady-
state current is determined by the impressed voltage and resistance of the circuit. The inductance
of the coil comes into picture only during transient period i.e., when the current is building-up or
decaying during switching (ON or OFF) instants. The magnetic flux in the magnetic circuit adjusts
itself in accordance with this steady value of current so that the relationship imposed by magnetisation
(B-H) curve in satisfied. However, with AC excitation, inductance comes into picture even at steady-
state condition. As a result for most of the magnetic circuits (not for all) the flux is determined by the
impressed voltage and frequency. Then the magnetisation current adjusts itself in accordance with
this flux so that the relationship imposed by the magnetisation (B-H) curve is satisfied.

Usually, for economic reasons, the normal working flux density in a magnetic circuit is kept
beyond the linear portion of the magnetisation curve thus accurate analysis cannot be predicted for
determining self inductance. However, for all practical purposes the parameters of the magnetic
circuit are considered to be constant. )

. . Magnetic

The reactive effect of the alternatively flux set- circuit
up by the exciting current can readily be shown
as per Faraday’s laws i.e.,

Ring of
magnetic
material

e= N9
dt

Consider a magnetic core which is excited
by a coil (winding) having N turns and carrying
a current of i ampere as shown in Fig. 1.39. A
magnetic flux ¢ is set-up by the exciting current
i. Let the magnetic flux ¢ varies sinusoidally with
respect to time 7, then its instantaneous value is Fig. 1.39

N Magnetic core excited by AC
given by the relation;

¢ =@, sinwt=¢, sin2nft ()]
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where, #,, = maximum value of alternating flux

f = frequency of supply impressed across the coil.

The induced emf in the coil

= NNy
e= N_ —th (¢,, sin 27 fi)

= 2nfN ¢, cos 2nft = 2nfN ¢, sin (27: fr + %) (i)

The value of induced emf will be maximum when cos 2nft = 1, therefore
E, =2nfN ¢,
Its effective or r.m.s. value,
E, = E_m=m =444fN ¢,
V2o 2

Equation (i) and (i) reveal that the induced emf leads the flux and hence the exciting current by

% radian or 90°. This induced emf and the coil resistance drop oppose the applied voltage. In case

of electrical machines, usually the drop in resistance in only a few percent of applied voltage and
therefore, neglected for close approximation. Thus, the induced emf E and applied voltage V may be

considered equal in magnitude.

Example 1.37

For the AC excited magnetic circuit shown in Fig. 1.40. Calculate the excitation current and induced
emf of the coil to produce a core flux of 0-6 sin 314 t mWhb.

V3X3cm

A Y = 3775
I—> 25 cm I ur

S) N =500 1-5 mm

4

jf¢——— 3B5cm ———»]
Fig. 1.40 Magnetic core excited by AC

Solution:
Here, ¢ = ¢ sin @ t=0-6 sin 314 t mWb

Maximum value of flux, ¢, = 0-6 mWb =6 x 10~* Wb

Area of x-section, @ = 3 x3=9cm?=9 x 1074 m?

-4
Flux density, B, = %" = % = 0.667T
X
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Length of air gap, /, = 5 mm = 15 x 10~ m

Length of iron path, [, = |25 — 2 X % +35-2X % x 2 —=0.15 =107 - 85cm
= 1-0785 m
. B B
Total ampere-turns required, AT, = —*[, + —"—],
Ho Hot,
_0-667x1- 5%107° . 0-667x1-0785
47x107 47x107" x3775

= 7963 + 1517 = 948

Maximum value of excitation current required,

_ AT, 948 _
1. = N =300 = 1-896 A
RMS value of excitation current,
L, _1-896

Irms = E = m =1‘34A(AI’ZS)

RMS value of induced emf in the coil, E, =444 fN ¢

314

= 444XE

x500%0 - 6x107 = 6657 V (Ans.)

1.25 Eddy Current Loss

When a magnetic material is subjected to a changing (or alternating) magnetic field, an emf is
induced in the magnetic material itself according to Faraday’s laws of electro-magnetic induction.
Since the magnetic material is also a conducting material, these emfs. circulate currents within the
body of the magnetic material. These circulating currents are known as eddy currents. As these
currents are not used for doing any useful work, therefore, these currents produce a loss (i> R loss)
in the magnetic material called eddy current loss. Like hysteresis loss, this loss also increases the
temperature of the magnetic material. The hysteresis and eddy current losses in a magnetic material
are called iron losses or core losses or magnetic losses.

A magnetic core subjected to a changing flux is shown in Fig. 1.41. For simplicity, a sectional
view of the core is shown. When changing flux links with the core itself, an emf is induced in the
core which sets-up circulating (eddy) currents (i) in the core as shown in Fig. 1.41 (a). These currents
produce eddy current loss (i* R), where i is the value of eddy currents and R is resistance of eddy
current path. As the core is a continuous iron block of large cross-section, the magnitude of i will be
very large and hence greater eddy current loss will result.

To reduce the eddy current loss, the obvious method is to reduce magnitude of eddy currents. This
can be achieved by splitting the solid core into thin sheets (called laminations) in the planes parallel
to the magnetic field as shown in Fig. 1.41 (b). Each lamination is insulated from the other by a fine
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layer of insulation (varnish or oxide film). This arrangement reduces the area of each section and
hence the induced emf It also increases the resistance of eddy currents path since the area through
which the currents can pass is smaller. This loss can further be reduced by using a magnetic material
having higher value of resistivity (like silicon steel).

Changing flux
i Laminated
Mac%r::tlc Eddy core Bddy
currents current

(a) Solid core (b) Laminiated core

Fig. 1.41 Production of eddy currents

Useful Applications of Eddy Currents

It has been seen that when the affects of eddy currents (production on heat) are not utilised, the
power or energy consumed by these currents is known as eddy current loss. However, there are the
places where eddy currents are used to do some useful work e.g., in case of Induction heating. In this
case, an iron shaft is placed as a core of an inductive coil. When high frequency current is passed
through the coil, a large amount of heat is produced at the outer most periphery of the shaft by eddy
currents. The amount of heat reduces considerably when we move towards the centre of the shaft.
This is because outer periphery of the shaft offers low resistance path to eddy currents. This process
is used for surface hardening of heavy shafts like axils of automobiles.

Eddy current effects are also used in electrical instrument e.g., providing damping torque in
permanent magnet moving coil instruments and braking torque in case of induction type energy meters.

Mathematical Expression for Eddy Current Loss

Although it is difficult to determine the eddy current power loss from the current and resistance
values. However, experiments reveal that the eddy current power loss in a magnetic material can be
expressed as:

2.2 02
P, = K,BL'f* V watt

where, K, = co-efficient of eddy current, its value depends upon the nature of magnetic material;
B, = maximum value of flux density in Wb/m?;
t = thickness of lamination in m;
f = frequency of reversal of magnetic field in Hz;

V = volume of magnetic material in m>.
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Num

Section Practice Problems

erical Problems

1.

Shor

A current of 8 A through a coil of 300 turns produces a flux of 4 m Wh. If this current is reduced to 2 A
in 0-1 second, calculate average emf induced in the coil, assuming flux to be proportional to current.

(Ans. 9V)
Estimate the inductance of a solenoid of 2500 turns wound uniformly over a length of 0-5 m on a cylindrical
paper tube 4 cm in diameter. The medium is air. (Ans. 19-74 m H)

Calculate the inductance of a toroid 25 cm mean diameter and 6-25 cm? circular cross-section wound
uniformly with 1000 turns of wire. Also determine the emf induced when a current increasing at the rate
of 200 A/s flows in the winding. (Ans. TmH; 0-2V)

Two coils having turns 100 and 1000 respectively are wound side by side on a closed iron circuit of cross-
sectional area 8 cm? and mean length 80 cm. The relative permeability of iron is 900. Calculate the mutual
inductance between the coils. What will be the induced emf in the second coil if current in the first coil is
increased uniformly from zero to 10 Ain 0-2 second? (PTU.) (Ans. 0-113 H; 56-5 V)

Two identical coils, when connected in series have total inductance of 24 H and 8 H depending upon
their method or connection. Find (/) self-inductance of each coil and (/i) mutual inductance between the
coils. (Ans. 8H,; 4 H)

Two coils of self inductance 100 mH and 150 mH and mutual inductance 80 mH are connected in parallel.
Determine the equivalent inductance of combination if (/) mutual flux helps the individual fluxes (if) mutual
flux opposes the individual fluxes. (Ans. 95-56 mH; 20-97 mH)

A current of 20 A is passed through a coil of self-inductance 800 m H. Find the magnetic energy stored.
If the current is reduced to half, find the new value of energy stored and the energy released back to the
electrical circuit. (Ans. 160 J, 40 J, 120 J)

t Answer Type Questions

Q.1
Ans

Q.2.
Ans.

. What do you understand by electromagnetic induction?

. The phenomenon by which an emf is induced in an electric circuit (or conductor) when it cuts across
the magnetic field or when magnetic field linking with it changes is called electro-magnetic inductions.
This phenomenon was discovered by Faraday.

Define Faraday’s laws of electromagnetic induction.

| Law: Whenever the flux linking with a coil or circuit changes, an emf is induced in it
Il Law: The magnitude of induced emfinacoil is directly proportional to rate of change of flux linkages.

i __ 99
i.e., 6= th

where e¢— Induced emfin volt
N - Number of turns

Z—? — rate of change of flux.

Minus sign due to Lenz’s law.
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Q.3.
Ans.

Q.4.
Ans.

Q.5.
Ans.

Q.6.
Ans.

Q.7.
Ans.

Q.8.
Ans.

Q.9.
Ans.

Q.10.
Ans.

Q.11.
Ans.

State Fleming’s Right hand rule as well as Fleming’s Left hand rule.

Fleming’s Right hand rule: This law states that if one stretches the thumb, fore finger and middle finger
of the right hand at right angles to each other in such a way that the thumb points in the direction of
the motion of the conductor, the fore finger in the direction of the flux (from north to south) then the
middle finger will indicate the direction of the induced emf in the conductor.

Fleming’s Left Hand Rule: Stretch thumb, fore-finger and middle finger of your left hand at right angles
to each other such that the fore finger points the direction of magnetic field (from north to south) and the
middle finger gives the direction of current in the conductor, then the thumb will indicate the direction
in which the force will act on the conductor.

State right hand cork screw rule.

Hold the cork and place the right handed screw over it, now rotate it in such a way that it advances
in the direction of flow of current. The direction in which the screw is rotated gives the direction of
magnetic lines of force around the current carrying conductor.

What do you mean by dynamically induced emf?

Either the magnetic field is stationary and the conductor is moving or the conductor is stationary and
the flux is moving so that flux is cut by the conductor, an emf is induced in it. The emf induced in this
way is known as dynamically induced emf. (e.g., emf generated in a DC generator).

Define self inductance and give its unit.

The property of a coil due to which it opposes the change of current flowing through it is called self
inductance. It refers to the ability of the coil to induce emf when current through it changes. Its unit is
Henry.

Distinguish between self induced and mutually induced emf.

The emf induced in a coil due to change of flux produced by it linking with its own turns is called self
induced emf.

The emf induced in a coil due to change of flux produced by the neighbouring coil linking with it is
called mutually induced emf.

Does inductance play any role in DC circuit?

The role of inductance is only during the opening and closing of a DCcircuit. It delays the rise of current
during closing and delays the fall of current during opening. If in a DC circuit, the current reaches at
its steady value, the circuit does not exhibit any inductance.

What is a closed circuit?
The complete path for the flow of current through the load is known as a closed circuit.

What is a short circuit?

If the supply mains are connected directly by a piece of wire without any load, it is known as short
circuit. In these circuits, the value of the current is much greater than in the closed circuit. So the fuse
melts.

What is the type of energy being stored in a capacitor?

When a capacitor is charged, an electro-static field is set-up in between the plates. Thus electrical
energy is stored in the electrostatic field set-up between the plates of the capacitor
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1.26 Electro-mechanical Energy Conversion Devices

(Motors and Generators)

A device (machine) which makes possible the conversion of energy from electrical to mechanical

form or from mechanical to electrical form is called an Electromechanical energy conversion
device or Electromechanical transducer.

Depending upon the conversion of energy from one from to the other, the electro-mechanical
device can be named as motor or generator.

1. Motor: An electro-mechanical device (electrical machine) which converts electrical energy
or power (EI) into mechanical energy or power (o T) is called a motor.

Electromechanical
energy conversion
device
(motor)

Mechanical
system

Electrical
system

Fig. 1.42 Motor

Electric motors are used for driving industrial machines e.g., hammer presses, drilling machines,
lathes, shapers, blowers for furnaces etc., and domestic appliances e.g., refrigerators, fans, water
pumps, toys, mixers etc. The block diagram of energy conversion, when the electro-mechanical
device works as a motor, is shown in Fig. 1.42.

2. Generator: An electro-mechanical device (electrical machine) which converts mechanical
energy or power (o T) into electrical energy or power (EI) is called generator.

Electromechanical
energy conversion
device
(generator)

Mechanical
system

Electrical
system

Fig. 1.43 Generator

Generators are used in hydro-electric power plants, steam power plants, diesel power plants,
nuclear power plants and in automobiles. In the above said power plants various natural sources
of energy are first converted into mechanical energy and then it is converted into electrical
energy with the help of generators.

The block diagram of energy conversion, when the electro-mechanical device works as a
generator, is shown in Fig. 1.43.

The same electro-mechanical device is capable of operating either as a motor or generator
depending upon whether the input power is electrical or mechanical (see Fig. 1.44). Thus, the motoring
and generating action is reversible
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(Motor)

Electromechanical
energy conversion
device

Electrical
system

Mechanical
system

«—

(Generator)
Reversible action

Fig. 1.44 Same machine can work as a generator or motor

The conversion of energy either from electrical to mechanical or from mechanical to electrical
takes place through magnetic field. During conversion, whole of the energy in one form is not
converted in the other useful form. In fact, the input power is divided into the following three parts;

(!) Most of the input power is converted into useful output power.
(i) Some of the input power is converted into heat losses (I”R) which are due to the flow of current
in the conductors, magnetic losses (hysteresis and eddy current losses) and friction losses.
(@#7ii) A small portion of input power is stored in the magnetic field of electro-mechanical device.

1.27 Torque Development by the Alignment of Two Fields

To understand the process of torque development by the alignment of two fields, the following cases
may be considered:

() Soft iron piece placed in the magnetic field.
(ii) Permanent magnet placed in the magnetic field.
(@#ii) Electromagnet placed in the magnetic field.

1.271 Soft Iron Piece Placed in the Magnetic Field

Consider a soft iron piece, capable of free rotation, placed in the magnetic field of two permanent
magnets (see Fig. 1.45). The magnetic lines of force are set up in the soft iron piece as shown in Fig.
1.45. The molecular poles get aligned parallel to the magnetic field due to magnetic induction. The
soft iron piece obtains the polarities as marked in Fig. 1.45. This is the stable position of the soft iron
piece. Torque produce in this case is zero.
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Fig. 1.45 Stable position of soft iron piece
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Fig. 1.46 Torque development at various positions of soft iron piece placed in the magnetic field

If the soft iron piece is rotated through an angle 6 (6 < 90°), then by magnetic induction ends A
and B become North and South poles respectively. A force of attraction acts on the two ends and
the soft iron piece will try to come in line with the main field i.e., the position of least reluctance
path. This anticlockwise torque tries to decrease the angle 6 and is considered as negative. [See
Fig. 1.46 (@)]. When soft iron piece is rotated through an angle 6= 90°, an equal force of attraction
and repulsion acts on each end of short iron piece [see Fig. 1.46 ()], therefore, torque produced is
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zero. This is the unstable position of the soft iron piece, because a slight change in angle € in either
direction will create a torque in that direction. When soft iron piece is rotated through an angle 6
(6> 90°), then by magnetic induction ends A and B become South and North poles respectively. A
force of attraction acts on the ends and soft iron piece will try to come in line with the main field.
This clockwise torque tries to increase the angle 8 and is considered as positive [See Fig. 1.46 (¢)].

When soft iron piece is rotated through an angle 8= 180°, then by magnetic induction ends A and
B will obtain South and North polarity respectively [see Fig. 1.46 (d)]. There is a force of attraction
atends A as well as at B of soft iron piece which being equal and opposite cancel each other. In this
position, torque produced is zero. This is the stable position, because any change in angle 6 will
create a torque which will tend to restore it position.

Following the similar explanation, the torque produced in the soft iron piece for various positions
between 180° to 360° i.e., 180° < 8 < 360° can be determined.

When 270° > 6> 180°, torque produce is negative (anticlockwise) as shown in Fig. 1.46 (e).

When 6 =270°, torque produced is zero, and it is an unstable position as shown in Fig. 1.46 (f).

When360° > 8> 270°, torque produced is positive (clockwise) as shown in Fig. 1.46 (g).

When 0= 360°, torque produced is zero and it is a stable position.

In fact, when a soft iron piece is placed in the magnetic field, by magnetic induction iron piece
is magnetised. The magnetised iron piece produces its own field, the axis of that field is shown by
arrow head F,. The axis of the main magnetic field is shown by the arrowhead F, . The rotor field
F, tries to come in line with F, due to which torque develops. Hence, it can be said that torque is
developed by the alignment of two fields.

The angle between two magnetic fields on which torque depends is called torque angle. This
torque angle is measured with respect to the direction to the direction of rotation of soft iron piece.

Thus, it is concluded that the torque is a function of torque angle 6. The variation of torque with
respect to angle 6 is shown in Fig. 1.47.

T
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Fig. 1.47 Wave diagram of torque produced in soft iron piece

1.27.2 Permanent Magnet Placed in the Magnetic Field

Consider a permanent magnet capable of free rotation, placed in the magnetic field of two permanent
magnets as shown in Fig. 1.48 (a). There is a force of attraction on north and south pole of the rotating
magnet, which being equal and opposite cancel each other. In this position, torque produced is zero
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because the field of rotating magnet Fr and the field of stationary permanent magnet Fm are in line
with each other.

When the rotating magnet in rotated through in angle 6 (6 being less than 90°, equal to 90° more
than 90° but less than 180°), its north pole will be attracted towards the south pole and south pole
will be attracted towards the north pole of permanent stationary magnets [see Fig. 1.48 (b), (c) and
(d) respectively]. In other words, we can say that the rotor field F, tries to come in line with main
field F,, and torque is developed. This anticlockwise torque is considered as negative, because it is
decreasing the torque angle 6.

When the permanent rotating magnet is rotated through an angle 6= 180°, the two field F, and
F, are in line with each other but acting in opposite direction [see Fig. 1.48 (e)], therefore, torque
developed is zero but this is the unstable position because slight change in angle in either direction
will create a torque in that direction and the rotor will not regain its original position.

6 =180°

270°> 6 > 180°
(f)

Fig. 1.48. Contd.
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Fig. 1.48 Permanent magnet in magnetic field

When the permanent rotating magnet is rotated through an angle 6 more than 180°, but less than
360° (i.e., Ois less than 270°, equal to 270°, more than 270°), its north and south poles will be attracted
towards the south and north poles of the permanent stationary magnets respectively [see Figs. 1.48
(), (g) and (h) respectively]. In other words, F, will try to come in line with F and thus torque is
developed. This clockwise torque is considered as positive, because it is increasing the torque angle 6.

The maximum negative or positive torque is produced on the rotating permanent magnet when
angle 6=90° or 8= 270° (-90°) respectively, because at these positions, there is maximum force of
attraction or repulsion acting on the rotating magnet.

When rotating, permanent magnet is rotated through an angle 6 =360°, two field F, and F, are
in line with each other [see Fig. 1.48 (i)]. Therefore, the torque developed is zero. This is the stable
position because any change in angle O will develop a torque which tends to restore its original position.

Thus, it is concluded that the torque is produced due to the alignment of two fields.

The angle between the two magnetic fields on which torque depends is called Torque angle. This
torque angle is measured with respect to the direction of rotation of rotating magnet.

The torque produced in the rotating magnet is a function of torque angle 6. The variation of torque
with respect angle 6is shown graphically in Fig. 1.48 (j).

1.27.3 Electromagnet Placed in the Magnetic Field

Consider an electromagnet, free to rotate about its axis, is placed in the magnetic field of permanent
magnets. When the field produced by the electromagnet Fr is in the same direction as that of the main
field produced by the stationary permanent magnets Fm, the torque produced is zero [see Fig. 1.49 (a)].

When the electromagnet is rotated through an angle 6 = 90°, the axis of the rotor field F will
make an angle of &= 90° with the main field F,. The rotor field F, will try to come in line with the
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main field F, , and produces an anticlockwise torque [see Fig. 1.49 (b)]. This torque is considered as
negative because it reduces the torque angle 6.

When the electromagnet is rotated through an angle 6= 270°, the rotor field F, will try to come
in line with the main magnetic field F, , therefore, a clockwise torque will be produced [see Fig. 1.49
(¢)], This torque is considered as positive because it increases the torque angle 6.

Fig. 1.49 Electromagnet in the field of permanent magnets

When torque angle 6 is between zero and 180°, the torque produced is negative, whereas when
6 1is between 180° to 360°, the torque produced is positive. When torque angle 6 =90° or 6= 270°
(-90°), torque produced is maximum negative or maximum positive respectively.

Thus, it is conclude that the variation of torque with respect to torque angle 6 is similar to that
in the case of permanent rotating magnet placed in the magnetic field of permanent stationary
magnet[see Fig. 1.48 (j)].

The torque produced in this case is called an electromagnetic torque (7).

1.28 Production of Torque

The torque produced by the alignment of two fields (i.e., rotor field and stationary main field) varies
in magnitude and direction depending upon the torque angle 6. Let us see, the effect of torque angle
6 on the torque produced in the following cases:

() In case of permanent magnet
(i7) In case of electromagnet.
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1.28.1 In Case of Permanent Magnet

Consider a permanent magnet A, which is free to rotate about its axis. Let it be placed in the magnetic
field of another permanent magnet B as shown in Fig. 1.50. Let,

0 = angle between the axis of two fields F/, and F.
[ = length of magnet A.
r = radius of circle in which rotation takes place.
F = force acting on north and south pole of magnet A.
Torque = Force x Perpendicular distance.
In the right angled triangle ‘oab’, ab = oa sin 6
Distance perpendicular to force, ab = r sin 6

Torque = 2F x rsin 0

or T=2Fx%sin0[_r=l/2)
. . . mym,
or T = Flsin & Where F is force of attraction, F = —
47ruoﬂrd
or T = K sin 6 {where K = F x [ is constant}
or T a sin 6

The maximum torque will be produced when 6= 90° as said earlier.

Fig. 1.50 Torque developed at an instant when a permanent magnet is placed in the uniform magnetic field

1.28.2 In Case of Electromagnet

Consider an electromagnet, having only one coil carrying current. The axis of the field produced
by electromagnet Fr and axis of the main field produced by the permanent stationary magnet Fm
are shown in Fig. 1.51. The angle between the two fields is q. Due to alignment of two fields torque
is developed.
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Fig. 1.51 Torque produced at an instant when an electromagnet is placed in a uniform magnetic field.

The production of torque can also be explained by the concept of electromagnetic force acting on
the current carrying conductor placed in the magnetic field.

Let, F = Force acting on the two conductors.
r = radius of circle in which conductor rotates.
0 = angle between the field F, and F'.
Torque = Force x Perpendicular distance.
In a right angle triangle, angle aob = 6
Distance perpendicular to force, ab = oa sin 6
=rsin 0
Total torque acting on the two conductors, T = 2F, sin 0
Where B = Flux density of the main field.
| = Current flowing through the conductor.
| = Effective length of conductor.
T = 2Bllr sin 0
or T=K,sin 0 [Where, K, = 2BIlr is a constant]
or T o sin 6.

The magnitude of torque depends upon angle 6, it will be maximum when 6 = 90°. When 6 is
positive torque is produce in one direction (say anticlockwise), but when it is negative, the torque is
produced in the other direction (say, clockwise). In fact, the direction of torque depends upon B and
i. When either of the two is reversed the direction of torque is reversed but if both are reversed the
direction of torque remains the same.

The direction of force action on a current carrying conductor when placed in the magnetic field
can be determined by applying Fleming’s left hand rule.

Fleming’s Left Hand Rule: Stretch first finger, second finger and thumb of left hand mutually
perpendicular to each other. If first finger indicates the direction of main magnetic field, second
finger indicates the direction of flow of current through the conductor, then thumb will indicate the
direction of fore acting on the conductor.
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1.29 Production of Unidirectional Torque

As discussed earlier that by the alignment of two fields torque develops but the torque produced is
not unidirectional. The unidirectional or continuous torque can be obtained by applying any one of
the following methods.

Fig. 1.52. Contd.
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()
Fig. 1.52 Production of torque by the rotation of stator poles (or stator field)

1.29.1 By Rotating the Main Magnets

When the main magnets are rotated, they drag the other magnets free to rotate (or the armature,
electromagnet) along with it because of the tendency of the field of free rotating magnet or armature
to align with the field of main magnet.

Consider a permanent magnet or electromagnet, which is free to rotate and is placed in the magnetic
field of main magnet as shown in Fig. 1.52 (a and @’)]. Since the axis of the magnetic fields F, and
F, produced by the two magnets is not aligned, a torque develops. Thus, the free magnet rotates by
an angle in clockwise direction and stays in that position as shown in Fig. 1.52 (b and b").

Suppose that the main magnet is further rotated through an angle 6 in the clockwise direction [see
Fig. 1.52 (c and ¢’)]. Again torque will develop in the free magnet and rotor rotates through an angle
0 to obtain the position shown in Fig. 1.52 (d and d”). The main magnet is again rotated through
some more angle 6 (see Fig. 1.52 (e and ¢”)]. The free magnet will further rotate to obtain the position
shown in Fig. (fand f°).

Thus, from the above facts it is concluded that if the main magnet is rotated in a particular direction
by some angle, the free magnet will also rotate in the same direction by same angle. In other words,
we can say that the free magnet is dragged by the main magnet. If the main magnet is rotated in
any direction at a particular speed the free magnet will also rotate at the same speed in the same
direction. This is the basic principle of synchronous machine.

1.29.2 By Changing the Direction of Flow of Current in the Conductors of
Electromagnet

By changing the direction of flow of current in the conductors of electromagnet (armature) in such
a manner that the conductors facing a particular main field pole, always have the same direction of
flow of current.

Consider an electromagnet (armature) placed in the magnetic field of main poles, as shown in
Fig. 1.53 (@). The current flowing through the armature conductors is such that the axis of the field
produced by armature F, is 90° out of phase to that of main field F, . Due to the alignment of two
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fields, torque is developed in the armature and it obtains the position as shown in Fig. 1.53 (b). At
this position rotor (armature) will stop rotating.

(a) (b) (c)

Fig. 1.53 Produced of unidirectional torque by reversing the current in armature conductors

If the direction of flow of current in the armature conductors is reversed just when they cross the
Y-Y” axis (magnetic neutral axis) displaced by an angle &= 90° to that of main field F, . The torque
will always be exerted on the armature. Thus a continuous torque can be obtained. This is the basic
principle of DC machines. The direction of flow of current in the armature conductors is reversed
by providing commutator on DC machines.

Example 1.38
In Fig. 1.54 draw the magnetic lines of force produced by the stator. Mark the polarity of poles,

direction of stator and rotor field, torque angle and direction of the torque produced.

Stator

Rotor

Fig. 1.54 Given figure Fig. 1.55 Position of the axis of stator and rotor field

Solution:
For solution, the following steps may be considered;
1. Stator magnetic field is drawn as shown in Fig. 1.55 by applying right hand thumb rule to stator
current carrying conductors.
2. We know that flux leaves the N-poles and enters the S-pole, accordingly polarity of the poles
is marked in Fig. 1.55.



60 Electrical Machines

3. The axis and direction of stator field and rotor field are marked by arrows F, and F, respectively
(the axis of the rotor field lies perpendicular to the plane of coil or it lies in between the conductors
carrying current in opposite direction).

4. The angle between rotor field F, and stator field F, is torque angle represented by .

5. Due to alignment of two fields, rotor field £, tries to come in line with the stator field ¥, . Thus
anticlockwise torque T is produced.

Example 1.39
Mark the polarity of poles, direction of torque produced and the torque angle in Fig. 1.56.

Stator
® D
© D
DD
O, ©
(D ¢ )
@ ®©
@Q(E®
® D
© ©
Fig. 1.56 Given figure Fig. 1.57 Position of the axis of stator and rotor field

Solution:
Look at Fig. 1.56, the various quantities are marked adopting the following steps:

1. Applying right hand thumb rule to stator current carrying conductors, the direction of magnetic
lines of force is marked, as shown in Fig. 1.57.

2. As flux leaves the north pole and enters and south pole, accordingly the polarity of the poles is
marked.

3. The axis of the stator field and its direction is marked by the arrow head F, .

4. A clockwise field is set-up around the bunch of rotor conductor carrying current inward i.e., ®
and anticlockwise field is set-up around the bunch of rotor conductors carrying current outward
i.e., ©. Hence axis of the rotor field lies in between the conductors carrying current in opposite
direction.

5. Accordingly rotor field axis and its direction is marked by the arrow head F,.

The angle between rotor field and stator field is called torque angle and is marked as 6.

7. The rotor field F, tries to come in line with the stator field £, due to which torque 7 develops
in clockwise direction as marked by the arrowhead.

o

Example 1.40
To obtain clockwise torque, mark the direction of flow of current in both the pole windings and on

the rotor conductors in Fig. 1.58.
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Rotor Rotor

Fig. 1.58 Given figure Fig. 1.59 Position of the axis of stator and rotor fields

Solution:
1. Let the direction of flow of current in pole windings be as marked in Fig. 1.59
2. Applying right hand thumb rule, mark the polarity of poles, the axis of stator field and its direction as
F .
3. Mark the axis of rotor field perpendicular to the plane of rotor coils (see Fig. 1.59).
4. To obtain clockwise torque mark the direction to rotor field F, as shown in Fig. 1.59.
5. To obtain the said direction of rotor field, mark the direction of flow of current in rotor conductors

applying right hand thumb rule, as shown in Fig. 1.59.

Stator
Example 1.41
A hollow cylindrical stator contains a solid rotor. Both are Rotor

made of soft iron. One coil carrying current is placed on

the stator as shown in Fig. 1.60. Ignore the coil shown on

the rotor. Mark the poles developed on the stator. Draw @ o o a
the lines of force. If another coil carrying current is placed

on the rotor as shown in Fig. 1.60. Will the arrangement

produce any torque? Give reasons. If the stator is made

to rotate at N rpm what will the rotor do?

Solution: Fig. 1.60 Given figure

Ignoring the rotor coil and applying right hand thumb rule to the current carrying conductors of
stator the field produced by them is shown in Fig. 1.61. We know that magnetic lines of force leave
the north pole and enter the south pole, accordingly, the polarity of stator poles is marked in Fig. 1.61.
Accordingly the direction of stator field (main field) F, is marked in Fig. 1.61 and 1.62.

If a current carrying coil is placed on the rotor as shown in Fig. 1.62, the rotor will also become an
electromagnet. Applying right hand thumb rule to the rotor current carrying conductors the direction
of rotor field F, is also marked in Fig. 1.62.

The two fields F, and F, are in line with each other or torque angle 6 = 0, therefore, the torque
produced in the rotor by this arrangement will be zero.
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Stator

m

Fig. 1.61 Position of stator fields Fig. 1.62 Position of rotor field

If the stator or main field is made to rotate at N rpm in any direction the rotor field will be dragged
by the main field. Thus, the rotor will also rotate in the same direction and at the same speed i.e., Nrpm

Example 1.42
Fig. 1.63 shows a rotor carrying conductors placed inside a stator having four electro-magnetic poles.

Referring to this figure, answer the following questions by means of neat diagram.

(a) For the direction of current in the field coils as shown, mark the polarity of each pole.
(b) For the direction of current in the field coils as shown, mark the direction of current in the rotor
conductors for clockwise rotation of rotor.

Field
winding

Field
winding

Fig. 1.63 Given figure Fig. 1.64 Stator field and current in rotor conductors

Solution:
Applying right hand thumb rule to the stator current carrying conductors the direction of magnetic
lines of force is marked. Flux leaves the north pole and enters the south pole, accordingly, the polarity
of the poles is marked in Fig. 1.64

To obtain clockwise rotation the direction of force, which should act on the rotor conductors is
marked. By applying Fleming’s left hand rule, the direction of flow current in the rotor conductors is
marked. The direction of flow of current in rotor conductors which are under the influence of N-pole
is outward and which are under the influence of S-pole is inward (see Fig. 1.64).
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1.30 emf Induced in a Rotating Coil Placed in a Magnetic Field

Consider a coil AB placed on the outer periphery of a soft iron solid cylindrical rotor. The stator poles
carry the exciting coils. When current flows through exciting coils flux is set up as shown in Fig.
1.65. The rotor is rotating in clockwise direction at constant angular velocity of @ radians/sec. The
direction of linear velocity (perpendicular to the plane of coil) acting on conductor A is shown in Fig.
1.66, which makes an angle 8 with the direction of field. The component of velocity perpendicular
to the field is v /= v sin 0.

[OBES >
P a V] I >
/ Fx 1 et
/ | V SIM o
/ N >
/ V' Co; v >
/ >
/ >
/ >
L >
——® >
Fig. 1.65 Position of stator field Fig. 1.66 Motion of conductor with respect to field
The emf induced in conductor A, e = Blv sin 0
Where, B = flux density in the rotor in Tesla

| = effective length of the conductor in metre
As the coil has two conductors only,
emf induced in the coil at this instant,
e=2Blvsin 0
If coil has N number of turns then,
emf induced in coil = 2NBlv sin 6

If the angle between the plane of the coil and direction of magnetic field is ¢, then component of
velocity perpendicular to the field v, =VCos a (see Fig. 1.66).

The emf induced in the coil, e =2 N Blv cos o

The direction of induced emf in conductor A and B can be determined by applying Fleming’s
Right Hand Rule or Lenz’s Law.

By applying Fleming’s Right Hand Rule to conductor A, which is moving downward, the induced
emf is out of the plane of paper [®@], whereas conductor B is moving upward and the induced emf is
into the plane of paper [@].

According to Lenz’s Law, we can say that when coil is rotating in clockwise direction the flux
linkages are decreasing [see Fig. 1.67 (@)]. Thus the emf induced in the coil would have the direction
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such that the magnetic flux produced by its current tends to oppose the decreasing flux linkages i.e.,
the coil will set up the field which will increases the flux linking with the coil [see Fig. 1.67 (b)].

77w §
-B

Fig. 1.67 Field produced by the rotor conductors

The magnitude of induced emf depends upon sine of angle 6. The emf induced in the coil at
position (a), (e) and (i) in Fig. 1.68 is zero and at position (c) and (g) it is maximum. The variation of
emf with respect to angle 0is shown graphically in Fig. 1.69.
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Fig. 1.68 emfinduced in a coil of various instants
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Fig. 1.69 Wave diagram of induced emf
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The above arguments regarding the magnitude and direction of the emf induced are equally
applicable if the main magnetic field is rotating and the coil is kept stationary.

Example 1.43

Mark the direction of emf in the conductor of the rotor of fig 1.70. when the rotor moves:
(i) in the clockwise direction;
(ii) in the anticlockwise direction

Fig. 1.70 Given figure

Solution:
Applying right hand thumb rule to the current carrying conductors of stator, the direction of magnetic
lines of force is shown in Fig. 1.71 and 1.72. Accordingly the polarity of the poles is marked.

(!) When rotor is rotating in clockwise direction see Fig. 1.71, the direction emf induced in the
rotor conductors is marked by applying Fleming’s right hand rule to the conductors directly
under the influence of north and south pole. The emf induced, in all the conductors under the
influence of north-pole is in one direction i.e., © whereas, the emf induced in all the conductors
under the influence of south pole is in other direction i.e., ®.

Stator

Rotor

Fig. 1.71 Induced emf in rotor Fig. 1.72 Induced emf in rotor conductor for
conductors for clockwise rotor anticlockwise rotor

@i1) Similarly, by applying Fleming’s right hand rule to the rotor conductors rotating in anticlockwise
direction, the direction of induced emf is marked in them as shown in Fig. 1.72.
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The emf induced in the rotor conductors placed on the magnetic neutral axis (i.e., X-axis) is zero,
because at this position the conductor move parallel to the magnetic lines of force.

Example 1.44
A coil is rotating in clockwise direction in a two pole magnetic

field. With the help of a neat diagram show what will be the
direction of the induced emf in the coil? Show on the diagram
the polarity of the poles and the direction of rotating of the coil.

Solution:

A coil AB is placed in the magnetic field [see Fig. 1.73]. The
polarity of the poles, direction of magnetic field and direction
of rotation (clockwise) is marked in Fig. 1.73.

Applying Fleming’s right hand rule, the direction of emf
induced in conductor A, which is under the influence of N-pole, is
into the plane of paper. Whereas, in conductor B, which is under
the influence of S-pole, is out of the plane of paper as marked in
Fig. 1.73.

Fig. 1.73 Direction of main field
and direction of induced emf

Example 1.45
The rotors of Fig. 1.74 and 1.75 are each rotating in anti-clockwise direction, Mark in each case:

(i) The direction of emf induced in the stator coils.
(ii) The coils sides which belong to the same stator coils.

Fig. 1.74 Given figure Fig. 1.75 Given figure

Solution:
Applying right hand thumb rule to the rotor current carrying conductors of Fig. 1.74 the field produced
is shown in Fig. 1.76, accordingly the polarity of the poles is marked.

(1) The rotor is rotating in anticlockwise direction, therefore the relative motion of stator conductors
with respect to the field is clockwise. Applying Fleming’s right hand rule to the stator conductors
the direction of induced emf is marked (see Fig. 1.76 and 1.77). In all the conductors under the
influence of north pole, the induced emf is in one direction i.e., out of the plane of paper. Whereas
in the conductors which are under the influence of south pole the induced emf is in the other
direction i.e., into the plane of paper.
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Fig. 1.76 Stator emf Fig. 1.77 Stator emf

(@ii) Each coil has two coil sides. If one coil side is placed under north pole, the other side of the
same coil is placed under south pole, The position of the two sides must be the same under
the two poles (i.e., if one side is placed at the centre of N-pole then the other side must also be
placed at the centre of consecutive S-pole). The four coils in Fig. 1.76 and 1.77 are marked as
1-1',2-2', 3-3', and 4-4".

Example 1.46
Fig 1.78 shows 6 coils placed in the slots of the stator. The rotor is

carrying the field winding. Mark the direction of the emf induced
in the conductors of stator.

(a) for a clockwise direction of rotation of the rotor.

(b) for an anticlockwise direction of rotation of the rotor.

Solution: Fig. 1.78 Given figure

Applying right hand thumb rule to the current carrying conductors of rotor, the field produced by it
is shown in Fig. 1.79 and 1.80. Accordingly, the polarity of rotor poles is marked.

Fig. 1.79 Direction of induced emf in Fig. 1.80 Direction of induced emf in stator
stator conductions for clockwise rotation conductions for anti-clockwise rotation

(®) When rotor (field) rotates in clockwise direction see Fig. 1.79) flux is cut by the stator conductors.
Applying Fleming’s right hand rule to the stator conductors the direction of induced emf is
marked.

Note: While applying Fleming’s right hand rule the direction of rotation of conductors with respect
to the field is considered. In the above case rotation of conductors is anticlockwise with respect
to the field.
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(ii)) When rotor (field) rotates in anticlockwise direction (see Fig. 1.80) flux is cut by the stator
conductors. Applying Fleming’s right hand rule to the stator conductors, the direction of induced
emf is marked.

(The emf induced in the conductors placed on the magnetic neutral axis (i.e., X-axis) will be zero
as they do not cut the magnetic field).

1.31 Elementary Concept of Electrical Machines

(Energy conversion in electrical machines)
By electrical machine, here we mean a generator or motor. We shall discuss the operation of machine
as a generator and motor.

1.31.1 Operation of Machine as a Generator (Conversion of Mechanical Energy into
Electric Energy)

A coil is placed in a constant stationary magnetic field. Let it be rotated in clockwise direction at an
angular velocity of o radians per second by some outside driving mechanical torque 7, . The coil
sides cut the magnetic field (or the flux linking with coil changes) and emf (e) is induced in the coil.
The direction of induced emf can be determined by applying Fleming’s right hand rule or Lenz’s
Law and is marked in Fig. 1.81 (a). The coil is connected to an external load resistor R, therefore
current (i) flows through the coil and external load resistor. The direction of flow of current in the
coil is marked in Fig. 1.81 (a) and (b). When current flows through the coil conductors, they produce
their own magnetic field. The direction of this rotor field is marked by arrowhead F,. The rotor field
F_ tries to come in line with the main field F, and an electromagnetic torque 7, is produced in the
opposite direction to that of the rotation.

(a) A coil is rotated in the (b) Side view of fig 0.81 (a)
magnetic field

Fig. 1.81 Concept of generator
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If the coil circuit is not closed, no current would flow through the coil and hence no electromagnetic
torque will be developed (i.e., T, = 0), under such a condition the opposition is only due to frictional
torque (neglecting iron losses). Therefore, the mechanical torque T, applied must be sufficient to
overcome the frictional torque. It may be noted that frictional torque always acts in opposite direction
to the direction of rotation.

ie., T = Tf (at no-load)

When the load resistance is connected, current flows and electromagnetic torque is produced in
opposite direction to that of mechanical torque. Under this condition the mechanical torque 7, must
be sufficient to overcome the electromagnetic torque and frictional torque (iron losses neglected).

Thus, T =T+ Tf .30
or ol = ol + aﬂ}. ...(iD)
or ol, = ol — a)Tf

where, il = Mechanical input power.
ol = Power losses due to friction.
ol’, = Mechanical power developed in the rotor which is converted into electrical power.
When conductors move perpendicular to the magnetic field,

Induced emf in the coil,e =2 B[ v
or ei=2Bilv=2Fv [ F=Bil]

\%
radius of coil

2 F X radius of coil x

=T xw [+ T=2F xradius and o = v ].
¢ radius

ei = af, N (173)
If r is the internal resistance of the coil,

. e . .
i = ore=ir+ iR
r+ R

multiplying both sides by i, we get,

ei = ir+i’R (i)
ei —i%r = vi
where, ei = electrical power generated,

i*r = power lost in the resistance of coil, called copper losses,

vi or i”R = electrical power output to the load.

Thus, we conclude that out of the input power (w T,) only @ T, is the mechanical power which
is converted into electrical power (e 7). After subtracting the copper losses (i>r), the electrical power
available at the load is only i2R. This is how the conversion of power takes place in electrical machine
working as a generator. The power flow diagram (neglecting iron losses) for the generator is shown
in Fig. 1.82.
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Mechanical power converted into electrical power.

INPUT POWER oTp-0Ti—oT,=ei ei—I2r=vi OUTPUT
(@T.) > > > > POWER
m \ v i)
POWER LOSS DUE COPPER LOSS
TO FRICTION (o T) (i2r)

Fig. 1.82 Power flow in generator action

1.31.2 Operation of Machine as a Motor

Now consider a coil placed in the constant stationary field. The coil is connected to a battery [see
Fig. 1.83 (a)]. The current i flows through the coil conductors in the direction shown in Fig. 1.83 (a)
and (b). Current carrying conductors produce axis of magnetic field Fr in the direction as marked.
The rotor field Fr tries to come in line with the main field Fm. Thus, electromagnetic torque is
developed on the coil in anticlockwise direction. The coil is free to rotate, therefore, it starts rotating
in anticlockwise direction (say at w rad/sec).

(a) A current carrying coil placed (b) Side view of fig 0.83 (b)
in the magnetic field

Fig. 1.83 Concept of motor

When the coil rotates in anticlockwise direction, flux is cut by the conductors (coil sides), therefore,
an emf is induced in them in the direction marked in Fig. 1.83 (a), [direction is found by applying
Fleming’s right hand rule], which is opposite to the direction of flow of current or applied voltage V.20

If r is resistance of coil,

Applied voltage, V = e + ir
Multiplying both sides by i, we get
Vi=ei+i’r

or Vi—-ilr=ei
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where, Vi = electrical power input,
i*r = power lost in the resistance of the coil called copper losses,

ei = electrical power developed in the rotor which is converted into
mechanical power.

that is, ei=oT, [from equation (iii)]

Thus, out of the input power (Vi), the copper losses (i>r) are subtracted and only power (e i) is
developed in the rotor which is converted into mechanical power.

Friction acts in opposite direction to that of rotation, therefore, the direction of frictional torque is
in clockwise direction as marked in Fig. 1.83 (). When mechanical load is applied, the mechanical
torque T, tries to reduce the speed of rotor, therefore, it is also acting in clockwise direction as
marked in the figure.

Thus, the electromagnetic torque must be sufficient to meet with the sum of frictional torque and
mechanical torque i.e.,

T,=T, + Tf
or a)Te = a)Tm + aﬂ}
or ol - a)Tf =al,.

The actual output mechanical power is only @, , which is available at the shaft. This power is
obtained after subtracting mechanical losses (a)Tf) from the power developed («T)) in the rotor. The
power flow diagram (neglecting iron losses) for the motor is shown in Fig. 1.84.

Electrical power converted into mechanical power.

Input power vi-ilr=ei=oTe 0Te-wT;=wT,  Output
(V) > > > > power
\ \ (me)

Copper loss Power loss due

(i%r) to friction (w Ty)

Fig. 1.84 Power flow in motor action

Conclusion

From the above discussion, the following conclusions are drawn;

(?) In generating action, the induced emf produces the armature current, therefore, e and i both are
in same direction, whereas, in motoring action, the induced emf opposes the conduction and
current flows in opposite direction to induced emf

(@f) Inmotoring action, the electromagnetic torque produces the rotation, (7, and w both are in same
direction), whereas, in generating operation, the electromagnetic torque opposes the rotation
(T, acts in opposite direction to ®).

(@ii) In generating action the torque angle 6 is leading (F, leads F,, by an angle @ with respect to
direction of rotation), whereas in motoring action, the torque angle 0is lagging (F, lags behind
F, by an angle 0 with respect to direction of rotation).
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(@iv)

)

(i)

In generating action, the rotation is due to mechanical torque, therefore, T, and w are in same
direction, whereas in motoring action rotation is opposite to mechanical torque.

In both generating and motoring action, electromagnetic torque always acts in opposite directions
to mechanical torque (i.e., T, always acts in opposite direction to 7, ).

In both the cases, frictional torque acts in opposite direction to rotation (i.e., Tf always acts in

opposite direction to w).

1. In generator action, the rotation is due to
mechanical torque, therefore, 7 and o are in
the same direction.

2. Thefrictional torque T;acts in opposite direction
to rotation w.

3. Electromagnetic torque 7, acts in opposite
direction to mechanical torque 7., so that ol
= ol + ol

4. In generating action, and emf is induced in
the conductors which circulates current in the
armature, therefore eand /both are in the same
direction.

5. In generator action, E> V

6. In generating action, the torque angle @ is
leading.

7. In generating action, mechanical energy is
converted into electrical energy.

Generator action Motor action
o + L +
o TN a Tm T¢ la T
DC
Tf Te ® Te

1. In motor action, the rotation is due to electro-
magnetic torque, therefore, 7, and w are in the
same direction.

2. Thefrictional torque T;acts in opposite direction
to rotation w.

3. Mechanical torque 7, acts in opposite direction
to electromagnetic torque 7, so that oT, = oT,
+ ol

4. In motoring action, current is impressed to the
armature against the induced emf (), therefore
current flows in opposite direction to that of
induced emf.

5. In motor action, £> V

6. Inmotoring action, the torque angle @is legging.

7. Inmotoring action, electrical energy is converted
into mechanical energy.

Example 1.47

The cross-sectional view of a rectangular coil rotating in a magnetic field

is shown in Fig. 1.85. Determine;

(i)
(ii)
(iii)
(iv)

v)
(vi)

The direction of induced emf in the coil-sides for the direction of

rotation as shown in the figure.

The direction of the electromagnetic torque developed under the above

condition, and also show the torque angle.

The direction of the current in the coil-sides if the circuit is closed

through an external resistance.

The direction in which external mechanical torque is applied.
Whether the device behaves as a motor or generator.

In which direction the frictional torque will act?

Fig. 1.85 Given figure
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Solution:
(/) The coil is rotating in anticlockwise direction in the magnetic field, applying Fleming’s right

(@)

(iii)

@)

O

vi)

Example 1.48

The cross sectional view of a rectangular coil rotating in a magnetic field
in shown in Fig. 1.88. The direction of rotation and the direction of the
current in the coil sides is shown.

(i)
(i)
(iii)

hand rule, the direction of induced emf in the coil sides in marked in Fig. 1.86 and 1.87.

e <+
4_
i
R i
—>
_> e
Fig. 1.86 Direction of induced emf and current Fig. 1.87 Different quantities marked

When current flows through the coil sides (rotor), field is set up around the conductors, the
direction of the rotor field is marked by arrow head F,. Rotor field (F)) tries to come in line with
main field F, , thus electromagnetic torque 7, is produced in clockwise direction as marked by
the arrow head in Fig. 1.87.

When the circuit is closed through an external resistance, the direction of flow of current in the
coil sides is shown in Fig. 1.87.

The angle between rotor field F, and main field F), is the torque angle 6 as marked in the figure.
For energy conversion the mechanical torque 7, always acts in opposite direction to that of
electro-magnetic torque 7,. Therefore, the direction of external mechanical torque applied is
anticlockwise as marked in the figure.

In the coil sides the direction of flow of current is same as that of the induced emf therefore,
the machine acts as a generator.

The friction always acts in opposite direction to the direction of rotation, therefore, the direction
of frictional torque is clockwise as marked by the arrow head in Fig. 1.87.

Determine the direction of the induced emf in the coil.
Mark the direction of the electromagnetic torque developed.
Show the torque angle.

Solution:

@

When coil rotates in the magnetic field, flux is cut by the conductors
and an emf is induced. The direction of induced emf is marked in Fig. ~ Fig. 1.88 Given figure
1.89 which is determined by Fleming’s right hand rule.
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(ii) The direction of axis of main magnetic field (¥, ) is marked. Depending upon the direction of
flow of current in coil sides, the direction of axis of rotor field (F)) is marked. Rotor field tries
to come in line with main field, thus a clockwise electromagnetic torque (7)), as marked in Fig.
1.90 is developed.

@#ii) The angle between the axis of rotor field and main field (6) is called torque angle which is
marked in Fig. 1.90.

Fig. 1.89 Induced emf in the coil Fig. 1.90 Position of other quantities marked

Section Practice Problems

Numerical Problems

1. A conductor of 0-4 metre length is moved at a uniform speed of 5 m s~ at right angle to its length and to
a magnetic field. Calculate the density of the magnetic field if the emf generated in the conductor is 2V.
For the same density, what will be the induced emf, if the conductor is moved at an angle of 60° with the
magnetic field. (Ans: 1 Wb/m?,1.732V)

Short Answer Type Questions

Q.1. What do you mean hy electromechanical energy conversion devices?

Ans. A device or machine that converts electrical energy into mechanical energy or vice-versa is called an
electro-mechanical energy conversion device

Q.2. Incase of DC motors, how alternating torque is converted into unidirectional continuous torque ?

Ans. In case of DC motors, the alternating torque is converted into unidirectional continuous torque by
reversing the direction of flow of current in the armature conductors when they pass through the
magnetic neutral axis (using a commentator)

We can differentiate generator and motor on the basis of following:

Review Questions

1. Define the terms mmf, magnetic flux and magnetic reluctance and establish the relation which holds
between these quantities for a magnetic circuit.
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gl A W N

b

10.
1.

12.
13.

14.

15.

Explain the terms: permeability, reluctance and permeance.
Make comparison between magnetic and electric circuits.
What are the similarities between electrical circuits and magnetic circuits?

How is B-H curve of ferromagnetic material different from that of non-magnetic material? Name all the
salient regions of B-H curve of magnetic material.

Explain hysteresis loss.
State and explain Faraday’s laws of electro-magnetic induction.

Write down the expression for dynamically induced emf developed in a conductor of length / metre moving
with a velocity of v metre per second in a uniform magnetic flux density of B Wh/m?.

Explain the term self and mutual inductance.
Define co-efficient of coupling and show that k= M//L,L, .

Derive the expression for the equivalent inductance when two coupled coils are connected in (a) series
(b) parallel.

Explain what you mean by eddy currents.

Mark the current in the conductors of the rotor in Fig. 1.91 and 1.92 to obtain an anticlockwise torque.

Fig. 1.91: Fig. 1.92:

Will the rotor in Fig. 1.93 tend to rotate? If yes show the torque angle and direction of rotation.

Stator

Fig. 1.93:

What do you mean by a motor and generator?
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16.

17.

18.

Fig. 1.94 shows a stator with 4 coils whereas, Fig. 1.95 shows a rotor with 6 coils eventually distributed
over the rotor periphery. Mark the direction of emf in these conductors for a clockwise rotation. Mark
also the coil sides which belong to the same coil.

Fig. 1.94: Fig. 1.95:

A cross-sectional view of a rectangular coil a b rotating in a magnetic field is shown m
in Fig. 1.96. Determine: \ \\ \\

(/) Thedirection of currentin the coil sides, if the circuitis closed through an external \ o ‘|

resistance, for the direction of rotation as shown in the figure, mark \ \ 4

(#f) The direction the electromagnetic torque. by
(iii) Torque angle. g}
(iv) The direction in which external mechanical torque is applied.

(v) The direction in which the frictional torque will act. Fig. 1.96:

A coil placed inside a constant magnetic field is made to rotate in clockwise direction. Show by means
of a neat sketch the direction of rotation of the coil, the polarity of the field poles and the direction of the
induced emf in the two coil sides. If the coil circuit is completed so that a current flows through the coil,
show on the sketch the direction of the electromagnetic torque produced.

Multiple Choice Questions

The perfect magnetic insulator is
(a) copper (b) iron
(€) rubber (d) none of above.

The ampere-turns are

(a) the product of the number of turns and current of the coil

(b) the number of turns of a coil through which current is flowing
(c) the currents of all turns of the coil

(d) the turns of transformer winding.

What will be the current passing through the ring shaped air cored coil when number of turns is 800 and
ampere-turns are 3200.

(@ 025 ) 2-5

(c) 40 (d) 04

The magnetic reluctance of a material

(@) increases with increasing cross-sectional area of material.
(b) does not vary with increasing the cross-sectional area of material.

—
=
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10.

1.

12.

13.

14.

15.

(c) decreases with increasing cross-sectional area of material.
(d) decreases with increasing the length of material.

Mmf is analogous to
(a) electric current in electric circuit (b) current density in conductor
(c) electromotive force

The magnetic strength of an electromagnet can be increased by
(@) increasing current in the solenoid

(b) increasing the number of turns of the solenoid

(c) bothaandb

(b) none of above.

Hysteresis loss in a magnetic material depends upon

(a) area of hysteresis loop (b) frequency of reversed of field
(¢) volume of magnetic material (d) alla, bandc.

The Steinmetz expression to determine the hysteresis loss in the magnetic material is
(a) P, = nBlS (b) Py = nBraf

(c) P,= nBLofV (d) all,a,band ¢

The direction of electro-magnetically induced emf is determined by

(@) Flemings’ right hand rule (b) Lenz’s law

(¢) Right hand thumb rule (d) bothaandb.

The energy store in the magnetic field is

(a) given by the relation LI 2/2

(b) directly proportional to the square of current flowing through the coil
(c) directly proportional to the inductance of the coil

(d) alla, bandc.

The self inductance of a solenoid of N-turns is proportional to
(@) N (b) N2

(¢) 1/N (d) 1/N2,
To reduce eddy current loss in the core of magnetic material
(@) the core is laminated

(b) the magnetic material used should have high resistivity
(c) bothaandb

(d) none of above.

If two coils having self-inductances L, and L, and a mutual inductance M are connected in series with

opposite polarity, then the total inductance of the combination will be

(@ L+L,+2M (b) L,-L,—2M

() L-L,+2M (d) L+L,-2M

Aninductive coil of 10 H develops a counter voltage of 50 V. What should be the rate of change of current
in the coil

(@ 5A/s (b) 0-2A/s

(c) 1A/s (d) 500 A/s

A machine that converts electrical energy into mechanical energy is called

(@) electric generator (b) electric motor

(c) bothaandb (d) none of these
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16. In electromechanical energy conversion devices, the angle between rotor field and main magnetic field
is called.
(@) mechanical angle (b) electrical angle
(c) eitheraorb (d) torque angle
17. In an electro-mechanical device, when both the direction of rotation and direction of electromagnetic
torque are in same direction the machine works as a
(@) generator (b) motor
(c) bothaandb (d) none of these
18. Inan electro-mechanical device, when both the direction of rotation and direction of mechanical torque
are in same direction, the machine works as a
(@) generator (b) motor
(c) bothaandb (d) none of these
19. In an electro-mechanical device, when induced emf (e) acts in opposite direction to the direction of flow of
current (i) in the armature conductors, the machine works as a
(@) generator (b) motor
(c) bothaandb (d) none of these
Keys to Multiple Choice Questions
1.d 2.2 3.c 4.c 5.¢c 6.c 7.d 8.c 9.d 10.d
11.b 12.c 13.d 14.a 15.b 16.d 17.b 18.a 19.b
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After the completion of this unit, students/readers will be able to understand:
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What is a transformer and its necessity in power system?

How a transformer transfers electric power from one circuit to the other i.e., what is basic
principle of a transformer.

What is core of a transformer, what is its material, why cruciform cores are considered better
than square or rectangular cross-section?

What are transformer windings, how their material and their size selected. How these wound
and placed over the core?

Why bushings are necessary for transformers?

What is the construction of small rating transformers?

How does a transformer behave? When is it considered to be an ideal one?

What are the various factors on which emf induced in a transformer winding depends?

How does a transformer behave when it is at no-load?

What is exciting current and how is it affected by magnetisation?

Why is there sudden inrush of magnetising current when a transformer is connected to the lines
although it may be at no-load?

How does a transformer behave when it is loaded?

How to draw phasor diagrams of a transformer to represent various alternating quantities (neglecting
resistance and reactance ampere-turns balance)?

How does resistance of transformer windings affect its performance?

What are mutual and leakage fluxes in a transformer?

How does inductive reactance appear in a transformer due to leakage fluxes?

How to determine equivalent resistance and reactance of transformer windings on its either
side?

How to draw an equivalent circuit of a transformer and how to simplify it?

What is voltage regulation of a trans-former ?

How power factor affects the regulation of a transformer?

What are the major losses in a transformer?

What are the effects of voltage and frequency variation on iron losses in a transformer?

How is efficiency of a transformer calculated at various loads?

How to determine the conditions at which a transformer works at maximum efficiency?
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v How efficiency of a transformer is affected by load and p.f.?

v How to conduct various tests such as polarity test, voltage ratio test, open circuit test, short
circuit test, back-to-back test etc., on a transformer?

How transformers are classified on the basis of their application?

What is the necessity of putting the transformers in parallel and what conditions are to be
maintained while putting them in parallel?

When the transformers are put in parallel, how do they share the load?

What is an auto-transformer?

How can auto-transformer is different to a potential divider?

What are the advantage and disadvantages of an auto-transformer in comparison to an ordinary
two-winding transformer?

Why cannot ordinary two-winding transformers be replaced by auto-transformers?

How to draw equivalent circuit and phasor diagram of an auto-transformer?

Can we convert a two winding transformer into an auto-transformer?

What are the major applications of auto-transformers?
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Introduction

Transformer is considered to be a backbone of a power system.

For generation, transmission and distribution of electric power, AC system is adopted instead of
DC system because voltage level can be changed comfortably by using a transformer. For economic
reasons, high voltages are required for transmission whereas, for safety reasons, low voltages are
required for utilisation. Transformer is an essential part of power system. Hence, it is rightly said that
transformer is a backbone of a power system. In this chapter, we shall discuss the general features
and principle of operation of single-phase transformers.

2.1 Transformer

A transformer is a static device that transfers AC electrical power from one circuit to the other at
the same frequency but the voltage level is usually changed.

The block diagram of a transformer is shown in Fig. 2.1(a). When the voltage is raised on the output
side (V,> V), the transformer is called a step up transformer, whereas, the transformer in which the
voltages is lowered on the output side (V, < V)) is called a step down transformer.

1

A 3

Input V4 Transformer Vo Output

Vo > V1 (Step-up)
Vo <Vq (Step-down)

Fig. 2.1 (a) Block diagram of a single-phase transformer
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Necessity

In our country, usually electric power is generated at 11 kV. The voltage level is raised to 220 kV, 400
kV or 750 kV by employing step-up transformers for transmitting the power to long distances. Then
to feed different areas, as per their need, the voltage level is lowered down to 66 kV, 33 kV or 11 kV
by employing step-down transformers. Ultimately for utilisation of electrical power, the voltage is
stepped down to 400/230 V for safety reasons.

Thus, transformer plays an important role in the power system. The pictorial view of a power
transformer is shown in Fig. 2.2 (b). The important accessories are labelled on it.

Oil Gauge Conservator
Tank — BES
cover Breather
HV Bushings
Temperature
gauge
Tapping € Main
switch o tank
hand-wheel
Cooling
Name tubes
plate
Drain
cock

500 kVA, 11/0.4 kV
(i) Oil immersed air natural cooled transformer

(i) Single-phase transformer

Fig. 2.1 (b) Transformer

Applications
Main applications of the transformers are given below:

(@) To change the level of voltage and current in electric power systems.

(b) Asimpedance-matching device for maximum power transfer in low-power electronic and control
circuits.

(¢) As a coupling device is electronic circuits

(d) Toisolate one circuit from another, since primary and secondary are not electrically connected.

(e) To measure voltage and currents; these are known as instrument transformers.

Transformers are extensively used in AC power systems because of the following reasons:

1. Electric energy can be generated at the most economic level (11-33 kV)

2. Stepping up the generated voltage to high voltage, extra high voltage EHV (voltage above 230
kV), or to even ultra high voltage UHV (750 kV and above) to suit the power transmission
requirement to minimise losses and increase transmission capacity of lines.

3. The transmission voltage is stepped down in many stages for distribution and utilisation for
domestic, commercial and industrial consumers.
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2.2 Working Principle of a Transformer

The basic principle of a transformer is electromagnetic induction.

A single-phase transformer consists of two windings placed over a laminated silicon steel core.
The winding having less number of turns is called low-voltage winding and the winding having more
number of turns is called high voltage winding.

I ~fm

Fig. 2.2 (a) Single-phase transformer (core and windings) (b) Flux linking with primary and secondary

Also, the winding to which AC supply is connected is called a primary winding and the other one
is called a secondary winding to which load is connected. Once AC supply of voltage V; is given to
primary winding, an alternating flux is set-up in the magnetic core which links with the primary and
secondary winding. Consequently, self-induced emf £, and mutually-induced emf E, are induced in
primary and secondary, respectively. These induced emf’s are developed in phase opposition to V| as
per Lenz’s law. The self-induced emf in the primary is also called back emf since it acts in opposite
direction to the applied voltage.

Although, there is no electrical connection between primary and secondary winding, still electric
power is transferred from one circuit (primary side) to the other circuit (secondary side). It is all
because of magnetic coupling, i.e., the alternating flux which is set-up in the core linking with both the
windings. The magnitude of induced emf in a coil depends upon rate of change of flux linkagesi.e., e
oc N. since, the rate of change of flux for both the winding is the same, the magnitude of induced emf
in primary and secondary will depend upon their number of turns, i.e., primary induced emf £, oc N,
and secondary induced emf £, oc N,. When N, > N,, the transformer is called a step-up transformer,
on the other hand, when N,< N, the transformer is called step-down transformer.

Turn ratio: The ratio of primary to secondary turns is called turn ratio, i.e., turn ratio
=N,/ N,.

Transformation ratio: The ratio of secondary voltage to primary voltage is called voltage
transformation ratio of the transformer. It is represented by K.
E_ N

K=
El Nl

(since E,oc Nyand £, oc N)) ...(2.1)

2.3 Construction of Transformer

The following are the major elements of a transformer:
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(!) Magnetic circuit mainly comprises of transformer core having limbs and yokes.
(i) Electric circuits mainly comprises of windings, insulation and bushings.
(#ii) Tank mainly comprises of cooling devices, conservator and ancillary apparatus.

The construction of a transformer depends largely on its size and the duty which it is to perform.
Designers make necessary changes as per the requirement. In practice, continuous improvements
are being made in the construction of transformers.

2.3.1 Core Material

For core construction sheets of alloy steels are used. The main constituents of alloy steel are silicon
and carbon in small quantities which increases the permeability at low flux densities and reduces
the hysteresis loss to large extent. Addition of silicon also reduces the eddy currents to some extent
because it increases the resistivity. In addition to this, these constituents also increase the mechanical
strength of the core.

Now-a-days cold rolled grain oriented steel (CRGOS) sheets are used for core construction because
of their excellent magnetic properties in the direction of rolling. This material allows flux density
as high as 2.8 Wb/m?.

2.3.2 Gore Construction

In order to reduce eddy current loss, the core of the transformer is laminated. Since eddy current
losses are proportional to the square of the thickness of laminations, every effort is made to reduce
their thickness as small as possible. But there is a practical limit beyond which the thickness of
laminations cannot be decreased further on account of mechanical considerations. This practical
limit of thickness of each lamination is 0.3 mm. The laminations are usually made of 0.33 to 0.5 mm
thick. These laminations are insulated from each other by a thin layer of oxide coating or varnish.

Core Cross-Section

Small transformers have rectangular section limbs with rectangular coils or square section limbs
with circular coils as shown in Figs. 2.3(a) and ().

HV
Winding

Insulation —_ |

™ HV winding

Duct Insulat
LV winding — nsulation

winding ] Duct

Core Core

N LV winding
(a) Rectangular core and windings (b) Square core and windings

Fig. 2.3 Core and windings
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As the size of the transformer increases, it becomes wasteful to use rectangular cores. For this
purpose the cores are square shaped as shown in Fig. 2.4(a). The circle represents the inner surface of
the tubular former carrying the windings. This circle is known as the circumscribing circle. Clearly
a lot of useful space is wasted, the length of circumference of circumscribing circle being large in
a comparison to its cross-section. This means that the length of mean turn of winding is increased
giving rise to higher I’R losses and conductor cost.

Circular coils are preferred for winding a transformer as they can be easily wound on machines
on a former, conductors can easily be bent and winding does not bulge out due to radial forces
developed during operation.

With larger transformers, cruciform cores, which utilise the space better, are used as shown in
Fig. 2.4(b). As the space utilisation is better with cruciform cores, the diameter of circumscribing
circle is smaller than with square cores of the same area. Thus the length of mean turn of copper
is reduced with consequent reduction in cost of copper. It should be kept in mind that two different
sizes of laminations are used in cruciform cores.

With large transformers, further steps are introduced as shown in Figs. 2.4(c) and (d) to utilise the
core space which reduces the length of mean turn with consequent reduction in both cost of copper

and copper loss.

¢ d=100 >
~— VN — 7
/ZE=T10\ — 9
\ 1

- T
= = 14 = 17
= T = A =
71 = 42 = =
l v \4
leaz> Ll«se*l
<« 71 —> «— 70 —>» 60 —»
l«— 90— 78
«——100—>| 5 9
l«——100—>

(@) (b) (c) (d)

Fig. 2.4 Cruciform core section

By increasing the number of steps, the area of circumscribing circle is more effectively utilised.
The most economical dimensions of various steps for a multi-stepped core can be calculated. The
results are tabulated in the following Table:

?;:52711’777 if:gfzg ec;)rf: e Square Cruciform Three stepped Four stepped
Gross core area A, 64 79 84 87
Net core area A; = KiA 98 7 75 78
Ratio A/d? 0.45 0.56 0.6 0.62

Laminations of the core and insulation between the laminations have the effect of reducing the
effective or net area of the core. The net core cross-sectional area is about 10% less than the gross-
sectional area due to the laminations of the core and insulation such as paper or varnish. The ratio
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of the net cross-sectional area to gross cross sectional area is called the iron space factor or simply
iron factor K.

K = Al ...(2.2) (K,<unity nearly 0.9 to 0.99)
8¢

A, = Iron Area or iron’s net cross-sectional area of the core

Agc = Overall Area or gross cross-sectional area of the core.

2.3.3 Transformer Winding

Transformer windings may be classified into two groups viz. concentric winding and sandwiched
winding. Concentric windings are used in core type transformers as shown in Fig. 2.5(a). Sandwiched
windings are almost exclusively used in shell type transformers as shown in Fig. 2.5(b).

________ P _____,
i | gpiaininsinininny TR tfuleisininisi |

ZNIBEZENEZRNIB R R i

NIAN ON| AN | . |

NRENE M RN\
| i BN R SN &
b _____/ (P e -
(a) Core type Transformer (b) Shell type Transformer

Fig. 2.5 Single-phase transformer (sectional view)

The positioning of the H.V. and L.V. windings with respect to the core is also very important from
the point of view of insulation requirement. The low-voltage winding is placed nearer to the core in
the case of concentric windings and on the outside positions in the case of sandwiched windings as
shown in Figs. 2.5(a) and (b) on account of less and easier insulation facilities.

Concentric Windings

The concentric windings may be classified into four major groups, viz.
1. Spiral windings.
2. Helical winding.
3. Crossover winding.
4. Continuous disc winding.

Spiral Winding: The spiral coils are suitable only for windings which carry current more than 100
A. Usually these are employed for LV windings. However, these are also used for HV windings when
the winding is to carry current more than 100 A.
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Spiral coils normally consists of layers wound continuously
from top to bottom of the coil and a composite conductor of coil
may consist of a number of square or rectangular strips in parallel.
These coils are mechanical very strong and are usually former
wound or wound directly on to solid insulating cylinder.

The spiral coils may be wound in single layer or multilayer.
In small transformers, sometimes, it is difficult to arrange them
satisfactorily in single layer, then these are wound in multilayer.
A typical two layer spiral coil is shown in Fig. 2.6.

When more than is required to be arranged in radial direction,
it becomes necessary to introduce transpositioning throughout the
length of winding to keep the resistance and leakage reactance of
each conductors to be the same.

Helical Winding: The helical coils cover the intermediate range
of current which falls between the range of high current range of
spiral coils and low current range of multi-conductor disc coil.
This coil is wound in the form of helix where each conductor
may consist of a number of rectangular strips wound in parallel
radially. Helical winding is mostly suitable for low-voltage (11
kV to 33 kV) windings of large transformers.

In general, simple single layer helical coils are used for LV
side of large transformers. The cross-sectional view of a typical
single layer helical coil is shown in Fig. 2.7. However, multiplayer
helical coils may be used for high-voltage windings.

Crossover Winding: The crossover coils are suitable only
for windings which carry current less than 20 A. These are
largely used for high voltage windings of comparatively small
transformers. These coils are usually wound on formers.
Generally, each coil consists of several layers and each layer
carries several turns. The conductor may be of round (wire) or
rectangular (strip) shape, insulated with cotton or paper covering.

The cross-sectional and isometric view of a typical crossover
coil is shown in Fig. 2.8(a) and (b) respectively. The complete
winding assembly employing crossover coils consists of a number
of such coils connected in series. This assembly in placed over the
limb of the core. The coils are usually spaced apart by means of
insulating key sector to facilitate free oil circulation for cooling.

Continuous Disc Winding: The continuous disc coils are most
suitable for high voltage (low current) large power transformers.
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Fig. 2.6 Spiral winding
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Fig. 2.7 Helical winding

As the name suggests, these coils consist of a number of discs. Each disc consist of a number of turns
wound radially over one another from inside outwards and outside inwards alternately and conductors
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pass uninterruptedly from disc to disc. Generally, rectangular strip conductors are used and they are
wound on the flat side so that each disc becomes mechanically very strong.

Cross-over
coils

(a) Cross-sectional view (b) Assembled coil

Fig. 2.8 Cross-over winding

The cross-sectional and isometric view of a typical disc coil is shown in Figs. 2.9(a) and (b), respectively.

While using multiple strips, transpositioning of conductors has to be taken core so that uniform
resistance and inductance can be ensured. The discs are wound on to an insulating cylinder and a
spacer is provided between the discs when arranged vertically to ensure proper circulation of oil.
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(a) Cross-sectional view (b) Section of coils during fabrication

Fig. 2.9 Continuous disc winding
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Sandwiched Winding

The schematic diagram of a sandwiched winding is shown in Fig. 2.10. Sandwiched windings are
commonly employed for shell-type transformers. The leakage reactance of the windings can be easily
controlled by employing sandwiched winding. The nearer are the high voltage and low voltage coils,
the less is the leakage flux. Leakage can be further reduced by subdividing the high voltage and
low voltage coils. The high voltage sections lie between two consecutive low voltage sections. The
two end sections are low-voltage sections and contain half the turns of other low-voltage sections.

Each normal section, whether high voltage or low voltage, has equal number of ampere-turns
in order to balance the mmf of adjacent sections. Lower values of reactance can be obtained by
increasing the number of subdivisions.

NI
I

NN

Fig. 2.10 Sandwiched winding

2.3.4 Insulation

The insulation employed in a transformer may be classified into two major groups e.g., major and
mirror insulation.

Major insulation: The insulating cylinders between the low voltage winding and the core and those
between the high voltage and the low voltage windings, the insulating barriers which are inserted
between adjacent limbs when necessary and the insulation between the coils and the core yokes etc.,
fall into the category of major insulation. These insulating cylinders and barriers are usually made
of pressboard or synthetic resin bonded paper. These cylinders are made in such a way that they are
not only excellent insulators but also mechanically strong. The permittivity of insulating cylinders
is about 4. The major insulation is transformer oil which has a permittivity of 2.2.

Minor Insulation: This is the insulation on individual turns and between layers. The conductor
insulation may be of paper, cotton or glass tape, the latter being used for air insulated transformers
only. The insulation is wrapped round the conductor without overlap of adjacent turns.

The windings of the transformers are generally impregnated. Now-a-days transformer oil has
greatly replaced varnish as an impregnant. In general there are three main stages in preparing the
windings for oil impregnation. In the first stage the pre-drying and shrinking of the coils are done.
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In the second stage, further drying is carried out until the required insulation resistance is obtained.
These two stages are usually accomplished by circulation of hot air at atmospheric pressure in an
oven while making sure that the oxidation of the winding does not take place. In the final stage, the
vapour and gas are removed from the assembled core and the windings prior to oil impregnation. This
process must be carried out at a temperature of approximately 100°C and a vacuum of at least 0.5
mm. The windings of the power transformers are generally impregnated after assembly on the core.

Note: Never provide excessive insulation, it not only increases the cost but it also makes heat
transfer poor.

2.3.5 Bushings

The core and winding assembly is placed in the transformer tank. The winding terminals are to be
connected to the external conductors (transmission lines) or bus-bars where conductor has to pass
through the top cover of the tank which is earthed on account of safety.

These outgoing terminals of a transformer are provided with bushings.

For system voltages upto 66 kV, non-condenser bushings such as porcelain or oil-filled bushings
are used whereas for system voltages more than 66 kV, condenser bushings are employed for economic
reasons.

The oil filled bushings carry a hollow tube conductor placed in the centre of a hollow porcelain
cylinder. The space between the conductor and the porcelain is filled with insulating oil. Normally,
there is a glass chamber at the top of the bushing to indicate the oil level which also acts as an expansion
chamber for the oil when the temperature of the bushing rises. Under the influence of the electric
field, dust or metallic particles present in the oil have a tendency to align themselves in the direction
of the electric field, giving rise to paths of low dielectric strength which may lead to breakdown of
the bushing. To break up these chains, sometimes concentric bakelite tubes are used as insulating
barriers in between the porcelain and the conductor. Fig. 2.11(a) shows a typical oil filled bushing.

The body of a condenser type bushing shown in Fig. 2.11(d) is formed by inserting aluminium foil
layers into a paper winding at predetermined radii. The conducting layers take the form of co-axial
cylinders in such a way that the electrical stress in the radial direction does not exceed 7.5 kV/mm
for synthetic resin bonded paper (s.r.b.p.) or 20 kV/mm for oil impregnated paper (0.i.p.) and the axial
stress does not exceed 0.4 kV/mm for air and 0.65 kV/mm for oil. The capacitances between adjacent
pair of conducting surfaces are known as partial capacitances between adjacent pair of conducting
surfaces are known as partial capacitances. The thickness of the partial capacitances and the values of
the partial capacitances are made equal by properly proportioning the axial length of the conducting
layers. Consequently, the insulating layers are equally stressed and the dielectric stresses are kept
within the limits for the insulating material used. A typical condenser bushing is shown in Fig. 2.12.
For use in outdoor substations, the bushing is covered by a porcelain rain-shed which is outwardly
very similar to a porcelain bushing. The space between the rain shed and the bushing assembly is
filled with insulating oil. The rain sheds are designed to increase the creepage length taking into
consideration the electric field distribution and thus reduce the tendency to flashover under dry as
well as wet conditions.
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(a) Porcelain bushing (oil filled)
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Fig. 2.11 Transformer bushings
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(b) Condenser bushing

The bushings are mounted in localised projections from the transformer tank known as turrets
and current transformers are often housed in turrets around the flange barrels of the bushings. The
size of the transformer tank is also greatly influenced by the portion of the lower end of the bushing

inserted into the tank.

2.3.6 Transformer Tank

In modern transformers, depending upon the size, the following types of tanks are mainly used:

(i) Plain Sheet Steel Tank
(ii) Tubed Tanks
(@#ii) Corrugated Tanks
(iv) Radiator Tanks
(v) Tanks with Separate Coolers.



Single-Phase Transformers 91

2.4 Simple Construction of Single-phase Small Rating
(SAY 2 kVA) TRANSFORMERS

On the basis of core construction and the arrangement to windings, the transformers are named as
(?) core type transformers (ii) shell type and Berry-type transformers.

Fig. 212 Single-phase small transformers used with electrical gadgets

Core-type Transformers

In Such transformers the magnetic core is built up of laminations to form a rectangular frame. The
laminations are cut in the form of L-shape strips as shown in Fig. 2.13(a). To eliminate high reluctance
continuous joint, the laminations are placed alternately as shown in Fig. 2.13(b).

The upper horizontal portion of the core is known a yoke and the vertical portion, as shown
in Fig. 2.14(b), which carries windings is called limb. Usually, the cross-sectional area of yoke is
kept 15 to 20% more than the limbs because it reduces the flux density and consequently reduces
the iron losses.

Laminated core
L-shape strips

— |
P— —
(|
| | Laminations
(a) L-shaped strips for core (b) Joints kept alternately (c) Staggering of stampings
Fig. 2.13

In actual transformer construction, the primary and secondary windings are interleaved to reduce
the leakage flux. Half of each winding is placed side by side or concentrically on either limb or leg
of the core as shown in Fig. 2.14. However, for simplicity, the two windings are shown in Fig. 2.2(a)
located on separate limbs of the core.
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Fig. 2.14 Placing of coils over core-type transformers

While placing these windings, an insulation layer (Bakelite former) is provided between core
and lower winding and between the two windings. To reduce the insulation, low voltage winding is
always placed nearer the core as shown in Fig. 2.14(a). The windings used are form wound (usually
cylindrical in shape) and the laminations are inserted later on.

Shell-type Transformers

In such transformers, each lamination is cut in the shape of E’s and I’s as shown in Fig. 2.15. To eliminate
high reluctance continuous joint, the laminations are placed alternately as shown in Fig. 2.16(a).

/ I-shape strip (E‘Shape strip

IJ

Fig. 2.15 Laminations of E and I-shapes.

In a shell-type transformer, the core has three limbs. The central limb carries whole of the flux,
whereas the side limbs carry half of the flux. Therefore, the width of the central limb is about double
to that of the outer limbs.

Primary
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Bakelite Core,\ L.V. winding ,0 o

former H.V. winding Secondary
(a) (b) (c)
Fig. 2.16 Placing of coils over shell-type transformer
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Both the primary and secondary windings are placed on the central limb side by side or
concentrically (see Fig. 2.16). The low voltage winding is placed nearer the core and high voltage
winding is placed outside the low voltage winding to reduce the cost of insulation placed between
core and low voltage winding. In this case also the windings are form wound is cylindrical shape
and the core laminations are inserted later on.

The whole assembly i.e., core and winding is then usually placed in tank filled with transformer
oil. The transformer oil provides better cooling to the transformer and acts as a dielectric medium
between winding and outer tank which further reduces the size of outer tank of the transformer.

Comparison between Core-type and Shell type Transformers:

Sr. No. | Core-type transformer Shell-type transformer
1. The windings surround a considerable portion | The core surrounds considerable portion of the
of the core. windings.
2. | Windings are of form-wound, and are of Winding are of sandwich-type. The coils are first
cylindrical-type. wound in the form of pancakes, and complete
winding consists of stacked discs.
3. More suitable for high voltage transformers. More suitable and economical for low voltage
transformers.
4. Mean length of coil turn is shorter. Mean length of coil turn is longer.
5. Core has two limbs to carry the windings. Core has three or more limbs but the central

limb carries the windings.

Berry-type Transformer

A berry type transformer is a specially designed shell type transformer and is named after its designer.
The transformer core consists of laminations arranged in groups which radiate from the centre as
shown (as top view) in Fig. 2.17.

Cylindrical
LV winding

Insulation

Fig. 2.17 Berry type transformer

In order to avoid possible insulating damage due to movement of strips and winding, the core and
coil of the transformer are provided with rigid mechanical bracing. Good bracing reduces vibration
and the objectionable noise-a humming sound - during operation.
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2.5 An ldeal Transformer

To understand the theory, operation and applications of a transformer, it is better to view a transformer
first as an ideal device. For this, the following assumptions are made:

@) Tts coefficient of coupling (k) is unity.
(#7) Its primary and secondary windings are pure inductors having infinitely large value.
(@@ii) Its leakage flux and leakage inductances are zero.
@iv) Its self and mutual inductances are zero having no reactance or resistance.
(v) Its efficiency is 100 percent having no loss due to resistance, hysteresis or eddy current.
(vi) Its transformation ratio (or turn ratio) is equal to the ratio of its secondary to primary terminal
voltage and also as the ratio of its primary to secondary current.
(vii) Its core has permeability (1) of infinite value.

Thus, a transformer is said to be an ideal one, if it has no ohmic resistances, moreover whole of
the flux set-up in the core is considered to be linking with its primary and secondary turns, i.e., it
carries no leakage flux. In other words, a transformer is said to be ideal one, when it has no losses,
i.e., copper or iron losses. In actual practice, such a transformer cannot exist, but to begin with it
may be considered so.

For an ideal transformer, the output must be equal to input (since it has no losses), therefore.

1
ie., E,l,cos g=E I,cos¢ or E,I,=E 1, or —*=-L
E I
since E,x N, E N, and E =V E, =V,
V. E, N, 1
-2 = 2 -2 "1 _ K (transformation ratio) ...(2.3)

Vl El Nl 12

Hence, primary and secondary currents are inversely proportional to their respective turns.
Transformation ratio: The ratio of secondary to primary turns is called transformation ratio. It
is usually devoted by letter ‘K.

Behaviour and Phasor Diagram

Consider an ideal transformer whose secondary is open, as shown in Fig. 2.18(a). When its primary
winding is connected to sinusoidal alternating voltage V,, a current Imug flows through it. Since
the primary coil is pure inductive, the current Imag lags behind the applied voltage V, by 90°. This
current sets up alternating flux (or mutual flux ¢ ) in the core and magnetises it. Hence it is called
magnetising current. Flux is in phase with L aq @S shown in the phasor diagram and wave diagram
in Figs. 2.18(b) and (c), respectively. The alternating flux links with both primary and secondary
windings. When it links with primary, it produces self-induced emfE| in opposite direction to that
of applied voltage V,. When it links with secondary winding, it produces mutually-induced emf
E, in opposite direction to that of applied voltage. Both the emfs. E, and E, are shown in phasor
diagram in Fig. 2.18(b).
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(a) Circuit Diagram

(b) Phasor diagram
Fig. 2.18

(c) Wave Diagram

Ideal transformer

A transformer is analogous to mechanical gear drive because of the following facts:

teeth and the speeds of the two gears, i.e.,
I _ Ny
Lo
T, = No. of teeth of gear 1
T, = No. of teeth of gear 2
N, = Speed of gear 2
N, = Speed of gear 1

where

Sr. No. | Mech. Gear Drive Transformer
1. It transfers mechanical power from one shaft to | It transfers electrical power from one circuit to
the other shaft. the other.
2. There is perfect ratio between the number of There is perfect ratio between the number of

turns and the induced emf or current of the two
windings. i.e.,
Ny
Ny~ E
N, = No. of secondary turns
N, = No. of primary turns
E, = EMF in secondary

_E_h

where

E, = EMF is primary
I, = Gurrent in primary
I, = Current in secondary

3. Power is transferred through mechanical mesh. | Power is transferred through magnetic flux.

2.6 Transformer on DC

A transformer cannot work on DC. The basic working principle of a transformer is electro-magnetic
induction, i.e, when flux linking with a coil changes an emfis induced in it. If DC is applied to one of
the winding (primary) of a transformer, it will set a constant magnetic field in magnetic core. Hence
no emf will be induced either in primary or secondary. Then electric power cannot be transformed
from one circuit (primary) to the other (secondary).

Moreover, if rated DC voltage is applied to its primary, high current will be drawn by it since
there is any counter (self) induced emf which limits the current. Consequently, heaving heat will be
produced and winding insulation will burn.

Hence, a transformer cannot work on DC and it is never put-on rated DC supply.
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2.7 emf Equation

When sinusoidal voltage is applied to the primary winding of a
transformer, a sinusoidal flux, as shown in Fig. 2.19. is set up in
the iron core which links with primary and secondary winding.

Let, ¢m = Maximum value of flux in Wb;
f = supply frequency in Hz (or c/s);
N, = No. of turns in primary;
N, = No. of turns in secondary.
As shown in Fig. 2.19, flux changes from + ¢, to — ¢, in half

. 1
acyclei.e., =— second,

2f
¢m — (_(Pm)

tom

— 1/f W

le—1/2f —»|

Fig. 2.19 Wave diagram of flux

Average rate of change of flux = “————"-=4f ¢,  Wb/s

1/2f

Now, the rate of change of flux per turn is the average induced emf per turn in volt.

Average emf induced per turn = 4 f ¢ volt

For a sinusoidal wave, M = Form factor =1-11
Average value

R.M.S. value of emf induced/turn, E=1.11 x4 f ¢ =444 f ¢ volt

Since primary and secondary have N, and N, turns, respectively.

R.M.S. value of emf induced in primary,

E, = (emf induced/turn) x No. of primary turns

=444 N, f ¢, volt
Similarly, r.m.s. value of emf induced in secondary,

E, = 444 N,f ¢, volt

E
From eq. (i), we get, Fl =4.44 f$,_ volt/turn
1

E
From eq. (ii), we get, N—2 =4.44 f$_volt/turn
2

24

(2.5)

..(2.6)

.27

Equation (2.6) and (2.7) clearly show that emf induced per turn on both the sides i.e., primary

and secondary is the same.

Again, we can find the voltage ratio,

E, _ 444N, £, E,

E, ~ 444N, 19, O E,

N . .
= —% = K (transformation ratio)

N,
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Equation (i) and (if) can be written in the form of maximum flux density B, using relation,
#,, = B, x A, (where A, is iron area)
E, =444 N,fB, A, volt ...(2.8)
and E, =444 N,fB, A, volt ...(29)
Example 2.1

What will be the number of primary and secondary turn of a single-phase 2310/220V, 50 Hz
transformer which has in emf of 13V per turn approximately.

Solution:
E, E, : . .
Here, V] = N_2 =13V (given); E, =2310 V; E, =220 V
- E, 2310
Primary turns, N, = IR = BER =177.69 = 178 (Ans.)
Secondary turns, N, = ) =220 _ 16.92 = 17 (Ans.)
YIS = 13 7 13 L= ‘

Example 2.2
A power transformer has 1000 primary turns and 100 secondary turns. The cross-sectional area

of the core is 6 sq. cm and the maximum flux density while in operation is 10000 Gauss. Calculate
turns per volt for the primary and secondary windings.

Solution:
Here, N, = 1000; N, = 100; A, = 6 cm? = 6 x 10~ m?%
B, =10000 gauss = 10000 x 1078 x 10* = 1 tesla
We know, E, =444 NfB A ,=444x1000x 50 x 1 X 6 x 104=1332V

E,=444N,fB, A,=444x100x50 x 1 x 6 x 104=13.32 V

N
On primary side, number of turns/volt = 2 1000 7.5 (Ans.)

E, 1332

N
On secondary side, number of turns/volt = =2 = 100 =7.5 (Ans.)
E, 13.32

The number of turns per volt or voltage per turn on primary and secondary remains the same.

Example 2.3
The primary and secondary of a 25 kVA transformer has 500 and 40 turns, respectively. If the primary

is connected to 3000V, 50 Hz mains, calculate (i) primary and secondary currents at full load; (ii)
The secondary emf and (iii) The maximum flux in the core. Neglect magnetic leakage, resistance of
the winding and the primary no-load current in relation to the full load current.
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Solution:
_ _25x10° _ g
() At full load, I = 3000 833 (Ans.)
L _E_N
Now L E N
N
secondary current, I, = —Lxr | = 500 X 833 =104¢15A (Ans.)
N, 40
(ii) Secondary emf. E=2 g =40 L3000 = 240V (Ans)
’ 20N, 17500
(¢if) Using relation, E =444N,f¢,
3300 = 4-44 x 500 x 50 x ¢,
_ 3000 _
or n= Faxx500x 50 -2 mWb (Ans)
Example 2.4

The emfperturn ofan 11 kV /415 V, 50 Hz single-phase core type transformer is 15 V. The maximum
flux density in the core is 2.5 T. Find number of primary and secondary turns and net cross sectional
area of core.

Solution:

Here, E,= 11000 V; E, =415 V; f= 50 Hz; B, = 25T

E E
EMF/turn = N—1 = N—2 =15
2 2
E
No. of primary turns, N, = ﬁ = % =733.33 (Ans.)
E
No. of secondary turns, N, = 1—; = % =27.67 (Ans.)
Now, E =444N,fA, B,
E
Vl =444 fA B, or15=444x50x A, x2.5
1
_ 15 _ 2_ 2
Net area, A; = T x50 %15 - 0.045045 m* = 450.45 cm~ (Ans.)

Example 2.5
A single phase 50 Hz core type transformer has rectangular cores 30 x 20 cm. and the maximum

allowable density is 1.05 tesla. Find the number of turns per limb on the high and low voltage sides
for a voltage ratio of 3300/200 volt. Take iron factor as 0.93.

Solution:

Gross-Cross-Sectional Area = 30 x 20 = 600 cm?
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Agc =600 x 10~* m?2
The iron factor is to be taken into consideration as the laminations are insulated from each other and

Net Area of Cross-Section _ 4

i~ Gross Area of Cross-Section A

e
A =K, x Agc
=0.93 x 600 x 10+ =558 x 10~* m?
Emf induced per turn = 444 B . A,
= 4.44 x 50 x 1.05 x 558 x 10~ =13 volt (Ans.)

Primary turns = % = 254 turns (Ans.)

Secondary turns = 200 _ 16 turns (Ans.)

13

Example 2.6
The Secondary of a 500 kVA, 4400/500V, 50 Hz, single-phase transformer has 500 turns. Determine

(i) emf per turn, (ii) primary turns, (iii) secondary full load current (iv) maximum flux (v) gross
cross-sectional area of the core for flux density of 1.2 tesla and iron factor is 0.92 (vi) if the core is
of square cross-section find the width of the limb.

Solution:
Here, Rating= 500 kVA; E, =V, =4400 V; E, =V, =500 V; f=50 Hz; N, =500; B, = 1.2 T;

k; =092
(!) Emf per turn = E =300 _ 1.0 V/turn (Ans.)
N, 500 ’
. _E _E 4400 _
(@) Emf per turn = N, N - N, " 1.0
4400

Primary turns, N, = To = 4440 (Ans.)

kVA x 1000 _ 500 X 1000 _ 900 A (Ans))

(iii) Secondary full load current, I, = v 200
2

. . _ E, _ 500 _
(v) Maximum flux, ¢, = BN N, X [ = A4 %500 <50 4.5 mWb (Ans.)

-3
(v) Iron area of the core, A; = 2— = % =37.54 x 10* m? = 37.54 cm?

_ A 3754 _ 2
Gross area of the core, Ag = K =000 = 40.8 cm“ (Ans.)

(vi) Width of squared limb = ,lAg =+/40.8 =6.39 cm (Ans.)
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Example 2.7
A 100 kVA, 3300/200 volt, 50 Hz single phase transformer has 40 turns on the secondary, calculate:

(i) the values of primary and secondary currents.
(ii) the number of primary turns.
(iii) the maximum value of the flux.
If the transformer is to be used on a 25 Hz system, calculate.
(iv) the primary voltage, assuming that the flux is increased by 10%
(v) the kVA rating of the transformer assuming the current density in the windings to be unaltered.

Solution:

100 x 1000
3300

100 x 1000
200

(i) Fullload primary current, /, = =30.3 A (Ans.)

Full load secondary current, I, = =500 A (Ans.)

.. . E 3300
(@) No. of Primary turns, N= N, X E—; =40 x 300 660 (Ans.)

(iii) We know E,=444f¢_ N, volt

200 =444 x50x ¢ x40

max
b = T a0 g0 = 0225 Wb (Ans)
(@v) As the flux is increased by 10% at 25 Hz
Flux at 25 Hz, ¢/, = 0.0225 x 1.1 = 0.02475 Wb
Primary voltage = 4.44 x N, x f' x ¢ volt
= 4.44 x 660 x 25 x 0.02475 = 1815 volt (Ans.)

(v) For the same current density, the full load primary and secondary currents remain unaltered.

30.3 x 1815

kVA rating of the transformer = 1000

=55 kVA (Ans.)

Section Practice Problems

Numerical Problems

1. Asinusoidal flux 0.2 Wb (max.) links with 55 turns of a transformer secondary coil. Calculate the r.m.s.
value to the induced emf in the secondary coil. The supply frequency is 50 Hz. (Ans. 244.2 V)

2. The primary and secondary turns of a single-phase transformer are 400 and 1100, respectively. The net
cross sectional area of the core is 60 cm2. When its primary is connected 500V, 50 Hz supply, calculate
the value of maximum flux density in the core and the emfinduced in secondary winding. Draw the vector
diagram representing the condition. (Ans. 0-938 Tesla, 1250 V)
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A single-phase 200 kVA, 3300/240 volt, 50 Hz. Transformer carries 80 turns on its secondary. What will
be its. (i) primary and secondary current on full load; (ii) the maximum value of flux; (iii) the number of
primary turns. (Ans. 60.6 A; 833.3 A; 1100 turns)

A 3300/250 V, 50 Hz, single-phase transformer has an effective cross sectional area of 125 cm?. It has
70 turns on its low-voltage side. Calculate (a) the value of the maximum flux density (b) the number of
turns on the high-voltage winding. (Ans. 1.287 Wb/m?; 924)

The secondary of a 100 kVA, 3300/400 V, 50 Hz, one-phase transformer carries 110 turns. Determine the
approximate values of the primary and secondary full-load currents, the maximum value of flux in the
core and the number of primary turns. How does the core flux vary with load?

(Ans. 30.3 A; 250 A; 16.4 mWb; 907)

A 125 kVA transformer having a primary voltage of 2000 V at 50 Hz has 182 primary turns and 40
secondary turns. Neglecting losses, calculate (a) the full load primary and secondary current (b) the
no-load secondary induced emf. [Ans. (a) 62.5 A, 284.4 A (b) 439.5 V]

Short Answer Type Questions

Q.1.
Ans.

Q.2.
Ans.

Q.3.
Ans.

0.4.
Ans.

Q.5.
Ans.

Q.6.
Ans.

What essentially is a transformer? What are the broad areas of applications of transformer?

Transformer is a static device that transfers AC electrical power from one circuit to the other at the
same frequency but the voltage level is usually changed.

Its broad area of application is in electrical power system. At generating stations it is used to step-up
the voltage, for economic reasons, to transmit electric power and at various sub-stations it is used to
step-down the voltage for economical and safety reasons.

Why does a transformer have iron core?
Iron core provides an easy (low reluctance) path for the magnetic lines of force.

Why is the transformer core laminated?
The core of a transformer is laminated in order to reduce eddy current losses.

What do you mean by iron space factor with respect to transformer core?

The ratio of the net cross-sectional area to gross cross sectional area of the transformer core is called
the iron space factor or simply iron factor Ki.

Ki=Ail Agc

When a transformer is connected to the supply, how its windings are named?

When a transformer is connected to the supply, the windings are named as primary and secondary
winding.

The winding to which supply is connected, is known as primary winding and the winding to which load
is connected, is known as secondary winding.

Why circular coils are always preferred over rectangular coils for winding a transformer?

Circular coils are preferred for winding a transformer as they can be easily wound on machines on a
former, conductors can easily be bent and winding does not bulge out due to radial forces developed
during operation.
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Q.7.
Ans.

0.8.
Ans.

Q.9.
Ans.

Q.10.
Ans.

Q.11.
Ans.

Q.12.
Ans.

0.13.
Ans.

Q.14.
Ans.

Q.15.

Ans.

Q.16.

Ans.

Q.17.
Ans.

Why Sandwiched winding arrangement is preferred in large transformers?
Sandwiched winding provides better magnetic coupling and cooling facilities in large transformers.

Is there a definite relation between the number of turns and voltages in transformers?
Yes, voltage is directly proportional to number of turns of the winding (V/ oc N).
Induced emf in any winding = emf/turn x No. of turns.

What do you mean by major and minor insulation used in transformer winding?

Major insulation: The insulation in the form of cylinders provided between LV winding and core or
between LV and HV winding is termed as major insulation.

Minor insulation: The insulation provided between individual turn and between layer is termed as minor
insulation.

Why arcing horns are provided across the transformer bushings?
To protect the transformer against lighting.

What is the significance of turn ratio in a transformer?
Turn ratio determines whether a transform is to step-up or step-down the voltage.

What is an ideal transformer?
An ideal transformer is one which has no ohmic resistance and no magnetic leakage flux.

Can a transformer work on DC? Justify.

No, a transformer cannot work on DC. If small DC is applied to primary, constant flux is set-up in the
core and no emfis induced in the secondary. Hence, no transformer action is possible.

A transformer is said to be analogous to mechanical gear, why?

In mechanical gear drive, mechanical power is transferred from one shaft to the other through mechanical
gear, whereas in transformer electrical power is transferred from one circuit to the other through
magnetic flux.

In mechanical gear drive, there is perfect ratio between number of teeth and speeds, similarly in
transformer there is perfect ratio between number of turns and induced emfs.

While drawing phasor diagram of an ideal transformer, the flux vector is drawn 90° out of phase
(lagging) to the supply voltage, why?

Under ideal conditions, transformer behaves as a pure inductive circuit; therefore, magnetising current
or flux phasor lags behind the voltage phasor by 90°.

Cold rolled grain oriented steel (CRGOS) is used almost exclusively in spite of its high cost, in the
construction of transformer core, why?

Itis because cold rolled grain oriented steel has excellent magnetic properties in the direction of rolling
and hysteresis losses are very small.

Why is the area of yoke of a transformer kept 15 to 20% more than limb?

By keeping area of yoke 15 to 20% more than the limb, the flux density in the yoke is reduced which
reduces the iron losses of the transformer consequently reduces the winding material.
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0.18. What is the thickness of laminations used for transformer core?
Ans. Thickness of laminations varies from 0.35 t0 0.5 mm.

2.8 Transformer on No-load

A transformer is said to be on no-load when its secondary winding is kept open and no-load is
connected across it. As such, no current flows through the secondary i.e., ,=0. Hence, the secondary
winding is not causing any effect on the magnetic flux set-up in the core or on the current drawn by
the primary. But the losses cannot be ignored. At no-load, a transformer draws a small current /,,
(usually 2 to 10% of the rated value). This current has to supply the iron losses (hysteresis and eddy
current losses) in the core and a very small amount of copper loss in the primary (the primary copper
losses are so small as compared to core losses that they are generally neglected moreover secondary
copper losses are zero as I, is zero).

Therefore, current I lags behind the voltage vector V| by an angle ¢, (called hysteresis angle of
advance) which is less than 90° as shown in Fig. 2.20(b). The angle of lag depends upon the losses
in the transformer. The no-load current /, has two components;

(©) One, I in phase with the applied voltage V/,, called active or working component. It supplies
the iron losses and a small primary copper losses.
@@i) The other, L g in quadrature with the applied voltage V|, called reactive of magnetising

component. It produces flux in the core and does not consume any power.

From phasor (vector) diagram shown in Fig. 2.20.

AV
1 =~ e—Pm
N
> | ) \mag
Imag "Pm IV S— 0 Iy
] ] T ° 1o ! / v
— | —T I \
i g bm /
Vi Eq ] N4 Nof i+ E, Imag
—— //J_o
T YE,
VE,
(a) Circuit diagram (b) Phasor diagram (c) Wave diagram

Fig. 2.20 Transformer on no-load

«—m —>

Fig. 2.21 Equivalent circuit
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Working component, I, =1,cos ¢,
Magnetising component, Imag =1, sin ¢,
No-load current, I, = I+ I,z,mg ...(2.10)
. I,
Primary p.f. at no-load, cos ¢, = I—” .21
0
No-load power input, Py =V, 1,cos ¢, ...(212)
" . Vi
Exciting resistance, R, = T ...(2.13)
w
. Vi
Exciting reactance, X, = ...(2.14)
Imag

The equivalent circuit of a transformer at no-load is shown in Fig. 2.22. Here, R, represents
the exciting resistance of the transformer which carries power loss component of no-load current,
i.e., I, used to meet with the no-load losses in the transformer, whereas X, represents the exciting
reactance of the transformer which carries wattless component of no-load current, i.e., ]mag used to
set-up magnetic field in the core.

2.9 Effect of Magnetisation on No-load (Exciting) Current

A transformer requires less magnetic material if it is operated at a higher core flux density. Therefore,
from an economic point of view, a transformer is designed to operate in the saturating region of the
magnetic core, although it increases the harmonics in the wave.

When the voltage applied to the primary of a transformer is sinusoidal then the mutual flux set up
in the core is assumed to be sinusoidal. The no-load current /) (exciting current) will be non-sinusoidal
due to hysteresis loop which contains fundamental and all odd harmonics.

Consider the hysteresis loop of the core as shown in Fig. 2.22(a). Since ¢ = BA and i = (HI/N), the
hysteresis loop is plotted in terms of flux ¢ and current i instead of B and H so that the current required
to produce a particular value of flux can be read directly. The wave-shape of the no-load current i,
can be found from the wave shape of sinusoidal flux and ¢ — i characteristics (hysteresis loop) of
the magnetic core. The graphical procedure to determine the waveform of i, is shown in Fig. 2.22.

At point O of the flux-time curve [see Fig. 2.22(b)], the flux is zero; this corresponds to a current
OA on the hysteresis loop [see Fig. 2.22(a)]. At point a of the flux-time curve [see Fig. 2.22(b)] ¢ =
aa'; this corresponds to a current OB, [see Fig. 2.22(a) where OB = ‘2’]. The corresponding value of
current /= ‘2’ is plotted on flux-time curve [see Fig. 2.22()]. In brief, the various abscissas of Fig. 2.22
(a) are plotted as ordinates to determine the shape of the current wave on Fig. 2.22(b). The procedure
is followed round the whole loop until a sufficient number of points are obtained. The current—time
curve for the whole loop is plotted. For graphics, only upper half of the hysteresis loop is considered.

The ascending part of the loop is used for increasing fluxes, and the descending part for decreasing
fluxes. The waveform of the current in Fig. 2.22(b) represents the magnetising component and the
hysteresis component of the no-load current. It reaches its maximum at the same time as the flux
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wave, but the two waves do not go through zero simultaneously. Thus, the current lags behind the
applied voltage by an angle slightly less than 90°.

i

|
I
I
I
I
~=

(@) Hysteresis loop of core material (b) Wave forms of sinusoidal flux f and exciting current j;

Fig. 2.22 Wave shape of the no-load current of a transformer.

The above current is required to be modified to account for the eddy-current loss in the core
and the modified current is called the no-load current, I,. The corresponding current component
apart from being is phase with applied voltage V| is sinusoidal in nature as it balances the effect of
sinusoidal eddy-currents caused by sinusoidal core flux. It is, therefore, seen that eddy-currents do
not introduce any harmonic in the exciting current. However, eddy-current loss reduces the angle
between the applied voltage V, and the no-load current, /,,.

It is seen that the waveform of the no-load current contains third, fifth and higher-order odd
harmonics which increase rapidly if the maximum flux is taken further into saturation. However,
the third harmonic is the predominant one. For all practical purposes harmonics higher than third
are negligible. In no-load current, the third harmonic is nearly 5 to 10% of the fundamental at rated
voltage. However, it may increase to 30 to 40% when the voltage rises to 150% of its rated value.

When the load on the transformer is linear, the sinusoidal load current is so large that it swamp out
the non-sinusoidal nature of the primary current. Therefore, for all practical purposes, the primary
current is considered sinusoidal at all loads.

In certain 3-phase transformer-connections, third-harmonic current cannot flow, as a result the
magnetising current Lg is almost sinusoidal. For satisfaction of BH curve, the core flux ¢ must
then be non-sinusoidal; it is a flat-topped wave, as shown in Fig. 2.23(b). This can be verified by
assuming a sinusoidal magnetising current and then finding out the flux wave shape from the flux-
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magnetising current relationship, the normal magnetising curve, neglecting hysteresis component
which is in phase with V,. Since the flux is flat-topped, the emf which is its derivative will now be
peaky with a strong third harmonic component. The various waveforms are illustrated in Fig. 2.23.

Fundamental

P Emf, e
Magnetisin. A Flux, ) )
cu%rent I ’ / \ ) 0 ) Third harmonic
'm // \\ Third harmonic
\
/- N la\ y\
N - S -~ N -
\ /’
\ /
\ /
N Induced

Emf, E

(@) (b) ©)

Fig. 2.23 Wave shapes of magnetising currents

Fundamental

Under load conditions the total primary current is equal to the phasor sum of load current and
no-load current. Since the magnitude of the load current is very large as compared to the no-load
current, the primary current is almost sinusoidal, for all practical purposes, under load conditions.

Thus, while operating in saturated region, the magnetising current contains more percentage
(30 to 40%) of harmonics.

Note: When a transformer is operated in the saturated region of magnetisation, the magnetising
current wave-shape is further distorted and contains more percentage of harmonics.

However, for economic reasons, usually transformers are designed to operate in saturated region.
A transformer will require smaller quantity of magnetic material if it is designed for saturated region.

2.10 Inrush of Magnetising Current

When a transformer is initially energised, there is a sudden inrush of primary current. The maximum
value attained by the flux may reach to twice the normal flux. The core is driven far into saturation
with the result that the magnetising current has a very high peak value.

For mathematical treatment, let the applied voltage be,

v, =V, sin (or + o) ...(2.15)

The secondary of the transformer is open circuited. Here oc the angle of the voltage sinusoid at
t = 0. Suppose for the moment we neglect core losses and primary resistance, then

d
v, = N'd_? ...(2.16)
where N, is the number of primary turns and ¢ is the flux in the core. In the steady-state
V,,= o N, ...(217)

(..ﬁ_i

T ¢, sinwt = @¢, coswt,it will be maximum when cos wt:lj
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From eqn. (2.15) and (2.16), we get,

N, i—? =V,,, sin (@t + o)
d¢ _ Viw .
i N, sin (Wt + ) ...(2.18)
From eqn. (2.17) and (2.18), we get,
% = 0@, sin (ot + o) ...(2.19)

Integrating the eqn. (2.19), we get,

¢=-¢, cos (at +x)+ @, ...(2.20)

where ¢_is the constant of integration. Its value can be found from initial conditions at #= 0. Assume
that when the transformer was last disconnected from the supply line, a small residual flux ¢, remained
in the core. Thus at =0, ¢=¢.

Substituting these values in eqn. (2.20)

¢, =—¢, cos <+ ¢

P = @.+ @, cos ...(2.21)
Then the eqn. (2.20) becomes
¢=—¢, cos (ot +x) + ¢+ ¢, cos a ...(2.22)
Steady-state component transient component
of flux i.e., ¢ss of flux i.e., ¢C

Equation (2.22) shows that the flux consists of two components, the steady-state component ¢,
and the transient component ¢,. The magnitude of the transient component

.= ¢+, cosoc

is a function of oc, where oc is the instant at which the transformer is switched on to the supply.
If the transformer is switched on at oc = 0, then cos oc = 1

¢.=9.+9,

Under this condition
p=—-¢, cosot+¢ +¢,
At ot = 7, p=—¢, cost+d+¢ =2¢ +¢ ...(2.23)

Thus, the core flux attains the maximum value of flux equal to (2 ¢+ ¢,), which is over and
above twice the normal flux as shown in Fig. 2.24. This is known as doubling effect. Consequently,
the core goes into deep saturation. The magnetising current required for producing such a large flux
in the core may be as large as 10 times the normal magnetising current. Sometimes the rms value
of magnetising current may be larger than the primary rated current of the transformer as shown in
Fig. 2.25.
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Fig. 2.24 Wave shape of inrush current
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Fig. 2.25 Transients due to inrush current

This inrush current may produce electromagnetic forces about 25 times the normal value.
Therefore, the windings of large transformers are strongly braced.

Inrush current may also cause (i) improper operation of protective devices like unwarranted
tripping of relays, (if) momentary large voltage drops and (iii) large humming due to magnetostriction
of the core.

To obtain no transient inrush current, ¢, should be zero:

_ ¢r

m

¢.= ¢+ ¢, cosoc=0orcos o= .(2.24)

Since ¢, is usually very small cos a=0and a = % . ...(2.25)

In other words, if the transformer is connected to the supply line near a positive or negative voltage
maximum, the current inrush will be minimised. It is usually impractical to attempt to connect a
transformer at a predetermined time in the voltage cycle.

Fortunately, inrush currents do not occur as might be thought. The magnitude of the inrush
current is also less than the value calculated by purely theoretical considerations. The effects of
other transformers in the system, load currents and capacitances all contribute to the reduction
of transients.
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Example 2.8
A 230/110V single-phase transformer has a core loss of 100 W. If the input under no-load condition
is 400 VA, find core loss current, magnetising current and no-load power factor angle.

Solution:

Here, V, =230 V; V, =110V, P, = 100 W

Input at no-load = 400 VA

ie., Vi I, =400
— 400 _ .
or No-load current, I, = 230 = 1739 A
_ kB _ 100 _,.
Core loss current, [ | = VT 30 T 0-4348 A (Ans)

Magnetising current, I, = \[IZ = I2 = y/(I5739)> — (0~4348)° =1-684 A (Ans)

> “mag

I .
No-load power factor, cos ¢, = I_W = % =025 lag (Ans)
o .

No-load power factor angle, ¢, = cos~! 025 = 75-52° (Ans)

Example 2.9
A single phase, 50 kVA, 2300/230V, 50 Hz transformer is connected to 230 V supply on the secondary
side, the primary being open. The meter indicate the following readings:

Power = 230 watt
Voltage = 230 V
Current = 6-5 A

Find (i) Core loss: (ii) loss component of the current; (iii) magnetising current. Draw the phasor
diagram for this condition.

Solution:

Power input at no-load, P, = 230 W
Supply voltage, V| = 230 V
Current at no-load, I, = 65 A

(/) Since low voltage winding resistance is not given, the copper losses cannot be separated,
therefore, whole of the power input will represent the iron or core losses.

Core loss = 230 W (Ans)
@i1) Using relation Py=V,Jycos ¢ =V, I

_ R _230 _
Loss component of current, [ = v =330 = 1.0 A (Ans)
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(iii) Magnetising current, Le= NIz =12 = (657 — (1.0 =6.423 A (Ans)

Under the given condition, transformer is operated at no-load. The phasor diagram is shown in
Fig. 2.11.

Where V, =230 V; [, =65 A; 1, = 1.0 A; [, = 6423 A; E, =230 V; E, = 2300 V

mag

Example 2.10
A 230V, 50 Hz transformer has 200 primary turns. It draws 5 A at 0.25 p.f lagging at no-load.
Determine:

(i) Maximum value of flux in the core; (ii) Core loss; (iii) Magnetising current (iv) Exciting resistance
and reactance of the transformer. Also draw its equivalent circuit.

Solution:
(/) Using the relation, E =444N,f¢,
or 230 =444 x220x 50 x ¢,

Maximum value of flux ¢, = 5.18 m Wb (Ans)
(@ii) Core loss, Py =V, cos ¢,=230 x5 x025=287.5W (Ans)
(iii) No-load p.f,, cos ¢, = 025; sin ¢, = sin cos! 025 = 0-9682
Magnetising current component, /, = I, sin ¢, = 5 x 0-9682 = 4.84A (Ans)

V.
Exciting resistance, R, = I—' =7 2c§>(s) P ok 53002 =
0 o .

w

=184 QO (Ans.)

i _ 230 _
7 by i 47.52 Q (Ans.)

mag

Exciting reactance, X, =

The equivalent circuit is shown in Fig. 2.26. The values of different quantities are mentioned in the
solution itself.

Fig. 2.26 Equivalent circuit of transformer at no-load.

Example 2.11
At open circuit, transformer of 10 kVA, 500/250 V, 50 Hz draws a power of 167 watt at 0.745 A, 500

V. Determine the magnetising current, wattful current, no-load power factor, hysteresis angle of
advance, equivalent resistance and reactance of exciting circuit referred to primary side.
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Solution:

Here, V, =500 V; I,= 0.745 A; Py= 167 W

P
Wattful component of current, I = o _ 167 _ 0.334 A (Ans.)

¥~ VT 500

Magnetising component of current, Imag =, 102 -1 VZV

\/(0.745)2 —(0.334)> =0.666 A (Ans.)

I, 0.334

No-load power factor, cos ¢, = 7, = 0.745

= 0.448 lag (Ans.)

Hysteresis angle of advance, ¢, cos~! 0.448 = 63.36° lag (Ans.)

Exciting resistance, R, = ;/—1 = % =1497 Q3 (Ans.)
.. Vi 500
Exciting reactance, X, = —— = —=22__ =750 Q (Ans.)
0 Liae 0.666

Example 2.12

A transformer working on 2200 V, 50 Hz has 220 primary turns. The core has a mean length of
magnetic path of 100 cm and cross-sectional area 1000 sq. cm. the iron having a relative permeability
of 100. The iron loss is 400 watt. Calculate primary no-load current.

Solution:
Here, V, =2200V; f=50Hz; N, = 220 turns;
A, = 1000 cm? = 1000 x 10~* = 0.1 m?; 1= 1000;
Wi:4OOW; lm: 100cm=1m
NI
Magnetising force, H = M
NI
Flux density, B, = p1, 1t H = pou, x w
Now, V,=444 B AN, f

NI
= 4.44 % g MxAilexf

m
o Vil
magmax) ~— 4 44 x Uolt, X Ny X A; X N; X f

or

Vi %1,
Imu (rms) =
¢ V2 X 4.44 X gy, X NJA, X N, X f
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2200 x 1
\/5 X 4.44 x 47t x 1077 x 1000 x 220 % 0.1 X 220 x 50

=2.152A

mag

_ Ironloss _ 400 _
I, = —V1 2200 0.182 A

~
|

0= L + (1P = J(1L152)° +(0.182)° = 1.166 A (Ans)

Example 2.13

The iron core of a single-phase transformer has a mean length of magnetic path as 2.5m and its joints
are equivalent to an air gap of 0.1 mm. The transformer has 500 and 50 turns on its primary and
secondary, respectively. When a potential difference of 3000V is applied to the primary, maximum
flux density in the core is 1.2 Wb/m?. Calculate (i) the cross-sectional area of the core (ii) no-load
secondary voltage (iii) no-load current drawn by the primary (iv) power factor on no-load. Given
that AT/m for a flux density of 1.2 Wb/m? in iron to be 500, the corresponding iron loss to be 2 watt/
kg at 50 Hz and the density of iron as 7.8 g/cm?’.

Solution:

Here, N, = 500; N,= 50; E, = 3000 V; f=50 Hz; B, = 1.2 Wb/m?

(1) We know, E, =444 NfB A,
Net area of cross-section of core,
_ E, _ 3000 _ 2
A= 444N, f B, 444 x500x50x1.2 0.0225 m
=225 cm? (Ans.)
.. . . N, _ 50 _
(i) Transformation ratio, K= N, =500 = 0.1
No-load secondary voltage, £, = KE, = 0.1 x 3000 =300 V (Ans.)
(iii) AT for iron path, AT, = AT/m x [, = 500 x 2.5 = 750
B
AT for air gap, AT, = Hl, = ™ x [, = —12 % 0.1x 10 = 95.5
& & My 4 x 10~

Total AT = AT, + AY;] =750 +95.5=845.5
Maximum value of magnetising current drawn by primary

_ AT _ 8455

Imag(max.) - T] = 500 =1.691 A

Assuming the current to be sinusoidal, rms value of this current

Imag(max ) — 1.691

I =
N RN

=1.196 A
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Volume of iron core = area of cross-section x mean length of iron
= 0.0225 x 2.5 =0.03375 m*
Density of iron = 7.8 g/cm? = 7.8 x 10° x 1073 = 7800 kg/m?
Mass of iron core = Volume x density = 0.03375 x 7800 = 263.25 kg

Total iron loss, P; = iron loss/kg x mass (given that iron loss/kg =2 W)
=2x263.25=5265W
) _ P 525 _
Working component of current, [, = V= 3000 0.1755 A

@)

Num

No-load current, Iy = \[I2 + I2,, = /(0.1755)° +(1.196)° = 1.21 A (Ans)

mag

1
Power factor at no-load, cos ¢0 = I—W = 0‘11;?5

=0.145 lag (Ans.)

Section Practice Problems

erical Problems

1.

Shor

A single phase, 50 kVA, 2300/230 V, 50 Hz transformer is connected to 230 V supply on the secondary
side, the primary being open. The meter indicate the following readings: Power = 187 watt; Voltage = 230
V; Current = 6-5 A. Find (/) core loss; (if) loss component of the current; (/i) magnetising current.

(Ans. 187 W; 0-813 A; 6-45 A)

A single-phase, 230V, 50 Hz transformer draws 5A at 0.25 pf. Its primary winding carries 200 turns.
Determine (a) the maximum value of flux in the core, (b) the core loss (c¢) the magnetising component of
current and (d) exciting resistance and reactance. (Ans. 5.293 m Wb; 293.75 W; 4.84 A, 268 Q2, 69.2 Q)

The primary and secondary of a single-phase transformer carry 500 and 100 truns, respectively. The mean
length of the flux in the iron core is 200 cm and the joints are equivalent to an air gap of 0.1 mm. If the
maximum value of flux density is to be 1.1 Wb/m2 when a potential difference of 2200 volt at 50 cycles
is applied to the primary, calculate (/) the cross-sectional area of the core (ii) the secondary voltage on
no-load (/i) the primary current and power factor on no-load.

Assume that 400 At/m are required to produce a flux density of 1.1 Wh/m?2 and the corresponding iron
loss to be 0.8 watt/kg at 50 Hz and the density of the iron to be 7.8 gm/cm3.
(Ans. 183 cm?, 440 V, 1.59 A, 0.145 lagging)

t Answer Type Questions

Q.1

Ans.

0.2.
Ans.

. Even at no-load, a transformer draws current from the mains. Why?

At no-load, what so ever current is drawn by a transformer that is used to meet with iron losses and
to produce magnetic flux is the core.

What do you mean by exciting resistance and exciting reactance?

At no-load, a transformer behaves as a highly inductive load connected to the system which contains
some resistance and inductance in parallel. The resistance is called exciting resistance R, = V;//, and

reactance is called exciting reactance, X, = V;//,,.
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Q.3. Usually, transformers are designed to operate in saturated region. Why?

Ans. If a transformer is operated in saturated region, a smaller quantity of magnetic material is required,
therefore, for economic reasons, usually transformers are designed to operate is saturated region.

Q.4. What is doubling effect in transformer core?

Ans. When a transformer is initially energised, there is a sudden inrush of primary current. The maximum
value attained by the flux may reach to twice the normal flux. This condition is known as doubling effect
and the core goes into deep saturation.

Q.5. Does the magnetising current of a transformer lie in-phase with the applied voltage? Justify.

Ans. No, the phasor of magnetising current lies in quadrature i.e., lags behind the applied voltage by 90°. It
is because in pure inductive circuits, current lags behind the voltage by 90°.

Q0.6. What is the effect of saturation on exciting current of transformer?

Ans. When a transformer is operated in the saturated region of magnetisation, the magnetising current
waveshape in further distorted and contains more percentage of harmonics.

Q.7. What are the ill-effects of inrush current of transformer?
Ans. Following are the ill-effects of inrush current in a transformer:
(/) Improper operation of protective devices
(/f) Momentary large voltage drops and
(#if) Large humming due to magnetostriction effect.

2.11 Transformer on Load

(Neglecting winding resistance and leakage flux)
When a certain load is connected across the secondary, a current I, flows through it as shown in
Fig. 2.27(i). The magnitude of current /, depends upon terminal voltage V, and impedance of the
load. The phase angle of secondary current I, with respect to V, depends upon the nature of load i.e.,
whether the load is resistive, inductive or capacitive.

Pm
I FTP T |
1 N 2
—hb— » =
1 Bl /w/T T L
Vi BrldN, NPT B2 V2| |2
I 11 |7
|
D |

Fig. 2.27 (i) Circuit diagram for loaded transformer

The operation of the transformer on load is explained below with the help of number of diagrams;;

(?) When the transformer is on no-load as shown in Fig. 2.27(ii)(a) it draws no-load current /, from
the supply mains. The no-load current I, produces an mmf N, /; which sets up flux in the core.
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(ii) When the transformer is loaded, current /, flows in the secondary winding. This secondary
current I, produces an mmf N, I, which sets up flux ¢, in the core. As per Lenz’s law this flux
opposes the main flux ¢, as shown in Fig. 2.27(ii)(b).

({ii) As ¢, is set-up in opposite direction to the main flux, the resultant flux tends to decrease and
causes the reduction of self-induced emf £, momentarily. Thus, V, predominates over E, causing
additional primary current /', drawn from the supply mains. The amount of this additional current
1 ]’ is such that the original conditions i.e., flux in the core must be restored. so that V, = E,. The
current /; is in phase opposition with 1, and is called primary counter balancing current. This
additional current I'; produces an mmf N, /," which sets up flux ¢, in the same direction as that
of ¢ as shown in Fig. 2.27(ii)(c), and cancels the flux ¢, set up by mmf N, I,

== -
lo .“"¢"“ lo |1 s ENE
o > 4 » L
P gy i Ly 174
ey v VoEo| |3
VIiE{ N —E, V4 BN —H’ 2E2| |a
i I ;3-: 1 Nof ,£ it t T
| ——————— 11
(a) (b)
I e —
[=lo+ | I T =% [ L r e l,
%: Tt L == L1 5
V1 E1 _»- N‘1 N2 L1 E2 V2 a V1 E»] ] N1 N2 = Ez V2 a
e Lyt ] d | o d
flie=t!

(c) (d)
Fig. 2.27 (ii) Transformer action when load is applied to it.

Now N, I = N, I, (ampere-turns balance)
N
I'=-21=KI
1 N, 2 2

(iv) Thus, the flux is restored to its original value as shown in Fig. 2.27(ii)(d). The total primary
current /; is the vector sum of current 1, and [ i.e., I=1,+1

This shows that flux in the core of a transformer remains the same from no-load to full-load ; this
is the reason why iron losses in a transformer remain the same from no-load to full-load

2.12 Phasor Diagram of a Loaded Transformer

(Neglecting voltage drops in the windings, ampere-turns balance)
Since the voltage drops in both the windings of the transformer are neglected, therefore,

V,=E, and E,=V,

While drawing the phasor diagram the following important points are to be considered.
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(i) For simplicity, let the transformation ratio K = 1 be considered, therefore, E, = E,.
(ii) The secondary current I, is in phase, lags behind and leads the secondary terminal voltage V,
by an angle ¢, for resistive, inductive and capacitive load, respectively.

. N
(@ti) The counter balancing current /' = Vz I, ...(2.26)
1
(ie., =K I, here K=1 .. I'=1,) and is 180° out of phase with /,.
V1 = _E1 V1 = —E1 V1 = —E1
A A
14
11' =7 '¢1 \\\
\\
¢2 \\\
~ f_wi,
9 >
Iy "
I
E,=V, E,=V, v Ex=V,
(a) For unity p.f. (b) For lagging p.f. (c) For leading p.f.

Fig. 2.28 Phasor diagram on-load (neglecting winding resistance and leakage reactance)

(iv) The total primary current /, is the vector sum of no-load primary current /; and counter balancing
current /.

ie. I =Ty +1, or T, = () + (") + 21,1, cos 6 .27
Where 01is the phase angle between [, and /.

(v) The p.f. on the primary side is cos ¢, which is less than the load p.f. cos ¢, on the secondary
side. Its value is determined by the relation;

I, cos@y +1,” cos ¢,
1

cos ¢ = ...(2.28)

The phasor diagrams of the transformer for resistance, inductive and capacitive loads are shown
in Figs. 2.28(a), (b) and (c), respectively.

Alternately

The primary current /, can also be determined by resolving the vectors, i.e.,
I =1,cos ¢, + 1, cos ¢, [where sin ¢, = sin cos™! (cos @) ...(2.29)
1, =1I,sin ¢, + 1, sin ¢, and sin ¢, = sin cos™' (cos ¢))] ...(2.30)

I = ) + Uy (23D



Single-Phase Transformers 117

Example 2.14
A 440/110V, single phase transformer draws a no-load current of 5 A at 0.2 p.f. lagging. If a current

of 120 A at 0.8 p.f lagging is supplied by the secondary, calculate the primary current and p.f.
Solution:

E
Transformation ratio, K = FTZ % =0.25

Let the primary counter balancing current be I,
Then I'=KI,=025x120=30 A
Now cos ¢, = 02; ¢, =cos™' 0.2 = 78-46°
cos ¢, = 0-8; ¢, = cos™! 0.8 = 36.87°
0= @,— ¢, =78-46° — 36-87° = 41.59°

1= U + (7 +21, 1 cosd

\/(5)2 +(30)% +2 % 5% 30 % cos 41597 =339 A (Ans.)
I, cos ¢, + I cos @,
Il

_ 30x 0?;95 X 02 _ 07375 lag (Ans)

Primary p.f., cos ¢,

Example 2.15
A single phase transformer with a ratio of 6600/400 V (primary to secondary voltage) takes to

no-load current of 0-7 A at 0-24 power factor lagging. If a current of 120 A at a power factor of 0-8
lagging is supplied by its secondary. Estimate the current drawn by the primary winding.

Solution:

Here, I, = 0-7A; cos ¢, = 0.24 lag; I, = 120A; cos ¢, = 0-8 lag
: . _ YV, _ 400 _2

Transformation ratio, K = V1 = 6600~ 33

Let the primary counter balance current be I,.

N I =N, 1,
’ N2 2
or I = Xl =KL= £ x120=7273 A
Now, cos ¢, = 024; ¢, = cos™ 024 =76:11°

cos ¢, = 0-8; ¢, = cos™! 0-8 = 36-87°
Angle between vector [, and [, [refer Fig. 2.14 (b)]

0 =76-11°-36-87° = 39:24°
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Current drawn by the primary,

I, = Uy + U, + 2051, cosO

= J(0.7)? + (7273 + 2 x 0.7 x 7.273 x cos 39.24” =7-827 A (Ans.)

2.13 Transformer with Winding Resistance

In an actual transformer, the primary and secondary windings R R,
have some resistance represented by R, and R,, respectively. NWV_\?
These resistances are shown external to the windings in Fig. V1 2
2.29 To make the calculations easy the resistance oi the twgo O —
windings can be transferred to either side. The resistance is
transferred from one side to the other in such a manner that Fig. 2.29 Transformer windings
percentage voltage drop remains the same when represented with resistance
on either side.

Let the primary resistance R, be transferred to the secondary side and the new value of this
resistance be R/’ called equivalent resistance of primary referred to secondary side as shown in Fig.
2.30(a). I, and I, be the full load primary and secondary currents, respectively.

1]
A\

EE E E
Then =12 %100 = {/ 2 % 100 (% voltage drops)
2 i
’ 1 V.
or R, = i X 7? X R, =K°R, ...(2.32)

Total equivalent resistance referred to secondary.

R, =R,+R/=R,+ K? R, ...(2.33)

Now consider resistance R,, when it is transferred to primary, let its new value be R, called
equivalent resistance of secondary referred to primary as shown in Fig. 2.30(c).

R

es

B BESE N
B 1N

Fig. 2.30 Equivalent resistance referred to either side

ot— < —Ppo

(d)
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I, R I, R R/ R
Then 12 %100 = 2-—2x1000r R, =2 X - xR, =—=2 ...(2.34)
Vi v I K?
Total equivalent resistance referred to primary,
R,
R, =R +R/=R + —= ...(2.35)
ep K2

2.14 Mutual and Leakage Fluxes

So far, it is assumed that when AC supply is given to the primary winding of a transformer, an
alternating flux is set up in the core and whole of this flux links with both the primary and secondary
windings. However, in an actual transformer, both the windings produce some flux that links only
with the winding that produces it.

r---->¢ ------- ; X»] X2

N1 N2 Vo

o>»0r-
<

(a) Circuit diagram (b) Equivalent circuit

Fig. 2.31 Transformer primary and secondary winding reactance

The flux that links with both the windings of the transformer is called mutual flux and the flux
which links only with one winding of the transformer and not to the other is called leakage flux.

The primary ampere turns produce some flux ¢, which is set up in air and links only with primary
winding, as shown in Fig. 2.31(a), is called primary leakage flux.

Similarly, secondary ampere turns produce some flux ¢, which is set up in air and links only
with secondary winding called is secondary leakage flux.

The primary leakage flux ¢, is proportional to the primary current /, and secondary leakage flux
@, is proportional to secondary current /,. The primary leakage flux ¢, produces self-inductance L,
(=N,¢,/1,) which in turn produces leakage reactance X,(= 2z fL,). Similarly, secondary leakage flux
@), produces leakage reactance X, (= 27 f L,). The leakage reactance (inductive) have been shown
external to the windings in Fig. 2.31(b).

2.15 Equivalent Reactance

To make the calculations easy the reactances of the two winding can be transferred to any one side.
The reactance from one side to the other is transferred in such a manner that percentage voltage drop
remains the same when represented on either side.

Let the primary reactance X, be transferred to the secondary and the new value of this reactance
is X, called equivalent reactance of primary referred to secondary, as shown in Fig. 2.32(a).
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X5 X Xes
EL
. ' v
% % (a) x., (b)
8 CE
y y . .
(c) (d)

Fig. 2.32 Equivalent reactance referred to either side.

’

1

L X I, X
Then 2-L %100 = % x 100 (% voltage drops)
2 1
. I V.
or X' = i X 7? x X, = E* X, ..(2.36)

Total equivalent reactance referred to secondary.

- - 2
X, =X, +X/'=X,+K° X, ..(2.37)
Now, let us consider secondary reactance X, when it is transferred to primary side its new value

is X,' called equivalent reactance of secondary referred to primary, as shown in Fig. 2.32(c).

I, X, L,X,

Then ITImeo = sz 100
b iy X
or X2 - ]1 XV2 XXZ_K2 ...(2.38)

Total equivalent reactance referred to primary.

X2
Xep = Xl + le = Xl + F (239)

Example 2.16
A 63 kVA, 1100/220 V single-phase transformer has R, = 0.16 ohm, X, =05 ohm, R, = 0.0064

ohm and X, = 0.02 ohm. Find equivalent resistance and reactance as referred to primary winding.

Solution:

Here, Transformer rating = 63 kVA; V, =1100 V; V, =220 V;
R, = 0.16 ohm; X, = 0.5 ohm; R,= 0.0064 ohm; X, = 0.02 ohm

V.
Transformation ratio, K = —= = 220 _ 0.2

vV, 1100
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Equivalent resistance referred to secondary side,
R, =R,+R | =R,+R, x K*=0.0064 + 0.16 x (0.2)> = 0.0128 ohm (Ans.)
Equivalent reactance referred to secondary side,

X, =X, + X, =X, + X, x K2=0.02 + 0.5 x (0.2)? = 0.04 ohm (Ans.)

es

Example 2.17
A 33 kVA, 2200/220V, 50Hz single phase transformer has the following parameters. Primary winding

resistance r, = 2.4 Q, Leakage reactance x; = 6 Q Secondary winding resistance r, = 0.03 Q Leakage
reactance x, = 0.07 Q. Then find Primary, Secondary and equivalent resistance and reactance.

Solution:
Here, Rating of transformer = 33 kVA,; V,=2200V; V, =220V,
f=50Hz; R =24 X, =6, R,=0.03Q; X,=0.07Q

V.
Transformation ratio, K = 7? = % =0.1

Transformer resistance referred to primary side;

: R
R, =R +R =R +-2=24+20 _54.3-540@ns)
K

P (0.1) -

Transformer reactance referred to primary side;

: X
X, = X +X =X +-2=6+20T _ 647 -13QAns)
g K ©.1)

Transformer resistance referred to secondary side;
R, =R,+R|=R,+R, x K*=0.03 +2.4(0.1> = 0.054 Q (Ans.)

Transformer reactance referred to secondary side;

X = X, +X, =X, + X, x K2 = 0.07 + 6 x (0.1 = 0.13 Q (Ans))

es

Example 2.18

A single phase transformer having voltage ratio 2500/250V (primary to secondary) has a primary
resistance and reactance 1-8 ohm and 4-2 ohm, respectively. The corresponding secondary values
are 0-02 and 0-045 ohm. Determine the total resistance and reactance referred to secondary side.
Also calculate the impedance of transformer referred to secondary side.

Solution:
Here, R, = 1-8 Q; X, =42 (Q; R, =0-02 Q; X, = 0-045 Q
- e Vo 250 _
Transformation ratio, K = v = 3200 =

Total resistance referred to secondary side,

R, =R, +R/=R,+R,x K*=0-02 + 1.8 x (0-1)> = 0-038 © (Ans.)



122

Electrical Machines

Total reactance referred to secondary side,

X, =X, + X, =X, + X, x K2 = 0-045 + 42 x (012 = 0-087 Q (Ans.)

es

Impedance of transformer referred to secondary side,

Zy= \/(Re,y)2 +(X,) = \/(0 -038)> + (0 - 087)*
=0-095 Q (Ans.)

Section Practice Problems

Numerical Problems

1.

The primary winding of a single-phase transformer having 350 turns is connected to 2.2 kV, 50 Hz supply.
If its secondary winding consists of 38 turns, determine (/) the secondary voltage on no-load. (/i) The
primary current when secondary current is 200 A at 0-8 p.f. lagging, if the no-load currentis 5 A at 0-2
p.f. lagging. (iii) the p.f. of the primary current. (Ans. 238-8 V, 25-67 A, 0-7156 lag)

The primary of a single phase, 2200/239V transformer is connected to 2.2 kV, 50 Hz supply, determine

(/) the primary and secondary turns if the emf per turns 6.286 V.
(if) the primary current when the secondary current is 200 A at 0.8 p.f. lagging, if the no-load current
is 5 Aat 0.2 power factor lagging
(iii) the power factor of the primary current. (Ans. 350, 38; 25.65 A; 0.715 lag)

A single phase transformer takes a no-load current of 4A at a p.f. of 0.24 lagging. The ratio of turns in the
primary to secondary is 4. Find the current taken by the transformer primary when the secondary supplies
a load current of 240 A at a power factor 0.9 lagging. (Ans. 62.58A)

A 5000/500V, one-phase transformer has primaryand secondary resistance of 0.2 ohm and 0.025 ohm and
corresponding reactance of 4 ohm and 0.04 ohm, respectively. Determine: (/) Equivalent resistance and
reactance of primary referred to secondary; (if) Total resistance and reactance referred to secondary; (iif)
Equivalent resistance and reactance of secondary referred to primary; (iv) Total resistance and reactance
referred to primary.

(Ans. 0-02Q; 0-04 Q; 0-045Q; 0-08 Q3; 2-5Q); 4Q; 4-5 Q; 8QY)

A 2000/200 volt transformer has a primary resistance 2.3 ohm and reactance 4.2 ohm, the secondary
resistance 0.025 ohm and reactance 0-04 ohm. Determine total resistance and reactance referred to
primary side. (Ans. 4.8Q; 8.2Q)

Atransformer has 500 and 100 turns on its primary and secondary, respectively. The primary and secondary
resistances are 0-3 chm and 0-1 ohm. The leakage reactances of the primary and secondary are 1-1 ohm
and 0-035 ohm, respectively. Calculate the equivalent impedance referred to the primary circuit.

(Ans. 3.426 Q)

Short Answer Type Questions

Q.1. What do you know about reactance in a transformer?

Ans. The primary leakage flux linking with its own turns produce selfinductance (L, = N,¢//,). The opposition

offered by this inductance to the flow of primary current is called primary reactance.
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0.2.
Ans.

Q.3.

Ans.

Q.4.
Ans.

Q.5.

Ans.

Q.6.

Ans.

Q.7.
Ans.

How leakage reactance of transformer can be reduced?
It can be reduced by reducing leakage flux i.e., by sandwiching the primary and secondary.

When load current of a transformer increases, how does the input current adjust to meet the new
conditions?

When load current of a transformer increases, its secondary ampere-turns (M,/,) set-up a flux in the
core, and to counter balance this flux, primary draws extra current (/;') from the mains so that ampere-
turns are balanced i.e., [N, = I,N,.

How does leakage flux occur in a transformer?

When current flows through primary winding of a transformer, it produces magnetic flux. Most of the
flux is set-up in the magnetic core, since it offers very low reluctance, and links with the secondary.
But at the same time minute flux is set-up in air around the coil which does not link with the secondary.
This magnetic flux is called primary leakage flux.

Similarly, there will be secondary leakage flux.

Explain that “The main flux in a transformer remains practically invariable under all conditions of
load.”

When a transformer is connected to the supply at no-load a flux is set-up in the core called main flux
(mutual flux).

When load is applied on the secondary, the secondary ampere-turns (N,/,) set-up a flux in the core in
opposite direction to the main field which reduces the main field momentarily and hence reduces the
self-induced emf E,.

Instantly, primary draws extra current I1’ from the main to counter balance the secondary ampere-turns,
such that L\, = L/l

Hence, the resultant flux in the core remains the same irrespective of the load.

“The overall reactance of transformer decreases with load.” Explain. (Hint: L= Ng/I)
or

Why the transformers operate at poor pfwhen lightly loaded?

We know that total reactance of a transformer is Ng//, where /is the load current. Larger the load
current, smaller will be the inductance or reactance (2xfL).

Hence, overall reactance of a transformer decreases with the increase in load.
That is why transformers operate at poor pfwhen lightly loaded.

Does the flux in a transformer core increase with load?
No, flux in the core of a transformer remains the same from no-load to full-load.

2.16 Actual Transformer

An actual transformer has (/) Primary and secondary resistances R, and R,, (if) primary and secondary
leakage reactances X, and X, (iii) iron and copper losses and (iv) exciting resistance R, and exciting
reactance X,. The equivalent circuit of an actual transformer is shown in Fig. 2.33.
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Fig. 2.33 Equivalent circuit for loaded transformer

Primary impedance,
Z, =R, +jX, ...(2.40)
Supply voltage is V,. The resistance and leakage reactance of primary winding are responsible
for some voltage drop in primary winding.

Vi=E +1L(R +jX))=E+1Z ..(2.41)
where, L=TI,+Io
Secondary impedance, Z, = R,+jX, ...(2.42)

Similarly, the resistance and leakage reactance of secondary winding are responsible for some
voltage drop in secondary winding. Hence,
V=B -5k +iX%)=F-17 243)

The phasor (vector) diagrams of an actual transformer for resistive, inductive and capacitive loads
are shown in Figs. 2.34(a), 2.34(b) and 2.34(c), respectively. The drops in resistances are drawn in
phase with current vectors and drops in reactances are drawn perpendicular to the current vectors.

P2

(a) For unity p.f. (b) For lagging p.f. (c) For leading p.f.

Fig. 2.34 Complete phasor diagram for loaded transformer
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2.17 Simplified Equivalent Circuit

While drawing simplified circuit of a transformer, the exciting circuit (i.e., exciting resistance and
exciting reactance) can be omitted.

The simplified equivalent circuit of a transformer is drawn by representing all the parameters of
the transformer either on the secondary or on the primary side. The no-load current /; is neglected
as its value is very small as compared to full load current, therefore, 1| = I,

(?) Equivalent circuit when all the quantities are referred to secondary.

The primary resistance when referred to secondary side, its value is R, = K* R, and the total or
equivalent resistance of transformer referred to secondary, R, = R, + R, Similarly, the primary
reactance when referred to secondary side, its value is X 1' =KX , and the total or equivalent reactance
of transformer referred to secondary, X, = X, + X,". All the quantities when referred to the secondary
side are shown in Fig. 2.35.

s Xes lp=1/K

Load

Fig. 2.35 Simplified equivalent circuit referred to secondary side

Total or equivalent impedance referred to secondary side,

Z =R +jX, (2.44)

es
There is some voltage drop in resistance and reactance of transformer referred to secondary. Hence,
‘72 = E_Z_I_Z(Res—i_leS)ZE_Z_I_ZZ_es (245)

Phasor Diagrams: The phasor (vector) diagrams of a loaded transformer when all the quantities
are referred to secondary side for resistive, inductive and capacitive loads are shown in Figs. 2.36(a),
2.36(b) and 2.36(c), respectively. The voltage drops in resistances (vectors) are taken parallel to the
current vector and the voltage drops in reactances (vectors) are taken quadrature to the current vector.

l,X E, I, X

2 Yes 2%es
E Iy Reg I,R
2 ' Yes |2 Xes |2 Res
V2 Vo B Va
I, |
l o 2
/ \
O O (6]

(a) For unity p.f. (b) For lagging p.f. (c) For leading p.f.

Fig. 2.36 Phasor diagram
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(ii) Equivalent circuit when all the quantities are referred to primary.
In this case, to draw the equivalent circuit all the quantities are to be referred to primary, as shown
in Fig. 2.37.

Load

Fig. 2.37 Simplified equivalent circuit referred to primary.

Secondary resistance referred to primary, R, = R2/K2
Equivalent resistance referred to primary, R, , =R+ R,
Secondary reactance referred to primary, X, = X,/K*
Equivalent reactance referred to primary, Xep =X, +X,

Total or equivalent impedance referred to primary side,

Z, =R, +jX, .(2.46)

There is some voltage drop in resistance and reactance of the transformer referred to primary
side. Therefore,

Vi = E +1,(R, +jX,)=E +1,Z, .(2.47)

Phasor diagrams: The phasor diagram to transformer when all the quantities are referred to primary
side for different types of loads are shown in Fig. 2.38.

O
(a) For unity p.f. (b) For lagging p.f. (c) For leading p.f.

Fig. 2.38 Phasor diagram
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2.18 Short Circuited Secondary of Transformer

If the secondary side of the transformer is short circuited, V, becomes zero which makes

E V.
E =0 (because E = 72 = fz) . The equivalent circuit of the transformer, when all the quantities

are referred to the primary side, with short circuited secondary is shown in Fig. 2.39(a). On short
circuit the applied voltage V/ is just utilised to circulate current / 1s0) in the impedance of the transformer
referred to the primary side Z,, The phasor diagram of transformer under short circuit condition is
shown in Fig. 2.39(b). The impedance of the transformer is quite small. Therefore, at normal voltage,

. Vi . .

the short circuit current /  , = Z—l, drawn by the transformer, is very high as compared to the full
ep

load current. This current may damage the transformer. Power and distribution transformers are

designed for high leakage reactance so that the short circuit current is limited between 8 times (for

large transformer) to 30 times (for small transformers) of full load current.

|1(sc) A
Rep XEP lac
Zep y
E,=E,/K
Vv 1~ B2
1 V,/K=0
l I1(5(:) Rep
o}
(a) Circuit diagram (b) Phasor diagram

Fig. 2.39 Transformer on short circuit.

However, if the transformer is short circuited on the secondary side intentionally to perform some
test, a very low voltage V, 50 (nearly 2 to 5% of its rates value) is applied at the primary terminals. Then,

7 = ) .(248)

Power under short circuit condition

P
P = I, R, or R, =—=* ...(2.49)

1(sc)

and X = (22 ) - (R2 ) ..(2.50)

ep ep
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2.19 Expression for No-load Secondary Voltage

For a loaded transformer when all the quantities are referred to secondary side, its phasor diagram
can be drawn as shown in Fig. 2.40.

/ 4 (b) For unity p.f.

(c) For leading p.f.

Fig. 2.40 Phasor diagram of a transformer, all the quantities referred to secondary side.

Complete the phasor diagram as shown in Fig. 2.40. From the phasor diagram we can derive the
approximate as well as exact expressions for no-load secondary voltage.

({) Approximate expression;

(@) for lagging p.f. (inductive load),
Consider right angle triangle OEC [see Fig. 2.40 (a)].
OC=0OE=0A+AD + DE = OA + AD + BF
or E,=V,+ LR, cos ¢, +1,X, sin ¢, ...(2.5D
(b) for unity p.f. (resistive load),
Consider rt. < triangle OBC [see Fig. 2.40(b)]
OC=OB=0OA+AB;E,=V,+ LR, ...(2.52)
(¢) forleading p.f. (capacitive load),
Consider rt. < triangle OEC [see Fig. 2.40(c)]
OC=OE=0A+AD-DE =0A + AD-BF
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or E,=V,+I,R, cos ¢,—1I, X, sin ¢, ...(2.53)
(i) Exact expression:
(@) foralagging p.f. (inductive load),
Consider rt. < triangle OHC [see Fig. 2.40(a)]

0C = J(OH? + (HCY =  (OG + GH)* + (HB + BC)?

= \J(OG + AB) + (GA + BC)

or E, = \/(Vz cos ¢, + 1, R,)* + (Vysin ¢, + [,X,)* ...(2.54)

OH _0G+GH _0G+ AB _V,c0s ¢, + 1, R,

Primary p.f., cos ¢, = oc-_ oc - oc - E, ...(2.55)
(b) for unity p.f., (resistive load)
Consider rt. < triangle OBC [see Fig. 2.40()]
0C = \(OB)* + (BC)*
or 0C = \J(OA + AB)* + (BC)
or E=\(V, + LR, +(1,X,,)’ ..(2.56)
Primary p.f., cos ¢, = % = 0A0+CAB = Y, +EI; Res ...(2.57)
(¢) forleading p.f. (capacitive load),
Consider rt. L triangle OHC [see Fig. 2.40(c)]
OC = J(OH)* + (HC)?
= J(OG + GHY* + (HB — BC)
= J(OG + ABY +(GA - BCY’
or Ey= (Vyc080, + I, R,)’ + (Vysing, — I, X,)°  ...(2.58)
Primary p.f., cos ¢, = HC _0G+GH_0G +AB _ Y, c08¢, + IhR,, ...(2.59)

oc~  oc ~ ocC E,

2.20 Voltage Regulation

When a transformer is loaded, with a constant supply voltage, the terminal voltage changes due to
voltage drop in the internal parameters of the transformer i.e., primary and secondary resistances
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and inductive reactances. The voltage drop at the terminals also depends upon the load and its power
factor. The change in terminal voltage from no-load to full-load at constant supply voltage with
respect to no-load voltage is known as voltage regulation of the transformer.
Let, E,=Secondary terminal voltage at no-load.
V, = Secondary terminal voltage at full-load.

E2 - VZ
EZ

Then, voltage regulation = (per unit) ...(2.60)

E2 _VZ

2

In the form of percentage, % Reg =

x 100 ...2.61)

When all the quantities are referred to the primary side of the transformer;

-E
% Reg = % x 100 ...(2.62)
1

2.21 Approximate Expression for Voltage Regulation

The approximate expression for the no-load secondary voltage is

() Forinductive load: E,=V,+1,R, cos ¢, +1, X, sin ¢,

or E,-V,=L R, cos ¢, +1,X, sin ¢,
E, -V, LR I, - X,,
or 2E—22><100 = 2E_zes><100 cos ¢, + 2E—2“x10031n¢2
2Xes :
where, —— % 100 = percentage resistance drop and
2
2Xes
——£ %100 = percentage reactance drop
2
% Reg = % resistance drop x cos ¢, + % reactance drop X sin ¢,  ...(2.63)
Similarly
(i) For resistive load: % Reg = % resistance drop ...(2.64)

(@iii) For capacitive load:

% Reg = % resistance drop x cos ¢, — % reactance drop x sin ¢,  ...(2.65)

Condition for Zero Regulation

From the above expression, we can derive the condition at which the regulation of a transformer
becomes zero, it means when the load is thrown off, the terminal voltage remains the same, i.e.,

0 = % resistance drop x cos ¢, — % reactance drop x sin ¢,

or % reactance drop X sin @, = % resistance drop x cos ¢,
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LX LR
22 %100 x sing, = -2 x 100 X cos ¢,
VZ V2

R, 4R
tan ¢, X‘” ; ¢, = tan ]X—“

es es

R
—1 fles
cos tan X ...(2.66)

es

Load pf, cos ¢,

The above expression reveals that the regulation of a transformer will become zero only at leading

es

X

es

pf of the load that too when cos ¢, = cos tan”!

Condition for Maximum Regulation

Although, this condition is never suggested for any transformer, but let us see under what condition
it may occur.

Regulation will be maximum if 4 (regulation) = 0.

d¢,
. d IR, cos ¢, + [,X, sin ¢,
1.€., —_— = - - =0
d¢, E,
I,R I, X

or —ZE—;Ssin 0, + 2E;S cos ¢, =0
or tan ¢,= =< or ¢, = tan”' =

2 RES 2 RES

. .. . . -1 Xes
This condition will occur at a lagging pf that too when pf, cos ¢, = cos tan™ —= ...(2.67)

es

2.22 Kapp Regulation Diagram

It is observed that the secondary terminal voltage of a transformer changes when the load on it
changes. The change in terminal voltage (rise of fall) does not only depend upon the magnitude of
load but it also depends upon pf of the load. For finding the voltage drop (or rise) which is further
used to determine the regulation of the transformer, a graphical construction is employed called Kapp
regulation diagram as proposed by late Dr. Kapp.

For drawing Kapp regulation diagram, it is necessary to know the equivalent resistance and
reactance as referred to secondary i.e., R ,_and X, . If [, is the secondary load current then, secondary
terminal voltage on load, V,,, is obtained by subtracting I,R, and I, X, voltage drops vectorially from
secondary no-load, E,.

Now, E, is constant, hence it can be represented by a circle of constant radius OC as shown in Fig.
2.41. This circle is known as No-load or open-circuit emf circle. For a given load O, represents the
load current and is taken as the reference vector. AB represents I,R,_and is parallel to vector OI,,
BC represents 1,X, and is drawn at right angles to AB. Vector OA obviously represents secondary
terminal voltage V,. Since I, is constant, the drop triangle ABC remains constant in size. It is seen
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that end point A of V, lies on another circle whose centre is O'. This point O’ lies at a distance of
L X, vertically below the point O and a distance of I,R_to its left as shown in Fig. 2.41.

ie., O'B' = AB and OB' =BC

Open circuit
emf circle

Lagging
power
factor

Leading
power
factor

Terminal
voltage
circle

Fig. 2.41 Kapp regulation diagram of a transformer

To determine the voltage drop at full-load lagging pf cos ¢, radius OLP inclined at an angle of ¢
with OX. LM =1,R, and is drawn horizontal. MN =1,X_and is drawn perpendicular to LM. Obviously
ON is No-load voltage E,,. Now ON = OP = E,,. Similarly, OLis V,. The voltage drop = OP — OL = LP.
OP - OL

0)

It is seen that for finding voltage drop, the drop triangle LMN need not be drawn, but simply the
radius OLP is sufficient to determine regulation.

The diagram shows clearly how the secondary terminal voltages falls as the angle of lag increases.
Conversely, for a leading power factor, the fall in secondary terminal voltage decreases till for an
angle of ¢, leading the fall becomes zero; hence V, = E,. For angles greater than ¢, . the secondary
terminal voltage V,, (i.e., OS) becomes greater than E, and voltage regulation comes out to be negative.

The Kapp diagram is very useful in determining the variation of regulation with power factor.
But it is not so accurate since the lengths of the sides of the impedance triangle are very small as
compared to the radii of the circles. To obtain desired accuracy, the diagram has to be drawn on a
sufficiently large scale.

Hence percentage regulation = x 100 = % x 100
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Example 2.19
The primary winding resistance and reactance of a 10 kVA, 2000/400 V, single phase transformer is

5.5 ohm and 12 ohm, respectively, the corresponding values for secondary are 0.2 ohm and 0.45 ohm.
Determine the value of the secondary voltage at full load, 0.8 p.f. lagging, when the primary
supply voltage is 2000 V.

Solution:

Transformer rating = 10 kVA = 10 x 103 VA
Primary induced voltage, E, =2000V;
Secondary induced voltage, E, =400V
Primary resistance, R, = 5.5 ohm;
Primary reactance, X, = 12 ohm
Secondary resistance, R, = 0.2 ohm; Secondary reactance,

X, = 0.45 ohm
Load p.f., cos ¢, = 0.8 lagging
E

Transformation ratio, K= FT = % =0.2

Primary resistance referred to secondary side,

R, =K2R,=(0.27x55=022Q
Equivalent resistance referred to secondary side,

R,=R,+ R =02+022=0420
Primary reactance referred to secondary side,

X, =K2X, = (022 x12=048 Q
Equivalent reactance referred to secondary side,

X, =X,+ X, =045+048=093Q
Load p.f., cos ¢, = 0.8

sin ¢, = sin cos™ 0.8 = 0.6

Full load secondary current, I, = % =25A

As the primary supply voltage, V,=E =2000V

Secondary induced voltage, E,=KE =0.2x2000=400V
Using the expression; E,=V,+I,R, cos ¢, +1,X, sin ¢,
Secondary terminal voltage, V,=E,-L,R, cos ¢,—1, X, sin ¢,

=400-25x042x0.8-25x0.93 x0.6
=400-8.4-13.95=377.65V (Ans.)
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Example 2.20
A 15 kVA. 2300/230 V, single phase transformer has 2.5 ohm resistance and 10 ohm reactance
for primary and 0.02 ohm resistance and 0.09 ohm reactance for the secondary. If the secondary

terminal voltage is to be maintained at 230 'V and 0.8 p.f. lagging at full load current, what should
be the primary voltage?

Solution:
Transformer output = 15 kVA = 15 x 103 VA
Primary resistance, R =25Q
Primary reactance, X, =10Q
Secondary resistance, R, =0.02Q
Secondary reluctance, X, =0.09Q
Secondary terminal voltage, V,=230V
Load power factor, cos ¢, = 0.8 lag
Transformation ratio, K= % =0.1
2
Secondary resistance referred to primary, R,’ = R—2 = 0'022 =
K 0.1
2
Secondary reactance referred to primary, X,' = % = % =9Q

Total resistance referred to primary, =R +R)/=25+2=45Q
p =X +X)=10+9=190Q
Load p.f., cos ¢, = 0.8

sin ¢, = sin cos™ 0.8 =0-6

ep

Total reactance referred to primary,

, 15x10°
Full load primary current, I, = 2300 =6.52A
. . _E _V, 230 _
Primary induced voltage, E, = - E 01" 2300V
Using the expression Vi=E +IL R, cos b+ 1, X, sin ¢, (approx.)
Primary applied voltage, V, =2300+652%x4.5x0.8+652x19x06

= 2300 + 23-472 + 74-328 = 2397-8 V (Ans.)

Example 2.21

The turns ratio of 212 kVA single-phase transformer is 8. The resistance and reactance of the
primary is 0.85 ohm and 4.8 ohm, respectively and the corresponding values for the secondary
are 0.012 ohm and 0.07 ohm, respectively. Determine the voltage to be applied to the primary to
obtain a current of 150 A in the secondary when the secondary terminal are short circuited. Ignore
the magnetising current.
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Solution:
N
Ratio of turns, L =3
N,
Primary resistance, R, =0-85;
Secondary resistance R, =0-012Q
Primary reactance, X, = 4.8 Q;
Secondary reactance, X, =007Q
N
Transformation ratio, K="2%2= 1
N, 8
2
Secondary resistance referred to primary, R, = R—2 =0.012 x 8 x 8 =0.768 Q

Equivalent resistance referred to primary Rep =R, + R, =085+ 0768 =1-618 Q

X
Secondary reactance referred to primary, X,’ = K—i =0.07x8x8=448Q

Equivalent reactance referred to primary, X, =X, +X, =4-8+4-48=928Q

ep

Equivalent impedance referred to primary, Zep = \/pr + Xezp = \/(1.618)2 +(9.28)°

=942 Q0
Short circuit current referred to primary, Loy = K1y, = %X 150=18-75A

Voltage applied to the primary under short circuit condition,
V](SC) = I](SC) X Zep = 18.75 X 9.42
=176:625 V (Ans.)

Example 2.22
A40kVA, 6600/250V, 50 Hz transformer is having total reactance of 35 ohm when referred to primary

side whereas its primary and secondary winding resistance is 10 ohm and 0.02 ohm, respectively.
Find full load regulation of at a p.f. 0.8 lagging.

Solution:
Rating of transformer, = 40 kVA = 40 x 103 VA

. . _ 250 _
Transformation ratio, K= 6600 = 0.03788
Primary resistance, R, =10Q

Secondary resistance, R, =0.02Q

Total resistance, referred to primary side,
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_ 002 __»53940

, R
Re =R1+R2=R1+—§=10+ 5=
P K (0.03788)

Total reactance referred to primary side,

X, =350

V= (B cos +1; R,)? +(E sing +1, X,,)°

;= 40x10°
176600

cos ¢ = 0.8; sin ¢ = sin cos™! 0.8 = 0.6

where, =6.06 A

V, = \/(6600 x 0.8 + 6.06 x 23.94)% + (6600 x 0.6 + 6.06 x 35)°

= 68437V

% Reg = 11— E1 5 00 = 68437 — 6600

v 63437 x 100 = 3.56% (Ans.)

Example 2.23
A 75 kVA single phase transformer, 6600/230 V, requires 310 V across the primary to the primary to

circulate full load current on short circuit, the power absorbed being 1-6 kW. Determine the voltage
regulation and the secondary terminal voltage for half full load, 0-8 p.f. lagging.

Solution:
Transformer output = 75 kVA = 75 x 10> VA
Primary induced voltage, E, = 6600 V
Secondary induced voltage, E, =230V
At short circuit, primary voltage, Viso = 310V
At short circuit, power absorbed, P(SC) =16kW=16x%x10W
Load p.f. cos ¢, = 0-8 lagging
, 75 x 10°
Primary current at full load, I, = 6600 =11.36A
Primary current at short circuit lisoy=1,= 1136 A
P 3
Equivalent resistance referred to primary, Rep = = 1.6 X 102 =12.39Q
(1,.) (11.36)
Eaui . ; _ Ve _ 310 _
quivalent impedance referred to primary, Z = —< = —=— = 27.29Q

o= T, 1136

Equivalent reactance referred to primary, X, = \/pr - pr = \/ (27 -29)* — (12 - 39)*

=24320Q
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. . _ 230
Transformation ratio, K= 6600
Equivalent resistance referred to secondary.

o _ 230 x230x12.39 _
R, =K Rep_ 6600 x 6600 =0.015Q
Secondary current at full load, I, = 75 2X3 éO =326A
I

Secondary current at half load, L, = 72 = % =1634
Load p.f., cos ¢, = 0-8 lag

sin ¢, = sin cos™' 0-8 = 0-6
Secondary terminal voltage at half full load,

V,=E,-1,,,R, cos ¢,—1I,, X, sin ¢,

2n1 Res hl “es
=230 - 163 x 0-015 x 0-8 — 163 x 0-0295 x 0-6
= 22516 V (Ans.)
Voltage regulation = -V x 100 = 230 — 225.16 x 100
E, 230
=21 % (Ans.)

Example 2.24
A 20 kVA, 2500/500 V, single phase transformer has the following parameters :

H.V. winding L.V. winding
r=8Q r,=0.3Q
x,=17Q X, =0.7Q
Find the voltage regulation and secondary terminal voltage at full load for a power factor of
(a) 0.8 lagging (b) 0.8 leading

The primary voltage is held constant at 2500 V.

Solution:

Here, Rating of transformer = 20 kVA; E, = 2500 V; E, = 500 V
R =8, X, =1TQ;R,=03;X,=07Q
Transformer resistance referred to LV (secondary) side;

500 \*
_ 2 _ _
R =R, +R xK _0.3+8><(2500) 0.62 Q

X, =X, + X, xK?=07 + 17 x (0.2>=2.38 Q

es

_ 20 x1000

Secondary full-load current, I, = 500 =40A
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For p.f. 0.8 lagging, cos ¢ = 0.8; sin ¢ = sin cos™! 0.8 = 0.6
V,=E,-L,R, cos ¢—1, X, sin ¢
=500-40x0.62 x 0.8 -40 x2.38 x 0.6 =447.04 V (Ans.)

E, - _
% Reg = 2E—VZ x 100 = w x 100 = 10.59% (Ans.)
2

For p.f. 0.8 leading, cos ¢ = 0.8; sin ¢ = sin cos™' 0.8 = 0.6
V,=E,—1,Rescos ¢+ 1,X, sin ¢

=500 -40x 0.62 x 0.8 +40 x 2.38 x 0.6

— 513.28 V (Ans.)
E, -V, _
% Reg = ZE—ZZ X 100 = w X 100 =-2.6% (Ans.)

Example 2.25

A 10 kVA, 500/100 V transformer has the following circuit parameters referred to primary:
Equivalent resistance, Req7 = 0-3 ohm; Equivalent reactance, Xeq7 =5-2 ohm. When supplying power
to a lagging load, the current, power and voltage measured on primary side were 20 A, 8 kW and
500V, respectively. Calculate the voltage on the secondary terminals under these conditions. Draw
the relevant phasor diagram.

Solution:

Rating of transformer = 10 kVA = 10 x 10> VA

Power factor on primary side,

P _ 8x10°

€S = YT = 500 x 20

= 0.8 kg

sin ¢, = sin cos™ 0-8 = 0-6
Primary induced emf, E, =V, - I, R, cos ¢ -1, X, sin b,
=sin 500 — 20 x 03 x 0-8 =20 x 52 x 0-6 =432.8 V

100 _
500
Secondary induced emf, E,=E xK=4328x02= 8656 V

Transformation ratio, K = 0-2
Secondary terminal voltage on load,

V,=E,=8656 V  (since all the parameters are referred to primary side)

The equivalent circuit and phasor diagram is shown in Fig. 2.42(b).
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Rep Xep
0-3Q 520

AN
V=500V E =432:8V

l l

O
(a) Equivalent circuit (b) Phasor diagram

Pm

Fig. 2.42 Transformer on load.

Example 2.26

A single phase transformer with a ratio 5: 1 has primary resistance of 0-4 ohm and reactance of 1-2
ohm and the secondary resistance of 0-01 and reactance of 0-04 ohm. Determine the percentage
regulation when delivering 125 A at 600V at (i) 0-8 p.f. lagging (ii) 0-8 p.f. leading.

Solution:
Data given, R, = 0-4 Q;X1 =12Q; R,= 0-01 Q;
X, =0-04Q;1,=125 Aand V, = 600 V
Transformation ratio, K = 1/5 =02
Now, R/ = K*R=(02*x 0-4=0-016 Q;
R, =R,+R/'=0-01+0-016=0-026 Q
X/ =K*X, =(027?%x12=0-048 Q
X, =X, +X,'=0-04+0-048 = 0-088 Q
(i) Forp.f.cos ¢, =0-8 lag; sin ¢, = sin cos™ 0-8 = 0-6
Secondary induced voltage,
E,=V,+ LR, cos ¢,+1,X, sin ¢,
=600 + 125 x 0-026 x 0-8 + 125 x 0-088 x 0-6
=600+26+6:6=6092V

% Reg = u><]0()=M

100 =1-51 Ans.
£ 6092 x 100 51 % (Ans.)
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@if)

For p.f,, cos ¢, = 0-8 leading; sin ¢, = 0-6
Secondary induced voltage,
E,=V,+IL,R, cos ¢,—1I, X, sin ¢,
=600 + 125 x 0-:06 x 0-8 — 125 x 0-088 x 0-6
=600+26-66=596V

% Reg = 2= Y2 « 100 = 396 =600

E 596 X100 =-=0-67 % (Ans.)

Example 2.27
If the ohmic loss of a transformer is 1% of the output and its reactance drop is 5% of the voltage,

determine its regulation when the power factor is (i) 0-8 lagging (ii) 0-8 leading (iii) unity.

Solution:
Ohmic loss or resistance drop = 1%; Reactance drop = 5%

@

@if)

(iii)

When p.f,, cos ¢, = 0-8 lagging; sin ¢, = sin cos™ 0-8 = 0-6
% Reg = % resistance drop X cos ¢, + % reactance drop X sin ¢,
=1%x08+5x%0:6=38% (Ans.)
When p.f., cos ¢, = 0-8 leading; sin ¢, = sin cos~1 0-8=0-6
% Reg = % resistance drop x cos ¢, — % reactance drop x sin ¢,
=1%x08-5x06==22 % (Ans.)

When p.f. is unity % Reg = % resistance drop = 1% (Ans.)

Section Practice Problems

Numerical Problems

1.

A single phase transformer with a ratio 1: 2 has primary and secondary winding resistance of 0.25 ohm
and 0.8 ohm, respectively and their reactances are 0.5 ohm and 2.8 ohm. Determine the no-load secondary
terminal voltage of the transformer if it is delivering 10 A and 400 V at 0.8 p.f. lagging. (Ans. 437.64 V)

A 10 kVA, 2000/400 volt single-phase transformer has the following resistances and reactances.
Primary winding: resistance 5.0 ohm, leakage reactance 12 ohm.

Secondary winding: resistance 0.2 ohm, leakage reactance 0.48 ohm. Determine the secondary terminal
voltage at full load, 0.8 power factor lagging when the primary supply is 2000 V. (Ans. 377.1 V)

A230/440V, single-phase transformer has primary and secondary winding resistance of 0.25 ohmand 0.8
ohm, respectively and corresponding reactance of 0.6 ohm and 2.8 ohm. Find the approximate secondary
terminal voltage when supplying (/) 10 A at 0.707 p.f. lagging (/) 10A at 0.707 p.f. leading.

(Ans. 397.5 V; 437 V)
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4. The turn ratio of a 100 kVA transformer is 5. Its primary has a resistance and reactance of 0.3 ohm and

1.1 ohm, respectively and the corresponding values for the secondary are 0.01 ohm and 0.035 ohm. The
supply voltage is 2200 V. Calculate

(/) totalimpedance of the transformer referred to primary circuit and
(if) the voltage regulation and the secondary terminal voltage for full load having power factors (/) 0.8

lagging and (ii) 0.8 leading. (Ans. 2.05Q; 3.364%; 425.2 V; —1.54%;, 446.78 V)
5. A 17.5 kVA 66/11 kV transformer has 10% resistance and 3% leakage reactance drop. Find resistance
and reactance of the transformer in ohms as referred to
(/) the high voltage winding.
(if) the low voltage winding. (Ans. 2.52 Q); 7.56 Q3; 0.068 Q; 0.209 Q)
Short Answer Type Questions
Q.1. What is voltage regulation of a transformer?
Ans. Atconstant supply voltage, the change in secondary terminal voltage from no-load to full-load is called
voltage regulation. It is expressed as percentage (or per unit) of no-load voltage.
% regulation = E2 Y2 100
E2
Q0.2. Why does voltage drop in a transformer?
Ans. Inatransformer, voltage drop occurs due to
(/) Resistance of primary and secondary winding
(i) Reactance of primary and secondary winding.
Q.3. Isthe regulation at rated load of a transformer same at 0.8 p.f. lagging and 0.8 p.f. leading?
Ans. No, regulation at 0.8 p.f. lagging will be different to the regulation at 0.8 p.f. leading.
Q.4. What type of load should be connected to a transformer for getting zero voltage regulation?
Ans. For zero voltage regulation; 12-es €0 ¢2E+ W Xes SN0 _ g
2
or LX. sin ¢,=—1,R,. COS ¢,
R
or tan g= -5
Xes
R
or = _tan—1£
¢2 Xes
The negative sign shows that the load should be capacitive and the value pfshould be
R
COS ¢,= COS tan™' & .
2 XES
Q.5. Isthe percentage impedance of a transformer same on primary and on secondary?
Ans. Yes, the total percentage impedance of a transformer referred to primary or secondary is the same.

However, the percentage impedance of primary winding may be different to percentage impedance of
secondary winding.
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2.23 Losses in a Transformer

The losses which occur in an actual transformer are:
(7)) Core or iron losses (ii) Copper losses

(@) Core or iron losses: When AC supply is given to the primary winding of a transformer an
alternating flux is set up in the core, therefore, hysteresis and eddy current losses occur in the
magnetic core.

(a) Hysteresis loss: When the magnetic material is subjected to reversal of magnetic flux, it
causes a continuous reversal of molecular magnets. This effect consumes some electric
power which is further dissipated in the form of heat as loss. This loss is known as hysteresis
loss. (P, = K, VfB, 2°). This loss can be minimised by using silicon steel material for the
construction of core.

(b) Eddy current loss: Since flux in the core of a transformer is alternating, it links with the
magnetic material of the core itself also. This induces an emf in the core and circulates
eddy currents. Power is required to maintain these eddy currents. This power is dissipated
in the form of heat and is known as eddy current loss (P, = K, V /> 1> B2). This loss can be
minimised by making the core of thin laminations.

Itis already seen in article—8 that the flux set up in the core of the transformer remains constant

from no-load to full load. Hence, iron loss is independent of the load and is known as constant

losses.

(ii) Copper losses: Copper losses occur in both the primary and secondary windings due to their
ohmic resistance. If 1, I, are the primary and secondary currents and R, R, are the primary
and secondary resistances, respectively.

Then, total copper losses = IR, + I;R, = IlzRep = 3R

es

The currents in the primary and secondary winding vary according to the load, therefore, these
losses vary according to the load and are known as variable loss.

Magnetostriction and Its ill-effects

The property of ferromagnetic materials, due to which their dimensions are changed due to change
of magnetic field, is called magnetostriction effect. In fact, the applied magnetic field changes the
magnetostrictive strain until reaching its saturation value (4). This causes change in the dimensions
of ferromagnetic materials. The effect was first identified in 1842 by James Joule while observing
a sample of iron.

In simple terms, as per this phenomenon, if a piece of magnetic sheet steel is magnetised it
will extend itself. When the magnetisation is taken away, it goes back to its original condition. A
transformer is magnetically excited by an alternating voltage and current so that it becomes extended
and contracted twice during a full cycle of magnetisation.

Hence, when the core becomes magnetised, it expands then it contracts and expands again as
the field is reversed. A 50Hz transformer, therefore, expands and contracts at 100 Hz, producing a
buzzing sound at that frequency.
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Transformer buzzing noise (or hum) is caused by a phenomenon called magnetostriction.

Although, these extensions are only small dimensionally, and therefore cannot usually be seen by
the naked eye. They are, however, sufficient to cause vibration resulting in a noise.

This effect also causes losses which produce heat in ferromagnetic cores.

Thus, the first cause of humming noise is magnetostriction, the other cause may be due to details
of core construction, size and gauge of laminations or joints in the core

The other reasons for humming sound in a transformer may be

Loosening of laminations, mounting defects, unbalancing or insulation deterioration etc.

Methods to control transformer noise: The transformer noise can be controlled by
e using low value of flux density core,
* by proper tightening of the core by clamps, bolts etc.
* by sound insulating the transformer core from tank walls.

2.24 Effects of Voltage and Frequency Variations on lron Losses

Power transformers are not ordinarily subjected to frequency variations and usually are subject to
only modest voltage variations, but it will be interesting to note their effects.

Variation in voltage and/or frequency affects the iron losses (hysteresis and eddy current loss)
in a transformer. As long as the flux variations are sinusoidal, hysteresis loss (P,), and eddy current
loss (P,) vary according to the following relations

Ph ch(¢max)L6 .. (268)

The value 2.6 is an arbitrary value which lies between 1.5 and 2.5 depending on the grade of iron
used in transformer core

and P ocf2 (4, (2.69)

If the transformer is operated with the frequency and voltage changing in the same proportion,
the flux density will remain unchanged as obvious from equation (£ = 4.44 B, A, Nf or B,
N S v

4.44 A Nf f

The transformer can be operated safely at frequency less than rated one with correspondingly
reduced voltage. In this case iron losses will be reduced. But if the transformer is operated with
increased voltage and frequency in the same proportion, the core losses may increase to alarge
extent which may not be tolerated. Increase in frequency with constant supply voltage will cause
reduction in hysteresis loss and leave the eddy current losses unaffected. However, some increase
in voltage could, therefore, be tolerated at higher frequencies, but exactly how much depends on
the relative magnitude of the hysteresis and eddy current losses and the grade of iron used in the
transformer core.

or B, o« —) and apparently the no-load current will also remain unaffected.

Example 2.28
A 1 kVA, 2207110V, 400 Hz transformer is desired to be used at a frequency of 60 Hz. What will be

the kVA rating of the transformer at reduced frequency?
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Solution:
We know that E =V, =444 ¢ N/f=444B A N.f
Assuming flux density in the core remaining unchanged, we have
V,cf

Vi _
or = =

i o f

I 0% 60 _

or V=V X 7 220 x 100 33 volt

As current rating of the transformer remains the same, the kVA rating is proportional to voltage,

kVA rating of the transformer at 60 Hz,

=V 33
KVA'= 77 X kVA= 550 % 1 = 0.15 kVA (Ans)

Example 2.29
A 40 Hz transformer is to be used on a 50 Hz system. Assuming Steinmetz’s coeff. as 2.6 and the

losses at 40 Hz, 2.2%, 0.7% and 0.5% for copper, hysteresis and eddy currents, respectively, find
(i) the losses on 50 Hz for the same supply voltage and current. (ii) the output at 50 Hz for the same
total losses as on 40 Hz.

Solution:
Let W be the total power input to the transformer in both the cases in watt.

Copper loss = I? x total resistance
As long as current and supply voltage remain the same, copper loss will remain the same.

Copper loss at 40 Hz or 50 Hz

=12 oW — 0012 W watt

100

Hysteresis loss = 7 B_ 16 fwatt/c.c. of the magnetic material.

max

For the same voltage induced per turn (E/N = 4.44 f ¢) the product ¢ for B, fremains constant.

max
maxl fl - max2f2

Bmaxl _ & 50
BmaX2 fi 40

or B =08B

max,p maxy

=1.25

Hysteresis loss at 50 Hz

.6
)01.25 f,

maxy

W, =K, = maxz f, watt/c.c.= K, (0.8 B

= K, (0.8)1'6Bmaxl1'6 fi X125 = 1.25(0.8)"° X K}, By "y = 0.875 X K, By, 'y
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But hysteresis loss at 40 Hz is 0.7%
W, =0.875x 0.7 =0.6125%

Eddy current loss, W, = B2 f** watt per c.c. of the magnetic material.

2 2 .2
w, B fir

e max;

= — Butt,=t¢
2 2.2 1 2
W"'Z Bmax2 1t2
2 2 2
Wel _ Bmaxlfl _[Bmaxlj [fl)z _(5)2>< 4 ? =1
T 2 2 = ] ~\a 5| =
Wffz Bmaxz fZ Bmaxz f2 4 5
W, = W,
1 2

Hence eddy current loss will remain the same.
Thus, the three losses at 50 Hz will be
Copper loss = 1.2%
Hysteresis loss = 0.6125% (Ans.)
Eddy current loss = 0.5%

2.25 Efficiency of a Transformer

The efficiency of a transformer is defined as the ratio of output to the input power, the two being
measured in same units (either in watts or in KW).

output power _ output power
input power  output power + losses

Transformer efficiency, n =

output power
output power + iron losses + coper losses

V, I, cos ¢,

or =

= V, T, 0050, + P+ P, ...(2.70)
where, V, = Secondary terminal voltage
I, = Full load secondary current
cos ¢, = p.f. of the load
P, = Iron losses = Hysteresis losses + eddy current losses (constant losses)
P_ = Full load copper losses = 122 R, (variable losses)

If x is the fraction of the full load, the efficiency of the transformer at this fraction is given by the
relation;

1
n = x X output at full load _ xV,1, cos ¢, Q)

x X output at full load + P, + x*P,  xV,I, cos¢, + P+ x* I3 R,,

The copper losses vary as the square of the fraction of the load.
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2.26 Condition for Maximum Efficiency

The efficiency of a transformer at a given load and p.f. is expressed by the relation
_ V, I, cos ¢, _ V, cos ¢,
V, I, cos¢, + P+ I3 R

17 =
- Vycos¢, + P /I, +1, R,

The terminal voltage V,, is approximately constant. Thus for a given p.f., efficiency depends upon
the load current 7,. In expression (i), the numerator is constant and the efficiency will be maximum
if denominator is minimum. Thus the maximum condition is obtained by differentiating the quantity
in the denominator w.r.t. the variables I, and equating that to zero i.e.,

d b -
ar (Vz cos ¢, +I2 +1, Resj =0

P
or 0-—=+R, =0

15
or L R, =P, ..(272)
ie., Copper losses = Iron losses

Thus, the efficiency of a transformer will be maximum when copper (or variable) losses are equal
to iron (or constant) losses.
noo= V, I, cos¢,
max—— VI, cos¢, +2 P,

[since P, = P] ...(2.73)

From equation (ii), the value of output current 7, at which the efficiency of the transformer will
be maximum is given by;

P
L= % 274

es

If x is the fraction of full load kVA at which the efficiency of the transformer is maximum.

Then,  copper losses = x> P_ (where P_is the full load Cu losses)

Iron losses = P,

F

For maximum efficiency, x2 P =P;x= P
C

Output kVA corresponding to maximum efficiency

= x x full load kVA = full load kVA x g

c

iron losses
copper losses at full load

= full load kVA x J ..(275)
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Example 2.30
A 500 kVA, 600/400V, one-phase transformer has primary and secondary winding resistance of
0.42 ohm and 0.0011 ohm, respectively. The primary and secondary voltages are 600V and 400V,

respectively. The iron loss is 2-9 kW. Calculate the efficiency at half full load at a power factor of
0-8 lagging.

Solution:

Transformer rating, = 500 kVA
Primary resistance, R, = 0-42 Q
Secondary resistance, R, = 0-0011 Q

Primary voltage, £, = 6600 V
Secondary voltage, £, = 400 V
Iron losses, P; = 29 kW

Fraction of the load, x = % =0-5

Load p.f., cos ¢ = 0-8 lagging

400 _ 2

E
Transf i o, K= =2 = =
ransformation ratio, El 6600 33

Primary resistance referred to secondary,

Ry = KR, = 5= x 25X 042 = 0.001540

Total resistance referred to secondary,
R, =R, +R/'=0-0011 + 0-00154 = 0-00264 Q

3 3
- kVA X107 _ 500 x 10" _ 5504

Full load secondary current, I, E, 200

Copper losses at full load, P, 122 R, =(1250)* x 0-00264

4125 W = 4-125 kW

Efficiency of transformer at any fraction (x) of the load,

n = xkVA cos ¢ X100
xkVA cos¢ + P, + x“P,
0-5x500x0-8

3 x 100
0-5%x500x0-8+2-9+(0-5)"x4-125
98:07% (Ans.)
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Example 2.31
A single-phase 440/110 V transformer has primary and secondary winding resistance of 0-3 ohm

and 0-02 ohm, respectively. If iron loss on normal input voltage is 150 W, calculate the secondary
current at which maximum efficiency will occur. What is the value of this maximum efficiency for
unity power factor load?

Solution:
Primary resistance, R, = 03 Q
Secondary resistance, R, =0-02Q
Iron losses, P, = 150 W
Load power factor, cos ¢ = 1
Primary induced voltage, E, = 440 V
Secondary induced voltage, E, = 110 V

o ratio K = B2 110 _ 1
Transformation ratio, K = Tl d40 - 4

Primary resistance referred to secondary,

R = KRy = 7x5%0-3=0-01875 Q

Equivalent resistance referred to secondary,
R, =R, + R/ =0-02 +0-01875 = 0-03875 Q
We know the condition for max, efficiency is

Copper losses = Iron losses

ie., I R, =P,

1

Secondary current at which the efficiency is maximum,

_ /B _ 150 _ .,
I, = R, = 003875 =6222 A (Ans.)

_ I, V, cos¢
max = TV, cosg + 2P

_ 62.22 x 110 x 1
62.22 x 110 x 14+ 2 x 150

The maximum efficiency, x100

x 100 =95'8% (Ans.)

Example 2.32
In a 25 kVA, 2000/200 V power transformer the iron and full load copper losses are 350 W and

400 W, respectively. Calculate the efficiency at unity power factor at (i) full load and (ii) half load.

Solution:
x kVA x 1000 X cos ¢

x kVA x 1000 x cos¢ + P, + x* P.

n.=
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where, cos p=1: P;=350 W; P_ =400 W
(@) At full-load x=1

_ 1x25 %1000 x 1
n 1x25%x1000 x1+ 350 +1x1x400

(i) At half-load; x=05

x 100 =97-087 % (Ans)

n= 0-5 x 25 x 1000 x 1 % 100 = 96-525 % (Ans)

05 % 25% 1000 x 1 + 350 + (0-5)* x 400

Example 2.33
A 2207400V, 10 kVA, 50Hz, single-phase transformer has copper loss of 120 W at full load. If it has

an efficiency of 98% at full load, unity power factor, determine the iron losses. What would be the
efficiency of the transformer at half full-load at 0.8 p.f. lagging.

Solution:
n = x kVA x 1000 X cos ¢ 100
x kVA x100 X cos¢ + P. + x“P,
08 1x10 x 1000 x 1 x 100 or P, =84-08 W (Ans)

T IX10x1000 X 1+ P, +1x1x120
when x = 1/2 and cos ¢ =0-§;

o = 0-5 x 10 x 1000 x 0-8
T 05 %10 x 1000 x 0-8 + 84-08 + (0-5)> x 120

X 100 =97-23 % (Ans)

Example 2.34
A 1000 kVA, 110/220volt, 50 Hz single phase transformer has an efficiency of 98.5% at half load and

0.8 power factor leading. Whereas its efficiency at full load unity power factor is 98.9%. Determine
(i) iron loss (ii) Full load copper loss.

Solution:
Here, Rating of transformer = 1000 kVA

We know, % n, = xkVA x 1000 X p.f. :
xkVA x1000 x p.f. + P, + x°P,

() Where % 1, = 98.5; x=0.5; p.f. = 0.8 leading

x 100

0.5 x 1000 x 1000 x 0.8

98.5 = 3
0.5 x 1000 x 1000 x 0.8 + P. + (0.5)"P.
5
or 98.5 = 45100 x 10
4x10° + P +0.25P,
or P;+0.25 P_= 6100 ()]

(ii) When % My = B8 x=1pf=1

1 x 1000 x 1000 x 1 x 100
1x 1000 x 1000 x 1 + P, + P,

98.8 =
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10 x 10° x 100

or I0x 10°+P,+P_ = 933 =10.121 % 10’
or P+ P_= 12100 ...
Subtracting eq. (i) from (i), we get
0.75 P, = 6000
or P.=8000 W (Ans.)

From eq. (i), we get, P, = 12100 — 8000 = 4100 W (Ans.)

Example 2.35
A single-phase 400 kVA transformer has an efficiency of 99.13% at half load unity pf whereas it

efficiency is 98.77% at full-load 0.8 pf lagging. (i) the iron loss (ii) the full load copper loss.

Solution:

Efficiency of a transformer at any fraction x of the load;
x kVA cos ¢

n.= 5— %100
X kVA cos¢ + P, + x“P,

Case I: x=1; cos ¢=0-8; .= 9877 %;

1 x 400 x 0-8

98.77 = 5— x 100
1x400 x 08 + P, +(1)” P,
or P+ P_=3-985 kW ()]
CaseIl: x=05;cos ¢=1; n,=99-13;
0-5x400 x1x P, + (0-5)°P,
or P.+025P = 1755 kW ...

Subtracting eq. (if) from (i), we get,
075 P, =223 kW or P, =2-973 kW (Ans)
and P, =3.985-2973 =1-012 kW (Ans)

Example 2.36
In a 25 kVA. 1100/400 V, single phase transformer, the iron and copper losses at full load are 350

and 400 watts, respectively. Calculate the efficiency on unity power at half load. Determine the
load at which maximum efficiency occurs.
Solution:
Transformer rating = 25 kVA
Iron losses, P, = 350 W
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Full load copper losses, P, = 400 W

Load power factor cos ¢ = 1

Fraction of the load x = % =0-5

Efficiency of transformer at any fraction of the load,

3
n = xxk\gAxlO X OS¢ X100
xxkVAx10° Xcos¢ + P, + x” P,

3
= 0.5x25x10° x 1 % 100 = 96+52% (Ans.)

0.5 x 25 % 10> x 1+ 350 + (0.5)> x 400

Output kVA corresponding to maximum efficiency

_ F_ 350
= Rated kVA /PL» = 25><‘/400 = 23385 kVA

Output power or load on maximum efficiency.
= output kVA for max efficiency x p.f.
= 23385 x 1 =23-385 kW (Ans.)

Example 2.37
A 50 kVA transformer on full load has a copper loss of 600 watt and iron loss of 500 watt, calculate

the maximum efficiency and the load at which it occurs.

Solution:

output

x 100
output + Iron loss + Copper loss

% n =

Efficiency will be maximum when: copper loss = Iron loss = 500 W

P
Fraction at which the efficiency is maximum, x = ,Fl = ,[% =0-9128

Load at which the efficiency is maximum, i.e.,
Output = x x kVA = 09128 x 50 = 45-64 kVA
=45-64 x 1 =45-64 kW (since cos ¢ =1)

_ 4564 x 1000
In = 4564 X 1000 + 500 + 500

x 100 = 97-85% (Ans)

Example 2.38
The iron and full-load copper losses of a 100 kVA single-phase transformer are 1 kW and 1.5 kW,

respectively. Calculate the kVA loading at which the efficiency is maximum and its efficiency at this
loading: (i) at unit p.f. (ii) at 8 p.f. lagging.
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Solution:

Here, Rated capacity = 100 kVA; Iron loss, P, =1 kW;
Full-load copper loss, P, = 1.5 kW

Output kVA corresponding to maximum efficiency

|

— xxrated KVA = \/7 x rated KVA = /% x 100 = 81.65 KVA (Ans.)
c

o

(@) Atunity p.f.

- 81-65x1 _ 8165 o
M= g esx1+1+1 < 100= g3765 X 100=97-6% (Ans)

(@) At 0.8 p.f. lagging

_65.32
00 = 67.32

81.65 x 0.8
n=

T 81.65x08+1+1 x =97.03% (Ans.)

2.27 Efficiency vs Load

The variation of efficiency with load is shown in Fig. 2.43 which likewise shows the constant and
variable components of the total loss. It has been pointed out that with constant voltage the mutual
flux of the transformer is practically constant from no-load to full load (maximum variation is from
1 to 3%). The core or iron loss is, therefore, considered constant regardless of load. Copper loss varies
as the square of the load current or kVA output. The variations in copper loss with the increase in
load current (or kVA) is shown in Fig. 2.43. The efficiency vs load curve as deduced from these is
also shown in the Fig. 2.43. From the efficiency—load curve shown in Fig. 2.43 it is obvious that the
efficiency is very high even at light load, as low as 10% of rated load. The efficiency is practically
constant from about 20% rated load to about 20% overload. At light loads the efficiency is poor because
of constant iron loss, whereas at high loads the efficiency falls off due to increase in copper loss as
the square of load. From Fig. 2.43 it is also obvious that the transformer efficiency is maximum at
the point of intersection of copper loss and iron loss curves i.e., when copper loss equals iron loss.

Imp. The intersection of copper loss curve and iron loss curve ‘A’ gives the point of maximum
efficiency. It will be seen that the efficiency changes very little over the greater part of the operating
range.

2.28 Efficiency vs Power Factor

Transformer efficiency is given as

n = Output —1_ losses
Output + losses output + losses
losses IOSSGS/VZIZ

B V,I, cos¢ + losses ~ cos ¢ + losses / V,1,
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Fig. 2.43 Efficiency vs load curve of a transformer
Substituting
losses _ X in above equation we get
Val,
L X _,_ _x/cos¢
n= cos ¢ + x 1+ x/cos ¢

The variations of efficiency with power factor at different loads for a typical transformer are
illustrated in Fig. 2.44

A 0.99
I
> : \
e 098 | 1.0 PF
s U =+
— | —— ©
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- &L :
5 — E|
[S] e
5 07 o 0.6 PF
a @
31
/] S
I
0.96 !
0 25 50 75 100 125

Percent load kW
Fig. 2.44 Frequency vs load curve of a transformer
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2.29 All-day Efficiency

The efficiency discussed so far is the ordinary or commercial efficiency which is given by the ratio
of output power to input power i.e.,

output power

Commercial efficiency, n = —
if ¥ mput power

The load on certain transformers fluctuates throughout the day. The distribution transformers
are energised for 24 hours, but they deliver very light loads for major portion of the day. Thus iron
losses occur for whole day but copper losses occur only when the transformer is loaded. Hence, the
performance of such transformers cannot be judged by the commercial efficiency, but it can be judged
by all-day efficiency also known as operational efficiency or energy efficiency which is computed
on the basis of energy consumed during a period of 24 hours.

The all-day efficiency is defined as the ratio of output in kWh (or Wh) to the input in kWh (or
Wh) of a transformer over 24 hours.

All-day efficiency = n output in kWh

ll-day = input in kWi ...(2.76) (for 24 hours)

To find this all-day efficiency, we have to know the load cycle on the transformer.

Example 2.39
A 20 kVA transformer on domestic load, which can be taken as of unity power factor, has a full load

efficiency of 94.3%, the copper loss then being twice the iron loss. Calculate its all-day efficiency
on the following daily cycle; no-load for 10 hours, half load for 8 hours and full load for 6 hours.

Solution:
Full load output=20 x 1 =20 kW

Full load input = % - % x 100 =20-986 kW
Total losses, P, + P_ = 20.986 — 20 = 0-986 kW
Now P.=2 P, (given) P, + 2 P, = 0-986 kW
Or Iron losses, P, = 0-3287 kW

Full load copper losses = 2 x 0-3287 = 0-6574 kW

kWh output in 24 hours

%x20x8+1x20x6=200kWh

Iron losses for 24 hours = 03287 x 24 = 7-89 kWh

Copper losses for 24 hours= cu. losses for 8 hrs at % full load + cu. losses for 6 hours at full load

2
= (%) x 06574 x 8 + 0-6574 x 6 = 5259 kWh
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input in 24 hrs = kWh output in 24 hrs + iron and cu losses in kWh for 24 hrs

=200 + 7-89 + 5259 = 213149 kWh

.. kWh output In 24 hrs 200
All-day efiCiency. faao, = Z0 imput in 24 hrs 120 = 213.149 100 = 93:83% (Ans)

Example 2.40
A 5 kVA single phase transformer has full-load copper loss of 100 watt and 60 watt as iron loss.

The daily variation of load on the transformer is as follows:

7AM to 1 PM 3 kW at power factor 0.6 lagging.
1 PMto 6 PM 2 kW at power factor 0.8 lagging.
6 PMto 1 AM 5 kW at power factor 0.9 lagging.
1AM to 7 AM No-load

Determine the all-day efficiency.

Solution:
Transformer rating = 5 kVA; P,=50 W; P_= 100 W
Load variation in tabulated form is given below:

o o : Load in kVA = | Fraction of Load
Timings Duration in hr Load in kW p.f kW Actual KVA
of = Trated kVA
7 AM to 1PM 6 3 0.6 3/0.6=5 5/5=1
1PMto 6 PM 5 2 0.8 2/0.8=2.5 2.5/5=0.5
6 PMto 1 AM 7 5 0.9 5/0.9 =5.55 5.55/5 =1.11
1AM to 7 AM 6 0 0 0 0

kWhoutputin24hr=3x6+2x5+5x7+0x6=63kWh

Tron losses in 24 hr = P, in kKW x 24 = —0_ x 24 = 12 kWh

1000
100 100 100
Copper losses in 24 hr = (1)? x —=L 1000 X 6+ (0.5)* x 1000 X5+ (1.11)% x —= 1000 X7
100
+ (0) X —= 1000 X 6

= 0.6 + 0.125 + 0.8625 + 0 =2.5875 kWh

_ Output in kWh in 24 hr
all-day = Qutput in kWh in 24 hr + Pi in kWh in 24 hr + P, inkWh is 24 hr

All-day efficiency, n

_ 63 B
= 12115875 <100 =95.763% (Ans)
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Example 2.41
A transformer has a maximum efficiency of 98% at 15 kVA at unity p.f. It is loaded as follows: 12

hrs =2 kW at p.f. 0.5; 6 hrs — 12 kW at p.f. 0.8; 6 hrs — I8 kW at p.f. 0.9, calculate all-day efficiency
of the transformer.

Solution:
_ kVA cos ¢ e p =
We know nax = }VAcos g+ 2 P Ch=r)
or 98 _ 15x1
100 15x1+2P,
or 15+2p = B3X100 _ 5306
! 98
Iron losses, P, = 0-153 kW
Full load copper losses, P, = P,=0-153 kW
During 24 hrs. the transformer is loaded as under:
: Load in kVA Fraction of load
pf. = full load in kVA
12 2 0.5 2/0.5=4 4/15=0.267
6 12 0.8 0.8=15 15/15 =1
6 18 0.9 18/0.9 20/15=1.333

kWh output in 24 hrs =2 x 12 + 12 x 6 + 18 x 6 =204 kWh
Iron losses for 24 hrs = 0-153 x 24 = 3-672 kWh
Copper losses for 24 hrs = (0-267)>x 0-153 x 12 + (1)> x 0-153 x 6 + (1:333)> x 0-153 x 6
= 2:68 kWh
Input in 24 hrs = 204 + 3.672 + 2.68 = 210.352 kWh

All-day efficiency, 1,4,y = 310555 X 100 = 9698 % (Ans)

Section Practice Problems

Numerical Problems

1. A500kVA, 6600/400V transformer has primary and secondary winding resistance of 0-42 ohmand 0-0011
ohm, respectively. The iron loss is 2.9 kW. Calculate the efficiency at half full load at a power factor of 0-8
lagging. (Ans. 98-07%)

2. The full load efficiency at 0.8 p.f of a 50 kVA transformer is 97.9% and at half-load 0.8 p.f. its efficiency
is 97.9%. Determine iron and copper losses of the transformer. (Ans. 287 W; 529 W)
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3. Ina25kVA, 1100/400 V, single phase transformer, the iron and copper loss at full load are 350 and
400 watt, respectively. Calculate the efficiency on unity power factor at half load. Determine the load on
maximum efficiency. (Ans. 96-52%, 23-85 kW)

4. A 100 kVA transformer supplies a lighting and power load. The iron loss is 960 W and the copper loss
is 960 W at full load. The transformer is operated continuously at the rated voltage as per the following
schedule in a day 100 kVA at 0.8 p.f. for 4 hrs.; 50 kVA at 0.6 p.f. for 8 hrs. and 5 kVA at 0.95 p.f. for 12
hrs. What will be the all-day efficiency of the transformer? (Ans. 94-5%)

Short Answer Type Questions
Q.1. What are no-load losses occurring in the transformer?
Ans. lron losses which are also known as magnetic losses or core losses. These losses include hysteresis
loss and eddy current loss.
Q.2. Why is efficiency of a transformer high as compared to other electrical machines?
Ans. Transformer is a static device i.e., it has no rotating part, therefore, it is free of mechanical losses.
Hence, it operates at higher efficiency in comparison to other electrical machines.
Q.3. Define efficiency and all-day efficiency of a transformer.
Ans. The ratio of power output (in kW) to power input (in kW) is called efficiency or commercial efficiency
of a transformer, i.e.,
_ Output in kW
" input in kW
The ratio of output energy (in kWh) to the input energy (in kWh) in a day of a transformer is called its
all-day efficiency.
_ Output in kWh in a day
Mait-day = “nput in KWh in a day
Q.4. Are transformers normally considered to be efficient devices?
Ans. Yes, normally transformers are considered as efficient devices.
Q.5. Why is the efficiency of a transformer high as much as 96%?
Ans. Itis because transformers do not have rotating parts and mechanical losses do not occur.
Q.6. How can eddy current loss be reduced?
Ans. Eddy current loss can be reduced by laminating the core (0.35 mm to 0.5 mm thickness) and each

lamination must be insulated from the other by an insulating layer (varnish).

Q.7. How may the iron loss be reduced to a minimum?

Ans.

Q.8.
Ans.

Iron loss can be minimised by using steel having sufficient quantity of silicon, now-a-days cold rolled
grain oriented steel (CRGOS) is used, and the core is laminated, each lamination has a thickness 0.35
to 0.5 mm and insulated from each other.

In a transformer, buzzing noise cannot be avoided. Justify.

Since magnetostriction phenomenon cannot be avoided, the buzzing noise produced by a transformer
cannot be avoided.
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2.30 Transformer Tests

All the transformers are tested before placing them in the field. By performing these tests, we can
determine the parameters of a transformer to compute its performance characteristics (like voltage
regulation and efficiency etc.).

Large transformers cannot be tested by direct loading because of the following reasons:

(1) TItis almost impossible to arrange such a large load required for direct loading.
(i) While performing test by direct loading, there is huge power wastage.
(@@ii) It is very inconvenient to handle the power equipment.

Therefore, to furnish the required information open circuit and short circuit tests are conducted
conveniently without actually loading the transformer.

The other important tests which are conducted on a transformer are polarity test voltage ratio test
and Back-to-back test.

2.31 Polarity Test

Polarity test is performed to determine the terminals with same instantaneous polarity of the two
windings when terminals are not being marked. The relative polarities of the primary and secondary
terminals are required to be known for

(/) interconnecting two or more transformers in parallel.
(#i) connecting three single-phase transformers while doing poly-phase transformation of power.
(#ii) connecting windings of the same transformer in parallel or series.

For determining the relative polarity of the two windings of a transformer, the two winding are
connected in series and a voltmeter is connected across them as shown in Fig. 2.45. One of the
winding (preferably HV winding) is excited from a suitable AC voltage (less than rated value). If the
polarities of the windings are as marked on the diagram, then the windings will have a subtractive
polarity and the voltmeter will read the difference of £, and E, (i.e., E| — E,). If the voltmeter reads
E, + E, the polarity marking of one of the windings must be reversed.

E1_E2

E—— < —P9
<

Polarity test

Fig. 2.45 Circuit diagram for polarity test
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While performing polarity test, subtractive polarity method is preferred over additive polarity
method, because in this case, the voltage between A and A’ or that between B and B’ is reduced. The
leads connected between these terminals and two windings are not subjected to high voltage stresses.
Whereas, in case of additive polarity the two windings and leads connected between AA’ and BB’
are subjected to high voltage stresses.

When the transformer is placed in the field, it may not be convenient to perform the above test
to check the polarity. In such cases, polarity may be checked by using a battery, a switch and a DC
voltmeter (PMMC type) which are connected in the circuit as shown in Fig. 2.46. When switch (S)
is closed, the primary current increases which increases the flux linkages with both the windings
inducing emf in them. The positive polarity of this induced emf in the primary is at the end to which
battery is connected. The end of secondary which simultaneously acquires positive polarity which
is indicated by the deflection in the (PMMC) voltmeter. If deflection does not occur, then open the
switch. At this instant, if deflection occurs the polarity of secondary is opposite.

roTe ooy
[ 1
{ — | \g\
S_G N ] DC
=B - T voltmeter
3 —— ] (PMMC)
— ]

Polarity test
Fig. 2.46 Polarity test using PMMC

2.32 \Voltage Ratio Test

The true voltage ratio is based upon turn-ratio of the two windings of a transformer. In case the two

voltages are measured at no-load, their ratio is almost equal to the true value. Similarly, if the primary

and secondary currents are measured on short circuit, their ratio gives true-ratio particularly if the
. .V, T

transformer has little leakage flux and low core reluctance. voltage ratio Vz = ]—' .
1 2

2.33 Open-circuit or No-load Test

This test is carried out at rated voltage to determine the no-load loss or core loss or iron loss. It is
also used to determine no-load current I, which is helpful in finding the no-load parameters i.e.,
exciting resistance R, and exciting reactance X, of the transformer.

Usually, this test is performed on low voltage side of the transformer, i.e., all the measuring
instruments such as voltage (V), wattmeter (W) and ammeter (A) are connected in low-voltage side
(say primary). The primary winding is then connected to the normal rated voltage V, and frequency
as given on the name plate of the transformer. The secondary side is kept open or connected to a
voltmeter V’ as shown in Fig. 2.47(a).
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Since the secondary (high voltage winding) is open circuited, the current drawn by the primary is
called no-load current /, measured by the ammeter A. The value of no-load current [, is very small
usually 2 to 10% of the rated full-load current. Thus, the copper loss in the primary is negligibly
small and no copper loss occurs in the secondary as it is open. Therefore, wattmeter reading W, only
represents the core or iron losses for all practical purposes. These core losses are constant at all loads.
The voltmeter V' if connected on the secondary side measures the secondary induced voltage V.

. . V, . . .
The ratio of voltmeter readings, 72 gives the transformation ratio of the transformer. The phasor
1

diagram of transformer at no-load is shown in Fig. 2.47(b).

PP -1
I

T 4+

41 4—>b

q 4

BNt No o v,

<+> TP
T
Normal T £

supply

(a) Circuit diagram

Eq
(b) Phasor diagram

Fig. 2.47 Open circuit test

Let the wattmeter reading = W,
voltmeter reading = V,
and ammeter reading = I,

Then, iron losses of the transformer P, = W,

ie., V, 1,cos ¢, =W,
Wo
No-load power factor, cos ¢, = ———
Vil
. Wo
Working component, [, = A ¢ I, =1,cos ¢)
1
Magnetising component ImIg = Ig - IVZV
No-load, parameters, i.e.,
. o . Vi
Equivalent exciting resistance, R, = T
w
. . Vi
Equivalent exciting reactance, X, = T
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The Iron losses measured by this test are used to determine transformer efficiency and parameters
of exciting circuit of a transformer shown in Fig. 2.48.

LT

V1 Ro X0 E,

l l =

Fig. 2.48 Equivalent circuit of a transformer at no-load
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2.34 Separation of Hysteresis and Eddy Current Losses

Core losses (i.e., iron losses or magnetic losses) of a transformer are constituted by (i) hysteresis loss
and (i7) eddy current loss.
According to Steinmetz’s empirical relations;

W, = K,VfB.°...277)and W, = K, 1°V f*B., ..(278)

m

If thickness of laminations and volume of the core is kept constant, these losses will depend upon
supply frequency and maximum flux density and hence.

W, = PfB)° ..(2.79)

and W,=Qf B, ...(2.80)

where P and Q are the new constants.
For a transformer, emf equation is given by the relation;

E=444NfB, A,
E_V
orB oc 7 o< ? as other values are constant. ...(2.81)
For a particular value of B, , the core losses per cycle may be represented as;

% =A+Bf ...(2.82)

where A and B are other constants (i.e., A = PB,ln'6 and B = QB,zn )

The value of constants A and B can be determined by performing open-circuit test on the

transformer at different frequencies but keeping ratio of V to f (i.e. y ) constant at every instant.

f

While performing this test, the applied voltage V and frequency f are varied together (by adjusting
the excitation and speed of the alternator, respectively which supplies power to the transformer)
At every step, take the reading of frequency meter f* and wattmeter ‘P;’. Plot a curve between f

P
and — , it will give a straight line curve as shown in Fig. 2.49.

f



162 Electrical Machines

(0]

Fig. 2.49 Curve for frequency vs iron losses

Where this line intercepts the vertical axis (R) gives the value of constant A (i.e., A = OR), whereas,
the slope of the line gives the value of constant B. Knowing the value of A and B we can separate
the hysteresis and eddy current losses.

Example 2.42
The iron losses of a 400V, 50 Hz transformer are 2500 W. These losses are reduced to 850 W when

the applied voltage is reduced to 200V, 25 Hz. Determine the eddy current loss at normal frequency
and voltage.

Solution:
We know, E =444 NfAi B,
B, oc ? (since all other quantities are constant)
E E
As 711 = % =8 and f—j = %50 = 8; B, is same in both the cases
Hysteresis loss, W, oc f = Pf (where P is a constant)
Eddy current loss, W, oc f2 = Qf? (where Q is a constant)
. W,
Total iron loss, W, = W, + W, = Pf+ Qf* or 7’ =P+ Qf ...(2.83)

When =50 Hz; W, = 2500

_2280 =P+Qx500rP+500=50 ..(2.84)

When f= 25 Hz; W= 850

850 _ p 4 0 x250r P+250 =34 ...(2.85)

25
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Subtracting eq. (iii) from (ii), we get,
250 =160r 0 =0.64
From eq. (ii), we get, P + 50 x 0.64 = 50; P = 18 ...(2.86)

Eddy current loss at normal frequency and voltage.
W, = Qf*=0.64 x 50 x 50 = 1600 W (Ans.)

Example 2.43
A transformer has hysteresis and eddy current loss of 700 W and 500 W, respectively when connected

to 1000V, 50 Hz supply. If the applied voltage is raised to 2000 V and frequency to 75 Hz, find the
new core losses.

Solution:

Here, V,= 1000 V; f, = 50 Hz; W, = 1200 W; W= 700 W
W, =500 W; V,=2000V;f,=75Hz
We know, W, o B x f = PBM® x f ...(2.87)
W, o B2 x f* = QB> x f* ...(2.88)
Induced emf, E = 4.44 Nf B, A, volt

or B, o E (. 4.44 NA, are constant)

f

Substituting this value in eqgs. (2.87) and (2.88), respectively, we get,

1.6
W, = P [%j X f = PE" 06 ..(2.89)
2
W, =0 (?) x 12 = QE> ...(2.90)
Case-I: When E = V, = 1000 V and f= f, = 50 Hz

‘/Vh1 — P(Vl )1.6fl—0.6

700 = P(1000)*° x (50)~%¢
700 = P x 63096 x 0.0956 or P =0.116

W, =0xE?
500 = Q x (1000)> or Q =5 x 10~
Case-II: When E =V, =2000V and f=f, =75 Hz

W, = P(V,))" £,%° = 0.116 x (2000)>° x (75)~0

= 0.116 x 192.27 x 10° x 0.075 = 1664 W
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W,=0x (V2)2 =5x107* x (2000)? = 2000 W
New core losses, W, = W, + W, = 1664 + 2000 = 3664 W (Ans.)

Example 2.44
The hysteresis and eddy current loss of a ferromagnetic sample at a frequency of 50 Hz is 25 watts

and 30 watts, respectively, when the flux density of 0.75 tesla. Calculate the total iron loss at a
frequency of 400 Hz, when the operating flux density is 0.3 tesla.

Solution:

At frequency,flz 50 Hz: 25 W; W,=W, = 30 W; B, = 0.75 tesla
frequency, f, = 400 Hz; B, , = 0.3 tesla

W, = PBLY f, or25="P x (0.752%x 50

25 2 2
or = —>———=07922; W, = 0B,
(0.75)° x 50 el W
or 30 = Q x (0.75)2 x (50)> or Q = 30 =0.02133

(0.75)% x (50)°
W,, = PB)S X f, =0.7922 x (0.3/° x 400 = 46.16 W

W, = 0B, x f; =0.02133 x (0.3)> x (400)" = 307.2 W

Total iron losses, P=W,, + W,,=46.16 + 307.2 = 353.36 W (Ans.)

Example 2.45
The following test results were obtained when a 10 kg specimen of sheet steel laminated core is put

on power loss test keeping the maximum flux density and wave form factor constant.

Frequency (in Hz) 25 40 50 60 80
Total loss (in watt) 18.5 36 50 66 104

Calculate the current loss per kg at frequency of 50 Hz.

Solution:
At a given flux density and waveform factor, total iron losses are given as

P.
P,=P,+P =Af+Bf* or - =A+Bf

f
Total iron loss/cycle i.e., P,/f for various values of frequency is given below:
f 25 40 50 60 80

P/f 0.74 0.9 2.0 2.1 2.3
A graph is plotted between P,/fand fas illustrated in Fig. 2.50. From graph A = 0.5 and B = 0.01
Eddy current loss at 50 Hz = Bf? = 0.01 x (50)? = 25 watt

Eddy current loss per kg at 50 Hz = % = 2.5 watt (Ans.)
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Frequency, (f)

Fig. 2.50 Curve for frequency vs iron losses in a given transformer

2.35 Short Circuit Test

This test is carried out to determine the following:

(?) Copper losses at full load (or at any desired load). These losses are required for the calculations
of efficiency of the transformer.

(i) Equivalentimpedance (Z, or ng), resistance (R, or Rep) and leakage reactance (X, or Xep) of the
transformer referred to the winding in which the measuring instruments are connected. Knowing
equivalent resistance and reactance, the voltage drop in the transformer can be calculated and
hence regulation of transformer is determined.

This test is usually carried out on the high-voltage side of the transformer i.e., a wattmeter W,
voltmeter V and an ammeter A are connected in high-voltage* winding (say secondary). The other
winding (primary) is then short circuited by a thick strip or by connecting an ammeter A" across the
terminals as shown in Fig. 2.52. A low voltage at normal frequency is applied to the high voltage
winding with the help of on autotransformer so that full-load current flows in both the windings,
measured by ammeters A and A". Low voltage is essential, failing which an excessive current will
flow in both the windings which may damage them.

Since a low voltage (usually 5 to 10% of normal rated voltage) is applied to the transformer winding,
therefore, the flux set up in the core is very small about % th to %th of normal flux. The iron losses
are negligibly small due to low value of flux as these losses are approximately proportional to the
square of the flux. Hence, wattmeter reading W_only represents the copper losses in the transformer
windings for all practical purposes. The applied voltage V,  is measured by the voltmeter V which
circulates the current /, . (usually full load current) in the impedance Z, of the transformer to the
side in which instruments are connected as shown in Fig. 2.52.
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I (sc)
W
IZSc
A (A’
I | b
W, N2 Ny
f (\ /’
V25°Auto
transformer
Fig. 2.51 Short circuit test (circuit diagram) Fig. 2.52 Short circuit test (phasor diagram)

Let the wattmeter reading = W,
voltmeter reading = V,_
and ammeter reading = I,
Then, full load copper losses of the transformer,

I 2
P = [ 2ﬂj We ...(2.91)
‘ 12sc

2
and I R, =W,

2sctes
Equivalent resistance referred to secondary,

w.
s = T3 ..(2.92)
]2sc

From phasor diagram as shown in Fig. 2.52;

I V.

2sc “es T 7 2sc

Equivalent impedance referred to secondary,

Z,, =V, I

2sc' " 2sc

Equivalent reactance referred to secondary,

Xos = (Zes )2 - (Res )2

es

* For convenience and better results, short circuit test is performed on HV/ side of the transformer; to make it
clear, let us consider an example.

To perform short circuit test about 5 percent of rated voltage is required. For a 250 kVA, 2500/250V
transformers, if short circuit test is performed on HV side, voltage required for the testis 2500 x % =125V
(which is quite convenient and suitable for measurement) and the current would be % =100 A.

If this test is conducted on LV side, then voltage required would be w =1000 A (very high). Itis

observed that applied voltage is very low and current is very high, both are inconvenient to measure with
ordinary instruments.



Single-Phase Transformers = 167

After calculating R, and X, the voltage regulation of the transformer can be determined at any
load and power factor.

2.36 Back-to-back Test

(Sumpner’s Test or Regenerative Test)
Although efficiency and regulation of a transformer can be determined by performing open circuit and
short circuit test but to test temperature rise, it is necessary to conduct a full-load test on a transformer.
For small transformers, full-load test can be conveniently conducted, but for large transformers
full-load test is very difficult. A suitable load to absorb full-load power of a large transformer may
not be easily available. It will also be very expensive as a large amount of energy will be wasted in
the load during the test. Therefore, large transformers can be tested for determining the maximum
temperature rise by back-to-back test. This test is also called the Regenerative test or Sumpner’s test.
The back-to-back test on single-phase transformers requires two identical transformers. Fig. 2.53,
shows the circuit diagram for the back-to-back test on two identical single-phase transformers T,
and T, . The primary windings of the two transformers are connected in parallel and supplied at
rated voltage and rated frequency. A voltmeter, an ammeter and a wattmeter are connected to the
input side as shown in Fig. 2.53.

21, 2P,=2P,
° ) — o
Rated W, : :
supply I I
voltage : :
o— 44— ——— J' ______ : o
L____1 L1
[1]1]] [11]]
TRI
[[1]]]] [11]]]]
L] D
A B C
(V)
2
Regulating o S
transformer

Fig. 2.53 Back-to-back test on two identical single-phase transformers

The secondary windings are connected in series with their polarities in phase opposition, which
can be checked by the voltmeter V,. The range of this voltmeter should be double the rated voltage of
either transformer secondary. In order to check that the secondary windings are connected in series
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opposition, any two terminals (say B and C) are joined together and the voltage is measured between
the remaining terminals A and D. If the voltmeter V, reads zero, the two secondary windings are in
series opposition and terminals A and D are used for test. If the voltmeter reads a value approximately
equal to twice the rated secondary voltage of either transformer, then the secondary windings are
acting in the same direction. Then terminals A and C are joined and the terminals B and D are used
for the test.

If the primary circuit is now closed, the total voltage across the two secondary windings in series
will be zero. There will be no current in the secondary windings. The transformers will behave as
if their secondary windings are open circuited. Hence, the reading of wattmeter W, gives the iron
losses of both the transformers.

A small voltage is injected in the secondary circuit by a regulating transformer T, excited by the
main supply. The magnitude of the injected voltage is adjusted till the ammeter A, reads full-load
secondary current. The secondary current produces full-load current to flow through the primary
windings. This current will follow a circulatory path through the main bus-bars as shown by dotted
line in Fig. 2.53. The reading of wattmeter W, will not be affected by this current. Thus, wattmeter
W, gives the full-load copper losses of the two transformers.

The ammeter A, gives total no-load current of the two transformers. Thus, in this method we
have loaded the two transformers to full load but the power taken from the supply is that necessary
to supply the losses of both transformers.

The temperature rise of the transformers can be determined by operating these transformers back-
to-back for a long time, say 48 hour, and measuring the temperature of the oil at periodic intervals
of time, say every one hour.

Example 2.46
Open-circuit, and short-circuit tests were conducted on a 50 kVA, 6 360/240 V, 50 Hz, single-phase

transformer in order to find its efficiency. The observations during these tests are:

O.C. test: Voltage across primary winding = 6 360 V; Primary current = 1.0 A, and Power input
=2 kW.

S.C. test:  Voltage across primary = 180 V; Current in secondary winding = 175 A, and Power
input = 2 kW.

Calculate the efficiency of the transformer, when supplying full-load at p.f. of 0.8 lagging.

Solution:

: _ L, 50%1000 _
O.C. test: W.=2000W; Iz(ﬂ) = 40 =208.33 A
S.C. test: Lo =175 A; W =2000 W

2
I 2
. Culoss at full-load, P = W.| =Y | = 2000 (M) —2833W
e~ Vel T, 175

50 x 10° x 0.8 x 100%
50 x 10° x 0.8 + 2 000 + 2 833

Efficiency = =95.33% (Ans.)
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Example 2.47
A 15 kVA, 440/230 V, 50 Hz, single phase transformer gave the following test results:

Open Circuit (LV side) 250V, 1.8A, 95 W.
Short Circuit Test (HV side) 80V, 12.04A, 380 W.

Compute the parameters of the equivalent circuit referred to LV side.
Solution:

Transformer rating = 15 kVA; E = 440V, E,= 230 V; f=50 Hz
Open circuit test (LV side); V, =250 V; I,= 1.8 A; W,= 95 W

Short circuit test (HV side); V, =30V, Il(m) =12 A; W =380 W

(sc)

From open circuit test performed on LV side;

W95 _
I = v =230 038 A
Lug = V12 — 12 = (18 — (038)° = 1.75943 A
iy : _ V250 _
Exciting resistance, R, = 7 =03 " 658 Q
v .
Exciting reactance, X, = IVZ = I 255;) 13 =142 Q
mag i

From short circuit test performed on HV side;

Viso _ 80
Zy= 70 =15 = 66670

R, = — =380 _ 56390
(i)™ (12)

V72— B2, = \(6.667)° — (2.639) = 6.122 ©

ep ep

: e By 230 _
Transformation ratio, K = E, =30 = 0.5227

Transformer resistance and reactance referred to LV (secondary) side;
R, = Rep x K% =2.639 x (0.5227)> = 0.7211 Q
X, = Xep x K?=6.122 x (0.5227)* =2.673 Q

Example 2.48
A 50MVA, 60 Hz single-phase transformer indicates that it has a voltage rating of 8 kV: 78 kV. Open

circuit test and short circuit test gave the following results:
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Open Circuit Test: 8 kV, 61.9 A and 136 kW
Short Circuit Test: 650V, 6.25 kA and 103 kW.

Determine the efficiency and voltage regulation if the transformer is operating at rated voltage and
aload of 0.9 p.f. lagging.

Solution:
Here, rating of transformer = 50 MVA = 50 x 10° VA

V, =8kV; V, =78 kV; Load p.f., cos ¢ =0.9 lag
Open circuit (LV side): V=38 kV; I,= 619 A; W, = 136 kW

Short circuit test (LV side): V. .=650V;I, . =6.25kA; W, = 103 kW

1(sc) 1(sc)

From open circuit test, iron losses of the transformer,
Py =W, =136 kW

At rated capacity, full-load current of the transformer on LV side,

Rated capacity _ 50 x 10°

o = 7 g =025 kA

1

Since 1 = 6.25 kA, the short circuit test is performed at full load.

1(se) — I 1)
Full load copper losses, P.=W_ =103 kW

Rated kVA X cos ¢
Rated kVA X cos ¢ + P, in kW + P, inkW

Full-load efficiency, n=

3
= 20 x 10" x 0.9 — 0.9947 = 99.47% (Ans)
50 % 10° x 0.9 + 136 + 103

Considering the data of short circuit test;

Transformer impedance referred to primary,

V,
z, =2 - 60 ___gj040
r Il(sc) 6.25 x 10

Transformer resistance referred to primary,

3
- Me _ 103x10° _ 01650

R =
T (L)' (625%x10°)

Transformer reactance referred primary,

X,, = \/sz -R, = \/(0.104)2 - (0.0165)* =0.10317 Q

Load p.f., cos ¢ =0.9; sin ¢ = sin cos™! 0.9 = 0.4359
E =V - IlRep cos ¢ — IlXep sin ¢
= 8kV —6.25 kA x 0.0165 x 0.9 — 6.25 kA x 0.10317 x 0.4359
= 8-0.0928 — 0.28107 = 7.626 kV
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Vi—E _8-7626
v, 8

% Reg = 0.04675 x 100 = 4.675% (Ans.)

Voltage regulation, Reg = =0.04675 (per unit)

Example 2.49
Determine the percentage efficiency and regulation at full load 0-9 p.f. lagging of a 5 kVA, 220/440

V single phase transformer. When the following test data is obtained. OC. Test — 220V, 2 A, 100 W
on L.V. side; S.C. Test —40 V. 11-4 A, 200 W on H.V. side.

Solution:

From O.C. Test, Iron losses, P, = 100 W;
From S.C. Test, Copper losses, W. = 200 W (at the load at which test is performed)

Full-load current on HV side, I, = kVA x 1000 _ 5 x 1000 _ 11.4A

v, 440

i.e., SC Test is performed at full load since 1

25¢ — 12

Full-load copper loss, P, = W_ =200 W

kVA x 1000 X cos ¢,

KVA X 1000 X cosg, + P + P, 100

Efficiency, n =

_ 5 %1000 x 0.9 _ o1,
= 5X100 x 09 + 100 + 200 ~ 100 =9373% (Ans.
From S.C. Test: R, = —Yauwmeter reading_ _ _200_ _ | 5390
(Ammeter reading) (11.4)
7 Volmeter reading 40 — 35090

es = Ammeter reading ~ (11.4)
= (20 = (R,) = (3509 — (1539 = 31530
Here cos ¢, = 0-9; sin ¢, = sin cos™ 0-9 = 0-4359
E,=V,+L,R, cos ¢, +1,X, sin ¢,
440 + 114 x 1539 x 0-9 + 11-4 x 3-153 x 0-4359 = 471-46 V

>
|

E, =V, 100 = 47146 — 440

%oReg = =5 T 47146

x 100 = 6:67% (Ans.)

Example 2.50
The following data was obtained when O.C. and S.C. tests on a 5 kVA, 230/160 'V, 50 Hz, transformer

were performed.

O.C. test (H.V. side) — 230V, 0-6 A, 80 watt
S.C. test (L.V. side) — 6V, 15 A, 20 watt

Calculate the efficiency of transformer on full load at 0-8 p.f. lagging.
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Solution:
From open circuit test, iron losses, P,= 80W

As short circuit test is performed on L.V. side,

L,.=15A
Full load secondary current, I, = % = 31.25A
Copper losses measured at S.C. test, W_=20W
LY 2
Full load copper losses, P, = [1 2 j W, = (%) x 20 = 86.8W
2sc

Efficiency of transformer at full load 0-8 p.f. lagging
_ kVA x 1000 X cos ¢
= XVA x 1000 x cos¢ + Pi + Pc

_ 5% 1000 x 0.8
5% 1000 x 0.8 + 80 + 86.8

x 100

x 100 =96% (Ans.)

Example 2.51
Following data were obtained on a 20 kVA, 50 Hz, 2000/200 volt distribution transformer

V (Volt) 1 (Amp) Power (Watt)
O.C. Test 200 4 120
S.C. Test 60 10 300

Draw approximate equivalent circuit referred to H.V. side and L.V. side. Also calculate efficiency if
the L.V. side is loaded fully at 0.8 power factor. What is maximum efficiency of the transformer at
power factor and also find percentage load at which the maximum efficiency is obtained.

Solution:
Here, Rating of transformer = 20 kVA; f= 50 Hz; V,= 2000 V; V,= 200V

Open circuit test is performed at rated voltage, therefore, as per data given, it is performed on LV
side i.e., secondary side

V, =200 V; [, =4A; W,=120 W
Iron loss, P, = W, =120 W

W,
Wattful component, I, = o _ 120 _ 0.6 A

V, 200

Magnetising component, I, \/ ;-1 = \/ (4)* - (0.6)> =3.955 A

8

V.
Exciting resistance, R, = 1—2 = % =33333Q
w :
.. V200 _
Exciting reactance, X, = 7 3055 = 50.57 Q

mag
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Short circuit test is performed at reduced voltage and almost at full-load current, therefore, as per
data given, it is performed on HV side i.e., primary side.

Vige =60 Vi I =10 A; W, =300 W
_ kVAx 1000 _ 20 x 1000 _
Tiso = vV =500 104

The test is performed at full-load.

Copper losses at full-load, P, = W, =300 W

Vise) _ 60
& Il(sc) N E =oQ

W,
R - 300 _

ep (I](SC))Z = (10)? =

V22, - R =6} - (37 =520

V.
Transformation ratio, K = VT = % =0.1

cp

Exciting resistance and reactance refused to HV side

R
Ry = 20 =33333 _ 333339
K> (0.1

X
X, = =% = 3057 _ 5057 0
K 0.1
When resistance and reactance of transformer windings is referred to LV side
R, =R, X K?=3x(0.1>=0.03Q
X, =X, xK=52x(017=0052Q
The approximate equivalent circuit of the transformer referred to HV side and LV side are drawn
and shown in Figs. 2.54 (a) and (b), respectively. The values of various parameters are mentioned
in the solution.

Y,
W Imag lmag c
Ez_lKE1 R, Xo Iz |::| \Z Ry EX, EFTZ |::|

(a) Referred to secondary side (b) Referred to primary side

Fig. 2.54 Equivalent circuit
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Efficiency of the transformer of full-load, 0.8 power factor,

kVA x 1000 x 0.8
kVA x 1000 X 0.8 + P. + P,

_ 20 x 1000 x 0.8
20 x 1000 x 0.8 + 120 + 300

Condition for maximum efficiency,

% n = x 100

x 100 =97.44% (Ans.)

Copper loss = Iron loss

7’

1" R, =120

©_ [120 _
I, = /0.03 = 63.246 A

Fraction of the load at which the efficiency is maximum.

A 20 x1000
x= Ly = 201000 _ 150 A
L (= 7200
_ 63.246 _
= 93246 _ 63046

_ x X kVA x 1000 x 0.8
Mnax. = X KVA x 1000 x 0.8 +120 + 120 ~ 100

_ 0.63246 x 20 x 1000 x 0.8 %100
0.63246 x 20 x 1000 x 0.8 + 120 + 120

97.68% (Ans.)

Value of max. efficiency,

Example 2.52
Open-circuit and short-circuit tests on a 4 kVA, 200/400 V, 50 Hz, one-phase transformer gave the
following test:

O.C. test: 200V, 1A, 100 W (on L.V. side)
S.C. test: 15V, 10 A, 85 W (with primary short-circuited)

(i) Draw the equivalent circuit referred to primary: (ii) calculate the approximate regulation at the
transformer at 0.8 p.f. lagging, and leading.

Solution:
Transformer rating = 4 kVA; E, =200 V; E, =400V
O.C. test (LV, side): V, =200 V; [, =1 A; W, =100 W

S.C.test (HVside): V, =15V, I,  =10A; W =85W

(sc) 2(sc)

From open-circuit test:
_ W _ 100

_—:—:‘A
e

Lag = \/’3 -1, = \/(1)2 - (0.5 = 0.866 A



Single-Phase Transformers

175

_ Vi 200 _
R, = 7 =05 =400 Q
_ Vo 200 _
Xo= Imag T 0.866 231Q
From short - circuit test:
R,=—e -85 0850
(L))’ (10)
V.
z, =202 -1 _15¢9

@ Dy 10

X, =72 - RS = (157 = (0.85 =1.236 Q

es

_ 400 _
K=300 =2
R
R, =-a =98 _gs0
TR @
X
x, = e 1286 _g310
"k 2

The equivalent circuit referred to primary side is shown in Fig. 2.55.

Iy Ryi= 0.21Q X;=0.31Q

N
o
o
<
Py
<
A
WW

Fig. 2.55 Equivalent circuit

Power factor of the load, cos ¢ = 0.8; sin ¢ = sin cos™' 0.8 =0.6

Full-load secondary current, I, = kVA x 1000 _ 4 x 1000 _ 10 A

E, 400

(i) Percentage regulation (referred to secondary) at:
I,(R, cos ¢ + X, sin¢)x 100
E,
_ 10(0.85 x 0.8 +416(2)36 x 0.6) x 100 — 3.544% (Ans)

10(0.85 % 0.8 _416336 X 0.6) X100 _ 4 1549% (Ans,)

(@) 0.8 p.f. lagging =

(b) 0.8 p.f. leading =
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Example 2.53
When OC Test and SC Test were performed on a 50 kVA transformer the following results were

obtained:

Open circuit tests: Primary voltage 3300V, secondary voltage 415 V, power 430 W

Short circuit test: Primary voltage 124 'V, primary current 15.3 A, primary power 525 W secondary
current full load value.

Calculate:
(a) The efficiency at full-load and at half-load for 0.7 power factor.
(b) The voltage regulation for power factor 0.7: (i) lagging (ii) leading
(c) The secondary terminal voltages corresponding to (i) and (ii).

Solution:

Rating of transformer = 50 kVA; Power factor = 0.7
Open circuit test (primary): V, = 3300 V; V, =415 V; W, =430 W

Short circuit test (primary): V, ., = 124 VI, =153 A; W_=525W

(sc) 1(sc)

Short circuit test is performed at full-load secondary current,
Full-load copper losses, P, = W =525 W
Iron losses, P, =W,= 430 W
When p.f., cos ¢ =0.7

kVA x 1000 X cos ¢
kVA x 1000 X cos ¢ + P, + P,

- 50 x 1000 x 0.7 x 100 = 97.34% (Ans.)

50 x 1000 x 0.7 + 430 + 525
0.5kVA x 1000 X cos ¢
0.5kVA x 1000 x cos¢ + P. + (0.5)* P,

_ 0.5 x50 x 1000 x 0.7 %100

0.5 x 50 x 1000 x 0.7 + 430 + (0.5)> x 525

(@) Full-load efficiency, 1,

Efficiency at half-load, 7,

=96.89% (Ans.)

(b) Transformer impedance referred to primary,

Transformer resistance referred to primary,

W, 525

R, = = =22430Q
P () (153)
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Transformer reactance referred to primary,
_ [ 2
Xy = \Zep — Ry
= J(8.1)> — (2.243)> =7783Q

At 3300 V, primary full-load current,

_ 501000 _
1= 23 = 1515 A

For p.f., cos ¢ = 0.7 lag; sin ¢ = sin cos™' 0.7 = 0.714
E =V - Rep cos ¢p—1I, ch sin ¢
= 3300 - 15.15 x 2.243 x 0.7 — 15.15 x 7.783 x 0.714

= 3300 —-23.787 — 84.189 = 3192 V

V —E _
%R, = 2Ly 100 = 3300 =3192 . 100 =3.27% (Ans)

Vi 3300
For p.f.,, cos ¢ = 0.7 leading; sin ¢ = sin cos™! 0.7 = 0.714
E' =V -1, R,, cos P+1, X sin ¢
= 3300 — 15.15 % 2.243 x 0.7 + 15.15 x 7.783 x 0.714
= 3300 — 23.787 + 84.189 = 3360 V

_V-E

% R,, = -1 x 100 = 339023360, 100 = _1.82% (Ans)

Vi 3300
(c) Secondary terminal voltage at 0.7 p.f. lagging:

415
V2=E2=KXE1WhCI'eK= m

_ 415
3300

Secondary terminal voltage at 0.7 p.f. leading;

x 3192 =402.4V (Ans.)

V= By = KX E| = 2523360 =422.5V (Ans)

Example 2.54
A 10 kVA, 25007250V, single phase transformer gave the following results:

Open circuit Test: 250 V, 0.8 A, 50 W
Short circuit Test: 60V, 3A, 45 W
Determine
(a) Equivalent circuit parameters referred to LV side
(b) The efficiency at full load and 0.8 power factor lagging
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(c) Load (kVA) at which the maximum efficiency occurs
(d) Voltage regulation at rated load and 0.8 pf leading
(e) Secondary terminal voltage at rated load and 0.8 pf lagging.

Solution:

Transformer rating = 10 kVA; E, =2500 V; E, =250 V

As per data, open circuit test is performed on LV side and short circuit test is performed on HV side.
Open circuit test (LV side); V, =250 V; I, =0.8 A; W, =50 W

Short circuit test (HV side); Vl(sc) =60V, II(SC) =3A, W, = 45 W

(a) Open circuit test performed on LV side given;

_ oW 50 _
I,=08A;1, = 7 =350 =02 A

JI2 =12 =08 — (02 = 07746 A

mag

Exciting resistance, R, = ;/—fv = % =1250 Q (Ans.)
Exciting reactance, X, = IV2 =0 2757(31 g = 323 Q (Ans.)
mag .
Short circuit test performed on HV side gives;
|4
w:ﬁ%:%:mg
We 45 _

R = ——~¢ =
T (L)' Q)

X, = |22, - R, =207 - (57 = 1936 ©
Transformation ratio, K = 22 = 250 _ g
' E, ~ 2500

Parameters, when referred to LV side;

es

R =K2><REP=(0.1)2><5=O.OSQ

X =K>x X,= (0.1)> x 19.36 = 0.1936 Q

es

_ 10><1000_4A

(b) Full-load current on HV side, I, W= " as500

2
_ [ L _(4Y _
Copper loss at full-load, P, = 7 x W, = 3 x45 =80 W
1(sc)

Iron loss, P, =W,= 50 W
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Efficiency at full-load, 0.8 p.f. lagging;

kVA x 1000 X cos ¢
kVA x 1000 X cos ¢ + P, + P,

__ 10x1000x08 )
= 10% 1000 x 0.8 + 50 + 80 < 100 =98:4% (Ans.

(c) Fraction of load at which the efficiency is maximum;

_ B [50 _
X = P = \80 = 0.79
Load in kVA at which the efficiency is maximum

= x x rated kVA = 0.79 x 10 = 7.9 kVA (Ans.)
(d) When p.f., cos ¢ = 0.8 leading; sin ¢ = sin cos™' 0.8 = 0.6

;- 10x1000
200 = 7250

V,=E,-LLR, cos ¢+ 1, X, sin ¢
=250 -40 % 0.05 x 0.8 + 40 x 0.1936 x 0.6
=250-1.6 + 4.6464 =253 V

=40 A

E, - _
% Reg = ZE—VZ % 100 = % % 100 =-1.2% (Ans.)
2

(e) When p.f. cos ¢ = 0.8 lagging; sin ¢ = sin cos™ 0.8 = 0.6
V,=E,-L,R, cos ¢—1, X, sin ¢
=250 -40 % 0.05 x 0.8 + 40 x 0.1936 x 0.6
=250 -2.6 — 4.6464 =243.75 V (Ans.)

Section Practice Problems

Numerical Problems

1. Theiron losses of a transformer are 2500 W when operated on 440 V, 50 Hz; these are reduced to 850
W when operated on 220V, 25 Hz. Calculate the eddy current loss at normal frequency and voltage.
(Ans. 1600 W)

2. Theironlosses inatransformer core at normal flux density were 30 W at 30 Hz frequency and these were
changed to 54 W at 50 Hz frequency. Calculate (a) the hysteresis loss and (b) the eddy current loss at 50
Hz. (Ans. 44 W, 10 W)

3. The following test results were obtained for a 250/500 V, single-phase transformer: — Short circuit test
with low voltage winding short circuited; 20 V, 12 A, 100 W; Open circuit test on low voltage side; 250 V,
1A, 30 W. Determine the efficiency of the transformer when the output is 10 A, 500 V at 0-8 p.f. lagging.

(Ans. 96.4%)
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4. A5KVA, 230/110V, 50 c/s transformer gave the following test results; 0.C. test (H.V. side); 230V, 0-6
A, 80 W; S.C. test (L.V. side); 6 V, 15 A, 20 W. Calculate the efficiency of the transformer on full-load at
0-8 p.f. lagging. Also calculate the voltage on the secondary side under full-load conditions at 0-8 p.f.
leading. (Ans. 93-82%, 1174 V)
5. Ab5KkVA, 400/200 V, 50 Hz, I-phase transformer gave the following results:
No-load: 400V, 1 A, 50 W (LV side)
Short-circuit: 12V, 10 A, 40 W (HV side)
Calculate (a) the components of no-load current (b) the efficiency and regulation at full load and power
factor of 0.8 lagging. (Ans. 0.125 A; 0.992 A; 97.8%; 3.13%)
6. A transformer has copper loss of 1.5% and reactance 3.5% when tested on load. Calculate its full-load
regulation at (/) unity power factor (ii) 0.8 p.f. lagging and (iii) 0.8 p.f. leading.
(Ans. 1.56%; 3.32%, —0.83%)
7. A5KVA, 200/400 V 50 Hz single phase transformer gave the following results.
0.C. Test 200V, 0.7A, 60 W Low voltage side
S.C. Test 22V, 120 W, 120W High voltage side
(@) Find the %age regulation when supplying full load at 0.9 p.f. lagging.
(b) Determine the load which gives maximum efficiency and find the value of this efficiency at unity
p.f. (Ans. 3.08%, 4.54 kVA, 97.4%)
Short Answer Type Questions
Q.1. Why short circuit test is performed on high voltage side of transformer?
Ans. For convenience and better results, short circuit test is performed on HV side of a transformer.
Q.2. Why are iron losses or core losses assumed to remain constant in a power transformer from no-
load to full-load?
Ans. The magnetic flux set-up in the core remains the same from no-load to full-load, hence iron losses
remain constant from no-load to full-load.
Q.3. How can iron loss be measured?
Ans. Iron losses can be measured by performing no-load test on a transformer.
Q.4. The percentage leakage impedance of a one-phase 2000 V/100 V, 5 kVA transformer is 2.5. What
voltage should be applied to HV side for carrying out short-circuit test at rated current?
- i _ 5x1000 _
Ans. Rated full-load on HV side, I = 2000 2.5A
Iv4
0 .
Yo Z = v, x 100
_25xZ7
or 2.5 = 2000 x 100
_ 2.5x2000 _
or Z= G5xi00 ~ 209

Applied voltage at short circuit, Vsc<1> =1,Z=25x20=50V
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2.37 Classification of Transformers

The transformers are often classified according to their applications. Following are the important
types of transformers:

@)

(@)

(ii7)

@)

v)

i)

(vii)

Power Transformers: These transformers are used to step up the voltage at the generating
station for transmission purposes and then to step down the voltage at the receiving stations.
These transformers are of large capacity (generally above 500 kVA). These transformers usually
operate at high average load, which would cause continuous capacity copper loss, thus affecting
their efficiency. To have minimum losses during 24 hours, such transformers are designed with
low copper losses.

Distribution Transformers: These transformers are installed at the distribution sub-stations
to step down the voltage. These transformers are continuously energised causing the iron losses
for all the 24 hours, Generally the load on these transformers fluctuate from no-load to full
load during this period. To obtain high efficiency, such transformers are designed with low iron
losses.

Instrument Transformers: To measure high voltages and currents in power system potential
transformer (P.T") and current transformer (C.T.) are used, respectively. The potential transformers
are used to decrease the voltage and current transformers are used to decrease the current up
to measurable value. These are also used with protective devices.

Testing transformers: These transformers are used to step up voltage to a very high value for
carrying out the tests under high voltage, e.g., for testing the dielectric strength of transformer
oil.

Special purpose transformer: The transformers may be designed to serve special purposes,
these may be used with furnaces, rectifiers, welding sets etc.

Auto-transformers: These are single winding transformers used to step down the voltages for
starting of large three-phase squirrel cage induction motors.

Isolation transformer: These transformers are used only to isolate (electrically) the electronic
circuits from the main electrical lines, therefore, their transformation ratio is usually one.

(viii) Impedance matching transformer: These transformers are used at the output stage of the

amplifier for impedance matching to obtain maximum output from the amplifiers.

2.38 Parallel Operation of Transformers

When the primaries and secondaries of the two or more transformers are connected separately to
the same incoming and outgoing lines to share the load, the transformers are said to be connected
in parallel.

The two single-phase transformers A and B are placed in parallel as shown in Fig. 2.56. Here
the primary windings of the two transformers are joined to the supply bus-bars and the secondary
windings are joined to the load through load bus-bars. Under this conditions;

V, = Primary applied voltage

V, = V= Secondary load voltage.
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l/1 Supply side Primary bus-bars
000000000000 \000000000000)
CILLLLEELLLED (OUTUITTTIT00)

[y

\+/2 Load side Secondary bus-bars

v

Fig. 2.56 Parallel operation of two one-phase transformers (circuit diagram)

2.39 Necessity of Parallel Operation

The following are the reasons for which transformers are put in parallel.

@)

(@if)

(iii)

When the load on the transmission lines increases beyond the capacity of the installed
transformer. To overcome this problem one way is to replace the existing transformer with the
new one having larger capacity (this is called augmentation of transformer) and the other way
is to place one more transformer is parallel with the existing one to share the load. The cost of
replacing the transformer is much more than placing another one in parallel with the existing
one.

Hence, it is desirable to place another transformer is parallel when the electrical load on the
existing transformer increases beyond its rated capacity.

Sometimes, the amount of power to be transformed is so high that it is not possible to build a
single unit of that capacity, then we have to place two or more transformers in parallel.
Hence, parallel operation of transformers is necessary when the amount of power to be
transformed is much more than that which can be handled by single unit (transformer).

At the grid sub stations, spare transformers are always necessary to insure the continuity of
supply in case of breakdown. The size of spare transformer depends upon the size of transformers
placed at the grid sub-station. Therefore, it is desirable to place transformers of smaller capacity
in parallel to transform the given load which in turn reduces the size of the spare transformer.

Hence, it is desirable to do parallel operation of transformers if we want to keep the spare
transformer of smaller size.

2.4

0 Conditions for Parallel Operation of One-phase Transformers

The following conditions are to be fulfilled if two or more transformers are to be operated successfully
in parallel to deliver a common load.

@

Both the transformers should have same transformation ratio i.e., the voltage ratings of both
primaries and secondaries must be identical.



Single-Phase Transformers = 183

If this condition is not exactly fulfilled i.e., if the two transformers ‘A’ and ‘B’ have slight
difference in their voltage or transformation ratios, even then parallel operation is possible.
Since the transformation ratios are unequal, primary applied voltage being equal, the induced
emfs in the secondary windings will not be equal. Due to this inequality of induced emfs in the
secondary windings, there will be, even at no-load, some circulating current flowing from one
secondary winding (having higher induced emf) to the other secondary windings (having lower
induced emf). In other words, there will be circulating currents between the secondary windings
and therefore between primary windings also when the secondary terminals are connected in
parallel. The impedance of transformers is small, so that a small percentage voltage difference
may be sufficient to circulate a considerable current and cause additional I R loss. When load is
applied on the secondary side of such a transformer, the unequal loading conditions will occur
due to circulating current. Hence, it may be impossible to take the combined full load kVA output
from the parallel connected group without one of the transformers becoming excessively hot.
For satisfactory parallel operation the circulating current should not exceed 10% of the normal
load current.
(ii) Both the transformers should have the same percentage impedance.

If this condition is not exactly fulfilled, i.e., the impedance triangles at the rated kVA’s are not
identical in shape and size, even then parallel operation will be possible, but the power factors
at which the transformers operate will differ from the power factor of the load. Therefore, in
this case the transformers will not share the load in proportion to their kVA ratings.

(iii) Both the transformers must have the same polarity i.e., both the transformers must be properly
connected with regard to their polarities.
If this condition is not observed, the emfs in the secondary windings of the transformers which
are parallel with incorrect polarity will act together in the local secondary circuits and produce
the effect equivalent to a dead short circuit.

Polarity Check: Referring to Fig. 2.56 we have two transformers A and B with terminals
of unknown polarity. Primary terminals 7, and T, are connected to the primary bus bars as
usual. On the secondary side, one of the terminals of the transformer A is joined temporarily
to a terminal of transformers B and the other terminals of A and B transformers are connected
through the Double range voltmeter i.e., the two secondary windings and the double range
voltage form a closed series circuit. If the double range voltmeter reads zero, when the primary
windings are energised, then the terminal which are temporarily joined are of correct polarity
i.e., like polarity, but if the double range voltmeter reads twice the normal secondary voltage,
these terminals are of incorrect polarity i.e., unlike polarity.

@) In case of 3-phase transformers, the two transformers must have the same phase-sequence i.e.,
the transformers must be properly connected with regard to their phase-sequence.
If this condition is not observed, it will have the same effect as discussed above when the polarity
of two single phase transformers is not the same. Phase-sequence is also checked as discussed
above.

) In case of 3-phase transformers, the two transformers must have the connections so that
there should not be any phase difference between the secondary line voltages i.e., a delta-
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star connected transformer should not be connected with a delta-delta or star-star connected
transformer.

If this condition is not fulfilled, it will cause a heavy circulating current which may damage
the transformers.

2.41 Load Sharing between Two Transformers Connected in Parallel

The load sharing between two transformers connected in parallel depends upon the various conditions
are as discussed below:

() When the two transformers have the same voltage ratios and their impedance voltage
triangles are identical in size and shape.

The condition for which the transformers have the same voltage ratio and impedance voltage
triangles is known ideal condition or ideal case. Let E be the no-load secondary voltage of
each transformer and V the terminal voltage. Figure 2.57 shows the equivalent circuit in which
I, and I, are the currents supplied by the transformers A and B, respectively. / be the total load
current lagging behind the voltage V by an angle ¢. The impedance voltage triangles of the
individual transformers are identical in shape and size and are therefore, represented by a single
triangle VAB with the resistance drop (side VA) parallel to the load current vector OI as shown
in Fig. 2.58. The current /; and /, in the individual transformers are both in phase with the load
current / and are inversely proportional to their respective impedances.

I =1 +1, ...(2.93)
Also 17, =12, ...(2.94)
A
or L %4
I Z
or I = =21,
1 Z, 2
Substituting the value of /, in eq. (i), we get,
- —Z, — —|Z,+Z — z -
I=L=2+L=1|"2—"orl, =="1—xI ..295
Z, Z Z, +2Z,
- - zZ, -
Similarly, I, = =—=xI ...(2.96)
Z +Z,
Multiplying both sides by the common terminal voltage V, we get,
— Zy,  —— . —— Z, ==
I,V = ===V I;Similarly I, V—=—-=-=VI
Z +Z, Z, +Z,
— Z, N
kVA] = =—= xkVA ...(2.97)

Z,+7Z,
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N

and kVA, = =—1— x kVA ..(2.98)
Z, +2,

lo Ry X5
T A LIk
E‘l
o | 0
E, v |©
a
S ;
Fig. 2.57 Circuit diagram of two transformers Fig. 2.58 Phasor diagram of two transformers
connected in parallel operating in parallel (Impedance

voltage triangles are identical)

(@) When the two transformers have the same voltage ratios but different voltage triangles

In this case, no-load voltages of both secondary are equal in magnitude as well as in phase i.e.,
there is no phase difference between E| and E, which will only be possible if the magnetising
currents of the two transformers are not very different from each other or nearly the same. Under
these conditions, both sides of two transformers can be connected in parallel, and no current
will circulate between them on no-load.

Figure 2.59 shows the equivalent circuit diagram when the parallel connected transformers
are sharing the load current /, and it represents two impedances in parallel. The impedance
voltage triangle is now represented by two triangles VAB, VA" B having common hypotenuse
VB as shown in Fig. 2.60. The resistance drop sides of the triangles VA, VA’ are parallel to the
phasors OI, and OI, of the respective secondary currents. The sum of these vectors OI, and
OI, represents the load current OI.

Iy R, X,
— AT
|
I Ry X5 7 X
T P>—A\AA IR

o I !
S

oMo

Y

Fig. 2.59 Circuit diagram of two transformers Fig. 2.60 Phasor diagram of two transformesr
connected in parallel operating in parallel (having different
voltage triangles)
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Z, and Z, = impedances of the two transformers
I,and I, = the currents of the two transformers
I = total load current
V = common terminal voltage.
The total current 7 is given by
P =T 4T,
From the equivalent circuit diagram, it is seen that

E = = E, the common terminal voltage

5]

L Z =1,2,=v ...(2.99)

Since Z, and Z, are in parallel, we have the equivalent impedance Z

11,1
zZ 7 Z
Z=24%
Z +Z,
.. The total combined current
. v(Z, +Z,)
zZ Z,Z,
- Z Z —
or y = —1 2
(Z, + Z,)
R Z Z —
1, Z, = =21
Z, +2Z,
— Z
or I, = =—"1— ...(2.100)
Z +Z,
. _zZ
Similarly I, = == ...(2.101)
Z, +2Z,
Multiplying both sides by the common terminal voltage V , we get,
—_ Z __
LV ==—=XxVI
Z +Z,
» .z
Similarly LV = =—=xVI
Z, +Z,
Let Vx Ix 1073 = kVA, the combined load in kVA.

VxI x 1073 = kVA, load shared by transformer ‘A’ in kVA.
V x I, x 1073 = kVA, load shared by transformer ‘B’ in kVA.
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- 7 _
kVA, = =—2—= x kVA
Z+7,

_ 7 _
kVA, = ——L— x kVA
Z, +7Z,
kVA, _ Z,
kVA, ~ Z,

..(2.102)

..(2.103)

i.e., the load shared by each transformer is inversely proportional to their impedances.

Again from equation (i) or (iii), we get,

J— 1 —

Iy = ——xI
=L+
Z2

or E=Z_1 x1
241
Z1

..(2.104)

...(2.105)

Equation (vi) shows that the load shared by each transformer depends upon the ratio of impedances,
so the unit in which they are measured does not matter.

Note: The expression, derived above are vectorial so that kVA, and kVA, are obtained in magnitude

as well as in direction.

(7ii) When the two transformers have different voltage ratio and different voltage triangles.

In this case, the voltage ratios or transformation ratios of the two transformers are different. It

means, these no-load secondary voltages are unequal.

Let E1, E> be the no-load secondary emfs of the two transformers and Z be the load impedance

across the secondary.

Iy R, X4
W

o Ry X5
T P>\ ALk

o I V
&

Fig. 2.61 Circuit diagram of two transformers
connected in parallel

Fig. 2.62 Phasor diagram of two transformers
operating in parallel having different
voltage ratio and different voltage
triangles.
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The equivalent circuit and vector diagram are also shown in Fig. 2.61 and Fig. 2.62, respectively.

It is seen that even when secondaries are on no-load, there will be some circulating-current in
the secondaries because of inequality in their induced emf’s. This circulating current /¢ is

given by
Ic = (E\ — E2) I (Z1 + Z2) ..(2.106)

As the induced emf’s of the two transformers are equal to the total drops in their respective
circuits.

ie., Ei=1LZ +V; ;Ez =172+ V>
Now Vo =1.Zr =(I1 + 1) Z1 where Z; =load impedance
Ei=NLZ +(L +12)Z; ...(2.107)
Ey = 1Zo + (I + 12)Z, ...(2.108)
Ei—- Ex = 1Z1 - 122> ...(2.109)
7= (E1 — E2) + 122>

Z1

Substituting this value of 1 in equation (iii), we get,

B - L7 +|:(El ~E)+ 17> +72} 7,
Z
I, = 221 - (E1 - E2)Zs _.(2.110)
Z\Z2+ZL(Z1 + Z2)
From the symmetry of the expression, we get
L= B2t —E2)ZL @111

- 2122 +ZL (21 +z2)

The two equations (2.110) and (2.111) then give the values of secondary currents shared by the
two transformers. By the division of transformation ratio i.e., K and by addition (if not negligible)
of the no-load current the primary current may be obtained. Usually E; and E> have the same

phase (as assumed above) but there may be some phase difference between the two due to some
difference of internal connection viz. for the connections in parallel of a star/star and a star/
delta 3-phase transformers.

If Z1 and Z» are small as compared to 71 i.e., when the transformers are not operated near
short-circuit conditions, then equations for I; and 72 can be put in a simpler and more easily

understandable form. Neglecting Z1Z> in comparison with the expression Zr. (Z1 + Z2) we

have

7. _ EIZZ_ +(E1—§2)

I = =—= ...(2.112)
Z1.(Z1+ Z2) VAR VA
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7, =—E2Z1 Ei-E ..(2.113)
ZL(Zy+Z2) Zi+ 2>

The physical interpretation of second term in equations (2.112) and (2.113) is that it represents

the cross-current (circulating current) between the secondaries. The first term shows how the

actual load current divides between the loads. If E; = E> , the ratios of the currents are inversely

as the impedances (Numerical values).

Note: In the above case, it is more convenient to work with Numerical values of impedances
instead of % values.

Example 2.55
Aload of 500 A, at 0-8 power (lagging), at a terminal voltage of 400V is supplied by two transformers

are connected in parallel. The equivalent impedances of the two transformers referred to the
secondary sides are (2 + j3) ohm and (2.5 + j5) ohm, respectively. Calculate the current and kVA
supplied by each transformer and the power factor at which they operate.

Solution:

Here, 7, =2+3=(2) +(3) Ztan_I% = 3.606/56 - 31°
Zi =2:5+4j5= (25 +(5) [an” 2= = 5-59/63 - 44°

7+ 7, =2+/3+2:5+j5=4-5+]8= (45 + (5 {tan”% - 9.17 /60 - 64°

I =1/cos™'0-8=500/-36-87°
—  Z, - 5-59/63.44° . .
I, = Z+Z_2><1 = 517 f60-64°X500£ 36-83° =30-45 /-~ 3407
I, = 3045 A (Ans.)

Power factor, cos ¢, = cos (-34-07°) = 0-8184 lag (Ans.)
_ Z, - 3-606/56-31° . .
=752 = 57 /a0 6 * 3% /—36-87° = 196-45/—41-2

I, = 196:45 (Ans.)
Power factor, cos ¢, = cos (- 41:2°) = 0-75524 lag (Ans.)

Example 2.56
Two single-phase transformers connected in parallel supply a load of 1000 A at 0-8 p.f. lagging. For

each transformer, the secondary emf on open circuit is 3300 V and the total leakage impedances in
terms of the secondary are (0-1 + jO-2) and (0-05 + jO-4) ohm, respectively. Determine the output
current for each transformer and the ratio of the kW output of the two transformers.
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Solution:
Z, =0-1+j0-2=0-2236/63-44°
Z, =0-05+;0-4=0-4031/82-87°
Z,+Zy, =0-1+j0-2+0:05+0-4=0-15+0-6=0-6185/75-96°

Taking secondary terminal voltage as reference vector, the expression of the current is

T = 1000/cos™10.8 = 1000/-36.87°
— _ Z, - 0.4031/82.87° o o oo
N = 525X = Ggigsoraogs X 1004 - 3687° = 65172 - 2996

I, = 6517 A (Ans.)
Power factor, cos ¢, = cos (—29-96°) = 0-866 lagging
A

— 7 - 0-2236/63-44° g0 26t & 40,200
I = Z+Z_2x1_ e Tss e ocs X 1000/-36-87°=361-5/-49-39

I, = 361-5 A (Ans.)
Power factor, cos ¢, = cos (~ 49-39°) = 0-651 lagging

Ratio of the outputs of the two transformers.

kW, _ VI, cos ¢ _ 3300x651-7x0-866
KW, = VI, cos ¢, _ 3300x361-5x0-651 _ 2200 (Ans)

Example 2.57
Two single-phase transformers I and Il rated at 250 kVA, each are connected in parallel on both

sides. Resistance and reactance drops for I and Il are 1% and 6% and 1-2% and 4-8%, respectively.
Calculate the load shared by each and the respective power factors, if the total load is 500 kVA at
0-8 power factor lagging. Their no-load emf’s are equal.

Solution:

Z, = (1 +j6)%; = 6-083/80-54°
Z, = (12 +j4-8)% = 4-948/75-96°
+Zy = (1+]6)% + (12 + j48)% = (22 +j10-8)% = 11-08/78 - 48°

kVA =500/ cos™ 0-8 =500/-36-87°

7z 4 - 96°
KVA = =22 tVA = 2 O8LT5 967 500/ 36.87°=223-3/-39-39°
Z+7, 11-08/78 48

kVA, = 2233 KVA (Ans.)

Power factor, cos ¢, = cos (—3939°) = 0773 lag (Ans.)
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6-083/80-54°

Zl o __ o
kVA, = Z"'Z_z X kVA = 11-03 /78 . 48° x500/-36-87°=274-5/-34-81

kVA, = 274-5 KVA (Ans.)

Power factor, cos ¢, = cos (- 34-81°) = 0-821 lag (Ans.)

Example 2.58

Two single phase transformers are connected in parallel. Both of them are having equal turns and
an impedance of (0.5 + j3) ohm and (0.6 + jI10) ohm with respect to the secondary. Determine how
they will share a total load of 100 kW at power factor 0.8 lagging.

Solution:

Here, Z1 =(0.5+3); Z2 = (0.6 +/ 10)
Load = 100 kW; Power factor, cos ¢ = 0.8 lag

kW _ 100 _
bf. " 0.8 1%

cos ¢ = 0.8; ¢=cos™' 0.8 = 36.87° sin ¢ = sin 36.87° = 0.6

Load in kVA =

kVA = kVA (cos ¢—j sin ¢)

= 125 (0.8 —j 0.6) = (100 — j 75) = 1252 — 36 - 87°
Z1 = (052 +(3)> ZLtan™ % =3.04 £80-54°
Z2 = {0 6) +(10)24tan_1% =10- 018 286 - 67°

Zi+Z> =05+3+06+10=11+,13

Ja 1% +13) ztan—ll% — 1305 /85-16°

2 5 _ 10-018./86 - 67° _2p @0
kVA, = 77 KVA = S e 16 ¥ 12543687

= 95.96 £ -35.36° = 95.96 (0.8155 — j 0.5787) = 78.25 — j 55.54
— 7 ——  3.04 £80-54° e
kVA, = 77 KVA = e ee X 1254 - 3687

=29.14 £-42.49 =29.14 (0.749 —j 0.662) = 21.83 — j19.29
Load shared by transformer—I = 78.25 kW at p.f. 0.8155 lag (Ans.)
Load shared by transformer—II = 21.83 kW at p.f. 0.749 lag (Ans.)

Example 2.59
A transformer ‘A’ having an open circuit emf of 6600 V with impedance (0.3+j3) ohm referred

to secondary is connected in parallel with transformer ‘B’ having an open circuit emf of 6400 V
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with impedance (0.2+j1) ohm referred to secondary side. Calculate the current delivered by each
transformer to a load impedance of (8+j6) ohm.

Solution:
Here E1 = 6600.20° = 6600  jO ; E2 = 6400 £0° = 6400 + jO
Z1=0-3+j3=3-015£84-29°7>=0-2+ jl =1-02478-69°
Zi+Z>=0-3+3+0-24+j1=0-5+j4=4-031.82-87°
7o =8+ j6=10236.87°; I, = L1Z2 T (E1 — E2)Z1
W Zr +Z1(Z1 + Z»)
_ - 6600.20° x 1-02/78 - 69° + (6600 — 6400) £0° x 10./36 - 87°
T 3-015284-29°x1-02278-69° + 10236 - 87 x 4 - 031 /82 - 87°
_ _ 6732478 - 69° + 2000436 - 87°
3-07532162 - 98 + 40 - 31/119 - 74°
(1320 + j6601) + (1600 + j1200) 2920 + ;7801
T (2-94+0-9)+ (=20 + j35)  —22-94+ j35-9
_ 83296469 -48° _ o< 0o
= s sa dps = 19553 21269
I, = 195.53 A (in magnitude) (Ans.)
Similarly I, = 221 (B - Ea)Zs

Z\Zr + 71 (Zl + 22)
6400£0° x 3- 015484 - 29° — (6600 — 6400) £0° x 10 £36 - 87°
42 - 6L — 57 - 42°

_ 1929684 - 29° — 2000£36 - 87°
42 6L —57-42°
_ 1920 + j19200 — 1600 — j1200 320 + ;18000
B 42 - 64 — 57 -42° T 426457 -42°
_ _ 1800388 - 98
42 - 6L — 57 - 42°
I, = 422.6 A (in magnitude) (Ans.)

=422.6 £146.4°

Example 2.60
A 500 kVA transformer is connected in parallel with a 150 kVA transformer and is supplying a load of

750 kVA at 0.8 pf'lagging. Their open circuit voltages are 405 V and 415 V, respectively. Transformer
A has 1% resistance and 5% reactance and transformer B has 1.5% resistance and 4% reactance.
Find (a) cross-current in the secondaries on no-load and (b) the load shared by each transformer.

Solution:

Itis more convenient to work with ohmic impedances and for that purpose, we will convert percentage
values into Numerical values by assuming 400 volt as the terminal voltage (i.e., V, =V, =400V, this
value is arbitrary but this assumption will not introduce appreciable error).



Single-Phase Transformers 193

Now, #xloo —1orR, = IWVW = =% Il:jl)
where, Ly = kVA‘:;llOOO 20021000 1250 A
Ry = $05 X Tam = 00032 Q
Similarly, X, = 105 X 1355 = 001600 Q
Now, for transformers - B, Iz(ﬂ) kVAZ‘Z 1000 = 150;;)5000 =375 A
Ry=152x 300 = 0016 Q: X, = 7= x 390 = 0. 0427 Q2

Zi =0.0032 +;0.016 = 0.0163 £78 - 5°
Z> = 0.016 +j 0.0427 = 0.0456 £69 - 46°

Zi + Z2 = 0.0032+0.016 +0.016 +j0.0427 = 0.0192 + j0.0587 = 0.0618 £71 - 88°

Next step is to calculate load impedance. Let Z, be the load impedance and V, be the terminal
voltage which has been assumed as 400 V.

g (VZ )x 107 = 750£ — 36.87°
Zr
= V2 x107 400 x 400 x 10~
7, = X _ X X
750/ - 36-87° ~ 750/ —36-83
= 0-214 £36-87° = (0- 171+ jO-128) Q
_E,-E,  (405-415 _ o
@ le= 757, =0 0618271 g0 ~ 101847188
®) 7, = E\Z> +(E1 — E2)ZL

Z\Z> + Z1.(Z1 + Z2)
405 x 0-0456 £69 - 46° + (405 — 415) x 0 - 214 £36 - 87°
0-0163£78-5°%x0-0456£69-46°+0-214/36-87°x0-0618£71 - 88°
18 -47/69 - 46° — 2 -14./36 - 87°
0-00074£147 -96° + 0- 013232108 - 75°
6-48+ j17-29-1-712 — j1-284
—0-00063 + jO - 0004 — 0 - 00425 + jO- 0125

_ 4-768+j16-01  16-705.73-41° _ a0
= Z0-00488 + jO- 0129  0-0138Z—69-28° 12102 =37-3°A

Load shared by transformer — A

S, =400 x 1210 x 107 £ —37.3° = 484/ -37.3° kVA (Ans.)
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p.f. = cos ¢ = cos 37.3° = 0.795 lag. (Ans.)
ExZ1 — (E1 — E2)Z1
21722 +Z1.(Z122)
415x0-0163£78 - 5° — (405 — 415) x 0 - 214436 - 87°
0-0138£—-69-28°
_1-348+j6-629 +1-712+ j1-284  3-0607 + j7-913
a 0-0138£ —69-28° ~0-0138£-69-28°

_ 84843268 -85°
0-0138£—-69-28

Load shared by transformers - S,
S, =400 x 615 x 1073 /-42.87° =246/ - 42.87° KVA (Ans.)
p.J. = cos ¢, = cos 42.87° = 0.744 lag (Ans.)

=615£-41-87° A

Section Practice Problems

Numerical Problems

1. Aloadof 1600 kW at 0-8 p.f.is shared by two 1000 kVA transformers having equal turn ratios and connected

in parallel on their primary and secondary side. The full load resistance drop is 1% and reactive drop is

6% in one of the transformers, the corresponding values in the other transformer being 1.5% and 5%.
Calculate the power and power factor at which each transformer is operating.

(Ans. 700 kW, 0.76 lagging, 900 kW, 0.84 lag.)

2. Twosingle-phase transformers supply, in parallel, a secondary load of 1000 A at 0.8 p.f. lagging. For each
transformer, the secondary emf on open-circuit is 3300 V and the total leakage impedance, in terms of
the secondary are (0.1 +j 0.2) and (0.05 +j 0.4) ohm, respectively. Determine the output current for each
transformer and the ratio of the kW output of the two transformers. (Ans. 652 A; 362 A; 2.4: 1)

3. Twotransformers A and B of different ratings but equal voltage ratios share a load of 900 kVA at 0.8 power

factor lagging at 400 V by operating in parallel. Transformer A has a rating of 600kVA, resistive drop of

1% and reactance drop 5%. Transformer B has a rating of 300kVA, resistive drop of 1.5% and reactance
drop of 4%. Calculate the load shared by each transformer and the power factor at which it is working.

(Ans. 564 kVA at pf 0.762 lag; 336 kVA at pf 0.856 lag)

Short Answer Type Questions

Q.1. What is the necessity of parallel operation of transformer?

Ans. (/) When load on the existing transformer increases beyond its rated capacity.
(ify When the power to be transformed is more than the size of single unit.

Q.2. What conditions are required to be fulfilled for parallel operation of transformers?

Ans. (/) Both the transformers should have same transformation ratio.
(i) Both the transformers should have the same percentage impedance.
(iffy In case of one-phase transformers, both the transformers must have same polarity.
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(iv) In case of 3-phase transformers, both the transformers must have same phase sequence.
(v) Incase of 3-phse transformers, the winding connections selected mustbe suchthat there should
not be phase difference between the voltages of twotransformers.

2.42 Auto-transformer

A transformer, in which a part of the winding is common to both the primary and secondary circuits,
is called an auto-transformer. In a two winding transformer, primary and secondary windings are
electrically isolated, but in an auto-transformer the two windings are not electrically isolated rather
a section of the same winding acts as secondary or primary of the transformer.

Construction

The core of an auto-transformer may be rectangular [Fig. 2.63(a)] or circular ring-type [see Fig.
2.64(a)] in shape. A single winding is wound around one or two limbs of the rectangular core as
shown in Fig. 2.63(b) or it is wound over the ring as shown in Fig. 2.64(b). Terminal ‘B’ is taken as a
common point from which one terminal for primary and one terminal of the secondary is taken out.
The second terminal of the secondary is connected to point ‘C’ which may be fixed or movable as
shown in Figs. 2.63(b) and 2.64(b). The number of turns between AB are taken as N, and the number
of turns between BC are taken as N, as shown in Figs. 2.63(c) and 2.64(c). Thus, one section of the
same winding acts as a primary and the other section of the same winding acts as a secondary.
When the number of secondary turns N, is less then the primary turns N, (i.e., N, < N)) as shown
in Fig. 2.63(c) and 64(c), the auto-transformer works as step-down transformer, whereas, it works as
a step-up transformer if number of secondary turns NV, is more than primary turns N, as shown in
Figs. 2.63(d) and 2.64(d).

Rectangular

/ core Rectangular
laminated
core
r= _> _¢_ i |
LA ! ! I
® > . L >
1| !
T I
T I
T I
T C 1
T 1 L
T 1
@ vV, —r— I v, 0
] I a
—t—] I d
——] I
—+— I
—— I
——| I
IR I
U o I t
V I |
/,f’ e I
y
(a) Rectangular core (b) Single-winding placed on core

Contd.
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(c) Circuit of step-down (d) Circuit of step-up auto-transformer

auto-transformer

Fig. 2.63 Single-phase rectangular core auto-transformer.
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(c) Step down auto-transformer

Fig. 2.64 Single-phase, circular core auto-transformer
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(e) Circuit of step-down (1-5 tapings) and
step-up (6th taping) auto-transformer

<
N
Q®or




Single-Phase Transformers 197

The pictorial view of a single-phase auto-transformer used in labs is shown in Figs. 2.64(e and
f). Here, point C is attached to a movable arm which carries a carbon brush. The brush moves over
number of turns wound over a circular laminated core and its position determines the output voltage.

Working

When AC voltage V| is applied to winding AB, an exciting current starts flowing through the full
winding AB if the internal impedance drop is neglected, then the voltage per turn in winding AB is
V|/N, and, therefore, the voltage across BCis (V,/N) N,.

When switch S is closed, a current /, starts flowing through the load and current /, is drawn from
the source. Neglecting losses,

Input power = Output power

or Vi1, cos ¢, = V,I, cos ¢,

(a) Auto-transformer(core & winding) (b) Auto-transformer transformer with load

Fig. 2.65 Circuit for single-phase auto-transformer.

If internal (or leakage) impedance drops and losses are neglected, then

cos ¢ = cos ¢,

Hence VI =V,

V, I, N,

2 - L2 _ K ...(2.114
o i L N e

Here K is less than unity. The expression is identical to a two winding transformer.

Let at any instant the exciting current flows from A to B and it establishes a working mmf directed
vertically upward in the core. When switch S is closed, the current in winding BC must flow from
B to C, in order to create an mmf opposing the exciting or working mmf, as per Lenz’s law. Since
the working mmf in a transformer remains constant at its no-load value, the primary must draw
additional current I from the source, in order to neutralise the effect of current / BC In winding AB,



198  Electrical Machines

I, flows from A to B while in winding BC, I, flows from B to C. Therefore, the current in winding
BCis I, from C to B and I, from B to C. Here the current /, is greater than /, (because V, < V) and
their mmfs. are opposing each other at every instant, therefore,

lye=1L—1,.
mmf of winding AC=1I (N,-N,)=IN,-IN,
=LN,-I|N,=(,-I) N, [~ [,N, =1,N,]
= IycN,

= mmf of winding CB.

It is, therefore, seen that the transformer action takes place between winding, section AC and
winding section BC. In other words, the volt-amperes across winding AC are transferred by transformer
action to the load connected across winding BC.

Power transformed in VA =V, [, .=(V, - V) [,

Total power to be transferred or input power in VA = V|

Transformed Powerin VA (V; = V,) [ v,
i = =l-3=0-K .21
Input power in VA Vi1, v, ( ) (2.115)

Power transformed = (1 — K) x Power input

Out of the input volt-amperes V I, only V, I,.= (V, = V,) I, is transformed to the output by
transformer action. The remaining power in volt-ampere required for the output, are conducted

directly to the secondary from the primary (due to electrical connection).

Power conducted in VA = Total power input in VA — transformed power in VA

Vil = (V= V) I, = VI,

Power conducted in VA _ Y2/,
vy =K 201
Power Input in VA Vi, (2.116)

Power conducted = K x Power input

Hence, Transformed power -k 117
Input power

Conducted power

and =K ...(2.118)
Input power
Considering eqn. (2.4),
Transformed power Vv, V-V,
=1-K=1-—-=—-——=
Input power Vi Vi

Inductively transformed power  High voltage — Low voltage
or = - ...(2.119)
Total power High voltage
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2.43 Auto-transformer vs Potential Divider

At first sight, an auto-transformer appears to be similar to a resistance potential divider. But this is
not so, as described below.

(?) Aresistive potential divider can’t step up the voltage, whereas it is possible in an auto-transformer.
(7)) The potential divider has more losses and is, therefore, less efficient.

(@i) In a potential divider, almost entire power to load flows by conduction, whereas in auto-
transformer, a part of the power is conducted and the rest is transferred to load by transformer
action.

@iv) In a potential divider, the input current, must always be more than the output current, this is
not so in an auto-transformer. If the output voltage in auto-transformer is less than the input
voltage, the load current is more than the input current.

2.44 Saving of Copper in an Auto-transformer

Volume, and hence weight of copper (or aluminium), is proportional to the length and area of
X-section of the conductor. The length of conductor is proportional to number of turns whereas area of
X-section is proportional to the current flowing through it. Hence the weight of copper is proportional
to the product of current and number of turns.

Now, with reference to Fig. 2.66(a), weight of copper required in an auto-transformer.

Wt = weight of Cu in section AC + weight of Cu in section CB

Wta ol (Ny-N,)+U,-I)N, 0l N +I,N, - 2 I N, ...(2.120)
| Iy
% > _\A = A
.
<X
R —
3 Ny — Ny
Y Qc | Y
SN S o
[
(|
L
A
21 [Vol©
ZTIZNH 2
[ |
N 4 ~o- A P
B B
(a) Auto-transformer (b) Ordinary two-winding transformer

Fig. 2.66 Circuits for comparison

If an ordinary two winding transformer is to perform the same duty, then with reference to
Fig. 2.66(b). Total weight of copper required in the ordinary transformer.

Wi, = weight of Cu on its primary + weight of Cu on its secondary.

Wiy I, Ny + 1, N, ..(2.121)
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Now, the ratio of weight of copper in auto-transformer to the weight of copper in an ordinary
transformer,

Wi, Iy Ny+I,N, —2N, I N, +I,N, 21N,
Wi, I,N, +1, N, LN+ L,N, LN +LN,
. 21N, / I, N, -k
LN /LN, +IL,N, /| I,N,
or wr, = (1-K) Wi, .(2.122)

Saving of copper affected by using an auto-transformer
=wt. of cu required in an ordinary transformer — wt. of copper required in an auto-transformer.

= Wi, — Wt,= W, — (1 - K) Wi, = K x Wi,

Saving = K x Wt. of copper required for two winding transformer

Hence, saving in copper increases as the transformation ratio approaches to unity, therefore, auto
transformers are used when K in nearly equal to unity.

2.45 Advantages of Auto-transformer over Two-winding Transformer

1. Quantity of conducting material required is less. The quantity of conducting material required
for an auto-transformer having same rating as that of an ordinary two winding transformer is
only (1 — K) times, i.e., Quantity of conducting material required for auto-transformer = (1 — K)
quantity of conducting material required for an ordinary two winding transformer. Thus, the
cost of auto-transformer is less as compared to two winding transformer of the same rating.

2. Quantity of magnetic material required is less. During designing, the window dimensions are
decided from the consideration of insulation and conductor material. For an auto-transformer, a
reduction in conductor material means lower window area and, therefore, smaller core length is
needed. It shows that for the same core area, the weight of auto-transformer core is less. Hence,
there is further saving in core material. Thus auto-transformer is more economical than a two
winding transformer when K approaches to unity.

3. Operate at higher efficiency. Owing to the reduction in conductor and core materials, the ohmic
losses in conductor and the core loss are lowered. Consequently, an auto-transformer has higher
efficiency than a two-winding transformer of the same rating.

4. Operate at better voltage regulation. Reduction in the conductor material means lower value of
ohmic resistance. A part of the winding being common, leakage flux or the leakage reactance
is less. In other words, an auto-transformer has lower value of leakage impedance and hence
auto-transformer has lower value of leakage impedance and has better voltage regulation than
a two-winding transformer of the same output.

2.46 Disadvantages of Auto-transformers

Although auto-transformers have less cost, better regulation and low losses as compared to ordinary
two winding transformer of same rating. But still they are not widely used due to one major
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disadvantage that the secondary winding is not insulated from the primary. If an auto transformer
is used to supply low voltage from a high voltage and there is a break in the secondary winding, full
primary voltage comes across the secondary terminals which may be dangerous to the operator
and equipment (load). Therefore, it is advisable not to use an auto transformer for interconnecting
high voltage and low voltage system. Their use is only limited to the places where slight variation of
output voltage from the input voltage is required. The other disadvantages are;

e The effective per-unit impedance of an autotransformer is smaller compared to a two-winding
transformer. The reduced internal impedance results in a larger short-circuit (fault) current.

e In an autotransformer there is a loss of isolation between input and output circuits. This is
particularly important in three-phase transformers where one may wish to use a different
winding and earthing arrangement on each side of the transformer.

2.47 Phasor Diagram of an Auto-transformer

Considering a step-down auto-transformer shown in Fig. 2.67.

N>

z
iy
AN~~~ AA~A~A~AA~AA~AA~A

(a) (b)
Fig. 2.67(a,b) Circuit for auto-transformer

Let  V, =applied voltage, acting downwards (from A to B)
I, = supplied current flows through winding AB (A to B)
I, =load current which also flows through section BC (B to C)
I, — I, =resultant current in section BC (B to C)
¢ = flux produced in the core linking with winding.

An emf is induced in both the sections of the winding i.e., E, and E, . which act in opposite
direction to the applied voltage to balance it.

The phasor diagram of an auto-transformer is shown in Fig. 2.67(c), where V,, is the voltage applied
across the load represented by phasor OA. Let the load is inductive, then current drawn by the load
I, lags behind the voltage phasor V, by an angle ¢, (where ¢, = cos~! pf of load).
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¥ Esc
E

Fig. 2.67(c) Phasor diagram of an auto-transformer

Current in section BC.
I
Lje=1L -1, =1, (1 - ij =1,(1-K) ..(2.123)

where K is transformation ratio.

This current /. is represented by phasor OC. There is a voltage drop in the resistance and reactance
of the winding section BC. To represent these drops, draw a line parallel to line OC from A and take
AD =1, (1 - K) R,. Draw a perpendicular from D on OC so that DE = I,(1 — K) X,. Triangle ADE
represents the voltage drop in the impedance of winding section BC. Here, OF represents the emf
induced in the winding section BC i.e., Ep .

The induced emf in section CA,

E., = Epc (%) in phase with E, . (vector OF)

Draw this vector to the other side i.e., OG = OF, hence OG = -E.,
Draw the vector OH = I, = — K1, by producing line BO to H. Draw impedance drop triangle GJK
for the section CA, where GJ = I|R, (parallel to 1)) and JK = I, X, (perpendicular to /,)
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Here, phasor OK =V, . i.e., phasor sum of emf OG and impedance drop GK.
Finally, v, is the phasor sum of Vie and Veg ie.,

V=Vt V=V V, L2.124)

2.48 Equivalent Circuit of an Auto-transformer

While drawing equivalent circuit of an auto-transformer, it may be considered as a two winding
transformer. Where one section AC of its winding can be taken as its primary having voltage V, .
and current /; and the other section CB can be taken as its secondary having output voltage V, and

current I2 - Il.

2

<
R
Py
o
AA
VYW

Q®or

Fig. 2.68 Equivalent circuit of an auto-transformer

. 1 I I /1 K
Currentratio = -4¢ = —L _ = _—1- 2 ...(2.125)
Iye L—1, 1-1L/L, 1-K

)
1-K
ECB_ N, N, I'N, K

- - = L2012
E, N-N, 1-N,/N, 1-K (2.126)

Hence, the ratio of currents in sections of winding is (

Ratio of induced emfs =

The equation (2.125) and (2.126) reveal that the auto-transformer with a turn ratio of K is equivalent

in its transformation to the ordinary transformer with a ratio of I K

An approximate equivalent circuit of an auto-transformer is shown in Fig. 2.68.

2.49 Simplified Equivalent Circuit of an Auto-transformer

An auto-transformer, shown in Fig. 2.69(a), may be considered as a two-winding transformer with
winding of section AC of (N, — N,) turns acting as primary and the winding of section BC of N,
turns acting as secondary. Thus, an auto-transformer behaves as a two-winding transformer primary
applied voltage across AC is V, -and primary current is /;. The secondary output voltage is V, and
the secondary winding current is (7, - 1,). For given auto-transformer, its equivalent circuit as a two-
winding transformer is shown in Fig. 2.69(b).
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Fig. 2.69 Auto-transformer and its equivalent circuit

Neglecting exciting current, the auto-transformer can be analysed as a two-winding transformer
as shown in Fig. 2.69(b).

Let, Primary winding impedance, Zac = R, +jX,
Secondary winding impedance, Zpc = R, +jX,
Primary current, lac = 1

Referring all the parameters on the primary side

2 2
-N _
R, =R +R,= R +R, (NIN—QZJ =R +R, (1TK) ..(2.127)

2 2
’ Nl _NZ 1-K
X, =X, +X,= X, + X, (N—z) =X, +X, (T ..(2.128)

Secondary voltage referred to primary side

N, - N 1-K
(M = (1

V',

Vac = % ; + leep

=158 5 o 15 )

V=V, (% - 1) +1 (R, + jX,,) ..(2.129)

From Fig. 2.68(a), it reveals that
Vi=Viet+V,

v
_v, (%_ 1) H1 R,y + X)) + Vo = 2+ 1) (R, + X)) . (2130)
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| i l

(c) (d)
Fig. 2.69 Simplified equivalent circuit of an auto-transformer
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WW<

The equivalent circuit of an auto-transformer is shown in Fig. 2.69(c) where exciting circuit is
not considered. If exciting resistance and reactance is considered, then its equivalent circuit will be
as shown in Fig. 2.69(d).

In Fig. 2.69(a), if input voltage is applied across BC and the load is connected across AB, then the
transformer acts as a step-up auto-transformer.

2.50 Conversion of a Two-winding Transformer to an Auto-transformer

A conventional two-winding transformer with its polarity markings is shown in Fig. 2.70(a). It can
be converted to a step-up autotransformer by connecting the two windings electrically in series with
additive or subtractive polarities. With additive polarity between the high-voltage and low-voltage
sides, a step-up transformer is obtained. Whereas, with subtractive polarity a step-down transformer
is obtained.

Let us consider a conventional 24 kVA, 2500/250 V transformer to be connected in autotransformer
configuration.

Additive Polarity

Figure 2.70(b) shows the series connections of the windings with additive polarity. The circuit is
redrawn in Fig. 2.70(c) showing common terminal of the autotransformer at the top. Figure 2.70(d)
shows the same circuit with common terminal at the bottom. Since the polarity is additive, V,,,, =
2500+250 = 2750 V and V,,, = 2500 V, the transformer acts as a step-up autotransformer.

Subtractive Polarity

Figure 2.70(e) shows the series connections of the windings with subtractive polarity. The circuit is
redrawn in Fig. 2.70(f) with common terminal at the top. Figure 2.70(g) shows the same circuit with
common terminal at the bottom. Since the polarity is subtractive V,,,,=2500 V and V,,,= 2500 - 250
= 2250V, the transformer acts as a step-down autotransformer.
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Fig. 2.70 Various electrical connections to form an auto-transformer.
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2.51 Comparison of Characteristics of Auto-transformers and
Two-winding Transformers

An auto-transformer can be considered as a two-winding transformer with winding AC as primary
and winding BC as the secondary. Ratings and characteristics of auto-transformers and two-winding
transformers so obtained, differ as discussed below:

({) Ratings. It is seen that winding AC acts as the primary and winding BC as the secondary of a
two-winding transformer, then considering input side;

kVA rating as an auto-transformer
kVA rating as a two-winding transformer

Primary input voltage V; X Primary input current /,
Primary voltage across winding AC X Primary current in winding AC

Vil 1 1

T V=Wl 1=(L V) 1-K

kVA rating as an auto-transformer VW, /,
kVA rating as a two-winding transfer ~ V, (I, — I,)

_ 1 1
T (A-1,/1) 1-K

Considering output side;

..(2.131)

(i) Losses. When a two-winding transformer is connected as an auto-transformer, the current in
different sections and voltages across them remain unchanged. Therefore, losses when working
as an auto-transformer are the same as the losses in a two-winding transformer. Per unit losses,
however, differ.

Per unit full-load losses as auto-transformer
Per unit full-load losses as two-winding transformer

_ Full-load losses y kVA rating as two-winding transformer
~ kVA rating as auto-transformer Full-load losses

=(1-K) ..(2.132)

(7ii) Impedance drop. When a two-winding transformer is used as an auto-transformer, both LV
and HV windings are utilised completely. In addition, current and voltage ratings of each
winding section remain unaltered. Therefore, impedance drop at full load is the same in both
the transformers. Their per unit values are, however, different. When referred to HV side, per
unit impedance drop as an auto-transformer is with respect to voltage V, and for a two-winding
transformer, it is with respect to (V, - V,) =V, (1 - K).

Per unit impedance drop as an auto-transformer _ LZ 1V, -V
Per unit impedance drop as a two-winding transformer ~ 1,Z, / (V, = V,)

=(1-K)

When impedance drop is referred to LV side, the winding currentis (/, - 1,) as an auto-transformer
and I, as a two-winding transformer.
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Per unit impedance drop as an auto-transformer L =1)Zy 1Y,
Per unit impedance drop as a two-winding transformer 1,72, 1V,
I, -1
=2 Ll=-(1-K) ..2133)

I,
(iv) Voltage regulation. Regulation in transformers is proportional to per unit impedance drop.

Regulation as an auto-transformer
Regulation as a two winding transformer

=(1-K) .(2.134)

(») Short-circuit current. Per unit short-circuit current is reciprocal of per unit impedance drop.

Per unit short-circuit current as an auto-transformer  _ _ 1 2.135)
Per unit short-circuit current as two winding transformer 1 - K B

The value of K used in the above relations, is less than one. In general, for using these relations,
the value of K for step-down or step-up auto-transformers is K = LV/HV.

2.52 Applications of Auto-transformers

1. Single-phase and 3-phase auto-transformers are employed for obtaining variable output voltages
at the output. When used as variable ratio auto-transformers, these are known by their trade
names, such as variac, dimmerstat, autostat etc.

Toroidal core
and winding

A

Output

¥

Input

Fig. 2.71 Auto-transformer as a variac

A variable ratio auto-transformer (or variac) has a toroidal core and toroidal winding. A sliding
contact with the winding is made by carbon brush, as shown in Fig. 2.71 and Fig. 2.64(f). The
position of the sliding contact can be varied by a hand-wheel which changes output voltage.
These are mostly used in laboratories.

2. Auto-transformers are also used as boosters for raising the voltage in an AC feeder.

3. As furnace transformers, for getting a convenient supply to suit the furnace winding from
normal 230 V AC supply

4. Auto-transformers with a number of tappings are used for starting induction motors and
synchronous motors. When auto-transformers are used for this purpose, these are known as
auto-starters.
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Example 2.61

Determine the core area, the number of turn, and the position of the tapping point for a 500 kVA,
50 Hz single phase, 6600/5000 volt auto-transformer, assuming the following approximate values:
emf per turn 8 volt, maximum flux density 1.3 tesla.

Solution:
We know E=444fB, AN c
E _
or N - 444fB A,
or 8=444x50x L.3xA, N2=625 5000 v
or A = 8 =0-02772 m?> &
I 4-44%x50x%x1-3
= 277.2 cm? (Ans.) Fig. 2.72 Circuit diagram.
Turns on the primary side, N, = 66% =825
Turns on the secondary side N, = % =625

Hence tapping should be 200 turns from high voltage end or 625 turns from the common end as
shown in Fig. 2.72.

Example 2.62
An auto-transformer having 1500 turns is connected across a 500 V AC supply. What secondary

voltage will be obtained if a tap is taken at 900th turn.

Solution:

Supply voltage, V, =500V
Total turns, N, = 1500

Secondary turns, N, = 900

_ Vi _ 500 _1
Voltage per turn = N, T 1500 3V

Secondary voltage, V, = Voltage per turn X N, = % x 900 =300V (Ans.)

Example 2.63

An auto-transformer supplies a load of 10 kW at 250 V and at unity power factor. If the primary
voltage is 500V, determine.

(a) transformation ratio (b) secondary current (c) primary current (d) number of turns across
secondary if total number of turns is 500 (e) power transformed and (f) power conducted directly
from the supply mains to load.
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Solution:

ion ratio. K = V2 = 250 _
(a) Transformation ratio, K = v =500 =0.5 (Ans.)

(b) Secondary current, I, = kW x 1000 _ 10 x 1000 _ 40 A (Ans.)

V, cos ¢ 250 x 1

(c) Primary current, I, = KI, = 0.5 x 40 =20 A (Ans.)

(d) Turns across secondary, N, = KN, = 0.5 x 500 = 250 (Ans.)

(e) Power transformed = Load x (I — K) = 10(1 — 0.5) = 5 kW (Ans.)

(f) Power conducted directly from supply mains = 10 — 5 =5 kW (Ans.)

Example 2.64
A 400/100V, 5 kVA, two-winding transformer is to be used as an autotransformer to supply power

at 400 V from 500 V source. Draw the connection diagram and determine the kVA output of the
autotransformer.

Solution:

5x1000 _

For a two-winding transformer V|1, = kVA x 1000 or I, = 10 - 12-5 A

VL, = kVAx 1000 or 1, = 22X 1900 = 50 A

Figure 2.73 shows the use of two-winding transformer
as an autotransformer to supply power at 400 V from a
500 V source.

Here V; =500V, V, =400V
V'4=500 V

V2 —@:O-S
Vi

Transformation ratio, K=-—==
500

I, =Kx I, =081,
o di Fig. 2.73 Circuitdi
Current through 400 V winding, 19 Ircuit diagram

’

Ije=1,-1,=1,-0-81,=0-21,
Since the current rating of 400 V winding is 12.5 A

0-21, = 12.50r I, =25 -654

Valy _ 400x62-5

The kVA output of the autotransformer = 1000 1000

=25 (Ans.)

Example 2.65
The primary and secondary voltages of an auto-transformer are 250 V and 200 V, respectively.

Show with the aid of a diagram the current distribution in the windings when the secondary current
is 100 A and calculate the economy of copper in this particular case (in percentage).
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Solution: 1,=80 A
v 3 P—\A
=
Transformation voltage, K = = =
[
1 S L=tooa
_200 g L =
250 | S
Secondary load current, I,=100 A V4=250V E T 200V
. S)20A
Primary current, I, = KI, = 0.8 x 100 =80 A Q l
O
B

The current distribution is shown in Fig. 2.65
Fig. 2.74 Circuit diagram

Economy in copper = K = 0.8 or 80% (Ans.)

Example 2.66
A 1250072500 V transformer is rated at 100 kVA as a two-winding transformer. If the winding are

connected in series to form an autotransformer, what will be the possible voltage ratios and output?
Also calculate the saving in conductor material.

Solution:
.. 100 x 1000 _
Rated current for HV winding = 2500 - 8 A
Rated current for LV winding = W =40A

It is to be noted that if the windings of the two-winding transformer are connected in series to
form an autotransformer, the current in the two windings should not exceed their rated values.

To form an autotransformer, the two-windings may be connected in the following two ways:
(@) First Configuration
The winding AC is for 2500 V and winding BC for 12500 V as shown in Fig. 2.75(a)
Here, Vic=2500V, V,.=12500 V
V,=V,c+ Vp=2500 + 12500 = 15000 V
V, = V. =12500 V

Therefore, the voltage ratio for the autotransformer of Fig. 2.75(a) is

Vy _ 12500 _ 5

= Vl = 15000 = 6 =0.833 (Ans)
By KCL at point C L=1+1,,=40+8=48 A
The current distribution is shown in Fig. 2.75(a).
kVA rating of 15000/12500 V autotransformer
V,1
= 222 - 1250048 _ 600 kyA (4ns)

T 1000 1000
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Vil; _ 15000 x 40

or =00 = 1000 =600 kVA (Ans)
Saving in conductor material
K= % — 08333 pu = 83.3 per cent (Ans.)

12500 V

V, = 15000 V ,
V', = 15000 V

Vac 2500 V
=12500 V
C A O A
B B
(a) One type of connections (b) Other type of connections

Fig. 2.75 Electric circuit of an auto-transformer with different configurations

(b) Second Configuration

Here the winding AC is for 12500 V and BC for 2500 V, as shown in Fig. 2.75(b). Therefore V, . =
12500 V, V. =2500 V

V, = V,o+ Vye= 12500 + 2500 = 15000 V

V, = V. =2500 V

_ V_2’ _ 2500 _ 1 _
K, = V, = 15000 — 6 =0.167 (Ans.)
1

By KCLatpointC, I, =1,,+1,-=8+40=48 A

The current distribution is shown in Fig. 2.75(b).
kVA rating of 15000/2500 V autotransformer

_ V2l _ 2500 x 48
1000 1000

_ Vil, _ 15000 x 8
1000~ 1000

=l:
6

=120 kVA (Ans)

or =120 kVA

Saving in conductor material = K, 0-167 pu =16.7% (Ans.)
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Example 2.67
A load of 100 kVA is to be supplied at 500 volt from 2500 V supply mains by an auto-transformer.

Determine the current and voltage rating for each of the two windings. What would be the kVA
rating of the transformer, if it were used as a two winding transformer.
Solution:
Load to be supplied = 100 kVA
Secondary voltage, V, = 500 V
Primary voltage, V, = 2500 V

Load current, I, = kVA x 1000 = 100 X 1000 _ 200 A (Ans)

v, 500

Assuming input equal to output (i.e., neglecting losses)

kVA x 1000 _ 100 x 1000

Input current, /; = v, 2500

=40 A (Ans.)

The voltage across winding BC is 500 volt and current flowing through it is phasor difference
of currents /, and /,. Neglecting no-load current, phasor difference of currents /; and I, is equal to
numerical difference of two currents /, and 7, and therefore current flowing through winding BC is
200 — 40 = 160 A, refer Fig. 2.3

Hence voltage rating of winding BC = 500 V (Ans.)
Current rating of winding BC = 200 A (Ans.)

Although voltage across winding AC is not necessarily in phase with the voltage across CB. However
the angle between the two voltages is usually so small that the voltages are added numerically.

Voltage across winding, AC = 2500 — 500 = 2000 V
Current flowing through the winding ACis /| i.e., 40 A
Hence voltage rating of winding AC = 200 volt (Ans.)

Current rating of winding AC = 40 A (Ans.)
The auto-transformer, when connected as two winding transformer;

The permissible voltage input = 2000 V

Permissible voltage output = 500 V

The rating of transformer as a two winding transformer

Permissible voltage output X permissible current output
1000

_ 500 x 160

1000 - 80 kVA (Ans.)

Example 2.68
An auto-transformer is required to boost the voltage of a 500 kVA line from 3100 volt to 3300 volt.

Calculate the current in the winding and the kVA rating of the two winding transformer to which
it would be equivalent.



214 Electrical Machines

Solution:
Primary winding voltage = 3100 volt
Secondary winding voltage = 3300 — 3100 = 200 volt

The input current = 500 x 1000 _ 161.29 A (Ans.)
3100
_ 500 x 1000 _
and output current = 3300 - 151.51 A (Ans.)

Current in the primary = 161.29 — 151.51 = 9.78 A (Ans.)
and the current in the secondary winding = 151.51 A

The kVA of the equivalent two winding transformer

_ 3100\ _
= 500(1 —3300) =30.3 KVA (Ans.)

Example 2.69
A 25 kVA, 2500/250 V, two-winding transformer is to be used as a step-up autotransformer with

constant source voltage of 2500 V. At full load of unity power factor, calculate the power output,
power transformed and power conducted. If the efficiency of the two-winding transformer at 0.8
power factor is 95 per cent, find the efficiency of the autotransformer.

Solution:
Rated current of 2500 V winding, / v = % =10A
Rated current of 250 V winding, [, , = % =100 A

With the polarities shown in Fig. 2.76, the output voltage,
= 2500 + 250 = 2750 V
By KCL at point C, the input line current, /,= 100 + 10 = 110 A.

The current distribution is shown in Fig. 2.76

Output current of autotransformer, I, =100 A.

kVA rating of autotransformer = W =275 kVA
Considering input side;
or kVA rating of autotransformer = % =275 kVA

Power output at full load, unity power factor
= kVA cos ¢ =275 x 1 =275 kVA (Ans.)

Here winding BC acts as the primary and the winding AC as the secondary.
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Lz=1OOA
= A
250V
I2
C
L
2750V | ©
a
d
2500 V
10gA v
Fig. 2.76 Circuit diagram.
kVA transformed = Vaclac _ 250 x100 _ 25 kVA
1000 1000
_ Veelpe 2500 x10 _
Also, kVA transformed = 1000 = 1000 - 25 kVA

Power transformed = kVA cos ¢ =25 x 1 = 25 kW (Ans.)
Veclas _ 2500 x 100
1000 1000
Alternatively kVA conducted = input kVA — transformed kVA
=275 -25=250kVA
Power conducted = kVA cos ¢ =250 x 1 =250 kW (Ans.)

kVA conducted = = 250 kVA

Calculation of efficiency

output

output
output + losses

For two winding transform: Efficiency, n7 = or output + losses =

losses = (% - 1) X output

Output of two-winding transformer = 250 x 100 x 0.8 =2000 W

Losses in a two-winding transformer = (ﬁ -1

Since autotransformer operates at rated voltages and rated currents, losses in autotransformer

x 2000 =1052-6 W

= losses in two-winding transformer

=1052.6 W
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. B Output _ 275 %1000 %0 -8
Efficiency of auto-transformer s = Output + losses 275 x 1000 x 0 - 8 + 1052 - 6

= 0.9952 pu = 99.52% (Ans.)

Example 2.70
A 200 kVA, 2500/500 V, 50 Hz, two-winding transformer is to be used as an auto-transformer to

step-up the voltage from 2500 V to 3000 V. If the transformer has an efficiency of 96% at 0.8 pf
lagging, impedance of 4% and regulation of 3%, determine (i) voltage and current ratings of each
side (ii) kVA rating (iii) efficiency at unity power factor (iv) percentage impedance (v) regulation,
(vi) short-circuit current of each side (vii) kVA transformed and kVA conducted at full load, while
it is used as an auto-transformer.

Solution:
Rated voltage of the auto-transformer on LV side = 2500 V

Rated voltage of the auto-transformer on HV side = 2500 + 500 = 3000 (Ans.)

Rated current of HV winding, 1, = % =80 A
Rated current of LV winding [, , = w =400 A

Rated current of HV side of the auto-transformer
= Rated current 500 V side of the two-winding transformer
=400 A (Ans.)

Applying KCL at point C, input line current, /; = 400 + 80 = 480 A (Ans.)

The current distribution is shown in Fig. 2.77

1,=400 A
/X

3000 V

o mOor

2500V

Fig. 2.77 Circuit diagram
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(@)

(iii)

(@iv)

v

O

vi)

3000 x 400
1000

LV side voltage _ 2500

kVA rating of the auto-transformer = = 1200 kVA (Ans.)

Transformation ratio, K = HY side voltage = 3000 = 0-833
Power output of two-winding transformer at 0.8 pf lagging
=200 x 0.8 = 160 kW
_ _Output _ 160 _
Full-load losses = Efficiency output = 0-96 160 = 6 - 667 kW

Since the auto-transformer operates at rated voltages and rated currents, the losses remain
constant i.e., losses of autotransformer = 6.667 kW

Efficiency of auto-transformer for an output of 1200 x 1 kW is

Output

_ _ 1200
= Output + Losses 100

= 1300 £ 6 667 < 100 =99.45% (Ans.)
Percent impedance of two-winding transformer = 4%

The ohmic drop at full load is the same in both cases. If the impedance drop is referred to
HYV side of the auto-transformer (see Fig. 2.77), the pu (per unit) or percent drop in the auto-
transformer is with respect to V, while that in the two-winding transformer it is with respect to

Vi-V,=V,(1-K)
If the impedance drop is referred to LV side of the auto-transformer, then the winding current is
L1, =1,1-K),

So the impedance drop with respect to /, is to be reduced by (I — K) times in the case of an
auto-transformer.

Therefore pu or percent impedance drop in an auto-transformer
= (1 — K) x pu or percent impedance drop as a two-winding transformer
=(1-0.833) x4 =0.667% (Ans.)
As regulation is proportional to pu or percent impedance drop,
So regulation as an auto-transformer = (1 — K) x regulation as a two-winding transformer
=(1-0.833) x3=0.5% (Ans.)
Short-circuit current as an auto-transformer

_ 1
~ pu impedance of the auto-transformer

1

= 0.00667 VP
So short-circuit current on HV side = % =60 kA (Ans.)
Short-circuit current on LV side = 150 x 480 _ 72 KA (Ans.)

1000
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(vi) Here winding BC acts as the primary and the winding AC as the secondary

_ 80 x2500 400 x 500 _
So kVA transformed = 1000 or 1000 - 200 kVA (Ans.)

kVA conducted = 1200 — 200 = 1000 kVA (Ans.)

Example 2.71

Determine the values of the currents flowing in the various branches of a 3 phase, star connected
auto-transformer loaded with 400 kW at 0.8 power factor lagging and having a ratio of 440/550
volt. Neglect voltage drops, magnetising current and all losses in the transformer.

Solution:
Primary current = kW x 1000
3X E; Xcos ¢
' 3% 440x0-8
kW x 100 _ 400 x 1000

Secondary line current = = =525A
VX E, xcos¢p 3x550x0-8

Note: Current in sections AR, Y'Y, BB =1, =525 A
and current in section OR', Oy, 0B' = I, — I, = 656 — 525 = 131 A

All the currents are shown with their directions in the circuit diagram shown in Fig. 2.78.

l,=525A

Ll R
l, =656 A ,é
RVCT

550V 550 V

440V 440V
Yo

Fig. 2.78 Circuit diagram of a 3-phase auto-transformer.

Section Practice Problems

Numerical Problems

1. An auto-transformer is used to step down from 240 volts to 200 volt. The complete winding consist of
438 turns and secondary delivers a current of 15 ampere. Determine (/) Secondary turns (ii) the primary
current (iif) the current in the secondary winding. Neglect the effect of the magnetising current.

(Ans. 365, 12.5A; 2.8 A)
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10.

1.

An auto-transformer supplies a load of 3 kW at 115 volt at a power factor of unity. If the primary voltage
applied is 230 volt. Calculate (/) the power transformed (/i) the power conducted directly from the supply
lines to the load. (Ans. 1.5 kW, 1.5 kW)

The primary and secondary voltages of an auto-transformer are 440 and 352 volt, respectively. Calculate
the value of the currents in distribution with the help of the diagram. Calculate the economy of copper in
this case. (Ans. [,=100A; I, = 80 A; 80%)

An 11000/22000 volt transformer is rated at 100 kVA as a two winding transformer. If the winding are
connected in series to form an auto-transformer what, will be the voltage ratio and output ?
(Ans. 6; 118 kVA)

An autotransformer supplies a load of 5 kW at 110 V at unity power factor. If the applied primary voltage
is 220 V, calculate the power transferred to the load (a) inductively, (b) conductively.

(Ans. 2.5 kW: 2.5 k)

The primary and secondary voltages of an autotransformer are 500 V and 400 V, respectively. Show
with the aid of a diagram the current distribution in the windings when the secondary current is 100 A.
Calculate the economy in the conductor material. (Ans. 80%)

A 2200/220 V transformer is rated at 15 kVA as a two-winding transformer. It is connected as an

autotransformer with low-voltage winding connected additively in series with high-voltage winding so that

the output voltage is 2200 V. The autotransformer is excited from a 2420 V source. The autotransformer

is loaded so that the rated currents of the windings are not exceeded. Find

(@) the current distribution in the windings,

(b) kVAoutput,

(c) kVAtransferred conductively and inductively from input to output,

(d) saving in conductor material as compared to a two-winding transformer of the same kVA rating.
(Ans. 68.2A, 6.82 A, 75.02 A; 165 kVA; 150 kVA, 15 kVA, 15 kVA; 90.9%)

= 2=

An 11500/2300 V transformer is rated at 100 kVA as two-winding transformer. If the two windings are
connected in series to form an auto-transformer what will be the voltage ratio and output?
(Ans. 0.833; 600 kVA; 0.167; 120 kVA)

An auto-transformer supplies a load of 5 kW at 125 V and at unity power factor. If the primary voltage is
250V, determine.

(a) transformation ratio (b) secondary current (¢) primary current (d) number of turns across secondary
if total number of turns is 250 () power transformed and (f) power conducted directly from the supply
mains to load. (Ans. 0.5; 40 A; 20 A; 125; 2.5 kW; 2.5 kW)

A 25 kVA, 2000/200 V, 2-winding transformer is to be used as a step-up autotransformer with constant
source voltage of 2000 V. At full load of unity power factor, calculate the power output, power transformed
and power conducted. If the efficiency of the two-winding transformer at 0.8 power factor is 95 per cent,
find the efficiency of the autotransformer. (Ans. 275 kW; 25 kW;: 250 kW: 99.52%)

A 200 kVA, 2300/460 V, 50 Hz, two-winding transformer is to be used as an auto-transformer to step-up

the voltage from V to 2760 V. If the transformer has an efficiency of 96% at 0.8 pf lagging, impedance

of 4% and regulation of 3%, determine (/) voltage and current ratings of each side (ii) kVA rating (iif)

efficiency at unity power factor (iv) percentage impedance (v) regulation, (vi) short-circuit current of each
side (vii) kVA transformed and kVA conducted at full load, while it is used as an auto-transformer.

(Ans. 86.96 A; 434.8 A; 521.76 A; 1200 kVA; 99.45%, 0.667%; 0.5%;

65.22 kA; 78.264 kA; 200 kVA; 1000 kVA)
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28.

Review Questions
Explain what is a transformerand its necessity in power system?

Explain the working principle of a transformer.

State why the core of a transformer is laminated?

State why silicon steel in selected for the core of a transformer?

Give the constructional details of a core-type transformer.

In a transformer explain how power is transferred from one winding to the other.
Show that (E,/E,) = (I,/1,) = (T,/T,) in a transformer.

What will you expect if a transformer is connected to a DC supply?

Derive an expression for the emf induced in a transformer winding. Show that the emf induced per turn
in primary is equal to the emf per turn in secondary.

Explain the behaviour of a transformer on no-load.
Explain that “The main flux in a transformer remains practically invariable under all conditions of load”.

Draw and explain the phasor diagram of a loaded transformer (neglecting voltage drop due to resistance
and leakage reactance).

Draw the phasor diagram and equivalent circuit of a single-phase transformer.
Draw a neat phasor diagram showing the performance of a transformer on-load.
Draw and explain the phasor diagram of single-phase transformer connected to a lagging p.f. load.

“The overall reactance of transformer decreases with load.” Explain.
(Hint: L = N ¢/I; when /increases, L decreases)

What do you mean by voltage regulation of a transformer?

What are the various losses in a transformer? Where do they occur and how do they vary with load?
Define efficiency of a transformer and find the condition for obtaining maximum efficiency.

Write short note on ‘All-day efficiency of a transformer”.

Distinguish between ‘power efficiency’ and ‘all-day efficiency’ of a transformer.

What information can be obtained from the open circuit test of transformer? How can you get these
informations?

How open circuit and short circuit tests are performed on a single-phase transformer. Draw circuit diagram
for each test. Also mention uses of these tests.

Define an autotransformer. How does the current flow in different parts of its windings?
Give the constructional features of an auto-transformer. State the applications of autotransformers.
What are the applications of autotransformers?

Derive an expression for the saving of copper in an autotransformer as compared to an equivalent two-
winding transformer.

Explain the working principle and construction of an auto-transformer.
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29.

30.
31.

32.

33.

34.

35.

36.
37.

38.

39.

Define an auto-transformer. Distinguish clearly the difference between a resistive potential divider and
an auto-transformer.

What is an auto-transformer? State its merits and demerits over the two winding transformer.
Give the constructional features of an auto-transformer.
Draw and explain the phasor diagram of an auto-transformer on load.

What is an autotransformer? State its merits and demerits over the two-winding transformer. Give the
constructional features and explain the working principle of a single-phase autotransformer.

Derive an expression for saving in conductor material in an autotransformer over a two-winding
transformers of equal rating. State the advantages and disadvantages of autotransformer over two-winding
transformers.

In an auto transformer how the current flows in different parts of its windings? Derive an expression for
the saving of copper in an auto-transformer as compared to an equivalent two winding transformer.

Derive an expression for the approximate relative weights of conductors material in an autotransformer
and a two-winding transformer, the primary voltage being V, and the secondary voltage V,. Compare the
weights of conductor material when the transformation ratio is 3. Ignore the magnetising current.

[Ratio = 1= (V,/1,); 2/3]
What are the reasons of higher efficiency of autotransformers as compared to conventional transformers?

What is meant by the terms transformed voltamperes and conducted voltamperes in an autotransformer?
Show that two windings connected as an autotransformer will have greater VA rating than when connected
as a two-winding transformer.

Show that in case of an auto-transformer

Inductively transferred power _ High voltage-low voltage
Total power B High voltage

If an autotransformer is made from a two-winding transformer having a turns ratio ;—1 = n, show that
2

magnetising current as an autotransformer _n-1
magnetising current as a two-winding transformer n

shortcircuit current as an autotransformer ~ _ _n
short-circuit current as a two-winding transformer — n -1

Multiple Choice Questions

The phase relationship between the primary and secondary voltages of a transformer is
(a) 90 degree out of phase (b) inthe same phase
(c) 180 degree out of phase (d) 270 degree out of phase

Transformer core is laminated

a) because it is difficult to fabricate solid core

b) because laminated core provides high flux density
¢) toreduce eddy current losses.

d) to avoid hysteresis losses.

—~ o~ —~ —
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10.

1.

12.

The induced emf in the transformer secondary will depend on
(a) frequency of the supply only.

(b) Number of turns in secondary only.

(¢) Frequency and flux in core.

(d) Frequency, number of secondary turns and flux in the core.

A transformer with output of 250 kVA at 3000 V, has 600 turns on its primary and 60 turns on secondary
winding. What will be the transformation ratio of the transformer?

(a) 10 (b) 041

(c) 100 (d) 0-01

The primary applied voltage in an ideal transformer on no-load is balanced by
(@) primary induced emf (b) secondary induced emf
(c) secondary voltage (d) iron and copper losses

If R, is the resistance of primary winding of the transformer and Kis transformer ratio then the equivalent
primary resistance referred to secondary will be

(a) KR? (b) KR,

(c) K2R, (d) R/K?

The eddy current loss in the transformer occurs in the

(@) primary winding (b) core

(c) secondary winding (d) none of the above.
Which of the following electrical machines has the highest efficiency?
(a) DC generator (b) AC generator

(¢) transformer (d) induction motor.

Ifthe iron losses and full load copper losses are given then the load at which the efficiency of a transformer
is maximum, is given by

iron loss iron loss
(3) full load x W (b) full load x m
iron loss f.lcu. loss
(¢) full load x (W) (@) full load x m

Kapp-regulation diagram is used to determine

(@) Ironlosses in a transformer (b) copper losses in a transformer

(c) Voltage regulation of a transformer (d) Efficiency of a transformer

In an auto transformer, there are

(a) always two windings (b) one winding only without taps

(c) one winding with taps taken out (d) two windings put one upon the other.

The marked increase in kVA capacity produced by connecting a 2 winding transformer as an autotransformer
is due to

(@) increase in turn ratio

(b) increase in secondary voltage

(¢) increase in transformer efficiency

(d) establishment of conductive link between primary and secondary.
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13. ThekVArating of an ordinary two-winding transformer is increased when connected as an auto-transformer
because
(@) transformation ratio is increased
(b) secondary voltage is increased
(c) energy is transferred both inductively and conductivity
(d) secondary current is increased
14. Inan auottransformer a break occurs at the point P. The value of V, will be
g
Sk =%
400V
e
il
¥
Fig. for Q.7
(@ 200V (b) 100V
(c) 50V (d) 400V
15. Thesavingin Cu achieved by converting a two-winding transformer into an auto-transformer is determined
by
(a) voltage transformation ratio (b) load on the secondary
(¢) magnetic quality of core material (d) size of the transformer core.
Keys to Multiple Choice Questions
1.c 2.c 3.d 4.b 5.b 6.c 1.c 8.c 9.b 10.c
11.c 12.d 13.c 14.d 15.a
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/Chapter Objectives h
After the completion of this unit, students/readers will be able to understand:

Constructional features of a three-phase transformer.

Advantages of using three-phase trans-formers.

How to determine relative primary and secondary of a 3-phase transformer?

How to check the polarities of windings?

How are the windings of three-phase transformers are connected and what are their relative

merits and demerits?

What are the advantage of using zig-zag connection?

What is the necessity of connecting transformers in parallel?

v~ Which necessary conditions are to be fulfilled before connecting three-phase transformers in

parallel?

v How to calculate the load sharing when the transformers are operated in parallel?

What is a three-winding transformer? What is the use of third winding?

How tertiary winding suppresses harmonic voltages and prevents neutral potential to oscillate

to undesirable extent?

What are off-load and on-load tap changers?

What are open delta or Vee-Vee connections?

What are Scott connections?

How is load shared in Scott-connected transformers?

Why is cooling of transformers necessary?
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Introduction

Three phase system is invariably adopted for generation, transmission and distribution of electrical
power due to economical reasons. Usually, power is generated at the generating stations at 11 kV
(or 33 kV), whereas, it is transmitted at 750 kV, 400 kV, 220 kV, 132 kV or 66 kV due to economical
reasons. At the receiving stations, the voltage level is decreased and power is transmitted through
shorter distances. While delivering power to the consumers, the voltage level is decreased to as low
as 400V (line value) for safety reasons.

Thus to increase the voltage level at the generating stations step-up transformers and to decrease
the voltage level at the receiving stations, step down transformers are employed.
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3.1 Merits of Three-phase Transformer over Bank of Three Single-
phase Transformers

The voltage level in three-phase system at the generating stations and at the receiving stations can
be changed either by employing a bank of three single-phase transformers (inter connecting them in
star or delta) or by employing one three phase transformer. Generally, one three phase transformer
is preferred over a bank of three single phase transformers because of the following reasons.

(@) Itrequires smaller quantity of iron and copper. Hence, its cost is nearly 15% lesser than a bank
of three single phase transformers of equal rating.
(@) It has smaller size and can be accommodated in smaller tank and hence needs smaller quantity
of oil for cooling.
(#ii) Because of smaller size, it occupies less space; moreover it has less weight.
@v) It needs less number of bushings.
(v) It operates at slightly better efficiency and regulation.

These transformers suffer from the following disadvantage.

(@) TItis more difficult and costly to repair three-phase transformers.
(@7) It is difficult to transport single large unit of three-phase transformer than to transport three
single phase transformers individually.

The advantages of three-phase transformer (such as lower cost, lower weight, lower space
requirement etc.) over weighs its disadvantages and hence are invariably employed in the power
system to step-up or step-down the voltage level.

3.2 Construction of Three-phase Transformers

Form construction point of view, three-phase transformers are also classified as
(¢) Core type transformers  (ii) Shell type transformers

Core Type Transformers

In core type three-phase transformers, the core has three limbs of equal area of cross-section. Three
limbs are joined by two horizontal (top and bottom) members called yokes. The area of cross- section
of all the limbs and yokes is the same since at every instant magnitude of flux set-up in each part is
the same. The core consists of laminations of silicon steel material having oxide film coating on both
the sides for insulation. The laminations are usually of £ and [ shape and are staggered alternately
to decrease reluctance of magnetic path and increase the mechanical strength.

The complete section of a three-phase core type transformer with its plan is shown in Fig. 3.1. This
type of transformers is usually wound with circular cylindrical coils. The low voltage” (LV) winding

* When LV winding is placed nearer the core, less insulation is required between the core and the LV winding
in comparison to that if H/winding is placed nearer the core and hence reduces the cost of construction.
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is wound nearer the core and high voltage (HV) winding is wound over low voltage winding as shown
in Fig. 3.1. Insulation is always provided between the core and low voltage winding and between low
voltage winding and high voltage winding.

L.V.
winding

H.V.
winding

=]

| \ Bakelite
former

Laminated
core

Fig. 3.1 Construction of a three-phase core type transformer

The core construction for very large capacity three-phase transformers is slightly changed. In this
case, the core consists of three main limbs on which windings are arranged and two additional limbs
at the sides without winding are formed as shown in Fig. 3.2. This arrangement allows decreasing
the height of the yoke and consequently decreases the overall height of the core. However, the length
increases. This facilitates the transportation of transformers by rail. In this arrangement, the magnetic
circuits for each phase are virtually independent:

In either case, the magnetic circuits of the three-phases are somewhat unbalanced, the middle
phase having less reluctance than the outer two. This causes the magnetising current of middle phase
slightly less than the outers. But during operation, the magnetising current is so small that it does
not produce any noticeable effect.

-
I
I
I
I
I
I
[

|
|
t
1
——

Fig. 3.2 Core and winding of core-type three-phase transformer

Shell Type Transformers

In shell type transformers, the core construction is such that the windings are embedded in the core
instead of surrounding the iron as shown in Fig. 3.3. The area of cross section of the central limbs
is double to that of the side limbs and horizontal members.

The low voltage and high voltage windings of the three-phases are wound on the central limbs.
These windings are placed vertically in the three portions as shown in Fig. 3.3. The low voltage (LV)
winding is always placed neater to the core and high voltage (HV) winding is placed over the low
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voltage winding for economic reasons. To obtain uniform distribution of flux in the core, usually
second winding placed on the central limb is wound in the reverse direction as shown in Fig. 3.4.

Note: The detailed construction of core, winding, bushing, etc., has already been dealt with in
chapter-4.

Core /L.V. winding H’.V. winding
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Fig. 3.3 Construction of a three-phase Fig. 3.4 Construction of a three-phase
shell-type transformer shell-type transformer

3.3 Determination of Relative Primary and Secondary Windings in
Case of Three-phase Transformer

At the place of manufacturing, all the primary and secondary winding terminals are traceable. Otherwise,
all the primary and secondary winding terminals belonging to each other are to be determined.

To determine which secondary belongs to which primary, proceed as follows:

Short circuit all the phases except one primary and a probable secondary. Connect a voltmeter
across the secondary and circulate a small direct current in the primary. A momentary deflection
of voltmeter on making and breaking of primary current confirms that the secondary corresponds
to the primary chosen otherwise check the other secondary. The test is repeated for other windings
too. For this test, the terminals of all the windings must be open and available for testing.

3.4 Polarity of Transformer Windings

In order to connect windings of the same transformer in parallel or series or in star/delta, or to
interconnect two or more transformers in parallel, or to connect single phase transformers for poly-
phase transformation of voltages, it is necessary to know the polarity of the different winding terminals.
The polarity of the transformer terminals is usually indicated by means of standard marking scheme
followed by manufactures — the scheme varies from country to country.
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Transformer polarity marking designates the relative instantaneous directions of current and
voltage in the transformer leads. In one system high voltage leads are indicated by letter A (or H)
and low voltage leads by a (or X), and tertiary, if any by (A) [or Y], each with a subscript 1, 2, 3 etc.,
depending upon the number of leads. The A-a scheme is shown in Fig. 3.5

Note: As per Indian standards based on /EC (International Electro-technical Commission)
document, in single-phase power transformers 1.1 is used for A, (or H,), 1.2 for A, (or H,), 2.1
for a, (or X,), 2.2 for a, (or X,), 3.1 for (A,) or Y, etc., the voltage magnitudes in A-a and (A)
being in decreasing order.

In Fig. 3.5 the primary winding A ,—-A, and secondary winding a,—a, are wound in the same
direction, while in Fig. 3.5(b) secondary winding a,—a, is wound in the direction opposite to A —A,.
When the A, and a, leads are adjacent, the polarity is said to be subtractive, and when A, and a,
are diametrically opposite to each other, the polarity is designated as additive. It may be noted that
subtractive polarity reduces voltage stress between adjacent leads.

The polarity of unmarked transformers can be found out by simple polarity tests which have
already been dealt with in chapter-1. (Section 1.31).

d A A s
o] | o
o T €

Subtractive Additive
Polarity Polarity

Fig. 3.5 Transformer polarity designation

3.5 Phasor Representation of Alternating Quantities in Three-phase
Transformer Connections

Before to study the connections of three-phase transformers, it is necessary to learn the characteristics
of balanced three-phase systems as well as the conventions followed to designate currents and voltages
of a three-phase system. If the supply voltage is balanced, the voltages can be represented by a voltage
triangle shown in Fig. 3.6(a), where A, B, C are the nomenclatures of the three lines of the system
and N stands for the neutral or star point of the system. A, B, C are the three vertices of the equilateral
triangle ABC and N is the circum centre of the triangle. The voltages and currents with double
subscripts notation are represented by phasors. For example, V_,, I , represent voltage of point a with
respect to point b and current flowing from point a to point b, respectively. With the arrow pointing
towards A the line represents voltage phasor V,,, Thus the line-to-line voltage (also called as line

voltage) phasor and line-to-neutral voltage (also known as phase voltage) phasors can be drawn from
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the voltage triangle shown in Fig. 3.6(a). The phasor diagram is shown in Fig. 3.6(b) where phase
voltage phasors which are equal in magnitude are displaced from each other by 120°. The line voltage
phasors are also equal in magnitude and displaced from each other by 120°, but the magnitude of a

line voltage phasor is J3 times the magnitude of a phase voltage phasor. Further it may be noted

that the set of line voltage phasors is displaced from the set of phase voltage phasors by 30°.

Vea  (b)

Fig. 3.6 Phasors of a balanced three-phase system

If the lines carry balanced load then the magnitudes of the line currents /,, I, and /. are equal
and displaced with respect to each other by 120°. They are equally displaced from the corresponding
phase voltages by an angle ¢ as shown in Fig. 3.6(b), the power factor being cos ¢. In this case, the
power factor is lagging as currents lag behind the phase voltages.

Note: As per Indian Standards Specifications, the terminals of a three-phase transformer are
marked as U, V, W with numerics 1, 2, 3, etc.

Important relations in three-phase connected system:

Star-connections Delta-connections
E =3 E, ..G)lL=1, .(32 E,=E, .(G3xl=AB1, .34
Power, P = \/5 V1, cos ¢=3 Vph Iph cos ¢ ...(3.5) (both for star and delta)
In three-phase transformers
Primary Secondary
E, = 444f¢ N, ...(3.6) E, .= 444f¢ N, ...(3.7)
=444fB_ AN, ...3.8) =444fB_A,N, ...(3.9)
Eph2 N,

Transformation ratio, K = ...(3.10)

E - N,

3.6 Three-phase Transformer Connections

As mentioned earlier, the standard nomenclature for phases is A, B, C. Capital letters A, B, C are used
for HV windings, lower case letters a, b, ¢ for LV winding and (A), (B), (C) for a tertiary windings
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if provided. Neutral terminals precede line terminals. Each winding
has two ends designated by the subscript numbers 1, 2. However,

if there are intermediary tapping (or there are sections of the same As T
winding) these are numbered in order of their separation from end 1, ]
as illustrated in Fig. 3.7. A M

The interconnection of the phase windings to give a three-phase, As M
three-wire or three-phase, four wire supply provides three alternative Ag o
modes of connection (i) delta or mesh (ii) star and (iii) zig-zag. Each of &
these can be achieved in two ways. For Example 3.a star-connection may az —
be had by joining together A, B, and C|, to form the neutral and using a, ,_:
A,, B, and C, as line terminals. Alternatively A,, B,, and C, may be ay o—9

joined to give neutral and A, B, and C| may be used as line terminals.

Since primary and secondary can be treated in either of these ways,
at least twelve combinations of connection are possible. All these
combinations are illustrated in Fig. 3.8. According to the phase displacement which exists between
the line voltages on the two sides of the transformer these combinations can be arranged in the
following four main groups:

Fig. 3.7 Winding terminals

Group 1: With 0° phase displacement : Connections with symbolic notation Yy0, Dd0, Dz0
Group 2:With 180° phase displacement : Connections with symbolic notation Yy6, Dd6, Dz6
Group 3:With 30° lag phase displacement : Connections with symbolic notation Dyl, Yd1, Yz1

Group 4:With 30° lead phase displacement : Connections with symbolic notation Dyl1, Yd11, Yz11

Among the above, the most popular method of connecting transformers is the delta—star connections
(Dyl11). The connection diagram illustrates the relative position of the terminals in the terminal box
and the arrangement of internal connections. The HV winding is connected to a three-wire supply
having phase sequence A, B, C and at the instant chosen the potential of A is at its maximum positive
value. Thus the line voltage on the HV side will form an equilateral triangle as illustrated. The line
terminals are A}, B, and C, and the corners of the triangles are so marked. It is to be noted that the
phase A of the transformer lies between A, and B,, phase B between B, and C, and phase C between
C, and A, owing to internal connections used.

In case of LV winding, since Va1u2 is in phase with VA] o> the line na | is, therefore, drawn parallel
to B|A, in order to establish the direction of phase—voltages phasor. Similarly nb, and nc, depend
on C,B, and A|C, and the phasor diagram for LV shows the voltages of the terminals a,, b, and c,
with respect to n.

From the phasor diagrams of induced voltages for HV and LV sides it is observed that the voltage of
the HV line A, is at maximum value, the LV line a, has been advanced by 30°. In fact, the transformer
connections have produced this displacement of 30° for all lines.

All the other methods of connections in the same main group no. 4 give a similar 30° advance
which is the basis of classification.

In case of group no. 1 there is no phase displacement, whereas group no. 2 gives phase displacement
of 180°. In group no. 3, the line voltage of LV winding lags by 30°.

For parallel operation of transformers the essential requirement is that the transformer connections
belong to the same main group so that there may not be any phase displacement between the line voltages.
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Group| Phase [Symbolid Winding connections Phasor Diagrams of Induced
No. Pisplacef Notation Voltage
et HV LV HV Lv
oN no——m—— A, a,
a l
AF—WWW—o A, 1o WW—— 3, . .
YY0 | Bj¢—AAMA—B, by o—MA—1 D,
CA—AW—oC, fro— W% e, B |& M
a
R A a, a, A \
° 1
1 0 DdO B, X c A c a
B, b, 2
C, c, ¢ C C, B, ¢ b by
A
2 A,
Dz0 B,
B4
C
2 c,
no—j
N
80— Ay b, C,
Yy6 20—
i B, B, b, mbz N
Cro— C B1 a,
¢, . & Do, :
a
A d20a, z A b, b &
2 Al b
1 20Dp b
2 | 180° | pd6 || g ! 2 C/L\A
2 B, C0, c, a ¢
C, ! Ci B B a,
Cy
no A1
A a, a, &
Dz6 ? Al S § 4 C A b2 b\ b C02
B b, by
2 b b. C
2 2 b !
C, B, 4 || ¢/ °B in
Cq c, 03 ! a
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Fig. 3.8. Contd.
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Fig. 3.8. Contd.

Group| Phase [Symbolid Winding connections Phasor Diagrams of Induced
No. Pisplace} Notation Voltage
ment HV LV HV LV
A, A
Aq " ' a
ay a
Dy B, B, b 2 @ A Cq n
1 b, B
Cy Cy cy c, Cr g 1 b,
N a a Ay ay
A 1 2 c
3 | 30° | vdi |72 Ay b
B, B, 1 b, c; a
c b
C, C, G4 2 C; N B4 b,

Yz1

N

A1
no ay
A Al 3o a, c A b
n
Dyity|) © B[  bro—ww b, cd— Vg 1
B 1

c,| o S

4 +30° Yd11

Yz11

Fig. 3.8 Various winding connections of three-phase transformers
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With three-phase transformers, it is possible to obtain any desired phase shift if the primary and/
or secondary windings are divided into a sufficient number of sections. The zig-zag connection
is one of the example of sectionalised winding. By using these connections, the effect of third
harmonics in line to neutral voltages and line to line voltages is reduced. In these connections,
half sections are connected in opposition which gives the larger total fundamental voltage and
causes the co-phasial third harmonics to cancel. The fundamental line-to-neutral voltage is 0.866
times the arithmetic sum of the two section voltages (phase voltages in zig-zag, connection being
composed of two half-voltages with a phase difference of 60°). This causes the reduction in voltage
and to compensate the same 15 percent more turns are required for a given total voltage per phase.
Consequently, it necessitates an increase in the frame size over that normally used for the given
rating. However, the advantages of zig-zag arrangement may offset the cost. The other important
advantages of zig-zag connections are unbalanced loads on the secondary side are distributed
better on the primary side. The zig-zag/star connection has been employed where delta connections
were mechanically weak (on account of large number of turns and small copper sections) in HV
transformers. These are also preferred for rectifiers.

3.7 Selection of Transformer Connections

When a transformer is to be placed in a power system to step-up or step down the voltage, it is
selected as per its connections which are having some peculiar characteristics as explained below:

3.7.1 Star-Star (YyO0 or Yy6) Connections

The star-star connections of a three-phase transformer are shown in Figs. 3.9.1(a and b) and 9.2(a
and b). Their phasor diagrams are also shown in Figs. 3.9.1(c and d) and 3.9.2 (c and d). It may be
seen that line voltage is V3 times the phase voltage and there is a phase difference of 30° between
them. In Fig. 3.9.1 the secondary voltage is in phase with the primary, whereas in Fig. 3.9.2 the

secondary voltage system is 180° out of phase from the primary, the former is designated as Yy0
and the latter is designated as Yy6 for three-phase transformers.

(a) Primary (b) Secondary

Fig. 3.9.1. Contd.
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Fig. 3.9.1. Contd.

VCA

(c) Phasor diagram (d) Phasor diagram

Fig. 3.9.1 Star-star (Yy0) connection and their phasor diagram (0° phase shift)

Vea
(c) Phasor diagram (d) Phasor diagram

Fig. 3.9.2 Star-star (Yy6) connection and their phasor diagram (180° phase shift)
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Star-star connected three-phase transformers are operated with grounded neutrals, i.e., the neutral
of the primary is connected to the neutral of the power source. If the neutral is kept in isolation, the
unbalanced load on the secondary will shift the position of neutral which changes the magnitude of
phase voltages. A grounded neutral in the primary prevents this unsatisfactory operation.

With an isolated neutral the third-harmonic components in the magnetising currents of the three
primary windings are in phase and as such they have no path. As the path for third harmonic current
is absent, the phase voltages become non-sinusoidal though the line voltages are sinusoidal.

Fig. 3.10 Oscillating neutral at different instants

For illustration, consider that the fundamental phasors for the balanced phase voltages are ¢ ,,
e,gand e, - each of magnitude e,, while the third harmonic voltage for each phase is e,. At a certain
time their relative positions are as shown in Fig. 3.10. As the third harmonic phase voltage has the
frequency different from that of the fundamental (the frequency of third harmonic is thrice the
fundamental frequency) phase voltage, their relative positions vary with time, that is, position of N'
changes. This phenomenon is known as oscillating neutral. The maximum voltage at any phase is
¢, + @; . Thus harmonic voltage is undesirable as it develops high stress in the insulation of the
windings. The use of a grounded neutral or a tertiary delta winding will allow a path for the third-
harmonic current and thus produces a sinusoidal flux and a sinusoidal phase voltage.

The star-star transformer connections are most economical. These are employed in small current and
high voltage transformers. The advantages and disadvantages of such an arrangement are given below:
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Advantages:
(!) The number of turns per phase and the amount of insulation is minimum because phase voltage

. 1
isonly —=
V3
(ii) There is no phase displacement between the primary and secondary voltages.
(#ii) It is possible to provide a neutral connection since star point is available on both the sides.

times to that of line voltage.

Disadvantages:

(/) Under unbalanced load conditions on the secondary side, the phase voltages of load side change
unless the load star point is earthed. This condition is called shifting of neutral. However by
connecting the primary star point to the star point of the generator the difficulty of shifting
neutral can be overcome.

(i) The primary of the transformer draws a magnetising current which contains third and fifth
harmonic. If neutral of primary winding is not connected to neutral of generator, the third and
fifth harmonic currents will distort the core flux and change the wave shape of output voltages.
However, by connecting primary neutral to the generator neutral, the path for return of these
third and fifth harmonic currents is provided and, therefore, the trouble of distortion of voltages
is overcome.

(#7ii) Even if neutral point of primary is connected to neutral of generator or earthed, still third
harmonic may exist. This will appear on secondary side. Although the secondary line voltages
do not contain third harmonic voltage; but the 3rd harmonic voltages are additive in the neutral
and causes current in the neutral of triple frequency (3rd harmonic) which will cause interference
to the nearby communication system.

Note: Star-star connections are rarely used because of the difficulties associated with the exciting
current although these are more economical.

3.7.2 Delta-Delta (DdO or Dd6) Connections

Figure 3.11.1(a and b) shows delta-delta connections, designated as DdO of a three-phase transformer.
Their phasor diagrams are also shown in Fig. 3.11.1(c and d). It may be seen that line voltages and
phase voltages have the same magnitude but the line currents are V3 times to that of phase currents,

ie, 1, =31,

(a) Primary (b) Secondary
Fig. 3.11.1. Contd.
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Vea
(c) Phasor diagram

(d) Phasor diagram

Fig. 3.11.1 Delta-delta (DdO) connection of transformer (0° phase shift)

If the connections of the phase windings are reversed on either side as shown in Fig. 3.11.2(a and
b) we may have the phase difference of 180° between the primary and secondary systems as shown

in Fig. 3.11.2(c and d). These connections are designated as Dd6.

(c) Phasor Diagram

(c) Phasor Diagram

Fig. 3.11.2 Delta-delta (Dd6) connection of transformer and their phasor diagram (180° phase shift)
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The primary draws the magnetising current of a transformer which contains third harmonic.
Since the third harmonic components of current of the three phases are displaced from each other
by 120° x 3 = 360°, they are all in phase and produce circulating current within the primary delta.
This current produces sinusoidal flux and the secondary voltage becomes sinusoidal.

These connections are usually employed in power system where large currents on low voltages
are employed. Moreover, these connections are suitable when continuity of service is required to be
maintained even though one of the phases develops fault. When operated in this way, the transformer
delivers three phase currents and voltages in their correct phase relationship but the capacity of the
transformer is reduced to 57.7% of the normal rating.

Advantages:
(?) There is no phase displacement between the primary and secondary voltages.
(it) There is no distortion of flux, since the third harmonic component of magnetising current flows
in the delta-connected primary winding without flowing in the line wires.
(#ii) For winding, conductors with smaller diameter are required as cross-section of conductor is

reduced because the phase current is €L times of line current.

V3

(iv) No difficulty is experienced even though the load is unbalanced on the secondary side.

Disadvantages:
(1) More insulation is required in comparison to star-star connections since phase voltage in equal
to line voltage.
(@) In these connections, the star point is absent, if one line gets earthed due to fault, maximum
voltage between windings and core will become full line voltage.

3.7.3 Star-Delta (Yd1 or Yd11) Connections

These connections are shown in Fig. 3.12.1(a, b). By drawing a phasor diagram, it can be seen that
a 30° phase shift appears in line voltage as well as in system phase voltages between primary and
secondary side. The third-harmonic currents flow within the mesh to provide a sinusoidal flux, the
ratio between primary and secondary system voltages is J3 times the phase turns ratio. When

operated in Y-A, the primary neutral is sometimes grounded to connect it to four-wire system.

B4
(a) Primary (b) Secondary
Fig. 3.12.1 Phase shift 30° lead
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Figure 3.12.1 shows phase shift of 30° lag whereas Fig. 3.12.2(a and b) shows phase shift of 30°
lead. If the transformer is poly-phase and the high voltage side is star connected, the former connection
is termed as Yd1 and the latter Yd11.

(a) Primary (b) Secondary
Fig. 3.12.2 Phase shift 30° lag

Usually, the transformers with these connections are used where the voltage is to be stepped down.
For example, at the receiving end of a transmission line. In this type of transformer connections, the

neutral of the primary winding is earthed. In this system line voltage ratio is % times of transformer
turn-ratio and secondary line voltages have a phase shift of + 30° with respect to primary line voltages.

On the HV side of the transformer insulation is stressed only to the extent of 57.7% of the line voltage
and, therefore, there is some saving in the cost of insulation.

3.7.4 Delta-Star (Dy1 or Dy11) Connections

The A-Y connections and phasor diagrams of a three-phase transformer supplying a balance load are
shown in Figs. 3.13.1 and 3.13.2. It may be noted that the secondary system phase voltages i.e., V_,
etc., lag the primary system phase voltages V, , etc., by 30°. The ratio of primary to secondary line
voltages is 1 / /3 times the transformation ratio for the individual phase windings. No difficulty

arises due to third harmonic currents as a delta connection allows a path for these currents.

Ia A
Cz : A1
|
S RN
CA I AB
I
)
(o¥ N A,
|
e Y
By «—— B
lsc
.
(a) Primary (b) Secondary

Fig. 3.13.1 Delta—Star connection of transformer (Phase shift 30° lag)
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/
¥ Vea

(c) Phasor Diagram (d) Phasor Diagram

Fig. 3.13.2 Delta—star connection of transformer (Phase shift 30° lead)

The use of such connections permits a grounded neutral on the secondary side to provide a three-phase
four-wire supply system. By reversing the connections on either side, the secondary system voltage can
be made to lead the primary system by 30° as shown in Fig. 3.13.2. If the transformer is three-phase
and the high voltage side is delta connected, the transformer is designated as Dyl and the latter Dyl11.

The transformers with these connections are employed where it is necessary to step up the
voltage. For example, at the beginning of HV transmission system. These connections are also very
popular with distribution transformers where voltages are stepped down to 400 V with three-phase,
four-wire system.

Advantages:
(?) On the high voltage side of the transformer, insulation is stressed only to the extent of 57.7% of
line voltage.
(i7) In this case, the neutral point is stable and will not “float” when load is unbalanced.
(#ii) There is no distortion of flux because the primary is delta connected which allows a path for
the 3rd harmonic currents.

Disadvantages:
(?) In this scheme of connection the line voltage ratio is \/5 times of transformer turn-ratio.
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@ii) The secondary line voltages have a phase shift of + 30° with respect to primary line voltages.

The neutral of the secondary is grounded to provide three-phase, four-wire system and this scheme
of connections is widely used in distribution systems because it can be used to serve both the three
phase power equipment and single phase lighting circuits. In such case the 11 kV/400 V transformer
connections provide a four-wire secondary, with neutral converted to the 4th wire. The three-phase
equipment is connected to the line wires to operate at 400 V while the lighting equipment is connected
between one of the line wires and neutral to operate at 230 volt.

Note: Star—delta or delta—star connected transformers cannot be operated is parallel with star-
star or delta-delta connected transformers even though the voltage ratios are correctly adjusted
as there will be a 30° phase difference between corresponding voltages on the secondary side.

3.7.5 Delta-Zigzag Connections

In this case, the primary is connected in delta and each secondary winding is divided in two halves
such as a,—a,,a;—ay; b1 — bz, b3 — b4 and €= Cy C3—Cye The six halves are then connected to form
a zigzag connection as shown in Figs. 3.14.1 and 3.14.2. A, a,, a, are of same polarity; similarly, B,
b,, byand C,, c,, c, are of same polarity respectively. If the voltage of each half of the transformer
secondary is V,, the phase voltage of the secondary system is \/§V2 and the voltage is V3 x3 V,

= 3V,.If I, be the rated current of each secondary winding, the volt-ampere available from the three-
phase transformer will be 343 V,V) while the sum of the individual winding capacities is 6V, 1,. Thus

only 0.866 of the combined individual capacity is available at the output.

There is no phase difference between phase voltages of the primary and secondary systems in
the connection of Fig. 3.14.1(a) whereas a phase shift of 180° occurs if the secondary is connected as
shown in Fig. 3.14.2. In poly-phase transformers if the delta is on the high voltage side, which is usually
the case, the connections of Fig. 3.14.1 are termed as Dz0 and that of Fig. 3.14.2 are termed as Dz6.

Delta-zigzag connections are useful for supply of power to rectifiers.

(a) Primary

(b) Secondary

Fig. 3.14.1 0° Phase shift
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(a) Primary

ap

(b) Secondary
a

Fig. 3.14.2 Delta—zigzag connection of transformer

3.7.6 Star-Zigzag Connection

In this case, the primary is connected in star and each secondary which is made of two helps of g,
—a,, ay—a, b, — b, etc. is connected in zig-zag. Zigzag connections have already been explained
while discussing delta—zigzag connections. In Fig. 3.15.1 the phase voltage of the secondary system
leads the primary voltage by 30° while in Fig. 3.15.2 they lag by 30°.

A

(a) Primary

(b) Secondary

Fig. 3.15.1 Phase shift 30° lead

If the zigzag is on the low voltage side, which is normally the case, and the transformer is poly-
phase, then the connection of Fig. 3.15.1 is designated as Yz11 and that of Fig. 3.15.2 as Yz1. There
is similar reduction in available capacity as in delta—zigzag connections.

These zig-zag connections reduce the effect of third-harmonic voltage and at the same time permits
unbalanced loading even though the primary is star-connected with isolated neutral.
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(a) Primary

(b) Secondary

Fig. 3.15.2 Phase shift 30° lag

Example 3.1
Find the turn-ratio (primary to secondary) of a 11000/400 volt, delta/star connected, three phase
transformer.

Solution:
Primary phase voltage, Ep,; = E;, =11000 V (delta-connected primary)
Secondary phase voltage, E,,, = £ = 200 _ 231V (star-connected secondary)
NN
o N E
Turn-ratio (primary to secondary), N_; = E: :; = % =47.62 (Ans.)

Example 3.2
A three-phase 50 Hz transformer core has a cross-section of 400 cm? (gross). If the flux density be
limited to 1.2 Whb/m?, find the number of turns per phase on high and LV side winding. The voltage
ratio is 2200/220 V, the HV side being connected in star and LV side in delta. Consider stacking
factor as 0.9.

Solution:

Net iron cross-section, A, = 400 x 0.9 = 360 cm? or 0.036 m?

2200 _

HYV side phase voltag7e, Eph1 = T =1270-17 V
No. of turn per phase on HV winding, N, = Ephl = 1270.17
' perp ENT U4 B, XA xf  4-44%1-2x0-036 x50
=132 (Ans.)

LV side phase voltage, Eph2 =220V
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No. of turn per phase LV winding, N,, = Epiz X N, = 220 132 =22.86 (Ans.)
T2 E,. 171270417

Example 3.3
A 50 Hz, three-phase core type transformer is to be built for an 11 kV /440 V ratio, connected in delta-

star. The cores are to have a square section and the coils are of circular. Taking an induced emf of 15V
per turn and maximum core flux density of about 1.1 T. Find the primary and secondary number of turns
and cores cross-sectional area neglecting insulation thickness.

Solution:

Here, E, o= 11kV = 11000 V; E, o= 440V, B, = 11T
EMF/ turn = 15 V; connections-Delta/Star

Primary phase voltage, E, = E; ;)= 11000 V

1(ph)
Primary turns/phase, N, = % =733-3 (Ans)
Secondary phase voltage, E2(ph) = % = % =254V
Secondary turns/phase, N, = 21i54 =17 (Ans)
Now, E, n=444fB, AN,

11000 = 4.44 x 50 x 1.1 x A x 733.3

Core—sectional area, A = 0.06143 m? = 614.3 em? (Ans.)

Example 3.4
A three-phase, 50 Hz transformer of shell type has cross-sectional area of core as 400 cm?. If the

flux density is limited to 1.2 Tesla, find the number of turns per phase on high voltage and low
voltage side. The voltage ratio is 11000/400 V, the higher voltage side being connected in star and
low voltage side in delta. Also determine the transformation ratio.

Solution:

Here, f=50 Hz; A =400 cm? =400 x 10*m? B_=12T

EI(L) = 11000 V; E,,,, = 400 V; Connections - Star/Delta

21)
Primary phase voltage, E,,= E\l/%) = % =6351V
Now, E,,=444fB, AN,
E\(n)

Primary turns/phase, N, = 4.44fB A



Three-Phase Transformers 245

- 6351 =59 (Ans)
4-44x50x%x1-2x400x10"
E
Transformation, ratio, K= —2ob _ 400 = V3 %400 =0-06298 (Ans.)
Eypny 11000 /+/3 11000
Secondary turns/phase, N, = KN, = 0-06298 x 596 = 37-54 (Ans.)
Example 3.5

A three-phase step down transformer is connected to 6600 volt mains and takes a current of 24
amperes. Calculate the secondary line voltage, line current and output for the following connections
(i) Delta-delta (ii) Star-star (iii) Delta-star (iv) Star-delta. The ratio of turns of per phase is 12.
Neglect losses.

Solution:

Ratio of turns per phase = 12

Transformation ratio, K = 1

12
(i) Delta-Delta connections:
In Delta connections, line voltage = phase voltage.
Primary line voltage = 6600
Primary phase voltage = 6600 V

6600
12

Secondary line voltage = 550 V (Ans)

Secondary phase voltage = =550V

Line current = /3 x phase current

: 24
Primary phase current = ==
V3

Secondary phase current = A x 12

3
24

Secondary line current = \/§ X ==x12 =288 A (Ans)

V3

Output = 3V, I, = /3 % 550 x 288

o0 KVA= 274.36 KVA (Ans)

@ii) Star-Star Connections:
In star connections, line voltage = V3 x phase voltage

Also, line current = phase current.

. 6600
Primary phase voltage = ——
V3
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6600
Secondary phase voltage = ———
Y €T B

. 6600
Secondary line voltage = /3 x =550V (Ans)
g £ V3 x12

Primary line current = 24 A

Secondary line current = 24 x12 = 288 A (Ans)

V3 % 550 x 288

Output in kVA = 1000

=274.36 KVA (Ans)

@iii) Delta-Star Connections:
Primary phase voltage = 6600 volts

6600
1

Secondary phase voltage = 7 = 550V

Secondary line voltage = 3 x 550 = 952:63 V (Ans)

Primary phase current = 2—‘;

Secondary phase current = % x12 =11627 A

Secondary line current = 116.27 A (Ans)

V3 x 95263 x 166 - 27
1000

Output in kVA = = 27436 kVA (Ans)

@iv) Star-Delta connections:

. 6600
Primary phase voltage = ——
yp g \/37

Secondary phase voltage = 63%0 X % =317-54 V (Ans)
Secondary line voltage = 317:54 V (Ans)
Primary line current = primary phase current = 24 A (Ans)
Secondary phase current = 24 x 12 =288 A
Secondary line current = J3 x 288 = 498-83 A (Ans)

V3 X317 - 54 x 498 - 83

Output in kVA = 1000

=274.36 kVA (Ans)

Example 3.6
A three-phase, 50 Hz, core type transformer is required to be built for a 10000/500 V ratio, connected in

star/mesh. The cores are to have a square section and the coils are to be circular. Taking an induced emf
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of about 15V per turn and maximum core density of about 1.1 tesla find the cross-sectional dimensions
of the core and the number of turns per phase.
Solution:

Emf per turn = 15

10000

V3

10000 1 _ 384 (Ans)
3 15

The primary phase voltage, E, .= volt

Primary turns, N,

Secondary turns, N, = N, X K

Where K = Transformation ratio = = = = X=

N, = 384 x NER 33.1; 34 (Ans.)

20
Also from the fundamental equation Eph =444f ¢, Nph =444fB, Ainh volt
E,,
L = 15=444%x50%x 1.1 XA,
N, !
_ 15 _ 40 2
A = 1 10 x50 %11 612 x 10~* m* = 612 cm~ (Ans.)
Gross-cross-sectional area of the core,
A
Agc = ?l
_ 612 _ 2 .
Agc =0.9° 680 cm” (assuming K; to be 0.9)

Side of square = /Agc = /680 =26 cm (Ans.)

Example 3.7
A three-phase transformer, rated at 1000 kVA, 11/3.3 kV has its primary star-connected and

secondary delta connected. The actual resistances per phase of these windings are, primary 0.375
ohm, secondary 0.095 and the leakage reactances per phase are primary 9.5 ohm, secondary 2
ohm. Calculate the voltage at normal frequency which must be applied to the primary when the
secondary terminals are short circuited. Calculate also the power under these conditions.

Solution:
. 11000
Primary phase voltage, E ,, = —=— = 6352 V
yp 86 Lo NG}
Transformat