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Electrical Circuits

1.1 Introduction

In practice, the electrical circuits may consist of one or more sources of energy and
number of electrical parameters, connected in different ways. The different electrical
parameters or elemenls are resistors, capacitors and inductors. The combination of such
elements alongwith various sources of energy gives rise to complicated electrical circuits,
generally referred as networks. The terms circuit and network are used synonymously in
the electrical literature. The d.c. circuits consist of only resistances and d.c. sources of
energy. And the circuit analysis means to find a current through or voltage across any
branch of the circuit.

1.2 The Structure of Matter

In the understanding of fundamentals of electricity, the knowledge of the structure of
matter plays an important role. The matter which occupies the space may be soild, liquid
or gaseous. The molecules and atoms, of which all substances are composed are not at all
elemental, but are themselves made up of simpler entities. We know this because we, up
to certain extent, are successful in breaking atoms and studying the resulting products. For
instance, such particles are obtained by causing ultraviolet light to fall on cold metal
surfaces, such particles are spontancously ejected frem the radioactive elements. So these
particles are obtained from many different substances under such widely varying
conditions. It is believed that such particles are one of the elemental constituents of all
matter, called electrons.

Infact, according to the modern electron theory, atom is composed of the three
fundamental particles, which are invisible to bare eyes. These are the neutron, the proton
and the electron. The proton is defined as positively charged while the electron is defined
as negatively charged. The neutron is uncharged ie. neutral in nature possessing no
charge. The mass of neutron and proton is same while the electron is very light, almost
1/1840"™ the mass of the neutron and proton. The following table gives information about
these three particles.

(-1
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Fundamental Symbol Nature of charge Mass in kg.
particles of matter possessed
Neutron n 0 16875% 10727
Proton p+ + 1675x 1077
Electron e - 9.107x 107
Table 1.1

1.2.1 Structure of an Atom

All of the protons and neutrons are bound together into a compact nucleus. Nucleus
may be thought of as a central sun, about which electrons revolve in a particular fashion.
This structure surrounding the nucleus is referred as the electron cloud.

In the normal atom the number of protons equal to the number of electrons. An atom
as a whole is electrically neutral. The electrons are arranged in different orbits. The
nucleus exerts a force of attraction on the revolving electrons and hold them together. All
these different orbits are called shells and possess certain energy. Hence these are also
called energy shells or quanta. The orbit which is closest to the nucleus is always under
the tremendous force of attraction while the orbit which is farthest from the nucleus is
under very weak force of attraction.

Key Point : The electron or the electrons revolving in farthest orbit are hence loosely held
to the nucleus. Such a shell is called the valence shell. And such electrons are called
valence electrons.

In some atoms such valence electrons are so loosely bound to the nucleus that at room
temperature the additional energy imparted to the valence electrons causes them to escape
from the shell and exist as free electrons. Such free electrons are basically responsible for
the flow of electric current through metals.

Key Point : More the number of free elecirons, better is the metal for the conduction of the
current. For example, copper has 8.5x10%* free electrons per cubic meter and hence it is a
good conductor of electricity.

The electrons which are revolving round the nucleus, not revolve in a single orbit.
Each orbit consists of fixed number of electrons. In general, an orbit can contain a
maximum of 2n? electrons where n is the number of orbit. So first orbit or shell can
occupy maximum of 2 X 1% ie. 2 electrons while the second shell can occupy maximum of
2%2? je. B electrons and so on. The exception to this rule is that the valence shell can
occupy maximum 8 electrons irrespective of its number. Let us see the structure of two
different atoms.
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This atom consists of one proton and one electron revolving around the nucleus. This is
the simplest atom. This is shown in the Fig. 1.1 (a). The dot represents an electron while
nucleus is represented by a circle with the positive sign inside it.

2) Silicon : This atom consists of 14 electrons. These revolve around the nucleus in three
orbits. The first orbit has maximum 2 electrons, the second has maximum 8 electrons and
the third orbit has remaining 4 electrons. This is shown in the Fig. 1.1 (b).

Electrol Orbit 1 i
n e i 8 electron

.~ v Qrbit (2 electrol { g

-~ V= (shell) -
R ! -— .
”, ~

NUdeus, s @ x" ’ ; N s

I 4 $ N L

f # [T P

M Orbit 3

(4 electrons}
(a) Hydrogen atom (b) Silicon atom

Fig. 1.1

. The 4 electrons located in the farthest shell are loosely held by the nucleus and
generally available as free electrons. If by any means some of the electrons are removed,
the negative charge of that atom decreases while positively charged protons remain same.
The resultant charge on the atom remains more positive in nature and such element is
called positively charged. While if by any means the electrons are added, then the total
negative charge increases than positive and such element is called negatively charged.

1.3 Concept of Charge

In all the atoms, there exists number of electrons which are very loosely bound to its
nucleus. Such electrons are free to wonder about, through the space under the influence of
specific forces. Now when such electrons are removed from an atom it becomes positively
charged. This is because of loosing negatively charged particles i.e. electrons from it. As
against this, if excess clectrons are added to the atom it becomes negatively charged.

Key Point: Thus total deficiency or addition of excess e.'actmr:s in an atom is called its
charge and the element is said to be charged.

The following table shows the different particles and charge possessed by them.

Particle Charge possessed in Coulomb Nature
Neutron 0 Neutral
Prolon 1602 10717 Paositive
Electron 1602x 10712 Negative

Table 1.2
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1.3.1 Unit of Charge

As seen from the Table 1.2 that the charge possessed by the electron is very very
small hence it is not convenient to take it as the unit of charge.

The unit of the measurement of the charge is Coulomb.

The charge on one electron is 1.602x107", so one coulomb charge is defined as the

charge possessed by total number of ( 1/ 1.602x107"*) electrons i.e. 6.24x10" number of
electrons.

Thus, | 1 coulomb = charge on 6.24x10'® electrons

From the above discussion it is clear that if an element has a positive charge of one
coulomb then that element has a deficiency of 6.24x10'"® number of electrons.

Key Point: Thus, addition or removal of electrons causes the change in the nature of the
charge possessed by the element.

1.4 Concept of Electromotive Force and Current

It has been mentioned earlier that the free electrons are responsible for the flow of
electric current. Let us see how it happens.

To understand this, first we will see
the enlarged view of the inside of a piece
of a conductor. A conductor is one which
has abundant free electrons. The free
electrons in such a conductor are always
moving in random directions as shown in

the Fig. 1.2.

17 Inside the conductor
Poi@:

N o | Flow of el
4*- T (- ve lo + ve)
Direction of | i..... ;= Electric cel
tional current
(+ve to — ve)

Fig. 1.3 The flow of current
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The small electrical effort, externally applied to such conductor makes all such free
electrons to drift along the metal in a definite particular direction. This direction depends
on how the external electrical effort is applied to the conductor. Such an electrical effort
may be an electrical cell, connected across the two ends of a conductor. Such physical
phenomenon is represented in the Fig. 1.3.

Key Point : An electrical effort required to drift the free electrons in one particular
direction, in a conductor is called Electromotive Force (e.m.f)

The metal consists of particles which are charged. The like charges repel while unlike
charges attract each other. But as external electric effort is applied, the free electrons as are
negatively charged, get attracted by positive of the cell connected. And this is the reason
why electrons get aligned in one particular direction under the influence of an
electromative force.

Key Point: The electric effort ie. emf is maintained across the positive and negative .
electrodes of the cell, due to the chemical action inside the solution contained in the cell.

Atoms, when they loose or gain electrons, become charged accordingly and are called
ions. Now when free electron gets dragged towards positive from an atom it becomes
positively charged ion. Such positive ion drags a free electron from the next atom. This
process repeats from atom to atom along the conductor. So there is flow of electrons from
negative to positive of the cell, externally through the conductor across which the cell is
connected. This movement of electrons is called an Electric Current.

The movement of electrons is always from negative to positive while movement of
current is always assumed as from positive to negative. This is called direction of
conventional current.

Key Point: Direction of conventional current is from positive to negative terminal while
direction of flow of electrons is always from negative fo positive lerminal, through the
external circuit across which the e.m.f. is applied.
We are going to follow direction of the conventional current throughout this book. i.e.
from positive to negative terminal, of the battery through the external circuit.

1.5 Relation between Charge and Current

The current is flow of electrons. Thus current can be measured by measuring how
many electrons are passing through material per second. This can be expressed in terms of
the charge carried by those electrons in the material per second. So the flow of charge
per unit time is used to quantify an electric current.

Key Point: So current can be defined as rate of flow of charge in an electric circuit or in
any medium in which charges are subjected to an external electric field.

The charge is indicated by Q coulombs while current is indicated by I. The unit for the
current is Amperes which is nothing but coulombs/sec. Hence mathematically we can
write the relation between the charge (Q) and the electric current (I) as,



Electrical and Electronics Engineering 1-6 Electrical Circuits

I = —?— Amperes
where I = Average current flowing

Q = Total charge transferred
t = Time required for transfer of charge.

Definition of 1 Ampere : A current of 1 Ampere is said to be flowing in the conductor when
a charge of one coulomb is passing any given point on it in one second.

Now 1 coulomb is 6.24x10" number of electrons. So 1 ampere current flow means
flow of 6.24x10' electrons per second across a section taken any where in the circuit.

| 1 Ampere current = Flow of 6.24 » 10® electrons per second

1.6 Concept of Electric Potential and Potential Difference

When two similarly charged particles are brought near, they try to repel each other
while dissimilar charges attract each other. This means, every charged particle has a
tendency to do work.

Key Point: This ability of a charged particle to do the work is called its electric potential.
The unit of electric potential is volt.

The electric potential at a point due to a charge is one volt if one joule of work is
done in bringing a unit positive charge i.e. positive charge of one coulomb from infinity to
that point.

Mathematically it is expressed as,

. . _ Workdone W
Electrical Potential = “Charge - Q

Let us define now the potential difference.

It is well known that, flow of water is always from higher level to lower level, flow of
heat is always from a body at higher temperature to a body at lower temperature. Such a
level difference which causes flow of water, heat and so on, also exists in electric circuits.
In electric circuits flow of current is always from higher electric potential to lower electric
potential. So we can define potential difference as below :

Key Point: The difference between the electric potentials at any hwo given poinls in a
circuit is known as Potential Difference ( p.d. ). This is also called voltage between the two
points and measured in volts. The symbol for voltage is V.
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For example, let the electric potential of a charged particle A is say V; while the
electric potential of a charged particle B is say V,. Then the potential difference between
the two particles A and B is V, -V,. If V, -V, is positive we say that A is at higher
potential than B while if V, -V, is negative we say that B is at higher potential than A.

Key Point: The potential difference between the two points is one volt if one joule of work
is done in displacing unit charge ( 1 coulomb ) from a point of lower potential to a point of
higher potential.

Consider two points having potential difference of V volts between them, as shown in
the Fig. 1.4. The point A is at higher polential than B. As per the definition of volt, the V
joules of work is to be performed to move unit charge from point B to point A.

Thus, when such two points, which are at

Potental V2 different potentials are joined together with the
Difference £ help of wire, the electric current flows from higher
V volts potential to lower potential i.e. the electrons start
. flowing from lower potential to higher potential.
Fig. 1.4 Hence, to maintain the flow of electrons i.e. flow of
electric current, there must exist a potential

difference between the two points.
Key Point: No current can flow if the potential difference between the two poinls is zero.

1.7 Electromotive Force and Potential Difference

Earlier we have seen the concept of emf. The emf. is that force which causes the
flow of electrons i.e. flow of current in the given circuit. Let us understand its meaning
more clearly.

Consider a simple cell shown in Fig. 15 (a). Due to the chemical reaction in the
solution the terminal ‘A’ has acquired positive charge while terminal ‘B' has acquired
negative charge.

If now a piece of conductor is connected between the terminals A and B then flow of
electrons starts through it. This is nothing but the flow of current through the conductor.
This is shown in the Fig. 1.5 (b). The electrons will flow from terminal B to A and hence
direction of current is from A to B ie. positive to negative as shown.

One may think that once the positive charge on terminal A gets neutralised due to the
electrons, then flow of electrons will stop. Both the terminals may get neutralised after
some time. But this does not happen practically. This is because chemical reaction in the
solution maintains terminal A positively charged and terminal B as negatively charged.
This maintains the flow of current. The chemical reaction converts chemical energy into
electric energy which maintains flow of electrons.
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Due to potential diffierence
current flows and electrical

energy is converied to
Flow of electrons heat energy

Force for converting
chemical energy to
electrical energy Is
e.m.f{Electromotive force)

1 Chemical
solution

{a) Cell (b) Current due to a cell
Fig. 1.5

Key Point: This force which requires to keep electrons in motion ie. to convert chemical or
any other form of energy into electric energy is known as Electromotive Force (e.m.f)
denoted by E. The unit of em.f. is volt and unless and untill there is some em.f. present
in the circuit, a continuous flow of current is not possible.

Consider two points P and Q as shown in the Fig. 1.5 (b), then the current is flowing
from point P to point Q. This means there exists a potential difference between the points
P and Q. This potential difference is called voltage denoted as V and measured in volts.

In other words we can explain the difference between e.m.f. and p.d. as below. In the
cell two energy transformations are taking place simultaneeusly. The one is chemical
energy because of solution in cell is getting converted to electrical energy which is basic
cause for flow of electrons and hence current. The second is when current flows, the piece
of metal gets heated up ie. electrical energy is getting converted to heat energy, due to
flow of current.

In the first transformation electrical energy is generated from other form of energy.
The force involved in such-transformation is electromotive force. When current flows, due
to which metal gets heated up ie. due to existence of potential difference between two
points, voltage is existing. And in such case electrical energy gets converted to other form
of energy. The force involved in such transformation is nothing but the potential difference
or voltage. Both ean.f. and potential difference are in generally referred as voltage.

1.8 Network Terminology

In this section, we shall define some of the basic terms which are commonly associated
with a network. -
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1.8.1 Network

Any arrangement of the various electrical energy sources along with the different
circuit elements is called an electrical network. Such a network is shown in the Fig. 1.6.

1.8.2 Network Element

Any individual circuit element with two terminals which can be connected to other
circuit element, is called a network element.

Network elements can be either active elements or passive elements. Active elements
are the elements which supply power or energy to the network. Voltage source and
current source are the examples of active elements. Passive are the el
which either store energy or dissipate energy in the form of heat. Resistor, inductor and
capacitor are the three basic passive elements. Inductors and capacitors can store energy
and resistors dissipate energy in the form of heat.

1.8.3 Branch

: A part of the network which connects the various points of the network with one
another is called a branch. In the Fig. 1.6, A-B, B-C, C-D, D-A, D-E, C-F and E-F are the
various branches. A branch may consist more than one element.

1.8.4 Junction Point

A point where three or more branches meet is called a junction point. Point D and C
are the junction points in the network shown in the Fig. 1.6.

1.8.5 Node

A point at which two or more elements are joined together is called node. The junction
points are also the nodes of the network. In the network shown in the Fig. 1.6, A, B, C, D,
E and F are the nodes of the network.

1.8.6 Mesh {or Loop)

Mesh (or Loop) is a set of branches forming a
closed path in a network in such a way that if one
branch is removed then ining branches do not
form a closed path. A loop also can be defined as a
closed path which originates from a particular node,
terminating at the same node, travelling through
various other nodes, without travelling through any
node twice. In the Fig. 1.6 paths A-B-C-D-A,
A-B-C-F-E-D-A, D-C-F-E-D etc. are the loops of the
network.

Fig. 1.6 An electrical network
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1.9 Classification of Electrical Networks

The behaviour of the entire network depends on the behaviour and characteristics of
its elements. Based on such characteristics electrical network can be classified as below :

i) Linear Network : A circuit or network whose parameters i.e. elements like resistances,
inductances and capacitances are always constant irrespective of the change in time,
voltage, temperature etc. is known as linear network. The Ohm's law can be applied to
such network. The mathematical equations of such network can be obtained by using the
law of superposition. The response of the various network elements is linear with respect
to the excitation applied to them.

il) Non Linear Network : A circuit whose parameters change their values with change in
time, temperature, voltage etc. is known as non linear network . The Ohm's law may not
be applied to such network. Such network does not follow the law of superposition. The
response of the various elements is not linear with respect to their excitation. The best
example is a circuit consisting of a diode where diode current does not vary linearly with
the voltage applied to it.

iii) Bilateral Network : A circuit whose characteristics, behaviour is same irrespective of
the direction of current through various elements of it, is called bilateral network.
Network consisting only resistances is good example of bilateral network.

iv) Unilateral Network : A circuit whose operation, behaviour is dependent on the
direction of the current through various elements is called unilateral network. Circuit

consisting diodes, which allows flow of current only in one direction is good example of
unilateral circuit.

v) Active Network : A circuit which contains at least one source of energy is called
active. An energy source may be a voltage or current source.

vi) Passive Network : A circuit which contains no energy source is called passive circuit.
This is shown in the Fig. 1.7.

Ry Ry

No energy
source

Ry

(a) Active network (b) Passive network
Fig. 1.7
vii} Lumped Network : A network in which all the network elements are physically

separable is known as lumped network. Most of the electric networks are lumped in
nature, which consists elements like R, L, C, voltage source etc.
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viii) Distributed Network : A network in which the circuit elements like resistance,
inductance etc. cannot be physically separable for analysis purposes, is called distributed
network. The best example of such a network is a transmission line where resistance,
inductance and capacitance of a transmission line are distributed all along its length and
cannot be shown as a separate clements, any where in the circuit.

The classification of networks can be shown as,

Electrical circuits or networks

e W

Active Passive Linear  MNonlinear  Unilateral  Bilateral Lumped Distributed

Fig. 1.8 Classification of networks
1.10 Basic Circuit Components

Let us take a brief review of three basic elements namely resistance, capacitance and
inductance.

1.10.1 Resistance

, R It is the property of the material by which it

o———ANN——— opposes the flow of current through it. The resistance of
Vo element is denoted by the symbol 'R'. Resistance is
Fig. 1.9 measured in ohms ().

The resistance of a given material depends on the physical properties of that material
and given by,

r=-9
a
where ! = Length in metres
a = Cross-sectional area in square metres
P = Resistivity in ohms-metres

R = Resistance in ohms
We can define unit ohm as below.

Key Point: 1 Ohm : The resistance of a circuit, in which a current of 1 ampere generates
the heat at the rate of 1 joules per second is said to be 1 ohm.
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Now 4.186 Joules = 1 Calorie
hence 1 Joule 024 Calorie

Thus unit 1 ohm can be defined as that resistance of the circuit if it develops
0.24 calories of heat, when one ampere current flows through the circuit for one second.

The unit ohm also can be defined as, one ohm resistance is that which allows one
ampere current to flow through it when one volt voltage is impressed across it.

The relation between voltage and current for a resistance is given by Ohm's law as,
v = Ri

R =

y
i

The power absorbed by a resistance is given by,

plt) = vi= N i?R walts

while the amount of energy converted to heat energy in time t is given by,

w = j'pdt: jizkdt= j'vidt

Key Point: As i term is always positive, the energy absorbed by the resistance is always
positive.
If the voltage across resistance is constant V and the currrent through it is constant I
then the energy for t 2 0 is given by,

1
W = [ Vidt= VIt joules
o
VZ
while, P = VI=T= 12R watts

1.10.2 Inductance

An inductance is the element in which energy is stored in the form of electromagnetic
field. The inductance is denoted as 'L’ and is measured in henries (H).

The Fig. 1.10 shows an inductance.

:— ‘:__f linkages The time varying voltage v(t} is the voltage
ity +W- across it. It carries a current i(t) which is also
time varying.

wi).
v(t)

Fig. 1.10 Inductance
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Key Point: For an inductance, the voltage across it is proportional to the rate of change of
current passing through it.
dl(t)

v(t) e

The constant of proportionality in the above equation is the inductance L.

v = L d;‘:)

If the voltage v (t) is known across an inductor then the current is given by,

t
iy = li ]'v(r) dt

If the inductance has N turns and the flux ¢ produced by the current i(t) entirely links
with the coil of N turns then according to Faraday's law,
= n%
vit) = @
The total flux linkages N¢ are thus proportional to the current through the coil.

Né = Li

Né¢
T

L

The power in the inductor is given by,

plY) = vi = Li(t) d:i(:)

The energy stored in the inductor in the form of an electromagnetic field is,

w = [ pydt= j' 1.1(*:111ﬁ dt
w o= ILl(t)di(u—— (l)

1. a0 -
W= Li*(t) joules
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1.10.3 Capacitance i ,\C

An element in which energy is stored in the form of an LU
electrostatic field is known as capacitance. It is made up of two
conducling plates separated by a dielectric material. It is denoted
as ‘C’ and is measured in farads (F).

n‘—v([)_._
The Fig. 1.11 shows a capacitor. The voltage across it is time
varying v(t) and current through it is also time varying i(t).
Key Point: For a capacitor, the current through it is proportional to the rate of change of
voltage across it.

Fig. 1.11 Capacitor

dv(t)
dt

i(t) o

The constant of proportionality is the capacitor C.

i(t) = Cl—j—g—t—}

While the ratio of the charge stored to the vollage across the capacitor is known as the
capacitance C.

C =

<lo

The voltage across the capacitor is given by,

vit) = % [ it at

The power in the capacitor is given by,

dv(t)

plty = vi = Cwit) gt

The energy stored in the capacitor is given by,
dv(t)

W= Jp(t)dt:!Cv(t) Tt dt
2
w = [ Cundv = C"T(t)
1 A .
woE Cvi(t) joules
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1.11 Voltage Current Relationships for Passive Elements

The voltage current relationships for the passive elements resistance (R), inductance (L)
and capacitor (C) are given in the Table 1.3.

Element Basic relation | Voltage acress, | Current through, Energy
If current known | if voltage known
R R=7 ()= Ri(t) ir(9)= g () w= j in(1) va(1) €t
L Le N B0 | = ua | weatE
¢ c=13 uc(t)%j | in=c2Q | w=gev()

Table 1.3

Note that in the Table 1.3, vy, v, and v are the voltages across R, L and C
respectively while ig, i and ic are the currents through R, L and C respectively.

Iy Example 1.1 :

A current waveform flowing through an inductor of 1 mH is shown in

the Fig. 1.12. Obtain and sketch the waveform of the voltage across the inductor,

iy

100 A

[X]

Bb=——-

6

Fig. 1.12

Soll.rt]un : From the given waveform,

For 0 < t < 2, i(t) is a straight line of slope = —OE =50

For 2 <t <4, i(t)

For 4 <t < 6, i(t) is a straight line of slope = -

i(t) 50 ¢t

100 and ——

di(t)
and —= = 50

d1(t] -0

WD<te2

10 . _so

2
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di(t)

ity = —Sotand—a—z—m wd<t<b

di(t

Now Vi) = L%
= 1x10"3 x50 =005V 0D<te2
=1x10""x0=0V 2<t<éd
= 1x10"2 x (~50) == 005 V . d<t<6

The waveform is shown in the Fig. 1.12 (a).

wi{t)
+.05V
2 4 6
P) t
-0.05V
Fig. 1.12 (a)

1.12 Ohm's Law

This law gives relationship between the potential difference (V), the current (I) and the
resistance (R) of a d.c. circuit. Dr. Ohm in 1827 discovered a law called Ohm's Law. It
states,
ﬂ:m'sLm: The current flowing through the electric circuit is directly proportional to the
potential difference across the circuit and inversely proportional to the resistance of the circuit,
provided the temperature remains constant.

v
Mathematically, | I = &

Where 1 is the current flowing in amperes, the V is the

N R . voltage applied and R is the resistance of the conductor,
w as shown in the Fig. 1.13.
\4
v NWI:_R.
Fig. 1.13 Ohm's law The unit of potential difference is defined in such a

way that the constant of proportionality is unity.
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\%
Ohm's lawis, | I = 7 amperes
= IR volts

constant =R ohms

e <

The Ohm's law can be defined as,

The ratio of potential difference (V) between any two points of a conductor to the
current (I) flowing between them is constant, provided that the temperature of the
conductor remains constant.

Key Point: Ohm's law can be applied either to the entire circuit or to the part of a circuit.
If it is applied to entire circuit, the voltage across the entire circuit and resistance of the
entire circuit should be taken into account. If the Ohm'’s law is applied to the part of a
circuit, then the resistance of that part and potential across that part should be used.

1.12.1 Limitations of Ohm's Law
The limitations of the Ohm's law are,
1) It is not applicable to the non linear devices such as diodes, zener diodes, voltage
regulators etc.

2) It does not hold good for non-metallic conductors such as silicon carbide. The law
for such conductors is given by,

V = kI™ where k, m are constants.

1.13 Energy Sources

There are basically two types of energy sources ; voltage source and current source.
These are classified as i) Ideal source and ii) Practical source.

Let us see the difference between ideal and practical sources.

1.13.1 Volitage Source

Ideal voltage source is defined as the energy source which gives constant voltage
across its terminals irrespective of the current drawn through its terminals. The symbol for
ideal voltage source is shown in the Fig. 1.14 (a). This is connected to the load as shown in
Fig. 1.14 (b). At any time the value of voltage at load terminals remains same. This is
indicated by V- I characteristics shown in the Fig. 1.14 (c).
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!
L \I"L

(VL=Va
E vl Y

Load| |v, J

- o .0
(a) Symbol {b) Circuit (c) Characteristics
Fig. 1.14 Ideal voltage source
Practical voltage source :
But practically, every voltage source has small internal resistance shown in series with

voltage source and is represented by R,, as shown in the Fig. 1.15.
Intemal

resistance Rse I Vi
+
Ideal When there is no
+ v i load, 1 = 0 and
. e i, fid
@ RV \" o SV RV
| 0 I
(a) Circuit (b) Characteristics

Fig. 1.15 Practical voltage source
Because of the R, voltage across terminals decreases slightly with increase in current
and it is given by expression,
Vo= —(R) I +V,=Vg -1 B, ]
Key Point: For ideal voltage source, R,, =0
Voltage sources are further classified as follows,
i) Time Invariant Sources :

I The sources in which voltage is not

v V= varying with time are known as time
éD -T invariant voltage sources or D.C
s sources. These are denoted by capital

Fig. 1.16 (a) D. C. source letters. Such a source is represented in

the Fig. 1.16 (a).
ii) Time Variant Sources :
The sources in which voltage is

w{t) varying with time are known as time
variant voltage sources or A.C. sources.
Fig. 1.16 (b) A. C. source These are denoted by small letters. This

is shown in the Fig. 1.16 (b).
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1.13.2 Current Source

Ideal current source is the source which gives constant current at its terminals
irrespective of the voltage appearing across its terminals. The symbol for ideal current
source is shown in the Fig. 1.17 (a). This is connected to the load as shown in the
Fig. 1.17 (b). At any time, the value of the current flowing through load I, is same ie. is
irrespective of voltage appearing across its terminals. This is explained by V-I
characteristics shown in the Fig. 1.17 (c).

{a) Symbol (b) Circuit (c) Characteristics
Fig. 1.17 Ideal current source

But practically, every current source has high internal resistance, shown in parallel
with current source and it is represented by R, . This is shown in the Fig. 1.18.

Internal
resistance I
2, +
lsn
1 @D \ Load ||V,
Ran

(a) Circuit (b) Characteristic
Fig. 1.18 Practical current source

Because of R, current through its terminals decreases slightly with increase in voltage
at its terminals.
Key Point: For ideal current source, R, = ==
Similar to voltage sources, current sources are classified as follows :

i) Time Invariant Sources :

The sources in which current is not varying

with time are known as time invarient current

XO) sources or D.C. sources. These are denoted by
S capital letters.

Fig. 1.19 (a) D.C. source Such a current source is represented in the

Fig. 1.19 (a).
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ii) Time Varlant Sources :

The sources in which current is varying with
time are known as time variant current sources or

i A.C. sources. These are denoted by small letters.
’ Such a source is represented in the Fig. 1.19(b).
Fig. 1.19 (b) A.C. source The sources which are discussed above are

independent sources because these sources does
not depend on other voltages or currents in the network for their value. These are
represented by a circle with a polarity of voltage or direction of current indicated inside.

1.13.3 Dependent Sources

Dependent sources are those whose value of source depends on voltage or current in
the circuit. Such sources are indicated by diamond as shown in the Fig. 1.20 and further,
classified as,

i} Voltage Dependent Voltage Source : It produces a voltage as a function of voltages
elsewhere in the given circuit. This is called VDVS. It is shown in the Fig. 1.20 (a).

ii) Current Dependent Current Source : It produces a current as a function of currents
elsewhere in the given circuit. This is called CDCS. It is shown in the Fig. 1.20 (b).
iil) Current Dependent Voltage Source : It produces a voltage as a function of current
elsewhere in the given circuit. This is called CDVS. It is shown in the Fig. 1.20 (c).

iv} Voltage Dependent Current Source : It produces a current as a function of voltage
elsewhere in the given circuit. This is called VDCS. It is shown in the Fig. 1.20 (d).

WKV‘EE |=m,<§ v=m1¢ r=|w,¢
(a) (b) (c)

(d)
Fig. 1.20
K is constant and V| and I, are the voltage and current respectively, present elsewhere
in the given circuit. The dependent sources are also known as controlled sources.

1.14 Series Circuit

A series circuit is one in which several resistances are connected one after the other.
Such connection is also called end to end connection or cascade connection. There is only
one path for the flow of current.
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1.14.1 Resistors in Series
Consider the resistances shown in

the Fig. 1.21.
T - T LRy g The resistance R,, R, and R, are
S + = + - said to be in series. The combination is
1 v, | A | Vy 1 connected across a source of voltage V
] L volts. Naturally the current flowing
it through all of them is same indicated as
v volts I amperes. eg. the chain of small
lights, used for the decoration purposes
Fig. 1.21 A series circuit is good example of series combination.

Now let us study the voltage distribution.
Let V;,V, and V; be the voltages across the terminals of resistances R, R, and R;
respectively

Then, V= Vi+V, +V,
Now according to Ohm's law, V, = IR, Vo =1IR;, Va=TR,
Current through all of them is same i.e. 1

V = IR, +IR, +IR, = I(R, +R; +R;)

Applying Ohm's law to overall circuit,
V = 1Ry
where R = Equivalent resistance of the circuit. By comparison of two equations,
R

g = Ri+Ry+Ry

ie. total or equivalent resistance of the series circuit is arithmetic sum of the
resistances connected in series.

For n resistances in series, 1 R = Ry +R;+Ra+ ... + R, |

1.14.1.1 Characteristics of Series Circuits
1) The same current flows through each resistance.
2) The supply voltage V is the sum of the individual voltage drops across the
resistances.
V= Vi+Vi+..+ V

3) The equivalent resistance is equal to the sum of the individual resistances.
4) The equivalent resistance is the largest of all the individual resistances.

ie R > R, R>R,, ...R> R,
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1.14.2 Inductors in Series

Consider the Fig. 1.22 (a). Two inductors L, and L, are connected in series. The
currents flowing through L; and L, are i, and i, while voltages developed across L, and
L, are V|, and V| , respectively. The equivalent circuit is shown in the Fig.1.22 (b).

i1+vL1- 12+V‘-2- P
o——FI) T 0 [ el '] R—
Ly L Leq
(a) Fig. 1.22 (b}
di di i
Wehave, Vi =L, 5- and Vi, =L, 5% while V =1L, g%

For series combination,

i= =i,

and Vp o= Vu+ Vs
di di di
L“‘a = L|a+LZI
di di
Lag = Li+L)g
Ly = Li+L,

That means, equivalent inductance of the series combination of two inductances is the
sum of inductances connected in series.

The total equivalent inductance of the series circuit is sum of the inductances
connected in series.

For n inductances in series,

Ly = Li+L+L3+..+L,

1.14.3 Capacitor in Series

Consider the Fig. 1.23 (a). Two capacitors C,and C, are connected in series. The
currents flowing through and voltages developed across C; and C, are i,, i, and V. and
-, respectively. The equivalent circuit is shown in the Fig. 1.23 (b).

. Vo Vez Ve
LT = 3 e N iy ,—
LA i o -_||_°
c, G Ceq

(a) Fig. 1.23 (b)
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1 ] ]
We have, 'V, =C_l. [idt, Vi, = é [ whie V=l fia

For series combination,

i =i =i, and
Ve = Yo+
1 7 1 ¢
q-J'-ldt = F_I_lldnAC—wJ':,dt
But i= =i,

1. 1,1
o i = (gog )i
1 1 1
—

Ceg G G
= CICZ
Ca = TG

That means, reciprocal of equivalent capacitor of the series combination is the sum of
the reciprocal of individual capacitances.

The reciprocal of the total equivalent capacitor of the series combination is the sum of
the reciprocols of the individual capacitors, connected in series.

For n capacitors in series,

1.15 Parallel Circuits

The parallel circuit is one in which several resistances are connected across one
another in such a way that one terminal of each is connected to form a junction point
while the remaining ends are also joined to form another junction point.

1.15.1 Resistors in Parallel
Consider a parallel circuit shown in the Fig. 1.24.

In the parallel connection shown, the three resistances R, , R, and R are connected in
parallel and combination is connected across a source of voltage 'V ".
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“Voliags same | In parallel circuit current passing through each
o resistance is different. Let total current drawn is
+1 say ‘ I ' as shown. There are 3 paths for this

h v- current, one through R;, second through R, and

L ANA—o third through Rj. Depending upon the values of
Vo= R, ,R; and R, the appropriate fraction of total

I3 Ry current passes through them. These individual
oy - currents are shown as 1, ,I, and I,. While the

e voltage across the two ends of each resistances

1 R, .R; and R, is the same and equals the supply

voltage V.
Fig. 1.24 A parallel circuit

Now let us study current distribution. Apply Ohm's law to each resistance.
V =LR, V=LR,, V=1,R,

v \4 v
I, = =, 1=a0, I3=—
1 R'l 2 N 3 3
v v Vv
I = L+l 4] = 0+t
1 2 3 R] R2 R.‘!
1 1 1
= [R_1+R_,_ R_a] - (D
For overall circuit if Ohm's law is applied,
V = IR,
v
and 1= Re (@
where R, = Total or equivalent resistance of the circuit.

Comparing the two equations,
1 1.1 1

where R is the equivalent resistance of the parallel combination.

In general if ‘n’ resistances are connected in parallel,

LS S
RoRY R

LR
R~ R
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Conductance (G) :
It is known that, ‘Ili =G  (conductance) hence,

G = G +G,+G,+...4G, J .... For parallel circuit

Important result :
Now if n = 2, two resistances are in parallel then,

1 1.1

R™R'R;
R, R,

R = R, +R,

This formula is directly used hereafter, for two resistances in parallel.

1.15.1.1 Characteristics of Parallel Circuits

1} The same potential difference gets across all the resistances in parallel.

2) The total current gets divided into the number of paths equal to the number of
resistances in parallel. The total current is always sum of all the individual
currents.

I = L+l +13+...40

3) The reciprocal of the equivalent resistance of a parallel circuit is equal to the sum
of the reciprocal of the individual resistances.

4) The equivalent resistance is the smallest of all the resistances.

R < Ry, R<R,,...,R<R,

5) The equivalent conductance is the arithmetic addition of the individual

conductances.
Key Point : The equivalent resistance is ler than the smallest of all the resistances

1

connected in parallel.

1.15.2 Inductors in Parallel

Consider the Fig. 1.25 (a). Two inductors L, and L, are connected in parallel. The
currents flowing through L, and L, are i, and i, respectively. The voltage developed
across L, and L, are V;; and V|, respectively. The equivalent circuit is shown in
Fig. 1.25 (b)
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i+ Vi -
o———
Leq
(a) Fig. 1.25 {b)
For inductor we have,
. 1 i R IR T
=g .I..v“ d i _j'”vu dt, while i= :_I_VL dt

For parallel combination,
o= Vu=%W. and
i= i +i

1 1 ¢ 1 1, 1Y)
T_-:_]’v,_dt = FI‘I—\Q'dI+L—=_IVLdl = [-I:I—+-1:)I\u}'dt

1 1 1
L, T, 0L
That means, reciprocal of equivalent inductance of the parallel combination is the sum
of reciprocals of the individual inductances.
For n inductances in parallel,

1 1 1 1

—_— = 4 —

L, L. 'LTL,

1.15.3 Capacitors in Parallel

Consider the Fig. 1.26 (a). Two capacitors C, and C, are connected in parallel. The
currents flowing through C, and C, are i, and i, respectively and voltages developed
across C;, C, are Vi, and V., respectively.

The equivalent circuit is shown in the Fig. 1.26 (b).

V,
i *lt;l
al;
Gy Ve
o— I —t Y,
Vi C,
f €z
2 [ e
L]
Ca

(a) Fig. 1.26 (b)
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dve,

For capacitor we have, i, =C, S
For parallel combination,
Ver = V=Y and
i=1i +i,
C"% = C‘%L+Cz dt
Cq% = (G, +C, %

Cq = CI+C2

That means, equivalent capacitance of the parallel combination of the capacitances is

ey

the sum of the individual capacitances connected in series.

For n capacitors in parallel,

Cq =G +C+ . +C

Gl

e i= C

The Table 1.4 gives the equivalent at 'n’ basic elements is series,

o

dv,
dt

Element

Equivalent

'n' Resistances in series

R, R, Ry . R,

Req =Ry + Ry + Ry + ..+ R,

‘n' Inductors in series

L [ Ly e L

Leg=Li*lp*Lg+ ... + L,

'n' Capacitors in series

=

Cea

11
st o s
G G

+ e

L
n

Table 1.4 Series combinations of elements




Electrical and Electronics Engineering 1-28 Electrical Circuits

The Table 1.5 gives the equivalent of 'n’ basic elements in parallel,

Element Equivalent

'n' Resistances in parallel

S T SLo.1,1 1
Ro-nh R'EE R;% EER" Ru; B R, +R2 Tt Rq
'n' Inductors in paralle!
- ST 1 1.1 1
s e3ed B e

'n' Capacitors in parallel

= G G e, Cq =G +Cy+..+C,
]

Table 1.5 Parallel combinations of elements

Key Point : The current through series combination remains same and voltage gels divided
while in parallel combination voltage across combination remains same and current gets

divided.
s Example 1.2 :  Find the equivalent resistance between the two poinis A and B shown in
the Fig. 1.27.
g
Agll I Afﬁ
40
10
o—AMN——
A 50 60 B
—\WW—— MWW ——p—o
AEIA

VWV

Fig. 1.27

Solution : Identify combinations of series and parallel resistances.
The resistances 5 Q and 6 £ are in series, as going to carry same current.
So equivalent resistance is5+ 6 =11 Q
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While the resistances 3  , 4 ©, and 4 Q are in parallel, as voltage across them same
but current divides.

.. Equivalent resistance is, D = o= —

R 34 4 12
12
R—Tﬁ_l.iﬂ

Replacing these combinations redraw the figure as shown in the Fig. 1.28 (a). F
Now again 1.2 Q and 2 Q are in series so equivalent resistance is 2 + 1.2 = 3.2 Q while
11 Qand 7 Q are in parallel.

Using formula — 12 equivalent resistance is 11%7 - 77 4277 g,
R, +R,

11+7 18
Replacing the respective combinations redraw the circuit as shown in the Fig. 1.28 (b).
Now 3.2 and 4.277 are in parallel.
2Q Series 1.21

A bk, 1m1Q

"~—— Parallel
Fig. 1.28 (a) . Fig. 1.28 (b)

: 3.2x4.277
Replacing them by 327137 1.834 Q

Rag

1+ 1.8304 = 2.8304 Q

1.16 Short and Open Circuits
In the network simplification, short circuit or open circuit existing in the nework plays
an important role.

1.16.1 Short Circuit

When any two points in a network are joined directly to each other with a thick
metalic conducting wire, the two points are
said to be short circuited. The resistance of
such short circuit is zero.

The part of the network, which is short
circuited is shown in the Fig. 1.29. The points
A and B are short circuited. The resistance of
the branch A-BisR,_=0Q.

-
o
—— ey

|

<
>
@

i

o

conducting —=—
wire

0

J

I

Fig. 1.29 Short circuit
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The curent I, is flowing through the short circuited path.
According to Ohm's law,
Vap = Rexlyp=0xI;=0V

Key Point : Thus, voltage across short circuit is always zero though current flows through
the short circuited path.

1.16.2 Open Circuit

When there is no connection between the two points of a network, having some
voltage across the two points then the two points are said to be open circuited.

As there is no direct connection in an open circuit, the resistance of the open circuit

REETTTR The part of the network which is open circuited is
Nk shown in the Fig. 1.30. The points A and B are said to

be open circuited. The resistance of the branch AB is
Natwork R —NQ

There exists a voltage across the points AB called

s oh open circuit voltage, V, 5 but R, == Q.
Fig. 1.30 Open circuit According to Ohm's law,
b = g2=2t-0A

Key Point : Thus, current through open circuit is always zero though there exists a vollage
across open circuited terminals.

1.16.3 Redundant Branches and Combinations
The redundant means excessive and unwanted.
Key Point : If in a circuit there are branches or combinations of elements which do not
carry any current then such branches and combinations are called redundant from circuit
point of view.
The redundant branches and combinations can be removed and these branches do not
affect the performance of the circuit.

The two important situations of redundancy which may exist in pmchcal circuits are,

Situation 1 : Any branch or combination across which there exists a short circuit,
becomes redundant as it does not carry any current.

If in a network, there exists a direct short circuit across a resistance or the combination
of resistances then that resistance or the entire combination of resistances becomes inactive
from the circuit point of view. Such a combination is redundant from circuit point of view.
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To understand this, consider the combination of resistances and a shoré difcuit ‘as
shown in the Fig. 1.31 (a) and (b).

A
Short +—\W—2
, . Ry
v/ Ry
- R,
5 B

fa) (b)
Fig. 1.31 Redundant branches

N\, Nocurrent
through Ry and R,

In Fig. 131 (a), there is short circuit across R; The current always prefers low
resistance path hence entire current 1 passes through short circuit and hence resistance R;
becomes redundant from the circuit point of view.

In Fig. 1.31 (b), there is short circuit across combination of Ry and R,. The.entire
current flows through short circuit across R; and R, and no current can flow through
combination of R; and R, Thus that combination becomes meaningless from the circuit
point of view. Such combinations can be eliminated while analysing the circuit.

Situation 2 : If there is open circuit in a branch or combination, it can not carry any
current and becomes redundant.

In Fig. 1.32 as there exists open circuit in branch BC, lhebranchBCandCDcannot
carry any current and are become redundant from circuit point of view.

Redundant . - - ., .. .5 30 ¥

) branches

Fig. 1.32 Redundant branches due to open circuit
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1.17 Voltage Division in Series Circuit of Resistors

Consider a seties circuit of two resistors R,

1 Ry R, and R, connected to source of V volts.
= AA———— AN,
As two resistors are connected in series, the
current flowing through both the resistors is
V() same, i.e. L Then applying KVL, we get,
V=IR, +IR,
1Y
Fig. 1.33 T T R+R,

Total voltage applied is equal to the sum of voltage drops V;, and V,, across R, and
R, respectively.

Va = I.Ry
v v I R
B T R, +R, ' |R +R,
Similarly, Vo = 1.R,
- V g =R
Yo = {FR, RZ'{R,H{;]"

So this circuit is a voltage divider circuit.
Key Point : So in general, voltage drop across any resistor, or combination of resistors, in
a series circuit is equal fo the ratio of that resistance value to the total resistance, multiplied
by the source voltage.

1.18 Current Division in Parallel Circuit of Resistors
Consider a parallel circuit of two resistors R,

W and R, connected across a source of V volts.
I I Current through R, is I; and R, is 1, while
» > total current drawn from source is ;.
v@® RS R g
> > L= L+
v \4
But I' = ﬁ‘l—, I: = R_=
Fig. 1.34 ie. V=1LR = LR,
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Substituting value of I, in I, .
R, 1 R _1 [Ri+Ry
o) =n[a] - [teR
R!
h o= [R,+R2] Iy
R]
Now II = IT_ 12 = I'I —[m] !T
Lo [RitRo-R ],
P R, +R, T
= R}
hoe [rﬂ "

Key Point : In general, the current in any branch is equal to the ratio of opposite branch
resistance to the total resistance value, multiplied by the total current in the circuit.

Ir

nmp Example 1.3 :  Find the voltage across the three resistances shown in the Fig. 1.35.

Ry R, Ry
100 20Q 0aQ
(——1
TA
\—y
80V
Fig. 1.35
A’
Solution : I-= R ¥R, ¥R, .. series circuit
60
- ]0+2|'.|+30_1A
VxR
= - 1 - -
Vi = IR = gyt 10 =10V
VxR,
Via = IRz—m—ixm =20V
VxR, _
and Vﬂ-lRﬂ—m_lxM-wv

Key Point : It can be seen that voliage across any resistance of series circuit is ratio of that
resistance to the total resistance, multiplied by the source vollage.
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mmp Example 1.4 : Find the magnitudes of total current, current through R, and R, if,
Ry=10Q,R, =20 Q,and V=50V.

<
[N E2
"

=
AW
el
[

Fig. 1.36

Solution : The equivalent resistance of two is,
R, R, _ 10x20

R = Ri+R, “10+20 - % 9
V50 .
= e =TSA

As per the current distribution in parallel circuit,
_ R, 20
L= ‘T(W) 7 5"[1n+2u] 3 A

= R ). 16 Y _
and I, = IT[—R—l—:ﬁ;) = ?.Sx[m) =25 A
It can be verified that Iy =1, +1,.

1.19 Kirchhoff's Laws

In 1847, a German Physicist, Kirchhoff, formulated two fund tal laws of
electricity. These laws are of tremendous importance from network simplification point of
view.

1.19.1 Kirchhoff's Current Law (KCL)

Consider a junction point in a complex network as shown in the Fig. 1.37.

At this junction point if ;=2 A, I, =4 A and [; = 1 A then to determine [; we write,
total current entering is 2+ 4 = 6 A while total current leaving is 1+ I; A

And hence, I, =5 A.
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This analysis of currents entering and leaving is nothing but the application of
Kirchhoff's Current Law. The law can be stated as,

The total current flowing towards a junction point is
equal to the total current flowing away from that junction
point.

Another way to state the law is,

The algebraic sum of all the curremt meeting at a
Fig. 1.37 Junction point junction point is always zero.

The word algebraic means considering the signs of various currents.

‘ $I  at junction point = 0

Sign comvention : Currents flowing towards a junction point are assumed to be
positive while currents flowing away from a junction point assumed to be negative.
e.g. Refer to Fig. 1.37, currents I; and I, are positive while I'; and I1,are negative.
Applying KCL, E] at junction O = 0
L+la=1.=1; = Oie ]y +1; =153+,

The law is very helpful in network simplification.

1.19.2 Kirchhoff's Voltage Law (KVL)

“In any network, the algebraic sum of the voltage drops across the circuit elements of
any closed path (or loop or mesh) is equal to the algebraic sum of the em.f. s in the path”

In other words, "The algebraic sum of all the branch voltages, around any closed path
or closed loop is always zero.”

Around a closed path ¥,V = 0 ]

The law states that if one starts at a certain point of a closed path and goes on tracing
and noting all the potential changes (either drops or rises), in any one particular direction,
till the starting point is reached again, he must be at the same potential with which he
started tracing a closed path.

Sum of all the potential rises must be equal to sum of all the potential drops while
tracing any closed path of the circuit. The total change in potential along a closed path is
always zero.

This law is very useful in loop analysis of the network.
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1.19.3 Sign Conventions to be Followed while Applying KVL

When current flows through a resistance, the voltage drop occurs across the resistance.
The polarity of this voltage drop always depends on direction of the current. The current
always flows from higher potential to lower potential.

In the Fig. 1.38 (a), current I is flowing

R R from right to left, hence point B is at higher
Ao—AAMN——cB Ao—AMA——oB potential than point A, as shown.
- + + -
-t = In the Fig. 1.38 (b), current 1 is flowing
from left to right, hence point A is at higher
(@ Fig. 1.38 (b) potential than point B, as shown.

Once all such polarities are marked in the given circuit, we can apply KVL to any
closed path in the circuit.

Now while tracing a closed path, if we go from - ve marked terminal to + ve marked
terminal, that voltage must be taken as positive. This is called potential rise.

For example, if the branch AB is traced from A to B then the drop across it must be
considered as rise and must be taken as + IR while writing the equations.

While tracing a closed path, if we go from +ve marked terminal to — ve marked
terminal, that voltage must be taken as negative. This is called potential drop.

For example, in the Fig. 1.38 (a) only, if the branch is traced from B to A then it
should be taken as negative, as ~ IR while writing the equations.

Similarly in the Fig. 1.38 (b), if branch is traced from A to B then there is a voltage
drop and term must be written negative as — IR while writing the equation. If the branch
is traced from B to A, it becomes a rise in voltage and term must be written positive as
+mwhﬂewﬁﬁngmegquaﬁm

Key Point :

1) Potential rise ie. travelling from negative to positively marked terminal, must be
considered as Positive. ’

2} Potential drop ie. travelling from positive to negatively marked terminal, must be
considered as Negative.

3) While tracing a closed path, select any one direction clockwise or anticlockwise. This
selection is totally independent of the directions of currents and voltages of various
branches. of that closed path.

1.19.4 Application of KVL to a Closed Path

Consider a closed path of a complex network with various branch currents assumed as
shown in the Fig. 1.39 (a).

As the loop is assumed to be a part of complex network, the branch currents are
assumed to be different from each other.
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Due to these currents the various voltage dmps‘ taken place across various resistances
are marked as shown in the Fig. 1.39 (b).

{0 Drop
(@) (b}
Fig. 1.39 (a), (b) Closed loop of a complex network

The polarity of voltage drop along the current direction is to be marked as positive (+)
to negative (=).

Let us trace this closed path in clockwise direction i.e. A-B-C-D-A.

Across R, there is voltage drop I; R, and as getting traced from +ve to -ve, it is drop
and must be taken as negative while applying KVL.

Battery E, is getting traced from negative to positive i.e. it is a rise hence must be
considered as positive.

Across R, there is a voltage drop [, R, and as getting traced from +ve to -ve, it is
drop and must be taken negative.

Across R there is a drop I; R; and as getting traced from +ve to —ve, it is drop and
must be taken as negative.

Across R, there is drop [, R, and as getting traced from +ve to —ve, it is drop must be
taken as negative.

Battery E, is getting traced from —ve to +ve, it is rise and must be taken as positive.

. We can write an equation by using KVL around this closed path as,

=I; Ry +E; -1, R, =13 Ry=I, Ry +E; =0 ... Required KVL equation

ie. E,+E, =R, +1;R; +[;R, + LR,
If we trace the closed loop in opposite direction i.e. along A-D-C-B-A and follow the

same sign convention, the resulting equation will be same as what we have obtained
above.

Key Point: So while applying KVL, direction in which loop is to be traced is not
important but following the sign convention is most important.

The same sign convention is followed in this book to solve the problems.
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1.19.5 Steps to Apply Kirchhoff's Laws to Get Network Equations
The steps are stated based on the branch current method.

Step 1 : Draw the circuil diagram from the given information and insert all the values of
sources with appropriate polarities and all the resistances.

Step 2: Mark all the branch currents with some assumed directions using KCL at
various nodes and junction points. Kept the number of unknown currents minimum as far
as possible to limit the mathematical calculations required to solve them later on.

Assumed directions may be wrong, in such case answer of such current will be
mathematically negative which indicates the correct direction of the current. A particular
current leaving a particular source has some magnitude, then same magnitude of current
should enter that source after travelling through various branches of the network.

Step 3 : Mark all the polarities of voltage drops and rises as per directions of the
assumed branch currents flowing through various branch resistances of the network. This
is necessary for application of KVL to various closed loops.

Step 4 : Apply KVL to different closed paths in the network and obtain the
corresponding equations. Each equation must contain some element which is not
considered in any previous equation.
Key Point: KVL must be applied to sufficient number of loops such that each
element of the network is included atleast once in any of the equations.

Step 5 : Solve tae simultaneous equations for the unknown currents. From these currents
unknown voltages and power consumption in different resistances can be calculated.

What to do if current source exists 7

Key Point: If there is current source in the network then complete the current distribution
considering the current source. But while applying KVL, the loaps should not be considered
involving current source. The loop equations must be written to those loops which do not
include any current source. This is because drop across current source is unknown.

For example, consider the circuit
shown in the Fig. 140. The current
distribution is completed interms of
current source value. Then KVL must be

10V applied to the loop b-c-d-e-b, which does
not include current source. The loop
a-b-e-f-a should not be used for KVL
f 5A e (5-1,) d application, as it includes current source.
Its effect is already considered at the

Fig. 1.40 time of current distribution.

a 10 p5-1y) 12 c

5A Iy
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1.20 Cramer's Rule

If the network is complex, the number of equations i.e. unknowns increases. In such
case, the solution of simul us equations can be obtained by Cramer's Rule for
determinants.

Let us assume that set of simultaneous equations obtained is, as follows,

A% A X F e +a,x, =C

Ay X +apXyt v +25X, =G,

A% e Xt e tax, =C

where C;,Cyv.vvnieivnn, €,y are constants.

Then Cramer’s rule says that form a system determinant A or D as,
A, a5 .. By
A = 3:2| 73 eee Bgy - D

]

nl n2 v Bon

Then obtain the subdeterminants D; by replacing j" column of A by the column of
constants existing on right hand side of equations i.e. C,,C;,...C,;

C, a .. ay a, € .. a,

D, = C:} B2 Bl "?1 C o2y

C. ap - 8, a, C, .. a,
By 3 - G
and p, = [ Ay (-:z
m A - Gy

The unknowns of the equations are given by Cramer's rule as,
Dy D,

xl = o xz = ﬁ, EP—

where D,, D,,..., D, and D are values of the respective determinants.
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mp Example 1.5 :  Apply Kirchhoff's current law and voltage law to the circuit shown in the
Fig. 1.41.

Indicate the various branch currents.

Write down the equations relating the various

branch currents.

Solve these equations to find the values of these

150
—AWW—

JS
el

50\.*5.,- ZDQE: 100V currents.
3 Is the sign of any of the calculated currents

negative ?
Flg. 1.41 :,: grl:'-es. explain the significance of the negative

Solution : Application of Kirchhoff's law :

Step 1 and 2 : Draw the circuit with all the values which are same as the given network.
Mark all the branch currents starting from -+ve of any of the source, say +ve of 50 V
source.

A AR 1 plitla¥e | g
Step 3 : Mark all the polarities for Pubbd s P b
different  voltages  across  the by k2 =1y
resistances. This is combined with sov o Ls .
step 2 shown in the network below in -T w0 T 1oV
Fig. 1.41 (a). -
Step 4: Apply KVL to different "
loops. F Iy - =1y o
Loop 1: A-B-E-F-A., Fig. 1.41 (a)
-151,-20,+50 = 0 . ()
Loop 2 : B-C-D-E-B,
-30(Q,-1)-100+20], = 0 (@
Rewriting all the equations, taking constants on one side.
15 +20L,= 50 ..(1) and -30L,+50L, =100 (2)
15 20
A { = =
pply Cramer's rule, D |-30 50 1350
. 50 20 -
Calculating D;, D, = IIOG 50 = 500
L= 50 o34
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. 15 50
Calculating D,, D, = |_30 1(ml=3ooo
- D2 _ 3000 _
b= 5= = 224

For I, and I,, as answer is positive, assumed direction is correct.
~ For I, answer is 0.37 A. For I, answer is 222 A

L -1, = 037-222 = -185A
Negative sign Indicates assumed direction is wrong.

ie. I; -1, =185 A flowing in opposite direction to that of the assumed direction.
mep Example 1.6 : Find i; and i, using KCL and KVL. {April - 2003 (Set-3)]

sa() ésn <>4|2

Fig. 1.42
Solution : The current distribution using KCL is as shown,

AAMA
AAAA
VYV
-

KCL KCL
A B (5-i) c (5+3i) D
5A kK (5+3iy)
+ L +
sa( 3sa <>442 10
H 5 G (5-iy) F E

Fig. 1.42 (a)
Key Point : KVL should not be applied to the loop consisting current source.
From branch DE,

i, = 54+ 3i (1)
Applying KVL to the loop BCDEFGB without current source,
-1x(5+3iy)+5i,, =0 .- {2)
%, =5
i, = 25A

from equation (1) i, = 125 A
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1.21 Source Transformation

Ry
Consider a practical voltage source shown in the
Fig. 143 (a) having internal resistance R, connected to
Ry the load having resistance R .

Now we can replace voltage source by equivalent
Fig. 1.43 (a) Voltage source current source.

Key Point: The two sources are said to be equivalent, if they supply equal load current to
the load, with same load connected across its terminals

The current delivered in above case by voltage source is,
v

I = oo, R, and R, in seri (1
CoT) ., in series (1)
If it is to be replaced by a current source then load
current must be TT} i W
{ e TRy, |() EER“ EERL
Consider an equivalent current source shown in the b 9
Fig. 1.43 (b).
The total current is T' Fig. 1.43 {b) Current source
Both the resistances will take current proportional to
their values.

From the current division in parallel circuit we can write,

R
I, = IXxem—""— (2)
: (Ryy +Ry)
Now this I, and —— must be same, so equating (1) and (2),
R, +R
v IXR,,

R .+R —~ R, +K_

Let internal resistance be, R, = R, = R say.

Then, V = IxR, = IxR
'
or [ = —
th
M S
TR R, .
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Key Point: If voltage source is converted to current source, then current source I = KV—
k]

with parallel internal resistance equal fo R .
Key Point: If current source is converted to voltage source, then voltage source V = IR
with series internal resistance equal fo R .

The direction of current of equivalenl current source is always from -ve to + ve,
internal to the source. While converting current source to voltage source, polarities of
voltage is always as +ve terminal at top of arrow and -ve terminal at bottom of arrow, as
direction of current is from —ve to +ve, internal to the source. This ensures that current
flows from positive to negative terminal in the external circuit.

Note the directions of transformed sources, shown in the Fig. 1.43 (a), (b), (c) and (d).
Rll

\, c? {i $ L

_V
Fig. 1MtalI=R— Fig 1.44 (b) 1 *Re

se

Ry, Ren

py
AAAA
VWV
e
-2
U
<

|<) Rpw = V |c

Fig. 1.44 (c) V=IxR,, Fig. 1.44 (d) V =1xR,,

i Example 1.7 :  Transform a voltage source of 20 volts with an internal resistance of 5 Q
to a current source.

Solution: Refer to the Fig. 1.45 (a).
50

20V 44 () 50

Fig. 1.45 (a) Fig. 1.45 (b)
vV

w8

= 4 A with internal parallel resistance

Then current of current source is, 1 = -

same as R,.
Equivalent current source is as shown in the Fig. 145 (b).
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‘mp Example 1.8 1 Convert the given current source of 50 A with internal resistance of 10 Q
to the equivalent voltage source.

oA

VW

s0A(})

AANA

Fig. 1.46
Solution : The given values are, I=50 A and R,;, =10 Q
For the equivalent voltage source,
V= IxR,; =50x10

1003R,,
= 500V
500V v R;. = Ry, =10 Qin series.
The equivalent voltage source is shown in the
Fig. 1.46 (a) Fig. 146 (a).

Note the polarities of voltage source, which are such
that + ve at top of arrow and - ve at bottom.

1.22 Star and Delta Connection of Resistances

In the complicaled networks involving large number of resistances, Kirchhoff's laws
give us complex set of simultaneous equations. It is time consuming to solve such set of
simultaneous equations involving large number of unknowns. In such a case application of
Star-Delta or Delta-Star transformation, considerably reduces the complexity of the network
and brings the network into a very simple form. This reduces the number of unknowns
and hence network can be analysed very quickly for the required result. These
transformations allow us to replace three star connected resistances of the network, by
equivalent delta connected resistances, without affecting currents in other branches and
vice-versa.

Let us see what is Star connection ?

If the three resistances are connected in such a manner that one end of each is
connected together to form a junction point called Star point, the resistances are said to be
connected in Star.

The Fig. 1.47 (a) and (b) show star connected resistances. The star point is indicated as

S. Both the connections Fig. 1.47 (a) and (b) are exactly identical. The Fig. 147 (b) can be
redrawn as Fig. 1.47 (a) or vice-versa, in the circuit from simplification point of view.
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(b) (c)
Fig. 1.47 Star connection of three resistances
Let us see what is deita connection ?

If the three resistances are connected in such a manner that one end of the first is
connected to first end of second, the second end of second to first end of third and so on
to complete a loop then the resistances are said to be connected in Delta.

Key Paint: Delta connection always forms a loop, closed path.

The Fig. 1.48 (a) and (b) show delta connection of three resistances. The Fig. 1.48 (a)
and (b) are exactly identical.

R,
Ry
h——0
R, —0 Ry
—o
Ry
Ry

(a) {b) (c}
Fig. 1.48 Delta connection of three resistances
1.22.1 Delta-Star Transformation

Consider the three resistances
Ry3.Ry, Ry connected in Delta
as shown in the Fig.1.49. The
terminals between which these
are connected in Delta are named
as 1,2 and 3.

Ry Ryz

U

3
Ray 2

Given Delta Fig. 1.49 Equivalent Star

2
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Now it is always possible to replace these Delta connected resistances by three
equivalent Star connected resistances R, R;, R, between the same terminals 1, 2, and 3.
Such a Star is shown inside the Delta in the Fig. 1.49 which is called equivalent Star of
Delta connected resistances.

Key Point: Now to call these two arrang ts as equivalent, the resistance bet any
two terminals must be same in both the types of connections.

Let us analyse Delta connection first, shown in the Fig. 1.50 (a).

Parallel

1 I
1 o——

" N L Ry

2 R =
2 12 3
< Series

Raa

Rz 3 2 o
(#) Given Delta {b) Equivalent between 1 and 2

Fig. 1.50

Now consider the terminals (1) and (2). Let us find equivalent resistance between (1)
and (2). We can redraw the network as viewed from the terminals (1) and (2), without
considering terminal (3). This is shown in the Fig. 1.50 (b).

Now terminal ‘3' we are not idering, so bet 1 terminals (1) and (2) we get the
combination as,

R, parallel with (R, +Ry,) as Ry and Ry, are in series.

~ Between (1) and (2) the resistance is,

Riz (Ry +Ra)

N Ryz #(Ry +Ry) @

. R, R, .
[using R, R, for parallel combination]

Now consider the same two terminals of equivalent Star connection shown in the
Fig. 1.51.

R,

2

Fig. 1.51 Star connection Fig. 1.52 Equivalent between 1 and 2
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Now as viewed from terminals (I) and (2) we can see that terminal (3) is not getting
connected anywhere and hence is not playing any role in deciding the resistance as viewed
“from terminals (1) and (2).

And hence we can redraw the network as viewed through the terminals (1) and (2) as
shown in the Fig. 1.52.

= Between (1) and (2) the resistance is = R, + R ... (b)
This is because, two of them found to be in series across the terminals 1 and 2 while 3
found to be open.

Now to call this Star as equivalent of given Delta it is necessary that the resistances
calculated between terminals (1) and (2) in both the cases should be equal and hence
equating equations (a) and (b),

Rj; (Ry +Ry)

—t—— = = R,+R (4
Ry +(Rpn+Ry) e

Similarly if we find the equivalent resistance as viewed through terminals (2) and (3)
in both the cases and equating, we get,

Ry (R +Ry3)
AL B = R,4+R ~{d)
Rpp +(Rys +Ry) BT

Similarly if we find the equivalent resistance as viewed through terminals (3) and (1)
in both the cases and equating, we get,
Ry (Ry2 +Ry)

Pl e T R
Ry; #(Ry +Ry; ) 3R ©

Now we are interested in calculating what are the values of R, R,,R; interms of
known values Ry, Ry, and R ;.

Subtracting euqation (d) from eugation (c),

Ria(Ry +833) - Rys (Ry; +Ry3)

= R +R,-R,-R
(Riz +Ry +Ry ) Prhe T

_ R Ry -Ry Ry
Ri=Ra = Rt Ry -0

Adding euqgation {f) and euqation (e),

Ri2 R3y; Ry Ry + Ry (R +Ry)

= R +R3+R;-R
Ry +Ryy +Ry, 170 T R

Rz Rs_l_:Rn R +Ry Ry +R5 Ry
Ry +Ry5 + Ry,

= 2R,
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_ 2R, Ry
Sl

A Rz Ry
5 Riz+Rn+Ry,

Similarly by using another combinations of
subtraction and addition with equations (c), (d) and
(e) we can get,

R, = —FiRn
? 7 Rp+Rn+Ry

— Ry = . Rn R
3 Ry +Rpn +Ry

Fig. 1.53 Delta and equivalent Star

Eas_ylI way of mmembenng the rasult 4

The qumlmf star resistance between any lerminal and star point is equal to the product qf
the two resistances in delta, whkh are connected to sime terminal, diveded by the sum of all three
deita I'-‘O‘!Inﬂl'.t'd resiskances. ;

So if we want equivalent resistance between terminal (2) and star point i.e. Rz then it
is the product of two resistances in delta which are connected to same terminal ie.
terminal (2) which are R;; and Ry divided by sum of all delta connected resistances ie.
Rpp,Ryand Ry,

- Riz Ry
? " Rup+Ryu+Ry

1.22.2 Star-Delta Transformation

Consider the three resistances
R),R; and R, connected in Star as
1 shown in Fig. 1.54.

Now by Star-Delta conversion, it
is always possible to replace these
Star connected resistances by three
equivalent Delta connected resistances
Rl-_.,Rnand R, between the same

Ry ? jerminals. This is ealled equivalent
Given Star  Fig. 1.54 Equivalent Deita Delta of the given star.
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Now we are interested in finding out values of Ryy, Ryy and Ry, interms of R;, R, and

Ra.

For this we can use set of equations derived in previous article. From thé result of

Delta-Star transformation we know that,
Ry Ry

Ry = R, + R + Ry
R, = - FeRs
? T R, +Rg+Ry
R, = Ry Ry

Ry +R + Ry,

Now multiply (g) and (h), (h) and (i), (i} and (g) to get following three equations.

Ry;2 Ry Ra
RIRZ = 12 31 13 .
(Riz +Rya +Ry)
R, R R
R.;_R_; - 23 12 31 5
(Riz +Ry3 +Ry;)
R3R| R312 Ru R23

(Rz +Ryy +Ry )

Now add equations (j) ,(k) and (I}

RiR; +R,R 3 +R4R,
ByRy +R;R.+R3R) =

RERZ +R2R3 +R;R, =

RllR.'"

But T
u Ry +Ro +K3;

- Rjp*RayRy; +Rp®RiRy; +Ry *Ryp Ry

(Rp+Rp3 +Ry )1

RaRay Rp3(Ryp +Rps +R 3 )

(R +Rys +Ry )’

Ri2Ry Ry
Rz +Ry+ Ry

Ry From equation (g)

Substituting in above in RH.5. we get,
RyR, +RoR4 +RaRy = R Ry
Ry = R +R, +R’RR3
1

()

o(h)

()

)

()

Similarly substituting in R.H.S., remaining values, we can write relations for remaining

two resistances.
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R, = RI+R._,+Rl R

R;

R, R

and Ry = Ry+R, #5123
E o Rz

Easy way of remembering ‘the resuit :
. Tle. equma!eui dcr’m connected resistance o Llr counected between any tiwo icnumﬂ."s is sum (y'

the two resistances connected between tle same heo ferminals and star point respectively in star,
plus the pmdm:t of the same two star resisances divided by the b’md star resistance,

Equivalent
delta of given
star

o 2

3

Fig. 1.55 Star and equivalent Delta

So if we want equivalent delta resistance between terminals (3) and (1), then take sum
of the two resistances connected between same two terminals (3) and (1) and star point
respectively i.e. terminal (3) to star point Ry and terminal (1) to star point i.e. R;. Then to
this sum of R, and R,, add the term which is the product of the same two resistances i.e.
R; and R; divided by the third star resistance which is R,.

~ We can write, Ry = R; +R + R}'{R“ which is same as derived above.
2

Result for equal resistances in star and delta :

If all resistances in a Delta connection have same magnitude say R, then its equivalent
Star will contain,

RxR

Ri = R =Ra=gmimew

s
=3

i.e. equivalent Star contains three equal resistances, each of magnitude one third the
magnitude of the resistances connected in Delta.
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If all three resistances in a Star connection are of same magnitude say R, then its
equivalent Delta contains all resistances of same magnitude of ,

R, = Ry =Ry = R+R+E‘R.5 = 3R

ie. equivalent delta contains three istances each of magnitude thrice the
magnitude of resistances connected in Star.

Delta-Star

Ri,R RR,
[ER. + S’ | N— =
R 2+ R+ Ry Fu=Ra Ryt Ry
- Ri3Ryy - RyR,
RI_R12+R11+R_“ Rn=RysRys R

EZ.JR‘ R
R R i + Ry R =Ry o

Table 1.6 Star-Delta and Delta-Star Transformations
iy Example 1.9 :  Convert the given Della in the Fig. 1.56 into equivalent Star.

1

1650

Fig. 1.56
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Solution : Its equivalent star is as shown in the Fig. 1.57.

where
R, = % - 167 Q
R; = 5—% =250 Fig. 1.57

mp Example 1.10 :  Find equivalent resistance between points A-B.

60 40
Fig. 1.58

Solution : Redrawing the circuit,

Series
combination

Ao

Rpg = 21][14

21x14
AB T 21314 L

Fig. 1.58 (b)
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imp Example 1.11 : Find equivalent resistance between points A-B.

Solution : Redraw the circuit,

VWV

B Be
Fig. 1.59 (a)
A — A
s 15x10.
R 150 8%
4+ = 150 S Rug=6+24=840
1 Gxd _
Ro= 5+ 4 =240
B B
Fig. 1.59 (b)
Ry = 84Q

1.23 Loop Analysis or Mesh Analysis

This method of analysis is specially useful for the circuits that have many nodes and
loops. The difference between application of Kirchhoff's laws and loop analysis is, in loop
analysis instead of branch currents, the loop currents are considered for writing the
equations, The another difference is, in this method, each branch of the network may carry
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more than one current. The total branch current must be decided by the algebraic sum of
all currents through that branch. While in analysis using Kirchhoff's laws, each branch
carries only one current. The advantage of this method is that for complex networks the
number of unknowns reduces which greatly simplifies calculation work.

Ry

Ry Consider following network shown
¢ in the Fig. 1.60. There are two loops. So

assuming two loop currents as 1, and
"0 D ok

Key Point : While assume loop currents,
consider the loops such that each element of
the network will be included atleast once in
any of the loops.

Now branch B-E carries two currents;
I, from B to E and 1, from E to B. So net current through branch B-E will (I, - 1,) and
corresponding drop acress R, must be as shown below in the Fig. 1.61.

Fig. 1.60

Ry Ry
8 o———AMA———E 8 o———AMA——2E
+ - - +
——(11-|2) -—“2-|1}
Fig. 1.61

Consider loop A-B-E-F- A,
For branch B-E, polarities of voltage drops will be B +ve, E —ve for current I, while E
+ve, B —ve for current I, flowing through R ;.

Now while writing loop equations assume
main loop current as positive and remaining loop
current must be treated as negative for common
branches.

Writing loop equations for the network shown
in the Fig. 1.62.

Forloop A-B-E-F-A,
-LR, -1, Ry+L,R;+V =0
Forloop B-C-D-E-B
-LE,-V,- L R;+[R; = 0

Fig. 1.62

By solving above simultaneous equations any unknown branch current can be
determined.
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1.23.1 Points to Remember for Loop Analysis

1. While assuming loop currents make sure that atleast one loop current links with
every element.

2. No two loops should be identical.
Choose minimum number of loop currents.

w

4. Convert current sources if present, into their equivalent voltage sources for loop
analysis, whenever possible.

5. 1f current in a particular branch is required, then try to choose loop current in such
a way that only one loop current links with that branch.

1.23.2 Supermesh
Key Point: If there exists a current source in any of the branches of the network then a
loop cannot be defined through the current source as drep across the curremt source is
unknown, from KVL point of view.

For example, consider the network shown

in the Fig. 1.63. In this circuit, branch B-E

consists of a current source. So loop A-B-E-F-A

cannot be defined as loop from KVL point of

view, as drop across the current source is not

known.

In such case, to get the required equation

Fig. 1.63 interms of loop currents, analyse the branch

consisting of a current source independently.

Express the current source interms of the assumed loop currents. For example, in the

Fig. 1.63 analyse the branch BE. The current source is of IA in the direction of loop current
I;. So I, is more than I; and we can write an equation,

I=1L-]

So all such branches, consisting current sources must be analysed independently. Get
the equations for current sources interms of loop currents. Then apply KVL to the
remaining loops which are existing without involving the branches consisting of current
sources. The loop existing, around a current source which is common to the two loops is
called supermesh. In the Fig. 1.63, the loop A-B-C-D-E-F-A is supermesh.

1.23.3 Steps for the Loop Analysis

Step 1 : Choose the various loops.

Step 2 : Show the various loop currents and the polarities of associated voltage drops.
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Step 3 : Before applying KVL, look for any current source. Analyse the branch
consisting current source independently and express the current source value
interms of assumed loop currents. Repeat this for all the current sources.

Step 4 : After the step 3, apply KVL to those loops, which do not include any current
source. A loop cannot be defined through current source from KVL point of
view. Follow the sign convention.

Step 5 : Solve the equations obtained in step 3 and step 4 simultaneously, to obtain
required unknowns.

nmp Example 1.12 : For the circuit shown in the Fig. 1.64, find the current through 30 Q
resistance using mesh analysis.

15Q 50 50

100v(*) o  3xa ()wov

Fig. 1.64

Solution : The various loop currents are shown in the Fig. 1.64 (a).

150 50 5Q

Fig. 1.64 (a)

Apply KVL to the various loops,

Loop 1, - 151, - 201, + 20L, + 100 = 0

- + 35I; - 20I; = 100 (1)
Loop 2, - 5I, - 301, + 301, — 201, + 20, = 0

201, - 551, + 30, = 0 (@
Loop 3, - 5l - 100 - 301, + 30, = 0

301, - 351, = 100 )]

B =20 0

D=20 -55 30
0 30 -35

21875
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35 100 0
D,=|20 0 30| = -35000
0 100 -35
35 -20 100
Dy=|20 -55 0 |=- 92500
0 30 100
_ D, _ -35000
L= = 55 = 164
D, -92500
13=33=W=-4,2255A

Iyg = -1 =~16-(-42285) = 26285 A1
As L, - I, is positive, current flows in the assumed direction of I,.

mp Example 1.13 :  In the circuit shown in the Fig. 1.65, use the loop analysis to find the
power delivered to the 4 L resistor.

Fig. 1.65

Solution : The various loop currents are shown in the Fig. 1.65 (a). The problem
consists of current sources hence follow supermesh steps.

,?_Q Loops cannot be defined through current
A ) B sources. So analyse the branches consisting of current
- . sources first.

. From branch A-B we can write,
c +i2- p

24v(* [jﬂ

F

L=2A ()

From branch DG we can write,

L-I = 8A . (@)

G
Fig. 1.65 (a)
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Now apply KVL to the loop without current source i.e.

loop C-D-E-H-G-F-C,
=1xI3-1xI -3 -3, -4, + 24
A, + 7L+ 1 = 24 e (3)

0

Using equation (1) and equation (2) in (3) we get,
8+7L+(I;,-8) = 24
8, = 24
b = 3A
This is current through 4 Q resistor. So power delivered to the 4 Q resistor is,
P=12x4=3x4=36W

1.24 Node Analysis

This method is mainly based on Kirchhoff's Current Law (KCL). This method uses the
analysis of the different nodes of the network. We have already defined a node. Every
junction point in a network, where two or more branches meet is called a node. One of
the nodes is assumed as reference node whose potential is assumed to be zero. It is also
called zero potential node or datum node. At other nodes the different voltages are to be
measured with respect to this reference node. The reference node should be given a
number zero and then the equations are to be written for all other nodes by applying
KCL. The advantage of this method lies in the fact that we get (n—1) equations to solve if
there are 'n’ nodes. This reduces calculation work.

Consider the following network shown in the Fig. 1.66.

Let voltages at node 1 and node 2 be V, and V,. Mark various branch currents as
shown in the Fig. 1.67. Now analyse each node using KCL independently.

Ry Vi Ry

AMAMN
YWV
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Now applying KCL at node 1,

L-L-I, =0 e (1)
At node, L+l-1 =0 - (2)
The currents in these equations can be expressed interms of node voltages as,
Vi_Vi-Vva)
!l_ﬁT_R—z =0 e (3)
Vi-Va) v,
and L+ i _R_3 =0 e ()

" As I, and I, are known, we get two equations (3) and (4)
Vy with the two unknowns V, and V,. Solving these equations
simultaneously, the node voltages V, and V, can be determined.
Once V, and V, are known, current through any branch of the
network can be determined. If there exists a voltage source in
'« any of the branches as shown in the Fig. 1.68 then that must be
considered while writing the equation for the current through
= that branch.
Fig. 1.68 Now V, is at higher potential with respect to base, forcing
current I downwards. While polarity of V, is such that it tries to
force current upwards. So in such a case equation of current becomes,
Vi =V,
R
If the direction of current I is assumed enlering the node then it is assumed that V, is
more than V; and hence equation for current I becomes,
V.-V

I = S ... I entering the node

I =

... I leaving the node

1.24.1 Points to Remember for Nodal Analysis

1. While assuming branch currents, make sure that ecach unknown branch current is
considered atleast once.

2. Convert the voltage source present into their equivalent current sources for node
analysis, wherever possible.

3. Follow the same sign convention, currents entering at node are to be considered
positive, while currents leaving the node are to be considered as negative.

4. As far as possible, select the directions of various branch currents leaving the
respective nodes.
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1.24.2 Supernode

Consider a circuit shown in the Fig. 1.69. In this circuit, the nodes labelled V, and V,
are connected directly through a vollage source, without any circuit element. The region
surrounding a voltage source which connects the two node directly is called supernode.

In such a case, the nodes in supernode region can be analysed seperately and the

relation between such node voltages and a source voltage connecting them can be
separately obtained. In the circuit shown in the Fig. 1.69 we can write,

V, = V4V,

In addition to this equation, apply
KCL to all the nodes assuming
different branch currents at the nodes.
The current through voltage source,
connecting  supermodes  must  be
expressed interms of node voltages,
using these KCL equations. Then the
resulting equations and supernode
equation are to be  solved
simultaneously to obtain the required
unknown.

Now consider the loop including
supernode as shown in the Fig. 1.70.

Applying KVL to the loop,
=V, =V3+V, =0

Thus the relationship between
supernode voltages can be obtained
using KVL.

Such equation can be written by
inspection also. For the Fig. 1.71 shown,
the equation is,

This is because V, is helping V; to
force current from node 2 to node 3.

Fig. 1.7
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1.24.3 Steps for the Nodé Analysis

Step 1: Choose the nodes and node voltages to be obtained.

Step 2: Choose the currents preferably leaving the node at each branch connected
to each node.

Step 3 : Apply KCL at each node with proper sign convention.

Step 4 : If there are supernodes, obtain the equations directly interms of node
voltages which are directly connected through voltage source.

Step 5: Obtain the equation for the each branch current interms of node veltages
and substitute in the equations obtained in step 3.

Step 6 : Solve all the equations obtained in step 4 and step 5 simultaneously to

obtain the required node voltages.

Key Point: If there are many ber of b hes in parallel in a network then node
method is advantageous for the network analysis.

P Example 1.14 :  Find the current through each resistor of the circuit shown in the
Fig. 1.72, using nodal analysis.

0.5
‘N'A'
1Q < 10
10 220
‘D
* taov
15vI=p T-
Fig. 1.72

Solution : The various node voltages and currents are shonw in the Fig. 1.72 (a).-

LoVionp o050 Vp o

. ]z YWY l‘
10 141
142 24
15V 0V
Fig. 1.72 (a)
At node 1, I, L, = 0

1

e

—V +15 -V, =2V, + 2V,

n
(=]

4v, -2V,

]

15 e (1)
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At node 2, [=l,-1; =0

2V, -2V, =05V, -V, +20 = 0

2V,-35V, = -20

(2)

Multiplying equation (2) by 2 and sublracting from equation (1) we get,

5V, = 55
V, = 11V
and V, = 925V

Hence the various currents are,

V. -5
I, = et} 2

L = li"—:a.z.m

I = %532_=_3.5A ic 35 A «
-

L= 2 =554

I, = Vil’m=1“{m=_9m.e.9a‘r

=925-15==-575 Aie. 575 AT

imp Example 1.15 : Determine the node veltages for the network shown by nodal analysis,

[May - 2004 (Set 1)]

“® 3,

AAAN

AA

>
250

>

AN

Fig. 1.73
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Solution : The various node voltages are shown in the Fig. ‘I.?B"(a),

1+0v v, Ie
U/
(O
L 4A
Vy| L 7 ! &
3A 1= O v $50
Iy 6V ls )
9A
() %4;’1 %109
_Eiase node
Fig. 1.73 (a)
The various branch currents are shown. Applying KCL at various nodes.
Node 1 : 9-L-L-1 =0 R s |\
Node 2 : L-I+4 =0 -2
Node 3 : L-4-1 =0 _ (3
Key Point: Nodes V; and V; from supernode region and nodes Vy and V' from super node
region.
Super node: V; -10=V; ie V,-V, = 10 e e (4)
Supernode: V; +6=V, ieV;-V, = -6 I )
From equation (2i, I; = I, — 4 and from equation (3), , =T; + 4
Using in equation (1), 9 -1, -5 -4-I,+4=0 )
ie. L+T,+1, = 9 A - (6)
Vi Vi Vs o
But 11— 1 I‘=.1_-0-, Is__T
Vi Ve Vs
T+Tﬂ_+ 5 = 9
ie. 025V, + 0.1V, + 02V, = 9 D

Solving equations (4), (5) and (7) simultaneously,
V,=18.909V, V,=24909V, V,=8909V
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1.25 A.C. through Pure Resistance

Consider a simple circuit consisting of a pure resistance ‘R’ ohms connected across a
voltage v = V,, sin wt. The circuit is shown in the Fig. 1.74.

According to Ohm's law, we can find the equation for the current i as,

c
i . vV, sinot ie i = Vi sin (@ 1)
S - e A
i i This is the equation giving instantaneous
o value of the current.
v= \‘f::nui Comparing this with standard equation,
Fig. 1.74 Purely capacitive circuit i=1I,sin(t+4¢)

lm=Tm and =0

So, maximum valueofaltemaﬁngnmmt,ii.s[,,,=vT‘“whjle.as¢=U,ilindimws that
it is in phase with the voltage applied. There is no phase difference between the two. The
current is going to achieve its maximum (positive and negative) and zero whenever

voltage is going to achieve its maximum (positive and negative) and zero values.
Key Point: In purely resistive circuit, the current and the voltage applied are in phase with

each other.
The waveforms of voltage and current and the corresponding phasor diagram is
shown in the Fig. 1.75 (a) and (b).
vi
v=V, sinot
i =1, sinat
i
0 J ® 2n Time 0 v
Both in phase
(a} (b)

Fig. 1.75 A.C. through purely resistive circuit

In the phasor diagram, the phasors are drawn in phase and there is no phase
difference in between them. Phasors represent the r.m.s. values of alternating quantities.

1.25.1 Power

The instantaneous power in a.c. circuits can be obtained by taking product of the
instantaneous values of current and voltage.
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P = vxi=V,sin(wt) x I, sinwt=V, L, sin (0t)

= -VLZl-ﬂ(l—mSth)

P = 5 —5 cos {2 wt)

From the above equation, it is clear that the instantaneous power consists of two
components,
V.
1) Constant power component [ "'QIIE\.J

V‘“Zl"‘ cos(?.mt)] having frequgncy, double the frequency

2) Fluctuating component [

of the applied voltage.
Now, the average value of the fluctuating cosine component of double frequency is
zero, over one complete cycle. So, average power consumption over one cycle is equal to

the constant power component i.e. 5

lem,,vm
P = =55

av -

N
ol

|P“=V,wxlm watts |

Generally, r.m.s. values are indicated by capital letters
| P, = VxI watts=FR walts [

The Fig. 1.76 shows the waveforms of voltage, current and power.

VP P =V, l,sinel ]
Py / \ / f'\\ P..
r i LY i A ¥ L]

Ty Vol

AN | \A-NIT
Time

0 \ S - S, t
L N
~ \
v =V sin ot .=l,,..ainmt

Fig. 1.76 v, i and p for purely resistive circuit



Electrical and Electronics Engineering 1-66 E’Iectrical Circuits

1.26 A.C. through Pure Inductance

Consider a simple circuit consisting of a pure

’F{W‘ inductance of L henries, connected across a voltage

; o i given by the equation, v = V,, sin o t. The circuit is
? shown in the Fig. 1.77.

o) Pure inductance has zero ohmic resistance. Iis

vl=\>,.:sjiln wl internal resistance is zero, The coil has pure inductance

of L henries (H).
Fig. 1.77 Purely inductive circuit

When alternating current ‘i’ flows through inductance ‘L', it sets up an alternating
magnetic field around the inductance. This changing flux links the coil and due to self
inductance, e.m.f. gets induced in the coil. This e.m.f. opposes the applied voltage.

The self induced e.m.f. in the coil is given by,

Self induced em.f, - e=-L8

At all instants, applied voltage, V is equal and opposite to the self induced em.f, e

di
V= '“"['Lai]
di

_ oo di . _
v =Ly ieVysinot = L

di = Vmogin ot dt

L
. X Vo . _ Vi (—cosmt
i= fdl—fTsmmtdt _T( 5 ]
= —i"-‘sin T -wt] as cos wt = sin |+ -0t
wl 2 2
i = Vm g mt—ﬂ i n-ml = - si mt-1t
1= E—LSLI'I E as sin E = = 5INn E
- .
i= I,,srln(wt~§)
Where IIm.= V_,,,=V_,,,
Where X, = oL=2nfL Q |

The above equation clearly shows that the current is purely sinusoidal and having
phase angle of - ; radians i.e. = 9°. This means that the current lags voltage applied by

90°. The negative sign indicates lagging nature of the current. If current is assumed as a
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reference, we can say that the voltage across inductance leads the current passing through
the inductance by 90°.

The Fig. 1.78 shows the waveforms and the corresponding phasor diagram.

| i I
v=‘\fms|:1m| 1
wi T T T
I i =1, sinfut -5 )
! P 2 V and | are rm.s. values
h N —T
y L. v
I ZE /o W ’
H z 1
i Ll
Lt N4 tags by 90°]
=800 LE 2
|
!
(2) Waveforms {b) Phasor diagram

Fig. 1.78 A.C. through purely inductive circuit
Key Point: In purely inductive circuit, current lags voltage by 9(P.

1.26.1 Concept of Inductive Reactance
We have seen that in purely inductive circuit,

where

The term, X;, is called Inductive Reactance and is measured in ohms.
So, inductive reactance is defined as the opposition offered by the inductance of a
circuit to the flow of an alternating sinusoidal current.

It is measured in ohms and it depends on the
X frequency of the applied voltage.

The inductive reactance is directly proportional to
the frequency for constant L.

X == f, for constant L
So, graph of X; Vs f is a straight line passing
through the origin as shown in the Fig. 1.79.

Fig. 1.79 X_ Vs f Key Point: If frequency is zero, which is so for d.c. voltage,
the inductive reactance is zero. Therefore, it 15 said that the
inductance offers zero reactance for the d.c. or steady current.

Frequency. f
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1.26.2 Power

The expression for the instantaneous power can be obtained by taking the product of
instantaneous voltage and current.

P =vxi =Vm5inmtxlmsin[mt-%]

-V, 1, sin (@t cos (@ as sin [mt-—;)z—cm ot

Vi Iin . . .
P = _‘_%sm (2wt) | as 2 sin wtcoswt=sin 2wt

Key Point : This power curve is a sine curve of frequency double than that of applied
voltage. )

The average value of sine curve over a complete cycle is always zero.

v,
P, = | - ’“21"' sin(2ot)d(0t) =0

_The Fig. 1.80 shows voltage, current and power waveforms.

p.vi

\
// wé@r i f%\ /

[] /_ n L Zn = P =0

=T

CZimE Ve
NN AR

Fig. 1.80 Waveforms of voltage, current and power

It can be observed from it that when power curve is positive, energy gets stored in the
magnetic field established due to the increasing current while during negative power
curve, this power is returned back to the supply.

The areas of positive loop and negative loop are exactly same and hence, average
power consumption is zero.

Key Point : Pure inductance never consumes power.
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1.27 A.C. through Pure Capacitance

Consider a simple circuit consisting of a

c

T pure capacitor of C- farads, connected across a
voltage given by the equation, v = V, sin e t.

3 The circuit is shown in the Fig. 1.81.
i i The current i charges the capacitor C. The
@ instantaneous charge ‘q’ on the plates of the

v =V, sin at capacitor is given by, '

Fig. 1.81 Purely capacitive circuit q=Cv

q=CV,sinwt
Now, current is rate of flow of charge.

. _dq _d .

1 = _dt = a (C Vm sin wt)

. d . .

i =Cvmﬁ(5mmt)=Cmecosmt

. hiem
i =--=o sm[mH;J

where

where

The above equation clearly shows that the current is purely sinusoidal and having

phase angle of + 1;- radians i.e. + 9(F.

This means current leads voltage applied by 90°. The positive sign indicates leading
nature of the current. If current is assumed reference, we can say that voltage across
capacitor lags the current passing through the capacitor by 90°.

The Fig. 1.82 shows waveforms of voltage and current and the corresponding phasor
diagram. The current waveform starts earlier by 90° in comparison with voltage waveform.
When voltage is zero, the current has positive maximum value.
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v |= V,HsinLﬂ | ’ |
wi < i= I sinfot + % ) 1™ "
\h Iy Cument leads by 90 |
i
J | w2 red = 80 :‘_
- = rm Time—+ g v
= — WV and | are r.m.s. values
1 |
ool
{a) Waveforms (b) Phasor diagram

Fig. 1.82 A.C. through purely capacitive circuit
Key Point : In purely capacitive circuit, current leads voltage by 9(P.

1.27.1 Concept of Capacitive Reactance
We have seen while expressing current equation in the standard form that,

- e S N
= x. ™ X = ge=amic®

The term X is called Capacitive Reactance and is measured in ohms.
Xe So, capacitive reactance is defined as the
e d opposition offered by the capacitance of a
e circuit to the flow of an alternating sinusoidal
current.
X¢ is measured in ohms and it depends on

Frequency f the frequency of the applied voltage.

Fig. 1.83 X, Vs f The capacitive reactance is inversely
proportional to the frequency for constant C.

Xe o= lf for constant C

The graph of X- Vs fis a rer:tarigular hyperbola as shown in Fig. 1.83.
Key Point : If the frequency is zero, which is so for d.c. voltage, the capacitive reactance is
infinite. Therefore, it is said that the capacitance offers open circuit to the d.c. or it blocks
de. .
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1.27.2 Power

The expression for the instantaneous power can be obtained by taking the product of
instantaneous voltage and current.

P = vxi=V_sin (mt)xlmsin(cnug)
= V_ I, sin (wt) cos (wt) assin(tol-i-;]:cuswt
Vo L .
P = ——E-msm(Ztnt) as2sinwtcos wt =sin 2 wt

Thus, power curve is a sine wave of frequency double that of applied voltage. The
average value of sine curve over a complete cycle is always zero.

TVal
P, = [“Smsin@otd@y)=0
0

The Fig. 1.84 shows waveforms of current, voltage and pI:‘VWEt. 1t can be observed from
the figure that when power curve is positive, in practice, an electrostatic energy gels stored
in the capacitor during its charging while the negative power curve represents that the
energy stored is returned back to the supply during its discharging. The arcas of positive
and negative loops are exactly the same and hence, average power consumption is zero.

2 2
% g Z% s ié
RS A%
£
§

p.vi

// R Time

B

“

Fig. 1.84 Waveforms of voltage, current and power
Key Point : Pure capacit Hever power.
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A.C. quantities are represented in equation form as,
e =E, sin{wt+¢) or i=1I, sin(wt+¢)

where E;, and [, are maximum values and ¢ is phase. Practically their r.m.s. values
are used given by,

E = %% and i=% where E, [ are r.m.s. values.

Iy Example 1.16 : A 50 Hz, alternating voltage of 150 V (r.n.s.) is applied independently
to (1) Resistance of 10 Q  (2) Inductance of 0.2 H  (3) Capacitance of 50 uF
Find the expression for the instantaneous current in each case. Draw the phasor diagram

in each case.
Solution : Case 1: R =10 Q2
V = V_ sinot
Vi = V2V, =+2x150 = 21213 V

L, = VT'“=211—2‘:'::5=21.213A

In pure resistive circuit, current is in phase with the voltage.
¢ = Phase Difference = (P
i=I,sinot= I sin(nft)

i = 21213 sin (100t t) A

o ] v The phasor diagram is shown in the
Fig. 1.85 (a).
Fig. 1.85 (a)
Case 2: L=102Q
Inductive reactance, X, =wL=2nfL=2nx50%x02= 6283Q

_ Vi _ 21213 _

In pure inductive circuit, current lags voltage by 9(°.
¢ = Phase difference = - 90° = 7 rad

i = Lysin(@t-0) ie. i=3.37sin[100nt-;).a
v

80°=5 rad
The phasor diagram is shown in the
1lags V Fig. 1.85 (b).

1
Fig. 1.85 (b)
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Case 3 : C = 50puF

1 1 1

= e— = = = by n
Xe = GC = ImiC ™ Snxs0xs0xios - oo

Capa.ciﬁve reactance,

V, 21213 _
L= X =g =3BA

In pure capacitive circuit, current leads voltage by 90°.

o = Phn.seDifference=9D"=;rad
i = L sin(ot+¢)

i = 333 sin [mom-rg) A

The phasor diagram is shown in the
Fig. 1.85 (c).
All the phasor diagrams represent r.m.s.
Fig. 1.85 (c) values of voltage and current.

Examples with Solutions

i Example 1.17 : Find the voltage to be applied across AB in order to drive a current of

5 A into the circuit using star-delta transformations. [JNTU : May-2006, Set-1]
30
50
B
09
90
Fig. 1.86
Solution :
2x5 2
Ri = 73543 719 5 ~
~
_ o 3x2
5x3
R, = - =15Q
T 24543 Flg. 1.86 (a)
R, = 105 20

10+5+10
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1010 .

R: = Toe5rm0 ~ 49 s
5x10 : 10

Ry = 1045410 2Q

10
The circuit reduces as shown in the

Fig. 1.86 (c).

Serles

—AM\—2 B
20
Parallel
Fig. 1.86 (c) and (d)
Ry = 0.6 +4.2439 +2 A 080 424380 20 g
= 68439 Q
\
I = —
Rap
~ V = IxRy, = 5x6.8439 = 342195 V Fig. 1.86 ()

nmp Example 1.18 : Find the equivalent resistance between the terminals Y and Z.

100
Y
50
an
Z
60
Fig. 1.87

[JNTU : June-2005, Set-3, Set-4]
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Solution : Rearrange the circuit as shown below.

) Parallel
10Q
Y y A
. AB i
B is same point
9Q = as directly connecled
Zz B
60
(a) ®)
Fig. 1.87
33330
Y AN
R
vz & Ryz = 3333 + 3.6 = 69333 Q
z A Series
360
Fig. 1.87 (c)
mmp Example 1.19 : Find the battery currenis in all the sources of the network shown in the
Fig. 1.88. [JNTU : Nov.-2005, June-2005, Set-1]
Solution : Using the loop analysis, (Fig. 1.88 (a) see on next page)

10

20 20 TV

Fig. 1.88
Applying KVL to the three loops,
-1, -1 =21, +21,+5-21, =0 ie. -6 +21,=-5 (1)
“21,420=215=5-215-13+[, =0 ie 21, +1,~7[;=5 e (2)
20, -1, 41, =21,+5=0 ie. =51,+[,=-5 (3

Solving equation (1), (2) and (3)
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14
¥ -
D
20

=AMAAT
— WW—

YV

=20
>

WW
Eaaant
W

:

20
Fig. 1.88 (a)
I, =07065 A, 1,=09239 Aand I, =-0.3804 A

These are the currents in all the sources. I is negative hence its direction is opposite
to that assumed ecarlier.

mmp Example 1.20 : Calculate the unknown resistance R and the current flowing through it
when the current in the branch OC is zero.

U
0V
Fig. 1.89

[JNTU : March-2006 (set-1), Nov.-2005 (set-4), May-2005 (set-1)]

Solution : The various branch currents are shown in the Fig. 1.89. The current through
branch OC is zero. Applying KVL to the various loops,

—4iy - Ri; - 2i, +10 = 0
ie. 2i, +4i; +Riy = 10 ... Loop AOBA
=i, — i) - 15(i; — i) -2, +10 = 0

ie. +45i, - 251, = 10 ... Loop ACBA
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=iy = i3)=15(; i)+ i,R+4i; = 0

ie. =251 + 65i; +i,R = 0 ... Loop ACBOA
As current through branch O-C is zero, points O and C are equipotential. So drop

across AQ is same as drop acroos AC.
4i, = 10, - i)  ie i = 5i
Using in loop A-C-B-A, 45(5i;) - 25i, = 10
i, = 05A,1, = 25A
Using in loop A-O-B-A, 2 x 25+ 4 x 05+ 05R =10
R = 6Q

And current through Ris i, =05 A

oy Example 1.21 : For the circuit shown in the Fig. 1.90 delermine the current through 6Q

resistor and the power supplied by the current source.

in
I"‘VAUA
-3 o
2140 E’ 20 an E: 60
Fig. 1.90
[JNTU : Nov.-2007 (set-3)]
Solution : Use node analysis,
21A v, Iz ,3!2* I V, Is
Iy Iy
) L d Applying KCL at the two
214D 220 230 2 69 nodes,
< < =
20-1,-1,=0 ()
_J__ Ib-I,=-1;,=0 (2
= Base Analysing various
Fig. 1.91 branches,
vy -0 v, -V, vV, -0 V, - 0
L=—tss L= e e, =iy

Using in the equations (1) and (2),
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vl Vl - vl =
A
ie. 08333V, - 0323V, = 21 3
[____Vl "’:}_Y_z._}i -0
{73 3%
ie. 03333V, - 08333V, = 0 . (@

Solving equations (3) and (4), V; =30V, V, =12V
| P xh-——"—é’—zZAl ... current through 6 Q

Voltage aross current source is the voltage across 2 Q resistance, which is node voltage
V,=30V.

P =V, x21A=30x 21 =630W ... power supplied by source

Imp Example 1.22 : Three resistors R,,R, and R, are connected in series with a constant
voltage source of V volts. The voltage across R, is 4 V, power loss in R, is 16 W and the
value of R is 6Q. If the current flowing through the circuit is 2 A, find the voltage V.

) [JNTU : Nov.-2007 (set-1)]

Solution : The arrangement is shown in the Fig. 1.92.

V'a =4V

1=2A P, = I'R,
16= (2)?R,
. v _ R,= 4Q
Fig. 1.92 s Vy= IR, =8V

Vﬁ = iR3=2X 6=12V
V=V+V,+V;=4+8+12=24V

m=p Example 1.23 : In the network s}w-wn in the Fig. 1.93, find all the branch currents and

voltage drops across all resistors. [INTU : Nov.-2007 (set-3)]
WYYy
>
12V 250 80
>
F E o

Fig. 1.93
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Solution : The branch currents are shown in the Fig. 1.93 (a).

Al 20 g +40 -

(5-1)

2v 6Q

Fig. 1.93 (a)
Applying KVL to the two loops,
—2I, -5, + 12 = 0

ie 2, + 51, = 12 e (1)
=4l - L)~ 6(, - I,)+5[, =0
ie =10l + 151, = 0

Solving equation (1) and (2),I, =225 A, [, =15A

Branch Current Voltage drop
A-B =225 A 2L, =45V
B-C L-1,=075A 4L - T)=3V
c-D L-1,=075A B ~1;)=45V
B-E I;=15A 5l =75V
F-A I, =225 A T 12 V source

iy Example 1.24 : Find the voltage drop across 1Q resistor and power loss across 2 Q
resistor in the Fig. 1.94.

4Q
10
+ 40 <
0V — 220
b
- 3 50
Fig. 1.94

[JNTU : Nov.-2008 (set-4)]
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Solution :

Serles

75
S0

Si5=250

(a) Paraliel (]
Fig. 1.95
1 1 20
Parallel ———MAW—
. i -:_/ + <
"L - A 2 235
20V = 1+25 20V = s
_ | 3en ) S =127
(<) ()
Fig. 1.96
20
I = Y15 6.1111 A
By current division rule,
2 61111 % 2
I, = IXW_T——— 2222 A ... current through 1Q
Vip = [[ x 1Q=2222V -.. voltage across 122
_ 35 _ 61111 x 35 _
I, = Ix T35 55— 3888 A ... current through 2Q
Pog = (I3)? x 20 = (3.888) x 2 =30233 W ... power across 2Q

hmp Example 1.25 : In an ac. circuit containing pure inductance, the voltage applied is
110 V., 50 Hz while the current is 10 A. Find the value of inductive reactance and

inductance.
[JNTU : Nov.-2008 (Set-2)]
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Solution : The arrangement is shown in the Fig. 1.97.

X, - LYl _10
X = [ =g =g
10A The inductive reactance is 11 Q
X, = 2mfl
-1V —
50 HZ s 11 = 2nx 50x L
Fig. 1.97 & L = 35014 mH

msp Example 1.26 : Determine the reactance of 50 WF capacitor in a d.c. supply and also in
an a.c. supply of 100 Hz. [JNTU : Nov.-2008 {Set-3)]

Solution : For d.c. supply frequency is 0 Hz.

1
Xe = gaic

| -
5=
So capacitor gives infinite reactance in d.c. supply and acts as an open circuits.
In an ac. supply of 100 Hz,

L l  _smsm0

Xe = 5w=n & e
¢ 2nfC 2m x 100 x 50 x 10-*°

wump Example 1.27 : Determine the value of resistance R and current in each branch when the
total current taken by the circuit shown in the Fig. 1.98 is 6 A.

D

Fig. 1.98
[JNTU : Nov.-2008 (Set-1)]
Solution : The circuit can be redrawn as shown in the Fig. 1.99 (a).
(Fig. 1.9 (a, b) see on next page)
_ 30(10 + R) _3{}{14— 3R
@ - 3+ 0+ R A0+ K
v ; _ 50
I-ﬁc—; i.e. G_TUO+30R
40 + R

R
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—— Serles

I, 5 25
A W oA
——— Seres )|
A 50V B + 50V -
v @ ()
Fig. 1.99
6(300 + 30R) = 50(40 + R) ie. 1800 + 180R = 2000 + 50R
R = 15384 Q
By current division rule,
_ {10+ R) _ 6x 115384 _
b= b X re 30 = dissm - e7A
I, = Iy x 20 %30 - 43334

(10+ R+ 30) 415384
Key Point: Cross check 1, + 1, = 6 A

msp Example 1.28 : Find the equivalent resistance between points A and B in the network
shown in the Fig. 1.100.

40

VWA
>
=
-
w
-
=

VW

<
503

A
AMAA
WV
~N
=
AMAR

-
Fig. 1.100
[JNTU : Nov.-2008 (Set-1)]
- Solution : Convert the delta of 29,3 Q and 5 Q to equivalent star as shown in the

Fig.1.101(a).
Series oA = 5x3
ran Ry= gozr5=150

3x2
Re= 533732°060

40 5x 2
Ry=g33+2719

Fig. 1.101 (a)
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Convert the delta of 1 Q, 5.6 Qand 4 Q to equivalent star as shown in the Fig. 101 (c).

6+15
=750

{6} (c)
Fig. 1.101
1x 5.6 __S6x4
Ri= 35557~ 05230 Ro=q g =210
1x 4
R, TT5673" 03773 2
A A
Parallel
I 8.0283 || 6.1132
R N =3.47050
802830 (S 0 %ﬁé‘%y 611320
R Rug = 34705 + 0.3773
= 38478 Q
037730
0.37730
B
B
{d) {e)

Fig. 1.101
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=y Example 1.29. : Find R, across the terminals a-b of the network shown in Fig. 1.102.
[JNTU : Nov.-2008 (Set-2)]

50 50 50

Fig. 1.102

Solution : Convert the inner delta of 5 Q to equivalent star. As all the resistances of delta
are same, all the resistances of equivalent star will be equal of value

Series
a 6.667 Q
L AW
> 50
1 < < <
0QS 666725 11.667QS
‘h .D *b
b b
L—ao A\'AU""V o
50Q
(b)
Fig. 1.103
Convert the delta of 6.667 Q,5Q and 11.667 Q to equivalent star.
a 6.667 wﬂs
6.667 x 11.667

R = gee7+ 1167+ 5 - 008 Q

_ 6.667 X 5
R: = Goe7+ Tieor 75 - 4286 @

= ! _ 5x 11667 _
Series Rs = Gee7+ 11667+ 5 - 20128

100

Fig. 1.103 (c)
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6.667 + R,
=100

2612Q 10| 11.4286 2612Q

=53330Q

10 Rz Parallel
=11.4286 (2
(d) (e}
Fig. 1.103

R, = 5333 +2612=79452Q

mmp Example 1.30 : A voltage waveform is shown in the Fig. 1.104 is applied lo a pure
resistor of 40 Q. Sketch the waveform of the current passing through the resistance.

Fig. 1.104
[JNTU : Aug.-2008 (Set-1)]
Solution : Let us divide the voltage waveform into two sections.

10-0

For0st<2, w(t)=mt wherem= e

=5

i() = & =35 = 0125t A

At t=2v(i)=10V, i() =0125x 2 = 0.25 A

0-10
m= =

For2<t<4, v(t) =mt +c where T3

-5

vit) = -5t+C
Nowat t=4, v(h=0 ie. 0=-5x4+C ie C=20



Electrical and Electronics Engineering 1 - 86 Electrical Circuits
vty = -5t+20

t -
i) = XI‘_{I = _34;_2 =~ 0125t+ 05

Att=4, v(l=-53x4+20=0V, i{t)=-0125x4+05=0 A

Hence the waveform of the current passing through the resistance is as shown in the
Fig. 1.105.

ift)
0.25A

O frmmmm————

"
'
1
'
'
I
'
1
i
L

2

f t
] 4 8 inms
Fig. 1.105
1y Example 1.31 : Obtain the currents in the various resistors of the network shown in the
Fig. 1.106.
2A
20 30
+ *
av_.|. 10 T12v
Fig. 1.106

[INTU : Aug.-2008 (Set-1)]
Solution : Method 1 : Kirchhoff's laws

It (ty=13)
Fig. 1.107
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Now apply KVL to the two loops without current source as effect of the current source
is already considered while obtaining currents in various branches.

“AL, -2 -1,+6 =0 e 42, +1,=10 (1)
S8 - 2-1)- 1241, = 0 ie -3 +4,=6 )
Solving, I, = 3.099A, I,=38181A,

Currents through various resistances are,

Lg=1i-2=10909 A, lig=1;=38181A, l;g=1 -2-1,==-27272A.

Current through 3 Q is negative i.e. it is flowing in opposite direction to that assumed
in the circuit.

Method Il : Loop analysis
24

From the current source branch,
I,= 2A
Applying KVL to other two loops

without current source,
=2 +2A; -+, +6=0
ie. ~3, +1, ==10 ... (1)

-3, +33-12- L, + ;=0

Fig. 1.108 e, I,-4l, = 6 e (2)
Solving, I, = 30909 A, 1,=-07272A,
Currents through various resistances are,
lg =1, — I, = 10909 A, I, = I, - I, = 3.0909 - (~0.7272) = 3.8181 A
Iig =1 = I, == 0.7272 - 2= - 27272 A
The currents are same as obtained by the method L
iy Example 1.32 : Calculate the current through the resistance of 58 in the specified

direction as shown in the Fig. 1.109. {JNTU : Aug.-2008 (Set-2)]
60 +4 V_
'_._._.._
T
AW ®1a
EYH) 6V

Fig. 1.109
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Solution : Use the loop analysis

60 AV From the current source branch,
A ' I, =1A
~ . 113 Applying KVL to the loops without
— W\~ current source we get,

-6, =4 -5, +5[,=0
ie. =111, + 51, =4 e (D
=51, + 5 —6—dI; - 4l;=0
Fig. 1.110 ie 51, - 91, =10 ... (2)
Solving, I, = -11621 A,
1, = - 1757 A

Current through 5 Q in specified direction is,
Lig = I, = I} = = 17567 - (- 1.1621) = - 0.5946 A
As negalive, current through 5Q flows in opposite direction to that specified in the
circuit.

Review Questions

. What is charge ? What is the unit of measurement of charge ?
. Explain the relation between charge and current.
. What is the difference between e.m f. and potential difference ?
. Define the following terms :
i) Network i) Network element  1ii) Branch  iv) Mesh or loop v) Node
. Explain the classification of electrical networks.
6. Define : i) Passive and active networks i) Ideal and practical voltage sources
fit} Ideal and practical current sources.
7. Differentiate between :
i) Time invariant and time variont sources i) Dependent and independent sources
iii) Unilateral and bilateral networks
8. State and explain Kirchhoff's Laws
9. Explain the voltage division in series circuit of two impedances.
154 2042 A 1540

L b

w

15V 300 300 25V

B
Fig. 1.111
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10. Explain the current division in parallel circuil of two impedances.
11. In the following circuit, determine

i1y, Land 1,

if) Value of R

ifi) Value of Ex

Fig. 1.112

(Ans,:1,=03A,L,=15A,E, =174V, 1,=07 A, R=7149)
12. A resistance R is connecled in series with a parallel circuit comprising two resistances of 12 and
8 Q. The total power dissipated in the circuit is 700 watts when the applied voltage is 200 V.
Caleculate the value of R. (Ans.: 523428 Q)
13. In the series parallel circuit shown in the Fig. 1.113, find the
i) voltage drop across the 4 Q resistance i) the supply voltage V

A ;i\(}n
VYWY

o £+ 50V
BQ

E
?
D
249% 1241
c

UF:————‘<

Fig. 1.113
{Ans.: 45V, 140 V)
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14. Find the current in all the branches of the network shawn in the Fig. 1.114,

120 A
Fig. 1.114

(Ans.:39A,21 A,39A,81A,11A,414A)
15. If the total power dissipated in the cireuit shown in the Fig. 1.115 is 18 watts, find the value of R

and current through it. (Ans.: 12 Q, 0.6 A)
R 40
Il"v‘v"l!A I'W
R 16
'A'A"'l ""v"‘
+)=
] r
12v
Fig. 1115

16. Explain with a suitable example how to obtain :
i) An equivalent current source from a given voltage source.
ii) An equivalent voltage source from a given current source.
17. Find the equivalent resi: across the terminals X-Y.
150 200

x 0 - I !| II I"'
450 ! 50
Y o
400
Fig. 1.116
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18. Find the equivalent resistance as viewed through the terminals,
i)Band C i) Aand N

612
Fig. 1.117
{Ans. : i) 133 Q i) 0.77 Q)
19. Derive the relationship to express three siar connected resistances into equivalent delta.
20. Derive the relationship to express three della connected resistances into equivalent star.
Write notes on : i) Supernode ii) Supermesh iii) Combination of Sources
. Explain the loop analysis of analysing a given k, with a suitabl ,'

Explain the nodal analysis of analysing a given &, with a suitabl
. Calculate the voltage across branch AB in circuil shoum, using loop amiys:s
40 40 100

RERE

50Q

©

220V
Fig. 1.118
25. In the following circuit, determine : i) 1, 1y and 1y, ii) Value of R and  ifi) Value of Ex
A

Fig. 1.119

(Ans.:1,=03A, L,=15AE =174V, [,=07 A, R=714Q)
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26. Find potential between A and B by Nodal method. (Ans.: 0375V, B +ve)
A 10 20
AAAM ANAN
VVvYy AAAA
20

2a({ 1A ®av

p
N
=]

AAA

VY VY

)

Fig. 1.120

27. Show that current through purely resistive circuit is in phase with the applied voltage.
28. Show that current through pure inductance lags applied voltage by 9CP,

29, Show that current through pure capacitor leads applied voltage by 9P,

Qaa




D.C. Machines

2.1 Introduction

The study of the electrical engineering, basically involves the analysis of the energy
fransfer from one form to another. An clectrical machine, deals with the energy transfer
either from mechanical to electrical form or from clectrical to mechanical form. This
process is called electromechanical energy conversion.

An electrical machine which converts mechanical energy into an electrical energy is
called an electric generator. While an clectrical machine which converts an electrical
energy into the mechanical energy is called an electrical motor.

Such electrical machines may be related to an electrical energy of an alternating type
called a.c. machines or may be related to an electrical energy of direct type called d.c.
machines.

The d.c. machines are classified as d.c. generators and d.c. motors. The construction of
a d.c. machine basically remains same whether it is a generator or a motor. But before
beginning the study of the d.c. machines, it is nccessary to revise the basic concepts of
magnetism and electromagnetism.

2.2 Revision of Magnetism

Magnetism isa property by virtue of which a piece of solid body attracts iron pieces
and pieces of some other metals. Such a piece of solid body is called a natural magnet. -
The two ends of a magnet are called its poles. When such a magnet is suspended freely
by a piece of a silk fiber, it turns and adjusts itself in the direction of North and South of
the earth. The end adjusting itself in the direction of North is called N pole while other is
called S pole. When such two magnets are brought near each other, their behaviour is
governed by some laws called laws of magnetism.

@-1
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2.2.1 Laws of Magnetism
Law 1 : It states that "like' magnetic poles repel and 'unlike' poles attract each other.

When the two magnets are brought near each other, such that two like poles i.e. N
and N or S and S are facing each other, then the two magnets experience a force of
repulsion. As against this, if two unlike poles ie. N and S or § and N are facing towards
each other, then they experience a force of attraction and try to attract each other.

Law 2 : This law is experimentally proved by Scientist Coulomb and hence also known
as Coulomb's Law.

The force (F) exerted by one pole on the other pole is,
1. Directly proportional to the product of the pole strengths.
2. Inversely proportional to the square of the distance between them and
3. Dependent on the nature of medium surrounding the poles.
Mathematically this law can be expressed as,
M] M]

d?

where M; and M; are the pole strengths of the poles while 'd' is the distance between

the two poles.

F e

KM, M,

F= =
d?

where K is constant which depends on the nature of the surrounding.

2.2.2 Magnetic Field and Flux

The region around a magnet within which the influence of the magnet can be
experienced is called its magnetic field. The presence of magnetic field is represented by
imaginary lines around a magnet. These are called magnetic lines of force.

The total number of lines of force existing in a particular magnetic field is called

gnetic flux, denoted by a symbol '¢'. It is measured in a unit weber.

1 weber = 10® lines of force.

Key Polnt : The lines of force never intersect each other and are like stretched rubber Ixmds
and always try to contract in length.

These properties of lines of force play an important role in the understanding of the
working principle of the d.c. machines.

The lines of flux have a fixed direction. These flux lines start at N-pole and terminate
at S-pole, external to the magnet. While the direction of flux lines is from S-pole to N-pole,
internal to the magnet. The distribution and dircction of such flux lines for a bar magnet
is shown in the Fig. 2.1.
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=—— Flux lines

S—

Fig. 2.1 Direction of the flux lines
These lines always form a closed loop and never intersect each other.

2.3 Revision of Electromagnetism

When a conductor carries a current, it creates a magnetic field around it. The direction
of such magnetic field depends on the direction of the current passing through the
conductor. So electric current and magnetism are very closely related to each nther This
relationship plays an important role in the d.c. machines.

Let us see in brief, the rule to determine the direction of the flux produced by a
current carrying conductor.

2.3.1 Right Hand Thumb Rule

It states that "Hold the current carrying conductor in the right hand such that the
thumb is pointing in the direction of current and parallel to the conductor, then curled
fingers point in the direction of the magnetic field or flux around it”.

The Fig. 2.2 explains the rule.
Right

_r/‘\‘ hag Thumb —= Current

&eﬂ! Curled fingers —s= Flux

Fig. 2.2 Right hand thumb rule

Conventionally, such conductors are observed, assuming them to be placed
perpendicular to the plane of the paper. So current moving away from the observer is
denoted by a ‘cross' while current coming towards the observer is denoted by a 'dot. If
now right hand is adjusted in such a way, that the thumb is pointing in the direction of
current denoted as ‘cross' ie. going into the paper, then curled fingers indicate the
direction of flux as clockwise, as shown in the Fig. 2.3 (a). While if thumb of right hand is
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Flux Flux
Conductor Conductor
(a) Current moving away from observer (b) Current moving towards observer
Fig. 2.3

adjusted in the direction of current shown as 'dot' i.e. coming out of paper, then curled
fingers indicate the direction of flux as anticlockwise as shown in the Fig. 2.3 (b).

2.3.2 Magnetic Field due to Circular Conductor
Consider an arrangement in which a long conductor
Conductor c‘{: is wound with number of turns on a core, close together
to form a coil. This is called a solenoid as shown in the
Fig. 24. When such a conductor carries a current, the
magnetic field gets produced around the core.
Fig. 2.4 Solenoid Identifying the direction of flux and hence
identifying the two ends of the core as N pole or S pole
is important in understanding the principle of d.c. machine. The right hand thumb rule
can be modified for such case as stated below,

The right hand thumb rule : Hold the solenoid in the right hand such that curled
fingers point in the direction of the current through the curled conductor, then the
outstretched thumb along the axis of the solenoid points to the North pole of the solenoid
or points in the direction of flux lines inside the core.

This is represented in the Fig. 2.5.

Key Point : The direction of flux
can be reversed either by changing
direction of current through the
conductor by  reversing  the
polarities of the supply or by
1 changing the direction of winding
of the conductors around the core.

Fig. 2.5 Direction of flux around circular conductor

With this background, let us start the detail study of a d.c. generator.
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2.4 Principle of Operation of a D.C. Generator

All the generators work on a principle of dynamically induced e.m.f. This principle is
nothing but the Faraday's law of electromagnetic induction . It states that, 'Whenever the
number of magnetic lines of force ie. flux linking with a conductor or a coil changes, an
electromotive force is set up in that conductor or coil.' The change in flux associated with
the conductor can exist only when there exists a relative motion between a conductor and
the flux. The relative motion can be achieved by rotating conductor with respect to flux or
by rotating flux with respect to a conductor. So a voltage gets generated in a conductor, as
long as there exists a relative motion between conductor and the flux.

Such an induced e.m.f. which is due to physical movement of coil or conductor with
respect to flux or movement of flux with respect to coil or conductor is called dynamically
induced e.m.f.

Key Point : So a generating action requires following basic components to exist, i) The
conductor or a coil i) The flux iii) The relative motion between conductor and flux. ’

In a practical generator, the conductors are rotated to cut the magnetic flux, keeping
flux stationary. To have a large voltage as the output, the number of conductors are
connected together in a specific manner, to form a winding. This winding is called
armature winding of a d.c. machine. The part on which this winding is kept is called
armature of a d.c. machine. To have the rotation of conductors, the conductors placed on
the armature are rotated with the help of some external device. Such an external device is
called a prime mover. The commonly used prime movers are diesel engines, steam
engines, steam turbines, water turbines etc. The necessary magnetic flux is produced by
current carrying winding which is called field winding. The direction of the induced e.m.f.
can be obtained by using Fleming's right hand rule.

2.5 Fleming's Right Hand Rule

) If three fingers of a right hand, namely
l&:‘d'o:mi:r Lines of thumb, index finger and middle finger are
i fux oulstretched so that everyone of them is at

right angles with the remaining two, and if in
this position index finger is made to point in
the direction of lines of flux, thumb in the
direction of the relative motion of the
conductor with respect to flux then the

Direction,_c
af flux outstretched middle finger gives the direction
Di mmlgr -~ of the emf. induced in the conductor.
{current) Visually the rule can be represented as shown

in the Fig. 2.6.

ing's right hand rule
Fig. 2.6 Fleming’s right This rule mainly gives direction of current

which induced em.f. in conductor will set up when closed path is provided to it.
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" Verify the direction of the current through conductor in the four cases shown in the
Fig. 2.7 by using Fleming's right hand rule.

Relative motion Relative motion
of conductor of conductor

Relative motion Relative motion
of conductor of conductor

(c) Current going in {d) Current coming out
Fig. 2.7 Fleming's right hand rule

Key Point : [t can be observed from the Fig. 2.7 that if the direction of relative motion of
conductor is reversed keeping flux direction same or if flux direction is reversed keeping
direction of relative motion of conduclor same then the direction of induced e.m.f. and hence
direction of current it sets up in an external circuit gets reversed.

The magnitude of the induced e.n.f. is given by,

= Active length of conductor in m.

where

v = Relative velocity component of conductor in m/s in
the direction perpendicular to direction of the flux.

The active length means the length of conductor which is under the influence of
magnetic field. In all the cases above, direction of motion of conductor is perpendicular to
the plane of the flux. _

But if it is not perpendicular then the component of velocity which is perpendicular to
the plane of the flux, is only responsible for inducing e.n.f. in the conductor. This is
shown in the Fig. 2.8 (a). In this Fig. 2.8 (a), though the velocity is v, its component v’
which is perpendicular to the flux lines is only responsible for the induced e.m.f.

I the plane of the rotation of conductor is parallel to the plane of the flux, there will
not be any cutting of flux and hence there cannot be any induced em.f. in the conductor.
ihis is shown in the Fig. 2.8 (b).
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N
Flux !
1 Flux
i
] v
1 /
------- - ®
g Component of
- ] - : Zero .
- H velocity effective uced
- H for induced e.m.f. ind amt,
i
L
(a) (b)

Fig. 2.8
Key Point : So fo have an induced entf. in the conductor not only the relative motion
between the conductor and the flux is necessary but plane of rotation and plane of flux
should not be parallel to each other.

If angle between the plane of rotation and the plane of the flux is 9’ as measured from
the axis of the plane of flux then the induced e.m.f. is given by,

I E = B I (v sinfl) volts |

Where v sinf is the component of velocity which is perpendicular to the plane of flux
and hence responsible for the induced e.m.f. This is shown in the Fig. 2.9.

u}lnﬂ 4

Plane of motion A= glnu
() E = v 5inf (b} Maximum E CVE=0
Fig. 2.9

From the equation of the induced e.m.f, it can be seen that the basic nature of the
induced e.m.f. in a d.c. generator is purely sinusoidal i.e. alternating. To have d.c. voitage,
a device is used in a d.c. generator to convert the alternating e.m.f. to unidirectional e.m.f.
This device is called commutator. An alternator is a2 machine which produces an
alternating e.m.f. is without a commutator. So an alternator with a commutator is the basic
d.c. generator. Practically there is a difference between the construction of an alternator
and a d.c. generator though the basic principle of working is same.
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2.6 Construction of a Practical D.C. Machine

As stated earlier, whether a machine is d.c. generator or a motor the construction
basically remains the same as shown in the Fig. 2.10.

Yoke

K
#
_.‘f-—lnter polar axis

Field winding
Commutator

(capper) — _ ___ _f_._z= ST A U T ok ;4 ST N,
Polar or field axis .

Pole core

Armalure 3
core Armature

Armature
slot

Shaft

Fig. 2.10 A cross-section of typical d.c. machine
It consists of the following parts :

2.6.1 Yoke
a) Functions :

1. It serves the purpose of outermost cover of the d.c. machine. So that the insulating
materials get protected from harmful atmospheric elements like moisture, dust and
various gases like SO, , acidic fumes ete.

2. It provides mechanical support to the pales.

3. It forms a part of the magnetic circuit. It provides a path of low reluctance for
magnetic flux. The low reluctance path is important to avoid wastage of power to
provide same flux. Large current and hence the power is necessary if the path has
high reluctance, to produce the same flux.
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b) Choice of material : To provide low reluctance path, it must be made up of some
magnetic material. It is prepared by using cast iron because it is cheapest. For large
machines rolled steel, cast steel, silicon steel is used which provides high permeability i.e.
low reluctance and gives good mechanical strength.

2.6.2 Poles
Each pole is divided into two parts namely, 1) Pole core and II) Pole shoe.
This is shown in the Fig. 2.11.

/N‘“’

Pole
core

Pole
shoe

Fig. 2.11 Pole structure
a) Functions of pole core and pole shoe :

1. Pole core basically carries a field winding which is necessary to produce the flux.
2. It directs the flux produced through air gap to armature core, to the next pole.

3. Pole shoe enlarges the area of armature core to come across the flux, which is
necessary to produce larger induced em.f. To achieve this, pole shoe has been
given a particular shape.

b) Choice of material : [t is made up of magnetic material like cast iron or cast steel.

As it requires a definite shape and size, laminated construction is used. The laminations
of required size and shape are stamped together to get a pole which is then bolted to the
yoke.

2.6.3 Field Winding (F1 - F2}

The field winding is wound on the pole core with a definite direction.

a) Functions : To carry current due to which pole core, on which the field winding
is placed behaves as an electromagnet, producing necessary flux.

As it helps in producing the magnetic field ie. exciting the pole as an electromagnet it
is called Field winding or Exciting winding,

b) Choice of material : It has to carry current hence obviously made up of some
conducting material. So aluminium or copper is the choice. But field coils are required to
take any type of shape and bend about pole core and copper has good pliability i.c. it can
bend easily. So copper is the proper choice.
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Key Point : Field winding is divided into various coils called field coils. These are
connected in series with each other and wound in such a direction around pole cores, such
that alternate ‘N’ and °S’ poles are formed.

By using right hand thumb rule for current carrying circular conductor, it can be easily
determined that how a particular core is going to behave as ‘N’ or ‘S’ for a particular
winding direction around it. The direction of winding and flux can be observed in the
Fig. 1.10.

2.6.4 Armature

It is further divided into two parts namely,

I) Armature core and 1) Armature winding
I} Armature core : Armature core is cylindrical in shape mounted on the shaft. It

consists of slots on its periphery and the air ducts to permit the air flow through
armature which serves cooling purpose.

a) Functions :

1. Armature core provides house for armature winding i.e. armature conductors.
2. To provide a path of low reluctance to the magnetic flux produced by the field
winding.
b) Choice of material : As it has to provide a low reluctance path to the flux, it is made
up of magnetic material like cast iron or cast steel.
It is made up of laminated construction to keep

Tooth eddy current loss as low as possible. A single circular
d‘“‘r lamination used for the construction of the armature
vet ‘ core is shown in the Fig. 2.12.
Slgt ——==

II) Armature winding : Armature winding is
Shaft nothing but the interconnection of the armature
Fig. 2.12 Single circular conductors, placed in the slots provided on the

lamination of armature core armature core periphery. When the armature is
rotated, in case of generator, magnetic flux gets cut by
armature conductors and e.m.f. gets induced in them.

a) Functions :
1. Generation of e.m.f. takes place in the armature winding in case of generators.
2. To carry the current supplied in case of d.c. motors.
3. To do the useful work in the external circuit.

b) Choice of material : As armature winding carries entire current which depends on
external load, it has to be made up of conducting material, which is copper.
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Armature winding is generally former wound. The conductors are placed in the
armature slots which are lined with tough insulating material.

2.6.5 Commutator

We have seen carlier that the basic nature of e.m.f. induced in the armature conductors
is alternating. This needs rectification in case of d.c. generator, which is possible by a
device called commutator.

a) Functions :

1. To facilitate the collection of current from the armature conductors.
2. To convert internally developed alternating e.m.f. to unidirectional ( d.c) em.f.
3. To produce unidirectional torque in case of motors.

b) Choice of material : As it collects current from armature, it is also made up of copper
segments.

It is cylindrical in shape and is made up of wedge shaped segments of hard drawn,
high conductivity copper. These segments are insulated from each other by thin layer of
mica. Each commutator segment is connected to the armature conductor by means of
copper lug or strip. This connection is shown in the Fig. 2.13.

Insulated
commutalor
segments

Armature conducior

= Armalure

Conneclion between
conductor and commutator

Fig. 2.13 Commutator

2.6.6 Brushes and Brush Gear

Brushes are stationary and resting on the surface of the commutator.

a) Function : To collect current from commutator and make it available to the
stationary external circuit.

b) Choice of material : Brushes are normally made up of soft material like carbon.

Brushes are rectangular in shape. They are housed in brush holders, which are usually
of box type. The brushes are made to press on the commutator surface by means of a
spring, whose tension can be adjusted with the help of lever. A flexible copper conductor
called pig tail is used to connect the brush to the external circuit. To avoid wear and tear
of commutator, the brushes are made up of soft material like carbon.



Electrical and Electronics Engineering  2-12 D.C. Machines

2.6.7 Bearings

Ball-bearings are usually used as they are more reliable. For heavy duty machines,
roller bearings are preferred.

2.7 Types of Armature Winding

We have seen that there are number of armature conductors, which are connected in
specific manner as per the requirement, which is called armature winding. According to
the way of connecting the conductors, armature winding has basically two types namely,

a) Lap winding b) Wave winding

2.7.1 Lap Winding

In this case, if connection is started from
conductor in slot 1 then connections overlap
each other as winding proceeds, till starting
point is reached again.

Developed view of part of the armature
winding in lap fashion is shown in the

Fig. 2.14.
Fig. 2.14 Lap winding As seen from the Fig. 214, there is
overlapping of coils while proceeding.
Key Point : Due to such connection, the total ber of conductors get divided into

‘P’ number of parallel paths, where P = number of poles in the machine.

Large number of parallel paths indicate high current capacity of machine hence lap
winding is preferred for high current rating generators.

2.7.2 Wave Winding

In this type of connection, winding
always travels  ahead  avoiding
overlapping. It travels like a progressive
wave hence called wave winding. To get
an idea of wave winding a part of
armature winding in wave fashion is
shown in the Fig. 2.15.

Both coils starting from slot 1 and
slot 2 are progressing in wave fashion.
Key Point : Due to this type of connection, the total number of conductors get divided
into two ber of parallel paths always, irrespective of ber of poles of the
machine. As number of parallel paths are less, it is preferrable for low current, high voltage
capacity generators.

Fig. 2.15 Wave winding
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The number of parallel paths in which armature conductors are divided due to lap or
wave fashion of connection is denoted as A. So A = P for lap connection and A = 2 for
wave connection.

2.7.3 Comparison of Lap and Wave Type Winding

Sr. No Lap winding Wave winding

1. Number of parallel paths (A) = poles (P} Number of parallel paths (A) = 2 (always)

2. Number of brush sets required is equal Number of brush sets required is always
to number of poles. equal to two.

3. Preferable for high current, low voltage Preferable for high voltage, low current
capacity generators. capacity generators.

4. Normally used for g of capacit Preferred for g tors of capacity less
more than 500 A. than 500 A.

2.8 E.M.F. Equation of D.C. Generator

Let P = Number of poles of the generator
= Flux produced by each pole in webers (Wb)
= Speed of armature in r.p.m.

= Total number of armature conductors

> N Z o
1

= Number of parallel paths in which the ‘Z’

number of conductors are divided

g
>

P for lap type of winding

2 for wave type of winding

Now emf. gets induced in the conductor according to Faraday’s law of
electromagnetic induction. Hence average value of em.f. induced in each armature
conductor is,

e = Rate of cutting the flux =‘;—?
Now consider one revolution of conductor. In one revolution, conductor will cut total
flux produced by all the poles i.e. § x P. While time required to complete one revolution is

N seconds as speed is N r.p.m.
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¢P N
e = E—¢Pgﬁ
N

This is the em.f. induced in one conductor. Now the conductors in one parallel path
are always in series. There are total Z conductors with A parallel paths, hence % number
of conductors are always in series and e.m.f. remains same across all the parallel paths.

*. Total em.f. can be expressed as,

N 2

E =¢P W A volts

This is nothing but the e.m.f. equation of a d.c. generator.

_ §PNZ i
So E=ox e.m.f. equation
E=¢N—Z forlap typeas A =P
60

E=¥;Z for wave type as A = 2

mp Example 2.1 : A 4 pole, lap wound, d.c. generator has a useful flux of 0.07 Wb per pole.
Calculate the generated em.f. when it is rotated at a speed of 900 r.p.m. with the help of
prime mover. Armature consists of 440 ber of conductors. Also calculate the generated
em.f. if lap wound armature is replaced by wave wound armature.

Solution : P =4 Z=440 ¢=007Wb and N =900rpm

- $PNZ
60A
i) For lap wound, A=P=4
E = %= 0.0?><:30><440=462v
ii) For wave wound A =2
E = ¢PNZ= B'G?XQOOX“XM(}:?Z{V

120 120
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2.9 Winding Terminologies

a) Conductor : It is the actual armature
conductor which is under the influence of
the magnetic field, placed in the armature

slot.
Conductor 1 Conductor2 b)) Turn : The twe conductors placed in

different slots when connected together,
forms a turn. While describing armature

1 um winding the number of turns may be
specified from which, the number of
Fig. 2.16 Single turn conductors can be decided.

Z = 2 x Number of turns.

¢} Coil : For simplicity of connections, the turns are grouped together to form a coil. If
coil contains only one turn it is called single turn coil while coil more than one turn is
called multiturn coil.

AP

(a) Single turn (b} Double turn () Multiturn

Fig. 2.17 Armature coils

Hence if number of coils, along with number of turns per coil are specified, it is
possible to determine the total number of turns and hence total number of armature
conductors ‘Z’ required to calculate generated e.m.f.

lmp Example 2.2 : A 4 pole, lap wound, d.c. generators has 42 coils with 8 turns per coils. It
is driven at 1120 rp.m. If useful flux per pole is 21 mWb, calculate the generated em.f.
Find the speed at which it is to be driven fo generafe the same e.mf. as calculated above,
with wave wonund armature.

Solution :P=4 ¢=21mWb=21x10"Wb  N=1120 rpm.
Coils = 42 and turns / coil = 8 .
Total turns = coils x turns / coil =42 x 8 = 336
Z = 2 x‘total turns = 2 x 336 = 672
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i) For lap wound, A = P
ONZ _ 21x107* x1120x 672

E = w ] = 263424 V
ii) For wave wound, A = 2
and E = 263424V
_ oPNZ
E = %
21x107 x4x Nx 672
263424 = T E—

N = 560 rp.m.

2.10 Single Layer and Double Layer Winding

Basically there are two physical types of the windings. These are i) Single layer
winding ii) Double layer winding. The sequential arrangement of coils around the
armature is different for both these types of windings.

2.10.1 Single Layer Winding

In this type of winding, the complete slot is containing only one coil side of a coil.
This type of winding is not normally used for machines having commutators. It is shown
in the Fig. 2.18.

In single layer windings permit the use of
semi enclosed and closed types of slots. Also the
coils can be pushed through the slots from one
end of the core and are connected during the
process of windings at the other end. Here the
insulation can be properly applied and
consolidated which is advantageous in large
output machines with high voltage.

The single layer windings used in high voltage
machines use small groups of concentrically placed
coils. The interlinking between these coils is in
such a way so as to minimize the space taken up
outside the slot and in the overhang connections.

~=—Slot

Fig. 2.18 Single layer winding

2.10.2 Double Layer Winding

It is shown in the Fig. 2.19. It consists of identical coils with one coilside of each coil
in top half of the slot and the other coilside in bottom half of another slot which is nearly
one pole pitch away.
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In the Fig. 2.19 (a) there are two coilsides per slot while in (b) there are eight coilsides
per slot. Each layer may contain more than one coil side if large number of coils are
required. For placing double layer windings, usually open slots are used.

Top
coilside

Bottom
coilside

v
% sota

(a)
Fig. 2.19
Advantages of double layer winding

{b)
Double layer winding

The double layer winding has following advantages,
1) It provides neat arrangement as all coils are identical.
2) Greater flexibility can be achieved with double layer winding as coil span can be

easily selected.

2.11 Symbolic Representation of D.C. Generator

Fig. 2.20 Symbolic representation
of D.C. generator

The armature is denoted by a circle with two
brushes. Mechanically it is connected to another

device called prime mover. The two ends of
armature are denoted as A - Ay. The field winding

is shown near armature and the two ends are
denoted as F; - F,. The representation of field vary
little bit, depending on the type of generator.

The symbolic representation is shown in the
Fig. 2.20. Many times an arrow (T) is indicated near
armature. This arrow denotes the direction of
current which induced em.f. will set up, when
connected to an external load.
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Key Point : Every practical generator needs a prime mover fo rolate its armature. Hence
to avoid complexity of the diagram, prime mover need not be included in the symbolic
representation of generator.

2.12 Types of Generators

The magnetic field required for the operation of a d.c. generator is produced by an
electromagnet. This electromagnet carries a field winding which produces required
magnetic flux when current is passed through it.

Key Point : The field winding is also called exciting winding and current carried by the
field winding is called an exciting current.

Thus supplying current to the field winding is called excitation and the way of
supplying the exciting current is called method of excitation.

There are two methods of excitation used for d.c. generators,

1. Separate excitation

2. Self excitation

Depending on the method of excitation used, the d.c. generators are classified as,

1. Separately excited generator

2. Self excited generator

In sep y ited g a separale external d.e. supply is used .to provide
exciting current through the field winding.

The d.c. generator produces d.c. voltage. If this generated voltage itself is used to
excite the field winding of the same d.c. generator, it is called self excited generator. The
d.c. voltage is produced in the armature winding of a d.c. generator, which is used to
excite the field winding of the same generator. Depending on how electrically the armature
winding is connected to the field winding, the self excited d.c. generators are classified as,

a) Shunt generators b) Series generators ¢) Compound generators.

In shunt the two windings, field and armature are in parallel while in series type the
two windings are in series. In compound type the part of the field winding is in parallel
while other part in series with the armature winding.

The compound generators are further classified as long shunt and short shunt
compound generators. The overall classification of d.c. generators is shown in the Fig. 2.21.
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D.C. Generators

' !

Self excited Separately exciled

+ F1 ﬁI +

Series
5
S;
n }
Shert shunt
A

Fig. 2.21 Types of d.c. generators
2.13 Separately Excited Generator

When the field winding is supplied from external, separate d.c. supply i.e. excitation of
field winding is separate then the generator is called separately excited generator.
Schematic representation of this type is shown in the Fig. 2.22.

=1y

—
D.C. supply

Fig. 2.22 Separately excited generator

The field winding of this type of generator has large number of turns of thin wire. So
length of such winding is more with less cross-sectional area. So resistance of this field
winding is high in order to limit the field current.
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2.13.1 Voitage and Current Relations

The field winding is excited separately, so the field current depends on supply voltage
and resistance of the field winding.

For armature side, we can see that it is supplying a load, demanding a load current of
I; at a voltage of V, which is called terminal voltage.

Now L =1,

The internally induced em.f. E is supplying the voltage of the load hence terminal
voltage V, is a part of E. But E is not equal to V, while supplying a load. This is because
when armature current I, flows through armature winding, due to armature winding
resistance R, ohms, there is a voltage drop across armature winding equal to I, R, volts.
The induced e.n.f. has to supply this drop, along with the terminal voltage V,. To keep I,
R, drop to minimum, the resistance R, is designed to be very very small. In addition to
this drop, there is some voltage drop at the contacts of the brush called brush contact
drop. But this drop is negligible and hence generally neglected. So in all, induced em.f. E
has three components namely,

i) Terminal voltage V, ii) Armature resistance drop I, R, iii) Brush contact drop V.,
So voltage equation for separately excited generator can be written as,

E

]

Vi+ LR, + Vi

_ ¢PNZ
T Te0A

Where

Generally V., is neglected as is negligible compared to other voltages.

2.14 Self Excited Generator

When the field winding is supplied from the armature of the generator itself then it is
said to be self excited generator. Now without generated e.m.f., field cannot be excited in
such generator and without excitation there cannot be generated emf. So one may
obviously wonder, how this type of generator works. The answer to this is residual
magnetism possessed by the field poles, under normal condition.

Practically though the generator is not working, without any current through field
winding, the field poles possess some magnetic flux. This is called residual flux and the
property is called residual magnetism. Thus when the generator is started, due to such
residual flux, it develops a small e.m.f. which now drives a small current through the field
winding. This tends to increase the flux produced. This inturn increases the induced e.m.f.
"This further increases the field current and the flux. The process is cumulative and
continues till the generator develops rated voltage across its armature. This is voltage
building process in self excited generators.
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Based on how field winding is connected to the armature to derive its excitation, this
type is further divided into following three types :

i) Shunt generator ii) Series generator iii) Compound generator

Let us see the connection diagrams and voltage, current relations for these types of
generators.

2.15 Shunt Generator

When the field winding is
connected in parallel with the
armature and the combination across
the load then the generator is called
shunt generator.

The field winding has large
number of turns of thin wire so it has
high resistance. Let R, be the
resistance of the field winding.

Fig. 2.23 Shunt generator

2.15.1 Voltage and Current Relations
From the Fig. 2.23, we can write

L= 0+

Now voltage across load is V, which is same across field winding as both are in
parallel with each other.

While induced e.m.f. E, still requires to supply voltage drop LR, and brush contact

drop.
LE = Vi + LR, + Vi
_ $PNZ
where E = A

In practice, brush contact drop can be neglected.
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216 Series Generator

When the field winding is connected in series
with the armature winding while supplying the
load then the generator is called series generator. It
is shown in the Fig. 2.24.

ps Field winding, in this case is denoted as S; and
S,. The resistance of series field winding is very

- small and hence naturally it has less number of
turns of thick cross-section wire as shown in the
Fig. 2.24.

Let R, be the resistance of the series field
Fig. 2.24 Series generator winding.

2.16.1 Voltage and Current Relations
As all armature, field and load are in series they carry the same current.
Le=T
where I, = Current through series field winding.
Now in addition to drop LR, , induced em.f. has to supply voltage drop across series
field winding too. This is L, R, i.e. LR, as [, = L. So voltage equation can be written as,
E= V,+L R +LR,+ V.
E=V+L{E+ B)+ Vo

$PNZ
60 A

Where E =

2.17 Compound Generator

In this type, the part of the field winding is connected in parallel with armature and
part in series with the armature. Both series and shunt field windings are mounted on the
same poles. Depending upon the connection of shunt and series field winding, compound
generator is further classified as : i) Long shunt compound generator, ii) Short shunt
compound generator.

2.17.1 Long Shunt Compound Generator

In this type, shunt field winding is connected across the series combination of
armature and series field winding as shown in the Fig. 2.25.

Voltage and current relations are as follows :

From the Fig. 2.25, = I,
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and

=1+

Fig. 2.25 Long shunt compound generator

Voltage across shunt field winding is V, .

L=

-
R'lh

Where R, = Resistance of shunt field winding

And voltage equation is,

E = V+ LR, + L R, + Vy

Where R,, = Resistance of series field winding

2.17.2 Short Shunt Compound Generator

Fig. 2.26 Short shunt compound generator

In this type, shunt field winding is
connected, only across the armature,
excluding series field winding as shown in
the Fig. 2.26.

Voltage and current relations are as
follows :

For the Fig. 2.26, I, =L, + L,

and I,=1I

The drop across shunt field winding is
drop across the armature only and not the
total V,, in this case. So drop across shunt
field winding is E - I, R,.
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E-LR,
R‘sll

Ly =

Now the voltage equationis E= V, + LR, + LR+ V..

Now L.= 1

E=V+LR +I R+ Vo

Neglecting V., we can write,

E = V+LR+LR,
E-LR, = V,+I R,

_Vi+L R,
LR

Any of the two above expressions of L, can be used, depending on the quantities
known while solving the problems.

2.17.3 Cumulative and Differential Compound Generator

It is mentioned earlier that the two windings, shunt and series field are wound on the
same poles. Depending on the direction of winding on the pole, two fluxes produced by
shunt and series field may help or may oppose each other. This fact decides whether
generator is cumulative or differential compound. If the twn fluxes help each other as

shown in Fig. 2.27 the generator is called ¢ lative comp 8
Where ¢4 = Flux produced by shunt.

¢, = Flux produced by series, field windings.

If the two windings are wound in such a direction that the fluxes produced by them
oppose each other then the generator is called differential compound generator. This is
shown in the Fig. 2.28.

Where ¢4 = Flux produced by shunt field winding.
¢, = Flux produced by series field winding.
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!
o pe— Sefies —= ° - Series
Shunt ° P P Shunt
=3 ]
o S 3 &
1;4-"""’ ' "
Cumulative compound generator Diff ial F d g
Fig. 2.27 Fig. 2.28

Iy Example 2.3 : A dc. shunt generator has shunt field winding resistance of 100 Q. It is
supplying a load of 5kW at a voltage of 250 V. If its armature resistance is 0.22Q,
calculate the induced e.m.f. of generator.

Solution : Consider shunt generator as shown in the Fig. 2.29,

I, = I +1, I
V,
Ish E:: Isﬂ Ia
Now V, = 250V R"‘E R, mm v
and Ry = 100 2
Iy = 3 = 25A
Load power = 5 kW. Fig. 2.29
P = V, xI
P _5x10%
I, = AR =20A
I, = I +1,=20+25=2254
Now E = V, +1, R, (neglect Vi)
E = 250+ 225x022= 25495V

This is the induced e.m.f. to supply the given load.

1wy Example 2.4 : A 250V, 10kW, separately excited generalor has an induced em.f. of
255V at full load. If the brush drop is 2V per brush, calculate the armalture resistance of
the generator.
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Solution : Consider separately excited generator as shown in the Fig. 2.30.

1 I

DIC g R, EE V=250V

Fig. 2.30

Note that 250V, 10kW generator means the full load capacity of generator is to
supply 10 kW load at a terminal voltage V, = 250 V.

V, = 250 Vand P =10 kW

and P = Vyxl
1 3
I, = 0;;}0 =40 A
I, =1, =40A ... As separately excited
Now E = Vt "'Ia R, + Virush

Now there are two brushes and brush drop is 2 V/brush.
Vish = 2%X2=4V

E = 250+ 40 xR, +4

But E = 255V on full load
255 = 250 + 40 R, +4
R, = 0025Q

wmp Example 2.5 : A d.c. series generator has armature resistance of 0.5 Q and series field
resistance of 0.03 Q. It drives a load of 50 A. If it has 6 turns/coil and total 540 coils on
the armature and is driven at 1500 r.p.m., calculate the terminal voltage at the load. Assume
4 poles, lap type winding, flux per pole as 2 mWb and total brush drop as 2 V.

Solution : Consider the series generator as shown in Fig. 2.31.
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Rsp
I
1, I
Ry [oAD]
Fig. 2.31

R, = 050 R, =0030
Voush = 2V
N = 1500 rp.m.
Total coils are 540 with 6 turns/coil.
Total tums = 540 x 6 = 3240
. Total conductors Z = 2 x turns
= 2 x 3240 = 6480

¢PNZ
G0 A

For lap type, A =P

and ¢ = 2mWb=2x10"*Wb
E = 2x10 ~3 x 1500 x 6480
. 60
= 34V
E = V, +1, (R, +R.) + Viua ... Total Vy, given
Where I, = 1, =50 A

324 = V, +50 (0.5 + 0.03) + 2
V, = 2955V

mmp Example 2.6 : A short shunt compound d.c. generator supplies a current of 75A at a
voltage of 225 V. Calculate the generated voltage if the resistance of armature, shunt field
and series field windings are 0.04 Q , 90 Q and 0.02 Q respectively.
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Solution : Consider a short shunt generator as shown in the Fig. 2.32.
R, =0048 Ry=908 R,=0028

V, = 225V

I, = 754A

L =1 +14 A
Now E =V, +,R, +I R,

and drop across armature terminals is,

E-LR, = V,+ I R,

= 225+ 75%x002=2265V Fig. 2.32
L _E-LR _Vi+LR,
sh Ral\ Rd‘
226.5
= 55 = 25167 A

I, = I, + 1, = 75+ 25167 = 77.5167 A
E = V,+[,R, +I R,
= 225 + 77.5167 x 0.04 + 75 x 0.02 = 229.6 V

2.18 Applications of Various Types of Generators
Separately excited generators :

As a separate supply is required to excite field, the use is restricted to some special
applications like electro-plating, electro-refining of malerials etc.

Shunt generators :
Commonly used in battery charging and ordinary lighting purposes.
Series generators :

Commonly used as boosters on d.c. feeders, as a constant current generators for
welding generator and arc lamps.

Cumulatively compound generators :

These are used for domestic lighting purposes and to transmit energy over long
distance.
Differential compound generators :

The use of this type of generators is very rare and it is used for special application like
electric arc welding.
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2.19 Principle of Operation of a D.C. Motor

The principle of operation of a d.c. motor can be stated in a single statement as ‘when
a current carrying conductor is placed in a magnetic field; it experiences a mechanical
force’. In a practical d.c. motor, field winding produces a required magnetic field while
armature conductors play a role of a current carrying conductors and hence armature
conductors experience a force. As conductors are placed in the slots which are on the
periphery, the individual force experienced by the conductors acts as a twisting or turning
force on the armature which is called a torque. The torque is the product of force and the
radius at which this force acts. So overall armature experiences a torque and starts
rotating. Let us study this motoring action in detail.

Consider a single conductor placed in a magnetic field as shown in the Fig. 2.33 (a).
The magnetic field is produced by a permanent magnet but in a practical d.c. motor it is
produced by the field winding when it carries a current.

Flux by
- . conductor
Conductor —s|] _.,.._Tl.iain Current carrying
flux conductor

: s |~—Magnet

(a) Conductor in a magnetic field (b) Flux produced by current carrying conductor
Fig. 2.33

Now this conductor is excited by a separate supply so that it carries a current in a
particular direction. Consider that it carries a current away from an observer as shown in
the Fig. 2.33 (b). Any current carrying conductor produces its own magnetic field around
it, hence this conductor also produces its own flux, around. The direction of this flux can
be determined by right hand thumb rule. For direction of current considered, the direction
of flux around a conductor is clockwise. For simplicity of understanding, the main flux
produced by the permanent magnet is not shown in the Fig. 2.33 (b).

Now there are two fluxes present,
1. The flux produced by the permanent magnet called main flux.

2. The flux produced by the current carrying conductor.

These are shown in the Fig. 2.34 (a). From this, it is clear that on one side of the
conductor, both the fluxes are in the same direction. In this case, on the left of the
conductor there is gathering of the flux lines as two fluxes help each other. As against this,
on the right of the conductor, the two fluxes are in opposite direction and hence try to
cancel each other. Due to this, the density of the flux lines in this area gets weakened. So
on the left, there exists high flux density area while on the right of the conductor there
exists low flux density area as shown in the Fig. 2.34 (b).
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).4— Cancellation

Gathering —= Direction of force

of flux

Weakening
of flux

(a) Interaction of two fluxes (b) Force expers d by the
Fig. 2.34
This flux distribution around the conductor acts like a stretched rubber band under
tension. This exerts a mechanical force on the conductor which acts from high flux density
area towards low flux density area, i.e. from left to right for the case considered as shown
ir the Fig. 2.34 (b).
Field
winding

Armature

Fig. 2.35 Torque exerted on armature

Key Point : In the practical d.c. motor, the permanent magnet is replaced by a field
winding which produces the required flux called main flux and all the armature conductors,
mounted on the periphery of the armature drum, get subjected to the mechanical force. Due
to this, overall armature experiences a twisting force called torque and armature of the motor
starts rotating.

2.20 Direction of Rotation of Motor
The magnitude of the force experienced by the conductor in a motor is given by,

F = BII Newtons (N)

B

Flux density due to the flux produced by
the field winding.
Active length of the conductor.

—
]

I = Magnitude of the current passing through the conductor.
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The direction of such force i.e. the direction of rotation of a motor can be determined
by Fleming's left hand rule. So Fleming's right hand rule is to determine direction of
induced em.f. i.e. for generating action while Fleming's left hand rule is to determine
direction of force experienced i.e. for motoring action.

2.20.1 Fleming's Left Hand Rule

The rule states that, 'Outstretch the three fingers of the left hand namely the first
finger, middle finger and thumb such that they are mutually perpendicular to each other.
Now point the first finger in the direction of magnetic field and the middle finger in the
direction of the current then the thumb gives the direction of the force experienced by the
conductor’.

The Fleming's left hand rule can be diagramatically shown as in the Fig. 2.36.
Direction of

Left
hand \ Direction of
current
Fig. 2.36 Fleming's left hand rule
Apply the rule to crosscheck the direction of force experienced by a single conductor,
placed in the magnetic field, shown in the Fig. 2.37 (a), (b), (c) and (d).

Fig. 2.37 Direction of force experienced by conductor

It can be seen from the Fig. 2.37 that if the direction of the main field in which current
carrying conductor is placed, is reversed, force experienced by the conductor reverses its
direction. Similarly keeping main flux direction unichanged, the direction of current passing
through the conductor is reversed, the force expericnced by the conductor reverses its
direction. However if both the directions are reversed, the direction of the force
experienced remains the same.
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Key Point: So in a practical motor, to reverse its direction of rotation, either direction
of main field produced by the field winding is reversed or direction of the current
passing through the armature is reversed.

The direction of the main field can be reversed by changing the direction of current
passing through the field winding, which is possible by interchanging the polarities of
supply which is given to the field winding. In short, to have a motoring action two fluxes
must exist, the interaction of which produces a torque.

2.21 Significance of Back E.M.F.

It is scen in the generating action, that when a conductor cuts the lines of flux, em.f.
gets induced in the conductor. The question is obvious that in a d.c. motor, after a
motoring action, armature starts rotating and armature conductors cut the main flux. So is
there a generating action existing in a motor ? The to this question is "Yes'.

After a motoring action, there exists a generating action. There is an induced em.f. in
the rotating armature conductors according to Faraday's law of electromagnetic induction.
This induced e.m.f. in the armature always acts in the opposite direction of the supply
voltage. This is according to the Lenz's law which states that the direction of the induced
em.f. is always so as to oppose the cause producing it. In a d.c. motor, electrical input ie.
the supply voltage is the cause and hence this induced e.m.f. opposes the supply voltage.
This em.f. tries to set up a cwrent through the armature which is in the opposite
direction to that, which supply voltage is forcing through the conductor.

So as this emf. always opposes the supply voltage, it is called back emn.f. and
denoted as E,. Though it is denoted as E,, basically it gets generated by the generating
action which we have seen earlier in case of generators, So its magnitude can be
determined by the e.m.f. equation which is derived earlier. So,

QPNZ

E, = A volts

where all symbols carry the same meaning as seen earlier in case of generators.

5+

(a) Back e.m.f. in a d.c. motor (b) Equivalent circuit
Fig. 2.38
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This em.f. is shown schematically in the Fig. 2.38 (a). So if V is supply voltage in
volts and R, is the value of the armature resistance, the equivalent electric circuit can be
shown as in the Fig. 2.38 (b).

2.21.1 Voltage Equation of a D.C. Motor

In case of a generator, generated em.f. has to supply armature resistance drop and
remaining part is available across the load as a terminal voltage. But in case of d.c. motor,
supply voltage V has to overcome back e.m.f. E, which is opposing V and also various
drops as armature resistance drop I, R,, brush drop etc. Infact the electrical work done in
overcoming the back em.f. gets converted into the mechanical energy developed in the
armature. Hence the voltage equation of a d.c. motor can be written as,

= E, + I, R, + brush drop

Neglecting the brush drop, the generalised voltage equation is,

= E, + LR,

The back e.m.f. is always less than supply voltage (E, < V). But R, is very small hence
under normal running conditions, the difference between back e.m.f. and supply voltage is
very small. The net voltage across the armature is the difference between the supply
voltage and back em.f. which decides the armature current. Hence fmm the voltage
equation we can write,

V-E
- b
I = >

Key Point : Voltage equation gets changed a litte bit depending upon the type of the
motor, which is discussed later.

1y Example 2.7 : A 220 V, d.c. motor has an armature resistance of 0.75 Q. It is drawing
an armature current of 30 A, driving a certain load. Calculate the induced e.m.f. in the
motor under this condition.

Solution : V=200V, I, = 30 A, R, = 0.75 Q are the given values.

For a motor, V = E,+ LR,
220 = E, +30x075
E, = 197.5 volts

This is the induced e.m.f. called back e.m.f. in a motor.
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nmp Example 2.8 : A 4 pole, d.c. motor has lap connected armature winding. The flux per pele
is 30 inWb. The number of armature conduclors is 250. When connected fo 230 V d.c.
supply it draws an armature current of 40 A. Calculate the back em.f. and the speed with
which motor is running. Assume armature resistance is 0.6 Q.

Solution: P=4, A=P=4aslap, V=230V, Z=250
¢ = 30 mWb =30 x 10° Wb

I, = 40A
From voltage equation, V = E,+ [ R,
230 = E, +40x06
E, = 206V
-~ @PNZ
And B = oA
-a
206 = 30x107° x4 x Nx 250

60x4
N = 1648 r.p.m,

2.21.2 Back E.M.F. as a Regulating Mechanism

Due to the presence of back e.mf. the d.c. motor becomes a regulating machine i.e.
motor adjusts itself to draw the armature current just enough to satisfy the load demand.
The basic principle of this fact is that the back e.m.f. is proportional to speed, E, o« N.

When load is suddenly put on to the motor, motor tries to slow down. So speed of the
motor reduces due to which back emf. also decreases. So the net voltage across the
armature (V - E,) increases and motor draws more armature current. As F = B [ I, due to
increased current, force experienced by the conductors and hence the torque on the
armature increases. The increase in the torque is just sufficient to satisfy increased load
demand. The motor speed stops decreasing when the armature current is just enough to
produce torque demanded by the new load.

When load on the motor is decreased, the speed of the motor tries to increase. Hence
back em.f. increases. This causes (V — E) to reduce which eventually reduces the current
drawn by the armature. The motor speed stops increasing when the armature current is
just enough to produce the less torque required by the new load.

Key Point : So back em.f. regulates the flow of armature current and it automatically
alters the armature current to meet the load requirement. This is the practical significance of
the back e.m.f.
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2.22 Power Equation of a D.C. Motor
The voltage equation of a d.c. motor is given by,

V- E+LR,
Multiplying both sides of the above equation by I, we get,
VI = EL+I2R,

This equation is called power equation of a d.c. motor.

VI, = Net electrical power input to the armature measured in watts,

I2R, = Power loss due to the resistance of the armature called armature copper loss.
So difference between VI, and IR, i.e. input - losses gives the output of the armature.

So E, 1, is called electrical equivalent of gross mechanical power developed by
the armature. This is denoted as P,

. Power input to the armature - Armature copper loss = Gross mechanical power
developed in the armature.

2.22.1 Condition for Maximum Power -
For a motor from power equation it is known that,

P,, = Gross mechanical power developed = E [,

m
= VI, - I?R,

For maximum P, %:“

i
(=]

0 = V- 21, R,

v A
I, = 3R, ie I,R, =5
Substituting in voltage equation,
V = Ey+ I, R, =Eb+-‘£
2
v . .
E, = 5 ... Condition for maximum power

Key Point : This is practically impossible fo achieve as for this E,, current required is
much more than its normal rated value. Large heat will be produced and efficiency of motor
will be less than 50 %.
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2.23 Torque Equation of a D.C. Motor

It is seen that the turning or twisting force about an axis is

,;-'-'-\ R
Rotation called torque. Consider a wheel of radius R meters acted upon
by a circumferential force F newtons as shown in the Fig. 2.39.

F The wheel is rotating at a speed of N r.p.m.
Fig. 2.39 Then angular speed of the wheel is,
ZnN
w = :U rad /sec

So workdone in one revolution is,
W = F x distance travelled in one revolution

= Fx2nR  joules

_ _ Workdone
And P = Power developed = e
. _ Fx2mR FXZ“R=(FXR)X[2:DN]

Time for I rev (60
N

P = Txw watts
Where T = Torquein N-m

o = Angular speed in rad/sec.

Let T, be the gross torque developed by the armature of the motor. 1t is also called
armature torque. The gross mechanical power developed in the armature is Ey I, as seen
from the power equation. So if speed of the motor is N r.p.m. then,

Power in armature = Armature torque X

E 1, = T,xz—g.;
but E, in a motor is given by,
s
OPNZ 1, = T,x 22N
T, = el x 2
T, = 015961, % N-m

This is the torque equation of a d.c. motor.
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e Example 2.9 : A 4 pole d.c. motor takes a 50 A armature current. The armature has lap
connected 480 conductors. The flux per pole is 20 mWb. Calculate the gross forque developed
by the armature of the motor.

Solution: P=4, A=P =4, Z =480
6 = 20mWb =20%x107 Wb, I, =50 A

4% 480

Now T, 3

0‘159xol,,%%zﬁ,lSQxZOxlﬂ'axS{]x

76.394 N-m

2.23.1 Types of Torque in the Motor

Basically the torque is developed in the armature and hence gross torque produced is
denoted as T,.

The mechanical power developed in the armature is transmitted to the load through
the shaft of the motor. It is impossible to transmit the entire power developed by the
armature to the load. This is because while transmitting the power through the shaft, there
is a power loss due to the friction, windage and the iron loss. The torque required to
overcome these losses is called lost torque, denoted as Ty. These losses are also called stray
losses.

The torque which is available at the shaft for
doing the useful work is known as load torque or
shaft torque denoted as Ty,

Armmature
torque The shaft torque magnitude is always less than
Genorated the armature torque, (T, < T,).
torque Useful torque The speed of the motor remains same all along
the shaft say N r.p.m. Then the product of shaft
Fig. 2.40 Types of torque torque T, and the angular speed wrad/sec is called

power available at the shaft i.e. net output of the
motor. The maximum power a motor can deliver to the load safely is called output rating
of a motor. Generally it is expressed in H.P. It is called H.P. rating of a motor.

Net output of motor = P, = Ty x o

2.23.2 No Load Condition of a Motor

On no load, the load requirement is absent. So T, = 0. This does not mean that motor
is at hault. The motor can rotate at a speed say N; r.p.m. on no load. The motor draws an
armature current of I,
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V-Ey,
o = x

where E, is back e.m.f. on no load, proportional to speed N
Now armature torque T, for a motor is,

T, == ¢I,

As flux is present and armature current is present, hence T,; i.e. armature torque exists
on no load.

Now T, = Tj+ T,

butonnoload, Ty = 0

So on no load, motor keeps on rotating at a speed of N, r.p.m. drawing an armature
current of Iy This is just enough to produce a torque T,, which satisfies the friction,
windage and iron losses of the motor. On no load, speed of the motor is large hence E, is
also large hence (V - E) is very small hence armature current L is also small. So motor
draws less current on no load and takes more and more current as motor load increases.

So on no load,

Torque developed = Torque required to overcome friction, windage, iron losses.

Power developed (B % I,5) = Friction, windage and, iron losses

where Ey, = Back em.f. on no load.
and Ly = Armature current drawn on no load.

This component of stray losses i.e. Ey, I is practically assumed to be constant though
the load on the motor is changed from zero to the full capacity of the motor. So T; is
practically assumed constant for all load conditions.

Imp Example 2.10 : A 4 pole, lap wound d.c. motor has 540 conductors. Its speed is found to
be 1000 r.p.m. when it is made to run light. The flux per pole is 25 mWb. It is connected to
230 V d.c. supply. The armature resistance is 0.8 Q Calculate.
i) Induced e.m.f. ii) Armature current iii) Stray losses iv) Lost forque.

Solution: P=4,A=P=4
Running light means it is on no load.
Ny = 1000 r.p.m.
-Z = 540 and $=25x 107 Wb
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OPNGZ  25%10% x4 x1000x540

Bo = “gA = 604 =25V
i) Induced e.m.f., Ey = 25V
ii) From voltage equation, V = E, +L R,
V= Eyuy+IpR,
230 = 225+ 1,%x08
I, = 625A

iif) On no load, power developed is fully the power required to overcome stray losses.
Stray losses = E,p L, = 225 x 6.25 = 1406.25 W

Eyl 1406.25  1406.25x60
iv) Lost torque T; = Em=m=mzﬁr—=ﬂ.mlqm
) .

2.24 Types of D.C. Motors

Similar to the d.c. generators, the d.c. motors are classified depending upon the way of
connecting the field winding with the armature winding. The different types of d.c. motors
are shunt motors, series motors and compound motors. The compound motors are further
classified as short shunt compound and long shunt compound motors. Let us see the
connection diagrams and different voltage and current relations of these types of motors.

2.25 D.C. Shunt Motor

In this type, the field winding is connected across the armature winding and the
combination is connected across the supply, as shown in the Fig. 2.41.

Let Ry, be the resistance of shunt field winding.

R, be the resistance of armature winding.

The value of R, is very small while R, is quite large. Hence shunt field winding has
more number of turns with less cross-sectional area.

+

pply

Fig. 2.41 D.C. shunt motor
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2.25.1 Voltage and Current Relationship
The voltage across armature and field winding is same equal to the supply voltage V.
The total current drawn from the supply is denoted as line current I;.

L = L+l

v
IQ.-E

and V = Eg+ LR, + Vi
Virush i8 generally neglected.

Now flux produced by the field winding is proportional to the current passing through

it e L.

Key Point : As long as supply voltage is constant, which is generally so in practice, the
flux produced is constant. Hence d.c. shunt motor is called constant flux motor.

2.26 D.C. Series Motor

In this type of motor, the series field winding is connected in series with the armature
and the supply, as shown in the Fig. 2.42.

TOAD)

Fig. 2.42 D.C. serles motor

Let R,, be the resistance of the series field winding. The value of R,, is very small and
it is made of small number of turns having large cross-sectional area.

2.26.1 Voltage and Current Relationship
Let 1y, be the total current drawn from the supply.

So L= L.=],
and V = E,+ LR, + L, R, + Vi
V = E,+ L (R, + R + Vi
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Supply voltage has to overcome the drop across series field winding in addition to Ey
and drop across armature winding.

Key Point: In series motor, entire armature current is passing through the series field
winding. So flux produced is proportional to the armature current.

[¢ e [ el furseriesmotorJ

2.27 D.C. Compound Motor

The compound motor consists of part of the field winding connected in series and part
of the field winding connected in parallel with armature. It is further classified as long
shunt compound and short shunt compound motor.

2.27.1 Long Shunt Compound Motor

In this type, the shunt field winding is connected across the combination of armature
and the series field winding as shown in the Fig. 2.43.

IL

Fig. 2.43 Long shunt compound motor

Let R,, be the resistance of series field and R, be the resistance of shunt field winding.
The total current drawn from supply is I;.

So I, = Le+1;
But L. = L
I = L+1;
and .
And V = Eg+ LR, + I, Ry + Vi
But as I“=I.f
V= B+ L R + R + Vi



Electrical and Electronics Engineering 2 -42 D.C. Machines

2.27.2 Short Shunt Compound Motor

In this type, the shunt field is connected purely in parallel with armature and the
series field is connected in series with this combination shown in the Fig. 2.44.

3+

Fig. 2.44 Short shunt compound motor

L =L
The entire line current is passing through the series field winding.
and I = L +1

Now the drop across the shunt field winding is to be calculated from the voltage
equation.

So V= E+L R, +LR +V,_.,.
but L, = Ip
V=E+[R,+LER + Vi

Drop across shunt field winding is,
= VoL R =E + R + Vi

L = V-I;Re  Ey+1I, Ry + Vi
TRy T Ry

Apart from these two, compound motor can be classified into two more types,

i} Cumulatively compound motors and ii) Differential compound motors.
Key Point : If the two field windings are wound in such a manner that the fluxes produced
by the two always help each other, the motor is called cumulatively compound. If the
fluxes produced by the two field windings are trying to cancel each other ie. they are in
opposite direction, the motor is called differential compound.

A long shunt compound motor can be of cumulative or differential type. Similarly

short shunt compound motor can be cumulative or differential type.
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2.28 Torque and Speed Equations

Before analyzing the various characteristics of motors, let us revise the torque and
speed equations as applied to various types of motors.

from torque equation.

This is because, 0.159 _P;\_Z is a constant for a given motor.

Now ¢ is the flux produced by the field winding and is proportional to the current
passing through the field winding.
LI Y
But for various types of motors, current through the field winding is different.
Accordingly torque equation must be modified.
For a d.c. shunt motor, I, is constant as long as supply voltage is constant. Hence ¢
flux is also constant.

T « I, for shunt motors

For a d.c. series motor, I, is same as I,. Hence flux ¢ is proportional to the armature
current I,

T e I, o 12 for series motors.

PNZ
¢ soﬂ -, we can write the speed equation as,

E, = ¢N

Similarly as E, =

Ey
N= 3

But V = E,+ IR,  neglecting brush drop.
e Eb = V- I‘ R.
. Speed equation becomes,
V-I.R
N o a_ -a
[}

So for shunt motor as flux ¢ is constant,
- N « V-LR,
While for series motor, flux ¢ is proportional to I,

V-LR, -L1,R,,

N = 1
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These relations play an important role in understanding the various characteristics of
different types of motors. '

2.28.1 Speed Regulation

The speed regulation for a d.c. motor is defined as the ratio of change in speed
corresponding to no load and full load condition to speed corresponding to full load.

Mathematically it is expressed as,

N =N
% speed regulation = —nelad _fullload e 19
N it kad

2.29 D.C. Motor Characteristics

The performance of a d.c. motor under various conditions can be judged by the
following characteristics.

i} Torque - armature current characteristics (T Vs 1) :

The graph showing the relationship between the torque and the armature current is
called a torque-armature current characteristicc. These are also called electrical
characteristics.

ii) Speed - armature current characteristics (N Vs I) :

The graph showing the relationship between the speed and armature current
characteristics.

iii) Speed - torque characteristics (N Vs T ) :

The graph showing the relationship between the speed and the torque of the motor is
called speed-torque characteristics of the motor. These are also called mechanical
characteristics. *

The nature of these characteristics can easily be obtained by using speed and torque
equations derived in section 2.28. These characteristics play a very important role in
selecting a type of motor for a particular application.

2.30 Characteristics of D.C. Shunt Motor

i) Torque - armature current characteristics

Foradc motor T = ¢1,

For a constant values of R, and supply voltage V, L, is also constant and hence flux
is also constant.
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The equation represents a straight line, passing
through the origin, as shown in the Fig. 245.
Torque increases linearily with armature current. It
is seen earlier that armature current is decided by
the load. So as load increases, armature current
increases, increasing the torque developed linearly.

Now if shaft torque is plotted against armature

Flg. 245T Vs I. for shunt motor current, it is known that shaft I‘qu'l.le is less than

the armature torque and the difference between the two is loss torque T; as shown. On no

load T, = 0 but armature torque is present which is just enough to overcome stray losses

shown as T,y The current required is L; on no load to produce T,y and hence Ty, graph
has an intercept of I,; on the current axis.

To generate high starting torque, this type of motor requires a large value of armature
current at start. This may damage the motor hence d.c. shunt motors can develop
moderate starting torque and hence suitable for such applications where starting torque
requirement is moderate.

ii) Speed - armature current characteristics

From the speed equation we get,
N V-1,R,

= V-LR, as ¢ is constant.

So as load increases, the armature current
Ny ——T increases and hence drop I, R, also increases.

Hence for constant supply voltage, V - I, R,
decreases and hence speed reduces. But as R, is very
- Iy small, for change in I, from no load to full load, drop
Fig. 246 N Vs 1, for shunt motor & R is very small and hence drop in speed is also
not significant from no load to full load.
So the characteristics is slightly droping as shown in the Fig. 2.46.
But for all practical purposes these type of motors are considered to be a constant
speed motors.
iii) Speed - torque characteristics
N These characteristics can be derived from the
above two characteristics. This graph is similar to
speed-armature current characteristics as torque is
proportional to the armature current. This curve
shows that the speed almost remains constant
though torque changes from no load to full load
conditions. This is shown in the Fig. 247.

_ 0
Fig. 247 N Vs T for shunt motor
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2.31 Characteristics of D.C. Series Motor

i) Torque - armature current characteristics

In case of series motor the series field winding is carrying the entire armature current.
So flux produced is proportional to the armature current.

o = 1

Hence T, o« L, o I2

Thus torque in case of series motor is proportional to the square of the armature
current. This relation is parabolic in nature as shown in the Fig. 2.48.

s T N

-~
v
[
/T pointof
Ty saturation
0 I

0 1o [

Fig. 2.48 T Vs I, for series motor Fig. 2.49 N Vs I, for series motor

As load increases, armature current increases and torque produced increases
proportional to the square of the armature current upto a certain limit.

As the entire I, passes through the series field, there is a property of an electromagnet
called saturation, may occur. Saturation means though the current through the winding
increases, the flux produced remains constant. Hence after saturation the characteristics
take the shape of straight line as flux becomes constant, as shown. The difference between
T, and T, is loss torque T; which is also shown in the Fig. 2.48.

At start as T =<2, these types of motors can produce high torque for small amount of
armature current hence the series motors are suitable for the applications which demand
high starting torque.

ii) Speed - armature current characteristics

From the speed equation we get,

Ey
N e =2
]
. V-LR,-LR,
Iﬂ

Now the values of R, and R, are so small that the effect of change in I, on speed
overrides the effect of change in V - I, R, ~ I, R,, on the speed.

Hence in the speed equation, E, = V and can be assumed constant. So speed equation
reduces to,

as f = I, in case of series motor
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1
Nul—

So speed-armature current characteristics is rectangular hyperbola type as shown in the
Fig. 2.49.

iii) Speed - torque characteristics

In case of series motors, T o 12 and N e .I}_
a

5l

Hence we can write,

Thus as torque increases when load
N increases, the speed decreases. On no load,
torque is very less and hence speed
increases to dangerously high value. Thus
the nature of the speed-torque characteristics
is similar to the nature of the
T speed-armature current characteristics.
The speed-torque characteristics of a
Fig. 2.50 N Vs T for series motor series motor is shown in the Fig. 2.50.

2.32 Why Series Motor is Never Started on No Load 7

It is seen earlier that motor armature current is decided by the load. On light load or
no load, the armature current drawn by the motor is very small.

In case of a d.c. series motor, ¢ eI, and
on no load as L, is small hence flux produced is also very small.
According to speed equation,

N -:% as E, is almost constant.

So on very light load or no load as flux is very small, the motor tries to run at
dangerously high speed which may damage the motor mechanically. This can be seen
from the speed-armature current and the speed-torque characteristics that on low armature
current and low torque condition motor shows a tendency to rotate with dangerously high
speed.

This is the reason why series motor should never be started on light loads or no load
conditions. For this reason it is not selected for belt drives as breaking or slipping of belt
causes to throw the entire load off on the motor and made to run motor with no load
which is dangerous.
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2.33 Characteristics of D.C. Compound Motor

Compound motor characteristics basically depends on the fact whether the motor is
cumulatively compound or differential compound. All the characteristics of the compound
motor are the combination of the shunt and series characteristic.

Cumulative compound motor is capable of developing large amount of torque at low
speeds just like series motor. However it is not having a disadvantage of series motor even
at light or no load. The shunt field winding produces the definite flux and series flux
helps the shunt field flux to increase the total flux level.

So cumulative compound motor can run at a reasonable speed and will not run with
dangerously high speed like series motor, on light or no load condition.

In differential compound motor, as two fluxes oppose each other, the resultant flux
decreases as load increases, thus the machine runs at a higher speed with increase in the
load. This property is dangerous as on full load, the motor may try to run with
dangerously high speed. So differential compound motor is generally not used in practice.

The various characteristics of both the types of compound motors cumulative and the
differential are shown in the Fig. 2.51 (a), (b) and (c).

Diferential

(a)Tvsl, (b)Nvs1,

Fig. 2.51 Characteristics of d.c. compound motor

The exact shape of these characteristics depends on the relative contribution of series
and shunt field windings. If the shunt field winding is more dominant then the
characteristics take the shape of the shunt motor characteristics. While if the series field
winding is more dominant then the characteristics take the shape of the series
characteristics.

2.34 Applications of D.C. Motors

Instead of just stating the applications, the behaviour of the various characteristics like
speed, starting torque etc.,, which makes the motor more suitable for the applications, is
also stated in the Table 2.1.
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Type of motor Characteristics Applications
Shunt Speed is constant and 1) Blowers and fans
medium ng torque. 2) Centrifugal and reciprocating pumps
3) Lathe machines
4) Machine tools
5) Milling machines
6) Drilling hil
Series ngh starting torque. No load 1) Cranes
condition is dangerous. Variable 2) Holsts, Elevators
speed. 3) Trolleys
4) Conveyors
5) Electric
c p High g lorque. No load 1) Rolling mills
mrldlﬁon ls “aliowed. 2) Punches
3) Shears
4) Heavy planers
5) Elevators.
Differential compound | Speed i as load i Not suitable for any practical application.
Table 2.1

A 4 pole, 250 V, d.c. series motor has a wave connected armature with

200 conductors. The flux per pole is 25 mWb when motor is drawing 60 A from the supply.
Armature resistance is 0.15 Q while series field winding resistance is 0.2 Q . Calculate the
speed under this condition.

Solution : P

z

= 4,7 =200

2, ¢ = 25 x10°Wb
=60 A

015 Q

02Q

E,*+L R, +I, R,

E, + 60 (0.15 + 0.2)

229V

6PNZ
A

25x 107 x 4 Nx 200
60x2

1374 r.p.m.

Fig. 2.52
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s Example 212 : A 250 V, d.c. shunt motor takes a line current of 20 A. Resistance of
shunt field winding is 200 Q and resistance of the armature is 0.3 Q. Find the armature
current and the back e.m.f.

Solution : V=250V, =20A
R, = 03Q, R, =200

I‘h = R’h=m=]25.a
3 L = I -1, L .
= 20-125 1, L I
= 1875 A
Ry g V=250V
Now V = E,+I, R, Ran
3 E, = V-LR,

= 250 -1875x03 =

= 244375 V Flg. 253

1P Example 2.13 : A d.c. shunt motor runs at a speed of 1000 r.p.m. on no load taking a
current of 6 A from the supply, when connected to 220 V d.c. supply. Its fuil load current is
50 A. Calculate its speed on full load. Assume R, = 0.3 Qand Ry, = 110 Q.

Solution : Let no load, speed be N, = 1000 r.p.m.
I;p = Line currenton no load = 6 A
I]..ll = ’m“'llh

v 220
b =g, “T0"2A

Lyp = Ip-1,=6-2=4A

laFL Ly
- Back emf on no load E, can be determined
from the voltage equation.
R, g V=220V
V = Ey+IR,

20 = E, +4x03
' E, = 2188 V
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On full load condition, supply voltage is constant and hence,
v o_ 220

I, = E_W"ZA (remains same)

Now Ip = Lgw*ly
50 = I,pq +2
Lpo = 48A
and V = Eypp + L Ry

220

Eppp +48x03

.'_. E'b L = 2056 V
From the speed equation,

E
N = —b
¢
But ¢ is constant as [,;, is constant for both the load conditions.
No _ _Ew
NF.L EbF.L.
Nop = Np 2P 1000 x 2055 _ 939,67 rpm.
F.L. ° "Eyp 218.8

Iy Example 2.14 : A d.c. series motor is running with a speed of 800 r.p.m. while taking a
current of 20 A from the supply. If the load is changed such that the current drawn by the
motor is increased to 50 A, calculate the speed of the motor on new load. The armature and
series field winding resistances are 0.2 Q and 0.3 & respectively. Assume the flux produced
is proportional to the current. Assume supply voltage as 250 V. )

Solution : For load 1, N; = 800 rpm., [; =[,, =20 A
For load 2, I, = 1,=50A
R, = 02Q, R, =03,
From voltage equation V=E,, +1, R, +I; R,
but I, = I, =L, =20A
250 = E,, +20 (0.2 +0.3)
E, = 240V

and V = Ep+I, R, +1, Ry,
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250 = E,, + 50 (02 + 0.3) 1
Eyp, = 225 V R
From the speed equation, Iy
d B V=250V
N o
Now ¢ o= I, el _
N _Ey % B
N, T EL e, Fig. 2.55
N Ewla
NJ Eb! III
- Epp u _ 225 20 _
N, = leExE_smxmxﬁ-SMr.pm

2.35 Necessity of Starter

All the d.c. motors are basically self starting motors. Whenever the armature and the
field winding of a d.c. motor receives supply, motoring action takes place. So d.c. motors
do not require any additional device to start it. The device to be used as a starter conveys
a wrong meaning.

Key Point : So starter is not required to start a d.c. motor but it enables us to start
the motor in a desired, safe way.

Now at the starting instant the speed of the motor is zero, (N = 0). As speed is zero,
there cannot be any back e.m.f. as E, « N and N is zero at start.

.t E, atstart = 0
Thevolta;ge equation of a d.c. motor is,
V = E+LR,
So at start, V =LR asE, =0
v
L= R, ... At start

Key Point :  Generally motor is switched on with normal voltage and as armature
resistance is very small, the armature current at start is very high.

Consider a motor having full load input power as 8000 watts. The motor rated voltage
be 250 ¥ and armature resistance is 0.5 Q.

Then at start, E, = 0 and motor is operated at 250 V supply, so
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L = —-=ﬁu5m;\

While its full load current can be calculated as,

i _ Pm«\d'el'i.npﬂ.ltm‘li’ulllmml_3()(:0_32A
Full lad = Supply voltage 250 .
So at start, motor is showing a tendency to draw an armature current which is
15 to 20 times more than the full load current.

Such high current drawn by the armature at start is highly objectionable for the
following reasons :
1. In a constant voltage system, such high inrush of current may cause tremendous
line voltage fluctuations. This may affect the performance of the other equipments
connected to the same line.

2. Such excessively high armature current, blows out the fuses.

3. If motor fails to start due to some problems with the field winding, then a large
armature current flowing for a longer time may bum the insulation of the

4. As the starting armature current is 10 to 15 times more than the full load current,
the torque developed which is proportional to the I, will also be 10 to 15 times,
assuming shunt motor operation. So due to such high torque, the shaft and other
accessories are thus be subjected to large mechanical These may
cause permanent mechanical damage to the motor.

Fig. 2.56 Basic arrangement of a starter

To restrict this high starting armature current, a variable resistance is connected in
series with the armature at start. This resistance is called starter or a starting resistance. So
starter is basically a current limiting device. In the beginning the entire resistance is in the
series with the armature and then gradually cut-off as motor gathers speed, producing the
back e.m.f. The basic arrangement is shown in the Fig. 2.56.

In addition to the starting resistance, there are some protective devices provided in a
starter. There are two types of starters used for d.c. shunt motors.

a) Three point starter

b) Four point starter

Let us see the details of three point starter.
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2.36 Three Point Starter
The Fig. 2.57 shows this type of starter.

No volt coil

Fig. 2.57 Three point starter

The starter is basically a variable resistance, divided into number of sections. The
contact points of these sections are called studs and brought out separately shown as OFF,
1, 2, ... upto RUN. There are three main points of this starter :

1L ‘L’ = Line terminal to be connected to positive of supply.
2.'A’ - To be connected to the armature winding.
3.'F — To be connected to the field winding.

Point ‘L’ is further connected to an electromagnet called Overload Release (OLR). The
sécond end of ‘OLR’ is connected to a point where handle of the starter is pivoted. This
handle is free to move from its other side against the force of the spring. This spring
brings back the handle to the OFF position under the influence of its own force. Another
parallel path is derived from the stud ‘1", given to the another electromagnet called No
Volt Coil (NVC). The NVC is further connected to terminal ‘F’. The starting resistance is
entirely in series with the armature. The OLR and NVC are the two protecting devices of
the starter.



Electrical and Elactronics Engineering 2-55 D.C. Machines

Operation : Initially the handle is in the OFF position. The d.c. supply to the motor is
switched on. Then handle is slowly moved against the spring force to make a contact with
stud No. 1. At this point, field winding gets supply through the parallel path provided to
starting resistance, through NVC. While entire starting resistance comes in series with the
armature and armature current which is high at start, gets limited. As the handle is moved
further, it goes on making contact with studs 2, 3, 4 etc., cutting out the starting resistance
gradually from the armature circuit. Finally when the starter handle is in ‘RUN’ position,
the entire starting resistance gets removed from the armature circuit and motor starts
operating with normal speed. The handle is moved manually, and the obvious question is
how handle will remain in the ‘RUN’ position, as long as motor is running ?

Let us see the action of NVC which will give the answer to this question along with
some other functions of NVC.

2.36.1 Functions of No Volt Coil

1. The supply to the field winding is derived through NVC. So when field current
flows, it magnetises the NVC. When the handle is in the ‘RUN" position, soft iron
piece connected to the handle gets attracted by the magnetic force produced by
NVC. Design of NVC is such that it holds the handle in ‘RUN’ position against the
force of the spring as long as supply to the motor is proper. Thus NVC holds the
handle in the ‘RUN’ position and hence also called hold on coil.

2. Whenever there is supply failure or if field circuit is broken, the current through
NVC gets affected. It looses its magnetism and hence not in a position to keep the
soft iron piece on the handle, atiracted. Under the spring force, handle comes back
to OFF position, switching off the motor. So due to the combination of NVC and
the spring, the starter handle always comes back to OFF position whenever there is
any supply problem. The entire starting resistance comes back in series with the
armature when attempt is made to start the motor everytime. This prevents the
damage of the motor caused due to accidental starting.

3. NVC performs the similar action under low voltage conditions and protects the
motor from such dangerous supply conditions as well.

2.36.2 Action of Over Load Release

The current through the motor is taken through the OLR, an electromagnet. Under
overload condition, high current is drawn by the motor from the supply which passes
through OLR. Below this magnet, there is an arm which is fixed at its fulcrum and
normally resting in horizontal position. Under overloading, high current though OLR
produces enough force of attraction to atiract the arm upwards. Normally magnet is so
designed that up to a full load value of current, the force of atiraction produced is just
enough to balance the gravitational force of the arm and hence not lifting it up. At the end
of this arm, there is a triangular iron piece fitted. When the arm is pulled upwards the
triangular piece touches to the two points which are connected to the two ends of NVC.
This shorts the NVC and voltage across NVC becomes zero due to which NVC looses its
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magnetism. So under the spring force, handle comes back to the OFF position,
disconnecting the motor from the supply. Thus motor gets saved from the overload
conditions.

In this starter, it can be observed that as handle is moved from different studs one by
one, the part of the starting resistance which gets removed from the armature circuit, gets
added to the field circuit. As the value of starting resistance is very small as compared to
the field winding resistance, this hardly affects the field winding performance. But this
addition of the resistance in the field circuit can be avoided by providing a brass arc or
copper arc connected just below the stud, the end of which is connected to NVC, as shown
in the Fig. 2.58.

Fig. 2.58 Threa paint starter with brass arc
The handle moves over this arc, supplying the field current directly bypassing the
starting resistance. When such an arc is provided, the connection used earlier to supply
field winding, is removed.

2.36.3 Disadvantage

In this starter, the NVC and the field winding are in series. So while controlling the
speeu of the motor.above rated, field current is reduced by adding an extra resistance in
series with the field winding. Due to this, the current through NVC also reduces. Due to
this, magnetism produced by NVC also reduces. This may release the handle from its RUN
position switching off the motor. To avoid the dependency of NVC and the field winding,
four point starter is used, in which NVC and the field winding are connected in parallel.
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2.37 Four Point Starter

The basic difference between three point and four point starter is the connection of
NVC. In three point, NVC is in series with the field winding while in four point starter
NVC is connected independently across the supply through the fourth terminal called ‘N’
in addition to the 'L’, F and 'A",

Hence any change in the field current does not affect the performance of the NVC.
Thus it is ensured that NVC always produce a force which is enough to hold the handle
in RUN' position, against force of the spring, under all the operating conditions. Such a
current is adjusted through NVC with the help of fixed resistance R connected in series
with the NVC using fourth point ‘N as shown in Fig. 2.59.

R, M
R Ry Paraliel connection
Starting 1 No volt coil of NVC and field
resistance
3 4
1 7 =1
OFF -7 ""'-.‘
Soft iron plece S
Brass arc
Starter handie
Spring
Over load-
releass
[ PL N@ F AP |
Lever Triangular
. iron piece Ay
v > F
D.C. RS
o—o T R
Ay

Fig. 2.59 Four point starter
2.37.1 Disadvantage

The only limitation of the four point starter is, it does not provide high speed
protection to the motor. If under running condition, field gets opened, the field current

redumswaero.Buttherei.ssomemidun]ﬂuxpmentandlﬂw% the motor tries to run

with dangerously high speed. This is called high speeding action of the motor. In three
point starter as NVC is in series with the field, under such field failure, NVC releases
handle to the OFF position. But in four point starter NVC is connected directly across the
supply and its current is maintained irrespective of the current through the field winding.
Hence it always maintains handle in the RUN position, as long as supply is there. And
thus it does not protect the motor from field failure conditions which result into the high
speeding of the motor.
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2.38 Losses in a D.C. Machine
The various losses in a d.c. machine whether it is a motor or a generator are classified
into three groups as :
1. Copper losses
2. Iron or core losses
3. Mechanical losses.

2.38.1 Copper Losses

The copper losses are the losses taking place due to the current flowing in a winding.
There are basically two windings in a d.c. machine namely armature winding and field
winding, The copper losses are proportional to the square of the current flowing through
these windings. Thus the various copper losses can be given by,

IArmahnecopperIoss = 12 R, |

where R, = Armmature winding resistance
and I, = Armature current

| Shunt field copper loss = I, Ry, |

where Ry, = Shunt field winding resistance

and I,, = Shunt field current

|Seriesﬁe1dcopperloss::]§eR~ |

where R,, = Series field winding resistance
and I, = Series field current
In a compound d.c. machine, both shunt and series field copper losses are present. In

addition to the copper losses, there exists brush contact resistance drop. But this drop is
usually included in the armature copper loss.

2.38.2 Iron or Core Losses

These losses are also called magnetic losses. These losses include hysteresis loss and
eddy current loss.

The hysteresis loss is proportional to the frequency and the maximum flux density B,
in the air gap and is given by,

Hysteresis loss = 1 BLS f V watis
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N = Steinmetz hystersis coefficient
where = Volume of core in m?
f = Frequency of magnetic reversals

This loss is basically due to reversal of magnetisation of the armature core.

The eddy current loss exists due to eddy currents. When armature core rotates, it cuts
the magnetic flux and em.f. gets induced in the core. This induced e.m.f. sets up eddy
currents which cause the power loss. This loss is given by,

Eddy current loss = K BLf* t? V watts

where K = Constant
t Thickness of each lamination
v

f Frequency of magnetic reversals
The hysteresis loss is minimised by selecting the core material having low hysteresis
coefficient. While eddy current loss is minimised by selecting the laminated construction
for the core.
These losses are almost constant for the d.c. machines.

Volume of core

2.28.3 Mechanical Losses

These losses consist of fricion and windage losses. Some power is required to
overcome mechanical friction and wind resistance at the shaft. This loss is nothing but the
friction and windage loss. The mechanical losses are also constant for a d.c. machine.

The magnetic and mechanical losses together are called stray losses. For the shunt and
compound d.c. machines where field current is constant, field copper losses are also
constant. Thus stray losses along with constant field copper losses are called constant
losses. While the armature current is dependent on the load and thus armature copper
losses are called variable losses.

Thus for a d.c. machine,

Total losses = Constant losses + Variable losses

The power flow and energy transformation diagrams at various stages, which takes
place in a d.c. machine are represented diagrammatically in Fig. 2.60 (a) and (b).
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ddwng machine = Egl, watt = V1 watt
Tron and Copper
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{a) Generator
Electrical Power developed Motor
P, power input (med’larﬂul]ln output
n to molnr \."I I watt
Ebl wal'l
losses Iron &
Copper fiction losses

Fig. 2.60 (b) Motor
2,39 Efficiency of a D.C. Machine
For a d.c. machine, its overall efficiency is given by,

x 100

Total output
%n = Total input x100
Let P,y = Total output of a machine
P, = Total input of a machine
P, = Variable losses
P, = Constant losses
then P, = Py + Py + B
Pout P
TN 0 B osses
Pmll % 100

=57, +P*
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2.39.1 Condition for Maximum Efficiency
In case of a d.c. generator the output is given by,

Py = VI
P, = Variable losses =12 R, =1" R,
L =1 ... Neglecting shunt field current
VI 1 )
%n = x100 = 100
" = VI+ R, +P, |+IR“+P—‘X
vV Vi

The efficiency is maximum, when the denominator is minimum. According to
maxima-minima theorem,

af. (1R, BY] _
ﬂ{]"‘( \; +Ti]] =0
R

a l,i =
Ve = °
PR,-P, = 0
PR, = P=Pq

Thus for the maximum efficiency, the condition is,

Variable iosses = Constant losses

Let us study now the various methods of testing the d.c. motors from the losses and
efficiency point of view.

Examples with Solutions

nmp Example 2.15 : A 4 pole, lap wound 750 rp.m. dc. shunt generator has an armature
resistance of 0.4 Q and field resistance of 200 S The armature has 720 conductors and
the flux per pole is 30 mWb. If the load resistance is 15 , determine the terminal voltage.

Solution : Consider the generator as shown in the Fig. 2.61.

Fig. 2.61
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P = 4 A=P=4
N = 750 rpm.
¢ = 30mWb=30x10"* Wb, Z=720

_ ¢PNZ _ 30x10 3 x4x750x720 _
E = B0A 60 x4 =V

E = V,+I,R,

Now Vi = I xRy ie IL—%%._
And 1, = %

I, = 1"+l"'=:_|‘.+:_.;
Substituting in voltage equation,

E = v,+[:—l+:—;]n,

270 = v, +[% . l’;_]o_.;

270 = 10286V,
V, = 2624757V

lmdp Example 216 : A 440 V d.c. shunt motor fakes a no load current of 2.5 A. The
resistance of the shunt field and the armature are 550 Q and 1.2 Q respectively. The full
load line current is 32 A. Find the full load output and the efficiency of the motor.

Solution : No load current I = 2.5 A,
No load input = V.I= 440 x2.5=1100 W
vV 440
= g mmC08A
In d.c. shunt motor, I =L+l

L = 1-1,=25-08=17A
No load armature copper loss = I3 R, =(1.7)*x1.2
= 3.468 watts
Constant losses = No load input - No load armature Cu loss
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1100 - 3.468

= 1096.532 W
Now, full load line currentie. I = 32 A

I= I, +1,
L=1-1,=32-08=312A
Full load armature copper loss = 13-R, =(312)*x 1.2 = 1168.128 W
Total losse = Full load armature Cu loss + Constant losses
= 1168.128 + 1096.532 = 2264.66 W
Full load motor input = V.1 = 440x32 = 14080 W

Full load motor output = Input — Losses = 14080 - 2264.66 = 1181534 W

Full load Output 11815.34
% efficiency at full load = mxlm- 74080 x 100
= 8391

» Efficlency of motor at full load = 83.91 %
mmp Example 2.17 : A 250 V d.c. shunt motor has R, = 0.08 Q. When connected to 250 V
d.c. supply it develops back e.m.f. of 242 V at 1500 r.p.m. Determine,
i) Armature current i) Armature current at start
iii) Back e.m.f. if armature current is changed to 120 A

iv) The speed of the machine if it is operated as a generator in order fo deliver an
armature current of 87 A at 250 V.
Solution : R, =008 Q, E,; =242V, V =250 V
i) V= Ey+IuR,
250 = 242 + I, x 0.08
I, = 100A
ii) At start, N = Ohence E, =0

v _ 250

Ia(aun'l = E=W =3125 A

iii) Tf I; = 120 A then
Eyp = V-1, R, =250 -120 x 008 = 2404 V
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iv) Machine is running as a generator, shown in the Fig. 2.62.
Let induced e.m.f. as a generator be E. T
I=87A
E, = V,+L R, =250+87x008
= 25696 V
i g [toaB] Vi =2s0v
In both cases as a motor or generator E = N ¢ -
As flux is constant, E =« N
E _ Ny -
N, Fig. 2.62
where N, = Speed as a motor
N, = Speed as a generator
242 1500
25696 Ny
. Ng = 15927 rp.m.

iy Example 2,18 : A 200 V d.c. series motor drives a load at a certain speed and takes a
current of 30 A. The resistance between its terminals is 1.5 Q. Find the extra resistance to
be added in series with the motor circuit to reduced the speed to 60 % of its original value.
Assume that the torque produced is proportional to the cube of the speed.

Solution : V=200V, 1, =30 A
Resistance across terminals =R, + R, =15Q

Ey = V-L, R, +Ry)
= 200-30x15=155V
N, = 06N,
N L
N, - 06

as ... pecl,

L. [i-]l

T Iy

T, (N, 3_ 1y
Mo TN g = (] ~(g5)

laz
Ry

Rie
V=200V

R,

Fig. 2.63

- (1)

- (2)
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3 2
Equating equation (1) and (2) , [ﬁlg] = (_32}

Id3

I = 139027 A

Bp = V-L; R, + R+ R)
= 200-139427 (15 +R,) S )]
Use speed equation, N e E—"’ o -f—" e Qe

Z

E 1
No_Ew L
[ vl
1

_ 155 139427
TE, 30

E, = 4322V (@
Equating equations (3) and (4), 43.22 = 200 - 13.9427 (1.5 + R,)
R, = 9745Q

o
o

jmp Example 219 : A 250 V dc. shunt motor takes 4 A when running unloaded. The
armature and field resistances are 0.3 Q and 250  respectively. Calculate the efficiency of
the motor when on full load it takes a current of 60 A.

Solution : No load current = L;=4A
vV _ 250
= —====1A
b = R, =30 (

Lo = fp-Ly=4-1=3A
No. load armature copper loss = [ R, = 32x0.3=27W
No load input = VI, =250x4 = 1000 W
Constant losses = No load input — No load armature copper loss
1000 - 2.7 = 9973 W
On full load, I =60Aand];=1A
L=L-I=5A
~ Full load armature copper loss = 12 R, =592 x0.3 = 10443 W
Total loss on full load = Constant losses + I2 R, loss

1

= 9973 + 10443 = 20416 W
Total input on full load = VI =250 x 60
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P, = 15000 W

P, = Py, - Total loss = 15000 — 2041.6 = 129584 W
Pou 129584

%n = ﬁxlm- 15000 %100 = 86.389 %

nmp Example 2.20 : Calculate the flux in a 6 pole dc. generator with 780 armature
conductors, generating 500 V when running at 1000 r.p.m. if the armature is a) Lap wound

b) Wave wound. [JNTU : Nov.-2005, (Set-1), May-2005, (Set-2)]
Solution : P = 6 Z=780, Es= 500 V, N=1000 rp.m.
a)Lapwound, A = P=6
i _ ¢PNZ . _ 9x 6% 1000% 780
o EB = m i.e 500 = T
¢ = 0.03846 Wb
b) Wave wound, A = 2
) _ ¢PNZ . __¢x6><10m]><?8t]
kA E; = A 1.e.500——————-—60x2
¢ = 0.01282 Wb

mmp Example 2.21 : Calculate the em.f. generated by a & pole lap wound armature with 65
slots and 12 conductors per slot, when driven at 1000 r.p.m. The flux per pole is 0.02 Wb.
[JNTU : March 2006 (Set-1, set-4), Nov.-2005 (Set-3), May-2005 (Set-3)]

Solution : P =6 ¢=002Wb, N=1000rpm, A=P aslap wound
= Slots x conductors/slot = 65 x 12 = 780
E, = $PNZ - D.OQxéxlﬂmx7SO=mv

60 A 60x 6

imp Example 2.22 : A 4 pole d.c. generator has a wave wound armature with 792 conductors.
The flux per pole is 0.0121 Wb. Determine the speed at which it should be run to generate

240V on no load. UNTU : Nov.-2004 (Set-2), Nov.-2005 (Set-2)]
Solution : P = 4, A=2aswave Z="792 ¢=00121 Wb, E, =240 V
_ PNZ 00121 x4 x Nx 792
B, = Sa ‘e 0= 0%z
N =

7513148 r.p.m. ... Speed
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mmp Example 2.23 : A 250 V, short shunt compound generator is delivering 80 A. The
armature, series and shunt field resistances are 0.05, 0.03 and 100 Q respectively. Calculate
the induced voltage allowing a brush drop of 2 V.
[JNTU : March-2006 (Set-3), May-2005 (Set-1)]

Solution : The generator is shown in the
Fig. 2.64.

The current through R, is[; =80 A
as the generator is short shunt.

The drop across Ry, is the sum of the
drop across R, and V,.

IwRa = i+ R,
ie. 1001, = 250 + 80 ¢ 003
I, = 2524 A
I, = I, +14 =80 + 2.524 = 82524 A
E, = V, + R, + I R, + Brush drop
= 250 + 82.524 x 0.05 + 80 % 0.03 + 2
= 258.5262 V ... Induced e.m.f.

mmp Example 2.24 : A 4 pole, lap wound generator has 56 coils with 6 turns per coil,.The
speed is 1150 r.p.m. What must be the flux per pole in order to generator 265 V 7 How

many commutator bars are required for this generator ? [JNTU : May-2005 (Set-4)]
Solution : P = 4, Lap hence A=P, N=1150 rp.m., E, =265V
Total turns = Number of coils x Turns/coil = 56 x 6 = 336
Z = 2x total tums = 2 x 336 = 672 ... 2 conductors — 1 tum
E, = %\% ie. 265= iﬁ—-—"é;lﬂxm
¢ = 0.02057 Wb ... Flux per pole

Number of commutator bars = Number of coils = 56.

imp Example 2.25 : When driven at 1000 r.p.m. with flux/pole of 0.02 Wb, a d.c. generator
has an em.f. of 200 V. If the speed is increased to 1100 r.pam. and at the same time
fluxfpole is reduced to 0.019 Whjpole, what is the induced em.f. ?
[JNTU : Nov.-2004 (Set-2), Nov.-2005 (Set-2)] <
Solution : For a d.c. generator,

E = 802 je B, «oN ... PZ/60 A constant
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N = 1000 rp.n., ¢, = 0.02 Wb, E,, =200V, N, = 1100 rp.m., ¢, = 0.019 Wb

Ba _Ni&
Exa Ny ¢,
Ep =209V

200 _ 1000 0.02

le g, = 1100001

... New induced e.m.f,

inmp Example 2.26 : A £ pole, 240 V, wave connected shunt motor gives 11.19 kW when
running at 1000 rp.m. and drawing armature and field current of 50 A and 1 A
respectively. It has 540 conductors. Iis resistance is 0.1 Q. Assuming a drop of 1 V per
brush, calculate : a) Total torque b) Useful torque c) Useful flux/pole d) Rotational Iosses

[JNTU : May-2005 (Set-4), Nov.-2004 (Set-3)]

4 V=240V, A=2aswave, N=1000rpm, P, =11.19 kW

&) Efficiency.

Solution : P=
I, =

a) E, =

Eb =

T =

b) Ty =

<) Ep =
9=

d) Rotational losses

€) P

50A, I,=1A,R, =01Q Z =540
V -1,R, - Brush drop

240- 50% 0.1-2x 1 = 233V

EJ, _ B, _ 233x50x60

[} 2aN = “Zax 1000
60

1112493 Nm

) _ P, _ 1119%10°
nsefu.'lmrqme—T —m

&

106.8566 Nm
¢PNZ . _ x4 %1000 x 540
WA e W= —
0.013 Wb

= (T-Tyxo = (T-T)x 2

= (1112493 - 106.8566) x 2"_’;.0‘_'99 = 460 W

= VI, = V(I, +1,) = 240x 51 = 12240 W

11.19x 102

_ Pou _
RS ek V7 )

x 100 = 91.42 %

... Total torque

... Flux per pole
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hmp Example 2.27 : A 250 V d.c. shunt motor on no load runs at 1000 r.p.m. and takes 5 A.
The total armature and shunt field resistances are 0.2 Q and 250 Q respectively. Calculale
the speed when loaded and taking a current of 50 A if armature reaction weakens the field

by 3 %. (NTU : March-2006 (Set-3, Set-4), Nov.-2005 (Set-1}]
Solution : V = 250 V,No = 1000 rpam, I, =5A, R, =020 R, =2500
\'J 250
Iy = o—=>2=1A
w = R, T30

Lo = Ip-Ta=5-1=4A

Ew = V-Iy4R, = 250-4x02= 2492 V
on load, Iy = 50 A, ¢ =g —3%of g = 097 ¢
I,;, remains constant as long as V and R, are constant.

Iy = Iy-lp=50-1=49A

Ey = V-I,R, = 250-49 x02 = 2402 V

N = .I..ik ... Speed equation

Ne | Bw, b . 1002092 057ey
N, Ey 9o TNy 24027 ¢

N, = 993.6953 r.p.m

mmp Example 2.28 : Determine the value of torque in kgm developed by the armature of a 6
pole, wave wound motor having 492 conductors, 30 mWb flux per pole when the total

armature current is 40 A. UNTU:MMMMM(S&IJ]
Solution : P =6 A=2aswave, Z=492 ¢=30 mWb, I, =40 A
1., PZ
T = ﬁ’l,}-—-Nm
T s %xSﬂxlD‘"‘xdﬂxﬁx:‘n:%‘l.ﬁm Nm
2818952 ~ o1
T = 21857 yom = 287355 kgm ~1N=glkg

mmp Example 2.29 : A 4 pole machine running at 1000 r.p.m. has an armature with 80 slots
having 8 conductors per slot. The flux per pole is 6x 10~ Wb. Determine the induced
emf. as a d.c. generator, if the coils are lap connected. If the current per conductor is 50 A,
determine the electrical power output of the machine. [JNTU : Nov.-2007, (Set-1)]
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Solution : P =4, N = 1000 r.p.m., 80 slots, ¢ = 6x 10~ Wb, 8 conductors/slot
A =P=4 ... Lap connected
Z = Slots x conductors/slot = 80 x 8§ = 640

_ OPNZ _ 6x10"2 x 4x 1000x 640
B, = %A = T 640V ... Induced emf.

As coils are lap connected, parallel paths are 4 and all conductors in each parallel path
are in series, carrying a current of 50 A.

L
I, = A x current per parallel path
= 4x50
- 200 A S0A 450 A450A§50 A
P = Electrical power output = E, X1,
4 Parallel paths
= 640 x 200 = 128 kW
) Fig. 2.65

P Example 2.30 : A long shunt compound generator delivers a load current of 50 A at
500 V and has armature, series field and shunt field resistances of 0.05 ©, 0.03 Q and 250
S respectively. Calculate the generated voltage and the armature current. Allow 1 V per

* brush for contact drop. [JNTU : Nov.-2007, (Set-2)]
Solution : The generator is shown in the I, 1 v
Fig. 2.66. -

R, s
I,=50A, V=50V ..Given /3%
R, Vi
1,h¢%=%%=2ﬁ zsnzag SUOVE’-“E
sh R,
I,=I +I, =2+50=52A 0050
This is the armature current -

Fig. 2.66
" E, = W\ +1,R, +1,R,, + Brush drop
500 + 52 x0.05 + 52 %003 + 2x 1 = 506.16 V

This is generated voltage.
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imp Example 2.31 : The armature of 8 pole d.c. generator has 960 conductors and runs at
400 r.p.m. The flux per pole is 40 mWb.

a) Calculate the induced emf., if armature is lap wound.

b) At what speed it must be driven to generate 400 V, if the armature is wave
connected. [JNTU : Nov.-2008 (Set-1)]

Solution : P = 8, N =400 rp.m. ¢ = 40 mWb, Z = 960
a)Lapwound, A = P=8

_ QPNZ _ 40%107*x8x400x 960 _
B = %a - 60x8 =26V

b]Wavecommcted,Azz,Egz:dmv

E, = $PNZ ie. 400 = 40% 1073 x 8x N'x 960

60 A 60x 2
. N = 156.25 r.p.m

mp Example 2.32 : A 250 V shunt motor takes a tolal current of 20 A. The shunt field and
armature resistances are 200 Q and 0.3 Q respectively. Determine : a) The back em.f.
b) Gross mechanical power developed. [JNTU : Nov.-2004 (Set-1), Nov.-2005, (Set-4)]

Solution : V=120V R =03Q I =20A R,=208Q

vV _ 250 _
Iy = H-Tw——l.ﬁ.ﬂ .+. Shunt motor

I, = I -1, =20-125=1875 A
a) E, = V--1,R, =250 - 18.75 x 0.3 = 244375 V
b) P, = E, = 244375 x 18.75 = 4582.0312 W
mwp Example 2.33 : A 4 pole, long shunt, lap a pplies 25 kW at a terminal

voltage of 500 V. The armature res:shnce:sﬂﬂﬁﬁ.smesﬁddrmshmmﬂmnmd
shunt field resistance is 200 Q. The brush drop may be taken as 1 V. Determine :

a) The generated e.m.f. b) Copper and iron losses c) Efficiency at full load.
[JNTU : Nov.-2008, (Set-2)]
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Solution : The generator is shown in T
the Fig. 2.67.
v, 500 00409 R,,
lp= - =5-=25A la
: 1 200 Vi
- 200{1& e, [Load J2skw 00V
_ P _25x10% 0.03Q
o= v, =350 =04
L= I +l,=5%5A  b—m———tomd
) Fig. 2.67
Brush drop is 1 V per brush hence
total brush drop =2 V
a) E, = Vi+LR, + R+ Vi, =500 + 525 (0.03 + 0.04) + 2
= 505.675 V ... Generated e.m.f.
b) Armature copper loss = 12 R, = (52.5)% x 0.03 = 82.6875 W

Series field copper loss = I2 R,, = (525) x 0.04 = 110.25 W
Shunt field copper loss = I3 R, = (2.5)% x 200 = 1250 W
Fin = EgxI, = 505,675 x 52.5 = 26547.9375 W
P, = 25kW
Total losses = Py, =P, = 15479375 W
Now total losses = Copper losses + Iron losses
1547.9375 = B2.6875 + 110.25 + 1250 + Iron losses

Iron losses = 105 W

P, 25% 107
9 TN = X100 = S

x 100= 94,1692 %
mmp Example 2.34 : A 20 kW, 250 V d.c. shunt generator has armature and field resistance of
0.1 Q and 125 S respectively. Calculate the tolal armature power developed when running i)
As a generator delivering 20 kW output i) As a motor taking 20 kW input.
[JNTU : Nov.-2004, (Set-2), May-2005 (Set-3)]
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Solution : i) As a generator ) Iy +
P,, = 20kW, V, =250V fa Ish |/'
P 20x 103
[, = -out Ry Ry 250V Load
L Vi 250 01Q 125!‘:9 I\ Ej
= B0A o
= B0 Fig. 2.68 (a
Iy = th_m_za g. 2.68 (a)

I, = I +1, =80+2=82A
E, = V,+I,R, =250 + 82 x 0.1 = 2582

[, = E,xI, =2582x82=21172 kW ... Armature power developed
ii) As a motor M I .
P, = 20kW, V=250V In
_ B, _20x10% _ = Ry Ry
o= 5 ==5 =-%4 v=gsov 1250 010
v 250
ln = g, =15=2A
I, = I, -1, =80-2=78A Fig. 2.68 (b)

E, = V-L,R, =250-78 x0.1=2422V
P, = Eul, =2422 x 78 = 18.8916 kW ... Armature power developed

i Example 2.35 : A 4 pole dc. gencrator runs at 750 rp.m. and generates an emf. of
240 V. The armature is wave wound and has 792 conductors. If the total flux per pole is

0.0145 Wb, what is the leakage coefficient ? [JNTU : Nov.-2004 (Set-3)]
Solution : P =4 N=750rpm,E =240V, A=2aswave Z=792
GPNZ _¢><4><750><792
B = wa M=o —
¢ = 0.01212 Wb ... Useful flux per pole
. _ Total flux
A= Leakage coefficient = ml‘:‘;
A = 0.0145 =119

0.01212
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iy Example 2.36 : A 1500 kW, 550 V, 10 pole generator runs at 150 r.p.m. There are 2500
lap connected conductors and the full load copper losses are 25 kW. The air gap flux density
has a uniform value of 0.9 Wh/m®. Caleulate : a) The no load terminal voltage b) The area
of the pole shoe. [INTU : Nov.-2004 (Set-3)]

Solution : P,, = 1500kW, V, =550V, P=10, A=Paslap
N = 150 r.p.m., Z=2500, P, =25 kW, B =09 Wh/m?
_ Py, _ 1500x 103 _
I = -\-,:---W—_zm.ma?n

As R, is not given, neglect 1, hence 1, = 2727.2727 A
a) P, = Armature copper loss =12 R,
(2727.2727)* xR, ie. R, = 0.003361 Q
E, = V,+I,R, =550 + 2727.2727 x 3.3611 x 10~3 = 559.1667 V
The is no load terminal voltage.

i

25x 103

_ ¢PNZ . _ $%10x 150 2500
b B = A e =g
¢ = 0.08946 Wb
_6 _ 008946
Now B = N ie. 09= A
A = 0099 m? ... Area of pole shoe

Review Questions

. Explain with a neat sketch, the construction of a d.c. machine.

Which part of a d.c. machine is laminated 7 Why ?

What is the difference between lap type and wave type of armature winding ?

Derive from first principles an expression for the em.f. of a d.c generator.

State the different types of d.c. generators and state the applications of each type.

In a particular d.c. machine, if P = 8, Z = 400, N = 300 r.p.m. and ¢ = 100 mWb, calculate

generated em.f. if winding is connected in (i) fashion (i) Wave fashion.
+ " u Mmm:wmvﬁiisouw

7. A 110 V, d.c. shunt generator delivers a load of 50 A. The armature resistance is 0.2 Q and field
resistance is 55 Q. The generator is driven at 1800 rp.m. If has 6 poles with 360 conductors
connected in lap fashion. Calculate
i) The no load voltage (if) The flux per pole. (Ans. : (i) 1204 V (i) 0.011 Wb)

N R P




Electrical and Electronics Engineering 2-75 D.C. Machines

8.

10.

I1.

13.
14
15.
16.
17.

18.
19.
20,
21

B

24.

26.

27.

A long shunt d tor delivers a load t of 50 A at 500 V. It has armatire, series

r o

field and shunt field resistance of 0.05 , 0.03 & and 250 S respectively. Calculate the g i
eam.f. {Ans. : 504.16 V)
A d.c. machine has 8 poles, lap connected armature with 960 conductors and flux per pole is
40 mWb. It is driven at 400 rp.m. Calculate the generated e.m.f. If now lap connected armature
is replaced by wave connected, calewlate the speed at which it should be driven to generate 400 V.

' (Ans.:250 V, 156 r.p.m.) -
A 4 pole, 100 V dec. shunt gemerator with Inp connected armature having field and armature
resistances of 50 Q and 0.1 Q respectively, supplied 60, 100 V, 40 W lamps. All lamps are
connected in parallel. Calculate the total armature current and generated e f. Assume brush drop

to be 1 Vibrush. (Ans.:26 A, 104.6 V)
A short shunt compound d.c. g ! pplied 7.5 kW at 230 V. The shunt field, series field and
armature resistances are 100 Q, 0.3 Q and 0.4 Q respectively. Calculate the induced em.f. and the
load resistance. (Ans.:253.8V,70Q)

What is the difference between a generator and a motor?

Explain the principle of working of a d.c. motor.

State the voltage and power equation of a d.c. motor explaining the importance of each term.
What is back e.m.f ? Explain the significance of a back e.m.f.

Derive the expression for the electromagnetic torque developed in a d.c. motor.

Sketch and explain the speed-current, speed-torque and toque-current characteristics of a shunt
molor, series molor and compound motor.

Why a d.c. series motor cannot be started on no load 7

Explain the suitability of a d.c. series motor for a traction.

Explain clearly the necessity of a starter for a d.c. shunt motor.

Draw a neat sketch and explain a 3 pont starter.

. State the significance of no volt coil and the over load release in the operation of a starter.

Stating the advantages, explain a 4 point starter used for a d.c. shunt motor.
A 440 volts d.c. shunt motor has an armature resistance of 0.5 Q and field resistance of 180 Q.
Determine back e.m.f. when giving an E output of 7.46 kW at 85 % efficiency.  (Ans.:431.25V)

. A 240 V d.e. shunt molor has an armature rvesistance of 0.2 Q. The rated full load current is

80 A. Caleulnte the current at the instant of starting if the molor is slarted direct on line and
express it in terms of the full load current. Calculate the value of starting resistance to limit the
starting current to 150 % of rated current. (Ans. : 1200 A, 0.133 Q)
A d.c. shunt machine has rating of 10 kW, 500 V. The armature resistance is 0.1 Q. Calculate the
induced em.f. if machine is made to run as i) Generator i) Motor. {Ans, : 502.5V, 499.85 V)
A de. shunt motor connected to a 230 V supply takes a line current of 12 A, at some load. If
R, =1 Qand R, =230 Q. caleulate the back e.m.f. . {Ans.:219 V)
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28.

29.

. A 250 V, d.c. shunt molor takes 6 A line current on no load and runs at 1000 r.p.m. The field

31

A 4 pole, 250 V, series motor has a wave connected armature with 1254 conductors. The flux per
pole is 22 mWb when motor is taking 50 A. Armature and field resistance are 0.2 and 020
respectively. Calculate its speed. (Ans. : 250.1 r.p.m.)
Determtine the total torque developed in a 250 V, 4 pole d.c. shunt motor with lap winding,
accomiodated in 60 slots, each containing 20 conductors. The armature current is 50 A and the flux
per pole is 23 mWb. (Ans. : 219.5 N-m)

resistance is 250 Q and armature resistance is 0.2 S If the full load line current is 26 A,
calculate the full load speed assuming constant flux. (Ans. : 984 r.p.m.)
A 4 pole, d.c. shunt motor takes 22.5 A from a 250 V supply. R, = 0.5 Q and Ry, = 125 Q. The
armature is wave wound with 300 conductors. If the flux per pole is 0.02 Wb, calculate i) Speed
if) Torque developed iii) Gross power developed. (Ans. : 1199 r.p.m, 39.1 N-m, 4.915 kW)

Qaa



Transformers

3.1 Introduction

The main advantage of alternating currents over direct currents is that, the alternating
currents can be easily transfe rable from low voltage to high or high voltage to low.
Alternating voltages can be raised or lowered as per requirements in the different stages of
electrical network as generation, transmission, distribution and utilization. This is possible
with a static device. called transformer. The transformer works on the principle of mutual
induction. It transfers an electric energy from one circuit to other when there is no
electrical connection between the two circuits. Thus we can define transformer as below :

Key Point: The transformer is a static piece of apparatus by means of which an electrical
power is transformed from one alternating current circuit to another with the desired change
in voltage and current, without any change in the frequency.

The use of transformers in transmission system is shown in the Fig. 3.1.

11 kv
@ | 440 kv For
Transmission over distribution
Generating long distance
station
increases
for transmission for distribution

Fig. 3.1 Use of transformers in transmission system

3.2 Principle of Working

The principle of mutual induction states that when two coils are inductively coupled
and if current in one coil is changed uniformly then an e.m.f. gets induced in the other
coil. This e.m.f. can drive a current, when a closed path is provided to it. The transformer
works on the same principle. In its elementary form, it consists of two inductive coils

(3-1)
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which are electrically separated but linked through a common magnetic circuit. The two
coils have high mutual inductance. The basic transformer is shown in the Fig. 3.2.

One of the two coils is connected to a source of alternating voltage. This coil in which
electrical energy is fed with the help of source is called primary winding (P). The other
winding is connected to load. The electrical energy transformed to this winding is drawn
out to the load.

Primary
Primal nding
uohagr: w

Ay
A
q d]
AcC. ‘c‘ g
' t supply d d.1]
i H
T i !
-t
Laminated magnetic iron core
Flux(¢)
Secondary
voltage
Voitage
level changes
but frequency |.e. time
T
remains same

T .

Fig. 3.2 Basic transformer

This winding is called secondary winding (S).
The primary winding has N, number of tumns

while the secondary winding has N; number of
tumns. Symbolically the transformer is indicated
N, Load
5

as shown in the Fig. 3.3.
When primary winding is excited by an
b alternating voltage, it circulates an alternating
current. This current produces an alternating
flux (¢ which completes its path through
Fig. 3.3 Symbolic representation common magnetic core as shown dotted in the
Fig. 3.2. Thus an alternating, flux links with the

secondary winding. As the flux is alternating, according to Faraday's law of an
electromagnetic induction, mutually induced c.mf gets developed in the secondary
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winding. If now load is connected to the secondary winding, this em.f. drives a current
through it.
Thus though there is no electrical contact between the two windings, an electrical
energy gels transferred from primary to the secondary.
Key Point: The frequency of the mutually induced e.m.f. is same as that of the alternating
source which is supplying energy to the primary winding.

3.2.1 Can D.C. Supply be used for Transformers ?

The d.c. supply can not be used for the transformers.

The transformer works on the principle of mutual induction, for which current in one
coil must change uniformly. If d.c. supply is given, the current will not change due to
constant supply and transformer will not work.

Practically winding resistance is very small. For d.c, the inductive reactance X is zero
as d.c. has no fr y. So total impedance of winding is very low for d.c. Thus winding
will draw very h.igh current if d.c. supply is given to it. This may cause the burning of
windings due to extra heat gemerated and may cause permanent damage to the
transformer.

There can be saturation of the core due to which transformer draws very large current
from the supply when connected to d.c.

Thus d.c. supply should not be connected to the transformers.

3.3 Construction

There are two basic parts of a transformer i) Magnetic core ii) Winding or coils.

The core of the transformer is either square or rectangular in size. It is further divided
into two parts. The vertical portion on which coils are wound is called limb while the top
and bottom horizontal portion is called yoke of the core. These parts are shown in the
Fig. 34 (a).

1type L type
I_Y“ke lamination lamination

}
Limp __|

Fig. 3.4 Construction of transformer
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Core is made up of laminations. Because of laminated type of construction, eddy
current losses get minimised. Generally high grade silicon steel laminations [0.3 to 0.5 mm
thick] are used. These laminations are insulated from each other by using insulation like
varnish. All laminations are varnished. Laminations are overlapped so that to avoid the air
gap at the joints. For this generally L’ shaped or T shaped laminations are used which are
shown in the Fig. 3.4 (b).

The cross-section of the limb depends on the type of coil to be used either circular or
rectangular. The different cross-sections of limbs, practically used are shown in the Fig. 3.5.

/

For
small ——=

= &

Reclangular Square Cruciform 3 stepped cruciform
Fig. 3.5 Different cross-sections

3.3.1 Types of Windings

The coils used are wound on the limbs and are insulated from each other. In the basic
transformer shown in the Fig. 3.2, the two windings wound are shown on two different
limbs i.e. primary on one limb while secondary on other limb. But due to this leakage flux
increases which affects the transformer performance badly. Similarly it is necessary that the
windings should be very closes to each other to have high mutual inductance. To achieve
this, the two windings are split into number of coils and are wound adjacent to each other
on the, same limb. A very common arrangement is cylindrical concentric coils as shown in
the Fig. 3.6.

=

AT

=1

HV.

T

LV, Huv
H.V. = High Voltage | Both windings on same limb
L.V. = Low Voltage to avoid leakage flux

Fig. 3.6 Cylindrical concentric coils

Such cylindrical coils are used in the core type transformer. These coils are
mechanically strong. These are wound in the helical layers. The different layers are
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insulated from each other by paper, cloth or mica. The low voltage winding is placed near
the core from ease of insulating it from the core. The high voltage is placed after it.

The other type of coils which is very commonly used for the shell type of transformer
is sandwich coils. Each high voltage portion lies between the two low voltage portion
sandwiching the high voltage portion. Such subdivision of windings into small portions
reduces the leakage flux. Higher the degree of subdivision, smaller is the reactance. The
sandwich coil is shown in the Fig. 3.7. The top and bottom coils are low voltage coils. All
the portions are insulated from each other by paper.

N

LV m LV
0| A

(VAW ) VA | L.

HV.

=
==

\

s
N

HY. W L | v

Fig. 3.7 Sandwich coils
3.4 Types of Transformers

The classification of the transformers is based on the relative arrangement or
disposition of the core and the windings. There are three main types of the transformers
which are :

1. Core type 2. Shell type  and 3. Berry type

3.4.1 Core Type Transformer

It has a single magnetic circuit. The core is rectangular having two limbs. The winding
encircles the core. The coils used are of cylindrical type. As mentioned earlier, the coils are
wound in helical layers with different layers insulated from each other by paper or mica.
Both the coils are placed on both the limbs. The low voltage coil is placed inside near the
core while high voltage coil surrounds the low voltage coil. Core is made up of large
number of thin laminations.

As the windings are uniformly distributed over the two limbs the natural cooling is
more cffective. The coils can be casily removed by removing the laminations of the top
yoke, for maintenance.
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e Core

S

Yy TE,‘_{:‘_ —/

(a) Representation (b) Construction
Fig. 3.8 Core type transformer
The Fig. 3.8 (a) shows the schematic representation of the core type transformer while
the Fig. 3.8 (b) shows the view of actual construction of the core type transformer.

3.4.2 Shell Type Transformer

It has a double magnetic circuit. The core has three limbs. Both the wmdmgs are
placed on the central limb. The core encircles most part of the windings. The coils used are
generally multilayer disc type or sandwich coils. As mentioned earlier, each high voltage
coil is in between two low voltage coils and low voltage coils are nearest to top and
bottom of the yokes.

The core is laminated. While arranging the laminations of the core, the care is taken
that all the joints at alternate layers are staggered. This is done to avoid narrow air gap at
the joint, right through the cross-section of the core. Such joints are called over lapped or
imbricated joints. Generally for very high voltage transformers, the shell type construction
is preferred. As the windings are surrounded by the core, the natural cooling does not
exist. For removing any winding for maintenance, large number of laminations are
required to be removed.

The Fig. 3.9 (a) shows the schematic representation while the Fig. 3.9 (b) shows the
outaway view of the construction of the shell type transformer.

Core
l H.V.winding LV, winding
P -
Side limb :_...

b S Core
—o

_ Centerimd  Flux

(a) Representation (b) Construction

Fig. 3.9 Shell type transformer



Electrical and Electronics Engineering 3-7 Transformers

3.4.3 Berry Type Transformer
| This has distributed magnetic circuit.
’ The number of independent magnetic

Cora
circuits are more than 2. Its  core
construction is like spokes of a wheel
H.V. winding Otherwise it is symmetrical to that of shell
type.
L.V, winding Diagramatically it can be shown as in
the Fig. 3.10.

Fig. 3.10 Berry type transformer

The transformers are generally kept in

tightly fitted sheet metal tanks. The tanks are constructed of specified high quality steel

plate cut, formed and welded into the rigid structures. All the joints are painted with a

solution of light blue chalk which turns dark in the presence of oil, disclosing even the

minutest leaks. The tanks are filled with the special insulating oil. The entire transformer

assembly is immersed in the oil. The oil serves two functions : i) Keeps the coils cool by
circulation and ii) Provides the transformers an additional insulation.

The oil should be absolutely free from alkalies, sulphur and specially from moisture.
Presence of very small moisture lowers the dielectric strength of oil, affecting its
performance badly. Hence the tanks are sealed air tight to avoid the contact of oil with
atmospheric air and moisture. In large transformers, the chambers called breathers are
provided. The breathers prevent the atmospheric moisture to pass on to the oil. The
breathers contain the silica gel crystals which immediately absorb the atmospheric
moisture. Due to long and continuous use, the sludge is formed in the oil which can
contaminate the oil. Hence to keep such sludge separate from the oil in main tank, an air
tight metal drum is provided, which is placed on the top of tank. This is called
conservator.

3.4.4 Comparison of Core and Shell Type

Sr. Core Type Shell Type
No.
1. The windi ircles the core. The core encircles most part of the winding.
2. It has single magnetic circuit. It has a double magnetic circuit.
3. The core has two limbs. The core has three limbs.
4, The cylindrical coils are used. The multilayer disc or sandwich type coils are
used.
5. The windings are uniformly distributed on two| The natural cocling does not exist as the
limbs hence natural ling is effective. . windings are jed by the core.
6. The coils can be easily removed from| The coils can not be removed easily.
ink point of view.
7. Preferred for low voltage transf Preferred for high voltag
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3.5 E.MF. Equation of a Transformer

When the primary winding is excited by an alternating voltage V;, it circulates
alternating current, producing an alternating flux ¢. The primary winding has N; number
of turns. The alternating flux ¢ linking with the primary winding itself induces an em.f. in

it denoted as E;. The flux links with

Fluxé secondary winding through the

[ S —~— =@ 8inwt common magnetic core. It produces

' induced emm.f. E, in the secondary

H winding. This is mutually induced

: wt em.f. Let us derive the equations for
! E, and E,.

The primary winding is excited
by purely sinusoidal alternating
voltage. Hence the flux produced is
also sinusoidal in nature having

) maximum value of ¢, as shown in

The various quantities which affect the magnitude of the induced em.f. are :
¢ = Flux

Om = Maximum value of flux
N; = Number of primary winding turns
N, = Number of secondary winding turns
f = Frequency of the supply voltage
E;, = RM.S., value of the primary induced e.m.f.
E; = RMS. value of the secondary induced e.m.f.

From Faraday's law of electromagnetic induction the average em.f. induced in each
turn is proportional to the average rate of change of flux.

) Average em.f. per tumm = Average rate of change of flux

Average em.f. per tum = g
do Change in flux

Now dt = Time required for change in flux
Consider the 1/4™ cycle of the flux as shown in the Fig. 3.11. Complete cycle gets
completed in 1/f seconds. In 1/4" time period,. the change in flux is from 0 to [/ i

do _ 6nz0 as dt for 1/4™ time period is 1/4f seconds

dr ~ [Iil'f}
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4f9¢, Wb/sec
Average em.f. pertum = 4§, volts

As ¢ is sinusoidal, the induced em.f. in cach turn of both the windings is also
sinusoidal in nature. For sinusoidal quantity,
R.M.5. value

Form factor = Averame value = 1.11
verage value

RMS. value = 1.11 x Average value
=~ RM.S. value of induced e.m.f. per turn

111 x4f o,
= 4440,

There are N; number of primary turns hence the RMS. value of induced em.f. of
primary denoted as E, is,

E, = N,x444f¢, volts

While as there are N, number of secondary turns the RM.S value of induced e.m.f. of
secondary denoted E; is,

E, = N,x444f¢, volts
The expressions of E, and E, are called e.m.f. equations of a transformer.

Thus e.m.f. equations are,

E, = 444f¢, N, volts )

E,= 444fo, N, volts )

3.6 Ratios of a Transformer
Consider a transformer shown in Fig. 3.12 indicating various voltages and currents.

Fluxe

Fig. 3.12 Ratios of transformer
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3.6.1 Voltage Ratio
We know from the e.m.f. equations of a transformer that

E, = 444f9,N; and E,=444f¢, N,

Taking ratio of the two equations we get,
Ex _ Np _

E N

This ratio of secondary induced e.m.f. to primary induced e.m.f. is known as voltage
transformation ratio denoted as K.

=N

Thus E, = KE where
g N1

‘1. If N, > N ie. K > 1, we get E;, > E; then the transformer is called step-up
transformer.

2. If N, < N; ie. K < 1, we get E; < E; then the transformer is called step-down
transformer.

3. f N; = N, ie. K = 1, we get E, = E, then the transformer is called isolation
“ . transformer or 1:1 transformer.

3.6.2 Ideal Transformer
A transformer is said to be ideal if it satisfies following properties :
i) It has no losses.
ii) Its windings have zero resistance.
iii) Leakage flux is zero ie. 100 % flux produced by primary links with the
secondary.
iv) Permeability of core is so high that negligible current is required to establish the
flux in it.
Key Point: For an ideal transformer, the primary applied voltage V, is same as the primary
induced em.f. E; as there are no voltage drops.
Similarly the secondary induced e.m.f. E; is also same as the terminal voltage V, across
the load. Hence for an ideal transformer we can write,
E.Yn
EY
No transformer is ideal in practice but the value of E; is almost equal to V, for
properly designed transformer.

=K
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3.6.3 Current Ratio

For an ideal transformer there are no losses. Hence the product of primary voltage V;
and primary current I;, is same as the product of secondary voltage V; and the secondary
current I,.

So Vi, = inputVA and V, I, = output VA
For an ideal transformer,
ViL = Vb

Vy I
v, "%

Key Point: Hence the currents are in the inverse ratio of the voltage transformation ratio.
3.6.4 Volt-Ampere Rating

When electrical power is transferred from primary winding to secondary there are few
power losses in between. These power losses appear in the form of heat which increase the
temperature of the device. Now this temperature must be maintained below certain
limiting value as it is always harmful from insulation point of view. As curfent is the main
cause in producing heat, the output maximum rating is generally specified as the product
of output voltage and output current i.e. V,I,. This always indicates that when transformer
is operated under this specified rating, its temperature rise will not be excessive. The
copper losses depend on current and iron losses depend on voltage. These losses are
independent of the load power factor cos¢,. Hence though the output power depends on
cosd,, the transformer losses are functions of V and I and the rating of the transformer is
specified as the product of voltage and current called VA rating. This rating is generally
expressed in kVA (kilo volt amperes rating).

v, I

= 1=
Now v, " K

VI, = V1,

kVA ratingofa _ Vi, _V, 1,
transformer 1000 1000

If V, and V, are the terminal voltages of primary and secondary then from specified
kVA rating we can decide full load currents of primary and secondary, I; and I,. This is
the safe maximum current limit which may carry, keeping temperature rise below its
limiting value.
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1, full load = m—m;‘w ... (1000 to convert kVA to VA)
1
VA rai
I, full load = kVA ra:;ngxlﬂ[)ﬂ
2

Key Point: The full load primary and secondary currents indicate the safe maximum values
of currents which transformer windings can carry.

These values indicate, how much maximum load can be connected to a given
transformer of a specified kVA rating.

mmp  Example 3.1 : The maximum flux density in the core of 240/2400 V, 50 Hz, single phase
transformer is 1 Wofm?. If the em.f. per turn is 8 V, determine :

i) The primary and secondary turns and ii) Area of the core [Nov.-2008 (Set-1)]
Solution : B, = 1 Wb/m?, E; = 240 V, E/turn = 8 V, f = 50 Hz

E; = E/turn xN,; ie 240 =8 x N,
N, = 30

NoUE oy, B

NS E; N, ~ 2400

N, = 300
E, = 444 ¢, N, ie. 240 = 4.44 ¢, x 50 x 30

o

And B, = % o a= ¥m . 003636 m? ...Area

By

mep Example 3.2 : The primary winding of a 50 Hz single phase transformer has 480 turns
and is fed from 5400 V supply. The secondary winding has 20 turns. Find the peak value

of the flux in the core and the secondary voltage. [Nov.- 2006 (Set-1)]
Solution : f=50 Hz , N, = 480, N, = 20, E, = 5400 V
E =444f0_ N ie. 5400 = 4.44 x 50 X § ,, X 480
¢, = 00506 Wb ...Peak value of flux
BN g N o2
E C N, l.e.Bz-leEl-430x5400

E, = 225V ..Secondary voltage
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3.7 Ideal Transformer on No Load

Consider an ideal transformer on no load as shown in the Fig. 3.13. The supply
voltage is V, and as it is an no load the secondary current [, = 0.

Fig. 3.13 Ideal transformer on no load

The primary draws a current I, which is just necessary to produce flux in the core. As
it is magnetising the core, it is called magnetising current denoted as I,. As the
transformer is ideal, the winding resistance is zero and it is purely inductive in nature. The
magnetising current L, is very small and lags V, by 30° as the winding is purely inductive.
This I, produces an alternating flux ¢ which is in phase with [ .

The flux links with both the winding producing the induced e.m.f.s E, and E; in the
primary and secondary windings respectively. According to Lenz's law, the induced e.m.f.
opposes the cause producing it which is supply voltage V,. Hence E, is in antiphase with
V; but equal in magnitude. The induced E, also opposes V; hence in antiphase with V,
but its magnitude depends on N,. Thus E, and E, are in phase.

The phasor diagram for the ideal transformer on no load is shown in the Fig. 3.14.

Vi, Vyleads ¢ by 80°

E, Eqlags 1, by 90°ie. o by 90°

Fig. 3.14 Phasor diagram for ideal transformer on no load
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It can be seen that flux ¢ is reference. I, produces ¢ hence in phase with ¢ V, leads I,
by 90° as winding is purely inductive so current has to lag voltage by 90°.

E, and E; are in phase and both opposing supply voltage V,.

The power input to the transformer is V; I; cos (V, A L) ie. V; I, cos (90°) ie. zero.
This is because on no load output power is zero and for ideal transformer there are no
losses hence input power is also zero. Ideal no load p.f. of transformer is zero lagging.

3.8 Practical Transformer on No Load

Actually in practical transformer iron core causes hysteresis and eddy current losses as
it is subjected to alternating flux. While designing the transformer the efforts are made to
keep these losses minimum by,

1. Using high grade material as silicon steel to reduce hysteresis loss.

2. Manufacturing core in the form of laminations or stacks of thin laminations to
reduce eddy current loss.
Apart from this there are iron losses in the practical transformer. Practically primary
winding has certain resistance hence there are small primary copper loss present.
Thus the primary current under no load condition has to supply the iron losses ie.
hysteresis loss and eddy current loss and a small amount of primary copper loss. This
current is denoted as I,

Now the no load input current I, has two components :

1. A purely reactive component [, called magnetising component of no load current
required to produce the flux. This is also called wattless component.

2. An active component I, which supplies total losses under no load condition called
power component of no load current. This is also called wattful component or

core loss component of I,
The total no load current I, is the vector addition of I, and I.

L=1,+1 e ()

In practical transformer, due
to winding resistance, no load
current [, is no longer at 90° with
respect to V;. But it lags V, by
%o angle ¢, which is less than 90°.
N Thus cos ¢, is called no load
Hoor  Im power factor of  practical
transformer.

Vi

—
-

Fig. 3.15 Practical transformer on no load
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The phasor diagram is shown in the Fig. 3.15. It can be seen that the two components

of I, are,
This is magnetising component lagging V, exactly by 90°.

-

This is core loss component which is in phase with V,.
The magnitude of the no load current is given by,

I, =L +12 e (4)

while ¢, = No load primary power factor angle

The total power input on no load is denoted as W, and is given by,
[ Wo=Vilcos 8= Vi1, | o)

It may be noted that the current [, is very small, about 3 to 5 % of the full load rated
current. Hence the primary copper loss is negligibly small hence I is called core loss or
iron loss component. Hence power input W, on no load always represents the iron losses,
as copper loss is negligibly small. The iron losses are denoted as P; and are constant for all
load conditions.

W, = V, 1, cos 9, = P, = Iron loss (6

i Example 3.3 : The no load current of a transformer is 10 A at a power factor of 0.25
lagging, when connected to 400 V, 50 Hz supply. Calculate,

a) Magnetising component of no load current
b) Iron loss and ¢) Maximum value of flux in the core.

A primary winding turns as 500.
Solution : The given values are, I, = 10 A, cos ¢, = 025, V; = 400 V and f = 50 Hz
a) I. = I, sin ¢, = Magnetising component
¢, = cos~(025) = 75.522°

10xsin (75.522°) = 9.6824 A

b) P; Iron loss = Power input on no load
W, =V, L, cos ¢, = 400x10%0.25
1000 W
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c)Onnoload, E, = V; =400V and N; =500
Now E, = 444f¢, N,

400 = 4.44x50xé,, x500

0, = 3.6036 mWb

3.9 Transformer on Load

When the transformer is loaded, the current I, flows through the secondary winding.
The magnitude and phase of I, is determined by the load. If load is inductive, 1, lags V,. If
load is capacitive, I, leads V, while for resistive load, I, is in phase with V,.

There exists a secondary m.m.f. N, I, due to which secondary current sets up its own
flux ¢, This flux opposes the main flux ¢ which is produced in the core due to
magnetising component of no load current. Hence the m.m.f. N,I, is called demagnetising
ampere-turns. This is shown in the Fig. 3.16 (a).

The flux ¢, momentarily reduces the main flux ¢, due to which the primary induced
em.f. E, also reduces. Hence the vector difference V, - E, increases due to which primary
draws more current from the supply. This additional current drawn by primary is due to
the load hence called load component of primary current denoted as I as shown in the
Fig. 3.16 (b).

Main Secondary More %
flux ¢ flux &3 flux
(& +d'5)
(a) ¢, opposas ¢ (b) Primary draws more current

Fig. 3.16 Transformer on load
This current 15 is in antiphase with I[,. The current I5 sets up its own flux ¢5 which
opposes the flux ¢, and helps the main flux ¢. This flux ¢ neutralises the flux ¢,
produced by I,. The m.m.f. i.e. ampere turns N; 17 balances the ampere turns N,I,. Hence
the net flux in the core is again maintained at constant level.
Key Point : Thus for any load condition, no load to full load the flux in the core is
practically constant.
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The load component current 1; always neutralises the changes in the load. As
practically flux in core is constant, the core loss is also constant for all the loads. Hence
the transformer is called constant flux machine.

As the ampere turns are balanced we can write,
NI, = NI}

, N
5= N—:IZ=KI: e (1)

Thus when transformer is loaded, the primary current I; has two components :

1. The no load current I, which lags V; by angle ¢, It has two components I, and
L.

2. The load component I5 which is in antiphase with [,, And phase of I, is decided
by the load.

Hence primary current I; is vector sum of I, and I5.

-2

Assume inductive load, I, lags E;, by ¢,, the phasor diagram is shown in the
Fig. 3.17 (a).

Assume purely resistive load, I, in phase with E,, the phasor diagram is shown in the
Fig. 3.17 (b).

Assume capacitive load, I, leads E, by ¢, the phasor diagram is shown in the
Fig. 3.17 (c).

Note that I3 is always in antiphase with I,.

V. v v \"
1 I 1y 1 L 1,
1 .
- I
e 2% | o
20 &y i
9 i, I
o 0 ¢
Iz
E ®2
A
E, 1E,
{a) Inductive load {b) Resistive load {c) Capacitive load
Fig. 317

Actually the phase of I, is with respect to V,, i.e. angle ¢, is angle between I, and V.
For the ideal case, E, is assumed equal to V, neglecting various drops.
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The current ratio can be verified from this discussion. As the no load current 1, is very
small, neglecting [, we can write,

L, =1

b

Balancing the ampere-turns,
Nz = NiL=N; I,
N, L,
N, I

Under full load conditions when I, is very small compared to full load currents, the
ratio of primary and secondary current is constant.

imp Example 3.4 : A 400/200 V transformer takes 1 A at a power factor of 0.4 on no load. If
the secondary supplies a load current of 50 A at 0.8 lagging power factor, calculate the
primary current.

Solution : The given values are,
I, = 1A cos ¢,=04,1,=50 A and cos ¢, = 0.8

K== =—o =05

I = KI, =0.5x50=25A

The angle of I3 is to be decided from cos ¢, = 0.8.

Now cos b, = 0.8

6, = 3686°

13 is in antiphase with I, which lags E, by 36.86°

Consider the phasor diagram shown in the Fig. 3.18. The flux ¢ is the reference.
vl

Ey

Ez=Vy
Fig. 3.18 Fig. 3.18 (a)
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Now cos ¢, = 04
0, = 6642
i, = T+ io . ... Vector sum

Resolve I, and I} into two components, along reference ¢ and in quadrature with ¢ in
phase with V,.

x component of I, = [,sin ¢, = 09165 A
y component of I, = [,cosp,= 04 A
I, = 09165+j04 A
25 sin (36.86°) = 15 A
y component of I; = I3 cos ¢, = 25x08=20A
I = 15+j20A
I, = 09165 +j04 +15+j20 =159165 + j 204 A

1L

x component of I; = 13 sin ¢,

Thus the two components of I; arc as shown in the Fig. 3.18 (c).

y
Iy cos g9y I'y 204 Iy
% Q]
0 T sneg 0 155165
Fig. 3.18 (b) ' Fig. 3.18 (c)

I, = .,,‘(15,9'&(‘;5):l +(20.4)%= 25.874 A

This is the primary current magnitude.

15.
wile  ung, - 538
0, = 3796

Hence the primary power factor is,
cos ¢, = cos (37.96°) = 0.788 lagging

Key Point: Remember that ¢ is angle between V, and I, and as V, is vertical, ¢, is
measured with respect V;. So do not convert rectangular to polar as it gives angle with
respect to x-axis and we want it with respect to y-axis.
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3.10 Effect of Winding Resistances

A practical transformer windings possess some resistances which not only cause the
power losses but also the voltage drops. Let us see what is the effect of winding
resistances on the performance of the transformer.

Let R, = Primary winding resistance in ohms

R, = Secondary winding resistance in ohms

Now when current I; flows through primary, there is voltage drop I, R, across the
winding. The supply voltage V; has to supply this drop. Hence primary induced e.m.f. E,
is the vector difference between Vyand | R;.

E = Vi-[R, - (1)

Sumﬂarly&mmdumdnm.f in secondary is E,, When load is connected, current I,
flows and there is voltage drop I; R;. The em.f. E; has to supply this drop. The vector
dlffetenoebehveenB,endl,R,isavaﬂablehothelnadnsatemumlvollage V,.

vV, = LK (@
Thedropsl, R, and I, R, are purely resistive drops hence are always in phase with
the respective currents I, and I,.

3.10.1 Equivalent Resistance

The resistance of the two windings can be transferred to any one side either primary
or secondary without affecting the performance of the transformer. The transfer of the
resistances on any one side is advantageous as it makes the calculations very easy. Let us
see how to transfer the resistances on any one side.

The total copper loss due to both the resistances can be obtained as,

Total copper loss = I} R, +13 R,
2
111[R1+;1%R2:|

n

1 [R, +'1”1@" Rz] . )
L 1

where T °% Neglecting no load current.
1
Now the expression (3) indicates that the total copper loss can be expressed as
II R, +1}- :i 'l‘lusmea.nsR is the resistance value of R, shifted to primary side which
causessamempperlosswumllaskxmmwuhlz.T}usvalueofresistameki/!('wlﬂd\
is the value of R, referred to primary is called equivalent resistance of secondary referred
to primary. It is denoted as R3.
R‘|

R = o ()
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Hence the total resistance referred to primary is the addition of R, and R called
equivalent resistance of transformer referred to primary and denoted as R,, .

R
R, -m+m_m+K§ . (8

This resistance R,, causes same copper loss with I; as the total copper loss due to the
individual windings.
.. Total copper loss = I} R, =1 R, +I3 R, ...(6)
So equivalent resistance R, simplifies the calculations as we have to calculate
parameters on one side only.
Similarly it is possible to refer the equivalent resistance to secondary winding.
Total copper loss = I R, +13 R,

2[4
3| gRi+Re

= B[K'R +Ry -~ )
Thus the resistance K* R, is primary resistance referred to secondary denoted as Rl
Ri = K'R - (8)

Hmce the total resistance referred to secondary is the addition of R, and Rj ca.l!ed
equivalent resist of transf referred to secondary and denoted as R,,.

Ry =R, + R{ =R, + K2R, e (9)
Total copper loss = 13 R, ... (10)
The concept of equivalent resistance is shown in the Fig. 3.19 (a), (b) and (c).
Rl&
I_'Aﬁ
Ry R, Ry
(a) Individual Ry (b) Referred to

resistances primary

(c) Referred to secondary
Fig. 3.19 Equivalent resistance
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Key Point: When resistances are transferred to primary, the secondary winding becomes
zero resistance winding for calculation purpose. The entire copper loss occurs due to R,
Similarly when resistances are referred to secondary, the primary becomes resistanceless for
caleulation purpose. The entire copper loss occurs due to Rj,.

Important Note :  When a resistance ‘s to be transferred from the primary to secondary,
it must be multiplied by K2 When u resistance is to be transferred from the secondary to
primary, it must be divided by K°. Remember that K is N,/N,.

The result can be cruss-checked by amother approach. The high voltage winding is
always low current winding and hence the resistance of high voltage side is high. The low
voltare mde is high current side and hence resistance of low voltage side is low. So while
uansferring resistance from low voltage side to high voltage side, its value must increase
while transferring resistance from high voltage side to low voltage side, its value must
decrease.

Key Point :
High voltage side — Low current side —» High resistance side

| Low voltage side — High current side — Low resistance side

i Example 3.5 : A 6600/400 V single phase transformer has primary resistance of 2.5 Q
and secondary resistance of 0.01 Q Calculate total equivalent resistance referred to primary
and secondary.

Solution : The given value:s are,

R, = 25 Q, R,=001Q
400
K = o - 0.0606
While finding equivalent resistance referred to primary, transfer R, to primary as Rj,
, Ry 0.01
Ry = —== ————— =272250
T T K (0.0606)2
R, = R, +R} =25+27205=5225Q

1t can be observed that primary is high voltage hence high resistance side hence while
transferring R, from low voltage to RS on high voltage, its value increases.

To find total equivalent resistance referred to secondary, first calculate R],
R; = K'R, =(0.0606)2x2.5 = 0.00918 Q
Ry = R, + R{ = 001 + 0.00918 = 0.01918 Q
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3.11 Effect of Leakage Reactances -

Uptill now it is assumed that
Fluxe the entire flux produced by the
primary links with the secondary
winding. But in practice it is not
possible. Part of the primary flux
as well as the secondary flux
completes the path through air
and links with the respecting
winding only. Such a flux is called
leakage flux. Thus there are two
Primary leakage Secondary leakage leakage fluxes present as shown in

the Fig. 3.20.

Fig. 3.20 Leakage fluxes
The flux ¢, is the primary leakage flux which is produced due to primary curfent I,.
It is in phase with I; and links with primary only.
The flux ¢, is the secondary leakage flux which is produced due to current I,. It is in
phase with I, and links with the secondary winding only.

Due to leakage flux ¢, there is self induced em.f. e, in primary. While due to
leakage flux ¢, there is self induced e.m.f. e, in secondary. The primary voltage V, has
to overcome this voltage ey to produce E; while induced e.m.f. E;'has to overcome ey, to
produce terminal voltage V,. Thus the self induced e.m.i.s are treated as the voltage drops
across the fictitious reactances placed in series with the windings. These reactances are
called leakage reactances of the winding.

So X; = Leakage reactance of primary winding
and X; = Leakage reactance of secondary winding
The value of X, is such that the drop I,X, is nothing but the self induced e.m.f. e|; due

to flux ¢ ;. The value of X, is such that the drop LX, is equal to the self induced em.f. ¢y,
due to flux ¢ ,.

Leakage fluxes link with the respective windings only and not to both the windings.
To reduce the leakage, as mentioned, in the construction both the winding's are placed on
same limb rather than on séparate limbs.

3.11.1 Equivalent Leakage Reactance

Similar to the resistances, the leakage reactances also can be transferred from primary
to secondary or viceversa. The relation through K® remains same for the transfer of
reactances as it is studied earlier for the resistances.
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Let X, is leakage reactance of primary and X, is leakage reactance of secondary.
Then the total leakage reactance referred to primary is X,, given by,

' ;X
X = X; +X;  where X =K—;

While the total leakage reactance referred to secondary is X;, given by,
| Xpe = X3+ X{ where X{ =KX, |

Nl
N

And K = = Transformation ratio

3.12 Equivalent Impedance

The transformer primary has resistance R, and reactance X,. While the transformer
secondary has resistance R, and reactance X, Thus we can say that the total impedance of
primary winding is Z; which is,

2 = R+jX Q e (1)
And the total impedance of the secondary winding is Z, which is ,
Z, = R+jX,Q - (2

This is shown in the Fig. 3.21.

Fig. 3.21 Individual impedances
The individual magnitudes of Z, and Z, are,

Z, = (RE+ X2 )
and Z, = JRE+ X2 (@
Similar to resistance and reactance, the impedance also can be referred to any one side.

~ Let Z,, = Total equivalent impedance referred to primary

then |z|.=R1¢*ix1. i
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2= Z+z=7+ 2 . )
Similarly Z,. = Total equivalent impedance referred to secondary
then
Ze = L+Zi =, +K'Z , . (6)
The magnitudes of Z;, and Z,, are,
and 2, = JREL+XE, e 8)

It can be mbed;that.

Z1g=Ryg *]Xyp

Fig. 3.22 (a) Referred to primary
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Z36 =R+ X5

(b) Referred to secondary
Fig. 3.22 Equivalent impedances

nmp Example 3.6 : A 220/110 V, 50 Hz, 1.5 kVA transformer has primary and secondary
winding resistances of 1 Q and 2 Q while reactances of 3 Q and 5 Q respectively. Find the
total resistance, equivalent reactance and equivalent impedance referred to primary and

secondary. [May-2005 (Set-1), Nov.-2003 (Set-2)]
Solution 1R, =1Q,R,=2Q,X,=3Q, X,=5Q
Vy 110 _
K = v, T " 05

R, 1+--3-T =99
(0.9)

Xa 5
34 —— =23
K? (0.5)*

Zye = RL+XE = 97+237 = 246981 Q

R = K¥Ry, = 225Q , X, = K*X,, = 575 @
Z,

= JRL, + X3, =KZ,,=6.1745 Q
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3.13 Losses in a Transformer
In a transformer, there exists two types of losses.
i) The core gets subjected to an alternating flux, causing core losses.
ii) The windings carry currents when transformer is loaded, causing copper losses.

3.13.1 Core or Iron Losses

Due to alternating flux set up in the magnetic core of the transformer, it undergoes a
cycle of magnetization and demagnetization. Due to hysteresis effect there is loss of energy
in this process which is called hysteresis loss.

It is given by, hysteresis loss = K, BL¥ fv watts

where K,

n

Hysteresis constant depends on material
B, = Maximum flux density

f

]

Frequency

v Volume of the core

The induced e.m.f. in the core tries to set up eddy currents in the core and hence
responsible for the eddy current losses. The eddy current loss is given by,

Eddy current loss = K, B2, £ £ watts/unit volume
where K, = Eddy current constant
t = Thickness of the core

As seen earlier, the flux in the core is almost constant as supply voltage V, at rated
frequency f is always constant. Hence the flux density B, in the core and hence both
hysteresis and eddy current losses are constants at all the loads. Hence the core or iron
losses are also called constant losses. The iron losses are denoted as Py

The iron losses are minimized by using high grade core material like silicon steel
having very low hysteresis loop and by manufacturing the core in the form of laminations.

3.13.2 Copper Losses
The copper losses are due to the power wasted in the form of R loss due to the

resistances of the primary and secondary windings. The copper loss depends on the
magnitude of the currents flowing through the windings.

Total Cu loss = llz R, +I§ R, = I,z (R +R3) = I% (R; +R{)
l1z Ry, = I; Ry
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The copper losses are denoted as P,,,. If the current through the windings is full load
current, we get copper losses at full load. If the load on transformer is half then we get
copper losses at half load which are less than full load copper losses. Thus copper losses
are called variable losses. For transformer VA rating is V) [ or V, L,. As V, is constant,
we can say that copper losses are proportional to the square of the kVA rating.

So, I P, o e (kKVAY

Thus for a transformer,
Total losses = Iron losses + Copper losses
= P+ P,
Koy Point: It is seen thal the iron losses depend on the ly voltage while the copper

Tosses depend on the current. The losses are not dependmtr;; the phase angle between
voltage and current. Hence the rating of the transformer is expressed as a product of voltage
and current and called VA rating of transformer. It is not expressed in watts or kilowalts.

Maost of the times, rating is expressed in kVA.

3.14 Voltage Regulation of Transformer

Because of the voltage drop across the primary and secondary impedances it is
observed that the secondary terminal voltage drops from its no load value (E,) to load
value (V,) as load and load current increases.

The regulation is defined as change in the magnitude of the secondary terminal
voltage, when full load i.e. rated load of specified power factor supplied at rated voltage is
reduced to no load, with primary voltage maintained constant expressed as the percentage
-of the rated terminal voltage.

Let E, = Secondary terminal voltage on no load
V, = Secondary terminal voltage on given load
then mathematically voltage regulation at given load can be expressed as,
E, -V,

% Voltage regulation = Zv—xmo
2

The ratio (E;, - V, / V,) is called per unit regulation.
The secondary terminal voltage does not depend only on the magnitude of the load

current but also on the nature of the power factor of the load. If V, is determined for full
load and specified power factor condition the regulation is called full load regulation.

As load current I increases, the voltage drops tend to increase and V, drops more and
more. In case of lagging power factor V, < E;, and we get positive voltage regulation,
while for leading power factor E; < V, and we get negative voltage regulation. This is
shown in the Fig. 3.23.
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Voltage
Secondary V,>E,, leading p.I. load, Ve regulation
voltage V .
V=, — -=—— |deally should remain constant
No load voltage

~—— V;>E,, lagging p.f load, +Ve regulation

0 I

Fig. 3.23 Regulation characteristics
Key Polnt: The voliage drop should be as small as possible hence less the regulation better
is the performance of a transformer.

3.14.1 Expression for Voltage Regulation
The voltage regulation is defined as,

E,-V,; %100 = Total voll‘agedmpxlm

%R = V, B V2

The regulation can be expressed as,

IRy cos ¢ £1: Xz sin@ oo

%R = v

where I,

Full load secondary current
V, = No load secondary voltage
Equivalent resistance referred to ;econdary
X,, = Equivalent reactance referred to secondary

&

cos © = Load power factor

| + sign for lagging power factors while ~ sign for leading power factor loads.
The regulation can be further expressed interms of I;, Vy, R, and X,,.

Y. _ L.
2
L
Vv, = Kv,, 12=-K
. R, X2e
while Rle = Ez—; X,,:-K—z
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Substituting in the regulation expression we get,

L Loy s
%r - K K% Ry, cos ¢ :tK K X,,slntxl
KV,

I, R cos ¢ I, X,, sinpxmo

%R = v,

mp Example 3.7 : A 250/125 V, 5 kVA single phase transformer has primary resistance of
0.2 Q and reactance of 0.75 Q. The secondary resistance is 0.05 Q and reactance of 0.2 Q
i) Determine its regulation while supplying full load on 0.8 leading p.f.
ii) The secondary terminal voltage on full load and 0.8 leading p.f.
Solution : The given values are,
R, =02Q,X =075Q,R,=005Q, X, =02Q, cos ¢ = 08 leading

_E 125 _1_
K = E;——--—-—-—zsn—z—o..s
KVA 5x10*
GEL = XA =21 w0 .. Fullload

R, = R, +KR, =0.05+(0.5?%0.2=01Q
Xpe = X+ K2 X, = 0.24(0.52x0.75 = 0.3875 Q
i) Regulation on full load:msﬁal}.Shading
sing = 06

I Ry, cos9=1; Xy, sing oo
T Ez_ '’

%R = Iy = L(FL)=40 A

L1%0.8— 0.6
(40%0.1x sl-izgxu.as‘?Sx )xlm

= - 488 %
ii) On full load, 0.8 p.f. leading the total voltage drop is,
Voltage drop = I,(FL) [Ry.cos ¢~ X,.sin ¢]
= 40[0.1x%08-0.3875x06]=-6.1V
E,-V, = -61 ie. 125-V, =~61
V, = Secondary terminal voltage = 125 + 61 = 1311V



Electrical and Electronics Engineering -1 Transformers

3.15 Efficiency of a Transformer

Due to the losses in a transformer, the output power of a transformer is less than the
input power supplied.

Power output = Power input - Total losses
Power input = Power output + Total losses
= Power output + P; + P,

The efficiency of any device is defined as the ratio of the power output to power
input. So for a transformer the efficiency can be expressed as,

Power output
Power input

_ Power output
~ Poweroutput+ P, +F,,

Now Power output = V, I, cos ¢

where cos ¢ = Load power factor

The transformer supplies full load of current I, and with terminal voltage V..
P., = Copper losses on full load = 1} R,,

n = V; I; cosd,
VI cosd, + P + [% Ry
But V, I, = VA rating of a transformer
_ (VA rating)x cos¢
N = (VA rating)x cos+ P, + 12 Ry,
% = (‘_M rating) X cos ¢ , %100
(VA rating)X cos¢+ P, + 13 Ry,

This is full load percentage efficiency with,
I, = Full load secondary current

But if the transformer is subjected to fractional load then using the appropriate values
of various quantities, the efficiency can be obtained.

Actual load

Let n = Fraction by which load is less than full load = “Fallload
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For example if transformer is subjected to half load then,

n = Halfload_{_y_Z_]__US
" Fullload ~1

When load changes, the load current changes by same proportion.
| New I, = n(I) F,L.l

Similarly the output V, I, cos ¢, also reduces by the same fraction. Thus fraction of
VA rating is available at the output.

Similarly as copper losses are proportional to square of current then,
| New P, =n@®,)FL. |
Key Point : So copper losses get reduced by n’.
In general for fractional load the efficiency is given by,

n (VA rating) cos¢
n(VA rating) cos¢+ P, +n? (P, )F.L.

%on= x 100

where n = Fraction by which load is less than full load.

Key Point : For all types of load power factors lagging, leading and unity the efficiency
expression does not change, and remains same.

lmp Example 3.8 : A 4 kVA, 200/400 V, 50 Hz, single phase transformer has equivalent
resistance referred to primary as 0.15 Q Calculate,
i) The total copper losses on full load.
ii) The efficiency while supplying full load at 0.9 pf. lagging.
iii) The efficiency while supplying half load at 0.8 p.f. leading.
Assume total iron losses equal to 60 W.

Solution : The given values are,
Vi=200V,V,=400V,S=4kVA R, =015Q, P, =60 W

400 _
K ===
Ry = K2R, =(2)2x0.15=06Q
kVA  4x103
(QFL = =2 =22"__-10A
A 300

i) Total copper losses on full load,
(P) EL. = [(L) ELE R, = (10)2x0.6 = 60 W



Electrical and Electronics Engineering 3-33

Transformers

ii) cos ¢ = 0.9 lagging and full load

VA rating cos §
VA rating cos ¢+ P, ¥ (Do) F.L.

%n = 100

4x103%0.9
= ———— %100 = 96.77 %
" 4x10%x0.9+60+60

iif) cos ¢ = 0.8 leading, half load
As half load, n =05
(PJHL. = n?x(P)F.L =(0.5%x60 = 15 W

nX(VA rating) cos ¢ x
nx(VA rating) cos¢+ P, + (P,,) H.L.

%n = 100

0.5x4x10°%0.8
= x100 = 95.52 %
0.5x4x10* x0.8+60+15

3.16 Condition for Maximum Efficiency

When a transformer works on a constant input

voltage and frequency then efficiency varies with the
load. As load increases, the efficiency increases. At a
certain load current, it achieves a maximum value. If
the transformer is loaded further the efficiency starts
decreasing. The graph of efficiency against load
current 1, is shown in the Fig. 3.24.

The load current at which the efficiency attains

maximum value is denoted as I, and maximum

Fig. 3.24

efficiency is denoted as 1), -
Let us determine,

1. Condition for maximum efficiency.

2. Load current at which n,,,,, ocecurs.

3. kVA supplied at maximum efficiency.

t. The

The efficiency is a function of load i.e. load current I, ing cos &, ct
secondary terminal voltage V, is also assumed constant. So for maximum efficiency,
dn _
ar, = °
Now N = V2 I, coséy

V, 1, cosé, +P, +13 R,
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dn_ d V2 I cose, =0
dl, dl; |V, 1; cosg, + P, + 12 Ry,

i (V3 T3 condy + i+ TE Ra) - (Vs Iz cosdy)
d
-2 1, “‘ﬁ%)‘a;(“'z Iy cos; + P +1 Ry,) = 0

o (Vy I cosdy + P, +13 Ry} (Vy cosgy) = (V; I cosdy) (V; cosdy +21; Ry,) = 0
Cancelling (V; cos$,) from both the terms we get,
VyI; cosd,+F +12 Ry, = Vo I cosg, ~213 R, =0
B -13R,, = 0
P, = I§Rg =P,
So condition to achieve maximum efficiency is that,
Copper losses = Iron losses

3.16.1 Load Current l,,, at Maximum Efficiency
Forfl,,, I3Ry, = P butl=1,
B.R, = P

I!m_ rz:

This is the load current at n,,,, .
Let (I)F.L. Full load current

o 1 (R
([LEL. ~ (IL)F.L.\Ry

- _—_---—-—-1=i
{ILFEL. ﬂ[u,)F.L,]2 Ry

P

PIFL

P
Lo = @) FL. (Pm)lF.L. .

This is the load current at 1, interms of full load current.
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3.16.2 kVA Supplied at Maximum Efficiency
For constant V, the kVA supplied is the function of load current.

P,

P)FL

. [TH
kVA atn,,, = (kVA rating) x PoOFL

Substituting condition for n,,,, in the expression of effidency, we can write expression
for Ny, a5,

kVA atn,,, = L, V,=V, (FL x

_ V, Iy, cosé
Po M = WXIOG as P, =P
ie. %N = kVA forn,,,, cosd

kVA forn,,,, cosé+2P

nmp Example 3.9 : A 100 kVA transformer has iron losses of 1.2 kW and full load copper
losses of 1.5 kW. Find :

i) kVA for maximum efficien i) Maximum efficiency at unity p.f.
) for v ffciency tbib’:u{r.-zm, (Set-1)]
Solution : P, = 12 kW, (P ) =15kW, KVA =100

i)  kVAforn,, = kVAx #(P Pi = 100 x J%-g- = 89.4427 kVA
a fEI.

ii) Formg.. P

(=1}

]

P,=12kW

[kVA forn,,, ] x cos$

FMmsx = VA forn, ] X cos 0+ 27,

x 100 weosd=1

§9.4427 x10% x 1
894427 x10% x 1 +[2 x 12 x 10?]

x 100 = 97.386 %

mp Example 3.10 : A 20 kVA transformer has its maximum efficiency of 0.98 at 15 kVA at
unity power factor. The iron loss is 350 W. Calculate the efficiency at full load 0.8 power
factor lagging and unity power factor. [Nov.-2005 (Set-3), Nov.-2008 (Set-3}]

Solution : 20kVA, 1., =098at15kVAandcos¢=1, P;=350W

[P
Load atn,,,, = kVAX |—1—
N (Pm}RL.

15 = 0% -0 e (P = 62222W
(Pcu]F,L.
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i) %mn atcos¢= 08lag, full load

VA coso 20x10° x 0.8
R A— | | |{ 1
VA cos 0+ (P)p +P, 0 = 20%10° x08+ 6222224350 0

%n Pl

94.271 %
ii) %n atcos¢o= 1, full load

20x10°3 x1

= x100 = 95.3642 %
20x107 x1+ 622222 + 350

BTy

3.17 Predetermination of Efficiency and Regulation

The efficiency and regulation of a transformer on any load condition and at any power
factor condition can be predetermined by indirect loading method. In this method, the
actual load is not used on transformer. But the equivalent circuit parameters of a
transformer are determined by conducting two tests on a transformer which are,

1. Open circuit test (O.C. test) 2. Short circuit test (S.C. test)

The parameters calculated from these test results are effective in determining the
regulation and efficiency of a transformer at any load and power factor condition, without
actually loading the transformer. The advantage of this method is that without much
power loss the tests can be performed and results can be obtained. Let us discuss in detail
how to perform these tests and how to use the results to calculate equivalent circuit
parameters.

3.17.1 Open Circuit Test (O.C. Test)
The experimental circuit to conduct O.C. test is shown in the Fig. 3.25.

Variac LY.  Transformer
side

Fig. 3.25 Experimental circuit for O.C. test
The transformer primary is connected to a.c. supply through ammeter, wattmeter and
variac. The secondary of transformer is kept open. Usually low voltage side is used as
primary and high voltage side as secondary to conduct O.C. test.
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The primary is excited by rated voltage, which is adjusted precisely with the help of a
variac. The wattmeter measures input power. The ammeter measures input current. The
voltmeter gives the value of rated primary voltage applied at rated frequency.

Sometimes a voltmeter may be connected across secondary to measure secondary
voltage which is V, = E, when primary is supplied with rated voltage. As voltmeter
resistance is very high, though voltmeter is connected, secondary is treated to be open
circuit as voltmeter current is always negligibly small.

When the primary voltage is adjusted to its rated value with the help of variac,
readings of ammeter and wattmeter are to be recorded.

The observation table is as follows.

V, volts I, amperes W, walts
Rated
V, = Rated voltage

W, = Input power
I, = Input current = No load current

As transformer secondary is open, it is on no load. So current drawn by the pnmary is
no load current 1. 'I'he two components of this no load current are,

I = Lsing,
I = Icos0,
where cos ¢, = No load power factor

And hence power input can be written as,
W, = V, I, cos ¢,

The phasor diagram is shown in the Fig. 3.26.

v, As secondary is open, I, = 0. Thus its reflected current on
! primary I3 is also zero. So we have primary current I, = 1,. The
transformer no load current is always very small, hardly 2 to 4
% of its full load value. As 1, = 0, secondary capper losses are
zero. And Iy = I is very low hence copper losses on primary are
o ! ¢  also very very low. Thus the total copper losses in O.C. test are
" negligibly small. As against this the input voltage is rated at

Fig. 3.26 rated frequency hence flux density in the core is at its maximum
value. Hence iron losses are at rated voltage. As output power is

zero and copper losses are very low, the total input power is used to supply iron losses.

%
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This power is measured by the wattmeter i.e. W, Hence the wattmeter in O.C. test gives
iron losses which remain constant for all the loads.

W, = P, = Iron losses
Calculations : We know that,

W, = VoL cosg

cos ¢, = Wo__ No load power factor
VO IO

Ongce cos §, is known we can obtain,

I =T, cos ¢
and L, = I, sin ¢,
Once I, and I, are known we can determine exciting circuit parameters as,
vl)
=1 Q
and Yo g
II‘I!

Key Point : The no load power factor cos ¢, is very low hence wattmeter used must be
low power factor type otherwise there might be error in the results. If the meters are

connected on secondary and primary is kept open then from O.C. test we get R; and X,
with which we can obtain R, and X, knowing the transformation ratio K.
3.17.2 Short Circuit Test (S.C. Test)
In this test, primary is connected to a.c. supply through variac, ammeter and voltmeter

as shown in the Fig. 3.27.
i* Shon
circuit

Variac Primary Secondary
Fig. 3.27 Experimental circuit for S.C. test
The secondary is short circuited with the help of thick copper wire or solid link. As
high voltage side is always low current side, it is convenient to connect high voltage side
to supply and shorting the low voltage side.

Single —o
phase
ac.

supply —o
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As secondary is shorted, its resistance is very very small and on rated voltage it may
draw very large current. Such large current can cause overheating and buring of the
transformer. To limit this short circuit current, primary is supplied with low voltage which
is just enough to cause rated current to flow through primary which can be observed on
an ammeter. The low voltage can be adjusted with the help of variac. Hence this test is
also called low voltage test or reduced voltage test. The wattmeter reading as well as
voltmeter, ammeter readings are recorded. The observation table is as follows.

Vg volts I, amperes W, watls

Rated

Now the currents flowing through the windings are rated currents hence the total
copper loss is full load copper loss. Now the voltage applied is low which is a small
fraction of the rated voltage. The iron losses are function of applied voltage. So the iron
losses in reduced voltage test are very small. Hence the wattmeter reading is the power
loss which is equal to full load copper losses as iron losses are very low.

W, = (P,) FL. = Full load copper loss
Calculations : From S.C. test readings we can write,

W, = VL cos 0,

cos . = %ﬂ%oﬂdrcuitpcwerfador

W, = I R, = Copper loss

V o
While Zie = = YR+ X,
sC

x'l.! =4 zlzr.- “R;_,e

Thus we get the cquivalent circuit parameters R, X,, and Z,. Knowing the
transformation ratio K, the equivalent circuit parameters referred to secondary also can be
obtained.

Important Note : If the transformer is step up transformer, its primary is L.V. while
secondary is H.V. winding. In S.C. test, supply is given to HV. winding and L.V. is
shorted. In such case we connect meters on H.V. side which is transformer secondary
though for 5.C. test purpose H.V. side acts as primary. In such case the paramcters
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calculated from S.C. test readings are referred to secondary which are Ry, , Z,, and X,,. So

before doing calculations it is necessary to find out where the readings are recorded on

transformer primary or secondary and accordingly the parameters are to be determined. In

step down transformer, primary is high voltage itself to which supply is given in 5.C. test.

So in such case test results give us parameters referred to primary ie. Ry, Z,, and X,
Key Point: In short, if meters are connected to primary of transformer in S.C. test,
calculations give us Ry, and Z,,. If meters are connected to secondary of transformer in 5.C.
test calculations give us Ry, and Z,, .

3.17.3 Calculation of Efficiency from O.C. and S.C. Tests
We know that,
From O.C. test, W, = P,

(o) FL.

V, (1;)F.L.cosd
V, (I;) F.L cos+ W, + W,_

From 5.C. test, W,

®100

% on full load =

Thus for any p.f. cos ¢, the efficiency can be predetermined. Similarly at any load
which is fraction of full load then also efficiency can be predetermined as,
nx(VA rating) % cos ¢

X100
nx(VA rating)Xcos ¢+ W, +n? W

% 7 at any load =

where n = PFraction of full load
nV, I, cosé¢

% = x
o n nV,1; cos ¢+ W, +n2 W,

100

where L, = n(lyFL

3.17.4 Calculation of Regulation

From S5.C. test we get the equivalent circuit parameters referred to primary or
secondary.

The rated voltages V,, V, and rated currents (I) F.L. and (I;) F.L. are known for the
given transformer. Hence the regulation can be determined as,

%R = I, Ry, cos @‘:::Iz X5, sin ¢>(10{l
2

- I; Ry, cos Q“:::I1 Xie si.nq:x]m
1

where I, 1, are rated currents for full load regulation.
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For any other load the currents I;, I, must be changed by fraction n.

| I, L, at any other load = n (I;) F.L, n (I,) F.L J

Key Point: Thus regulation at any load and any power factor can be predetermined,

without actually loading the transformer.
mmp Example 3.11 : The open circuit and short circuit tests on a 10 kVA, 125/250 V, 50 Hz,

single phase transformer gave the following results :

O.C. test : 125 V, 0.6 A, 50 W (on L.V. side)

S.C. test : 15 V, 30 A, 100 W (on H.V. side)

Calculate : i) Copper loss on full load.  ii) Full load efficiency at 0.8 leading p.f.

iii) Half load efficiency at 0.8 leading pf. iv) Regulation at full load, 0.9 leading p.f.
Solution : From Q.C. test we can write,

W, = P, =50 W = Iron loss

From 5.C. test we can find the parameters of equivalent circuit. Now S.C. test is
conducted on H.V. side i.e. meters are on H.V. side which is transformer secondary. Hence
parameters from S.C. test results will be referred to secondary.

V, = 15V,I,=30A W, =100 W

W, _ 10 _
Ry = TRLRET 0111 ©

Z.‘e = |_q=-ﬁ=059

X2e

n

ZL.-R3, = 04875 Q

i) Copper loss on full load

VArating _ 10x10° _
(FL = 8 =200 =04

In short circuit test, I, = 30 A and not equal to full load value 40 A.
Hence W, does not give copper loss on full load.

W” = PwﬂlmA::‘lmw
Now P, = B

u

Py at30A _ (30)’

P, atd0A -

40
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100 900

P, atd0A ~ 1600

P,at40 A = 17778 W
(P EL. = 17778 W

ii) Full load 1, cos ¢, = 0.8

V,(I,) F.L. cos¢, y
Va0,  F.L.cos§; + B, +(P) F.L.

_ 250%x40%0.8
T 250x40%0.8+50+177.78

100

% non full load =

x100 = 97.23 %

iii) Half load 1, cos ¢, = 0.8
n = 05 as half load, {I,)H.L:%xm:zUA

V,(1,) H.L. cosé, 5
Vy(I)H.L.cosé, + P, +n (P} F.L.

* % mon half load = 100

n (VA rating) cos ¢,
= - *100
n (VA rating) cos ¢, + P, +n?(P,,) F.L.

_ 0.5%10%10% 0.8

= 100
0.5%10%x103 x0.8+50+(0.5)% x177.78 x

= 97.69 %

iv) Regulation at full load, cos ¢ = 0.9 leading
(I;) F.L.R5, cos §=(I;} F.L. X;, sin¢

%R = v, x100
40x0.111x%0.9-40x0.4875x0.4358
= 750 *x100

- 1.8015 %

mmp Example 3.12 : A 50 Hz, single phase transformer has a turns ratio of 6. The resistances
are 0.9 Q and 0.03 Q and reactances are 5 Q and 0.13 Q for high voltage and low voltage
windings respectively. Find : i) The voltage to be applied to high voltage side to obtain full
ioad current of 200 A in the low voltage winding on short circuit. ii) The power factor on
short circuit. [June-2003, (Set-4)]
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Solution :R; =09Q, R,=003Q X, =58, X, =013

K = E;_l as N;:Nyis 6:1.
i\l

2
R, = R,+R]{ = R, + KR, _uoa+[€] x09 = 0055 Q

2
X = Xp# X| = X, + KX, = 0,13+[%] X 5 = 026888 Q
L. = 200 A
V, . V.
Zy = i ie Ri,+X3, = 5
V, = 200 x 027444 = 548895V .. On secondary
. V, 548895
i) Vi = = T e 3 w7V
&)
i) W = VL cos o, and W_ = IZR,,

(200)* x0.055 = 54.8895 x 200 X cos 9,

i cosd,. = 0.2 lagging

3.18 All Day Efficiency of a Transformer

For a transformer, the efficiency is defined as the rativ of output power to input
power. This is its power efficiency. But power efficiency is not the true measure of the
performance of some special types of transformers suct. as distribution transformers.

Distribution transformers serve residential and commercial loads. The load on such
transformers vary considerably during the period of the day. For most period of the day
these transformers are working at 30 to 40 % of full load only or even less than that. But
the primary of such transformers is energised at its rated voltage for 24 hours, to provide
continuous supply to the consumer. The core loss which depends on voltage, takes place
continuously for all the loads. But copper loss depends on the load condition. For no load,
copper loss is negligibly small while on full load it is at its rated value. Hence power
efficency cannot give the measure of true effidency of such transformers. In such
transformers, the energy output is calculated in kilo watt hours (kWh). Similarly energy
srai in supplying the various losses is also determined in kilo watt hours (kWh). Then
ratio of total energy output to total energy input {output + losses) is calculated. Such ratio
is called Energy efficiency or All Day Efficiency of a transformer. Based on this efficiency,
the performance of various distribution transformers is compared. All day cfficiency is
defined as,
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Output energy in kWh during a day % 100
Input energy in kWh during a day

% All dayn =

_ Output energy in kWh during a day

"~ Output energy + Energy spent for total losses X100

While calculating encrgies, all energies can be expressed in watt hour (Wh) instead of
kilo watt hour (kWh).

Such distribution transformers are designed to have very low core losses. This is
achieved by limiting the core flux density to lower value by using a relatively higher core
cross-section ie. larger iron to copper weight ratio. The maximum efficiency in such
transformers occur at about 60-70 % of the full load. So by proper designing, high energy
efficiencies can be achieved for distribution transformers.

The calculations of all day efficiency for a transformer are illustrated in the Ex. 3.13.

mmp Example 3.13 : A 400 kVA, distribution transformer has full load iron loss of 2.5 kW
and copper loss of 3.5 kW. During a day, its load cycle for 24 hours is,
6 hours 300 kW at 0.8 p.f.
10 hours 200 kW at 0.7 p.f.
4 hours 100 kW at 0.9 p.f.
4 hours No load
Determine its all day efficiency.
Solution : Given values are,

P, = 25kW, (P, FL.=35kW, 400kVA

Iron losses are constant for 24 hours. So energy spent due to iron losses for 24 hours
is,
P; = 2.5%24 hours = 60 kWh
Total energy output in a day from given load cycle is,
Energy output = 300x6 hours + 200x10 hours + 100x 4 hours

= 4200 kWh
To calculate energy spent due to copper loss,
i) Load 1 of 300 kW at cos ¢ = 0.8

kW _ 300
Pl I 375 kVA

kVA supplied =

load kVA 375
N = VA rating 400 09375
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Copper losses are proportional to square of kVA ratio i.e. n?
Load 1P, = n?x(P,)FE.L =(0.9375)*x3.5
3.076 kW
Energy spent = 3.076x6 hours = 18.457 kWh
ii) Load 2 of 200 kW at cos ¢ = 0.7

KW _ 200 _
5007 - 285.7142 kVA

kVA supplied

Load VA _ 285.7142
N = VArating - 400 - 07M2

Load 2P, = n?x (Py)F.L ={0.7142)2x3.5
= 1.7857 kW

Energy spent = 1.7857x10 = 17.857 kWh
iii) Load 3 of 100 kW at cos ¢ = 09

kW _ 100

kVA supplied = s6-09" 111.111 kVA
111.111
no= = 0

Load 3P, = n?x(P,)F.L =(0.2778)* x 3.5 = 0.2701 kW
Energy spent = 0.2701x4 = 1.0804 kWh
iv) No load hence negligible copper losses.
- Total energy spent = Energy spent due to [Iron loss + Total copper loss]
= 60 + 18.457 + 17.857 + 1.0B04 = 97.3944 kWh

and Total output = 4200 kWh

Total output for 24 hours
Total output for 24 hours+ Total energy spent for 24 hours
4200

= mxlm =9773 %

All dayn = %100
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Examples with Solutions

mmp Example 3.14 : The efficiency of a 200 kVA, single phase transformer is 98 % when
operating at full load 0.8 lagging p.f. the iron loss in the transformer is 2000 watt. Calculate
the i) Full load copper loss ii) Half load copper loss and efficiency at half load.

Solution :n % = 98 %, S = 200 kVA
cos ¢ = 0.8, Iron loss = 2000 W

200x10* x0.8
1% = X100
200x10° x 0,8+ 2000+ Copper loss

0.98 [200 x 10° x 0.8 + 2000 + Copper loss] = 200 x 10° x 0.8
i) Copper loss at full load = 1265.306 watt
i) Half load copper loss = n* X (We) punjesa ~ Where n = 0.5 as half load

= (0.5)* x 1265306
= 316326 watt

3
Effici at half load = 100%10° x0.8x100
1001072 x 0.8+ 2000+ 316.326

n% = 97186 %

mmp Example 3.15 : A 250 kVA, single phase transformer has 98.135 % efficiency at full load

and 0.8 lagging p.f. The efficiency at half load and 0.8 lagging pf. is 97.751 %. Calculate
the iron loss and full load copper loss.

Solution : a) The output power at full load
= 250 x 10° x 0.8 = 200 x 10° watt
The input power at full load

200x103
0.98135

The total loss = Input — Cutput

200x102
= AT - 200 x 10° = 3800.88
P, + P, = 3800.88 watt v (i)
where P, = Iron loss

P. = Full load copper loss
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b) The power output at half load
= 125 x 10° x 0.8 = 100 x 10*

The power input at half load
_ 100x103
T 0.97751
100x103
Total loss = =g ~ 100 X 10° = 2300.74

P, + (057 P, = 2300.74
P, + 025 P, = 2300.74 ..(i)
From equations (i) and (ii),

P, = 2000.18 watt

P, = 1800.69 watt
mep Example 3.16 : A 100 kVA, 1000 V/ 10,000 V, 50 Hz, single-phase transformer has an
iron loss of 1200 W. Find the maximum efficiency at 0.8 power factor lagging if the copper
loss is 500 W with 6 A in high voltage winding. Also calculate the corresponding regulation

if the equivalent leakage referred to HV is 10 ohms,
[May-2004 (Set-4), Dec.-2003(Set-4), May-2005 (Set-1)]

Solution : 100 kVA, 1000 V/ 10000 V, P, = 1200 W, cos ¢ = 0.8
P,onl, = 6 Ais500 W, X,, =10 Q
For My P, = F,=1200W

VA rating _ 100x10° _
T 10000

AL = — 10 A

ASP ]2

P, onanyload _ [{I;)load ]’
(P F.L. [(:,)F.L

worr - (1)

(P)F.L. = 138888 W

1200

. P
kVA at ., = (kVA rahng)me =100x 3888

= 92,9518 kVA
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_ kVA forn,,,, cosd
% Nmsx = A fOr N e €050+ 20, x100

92.9518x10°% x0.8
= 100 = 96.8734 %
92.9518% 103 x 0.8 +(2 % 1200) x

- L 1200 _
I;_m AN = (11)]:[. x J(P—m):F—I:- =10x m =9.2951 A

Py atfge = P =13, Ry,
1200 = (9.2951)°R,,
Ry = 13889 Q
%R = Izm[Rhcm‘z+xhsin¢]xlm

9.2951[13.889 x 0.8 +10x10 % 0.6] X100 =
10000

159 %

sy Example 3.17 : A 5 kVA, 2300/230 V, 50 Hz transformer was tested for the iron losses
with normal excitation and copper losses at full load and these were found to be 40 W and
112 W respectively. Calculate the efficiencies of the transformer at 0.8 power factor for the
Jollowing kVA outputs :
1.25, 25, 375, 5.0, 625 and 7.5
Plot efficiency Vs kVA output curve.

Solution : 5KVA, 2300/230V, P, =40 W, P, (F.L)=112W, cos =08

Sr. | kKVA |n = Fraction of full load | New P, = %n n[Total VA] cos ¢ <100
No. | output = Actual kVA n B, (F.L) n|Total VA cos ¢+ P+ New P,
Total kVA

1 1.25 0.25 7 9551 %

2 25 0.5 28 98,711 %

3 .75 0.75 63 96.668 %

4 5 1 112 96.339 %

5 6.25 125 175 95.877 %

-] 75 1.5 252 85.359 %
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The efficiency against kVA output curve is shown in the Fig. 3.28.
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kVA
output

1y Example 3.18 : A single phase transformer with 10 : 1 turns ratio and rated at 50 kVA,
2400/240 V, 50 Hz is used to step down the voltage of a distribution system. The low
tension voltage is to be kept constant at 240 V. Find the value of load impedance of the low
tension side so that transformer will be loaded fully. Find also the value of maximum flux

inside the core if the low tension side has 23 turns.
Solution : 50 kVA, V, = 2400V, V, =240V, N, =23

1
K=x "0-"

VA 50x103
rz(m=v2—=;‘T=zo3333A
Ve 240 _

R, = TR0 ~ 206333 1152 Q

From the e.m.f equation,
240 = 444x50x¢,, x23
0m = 47 mWb

[NTU : Nov.-2008 (Set-1)]
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mp Example 3.19 : A single phase 2300/230 V, 50 Hz, core type transformer has core section
of 0.05 m?. If the permissible maximum flux density is 1.1 Wh/m?2, calculate the number of

turns on primary and secondary. [JNTU : Nov.-2008 (Set-4)]
Solution: E; =2300 V, E, = 230V, f=50Hz, B, = L1Wb/m? A= 005m?
NE O
B, A ie. 11= 0.05
¢, = 0.055 Wb ... Maximum flux in the core

E, = 4449, fN;, le 2300 = 444 x 0.055 x 50 x N,
N, = 18837 ~ 188
E;, = 444 9,fN, e 230 = 444x0.055x50x N,
N, = 18837 =19
nmp Example 3.20 : A 11000/230 V, 150 kVA, 1 phase, 50 Hz transformer has core loss of
1.4 kW and full load copper loss of 1.6 kW. Determine :

a) kVA load for maximum efficiency and value of maximum efficiency at unity power
factor.
b) The efficiency at half load 0.8 power factor leading.

Solution : 150 kVA, P, = 14 kW, P_(FL) = 1.6 kW

a) KVA for n,,. = kVA x P_I?FT) - lﬁﬂx"%
i ;

140.3121 kVA

For maximum efficiency, P, =P =14kW andcos¢=1

VA for 1) Xcosé

%o Mmax = YA Formom, xcos 9527, < 100

3
- 1403121 x10° x1 x 100 = 98.043 %

140.3121x10° x1+2x14 %103

b) Athalfload, n= 05 cos ¢ = 0.8
nxVA xXcos¢ % 100
nxVA xcos$+P, +[n? xP_,(FL)]

%“HL=

B 05x150%10° x 0.8 ’ -
= O5XI50x10° x08+LAx10° +[057 x16x10%] "0 = 7087%
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mmp Example 3.21 : A double wound single phase transformer is required to step down from
1900 V to 240 V at 50 Hz. It is to have 1.5 V/turn. Calculate the required number of turns
on the primary and secondary windings respectively. The peak value of the flux density
required is 1.5 Wbfm? hence calculate the required cross-sectional area of the core. If the
output is 10 kVA, find the secondary current.[JNTU : Nov.-2004 (Set -1), May-2005 (Set-3)]

Solution : E, =1900V, E, =240V, f=50Hz, B, =15Wb/m?,

E; E,

e.am.f/tumn N-;. _1'-\]";
1900 _ 240
15 = Tl = N_1

N, = 1266.67 =~ 1267, N, =160
E, = 444 ¢.fN, ie 1900 = 4.44 0,, x 50x1267
om = 6.7567 x 10-3 Wb

T 67567107
B“‘_T ie 1.5-——-1———
A = 45045%10m? = 45.045 cm? ... Area of core
3
[, = QWPUVA _10X10° _ 4y g7 a

E, 210

mmp Example 3.22 : The efficiency of a 250 kVA, single phase transformer is 96 % when
delivering full load at 0.8 pf. lagging and 97.2 % when delivering half load at unity pf.
Determine the efficiency at 75 % of full load at 0.3 p.f. lagging.[INTU : Nov.-2004 (Set-4)]

Solution : % Np = 96 %, cos ¢ =0.8, %Ny =97.2%, cos ¢ =1

VA cosd . 250x10% x0.8
L= R GOS0 100 ie 096=
MR = YA cos @ B, 1Py (FL) <V 1€ 250x10° x0.8+ P, +Poy (FL)
P, +P,,(FL) = 8333.333 e (1)
nVA cos ¢
omp, = 100 ... 0= 0.5 for half load
*THL = (VA cos 0+ P, +n?P_(FL) " o
05x250x10° x1
972 = %100
05x250%107 X1+ P, +(0.5)2 P, (FL)
“ P +(05) P, (FL) = 3600823 . @

Solving equations (1) and (2), P; = 2023319 W, P, (FL) = 6310.013 W.
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At 75 % of full load, n = 0.75 and cos¢ = 0.8
nVAcos¢
Yy =
n nVAcos ¢+F, +n? Pc..(FL}x 100
- 0.75x250x10* x0.8
[0.75% 250 %10 x 0.8] +2023.319 +[(0.75)* x 6310. 013]

= 964179 %

iy Example 3.23 : In a no load test of a single phase transformer the following data was
obtained :
i) Primary voltage = 220 V' ii) Secondary vollage = 110 V
itf) Primary current = 0.5 A iv) Power input = 30 W
v) Resistance of primary winding = 0.6 Q
Calculate : a) Turns ratio b) Magnetizing component of no load current

c) Working component of no load current d) Iron loss
[JNTU : May-2005 (Set-4), Nov.-2005 (Set-3)]

Solution : V, =220V, I, =05A, W, =30 W, R, =06 Q

W, = V,Icos¢, ie. cos¢, = 52%
cosp, = 0.27272 ie. 0, = 74.1733°
0 K = Tuns - S el 40,
b) I, = I cos¢, =05%x0.27272 = 0.13636 A.
) I. = I sin¢, = 0.5xsin(74.1733°) = 0.481 A.
d) P, = Iron loss = W,- No load copper loss

= W,-IZR, = 30 - (0.5)* x0.6 = 29.85 W

mmp Example 3.24 : In a 50 kVA, 11 kV/400 V transformer, the iron and copper looses are
500 W and 600 W respectively under rated conditions. (a) Calculate the efficiency on full
load at unity p.f. (b) Find the load for maximum effici
[INTU : Nov.-lmﬁ (Set-2), March-2006 (Set-4)]

Solution : 50 kVA, P, =500 W, P_(FL)=600W

i

a) cos ¢ = 1, Full load
VA cos ¢ 50x 10%x 1
%M = — . X1 x 100
N = VAcose+T, +P(FL) 50% 107 x 1+ 500+ 600

97.847 %
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_ P 500 .
b)  kVAatn,, = kVAx /Pn. D - 50"@ =45.6435 kVA

VA _ 50x10°

A 400

L = Iy(FL)x /-—u = 1:251|| = 1141088 A.

mmp Example 3.25 : A single phase transformer has 400 primary and 1000 secondary turns.
The net cross-sectional area of the core is 60 cm?. If the primary winding is connected to a
50 Hz supply at 520 V. Calculate :

I,(FL) =125 A

a) Peak value of flux density in the core  b) Transformation ratio

¢) Voltage induced in the secondary d) E.M.F. inducedfturn
[JNTU : May-2005 (Set-2), March-2006 (Set-3)]

Solution : N, = 400, N, = 1000, A =60 cm?, f=50 Hz, E, =520V

a) E, = 4440,.fN, ie 520 =444 ¢ x50x400
¢, = 58558 x10~* Wb
_ Om _ 58558%107 ) ,
B, = A= W 0.9759 Wb/m .. Flux density
b) K = % = % = 25 ... Transformation ratio.
1
N, _E . 1000 _E,
c) N = E ie 100 =520
E, = 1300V ... Secondary induced e.m.f.
d) Ejfturn = %-—%—lﬂ\ﬁ‘tum ... Primary
i .
E, 1300
E,/tum = N—i o0 = 18 V/tumn ... Secondary

mmp Example 3.26 : The following readings were obtained from O.C. and S.C. tests on 8 kVA,
400/120 V, 50 Hz transformer,

O.C. test on L.V. side 120V 4 A W
S.C. test on H.V. side 9.5 V 20 A 110 W

Calculate the voltage regulation and efficiency at full load, 0.8 p.f. lagging.
[JNTU : Nov.-2004 (Set-2), Nov.-2005 (Set-3), March-2006 !Sel—!}]
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Solution : From Q.C. test, P; = Iron losses = 75 W
From 5.C. test, V. =95V, 1. =20 A, W, =110 W

The meters are on H.V. side i.c. primary hence,

Z, = %’-’s - %g = 0475 Q
W, _ 110
R = = = e = (02750
v o2
Xie = JZ,2-R 2=03673Q
3
L(FL) = -‘_"vi‘. J;ég, =20A=1,
1
W, = Pu(FL}=110W ... Copper losses on full load
For cos 9 = 08, sin¢=06
%R = 1, (FL)[R cos ¢+ X, 5in ¢] x 100
Vi
. 2000275%08+03873X0.6] . (00 oo e
100
_ VAcos¢
TN = YR cosge, +baD %
8x10° x0.8

= — X 100=97.19%
8x103x0.8+75+110

mp Example 3.27 : A 200 kVA single phase transformer is in circuit continuously for
8 hours in a day, the load is 160 kW at 0.8 power factor for 6 hours, the load is 80 kW at
unity power factor for 4 hours and for the remaining period of 24 hours it runs on no load.
Full load copper lpsses are 3.02 kW and the iron losses are 1.6 kW. Find all day efficiency.
[JNTU : Nov.-2008 (Set-3)]
Solution : Load distribution in hours is as given in the table.

6 hours 160 kW | 08 pt P, =Iron loss = 1.6 kW

4 hours B0 kW 1pf P,(FL} = 3.02 kW

14 hours 0 kW - As iron losses are constant for 24 hours,
energy spent due to iron losses,

P, = 1.6x24 =384 kWh

Energy Qutput = 6x160+4x%80+14x0=1280 kWh ... From given load

To calculate energy spent due to copper loss :

Load 1: 160 kW, cos ¢ = 0.8
KVA = W _160 .0 va _ ie. Full load.
cos¢ 0.8
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E, = P,(FL)xhours = 3.02x6 = 18.12 kWh
Load 2: BOKW, cosé=1

KA = W _ 8 _ghrva
cos § 1
. load kVA 80
n = Fraction of load = VA matns = m—ﬂ.ﬁl

Pl.'Il
E, = P, x hours = 0.4832x4 = 1.9328 kWh.

Total energy spent = P, +E, +E, = 384+18.12+1.9328 = 58.4528 kWh

Total energy output in 24 hours
Total energy output for 24 hours + Total energy spent
1280

= 13807580508 x100 = 95.6328 %

n2xP,(FL) = (0.4)? x3.02 = 0.4832 kW

All dayn = % 100

Review Questions

Explain the principle of working a single phase transformer.

Explain the construction of a single phase transformer.

Discuss the difference belween core lype and shell type of construction.

Denmfromtheﬁrsi inciples, the e.m.f. equation for & transformer.

State the relati b ltages and currents on primary side and secondary side of a
single phase m::g"m'mer

6. What is kVA rating of a transformer ?

7. Explain the various features of an ideal transformer.

8

5

L

. What is the difference between ideal transformer and practical transformer ?
. Draw a no load phasor diagram of a mnsj’onmmdnphm
10. Write a note on various winding p ters of ¢ transformer.
11. A 100 V200 V, 50 Hz, single phase sformer gave the following test results :
{No load H.V. side) 1000 V, 0.24 A, 950 W
(Short circuit LV. side) 50 V, 5 A, 110 W
The regulation of the transft at full load at power factor 0.8 lad is 4.46 %.
Calculate
i) Rating of the transformer ii) Equival ‘cirmfrafhmrqmrmwimmtﬁmmts
iii) kVA load for maximum efficiency
iv) Voltage to be applied on H.V. ndeonfuffaupfmmesmndarytmmdwmgds
200 V. (Ans.: 100, 8.89Q,191.08 V, 5 A ) 5 kVA iii) 4.52 KVA iv) 1022 volts)
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12

13.

14.

i6.

17.

A single phase transformer has 480 turns on primary and 90 turns on the secondary. The mean
length of flux path in the core is 1.8 m and joints are equivalent to an air gap of 1 mm. The
maxisnim value of the flux density is to be 1.1 T when a potential difference of 2200 volls at
50 Hz is applied to the primary. Assume value of magnetic field strength corresponding to the flux
density of 1.1 T in the core to be 400 Afm.

Calculate

i) The cross-section area of the core ii) Maximum value of the magnetizing current

ifi) Secondary voltage on no load. (Ans.: 1) 0.01876 m” 1) 1500 A iii) 412.5 volts)
A resistance connected the secondary of an ideal transformer has a value of 800 ohms as referred to
the primary. The same resistance when connected across the primary has a value of 3.125 ohms as
referred to secondary. Find the terms ratio of the transformer. {Ans.:4:1)
A 20 kVA , single phase transformer has 200 turns on the primary and 40 turns on the secondary.
The primary is connected to 1000 V, 50 Hz supply. Defermine the secondary voltage on open
circuit and the current flowing through the two windings on full load. (Ans.:200V, 20 A, 100 A)
A single phase transformer has 500 primary and 1000 secondary turms. The area of the core is
75 cur®. If the primary winding is ted to 400 V, 50 Hz supply, calculate the secondary
voltage and the peak value of the flux density. (Ans.:0.4804 Wb/ m?
AmkVA.shxlcp‘mbwufwuwmzwhmwlhepﬁmrymdﬁlumswthemuiﬁry.
The primary is connected to 1000 V, 50 Hz supply. Determine the secondary voltage on open
circuit and the current flowing through the two windings on full load. (Ans, : 100 A)
A sinusoidal flux 0.02 Wb links with 55 turns of a transformer secondary coil, Calculate the ram.s.
value of the induced e.m.f. in the secondary. The supply frequency is 50 Hz. (Ans.:2442V)

. A 100 kVA , T100/200 volt single phase transformer has the following parameters; 1 =01 ,

=032, p=00040, x=0012Q. Find equivalent resistance and leakage reactance as

referred to high voltage winding. (Ans. : 0.221 0, 0.663 Q)
. Define regulation, stating an expression to obtain it.

Enumerate the various losses in a transformer. How these losses can be minimized ?
. What do you understand by efficiency of a transformer 7

Derive the condition for maximum efficiency.
. Explain the short circuit lest and open circuit test on transformer. Why these tests are fo be

performed 7

., A 5 kVA, 250/500 V, 50 Hz, 1-phase transf gave the following test resulls:

No load 250 V, 0.75 amp, 60 W (L.V. side). Calculate

a) The equivalent circuit constants and insert these on the equivalent circuit diagram.
b} The efficiency at 60 % of full load at which it occurs.

¢} The maximum efficiency and the load at which it occurs.

d) The secondary terminal voltage on full load at p.f. 0.8 lagging unity and 0.8 leading.

(Ans. ; a) 104167 £, 351.664 2,062,150 ,137470 b)9735%
) 97.65% d) 486.95V, 495 V, 503, 4482 V)
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25,

26.

A 1-phase, 10 kVA, 500.250 V, 50 Hz transformer has the following constants :
Resistance : Primary -0.2 olon, secondary -0.5 ohm

Reactance : Primary -0.4 ohm, smnd'nry -0.5 chm

Resistance of equival iting circuit referred to primary, Ry = 1500 ohms

Reacth of equivalent g circuit referred to primary, Xg = 750 ohms.

What would be the readings of instruments (placed in primary ie. H.V. side) when the transformer

is connected for the open circuit and short circuit test question
{Ans. : Open ckt. i) 500 V, ii) I, = 0.745 A iii) W, = 166.69 W,
Short ckt. 146,82V, i} =20 A, iil) W, =880 W)

A 40 kVA, 400/200 V, 50 Hz, single phase transformer gave the following results :

Open circuit test : 400 V, 5 A, 500 W

Short circuit test : 10 V, 50 A, 150 W

i) Draw the equivalent circuit of the transformer and shown the values of resistance and reactance
interms of primary side.

ii) Calculate the terminal voliage, when the transformer delivers the solid output at a pf. of 0.8

lagging on the L.V. Side. (Ans.: D) R,, = 0.06Q, Z;, =022, X,, = 0,197 2, i) 191.88 V)

aQa
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Alternators

4.1 Introduction

It is known that the clecitric supply used, nowadays for commercial as well as
domestic purposes, is of alternating type.

Similar to d.c. machines, the a.c. machines associated with alternating voltages, are also
classified as generators and motors.

The machines generating a.c. em.f. are called alternators or synchronous generators.
While the machines accepting input from a.c. supply to produce mechanical output are
called synchronous motors. Both these machines work ala speuﬁc constant speed called
synchronous speed and hence in general called syn

All the modern power stations consists of large capacity three phase alternators. In this
chapter, the construction, working principle and the c.m.f. equation of three phase
alternator is discussed.

4.2 Difference between D.C. Generator and Alternator

It is seen that in case of a d.c. generator, basically the nature of the induced em.f. in
the armature conductors is of alternating type. By using commutator and brush assembly
it is converted to d.c. and made available to the external circuit. If commutator is dropped
from a d.c. generator and induced e.m.f. is tapped outside from an armature directly, the
nature of such em.f. will be alternating. Such a machine without commutator, providing
an a.c. em.f. to the external circuit is called an altenator. The obvious question is how is
it possible to collect an e.m.f. from the rotating armature without commutator ?

Key Point : So the arrangement which is used to collect an induced emf. from the
rotating armature and make it available to the stati y circuit is called slip ring and
brush assembly.

“4-1
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4.2.1 Concept of Slip Rings and Brush Assembly

Whenever there is a need of developing a contact between rotating element and the
stationary circuit without conversion of an em.f. from a.c. to d.c., the slip rings and brush
assembly can be used.

In case of three phase alternators, the armature consist of three phase winding and an
a.c. em.f. gets induced in these windings. After connecting windings in star or delta, the
three ends of the windings are brought out. Across these terminals three phase supply is
available. But the armature ie. these terminals are rotating and hence stationary load
cannot be connected directly to them. Hence slip rings, made up of conducting material
are mounted on the shaft. Each terminal of winding is connected to an individual slip ring,
permanently. Hence three phase supply is now available across the rotating slip rings. The
brufhes are resting on the slip rings, just making contact.
Key Point : The brushes are stationary. Hence as brushes make contact with the slip
rings, the three phase supply is now available across the brushes which are stationary.

Hence any stationary load can then be connected across these stationary terminals
available from the brushes. The schematic arrangement is shown in the Fig. 4.1.

Not only the induced e.m.f. can be taken out from the rotating winding outside but
an induced e.m.f. can be injected to the rotating winding from outside with the help of
slip ring and brush assembly. The external voltage can be applied across the brushes,
which gets applied across the rotating winding due to the sliprings.

1 Slip ring

/1

2 3 Brush
1 2 3

\ Rotating (Stationary terminats
armature to stationary load)

Shaft

/""“\

Fig. 4.1 Arrangement of slip rings

Now the induced e.m.f. is basically the effect of the relative motion present between an
armature and the field. Such a relative motion is achieved by rotating armature with the
help of prime mover, in case of a d.c. generator. As armature is connected to commutator
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in a d.c. generator, armature must be a rotating member while field as a stationary. But in
case of alternators it is possible to have,

i) The rotating armature and stationary field.
ii) The rotating field and stationary armatuze.

Key Point : But practically most of the alternators prefer rotating field type construction
with stationary armature due to certain advantages.

4.3 Advantages of Rotating Field over Rotating Armature

1) As t‘zverywhem a.c. is used, the generation level of a.c. voltage may be higher as
11 kV to 33 kV. This gets induced in the armature. For stationary armature large
space can be provided to accommodate large number of conductors and the
insulation.

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

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

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

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

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

7) Tf field is rotating, to excite it by an external d.c. supply two slip rings are enough.
One each for positive and negative terminals. As against this, in three phase
rotating armature, the minimum number of slip rings required are three and
cannot be easily insulated due to high voltage levels.

8) The ventilation arrangement for high voltage side can be improved if it is kept
stationary.

Due to all these reasons the most of the alternators in practice use rotating field type
of arrangement. For small voltage rating alternators rotating armature arrangement may be
used.
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4.4 Construction

As mentioned earlier, most of the alternators prefer rofating field type of construction.
In case of alternators the winding terminology is slightly different than in case of dec.
generators. In alternators the stationary winding is called ‘Stator' while the rotating
winding is called 'Rotor'.
Key Point : Most of the alternators have stator as armature and rotor as field, in
practice.
Constructional details of rotating field type of alternator are discussed below.
4.5 Stator

The stator is a stationary armature. This consists of a core and the slots to hold the
armature winding similar to the armature of a d.c. generator. The stator core uses a
laminated construction. It is built up of special steel stampings insulated from each other
with varnish or paper. The laminated construction is basically to keep down eddy current
losses. Generally choice of material is steel to keep down hysteresis losses.

conductor o
with an
insulation lining around

Fig. 4.2 Section of an alternator stator

The entire core is fabricated in a frame made of steel plates. The core has slots on its
periphery for housing the armature conductors. Frame does not carry any flux and serves
as the support to the core. Ventilation is maintained with the help of holes cast in the
frame. The section of an alternator stator is shown in the Fig. 4.2.

4.6 Rotor

There are two types of rotors used in alternators,
i) Salient pole type  and i) Smooth cylindrical type.
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4.6.1 Salient Pole Type Rotor

. This is also called projected pole type
Field winding
as all the poles are projected out from the
l o— Projected surface of the rotor.

{ N ,. * pote The poles are built up of thick steel
laminations. The poles are bolted to the

rotor as shown in the Fig. 43. The pole
face has been given a specific shape as
discussed earlier in case of d.c. generators.
The field winding is provided on the pole
Fig. 4.3 Sallent pole type rotor shoe. These rotors have large diameters
and small axial lengths. The limiting factor for the size of the rotor is the centrifugal force
acting on the rotating member of the machine. As mechanical strength of salient pole type
is less, this is preferred for low speed alternators ranging from 125 r.p.m. to 500 r.p.m. The
prime movers used to drive such rotor are generally water turbines and 1.C. engines.

4.6.2 Smooth Cylindrical Type Rotor
This is also called non salient type or non projected pole type of rotor.

The rotor consists of smooth solid steel cylinder, having number of slots to
accommodate the field coil. The slots are covered at the top with the help of steel or
manganese wedges. The unslotted portions of the cylinder itself act as the poles. The poles
are not projecting out and the surface of the rotor is smooth which maintains uniform air
gap between stator and the rotor. These rotors have small diameters and large axial
lengths. This is to keep peripheral speed within limits. The main advantage of this type is
that these are mechanically very strong
and thus preferred for high speed
alternators ranging between 1500 to
3000 r.p.m. Such high speed alternators
are called ‘turboalternators’. The prime
movers used to drive such type of
rotors are generally steam turbines,
electric motors.

The Fig. 44 shows smooth
cylindrical type of rotor.

Let us list down the differences
between the two types in tabular form.

Fig. 4.4 Smooth cylindrical rotor
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4.6.3 Difference between Salient and Cylindrical Type of Rotor

Sr. Salient Pole Type Smooth Cylindrical Type
No.
1. Poles are projecting out from the surface. Unslatted portion of the cylinder acts as
poles hence poles are non projecting
2. Air gap is nonuniform, Air gap is due to th cylindrical
periphery.
3 Diameter is high and axial length is small. | Small diameter and large axial length is the
feature.
Mechanically weak. Mechanically robust.
Preferred for low speed altemators. Preferred for high speed alternators i.e. for
6. Prime mover used are water turbines, |.C. Prime movers used are steam turbines,
& lociric molors.

7. For same size, the rating is smaller than For same size, rating is higher than salient

B. Separate damp inding is provided Separate damy inding is nat v.

4.7 Excitation System

The synchronoms machines whether alternator or motor are necessarily separately
excited machines. Such machines always require d.c. excitation for their operation. The
field systems are provided with direct current which is supplied by a d.c. source at 125 to
600 V. In many cases the exciting current is obtained from a d.c. generator which is
mounted on the same shaft of that of alternator. Thus excitation systems are of prime
importance. Many of the conventional system involves slip rings, brushes and
commutators.

4.7.1 Brushless Excitation System

With the increase in rating of an alternator, the supply of necessary magnetic field
becomes difficult as the current values may reach upto 4000 A. If we use conventional
excitation systems such as a d.c. generator whose output is supplied to the alternator field
through brushes and slip rings, then problems are invariably associated with slip rings,

e stonary [—| Mesnetie || J2s | piede L oo
armature alternator a.c.excitor field
Feedback of g
outpij voltage for control
and regulation

Fig. 4.5 Brushless excitation system
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commutators and brushes regarding cooling and maintenance. Thus modern excitation
systems are developed which minimizes these problems by avoiding the use of brushes.
Such excitation system is called brushless excitation system which is shown in the Fig. 4.5.

It consists of silicon diode rectifiers which are mounted on the same shaft of alternator
and will directly provide necessary excitation to the field. The power required for rectifiers
is provided by an a.c. excitor which is having stationary field but rotating armature.

The field of an excitor is supplied through a magnetic amplifier which will control and
regulate the output voltage of the alternator since the feedback of output voltage of
alternator is taken and given to the magnetic amplifier. The system can be made self
contained if the excitation power for the magnetic amplifier is obtained from a small
permanent magnet alternator having stationary armature which is driven from the main
shaft. The performance and design of the overall system can be optimized by selecting
proper frequency and voltage for a.c. excitor. The additional advantage that can be
obtained with this system is that it is not necessary to make arrangement for spare
excitors, generator-field circuit breakers and field rheostats.

4.8 Methods of Ventilation

1. Natural ventilation : A fan is attached to cither ends of the machine. The ventilating
medium is nothing but an atmospheric air which is forced over the machine parts,
carrying away the heat. This circulation is possible with or without ventilating ducts. The
ventilating ducts if provided may be either axial or radial.

2. Closed circuit ventilating system : An atmospheric air may contain  injurious
elements like dust, moisture, acidic fumes etc. which are harmful for the insulation of the
winding. Hence for large capacity machines, closed circuit system is preferred for
ventilation. The ventilating medium used is generally hydrogen. The hydrogen circulated
over the machine parts is cooled with the help of water cooled heat exchangers. Hydrogen
provides very effective cooling than air which increases the rating of the machine upto
30 to 40 % for the same size. All modern alternators use closed circuit ventilation with the
help of hydrogen as a ventilating medium.

4.9 Working Principle

The alternators work on the principle of elect gnetic induction. When there is a
relative motion between the conductors and the flux, em.f. gets induced in the conductors.
The d.c. generators also work on the same principle. The only difference in practical
alternator and a d.c. generator is that in an alternator the conductors are stationary and
field is rotating. But for understanding purpose we can always consider relative motion of
conductors with respect to the flux produced by the field winding. d

Consider a relative motion of a single conductor under the magnetic field produced by
two stationary poles. The magnetic axis of the two poles produced by’ field is vertical,
shown dotted in the Fig. 4.6.
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Velocity
I N | paraliel toﬂux
"’,' ™~ 4 = velocity Flux
3? ({)a—(':nnduclm diraction
i
t L
v 4§D
| S | Velocity
—— perpendlcuiar

Magnetic axis
Fig. 4.6 Two pole alternator

Let conductor starts rotating from position 1. At this instant, the entire velocity
component is parallel to the flux lines. Hence there is no cutting of flux lines by the

conductor. So g at this instant is zero and hence induced e.m.f. in the conductor is also

ZEro.

As the conductor moves from position 1 towards position 2, the part of the velocity
component becomes perpendicular to the flux lines and proportional to that, em.f. gets
induced in the conductor. The magnitude of such an induced em.f. increases as the
conductor moves from position 1 towards 2.

At position 2, the entire velocity component is perpendicular to the flux lines. Hence
there exists maximum cutting of the flux lines. And at this instant, the induced em.f. in
the conductor is at its maximum.

As the position of conductor changes from 2 towards 3, the velocity component
perpendicular to the flux starts decreasing and hence induced e.m.f. magnitude also starts
decreasing. At position 3, again the entire velocity component is parallel to the flux lines
and hence at this instant induced em.f. in the conductor is zero.

As the conductor moves from position 3 towards 4, the velocity component
perpendicular to the flux lines again starts increasing. But the direction of velocity

emf. component now is opposite to the direction of
velocity component exsisting during the
movement of the conductor from position 1 to 2.
Hence an induced emf. in the conductor
| increases but in the opposite direction.

. Ti
1z 3 4| me At position 4, it achieves maxima in the
opposite direction, as the entire velocity
1 cydle component becomes perpendicular to the flux
g 360° ——— lines.
electrical

Fig. 4.7 Alternating nature of the
induced e.m.f.



Electrical and Electronics Engineering 4-9 Alternators

Again from position 4 to 1, induced e.m.f. decreases and finally at position 1, again
becomes zerc. This cycle continues as conductor rotates at a certain speed.

So if we plot the magnitudes of the induced e.m.f. against the time, we get an
alternating nature of the induced e.m.f. as shown in the Fig, 4.7.

This is the working principle of an alternator.

4.9.1 Mechanical and Electrical Angle
We have seen that for 2 pole alternator, one mechanical revolution corresponds to one

velacity
\, parallel
B
AREY A
AN
~
Positions 1. 3,5, 7

P

Al24 4 +Ep.,
AL4B 4 ~E g

(=)

Fig. 4.8 4 Pole alternator
electrical cycle of an induced e.m.f. Now consider 4 pole alternator ie. the field winding is
designed to produce 4 poles. Due to 4 poles, the magnetic axis exists diagonally shown
dotted in the Fig. 4.8.

Now in position 1 of the conductor, the velocity component is parallel to the flux lines
while in position 2, there is gathering of flux lines and entire velocity component is
perpendicular to the flux lines. So at position 1, the induced e.m.f. in the conductor is zero
while at position 2, it is maximum. Similarly as conductor rotates, the induced em.f. will
be maximum at positions 4, 6 and 8 and will be minimum at positions 3, 5 and 7. So
during one complete revolution of the conductor, induced e.m.f. will experience four times

maxima, twice in either direction

Induced and four times zero. This is

em.f. because of the distribution of
flux lines due to existence of four
poles.

So if we plot the nature of
the induced em.f; for one
revolution of the conductor, we
get the two electrical cycles of

[X] —
W
‘ o
[l
4
-
3
®

27“;?:“ the induced e.m.f, as shown in
electrical the Fig. 4.9.

Fig. 4.9 Nature of the induced e.m.f.
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Key Point : Thus the degrees electrical of the induced em.f. ie. number of cycles of the
induced e.m.f. depends on the ber of poles of an alternator.

So for a four pole alternator we can write,
360° mechanical = 720° electrical

From this we can establish the general relation between degrees mechanical and
degrees electrical as,

360° mechanical = 36(° x - electrical

2
where P = number of poles
i.e. 1° mechanical = (;] electrical.

4.9.2 Frequency of Induced E.M.F.
Let P = Number of poles

N Speed of the rotor in r.p.m.
and f = Frequency of the induced e.m.f
From the discussion above in section 4.9.1, we can write,
One mechanical revolution of rotor = ; cycles of em.f. electrically

n

Thus there are P/2 cycles per revolution.

As speed is N r.p.m,, in one second, rotor will complete (ﬂ

60] revolutions

But cycles/sec = frequency = f

. Frequency f = (No. of Cycles per revolution) x (No. of revolutions per second)

P_N
f-ixﬁ

PN
f'ﬁ Hz (cycles per sec).

So there exists a fixed relationship between three quantities, the number of poles P, the
speed of the rotor N in r.p.m. and { the frequency of an induced e.m.f. in Hz (Hertz).

Key Point : Such a machine bearing a fixed relationship between P, Nmﬁfﬂmﬂd
synchronous machine and hence alternators are also called synch
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4.9.3 Synchronous Speed ( N,)

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

120f
So N, =5~
where f = Required frequency

In our nation, the frequency of an alternating e.m.f. is standard equal to 50 Hz. To get
50 Hz frequency, for different number of poles, alternator must be driven at different
speeds called synchronous speeds. Table 4.1 gives the values of the synchronous speeds for
the alternators having different number of poles.

Number of poles P 2 4 8 12 24
Synchronous speed N, in rp.m. 3000 1500 750 500 250
Table 4.1

From the table, it can be seen that minimum number of poles for an alternator can be
two hence maximum value of synchronous speed possible in our nation i.c. for frequency
of 50 Hz is 3000 r.p.m.

4.10 Armature Winding

Armature winding of alternators is different from that of d.c. machines. Basically three
phase alternators carry three sets of windings arranged in the slots in such a way that
there exists a phase difference of 12(° between the induced em.fs in them. In a d.c.
machine, winding is closed while in alternators winding is open i.e. two ends of each set
of winding is brought out. In three phase alternators, the six terminals are brought out
which are finally connected in star or delta and then the three terminals are brought out.
Each set of windings represents winding per phase and induced e.m.f. in each set is called
induced emf. per phase denoted as Ey. All the coils used for one phase must be
connected in such a way that their eem.fs help each other. And overall design should be
in such a way that the waveform of an induced e.m.f. is almost sinusoidal in nature. -

4.10.1 Winding Terminology

i) Conductor : The part of the wire, which is under the influence of the magnetic field
and responsible for the induced emf. is called active length of the conductor. The
conductors are placed in the armature slots.
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ii) Turn : A conductor in one slot, when connected to a conductor in another slot forms a
turn. So twe conductors constitute a turn. This is shown in the Fig. 4.10 (a).

ili} Coil : As there are number of tumns, for simplicity the number of tumns are grouped
together to form a coil. Such a coil is called multiturn coil. A coil may consist of single
turn called single turn coil. The Fig. 4.10 (b) shows a multiturn coil.

iv) Coil side : When coil consists of many turns, part of the coil in each slot is called coil
side of a coil as shown in the Fig. 4.10 (b).

{a) Tum

{b) Multiturn coil

Fig. 4.10

v} Pole pitch : It is centre to centre distance between the two adjacent poles. We have
seen that for one rotation of the conductors, 2 poles are responsible for 360° electrical of
emf, 4 poles are responsible for 720° electrical of em.f. and so on. So 1 pole is
responsible for 180° electrical of induced e.m.f.

Koy Point : So 18(P elecirical is also called one pole pitch.
Practically how many slots are under one pole which are responsible for 180° electrical,
are measured to specify the pole pitch.

e.g. Consider 2 pole, 18 slots armature of an alternator. Then under 1 pole there are %

ie. 9 slots. So pole pitch is 9 slots or 180° electrical. This means 9 slots are responsible to
produce a phase difference of 18(° between the e.m.f.s induced in different conductors.

This number of slots/pole is denoted as 'n'.
Pole pitch = 180° electrical

= Slots per pole (no. of slots/P) = n

vi) Slot angle ( B ) : The phase difference contributed by one slot in degrees electrical
is called slot angle .
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As slots per pole contributes 180° electrical which is denoted as 'n', we can write,

1 slot angle = IBD"
180°
B=
In the above example, n=§ =9, while B-ﬂ =20°

Note : This means that if we consider an induced e.m.f. in the conductors which are
placed in the slots which are adjacent to each other, there will exist a phase difference of
B° in between them. While if em.f. induced in the conductors which are placed in slots
which are 'n’ slots distance away, there will exist a phase difference of 18(° in between
them.

Conductor 1 Conductor 2

r's e, emlf. ln
\ o= emt.in
Slot 1 Slot 2 juetor 2
(a) Adjacent slots (b) Indication of phase difference

Fig. 4.11
4.11 Types of Armature Windings
In general armature winding is classified as,
i) Single layer and double layer winding i) Full pitch and short pitch winding
iii) Concentrated and distributed winding.
Let us see the details of each classification.

4.11.1 Single Layer and Double Layer Winding

If a slot consists of only one coil side, winding is said to be single layer. This is shown
in the Fig. 4.12 (a). While there are two coil sides per slot, one at the bottom and one at
the top, the winding is called double layer as shown n the Fig. 4.12 (b).

Each slot Coll eid == Tums  Each siot
has one St e Coil side 1— has two
coil side Coil side 2—— Siot coil side
Conductors
(a) Single layer (b) Double layer o
Fig. 4.12

A lot of space gets wasted in single layer hence in practice generally double layer
winding is preferred.
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4.11.2 Full Pitch and Short Pitch Winding

As seen earlier, one pole pitch is 180° electrical. The value of 'n’, slots per pole
indicates how many slots are contributing 18(°F electrical phase difference. So if coil side in
one slot is connected to a coil side in another slot which is one pole pitch distance away
from first slot, the winding is said to be full pitch winding and coil is called full pitch
coil.

For example in 2 pole, 18 slots alternator, the pole pitch isn = 1,;-—-951015

So if coil side in slot No. 1 is connected to coil side in slot No. 10 such that two slots
No. 1 and No. 10 are one pole pitch or n slots or 180° electrical apart, the coil is called
Here we can define one more term related to a coil called coil span.

4.11.2.1 Coil Span

It is the distance on the
periphery of the armature between
two coil sides of a coil It is
usually expressed in terms of
number of slots or degrees
: H electrical. So if coil span is 'n’ slots
Siot Na. 1 . Siot No.(n+1) or 180° electrical, the coil is called

L Jectrical g full pitch coil. This is shown in the
' ! Fig. 4.13.

As against this if coils are used
in such a way that coil span is

Fig. 413 Full pitch coil

For full pitch slightly less than a pole pitch ie.
less than 18(° electrical, the coils
are called, short pitched coils or
fractional pitched coils. Generall

uuwm“‘ E co are shorted by one or twh
slots.

t So in 18 slots, 2 pole

an No.10 alternator instead of connecting a

_.le._‘ coil side in slot No. 1 to slot

1 slot No.10, it is connected to a coil

Fig. 4.14 Short pitch coil side in slot No.9 or slot No.8, coil

is said to be short pitched coil
and winding is called short pitch winding. This is shown in the Fig. 4.14.
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4.11.2.2 Advantages of Short Pitch Coils

The various advantages of short pitch coils are :

1. The length required for the end connections of coils is less i.e. inactive length of
winding is less. So less copper is required.

2. As copper required is less, it is economical.

3. Short pitching eliminates high frequency harmonics which distort the sinusoidal
nature of emf Hence waveform of an induced e.m.f. is more sinusoidal due to short
pitching.

4. As high frequency harmenics get eliminated, eddy current and hysteresis losses
which depend on frequency also get minimised.

5. The efficiency increases due to reduced losses.

4.11.3 Concentrated .and Distributed Winding

In three phase alternators, we have seen that there are three different sets of windings,
each for a phase. So depending upon the total number of slots and number of poles, we
have certain slots per phase available under each pole. This is denoted as 'm'. .

m = Slots per pole per phase = n/Number of phases
= n/3 (generally no. of phases is 3)
For example in 18 slots, 2 pole alternator we have

n = %:9
and m=~§-=3.

So we have 3 slots per pole per phase available. Now let 'x' number of conductors per
phase are to be placed under one pole. And we have 3 slots per pole per phase available.
But if all 'x' conductors per phase are placed in one slot keeping remaining 2 slots per pole
per phase empty then the winding is called concentrated winding.

"Key Point : So in concentrated winding all conductors or coils belonging to a phase are
placed in one slot under every pole.

But in practice, an attempt is always made to use all the 'm’ slots per pole per phase
available for distribution of the winding. So if 'x' conductors per phase are distributed
amongst the m slots per phase available under every pole, the winding is called
distributed winding. So in distributed type of winding all the coils belonging to a phase
are well distributed over the 'm' slots per phase, under every pole. Distributed winding
makes the waveform of the induced e.m.f. more sinusoidal in nature. Also in concentrated
winding due to large number of conductors per slot, heat dissipation is poor.

Key Point : So in practice, double layer, short pitched and distributed type of armature
winding is preferred for the alternators.
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4.12 E.M.F. Equation of an Alternator
Let ¢ = Flux per pole, in Wb
P = Number of poles
N, = Synchronous speed in r.p.m.
f = Frequency of induced em.f. in Hz
Z = Total number of conductors
Z,, = Conductors per phase connected in series

Zy, = %asnmberofphasea:&

Consider a single conductor placed in a slot.

d¢

The average value of e.m.f. induced in a conductor = Gt

For one revolution of a conductor,

P

Flux cut in one
Time taken for one revolution

e, per conductor =

Total flux cut in one revolution is ¢ x P.

Time taken for one revolution is & seconds, as speed is N, r.p.m.

Nl
. _ $P _ PN,
7+ €y per conductor = m- LR (1)
N,
PN,
But f = ﬁ
PN, _
@ 2f

Substituting in equation (1),

e, per conductor =2 f ¢ volts

Assume full pitch winding for simplicity i.e. this conductor is connected to a conductor
which is 180° electrical apart. So these two e.m.fs will try to set up a current in the same
direcLon i.e. the two em.fs are helping each other and hence resultant e.m.f. per turn will
be twice the e.m.f. induced in a conductor.

emf. per turn = 2 x (em.f. per conductor)
= 2x (69
em.f. per tum =4 f¢ volis
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Let T, be the total number of
turns per phase connected in series.
Assuming concentrated winding , we
can say that all are placed in single slot
per pole per phase. So induced em.fs
2 in all the turns will be in phase as
placed in single slot. Hence net e.m.f.
per phase will be algebraic sum of the
Fig. 4.15 Turn of full pitch coil e.an.fs per tum.

Average Ej;, = Ty x (Average em.f. per turn)

Average Ey;, = T x4f£¢
But in a.c. circuits RM.S. value of an alternating quantity is used for the analysis. The
form factor is 1.11 for purely sinusoidal e.m.f.

R.M.S. . .
K = Average ~ 111 for sinusoidal

1
O+ @ |

-— T —

< RMS. value of E;, = K; x Average value
E, = 111 x4f¢T,
| Ep= 444 f0T, volts

This is the basic emf equation for an induced em.f per phase for full pitch,
concentrated type of winding.

where Tpn = Number of turns per phase

Z
'l'l,h=—:§l ... as 2 conductors constitute 1 turn

But as mentioned earlier, the winding used for the alternators is distributed and short .
pitch hence em.f. induced slightly gets affected. Let us see now the effect of distributed
and short pitch type of winding on the e.m.f. equation.

4.12.1 Pitch Factor or Coil Span Factor (K_)

In practice short pitch coils are preferred. So coil is formed by connecting one coil side
to another which is less than one pole pitch away. So actual coil span is less than 18(°. The
coil is generally shorted by one or two slots.

Key Point : The angle by which coils are short pitched is called angle of short pitch
denoted as 'd’.

o = Angle by which coils are short pitched. As coils are shorted in terms of number of
slots i.e. either by one slot, two slots and so on and slot angle is B then angle of short
pitch is always a multiple of the slot angle .
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o = B x number of slots by which coils are short pitched.
or o = 180° - Actual coil span of the coils

This is shown in the Fig. 4.16.

/\ Now let E be the induced e.m.f. in each coil

16 side. If coil is full pitch coil, the induced em.f.

in each coil side help each other. Coil
Acuzl ol apan connections are such that both will try to set up
(1806 - a) a current in the same direction in the external
circuit. Hence the resultant e.m.f. across a coil

- o |

will be algebraic sum of the two.
Fig. 4.16 Angle of short pitch
¢ e oT short @ Eg =E+E=2E ... For full pitch

Now the coil is short pitched by angle ‘o',
the two emf. in two coil sides no longer

1 Pole remains in phase from external circuit point of

pitch e view. Hence the resultant e.m.f. is also no

1858 longer remains algebraic sum of the two b‘[.lt
becomes a phasor sum of the two as shown in
the Fig. 4.18.

Fig. 4.17 Full pitch coil
o i Obviously Ez in such a case will be less

than what it is in case of full pitch ceil.

/ 'é From the geometry of the Fig. 4.18, we can
—~ & write,
a [+3
© E A

AC is perpendicular drawn on OB bisecting
Fig. 4.18 Phasor sum of two e.m.fs OB.

Ex
2
and ZBOA = a/2 as l{OA) =[(AB)=E

oc _Ee
OA " ZE

KOC) = I(CB) =

cos (@/2)

Ex = 2Ecos (@/2) ... for short pitch
This is the resultant e.m.f. in case of a short pitch coil which depends on the angle of
short pitch ‘o’
Key Point : Now the factor by which, induced emf. gets reduced due to short pitching is
called pitch factor or coil span factor denoted by K.
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It is defined as the ratio of resultant e.m.f. when coil is short pitch to the resultant
e.m.f. when coil is full pitched. It is always less than one.

- ) 2 Ecos(E]
Ey when coil is short pitched 2

K = E, when coil is full pitched  2E

fl)

where o = Angle of short pitch

4.12.2 Distribution Factor (K,)

Similar to full pitch coils, concentrated winding is also rare in practice. Attempt is
made to use all the slots available under a pole for the winding which makes the nature of
the induced e.m.f. more sinusoidal. Such a winding is called distributed winding.

Consider 18 slots , 2 pole alternator. So slots per pole i.e. n = 9.
m = Slots per pole per phase = 3
180°

B="F=2

Let E = Induced e.m.f. per coil and there are 3 coils per phase.

In concentrated type all the coil sides will be placed in one slot under a pole. So
induced e.m.f. in all the coils will achieve maxima and minima at the same time i.e. all of
them will be in phase. Hence resultant em.f. after connecting coils in series will be
algebraic sum of all the e.m.fs as all are in phase.

As against this, in distributed type, coil sides will be distributed, one each in the
3 slots per phase available under a pole as shown in the Fig. 4.19 (a).

Though the magnitude of em.f. in each coil will be same as ‘E’, as each slot
contributes phase difference of §° i.e. 20° in this case, there will exist a phase difference of
B with respect to each other as shown in the Fig. 4.19 (b). Hence resultant e.m.f. will be
phasor sum of all of them as shown in the Fig. 420. So due to distributed winding,
resultant e.m.f. decreases.

I s | oTF E in coil 1

Eincoil 3

(a) Distributed winding (b} Phase difference between induced e.m.f.
Fig. 4.19
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Fig. 4.20 Phasor sum of e.m.f.s
Key Point : The factor by which there is a reduction in the e.mf. due to distribution of
coils is called distribution factor denoted as K.
Let us see the derivation for its expression.
In general let there be 'n’ slots per pole and ‘m’ slots per pole per phase. So there will

be ‘m’ coils distributed under a pole per phase, connected in series. Let E be the induced
em.f. per coil. Then all the ‘m’ em.fs induced in the coils will have successive phase
angle difference of B = % While finding out the phasor sum of all of them, phasor
diagram will approach a shape of a ‘m’ equal sided polygon circumscribed by a semicircle
of radius R

This is shown in the Fig. 4.21. AB, BC, CD etc., represent e.m.f. per coil. All the ends
are joined at ‘O’ which is centre of the o ibing semicircle of radius ‘R’.

-]

Fig. 4.21 Phasor sum of 'm’ e.m.f.s
Angle subtended by each phasor at the origin ‘O’ is i°. This can be proved as below.

All the triangles OAB, OBC ... are similar and isosceles, as AB=BC=CD=...= E
Let the base angles be ‘x'.

ZOAB = AOBA=L£0BC=..=x
and ZAOB = /BOC = ... =y say

Now in AOAB, 2x + y=180°
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while ZOBA + ZOBC +f = 180° e (1)
ie. 2x+ B = 180 @)
Comparing equations (1) and (2), y = B
So LAOB=£ZBOC=4COD=..=0
[+] 8 If ‘M’ is the last point of the last phasor,

LZAOM =mxP=mp
and AM = Eg= Resultant of all the em.fs.

Consider a A OAB separately as shown in the
R R Fig. 4.22. Let OF be the perpendicular drawn on AB
bisecting angle at apex ‘O’ as 3/2.

s
N

I{AB) = E & I(AF) =§
O
A 3 B
g. % and [{OA) =R
(B _ AF _Ep2
Fig ”"(ﬁ] TOAT R
E = mm[g) e (3)

Now consider A OAM as shown in the Fig. 423 and OG is the perpendicular drawn
from ‘O’ on its base bisecting £ AOM.

ZAOG = zcom:'“TB
Kac) = 5
_(mB) _ AG _Eg/2
‘“‘(‘i‘) “OATR
Eg = 2Rsin {-’%ﬁ] ... for distributed

This is the resultant e.m.f. when coils are distributed. If all ‘m’ coils are concentrated,
all would have been in phase giving Ey as algebraic sum of all the e.m.fs.

Ex = mxE ... for concentrated

From equation (3), E = 2R sin (%]
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Ex = 2m R sin [g)
This is resultant e.m.f. when coils are concentrated.

Key Point : The distribution factor is defined as the ratio of the resultant e.m.f. when coils
are distributed fo the resultant e.m.f. when coils are concentrated. It is always less than one.

. (mp
_Ey when coils are distributed _ 2R sm[ 2 ]
K = Ey, when coils are concentrated (B
2mRsm[§)
sin (T_ZE)
Kd =
msin(E]
2
where m = Slots per pole per phase
B = Slot angle = 5

n = Slots per pole
The distribution factor is also called breadth factor.

4.12.3 Generalized Expression for e.m.f. Equation of an Alternator
Considering full pitch, concentrated winding ,
Epl- = 444 f ¢ Tph volts

But due to short pitch, distributed winding used in practice, this Ej, will reduce by
factors K, and K;. So generalized expression for em.f. equation can be written as,

Epp = 4.HK¢de¢TPh volts

For full pitch coil, K. =1
For concentrated winding, K =1
Key Point : For short pitch and distributed winding K, and K, are always less than unity.
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imp Example 4.1 : An armature of a three phase alternator has 120 slots. The alternators has
8 poles. Calculate its distribution factor.

Solution : n = Sos 10 ..
pole 8
m = slois)’pole/phase:%:%:S
18° _ 180°
b=T "=
4in [mTB Sin[s)c212)
Kd = = = 0.957

mmp Example 4.2 : In a 4 pole, 3 phase alternator, armature has 36 slots. It is using an
armature winding which is short pitched by one slot. Calculate its coil span factor.

. _ slois _ 36 _
Solution : n_m;H_g._g
T

Now coil is shorted by 1 slot i.e. by 20° to full pitch distance.
: @ = Angle of short pitch = 20°

K, = cos (‘%] = cos (10) = 0.9848
4,124 Line Value of Induced E.M.F.

If the armature winding of three phase alternator is star connected, then the value of
induced e.m.f. across the terminals is /3 E, where Ey, is induced e.m.f. per phase.
While if it is delta connected, line value of em.f. is same as E,,.

This is shown in the Fig. 4.23 (a) and (b).
o R

Ejine= Epn

(a) Star connection (b) Deita connaction
Fig. 4.23
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Practically most of the alternators are star connected due to following reasons :
1. Neutral point can be earthed from safety point of view.
2. For the same phase voltage, voltage available across the terminals is more than

delta connection.

3. For the same terminal voltage, the phase voltage in star is L times line value.

NE

This reduces strain on the insulation of the armature winding.

mwp Example 4.3 : An alternator runs at 250 r.p.m. and generates an em.f. at 50 Hz. There
are 216 slots each containing 5 conductors. The winding is distributed and full pitch. All the
conductors of each phase are in series and flux per pole is 30 mWb which is sinusoidally
distributed. If the winding is star connected, determine the value of induced e.m.f. available

across the terminals.
N, = 250 r.p.m, f = 50 Hz

Solution :
N,

Ll

250

K.

th_

Ton

]

120 f
P
12050

b~

i
g

... 2 conductors constitute 1 tumn
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Ep = 44K Ky fé Ton

4.44 x 1 x 0.9597 x 30 x 10 x 50 x 180

115048 V

Epre .J_ﬁ Epn ...star connection
= [3x115048
= 199270 V
msp Example 4.4 : A 3 phase, star connected alternator has the following data : Voltage -
required to be generated on open circuit = 4000 V, frequency = 50 Hz, speed = 750 r.p.m.,
slotsfpolefphase = 3, conductors/slot = 12. Calculate, i) Number of poles ii) Useful flux per

pole. Assume full pitch coil. [Nov.-2006 (Set-3)]
Solution : Ey,, =4000V,f=50Hz, N, =750 rpm, m=3,K. =1
Elme 4000
= —= =——=2309401 V
S S
120f . 120x50
i) N, = 5 ie.  750=-—g
s P =28
ii) n = Slots/pole=mx3=9
180° _ 180°
B=F ==
sil'lﬂ
Ky = 2_ - 09598
msi.ni

Number of slots = nxP=9x8=72
Z = Slots x Conductors/slot = 72 x 12 = 864

Z Zon '
ZP" = -§=288 and TPh=-i—=1“

Ep = 444K Ky0f Ty
2309.401 = 4.44 x 1 x 09598 x ¢ x 50 x 144
¢ = 0.07526 Wb . - flux per pole
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4,13 Parameters of Armature Winding

There are three important parameters of an armature winding of an alternator. These
are,

1. Armature resistance R,

2. Armature leakag e reactance X,

3. Reactance corresponding to armature reaction

Let us discuss these three parameters in detail’ which will help us to draw an
equivalent circuit of an alternator. The equivalent circuit and the concept of synchronous
impedance plays an important role in determining the regulation of an alternator.
4.14 Armature Resistance

Every armature winding has its own resistance. The effective resistance of an armature
winding per phase is denoted as R,,;, Q/ph or R, Q/ph.

Generally the armature resistance is measured by applying the known d.c. voltage and
measuring the d.c. current through it. The ratio of applied voltage and measured current is
the armature resistance. But due to the skin effect, the effective resistance under a.c.
conditions is more than the d.c. resistance. Generally the effective armature resistance
under a.c. conditions is taken 1.25 to 1.75 times the d.c. resistance.

Mﬂkmmumlgmeamammmnmmessarymmhwﬁwmm
inding is hether in star or delta. Consider a star winding
asshown in the Fig. 4.24.

Fig. 4.24 Star connected alternator
When the voltage is applied across any two terminals of an armature winding, then
the equivalent resistance is the series combination of the two resistances of two different
phase windings.

Rgy = Resistance between R-Y terminals = R, + R, =2 R,

where R, = Armature resistance per phase
R, = "8 @/ph
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Thus in star connected alternator, the armature resistance per phase is half of the
resistance observed across any two line terminals.

Consider the delta connected alternator as shown in the Fig. 4.25. When voltage is
applied across any two terminals, then one phase winding appears in parallel with series
combination of other two.

Hence the equivalent resistance across the terminals is parallel combination of the

Fig. 4.25 Delta connected alternator

R, %2R,
Rey = R, | R, Q/ph= gl = IR,

3
R, = 5 Rgy

Thus in delta connected alternator, the armature resistance per phase is to be
calculated from the equivalent resistance observed across any two line terminals.

4.15 Armature Leakage Reactance

When armature carries a current, it
produces its own flux. Some part of this
flux completes its path through the air
around the conductors itself. Such a flux
is called leakage flux. This is shown in
the Fig. 4.26.

Key Point : This leakage ﬂux makes the
nmmmre wmd'mg inductive in nature. So
a leakage reactance, in

Fig. 4.26 Armature leakage flux addition to the resistance.

So if L' is the leakage inductance of
the armature winding per phase, then leakage reactance per phase is given by X, =2nf
L Q/ph. The value of leakage reactance is much higher than the armature resistance.
Similar to the d.c. machines, the value of armature resistance is very very small.
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4.16 Armature Reaction

When the load is connected to the alternator, the armature winding of the alternator
carries a current. Every current carrying conductor produces its own flux so armature of
the alternator also produces its own flux, when carrying-a current. So there are two fluxes
present in the air gap, one due to armature current while second is produced by the field
winding called main flux. The flux produced by the armature is called armature flux.

Key Point : So effect of the armature flux on the main flux affecting its value and the
distribution is called armature reaction.

The effect of the armature flux not only depends on the magnitude of the current
flowing through the armature winding but also depends on the nature of the power factor
of the load connected to the alternator.

Let us study the effect of nature of the load power factor on the armature reaction.

4.16.1 Unity Power Factor Load

Consider a purely resistive load connected to the alternator, having unity power factar.
As induced em.f. Ey, drives a current of Iy and load power factor is unity, Eyy, and Ly,
are in phase with each other.

If ¢, is the main flux produced by the field winding responsible for producing Epn
then Ey, lags ¢ by 90°.

Now current through armature I,, produces the armature flux say ¢,. So flux ¢, and I,
are always in the same direction.

This relationship between ¢;, ¢, Eg, and I, can be shown in the phasor diagram.
Refer to the Fig. 4.27.

Induced e.m..
due to ¢ H

Fig. 4.27 Armature reaction for unity p.f. load

It can be seen from the phasor diagram that there exists a phase difference of 9(°
between the armature flux and the main flux. The waveforms for the two fluxes are also
shown in the Fig. 4.27. From the waveforms it can be seen that the two fluxes oppose each
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other on the left half of each pole while assist each other on the right half of each pole.
Hence average flux in the air gap remains constant but its distribution gets distorted.
Key Point : Hence such distorting effect of armature reaction under unity pf. condition of
the load is called cross magmetising effect of armature reaction.

Due to such distortion of the flux, there is small drop in the terminal voltage of the
alternator.

4.16.2 Zero Lagging Power Factor Load

Consider a purely inductive load connecied to the alternator having zero lagging
power factor. This indicates that L, driven by E, lags E;, by 90° which is the power
factor angle §.

Induced e.m.f. Eyy, lags main flux ¢; by 90° while ¢, is in the same direction as that of
L. So the phasor diagram and the waveforms are shown in the Fig. 4.28.

0
Iy r | Main flux
a
Armature 90
1, lags E,, flux

E. Induced em.f.
due to ¢

Fig. 4.28 Armature reaction for zero lagging p.f. load
It can be seen from the phasor diagram that the armature flux and the main flux are
exactly in opposite direction to each other.
Key Point : So armature flux tries to cancel the main flux. Such an effect of armature
reaction is called demagnetising effect of the armature reaction.
As this effect causes reduction in the main flux, the terminal voltage drops. This drop
in the terminal voltage is more than the drop corresponding to the unity p.f. load.

4.16.3 Zero Leading Power Factor Load

Consider a purely capacitive load connected to the alternator having zero leading
power factor. This means that armature current Ly, driven by Epy, leads Ey, by 90°, which
is the power factor angle ¢.

Induced em.f. E; lags ¢ by 90° while I, and ¢, are always in the same direction.
The phasor diagram and the waveforms are shown in the Fig. 4.29.

It can be seen from the phasor diagram and waveforms shown in the Fig. 4.29, the
armature flux and the main field flux are in the same direction ie. they are helping each
other. This results into the addition in main flux.
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93 Armature flux
0 4
Cfeee g Main
I, leads Em flux
by 90° ~-=Time
Exn
Induced e.m.f.
due 1o ¢

Fig. 4.29 Armature reaction for zero leading p.f. load

Key Point : Such an effect of armature reaction due to which armature flux assists field
Slux is called magmetising effect of the armature reaction.

As this effect adds the flux to the main flux, greater em.f. gets induced in the
armature. Hence there is increase in the terminal voltage for leading power factor loads.

For intermediate power factor loads ie. between zero lagging and zero leading the

armature reaction is partly cross magnetising and partly demagnetising for lagging power
factor loads or partly magnetising for leading power factor loads.

4.16.4 Armature Reaction Reactance (X,,)

In all the conditions of the load power factors, there is change in the terminal voltage
due to the armature reaction. Mainly the practical loads are inductive in nature, due to
demagnetising effect of armature reaction, there is reduction in the terminal voltage. Now
this drop in the voltage is due to the interaction of armature and main flux. This drop is
not across any physical element.

But to quantify the voltage drop due to the armature reaction, armature winding is
assumed to have a fictitious reactance. This fictitious reactance of the armature is called
armature reaction reactance denoted as X,, Q/ph. And the drop due to armature reaction
can be accounted as the voltage drop across this reactance as I, X,..

Key Point : The value of this reactance changes as the load power factor changes, as
armature reaction depends on the load power factor.

4,17 Concept of Synchronous Reactance and Impedance
From the above discussion, it is clear that armature winding has one more parameter
which is armature reaction reactance in addition to its resistance and the leakage reactance.

The sum of the fictitious armature reaction reactance accounted for considering
armature reaction effect and the leakage reactance of the armature is called synchronous
reactance of the alternator denoted as X,.

So [x,=x +x, o/ph]
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As both X and X, are ohmic values per phase, synchronous reactance is also specified
as ohms per phase.

Now from this, it is possible to define an impedance of the armature winding. Such an
impedance obtained by combining per phase values of synchronous reactance and
armature resistance is called synchronous impedance of the alternator denoted as Z,.

So Z,=R,+jX, Q/ph
and Izsl= \'Ra!"'(x.}! anh

For getting a standard frequency, alternator is to be driven at synchronous speed. So
word synchronous used in specifying the reactance and impedance is referred to the
working speed of the alternator. Generally impedance of the winding is constant but in
case of alternator, synchronous reactance depends on the load and its power factor
condition, hence synchronous impedance also varies with the load and its power factor
conditions.

4.18 Equivalent Circuit of an Alternator

From the above discussion it is clear
that in all, there are three important
parameters of armature winding namely
armature resistance R,, leakage reactance
X and armature reaction reactance X,,. If
Eg, is induced emf. per phase on no
load condition then on load it changes to
E’ due to armature reaction as shown in
X, Ry o, the equivalent circuit. As current I, flows
through the armature, there are two
voltage drops across R, and X, as I, R,
and I, X; respectively. Hence finally
terminal voltage V, is less than E’ by the
amount equal to the drops across R, and

Fig. 4.31 Equivalent circuit of an alternator X, ’
In practice, the leakage reactance X;
and the armature reaction reactance X,, are combined to get synchronous reactance X,.

Hence the equivalent circuit of an alternator gets modified as shown in the Fig. 4.31.
Thus in the equivalent circuit shown,

Fig. 4.30 Equivalent circuit

Ey = Induced e.m.f. per phase on no load

Viph

Ipn = Armature resistance per phase

= Terminal voltage per phase on load
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Z, = Synchronous impedance per phase
and En =_'Ph t1LZ, ... Phasor sum

4.19 Voltage Equation of an Alternator

In d.c. generators, we have seen that due to the armature resistance drop and brush
drop it is not possible to have all the induced e.m.f. available across the load. The voltage
available to the load is called terminal voltage. The concept is same in case of alternators.
The entire induced e.m.f. cannot be made available to the load due to the various internal
voltage drops. So the voltage available to the load is called terminal voltage denoted as
Vi In case of three phase alternators as all the phases are identical, the equations and the
phasor diagrams are expressed on per phase basis.

- So if Eyy, is the induced e.m.f. per phase in the alternator, there are following voltage
drops occur in an alternator.

i) The drop across armature resistance I, R, both I, and R, are per phase values.
ii) The drop across synchronous reactance I, X,, both I, and X, are per phase values.
After supplying these drops, the remaining voltage of E,, is available as the terminal
voltage V.
Key Point: Now drop I, R, is always in phase with I, due to a resistive drop while current
1, lags by 9(° with respect to drop 1,X, as it is a drop across purely inductive reactance.
Hence all these quantities cannot be added or subtracted algebraically but must be
added or subtracted vectorially considering their individual phases. But we can write a
voltage equation in its phasor form as,

Ey =V +L R+ X,

This is called voltage equation of an alternator.

From this voltage equation, we can draw the phasor diagrams for various load power
factor conditions and establish the relationship between E,;, and Vp;, in terms of armature
current i.e. load current and the power factor cos (¢).

4.20 Phasor Diagram of a Loaded Alternator

The above voltage equation is to be realised using phasor diagrams for various load
power factor conditions. For drawing the phasor diagram, consider all per phase values
and remember following steps.
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Steps to draw the phasor diagram :

1. Choose current I, as a reference phasor.

2. Now if load power factor is cos ¢, it indicates that angle between V,;, and I, is ¢ as
Vin is the voltage available to the load.

So show the phasor V, in such a way that angle between V;, and I, is ¢ For
lagging ¢, I, should lag V;; and for leading ‘¢, I, should lead V. For unity
power factor load ¢ is zero, so Vp, and I, are in phase.

3. Now the drop I, R, is a resistive drop and hence will always be in phase with L.
So phasor I, R, direction will be always same as 1, i.e. parallel to L. But as it is to
be added to V, I, R, phasor must be drawn from the tip of the Vy, phasor
drawn.

4. The drop I, X, is drop across purely inductive reactance. In pure inductance,
current lags voltage by 90°. So T, X,' phasor direction will be always such that I,
will lag I, X, phasor by 9(F. But this phasor is to be drawn from the tip of the LR,
phasor to complete phasor addition of Vy, I, R, and I, X;.

('S 5. Joining the starting point to the terminating point, we

get the phasor Ej,.
Whatever may be the load power factor, L R, is a

";:“:::w resistive drop, will be in phase with I, while I, X, is
1,R, Y purely inductive drop and hence will be perpendicular
Iy to I, in such a way that I, will lag LX, by 90°. This is

Fig. 4.32 shown in the Fig. 4.32.

By using the above steps, the phasor diagrams for
various load power factor conditions can be drawn.

4.20.1 Lagging Power*Factor Load
The power factor of the load is cos ¢ lagging so 1, lags V,;, by angle ¢. By using steps
discussed above, phasor diagram can be drawn as shown in the Fig. 4.33.

OA=Vy,
AB = R,
BE =1,
OC=Eg,
AC=1Z,

Fig. 4.33 Phasor diagram for lagging p.f. load
To derive the relationship between Ejy and Vp, the perpendiculars are drawn on the
current phasor from points A and B. These intersect current phasor at points D and E
respectively.
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Now, OD = V cos¢
AD = BE=VPhSiTl¢
DE = LR,

Consider A OCE, for which we can write,
(0C)* = (OEY + (EC)®
(Ew? = (OD + DE)® + (EB + BC)?
(Ep) = (Vy coso+ 1, R+ (Vy, sing+], X,)?
Epn = |f(Vyy, cos@+1, R, )P+ (Vg sing+1, X,)?

n

From this equation, the value of induced e.m.f. can be calculated.

4.20.2 Leading Power Factor Load
The power factor of the load is cos ¢ leading. So I, leads V,;, by an angle ¢. By using
steps discussed, the phasor diagram can be drawn as shown in the Fig. 4.34,

To derive the relation between E;, and V,, the perpendiculars are drawn on current
phasor from points A and B. These intersect current phasor at points D and E respectively.

From A OAD, OD = Vphmst#
AD:BE:VPhsintt
DE = LR,

=]
1o
e L 1
-

c OA=Vy,

A AB=1,R,
BC = [,X,

1% AC=1,Z,

0C=E,,

ALRB
Fig. 4.34 Phasor diagram for leading p.f. load

Consider A OCE, for which we can write,

(0C)* = (OEY + (ECY
(E;, ) = (OD + DE} + (BE - BC}

fl
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(E". P = (Vph cosp+1, R, ) "'(vph sing- 1, X, )?

= 1/(\»;,h cosd+ I, Ry )2+ (V) sing- I, X, )

It can be observed that the sign of the I, X, is negative as against its positive sign for
lagging p.f. load. This is because X, consists of X, i.e. armature reaction reactance.
Armature reaction is demagnetising for lagging while magnetising for leading power factor
loads. So sign of I, X, is opposite to each other for lagging and leading p.f conditions.

4.20.3 Unity Power Factor Load
The power factor of the load is unity ie. cos ¢ = 1. So ¢ = 0, which means V,, is in
phase with I. So phasor diagram can be drawn as shown in the Fig. 4.35.

OA=V,,
.eu(:alazs
AB=1R,
8C=1X,
OC=Eph

0V,

Fig. 4.35 Phasor diagram for unity p.f. load
Consider AOBC, for which we can write,
(0cy = (OB + (BCY
(E)? = (OA + ABY + (BC)

(Ep) = (Vy+tL RV +(, X,

Eg = (Vg + 1, R )2+ (0, X, )?

As cos ¢ = 1, so sin ¢ = 0 hence does not appear in the equation.

Note : The phasor diagrams can be drawn by considering voltage V,;, as a reference
phasor. But to derive the relationship, current phasor selected as a reference makes the
derivation much more simplified. Hence current is selected as a reference phasor.

It is clear from the phasor diagram that Vi, is less than E, for lagging and unity p.f.
conditions due to demagnetising and cross magnetising effects of armature reaction. While
Vi is more than Epy for leading p.f. condition due to the magnetising effect of ar
reaction.
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Thus in general for any power factor condition,
(Ep)’® = (Vi cosd+ 1, R, ) +(Vy, sing £1,X, )?

+ sign for lagging p.f. loads

- sing for leading p.f. loads

and Von = per phase rated terminal voltage
I, = per phase full load armature current
From this discussion, we can now define the voltage regulation of an alternator.

4.21 Voltage Regulation of an Alternator
Under the load condition, the terminal voltage of alternator is less than the induced
em.f. Ej. So if load is disconnected, Vp,, will change from V, to Ep, if flux and speed is
maintained constant. This is because when load is disconnected, I, is zero hence there are
no voltage drops and no armature flux to cause armature reaction. This change in the
terminal voltage is significant in defining the voltage regulation.
Key Point : The voltage regulation of an alternator is defined as the change in its

terminal voltage when full load is removed, keeping field excitation and speed constant,
divided by the rated terminal voltage.

So if Vin = Rated terminal voltage
E;n = No load induced e.m.f.
then voltage regulation is defined as,

E,-V
% Regulation = —2%_—% x 100
Vor

The value of the regulation not only depends on the load current but also on the
power factor of the load. For lagging and unity p.f. conditions there is always drop in the
terminal voltage hence regulation values are always positive. While for leading capacitive
load conditions, the terminal voltage increases as load current increases. Hence regulation
is negative in such cases. The relationship between load current and the terminal voltage is
called load characteristics of an alternator. Such load characteristics for various load power
factor conditions are shown in Fig. 4.36.
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Terminal
voltage
Leading p. f.
Von = Eppy [eemmens--=======m=mmos
Unity p. f.
Lagging p. f.
] L

Flg. 4.36 Load characteristics of an alternator

inmp Example 4.5 : A 3 phase, star connected alternator supplies a load of 1000 kW at a power
factor of 0.8 lagging with a terminal voltage of 11 kV. Its armature resistance is 0.4 ohms
per phase while synchronous reactance is 3 ohms per phase. Calculate the line value of em.f.
generated and the regulation at this load.

Solution : P = 100 kW, cos ¢ = 0.8 lagging
11kV, R,=04Q X,=3Q
For three phase load, P =<3V, I cos¢

1000x10% = 3x11x103x], %08

Vi

I = 656A
Now I = 1, as for star connected alternator I = I,
Lpn = 656 A ... full load per phase armature current

For lagging p.f. loads,
(Ep )t = (Vi cosd+1, R )P+ (Vy, sing+1, X, )P

Now Vo = %:113_;.03 ... as star connected
= 6350.853 V
(Epn 2 = [6350,&53><(),8+E|5.6><0.s?|)’+[635&'.'L&5.’3><{!.6+t?|5.6><3)2
Ep = 6491.47 V

Ey = V3 Ey, = 1124355 V = 1124 kV
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E,-V
.ux]m

Vph

_ 6491.47 - 6350.853
TT6350.853

and % Regulation

=100

2214 %
For lagging p.f. loads, regulation is always positive.

4.22 kVA Rating of an Alternator

The alternators are designed to supply a specific voltage to the various loads. This
voltage is called its rated terminal voltage denoted as V;. The power drawn by the load
depends on its power factor. Hence instead of specifying rating of an alternator in watts, it
is specified in terms of the maximum apparent power which it can supply to the load. In
three phase circuits, the apparent power is /3 Vi I, measured in VA (volt amperes). This
is generally expressed in kilo volt amperes and is called kVA rating of an alternator where
I, is the rated full load current which alternator can supply. So for a given rated voltage
and kVA rating of an alternator, its full load rated current can be decided.

Consider 60 kVA, 11 kV, three phase alternator.
In this case, kVA rating = 60
but, kVA =3V, I x107° lﬁabexpressﬂwpmductmmovultampm

60 = JIx11x103x 1 x107°
I = 3154

This is the rated full load current of an altemnator. But load current is same as the
armature current. So from kVA rating, it is possible to determine full load armature
current of an altemator which is important in predicting the full load regulation of an
alternator for various power factor conditions. Similarly if load condition is different than
the full load, the corresponding armature current can be determined from its full load
value.

Lathalfload = 3xI, at full load.

Key Point : Armature curent I, reduces in the same proportion in which load
condition reduces.

Hence regulation at any p.f. and at any load condition can be determined.
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nmp Example 4.6 : A 1200 kVA, 6600 V, 3 phase, star connected alternator has its armature
resistance as 0.25 Q per phase and ils synchronous reactance as 5 Q per phase. Calculate its
regulation if it delivers a full load at i} 0.8 lagging and ii) 0.8 leading p.f.

Solution : kVA = 1200, V, =6600V, R,=025Q, X,=5Q

Now kVA = J3V I, x107
1200 = +/3x6600x1, x10-
I, = 10497 A
Len = 10497 A ... as star connected.
This is its full load current.
v, = b 860
moBo
= 3810512V

i) For 0.8 lagging p.f. load
(Eg ) = (Vi cosd+ 1, R, ) +(V,y sing+1, X,)?

(B, )? = (3810.512x0.8+104.97 x0.25)2 +(3610.512x 0.6 +104.97 x5)

E, = 4164.06 V
Ey -V 4166.06- 3810.512
— " "ph -
% Reg = v x 100 = R0 51 x100
= +933%

ii) For 0.8 leading p.f. load
(Bp ) = (Vg cosd+ 1, R+ (V,, sine-1, X, )
(E, )* = (3810.512x0.8+104.97 x0.25) +(3810.512x0.6-104.97 x5)*
Ey = 354347 V
3543.47 - 3810.512

Eph"vpn
%Rﬂg = Tx 100=-—--m——x100

= =700 %
The regulation is negative for leading p.f. loads.
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4.23 Methods of Determining the Regulation

The regulation of an alternator can be determined by various methods. In case of small
capacity alternators it can be determined by direct loading test while for large capacity
alternators it can be determined by synchronous impedance method.

The synchronous impedance method has some short comings. Another method which
is popularly used is ampere-turns method. But this method also has certain disadvantages.
The disadvantages of these two methods are overcome in a method called zero power
factor method. Another important theory which gives accurate results is called Blondel's
two reaction theory. Thus there are following methods available to determine the voltage
regulation of an alternator,

1. Direct loading method

2. Synchronous impedance method or EM.F. method
3. Ampere-turns method or M.M.F. method

4. Zero power factor method or Potier triangle method
5. ASA modified form of M.M.F. method

6. Two reaction theory.

But from the syllabus point of view only synchronous impedance method is discussed
in this chapter.

4.24 Synchronous Impedance Method or E.M.F. Method

The method is also’ called EM.F, method of determining the regulation. The method
requires following data to calculate the regulation.
1. The armature resistance per phase (R,)
2. Open circuit characteristics which is the graph of open circuit voltage against the
field current. This is possible by conducting open circuit test on the alternator.
3. Short circuit characteristics which is the graph of short circuit current against field
current. This is possible by conducting short circuit test on the alternator.

Let us see, the circuit diagram to perform open circuit as well as short circuit test on
the alternator. The alternator is coupled to a prime mover capable of driving the alternator
at its synchronous speed. The armature is connected to the terminals of a switch. The other
terminals of the switch are short circuited through an ammeter. The voltmeter is connected
across the lines to measure the open circuit voltage of the alternator. !

The field winding is connected to a suitable d.c. supply with rheostat connected in
series. The field excitation ie. field current can be varied with the help of this rheostat.
The circuit diagram is shown in the Fig. 4.37.
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TPST switch

Star

Fig. 4.37 Circuit diagram for open circuit and short circuit test on alternator
4.24.1 Open Circuit Test
Procedure to conduct this test is as follows :

1. Start the prime mover and adjust the speed to the synchronous speed of the
alternator.

2. Keeping rheostat in the field circuit maximum, switch on the d.c. supply.
3. The T.P.S.T. switch in the armature circuit is kept open.

4. With the help of rheostat, field current is varied from its minimum value to the
rated value. Due to this, flux increases, increasing the induced e.n.f. Hence voltmeter
reading, which is measuring line value of open circuit voltage increases. For various values
of field current, voltmeter readings are observed.

The observations for open circuit test are tabulated as below.

Sr. No. L A Vo (line) V | V,_ (phase) = V,_ (line)V3 V

1.
2,

From the above table, graph of (Vocph against I is plotted. ;
Key Point : This is called open circuit characteristics of the alternator, called O.C.C.
This is shown in the Fig. 4.38.
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4.24.2 Short Circuit Test

After completing the open circuit test observations, the field rheostat is brought to
maximum position, reducing field current to a minimum value. The T.P.S.T. switch is
closed. As ammeter has negligible resistance, the armature gets short circuited. Then the
field excitation is gradually increased till full load current is obtained through armature
winding. This can be observed on the ammeter connected in the armature circuit. The
graph of short circuit armature current against field current is plotted from the observation
table of short circuit test. This graph is called short circuit characteristics, 5.C.C. This is
also shown in the Fig. 4.38.

B AT e
Fig. 4.38 0.C.C. and S.C.C. of an alternator
Observation table for short circuit test :

Sr. No. I A Short circuit armature current
per phase (1) ,. A
1 0 0
2

The S.C.C. is a straight line graph passing through the origin while O.C.C. resembles
B-H curve of a magnetic material.
Key Point : As S.C.C. is straight line graph, only one reading corresponding to full load
armature current along with the origin is sufficient to draw the straight line.
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4.24.3 Determination of Z, from 0.C.C. and S.C.C.

The synchronous impedance Z, of the alternator changes as load condition changes.
0.C.C. and S.C.C. can be used to determine Z, for any load and load p.f. conditions.

Lo In short circuit test, external load impedance is
zero. The short circuit armature current is circulated
shon  ABainst the impedance of the armature winding
creuit ~ which is Z, The voltage responsible for driving this
short circuit current is internally induced em.f. This
can be shown in the equivalent circuit drawn in the

Fig. 439 Fig. 4.39.
From the equivalent circuit we can write,
E
=
z =

Now value of I, is known, which can be observed on the ammeter. But internally
induced e.m.f. can not be observed under short circuit condition. The voltmeter connected
will read zero which is voltage across short circuit. To determine Z; it is necessary to
determine value of Ey;, which is driving L, against Z,.

Now internally induced e.m.f. is proportional to the flux i.e. field current I,.

Ep o= 0ol ... from e.m.f. equation -
L =0 So if the terminals of the alternator are
z, 2 ° opened without disturbing I which was present
I at the time of short circuited condition, internally
Egn (v) Open induced em.f. will remain same as E. But now
circuit  current will be zero. Under this condition
] equivalent circuit will become as shown in the
Fig. 4.40.
Fig. 4.40 It is clear now from the equivalent circuit

that as I, = 0 the voltmeter reading (V )y, will
be equal to internally induced e.m.f. (E,).

Egn = (Vodpn ON Open cifcuit

This is what we are interested in obtaining to calculate value of Z,. So expression for
Z, can be modified as,

_ O

(Iuc),h

for same | ¢

" Phase e.m.f. on open circuit |
Phase current on short circuitfy, ... .

Thus in general, Z, =
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S0 O.C.C. and 5.C.C. can be used effectively to calculate Z,.
The value of Z, is different for different values of I; as the graph of O.C.C. is non
linear in nature. .
So suppose Z at full load is required then,
L,. = Full load current

From S.C.C. determine I; required to drive this full load short circuit 1,. This is equal
to ‘OA’, as shown in the Fig. 4.40.

Now for this value of Iy, (V,J),;, can be obtained from O.C.C. Extend line from point A,
till it meets O.C.C. at point C. The corresponding (V,o)pp, value is available at point D.

(v“)Ph = 0D
While (Aasdpn = OE
(Voo }Pﬁ
t full load =
Za m same ¢ {same excitation)
_ o
OE

same § ¢ = OA in graph shown

General steps to determine Z, at any load condition are :

1. Determine the value of (I, )y, for corresponding load condition. This can be
determined from known full load current of the alternator. For half load, it is half
of the full load value and so on.

2 5.C.C. gives relation between (I,,),, and I;. So for (Lisc)ph required, determine the
corresponding value of I from S.C.C.

3. Now for this same value of I, extend the line on O.C.C. to get the value of
(Voclpn- This is (Vo) for same Iy, required to drive the selected (Lo)pn-

4. The ratio of (Vo) and (L), for the same excitation gives the value of Z, at any
load conditions.

The graph of synchronous impedance Z, against excitation current I is also shown in
the Fig. 4.40.

4.24.4 Regulation Caiculations
From O.C.C. and 5.C.C., Z, can be determined for any load condition.

The armature resistance per phase (R,) can be measured by different methods. One of
the method is applying d.c. known voltage across the two terminals and measuring
current. So value of R, per phase is known.

Now Z, = J®, P +(X,)
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X, =JZ, ¥~ (R,) Q/ph

So synchronous reactance per phase can be determined.

No load induced em.f. per phase, Ey, can be determined by the mathematical
expression derived earlier.

Ejy = |V, cos@+ 1, R, ) +(V,, singz 1, X, )?

where Ven = Phase value of rated voltage
I, = Phase value of current depending on the
load condition
cos ¢ = p.f of load

Positive sign for lagging power factor while negative sign for leading power factor
while R, and X, values are known from the various tests performed.

The regulation then can be determined by using formula,

. Ep = Vin
% Regulation = — % 100
ph

4.24.5 Advantages and Limitations of Synchronous Impedance Method

The main advantage of this method is the value of synchronous impedance Z, for any
load condition can be calculated. Hence regulation of the alternator at any load condition
and load power factor can be determined. Actual load need not be connected to the
alternator and hence method can be used for very high capacity alternators.

The main limitanon of this methed is that the method gives large values of
synchronous reactance. This leads to high values of percentage regulation than lhe actual
results. Hence this method is called pessimistic method.

mmp Example 4.7 :  The open circuit and short circuit test is conducted on a 3 phase, star
connected, 866 V, 100 kVA alternator.

The O.C. test results are,

-

4 Amp 1 2 3 4 5 6
Ve line Volts 173 310 485 605 728 790 B840

The field current of 1 A, produces a short circuit current of 25 A.

The armature resistance per phase is 0.15 Q . Calculate its full load regulation at
0.8 lagging power factor condition.
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Solution : V; = 866 V, kVA = 100

kVA = 3V, I x107
100 = /3 x866x1, x107*
I, = 6667 A
I,w FL = I, = 6667 A ..as star connected alternator
Vin = Ratedterﬂﬁxm!mlhgeperpham:%
= 36
3
' = 500V

chalmhﬁmofz,mfuﬂhld,ithmryhplotO.C.CandS.C.C.mlhescale.

Note : If for same value of I, both I and V_ can be obtained from the table itself,
graph need not be plotted. In some problems, the values of V. and L, for same I; are
directly given, in that case too, the graph need not be plotted.

In this problem, I, =25 Afor ;=1 A.

But we want to calculate Z, for L. = its full load value which is 66.67 A. So graph is
required to be plotted.




Electrical and Electronics Engineering 4-47 Altemnators

For plotting O.C.C. the line values of open circuit voltage are converted to phase by
dividing each value by +/3.

From 5.CC.

For L. = 6667 A L =24 A
From O.CC.

For L = 24A (VJm=240V
From the graph, Z, for full load is,

(Vo.:)m _ 2%
4 (I'”)Ph ~66.6 For [p=24A

for same excitaion
= 3.6 Qfphase
R, = 015 Q/phase
X, = JZ)-®R)
= 3.597 Q/phase
VoL = 500V
cos$d = 08
sin ¢ = 0.6 lagging p£.
So Ey, for full load, 0.8 lagging p.f. condition can be calculated as,
€)' = (Vg o5+, R,)+ (Vi sing+ T, X,)?

(Egp)* = (500%0.8+66.67x0.15)? +(500x 0.6 +66.67 X 3.597)°
Eg = 67786 V
E,-V 677 .86-500
. _ ph rh =
% Regulation = - X100 = —me— x100
= + 35.57%

1mp Example 4.8 : A 230 V, 3 phase, star connected alternator gives on cpen circuit, emf. of
230 V, for a field current of 0.38 A. The same field current on short circuit causes an
armature current of 12.5 A. The armature resistance measured between two lines is
1.8 olms. Find the regulation for the current of 10 amps at 0.8 lagging and 0.8 leading

power factors.
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Solution : V, = 230 V, R, between lines = 1.8 Q
(Vodine = 230V, I, =125 A for same I; = 0.38 A

The value of open circuit em.f. is always line value unless and until specifically
mentioned to be a phase value.

Vo)
Z' =
u"‘)l"' for same | ¢
230
(V“)ph = ﬁ= 13279 V
132.79

Z, = 35 = 10623 Q/ph

R, between terminals = 1.8 Q
For star connection, R, between the terminals is 2 R, per ph.
2R, perph = 18
R, per ph 09 Q
X, = 22-R? = f(10.623)2 -(0.9)? = 10.585 Q/ph
Now regulation is asked for I, = 10 A
Note : The value of Z, is calculated for I, = 125 A and not at I, = 10 A. It will be
different for I, = 10 A. But in this problem the test results are not given hence it is not

possible to sketch the graphs to determine Z, at I, = 10 A. So value of Z, calculated is
assumed to be same at [, = 10 A.

Key Point : As change in Z, is not significant for small difference in I, Z, can be
assumed to be constant for different values of I, once calculated for given value of I, if
sufficient data is not given.

i) For 0.8 lagging p.f.

V. 230
Vi, = -=="%==13279V
LA R
I, = 10A

cos ¢ = 08 50 sin ¢ = 0.6
(Egn)? = (Vg cosd+ 1, R+ (Vy, sing+1, X,)?
('Er_h)2 = (132.79%0.8+10x0.9)% +(132.79x 0.6+10x10.585)2
E, = 21839V
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Egp -V 218.39 - 132.79

jon = ph = .

% Regulation = Vi x 100 = 53— X 100
= 46446 %

i) For 0.8 leading p.E.
(Ep)? = (Vg coso+1, R,)?+(Vy, siné-1, X,)?
(Ep)? = (132.79%0.8+10%0.9)? +(132.79x0.6-10x10.585)?

Ep = 118168 V
En-V, 118.168-132.79
= _ph _ph =
% Reg. = v, % 100 = T3 x 100
= -1101 %
Key Point : For leading p.f. the regulation is negative as Ey, < Vi,

Examples with Solutions

P Example 4.9 : Find the number of armature conductors in series per phase required for
3 phase, 10 pole alternator when driven at a speed of 600 r.p.m. Armature has 90 slots and
armature winding is star connected to give induced emf. of 11 kV between the lines.
Assume flux per pole as 16 mWb.

Solution : P =10, N, = 600 rp.m., Slots = 90
¢ = 16mWb, E, =11kV

N, = ——

Now Epn = 44K Ky 0fTy,,
1 as no information about short pitching is given.

n e Slots_90 _
~ Pole 10

£
i
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m = Slots/pole/phase

n
=3=3
180° _ 180°
B = Slot angle = —— = === 20°
sin mp sin Ix20
7 Z
Ky = = = 0.9598

msin(%] Ssin[%g]

6350.853 = 4.44x1x0.9598 x 163102 350 x Ty,
T = 1862852 = 1862
Zy = 2xTy, =2x1862 = 3724
These are armature conductors per phase required to be connected in series.

mmp Example 4.10 : In a 3 phase, star connected alternator, there are 2 coil sides per slof and
16 turns per coil. Armature has 288 slots on its periphery. When driven at 250 r.p.m. it
produces 6600 V between the lines at 50 Hz. The pitch of the coil is 2 slots less than the
Sull pitch. Calculate the flux per pole.

Solution : N = 250 r.p.m,, f = 50 Hz
Slots = 288, Ej,, = 6600 V

_ 120xf
N‘_—l_’_
120 %50
250 = g
P =24
_ Slots _ 288 _
n = l"l:lt:_ﬁ-!‘2
n _12
m—i—?—'i
1 180°
b= =%
m . (4x15
n(58) an(23)
4 = 0.9576
RWGE
msin| 5 sin| =

Now coil is short pitched by 2 slots.



Electrical and Electronics Engineering 4-51 Alternators

a =

ol

2 coil sides 16 conduclors 16

Angle of short pitch =2xB=2x15
ar

cos [%] = cos (15) = 0.9659

Each coil consists of
16 turns, i.e. in a slot each coil
side consists of 16 conductors
as shown in the Fig. 442, and
in each slot there are 2 coil
sides. So each slot consists of
per «coil side x 2

Fig. 4.42 i.e. 32 conductors.
Conductors/slot = 32
Total conductors = Slots x conductors/slot

Z =
Z =

th=

Ten =

Now EP‘\=

381051 =

288 x 32
9216
Conductors/phase = -’;23-‘-1-6-
3072
z
%‘=3“212. ... 2 conductors — 1 turn
1536
Eine _ 6600 _ 501051 v
J303

4K Ky ¢ f Ty,

4.44 » 0.9659 x 0.9576 x ¢ x 50 x 1536
0.012 Wb

12 mWb

mmp Example 4.11 : A 12 pole, three phase, 600 r.p.m., star connected alternator has 180 slots.
There are 2 coil sides per slot and total 10 conductors per slot. If flux per pole is 0.05 Wb,
determine from first principles,
i) r.m.s. value of em.f. in a conductor ii) r.n.s. value of em.f. in a turn
ifi) r.m.s, value of em.f. in a coil iv} per phase induced e.m.f.

Assume full pitch coils.



Electrical and Electronics Engineering 4-52

Solution : P= 12, N;= 600 rp.m.

PxN, _ 12x600
120 -~ 120

60 Hz

f =

i) Average value of em.f. in a conductor =2 f ¢
rms. value = 111 x 2 f ¢ = 2.22 x 60 x 0.05
= 666V
ii) Average value of em.f.inatum=4f¢
As 2 conductors joined properly form a turn.
rms. value = 111 x4 f ¢ = 4.44 x 60 x 0.05
= 1332V

iii} Now each slot has 10 conductors and 2 coil sides. So,

Conductors/coil side = % =5

Such coil sides are connected to
another coil sides to form a coil. So in a
coil there are 5 turns as shown in

R.M.S.value of e.m.f. % Number of turns

Fig. 443,
Fig. 4.43
RM.S. value of em.f. in a coil =
turn
= 666 V
iv) Now total conductors Z = Cmd“m“"'s

N
n
.
(=]
x
—
E
"
g

Z 1800
Zw = 3=73 =0
z
_ Zpn 600 _
Ton - ==
And n = Sos _180_,5

x Number of slots
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m = %: 5
_ 180° _180° _
=T =1
() w53
Ky = =

= 0.9566
Ey = RMS. value per turn x Ty, X Ky x K,
= 13.32 x 300 x 0.9566 x 1
= 382288V
or E, = 444K K30 fTy,
= 4.44 x 1 % 0.9566 x 0.05 x 60 x 300
= 382288V

mep Example 412 : A 6 pole, 3 phase, 50 Hz alternator has 12 slots per pole, and

4 conductors per slot. The winding is > th pitch. The flux per pole is 1.5 Wo. The armature
is star connected. Calculate line value of induced e.m.f.

[JNTU: Dec.-2003 (Set-2), May-2004 (Set-1)}
Solution : P = 6, f = 50 Hz, n = 12 slots/pole, 4 conductors/slot
For full pitch, n= 12 slots/pole

Actual pitch of winding = 3 xn = 2x12 = 10 slots

So winding shorted by = 12 - 10 = 2 slots
a = Short pitch angle = 2 slot angles = 2 %

180° _ 180° _
Now p=T =1z =¥
o =2p=30F

K. =oos%= cos 15° = 0.9659

m =3 = 22 - 4 slots/pole/phase
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. mp
sin—5-
K; = = 0.95766

msini

Total slots =nxP=12x6=72
Total conductors = 72 x 4 = 288
288

Zpn = 3 =%

Z
ph _
7 =48

N
L[}

T =
Ep = MK K 0fTy
= 4.44%0.9659%0.95766 X 1.5x50x 48
= 147852606 V = 14.7852 kV

Eine = V3 Ey, = 25,6088 kV
imp Example 413 :  The coil span for the stator winding of an alternator is 120° (electrical).
Find the chording factor of the winding. NTU : Nov.-2008, (Set-D]

Solution : The coil span of 120° is shown in the Fig. 4.44.

The angle of short pitch is,
a = 180° - coil span = 180° - 120°

= 60°
Coilspan 120° & The $ -
f— FI.:F:;G’! — &:m%:mw:m
Fig. 4.44

mmp Example 414 : In a 60 kVA, 200 V, single phase aliernator, the effective armature
resistance and leakage reactance are 0016 Q and 007 Q respectively. Calculate the e.mf.
induced in the armature, when the alternator is delivering rated current at a p.f. of a) unity
b) 0.7 lagging. UNTU : Nov.-2005, (Set-4)]
Solution : V,, =200 V, 60 kVA, R, = 0016Q, X, = 0079
Key Point: The alternator is single phase hence all values are per phase.

VA = VI, ie 60x10% = 200xIy, ... Single phase
In = 300A =1, ... Full load current
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ﬂ) cosd = 1, Sil‘l’zo

E,

(Ven cos@+1,R,)? + (I, X,)?
(200 1+ 300x 0.016)* + (300x 0.07)?
E,, = 2058738 V
b) cos¢ = 0.7 lagging, sin ¢ = 0.714
B}, = (Veacoso+ I R,)? + (Vppsing+ [,X,)2
= (200% 0.7+ 300x 0.016)? + (200 x 0.7141 + 300x 0.07)*
Ey, = 2186413V

iy Example 4.15: A 550 V, 55 kVA single phase alternator has an effective resistance of
02Q . A field current of 10 A produces an armature current of 200 A on short circuit and

an e.m.f. of 450 V on open circuit. Calculate :
a) Synchronous reactance b) Full load regulation at 0.8 lagging p.f.
[JNTU : March-2006,(Set-2}]

Solution : Vi, =550V, 55 kVA, R, = 020
Key Point: The alternator is single phase hence all values are per phase.
I, =10A, 1, =200A,V, =450V

v, 450
z, = _«‘ =._‘ - 2250
I”C same ¢ ml[=lBA

a) X, = JZZ-RZ = 2257027 = 22411Q

VA = Vul .. As single phase
55x10% = 550x Iy

Iy = 100A=1, ... Full load armature current

b) cos¢ = 0.8 lagging, sin¢ = 0.6

E:,, = (Vphms¢+l,R,)’ + (Vpy, sing+ 1,X,)2
(550% 0.8+ 100x 0.2)2 + (550% 0.6+ 100x 2.2411)*
7201652 V

ph
En-V —
ph phx1m=m‘lﬁ'52 550

%R =
Vi 550

x 100 = 30.94 %
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P Example 4.16 : The effective resistance of a 2200 V, 50 Hz, 440 kVA, single phase
alternator is 0.5Q. On short circuit a field current of 40 A gives the full load current of
200 A. The e.m.f. on open circuit with the same field excitation is 1160 V.
Calculate : a) Synchronous impedance, b) Synchronous reactance c) % regulation at 0.707
pf. leading. [JNTU : May-2005, (Set-1, 2), Nov.-2005, (Set-2, 3), March-2006, (Set-4)]
Solution : Vy;, = 2200V, f = 50 Hz, 440 kVA, R, =05 Q
Key Point: The given alternator is single phase hence all values are per phase.
Lpn =200 A =1, V. =1160 V,I, =40 A

‘ Vo 1160
l) Z‘ - I‘ same |f B W - s-sn
b) X, = JZ2-R? = 587057 = 57740

o) 0.707 leading, sin ¢ = 0.707
E3, = (Vy, cos@+1,R,)?+ (Vy, sing-1,X,)?
(2200 x 0.707 + 200 0.5)2 + (2200 0.707 - 200 5.7784)2

g

Epy = 17029754V
E, -V 702.9754— 2200
%R = —F_ PN 100 = 1 %100 = —22.592 %
Vi 2200

mep Example 4.17 :  The data oblainad on 100 kVA, 1100 V, 3 phase alternator is,
D.C. resistance test : E between lines = 6 V d.c., Iin lines = 10 A d.c.
O.C. test : Field current = 12.5 A, Voltage between lines = 420 V.
S.C. test : Field current = 12.5 A, Line current = Rated value.
Calculate the voltage regulation of alternator at 0.8 power factor lagging.
[JNTU : Nov.-2008, (Set-4)]

Solution : Assume star connected alternator.

v I=10Ad.c.
R, +R, = 4=
d.c
6 Ry
2R, = 55=06 6Vdc.
R, = 03Q/ph R,
V. (line) = 420 V, V= 1100 V, 100 kVA
VA = AV, °

ie. 100x10% = J3x1100x 1, Fig. 4.45 D.C. resistance test
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Ip = 524864 A =1, ... Star connection
. Rated armature current = 524864 A =1,

V. (ph) _ (420/v3)

Zs = Tph) - 524868

= 4.62Q/ph

X, = JZ2-R? = [462)2-(0.3)7 = 4.6102Q/ph
For cos ¢ = 0.8 lagging, sin ¢ = 0.6
(Epn)® = (Vpy <08 +1,R,)? + (Vy, sin§+1,X,)?

vph = Xl.-_u.l.l_miuﬁaﬁ_ussv

y3 43
(Ep)? = [635.085x 0.8+ 52.4864 0.3]* + [635.085 0.6+ 52.4864 % 4.6102]?
E = 8139654 V '
Epn -V, -
vh = Voh 100 = 813.9654- 635.085

%R = Vo 35065 % 100 = 28.1663 %
mmp Example 4.18 : The O.C. and S.C. test data on a 3 phase, 1 MVA, 3.6 kV, star
connected alternator is given below :
LA 80 70 80 90 100 110
ocv 2560 3000 3380 3600 3800 3960
SCA 180

The resistarice measured between the terminals is 2. Find the % regulation at full load

0.707 p.f. lagging and 0.8 p.f. leading by synchronous impedance method.
[INTU : May-2005, (Set-3, 4)]

Solution : 2R, =2 ie R, =1Q/ph
Vi, =36kV, MVA =1
VA = 3V,
1x10% = J/3x36x103xI,
I, = 160375 A =1, ..Star

From the test results, obtain the open circuit and
short circuit characteristics and obtain V. for full load
1, of 160.375 A.
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Fig. 4.47
From the graph, for full load short circuit current of 16037 A, I; = 53 A and
corresponding V, (line) = 2250 V.

[
v‘xph _JS
m{ = Te = 815/ph
ST [
I = S3A

X, = JZI-R? = 4812°17 = 8.038Q/ph

Vy _ 3.6x10°
Vy, = —= =2 = 207846V, I = 160.37 A
LA J3 T

i) cos¢ = 0707 lagging, sin ¢ = 0707
Ely = (Vpn cos ¢+ LR,)? +(V,, sing+1.X,)?
= (2078.46x 0.707+ 160.37x 1)?
+ (2078.46x 0.707+ 160.37 x 8.038)2

ZS
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Egp = 32040356V

E,-V -
ph = Vph % 100 = 3204.0356 20.78,46)(100 - 5415%

%R =
Von 2078.46

ii) cos¢ = 0.8 leading, sin¢ = 0.6
EZ, = (Vi cos¢+1,R,)?+ (Vy, sing-1,X,)?
Substituting the values, E; = 1823.6271 V

1823.6271 - 2078.46 _
%R = e — X 100 = -~ 12.26 %

lmp Example 419 : A 1 MVA, 11 kV, 3 phase, star connected alternator has following

O.C.C. test data :
I A 50 110 140 180
V. (ling)V 7000 12500 13750 15000

The short circuit test yielded full load current at a field current of 40 A. The armature
resistance per phase is 0.6 Q Find the % regulation at half full load at 0.8 p.f. lagging
and at full load, 0.9 p.f. leading. {JNTU : Nov.-2005, (Set-1)]

Solution : 1 MVA, V, =11 kV, R, = 06Q
VA = 3V, e 1x10%=+3x11x10%xI,
I, = 52486 A = I (full load) ... Star

Now I;= 40 A for I, = 52486 A. To find Z,, plot the O.C.C. and obtain V. for
I; = 40 A. (See Fig. 448 on next page.)

From the graph, V, (line} = 6000 V for I; = 40 A.

E)
52.486

wame Tp

z =i.f£h.

' lisqlh = 660

T;=40A
X, = JZI-RZ = J667-06° = 65990
a) cos$ = 0.8 lagging, siné = 0.6, half load

1 1
Athalfload, I, = 5XTgn(FL) = 5x52486 = 26243 A

_1x 103

= 6350.853 V
V3

Ve =

o5



Electrical and Electronics Engineering 4-60 Alternators

T T T T I T T T T T
Vo line) | | ' ! i L N | . loce. |

— N, S — NSRS I .1 - [ T L
Voits | | onx-axis: 1unit=20A 1 -
T 15000 = ony-axis : 1 Umll=_1500\r /9'/ 1 1
SN I N U S N S A S W O | { { et
200041 ,’e/ — |
L / HEEEEERN |

i /
10500 1

- V4 - |
200 /
I H ]
I Vo for / 1
lrspu-—l,smn 7 ;
6000 4 T 1
[ i i
i |
s | ’
| ) i
g |

" 150041~ |

L=40A
¥ |

{ 0.l 20| 40! 60| s0_| 100! 120} 140_| 160! 180.| 200 | y(a).
N A O I

Fig. 4.48
Ely = (Vi cos@+ T R+ (Vy, sing+ I,X,)?2
= [6350.853x 0.8+ 26.243x 0.6]*
+[6350.853x 0.6+ 26.243x 65.99)2
Ep = 75293113 V

Egn-V -
%R = P p-xlm;?529.3113 6350.853

Vph 5350853 x 100 = + 18.56 %

b) cos¢ = 0.9 leading, sin ¢ = 0.4358, Full load so I, = 52486 A
EZ, = (Vpn cosd+ I R,)2 4 (Vp, siné~1,,.X,)?
= [6350.853x 0.9+ 52.486 % 0.6]%
+ [6350.853x 0.4358 ~ 52.486x 65.99]2
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Epn = 5789.231 V
E, -V _
_ Eph T Vph _ 5789.231-6350.853 __
%R = ﬁx IM-WX 100 = - 8.843 %

ey Example 4.20 : A 3 phase, star connected alternator has an open circuit line voltage of
6599 V. The armature resistance and synchronous reactance are 0.6  and 6 L per phase
respectively. Find the terminal voltage and voltage regulation if load ‘current is 180 A at a

power factor of a) 0.9 lagging b) 0.8 leading [JNTU : March-2006, (Set-1)]
Solution : R, =06, X, =6Q,1,, = 180A
Epne 6599
E, = 42 = —— = 3809934V
P vi 43

a) cos ¢ = 0.9 lagging, sin ¢ = 0.4358
El, = (Vo cosd + Ly R+ (Vpsing + 1 X,)?
(3809.9344) = [V, x 0.9 + 180 x 0.6] + [V, x 0.4358 + 180 x 6]

.+ 145156 x 10° = 0.81 V;h +1944 V), + 11664 + 0.1899 V;h + 941.328 Vph + 1166400
V3, + 1135728V, - 13337536 = 0

Vpn = 3128.08, - 4263.808 ... Neglect negative value
Vpn = 312808 V ... Terminal voltage
Epn = Vpn 3609.9344 - 3128.08
= P - e S ST =
%R = Vo x 100 313508 x 100 =+ 21.7978 %

b) cos ¢ = 0.8 leading, sin ¢ = 0.6
Edn

(Von cos@ + Loy Ry + (Vi sind — Ly, X,)?
(3809.9344)2 = [V, x 0.8 + 180 x 0.6]° + [V, x 0.6 — 180 X 6]*
145156 x 10° = 0.64 V2, + 1728V, + 11664 + 036 VZ, - 1296V, + 1166400
Vﬁh - 11232 Vp,, - 13337536 = 0

Ven = 42565872 V ... Neglecting negative value

Ep = V 3809.9344 — 4256.5872
_ Cph rh - e = -10.
%R = Vph x 100 1563572 x l?ﬂ 10.493 %
vmp Example 421 : A 3 phase slar connected alternator is rated at 1500 kVA, 12 kV. The
armature effective resistance and synchronous reactance are 2Q and 10Q per phase
respectively. Calculate % regulation for a load of 1200 kW at 0.8 pf. lagging and 0.707 pf.
leading. [JNTU : Nov.-2004, (Set - 2)]
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Solution : 1500 kVA, V; =12kV, R, =2Q, X, = 10Q

\" 12 x 102
V, = —L =227 - 9282032V
Rt 928.203 Star

P, = V3V, I cosé
a) cos § = 0.8 lagging, sin ¢ = 0.6
1200 % 10% = V3 x12%x10% x I, x 08
I, = 72168 A =1, ... Star
Ely = (Vi o5+ I, R,)? + (Vyy sing + [, X,)?
= (69282032 x 0.8 + 72.168 x 2)? + (6928.2032 x 0.6 + 72.168 x 10)?
E, = 7492768 V

]

ph

Ep -V, -
_ Epn =V _ 7492.768 ~ 69282032 _
WR = g 100 = S X 100 =+ 8148 %

b) cos ¢ = 0.707 leading, sin ¢ = 0.707

1200102 = 3x12x10%xI, x0.707 ie. I, =8166 A =1,

B}, = (Vi cosd+l, R +(V,, sing-I, X,)?
(6928.2032% 0.707 + 81.662)? + (6928.2032x 0.707 — 81.66 x10)?
Ep = 65022433 V

]

E,n -V, -
ph” VPR 100 = 6502.2433 - 6928.2032 % 100 = - 6.148%

BR == 69282032

Review Questions

#1. Explain in detail the constructional features of a three phase alternator.

2. Discuss the advantages of rotating field type of allernators.

3. List the differences between salient type and non-salient type of rotor construction.

Establish the relationship between the number of poles, frequency and the synch speed for a
three phase alfernator.

. Explain the working principle of a three phase alternator.

. What is the difference betcoeen degrees mechantical and degrees electrical ? Explain.

. Witlt the help of neat sketches, explain the various types of windings used in alternators.

. Derive the g lized expression for an induced e.m.f. per phase in three phase alternator.

Lo

| N ;W
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19.

20.

21.

9.

23,

24

Define and state the expressions for

a) Pitch factor

b) Distribution factor

Derive the expressions for the pitch factor and the distribution factor.

. Which are the various parameters of an armature winding ?

What is the armature reaction ? How power factor of the lond affects the armature reaction.
Explain with neat sketches.

. Explain the concept of synchronous impedance of a three phase alternator.
. State the voltage equation for a three phase alternator, explaining each ferm involved in it

Which are the various voltage drops, which occur in an alternator when it is loaded ?

. What is voltage regulation of an alternator ?
. Draw the phasor diagram and establish the relationship b induced e.m.f. and the terminal

vollage for a three phase alternator for lagging, leading ama‘ unity power factor load.

. Explain the synchronous impedance method for calculating the regulation of a three phase

alternator.

A 3 phase, 12 pole, star connected allernator has 72 slots and 6 conductors per slot. If it is driven
at 500 r.p.m., calculate the induced em.f. per phase. Assume coil span as 150° electrical and flux
per pole 40 mWh. (Ans, : 596.53 V)
The stator of a 3 phase, 8 pole alternator has 144 slots and 2 conductors per slot. The winding is
arranged in double layer. All the conductors per phase are connecied in series if il is driven at
750 r.p.m. speed, calculate induced e.m.f. per phase. Flux per pole is 20 mWb and coil span is 150°
elect. : (Ans.: 196815 V)

The particulars of rotating field type alternator are as below : 3 phase, star connected, 4 pole,
1800 r.p.m., 60 slots, 1 coil side per slot and 1 turn per coil, flux per pole 1.5 Wb. Calculale ran.s.
values of induced e.m.f. in i) each conductor ii) each coil iii) each phase.

Assume coil span as 13 slots, (Ans, : i) 199,8.V ii) 390.86 V iii) 3739.43 V)

A 3 phase, star connected, 8 pole, 750 rp.m. alternator has 3 slots per pole per phase. The

conductors per slot are 8 while flux per pole is 0.62 Wb. Calgulate the induced e.m.f. per phase.
(Ans.: 12682 kV)

A 230 V, 3 phase, 50 Hz, star connected alternator has 6 poles with 4 slats per pole per phose.
There are 2 coil sides per slot with 2 turns per coil. The coil span is = {h of full pitch. Calculate
flux per pole to produced rated voltage of 230 V between the lines. (Ans. : 1347 mWh) |
Find the number of conductors in series per phase required for an armature of a three phase,
50 Hz, 10 pole alternator with 90 slots. The winding is to be star connecled to give a line voltage
of 11 kV. The flux per pole is 0.16 Whb. (Ans. : 372 conductors per ph)
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25. A 500 V, 50 kVA, single phase alternator has an effective resistance of 0.2 Q0. A field current of
10 A produces an armature current of 200 A on short circuit and an emf. of 450 V on open
circuit. Calculate the full load regulation with 0.8 lagging p.f. (Ans. : + 34.32%)

26. A 50 kVA, 750 V, 3 phase star connected alternalor has open circuit em.f. of 125 V for a field
current of 12 A. When the terminals are shorted, same field current is driving a current of
38.49 A through the armature. If resistance between the terminals is 1.92 Q.

Calculate full load % regulation at
i) 0.8 lagging ii} 0.8 leading and i) Unity p.f. (Ans. : 15.47%, - 0.376%, +9.47%)

m[mx



Three Phase Induction Motors

5.1 Introduction

An electric motor is a device which converts an electrical energy into a mechanical
energy. This mechanical energy then can be supplied to various types of loads. The motors
can operate on d.c. as well as single and three phase a.c. supply. The motors operating on
d.c. supply are called d.c. motors while motors operating on a.c. supply are called a.c.
motors. As a.c. supply is commonly available, the a.c. motors are very popularly used in
practice. The a.c. motors are classified as single and three phase induction motors,
synchronous motors and some special purpose motors. Out of all these types, three phase
induction motors are widely used for various industrial applications. Hence this chapter
gives the emphasis on the working principle, types and features of three phase induction
motors. The important advantages of three phase induction motors over other types are
self starting property, no need of starting device, higher power factor, good speed
regulation and robust construction. The working principle of three phase induction motors
is based on the production of rotating magnetic field. Hence before beginning the actual
discussion of three phase induction motors, let us discuss the production of rotating
magnetic field from a three phase a.c. supply.

5.2 Rotating Magnetic Field (R.M.F.)

The rotating magnetic field can be defined as the field or flux having constant
amplitude but whose axis is continuously rotating in a plane with a certain speed. So if
the arrangement is made to rotate a permanent magnet, then the resulting field is a
rotating magnetic field. But in this method, it is necessary to rotate a magnet physically to
produce rotating magnetic field.

But in three phase induction motors such a rotating magnetic field is produced by
supplying currents to a set of stationary windings, with the help of three phase ac.
supply. The current carrying windings produce the magnetic field or flux. And due to
interaction of three fluxes produced due to three phase supply, resultant flux has a
constant magnitude and its axis rotating in space, without physically rotating the
windings. This type of field is nothing but rotating magnetic field. Let us study how it
happens.

A5-1)
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5.2.1 Production of R.M.F.

A three phase induction motor consists of three phase winding as its stationary part
called stator. The three phase stator winding is connected in star or delta. The three phase
windings are displaced from each other by 12(°. The windings are supplied by a balanced
three phase a.c. supply. This is shown in the Fig. 51. The three phase windings are
denoted as R-R’, Y-Y' and B-B".

Induction mator
R
—1
Three
phase —0|
ac.
supply B
e

Star or defta connected 3 phase winding

Fig. 5.1

The three phase currents flow simultaneously through the windings and are displaced
from each other by 120° electrical. Each alternating phase current produces its own flux
which is sinusoidal. 5o all three fluxes are sinusoidal and are sep 1 from each other by
12(°. If the phase sequence of the windings is R-Y-B, then mathematical equations for the
instantaneous values of the three fluxes ¢, ¢y and ¢y can be written as,

Ox = O sin (@1) = b, sin e (1)
by = O sin @t-120) = §,, sin ® - 120°) (@
5 = O sin (@t-2407 = 9, sin @ - 240°) @

As windings are identical and supply is balanced, the magnitude of each flux is ¢,
Due to phase sequence R-Y-B, flux ¢, lags behind ¢ by 120° and ¢y lags ¢y by 120°. So
¢y ultimately lags ¢p by 240°. The flux ¢ is taken as reference while writing the
equations.

The Fig. 5.2 (a) shows the waveforms of three fluxes in space. The Fig. 5.2 (b) shows
the phasor diagram which clearly shows the assumed positive directions of each flux.
Assumed positive direction means whenever the flux is positive it must be represented
along the direction shown and whenever the flux is negative it must be represented along
the oprosite direction to the assumed positive direction.

Let ¢5, ¢y and ¢y be the instantaneous values of three fluxes. The resultant flux ¢ is
the phasor addition of ¢y, ¢y and ¢g.

G = Gty +oy
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Let us find ¢r at the instants 1, 2, 3 and 4 as shown in the Fig. 52 (a) which
represents the values of 8 as 0%, 60°, 120° and 180° respectively. The phasor addition can be
performed by obtaining the values of ¢p, ¢y and ¢ by substituting values of 8 in the
equations (1), (2) and (3).

¢ PhaseR  PhaseY PhaseR
Ga
1200
ot 1200 -
wt
1207
O
(a) Waveforms of three fluxes (b} A i positive di
Fig. 5.2
Case 1: 8 =0
Substituting in the equations (1), (2) and (3) we get,
bp = 0,sin0°=0
0y = 0, sin (- 120°) = - 0.866 ¢,

=
=
i

= &, sin (- 240°) = + 0.866 9,

A The phasor addition is shown in
the Fig. 5.3 (a). The positive values are
shown in assumed positive directions
while negative values are shown in
opposite direction to the assumed
positive directions of the respective
fluxes. Refer to assumed positive
directions shown in the Fig. 5.2 (b).

BD is drawn perpendicular from B
/o on ¢. Tt bisects ¢r.

Assumed positive )/

diectionof ¢/

Fig. 5.3 (a) Vector diagram for 0 = 0°

s

65 =+08668,Br-—-Jp 4C 6, =-08660,
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- Da=®T
OD = DA = 3
In triangle OBD, ZBOD = 30°
_OD_ 62
s 30 = 5E = 58669

$y = 2x0.866 ¢, xcos 30°
= 154,

So magnitude of ¢y is 1.5 ¢,, and its position is vertically upwards at 6 = 0°.
Case 2: 8 = 60°
Equations (1), (2) and (3) give us,

op = ¢ sin 60° = + 0.866 ¢,,

$y = m sin (- 60°) = ~ 0.866 ¢,

$8 = ¢ sin (-180) =0

So ¢y is positive and ¢, is negative and hence drawing in appropriate directions we
get phasor diagram as shown in the Fig. 5.3 (b).

Fig. 5.3 (b) Vector diagram for 6 = 60°

Doing the same construction, drawing perpendicular from B on ¢; at D we get the
same result as,

or = 154,
But it can be seen that though its magnitude is 1.5 ¢,, it has rotated through 60° in
space, in clockwise direction, from its previous position.

Case 3: 6 = 120°

Equations (1), (2) and (3) give us,
$r = b sin 120 = + 0.866 ¢,
Oy = Opsin0=0
45 = Op sin (- 120) = - 0.866 ¢,y
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From the above discussion we have following conclusions :

a) The resultant of the three alternating fluxes, separated from each other by 120°, has
a constant amplitude of 1.5 ¢, where ¢, is maximum amplitude of an individual
flux due to any phase.

b) The resultant always keeps on rotating with a certain speed in space.

Key Point: This shows that when a three phase stationary windings are excited by balanced
three phase a.c. supply then the resulting field produced is rotating magnetic field. Though
nothing is physically rotating, the field produced is rotating in space having constant
amplitude.

5.2.2 Speed of R.M.F.

There exists a fixed relation between frequency f of a.c. supply to the windings, the
number of poles P for which winding is wound and speed N r.p.m. of rotating magnetic
field. For a standard frequency whatever speed of RMF. results is called synchronous
speed, in case of induction motors. It is denoted as N,.

120f
N,=—-= Speed of R.M.F.

where

Supply frequency in Hz

P = Number of poles for which winding is wound

This is the speed with which RMF. rotates in space. Let us see how to change
direction of rotation of RM.F.

5.2.3 Direction of R.MF.

The direction of the RM.F. is always from the axis of the leading phase of the three
phase winding towards the lagging phase of the winding. In a phase sequence of R-Y-B,
phase R leads Y by 120° and Y leads B by 120°. So R.M.F. rotates from axis of R to axis of
Y and then to axis of B and so on. So its direction is clockwise as shown in the Fig. 5.4 (a).
This direction can be reversed by interchanging any two terminals of the three phase
windings while connecting to the three phase supply. The terminals Y and B are shown
interchanged in the Fig. 5.4 (b). In such case the direction of RM.F. will be anticlockwise.
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The three rings made up of conducting material called slip rings are mounted on the
same shaft with which winding is rotating. Each terminal of winding is connected to an
individual slip ring, permanently. Thus three ends R-Y-B of winding are available at the
three rotating slip rings. The three brushes are then used. Each brush is resting on the
corresponding slip ring, making contact with the slip ring but the brushes are stationary.
So rotating three ends R-Y-B are now available at the brushes which are stationary as
shown in the Fig. 5.5. Now stationary external circuit can be connected to the brushes
which are nothing but the three ends of the winding.

Thus the external stationary circuit can be connected to the rotating internal part of the
machine with the help of slip rings and brush assembly. Not only the external circuit can
be connected but the voltage also can be injected to the rotating winding, by connecting
stationary supply to the brushes externally.

Key Point : Such slip rings and brush assembly plays an important role in the working of
slip ring induction motor.

Let us see the construction of three phase induction motor.

5.4 Construction

Basically, the induction motor consists of two main parts; namely
1. The part i.c. three phase windings, which is stationary called stator.

2. The part which rotates and is connected to the mechanical load through shaft
called rotor.

The conversion of electrical power to mechanical power takes place in a rotor. Hence
rotor develops a driving torque and rotates.

5.4.1 Stator

The stator has a laminated type of construction made up of stampings which are
04 to 0.5 mm thick. The stampings are slotted on its periphery to carry the stator winding.
The stampings are insulated from each other. Such a construction essentially keeps the iron
losses to a minimum value. The number of stampings are stamped together to build the

stator core. The built up core is then fitted in a casted or
fabricated steel frame. The choice of material for the
stampings is generally silicon steel, which minimises the
hysteresis loss. The slots on the periphery of the stator core
carries a three phase winding, connected either in star or
delta. This three phase winding is called stator winding. It is
wound for definite number of poles. This winding when
excited by a three phase supply produces a rotating magnetic
field as discussed earlier. The choice of number of poles
Fig. 5.6 Stator Iaminaﬁon depends on the speed of the rotating magnetic field required.
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The radial ducts are provided for the cooling purpose. In some cases, all the six terminals
of three phase stator winding are brought out which gives flexibility to the user to connect
them either in star or delta. The Fig. 5.6 shows a stator lamination.

5.4.2 Rotor
The rotor is placed inside the stator. The rotor core is also laminated in construction
and uses cast iron. It is cylindrical, with slots on its periphery. The rotor conductors or
winding is placed in the rotor slots. The two types of rotor constructions which are used
for induction motors are,
1. Squirrel cage rotor and
2. Slip ring or wound rotor

5.4.2.1 Squirrel Cage Rotor

The rotor core is cylindrical and slotted on its periphery. The rotor consists of
uninsulated copper or aluminium bars called rotor conductors. The bars are placed in the
slots. These bars are permanently shorted at each end with the help of conducting copper
ring called end ring. The bars are usually brazed to the end rings to provide good
mechanical strength. The entire structure looks like a cage, forming a closed electrical
circuit. So the rotor is called squirrel cage rotor. The construction is shown in the Fig. 5.7.

(O L )
/U/_\D\ D7 ¢ )\1
/ AT [ AY
[ @] KA LA |
\ /] I
Co
alumllalpu: :ars End ring
(a) Cage type structure of rotor (b) Symbolic representation

Fig. 5.7 Squirrel cagé rotor

As the bars are permanently shorted to each other through end ring, the entire rotor
resistance is very very small. Hence this rotor is also called short circuited rotor. As rotor
itself is short circuited, no external resistance can have any effect on the rotor resistance.
Hence no external resistance can be introduced in the rotor circuit. So slip ring and brush
assembly is not required for this rotor. Hence the construction of this rotor is very simple.

Fan blades are generally provided at the ends of the rotor core. This circulates the air
through the machine while operation, providing the necessary cooling. The air gap
between stator and rotor is kept uniform and as small as possible.
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N, = gl;f=8peedofmhlingmapeﬁcfield.

where f = Supply frequency.
P = Number of poles for which stator winding is wound.

This rotating field produces an effect of rotating poles around a rotor. Let direction of
rotation of this rotating magnetic field is clockwise as shown in the Fig. 5.9 (a).

Fig. 5.9

Now at this instant rotor is stationary and stator flux RM.F. is rotating. So its obvious
that there exists a relative motion between the RM.F. and rotor conductors. Now the
RMF. gets cut by rotor conductors as RM.F. sweeps over rotor conductors. Whenever
conductor cuts the flux, emf gets induced in it So emf. gets induced in the rotor
conductors called rotor induced e.m.f. This is electro-magnetic induction. As rotor forms
closed circuit, induced e.m.f. circulates current through rotor called rotor current as shown
in the Fig.5.9 (b). Let direction of this current is going into the paper denoted by a cross
as shown in the Fig. 59 (b).

Any current carrying conductor produces its own flux. So rotor produces its flux called
rotor flux. For assumed direction of rotor current, the direction of rotor flux is clockwise
as shown in the Fig. 59 (c). This direction can be easily determined using right hand
thumb rule. Now there are two fluxes, one RMF. and other rotor flux. Both the fluxes
interact with each as shown in the Fig. 59 (d). On left of rotor conductor, two fluxes are in
same direction hence add up to get high flux area. On right side, two fluxes cancel each
other to produce low flux area. As flux lines act as stretched rubber band, high flux
density area exerts a push on rotor conductor towards low flux density area. So rotor
conductor experiences a force from left to right in this case, as shown in the Fig. 59 (d),
due to interaction of the two fluxes.
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~———= nirection As all the rotor conductors experience a
force, the overall rotor experiences a torque

Stator i and starts rotating. So interaction of the two
t ) fluxes is very essential for a motoring action.

'y Cancellation - irecti
addton /77, e of two huxes As seen from the Fig. 5.9 (d), the direction of
w;:;"::m\]\: P \{ (owfuxarea) force experienced is same as that of rotating
SN w magnetic field. Hence rotor starts rotating in
' ¥ Y Rotor the same direction as that of rotating magnetic

conductor field.

Alternatively this can be explained as :
According to Lenz's law the direction of induced current in the rotor is so as to oppose the
cause producing it. The cause ofroim' current is the induced em.f. which is induced
because of relative mot t lﬂmmlztmgmagrm:ﬁe]dam&:emlm
mdml—lmcewo;vpmeﬂwrdauve tion ie. to reduce the e speed, the rotor
experiences a torque in the same direction as that of RM.F. and tries to catch up the speed
of rotating magnetic field.

So, N, = Speed of rotating magnetic field in r.p.m.
N = Speed of rotor i.e. motor in r.p.m.

N, - N = Relative speed between the two,
rotating magnetic field and the rotor conductors.

Thus rotor always rotates in same direction as that of RM.F.

551 CanN=N,?

When rotor starts rotating, it tries to catch the speed of rotating magnetic field.

If it catches the speed of the rotating magnetic field, the relative motion between rotor
and the rotating magnetic field will vanish (N, — N = 0). In fact the relative motion is the
main cause for the induced e.m.f. in the rotor. So induced e.m.f. will vanish and hence
there cannot be rotor current and the rotor flux which is essential to produce the torque on
the rotor. Eventually motor will stop. But immediately there will exist a relative motion
between rotor and rotating magnetic field and it will start. But due to inertia of rotor, this
does not happen in practice and rotor continues to rotate with a speed slightly less than
the synchronous speed of the rotating magnetic field in the steady state. The induction
motor never rotates at synchronous speed. The speed at which it rotates is hence called
subsynchronous speed and motor sometimes called asynchronous motor.

o N < N,

So it can be said that rotor slips behind the rotating magnetic field produced by stator.
The difference between the two is called slip speed of the motor.

N,-N = Slip speed of the motor in r.p.m.
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This speed decides the magnitude of the induced e.m.f. and the rotor current, which in
tumn decides the torque produced. The torque produced is as per the requirements of
overcoming the friction and iron losses of the motor along with the torque demanded by
the load on the motor.

5.6 Slip of Induction Motor

We have seen that rotor rotates in the same direction as that of RMF. but in steady
state attains a speed less than the synchronous speed. The difference between the two
speeds ie. synchronous speed of RMF. (N} and rotor speed (N) is called slip speed. This
slip speed is generally expressed as the percentage of the synchronous speed.

So slip of the induction motor is defined as the difference between the synchronous
speed (N,) and actual speed of rotor ie. motor (N) expressed as a fraction of the

s us speed (N,). This is also called absolute slip or fractional slip and is denoted
as 's\
s = Ns=N .
Thus N, ... (Absolute slip)
The percentage slip is expressed as,
%hs = N’N“NXIUO .-« (Percentage slip)

In terms of slip, the actual speed of motor (N) can be expressed as,

(et cpin st

At start, motor is at rest and hence its speed N is zero.

This is maximum value of slip s possible for induction motor which occurs at start.
While s = 0 gives us N = N, which is not possible for an induction motor. So slip of
induction motor cannot be zero under any circumstances.

Practically motor operates in the slip range of 0.01 to 0.05 i.e. 1 % to 5 %. The slip
corresponding to full load speed of the motor is called full load slip.

iy Example 5.1 : A 4 pole, 3 phase induction motor is supplied from 50 Hz supply.
Determine its synchronous speed. On full load, its speed is observed to be 1410 r.p.m.
Calculate its full load slip.
Solution : Given values are,
P =4 f=50Hz, N=1410rpm

1
N" = l?l;_f = w = 1500 r.p.m.
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Full load absolute slip is given by,
_ NN 1500-1410 _
N, =~ 1500
%s = 0.06x100=6 %
iﬂE)l:lmplo.'vz:Aaipok,Splwsc,SOHz,starcmmtdinduﬁmmmrﬁasaﬁzﬂlmd
slip of 4 %. Calculate full load speed of the motor.
Solution : Given values are,
P=4 f=50Hz %sp=4%

0.06

sg = Full load absolute slip = 0.04
120f 120 x50
N, = T=T=15mr.p.m
N;‘Nﬁ
sy = ————  where Ny = Full load speed of motor
_ 1500- N,
004 = =550

& Ny = 1440 r.p.m.
This is the full load speed of the motor.

5.7 Types of Induction Motor

The induction motors which work on three phase supply are called three phase
induction motors. From construction point of view, three phase induction motors are
classified as squirrel cage and slip ring induction motors.

The induction motors which work on single phase supply are called single phase
induction motors. A single phase a.c. supply cannot produce rotating magnetic field. Thus
these motors are not self starting. It is necessary to produce rotating magnetic field in
single phase induction motors. According to the methods used to make single phase
induction motors self starting, these are classified as,

1. Split phase induction motors.

2. Capacitor start induction motors.

3. Capacitor start capacitor run induction motors.
4. Shaded pole induction motors.

Some induction motors use special rotor constructions to obtain higher starting torque
and lower starting line currents. Such motors are classified as,

1. Deep bar rotor induction motors.
2. Double cage rotor induction motors.
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5.8 Effect of Slip on Rotor Parameters

In case of a transformer, frequency of the induced e.m.f. in the secondary is same as
the voltage applied to primary. Now in case of induction motor at start N = 0 and slip
s = 1. Under this condition as long as s = 1, the frequency of induced e.n.f. in rotor is
same as the voltage applied to the stator. But as motor gathers speed, induction motor has
some slip corresponding to speed N. In such case, the frequency of induced e.m.f. in rotor
is no longer same as that of stator voltage. Slip affects the frequency of rotor induced
e.m.f. Due to this some other rotor parameters also get affected. Let us study the effect of
slip on the following rotor parameters.

1. Rotor frequency 2. Magnitude of rotor induced e.m.f. 3. Rotor reactance

4. Rotor power factor and 5. Rotor current

5.8.1 Effect on Rotor Frequency
In case of induction motor, the speed of rotating magnetic field is,

120 f
N, = 5= - (1)

where f = Frequency of supply in Hz.

At start when N = 0, s = 1 and stationary rotor has maximum relative motion with
respect to RMF. Hence maximum e.mf. gets induced in the rotor at start. The frequency
of this induced e.m.f. at start is same as that of supply frequency.

As motor actually rotates with speed N, the relative speed of rotor with respect RM.F.
decreases and becomes equal to slip speed of N, — N. The induced e.m.f. in rotor depends
on rate of cutting flux i.e. relative speed N, — N. Hence in running condition magnitude of
induced e.m.f. decreases so as its frequency. The rotor is wound for same number of
poles as that of stator i.e. P. If f, is the frequency of rotor induced em.f. in running
condition at slip speed N, — N then there exists a fixed relation between (N, ~ N), f, and P
similar to equation (1). So we can write for rotor in running condition,

1204,

(N, -N) = —5=, rotor poles = Stator poles = P (@
Dividing (2) by (1) we get,
-
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5.8.3 Effect on Rotor Resistance and Reactance

The rotor winding has its own resistance and the inductance. In a case of squirrel cage
rotor, the rotor resistance is very very small and generally neglected but slip ring rotor has
its own resistance which can be controlled by adding external resistance through slip rings.

In general let,
R,
xz\
Now at standstill,

]

Rotor resistance per phase on standstill.
Rotor reactance per phase on standstill.

f. = f hence if L, is the inductance of rotor per phase,

X, = 2nf L, =2nfL, Q/ph
While R, = Rotor resistance in Q/ph.
Now in running condition,

f. = sf  hence,

Xpe = 2mf L, =2mfsk, =s.(2nfL,)

Where X3 = Rotor reactance in running condition.

Thus resistance as independent of frequency remains same at standstill and in running
condition. While the rotor reactance decreases by slip times the rotor reactance at

standstill
Hence we can write rotor impedance per phase as :
Z, = Rotor impedance on standstill (N = 0) condition
= Ry+j% Q/ph
Z, = {R7+X; Q/ph
While Z, = Rotor impedance in running condition.

Ry+j Xy =Ry + (8 X) Q/ph
Z, = R+ (6 %)7 Q/ph

.. Magnitude

... Magnitude
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In the running condition, Z, changes to Z, while the induced em.f. changes to E,.
Hence the magnitude of current in the running condition is also different than I, on
standstill. The equivalent rotor circuit on running condition is shown in the Fig. 5.13.

I, = Rotor current per phase in running condition.

All values are phase

Fig. 5.13

The value of slip depends on speed which inturn depends on load on motor hence X,
is shown variable in the equivalent circuit. From the equivalent circuit we can write,

_ Ey sE,

L = = =F=—
" e RPY X!

¢, is the angle between E,, and I, which decides p.f. in running condition.
Key Point : Putting s = 1 in the expressions obtained in running condition, the values at
tandstill can be obtained

5.9 Induction Motor as a Transformer

We know that, transformer is a device in which two windings are magnetically
coupled and when one winding is excited by a.c. supply of certain frequency, the e.m.f.
gets induced in the second winding having same frequency as that of supply given to the
first winding. The winding to which supply is given is called primary winding while
winding in which e.m.f. gets induced is called secondary winding. The induction motor
can be regarded as the transformer.

The difference is that the normal transformer is an alternating flux transformer while
induction motor is rotating flux transformer. The normal transformer has no air gap as
against this an induction motor has distinct air gap between its stator and rotor.

In an alternating flux transformer the frequency of induced em.f. and current in
primary and secondary is always same. However in the induction motor frequency of
em.f. and current on the stator side remains same but frequency of rotor e.m.f. and
current depends on the slip and slip depends on load on the motor. So we have a variable

on the rotor side. But it is important to remember that at start when N = 0 the
value of slip is unity (s = 1), then frequency of supply to the stator and of induced e.m.f.
in the rotor is same. The effect of slip on the rotor parameters is already discussed in the
previou