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Fundamentals of Electricity

1.1 Introduction

The study of an electrical engineering involves the analysis of the energy transfer from
one form to another or from one point to another. So before beginning the actual study of
an electrical engineering, it is necessary to discuss the fundamental ideas about the basic
elements of an electrical engineering like electromotive force, current, resistance etc. The
electricity is related with number of other types of systems like mechanical, thermal etc.
There involves the transfer of different forms of energy into electrical or otherwise. To
analyse such transfer, it is necessary to revise the S1. units of measurement of different
quantities like work, power, energy etc. in various systems.

This chapter explains the concept of basic electrical parameters alongwith the effect of
temperature on resistance. The chapter involves the discussion of the characleristics of
series and parallel circuits. At the end, the chapter includes the revision of units in
different systems and their inter relations.

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

1 ital, 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 spontaneously ejected from 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 clectron is very light, almost

(1-1
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1/1840th the mass of the neutron and proton. The following table gives information about
these three particles.

Fund tal Symbol Nature of charge Mass in kg.
particles of matter possessed
Neutron n 0 1675x10-27
Proton p+ + 1675x10-27
Electron e - 9.107 x 1031
Table 1.1

1.2.1 Structure of an Atom

Al 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 ar the electrons revolving in farthest urb:f ire hm'
 loosely held to the nuclqcs Such a shell is called the valence shell. And such
electrons are called valence electrons. S s

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.

; Mure thf number qf electrons, better is the metal for the
 conduction of the current. For exaniple, copper has 8.5%1025 ﬁee electmns per cubic
. meter and Kence it is a good conductor of electricity.

The electrons which are revolving round the nucleus, not revolve in a smgle orbit.
Each orbit comnsls of fixed number of electrons. In general, an orbit can contain a
maximum of 2n’ elecl:rons where n is the number of orbit. So first orbit or shell can
occupy maximum of 2 x 12 ie. 2 electrons while the second shell can occupy maximum of
2%22 je. 8 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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1) Hydrogen : 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).

Orbit 2

Electron e ot @ Orbit 1 : (8 electrons)

- . electrons,
N [ (hen ,J[::;'.'-f-':;:* -
’ - ~
R -,
e —— 1 ‘

—
|2 s
I )

~-
S

.
>

(4 electrens)
{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 ie. electrons from it. As
against this, if excess clectrons are added to the atom it becomes negatively charged.

% Tt L S BT IR AR
i 1 o adiiton o eees lctrons i s i clled
it TEb S e

Particle Charge possessad in Coulomb Nature

Neutron 0 Neutral
Proton 1602x10-19 Positive
Electron 1602x10-19 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 1.602x1071%, so one coulomb charge is defined as the
charge possessed by total number of ( 1/ 1.602x10-1%) electrons i.e. 6.24x10'® number of
electrons.

Thus, 1 coulomb = charge on 6.24x108 electrons

From the above discussion it is clear that if an element has a positive charge of one
coulomb then that element has a deﬁuency of 6.24x 1013 number of Electmns

Key Point: Tfrus, dddition or remanal

eci'wns ses er ckangf in the nahm' :
of the charge possessed by the element.. Fik e

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

| Froe the enlarged view of the inside of a 'piece

electron of a conductor. A conductor is one which

has abundant free eclectrons. The free

electrons in such a conductor are always

moving in random directions as shown in
Fig. 1.2 Inside the piece of a conductor  the Fig. 1.2,

‘ Direction of conventional curren(
" Is oppesite 1o the dnredkm of

“fiowof alectons 0 S I_—_ Inside the conductor
H @_j— HeR HCHE ) i
(@ @

Flow of alactrons
(- veto+ve)

Direction of
conventional 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
phmommun is rep:escnted in the Fig. 1.3.

int An electrical effort required to drift e free elections m ur;e'mtmdar Lihg
direction, in a conductor is called Electromotive Force (ean.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
electromotive force.

et is maintained across t:.iig_'p'{,:;-u_'ﬁu_r:_ and:
the chemical a_cf}:qh' inside “_iiu*' -sqhii{pn_

Ke,v Point The eftc!rlc effort i.
negative electrodes af' fhe cell, dﬂe
~contamed in the r.z'fl' R e

Atoms, when they loose or gain electrons, become charged accotdmgly 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: "r}':.a':'i‘:éu'of conventional current is from positin
while direction of flow of electrons is always from nega
* through the external circuit across which the e f is applied.

o ﬂegahce terminal
pos:ﬂnc leﬂmpd

We are going to follow direction of the conventional current throughout this book. i.e.
fronu 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 u.n.it time is used to quanufy an electric cu.rrent.

-Ke_y' t So currmf can be dq‘i:wd aswi'c qfﬂmu qf::ﬁarge in an e:’ecfnc. B
n any. mm‘htm in which charges are subjected to an external electric ﬁe :
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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,

~Q
=7

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 6.24x1018 electrons per second across a section taken any where in the circuit.

1 Ampere current = Flow of 6.24 x 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

—

Kny Point T.'us ab:fify of it dwrgd p:rrtu:fc w du\tha -amrk is mﬁ'ed rts clectm:
- potential. Tke nif #Mm po!enfmf B wm!

i

The electric potential at a point due to a charge is one volt if one ]nule 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,

Electrical Potential = L L

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 dircuits.
In electric circuits flow of current is always from higher electric potential to lower electric
potmﬂal So we can deﬂ.ne pohential d.iﬂ‘ereme as below

u s

pam.lsaud nmsuredmimlhm
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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
potenuai than B while if V; -V, is negahve we say that B is at higher potentl.al than A.

ey Point: The potential difference betuween the two p pam one volt ;{\
. of wark is done in displacing unit charge { 1 mromzr fmm .ﬁz‘rtnf 'of lower
i pm‘mrmf toa pnm! of higher poteal'ral. e

Consider two points having potential difference of V volts between them, as shown in
the Fig. 1.4. The point A is at higher potential 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
different potentials are joined together with the
help of wire, the electric current flows from higher
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 ie. flow of

electric current, there must exist a potential

V volts

dlﬁerence between the two pnints

i

1.7 Electromotive Force and Potential Difference

Earlier we have seen the concept of em.f. The em.f. is that force which causes the
flow of electrons ie. flow of current in the given circuit. Let us understand its meaning
meore clearly.

Consider a simple cell shown in Fig. 1.5 (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 henice
direction of current is from A to B i.e. 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 difference
current flows and electrical
energy is converted to

Flow of electrons heat energy
- P — [s}
Force for converting Current
chemical energy o (.
electrical energy is
e.m.f.{Electromotive force) [=——Conductor
+m A Bl—

Fig 1. 5 (h} Curnent dus to a cell

Consider two points P and Q as shown in the Flg 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 simultaneously. 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 i.e. 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 e.m.f. and potential difference are in generally referred as voltage.

1.8 Resistance

The current in the electrical circuit not only depends on e.m.f. or p.d. but also on the
circuit parameters. For example if lamp is connected in a circuit, current gets affected and



Basic Electrical Engineering 1-9 Fundamentals of Electricity

lamp filament becomes hot radiating light. But if contact at one end is loose, current
decreases but sparking occurs at loose contact making it hot. If two lamps are connected
one after the other, brightness obtained is less than that obtained by a single lamp. These
examples show that current, flow of electrons depends on the circuit parameters and not
On]y the e.m.f. alone.

Key Polnt T}u.-, pmperh,* of an Efectrlr.‘ c‘!rr:;m It’ndmg lo prevent the flow of
- current and at the same tine causes electrical energy be cmwmad ta heat 35 wﬁcd

m:sfnn-?

The concept of resistance is analogous to the fricton involved in the mechanical
motion. Every metal has a tendency to oppose the flow of current. Higher the availability
of the free electrons, lesser will be the opposition to the flow of current. The conductor
due to the high number of free electrons offer less resistance to th. flow of current. The
opposition to the flow of current and conversion of electrical energy into heat energy can
be explained with the help of atomic structure as below.

When the flow of elecirons is established in the metal, the ions get formed which are
charged particles as discussed earlier. Now free electrons are moving in specific direction
when connected to external source of e.m.f. So such ions always become obstruction for
the flowing electrons. So there is collision between ions and free flowing electrons. This
not only reduces the speed of electrons but also produces the heat. The effect of this is
nothing but the reduction of flow of current. Thus the material opposes the flow of
current.

The resistance is denoted by the symbol ‘R' and is measured in ohm symbolically
represenbed as £ . We can define unit ohm as be]ow

Koy Poinf 1 Ohm - The resistance of @ nrcmf in w&:c}x a current of 1 Ampere
; gen_m_ta\s\ the heat at the rx;!e of one joules per second is said to be 1 ohm.

Now 4.186 joules = 1 calorie
hence 1 joule = 0.24 calorie

Thus unit 1 ochm 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.

Earlier we have seen that some materials possess large number of free electrons and
hence offer less opposition to the flow of current. Such elements are classified as the
‘Conductors' of electricity. While in some materials the number of free electrons are very
less and hence offering a large resistance to the flow of current. Such elements are
classified as the ‘Insulators’ of electricity.

Examples of good conductors are silver, copper, aluminium while ples of
insulators are generally non metals like glass, rubber, wood, paper etc.

Let us see the factors affecting the resistance.
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s

1.8.1 Factors Affecting the Resistance

1. Length of the material : The resistance of a material is directly proportional to the
length. The resistance of longer wire is more. Length is denoted by I .

2. Cross-sectional area : The resistance of a material is inversely proportional to the
cross-sectional area of the material. More cross-sectional area allowed the passage of more
number of free electrons, offering less resistance. The cross sectional area is denoted by ‘a’,

3. The type and nature of the material : As discussed earlier whether it consists more
number of free electrons or not, affects the value of the resistance. So material which is
conductor has less resistance while an insulator has very high resistance.
4. Temperature : The temperature of the material affects the value of the resistance.
Generally the resistance of the material increases as its temperature increases. Generally
effect of small changes in temperature on the resistance-is not considered as it is negligibly
small.

So for a certain material at a certain temperature we can write a mathematical
expression as,

R o

]

and effect of nature of material is considered through the constant of proportionality
denoted by p (rho) called resistivity or specific resistance of the material. So finally,

R =2
a

length in metres

cross-sectional area in square metres
resistivity in ohms-metres
resistance in ohms

Where l

il

[

p
R

]

1.9 Resistivity and Conductivity

The resistivity or specific resistance of a material depends on nature of material and
denoted by p(rho). From the expression of resistance it can be expressed as,

Ra . Q-m?

. ie. Q-m
1 m

It is measured in Q - m.
Definition : The resistance of a material having unit length and unit cross-sectional area is known
_ as its specific resistance or resistivity.
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The Table 1.3 gives the value of resistivity of few common materials.

Name of material pinQ-m
International Standard Copper 1.72x10-8
Aluminium Cast 2.6x108
Bronze 36x108
Iron-Wrought 10.7x10-8
Carbon Graphite 4.6x10°8
Gold 2.36x 108
Siiver Annealed 1.58x10-8
Lead 22x108

Table 1.3

best insultor hile

iﬁil‘h paamf;wlneofr i ity i 1

1.9.1 Conductance (G)

The conductance of any material is reciprocal of its resistance and is denoted as G. It
is the indication of ease with which current can flow through the material. It is measured
in siemens.

1 _a_1fay_ a
s° © - x=5~(i) o(7)

1.9.2 Conductivity
The quantity (1/p ) is called conductivity, denoted as o (sigma). Thus the conductivity
is the reclprocal of mstshwty It is measumd in slemensi m.

mp Example 1.1 : The resistance of copper wire 25 m long is found to be 50 Q. If its
diameter is Imm, calculate the resistivity of copper.

Solution :
I = 25m, d =1 mm, R=50Q
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a = g(dz)=§(12 = 0.7853 mm?

= elmm=10"3m

Ra _ 50x0.7853x10¢
T 25

= 157x10°0Q-m=157pQ - m

mmp Example 1.2 :  Calculate the resistance of a 100 m length of wire having a uniform
cross-sectional area of 0.02 mm’® and having resistivity of 40 puQ - cm.
If the wire 15 draum out to four time its original length, calculate its new resistance.
Solution : | =100m, a = 0.02 mm? and p = 40 p2 - em

Now R =P;I expreasammzandpinn-m

40%10-6x10-2 x100

=2000 Q
0.02x10-6

il

The wire is drawn out such that [ = 4/

But the volume of the wire must remain same before and after drawing the wire,
which is the product of length and area.
Volume = axl=a"xrl
. axl _axl_a
A = e————=—

R

%
i
:

16 [P-a—!-]= 16 R = 32000 Q

inmp Example 1.3 : A silver wire has a resistance of 2.5 . What will be the resistance of a
manganin wire having a diameter, half of the silver wire and length one third ? The specific
resistance of manganin is 30 times that of silver.

Solution : R, = silver resistance = 2.5Q, d,, = manganin diameter = -di’l

I, = manganin length = f—; s Py = manganin specific resistance = 30 p,

Now a, = ’T: (d,)’“ = area of cross-section for silver
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R, = psls - psls =250

z(ds)2
Ipsx 'Ii
and R, = PmIm - 13 _ 10psis
Am Zdm)?  E(dsY
4 a2
p5 IS Pacieb :
= 4Dn—-—=4UR!=100I1 e of ganin
E(ds)z

mp Example 1.4 :  Prove that the length 'l and diameter ‘d’ of a cylinder of copper are

1 1
1=[TF ana a=[1620
P n2r
where x-volume, p-resistivity and r-resistance between opposite circular faces.
(May - 2002)
Solution : The resistance is given by,
=P
T a
Now x = volume =a x !
Multiplying numerator and denominator by I,
pixi _ pi?

I = —— = —

axl x
1/2
== «.. proved
p
R 2
Ed

i’% = E.; ... multiplying and dividing by a
a

px
E 42
(i)
16px
nlr

1/4
d = (16px] «. proved

Now a =

nlr
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1.10 Effect of Temperature on Resistance

The resistance of the material increases as temperature of a metal increases. Let us see
the physical phenomenon involved in this process.

Atomic structure theory says that under normal temperature when the metal is
subjected to potential difference, ions i.e. unmovable charged particles get formed inside
the metal. The electrons which are moving randomly, get aligned in a particular direction
as shown in the Fig. 1.6.

Amplitude of At low temperatures, the ions
_~ vibrations are almost stationary. But as

temperature increases, the ions
gain energy and start oscillating
about their mean position. Higher
the temperature, greater is the
— D -—--/"’m“ amplitude. Such vibrating ions
cause obstruction to the flowing
electrons. Similarly due to high
amplitude of oscillating ions,

chances of collision of electrons

are more. Due to collision and
Fig. 1.6 Vibrating ions in a conductor obs ion due to higher

amplitude of oscillations of ions, the resistance of material i as &
increases.

But this is not true for all materials. In some cases, the resistance decreases as
temperature increases.

Let us see the effect of temperature on resistance of various category of materials.

1.10.1 Effect of Temperature on Metals

The resistance of all the pure metals like copper, iron, tungsten etc. increases linearly
with temperature. For a copper, its resistance is 100 Q at 0° then it increases linearily

Resistance in
0

1
[
1
1
|
- 1
1
|
|
1
1
- ! P

~234.5 0 100 °c
Fig. 1.7 Effect of temperature on metals
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upto 100°C. At a temperature of — 234.5 °C it is almost zero. Such variation is applicable to
all the pure metals in the range of 0 “C to 100 °C. This is shown in the Fig. 1.7.

1.10.2 Effect of Temperature on Carbon and Insulators

The effect of temperature on carbon and insulators is exactly opposite to that of pure
metals. Resistance of carbon and insulators dec as the temperat increases. This
can be explained with the help of atomic theory as below :

Insulators do not have enough number of free electrons and hence they are bad
conductor of electricity. Now what happens in conductor is due to increase in temperature
vibrations of ions increase but it does not increase number of free electrons. While in
carbon and insulators due to increase in temperature, no doubt vibrations of ions increases
but due to high temperature few electrons from atoms gain extra energy and made
available as free’ electrons. So as number of free electrons increase though vibrations of
ions increases overall difficulty to the flow of electrons reduces. This causes decrease in

"e;mrbanmmuiamgmmmmbb«mpnmw
reases as. the ¢ ncreases: i

e

1.10.3 Effect of Temperature on Alloys

The resistance of alloys increases as the temperature increases but rate of increase is
not significant. In fact the alloys like Manganin (alloy of copper, managanese and nickel),
Eureka (alloy of copper and nickel) etc. show almost no change in resistance for
considerable change in the temperature. Due to this property alloys are used to
manufacture the resistance boxes.

Rate of increase in
resistance is highest

Pure metals

Rate of increase in
resistance is less than metals

Resistance decreases with
increase in temperature

Carbon and insulators

Fig. 1.8 (a) Effect of tamparature on resistance
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The Fig. 1.8 (a) shows the effect of temperature on metals, insulating materials and alloys.

The study of this, is very useful in finding out the temperature rise of cables, different
windings in machines etc. Such study is possible by introducing the factor called resistance
temperature coefficient of the material.

1.10.4 Effect of Temperature on Semiconductors
The materials having conductivity between that of metals and insulators are called

At normal temperature, the resistance

Rasl.sﬂmnoe of semiconductors is high. But as
' temperature increases, their resistance

Resistance decreases decreases with fast rate as shown in the

as lemperature increases. Fig. 1.8(b). At absolute zero temperature,

\ the semiconductors behave as perfect

insulators. At higher temperature, more
valence electrons acquire the energy and
become free electrons. Due to increased
number of free electrons, resistance of

Fig. 1.8 (b) Effect of temperature on semiconductors decreases as temperature
semiconductors increases.

Temperature
*C

0

1.11 Resistance Temperature Coefficient (R.T.C.)
From the discussion uptill now we can conclude that the change in resistance is,
1) Directly proportional to the initial resistance.
2) Directly proportional to the change in temperature.
3) Depends on the nature of the material whether it is a conductor, alloy or insulator.
Let us consider a conductor, the resistance of which increases with temperature
linearily
Let Ry
R, = Resistance at t; °C
R, = Resistance at t; °C
As shown in the Fig. 1.9, R, > R; > Ry,

Initial resistance at 0 °C

3
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Resistance in £
/‘I
[ e :
1
Ry-Ry i
Ry |
1
i
Ry Ra
L Ry H
- 1}
]
R° =1y :
: Temperature °C
0°c 4 t, 100°C

Key Point: The change in. restst.arm w:th ternpemmrz is a:mrdmg fo the factor
“called resistarice temperatire mqﬁ’ictent (RT.C.) denoted by o

Definition of R.T.C. : The resistance temperature coefficient at t °C is the ratio of
change in resistance per degree celcius to the resistance at t C.

aR;I)((:r (& -a,
From the Fig. 1.9, change in resistance = R; - R,
change in temperature = t; — 1,
AR _Ry-Ry
At ta -ty

RTC att°C =

change in resistance per °C =

Hence according to the definition of R.T.C. we can write o, ie. RT.C. at t; °C as,

change in resistance per °C _ (R -Ry / tz —ty)
4G = i g =
resistance at t;°C Ry

Similarly R.T.C. at 0 °C i.e. ¢y can be written as,
_ (Ry-Rg /t1-0)
= —Rg

Rs-R4 R]

But oV - 4 -ﬂ = slope of the graph

Hence R.T.C. at any temperature t °C can be expressed as,

_ slope of the graph
- ———
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1.11.1 Unit of R.T.C.
We know, g =

change in resistance per °C _ Q/ °C

resistance att °C =~a =/

Thus unit of R.T.C. is per degree celcius i.e. /C

1.11.2 Use of R.T.C. in Calculating Resistance at t °C
Let g = RT.C.at0°C
Ry = Resistance at 0 °C
R, = Resistance at t; °C
(Ry-Rg /t1-0) _ R1-Rg

Then % = Ry T thRy
Ri-Ry = oyt Ry
Ry = Ro+ gy Ry =Ryl + ¢ ty)

Thus resistance at any temperature can be expressed as,
| R = Ryi+agn |

So knowing Ry and ¢, at 0 °C, the resistance at any t °C can be obtained.
Alternatively this result can be expressed as below,

Let R; = Resistance at t; °C
R, = Resistance at t °C
o = BuRa/tzt) .. from definition
1
o Ryt-t) = R-Ry
Ry = Ry[l+ oq(t=tp)]
Where t=1t; = change in temperature = At

In general above result can be expressed as,
Rinal = Rinitiat [1 + Gyt (40
So if initial temperature is t; and final is t,, we can write,
[Re = Ryl1+ o] |

. Key Pomt ‘I‘.‘m.-, kni ng ;
(the resistance of mnft'ml at any omer femperah{re crm obtaine

1é fempérature,!
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1.11.3 Effect of Temperature on R.T.C.

From the above discussion, it is clear that the value of RT.C. also changes with the
temperature. As the temperature increases, its value decreases. For any metal its value is
maximum at 0 °C .

From the result of section 1.11.2 we can write,

Rp = Ry [T+ oq(p-1) ] (1)
where R; and o, are resistance and RT.C. at t; °C and R, is resistance at t, °C.
If the same resistance is cooled from t, to t; °C and if @, is RT.C. at t, °C then,

Ry =R, 1+ ety -t) ] e (2)
Dividing equation (1) by Ry,

1= gb e atg-t)]

=1ty - ®

Dividing equation (2) by R,,
R
B0+ oat-y]

Rp | 1
3 1+az (ty ~t2}

1

]

@

Equating (3) and (4) we can write,
1
1+ (b=t = g T)
_ 1 _ 1-1-wa(t; -t3)
®1l2-% = o) T Tres (h o)
_ oplty-ty) _ oa(ta-ty)
apl-t) = T+ (ty —t2) T T+t —tz)
P o2 _ 1
LI | t-tz) 1
+ez (t) —t2) E"'(‘I—fz]
or o, = 21 = !
z - 1+G1(tz‘-l1)— 1
u—l’f(fz-h)

Using any of the above expression if o at any one temperature t; “C is known then o
at any other temperature t, can be obtained.
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If starting termnperature is t; = 0 °C and « at t °C i.e. ¢ is required then we can write,

Qo __Go
T+op(t-0) 1+opt

oy =

This is very useful expression to obtain R.T.C. at any temperature t °C from o

1.11.4 Effect of Temperature on Resistivity

Similar to the resistance, the specific resistance or resistivity also is a function of
temperature. For pure metals it increases as temperature increases.

So similar to resistance temperature coefficient we can define temperature coefficient of
resistivity as fractional change in resistivity per degree centigrade change in temperature
from the given reference temperature.

ie. if py1 = resistivity at t; «C
pz = resistivity at t; °C
then temperature coefficient of resistivity at t; °C can be defined as,

(P2 -p1)f(ta —t1)

Uy =
P1

Similarly we can write the expression for resistivity at time t °C as,

pr = po(l+opt)

pr2 = pull+an(tz-ty)]

sy Example 1.5 : A certain winding made up of copper has a resistance of 100 Q at room
temperature. If res:srnnne temperature coefficient of copper at 0 °C is 0.00428 /°C, calculate

the winding r e if temp e is increased to 50 °C. Assume room temperature as
25°C.
Solution : E=25C, R =100Q, t=50°C, oy=000428 /C
- %0
Now % = [Tagt
o = —20 000428, 03ges /oC

I+opgty  1+0.00428x25

Use Ry = Ry [1+ 0y (t; - t)] = 100 [ 1+ 0.003866 (50 ~ 25) ]
= 109.6657 Q ... Resistance at 50 °C
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mmp Example 1.6 : The resistance of a wire increases from 40-ohm at 20 °C to 50 - ohm at

70 °C. Find the temperature co-efficient of resistance at ¢ °C. (Dec. - 99, Dec. - 2000)
Solution: R, =409, K =20°C, R,=50Q, =70C
Now, R, = Ry[l+a; 4t

50 = 40(1+a (70-20)] ie %:14-0:1(50}

50a; = 025
a; = 5x10°/°C ie att; =20C
Oy Uy

Now, % = e ie. R T
3 Qo =
5x107 = T+ g 20 ie. 1+20a,=200a,
180a, = 1
@, = 555 x 10°°C ... Temperature coefficient at 0 °C.

imp Example 1.7 : A specimen of copper has a resistivity (p) and a temperature coefficient of
1.6xID‘ohm-mat0‘Cmd1/254‘5a£ZUTrapmtiver.Fmdbathq‘Hma?ﬁG‘C.

(May - 2001)
Solution : - 6 -1
pp=16x10"" Q-cm, 0.1—754.5/{ at20 °C
_
Nowr % = 1+apt
= Go
M = Tiagx20
1 _ ap
7545  1+20ay
14200y = 2545 a,
1
% = 33 /T atOT
_ g _1/234-5 _ 1
%0 = Tragxe0 [, 60 @5/ C - a6 C
2.5

P =ppl+apt)

~ 1 - -
Pey = 1.6x10’6[l+m_5x6l]] 2% 10 Q-em
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mmp Example 1.8 : A resistance element having cross sectional area of 10 mn and a length
of 10 mirs. takes a current of 4 A from a 220 V supply at ambient temperature of 20 °C.
Find out, i) the resistivity of the material and ii) current it will take when the temperature

rises fo 60 °C. Assume otpy = 0.0003 /°C. (May - 2000)
Solution : a=10mm®=10x10"m2, V=220V, I=10m, I=4A4, ty=20C
and ax = 000B/C, Ry = 1 =20=550
1
Now, Ry = pud ie. p1x10
a 10x10-6
p1 = 0.000055€ -m =55ul-m ... at 20 °C
i) pzatty=60C, p2 = pyll+ay(tz-ty)]
= 0.000055 [1 + 0.0003 (60 — 20)]
= 55.66 p{ - m
" _pal
ii) R, = =
55.66x107% x 10 .
= == — —=55660Q
ke 10x 10~ %
= l——-—-—m =
1= R =i5ée 3.9525 A e at 60 °C
mmp Example 1.9 = A coil has a resistance of 18 ohm at 20 °C and 22 ohm at 50 °C. Find
the rise in the temperature when resistance becomes 24 olm. The room temperature is 18 °C.
(May-99, Dec.-2007)
Solution : Ri=18Q, =20, Ry=220 and t, =50 C
Now, Ry = Ryl + oy(tz=ty)] ie 22=18[1 + a;(50-20)]
Solving, @y = 0007407 /°C
Now Ry = 240 and Ry=R, [1 + ¢ (t3 - t;)]

24 = 18 [1 + 0.007407 {t; - 20)]
0.3333 = 0.007407 (t; — 20)
t3-20 = 45
t; = 65°C
So room temperature is 18 °C given
. Temperature rise = 65-18 =47 °C
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1.11.5 R.T.C. of Composite Conductor

Material 1 Material 2 In many practical cases, it is necessary
to manufacture  conductors using two
different types of materials, to achieve
special requirements. Such a composite
conductor is shown in the Fig. 1.10.

C ay, Ry o, Ry ) The material 1 has RT.C. ¢ and its
N contribution in composite conductor is R;.
Ry#Ry,005 The material 2 has RT.C. o; and its

contribution in composite conductor is R;.
The combined composite conductor has
resistance R; + R, while its RTC is neither oty nor a3 but it is a3, different than «; and
[+ 5
Analysis of Composite conductor : The analysis includes the calculation of a, from
a; and ay.
Let R; = Resistance of material 1 at t; °C

Fig. 1.10 Composite conductors

R, = Resistance of material 2 at t; °C
t; = New temperature attained by composite conductor
Ry, = Resistance of material 1 at t; °C
Ry = Resistance of material 2 at t, °C
R;; = Resistance of composite material at t, °C
Ry = Resistance composite material at t; °C

It is known that,
Ry = Ryl +0g(tg-ty) (5)
Ry = Ryl +op (- ty)] (6
Rizp = Rpp[1+ap (- ty)] A7)

Where o3 = RT.C. of composite conductor at t; °C
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Using (B) and (9) in (7),

Ry + Ryl = [Ry + Rl [1+ 5 (- ty) (10
Using (5) and (6) in (10),
Rill+ag-t]+Ry[1+ap(l-t]=[R + Ryl [1 + @y (- t)]

SR AR -t + R+ Ryop (- =Ry +Ryop (=) + Ry + Ry oy (- )
Cancelling R; and R, from both sides,
Riogp-H)+Ryogp-f)=Ritplb-h) + Ry (h-t)

Cancelling (t, - ;) from both sides,

05 Ry + Ry)) = Rio+Rytp = agp(Ry+R3) .. (11)
_ Rio; +Raop
[ TR iR, . (12)

Thus & 15 which is R.T.C. of composite conductor can be obtained at t; °C. Once this is
known, o1, at any other temperature can be obtained as,

a1z : .
o = L& A
2 = Tigy,at where At js temperature rise

Ry o -1

Prove that :
Ry 0.2 =02

il

Divide the equation (11) by R,,

Ry Ry
C‘1+R—l°‘2 = “12*“127{%

R R
(o i )

R
o -Gy = 'Ril[au—“z]

% =Gy

Ry . mimon Proved
R ° @y—a

iy Example 1.10 : At a purticular temperature the fwo resist are 60 Q and 90 Q
having temperature coefficients of 0.0037 fC and 0.005 /°C respectively. Calculate the
temperature coefficient of composite conductor at the same temperature, obtained by
combining above two resistances in series.

Solution : Ry =600, R, =909, ay = 00037 /°C, a, = 0005 /°C

Using the result derived,
Ryo; +Rpop _ (60%0.0037)+(90x0.005) _ o
Ry +R; (60+190) =0 rc

aqpy =
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mmp Example 1.11 :  Two coils A and B have resistances 60 © and 30 Q respectively at 20 °C.
The resistance temperature coefficients for the two coils at 20 °C are 0.001 /C and
0.004 /°C. Find the resistance of their serics combination at 50 °C.

Solution : The given values are,

For coil A, Ryy = 609, & =20°C, oy =0001/C
For coil B, Rg; = 30Q, 4 =20%C, ap =0004 /C
Now Raz = Rpy [1+ aarlty - ty)l

Rpa = 60 [1 +0.001 (50 - 20)] = 61.8Q
This is resistance of coil A at 50 °C.
And Rpz = Rpy [1 +apy (t - t)]
= 30 [1 + 0.004 x (50 - 20)] = 33.6 Q
This is resistance of coil B at 50 °C.
Resistance of their series combination at 50 %C = Rg, + Ryp = 61.8 + 336
= 954 Q
=y Example 1.12 :  Two coils A and B have resistances 100 Q and 150 € respectively at

0°C are connected in series. Coil A has resistance temperature coefficient of 0.0038 [°C while
B has 0.0018 /°C. Find the resistance temperature coefficient of the series combination at

0°C.
Solution : At 0 “C, the series combination is = R, + Rg = 100 + 150 = 250 Q
Now _ R, = Ry(l1+09t) e (Ragh = (Raply [l + Ciapg t]

where Ry is a resistance of series combination.
U, p is resistance temperature coefficient of series combination.
Now (Rp)y = (Rp)g[1 + @ap t] and (Rg), = (Rl [1 + oy t]
(Rap) = (Rak+ Rply = (Rakg [1 + ctag t] + (Rplg [1 + o ]
Substituting in above,
(Rpdg [1 + apg t] + (Rplg {1 + wgy ] = (Raplp [1 + otapp t
(Rplg = 1002, ;pp = 0.0038
(Rg)y = 150 , apy = 0.0018

(Raplp = 2500
.~ 100 [1 + 0.0038 t] + 150 [ 1 + 0.0018 t]

100 + 038t + 150 + 0.27t = 250 + 250 oppq ¢

250 [ 1 + (xap)p t]
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065t = 250 mpp t
Gy = 0.0026 /°C.
This is the resistance temperature coefficient of the series combination at 0 °C.

Note : The example may be solved using the result derived as,

_ Rpawmp +Rpup

Opp = Rn +Rs = 0.0026 /°C

But in examination, such eumples must be mlved usmg baslc pro:edure as,
. above and not by using direct expressmn derived 3 : ;

Imsp Example 113 : At any given temperature, two material A and B have resistance
temperature coefficients of 0.004 and 0.0004 respectively. In what proportion resistances

made up of A and B joined in series to give a combination having resistance temperature
coefficient of 0.001 per °C 7
Solution : Let R be resistance of material A then (x R) be resistance of material B.
The resistance of the series combination is,
Rap = Ry +Rg
Rpp = R+xR=(1+x)RQ
Let (oag) = resistance temperature coefficient of the series combination.

Let there be t °C change in temperature so,
Rap = (Rap) (@ap) () = (1+x) R (0.001) () e )
The resistance Rjp is also Rjy +Rp, where
R} is value of Ry due to change in temperature.
Rp is value of Ry due to change in temperature.

Ra = Ry - (o) (1) = R-(0.004) (1)
and R = Ry (og) (1) = xR - (0.0004) (1)
Rap = R (0.004) (t) + x R (0.0004) ()
Rap = R t{0.004 + 0.0004 x) @

Equating 1 and 2,
ARt (1 +x)(0.001) = R t (0.004 + 0.0004x)

0.001 + 0.001 x = 0.004 + 0.0004 x ie 6x10%x=0003
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Rg=5Ry
i.e. resistance R, and Ry must be joined in the proportion 1: 5.

Fundamentals of Electricity

x =5 e

Immp Example 1.14 : A resistor of 80 Q resistance having a temperature coefficient of
0.0021 /°C at 0 °C is to be constructed. Wires of two materials of suitable cross-sectional area
are available. For material A the resistance is 80 Q per 100 m and temperature coefficient is
0.003 /°C at 0 °C. For material B the corresponding figures are 60  per 100 m and
0.0015 /°C at 0 °C. Calculate suitable lengths of the wires of materials A and B to be
connected in series to get required resistor.

Solution : R,g = Resistance of A at 0 °C, Rm=Resisianr:eofBat0°C
Opp=RT.C. of A at0°C =000 /C, agy = RT.C. of Baat 0 °C = 0.0015 /<C
Rapyp = Resistance of series combination of A and Bat 0 °C = 80Q
appg = RT.C. of series combination at 0 °C = 0.0021 /C
We know, Ry'= Rg(l+agt) ie Ry=Ru{l+aapt

Rp, = Rpg (1 +opp t) and Rm-Rm(l-l-ixago t)
But Rap = Ray + Ry ... series combination at t °C

Similarly Rppg = Rpg+ Ry =800 ... series combination at 0 °C

Rm {1+ aapgt)
.~ BO (1 + 0.0021 t)
80 + 0.168 t

Rag (1 + @ao 1) + Rpg (1 + apg 1)
Rag (1 + 0.003 t) + Ry, (1 + 0.0015 1)
Rpg + 0.003 Ry t + Rpg + 0.0015 Ry t

80 + 0.168 t = (Rpp+ Rgg) + 0.003 Ryg t + 0.0015 Ryy t
Now  Rpg+ Ry = 80 and Rpg = 80 - Ry
80 + 0.168t = 80+ 0.003 Ry t + 0.0015 (80 — Ryp t
0168 t = [0.003 Ryg + 0.0015 (80 — Ry t
0.168 = 0.003 Rug + 0.12 - 0.0015 Ryg
Ry = 320
o Ry = 80 -32=480Q
Now material A resistance is 80 Q per 100 m so for 32  the length required is,
%xlm = 40m

The material B has resistance of 60 & per 100 m so for 48 Q the length required is ,

%xlm = 80m
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1.12 Insulation Resistance

The insulator is a material which offers a very high resistance to the flow of current.
Because of this property such insulating materizals are used to insulate current carrying
conductors so that current do not leak from them and come in contact with other bodies.

The conductor with insulation around it is shown in the Fig. 1.11 (a) while leakage
current path is shown in the Fig. 1.11 (b).

Canductor Conductor
Insulation Path of
leakage
current
Insulation
(a) Insulation around (b) Direction of leakage
conductor current

Fig. 1.11 Insulation and its function

Mainly such insulators are used to cover entire conductors which are required to be
maintained at high potential with respect to earth. Such insulators try to avoid any
leakage of current from conductors to earth. The resistance which offers opposition to the
flow of leakage current is an ideal perfect insulation resistance. It stops the leakage
current.

v
ol 7

R; = Insulation resistance, V = Voltage between conductor and earth, I; = Leakage

The cc ly used insulating materials are rubber, paper, varnish, mica, percelain,
glass etc. In practice the cables which are used to carry heavy currents are insulated with
the help of number of layers of insulating materials. Let us derive the expression for the
insulation resistance of a cable.
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1.12.1 Insulation Resistance of a Cable
: ! The Fig. 1.12 shows such a cable
Direction of which is insulated with the help of
\ leakage cument  layer of insulating material.

1

LI
I

T

¥ I

] 1

]

Conductor In such cables, leakage current flows
Layer of radially from centre towards surface as
insulating ! shown in Fig. 112. Hence the
material ! cross-section of the path of such current
Ryle— is not constant but continuously changes

Ry with its length.

So to calculate its resistance, it is
necessary to consider the section of
cylindrical cable of radius r with small
thickness as shown in the Fig. 1.13.

Let us find resistance of this ring.
The radius of the ring is r and thickness
dr. As leakage current flows redially
the length in the direction of current, of
this ring is dr only. While the total
length of cable is say T meters then its
corss-sectional area perpendicular to the
flow of current is surface area ie. 2nrl

Hence the resistance of this ring can
Fig. 1.13 Section of length dr be written as

dr _pl
dRi Hpm .‘.QSR—?

I=dr, a=2nrl p = resistivity
The total insulation resistance can be obtained by integrating this from inner radius up
to outer radius i.e. R; to R,.

R R
R = fd R = g_d%
1 R1 nr

R:
- _P-JzE:L 2
2wl T 2:;1[[“’3"]%1

= %[‘-"ge Rz -Loge Rq]
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series but their insulation res;sﬂmrzs are in. pa[d!el_uﬂulc y‘ on aabfcsm mm
i parallel then conductor masmmes are in parallel but  resi

'Seﬂﬁ

hmp Example 1.15 : A single core cable has a conductor of diameter 1.2 cm and its insulation
thickness of 1.6 cm. Thcspecg‘i istance of the insulating material is 7. 5% 108 M Q cm.
Calculate the insulation resistance per kilometer of a cable. If now this resistance is to be
increased by 20%. Calculate the thickness of the additional layer of insulation required.

Solution : Length /= 1km = 1000 m
p= 7.5%108 MQ-cm
=7.5%108 %106 Q-cm

=7.5%108 x106 x10-20Q-m = 7.5x1012 O-m

Dy 12 _
T e

Rl -
Insulation thickness = 1.6 cm
Ry =Ry +t=22cm
" Ry _'?.5><1(.'!12 2.2
2 ZxILogg{ ]' 2 <1000 L“’“[ﬁ]

= 1550.9 MQ

New R, required is,
= 15509 + 0.2 x 1550.9 (increased by 20 %)

= 1861.08 MQ
5 = p R3
1861.08x10 221 gc[Rl ]
7.5x1012 R
86 6 = 2
1961005100 - 2= 1000 [0 6]

s R5 = 2.8528 cm = New outermost radius.
-~ Additional thickness required = 2.8528 - R, — (original thickness)
= 28528 -06-16 = 0.6528 cm
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Imsp Example 1.16 : Two underground cables A and B, each has a conductor resistance of
0.6 Q and 0.8 Q respectively. Each has a insulation resistance of 600 MQ and 400 MQ
respectively. If the cables are connected in,

i) Series and ii) Parallel,

Calculate conductor resistance, and insulation resistance of the combinati

Solution : i) Cables are in series
Conductor resistances are also in series.
.~ Conductor resistance of combination = 0.6 + 08 =140
While insulation resistance are in parallel under series connection.

R; of com! _ RaxRp _ 600x100x400x106
" Ra+Rp  600x108 +400x106

240 MO
i) Cables are in parallel

Conductor resistances are also in parallel.
6x0.8

L . 0. .
*, Combinational conductor resistance = TETOE = 0.3428 0}

While insulation resistances are in series when cables are in parallel.

R; of combination = R, + Ry =400 + 600 = 1000 MQ

1.12.2 Effect of Temperature on Insulation Resistance

The insulation resistance depends on the temperature. When temperature increases, the
valence electrons which are loosely bound to the nucleus, acquire thermal energy. Due to
the additional energy acquired, these valence electrons become completely free from the
force of attraction by the nucleus. Thm electrons are a\rm]ablc as the free eleclmns

Hence as temperature increases, the insulation resistance decreases while conductivity
ncreases.
The effect can be mathematically expressed interms of an exponential relationship as,
Where R = Insulation resistance at t °C
Ry = Insulation resistance at 0 °C
oy = RT.C.at0°C
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1.12.3 Effect of Moisture on Insulation Resistance

Practically insulation covering the conductor may absorb some moisture. Now water is
very good conductor of electricity hence possibility of conduction increases through the
insulation when it absorbs water. Thus moisture provides path for the leakage current.

1.13 Fundamental Quantities and Units

Scientists and engineers know that the terms they use, the quantities they measure
must all be defined precisely. Such precise and standard measurements can be specified
only if there is common system of indication of such measurements. This common system
of units is called 'SI' system i.e. International System of Units.

The S.I. system is divided into seven base units and two supplementary units. The
seven fundamental or base units are length, mass, time, electric current, temperature,
amount of substance and luminous intensity. The two supplementary units are plane angle
and solid angle. All other units are derived which are obtained from the above two classes
of units. The derived units are classified into three main groups,

1. Mechanical units 2. Electrical units 3. Heat units
Let us discuss these groups in detail.

1.13.1 Mechanical Units

The various mechanical units are,
1. Mass : It is the matter possessed by the body. It is measured in kg and denoted as m.
2. Velocity : It is the distance travelled per unit time, measured in m/s.

3. Acceleration : [t is the rate of change of velocity, measured in m/s”.

4. Force : It is the push or pull which changes or tends to change the state of rest or
uniform motion of body, measured in Newton.
One newton is the force required to give an acceleration of 1 m/ s? to a mass of 1 kg.

|F=mxa N"

5. Weight : The gravitational force exerted by the earth on a body is called its weight,
measured in Newtons.

| Weight = m x g where g = gravitational acceleration = 9.81 m/s’

6. Torque : It is the product of a force and a perpendicular distance from the line of
action of force to the axis of rotation. It is measured in Nm.
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T = Fxr Where r = radial distance of rotation

7. Work : The work is said to be done when force acting on a body causes it to move. If
body moves through distance d under the force F then,

The work is measured in Joules.

8. Energy :It is the capacity to do the work. The work is done always at the cost of
energy. The unit of energy is also Joules. The two forms of an energy are,
i) Kinetic energy which is the energy possessed by a body due to its motion. If body
of mass m is moving with velocity v then the kinetic energy is,

ii) Potential energy which is the energy possessed by a body due to its position
When a body of mass m is lifted vertically through height of h then the potential
energy is,

PE. = mgh=Wh J where W = weight

9. Power : The rate of doing work is power measured in J/sec i.e. watts

p o Mooy e jew

»

Energy expended = Power % time = work done

1.13.1.1 Relation between Torque and Power
Consider a pulley of radius R and F is the
force applied as shown in the Fig. 1.15.

T = FxR Nm
Let speed of pulley is N revolutions per

minute. Now work done in one revolution is
force into distance travelled in one revolution.

<82
5382
il

- IH

d = distance travelled in 1 revolution
=2xR

Fig. 1.15

W = work done in 1 revolution =Fxd=2nRF ]
The time required for a revolution can be obtained from speed N r.p.m.
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t = time for a revolution =

Where T = F=R = torque in Nm
J
@ = %l’: = angular velocity in rad/sec

The relation P = T w is very important in analysing various mechanical systems.

1.13.2 Electrical Units
The various electrical units are,
1. Electrical work : In an electric circuit, movement of electrons i.e. transfer of charge is

an electric current. The electrical work is done when there is a transfer of charge. The unit
of such work is Joule.

Key Point: One joule of electrical work done is hat work dmn: in ma.}mg a cmrge :
" of 1 couloml through a potential difference of 1 volt.. . i

So if V is potential difference in volts and Q is charge in coulombs then we can write,

Electrical work W=V xQ ] Butl = %

W= VIt | Where t = Time in seconds

2. Electrical power : The rate at which electrical work is done in an electric circuit is
called an electrical power.

Electrical power P = electrical work _ W _ V1t
P - time Tt

P = VI J]/secie. watts |

Thus power consumed in an electric circuit is 1 watt if the potential difference of
1 volt applied across the circuit causes 1 ampere current to flow through it.

Remember, i 1 watt' = 1 joule/sec

As unit of power watt is small, many a times power is expressed as kW (1000 watts)
or MW (1 x 10° watts).

According to Ohm's law, V=IR o I=V/R
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Using this, power can be expressed as,

2
P=Vl =1R= VT Where R = Resistance in Q
3. Electrical energy : An electrical energy is the total amount of electrical work done in
an electric circuit.

Electrical energy E = Power x Time = VIt joules

The unit of energy is joules or walt-sec.

The energy consumed by an electric circuit is said to be 1 joule or watt-sec when it
utilises power of 1 watt for 1 second.

As watt-sec unit is very small, the electrical encrgy is measured in bigger units as
watt-hour (Wh) and kilo watt-hour (kWh).

1 Wh = 1 watt » 1 hour = 1 watt x 3600 sec = 3600 watt-sec i.e. |

and 1 kWh = 1000 Wh = 1 x 10° x 3600 ] = 3.6 x 10° J

When a power of 1 kW is utilised for 1 hour the energy consumed is said to be 1
kWh. This unit is called Board of Trade Unit.

Ke_v point - Thc efccm-':!y b:fl's we are gething - are charged based. ot this
“comntercial init of energy i.e. KWk or it P

1.13.3 Thermal Units

1. Heat energy : The flow of current through a material produces a heat. According to
the principle of conservation of energy, the electrical energy spent must be equal to the
heat energy produced. This is called Joule's law.

v2
Heat energy H = VIt = PRt = 5t joules

2. Specific heat capacity : The quantity of heat required to change the temperature of 1
kilogram of substance through 1 degree kelvin is ca.lled spemﬁr: heat of that subﬂta.nce
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Following table gives the values of specific heat capacity of various substances.

Substance Specific heat capacity in Jikg - “K
Water 4187
Copper 380
Aluminium 950
Iren 500
Table 1.4

3. Sensible heat : The quantity of heat gained or lost when change in temperature
occurs is called sensible heat. This can be calculated as,

| Sensible heat = m C At Joules. |
m = Mass of substance in kg
C = Specific heat in J/kg -K
At t; = t; = change in temperature

4. Latent heat : The quantity of heat required to change the state of the substance ie,
solid to liquid to gas without change in its temperature is called latent heat.
It can be calculated as,

| Latent Heat = mxL  Joules.
Where m = Mass of substance in kg
L = Specific latent heat or specific enthalpy
The unit of L is J/kg while unit of latent heat is joules.
lTntal heat = Sensible heat + Latent heat
The various relations between electrical and thermal units are,
1 calorie = 4.186 joules

. 1 .
1 joule 15 calorie

= 02389 calorie
1kWh = 36x10°] = 860 k cal

5. Specific enthalpy : It is the heat required to change the state of one kilogram mass of
a substance without change in temperature.

Its unit is J/kg.
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6. Calorific value : Heat energy can be produced by burning the fuels. The calorific value
of a fuel is defined as the amount of heat produced by completely burning unit mass of
that fuel.
It is measured in kJ/gram, k]/kg etc.
Heat produced in joules = Mass in kg x calorific value in J/kg

7. Water equivalent of container : When water is heated in a container then the
container is also heated. So heat is wasted to heat the container. To take into account this
heat, water cqmvalmt of conta.mer must be known.

Jo 't

Key Point - The umr ioal
'h_é_a_!_.body of cont j can be ¢

teat equivalent mass of water.

Tteat is reqmred to
len it to heat eungy rrqwmf fo.

This is shown in the Fig. 1.16.

Ideal container
Water t=—— Container
equivalt_ant of getting heated Water 5 kg due to
container heating of container
Skg
Water 50 kg

30
I ﬁ Heat = For water of 55 kg

input  dua to water aquivalent
of container

Fig. 1.16 Concept of water equivalent

1.13.4 Efficiency
The efficiency can be defined as the ratio of energy output to energy input. It can also
expressed as ratio of power output to power input.
Its value is always less than 1. Higher its value, more efficient is the system of
equipment. Generally expressed in percentage. Its symbol is 1.
Energy output
Energy input

%m = %100

_ Power (:futput %100
Power input

1.14 Cells and Batteries

A device which is used as a source of emf. and which works on the prindple of
conversion of chemical energy into an electrical energy, is called a cell. But practically the
voltage of a single cell is not sufficient to use in any practical application. Hence various
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cells are connected in series or parallel to obtain the required voltage level. The
combination of various cells, to obtain the desired voltage level is called a battery.

The conductors of electricity can be classified in two categories as,

1. Non electrolytes : Conductors which are not affected by the flow of current
through them are nonelectrolytes. The examples are metals, alloys, carbon and
some other materials.

2. Electrolytes : Conductors which undergo decomposition due to the flow of current

through them are electrolytes. The examples are various acids, bases, salt solutions
and molten salts.

In any cell, two different conducting materials are immersed in an electrolyte. The
chemical reaction results which separates the charges forming a new solution. The charges
- get accumulated on the conductors. Such charged conductors are called electrodes. The
positively charged conductor is called anode while the negatively charged conductor is
called czthode. Thus the charge accumulated on the electrodes creates a potential
difference between the two conductors. The conductor ends are brought out as the
terminals of the cell, for connecting the cell to an external circuit. The terminals are
marked as positive and negative. Thus the chemical energy gets converted to an electrical
energy. Hence the cell is an electrochemical device.

Key Foint: The ake:mcal uchau in the. el mrmuwsl s
- mainfan bzerzqu:re:l “temfnm’ vof!agt i

1.15 Types of Cells
The two types of cells are,

1. Primary Cells : The chemical action in such cells is not reversible and hence the
entire cell is required to be replaced by a new one if the cell is down. The primary
cells can produce only a limited amount of energy. Mostly the nonelectrolytes are
used for the primary cells. The various examples of primary cells are zinc-carbon
dry cell, zinc chloride cell, alkaline cells, mercury cell etc.

2. Secondary Cells : The chemical action in such cells is reversible. Thus if cell is
down, it can be charged to regain its original state, by using one of the charging
methods. In charging, the electrical energy is injected to the cell by passing a
current in the opposite direction through it. In such cells, the electrical energy is
stored in the form of chemical energy and the secondary cells are also called
storage cells, accumulators or rechargeable cells. These are used to produce large
amount of energy. The various types of secondary cells are Lead-acid cell,
Nickel-cadmium alkaline cell ete. The most commonly used secondary cell is a
Lead-acid cell or Lead-acid battery.
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1.16 Cell Terminology
The various terminologies related to a cell are,

& 1. EMF. of a cell : The voltage of a cell in
E@\hnmeter an open circuit condition, measured by a very
- high resistance voltmeter is called emf. of a
cell. This is denoted as E, measured in volts.

This is shown in the Fig. 1.17.

Fig. 1.17 E.M.F of a cell 2, Internal resistance of a cell : The cell
completes path of current from its positive
terminal to negative terminal through external
circuit. But to complete the closed path, the
current flows from negative to positive terminal
of cell, internally. The opposition by a cell to a
current, when it flows internal to the cell is

Toexieal  called the internal resistance of the cell. It is
denoted as r and measured in ohms.

In an equivalent circuit of a cell, its internal
resistance is shown in series with that cell. The
Fig. 1.18 shows a cell and its internal resistance.

+
i

Internal
resistance

3. Terminal voltage: When an  external

istance is connected across the terminals of
the cell, the current I flows through the circuit.
There is voltage drop 'Ir' across the internal
resistance of the cell. The cell emf. E has to
supply this drop. Hence practically the voltage
available at the terminals of the cell is less than
E by the amount equal to ‘Ir. This voltage is
called the terminal voltage V. This is shown in
Fig. 1.19 Terminal voltage the Fig. 1.19.

Mathematically, the terminal voltage is given by,

From external resistance side we can write,

Cell
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It can also be observed that on no load i.e. external resistance not connected, the open
circuit terminal voltage is same as e.m.f. of the cell, as current I = 0.

| VvV =E onnoloadi.e.opm'lcircuit]

1.17 Primary Cells
1t is seen that the primary cell is that which is required to replace by new one when it
is Tun down. '

The oldest types of primary cell are simple voltaic cell, Daniell cell, Leclanche cell etc.
Some commonly used primary cells are,

1. Dry cell [Zinc-Carbon] 2. Mercury cell
3. Zinc-Chloride cell 4. Lithium cell
5. Alkaline Zinc-mercury oxide cell

Let us discuss primary cell in detail.

1.17.1 Dry Zinc-Carbon Cell
This is most common type of dry cell. It is the type of Leclanche cell.

Negative electrode — Zinc cup lined with paper

Positive electrode — Centrally located carbon rod

The space between the paper and carben rod is filled with a paste of sal ammoniac,
zinc chloride, manganese dioxide and carbon dust.

The sal ammoniac acts as an electrolyte, the zinc chloride improves the chemical action
and manganese dioxide acts as depolariser.

The Fig. 1.20 shows the cross-section of zinc-carbon dry cell.
Positive terminal

Tin plate

Pitch or plastic seal
Saw dust

Carbon rod

Sal ammoniac, zinc chlonde paste
Zinc confainer

Absorbent paper

e o % p
Fig. 1.20 Zinc-carbon dry cell
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The zinc container is lined with paper to avoid direct reaction of zinc with carbon. The
contairier is sealed with an insulator called pitch which is plastic seal of the cell. The tin
plates are used at top and bottom which are positive and negative terminals of the cell
respectively. The carbon dust added to the paste used to improve the conduction of the
electrolyte. Externally the zinc container is covered with cardboard jacket to avoid any
type of leakage.

1.17.1.1 Cell Reaction

When zinc atoms react with the electrolyte, the electrons are removed from the carbon
rod. These electrons accumulate on the zinc electrode. As the electrons are negatively
charged, the zinc electrode acts as negative terminal. The carbon rod from where negative
charge is lost in the form of electrons, acts as positive terminal.

The sal ammoniac i.e. ammonium chloride paste reacts with zinc to liberate hydrogen.

t_ns_. hydmgen accumulates in the frmn of t.'un layer on carbon

pa,fnn.sa on. ‘Dﬂe to ﬂ’ns, oeH er_ f gpcs down if cell is apemttd for Imger

1.17.1.2 Features of Cell
1. The em.f. of new dry cell is about 1.5 V.
2. The internal resistance is about 0.1 to 0.4 Q.

3. The capacity of 32 Ah when discharged through 20 Q resistor till voltage drops to
05 V. :

4. When not in use for long time, zinc gets attacked by the paste slowly and cell
becomes useless though not in use.

5. In working condition, voltage drops due to polarisation hence used for intermittent
service. When disconnected the depolarisation occurs to resotre the cell em.f.

6. Least expensive.

7. Portable and convenient to use.

1.17.1.3 Applications

Mostly used to get intermittent service to avoid polarisation. The various applications
are,

1. Torch lights 2. Telephone and telegraph systems

3. Electronic apparatus and toyes 4. Wall clocks
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5. Electric bells

6. Radio receivers and many other consumer applications

1.17.2 Mercury Cell
This is another type of a primary cell

Negative electrode —»  Zinc cylinder
Positive electrode —  Mercury compound in contact with
nickel plated steel or stainless steel

The concentrated solution of potassium hydroxide (KOH) and zinc oxide (ZnQ) is
used as an electrolyte.

It is available in cylindrical shape or miniature button shape.
The Fig. 1.21 shows the construction of a cylindrical mercury cell.

Steel plate

Insulating gasket
Mercury oxide
Zinc cylinder

Potassium hydroxide

2]

%
Insulator &\\\\\\\\\\\\\\\\/\\\ Steel casing

Fig. 1.21 Mercury Cell
The zinc electrode acting as negative terminal is made in the form of a hollow
cylinder. The steel casing acts as a positive terminal. The layer of mercury oxide covers the
electrolyte which is solution of KOH and ZnO. The cell is sealed with the help of
insulating gasket.
1.17.2.1 Chemical reaction
The net chemical reaction involved in the cell is,

Zn + HgO — ZnO + Hg
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1.17.2.2 Features of the cell
1. The chemical reaction does not evolve any gas hence no polarisation.
2. The cell maintains its e.m.f. for longer time in working condition.
3. The terminal voltage is about 1.2 to 1.3 V.
4. Tt has long life.
5. It has high ratio of output energy to weight of about 90 - 100 Wh/kg.
6. Costlier than dry cell.
7. It has high energy to volume ratio of about 500 - 600 Wh/L.
8. It has high efficiency.
9. Good resistance to shocks and vibrations.
10. Disposal is difficulty due to presence of poisonous materials inside.

1.17.2.3 Applications

The cells are preferred for providing power to small devices as available in miniature
button shapes. The various applications are,

1. Hearing aids.

2. Electronic calculators.

3. Electronic clocks.

4. Guided missiles.

5. Medical electronic appliances such as pace makers.

6. Audio devices and cameras.

1.18 Secondary Cells

It is seen that the secondary cells are rechargeable cells as the chemical reactions in it
are reversible. The two types of secondary cells are,

1. Lead acid cell

2. Alkaline cell

Let us discuss these cells in detail.

1.19 Lead Acid Battery
The various parts of lead acid battery are,
1. Positive plate or Anode : It is lead peroxide (PbO,) plate of chocolate, dark brown
colour.

2. Negative plate or Cathode : It is made up of pure lead (Fb) which is grey in
colour.
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3.

6.

8.

Electrolyte : For the necessary chemical action aqueous solution of sulphuric acid
(H,50y) is used as an electrolyte.

. Seperators : The positive and negative plates are arranged in groups and are

placed alternately. The seperators are used to prevent them from coming in contact
with each other short circuiting the cell.

Container : The entire assembly of plates along with the solution is placed in the
plastic or ceramic container.

Bottom blocks : To prevent the short circuiting of cell due to the active material
fallen from the plates, the space known as bottom blocks is provided at the bottom
of the container.

. Plate connector : The number of negative and positive plates are assembled

alternately. To connect the positive plates together seperate connectors are used
which are called plate connectors. The upward connections of the plate connectors
are nothing but the terminals of the cell

Vent-plug : These are made up of rubber and screwed to the cover of the cell. Its
function is to allow the escape of gases and prevent escape of electroyte.

The Fig. 1.22 shows the construction of lead acid battery.

(PbO,) @ 2 (Pb) Plate
o connecto

(=+— Container

(a) Battery construction (b) Assembly of - ve and + ve plates

Fig. 1.22 Construction of lead acid battery

The various plates are welded to the plate connectors. The plates are immersed in

H,50,

solution. Each plate is a grid or frame work. Except some special assemblies, wide

space between the plates is provided. In an aiternate assembly of plates, the negative plate

is one
sides.

more in number than positive. So all the positive plates can work on both the
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1.19.1 Functions of Separators .
The separators used have the following functions in the construction of lead acid
battery :
1. Acting as mechanical spacer preventing the plates to come in contact with each
other. .
2. Prevent the growth of lead trees which may be formed on the negative plates and
due to heavy accumulation may reach to positive plate to short circuit the cell.
3. Help in preventing the plates from shedding of the active material. The separators

must be mechanically strong and must be porous to allow diffusion of the
electrolyte through them.

1.19.2 Chemical Action in Lead Acid Battery
The chemical action in the lead acid battery can be divided into three processes :
1. First charging 2. Discharging 3. Recharging
Let us discuss these processes in detail.

1. First charging : When the current is passed for the first time through electrolyte, the
H,0 in the electrolyte is electrolysed as,

HO=2H O
The hydrogen ions as positively charged get attracted towards one of the electrodes

which acts as cathode (negative). The hydrogen does not combine with lead and hence
cathode retains its original state and colour.

The oxygen ion as negatively charged gets attracted towards the other lead plate
which acts as anode (positive). But this oxygen chemically combines with the lead (Pb) to
form lead peroxide (PbO;). Due to the formation of lead peroxide the anode becomes dark
brown in colour.

Thus anode is dark brown due to the layer of lead peroxide deposited on it while the
cathode is spongy lead electrode.

So there exists a potential difference between the positive anode and the negative

cathode which can be used to drive the external circuit. The electrical energy obtained
from chemical reaction is drawn out of the battery to the external circuit, which is called
discharging.
2, Discharging : When the external supply is disconnected and a resistance is connected
across the anode and cathode then current flows through the resistance, drawing an
electrical energy from the battery. This is discharging. The direction of current is opposite
to the direction of current at the time of first charging. The discharging is shown in the
Fig. 1.23. .
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2 R (Load)

| Megative
PbO, — SO, ions
Anode Pb
Cathode
Positive +— Electrolyte
H'ions t

Fig. 1.23 Discharging

During the discharging, the directions of the ions are reversed. The H * ions now
move towards anode and the SO;~ ions move towards cathode.

This is because H, SO, decomposes as,

H,50; —> 2H' + 50;-
At the anode, the hydrogen ions become free atoms and react with lead peroxide
alongwith the H,50; and ultimately lead sulphate Pb SO, results as,
PbO, + H, SO, + 2H —> Pb SO, + 2 H, O ... At Anode
At the cathode, each 50}~ ion become free SO4 which reacts with the metallic lead to
get lead sulphate.
Pb + 50, —>PbSO, .. At Cathode

Thus discharging results into formation of whitish lead sulphate on both the
electrodes.

3. Recharging : The cell provides the discharge current for limited time and it is
necessary to recharge it after regular time interval. Again an e.m.f. is injected through the
cell terminals with the help of an external supply.

The charging is shown in the Fig. 1.24.
Due to this recharging current flows and following reactions take place,

At the cathode, PbSO, + 2H —2 Pb + H, 50,

At the anode, PbSO, + SO, + 2H,0 — PbO, + 2H,S0;
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.—Extemal supply

Fig. 1.24 Recharging the lead acid battery

Thus the PbO, gets formed at anode while lead sulphate layer on the cathode is
reduced and gets converted to grey metallic lead. So the strength of the cell is regained. It
can be seen from the reaction that water is used and H,50 is created. Hence the specific
gravity of H,50;, which is the charging indicator of battery, increases.

The specific gravity is 1.25 to 1.28 for fully charged battery while it is about 1.17
to 1.15 for fully discharged battery. The voltage also can be tised as a charging indicator.
For fully charged battery it is 2.2 to 2.5 volts.

The chemical reaction during charging and discharging can be represented using single
equation as,

Discharge
——
PbO, + 2H,80, + Pb - 2PbS0O, + 2H,0

T

Positive  Electrolyle Negative Bothanode -~ Water
Anode Cathode and cathode

Fid. 1.25
1.19.3 Features of Lead Acid Battery
The various features of lead acid battery are,
1. The capacity is about 100 to 300 ampere-hours.
2. The voltage is 2.2 V for fully charged condition.
3. The cost is low.
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4. The internal resistance is very low.
5. The current ratings are high.
6. The ampere-hour efficiency is about 90 to 95% with 10 hour rate.

1.19.4 Conditions of a Fully Charged Battery

For identifying whether the battery is fully charged or not, following conditions must
be observed,

1. The specific gravity of HySO, must be 1.25 to 1.28.
2. The voltage stops to rise and its value is about 2.2 to 25 V.
3. Violent gasing starts as battery is fully charged.

4. The colour of positive plate becomes dark brown while the colour of negative plate
becomes slate grey.

1.19.5 Maintenances and Precautions to be taken for Lead Acid Battery
The following steps must be taken in the maintenance of the lead acid battery,
1. The battery must be recharged immediately when it discharges.

2. The level of the electrolyte must be kept above the top of plates so the plates
remain completely immersed.

3. The rate of charge and discharge shold not be exceeded as specified by the
manufacturers.

4. Maintain the specific gravity of the electrolyte between 1.28 to 1.18.

5. The loss of water due to evaporation and gasing must be made up using only
distilled water.

6. The connecting plugs should be kept clean and properly tightened.

7. It should not be discharged till its voltages falls below 1.8 V.

8. When not in use, it should be fully charged and stored in a cool and dry place.

9. Tt should not be kept long in discharged condition. Otherwise PbSO, gets converted
to hard substance which is difficult to remove by charging. This is called
sulphating. Thus sulphating should be avoided.

10. The battery must be given periodic overcharge at half the normal rate to remove
white sulphate.

11. The temperature of the battery should not exceed 45 °C otherwise plates deteriorate
rapidly.

12. The battery terminals should not be shorted to check whether battery is charged or
not.

13. Always keep the surface of the container dry.
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14. No sulphuric acid should be added till it is sure that low specific gravity is due to
under charge and not due to white sulphate formed on plates.

15. The acid used must be pure without any impurity and colourless.
16. The sparks and flames must be kept away from the battery.

1.19.6 Testing Procedure for Lead Acid Battery

1. Using hydrometer : The testing basically involves the checking of specific gravity of
the sulphuric acid. It can be checked by the use of hydrometer. The hydrometer consists of
a glass float with a calibrated stem placed in a syringe. The readings on hydrometer are
shown in the Fig. 1.26.

Glass 1.24
float Hydrometer

(a) Hydrometer (b) Reading 1.24 (c) Reading 1.14

Fig. 1.26 Testing lead acid battery

2 Using cell tester : Another method of testing the lead acid battery is called high
discharge test or short circuit test. The cell tester is used for this test. It consists of 0-3 V
voltmeter shunted by a low resistance. The low

resistance shunt is connected between two prongs

Handie as shown in the Fig. 1.27. The prongs are pressed
against the cell terminals. A high discharge
current flows through the low resistance and cell

Voltmeter voltage is indicated by the voltmeter.

Prongs The battery with full charge, without

sulphatation occurred in it, shows proper reading
on voltmeter. But battery which is sulphated,
'_.Lowmslslau:e showing other indications of full charge will show
shunt low voltage reading. Thus this is reliable method
Fig. 1.27 Cell tester of testing the lead acid battery.

Thus if the reading on voltmeter is less than 1.8 V, the battery needs charging while if
it is more than 2.5 V it is overcharged. According to specific gravity reading the distilled
water should be added to bring specific gravity back to its normal value.
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1.19.7 Applications

The various applications of lead acid battery are,

1. In emergency lighting systems.

. In automobiles for starting.
. Uninterrupted power supply systems.
. Railway signalling.
Electrical substations and the power stations.
. For compensating feeder drops in case of heavy loads.
For energizing the trip coils of the relays and the switch gears.
As a source of supply in mines and telephone exchanges.

Apart from these applications, the lead acid batteries are used in various other areas
also like telephone systems, aeroplanes, marine applications etc.

BN oW e W N

1.20 Battery Capacity
The battery capacity is spocuﬁed in ampere-hours (Ah).

For a lead aud batte:ry the dlsdu.rge rate is specified as 10 hours or 8 hours wh:le the
value of voltage to which it should fall is specified as 1.8 V.

Mathematically the product of discharge current in amperes and the time for discharge
in hours till voltage falls to a specified value is the capacity of a battery.

Battery capacity = Ip x Tp, (Ah)
Where Ip = Discharge current in amperes
Tp = Time of discharge in hours till voltage falls to a
specified value.

Sometimes it is specified as watt-hours (Wh). It is the product of the average voltage
during discharge and the ampere hour capacity of a battery.
The battery capacity depends on the following factors,
1. Discharge rate : As the rate of discharge increases, the battery capacity decreases.
2. Specific gravity of electrolyte : More the specific gravity of electrolyte, more is the
battery capacity as it decides internal resistance of the battery.
3. Temperature : As temperature increases, the battery capacity increases. This is
shown in the Fig. 1.28.




Basic Electrical Engineering 1-51 Fundamentals of Electricity
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Fig. 1.28 Effect of temperature on battery capacity

4. Size of the plates : This is related to the amount of active material present in the
battery.

1.21 Battery Efficlency
Mainly the battery efficiency is defined as the ratio of output during discharging to the
_ input required during charging, to regain the original state of the battery.
It is defined in many ways as,
1. Ampere-hour efficiency or quantity efficiency
2. Watt-hour efficiency or energy efficiency

1.21.1 Ampere-hour Efficiency
It is defined as ratio of output in ampere-hours during discharging to the input in
ampere-hours during charging. It is denoted as 1),
Ampere- hours on discharge
Man = Ampere-hours on charge

_ [Currentx Time on discharge
%Tan = [ Currentx Time on charge ]x‘lﬂo

For lead acid battery, it ranges between 80 % to 90 %.

1.21.2 Watt-hour Efficlency
It is defined as the ratio of output in watt-hours during discharging to the input in
watt-hours during charging. It is denoted as g,
_ Watt-hours on discharge
Thwh = Watt - hours on charge
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. o [Voltage during discharge (average)]x[Currentx time at discharge] %100
Tk = [Voltage during charge (average)]x[Currentx time at charge]

Average voltage during discharge
Average voltage during charge

For lead acid battery watt-hour efficiency ranges between 70 % to 80 %.

1.22 Charge and Discharge Curves

The behaviour of battery voltage with respect to the time in hours of charging or
discharging at normal rate is indicated by the curves called charge and discharge curves.

During discharge of the lead acid cell, the voltage decreases from about 21 V to 1.8 V,
when cell is said to be completely discharged. The discharge rate is always specified as
8 hours, 10 hours etc.

During charging of the lead acid cell, the voltage increases from 1.8 V to about 2.5 Vto
27 V, when cell is said to be completely charged. If the discharge rate is high, the curve is
more drooping as voltage decreases faster. Such typical charge and discharge curves for
lead-acid cell are shown in the Fig. 1.29. While discharging the voltage decreases to 2 V
very fast, then remains constant for long period and at the end of discharge period falls to
1.8 V. While charging, initially it rises quickly to 2.1 to 2.2 V and then remains constant for
long time. At the end of charging period it increases to 2.5 to 2.7 V.

Voltage of

each cell
in volts

271
26
25 =— Charge curve
2.4
23
2.2

A
-/

19
1.8
1.7
16
1.5

\ Discharge curve

. . - Time in
0 1 2 3 4 5 8 7 8 hours

Charging or discharging
Fig. 1.29
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1.23 Battery Charging

During charging, the chemical action takes place which is exactly opposite to that of
discharging. Thus current in opposite direction to that at the time of discharge, is passed
through the battery. For this the voltage applied is in excess of the voltage of the battery
or cell. The battery voltage acts in opposite direction to that of the applied voltage and
hence called back e.an.f. The charging current can be obtained as,

Crarging current = Z3 700
Where E, = Applied voltage
E, = Back em.f. ie. battery voltage
R = External resistance in the circuit

r = Internal resistance of the battery
Simple battery charging circuit used to charge the battery from d.c. supply is shown in
the Fig. 1.30,

D.C.
supply
- +

I
|
R

Rheostat |
for adjusting
charging rate

Fig. 1.30 Battery charging

The ammeter measures the charging current which is called charging rate, which can
be adjusted using the external resistance R. The voltmeter measures the battery voltage. It
is necessary that the positive terminal of the battery must be connected to the positive of
the D.C. supply.

The charging current must be adjusted such that the temperature of the electrolyte will
not increase beyond 100° to 110 F.
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1.23.1 Indications of Fully Charged Battery
The various indications of the fully charged cells are,

1. Specific gravity : The specific gravity of the fully charged cell increases upto 1.28
from about 1.18.

2. Gassing : When the cell is fully charged, it starts liberating the gas freely. In lead
acid battery the hydrogen is liberated at cathode while oxygen at the anode.
Gassing is a good indication of fully charged battery. Some acid particles may go
out with the gases hence the charging room must be kept well ventilated.

3. Voltage : The voltage of the fully charged cell is about 2.7 V.

4. Colour : The colour of the plates changes for fully charged cell. Colour of the
positive plate changes to dark chocolate brown while that of negative plate
changes to grey colour. But as plates are immersed in the electrolyte, this
indication is not clearly visible.

1.24 Charging Methods

The main methods of battery charging are,
1. Constant current method

2. Constant voltage method

3. Rectifier method

1.24.1 Constant Current Method

When the supply is high voltage but battery to be charged is of low voltage, then this
method is used. The number of batteries which can be charged are connected in series
across the available d.c. voltage. The constant current is maintained through the batteries
wilh the help of variable resistor connected in series. The circuit is shown in the Fig. 1.31.

Fuse Ammeter I

Variable
resistance

Fig. 1.31 Constant current method
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The charging time required in this method is comparatively large. Hence in modern
charger the number of charging circuits are used to give a variation of charging rates.
Initially higher charging rate is used and later on lower charging rate is preferred.

1.24.2 Constant Voltage Method

In this method, the constant voltage is applied across the cells, connecting them in
parallel. The charging current varies according to the state of the charge of each battery.
The batteries to be charged are connected in 6 or 12 volt units across the positive and
negative busbars i.e. mains supply. When the battery is first connected, a high charging
current flows but as the terminal voltage of the battery increases, the charging current
reduces automatically. At the end of the full charge, the voltage of the battery is equal to
the voltage of the busbars and no current flows. The charging time required is much less
in this method.

Another practically used method is called trickle charge. In this method, the charging
current is maintained slightly more than the load current, through the battery. The load is
constantly connected to the battery. So battery remains always in fully charged condition.

The Fig. 1.32 shows the cascade resistances used for the charging of batteries on d.c.
mains supply.

D.C. * + d
supply
[ R RS

Vv




Basic Electrical Engineering 1.56 Fundamentals of Electricity

The Fig. 1.33 shows the parallel charging circuit in which 2 separate groups each of 4
cells in series are connected in parallel across the mains.

D.C.
supply

T/=ll—; Main

+,

Fig. 1.33 Parallel charging circuit

1.24.3 Rectifier Method

When battery is required to be charged from a.c. supply, the rectifier method is used.
The rectifier converts a.c. supply to d.c. Generally bridge rectifier is used for this purpose.
The Fig. 1.34 shows the circuit used for rectifier method.

The step down transformer lowers the a.c. supply voltage as per the requirement. The
bridge rectifier converts this low a.c. voltage to d.c. this is used to charge the battery.
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Fig. 1.34 Rectifier method

1.25 Grouping of Cells

The single cell is not sufficient to provide necessary voltage in many cases. Practically
number of cells are grouped to obtain the battery which provides necessary voltage or
current. The cells are grouped in three ways,

1. Series grouping

2. Parallel grouping

3. Series-parallel grouping

1.25.1 Series Grouping
The Fig. 1.35 shows the series grouping of cells so as to obtain the battery. There are n
cells connected in series.

n-1 n !

,.:.,__||__||__.9_

n cells in series

Load
R

Fig. 1.35 Series grouping of cells
E.M.F. of each cell

Y

r = Internal resistance of each cell

V = Total voltage available = n x E volts
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Ry = Total circuit resistance = load + cells

= R +nxr
I = Totalvoltage = V _  nE
- Tmalresistanoe_R__RL +nr

Key Potnt b: senm Ctrcm! cumn el

in series. But 1 '_‘, a@nbe_ creased by increasing n ofceHsrt

1.25.2 Parallel Grouping
In this method, positive terminals of cells are connected together and negative
terminals are connected together as shown in the Fig. 1.36.

@

HEM

] ]

I Load

b 1 R

1 1 :

I _
...................................... e

Fig. 1.36 Parallel grouping of calls
The terminal e.m.f. of each battery must be same as E.

V = Battery voltage = E = em.f. of each cell
r = Internal resistance of each cell
I, = Current through nth branch

—
[}

Total current

= i1+12+13+...+1n|

: L : l‘agemmfnssame i
by increasin; umberofmﬂsthzmmtmpucﬂymub:mcmscd. 3

In series grouping current rating of each cell must be same while in parallel
grouping voltage rating of each cell must be same.

1.25.3 Series-Parallel Grouping
Practically the various groups can be connected in parallel where each group is a
series combination of cells as shown in the Fig. 1.37.
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Group 1 Group 2 Group 3
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Groups in parallel

Fig. 1.37 Series-parallel grouping
This is used to satisfy both voltage and current requirement of the load.

1.26 Alkaline Cells
The secondary cells can be alkaline cells. These are of two types.
1. Nickel - iron cell or Edison cell
2. Nickel - cadmium or Nife Cell or Junger cell

1.27 Nickel - Iron Cell

In this cell,
Positive Plate — Nickel hydroxide [(Ni(OH) 5
Negative Plate — Spongy iron (Fe)
The electrolyte is an alkali of 21 % solution of potassium hydroxide solution (KOH).
The insulated rods are used to seperate the positive and negative plates.
The Fig. 1.38 shows the construction of Nickel-iron cell.

®@o

Container

Posti Py
ive 2
plate of fron

Electrolyle
KOH salution

Fig. 1.38 Construction of Nickel-iron cell
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1.27.1 Chemical Reaction

In a charged condition, the material of positive plate is Ni(OH); and that of negative
plate is iron. When it is connected to load and starts discharging, the nickel hydroxide gets
converted to lower nickel hydroxide as Ni(OH), while the iron on negative plate gets
converted to ferrous hydroxide Fe(OH),. When charged again, reversible reaction takes
place, regaining the material on each plate.

Discharge
2Ni(OH); + 2KOH + Fe T———™ 2Ni(OH), + 2KOH + Fe(OH),

R .

Positive Electrolyte Negative Positive Electrolyte  Megalive
plate plate plate plate

Fig. 1.39 Total reaction

1.27.2 Electrical Characteristics

The electric characteristics indicates the variations in the terminal voltage of cell
against the charging or discharging hours. The Fig. 1.40 shows the electrical characteristics
of Nickel-iron cell during charging and discharging.

Terminal voltage
per ceil

Charging curve

18+
161

Ll | Discharging curve
124
14

o8 1 2 3 4 5 6 7
Charging or discharging time
in hours at normal rate

Fig. 1.40 Electrical characteristics of Nickel-iron cell
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When fully charged its voltage is about 14 V and during discharging it reduces to
about 1.1to 1 V. Dunngc}urgmg meavmgechargmgvoltﬂgclsl?hnlﬁv

Key Point : Far N:ch! -iron ca'\'. flrerz is o spmﬁc
' the cell must not. bzdlsdmgm“tn aooid damage 10 |

1.27.3 Capacity

It is mentioned that electrolyte does not undergo any chemical change for this cell.
Thus specific gravity of the electrolyte remains constant for long periods. Hence rate of
discharge does not affect amper&hour capauty of this cell significantly. Thus Ah capacity
of Nickel-iron cell constant. But it does get affected by the temperature.
The Fig. 1.41 shows the Ah capacity against discharging time curve for Nickel-iron cell.

% Ah
capacity
100
Constant
50
0 . . . Di ging time
2 4 & 8 in hours

Fig. 1.41 Ah capacity against discharge time curve

1.27.4 Efficiency

The internal resistance of Nickel-iron cell is higher than lead acid cell hence both the
efficiencies ampere-hour as well as watt-hour are less than that of lead acid cell. The
ampere-hour efficiency is about 80 % while the watt-hour efficiency is about 60 %.

1.27.5 Advantages
The various advantages of Nickel-iron cell are,
1. Light in weight compared to lead acid cell.
2. Compact construction.
3. Mechanically strong and can sustain considerable vibrations.
4. Free from sulphatation and corrosion.
5. Less maintenance is required
6. Do not evolve dangerous attacking fumes.
7. Gives longer service life.
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1.27.6 Disadvantages
The various disadvantages of Nickel-iron cell are,
1. High initial cost.
2. Low voltage per cell of about 1.2 V.
3. High internal resistance.
4. Lower operating efficiency.

1.27.7 Application
The Nickel-iron batteries are used in,
1. Mine locomotives and mine safety lamps
2. Space ship
3. Repeater wireless station
4. To supply power to tractors, submarines, aeroplanes etc.
5. In the railways for lighting and airconditioning purposes.

1.28 Nickel - Cadmium Cell

The construction of this cell is similar to the nickel-iron cell except the active material
used for the negative plate.

Positive plate — Nickel hydroxide [Ni(OH); ]
Negative plate » Cadmium (Cd)

The electrolyte used is again 21 % solution of potassium hydroxide (KOH) in dlshlled
water. The specific gravity of the electrolyte is about 1.2.

Little iron is added to cadmium to get negative plate. The iron prevents the caking of
active material and losing its porosity.

The Fig. 1.42 shows the construction of Nickel-cadmium cell.
@o ° @

Container

Negative plate of
Positive plate =l
of Ni(OH)y with little iron

Electrolyte
KOH solution

Fig. 1.42 Construction of Nickel-Cadmium cell
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1.28.1 Chemical Reaction

In this cell also, in working condition Ni(OH); gets converted to lower nickel
hydroxide as Ni(OH), while cadimum hydroxide Cd(OH) , gets formed at the negative
plate. During charging reverse reaction takes place. The electrolyte does not undergo any
chemical change.

Discharge
2N{OH); + 2KOH + Cd T 2Ni{OH), + 2KOH + Cd(OH),

R

Positive Electrolyte Megative Paositive Electrolyte  Negative
plate plate plate plate

Fig. 1.43 Total reaction
1.28.2 Features
1. The electrical characeristics are similar to the Nickel-iron cell.
2. Due to use of cadmium, internal resistance is low.
3. The efficiencies are little bit higher than Nickel-iron cell.
4. Advantages and disadvantages are same as that of Nickel-iron cell.
5. The various charging methods such as constant current, constant voltage, trickel
charging can be used.

1.28.3 Applications

The various applications of Nickel-cadmium battery are,
1. In railways for lighting and air conditioning systems.
2. In millitary aeroplanes, helicopters and commerical airlines for starting engines and

provide emergency power supply.

3. In photographic equipments such as movie cameras and photoflash.
4. In electric shavers.
5. Due to small size in variety of cordless electronic devices.
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1.29 Comparison of Various Batteries
8r. Particular Lead acid cell Nickel-Iron cell Nickel-Cadmium Cell
No,
1 Positive plate Lead peroxide Nicke! hydroxide Nickel hydroxide
] (PbOy) Ni(OH)3 NI (OH)y
2 Negative plate Lead (Pb) Iron (Fe) Cadmium (Cd)
3 Electrolyte Sulphuric acid Pot hydroxid P hydroxidh
) HoS0, KOH KOH
4. Average e.m.f. 2.0 Vicall 1.2 Vicell 1.2 Vicall
5. Internal resistance Low High Low
6. Ah efficiency 90 to 95 % 70-80 % 70-80 %
7. Wh efficiency 72 to 80% 55-80% 55-680%
Ah capacity Depends on Depends only on Depends only on
-3 discharge rate and| temperature temperature
temperature
. Cost Less axpensive Almost twice the lsad| Almost twice the lead
acid cell acid call
0. | Ufe 1250 charges and] About8 to 10 years | Very long life
discharges
11. | Weight Moderate Light More heavy
12. | Mechanical strength | Poor Good Good
1.30 Comparison of Primary and Secondary Cells
Sr. No. Primary Cells Secondary Cells
Electrical energy is directly obtained from| Electrical energy is present in the cell in
1. chemical energy. the form of chemical energy and then
converted to electrical energy.
2. The chemical actions are | bk The chemical actions are reversible.
3 Cell is completely replaced when it goes| The cell is recharged back when it goes
’ down. down.
4. Polarisation is present Polarisation is absent.
5. Low efficiency. Efficiency is high
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6. Capacity is low. Higher capacity.
7. Less cost. . High initial cost.
8. No maintenance required. Freq harging and other
’ ) is required.
8. Examples are dry cel, mercury cell,| Examples are Nickekiron, lead acid and
zinc-chloride cell Nickel-cadmium :
1.31 NiMH Battery

Now a days, number of battery powered portable electronic devices are developed.
The consumer demands higher energy rechargeable batteries which are capable of
delivering longer service between recharges. The sealed nickel - metal hydride (NiMH)
rechargeable battery satisfies the consumer demand and provides far improved
performance compared to conventional rechargeable batteries. The NiMH battery has
higher energy capacity and hence capable of providing longer service life.

1.31.1 Construction

This type of battery uses Nickel oxyhydroxide (NiOOH) as the active material in the
positive electrode. While the negative active material is the hydrogen in the charged state,
in the form of metal hydride. This metal hydride is an alloy which can undergo a
reversible hydrogen absorbing and deabsorbing reaction when the battery is charged and
discharged.

Typically there are two types of classes of the alloy which is used as the electrode
material in the NiMH battery.

1. ABg alloy of which LaNi is the example.

2. AB, alloy of which TiMn, or ZrMn, are examples.

Practically AB; alloys are more preferred as they offer better corosion resistance
characteristics which provides longer cycle life and better rechargeability. These alloys have
large hydrogen storing capability. The low hydrogen pressure alloy and highly pure

Both the electrodes use highly porous structure and large surface areas. This provides
low internal resistance for the cell. The positive electrode is highly porous nickel-felt
substrate into which the nickel compounds are pasted. While a perforated nickel-plated
steel foil is used for the negative electrode onto which the plastic bonded active hydrogen
storage alloy is coated.

The electrolyte used is an aqueous solution of pottasium hydroxide (KOH). In NiMEH
battery, the minimum amount of electrolyte is used with most of the liquid being absorbed
by the seperator and the electrodes. This design helps the diffusion of oxygen to the
negative electrode at the end of charge for the "oxygen recombination” reaction.
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The NiMH battery is designed with a discharge and charge reserve in the negative
electrode. This is shown in the Fig. 1.4

Positive electrode

Charge
reserve

Fig. 1.44 Schematic representation of NIMH battery
In case of overdischarge, the gassing and the degradation of the cell is minimized by
the discharge reserve.
In case of overcharge, the charge reserve make sure that the battery maintains low
internal pressure.
The standard size NiMH batteries are constructed with cylindrical and prismatic type
of nickel-metal hydride cells.

1.31.2 Cell Reactions
The cell reactions are divided into,
1. Cell reactions during charge.
2. Cell reactions during discharge.

1. During Charge : The positive electrode reaches to the full charge before negative
electrode and causes the oxygen to evolve.

20H "~ —> H,0+%o,+2e‘

Due to minimum amount of electrolyte, the oxygen gas diffuses through the seperator
to the negative electrode. This design is called 'starved electrolyte’ design of the cell.

The oxygen reacts with metal hydride at the negative electrode, to produce water.

2 MH + 30, = 2M + H0

2. During Discharge : The nickel oxyhydroxide is converted to nickel hydroxide.

NiOOH + Hy,O + ¢ —2 Ni (OH), + OH ~
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While the metal hydriode is oxidized to the metal alloy (M).
MH+OH -M+H,;0O+e

Thus the overall reaclmn on dJsr,harge is,
MH N&OOH -3 M + I\al (OH):

1.31.3 Features
The various features of NiMH batteries are,
1. Higher capacity which is about 40 % longer life than ordinary NiCd battery of
same size.
2. The charging is very fast in about one hour.
3. The cycle life is very long upto 500 charge / discharge cycles.
4. The internal resistance is very low due to 'starved electrolyte' type of design.
5. No pollution or effect on an environment as it does not contain any cadmium.
6. It is capable of performing well at extremes temperatures, on discharge from
-20°C to + 50 °C and on charge from 0 °C to 45 °C.
7. Due to higher energy density, battery volume and weight is minimum.
8. It has wide voltage range.
9. It is manufactured with special high impact and flame retardant polymers hence
durable,
10. The various charging methods like quick charge, fast charge, trickle charge can be
used for charging.

1.31.4 General Characteristics

The discharge characteristics of NiMH battery is similar to that of NiCd battery. On
charging, the open circuit voltage ranges from 1.25 to 1.35 volts/cell. On discharge, the
nominal voltage is 1.2 volts/cell and the typical end voltage is 1 volt/cell.

The Fig. 145 shows the discharge charactersitics of NiCd and NiMH batteries of same
size. (See Fig. 1.45 on next page)

Both the batteries show the flat characteristics almost throughout the discharge. The
midpoit voltage is between 1.25 to 1.1 V, which depends on the discharge load.

1.31.5 Self Discharge Characteristics

During storage, the NiMH battery discharges on its own. This is due to the reaction of
residual hydrogen in the battery with the positive electrode. This causes slow and
reversible decomposition of positive electrode. This is called self discharge of the cell. The
rate of such a self discharge depends on the time for which the cell is stored and the
temperature at which the cell is stored. At higher temperature, the rate of self discharge is
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Fig. 1.45 Discharge characteristics
also high. The Fig. 1.46 shows the self discharge characteristics of NiMH cells at various
temperatures. -

The long term storage of NiMH battery in charged or discharged state has no
permanent effect on the battery capacity. |
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Fig. 1.46 Self discharge curves for NiIMH calls
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Ity n‘ne fo self discharge is m,},k nidkcaihe
?’y epeated charge / discharge cycles.

Even the capacity loss due to storage upto one year can be recovered. But long term
storage at high temperatures can damage seals and separators. The proper temperature
range for the storage of NiMH batteries is 10 °C to 30 °C.

1.31.6 Recharging Characteristics
The recharging characteristics of NiMH and NiCd batteries are almost same. For
NiMH battery a proper charge control is necessary as it is more sensitive to overcharging.
The most common method used for charging the NiMH battery is constant current
charge method with current controlled to avoid excessive temperature rise.

The Fig. 147 shows the typical charge-voltage characteristics of NiCd and NiMH
batteries. The curves are almost flat when charged at constant current rate. Initially there is
sharp increase in the voltage and similarly at about 80 % of charge, there is sharp rise in
the voltages. But in the overcharging the NiCd batteries show the prominent voltage drop
compared to NiMH batteries.

Voltagefcell
™
1.8 oy
MCG\\/ \
16
1.4
NMHT
12
1.0

o 20 40 60 80 100 120
Charge Input (%)

Fig. 1.47 Typical charge-voltage characteristics
1.31.7 Safety Precautions
The following care must be taken about the NiMH batteries for the safety purposes,

1. The battery should not be di bled or opened. This can cause very high short
circuit currents and may result into fire.
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2. Keep and use the batteries away from the heat sources. Do not subject the battery
to heat or do not dispose the battery in a fire. Store the battery at the

recommended temperature.

W

Do not overcharge the battery. Due to this the battery may vent and hydrogen gas

may be released. This gas can form explosive mixtures with the air.

b

compartments.

5. Do not use the battery for long time exceeding its specified ranges though the short

term use may be possible.
6. Do not drop or do not subject to the strong mechanical shocks.

1.31.8 Applications

The various applications of NiMH battery are cellular phones, portable computers and
many consumer electronic products. The batteries are used in digital cameras, cordless
electronic devices, clectronic toys and providing emergency supply to various electronic
instruments. As the NiMH batteries are expensive, main application areas are cellular

phones and laptop computers.

1.31.9 Comparison

. Do not expose battery to a source of ignition or do not use in the air tight device

No. Parameter Nickel-Cadmium (NiCd) | Nickel metal hydride
(NIMH)
1. Positive electrode Nickel hydroxide Ni{OH)3 | Mickel oxyhydroxide
NiOOH
2. Negati lectrod: Ci ium (Cd) Metal hydride alloy (MH)
3, Electrolyte P e P . tericd
(KOH) {KOH)
4. Intarnal resistanca Low Very low
5. Life Very long Very very long
[ Weinht Heavy Light
I 7 Mecharcal strength Good Very good
| ey 50 Wh / kg 55 Wh / kg
9. { Volumetric energy density] 140 Wh /L 180 Wh / L
10 . Self discharge at 20 °C 15 - 20 % per month 20 - 30 % per month
1. Cost Best cost per Very high
performance value
12, Protection Internal short circuit Not supposed to produce
P tion is not provided shorts.
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Note : The gravimetric energy density is a measure of how much energy a battery
contains in comparison to its weight and typically expressed in watthour per
kilogram (Wh/kg). The volumetric energy density is a measure of how much
energy a battery contains in comparison to its volume and is typically
expressed in wattthour per litre (Wh/L).

Examples with Solutions

nmp Example 1.17 : A copper coil when connected to a 30 volts supply initially takes current
of 3 A and has a mean temperature of 20 °C. After sometime the current flowing in the coil
falls to 2.85 A, supply voltage remaining same. The mean temperature of the coil is then
334°C. Determine the temperature cogfficient of resistance at 0 °C, ie. 0.

Also state if it is true that o can have

i) zero value i) negative value and if yes for which materials. (Dec. - 2001)
Solution : V =30 volts, Iy =3 Amp, t; =20°C I, = 2.85 Amp, t; = 334 °C
Now we have, Ry = IX =3—;:100 at t;=20°C
1
_ vV _ 3
Ry = [ =755 = 10529 at t;=334°C
‘We can write, Ry = Rp [1+eapt]
Ry = Rp [1+ag t1] ()
R; = Ry [1+ g tz] e (2)
R, l+agty

Dividing equation (1) by (2), R - 1F o T

10 1+ (20)
10.52 1+0p(334)

09505 (1+3340tp) = 1420 wp
09505-1 = 20 @y - (0.9505) (334) wp
Solving, ap = 4.2139x10-3/°C

It is true that o can have zero value in case of alloys as with increase in
temperature, alloys show almost no change in their resistance. The materials are
Manganin and Eureka. It is also true that a can havo negative value in case of
insulating materials as with increase in temperature, tance of insulating materials

decreases. The materials are rubber, paper, mica, wood etc.
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iy Example 1.18 : It is required to mainiain a loading of 5 kW in a heating unit. At an
initial temperature of 15 °C, a voltage of 200 V is necessary for this purpose. When the unit
is settled down to a steady temperature, a voltage of 220 V is required to maintain the same
loading. Estimate the final temperature of the heating element, if the resistance temperature
co-efficient of the heating element is 0.0006 per °C at 0 °C. (May - 2002)

Solution : Power output = 5 kW = 5000 W, &y = 0.0006 /°C
At t;=15°C,Vy = 200 volt and t3, V; =220 volt

cvin v ()Y
At 15°C, P=V I]—Vl[—R—{]—R]
v 200 2
R‘=T}=(_5002) =8Q . at t;=15°C
v\ V3
At tp °C, P=V:1I3 =V2 Iy =—2 .. power remains
same
v2 {220]2
=2 = =
Ry = =g~ =968 Q wat by °C
Now we have, Ry = Rg [l+ogty] (1)
R; = Rg [i-i- g tz] w (2)

Dividing equation (2} by equation (1),

Ry _ l+opty
Ry  1+o0g by

l+agty = TR{% (140 1) =22 [1+ (00006)(15)]

ag t; = 12208-1=02208
368.15°C

-
"
n

Iy Example 1.19 : I oy is the resistance temperature coefficient of a material at t; °C and
oy at t; °C. Then prove that,
1—-032

(ty-tp =2

(Dec.-2005, Dec.-2007, May-2008)
ooy

Solution : The resistance temperature coefficient at any temperature t °C can be obtained
as,
T

O = —
' T Trogt
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oy oy
So = —0 =
% I+ogty and o I+agtz
where oy = resistance temperature coefficient at 0 °C
1 1 - I+optas I+agpty _ l+oapty —1-opty
[+ 3] o oy oy Lt41]
_ gtz ~ty) _
- e Chh
S1zCr oy
PR b=t ... Proved

i Example 1.20 : It takes 30 minutes for an electric kettle to raise the temperature of 10 kg
of water from 24 °C to 100 °C. The water equivalent of the container is 1 kg and the heat
lost due to radiation is 400 k. Assuming the specific heat of water as 4200 J/kg°K, calculate
the current taken by the kettle from a supply of 200 V. (May - 1999)

Solution : Water equivalent of kettle =1 kg
Total mass m = mass of water + equivalent of container = 10 + 1 = 11 kg

At = -t =100-24=76C

n

Heat energy required to heat the water is,
H = m C At = 11x4200x76 = 3511.2 kJ
Net input required = Energy required + Energy lost
= 3511.2 + 400 = 39112 kJ
Time = 30 min = 1800 sec

inputin] _ 3911.2x103

power input = time in sec 1800
= 217288 W
_ Dy _ 2172.88 _
I ~ 5 10.86 A

imp Example 1.21 : Find the amount of electrical energy expended in raising the temperature

of 45 litres of water by 75 °C. To what height could a load 5 tonnes be raised with the

expenditure of the same amount of energy ? Assume efficiency of heating and lifting

equipment o be 90 % and 70 % respectively. Assume the specific heat capacity of water to

be 4186 ]/kg °K and 1 litre of water to have a mass of 1 kg and 1 tonne is equal to 1000 kg.
(May - 1998, May-2007)
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Solution : m = 45 litres = 45 kg, At = 75 °C, C = 4186 J/kg K

Qutput energy = m C At =45x%4186x 75
14127 x 100 ]

_ Qutput energy _ 1.4127x107
Energy ext ~ nofheatingequipment 0.9
= 15697x10° J

Now this much energy is to be utilised to lift a load of mass m = 5 tonnes = 5000 kg.
Input energy = 15697 x 107 ]
n of lifting equipment = 70 % = 0.7
Output energy = mxinput = 0.7 x 1.5697 x 107
= 1.098x10° ]
Qutput energy = mgh
1.098% 107 = 5000 9.81 x h
h = 224021 m
50 load can be raised to a height of 224.021 m.

i Example 1.22 : In case of power supply failure 7.5 kW electrical lighting and fan load of
a commercial establishment is supplied by a small diesel generator set. Efficiency of diesel
engine and the electrical generator are 55 % and 80 % respectively. Calculate the per kWh
unit cost of this electricity if the set runs average 90 hours per month. The cost of diesel is
Rs. 10/~ per litre and the calorific value of diesel is 52,000 k] ttr. (Dec. - 1998)

Solution : Consider the system shown in the Fig. 1.48.

Diesel —] E{n:?i ?1:'50de [—=Net output
Mech. Elect.
Energy Energy
Fig. 1.48
Output energy = 7.5 kW

Monthly output = 7.5x 90 = 675 kWh = 675 x 3600 kJ = 2.43 x106 k]
55 % and Generator T3 = 80 %

i

Engine T



Basic Electrical Engineering 1-75 Fundamentals of Electricity

output _ 2.43x10%
nixnz  0.55x0.8

Monthly input = = 5522 %105 kJ

Hence for an entire month the diesel required is,
5.522x108

Hence the total cost = 106.206 x 10 = Rs. 1062.06
This is required to supply 675 kWh hence,

1062 .06

g5 - Rs. 1573

Cost per kWh =

Iy Example 1.23 : Determine the current flowing at the instant of switching a 60 watt

lamp on a 230 V supply. The ambient temperature is 25 °C. The filament temperature is
2000 °C and the resistance temperature coefficient is 0.005 /°C at 0 °C. (Dec. - 1998)

Solution : P=60W, V=230V, t; =25°C, t; = 2000 C
R, = resistance of filament in ON condition

_ (230)2
= P _T_ssm?n
_ _ap _ 0.005 = -3
a; = RT.Cat tl__lﬁlutl = TTo00Rs = 44 %10 /T
Now R, = Ri(1+aq41)
881.67 = Ry [1 + 4.4 x10- 3 x(2000-25)]
R; = 90251Q
I = current at switching time
Vi 230
= Ry Csomi oA

) Example 1.24 : At the instant of switching a 40 W lamp on a 230 V supply, the current
is observed to be 2.5 A. The RT.C. of filament is 0.0048 /°C at 0°C. The ambient
temperature is 27 °C. Find the working temperature of the filament and current taken
during normal operation. (May-2007)

Solution : P=40W, V=230V, 1=25A, , = 0.0048 /°C

At the time of switching, temperature is ambient ie. t = 27 °C,

V230 _
Ry = =359
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Under working condition, power consumption of lamp is 40 W.

V2 [230)2
Ru=?= 0 =13250

Now Ry = Ry l1+ay(-27]
o aa  _  0.0048
Z 7 T+aet 1+0.0048x27

= 42492 x 1073 /°C
13225 = 92[1 +4.2492 x 1073 (¢, - 27)]

14375 = 1+42492 x 1073 (1, - 27)

-27 = 31476513

t, = 31746513 °C ... working temperature

I{working) =01739 A ... working current

v 230
Rg 13225
nmp Example 1.25 : An electric motor is driving a train weighing, 100 thousand kilogram up
on an inclined track of 1 in 100 at a speed of 60 km/h. The frictional force of tracks is
10 kg. per 1000 kg. of its weight. If the motor operates on 11 kV, find the current taken by
the motor assuming the overall efficiency of the system as 70 %. (Dec. - 1999, Dec. - 2000)

Solution : The arrangement is shown in the Fig. 1.49.

Now, slope is 1 in 100.

Sin® = tan 0= 5= 001 as s very small

Wsin 6 = Imxln3xu.01=10mkg=1000x9.81=9510N
Track resistance = 10 kg per 1000 kg



Basic Electrical Engineering i-77 Fundamentals of Electricity

. 10 - -
= qa100X10° = 1000 kg = 9810 N

Now, W sin 8 and track resistance, both are opposite to motion.
Total resistance = 9810 + 9810 = 19620 N
Work done = Force x distance travelled in 1 sec = 19620 x d

Now, Speed = 60 km/h
103
d = distance travelled in 1 sec. =6°3’;03 =1667 m
Work done = 19620 x 16.67 = 3270654 |
. Work done _ 327065.4
Power required by load = —E.E—-—Ts-&——-n?ﬂﬁsalw P
Py, = Power required by load = 3270654 W
~ Pout
Now, = el
o "= P
Powt _ 3270654 _
‘?iﬂ = 'T——(]—?'—-“maww
But, Py = VxI ie 4672362857 = 11 x103xI
I = 42476 A

mmp Example 1.26 :  An aluminium kettle weighs 2.8 kg and holds 2750 cmi® of water. When
connected to 220 V supply, its heater element takes current of 10 A. The efficiency of the kettle
is given as 75%. Find the time required to boil the water from the initial temperature of 27 °C.
Assume specific heat capacity of water and aluminium as 4200 J/kg °K and 950 JAg K
respectively. (Dec. - 97)
Solution : Mass of kettle m, = 28 kg and Mass of water m = 2750 cm®
Now 1 m® water = 1000 kg
m = 2750 x 10~ %% 1000 = 275 kg
Specific heat of kettle C;, = 950 J/kg K
Specific heat of water C = 4200 J/kg K
Heat required to raise temperature of water
= m C At = 2.75 x 4200 x (100 — 27)
= 843150 ]

Heat lost in heating the kettle = my Cy At = 2.8 x 950 x (100 ~ 27) = 194180 |

n
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Total heat required = 843150 + 194180 = 1037330 |
The efficiency n = 75 %

N _ Heatoutput _ 1037330 _
Heat mput = T = W = 1383106.?]

Power input = VxI=220x10=2200 W
total heat input

Now P = —merequired
2200 = 1383.1[)6.7
time

time = 628.68 sec = 10 min and 28.68 sec.

mep Example 1.27 : A fully charged car batiery can give 200 Wh of energy for operating
starting mechanism. At each start, the engine has to be cranked at 50 r.p.m. for 10 seconds,
against a torque of 50 N-m. Assume overall efficiency of 40 % of the machine, estimate the
number of starts before the battery is required to be recharged.

Solution : For 1 start, N = 50 r.p.m.
2aN
ie. o= % = 52359 rad/sec.

Torque T = 50 N-m
Output of 1 start = Txw = 261799 watt-sec i.e. ]
Efficiency = 40 %

output _ 261.799
n 0.4

Input power required for 1 start =

= 654498 watt-secie. ]

for 1 start = power x time = 654.498x10
po

654498 joules i.e. watt-sec

Total energy battery can give = 200 Wh.
Energy required for 1 start = 654498 watt-sec
;65}4,98

watt-hour i.e. Wh = 1.81 Wh.

3600

Total energy

200 Wh
Number of starts Trorgy for Tstart ~ TBTWH = 110.497

. Number of starts are approximately 111.
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1smp Example 1.28 1  An electric furnace is used in order fo melt 50 kg of tin per hour.
Melting temperature of tin is 235 °C and room temperature is 15 “C. Latent heat of fusion
Jor tin is 13.31 keal/kg. Specific heat of tin is 0.055 keal/kg°K. If input to furnace is 5 kW,
find the efficiency of the furnace. (Dec.-2005)

Solution : m=50kg , =15C, t,=235°C, L=1331 kecal/kg
C = 0.055 kecal/kg'K, Py, =5 kW
The melting takes place in two steps :
1. Heat required to raise temperature fror 15 °C to 235 C = m C At
2. Latent heat required to convert solid state to liquid state = mL

H = heat output required =m C At + m L
= 50 x 0.055 x (235 - 15) + 50 x 13.31 = 1270.5 kcal
Now Tcal = 42]
H = 12705x10°x 42 ] = 53361
time = 1 hour = 3600 sec
H (output) - 5336.1x103

Pyt = —pr g = 48225 W
While P, = 5kW

Pout 1482.25
= Zout 100 = 100 =29.645 %
N Pin 5x103 *

mep Example 1.29 : A motor drives a load torque of 200 N-m at 750 r.p.m. drawing 18 kW
from mains. Assuming temperature to remain constant and 1 joule equal 0.2392 cal,
determine, i} efficiency of motor and ii) losses per minute in kcal
Solution : T = 200 Nm, N = 750 rpm., Py, = 18 kKW
2rN
Pout = TxmxTxT-

- _3’-2'3‘:;*"]‘___5152 = 1570796 kW

output of motor

15.70796

Pou % 100 = B7.26 %

= out =
%o = X100 =g

Losses = Py - Py, =18 x 10° - 1570796 x 10° = 229204 W
Losses in 1 minute = 2292.04 x (60 sec) = 1375224 ]
Now 1] = 02392 cal
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Losses/min = 1375224 x 0.2392 = 32.8953 kcal
These losses appear in the form of heat.

iy Example 1.30 :  Given below are the different electric appliances used by a family, their
ratings and number of hours they are used daily.

Sr. No. Appllance Number Rating Hours (dally)
1 Tube lights 4 40 W each 5 hours, each
2 Bulbs 2 15 W each & hours, each

1 0w 2 hours.
3 Gayser 1 2 kW 1 hour.
4 Fans 3 60 W each 8 hours, each
5 Television 1 100 W 4 hours.

Find the electric bill per month if cost per unit (1 kWh) is 75 paise.
(Assume 30 days month)

Solution : First calculate daily consumption of each appliance in watt hours.

Appliance Energy consumption in watt-hour
Tube lights 4x40%5 = BOO
Bulbs 2x15x6= 180
1x40x2 = 80
Geyser 1x2000x1= 2000
Fans 3x60x8 = 1440
Television 1=100=4 = 400
Total = 4900 Wh = 4.9 kWh

Monthly energy consumption = 4,9x30
= 147 kWh = 147 units.
Monthly bill = 147x(0.75) = Rs. 110.25
1y Example 1.31 : In a hydroelectric generating station the difference in level (head) between

the water surface and turbine driving the generators is 425 melers. If 1250 liters of water is
required to generate 1 kWh of electric energy. Find the overall efficiency.
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Solution : 1 litre of water = 1 kg of water
m = 1250kg, h=425m
Energy produced by water = mgh = 1250x9.81x 425 = 521156 x106

6
uced in 1 hour by water = m:l&ﬂ.&i&a%
¥ 3600
= 144765 kWh
While actual generation = 1 kWh

. 1
Efficiency = 1_“?65x100=69.ﬂ77%

mmp Examplo 1.32 :  An electrically driven pump motor lifts 80 m® of water per minute
through a height of 12 m. Efficiencies of motor and pump are 70 % and 80 % respectively.

Calculate, '

i) Current drawn by motor if it works on 400 volts supply.

ii) Energy consumption in kWh and cost of the energy at the rate of 75 paise/kWh, if
pump operates 2 hours per day for 30 days.

“Assume 1m’ of water = 1000 kg (Dec.-2006)
Solution : The given values are,

m=80m® =80 x 1000kg, h=12m, time=1minute

The arrangement is shown in the Fig. 1.50.

Ny=70%  1,=80%

F
Electrical For water lifting

Fig. 1.50
Poue = mgh =80 x 1000 x 9.81 x 12=94176 x 10%]
5 6
Py in watts = Touin] 34178107 ... time =1 min = 60 sec

= 15696 x 10° watts

Pout _ 156.96x103

e T 2802857 x 10° watts

But Py = VI ie 2802857 x 10° =400 x I
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i) I = 700714 A
ii) Daily energy consumption = VIt  where t = 2 hours per day
= 400 x 700714 x 2 =5605712 x 10° Wh
= 560.5712 kWh
Monthly consumption = 560.5712 x 30 = 16817.136 kWh
cost of energy 16817.136 x rate per kWh = 16817.136 x 0.75
Rs, 12612.85

mmp Example 1.33 :  An electric boiler has two heating elements each of 200 V, 4 kW rating.
Boiler contains 20 litres of water at 20 °C. Assuming 8 % loss of heat from boiler, find the
time required after switching on the boiler to heat the water up to 90 °C if
a) two elements are in parallel and b) two elements are in series
Specific heat capacity of water is 4180 J/kg°K. Assume supply voltage as 200 V.

Solution : Mass of water = 20 litres = 20 kg
At = t5—t; =90-20="70C=70K
Heat energy required,

H = mCAt = 20x70x4180 = 5.852x10% J

a) Elements are in parallel :
Voltage across each element = 200 V

Element ) _vZ (200)2
2 RE&IBMEDEEBC.I‘I——P—-W

=10 Q

Fig. 1.51 I = current by each element

Power by each element = I*R
= (20)2x10 = 4 kW
Total power absorbed = 2x4=8 kW
Total input energy = powerxtime=8000t ]

Let 't' be time required to raise the temperature of water.
But there are 8 % losses i.e. =92 %

Net?watmgqut&mdwrﬂseme&mpmm
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- H _ 6
= 59z = 6-36086x106 ]

6.36086x106 = 8OO0 t
t = 7951087 sec. = 1325 min.
b) Elements in series :

Net heat energy required to raise
the temperature of water due to losses
remains same ie. 6.36086x10° J.

1 But let us see how much energy can
L_____, V=200 —— b be absorbed when elements are in

R=100 R=10Q

parallel.
Fig. 1.52
Total resistance due to series = Rj +R; =2R=200Q
v _ 200
Total current drawn = E-ﬁ—.lﬂ,&

Power by each element = I*R = (10)2x10 = 1 kW
Total power drawn = 2xpower by each = 2 kW
~. Total energy absorbed in time 't' sec
powerx time = 2000t ]
2000t = 6.36086x106

t = 318043 sec = 53 min
mp Example 1.34 :  The level difference (head) between water surface and turbine at
hydroelectric generating station is 500 m. The. capacity of station is of 250 MW and it
supplies a full load for 8 hours a day. Overall efficiency of station is 90 %. Find how much
volume of water is used, daily.
Solution : It is connected to full load ie.
Poy = 250 MW = 250%108 watt i.e.]/sec
Energy output in 8 hours = 250x108x(8x3600) = 7.2x10'2 |
Potential energy of water = m gh =mx9.81x500 ]
This must supply the energy input required for driving a load.

_ output _ 72x1012 _ 12
Input energy = Srrmes = ~og - ox10° )
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8x1012 = mx 9.81x 500
m = 1.6309x10° kg
Now 1 m® of water = 1000 kg
1.6309x10% kg = 1.6309%x106 m®
~Volume of water daily consumed is 1.6309x106 m’,

wmp Example 1.35 : A locomotive when driving a load 30 x 10° kg requires an output of
60 H.P. Load is moving up an incline of 2 in 100. The frictional resistance is 300 kg. The
gearing efficiency of 80 % and motor efficiency is 90 %. Calculate the speed at which load is
moving and current drauwn by the motor if connected to 500 V mains.

Assume 1 H.P. = 7355 W.
Solution : mass of load =30 x 10°kg, slope 2in 100, friction = 300 kg
Mg = 80%, Nm=90% V=50V
W = Weight of load = mx g = 30 x 10° x 9.81 = 294300 N
The various forces acting on the locomotive are shown in the Fig. 1.53.

= o g

Fig. 1.53

The components opposite to motion are,
1. Friction resistance = 300 x 9.81 = 2943 N
2. Component of weight opposite to motion = W sin 8

2
= MxW-SBB&N

Remember that for small values of , sin 0 = tan 0 = 12
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Total resistance = 2943 + 5886 = 8829 N

Pin

But Pin
49033.33

Total output
- Total output energy

Opposing force
Work done

35304
d

Speed of load

Ny =09 1, =08

Total
Pout output
60H.P
Fig. 1.54
output of motor = 60 H.P. = 60 % 735.5 = 44130 W
%‘L;h%f.gg = 4903333 W
A
500 x I
98.067 A ... current drawn
Py xng = 44130 % 0.8 = 35304 W
= Total output x 1 sec  joules w85 1 W =1]/sec
35304 |
8829 N

work done in overcoming opposition
opposing force x distance travelled in 1 sec
8829xd ]

B829x d

3.9986 m in 1 sec

3.9986x 3600

3.9986 m/sec = 1000

kmph = 14.39 kmph

mmdp Example 1.36 : An electric lift makes 20 double journeys per hour. A load of 8 tonne is
raised by it through a height of 60 m and it returns empty. The lift takes 80 sec to go up
and 70 sec to return. The weight of cage is 1 tonne and that of counter weight 2500 kg. The
efficiency of hoist is 75 % and of motor is 80 %. Find the energy consumption for 1 hour in
kWh and power output rating of motor.
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Solution : The up and down journeys are shown in the Fig. 1.55 (a) and (b).

1 g:ﬂ: — Counter
ight
Load _ | T welg
8 tonne f;;;f,%

(a) Fig. 1.55 (b)
i) During upward journey,
Net mass = mass of load + mass of cage - counter weight
= 8x103 +1x103 -2500 = 6500 kg
Net weight = 6500x9.81 = 63765 N
h = 60m
Work done = mgh = 63765x 60 = 3.8259x106 J
ii) During downward journey,
Net mass = counter weight — mass of cage
= 2500 - 1x103 = 1500 kg
Work done = mgh = 1500%9.81x 60 = 882.9x103 ]
Hence in a double journey i.e. upward and downward,
Total work done = 3.8259x106 +882.9x103 = 4,7088x10% J

Ny =08 =075
Net output

Pin
Input ta motor l
Poll

Flg. 1.56
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In 1 hour lift completes 20 double journeys

Total work done in 1 hour = 4.7088 x106x20 = 94.176x10° |

Net output in 1 hour
Nh

Poyt = Output of motor =

94.176x106 e
= —g75— =125.568x106 J in 1 hour

125.568x 106
Pou  129.968%10° _ 15696106 Tin 1 hour
Nm 0.8

P, =

156.96x108

Hourly consumption is kWh = =gooxio00 ~ 436 kWh

', Work done in upward journey = 3. 3259x1|]5 ]
P Work done _ 3.8259x106

out

= S 5.1012x106 J

Time required = 80 sec for upward journey
Pout _ 5:1012x106

Output rating = T 63765 watts
63765 _
= 7B5 - 86.69 H.P. .. 1HP. =7355W

mmp Example 1.37 : A belt driven pulley of 0.1 m in radius rotates at a speed of 1500
revolutions per minute. The tension in the tight side is 35 kg. If it is producing output of
2 kW, calculate tension in the slack side of belt.-

Solution :
Net tension acting on the pulley is difference
VAXS:;“ between the two tensions,
T2 ie. F=(Tj-T;)x9.81in N
N\
SECI‘ where Ty and T, are in kg.
i Torque produced = Fxr
Direction
nl rotakan Where r = radius of pulley

= (Ty - Tp)x9.81x0.1
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= (35-T3)»0.981 N-m

Now power produced, P = Txo
2x10% = (35—T2)x0.981x2:UN
2zN
as 0= % Where N is speed in r.p.m.
2x103 = (35-Ty)x0.981x 21900
&0
T, = 2202 kg.

mmp Example 1.38 : Determine the power input necessary for an electric geyser to heat
8 litres of water from 25 °C to 75 °C in 10 min. Water equivalent of geyser is 150 grams.
Heat lost in this period is 30 k]. Find the efficiency of the geyser.

Solution : Mass of water = 8 litre = 8 kg, water equivalent of geyser = 150 gm
At=ty=t; =75-25=>50, Time = 10 min = 600 sec, Heat lost = 30 kJ

Total mass m 8 + 0.150 = 8.150 kg

Heat required = m CAt = 8.150x4190x50 = 1.7074x10% ]
Now Heat input = Heat required + Heat lost

1.7074x106 + 30x103 = 1.737425x106 ]

Heatinput _ 1.737425x105

Time 600 RERIBIBLNY

Power input

Key Pmnt W.iufe mfcu!atmg gﬂ‘mufuq of gcyser m must CONSLdﬂ mergy outpur
required fo heat water alone and not along with the geyser. :

useful output = 8x4190x%50 = 1.676x106 J

useful output 1.676x106
Ceysern = —oialimput 1% = T 7372106

= 96.465 %

- Key Point : Water equwalmt of geyser means whatever heat is required to
 heat body of geyser can be considered to be equwulmt to. me}xy mqmred to
; heat equivalent mass of wnter .'.'.‘\_ .
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N Example 1.39 :  Determine the horsepower rating of an electrical motor which is required
to be coupled to a centrifugal pump provided to lift water in to over head tank. The tank
capacity is 10 kilo ltrs. The tank’s water head is 10 mirs. The efficiencies of pump and
motor, at operating conditions, are 65 % and 85 % respectively. The tank is required to be
filled up fully in 15 minutes. Water head loss due to pipe friction is equivalent to 1.15 mtrs.
Further if the over head water tank is required to be fully filled up twice a day, what shall
be the monthly (30 days) electricity bill if the electricity charges are Rs. 3.50 per unit kWh ?

[Dec. - 2001]
Solution : m = 10 kilo litres = 10,000 Its = 10,000 kg, as 1 litre = 1 kg

g=981 m/s?, t=15min=900sec, h=10m
Water head loss due to pipe friction = 1.15 m

hyy = 10+115=1115m

Net work done = mg hey
P _ Net work done _mg hesf _ 10000x9.81x11.15
ou t t 900
Power output of pump = 121535 W = 1.2153 kW
P mone = Foremmsiouny 55

= 219972 W =22 kW
Power output of pump
Npump

]

Power output of motor

12153x%103
= g - BewW

Horsepower rating of motor = (1869.69) /735.5=2.542 HP
Input energy required = Power input to motor x twice a day
= 22x10°x2 =44 kW

Total hrs required = 2 x 15 min = 30 min = 3 hrs

1
2

Total electricity bill for month = Total input energy x Number of days x Rate of energy
2.2x 30% 3.50
Rs. 231

Total input = 44kWx=hrs=22 kWh daily

Monthly bill
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imp Example 1.40 : A three blade wind mill is used to lift underground water and store it at
ground level using a pump. For average wind speeds the value of torque developed is
20 N-m and the speed of this wind mill is 150 r.p.m. Actual head of water is 9 n and pipe
friction is 1 m headloss. The wind mill mechanical efficiency and water pump efficiency are
40 % and 75 % respectively. Calculate the run of this wind mill to store water quantity of
20 kilo litres at ground level. (May - 2003)
Solution : T =20 N-m, N =150 rpm. h, = total head =9+ 1=10m
Mm = m%,ﬂpmp=?5%,m=20k]itre=20><103 litre

2aN _ 20x2mx150

P, = Txo Where o= @ %0

314.1592 W
Pin XTm XNpump = 314.1592x 0.4x0.75
94.2477 W and W = ] /sec

u

out

So wind mill requires 1 sec to produce 94.2477 Joules. Now to lift 20x103 litres of
water through 10 m it requires,

Powl = mgh' Wherellilre:lkgofwaher
= (20x103)x9.81x10 = 1962000 J
~.Time required by mill to produce Py, is,

_ Piow _ 1962000 _ _ 20817.4841
t = m—w—mﬁl?.mlsec —Whl‘s
= 5.7826 hrs

This is the required run of the mill.

imp Example 1.41 : Three cells each having en.f. of 1.6 V and internal resistance 1.1 Q are
connected in (i) series and (i) parallel, to a resistance of 2.5 Q. Find in each case,

a) Current b) p.d. across the external resistance ¢} power wasted in the external
resistance.
Solution : Case i) Series connection

186V 16V 16V ra2q4q Total em.f. = 3 x em.f. of each cell

W W Br=3x16=48V
I Total resistance of circuit
/ DIV A Fr=3+X
R=25Q
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= 3x11+125
= 58Q
N _ Ey _4.8 _
. a) I = F_T_u.uﬁa
b) V = pd. across R=1x R =08275 x 2.5 = 2.0689 V

<) P

Case (ii) : Parallel connection

PR = (0.8275)% x 25 = 1.7118 W

L6V In equivalent form, when batteries are in parallel,

18 r=110 the total internal resistance is
rY L
L1V r'=‘:TM1mn=numberofeallsinpamllel
+ - 1.1
LISV =~ = 03666 9
—AMWW—
1 - E 1.6
7V a) & ]=—R = 5570366 - WS4 A
R=250 b)  V=IxR=055814 x 25 = 1.3953 V
Fig. 1.59

) P = IR = (0.55814)% x 2.5 = 0.7788 W

mmp Example 1.42 : When a resistance of 2 Q is placed across the terminals of battery, the
current is 2 A. When the resistance is increased to 5 Q, the current falls to 1 A. Find em.f.
of battery and ils internal resistance.

Solution : The two cases are shown in the Fig. 1.60.

+E_ r +E_ r
—AWW— —WAW—
- L=1A
R, =20 Rg =50
(a) (b}
Fig. 1.60
- _E = =
Now I = Rt e E=22+r]=4+2r (1)

and L = ieE=1[5+r]=5+1 (2)

_E_
Ra+r
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Subtracting (2} from (1),

0=-l+rier=1Q
and E=6V

immp Example 1.43 : A bucket contains 15 - litres of water at 20 °C. A 2-kW immersion
heater is used to raise the temperature of water to 95 °C. The overall efficiency of the process
is 90 %, and the specific heat capacity of water is 4187 J/kg°K. Find the time required for
the process. [Dec.-2003]

Solution : m = 15 kg, 1 litre = 1 kg of water, C = 4187 ]/kg K
t1 =20 °C, t2 =95 °C, Pin =2 kW, 11=%0 %
Energy required to heat the water is the output energy.
Output energy = mC At=15x4187x(95-20)=4.7103x106 ]

output _ 4,7103x106 _

= ZRNRW 6
Input energy = - 05 5.2337x10° ]
P = input in ]
7 time in sec
6
2x103% = m
time
time = 2616.875 sec = 43.614 minutes

msp Example 1.44 : At 0°C, a specimen of copper wire has ifs resistance equal to 4-milliohm
and its temperature coefficient of resistance equal fo (1/ 234.5) per °C. Find the values of ils

e and temperature coefficient of resistance at 70 °C. [Dec.-2003)
Solution : Ry = 4me, an:% /°C
oy = 1:::0:
an = /29 _opmpec s ec
_1+mx?0

1

Now Ry PETE

n

Rp(1+eg t)=4[‘l+ x?O]:S.l'Hmﬂat?U °C

mmp Example 1.45 :  An electric pump lifts 12 m3 of water per minute to a height of 15-m. If
its overall efficiency is 60%, find the input power. If the pump is used for 4-hours a day,
find the daily cost of energy at Rs. 2.25 per unit. . [Dec-2003]
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Solution :

m =12 m3 =12x1000 kg as 1m? of water = 1000 kg, h = 15 m, 1=60%,
time = 1 minute = 60 sec
Energy output = mgh = 12x1000x9.81x15 =1.7658x106 J

;]
Energy input = D“;"“'=%=zmxmﬁji,e. watt-sec

time for lifting = 1 minute = 60 sec
input _2.943x10%
time 60
For 4 hours, pump consumes Pin x4 = 1962 kWh
Thus total units per day = 1962
Daily cost = 196.2x2.25 = Rs. 441.45

Pn = = 49.05 kW

mmp Example 1.46 :  An electric pump lifts 60 m3 of water per hour to a height of 25 m. The
pump efficiency is 82 % and the motor efficiency is 77 %. The pump is used for 3 hours
daily. Find the energy consumed per week, if the mass of 1-m> of water is 1000 kg.
[May-2004]
Solution : 1 m?3 = 1000 kg hence m = 60 m? = 60000 kg
h=25m, 1 =77 %, np =82 %, time = 1 hour = 3600 sec

= g h=25m
Ny =0.77 n, =082 Liting } oy =mghJ
water
Fig. 1.61
Pout = mgh =60000x9.81x25=14.715x106 ]

Pout i 14.715x108
Pout inwatts = o;fﬂ:’ =m0 - 40875 W

_ Pow _ 40875 _
Pin = o mp ~077x082 - 702 W

Per day 3 hours running hence,
Daily consumption = 6473.7092x 3 = 19.421 kWh
. Waeklly power consumption = 7x19.421 = 135947 kWh
. Weekly energy consumption = 135.947x10% x 3600 = 489.4124x106 J
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imp Example 1.47 : A singlecore cable has its conductor diameter as 1.5 cm and outer
diameter as 3.9 cm. The resistivities of conductor and insulator are 1.73 x 108 ohm-m and
8 x 1012 ohm-m respectively. Find, for a cable length of 100 m, its insulation resistance and
the resistance of conductor. [May-2004]
Solution : D; = 1.5 cm, outer diameter = 3.9 cm, pc =1.73x108 Q m,
Pi :Bxl()lz!!m, =100 m

For conductor, R =p%;

- Ep2_T 2y = -4 2
and a = 7 D} =3x(15x102)" =1767x10% m
-8
R = L73X107XI0 _,o507%10-3 @
1.767x104
s . D‘.l
For insulation, Ry = T-D.75cm

Ry = Ry+t Where t=9l-2‘-—'3l

=12 cm

= 075+12=195¢cm

o pi . (Rp)_8x10% (195
f= g ""(E{]‘Enx“‘m I”[iﬁﬁ]

= 1.2165x1010Q

iy Example 1.48 :  Two coils connected in series have resistances of 600 Q and 400 Q with
temperature coefficient of 0.1 % and 0.4 % respectively at 20 °C.. Find the effective
temperature coefficient of series combination at 20 °C. When the combination is heated to

50 °C, find the resistance of the series combination. [Dec.-2004)
Solution : R1=60()Q,R2=4000,1x1=0.1%:%md%=04%=?;4

All values given at t; = 20 °C.
Let R} and R} are resistance values at t, °C

Ry = Ry[1+0(—tp)] and Ry =Ry [1+ 0y (ty - tp)]
Att, °C, Ry; = R +Ryand att, °C,Ry; =R} + R}

While Y2 = Ry 1+ ap (- 1)l

Where 035 = RT.C. of series combination at t; °C

R1+ Ry = Ry +Ry) [1 + 045 (- {)]
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Ry 4oy (=t + Ry [1 + 0ty - ty)] = (Ry + Ry) [1+0yy (8 - 1y)]

i e R0y +Raa
Smlpllfymg' u.n:% ... Refer section 1.11.5
6ﬂ(l>< 400><04
- L 0% /oC
= Z007 400 =22%1
Now Rig = R{+R;=600+400=1000Q2 att; =20°C

R}z = resistance of series combination at t, = 50 °C
= Ryg[1 +0yp (& — t;) = 1000 [1 + 22 x 1072 (50 — 20)]
= 1066 Q
Note : Alternatively find R} and R} at 50 °C and R}, = R} + R}

P Example 1.49 : The effective head of 100 MW power station is 220 m. Station supplies
full load for 12 hours a day. The overail efficiency of power station is 86.4 %. Find the
volume of water used. [Dec-2004]

Solution : h =220 m , Full load output Py, = 100 MW = 100 x 10° W
= 12 hours, 1 = 86.4 %, Py, = 100 x 10° W ie. J/sec
~Energy output for full load=P,,, x hours per day = 100 x 10° x 12 = 1200 x 10° Wh
1200 x 10° x 3600 ] = 432 x 10" J
Energy output _ 4.32x1012
= T os
This is potential energy of water mgh.
P.E. of water = Input energy supplied
mxgxh = 5 x 1012
5%1012

= = ?
M = S E%530 23167 x 10” kg

But 1 m® of water = 1000 kg

=5x10%]

Input energy

9
volume of water used = %Eu—f = 23167 x 10° m®

mmdp Example 1.50 : An electric furnace is used to melf aluminium. Initial temperature of the
solid ‘aluminium is 32 °C and its melting point is 680 °C. Specific heat capacity of
aluminium is 0.95 kJ/kg’K, and the heat required to melt 1 kg of aluminium at its melting
point is 450 k]. If the input power drawn by the furnace is 20 kW and its overall efficiency
is 60%, find the mass of aluminium melted per hour. [May-2005]
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Solution : t; = 32 °C, t, = 680 °C, C = 0.95 K]/kg’K, Py, = 20 kW, n = 60% = 0.6

Heat required to melt 1 kg of Al at melting point is 450 kJ is the information related to
Latent Heat.

Total heat = sensible heat + Latent heat =m C At + mL
Where L = 450 kJ/kg as given
= Total output energy = m [C At + L] = m [0.95 x (680 — 32) + 450]
= m x 1.0656 x 10° kJ ... Note both C and L in k]
P, =20 kW

and time = 1 hour as mass of Al per hour to be obtained
Input energy -metime=2|]x10113ﬂn=72x1061

- Output energy = Input x 1 = 72x 10° x 0.6 = 432 x 10°] = 432 x 10° kJ

Equating with total output energy required,

m x 1.0656 x 10° = 432 x 10°

m = 40.5405 kg aluminium per hour will be melted

iy Example 1.51 :  Show how four cells, each rated 1.5 V, 0.1 A, can be connected as

batteries in three different ways to obtain different voltage and current ratings. State the

voltage and current ratings of each type. . [May-2005]
Solution : The three ways in which cells can be connected are,

01a,@
-__h:__
ONCNONO 5
01A |, -
S =TS S TR
NS 01A|,@
- + V=15x2=3V
V=4x15=6V =2x01=0.2A
1204 A a5 series °-“\|.® 1=2x0
L {c) Series-paratlel
(a) Serles grouping + - grouping
V=15V
1=4x01=04A
(b) Parallel grouping

Fig. 1.62
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iy Example 1.52 : At 0 °C, the resistances and their teﬁpem:ure coefficients of resistance of
two resistors "A and ‘B’ are 80 ohm and 120 ohm, and 0.0038 per °C and 0.0018 per °C,
respectively. Find the temperature-coefficient of resistance at 0 °C of their seires combination.
) [May-2005]
Solution : At0°C, R, = 80Q, R; = 120Q, oy = 0.0038 /°C, o, = 0.0018 /°C
Refer section 1.11.5,

_ Ry +Ra0

oy = R 7R, ... RT.C. of combination at 0 °C

oy = 80x0.0038+120x0.0018 =26 %103 /°C

80+120

mmp Example 1.53 : In a thermal generating station the heat energy obtained by burning 1 kg
of coal is 16,000 k]. Find the mass of coal required to get an output electrical energy of
1kWh from the station, if its overall efficiency is 18 %. [May-2005]

Solutlon : m = 1 kg, Heat energy = 16000 kJ, output = 1 kWh, n = 18 %
Calorific value of coal = heat energy/kg = 16000 kJ/kg
Total input energy = m x 16000 x 10° e (1)
m = mass of coal burned
Output required = 1kWh =1 x 10> Wh
= 1 x 107 x 3600 W-sec i.e. ]

. Cutput in] _ 1x103 x 3600
Input required = P :mgy =01
= 20 x 1057 )
Equating (1) and (2),
m x 16000 x 10° = 20 x 10°

m = 125kg ... mass of coal required

mmp Example 1.54 : Calculate the current required by a 1500 V D.C. locomotive when
driving a total load of 100x103 kg at 25 km per hour up on incline of 1 in 100. Assume
tractive resistance of 0.069 N/kg and efficiency of motor's gearing as 70 %.

[May-2006]
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Solution : The arrang t is shown in the Fig. 1.63.
{
T
-— 10—
Fig. 1.63
. 1
sin 8 me—m_nm .. 015 very small
Wsin® = 100x10%x0.01 = 1000 kg = 9810 N
Track resistance 0.069 N/kg = 0.069x100x103 = 6900 N
Total resistance 9810 + 6900 = 16710 N
Work done = Force x distance travelled in 1 sec = 16710xd
Now speed 25 km/hr
25x103 _ .
d T e 6.944 m in 1 sec
work done = 16710x6.944 = 116040.924 ]
W _ 116040924 _ '
Pout Tme =~ 1see = 116040.924 W
P = Jtou 116040924 . 0 oomax10% W
Tgear 0.7
But Pin VxI
Pin _ 165.77274x10% _ ‘
1 v 1500 110.5151 A ... current required

immp Example 1.55 :

A D.C. shunt motor, after running several hours on constant voltage of

400 V, takes field current of 1.6 A. If temperature rise is 40°C, what value of exira
resistance is required in field circuit to maintain field current equal to 1.6 A. Assume motor

started from cold at 20°C and oy = 0.0043/°C.

[May-2006]



Basic Electrical Engineering 1-99 Fundamentals of Electricity

Solution : V=400 V,I; = 1.6 A, At = 40°C, Ty = 20°C, tipp = 0.0043 /°C
Vo 400
R2 = E—TE‘—ZSOQ

... Field circuit resistance after 4 hours at t; °C
Ra = Ry[l1+0; At] where oy =ty
250 = Ry [1+0.0043%40]
Ry

2133105 0 ... Field circuit resistance at t; °C

But It is to be maintained constant.

'
If = AR 16
_ 400 _
Ry+Rx = 7 =250
Ry = 250 - 213.3105 = 36.6894 Q ... Extra resistance required.

mmp Example 1.56 : An immersion heater is used for heating 9 liters of water. Iis resistance is
50 olm and has efficiency of 83.6 %. How much time required to heat water from 20 °C to
70 °C, when connected to 250 V supply. Specific heat capacity of water is 4180 [/kg °K.

[Dec.-2006, 6 Marks)
Solution :1liter = 1kg, V=250V, t,=70°C, t =20°C.
m=9kg R=50Q, 7=836% C =4187J/kg’K
Qutput energy = Energy required to heat the water
= mCAt=9x4187x(70-20) = 1.88415%10° ]
Output _ 1.88415x106 _

Input energy = Y T 22537%106 ]
Py = V—Rz - (zi%z =1250 W
Mo - e

Time = 1802.96 sec = 30.05 min.
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mmp Example 1.57 : AsmgkmCumbkmmucmrdmferqumumdmsum
thickness of 2 cm. The resistivity of Copper and insulation is 1.73 x 10~ % and 9x1012
ohm-meter respectively. Determine resistance of conductor and insulator of the cable for 150
meter length. [Dec.-20071
Solution :p. = 1.73 x 10" ¥ Q-m, m=9x10un-m 1=150m,

For conductor, D, = diameter = 3 ecm , R -—2--L5cm
a:=% =X {3)2 7.0685 cm? = 7.0685 x 10~ * m
-8
R = 2l 17IO0TXIN _ 50 49530

ac 7.0685x104
For insulation, R; = Ry+t=15+2=35an

~_ Pi . (Ra2)_ 9x1012 35
R = 2m ”( ) 7150 T3 = 8091 x 10°0

hmp Example 1.58 : How long it will take to raise the temperature of 880 gm of water from
16 °C to boiling point. The heater takes 2 Amp at 220 V supply and has efficiency of 90 %.
[Dec.-20071
Solution :m =880gm, At=100°C-16°C=84, n=90%1=2A, V=20V
For the water, C = 4190 J/kg'K
Output Heat required = m C At = (880 x 10~ %) x 4190 x 84 = 309.7248 kJ

Heat output _ 309.7248
n 709

Heat input = = 344.1386 k]
powerinput = VI=220x2=440W ie. ]J/s

Heat input

But power i.nput = m

_ 344.1386 x 103
= "Time required

Time required = 782.1333 sec = 13.035 min

mp Example 1.59 : A resistance element having cross sectional area of 10 mm’ and length
10 meter takes a current of 4 Amp from 220 V supply at temperature of 20 °C. Find
(i) the resistivity of the material and (ii) current it will take when temperature rises
60 °C. Assume 0.2 = 0.0003 /°C. [May-200
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Solutiol

i)

But

n:a=10mm’=10x10°%m?, 1=10m I=4A V=220V, =2°0C

- v_220_
R, = T =7 =55Q
pl . _ Rya _ 55x10x10%
Rl ? Le. P-—T-'—'—'i'ﬂ“—'—-
p = 55x1075Qm ...Resistivity
t, = 60°C, o;=w0at20°C =0.0003 /°C
Ry = Ry[ 1+ (ty-t;)] =551+ 0.0003 (60 — 20)] = 55.66
v 220
New current = R—z-m-&QSZSA

© W™ ON B Mok W NN

=
=

I
=

12.

Review Questions
. What is charge ? What is the unit of measurement of charge 7

Explain the relation between charge and current.

. What is the difference between en.f. and potential difference 7

What is the resistance ? Which are the various factors affecting the resistance ?

Define the resistivity and conductivity of the material, stating their units.

Explain the effect of temp e on the resi: of, i) Metals ii) Insulators and iii) Alloys.
Define resistance temperature coefficient. Derive its units.

Explain the use of R.T.C. in calculating resistance at t °C.

Explain the effect of temperature on RT.C.

. Write the notes on,

i) Mechanical units ii) Electrical unils iii) Thermal units

. An electric kettle is required to heat 10 litres of water from room temperature of 20 °C to 100 °C,

in 2 minutes, the supply voltage being 200 V' d.c. If the efficiency of kettle is 90 %, calculate the
resistance of the heating element. Assume the specific heat capacity of water 4190 [/kg K.
(Ans. : 1.2887 (1)
Find the rating of a tin-melting furnace in order to melt 50 kg of tin per hour. The melting
temperature of tin is 230 °C while its initial temperature is 20 °C. Specific heat of tin is
0.055 kealfkg: while its latent heat is 13.31 keal/kg. Assume furnace efficiency as 70 %.
(Ans. : 2.0645 kW)

. An electric kettle contains 1.2 kg of waler at 20 °C, It takes 20 minutes lo raise the temperature of

the water to 100 °C. Assuming the heat lost due to radiation and heating the kettle to be 60 k],

Sfind the current taken by the kettle from the supply of 230 V. Assume specific heat capacity of
water to be 4190 kg K. {Ans. : 1.675 A)
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14

15.

16.

17.

18.

19.

20.

21.

24,

26.
27

In a hydroelectric generating station the difference in level (head) between the waler surface and
the turbine driving the generators is 425 meters. If 1250 litres of water are require to generate
2kWh of electrical energy, find the over all efficiency. (1 litre of waler has a mass of 1 kg).
(Ans. : 69.079 %)
An electric lift makes 120 double journeys in a day and a load of 6 tonne is raised to a height of
100 m in one and half minutes. In the return journey the cage of the lift is empty and it completes
the journey in 70 secs, The weight of the cage is 600 kg and the counter weight is 3 tomne.
Calculate, h.p rating of motor.
Assume the efficiency of the lift as 80 % and that of motor is 88 %. (Ans. : 66 H.P.)
One tonne of brass is lo be melted in an electric furnace. If the charge is to be melted in 45 min,
what is the power input to the firnace ? Assume furnace efficiency as 65 %.
Specific heat of brass is 0.094 calfgm °K, Latent heat of brass is 40 cal/gm, Melting point of brass
is 927 °C. Initial temperature of brass is 25 °C. {Ans. : 297.629 kW)
A pump which is gear driven by a d.c. electric motor delivers 1000 kg of water per minute to a
tank, 22 m above the level of the pump. If the efficiency of pump is 80% and that of the gearing is
90 % while that of motor is 85 %, what current does the motor take from 400 V supply.
(Ans. : 14.69 A)
The field winding of a d.c. machine lakes a current of 20 Amp. from 240 V d.c. supply at 25 °C.
After a run of a 4 hours, the current drops to 15 Amp, supply voltage remaining constant.

Determine its temperature rige. (Ans. : 86.5 °C)
A coil has resistance of 18 Q at 20 °C and 20 £ at 50 °C. Find its temperature rise when its
resistance is 21 € and ambient temperature is 15 °C. (Ans. : 50 °C)

The current af the instant of switching a 40 W, 240 V lamp is 2 Amp. The resistance temperature
co-efficient of the filament material is 0.0055 at the room temperature of 20°C. Find the working

temperature of lamp. (Ans. ; 2020 °C)
The resistance of a copper wire is 50 Q2 at a temperature of 35 °C. If the wire is heated to a
temperature of 80 °C. find its resistance at that temperature. Assume the temperature co-efficient of

resistanice of copper at 0 °C to be 0.00427 /°C. Also find the temperature co-efficient at 35 °C.
(Ans, : 58.35Q, 3. 71x10°3/°C)

The field winding of a d.c. motor is connected across a 440 V supply. When the room temperature

wl?‘f,wmdmgmhsz3ﬁ.tgﬂerwemwmnmngfwfewm chnml‘

has fallen to 1.9 A, the voltage remaining unaltered. Calculate the averag y
the winding, assuming wo of copper = 0.00426 /°C. M:W’Q
What is cell and batlery ? State and explain the various types of cells.

Explain the construction of lead acid battery.

Explain first charging, discharging and recharging in case of lead acid battery.
State the features and application areas of lead acid battery.

State the maintenance procedure for lead acid batteries.

How battery capacity is defined ? On which factors it depends ?
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29,
30
a1.

RBERBE

39.

41

What is battery efficiency? In how many ways batlery efficiency is expressed 7
State and explain what is ampere-hour efficiency and watt-hour efficiency.

Write a note on charge and discharge curves for lead acid battery.
With a basic charging circuit, explain the battery charging.
Explain the two methods of battery charging.

. State the indications for fully charged battery.

Explain the construction of NIMH battery.

. State the cell reactions of NIMH cell,
. State the features of NiMH cell,
. Draw and explain the following charactersitics of NiMH batteries,

i) Discharge characteristics
ii) Self discharge characteristics

iti) Charge-voltage characteristics

State the safety precautions while using the NiMH batteries.

. What are the applications of NiMH batteri

Compare Nickel-Cadmium and Nickel metal hydride batteries.

m[m [
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D.C. Circuits

2.1 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 el s 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. This chapter inciudes various techniques of analysing d.c. circuits.

The chapter explains the basic terminology used in the network analysis and
classification of networks. It explains Ohm's law, Kirchhoff's laws and various network
simplification techniques such .- series-parallel combinations, star-delta transformation,
source transformation etc. These techniques are very basic and useful, which can be further
applied to understm { various network theorems. The network theorems such as
Superposition, Thevenin's, Norton's and Maximum power transfer as applied to d.c.
circuits are also included in this chapter.

2.2 Networ Terminology

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

2.2.1 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. 2.1

2.2.2 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

-1
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current source are the examples of active clements. Passive elements are the elements
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.

2.2.3 Branch

A part of the network which connects the various points of the network with one
another is called a branch. In the Fig. 2.1, AB, BC, CD, DA, DE, CF and EF are the various
branches. A branch may consist more than one element.

2.2.4 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. 2.1.

2.2.5 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. 21, A, B, C, D,
E and F are the nodes of the network.

2.2.6 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 remaining 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. 21 paths A-B-C-D-A,
A-B-C-F-E-D-A, D-C-F-E-D efc. are the loops of the
network.

In this chapter, the analysis of d.c. circuits

ting of pure resistors and d.c. sources is included. Fig. 2.1 An electrical network

2.3 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.c. el its like resistances,
inductances and capacitances are always constant irrespective of the change in time,
voltage, lemperature etc. is known as linear network. The Ohm's law can be applied to
such network. The mathematical equations of such k can be obtained by using the
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law of superposition. The response of the various network elements is linear with respect
to the excitation applied to them.

i) 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.

iif) 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 el ts 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. 2.2.

R, Ra R, Ry
AW\ WA
No energy
&> source
ELSNOY R
(a) Active network {b) Passive network
Fig. 2.2

wii) Lumped Network : ‘A network in which all the network elements are physically
uparahlemhwwnaslumpedmhwrkMostofﬂmelecmcmmmmlumpedm
nature, which consists elements like R, L, C, voltage source etc.

viil) 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 elements, any where in the circuit.
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The classification of networks can be shown as,

Electrical circuits or networks

t@ [&) l® l®
Active Passive Linear Monlinear Unilateral  Bilateral Lumped Dislributed
Fig. 2.3 Classification of networks

2.4 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.

2.4.1 Voltage 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. 2.4 (a). This is connected to the load as shown in
Fig. 24 (b). At any time the value of voltage at load terminals remains same. This is
indicated by V- I characteristics shown in the Fig. 2.4 (c).

I W,
o o + L

( Vi =V,

+ +

|/ S E—
Load| [v, L

(a) Symbol (b) Circuit (c) Characteristics
Fig. 2.4 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. 2.5.
Intemnal
resistance Rse I v

Ideal

(a) Circuit (b) Characteristics
Fig. 2.5 Practical voltage source
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Because of the R,, voltage across terminals decreases slightly with increase in current
and it is given by expression,

| V= (Rl +Ve=Vs-T Ry |

Voltage sources are further classified as follows,
i) Time Invariant Sources :

The sources in which voltage is not
varying with time are known as time
invariant voltage sources or D.C.
sources. These are denoted by capital
letters. Such a source is represented in
the Fig. 2.6 (a).

Sos
i

Fig. 2.6 (a) D. C. source

i) Time Variant Sources :
The sources in which voltage is

with varying with time are known as time
variant voltage or A.C
These are denoted by small letters. This
Fig. 2.6 (b} A. C. source is shown in the Fig. 2.6 (b).

2.4.2 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. 2.7 (a). This is connected to the load as shown in the
Fig.2.7 (b). At any time, the value of the current flowing through load Iy is same ie. is
irrespective of voltage appearing across its terminals. This is explained by V-I
characteristics shown in the Fig. 2.7 (c).

I I

+
I =1lg
Iy Iy toad | |y, B f—
- || SSSTEE——
(a) Symbol {b) Circuit (c) Characteristics

Fig. 2.7 Ideal current source

But practically, every current source has high internal resistance, shown in parallel
with current source and it is represented by Ry, . This is shown in the Fig. 2.8,
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Internal
resistance I

N +
I, Load ||V
Ran

{a) Circuit

Ideal

Pb——mvovv-v-omu=ou
(b) Characteristic

Fig. 2.8 Practical current source
Because of Ry, current through its terminals decreases slightly with increase in

voltage at its terminals.

el 3

Similar to voltage sources, current sources are classified as follows :

i) Time Invariant Sources :

(—————

¥0)

]

Fig. 2.9 (a) D. C. source

ii) Time Variant Sources :

The sources in which current is not varying
with time are known as time invarient current
sources or D.C. sources. These are denoted by
capital letters.

Such a current source is represented in the
Fig. 2.9 (a).

The sources in which current is varying with time are known as time variant current
sources or A.C. sources. These are denoted by small letters.

Such a source is represented in the Fig. 2.9 (b).

i)

Fig. 2.9 (b) A. C. source

2.4.3 Dependent Sources

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

Dependent sources are those whose value of source depends on voltage or Mt in
the circuit. Such sources are indicated by diamond as shown in the Fig. 2.10 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. 2.10 (a).
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if) 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. 2.10 (b).

iif} 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. 2.10 (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. 2.10 (d).

e

(@ (b)

' Fig. 20

K is constant and V| and I} are the voltage and current respectively, present elsewhere
in the given circuit. The dependent sources are alse known as controlled sources.

In this chapter, d.c. circuits consisting of independent d.c. voltage and current sources
are analysed.

2,5 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,
Ohm's Law : The current flowing through the electric circuit is directly proportional o the
mwmmﬁmmmmymmmmmqu:c,
provided the temperature remains

v
Mathematically, I""ﬁ . R _
Where 1 is the current flowing in amperes, the V is C_T
_the voltage applied and R is the resistance of the v
conductor, as shown in the Fig. 2.11. Fig. 211 Ohm's law
v
Now I= ‘E

ﬂwmtofpobmhald:ﬂumwde&nedmsuchaway&utﬁmmmof
proporticnality is unity.

Ohm's Law is, I=% amperes
V=1IR volts
%: constant = R ohms
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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
conduclor remains constant.

: upplmitosz;wfafnwcmt
Hmfparts&mddbeusei

2.5.1 Limitations of Ohm's Law
The limitations of the Ohm's law are,

1) It is not applicable to the nonlinear 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 = kIm™ where k, m are constants.
2.6 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.

Consider the resistances shown in
the Fig. 2.12.
Ry The resistance Ry, Rz and Ry are
TYWA W~ said to be in series. The combination is
connected across a source of voltage V
| < | N volts. Naturally the current flowing
I||| through all of them is same indicated
as I amperes. e.g. the chain of small

) lights, used for the decoration
combination.
Now let us study the voltage distribution.
Let V,V; and V, be the voltages across the terminals of resistances Ry, Rz and Ry
respectively
Then, V= Vi+Va +V;
Now according to Ohm's law, Vi =IR;, Va=IRa, Vs=1R;3

Current through all of them is same i.e. I
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V = IR} +IR2 +IR3 =I(R; +R3 +R3)
Applying Ohm's law to overall circuit,
V = IRgy
where Req= Equivalent resistance of the circuit. By comparison of two equations,
Req = Ry+Ry+Rj

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

For n resistences in series, R = R;+Rz+R3+ ......+ Rp
2.6.1 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+Vaduo + Vi
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 > Ry, R>R3, ....R>R,

2.7 Parallel Circuit

The parallel circuit is one in which several ..
resistances are connected across one another in such a g

way that one terminal of each is connected to form a Ry

junction point while the remaining ends are also joined I +y -

to form another junction point. Consider a parallel circuit 1 R,

shown in the Fig. 2.13. o WW——
In the parallel connection shown, the three I3 Ry

resistances Ry ,R; and R3 are connected in parallel and
combination is connected across a source of voltage V.

In parallel circuit current passing through each 1
resistance is different. Let total current drawn is say ‘' I*
as shown. There are 3 paths for this current, one through Fig. 2.13 A paralle! circuit
Ry, second through R; and third through Ra. Depending upon the values of Ry, R and
Rj the appropriate fraction of total current passes through them. These individual currents
are shown as I; ,I; and I3. While the voltage across the two ends of each resistances
R1,R; and R is the same and equals the supply voltage V.

Now let us study current distribution. Apply Ohm's law to each resistance.

V =IL4R;, V=I3R;, V= I3R;

=
1"
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v v v
I = -ﬂ' IQ—E. Ig—ﬁ
v V. V
I = I +I7+13 NR—I'I-E'FR—S
1 1 1
- V&) -
For overall circuit if Chm'’s law is applied,
V = IRy
\'
and 1= Ry . e (@
where Req = 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,
1 1 1- .1

1
B = R_1+ff+R—3+"""+fn—

Conductance (G) :

Itis known that, & = G (conductance) hence,

G = G1+G3+G3+...4Gy | ... For parallel circuit
Important result :
Now if n = 2, two resistances are in parallel then,
1_1,1
R K| R;
_ RiR;
R = R1+R2

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

271 Chara-cteristlcs 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.
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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 llest of all the resistances
R <« R;, R<R,,...,R<R,

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

Key'_PnInt f_:ﬁtc equivalent resistance is siall :_r.'i'e_::ri“‘:!hei' llest of all the
 resistances connected in parallel. Hal

2.8 Comparison of Series and Parallel Circuits

Sr. Series Circuit Parallel Circuit
No.
1. The ﬁmnuﬂnn iﬁas shown, The eonnoecﬁﬁj_is as shown,
1 2 Ry [ (Voltage remains same
| R across all resistances)
AAAA
i WWAN
I (Current remains same \ | 2 T
through all resistances) 1 n I
AN ——
! X |'| + v -
+ili’ Inn
o o A
v
2. The same current flows through each The same voltage exists across all the
resistance. resistances Iin parallel.
3. The voltage across each resistance is The current through each resistance is
different. different.
4. The sum of the voltages across all the The sum of the currents through all the
resistances is the supply voltage. resistances is the supply current.
V=V +Vo+ Va4 +V, LIES PICS PIE S
5. The equivalent resistance is, The equivalent resistance is,
R,a =Ry +Ry + ... +R 1 1.1 1
1 2 n =t -
eq 'ﬁ; E+-$+ + T
6. The equivalent resistance is the largest than The equivalent resistance is the smaller than
each of the resistances in series. the llest of all the resi in parallel.
Req > Ry, Rgq > Rz ... Rgq > Ry
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mmp Example 2.1 : Find the equivalent resistance between the two points A and B shown in
the Fig. 2.14.
AS
Agl. Afl.
A8
1 n Yyvy
o—AAMA—
A A A0 B
N
Fig. 214

Solution : Identify combinations of series and parallel resistances.
The resistances 5 £ and 6 £ are in series, as going to carry same current.
So equivalent resistance is 5 + 6 =11 Q

While the resistances 3  , 4 £, and 4 Q are in parallel, as voltage across them same
but current divides.

. B . 1 _1.1.1_10
. Equivalent resistance is, R = 3v1Y1°1
R = -}—% =120
20 Series 120
10 g

b B

A —

Parallel

Fig. 2.14 (a)

Fig. 2.14 (b)
Replacing these combinations redraw the figure as shown in the Fig. 2.14 (a).

Now again 1.2 Q and 2 Q are in series so equivalent resistance is 2 + 1.2 = 3.2 Q while
11Qand 70 are in parallel.

Using formula R R

. . . 11x7 77
R +R; equivalent resistance is

1+7 = 8 =4.277Q .

Replacing the respective combinations redraw the circuit as shown in the Fig. 2.14 (b).
Now 3.2 and 4.277 are in parallel.

. 3.2x4.277
Replacing them by SaraT 1.8304 Q

Rap = 1+ 1.8304 = 2.8304 Q
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2.9 Short and Open Circuits

In the network simplification, short circuit or open circuit existing in the nework plays
an important role.

2.9.1 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.2.15.

Thick % The points A and B are short circuited.
vonduting === | B0 The resistance of the branch AB is

R,=0Q.
The curent I,p is flowing through
Fig. 2.15 the short circuited path.
According to Ohm's law,

2.9.2 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 is e=,
The part of the network which is open
circuited is shown in the Fig. 2.16. The points A
and B are said to be open circuited. The
resistance of the branch AB is Roc ===02.

There exists a voltage across the points AB
called open circuit voltage, Vg but Roc ==
According to Ohm's law,
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2.9.3 Redundant Branches and Combinations
The redundant means excessive and Wamed.

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 practical 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.

To understand this, « ider the combination of resistances and a short circuit as
shown in the Fig. 2.17 (a) and (b).

Ry A
I — AAAA . —‘ B
Short LAA A ! lé‘i‘imwhn?
) ¥ Ra 1} 0
+ -
1 vV— R, Short

Ry \
B No current
through Ry and Ry
(a) (b}
Fig. 2.17 Redundant branches

In Fig. 217 (a), there is short circuit across R; The current always prefers low
resistance path hence entire current I passes through short circuit and hence resistance R, .
becomes redundant from the circuit point of view.

In Fig. 217 (b), there is short circuit across combination of R; and Ry The entire
current flows through short circuit across Ry and Ry 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 elliminated 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. 2.18 as there exists open circuit in branch BC, the branch BC and CD can not
carry any current and are become redundant from circuit point of view.
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Redundant

) branches

Fig. 2,18 Redundant branches due to open circuit

2.10 Voltage Division in Series Circuit of Resistors

Consider a series circuit of two resistors R

1 R Ry and R; connected to source of V volts.
—— \WW———AWA——

As two resistors are connected in series, the

current flowing through both the resistors is

V(i) same, i.e. [. Then applying KVL, we get,
V=IR; +IRy
0 I - V
Fig. 2.19 CITRTR;

Total voltage applied is equal to the sum of voltage drops WVg; and Vg; across R and
R, respectively.
X Ve = I.Ry

_ V o _|_Ri
Y = 1R R‘_[Rlﬂ’»z]v

Similarly, Vi = I.Ry

v Ry
Vi = . = v
R = FER R [R1+Rz}

So this circuit is a voltage divider circuit.
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mp Example 2.2 : Find the voltage across the three resistances shown in the Fig. 2.20.

Ry R, Ry
100 200 na
(’—‘]
FAn
NS
B0V
Fig. 2.20
Solution : [= oV ies circuit
. = R]+R2+R3 -« SETIES CIrCull
60
= om0 - 1A
VxRq
VRI = IRy = m 110 =10V
VxRa
Vg = IR; —W-R—B—IXZU =20V
VxRj
and Vgs = IR;3 = m 130 =30V

w «u, Far P -.;w

2.11 Current Division in Parallel Circuit of Resistors
Consider a parallel circuit of two resistors R,
I and R, connected across a source of V volts.

Iy Iy Current through R, is I; and R, is I;, while
total current drawn from source is I.
\F(:) Ry R,
o IT = 1 +12
\4 \4
But L= g b o=
Fig. 2.21

ie. V= LRy = I Ry

()

Substituting value of I} in [,
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R +R
It = Iz(i—?]-&]z :lz[i—f+l] =1 I:lR_IZ}
Ry
12 = [R|+R2] ]T
Ry
Now L =k-=-1 = It —[m] It
L = R|+R2—-R1 I
! R; +R; 28

R,
s [R,T} I

mmmn any branch is cqm' !o ffze mﬂa

W value, muihpi'md by ;ﬁe ioﬂzl

sl

of 'nppodte e
' the

tmp Example 2.3 : Find the magnitudes of total current, current through Ry and R; if,

R‘]:Iﬂﬂ,RQ:Zﬂ Q,and V=50V,

Iy
o
V=
= II’ "
Ri2 3SR,
< <
Fig. 2.22
Solution : The equivalent resistance of two is,
’ RiRy _ 10x20 _
Rea = Ri7R; ~To+20 - 879
v 50 =75A

As per the current distribution in parallel circuit,

o Ra \_ 20
b= IT[Rl +R2]'7'5x(10+20]

n
w
>
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_ Ry 10
wnd I = IT[R1+R ) 75"[1u+20)

=25 A

It can be verified that It =1, +I3

2.12 Source Transformation

Ry Consider a practical voltage source shown in the
1 Fig. 2.23 (a) having internal resistance R, connected to
> the load having resistance K.

<
AR AN
v

]
~

Now we can replace voltage source by equivalent
current source.

Fig. 2.23 (a) Voltage source

Key Polnt The two sources are said fo be equ:mhmg,
&  current to the Ima‘ with same load connected across

The current delivered in above case by voltage source is,

v

= —_—, R d Ry i i
R RO sc and Ry in series (1)

If it is to be replaced by a current source then load

1 1

current the ———— b t
mus (Ree +RL) 1() ::R,,. ::R
E

Consider an equivalent current source shown in the
Fig.2.23 (b).

The total current is T

Both the resistances will take current proportional to
their values.

From the current division in parallel circuit we can write,

Rsn
"R +RD) -0

Fig. 2.23 (b) Current source

Iy =

Now this I and v must be same, so equating (1) and (2),
Rse +R|..

\Y Ix Rgh

Rse +RL - Ry +Rp

Let internal resistance be, R.c = Ry, = R say.
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Then, V = IxRyq = IxR

ThedimcﬁmorfcurrentofeqmvalmtcmmtsourcelsalwaysfmmaveIzo+vq,
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. 2.23 (a), (b), () and (d).

Ry Ry
< =
v == 1() :E&. v = |() :ER,,
v v
m.m(‘)l-a Fig 2.24 (b) I’ﬁ
R ~ Ry
i@® R = v @ Zre = v
Fig. 224 (c) V =1xRgh Fig. 2.24 (d) V =1xRgp

imp Example 2.4 : Transform a voltage source of 20 volts with an internal resistance of 5 Q
to a current source.

Solution: Refer to the Fig. 2.25 (a).
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50

20v 4A () EE 50
Fig. 2.25 (a) Fig. 2.25 (b)
ﬂtencurrmtcfcurrentsoumeis,l:kl=gsg=4A“rimillternalparallelresistance
8¢

same as Rg.
. Equivalent current source is as shown in the Fig. 2.24 (b).

iy Example 2.5 : Convert the given current source of 50 A with internal resistance of 10 £
to the equivalent voltage source.

A
<
5{”\() 3100
B
Fig. 2.26
Solution : The given values are, I = 50 A and R, = 10Q
For the equivalent voltage source,
0aZr, V= IxRy =50x 10
= 500V
soovl )y Ree = Ry = 10 Q in series.

The equivalent voltage source is shown in the
Flg. 226 (l) Flg. 226 (a).
Note the polarities of valtage source, which are such
that + ve at top of arrow and - ve at bottom.

2.13 Combinations of Sources

In a network consisting of many sources, series and parallel combinations of sources
exist. If such combinations are replaced by the equivalent source then the network
simplification becomes much more easy. Let us consider such series and parallel
combinations of energy sources.
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2.13.1 Voltage Sources in Series

If two voltage sources are in series then the equivalent is dependent on the polarities
of the two sources.

Consider the two sources as shown in the Fig. 2.27.

Vq 9 Vi e
= V4V, = Vy+Vy
Va Va
@ o

Fig. 2.27

Thus if the polarities of the two sources are same then the equivalent single source is
the addition of the two sources with polarities same as that of the two sources.

Consider the two sources as shown in the Fig. 2.28.

(—] Vi—Vy = (V3> V)
v, (V42V,) v,
(a)

Fig. 2.28 (b)
Thus if the polarities of the two sources are different then the equivalent single source
is the difference between the two voltage sources. The polarities of such source is same as
that of the greater of the two sources.

ratings though their voltage ratings may be same or different.
The technique can be used to reduce the series combination of more than two voltage
sources connected in series.
2.13.2 Voltage Sources in Parallel
Consider the two voltage sources in parallel
as shown in the Fig. 2.29.
The equivalent single source has a value v, o V, o
same as V; and V,.
It must be noted that at the terminals open

circuit voltage provided by each source must be
equal as the sources are in parallel.
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2.13.3 Current Sources in Series

Consider the two current sources in series as
o o  shown in the Fig. 2.30.

The equivalent single source has a value same

[,(
D

Ny

= @ =y

Fig. 2.30

2.13.4 Current Sources in Parallel
Consider the two current sources in parallel as shown in the Fig. 2.31.

1,() ()l2 = () I+, '1() ()'z = () I+l

(a) (b}
Fig. 2.31
Thus if the directions of the curents of the sources connected in parallel are same then
the equivalent single source is the addition of the two sources with direction same as that
of the two sources.
Consider the two current sources with opposite directions connected in parallel as
shown in the Fig. 2.32.

o —o

Il
o

D) 11-1, HONROL ) 11y

(14=1y) (I3>14)

U
@

O O

() (&)
Fig. 2.32
Thus if the directions of the two sources are different then the equivalent single source
has a direction same as greater of the two sources with a value equal to the difference
between the two sources.
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2.14 Kirchhoff's Laws

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

2.14.1 Kirchhoff's Current Law (KCL)

Consider a junction point in a complex network as shown
in the Fig. 2.33.

At this junction point if I1= 2A, I; = 4A and I3 = 1A then
to determine Iy we write, total current entering is 2+4= 6A
while total current leaving is 1+ I3 A

Fig. 2.33 Junction point And hence, 14 =5 A.
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 current meeting at a junction point is always zero.

The word algebraic means considering the signs of various currents.

| PN at]unr:limpoi.nt =0 |

myﬁ'om u;uncﬁoﬁpmt nkém'd fve,
e.g. Refer to Fig. 2.33, currents [; and 1; are positive while I3 and I4are negative.
Applying KCL, 21 at junction O = 0

Iy +l3=I3-I4 = OieIj+ip =13+,

The law is very helpful in network simplification.

2.14.2 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 e.mf 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 3’ V=0
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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.

2.14.3 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.

R R
Ae—A\—oB Ae—AMN—oB
-— | —

(a) Fig. 2.34 (b)

In the Fig. 2.34 (a), current I is flowing from right to left, hence point B is at higher
potential than point A, as shown.

In the Fig. 2.34 (b), current I is flowing from left fo right, hence point A is at higher
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. 2.34 (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. 2.34 (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 +
IR while writing the equation.
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Kay Polrlt :

3) Wiile tmcmg a c.!osed purk, selec! any_ one.
 This selection is folally independent of the
.varions branches of that closed path.. .

2.14.4 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. 2.35 (a).

As the loop is assumed to be a part of complex network, the branch currents are
assumed to be different from each other.

Due to these currents the various voltage drops taken place across various resistances
are marked as shown in the Fig. 2.35 (b).

Fig. 2.35 (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 ie. 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 ie. it is a rise hence must be
considered as positive. -
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Across Ry there is a voltage drop I; R; and as getting traced from +ve to -ve, it is
drop and must be taken negative.

Across R there is a drop I3 R3 andasgethngiraoedﬁomwew—-\re,ll:sdmpand
must be taken as negative.

Across Ry there is drop 14 Ry 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,

- R!, +E;-I2 Rz =13 R3-I4 Ry +E3=0 - Requ.mzd KVL eql.l.ﬂﬁ[m
ie. E;+E; =11 Ry +I2Ry +13R3 +I4Ry

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

The same sign convention is followed in this book to solve the problems.

2.14.5 Steps to Apply Kirchhoff's Laws to Get Network Equations
The steps are stated based cn the branch current method.

Step 1 : Draw the circuit 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 curretns 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 arl)lr prevlous equ.ahcru

Kay Palnt KVL must be app.’wd' to sx;ﬁicrent ntamber of I'aaps sudr Hmt eadi
_:dmcm of the network is mclmiad ‘at least once in any qf the equations.
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Step 5 : Solve the simultaneous equations for the unknown currents. From these currents
unknown voltages and power consumption in different resistances can be calculated.

What to do if cumn‘t source exlsts 7

.QC!‘OSS ﬁlﬂ'ﬂ!f souree is HI‘!’G‘IDWI’I

For example, consider the circuit
&, AR WPl e . shown in the Fig. 2.36. The current
SA Iy (5-1) distribution is completed interms of
current source value. Then KVL must be
* Y1V applied to the loop bedeb, which does
not include current source. The loop
h abefa should not be used for KVL
f 5A e (5-1) application, as it includes current source.
Its effect is already considered at the

Fig. 2.36 time of current distribution.

[+.]
P
f
py
L=
VWW\
|

al

2.15 Cramer's Rule

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

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

ap Xy +apXat e +281p%n = G
az1X] +anXat o, +ayin = Co
Ap1X] + A X3+ coe +AmXn = Cp

Then Cramer's rule says that form a system determinant A or D as,

a1 812 ... 2p
21 @232 ... @3

A =5 =D
nl 2p2 - 8m

Then obtain the subdeterminants Djby replacing j% column of A by the column of
constants existing on right hand side of equations ie. C;,Cz, ... Cn;
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C; ap .. ap a;; Cp .. oapy

D, = C.z 222 ... 815 D; = n?| Cy ... ax

Cn amp ... 8pn , ag Co ... |
an ap ... G
and D, = (2 2 - G
Pnl 82 o Ca

The unknowns of the equah‘ons are gi\ren by Cramer’s rule as,

XI = ——- Xz = D,.a. .......... Xn =-TT

where D), Ds,..., D,. and D are values of the respective determinants.
sy Example 2.6 : Apply Kirchhoff's current law and voltage law to the circuit shown in the

Fig. 2.37.
Indicate the various branch currents. v brrr
vy vy
Write down the equations relating the various branch
currents. + < +
Solve these equations to find the values of these 0 -] 208 100VZ
currents.
Is the sign of any of the calculated currents negative ?
Fig. 2.37

If yes, explain the significance of the negative sign.
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.
Step 3 : Mark all the polarities for different voltages across the resistances. This is
combined with step 2 shown in the network below in Fig. 2.37 (a).

150 1, L-1; 300

AMAA - A M
Yy v|N\r
oo + -

[+

I
h B I-1Ip

+L
S0V 200

Yy

+*
= 100V

=1,
Fig. 2.37 (a)
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Step 4 : Apply KVL to different loops.

Loop1: ABEFA,-15,-201, +50=0 e (1)
Loop 2: B-C-D-E-D, - 30 ([,-12)-100+zn12='o o (2)
Rewriting all the equations, taking constants on one side.
151, +20L, = 50 (1) and -301; + 501, =100 (3
15 20
Appl 4 . = -
pply Cramer's rule D |_30 50 1350
. 50 20
Calculating D, D, = 100 50|'5m
=D 300 _
L= =55 =074
) 15 50
Calcu]atmg Dy, D, = [‘30 100 = 3000
, Dy _ 3000
" L = ﬁl=_1350 = 222 A

For I; and I,, as answer is positive, assumed direction is correct.
<. For 1 ansiver is 0.37 A. For I, answer is 222 A
-1, = 037-222=-185 A
Negative sign indicates assumed direction is wrong.
ie. I; -I; =185 A flowing in opposite direction to that of the assumed direction.

2.16 Star and Delta Connection of Resistances

In the complicated 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,
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lLet us see what is Star connection 7

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

S. Both the connections Fig. 2.38 (a) and (b) are exactly identical. The Fig. 2.38 (b) can be
redrawn as Fig. 2.38 (a) or vice-versa, in the circuit from simplification point of view.

@ ® ©
Fig. 2.38 Star connection of three resistances
Let us see what is delta connection ?

Hﬂ\eﬂmréﬁshnmmm:mwdh\sud\amﬂwtunemdof&\eﬁmkis
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.

The Fig. 2.39 (a) and (b) show delta connection of three resistances. The Fig. 2.39 (a)
and (b) are exactly identical.

Ry
Ry
L o —o
L
R, Ry R, +—o E: Ry
<’
h—o l .
R
Ry R, 3
(a) (b) (e)

Fig. 2.39 Deita connection of three resistances
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2.16.1 Delta-Star Transformation

Consider the three resistances
Ri2,R23,R3; connected in Delta
as shown in the Fig.240. The
terminals between which these
are connected in Delta are named
as 1, 2and 3.

Now it is always possible to

2 replace these Delta connected
resistances by three equivalent
Given Deita Fig. 2.40 Equivalent Star g, connected resistances
Ri,R2,R3 between the same

terminals 1, 2, and 3. Such a Star is shown inside the Delta in the Fig. 2.40 which is called
equivalent Star of Delta cmed.ed reustances

Ry, Rz

3 2
Ry

anI lkese tmo m-rmgements o5 aqurm‘mt, e rmsm
s usf be same in bot.‘x fhe types Qfm’mectmn... SRR

Let us amlyﬂe Delta connection first, shown in the Fig. 2.40 (a).

Parallel
1 ] ==
b R;l E
Ra Ruz 2 Ru:- 3 ara
Ras
Ras 5 2z
(a) Given Delta Fig. 2.40 (b) Equivalent between 1 and 2

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. 2.40(b).

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

Ry parallel with (R3; +Rp3) as R3; and Ry are in series.

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

- Ru(Ra+Ry) (@)
Ry2 +(R31+Rp)

: Ri Rz 1lel combination]
lusing g TR, for F
Now consider the same two terminals of equivalent Star connection shown in the
Fig. 2.41.

1
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1

R,

LA A

3

Fig. 2.41 Star connection ' . Fig. 2.42 Equivalent between 1 and 2
Now as viewed from terminals (1) and (2) we can see ‘that terminal (3) is not getting
connected anywhere and hence is not playing any mle in dec:dmg ‘the resistance as viewed
from terminals (1) and (2) :
IAndhmoewecanredrawﬂlenefworkasvimwdﬂuvughthemmm]s(l) and (2) as
. shown in the Fig. 2.42.
~.Between (1) and (2) the resistance is = Ry +R3 e (B)

T}usmbecause,twoofthemfoundtobemsenesacmssthetemma!slandthl!e3
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),

R1z (R;1 +Ry)

= R;+R . N (y
Rz +(Rz3 +R3) 1T ©

Similarly if we find the equivalent resistance as viewed through terminals (2) and (3)
in both the cases and equating, we get,
Ra3 (Ra1 +R12)

= R;+R «old]
Riz +(Ras +R31) 2T )

Similarly if we find the equivalent resistance as viewed through terminals (3) and (1)
in both the cases and equating, we get,
R31 (R +Rp3)

_—__ = = R3+R -le
Rz +(Rzs +R31) 3T €

Now we are interested in calculating what are the values of Ry,R;,R3 interms of
known values Rz, Rp3, and Ry;.

Subtracting (d) from {c),

Ri2(Ra1 +Ra3)-Ro3 (Ra1 +R1z)
(Ryz +R3 +R3)

= R1 +R2 —‘Rz —Ra
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Ri2 R31-Rz R
Rrmhas 111212 :i{a -I-BR";]?‘“'. ~(0
Adding (f) and (e),
Ri2 R31-Rp3 Ry +R31(Ryz +Rp3)
R]2 +R13 +R3|
-Riz Ra1 —Ra3 R31 +R3 Ryp +Ra1 Ry

— R1+R3 +R1-R3

Ry +Ra3 +Ry =3
_ _ 2R Ry
ZRI = Rlz +R7_"’ +R3]
Ri2 Ry
- Rl Ru + Rz‘; + R31

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

Riz Ry
By .Ri2+R23 +Rq3;

and : R+ = Ra3 Ry
3 = e 2O
Ri2 +Ra3 +Ry

So if we want equivalent resistance between terminal (2) and star point i.e. Ry then
it is the product of two resistances in delta which are connected to-same terminal i.e.
terminal (2) which are R, and Ry3 divided by sum of all delta connected resistances
ie. Ryz,Rxand Ry;.

Riz Ry

Rz = Riz +R23 +R3;
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2.16.2 Star-Delta Transformation

Consider the three resistances
Ri,R; and R3 connected in Star as
1 shown in Fig. 2.44.

Now by Star-Delta conversion, it
is always possible to replace these
Star connected resistances by three
equivalent Delta connected
3 p Tesistances Ry, Ryand Ry, between

Ra the same terminals. This is called

Given Star  Fig. 244  Equivalent Delta ©q"ivalent Delta of the given star.

Now we are interested in finding
out values of Rj3, Ry3 and Ry interms of Ry, R; and Rj.

For this we can use set of equations derived in previous article. From the result of
Delta-Star transformation we know that,

Ri2 Ry

1

Rss Ryz

R = Ry +Rp+Rar ~®
- Riz Ry '

R2 = R +Rp +Rot -
- Ra; Ry

Ry = Riz+Rn +Ray ..‘Ql

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

Ri22 Ry R
RiRy = M.? )]
(R12 +Rz3 +R31)
Ras® Rz R
RiRy = 2 RizRay ()
(Ry1z +Rz3 +R31)
2
RiR; = — 3" Rz Ry 0

(Riz +Ry3 +R3)?
Now add (j) ,(k) and (})
R122R31R23 +R23?R2R3) +R31°Ryy Ry
(R12 +Ry3 +R3)?
RizR31R23(Ri2 #+Ry3 +R31)
(Ri2 +Ra3 +R31)?

R1R3 +RaR3 +RaRy =

RiR2 +RaR3 +R3Ry =

Ri13R31 Ry

RiR3 +R3R3+R3R; = m
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RiaRa
Ru + Ru +R3]
Substituting in above in R.H.S. we get,
RiR; +Ra3R3+R3R; = R Ry

But = Ry  From equation (g)

- Ra R;
Rzz = Ry +R3 -I-R—l

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

Ryz = Ri+R,+F1LR2
Rj

= Ry R3
RM = R3+R]+ Rz

Equivalent
delta of given
star

o 2

3

A AT AT 2L YR T

t 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 R3 and terminal (1) to star point ie. R;.
Then to this sum of Ry and R3, add the term which is the product of the same two
resistances i.e. Ry and R3 divided by the third star resistance which is R;.

. We can write, R3; = R} +R3 +R11::3

So if we want equivalen

which is same as derived above.

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,
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RxR
Ri =Ry =R3=R+;+R =

w =

i.e. equivalent Star contains three equal resistances, each of magnitude one third the
magnitude of the resistances connected in Delta.

Ifallthreeres:stanoesmaSln:mnnechonareofsamemagrdmdesayll.menits
equivalent Delta contains all resistances of same magnitude of ,

Ru = R:ﬂ ‘RB = R+R+—R—;-F: = 3R
i.e. equivalent delta contains three resistances each of magnitude thrice the
magnitude of resist cted in Star.

Delta-Star

Equivalent delta

Ri2Ra - RiRz
“Riz + Rz + 3y Riz =Ri+ Rz + R3
_ RizRas RzRa
R = R+ Rp + Rl Ras =Ra+ Re + =
_ RaaRyn RIR‘
R = Rz + R + o Ro1 =R+ Rit o~

Table 2.1 Star-Delta and Delta-Star Transformations

Inmp Example 2.7 :  Convert the given Delta in the Fig. 2.46 into equivalent Star.

Fig. 2.46
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Solution : Its equivalent star is as shown in the '
Fig. 2.47.

where
~ 10x5
Ry = 5510415 = 1679
15%10°
Rz = 5510+13 = 9 ,
R, 5x15

=50 - @ Fig. 247 :

nmp Example 2.8 : Convert the given star in the Fig. 2.48 into an equivalent delta.

1

Fig. 2.48
Solution : Its equivalent delta is as shown in the Fig. 2.48 (a).
\ R,2=1.s7+5+1':75"5 = L67+5+333 =100
R.
o " Rys = 542,54+ 020 _ 5425475 =15 Q
. 1.67
3 Ros 2 Ry =z.5+1.er;-1-2'5’<5$67 = 25+ 167 +0833 =5Q
Fig. 2.48 (a)

mmp Example 2.9 : Find equivalent resistance between points A-B.

150 1002

60 4Q

Fig. 2.49
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Solution : Redrawing the circuit, f
Seres
combination
N e
150 100 ~
C sn an D Be
Fig. 2.49 (a)
A Ao
21x14
AB = 77314 - 048
= Rpg = 21|14
B Be
Fig. 2.49 (b)

mmp Example 210 : Find: equivalent resistance between poinis A-B.

Solution : Redraw the circuit,

Ao
15Q 100
c D
60 40
B

Flg. 2.50 (a)
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= 150 S Rop=6+24=840

Fig. 2.50 (b)

Ryp = B4AQ

iy Example 2.11 :  Calculate the effective resistance between points A and B in the given
circuit in Fig. 2.51. (Dec.-97)

0

N

o]
ANAR

LA

2Q 5 50

AA
vy

in

w

Fig. 2.51
Solution : The resistances 2, 2 and 3 are in 2 p 3 g
series while the resistances 4, 2, and 5 are in A °
series.

2+42+3=7Q
and 4+2+5=11Q .

The circuit becomes as shown in 2+2+3
Fig. 2.51 (a).

Converting A PQR to equivalent star, Fig. 2.51 (a)
6x3
Rpy ET37E " 1289
6x6
Ren = gr3sg =240
6x 3
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Hence the circuit becomes as shown in
the Fig. 2.51 (b).

The resistances 2 and 1.2 are in series.

Ao—

1.2 and 11 are in series.
5 and 2.4 are in series. 7§

-~ Circuit becomes after simplification as
shown in the Fig. 2.51 (c).

VWV

The resistances 74 and 122 are in B
parallel. A Fig. 2.51 (b)
A 741122 = s = 46061 ) 32
¥

So circuit becomes,

Parailel
Now the two resistances are in parellel as : o
shown in the Fig. 2.51(e). 7 F
7%7.8061 .
Rap = 73780801 = 3909 B
A (Parallel
i s
= iz p:
Ll <
“B
(d) Fig. 2.51 (e)
nmm)p Example 212 : Determine the current supplied by each battery in the circuit shown in
the Fig. 2.52 by using Kirchhoff's laws. {May - 98)
50 4Q

+
. v

Fig. 2.52
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Solution : Show all the branch currents and the polarities of voltage drops across the
resistances due to the respective currents as shown in the Fig, 2.53.

A 1 50 B (1) 44 5‘{il—1=}c (I-1,-1p 802
—ARAA : A : AA
+ — + A b=
| L
+ * + +
— 2V @ 3ia @ 20 @ v
+ -
T _SV —1-+5\l" i
1 G (-1,) F -1-1,) E
Fig. 2.53

Applying KVL to various loops :
For loop 1, ABGHA

-5[-31;-5+20 = 0 ie +51+3[ =15 A1)
ForloopZBCEGB
-4(I-I)+5-2L+5+5+3]; =0 jedl-7;+2;,=15 -(2)
For loop 3, CDEFC
-8(0-4-1)-30-5+2, = 0 ie -8I+8l+10l;,=35 .(3)
Solving (1), (2) and (3)
I1=2558 A, 1, = 0.7357 A, I, = 49581 A

Hence the current supplied by various batteries can be calculated as below :
Current supplied by By =1 = 2.558 A
Current supplied by B, = [, = 0.7357 A
Current supplied by B; = [, = 49581 A
Current supplied by By = (I -I;) = (2558 - 0.7357) = 1.8223 A
Current supplied by B = (I - I; - [;) = (2.558 - 0.7357 — 4.9581)
= -31358 A ... = ve sign means opposite direction

mp Example 213 :  Find the equivalent resistance between terminals B and C of the circuit
shown in the Fig. 2.54. ) (May - 99)
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AMAA
YV

B8O
Fig. 2.54

Solution :  Solution is also possible by converting Delta to Star which gives solution in
less steps.

Converting star ADCB to delta ACB.

2.4x1.
A Ryg = 24 + 16 + 3?(846=sn

Rac 2.4x3.84
Ruc = 2.4+3.84+T=129
Rac ¢ RBC=1.6+3.34+1_‘6;2‘84.,39

Paralle!
combinations
8¢ >C
80
Fig. 2.54 (b) Fig. 2.54 (c)
5%5 12x12 8x8
Ry = 5557258 Ry=pprp =62 Ry=grg=4Q
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250 A 60 i

Rgc
Fig. 2.54 (d) Fig. 2.54 (e)
4x8.5

RBC = m=l?2ﬂ

mmp Example 2.14 :  Using Kirchhoff's laws, calculate the current delivered by the battery
shown in Fig. 2.55. (May - 99)

an
VWA

1oV

Fig. 2.55
Solution : The various branch currents are shown in the Fig. 2.55 (a).
- 30 +
“ VWA «+

Fig. 2.55 (a)

Consider loop ABEFA,
+5(-l)-4L+4(-1) = 0 iedl +5L,-13;=0 e (1)

Consider loop BCDEB,
+2)-10+40 +40; = 0 jedl+2L+413=10 (2
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Consider loop ABCA,
+5(I -1} +2L-3(;-L) = 0 ie -3I;+10I;-5I3=0 e (3)
Using Cramer's rule, I; = 13852 A
This is the current delivered by the battery.
inmp Example 2.15 :  Find the resistance between (1) B & C and (2) A & C in the network

shown in the Fig. 2.56. (Dec. - 99, Dec. - 2000)
A 100 p
100 EE 200
D wa ©
Fig. 2.56

Solution : (i) Between B and C
As looking through B and C, 10 € and 10 Q are in series, as both carry same current.

200
Parallel ——=

200

Fig. 2.56 (a)

Again, 10 © and 20 Q are in series.

20% 30
Rec = 201130 = 3155 T
120 1”;0“"3% 2 wa =
: N
{il) Between A and C Pm”el/
Converting delta BCD to equivalent star, e
. 20 x 20 Fig. 2.56 (c)

Rps = Res = Ros = 35+ 20 + 20)

= 6.7 Q
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/ Parallel

10+ 6.67
| =16.670

104667 S
= 16670 -

S 6™
Fig. 2.56 (e)

Fig. 2.56 (d)

Ryc =

A

(16.67|16.67)
= 833+ 667 =8.330 <= Rag

150 )
Series 6.670

Fig. 2.56 (f)
Imp  Example 2.16 : Find the Vcp and Vag for the circuit shown in Fig. 2.57.

(May-2006)

Fig. 2.57

Solution : Assume the two currents as shown in the Fig. 2.57 (a)

I 60 - 80 I
Ad a— AMA—t
+ - I - +
+ - + - +
0V :ESQ U s :ESQ — 40V
- -— = - -
1
-+ + - 3
L AA—— AN
) ASLaarrs H 1, 70 G

Fig. 2.57 (a)
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Applying KVL to the two loops,
-6l -51; -90;+20 = 0 and -8I[; =51, - 71;+40=0
I = 1A and I; =2 A
i) Trace the path C-E,

(514) (51)
_5V 10v_ 10V
CO—N\JW+—°—+| I—O—_‘\(\N\f—o E
5Q B H 50
Fig. 2.57 (b)
Veg = -5V
= 5V with C negative
ii) Trace the path A-G,
(814) (715)
+6 v_ + 1|° \A 149 _
A o_J\ n ﬁ"\' I : &'A n'l e
&80 B H m
Fig. 2.57 (c)

Vac = 30 V wilh A positive

mmy Example 2.17 : Calculate the equivalent resistance between the terminals (X) and (Y) for

the circuit shown in Fig. 2.58. (Dec. - 2007)
3IQ 80 a9qQ
AN AW AW —o (¥)
< ¢L < <
S30 S 6Q 580 =50
< < = <
60 411 40
&3] ANV AN AN
Fig. 2.58

Solution : On the left side 3 {2 and 3 Q are in series while on the right side 5Q and 4 Q
are in series.
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D .

-0
25+4=90
>

Fig. 2.58 (a)
Convert A ABFE to equivalent star. A B
Convert A CDHG to equivalent star.
As all the resistance of A ABFE are equal, . g 6
all the resistances of equivalent star are
also equal, given by,
6 b
R= gvev6=22 E 6 F
Fig. 2.58 (b)
Similarly in equivalent star of CDGH, each
. . .o c 90 D
resistance is equal say R’ given by, AN
p_ M9
K= gi9s9738 < R R <
G 8Q3 z 9
The circuit reduces as shown in the Fig. 2.58 (d). 9 & 9
G H

The resistances 2 {, 8 Q and
3 41 are in series. The resistances
20,40 and 3 Q are in series.

40
Fig. 2.58 (d)
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2+8+3=13Q
SN 9"13
20 s . 20 =5318180 30
X o——AN—— P ——o Y Xe—AMA—— AW —oAMA—oY
Parallel —— 3n E
2+4+3=90
Fig. 2.58 (o) Fig. 2.58 (f)

Rxy = 2+ 531818 + 3 = 10.31818 Q

mmp Example 2.18 :  Find the current in the branch A - B in the d.c. circuit shown in the
Fig. 2.59, using Kirchhoff's laws. (Dec. - 2000)

Solution : The various branch currents are shown in the Fig. 2.59 (a).

Applying KCL at
various nodes

Fig. 2.59 (a)
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Applying KVL to loop ADBA
L-(-5+1 =0
L-2, = -5 . (1)
Applying KVL to the loop ACBA,
—(16-T;-I)-(12-L-I)+I; = 0
So=16+ 1+ =12+ + L+ =0
3 +2, = 28 - (2)

Add (1) and (2), 4= 23

, = 575A ... This is the current through branch AB.

hmp Example 2.19 : A circuit is shown in the Fig. 2.60 (a). Using delta-star analysis, reduce
it to the circuit as shown in the Fig. 2.60 (b).

Find the values of R,, Ry and R, in the equivalent form of the circuit.

30 an

R,
AN
- g +
::Rh :ER"' Wy
< < —
G H
(a) (b)
Fig. 2.60
Solutlon -
- Key Point : The arran of resistances is ko be analysed and rearranged in
valent delta, Jormed vfﬂ«. Rs and R..

The 3% resistances in branch IJ are in series giving 3 + 3 = 600
The delta is formed of CBIJDC which is to be converted to star.

60
I v
" Delta

A~ —AMA— =
B &n l sa O

Fig. 2.60 (c)
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As each resistance of A is 6£, in equivalent star,

e __6x6
Ri=Ry=Rs = gigee 29

Series
combinations

G
Fig. 2.60 (d)

AAAA A
Yy VVYY

=
il
"
ANAA
VWA
@
!

C H
Fig. 2.60 (e)
The Fig. 2.60 (e) represent equivalent star to be converted to delta to get required

Fig. 2.60 (f)

R = 7+6+7_’;§ =200
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7x6

Ry = 7+6+°%" =200
R = 6+6+$ = 1714280
A R, E Thus final form of the circuit which is
l AN -J_ expected is as shown in the Fig. 2.60 (g).
Wi 3R 3R v, R,=Rj =200
:[ ) ] -I-’ R,=R; =200
) R.=R, =17.1428 Q
Fig. 2.60 (g)

mmp Example 2.20 : The circuit is shown in the Fig. 2.61.

A 4+, 50 1042 200
S i) Find the equivalent resistance across the

Lo/ ™ | s
ii) If voltage drop across 5Q is 100 V, find the
I pply voltage.

iii) Find the power consumed by each resistance.

Solution : It is series combination of resistances.

i) Ry = Ry + R+ Ry=5+10+20 =35Q
ii) The drop across R, is 100 V given. The current remains same through R,, R; and
R;.
V, = drop across Ry =1 x Ry = 100 V
100 _ 100 _

I = R_1_ 5 =20A

V, = drop across Ry =Ix R, =20 x 10 =200 V

V3 = drop across Ry =1 xRy =20 %20 =400V

V = Vi +V,+V;=100+200+400=700V .. supply voltage
iii) P, = power consumed by Ry = VI or 12R1=20|)DW

P, = powerconsumedhsz=V2iorlzR2=4olJle
P, = power consumed by Ry = V,I or IRy = 8000 W
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iy Example 2.21 : The four resistances 40 Q, 32 Q, 60 Q and Ry Q are connected in
parallel across d.c. supply. Current in 400 is 3 A while the total current from supply is
25.8 A. Find, i) Supply voltage ii) Ry iii) Equivalent resistance across supply.

Solution : The circuit diagram is shown in the Fig. 2.62.

k=258A
N In parallel circuit
1 1 1 1 *
. 1134 2 3 N voltage across each
V= * & & v resistance is same equal
-T RiS400 R;S320 RySeon Ry l to supply voltage.
Fig. 2.62
i) Supply voltage V = 1Ry = LRy = 3Ry = ;R
V = IIR1=3x40=120V
ii) 120 = Lx32=I3x60=0 xRy
I, = 3754, I;=2A '
But I = h+L+13+1,
258 = 34+375+2+14
I, = 1705 A
And Ig xRy = V ie 17.05 Ry =120
Ry = 7.0381Q
s 1 1 1 1 1 1,1 .1 1
iii) For parallel circuit, E = R—1+E+I-{-;+E = 4_0+ﬁ+ﬁ+?ﬂ‘§81

R"‘I = 4.6511 Q

2.17 Superposition Theorem

This theorem is applicable for linear and bilateral networks. Let us see the statement of
the theorem.

Statement : In any multisource complex network consisting of linear bilateral elements, the
voltage across or current threugh any given element of the network is equal to the algebraic sum of
the individual voltages or currents, produced independently across or in that element by each source
acting independently, when all the remaining sources are replaced by their respective internal
resistances.
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\l} the infernal resistances of the sources are unknown then the '_
voltage s must be replaced by short circuit while the
fm.l‘epeﬂdmt current sources nust be replaced by an open r:m:mr

The theorem is also known as Superposition principle. In other words, it can be stated
as, the response in any element of linear, bilateral network containing more than one
sources is the sum of the responses produced by the sources, each acting independently.
The response means the voltage across the element or the current in the element. The
superposition theorem does not apply to the power as power is proportional to square of
the current, which is not a linear function.

2.17.1 Explanation of Superposition Theorem

Consider a network, shown in the
Fig. 2.63, having two voltage sources V;
and V.

Let us calculate, the current in branch
A-B of the network, using superposition
theorem.,

Step 1) According to Superposition
theorem, consider each source
independently. Let source V; volts is
acting independently. At this time, other
sources must be replaced by internal
impedances.

2 R, But as internal impedance of V; is not
given, the source V; must be replaced by
short circuit. Hence circuit becomes, as

B shown in the Fig. 2.63 (a).

Using any of the network reduction
techniques discussed earlier, obtain the
current through branch A-B ie. I,p due
to source V, alone.

Fig. 2.63 (a)

Step 2) Now consider source V, volts
alone, with Vy replaced by a short circuit,
i V2 fo obtain the current through branch A-B.
The corresponding circuit is shown in the
Fig. 2.63 (b).
Obtain I,y due to V, alone, by using
any of the network reduction techniques
Fig. 2.63 (b) discussed earlier.
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Step 3) According to the Superposition theorem, the total current through branch A-B is
the sum of the currents through branch A-B produced by each source acting
independently.

Total Iyg = Iap dueto Vy + I4p due to V,

2.17.2 Steps to Apply Superposition Theorem

Step 1 : Select a single source acting alone. Short the other voltage sources and open the
current sources, if internal resistances are not known. If known, replace them by their
internal resistances.

Step 2 : Find the current through or the voltage across the required element, due to the
source under consideration, using a suitable network simplification technique.

Step 3 : Repeat the above two steps for all the sources

Step 4 : Add the individual effects produced by individual sources, to obtain the total
current in or voltage across the element.

imp Example 2.22 : Use the Superposition theorem to calculate the current in branch PQ of
the circuit shown in Fig. 2.64. (Dec.-97)

Solution : In a superposition principle, each source is to be considered independently.

+
42V =

Fig. 2.64

Step 1 : Let us consider 4.2 V, replacing other by short circuit.

2 P

42V

|
w
N

1 Q

Fig. 2.64 (a)
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Basic Electrical Enginecring 2-55
The resistances 3 (2 and 2 {2 are in parallel
Ix2
3|2 = 555 =120
4.2
'=@ram =14
Now we want Ipg hence using current 1 B
division formula, LA
, Ax_2 . 132
= = 1 g
Trg = 1AX515=04A ;
... due to 4.2 V alone Fig. 2.64 (b)

Step 2 :
Now consider 3.5 V source, replacing other by a short circuit.
The resistances 2 and 1 are in series hence
2geriecs 1=2+1=30
The resistances 3 and 3 are in parallel.

313 = -g-;—g =150
3.5
I= m =1A
Aar—E Parailel\\
, 251
Series 3% 2 § 2
+| -
1 9 sy "asy
Fig. 2.64 (c) Fig. 2.64 (d)
But we want Ipg, hence using
P current division formula we get,
L4 . 3
15 2 = 33 33l Ig =IX505
-< -
bl [t It | 3
FI= =1%o
lasv @ b 35y (3+3)
=05TA
Fig. 2.64 (e)

... due to 3.2 V alone
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Hence total current through PQ branch
=04AL+05AT=01AT

b Example 2,23 :  Calculate current through the 15 Q resistance using Kirchhoff's law and
verify your answer using Superposilion theorem as well. The circuit is shown in the

Fig. 2.65. {Dec. -98)
60V
U5 o
saS 159 200
L Y
B0 oy
Fig. 2.65
Solution : To use Kirchhoff's law, let us indicate 80V
various currents as shown in the Fig. 2.65 (a). A = Jog I B

Consider loop ABDA, Iy
+60-101-15, -5 =0 50
151; +151; = 60 1,
L+l =4 o (D)
Consider loop BDCB,

P-h Yz 60V

~15L+25(-1)+60+20(I; -15) =0 Fig. 265 (@
~-451,+601, = 60
—3L +4l, = 4 - @
Add [3 x equation (1)] to (2),
—3L +4L, = 4
#3143, = 12
71, = 16
I, = 22857 A

So current through 15 Q resistance is 2.2857 A from B to D.

Now let us use Superposition Theorem, consider upper 60 V battery alone the lower
battery is replaced by short circuit as shown in the Fig. 2.65 (b).
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The circuit further reduces to,

v
80V qn

150 ;

5¢ 200 150 &

Parallel—-ﬁ-

Series
25Q

Fig. 2.65 (b) Fig. 2.65 (c)

Hence the total current is,

60 60

I'= Brmnes = B5is

= 2.2857 A ... Current division rule

. 45 45
I'gp = Ixm—E.ZSS?XE

1.7142 A 1 due to one 60 V battery.

Consider other 60 V battery now, hence circuit reduces as,

Parallel
g 1 £ I
Iep
>
750 450 §1551 §15(1 450

| |
=4 —1

60V = GD:I’ :
Fig. 2.65 (d) Fig. 2.65 (e) Fig. 2.65 (f)

60

TS5 - Be7s - 4B A

Total current I =

v 15 _ 1_
I'gp = Ixqerqs = 11428 x5 = 05714 A 1

I"gp = 0.5714 A | due to other 60 V battery.
Hence according to Superposition Theorem,

Lisg = 17142 + 05714 = 22857 A L
This is same as calculated by Kirchhoff's laws.
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mp Example 2.24 : Use Superposition theorem to find the current through the 20 ohm
resistance shown in the Fig. 2.66. (May - 99)

120V C:) 2200 :) 65V
S
00
AW
Fig. 2.66

Solution : Step 1 : Consider 120 V battery alone, shorting 65 V battery.

1001 , 600 109 Iy
120V 20 =60 _
12“- B T
a0 © w0
Fig. 2.66 (a) Fig. 2.66 (b)
120
= sy = 21818 A
I'ap = Irx‘zﬁ?ﬁﬁ ... Current division rule

]

1.6363 A due to 120 V battery 1
Step 2 : Consider 65 V battery alone, shorting 120 V battery.

series 1040 60Q 1y
A'A'n‘A' lvl' ‘V- m n IT
Fap
&
:: w0 g5V 40 x 20 +
: = O
0+ 20 13330 -~ JB5V
AAAN
Yvyy ; B
e

Fig. 2.66 (c) Fig. 2.66 (d)



Basic Electrical Engineering 2-59 D.C. Circuits

65
Iy = 5345 = 08363 A
Pap = IrxXopg = 05909 A due to 65 V battery |

~.Total current through 20 £ resistance, according to Superposition theorem is,
Lo 1.6363 + 0.5909 both in same direction
2272 Al

'y Example 2.25 : In the circuit shown, find current through branch AB by Superposition
theorem. {Dec.-99)

A

6V
100
B
Fig. 2.67
Solution : Step 1 : Consider 6 V source alone 1 A
Now, resistances 10 Q and 3 Q are in parallel. sui" I "
Hence total current, I is - .,2 !
I= 6 = 6 = 6 EESQ 1n0e
2+(3]1103) 3x10 2+2.307 20
+| =——
3+10
B
I =13928A Fig. 2.67 {a)
As per current distribution in parallel branches,
_ 3 _ 1.392Bx3 _
I = Ixm_T_nsznnl ... (6 V alone)
This is I4p due to 6 V battery alone. ; |
Step 2 : Consider 4 V battery alone. 2 ! A
Now, the resistances 2 Q and 10 Q are in + L
parallel. Hence, current I can be obtained as, AV
4 4 20 100
U= 5@ = 5[ 2X10 30
2+10 B

4
s = 0871 A Flg. 2.67 (b)
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According to current distribution in parallel branches,

2 2
L = Ix(2+1m 0.8571 x>
= 01428 A ) ... (4 V alone)

This is I5p due to 4 V battery alone.
According to Superposition theorem,

Total I,y = 03214 AL +01428 Al =046a2 AL ...Total current

2.18 Thevenin's Theorem
Let us see the statement of the theorem.

Statement : Any combination of linear bilateral circuit elements and active sources, regardless of
the connection or complexity, connecled to a given load Ry, may be replaced by a simple two
terminal network consisting of a single voltage source of Vo volts and a single resistance R,y in
series with the voltage source, across the two terminals of the load R;. The voltage Vyy is the open
circuit voltage measured at the two terminals of interest, with load resistance R; removed. This
voltage is also called Thevenin's equivalent voltage. The Ry, is the equivalent resistance of the
given network as viewed through the terminals where R is connected, but with R; removed and

all the active sources are replaced by their internal resistances.

Key Point: ]Lf the internal resistances are not known then independent voltage
sources are to be replaced by the short circuit while the mdepexdent mmnt
sources must be repfa:ﬂd by the opm cfﬂmit

2.18.1 Explanation of Thevenin's Theorem

The concept of Thevenin's equivalent across the terminals of interest can be explained
by considering the circuit shown in the Fig. 2.68 (a). The terminals A-B are the terminals of
interest across which Ry is connected. Then Thevenin's equivalent across the load terminals
A-B can be obtained as shown in the Fig. 2.68 (b).

Ry R A
s Sk, =
A REE: 1,A() SR ::RL
B

Thevenin's equivalent

(a) (b)
Fig. 2.68
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The voltage Vi is obtained across the terminals A-B with Ry removed. Hence Vpy is
also called open circuit Thevenin's voltage. The circuit to be used to calculate Vyy is
shown in the Fig. 2.69 (a), for the network considered above. While R, is the equivalent
resistance obtained as viewed through the terminals A-B with Ry removed, voltage sources
replaced by short circuit and current sources by open circuit. This is shown in the
Fig. 2.69 (b).

Ry R A R, A
[ !
Yy RZEE (P h EER4 VIH Ry EEE <Ry
< < T -
B B
(a) Calculation of Vqy Fig. 2.69 (b) Calculation of R,

While obtaining Vi, any of the network simplification techniques can be used.
When the circuit is replaced by Thevenin's equivalent across the load resistance, then
the load current can be obtained as,

I, = Vi
Ry +Ryq

By using this theorem, current through any branch of the circuit can be obtained,
treating that branch resistance as the load resistance and obtaining Thevenin's equivalent
across the two terminals of that branch.

2.18.2 Steps to Apply Thevenin's Theorem

Step 1: Remove the branch resistance through which current is to be calculated.

Step 2 : Calculate the voltage across these open circuited terminals, by using any of
the network simplification techniques. This is V.

Step 3: Calculate R,; as viewed through the two terminals of the branch from which
current is to be calculated by removing that branch resistance and replacing
all independent sources by their internal resitances. If the internal reistances
are not known then replace independent voltage sources by short circuits and
independent current sources by open circuits.

Step 4 : Draw the Thevenin's equivalent showing source Vry, with the resistance R,
in series with it, across the terminals of branch of interest.

Step 5 : Reconnect the branch resistance. Let it be Ry. The required current through
the branch is given by,

1= _":TH_
Req Ry,
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2.18.3 Limitations of Thevenin's Theorem
The limitations of Thevenin's theorem are,
1. Not applicable to the circuits consisting of nonlinear elements.
2. Not applicable to unilateral networks.

3. There should not be magnetic coupling between the load and circuit to be replaced
by Thevenin's theorem.

4. In the load side, there should not be controlled sources, controlled from some other
part of the circuit.

mmp Example 2.26 @ For the circuit shown in the Fig. 2.70 find the Thevenin's equivalent
across 16 Q resistance and hence find the current through it.

(May - 84)
4Q A 240
+ | <& ‘ +
0V ‘[ S160 .‘. v
B
Fig. 2.70
Solution : Step 1: Remove 16 0 resistance.
Step 2 : Find open circuit voltage
_4Q. A 240 Vi
-t f=241 — 4l -20+30 =0
+ +
0V =0 — 30v .~ 281, =10
B h 10
Iy P 11 = b7 A
. 10
~.Drop across 4 Q is = ﬁx‘-}
Fig. 2.70 (a)
=14285V

1.4285Y 20V Trace the path from A to B and
A AR *= B arrange the voltage drops as shown in

—_ the Fig. 2.70 (b).

an
5 Vap = Vg =20 + 14285
Fig. 2.70 (b)

= 21.4285 V with A positive
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Step 3 : Calculate R, shorting both the voltage sources.

q
40 A 240 A
AN AN ( Parallel
— Ryq Reg
B
Fig. 2.70 (c) Fig. 2.70 (d)
Reyq = Rap=24]4=342850Q
Req A Step 4 : Thevenin's equivalent is
shown in the Fig. 2.70 (e).
342850
V. Step 5 : Hence current [ is,
21 4;;'5 v(‘q\ R =16Q V. 21.4285
g 1T =g K " 305
eq tRL . +
B =11029 Al
Fig. 2.70 (e)

limp Example 2.27 : Find the current I,, in Fig. 2.71, by application of Thevenin’s theorem.
(Dec-2003)

Fig. 2.71

Solution : Thevenin’s theorem
Step 1 : Remove the branch of 10 Q through which current is required.
Step 2 : Find open circuit voltage Vyy.
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Fig. 2.71 (a)

Applying KVL to the two loops,

-S1 151,44 = 0 ie I, = 5£=02A
Drop Vge = 15x02=3V
~121,-81,46 = 0 ie I, = 2 =03A

& Drop Vg = 8x03=24V
Trace path from B to C as shown in the Fig. 271 (b), showing drops with proper
polarities.

s () 0 c
N e F N
3v 24V
Fig. 2.71 (b)

Both drops are in opposite direction.
] Viy = Vpe =3-24=0.6V with B positive
Slep 3 : Find Req =Rpc with voltage sources replaced by short circuits.

A H, G

A 5@ B C 120 same point as shorted

- Parallel
150 [:19] =~ / combinations

|D.E.F

H G F E same point as shorted

g
Fig. 2.71 (c)

Rgc = (511 15)+(8 || 12)=855W =R,
Sbep 4 : Thevenin's equivalent is shown in the Fig. 2.71 (d)
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Step 5 : Hence current 1, is,

Req B I, = e 08
AN 2 Rey +10 855+10
B.550 "
% L = 0.032345 A
TH +) 2100
06V A\ = = 32.345 mA

[g]

Fig. 2.71 (d)

2.19 Norton's Theorem

The Norton's theorem can be stated as below,

Statement : Any combination of linear bilateral circuit elements and active sources, regardless of
the connection or complexity, connected to a given load R;, can be replaced by a simple two
terminal network, consisting of a single current source of Iy amperes and a single impedance R,
in parallel with it, across the two terminals of the load Ry. The ly is the short circuit current
flowing through the short circuited path, replaced instead of Ry. It is also called Norton's current.
The Ry, is the equivalent impedance of the given network as viewed through the load terminals,
with R; removed and all the active sources are replaced by their internal impedances. If the internal
impedances are unknown then the independent voltage sources must be replaced by short circuit
while the mdepmden! current sources must be replamd by opm circuit, while calculating R,

Key Point: Infact 1he caicul'nmn af &, and its wlue remains same, whether
the theorem applied to ﬂle network is Thevenin ar Norfou, as Imlg as terminals
{.y' mtu‘rst rem.‘mr same. e

2.19.1 Explanation of Norton's Theorem

Consider the network shown in the Fig. 2.72 (a). The terminals A-B are the load
terminals where Ry is connected. According to the Norton's theorem, the network can be
replaced by a current source Iy with equivalent resistance R, parallel with it, across the
load terminals, as shown in the Fig. 2.72 (b).

Ry Ry A

v,V Rpz

HO)

AAAA
VY

R

AAAA

WY

éﬂ
AAAA
W

=
F)
L o

(a)



Basic Electrical Engineering 2-66 D.C. Circuits
——WW For obtaining the current Iy,

R L R | short the load ferminals AB as

v, R, :5 I ( EE Ry t shown in the Fig. 2.73 (a). Then find

b ) Iy current Iy by using any of the

network simplification techniques

R,

Fig. 2.73 (a)

Fa

Fig. 2.73 (b)

discussed earlier. This is Norton's
current. While to calculate Rq use
same procedure as discussed earlier
for Thevenin's theorem. For the
convenience of reader circuit for
calculal:ionofkcqisshowninme
Fig. 2.73 (b).

This theorem is called dual of
the Thevenin's theorem. This is
because, if the Thevenin's equivalent

voltage source is converted to equivalent current source using source transformation, we
get the Norton's equivalent. This is shown in the Fig. 2.73 (c).

Vin

Req

A

V1w

1= =2t

Raq

or Vi = Iy % Rgq

Fig. 2.73 (c)

2.19.2 Steps to Apply Norton’s Theorem

I = Iyx 50—
N™ Req +RL

Step 1 : Short the branch through which the current is to be calculated.

Step 2 : Obtain the current through this short circuited branch, using any of the
network simplification techniques. This current is Norton's current Iy

Step 3 : Calculate the equivalent resistance R.g, as viewed through the terminals
of interest, by removing the branch resistance and making all the independent
sources inactive.

Step 4 : Draw the Norton's equivalent across the terminals of interest, showing a
current source ky with the resistance R, parallel with it.

Step 5 : Reconnect the branch resistance. Let it be Ry. Then using current
division in parallel circuit of two resistances, current through the branch of interest
can be obtained as,
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mmp Example 2.28 : Using Thevenin's theorem determine the current flowing through 2 Q
resistance in the network shown in Fig. 2.74. (Dec.-2005)

——AW—
1Q 10Q

12V —

AAAA
VWA
[~
=]
I

Fig. 2.74

Verify the answer using Norton's theorem.
Sol. : Thevenin's theorem :
Step 1 : Remove 2 Q resistance.
Step 2 : Find open circuit voltage V.

1 .10 A 1 Applying KVL to the loop,
AN AM-
T v ~1- 1-6+412=0
+ + _ . -
12V Vin —-—sv A=6iel=3A

Drop across 1Q = 3x1=3V

Tracing path from A to B through 12 V
B source as shown in the Fig. 2.75 (b).
Fig. 2.74 (a)

Ao—lvw\,—a—-——{p:—--—es
“av* 12V “ Vs = Vm
. =12-3 =9V with A positive
Fig. 2.74 (b)

Step 3 : Calculate Reg, shorting voltage sources.

10 1Q
AMAA AAAA
WA l WV
A
Req mups = Parallel
TB
B

Fig. 2.74 (c)
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Ry = 1]]1=050Q

Step 4 : Thevenin's equivalent is shown in the Fig. 2.74 (d).

R 0.50 l g

eq

R =20
Vit T v L
Flg. 2.74 (d)
Step 5 : Current through 2 0 is,
Vin
I, = R +Key ™ 36Al

Norton's Theorem :
Step 1 : Short the branch of 2 .
Step 2 : Calculate the short circuit current I,.

Apply KVL to the two loops,
PPY g 9P, 10 (I = Tyy), 1€

S 412 = 0 iel; =12A AMA- AMM—
.. Loop 1 Iy l
-1, -Ty)-6=0 wloopll o1 @ | ® v
“L4ly -6=0 - In -
IN = 6-!—11 =18 A
Step 3 : Calculate Ry, shorting voltage Fig. 2.75 (a)
sources. This is same as calculated above.
Req = 05Q
Step 4 : Norton's equivalent is
shown in the Fig. 2.75 (b).
In s R Step 5 : Current through 2 Q is,
18A D Rag 050 L3520 P " gh
_ eq _ 1Bx05 _
o= IR =25 =36Al

Fig. 2.75 (b)
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Iy Example 2.29 :  Replace the given network by Norton's equivalent across the terminals
A-B.

ViV

104 (

Zuvqif %39
B

Fig. 2.76

AAAA

Solution : Step 1 : Short the branch AB.

Step 2 : Calculate the short circuit
current using Kirchhoff's laws. As there

1
Ph© . A is current source, apply KVL to these
% :Eeﬂ loops only which do not include current
N O) -2 source. The current source value is
(10-1y) l considered, for current distribution using
G D I
(10Tl 1, N ECT.
+ >
s Loop CABEC,
20v(+ Zaa P
. i +3 +6(10-Ty) =0
bty E Iy 23 - 61y =- 60 (D
Fig. 2.76 (a)
Loop GDEHG,
B3I, +20=0
L=3=6667A  ..Q)
Iy=13333 A L
Step 3 : To calculate Ry, replace

voltage source by short circuit and
Fig. 2.76 (b) current source by open circuit.

dm:ct Eha'rl:. t‘rrcu"ai‘rms:iﬂres:stame hence it becomes
uit point of view, o
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Rl.q=6fl

Step 4 : Norton's equivalent across A-B is shown in the Fig. 2.76 (c).

A

I
13.333#&() Rea 3 60

° B
Fig. 2.76 (c)
‘Key Point: Do sot apply KVL to the loop consisting current scurce. The effect of

current source is !aken care of while obtaining current distribution. Then appfy KVL
to those Ioops which de not include any current source.

2 20 Maxlmum Power Transfer Theorem

Let us see the statement of the theorem.

Statement : In an active resistive network, maximum power transfer to the load resistance takes
place when the load resistance equals the equivalent resistance of the network as viewed from !'he
terminals of the load.

2.20.1 Proof of Maximum Power Transfer Theorem

Consider a d.c. source of voltage V volts and
having intemmal resistance of r ohms connected to a
variable load resistance Ry as shown in the

L 2 R, Fig. 2.77 (a). The load current is I; and is given by,
v I = =
r+Ry

The power consumed by the load resistance Ry, is

poz r <[V |'&
L L7 {r+Ry) L

If R is changed, I is also going to change and at a particular value of R;, power
transferred to the load is maximum. Let us calculate value of R; for which power transfer
to load is maximum. To satisfy maximum power transfer we can write,

dP
dR; L

2
dp v
dR, [(r+RL)} R =0

2_d Ry ;
Vioee— | ———| =10 ... as voltage is constant
ar; [(r+R.,)=] &

Fig. 2.77 (a)
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2 d (R,_]

- e+ RS n,_d;L(r+Rl)2=o

(r+R|_)2(1)—RL2(r+RI) =0
(t+R -2R) = 0

Thus when load resistance is equal to
the internal resistance of source the
maximum power transfer takes place.

Now any complex network can be
represented with a single voltage source of
V1g volts with equivalent resistance i
series with it, using Thevenin's theorem
across the load terminals. Thus the variable
load resistance R;, in such case must be
equal to R.; to have maximum power
transfer to the load.

Ry = Ry, ... for maximum power transfer

Let us calculate the magnitude of maximum power transfer. It can be obtained by
substituting Ry, = R, in the expression of power.

V. .

Prax = [RNTRL T R, with Ry, = Req
VZ

Prmax = (2R )2 RE‘I 4R

watts

2,20.2 Steps to Apply Maximum Power Transfer Theorem

Step 1 : Calculate Thevenin's voltage Vi or Norton's current I

Step 2 : Calculate R, as viewed through the load terminals.

Step 3 : Draw Thevenin's equivalent or Norton's equivalent.

Step 4 : Ry = R,y gives the condition for maximum power transfer to load.
Step 5 : And maximum power is given by,

Vin

eq
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S
5 Kevpon

mmp Example 2.30 : Find the value of Ry for maximum power transfer and the magnitude of
maxinum power dissipated in the resistor Ry in the circuif shown in the Fig. 2.78.

Eig. 2.78

Solution : Step 1: Remove the load resistance Ry.
Step 2 : Find the Thevenin's voltage Vyy across the open terminals as magnitude of
maximum power is asked.
Applying KVL to the loop,

LY -3 b M- -3+6=0
| S ™
- 20 41=3
+
+ + I=075A
3\(_) 1 C_)ﬂ]\l"
" 6V .~ Drop across 20 = 2x0.75=15V
AN The 2 Q resistance in branch ecd is not
e I d 261 [

carrying any currert hence drop across it
is zero volts. Trace the path from a to b
Fig. 2.78 (a) and show the various voltage drops as
shown in the Fig. 2.78 (b).

15V 6V ov 0V
- + N N
2 ——AMA + AN, -+ b
20 ./ 4 20 fy
Fig. 2.78 (b)

Vi = 115 -6 = 55 V with b positive with respect to a.



Basic Electrical Engineering 2-73 D.C. Circuits
Step 3 : Calculate Ry, replacing all voltage sources by short circuits.
( 20 a l b Parallel
Req a
20 Foa,
20
e [}
20
Fig. 2.78 (c) Fig. 2.78 (d}
As seen from the Fig. 2.78 (d) and 2.78 (e} we can
write,
Reg gl2=102 Rg=[2(12]+2=1+2=30Q
W s Thus for maximum power transfer to load,
Fig. 2.78 (e) R =R4y=30Q
Step 4 : The maximum power transfer is given by,
vZ
Poax = §Ry
eq
_ (5.5)2 _
= Ix3 = 2.5208 W

1P Example 2.31 :
in the Fig. 2.79.

Find the value of R 4p, for maximum power transfer, in the circuit shoum

:1¢]

+
1oV = A c
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Solution : As magnitude of Py, is not required, only R, as seen through terminals AD

is to be obtained with voltage source shorted.

As points B and D are directly connected, the circuit can be redrawn as shown in the

Fig. 2.79 (b), showing B and D as a single point.

B and D is same
point as diractly

Req

B,De

connected Parallel
Fig. 2.79 (a) Fig. 2.79 (b)
A
Roq —- 3 9 \ Series
B Reg = 9+ (613)]
z = @1+2
= (3 (1)
 Parallel = 236714

Fig. 2.79 (c)

2.21 Concept of Loop Current

A loop current is that current which simultaneously links

defining a particular loop.

For Py Rap = Reg = 235710

with all the branches,

The Fig. 2.80 shows a

A AARa1. AARlsA C “RP‘ D net\»\rork‘lnthis,ll LS&'IC]DOP
LAALY YVVY YYYY mﬂent fﬂr the loop ABFEA

< and simultaneously links with

MO 7D B D EXW D Ob ke branches AD, BF, FE and
Iy Iy Iy EA. Similarly 1, is the second

E F G H loop current for the loop

Fig. 2.80 Concept of loop current

BCGFB and I, is the third
loop current for the loop
CDFGC.
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Observe :

1. For the common branches of the various loops, multiple loops currents get
associated. For example to the branch BF, both I; and I, are associated.

2. The branch current is always unique hence a branch current can be expressed
interms of associated loop currents.

Key Point - The total brancli current is the a!gebrmc sum of all the Iqap currenis
associated with that branches.

Igg = I;-I; fromBto F
lcg = Is-13 fromCto G

3. The branches consisting current sources, directly decide the values of the loop
currents flowing through them.

) The branch DH consists current source of I, amperes and only the loop current 15 is
associated with the branch DH in opposite direction. Hence I, = -I,.

4. Assuming such loop currents and assigning the polarities for the drops across the
various branches due to the assumed loop currents, the Kirchhoff's voltage law can
be applied to the loops. Solving these equations, the various loop currents can be
obtained. Once the loop currents are obtained, any branch current can be
calculated.

Note : From the syllabus point of view, in this book, the branch current method is
used to solve the problems. If loop currents are given in the problem, mark the branch
currents interms of given loop currents and then use KVL, to solve the problem.

/

Examples with Solutions

lmp Example 2,32 : Calculate the resistance between terminals A-B.

100

1042

104
Fig. 2.81

Solution : Refer Fig. 2.81 (a),

100

100 D 100

100
Fig. 2.81 (a)



Basic Electrical Engineering 2-76 1 D.C. Circuits

Loop A-C-D forms A converting to Star,
10x10

100 Ras g FRos Ras = 5410+10
A D
- = 3330
A 100 100 D Res = Reg=Rpg
c
Fig. 2.81 (b)

A 3330 g 3330 100

3330 10Q
Fig. 2.81 (c) Fig. 2.81 (d)
3zEEd
3330 : sz R
= AN —oB = A AMA—AWAN—o B
= (13.333]13.333)
133330« parallel =6.666 2

Fig. 2.81 (e)
Ryp = 3333+ 6.666 =100

mp Example 2.33 : Determine the resistance between the terminals X and Y for the circuit
shown in Fig. 2.82. [Dec.-2006]

‘Y‘v‘v‘v "
X 5 Y
(All resistances in ohm)

Fig. 2.82
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Solution : Converting inner delta to star.

Each resistance = —-—+=ln

Y X 5 ¥

Fig. 2.82 (a)

Converting inner star to delta.

Each resistance = 24—2+2L22 =60

All three parallel combinations,
5x6

5+6

= 272720

5l16 =

AW

Ve

545450
24 Parallel

Fig. 2.82 (b)
Ryy = 54545||27272 = 18181 Q.

mmp Example 2.34 : Find the equivalent resistance across the terminals A and B shown in the
Fig. 2.83.

All resistances are in ohms.
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Fig. 2.83
Solution : Converting following Delta into Star.
Ry = goper =20
40 60 Rp= %ﬁs =14
Ry = qomas = 06670
w Ry = zox2=075Q,
Fig. 2.83 (a) Ry = % =1Q,

Redrawing original network
with above conversions.

Combining 4 and 3 which are
in series to get 7 Q and converting

20
6a 80
following Delta to Star, the circuit

Fig. 2.83 (b) reduces as shown in the
Fig. 2.83(e).

Fig. 2.83 (c) Fig. 2.83 (d)
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. L75x10
1040 . Ry" = {7srqosT = 13750

= . 1.75x1
R, R = 1o = 0197250

Ry = XL _ozsi30

Fig. 2.83 (e) 1.75+10+1

Redrawing the circuit,

0.67Q 1.3725Q 07843 QB 0.7843 Q

A O— P
1.3725Q
a Series
Fig. 2.83 (f) Fig. 2.83 (g)
0.7843 Q
Ryp = 1.6326 + 0.7843
20425 x 8.13725 _ 1.6326 0
Rpp = 2417 Q 2.0425+8.13725

Fig. 2.83 (h)

mmp Example 2.35 :  Find the equivalent resistance across terminals X and Y.

100 b
x AN~
< =
603 250
- -
y ANV
4 120 o
Fig. 2.84

Solution : Points ‘X' and 'a’ are at same potential.
Points 'Y' and 'd’ are at same potential
Points 'a' and 'c’ are at same potential.
Points 'd’ and b are at same potential.
All resistances are in parallel.

1
By T TITT

— = 210530
FAEREVART




Basic Electrical Engineering 2-80 D.C. Circuits

mmp Example 2,36 : In a bridge circuit the resistance of branch AB = 30 ©Q, BC = 41 I)/
AD = 6 Q, while a 4 V battery is connected between points A and C. An ammeter with
internal resistance of 109, is connected between points B and D. The resistance of branch
CD is 'R’ ohms. If ammeter is showing a reading of 15 mA (L), determine value of R.

Solution : Step 1 : Draw the circuit diagram.

Step 2 and 3 : Assume the various branch currents applying KCL at various nodes.

And mark polarities of all voltages due to these currents as shown in Fig. 2.85 (a).

Step 4 : Apply KVL to various loops.
Loop 1: Loop A-D-C-A (through battery)
-6 (i;—ip) =R (i; =iy + 0.015)+4 = 0
ie —ij (6+R) +iy (6 +R) = (0.015R - 4 ... (1)
Loop 2: Loop A-B-D-A
-30Q;, ~0015x10+6(i;~i)= 0
ie 6i;-36i, = 015 @
Loop 3 : Loop A-B-C-A (through battery)
-30 i, —41(i; - 0.015) +4= 0

ie. -71i, = -4615 e (3)
From (3) i = 0.065A
From (2) ij = 0415A av

Fig. 2.85

i
i = i
1 iv 1

Fig. 2.85 (a)
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From (1) — 0415 (6 + R) + 0.065 (6 + R) =0015R - 4
ie -249-0415R+ 039+ 0065R=0015R -4
0.365R 19 .
R = 5205Q

Iy Example 2.37 : Two batteries A and B having emfs of 209 V and 211 V having
internal resistance 0.3 Q and 0.8 $Q respectively are to be charged from a d.c. source of
225 V. If for that purpose they were connected in parallel and resistance of 4 Q was

connected between the supply and batteries to limit charging current, find
i) Magnitude and direction of current through each battery.
ii) Power delivered by source.

Solution : The circuit diagram is as shown in Fig. 2.86.

We can use branch current method. Iy g h-k
Show the branch currents and polarities. A :
Apply KVL to different loops. 40 3 f
Loop 1: Loop A-B-E-F-A + 03Q
~031,-209 + 22541 =0 25v(H)souce L
1 209V
ie. 4], + 031, = 16 e (1) h
F T E
Loop 2: Loop A-B-C-D-E-F-A, Fig. 2.86
ie.  ~08(;-L)-211+225-4} = 0 ie 481;-08L =14
Solving equations (1) and (2) simultaneously,
I, = 3663A and I, = 4482 A
I;-1; = - 08183 A ie. itis in opposite direction to what is assured.

i) Magnitude of current through source = 3.663 A T
Magnitude of current through battery A = 4482 A
Magnitude of current through battery B = 0.8183 A T
ii) Power delivered by,

Source = 225x 3.663 = 824.175 watts

080

21y

-(2)
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mmp Example 2.38 : Find the current through branch AB, using Superposition theorem.

A -mni 300

‘:—'\N\N]:
10a(%) 52 2200 -l-mw
2 ~
Fig. 2.87

Solution : Step 1 : Consider 10 A source alone,
replacing 100 V source by short circuit

Resistance 20 and 30 are in parallel
_ 20x30 10a(® 2
Rea = 20+30 N
=120 | Paralel
By using current division rule, Fig. 2.87 (a)

5
Iup = 10x5 55 = 185185 A -

. Current through AB is 1.85185 A from A to B due to 10 source.

Series
A ‘109‘;\ 1=10A lag
v

50 12a = 10AQ) 5Q

VYV
AAAA
ViV

> 220(10 + 12)

AAAA

10A()

AAMA

Fig. 2.87 (b)
Step 2 : Consider 100 V source alone, replacing current source by open circuit.
Note : Current source must be replaced by .
open circuit while voltage source must be replaced 1D+§e=ﬂ:;
by short circuit if internal resistances are not given. A
Referring Fig. 2.87 (c) and (d),

_ 20x15 100V
R'q T 20+15
= 8571 0Q
T Fig. 2.87 (c)
T 30+8571

25925 A
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Parallel 3000Q 3000

100V == 8571MQ 100V

Fig. 2.87 (d)

Current through 15 Q using current
division is - 258254 300
20

295 %3515

= 100V

I,p = 148148 A

Current through AB is 1.48148 A from B .
to A due to 100 V source. Fig. 2.87 (e}

Step 3 : The current through branch AB due to both sources.
= 1.85185 A — + 1.48148 A « = 0.3703 A —

Both are in opposite direction so there will be subtraction of two currents.
Ans. : 03703 A from A to B

mmp Example 2.39 :  Find the currents iy, iy, iy and powers delivered by the sources of the
network in Fig. 2.88. (May - 2001)

— i3

Fig. 2.88

Solution : The various branch currents are shown in the Fig. 2.88 (a), by applying KCL at
various nodes interms of iy, iy, i; shown.
Loop ABCA, =-6iy-12(ij+ip-iy) = 0 ie -18i;-12i)+12i4=0 ..(1)
Loop CDEC, —4ip+4+12 = 0 ie I, =4A e (2



Basic Electrical Engineering 2.84

D.C. Circuits

Fig. 2.88 (a)
Loop DEFD, 4440,

Loop BCDB,  —12 (i; + iy~ iy) - 12
Substituting i; = 4 A in (1) and (4)

34y 421,

—iy + iy

-151i) +iy

051,

b

Power by 12 V source

and Power by 4 V source

0 ie

]

8
5
4
1

2A and iyj=7A
iyx12=84 W
Ax (i +i) =20 W

ie.

b=1A

—ip—ip+iy=1

. (3)
()

.. (5)
.. (8)

hmp Example 2.40 :  Find the value of 'R’ so that 1 A would flow in it, for the nehwork in

the Fig. 2.89.

1naQ

%‘

v

R —=1p

AAAA

VWV

60

AAAA

‘Fig. 2.89

(May-2001)
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Solution : The various branch currents are shown in the Fig. 2.89 (a).

h B h- c1 R
A - AAAN—— D
Iy M
+ ' E
- 1 L=1-1 6 -1

s
105
0:- >+

+ 22aq
T_ﬁ\l" < -
H L G F
Fig. 2.89 (a)
Loop ABGH, -[,-12-10[=0 ie 10+ =-12 (1)

Loop BCEFGB, -6 (; -, -1)-2(; -L) +12+ ] =0ie -81, +9L,=-18...(2)
Multiplying equation (1) by 9 we get,

WL +91, = -108 e (3
Subtracting equation (3} from (2) we get,
-981; = +90
I, = -09183A and I, = -28163 A
Current through 6 Q = I; ~ I, -~ 1 = - 09183 + 2.8163 - 1
= 0898 A
Drop across 6 2 = 6x current through 6 Q = 6 x 0.898
= 5388 V
Same is drop across R = Rx1=5388
R = 5388 Q
lmp Example 2.41 :  For a given circuit shown in Fig. 2.90, find out the equivalent resistance
between terminals X and Y. (May - 2003)
125Q

AMAA
VYV

Rpp =250
Rgp =200




Basic Electrical Engineering

D.C. Circuits
Solution : The two 12.5 Q resistances are in parallel so equivalent is (12.5/2) = 625 Q.
Converting star at point D to equivalent delta,

A
A ¢ 20x3 20x3
20 = =600 =600
20 20 B c
20x3
D =600
Fig. 2.90 (a)
Thus the circuit reduces as shown in the Fig. 2.90 (b).
(60[20)  (80|120)
=150 =150
ARAA AAAA
WW—S—AAAN
ay
AN
(60]|25) =17.647 Q2
AMA A
6.2540 6.250
Fig. 2.90 (b)
Ryy

Fig. 2.90 (c)
= (6:25) || {(15 + 15) || (17.647) } = (6.25) || [30 || 17.647]

= (625) | [11.11}=4Q
sy Example 2.42 :

For the network shown in Fig. 2.91, find the current in the 2-ohm
resistance by using Superposition theorem.

(Dec. - 2002)
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Solution : Step 1 : Consider 5 V source acting, short the other.

S
"
an 1
a3 2
Fig. 2.91 (a) Fig. 2.91 (b)
= 5 =
't = oz T A
Iy Using current division,
* — 1 -
" ly Ing = ITx(“_z) =11764 Al
-3, + 102
S MM b oL Step 2 : Consider 10 V source
2 *3.* C I . +.-h f2*1y acting, short the other.
10 :E = 10V S20 Applying KVL to the various
Iy jlnm loops,

-3l - (-1 +10=0

Fig. 2.91 (c) W —4L+L=-10 e (1)
G- -2 -L+I)+10 = 0
8L +3L -2 = -10 )
0 -1)+3], = 0
“L+4L = 0 )
0 -4 1 -10 -4 1
D=|-3 3 -2|=-17,D,=|-10 3 -2|=-120
-1 4 0 0 4 0
0 -10 1 0 -4 -10
D, = [-3 <10 2|=-30,D3=|-3 3 -10|=+50
-1 0 0 -1 4 0

D
L = %l:?.BSSA,IZ:D2=L?64?A.13=

=3 -
o ) 2.9411 A
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g = L -L+1 =7.058 - 17647 + (- 2.9411) = 23522 A L

Step3: lpg = ljg +13p=35286 A1 .. Both in same direction.
iy Example 2.43 :  Find the equivalent resistance of the network bet the terminals A
and B shown in the Fig. 2.92. (May -91)
A
aa an
an 30
a0 90
3n
:
Fig. 2.92
Solution : Converting delta of 3 Q, 3 Q and 9 Q to star,
9x 3
R; = o 180
9= 3
Ry = grap3 = 189
3x3
Rs=gr333 =060
R1 +3=480Q
Fig. 2.92 (a) Ry+3=36Q
Converting delta of 1.8 £, 3.6  and 9 Q to star,
Parallel
450 48+045. S 34225
=5250Q =5.250
s
1.84

Fig. 2.92 (b) Fig. 2.92 (c} Fig. 2.92 (d)
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1.8x3.6

Rl = 15736490450
. 3.6x9
R: = 1833659280
. _ 1.8x9
s = 18v36v9 - 1120

Rap = [(5:25) 1 (5.25)] + 1.125 = 2625 + 1125 = 375 Q2

iy Example 2,44 :  For the circuit shown in the Fig. 2.93, find the current through 20 Q
using Thevenin's theorem. (Nov. - 87}
Solution : Step 1 : Remove the 20  resistance.

Fig. 2.93
Step 2 : Calculate the voltage across open circuit terminals.
Apply KVL to the two loops,

-40-81,-81,+20=0

Iy A 5:1“— 2161, =~ 20
+J_ ! ! L =-125A
20V T Vi —40+30-6(; ~1;) +20 =0
oI = 04166 A
-gat* B "B’ lh
-1y Trace the path from A to B and show
the various voltages and drops, as shown in
AW " the Fig. 293 (b).
6Q bl o+l
30V

e =V = 1W0W=30V
Fig. 2.93 (a) VAB TH 20 +10=230
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L0V

8x1.25

=10V Note that I, is flowing in opposite direction
A-——+ ———WW— B to what is assumed, as it is negative,
%’E Step 3 : Find R,y by replacing all voltage
2

sources by short circuit.

" Key Point: As there is direct short across 6 Q
fance, it becones redundant from the circuit.

A apf I | A
8Q < I1=0
c D —— 230 60 —
B 8Q Reg < Req
1 Redundant
w8 w—g— s
TParaIleI
Fig. 2.93 (c) Fig. 2.93 (d) Fig. 2.93 (e)
RD‘I A
an Rq=88=40Q
Vi +) l ol Step 4 : Thevenin's equivalent is shown
=30V A\ i in the Fig. 2.93 (f).
30
Sbep 5:1= m
B
Fig. 2.93 (f) =125A1
msp Example 245 : [In the circuit shown in the Fig. 2.94, calculate current through 1 Q
resistance connected between A-B, using Thevenin’s theorem. (Nov. - 85)
20 20
—m & VWA
R 20 10 By
60V _— 8 554 Q 20
*sov
T + |= =
ov

Fig. 2.94
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Solution : Step 1 : Remove 1 Q resistance and also combine 2 || 2 = 1.
Step 2 : Calculate voltage across open circuit.

10 29 10
‘—MM l W
A
+ B < 4fi2+2)
7 sov J_ :: 4Q 2Q +_‘| =20Q
Teov ] T eV
T In | In
T g F e
10V 10V
Fig. 2.94 (a) Fig. 2.94 (b)
~1-2+10+60 = 0
I = E =23333 A
3
So trace the path from A to B and show all voltage drops,
2333V LBV _sov, AVap=Vqg=2333V
A ";'n"' |I * ll °B With A negative with respect
to B
Fig. 2.94
g © Step 3 : Calculate R, by
0 replacing voltage sources by short
.L Parallel circuits.
A
R, £
= S Ryg=Rap=) 11 @1
B
{ | =0I@
Fig. 2.94 (d) = 0.667 Q
AAAA “
0.6670Q Step 4 : Thevenin's equivalent is
Viy ) L shown in the Fig. 2.94 {e).
2333v (5 11310 23.33
Step 5: 1= 110667
B =MAT

Flg. 2.94 (e)



Basic Electrical Engineering 2-92 D.C. Circuits

e Example 246 1 The network has following configuration, Arm AB = 10 Q, Arm
CD=20Q Arm BC=30Q Arm DA =20Q, Arm DE=5Q, ArmEC=10Q and a
galvanometer of 40 Q is connected between B and E. Find by Thevenin's theorem, the
current in the galvanometer if 2 V source is connected between A and C.

{May - 86)
Solution : The network is shown in the Fig. 2.95.
G
©
400
100
N W U

Fig. 2.95
Step 1 : Remove the galvanometer,

-1

Fig. 2.95 (a)

Step 2 : Calculate veltage across open circuit between B and E. Let us use Kirchhoff's
laws.

Apply KVL to different loops,

Loop BCAB, ~30L4+2-10L=0 ie 12=%=0A05A e (1)
Loop CDAC, =20 (I - ;1) + 20 (I, ) =2 =0 ie. 401, +201; =4 @

Loop CEDC, =-10L3-5l3+20(-I3-1)=0 ie-20L-35L=-1 ..(3)
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101;=0.4V

30, =15V -
2 2 100 I
Bo——AMW—2 T, E

3

Eig. 2.95 (b)

Multiplying (3) by 2 and adding to
2) we get,
-501;=2
I, =-004 A
So direction of I3 is opposile to
what is assumed.

The various drops across the path
BE are, as shown in the Fig. 2.95 (b).

Vpg = V= 15-04 = 11 V with B +ve

Step 3 : Calculate Ry, replacing voltage source by short circuit

—)
1040

Nasli0)

Parallel

Fig. 2.95 (e)
Ry = Rgg=75+6=135Q

b b

.

(30][10)
=750

Fig. 2.95 (d)

. -

750 (1510}
=6Q

Fig. 2.95 (f)
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R g Step 4 : Thevenin's equivalent is shown in
13500 the Fig. 2.95 (g).
l Step 5: Hence current through
G 400
1'11'3 I(;) " galvanometer is,
1.1
I= 5+ = 0.02056 A
E
Fig. 295 (o) = 20.56 mA
immp Example 2.47 : Find the current in 4 Q resistance by Norton's theorem.
6V
FAan E:
p—y
=
Q s
5A C) 2 ()ZA > 4a
b
Fig. 2.96
Solution : Step 1 : Short the branch a-b.
Step 2 : Find the short circuit current I
s 8V ¢ ' -1 From Fig. 2.96 (a),
-1 -1 -1
L SOt T2 =7-LA
h l Apply KVL to loop without any
sald * 20 ®2a 1 current source. i.e. cdabefc.
N
- -6+2; =0
f 5-1, ® b L =3A
Fig. 2.96 (a) “In=7-3
=4Al
] a
< Step 3 : Calculate Ry, by
320 <= R opening current sources and shorting
N T b voltage source.
From the Fig. 2.96 (b)
Fig. 2.96 (b)

Raq=20
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a Step 4 : Norton's equivalent across
terminals a-b is as shown in the Fig. 2.96 (c).

Step 5:
4Q R

= —q

1 Ry I_INKRL"'R.;q

Wy

n=4A() Re320

AA AN

b _ 4x2
(2+4)

Fig. 2.96 (c)
=1333 Al

imp Example 2.48 : Find the magnitude of Ry for the maximum power fransfer in the circuit
shown in the Fig. 2.97. Also find out the maximum power.
3Q

5Q

. O R
|

0oV

4Q
Fig. 2.97
Solution : Step 1 : Remove the load R;.
Step 2 : Obtain Viy or Iy by

Iy 6-14 I 3Q Kirchhoffs laws. Let us find Iy by
N + - shorting the load terminals.
50 6-L-1
- L §| NowIy=DL
. Dea 322 W Apply KVL to those loops which do
0 V_T not consist current source.
- +
ANV, n=26-4L- +10+51;=0
M 6-L-L) 1
Fig. 2.97 (a) A7h+2L=2 e (D)
-3, -4 +2(6-T;-1) =0
+2+9L = +12 . (2)
7 2 7 2
D = 2 g!:59.and DZ:‘Z 12|=B€|
o -DP2_80_
Iy = h=f=gy=13%A
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3an

<=R,, Step 3 : Find Ry, across load, opening
current source and shorting voltage source.

Paralle! Rit

Fig. 2.97 (b)
Ry = 3+(5(12) +4=3+14235 + 4 = 642350
Step 4 : For P, R, = Rgq = 84235 Q
And Vi = Iy % Ryq =1.3559%8.4235 = 114216 V

V2. (11.4216)2
- _ A4 -
Prax = 4Ry T 4x8.4235 35716 W

Iy Example 2.49 :  Find the value R for maximum power to R and what is the value of
maximum power ?

100
_A"""v
R =
B (OEL 50 Seq
+ <
20v
:r

Fig. 2.98
Solution : Step 1 : Remove the resistance R.

Step 2 : Find the open circuit
3A c L, 1002

A ANMA voltage Vqy across A-B, using
V. Kirchhoff's laws.
TH II [2
B I; and I, can be obtained by
() 3A * 250 gn  cwment division rule at node C.
20 Vi - 16
I = 3Ax16+25 =1.1707 A
Fig. 2.98 (a) L =3Ax—o = 18293 A
2 16+25

Drop across 25Q = 251) = 29.2675 V
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202675V 20V Trace the path from A to B through
A - B 250 and show the various drops as shown
250 in the Fig. 2.98 (b).
Fig. 2.98 (b)

Vi = Vap = 29.2675 - 20 = 9.2675 V with A positive

Step 3 : To find Ry, replace voltage source by short and current source by open
circuit.

Series
10
A AV 25%16
> Ry, 1 )  Reg=25| 16=25:(_15=9.756£1
B L
EE 254 60 Step 4 : Thevenin's equivalent is shown.
‘ ] in the Fig. 2.98 (d).
Fig. 2.98 (c)

Step 5 : For maximum power to R the
value of R must be R.

R = Req=9.756!1

Fig. 2.98 (d)

iy Example 2.50 : Find the current through the 30 Q resistance by Thevenin's theorem.

10

100V
All resistances are in chms

Fig. 2.99
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Solution :

Step 1 : Remove 30 Q resistance. Combine 6 and 12 Q resistances as are in series.
Similarly combine 5 and 10 Q resistances which are in series.

Step 2 : Determine the voltage across terminals from where 30 £ is removed.

Convert delta formed by 18 Q to equivalent star. All resistances in delta are same so in
star we get all resistances same as,

18x18
R = wrigers ~ 69
18 A B 15
‘v‘-"‘\'
18 18 15
18 15
N
+
100V
Fig. 2.99 (a)
Similarly convert delta of 15 Q to equivalent star. We get all resistances in star equal
as,
15x15
R = 15+15+15 50

So replacing both delta by star we get the circuit as shown in the Fig. 2.99 (b).
6 6 A B

AAAA 0 AAAA AAAN
VYV YV

1 A — 1
29
* =
{F
100V
Fig. 2.99 (b) Fig. 2.99 (c)
From the Fig. 2.99 (c), the current [ is,
100
= — = 6Q 200 50

I= G274 A—AW—0—AMA——AMA—o B

- Drop across 29Q=29x[=725V

Fig. 2.99 (d)
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As no current flows through 6 Q and 5 Q connecled to A and B, the voltage V,p is the
drop across 29 £ resistance.

VAB = ?2.5V=Vm with A + ve wart. B
Step 3 : Calculate R, replacing voltage source by short circuit.
To calculate R.,, use Fig. 2.99 (d) directly with voltage source shorted.
Rearranging we get the network as shown in the Fig. 2.99 (e).

p
6 ¢ 6 Ayg 5 p 5 6 6
—AWW—o | o—AMA——WW Ao <
R“ Series
— AW o=
2 (6+5)
B D
5 D 5
Fig. 2.99 (d) Fig. 2.99 (e)
6 C
A o
A _ 29x11
“Reg=6+ (291l Il)+5-6+(m]+5
= 18.975 Q

AN — Parallel
5 D

Fig. 2.99 (f)

Step 4 : Thevenin's equivalent is shown in the Fig. 2.99 (g).

A
Step 5 : So current through 30 Q
18.9750Q 2 Ryq ] resistance now can be obtained as,
1 300 1 _ 72.5
125V, Vin 300 18.975+ 30
= 14803 Al

B
Fig. 2.99 (g)
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= Example 2.51 : For the dc. circuit shown in Fig. 2.100, write the Kirchhoff's law
equations in the branch currents 1,1 and 14 as shown for loops ABGHA, BCFGB and

CDEFC.

Solve these equations to find current I,. [Dec-2003]

BV

_l__
E
Fig. 2.100

Solution : The current distribution and voltage drops due to the branch currents is shown
in the Fig. 2.100 (a). Applying KCL at node B, current through AB is I; + I,.

A 5QIth g L 100 o L3120 4

+
4= TBV
E

H o+, 6 F
Fig. 2.100 (a)

Apply KVL with sign convention to the given loops.

Loop ABGHA,  -5(I,+I,)-151;+4 = 0 ie 20[,+51,=4 e (1)
Loop BCFGB, -101,-813+151; = 0 ie 151;-101,-815=0 e (2)
Loop CDEFC, -12(1, -13)-6+81; = 0 ie -12I,+201; =6 (3
Apply Cramer's rule to find I,.

20 5 0 20 4 0

D = 15 -10 -8/=-7420, D,=[15 0 -8=-240
0 -12 20 0 6
D -
= 2222200 535 ma

I = D ~-7420
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sy Example 2.52 :

Find, by Superposition theoremi, the current [y in the 8 ohm resistance
in the circuit shown in Fig. 2.100.

Solution : Step 1 : Consider 4 V source alone, short 6 V source.

[Dec-2003]
Applying KVL to the three loops,
l, 50 11, 100 I=h-l; 120
— A= e A
Iy Iy
L + +L
V= 150 380
= - 4‘1
Fig. 2.101 (a)
Loop 1, =51, -15 I, +4 =0 ie. 5I;+151, =4 e (1)
Loop2, —-10(I,-I,)-81;+151, =0 ie =-10I,+251,-81;=0 w (2)
Loop 3, =-12(1;~1,-1,)+813=0  ie =-12I;+121,+201, =0 -3
5 15 0 5 15 4
D=|-10 25 -8|=7420 and D, =|-10 25 0|=720
=12 12 20 =12 12 0
[3=—2=009703 A | .. current due to 4 V alone
Step 2 : Consider 6 V source alone, short 4 V source.
50 100 120
VW MW WV
La
150 8Q =&V
Fig. 2.101 (b)
Combine 50 and 15 in parallel (5]|15) =3.75 Q
10 12Q Iy 120 It
ANV AWV A
.. J_
1 b
= < _
3750 l 8n =ev 13750 $sa =6V
Iy

Fig. 2.101 (¢) Fig. 2.101 (d)
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~ 6 6
Now It = Grs e s - 0B A
I, = lyx—27> _ 02223 A | ... Use of current division
4 T 1375+8

Thus total current through 8Q due to both the sources is,

Ign = 0.09703 + 02223 = 031993 A i

mmp Example 2.53 : Find the effective resistance across terminals M-N of the resistive
network shoum in Fig. 2.102. [Dec-2003]

3250 250

Fig. 2102
Solution : Converting upper delta to star,

_ 3x6 _
Ri= 35356109

_ 33

3Ix6

=3+3+6 - 100

Fig. 2.102 (a)

Ry = 15+ (4]|4)=15+2
350

Fig. 2.102 (b)
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immp Example 2.54 : In the circuit shown in Fig. 2.103, find the source current by the method

of simplification of network. [May-2004]
G opar40 o
Fig. 2.103
Solution : Converting delta ABD to star we get,
6x3
Ri = graszp -06206Q
6x20
Ry = gr343p =413 Q
_3x20 _

Fig. 2.103 (a)

R,+12=16.1379Q Parallel

(16.1379 11 12.0689)
06206  =6.9049Q

Ry*10 Series
=12.0689 Q
[ AN {s
04740 Mo odran 1 t,”
{b) (c)
Fig. 2.103
I = ol : =025A

Ryotal  06206+0.474+6.9049
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ysmp Example 2.55 : For Fig. 2.104 shows a d.c. two-source network; the branch currents I,
and 1, are as marked in it. Write, using Kirchhoff's laws, two independent simultaneous
equations in Iy and I,. Solve these to find I;. [May-2004]

R—— |
: ANAA
LAA LY

50 80
=100 -6V

+

+

A
_}' ,21

Fig. 2.104
Solution : The current distributions and voltage drops are shown in the Fig. 2.104 (a).

AMAA

-
A 38 P - ¢
[1 YV LA b A4
+ Applying KCL at
+ -2 +
4v = l 2100 sV node B, current through
- s _ BC is (I; -1,)
I~
F E D
Fig. 2.104 (a)
Applying kVL to the two loops,
Loop ABEFA, —-51;-101,+4=0 ie. 1,421, =08 . ()
Loop BCDEB, -8(1; -1,)-6+101, =0 ie. ~8I,+181, =6 - (2)

To solve for I, multiply (1) by 9 and subtract from (2),
=171, = 6-(9%x0.8)
I, = 00705 A —

mp Example 2.56 : Use Thevenin's theorem to find the current in the branch BD of the
network shown in Fig. 2.105. [May-2004]

SV—/

Fig. 2.105
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Solution : For Thevenin's theorem.
Step 1 : Remove branch BD.
Step 2 : Find the open circuit voltage, Vi =Vpp

u A i
l2
100 00
+ +
1 i (180124)
VT D( BRs 5V =10.2857 Q
8q 40
c
Fig. 2.105 (a)
5
It = qrags = 048611 A
Using current distribution,
24
I = IpXpes=02778 A and I, =Ip -1, = 020833 A

The various drops due to I; and [, are as shown in the Fig. 2.105 (b). To find Vyp,
trace the path BCD as shown as shown in the Fig. 2.105 (c).

8 D—S 2%
° N\ O
0.8332v 22224V
Fig. 2105 (b} Fig. 2.105 (c)

Vgp = 22224 - 0.8332 = 13892 V with B negative w.r.t. D.
Vog = 13892 V with B negative
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Step 3 : Find Ryq, removing BD and shorting voltage source.

Parallel combinations

A
1040 l
D +
Req
80
Cc

Fig. 2.105 (d)
Req = (20 || 4)+(10 || 8)=3333+4.444 =7.7777 Q

Step 4 : Thevenin's equivalent is shown. Am' B
7.77770
Step 5: I= _Vm_ .
R,_.q +20 Vru 2 200
1.3892v u 4
_ 13892
T 277777
D
=005 A fromDtoB Flg' 2105 t‘)
immp Example 2.57 : Write the Kirchhoff's voltage equations for the circuit shown in the
Fig. 2.106 and hence find current flowing through 4 Q resistance. (Dec. - 2004)
AZP AZQ

> +
I >12Q 1y T 1oV
10

AAAA AAAA
VWV VYV

24V 4a
Fig. 2.106
Solution : The various branch currents are shown in the Fig. 2.106 (a).
Applying KVL to various loops,
Loop ABEDA, -2I, -12(I, ~13)+(1; =1,)+12 = 0 ie. -1;+15[, -12I, =12 ... (1)
Loop BCFEB, —21,-10+3(1; -1,)+12(I,-15) = 0 ie. 3[,+121; -171; =10 ... (2)
Loop DEFHGD, —(I;-I5)-3(1;-15)-41;+24 =0 e 8I,-I,-31; =24 . (3

ANMMN

+
12V
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I, 0 B 20
A AN AMA——— C
T ey Bt -
213
+ +-" +
12V I :2129 n =10V
T i ,.30 3
D A A'A'iv "A'.vl E
E {1y-1a)
i}
il
G I} ANV H
L AL — a0 Iy
FZY
Fig. 2.106 (a)
To find current through 4Q ie. 1.
-1 15 =12 12 15 -12
D =1}3 12 -17|=-664, Dy =10 12 -17|=-2730
8 -1 -3 24 -1 -3
_ Dy _ 2730 _
I = F_—:W_i.lﬂAt—- ... Current through 4 Q
lmmp Example 2.58 : For the network shown in the Fig. 2.107, find the current flowing
through 5Q resistance using Superposition theorem. (Dec. - 2004, May-2007)
A8 3
+ <
30V—= 340 3 (Pea
Fig. 2.107

Solution : Step 1 : Consider 30 V source alone, open B A source.

B [
——

30V 3

I +
W
AAAA
WA
»
@
2
AAAA
W
=
<
[INES
W

(2) {b)
Flg. 2.107
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_ 3% 3% 3%
T Toials] g, Ax8] T T0v2ese - WA
4+8
Using current division rule,
Ty = Ipxpip=2.3684x-5 = 078346 A ... Due to 30 V alane

The direction is from A to B shown in the Fig. 2.107 (a).
Step 2 : Consider 8 A source alone, short 30 V source.

Alsll B BA
W
-3
Parallel— 23 Dsa
fe) (d)
Fig. 2.107
Using current division rule,
. _ 3 _
15_8xm_2.21m.h— ... due to 8 A alone

The direction is from B to A.
Step 3 : According superposition theorem.
Iy = Ig+I5 = 078946 — + 2.21053 «
= (221053 - 0.78946) = 1.42107 A « from B to A

tsmp Example 2.59 : For the Fig. 2108 of Ex. 2.58. find the current flowing through 5 Q
resist using Thevenin’s theorem. (Dec. - 2004, May-2007)

Solution : Step 1 : Remove the branch of 5 Q.

c ‘1‘0‘01 A O B H
rAdda
. " N
+ P .-
V= 240 230 ®ea
- = -3 \‘
Iy - - I
) E F G

Fig. 2.108 (a)
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Step 2 : Calculate the open circuit voltage across terminals AB from where 5 0 is
removed.

From loop CAEDC,  -101;-41,;+30 = 0 ie I} =21428 A

From loop BHGFE, I, = 8A ... as current source

.~ Drop across 40 = I) x4=4x21428 =857142 V

and Drop across 30 = Lx3=8x3=4V

—~ E F ~ Tracing the path from A to B as
A N oV 3 °B  AFFB and arranging voltage drops as
8.57142V 24V shown in the Fig. 2.108 (b)
Fig. 2.108 (b)

Vap = 24 - B57142 = 15.4285 V with A -ve wrt B
Vi = 154285 V with A —ve wr.t. B
Step 3 : Calculate Ry, replacing voltage source by short and current source by open

circuit.

Parallel |10

Fig. 2,108 (c) Fig. 2.108 (d)
Rq = Rup=28571+3=585710
Step 4 : The Thevenin’s equivalent is shown in the Fig. 2.108 (e).
Step 5 : Find the current through 5 Q.

.................. ; As polarity of Vry is with A -ve, the
I L current through 5 Q flows from B to A.

Vi 154285

lsa = R +R ~ 58571+5
= 1.4210 A from B to A
Fig. 2.108 (e) This is same as obtained in earlier

example.
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mmp Example 2.60 : For the circuit shown in the Fig. 2.109, write the Kirchhoff's law
equations for loops BCDB, CEDC and ABDEFA in terms of the branch currents I, I, and
I3 as shown. Find current I; by solving these equations. (May - 2005)

The numbers indicate
resistance values inohm B

Fig. 2.109

Solution : The various other branch currents interms of the currents I;, L, § and
corresponding voltage drops are shown in the Fig. 2.109 (a).

Current entering at junction point B is
L+1.

Through branch CE it is (I; - I).

Through branch DE it is (I, + I5).

Applying KVL to the various loops,

Loop BCDB, -1, =31, +41; =0 ... {1) A

(=g +13+15)
= |1 +|3

2 (y+1pF

Fig. 2.109 (a)

Loop CEDC; h-2(, -1,)+5(I, +13)+3l, =0 ie -2A;+10I,+513=0 ..(2)
Loop ABDEFA, —415 -5(I; +13)~2(I; +I3)+10 =0 ie 20,+5,+11[3=10 .. (3)
To find current I; using Cramer’s rule,

-1 -3 4 0 -3 4

D= (-2 10 5|=-301, Dy=|0 10 5|=-550
2 5 11 ) 10 5 11
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= Dl_-550_
11 = —ﬁ—:-m—l.sm.k

ansuer i positive, assumed direction is correct, so Ty flows from B

nmp Example 2.61 : For the network shoum in the Fig. 2.110, find the current I, in the
3 ohm resistance, by applying Thevenin's Theorem. (May - 2005)

Fig. 2110
Solution : Step 1: Remove the branch through which I is flowing i.e. CD.
Step 2 : Find the open circuit voltage across CD i.e. V.

Let the branch currents are I, and I,. As CD is open, L, flows from BD and DE while
I, flows from BC and CE.

Apply KVL to the two loops,
Loop BCEDB,

-1, =21, +51, +4l, =0

ie. 9,-3l, =0 .1
Loop ABDEFA,

—4I, -5[, =2, +I,)+10 = 0 v 20
ie. 1, 421, =10 ... (2) Fig. 2.110(a)

Solving (1) and (2), I, = 05882 A, I, =17647 A
So, drop across BC = I, x 1 =1.7647 V
drop across BD = I, x 4 = 4 x 0.5882 = 23528 V
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1 B 4
G o— MWW ————AMW—D To find Vep, trace path from CBD and
1.7647 V 2.3528 arrange all voltage drops as shown in the
Fig. 2.110 (a).
Fig. 2.110 (b)
Vep = 23528 - 1.7647 ... a8 oppositive polarities

0.588L.V with ‘C’ +ve w.rt. D’
Vg = Vep = 0.5881 V with ‘C’ +ve w.r.t ‘D’
Step 3 : To find R, replacing voltage source by short circuit.

{Same point
as directly
2 connected)

Fig. 2.110 (c) Fig. 2.110 (d)

Converting
AADE to star

D Wi

5x4 _ 2x5 _
“_5*2-1.8181 Wi513 =0.909

Fig. 2.110 (o) Fig. 2.110 (f)
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1.8181

Paralie!
17272 %2909 _
TaTzs 900" 110857
0.909
Fig. 2.110 (g) Fig. 2.110 {h)
Cc c
Req
1.0837 2.9018
) 5 ! R
=P Series 2 2ag
Req 0.5881V
1.8181 Vo
D D
Fig. 2.110 (i) Fig. 2.110 (j}

Rep = Rgg = 1.0837 + 1.8181 = 29018 Q
Step 4 : The Thevenin’s equivalent is shown in the Fig. 2.110 (i)
Step 5 : The current I, through 3 Q resistance is,

\ 0.5881

L = Ry +R, ~Z.0018+3 - V06 AL

mmp Example 2.62 : Determine the current supplied by each battery in the circuit shown in
Fig. 2.111 by using Kirchhoff's laws. [Dec.-2005])

AAAA

Fig. 2.111
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Solution : The various branch currents are shown in the Fig. 2.111 (a).
-1} 200
AN
10 ® " 2,
+ +
gV *i2v
I Iy
Fig. 2.111 (a)
Applying KVL to the three loops I, I and III,
-1, - 401,48 = 0 e I;+40I, =8 ()
-20(1; - 1) - 10(1; - I, +1,)+401, = 0
ie. “301,+701; - 101; = 0 L@
#205 - 12410(1; - Ip+15) = 0
ie. 101, - 101, +121, = 12 . (3)
Solving (1), (2) and (3)
1, = 01005 A ... current supplied by 8 V battery
I; = 10807 A ... current supplied by 12 V battery

mmp Example 2.63 : Using Superposition theorem, calculate the current flowing in 1%

resistance for the network shown in Fig. 2.112.

AAMA
VW

40

+
- 100V =
103

A
VVYY

20

Flg. 2.112

[8]
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Solution : Step 1 : Consider 100 V battery alone, short other sources.

40 4Q
VWA o
1”2,1"2
100V 100v* e
=.3_Q
(a) (b)
Fig. 2.112
Iy = L.oz=21.4285.‘\
4+§
Using current division rule,
. _ 2
I = Irxm_lmvni « Due to 100 V alone

Step 2 : Consider 50 V alone, shorting other sources.

c__ 4 A E A
WA
+ 50V:J_
=—Tsov i
‘h
S0
s 3 10
=10
‘.
D E F ] It D
(c) (d)
Fig. 2.112

L =50
T = 141333

Ir =214316 AT
« Due to 50 V alone

=214316 A

ie. 13

Fig. 2.112 (o)
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Step 3 : Consider 40 V alone, shorting other sources.

i Ir Iy

7

VYV

(@l11) = 0.8 3
<

AMAN
VY

Parallel

Fig. 2.112

40
It = 0833 142857 A

Using current division rule,

- 4 4
17 = lpxggg = 142857 x5 = 114285 Al

«. Due to 40 V alone
Using superposition principle,

n

l']. +q +17=142857 AL 4214316 AT +11.4285 A
42826 Al . Current through 18

Lig

/e Explain 2.64 : Lse Kirchhoff's Law to find current supplied by the battery for the circuit
shown in Fig. 2.113. [May-2006]

N

1f
100V, 40
Fig. 2113
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Solution : The branch currents are shown in the Fig. 2.113 (a).

(1~ I)

(1-1,+1)

- +
Il "‘U‘v‘v

100V 40 I

Fig. 2113 (a)

Apply KVL to the three loops I, II and I

-31; =501, +12(1-1,) = 0 ie 121-151, -501,=0  ..(1)

=7(1; = 1,)+3( - 1, +1,)+501,
—12(1 - I}) = 3(1 - I +1,) — 41+100
Solving (1), (2) and (3),

]

I

0 ie 3I-101,+60I, =0
0 ie -191+151; - 31, =-100 - (3)

- (2)

10.1634 A ... Current supplied by battery

mmp Example 2.65 : Find current flowing through 3 Q resistance by Superposition Theorem

for the circuit shown in the Fig. 2.114.

5A A
L
% 50 230
9
< +
1062 ;E 40 %20 Vv

Fig. 2.114

[May-2006]
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Solution : Step 1 : Consider 5 A alone, short 20 V source.

5A 24 5A
< <
<30 s20
5+10=15Q 3 _,I 1503 Iy
- .> - .>
S4n S3a
/' 3
Roduns S
lant
as shorled m;al_,?'""r
(a) (b)
Fig. 2114
Using current division rule,
I = Sxypra =375 AL .. Due to 5 A alone
Step 2 : Consider 20 V alone, open 5 A ie. treat it zero.
IT
20V
Fig. 2.114
D=2 _
I “Ir =g =6A
Using current division rule,
4
> I3 = 6x =1AT .. Due to 20 V alone
204 = 3
=333303% C:)zov 0+4
alag=375AL4AT=275A1

Fig. 2.114'(e)
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hp Example 2.66 : Use Thevenin's Theorem to find current in 1 Q resistance for the circuit

shown in Fig. 2.115. [May-20061
12V
80 =
LA —
. 9q
=24V 100 10
Fig. 2.115

Solution : Step 1 : Remove the 1Q resistance.
Step 2 : Find open circuit voltage V.

Fig. 2.115 (a)

1= %=2,4A and drop across 10 Q is 24 V.

No current can flow through 8 Q so drop across it is zero.
Tracing path from A to B as shown in the Fig. 2.115 (b).

L2V ov L2V
Ao—"{F—AW——]}—oB -
80 oo Vg =12+ 24 = 36 V. with A positive

Fig. 2.115 (b)
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Step 3 : Find R, shorting voltage sources.

Shert
80 80
AMNWN— —o A —AWW———0 A
L Wi
Short 2100 41“ 41'“
“ | B B
Both are directly
shorted hence become
redundant
(e} (d)
Fig. 2.115
R'-‘"I = B0
Step 4 : The thevenin’s equivalent is shown in the Fig. 2.115 (e)
Req Ba ; 'L V- 36
wg1e Seps: =g lipegn
V(* ) 3s v =
=4Al . Current through1Q
Fig. 2.115 (e)

imp Example 2.67 :
the circuit shown in Fig. 2.116.

AAAM

Apply Thevenin's theorem to calculate current flowing in branch AB for

[Dec.-2006]

VW

20

10V _=

M

AAMA

220 () 104

(5]

=]

A
VW

Fig. 2.118
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Solution : Step 1 : Remove branch AB.
Step 2 : Calculate V5 = Vg, open circuit voltage.

20, 19°W 10
st 4 104 oA
. 1y —1=0A
10V — +te 104
T @ 5, O
-
B
Fig. 2.116 (a)
Locp I: -2(10-1,)-10+21; =0 iel;=75A ... KVL
As 20 and 10 A are in parallel across A-B,
Vap = Drop across 2Q =21 =2x75=15V
Vg = 15V with A positive
Stcpa:CalcutaheRq,operﬁnglﬂAandshurﬂnngsoume.
20 10 10
A —AWW——o A
Parallel s
22 20 =R, 103 ‘ === R,
=10 Series
B -——————o8B

Fig. 2.116 (b)

R?‘l = 1+1=20Q

Step 4 : Thevenin's equivalent is shown in the Fig. 2.116 (c).

Vi

Step 5: I, = —12%
P L= Ry +RL

15
2+3
3AL

B
Fig. 2.116 (c)



Basic Electrical Engineering 2-122 D.C. Circuits

P Example 2.68 : Determine the resistance between the terminals X and Y for the circuit

shown in Fig. 2.117. [Dec.-2006]
n
20 0
Vv AN X
< <
20 s8n S 60
s <
Y
Fig. 2.117

Solution :
Convert delta of 3Q,2Q,20

to star.
3Ix2
Ry, = mvﬂ.%ﬂn
2x2
R, = m_u.sn-m
X
Ix2
R; = 37353 0.8571 &
Y

Parallel 2.8571 ] 8.5714 = 2.1428 @
0.85710
AN o X
21428 =
o E' [:1¢}
Serias
o Y
Parallel
Fig. 2.117 (a)
s Ryy = 3l16=23 20

6+3
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mp Example 2.69 : Using source transformations, determine the wvoltage across 5 ohm

resistance for the circuit shown in Fig. 2.118. [Dec.-2006]
‘v‘v‘v‘v d'l'lvA' ‘vﬂvlvl
30 60 20
v 60 ® 154 50
Fig. 2.118
Solution : Converting 6 V voltage source to current source.
20
6 _
220D 154 50
Parallel
3e=20Q
Fig. 2.118 (a)
60 20 6Q 20
AAAA AMAA
YYvy YYvYy
! 20 ws ’
< < eras
2@ 320 ®15a 350 ®154 50
22=4V
T —
Convert 1o
voltage source
2
ANV AWV
B
s 4, s s
®1sa $sa 7=05A(D) 8a2 M154 350
4v \

Convert to current source

/

Add two current sources
as in same direction
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20 20
A
> BQ S : >
b= enes <
2a(® Sen 50 3sa
16V
Convert to
veoltage source
10 L !
50 15A CD 2100 <
= S50
16V <
———
Convert to

current source

Fig. 2.118 (b)

Using current division rule,

0
=g = 10667 A

I lox

i

Vs = 5x[=5333V

sy Example 2.70 : Using Kirchhoff's laws, find the current flowing in 2 ohm resistance for
the circuit shown in Fig. 2.119. [May-2007]

160

AAAA
VW

- >

> >,

+ 160 2320 .
20V=— 20v

ARAA
AAAA

Fig. 2.119
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Ans. : The various branch currents are as shown.

I (=1 16 (1i-13)
ol B +
ZUV_-- .l._ZDV
Fig. 2.119 (a)
Loop I : ~161,-2I,+20=0 ie +161,+21; =20 (1)
Loop I : —16(I; —T,)+ 321, ~15)+16l, =0 ie. ~161,+641, - 321, =0 (2
Loop I : —20+21, - 32(1, ~15) =0 ie. -321, + 341, =20 (3)
Solving for I, I;=15789 Al ... Use Cramer's rule

imp Example 2.71 : Apply Thevenin's theorem to calculate the current in 6 Q resistance for
the circuit shown in the Fig. 2.120. Also use superposition theorem to calculate the current

in 10 Q resistance. (Dec. - 2007)
50 100
+| -
200V :Esﬂ 60
—[ AL
L
Fig. 2.120

Soution : Use of Thevenin's theorem to find [, Q
Step 1 : Remove 6 £ branch.
Step 2 : Calculate Vi across open circuit
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Iy 50 10 0 A

Applying KVL to the loop,
~51, 51, +200 = 0
I; =20A
~Drop across 5Q = 100V
Trace the path from a to B as shown in

the Fig. 2.120 (b).
Vig = Vag=100-50
ov 100V_ 50V, ™ = AP
A AN, ANW—o—|[——oB = 50 V with A positive
na 5Q

Step 3 : Calculate Ry, shorting voltage

soures.
100
A
Req
R s <= Req
Parallel 4
B
(e) (d)
Fig. 2.120
Rﬂl = 10+25=1250
Step 4 : Thevenin's equivalent is shown in the Fig. 2.120 {e).
A Step 5 : Hence the current through 64 is,
l Q2 V. 50
- TH _ _
Reqg £ 1250 L o= Req +6 T 125+6
$6Qq
Viy 50V ] = 27027 Al
Use of superposition theorem to find
B Lip

Fig. 2.120 (e)
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Step 1 : Consider 200 V source alone, shorting 50 V source.

50 I 100 50 It I'yg
A AR
WA

I
+ T +

200V == 50 60 200V 50.
_ ~ 2
™ Paraliel
U] (g}
Fig. 2.120
A ' 200
It = 55005 = 27077 A
: 5116
200V ="3 8095 0 Using current division rule,
h . 5
I = Iyxgqz = 54054 A
Fig. 2.120 (h)
Step 2 : Consider 50 V source, short 20 V source.
50 100 Iy 100 1y,
- e A AN
YYyy
515 S <
2250 b3 360
_ﬁ_‘-ﬁl#
50V
)]
Fig. 2.120
-
10 = Jgre+zs - 2707 A«

Step 3 : I;gg = g +170 = 54054 — 27027 = 2.7027 A —

Note that 10 © and 6 ©Q are in series, hence carry same current hence the answer
through 6 © by Thevenin's theorem and through 10 £ by superposition theorem, matches
with each other.
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b Example 2,72 : Calculate the current delivered by each of the voltage source for the

circuit shown in Fig. 2.121. (Dec.-2007)
AE&A
sov Y 2q 1 *sv
&1Q_T 20 T_&1a
Fig. 2.121

Solution : 1 Q2 and 1 Q of each voltage source are the internal resistances and appear in
series with the respective source in the circuit.

b (h-hBl2g I3
_L MM

agvt Iz -lg+l;)l'15v The current distribution
- using KCL at the various nodes

10 +@ _[2“ 3)@ is shown in the Fig. 2121 (a).
Applying KVL to the three

L I loops 1, Il and III.
Fig. 2.121 (a)

2L, -K+30 =0 ie. I+ 20, =30 (1)
2 -L)-2(; -L+1)+20, = 0 ie —l +6l,-2[; =0 (@
20 -L+)-+15 = 0 ie. +20,-2I; +31, =15 (3)

Solving (1), (2) and (3),
I; =12 A, L=9A4, =3A
Thus the current delivered by source 30 V is 12 A while that by source 15 V is 3 A.
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sy Example 2.73 : For the circuit shown in Fig. 2.122, find the voltage across 4 € resistance

by source transformation. (May-2008)
3q 20 10
\ ﬁvﬂvn'l' A'A'h‘l'
qb "
‘|, 6V 360 ®3a 3 40
Fig. 2.122
Solution : Convert 6 V voltage source to equivalent current source,
2Q 1Q 2Q 10
ANW—
' = 6 '
D 340 2@ 3, Mn 3ea
[P SR -
Paraliel Converl to
voltage source
(@) (b)
Fig. 2.122
2 1Q 1Q
A'A'n'lv A'l'-"' - — l'l'l'lv
P ]
2Q @ﬁ-es L 40 M
D3a 340 V30 Man 4Q

2x2=4v ) avi(2)i
‘ﬁ -
Convert o

current source

(c) (d)
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160
AAAR
Vi

w®

) 34 40

INSTONEXTY

v

AAAA
v

Fig. 2.122 (g)

voltage source

Fig. 2122

Once a single loop is
applied.

~1-41+16-41 = 0

16

1= 3=

1.778 Al

obtained, KVL can be

i Example 2.74 : For the circuit shown in Fig. 2123, find the vlaue of unknown
resistance "R’ so that maximum power will be transferred to Icad. Hence find maximum

power.

A,
100
R P
() 3A S 250 60
P
20V

Fig. 2.123

(May-2008)
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Solution : R for Py, is the Ry, opening current source and shorting voltage source.

100
3 !
Req series Req L L Reg
=> 50 60 = 250 = S == 2sIne
I T b3 b3 =9756 0
Parallel
(a) (b) (c)
Fig. 2.123
Ry = 97560 = R for Py,
To find P,,, obtain the value of V.
series Parallel

A 100 -—\) " i
V*H AA A LS I
B B b g
El ) 3A 260 60 . VE—T— ®ana 2 0
T T
(d) (e)

Fig. 2.123

VYV
iy
[=2]
=]

fon)

A 3A

29.268 V 20V

* < 16125 K
By ®3a 201560 Ao MM -* B

Fig. 2.123
= Vi = 9.268 V with A positive

V2. (9.268)2
_TH e o
Prnax 4R 4x9.756 22011 W
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Review Questions

Explain the various types of sources used in d.c. circuils.

Explains the concept of source transformation with suitable example.

Derive the relationship to express three star connected resistances into equivalent delta.

Derive the relationship to express three delta cted resi into equivalent star.

State and exp:ain Superposition theorem.

. Two voltmeters A and B, having resistances of 5.2 k L and 15 k Q respectively are connected in

series across 240 V supply. What is the reading on each voltmeter 7 (Ans. : 6178 V, 17821 V)

7. Two resistances 15 £ and 20 0 are connected in parallel. A resistance of 12 €2 is connected in
series with the combination . A voltage of 120 V is applied across the entire circuit. Find the
current in each resistance, voltage across 12 Q resistance and power consumed in all the
resistances. (Ans.:333A,25A,70V)

8. A resistance R is connected in series with a parallel circuit comprising two resistances of 12 and 8

0. The total power dissipated in the circuit is 700 watts when the applied voltage is 200 V.

oM oA moN

Calculate the value of R.. (Ans.: 523428 Q)
9. In the series parallel circuit shown in the Fig. 2.124, find the
A 40
V"A"" E 1
100 ;]9 S0V

v D [

l 24Qs 120 ;3]

B [+

Fig. 2.124

i) voltage drop across the 4 Q resistance ii) the supply voltage V {Ans. : 45 V, 140V}

10. Find the current in all the branches of the network shown in the Fig. 2,125,
(Ans.:39A,21A,39A,81A,11A,41A)
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11. If the total power dissipated in the circuit shown in the Fig. 2.126 is 18 weatts, find the wvalue of R
and current through it. (Ans.: 126, 0.6 A)
—— MM —— AW

R 160
—MW——

+h-

II

12v
Fig. 2.126

12. The current in the 6 S resista nce of the network shown in the Fig. 2.127 is 2A. Determine the
currents in all the other resistances and the supply voltage V.

ZA 16191 l%ill
‘n AARAS Y¥VY
-.—-.M—q._—_—

AMAN ﬂ“np

AARA
34} 2002

v
Fig. 2.127

{(Ans.:1.5A,25A,1A,46 V)
13. A particular battery when loaded by a resistance of 50 2 gives the terminal voltage of 486 V. If
the load resistance is increased to 100 S, the terminal voltage is observed fo be 43.2 V.

Determine, i) EIM.F, of battery
ii} Internal resistance of battery
Also calculate the load resistance required to be connected to get the terminal voltage of 49.5 V

{Ans. : 49.815 V, 196.42 Q)
14. Determine the value of R shown in the Fig. 2.128, if the power dissipated in 10 QO  resistance is
50 W. (Ans.: 1001

AA

-
E:
<

o 2p

>
>
>
4

<
<
<
<
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20.
21
22,

15

16.

17.

respectively. Find the current supplied to the load. (Ans. : 36.778 A)
Using Kirchhoff's laws, find the current flowing through the gal ter G in the Wheatst
bridge network shown in the Fig. 2.129. (Ans. : 48.746 mA)
250
a
200
d
il
25V.24Q
Fig. 2.129
. A neiwork ABCD is made up as follows :
AB has a cell of 2 V and negligible resistance, with the positive terminal connected to A; BC is a

A resistance of 10 £ is connected in series with the two resistances each of 15 £ arranged in
parallel. What resistance must be shunted across this parallel combination so that the total current
taken will be 1.5 A from 20 V supply applied ? (Ans.: 643
Two coils are connected in parallel and a voltage of 200 V is applied between the terminals. The
fotal current taken is 25 A and power dissipated in one of the resistances is 1500 W. Calculate the
resistances of two coils. (Ans. : 26.67 {2, 1143 <))
Two storage balteries A and B are connecled in parallel to supply a load of 0.3 Q1 The open circuit
emf of Ais 11.7 V and that of B is 12.3 V. The internal resistances are 0.06 12 and 0.050

resistor of 250 ; CD is a resistor of 100 2 ; DA is a battery of 4 V and negligible resistance with
positive terminal connected to D; AC is a milliammeter of resistance 1042 Calculate the reading on
the milliammeter. (Ans. : 26.67 mA)
State and explain Thevenin's theorem.

State and explain Norton's theorem.

State and explain Maximum power transfer theorem.

Use Thevenin’s theorem to calculate current through branch A-B.  (Ans. : 2.4857 A from A to B)
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10V
) A
)
A
Lo 204
10
]
L
250
00
Fig. 2.130

24. Find current through 8 Q resistance by Norton's theorem. (Ans. : 1.7954 A from A to B)

OX

3 A

5A () 120 in

)

)zn 8

o B
Fig. 2.131
25. Calculate current through 10 Q resistance by
i) Superposition Theorem
ii) Thevenin's Theorem (Ans. : 1.6208 A from A to B)

D
20 & ag

Fig. 2.132
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26. Find the current through branch A-B by using
i) Theventin’s Theorem

ii} Norton's Theorem (Ans. : 0.2273 A from A to B)
100 A 20 0
01Q ozq
50
2v(®) (Dav
B
Fig. 2133

aao



Magnetic Circuits

3.1 Introduction

All of us are familiar with a magnet. It is a piece of solid body which possesses a
property of attracting iron pieces and pieces of some other metals. This is called a natural
magnet . While as per the discovery of Scientist Oersted we can have an electromagnet.
Scientist Oersted stated that any current carrying conductor is always surrounded by a
magnetic field. The property of such current is called magnetic effect of an electric
current. Natural magnet or an electromagnet, both have close relation with electromotive
force (em.f), mechanical force experienced by conductor, eiectric current etc. To
understand this relationship it is necessary to study the fundamental concepts of magnetic
circuits. In this chapter we shall study laws of magnetism, magnetic field due to current
carrying conductor, magnetomotive force, simple series and parallel magnetic circuits .

3.2 Magnet and its Properties

As stated earlier, magnet is a picce of solid body which possesses property of
attracting iron and some other metal pieces.
. o When such a magnet is rolled into iron pieces it will be observed that iron pieces
cling to it as shown in Fig. 3.1

Iron pieces accumulate The maximum iron pieces accumulate at

more at the ends the two ends of the magnet while very few
\M accumulate at the centre of the magnet.

' The points at which the iron pieces

Fig. 3.1 Natural magnet accumulate maximum are called Poles of the

String magnet while imaginary line joining these poles

is called Axis of the magnet.

ii) When such magnet is suspended freely
by a piece of silk fibre, it turns and always
adjusts itself in the direction of North and
Fig. 3.2 Freely suspended South of the earth.

3-1)
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The pole which adjusts itself in the direction of North is called North seeking or
North (N) pole, while the pole which points in the direction of South is called South
seeking or South (5) pole. Such freely suspended magnet is shown in the Fig. 3.2

This is the property due to which it is used in the compass needle which is used by
navigators to find the directions.

iii) When a magnet is placed near an iron or steel piece, its property of attraction gets
transferred to iron or steel piece. Such transfer of property of attraction is also possible by
actually rubbing the pole of magnet on an iron or steel piece. Such property is called
magnetic induction.

Magnetic Induction : The phenomenon due to which a magnet can induce magnetism
in a (iron or steel) piece of magnetic material placed near it without actual physical contact
is called magnetic induction.

iv) An ordinary piece of magnetic material when brought near to any pole N or 5 gets
attracted towards the pole. But if another magnet is brought near the magnet such that
two like poles (N' and 'N' or 'S’ and 'S'), it shows a repulsion in between them while if
two unlike poles are brought near, 1t shows a force of atlrachon

\,Key Poirlt Lﬂae poles repel awck aﬂm’ and the un!‘ﬂm pol'es attrack each ur}:er
; is the sure test of :Mgﬂéf:.sm as ordinary prkce of rmgnelrc ‘material
t'wnys shows. attraction fowards bom the poles.

Let us see the molecular theory behind this magnetism.

3.3 Molecular Theory of Magnetization

Not only magnetized but materials like

s s N iron, steel are also complete magnets

/ \ /SN\ according to molecular theory. All materials

I = ¥ consist of small magnets internally called

S\ / N molecular magnets. In  unmagnetised

N B materials such magnets arrange themselves in
Fig. 3.3 Molecular magnets in closed loops as shown in the Fig. 3.3

unmagnetised material So at any joint, effective strength at a

point is zero, due to presence of two unlike

Molecular poles. Such poles cancel each other’s effect.

- But if magnetized material is considered or

§  unmagnetized material subjected to

magnetizing force is considered, then such

small molecular magnets arrange themselves

- f flay in the direction of magnetizing force, as
Fig. 3.4 Magnetised piece of material hown 4 the Fig, 3.4
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Unlike poles of these small magnets in the middle are touching each other and hence
neutralizing the effect.

But on one end 'N' poles of such magnets exist without neutralizing effect. Similarly
on other end 'S' poles of such magnets exist. Thus one end behaves as 'N' pole while other
as 'S' pole. So most of the iron particles get attracted towards end and not in the middle.

From this theory, we can note down the following points :

1) When magnetizing force is applied, immediately it is not possible to have alignment
of all such small magnets, exactly horizontal as shown in the Fig. 3.4. There is always
some limiting magnetizing force exists for which all such magnets align exactly in
horizontal position .

Key Paint: Though magiictizing force is increased beyond certain value, there is no
chence for further alignment of molecular magnets hence further miagnetization is not
possible. Such condition of phenomenon is called Saturation.

2) If the magnet is broken at any
point, each piece behaves like an
independent magnet with two poles to
each, ‘N’ and ‘S'.

3) The piece of soft iron gets
magnetized more rapidly than hard steel.
This is because alignment of molecular
magnets in soft iron takes place quickly
for less magnetizing force than in hard
steel.

Fig. 3.5 Breaking of magnet

4) If unmagnetised piece is subjected to alternating magnetizing force ie. changing
magnetizing force, then heat is produced. This is because molecular magnets try to change
themselves as per change in magnetizing force. So due to molecular friction heat is
generated.

5) If a magnet is heated and allowed to cool, it demagnetizes. This is because heat sets
molecular magnets into motion so that the molecules again form a closed loop,
neutralizing the magnetism.

6) Retentivity : When a soft iron piece is magnetized by external magnetizing force
due to magnetic induction, it loses its magnetism immediately if such force is removed. As
against this hard steel continues to show magnetism though such force is removed. It
retains magnetism for some time.

Key Polnt Thie ;foaxr of .rv'!r.-.'. : m:: sw aﬁtr the magne!fzmg ﬁ;rce is

i .fit nbsenm»af ma;gntuzmg fl:rrw dzpeﬁds on |




Basic Electrical Engineering 3-4 Magnetic Circuits

3.4 Laws of Magnetism
There are two fundamental laws of magnetism which are as follows :

This is already mentioned in the properties of magnet.

Law 2: This law is experimentally
‘as Conlomb’s Law.

The force ( F ) exerted by one pole on the other pole is,
a) directly proportional to the product of the pole strengths,
b) inversely proportional to the square of the distance between them, and
c) nature of medium surrounding the poles.
Mathematically this law can be expressed as,
F o M12Mz

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

KM; M,

F = =

where K depends on the nature of the surroundings and called permeability.

3.5 Magnetic Field

We have seen that magnet has its influence on the surrounding medium. ‘The region
around a magnet within which the influence of the magnet can be experienced is called
magnetic field. Existence of such field can be experienced with the help of compass
needle, iron or pieces of metals or by bringing another magnet in vicinity of a magnet.

3.5.1 Magnetic Lir-'s of ®nrce

The magnetic fiela of magnet is represented by imaginary lines around it which are
called magnetic lines r force. Note that these lines have no physical existence, these are
purely imaginary and were introduced by Michael Faraday to get the visualization of
distribution of such lines of force.

3.5.2 Direction of Magnetic Field
The direction of magnetic field can be obtained by conducting small experiment.

Let us place a permanent magnet on table and cover it with a sheet of cardboard.
Sprinkle steel or iron fillings uniformly over the sheet. Slight tapping of cardboard causes
fillings to adjust themselves in a particular pattern as shown in the Fig. 3.6
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Cardboard sheet fron filings

Fig. 3.6 Magnetic lines of force
The shape of this pattern projects a mental picture of the magnetic field present
around a magnet.
A line of force can be defined as,

Consider the isolated N pole (we cannot separate the pole but imagine to explain line
of force) and it is allowed to move freely, in a magnetic field. Then path along which it
moves is called line of force. Its shape is as shown in the Fig. 3.6 and direction always
from N-pole towards S-pole.

The direcion of lines of force can be
understood with the help of small compass
needle. If magnet is placed with compass needles
around it, then needles will take positions as
shown in the Fig.3.7. The tangent drawn at any
point, of the dotted curve shown, gives direction
of resultant force at that point. The N poles are all
Fig. 3.7 Compass needle experiment pointing along the dotted line shown,from N- pole

to its S-pole.

The lines of force for a bar magnet and U-shaped magnet are shown in the Fig. 3.8.

Lines

e N\

Fig. 3.8 (a) Bar magnet Fig. 3.8 (b) U-shaped magnet
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Attraction between the unlike poles and repulsion between the like poles of two
magnets can be easily understood from the direction of magnetic lines of force. This is
shown in the Fig. 3.9 (a) and (b).

Repulsion

= <Gmmmmm Aftraction

Lines of force
Lines of force

Fig. 3.9 (a) Force of attraction Fig. 3.9 (b) Force of repuision

3.5.3 Properties of Lines of Force
Though the lines of force are imaginary, with the help of them various magnetic
effects can be explained very conveniently. Let us see the various properties of these lines
of force.
1) Lines of force are always originating on a N-pole and
l_Extml to terminating on a S-pole, external to the magnet.
i 2) Each line forms a closed loop as shown in the
Flg 3.10.

Fig. 3.10 Lines of force complm
the closed path

' Hnes of;'ndmzo'___ _

3) Lines of force never intersect each other.

4) The lines of force, are like stretched rubberbands and always try to contract in
length.

5) The lines of force, which are parallel and travelling in the same direction repel each

other.
6) Magnetic lines of force always prefer a path offering least opposition.
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3.6 Magnetic Flux ( ¢ )

The total number of lines of force existing in a particular magnetic field is called
magnetic flux. Lines of force can be called lines of magnetic flux. The unit of flux is
weber and flux is denoted by symbol (§§ . The unit weber is denoted as Wb.

3.7 Pole Strength

We have seen earlier that force between the poles depends on the pole strengths. As
we are now familiar with flux, we can have idea of pole strength. Every pole has a
capacity to radiate or accept certain number of magnetic lines of force i.e. magnetic flux
which is called its strength. Pole strength is measurable quantity assigned to poles which
depends on the force between the poles. If two poles are exerting equal force on one other,
they are said to have equal pole strengths.

Unit of pole strength is weber as pole strength is directly related to flux ie. lines of

EIyienf:afI pai'e at a'd:slnmce qf 1 metre in free space npencncas fa af

15x2

So when we say Unit N-pole, it means a pole is having a pole strength of 1 weber.

3.8 Magnetic Flux Density ( B )

It can be defined as ‘The flux per unit area (a) in a plane at right angles to the flux is
known as ‘flux density’. Mathematically,

It is shown in the Fig. 3.11.

C Plane at right
segrt?;:a] angles lo lines of force

areaa

Magnetic
lines of
Flux force i.e.
density flux ¢
B=2
E]

Fig. 3.11 Concept of magnetic flux density
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3.9 Magnetic Field Strength ( H )

This gives quantitative measure of strongness or weakness of the magnetic field. Note
that pole strength and magnetic field strength are different. This can be defined as ‘The
force experienced by a unit N-pole (i.e. N pole with 1 Wb of pole strength ) when placed
at any point in a magnetic field is known as magnetic field strength at that point.

It is denoted by H and its unit is newtons per weber i.e. (N/Wb) or amperes per
mefre (A/m.) or ampere turns per metre (AT/m). The mathematical expression for
calculating magnetic field strength is,

tmp Example 3.1 : A pole having strength of 0.5x10~2 Wb is placed in a magnetic field at
a distance of 25 cm from another pole. It is experiencing a force of 0.5 N. Assume constant
of medium ——1—--——- . Determine,
36n2 x10~7
a) magnetic field strength at the point.  b) the strength of other pole.
c) distance at which force experienced will be doubled.

Solution : The given values are,

M; = 0.5x1073 Wh, d=25cm = 025m, F=05 N
K = [——1—) =2814773
36m2 x10~7
(a) Magnetic field strength,
H = Newton _ Force experienced _ 0.5
Wb Pole strength  05x10-2
=1000 N / Wb.
b} According to Coulomb's law,
F = KM;M,
d2
05 = 0.5x1073 x28144.773x M,

(0.25)%
M, = 2.22x10"% Wb ... pole strength of other pole
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o) F=1N
28144.773x 0.5x10-3 x2.22x10-3
d2
2 d = 0.1767 m = 17.67 cm
At a distance of 17.67 em from another pole, the first pole will experience a force 1 N.

1=

ey Point: When poles
| increases. -

:_I:rvugﬁt_ nearer and nearer, fm‘e_. expenmced by them

¥

3.10 Magnetic Effect of an Electric Current (Electromagnets)

When a coil or a conductor carries a current, it produces the magnetic flux around it.
Then it starts behaving as a magnet. Such a current carrying coil or conductor is called an
electromagnet. This is due to magnetic effect of an electric current.

If such a coil is wound around a piece of magnetic material like iron or steel and
carries current then piece of material around which the coil is wound, starts behaving as a
magnet, which is called an electromagnet.

The flux produced and the flux density can be controlled by controlling the magnitude
the current.

The direction and shape of the magnetic field around the coil or conductor depends on
the direction of current and shape of the conductor through which it is passing. The
magnetic field produced can be experienced with the help of iron fillings or compass
needle.

Let us study two different types of electromagnets,
1) Electromagnet due to straight current carrying conductor
2) Electromagnet due to circular current carrying coil

3.10.1 Magnetic Field due to Straight Conductor

When a straight conductor carries a current, it produces a magnetic field all along its
length. The lines of force are in the form of concentric circles in
the planes right angles to the conductor. This can be
demonstrated by a small experiment.

force (flux) Consider a straight conductor carrying a current, passing
y through a sheet of cardboard as shown in the Fig. 3.12. Sprinkle
” Sheetof iron fillings on the cardboard. Small tapping on the cardboard
cardboard  cayges the iron filling to set themselves, in the concentric circular
pattern. The direction of the magnetic flux can be determined by
placing compass needle near the conductor. This direction
depends on the direction of the current passing through the
1 conductor. For the current direction shown in the Fig. 3.12 ie.
from top to bottom the direction of flux is clockwise around the

Fig. 3.12 Magnetic field .gnductor.

due to a straight
conductor
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Conventionally such current carrying conductor is represented by small circle, (top
view of conductor shown in the Fig. 3.12). Then current through such conductor will either
come out of paper or will go into the plane of the paper.

 Key Point: When mm'n!-‘
 observer, it is represented by a ‘cross’,

i er, L. atw
L ;ugidezbe le indicating the g:mductors

The cross indicates rear view of feathered end of an arrow.

; _of the paper. :s represeﬂted by a ‘dot’ inside the circle.

The dot indicates front view i.e. tip of an arrow. This is shown in the Fig. 3.13.
J

=Q =®

- Cross Dot
I {I (Going away) (Coming
- from cbserver towards)
observer
(a) Current into the paper (b) Current out of the paper

Fig. 3.13 Cross and Dot convention
3.10.1.1 Rules to Determine Direction of Flux Around Conductor

1) Right Hand Thumb Rule : It states that, hold the current carrying conductor in the

right hand such that the thumb pointing in the direction of current and parallel to the

conductor, then curled fingers point

I in the direction of the magnetic

“current field or flux around it. The Fig. 3.14

Thumb explains the rule.

~, curr:r?::til:legcﬂon Let us apply this rule to the

Curled B8 Right conductor passing through card

fingers indicate hand sheet considered earlier. This can
direstion. of be explained by the Fig. 3.15.

Fig. 3.14 Right hand thumb rule

|

Flux
around
conductor

Fig. 3.15 Direction of magnstic lines by Right hand thumb rule
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Conventionally it is shown as in the Fig. 3.16.

(a) Clockwise (b) Anticlockwise
Fig. 3.16 Representation of direction of flux
2) Corkscrew Rule : Imagine a right handed screw to be along the conductor carrying
current with its axis parallel to the conductor and tip pointing in the direction of the
current flow.
Then the direction of the magnetic field is given by the direction in which the screw
must be turned so as to advance in the direction of the current.

This is shown in the Fig. 3.17.

Screw Screw
l Direction of l Direction of
( rotation |.e. ( j rotation i.e.
flux flux
Advancement (=
direction diacton
of cument of current
(a) Clockwise rotation (b) Anticlockwise rotation

Fig. 3.17 Corkscrew rule
3.10.2 Magnetic Field due to Circular Conductor l.e. Solenoid

Coll or A solenoid is an arrang t in which long conductor
L_condumr Core is wound with number of turns close together to form a
coil. The axial length of conductor is much more than the
diameter of tumns. The part or element around which the
. . conductor is wound is called as core of the solenoid. Core
1 1 may be air or may be some magnetic material. Solenoid

Fig. 3.18(a) Solenoid with a steel or iron core in shown in Fig. 3.18(a).
‘When such conductor is excited by the supply so that
it carries a current then it produces a magnetic field which acts through the coil along its
axis and also around the solenoid. Instead of using a straight core to wound the
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Flux lines

Solencid

Battery

Fig. 3.18(b) Flux around a solenoid

conductor, a circular core also can be used
to wound the conductor. In such case the
resulting solenoid is called Toroid. Use of
magnetic material for the core produces
strong magnet. This is because current
carrying conductor produces its own flux. In
addition to this, the core behaves like a
magnet due to magnetic induction,
producing its own flux. The direction of two
fluxes is same . due to which resultant
magnetic field becomes more strong.

The pattern of the flux around the solenoid is shown in the Fig. 3.18(b).

The rules to determine the direction of flux and poles of the magnet formed:

1) 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 point to the North pole of the solenoid or point the direction of flux lines

inside the core.

Cuﬂa?dﬂngc;.af
(B

——p Stretched
N thumb N direction

Right
hand

Fig. 3.19 (a) Direction of flux around a solenoid

This is shown in Fig. 3.19 (a) and (b).

- Curled
finger
current
Stretched Cllss
thumb
N

direction  Right hand

Fig. 3.19 (b) Direction of flux around a solenoid
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In case of toroid, the core is‘;hrcu]&r and hence using right hand thumb rule, the
direction of flux in the core, due to current carrying conductor can be determined. This is
shown in the Fig. 3.20(a) and (b). In the Fig. 3.20 (a), corresponding to direction of
winding, the flux set in the core is anticlockwise while in the Fig. 3.20 (b) due to direction
of winding, the direction of flux set in the core is clockwise. The winding is also called
magnetising winding or magnetising coil as it magnetises the core.

Magnetising
- Magnetising
Supp -0 winding
|
y+ . Flux
direction
in core
Flux
Thurnb
Curled pornhng flux
finger (I] Right hand
in dirachon
of current
Fig. 3.20

2) Corkscrew rule : If axis of the screw is placed along the axis of the solenoid and if
screw is turned in the direction of the current, then it travels towards the N-pole or in the
direction of the magnetic field inside the solenoid.

3) End rule : If solenoid is observed from any one end then its polarity can be decided
by noting direction of the current.

Consider solenoid shown in the Fig. 3.21.

If it is seen from the end A, current will
appear to flow in clockwise direction, so that
end behaves as S-pole of the magnet. While as
seen from the end B, current appears to flow in
anticlockwise direction then that end which is
B, behaves as N-pole of the magnet.

End A End B
@ @ Generally right hand thumb rule is used to
Clodise Anti-cckwise determine direction of flux and nature of the
poles formed. Using such concept of an
Fig. 3.21 End rule electromagnet, various magnetic circuits can be

obtained.

3.11 Nature of Magnetic Field of Long Straight Conductor

We have seen that any current carrying conductor produces magnetic field around it
and behaves like a permanent magnet with its field around.
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Consider a conductor carrying ‘current I

Flux

C:f’ . amperes of length ' * meters. Consider point P
. : in the vicinity of such conductor. There will
| R :‘ be influence of magnetic field on point P
uctor . [ which can be quantified by magnetic field
\ n‘l 1P screngfh. H at point P. This is <‘ie.ﬁnitely
4(&{ proportional to current I and inversely
P e {Npo  proportional to distance of point P from the

A // ' conductor.
,," E The magnitude of such magnetic field
: strength 'H' can be calculated by using the

Fig. 3.22 (a) Field strength due to

expression

1 . .
H= m(smu] +sin ;)

The proof of this is out of the scope of this book.
For infinitely long conductor ie. length 1 ' is very very large then o and o tend

to 307

H = o [sin 90+sin 90] =

1
H=m A/m

21

4nd

This unit of magnetic field strength A/m is mentioned earlier when field strength is

defined.

Group of N H If such 'N' conductors are grouped together
canductors / to form 'a coil or a cable then field strength
() — tF due to current I passing through each
i i conductor of the group can also be calculated
! ' by using same expression. The only change
| ' will be the field strength calculated above will

i i get multiplied by 'N".
—— So magnetic field strength at a point 'd’
Fig. 3.22(b) metres away from centre of such group of 'N'

conductors each carrying current I amperes is
NI

where AT/m means ampere turns per metre.
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3.11.1 Magnetic Field Strength due to a Long Solenoid

Similar to the case of long straight conductor, we can decide field strength along the
axis of a long solenoid. Such field strength depends on the number of turns of the
conductor around the core and magnitude of current I passing through the conductor. If 'I'
is the length of the solenoid in metres then H can be determined by the expression :

H = ?AT/m

Key Point: The expression is applicable for solencids swhich'are veriy very long but
i practice the expression is used for all types of solenoids. :

mmp Example 3.2 1 A current of 2 amp is flowing through each of the conductors in a coil
containing 15 such conductors. If a point pole of unit strength is placed at a perpendicular
distance of 10 cm from the coil, determine the field intensity at that point.

Solution : T=2A, N=15d =10cm = 0.1 m.

_ NI 15%2

= 5 =TT S 47.74 AT/m

iy Example 3.3 : A solenoid of 100 cm is wound on a brass tube. If the current threugh the
coil is 0.5 A, calculate the number of turns necessary over the solenoid to produce a field
strength of 500 AT/m at the center of the coil.
Solution : The field strength on the axis of a long solenoid is given by
NI

H = TA’I’/m

I = Length of coil = 100 em = 1 m , N = Number of turns
I = Current =05 A

500 = Nx0.5
1
N = 1000

So 1000 turns on solenoid are necessary to produce the required field strength.

3.12 Force on a Current Carrying Conductor in a Magnetic Field

We have already mentioned that magnetic effects of eleciric current are very useful in
analysing various practical applications like generatots, motors etc. One of such important
effects is force experienced by a current carrying conducto. in a magnetic field.

Let a straight conductor, carrying a current is placed in a -1agnetic field as shown in
the Fig. 3.23 (a).
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The magnetic field in which it is placed has a flux pattern as shown in the

Fig. 3.23 (a).
: L_MTWI

Current carrying
conducior

(a) Flux due to magnet (b) Flux due to current carrying conductor
Fig. 3.23 Current carrying luctor in a tic field

Now current carrying conductor also produces its own magnetic field around it.
Assuming current direction away from observer i.e. into the paper, the direction of its flux
can be determined by right hand thumb rule. This is clockwise as shown in the
Fig. 3.23 (b). [For simplicity, flux only due to current carrying conductor is shown in the
Fig. 3.23 (b).]

Now there is presence of two magnetic fields namely due to permanent magnet and
due to current carrying conductor. These two fluxes interact with each other. Such
interaction is shown in the Fig. 3.24 (a).

This interaction as seen is in such a way that on one side of the conductor the two
lines help each other, while on other side the two try to cancel each other. This means on
left hand side of the conductor shown in the Fig. 3.24 the two fluxes are in the same
direction and hence assisting each other . As against this, on the right hand side of the
conductor the two fluxes are in opposite direction hence trying to cancel each other. Due
to such interaction on one side of the conductor, there is accumulation of flux lines
(gathering of the flux lines) while on the other side there is weakening of the flux lines.

The resultant flux pattern around the conductor is shown in the Fig. 3.24 (b).

(a) Presence of the two fluxes {b) Resultant flux pattern
Fig. 3.24 Interaction of the two flux lines
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According to properties of the flux lines, these flux lines will try to shorten themselves.
While doing so, flux lines which are gathered will exert force on the conductor. So
conductor experiences a mechanical force from high flux lines area towards low flux lines
area i.e. from left to right for a conductor shown in the Fig. 3.24.

Key Point: Thus we can conclude that current carrying conductor placed in the
magn:tu: ﬁe!d,-apeﬂmces a mechanical force, due to interaction of fwo

This is the basic principle on which D.C. electric motors work and hence also called
motoring action.

3.12.1 Fleming's Left Hand Rule

The direcion of the force
experienced by the current carrying
conductor placed in magnetic field
can be determined by a rule called
‘Fleming's Left Hand Rule'. The
rule states that, ‘Outstretch the
three fingers of the left hand
namely the first finger, middle

Direction of
\ motion

{motion) Left finger and thumb such that they

hand \ S e mutually perpendicular to each

Firét et ®' other. Now point the first finger in

finger the direction of magnetic field and

{fux) the middle finger in the direction

Middle of the current then the thumb
finger (current) gives the directon of the force

experienced by the conductor'.

Fig. 3.25 Fleming's ieft hand rule . .
The rule is explained in the

diagrammatic form in the Fig. 3.25.

Apply the rule to crosscheck the direction of force experienced by a single conductor,
placed in the magnetic field, shown in the Fig. 3.26 (a), (b), (c) and (d).

(d)

Fig. 3.26 Direction of force experienced by conductor
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3.12.2 Magnitude of Force Experienced by the Conductor

The magnitude of the force experienced by the conductor depends on the following
factors,

1) Flux density (B) of the magnetic field in which the conductor is placed measured
in Wb/m? i.e. Tesla.

2) Magnitude of the current I passing through the conductor in Amperes.
3) Active length 'l ' of the conductor in metres.

The active length of the conductor is that part of the conductor which is actually
under the influence of magnetic field.

If the conductor is at right angles to the magnetic field as shown in Fig. 327 (a) then
force F is given by,

_F = Bl Newtons.

=

Magnahc field Magnetic field Magnetic field
(b) (e}
Fig. 3.27 Force on a current carrying conductor

But if the conductor is not exactly at right angles, but inclined at angle 6 degrees with
respect to axis of magnetic field as shown in the Fig. 3.27 (b) then force F is given by,
F = Bllsin B Newtons
As shown in the Fig. 3.27 (c), if conductor is kept along the lines of magnetic field
then 0 = O“and.assm()" 0, the force experienced bytheconductorlsa]sozem

: Key Foint ch dtrec!m nf such force can be reversed. either by changing the
- direction of current or by ‘chmgmg the direction of Hu.' ﬁux lines in which it is kept,
. If both are reversed, the direction of force remains same. !

mmp Example 3.4 : Calculate the force experienced by the conductor of 20 cm long, carrying
50 amperes, placed at right angles to the lines of force of flux density 10x10~3 W’

Solution : The force experienced is given by,
F
B
!

Bllsin 6 where sin(f) = 1 as =90 degrees
Flux density = 10x10-3 Wb/ m?2
Active length =20 cm = 0.2 m

LI}
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I = current =50 A

F = 10x1073x50x02 =01 N

3.13 Force between Twe Parallel Current Carrying Conductors

The force between two parallel current carrying conductors depends on the directions
of these two currents. We have seen that whenever there is interaction of two fluxes, the
force gets generated. In this case each current carrying conductor produces its own flux
around it. So when such two conductors are placed nearby, due to interaction of two
fluxes there exists a force between them.

3.13.1 Direction of Both the Currents Same

Consider two parallel conductors A and B which are carrying current in the same
direction as shown in the Fig. 3.28 (a).

Force of
—— -—=—— gaftraction

{a) Current carrying conductors {b) Flux pattern
Fig. 3.28 Force of attraction

Then the direction of the two radial fields around them can be decided by right hand
thumb rule. When such two conductors are placed parallel to each other and nearby the
two fields interact. In space between the conductors, the two fluxes are in opposite
direction and cancel each other's effect and get neutralised while in space outside the
conductors two fields help or assist each other, producing high flux area around the
conductors. The resultant flux pattern is shown in the Fig. 3.28 (b).

As flux lines outside try to shorten as per their property, they exert force on the
conduciors. Hence conductors experience a force of attraction in between them.

3.13.2 Directions of Two Currents Opposite to Each Other

Consider the conductors A and B which are carrying currents in the directions
opposite to each other. Then the directions of the two radial fields can be shown in the
Fig. 3.29 (a)

When such two conductors are placed nearby, parallel to each other then these two
fields interact with each other. Now in space between the conductors two fluxes assist each
other producing high flux zone. While surrounding the conductors, two fluxes oppose
each other and cancel each other. The resultant flux pattern is shown in the Fig. 3.29 (b).
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P -9)©E-

—— i
Force of repulsion

(a) Current carrying conductors (b) Flux pattern
Fig. 3.29 Force of repulsion
As flux lines within the space try to shorten as per their property and due to this they

exert force on the conductors in directions opposite to each other. Due to this conductors
experience a force of repulsion in between them.

3.13.3 Magnitude of Force between Two Parallel Conductors

We have seen that two current carrying conductors when placed nearby, parallel to
each other experience a force. The direction of such a force depends on the directions of
the flow of currents. Let us derive expression for its magnitude which requires the
understanding of the permeability.

Let the two parallel conductors be 'A' and 'B' carrying currents I} and I, amperes |
respectively, placed in vacuum.

Now the magnetic field strength at a point 'd’ metres from the axis of the current
carrying conductor is given by

1
H = Trd AT/m or A/m

where [ is current through the conductor.

Now let distance between the centres of the conductors be t' metres. So magnetic field
strength due to conductor A at a centre of B which is T metres away is

_
H_Z'n:r

Now let conductors are placed in vacuum then
B = Ho H

. Flux density due to conductor A at center of B is

_ kolx 2
B = 2nr Wh/m

Now force experienced by conductor B is
F = BI!
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when 1 is current through conductor B = I,

F = R ) Newtons.
2nr

Now po = 4mx10~7 for vacuum

4nx1077 Iy Iy %1

F= 2nr

F = 2x107 I 12% Newtons

Similarly due to magnetic field of B conductor A also experiences a force of same
magnitude but in opposite direction.

iy Example 3.5 : Two long parallel conductors carry currents of 70 A and 120 A in
opposite directions. The perpendicular distance between the conductors is 15 cm. Calculate
the force per metre which one conductor will exert on the other. Also calculate the field
strength at a point which is 60 mm from conductor A and 90 mm from conductor B.
Solution : ; =70 A, 1; =120 A, R=15cm =015 m.
Force per metre is required i.e. / = Im

F

|

2x107 I I 1 = 2x107 x70x120x =

0.0112 N/m

n

——

Flux

Paint
P

At point
P in between,
Hisin
same direction

Fig. 3.30

Now magnetic field strength at a point 60 mm away from A is given by
I 70

— = —————— = 18568 A/m
2nd 2 ex(60%102)

I'Iﬁ =
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Magnetic field strength at a point 90 mm away from conductor B is given by
I

120
Fii, S =— 2 21220 A/m
B 7 2nd T 2mx(90x1073)

Key Point: Since the currents int the two conductors are in opposite direction, at a
point in between the two, magnetic field sfrengths will be in same direction, as
shown.

Resultant magnetic field strength at a point 60 mm from A and 90 mm from B is
H = Hy + Hg= 18568 + 212.20 = 397.88 A/m

3.13.4 Unit of Ampere
If the current through each conductor is 1 A while the distance between their centers
is 1 m and length [ of each conductor which is under the influence of flux density B is 1 m
then,
L= L=1A andl=r=1m

F = leﬂ‘?xlxlx%zzmﬂ“? N.

In such a case, force experienced by each conductor is 2%10-7 N. From this, unit of
ampere can be defined.

Key Point: A current, which when flowing through each of the two long paml‘l‘el'
straight conductors having finite length and negligible cross-section, separated from
each other by a distance of one meter in vacuum, producing a force 2x10-7 N per
meler length i between the conductors is called one ampere current.

3.14 Permeability

The flow of flux produced by the magnet not only depends on the magnetic field
strength but also on one important property of the magnetic material called permeability.
It is related to the medium in which magnet is placed. The force exerted by one magnetic
pole on other depends on the medium in which magnets are placed.

Key Point: The permeability is defined as the ability or ease with which the
magnetic material forces the magnetic flux through a given medium. :

For any magnetic material, there are two permeabilities,
i) Absolute permeability ii) Relative permeability.

3.14.1 Absolute Permeability ( 1 )

The magnetic field strength (H) decides the flux density (B) to be produced by the
magnet around it, in a given medium. The ratic of magnetic flux density B.in a particular
medium ( other than vacuum or air ) to the magnetic field strength H producing that flux
density is called absolute permeability of that medium.
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It is denoted by p and mathematically can be expressed as,

B
R
ie B = pH

The permeability is measured in units henries per metre denoted as H/m.

3.14.2 Permeability of Free Space or Vacuum ( up )

If the magnet is placed in a free space or vacuum or in air then the ratio of flux
density B and magnetic field strength H is called Permeability of free space or Vacuum or
air.

It is denoted as p, and measured in H/m. It denotes the ease with which the
magnetic flux permeates the free space or vacuum or air.

It is experimentally found that this py ie. ratic of B and H in vacuum remains
constant every where in the vacuum and its value is 47x10~7 H/m.

kg = %invacuum = 4xx10~7 H/m

Key Point : For a magnetic material, the absolute pen;lea:bffily jois ma"dm(sfdni.

 This is because B and H bears a nonliear relation in case of magnetic materials. If
magnetic field strength is incrensed, there is change in flux density B but rw!’ ;:mcﬂ'y
proportional to the increase m H.

The ratio B to H is constant only for free space, vacuum or air which is
pp =4mx10~7 H/m.

3.14.3 Relative Permeability ( pr)

Generally the permeability of different magnetic materials is defined relative to the
permeability of free space ( |Lg). The relative permeability is defined as the ratio of flux
density produced in a medium (other than free space) to the flux density produced in free
space, under the influence of same magnetic field strength and under identical conditions.

Thus if the magnetic field strength is H which is producing flux density B in the
medium while flux density B, in free space then the relative permeability is defined as,

He = 1 where H is same.
By

It is dimensionless and has no units.
| For free space, vacuum or air, t,= 1 |

According to definition of absolute permeability we can write for given H,

- .f_i in medium (1)
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B g
Hg = —I_‘l]— in free space (2)
A 18 B
Divi 1) and (2) , oL
ding (1) and (2) -5
B
but B_n =
p’ =
Ho Fe

L= porr H/m
'I‘he relah\re permeabﬂlty of me!als l:ke m:m, stee.l varies from 100 to IDODDO

For example if relative permeability of the iron is 1000 means it is 1000 times more
magnetic than the free space or air.

3.15 Magnetomotive Force ( M.M.F.or F )

The flow of electrons is current which is basically due to electromotive force (e.m.f).
Similarly the force behind the flow of flux or production of flux in a magnetic circuit is
called magnetomotive force (m.m.f.) The m.m.f. determines the magnetic field strength.

It is the driving force behind the magnetic circuit. It is given by the product of the
number of turns of the magnetizing coil and the current passing through it.

Mathematically it can be expressed as,

m.m.f. = NI ampere turns

where N = Number of turns of magnetising coil and [ = Current through
coil
Its unit is ampere turns (AT) or amperes (A).

It is also defined as the work done in joules on a unit magnetic pole in taking it once
round a closed magnetic circuit.

3.16 Reluctance (S)
In an electric circuit, current flow is opposed by the resistance of the material, similarly
there is opposition by the material to the flow of flux which is called reluctance

It is defined as the resistance offered by the material to the flow of magnetic flux
through it. It is denoted by ‘S'. It is directly proportional to the length of the magnetic
circuit while inversely proportional to the area of cross-section.
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S o % where'l" in 'm ' while 'a *in 'm?2"
s = X
a
where K = Constant of proportionality
= Reciprocal of absolute permeability of material = EI_
5 = i = ; A/ Wb
Kha Bolra

It is measured in amperes per weber ( A/Wb).

The reluctance can be also expressed as the ratio of magnetomotive force to the flux
produced.

m.m.f

ie. Reluctance

“fax
% AT /Wb or A/ Wb

3.17 Permeance
The of the 1 tic circuit is defined as the reciprocal of the reluctance.

It is defined as the property of the magnetic circuit due to which it allows flow of the
magnetic flux through it.

Permeance = m

It is measured in weber per amperes (Wh/A).

3.18 Magnetic Circuits

The magnetic circuit can be defined as, the closed path traced by the magnetic lines of
force ie. flux. Such a magnetic circuit is associated with different magnetic quantities as
mum.f, flux reluctance, permeability etc.

Consider simple magnetic circuit shown in the Fig. 3.31 (a). This circuit consists of an
iron core with cross-sectional area of ‘a' m® with a mean length of ‘I' m. (This is mean
length of the magnetic path which flux is going to trace)) A coil of N tumns is wound on
one of the sides of the square core which is excited by a supply. This supply drives a
current I through the coil. This current carrying coil produces the flux (¢ ) which completes
its path through the core as shown in the Fig. 3.31 (a).

This is analogous to simple electric circuit in which a supply ie em.f. of E volts
drives a current I which completes its path through a closed conductor having resistance
R. This analogous electrical circuit is shown in the Fig. 3.31 (b).
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Flux(o) ]

._......._...:...__._.I
P i
P
N |
itums
Ly
Area of cls
PUNUREPRRIR | .
am
Fig. 3.31 (a) Magnetic circuit Fig. 3.31 (b) Electrical equivalent
Let us derive relationship between m.m.f., flux and reluctance.
I = Current flowing through the coil.
= MNumber of turns.

Iron core

-
=
-

m
i
. |

N

¢ = Flux in webers.

B = Flux density in the core.

p = Absolute permeability of the magnetic material
1, = Relative permeability of the magnetic material

Magnetic field strength inside the solenoid is given by,

H = % AT/m (1)
Now flux density is, B = pH
B = M NL o m? (2

]

Now as area of cross-section is ‘a ' m? , total flux in core is,

¢=Ba=w Wh )
ie. ¢ = _._.b_.'l_l_.__.
1
RoHra
_ mmf _ F
? = Slucnes - 3
where NI = Magnetomotive force m.un.f. in AT
1
S = —
HoMra

= Reluctance offered by the magnetic path.
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This expression of the flux is very much similar to expression for current in electric
circuit.

e.m.f.

~ resistance

mmp Example 3.6 :  An iron ring of circular cross sectional area of 3.0 cm’® and mean diameter
of 20 cm is wound with 500 turns of wire and carries a current of 2.09 A to produce the
magnetic flux of 0.5 m Wb in the ring. Determine the permeability of the material,
(May - 2000)

Solution : The given values are :
a=3em?=3x10%m? d= 20em, N=500, 1=2A ¢ =05mWb

Now, |l = axd=nx20=628318cm = 0628318 m
s = [ 0.628313 _ 1.6667 x 109 a
HoBra  4mx 1077 x p, x 3 x 104 Hr b
_ mmf NI
f=—5"=3
NI _ 500 %2
§ = =207 -2x10° AT / Wb (2
¢ 05x 1073 X / @
Equating (1} and (2),
2% 105 = 1.6667 » 109
[T
p = 833.334

3.18.1 Series Magnetic Circuits

In practice magnetic circuit may be composed of various materials of different
permeabilities, of different lengths and of different cross-sectional areas. Such a circuit is
called composite magnetic circuitWhen such parts are connected one after the other the
circuit is called series magnetic circuit.

Consider a circular ring made up of different materials of lengths I;,/; and I3 and
with cross-sectional areas a; ,a, and a; with absolute permeabilities py pzand p3 as
shown in the Fig. 3.32.
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{Length of
magnetic I
material 2) | _L

material 3)

Fig. 3.32 A series magnetic circuit

magne
h material 1)

Let coil wound on ring has N
turms carrying a current of 1
amperes.

The total mumf available
is = NI AT

This will set the flux ‘¢ which is
same through all the three elements
of the circuit.

This is similar to three
resistances connected in series in
electrical circuit and connected to
emf. carrying same current T
through all of them.

Its analogous electric circuit can
be shown as in the Fig. 3.33.

Fig. 3.33 Equivalent electrical circuit

The total resistance of the electric circuit is Ry + Ry + Ry . Similarly the total reluctance

of the magnetic circuit is,

I

Total St = S;+52+5;3 =

Total m.m.f, NI

[

I3

+
Miay Hpaz H3aj

NI

Total ¢ = oul rehuctance =~ 51 - (8,48, ¥53)
NI = Sr¢ =(5;+5;2+53)¢
NI = S51¢+S30+53¢

(m.m.f)T = (m.m.£); +(m.m.f), +(m.m.f),
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The total m.m.f. also can be expressed as,
(m.m.f)T = Hjl; +Hal; +Hsl3
where HI=vB_1, H2=EZ_, Hy=-—2
K1 Hz2
So for a series magnetic circuit we can remember,

1) The magnetic flux through all the parts is same.
2) The equivalent reluctance is sum of the reluctance of different parts.
3) The resultant m.m.f. necessary is sum of the m.m.f.s in each individual part.

3.18.2 Series Circuit with Air Gap

Flux(8) The series magnetic circuit can also have a

short air gap.

possible because we
flux can  pass

‘Key Point: This
have seen. earlier
 through air glso.

pa?:fnf.?ﬂgn SIuch air gap is not possible in case of electric

rom ring oftength . 27929 circuit.
ron ring of length /.
' Consider a ring having mean length of iron

Fig. 3.34 A ring with an air gap part as 'l;* as shown in the Fig. 3.34.
Total mmf = NI AT

Total reluctance

where Sj = Reluctance of iron path

Sg = Reluctance of air gap

The cross-sectional area of air gap is assumed to be equal to area of the iron ring.

li I

S]-= +

pai Hpaj

m.m.f. NI

¢ = Reluctance St
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or Total mm.f. = m.m.f. for iron + m.m.f for air gap

]

[ NI Sip+Sg¢ AT for ring.

mmp Example 3.7 : An iron ring 8 cm. mean diameter is made up of round iron of diameter
1cm and permeability of 900, has an air gap of 2mm wide. It consists of winding with
400 turns carrying a current of 3.5A. Determine,

i) mm.f. i) total reluctance iii) the flux iv) flux density in ring (May - 98, Dec-99)
Solution : The ring and the winding is shown in the Fig. 3.35.

Diameter of ring d = 8 cm,
length of iron = nd - length of air gap
i = mx(8x10-2)-2x10-3

= 0.2493 m.

2 mm Air gap : Key'Poirlt While calenlating iron length,
Fig. 3.35 do nol forget fo sublrack l'eugﬂt of air gap
JSrom total mean !engﬁz
Iz = Length of air gap

2mm =2x103 m

diameter of iron = 1cm
i i e I 232
area of cross section i= Ed = E(lx]ﬂ )
a = 7.853x105 m’

Area of cross section of air gap and ring is to be assumed same.

i) Total mm.f. produced = NI = 400x3.5
= 1400 AT (ampere turns)
i) Total reluctance S = S; +5;
I .
S = 1 .G =900
LT S

0.2493
4mx10-7 x900%7.853x 1075

= 2806947.615 AT/ Wb

1
Ss = ﬁ; as Jr= 1 for air
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2x1073 6
S = ———=————— =202667x10% AT /Wb
4nx10~7 x7.853%x10-9
Sp = 2806947.615+202667x10¢ = 23.0737x10% AT/ Wb

mmf _ NI _ 1400
reluctance St 230737 x106

ii) ¢

= 6.067x10-5 Wb

-5
& SO _ 07725 Wb/ m?
a  7853x10°%

iv) Flux density

3.18.3 Parallel Magnetic Circuits
In case of electric crcuits, resistances can be connected in parallel. Current through
each of such resistances is different while voltage across all of them is same. Similarly
different reluctances may be in parallel in case of magnetic circuits. A magnetic circuit
which has more than one path for the flux is known as a parallel magnetic circuit.
Consider a magnetic circuit shown in the Fig. 3.36 (a). At point A the total flux ¢,
divides into two parts ¢; and ¢;.

The fluxes ¢; and ¢, have their paths completed through ABCD and AFED
respectively.

This is similar to division of current in case of parallel connection of two resistances in
an electric circuit. The analogous electric circuit is shown in the Fig. 3.36 (b).

&, Centrallmb ¢,
f I

[] A ]
Limb 1 T — Limb 2

B ras

Fi L =1 Flux(d;) >
Llll'.‘t‘ G : > R:
a. k- b ag -
L
o] 1 P
c D
(a) Magnetic circuit (b) Equivalent electrical circult

Fig. 3.36 A parallel magnetic circuit
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The mean length of path ABCD = m
The mean length of the path AFED = 5 m
The mean length of the path AD = l.m
The reluctance of the path ABCD = §;
The reluctance of path AFED = 5
The reluctance of path AD = S,
The total m.m.f. produced = NI AT
f m.m.f.
U = ——
reluctance
m.m.f. = ¢xS
For path ABCDA, NI = ¢51+ ¢Sc
For path AFEDA, NI = 57 + $5:
hy V! <
hes G = —, =2 and S.= —-
where Uy 2Ty M S
Generally a; = ap = a, = Area of cross-section
For parallel circuit,
m.m. L required  m.m. [ required by
Total mn.f. = by central limb  any ene of outer limbs
NI = (NDap + (NDagcp or (NDaren
NI = ¢Sc +[¢151 or ¢;52]

As in the electric circuit e.m.f. across parallel branches is same, in the magnetic circuit

the m.m.f. across parallel branches is same.

Thus same m.m.f. produces different fluxes in the two parallel branches. For such

parallel branches,

Hence while calculating total m.m.f, the mm.f. of only one of the two parallel

branches must be considered.

3.18.4 Parallel Magnetic Circuit with Air Gap
Consider a parallel magnetic circuit with air gap in the central limb as shown in the”

Fig. 3.37.
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Flux ¢; Flux ¢,
i —r
ot

Total flux & S air gap i

Mean length 9 . Mean length
i P e ~— I,
L=
[ SR —
1
c D

Fig. 3.37 Parallel circuit with air gap
The analysis of this circuit is exactly similar to the parallel circuit discussed above. The
only change is the analysis of central limb. The central limb is series combination of iron
path and air gap. The central limb is made up of,

path GD = iron path = I,
path GA = airgap =1[;
The total flux produced is ¢. It gets divided at A into ¢; and ¢;.
9= 01+
The reluctance of central limb is now,

Sc = Si+5; = Ii+ s
Hac Hpac

I !
. z Hence mm.f. of central limb is now,

Ry [m.m.£)ap = m.m.£)gp +m.m.£)ca |
R,g I gn, Hence the total m.m.f. can be expressed as,
R [ND 1ot = ND G +(ND G +(NDape o (ND ase |

1 Thus the electrical equivalent circuit for such case
= becomes as shown in the Fig. 3.38.
L Similarly there may be air gaps in the side limbs
Fig. 3.38 Elac‘:mc?tl equivalent p¢ the method of analysis remains the same.

reul
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mmp Example 3.8 : The magnetic circuit shown in Fig. 3.39 is constructed of wrought iron.
The cross-section of the centre limb is 8 cm? and of each other limb, 5 cm?. If the coil on
centre limb is wound with 1000 turns, calculate the exciting current required to set up a
flux of 1.2 mWb in the centre limb. Width of each air gap is 1 mm. Points on the B/H
curve of wrought iron are as follows -

Solution : Given;

B (in Tesla)

12

1.35

15

H (in AT/m)

625

1100

2000

I_/ |
i 1
C—H
ife I L %
=B i
"
2
o—1 10 cm
‘/

o
......................... 5'-‘
D
25 em 25¢m

Fig. 3.39

le = length of central limb = 10 em = 0.1 m

ac = Bam? =8x10"% m?2, ¢ =12mWb = 12x10-3 Wb
Length of iron path of side limb = 25 cm

0.25 m (on each side)

h

n

aj = 5 cm?=5x10"*% m?

This is the example of parallel magnetic circuit.
The flux in central limb 1.2 mWb gets divided into two equal paths as shown in

Fig. 3.39.

Flux in side limbs= 2

2

ie. - ¢;j =06 mWb

Iy = Length of air gap = 1 mm = 1x10"3 m

(May - 2002)
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Flux density in central limb is,

éc _12x10-3

B, = =
< ac 8x10-*

=15 Tesla

Flux density in air gap is,

. -3
By = ¢_l=%.]£__:1,2 Wb/ m? ie.Tesla
aj  5x10-4
Flux density in side limb is,
-3
B; = ‘L‘:%:lQ Wb/ m2 ie.Tesla
aj  5x10-4
Roop oA ,?!_ 2 The equivalent circuit in electrical form is
F VWYY Wy B shown in Fig. 3.40 (a).
1 Applying KVL to loop ABCD,
1 I
BS X E-IR¢-% Rg-= Ri =0
RS Re Ele 2Ryl
> -

w2 : E v2 E=IRC+%R3+-[2-R5

‘|' Similarly applying Kirchhoff's mmf law to

E ) € the loop, o
Fig. 3.40 mmf = He lc +Hg lg +Hi L4
where
Hcl. = mum.f. required by central limb
Hg [y = m.m.f. required by air gap
H; ; = m.m.f. required by iron path on any one side
1) Central limb

Be = 15 Tesla
From B-H table given, corresponding, H. = 2000
Hclo = 200001 = 200 AT
1) Side limb

Bi 1.2 Tesla
From B-H table, given corresponding H; = 625
Hili = 625x025= 15625 AT
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M) The air gap

Bg = Mo Hyg
Bg 12
H = e —
& 7 o 4mx1077
Hy = 95492965 AT
Hgly = 95492965 x (1x 10-2)

Hgly = 9549296 AT
Total mun.f, required = Hcle+ Hj li+Hg Ig
NI = 200+15625+954.9296
NI = 131117 AT

131117 _ 131137

Current I = o oFturms — 1000

I =131 A

mmp Example 3.9 : A cast steel structure is made of a rod of square section 2.5 cm x 2.5 cm
as shown in the Fig. 3.41. What is the current that should be passed in a 500 turn coil on
the left limb so that a flux of 2.5 mWb is made to pass in the right limb. Assume
permeability as 750 and neglect leakage.

- 40om __, ___A0em ___,
'

1
1
[ | | -t=25mWb
N=500 4% o 11
L 1
L — ,' P :
]

Fig. 3.41
Solution : This is parallel magnetic circuit. Its” electrical equivalent is shown in the
Fig. 3.41 (a).
The total flux produced gets distributed into two parts having reluctances S; and S,.
51 = Reluctance of centre limb
Sz = Reluctance of right side



Basic Electrical Engineering 3-37 Magnetic Circuits

6 o b _ 25x% 102 g1 A c
DT HoHrar  4mx107 x750x25x25% 104 g i 1 L
= &)
= 424413 x 103 AT/Wb 0 J*
R 3R
6 o b 40x10-2 2 2

2 T HoRcrar  4nx1077 x750x2.5% 2.5%10-
R
8 S,
Fig. 3.41 (a)
mmf. = ¢ S51=¢: 52
And é = 25mWb .. given
-3 3
o = 8252 25x102x679061x103 _
51 424.413% 103

b = ¢+6; =25+ 4=65mWb

Total m.m.f. required is sum of the m.m.f. required for AEFB and that for either
central or side limb.

Sapre = S2=679.061x 103 AT/Wb
. mun.f. for AEFB = Sppppx¢ = 679.061x 103 x 6.5x 103
= 4413.8965 AT
Total mm.f. = 4413.8965+¢; 51 _
= 4413.8965+4% 10-3 x 424.413x 103 = 6111.548 AT

But NI = total mm.f.
6111.548
I = 00 - 12223 A

3.19 Kirchhoff's Laws for Magnetic Circuit

Similar to the electrical circuit Kirchhoff's Laws can be used to analyse complex
magnetic circuit. The laws can be stated as below :

3.19.1 Kirchho*f's Flux Law
The total m ignetic flux arriving at any junction in a magnetic circuit is equal to the
total magnetic |ux leaving that junction.
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P

The law infact is used earlier to analyse parallel magnetic circuit at a junction A shown
in the Fig.3.36 (a), where

b= d1+02

3.19.2 Kirchhoff's M.M.F. Law

The resultant m.m.f. around a closed magnetic circuit is equal to the algebraic sum of
the products of the flux and the reluctance of each part of the closed circuit ie. for a
closed magnetic circuit.

EmAm 24)5
As & %5 = fluxx reluctance = m.m.f.
MMF. also can be calculated as Hx! where H is field strength and 'I’ is mean length

m.m.f. = HI

Alternatively the same law can be stated as :

The resultant m.n.f. around any closed loop of a magnetic circuit is equal to the
algebraic sum of the products of the magnetic field strength and the length of each part of
the circuit i.e. for a closed magnetic circuit

Y mmf = YHI

3.20 Comparison of Magnetic and Electric Circuits
Similarities between electric and magnetic circuits are listed below :

Sr. No. Electric Circuit : Magnetic Circuit

1. Path traced by the curmrent is called Fath traced by the magnetic flux is
elactric circuit. defined as magnetic circuit.

2. E.MF. is the driving force in electric M.M.F. is the driving force in the magnetic
circuit, the unit is volts. circuit , the unit of which is ampere tums.

3 There is current I in the electric circuit There is flux ¢ in the magnetic circuit
measured in amperes. measured in webers.

4, The flow of electrons decides the cument The number of magnetic lines of force
in conductor. decides the flux.

5. Resistance oppose the flow of the curent. | Rel is opg i by magnalic path
Unit is ohm. to the flux. Unit is ampere tum/weber.
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5. R=p- Directly proportional to [. s= I-!al-lrﬂ Directly proportional to 1.
| to ‘a’. Depends on
ly proportional to p = pgjty.
nature of material. Inwrsnly proportional to area 7.
7. _ emf = _mmf
The curent 1= The fx &= s

The current density & = ;[ Aim?

The fiux density B = ;‘ Wi m?

Conductivity Is reciprocal of the
istivity,

Conductance =

-

Permeance s reciprocal of the
reluctance.

Pen'rmnau:—slc

10.

Kirchhoff's current and voitage law is
applicable to the electric circuit.

Kirchhoffs m.m.f. law and flux law is
applicable to the magnetic circuit.

There are few dissimilarities between the two which are listed below :

Sr. No. Electric Circuit Magnetic Circuit

1. In the electric circuit the current actually Due to mm.f. flux gets established and
flows L.e. there is movement of electrons. | does not flow in the sense in which

current flows.

2. There are many materials which can be There is no magnetic insulator as flux can
used as insulators Le. air, PV.C., pass through all the materials, even
synthetic resin etc, from which current can | through the air as well,
not pass.

3. Energy must be supplied to the electric Energy is required to create the magnetic
circuit to maintain the flow of current. flux, but is not required to maintain it.

4. The resi and the The reluctance, permeance and
indeoendsnl of wmmt density {6) under permeability are dependent on the flux
constant b But may chang density.
dus to the lnmpmmlm.

5. Electric lines of flux are not closed. They | Magnetic lines of flux are closed lines.
start from positive charge and’end on They flow from N pole fo S pole extemally
negative charge. while S pole to N pole internally.

6. There is continuous consumption of Energy is required to create the magnetic

electrical anergy.

3.21 Magnetic Leakage and Fringing

Most of the applications which are using magnetic effects of an electric current, are
using flux in air gap for their operation. Such devices are generators, motors, measuring
instruments like ammeter, voltmeter etc. Such devices consist of magnetic circuit with an
air gap and flux in air gap is used to produce the required effect.



Basic Electrical Engineering 3-40 Magnetic Circuits:

Such flux which is available in air gap and is utilised to produce the desired effect is
called useful flux denoted by ¢y .

It is expected that whatever is the flux produced by the magnetizing coil, it should
complete its path through the iron and air gap. So all the flux will be available in air gap.
In actual practice it is not possible to have entire flux available in air gap. This is because,
we have already seen that there is no perfect insulator for the flux. So part of the flux
oomp]ehes its path through the air or medium in which coil and magnehc circuit is p]aoed

Kay Po!nt Such ﬂm: whrd: Imix tmd completes its

_._Ll-l:;ﬂ;ﬂ flux The Fig. 342 shows the useful and
9 leakage flux.

Leakage flux
Fig. 3.42 Leakage and useful flux

3.21.1 Leakage Coefficient or Hopkinson's Coefficient

The ratio of the total flux (pr) to the useful flux (¢ ,) is defined as the leakage
coefficient of Hopkinson's coefficient or leakage factor of that magnetic circuit.

It is denoted by A.

A = total flux _ ¢7
T useful flux  y

The value of ‘X’ is always greater than 1 as ¢t is always more than ¢,. It generally
varies between 1.1 and 1.25. Ideally its value should be 1.

3.21.2 Magnetic Fringing

When flux enters into the air gap, it passes through the air gap in terms of parallel
flux lines. There exists a force of repulsion between the magnetic lines of force which are
parallel and having same direction. Due to this repulsive force there is tendency of the
magnetic flux to bulge out (spread out) at the edge of the air gap. This tendency of flux to
bulge out at the edges of the air gap is called magnetic fringing.
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It has following two effects :

1) It increases the effective cross-sectional area
of the air gap.

2) It reduces the flux density in the air gap.

So leakage, fringing and reluctance, in
practice should be as small as pnssible.

) - choosing good magnetic material and
Fig. 3.43 Magnetic fringing - making the air gap a5 narrow as

_ possible.

mmp Example 3.10 : A cast iron ring of 40 cm mean length and circular cross section of 5 cm
diameter is wound with a coil. The coil carries a current of 3 A and produces a flux of
3mWb in the air gap. The length of the air gap is 2 mm. The relative permeability of the
cast iron is 800. The leakage coefficient is 1.2. Calculate number of turns of the coil.

Solution : Given,/, = 40cm =04 m, lg=2x10'3 m
L = I~ lgp=04-2x10-3 = 0398 m
I=3A, ¢=2x10"3 Wb, i, =800, A=12

o
A= S . Leakage coefficient
1 %5
N =4 Alreep 12=_9%1
2x10-3
1
a=19.63X10 " m’ or = 2.4x10-3 Wb
Ring Now reluctance of iron path §; =
Fig. 3.44 HoMra
a = 7d? =1x57 =19.6349 cm” = 19.634 x 10” *n?
S = 0.398 = 201629.16 AT/Whb
47x10-7 x 800x19.63x10~4
_ mmf. _ NI
or = reluctance ~ 5;
NI
-3 -
24x107" = 5767516

NI for iron path = 483. 909 AT
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.|l

Reluctance of air gap 5

2x10-3
B 4mx10-7 x19.634 x 10-4

= B10608.86 AT/Wb

m.m.Ff.
Now ¢ = 5
NI
-3 o
210 §10608.56
NI for air gap = 16212177 AT

Total m.m.f. required = (NI)y,, + (NI).,,W NI = 483.909 + 1621.2177
NI = 2105.1267 ie. N x 3 = 2105.1267
N = 701.7 =702 turns.

Examples with Solutions

hmp Example 3.11: An iron ring has circular cross-section 4 cm in radius and the average
circumference of 100 cm. The ring is uniformly wound with a coil of 700 turns. Calculate,

i) Current required to produce a flux of 2 mWb in the ring, if relative permeability of
the iron is 900.
i) If a saw cut of Imm wide is made in the ring, calculate the current which will give
same flux as in part (i). Neglect leakage and fringing. (Dec. - 2001, May - 2003, May-2006)
Solution : Given, =100 cm=1m, N =700, ¢=2 mWb =2x10-2 Wb, p, = 900
i) Radiusr = 4cm

a = nr? = mx(4)? = 50.2654 cm® = 50.2654 x 10”4 m?

6 = m.mf NI
= Treluctance S
1
d S =
an HoHra
¢ = NIpgit .2
B I

700xIx 4 7x10~7 x900x50.2654x 10~
1

2x10~3 =
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I = 05025 A

i) Air gap of 1 mm is cut in the ring. So length of iron = 100 cm — 1 mm

L = 999 cm
. Length of air gap [; =1 mm
. =1x10-3 m.
= Air gap Reluctance S = S; + 5B
1 =|-10:-;»ra+1:%
[=l+1y as for air gap i, = 1
Fig. 3.45
s - 99.9x10-2 . 1x10-3

T 4mx1077 x900x5026x10-F 47X 107 x5026x10- 4

S = 1757481 + 158331.62 = 334079.72 AT/Wb
_ NI, _3_ 7001
¢ =5 le 207 mmm

I = 09545 A

s Example 3.12 :  An iron ring has a mean diameter of 20 cm and a uniform circular cross
section of 2.5232 cm diameter with a small brass piece fitted of 1 mm length. Three coils are
wound on the ring as shown in the Fig. 3.46 and carry identical d.c. current of 2 A. If the
relative permeability of iron is 800, estimate :- i) the magnetic flux produced in air-gap,
ii} self-inductance of the arrang t. ifi) net m.m.f. in the ring. (May - 2001)

Fig. 3.46
Solution : From the various values given,

a = g{d)z=g(2.5232]2=5m2=5x10"m2
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and I

Net m.m.f.

iy Example 3.13 :

X dy oy = X 20 = 62.8318 cm = 0.6283 m
Ip-lg = 06283 - 1% 107° = 06273 m
1mm=1x10"’m

800 and I=2A

ki Iy
S =
St B " pokra +I-'-oﬂ
0.6273 1x10-3

47x107 x 800x5x103  4mx10~7 x5x104

1247973.698 + 1591549.431 = 2839523.129 AT/Wb

Ny I; + N, + N3 I, ... all produce flux in same direction
2 (500 + 125 + 125] = 1500 AT wly=lp =I5 =2A

mm.f 1500 _ -
reluctance ~ 2830503125 ~ -202x107 Wb

N2 (500+125+125)% _
S T Tammmag - 018 H

A magnetic circuit is excited by three coils as shown in the Fig. 3.47.

Calculate the flux produced in the air gap. The material used for core is iron having relative
permeability of 800. The length of the magnetic circuit is 100 cm with an air gap of 2 mm

in it. The core has uniform cross-section of 6 cm?. (Dec. - 2002)
L=6A
[
IERERE]
\'l o b
o—i-i|
IL=5A e -1
Ny =100 T = Airgap
paa
I RMERN)
Lo derdery e ek
l 1,:1,11
Ny = 00
Fig. 3.47

Solution : Given, N; =600, [ =6A, N;=100, ,=5A

Ny = 80 I3=1A, k=10an=1m
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b= lp-lg=1m-2x10" =098 m

Iy = 2x10-3 m, L= 800,a=6cm®=6x10" % m?
Now total reluctance S = §; + 5,
5 = - 0.9% = 1654548263 AT/Wb
BoHra  47x10-7 x 800x 6% 104
Iy 2x10-3
S, = B - X7 2652582385 AT/Wb
& Moa  4mx10-7 x6x1074 !
S = 4307130.648 AT/Whb.
T] Let us find the direction of flux due to various
! coils using right hand thumb rule.
s -
vvvvv As shown in the Fig. 3.47(a) m.um.f of coil (1)
. % and (2) are in same direction while m.m.f. of coil
o-‘—‘ (3) is in opposite direction.
: _=—Airgap .. Net mm.f= (N; L) + (N; L) - (N3 L)
° = (600 % 6) + (100 = 5) — (1 = BOO)
NI = 3300 AT
A . _ _ mmf _ NI _ 3300
1;1 v 0= roluctance ~ 5~ 1307130648
Fig. 3.47 (a) + Flux in air gap ¢ = 0.7661 mWb

inmp Example 3.14 : A magnetic circuit consists of two materials as shown in Fig. 3.48. The
core has uniform cross-section of 6 en?. The core carries a winding with 300 turns. The
current in the coil is 3 A. Calculate the flux produced in the air gap if the length of the air
gap is Imm. Relative permeability of material A is 1000 and that for B is 1500. The length
of the magnetic circuit for A is 80 cm and for B it is 50 cm.
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Solution : I =80 cm = 0.8 m, I[g=50cm=05m
a = 6cmz=6x1(]'4m2, !s =1mm=1x10"m

N = 900, 1=3A4, (i), =1000, (u,)g= 1500

The total reluctance § = 5,+ S+ 5
In 0.8
S, = = = 1061033 AT/Wb
A7 Molraa  4mx10-7 x1000x6%10-4
Sp = —8 05 = 442097 AT/Wb

Hor)pa  4mx10~7 x1500x6x10~1

s - I 1x10-3

= —__ =1326291.2 AT/Wb
B Hpa  47x10-7 x6x10-1

S = 28942212 AT/Wb

m.m.f. NI
The flux ¢ = o nee =
_ 3% 900 _ 4 _
o = m—?ﬁ-ﬂxlﬁ_ Wb = 09542 mWb

Ny Example 3.15 : A ring of cast steel has an external diameter of 24 cm and internal
diameter of 18 cm. The area of cross-section is 3 cm % 3 cm. Inside and across the ring an
ordinary steel bar 18cmx3 cm x 0.4 cm is fitted with negligible air gap. Calculate the
m.m.f. required to produce a flux density of 1 Wh/m? in the other half ABD. Neglect
leakage. The B-H curves are given below in table form. Refer the Fig. 3.49.

For cast steel ring

B Whim? 1 1193 | 14 186
H AT/m 900 | soo | 17s0 | 2000
For steel strip
B Whim® 14 145 | 15 16
D H AT/m 1200 | 1650 | 1700 | 2000
Fig. 3.49
18+24
Solution : Mean diameter of ring = -2lam

2
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Mean circumference = 7D = nx21 = 65.9732 em
= 0.659734 m.
Length of path AED = Length of path ABD

0.659734
2

For required flux density of 1 Wb/m? in path ABD, referring to corresponding B-H
curve, value of H is 900 AT/m.

m.m.f. for path ABD = Hx[ =900 x 0.32986

= 032986 m

= 296874 AT
Now the circuit is parallel magnetic circuit,
the corresponding equivalent electric circuit is
-1 shown in the Fig. 3.49(a)
The m.m.f. across path ACD is same as

across path ABD as both paths are parallel to
each other, across the path DEA which is

tv supplying m.m.f.
-{- s mmf across ACD = 296.874 AT
E

D . m.m.f

AAAA
AAAN

H for path ACD = 7
Fig. 3.49 (a) ACD

296874 _
ol T

The corresponding B = 1.45 from B-H curve given for the steel strip,
Flux through path ACD
Cross sectional area of steel = 3 x 0.4 = 1.2 em? = 12 10”* m?
Oach = 145x1.2x 107 % = 174 x 107* Wb
Similarly flux through path ABD u-Bxa
Cross sectional area of ABC = 3x 3 =9 cm? = 9x 107 * m?
1x9%107% =9x10* Wb

i

Bxa

il

$ABD
<. Total flux supplied by path AED = ¢acp + 9asD
1.74x 1074 + 9% 1074 = 1.074x 1073 Wb.

QAED
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. Flux density for path AED, B = %TED
-3
B = O7X1077 1933 Wh/m?
9x10-4

The corresponding 'H' value required, from the table given is 1200.
m.m.f. for path AED = Hx ! =1200x 0.32986 = 395.832 AT

Total m.m.f. reql.u.red = mmf forpaﬂ\AED+mmffmpatthDmABD

Total mm.f = 395.832 + 296.874 = 692.706 AT

iy Example 3.16 : A soft iron ring of 20 cm mean diameter and circular cross-section of
4cm diameter is wound with a magnetising coil. A current of 5 A flowing in the coil
produces flux of 2.5 mWDb in the air gap which is 2.2 mm wide. Taking relative permeability
to be 1000 at this flux density and allowing for a leakage coefficient of 1.2, find the number
of the turns on the coil. (Dec. - 97)

Solution : dpeyn =20 cm, d =4 cm, I =5 A, ¢g= 25 mWb, I, = 22 mm, A =12
mean length | = MXdmean= 1¢20x10-2 = 06283 m
Cross section diameter

4cm

a= E’Edz = %x(&]z = 12566 cm® = 12.566 x10-4 m?

I, = length of air gap =22 mm =22x 107> m
l; = length of iron path =1 - [, = 0.6261 m

Now 1-%:%1&12 =53~;%-3
¢ = 3% 107 Wb.
The total reluctance of the magnetic circuit,
5 =5+ Ss
Now 5 = k. 0.6261 =396494.15 AT/Wh

Holra  4mx10-7 %1000%12.566x 104

g 22%10-3
B " poa  4mx1077 x12.566%104

£

= 1393207.4 AT/Wb
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m.m.f. NI

Now ¢ = Teluctance - Si+Sg
_ m.m.f.forair gap , _3 _ m.m.f for air gap
¢S = Sg ie 2.5x10 = W

m.m.f. for air gap = 3483.01

m.m.f. for iron i

_ -3 _ mm.f. foriron
0= TR e 310

T 39649415
mamn.f. foriron = 1189.4825
Hence the total m.m.f. can be obtained as :
Total = m.m.f. for air gap + m.m.f. for iron
m.m.f. = 3483.01 + 1189.48 = 4672.501 AT/Wb

Now mmf = NxI ie. 4672501 =Nx5
4672.501

N = ————=9345
5

Hence the number of turns on the coil required is approximately 935.

Imsp Example 3.17 :  An iron ring, cross sectional area of 5 en? and mean length of 100 cm,
has an air gap of 2 mm cut in it. Three separate coils having 100, 200 and 300 turns are
wound on the ring and carry currents of 1 A, 2.5 A and 3 A respectively such that they
produce additive fluxes in the ring. Relative permeability of the ring material is 1000.
Calculate the flux in the air gap. (Dec. - 98)

Solution : a=5cm?=5x10"4 m’ ly =100 cm = 1m, I, =2 mm = 2x10~3 m

L = IT—IS=1—2x10‘3 =0998 m
Total reluctance S = §; + 5

I 0.998
S,1 =

= = 1588366.332 AT/Wb
Hohra  4nx10-7 x1000x5x10~+

Iy 2x10-3 ;
5 = B =—— = 3183098.862 AT/Wb
& Mpa  4mx10-7 x5x10~4 /

S = 1588366.332 + 3183098.862 = 4771465.194 AT/Wb
Net mm.f. = Njlj + Nylp + Njly =100 % 1 +200 x 2.5 + 300 x 3 = 1500 AT
All m.m.f:s help each other as they produce additive fluxes in the ring.



Basic Electrical Engineering 3-50 Magnetic Circuits

o = m.mf _ 1500
reluctance  4771465.194

= (.0003143 Wb

= 0.3143 mWb

iy Example 3.18 : The Fig. 3.50 shows a magnetic circuit with two similar branches and an
exciting coil of 1500 turns on central limb. The flux density in the air gap is 1 Whjm® and
leakage coefficient 1.2. Defermine exciting current through the coil. Assume relative
permeability of the iron constant equal to 600.

i

T .
i H-
Bi=—25cm

Fig. 3.50

Jal-

Solution : Flux density in air gap By = 1 Wb/m?
a=3x4=12em?=12x10"*m?
% = Bgxa =1x12x10"% =12x10~* Wh.

= E = L =12
* % 12x10-4 ’
o1 = bgide = 1.2 x12x10-4

bside = 144107 Wb
As the circuit is parallel magnetic circuit,
ol = Psidel + Pige 2 = 2% 144 x 107
= 2.88% 1073 (as sides are similar)
Section 1] Central limb

I = 19ecm=019m
a = 12x10~% m?
Ie 0.19

= Holra  4mx10-7 x600%12x10-4

209996.11 AT/Wb
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Section Il] One side limb
L = 25+25=50cm=05m
a = 12x107*m?

LN 05
T MoRed  4nax10-7 x600x12x10-4

= 552621.33 AT/Wb
Section HI] Air gap
I = 1lem=00lm

4
a = 12x10-9m?
B 7 Moa  4mx107 x12x10-4

= 6631456 AT/Wb
m.m.f. for central limb = 0y XS = 2.88 x10~3 % 20999611
= 604.78 AT
m.m.f. for one side limb = ¢440.%S; = 1.44 x10~ 3 x 552621.33
= 795774 AT
mun.f. for air gap = ¢, x Sg = 12 107 * x 6631456
= 7957.7472 AT
~Total mm.f. = m.m.f. for central limb + m.m.f. for one side + m.m.f. for air gap
NI 604.78 + 795.774 + 7957.7452
1500 I = 9358.3107
I = 62388 A

immp Example 3.19 : A magnetic circuit has the mean length of flux path of 20 cm, and cross
sectional area of 1cm?, Relative permeability of its material is 2400. Find the m.m.f. required
to produce a flux density of 2tesla in it. If an airgap of 1mm is introduced in it, find the
m.m.f. required for the air gap as a fraction of the total m.m.f. to maintain the same flux
© density. (Dec. - 2003)
Solution : [; =20em, a=1cm2, p,=2400, B=2T

g 20%102
HoMra 4mx1077 x2400x1x10~4
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= 663.145%10% AT/Wb
6 = Bxa=2x1x10* Wb

Now 0= m.m.f

]
mmf. = ¢x5=2x10"1x663.145x103 = 132.6291 AT
Now Is = 1 mm is introduced in it.
i = 20an-1mm =019 m
14

S = =659.829%x103 AT/Wb
HoHra
}
and Sg = Miaﬂ,%ﬂxmﬁ AT/Wb o e =1 for air
6 = Bxa=2x10"! Wb ... same as B is same
(M6 pan = SiX$=1319658 AT
and (m‘m.f}'myp = Sgx¢=1591.5494 AT

Total mm.f = 1723.5152 AT
(m.m‘f)atrpp = 0.9234 times total m.m.f
sy Example 3.20 : A coil is wound uniformly with 300 turns over a steel of relative

permiability 900, having a mean circumference of 40 mm and corss-sectional area of 50 mm?,
If a current of 5 A is passed through the coil, find

iy mam.f. i) reluctance of the ring and  iii) flux {Cec. - 2004)
Solution : Given: N =300, p, = 900, /=40 mm = 40 x 10"%m,
a=50mm*=50x10°%m? 1=5A

i) mm.f = NI=300x5=1500 AT
-3
i) S = 1. 40x10 =70.7355%10% AT/Wb
WoMra  4mx10~7 x900x50x10~6

This is reluctance of the ring.

.m.f.
S - m. m.
iii) 3

o = mmf__ 150 _ 2057 mwb .. Flux
E 707355x103
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immp. Example 3.21 : An iron ring has its mean length of flux path as 60 cm and its
cross-sectional areas as 15 cm’. Its relative permeability is 500. Find the current required to
be passed, through a coil of 300 turns wound uniformly arcund it, to produce a flux density
of 1.2 tesla. What would be the flux density with the same current, if the iron ring is
replaced by air-core 7 (May - 2005)
Solution : Given:!=60 cm =60 x 1072m,a=15can’=15x 107  m?, p, = 500
N=300,B=12T,1=?
! 60x10-2

Case 1: s = = = 636.6197 x 10° AT/Wb
s Holra  4nx107 x500x15%10— * !

B g je. p=Bxa=12x15x107%=18 x 107 Wb

Lm.f. NI

N g o m-mib 1

o ? e
6366197 x 10° = —01
18x10-3

- I = 38197 A ... Current required
Case 2 : Ring replaced by air core for whichpir = 1 hence p =
-2
§ = L o 60x107 51043008 x 105 AT/Wb

Hod  4mx10-7 x15x10~4
1 is same as calculated above ie. I = 3.8197 A
mm.f = NI =300 x 3.8197 = 114591 AT

o = m.m.f - 114591 =36 x 10'6 Wb
5 318.3098x 106
-f
B = 3230007 545107 Tor Wh/im? ... New flux density
a  15%x10-1

mmp Example 3.22 : A conductor of length 10 cm carrying 5 A is placed in a uniform
magnetic field of flux density 1.25 tesla. Find the force acting on the conductor, if it is
placed (i) along the lines of magnetic flux, (ii} perpendicular to the lines of flux, and (ii) at

30° to the flux. (May - 2005)
Solution : [=10em=10x10"2m, [=5A, B=125T
Case 1 : Along lines of magnetic flux
8 = Angle between conductor and axis of magnetic field J l
=0
~F=BllLsinB=125x5x10x10"2sin0°=0N 1=5

Fig. 3.51
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Case 2 : Perpendicular to lines of flux ie. 6= 90°

F = BlLsin90=BIL=125x5x10x 1072 =0625 N
Case 3 : At 30° to the flux ie. &= 30"

F = B.ll.sin30°=1.25x5xlﬂxlﬂ'zx%=l13125N.

imp Example 3.23 : A ring shaped core is made up of two parts of same material. Part one is
a magnetic path of length 25 cm and with cross sectional area 4 cm?, whereas part two is of
length 10 cm and cross sectional area of 6 cm?. The flux density in part two is 1.5 Tesla. If
the current through the coil, wound over core, is 0.5 Amp., calculate the number of turns of
coil. Assume 1, is 1000 for material.
Solution : The arrangement is shown in the
Fig. 3.52.

1,12
Hokray MHoHraz

25x10-2 10%10-2
4nx10-7 x1000x4x10-4  4nx10-7 x1000% 6x10-4

5 = Sg+5]1 =

= 629988.3164 AT/Wb

6 = m.m.f _ NI
=785 7%
Nx05
-4
90 = FoEsTE
N = 1133975 = 1134 ... Number of turns

mmp Example 3.24 : The mean diameter of steel ring is 40 cm and flux density of 0.9 Whjin®
is produced by 3500 Aturnsfmeter. If the cross-section of the ring is 15 cm’® and number of
turns 440, calculate:
i) the exciting current i) the self inductance in henry and i) exciting current and
inductance when air gap of 1 cm is cut in the ring. [Dee-2006]
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Solution : d_,, = 40 cm, B = 0.9 Wb/m%, H = 3500 AT/m, a = 15 cm?, N = 440
It = mxdmean = x40 = 1256637 cm

B = popurH=pH

_B_ 09 _ »
M = 5 = 3ap = 2571410
It
5t ° qa
-2
Sp = —087XI077___ _ 35579%10° AT/Wb

2.5714x10-4 x15x10-4

mmf. = NI=HxIp=23500x 125.6637 x 1077 = 4398.2295 AT
4398.2295 _ 43982295

i) I= N —40 =999=10 A
2 2
ii) L= N2__ @07 ooseaH
St 32579x106
iif) Now air gap /g = 1 cm is cut.
i = Iy -Ig = 1246637 cm
L Ig
= +5, =Ly =
St 5 B pa pga
_ 1246637x10-2 1x10-2

25714x10-4 x15x10-%  4rx10-7 x15x10-4

= 3232x106 +5.3051x105 = 8.5371x106 AT/Wb
6 = Bxa =09x15x10-4 = 1.35x10~3 Wb

m.m.f
Now o= Reluctance
.m.f
135%10-2 = —mb
8.5371x106

m.m.f = NI =11525.085
115251494

1= - = 26,1935 A
N2 (440)2
and L=5-—==—ow—o = H
St 85371x106
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mmep Example 3.25 : An iron ring of mean length 50 cm has air gap of Tmm and a winding of
200 turns. If the relative permeability of iron is 300, find the flux density when a current of

1 amp flows through the coil. [Dec.-2007]
Solution : The total m.m.f. is,
L=50cm~1 mm.f. = NI =200 x1
=200 AT
The total reluctance is,
Sp=5;+ Ss'
= iron path + air gap
!/
=_h % cefr = 1 for air
HoMra Hpa
W, =300 _1 0499 1x10-3
2| 4ax1077 x 300 4nx10-7
Fig. 3.53 21194133
- a
_ _mmf NI _ 200
= Teluctance ~ 87 [ 21194133
a
o _ 200 _ o .
T % 91945 0.0943 but 3 = B = flux density

B = 0.0943 Wb/m®

mmp Example 3.26 : A ring has diameter of 21 em and a cross-sectional area of 10 cm’. The
ring is made up of semi-circular sections of cast iron and cast steel with each joint having a
reluctance eqwi' to an air gap of 0.2 mm. Find the Amp-Turns required to produce a flux of
8 x 100 * Wb. The relative permeabilities of cast steel and cast iron are 800 and 166
respectively. [May-2008]

Solution : The arrangement is shown 2
in the Fig. 3.54. a=10cm _ Castiron

At each joint there is an air gap.
This is a series magnetic cirucit.

The total reactance is,

ST=simn+sshee1+sg+sg

d = 21 cm = total diameter of ring

Cast steel
My =800

Fig. 3.54
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. Total circumference = tx d = 65973445 cm = 0.655734 m
Total air gap length = 2 x [, = 0.4 mm =04x10%m

nd-2/
lion = —5 % = 0.329667 M = lyeq
S = Isteel 4—-—--——----'ii""|1 +2xiq-—
HoHria Hole2a Mpa
_ 1 0.329667 + 0.329667 + 2% 0.2x10-3
47107 %10x10—4 | 800 166 1
= 2226601.156 AT/Wb
and 0 = 8x 107 wp = b
St

mmf = éxSy=8x 10™ % x 2226601.156 = 1781.281 AT

Review Questions

1. State and explain the lows of magnetism.
2. What is magnetic field and magnetic lines of force? State the propertics of lines of force.
3. Define and state the units of following parameters:
i) magnetic flux if) magnetic pole strength
iii) magnetic flux density  iv) magnetic field strength
v) absolute permeability  vi) relative permenbility
vii) mam.f. vifi) reluctance
4. Derive the relation between m.m.f, reluctance and the flux.
5. State and explain the following rules:
i) Right hand thumb rule
ii) Fleming's left hand rule
iii) Fleming's right hand rule
iv) Lenz's law .
v) Kirchhoff's laws for magnetic circuits
6. Explain the proceduce to analyse following circuit, with suitable example :
i) Series magnetic circuit
i} Series magnetic circuit with air gap
iii) Parallel magnetic circuit
7. What is an electromagnet ? What is solenoid?
8. Point out the analogy bet electric and magnetic circuits.
9. Explain the magnetic leakage and magnetic fringing.
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13.

4.

15.

16.

17.

18.

0. Define leakage cocfficient  *
11.
12.

Explain how current carrying conductor when placed in a magnetic field experiences a force.
A steel ring of 180 cn mean diameter has a cross sectional area of 250 mm?. Flux developed in the
ring 15 500 p Wb when a 4000 turns coil carries certain current. Find
i) m.m.f. required i) reluctance i} current in the coil
Given that the relative permeability of the steel is 1100.

(Ans. : B181.72 AT, 1.6363 %107, .045 A)
A coil is wound uniformly with 300 turns over a steel ring of relative permeability 900, having
mean circumference of 40 mm and cross-sectional area of 50 mm?2. If a current of 25 A is passed
through the coil, determine
i) mmf. i) reluctance of ring  and
iif) flux (Ans. : 7500 AT, 707355.3 AT/Wb, 0.0106 Wb)
Find the number of ampere turns required to produce a flux of 0.44 milli-weber in an iron ring of
100 cm mean circumference and 4 cm? in cross-section. B Vs . fest for the iron gives the
following result :

B in Whim? 08 1.0 11 1.2 1.4

Hr 2300 2000 1800 1600 1000

If a saw cut of 2 mm wide is made in the above ring, how many extra ampere turns are required
to maintain same flux ? (Ans. : 486307 AT, 1744 AT)
An iron ring of 20 cm mean diameter and 10 cm® cross-section is magnetised by a coil of 500
turns. The current through the coil is 8 A. The relative permeability of iron is 500. Find the flux
density inside the ring . (Ans. : 4 Whim®)
An iron ring of 100 cm mean circumference is made from round iron of cross-section 10cm?, it
relative permeability is 800, If it is wound with 300 turns, what current is required to produce a
flux of 111073 Wb ? (Ans. 3.647 A)
A coil of 300 turns and of resistance 10 0 is wound wniformly over a steel ring of mean
circumference 30 em, and cross-sectional area 9 cm?, It is connected to a supply at 20 V d.c. If the
relative permeability of the ring is 1500, find : (i) the magnetising force ; (i) the reluctance ;
(iii) the m.m.f. ; and (iv) the flux.

(Ans. : 600 AT, 176838.82 AT/Wb, 2000 AT/m, 3.3929 mWb)
A coil is wound uniformly with 300 turns over a steel ring of relative permeability 900 having a
mean circumference of 400 mm and cross-sectional area of 500 mn:2. If a current of 25 A is passed
through the coil find
i) mom.f. i) reluctance and i) flux (Ans. : 7500 AT, 707355.3 AT/Wb, 10.6 mWb)

4 Qoo



Electromagnetic Induction

4.1 Introduction

Uptill now we have discussed the basic properties, concepts of magnetism and
magnetic circuits. Similarly we have studied, the magnetic effects of an electric current. But
we have not seen the generation of em.f. with the help of magnetism. The em.f. can be
generated by different ways, by chemical action, by heating thermocouples etc. But the
most popular and extensively used method of generating an em.f. is based on
electromagnetism.

After the magnetic effects of an electric current, attempts were made to produce
electric current with the help of magnetism rather than getting magnetism due to current
carrying conductor. In 1831, an English Physicist, Michael Faraday succeeded in getting
e.m.f. from magnetic flux. The phenomenon by which e.m.f. is obtained from flux is called
electromagnetic induction. Let us discuss, what is electromagnetic induction and its effect
on the electrical engineering branch, in brief.

4.2 Faraday's Experiment

Let us study first the experiment conducted by Faraday to get understanding of
electromagnetic induction.

Consider a coil having ‘N' turns connected to a galvanometer as shown in the Fig. 4.1.
Galvanometer indicates flow of current in the circuit, if any. A permanent magnet is
moved relative to coil, such that magnetic lines of force associated with coil get changed.
Whenever, there is motion of permanent magnet, galvanometer deflects indicating flow of

current through the circuit.
@° onary ot
maving magnet

™., Mation of
ey PV oV magnel

Fig. 4.1 Faraday's experiment
4-1)
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The deflection continues as long as motion of magnet exists. More quickly the magnet
is moved, the greater is the deflection. Now deflection of galvanometer indicates flow of
current. But to exist flow of current there must be presence of e.m.f. Hence such
movement of flux lines with respect to coil generates an e.unf. which drives current
through the coil. This is the situation where coil in which em.f. is generated is fixed and
magnet is moved to create relative motion of flux with respect to coil.

Similar observations can be

Stationary magnet | pation of coll AB made by moving a coil in the
bt e il gnetic  field of fixed

permanent magnet, creating
relative motion between flux
and coil. This arrangement is
shown in the Fig. 42. The coil
AB is moved by some extermal
means in the magnetic field of
fixed permanent magnet. Coil is
connected to galvanometer.

Whenever conductor AB is moved in the direction shown in the Fig. 42 the
galvanometer deflects indicating flow of current through coil AB.

Fig. 4.2 Another form of Faraday's experiment

Key Paint: The deflection is o one side when mdurtur ls momi up Wlu!r JI is
i other directior, when it is moved down,

Similarly greater is the deflection if conductor is moved quickly in magnetic field.

In both cases, basically there is change of flux lines with respect to conductor ie
there is cutting of the flux lines by the conductor in which e.m.f. induced.

With this experiment Faraday stated laws called Faraday's Laws of Electromagnetic
Indu-:h'on

mudm:far or coil is calied tfectrom_gm'm mducfmu *

Thus, to have induced e.m.f. there must exist,
1) A coil or conductor.
2) A magnetic field (permanent magnet or electromagnet).

3) Relative motion between conductor and magnetic flux (achieved by moving
conductor with respect to flux or moving with respect to conductor.)

an
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4.3 Faraday's Laws of Electromagnetic Induction

From the experiment discussed above, Michael Faraday a British scientist stated two
laws of electromagnetic induction. '

4.3.1 First Law

Whenever the number of magnetic lines of force (flux) linking with a coil or circuit changes, an
e.m.f. gets induced in that coil or circuif.

4.3.2 Second Law

The magnitude of the induced em.f. is directly proportional to the rate of change of flux
linkages (flux x turns of coil).

Flux linkages = Flux X Number of turns of coil
The law can be explained as below.
Consider a coil having N twmns. The initial flux linking with a coil is ¢;
Initial flux linkages = N¢y
In time interval t, the flux linking with the coil changes from ¢y to ¢;.
Final flux linkages = N ¢,

Rate of change of flux linkages = w

Now as per the first law, em.f. will get induced in the coil and as per second law the
magnitude of e.m.f. is proportional to the rate of change of flux linkages.

e o Noz Nty
t
e = wa
TS
e = Nm

With K as unity to get units of e as volts, d¢ is change in flux, dt is change in time
hence  (d¢ / dt) is rate of change of flux.

Now as per Lenz's law (discussed later), the induced e.m.f. sets up a current in such a
direction so as to oppose the very cause producing it. Mathematically this opposition is
expressed by a negative sign.

Thus such an induced e.m.f. is mathematically expressed alongwith its sign as,
do

e = -Ng volts
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4.4 Nature of the Induced E.M.F.

EMF. gets induced in a conductor, whenever there exists change in flux with that
conductor, according to Faraday's Law. Such change in flux can be brought about by
different methods.

Depending upon the nature of methods, the induced e.m.f. is classified as,
1) Dynamically induced em.f.  and
2) Statically induced e.m.f.

4.5 Dynamically Induced E.M.F.

The change in the flux linking with a coil, conductor or circuit can be brought about
by its motion relative to magnetic field. This is possible by moving flux with respect to
coil conductor or circuit or it is possible by moving conductor, coil, circuit with respect to
stationary magnetic flux. Both these methods are discussed earlier in discussion of
Farada)’s expenmt

Kay Polnts Sheh-ne duced Erdpomn
conductor Mfkmpect to. ﬂtt.g: :
conductor is called dynamically

4.5.1 Magnitude of Dynamically Induced E.M.F.

Consider a conductor of length | metres moving in the air gap between the poles of
the magnet.

If plane of the motion of the conductor is parallel to the plane of the magnetic field
then there is no cutting of flux lines and there can not be any induced e.m.f. in the
conductor such condition is shown in the Fig. 4.3(a).

In second case as shown in
the Fig. 43(b), the velodty
direction i.e. motion of conductor
is perpendicular to the flux.
Hence whole length of conductor
is cutting the flux line hence there

it % is maximum possible induced
Conductor+— emf. in the conductor. Under

/—____7 Planeof fux such condition plane of flux and
plane of motion are perpendicular
/7 Ptane of motion = i

Fig. 4.3 (a) No cutting of flux
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]Mulbn of conductor
v

Conductor =— Sy
i | Plana of motion . Corl.'nder a conductor m(!w.l:lg
_ AT Plane of flux with velocity v m/s such that its
H plane of motion or direction of
4 velocity is perpendicular to the
direction of flux lines as shown in
Fig. 4.3 (b) Maximum cutting of flux Fig. 4.4 (a).

0 vsing
=— Flux ines
]
Conductor =" v (velocity) vecos 8
i v
Direction of flux
(a) (b) (c)

Fig. 4.4
B = Flux density in Wb/m®

! = Active length of conductor in metres.
(This is the length of conductor which is actually responsible for cutting of flux lines.)
v = Velocity in m/sec.
Let this conductor is moved through distance dx in a small time interval dt, then
Area swept by conductor = Ixdx m?
Flux cut by conductor = Flux density x Area swept
d$ = Bxlxdx Wb

According to Faraday's law, magnitude of induced em.f. is proportional to the rate of
change of flux.
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Flux cut
Time
d .
= Gt [Here N = 1 as single conductor]
Bl dx
dt

But % = Rate of change of displacement

= Velocity of the conductor

v

This is the induced e.m.f. when plane of motion is exactly perpendicular to the plane
of flux. This is maximum possible e.m.f. as plane of motion is at right angles to plane of
the flux.

But if conductor is moving with a velocity v but at a certain angle © measured with
respect to direction of the field (plane of the flux) as shown in the Fig. 44 (b) then
component of velocity which is v sin 8 is perpendicular to the direction of flux and
hence responsible for the induced e.n.f.. The other component v cos 8 is parallel to the
plane of the flux and hence will not contribute to the dynamically induced e.m.f.

Under this condition magnitude of induced e.m.f. is given by,

where 0 is measured with respect to plane of the flux.

immp Example 4.1 : A conductor of 2 m length moves with a uniform velocity of 1.27 m/sec
under a magnetic field having a flux density of 1.2 Wh/m? (tesla). Calculate the magnitude
of induced e.m.f. if conductor moves,
i) at right angles to axis of field.
i) at an angle of 60° to the direction of ficld.

Solution : i) The magnitude of induced e.m.f.
e = Blv for § = 90°

e = 12x2x127 = 3.048 volts
Blv sin® where 0= 60°
12x2x127xsin 60 = 2.6397 volts.

i)

mp Example 4.2 : A coil carries 200 turns gives rise a flux of 500 Wb when carrying a
certain current. If this current is reversed in TIT]' th of a second. Find the average em.f.

induced in the coil.
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Selution : The magnitude of induced e.m.f. is,

d¢
at

where d¢ is change in flux linkages ie. change in N ¢. Now in this problem flux is
500x10-6 for given current. After reversing this current, flux will reverse its direction. So

flux becomes (—500><10“5).

dp = ¢ -4 = -500%106 —(+500x10¢).
This happens in time dt = 0.1 sec.
_ do _ (—1x1l]3) B
Average em.f = - Na-i = —ZUOKT =2 volts

4.5.2 Direction of Dynamically Induced E.M.F.
The direction of induced em.f. can be decided by using two rules.

1) Fleming's Right Hand Rule )

As discussed earlier, the Fleming's Left Hand Rule is used to get direction of force
experienced by conductor carrying current, placed in a magnetic field while Fleming's
|M0|Iannf

Lines of
flux

conductor

Direction of e.m.f.

(current)
Fig. 45 (a)
FT“ Force
Fioid == Right hand
Field
/
Current (e.m.f.)

{e.m.l)

Fig. 4.5 (b)

Right Hand Rule is to be used to get
direction of induced e.mn.f. when conductor
is moving in a magnetic field.

According to Fleming's right hand rule,
outstretch the three fingers of right hand
namely the thumb, fore finger and the
middle finger, perpendicular to each other.
Arrange the right hand so that first finger
point in the direction of flux lines (from N
to S) and thumb in the direction of motion
of conductor with respect to the flux then
the middle finger will point in the direction
of the induced e.m.f. {or current).

Consider the conductor moving in a
magnetic field as shown in the Fig. 4.5 (a).
It can be verified using Fleming's right
hand rule that the direction of the current
due to the induced e.mf. is coming out.
Symbolically this is shown in the
Fig. 4.5 (b).
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Key Pnlnt In pm.-:frcc fﬁaugﬁ ﬂmgﬂet is moved keeping t.'ne cona'ucmr stationary,
while application of rule, thumb should point in the direction of relahw mﬂm nf i
_conductor with respect to flicx, assuming the flux stationary, T

This rule mainly gives direction of current which induced e.n.f. in conductor will set
up when closed path is provided to it.

Verify the direction of the current through conductor in the four cases shown in the
Fig. 4.6 by the use of Fleming's right hand rule.

Flux —=T 1 Relative motion
I~ of conductor
] ]
(a) Current coming out (b) Current going in
|~ 2
-, Relative motion ~
¥ of conductor 4
|l |l
(c) Current going in (d) Current coming out

Fig. 4.6 Verifying Fleming's right hand rule
2) Lenz's Law

This rule is based on the principles derived by German Physicist Heinrich Lenz.

The Lenz's law states that, “The direction of an induced e.m.f. produced by the
electromagnetic induction is such that it sets up a current which always opposes the
cause that is responsible for inducing the e.m.f.'

In short the induced em.f. always opposes the cause producing it, which is
Tepresented by a negative sign, mathematically in its expression.

e = -Nd¢

The explanation can be given as below :

Consider a solenoid as shown in the Fig. 47. Let a bar magnet is moved towards coil
such that N-pole of magnet is facing a coil which will circulate the current through the
coil.
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According to Lenz's
Repulsiva force due to Law, the direction of current
e===>| induced e.m.f. and
| current in coil due to induced em.f. is so
R as to oppose the cause. The
B cause is motion of bar
224 Barmagnet magnet towards coil. So

G

== Direction of molion

Fig. 4.7 Lenz's law

em.f. will set up a current
through coil in such a way
that the end of solenoid
facing bar magnet will
become N-pole. Hence two
like poles will face each

other experiencing force of repulsion which is opposite to the motion of bar magnet as

shown in the Fig. 4.7.

Force of attraction due to
jinduced e.m.f. and
| current in coil

Fig. 4.8 Lenz's law

-

Bar magnet

=== Direction of motion

If the same bar magnet
is moved away from the
coil, then induced em.f.
will set up a current in the
direction which will cause,
the end of solenoid facing
bar magnet to behave as
S-pole. Because of this two
unlike poles face each other
and there will be force of
attraction which is direction
of magnet, away from the

coil. The galvanometer shows deflection in other direction as shown in the Fig. 4.8.
The Lenz's law can be summarized as,

E.M.F. Current Direction of current is
Magnet such that N Repulsive Induced e.m.f.
mmmmmwmmnw B ropots et o '1;‘“6‘:5 ppases cause
conductor in coll coll near 5 pole of magnet o fike pol producing
Motion of induced Current Direction of Tries to oppose Lenz's law
magnet emf field magnet motion
M.F. Direction of current is
Magnet Egt‘bs Current such that S pole gets Aftractive induced e.m.f.
moved away P induced F hlmg" “"h g developed force due to lopposes causel
conductor in coil ol naar N pole of magnet unlike poles producing it
Motion of Induced Current Direction of Tries to oppose Lenz's law
magnet em.f field magnet mation

Fig. 4.9 Concept of Lenz's law
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4.6 Statically Induced E.M.F.

Ll Wm* rfwm! movement qf coil or a magre i mfw mq:@#ﬁéﬂéﬁeﬁ emf.

Explanation : To have an induced e.m.i. there must be change in flux associated with
a coil. Such a change in flux can be achieved without any physical movement by
increasing and decreasing the current producing the flux rapidly, with time.

Consider an electromagnet which is producing the necessary flux for producing e.m.f.
Now let current through the coil of an electromagnet be an alternating one. Such
alternating current means it changes its magnitude periodically with time. This produces
the flux which is also alternating i.e. changing with time. Thus there exists d¢/dt
associated with coil placed in the viscinity of an electromagnet. This is responsible for
pmducmg an em.f. in the coil. This is called stahca]ly mduced em.f.

Key Point: It can be noted that there is
. conductor, it is the allemating supply wh

The concept of statically induced e.m.f. is shown in the Fig. 4.10.

Current flows
; due to statically
Statically induced e.m.f.
emf. e /
m s . P
lng uced o Caoil in viscinity of

in this coil alternating flux
e v j : Alternating
PESE. flux (¢)
Changing with
time
Allematlng :
Alternating
cument voltage

Fig. 410 Concept of statically induced e.m.f.

Such an induced e.m.f. can be observed in case of a device known as transformer.

Note : Due to alternating flux linking with the coil itself, the e.m.f. gets induced in that
coil itself which carries an alternating current.

The statically induced e.m.f. is further classified as,
1) Self induced em.f. and 2) Mutually induced e.m.f.
We shall study now these two types of statically induced e.m.fs.
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4.7 Self Induced E.M.F.

Consider a coil having ‘N’ turns and
carrying cwrrent ‘T when switch ‘S’ is in
e H~‘-‘-> closed position. The current magnitude

, can be varied with the help of variable
resistance connected in  series with
battery, coil and switch as shown in the
Fig. 4.11.

The flux produced by the coil links
with the coil itself. The total flux linkages
of coil will be N ¢ Wb-turns. Now if the
current T is changed with the help of
Fig. 411 variable resistance, then flux produced

will also change, due to which flux

{-— Flux due to current [

linkages will also change.

Hence according to Faraday's law, due to rate of change of flux linkages there will be
induced e.m.f. in the coil. So without physically moving coil or flux there is induced e.m.f.
in the coil. The phenomenon is called self induction.

The em.f. induced in a coil due to the change of its own flux linked with it is called
self induced e.m.f.
PR
e

:v.e-méﬁw
5 freg .
LY eea el g

4.7.1 Self Inductance

According to Lenz's law the direction of this induced e.m.f. will be so as to oppose the
cause producing it. The cause is the current I hence the self induced e.m.f. will try to set
up a current which is in opposite direction to that of current I. When current is increased,
self induced e.m.f. reduces the current iries to keep it to its original value. If current is
decreased, self induced e.m.f. increases the current and tries to maintain it back to its
orlgma] value So any change in current ll\mugh coil is npposed by the coil.

‘%%2!;?* o

R B
Ao L ARG G B b

It is analogous to eiecmcal meﬂm or eleclmmagnehc inertia.

4.7.2 Magnitude of Self Induced E.M.F.

From the Faraday's law of electromagnetic induction, self induced emf. can be
expressed as

d

-

e = =N

I

o
-
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Negative sign indicates that direction of this e.m.f. is opposing change in current
due to which it exists.

The flux can be expressed as,

¢ = (Flux/ Ampere )x Ampere =%xI

Now for a circuit, as long as permeability |u' is constant, ratio of flux to current
(i.e. B/H) remains constant.

Rate of change of flux = %X rate of change of current

do _ o dI

dt I°dt
- N2 a

e = N'I'd

- {28

The constant — N¢ in this expression is nothing but the quantitative measure of the
property due to wl'ud'l coil opposes any change in current.
So this constant 110 is called coefficient of self inductance and denoted by L'
N¢

1

It can be defined as flux linkages per ampere current in it. Its unit is henry (H).

A circuit possesses a self inductance of 1 H when a current of 1 A through it
produces flux linkages of 1 Wh-turn in it.

—La volts

I-'mmtl-nmequauon memthenryofsdfmdummbedeﬁmd asbeluw

The coefficient of self inductance is also defined as the em.f. induced in volts when
the current in the circuit changes uniformly at the rate of one ampere per second.
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4.7.3 Expressions for Coefficient of Self inductance (L)

L = Ne¢ . ()
1
m.m.f. NI
But ¢ = Reluctance . S
N. NI
L=7s
2
L= henries @
]
Now S = —
pa
N2
L = —
L
pa
2 2
L= Npa Ipa = E_u?u,a henries < (3)
Where I = length of magnetic circuit
a = area of cross-section of magnetic circuit
through which flux is passing.

4.7.4 Factors Affecting Self Inductance of a Coil
Now as defined in last section,
L - N ;:u,a
We can define factors on which self inductance of a coil depends as,

1) It is directly proportional to the square of number of turns of a coil. This means
for same length, if number of .turns are more then self inductance of coil will be
more.

2} It is directly proportional to the cross-sectional area of the magnetic circuit.

3) It is inversely proportional to the length of the magnetic circuit.

4) It is directly proportional to the relative permeability of the core. So for iron and
other magnetic materials inductance is high as their relative permeabilities are
high.
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5) For air cored or non magnetic cored magnetic circuits, tr=1 and constant, hence
self inductance coefficient is also small and always constant.

As against this for magnetic materials, as current i.e. magnetic field strength

H (NI/]) is changed, ., also changes. Due to this change in current, cause change
in value of self inductance. So for magnetic materials it is not constant but varies
with current. '

i

6) Since the relative permeability of iron varies with respect to flux density, the
coefficient of self inductance varies with respect to flux density.

7) If the conductor is bent back on itself, then magnetic fields produced by current
through it will be opposite to each other and hence will neutralize each other.
Hence inductance will be zero under such condition.

imp Example 4.3 : If a coil has 500 turns is linked with a flux of 50 mWh, when carrying a
current of 125 A. Calculate the inductance of the coil. If this current is reduced to zero
uniformly in 0.1 sec, calculate the self induced eam.f. in the coil.

Solution : The inductance is given by,

_ N¢

L=71

Where N = 500, ¢=50 mWb=50x103 Wb, 1[=25A
500x50x10-2

L = —E— = 02 H

e = —Lﬂ - L Final value of I -Initial value of I
- dt Time
_ 0-125Y _
- —D.Zx[—m )_ 250 volts

This is positive because current is decreased. So this ‘e’ will try to oppose this
decrease, means will try to increase current and will help the growth of the current.

i Example 4.4 : A coil is wound uniformly on an iron core. The relative permeability of
the iron is 1400. The length of the magnetic circuit is 70 cm. The cross-sectional area of the
core is 5 cm”. The coil has 1000 turns. Calculate,

i) Reluctance of magnetic circuit i) Inductance of coil in henries.
iti) EIMLF. induced in coil if a current of 10 A is uniformly reversed in 0.2 seconds.

Solution : pe = 1400, L=70em =07 m, N =1000
A = 5cm?=5x10~4 m?, po= 4nx10-7
i) s =1 9.7 = 7.957x105 AT/Whb

Holra  drx10~7 x1400x5x10~
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N N2 (1000)°
L= -f=——2%— =125%6 H
“) S5 7957%10°

iii) A current of + 10 A is made — 10 A in 0.2 sec.
dl _ -10-10

at - oz -
dI
e = -Lgy = -1.2566%(-100) = 12566 volts

Again it is positive indicating that this e.m.f. opposes the reversal ie. decrease of
current from +10 towards -10 A.

4.8 Mutually Induced E.M.F.

If the flux produced by one coil is getting linked with another coil and due to change
in this flux produced by first
coil, there is induced e.m.f. in
the second coil, then such an
emf is called mutually
induced e.m.f.

Consider two coils which
are placed adjacent to each
other as shown in the
Fig.4.12. The coil A has
N; turns while coil B has N,

ber of turns, The coil A
has switch 5, variable
resistance R and battery of ‘E'
volts in series with it A
Fig. 4.12 Mutually induced e.m.f. galvanometer is connected
across coil B to sense induced

e.m.f. and current because of it.

Current through coil A is I; producing flux ¢;. Part of this flux will link with coil B
ie. will complete its path through coil B as shown in the Fig. 4.12. This is the mutual flux
$a.

Now if current through coil A is changed by means of variable resistance R, then flux
¢y changes. Due to this, flux associated with coil B, which is mutual flux ¢; also changes.
Due to Faraday's law there will be induced ean.f. in.coil B which will set up a ciurent
thmugh coil B, which will be detected hy galvammeter G.

FEA X HIER

“fghf w°§
el emfi G
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4.8.1 Magnitude of Mutually Induced E.M.F.
Let N; = Number of turns of coil A

N; = Number of turns of coil B

1 = Curent flowing through coil A
o1 = Flux produced due to current Iy in webers.
¢3 = Flux linking with coil B
According to Faraday's law, the induced em.f. in coil B is,
ey = -Njy %QPTZ

Negative sign indicates that this e.m.f. will set up a current which will oppose the
change of flux linking with it.

Now 0 = %Xll

If permeability of the surroundings is assumed constant then ¢; == I; and hence ¢; /I,
is constant.

Rate of change of ¢, = ‘f—fx Rate of change of current [

de; _ ¢ dly
dt 1 dt
d1
e; = -Nz‘?—f‘d—tl
_ _(N2¢2\dLy
€2 = [ I ]‘d‘t‘
nm[Nf:’z]i“.uedmefﬁdmtof tual inductance denoted by M.
e = _M_%.!.t_l.. volts

Coefficient of mutual inductance is defined as the property by which em.f. gets
induced in the second coil because of change in current through first coil.

Coefficient of mutual inductance is also called mutual inductance. It is measured in
henries.
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4.8.2 Definitions of Mutual Inductance and its Unit
1) The coefficient of mutual inductance is defined as the flux linkages of the coil per
ampere current in other coil
2) It can also be defined as equal to e.m.f. induced in volts in one coil when current
in other coil changes uniformly at a rate of one ampere per second.
Similarly its unit can be defined as follows :
1. Two coils which are magnetically coupled are said to have mutual inductance of

one henry when a current of one ampere flowing through one coil produces a
flux linkage of one weber turn in the other coil.

2. Two coils which are magnetically coupled are said to have mutual inductance of
one henry when a current changing uniformly at the rate of one ampere per
second in one coil, induces as em.f. of one volt in the other coil.

4.8.3 Expressions of the Mutual Inductance (M)

Nzé2
I

1) M =

2) 0, is the part of the flux ¢, produced due to 1. Let K; be the fraction of ¢, which
is linking with coil B.
2 = Kity
M = NaKidq
151
3) The flux ¢, can be expressed as,

mm.f NI

4 = Reluctance S

_ NaKj N1 Iy
M Ih ( 5 ]

K;iNyNa

M = 5

If all the flux produced by coil A links with coil B then K; = 1.

N1N2
M s
1
4) Now S—E and K;=1

Then M= —==
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M = i Nz?l-lour

5) If second coil carries current I, producing flux 5, the part of which links with
coil A i.e. &; then,

¢ = K¢ and M=N11—2¢q
M = NIIK22¢2
Now o = N;,SIZ
M = lelzzlgzlz
M - Kai g

If entire flux produced by coil B, links with coil 1, K; =1 hence,

_ NiN;
M= ==

4.8.4 Coefficient of Coupling or Magnetic Coupling Coefficient

and

We know that, M =
I I

Multiplying the two expressions of M,

MxM = N2Kin  NiKp 6
I 12

Ni¢p y(N2 ¢
2 1¥1 2
v = w552
But N}T‘ = Self inductance of coil 1 = L,

Nat2 Self inductance of coil 2 = L,

M2 = K1 KLy Ly

= "j K K; JLiL; = KJLL;

Z
[
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where K= .,Ile KZ
The K is called coefficient of coupling.

If entire flux produced by one coil links with other then K = K; = K; = 1 and
maximum mutual inductance existing between the coil is M = K\/L{L;.

This gives an idea about magnetic coupling between the two coils. When entire flux
produced by one coil links with other, this coefficient is maximum i.e. Unity.

It can be defined as the ratio of the actual mutual inductance present between the two
coils to the maximum possible value of the mutual inductance.

The expression for K is,

e:coils are satd 1o be loosely couplcd

4.9 Effective Inductance of Series Connection

Similar to the resistances, the two inductances can be coupled in seres. The
inductances can be connected in series either in series aiding mode called cumulatively
coupled connection or series opposition mode called differentially coupled connection.

4.9.1 Series Aiding or Cumulatively Coupled Connection

Two coils are said to be cumulatively coupled if their fluxes are always in the same
direction at any instant.

For this, winding direction of
the two coils on the core must be
the same so that both will carry
current in same direction. The
Fig. 413 shows cumulatively
coupled connection.

Coil 1 has self inductance L;
and Coil 2 has self inductance L,.

Winding direction same.
Current direction same While both have a mutual

through both the coils.

inductance of M.

Fig. 4.13 Series aiding



Basic Electrical Engineering 4-20 Electromagnetic Induction

4.9.2 Equivalent Inductance of Series Aiding Connection
Refer to Fig. 4.13 which shows two coil of self inductances L; and L, connected in
series aiding mode. The mutual inductance between the two is M.
Ifmu-:entﬂowkughﬂ\ecimntisd\mgingattherateof%ﬂmtoﬁlemf.

induced will be due to self induced em.fs and due to mutually induced e.m.fs.
Due to flux linking with coil 1 itself, there is self induced e.m.f,
di
e = ‘-Ll T:
Due to flux produced by coil 2 linking with coil 1 there is mutually induced e.m.f,
di
e = _ME;

Due to flux produced by coil 1 linking with coil 2 there is mutually induced e.m.f,,

di
e = Mz
Due to flux produced by coil 2 linking with itself there is self induced e.m.f.
di
ey = —]..2 a——:—

The total induced e.m.f. is addition of these e.m.f.5 as all are in the same direction,

e = e+ey +eqx+e; =—ng—i—M£ 1\1"[ﬂ —Lz%

dtdt
di di
= _[L'+L2+2M]dt= —Leq-(ﬁ
Where L, = Equivalent inductance
II.eq = Ly+Ly +2M |

4.9.3 Series Opposition or Differentially Coupled Connection

Two coils are said to be differently coupled if their fluxes are always in the opposite
direction at any instant.

Such a connection is shown in the

Fig. 4.14.
Coil 1 has self inductance L,
| | Coil 2 has self inductance L,
Winding direction opposite. and the mutual inductance
Hence current direction opposite between the two is M.

Fig. 4.14 Series opposition
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4.9.4 Equivalent Inductance of Series Opposition Connection
In series opposition, flux produced by coil 2 is in opposite direction to the flux
produced by coil 1.

I.Ecm‘tmtinthecircuitischangedatarahe%ﬂwenheirse]fhducede.m.f.swiﬂ

oppose the applied voltage but mutually induced e.m.f. will assist the applied voltage.
Similar to the cumulative connection there will exist four e.m.f.5 which are,

di di
e = -L1a-:-f ez = +MT:
e = ‘I'M‘(di—t!: and ey =-Lz-g—:

Hence the total e.m.f. is the addition of these four e.m.fs,

"

e e+ ex+ eppt+ e
di di
=Ly at +Ma +

di
dt

di di
[+l =M =-Leg g

Where L, = Equivalent inductance of the differentially coupled connection.

di
MG -La

| Lyg = Li+L-2M

msp Example 4.5 : Two coils A and B are kept in parallel planes, such that 70 % of the flux
produced by coil A links with coil B . Coil A has 10,000 turns. Coil B has 12,000 turns. A
current of 4 A in coil A produces a flux of 0.04 mWb while a current of 4A in coil B
produces a fluxof 0.08 mWb. Calculate,
i) Self inductances L, and Ly ii) Mutual inductance M i) Coupling coefficient.

Solution : The given values are,

Na = 10000, Np=12000, ¢ =07 ¢

Ka = % _ o7
oA
44 = 004x10-3 Wb forl =4 A.

¢p = 008x103 Wb for Iz =4 A
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Nada _ 10,000x004x10-3

i} Self Inductance Ly = —01H

Ia 1

-3

and Ly Npds _ 12000x008x10 _ 024 H

Ig 4
i) Mutual Inductance M = NIBT:?B =_NB:<A¢A

A
-3
_ 12000X0,7:ﬂ,04x10 = 0084 H

iii) Coupling Coefficient K = M 0 0.5422

4.10 Energy Stored in the Magnetic Field

We know that energy is required to establish flux i.e. magnetic field but it is not
required to maintain it. This is similar to the fact that the energy is required to raise the
water through a certain height (h) which is ‘mgh' joules. But energy is not required to
maintain the water at height ‘h'. This energy ‘mgh’ gets stored in it as its potential energy
and can be utilized for many purposes.

Energy is e e
storedin ~——a Coil TR
magnetic field . .

Consider a solenoid, the
current through which can be
controlled with the help of switch
S, resistance R shown in the
Fig. 4.15.

Initially switch ‘S' is open, so
current through coil, I is zero.
When switch is closed, current
will try to built its value equal to
L Neglect the resistance of coil.

It will take some time to increase the current from ‘zero' to ‘I' say ‘dt’ seconds.

In the mean time, flux linkages associated with the coil will change, due to which
there will be self induced e.m.f. in the coil whose value is given by,

dl
e = —Lm

Fig. 4.15 Energy stored in magnetic field
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So at every instant, coil will try to oppose the increase in the current. To overcome this
opposition, supply has to provide the energy to the circuit. This is nothing but the energy
required to establish the current i.e. magnetic field or flux around the coil.

Once current achieves its maximum value ‘I' then change in current stops. Hence there
can not be any induced e.m.f. in the coil and no energy will be drawn from the supply. So
no energy is required to maintain the established flux. This is because, induced e.m.f. lasts
as long as there is dmngu in flux lines associated with the coil, acmrdmg to Farada)’s law

\'\l'hmmrrent]sagamredmedtozerobyopenmgthesmbchthmcurrmtthmughﬁm
coil starts decreasing and flux starts decreasing. So there is induced em.f. in the coil
according to Faraday's law. But as per Lenz's law it will try to oppose cause producing it
which is decrease in current. Se this induced e.m.f. now will try to maintain current to its
original value. So instantaneously this induced em.f. acts as a source and supplies the
energy to the source. This is nothing but the same energy which is stored in the magnetic
field which gets recovered while field collapses. So energy stored while increase in the
current is retumed back to the supply when current demases ie. when field col]apses

The expression for this energy stored is derived below.

4.10.1 Expression for Energy Stored in the Magnetic Field

Let the induced e.m.f. in a coil be,
dI
e =-l3
This opposes a supply voltage. So supply voltage ‘V" supplies energy to overcome this,
which ultimately gets stored in the magnetic field.

dl dl
V=re = '["LE] = La
. dl
Power supplied = VxI = LETXI

. Energy supplied in time dt is,

E = Powerx Time =Lg%xlxdt

Ldix I joules.
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This is energy supplied for change in current of dI but actually current changes from
zero to L

~ Integrating above total energy stored is,

E

iLdII = Lj‘dll
0 0

g5 5

1 s
E = 5LIZ  joules

4,10.2 Energy Stored Per Unit Volume
The above expression for the energy stored can be expressed in the different form as,

E = ALI2 joules

2
Now L = ?
E = ;N‘tlzjofu.les ——N¢I)ou.les
Now NI = Hl ampere-tums
¢ = Ba
E = lBaHI
T2
But axl = AreaxLength = Volume of magnetic circuit
. Energy stored per unit volume is,
_ 1
= 5BH
But B = pH

- Energy per unit volume,

= %—p H? joules/m3

E/ unit volume = -;—%—- joules / m?

Where Bo= Rolts
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In case of inductive circuit when circuit is opened with the help of switch then current
decays and finally becomes zero. In such case energy stored is recovered and if there is
resistance in the circuit, appears in the form of heat across the resistance.

While if the resistance is not present then this energy appears in the form of an arc
across the switch, when switch is opened.

If the medium is air, 0, = 1 hence 1 = p must be used in the above expressions of
energy.
iy Example 4.6 : A coil is wound on an iron core to form a solenoid. A certain current is

passed through the coil which is producing a flux of 40 WWb. The length of magnetic circuit
is 75 cmt while its cross-sectional area is 3 cm® . Calculate the energy stored in the circuit.
Assume relative permeability of iron as 1500.

Solution : | = 75em=075m, a=3cm?=3x10~4 m?
& = 40 pWb=40x106 Wb, p,= 1500
%
B = 22401077 | 5133 Whb/m?
2 3x10—*
. Energy stored per unit volume,

1B2 _ 1 B2 _1 (0133)2

e Ziollr 2 47107 x1500
~Total energy stored = Energy per unit volumexVolume = Ex{ax ]}
4.7157x(3x10~4 x0.75) = 0.00106 joules

=4.7157 J/md

]

4.11 Lifting Power of Electromagnets
Force of attraction between the two

magnetized surfaces forms the basis of operation
N of devices like lifting magnets, solenoid valves,

magnetically operated contactors, clutches ete.
P newtons Final Consider two poles of two magnetized surface
position NandShavinganairgapof!ensﬂ\f’m

H ,J_ between them and a cross-sectional area of '

dx sqm. Let P newtons be the force of a'ltracﬂun

T between them. This is shown in the Fig. 4.16.
° Initial The energy stored in a magnetic field in air

position per unit volume is,
Fig. 4.16

1 B2 3 _
Eﬂ-z-p— Jim e Hr-l
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Energy stored = lﬁ—z-a:d |
2pg

If south pole is moved further by distance dx then energy stored will further increase
by,

B2 axdx joul
_ZMaxx}oes

This increased energy must be equal to the mechanical work done to move pole by
distance dx which is,

Pxdx = (Forcexdisplacement)

B2
Pdx = —— axdx
2 Mo
2
P = B%a newtons
2Kg

This is the force in newtons existing between two magnetized surfaces.

Examples with Solutions

mmp Example 4.7 : A square coil of 20 om side is rotated about its axis at a speed of 200
revolutions per minute in a magnetic field of density 0.8 Wh/m?. If the number of turns of

coil is 25, determine maximum e.m.f. induced in the coil.

Solution : The arrangement is shown in the Fig. 4.17.

Rotation

2

Fig. 417

As shown in the Fig. 417 (b) the active length responsible for cutting flux lines
becomes ! =20 cm = 0.2 m.

Now N = 200 r.p.m.

We want the velocity of m/sec
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v =T
= rxg:%-b![whereNisinr.p.m.andr:lﬂmt=ﬂ.lm]
v = GJXZEXZD() = 2.094 m/sec.
60
B = 0.8 Wb/m® and Active length = 02 m
The maximum e.m.f. induced in conductor AB, shown in Fig. 4.17 (b} will be,
e = Blvsin®
For e,y 8 = 90°

0.8 x 0.2x 2094 = 0.335 volts

The em.f. induced in sides BC and AD is almost zero as their plane of rotation
becomes parallel to plane of field.

And maximum e.m.f. induced in conductor CD will be same as AB = 0.335 volts.

~. ean.f. induced in one turn of the coil [AB + CD]

e

1}

= 2x0335 = 0.67 volts

In all, there are 25 turns in that coil,
.. Total e.m.f. induced in a coil is

= 25x0.67 = 16.75 volts

hmp Example 4.8 : A conductor has 50 cm length is mounted on the periphery of a rotating
part of d.c. machine. The diameter of a rotating drum is 75 cm. The drum is rotated at a
speed of 1500 r.p.m. The flux density through which conductor passes at right angles is
1.1 7. Caleulate the induced e.m.f. in the conductor.

Solutlon : The active length 1=50cm=05m, N=1500rpm, B=11T,
0 = 90°
The rotating drum on which conductor is mounted is called armature of a dc.
machine.
The arrangement is as shown in Fig. 4.18.
The linear velocity
2N

“+——— Conductor VvV=rw=rx &0

) 07520 g e

Drum

Fig. 4.18
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r = =375em

N3

Induced em.f. in a conductor = Blv =11x%x05x589
= 32.397 volts

mmp Example 4.9 : Find the inductance of a coil of 200 turns wound on a paper core tube of
25 cm length and 5 em radius.

Solution : Given values are, N =200, /=25cm=025m,r=5cm = 005 m
c/s area = gdz where d = Diameter
e B2 o F 2
a =g {2r) 4x(2x 0.05)

a = 7853x10-3 m?

For paper, pr =1
s=to 0B a1’ AT/Wh
Hpa  4mx10-7 x7.853x10~3
2 2
L= N Q0 e 10-31
S 2.533x107
= 1.579 mH

nmp Example 410 : An electromagnet is wound with 800 turns. Find the value of average
ean.f. induced and current through coil, if it is moved to that magnetic field is changed from
1 mWhb to 0.25 mWb in 0.2 sec. The resistance of the coil is 500 Q.

Solution : Given values are, N = 800, ¢; = 0.25 mWhb, ¢, = 1 mWhb, t = 0.2 sec,, R = 5000

- do _ 6201 ] _ |025x10-3 -1x10-3
Induced e.mn.f e = -Ng=- 800 [ 5| = 73
= 3volts
_emf 3 _ 3.
Current I = & -500-6x10 A=6mA

mmp Example 4.11 : A solenoid is wound with 1000 turns having area of cross-section 25 cm®
When 2.5 A current flows through the coil, the flux dmsttg is 0.8 Wh/m” and when current
is increased to 5 A, the flux density becomes 1.2 Wh/m®. Find the average value of self
inductance within given current limits. If this change in current is achieved within 0.04 sec.,
calculate the self induced e.m.f.
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Solution : Given values are, N = 1000, a = 25 em? = 25 x10~% m% I, = 25 4,
By = 0.8 Wb/m?, I, = 5 A, B, = 1.2 Wb/m?, t = 0.04 sec.

_ N¢ _ g 90
L = T iee L=N -d—l-
L = N[”_""] asB=2
I,-I, a
%2 0
= 3 B, =B
= a_a |. 2-B
= Na I-Iy —Na[lz*l'l ]
12-08
- -4 -
L 1000 x 25 10 x[ £ E ] 04 H
_ dl _ 1, -1 _ 5-2.5 _
Now e = “La —-0‘4[ dt ]—-0‘4[—0.—‘]-@-]—-25 volts

Negative sign indicates that it opposes change in current.

mmp Example 4.12 : An iron ring of mean length of 100 cm and cross-sectional area of 10 cm?
has an air gap of 1 mm cut in it. It is wound with a coil of 100 furns. Assuming relative
permeability of iron as 500, calculate the inductance of a coil.

Solution : Given values are, N = 100, a = 10 em? = 10 x10~4 m?, ji,= 500
Length of iron is [; = Mean length — Air gap length
= 100 em - 1x10~! cm =999 cm = 0.999 m
Length of air gap is I, = 1mm=1x10-3m
li 0.999

5 = =
Hokra  4mx10-7 x500x10x10-4
= 15899 x106 AT/Wb
s - 5 1x10-3

8 T o3 4ux1077 x10x10-%
= 7.9577 %105 AT/Whb.
Total § = §; + S, = 238567 x106AT/Wb

2 2
L= N ___00° 91103 H
S 2.38597x108

= 4191 mH
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mmp Example 4.13 : An iron cored wroad' of relative permeability 980 has a mean length of
120 cm and core area of 100 mm?, A current of 0.3 A establishes a flux of 40 pWb,
calculate
i) the number of turns of coil i) self inductance iii) energy stored in magnetic field.
Solution : Given values are p,=980, [=120cm =12m, a =100 mm? = 100 x10-6 m

I =03A ¢6=40uWb=40x10"%Wb

i) Flux density B 8080107 o we
a  100x10-6
B 0.4
Field stren H=s —=—— =348 AT/m
gth Wolr  4mx10-7 x980 /!
NI
H B —
1
Nx0.3
3248 = —5—
N = 1299.2 =1300 tums
-6
ii) L=$=m =01733 H

id) l-Znerg‘ysmreciﬁ-'—].l2 —x01?33><(03}2 = 7.8 x10-? joules

Otherwise alternatively energy stored can be calculated as,
B2 1 (0.4)2

% Volume = =X

—_—  x(ax!
HoMe 2 4mx10-7 %980 (@)

1
E=3
1 1 %

= Ex129.9224x~2—x(100x10 %1.2)
= 7.8x%1073 ]

inmp Example 4.14 : A coil of 200 turns having a mean diameter of 6 cm is placed coaxially at
the centre of a solenvid of 50 cm long with 1500 turns and carrying current of 2.5 A.
Calculate the mutual inductance bet the two coils.

Solution : Given values are,
Ny = 1500 (solenoid), N, =200, [; =50 em =05m, I;=25A
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O 0000DOQOO0O0

Now magnetic field strength H at the

6em centre of coil due to solenoid current is
s b= Nl
h
0000000 o-—l.=2sn
1; =50 em 1500%2.5
1 1 [ pi—————
05 7500 AT/m
Fig. 4.19

. Flux density at centreis B = ppH (ur=1)
B = 4mx1077 x7500 = 9.424 x10~3 Wb/m>
2, Flux linking with second coil is,

¢ = Bxaz= 9.424x10-3xgx(d2)2

9.424 x10-3 x%x(ﬁxm‘z)z = 2,664 x10-3 Wb

=~ Mutual inductance between the coils is,

664105
M = le¢: = 200><2.2 - X107 1318 x10-3 H
1 .

iy Example 4.15 : Two coils with a coefficient of coupling of 0.5 between them are connected
in series so as to magmetize a) in the same direction (series aiding), b) in the opposite
direction (series opposition). The corresponding values of equivalent inductance for a) is

1.9 H and b) 0.7 H. Find the self inductance of each coil, mutual inductance between the coil.

(May-2006)
Solution : Given values are, K =05

Now for series aiding, Lyg = Li+1,-2M=19H 1)
For series opposition, Lg = Li+L;-2M =07H .(2)
and M = KJI1L; =051 . (3)
Subtracting (2) from (1), 4M =12 ie. M=03H

Substituting in (3), 03 = 05,/[,L; ie LjL,=036

l’} = %

L
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Substituting in (1), Ll+%+zxo,3 =19

~124036-131, = 0

1.3+,f(1.3)2 —4%0.36
L s —

2

It

L
L

lmp Example 4.16 : A coil of 800 turns of copper wire those diameter is of 0.375 mm. The
length of the core is 90 cm. The diameter of core is 2.5 cm. Find the resistance and
inductance of the coil. Assume specific resistance of copper as 1.73 x10~5 Q-cm.

09HorL; =04 H

04H orL,=09H

Solution :
N PN N N *
e
/ LS e \
[ -
80 cm
Fig. 4.20
Length of the coil = (mxd) x Number of turns
As mxd = Circumference of 1 turn
And d = Diameter of the core
. Length of the coil = (7x2.5%1072)x 800 = 62.83 m
p = 1.73x10-6 Qcm = 1.73x10-% Q-m
=P
a
Where a= gdz where d = Diameter of coil

d = 0.375 mm = 0.375x10-2 m

a= %x(0.3?5x10’3)2 = 1104 x10-7 m?
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1 17 -8
R = PI_173x107°x6268 .00
a 11044x10~7
. _ N2
While L = 5
Reluctance 5 = ! where I = Length of core = 09 m
HoHra ’

a = c/s area of core = -Edz = %x{2.5x10'2)2

= 4908 x10~4m?
Assume pe = 1
0.9

5 = = 1.45902 x10? AT/Wb
4mx10-7 x1x4,908x10-4

N2 (800)2 -

=—— — _ =438x10"1H

S 1.45002x10°
= 0.4386 mH

nmp Example 4.17 : A length of an air cored solenoid is 1.7 m and area of cross-section is
12 cni. The number of turns of coil is 1000.

Calculate :
i) The self inductance. ii) The energy stored in magnetic field when a current of 10 A flows
through the coil. (Dec.-97)
Solution :/ = 1.7 m, a =12 cm® = 12x10-4m?, pg = 4nx10-7, N = 1000, 1 = 10 A
1 1.7
S§ == —=n—rvn—
Ro2  4mx10-7 x12x10-4
= 11273 x10° AT/Wb «. J; = 1 as air cored
2 2
Lo N2_ (0007 e 10-4 H = 887 mH
5 1.1273%109
Now if E = %u’ = %x(ss:xm-S)x(m)z = 0.0443 ]

sy Example 4.18 : Two coils having 3000 and 2000 turns are wound on a magnetic ring.
60% of flux produced in first coil links with the second coil. A current of 3 A produces flux
of 0.5 mWb in the first coil and 0.3 mWb in the second coil. Determine the mutual
inductance and coefficient of coupling. (Dec-26)
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Solution : N, = 3000, N, = 2000, §; = 05 mWb, ¢, = 0.3 mWb
I = L=3A and $; =06
N, _ 2000x0.3x10-3

M = P 3 =02H
-3
L1 - Nty - 3000x0.5%10 =05H
T, 3
_ Nad¢s _ 2000x0. 3x10-3 _
L, = __—12 = 3 =02H
M 0.2

= 0.6324

L Jo5x02

P Example 4.19 : Two coils having 1000 and 300 turns are wound on a common magnetic
path with perfect magnetic coupling. The reluctance of the path is 3x10% AT/Wb. Find the
mutual inductance between them. If the current in 1000 turns coil changes uniformly from
5 A to zero in 10 milliseconds, find the induced e.m.f. in the other coil.

) {Dec. -99, Dec.-2000)

Solution : N; = 1000, N, = 300, K = 1, S = 3 x10 AT/Wb

NiN2 = 1000x 300

Now, M = S 3%10° =01H
dIy 0-5
= -M—G-=-01%——-"Fr| =50V
2 dt >([10><10-3 ]

This the induced e.m.f. in other coil

mmp Example 4.20 : Two coils A and B are placed such that 40 % of flux produced by coil A
links with coil B coils A and B have 2000 and 1000 turns respectively. A current of 2.5 A
in coil A produces a flux of 0.035 mWhb in coil B. For the above coil combination, find out
(i) M, the mutunl inductance and (ii) the coefficient of coupling K,, Kg and K (iii} Self
inductances Ly and Lg. (May-2000)

Solution : N, = 2000, Ny = 1000, Ky = 04, ¢g = 0.4 $,
I,=25A and ég = 0.035 mWb

Np ¢ _ 1000 x 0.035 x 103
Ia 25

(i) Mutual Inductance, M = = 0014 H

n

(i) [ 0.035 mWb and ég = 04 $,
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0.035
b = 3008 _ 0875 mwh
L. = Nada _ 2000 x 00875 x 10
AT T, 25
Ly = 007H

Assuming that same current in coil B produces 0.035 mWb in coil B.
Np¢s _ 1000 x 0.035 x 1073

bs = I 75 =0.014 H
(iii) M= Na®a o _NaKpop
Ig Tn
-3
0014 = 2000 Kg x 0035 x 10

25
Kz = 05

¢p = Kpa da and it is given that 40% of ¢, links with coil B,
Ky = 04

K = JK\Kg = J04%0.5 = 0.472

imp Example 4.21 : Two windings connected in series are wound on a ferromagnetic ring
having cross-sectional area of 750 mm? and a mean diameter of 175 mm, The two windings
have 250 and 750 turns, while the relative permeability of material is 1500. Assuming no
leakage of flux, calculate the self inductances of each winding and the mutual inductance as
well. Calculate e.m.f. induced in coil 2 if current is coil 1 in increased uniformly from zero
to 5 A in 0.01 sec. (Dec.-2001)

Solution : I Length of magnetic circuit = 7% dmean
I = nx175x10~3 = 0.5497 m

a = 750 mm?2 = 750x 10-6 m? =7.5x 10~ % m?

Ny = 250, Nj =750, = 1500

Self inductance, L = 5? but¢=-b§

L = e

NN N
IS 'S
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1

We have, S = a

=
g - 1 . 0.5497
HoMra  (4rx1077 )(1500)(7.5%10~4)
= 388833.2 AT/Wb
N} (250)
S T it M
bt = 5 =3gg8332 = 01607 H
N2 (7350)°
S =
b2 = 5 =3gggaag - 1M H

The mutual inductance between the two windirgs is given by,

_ Ny N> _ (250) (750) _
M = =% = g - 0482 H

M = 04822 H
EM.F. induced in coil 2 is,

_ dl; (5-0) _
e = =} F—-G.GSZZX 001 ==2411V

mmp Example 4.22 : If a current of 5 A flowing in coil with 1000 turns wound on a ring of
ferromagmetic material produces a flux of 0.5 mWb in the ring. Calculate (i} self inductance
of coil (ii) e.m.f. induced in the coil when current is switched off and reaches zero value in
2 millisec. (fii) mutual inductance between the coils, if a second coil with 750 turns is

wound uniformly over the first one. {May-2003)
Solution : Gp=05mWb, N=1000,1=5A
-3
i) L = No _ 1000x05x10 —01H
1 5 .

" dr _ . 0-5 ]_

i) e = —Lm-—u.l[b(m_a]-zsuv

iii) Let Ny = 750 of other coil

As other coil is wound on first, all the flux produced by coil 1 links with the second
coil.

Ki ¢ =) as Kp=1

Na¢z _ Na[Kitn]
I Iy

&
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_ 750%05x1072

B =0.075H

mwp Example 4.23 : An electric conductor of effective length of 0.3 metre is made to move
with a constant velocity of 5 metre per second perpendicular to a magnetic field of uniform
flux density 0.5 tesla. Find the em.f. induced in it. If this em.f. is used to supply a current
of 25 A, find the force on the conductor, and state its direction w.r.t. motion of conductor,
ignoring friction. Find the power required to keep the conductor moving across the field.
(Dec.-2003)

Solution :/=03m, v=5m/s, B=05T

Biv=03%x5x05=075 V
25 A
BIl=05x25%x03=375N

The direction of this force is so as to oppose the motion of conductor, as per Lenz's
law.

The power required to keep the conductor moving is,

e

Now I
F

P = exI=075x375=28125W

imp Example 4.24 : Two identical coils P and Q, each with 1500 turns, are placed in parallel
planes near to each other, so that 70% of the flux produced by current in coil P links with
coil Q. If a current of 4 A is passed through any one coil, it produces a flux of 0.04 mWb
linking with itself. Find the self inductances of the two coils, the mutual inductance and
coefficient of coupling between them. (Dec.-2003)
Solution : Np =Ng = 1500, ¢g =07 ¢p ... 70% linking
Let Ip =4 A and ¢p =004 mWb

Np ¢p _1500x0.04x10-3 _

Lp = . 15 mH
Let Ig =4 A then ¢q = 0.04 mWb
Lo = N?ng _1500)(0.34){10‘3 =15 mH
M = Nato No07¢p _ 1500x0.7x0.04x1073 _ oo o
Ip Ip 4
And K=_M _ 105x10° 0.

JLrLo J(15x 10-3)?
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=y Example 4.25 : A coil of 450 turns is uniformly wound around a ring of an iron alloy of
mean circumference of 100 cm and cross-sectional ares 1125 sq. cm. When a
current of 0.5 ampere is linearly reduced to zero in 0.01 second, the e.mf. induced in the

coil is 2 V. Find the relative permeability of the iron alloy. (May-2004)
Solution : N =450, /; =100 em, a = 1.125 an?
e = _Ldl
I T3

dl = +05tozeroie. 0-05=-05
dt = 00lsec, e=2V
(=035)

2 = -L 001 ie. L=0.4 H
2 .
Now L =N as=_th
S RoHra
2
I
HoHra

1 (450)%x(1125%104 )x (47x107 )
Br 100102 % 0.04
1397.245 = 1398

=
-
n

imp Example 4.26 : A straight conductor 1.5 m long lies in a plane perpendicular to a
uniform magnetic field of flux density 1.2 tesla. When a current of 'I' ampere is passed
through it, it makes the conductor move across the magnetic field with a velocity of 1 m/s.
Ignoring resistance of the conductor and friction, find the current 'I, if the power of the
moving conductor is 90 watt. Find the em.f. induced in the conductor and the force on if.
State the sense of the force w.r.t. the velocity, and sense of the em.f. induced w.r.t. current.

(May-2004)

Solution :/=15m, B=12T, v = 1m/s, P=90W

Blv=12x15x1=18V

P = exl
90 = 1.8xI
I =5A
F = BIl=12x50x15=90N

The force is so as to oppose the velocity while the sense of em.f. is so as to oppose
the current. )
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b Example 4.27 : Two coils A and B, have self inductances of 120 pH and 300 uH
respectively. A current of 1 A through coil "A’ produces flux linkage of 100 pWb turns in
coil 'B’. Calculate
i) mutual inductance between the coil.

ii) average e.m.f. induced in coil "B’ if current of 1 A in coil "A’ is reversed at a uniform
raté in 0.1 sec. Also find coefficient of coupling. (Dec.-2004)

Solution : L, = 120 uH, L = 300 uH

Io = 1A produces Ngég = 100 pWb

i) M = Nﬂ’“ _5'-0—"119-_100 pH ..Mutual inductance
o dl

Il) eg = —N[d—‘:

The current in coil A is reversed ie. itis -1 A in 0.1 sec.

A1 = (New value - Original value) = (-1 -1} = -2 A

and At = 01 sec
dla M T
W = 0 1 =~ 20 A/sec
eg = —100x106x(-20) = 2 mV ... Induced em.f. in B
K = M _ 100106
JLALs  120x1076 % 300x 106
= 0.527 ... Coefficient of coupling

mmp Example 4.28 : A magnetic core is in the form of a closed ring of mean length 20 cm and
cross-sectional area 1 cms?. Its relative permeability is 2400. A coil of 2000 turns is
uniformly wound around it. Find the flux density set up in the core if a current of 66 mA
is passed through the coil. Find the energy stored in the magnetic field set up.
Find the inductance of the coil, if an air gap of 1 mm is cut in the ring perpendicular to the

direction of the flux. (May-2005)
Solution : Given I = 20 cm, a = 1 cm2, 1, = 2400, N = 2000, 1= 66 mA
-2
Case 1: §= - 20x10 = 663.1455x10% AT/Wb
Hokra  4mnx10-7 x2400x1x10~4
mmf = NI =2000x66x10-3 = 132 AT
o= 132 _ 1900510 Wb
5 663.1455x103
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-4
B = 9o 1905xX107 _ ) o505 Wh/m? ie. T ...Flux density
a 1x10-4
2
L= NP @002 gsHorL =N
S T 663.1455%103 I

E = 2LIZ = 2x603185x(66x10-%)? = 131373 m] ...Energy stored

Case 2 : New air gap is cut of length [; =1 mm in the ring.
Ii = Iron length = I-J; = 20x1072 -1x10~3 = 0.199 m

s _
5 = = pr =1 f
i+5g = unura *ioa He =D lorair gap
1[4 1 0.199
= —|—+lg |z ————— +1><10-3]
uoa[ur ‘] 4mx10-7 x1x10-4 [ 2400
= 8.6175 x10° AT/Wb ...Total reluctance
2 2000
L=N——-—£-——)—-———W1H ...New inductance.
5  86175%106

immp Example 4.29 : Two long, single-layered solenoids ‘x* and 'y" have the same length and
the same number of turns. The cross-sectional areas of the two are 'a,' and "ay’ respectively,
with ‘ay” < ‘ax’. They are placed coaxially, with solenoid 'y" placed within the solenoid ‘x’
Show that the coefficient of coupling between them is equal to fay / ax. (May-2005)
Solution : The arrangement is shown in the Fig. 4.21.

It is known that
NZpgp.a
1
For coil x,
L. = Nonrax
Same X ]
for both
Nepopra
Fig. 421 and Ly = . Lhad

The number of turns N and p . is same for both.
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Considering coil y,
NN
M = w where N; = N, = N
M = NZa yHolr

I

The coefficient of coupling is given by,

K =

= N2
(N I-lil)l-lr ]J;;‘a—;

K =

Nza‘r Holr
M _ i
'JL“LY _"!Nzl-lul-l:ax % sz.lgp.,ay
1 1

NZpou: |,
I o a
= |3y

ax

1y
ax

...Proved

mmp Example 4.30 : An iron ring wound with 500 turns solenoid produces a flux density of
0.94 tesla in the ring carrying a current of 2.4 Amp. The mean length of iron path is 80 cm
and that of air gap is 1 mm. Determine i) the relative permeability of iron, ii) the self
inductance and iii) energy stored in the above arrangement, if the area of cross-section of

ring is 20 cm2.

Solution : N =500, I=24 A, B=094T, a=20cm?

L =

g =
) ¢ =

But S

638297.8723

Length of iron path = 80 ecm
Length of air gap = 1 mm
Bxa = 0.94x20x10"4 = 1.88x10~ 3 Wb

_ _mmf _NI
~ Teluctance S
_500x24 _ _ 638097.8723 AT/Wb
1.88x10-3
ki I
Si+S; = +—
i+55 = frona o
80x10-2 +ix10'3 1
Rr 1 4mx10-7 % 20% 104

{Dec.-2005)

B¢ = 1 for air gap
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B = 132402

) N2 (002

i) L = 5 = @emrgs = 03916 H

iii) E = %le =%x0.3916><(2,4)2 =11278 ]

mp Example 4.31 : An air cored solenoid 1 m in length and 10 e¢m in diameter has
5,000 turns. Calculate : (i) the self inductance and (i} the energy stored in the magnetic

field when current of 2 A flows in solenoid. (Dec.-2006)
Solution : I=1m, d =10 cm, N = 5000, u = pp as air cored
a=gd= -19_-10-—“‘:::12 = 7.854x10~ 3 m?
S = N —— 101.3209%10% AT/ Wb
Hoa  4nx10-7 x7.854x10-3
2 2
i) L= N2__ G000 ouerw
5 101.3209x106
i) I=2A
E = S L2 = 1x02467x22 = 0.4934 ]

2 2

wmp Example 4.32 :  An iron ring of 10 cm in diameter and 8 cm” in cross-section is wound
with 300 turns of wire. For a flux density of 1.2 Wo/m® and relative permeability of 500,
find the exciting current, the inductance and the energy stored. (May-2007)

Solution : d=10cm, a=8cm?, N=300, B=12Wb/m%p, =500
1 axd =ax10 em=03141 m

o 0.3141
Mokrd  4rx10-7 x500% 8x10-4

S = = 624.882x103 AT/Wb

o = Bxa=12x8x10"4 = 96x10-4 Wb

N
96x1074 = ——oouxl
621.882x103
1=2A
2 2
Lo N2__ (300 sz H
5 624882x103

E = % 2= %xma«mx(m! =0288 )



Basic Electrical Engineering 4-43 Electromagnetic Induction

1
2
3
4
5.
6.
7.
8
8

10.
11
12,
13.

4.

15.

16.

17.

18.

Review Questions

State the Faraday's laws :y'd:ﬂmnagnmsm.

. What is the difference by dynamically induced e.m.f. and statically induced e.m.f. ?

. Derive the expression for the magnitude of the dynamically induced e.m.f.

. Explain clearly the difference between self inductance and mutual inductance. State their units,
Derive the various expressions for the self inductance.

. Explain the factors on which self inductances depends.

. Derive the various expressions for the mutual inductance.

. Derive the expression for coefficient of coupling. '

. Derive the expression for the equivalent inductance when two inductances are connected in
i) Series aiding (cumulatively coupled) i) Series opposition (differentially coupled).

How energy gets stored in the magnetic field ?

Derive the expression for energy stored in the magnetic field.

Write a note on lifting power of an electromagnet.

Two identical 1000 turn coils X and Y lie in parallel planes such that 60% of the flux produced by
one coil links with the other. A current of 5 A in X produces a flux of 5x107% Wb in itself. If the
current in X changes from + 6 A to — 6 A in 0.01 sec, what will be the magnitude of the e.m.f.
induced in Y ? Calculate the self inductance of each coil. (Ans. : 0.72 V, 0.001 H)

Find the inductance of a coil of 200 turns wound on a paper core tube of 25 cm length and 5 cm
radius. Also calculate energy stored in it if current rises from zero to 5 A.

(Ans. : 1.579 mH, 0.01973 J)
Two 200 turns, air cored solenoids, 25 cm long have a cross-sectional area of 3 cm? each. The
mutual inductance between them is 0.5 wH. Find the self inductance of the coils and the coefficient
of coupling. (Ans. : 60.31 pH, 0.00828)

Tuwo coils A and B having 5000 and 2500 turns respectively are wound on a magnetic ring. 60 %
of the flux produced by coil A links with coil B. A current of 1 A produces a flux of 0.25 mWb in
coil A while same current produces a flux of 0.15 mWb in coil B. Find the mutual inductance and
coefficient of coupling. (Ans. : 1.25 H, 0.375 H, 0.5477)
A conductor has 1.9 m length. It moves at right angles to a uniform magnetic field, The flux
density of the magnetic field is 0.9 tesla. The velocity of the conductor is 65 m/sec. Calculate the
et f. induced in the conductor. (Ans. : 111.15 volts)

An air cored coil has 800 turns. Length of the coil is 6 cm while its diameter is 4 cm. Find the

current required to establish flux density of 0.01 T in core and self inductance of the coil.
(Ans. : 0.5968 A, 16.844 mH)
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20.

19. A flux of 0.25 mWb is produced when a current of 2.5 a passes through a coil of 1000 turns.

Calculate

i) Self inductance

i) E.MLF. induced in the coil if the current of 2.5 A is reduced to zero in 1 milliseconds.

iii) If second coil of 100 tums is placed vear to the first on the same iron ring, calculate the
mutual inductance belween the coils. {Ans.: 0.1 H, 250V, 0.01 H)
Two coils A and B having 180 and 275 number of turns respectively are closely wound on an
iron magnetic circuit, which has a mean length of 1.5 m and cross-sectional area of 150 em. The
relative permenbility of iron is 1500. Determine mutual inductance between the coils. When will be
the eam.f. induced in a coil B if the current in coil A changes uniformly from 0 to 2.5 a in 0.03
seconds? (Ans. : 0.933 H, - 77.75 Volts)

Qaaa



Electrostatics

5.1 Introduction

The branch of electrical engineering which deals with clectricity at rest is called
electrostatics. All the electric phenomena are produced due to the various types of
charges. The moving charges produce current and magnetic effects. The accelerated
charges produce radiation. Apart from moving and accelerated charges, there exists one
more type of charges called stationary charges or static charges. Static charges are

ponsible for the g tion of the forces on other charges which are called electrostatic
forces. Electrostatics means the study of the static charges and the associated effects.

Such static charges may be situated at a point when they are called point charges.
When the static charges are distril i along the telepl lines or power lines, they are
called line charges. When distributed over the surfaces such as surfaces of plates of
capacitor, they are called surface charges. Static charges may exist in the entire volume in
the form of a charge cloud then they are called volume charges. In this chapter, we will
discuss the behaviour of electricity due to the static charges, the laws governing such
behaviour and concept of a capacitor.

5.2 Concept of an Electric Charge

The matter on the earth which occupies the space may be solid, liquid or gaseous. The
matter is made up of one or more elements. Each element is made up of many atoms
which are of similar nature. Now a days, scientists are successful in breaking atoms and
studying the resulting products.

According to modemn 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 positively charged while the electron is negatively charged. The
neutron is electrically neutral ie. possessing no charge. The mass of neutron and proton is
same which is 1675 x 107 kg while the mass of electron is 9.107 x 10 kg. The
magnitude of positive charge on proton is same as the magnitude of negative charge on
electron. Under normal conditions, number of protons is equal to number of electrons
hence, the atom as a whole is electrically neutral. All the protons and neutrons are bound
together into a compact nucleus. Nucleus may be thought as a central sun, about which,

(5-1

Premieri12
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the electrons revolve in a particular fashion. The electrons are arranged in different orbits
ie. levels. The orbits are also called shells.

The orbits are more or less elliptical. The electrons revolving in various orbits are held
by force of attraction exerted by nucleus. The orbit which is closest to the nucleus is under
tremendous force of attraction while orbit which is farthest is under very weak force of
attraction. Hence, electrons revolving in farthest orbit are loosely held to the nucleus. Such
a shell is called valence shell and the electrons in this shell are valence electrons. In some
atoms, at room temperature only, these valence electrons gain an additional energy and
they escape from the shell. Such electrons exist in an atom as free electrons. Now, if such
electrons are removed from an atom, it will loose negative charge and will become
positively charged. Such positively charged atom is called anion. As against this, if excess
electrons are added to an atom, it will become negatively charged. Such negatively
charged atom is called cation.

"Key Point This ficiency or ad Sefki
s its charge and, the atont. _W 0. be'charged

: ___f&argew coulomb.

The deficiency or excess of electrons can be achieved by different methods. One of
such methods is to rub two dissimilar materials against each other. When an ebonite rod is
rubbed on a fur cloth, then the rod extracts electrons from fur cloth and behaves as
negatively charged while fur cloth behaves as positively charged. This charged condition of
rod cannot be sensed by eyes or by any sense organs. But, we can observe the effect of it
by simple experiment. Such charged ebonite rod, when brought near light pieces of paper,
attracts these pieces. This attraction is nothing but the effect of static charge present on the
rod. This is the basic principle of the static electricity.

Such phenomena due to static charges are governed by some laws called laws of
electrostatics. Let us study these laws.

5.3 Laws of Electrostatics
The two fundamental laws of electrostatics are as below :-
1) Like charges repel each other and unlike charges attract each other.

The law can be demonstrated by another simple experiment. The ebonite rod becomes
negatively charged when rubbed against fur cloth. Now, if glass rod is rubbed against fur
cloth, it gets positively charged. And if they are brought near each other, they try to attract
each other. While two ebonite rods after rubbing against fur cloth, brought nearby, try to
repel each other. This shows that like charges repel while unlike charges attract each other.

2) Coulomb's Inverse Square Law.

The law states that the mechanical force, attraction or repulsion, between the two small
charged bodies is

i) directly proportional to the product of the charges present on the bodies.
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ii) inversely proportional to the square of the distance between the bodies and
iii) depends upon the nature of the medium surrounding the bodies.

me Force The Fig. 51 shows two

ltracli olrbc point charges, separated by

g on Q, fepusion q, distance ‘d’ metres. The charges

G)@ & m% 9 o= F wé are Q; and Q; coulombs and K

1 g ' d ' is the constant of
(a) Uniike charges attract {b) Like charges repel Proportionality.

Fig. 5.1 Force between charges According  to  Coulomb’s

law, force between the charges
can be mathematically expressed as,

F o Q
d2
So, F = %_Qg_ Newtons

The constant of proportionality, K depends on the surrounding medium and is given
by,

1
4mer €g

1
LS

where € = Absolute permittivity of the medium = g &
g = Permittivity of free space and g = Relative permittivity of the medium

1 = 8854 x 10 F/m

And » —
o % Feax109

For air, g =1

The concept of permittivity is discussed later in this chapter.

If Q =Q =1C and d=1m,

then, P=—1 _-9x10°N

4mx8.854x10-12
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mmp Example 5.1 : The two equal charges Q; = 5 pC and Qp = 1 uC are seperated by 50 cm,
are kept in a vacuum. Find the force of repulsion.

To have same force of repulsion, what should be the distance between them, if they are
kept in a material having e, =57

Solution : Case1: Q =5uC, Q;=1uC, d=50x10">m

wm g £r=1,6=¢gp = 8854 x 10712

® &7 @,5 . pe Q2 _ 5x10-6x1x10-6

d 1 dmegd? _ Y
50 cm TEQ 4mx8.854% 10712 x (50x10-2)

Fig. 5.2 (a) = 01797 N

q, Vacuum

Case 2 : The force must be same, 0.1797 N, but e, = 5

Fo_Q:

4nege d?
- -6
. 01797 = 5x10 %110
4mx8.854x 1012 x5 (d)>
Fig. 5.2 (b) \
d® = 0.05
~d = 02236 m = 22.36 cm ... New distance

5.4 Electrostatic Field

As we have seen in the previous section that unlike charges attract and like charges
repel each other. Positively charged particle exerts a force of attraction on negatively
charged while exerts a force of repulsion on positively charged particle. It must be kept in
mind that the second charged particle also produces the electrostatic force on the first
particle. So, it can be concluded that the space around the charge is always under the
stress and exerts a force on another charge which is placed around it. The region or space
around a charge or charged body in which the influence of electrostatic force or stress
exists is called electric field or dielectric field or electrostatic field.

5.4.1 Electric Lines of Force

The electric field around a charge is imagined in terms of presence of lines of force
around it. The imaginary lines, distributed around a charge, representing the stress of the
charge around it are called as electric or electrostatic lines of force. The pattern of lines of
force around isolated positive charge is shown in Fig. 5.3 (a) while the pattern of lines of
force around isolated negative charge is shown in Fig. 5.3 (b). Such lines of force originate
from the positive charge and terminate on the negative charge, when these charges are
placed near each other. They exert the force of attraction on each other. This is shown in
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Fig. 53 (c). While when two like charges are near each other, such lines will be in opposite
direction as shown in Fig. 5.3 (d). There exists a force of repulsion between them.
i

Fig. 5.3 (a) Isolated positive charge Fig. 5.3 (b) Isolated negative charge
\ Force of altraction
Force of
repulsion
1

Fig 5.3 (c) Two oqual unlike l:hargas Fig 5.3 (d) Two oqual like charges

5.4.2 Properties of Electric Lines of Force
The properties of electric lines of force are,
1) The lines of force always originate from a positive charge and terminate at
negative charge.
2) They always enter or leave a conducting surface, normally.
3) They are always parallel and never cross each other.
4) The lines travelling in the same direction repel each other, while traveling in the
opposite directions attract one another.
5) They behave like a stretched rubber band and always try to contract.
6) They pass only through the insulating medium between the charges and do not
enter the charged bod.l.es
e

Eiii M?&g,;
EHETRRe

5.5 Electric Flux
Theoretically, the lines of force emanating from a charge are infinite. Faraday

suggested that the electric field should be i to be composed of very small bunches
containing a fixed number of electric lines of force. Such a bunch or a closed area is called

atll.benfﬂux.
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This is represented by the symbol y. Similar to charge, unit of electric flux is also
coulomb C.

One coulomb of electric flux is defined as that flux which emanates from a positive
charge of one Coulomb.

In general, if the charge on a body is + Q Coulombs, then the number of tubes of flux
or total electric flux, starting or terminating on it is also Q.

So, for a charge of £ Q coulombs,
Electric Flux, y = Q coulombs (numerically)

5.6 Electric Flux Density

This is defined as the flux passing at right angles through unit area of surface. It is
represented by symbol D and measured in Coulomb per square metre.

If a flux of w Coulombs passes normally (at right angles) through an area of A m?,
then

_ v _Q 2 _
D"X =% C/m’ .85 y=Q

Let a point charge of Q coulombs placed at the centre of an imaginary sphere of
radius ‘r’ metres.
Total flux, y = Q

This flux falls normally on a surface area of anr (n'netre}1 of sphere. So, electric flux
density,

v Q 2
D=L+ = —_C/m
A 4mr?

The flux density is also called displacement density.

5.6.1 Surface Charge Density

If the charge is distributed over the surface, then the surface charge density is defined
as the charge per unit area of the surface over which the charge is distributed. It is
denoted as 3.

C/m?

(=2}
1]
=0

5.7 Electric Field Strength or Field Intensity
It is defined as the force experienced by a unit positive charge placed at any point in
the electric field. It is represented by symbol E and measured in newton per coulomb.

Suppose a charge of Q coulombs, placed at a point within an electric field, experiences
a force of F newtons, then the intensity of the electric field at that point is given by,
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F
E =— N/C
Q /

Higher the value of E, stronger is the electric field.
Consider a positive charge of Q coulombs placed in a

ac ic medium as shown in the Fig. 54.

® @ Let a unit positive charge is placed at a distance of
——d— d metres from the charge Q.
The field intensity at the point where unit positive
Fig. 5.4 charge is placed can be obtained from force experienced
by unit positive charge.
Now, E = % but here, Q = 1C unit charge
E=F
Qx1 .
But, F = by Coulomb’s law
4med? v
Q
E = —— N/C
4xed?
But, E = §E
E = L
dinege, d?

The similar concept can be used to obtain the relation between electric field intensity
and electric flux density.

5.7.1 Relation between D and E

Let there be a point charge of ‘Q" coulombs
placed at the centre of the sphere of radius ‘r
a metres. The small positive charge ‘q’ coulombs is
placed at a distance ‘r’ from ‘Q" on the surface of

the sphere as shown in Fig. 5.5.
The force experienced on the charge ‘q’ due to

‘QY is given by
. 5. E .

Fig. 5.5 Relation between D and __Q.4 ... by Coulomb's law

Electric field strength is given by force per charge.
E _ Q

q dneg e, 12



Basic Electrical Engineering 5-8 Electrostatics

Q
E=——=— N/C
4mep e r2 /

The flux density is, D %

Now, vy =0Q
while a = surface area of the sphere =4 1t ¥ m?
_Q
D = C
dmr? fmt

Substituting in the equation for ‘E’ we get,

E=—02
Ep Er
and D = Ege C/m?

5.8 Permittivity

From the relation derived above, we can say that electric flux density depends on
electric field strength. Now the value of electric flux density depends on the value of
electric field strength E along with the dielectric property of the medium which is known
as pemﬁﬂ:lvﬂy

Jrriaa weo.a.upg»g’y;g;xug xrgaaoxlrgi TR E ,--.

1ittivi
Hv Egg.f&ff:: :

]
ﬁ%»’,;
HR }

5.8.1 Absolute Permittivity
The ratio of the electric flux density D to electric field strength E at any point is

defined as the absolute permittivity.
It is denoted by € and measured in units farads/metre, (F/m).

g =

mlg

F/m

5.8.2 Permittivity and Free Space
It is also called as electric space constant.

e E e T A9TEATT
s

\- ETR gt ST T S 0a 0L FE LD Rl TR g
e i derty i i o7 e
_ Mﬁrﬂﬁcfd'fxﬁ%w*m@i&@ thes e spacer s ABIRG R
It is denoted by & and measured in unit farads/m (F/m).
g = % F/m  in vacuum
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The value of g is less than the value of permittivity of any medium. Experimentally,
its value has been derived as,

1

W = B.854 x l[l'u F/m
k%4

g =

5.8.3 Relative Permittivity

To define the permittivity of the dielectric medium, the vacuum or free space is
considered to be a reference medium. So, relative permittivity of vacuum with respect to
itself is unity.

The ratio of electric flux density in a dielectric medium to that produced in a vacuum
by the same electric field strength under identical conditions is called relative permittivity.

It is denoted by € and has no units.

- Db
g = DIJ
Now D =¢tE and Dy=g E
_ EE
& = gg E
ar = i
€0
£ = Erf

It can also be defined as the ratio of the absolute permittivity of the dielectric medium
to the permittivity of the free space. The relative permittivity of the air is also taken as
unity, though its actual value is 1.0006. Most of the other materials have value of relative
permittivity between 1 to 10.

No. Material Relative Permittivity, ¢,

1 Free Space 1

2 Air 1.0006 =1

3 Rubber 2to 35

4 Paper 21025

5 Mica 3t 7

6 Porcelain Gto7

7 Bakelite 451t 55

8 Glass 510 10

Table 5.1 Material and e,
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Therelahvepemumwtyofaumassumedwbemeforaupmchmlpurpmes

5.9 Electric Potential and Potential Difference

When a mass is raised above the ground level, work is done against the force of
gravity. This work done is stored in the mass as a potential energy (mgh). Hence, due to
such potential energy, it is said that the mass, when raised above the ground level has a
gravitational potential. Such potential of mass depends upon the position of the mass with
respect to the ground.

An electric charge gives rise to an electric field around it, analogous to gravitational
field around the earth. If any charge is introduced in this field, it gets attracted or repelled,
depending on the nature of the charge. At the time of movement of this charge, work is
done against or by the force acting on the charge due to the electric field. This depends on
the position of the charge in the electric field and is analogous to the potential of mass

Direction of due to gravitation field, when lifted upwards.
== movement

a A " Now, consider a small isolated positive charge ‘q’
placed at infinity with respect to another isolated

I | positive charge ‘Q’ as shown in the Fig. 56.
i - | Theoretically, the electric field of charge Q" extends
Distance upto infinity but has a zero influence at infinity,

Fig. 5.6 Electric potential ~ Where ‘q’ is placed. When charge ‘q’ is moved
towards ‘QY, work is done against the force of
repulsion between these two like charges.

Due to this work done, when charge ‘q’ reaches position A, it acquires a potential
energy. If charge ‘q’ is released, due to force of repulsion, it will go back to infinity i.e.
position of zero potential. So, at point A, charge ‘q" has some potential exactly equal to
work done in bringing it from infinity to the point A, called electric potential.

It can be defined as the work done in joules, in moving a unit positive charge from
infinity (position of zero potential) to the point against the electric field.

It is denoted by symbol V and is measured in joule per coulomb or volt.

Workdone (W)
Charge (Q)

Thus, Electric Potential V = .. volts
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Definition of 1 volt :

The electric potential at a point in an electric field is said to be one volt when the
work done in bringing a unit positive charge from infinity to that point from infinity
against the electric field is one joule.

_ 1 joule
Lvelt = 1 oulomb

5.9.1 Potential Difference

Direction of Consider two points A and B in an electric field as
movement shown in Fig. 5.7. The positive charge ‘+q" is moved from
.o Be—A point A to B in an electric field. At point A, charge acquires
9 9 certain electric potential say V,. Some additional work is

Fig. 5.7 Potential done in brmgmg it to point B. At point B, it has an electric
differe i

So, thepotenﬁal difference between the two points in an electric field is defined as the
work done in moving a unit positive charge from the point of lower potential to the

higher potential.

ie. VAB = VA'VB =

u volts
q

5.9.2 Expressions for Potential and Potential Difference
Consider a positive charge Q placed in a medium of

P A B relative permittivity £. Consider a point P at a distance r
r from the charge Q. Now, a unit positive charge of 1 C is
dy placed at point P, there will exist a force of repulsion
dr between the two charges. This is shown in the Fig. 5.8.
Fig. 5.8 The force of repulsion is given by,
Fa-2 . _Q N
4ner? 4neg e r?

Now, electric field intensity at point P is the ratio of force to charge at point P. But
charge at P is unit charge,

F Q
Ezoe = —=— N/m
1C dneg e, r2

Now, move the unit charge at point P towards charge Q against the force of repulsion.
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Work done :
Let the distance moved by charge at P towards Q be dr and for this work is done
against force of repulsion, given by,

dW = -Edr = -—2
4nsn£rr2

The negative sign indicates that the work is done against the force of repulsion.

Now, to find electrical potential at point P, consider that the unit positive charge is
moved from infinity to the point P. Hence, total work done in moving unit positive charge
from infinity to point P can be obtained by integrating dW as,

W = [dw

r T
Q Q 1
= dr =- —dr
;[ 4 neger r2 r dmeg €r ;[rz

1 1
Now, Jr—zdr=-—r-

= W= |
Ve = W Ameg e, T volts

Thus, as r increases, potential decreases till it becomes zero at infinity.

Potential difference :

Consider point A at a distance d; from charge Q. Hence, potential of point A is given
by,

= Q
Va = 4neg r d;
While the potential of point B which is at a distance d, from the charge Q is,
Q

Ve = dmeg er dy
Hence, the potential difference between the points A and B is given by,
Vag = Va—-Vp

Vg = —2 [L_L
AB = 4lt£u£r dl dg

We know that field intensity at a distance ‘d’ due to charge Q is given by,
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E = Q

! neg €r d?

While the potential of the same point is given by,

- —92
4 megerd
Substituting V in expression for E, we can write,
v
E=a

5.10 Potential Gradient

In practice, the electric field intensity is not uniform but varies from point to point in
an electric field. Let the electric field strength at any point A in an electric field be E
(N/C). Now, the unit positive charge at point A is displaced by distance dx metres in the
direction of the field so that the electric field strength remains constant. Work done in
moving this charge can be determined by force x displacement.

Work done = + E x dx joules

Let dV be the potential drop over this distance in the direction of the electric field. It
is moved from point of higher potential to lower potential. So, by the definition of a
potential difference,

dv = +Edx
LV
le E=+X
The term gd—‘i in the above expression is called the potential gradient.

koy '_vo[nt o Potential gnm‘!mt is’ deﬁnea‘ as te drop in puremm! per merre i
. direction of the electric field. "

It is measured in units volts/metre (V/m).
If the change in potential is from lower potential to higher potential, i.e. against the
direction of the electric field then potential gradient is said to be negative i.e.

av
dx

E = -

Kuy Polnl From the abam e:\;presswn, it follows that numerlcﬁﬂy, Sa
L—‘i‘erb-ic P:p!d Sfrength = Patenbal Gradrmt
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5.11 Capacitor

A capacitor is nothing but the two conducting surfaces, separated by an insulating
medium called dielectric. These conducting surfaces could be in the form of rectangular,
circular, spherical or cylindrical in shape.

A capacitor is also called condenser. The commonly used dielectrics in capacitors are
paper, mica, air etc.
5.12 Capacitance

Capacitance is defined as the amount of charge required to create a unit potential
dlfferenu: between the plates

Kay Polnt : 3
- static charges is called its capacitance.

5.13 Action of a Capacitor

Consider a capacitor formed by two flat metal plates X and Y, facing each other and
separated by an air gap or other insulating material used as a dielectric medium. There is
no electrical contact or connection between them. Such a capacitor is called parallel plate
capacitor.

Consider a circuit in which such a capacitor across a

> e battery with the help of a switch ‘S” and a galvanometer
R X ‘G’ in series. The arrangement is shown in the Fig. 5.9.
—_ Battery

= CR Let us see what happens when the switch ‘S’ is closed.
| | As soon as the switch 'S’ is closed, the positive terminal of
the battery attracts some of the free electrons from the

plate ‘X’ of the capacitor. The electrons are then pumped
from positive terminal of the battery to the negative
terminal of the battery due to em.f. of

Fig. 5.9 A capacitor

Gaiverometer the battery. Now, negative terminal and

electrons are like charges and hence,

-~ s "_GCG -—3 electrons are repelled by the negative

(? [____._ é terminal to the plate "Y' of the capacitor.
il vt 01 SN The action is shown in Fig. 5.10.

— c _[__i_ electric So, plate X’ becomes positively

" Conventional ¥y fekd charged while plate Y becomes

curent \ ° negatively charged. The flow of electrons

® [ ® r+l++  constitutes a current, in the direction

opposite to the flow of electrons.

g:;’af; == | =~ 7This is the conventional current called

Fig. 5.10 Action of a capacitor
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charging current of the capacitor as shown in the Fig. 5.10. This can be experienced from
the momentary deflection of the galvanometer ‘G’. Because of this, there builds a potential
difference across the plates ‘X" and ‘Y’. There builds an electric field between the two
fields.

But this potential difference across the plates, acts as a counter emf. and starts
opposing the movement of the electrons. The magnitude of this potential difference is
proportional to the charge that accumulates on the plates. When this potential difference
becomes equal to the battery e.m.f,, the flow of electrons ceases.

If under such condition, the battery is disconnected then the capacitor remains in the
charged condition, for a long time. It stores an electrical energy and can be regarded as a
reservoir of electricity. Now, if a conducting wire is connected across the two plates of
capacitor, with the galvanometer in secries, then galvanometer shows a momentary
deflection again but in the opposite direction.

This is due to the fact that electrons rush back to plate X from plate Y through the
wire. So, there is a rush of current through the wire. This is called discharging current of
a capacitor. Thus, the energy stored in the capacitor is released and is dissipated in the
form of the heat energy in the resistance of the wire connected.

The direction of the conventional current is always opposite to the flow of electrons. If
the voltage of the battery is increased, the deflection of the galvanometer also increases at
the time of charging and discharging,

£ iy

5.14 Relation between Charge and Applied Voltage

As seen earlier, the charge on capacitor plates depends on the applied voltage. Let V'
be the voltage applied to the capacitor and ‘Q’ be the charge accumulated on the capacitor
plates, then mathematically, it can be written as,

Q = V
ie. Q=CV

The constant of proportionality ‘C’ is called capacitance of the capacitor, defined
earlier.

bl o]

From the above expression, the capacitance is defined as
— the ratio of charge acquired to attain the potential difference
[ between the plates. It is the charge required per unit potential

Fig. 5.11 Symbol of difference. It is measured in unit farads.

capacitance
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One farad capacitance is defined as the capacitance of a capacitor which requires a
charge of one coulomb to establish a potential difference of one volt between its plates.

The capacitance is symbolically denoted as shown in the Fig. 5.11.

For practical use, the farad is too large unit and hence, micro farad {uF), nano farad
(nF) and pico farad (pF) are commonly used.

1uF = 10°F
1nF = 10°F
1pF = 10?F

5.15 Capacitance of a Parallel Plate Capacitor
Dielectric Consider a parallel plate capacitor, fully charged, as

shown in the Fig. 5.12.

The area of each plate X and Y is say A m” and plates
are separated by distance ‘d".

The relative permittivity of the dielectric used in
between is say ;.

Let Q be the charge accumulated on plate X, then the
flux passing through the medium is y = Q.

LI A I A |

Fig. 5.12 Charged capacitor
The flux density, D = ¥ = 2

A A
The electric field intensity,
_ Vv
R
We know that D = gE
Q v
F |
Q _ A
¥ 5T
But, ='C

n |<lo
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imp Example 5.2 : A parallel plate capacitor has an area of 10 em? and distance between the
plates is 2mm. The dielectric used between the plates has relative permittivity of 3.
Determine the capacitance of the parallel plate capacitor.

Solution : The capacitance can be calculated as,
eA g A 3x8854x10-12x10x10

C =
d d 2%10-3

= 1.328 x 107! = 13.28 pF

mmp Example 5.3 : The potential gradient between the plates in the above capacitor is
12 kV/fem, determine the voltage across the plates, charge, electric flux density and electricity
flux between the plates.

Solution : Electric intensity = Potential gradient
3
E =12 kV/em = 2% v/m=1200x 103 V/m
1x 1072
And C = 1328 pF ... Calculated in Ex. 5.1.
Now, E = %
3 Vv .
1200 % 107 = ——— je. V=2400V
2% 1073

This is the voltage across capacitor plates.

c-$
Q = CV =1328 x 107% x 2400 = 3187 x 107 C
Charge = 31.87 nC
Electric flux, y = Q =3187nC
Electric flux density, D = % = 3'1;:—";(:_0?- = 3,187 x 10 C/m?
= 3187 pC/m*

5.16 Dielectric Strength
v

We know that, E = 4

So, as the voltage on the capacitor is increased with a given thickness (d) or the
thickness (d) is reduced with a given voltage (V), the electric intensity E increases.
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9 This intensity represents the force exerted on the
charges on the molecules or the dielectric material.

As E is increased, the centre of the positive charges is
‘E pushed in the direction of E and centre of the negative
charges in the opposite direction.

Now, every dielectric medium has its capacity to

q withstand the increasing E. If the applied voltage and

Fig. 5.13 Dielectric strength },.;,c. £ is increased beyond a certain limit, then forces on

the molecules become sufficiently large. The electrons break away from the molecules
causing ionization and free charges.

The material then conducts due to ionization and the charge recombine, thereby vanish
from the capacitor plates. The capacitor can no more hold the charge and is said to be
breakdown. The dielectric medium is said to be punctured and becomes useless from
using it as a dielectric.

The ability of an insulating medium to resist its breakdown when a voltage is
increased across it, is called its dielectric strength.

This depends upon the temperature of the material and presence of air pockets and
imperfections in the molecular arrangement of that material. It is generally expressed in
kV/cm of kV/mm.

Key Point: The witage at which fhe dielectric. medium uf the capaci 'wr mmm
known as breakdown voltage of the capacitor. ::

The factors affecting the dielectric strength are,
. Temperature

1
2. Type of material

3. Size, thickness and shape of the plates.
4. Presence of air pockets in the material.
5. Moisture content of the material.

6. Molecular arrangement of the material.

Dielectric strength and dielectric constants of some materials are quoted below from
published literature.

Sr.No. | Material Dielectr tant | Dielactric strength in kVimm
1 Alr 1 a
2 Bakalite 5 1510 25
3 Mica 8 46 to 200
4 Dry paper 22 5 to 10
5 Glass 6 610 26

Table 5.2 Dielectric strengths
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The dielectric strength varies as thickness of dielectric material hence the range of
values are given in the Table 5.2. The value indicates that if material is subjected to electric
field more than specified dielectric strength then it will breakdown.

5.16.1 Dielectric Leakage and Losses

If there is no leakage of current in the dielectric and the insulation is perfect, then the
charge on the capacitor plates can be held on for hours.

The fact however remains that the insulation resistance of most of the dielectric
materials is only of the order of megachms and hence charge on the capacitor leaks away
through the insulating material in a few minutes.

Clarged. capacitor.even after it is

In case of d.c. a practical capacitor is considered to be a
charge storing device in parallel with a leakage resistance
oakage R ¢ (R) as shown in the Fig. 5.14.
Further, when the voltage applied to the capacitor is
alternating, due to molecular friction of dipoles created in
Fig. 5.14 Practical capacitor 4, material, the value of R becomes frequency dependent.
The loss due to such molecular friction is called dielectric loss.

5.17 Capacitors in Series

Consider the three capacitors in series connected across the applied voltage V as
shown in the Fig. 5.15. Suppose this pushes charge Q on C, then the opposite plate of C;
must have the same charge. This charge which is negative must have been obtained from
the connecting leads by the charge separation which means that the charge on the upper
plate of C; is also Q. In short, all the three capacitors have the same charge Q.

A

+ 4|+ +
Vi ===

+ o+ +°+ . Equivalent

\lf Vy B G v 2 Gy 47| capacilance

+ 4|+ +
Vs e Gy

B

(a) Fig. 5.15 Capacitors in series (b}
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Q= GV, = GV, = GV, |
- - Q9 9. -9
Giving , v, = o V, = G’ Vs Cs

If an equivalent capacitor also stores the same charge, when applied with the same
voltage, then it is obvious that,

But,

-~ flo o

<

It is easy to find V,, V,

Q .9
v or Vegg
Vi+Vy+ V¥,
Q,2.,9

G G G
1,1.,1

C Cs C3

and Vj if Q is known.

For '

. . . 1 1
n:apamlors in series, = =t e b
g n

5.17.1 Voltage Distribution in Two Capacitors in Series

Fig. 5.16 Capacitors in
series

Consider two capacitors C; and C; connected in series.
The voltage across them is say, V volts. This is shown in
Fig. 5.16.

As capacitors are in series, the charge on them is same,
say Q.

2=V =GV,

where V; is voltage across C; and V, is voltage

across C,

Now, V=V+V,
From the expression of Q, we can write,
V1 _ Eg_
V: G
. Vi C3
Adding 1 to both sides, W+1 = C_1+1
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Now, if the n plates are used, we can write that

C

(-1 ggEr A
eq — T 4

‘mmp Example 5.6 : A multiple plate capacitor has 4 plates in all and the distance between the
plates is 1mm If the area of the plates is effectively 5 cm® and the dielectric constant of
material between the plates is 10, determine the capacitance.

Solution : (n-1)Agge, (4-1)x(5x10%) 1
C = = x x 10
d 1%10-3 36mx10?
-
o 3XSXA0XI07 ) v 100F =132 pF
36mx106
5.20 Composite Dielectric Capacitors
A When a parallel plate capacitor has
I two dielectrics or more between the plates,
c, it is said to be composite capacitor. The

various types of such composite capacitor
~ G exists in practice. Let us study few types of
such composite capacitors.

Type 1 : In this type, number of
dielectrics having different thicknesses and
relative permittivities are filled in between
the two parallel plates. The composite
capacitor with three different dielectrics with permittivities €, £, and g5 and thicknesses
t;, tp and t, is shown in Fig5.19.

Let V be the voltage applied across the capacitor.

Fig. 5.19 Composite capacitor

It can be seen that there exists three capacitors in series. The values of three capacitors
are different. Hence, the equivalent capacitance across the terminals A-B is,

1 1 1 1
= e e
Cq G 'GTG
- EgEn A _ EpEn A _ EpEn A
And G = S G o G 0
1 1 [T 2 t3]
= — 2
Ceq s1:;1"1[51-1 €z £

EQA

QT T tp ¢
[_1+_z+_1]
En En Eg
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In general, for a composite capacitor with ‘n’ dielectrics,

Ceq - o A - Ep A
ty t_1+t_2+ +IL
k. z : ot
k=1€m rl 2 m

The voltage across each dielectric will be different,
Vo= Vi+V,4+V,
But, E =¥ iee V=Et
Eih+Eyh+ Bty
where E;, E; and E; are the values of electric intensities in the different dielectrics.

Type 2 : In this type, in the same
thickness, ‘t', the two dielectrics are
arranged as shown in the Fig. 5.20.

Let the relative permittivity values
for the two dielectrics be g, and &,.
The thickness for both is same but the
areas are different. It can be seen from
the equivalent circuit that there exists
two capacitors in parallel due to two
different dielectrics.

v

B B
Fig. 5.20 Composite capacitor

€Eq Ay | EgEg A 3
Coq = C1+ G =814 02 =0 (Ajeq +Azen)
If one of the two dielectrics is air, then the corresponding relative permittivity is one,
to be used in the above expression.
For 'n' dielectrics arranged in same thickness 't',

Ceq = E‘Q[Alsﬂ+Az£,z+ ........ +An€m]

Type 3 : In practice we can have the capacitor which is combination of above two
types. One such capacitor is shown in the Fig. 5.21.

Basically it is Type 2 capacitor, consisting of Type 1 capacitor. So there are two
capacitors in parallel. The C, is having thickness t;, relative permitivity €, and area A;.
EEr A

C‘ = ll
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Current i Ve
M0 oy e
= v
% 0.632V [---,
1
0.3681 Current 1
decreases ! Voltage across
! capacilor increases
+ + + + 1 : + J + + t
0 T2t 4t 5t 0 T2t 3t 4t 5t

{a) (b)
Fig. 5.24 Variation of charging current and voltage V¢

5.24.1 Mathematical Analysis
Let Ve

I

Voltage across capacitor at any instant.
q = Charge on capacitor in coulombs at any instant.
i = Charging current at any instant in amperes.

By Kirchhoff's voltage law,

vV = VR+VC
= iR+ V¢
. _ ~dVe
but i= CT
- dve
V= CR GE+Vc
- dVe
V- Vo = RC5E
Qe dVe
RC = V-v¢
Integrating both sides of the above equation,
t
TR = -lm(V-Vg+K

where K = Constant of integration.
At t = 0, V¢ = 0, substituting in above,
0=-In(V)+K

K = In(V)
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t
ﬁ--ln(V—Vc)+In{V)
b v
TR - "vove
V- /@

vovg - ¢

V-Vp = Vet/CR

Ve = V(1 -e /)|

When the steady state is achieved, the total charge on the capacitor is Q coulombs.

- Q
V=<
Similarly at any instant Ve = (ﬂ:
4. Q. eyer
T = l:(l e~ t/CR)
q = Q(-eYR)
Now V-Ve = iR
P o V-va
i = V-e-t/CR
- =
im %e—m

Soatt:I},i=¥ﬁismaximmnandinsteadystateitbecomesm‘

Thus capacitor acts as short circuit at start and acts as open circuit in steady state.

5.24.2 Time Constant

The term CR in all the above equation is called the Time Constant of the R-C
charging circuit and denoted by 7, measured in seconds.

When t = CR=1 then,
Ve = V(l-e)
Ve = 0632V
So time constant of the R-C series circuit is defined as time required by the capacit

voltage to rise from zero to 0.632 of its final steady state value during charging.
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Incidentally after t = 2t, 31, 4t the capacitor voltage attains the values as 0.863 V,
0.95 V, 0982 V respectively and practically capacitor requires the time 4 to 5 times the
time constant to charge fully.

When t = CR then
LV v
1 = E e = 0.368 [E]

Now [%] is starting charging current. From this time constant can be defined as

below.

Key Point: Time constant 15 the time required for the charging current of the
capacitor to fall to 0.368 of its initial maximum value, starting from its maximum
value. s g

5.24.3 Initial Rate of Rise of Capacitor Voltage
The initial rate of rise of capacitor voltage is fast however when the capacitor charges
this rate is reduced.

V
Let us find initial —c—i-d-lg-, by differentiating the equation of V.

i dVe _ yfi 1 Je-vcr
Since T - \{+CR]e

~ dve V.V
Att=0. dt T CR Tt

t = V=V
Vey Thus the tangent to the initial
{ part of Ve joins Ve = Vat t = 1 as
R et At lalutbeeiededen shown in the graph.

" From the above discussion, the
o time constant of R-C series circuit can
0.632V |--F be defined as the time in seconds
during which the voltage across the
capacitor, starting from zero, would
reach its final steady value if its rate
of change was maintained constant
at its initial value throughout the
charging period.

1:T Z:T 3:T 4:i‘ Time(sec.)
Fig. 5.25
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5.25 Discharging a Capacitor through a Resistance

Now consider that a capacitor 'C' is being
discharged through a resistor R by closing the
1=0 switch at t = 0. At the time of closing the switch the

capacitor 'C' is fully charged to V wvolts and it
i discharges through resistance 'R' and current

through resistance flows in opposite direction to
R that at the time of charging.

As time passes, charge and hence the capacitor
voltage V- decreases gradually and hence discharge
current also gradually decreases exponentially from
maximum to zero.

AMAN

Fig. 5.26 Discharging of a capacitor

The variation of capacitor voltage and discharging current as a function of time is
shown in the Fig. 5.27.

voltage

Capacitor o T 2t 3t
Ve E

1

I

0.368 (VIR)}-- -

0.368 V| ~--

! 1=VIR
1
; Discharge
t 4 + 1 current
0 T 2t ki i
@ (b)

Fig. 5.27 Variation of discharge current and voltage

As direction of current is opposite to that of charging current, it is mathematically
considered as negative. Hence graph of current against time is in fourth quadrant.

5.25.1 Mathematical Analysis
Applying Kirchhoff's voltage law, we had
V = Ve+iR

But V=0,
0= VC'Fi.R
Ve = -iR
X d Vv,
But i=+CclC

dt
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5.25.2 Time Constant

Similar to the previous definition, at the time of discharging also the term CR is-called
as time constant denoted by T.

1 = t=CR seconds

When t = CR
Ve = Vel = 0368V
and i= —%e“‘-

i = -0368 [-;-)amps,

So time constant can be defined as

i) The time required for capacitor voltage to fall to 0.368 of its initial maximum
value on discharge from its initial maximum value.

i) The time required during which the capacitor discharge current falls to 0.368 of
its initial maximum value.
5.25.3 Significance of Time Constant
The charging and discharging of a capacitor under the conditions discussed is said to
be exponential. The 'time constant’ (1) of the circuit has following significance.
i) The whole charging or discharging process can be considered to be completed in

a time equal to 4 times the time constant and the current falls to insignificant
value (Theoretically the process takes infinite time).

ii) The charging current falls to 36.8% of its initial value in a time equal to time
constant (1) and to nearly 1.8% of initial value int=4©

iii) The capacitor charges to nearly 63.2% of its final value in t = 1 and nearly 98.2%
of the final value in t = 4 1 provided it is initially uncharged.

iv) The capacitor discharges to nearly 36.8% of its initial value in t = 1 and nearly
1.8% of its initial valueint =4t

v) If the initial rate of rise of voltage is maintained then the capacitor charges to its
final value in a time = 7.
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5.26 Electrostatic and Electromagnetic Terms - A Comparison

Electrostatics Electromagnetism

Sr. No Term Symbol Unit Term Symbol Unit
1 Elactric flux Wy c Magnetic flux [ Wb
2 Electric flux density D i:‘.«’rn2 Magnetic flux density B \l‘\lfl:u'rrl2
3 Electric field strength E N/C Magnetic field strength H Am
4 Electromotive force E v Magnetomotive force F A
5 Permittivity of free space £Q Fim |Permeability of free space Ho Him
& Absolute permitlivity € Fim Absolute parmeability n Him
7 Relalive permittivity Er - Relalive permeability Up -

E’%—"t‘ot‘r u=%=ugu,

Table 5.3 Comparison of electrostatic and electromagnetic terms
Examples with Solutions

1y Example 5.8 : A parallel plate capacitor has plates 0.1 cm apart, a plate area of 100 em’®
and a dielectric with relative permittivity of 4. Determine the electric flux, electric flux
density, electric field intensity, voltage between the plates, value of capacitance and energy
stored if the capacitor has a charge of 0.05 pC.

Solution : Now electric flux y = charge on C ie. Q

v = 0.05uC
s -
Electric flux density D = Q. 0.05x107 = 5 uC/m?
A 100x10-
Now D = ¢E
1
E=D2. P o W 441179 kVim
£ gt 854%10-12 % 4
v
E=g3
Vo= 141.179x10% x0.1x10"2= 141179 V
_ EpEr A
€=-3
8.854% 10712 x 4% 100x 10~
= 22 = 354.16 pF

0.1x10-2
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W = %c Vi o= % 354.16x10-12 3¢(141.179)2
= 353 uC

mmp Example 5.9 : Three capacitors are connected in series across a 120 V supply, the voltage
across them are 30, 40 and 50 and the charge on each is 4500 pC. What is the value of each
capacitor and equivalent capacitor of the series combination ?

Solution : Q = 4500x10-° C
Q=CVN=V=GYV;
_Q _ 4500x10°6
q = e = 150 uF
_ Q _ 4500x10-6
C, = i =1125 uF
_ Q _ 4500x10°6
G = 7 =90 pF
1 1,1 1 1 1 1
N = o= oot = + +
o C ™ GG T T50x10% 112.5%106  90%10-6
C = 37.5uF

sy Example 5.10 :  Four capacitors are connected in parallel across a 250 V supply. The
charges taken by them are 750, 1000, 1500 and 2000 uC. What is the equivalent

capacitance ?
Solution: Q, = 750 puC, Q, = 1000 pC, Qg = 1500 pC, Q4 = 2000 uC.
V =250V
QL =GV
_Qq _750x10% _ _Qp _1000x106 _
G = v THSHR G = v 250 = 4uF
1500x10-6 2000106
C = - B - e, =St - T s

The equivalent C = C; +Cy +C3+ Cy =21 pF

mp Example 5.11 : A capacitor is charged with 10 mC. If the energy stored in it is 1 joule,
calculate the voltage across it and its capacitance.

Solution : The energy stored = % cv?
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but Q=cCvVv
W = %QV
1 = 2x10x109xV
V=200V
P

iy Example 5.12 : 80 WUF capacitor in series with a 1000 Q resistor is connected suddenly
across a 110 V supply. Find :

i) Initial value of current.  ii) Time constant of the circuit.
iii) Equation of the current. iv) Value of current at t = 0.08 sec.

v) Rate at which current begins to decrease.

Solution : Given : C=80puF,R=10000, V=110V
i) Initially current Is maximum

. Vv 110

= g=1p0 = 011 A

ii) Time constant t
1 = RC=1000x80x10"% = 0.08 sec
iii) Equation of the current

i= %(9““'“] ie.i=011e" 125t A

iv) At t = 0.08 sec
i = 011 125x0.08 — 00405 A
v) % = 0.11 (- 125) e~ 12.5¢
At start t=10

Rate of decrease in current = — 1.375 Alsec.

Negative sign indicates decrease.
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sy Example 513 : A 80 pF capacitor is in series with, 10 K resist The combination is
connected suddenly across a 100 V supply. Find after 0.04 sec,

i) Voltage across resistance. i) Voltage across capacitor.
iii) Find the time at which voltage across resistance b 40V,
iv) Find current at this time. v) What is charge on capacitor after 0.2 sec?
Solution : Given: C=80pFand R =10k =10x103Q
100
10x103

=001 A

Initial current = %:
Time constant t = RC = 80x10%x10x103 = 0.8 sec
= Y ey
i = 00le 1.5t

After t =04
i = 6.0653x107% A

i) Voltage across resistance = iR =6.0653x10x1073 x10x103
= 60.653 V
ii) Voltage across capacitor = V-Vg=100-60653 =3934V
iif) Voltage across resistance = 40V
iR = 40V
i = 10:?03 = 4x103 A

4x10~3 = 001 e~ 1-25t

t = 0.733 sec
iv) Current at this time i = 4x103 A
v) After t = 0.2 sec, Ve = V(1-e 135ty =100 (1-e~ 1.25%0.2)
= 22119V

Q = CxVe=80x10%x22,119
= 1.7695x1073 C
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mmp Example 5.14 : A capacitor of 0.5 uF is charged to 500 V and then disconnected from
the supply. It is then allowed to be discharged through its own insulation resistance. If the
voltage is reduced to 300 volts in 20 sec, determine the insulation resistance of the capacitor,

Solution : Let R be the insulation resistance of capacitor. The equation for the capacitor
voltage at the time of discharging is,

\.rc = Ve-t/RC
300 = 500 -2/ Rx0.5x10-8
(Qﬁ) = e 40 luf'fll

40%109
R

In (0.6) = - 05108 = ~
R = 7830 MQ

mmp Example 515 : A capacitor is composed of two plates separated by a sheet of insulating
material 3 mm thick and of relative permittivity = 4. The distance between plates is
increased to allow the insertion of a second shect 5 nm thick and relative permittivity ‘e, If
the capacitance of the capacitor so formed is one half of the original capacitance, find the
value of €. (Dec. - 2003)

Solution : Initially, t; =3 mm and £, =4 thus e=¢,¢,; =4&,

EA gy 4 A

Cp o= 2o
VT Taxa0m

=1333.333¢y A . w (1)

With t; =5 mm and €; =g,5, C;=05C;

Aty Agg
Now Cy = = v (2
ST Y M @
Erl Ep2 4 Er2
Take ratio of (1) and (2),
¢ _  1333Beg A
C,
Agy
3102 L 10-3
4 Ep2
-3
1 - 1333333 {7.5“0-4 +ﬂ}
0.5 £z
-3
X107 | 5 5x10
Ep2

Epp = 6.667
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mp Example 516 : A capacitor having capacitance of 4 UF is connected in series with a

resistance of 1 MK across 200 volt d.c. supply.

Calculate

i) The time constant.

ii) The initial charging current.

iii) The time taken by capacitor to raise upto 160 volt. (Dec. - 2003)
Solution : C=4pF, R=1MQ, V=200V

The equation of charging current

" v
= — g~ t/RC
1 Re

i) Time constant = t=RC=1x106x4x106 = 4 sec
ii) Initial charging current at t = 0 is,
vV_ 200

= =200
R 1x10¢ vA

i) Ve = V(1-et/RC) and V¢ =160V
160 = 200(1-e"}/4) -~RC=4
e-t/4 = p2
-t/4 = In(0.2) = - 1.6094
t = 6.4377 sec

imsp Example 5.17 : The plate area of a parallel plate capacitor is 0.01-sq.m. The distance
between the plates is 2.5 cm. The insulating medium is air. Find its capacitance. What
would be its capacitance, if the space between the plates is filled with an insulating material
of relalive permittivity 5 ? (May - 2004)
Solution : A=001m?, d=25cm
Case 1 : Dielectric is air
EUA=8£54xlD'12xﬂ.0!
d 25x10-2
354161012 F = 3.5416 pF
Case 2 : Dielectrice, = 5

eger A _ 8.854x10-12 x5x0.01
25%10-2

C = - Bp =1

C = = 17.708 pF

It is 5 times more than previous value.
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EErlA | EgA e2A2
c = _4 ta _ hia
eq A A T ggA
EuEtr_1+£t0 fn—lilzﬁﬂﬂll
1 2 itz

[ET'l]

- EgA &) _ 6x8854x1012 x11x10
[05%102 x6+2x10-3] 5%1073
= 116872 pF
iy Example 5.20 : A capacitor of 2 uF capacitance charged to p.d. of 200 V is discharged
through a resistor of 2 MQ.
Calculate :

1) The initial value of discharged current
2) Its value 4 seconds later, and
3) Initial rate of decay of the capacitor voltage. (May-2006)

Solution : C = 2 uF, V=200V, R =2MQ

i) The discharging current is given by

i - _V -ure
i=-pe
- . v 200
Initially t=20, i= —5=- =—100 pA
¥ R 2%10% "
ii) At t = 4 sec,
P2 =20 - a/2x108x2%1078 = 367879 A
2x100
i) Ve = Ve I/RC
dVe _ y(_L)e-trre
a - V( Rc]"

Initial rate of decay is att = 0,
d Ve v 200
= e = e = =50 V/sec
dt |,_y RC  2x100%2x 10-°

Negative sign indicates decay of voltage and current.

mp Example 5.21 : A capacitor consist of two parallel rectangular plates each 120 mm square

separated by 1 mm in air. When a voltage of 1000 V is applied between the plates,

calculate : i) The charge on the capacitor, i) The electric flux density and
iif} The electric field strength in the dielectric. {Dec.-2006)
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E, = %szi = %,‘4><m~6 %(100)2 = 0.02 ]

The equivalent capacitance is,
Coq = Ci+C=2+4=6pF

ii) Series : The charge across them remains same. ] |
. v Cl=2pF

Q=CVi=GV, V=100V ‘I
v,

and Vi+V, = V 2 ]-
v, ‘

= V-V;=100-V,
Fig. 5.31

Cy=4puF

CVy = C,(100-Vy)
2x107°%V, = 4x107%(100 - V;) ie. 1.5 V; = 100
V, = 66667V, V,=33333V

Thus the energy stored in each is,

1
2

]

By = sCiV7 = %xew“‘ X(66.667)2 = 4.4444 m]

E, %c:zvz2 = %x:;xw*’- %(33.333)2 = 22222 m]

CiCz  _ 2x10-6x4x10-6
And = =
Ceq Cir+Cy  2x10-6 +4x10-6

= 1.3333 pF

Review Questions

Explain the concept of charge. What is its unit ?

Explain the laws of elec i

. What is electric field and electric lines of force ? State the properties of electric lines of force.
State and explain Coulomb's law.

Define the following terms stating their units.

i) Electric flux i) Electric field intensity

iii) Electric flux density v} Surface charge density

v) Absolute permittivity  vi) Relative permittivity

Derive the relation between electric field intensity and electric flux density.
What is electric potential ?What is its unit ? Define the unit.

Explain the concept of potential difference.

Derive the expressions for an electric potential and potential difference.

10. Explain what is p ial gradient in an electric field.

¥

Mok WMo

o moNo;
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1.
12,

13.
14.
15.
16.

17.
18.

18.

21

22

24

What is capacitor question? Define its unit.

Obtain expressions for equivalent capacitance when the capacitors are connected in

i) Series  and i) Parallel

With usual notation derive an expression for capacitance of a parallel plate capacitor.

Derive the equation for ihe capacitance of @ multiple plate capacitor.

Derive the equation of the ecapaci of a posite capacitor consisting of three different
dielectric media with different thicknesses and relative permittivities.

Derive the expression for the energy stored in a capacitor.

Explain the action of a capacitor, when connected to a battery of V volts.

A parallel plate eapacitor has plates, each of area 100 cmz, separated by a distance of 3cms The
dielectric between the plates has relative permittivity of 2.2. The potential difference between the
plates is 10 kV.

Find {i) Capacitance of the capacitor ; (ii) Surface charge density; (iii) Field intensity; (iv) Energy
stored. {Ans. : 6.493 pF, 6.493 x10°6 C.’mz, 3.3x10° Vim, 3.246 1074 )
Calculate the energy stored in a parallel plate capacitor which consisis of two metal plates 60 I:MZ,
separated by a dielectric of 1.5 mm thick and of relative permittivity 3.5, if a potential difference of
1000 V is applied across it. . (Ans. : 6.1978 1073 ])

. A potential difference of 400 V is maintained across a capacitor of 25 uF. Calculate (i) charge;

(i) electric field strength ; (ifi) electric flux density. The distance between the plates of a capacitor
is 0.5 mm and area of cross-section of plates is 1.2 e, Find also the energy stored in the
capacitor. (Ans. : .01 C, 8105 V/m, 83.33 C.‘mz, 3]
The capacity of a parallel plate capacitor is 0.0005 pF. The capacitor is made up of plates having
area 200 cni’ separated by a dielectric of 5 mm thickness. A p.d. of 10,000 V is applied across the
condenser. Find (i) charge; (ii) potential gradient in the dielectric; (ifi) relative permittivity and (i)
electric flux density.
{Ans. : 5106 C, 2x10° V/m, 14.12, 2.5 10~ C/mD)

Three capacitors of 5, 10 and 15 uF are connected in series across a 100 V supply. Find the
equrvalent capacitance and the voltage across each.
If the capacitor, after being charged in series are disconnected and then connected in parallel, with
plates of like polarity together, find the total charge of the parallel combination.

{Ans.:2.727uF, 54.54 V, 27.27 V, 18.18 V, 8.181 x10~4 C)
Three capacitors A, B and C are charged as follows : A =10 pF, 100 V; B = 15 pF, 150 V and
C = 25 pF, 200 V. They are now connected in parallel with terminals of like polarity together.
Find the voltage across the combination. (Ans.: 50 uF, 165 V)
A capacitor consists of two metallic plates, each 40 om = 40 cm and placed & mm apart. The space
between plates is filled with a glass plate 5 mm thick and a layer of paper 1 nim thick. The relative
permittivities are B and 2 respectively. Calculate ifs capacitance. (Ans. : 1.26 nF)
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25. A capacitor of 10 uF is charged to a pd. of 200 V and then conmected in parallel with an
uncharged capacitor of 5 pF. Find the p.d. across the parallel combination and the energy stored in
each capacitor. (Ans.:133.33 V, 0,089 ], 0.044 }

26. Determine the equivalent ¢ ik of the combination shown in Fig. 5.32, (Ans.:285F)

6F

| N4 |
2F : ].4F
6F

Fig. 5.32
27. Three capacitors A, B and C are connected in series across 100 V d.c. supply. The p.d. across the
capacitors are 20 V, 30 V and 50 V respectively. If the capacitance of A is 10 pF, calculate the
capacitances of B and C. (Ans.: 6.67uF, 4uF)

aaa
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A.C. Fundamentals

6.1 Introduction

Uptill now, we have discussed about D.C. supply and D.C. circuits. But 90 % of
electrical energy used now a days is a.c. in nature. Electrical supply used for commercial
purposes is alternating. The d.c. supply has constant magnitude with respect to time. The
Fig. 6.1(a) shows a graph of such current with respect to time.

o g A

Such change in magnitude and direction is measured in terms of cycles. Each cycle of
a.c. consists of two half cycles namely positive cycle and negative cycle. Current increases
in magnitude, in one particular direction, attains maximum and starts decreasing, passing
through zero it increases in opposite direction and behaves similarly. The Fig. 6.1 (b)
shows a graph of alternating current against time.

Magnitude
- e changing but
Current Current Magnitude and direction  Current direction same
‘changes with ime

e ©\ _[o\ , JoVeVe\

magnitude [i] e 9
and direction ©

time

(a) Direct current {b) Alternating current (c) Pulsating d.c.
Fig. 6.1
In practice some waveforms are available in which magnitude changes but its direction
remains same as positive or negative. This is shown in the Fig. 6.1(c). Such waveform is
called pulsating d.c. The waveform obtained as output of full wave rectifier is an example
of pulsating d.c.
Let us see, why in practice, there is generation of a.c. Use of a.c. definitely offers
certain advantages.
6-1
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6.2 Advantages of A.C.

The various advantages of a.c. are,

1. The voltages in a.c. system can be raised or lowered with the help of a device
called transformer. In d.c. system, raising and lowering of voltages is not so easy.

2. As the voltages can be raised, electrical transmission at high voltages is possible.
Now, higher the voltage, lesser is the current flowing through transmission line.
Less the current, lesser are the copper losses and lesser is the conducting material
required. This makes a.c. transmission always economical and efficient.

3. It is possible to build up high a.c. voltage; high speed a.c. generators of large
capacities. The construction and cost of such generators are very low. High a.c.
voltages of about 11 kV can be generated and can be raised upto 220 kV for
transmission purpose at sending end, while can be lowered down at 400 V at
receiving end. This is not possible in case of d.c.

4. AC. electrical motors are simple in construction, are cheaper and require less
attention from maintenance point of view.

5. Whenever it is necessary, a.c. supply can be easily converted to obtain d.c. supply.
This is required as d.c. is very much essential for the applications like cranes,
printing process, battery charging, telephone system, etc. But, such requirement of
d.c. is very small compared to a.c.

Due to these advantages, a.c. is used extensively in practice and hence, it is necessary
to study a.c. fundamentals.

6.3 Types of A.C. Waveforms

The waveform of alternating voltage or current is shown purely sinusoidal in the
Fig. 6.1 (b). But, in practice, a quantity which undergoes variations in its instantaneous
values, in magnitude as well as direction with respect to some zero reference is called an
alternating quantity. The graph of such quantity against time is called its waveform.
Various types of alternating waveforms other than sinusoidal are shown in the
Fig. 6.2 (a), (b) and (c).

Quantity Quantity Quantity

(a) Square {b) Triangular (c) Trapezoidal
Fig. 6.2

Out of all these types of alternating waveforms, purely sinusoidal waveform is
preferred for a.c. system. There are few advantages of selecting purely sinusoidal as the
standard waveform.
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6.3.1 Advantages of Purely Sinusoidal Waveform

1) Mathematically, it is very easy to write the equations for purely sinusoidal
waveform.

2) Any other type of waveform can be resolved into a series of sine or cosine waves
of fundamental and higher frequencies, sum of all these waves gives the original
wave form. Hence, it is always better to have sinusoidal waveform as the standard
waveform.

3) The sine and cosine waves are the only waves which can pass through linear
circuits containing resistance, inductance and capacitance without distortion. In
case of other waveforms, there is a possibility of distortion when it passes through
a linear circuit.

4) The integration and derivative of a sinusoidal function is again a sinusoidal
function. This makes the analysis of linear electrical networks with sinusoidal
inputs, very easy.

6.4 Generation of A.C. Voltage

The machines which are used to generate electrical voltages are called generators. The
generators which generate purely sinusoidal a.c. voltages are called alternators.

The basic principle of an alternator is the principle of electromagnetic induction. The
sine wave is generated according to Faraday’s law of electromagnetic induction. It says
that whenever there is a relative motion between the conductor and the magnetic field in
which it is kept, an em.f. gets induced in the conductor. The relative motion may exist
because of movement of conductors with respect to magnetic field or mo t of
magnetic field with respect to conductor. Such an induced e.m.f. then can be used to
supply the electrical load.

Let us see how an alternator produces a sine wave, with the help of simplest form of
an alternator called single tumn or single loop alternator.

6.4.1 Single Turn Alternator
Construction : It consists of a

Connecto
permanent magnet of two poles. A c : '
single turn rectangular coil is kept in
the vicinity of the permanent Conductor 1 Conductor 2

magnet. The coil is made up of same
conducting material like copper or d "
aluminium. The coil is made up of
two conductors namely a-b and c-d.
Such two conductors are connected
at one end to form a coil. This is
shown in the Fig. 6.3. Fig. 6.3 Single turn coil

S C;
To sliprings
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The coil is so placed that it can be rotated about its own axis in clockwise or
anticlockwise direction. The remaining two ends C1 and C2 of the coil are connected to the
rings mounted on the shaft called slip rings. Slip rings are also rotating members of the
alternator. The two brushes P and Q are resting on the slip rings. The brushes are
stationary and just making contact with the slip rings. The slip rings and brush assembly
is necessary to collect the current induced in the rotating coil and make it available to the
stationary external resistance. The overall construction is shown in the Fig. 6.4.

Permanent
magnet

Shaft

Axis of rotation

Direction of rotation
a

v = Direction of
instantaneous
velocity

Fig. 6.4 Single turn alternator

Working : The coil is rotated in anticlockwise direction. While rotating, the conductors
ab and cd cut the lines of flux of the permanent magnet. Due to Faraday’s law of
electromagnetic induction, an em.f. gets induced in the conductors. This e.m.f. drives a
current through resistance R connected across the brushes P and Q. The magnitude of the
induced e.m.f. depends on the position of the coil in the magnetic field. Let us see the
relation between magnitude of the induced e.m.f. and the positions of the coil. Consider
different instants and the different positions of the coil.

Instant 1 : Let the initial position of the coil be as shown in the Fig. 6.4. The plane of
the coil is perpendicular to the direction of the magnetic field. The instantaneous
component of velocity of conductors ab and cd, is parallel to the magnetic field as shown
and there cannot be the cutting of the flux lines by the conductors. Hence, no e.m.f. will
be generated in the conductors ab and cd and no current will flow through the external
resistance R. This position can be represented by considering the front view of the Fig. 6.4
as shown in the Fig. 6.5 (a).
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Instant 6 : As the coil rotates beyond 6 = 180°, the conductor ab uptil now cutting flux
lines in one particular direction reverses the direction of cutting the flux lines. Simiiar is
the behaviour of conductor cd. So, direction of induced e.m.f. in conductor ab is opposite
to the direction of induced emf. in it for the rotation of 6 = 0° to 180° Similarly, the
direction of induced e.m.f. in conductor cd also reverses. This change in direction of
induced e.m.f. occurs because the direction of rotation of conductors ab and cd reverses
with respect to the field as 0 varies from 180” to 360°. This process continues as coil rotates
further. At 8 = 270° again, the induced e.m.f. achieves its maximum value but the direction
of this em.f. in both the conductors is opposite to the previous maximum position i.e. at
6 = 90° From 0 = 270° to 360°, induced e.m.f. decreases without change in direction and at
0 = 360°, coil achieves the starting position with zero induced e.m.f.

So, as O varies from 0° to 360° the em.f. in a conductor ab or c¢d varies in an
alternating manner i.e. zero, increasing to achieve maximum in one direction, decreasing to
zero, increasing to achieve maximum in other direction and again decreasing to zero. This
set of variation repeats for every revolution as the conductors rotate in a circular motion
with a certain speed.

This variation of e.m.f. in a conductor can be graphically represented.

6.4.2 Graphical Representation of the Induced E.M.F.

The instantaneous values of the induced em.f. in any conductor, as it is rotated from
6=0° to 360° ie. through one complete revolution can be represented as shown in the
Fig. 6.6.

Induced
em.f.
+ve
By
| o 0 -] s
a=0 80 180\ 270 360 Angle
“Emay
.| |_'“’
1 1213 1415 16

Fig. 6.6 Graphical representation of the induced e.m.f.

From the Fig. 6.6, it is clear that the waveform generated by the instantaneous values
of the induced e.m.f. in any conductor (ab or cd) is purely sinusoidal in nature.



Basic Electrical Engineering 6-9 A.C. Fundamentals

6.6 Equation of an Alternating Quantity

For the derivation of the equation of an alternating quantity, consider single turn,
2 pole alternator discussed earlier. The coil is rotated with constant angular velocity in the
magnetic field. An alternating ean.f. induced is purely sinusoidal in nature.

Let B = Flux density of the magnetic field in Wb/m?>

I = Active length of each conductor in metres

r

Radius of circular path traced by conductors in metres.

® = Angular velocity of coil in radians / second
v = linear velocity of each conductor in m / sec.
Now, vV=rTMm

Consider an instant where coil has rotated through angle @ from the position
corresponding to 8 = 0° i.e. from the instant when induced e.m.f. is zero. It requires time
‘t’ to rotate through 0. So, 6 in radians can be expressed as,

The position of the coil is shown in the Fig. 6.9 (a). The instantaneous peripheral
velocity of any conductor can be resolved into two components as shown in the

Fig. 6.9 (b).
Ty
mi oy 1 <I)(Dlrection of k P
r'“‘ e San 8 rotation
ines o [:]
d . veost
[
[} Aie=0 90-9
% ? R v A
12
. L
ed % /T~ circular r
A 4 th
\"w - d "
S e e - o

AP =vcosd
AR=vsind
Fig. 6.9 Instantaneous value of an induced e.m.f.

The components of velocity, v are,
1) Parallel to the magnetic flux lines, (AP) = v cos B
2) Perpendicular to the magnetic flux lines, (AR) = v sin 0
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Qut of the two, due to the component parallel to the flux, there cannot be the
generation of the em.f. as there cannot be the cutting of the flux lines. Hence, the
component which is acting perpendicular to the magnetic flux lines ie. v sin 8 is solely
responsible for the generation of the em.f.

According to the Faraday’s law of electromagnetic induction, the expression for the
generated em.f. in each conductor is,

e = Blvsin® wvolts

The active length ‘I’ means the length of the conductor which is under the influence of
the magnetic field.

Now, E, = Blv
= maximum value of induced e.m.f. in conductor

This is achieved at 8 = 90° and is the peak value or amplitude of the sinusoidal
induced e.m.f.

Hence, equation giving instantaneous value of the generated e.m.f. can be expressed as,
I e = E sin® volis

6.6.1 Different Forms of E.M.F. Equation

Now, B = ot radians
But, ®=2nf rad / sec
| e = E sin(2nft) | e (@)
But, f = % seconds
e = Emsin[zTut) (3

Important Note : In all the above equations, the angle © is expressed in radians. Hence,
while calculating the instanfaneous value of the em.f, it is necessary to calculate the sine of the
angle expressed in radians.

Koy Point.: Mode of the cleu

% o iz i
ST i &

This alternating e.m.f. drives a current through the electrical load which also varies in
similar manner.
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Its frequency is the same as the frequency of the generated e.m.f. Hence, it can be

expressed as,

or

or

where I, = maximum or peak value of the current. This maximum value depends on
the resistance of the electrical circuit to which an e.m.f. is applied. The instantaneous value
of this sinusoidal current set up by the e.m.f. can be expressed as,

i

I, sin @t

I,sin2nft

()

hmp Example 6.1 : Write the 4 ways of rep ting an a.c. voltage given by a magnitude of
5 V and frequency of 50 Hz.

Solution : Given values are, E;, =5V and f=50Hz

So

@=2xf=100n rad/sec and T =1/f=1/50 sec

The voltage can be represented as,

1)
2)
3)

4

e

e

e

Ej, sin (ot} = 5sin (100 nt) V
E,sinB=5sin8 V
Ep sin (2 nft) = 5sin (100 nt) V

o ()-8

Note that, after substituting the values of E,, f, ® and T the resultant equation
obtained remains same by all four ways.

ymp Example 6.2 : An alternating current of frequency 60 Hz has a maximum value of

Solution :

12A:

i) Write down the equation for instantaneous values. ii) Find the value of the current after
1/360 second. iii) Time taken to reach 9.6 A for the first time.

In the above cases assume that time is reckoned as zero when current wave is passing
through zero and increasing in the positive direction. (May - 98)

f=60Hz and [[=12 A

w = 2nf= 2mx60 = 377 rad/sec

i) Equation of instantaneous value is
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i = I sinot
i = 12sin377¢
ii) t o= ks sec

360
i = 125in377 1 = 12 sin 10472 = 103924 A
Note : sin of 1.0472 must be calculated in radian mode.
ii) i=96A
9.6

12 sin 377 t
sin377t = 08

a 377t = 09272
Note : find inverse of sin in radian mode.
t = 2.459x10-3 sec.

mmp Example 6.3 : A sinusoidal voltage of 50 Hz has a maximum value of 200+/2 volts. At _
what time measured from a positive maximum value will the instantaneous voltage be equal
to 141.4 volts ? (Dec. - 2001)
Solution : f =50 Hz, V=202V, v;=1414V
The equation of the voltage is,

v = Vg sin(2rft) = 20042 sin(2rx50t) V

For v =v,
1414 = 20042 sin(2nx50xt,)
t; = 1.666x10-3 sec ... Use radian mode for sin
But this ime is measured from t = 0. At positive maximum, time is %=% =5%10"3 sec
so0 b=ty =1.666x10~3 sec is before positive maximum.
From Fig. 6.10.
tm —ty =5%10-3 -1.666x10-3
141.4v + A /\ / = 3314x10° sec
I t As the waveform is
‘1!‘2 symmetrical, at the tme of
! 3.314x103sec  measured  after
H posiive maximum value, the
! instantaneous voltage will be again
tn =4 58C 1414 V.

Fig. 6.10
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6.7 Effective Value or R.M.S. Value

An alternating current varies from instant to instant, while the direct current is
constant, with respect to time. So, for the comparison of the two, there must be some
common platform. Such platform can be the effect produced by the two currents. One of
the such effects is heating of the resistance, due to current passing through it. The heating
effect can be used to compare the alternating and direct current. From this, r.m.s. value of
an aiternah.ng current can be deﬁned as,

The follcwmg s:mple experiment gives the clear understandmg of the r.m.s. value of
an alternating current. The arrangement is shown in the Fig. 6.11.

-\ +
® \&) t
D.C.
i Rheostat ammeter DC.
) =, supply
r-. lge = RM.S. of lac l

\ Same brightness
Fig. 6.11 Experiment to demonstrate r.m.s. value

A lamp is provided with double throw switch S. On position 1, it gets connected to an
a.c. supply. The brighiness of filament is observed.

Then, switch is thrown in position 2 and using the rheostats, the d.c. current is
adjusted so as to achieve the same brightness of the filament.

The reading on the ammeter on d.c. side gives the value of the direct current that
produces the same heating effect as that produced by the alternating current. This
ammeter reading is nothing but the r.n.s. value of the alternating current.

R.M.S. value can be determined by two methods :

1) Graphical Method : This can be used for an alternating current having any wave
form i.e. sinusoidal, triangular, square, etc.

2) Analytical Method : This is to be used for purely sinusoidally varying alternating
current.

6.7.1 Graphical Method

Consider sinusoidally varying currentThe r.m.s. value is to be obta.med by comparing
heat produced. Heat produced is proportional to square of current (i*R) so heat produced
in both positive and negative half cycles will be the same. Hence, consider only positive
half cycle, which is divided into ‘n’ intervals as shown in the Fig. 6.12. The width of each
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interval is ‘t/n’ seconds and average height of each interval is assumed to be the average
instantaneous values of current i.e. iy, iy, ..., iy,

Fig. 6.12 Determining r.m.s. value

Let this current be passing through resistance 'R’ ohms. Hence, heat produced can be
calculated as,

joules Heat Produced = iRt joules
Heat produced due to 1* interval = i% R % joules
Heat produced due to 2" interval = i2 R% joules
Heat produced due to n interval = iZ R!—iv joules
) [ +i2 +...+i2]
Total heat produced in ‘t’ seconds = thxf
Now, heat produced by direct current I amperes passing through same resistance R’

for the same time 't is =PRt joules
For 1 to be the r.m.s. value of an alternating current, these two heats must be equal.
[i3 +i2+...+i]]
x e

FRt = Rxt
n

i2+i24 . +il
170 n
n

[ - [i2 +i3 +...+i3] _
=V = Lms

I ms. = square root of the mean of the squares of ordinates of the current.

This is called Effective value of an alternating current or Virtual value of an
alternating current. This expression is equally applicable to sinusoidally varying alternating
voltage as,
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(VZ+V2+..+V2]
Vems =y 75—

6.7.2 Analytical Method
Consider sinusoidally varying alternating current and square of this current as shown
in the Fig. 6.13.

Fig. 613 Waveform of current and square of the current
The current i = I,sin® while
square of current 2 = I sin’ 8
Area of curve over half a cycle can be calculated by considering an interval dé as

shown.

®
Areaofsqumcmeoverhalfcyde:liz df and Length of the base is 1.
[

. Average value of square of the current over half cycle

n

[i? de
Area of curve over half cycde 3
Length of base over half cycle 3

_1F, 1%, ., 1%, [1-cos26
= ;J;l de = E_zlmsm odo = B |——2""lde

B[ sin20]° _ 13
B - i

58
2 .
Hence, root mean square value ie. r.ms. value can be calculated as,
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12
I, ms = «f mean or average of square of current = —-;—
—
J2
Iyms, = 0707 Iy

The r.m.s. value of the sinusoidal alternating current is 0.707 times the maximum or
peak value or amplitude of that altemating mrrmt.

Kuy Pnint_, - The mstmttamous wlms are. n‘enotad by smnlf letters kae i e eir.
w.'nfc r.n.s. values nre represmt Rl

The above result is also applicable to sinusoidal alternating voltages.

So, we can write,

Vims, = 0707V,

I.]

6.7.3 Importance of R.M.S. Value

1. In case of alternating quantities, the r.ms. values are used for specifying
magnitudes of alternating quantities. The given values such as 230 V, 110 V are
rm.s. values of alternating quatntities unless and otherwise specicied to beother
than r.m.s.

mérywhm,’ ywhere, rms’.«ba":&es

o Key Ffomt n pmrhce,

'tol&ﬁ;@'z: .a'l'..:.éﬁmfing. i
qmmhh' 5. =

2. The ammeters and voltmeters record the r.ms. values of current and vnltage
respectively.

3. The heat produced due to a.c. is proportional to square of the r.m.s. value of the
current.

Steps to find r.m.s. value of an a.c. quantity :

1. Write the equation of an a.c. quantity. Observe its behaviour during various
time intervals.

2. Find square of the a.c. quantity from its equation.
3. Find average value of square of an alternating quantity as,
Area of curve over one cycle of squared waveform
Length of the cycle
4. Find square root of average value which gives r.m.s. value of an alternating
quantity.

Average =
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Time period T = ¢ = = 0.02 sec
TimeatA=§=0.DOﬁsec
i) t, = 0005+ 0.0025 = 0.0075 sec
. i = 14.1421 sin (314159 x00075) =10 A
ii) Time at C = %=%=amm

t; = 001 + 0.0075 = 0.0175 sec
o i = 14.1421 sin (314.159 x00175) =-10 A
* Caleulate sin in radian mode.
tmmp Example 6.5 : Calculate the rom.s. value, average value, form factor, peak factor of a
periodic current having following values for equal time intervals changing suddenly from one

value to next as 0, 2, 4, 6, 8, 10, 8, 6, 4, 2, 0, -2, -4, -6, -8, =10, -8, ...  (May - 2001)
Solution : The waveform can be represented as shown in the Fig. 6.16.

Current i
104
ad
64
44
2..

0 Time
-2+
_44»-
-+
JJ-
-0t

Fig. 6.16
The average value of the current is given by,
0+2+4+6+8+10+8+6+4+2
Average value = 0 =5A
2422442462482 4102 +82 +62 442422
The r.m.s. value of the current = 0 6 1
= 58309 A
r.m.s. _ 58309

—— = L1661

Form factor K = averags = 5
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maximum 10
Peak factor K = —ms "m0 - V78

vy Example 6.6 1 A sinusoidally varying alternating current has r.m.s. value of 20 A and

periodic time of 20 milliseconds. If the waveform of this current enters into its positive

half cycle at t =0, find the instantaneous values of the current at t; =6 milliseconds

and t =12 milliseconds. (May - 2002)
Solution : Iyns =20 A, T=20ms

Iy = V21.,,=282842 A

1.
f = 5=50Hz

2 nf = 314.1592 rad/sec

So ]

Hence equation for the current is,
i = I, sin t=282842sin [3141592 t] A
At t;=6ms, i=26899 A ... Use radian mode
At t;=12ms, i=-16625A .. Use radian mode

6.11 RM.S. Value of Combined Waveform

Consider a wire carrying simultaneously more than one alternating current of different
magnitudes and frequencies alongwith certain d.c. current. It is required to calculate
resultant r.m.s. value ie. effective value of the current.

Let the wire carries three different currents as shown in the Fig. 6.17 It is required to
obtain resultant I, through the wire.

L=l

2= Ing S 04 1
Resultant
s ‘\ i
Iy = Iy sin (gt + )

I
Fig. 6.17 Wire carrying 3 different currents simultaneously

Method : It is based on heating effect of various currents.
Let Iims = Resultant r.am.s. value of current
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I, ¥ I Is
12 xRxt = I3 xRxt+ ml | wRxt+|-M2 | xRxt+ xth
i [Jﬁ] [J:T Jﬁ
Note that heat produced = (rms value)2 x Rxt

and r.ms. of a.c. = !-flz-
12, = 102+
b - 0] () () -
Ims = 140712 A ...Effective value of the resultant

6.12 Phasor Representation of an Alternating Quantity

In the analysis of a.c. circuits, it is very difficult to deal with alternating quantities in
terms of their waveforms and mathematical equations. The job of adding, subtracting, etc.
of the two altemating quantities is tedious and time consuming in terms of their
mathematical equations. Hence, it is necessary to study a method which gives an easier
way of representing an alternating quantity. Such a representation is called phasor
representation of an alternating quantity.

The sinusoidally varying alternating quantity can be represented graphically by a
straight line with an arrow in this method. The length of the line represents the magnitude
of the quantity and arrow indicates its direction. This is similar to a vector representation.
Such a line is called a phasor.

One complete cycle of a sine wave is represented by one complete rotation of a
phasor. The anticlockwise direction of rotation is purely a conventional direction which has
been universally adopted.

Consider a phasor, rotating in anticlockwise direction, with uniform angular velocity,
with its starting position ‘a’ as shown in the Fig. 6.18. If the projections of this phasor on
Y-axis are plotted against the angle turned through ‘@, (or time as 6 = wt), we get a sine
waveform.

Consider the various positions shown in the Fig. 6.18.

Current
/—L\
d b

I\_ _/Il

Fig. 6.18 Phasor representation of an alternating quantity
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Phase : The phase of an alternating quantity at any instant is the angle ¢ (in radians
or degrees) h-avelled by the phasor representing that alternating quantity upto the instant|

of idi d from the reference.
Current
L
T
B B
ozt ) y o
0 A'Reference A ] n " =l

Fig. 6.19 Concept of phase

Let X-axis be the reference axis. So, phase of the alternating current shown in the
Fig. 6.20 at the instant A is ¢ = 0% While the phase of the current at the instant B is the
angle ¢ through which the phasor has travelled, measured from the reference axs ie.
X-axis.

In general, the phase ¢ of
alternating quantity varies from ¢ =
to 2 n radians or ¢ = 0° to 360°

Another way of defining the phase

3T is in terms of a time period T. The

— 0 L 2 phase of an alternating quantity at any

m“"“ particular instant is the fraction of the

time period (T) through which the

quantity is advanced from the reference

T instant.

Time period Consider  alternating  quantity

Fig. 6.20 represented in the Fig. 620. As per

above definition, the phase of quantity

at instant A is %, while phase at instant B is %I Generally, the phase is expressed in

terms of angle ¢ which varies from 0 to 2 & radians and measured with respect to positive
x-axis direction.

In terms of phase the equation of alternating quantity can be modified as,

A an
Current 0

where e = Eg, sin{ottd)

¢ = Phase of the alternating quantity.

Let us consider three cases;
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Case 1:$=0°

When phase of an alternating quantity is zero, it is standard pure sinusoidal quantity
having instantaneous value zero at t = 0. This is shown in the Fig. 6.21 (a).

Case 2 : Positive phase ¢

When phase of an alternating quantity is positive it means that quantity has some
positive instantaneous value at t = 0. This is shown in the Fig. 6.21 (b).

Case 3 : Negative phase ¢

When phase of an alternating quanting is negative it means that quantity has some
negative instantaneous value at t = 0. This is shown in the Fig. 6.21 (c).

Voltage
or Voltage
current \!ol:;:ge or
current

N e A 7
VA Y AV W

t=0

diagram

(a} Zero phase (b) Positive phase {c) Negative phase
Fig. 6.21 Concept of phase

1. The phase is measured with respect to reference direction i.e. positive x axis
direction.

2. The phase measured in anticlockwise direction is positive while the phase
measured in clockwise direction is negative.
6.13.1 Phase Difference

Consider the two alternating quantities having same frequency f Hz having different
maximum values.

E, sin (©f)
and I, sin (0t)
where En > I,

[
[}
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= Epsinot and i=1I,sin(ot+ 4
1lssa1dwlead'e’bya.ngle¢

=P pkasc d:_ﬁi:rmce, it can be remembered Htat a plus
¥ (+} sxgn qfangle iud:mtes lead w?tmas‘a minus (~) sign ofangic‘wdmm lag with

6.13.2 Phasor Diagram

The diagram in which different alternating quantities of the same frequency, sinusoidal
in nature are represented by individual phasors indicating exact phase interrelationships is
known as phasor diagram.

The phasors are rotating in anticlockwise direction with an angular velocity of
©=2r frad/sec. Hence, all phasors have a particular fixed position with respect to each
other.

To clear this point, consider two alternating quantities in phase with each other.
= Epsinot and i=[,sinot
At any instant, phase difference between them is zero i.e. angle difference between the
two phasors is zero. Hence, the phasor diagram for such case drawn at different instants
will be alike giving us the same information that two quantities are in phase. The phasor
diagram drawn at different instants are shown in the Fig. 6.25.

E

Fig. 6.25 Same phasor diagram at different instants

Consider another example where current i is lagging voltage e by angle & So,

difference between the angles of the phasors representing the two quantities is angle &
e = E; sin ot

and i = I sin(@t-¢

The phasor diagram for such case, at various instants will be same, as shown in the
Fig. 6.26 (a), (b) and (c).

The phasor d:agram drawn at any instant gives the same mformahon

Itadmg word is relahue to thz
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-—
m.
.\

: \ /i*»
@ I, Lagging Lagging
Lagging L)
N4 s lex 0

0
Fig. 6.26
Important Points Regarding Phasor Diagram :

1) As phasor diagram can be drawn at any instant, X and Y axis are not included in
it. But, generally, the reference phasor chosen is shown along the positive X axis
direction and at that instant other phasors are shown. This is just from convenience
point of view. The individual phase of an alternating quantity is always referred
with respect to the positive x-axis direction.

2) There may be more than two quantities represented in phasor diagram. Some of
them may be current and some may be voltages or any other alternating quantities
like flux, etc. The frequency of all of them must be the same.

3) Generally, length of phasor is drawn equal to runs. value of an alternating
quantity, rather than maximum value.

4) The phasors which are ahead, in anticlockwise direction, with respect to reference
phasor are said to be leading with respect to reference and phasars behind are said
to be lagging.

5) Different arrow heads may be used to differentiate phasors drawn for different
alternating quantities like current, voltage, flux, etc.

Iy Example 6.8 : Two sinusoidal currents are given by,
i; = 10 sin (ot + &/3)  and

iy = 15 sin (wt — w/4)

Calculate  the  phase  difference  belween

Hieme i degrecs,
Solution : The phase of current iy is  n/3
radians 1. &0 while the phase of the current
iy 15 - m/4 radians 1.e. = 457 This is shown in
the Fig. 6.27.

Hence the phase difference between the

two is, —45°

The individual
phases 60° and — 45°
« are with respect lo
+ve x-axis direction

6= 0 - 6, = 60° - (- 45% = 105°

And i lags iy. _ ,1
\\

Fig. 6.27
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Polar system, r £ % ¢ while Rectangular system, x £jy
and X = rcosd y=rsin¢

(1)
VX2 +y2, ¢=“"‘_1['§]

while r

-(2)

The equations (1) and (2) can be used to convert rectangular form to polar or vice
versa.

Such rectangular to polar and polar to rectangular conversion is often required in
phasor mathematical operations like addition, subtraction, multlphcahon a.nd dwm{m.

 Key Point : msiead oj usxng above rclaunns, sfudents can ise t.‘m pa!'ar .fo
- rectangular (P — R} and r.!cmgun’ar to polar: fR ~+PJ fuuclmns mdab.‘e ondf
calculator for the required conversions. :

As the graphical method is time consuming which includes plotting the phasors to the
scale, generally, analytical method is used. Also, graphical method may give certain error
which will vary from person to person depending upon the skills of plotting the phasors.
The answer by analytical method is always accurate.

Venr Important

The polar ﬁmn of an alternating quaum‘y can be mszly abtamed_ fmm ifts
_eq{mhun or plmse a5 e : -

W e ='ii wl(mliql then

E diq: where E = ran.s. value

mmp  Example 6.9 : Write the polar form of the voltage given by,
V=100sin (100t +xn/6) V
Obtain its rectangular form.

Solution iy =100 Vand ¢ = +Zrad = +30° Vpp = V_*; =70.7106 V

= 70.7106 £ +30°V

= 612371 +j 353553 V

msp Example 6.10 : Find r.m.s. value and phase of the current I = 25 + j 40 A.

Solution : The r.m.s. value is not 25 or 40 as it exists in polar form.
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Converting it to polar form,
I = 47.1699257.99°A =1, £ 0 A

~rms. value of current = 47,1699 A

Phase = 57.99°
Key Point: To obiain phns_e,;c_:xpr_e_ss the equation in sine form if given in cosine
a5, L M B 5 ‘.:\_ 3 T i :
If e = E,, cos (wt)
then e = E;, sin (ot + 90) as sin(90 + @) = cos

Thus the phase is 90° and not zero.

In general, e = E,, cos(utt ¢)
then e = Ep, sin{wt+901¢)

The phase = 90%¢

mmp Example 6.11 : A voltage is defined as — E,, cos wt. Express it in polar form.

Solution : To express a voltage in polar form express it in the form, e = E_, sin ot
Now e = —Epcosot= —E si.n[l!)t+g] as sin(cot+;]= cos wt

2
Now it can be expressed in polar form as,

e = Emz+%nrnd=]§mé+2?l]°\-'

3
= Ep sin[u)t+i‘] as sin (n+8) = -sin 6

But + 270° phase is nothing but — 90°
e = Ej  £-90°V

Iy Example 6.12 @ Find the resultant of the three voltages ey, e, and e where,

e; = 20 sin (wt), e;=30sin [mt - ; ]and €3 = cos [mt + g]

Solution : Express all the voltages interms of sin (wt £ ¢) .

e, = 20 sin (ot + 09

e; = 30sin [mt—f{]= 30 sin (ot - 459
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i

I, sin (ot—¢) = 14.142 sin [mom—%]a

BA,zeroatml:—%rad:—SD“

i) In

TN o

-y 0° 60° 150° 1

C
]
g

1
i
Fig. 6.31 (b)
i = I, sin (0t+¢)
= 8sin [1oom+’g‘]A

6.15 Multiplication and Division of Phasors
In the last section, the addition and subtraction of phasors is discussed, which is to be
carried out using rectangular form of phasors. But the rectangular form is not suitable to
perform multiplication and division of phasors. Hence multiplication and division must be
performed using polar form of the phasors.
Let P and Q be the two phasors such that,
P = x+jy; and  Q=x;+jy,
To obtain the multiplication Px Q both must be expressed in polar form
P =4 and Q=1 2¢,

Then | PxQ = [0 Kln2ey]=[rxry )40 +0; |

- magnitudes get multipled while their

The result then can be expressed back to rectangular form, if required. Now consider
the division of the phasors P and Q.

P _ ndhy _in

Q = 5,26 n| “h %
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'Rememhg'r'.; :

While addition and sﬁB&écﬁbh,-suse' rectangular form.

While multiplication and division, use polar form.

Examples with Solutions

A.C. Fundamentals

wmp Example 6.15 : The mathematical expression for the instantaneous value of an alternating
current is i = 7.071 sin [15703:-%};1. Find its effective value, periodic time and the

instant at which it reaches its positive maximum value. Sketch the wave-form from

t = 0 over one complete cycle.

Solution : The given current is, i

Comparing this with, i
We get, I, =7.071 A

Effective value

Positive maximum is, i

7.071
Sin [157.03 t -'T‘}

1573&—%

157.08 t
t =

0.015 sec = 15 msec

7.071 sin [157.03 t—g)

I, sin(wt—¢)

(Dec.-99, 2006)

.. Amp

. Amp

7.071 sin [157133 t—%]

1

1.5707

23561

Use radian mode
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mp Example 6.17 :  An alternating current is represented by the expression,

i = 10 sin ansoxt-’—;] ampere. Find its periodic time. Also find (i) its

instantaneous value at t = 0, (ii) time "t' at which if first reaches zero value after t = 0,
and (iii) time at which it first reaches its negative maximum value after t = 0. Draw a
neat sketch of its wave form for one cycle from time t = 0, and indicate in it the
coordinates of the above three poinls.

{Dec. - 2002)
Solution : i =10 sin [an th-g]A
Comparing with, i = I, sin(2nfxt-¢)A
f = 60 Hz hence T=lr=0D16665ec
i) At t = 0, i=-5A ... Use radian mode for sin

ii) It first reaches zero value after t = 0 when,

0 =10 sm(mewt-’-;]
n
0= Exxﬁﬂt—g
t = ——nr—=1388 msec
T ex2nx60

iii) It reaches negative maximum after g time period from the time at which it has
achieved zero value.
t = time at which it will achieve negative maximum

= lalwhichitiszcro—i%T

= 1.3888 msec + Sx 001666

4
= 0.01388 sec
i
1 3 i
h——TT —

N

-3
(-1.388x 10 ,o\

0
“ N/

1 cycle
Fig. 6.35

(0.01388, -10)
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Solution : i) The resultant is shown in the Fig. 6.37.
iy Forde, Iy =10 A

Current Forac. i=1I sin0=10sin0
Resultant current So the resultant is,

204 F--< S S —— iR=ldc+i=‘llJ+1leil!9

This is the expression for the resultant
wave.

104 DC. iii) Now ip = 10 + 10 sin ©

The average value can be obtained as,
n

—10f- -——

. 1T
’ l\/zx ‘ infaverage) = 5 [ ig J0
1}
- 2n
A.C. component 1 .
v = ‘lllﬂflﬂﬂnaldﬂ

_1 _ L4
= —ZK[IOB 101:059]5
Fig. 6.37

21—1:[1{](2 7~0)-10{cos 2 —cos 0} ]

= 10A
iv) The r.m.s. value is given by,

1 2n 1 n
2 = H 2
3 ilk do= [ {(m +10sin 6)2 d©

ig (rms.)

Ir
J% J1100 +2005in 0+1005in2 0] d@
[i]

In
Ji f 1100 +2mme+1m[ﬂ]|d3
(1]

2n 2
Iz
1 6 sin20
- | fwo-masorif3- 2222

= J-zl—n[lﬂﬂﬂ n—0)-200(cos 2 x—cos () +¥(2 E—O}—g(sin 4n-sin l]]:|

1
= »fﬁlﬂl)ﬁxﬂtt] =150 = 122474 A
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rms. _ 12.2474 - -
average 10

v) Form factor =

maximum _ 20

Peak factor = = = 13,247

= 1.633

mmp Example 6.20 : Calculate the average and effective values of the saw tooth waveform
shown in Fig. 6.38.
The voltage completes the cycle by falling back to zero instanianeously after regular interval

of time.

Voitage V

200V ———

Time

Fig. 6.38

Solution : Let us calculate equation for the instantaneous value of the voltage. The voltage
increases linearly from 0 to 200 V in two seconds. So slope between 0 to 2 seconds is,
200-0 _

3 100

~ Equation for the instantaneous value is,
V =100t

Area under curve - .[2 (100 £y dt
base 0 2

The average value

1
2

2 2
[100—‘5-] = 50x 2 = 100 volis.
o

The r.m.s. value = root of the mean of square

2 2
1 t3
{(100 Vi Exumzx[“g]u
= Z

2
1‘5000x% = 11547 volts

3
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'mp Example 6.21 : Calculate the average value, r.m.s. value and form factor of the output of
a half wave rectifier when input to rectifier is purely sinusoidal alternating current.
(May-2008)
Solution : Input to rectifier i = L, sin 6
Half-wave rectifier is one which rectifies the half cycle of the input applied and its
output is as shown in the Fig. 6.39.

Current )
i=1ysing /\
3 2 3n 4n Time
e P
Cycle |
Ll
Fig. 6.39

Since the waveform is unsymmetrical, the average and r.n.s. values must be calculated
for one complete cycle.

Area of curve over a cycle

The average value =

Length of base over a cycle
%, n
) [gideo+["" 0d0 "
- In ﬂjﬂ !
1 ¢x . I 2 _Imy_Im
= ﬁjo Iy sin0d0 = M[-cosf]f = 2[2]= -2
L, = 03181,

R.M.S. value = root of mean of square

Area of curve over a square wave cycle
= Length of base over a cycle

In

T
Ji2d3+ ‘[(0)2 de

=V %j’::;,,sinzeae
12, rnl-cos28 o [13, 8-sin 207"
2o 2 T R T
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Now 1,=92A and f=50Hz
i = I,sin2nft=92sin100nt A
a) At t =0.002 sec,
i = 9.2 sin (100nx=0.002) = 54076 A ... Use sin in radians

b) At t = 0.0045 sec after positive maximum as shown, time period T=% = 0,02 sec so

positive maximum occurs at t=-§ L{L;}E =5x10"3 sec. After this 0.0045 sec means value

of i at t=5x%10"3 +0.0045=95x10"2 sec from t = 0.
i = 9.2sin(1001x9.5x10-3) = 1.4391 A
mmp Example 6.25 : Af ¢ = 0, the instantaneous value of a 60-Hz sinusoidal current is + 5
ampere and increases in magnitude further. Its r.m.s. value is 10-A.
i) Write the expression for its instantaneous value.

if} Find the current at t = 0.01 and t = 0.015 second.
iii) Sketch the wave form indicating these values. (May-2004)

Solution :t=0, i=5A, f=60Hz, [,,=10A
i) Iy =v2 1 =102 A = 141421 A
Let the equation for instantaneous value is,

I sin(2mf t+4)

Now 5 = 14.1421 sin (2rx 60x 0+¢)
. 5
= LS ° =
0 = sin” g 20.704° = 0.3613 rad
i = 141421 sin (120nt+20704%) A
ie. i = 141421 sin (120mt+03613) A

ii} To find i, calculate sin in radian mode.

At t=001, i=141421sin (120mx0.01+0.3613)=~11.8202 A
At t=0015 i=14.1421 sin (120nx0.015+0.3613)=-3.7314 A
ili) The waveform is as shown, (See Fig. 6.43 on next page)



Basic Electrical Engineering 6-49 A.C. Fundamentals

+14.142A
SA

tin

o seC
-3.73A
- 11.8A
- 14.142A

Fig. 6.43
sy Example 6.26 : A 50-Hz sinusoidal voltage applied to a single phase circuit has its

rams. value of 200 V. Its walue at =0 is (V2x200) V positive. The current

drawn by the circuit is 5 ampere (rms) and lags behind the voltage by one-sixth of a cycle.
Write the expressions for the instantaneous values of voltage and current. Sketch their
wave-forms, and find their values at t = 0.0125 second. (May-2004}

Solution : f=50 Hz, V,,,, =200V
= J2 Vy,, = 28282V
The equation for voltage is V = V,, sin(2rft+¢)
Att=0, V = 200x2V
200x+/2 = 282.842 sin (0+0)
[ -;E rad = 1.5707 rad = 90°

R V = 282.842 sin {10011: t+1.5707} v
Now 1, = 5A hence I, =vZ [, = 7.071 A

1_1
T = ?—E-O.{nsec
-llh 0.02
!lags'nyg ofcyclei.e.byg:e T—3333x10

. 1 lags by angle = @t =2mn{t=100rx 3.3333x10~* = 1.04709 rad
8 = 1.04709 rad. where 0 = angle by which Ilags V
i = Iy sin(2rnft+0-8)
i 7.071 sin(100 & t +1.5707 ~1.04709)
i = 7.071sin(1007t+0.5236) A
At t = 0.0125 sec, find v and i. Use sin in radians.
.V = 282.842 sin (1007x 0.0125+1.5707) = - 200 V
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i = 7.071 sin (100 0.0125+0.5236) = - 6.83 A
The waveforms are shown in the Fig. 6.44.

iv

Curmrenti v

T
+282.842 V :

i

1

+ 7071 A

INV/AN W/
el NSNS

- 262,842 V|

of cycle
Fig. 6.44

sy Example 6.27 : A sinusoidal current of frequency 25 Hz has a maximum value of 100 A.
How long will it take for the current to attain value of 20 A and 50 A, starting from zero.
Sketch the waveform and show the times and currents. (Dec.-2004)

Solution : f =25 Hz, 1,, =100 A

Thus equation for instantaneous value is,

i = I, sin(2nft) ...Starting from zero at t =0
o i = 100 sin (50 nt) A
fori=20 A, 20 = 100 sin (50 mty)

. —1f 20

sin~!| 725

ty = ... Calculate sin~! in radians

50n

020135
30w

= 1.2818 ms

fori =250 A, 50

100 sin (50 mt,)
sin-1f 20
100 | 052359

t2 = —mr - som OB ms
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So resultant has peak value 14.9575 V and phase 52.323%", so its equation is,
Vp = 14.9575 sin(ot + 52.32399V

nmp Example 6.29 : In a certain circuit supplied from 50 Hz mains, the potential difference
has a maximum value of 500 volt and the current has a maximum value of 10 Amp. At the
tant ¢ = 0, the instant vlaues of potential difference and current are 400 volt and
4 Amp respectively both increasing in positive direction. State expressions for instantaneous
- values of potential difference and current at time 't'. Calculate the instataneous values at
time t = 0.015 second. Find phase angle between potential difference and current.
{May-2005)

Solution : f =50 Hz, V, =500V, I, =10A

It is given that t = 0, v = 400 V and not zero
500 hence it has phase ¢;. So its equation is,

“ / ,
'o t Soatt
\/ 400

Fig. 6.46 %

Vi sin{ot+¢;)
nt
500 sin(0 + ¢,)

sin ‘{%J =53.13° = 0.9272 rad

v = 500 sin (2nft+¢,) = 500 sin(100 &t + 0.9272)V
While at t = 0, i = 4 A hence it has phase ¢,. So its equation is,
i = Ipsin(ot+d,)
Soatt = 0,

10

4 ? ‘_\

s / 4
’

0 \-/ Y u g, = sin -{%]: 23.5781° = 04115 rad

10 sin (2nft+06,)
10 sin(100 nt + 0.4115) A

10 sin (0 + 6,)

o
]

-
]

Fig. 6.47

At t=0015sec, v = 500 sin (100mx0.015+0.9272) ...Use radian mode
— 300.038 V

-
]

10 sin (100m= 0.015+ 0.4115) = — 9.1652 A
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mp Example 6.31 : An alternating current varying sinuseidally with a frequency of 50 Hz
has a r.m.s. value of current of 20 Amp. At what time, measured from negative maximum
value, instantaneous current will be 102 Amp. ? (Dec.-2005)
Solution : I = 20A, f=50Hz

In = ¥21=202=282842 A
i = 1, sin (2nft) = 202 sin (1007t) A
The waveform is shown in the Fig. 6.50.

+10V2

1
|_-.=_‘

1

i

1

i
Eo i

1

1

1

1
%
-

i
2
5|

To find time corresponding to point D after point C which is negative maximum.
At point C, t; = 15 ms i

For i= 1042
1042 = 2042 sin (1005 )
t = 1.66 ms

Thus from t5 and t, time is 1.66 ms and t; to t4 is quarter half cycle i.e. 5 ms.
.. Total time for current to achieve 1042 A from negative maximum value is,

Iy to t; = 5+ 1.66 = 6.666 ms

lmp Example 6.32 : Draw a neat sketch in each case, of the waveform and write expression of
Instantaneous Value for the following : (May-2006)
1) Sinusoidal current of amplitude 10 A, 50 Hz passing through ils zero value at
ot = 13 and rising positively.
2} Sinusoidal current of amplitude 8 A, 50 Hz passing through its zero value at
of = -6 and rising positively.
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Solution : 1) I, = 10 A, f = 50 Hz, o= 2nf = 100 nt rad/sec

At-g- = 60°, passing
iinA through zero

+10

b

-10 ¢=60°

Fig. 6.51

Iy sin(ot - ¢) = 10sin (1007t — 60°)

[
]

10 sin(ll:lom - ’5‘] A

2) I,=8A, ow=100n rad/sec

At %--30'. passing

iinA through zero
Passing
through
zern
\
=30°
wt
90* 180° 270° 360°
—] e

Fig. 6.52
i = I, sin(at+30°) = 8sin(100% t+30%)

i= Sniu[looa:t-kg]ﬁ
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11
12.

13.

14

Show that alternating quantity can be represented by a rotating phasor.

Sketch the waveform of a curml! i = 10 sin 314159 t amp. and find its maximum, r.m.s. and
average values. Find also the frequency.

Estimate the average value, r.m.s. value and form factor if the instantaneous values of a voltage are
0, 5, 10, 20, 50, 60, 50, 20, 10, 5, O, -5, — 10 volts eic at equal intervals, changing suddenly from
one value to another. (Hint : Refer Ex. 6.5, Ans. : 23 V, 31.06 V, 1.3506) (6)
A sinusoidal voltage of 50 Hz has a maximum value of 20042 volts. At what time measured from

a positive maximum value will the instantaneous voltage be equal to 141.4 volts 7
(Ans. : 1.666 msec)

aaa



Single Phase A.C. Circuits

7.1 Introduction

The resistan;:e, inductance and capacitance are three basic elements of any electrical
network. In order to analyze any electric circuit, it is necessary to understand the following
three cases,

1) A.C. through pure resistive circuit.
2) A.C. through pure inductive circuit.
3) A.C. through pure capacitive circuit.

In each case, it is assumed that a purely sinusoidal alternating voltage given by the
equation v = V,, sin (wt) is applied to the circuit. The equation for the current, power
and phase shift are developed in each case. The voltage applied having zero phase angle is
assumed reference while plotting the phasor diagram in each case.

Once the behaviour of pure R, L and C is discussed, then the various series and
parallel combinations of R, L and C are discussed in this chapter. The concept of
impedance, admittance, susceptance, phasor diagrams of series and parallel circuits and
resonance in series and parallel circuils are also included in this chapter.

7.2 A.C. through Pure Resistance

Consider a simple circuit consisting of a pure resistance ‘R’ ohms connected across a
voltage v = V, sin @t. The circuit is shown in the Fig. 7.1.

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

. (oY Vmsinot (Ve
A =5 B ie i R sin (wt)
' ' This is the equation giving instantaneous value
Q) of the current.
v =V sin ot

Fig. 7.1 Pure resistive circuit

-1
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Comparing this with standard equation,

I sin (@t + §

Im=VTm and ¢=0

i

So,ma:dmumva.lueo!altemaﬁngcunent,iislmz‘%'whﬂe,asihnﬂ,itindkmes

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
vuliage is gmng to al:l'ueve 1ts maximum {posnuve a.nd negauve) and zero values

7

el
hms\g%«m&(ﬁi R
The waveforms of voltage and current and the corresponding phasor diagram is

shown in the Fig. 7.2 (a) and (b).

i
v =V, sin ot
=T, sinwt

W ——

n 2z Time 0 1 v

Both in phase

(a) (b)
Fig. 7.2 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.

7.21 Power
The instantaneous power in a.c. circuits can be obtained by taking product.of the
instantaneous values of current and voltage.
P = vxi=Vysin (ot x I sin ot =V, I, sin’ (@t)

= %(1—0}32@0

_ Valn Vi Iy :
P = 5 -5 M cos (2 wt) i

From the above equation, it is clear that the instantaneous power consists of two
components,
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1) Constant power component [——Y’-"—il—'ﬁ]

v

2) Fluctuating component [ "’21"' cos(2 mt):| having frequency, double the frequency 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 ie, —2—T
P, = vmlm Vo lm
av 2 Ji JE
| Pov = Vme * I ms watts |

Generally, r.m.s. values are indicated by capital letters
| P, = VxI watts=I’R watts |

The Fig. 7.3 shows the waveforms of voltage, current and power.

|

v.i,p / //_\._ P= V,,,I,..slllazut_

A P
"_""\‘ VTI
oY IRTZ2\Vi
N

0 ﬁ ;:.. -7 \

e \
v = Vsin ol i= 80 0t

-
Time

Fig. 7.3 v, i and p for purely resistive circuit
7.3 A.C. through Pure Inductance
Consider a simple circuit consisting of a pure

T inductance of L henries, connected across a voltage
L given by the equation, v = V, sin @ t. The circuit is
|1' -— 'i shown in the Fig. 7.4.
Pure inductance has zero ohmic resistance. Its
o internal resistance is zero. The coil has pure inductance
v =\ sin ot of L henries (H).

Fig. 74 Purely inductive circuit
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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 e.m.f., e=-L %

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

di
e menc(ad)

di . di
v = Lm ie V, sin mt = LE
di = -‘;_Asinmtdt
V., (—cosot
i= Jdl—IT’“smmtdt =T”"[ - J
- _Vm L .
= —Esm[—z—-mt] as cos mt—sm[i—mt)
i = Im gin(wt-2) as sin [ Z-ot |= - sin | at-Z
wl 2 2 2
. n
i= Imsm[mt—i)
Where In = %:i_f:

Where I-XI‘=mL=2nfLﬂ I

The above cquation clearly shows that the current is purely sinusoidal and having
phase angle of - T radians i.c. - 90°. 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

reference, we can say that the voltage across inductance leads the current passing through
the inductance by 90°
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The Fig. 7.5 shows the waveforms and the corresponding phasor diagram.

v =V osin ol
A ——
1= I sin{ut -=
/ H \ ot - 2: Vand | are rm.s. values
N Y !
4 2 1, !
D ZE /| Ve
] 2|
'
1INV ‘,
1 1lags by 80
F=00"1 1w w)
(a) Waveforms (b) Phasor diagram

Fig. 7.5 A.C. through purely inductive circuit

7.3.1 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.

Ko f Xp o= f, for constant L
0 So, graph of X; Vs f is a straight line passing
Fm““"'""'&wughthcongmasshm«rnmlheﬁg 7.6.
Fig. 76 X_ Vs f vmcy is zero, which is s0

, the inductive reactance is zero,
snid that the inductance offers
ce for the d.c. or steady current.
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7.3.2 Power
The expression' for the instant power can be obtained by taking the product of
instantaneous voltage and current.

P = vxi =v,nsincutx1msin[mt—§)

= Vg I, sin (0t) cos {ot) as si.n[{ot—%]: - cos ot

as 2 sin wtcos ot=sin 2@t

o
I
[
w
5
=
e

Vm Im
2

The average value of sine curve over a complete cycle is always zero.
In Vo1
Py = | - 2R sin (20t d (08 = 0

The Fig. 7.7 shows voltage, current and power waveforms.

vl

yll==\W; 2\

£
N

N
\
)

ZIRl-ZIpaZ7
157 5%

Fig. 7.7 Waveforms of voltage, current and power

1t 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 nepative loop are exactly same and hence, average
power consumption is zero.

hﬁ%yﬂmi ans *@m@ .

N wwwm £tk
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7.4 A.C. through Pure Capacitance

Consider a simple circuit consisting of a
c pure capacitor of C- farads, connected across a
voltage given by the equation, v = V, sin wt.
The circuit is shown in the Fig. 7.8.

i i The current i charges the capacitor C. The
Q) instantaneous charge ‘q" on the plates of the
capacitor is given by,

v =V sin wt

Fig. 7.8 Purely capacitive circuit q=cv
. q= C Vm sin wt

Now, current is rate of flow of charge.

. _dq_d ;
i= I—m(cvmsmml)
i= CVM%(sinmt):Cmecosmt
i= Vin si.n[mwf)
1 2
(&)
i = Imsin[mwg]
where
where

The above equation clearly shows that the current is purely sinusoidal and having
phaseangleof+;radiansi,e.+90“,

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. 7.9 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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Single Phase A.C. Circuits
v =V sin wt ‘ ] |
vl i=|,,,s'n(m+§) R
X 1 Current leads by 80° l
l"’ I o
Y ~2rad =90
7 x P Time—rg - V%—
2 = : Vand 1 are r.m.s. values
ai RS |
=
(a) Waveforms (b) Phasor diagram

7.4.1 Concept of Capacitive Reactance
We have seen while expressing current equation in the standard form that,
1

o Y LB
s o X metaae®

The term X is called Capacitive Reactance and is measured in chms.

So, capacitive reactance is defined as the

Xe opposition offered by the capacitance of a

fxc«-[. circuit to the flow of an alternating sinusoidal
current.

Xc is measured in ohms and it depends on
o the frequency of the applied voltage.
Fraqueney | The capacitive reactance is inversely
proportional to the frequency for constant C.

Xc = 1? for constant C

Fig. 7.10 X Vs f

The graph of Xc Vs f is a rectangular hyperbola as shown in Fig. 7.10.

'Kéy' Point : If the ﬁ-eqixz:ﬁ'cy.i.s zero, which is so for dec. ‘Wv;m'a,;gé,'thé capacifive
yenctance is infinite. Therefore, it is said that the capacitance qﬂ'ers pen c:r.r:m.r ro
e de or lt h!orksdc e
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imp Example 7.1 : A 50 Hz, alternating voltage of 150 V (r.am.s.) is applied independently to
(i) Resistance of 10 Q2 (2) Inductance of 0.2 H  (3) Capacitance of 50 pF

Find the expression for the instantaneous current in each case. Draw the phasor diagram
in each case.

Solution : Case 1: R=100Q
V = V_ sin ot

Vin = V2 Ve =V2x 150 = 21213V

V21213
=R =70
= 21213 A

In pure resistive circuit, current is in phase with the voltage.
¢ = Phase Difference = 0°
i Insinot= L sin(2rft)
21.213 sin (100 ) A
o " The phasor diagram is shown in the
1 Fig. 7.12 (a).
Fig. 7.12 (a)
Case 2: L=02Q
Inductive reactance, Xp=oL=2nfl
X, =2rx50x02= 6283Q

V21213
Iy = X, " @8;

1]

=337 A

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

-
]

L, sin (ot -4

i= 3.37sin[1oom-’—z‘]a
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The phasor diagram is shown in the

Fig.7.12 (b).
Fig. 7.12 (b)
Case 3 : ' C = 50pF
. 1 1 1
Capacitive reactance, = —== = = 63.66 Q
P Xc = ac~zmic 21x50%50%10-6
_ Vg 21213 _
In= Xc =g =384
In pure capacitive circuit, current leads voltage by 90°.
. 6 = Pl-mseDiffemnne=9I]°=-§md
i = I sin(ot+§
i = 3.33sin [moma-g)a
I
The phasor diagram is shown in the

Fig. 7.12 (c).
All the phasor diagrams represent r.m.s.
values of voltage and current.

Fig. 7.12 (c)

mp Example 7.2 : A voltage v = 141 sin {314t-+n/ 3}& applied to

i) Resistor of 20 ohms i) Inductance of 0.1 Henry  iii) Capacitance of 100 pF

Find in each case rms value of current and power dissipated.

Draw the phasor diagram in each case. (May-2003)
Solution : Comparing given voltage with v = V_, sin (wt+6) we get,

Vi

Vi = 141 Vand hence V=V, = =99.702 V

sl

L[}
I}

@ _T
314andhencef-ﬁ-50Hz,ﬂ- 3 60°

Hence the polar form of applied voltage becomes,
V = 99702 £60°V
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A

! 0

o
VR (in phase)
with 1

Ve=IR

Fig. 7.14 (b) Phasor diagram Fig. 7.14 (c) Voltage triangle
7.5.1 Impedance
Impedance is defined as the opposition of circuit to flow of alternating current. It is
denoted by Z and its unit is ochms.
For the R-L series circuit, it can be observed from the phasor diagram that the current
lags behind the applied voltage by an angle ¢ From the voltage triangle, we can write,

Vo X Ve _R .. VL _Xp
e e TR STy Tz SneEy e

If all the sides of the voltage triangle are
divided by current, we get a triangle called
impedance triangle as shown in the Fig. 7.15.

Sides of this triangle are resistance R,
inductive reactance X; and an impedance Z.

From this impedance triangle, we can see
that the X component of impedance is R and is

given by,
Fig. 7.15 Impedance triangle
R =Zcosd
and Y component of impedance is X and is given by,
X, = Zsing',

In rectangular form the impedance is denoted as,
| Z=R+jiX, Q |

While in polar form, it is denoted as,

where Z=|Z| £¢ Q

21 = JRERE, o=t k]

7.5.2 Power and Power Triangle
The expression for the current in the series R-L circuit is,
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i = I sin (@t~ ¢) as current lags voltage.
The power is product of instantaneous values of voltage and current,
P=vxi=V,sinotx[ sin{ot-¢ =V, L [sin(ot).sin(@t-¢§]

v, 1,,,[“’“(‘”'““2"‘2'”"”] Valn geg - Voln oy @ at-g

Now, the second term is cosine term whose average value over a cycle is zero. Hence,

average power consumed is,

Vi Im

727

P= VIcos¢ watts where V and I are r.m.s. values

P&\f = 5

If we multiply voltage equation by current I, we get the power equation.
VI=Vgi+V1
V1 = Vcosdl + Vsin ¢l

From this equation, power triangle can be
obtained as shown in the Fig. 7.16.

So, three sides of this triangle are,

1) VI, 2} VI cos ¢ 3) VI sin ¢

These three terms can be defined as

Vgl=WVicos below.
Fig. 7.16 Power triangle

7.5.3 Apparent Power (S)

It is defined as the product of r.m.s. value of voltage (V) and current (). It is denoted
byS., '

vi Vi=Vsing

S =VI VA

It is measured in unit volt-amp (VA) or kilo volt-amp (kVA).
7.5.4 Real or True Power (P)

It is defined as the product of the applied voltage and the active component of the
current.

It is real comp t of the apg t power. It is measured in unit watts (W) or
kilowatts (kW).

P = VIcos¢ walls
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7.5.5 Reactive Power (Q)

It is defined as product of the applied voltage and the reactive component of the
current.

It is also defined as imaginary component of the apparent power. It is represented by
‘Q’ and it is measured in unit volt-amp reactive (VAR) or kilovolt-amp reactive (kVAR).

Q = Vising VAR |

Apparent power, 5= VI VA
True power P= VIcosd W (Average Power)
Reactive power Q= Vlising VAR

7.5.6 Power Factor (cos ¢)

It is defined as factor by which the apparent power must be multiplied in order to
obtain the true power.

It is the ratio of true power to apparent power.

True Power VI cosd

Power T= Apparent Power TTVI

The numerical value of cosine of the phase angle between the applied voltage and
the current drawn from the supply voltage gives the power factor. It cannot be greater
than 1.

It is also defined as the ratio of resistance to the impedance.

cos¢=—§

B Eemreriiy et s VagER RS
BRLCIR AT be b

SRR

current leads voltage

So, for pure inductance, the power factor is cos (90°) ie. zero lagging while for pure
capacitance, the power factor is cos (909 ie. zero but leading. For purely resistive circuit
voltage and current are in phase i.e. ¢ = 0. Therefore, power factor is cos (09 = 1. Such
circuit is called unity power factor circuit.

| Power factor = cos ¢ |

¢is the angle between sup current.

ok Ex_v:,-:l.‘ b
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hmp Example 7.3 1  An alternating current, i = 414 Sin (2 nx 50 x #) - A, is passed through
a series circuit consisting of a resistance of 100-ohm and an inductance of 0.31831 henry.
Find the expressions for the instant values of the voltages across (i) the resistance,
(#i) the inductance and (iii) the combination. (Dec.-2000)

Solution : The circuit is shown in the Fig. 7.17.

i=1414sin 2 x50 6 A

R L w=2nmx50 =2nf
Y QLS i WHE | +  f=50Hz R=100Q, L=031831H
v L . X, =2nfL=2mx50x031831 = 1000
Fig. 717

i) The voltage across the resistance is,
Vg = iR=1414sin (2ax 50 t)x 100 = 1414 sin @ x50 ) V

ii) The voltage across L leads current by 90° as current lags by 90° with respect to
voltage.

vy, = i X, but leading current by 90° = 141.4 sin (2 x50 t + 909 V

iii) From the expression of Vp we can write,

r.ms. value of Vg = l%'%i =100V, o=0°
Vg = 100£0°=100+j0V
r.m.s. value of Vy = %{i =100 V, o=90°

Vo= 100£90°=0+j100V

V= Vi +V, =100+j0+0+jl00
= 100 +j 100 = 141.42 £ 45°V

Vi VZx14142 =200V

Hence expression of instantaneous value of resultant voltage is,

n

v = 200sin 2 nx50t+45°) V
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s Example. 7.4 1 A voltage e = 200 sin 100 wt is applied to a load having R = 200 Q in
series with I = 638 mH.

Estimate :-
i) Expression for current in i = I, sin (ot +4¢) form ii) Power consumed by the load
iii) Reactive power of the load iv) voltage across R and L. (May-2001)
Solution : The circuit is shown in the Fig. 7.18.
e, =200V V= 1:;’; - 141421 V (r.ms.)
R L =100 . f=50Hz
AAN——— T o= %
2000 638 mH X, = ol = 100 1x638%1073

= 200433 Q

Ot 200 sin 1007t

Z =R+ j X = 200 + j 200433
Fig. 718 = 283.149 £ 45.06°Q
V141421400
Z ~ 283.149 £45.06°
= 0.5 .£-45.06° A, Current lags voltage by 45.06°.
. In = V2% 05 =07071 A, ¢ = - 45.06°
i) i = I, sin (wt-¢) = 0.7071 sin (100 wt - 45.067 A
i) P = VIcos ¢ = 141.421 x 0.5 x cos (45.06%) = 49.9474 =50 W
i) Q = VIsin 0= 141.421 x 0.5 x sin (45.06° = 50 VAR
iv) Vg = IR=05x200=100V
Vi = IXp =05x200433 = 10021 V
7.6 A.C. through Series R-C Circuit

R c Consider a circuit consisting of pure resistance

""’VW'V_|_”_i R-ohms and connected in series with a pure
; v v capacitor of C-farads as shown in the Fig. 7.19.
! The series combination is connected across a.c.
o) supply given by
N .
v = Vysin ot v =V, sin ot
Fig. 7.19 Series R-C circuit Circuit draws a current I, then there are two

voltage drops,
a) Drop across pure resistance Vg = I1x R

b) Drop across pure capacitance Ve = I x X
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Where Xe = and I, Vg, V. are the rm.s. values

nf C fC
The Kirchhoff’s voltage law can be applied to get,
V= Vg +V¢ .- (Phasor Addition)
V = R+TX¢g
Let us draw the phasor diagram. Current I is taken as reference as it is common to
both the elements.

Following are the steps to draw the phasor diagram :

1) Take current as reference phasor.

2) In case of resistance, voltage and current are in phase. So, Vi will be along
current phasor.

3) In case of pure capacitance, current leads voltage by 90° ie. voltage lags
current by 90° so V- is shown downwards i.e. lagging current by 90°

4) The supply voltage being vector sum of these two voltages Ve and Vi
obtained by completing parallelogram.

[#] VRJ\ i
&)
20
Ve
Ve Vi
Fig. 7.20 Phasor diagram and voltage triangle
From the voltage triangles,
V = (VT + (Vo2 = [ (RZ+aX0)? =1 R+ (Xc)?
o V=1I1Z
Where z= J®?+(Xc)? is the impedance of the circuit.
7.6.1 Impedance

Similar to R-L series circuit, in this case also, the impedance is nothing but opposition
to the flow of alternating current. It is measured in ohms given by Z =.“||(FL)2+(XC)2

1 5—+= £ called capacitive reactance.

where X¢ = 777C
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In R-C series circuit, current leads voltage by angle ¢ or supply voltage V lags current
I by angle ¢ as shown in the phasor diagram in Fig. 7.20.

From voltage triangle, we can write,

_ Ve _ Xe _M _R Ve _X¢
tanc—q— R cosO—T—? smc—T—T

If all the sides of the voltage triangle are divided by the current, we get a triangle
called impedance triangle.

Two sides of the triangle are ‘R’ and ‘X’ and the third side is impedance "Z".
The X component of impedance is R and is

given by
R=Zcos¢
and Y component of impedance is X¢ and is
given by
Xe=Zsing

But, as direction of the X¢ is the negative Y
direction, the rectangular form of the impedance
is denoted as,

i %

While in polar form, it is denoted as,

[z: |z|z-on|
Z=R-jXe=]2]24-¢

where 1z] = R? +X%, 6= tan" I:_xc]

R
Key Point: Thus iis negative for rrr;s.:cfm"é im;w:mruf
7.6.2 Power and Power Triangle
The current Jeads voltage by angle ¢ hence its expression is,
i = Iy sin (ot + ¢ as current leads voltage
The power is the product of instantaneous values of voltage and current.
P = vxi=Vsinotxl, sin(ot+d
= Vi I [ sin {@t) . sin (@t + ¢) )
v [cns(-@)—c:m& mr+¢}:|

- mm 2
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_ Vi Im cost_ Vi Iim

2 2

cos Zat+ 4 as cos (- ¢) = cos ¢
Now, second term is cosine term whose average value over a cycle is zero. Hence,
average power consumed by the circuit is,
Vi 1 Vi I
P, = B M oo p= 0 M oy
av 2 ¢ JE ﬁ
l P = VIcos¢ watts | where V and I are r.m.s. values

¢

If we multiply voltage equation by current I, we get the power equation,
Vi
VI = VIcosd+ VIsing

Hence, the power triangle can be shown as in the Fig. 7.22.

P=Vicos¢ Thus, the various powers are,
Apparent power, §5=VI VA
=\ Q=Viehs True or average power, P=VIcos ¢ W
Reactive power, Q=VIsing VAR
Fig. 7.22 Remember that, X; term appears pasitive in Z.

Z=R+jX,=|Z| £ ¢ ois positive for inductive Z
While X term appears negative in Z.
Z=R-jXc=|Z| £-¢ ¢is negative for capacitive Z
For any single phase a.c. circuit, the average power is given by,
P=Vicosd walts
Where V, I are r.m.s, values

cos & = Power factor of circuit
cos ¢ is lagging for inductive circuit and cos ¢ is leading for capacitive circuit.

iy Example 7.5 : Calculate the resistance and inductance or capacitance in series for each of
the following impedances. Assume the frequency to be 60 Hz.

-3 v

i) (12 +j 30 ) ohms i) — j 60 ohms i) 20 £ 60° ohms. (May-99)




Basic Electrical Engineering 7-22 Single Phase A.C. Circuits

Solution : i) 12 +§30Q
Comparing the value of impedance with,
Z=R+jX, R=120 andX =30Q=2nfL

L= 9__30 _oosgmH

2nf 2mx 60
i) 0-j60Q _
Comparing with, Z= R-jX
R= 0Q
1
Xc = 609 =5
- 1.
C = Zmxeoxen - U9 HF
iii) 20 £60°Q
Converting to rectangular form, Z = 10 + j 17.32
Comparing with, Z= R+jX
R= 10Q
X, = 17320=2xfL
1732
L= Z‘txw-dﬁ.ﬂmﬂ

hamp Example 7.6 : The waveforms of the voltage and current of a circuit are given by,

e =120 sin (314 t) and i = 10 sin (314 t + ©/6)
Calculate the values of the resistance, capacitance which are connected in series to form

the circuit.
Also draw waveforms for current, voltage and phasor diagram. Calculate power
consumed by the circuit. (Dec-97
Solution : e = 120 sin (314 t)
Comparing with, v = Vg sin(of)
Vo= 120 and o=314
Now o= 2nf ie 3l4=2=nf
f= 50Hz
V= % =2 -assv
Similarly i = 10sin (314 t + ©/6)

Comparing with, i= Ipsin(ot+d
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In= 10 and ¢=¢=30°

Im 10

= L=_=707A
hme = 577
vV B4BS

12l = 1=5g =129

As current leads voltage by 30° the circuit is R-C series circuit, capacitive in nature.
As impedance is capacitive, ¢ must be negative.
" Z= 12£-30°Q =10393-j6Q ... useP >R

Comparing with

Z= R-jXc
R= 103930 and Xc = 6Q
1
Now X = 2n f
1
6= 2nx50xC
C = 53045 F

P = VI cos ¢ = 84.85x7.07>cos(30°) = 519.52 W
The waveforms are shown in the Fig. 7.23 (a), while phasor diagram is
shown in the Fig. 7.23 (b).

wi Voltage

Current
i
’!

!

[

I
/ 3

0 v

(a) {b)
Fig. 7.23

mmp Example 7.7 : A resistance of 120 ohms and a capacitive reactance of 250 ohms are
connected in series across a A.C. voltage source. If a current of 0.9 A is flowing in the
circuit find out (i) Power factor, (i) Supply voltage (i) Voltages across resistance and
capacitance (fv) Active power and reactive power. [May-2003)
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Solution : The circuit is shown in the Fig. 7.24.
R=1200Q, Xc=2500,1=09 A
Z=R-jXc =120 -j250 Q = 277.308 £~ 64.358°

Take current as reference.

12002 —j2500

AC. L 1=09£0°A

o —_—

votage i) Power factor cos ¢ = cos (- 64.358°) = 0.4327 leading
Fig. 7.24

ii) Supply voltage V = IxZ=[09 207 = [277.308 £- 643587
Y V = 2495772 £-64358°V
i) Vg = IxR=09x120 = 108 V (magnitude)

Ve = IxXc = 09x 250 = 225 V (magnitude)
iv) P = active power = V I cos ¢ = 249.5772 % 0.9 % 0.4327

= 971928 W

Q = reactive power = VI sin §
= 2495772 % 0.9 x sin (- 64.3589)
= —202.498 VAR
The negative sign indicates leading nature of reactive volt-amperes.

7.7 A.C. through Series R-L-C Circuit
Consider a circuit consisting of

R ¢ resistance R ohms pure inductance L
_ﬂﬁhﬂ fuuuu‘\ 11

Vi | v | '\:,c henries and capacitance C farads

| ! " - connected in series with each other

b i 1 across a.c. supply. The circuit is

TV Eﬂﬂ . vl 80 shown in the Fig, 7.25.
@ i The a.c. supply is given by,
v =\, sin ot v = V_, sin ot. The drcuit draws a

current I. Due to current I, there are

Fig. 7.25 R-L-C series circuit different voltage drops across R, L

and C which are given by,
a) Drop across resistance Ris Vg =I1R
b) Drop across inductance L is Vi =TX;
<) Drop across capacitance Cis Ve =1 X
The values of I, Vg, Vi and V¢ are rms. values
The characteristics of three drops are,
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a) Vp is in phase with current I.

b) Vi leads current I by 90°

c) V¢ lags current I by 90°.

According to Kirchhoff’s laws, we can write,

V= %+ +% ... Phasor addition

Let us see the phasor diagram. Current I is taken as reference as it is common to all
the elements.
Following are the steps to draw the phasor diagram :

1) Take current as reference. 2) Vg is in phase with L
3) Vi, leads current I by 90°. 4) Vi lags current 1 by 90°

5) Obtain the resultant of V| and V. Both V| and V¢ are in phase opposition
(180° out of phase).

6) Add that with Vp by law of parallelogram to get the supply voltage.

The phasor diagram depends on the conditions of the magnitudes of V|, and Vi which
ultimately depends on the values of X; and X¢. Let us consider the different cases.

771X > X

When X; > X, obviously, I X; ie. V; is greater than 1 X ie. V. So, resultant of V;
and V¢ will be directed towards V) ie. leading current L Current I will lag the resultant
of VL and Vc ie (VL - VC}'

The circuit is said to be inductive in nature. The phasor sum of Vg and (V[ - V)
gives the resultant supply voltage, V. This is shown in the Fig. 7.26.

Vi

t V= Ve
NL = Vcl 4 8 v g
/1 Mo
[
o A Vy o Va A :
llags V
Ve

Fig. 7.26 Phasor diagram and voltage triangle for X, > X¢
From the voltage triangle, V= /(Vg)2 + (V) - Vo)Z = JUIR)Z+ (IX -1X()2

= ]-J(R)z"'fxl_'xc)z

V=12
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Where Z= R

7.7.4 Impedance
In general, for RLC series circuit impedance is given by,

Z =R+jX
Where X = X[, - X = total reactance of circuit
If Xy >Xe X is positive and circuit is inductive.
I Xy <Xg X is negative and circuit is capacitive.
I X, =Xe X is zero and circuit is purely resistive.

tan ¢ = [%} cos¢=%ancl Z=RZ+ (X, -Xc)?

7.7.5 Impedance Triangle
The impedance is expressed as,
Z =R+jX where X=X -Xc
For X;, > X, ¢ is positive and the impedance triangle is as shown in the Fig. 7.29 (a).
For X < X¢, X — X is negative, so ¢ is negative and the impedance triangle is as
shown in Fig. 729 (b).

: Fig. 7.29 Impedance triangles
In both the cases, R= Zcos¢ and X=Zsin¢

7.7.6 Power and Power Triangle
The average power consumed by the circuit is,
P,, = Average power consumed by R+ Average power consumed by L
+ Average power consumed by C
But, pure L and C never consume any power.
v = PowertakenbyR =PR=I(IR) =1Vy
But, Vg = V cos ¢in both the cases
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imp Example 7.9 : A series circuit having pure resistance of 40 ohms, pure inductance of
50.07 mH and a capacitor is connected across a 400 V, 50 Hz, A.C. supply. This R, L, C
combination draws a current of 10 A. Calculate (i) Power factor of the circuit and
(i) Capacitor value. (May-2000)
Solution : The arrangement is shown in the Fig. 7.33.

R L c Xp=2nfL )
=10 400 50,07 mH = 21 % 50 x 50,07 x 107
400 V, 50 Hz 1
" =1573Q, Xg=5—r
Fig. 7.33 2mfC
Z=R+jlX-X)
[Z] = JR2+ (X, —Xc)? =RZ+ (1573 - X )2 e (1)
= LVl _ 00
|z|..|1|_m_4oa - (2
40 = JRZ + (1573 - X ) e 1590:R2+(15.:"3—xc)2 e (3)

Substitute R = 40 2 in (3), 1600 = 1600 + (15.73 ~ X¢)°
(1573 - X2 = 0

Xc 1

2nfC

i

157302 e 1573 =

2023 x 104 F

40+ (1573 -1573) =40 +j0Q
40200
pf = cos (09 =1 I

7.8 Complex Power

As seen earlier in a.c. circuits there are three types of powers exist. These are apparent
power (S), active power (P) and reactive power (Q). The P and Q are the components of
apparent power (S) such that,

Is| = VP2+Q2
. [ sing [ Visin ¢ a[Q
While ¢ = hn‘[m = tan I[WMJ-M I[F}
Where P = Vicos¢p and Q= VIsin d
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Thus the apparent power can be expressed in the rectangular form as,

This is called complex power where,
Real part = Active, true or real power in watts (W)

Imgmazy part = Reactive power in reactive volt-amp (VAR)

4 The rmcfwe po . _Q may be- pasmw or ﬂegnhw dfpmdmg lipmr

SR e el L

The postive sign indicates lagging nature of reactive power while negative sign
indicates leading nature of reactive power.

The complex power is generally indicated in a power triangle as shown in the
Fig. 7.34.

Imj
Lagging Re
reactive
vnlt—m'npaes Leading
Q-=—— reactive
volt-amperes
(a',l Lagging P.F. (b) Leading P.F.

Fig. 7.34 Power triangle
'i‘he angle §is p.f. angle i.e. angle between V and L

Ingeneralif V = V; 20, and I=1, 20,

Then 0= 0,-0,

And P = VIcos(8,-8,)W ... Active power
Q = VIsin(8;-6,) VAR ... Reactive power
§=P+jQ VA ... Complex power

If 8, -8, > 0, Q is positive indicating lagging p.f. while
If 8, -8, < 0, Q is negative indicating leading p.f.
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Sign of reactive power MNature of power factor Nature of load
Q is positive Lagging Inductive
Q is negative Leading Capacitive
Table 7.2

Physical significance of reactive power :

The reative power is that component of power which is supplied to the reactive
components of the load from the source during positive half cycle while it is returned back
to supply from the components to the source during negative half cycle. It is rate of
change of energy with time which keeps on flowing from the source to reative components
and back from the components to the source, alternately. The reactive power charges and
discharges the reactive components alternately.

o

3%

immp Examplo 7.10 : Find the complex power delivered by the source.

-jloq
|_..._.

j200

>
100£0° V| Ezun

AMAA

Fig. 7.35
Solution : The circuit can be analysed as,
Applying KVL to the two loops,
=(I) (-j10) = 201; + 100 £ 0"

]

ie. (-j10)1+201; = 100 £0° . (1)

—j100 -1,
L , ~(10+]20) (1 -1) +201, =0
+ + g M . .
b i - - I = o (2
10020°V g0 [10+j200] -~ (10+j20) 1+ (-30-j20)1; = 0 2
Fig. 7.35 (a)
-0 2

= = +j300 - - 200 - j = — 400 - j100
10+j20 —30-j20 +j300 - 200 j400 j
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V100 _

ii) I, = —ﬁ—ﬁ--lﬂA ... Current is maximum at resonance
if) Py = 13 R= (10 x 10 = 1000 W
iv) Power factor is unity, as impedance is purely resistive at resonance
v) Vg = I, R=10 x10=100V
Xp = 21nf, L= 2n x 56.2697 x 0.2 = 70.7105 Q
Vp = Iy Xp = 10 x 70.7105 = 707.105 V
1 1
And = = = 70.7105 Q
e = TREC = Zrxe. 2697 X106
{ Ve = I Xc = 707.105 V
Thus Vi = Ve  at resonance v,
. _ ol 2ril
vi) Q = B Slakae 7071
_ R _ 10 _ 0 1
S £ Al T R Ve

f; = f, - Af = 56.2697 — 3.9788 = 522009 Hz

- and f; = f. + Af = 562697 + 3.9788 = 60.2485 Hz
viii) BW. = f, - f; = 60.2485 ~ 52.2909 = 7.9576 Hz
The phasor diagram is shown in the Fig. 7.39. Fig. 7.39

b Example 7.12 : A series R-L-C circuit is connected to 230 V a.c. supply. The current
drawn the circuit at the resonance is 25 A. The voltage drop across the capacitor is 4000 V,
at the series resonance.

[

Calculate the resistance, inductance if capacitance is 5 PF, also calculate the resonant
frequency.

Solution : At resonance,

V_20
R = T—E-Q.ZR
Voltage drop across capacitor
Ve = IXc ie. 4000 = 25x X
XC=1509
At resonant frequency, f= f And Xe = er.lf c
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1
% 160 = ———
2nf, x10°°
£ = 198.943 Hz
At resonance XL = Xc=1600
2nf L =160
160 160
T 2nf, ~ Znx198.943
L=0128 H

7.10 A.C. Parallel Circuit

A parallel circuit is one in which two or more impedances are connected in parallel
across the supply voltage. Each impedance may be

a separate series circuit. Each impedance is called b al
branch of the parallel circuit. I; [z
The PFig. 7.40 shows a parallel circuit consisting I
of three impedances connected in parallel across an A
a.c. supply of V volts. ! v g
Key Point : The woitage across all the )
impedances s same ns supply voltage of Vvolts

V volts, i = : = Fig. 7.40 A.C. parallel circuit

The current taken by each impedance is different.

Applying Kirchhoff’s law, I = I_{ + E +15 ... (Phasor addition)
v _V vV ¥
===+=+
Z 2 L A
Ladadod
Z 2y 2y Za

Where Z is called equivalent impedance. This result is applicable for ‘n’ such
impedances connected in parallel.

7.10.1 Two Impedances in Parallel

If there are two impedances connected in parallel and if I is the total current, then

current division rule can be applied to find individual branch currents.
- Zy
=1y x =2
Ly +Z,y
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Following are the steps to solve parallel a.c. circuit :

1) The currents in the individual branches are to be calculated by using the relation

While the individual phase angles can be calculated by the relation,
X X
tan I | tan =22 ta =2n
i ¢| = Rl’ ¢2 R_—zr ey AN ¢n Rn

2) Voltage must be taken as reference phasor as it is common to all branches.

3) Represent all the currents on the phasor diagram and add them graphically or
mathematically by expressing them in rectangular form. This is the resultant
current drawn from the supply.

4) The phase angle of resultant current I is power factor angle. Cosine of this angle
is the power factor of the circuit..

7.10.2 Concept of Admittance
Admittance is defined as the reciprocal of the impedance. It is denoted by Y and is
d in unit si or mho.
Now, current equation for the circuit shown in the Fig. 7.41 is,

|

—

)

+15 +15

! v[%]v[zi]v{_zl_]

VY = VY] + VY, + VY,

—
]

Y- YeGeT
where Y is the admittance of the total circuit. The three impedances connected in

parallel can be replaced by an equivalent circuit, where three admittances are connected
in series, as shown in the Fig. 7.41.

271 Y Y Y
lZ,| 1 H 3
1 Iy 1 1
D\ )
O o
v v

Fig. 7.41 Equivalent parallel circuit using admittances
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7.10.3 Components of Admittance

Consider an impedance given as,

Z = R£jX
Positive sign for inductive and negative for capacitive circuit.
. _ 1
Admittance = Z KX
Rationalising the above expression,
Y = R¥jX _RFjX
REjX)IRFjX) R2+x2
R . X R . X
= F = Fj-—
[R2+x=] J[thz] z2 172
Y =G7FijB

In the above expression, | G = Conductance =

P

and B = Susceptance =

7.10.4 Conductance (G)
It is defined as the ratio of the resistance to the square of the impedance. It is
measured in the unit siemens.

7.10.5 Susceptance (B)

It is defined as the ratio of the reactance to the square of the impedance. It is
measured in the unit siemens.

. The susceft_mce is said to be inductive {Bf;}_-
is sald to be capacitive (Bp) if its slgn is positi

fs sign is negative. The susceptance

Note : The sign convention for the reactance and the susceptance are opposite to each

other.
Remember,
Y = G+jB=|Y | £¢siemens or mho
1Y | = VGZ+B%, 0= tan &
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=1118 £+2656° A=10+j5A
n/g;w\ v ¢ =hi+ h=16699-716699 41045

=26.699 -j 11.699 A

Ir =129.15 £ - 23.66° A
p-f. = cos (- 23.66°) = 0.9159 lagging
h
The phasor diagram is shown in the
Fig. 7.46 Fig. 7.46.

1wy Example 7.15 : Two impedances Z, and Z, are connected in parallel across applied
voltage of (100+200) volts. The total power supplied to the circuit is 5 kW. The first
branch fakes a leading current of 16 A and has a resistance of 5 ohms while the second
branch takes a lagging current at 0.8 power factor. Calculate
i) Current in second branch ii) Total current  iii) Circuit constants, (Dec.-2001)

Solution : The circuit is shown in the Fig. 7.47.

zZ,
- V =100+j200=223.60 £ 6343° volts
L B I,=16 A, R;=5%, cos ¢,=08
1 NUW, |21|=%=T =13975Q
L L
Ry=Z; cos ¢
e R, 5
V= (100+200)2 :.ms¢1=z—l=m=0‘35??";
Fig. 7.47 .
¢, = -6903° { ... negative, as leading in nature )
sin ¢; = 09338

X, = Z,sin¢, = (13975) (0.9338) = 13.04 Q
Power consumed in Z;, Py=12 R; =(16)? (5) = 1280 watt
PuwermmnedmzzﬂTotalpower pplied ~ Power d in Z,
P, = 5000-1280=3720 waltt
Powermnsl.mdmzz,Pz VI cos ¢,

L = —2
2 " Veosd,
L = 3720
2 T 72360x 08

I, = 2079 A
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Now we have, P, =12 R,
Ry = E;—-=-—-—-——-—-—3?202 =860 Q
I3 (2079)
Now, cos 9, = 0.8
sing, = 0.6
. . v o 223.60
Xa = |2 sing, =— sin ¢ = x 0.6
2 | 2 I w). [2 h 2079
X, = 64531 Q

Zy = Ry+jX, = 8.60+j64531 =1075 £ 36.88° Q2

V22360 £ 6343° .
2 = o= Tog 7 3em = 070 £ 2655° A

Similarly, Z, = Ry -jX,=(5-j13.04) =13965 £ -69.02° Q
n V 22360 £ 6343° .
i = .2_1____13%54_69_020_164132.45 A
- Total current, [ =1+ 1,=(16 £13245% + (20.79 £ 26.55°)

= (- 10.799+j11.80) + (18.59+j9.29) = 7.8+j21.09

I =2248 £ 69.70° A
Total current = 22.48 A
Current in branch 2 = 20.79 A

Circuit constants are R; =50, R, =860Q, X,;=13.04Q, X,=645310Q

s Example 7.16 : A parallel circuit of 25 Q resistor, 64 mH inductor and 80 uF capacitor

connected across a 110 V, 50 Hz, single phase supply,

is shown in Fig. 7.46. Calculate the current in LYY
individual element, the total current drawn from the
supply and the overall p.f. of the circuit. Draw a neat 1, L=64mH
phasor diagram showing V, Ip, I, I and I. L
(May-2002, Dec.-2007)
Solution : From Fig. 7.48, Ip €= IBII:I;.|F
R=250, X =2nfl, =2ax50%64x10-3 .
v
Xy = 20100 G
Xc = 1 _ 1 ~39780Q 110 voit, 50 Hz supply
2rfC 27ax50x80x10-6 Fig. 7.48
Let V =110 £0° volts



Basic Electrical Engineering 7-47 Single Phase A.C. Circuits

v 110 £0° N
IR %= 55 =44 Z0°A
v 110 £0° )
L =y = 2000 Zogp = >4 490" A
v 110 Z0° ~.
[ A —— i d 5
Ie —-j Xg 3978 £-90° 276 £90° A W EGED v
I = T +I, +Ic RN
\‘ N I
= (44 £0°)+ (547 £-90°) + (276 £90°) S EIRT e
. S AU a
= (44+j0)+ (0-547) + (0+276) Tl

= (44-j271) A Fig. 7.49

—

= 51676 £-31.62° A

Overall p.f. = cos ¢ = cos (31.62) = 0.851 lagging.
Phasor diagram : The phasor diagram is shown in the Fig, 7.49.

7.12 Resonance in Parallel Circuit

Similar to a series a.c. circuit, there can be a resonance in parallel a.c. circuit. When the
power factor ‘of a parallel a.c. circuit is unity ie. the voltage and total current are in phase
at a particular frequency then the parallel circuit is said to be at resonance. The frequency
at which the parallel resonance occurs is called resonant frequency denoted as f, Hz.

7.12.1 Characteristics of Parallel Resonance

Consider a practical parallel circuit used

N AT for the parallel resonance as shown in the
N — Fig. 7.50.

4 The one branch consists of resistance R

1 in series with inductor L. So it is series R-L

Ic c circuit with impedance Z;. The other branch

1 is pure capacitive with a capacitor C. Both

o the branches are connected in parallel across

py a variable frequency constant voltage source.
v The current drawn by inductive branch
Fig. 7.50 Practical parallel circuit is It while drawn by capacitive branch is I

I = % where Zy = R+j X,

l WhEl'ExC——l—

And ke = xg e
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The current I; lags voltage V by angle ¢
which is decided by R and X; while the current
I- leads voltage V by 90° The total current I is
phasor addition of I} and I. The phasor diagram
is shown in the Fig. 7.51.

For the parallel resonance V and I must be in
phase. To achieve this unity p.f. condition,

I=1; cos ¢
and Io = I sin 6

From the impedance triangle of R-L series
circuit we can write,

X R X
. z, tan ¢ == cos O = 7, sin O 7
L
As frequency is increased, Xy = 2n f L
= increases due to which Z; = .,R3+Xi also
increases. Hence cos ¢ decreases and sin ¢
Fig. 7.52 Impedance triangle increases. As Zp increases, the current I; also

decreases.

At resonance f = f, and I cos ¢ is at its minimum. Thus at resonance current is
minimum while the total impedance of the circuit is maximum. As admittance is
recipracal of impedance, as frequency is changed, admittance decreases and is minimum
at resonance. The three curves are shown in the Fig. 7.53 (a), (b) and (c).

(a) Impedance (b) Current {c) Admittance

Fig. 7.53 Characteristics of parallel resonance

7.12.2 Expression for Resonant Frequency

At resonance I = Ipsin ¢
VooV X VX
Ne 4 Z, T Tz
C L “L Zi
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Z; = X Xc
2 2 . 1 _
R +(2nf, Ly = (2xf, UxZ:‘(frC as f = f,
L
RZ+(2nf L)2 = 2
(@nf, 1) = %—RZ
1 R?
2 - 1 _R
@nf) IC 1z
1 1 R?
b= e

2
Thus if R is very small compared to L and C, E—Z«

T

1
T 2nJLC

This is same as that for series resonance.

1

LC

7.12.3 Dynamic Impedance at Resonance

The impedance offered by the parallel circuit at resonance is called dynamic
impedance denoted as Zp. This is maximum at resonance. As current drawn at resonance
is minimum, the parallel circuit at resonance is called rejector circuit. This indicates that it
rejects the unwanted frequencies and hence it is used as filter in radio receiver.

From I = I sin ¢; we have seen that,

L
C

V. R _VR
Iy cos ¢y = =— == —
LR Tz Z 22
VR v
LT @L/RO
C
A
Zp

z =
while I =
I =
1 =
Where zD =
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7.12.4 Quality Factor of Parallel Circuit

The parallel crcuit is used to magnify the current and hence known as current
resonance circuit.

The quality factor of the parallel circuit is defined as the current magnification in the
circuit at resonance.

The current magnification is defined as,

.. . Current in the inductive branch _ I,
Current magnification = Current in supply at resonance 1

v L
_Zg _Z, _RC_1 (L n _ [T
= IHZ _T-ﬁ _C as ZI._WIIXLXC_ ‘E
Z C

This is nothing but the quality factor at resonance.
_ 1L
Q- &¢

msp Example 7.17 :  An inductive coil of resistance 10 Q and inductance 0.1 henries is
connected in parallel with a 150 WF capacitor to a variable frequency, 200 V supply. Find
the resonant frequency at which the total current taken from the supply is in phase with the
supply voltage. Also find the value of this current. Draw the phasor diagram.

Solution : The circuit is shown in the Fig. 7.54.
The resonant frequency is,

L 0o 0.1H
g 11 R AN —— T
rT InyLC ? R c L
L
[ Il
= 1 | 1 (10)2 I lc 150 pF
In -6 2 ~—\
V0.1x150x10-6  (0.1) e
= 37.8865 Hz 200y
Now  Z = R+jX =10+]j (2rf L) Fig. 7.54
= 10 +j 23805 = 2582 £ 67.21°Q
v 200 £0° .
W= 5= mg e~ 1A 46721 A
v 200 £0° 200 £0°
and I = o= 5 =743 £+ 90°A
X¢ T e BZ9

2wt C
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whete Zc = 0-jXc=0-j28=282 -90°Q

ZcZy _28£-90°%25.82267.21° _722.96£-22.79°

1= iz T 0-j28+ 104123505 10-74.19
722.9%£-22.79 -
= Mz DT 66.67 L) pure resistive
I
L 0.1 c
= iy S ——— Y ] TA43AE -,
Zr=%=zR 150%1076 %10 Lgov"-.
_ V. _ 200 ¢ o721 1=3A
- z T 66.67 3A \\:
. [
The phasor diagram is shown in the Fig. 7.55. 734'_'5;\
7.13 Comparison of Resonant Circuits Flg. 7.55
No. Parameter Series resonant Paraliel resonant
1. Circuit e e L ow .
— A —— T W —
d il
il e c
©
v v
2, Type of circuit Purely resistive Purely resistive
3. Power factor Unity Unity
4, Impedance Minimum Z = R Dynamic but maximum
L
DH=pe
5. Frequency f = — TR
' 2nfLc T 2JlC
6. Current Maximum | = -\R'r Minimum | = ?:-
7. Magnification Voltage magnification Current magnification
8. Quality factor ol o 1(C
Q=g=gw Q= n\[tv
9. Nature Acceplor Rejector
10. Practical use Radio circuits sh 1 for hing
aof tunning circuit tuning, as a filter
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Examples with Solutions

Imp Example 7.18 : A room heater of 2 kW, 125 V rating is to be operated on 230 V, 50 Hz,
a.c., supply. Calculate the value of inductance, that must be connected in series with the
heater so that heater will not get damaged due fo over voltage.

Solution : Heater is to be assumed as purely resistive load.
P =2kW=2000W,Vg=125V

Vi

! 125V v, i
230v ! 1
Vi
Fig. 7.56 (a) Fig. 7.56 (b)
v = [vi+v2
230 = (1252 +(V, )2
- V, = 193.067 V
Now VL = IXL
_Vp 193.067
X, = =2 oo
And X, = 27fL
X, _12.066 _
L = sh=o =008 H

An inductor of 0.0384 H must be connected in series with the heater.

imp Example 7.19 : A choke coil and pure resistance are connected in series across 230 V,
50 Hz, a.c. supply. If the voltage drop across coil is 190 V and across resistance is 80 V
while current drawn by the circuit is 5 A. Calculate, i) Internal resistance of coil
ii) Inductance of coil iii) Resistance R, iv) Power factor of the circuit v) Power consumed by
the circuit.

Solution :
1=5A

V=180V " Vp=80V

Zp = 1}(R+r)2+(){,_)z 230 V, 50 Hz

Fig. 7.57
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Impedance of coil

ZL=EIL=%=3SQ (D
Zp = r+j Xy
From (1) @462 = R+ 1)+ (X)? )
From (2) @87 = %+ (x)° o (3)
Now Vg = 80V=IR . (4
Vp 80

R=-Ff=5=160

o From (3) 2116 = (R +2Rr+ +(X)"
Substituting (4) in (3) 2116 = (16)° + 2% 16 x r + (38)°
o r=130Q

Now 38 = m&l_)_z

(387 = (1372 + (xQ°

Xy = 38707 Q
X 35.707
= L = 2L -
Now X, = 2nf hence L T2 = e
L = 01136 H

Zr = (R+1)+j(X) = (16 + 13) +j (35.707) = 29 + 35.707 Q

(R+r) 29 _

cosd = Zy 16 0.6304 lagging

Power consumed P = V [ cos ¢ = 230 x 5 x 0.6304 = 724.96 W

msp Example 7.20 : Two coils A and B are connected in series across 200 V, 50 Hz a.c.
supply. The power input to the circuit is 2.2. kW and 1.5 kVAR. If the resistance of coil A
is 4 Q and the reactance is 8 L Calculate resistance and reactance of coil B.
Also calculate active power consumed by coil A and B, tolal impedance of the circuit.
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Solution :

Coil B

A
kVAR

Ra
Total power P

kW

{a) {b)

Fig. 7.58
4Qand X, =86, V=200 volt

22 kW, Q=15KkVAR

Consider the power triangle shown in Fig. 7.58 (b)

kVA

And kVA

2.66
2.66

VIx 1073 (1072 to convert to kVA from VA)
,J(k\v\.f)2 +(kVAR)? = J(2.2)2 +(1.5)2 = 2.66 kVA

vix 1073

200 Ix10°3

133 A

P, +Pg

Power consumed in coil A

'R, = (133 x 4 = 707.56 W
Power consumed in coil B = IZRB
707.56 + I Ry

840

PR = (13.3)° x B.4 = 1.4858 kW

V.20 = 15.037

1133
Ry+Rp=4+84=1240Q

TR0 e 15007 = [(Z AT 20607
850

Xp-Xg ie Xg = Xp-X, =85-8

050

Single Phase A.C. Circuits
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Imp Example 7.21 : A series R-C circuit is connected across 200 V, 50 Hz a.c. supply draws
a current of 20 A. When the frequency of the supply is increased to 100 Hz, the current
increases to 23.4082 A. Calculate the value of resistance and capacitance of the circuit.

Solution : When frequency is 50 Hz ie. f; = 50 Hz

Vo200
Z = =g -l0a
When frequency is 100 Hz ie. f, = 100 Hz
v 200
% = T, ~ 2374082 ~ 851 Q
Z, = [R? +Xcp? . (and Z; = JRT4(Xc,)? (@
(107 = R?2+(Xc,)?  ..(3) and (854)° = R +(X,)? . )

Subtracting (3) and (4),

2
. 1 1
2 2 - B
(Xcl) (XCE} 7 m'[:!uf]C}Z [ZJ:EQC] e
- 1 1 -
T 42 x502xC2  4m2x1002xC2

Eli F6x10°% =27 ie - C'=2814x10"7

C =5305%10"4F
Substituting in (3), R=80

lump Example 7.22 : Two impedances Z; and Z, having same numerical value are connected
in series. If Z; is having p.f. of 0.866 lagging and Z, is having p.f. of 0.6 leading. Calculate
the p.f. of the series combination.

Solution : Z,; has p.f. cos ¢ = 0.866 lagging
Z, has p.f. cos ¢, = 0.6 leading
2] = 1% =2

cos 6y = 0.866 and sin ¢4 =05
cos ¢; = 0.6 and sin 6, = 0.8
Z {Z cos ¢, +j sin ¢,] = Z [0.866 + j 0.5]
Zy, = Zcosdy+)Zsindy=Z[06+j08]
Zp = Z[1466 - 03] = Z 14963 £ - 11.565°
Power factor of the combination is cos (— 11.565) i.e.

cos ¢y = 0.9796 leading.
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Inmp Example 7.23 : A circuit is shown in Fig. 7.59. Draw its equivalent admittance circuit.
Also calculate admittance, conductance and susceplance.

R=100Q

m

Fig. 7.59
Solution : The impedance of branch 1, Z; =R + j 0 where R = 10Q

Zy = 10+j0 =10£0° Q

The impedance of branch 2, Z; =0 +j X 0.1 0.05
Where X =20
Zy = 0+j20 =20290° Q
. 1 1 Equivalent admittance circuit
Admittance Y; = - = = quivalen
'z, 1020 Fig. 7.60
= 0.1 £0° siemens
. _ 1 _ 1 _ _ . .
Admittance Y, = Z; T2 005 £-90° siemens

Y; = 0.1 £0° =01 +j 0 siemens
Y, = 005 £-90° =0~ j0.05 siemens
Y = Y+Y,=01+j0+0-j0.05
= 0.1118 £ - 26.56°
Conductance G = 0.1
Susceptance B = 0.05

and admittance ¥ = 0.1118 siemens
mmp Example 7.24 : A heater operates at 100 V, 50 Hz and takes current of 8 A and
consumes 1200W power. A choke coil is having ratio of reactance to resistance as 10, is

connected in series with the heater. The series combination is connected across 230 V, 50 Hz
a.c. supply. Calculate the

i) Resistance of choke coil ii) Reactance of choke coil
iti) Power consumed by choke coil  iv) Total power consumed.
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Solution : For heater V.4 =100V and I = 8A
Heater is purely resistive load.

V100 _
T="5 -1250

Rigater =

X
For choke coil TL =10

230V
{a)
Fig. 7.61
Zogy = T+j Xy =) +j (101)
1Z| = (D2 +(1002 = (10.049 1) £ 84.289°
_ ~1(10r
And ¢L = tan [_1'_]
0 = B4289°

This is shown in the Fig. 7.61 (b)
Resolving Vi into its two components,

i) V, = drop across resistance of coil = Vy cos ¢
i) VXL = drop across reactance of coil = Vy sin ¢
Consider triangle OBC as shown in Fig. 7.61 (b)
(©C)® = (OB + (BCY
(0C) = (OA + AB)® + (BC)
v o= (VR+V,)2+ (V x Ly?
(230)% = (100)® + 2% 100 x V, + (V,)? + (V x L)?

. (230 = (100)® + 200 x (Vy cos &) + (Vy, cos & )* + (V sin ¢, )
= (2301 = (100)? + 200 x (Vy) (cos 84.28) + (V)% ( cos ¢ + sin 6F)

i
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(230 = (100) + 19.93 Vi + (V)2

(V)? + 10.93 Vy - 42900 = 0
Solving for Vy, we get, Vi,
r = Vpcos ¢ =19643V

VXL = Vgsin ¢, = 196417 V

197.397 V

<
i

i) V. = Ixr

r= Y 10T o

I 5
ii) Vx, = IxX
17

x, = LE AT usme
iii) Power consumed by coil is = P x r = (8)® x 24532 = 157.13 W
Or P = VpxIxcos ¢ =197.387 x 8% cos (B4.28) = 15713 W

iv) Total power consumed = P x Ryeater + Pr=1 (Rpeater + 1)
=64 x 14.9552 = 957.1328 W.

iy Example 7.25 : Two impedances Z; and Z, are connected in series across 200 V, 50 Hz
a.c. supply. The total current drawn by the series combination is 2.3 A. The p.f. of Z; is 0.8
lagging. The voltage drop across Z, is twice the voltage across Z, and it is in 90° out of
phase with it. Determine the value of Z, and power consumed by Z, and total power
consumed by the circuit.

Solution : Let V; = Drop across Z, and V, = Drop across Z,
Vy =2V, ie 1Z,=2(Q1Z)
V3 = (05) V, and Z; = (05) Z,
Now V), is 90° out of phase with V.
W = (V) + (V)
2007 = (Vy)* + 05 (05 (V?
Vv, = 178885V

V, = 89442V
Now I =23A
12, = 178885

|1Z,] = 77780



Basic Electrical Engineering 7-59 Single Phase A.C. Circuits

and 1Z, = 89442
|Z,] = 38380
Now Zy = 4] 24,
¢ = cos” ' 08 = 36.86° lagging
and Z, = 2] 24,
But b + ¢4y = 90° ... out of phase by 90°

Refer to the Fig. 7.62 (b) shown below.

Va

V‘I
() {b)
Fig. 7.62
020, = 90 - 36.86 = 53.13° leading
Power consumed in Z; = V,x Ix cos ¢, = 89,442 x 2.3 x cos (53.13)
= 12343 W
Total power consumed in the circuit
= Power in Z; + Power in Z; = V; I cos ¢; + 12343 = 329.148 + 12343
= 452578 W

ump Example 7.26 : An alternating voltage is applied to a circuit, which is given by

v = 141.42 sin [15?‘08!4-%]30!:5‘

An ac. ammeter, wattmeter and power factor meter are connected in the circuit. The
ammeter reads 5 A and power factor meter reads 0.5 lagging. Calculate,

i) Expression for the instantaneous current. i) The wattmeter reading.

iff) Impedance of the circuit in the reactangular form. (Dec. - 99)
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v£0°

% = iz - 1l -1
Now Ll = 5|

v _ v

1Z4] — 1Z,]

1Zy] = 12,]

1Zy] = 16219
Z, = |Zy] £-428° =1621 £-1428°=157-j4Q
R =157-4=11.70Q

While, external capacitance required with coil is,
Xc = 15707 - (-4) = 19.707 Q

= 1 -4
C = Ztl:fXC =1L615%x10 " F
Now V=20V

Zy = 1621 £L75.72° and Z,=1621 £-14.28°
200 £0° . .

L, = e Zm T = 12338 £-7572° A = 3.0433 - j 11.956 A
200 £0° . .

I, = T AT 35 =12.338 £ 14.28° = 11.956 + j 3.0433 A

I7 = I+, =30433 -j 11.956 + 11.956 + j 3.0433
= 15-j89127 A =1745 £ - 30.71°A
The resultant current of 17.45 A, lags voltage by 30.71°
Total power factor = cos (30.71) = 0.8596 lagging.
ey Example 7.28 : Three impedances Z; = (8 + j6) ohm, Z, = (4 + j3) ohm and

Z;=(18~j3) ohm are connected in series across the a.c. supply. If the voltage drop across
Z; is (40 + j 30) volts, calculate :

i) The current in the circuit i) The voltage drops across Z, and Z; iii) Total supply
voltage iv) Total power consumed by the series circuit v) Power factor of the circuit.

Draw phasor diagram for the circuit. (Dec.-97)
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Solution : The circuit diagram is as shown in the Fig. 7.65.
Z,=8+j6=10 £36.86°Q

1 1
Zy=4+j3=5 236860 | @ | | [g | | |
1 \ V. \"/ I

1 2 3

Zy=18-j9 = 20124 £-26.56°Q

V) =40 +j 30 = 50 £36.86°Q v

V; _50£36.86° _ : Fig. 7.65
1=z ~Toz3%se 2404

i) Current in the circuit =5 A
ii) Drop across Z, = Ix Z,

V, =540°x5£36.86°=25 £3686°V=20+j15V
Drop across Zy = IxZ4

Vi =5.£0°%20.124 £-26.56° = 100.62 £ - 2656°V =90-j 45V

- iii) Total supply voltage
V= V+V,+V; =40+j30+20+j15+90~j 45
= 150+j0V=150 Z0°V

iv) Total power consumed
P=Vicosd
= 150= 5= cos {0} v
= T50 W

v) Angle between V and I is 0°
Hence b= 0° ViV,
cosh= 1
Fig. 7.66
So power factor of the circuit is

one.

The phasor diagram is shown in the Fig. 7.66.

mmp Example 7.29 : When connected fo a 230 V, 50 Hz single phase supply, coil takes

10kVA and 8 kVAR. For this coil, calculate :
i) Resistance ii) Inductance of coil and iii) Power consumed.
Solution : V,;, =230V, kVAR = 8, kVA =10
The power triangle is shown in the Fig. 7.67.

(Dec.-98)
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) kVAR 8
sin$ = A _m_u.s
¢ = 53.13° ‘2“. KVAR
VA = VI A
10%103 = 2301 kW
Fig. 7.67
1010
I = = 84782 A
Vom0
121 = 7= mps =500
Z = |Z] 20

= 529 £+5313° =317 +j 4323 Q
R = 317Qand X =42320Q
P = VIcos ¢=230x43.4782x06 = 6 kW
As X; = 2nflL ie 4232 = 2mx50xL
L = 13.4708 mH

sy Example 7.30 : Twe impedances Z; and Z; when connected separately across 230 volls,
50 Hz, ac supply consumed 100 watts and 60 watts at power factors of 0.5 lagging and 0.6
leading respectively. If these impedances are now connected in series across the same supply

find.
i) Total power absorbed and overall power factor.
1i) Value of the impedance to be added in series to raise the overall power factor to unit.

(May-59)
Solution : When Z; alone is connected across the supply.
cos ¢ = 0.5 lagging
P = 100W
P = VIcosd
100 = 230x1Ix05 20vs0Hz E;j
I = 08695 A

171

n

v 230
T = Trgs = 26451980

o = cos~! 05 = 60° Fig. 7.68
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_Zy = |Zy| £+0=2645198 £+60°Q = 13229 +j 229.1328
Similarly when Z, alone is connected.
0.6 leading
P =60W
P = Vicoso 230 V50 Hz '9
60 = 230 xIx06
I = 04347 A

cos ¢

Fig. 7.69

_v_ B0 _
122l = 1= 537 =52

¢ = -5313° negative as leading
Z, = |Z,| £6 =529 £~53.13°0 = 3174 ~j 4232 Q
i) When connected in series, Zy = Z; + Z, = 449.69 — j 194.06 Q
= 49B.778 £-23.3439° Q
cos ¢ = cos (- 23.3429)
A Power factor = 0.9181 leading

v 230
U= g =17 =046% A

P = Vicos §= 230 x0.4696x 09181 = 99.16 W
ii) Let Zy be the impedance to be added to get overall power factor as unity. Hence
net impedance is,
Ziw = 21+ 2y + 7, = 44996
449.69 = 449.69 - j 194.06 + Z,
For unity power factor,
Zy = Purely resistive = 449.69 Q
44969 = 44969 - | 19406 + Z,
Z, = +]194069

The value of impedance required to get unity power factor is inductive reactance of
194.06 Q.
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mmp Example 7.31 : A coil draws 5 amps when connected to 100 volts 50 Hz supply. The
resistance of the coil is 5 Q determine

i) Inductance of the coil i) Real power, reactive power, apparent power for the coil.

(May-99)
Solution: 1=5A, V=100V, R=5Q
1z=Y=2-20a
Z=R+jX

12| = [RT+X2 ie 20 = [254X7

400 = 25+ X7 ie X7 =375
X, = 193649 Q

i) X, = 2rnfL ie. 19.3649 = 2nx350x L
L = 61.64 mH
i) Real power = VIcos ¢
R_5
056 = 7 =55 =025

Real power = 100 x5x0.25=125 W
Reactive power = VI sind= 100 x5x0.9682 = 484.1229 VAR
Apparent power = VI = 100 x5 = 500 VA
iy Example 7.32 : Two impedances, Z; = (100 + j 0) ohm and Z; = (R + jX) ohm are in
series. An a.c. Voltage of 400 V, 50 Hz is applied across the series combination. The voltage

drops across the two impedances are 200 V and 300 V respectively. Sketch a neat connection
diagram and phasor diagram and find the current and power consumed by Z,.  (Dec.-99)

Solution : The arrangement is shown in the Fig. 7.70.
Now, Z, = 100+j0Q

= 100 £0°Q
Lo
- §=%=2A -zoov/ \Vz-300‘-"/
I

400 v
50 Hz

Fig. 7.70
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!y Example 7.34 : A coil connected to a single phase 230 V, 50 Hz, ac supply dissipates
1.5 kW of power, when it takes 10 A from the supply. Find out the resistance and reagtance
of the coil. Also, determine phase angle and draw the phase diagram. (May-2000)

Solution : The arrangement is shown in the Fig. 7.73.

r X P=VIcosér
—— MM ——— T ——
1.5 x 10% = 230 x 10 x cos ¢p
1=10A
1.5 x 10? ,
230V, €05 1 = 35 x 1o - 06521 lagging -
o z i X
Fig. 7.73 =r+]
=L e o6521=1 o))
cos ¢ z ie O 7
- 1VI_230_
1z = T = 5 =230
Now, |Z] = J2+X2 ie 23 = 12 + X2
2+ X = 529 . @
Now, 06521 = L=—T°
Z iz
Squaring both sides, (0.6521)% = _r
g ’ ! e
Using result of (2),
2
2.
v 06521)° = 255
V, =1xX = 224.949
o7 =49.299° r=14999 =15 Q
i
) Ve=1xX X = 174356 Q
-1
= 0.6521
Fig. 7.74 Or = cos™ (0.6521)

= 49.299°
The phasor diagram is shown in Fig. 7.74.
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7) The phasor diagram is shown in the Fig. 7.75.

-36.869"

1

Fig. 7.75

mmp Example 7.37 :  Two circuils having same numerical value of ohmic impedance are
connected in parallel. The power factor of one circuif having impedance Z, is 0.8 and ether

impedance Z, is 0.6. What is the power factor of the combination, when,

i) both the impedances are inductive?
i) Zy is inductive and Z, is capacitive ?

Solution : |Z,|=|Z,| = ZQ

cos ¢
€08 ¢,

i) Both are inductive
Z
Zy

They are in parallel,
Zy

p-f. of combination

it} Z; is inductive and Z, is capacitive
Z

While Z,

j term is negative due to capacitive.

(Dec.-2003, Dec.-2006}

08 and sind, =06
06 and sing, =08

2] [cos &y +j sing; |=Z(0.8+j0.6)
[Z,] [cos &, +jsine, 1=Z(0.6+j0.8)

z'l ZZ
Z,+Z,

_Z2(0.8+j0.6)(0.6+j0.8)
Z[0.8+j0.6+0.6+j0.8]

7 [1436869°x1 £53.13°
1d+)14

1£90° z .
z[1 97982 454 To7as <%

cos45° = 0.7071 lagging

Z(0.8+0.6) =Z[1 £ 36.869°]
Z(0.6-j0.8)=Z[1 £-53.137
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Z,Z, Z2[1£36869%1£-53137

Z = =
T = Z,+Z,  Z[08+j0.6+06-j0.8)

o g[1£-16261°] [ 1£-16261° }_ z
14142

- - o
14-502 |~ 2\TdM2Z-5.13° 4-8.1308
.~ pf. combination = cos(—8.1308°) = 0.9899 leading.

mmp Example 7.38 : A pure resistance R, a choke coil and a pure capacitor of 15.91 pF
are connected in series across a supply of V volts and carry current of 0.25 Amp. The
voltage across choke is 40 volts, the voltage across capacitor is 50 volt and voltage across
resistance is 20 volt. The voltage across combination of R and choke coil is 45 volts.
Calculate,
i) Supply voltage ii) Frequency i) Power loss in choke coil. (Dec.-2003)

Solution : The circuit is shown in the Fig. 7.76.

a5V

R C=15.91uF

(vg=qu) (vL=4ov5 f»wg

v
fHz
Fig. 7.76

I=0.25A

The choke coil resistance is r 2

(R+1)+j(Xy -X¢) ie [Zg]= ,}(r»'.ﬂ-)2 +(XL X2 .

Zr =
v_ v
1Z¢] = T=0_.2-§=“1 : « (2
Now Vg = IR ie 20 = 025R
o R =8 Q e (3)
Then Ve = IXe ie 50 =025Xc
: Xc = 200Q w (4)
and VL = I1Z; where Z;| =r+jXp
40 = 025 JrZ+X. 2
r2+X2 = (160) .. (8)
Also Vg+VL = 45V
ie. Ix|(R+1)+j Xy | = 45

025 f(R+1)? +X2 =45
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Fig. 7.78
Solution : The two impedances Z, and Z, are in parallel.
Z, = 10-j12=15.62 £-50.194°Q2
Z, = 6+j10=11.662 59.036° Q

10-j120

6+j10Q

-— 200+j0V ———

V=2002£0°V

Fig. 7.79 (a)
7. - 212, _182.1604£8812° _ 1821604 £ 8.842°
T = Z %2,  10-]12+6+]10 16124 Z-7.125°
Zr = 11.2974 215.967°Q =10.861+j3.1077 Q

Zyw = Z3+Z7 =14.861+]9.1077 =17.429 £31502° Q

_ Viotal 200 £0°

—_— o - o
= Z 1749 50T 11475 £~-31.502° A

Using current distribution in parallel impedances,

z z
I, = Ixo—2— and 1, =Ixs—0L
1 Z +Z, 2TNZ A,

Z,+Z; = 10-j1246+j10=16-j2=16124 £-7.125° Q2

11.662 £59.036° _
11475 £-31502°% gn = oes =8.3 £34.659° A
15.62£-50.194°
16.1242-7.125°

—_
n

And I, = 11475£-31.502°x =11.1163 £-74.571° A
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The phasor diagram is shown in the Fig. 7.79 (b).

Fig. 7.79 (b)

inmp Example 7.42 : A series circuit consisting of a 12.Q resistance, 0.3 henry inductance and
a variable capacitor is connected across 100 V, 50 Hz a.c. supply. The capacitance value is
adjusted to obtain maximum current. Find this capacitance value and the power drawn by
the circuit under this condition.
Now, the supply frequency is raised to 60 Hz, the voltage remaining same at 100 V. Find
the value of capacitor C, to be connected across the above series circuit, so that current
drawn from supply is the minimum. (May-2004)

Solution : Case 1 : The circuit diagram is shown in the Fig. 7.80.

R L [
l 100V |
50 Hz
Fig. 7.80
For I ,,,x, there must be resonance.
XL = Xc
Now XL = 2rfL=2max50x03 = 94.2477 Q=X
1
Zax50xC - AT

C = 337737 F

v2 v
And P=VI=T wr 88 [pyay == under resonance

(100)®

V] =833333 W
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Case2: f=60Hz, V=100V
The circuit is shown in the Fig. 7.81 (a).

100V
60 Hz

Fig. 7.81 (a)

At 60 Hz,

X, = 2nfL=1130973Q

N S
Xc = 5re=785398Q

Z; = R-jXc+iX,
= 12+jM5575 Q

= 36.5817 £ 70.8505° Q

1 1

Z, 365817 2 70.8505° - 02733 £-708505°

= 8.9671x10~ -j0.02582 mho
and Z, = —jXg =X £-90°

1 1 .1
R S e Rt =

Yr = Y, +Y, =s,96nx1o-3+j[xL-u,02582]
Cl

For current minimum, there must be parallel resonance and circuit must be having
unity p.f. so imaginary part of Yr must be zero.

0

fx_“\

8-

hry
]

0.02582

>
Ak
S’
il
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1
Xa = 387096=5 e

C, = 684896 yF
m=p Example 743 : An em.f given by v = 100 sin & t is impressed across a circuit consists
of resistance of 40 Q in series with 100 pF capacitor and 0.25 H inductor.
Deterntine -
i) RM.S. value of current ii) Power consumed
iii) Power factor (Dec-2004)
Solution : The drcuit diagram is shown in the Fig. 7.82.
w00  025H  1004F Comparing voltage with,
v =V, sin ot
1 Vi = 100 V and @ = 100 ntrad/sec
£\ Vi _ 100
> i

V=—707-=

V = 100 sin 100 nt V22

Fig. 7.82 =70.7106 V ... (r.m.s.)
Xp = 2nfL =0l =100nx 025 = 78.5398 Q

Xe = doalo 1
2nfC - oC  100r% 100105

= 318309 Q
Zp = R+jX, - jXc =40 + j 785398 - j 31.8309
= 40+j46.?089=61.4957£49.421’i°ﬁ

In polar form, V = 70.7106 £0°V ... As its phase is zero

v 70.7016 £0°
I = 2 = Sasr zo.ma3s = 1498 £ - 94T A

i) RM.S. value of current = 1.1498 A

ii) Power consumed = VI cos ¢ or I’R = 70.7106 x 1.1498 x cos (- 49.4243°)
= 52.8837 W

ili) Power factor = cos (- 49.4243°) = 0.6504 lagging ... X > X
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ey Example 7.44 1 Two impedances (8 + j 6) Q and (3 - 4 j) Q are connected in parallel. If
the total current drawn by the combination is 25 Amp, find the current and power taken by

each impedance. (May-2008)
Solution : The circuit diagram is shown in the Fig. 7.83.
| 8+i6n Z;=8+j60
LN -y | =10 £ 36.869°
I =25A
Ll _ 7,=3-j4Q=52/-531301°Q
*
._._-__I i) Branch currents
2
pa Using current distribution in parallel circuit,
) Assume I as reference
e
v L=Irx %
Fig. 7.83 Livi
- Z
and I = Iy x Z,+2;

Zy+Zy = 846+3-j4=11+2=111803 £ 103048° Q

_5£-531301°
1171803 2 103048

10.£36.865"
11.1803 £10.3048”

I} =25 20" = =11.1803 £ - 63.4349° A
And T, = 25 £0°x

22.3607 £ 26.5642° A

ii) Power consumed

The power gets consumed only in the
resistive part given by I’R

Py

12 R; = (11.1803)" x § = 1000 W

and P, = 12 R, = (22.3607)° x 3 = 1500 W
- Fig.7.84
The phaser diagram is shown in the Fig. 7.84

Ny Example 7.45 1 A series circuit consisting of a coil and a variable capacitance having

' reatance Xe. The coil has resistance of 10 Q, inductive reactance of 20 €1 1t is observed that
at certain value of capacitance current in the circuit is maximum, find (1) This value of
capacitance (2) Impedance of the circuit (3) Power factor (4) current, if applied voltage is
100 V. 50 Hz. (May-2005)
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Solution : The circuit diagram is shown in the Fig. 7.85.
r=10Q, % =20Q,1=1,,,

This is the condition of series resonance
for which T = L.,

Z=rand X = X¢

1
o 1) =~ =00 =5—
100 V, 50 Hz ) XC 2nfC
Fig. 7.85 1
C—m—lﬂ.ﬁﬂpf‘
2) Z = R+jX ~jXc=10+j20-j20=10Q

3) Power factor = cosd=cos0°=1

For X[ = X, the V and 1 are inphase hence ¢ = 0°

vV _ 100
4) I= 710 ° 10A
limp Example 7.46 : Two impedances (Ry — jXc;) and (Ry + jX;5) are connected in parallel
across supply voltage v = (100 2) sin (314 t). The current flowing through the two
impedances are given by iy = 10 2 sin (314 t + w/4) and iy = 10 V2 sin (314 ¢ - W4)

respectively.
Find equation for instantaneous value of total current drawn from supply. Also find
values of Ry, Ry, X and X5 (May-2005)

Solution : The circuit diagram is shown in the Fig. 7.86.
i = 10 V2 sin (314 t + n/4) -
1042

1=1042 A, ie Ilzﬁzlﬂﬁ(ms)

R, -Xe1

Im

R and 6 =n/4rad

= 45" is its phase

- V= 100 V2 Sin (314t) —— [ =10 £45" A =7.071 +j7.071 A

Fig. 7.86 ip = 10 4/2 sin (314 t - n/4)
. 1042
Lo = 10424, ie = . B 10 A (rms.)

And 6 - /4 rad = - 45° is its phase
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Zeoy=20+j15Q=r+j% Q

r XL
1 s r=20Q and X; =15Q
when f =50 Hz
V;{)ﬂal;v s 2nfL=15 when f =50 Hz
15 _
L-z‘txso-—ﬂ.[l!?'mll

When connected across 25 Hz, V=200V
Xp=2nfL=2rx25x 0.04774

= 7.4989 Q
Z=r+jX, =20+74989Q
v
=-20.5532° = 21.3596 £ 205532° Q2
T 200 £0°
1 h T Z  21.3596 £20.5532°
Fig. 7.88 = 9.3634 £~ 20.5532° A
P = Vicos¢ or r
= 200 x 9.3634 x cos (- 20.5532°) or [(9.3634)° x 20]
= 17534 kW

lmp Example 7.48 :  An alternating voltage v = 141.4 sin (157.08 t + w12) volts is applied
to a circuit and an a.c. ammeter, wattmeter and power factor meter are connected to measure
the respective quantities. Reading of ammeter is 5 Amp. and that of powre factor meter is
0.5 lagging, find (i) The expression for the instantaneous value of current, (i) The wattmeter
reading (iii} Impedance of the circuit in rectangular form (May-2005)
- Solution : Comparing given voltage with v = V sin (ot + 6)
Vi = 1414 V, 0= 157.08 rad/sec, 8 = n/12 rad = 15°

V, 141.4 w _157.08
V=-"="""" =100V (ms),f=e—=——=25Hz
2R (ems)

V = 100£15°V

I = 5A (rms.) and cos ¢ = 0.5 lagging
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Ilags V by 6= cos™ ! 0.5 = 60°

And phase of V is 15°. So phasor diagram is shown
in the Fig. 7.89.

Thus phase of current is — 45° i.e. % rad

an =421=
dl,=+21=5JZA

Fig. 7.89

i) Thus expression for instantaneous value of current is,
i = I, sin(at+0,) = 52 sin[ls;uost—g].q

ii) Wattmeter reading is,
P = Vicos9=100x5x05=250 W

iii) Now V = 100£15°Vand[=5 £-45" A

v 100£15° s

T—w—ﬂ] £60°0Q =10 +j 17.3205 Q

Wb Example 7.49 : Two circuits, the impedances of which are given by Z, = (12+]15) Q and
Zy =(8 — j4) Q, are connected in parallel across the potential difference of (230+j0) volt.
Calculate i) total current drawn, i) total power and branch powers consumed and iii} overall

power factor of circuit. (Dec.-2005)
Solution : The arrangement is shown in the Fig. 7.90.
Z,Z.
Zr = Zy || 2y =12
T 1 17+, 2 7]
2
Z, = 124j5=13 £ 2262°Q [
Zy = B-j4=894 £ - 26565°0 =
. Z
Zy+Zy = 20+ = 20025 £ 2.862° Q A il |
. o 132 2262°%8.944 £ -26565° It
T 20,025 £ 2.862°

S=— (230 +jO)V —=9
= 5.8063 £ -6.807°Q

v 230 £ 0° Fig. 7.90
Z; 580683 £ -6.807°

= 39.6121 £ 6.807" A
ii} Pr = VIg cosdp = 230x 39.6121x cos (6.807°) = 9.0465 kW
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vV _ 230200 .
Now L = =5y = 6 £ -262° A

P, = VI, cos, = 230x17.6923x cos (- 22.62°) = 3.7562 kW
And I = =0 £V 25715 £ 26562°A

Z, B9 Z —26562°
P, = VI, cos¢, =230%25.715% cos (26.562°) = 5.29018 kW
Cross-check : Py = P; +P,
iif} Overall p.f. = cos¢r = cos (+ 6.807) = 0.9929 leading (positive ¢1)

iy Example 7.50 : Show the waveforms of voltage, current and power if v = V,, sin ot volt
is applied across a R - C series circuit. (Dec.-2005)

Solution : The waveforms are shown in the Fig. 7.91.

Fig. 7.91

imp Example 7.51 : Two impedances, one inductive and the other capacitive are connected in
series across the voltage 120 £ 30° volt and frequency of 50 Hz. The current flowing in
circuit is 3 £ —15° If one of the impedances is (10+48.3) Q, find the other. Also calculate
the value of L and C in the impedances. (Dec.-2005)

Solution : The arrangement is shown in the Fig. 7.92.

vV _ 120 £ 30° o
v = ycyzo o Newe

= 282842+j282842 Q2
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_V__ uszoc  _ o
iii) Zy = = gaomrsogrsr - BINILH IR

= 107247 + j 82353 Q@

iv) Rp = 107247 Q
v) Xip = 82353 =2nfly
Ly = %:mmmﬂ

mmp  Example 7.53 : A coil of p.f. 0.6 is in series with 10 uF capacitor. When connected to a
50 Hz supply, the potential difference across the coil is equal to the potential difference

across the capacitance. Find the resistance and inductance of the coil. (May-2006)
Solution :
VL = IZL
100 pF
”r," WL I" . cos o = 0.6
H =N ——p— Vo —y Ve = 1Xe =IX
: 2rx50x100%10- &
v = 31831
Fig. 7.94 But Vi = V¢
1Z, = 31831

Zy = 3183 Q and ¢ =cos™!0.6=531301°
Z; = 3183 £53.13°=19.098+)25.4639 Q
r = 19.098Q and X, =254639Q

- X
L = = 0.08105 H
insh Example 7.54 : Sketch the waveforms of voltage, current and power if v = V,,, sin wf volt
is applied R-L series circuit and state expression for power. (May-2006)
Solution : The waveforms are shown in the Fig. 7.95.
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61.03 £1.8697
14.5602 £-15.945%

=4.1915 £17.814°0 = 4 +j 12822 Q

Zy = (Zp|Zp)+Zc = 4+]1.2822+6+j5 = 10+j62622 2
= 11.8095 £32.137°Q
V200200 .
It = 7= T 23are = 169985 £-32137° A
Zy 169355 £-32137°% 12206 £-35° .
W= Irxy=7,= 125602 Z-15985° =14.1972 £-51192° A
Zn 169355 /- 32137°x 5 £ 36.869° .
And Iy = Iy = 145602 Z~15 945° = 58156 220677 A
Ic = Iy = 169355 £-32.137°
cos op = cos (-32.137°) = 0.8467 lagging ...as Iy lags V

1y Example 7.56 : When an inductive coil is connected to a d.c. supply at 240 wvolt, the
current in it is 16 amp. When the same coil is connected to an a.c. supply at 240 wvolt,
50 Hz, the current is 12.27 amp. Calculate (1) Resistance, (2) Impedance, (3) Reactance
(4) Inductance of the coil. (May-2007)

Solution : For a d.c. supply, f=0  hence, X; = 2nfL =0Q
Hence only resistance of coil is effective.

v . 240
Ige = B ie, 16=—-R—

1) R =15Q ... Resistance of coil
2) When connected to a.c. supply,
Z = R+j2nfLand I, = 1227 A

M _ 240
T 1227

3) |z] = {RZ+XZ

12| = =19.56 & ...Impedance

1956 = 1572 +(x)%
X, = 125536 Q ...Reactance
4) X, = 2mfL
L = 12'5536=[I.MH ...Inductance

2nx50
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wmp Example 7.57 : A coil has inductance of 20 mH and resistance 5 ohm. It is connected
across a supply voltage of v = 48 sin 314 1. Obtain the expression for current drawn by the
coil. (May-2007)
Solution : L=20mH, R=50Q
V = 48sin314tV

Compare with, V = V, sin ot
Vi = 48 and o= 314 rad/sec
V,
V = —2=33941120°V
V2

X, = olL=314x20x10-3 = 6280
Z = R+jXy =5+j 628 Q = 80273 £51474° Q

v 339411 £0°

L= 7= sonmies

= 4.2282 £-51.474" A
I, = J2ZxI=+2x42282=59795 A
Expression for the current is,
i = 59795 sin (314 t-51.474°) A
imp Example 7.58 : A series circuit consists of resistance of 10 ohm, an inductance of

2;9 mH and capacitance of ifﬂ- \F. Calculate (1) Current flowing in the circuit if supply

]

voltage is 200 V, 50 Hz (2) p.f. of the circuit, (3) Power drawn from the supply. Also draw

the phasor diagram. (May-
Solution :
R L c
100 200immH 1000z uF L = 63.6619 mH

\-Vn-/ ‘Lv._-/‘ 'ch_f X, = 2nfL=200

C = 3183098 uF

200 V, 50 Hz ————=0 _ 1 0o
Fig. 7.97 h Xc = ™
Z = R+jXp -jX¢ =10+j20-j10

10+j10 Q = 141421 £45°Q

v 200 £0° . -
1) I = VARRTR e Ve 14.1421 £-45" A ...Current

2) P = PR =(141421)2x10 = 2000 W ...Power
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Or P = VI cos ¢=200x141421x cos(- 45°) = 2000 W
3) pf. = cos ¢ = cos(-45°) = 0.7071 lagging
The phasor diagram is shown in the Fig. 7.98.

VL
______________ . V=V +V + Ve
WV, +V i
L+ Vo) H \ Current lags
e : V by 45°
4 I
VR
Ve
Fig. 7.98

1y Example 7.59 : Two impedances Z; = 40 £ 30° ohm and Z, = 30 £ 60° ohm are
connected in series across single phase, 230 V, 50 Hz supply. Calculate the (1) Current

drawn, (2) pf. and (3) Power consumed by the circuit. (May-2007)
Solution :
40 300 %0 260°0 o =g
Z, | Z; > . .
! = 34.641+j20+15+j25.98

346414200 15+ 25980

49.641 +j 4598 Q

St 230V, 50 HZ ———%

= 67.663 £42.807° Q

Flg. 7.99
\J 230 £0° -

1) I = Z_W EEC?“-S'SQQZ‘QW A ...current

2) pf = cos (§) = cos (~42.807°) = 0.7336 lagging pE

3) P = VIcos ¢= 230x 3.399x 07336 = 573.5064 W ...power
imp Example 7.60 : A 230 V, 50 Hz voliage is applied first to resistor of value 100 Q and
then to a capacitor of 100 uF. Obtain the expressions for the instantaneous currents for both

the cases and draw the phasor diagram. {Dec.-2007)

Solution : Casei) R = 100Q
Let V = 230 V(rms) be reference
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\ R
s Y2023 0me) '
Vo= 230£0°Vand Iy = 2320° A e
For pure resistance both V and lg in phase. Fig. 7.100(a)
Ipm = V2Ig =+2x23=32526 A
ip = Iy, sin(wt+¢) where $=0 and w=2nf=100n
i = 3.2526 sin (100 T H) A ...Instantaneous current

The phasor diagram is shown in the Fig. 7.101 (a).
Case ii) C = 100 uF

c
Let V = 230£0°V (rm.s) J—U'—l
I
1 1 c
XC = -

2rIC " 20 50x 10010 UV,
230V

= 318309 Q Fig. 7.100 (b)

The polar representation of capacitor is,
Xe£-90° = 31.8309£-90°Q

v 230£0°

—_— ——— = 5 o
I = XC = 31092 -90° 7.2256£+90° A (r.m.s.)

Hence Iem = VZxIc =+2x7.2256 = 10.2185 A
ic = Iop sin (@t + ¢) = 10.2185 sin(100 nt + 909 A
The phasor diagram is shown in the Fig. 7.101 (b}).

I

Ig Current leads voltage
0 % V%by age
Currentis in v
phase with voitage
(a) Caseli] {b) Casel[ii]
Fig. 7.101

mmp Example 7.61 1 A series R-L-C circuit has resistance of 50 €, inductance of 0.1 H and
capacitance of 50 ul connected in serics across single phase 230 V, 50 Hz supply,
Caleulate :
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i) Current drawn by circuit

i} Pawer factor of the circuit

i) Active and rective power consumed by circuit
i) Draw the phasor diagram.

Solution : The arrangement is shown in the Fig. 7.102 (a).
Xp = 2nfl = 2mx50x 0.1 = 31.4159 2

1 1

e = 63.662Q
2nfC  2ax50x50%10-0

XC:

Z

R+jX, ~jXc =50 + j 314159 — j63.662.

50 - j 32.2461 Q2 = 59.4963 £--32.82°Q

Let voltage be reference i.e. V = 230 £0°V

. v 230.£0° .
i) L= = sy gy = 38657 £+3282°A

i} cos 0 = cos(32.82°) = 0.8403 leading

ili} P = VI cos = 230 x 3.8657 x 0.8403 = 747.1888 W

(Dec.-2007)

L [o

500 04HS50pF

{(~)
h

230 V.50 Hz
Fig. 7.102(a)

Q = VIsin ¢ = 230 x 3.8657 x sin (32.82°) = 461.899 VAR

iv} The phasor diagram is shown in the Fig. 7.102(b).
1

-

V=Vp+ Ve +V

Vg +Ve

Fig. 7.102(b)

<] lleads Vg by 90°

Ilags vV, by 90°

I and V in phase
V=gV Vg

| leads V by 32.82°

mmp Example 7.62 : A parallel circuit consists of two branches. Branch (i) consists of R of
100 Q connected in series with inductance of 1 H and branch (i) consists of R of 50 Q in
serfes with capacitance of 79.5 WF. This parallel circuit is connected across single phase

200 V, 50 Hz supply, calculate :

i) Branch currenis

ii) Total current drawn by circuit
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iii) Total power factor of circuit

iv) Total power drawn by circuit. (Dee.-2007)
Solution : The arrangement is shown in the Fig. 7.103.
Let voltage be reference hence

'___z'___ V = 200£0° V
) L AT X, = 2rfL = 2nx50x1 = 314.1592Q "
R s ! A Zy =100 + 3141592 0
"o s ToEn ~ = 3296907 £ 72343°Q
, 500 T9.5uF
1z [ 1 XC = ._._..1 = —-—-—-—1
b--3--- 2mfC ~ 2nx50%79.5%10-
I Z
= 40.039 {2
200V, 50 Hz . Z,=50-j40039Q
Fig. 7.103
9 = 64.055 £ -38.687°Q
oo Vo 20040°
17 7 D607 L7233
= 0.6066 £ -72.343° A
V. 20040° .
b = - = s e - ML +IBET°A

Iy = I +1; = (0.6066£-72.343°) + (31223 £+ 38.687°)
= [0.18399 - j 0.578] + [2.43718 + j 1.9516]

= 2.62117 +j 1.3736 A = 29592 £ 27.6563° A ...Total current
or = 27.6563°
cos ¢y = cos(27.6563% = 0.8857 leading ...Total power factor

P = VIpcosor = 200x2.9592x0.8857 = 524.1926 W ... Total power

mmp Example 7.63 : The expression for voltage applied to a series circuit is e = 120 sin(314t)
whereas current drawn is expressed as i = 10 sin (31“4%]. Calculate the values of
components of the series circuit. Calculate the active and reactive power consumed by circuit.
Draw the waveforms of instantaneous voltage, current and power consumed.  (Dec.-2007)

Solution te =120 sin (314 V, i=10 sin[314t+l—;]a.
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Comparing e with, e = E; sin(ot)

E, =120V ie. E= % = %’ = 84,8528 V(r.m.s.)

w= 314 rad/sec ie. 2nf = 314 hence f = 50 Hz
Comparing i with, i = [} sin{314 t+¢)
L,=10A iel= 55" 7.07106 Afrm.s.)

¢=grad= 30°

In polar form, E = B4.8528 £(0°V, 1 = 707106+ 30° A

E_ BI852820° _ 1p/-30°0 = 103923 -6 @

Z = 1= 707106 230°

Comparing Z with Z = R - j X,

1
R = 103923 ©, Xc=60=5r
C = ~— b = 5305164 uF
= w06 | o oiotH
P = I2R = (7.07106)2 x10.3923 = 519.6138 W

¢ = 30°is the power factor angle.
VI sin ¢ = 84.8528x7.07106x sin 30° = 300 VAR

Q
]

The waveforms of instantaneous voltage, current and power are shown in the
Fig. 7.103(a).

" Fig. 7.103(a)
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mmp  Example 7.64 : Two impedances Z; = 30 £ 45°Q and Z = 45 £ 30°Q are connected in
prarallel across single phase 230 V, 50 Hz supply. Calculate the (i) Current drawn (ii) p.f.
and (ifi) Power consumed by circuit. (May-2008)

Solution :

Zy

4
30£45%Q
45£30" Q1
Iz

Iy Z,

- 230 V. 80 H ———————

Fig.'7.104
_  ZyZ, | 30245°x45£30°
=4z = Z,+Z;  (30£45°)+(45430%)
_ 1350.475° _
21.2132+)21.2132+ 38.9711 + 22.5
- 1350 £75° 1350 £75°
© 60.1843+j43.7132 ~ 74.3841 £ 35.9917°
Zp = 18149£39°Q
. \4 23020°
i) Iy = 7 = T 12672839 A ...Current drawn
if) 0p = -39 the negative sign indicates lagging
cos &y = cos(-397) = 0.777 lagging ... Power factor
i} P = VI cosdp = 230x12.6728x0.777 = 2265.047 W ...Power

Review Questions

1. Show that current through purely resistive circuit is in phase with the applied voltage.

2. Show that current through pure inductance Ings applied voltage by 80°.

3. Skow that current through pure capacitor leads applied vollage by 90°.

4. Cdtain an expression for the average power consumed by an a.c. cirewit in terms of rom.s. values of
voltage, current and power factor.

5. What is power factor ? Explain its significance.
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6.
7

11.
12,
13,
4.
15.
16.
17.
18.
19.

1.

Show that average power consumed by pure inductor and pure capacilor is zero.
Show that

i) Current lags voltage in R-L series circuit

i) Current leads voltage in R-C series circuit

. thp}xmdugfmfarnsmmeﬂtmﬂpmbynmmdﬂwlmmgw

relative positions of the current, component voltage and the applied voltage for the following
cases =
(a) When X; > X¢ ; (b) When X; < X ; and (c) When X; = Xc.

. Explain the concept of admiltance.
10.

Define the following terms :

i) Admittance §i) Conductance fii) Susceptance

Derive the expressions {o calculate conductance and susceptance.

What is 7 State the cf teristics of series 1 t circuit.

What is Q factor ? How it is related to bandwidth and selectivity 7

Derive the expression for the resonating frequency of series resonant circuil.

Derive the expression for the resonating frequency of parallel resonant circuit.

Derive the expressions for upper and lower cut-off frequencies for series circuit.

State the characteristics of parallel resonating circuit.

Compare series and parallel resonating circuits.

Two voltage sources have equal emf's and a phase difference of 0. When they are connected in
series, the voltage is 200 V, when one source is reversed the voltage is 15 V. Find their emf's and
phase angle o. (Ans. : 100.26 V, 8.589

. The current in series circuit R = 52 and L = 30 mH lags the applied voltage by 80°. Determine

the source frequency and the imped, Z. (Ans, : 150.47 Hz, 28.8 £ 80° Q)
A constant voltage at a frequency of 1 MHz is applied to an inductor in series with a variable
capacitor. When the capacitor is set to 500 pF, the current has its maximum value; which it is
reduced to one half when capacitance is 600 pF. Find :
i) The resistance ii) The inductive reactance iii) The Q factor of the inductor.

(Ans. : 30.627 €, 318.306 {2, 10.393)

. A1 & parallel a.c. circuit consists of 3 branches connected in parallel. One branch consists of a

pure resistance of 10 £ The second branch consists of a resistance of 20 £2 and an inductance of
0.1 H. The third branch consists of a resistance of 15 £ and a capacitance of 150 pF. If the circuit
is connected across a 230 V 50 Hz supply, calculate : -

i) Reactances/impedances of each branch ii) Tota! impedance of the circuit iii) Power factor of each
branch iv) Phase angle of each branch ©) The individual currents in the 3 branches with their
phase angles i) The resultantftotal current drawm from supply vii) Power consumed in each
branch wviii) The total power drawn ix) Drow o neat circuit diag howing all the rel
parameters x} Also, draw phasor/oector diagram
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24.

26.

27.

The expression for current should be written in polar form with its phase angle. Note that the
entire problem Jus to be solved by 3 (Miree) methods e, by using -

a) Complex algebru method b) Vector melthod ¢} Admittance method.

In ench of the 3 methods, the answers showld be the same.

{Ans. : 23 7 0" A, 6.176 < — 57.52° A, 8.851 £ + 54.74° A)

. A pure resisior, 0 pure capacitor and a pure inductor are connecled in parallel, acress a 50 Hz

supply, find the impedance of the circuit as seen by the supply, Also find the resonant frequency.
1

‘ m.ﬂm,m

An ac. civcuil consists of a pure resistance and an induciive coil connected in series. The power
dissipated in the resistance and in the coll are 1000 W and 200 W respectively. The voltage drops
across the resistance and the coil are 200 V and 300 V respectively. Caleulate the following :
i) Draw a neat circuit diagram indicating all the rel pa i) Value of the pure
resistance it} Current through the circuit. iv) Resistance of the coil. v) Impedance of the coil.
vi) Reactance of the coil. vii) Total impedance of the circuit. viii) Supply voltage.

(Ans. : 8 03, 59.46 Q, 382.08 V)

. A current of 5 A flows through a non-inductive resistance in series with a coil when supplied at

250 V, 30 Hz. If the vollage across the resistance is 125 V and across the coil is 200 V.
Calculate -

i) Impedance, reactance and resistance of the coil. i) Power absorbed by the coil. iii) Total power
o} Draw the voltage vector diugram. {Ans. : 5.5 €, 39.62 Q, 762.5 W, 0.61 lag)

It parallel RC circuit shown in the Fig. 7.105,

Fig. 7.105
i = 15 cos (5000 { -- 30°) amperes. Obtain the current in capacitance.
(Ans. : 75 cos (5000 t + 607 A)

A choking coil and a pure resistor are connected in series across a supply of 230 V, 50 Hz. The
voltage drop across the resistor is 100 V, and that across the choking coil is 150 V. Find
graphically the vollage drop across the inductance and resistance of the choking coil. Hence find
their values if the current is 1A, {Ans. : 825 (1, 0.366 H)




Basic Electrical Engineering 7-99 Single Phase A.C. Circuits

28.

29.

. In the network shown in the Fig. 7.107,

Int @ particular circuit, o voltage of 10 V at 25 Hz produces a current of 100 mA, while the same
voltage at 75 Hz, produces 60 mA. Draw the circuit diagram and insert the values of the
comtponenis. (Ans. : 88.277 02, 0.3 H)

In the network shown in the Fig. 7.106 , source frequency is 500 rudfsec and current [ is
1.25 £ 60° A.

54201 1042 mH

v h

30 BmH j
i

3

Il
LAl

0.25 mF
Fig. 7.106

Find,
a) Currents Iy and 15
b) Source voltage V
¢) Source power faclor
d) Draw phasor dingram
Find magnitudes and positions of all the quaniities.
(Ans. : 1 £-75° A, 0.8914 £ 7.51° A, 10.9 £ -5.86° V, 0.97 lead)

L——o v, 50Hz 00—
Fig. 7.107

L=01531, C=03183 mF, I =560 A

and  Vy =250 £ 4900 V

when Z3 is not connected, find :

1. Z, and its components

2.V, in the form Vo, sin (ot + 0

3. Power loss in the circuit
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Now caleulate Zy with its components so that overall pf. of the circuit is unity without adding to
the circuit power loss.
‘Draw the phasor diagram.

(Ans. : 10 £ 30°Q, 324.03 sin (100 (1001t +79.1°) V, 216.51 W, 682 uP)

aaa



Polyphase A.C. Circuits

8.1 Introduction

We have seen that a single phase a.c. voltage can be generated by rotating a tum
made up of two conductors, in a magnetic field. Such an a.c. producing machine is called
single turn alternator. But voltage produced by such a single turn is very less and not
enough to supply practical loads. Hence number of turns are connected in series to form
one winding in a practical alternator. Such a winding is called armature winding. The sum
of the voltages induced in all the turns is now available as a single phase a.c. voltage,
which is sufficient to drive the practical loads.

But in practice there are certain loads which require polyphase supply. Phase means
branch, circuit or winding while poly means many. So such applications need a supply
having many a.c. voltages present in it simultaneously. Such a system is called polyphase
system.

To develop polyphase system, the armature winding in an alternator is divided into
number of phases required. In each section, a separate a.c. voltage gets induced. So there
are many independent a.c. voltages present equal to number of phases of armature
winding. The various phases of armature winding are arranged in such a manner that the
magnitudes and frequencies of all these voltages is same but they have definite phase
difference with respect to each other. The phase difference depends on number of phases
in which armature is divided. For example, if armature is divided into three coils then
three separate a.c. voltages will be available having same magnitude and frequency but
they will have a phase difference of 360°/3 = 120° with respect to cach other. All three
voltages with a phase difference of 120° are available to supply a three phase load. Such a
supply system is called three phase system. Similarly by dividing armature into various
number of phases, a 2 phase, 6 phase supply system also can be obtained. A phase
difference between such voltages 1s 360°/n where nis numher of phases.

This chapter explams the various three ph.ase circuits, the analy&:-ls of star and delta
circuits and three phase active, reactive and apparent power. Let us see the advantages of
three phase system first. '

(&-1)
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8.2 Advantages of Three Phase System

In the three phase system, the alternator armature has three windings and it produces
three independent alternating voltages. The magnitude and frequency of all of them is
equal but they have a phase difference of 120° between each other. Such a three phase

) I_i?.)rstem has following advantages over single phase system.

I 1) The output of three phase machine is always greater than single phase machine
of same size, approximately 1.5 himes. So for a given size and voltage a three
phase alternator occupies less space and has less cost too than single phase
having same rating.

2) For a transmission and distribution, three phase system needs less copper or less
conducting material than single phase system for given volt amperes and voltage
rating so transmission becomes very much economical.

3) It is possible to produce rotating magnetic field with stationary coils by using
three phase system. Hence three phase motors are self starting.

4) In single phase system, the instantaneous power is a function of time and hence
fluctuates w.r.t. time. This fluctuating power causes considerable vibrations in
single phase motors. Hence performance of single phase motors is poor. While
instantaneous power in symmetrical three phase system is constant.

5) Three phase systems give steady output.

6) Single phase supply can be obtained from three phase but three phase cannot be
obtained from single phase.

7) Power factor of single phase motors is poor than three phase motors of same
rating.

8) For converting machines like rectifiers, the d.c. output vultage becomes smoother if
number of phases are increased.

But it is found that optimum number of phases required to get all above said

advantages is three. Any further increase in number of phases cause a lot of complications.

Hence three phase system is accepted as standard system throughout the world.

8.3 Generation of Three Phase Voltage System

It is already discussed that alternator consisting of one group of coils on armature
produces one alternating voltage. But if armature coils are divided into three groups such
that they are displaced by the angle 120° from each other, three separate alternating
voltages get developed.

Consider armature of alternator divided into three groups as shown in the Fig. 8.1. The
coils are named as Rj- Ry , Y] -Y2 and B;- B, and mounted on same shaft. The ends of
each coil are brought out through the slipring and brush arrangement to collect the
induced em.f.
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Mathematically this can be shown as :
eg +Cy +ep
= Em sinot+ Eysin (0l =120°)+ Egsin (ot+120°)

= Em [sin @! + sin ot cos 120° - cos ot sin 120° + sin wt cos 120° + cos @t sin 120° ]

= Em|[sin wt+2 sin @l cos 120°] = Em[sin ot +2 sinot [%J:I =0

e +Cy 4y 0 |

Key Point: The phasor addition oF aff Hn phr ¢ voltages at au_y_':'\':_t;‘{arit:i_n'ﬁ:gcq 5
phase system is always zero. - Fabo o i

8.4 Important Definitions Related to Three Phase System

Some terms are commonly used while analysing three phase system which are defined
below

1) Symmetrical system : It is possible in polyphase system that magnitudes of different
alternating voltages are different. But a three phase system in which the three voltages are
of same magnitude and frequency and displaced from each other by 120° phase angle is
defined as symmetrical system.

2) Phase sequence : The sequence in which the voltages in three phases reach their
maximum posilive values is called phase-sequence. Generally the phase sequence is R-Y-B.

Key Point; The phase sequence is important in détermining drrec!mn af raramm of
g, motors, pavallel operation of alternatars ete,

8.5 Three Phase Supply Connections

In single phase system, two wires are sufficient for transmitting voltage to the load ie.
phase and ncutral. But in case of three phase system, two ends of cach phase ie. Rj-R3,
Yj-Y;, and B;-B; are available to supply
voltage to the load. If all six terminals are
used independently to supply voltage to
load as shown in the Fig. 8.4, then total six
wires will be required and it will be very
much costly.

To reduce the cost by reducing the
number of windings, the three windings are
interconnected in a particular fashion. This
gives different three phase connections.

Fig. 8.4 Three phase connections
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8.5.1 Star Connection

The star connection is formed by connecting starting or terminating ends of all the
three windings together. The ends R,-Y;-B, are connected or ends R;-Y;-B; are
connected together. This common point is called Neutral Point. The remaining three ends
are brought out for connection purpose. These ends are generally referred as R-Y-B, to
which load is to be connected.

The star connection is shown in the Fig. 8.5.

R

To Ry Ry
Load R
Y2 Y
N Y To
Neutrat | 8, B, Load

Fig. 8.5 Star connection

8.5.2 Delta Connection

The delta is formed by connecting one end of winding to starting end of other and
connections are continued to form a closed loop. The supply terminals are taken out from
the three junction points. The delta connection is shown in the Fig. 8.6.

Fig. 8.6 Delta connection

8.6 Concept of Line Voltages and Line Currents

The potential difference between any two lines of supply is called line voltage and
current passing through any line is called line current.

Consider a star connected system as shown in the Fig. 8.7.
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Ry

Line voltages are denoted by V.
These are Vgy, Vyg and Vpg. Line
currents are denoted by Iy. These are
Ig, Iy and Ig.

Similarly for delta connected
system we can show the line voltages
and line currents as in the Fig. 8.8.

Line voltages Vi are
Viy . Vg, Vyp.

While Line currents I are Ip, Iy
a.ndlﬂ,

Fig. 8.8

8.7 Concept of Phase Voltages and Phase Currents

Now to define the phase voltages and phase currents let us see the connections of the
three phase load to the supply lines. Generally Red, Yellow and Blue coloured wires are
used to differentiate three phases and hence the names given to three phases are R, Y and
B.

The load can be connected in two ways, i) Star connection, ii) Delta connection
The three phase load is nothing but three different impedances connected together in
star or delta fashion

i) Star connected load : There are three different impedances and are connected such
that one end of each is connected together and other three are connected to supply
terminalis R-Y-B. This is shown in the Fig. 8.9.

Key Point: The woliage ac any bran _
Zohid Zpse o 200 W e ooll e o
branch of the three phase load is called phase current.
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v]n' = vm +-‘TNY

But Viy = -Vyn
Hence vgy = ?R —v\; (1)
Suml.a.rly, “?.YB = vm + vNB = "_irm —vm = vy -vn ef2)

(3

The three phase voltage are displaced by 120°
from each other. The phasor diagram to get Vgy
is shown in the Fig.8.12. The Vy is reversed to
get —Vy and then it is added to Vy to get Vgy.

The perpendicular is drawn from point A on
vector OB representing Vi . In triangle OAB, the
sides OA and AB are same as phase voltages.
Hence OB bisects angle between Vi and - Vy.

& £BOA = 30°
Fig. 8.12 And perpendicular AC bisects the vector OB.
oc = cB= L
i o oC — WRY;“‘Z}
From triangle OAB, cos 30° = OA =TV
¥ _ 2
2 vph

VL = 43 Vph for star connection
Thus line voltage is +/3 times the phase voltage in star connection.

Now lagging or leading nature of current depends on per phase impedance. If Zpis
inductive ie: R+j Xy, then current I lags Vpy, by angle ¢ where ¢is tan~1(Xy /R). If Zy,
is capacitive i.e. R—j X¢ then Iy, leads Vpnby angle ¢ If Zyy, is resistive i.e. R+j0 then
Iph isin phase with Vph.
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| & = Vphhlph #VL L I

The complete phasor diagram for lagging power factor load is shown in the Fig. 8.13.
ZP"' = Rph +j Xpph= |zp|,|£¢ Q '

Each Ty, lags corresponding Vo by angle ¢

.............. cemrenrernnraaze V=W

¥ leads V,,, by 30°

Va=Vin

1=l

1q=1
. i lags Vi, by angle ¢’
in every phase, as load
-V,} is balanced and inductive
Vi =V~ Vy '
Vya =Y~V
Ver = Vg~ Vg w1
Vig=V,

Fig. 8.13 Star and lagging p.f. load
All line voltages are also displaced by 120° from each other.

Power : The power consumed in each phase is single phase power given by,

Pon = Vou Ion cosd |

For balanced load, all phase powers are equal. Hence total three phase power
consumed is,

]
I

WL
= 3Pph = 3V 1 =3 =1
ph oh Ipn cosd ﬁl_cosﬂi

P ¥3 Vilpcosd |

For star connection, to draw phasor diagram, use
vm- = .\-"R -vy, '\7‘,'3 = v!" —va and ?BR = ﬁg —vg
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mmp Example 8.1 : Three inductive coils each having resistance of 16 ohm and reactance of
12 ol are connected in star across a 400 V, three-phase 50 Hz supply. Calculate :
i) Line voltage, ii) Phase voltage, iii) Line current,
iv) Phase current, v) Power factor,  vi) Power absorbed.
Draw phasor diagram (Dec.-97)
Solution : Ry =160, Xp =12 Q per ph, Star connection V| = 400 V

Zyp = Rpp +j X, =16+1202=20 £+ 3686°Q

Using rectangular to polar conversion on calculator.

i} Line voltage Vi, = 400V
ii) Phase voltage V= Yoo 30 o390y L Strv =43V,
LA BN L ph
v 230.94
= - = 11547 A
jid) Lh Zon T
For star connection, Ip = lpn  le Line current = 11.547 A
iv) Phase current = 11.547 A
Rph 16
ok L. i
v) Power factor cos § = Zow - 20 0.8 lagging
...Inductive herce lagging
vi) Power absorbed P = V3V I coso=+/3x400x11.547%0.8 = 6400 W

The phasor diagram can be shown as in the Fig. 8.14.
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8.9 Relations for Delta Connected Load
Consider the balanced delta connected load as shown in the Fig. 8.15.

T

Var Vay

Three
phase Y o
o "

Via Ver

ot b b

Vya

Fig. 8.15 Delta connected load

Line voltages VL = Vepy = Vyp = Vpr
Line currents Ip =Ig=Iy=Ip
Phase voltages Vph = Vpy = Vyg = Vpg
Phase currents Iph = Igy =Iyp =Ipr

As seen earlier, Vph= VL for delta connected load. To derive the relation between Iy,
and Ip, apply the KCL at the node R of the load shown in the Fig. 8.15.

Zlcntl:ring = Zlknving at node R
TR + iBR = iky
Ig = Ipy-Ipr (1)

Applying KCL at node Y and B, we can write equations for line currents Iy and I as,
Tyg - Iry -(2)
ip = Ipr-Iyp -(3)

The phasor diagram to obtain line current
I by carrying out vector subtraction of phase
currents Ipy and Iyg is shown in the Fig. 8.16.

The three phase currents are displaced
from each other by 120°

Ipg is reversed to get — Iy and then added
to IRY to get IF'

Iy

Fig. 8.16



“Basic Electrical Engineering 8-13 Polyphase A.C. Circuits

The perpendicular AC drawn on vector OB, bisects the vector OB which represents Iy .
Similarly OB bisects angle between Iyg and Igy which is 60°

ZBOA = 30°  and OC=C‘B=I—5'-

From triangle OAB,

. . OC _Ig/2
©0s30° = G& ~Try
J3_ L2
2 Iph

P—

Again Zpp, decides whether I, has to lag, lead or remain in phase with V. Angle
between Vpn and Ipn is 9.
Thus for delta tion, to draw ph diagram, use
TR = iRY —iBR, i“r = TYB _‘TRY and TB = TB’R —iw
The complete phasor diagram for cos ¢ lagging power factor load is shown in the
Fig. 8.17.

Van - L=

I lags Vi, by
angle ¢ In every
phase

=L

Iy 1ags Iy, by 30°

-Flg. 8.47

th = Rph +j XL['I\= |ZPh| 419}
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VIR

Power : Power consumed in each phase is single phase power given by,

Pph = Vph Iph cost |

Total power P = 3Fpn = 3Vpplphcosd =3V, J_cosq)

P = 3V ILcos¢

8.10 Power Triangle for Three Phase Load
Total apparent power S = 3xApparent power per phase

VL Iy
S = 3 Vgplon= 3 —&I 3V
plpn=3 75T = 3V 5

S = 3V, I volt-amperes (VA) or kVA

Total active power P = 3Vl cosd watts (W) or kW
Total reactive power Q = /3 Visin¢ reactive volt amperes (VAR) or kVAR
Hence power triangle is as shown in the Fig. 8.18.

Q=3 sing
Reactive power

P=V3VI, cosp
Active power
Fig. 8.18 Power triangle
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For delta connection the
relations for the phasor diagram

are,
v IR IKY _IHR
Vi = Vi — -
I = 1yg = Tgy,
Ty = Tgr -Typ
and VL= vph

The phasor diagram is
shown in the Fig. 8.19.

Fig. 8.19

tomp Example 8.3 :  Prove that a three phase balanced load draws three times as much power
when connected in della, as it would draw when connected in star.

Solution : Let load is three phase balanced with per phase impedance of Zjy, Q. Let Vi, be
the line voltage available which r same whether load is connected in star or delta.

What changes is the phase voltage and hence phase and line current values depending on
star and delta connection of the load.

Case 1 : Star connection of load

v N
Vo = :{i{ = Phase voltage for star connection

- e
I-phl ?'ph
v
and Iy = Ly = A;P;: ... For star connection

cos ¢ depends on components of Z,p, and remains same for any connection of the load.

Vph
Py = ﬁv,_1|‘1oos¢=ﬁ><v,,xzih— cos & ... Vy_ is constant
pl

V3 VLX(—-Vl‘zﬁhJB)ousq; e As Vi =V /3
VHZ

= tis

th cos ¢ wa
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Case 2 : Delta connection of load

Vphz = V| = Phase voltage for delta connection

o Ve Vi
Iph2 th Zp!:
.
and Ly = VBl =Yook ... For delta connection

=ph

cos & remains same for both star and delta connection

Paoita = NE] Vo lpcos o ... Vy is constant
L .
= 3V x " o5 0 v As iy =3V [ 2y,
vi
=3 2;:- cos 6= 3 Py, ... Proved

'y Pomt Thus i'hre:. plase balanced load draws three trmes a5 rmrc!: ‘power' "uhm
oarmedcrt in delta, ns it would draw when connécted i sm st i

Examples with Solutions

mp Example 8.4 :  Tlhree identical choke coils are connected as a delta load to a three phase
supply. The line current drawn from the supply is 15 A and total power consumed is
75 kW. The kVA input to the load is 10 kVA. Find out

i) Line and phase voltage, ii) Impedance/phase, iii) Reactance/phas

iv) Resistance/phase, v} Power factor vi) Phase current,

oii) Inductance (if frequency is 50 Hz)/phase. {Dec. - 98)
Solution : Coils are in delta connection

I, = 15A, Pr=75kW, kVA =10 kVA

Now VA = 3V [ ie 10x103 = 3V x15
10x103
vV, = =385V=V
L™ 573 ph
i) Vi o= Vip =385V
Y
) 1Znl = 75

ph
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I 15
but = == =866 A
IV R
385
Eth| = m=msm
and PT = -Jg\ﬁ_ Ip cosd
7.5% 103 = J3x385%15xcosd
cos ¢ = 075

¢ = 41.42° lagging so + ve
Z = 44456 £+ 4142°=133.33 +j 29410

iif) Xiph = 2941Q

iv) Ry, = 33336Q

v) PF. = 0.75 lagging

vi) Iph = B.66 A

. Xiph  29.4109

vii) Lph-w-m—%.ﬁﬂmﬂ

1wy Example 8.5 : Three equal impedances each of 10 £ 60° ohms are connected in star
across 3-phase, 400 volts 50 Hz supply. Calculate

i) Line voltage and phase voltage ii) Line current and phase current
i) Power factor and active power consumed

iv) If the same three impedances are connected in delta to the same source of supply
what is the active power consumed ? (May - 99)
Solution : th=10 Z60° Q in star

i) Line voltage = 400 V = Vi

- Vi _ 400
e R
" Vi 230.94
ii) ]"“=ﬁ= 10 =23.004 A
]L=Iph=23.094A ...Slarmrn.mcﬁm
idd) Power factor = cos ¢ = cos 60° = 0.5 lagging

P = /3 Vy I cos¢=+3%400x23.094x0.5 = 8000 W
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iv) When delta connected, VL-VPd‘=4DIJV
Vph 400
Iph = anl_on.ﬂ]‘&

I = V3l =403 A
P = J3 VL I cosd= V3x400x40/3x0.5 = 24000 W

sy Example 8.6 : A series combination of 3 ohms resistance and a 796.18 pF capacitor in
each branch forms a three phase ‘star’ connected balanced load which is connecled to a
415V, 3 phase, 50 Hz, a.c. supply. Calculate (i) The power consumed and (ii) Current
drawn by the load. If the same load is now connected as a ‘delta’, determine (i) The power

consumed and (i} Current drawn from the supply. (May - 2000)
Solution: R, =30Q Cpn = 796.18 wF
Case 1 : Star connection, VL = 415V, f=50Hz

- 1l . 1 =40
Xcph 2nCon T 27 796.18 x 106 x 50

Zy = Rypy-jXgn=3-j40Q =5£-5313 Q

v,
- _ph
Ly = Za
But, Von = %—?:23946\’ ...As star connection
2396
I = 5= = 47924

I = Ly=4792A
P = 3V I cosé =3 x 415 x 47.92 x cos (- 53.139
= 20667.05 W
Case 2 : Let load be now connected in delta
Vip = V=415V

Vv,
Ly = b 415 oa
Z S

I = V3xIy =3x8 =143.7602 A

P = JIVL I cosd =3 x 415 x 1437602 x cos (- 53.13°)
= 62001 W
This is 3 times the power consumed in star connection.
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mop Example 8.7 :
50 Hz a.c. supply. The loads are :-

Load "A" : draws 10 A at 0.8 lag pf., star connected.

Two balanced 3 -ph loads are connected in parallel to a 415 V, 3-ph,

Load "B~ : has R = 6 Q and C = 198 micro-farads per phase, delta connected.

Estimate :- i) Total line current, i) Total power consumed,

iif) Impedance of load "A" in complex form , iv) Power factor of load "B" and its

nature. (May - 2001)
Solution ;: The loads are shown in the Fig. 8.20. (a)
R
415V
3phase Y
50 Hz
Bo
Iy = 104, star
cos=0.8lag
Fig. 8.20 (a)
Vp = 415V
Forload1: Vp, = Vi /¥3=2396V
I = Lp=10A,cos ¢=08lag 8
Py = V3VLI cos Q, (Iag)
= J3x415% 10 % 0.8 A
= 5750.408 W Py
Q = YAV, I sin6 Fig. 8.20 (b)
= J3x415% 10 % 0.6
= 4312.8065 VAR
For Load 2 : th = Rph_ijph 52
Xe = sbmm=——1 Q,(lead)
2nfC 21x50%198x 106
= 16076 Q o

Fig. 8.20 (c)
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L

Soluti

i)

i)

Example 8.8 : A balanced delta-connected load of impedance 60£30° ohm per phase is
connected to a 3-phase supply of 400 V, phase sequence A-B-C.
Find :
i) The phase and line values of current
i) Total power and reactive voltampere, and iii) The phase angle of line current I, with
respect ot line voltage V ,p, drawing a sketch of the relevant phasors. (Dec. - 2002)
on : Deltaconnec’ned,zph= 60 £30°Q, V|, =400 V.

\/ Vi =400 V as delta connected

ph
Vph _ 400£0°
h =z “®0z%

= 6.667 £ -30°A

I, = V3 Ipn = V3x6667 = 11547 A
Pr = J3 VLI cosd=3x400x11.547 x cos(- 30°)
= 69282 W
Qr = /3VLIy sin ¢= reactive volt - amp
= 3x400x11.547 xsin ( 30°) = 4000 VAR

ili) The phasor diagram is shown in the
Fig. 821.

Vap=Vec=Vea=Vpr=VL

Iag = Ln=lca

I, =Tap-Tca

The angle between I, and Vg is 60°.

Fig. 8.21
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s Example 8.9 : A balanced star connected load of (8 + j 6) Cyphase is connected to a
3 phase, 440 V supply. The line voltages are
Vey =440 £ 0°V, Vypg =440 £ = 120°V, Vigp = 440 £ + 120° V
Find the phasor expressions for the line currents Iy, Iy and lg. Draw the phasor
diagram.
Solution : Given : Star connection, Zyn=8+j6Q, V=40V
To find : Phasor expressions for Iy, I, and I.
Zpn = B+j6=10 2368698 Q
V. 440

_For star connection Voh = _ﬁ = 7 = 254.034 V

- v
ph
N
This indicates that angle of V, is not zero.
This is clear from the fact that line voltages are given by,
VRy =400 £0°V,  Vyp=440 £ - 120°V, Vpp =440 £+ 120°V
Angle of Vpn can be calculated from phasor diagram as in the Fig, 8.22.
Van=Vi

But in this Vph is not reference.
Z
ph

¢ =36.86°

V| leads V'm by 30°

L=t !,, lags V,, by angle ‘¢’
87 Ly, |in every phase, as load
.=, | is balanced and induclive,

=l V=V, = 440V

V=V

Vig=VL

Fig. 8.22
Vpnt  254.034 £-30°

b = Zon | 1023686957

= 254034 £ 66.8695° A
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Calculate i) The capacitance to obtain the resultant power factor of 0.95 lagging.
ii) The line current taken by combined load.
Solution : Given : 3 coils R = 20 Q, X = 15 Q, Star connection, Vi = 400 V,
3 capacitors in delta connected to improve p.f. to 0.95 lag.

To find : I;, active power and power factor of coils and value of capactance in each
phase, combined line current.

load 1: Zy, = 20+j15=25 £36.86°

. Vi _ 400

star so Vphzﬁ_ﬁ=230.940lv

= _ Vph _ 230.9401£0°
B Tz T 2523%.8°
L = 9:2376 A at cos (- 36.86")
Power factor lagging.
Ion =1 = 92376 A and
Power factor = 0.8 lagging

c A/ Active power = V3V Iy cos¢
c
= /3% 440%9.2376%0.8
= 51199 kW while sin ¢= 0.6

Reactive power = +f3 Vi I, sin¢= 3.8399 kVAR

Fig. 8.26
Now, Delta capacitances are connected.
VAR KVA Now Zn = Xcph as Ry =0 for capacitors
A\ ~ Active power consumption = 0 W by capacitors (cos ¢ = 0).
kW Total active power = Active power by coils + Zero
Fig. 8.27

Pr = 51199 kW
Now new cos o7 = 095 lag

¢ = 181948 - tan ¢ = 0.3286

kVAR
kW

Total KVAR = (kW)yg X tan &1
5.1199 x 0.3286 = 1.682 KVAR

tan ¢ =
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kVAR drawn by capacitor = 3.83399 kVAR - 1.682 kVAR
= 2.1570 kVAR
Now for capacitor bank as delta connected,
Ve = Veu=400V, sin¢=1, cos¢=0

KVAR of capacitors = 3V I sin¢ ..sing=1
21570 x 10° = J3x400xI,,
I, = 31134 A
Ih = lJ—% =17975 A ... Delta connected

Vph 400
)‘Cph‘i;h—wrﬁ.zm-snﬂ

C = = 14.3045 pF

. S
2nfxXe
Total KW = 5.1199 kW = 3 Vi I cosé
Combination cos ¢ = 095
51199 x10° = 3x400xI x0.95
Combined line current = 7.7788 A ... Total line current

mep Example 8.12 : In a 3 phase, 4 wire system, the line voltage is 400 V and purely
resistive loads of 5 kW, 11 kW are connected between lines and neutral. Draw the circuit
diagram, calculate current in each line, current in the neutral.

Solution: Iy = I+ Iy + Iy (vector addition)
cos ¢ for all loads is unity as all are resistive in nature.

Vi, _ 400
Vpny = e =—==23094V=V,
W=7 7 PR
P-Vphlphcwdﬁ
R .
1
(]
Y .: T
lnf (0]
B e
HE ‘s
Er
ll‘l A A I

Fig. 8.28 Circuit diagram
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Solution : Zy, =30+j40Q =50£53.13°Q, Vy, =231V
The circuit diagram is shown in the Fig. 8.31.

R
:— -------------- Vo, of
= ph
i Vi=lVon ot load
Star : X'mer th v th

connected T oh
transform | |

1

i B LT Y

L 1 Z

Fig. 8.31

As transformer is star connected with Vp, = 231 V, the line voltage available from the
transformer is,

Vi = 3 Vpp of x'mer = V3x231 = 400.103 V
From load point of view, as load is delta connected,
\-'rph = Vi, =400.103 V

i) - Ipn = ;% =4”‘;.¢ -8A ... magnitude
ii) Vph = 400103 V ... potential difference across each phase
i) Ip = 31, = 1385 A ... magnitude of current in X‘mer winding
iv) P = 3V Iy, cos¢=+/3x400,103x13.856x cos(53.13°)

= 57613279 W

pf. = cos(53.13%) = 0.6 lagging

/P Examplo 8.14 : A balanced star connected load is supplied from a symmetrical 3 phase
400 wvolts, 50 Hz system. The current in each phase is 30 Amp and lags 30° behind the
phase voltage. Find,

i) phase voltage. ii) resistance and reactance per phase.
iii) load inductance per phase. iv) total power consumed.
Draw the phasor diagram showing the currents and voltages. (Dec. - 2003)
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Solution : Vi, =400V, f =50 Hz, I, =30 A lags Vph by 30°

Vl‘i' = % =-_:j(l§3 = 23094 V ... Star connection
iy -~ Vo = 23094 £0° V
and Ign = 30 £-30° A lagging hence negative ¢
i) -~ Zph = Vﬂ=?.6‘38 £+ 30° 2 =6.667 +) 3.8490

Ioh

Compare with, R+jXy hence

Rpn = 6667 @,  Xiph =38490Q
i) f = 50Hz and Xppp =2nflyy
3.849
Lph = 5rsp = 001225 H = 12.25 mH
iv) P = V3V I cos¢=v3x400x1y, xcos(30°)
Now I, = Iph =30 A ... Star connection

P = 18000 W = 18 kW
The phasor diagram is as shown in the Fig. 832,

Vas=V,
ko U T

v, teads V,, by 30°

l.. lags V,, by angle ¢

in every phase, as load
-Vs} is balanced and inductive
S va:vL
Fig. 8.32

mmp Example 8.15 : A 220 V, 3-phase voltage is applied to a balanced della-connected load of
phase impedance (15+j20) ohm. Find the line current and power consumed by each phase.
What is the phasor sum of the three line currents ? Why does it have to be this value ?
(May - 2004}
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Solution :

Given voltage is always line voltage unless and until specified clearly as the phase
voltage.

VL = 220V, deltaload, Zp, =15+j202=25453.13"Q

Vo =V, =200V .. As delta connected
Voh 220 '
- _ph 220
Iph = Zon =35 88 A
and I, = V3L, =15242 A

Pon = Vpy Ipy cos¢=220x8.8x cos(53.13°) = 1161.602 W
The phasor sum of the three line currents is zero. This is because the load is balanced.

The three line currents are displaced by angle of 120° from each other and have same
magnitude. The phasor sum of such currents is zero.

iy Example 8.16 : A delta connected balanced load is connected to a 3 phase, 400 V supply.
* The load pf. is 0.8 lagging. The line current is 34.64 ampere. Find (i) The resistance,
reactance and impedance of the load per phase, (ii) Total power and (iii) Total reactive volt
ampere. Draw the phasor dingram showing all the quantities. (May - 2004)
Solution : Vi =400V, cos ¢=08lag, I =3464 A, delta

Vph =V, =400V

IPh = I—L=20A

J3
Vph 400
[Zen| = %=—h-=zun

¢ = cos~1 0.8=3686"
Zpn = 20£36.86°Q=16+j12Q
Comparing with Rpn +j X1 ph,
Rpn =16 Uph and Xiph =12 Q/ph
i) P=+3Vy Ip cos0=+3x400x 34.64x0.8 = 20 kW
iii) Q=43 VL Iy sing=v3x400x 34.64xsin(36869°) = 14.399 kVAR
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The phasor diagram is shown in the Fig. 8.33.

Van Lt

Vi =Ven=V,
7% - In 2G5 Vi, by
H angle ¢ in every
Iy=l, - L " My =lan phase
I lags I, by 30°

Fig. 8.33

lmp Example 8.17 : A symmetrical 3 phase, 400 volt system supplies a balanced load of
0.8 lagging power factor and connected in star. If the line current is 34.64 Amp, find

(i) Impedance (ii) Resistance and reactance per phase

(iti) Total power and (iv) Total reactive voltamperes. (May-2005)
Solution : The circuit diagram is shown in the Fig. 8.34 .

cos ¢ = 0.8 lagging

Vp = 400V
Vi
Vph = = =2094V

I = Ly =3464 A

Vph 23094
|th| = 'I_;:‘_:m

Fig. 8.34

= 6.667Q
and ¢ = cos~! 0.8 = 36.8698° lagging so +ve for |Z|.
i) Zon = |Zpn|26= 6.667 £+ 36.8698° Q2
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L]

5333 +40= Rph +j )(Lph
ii) Rph = 5333 Q and XLP,, =4

i) P = 3V cos¢=+3 %400 x 3464 x 0.8 = 19.1999 kW

iv) Q = 3 VI sin 0= 3 x 400 x 3464 x 0.6 = 14.399 kVAR

i Example 8.18 : A balanced three-phase star connected load of 100 kW takes a leading
current of 80 Amp, when connected across 3—¢, 1100 volt, 50 Hz supply. Find the value of
resistance [ phase and capacitance [ phase of load and pf. of load. If the same load is

connected in delta, calculate power consumed. (Dec.-2005)
Solution : Pro= 10 kW, I = B0 A, V, =1100V, =750 Hz, star
Vi 1100 _ . -
Vy, = =& = —— = 6350852V
NG RN ’

Ty = I =80 A
Pr o= N3V coso
100%103 = /3Ax1100x80xcos o

cos ¢ = 0.656 leading ie. ¢ = 48.9984°
Vpn = 6350852 £ 0°V,
lpn = 80 £ +489981° A
v
Zpy = PN L 79385 £ — 18.9984° O = 52082 — 5.9911 Q
ph

Roh = 520820, Xcp, =59911Q

1
Cpy = 5——o—— = 531313 UF
ph 2= )\c}‘h

pf. = 0.656 leading

ii) Delta connection

. Vol
Ve = VL =1100V and 1y, = Z'N_:
1100 £ 0° -
T e —— e T ] P A0
Lon S IR aanET = 1385652 £ + 48.9984° A

[ = 31l =+3x1385652 = 240 A

... COS G remains same

Pr = 3V 1] coso= 300 kW
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Example 8.19 : Three inductive coils each with resistance of 15 ohm and an inductance of
0.03 H are connected 1) in star and 2) in delta across 3 phase, 400 volt, 50 Hz supply.

Calculate in each case 1) Line current and 2) Power consumed by load.
(May-2006, 2007}

Soalution : For delta connection :

VL = Vph =400 V, Xyph = 2rfl = 2nx50x0.03 = 9.425 Q
Zpn = 15+ 9425Q=1772 £3214°Q

v
pho_ 400 _ 5 a

Iph = Zgw 77

I = 31y, =/3x2258=39.11 A
P = J3VLIpcoso=+/3x400%39.11:cos(32.14°) = 22,943 kW

For star connection :

Vv = = =2304V
N N
Zon = 1772£3215°Q
A"
o ph_ 23094
h = 7 = 77 = 1BO2A

I = [=13032A
P = J3VL I cosd=/3x400%13.032x cos(3214°)
= 7645.6047 W

W ok 3 B

Review Questions

. What are the advantages of a three phase system ?

. Explain in short the three phase generation.

. Define : Symmetrical system and phase sequence.

. Explain the concept of balanced load.

. Explain the difference between a line voltage and phase voltage, similarly line current and phase

. Derive the relationship between a line current and a phase current and a line voltage and a phase

. State the power relations for a three phase system and explain a power triangle.
. A balanced 3 phase load connecled in delta, draws a power of 10.44 kW at 200 V at a pf. of 0.5

current.

vollage related fo a star connecled and della connected load.

lead, find the values of the circuit elements and the reaclive voll amperes drawn.
(Ans. : 28736 £1, 639.17 uF, 16.0825 kVAR)
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10.

11.

12,

13.

14.

9. A balanced 3 phase star connected load of 100 kW takes a leading current of 80 A, when connected

across a 3 phase, 1100 V, 50 Hz supply. Find the circuit constants of the load per phase.
(Ans. : 5.208 £2, 530.516 uF)
Three similar choke coils are connected in star to a three phase supply. If the line current is 15 A,
the total power consumed is 11 kW, and the volt ampere input is 15 kVA, find the line and phase
voltages, the VAR input and the reaclance and resistance of each coil.
If these coils are now connected in delta calculate phase and line currents, active and reactive
poter. (Ans. : 10.197 kVAR, 30.592 kVAR)
Three pure elements connected in star, draw -x kVAR. What will be the value of elements that will
draw the same KVAR, when connecled in delta across the same supply ?
(Ans. : Three times than original)
A 3 & star connected source feeds 1500 kW at 0.85 pf. lag to a balinced mesh connected load.
Calculate the current, it's active and reactive components in ench phase of the source and the load.
The line voltage is 2.2 kV.
(Ans. : 463.112 A, 227.27 A, 140.91 A, 303.64 A, 244.06 A)
For a balanced three phase wye connected load the phase voltage Vi is 10 £ - 457 and it draws
a line current Iy of 5 £4 18(F. i) Find the complex impedance per phase ii) draw a power triangle
and identify its all sides with magnitudes and appropriate units. Assume phase sequence R-Y-B.
(Ans.:20 £15° ()
Each leg of a balanced della connected load consists 7 ohms resistance in series with 4 ohms
inductive reactance. Line-to-line vollages are : Ey, = 2360 £ (P V, Ep = 2360 2 - 120° V,
Ep=2360 £ + 1200V
Determing :  a) Phase current Iy, Iy and I, (both magnitudes and phase)
b} Each line current and its associnted phase angle.

) Load power factor.

d) Draw with the instr ts, phasor diagram based on circuit dingram and clearly indicate on
both civcuit diagram and phasor diagram :
i} Line currents. it) Phase curvents  1ii) Line voltages.

iv) Phase voltages v} Load phase angle
e) Find the impedance per phase that draws the same power at the same power factor.
(Ans. : 202.724 292.724 /- 29.74°A, 292724 £ - 149.747A, 292724 £+ 90 26°A,
507.012A, 0.8682lag, 8.0622 £ -29,24°())

aaa
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Single Phase Transformers

9.1 Introduction

The main advantage of alternating currents over direct currents is that, the alternating
currents can be easily transferable 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.

Iﬁ}i:r.; ;3.-‘;« of np;_mr:.-t_'r;-:s"by means’ of whiclh an
“one alternating current circuit to anuther with
d current, without any change in the frequency.

K ey Point: The bransforner |
electrical power is transformed;
the desired change in voltage an

The use of transformers in transmission system is shown in the Fig. 9.1.

1KV l.ransfmrner Transformer
.- 2 | | 440kv s | 1KY o
; Transmission over | ] : distribution
Generating - long distance e
station Level Level
increases decreases
for transmission for distribution

Fig. 9.1 Use of transformers in transmission system
9.2 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 em.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
which are electrically separated but linked through a common magnelic circuit. The two
coils have high mutual inductance. The basic transformer is shown in the Fig. 9.2.

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

(@-1)
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9.2.1 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 frequency. So total impedance of winding is very low for d.c. Thus winding
will draw very high current if d.c. supply is given to it. This may cause the burning of
windings due to extra heat generated 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.

9.3 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. 94 (a).

1type L type
lamination

Limb ___

Jaint Joint
(@) (b}
Fig. 9.4 Construction of transformer

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. 9.4 (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. 9.5.
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For large
transformers

For
small ——s

MErs

Rectangular Square Cruciform 3 stepped cruciform
Fig. 9.5 Different cross-sections
9.3.1 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. 9.2, 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. 9.6.

=

NN

Wi,

1
W

)
=
%
=
=
~
=
Z

AURIAN
W

H.\. = High Voltage | Both windings on same limb
L.V. = Low Voltage to avoid leakage flux

Fig. 9.6 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
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. 9.7. The top and bottom coils are low voltage coils. All
the portions are insulated from each other by paper.
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The Fig. 9.8 (a) shows the schematic representation of the core type transformer while
the Fig. 9.8 (b) shows the view of actual construction of the core type transformer.

9.4.2 Shell Type Transformer

It has a double magnetic circuit. The core has three limbs. Both the windings 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 overlapped 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. 9.9 (a) shows the schematic ref itation while the Fig. 9.9 (b) shows the
outaway view of the construction of the shell type transformer.

Core

|

|

Side limb

I

|
Centerlimb  Flux

(a) Representation (b) Construction
Fig. 9.9 Shell type transformer

9.4.3 Berry Type Transformer
: This has distributed magnetic
circuit. The number of independent
magnetic circuits are more than 2. Its
core construction is like spokes of a
wheel. Otherwise it is symmetrical to

that of shell type.
Diagramatically it can be shown

as in the Fig. 9.10.

Fig. 9.10 Berry type transformer
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The transformers arc 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.

9.4.4 Comparison of Core and Shell Type

Core Type Shell Type

1 The winding encircles 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 nalural cooling is effective. windings are surrounded by the core.

-} The coils can be easily removed from| The colls can not be removed easily.
maintenance point of view.

T Preferred for low voltage fi Preferred for high voltage transformers.

9.5 E.M.F. Equation of a Transformer

When the primary winding is excited by an alternating voltage Vy, 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 e.m.f. in
it denoted as E;. The flux links with secondary winding through the common magnetic
core. It produces induced einf. E, in the secondary winding. This is mutually induced
em.f. Let us derive the equations for Eq and E,.
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As ¢ is sinusoidal, the induced em.f. in each tum of both the windings is also
sinusoidal in nature. For sinusoidal quantity,

R.M.S. value _ 141
Average value

Form Pactor

RMS. value = 111 x Average value
. RM.S. value of induced e.m.f. per turn
L1Ix4fo,

I

n

444 f0,

There are N; number of primary turns hence the RM.S value of induced e.m.f. of
primary denoted as E, is,
Ey = Nyx444fo, 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, = Npx444fo, volts
The expressions of E; and E, are called e.m.f. equations of a transformer.

Thus e.m.f. equations are,

E, = 444fo N; volts e (1)
E; = 44416, N; volts ()

9.6 Ratios of a Transformer
Consider a transformer shown in Fig. 9.12 indicating various voltages and currents.
Flux$

Fig. 9.12 Ratios of transformer
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9.6.3 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,.

Vil; = Input VA and  V, I, = Output VA
For an ideal transformer,

Vil = V1,
Vot L e
/gl 77 e

Key Point: Hence the currents are in the inverse ratio of the voltage transformation
ratio, .

9.6.4 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 current is the main
cause in producing heat, the output maximum rating is generally specified as the product
of output voltage and output current ie. 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 cos¢;, 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 (kilovolt amperes rating).

Vi _la_
Now v LT
VL =V,
kVA ratingofa_ Vily _ Vol
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, Iy and I,. This is
the safe maximum current limit which may carry, keeping temperature rise below its
limiting value.

I; full load = M&ﬂ@ ... (1000 to convert kVA to VA)
1
VA rati 1000
L, full load = %
2




imary -and secondary ci
currents whick huisformer windings « ]

These values indicate, how much maximum locad can be connected to a given
transformer of a specified kVA rating.

i Example 9.1 : A single-phase, 50 Hz transformer has 80 turns on the primary windin
and 400 turns on the secondary winding. The net cross-sectional area of the core is 200 cm”.
If the primary winding is connected to a 240V, 50 Hz supply, determine :
i) The e.m.f. induced in the secondary winding
ii) The maximum value of the flux density in the core. {May - 98)
Solution : N, = 80, f = 50 Hz, N, = 400, a = 200 em® = 200 x 10" * m?

E, = 200V
= N> _400_5
K= ®"1
< EB_E 5
K = E; 240 1

Now E; = a4 fo, Ny
240 = 444 x50 x ¢y, x B0
240
¢m = m = 0.01351 Wb

01351
B, = dm_ QOB ;756 Whim?
a  200x10-4

wmp Example 9.2 : For a single phase transformer having primary and secondary turns of
440 and 880 respectively, determine the transformer kVA rating if half load secondary

current is 7.5 A and maximum value of core flux is 2.25 mWhb. (May - 2000)
Solution : Nj = 440, N, =880, (L =75A,
fn = 225 mWb, E; =444, fN,
Assuming, f = 50 Hz,
E; = 444 x 225 x 107 x 50 x 880 = 439.56 V
ML = kVAErzahng

Ad G = 3 G
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Now Ej = 444 o, N;
400 = 4.44%50% dm x500
bm 3.6036 mWb

1}

9.9 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, I, lags V,.
If load is capacitive, I, leads V, while for resistive load, I is in phase with V,.

There exists a secondary mm.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. NI, is called demagnetising
ampere-turns. This is shown in the Fig. 9.16 (a).

The flux ¢, momentarily reduces the main flux ¢, due to which the primary induced
emf. 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 15 as shown in the
Fig. 9.16 (b).

Main Secondary More b2
flux & Nlux &, flux
[CREPY]
(a) ¢, opposes ¢ (b) Primary draws more current

Fig. 9.16 Transformer on load
This current I3 is in antiphase with I,. The current 17 sets up its own flux ¢5 which
opposes the flux ¢, and helps the main flux ¢. This flux ¢5 neutralises the flux ¢,
produced by I,. The m.m.f. ie. ampere turns N, I balances the ampere turns N,l,. Hence
the net flux in the core is again maintained at constant level.
Key Point: Thus for .rnijr load condition, 1o load to f:lr!f load the ﬂuxm ihz m .l's:-
 practically constant. e : ! s, d

The load component current I3 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.
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9.10 Effect of Winding Resistances

A practical transformer windings p 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 Iy 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 V; and I; Ry.

E = Vi-I| Ry (1)

Similarly the induced emf. in secondary is E;. When load is connected, current I,

flows and there is voltage drop I; R,. The em.f. Ey has to supply this drop. The vector
difference between E; and I R, is available to the load as a terminal voltage V.

V, = F2-I; R, . ()

The drops I; Ry and I R, are purely resistive drops hence are always in phase with
the respective currents Iy and .

9.10.1 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,

12 1
- 12 2 =12 2 - 12
Total copper loss = I7 Ry +13 Ry =17 [R1+i¥-R2} =1 [R, +-E2- Rz] ]
Iz 1 .
where I =z neglecting no load current.

Now the expression (3) indicates that the total copper loss can be expressed as
‘1% Ry -1-1%-%, This means i—; is the resistance value of Ry shifted to primary side which
causes same copper loss with I; as R; causes with I;. This value of resistance Rz,/K2 which

is the value of R, referred to primary is called equivalent resistance of secondary referred
to primary. It is denoted as R3.

Ry
g

Ry = . (@)
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When resistances are transferred to primary, the secondary winding becomes zero
resistance winding for calculation purpose. The entire copper loss occurs due to Ry,
Similarly when resistances are referred to secondary, the primary becomes resistanceless
for calculation purpose. The entire copper loss occurs due to Ry,

Important Note : When a resistance is fo be transferred from the primary to secondary, it
must be multiplied by K°. When a resistance is to be transferred from the secondary to primary, it
must be divided by K°. Remember that K is No/Ny.

The result can be cross-checked by another approach. The high voltage winding is
always low current winding and hence the resistance of high voltage side is high. The low
voltage side is high current side and hence resistance of low voltage side is low. So while
transferring 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.

High voltage side — Low current side — High resistance side
Low wvoltage side — High current side — Low resistance side
lmp Example 9.4 : A 6600/400 V single phase transformer has primary resistance of 2.5 Q

and secondary resistance of 0.01 L Calculate total equivalent resistance referred to primary
and secondary.

Solution : The given values are,
Ry = 25Q, Ry=001Q

- 400 _
K = zzo5 = 0.0605

While finding equivalent resistance referred to primary, transfer R; to primary as R3,
Ra 0.01

R = 2= ___ 27050
2 T X2 T {0.0606)
Rie = Ry + Ry =25+ 27225 =52225Q

It can be observed that primary is high voltage hence high resistance side hence while
transferring R, from low voltage to R5 on high voltage its value increases.

To find total equivalent resistance referred to secondary, first calculate R},

R} = K2R, =(0.0606)2x2.5 =0.00918Q

Ry, = Ry + Rj= 001 + 0.00918 = 0.01918 2
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9.11 Effect of Leakage Reactances

Fluxe Uptill now it is assumed that 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 leakage fluxes present as shown
in the Fig. 9.19,

Primary leakage Secondary leakage
Fig. 9.19 Leakage fluxes

The flux ¢, is the primary leakage flux which is produced due to primary current I,.
It is in phase with I; and links with primary only.

The flux ¢y, 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 emf. e; in primary. While due to
leakage flux ¢, there is self induced e.m.f. ey, in secondary. The primary voltage V; has
to overcome this voltage e; to produce E; while induced e.m.f. E; has to overcome e, to
produce terminal voltage V;. Thus the self induced e.m.f.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 ¢ 4. The value of X, is such that the drop 1,X; is equal to the self induced
em.f. ey due to flux ¢ 5.

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 separate limbs.

9.11.1 Equivalent Leakage Reactance

Similar to the resistances, the leakage reactances also can be transferred from primary
to secondary or vice versa. 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]l: = X1+X2 where XZ—F

While the total leakage reactance referred to secondary is X, given by,
Xpe = X, +X; where Xj =KZX1]

Nj
Nj

And K = = Transformation ratio

9.12 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,

Zy = Ry+jX 0 v (1)

And the total impedance of the secondary winding is Z, which is ,

Z, = Rp+jX,Q e

This is shown in the Fig. 9.20.

Fig. 9.20 Individual impedances
The individual magnitudes of Z, and Z, are,

% - T -0
and Z, = ,’R§+X§ - (4

Similar to resistance and reactance, the impedance also can be referred to any one side.
Let 2y; = Total equivalent impedance referred to primary

then Zie = Ryg +j X

Zye = Z.1+Z'2=Z1+%- ... (5)
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d) Xpe = Xp+ Xy =Xy + K2 Xy =0.0075+(0.05)2 x2.6 = 0.014 Q
e) Zip = Ryg+j X, =355+j56Q

[Z1e] = 3.552+45.62 = 6.6304 Q
f Zpe = Ry +j X = 0.00887 + 0.014

1Zpe| = +(0.00887)% +(0.014)7 = 0.01657 Q

g) To find full load copper loss, calculate full load current.

- Total copper loss = [(I;) F.LI® Ry, = (11.3636)2x 3.55 = 4584194 W

This can be cross checked as,

()FL = kVA\):leOO: 25:110000 = 2797 A

Total copper loss = 12 Ry +12 Ry
= (11.3636)2 x1.75+(227.272)2 % 0.0045
= 22598 + 2324365 = 458419 W

9.13 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,

% voltage regulation = %xwﬂ

The ratio (E; - V, / V) is called per unit regulation.
The secondary terminal voltage does not depend only on the magnitude of the Joad
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.
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9.14 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.

9.14.1 Core or Iron Losses

Due to alternating flux set up in the magnetic core of the transformer, it undergoes a
cycle of magnetisation and demagnetisation. Due to hysteresis effect there is loss of energy
in this process which is called hysteresis loss.

It is given by, IHystemsis loss = Ky, B, & f v watts

where K;, = 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, BZ, £ ¢ 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 By, 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 P;.

The iron losses are minimised by using high grade core material like silicon steel
having very low hysteresis loop and by manufacturing the core in the form of laminations.

9.14.2 Copper Losses
The copper losses are due to the power wasted in the form of I’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 = I3 Ry +13 Ry
12 (R; +R3) =13 (Rz +RY})
13 Rye =13 Rye
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(VA rating)x cos¢
(VA rating)x coso+ Pi +13 Ry

= 100

%n =

This is full load percentage efficiency with,

= 1y = 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.
Let n = Fraction by which load is less than full load = Sfualload

Full load
For example if transformer is subjected to half load then,
_ Halfload _ (1/2) _ 05
" Fullload ~ "1 ~

When load changes, the load current changes by same proportion.
New I, = n (I;)FL.

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’ (P, FL.

So copper losses get reduced by n
In general for fractional load the efficiency is given by,

n{VA rating) cos ¢ < 100
n(VA rating) cos$+ P + n? (P, JF.L.

Yon =

Fraction by w]'uc.h load is less than full load

]

Where n
Key Point: For all typr:a- af !'oad ra‘wr f:c!ors lazamy, fm..frrc it un..!y the cﬁmw.

expression does not change.

mmp Example 9.7 : 3300 / 110 V, 50 Hz, 60 kVA single phase transformer has iron losses of
600 watts. Primary and secondary winding resistances are 3.3 ofms and 0.011 ohms
respectively. Determine the efficiency of the transformer on full load at 0.8 lag p.f. load.
{May-2000)

Solutien : vV, =3300V, V,=110V, kVA =60, f=50Hz, R;=33Q,

Ry=00110, Pj= 600W, cosé¢ = 08 lag

kVA 60 x 103
(Ipr, = -—‘\T,]H* =~ - 18.1818 A
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Primary Cu loss = I R; = (18.1818)° x 3.3 = 109090 W

KVA _ 60 x 103
A § T

(L)L = 5454545 A

Secondary Cu loss =

2 Ry = (5454545)° x 0.011 = 32727272 W
Total Cu loss = 1090.90 + 3272.7272 = 4363.6272 W

P, = 43636272 W on full load

_ kVA xcosd
PN T VAcosg T P, + oy 100

60 x10% 0.8
x 100
60 x10% %0.8+ 600 + 4363.6272

90.6282 %
wmp Example 9.8 : A 4 kVA, 200/400 V, 50 Hz, single phase transformer has equivalent
 resistance referred to primary as (.15 . Calculate,

i) The total copper losses on full load

ii) The efficiency while supplying full load at 0.9 p.f. lagging

ifi) The efficiency while supplying half load at 0.8 p.f. leading.

Assume total iron losses equal to 60 W.

Solution : V; =200 V, V, = 400 V, S = 4 KVA, R, = 0.15Q, P; = 60 W

400
K = E-ﬂ-ﬁ-z

Ry = K'R;,=(2?x0.15 =060

kVA  4x103
T a0 10 A

(I F.L.

(i) Total copper losses on full load,
(Po) FL. = [(I) FLI Ry, = (1012%0.6 = 60 W
(i) cos &= 09 lagging and full load

VA rating cos¢

VA rating cos ¢+ Py + (Peu) F.L.>< 100

%n =

103%0.9
N o= e X107X09 100 = 96.77%
4x103 x0.9+60+60
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(iii) cos ¢ = 0.8 leading, half load
As half load, n 05
(PHL. = n2x (Py)F.L = (0.5)2%x60 =15 W

nx(VA rating) cos¢ x1
nx(VA rating) cos ¢+ P; + (e JH.L.

00

%n =

0.5x4x103%0.8

= x100 = 95.52%
0.5x4x103 x0.8+60+15

9.16 Condition for Maximum Efficiency

When a transformer works on a constant input
0 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 I, is shown in the Fig. 9.23.
The load current at which the efficiency attains
Fig. 9.23 maximum value is denoted as I, and maximum
efficiency is denoted as Nmax- -

Let us determine,
1. Condition for maximum efficiency.
2. Load current at which Nmax occurs.
3. kVA supplied at maximum efficiency.

The efficiency is a function of load i.e. load current I, assuming cos ¢, constant. The
secondary terminal voltage V, is also assumed constant. So for maximum efficiency,

dn

a, - °
Now n = Vz Iz C{H@z
VI3 costz + P +13 Ry,
dn _ 4 Vz I cosdy =
dlz dlz [V; 17 cos¢y + Py +12 Ry

d
s (V213 costy + P +12 Rzg]‘agfvz I3 coséy)

= (V2 1 coséa) - g (V2 Iz coséy + P +13 Rag) = 0
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| . Saving in copper = KxWeight of copper in two winding transformer ] ... Step down

In step up autotransformer this expression becomes,

| Saving in copper = ;‘?x\\’cighl of copper in two winding transformer [ ... Step up

S——
npes

9,18.2 Advantages of Autotransformer
1) Copper required is very less.
2) The efficiency is higher compared to two winding transformer.
3) The size and hence cost is less compared to two winding transformer.

4) The resistance and leakage reactance is less compared to two winding
transformer.

5) The copper losses I2R, are less.

6) Due to less resistance and leakage mactarme, the voltage regulation is supenor
than the two winding transformer.

9.18.3 Limitations of Autotransformer

1) Low impedance hence high short circuit currents for short circuits on secunda.ry
side.

Z)Hasecﬁnnofwindjngmmmuntoprhnaryandsecondaryisnpened,ﬁﬂl

primary voltage appears across the secondary-resulting in higher voltage on
secondary and danger of accidents.

3) No electrical separation between primary and secondary which is risky in case of
high voltage levels.

9.18.4 Applications of Autotransformer
1) For interconnecting systems which are operaling roughly at'same voltage.
2) For starting rotating machines like induction motors, synchronous motars.
3) To give a small boost to a distribution cable to correct for the voltage drop.
4) As a furnace transformer for getting required supply voltage.
5) As a variac, to vary the voltage to the load, smoothly from zero to the rated value.
Such variacs are commonly used for dimming the lights in cinema halls. Hence

the variacs are also called dimmerstats. The principle of dimmerstat is shown in
the Fig. 9.27.
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™~ Mountling
for lamps
: Lamps
2 Lamp connecled in
parallel across V,

1g this contact
Vz can be controlled & hence
brightness of lamps can be controlled

Fig. 9.27 Autotransformer as dimmerstat

Examples with Solutions

mp Example 9.11 : A 250 kVA, single phase transformer has 98.135 % efficiency at full

load and 0.8 lagging pf. The efficiency at half load and 0.8 lagging p.f. is 97.751 %.
Calculate the iron loss and full load copper loss.

Solution : a) The output power at full load
= 250x103x0.8 = 200102 watt

200%103

The input power at full load, = NS E

200%103

— 3
098135 20010

The total loss = Input - Qutput =

P +Py = 3800.88 watt (i)
Where P = Ironloss and P = Full load copper loss
The power output at half load = 125x10%x0.8 = 100x103

. 100x103
The power input at half load = T
100x%103

AU O 3
0.97751 10010

Total loss

P, +(0.5)2F. = 230074 ie. [ +025P. = 2300.74 (1)
From equations (i) and (ii),
Fi = 2000.18 watt
Py = 1800.69 watt <. full load
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1y Example 9.12 : A single phase transformer has 500 turns on primary and 1000 turns on
secondary. The voltage per turn in the primary winding is 0.2 volts. Calculate
i) Voltage induced in the primary winding.
ii) Voltage induced in the secondary winding.
ifi) The maximum value of the flux density if the cross-sectional area of the core is
200 e,
i) kVA rating of the transformer if the current in primary at full load is 10 A, the
frequency is 50 Hz.
Solution : The data given is,
N; = 500, N,=1000, f=50Hz A =200x10~4 m?

Volt _ (E;

Fam = [ N ] 0.2 volts
i) Voltage induced in the primary
Volt x
Tum

i) Voltage induced in the secondary

100
E, = xE, _ﬁxloﬂﬂ 200 volts

E, = = 0.2 x 500 = 100 volts

iii) The maximum value of the flux in the core

_ E; 100 -
Om = TEIxFxN; - L.44x50%500 - 009 X107 Wb

The maximum value of flux density By, can be calculated as

-4
- %’h%ﬂmswwm’mm

iv) kVA rating of the transformer = Vix11x 103 = Vax I3 %1073
=100x10x102 = 1 kVA
imp Example 9.13 : A 500 kVA transformer has iron losses of 2 kW and full load copper
losses of 5 kW Calculate the efficiency at 75 % of full load and unity power factor.
(Dec.-2007)
Solution : S = 500 kVA, P, (FL)=5kW, P;=2kW
To find 1 at 75 % of full load, cos 6= 1
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n = 75 % of full load = 0.75

nxVAcos¢

%n = x 1
NXVA cos 0+P, +n2Py (F.L)

... New P, =n?x P, (FL)
0.75%500x103 x1

= 100 = 98.7329 %
0.75%500%10% x1+2x103 +(0.75)2 x5x 103 *

hmp Example 914 ¢ A 260 kVA, single phase transformer has primary voltage of 2000 V and
secondary voltage 500 volts. The supply frequency is 50 Hz. The total effective resistance
and reactance referred to the primary are 0.5 Q and 2 Q respectively. Calculate the voltage
regulation of the transformer at full load wnity p.f.

Solution : S =200 kVA, V; =2000 V, V; =500 V, f=50 Hz, Ryp=050Q, X;,=20
The full load current on primary side is,

kVAx10% _ 200x10°

1, =
1 Vi 2000

=100 A

The voltage regulation at unity p.f. is,
% Reg = IlRlemS¢l+I1X1esian1m
Vi
_ IMxﬂ.Sz‘;;UlﬂﬂxeOxlm —25%
mmp Example 9.15 : The iron loss of 100 kVA, 1000 V /250 V, single phase 50 Hz
transformer is 1000. The copper loss when primary carries current of 50 A is 500 walt.
Calculate :

i) Area of cross-section of limb if working flux density is 0.9 T and primary has 1000 turn
i) Primary and secondary currents. iii) Efficiency at full-load and 0.8 power factor.

(Dec.:97, Dec. - 2006)
Solution : Iron loss P; = 1000 W, V; = 1000 V, V, = 250 V

K= -—f=s—o==s

Copper loss Py 500 Watl; =50 A

i) Vi = 444fo, N
1000 = 4.44 % 50 x ¢, x 1000
Om = 45045 x 107 Wb and B, =09 T
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[
Now B, = =&
4.5045%1073 _
a = %@.:L;‘; =5005 x 10~ m? = 50.05 cm?
" kVAx10*3 _ 100x103
i) b= T T T 1%0A
kVAx10? _ 100x103
L= TV, T 250 400 A

iid) P, = 1000 W

Py = I

Paa _ (LY

Feuz I>

Pog = 500Wat I; =50 A
Buton full load I, = 100 A

S0 _(50F

Pz _ \100

Py = 2000 W on full load

- kVA cos ¢

%N = VAcosorF 4P < 1P

Now cos § = 0.8 given
3
%y = 100x103%0.8 X100

100103 x 0.8 +1000 + 2000
= 96.38 % ... full load efficiency

i Example 9.16 : A single phase 100 kVA, 3.3 kV/230 V, 50 Hz transformer has 89.5 %
efficiency at 0.85lag pf both at full load and also at half load. Determine the efficiency of
the transformer at 75% load and 0.9 lead p . (Dec. - 98)

Solution : The efficiency is given by,

nkVAcosé

M = VA cos 07 T + Py

Fraction of load

]

P; = Iron loss
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P, = Full load copper loss
For n =1and n = 0.5 with cos ¢ = 0.85 the efficiency is 89.5 %.

3
L 0895 = 1x100%107 x0.85
13%100%10% % 0.85% P; + Py

o
+
-1
i

+ Py 9972.067 ) e (1)
0.5x100x103 x0.85

0.5%100x103 x 0.85 +F; *PTN

As for half load, P, « I

Peupr  _ (I 3 =4
PeunL. T

®

Py = —?% at half load

1=,+PT‘“ = 4986.033 @

Subtracting equation (2) from equation (1) we get,
P, = 6648044 W
P, = 33402 W
Now for 75% load, n = 0.75
New Pg = Pg,x (0.75) at 75 % load
New P, = 6648.044x (0.75 = 373952 W
cos ¢ = 09 leading

3
%y = 0.75x100%103 % 0.9 %100 = 90.5268 %
0.75%100x 103 x 0.9+ 3324.022 + 3739.52

mmp Example 9.7 :  Observation table and some of the calculated values of a direct loading
test on 4kVA, 200 / 400 V, 50 Hz, 1-ph, transformer are given below : -

Input side Qulput side
Obs. | Vy | Iy wy | pt Vs I W Losses % %
No. voiis | amps | waits Constant/ am:lgncy Regulation
volts | amps | walts | * Variable watls
400 | 10.0 - - 190 | 20 | 3040 64 - 92 -
2 400 | 7.82 - . - 12.9 | 2000 64 - - 3%
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Fill up the blank space (marked-} with appropriate values in the following form :-

(May-2001)
_ Solution : For obs. no. 1, %n=~‘\f‘:£xxm
1
_ W
92 = W1 x 100
W, = 3304348 W
Now - Wl =V111C‘Oﬂ¢1
3304.348
COB¢1 = w= 0.826 lﬂ.g
No load voltage =200V
_ Noload~-Load voltage 200-190
%R = leﬂﬂ 550 ———x100 = 5%

Total losses = W, — W, = 3304.348 — 3040
= 264348 W = Constant + Variable
Variable = 264.348 — 64 = 200348 W
no load - Load voltage

For obs. no. 2, = roToad %100
003 = 200 Lu;.ﬂc:] voltage
V, = 194V
Now for I, = 20 A, Copper loss = Variable loss
= 200348 W
and LpL = 5%;133—3 =204
(Peylpp, = 200348 W
Now Newl, = 129 A, andP, =T
Pew)F.L. _ (hi__]z
(Pea ) new Iz new

200.348 20 Y
(P Juew [ 12.9
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Solution :

V, =6600V, V; =220V, Ny =1500, Bm =12T

i) N, 86001500
V. T N 220~ Na
Nz = 50

i) Vi = 444 &y fN;  ie. 6600 = 4.44x oy x50x 1500
¢m = 19.8158 mWb

Now Om = Bmxa

19.8198x10~* = 1.2xa _
a = 165165x1073 m?

mmp Example 921 : The no-load and full-load unity power factor readings of direct loading
test on single phase transformer are as given below. Find its efficiency and regulation at full

load, unity p.f. (May - 2004)
No load test Primary side Secondary side
Vi h W vz I
20V 165A mw 110 v 00 A
Full load unily p.f. test 220V 18 A 3700 W 1025 V 5 A

Solution : From given table,
On full load, W; = 3700 W

and Wz = VI3 cos¢=1025x%35x1 cos ¢=1
= 35875 W
wo - W -
o = X100 = 96.95%

On no load, E; = 110V
% R = E; -V, %100 =110-102,5

T, 110 x100 = + 6.8181%
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iv) n =07 and cos¢p=1
P(new) = n2P (F.L)=(075)%x1024 = 576 W
_ n kVA cos¢
%N = TIVA cos 47 3Py (new) 0
3
- 075x 80x107 %1 %100 = 98.238 %
075%80x103 x1+500+576

lmp Example 9.23 : A single phase transformer when connected to a lamp load gave
following results :

S No.| vy 1 w, | v I A
1. 200 1.5 60 100 1] /]
2. 200 12.9 2510 a7 25 2425

Calculate efficiency and % Reéulatiaﬂ of transformer at I, = 25 amp (second reading).
. ' (May - 2005)
Solution : AtI; = 25 A, from the given table,
W, = 2510W  and W, =245 W

Wa _ 2425 _
% N Tlxlﬂﬂ = -ﬁ-ﬁxlm._ 96.6135 %
Ans E; = V;onnoload =100 V
While V, = 97Von ,=25A
' _ Ep-Vy oo 100-97 .. _
%R = nﬁ;-xlﬂﬂ- 100 %100 =3 %

=) En_mplo 9.24 : A 50 kVA, 2200/220 V, 50 Hz transformer has an iron loss of 300 watt.
The resistances of low and high voltage windings are 0.005 ohm and 0.5 ohm respectively. If
* the load power factor is 0.8 lagging, calculate its efficiency on full load and half load.

" (Dec.-2005)
Solution : B = 300W,R; =0.0054, Ry =054 cos ¢= 08 lag
_ Ve _ 20 _ ¢ '
K_-——-V]——-—m—l],l .
' Ra 0.005
Rie = R1+Ry = Rj+—= =05+ =10
le 1+ K2 1 K2 {0.1]2

. _ KVA _50x103 _
WGl =~y = gppy = 27272 A
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i) Full load %N

Pea(F.L) = [lyeyl? xRy = 516.5269 W
VA ctm‘p
VA cosg+D; + Py (F. L]

3
- 50x107 x0.8 100 = 97.999 % = 98 %
50103 % 0.8+ 300+516.5289

%100

ii) Half load, n = 0.5

nxVAcosp

*100
nVA cos¢+ P +n2 [Pey (F. L)]

%o ML

3
i 0.5x50x10~ x 0.8 %100 = 97.89 %

0.5%50%10% x 0.8+ 300 +(0.5)2 x516.5289

W

B MmN T

19.

Review Questions

. Explain the principle of working a single phase transformer.
. Explain the construction of a single phase transformer.
. Discuss the difference between core type and shell type of construction.

T

. State the relationships between voltages and currents on primary side and secondary side of a

. Explain the various features of an ideal transformer.
. What is the difference between ideal transformer and practical transformer ?
. Draw a no load phasor diagram of a transformer and explain,

. Define regulation, stating an expression to oblain if.
. Enumerate the various losses in a transformer. How these losses ean be minimised ?

. Derive the expression for copper saving in an autotransformer.
. Transformer is a constant flux machine. Explain with reasons.
. A 600 kVA, single phase transformer has an efficiency of 94 % both at full load and half load at

Derive from the first principles, the e.m.f. equation for a transformer.

single phase transformer.
What is kVA rating of a transformer 7

Write a note on various winding p of a if

What do you understand by efficiency of a transformer 7
Derive the condition for maximum efficiency.
What is an autoltransformer ? State its advantages, limitations and applicati

unity power factor. Determine its efficiency at 75 % of full load at 0.9 power factor .
(Ans.:93.722%)
The magnetic material used for a transformer has an iron loss of 75 W at 25 Hz while 165 W at
40 Hz when flux density in the core remains same. If the transformer is connected to 60 Hz
supply, what will be the new eddy current loss, hysteresis loss and iron loss ?
(Ans.: 270 W, 67.5W, 3375W)
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20.

21.

22,

26.

27

23

. A 2200/ 220 V', single phase transformer draws a no load current of 0.5 A and consumes 300 W

A 5 kVA, 200100 V, 1 ¢, 50 Hz transformer has a rated secondary voltage at full load. When the
load is removed the secondary voltage is found to be 110 V ? Determine percentage regulation.
(Ans. : 9.09 %)
In a 25 kVA transformer the iron loss and full load eopper loss are 350 W and 400 W respectively.
Calculate the efficiency of the transformer at i) Half load at unity p.f. and ii) 3 / 4™ th full load at
0.8 pf. lagging. (Ans. : 96.525 %, 96.308 %)
The required no load ratio in a single-phase 50 Hz core type transformer is 6000/150 V. Find the
number of turns per limb on the high and low voltage side if the flux is to be about 0.06 Wb.
(Ans. : 225.225 turns, 5.63 turns)
A single-phase 25 kKVA 100022000 V, 50 Hz transformer has maximum efficiency of 98 % at
Sull-load wp.f. Determine its efficiency at,
(@ 34" full-load wpf. (b) 3™ Sfull-load 0.8 p.f. (c) 1.25 full-load 0.9 p.f.
(Ans. : 97.918 %, 96.909 %, 97.728 %)

on no load, Find magnetising and active components of no load current.
(Ans.: 0.1363 A, 0.4810 A)
A 50 kVA single phase transformer has €00 turns on primary and 40 turns on the secondary. The
primary winding is coneected to the 2.2 kV, 50 Hz supply. Calculate :
i) Secondary voltage on no load i} Full load primary and secondary currents,
(Ans. : 146.67 V, 22,727 A, 340.909 A)
A single phase transformer has 500 twrns on primary and 250 turns on secondary winding. The
maximum value of flux is 9 mWb. Calculate the primary vollage, secondary voltage, kKVA rating of
the transformer if full foad primary current is 10 A and the supply frequency is 50 Hz.
(Ans.: 999 V, 499.5V, 9.99 kVA)

The reading of direct load test on a transformer al unity pf are,

Primary Secondary
vy Iy Wy v, 1 w
No Load 230 2 20 115 0 ]
Full Load 230 11 1265 110 10 -
Caleulate regulation and efficiency of transformer at full load, (Ans. : 86.95 %, 4.347 %)

A 10 kVA, 3300240 V, single phase, 50 Hz transformer has a core aren of 300 sq. cm. The

permissible flux density is 1.3 T. Calculate,

i) Number of primary tums i) Number of secondary turns i) Primary full load current
(Ans.: 382, 28, 3.0303 A)

QaQ
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B-H Curve and Magnetic Losses

A.1 B-H Curve or Magnetization Curve

We have already seen that magnetic field strength H is ? As current in coil changes,
magnetic field strength also changes. Due to this flux produced and hence the flux density
also changes. So there exists a particular relationship between B and H for a material

wtuch ca.nbe shown on thc graph.

' :fKey ol'
(o t

Let us obtain the B-H curve experimentally for a magnetic material. The arrangement
required is shown in the Fig. A.l1.

3 The gmp}r F':emwn Ihe' ﬁfu dsn.«ify fB;l 1e
the  mignetic material is ealled as its niagnetization curoe or

Rheostat Ring with
(R) area of
cross-section ‘a’

T

[
Fig. A.1 Experimental set up to obtain B-H curve

The ring specimen as a mean length of I metres with a cross-sectional area of 'a’
square metres. Coil is wound for ‘N’ turns carrying a current T which can be varied by
changing the variable resistance 'R' connected in series. Ammeter is connected to measure
the current. For measurement of flux produced, fluxmeter can be used which is not shown
in the Fig. A.1.

So H can be calculated as ' while B can be calculated as 2 for various values of
current and plotted.

With the help of resistance R, I can be changed from zero to maximum possible value.

(A-1)
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The B-H curve takes the following form, as shown in the Fig. A.2.

¢ Saturation

Field sirength
H{AT/m)

Fig. A.2 B-H curve

The graph can be analysed as below :

i) Initial portion : Near the origin for low values of 'H', the flux density does not
increase rapidly. This is represented by curve OA. The point A is called as instep.

ii) Middle portion : In this portion as "H' increases, the flux density B increases
rapidly. This is almost straight line curve: At point 'C' it starts bending again. The
point ‘C' where this portion bends is called as knee point.

iii) Saturation portion : After the knee point, rate of increase in 'B' reduces drastically.
Finally the curve becomes parallel to 'X' axis indicating that any increase in 'H'
hereafter is not going to cause any change in 'B'. The ring is said to be saturated
and region as saturation region.

We have seen already that according to molecular theory of magnetism, when all

molecular magnets align themselves in the same direction due to application of H,
saturation occurs.

Such curves are also called saturation curves.

A.1.1 B-H Curve and Permeability
From B-H curve, a curve of relative permeability jt, and H can also be obtained.

As B=uH
= fetg H

B_
noH

He =

o is constant which is 4nx10~7. So B/H is nothing but slope of B-H curve.

‘Key Point: 5o slope af BH curve gl vanous pomta decide Hhe value: of n!fabwc
permeability at that poink, e S

Initially the slope is low so value of ji,is also low. At knee point, the value of slupc of
B-H curve is maximum and hence i, is maximum. But in saturation region the value of
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very small. When atoms combine to form molecules such magnetic fields balance each
other and hence molecule becomes magnetically neutral in nature.

However in addition to such orbital motions, electrons, revolve about their own axes.
A spinning electron also sets up its own magnetic field around it axis of spin. Direction of
field depends on the direction of spin. In an atom all electrons are not rotating in same
direction but they are revolving in such directions that the magnetic fields produced, due
to spinning neutralize each other. In ferromagnetic materials like iron, nickel etc. have
number of uncompensated electron spins and hence such materials show the magnetic
properties.

After the applications of external m.m.f. all electrons start revolving in same direction’
and hence gives strong magnetic effect. The theory of electrons is exactly similar to the
theory of molecular magnets presenl: inside the materials, discussed earlier in the chapter
three,

A.3 Magnetic Hysteresis

Ammeler
2R
h
L1 1
E= Z
R ible switch
R

-Flg. A.5 Experimental set up to obtain hysteresis loop

Earlier in chapter three we have studied B-H curve for a magnetic material. Magnetic
hysteresis is extension to the same concept of B-H curve.

Instead of plotting B-H curve only for increase in current if plotted for one complete
cycle of magnetization (i in current) and demagnetization (decrease in current) then
it is called hysteresis curve or hysteresis loop.

Consider a circuit consisting of a battery ‘E', an ammeter, variable resistance R and
reversible switch shown in the Fig. A.5.
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A.3.1 Steps in Obtaining Hysteresis Loop

i) Initially variable resistance is kept maximum so current through the circuit is very
lﬂw.TheﬁeldstmngthH=¥isalsoveryluw.50ascunenlisinﬂeased,far low
values of field strengths, flux density do not increase rapidly. But after the knee

- point flux density increases rapidly upto certain point. This point is called point of
saturation. There-after any change in current do not have an effect on the flux
density. This curve is nothing but the magnetization curve (B-H curve) discussed
in earlier chapter. This is the initial part of hysteresis loop.

ii) After the saturation point, now current is again reduced to zero. Due to this field
strength also reduces to zero. But it is observed that flux density do not trace the
same curve back but falls back as compared to previous magnetization curve. This
phenomenon of falling back of flux density while demagnetization cycle is called
hysteresis. Hence due to this effect, when current becomes exactly zero, there
remains some magnetism associated with a coil and hence the flux density. The
core does not get completely demagnetized though current through coil becomes
zero. This value of flux density when exciting current through the coil and
magnetic field strength is reduced to zero is called residual flux density or
remanent flux density. This is also called residual magnetism of the core. The
magnitude of this residual flux or magnetism depends on the nature of the
material of the core. And this property of the material is called retentivity.

iii) But now if it is required to demagnetize the core entirely then it is necessary to
revemetheduechmof!hecunmtﬂwughﬂ\ecoﬂ This is possible with the help
of the intermediate switch.

1v)].f now this reversed current is increased, core will get saturated but in opposite
direction. At this point flux density is maximum but with opposite direction.

v) If this current is reduced to zero, again core shows a hysteresis property and does
not get fully demagnetized. It shows same value of residual magnetism but with
opposite direction.

vi)If current is reversed again, then for a certain magnitude of field strength,
complete demagnetization of the core is possible.

vii) And if it is increased further, then saturation in the original direction is achieved
completing one cycle of magnetization and demagnetization.

The curve plotted for such one cycle turns out to be a closed loop which is called
hysteresis loop. Its nature is shown in the Fig. A.6.
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Flux densily B '
+B,, |- o
Saturation
E
. . c
Residual magnetism ——si
—_—
Magnetic field strength
G
Satwration m

Coercive force

Fig. A.6 Hysteresis loop

Part of Curve Represents What ?

O-C-D : Region corresponding to normal magnetization curve increased form 'O’ to
Tnax corresponding to ‘B . Maximum flux density is + By

D-E Current reduced to zero, but core cannot be completely demagnetized. O-E
represents residual magnetism and residual flux density, denoted by + B,

E-F Current is reversed and increased in reversed direction to get complete
demagnetization of the core. O-F represent coercive force required to
completely wipe out + B,

F-G Current is increased in reversed direction till saturation in opposite
direction is achieved. Maximum flux density same but with opposite
direction ie. = B,

Gl Current is reduced to zero but again flux density lags and core cannot be
completely demagnetized. O-I represents residual flux density in other
direction i.c. - B,

L] Current is again reversed and increased till complete demagnetization is
achieved.

]-D Current is again increased in original direction till saturation is reached.

Corresponding flux density is again + B,

A.3.2 Theory Behind Hysteresis Effect

As seen from the loop 'O-C-D-E-F-G-I-]-D' shown in the Fig. A6, the flux density B
always lags behind the values of magnetic field strength H. When H is zero,
corresponding flux density is + B,. This effect is known as hysteresis.
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This can be explained with the help of theory of molecular magnets inside a material.
When a ferromagnetic material is subjected to a magnetic field strength, all the molecular
magnets inside, align themselves in the direction of the applied m.m.f. If this applied force
is removed or reduced some of the molecular magnels remain in the aligned state and
magnetic neutralization of the material is not fully possible. So it continues to show some
magnetic properties which is defined as the residual magnetism.

The value of the residual magnetism as said earlier depends on the quality of the
magnetic material and the treatment it receives at the time of manufacturing. This property
is called as retentivity.

Key Point : Higher the value of refentivity, higher the. salue of e power of Uie
murgnetic material fo refain ifs magnetisne For high refentivity, higher is the coercive
force reguired. ' ;

It can be measured in terms coercivity of the material.

A.4 Hysteresis Loss

According to the molecular theory of magnetism groups of molecules acts like
clementary magnets, which are magnetized to saturation. This magnetism is developed
because of the magnetic effect of electron spins, which are known as 'domains’.

When the material is unmagnetized, the axis of the different domains are in various
direction. Thus the resultant magnetic effect is zero.

When the external magnetomotive force is applied the axes of the various domains are
oriented. The axes coincide with the direction of the magnetomotive force. Hence the
resultant of individual magnetic effects is a strong magnetic field.

When a magnetic material is subjected to repeated cycles of magnetization and
demagnetization, it results into disturbance in the alignment of the various domain. Now
energy gets stored when magnetic field is established and energy is returned when field
collapses. But due to hysteresis, all the energy is never returned though field completely
collapses. This loss of energy appears as heat in the magnetic material. This is called as
hysteresis loss. So disturbance in the alignment of the various domains causes hysteresis
loss to take place. This hysteresis loss is undesirable and may cause undesirable high
temperature rise due to heat produced. Due to such loss overall efficiency also reduces.

Such hysteresis loss depends on the following factors

1. The hysteresis loss is directly proportional to the area under the hysteresis curve
i.e. area of the hysteresis loop.

2. Tt is directly proportional to frequency i.e. number of cycles of magnetization per
second.
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P = Nxax%;!xi

Energy supplied in time dt = Px dt  Joules
AE = NxaxABx!

AE = -h:—lxlxaxaB

AE
This is energy supplied within time dt.
" Energy supplied for one cycle can be obtained by integrating above expression.
E = axIx§HAB Joules

HxaxIxAB Joules

Here § is nothing but integration of the areas enclosed by strip H A B for one cycle i.e.
the area enclosed by hysteresis loop for one cycle. .
And ax! = Volume of the material.
. Energy supplied during one cycle in Joules = Volume x area of the hysteresis loop.
[ ~ Energy supplied per unit volume = area of the hysteresis loop.

‘When 'H' is increased from zero to maximum, energy is supplied while when 'H' is
* reduced energy is recovered. But all the energy is not recovered.

. So net energy absorbed by material during one cycle appears as hysteresis loss.
. Energy per unit volume per cycle = hysteresis loss per unit volume.
- Hysteresis loss in It:mles/cyt:lc:!t:’a3 = Area of the hysteresis loop.
If the hysteresis curve is drawn with scale as,
) lem = x ampere-tuns/metre of H
- lem = y teslas for B
Then the hysteresis loss can be ca.lm]atecllas,
Hysteresis loss/cycle/m’ = [x x y x Area of hysteresis curve in cm’]

In practice the hysteresis loss is calculated with reasonable accuracy by experimentally
determined mathematical expression devised by Steinmetz, which is as follows

Hysteresis loss = Ky, (By)"® £x volume watts
where' K, = characteristic constant of the material
By, = maximum flux density
f = frequency in-cyd@ per second
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A.4.2 Practical Use of Hysteresis Loop

As we have seen that hysteresis loss is undesirable as it produces heat which increases
temperature and also reduces the efficiency.

In machines where the frequency of the magnetization and demagnetization cycle is
more, such hysteresis loss is bound to be more.

So selection of the magnetic material in such machines based on the hysteresis loss.
Less the hysteresis loop area for the material, less is the hysteresis loss.

Key point: 5o gencrally aaterial toith dess nisterests: foop arait e prefereetl. for
differsnt nuichines like: transformer cores, alternaking current niachines, belophisos.

Shapes of hysteresis loops for different materials are shown in the Fig. A.8.

/] Al ]
/ /)

(a) (b) (c) (d)

Fig. A.8 Practical importance of hysterisis loop

The Fig. A.8 (a) shows loop of hard steel, which is magnetic material.

The Fig. A.8 (b) shows loop of cast steel.

The Fig. A8 (c) shows loop of permalloy (Alloy of nickel and iron) ie. ferromagnetic
materials.

The Fig. A.8 (d) shows loop for air or non magnetic material.

The materials iron, nickel, cobalt and some of their alloys and compounds show a

strong tendency to move from weaker to stronger portion of a non-uniform magnetic field.
Such substances are called ferromagnetic materials.

The hysteresis loss is proportional to the area of the hysteresis loop. For ferromagnetic
materials the hysteresis loop area is less as shown in the Fig. A.8 (c) thus hysteresis loss is
less in such materials.

In nonmagnetic materials, the hysteresis loop is straight line having zero area hence
hysteresis loss is also zero in such materials.
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A.5 Eddy Current Loss

Consider a coil wound on a core. If this coil carries an alternating current i.e. current
whose magnitude varies with respect to time, then flux produced by it is also of
alternating nature. So core is under the influence of the changing flux and under such
condition according to the Faraday's law of electromagnetic induction, em.f. gets induced
in the core. Now if core is solid, then such induced e.m.f. circulates currents through the
core. Such currents in the core which are due to induced em.f. in the core are called as
eddy currents. Due to such currents there is power loss (IZR) in the core. Such loss is
called as eddy current loss. This loss, similar to hysteresis loss, reduces the efficency. For
solid core with less resistance, eddy currents are always very high.

The Fig. A9 shows a core carrying the

Flux ¢
eddy currents.
- Eddy current loss depends on the various
i factors which are
C:D-— Eddy currents
Alternating e i) Nature of the material
cunents | s . ) .
— c“‘.‘“*" if) Maximum flux density
iy L,
:'—*“,_ sl iii) Frequency
R — iv} Thickness of laminations used to
C l ) construct to core
T v} Volume of magnetic material.
Flux ¢

Fig. A.9 Eddy currents
It has been found that loss can be

considerably reduced by selecting high
resistivity magnetic material like silicon. Most
popular method used to reduce eddy current
loss is to use laminated construction to
construct the core. Core is constructed by
stacking thin pieces known as laminations as
shown in the Fig. A.10. The laminations are
insulated from each other by thin layers of
Fig. A.10 Laminated core insulating material like varnish, paper, mica.
This restricts the paths of eddy currents, to
respective laminations only. So area through which currents flow decreases, increasing the
resistance and magnitude of currents gets reduced considerably.

The loss may also be reduced by grinding the ferromagnetic material to a powder and
mixing it with a binder that effectively insulates the particles one from other. This mixture
is then formed under pressure into the desired shape and heat treated. Magnetic cores for
use in communication equipment are frequently made by this process.
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This loss is quantified by using the expression,
K, (B‘m)2 £ xvolume  watts

Eddy current loss
where

A characteristic constant of material

e

B, = maximum flux density

f = frequency
t = thickness of the lamination

A6 N_'lagna!ic Loss [Core Loss or Iron Loss]

The magnetic losses can be classified as
i} Hysteresis loss
ii) Eddy current loss

The magnetic loss occurs in the core hence they are known as core losses. Since core
material is generally iron or its alloy this loss is also referred as iron loss. The magnetic
loss will result in the following effects,

i) Tt reduces the efficiency of the electrical equipment.
l!} ll increases the tempemmm because of hentmg of the core.

The area of hysteresis loop should be narrow. Silicon steel is emplﬂyed for the core
matenal 50 that hysberes;s luss can be min.imtsed
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Chapter 1

1)

2)

3)

4)

6)

8)

9)

10)

11)
12)

13)

Fundamentals of Electricity

Electrical Potential =

where

1= T Amperes
Work done _ W
Charge  Q
R =2
a
1 _a_1fa a
@ wiali) (1)
o = Conductivity
_ Change in resistance per °C _ (Ra~Ri / t2—h)
% Resistance att;°C R
R=R(l+ot
R = R [1+ oAl
o = [ 2 _ 1
- T+as (f —ta) 1 _
) —a—z‘i-(t], I:}
o) 1
% = TFwmton) -1
a»r(tz--n]
0 =G0 __ G0
YT Thag(t-0)  T+opt
pr = poll+agt)
Pz = pall+oa (ta-t)]
=P Ry
R, 2::]'[‘03'[1'\'-1)9

Note : If two cables are joined in series, their conductor resistances come in series
but their insulation resistances are in parallel while if two cables are connected in
parallel then conductor resistances are in parallel but insulation resistances are in series.

P-2)
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14) 1W = 1]/sec
2aN L
15) P=Txa o= ) = Angular velocity in rad/sec
16) W=Vt |
17) P = VI ]/secie watts
2
18) P=VI = 1’R="'T where R = Resistance in Q
19) Electrical energy E = Power x Time = VIt  joules
20) 1 Wh = 1 wattx 1 hour =1 watt x 3600 sec = 3600 watt-sec ie. |
21) 1kWh = 1000 Wh = 1x10°x 3600 ] = 3.6 x 10% ]
VZ
22) Healmerng=VIt=12Rt=—R—t joules
23) Sensible heat = m C At joules
24) 1 calorie = 4.186 joules
' . 1 . .
25) 1 joule = 3% calorie = 0.2389 calorie
26) 1kWh = 3.6x10°]
= B60 keal

27) Total heat in heating process = Sensible heat + Latent heat

where Latent heat = mL

D. C. Circuits

1)  Ohm's Law is, 1= ¥  amperes

2) V=IR  volts

3) T = Constant = R ohms

4)  For n resistances in series, R = Rj+Ra+R3+ .eea+ Ry,

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

11 1.1 1
R R'RIGTRY
Forn=2, R = LR

Ry +Ra2
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5) Current distribution in parallel circuit,
Ry
L = [RI +R3] b

- [_Re
b= [m] fr

6)  Applying KCL, ¥ 1 at junction O = 0

Sign convention : Currents flowing towards a junction point are assumed to be
positive while currents flowing away from a junction point assumed to be negative.

7) Around a closed path Z\u’ =0

Note :
1) Potential rise i.c. travelling from negative to positively marked terminal, must
be considered as Positive.

2) Potential drop i.e. 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.

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

Easy way to remember Delta-Star :

The equivalent star resistance between any terminal and star point is equal to the
product of the two resistances in delta, which are connected to same terminal, divided
by the sum of all three delta connected resistances.

Easy way to remember star-delta

The equivalent delta connected resistance to be connected between any two
terminals is sum of the two resistances connected between the same two terminals and
star point respectively in star, plus the product of the same two star resistances divided
by the third star resistance. ’
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Magnetic Circuits ‘
1) Coulomb’s law F = %
" where M,, M, = Pole strengths
d = Distance between poles
K = Depends on surrounding
2) 1 weber = 10 lines of force
3) B= 9 Wb ieda
a m?
4 H = E;l AT/m
5) For infinitely long conductor,
1
H = ET A/m
If there are N turns,
NI
H = Fd AT/m
. NI
6) For a long solenoid, H = — AT/m

7
8)

F
F

1
BIl newtons

Bllsin & newtons

9) Force between two parallel conductors,

10)
11)
12)

13)
14)

F

m.m.f.

2x107 1, I, £ newton

B

H

pH

B. "

7 in vacuum = 4% 107 H/m
Moty H [/ m

N1 ampere turns
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6) e = —L% volts
2
7 L = »]%- henries
2 2,
8) L=N:|.;a=N|.t;;p.,a henries
9) Magritude of mutually induced em.f. ¢ = -M 9L
10) M = N2
L
11) M = Nkt
L
_ KiNiN:2
12) M= S
13) M = Ny Nzapgp,
- 7
K1N1 Nz
14) M= S
15) = KK
M
16 K =
) JLL;

17) Series aiding :

Ltq = Li+L+2M
18) Series opposition :

Lg =L +Ly -2M

19) E = %LI‘ joules ... Energy stored in magnetic field.

joules/ m?

=8

20) E/ unit volume =
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[EF™E3 Electrostatics
1) F = K(illle newtons
1 1
2 K= g ™ Tne e,
3) g0 = o = B854 x 107 F/m
36mx10Y )
4) Electric flux, y = Q coulombs (numericaliy}
N _ Q 2
5) D=x = jpmC/m
-2 2
6) § = A C/m
_ Q
7 E= Areg €, d2
8) D=Egeg C/m?
9) = % F/m
D .
10) Ep = N F/m  in vacuum
1 12
11 = —_ __ = B
} 13 Ieweio 8.854 x 100 F/m
12) €= &g
13) Electric potential V= % ... volts
_ 1 joule
1 volt = 1 coulomb
Vg = Va-Vg = Wa -Wa volts
14) Potential at P :
Ve = W=-—22 volts
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11) Average value :

While Vo = -

I, = 06371,
Similarly, V,, = 0637 V,,
P, - RS e
T
14) e = Ejsin(ottd)
where ¢ = Phase of the alternating quantity

1. The phase is measured with respect to reference direction ie. positive X-axis
direction.

2. The phase measured in anticlockwise direction is positive while the phase
measured in clockwise direction is negative.

15) Polar system, r £ * ¢ while Rectangular system, x £jy
and X = rcosd, y=rsing (1)

S5 e=tan! ({] @

16) The polar form of an alternating quantity can be easily obtained from its
equation or phase as,
If e Emsin(wttd) then

While r

Ein polar = E £t4¢ where E = rm.s. value

Note : The r.m.s. vlaue of an alternating quantity exists in its polar form and not in
rectangular form. Thus to find r.m.s. value of an alternating quantity express it in
polar form.

_ 17} In general, e = Epcos(ott ¢)
then e = E,sin{at+90x¢)
The phase = 90£¢
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18) Product and division of phasors :
PxQ = [n£o]x[r2£dz2] = [rxr2] £ +¢2

P _nsy _In
- = =1 sy —
Q = nzh il “MT%
Single Phase A. C. Circuits
No. Circuit Impedance (2) ] pf. Remark
cos &
Polar Ra::llngular
1. Pure R R £0°Q R+jOQ 0 1 Unity p.f.
2. | PuelL X, £90°0 0+ix 0 90° 0 Zero lagging
3 Pure C o £-90°02 0=-jX:02 - 80° 0 Zero leading
4. Series RL 2l £+ "0 R+jX Q 0° £ b £ 907 cos ¢ Lagging
5, Series RC 1zl £-¢0 R-jXc 0 -90°2£ 620" | cosé | Leading
Xy = Xc Lagging
o R+]X0 - Leadi
B | SedesRLC | Bl X=X -Xe ¢ cose | X <X .m
X = Xg Unity
1) Series response :
1
®, = —— rad/sec
T JLC
P S e [
Selectivity = F3%. = BW.
£ = JhE
R
BW. = hL
R
A=
f, = f -af
and £, = f, + Af
oL 1
- — but @, = ————
Q=% o= T
W, R
Q = BW. as BW.= (0)2-(I)|)—-E
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2) Parallel A.C. circuit :
Y=G7jB
In the above expression, G = Conductance = ZR:

and B = Susceptance = %—:-

The susceptance is said to be inductive (B)) if its sign is negative. The susceptance
is said to be capacitive (Bg) if its sign is positive.

B is negative if inductive and B is positive if capacitive.

3) Parallel response :

f= —
TN N
where Iy = R!:(f: Dynamic impedance
- 1k
Q= Rric

Polyphase A. C. Circuits

1) Three phase supply :
ep = Ensin(ol)
ey = L, sin(ot=120")

E o sin(0t=240°) = E, sin(wt+120%)

Cu
2) Star connection :

I = I, for star connection

Vi = /3 Vg, for star connection

Thus line voltage is ¥/3 times the phase voltage in star connection.

v ]
_ Vel
[Zs] = I
{pn]
0 = V"l = V"I
Zon = Rpn+j Xign=|Zpn|< 0 Q

Pph = Vph ]I"l‘ cos b

J3 Vilcoso

-
|l
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For star connection, to draw phasor diagram, use
‘_‘FRY = ifg —?y, ?\,5 = ?y -?u and vm:: = ?., —?R

3) Delta connection :
VL= Vi
I = 3 Iy for delta connection

Thus for delta connection, to draw phasor diagram, use

TIw = Tay=Ipr, Iy = Iyp=Ipy and 1y = Igp ~Iyvs
P = 43Vl cos0
5 = J3VLI, volt-amperes (VA) or kVA

Tolal active power P = J3Vil cosd watts (W) or KW
Total reactive power Q = J3Vilisind reactive volt amperes (VAR) or kVAR
Single Phase Transformers
1) E, = 444f¢, N, volts e (D)
2) E, = 444 f¢_ N, vols e (2)
E2 _ Nz _
3 TN
N2
= K h K=-—2
E, = KE  where K=
E: _ Vi _
4 = 7K
Vo L _
9 v, =K
6 kVA ratingofa _ Vili _Valy

transformer 1000 ~ 1000
kVA ratingx 1000

I; full load .. (1000 to convert kVA to VA)

Vi
1, full load = kVA rating=1000
Vi
7 I, = I+1 : e (1)
I, = I sing " e ()

—
L}

= Leosq @)
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I, = JIh+I2 - (4)
8) W, = VLcosg =V, L )
9) W, = V, I, cos 4 = P, = Iron loss . (6)
The load component current 13 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.

10)

11)

12)
13)

Rz

R =

, R
Ry = R1+Rz=RI+K—§
R = K'R,

Ry = R+ R =R+ KR,

High voltage side — Low current side — High resistance side
Low voltage side — High current side — Low resistance side

14)

15)
16)

17)
18)

19)

20)

21)

)
23)
24)

X = X;+Xz where Xj=2L

K2
Xpe = X+ Xi  where Xi=K!X
Zie = Rie+jXe
Zpe = Ry +jXy
. Z3e
2 = K2, and 2, =3%
. - Ez—V:
% voltage regulation = waﬂ
_ IRz cos ¢ 13Xz sin § .
%R = —Ez-—xlm ... Referring to secondary

I Ry cos ¢ £I; Xy sin ¢>< 100
E;

Hysteresis loss = K BL® fv Watts
Eddy current loss = K, BZ, £ ¥ Watts/unit volume
P o I o (kVA)

%R = ... Referring to primary




@ Fundamentals of Electricity

Q1

Q3

Ans. :

Q4

Ans. :
Qs

Sketch a graph showing the variation of resistance of a given metallic conductor with
change in its temperature over the normal range of 0 to 100 °C. Hence, define its
temperature coefficient of resistance, and state its unit. [Dec.-2003, 5 Marks]
Refer section 1.11.

A bucket contains 15 - litres of water at 20 °C. A 2 kW immersion heat is
used fo raise the temperature of water to 95 °C. The overall efficiency of the
process is 90% and the specific heat capacity of water is 4187 J/kg °K. Find the
time required for the process. [Dec.-2003, & Marks]
Refer Ex. 1.43.

At 0 °C, a specimen of copper wire has its resistance equal to 4 milli ohm and its
temperature coefficient of resistance equal to (1/234.5) per °C. Find the values of ils
resistance and temperature coefficient of resistance at 70 °C. [Dec.-2003, 5 Marks]
Refer Ex. 1.44.

An electric pump lifts 12 m* of water per minute to a height of 15 m. If its overall
efficiency is 60 %, find the input power. If the pump is used for 4 hours a day, find
the daily cost of energy at Rs. 2.25 per unit. [Dec.-2003, 6 Marks]
Refer Ex. 1.45.

Enlist the aspects of maintenance and the precautions to be observed of lead-ncid
batteries, so that these give efficient service over a longer life.  [Dec.-2003, 6 Marks]
Refer section 1.19.5.

Describe the methods of charging storage batteries. What are the indications which
confirm that a lead-acid cell is fully charged ? [Dec.-2003, 6 Marks]
Refer section 1.24 and 1.19.4.

How are various materials classified as conductors, resistors and insulators ? Give
two examples of each. What is the effect of temperature and moisture on the
resistance of an insulating material ? [May-2004, 6 Marks]
Refer section 1.10.

P-17)
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Q17

Ans, :

Q.18

Ans, :

Q19

Q.20

Ans, :
Q.21

The effective heat of 100 MW power station is 220 m. Station supplies full load for
12 hours a day. The overall cfficiency of power station is 86.4%. Find the volume of
water wsed. [Dec.-2004, 6 Marks]
Refer Ex. 1.49.

Compare lead acid cell and nickel cadmium cell,

[Dec.-2004, Dec.-2005, Dec.-2006, Dec.-2007, 5 Marks]
Refer section 1.29.

A single-core insulated cable of length 'L’ metre has its conductor diameter 'd” metre
and the thickness of insulation surrounding the conductor is 't’ metre. Derive the
expression for its insulation resistance, if the resistivity of the insulating material is
P’ ohm metre. [May-2005, 6 Marks]
Refer section 1.12.

An electric furnace is used to melt aluminium. Initial temperature of the solid
aluminium is 32 °C and its melting point is 680 °C. Specific heat capacity of
aluminium is 0.95 kj/kg °K, and the heat required to melt 1 kg of aluminium at ils
melting point is 450 k]. If the input power drawn by the furnace is 20 kW and its
overall efficiency is 60 %, find the mass of aluminium melted per hour.

[May-2005, 8 Marks]
Refer Ex. 1.50.

Show how four cells, each rated 1.5 V, 0.1 A, can be connected as batteries in three
different ways to obtain different voltage and current ratings. State the voltage and
current ratings of each type. [May-2005, 2 Marks]
Refer Ex. 1.51.

At 0 °C, the resistances and their temperature coefficients of resistance of two
resistars "A’ and "B’ are 80 ohm and 120 ohm, and 0.0038 per °C ‘and 0.0018 per
°C, respectively. Find the temperature-coefficient of resistance at 0 °C of their series
combination. - [May-2005, 8 Marks)
Refer Ex. 1.52. '

In a thermal gencrating station the heat encrgy obtained by bummjal 1 kg of conl is
16,000 kJ. Find the mass of coal required to get an output electreial energy of 1 kWh
from the station, if its overalf efficiency is 18 %. [May-2005, 4 Marks]
Refer Ex. 1.53.

Enlist the various types of storage batteries. Stafe the application of each.

[May-2005, 4 Marks|
Refer section 1.19, 1.27, 1.28.
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Q.25

Ans. :

Q.26

Q.27

Ans. :

Q.28

Q.29

Q.30

Q.31

Oblain an expression for insulation resistance of the single core cable.

[Dec.-2005, 5 Marks]
Refer section 1.12. _
An electric furnace is used in order to melt 50 kg of tin per hour. Melting
temperature of tin is 235°C and room temperature is 15°C. Latent heat of fusion for
tin is 13.31 keal/kg. Specific heat of tin is 0.055 keal/kg® K. If the input to furnace is
5 kW find the efficiency of the furnace. [Dec.-2005, 6 Marks]
Refer Ex. 1.28

With usual notations prove that (, — 0.,) = 010, (t, — ¢
P (1 e 305, DL 3805, 5 Mobks; May-2008, 6 Mkl
Refer Ex. 1.19, :

Determine the current flowing at the instant of switching a 100 watt lamp on 230 V
supply. The ambient temperature is 25 °C. The filament temperature is 2000 °C and

the resistance temperature coefficient is 0.005/°C at 0°C. [Dec.-2005, 6 Marks]
Refer example 1.23 for the procedure.

I = 425 A
Discuss the effect of temperature on the resistance of various materials and hence
define resistance temperature coefficient. [May-2006, 6 Marks]

Refer sections 1.10 and 1.11.

What is the function of separators in lead acid battery ? Write down chemical
reactions during first charging and recharging lead acid cell.  [May-2006, 5 Marks)
Refer sections 1.19.1 and 1.19.2.

A D.C. shunt motor, after running several hours on constant voltage of 400 V, takes
field current of 1.6 -A. If temperature rise is 40°C, what value of extra resistance is

required in field circuit to maintain field current equal to 1.6 A. Assume motor
started from cold at 20°C and o, = 00043/°C. {May-2006, 6 Marks)

Refer Ex. 1.55.
Define insulation resistance of the coil and hence discuss effect of moisture on it.

[May-2006, 4 Marks]
Refer sections 1.12 and 1.12.3.

What is trickle charging ? Explain the methods used for charging storage batteries, .

[May-2006, 6 Marks)
Refer section 1.24.
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Q.34

Ans, :

Qa5

:Al'l!. H

Q.36

- Ans. :

Calculate the current required by a 1500 V D.C. locomotive when driving a total
lond of 100x10° kg af 25 km per hour up on incline of 1 in 100. Assume tractive
resistance of 0.069 N/kg and effici motor’s ing as 70 %.

of kg and efficiency of gearing Tty 0730
Refer Ex. 1.54.

Define resistance temperature coefficient. If o and o, are the reﬂsﬂmre temperature
coefficients of material at £,°C and 1,°C respectively, then prove that
% _ - . Co
o, et mh) €c.2006, 5 Marks]
Refer section 1.11.

An electrical driven pump lifts 80 m? of water per minute through a height of

12 metres. The efficiencies ofmtorandpumpm?ﬁ%mdﬂﬂ% respectively.
Calculate,

1) Current drawm by motor if it works on 400 V supply and

2) Energy consumption in kWh and cost of energy at the rate of Rs. 5/kWh if pump
operates 5 Hrs. per day for 30 days. . [Dec.-2006, 7 Marks]
Refer example 1.32. : '

Note : The cost given is Rs. 5/kWh instead of 75 pa!se/kWh in the example 1.32.

Q.37
Ans. :
Q.38

Ans
Q39
Ans. :

Q.40

. Total cost = 168171365 = Rs. 84085.68

Explain the maintenance procedure for lead acid bat
N4 Pre fo wl‘l)u. -2006, May-2008, 4 Marks]

* Refer section 1.19.5.
. An immersion heater is used for heating 9 litres of water. lts resistance is 50 ohm

and has efficiency of 83.6 %. How much time is required fo heat water from 20 °C
to 70 °C, when connected to 250 V supply. Specific heat capacity of wafer is

4180 J/kg-°K. [Dex.-2006, 6 Marks]
Refer Ex. 1.56.
With neat sketch explain the construction and working of lead acid cell.
{May-2007, 6 Marks]
Refer section 1.19.
oy

With usual notations derive the expression, o, = Tra 6.y
W2 —h

[May-2007, 5 Marks]
Refer section 1.11.3. .



Basic Electrical Engineering P-23 _ Fundamentals of Electricity

Q47

Ans. :

Q.48

_AI'IS. :

Q.49

Ans. :

Q.50

Define resistance Temperature Coefficient (RTC). State its unit and state if it is true
that RTC can have (i) Zero value, (if) Negative value and (iti) Positive value.

(May-2008, 6 Marks)
Refer section 1.11.

A resistance el t having cross-sectional area of 10 mm? and length of 10 metre
takes a current of 4 Amp from 220 V supply at temperature of 20 °C. Find out
(i) the resistivity of the material and (ii) current it will take when temperature rises
to 60 °C. Assume o5, = 0.0003 /°C. {May-2008, 6 Marks]
Refer Ex. 1.59. )

With neat sketch explain construction and working of mck.ei' cadmium eell.
[May-2008, 5 Marks!
Refer section 1.28

Define insulation resistance and derive expression for it for single core cable.

[May-2008, 5 Marks]
Refer section 1‘12.

Qaa
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D.C. Circults

Q.13

Ans, :

Q.14

Q.15

Q.16

Write the Kirchhoff's voltage equations for the circuit shown in the Fig. 6 and hence
find current flowing through 4 Q resistance.

20 20

AAAA AAAA

[Dec.-2004, 6 Marks]

+
12v =

VWY VWV

)
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W
]
w
)
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.
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Refer Ex. 2.57.

AW

24y 9

Fig. 6

For the network shown in Fig. 7 find the current flowing through 5 £ resistance
using Superposition theorem.

100 50
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[Dec.-2004, 9 Marks]
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Refer Ex. 2.58.

Fig. 7

For the Fig. 7 of Q. 14 find the curreny flowing through 5 Q resistance using

Thevenin's theorem.
Refer Ex. 2.59.

d.c. resistive networks.
Refer section 2.17.

[Dec.-2004, 8 Marks]

_ State and explain with a suitable example, the Superposition theorem as applied to

[May-2005, 6 Marks]



@ Magnetic Circuits

Qi

Q.2

Ans. :
Q6

A magnetic circuit has the mean length of flux path of 20 cm, and cross-sectional
area of 1 cm?. Relative permeability of its material is 2400. Find the m.m.f. required
to produce a flux density of 2 tesla in it.

If an air gap of 1 mm is introduced in it, find the m.m.f. required for the air gap as
a fraction of the total m.m.f. to maintain the same flux-density. |Dec. - 2003, 6 Marks]
Refer Ex. 3.19.

The length of mean flux path and the cross-sectional area of a magnetic circuit are
‘I' metre and- ‘a’ - sq. metre respectively. The relative permeability is 'ur'. A coil of
T - turns, uniformly wound around it, carries a current of 'I' - ampere. Define, at
a point on the mean flux path, the magnetising force and the flux density. Derive the
expression. for the flux set up and hence explain the terms ‘m.m.f.’ and ‘reluctance’
of the magnetic circuit. [Dec. - 2003, 8 Marks]
Refer section 3.8, 3.9, 3.15, 3.18.

With reference to a - magnetic circuit, explain the terms ‘magmetic flux',
‘magnetomotive  force’, ‘magnetic  field intensity’, ‘magnetic flux density’,
‘reluctance’, ‘permeability of free space’ and ‘relative permeability’. State their units.
. May - 2004, 8 Marks]

Refer section 3.6, 3.15, 3.9, 3.8, 3.16, 3.14.

Compare the magnetic circuit with the electric circuit. [May - 2004, 4 Marks]
Refer section 3.20. ¥

A coil is wound uniformly with 300 turns over a steel ring of relative permiability
900, having a mean circumference of 40 mm and cross-sectional area of 50 mm?, If
acurrent of 5 A is passed through the coil, find 1) mm.f. i) reluctance of the ring
and iii) flux. [Dec. - 2004, 6 Marks] -
Refer Ex. 3.20.

For the iron ring solenoid having a magnetic path of 'I'm, area of cross-section Am?,
and coil of N turns carrying | amp. Find the expression for flux ().

[Dec. - 2004, 4 Marks]
Refer section 3.18.

Compare a magnetic circuit with the electric circuit. Bring out clearly the
dissimilarities between them. [May - 2005, 4 Marks]

(P - 36)
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Q.15

Q.16

Q17

Q18

Q.19

An iron ring has circular cross-section 4 cm in radius and the average circumference
of 100 em. The ring is wound with 700 turns.

Calculate :

1) Current required to produce 2 mWb in the ring if u, for the iron is 900.

2) If a saw cut of 1 mm wide is made in the ring, calculate the current which will
give same value of flux in the ring. " [May-2006, 6 Marks]
Refer Ex. 3.11.

The mean diameter of steel ring is 40 cm and flux density of 0.9 Wh/m? is produced
by 3500 Aturns/meter. If the cross-section of the ring is 15 cm® and number of turns
440, calculate:

i) the exciting current ii) the self inductance in henry and i} exciting current and
inductance when air gap of 1 cm is cut in the ring. {Dec.-2006, 8 Marks)
Refer Ex. 3.24.

Compare electric and magnetic circuit. [Dec.-2005, 5 Marks; Dec.-2006, 4 Marks

May-2007, Dec.-2007, 5 Marks; May-2008, 6 Marks]
Refer section 3.20.

Define as related to magnetic circuit-

i) Flux density, ii) Permeability, iii) Reluctance and iv) M.M.F.
[Dec.-2006, 4 Marks)
i) Refer section 3.8.

ii} Refer section 3.14.

iif) Refer section 3.16.

iv) Refer section 3.15.

Define and state the units for the following :

1) Magnetic flux density, 2) Magnetic field strength,
3) Reluctance, 4) Permeance,

5) Permeability and 6) Relative permeability.
{May-2007, 6 Marks, Dec.-2007, 6 Marks)

1) Magnetic flux density : Refer section 3.8,

2) Magnetic field strength : Refer section 3.9.
3) Reluctance : Refer section 3.16.

4) Permeance : Refer section 3.17.

5) Permeability : Refer section 3.14.

6) Relative permeability : Refer section 3.14.3.
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Ans, :

An iron ring of mean length 50 em has air gap of 1 mm and a winding of

- 200 turns. If the relative permeability of iron is 300, find the flux density when a

current of 1 amp flows through the coil. [Dec.-2007, 6 Marks]
Refer Ex. 3.25.

Write a short note on Magnetic Leakage and Fringing.
[May-2007, 6 Marks; Dec.-2007, 5 Marks]

" Refer Ex. 3.21.

Derive the expression for force experienced by two long straight conductors carrying
current and placed in vacuum. [May-2008, 5 Marks]
Refer section 3.13.

A ring has diameter of 21 cm and a cross-sectional area of 10 cm®. The ring is made
up of semi-circular sections of cast iron and cast steel with each joint having a
reluctance equal to an-air gap of 0.2 mm. Find the Amp-Turns required fo produce a
flux of 8 x 107 4 Wb. The relative permenbilities of cast steel and cast iron are

800 and 166 respectively. [May-2008, 8 Marks)
Refer Ex. 3.26.

Define as related to magnetism : (i) Absolute Permeability (ii) Magnetic Field
Intensity (iii) Permeance (iv) Relative permeability. [May-2008, 5 Marks]

Refer section 3.14.1, 3.17, 3.14.3.
aoa



@ Electromagnetic Induction

Q1

Ans. :

Q2

Ans. :

a4

Q.s

Ans. :

Q.6

Ans. :

An electric conductor of effective length of 0.3 metre is made to move with a
constant velocity of 5 metre per second perpendicular to a magnetic field of uniform
flux density 0.5 tesla. Find the e.mf. induced in it. If this e.m.f. is used to supply a
current of 25 A, find the force on the conductor, and state its direction w.r.t. motion
of conductor. Ignoring friction, find the power required to keep the conductor moving
across the field. [Dec. - 2003, 4 Marks]
Refer Ex. 4.23.

Two identical coils P and Q, each with 1500 turns, are placed in parallel planes near
to each other, so that 70% of the flux produced by current in coil P links with coil
Q. If a current of 4 A is passed through any one coil, it produces a flux of
0.04 mWb linking with itself. Find the self inductances of the two coils, the mutual
inductance and coefficient of coupling between them. [Dec. - 2003, 4 Marks]
Refer Ex. 4.24. '

A siraight conductor 1.5 m long lies in a plane perpendicular to a uniform
magnetic field of flux density 1.2 tesle. When a current of ‘I' ampere is passed
through it, it makes the conductor move across the magnetic field with a velocity of
1m/fs. Ignoring resistance of the conductor and friction, find the current 'I', if the
power of the moving conductor is 90 watt. Find the em.f. induced in the conductor
and the force on it. State the sense of the force w.r.t. the velocity, and sense of the
e.m.f. induced w.r.t. current. [May - 2004, 6 Marks]
Refer Ex. 4.26.

A coil M is wound around a magnetic circuit. Explain the phenomenon of self
induced e.m.f. in it. Define its self inductance and state its unit. Another coil N is
wound around the same magnetic circuit. Explain the phenomenon of mutual
inductance between the coils and define ‘coefficient of coupling’ between them.

[May - 2004, 6 Marks]
Refer section 4.7, 4.8.
Obtain an expression for coefficient of coupling for two Wﬂ%wmml
Refer section 4.84.
Obtain an expression for energy stored in magnetic field. [Dec. - 2004, 6 Marks]
Refer section 4.10.

(P - 40)
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Q.8

Ans. :

Q.9

Ans. :

Q.12

Ans. :

Q13

Ans. :

Q.14

Ans. :

Q.15

Ans. :

Q.16

Ans. :

An uncharged capacitance of 30 uF, connected in series with a resistance of 500-ohm,
is suddenly connected across 100 V d.c. supply. Find (i) time constant of the circuit
(i) initial current (iii) current after 0.05 second (iv) final energy stoved in the
capacitor. [May-2004, 6 Marks}
Refer Ex. 5.18. T
Derive, mathematical expression for a capacitor voltage and current at any instant
during charging of capacitor through resistance ‘R’. Also sketch the graph of
capacitor voltage and current against time. [Dec.-2004, 7 Marks]
Refer section 5.24.

Obtain an expression for capacitance of parallel plate capacitor with composite
medium of three materials. [Dec.-2004, 5 Marks]
Refer section 5.20.

Derive the expression for parallel plate capacitor when medium is composite.

{May-2005, 6 Marks}
Refer section 5.20. _
A capacitor is made of two parallel plates with an area of 11 ¢cm? and are separated
by mica sheet 2 mm thick. If for mica €, = 6, find its capacitance. If now, one plate
of capacitor is moved further to give an air gap of 0.5 mm wide between the plates
and mica. Find the new value of mpmmrwe [May-2008, 8 Marks]
Refer Ex. 5.19.

Three capacitors of values 2 0F, 4 uF and 6 pF have an applied voltage of 60 V
across their series combination. Determine the voltage on each of the capacitors.

[Dec.-2005, 5 Marks]
Refer Ex. 54.

Define as related with electrostatics i) Electric flux, ii) Electric flux density,
i) Electric field, iv) Permittivity. [Dec.-2005, 4 Marks]
Refer sections 5.5, 5.6, 5.4 and 5.8.

State and explain how capacitances are classified on the basis of nature of dielectric
used. [Dec.-2005, 5 Marks]
Refer section 5.23.

Derive an expression for energy stored in capacitor.

[Dec.-2005, 4 Marks, May-2006, May-2008, 5 Marks]
Refer section 5.21.
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Q. 17

Qs

Q.19

Q.20

Q.21

BERE

Define as related to electrostatics :

1) Electric Field Strength
2) Permittivity
3) Dielectric Strength and
4) Electromotive Force [May-2006, 4 Marks)
Refer sections 5.7, 5.8, 5.16.
A capacitor of 2 WF capacitance charged to p.d. of 200 V is discharged through a
resistor of 2 MQ.
Calculate :
1) The initial value of discharged current
2) Its value 4 secands later, and
3) Initial rate of decay of the capacitor voltage. [May-2006, 5 Marks]
Refer Ex. 5.20.
Explain what do you understand by dielectric strength and dielectric breakdown in
capacitors. [Dec.-2006, 4 Marks; May-2008, 5 Maks]
Refer section 5.16.
Show that the capacitance of a composite dielectric capacitor is given by
c. =Eofrihr | Eody

a b -t t

Er Ers

where €,,,€,, and €,3 are the relative permittivities of the three dielectrics used in
capacitor and t; and t, are dielectric thicknesses. [Dec.-2006, 5 Marks}
Refer Type 2 of section 5.20.

A capacitor consist of two parallel rectangular plates each 120 mm square separated
by 1 mm in air. When a voltage of 1000 V is applied between the plates an average
current of 12 mA flows for 5 second.Calculate : 1) the charge on the capacitor, ii) the

electric flux density and

iii) the electric field strength in the dielectric. [Dec.-2006, 5 Marks}
Refer Ex. 5.21.

Derive the expression for energy stored in electric field. [May-2007, 5 Marks]
Refer Ex. 5.21.

Two capacitors of 8 PF and 2 uF are connected in series across 400 wvolt supply.
Calculate 1) Resultant Capacitance, 2) Charge on each capacitor and 3) p.d. across
each capacitor. [May-2007, 5 Marks]
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Ans, :
Q.24

Ans. :
Q25

Refer Ex. 5.22.

Define as related to electrostatic field (i) Electric flux (ii) Electric flux Density

(iii) Electric field strength (iv) Absolute permittivity and (v) Relatwe pmmthmty
Dec.-2007, 5 Marks)

Refer sections 5.5, 5.6, 5.7, 5.8.

Derive the expressions for instantaneous voltage, charge and charging current for an
R-C charging circuit. Hence define time constant for R-C charging circuit.
2007, 6 Marks)

Refer sections 5.24, 5.25.

Two capacitors of 2 uF and 4 uF are connected in (i) parallel and ii) series across
100V D.C. supply.

Determine : i) Energy stored in each capacitor and ii) Equivalent capacitance of their
combination in each case. (May-2008, 6 Marks)
Refer Ex. 5.23.

Qao
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Q.7

Ans. :

Q.8

Ans. :

Q.9

Ans. :

Q.12
Ans.

Q.13

Derive an expression for r.m.s. value of sinusoidal alternating current interms of its
peak value. [Dec-2004, 5 Marks]
Refer section 6.7.

Find the resultant of three voltages given by v = 10 sin wf,
vy = 20 sin (ot — /4) and v3 = 30 cos (0t + /6). [Dec-2004, 7 Marks]
Refer Ex. 6.28.

In a certain circuit supplied from 50 Hz mains, the potential difference has a
maximum value of 500 volt and the current has a maximum value of 10 Amp. At
the instant t = 0, the instantaneous values of potential difference and current are 400
volt and 4 Amp respectively both increasing in positive direction. State expressions
for instantancous values of potential difference and current at time ‘t'. Calculte the
instantaneous values at time {=0.015 second. Find phase angle between potential
difference and current. [May-2005, 8 Marks)
Refer Ex. 6.29.

A 50 Hz sinusoidal current has peak factor 1.4 and form factor 1.1. Its average value
is 20 Amp. The instantaneous value of curent is 15 Amp at t = 0 sec. write the

equation of current and draw its waveform. ‘ [May-2005, 6 Marks]
Refer Ex. 6.30.
Define r.m.s value, form factor and peak factor of sinusoidal current.

[May-2005, 4 Marks]

Refer sections 6.7, 6.8, 6.9, 6.10.

Define Form factor and Peak factor as related with a.c. supply. [Dec.-2005, 4 Marks]
Refer sections 6.9 and 6.10.

An alternating current varying sinusoidally with a frequency of 50 Hz has a r.ms.
value of current of 20 Amp. At what time, measured from negative maximum value,
instantaneous current will be 1042 Amp ? [Dec.-2005, 4 Marks)

Refer Ex. 6.31.

Define i) Average value and ii) RMS value of sinusoidally varying quantity and
hence derive expressions for RMS value in ferms of its peak value and average value
in terms of its peak value. [Dec.-2005, 8 Marks]

Refer sections 6.7 and 6.8.

Define the following terms related o altemating quantities :  [May-2006, 6 Marks]
1) Wave Form 2) Periodic Time :

3) Frequency 4) Average Value
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Q.16

Q.18

Q.19

Ans. :

Q.20

Q.21

5) Maximum Value  6) RM.S Value

Refer sections 6.5, 6.7 and 6.8.

Draw a neat sketch in each case, of the waveform and wrile expression of
Instantaneous Value for the following : [May-2006, 6 Marks]
1) Sinusoidal current of amplitude 10 A, 50 Hz passing through its zero value at
ot = 1/3 and rising positively.

2) Sinusoidal currenl of amplitude 8 A, 50 Hz passing through its zero value at
ot = -n/6 and rising positively.

Refer Ex. 6.32.

Define

1) Average value and 2) RM.S. value of sinusoidally varying quantity and hence
derive the expressions for each in terms of their peak values. [May-2006, 8 Marks)
Refer sections 6.7 and 6.8.

The instantaneous current is given by,

i = 7.071 sin [157.031‘— I ] Find its effective value, periodic time and the instant at

4
which it reaches its positive maximum value. Sketch the waveform from t = 0 over
one complete cycle. [Dec.-2006, 8 Marks]
Refer Ex. 6.15.

Explain l‘he.ccmcepls of phase and phase difference in alternating quantities.

[Dec.-2006, 4 Marks]
Refer section 6.13.

Prove that in an alternating quantity varying sinusoidally the maximum value is 2
times the effectives value. Similarly maximum value is also equal to 1.569 times the

average value. [Dec.-2006, 8 Marks]
Refer sections 6.7.2 and 6.8.2.
Lnax = V2 Ttms
I,, = 0.637l,,,, for sinusoidal quantity
1

Im:x - m Iav
Define the following terms as related to alternating quantities
(1) Frequency, (2) Periodic time, (3) Amplitude, (4) Peak factor, (5) Form factor
(5} Instantaneous value. [May-2007, § Marks]

Refer sections 6.5, 6.9 and 6.10.

= 1569 1,,.
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Q.22

Ans. :

Q.23

Ans. :

Q.24

Ans. :

Q.25

Ans. :

Q.26

Ans, :

Q.27

Ans. :

Q.28

Ans. :

An alternating current is given by i = 14.14 sin 377 1.

Find (i) RM.S. value of current, (ii) Frequency, (iii) Instantancous value of current,
when t = 3 ms and (iv) Time taken by current to reach 10 amp for 1 st time after
passing through zero. [May-2007, 6 Marks]
Refer Ex. 6.33.

Define as related to an alternating quantity (i) Instantaneous value (it) Wave form
(ifi) Cycle (iv) Frequency and (v) Amplitude. (Dec.2007, 5 Marks)
Refer section 6.5.

For an A.C. circuit ¢ = 100 sin wt, calculate the value of e at t = 0.005 sec for
(i) 50 Hz and (ii} 150 Hz. Sketch the waveform for e from t = 0 sec to t = 0.01 sec
for both cases on the same tine axis. (Dec.-2007, 6 Marks)
Refer Ex. 6.34.

Derive the expression for average value of sinusoidally varymmg current m terms of
its peak value (Dec.-2007, 4 Marks)

Refer section 6.5,

Define RM.S. value of alternating quantily and derive ils expression for sinusoidal
current. (May-2008, 5 Marks)
Refer section 6.7. '

Define average value of alternatitng quantity and derive it's expression for sinuspidal
current ? {May-2008, 5 Marks)
Refer section (.8.

Determine the average value, effective value and form factor of a sinusoidally varying

half wave rectified alternating current as shown in Fig. 1. (May-2008, 6 Marks)
l 1 m m
0 e 2n 3n
T I
Fig. 1

Refer Ex. 6.21.

aaa
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Q.10

Ans. :
Q.11

Ans. :

Q12

Q.14

Ans. :

Q.15

Find the value of capaciter C, fo be connected across the above series circuit, so that
current drawn from supply is the minimum, {May - 2004, 10 Marks]
Refer section 7.42.

What is meant by resonance in series R-L-C circuit connected across sinusoidal a.c.
supply ? Deduce the equation for resonant frequency. Dec. - 2004, 5Marks]
Refer section 7.9.

What is admittance of an a.c. circuit ? What are its two components ? State unit of

these quantities. How the admittance is expressed in rectangular and polar form ?
[Dec. - 2004, 5 Marks]
Refer section 7.10.

An em.f. given by O = 100 sin 100 n . t is impressed across a circuit consists of
resistance of 40 Q in series with 100 uF capacitor and 0.25 H inductor.
Determine -

i) r.m.s. value of current ii) Power consumed iii) Power factor

[Dec. - 2004, 7 Marks)
Refer Ex. 7.43.

A sinusoidal voltage of © = V), sin ot is applied across a series R-L circuit. Derive
the expression for current and average power consumed by the circuit. Also sketch
the waveform of voltage, current and power against time as a common X-axis.

[Dec. - 2004, & Marks]
Refer section 7.5.
Two circuits having impedances Z, = 10 + j 15 Q and Z, = 6 — j 8 Q are
connected in parallel. If total current supplied is 15 A,
Find,
i) Branch currents. i) Power consumed in each branch. iii) Phasor diagram.

[Dec. - 2004, 9 Marks)
Refer Ex. 7.44.

A series circuit consisting of a coil and a variable capacitance having reatance X.
The coil has resistance of 109, inductive reactance of 20Q. It is observed that al
cerfain value of capacitance current in the circuit is maximzum, find (1) This value of
capacitance (2) Impedance of the circuit (3) Power factor (4) Current, if applied
voltage is 100 V, 50 Hz. [May - 2005, 8 Marks]
Refer Ex. 7.45.
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Q.16

Ans. :

Q.17

Q.18

Q.19

Ans, :

Q.20

Ans. :

Q.21

Ans. :

Q.22

Ans. :

Two impedances (R; — jX¢p) and (R, + jX;o) are connected in parallel across supply
voltage v = (100 ~2) sin (314 t). The current flowing through the two impedances
are given by i; = 10 V2 sin (314 t + w/4) and i; = 10 V2 sin (314 t - w4)
respectively.

Find equation for instantaneous value of fotal current drawn from supply. Also find
values of Ry, Ry, X¢p and X5, [May - 2005, 8 Marks]
Refer Ex. 7.46.

A coil connected across a 250 volt, 50 Hz supply takes a current of 10 Amp at 0.8
power factor lag. What will be the power taken by the choke coil, when connected
across @ 200 volt, 25 Hz supply ? Also calculate resistance and inductance of the
coil. [May - 2005, B Marks]
Refer Ex. 7.47.

An alternating voltage v = 141.4 sin (157.08 t + =/12) volts is applied to a circuit
and an a.c. ammeter, wattmeter and power factor meter are connected to measure the
respective quantities. Reading of ammeter is 5 Amp. and that of power factor meter
is 0.5 lagging, find (i) The expression for the instantaneous value of current, (ii) The
wattmeter reading (iii) Impedance of the circuit in rectangular form.

[May - 2005, 8 Marks]
Refer Ex. 7.48.

Prove that current in purely resistive circuit is in phase with applied A.C. voltage
and current in purely capacitive circuit leads applied A.C. voltage by 90°.

[Dec.-2005, 8 Marks]
Refer sections 7.2 and 7.4.

Two circuits, the impedances of which are given by Z, =(12+j15 Q and
Zy,=(8~j4)Q, are connected in parallel across the potential difference of
(230+ j O) volt. Calculate i) total current drawn, ii) total power and branch powers
consumed and iii) overall power factor of circuit. [Dec.-2005, 9 Marks]
Refer Ex. 7.49.

Show the waveforms of voltage, current and power if v = V,, sin wt volt is applied
across a R - C series circuit. {Dec.-2005, 5 Marks]
Refer section 7.6.

Draw the admittance triangle and define admittance, susceptance and conductance as
related with A.C. circuit. [Dec.-2005, 5 Marks]
Refer section 7.10.
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Q.23

Q.24

Ans. :

Q.25

Ans. :

Q.26

Ans. :

Q.27

Ans. :

Q.28

Q.29

Two impedances, one inductive and the other capacitive are connected in series across .
the voltage 120 £ 30° volt and frequency of 50 Hz. The current flowing in circuit is
3 £ —15° If one of the impedances is (10+ j48.3) Q, find the other. Also calculate
the value of L and C in the impedances. |Dec.-2005, 7 Marks]

Refer Ex. 7.51.

Derive the expression for instantaneous current and power consumed when voltage of
vw=V, sinat is applied to a circuit consisting of pure capacitance of 'C’
farad. Sketch the relevant waveforms. [May-2006, 8 Marks]
Refer section 7.4.

Two circuits A and B are connected in parallel to a 115 V, 50 Hz supply. The fotal
current taken by the combinations is 10 A at unity pf. Circuit A consists of a 10 Q
resistance and 200x107*F capacitor connected in series. Circuit B consists of a
resistance and an inductance reactor in series. Determine the following data for
circuit B :

1) Current 2) pf
3) Impedance 4) Resistance, and
5) Reactance [May-2006, 9 Marks]

Refer Ex. 7.52.

A coil of pf 0.6 is in series with 10 pF capacitor. When connected to a 50 Hz
supply, the potential difference across the coil is equal to the potential difference
across the capacitance. Find the resistance and inductance of the coil.

[May»lzm&, 6 Marks]
Refer Ex. 7.53.
Sketch the waveforms of voltage current and power if v =V, sin ot volt is applied
R-L series circuit and stale expression for power. [May-2006, 6 Marks]
Refer Ex. 7.54.

Define the terms :
1) Admittance
2) Susceptance and Conductance as related to A.C. circuit.

[May-2006, May-2007, 5 Marks]
Refer section 7.10.

Define following lerms and hence state their units :
i) Active power, ii) Reactive power,  iii} Conductance and iv) Susceptance.

|Dec.-2006, 4 Marks]
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Ans. :

Q.30

Q.31

Ans. :
Q32

Q.33

"Ans. :
Q.34

Ans. :

Q.35

Ans. :
Q.36

i) Refer section 7.54.
ii} Refer section 7.5.5.
iii} Refer section 7.10.4.
iv) Refer section 7.10.5.

What is meant by resonance in series R-L-C circuit connected across sinusoidal A.C.
supply? Derive the equation for resonant frequency. [Dec.-2006, 5 Marks]
Refer section 7.9.

Two circuits having same numerical value ohmic impedance are connected in
parallel. The power factor of one circuit is 0.8 and for other it is 0.6. What is the
power factor of the combination when

i) Both the impedances are inductive ?

ii) One is inductive and another is capacitive ? [Dec.-2006, 8 Marks]
Refer Ex. 7.37.

If a sinusoidal voltage of v = V,, sin wt is applied across purely capacitive circuit,
derive the expression for current drawn and power consumed and draw their
waveforms. [Dec.-2006, 5 Mariks]
Refer section 7.4.

Draw and explain phasor diagram of an R-L-C series circuit when
(i) Xy > Xc and ii) Xp > X, [Dec.-2006, 4 Marks]
Refer section 7.7.

Two impedances Z, = (4 +3f) and Zg = (10-j7) are connected in parallel and
impedance Zg = (6 + j5) is connecled in series with parallel combination of Z, and
Zg. If the voltage applied across circuit is 200 volt at 50 Hz. Calculate :

i) currents flowing in Z,, Zg and Z and

ii) the total power factor of the circuit [Dec.-2006, 8 Marks)
Refer Ex. 7.55.

When an inductive coil is connected to a d.c. supply at 240 volt, the current in it is
16 amp. When the same coil is connected to an a.c. supply at 240 volt, 50 Hz, the
current is 12,27 amp. Calculate (1) Resistance, (2) Impedance, (3) Reactance
(4) Inductance of the coil. [May-2007, 6 Marks)
Refer Ex. 7.56.

A coil has inductance of 20 mH and resistance 5 ohm. It is connected across a
supply voltage of v = 48 sin 314 t. Obtain the expression for current drawn by the
coil. [May-2007, 4 Marks}]
Refer Ex. 7.57.
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Q.37

Q.41

Q.42

A series circuit consists of resistance of 10 ohm, an inductance of 2 mH and

capacitance of % WF. Calculate (1) Current flowing in the circuit if supply voltage
is 200 V, 50 Hz (2) p.f. of the circuit, (3) Power drawn from the supply. Also draw
the phasor diagram. [May-2007, 8 Marks)]
Refer Ex. 7.58.

Two circuits, the impedances of which are given by Z; = (10 +{15) ohm, and

Zy = (6—j8) ohm, are connected in parallel across A.C. supply. If the total current
supplied is 15 amp, what is the power taken by each branch?  [May-2007, 9 Marks]
Refer example 7.44 for the procedure and verify the answers :

P, = 737.7092 W and P, = 1438.5441 W

Two impedances Z; = 40 £ 30° ohm and Z, = 30 £ 60° ohm are ¢onnected in series
across single phase, 230 V, 50 Hz supply. Calculate the (1) Current drawn, (2) pf.
and (3) Power consumed by the circuit. [May-2007, 8 Marks]
Refer Ex. 7.59.

A 230 V, 50 Hz voltage is applied first to resistor of value 100 ) and then to a
capacitor of 100 pF. Obtain the expressions for the instantaneous currents for both
the cases and draw the phasor diagrams. [Dec.-2007, 6 Marks]

Refer Ex. 7.60.

A series R-L-C circuit has resistance of 50 Q, Inductance f 0.1 H and capacitance of
50 uF connected in series across single phase 230 V, 50 Hz supply, calculate :

i) Current draum by circuit

ii) Power factor of the circuit

iii) Active and rective power consumed by circuit

iv) Draw the phasor diagram. [Dec.-2007, 8 Marks]

Refer Ex. 7.61.
A parallel circuit consists of kwo branches. Branch (i) Consists of R of 100Q
connected in series with inductance of 1 H and branch (ii) consists of R of 50 Q in
series with capacitance of 79.5 wF. This parallel circuit is connected across single
phase 200 V, 50 Hz supply, calculate :
i} Branch currents ii) Total current drawn by circuit
iii) Total power factor of circuit iv) Total power drawn by circuit.

[Dec.-2007, 8 Marks]
Refer Ex. 7.62.
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Ans. :

Q.13

Ans. :

Refer section 8.9.

A balanced 3 phase star connected load of 120 kW takes a leading current of 100 A
when connected across 3 phase 3.3 kV, 50 Hz supply. Determine the impedance,
resistance, capacitance and p.f. of load. [Dec.-2006, 8 Marks]

Refer answer of Q.11 for procedure. The answers are,

Q.15

Q.16

Q.17

Ans, :

Q.18

Zn = 190525 Q

ph
R;,h = 40, Cph = 170.88 pF, cos = 0.21 leading.
Define :
1) Phase sequence 2) Balanced load and
3) Symmetrical system as reference to three phase circuits.
[Dec.-2006, May-2007, 4 Marks; May-2008, 6 Marks]
1) Refer section 8.4.
2) Refer section 8.7.3.
3) Refer section 84.
Prove that a three phase balanced load draws three times as much power when
connected in delta, as it would draw when connected in star.  [Dec.-2006, 4 Marks]
Refer example 8.3.
Three inductive coils each with resistance of 15 ohm and an inductance of 0.03 H are

connected (1) in star and (2) in delta across 3 phase 400 volt, 50 Hz supply.
Calculate in each case (1) Line current and (2) Power consumed by load.

[May-2007, 8 Marks]
Refer Ex. 8.19.

Derive the relationship between the line current and phase current, line voltage and
phase voltage for a balanced three phase delta connected load connected across three

phase supply. Also derive the expression for power consumed interms of line values.
[Dec.-2007, 8 Marks]

Refer section 8.9.

Prove that power consumed by 3 phase delta connected load is equal to three times

power consumed by the same load connected in star across three phase supply.
Dec.-2007, 6 Marks]

Refer Ex. 8.3.



Basic Electrical Engineering P-62 Polyphase A.C. Circuits

Q.19 Three coils each having resistance of 10 Q and inductance of 0.03 H are connected in
delta across a 3 phase 400 volt 50 Hz supply. Calculate the current drawn and
power consumed by lond. (May-2008, 4 Marks)

Ans. : Refer Ex. 8.2.

Q.20  Stale the relations between line and phase values of voltage and current for 3 phase
star connected and delta connected load. State the equation for active and reactive
power consumed by three phase load. [May-2008, 6 Marks)

Ans. : Refer section 8.8 and 8.9.

ooo
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Applying kVL to the two loops shown aj_ff.' h
in the Fig. 2(a). i
=5I-6(I-1;)+20 = 0
ie. 1I-61; = 20 ..(1) ;E*
61, — 41, +6(1-1,) = 0 3
ie. 61-161, = 0 ..(2)
Solving (1) and (2), 1; = 0.8571 A !
... Due to 20 V alone
Fig. 2(a)
Step 2 : Consider 5A source alone, short 20 V source
24 20 SA
6a3
240 sA 240
b CD > b
56 =
=2727200 5
Fig. 2(b) Fig. 2(c)
Using current distribution rule, b
I, = SXBT272 _ 3arg5 Al
87272 +4
. Dueto5 Aalone g, 6+2.727 =
8727102 3
L =1+,
=08571 Ad +34285 A )
= 42856 A 1
Flg. 2(d)
II) Thevenin's theorem : 20
AAAR 5“
Step 1 : Remove 4 £2 branch. Ty sA
Step 2: Calculate Vo =V sa(h) ‘::sﬂ
Key Point : As current source exists, obfain (-5 sq -
current distribution considering current source :‘""""_
and then apply KVL to the loops without current e + _l
source. Thus apply KVL to loop I, 0V = @ E: 15}

Fig. 2(e)
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50-5-61+20 = 0 60 60
ie. -111=-45 Ao—— AW ——+—— AW ——o8
5x8- *e1 "
I =4.0909 A =30V =24.5454 V
Trace the path from A to B as shown in the Fig. 2 (f)
Fig. 2 ()
Vin = Vap = 30 245454

54.5454 V

Step 3: Calculate R, opening current source and shorting voltage source.

20

Redundant
asl=0A ¢

6Q

AAAN
ViV

<B R,
518 =
=272120 3
_— o B
Paralle!
Fig. 2(g) Fig. 2(h)
Rpp = Rﬁ{ =6+ 27272 =8.7272 0
Step 4 : The Thevenin's equivalent is shown in Ry
the Fig. 2(i). 8727251 !
-3
Step 5: Hence the current through 4 Q is, SR=40
Vi 9
L= SA5E _ aese Al 547272V
8.7272+4
This is same as obtained by the
Superposition theorem. Fig. 2(i)
OR
Q.4 a) State and explain maximum power transfer theorem. 4)

Ans. : Refer section 2.20.



Basic Electrical Engineering P-72 Dec. - 2008

b) Find the equivalent resistance across the terminals A-B for the network as shown

in Fig. 3. All resistances are in ohms. (6)
Aol ¢ 2 o
. 4 4
2§ 22
4 4 3
ANV
B 2 F
Fig. 3

Ans. : Name the various nodes as shown
in the Fig. 3(a).

Assume that the various resistances
are connected at the junction point G.
Convert the delta CGE and DGF to

equivalent star.
R, - 2x4 _o8a
2+4+4 Fig. 3(a)
g. 3(a|
4x4
R = —— =160
S vu v il
__2x4 _
Ry = 3ravs " 080
The delta DGF is similar to delta CGE.
c
4
2 G
4
E

Fig. 3(b) Fig. 3(c)
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5 2
A & A'A'n'nv c .A'n'l'l'
0803
< 3zq
s‘ A'-vn'lv
083
B %%%%
E 20
Fig. 3(d) Fig. 3(e)
Convert the ACS,S, to star.
0.8x2.8
=020 - 032940 280
1" 08+28+32
080
R2 = M = 13176 01
08+ 28+32
3208 Re
R3 = =X UL = 03650 &v?'
08+28+32 azq
Fig. 3(f)
532040

Pakalrel

Fig. 3(g) Fig. 3(h)
A 53230
Rup = 5.3294 + 0.9151

R
= 62444 0 LTS > 1.1765 % 4.1176

1765 + 41176
=0.9151 0

AAAM

Fig. 3(i)
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¢) Use Kirchhoff's laws to find the value of unknown resistance R such that 2 A
current flows through it. The direction of the current is shown in Fig. 4. All the
resistances are in ohms. ()]

A R
AAAN
VYVY
20
AAAA AAAA
VW WA
40
- .: <
10V sS30 S50
- . = =
Fig. 4

. Ans. : The current distribution considering 2 A current is shown in the Fig. 4 (a).

. 2a R
AAAA
YYyy
2A ' @ 2A
(-2) _2-
+ - + 4 -

1 Iy {1-1y)

@ +

.
10V =% ® +§E3 ‘Es
! {I=1y)
Fig. 4{a)
Applying kVL to the two loops I and I,
21-2)-31,+10 = 0 ie  2I1+31,=14 (1)

A(1-2-1)-51-1,)431, = 0 ie -91+121, = -8 ' )

Solving equations (1) and (2), I = 3.7647 A, I, = 2.1568 A

Now apply KVL to loop I,

-2 R+4(I-2~1,)+2(I - 2) and use values of I and I
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2R+ 4{3.7647 - 2 - 2.1568) + 2(3.7647 -2) = 0
—2R-15684+35294 =0 ie. R=0980Q
Q.5 a) With usual notations show that the magnitude of the dynamically induced e.m.f.
is e= Blv.
where v — velocity component perpendicular to the magnetic field.. @)
Ans, : Refer section 4.5.1.
b) A ring of cast steel has on external diameter of 25 cm and a square cross-section of
4 cm side. An ordinary steel bar 17 cm x 4 cm x 0.5 cm is fitted with negligible
gap inside and across this ring. A coil of 500 turns and carrying a D.C. current of
1.5 A is placed on one half of the ring. Find the flux in the other half of the ring.
Neglect leakage. Assume relative permeability of cast steel as 850 and that for
ordinary steel as 700. @)

Ans. : The ring is shown in the
Ordinary steel

Fig. 5(a). b =700
Inner diameter of ring. 2
=4x4
= length of steel bar RS
=17 cm. =500 ¢
~.Mean diameter of ring
_ outer +inner fpgr =17 €m
B E— a, =4x05cm’
Cast steel =2cm?
=25;17=21cm by = 850
Fig. 5(a)
*. Mean circumference A O e £
= ax 21 = 65.9734 cm.
2 ¢
~ Length of half section of ring S; ,‘
Zs ss
=1, = BI _ 3 9867 om % 3
MMEF =
NI -
. Length of other section of ring T
= [ = I;; = 329867 cm 8 o F
This is a parallel magnetic circuit as Fig. 5(b)

shown in the Fig. 5(b).
& Total mm.f. = NI =500x1.5=750 AT
Now bt = 91+9>

i
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Key Point: M.M.F across CD and EF is same as both are in parallel.
Total mm.f = m.m.f. for path AB + m.m.f. for path CD or path EF.

m.mf. for path AB = ¢ xS5]
mmf. for path CD = ¢, xS, =¢ x5,
Total mm.f. = ¢ xS +¢1 xS,
_ -2
S = —_ . 32986710 =193.0145%10° AT/Wb
Holtnap  4mx 107 x850%16x107
s, = B put Iy =1, henceS) = 193.0145x10% AT/Wb
Holp,
o Total mm.f. = (6, +6;)193.0145%10% e (D)

But $,5, = 6,5, and S, = tbar

171072
4nx 107 x700x2%107

$, x966.297x10° = ¢, x1930145x10°

= 966.297x10° AT/Wb

0, = 0199740, @
But ¢ = ¢, +¢, hence using in (1),
Total mm.f. = (p +¢ +¢,)x193.0145x 103
. 750 = (20, +019974¢,)x193.0145x10°
. 750 = 219974 ¢ lxl":?.'iﬂl&iﬁ)(lﬂ3

~o$y = 1.7664 mWb ... Flux through other half of ring

¢ Two coils A and B in a magnetic circuit have 600 and 500 turns respectively. A

current of 8 A in coil A produces a flux of 0.04 Wb. If the coefficient of coupling is

0.2. Calculate (1) Self inductance of coil A when B is open circuit. (2) Flux linkage

with coil B. (3) Mutual inductance. (4) Em.f. induced in B when flux changes

from zero to full value in 0.02 seconds. (5
Ans.: N, = 600, Ny =500, K=02
For coil A, I, =8A, 0, =004 Wb

N 600x 0.04
1) L, =il\_¢)\="T
A

=3H
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SECTION -1l

Q.7 a) Define as related to electrostatic : )
1) Electric flux density 2) Permittivity 3) Dielectric strength 4) Capacitance
Ans. : Refer sections 1) 5.6. 2) 58. 3)5.16. 4) 5.12.
b) Derive an expression for energy stored in capacitor. )
Ans. : Refer section 5.21.
¢) Three capacitor A, B, C have capacitances 20, 50 and 25 UF respectively. Calculate
(1) Charge on each when connected in parallel to a 250 V supply. (2) Total
capacitance and (3) Potential difference across each when connecled in series.  (6)
Ans.: C, =20pF, Cp =50pF, Cc =254F
1. Connected in parallel across V = 250 V. The voltage across each remains same as

in parallel.
veQ _Q_Qc_,
CA CB CC
Qp = 250%C, =250x20x107% =5 mC

Qp = 250xCy = 250x50x107% = 125 mC
Q¢ = 250xC¢ = 250x25%10™° = 6.25 mC

2. Total capacitance when connected in series is,

s+ o v o o1 L1
Cq Ca Cp Cc 20x10° 50x10° 25x107°
Coq = 9.0909 uF _

3. When connected in series, the charge Q remains same for all of them.
Q= CaVy = CpVp =CcVe

and Q = CyqxV =9.09x107 x250 = 2.27272 mC
Vy = L 1136363V, Vy=-L -454504V, Vo =-2 = 90909V
C)\ CB CC

Key Point: Check that V=V, +V +V¢
OR

Q. 8 a) Define related to sinusoidal quantity.
1) RM.S. value  2) Average value  3) From factor 4) Peak factor
Ans. : Refer sections 1) 6.7. 2) 6.8. 3) 6.9. 4)6.10.
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b) Explain the concepts of phase and phase difference in an alternating quantities. (4)
Ans. : Refer section 6.13.
¢ Three voltages represented by
ey = 20 sin ot, ¢, =30sin(wt - 1/4), e3 =40cos(ot +1/6)
act together in a cirewit. Find an expression for the resultant voltage. Represent

them by appropriate vectors. (8)
Ans. : From e,
E, = Eﬁ" Z0°= %znﬂ_umum
From e;,
B, =l B30, 45
2 4 2
= 212132 £ 45°V=15-j15V
ey = 40cos[mt+ :—;]: 40 sin(90°+ot + 30°) = 40sinwt +120°)
E, = %"‘-4-1-12[}“-— %znzo‘
= 28.2842 £ + 120° = -14.14.21 + j 244948 V
Ep = E +E, +E, = 141421 +j 0 =
+ 15 —=j 15 = 14.1421 + j 24.4948
= 15+j94948 V &
= 17.7524 £ 32333V
Ep(RMS) = 17.7524 V £,
ie. Epg = ~2x17.7524 = 25,1056 V

Hence expression for the resultant is,

= 25.1056 sin (ot + 32.333°) V

The phasor diagram is shown in the Fig. 7.
Q.9 a) Define the following terms with their units : (4)
1) Admittance 2) Susceptance 3) Power 4) Power factor
s. : Refer sections 1) 7.10.2 2) 7.10.5. 3) 7.54. 4) 7.5.6.

b} Derive an expression for instantaneous current and power consumed when voltage
of v = V,, sin @t is applied through pure inductance alone. (6)
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]

JPF+Q? ie. Q, =48 kVAR
Forload3, S; = ,jP§ +Q% ie. Q5 =28.5657 kVAR

Qy = total KVAR drawn = Q; =Q, =Q, = 76,5657 KVAR
The power triangle for the combined load is shown in the Fig. 8(b).

For load 2, S,

Qr _ 765657
t: = =L 77 =)
ang P, 0 0.75064
= S Qr
o = 36.8935" T 76,5057
cosdpp = 0.799 lagging KVAR
... Combined load p.f. Pr
. 3 102 kW
S; = Combined kVA = /P +Q}
Fig. B(b)

1022 +76.56572 = 127.5394 kKVA

Q. 11 a) Derive the relationship between the line current and phase current, line voltage
and phase voltage, for a balanced three phase star-connected load connected across
three phase supply. Derive also power consumed by load. 8
Ans. : Refer section 8.8.

b) The 100Q2 non-inductive resistances are connected in (1) star (2) delta across a
400 V, 50 Hz, 3 phase supply. Calculate power taken from supply system in each
case. I1 the event of one of the three resistances getting open - circuited, what

should be the value of total power taken from the mains in each of the two cases ?
(10}

N T

R R Von=Vi

RN

Ans. : The circuits for two cases are shown in the Fig. 9.

{a) Star (b) Delta

a) Star : Vin = =5 = 2009401V
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Zpn = Ry, =1009Q, cosp=1
Iy = g_ﬁ_ﬁzﬁggm_zmmn
ph
Ip = I, =23094 A
P = 3V I cos¢ = /3x400x2.3094x1 = 1600 W
b) Delta : Vo = Vp =400V
Ih = %:%-u\
ph
I = V31, =434
P = J_VLILcus¢ V3 x400x 443 x1 = 4800 W
If now one of the three resistances is open circuited,
a) Star :
L
R

:m 100 2
Ron — v =400V
| 5.
B
Open
Fig. 9(a)
= Vi 40 o4
2R,, 2x100

= Ry, +1f Ry, = 4x100+4%100 = 800 W

open

Fig. 9(b)
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F.E. (Common to all Branches) Semester - [

[Time : 3 Hours ] [ Maximum Marks : 100]
Instructions :

Q.1

Ans. :

Ans.

1) Attempt Q. No.10r2, Q. No. 30r4,Q. No. 50r 6, Q. 7 or 8, Q. No. 9 or 10, Q. 11
or12.

2) Answer to the two sections must be written in separate answer-books.
3) Figures to the right indicate full marks.

4) Use of non-programmable pocket size scientific calculator is permitted.

5) Neat diagrams must be drawn wherever necessary.

6) Assume suitable data, if necessary.

SECTION -1

a) Define insulation resistance and obtain an expression for insulation resistance of a
single core cable. (8)

Refer section 1.12.
b) Determine the current flowing at the instant of switching a 60 watt lamp on a

240 V supply. The ambient temperature is 24 °C. The filament temperature is
2000 °C and R.T.C. of a filament material is 0.005 per °C at 0 °C. (6)

: Refer example 1.23 for the procedure and use the given data.

The answer is, I = 2.4597 A.

Ans. :

Q.2

Ans. :

Ans. :

¢} Compare lead acid cell and nickel cadmium cell. 4
Refer section 1.29

OR
a) Write doum chemical equations during charging of lead acid battery. @)

Refer section 1.19.2.
b) ifo, and o, are RTCs of material at t, °C and t,°C then prove that,

h
—=1 t, =t 6
gl -t ©

Refer section 1.11.3.

o) An electric pump lifts 80 m> of water per hour to a height of 30 m. The pump
efficiency is 85% and the motor efficiency is 75%. If the pump is used for 4 hours

(P - 85)
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Step 3: Find R, =Ry, shorting the voltage sources.

5|10
=33330
Parallel
Fig. 1(c) Fig. 1(d)
ch = 33330 N
Step 4 : The Thevenin's equivalent is
shown in the Fig. 1(e).
Step 5: The current through 33330 | EE R
branch AB is, Vi LS 20
23.333V
oV 23333
bRy +Ry 333342 B

Ans, :

Q.4

=4375 Al (From A to B) Fig. 1(e)

c) State the formula to convert the star connected network into its equivalent delta

connected network. @
Refer section 2.16.2.
OR
a) State and explain maximum power transfer theorem. (6)

: Refer section 2.20.

b) Using Superposition theorem, calculate current flowing in Brahen A-B for the
cireuit shown in Fig. 1. (10)

: Step 1: Consider 40 V source, short other sources.

;20
"“""7 A l‘ B ‘?\f‘r‘laf
Iy T
* s * S 102
— < L -
4oV r ::mn 0V S-ise7a
Paralle!

Fig. 2(a) Fig. 2(b)
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40
I = ———=
4 +1.667

Using current distribution rule,

1=l x 0 =8%10 54 (A toB). ... Due to 40 V only
2+10 2
20V
+

Step 2 : Consider 20 V source, short 50 - A 20 3
other sources. |

6 A

L= .20 __ 2 T
T 7 54+(2]]10) 5+1.667

3A I
- 10 IT
I = x

VT 042

un

Parallel
Fig. 2(c)
_ 3x10
12
25 A (B to A) ... Due to 20 V only

"

Step 3 : Consider 10 V source, short other sources.

50 A 20 g
——AM—

>
]
=]

]

S0 2

=330 s ]’+

Fig. 2(d) : Fig. 2(e)
10

“2+333
Iy =1) +1] +17 = 5(A to B) + 2.5(B to A) + 1.875 (A to B)

=5-25+ 1.875 = 4.375 A (From A to B)
This is same as obtained by Thevenin's theorem in Q. 3(B).

AMAR
VWV
f=]
=
=
-
=]
<

Parallel

=1, =1.875 A (A to B) ... Due to 10 V only

Q. 5 a) Compare electric circuit and magnetic circuit. (5)
Ans. : Refer section 3.20.

b) Write a short note on magnetic leakage and fringing. (5)
Ans. : Refer section 3.21.
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