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Preface to Sixth Edition
 

The general response to the Fifth Edition of the book was very encouraging. Authors feel that 
their work has been amply rewarded and wish to express their deep sense of gratitude to the large 
number of readers who have used it and in particular to those of them who have sent helpful sugges-
tions from time to time for the improvement of the book.

The popularity of the book is judged from the fact that authors frequently receive feedback from 
many quarters including teachers, students and serving engineers. This feedback helps the authors 
to make the book up-to-date. In the present edition, many new topics/numericals/illustrations have 
been added to make the book more useful.

Authors lay no claim to the original research in preparing the book. Liberal use of materials 
available in the works of eminent authors has been made. What they may claim, in all modesty, is 
that they have tried to fashion the vast amount of material available from primary and secondary 
sources into coherent body of description and analysis.

The authors wish to thank their colleagues and friends who have contributed many valuable 
suggestions regarding the scope and content sequence of the book. Authors are also indebted to  
S. Chand & Company Ltd., New Delhi for bringing out this revised edition in a short time and pricing 
the book moderately inspite of heavy cost of paper and printing.

Errors might have crept in despite utmost care to avoid them. Authors shall be grateful if these 
are pointed out along with other suggestions for the improvement of the book.

V.K. MEHTA

ROHIT MEHTA

Disclaimer : While the authors of this book have made every effort to avoid any mistake or omission and 
have used their skill, expertise and knowledge to the best of their capacity to provide accurate and updated 
information. The authors and S. Chand does not give any representation or warranty with respect to the 
accuracy or completeness of the contents of this publication and are selling this publication on the condition and 
understanding that they shall not be made liable in any manner whatsoever. S.Chand and the author expressly 
disclaim all and any liability/responsibility to any person, whether a purchaser or reader of this publication or 
not, in respect of anything and everything forming part of the contents of this publication. S. Chand shall not 
be responsible for any errors, omissions or damages arising out of the use of the information contained in this 
publication.
Further, the appearance of the personal name, location, place and incidence, if any; in the illustrations used 
herein is purely coincidental and work of imagination. Thus the same should in no manner be termed as 
defamatory to any individual.
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1
Basic  Concepts

Introduction
	 Everybody is familiar with the functions that electricity can perform. It can be used for lighting, 
heating, traction and countless other purposes. The question always arises, “What is electricity” ?  
Several theories about electricity were developed through experiments and by observation of its 
behaviour. The only theory that has survived over the years to explain the nature of electricity is the 
Modern Electron theory of matter. This theory has been the result of research work conducted by 
scientists like Sir William Crooks, J.J. Thomson, Robert A. Millikan, Sir Earnest Rutherford and 
Neils Bohr.  In this chapter, we shall deal with some basic concepts concerning electricity.

1.1.	 Nature of Electricity
	 We know that matter is electrical in nature i.e. it contains particles of electricity viz. protons and 
electrons. The positive charge on a proton is equal to the negative charge on an electron. Whether 
a given body exhibits electricity (i.e. charge) or not depends upon the relative number of these par-
ticles of electricity.
	 (i)	 If the number of protons is equal to the number of electrons in a body, the resultant charge 
is zero and the body will be electrically neutral.  Thus, the paper of this book is electrically neutral 
(i.e. paper exhibits no charge) because it has the same number of protons and electrons.
	 (ii) 	If from a neutral body, some *electrons are removed, there occurs a deficit of electrons in 
the body.  Consequently, the body attains a positive charge.
	 (iii) 	If a neutral body is supplied with electrons, there occurs an excess of electrons. Conse-
quently, the body attains a negative charge.

1.2.	 Unit of Charge
	 The charge on an electron is so small that it is not convenient to select it as the unit of charge. In 
practice, coulomb is used as the unit of charge i.e. SI unit of charge is coulomb abbreviated as C. One 
coulomb of charge is equal to the charge on 625 × 1016 electrons, i.e.
			   1 coulomb	 =	 Charge on 625 × 1016 electrons
Thus when we say that a body has a positive charge of one coulomb (i.e. +1 C), it means that the body 
has a deficit of 625 × 1016 electrons from normal due share. The charge on one electron is given by ;

			   Charge on electron	 =	
16

1

625 10
−

×
 = – 1.6 × 10–19 C

1.3.	 The Electron
	 Since electrical engineering generally deals with tiny particles called electrons, these small 
particles require detailed study. We know that an electron is a negatively charged particle having 
negligible mass. Some of the important properties of an electron are :
	 (i)	 Charge on an electron,	e	 =	 1.602 × 10–19 coulomb
	 (ii)	 Mass of an electron,	 m	 =	 9.0 × 10–31 kg
	 (iii)	 Radius of an electron,	 r	 =	 1.9 × 10–15 metre
*	 Electrons have very small mass and, therefore, are much more mobile than protons. On the other hand, 

protons are powerfully held in the nucleus and cannot be removed or detached.
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	 The ratio e/m of an electron is 1.77 × 1011 coulombs/kg. This means that mass of an electron is 
very small as compared to its charge.  It is due to this property of an electron that it is very mobile 
and is greatly influenced by electric or magnetic fields.

1.4.	 Energy of an Electron
	 An electron moving around the nucleus possesses two types of energies viz. kinetic energy due 
to its motion and potential energy due to the charge on the nucleus.  The total energy of the electron 
is the sum of these two energies.  The energy of an electron increases as its distance from the nucleus 
increases. Thus, an electron in the second orbit possesses more energy than the electron in the first 
orbit ; electron in the third orbit has higher energy than in the second orbit.  It is clear that electrons 
in the last orbit possess very high energy as compared to the electrons in the inner orbits.  These last 
orbit electrons play an important role in determining the physical, chemical and electrical properties 
of a material.

1.5.	 Valence  Electrons
	 The electrons in the outermost orbit of an atom are known as valence electrons.
	 The outermost orbit can have a maximum of 8 electrons i.e. the maximum number of valence 
electrons can be 8. The valence electrons determine the physical and chemical properties of a mate-
rial.  These electrons determine whether or not the material is chemically active; metal or non-metal 
or, a gas or solid. These electrons also determine the electrical properties of a material.
	 On the basis of electrical conductivity, materials are generally classified into conductors, insu-
lators and semi-conductors.  As a rough rule, one can determine the electrical behaviour of a mate-
rial from the number of valence electrons as under :
	 (i)	 When the number of valence electrons of an atom is less than 4 (i.e. half of the maximum 
eight electrons), the material is usually a metal and a conductor.  Examples are sodium, magnesium 
and aluminium which have 1, 2 and 3 valence electrons respectively. 
	 (ii)	 When the number of valence electrons of an atom is more than 4, the material is usually a 
non-metal and an insulator.  Examples are nitrogen, sulphur and neon which have 5, 6 and 8 valence 
electrons respectively.
	 (iii)	 When the number of valence electrons of an atom is 4 (i.e. exactly one-half of the maximum 
8 electrons), the material has both metal and non-metal properties and is usually a semi-conductor. 
Examples are carbon, silicon and germanium.

1.6.	 Free  Electrons
	 We know that electrons move around the nucleus of an atom in different orbits.  The electrons 
in the inner orbits (i.e., orbits close to the nucleus) are tightly bound to the nucleus.  As we move 
away from the nucleus, this binding goes on decreasing so that electrons in the last orbit (called 
valence electrons) are quite loosely bound to the nucleus.  In certain substances, especially metals 
(e.g. copper, aluminium etc.), the valence electrons are so weakly attached to their nuclei that they 
can be easily removed or detached.  Such electrons are called free electrons.
	 Those valence electrons which are very loosely attached to the nucleus of an atom are called 
free electrons.
	 The free electrons move at random from one atom to another in the material.  Infact, they are so 
loosely attached that they do not know the atom to which they belong.  It may be noted here that all 
valence electrons in a metal are not free electrons.  It has been found that one atom of a metal can 
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provide at the most one free electron.  Since a small piece of metal has billions of atoms, one can 
expect a very large number of free electrons in metals.  For instance, one cubic centimetre of copper 
has about 8.5 × 1022 free electrons at room temperature.
	 (i)	 A substance which has a large number of free electrons at room temperature is called a 
conductor of electricity e.g. all metals.  If a voltage source (e.g. a cell) is applied across the wire of 
a conductor material, free electrons readily flow through the wire, thus constituting electric current.  
The best conductors are silver, copper and gold in that order.  Since copper is the least expensive out 
of these materials, it is widely used in electrical and electronic industries.
	 (ii)	 A substance which has very few free electrons is called an insulator of electricity.  If a 
voltage source is applied across the wire of insulator material, practically no current flows through 
the wire.  Most substances including plastics, ceramics, rubber, paper and most liquids and gases 
fall in this category.  Of course, there are many practical uses for insulators in the electrical and 
electronic industries including wire coatings, safety enclosures and power-line insulators.
	 (iii)	There is a third class of substances, called semi-conductors. As their name implies, they 
are neither conductors nor insulators. These substances have crystalline structure and contain very 
few free electrons at room temperature.  Therefore, at room temperature, a semiconductor practically 
behaves as an insulator.  However, if suitable controlled impurity is imparted to a semi-conductor, 
it is possible to provide controlled conductivity.  Most common semi-conductors are silicon, germa-
nium, carbon etc. However, silicon is the principal material and is widely used in the manufacture 
of electronic devices (e.g. crystal diodes, transistors etc.) and integrated circuits.

1.7.	 Electric  Current
	 The directed flow of free electrons (or charge) is called electric current. The flow of electric 
current can be beautifully explained by referring to Fig. 1.1.  The copper strip has a large number 
of free electrons. When electric pressure or voltage is applied, then free electrons, being negatively 
charged, will start moving towards the positive terminal around the circuit as shown in Fig. 1.1.  This 
directed flow of electrons is called electric current.

Fig. 1.1
	 The reader may note the following points :
	 (i)	 Current is flow of electrons and electrons are the constituents of matter.  Therefore, electric 
current is matter (i.e. free electrons) in motion.
	 (ii)	 The actual direction of current (i.e. flow of electrons) is from negative terminal to the 
positive terminal through that part of the circuit external to the cell.  However, prior to Electron 
theory, it was assumed that current flowed from positive terminal to the negative terminal of the cell 



4	 Basic Electrical Engineering	

via the circuit.  This convention is so firmly established that it is still in use. This assumed direction 
of current is now called conventional current.
	 Unit of Current. The strength of electric current I is the rate of flow of electrons i.e. charge 
flowing per second.
		  \	 Current, I	 =	

Q
t

	 The charge Q is measured in coulombs and time t in seconds.  Therefore, the unit of electric 
current will be coulombs/sec or ampere.  If Q = 1 coulomb, t = 1 sec, then I = 1/1 = 1 ampere.
	 One ampere of current is said to flow through a wire if at any cross-section one coulomb of 
charge flows in one second.
	 Thus, if 5 amperes current is flowing through a wire, it means that 5 coulombs per second flow 
past any cross-section of the wire.
	 Note.  1 C = charge on 625 × 1016 electrons.  Thus when we say that current through a wire is 1 A, it means 
that 625 × 1016 electrons per second flow past any cross-section of the wire.

	 \		  I	 =	
Q ne
t t

= 	 where e = – 1.6 × 10–19 C ;  n = number of electrons

1.8.	 Electric Current is a Scalar Quantity

	 (i)	 Electric current,	I	 =	
Q
t

	 As both charge and time are scalars, electric current is a 
scalar quantity.
	 (ii)	 We show electric current in a wire by an arrow to 
indicate the direction of flow of positive charge.  But such 
arrows are not vectors because they do not obey the laws of 
vector algebra. This point can be explained by referring to 
Fig. 1.2. The wires OA and OB carry currents of 3 A and 4 A 
respectively. The total current in the wire CO is 3 + 4 = 7 A ir-
respective of the angle between the wires OA and OB.  This is 
not surprising because the charge is conserved so that the magnitudes of currents in wires OA and 
OB must add to give the magnitude of current in the wire CO.

1.9.	 Types of Electric Current
	 The electric current may be classified into three main classes: (i) steady current (ii) varying 
current and (iii) alternating current.
	   (i)	Steady current. When the magnitude of current does not change with time, it is called 
a steady current. Fig. 1.3 (i) shows the graph between steady current and time. Note that value of 
current remains the same as the time changes. The current provided by a battery is almost a steady 
current (d.c.).

Fig. 1.3

Fig. 1.2
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	  (ii)	Varying current. When the magnitude of current changes with time, it is called a varying 
current. Fig. 1.3 (ii) shows the graph between varying current and time. Note that value of current 
varies with time.
	 (iii)	Alternating current. An alternating current is one whose magnitude changes contin-
uously with time and direction changes periodically. Due to technical and economical reasons, we 
produce alternating currents that have sine waveform (or cosine waveform) as shown in Fig. 1.3 (iii). 
It is called alternating current because current flows in alternate directions in the circuit, i.e., from 
0 to T/2 second (T is the time period of the wave) in one direction and from T/2 to T second in the 
opposite direction. The current provided by an a.c. generator is alternating current that has sine (or 
cosine) waveform.

1.10.	 Mechanism of Current Conduction in Metals
	 Every metal has a large number of free electrons which wander randomly within the body of the 
conductor somewhat like the molecules in a gas. The average speed of free electrons is sufficiently 
high ( 105 ms–1) at room temperature. During random motion, the free electrons collide with posi-
tive ions (positive atoms of metal) again and again and after each collision, their direction of motion 
changes. When we consider all the free electrons, their random motions average to zero. In other 
words, there is no net flow of charge (electrons) in any particular direction. Consequently, no current 
is established in the conductor.
	 When potential difference is applied across the 
ends of a conductor (say copper wire) as shown in 
Fig. 1.4, electric field is applied at every point of the 
copper wire.  The electric field exerts force on the free 
electrons which start accelerating towards the positive 
terminal (i.e., opposite to the direction of the field). As 
the free electrons move, they *collide again and again 
with positive ions of the metal.  Each collision destroys 
the extra velocity gained by the free electrons.
	 The average time that an electron spends between two collisions is called the relaxation 
time (t).  Its value is of the order of 10–14 second.
	 Although the free electrons are continuously accelerated by the electric field, collisions prevent 
their velocity from becoming large. The result is that electric field provides a small constant velocity 
towards positive terminal which is superimposed on the random motion of the electrons. This con-
stant velocity is called the drift velocity.
	 The average velocity with which free electrons get drifted in a metallic conductor under the 
influence of electric field is called drift velocity ( )dv

→
. The drift velocity of free electrons is of the 

order of 10–5 ms–1.
	 Thus when a metallic conductor is subjected to electric field (or potential difference), free elec-
trons move towards the positive terminal of the source with drift velocity dv→ . Small though it is, the 
drift velocity is entirely responsible for electric current in the metal.
	 Note. The reader may wonder that if electrons drift so slowly, how room light turns on quickly when 
switch is closed ?  The answer is that propagation of electric field takes place with the speed of light. When 
we apply electric field (i.e., potential difference) to a wire, the free electrons everywhere in the wire begin 
drifting almost at once.

Fig. 1.4

*	 What happens to an electron after collision with an ion ?  It moves off in some new and quite random 
direction.  However, it still experiences the applied electric field, so it continues to accelerate again, gaining 
a velocity in the direction of the positive terminal. It again encounters an ion and loses its directed motion.  
This situation is repeated again and again for every free electron in a metal.
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1.11.	 Relation Between Current and Drift Velocity
	 Consider a portion of a copper wire through which current I is flowing as shown in Fig. 1.5.  
Clearly, copper wire is under the influence of electric field.
	 Let		  A	 =	 area of X-section of the wire
			   n	 =	 electron density, i.e., number of 	
					     free electrons per unit volume
			   e	 =	 charge on each electron
			   vd	 =	 drift velocity of free electrons
	 In one second, all those free electrons within a 
distance vd to the right of cross-section at P (i.e., in a 
volume Avd) will flow through the cross-section at P as shown in Fig. 1.5. This volume contains n 
Avd electrons and, hence, a charge (nAvd)e.  Therefore, a charge of neAvd per second passes the cross-
section at P.
	 \		  I	 =	 n e A vd

	 Since A, n and e are constant,	 I ∝ vd.
	 Hence, current flowing through a conductor is directly proportional to the drift velocity of free 
electrons.
	 (i)	 The drift velocity of free electrons is very small.  Since the number of free electrons in a 

metallic conductor is very large, even small drift velocity of free electrons gives rise to 
sufficient current.

	 (ii)	 The current density J is defined as current per unit area and is given by ;

		  Current density,  J =	
I
A

 = d
d

n e Av
ne v

A
=

		  The SI unit of current density is amperes/m2.
	 Note. Current  density is a vector quantity and is denoted by the symbol 

→
J . Therefore, in vector notation, 

the relation between I and 
→
J is I =	 .

→ →
J A

			   where    
→
A 	 =	 Area vector

	 Example 1.1. A 60 W light bulb has a current of 0.5 A flowing through it. Calculate (i) the 
number of electrons passing through a cross-section of the filament (ii)  the number of electrons that 
pass the cross-section in one hour.
	 Solution.  (i)	 I	 =	

Q ne
t t

=

		  \	 n	 =	 —19

0.5 1

1.6 1  0

I t
e

×=
×

 = 3.1 × 1018 electrons/s

	 (ii)	 Charge passing the cross-section in one hour is
			   Q	 =	 I t = (0.5) × (60 × 60) = 1800 C

		  Now,	 Q	 =	 n e

		  \	 n	 =	 —19

1800

1.6 10

Q
e

=
×

 = 1.1 × 1022 electrons/hour

	 Example 1.2. A copper wire of area of X-section 4 mm2 is 4 m long and carries a current of 10 A.  
The number density of free electrons is 8 × 1028 m–3. How much time is required by an electron to 
travel the length of wire ?
	 Solution.	 I	 =	 n A e vd

Fig. 1.5
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	 Here	 I = 10 A ; A	 =	 4 mm2 = 4 × 10–6 m2 ; e = 1.6 × 10–19 C ; n = 8 × 1028 m–3

	 \		  Drift velocity,  vd	 =	 —4 —1

28 —6 —19

10
1.95 10 ms

8 10 (4 10 ) 1.6 10

I
n A e

= = ×
× × × × ×

	 \	 Time taken by the electron to travel the length of the wire is

		  	 t	 =	 4
—4

4
2.05 10 s

1.95 10d

l
v

= = ×
×

 = 5.7 hours

	 Example 1.3. The area of X-section of copper wire is 3 × 10–6 m2.  It carries a current of 4.2 A.  
Calculate (i) current density in the wire and (ii) the drift velocity of electrons. The number density 
of conduction electrons is 8.4 × 1028 m–3.
	 Solution. (i)	 Current density,	 J	 = —6

4.2

3 10

I
A

=
×

 = 1.4 × 106 A/m2

	 (ii)	 	 I	 =	 n e A vd

	 \	             Drift velocity,	 vd	 =	 28 —19 —6

4.2

(8.4 10 ) (1.6 10 ) 3 10

I
n A e

=
× × × × ×

 = 1.04 × 10–4 ms–1

Tutorial Problems

	 1.	 How much current is flowing in a circuit where 1.27 × 1015 electrons move past a given point in 
100 ms ?				    [2.03 A]

	 2.	 The current in a certain conductor is 40 mA.
	 (i)		 Find the total charge in coulombs that passes through the conductor in 1.5 s.
	 (ii)	Find the total number of electrons that pass through the conductor in that time.
						      [(i) 60 mC (ii) 3.745 × 1017 electrons]
	 3.	 The density of conduction electrons in a wire is 1022 m–3.  If the radius of the wire is 0.6 mm and it is 

carrying a current of 2 A, what will be the average drift velocity ?	 [1.1 × 10–3 ms–1]
	 4.	 Find the velocity of charge leading to 1 A current which flows in a copper conductor of cross-section 

1 cm2 and length 10 km. Free electron density of copper = 8.5 × 1028 per m3. How long will it take the 
electric charge to travel from one end of the conductor to the other ?	 [0.735 mm/s; 431 years]

1.12.	 Electric  Potential
	 When a body is charged, work is done in charging it. This work done is stored in the body 
in the form of potential energy. The charged body has the capacity to do work by moving other 
charges either by attraction or repulsion. The ability of the charged body to do work is called electric 
potential.
	 The capacity of a charged body to do work is called its electric potential.
	 The greater the capacity of a charged body to do work, the greater is its electric potential.  
Obviously, the work done to charge a body to 1 coulomb will be a measure of its electric potential 
i.e.
	              Electric potential,	 V	 =	

Work done

Charge

W
Q

=

	 The work done is measured in joules and charge in coulombs.  Therefore, the unit of electric 
potential will be joules/coulomb or volt.  If W = 1 joule, Q = 1 coulomb, then V = 1/1 = 1 volt.
	 Hence a body is said to have an electric potential of 1 volt if 1 joule of work is done to 
give it a charge of 1 coulomb.
	 Thus, when we say that a body has an electric potential of 5 volts, it means that 5 joules of work 
has been done to charge the body to 1 coulomb.  In other words, every coulomb of charge possesses 
an energy of 5 joules. The greater the joules/coulomb on a charged body, the greater is its electric 
potential.
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1.13.	 Potential Difference
	 The difference in the potentials of two charged bodies is called potential difference.
	 If two bodies have different electric potentials, a potential difference exists between the bodies.  
Consider two bodies A and B having potentials of 5 volts and 3 volts respectively as shown in 
Fig. 1.6 (i).  Each coulomb of charge on body A has an energy of 5 joules while each coulomb of 
charge on body B has an energy of 3 joules. Clearly, body A is at higher potential than the body B.

Fig. 1.6
	 If the two bodies are joined through a conductor [See Fig. 1.6 (ii)], then electrons will *flow 
from body B to body A. When the two bodies attain the same potential, the flow of current stops.  
Therefore, we arrive at a very important conclusion that current will flow in a circuit if potential 
difference exists.  No potential difference, no current flow.  It may be noted that potential difference 
is sometimes called voltage.
	 Unit. Since the unit of electric potential is volt, one can expect that unit of potential difference 
will also be volt. It is defined as under :
	 The potential difference between two points is 1 volt if one joule of work is **done or  
released in transferring 1 coulomb of charge from one point to the other.

1.14.	 Maintaining  Potential  Difference
	 A device that maintains potential difference between two points is said to develop electromotive 
force (e.m.f.). A simple example is that of a cell. Fig. 1.7 shows the familiar voltaic cell.  It consists 
of a copper plate (called anode) and a zinc rod (called cathode) immersed in dilute H2SO4.
	 The chemical action taking place in the cell removes electrons from copper plate and 
transfers them to the zinc rod. This transference of electrons takes place through the agency of dil. 
H2SO4 (called electrolyte). Consequently, 
the copper plate attains a positive charge of 
+Q coulombs and zinc rod a charge of –Q 
coulombs. The chemical action of the cell 
has done a certain amount of work (say 
W joules) to do so. Clearly, the potential 
difference between the two plates will be W/Q 
volts.  If the two plates are joined through a 
wire, some electrons from zinc rod will be 
attracted through the wire to copper plate. 
The chemical action of the cell now transfers 
an equal amount of electrons from copper 
plate to zinc rod internally through the cell 
to maintain original potential difference (i.e. 
W/Q). This process continues so long as the 
*	 The conventional current flow will be in the opposite direction i.e. from body A to body B.
**	 1 joule of work will be done in the case if 1 coulomb is transferred from point of lower potential to that of 

higher potential. However, 1 joule of work will be released (as heat) if 1 coulomb of charge moves from a 
point of higher potential to a point of lower potential.

Fig. 1.7
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circuit is complete or so long as there is chemical energy.  The flow of electrons through the 
external wire from zinc rod to copper plate is the electric current.
	 Thus potential difference causes current to flow while an e.m.f. maintains the potential differ-
ence.  Although both e.m.f. and p.d. are measured in volts, they do not mean exactly the same thing.

1.15.	 Concept of E.M.F. and Potential Difference
	 There is a distinct difference between e.m.f. and potential difference.  The e.m.f. of a device, say 
a battery, is a measure of the energy the battery gives to each coulomb of charge.  Thus if a battery 
supplies 4 joules of energy per coulomb, we say that it has an e.m.f. of 4 volts.  The energy given to 
each coulomb in a battery is due to the chemical action.
	 The potential difference between two points, say A and B, is a measure of the energy used by 
one coulomb in moving from A to B. Thus if potential difference between points A and B is 2 volts, 
it means that each coulomb will give up an energy of 2 joules in moving from A to B.
	 Illustration. The difference between e.m.f. and 
p.d. can be made more illustrative by referring to Fig. 
1.8. Here battery has an e.m.f. of 4 volts.  It means 
battery supplies 4 joules of energy to each coulomb 
continuously. As each coulomb travels from the 
positive terminal of the battery, it gives up its most of 
energy to resistances (2 W and 2 W in this case) and 
remaining to connecting wires.  When it returns to the 
negative terminal, it has lost all its energy originally 
supplied by the battery.  The battery now supplies 
fresh energy to each coulomb (4 joules in the present 
case) to start the journey once again.
	 The p.d. between any two points in the circuit is the energy used by one coulomb in moving 
from one point to another.  Thus in Fig. 1.8, p.d. between A and B is 2 volts.  It means that 1 coulomb 
will give up an energy of 2 joules in moving from A to B.  This energy will be released as heat from 
the part AB of the circuit.
	 The following points may be noted carefully :
	 (i)	 The name e.m.f. at first sight implies that it is a force that causes current to flow.  This is not 
correct because it is not a force but energy supplied to charge by some active device such as a battery.
	 (ii)	 Electromotive force (e.m.f.) maintains potential difference while p.d. causes current to flow.

1.16.	 Potential Rise and Potential Drop
	 Fig. 1.9 shows a circuit with a cell and a resistor.  The cell provides a potential difference of 
1.5 V.  Since it is an energy source, there is a rise in potential associated with a cell. The cell’s 
potential difference represents an e.m.f. so that symbol 
E could be used. The resistor is also associated with a 
potential difference. Since it is a consumer (converter) 
of energy, there is a drop in potential across the resistor. 
We can combine the idea of potential rise or drop with 
the popular term “voltage”. It is customary to refer to 
the potential difference across the cell as a voltage rise 
and to the potential difference across the resistor as a 
voltage drop.

Fig. 1.8

+

–

1.5 V
( )DROP

E = 1.5 V
( )RISE

Fig. 1.9
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	 Note. The term voltage refers to a potential difference across two points. There is no such thing as a 
voltage at one point. In cases where a single point is specified, some reference must be used as the other 
point. Unless stated otherwise, the ground or common point in any circuit is the reference when specifying 
a voltage at some other point.
	 Example 1.4. A charge of 4 coulombs is flowing between points A and B of a circuit.  If the 
potential difference between A and B is 2 volts, how many joules will be released by part AB of the 
circuit ?
	 Solution. The p.d. of 2 volts between points A and B means that each coulomb of charge will 
give up an energy of 2 joules in moving from A to B. As the charge flowing is 4 coulombs, therefore, 
total energy released by part AB of the circuit is = 4 × 2 = 8 joules.
	 Example 1.5. How much work will be done by an electric energy source with a potential differ-
ence of 3 kV that delivers a current of 1 A for 1 minute ?
	 Solution. We know that 1 A of current represents a charge transfer rate of 1 C/s.  Therefore, the 
total charge for a period of 1 minute is Q = It = 1 × 60 = 60 C.
		        	 Total work done, W	 =	 Q × V = 60 × (3 × 103) = 180 × 103 J = 180 kJ

Tutorial Problems

	 1.	 Calculate the potential difference of an energy source that provides 6.8 J for every milli-coulomb of 
charge that it delivers.				    [6.8 kV]

	 2.	 The potential difference across a battery is 9 V.  How much charge must it deliver to do 50 J of work ?		
				    [5.56 C]

	 3.	 A 300 V energy source delivers 500 mA for 1 hour.  How much energy does this represent ?	 [540 kJ]

1.17.	 Resistance
	 The opposition offered by a substance to the flow of electric current is called  its resistance.
	 Since current is the flow of free electrons, resistance is the opposition offered by the substance 
to the flow of free electrons. This opposition occurs because atoms and molecules of the substance 
obstruct the flow of these electrons. Certain substances (e.g. metals such as silver, copper, aluminium 
etc.) offer very little opposition to the flow of electric current and are called conductors.  On the other 
hand, those substances which offer high opposition to the flow of electric current (i.e. flow of free 
electrons) are called insulators e.g. glass, rubber, mica, dry wood etc.
	 It may be noted here that resistance is the electric friction offered by the substance and causes 
production of heat with the flow of electric current.  The moving electrons collide with atoms or 
molecules of the substance ; each collision resulting in the liberation of minute quantity of heat.
	 Unit of resistance. The practical unit of resistance is ohm and is represented by the symbol W.  
It is defined as under :
	 A wire is said to have a resistance of 1 ohm if 
a p.d. of 1 volt across its ends causes 1 ampere to flow 
through it (See Fig. 1.10).
	 There is another way of defining ohm.
	 A wire is said to have a resistance of 1 ohm if it 
releases 1 joule (or develops 0.24 calorie of heat) when a current of 1 A flows through it for 1 second.
	 A little reflection shows that second definition leads to the first definition.  Thus 1 A current 
flowing for 1 second means that total charge flowing is Q = I × t = 1 × 1 = 1 coulomb.  Now the charge 
flowing between A and B (See Fig. 1.10) is 1 coulomb and energy released is 1 joule (or 0.24 calorie).  
Obviously, by definition, p.d. between A and B should be 1 volt.

Fig. 1.10
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1.18.	 Factors Upon Which Resistance Depends
	 The resistance R of a conductor
	 (i)	 is directly proportional to its length i.e.
			   R	∝	 l
	 (ii)	 is inversely proportional to its area of X-section i.e.

		  	 R	∝	
1

a
	

	 (iii)	 depends upon the nature of material.
	 (iv)	 depends upon temperature.
	 From the first three points (leaving temperature for the time being), we have,

			   R	 ∝	
l
a

  or  R  = 
l
a

ρ

where ρ (Greek letter ‘Rho’) is a constant and is known as resistivity or specific resistance of the 
material.  Its value depends upon the nature of the material.

1.19.	 Specific Resistance or Resistivity

	 We have seen above that	 R	 =	
l
a

ρ

			   If  l	 =	 1 m,  a = 1 m2, then,   R	 = ρ
	 Hence specific resistance of a material is the resistance offered by 1 m length of wire of  
material having an area of cross-section of 1 m2 [See Fig. 1.11 (i)].

Current

1 m

1 m

1 
m

1 m
2

1 m

( )i ( )ii
Fig. 1.11

	 Specific  resistance  can  also  be  defined  in  another  way.  Take  a  cube  of  the  material  having  each 
side  1  m.   Considering  any  two  opposite  faces,  the  area  of  cross-section  is  1  m2  and  length  is 1  m  
[See Fig. 1.11 (ii)] i.e. l = 1 m, a = 1 m2.
	 Hence specific resistance of a material may be defined as the resistance between the opposite 
faces of a metre cube of the material.
  Unit of resistivity. We know		  R	 = 

l
a
ρ

  or   ρ = 
R a
l

Hence the unit of resistivity will depend upon the units of area of cross-section (a) and length (l).
	 (i)	 If the length is measured in metres and area of cross-section in m2, then unit of resistivity 
will be ohm-metre (Ω m).

	 	 	 ρ	 =	
2ohm × m

ohm-m
m

=
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	 (ii)	 If length is measured in cm and area of cross-section in cm2, then unit of resistivity will be 
ohm-cm (Ω cm).
			   ρ	=	

2ohm cm

cm

×
 = ohm-cm

	 The resistivity of substances varies over a wide range.  To give an idea to the reader, the follow-
ing table may be referred :

S.No. Material Nature Resistivity (Ω-m) at 
room temperature

1 Copper metal 1.7 ×10–8

2 Iron metal 9.68 × 10–8

3 Manganin alloy 48 × 10–8

4 Nichrome alloy 100 × 10–8

5 Pure silicon semiconductor 2.5 ×103

6 Pure germanium semiconductor 0.6
7 Glass insulator 1010 to 1014

8 Mica insulator 1011 to 1015

	 The reader may note that resistivity of metals and alloys is very small.  Therefore, these materials 
are good conductors of electric current. On the other hand, resistivity of insulators is extremely 
large.  As a result, these materials hardly conduct any current.  There is also an intermediate class of 
semiconductors.  The resistivity of these substances lies between conductors and insulators.

1.20.	 Conductance
	 The reciprocal of resistance of a conductor is called its conductance (G).  If a conductor has 
resistance R, then its conductance G is given by ;
			   G	 =	 1/R
	 Whereas resistance of a conductor is the opposition to current flow, the conductance of a 
conductor is the inducement to current flow.	
	 The SI unit of conductance is mho (i.e., ohm spelt backward).  These days, it is a usual practice 
to use siemen as the unit of conductance.  It is denoted by the symbol S.
	 Conductivity. The reciprocal of resistivity of a conductor is called its conductivity.  It is 
denoted by the symbol σ.  If a conductor has resistivity ρ, then its conductivity is given by ;

			   Conductivity,  σ	 =	
1

ρ
	 We know that G = 

1 .a a
R l l

= = σ
ρ

 Clearly, the SI unit of conductivity is Siemen metre−1 (S m−1).

	 Example 1.6. A coil consists of 2000 turns of copper wire having a cross-sectional area of 
0.8 mm2. The mean length per turn is 80 cm and the resistivity of copper is 0.02 mW m. Find the 
resistance of the coil and power absorbed by the coil when connected across 110 V d.c. supply. 
	 Solution. Length of coil, l = 0.8 × 2000 = 1600 m; cross-sectional area of coil, a = 0.8 mm2 
= 0.8 × 10–6m2; Resistivity of copper, r = 0.02 × 10–6 Wm

	 \	       Resistance of coil,	 R	 =	
l
a

ρ  = 0.02 × 10–6 —6

1600

0.8 10×
 = 40 W

	 	          Power absorbed,	 P	 =	
2V

R
 = 

2(110)

40
 = 302.5 W
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	 Example 1.7. Find the resistance of 1000 metres of a copper wire 25 sq. mm in cross-section.  
The resistance of copper is 1/58 ohm per metre length and 1 sq. mm cross-section.  What will be 
the resistance of another wire of the same material, three times as long and one-half area of cross-
section ?
	 Solution. For the first case,	 R1	=	 ? ; a1 = 25 mm2 ; l1 = 1000 m
	            For the second case,	 R2	=	 1/58 Ω ; a2 = 1 mm2 ; l2 = 1 m
			     R1	 =	 ρ (l1/a1)  ;  R2 = ρ (l2/a2)

	 \		  1

2

R
R

	 =	 1 2

2 1

000 1
40

1 25

l a
l a

1   × = × =      

	 or		  R1	 =	 40 R2 = 40 × 
1

58
= 

20
29

W

	              For the third case,	R3	 =	 ? ; a3 = a1/2 ; l3 = 3l1

	 \		  3

1

R
R

	 =	 3 1

1 3

l a
l a

  
×  

   
 = (3) × (2)  = 6

	 or		  R3	 =	 6R1 = 6 × 
20

29
 = 

120
29

W

	 Example 1.8. A copper wire of diameter 1 cm had a resistance of 0.15 Ω.  It was drawn under 
pressure so that its diameter was reduced to 50%.  What is the new resistance of the wire ?

	 Solution.  Area of wire before drawing,	a1 = 
4

π
 (1)2 = 0.785 cm2

	 Area of wire after drawing,	 a2 	=  
4

π
 (0.5)2 = 0.196 cm2

	 As the volume of wire remains the same before and after drawing,
	 \		  a1l1	 =	 a2l2
	 or		  l2/l1	 =	 a1/a2 = 0.785/0.196 = 4
	 For the first case,	 R1	 =	 0.15 Ω ; a1 = 0.785 cm2 ; l1 = l
	 For the second case,	 R2	 =	 ? ; a2 = 0.196 cm2 ; l2 = 4l

	 Now	 R1	 =	 1

1

;
l
a

ρ   R2 = 2

2

l
a

ρ

	 \		   2

1

R
R

	 =	 2 1

1 2

l a
l a

   
×   

   
= (4) × (4) = 16

	 or		  R2	 =	 16R1 = 16 × 0.15 = 2.4 Ω
	 Example 1.9. Two wires of aluminium and copper have the same resistance and same length.  
Which of the two is lighter? Density of copper is 8.9 × 103 kg/m3 and that of aluminium is 2.7 × 103 
kg/m3.  The resistivity of copper is 1.72 × 10−8 Ω m and that of aluminium is 2.6 × 10−8 Ω m.
	 Solution. That wire will be lighter which has less mass. Let suffix 1 represent aluminium and 
suffix 2 represent copper.
			   R1	 =	 R2  or  1 2

1 2
1 2

l l
A A

ρ = ρ

	 or		  1

1A
ρ

	 =	 2

2A
ρ

	               ( l1 = l2)

	 or		  1

2

A
A

	 =	
—8

1
—8

2

.6 10
1.5

1.72 10

ρ 2 ×= =
ρ ×
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	 Now	 1

2

m
m

	 =	 1 1 1 1 1

2 2 2 2 2

( )

( )

A l d A d
A l d A d

= 	 ( l1 = l2)

	 or		  1

2

m
m

	=
3

1 1
3

2 2

2.7 10
1.5

8.9 10

A d
A d

    ×× = ×   
×   

 = 0.46

	 or	 	 m1/m2	 =	 0.46
	 It is clear that for the same length and same resistance, aluminium wire is lighter than copper 
wire.  For this reason, aluminium wires are used for overhead power transmission lines.
	 Example 1.10. A rectangular metal strip has the dimensions x = 10 cm, y = 0.5 cm and  
z = 0.2 cm. Determine the ratio of the resistances Rx, Ry and Rz between the respective pairs of 
opposite faces.
	 Solution.	 Rx : Ry : Rz	 =	 : :

ρ ρ ρx y z
yz zx xy

 = 
10 0.5 0.2

: :
0.5 0.2 0.2 10 10 0.5× × ×

	

				    =	
10 1

: : 0.04
0.1 4

 = 2500 : 6.25 : 1

	 Example 1.11. Calculate the resistance of a copper tube 0.5 cm thick and 2 m long. The external 
diameter is 10 cm. Given that resistance of copper wire 1 m long and 1 mm2 in cross-section is  
1/58 Ω.
	 Solution. External diameter,	 D = 10 cm
			   Internal diameter,  d	 =	 10 – 2 × 0.5 = 9 cm

		  Area of cross-section,	 a	 =	 2 2 2 2 2( ) (10) (9) cm
4 4

D dπ π  − = − 

			   	 =	 2 2 2(10) (9) 100 mm
4

π  − × 

	 \	 Resistance of copper tube	=	 2

1 length in metres

58 area of X-section in mm

l
a
ρ = ×

				    =	
2 2

1 2

58 (10) (9) 100
4

×
π  − × 

 = 23.14 × 10–6 Ω = 23.14 µΩ

	 Example 1.12.  A copper wire is stretched so that its length is increased by 0.1%.  What is the 
percentage change in its resistance ?

	 Solution.	 R	 =	
l
a

ρ ;  R′ = 
l
a
′ρ
′

	 Now	 l′	 =	
0.1

100
l l+ × = 1.001 l

	 As the volume remains the same,	al = a′l′.

	 \		  a′	 =	
1.001

l aa
l

=
′

	 \		
R
R

′
	 =	

l a
l a
′   ×      ′

 = (1.001) × (1.001) = 1.002

	 or		
R R

R
′ −

	 =	 0.002

	 \		  Percentage increase	 =	 100
R R

R
′ − ×  = 0.002 × 100 = 0.2%
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	 Example 1.13.  A lead wire and an iron wire are connected in parallel. Their respective specific 
resistances are in the ratio 49 : 24. The former carries 80% more current than the latter and the 
latter 47% longer than the former.  Determine the ratio of their cross-sectional areas.
	 Solution.  Let us represent lead and iron by suffixes 1 and 2 respectively.  Then as per the condi-
tions of the problem, we have,

			   1

2

ρ
ρ

	 =	
49

24
 ;   I1 = 1.8 I2  ;  l2 = 1.47 l1

	 Now	 R1	 =	 1
1

1

ρ
l
a

 ;  R2 = 2
2

2

l
a

ρ

			   I1	 =	
1

V
R

  and  I2 = 
2

V
R

	 \		  2

1

I
I

	 =	 1 1 1 2 1 1 2

2 1 2 2 2 2 1

R l a l a
R a l l a

     ρ ρ
= × = × ×     ρ ρ     

	 or		
1

1.8
	 =	 2

1

49 1

24 1.47

a
a

× ×

	 \		  2

1

a
a

	 =	
1 24

1.47
1.8 49

× × = 0.4

	 Example 1.14. An aluminium wire 7.5 m long is connected in parallel with a copper wire 6 m 
long. When a current of 5 A is passed through the combination, it is found that the current in the 
aluminium wire is 3 A.  The diameter of the aluminium wire is 1 mm.  Determine the diameter of the 
copper wire.  Resistivity of copper is 0.017 µΩm ; that of the aluminium is 0.028 µΩ m.
	 Solution.  Let us assign subscripts a and c to aluminium and copper respectively.
	 Current through Al wire, Ia =	 3 A
	 \	 Current through Cu wire,	 Ic	=	 5 – 3 = 2 A
	 Since Ra and Rc are in parallel, the voltage across them is the same [See Fig. 1.12] i.e.

			   Ia Ra	=	 Ic Rc  or 
2

3
a c

c a

R I
R I

= =

	 Now	 Ra	=	 a a

a

l
a

ρ
  ;  Rc = c c

c

l
a

ρ

	 \		  c

a

R
R

	=	 c c a

a a c

l a
l a

ρ
× ×

ρ

	 Here  	  c

a

R
R

	=	
0.017 6

; ; ;
2 0.028 7.5

3 ρ
= =

ρ
c c

a a

l
l

			   aa	=	
2

2 2(1)
mm

4 4 4

π π× π= =d

	 \		
3

2
	=	

0.017 6 / 4

0.028 7.5 ca
π× ×

	 or		  ac	=	
2 0.017 6

3 0.028 7.5 4

π× × ×  = 0.2544 mm2

	 or		  2

4 cdπ
	=	 0.2544    \  dc = 0.569 mm

Fig. 1.12
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	 Example 1.15.  A transmission line cable consists of 19 strands of identi-
cal copper conductors, each 1.5 mm in diameter. The length of the cable is 2 
km but because of the twist of the strands, the actual length of each conductor 
is increased by 5 percent.  What is resistance of the cable ?  Take the resistivity 
of the copper to be 1.78 × 10–8 Ω m.
	 Solution.  Fig. 1.13 shows the general shape of a stranded conductor.  
Allowing for twist, the length of the strands is
			   l	 =	 2000 m + 5% of 2000 m = 2100 m

	 Area of X-section of 19 strands,	 a = —3 2 —6 2(19) (1.5 10 ) 33.576 10 m
4

π × × = ×  
 

	 \		  Resistance of line,  R	 =	 —8
—6

2100
1.72 10

33.576 10

l
a

ρ = × ×
×

 = 1.076 Ω

	 Example 1.16. The resistance of the wire used for telephone is 35 Ω per kilometre when the 
weight of the wire is 5 kg per kilometre.  If the specific resistance of the material is 1.95 × 10–8 Ω m, 
what is the cross-sectional area of the wire ? What will be the resistance of a loop to a subscriber 8 
km from the exchange if wire of the same material but weighing 20 kg per kilometre is used?
	 Solution. For the first case,	R	 =	 35 Ω  ;  l = 1000 m  ;  ρ = 1.95 × 10–8 Ω m

	 Now	 R	 =	
l
a

ρ      \  a = 
—81.95 10 1000

35

l
R
ρ × ×=  = 55.7 × 10–8 m2

	 Since weight of conductor is directly proportional to the area of cross-section, for the second 
case, we have,

		  a = 
20

5
 × 55.7 × 10–8 = 222.8 × 10–8 m2  ;  l = 2 × 8 = 16 km = 16000 m

	 \			   R	 = 
l
a

ρ  = 1.95 × 10–8 × —8

16000

222.8 10×
 = 140.1 Ω

	 Example 1.17. Find the resistance of a cubic centimetre of copper (i) when it is drawn into a 
wire of diameter 0.32 mm and (ii) when it is hammered into a flat sheet of 1.2 mm thickness, the 
current flowing through the sheet from one face to another, specific resistance of copper is 1.6 × 10–8 
W-m.
	 Solution. Volume of copper wire, v = 1 cm3 = 1 × 10–6 m3

	 (i)	 Resistance when drawn into wire.

		  Area of X-section, a =	 2 —3 2(0.32 10 )
4 4

dπ π= ×  = 0.804 × 10–7 m2

		  Length of wire, l =	
—6

—7

1 10
12.43m

0.804 10

v
a

×= =
×

		  \ Resistance of wire,	 R	 =	
l
a

ρ  = 1.6 × 10–8 —7

12.43

0.804 10×
 = 2.473 W 

	 (ii)	 Resistance when hammered into flat sheet.

		  Length of f lat sheet, l = 1.2 × 10–3 m ;  Area of cross-section of flat sheet is

		  	 a	 =	
v
l

 =
—6 —3

2

—3

1 10 10
m

1.21.2 10

× =
×

		  \  Resistance of copper flat sheet is    R = 
—3

—8

—3

1.2 10
1.6 10

10 /1.2

l
a

×ρ = ×  = 2.3 × 10–8 Ω

Fig. 1.13
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Tutorial Problems

	 1.	 Calculate the resistance of 915 metres length of a wire having a uniform cross-sectional area of 0.77 cm2 
if the wire is made of copper having a resistivity of 1.7 × 10–6 Ω cm.	 [0.08 Ω]

	 2.	 A wire of length 1 m has a resistance of 2 ohms. What is the resistance of second wire, whose specific 
resistance is double the first, if the length of wire is 3 metres and the diameter is double of the first? [3 Ω]

	 3.	 A rectangular copper strip is 20 cm long, 0.1 cm wide and 0.4 cm thick.  Determine the resistance 
between (i) opposite ends (ii) opposite sides.  The resistivity of copper is 1.7 × 10–6 Ω cm.	

[(i) 0.85 × 10–4 Ω (ii) 0.212 × 10–6 Ω]
	 4.	 A cube of a material of side 1 cm has a resistance of 0.001 Ω between its opposite faces.  If the same 

material has a length of 9 cm and a uniform cross-sectional area 1 cm2, what will be the resistance of 
this length ?			   	 [0.009 Ω]

	 5.	 An aluminium wire 10 metres long and 2 mm in diameter is connected in parallel with a copper wire 6 
metres long.  A total current of 2 A is passed through the combination and it is found that current through 
the aluminium wire is 1.25 A.  Calculate the diameter of copper wire.  Specific resistance of copper is    
1.6 × 10–6 Ω cm and that of aluminium is 2.6 × 10–6 Ω cm.	 [0.94 mm]

	 6.	 A copper wire is stretched so that its length is increased by 0.1%.  What is the percentage change in its 
resistance ?			   	 [0.2%]

1.21.	 Types  of  Resistors
	 A component whose function in a circuit is to provide a specified value of resistance is called  
a resistor. The principal applications of resistors are to limit current, divide voltage and in certain 
cases, generate heat.  Although there are a variety of different types of resistors, the following are the 
commonly used resistors in electrical and electronic circuits :
	 (i)	 Carbon composition types	 (ii)	 Film resistors
	 (iii)	 Wire-wound resistors	 (iv)	 Cermet resistors
	 (i) Carbon composition type. This type of resistor is made with a mixture of finely ground 
carbon, insulating filler and a resin binder.  The ratio of carbon and insulating filler decides the 
resistance value [See Fig. 1.14]. The mixture is formed into a rod and lead connections are made.  
The entire resistor is then enclosed in a plastic case to prevent the entry of moisture and other 
harmful elements from outside.

Fig. 1.14

	 Carbon resistors are relatively inexpensive to build.  However, they are highly sensitive to 
temperature variations. The carbon resistors are available in power ratings ranging from 1/8 to 2 W.
	 (ii) Film resistors. In a film resistor, a resistive material is deposited uniformly onto a high-
grade ceramic rod.  The resistive film may be carbon (carbon film resistor) or nickel-chromium 
(metal film resistor). In these types of resistors, the desired resistance value is obtained by removing 
a part of the resistive material in a helical pattern along the rod as shown in Fig. 1.15.
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	 Metal film resistors have better 
characteristics as compared to carbon film 
resistors.
	 (iii)	Wire-wound resistors. A wire-
wound resistor is constructed by winding 
a resistive wire of some alloy around 
an insulating rod.  It is then enclosed in 
an insulating cover.   Generally, nickle-
chromium alloy is used because of its very 
small temperature coefficient of resistance.  
Wire-wound resistors can safely operate 
at higher temperatures than carbon types. 
These resistors have high power ratings ranging from 12 to 225 W.
	 (iv) Cermet resistors. A cermet resistor is made by depositing a thin film of metal such as 
nichrome or chromium cobalt on a ceramic substrate.  They are cermet which is a contraction for 
ceramic and metal.  These resistors have very accurate values.

1.22.	 Effect of Temperature on Resistance
	 In general, the resistance of a material changes with the change in temperature. The effect of 
temperature upon resistance varies according to the type of material as discussed below :
	 (i)	 The resistance of pure metals 
(e.g. copper, aluminium) increases with 
the increase of temperature. The change 
in resistance is fairly regular for normal 
range of temperatures so that temperature/
resistance graph is a straight line as 
shown in Fig. 1.16 (for copper). Since 
the resistance of metals increases with 
the rise in temperature, they have positive 
temperature co-efficient of resistance.
	 (ii)	 The resistance of electrolytes, 
insulators (e.g. glass, mica, rubber etc.) 
and semiconductors (e.g. germanium, 
silicon etc.) decreases with the increase 
in temperature.  Hence these materials have negative temperature co-efficient of resistance.
	 (iii)	The resistance of alloys increases with the rise in temperature but this increase is very small 
and irregular.  For some high resistance alloys (e.g. Eureka, manganin, constantan etc.),  the change 
in resistance is practically negligible over a wide range of temperatures.
	 Fig. 1.16 shows temperature/resistance graph for copper which is a straight line.  If this line is 
extended backward, it would cut the temperature axis at −234.5°C.  It means that theoretically, the 
resistance of copper wire is zero at −234.5°C.  However, in actual practice, the curve departs (point 
A) from the straight line path at very low temperatures.

1.23.	 Temperature Co-efficient of Resistance
	 Consider a conductor having resistance R0 at 0°C and Rt at t °C.  It has been found that in the 
normal range of temperatures, the increase in resistance (i.e. Rt − R0)
	 (i)	 is directly proportional to the initial resistance i.e.
			   Rt − R0	∝	R0

Fig. 1.15

Fig. 1.16
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	 (ii)	 is directly proportional to the rise in temperature i.e.
			   Rt − R0	∝	 t
	 (iii)	 depends upon the nature of material.
	 	 Combining the first two, we get,
			   Rt − R0	∝	R0 t
	 or		  Rt − R0	=	 *a0 R0 t	 ...(i)
where α0 is a constant and is called temperature co-efficient of resistance at 0°C. Its value 
depends upon the nature of material and temperature.
	 Rearranging eq. (i), we get,
			   Rt	 =	 R0 (1 + α0 t)	 ...(ii)
	 Definition of α0.  From eq. (i), we get,

			   α0	 =	 0

0

tR R
R t

−
×

				    =	 Increase in resistance/ohm original resistance/°C rise in tem-		
					     perature
	 Hence temperature co-efficient of resistance of a conductor is the increase in resistance per  
ohm original resistance per °C rise in temperature.
	 A little reflection shows that unit of α will be ohm/ohm°C i.e./°C. Thus, copper has a  
temperature co-efficient of resistance of 0.00426/°C. It means that if a copper wire has a resistance 
of 1 Ω at 0°C, then it will increase by 0.00426 Ω for 1°C rise in temperature i.e. it will become  
1.00426 Ω at 1°C. Similarly, if temperature is raised to 10°C, then resistance will become 1 + 10 × 
0.00426 = 1.0426 ohms. 
	 The following points may be noted carefully :
	 (i)	 Those substances (e.g. pure metals) whose resistance increases with rise in temperature 
are said to have positive temperature co-efficient of resistance.  On the other hand, those substances 
whose resistance decreases with increase in temperature are said to have negative temperature co-
efficient of resistance.
	 (ii)	 If a conductor has a resistance R0, R1 and R2 at 0oC, t1

oC and t2
oC respectively, then,

			   R1	 =	 R0 (1 + a0 t1)

			   R2	 =	 R0 (1 + a0 t2)

	 ∴		  2

1

R
R

	 =	 0 2

0 11

t
t

1+ α
+ α

	 ...(iii)

	 This relation is often utilised in determining the rise of temperature of the winding of an  
electrical machine. The resistance of the winding is measured both before and after the test run.  Let 
R1 and t1 be the resistance and temperature before the commencement of the test.  After the operation 
of the machine for a given period, let these values be R2 and t2. Since R1 and R2 can be measured 
and t1 (ambient temperature) and a0 are known, the value of t2 can be calculated from eq. (iii). The 
average rise in temperature of the winding will be (t2 − t1)°C.
	 Note. The life expectancy of electrical apparatus is limited by the temperature of its insulation; the higher 
the temperature, the shorter the life.  The useful life of electrical apparatus reduces approximately by half every 
time the temperature increases by 10°C.  This means that if a motor has a normal life expectancy of eight years 

*	 It will be shown in Art. 1.25 that value of a depends upon temperature. Therefore, it is referred to the 
original temperature i.e. 0°C in this case. Hence the symbol a0.
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at a temperature of 100°C, it will have a life expectancy 
of only four years at a temperature of 110°C, of two years 
at a temperature of 120°C and of only one year at 130°C.

1.24.	 Graphical Determination of a
	 The value of temperature co-efficient of 
resistance can also be determined graphically 
from temperature/resistance graph of the material.  
Fig. 1.17 shows the temperature/resistance graph 
for a conductor. The graph is a straight line AX as is 
the case with all conductors.  The resistance of the 
conductor is R0 (represented by OA) at 0°C and it 
becomes Rt at t°C.  By definition,

			   α0	 =	 0

0

tR R
R t

−
×

	 But		  Rt − R0	 =	 BC
	 and		  t	 =	 rise in temperature = AB

	 \		  a0	 =	
0

BC
R AB×

	 But BC/AB is the slope of temperature/resistance graph.

	 \	 	 α0	 =	 Slope of temp./resistance graph

Original resistance
	 ...(i)

	 Hence, temperature co-efficient of resistance of a conductor at 0°C is the slope of temp./
resistance graph divided by resistance at 0°C (i.e. R0).
	 The following points may be particularly noted :
	 (i)	The value of α depends upon temperature.  At any temperature, a can be calculated by using 

eq. (i).
	 	       Thus,	 α0	 =	

0

Slope* of temperature/resistance graph

R

	 	       and	 αt	 =	
Slope of temperature/resistance graph

tR

	 (ii)	 The value of α0 is maximum and it decreases as the temperature is increased.  This is  
clear from the fact that the slope of temperature/resistance graph is constant and R0 has the 
minimum value.

1.25.	 Temperature Co-efficient at Various Temperatures
	 Consider a conductor having resistances R0 and R1 at temperatures 0°C and t1°C respectively.  
Let a0 and a1 be the temperature co-efficients of resistance of the conductor at 0°C and t1°C 
respectively.  It is desired to establish the relationship between a1 and a0. Fig. 1.18 shows the 
temperature/resistance graph of the conductor.  As proved in Art. 1.24,

		  a0	=	
0

Slope of graph

R
\	  	 Slope of graph	 =	 α0 R0

Fig. 1.17

*	 The slope of temp./resistance graph of a conductor is always constant (being a straight line).
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	 Similarly,	 a1	=	
1

Slope of graph

R
or	       Slope of graph	=	a1 R1

	 Since the slope of temperature/resistance graph is 
constant,
	 \	   	 a0 R0 	= 	 a1 R1

or	   	 a1 = 0 0

1

R
R

α
	= 0 0

0 0 1(1 )

R
R t

α
+ α

	

			                            [ R1 = R0 (1 + α0 t1)]

	 \		   α1	 =	
0 11 t

0α
+ α

       	 ...(i)

	 Similarly,*	 α2	 =	 0

0 21 t
α

+ α
	 ...(ii)

	 Subtracting the reciprocal of eq. (i) from the 
reciprocal of eq. (ii),
			 

2 1

1 1−
α α

	 =	 0 10 2

0 0

11 tt + α+ α −
α α  = t2 − t1

	 \		  α2	 =	
2 1

1

1
1 ( )t t+ −

α

	 ...(iii)

	 Eq. (i) gives the relation between α1 and α0 while Eq. (iii) gives the relation between α2 and α1.

1.26.	 Summary of Temperature Co-efficient Relations

	 (i)	 If R0 and α0 are the resistance and temperature co-efficient of resistance of a conductor at 
0oC, then its resistance Rt at t°C is given by ;

			   Rt	 =	 R0(1 + α0 t)
	 (ii)	 If α0, α1 and α2 are the temperature co-efficients of resistance at 0°C, t1°C and t2°C 

respectively, then,

	 	 α1 = 0

0 11 t
α

+ α
 ;   α2 =	 0

0 21 t
α

+ α
 ;   α2 = 

2 1
1

1
1 ( )+ −

α
t t

	 (iii)	 Suppose R1 and R2 are the resistances of a conductor at t1°C and t2°C respectively.  If α1 is 
the temperature co-efficient of resistance at t1

oC, then,
			   R2**	 =	 R1[1 + α1(t2 − t1)]

1.27.	 Variation of Resistivity With Temperature
	 Not only resistance but resistivity or specific resistance of a material also changes with 
temperature. The change in resistivity per °C change in temperature is called temperature 

Fig. 1.18

*			   a0R0	 =	 a2R2 where R2 is the resistance at t2°C

	 or		  a2	 =	 0 0 0 0 0

2 0 0 2 0 2(1 ) 1

R R

R R t t

α α α
= =

+ α + α
**			   Slope of graph, tan q	 =	 R0 a0 = R1 a1 = R2 a2

	 Increase in resistance as temperature is raised from t1°C to t2°C
				    =	 tan q(t2 – t1) = R1a1(t2 – t1)
	 \		  Resistance at t2°C, R2	 =	 R1 + R1a1(t2 – t1) = R1[1 + a1(t2 – t1)]
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coefficient of resistivity. In case of metals, the resistivity increases with increase in temperature 
and vice-versa. It is found that resistivity of a metallic conductor increases linearly over a wide 
range of temperatures and is given by ;
			   rt	 =	 r0(1 + a0t)
	 where	 r0	 =	 resistivity of metallic conductor at 0°C
			   rt	 =	 resistivity of metallic conductor at temperature t°C
	 Note that temperature coefficient of resistivity is equal to temperature coefficient of resis-
tance a0.
	 Example 1.18. A coil has a resistance of 18 W when its mean temperature is 20°C and of 20 W 
when its mean temperature is 50°C. Find its mean temperature rise when its resistance is 21W and 
the surrounding temperature is 15°C.
	 Solution. Let R0 be the resistance of the coil at 0°C and a0 be its temperature coefficient of 
resistance at 0°C. Then, 
			   18	 =	 R0 (1 + a0 × 20)  and  20 = R0 (1 + a0 × 50)

	 \		
20

18
	 =	 0

0

1 50

1 20

+ α
+ α

  or  a0 = 
1

0.004/
250

C= °

	 If t°C is the temperature of the coil when its resistance is 21W, then,
			   21	 =	 R0 (1 + 0.004 t)

	 \		
21

18
	 =	 0

0

(1 0.004 )

(1 0.004 20)

R t
R

+
+ ×

  or  t = 65°C

	 \		  Temperature rise	 =	 t – 15 = 65° – 15° = 50°C
	 Example 1.19. The resistance of the field coils of a dynamo is 173 Ω at 16oC.  After working for 
6 hours on full-load, the resistance of the coils increases to 212 Ω.  Calculate (i) the temperature of 
the coils (ii) mean rise of temperature of the coils.  Assume temperature co-efficient of resistance of 
copper is 0.00426/oC at 0oC.
	 Solution.  (i)  Let toC be the final temperature.

			   16

t

R
R

	 =	 0 0

0 0

(1 16)

(1 )

R
R t

+ α ×
+ α ×

		  or	
173

212
	 =	

1 0.00426 16

1 0.00426 t
+ ×
+ ×

		  or	 0.816	 =	
1.068

1 0.00426 t+
    \  t = 72.5°C

	 (ii)	 Rise in temperature = t − 16 = 72.5 − 16 = 56.5°C
	 Example 1.20. The resistance of a transformer winding is 460 Ω at room temperature of 25oC.  
When the transformer is running and the final temperature is reached, the resistance of the winding 
increases to 520 Ω.  Find the average temperature rise of winding, assuming that α20 = 1/250 per oC.

	 Solution.	 α25	 =	
20

1 1 1
/

1/ (25 — 20) 250 5 255
C= = °

α + +

	 Let toC be the final temperature of the winding.  Then, the rise in temperature is t − 25.
	 Now,	 R25	 =	 460 Ω ; Rt = 520 Ω
			   Rt	 =	 R25[1 + α25(t − 25)]

or			   t − 25	 =	
25 25

1
1tR

R
 

− α  
 = 255(520/460 − 1) = 33.26°C

	 \	 Temperature rise = t − 25 = 32.26°C
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	 Example 1.21. The filament of a 60 watt, 230 V lamp has a normal working temperature of 
2000oC.  Find the current flowing in the filament at the instant of switching, when the lamp is cold.  
Assume the temperature of cold lamp to be 15°C and α15 = 0.005/oC.
	 Solution.  Resistance of lamp at 2000oC is
			   R2000	 =	 V2/P = (230)2/60 = 881.67 Ω
			   R2000	 =	 R15[1 + α15(2000 − 15)]

	 \		  R15	 =	 2000 881.67
80.7

1 0.005(1985) 10.925

R
= = Ω

+
	 \	 Current taken by cold lamp (i.e. at the time of switching) is
			   I	 =	 V/R15 = 230/80.7 = 2.85 A
	 Example 1.22. Two coils connected in series have resistances of 600 W and 300 W and temperature 
coefficients of 0.1% and 0.4% per °C at 20°C respectively. Find the resistance of combination at a 
temperature of 50°C. What is the effective temperature coefficient of the combination at 50°C ?
	 Solution.  Resistance of 600 W coil at 50°C
				    =	 600 [1 + 0.001(50 – 20)] = 618 W
	 Resistance of 300 W coil at 50°C
				    =	 300 [1 + 0.004 (50 – 20)] = 336 W
	 Resistance of series combination at 50°C is
			   R50	 =	 618 + 336 = 954 W
	 Resistance of series combination at 20°C is
			   R20	 =	 600 + 300 = 900 W
	 Now	 R50	 =	 R20 [1 + a20 (t2 – t1)]

	 \		  a20	 =	

50

20

2 1

9541 1
900 0.002
50 — 20

R
R
t t

− −
= =

−

	 Now	 a50	 =	
20 2 1

1

1/ ( )t tα + −
 = 

1

1/ 0.002 (50 20)+ −
 = 

1 / °C
530

		

	 Example 1.23.  The coil of a relay takes a current of 0.12 A when it is at the room temperature 
of 15°C and connected across a 60 V supply.  If the minimum operating current of the relay is 0.1 
A, calculate the temperature above which the relay will fail to operate when connected to the same 
supply.  Resistance temperature coefficient of the coil material is 0.0043 per °C at 0°C.
	 Solution.  Resistance of relay coil at 15°C, R15 = 60/0.12 = 500 Ω
	 If the temperature increases, the resistance of relay coil increases and current in relay coil de-
creases.  Let t°C be the temperature at which the current in relay coil becomes 0.1 A (= the minimum 
relay coil current for its operation).  Clearly, Rt = 60/0.1 = 600 Ω.
	 Now,	 R15	 =	 R0 (1 + 15 α0) = R0 (1 + 15 × 0.0043)
			   Rt	 =	 R0 (1 + α0t) = R0 (1 + 0.0043 t)

	 \		
15

tR
R

	 =	
1 0.0043

1.0645

t+

	 or		
600

500
	 =	

1 0.0043

1.0645

t+

			   On solving, t	 =	 64.5°C
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	 If the temperature of relay coil increases above 64.5°C, the resistance of relay coil will increase 
and the relay coil current will be less than 0.1 A.  As a result, the relay will fail to operate.
	 Example 1.24. Two materials, A and B, have resistance temperature coefficients of 0.004 and 
0.0004 respectively at a given temperature.  In what proportion must A and B be joined in series to 
produce a circuit having a temperature coefficient of 0.001 ?
	 Solution.  Let the resistance of A be 1 Ω and that of B be x Ω i.e. RA = 1 Ω and RB = x Ω.
	 Resistance of series combination = RA + RB = (1 + x) Ω
	 Suppose the temperature rises by t°C.
	 Resistance of series combination at the raised temperature  = (1 + x) (1 + 0.001 t)	 ...(i)
	 Resistance of A at the raised temperature = 1 (1 + 0.004 t)	 ...(ii)
	 Resistance of B at the raised temperature = x (1 + 0.0004 t)	 ...(iii)
	 As per the conditions of the problem, we have, (ii) + (iii) = (i)
	 or		 1 (1 + 0.004 t) + x (1 + 0.0004 t) = (1 + x) (1 + 0.001 t)
	 or		  0.004 t + 0.0004 t x	 =	 (1 + x) × 0.001 t
	 Dividing by t and multiplying throughout by 104, we have,
			   40 + 4x	 =	 10 (1 + x)    \ x = 5
	 ∴		  RA : RB	 =	 1 : 5	 i.e. RB should be 5 times RA.
	 Example 1.25. A resistor of 80 Ω resistance, having a temperature 
coefficient of 0.0021/°C is to be constructed.  Wires of two materials of 
suitable cross-sectional areas are available. For material A, the resis-
tance is 80 Ω per 100 m and the temperature coefficient is 0.003/°C.  For 
material B, the corresponding figures are 60 Ω per 100 m and 0.0015/°C.  
Calculate suitable lengths of wires of materials A and B to be connected 
in series to construct the required resistor.  All data are referred to the 
same temperature.
	 Solution.  Let RA and RB be the required resistances of materials A and B respectively which 
when joined in series have a combined temperature coefficient of 0.0021 [See Fig. 1.19].
	 Resistance of series combination = RA + RB

	 Resistance of series combination at raised temperature = (RA + RB) (1 + 0.0021 t)	 ...(i)
	 Resistance of A at raised temperature = RA (1 + 0.003 t)	 ...(ii)
	 Resistance of B at raised temperature = RB (1 + 0.0015 t)	 ...(iii)
	 As per conditions of the problem,  (ii) + (iii) = (i).
	 \	 RA (1 + 0.003 t) + RB (1 + 0.0015 t) = (RA + RB) (1 + 0.0021 t)

	 On solving,	 B

A

R
R

	 =	
3

2
	 ...(iv)

	 Now,	 RA + RB	 =	 80	 ...(v)
	 From eqs. (iv) and (v),	 RA	 =	 32 Ω and RB = 48 Ω
	 \		  Length of wire A,  LA	 =	 (100/80) × 32 = 40 m
			   Length of wire B,  LB	 =	 (100/60) × 48 = 80 m
	 Example 1.26. Two wires A and B are connected in series at 0°C and resistance of B is 3.5 times 
that of A. The resistance temperature coefficient of A is 0.4% and that of combination is 0.1%. Find 
the resistance temperature coefficient of B.

R
A

R
B

I

V

Fig. 1.19
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	 Solution. Let the temperature coefficient of resistance of wire B be aB. If R is the resistance of 
wire A, then,
			   RA	 =	 R  ;  RB = 3.5 R
	 Total resistance of two wires at 0°C = RA + RB = R + 3.5 R = 4.5 R
	 Increase in resistance of wire A per °C rise = aA R = 0.004 R
	 Increase in resistance of wire B per °C rise = aB × 3.5 R = 3.5 R aB

	 Total increase in the resistance of combination per °C rise = 0.004 R + 3.5 R aB	 ... (i)
	 Also, total increase in the resistance of combination per °C rise = aC × Total resistance of com-
bination =	 0.001 × 4.5 R = 0.0045 R		  ... (ii)
	 From eqs. (i) and (ii), 0.004 R + 3.5 RaB = 0.0045 R

	 \		  aB	 =	 0.0045 0.004

3.5

R R
R

−  = 0.000143/°C or 0.0143%

	 Example 1.27.  Two conductors, one of copper and the other of iron, are connected in parallel 
and carry equal currents at 25°C. What proportion of current will pass through each if the tem-
perature is raised to 100°C? The temperature co-efficients of resistance at 0°C are 0.0043/°C and 
0.0063/°C for copper and iron respectively.
	 Solution. Since copper and iron conductors carry equal currents at 25°C, their resistances are 
the same at this temperature. Let their resistance be R ohms at 25°C.  If R1 and R2 are the resistances 
of copper and iron conductors respectively at 100°C, then,
			   R1	 =	 R [1 + 0.0043 (100 – 25)] = 1.3225 R
			   R2	 =	 R [1 + 0.0063 (100 – 25)] = 1.4725 R
	 If I is the total current at 100°C, then,

	 Current in copper conductor = 2

1 2

1.4725
0.5268

1.3225 1.4725

R RI I I
R R R R

× = × =
+ +

 

	 Current in iron conductor = 1

1 2

1.3225
0.4732

1.3225 1.4725

R RI I I
R R R R

× = × =
+ +

 

	 Therefore, at 100°C, the copper conductor will carry 52.68% of total current and the remaining 
47.32% will be carried by iron conductor.
	 Example 1.28. A semi-circular ring of copper has an inner radius 6 cm, radial thickness 3 cm 
and an axial thickness 4 cm. Find the resistance of the ring at 
50°C between its two end-faces. Assume specific resistance of 
copper at 20°C = 1.724 × 10–6 W-cm and resistance tempera-
ture coefficient of copper at 0°C = 0.0043/°C.
	 Solution. Fig. 1.20 shows the semi-circular ring.
	 Mean radius of the ring,  rm = (6 + 9)/2 = 7.5 cm
	 Mean length between end faces is
			   lm	=	 prm = p × 7.5 = 23.56 cm
	 Cross-sectional area of the ring is
			   a	=	 3 × 4 = 12 cm2

	 Now	 a20	=	 0

0

0.0043

1 1 0.0043 20t
α

=
+ α + ×

				   =	 0.00396/°C
Fig. 1.20



26	 Basic Electrical Engineering	

	 Also	 r50	=	 r20 [1 + a20 (t – 20)]

			   	=	 1.724 × 10–6 [1 + 0.00396 × (50 – 20)]
				   =	 1.93 × 10–6 W cm

	 \		  R50	=	
—6

50 1.93 10 23.56

12
ml

a
ρ × ×=  = 3.79 × 10–6 W

	 This example shows that resistivity of a conductor increases with the increase in temperature 
and vice-versa.
	 Example 1.29. A copper conductor has its specific resistance of 1.6 ×10–6 W cm at 0°C and a 
resistance temperature coefficient of 1/254.5 per °C at 20°C. Find  (i) specific resistance and (ii) the 
resistance temperature coefficient at 60°C.

	 Solution. 	 a20	 =	 0

01 20

α
+ α ×

  or  0

0

1

254.5 1 20

α
=

+ α ×
  0

1
/ C

234.5
∴ α = °

		  (i)		  r60	 =	 r0 (1 + a0 × 60) = 1.6 × 10–6 (1 + 60/234.5) = 2.01 × 10–6 W cm

	 (ii)			  a60	 =	
2 1

20

1 1
1 254.5 (60 20)( )t t

= =
+ −+ −

α

1 / °C
294.5

	 Example 1.30. The filament of a 240 V metal-filament lamp is to be constructed from a wire 
having a diameter of 0.02 mm and a resistivity at 20° C of 4.3 mW cm. If a20 = 0.005/°C, what length 
of filament is necessary if the lamp is to dissipate 60 W at a filament temperature of 2420°C ? 

	 Solution. Power to be dissipated by the lamp at 2420°C is 

				  
2

2420

V
R

	 =	 60	 \  R2420 = 
2 2(240)

960
60 60

V = = Ω

	 Now	 R2420	 =	 R20 [1 + a20 (2420 – 20)]

	 or			   960	 =	 R20 [1 + 0.005 (2420 – 20)]

	 \			   R20	 =	 960/13 W

	 Now	 r20	 =	 4.3 × 10–6 W cm ;  a = 2 —1 2 2(0.02 10 ) cm
4 4

dπ π= ×

	 \     Length of filament is	 l	 =	
—1 2

20
—6

20

(0.02 10 ) 960

4 4.3 10 13

a R× π × ×= ×
ρ × ×

 = 54 cm

Tutorial Problems

	 1.	 The shunt winding of a motor has a resistance of 35.1 Ω at 20°C.  Find its resistance at 32.6°C. The 
temperature co-efficient of copper is 0.00427/°C at 0°C.	 [39.6 Ω]

	 2.	 The resistance of a coil of wire increases from 40 Ω at 10°C to 48.25 Ω at 60°C. Find the temperature 
coefficient at 0°C of the conductor material.	 [0.0043/°C]

	 3.	 The coil of an electromagnet, made of copper wire, has resistance of 4 Ω at a temperature of 22°C.  
After operating for 2 days, the coil current is 42 A at a terminal voltage of 210 V. Calculate the average 
temperature of the coil at that time.		 [86.1°C]

	 4.	 The filament of a 60 watt incandescent lamp possesses a cold resistance of 17.6 Ω at 20°C.  The lamp 
draws a current of 0.25 A when connected to a 240 V source.  Calculate the temperature of hot filament.  
Take temperature co-efficient at 0°C as 0.0055/°C.	 [2571oC]
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	 5.	 A nichrome heater is operated at 1500°C.  What is the percentage increase in its resistance over that at 
room temperature (20°C) ?  Temperature co-efficient of nichrome is 0.00016/°C at 0°C.	 [23.6%]

	 6.	 Two wires A and B are connected in series at 0°C and resistance of B is 3.5 times that of A.  The resistance 
temperature coefficient of A is 0.4% and that of the combination is 0.1%.  Find the resistance temperature 
coefficient of B.				    [0.0143%]

	 7.	 A d.c. shunt motor after running for several hours on constant voltage mains of 400 V takes a field current 
of 1.6 A.  If the temperature rise is known to be 40°C, what value of extra circuit resistance is required to 
adjust the field current to 1.6 A when starting from cold at 20°C ?  Temperature coefficient = 0.0043/°C 
at 20°C.				    [36.69 Ω]

	 8.	 A potential difference of 250 V is applied to a copper field coil at a temperature of 15°C and the current 
is 5 A.  What will be the mean temperature of the coil when the current has fallen to 3.91 A, the applied 
voltage being the same as before ?		  [85°C]

	 9.	 An insulating material has an insulation resistance of 100% at 0°C.  For each rise in temperature of 5°C 
its resistance is reduced by 10%.  At what temperature is the insulation resistance halved ?	 [33°C]

	 10.	 A carbon electrode has a resistance of 0.125 Ω at 20°C.  The temperature coefficient of carbon is  
–0.0005 at 20°C.  What will the resistance of the electrode be at 85°C ?	 [0.121 Ω]

1.28.	 Ohm’s  Law
	 The relationship between voltage (V), the current (I) and resistance (R) in a d.c. circuit was first 
discovered by German scientist George Simon *Ohm.  This relationship is called Ohm’s law and 
may be stated as under :
	 The ratio of potential difference (V) between the ends of a conductor to the current (I) 
flowing between them is constant, provided the physical conditions (e.g. temperature etc.) do 
not change i.e.
			 

V
I

	  =	 Constant = R

where R is the resistance of the conductor between the two points considered.
	 For example, if in Fig. 1.21 (i), the voltage between points A and B is V volts and current flow-
ing is I amperes, then V/I will be constant and equal to R, the resistance between points A and B.  If 
the voltage is doubled up, the current will also be doubled up so that the ratio V/I remains constant.  
If we draw a graph between V and I, it will be a straight line passing through the origin as shown in 
Fig. 1.21 (ii).  The resistance R between points A and B is given by slope of the graph i.e.
			   R	 =	 tan θ = V/I = Constant
	 Ohm’s law can be expressed in three forms viz.
			   I	 =	 V/R ;  V = IR ;  R = V/I
	 These formulae can be applied to any part of a d.c. circuit or to a complete circuit.  It may be 
noted that if voltage is measured in volts and current in amperes, then resistance will be in ohms.

Fig. 1.21

* The unit of resistance (i.e. ohm) was named in his honour.
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1.29.	 Non-ohmic  Conductors
	 Those conductors which do not obey Ohm’s law (1 ∝ V) are called non-ohmic conductors e.g., 
vacuum tubes, transistors, electrolytes, etc. A non-ohmic conductor may have one or more of the 
following properties :
	 (i)	 The V-I graph is non-linear i.e. V/I is variable.
	 (ii)	 The V-I graph may not pass through the origin as in case of an ohmic conductor.
	 (iii)	 A non-ohmic conductor may conduct poorly or not at all when the p.d. is reversed.
	 The non-linear circuit problems are generally solved by graphical methods.

	
	 Fig. 1.22
	 Fig. 1.22 illustrates the graphs of non-ohmic conductors. Note that V-I graphs for these non-
ohmic conductors are not a straight line.
	 Example 1.31. What is the value of the unknown resistor R in Fig. 1.23 (i) if the voltage drop 
across the 500 W resistor is 2.5 volts ? All resistances are in ohm.

Fig. 1.23

	 Solution.  Fig. 1.23 (ii) shows the various currents in the circuit.

			   I2	 =	
Voltage drop across 500 2.5

500 500

Ω =
Ω

 = 0.005 A

	 Voltage across CMD or CD is given by ;
			   VCMD	 =	 VCD = I2 (50 + 500) = 0.005 × 550 = 2.75 V

	 Now	 I	 =	
12 12 2.75

0.0168 A
550 550

CDV− −= =

	 \		  I1	 =	 I – I2 = 0.0168 – 0.005 = 0.0118 A 

	 Now	 VCD	 =	 I1 R  \  R = 
1

2.75

0.0118
CDV
I

=  = 233 W

	 Example 1.32.  A metal filament lamp takes 0.3 A at 230 V.  If the voltage is reduced to 115 V, 
will the current be halved ? Explain your answer.
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	 Solution.  No.  It is because Ohm’s law is applicable only if the resistance of the circuit does not 
change.  In the present case, when voltage is reduced from 230 V to 115 V, the temperature of the 
lamp will decrease too much, resulting in an enormous decrease of lamp resistance.  Consequently, 
Ohm’s law (I = V/R) cannot be applied.  To give an idea to the reader, the hot resistance (i.e. at normal 
operating temperature) of an incandescent lamp is more than 10 times its cold resistance.
	 Example 1.33. A coil of copper wire has resistance of 90 W at 20°C and is connected to a 230 V 
supply. By how much must the voltage be increased in order to maintain the current constant if the 
temperature of the coil rises to 60°C? Take a0 for copper = 0.00428/°C.  
	 Solution.	   R20	 =	 R0(1 + a0 × 20)  ;  R60 = R0 (1 + a0 × 60)

	 \		  60

20

1 0.00428 60 1.2568

1 0.00428 20 1.0856

R
R

+ ×= =
+ ×

	 or		   R60	 =	 R20 × 
1.2568 1.2568

90 104.2
1.0856 1.0856

= × = Ω

			   Now, current at  20°C	 =	
230 23

A
90 9

=

	 The wire resistance has become 104.2 W at 60°C. Therefore, in order to keep the current constant 
at the previous value, the new voltage required = (23/9) × 104.2 = 266.3 V.
	 \	 Required voltage increase = 266.3 – 230 = 36.3 V

Tutorial Problems
	 1.	 A battery has an e.m.f. of 12.8 V and supplies a current of 3.2 A.  What is the resistance of the circuit ?  

How many coulombs leave the battery in 5 minutes ?	 [4 Ω ; 960 C]
	 2.	 In a discharge tube, the number of hydrogen ions (i.e. protons) drifting across a cross-section per second 

is 1.2 × 1018 while the number of electrons drifting in the opposite direction is 2.8 × 1018 per second.  If 
the supply voltage is 220 V, what is the effective resistance of the tube ?	 [344 Ω]

	 3.	 An electromagnet of resistance 12.4 Ω requires a current of 1.5 A to operate it.   Find the required 
voltage.				    [18.6 V]

	 4.	 The cold resistance of a certain gas-filled tungsten lamp is 18.2 Ω and its hot resistance at the operating 
voltage of 220 V is 202 Ω.  Find the current (i) at the instant of switching (ii) under normal operating 
conditions.				    [(i) 12.08 A (ii) 1.09 A]

1.30.	 Electric  Power
	 The rate at which work is done in an electric circuit is called its electric power i.e.

		  	 Electric power	 =	
Work done in electric circuit

Time
	 When voltage is applied to a circuit, it causes current (i.e. electrons) to flow through it.  Clearly, 
work is being done in moving the electrons in the circuit.  This work done in moving the electrons in 
a unit time is called the electric power.  Thus referring to the part AB of the circuit (See Fig. 1.24),
			   V	 =	 P.D. across AB in volts
			   I	 =	 Current in amperes
			   R	 =	 Resistance of AB in Ω
			   t	 =	 Time in sec. for which 								     
	 	 	 	 	 current flows
The total charge that flows in t seconds is Q = I × t coulombs and by definition (See Art. 1.12),

			   V	 =	
Work

Q

Fig. 1.24
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or			   Work	 =	 VQ = VIt	 ( Q = It)

	 \		  Electric power,  P	 =	
Work

t
= 

VIt
t

 = VI   joules/sec or watts

	 \		  P	 =	 VI = I2R = 
2V

R
	 [ V = IR and I = V/R]

	 The above three formulae are equally valid for calculation of electric power in a d.c. circuit.  
Which one is to be used depends simply on which quantities are known or most easily determined.
	 Unit of electric power.  The basic unit of electric power is joules/sec or watt.  The power 
consumed in a circuit is 1 watt if a p.d. of 1 V causes 1 A current to flow through the circuit.
			   Power in watts	 =	 Voltage in volts × Current in amperes
	 The bigger units of electric power are kilowatts (kW) and megawatts (MW).
			   1 kW	 =	 1000 watts  ;  1 MW = 106 watts or 103 kW

1.31.	 Electrical  Energy
	 The total work done in an electric circuit is called electrical energy i.e.
			   Electrical energy	 =	 Electrical power × Time

				    =	 V I t = I2R t = 
2V t

R
	 The reader may note that formulae for electrical energy can be readily derived by multiplying 
the electric power by ‘t’, the time for which the current flows.  The unit of electrical energy will 
depend upon the units of electric power and time.
	 (i)	 If power is taken in watts and time in seconds, then the unit of electrical energy will be 

watt-sec. i.e.
			   Energy in watt-sec.	=	 Power in watts × Time in sec.
	 (ii)	 If power is expressed in watts and time in hours, then unit of electrical energy will be  

watt-hour i.e.
			   Energy in watt-hours	=	 Power in watts × Time in hours
	 (iii)	 If power is expressed in kilowatts and time in hours, then unit of electrical energy will be 

kilowatt-hour (kWh) i.e.
			   Energy in kWh	 =	 Power in kW × Time in hours
	 It may be pointed out here that in practice, electrical energy is measured in kilowatt-hours 
(kWh).  Therefore, it is profitable to define it.
	 One kilowatt-hour (kWh) of electrical energy is expended in a circuit if 1 kW (1000 watts) of 
power is supplied for 1 hour.
	 The electricity bills are made on the basis of total electrical energy consumed by the consumer.  
The unit for charge of electricity is 1 kWh.  One kWh is also called Board of Trade (B.O.T.) unit or 
simply unit.  Thus when we say that a consumer has consumed 100 units of electricity, it means that 
electrical energy consumption is 100 kWh.

1.32.	 Use of Power and Energy Formulas
	 It has already been discussed that electric power as well as electrical energy consumed can be 
expressed by three formulas.  While using these formulas, the following points may be kept in mind:

	 (i)		  Electric power,  P	 =	 I2 R = 
2V

R
 watts

	 		  Electrical energy consumed,  W	 =	 I2 Rt = 
2V t

R
 joules
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		  The above formulas apply only to resistors and to devices (e.g. electric bulb, heater, electric 
kettle etc) where all electrical energy consumed is converted into heat.

	 (ii)		  Electric power, P	 =	 VI watts
			   Electrical energy consumed, W	 =	 VIt joules
	 	 These formulas apply to any type of load including the one mentioned in point (i).
	 Example 1.34. A 100 V lamp has a hot resistance of 250 Ω. Find the current taken by the lamp 
and its power rating in watts. Calculate also the energy it will consume in 24 hours.
	 Solution.  Current taken by lamp,	 I	 =	 V/R = 100/250 = 0.4 A
			   Power rating of lamp, P	 =	 VI = 100 × 0.4 = 40 W
	 Energy consumption in 24 hrs.		 =	 Power × time = 40 × 24 = 960 watt-hours
	 Example 1.35. A heating element supplies 300 kilojoules in 50 minutes. Find the p.d. across the 
element when current is 2 amperes.
	 Solution.  	 Total charge, Q	 =	 I × t = 2 × 50 × 60 = 6000 C

			   P.D., V	 =	
3Work 300 10

Charge 6000

×=  = 50 V

	 Example 1.36. A 10 watt resistor has a value of 120 Ω.  What is the rated current through the 
resistor ?
	 Solution. 	  Rated power,  P	 =	 I2R

	 ∴		  Rated current,  I	 =	
10

120

P
R

=  = 0.2887 A

	 If current through the resistor exceeds this value, the resistor will be burnt due to excessive heat.
	 Note.  Every electrical equipment has power and current ratings marked on its body.  While the equipment 
is in operation, care should be taken that neither of these limits is exceeded, otherwise the equipment may be 
damaged/burnt due to excessive heat.
	 Example 1.37. The following are the details of load on a circuit connected through a supply 
metre :
	 (i)	 Six lamps of 40 watts each working for 4 hours per day
	 (ii)	 Two flourescent tubes 125 watts each working for 2 hours per day
	 (iii)	 One 1000 watt heater working for 3 hours per day
	 If each unit of energy costs 70 P, what will be the electricity bill for the month of June ?
	 Solution. 	 Total wattage of lamps	 =	 40 × 6 = 240 watts
			   Total wattage of tubes	 =	 125 × 2 = 250 watts
			   Wattage of heater	 =	 1000 watts
	 Energy consumed by the appliances per day
		  		  =	 (240 × 4) + (250 × 2) + (1000 × 3)
				    =	 4460 watt-hours = 4.46 kWh
	 Total energy consumed in the month of June (i.e. in 30 days)
				    =	 4.46 × 30 = 133.8 kWh
	 Bill for the month of June = Rs. 0.7 × 133.8 = Rs. 93.66

Tutorial Problems
	 1.	 A resistor of 50 Ω has a p.d. of 100 volts d.c. across it for 1 hour.  Calculate (i) power and (ii) energy.	
						      [(i) 200 watts (ii) 7.2 × 105 J]
	 2.	 A current of 10 A flows through a resistor for 10 minutes and the power dissipated by the resistor is 100 

watts.  Find the p.d. across the resistor and the energy supplied to the circuit.	 [10 V ; 6 × 104 J]
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	 3.	 A factory is supplied with power at 210 volts through a pair of feeders of total resistance 0.0225 Ω.  The 
load consists of 354, 250 V, 60 watt lamps and 4 motors each taking 40 amperes.  Find :

	 (i)	total current required
	 (ii)	voltage at the station end of feeders
	 (iii)	power wasted in feeders.						     [(i) 231.4 A  (ii) 215.78 V  (iii) 1.4 kW]
	 4.	 How many kilowatts will be required to light a factory in which 250 lamps each taking 1.3 A at 230 V 

are used ?				    [74.75 kW]

1.33.	 Power Rating of a Resistor
	 The ability of a resistor to dissipate power as heat without destructive temperature build-up 
is called power rating of the resistor.
	 Power rating of resistor = I2R  or  V2/R [See Fig. 1.25]
	 Suppose the power rating of a resistor is 2 W.  It means that 
I2R or V2/R should not exceed 2 W.  Suppose the quantity I2R (or 
V2/R) for this resistor becomes 4 W.  The resistor is able to dissi-
pate 2 W as heat and the remaining 2 W will start building up the 
temperature.  In a matter of seconds, the resistor will burn out.
	 The physical size of a resistor is not necessarily related to its resistance value but rather to its 
power rating.  A large resistor is able to dissipate (throw off) more heat because of its large physical 
size.  In general, the greater the physical size of a resistor, the greater is its power rating and vice-
versa.
	 Example 1.38.  A 0.1 Ω resistor has a power rating of 5 W.  Is this resistor safe when conducting 
a current of 10 A ?
	 Solution.  Power developed in the resistor is
			   P	 =	 I2R = (10)2 × 0.1 = 10 W
	 The resistor is not safe since the power developed in the resistor exceeds its dissipation rating.
	 Example 1.39. What is the maximum safe current flow in a 47 Ω, 2 W resistor ?
	 Solution.  	 Power rating	 =	 I2R

	 or		  2	 =	 I2 × 47  ∴  Maximum safe current, I = 
2

47
 = 0.21 A

	 Example 1.40.  What is the maximum voltage that can be applied across a 100 Ω, 10 W resistor 
in order to keep within the resistor’s power rating ?
	 Solution.  	 Power rating	 =	 V2/R

	 or		  10	 =	 V2/100  \  Max. safe voltage, V = 10 100×  = 31.6 volts

Tutorial Problems
	 1.	 A 200 Ω resistor has a 2 W power rating.  What is the maximum current that can flow in the resistor 

without exceeding the power rating ?	 [100 mA]
	 2.	 A 6.8 kΩ, 0.25 W resistor shows a potential difference of 40 V.  Is the resistor safe ?	 [Yes]
	 3.	 A 1.5 kΩ resistor has 1 W power rating.  What maximum voltage can be applied across the resistor 

without exceeding the power rating ?	 [38.73 V]

1.34.	 Nonlinear  Resistors
	 A device or circuit element whose V/I characteristic is not a straight line is said to exhibit 
nonlinear resistance.
	 The examples of nonlinear resistors are thermistors, varistors, diodes, filaments of incandescent 
lamps etc.

Fig. 1.25
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	 1. Thermistors. A thermistor is a heat sensitive device usually made of a semiconductor  
material whose resistance changes very rapidly with change of temperature.  A thermistor has the 
following important properties :
	 (i)	 The resistance of a thermistor changes very rapidly with change of temperature.
	 (ii)	 The temperature coefficient of a thermistor is very high.
	 (iii)	 The temperature co-efficient of a thermistor can be both positive and negative.

	
		

Fig. 1.26

	 Fig. 1.27

	 Construction. Thermistors are made from semiconductor oxides of iron, nickel and cobalt.  
They are generally in the form of beads, discs or rods (See Fig. 1.26).  A pair of platinum leads are 
attached at the two ends for electrical connections.  The arrangement is enclosed in a very small  
glass bulb and sealed.
	 Fig. 1.27 shows the resistance/temperature characteristic of a typical thermistor with negative 
temperature coefficient.  The resistance decreases progressively from 4000 Ω to 3 Ω as its tempera-
ture varies from – 50°C to +150°C.
Applications
	 (a)	 A thermistor with negative temperature coefficient 

of resistance may be used to safeguard against 
current surges in a circuit where this could be 
harmful e.g. in a circuit where the heaters of the 
radio valves are in series (See Fig. 1.28).

		  A thermistor T is included in the circuit.  When the 
supply voltage is switched on, the thermistor has 
a high resistance at first because it is cold.  It thus limits the current to a moderate value.   
As it warms up, the thermistor resistance drops appreciably and an increased current then 
flows through the heaters.

	 (b)	 A thermistor with a negative temperature coefficient can be used to issue an alarm 
for excessive temperature of winding of motors, transformers and generators [See 
Fig. 1.29].

Fig. 1.28
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Fig. 1.29
	 When the temperature of windings is low, the thermistor is cool and its resistance is high.  
Therefore, only a small current flows through the thermistor and the relay coil.  When the tempera-
ture of the windings is high, the thermistor is hot and its resistance is low.  Therefore, a large current 
flows in the relay coil to close the contacts.  This completes the circuit for the signal lamp or buzzer.
	 2. Varistor (Thyrite). A varistor is a nonlinear resistor whose resistance decreases as the 
voltage increases.  Therefore, a varistor is a voltage-dependent resistor. It is made of silicon-carbide 
powder and is built in the shape of a disc. The V-I 
characteristic of a typical varistor is shown in Fig. 
1.30. The curve shows that the current increases 
dramatically with increasing voltage.  Thus when the 
voltage increases from 1.5 kV to 10 kV, the current 
rises from 1 mA to 100 A.  Varistors are placed in 
parallel with critical components which might be 
damaged by high transient voltages.  Under normal 
conditions, the varistor remains in high-resistance 
state and draws very little current.  On the application 
of surge, the varistor is driven to its low-resistance 
state.  The varistor then conducts a relatively large 
amount of current and dissipates much of the surge as 
heat.  Thus the component is saved from damage. Fig. 1.30

OBJECTIVE QUESTIONS
	 1.	 The resistance of a wire is R ohms. It is stretched 

to double its length. The new resistance of the 
wire in ohms is

	 (i)	 R/2	 (ii)	 2R
	 (iii)	 4R	 (iv)	 R/4
	 2.	 The example of non-ohmic resistance is
	 (i)	 copper wire	
	 (ii)	 carbon resistance
	 (iii)	 tungsten wire
	 (iv)	 diode
	 3.	 In which of the following substances, the resis-

tance decreases with the increase of tempera-
ture

	 (i)	 carbon	 (ii)	 constantan
	 (iii)	 copper	 (iv)	 silver

	 4.	 The resistance of a wire of uniform diameter d 
and length l is R.  The resistance of another wire 
of the same material but diameter 2d and length 
4l will be

	 (i)	 2R	 (ii)	 R
	 (iii)	 R/2	 (iv)	 R/4
	 5.	 The temperature coefficient of resistance of a 

wire is 0.00125 ºC–1.  At 300 K, its resistance is 
one ohms.  The resistance of the wire will be 2 
ohms at

	  (i)	 1154 K	 (ii)	 1100 K
	 (iii)	 1400 K	 (iv)	 1127 K
	 6.	 The resistance of 20 cm long wire is 5 ohms.  

The wire is stretched to a uniform wire of 40 cm 
length.  The resistance now will be (in ohms)

	 (i)	 5	 (ii)	 10
	 (iii)	 20	 (iv)	 200
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	 7.	 A current of 4.8 A is flowing in a conductor.  
The number of electrons flowing per second 
through the X-section of conductor will be

	 (i)	 3 × 1019 electrons 		
	 (ii)	 76.8 × 1020 electrons
	 (iii)	 7.68 × 1020 electrons		
	 (iv)	 3 × 1020 electrons 
	 8.	 A carbon resistor has coloured strips as brown, 

green, orange and silver respectively.  The re-
sistance is

	 (i)	 15 k Ω ± 10%	 (ii)	 10 k Ω ± 10%
	 (iii)	 15 k Ω ± 5%	 (iv)	 10 k Ω ± 5%
	 9.	 A wire has a resistance of 10 Ω.  It is stretched 

by one-tenth of its original length.  Then its re-
sistance will be

	 (i)	 10 Ω	 (ii)	 12.1 Ω
	 (iii)	 9 Ω	 (iv)	 11 Ω
	 10.	 A 10 m long wire of resistance 20 Ω is con-

nected in series with a battery of e.m.f. 3 V 
(negligible internal resistance) and a resistance 
of 10 Ω.  The potential gradient along the wire 
in volt per metre is

	 (i)	 0.02	 (ii)	 0.1
	 (iii)	 0.2	 (iv)	 1.2
	 11.	 The diameter of an atom is about
	 (i)	 10–10 m	 (ii)	 10–8 m
	 (iii)	 10–2 m	 (iv)	 10–15 m
	 12.	 1 cm3 of copper at room temperature has about
	 (i)	 200 free electrons
	 (ii)	 20 × 1010 free electrons
	 (iii)	 8.5 × 1022 free electrons
	 (iv)	 3 × 105 free electrons
	 13.	 The electric current is due to the flow of
	 (i)	 positive charges only
	 (ii)	 negative charges only
	 (iii)	 both positive and negative charges

	 (iv)	 neutral particles only
	 14.	 The quantity of charge that will be transferred 

by a current flow of 10 A over 1 hour period is
	 (i)	 10 C	 (ii)	 3.6 × 104 C
	 (iii)	 2.4 × 103 C	 (iv)	 1.6 × 102 C
	 15.	 The drift velocity of electrons is of the order of
	 (i)	 1 ms–1	 (ii)	 10–3 ms–1

	 (iii)	 106 ms–1	 (iv)	 3 × 108 ms–1

	 16.	 Insulators have ................. temperature co-effi-
cient of resistance.

	 (i)	 zero	 (ii)	 positive
	 (iii)	 negative	 (iv)	 none of the above
	 17.	 Eureka has ................ temperature co-efficient 

of resistance.
	 (i)	 almost zero	 (ii)	 negative
	 (iii)	 positive	 (iv)	 none of the above
	 18.	 Constantan wire is used for making standard 

resistances because it has .................
	 (i)	 low specific resistance
	 (ii)	 high specific resistance
	 (iii)	 negligibly small temperature co-efficient 

of resistance
	 (iv)	 high melting point
	 19.	 Two resistors A and B have resistances RA and 

RB respectively with RA < RB.  The resistivities 
of their materials are ρA and ρB.  Then,

	 (i)	 ρA > ρB	 (ii)	 ρA = ρB

	 (iii)	 ρA < ρB

	 (iv)	 Information insufficient
	 20.	 In case of liquids, Ohm’s law is ..............
	 (i)	 fully obeyed
	 (ii)	 partially obeyed
	 (iii)	 there is no relation between current and 

p.d.
	 (iv)	 none of the above.

ANSWERS

	 1.	 (iii)	 2.	 (ii) and (iii)	 3.	 (i)	 4.	 (ii)	 5.	 (ii)	
	 6.	 (iii)	 7.	 (i)	 8.	 (i)	 9.	 (ii)	 10.	 (iii)	
	 11.	 (i)	 12.	 (iii)	 13.	 (iii)	 14.	 (ii)	 15.	 (ii)	
	 16.	 (iii)	 17.	 (i)	 18.	 (iii)	 19.	 (iv)	 20.	 (i)
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Introduction
	 It is well known that electric current flows in a closed path. The closed path followed by electric 
current is called an electric circuit. The essential parts of an electric circuit are (i)  the source of 
power (e.g. battery, generator etc.), (ii) the conductors used to carry current and (iii)  the load* (e.g. 
lamp, heater, motor etc.). The source supplies electrical energy to the load which converts it into 
heat or other forms of energy. Thus, conversion of electrical energy into other forms of energy is 
possible only with suitable circuits. For instance, conversion of electrical energy into mechanical 
energy is achieved by devising a suitable motor circuit. In fact, the innumerable uses of electricity 
have been possible only due to the proper use and application of electric circuits. In this chapter, we 
shall confine our discussion  to d.c. circuits only i.e. circuits carrying direct current.

2.1.	 D.C.  Circuit
	 The closed path followed by direct current (d.c.) is called a d.c. circuit.
	 A d.c. circuit essentially consists of a source of d.c. power 
(e.g. battery, d.c. generator etc.), the conductors used to carry 
current and the load. Fig. 2.1 shows a torch bulb connected to 
a battery through conducting wires. The direct current **starts 
from the positive terminal of the battery and comes back to 
the starting point via the load. The direct current follows the 
path ABCDA and ABCDA is a d.c. circuit. The load for a d.c. 
circuit is usually a *** resistance. In a d.c. circuit, loads (i.e. 
resistances) may be connected in series or parallel or series-
parallel. Accordingly, d.c. circuits can be classified as :
	 (i)	 Series circuits
	 (ii)	 Parallel circuits
	 (iii)	 Series-parallel circuits.

2.2.	 D.C.  Series  Circuit
	 The d.c. circuit in which resistances are connected end to end so that there is only one path 
for current to flow is called a d.c. series circuit.
	 Consider three resistances R1, R2 and R3 ohms connected in series across a battery of V volts 
as  shown in Fig. 2.2 (i). Obviously, there is only one path for current I i.e. current is same throughout 
the circuit. By Ohm’s law, voltage across the various resistances is 
		                    V1 = I R1 ;	 V2	 =	 I R2 ; V3 = I R3

	 Now	 V 	=	 V1 +  V2+ V3

			   =	 I R1 + I R2 + IR 3

* 	 The device which utilises electrical energy is called load. For instance, heater converts electrical energy 
supplied to it into heat. Therefore, heater is the load.

** 	 This is the direction of conventional current. However, the electron flow will be in the opposite direction.
***	 Other passive elements viz. inductance and capacitance are relevant only in a.c. circuits.

Fig. 2.1

2
D.C.  Circuits
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 			    =	 I (R1 + R2 + R3)

or		  V
I 	 =	 R1 + R2 + R3 

Fig. 2.2

	 But V/I is the total resistance RS between points A and B.  Note that RS is called the *total or 
equivalent resistance of the three resistances.
	 \	 RS	 =	 R1 + R2 + R3     
	 Hence when a number of resistances are connected in series, the total resistance is equal to 
the sum of the individual resistances.
	 The total conductance GS of the circuit is given by ;

		  GS	 =	
1 2 3

1 1

SR R R R
=

+ +

	 Also	 1

SG 	 =	
1 2 3

1 1 1
G G G

+ +

	 The main characteristics of a series circuit are :
	 (i)	 The current in each resistor is the same.
	 (ii)	 The total resistance in the circuit is equal to the sum of individual resistances.
	 (iii)	 The total power dissipated in the circuit is equal to the sum of powers dissipated in 

individual resistances. Thus referring to Fig. 2.2 (i),
		  RS	 =	 R1 + R2 + R3

	 or	 I2RS	 =	 I2R1 + I2R2 + I2R3

	 or	 PS	 =	 P1 + P2 + P3

	 Thus total power dissipated in a series circuit is equal to the sum of powers dissipated in 
individual resistances. As we shall see, this is also true for parallel and series-parallel d.c. circuits.
	 Note. A series resistor circuit [See Fig. 2.2 (i)] can be considered to be a voltage divider circuit because the 
potential difference across any one resistor is a fraction of the total voltage applied across the series combination; 
the fraction being determined by the values of the resistances.

	 Example 2.1. Two filament lamps A and B take 0.8 A and 0.9 A respectively when connected 
across 110 V supply. Calculate the value of current when they are connected in series across a 220-
V supply, assuming the filament resistances to remain unaltered. Also find the voltage across each 
lamp.
*	 Total or equivalent resistance is the single resistance, which if substituted for the series resistances, would 

provide the same current in the circuit.
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	 Solution.	 For lamp A,  RA	 =	 110/0.8 = 137.5 Ω
	 	 For lamp B,   RB	 =	 110/0.9 = 122.2 Ω
	 When the lamps are connected in series, total resistance is
	 	 RS	 =	 137.5 + 122.2 = 259.7 Ω
	 \	 Circuit current,  I	 =	 V/RS = 220/259.7 = 0.847 A
	 	 Voltage across lamp A	 =	 I RA = 0.847 × 137.5 = 116.5 V 

	 	 Voltage across lamp B	 =	 I RB = 0.847 × 122.2 = 103.5 V

	 Example 2.2. A 100 watt, 250 V lamp is connected in series with a 100 watt, 200 V lamp across 
250 V supply.  Calculate (i) circuit current and (ii) voltage across each lamp. Assume the lamp 
resistances to remain unaltered.
	 Solution.  (i)  Resistance, 	 R	 =	

2V
P

	 Resistance of 100 watt, 250 V lamp, R1 = ( 250 )
2/100  =  625 Ω

	 Resistance of 100 watt, 200 V lamp, R2 = ( 200 )
2/100 = 400 Ω

	 When the lamps are connected in series, total resistance is
	 	 RS	 =	 625 + 400 = 1025 Ω
	 \	 Circuit current,  I	 =	 V/RS = 250/1025 = 0.244 A

	 (ii) 	Voltage across 100 W, 250 V lamp = I R1 =  0.244 × 625 = 152.5 V

	 	Voltage across 100 W, 200 V lamp = I R2 = 0.244 × 400 =  97.6 V 	

	 Example 2.3. The element of 500 watt electric iron is designed for use on a 200 V supply. What 
value of resistance is needed to be connected in series in order that the iron can be operated from 
240 V supply?
	 Solution. 	Current rating of iron, 	I = 

Wattage 500
Voltage 200

=  = 2.5 A

	 If R ohms is the required value of resistance to be connected in series, then voltage to be dropped 
across this resistance = 240 − 200 = 40 V.
	 \	 R	 =	 40 / 2.5 = 16 Ω
	 Example 2.4. Determine the resistance and the power 
dissipation of a resistor that must be placed in series with a 
75 - ohm resistor across 120 V source in order to limit the 
power dissipation in the 75 - ohm resistor to 90 watts.
	 Solution. Fig. 2.3 represents the conditions of the 
problem.
			    I2 × 75	 =	90
	 \	 	 I	 =	 90 75  = 1.095 A

	 Now,	 I	 =	 120
75R +

	 or	 	 1.095	 =	 120
75R +

	 \	 	 R	 =	34.6 Ω
	 Power dissipation in R = I2 R = (1.095)2 × 34.6 =  41.5 watts
	 Example 2.5. A generator of e.m.f. E volts and internal resistance r ohms supplies current to 
a water heater. Calculate the resistance R of the heater so that three-quarter of the total energy 
developed by the generator is absorbed by the water.

Fig. 2.3
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	 Solution. 	Current supplied by generator, I = E
R r+

	 Power developed by generator = E I = 
2E

R r+

	 Power dissipated by heater = I2R = 
2 2

2 2( ) ( )

E E RR
R r R r

× =
+ +

	 As per the conditions of the problem, we have,

		
2

2( )

E R
R r+

	 =	
23

4

E
R r

×
+

  or 
4

3

R
R r

=
+

  \  R = 3 r

	 Example 2.6. A direct current arc has a voltage/current relation expressed as :

		  V	 =	 44 + 
30
I

 volts

	 It is connected in series with a resistor across 100 V supply.  If voltages across the arc and 
resistor are equal, find the ohmic value of the resistor.
	 Solution.  Let R ohms be resistance of the resistor. The voltage across the arc as well as resistor 
= 50 volts.
	 Now	 50	 =	

30
44

I
+     \  I = 5 A

	 \	 R	 =	
50

5

V
I

=  = 10 Ω

Tutorial  Problems
	 1.	 If the resistance of a circuit having 12 V source is increased by 4 Ω, the current drops by 0.5 A. What is 

the original resistance of the circuit ?	 [8 Ω]
	 2. 	 A searchlight takes 100 A at 80 V.  It is to be operated from a 220 V supply.  Find the value of the resistor 

to be connected in series.	 	 	 	 [1.4 Ω]
	 3.	 The maximum resistance of a rheostat is 4.8 Ω and the minimum resistance is 0.5 Ω. Find for each  

condition the voltage across the rheostat when current is 1.2 A.	 [5.76V ; 0.6V ]
	 4.	 What is the drop across the 150 Ω resistor in Fig. 2.4 ?	 [5.33 V]

			   Fig. 2.4	 Fig. 2.5

	 5.	 Calculate the current flow for Fig. 2.5.	 [3.51 mA]

2.3.	 D.C.  Parallel  Circuit
	 When one end of each resistance is joined to a common point and the other end of each 
resistance is joined to another common point so that there are as many paths for current flow as 
the number of resistances, it is called a parallel circuit.
	 Consider three resistances R1, R2 and R3 ohms connected in parallel across a battery of V volts 
as shown in Fig. 2.6 (i). The total current I divides into three parts : I1 flowing through R1, I2 flowing 
through R2 and I3 flowing through R3. Obviously, the voltage across each resistance is the same  
(i.e. V volts in this case ) and there are as many current paths as the number of resistances. By 
Ohm’s law, current through each resistance is
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		  I1	 =	 V/R1  ;  I2 = V/R2  ;  I3 = V/R3

	 Now,  	 I	 =	 I1 + I2 + I3

			   =	
1 2 3

V V V
R R R

+ +

			   =	
1 2 3

1 1 1V
R R R

 
+ + 

 

Fig. 2.6

	 or	
I
V

	 =	
1 2 3

1 1 1

R R R
+ +

	 But V/I is equivalent resistance RP of the parallel resistances [See Fig. 2.6 (ii)] so that I/V = 1/RP.

	 \	
1

PR
	 =	

1 2 3

1 1 1

R R R
+ +

	 Hence when a number of resistances are connected in parallel, the reciprocal of total 
resistance is equal to the sum of the reciprocals of the individual resistances.
	 Also	 GP	 =	 G1 + G2 + G3

	 Hence total conductance GP of resistors in parallel is equal to the sum of their individual 
conductances.
	 We can also express currents I1, I2 and I3 in terms of conductances.

		  I1	 =	 1 1
1 1

1 1 2 3P P

G GV IVG G I I
R G G G G G

= = = × = ×
+ +

	 Similarly,	 I2	 =	 2

1 2 3

GI
G G G

×
+ +

 ;  I3 = 3

1 2 3

G
I

G G G
×

+ +

2.4.	 Main  Features  of  Parallel  Circuits
	 The following are the characteristics of a parallel circuit :
	 (i)	 The voltage across each resistor is the same.
	 (ii)	 The current through any resistor is inversely proportional to its resistance.
	 (iii)	 The total current in the circuit is equal to the sum of currents in its parallel branches.
	 (iv)	 The reciprocal of the total resistance is equal to the sum of the reciprocals of the individual 

resistances.
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	 (v)	 As the number of parallel branches is increased, the total resistance of the circuit is 
decreased.

	 (vi)	 The total resistance of the circuit is always less than the smallest of the resistances.
	 (vii)	 If n resistors, each of resistance R, are connected in parallel, then total resistance RP = R/n.
	 (viii)	 The conductances are additive.
	 (ix)	 The total power dissipated in the circuit is equal to the sum of powers dissipated in the 

individual resistances. Thus referring to Fig. 2.6 (i),

		
1

PR
	 =	

1 2 3

1 1 1

R R R
+ +

	 or	
2

P

V
R

	 =	
2 2 2

1 2 3

V V V
R R R

+ +

	 or	 PP	 =	 P1 + P2 + P3

	 	Like a series circuit, the total power dissipated in a parallel circuit is equal to the sum of 
powers dissipated in the individual resistances.
	 Note. A parallel resistor circuit [See Fig. 2.6 (i)] can be considered to be a current divider circuit 
because the current through any one resistor is a fraction of the total circuit current; the fraction depending 
on the values of the resistors.

2.5.	 Two  Resistances  in  Parallel
	 A frequent special case of parallel resistors is a circuit that contains two resistances in parallel.  
Fig. 2.7 shows two resistances R1 and R2 connected in parallel across a battery of V volts.  The total 
current I divides into two parts ; I1 flowing through R1 and I2 flowing through R2.

	 (i)	 Total resistance RP.	
1

PR
	 =	 2 1

1 2 1 2

1 1 R R
R R R R

+
+ =

		 \	 RP	 =	 1 2

1 2

Product
Sum

R R
R R

=
+

	 Hence the total value of two resistors connected in parallel is equal to the product divided by 
the sum of the two resistors.

Fig. 2.7

	 (ii)	 Branch Currents.	 RP	=	 1 2

1 2

R R
R R+

		  V	 =	 I RP = 1 2

1 2

R RI
R R+

	 	 Current through R1,  I1	 =	 2

1 1 2

RV I
R R R

=
+ 	 1 2

1 2
Putting 

R RV I
R R

 = + 
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	 	 Current through R2,  I2 	=	 1

2 1 2

RV I
R R R

=
+

	 Hence in a parallel circuit of two resistors, the current in one resistor is the line current (i.e. 
total current) times the opposite resistor divided by the sum of  the two resistors.
	 We can also express currents in terms of conductances.
		  GP	 =	 G1 + G2

		  I1	 =	 1 1
1 1

1 1 2P P

G GV IVG G I I
R G G G G

= = × = × = ×
+

		  I2	 =	 2 2
2 2

2 1 2P P

G GV IVG G I I
R G G G G

= = × = × = ×
+

	 Note. When two resistances are connected in parallel and one resistance is much greater than the other, 
then the total resistance of the combination is very nearly equal to the smaller of the two resistances. For 
example, if R1 = 10 Ω and R2 = 10 kΩ and they are connected in parallel, then total resistance RP of the 
combination is given by ;

		  RP	 =	
4 5

1 2
4

1 2

10 10 10
10,01010 10

R R
R R

×= =
+ +

 = 9.99 Ω  R1

	 In general, if R2 is 10 times (or more) greater than R1, then their combined resistance in parallel is nearly 
equal to R1.

2.6.	 Advantages  of  Parallel  Circuits
	 The most useful property of a parallel circuit is the fact that potential difference has the same 
value between the terminals of each branch of parallel circuit. This feature of the parallel circuit 
offers the following advantages :
	 (i) 	The appliances rated for the same voltage but different powers can be connected in parallel 

without disturbing each other’s performance. Thus a 230 V, 230 W TV receiver can be 
operated independently in parallel with a 230 V, 40 W lamp.

	 (ii) 	If a break occurs in any one of the branch circuits, it will have no effect on other branch 
circuits.

	 Due to above advantages, electrical appliances in homes are connected in parallel. We can 
switch on or off any light or appliance without affecting other lights or appliances.

2.7.	 Applications  of  Parallel  Circuits
	 Parallel circuits find many applications in electrical and electronic circuits. We shall give two 
applications by way of illustration.
	 (i)	 Identical voltage sources may be connected in parallel to provide a greater current capacity.  

Fig. 2.8 shows two 12 V automobile storage batteries in parallel.  If the starter motor draws 
400 A at starting, then each battery will supply half the current i.e. 200 A.  A single battery 
might not be able to provide a load current of 400 A. Another benefit is that two batteries 
in parallel will supply a given load current for twice the time when compared to a single 
battery before discharge is reached.

	 	 Fig. 2.8	 Fig. 2.9
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	 (ii)	 Fig. 2.9 shows another application for parallel connection. A low resistor, called a shunt, is 
connected in parallel with an ammeter to increase the current range of the meter. If shunt 
is not used, the ammeter is able to measure currents up to 1 mA. However, the use of shunt 
permits to measure currents up to 1 A. Thus shunt increases the range of the ammeter.

	 Example 2.7. Two coils connected in series have a resistance of 18 Ω and when connected in 
parallel have a resistance of 4 Ω. Find the value of resistances.
	 Solution. Let R1 and R2 be the resistances of the coils. When resistances are connected in series, 
RS = 18 Ω.
	 \	 R1 + R2	 =	 18	 ...(i)
	 When resistances are connected in parallel, RP  = 4 Ω.

	 \	 4 	=	 1 2

1 2

R R
R R+ 	 ....(ii)

	 Multiplying Eqns. (i) and (ii), we get,  R1 R2 = 18 × 4 = 72

	 Now	 R1 − R2	 =	 2 2
1 2 1 2( ) 4 (18) 4 72R R R R+ − = − ×

	 \	 R1 − R2	 =	 ± 6	 ...(iii)
	 Solving Eqns. (i) and (iii), we get, R1 = 12 Ω or 6 Ω  ;  R2 = 6 Ω or 12 Ω	
	 Example 2.8. A 100 watt, 250 V lamp is connected in parallel with an unknown resistance 
R across a 250 V supply. The total power dissipated in the circuit is 1100 watts. Find the value of 
unknown resistance. Assume the resistance of lamp remains unaltered.
	 Solution. The total power dissipated in the circuit is equal to the sum of the powers consumed 
by the lamp and unknown resistance R.
	 \	 Power consumed by  R	 =	 1100 − 100 = 1000 watts

	 \	 Value of resistance, R	 =	
22 (250)

Power consumed 1000
V =  = 62.5 Ω

	 Example 2.9.  A coil has a resistance of 5.2 ohms; the resistance has to be reduced to 5 Ω  by 
connecting a shunt across the coil. If this shunt is made of manganin wire of diameter 0.025 cm, find 
the length of wire required. Specific resistance for manganin is 47 × 10−8 Ω m.
	 Solution. Let R ohms be the required resistance of the shunt.

		  RP 	=	
5.2
5.2

R
R

×
+   or  5 = 5.2

5.2
R

R +     \  R = 130 W

		  a 	=	 ( )220.025 10
4

−π ×  = 490 × 10–10 m2 ;  ρ = 47 × 10−8 Ω-m

	 Now	 R 	=	 l
a

ρ

	 \	 l	 =	
10

8

130 (490 10 )

47 10

Ra −

−
× ×=

ρ ×
 = 13.55 m

	 Example 2.10. Three equal resistors are connected as shown in Fig 2.10. Find the equivalent 
resistance between points A and B.
	 Solution. The reader may observe 
that one end of each resistor is connected 
to point A and the other end of each 
resistor is connected to point B. Hence 
the three resistors are in parallel.

	 \	 1

ABR 	 =	 1 1 1 3
R R R R

+ + =   or   RAB = 3
R

Fig. 2.10
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	 Example 2.11. Find the branch currents for Fig. 2.11 using the current divider rule for parallel 
conductances.

Fig. 2.11

	 Solution.  	 GP	 =	 G1 + G2 + G3 = 0.5 + 0.3 + 0.2 = 1 S

	 \	 I1	 =	 1 0.54
1P

GI
G

= ×  = 2 A

		  I2	 =	 2 0.34
1P

GI
G

= ×  = 1.2 A

		  I3	 =	 3 0.2
4

1P

GI
G

= ×  = 0.8 A

	 Example 2.12. Find the three branch currents in the circuit shown in Fig. 2.12. What is the 
potential difference between points A and B?

		  Fig. 2.12	 Fig. 2.13
	 Solution. Current sources in parallel add algebraically. Therefore, the two current sources can 
be combined to give the resultant current source of current I = 24 – 5 = 19 A as shown in Fig. 2.13. 
Referring to Fig. 2.13,
		  GP	 =	 G1 + G2 + G3 = 0.5 + 0.25 + 0.2 = 0.95 S

	 \	 I1	 =	 1 0.5
19

0.95P

GI
G

× = ×  = 10 A

		  I2	 =	 2 0.25
19

0.95P

GI
G

× = ×  = 5 A

		  I3	 =	 3 0.2
19

0.95P

GI
G

× = ×  = 4 A

	 The voltage across each conductance is the same.

	 \	 VAB	 =	 31 2

1 2 3

II I
G G G

= =

	 or	  VAB	 =	 1

1

10 A

0.5 S

I
G

=  = 20 V

	 Example 2.13. A current of 90 A is shared by three resistances in parallel. The wires are of the 
same material and have their lengths in the ratio 2 : 3 : 4 and their cross-sectional areas in the ratio 
1 : 2 : 3. Determine current in each resistance.
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	 Solution.   Conductance,	 G	 =	 a
l

σ  so that G ∝ a
l 	 ( s is same)

	 \	 G1 : G2 : G3	 ::	
31 2

1 2 3
: :

aa a
l l l

	 or	 G1 : G2 : G3	 ::	
1 2 3: :
2 3 4

	 or	 G1 : G2 : G3	 ::	 6 : 8 : 9
	 \	 I1	 =	 1

1 2 3

690
6 8 9

GI
G G G

× = ×
+ + + +  = 23.48 A

		  I2	 =	 2

1 2 3

890
6 8 9

GI
G G G

× = ×
+ + + +  = 31.30 A

		  I3	 =	 3

1 2 3

990
6 8 9

GI
G G G

× = ×
+ + + +  = 35.22 A

	 Example 2.14. An aluminium wire 7.5 m long is connected in parallel with a copper wire  
6 m long. When a current of 5 A is passed through the combination, it is found that current in the 
aluminium wire is 3 A. The diameter of aluminium wire is 1 mm. Determine the diameter of copper 
wire. Resistivity of copper is 0.017 mW m and that of aluminium is 0.028 mW m.
	 Solution. Assign suffix A to aluminium and C to copper. Then,
		  IA	 =	 3 A  and  IC = 5 – IA = 5 – 3 = 2 A
	 In a parallel circuit, the current in any branch is directly proportional to conductance (G) of that 
branch ( I = VG).
	 \	 IA	∝	 GA  and  IC ∝ GC

	 \	 C

A

G
G 	 =	 2

3
C

A

I
I

=

	 Now,	 GC	 =	 C

C C

a
lρ   and  GA = A

A A

a
lρ

	 \	 C

A

G
G 	 =	 C A A

C C A

a l
l a

ρ×
ρ

	 or	 2
3

	 =	
0.028 7.5

0.017 6
C

A

a
a

××
×

	 or	 C

A

a
a 	 =	

0.017 62
3 0.028 7.5

××
×  = 0.3238

	 \	 aC	 =	 0.3238 × aA = 20.3238 (1 mm)
4
π×

	 or	 2( )
4 Cdπ 	 =	 0.3238

4
π×

	 \	 dC	 =	 0.3238  = 0.57 mm
	 Example 2.15. A voltage of 200 V is applied to a tapped resistor of 500 Ω. Find the resistance 
between two tapping points connected to a circuit needing 0.1 A at 25 V.  Calculate the total power 
consumed. 
	 Solution. Fig. 2.14 shows the conditions of the problem.

		  Current in AB	 =	 250.1
R

+

		  Also current in AB	 =	
200 25 175
500 500R R

− =
− −
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	 \	 250.1
R

+  	=	 175
500 R−

	 or	
0.1 25R

R
+

	 =	 175
500 R−

	 or	 (500 – R) (0.1R + 25)	 =	 175 R
	 or	 0.1 R2 + 150 R – 12500	 =	 0
	 On solving and taking the positive value, R = 79 Ω.
		  Total current,  I	 =	 Current in AB
		  	 =	 250.1

79
+  = 0.4165 A

	 \	 Total power	 =	 200 × I = 200 × 0.4165 = 83.5 W
	 Example 2.16. A heater has two similar elements controlled by a 3-heat switch. Draw a 
connection diagram of each position of the switch. What is the ratio of heat developed for each 
position of the switch?
	 Solution. Fig. 2.15 shows the connections of 3-heat switch controlling two similar elements.  
Suppose the supply voltage is V.
	 With points 1 and 3 linked and supply connected across 1 and 3, the two elements will be in 
parallel.
	 \	 Power dissipated, P1	 =	

2 22
/2

V V
R R

=

	 With voltage across 1 and 2 or 2 and 3, only one element is in the 
circuit.
	 \	 Power dissipated,  P2	 =	

2V
R

	 With voltage across 1 and 3, the two elements are in series.

	 \	 Power dissipated,  P3	 =	
2

2
V

R

	 \	 P1 : P2 : P3	 =	
2 2 22 1

: : 2 :1:
2 2

V V V
R R R

=  = 4 : 2 : 1

	 Example 2.17. The frame of an electric motor is connected to three earthing plates having 
resistance to earth of 10 Ω, 20 Ω and 30 Ω respectively. Due to a fault, the frame becomes live.  What 
proportion of total fault energy is dissipated at each earth connection ?
	 Solution. The three resistances are in parallel. During the fault, suppose voltage to ground is V. 
Then ratios of energy dissipated are :

		
2 2 2

: :
10 20 30
V V V 	 =	 1 1 1: :

10 20 30
 = 6 : 3 : 2

	 % of fault energy dissipated in 10 Ω = 6 100
6 3 2

×
+ +  = 54.5%

	 % of fault energy dissipated in 20 Ω = 3 100
6 3 2

×
+ +  = 27.3%

	 % of fault energy dissipated in 30 Ω = 2 100
6 3 2

×
+ +  = 18.2%

	 Example 2.18. A 50 W resistor is in parallel with 100 W resistor. Current in 50 W resistor is  
7.2 A. How will you add a third resistor and what will be its value if the line current is to be 12.1 A?
	 Solution.	 Source voltage	 =	 50 × 7.2 = 360 V

	 \	 Current in 100 W resistor	 =	 360
100

 = 3.6 A

Fig. 2.14

Fig. 2.15
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	 Total current drawn by 50 W and 100 W resistors = 7.2 + 3.6 = 10.8 A
	 In order that line current is 12.1 A, some resistance R must be added in parallel. The current 
in R is to be = 12.1 – 10.8 = 1.3 A.
	 \	 Value of R	 =	 360

1.3
 = 277 W

Tutorial  Problems
	 1.	 Two resistors of 4 Ω and 6 Ω are connected in parallel. If the total current is 30 A, find the current through 

each resistor.	 			   [18 A ; 12 A]
	 2.	 Four resistors are in parallel. The currents in the first three resistors are 4 mA, 5 mA and 6 mA respectively. 

The voltage drop across the fourth resistor is 200 volts. The total power dissipated is 5 watts. Determine 
the values of the resistances of the branches and the total resistance.	

[50 k Ω, 40 k Ω, 33.33 k Ω, 8 k Ω, 5 k Ω]
	 3.	 Four resistors of 2 Ω, 3 Ω, 4 Ω and 5 Ω respectively are connected in parallel. What potential difference 

must be applied to the group in order that total power of 100 watts may be absorbed ?	 [8.826 volts]
	 4.	 Three resistors are in parallel. The current in the first resistor is 0.1 A. The power dissipated in the second 

is 3 watts. The voltage drop across the third is 100 volts. Determine the ohmic values of resistors and the 
total resistance if total current is 0.2 A.	 [1000 Ω, 3333.3 Ω, 1428.5 Ω, 500 Ω]

	 5.	 Two coils each of 250 Ω resistance are connected in series across a constant voltage mains. Calculate the 
value of resistance to be connected in parallel with one of the coils to reduce the p.d. across its terminals 
by 1%.	 	 	 	 [12,375 Ω]

	 6.	 When a resistor is placed across a 230 volt supply, the current is 12 A. What is the value of resistor that 
must be placed in parallel to increase the load to16 A ?	 [57.5 Ω]

	 7.	 A 50-ohm resistor is in parallel with a 100-ohm resistor. The current in 50 Ω resistor is 7.2 A. What is 
the value of third resistance to be added in parallel to make the line current 12.1 A ?	 [276.9 Ω]

	 8.	 Five equal resistors each of 2 Ω are connected in a network as shown in Fig. 2.16.  Find the equivalent 
resistance between points A and B.		 [2 Ω]

			   Fig. 2.16	 Fig. 2.17
	 9.	 Find the equivalent resistance between points A and B in the circuit shown in Fig. 2.17.	 [10 Ω]

	 10.	 Fig. 2.18 shows a 50 V source connected to three 
resistances : R1 = 5 kΩ; R2 = 25 kΩ and R3 = 10 kΩ.  
Calculate (i) branch currents (ii) total current for the 
given figure.

	 [(i) I1 = 10 mA ; I2 = 2 mA; I3 = 5 mA (ii) I = 17 mA]
	 11.	 A parallel circuit consists of four parallel-connected 

480 Ω resistors in parallel with six 360 Ω resistors.  
What is the total resistance and total conductance of 
the circuit?	     [40 Ω ; 0.025 S]

Fig. 2.18
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2.8.	 D.C.  Series-Parallel  Circuit
	 As the name suggests, this circuit is a combination of series and parallel circuits. A simple 
example of such a circuit is illustrated in Fig. 2.19. Note that R2 and R3 are connected in parallel 
with each other and that both together are connected in series with R1. One simple rule to solve such 
circuits is to first reduce the parallel branches to an equivalent series branch and then solve the circuit 
as a simple series circuit.

Fig. 2.19

	 Referring to the series-parallel circuit shown in Fig. 2.19,

		  	 RP for parallel combination	 =	
2 3

2 3

R R
R R+

	 	 	 Total circuit resistance	 =	 2 3
1

2 3

R RR
R R

+
+

	 	 Voltage across parallel combination	 =	 2 3
1

2 3

R RI
R R

×
+

	 The reader can now readily find the values of I1, I2, I3.
	 Like series and parallel circuits, the total power dissipated in the circuit is equal to the sum of 
powers dissipated in the individual resistances i.e.,

	 	 Total power dissipated, P	 =	 2 2 2
1 1 2 2 3 3I R I R I R+ +

2.9.	 Applications  of  Series-Parallel  Circuits
	 Series-parallel circuits combine the advantages of both series and parallel circuits and minimise 
their disadvantages. Generally, less copper is required and a smaller size wire can be used. Such 
circuits are used whenever various types of circuits must be fed from the same power supply. A few 
common applications of series-parallel circuits are given below :

	 (i)	 In an automobile, the starting, lighting and ignition circuits are all individual circuits joined 
to make a series-parallel circuit drawing its power from one battery.

	 (ii)	 Radio and television receivers contain a number of separate circuits such as tuning circuits, 
r.f. amplifiers, oscillator, detector and picture tube circuits.   Individually, they may be 
simple series or parallel circuits.  However, when the receiver is considered as a whole, the 
result is a series-parallel circuit.

	 (iii)	 Power supplies are connected in series to get a higher voltage and in parallel to get a higher 
current.
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2.10.	 Internal  Resistance  of  a  Supply
	 All supplies (e.g. a cell) must have some internal resistance, however small. This is shown as a 
series resistor external to the supply. Fig 2.20 shows a cell of e.m.f. E volts and internal resistance r. 
When the cell is delivering no current (i.e. on no load), the p.d. across the terminals will be equal to 
e.m.f. E of the cell as shown in Fig. 2.20 (i).
	 When some load resistance R is connected across the terminals of the cell, the current I starts 
flowing in the circuit. This current causes a voltage drop across internal resistance r of the cell so 
that terminal voltage V available will be less than E. The relationship between E and V can be easily 
established [See Fig. 2.20 (ii)].
	 	 I	 =	 E

R r+
	 or	 I R	 =	 E − I r

	 But	 I R	 =	 V,  the terminal voltage of the cell.
	 \	 V	 =	 E − I r

Fig. 2.20

	 Internal resistance of cell,  r	 =	
( )E V E V R

I V
− −= 	

VI
R

 = ∵

2.11.  Equivalent  Resistance
	 Sometimes we come across a complicated circuit consisting of many resistances. The resistance 
between the two desired points (or terminals) of such a circuit can be replaced by a single resistance 
between these points using laws of series and parallel resistances. Then this single resistance is 
called equivalent resistance of the circuit between these points.

	 The equivalent resistance of a circuit or 
network between its any two points (or terminals) is 
that single resistance which can replace the entire 
circuit between these points (or terminals).
	 Once equivalent resistance is found, we can 
use Ohm’s law to solve the circuit. It is important to 
note that resistance between two points of a circuit is 
different for different point-pairs. This is illustrated 
in Fig. 2.21.

	 (i)	 Between points A and B, R1 is in parallel with the series combination of R2 and R3 i.e.

		  RAB	 =	 R1 || (R2 + R3) = 1 2 3

1 2 3

( )R R R
R R R

+
+ +

Fig. 2.21
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	 (ii)	 Between points A and C, R3 is in parallel with the series combination of R1 and R2 i.e.

		  RAC	 =	 R3 || (R1 + R2) = 3 1 2

1 2 3

( )R R R
R R R

+
+ +

	 (iii)	 Between points B and C, R2 is in parallel with the series combination of R1 and R3 i.e.

		  RBC	 =	 R2 || (R1 + R3) = 2 1 3

1 2 3

( )R R R
R R R

+
+ +

	 Example 2.19.  A battery having an e.m.f. of  E volts and internal resistance 0.1 Ω is connected 
across terminals A and B of the circuit shown in Fig. 2.22. Calculate the value of E in order that 
power dissipated in 2 Ω resistor shall be 2 W.
	 Solution.  Resistance between E and F is given by ;

		  1

EFR 	 =	 1 1 1 6
3 2 6 6

+ + =

Fig. 2.22

	 \	 REF	 =	 6/6 = 1 Ω
	 	 Resistance of branch CEFD	 =	 1 + 5 = 6 Ω

	 	 Current through 2 Ω	 =	 Power loss 2
Resistance 2

= = 1A

	 	 P.D. across EF	 =	 1 × 2  = 2V
	 	 Current through 3 Ω	 =	 2/3 = 0.67 A	

	 	 Current through 6 Ω	 =	 2/6 = 0.33 A

	 	 Current in branch CED	 =	 1 + 0.67 + 0.33 = 2 A
	 	 P.D. across CD	 =	 6 × 2 = 12 V
	 	 Current through 12 Ω	 =	 12/12 = 1 A

	 	 Current supplied by battery	 =	 2 + 1 = 3 A
	 \  E = P.D. across AB or CD + Drop in battery resistance
	 	 	 =	 12 + 0.1 × 3 = 12.3 V
	 Example 2.20. Calculate the values of various currents in the circuit shown in Fig. 2.23. What 
is total circuit conductance and total resistance?
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Fig. 2.23

	 Solution. I = 12 A  ;  GBC = 0.1 + 0.2 + 0.3 = 0.6 S

	 \		  I1	 =	 0.1 0.112
0.6BC

I
G

× = ×  = 2 A  ;  I2 = 0.2 0.212
0.6 0.6

I × = ×  = 4 A ;

			   I3	 =	 0.3
0.6

I ×  = 6 A  ;  I = 12 A

	 Now, GAB = 0.4 S and GBC = 0.6 S are in series.

	 \	 1

ACG 	 =	 1 1 1 1 25
0.4 0.6 6AB BCG G

+ = + =   \  GAC = 6 S
25

	 	 Total circuit resistance, RAC	 =	 1 1
6 25ACG

= = Ω25
6

	 Example 2.21. Six resistors are connected as shown in Fig. 2.24. If a battery having an e.m.f. 
of 24 volts and internal resistance of 1 Ω is connected to the terminals A and B, find (i) the current 
from the battery, (ii) p.d. across 8 Ω and 4 Ω resistors and (iii) the current taken from the battery if 
a conductor of negligible resistance is connected in parallel with 8 Ω resistor.

Fig. 2.24

	 Solution.
	 Resistance between E and F,	  REF	 =	

(4 2) 6
(4 2) 6

+ ×
+ +  = 3 W

	 Resistance between C and D,  	RCD	=	
(5 3) 8
(5 3) 8

+ ×
+ +  = 4 W

	 	Resistance between A and B,  RAB	 =	 3 + 4 = 7 Ω
	 	 Total circuit resistance,  RT	 =	 RAB + Supply resistance = 7 + 1 = 8 Ω
	 (i)	 	 Current from battery,  I	=	 E/RT = 24/8 = 3 A
	 (ii)	 	 P.D. across 8 Ω	=	E − I ( 3 + 1 ) = 24 − 3 ( 4 ) = 12 V
	 	 	 Current through 8 Ω	=	 12/8 = 1.5 A  	
	 	 	 Current through 5 Ω	=	 3 − 1.5 = 1.5A
	 	 	 P.D. across EF	=	 12 − 1.5 × 5 = 4.5 V
	 	 	 Current through 6Ω	=	 4.5/6 = 0.75A
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		 \	 Current through 4 Ω	=	 1.5 − 0.75 = 0.75 A
	 	\	 Voltage across 4Ω	=	 0.75 × 4 = 3 V
	 (iii)	When a conductor of negligible resistance is connected across 8 Ω, then resistance 

between C and D is zero. Therefore, total resistance in the circuit is now 3 Ω resistor in 
series with 1 Ω internal resistance of battery.

		 \	 Current from battery 	=	 24
3 1+  = 6 A

	 Example 2.22. Two resistors R1 = 2500 Ω and R2 = 4000 Ω are joined in series and connected 
to a 100 V supply. The voltage drops across R1 and R2 are measured successively by a voltmeter 
having a resistance of 50000 Ω.  Find the sum of two readings.
	 Solution. When voltmeter is connected across resistor R1 [See Fig. 2.25 (i)], it becomes a  
series-parallel circuit and total circuit resistance decreases.

	 	 Total circuit resistance	 =	
2500 50000

4000
2500 50000

×+
+  = 4000 + 2381 = 6381 Ω

	 	 Circuit current,  I	 =	 100 A
6381

	 	 Voltmeter reading,  V1	 =	 I × 2381 = 100 2381
6381

×  = 37.3 V

Fig. 2.25
	 When voltmeter is connected across R2 [See Fig. 2.25 (ii)], it becomes a series-parallel circuit.

	 	 Total circuit resistance	 =	
4000 50000

2500
4000 50000

×+
+  = 2500 + 3703.7 = 6203.7 Ω

	 	 Circuit current,  I ′	 =	 100 A
6203.7

	 	 Voltmeter reading,  V2	 =	 I′ × 3703.7 = 100 3703.7
6203.7

×  = 59.7 V

	 \	 Sum of two readings	 =	 V1 + V2 = 37.3 + 59.7 = 97 V

	 Example 2.23. A battery of unknown e.m.f. is 
connected across resistances as shown in Fig. 2.26. 
The voltage drop across the 8 Ω resistor is 20 V. What 
will be the current reading in the ammeter?  What is the 
e.m.f. of the battery?
	 Solution. The current through 8 Ω resistance is I 
= 20/8 = 2.5 A. At point A in Fig. 2.26, the current I is 
divided into two paths viz I2 flowing in path ABC of 15 
+ 13 = 28 Ω resistance and current I1 flowing in path 
AC of 11 Ω resistor. By current divider rule, the value 
of I2 is given by ; Fig. 2.26
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		  I2	 =	 11 112.5
11 28 39

I × = ×
+  = 0.7 A

	 Therefore, ammeter reads 0.7 A.
		  Resistance between A and C	 =	 (28 × 11)/39 = 308/39 Ω
	 	 Total circuit resistance,  RT	 =	 8 + 11 + (308/39) = 1049/39 Ω
	 \	 E	 =	 I × RT = 2.5 × (1049/39) = 67.3 V
	 Example 2.24. Find the voltage VAB in the circuit shown in Fig. 2.27.

Fig. 2.27

	 Solution. The resistors 10 Ω and 20 Ω are in series and voltage across this combination is 10 V.

	 \	 VAC	 =	 20 10
10 20

×
+  = 6.667 V

	 The resistors 30 Ω and 40 Ω are in series and voltage across this combination is 10 V.

	 \	 VBC	 =	 40 10
30 40

×
+  = 5.714 V

	 The point A is positive w.r.t. point B.
	 \	 VAB	 =	 VAC – VBC = 6.667 – 5.714 = 0.953 V
	 Example 2.25. A circuit consists of four 100 W lamps connected in parallel across a 230 V 
supply. Inadvertently, a voltmeter has been connected in series with the lamps. The resistance of the 
voltmeter is 1500 Ω and that of the lamps under the conditions stated is six times their value then 
burning normally. What will be the reading of the voltmeter ?

Fig. 2.28

	 Solution. Fig. 2.28 shows the conditions of the problem. When burning normally, the resistance 
of each lamp is R = V2/P = (230)2/100 = 529 Ω.  Under the conditions shown in Fig. 2.28, resistance 
of each lamp = 6 × 529 = 3174 Ω.
\	 Equivalent resistance of 4 lamps under stated conditions is RP = 3174/4 = 793 Ω
	 	 Total circuit resistance	 =	 1500 + RP 

	 	 	 =	 1500 + 793.5 = 2293.5 Ω
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	 \	 Circuit current,   I	 =	 230 A
2293.5

	 \	  Voltage drop across voltmeter = I × 1500 = 230 1500
2293.5

×   150 V

	 Example 2.26. Find the current supplied by the d.c. source in the circuit shown in Fig. 2.29.

Fig. 2.29

	 Solution. In the circuit shown in Fig. 2.29, the resistances in series can be combined and the 
circuit reduces to the one shown in Fig. 2.30 (i). In Fig. 2.30 (i), the resistances in parallel can be 
combined using the formula product divided by sum and the circuit reduces to the one shown in  
Fig. 2.30 (ii).
	 In Fig. 2.30 (ii), the resistances in series can be combined and the circuit reduces to the one 
shown in Fig. 2.30 (iii). In Fig. 2.30 (iii), 3.2 W and 2 W are in parallel and their combined resistance 
is 16/13 W. Now 16/13 W and 1 W are in series and this series combination is in parallel with 2 W.

Fig. 2.30

	 \ 	  Effective resistance of the circuit is

		  Reff	 =	 16 581 || 2
13 55

 + Ω Ω = Ω  
	 [See Fig. 2.30 (iv)]

	 \	   Current supplied by source = 30 30
58 55effR

=  = 28.45 A

	 Example 2.27. Determine the current drawn by a 12 V battery with internal resistance 0.5 Ω 
by the following infinite network (See Fig. 2.31).
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Fig. 2.31

	 Solution. Let x be the equivalent resistance of the network. Since the network is infinite, the 
addition of one set of three resistances, each of 1 Ω, will not change the total resistance, i.e., it will 
remain x. The network would then become as shown in Fig. 2.32. The resistances x and 1 Ω are in 
parallel and their total resistance is RP given by ;

		  Fig. 2.32	 Fig. 2.33

		  RP	 =	
1
1 1

x x
x x

× =
+ +

	 The circuit then reduces to the one shown in Fig. 2.33. Referring to Fig. 2.33,

	 Total resistance of the network = 1 + 1 + 2
1 1

x x
x x

= +
+ +

	 But total resistance of the network is x as mentioned above.

	 \	 x	 =	 2
1

x
x

+
+

	 or	 x + x2	 =	 2 + 2x + x
	 or	 x2 – 2x – 2	 =	 0

	 \	 x	 =	
2 4 8 2 12 2 2 3

2 2 2
± + ± ±= =

	 or	 x	 =	 1 3±
	 As the value of the resistance cannot be negative,

	 \	 x	 =	 1 3+  = 1 + 1.732 = 2.732 Ω
	 	 Total circuit resistance,  RT	 =	 x + internal resistance of the supply
	 	 	 =	 2.732 + 0.5 = 3.232 Ω
	 \  	Current drawn by the network is

		  I	 =	 12
3.232T

E
R

=  = 3.71 A
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	 Example 2.28. Find RAB in the circuit shown in Fig. 2.34.

Fig. 2.34
	 Solution. The circuit shown in Fig. 2.34 reduces to the one shown in Fig. 2.35 (i).  This circuit 
further reduces to the circuit shown in Fig. 2.35 (ii).

Fig. 2.35
	 Referring to Fig. 2.35 (ii), we have,
		  RAB	 =	 2 + (50 || 25 || 50) + 8
	 	 	 =	 2 + (25 || 25) + 8
	 	 	 =	 2 + 12.5 + 8 = 22.5 Ω
	 Example 2.29. What is the equivalent resistance between the terminals A and B in Fig. 2.36?
	 Solution. The network shown in Fig. 2.36 can be redrawn as shown in Fig. 2.37 (i). It is a 
balanced Wheatstone bridge. Therefore, points C and D are at the same potential. Since no current 
flows in the branch CD, this branch is ineffective in determining the equivalent resistance between 
terminals A and B and can be removed. The circuit then reduces to that shown in Fig. 2.37 (ii).

		  Fig. 2.36	                                 Fig. 2.37

	 The branch ACB (= R + R = 2R) is in parallel with branch ADB  (= R+ R = 2R).

	 \	 RAB	 =	
(2 ) (2 )

2 2
R R
R R

×
+  = R
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	 Example 2.30. An electrical network is arranged as shown in Fig. 2.38. Find the value of 
current in the branch AF.
	 Solution. Resistance between E and C,

			   REC	 =	
(5 9) 14
(5 9) 14

+ ×
+ +  = 7 W

	 Resistance between B and E,

			   RBE	 =	
(11 7) 18
(11 7) 18

+ ×
+ +  = 9 W

	 Resistance between A and E,

			   RAE	 =	
(13 9) 22
(13 9) 22

+ ×
+ +  = 11 W

	 i.e.,	Total circuit resistance, RT	 =	 11 W
	 \	 Current in branch AF, I	 =	 V/RT = 22/11 = 2 A
	 Example 2.31. A resistor of 5 W is connected in series with a parallel combination of a number 
of resistors each of 5 W. If the total resistance of the combination is 6 W, how many resistors are in 
parallel?
	 Solution. Let n be the required number of 5 W resistors to be connected in parallel. The  
equivalent resistance of this parallel combination is

		  1

PR 	 =	 1 1 1 ... times =
5 5 5 5

nn+ +

	 Therefore,	 RP	 =	 5/n
	 Now RP (= 5/n) in series with 5 W is equal to 6 W i.e.,

		  5 5
n

+ 	 =	 6  \  n = 5

	 Example 2.32. A letter A consists of a uniform wire of resistance 1 W per cm. The sides of the 
letter are each 20 cm long and the cross-piece in the middle is 10 cm long while the apex angle is 
60°. Find the resistance of the letter between the two ends of the legs.
	 Solution. Fig. 2.39 shows the conditions of the 
problem. Point B is the mid-point of AC, point D is the 
mid-point of EC and BD = 10 cm.
	 \		 AB = BC	 =	 CD = DE = BD = 10 cm
	 or		  R1 = R2	 =	 R3 = R4 = R5 = 10 W	( 1 cm = 1 W)
	 Now R2 and R3 are in series and their total resistance 
= 10 + 10 = 20 W. This 20 W resistance is in parallel with R5.
	 \		  RBD	 =	 20 W || R5 = 20 W || 10 W

				    =	
20 10 20
20 10 3

× = Ω
+

	 Now, R1, RBD and R4 are in series so that :
			   RAE	 =	 R1 + RBD + R4

				    =	 2010 10
3

+ +  = 26.67 W

Fig. 2.38

Fig. 2.39
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	 Example 2.33. All the resistances in Fig. 2.40 
are in ohms. Find the effective resistance between the 
points A and B.
	 Solution. Resistance between points A and D is

			   RAD	 =	 (3 + 3) W || 6 W = 
6 6
6 6

×
+  = 3 W

			   RAE	 = 	 (RAD + 3) W || 6 W = 
6 6
6 6

×
+  = 3 W

			   RAF	 = 	 (RAE + 3) W || 6 W = 
6 6
6 6

×
+  =  3 W

	 \	 Resistance between points A and B is
			   RAB	 = 	 (RAF + 3) W || 3 W 

				    =	  
6 3 18
6 3 9

× =
+  = 2 W

	 Example 2.34. What is the equivalent resistance of the ladder network shown in Fig. 2.41?

Fig. 2.41
	 Solution. Referring to Fig. 2.41, the resistance between points K and L is
		  RKL	 =	 (25 + 75) W  || 100 W = 

100 100
100 100

×
+  = 50 W

	 The circuit of Fig. 2.41 then reduces to the one shown in Fig. 2.42 (i). Referring to Fig. 2.42 (i),

		  RGH	 =	 (50 + 50) W || 100 W = 
100 100
100 100

×
+  = 50 W

	 The circuit of Fig. 2.42 (i) then reduces to the one shown in Fig. 2.42 (ii). Referring to Fig. 2.42 (ii),	

	 	 REF	 =	 (50 + 50) W || 100 W = 
100 100
100 100

×
+  = 50 W

Fig. 2.42
	 The circuit of Fig. 2.42 (ii) then reduces to the one shown in Fig. 2.42 (iii). Referring to Fig. 
2.42 (iii),
	 Equivalent resistance of the ladder network
	 	 	 =	 25 + 50 = 75 W

Fig. 2.40
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Tutorial  Problems
	 1.	 A resistor of 3.6 Ω is connected in series with another of 4.56 Ω. What resistance must be placed across 

3.6 Ω so that the total resistance of the circuit shall be 6 Ω ?	 [2.4 Ω]
	 2.	 A circuit consists of three resistors of 3 Ω, 4 Ω and 6 Ω in parallel and a fourth resistor of 4 Ω in series. 

A battery of e.m.f. 12 V and internal resistance 6 Ω is connected across the circuit.  Find the total current 
in the circuit and terminal voltage across the battery.	 [1.059 A, 5.65 V]

	 3.	 A resistance R is connected in series with a parallel circuit comprising two resistors of 12 Ω and 8 Ω 
respectively.  The total power dissipated in the circuit is 70 W when the applied voltage is 22 volts.  
Calculate the value of R.	 	 	 	 [0.91 Ω]

	 4.	 Two resistors R1 and R2 of 12 Ω and 6 Ω are connected in parallel and this combination is connected in 
series with a 6.25 Ω resistance R3 and a battery which has an internal resistance of 0.25 Ω.  Determine 
the e.m.f. of the battery.	 	 	 	 [12.6 V]

	 5.	 Find the voltage across and current through 4 kΩ resistor in the circuit shown in Fig. 2.43.	[4 V ; 1 mA]

		  	 Fig. 2.43	 Fig. 2.44

	 6.	 Find the current I in the 50 Ω resistor in the circuit shown in Fig. 2.44.	 [1 A]
	 7.	 Find the current in the 1 kΩ resistor in Fig. 2.45.	 [6.72 mA]

		  Fig. 2.45	 Fig. 2.46

	 8.	 Calculate the value of different currents for the circuit shown in Fig. 2.46. What is the total circuit 
conductance and resistance ?			   [I = 12 A ; I1 = 2 A ; I2 = 4 A ; I3 = 6 A ; GAC = 6/25 S ; RAC = 25/6 Ω]

	 9.	 For the parallel circuit of Fig. 2.47, calculate (i) V (ii) I1 (iii) I2.	 [(i) 20 V (ii) 5 A (iii) –5 A]

		  Fig. 2.47	 Fig. 2.48
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	 10.	 Prove that output voltage V0 in the circuit of Fig. 2.48 is V/13.
	 11.	 Find the current I supplied by the 50 V source in Fig. 2.49.	 [I = 13.7 A]

Fig. 2.49

	 12.	 An electric heating pad rated at 110 V and 55 W is to be used at a 220 V source.  It is proposed to connect 
the heating pad in series with a series-parallel combination of light bulbs, each rated at 100 V ; bulbs are 
having ratings of 25 W, 60 W, 75 W and 100 W.  Obtain a possible scheme of the pad-bulbs combination.  
At what rate will heat be produced by the pad with this modification ?	

[100 W bulb in series with a parallel combination of two 60 W bulbs ; 54.54 W]

2.12.  Open  Circuits
	 As the name implies, an open is a gap or break or interruption in a circuit path.
	 When there is a break in any part of a circuit, that part is said to be open-circuited.
	 No current can flow through an open.  Since no current can flow through an open, according to 
Ohm’s law, an open has infinite resistance (R = V/I = V/0 = ∞). An open circuit may be as a result of 
component failure or disintegration of a conducting path such as the breaking of a wire.
	 1.	 Open circuit in a series circuit.  Fig. 2.50 shows an open circuit fault in a series circuit. 

Here resistor R4 is burnt out and an open develops. Because of the open, no current can 
flow in the circuit. 

Fig. 2.50

	 When an open occurs in a series circuit, the following symptoms can be observed :
	 (i)	 The circuit current becomes zero.
	 (ii)	 There will be no voltage drop across the resistors that are normal.
	 (iii)	 The entire voltage drop appears across the open. This can be readily proved. Applying 

Kirchhoff’s voltage law to the loop ABCDEFA, we have,
	 	– 0 × R1 – 0 × R2 – 0 × R3 – VDE – 0 × R5 + 120 = 0
	 \	 VDE	 =	 120 V
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	 (iv)	 Since the circuit current is zero, there is no voltage drop in the internal resistance of the 
source. Therefore, terminal voltage may appear higher than the normal.

	 2.	 Open circuit in a parallel circuit.  One or more branches of a parallel circuit may develop 
an open.  Fig. 2.51 shows a parallel circuit with an open.  Here resistor R3 is burnt out and now has 
infinite resistance.

Fig. 2.51

	 The following symptoms can be observed :
	 (i)	 Branch current I3 will be zero because R3 is open.
	 (ii)	 The total current I will be less than the normal.
	 (iii)	 The operation of the branches without opens will be normal.
	 (iv)	 The open device will not operate.  If R3 is a lamp, it will be out.  If it is a motor, it will not 

run.

2.13.  Short  Circuits
	 A short circuit or short is a path of low resistance. A short circuit is an unwanted path of low 
resistance.  When a short circuit occurs, the resistance of the circuit becomes low.  As a result, 
current greater than the normal flows which can cause damage to circuit components.  The short 
circuit may be due to insulation failure, components get shorted etc.
	 1.	 Partial short in a series circuit. Fig. 2.52 (i) shows a series circuit with a partial short.  
An unwanted path has connected R1 to R3 and has eliminated R2 from the circuit. Therefore, the 
circuit resistance decreases and the circuit current becomes greater than normal. The voltage drop 
across components that are not shorted will be higher than normal. Since current is increased, the 
power dissipation in the components that are not shorted will be greater than the normal. A partial 
short may cause healthy component to burn out due to abnormally high dissipation.

Fig. 2.52
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	 2.	 Dead short in a series circuit. Fig. 2.52 (ii) shows a series circuit with a dead 
short.  Here all the loads (i.e. resistors in this case) have been removed by the unwanted path. 
Therefore, the circuit resistance is almost zero and the circuit current becomes extremely 
high.  If there are no protective devices (fuse, circuit breaker etc.) in the circuit, drastic results 
(smoke, fire, explosion etc.) may occur.
	 3.	 Partial short in a parallel circuit. Fig. 2.53 (i) shows a parallel circuit with a partial 
short. The circuit resistance will decrease and total current becomes greater than the normal. 
Further, the current flow in the healthy branches will be less than the normal. Therefore, 
healthy branches may operate but not as they are supposed to.

Fig. 2.53
	 4.	 Dead short in a parallel circuit. Fig. 2.53 (ii) shows a parallel circuit with a dead 
short.  Note that all the loads are eliminated by the short circuit so that the circuit resistance is 
almost zero.  As a result, the circuit current becomes abnormally high and may cause extensive 
damage unless it has protective devices (e.g. fuse, circuit breaker etc.).

2.14.  Duality  Between  Series  and  Parallel  Circuits
	 Two physical systems or circuits are called dual if they are described by equations of the 
same mathematical form.
	 This peculiar pattern of relationship exists between series and parallel circuits. For example, 
consider the following table for d.c. series circuit and d.c. parallel circuit.
	 D.C. series circuit	 D.C. parallel circuit
	 I1 = I2 = I3 = ...	 V1 = V2 = V3 = ...
	 V = V1 + V2 + V3 + ...	 I = I1 + I2 + I3 + ...
	 RS = R1 + R2 + R3 + ...	 GP = G1 + G2 + G3 + ...

	 I = 31 2

1 2 3
...

VV V
R R R

= = = 	 V = 31 2

1 2 3
...

II I
G G G

= = =

	 V1 = 1

S

RV
R   ;  V2 = 2

S

RV
R  	 I1 = 1

P

GI
G    ;  I2 = 2

P

GI
G  		

	 Note that the relations for parallel circuit can be obtained from the series circuit by replacing 
voltage by current, current by voltage  and resistance by conductance.  In like manner, relations for 
series circuit can be obtained from the parallel circuit by replacing current by voltage, voltage by 
current and conductance by resistance.  Such a pattern is known as duality and the two circuits are 
said to be dual of each other.  Thus series and parallel circuits are dual of each other.  Other examples 
of duals are : short circuits and open circuits are duals and nodes and meshes are duals.
2.15.	 Wheatstone  Bridge
	 This bridge was first proposed by Wheatstone (an English telegraph engineer) for measuring 
accurately the value of an unknown resistance. It consists of four resistors (two fixed known 
resistances P and Q, a known variable resistance R and the unknown resistance X whose value is 
to be found) connected to form a diamond-shaped circuit ABCDA as shown in Fig.2.54 (i). Across 
one pair of opposite junctions (A and C ), battery is connected and across the other opposite pair of 
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Fig. 2.54
junctions (B and D), a galvanometer is connected through the key K. The circuit is called a bridge 
because galvanometer bridges the opposite junctions B and D. Fig. 2.54 (ii) shows another* way 
of drawing the Wheatstone bridge.
	 Working. The values of P and Q are properly fixed. The value of  R is varied such that on 
closing the key K, there is no current through the galvanometer. Under such conditions, the bridge 
is said to be balanced. The point at which the bridge is balanced is called the null point. Let I1 
and I2 be the currents through P and R respectively when the bridge is balanced. Since there is no 
current through the galvanometer, the currents in Q and X are also I1 and I2 respectively.  As the 
galvanometer reads zero, points B and D are at the same potential.  This means that voltage drops  
from A to B and A to D must be equal. Also voltage drops from B to C and D to C must be equal. Hence,
	 	 I1 P	 =	 I2 R	 ...(i)
and	 	 I1 Q	 =	 I2 X	 ...(ii)
	 Dividing exp. (i) by (ii), we get,
	 	 P/Q	 = 	R/X
or	 	 P X	 =	 Q R
i.e.		  Product of opposite arms	 =	 Product of opposite arms

	 	 Unknown resistance,  X	 =	
Q R
P

× 	 ...(iii)

	 Since the **values of Q, P and R are known, the value of unknown resistance X can be 
calculated. It should be noted that exp. (iii) is true only under the balanced conditions of Wheatstone 
bridge.
	 Note. When the bridge is balanced, VB = VD so the voltage across galvanometer is zero i.e. VBD = VB – VD 
= 0.  When there is zero voltage across the galvanometer, there is also zero current though the galvanometer.  
Consequently, in a balanced Wheatstone bridge, galvanometer can be replaced by either a short circuit 
or an open circuit without affecting the voltages and currents anywhere else in the circuit.
	 Example 2.35.  Verify that the Wheatstone bridge shown in Fig. 2.55 is balanced. Then find 
the voltage VT across the 0.2 A current source by (i) replacing the 200 Ω resistor with a short.  
(ii) replacing the 200 Ω resistor with an open.

*	 Note the four points A,B, C and D, each lying at the junction between two resistors. A galvanometer should 
bridge a pair of opposite points such as B and D and the battery the other pair A and C.

**	 Resistances P and Q are called the ratio arms of bridge and are usually made equal to definite ratio such as 
1 to 1, 10 to 1 or 100 to 1. The resistance R is ca]lled the rheostat arm and is made continuously variable 
from 1 to 1000 ohms or from 1 to 10,000 ohms.
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Fig. 2.55

	 Solution. The Wheatstone bridge is balanced if the products of the resistances of the opposite 
arms of the bridge are equal. An inspection of Fig. 2.55 shows that R1R4 = R2R3. Therefore, the 
bridge is balanced.
	 (i)	 When 200 Ω resistor is shorted.  Fig. 2.56 (i) shows the bridge when the 200 Ω resistor 

(R5) is replaced by a short.  In this case, the circuit is equivalent to a series-parallel circuit 
as shown in Fig. 2.56 (ii). Referring to Fig. 2.56 (ii), the circuit is equivalent to parallel 
combination of R1 and R2 in series with the parallel combination of R3 and R4.

Fig. 2.56

		 The circuit shown in Fig. 2.56 (ii) further reduces to the one shown in Fig. 2.57 (iii).  
Therefore, total circuit resistance, RT = 90 + 45 = 135 Ω. 

		 \  Voltage across 0.2 A current source is 
			  VT	= I RT = 0.2 × 135 = 27 V
	 (ii)	 When 200 Ω resistor is open-circuited. Fig. 2.57 (i) shows the bridge when 200 Ω resistor 

is replaced by an open.  In this case, the circuit is equivalent to a series-parallel circuit in 
which series combination of R1 and R3 is in parallel with the series combination of R2 and 
R4.  This is shown in Fig. 2.57 (ii).

Fig. 2.57
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	 	 The circuit shown in Fig. 2.57 (ii) further reduces to the one shown in Fig. 2.57 (iii).  
Referring to Fig. 2.57 (iii), the total circuit resistance RT is given by ;

		  RT	 =	
180 540
180 540

×
+  = 135 Ω

	 \  Voltage across 0.2 A	 current source, VT = I RT = 0.2 × 135 = 27 V
	 	Note that the voltage across current source is unaffected whether 200 Ω resistor is replaced by 
a short or an open.

2.16.  Complex  Circuits
	 Sometimes we encounter circuits where simplification by series and parallel combinations is 
impossible. Consequently, Ohm’s law cannot be applied to solve such circuits. This happens when 
there is more than one e.m.f. in the circuit or when resistors are connected in a complicated manner.  
Such circuits are called complex circuits. We shall discuss two such circuits by way of illustration.
	 (i)	 Fig. 2.58  shows a circuit containing two sources of e.m.f. E1 and E2 and three resistors. This 

circuit cannot be solved by series-parallel combinations. Are resistors R1 and R3 in  parallel?
	 	Not quite, because there is an e.m.f. source E1 between them. Are they in series? Not quite, 

because same current does not flow between them.

		  Fig. 2.58	 Fig. 2.59

	 (ii)	 Fig. 2.59 shows another circuit where we cannot solve the circuit by series-parallel 
combinations. Though this circuit has one source of e.m.f. (E), it cannot be solved by 
using series and parallel combinations. Thus resistors R1 and R2 are neither in series nor in 
parallel; the same is true for other pair of resistors.

	 	 In order to solve such complex circuits, Gustav Kirchhoff gave two laws, known as 
Kirchhoff’s laws.

2.17.  Kirchhoff’s  Laws
	 Kirchhoff gave two laws to solve complex circuits, namely ;
	 1.	Kirchhoff’s Current Law ( KCL )	 2.	 Kirchhoff’s Voltage Law (KVL) 
1.	 KIRCHHOFF’S   CURRENT   LAW (KCL)
	 This law relates to the currents at the *junctions of an electric 
circuit and may be stated as under :
	 The algebraic sum of the currents meeting at a junction in an 
electrical circuit is zero.
	 An algebraic sum is one in which the sign of the quantity is 
taken into account.  For example, consider four conductors carrying 
currents I1, I2, I3 and I4 and meeting at point O as shown in Fig. 2.60.   Fig. 2.60

*	 A junction is that point in an electrical circuit where three or more circuit elements meet.
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If we take the signs of currents flowing towards point O as positive, then currents flowing away 
from point O will be assigned negative sign.  Thus, applying Kirchhoff’s current law to the 
junction O in Fig. 2.60, we have,
	 	 (I1) + (I4) + (− I2) + (− I3)	 =	 0
	 or	 I1 + I4	 =	 I2 + I3

i.e.,  Sum of incoming currents  =  Sum of outgoing currents
	 Hence, Kirchhoff’s current law may also be stated as under :
The sum of currents flowing towards any junction in an electrical circuit is equal to the sum of 
currents flowing away from that junction. Kirchhoff’s current law is also called junction rule.
	 Kirchhoff’s current law is true because electric current is merely the flow of free electrons and 
they cannot accumulate at any point in the circuit. This is in accordance with the law of conservation 
of charge. Hence, Kirchhoff’s current law is based on the law of conservation of charge.
2.	 KIRCHHOFF’S   VOLTAGE   LAW ( KVL )
	 This law relates to e.m.fs and voltage drops in a closed circuit or loop and may be stated as 
under :
	 In any closed electrical circuit or mesh, the algebraic sum of all the electromotive forces 
(e.m.fs) and voltage drops in resistors is equal to zero, i.e.,
	 In any closed circuit or mesh,
	 Algebraic sum of e.m.fs + Algebraic sum of voltage drops = 0
	 The validity of Kirchhoff’s voltage law can be  
easily established by referring to the closed loop 
ABCDA shown in Fig. 2.61. If we start from 
any point (say point A) in this closed circuit and 
go back to this point (i.e., point A) after going 
around the circuit, then there is no increase or  
decrease in potential. This means that algebraic 
sum of the e.m.fs of all the sources (here only one 
e.m.f. source is considered) met on the way plus the 
algebraic sum of the voltage drops in the resistances 
must be zero. Kirchhoff’s voltage law is based on the law of *conservation of energy, i.e., net 
change in the energy of a charge after completing the closed path is zero.
	 Note.	  Kirchhoff’s voltage law is also called loop rule.

2.18.  Sign  Convention
	 While applying Kirchhoff’s voltage law to a closed circuit, algebraic sums are considered. 
Therefore, it is very important to assign proper signs to e.m.fs and voltage drops in the closed circuit. 
The following convention may be followed :
	 A **rise in potential should be considered positive and fall in potential should be 
considered negative.
	 (i)	 Thus if we go from the positive terminal of the battery to the negative terminal, there is fall 

of potential and the e.m.f. should be assigned negative sign. Thus in Fig. 2.62 (i), as we go 
from A to B, there is a fall in potential and the e.m.f. of the cell will be assigned negative 

Fig. 2.61

*	 As a charge traverses a loop and returns to the starting point, the sum of rises of potential energy associated 
with e.m.fs in the loop must be equal to the sum of the drops of potential energy associated with resistors.

**	 The reverse convention is equally valid i.e. rise in potential may be considered negative and fall in potential 
as positive.
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sign. On the other 
hand, if we go from the 
negative terminal to the 
positive terminal of the 
battery or source, there 
is a rise in potential 
and the e.m.f should be 
assigned positive sign. Thus in Fig. 2.62 (ii) as we go from A to B, there is a rise in potential 
and the e.m.f. of the cell will be assigned positive sign. It may be noted that the sign of e.m.f. 
is independent of the direction of current through the branch under consideration.

	 (ii)	When current flows through a resistor, there is a voltage drop across it. If we go through 
the resistor in the same direction as the current, there is a fall in potential because current 
flows from higher potential to lower potential. Hence this voltage drop should be assigned 
negative sign. In Fig. 
2.63 (i), as we go from 
A to B, there is a fall 
in potential and the 
voltage drop across 
the resistor will be 
assigned negative sign. 
On the other hand, if we go through the resistor against the current flow, there is a rise in 
potential and the voltage drop should be given positive sign. Thus referring to Fig. 2.63 (ii), 
as we go from A to B, there is a rise in potential and this voltage drop will be given positive 
sign.  It may be noted that sign of voltage drop depends on the direction of current and is 
independent of the polarity of the e.m.f. of source in the circuit under consideration.

2.19.  Illustration  of  Kirchhoff’s  Laws
	 Kirchhoff’s Laws can be beautifully explained by referring to Fig. 2.64.  Mark the directions of 
currents as indicated. The direction in which currents are assumed to flow is unimportant, since if 
wrong direction is chosen, it will be indicated by a negative sign in the result.
	 (i)	 The magnitude of current in any 

branch of the circuit can be found 
by applying Kirchhoff’s current law. 
Thus at junction C in Fig. 2.64, the 
incoming currents to the junction are 
I1 and  I2.  Obviously, the current in 
branch CF will be I1+I2.

	 (ii)	 There are three closed circuits in 
Fig 2.64 viz. ABCFA, CDEFC and 
ABCDEFA. Kirchhoff’s voltage law 
can be applied to these closed circuits 
to get the desired equations.	

	 Loop ABCFA. In this loop, e.m.f. E1 will be given positive sign. It is because as we consider 
the loop in the order ABCFA, we go from −ve terminal to the positive terminal of the battery in the 
branch AB and hence there is a rise in potential. The voltage drop in branch CF is ( I1 + I2 ) R1 and 
shall bear negative sign. It is because as we consider the loop in the order ABCFA, we go with current 
in branch CF and there is a fall in potential. Applying Kirchhoff’s voltage law to the loop ABCFA,
	 	 − ( I1 + I2 ) R1 + E1	 = 	0

Fig. 2.62

Fig. 2.64

Fig. 2.63
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or	 	 E1	 =	 ( I1 + I2 ) R1	 ...(i)
	 Loop CDEFC. As we go around the loop in the order CDEFC, drop I2R2 is positive, e.m.f. 
E2 is negative and drop ( I1 + I2 ) R1 is positive. Therefore, applying Kirchhoff’s voltage law 
to this loop, we get,
	 	 I2 R2 + ( I1 + I2 ) R1 − E2	 = 	0

or	 	 I2 R2 + ( I1 + I2 ) R1	 =	 E2	 ...(ii)
	 Since E1, E2, R1 and R2 are known, we can find the values of I1 and I2 from the above two 
equations. Hence currents in all branches can be determined.

2.20.  Method  to  Solve  Circuits  by  Kirchhoff’s  Laws
	 (i)	 Assume unknown currents in the given circuit and show their direction by arrows.
	 (ii)	 Choose any closed circuit and find the algebraic sum of voltage drops plus the algebraic 

sum of e.m.fs in that loop.
	 (iii)	 Put the algebraic sum of voltage drops plus the algebraic sum of e.m.fs equal to zero.
	 (iv)	Write equations for as many closed circuits as the number of unknown quantities. Solve 

equations to find unknown currents.
	 (v)	 If the value of the assumed current comes out to be negative, it means that actual direction 

of current is opposite to that of assumed direction.
	 Note. It may be noted that Kirchhoff’s laws are also applicable to a.c. circuits.  The only thing to be done 
is that I, V and Z are substituted for I, V and R.  Here I, V and Z are  phasor quantities.

2.21.  Matrix  Algebra
	 The solution of two or three simultaneous equations can be achieved by a method that uses 
determinants. A determinant is a numerical value assigned to a square arrangement of numbers 
called a matrix. The advantage of determinant method is that it is less difficult for three unknowns 
and there is less chance of error. The theory behind this method is not presented here but is available 
in any number of mathematics books.
	 Second-order determinant. A 2 × 2 matrix has four numbers arranged in two rows and two 
columns.  The value of such a matrix is called a second-order determinant and is equal to the 
product of the principal diagonal minus the product of the other diagonal.  For example, value of 
the matrix = ad – cb.
	 Second-order determinant can be used to solve simultaneous 
equations with two unknowns. Consider the following equations :
		  a1 x + b1 y	 =	 c1
		  a2 x + b2 y	 =	 c2
	 The unknowns are x and y in these equations. The numbers associated with the unknowns are 
called coefficients. The coefficients in these equations are a1, a2, b1 and b2. The right hand number 
(c1 or c2) of each equation is called a constant. The coefficients and constants can be arranged as a 
numerator matrix and as a denominator matrix. The matrix for the numerator is formed by replacing 
the coefficients of the unknown by the constants. The denominator matrix is called characteristic 
matrix and is the same for each fraction. It is formed by the coefficients of the simultaneous equations.

		  x	 =	

1 1

2 2

1 1

2 2

c b
c b
a b
a b

    ;    y  =  

1 1

2 2

1 1

2 2

a c
a c
a b
a b
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	 Note that the characteristic determinant (denominator) is the same in both cases and needs to be 
evaluated only once. Also note that the coefficients for x are replaced by the constants when solving 
for x and that the coefficients for y are replaced by the constants when solving for y.
	 Third-order determinant.  A third-order determinant has 9 numbers arranged in 3 rows 
and 3 columns.   Simultaneous equations with three unknowns can be solved with third-order 
determinants.  Consider the following equations :
		  a1x + b1y + c1z	 =	 d1 
		  a2x + b2y + c2z	 =	 d2
		  a3x + b3y + c3z	 =	 d3

	 The characteristic matrix forms the denominator and is the same for each fraction.  It is formed 
by the coefficients of the simultaneous equations.

		  Denominator	 =	
1 1 1

2 2 2

3 3 3

a b c
a b c
a b c

	 The matrix for each numerator is formed by replacing the coefficient of the unknown with the 
constant.

		  x = 

1 1 1

2 2 2

3 3 3

Denominator

d b c
d b c
d b c

    ;    y  = 

1 1 1

2 2 2

3 3 3

Denominator

a d c
a d c
a d c

     ;    z = 

1 1 1

2 2 2

3 3 3

Denominator

a b d
a b d
a b d

	 Example 2.36. In the network shown in Fig. 2.65, the different currents and voltages are as 
under :
		 i2 = 5e–2t  ;  i4 = 3 sin t  ;  v3 = 4e–2t

	 Using KCL, find voltage v1.
	 Solution. Current through capacitor is

		  i3	 =	 23
3

2( ) (4 )tdv d dC C v e
dt dt dt

−= =

	 	 	  =	 –16e–2t

	 Applying KCL to junction A in Fig. 2.65,
		  i1 + i2 + i3 + (–i4)	 =	 0

	 or	 i1 + 5e–2t – 16e–2t – 3 sin t	 = 	0

	 or	 i1	 =	 3 sin t + 11e–2t

	 \  Voltage developed across 4H coil is

		  v1	 =	 21
1( ) 4 (3 sin 11 )tdi d dL L i t e

dt dt dt
−= = +

	 	 	 =	 4(3 cos t – 22e–2t) = 12 cos t – 88e–2t

	 Example 2.37. For the circuit shown in Fig. 2.66, find the currents flowing in all branches.
	 Solution. Mark the currents in various branches as shown in Fig. 2.66. Since there are two 
unknown quantities I1 and I2, two loops will be considered.

Fig. 2.65
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	 Loop ABCFA. Applying KVL,
	 	 30 − 2 I1 − 10 + 5 I2 	=	 0
	 or	 	 2 I1 − 5 I2	 =	 20	 ...(i)
	 Loop FCDEF. Applying KVL,
	 −5 I2 + 10 − 3 ( I1 + I2 ) − 5 − 4 ( I1 + I2 ) = 0
	 or	 	 7 I1 + 12 I2	  =	5	 ...(ii)
	 Multiplying eq. (i) by 7 and eq. (ii) by 2, we get,
	 	                     14 I1 − 35 I2  = 140     ...(iii)
	 	 	 14 I1 + 24 I2 	=	 10	 ...(iv)
	 Subtracting eq. (iv) from eq. (iii), we get,
	 	 −59 I2	 =	 130
	 \	 I2	 =	 −130/59 = −2.2A = 2.2 A from C to F
	 Substituting the value of I2	= −2.2 A in eq. (i), we get, I1 = 4.5 A
	 Current in branch CDEF =	 I1 + I2 = ( 4.5) + ( −2.2 ) = 2.3 A
	 Example 2.38. A Wheatstone bridge ABCD has the following  details ; AB = 1000 Ω ; BC = 
100 Ω; CD = 450 Ω ; DA = 5000 Ω.
	 A galvanometer of resistance 500 Ω is connected between B and D. A 4.5-volt battery of 
negligible resistance is connected between A and C with A positive.  Find the magnitude and 
direction of galvanometer current.
	 Solution. Fig. 2.67 shows the Wheatstone bridge ABCD. Mark the currents in the various 
sections as shown. Since there are three unknown quantities (viz. I1, I2 and Ig ), three loops will be 
considered.
	 Loop ABDA. Applying KVL,
	 	 −1000 I1 − 500 Ig + 5000 I2	 = 	0
	 or	 2 I1 + Ig − 10 I2	 =	 0	  ...(i)
	 Loop BCDB. Applying KVL,
	 −100(I1 − Ig) + 450(I2 + Ig) + 500Ig = 0
	 or	 2 I1 − 21 Ig − 9 I2 	=	 0	 ...(ii)
	 Loop EABCFE. Applying KVL,
	 −1000I1 − 100 ( I1 − Ig ) + 4.5	=	 0
	 or	 1100 I1 − 100 Ig	 =	 4.5	 ...(iii)
	 Subtracting eq. (ii) from eq. (i), we get,
	 	 22 1g − I2	 =	 0	 ...(iv)
	 Multiplying eq. (i) by 550 and subtracting eq. 
(iii) from it, we get,
	 	 650 Ig − 5500 I2	 =	 − 4.5	 ...(v)
	 Multiplying eq. (iv) by 5500 and subtracting eq. (v) from it, we get,
	 	 120350 Ig	 =	 4.5

	 \	 Ig	 =	 4.5
120350

 = 37.4 × 10–6 A = 37.4 µA from B to D

Fig. 2.66

Fig. 2.67
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	 Example 2.39. A Wheatstone bridge ABCD is arranged as follows : AB = 1 Ω ; BC = 2 Ω ;   
CD = 3 Ω ;  DA = 4 Ω. A resistance of 5 Ω is connected between B and D. A 4-volt battery of internal 
resistance 1 Ω is connected between A and C. Calculate (i) the magnitude and direction of current 
in 5 Ω resistor and (ii) the resistance between A and C.
	 Solution. (i) Fig. 2.68 shows the 
Wheatstone bridge ABCD. Mark the 
currents in the various branches as shown. 
Since there are three unknown quantities 
(viz. I1, I2 and I3), three loops will be 
considered.

	 Loop ABDA. Applying KVL,
	 	 − 1 × I1 − 5 I3 + 4 I2	 = 	0
	 or	 I1 + 5 I3 − 4 I2	 =	 0	 ...(i)
	 Loop BCDB. Applying KVL,
	 − 2 ( I1 − I3 ) + 3 ( I2 + I3 ) + 5I3 = 0

	 or	    2 I1 − 10 I3 − 3 I2	 =	 0	 ...(ii)
	 Loop FABCEF. Applying KVL,
− I1 × 1 − 2 ( I1 − I3 ) − 1 ( I1 + I2 ) + 4 = 0
	 or	 4 I1 − 2 I3 + I2	 =	 4  	...(iii)
	 Multiplying eq.(i) by 2 and subtracting eq. (ii) from it, we get, 
	 	 20 I3 – 5 I2	 =	 0	 ...(iv)

	 Multiplying eq. (i) by 4 and subtracting eq. (iii) from it, we get,
	 	 22 I3 − 17 I2	 =	 − 4	 ...(v)

	 Multiplying eq. (iv) by 17 and eq. (v) by 5, we get,
	 	 340 I3 − 85 I2	 =	 0	 ...(vi)
	 	 110 I3 − 85 I2	 =	 −20	 ...(vii)
	 Subtracting eq. (vii) from eq. (vi), we get,
	 	 230 I3	 =	 20

	 \	 I3	 =	 20/230 = 0.087 A

	 i.e	 Current in 5 Ω, I3	 =	 0.087 A from B to D
	 (ii)	 Substituting the value of I3	 =	 0.087 A in eq. (iv), we get, I2 = 0.348 A.
	 	 Substituting values of  I3	 =	 0.087 A and I2 = 0.348 A in eq. (ii), I1 = 0.957 A.
	 	Current supplied by battery, I	 =	 I1 + I2 = 0.957 + 0.348 = 1.305 A
	 	 P.D. between A and C	 =	 E.M.F. of  battery − Drop in battery = 4 − 1.305 × 1 = 2.695 V

\	 Resistance between A and C	 =	
. . across 2.695

Battery current 1.305
P D AC =  = 2.065 Ω

Fig. 2.68
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	 Example 2.40. Determine the current in  
4 W resistance of the circuit shown in Fig. 2.69.
	 Solution. The given circuit is redrawn as 
shown in Fig. 2.70. Mark the currents in the 
various branches of the circuit using KCL. Since 
there are three unknown quantities (viz. I1, I2 
and I3), three loops will be considered. While 
applying KVL to any loop, rise in potential is 
considered positive while fall in potential is 
considered negative. This convention is followed 
throughout the book.

Fig. 2.70
	 Loop BCDHB. Applying KVL, we have,
	 	 	 –2(I1 – I2) + 10I3 + 1 × (I2 – 6)	 =	 0
	 or		  2I1 – 3I2 – 10I3	 =	 –6	 ...(i)
	 Loop DEFHD. Applying KVL, we have,
	 	 	–2(I1 – I2 + 6 + I3) – 10 + 3(I2 – 6 – I3) – 10I3 = 0
	 or	 	 2I1 – 5I2 + 15I3	 =	 –40	 ...(ii)
	 Loop BHFGAB. Applying KVL, we have,
	 	 	–1(I2 – 6) – 3(I2 – 6 – I3) – 4I1 + 24 = 0
	 or	 	 4I1 + 4I2 – 3I3	 =	 48	 ...(iii)
	 Solving eqs. (i), (ii) and (iii), we get, I1 = 4.1 A.
	 \	 Current in 4 W resistance	 =	 I1 = 4.1 A
	 Example 2.41. Two batteries E1 and E2 having e.m.fs of 6V and 2V respectively and internal 
resistances of 2 Ω and 3 Ω respectively are connected in parallel across a 5 Ω resistor. Calculate (i) 
current through each battery and (ii) terminal voltage.
	 Solution. Fig. 2.71 shows the conditions of the problem. Mark the currents in the various 
branches. Since there are two unknown quantities I1 and I2, two loops will be considered.
	 (i)  Loop HBCDEFH.  Applying Kirchhoff’s voltage law to loop HBCDEFH, we get,
 	 	 2 I1 − 6 + 2 − 3 I2	 = 	0
	 or	 2 I1 − 3 I2	 =	 4	 ...(i)
	 Loop ABHFEGA.  Applying Kirchhoff’s voltage law to loop ABHFEGA, we get,
		  3 I2 − 2 + 5 (I1 + I2)	 =	 0
	 or	 5 I1 + 8 I2	 =	 2	 ...(ii)

Fig. 2.69
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	 Multiplying eq. (i) by 8 and  
eq. (ii) by 3 and then adding them, 
we get,
	 31 I1 = 38   

or     I1 = 
38
31  = 1.23 A

i.e.	 battery E1 is being discharged 
at 1.23 A. Substituting I1 = 1.23 A 
in eq. (i), we get, I2 = − 0.52A i.e. 
battery E2 is being charged.

	 (ii) Terminal voltage = ( I1 + I2 ) 5 

= (1.23 − 0.52 ) 5 = 3.55 V
	 Example 2.42. Twelve wires, 
each of resistance r, are connected to form a skeleton cube. Find the equivalent resistance between 
the two diagonally opposite corners of the cube.
	 Solution. Let ABCDEFGH be the skeleton cube formed 
by joining 12 wires, each of resistance r as shown in Fig. 
2.72.  Suppose a current of 6I enters the cube at the corner 
A. Since the resistance of each wire is the same, the current 
at corner A is divided into three equal parts: 2I flowing in 
AE, 2I flowing in AB and 2I flowing in AD. At points B, 
D and E, these currents are divided into equal parts, each 
part being equal to I. Applying Kirchhoff’s current law, 2I 
current flows in each of the wires CG, HG and FG. These 
three currents add up at the corner G so that current flowing 
out of this corner is 6I.
	 Let E = e.m.f. of the battery connected to corners A 
and G of the cube ; corner A being connected to the +ve 
terminal. Now consider any closed circuit between corners A and G, say the closed circuit AEFGA. 
Applying Kirchhoff’s voltage law to the closed circuit AEFGA, we have,
	 	 − 2 I r − I r − 2 I r 	=	 − E  or  5 I r = E	 ...(i)
	 Let R be the equivalent resistance between the diagonally opposite corners A and G.
	 Then,	 E	 =	 6 I R	 ...(ii)
	 From eqs. (i) and (ii), we get,	 6IR = 5I r  or  R = (5/6) r
	 Example 2.43. Determine the current 
supplied by the battery in the circuit shown in 
Fig. 2.73.
	 Solution.  Mark the currents in the various 
branches as shown in Fig. 2.73. Since there 
are three unknown quantities x, y and z, three 
equations must be formed by considering 
three loops.
	 Loop ABCA. Applying KVL, we have,
	 	 – 100x – 300z + 500y	 = 	0
	 or	 x – 5y + 3z	 =	 0	

...(i)

Fig. 2.72

Fig. 2.73

Fig. 2.71
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	 Loop BCDB. Applying KVL, we have,
	 	– 300x – 100 (y + z) + 500 (x – z) = 0
	 or	 5x – y – 9z	 =	 0	 ...(ii)
	 Loop ABDEA. Applying KVL, we have,
	 	– 100x – 500 (x – z) + 100 – 100 (x + y) = 0
	 or	 7x + y – 5z	 = 	1	 ...(iii)

	 From eqs. (i), (ii) and (iii),	 x	 =	  1 A
5

  ;  y = 1 A
10

  ;  z = 1 A
10

	 By Determinant Method.  We shall now find the values of x, y and z by determinant method.
		  x – 5y + 3z	 =	 0	 ...(i)
	 	 5x – y – 9z	 =	 0	 ...(ii)
	 	 7x + y  – 5z	 = 	1	 ...(iii)

		
1 5 3

5 1 9

7 1 5

x
y
z

−   
   − −   
   −   

	 =	
0

0

1

 
 
 
  

	 \	 x	 =	

0 5 3
0 1 9 1 9 0 9 0 1

0 5 3
1 1 5 1 5 1 5 1 1

1 5 3 1 9 5 9 5 1
1 5 3

5 1 9 1 5 7 5 7 1
7 1 5

−
− − − − − −+ +− − −

=
− − − − −+ +− − − −

−

				    =	
0 [( 1 5) (1 9)] 5 [(0 5) (1 9)] 3[(0 1) (1 1)]
1[( 1 5) (1 9)] 5 [(5 5) (7 9) 3[(5 1) (7 1)]

− × − − × − + × − − × − + × − × −
− × − − × − + × − − × − + × − × −

				    =	
0 45 3 48 1 A

14 190 36 240 5
+ + = =

+ +

			   y	 =	

1 0 3
5 0 9
7 1 5 24 1 A

240 101 5 3
5 1 9
7 1 5

−
−

= =
−
− −

−

			   z	 =	

1 5 0
5 1 0
7 1 1 24 1 A

240 101 5 3
5 1 9
7 1 5

−
−

= =
−
− −

−

	 \	  Current supplied by battery = x + y = 1 1
5 10

+ = 3 A
10
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	 Example 2.44. Use Kirchhoff’s voltage law 
to find the voltage Vab in Fig. 2.74.
	 Solution. We shall use Kirchhoff’s voltage 
law to solve this problem, although other 
methods can be used.
	 Total circuit resistance, RT = 2 + 1 + 3 = 6 kΩ

	 Circuit current,  I = 
24 V
6 kT

V
R

=
Ω  = 4 mA

	 Applying Kirchhoff’s voltage law to loop 
ABCDA, we have, 
	 	 24 – 4 mA × 2 kΩ – *Vab	 = 	0
	 or	 24 – 8 – Vab	 =	 0    \    Vab = 24 – 8 = 16 V
	 Example 2.45. For the 
ladder network shown in Fig. 
2.75, find the source voltage Vs 
which results in a current of 7.5 
mA in the 3 Ω resistor.
	 Solution. Let us assume that 
current in branch de is 1 A.
	 Since the circuit is linear, the 
voltage necessary to produce 1 A 
is in the same ratio to 1 A as Vs to 7.5 mA.
	 Voltage between c and f,	 Vcf	 =	 1 (1 + 3 + 2) = 6 V
	 \	 Current in branch cf,	 Icf	 = 6/6 = 1 A
	 Applying KCL at junction c,
		  Ibc	 =	 1 + 1 = 2 A
	 Applying KVL to loop bcfgb, we have,
	 	 – 4 × 2 – 6 × 1 + Vbg	 =	 0  \  Vbg = 8 + 6 = 14 V

	 \	 Current in branch bg, Ibg	 =
14

7 7
bgV

=  = 2 A

	 Applying KCL to junction b, we have, Iab = 2 + 2 = 4 A
	 Applying KVL to loop abgha, we have,
	 	 	– 8 × 4 – 7 × 2 – 12 × 4 + Vah  = 0  \  Vah = 94 V 

	 Now	
1 A

ahV
	 =	

7.5 mA
sV

  or  3
94

1 A 7.5 10 A
sV

−=
×

	 \  Vs = 0.705 V

	 Example 2.46. De-
termine the readings of 
an ideal voltmeter con-
nected in Fig. 2.76 to  
(i) terminals a and b, (ii) 
terminals c and g.  The 
average power dissipat-
ed in the 5 Ω resistor is 
equal to 20 W.

*	 Note that point a is positive w.r.t. point b.

Fig. 2.74

Fig. 2.75

Fig. 2.76
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	 Solution. The polarity of 90 V source suggests that point d is positive w.r.t. c. Therefore, 
current flows from point d to c. The average power in 5 Ω resistor is 20 W so that V2

dc/5 = 20. 
Therefore, Vdc = 10 V. An ideal voltmeter has an infinite resistance and indicates the voltage without 
drawing any current.
	 (i)	 Applying KVL to loop acdba, we have,
		  Vac + Vcd + Vdb + Vba	 = 	0
	 or	 0 + 10 + 0 + Vba	 =	 0    \    Vba = – 10 V
		 If the meter is of digital type, it will indicate – 10 V.  For moving-coil galvanometer, the leads 
of voltmeter will be reversed to obtain the reading.
	 (ii)	 Applying KVL to loop cefgc, we have,
		  –Vce + Vef – Vfg – Vgc	 = 	0
	 or	 –17 × 2 + 90 – 6 × 2 – Vgc	 =	 0    \    Vgc = 44 V
	 Example 2.47. Using Kirchhoff’s current law and Ohm’s law, find the magnitude and polarity 
of voltage V in Fig. 2.77.  Directions of the two current sources are shown.

Fig. 2.77

	 Solution. Let us assign the directions of I1, I2 and I3 and polarity of V as shown in Fig. 2.77 (ii).  
We shall see in the final result whether our assumptions are correct or not.  Referring to Fig. 2.77 (ii) 
and applying KCL to junction A, we have,
	 	 Incoming currents	 =	 Outgoing currents
	 or	 I2 + 30	 =	 I1 + I3 + 8
	 \	 I1 – I2 + I3	 =	 22	 ...(i)
	 Applying Ohm’s law to Fig. 2.77 (ii), we have,

		  I1	 =	
2
V   ;  I3 = 

4
V   ;  I2 = 

6
V−

	 Putting these values of I1, I2 and  I3 in eq. (i), we have,

		
2 6 4
V V V − − +  

	 =	 22  or  V = 24 V

	 Now	 I1 = V/2	 =	 24/2 = 12 A  ;  I2 = – 24/6 = – 4 A  ;  I3 = 24/4 = 6 A
	 The negative sign of I2 indicates that the direction of its flow is opposite to that shown in  
Fig. 2.77 (ii).
	 Example 2.48. In the network shown in Fig. 2.78, v1 = 4 volts ; v4 = 4 cos 2t and i3 = 2e–t/3. 
Determine i2.
	 Solution. Voltage across 6 H coil is

		  v3	 =	 3
3( )

di dL L i
dt dt

=

			   =	 /3 /36 (2 ) 4t td e e
dt

− −= −
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	 Applying KVL to loop ABCDA, we have,
		  –v1 – v2 + v3 + v4	 = 	0
	 or	 –4 – v2 – 4e–t/3 + 4 cos 2t	 = 	0
	 \	 v2	 =	 4 cos 2t – 4e–t/3 – 4
	 Current through 8 F capacitor is

		  i2	 =	 2
2( )

dv dC C v
dt dt

=

			   =	 /38 (4 cos 2 4 4)td t e
dt

−− −

			   =	 /348 8 sin 2
3

tt e− − +  

			   =	 −− + /33264 sin 2
3

tt e

Tutorial  Problems

	 1.	 Using Kirchhoff’s laws, find the current in various resistors in the circuit shown in Fig. 2.79.
	 [6.574 A, 3.611 A ,10.185 A]

		  Fig. 2.79	 Fig. 2.80
	 2.	 For the circuit shown in Fig. 2.80, determine the branch currents using Kirchhoff’s laws.

[151.35A, 224.55A, 27.7A , 179.05 A, 196.84 A]
	 3.	 Two batteries A and B having e.m.fs. 12 V and 8 V respectively and internal resistances of 2 Ω and  

1 Ω respectively, are connected in parallel across 10 Ω resistor.  Calculate (i) the current in each of the 
batteries and the external resistor and (ii) p.d. across external resistor.

	 [(i) IA = 1.625 A discharge ; IB = 0.75 A charge; 0.875 A (ii) 8.75 V]
	 4.	 A Wheatstone bridge ABCD is arranged as follows : AB = 20 Ω, BC = 5 Ω, CD = 4 Ω and DA = 10 Ω. A 

galvanometer of resistance 6Ω is connected between B and D. A 100-volt supply of negligible resistance 
is connected between A and C with A positive. Find the magnitude and direction of galvanometer current.

[0.667 A from D to B]
	 5.	 A network ABCD consists of the following resistors : AB = 5 kΩ, BC = 10 kΩ, CD = 15 kΩ and DA =  

20 kΩ. A fifth resistor of 10 kΩ is connected between A and C. A dry battery of e.m.f. 120 V and internal 
resistance 500Ω is connected across the resistor AD. Calculate (i) the total current supplied by the 
battery, (ii) the p.d. across points C and D and (iii) the magnitude and direction of current through branch 
AC. 				    [(i) 11.17 mA (ii) 81.72 V (iii) 3.27 mA from A to C]

	 6.	 A Wheatstone bridge ABCD is arranged as follows : AB = 10 Ω, BC = 30 Ω, CD = 15Ω and DA = 20Ω. 
A 2 volt battery of internal resistance 2Ω is connected between A and C with A positive. A galvanometer 
of resistance 40Ω is connected between B and D. Find the magnitude and direction of galvanometer 
current.				    [11.5 mA from B to D]

	 7.	 Two batteries E1 and E2 having e.m.fs 6 V and 2 V respectively and internal resistances of 2 Ω and 3 Ω 
respectively are connected in parallel across a 5 Ω resistor. Calculate (i) current through each battery and 
(ii) terminal voltage.	 			   [(i) 1.23A; –0.52A (ii) 3.55V]

Fig. 2.78
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	 8.	 Calculate the current in 20 Ω resistor in Fig. 2.81.	 [26.67 mA]

		  Fig. 2.81	 Fig. 2.82
	 9.	 In the circuit shown in Fig. 2.82, find the current in each branch and the current in the battery.  What is 

the p.d. between A and C ?
		  	 [Branch ABC = 0.581 A ; Branch ADC = 0.258 A ; Branch AC = 0.839 A ;  VAC = 2.32 V]
	 10.	 Two batteries A and B having e.m.f.s of 20 V and 21 V respectively and internal resistances of 0.8 Ω and 

0.2 Ω respectively, are connected in parallel across 50 Ω resistor.  Calculate (i) the current through each 
battery and (ii) the terminal voltage.	 [(i) Battery A = 0.4725 A ; Battery B = 0.0714 A (ii) 20 V]

	 11.	 A battery having an e.m.f. of 10 V and internal resistance 0.01 Ω is connected in parallel with a second 
battery of e.m.f. 10 V and internal resistance 0.008 Ω.  The two batteries in parallel are properly connected 
for charging from a d.c. supply of 20 V through a 0.9 Ω resistor.  Calculate the current taken by each 
battery and the current from the supply.	 [4.91 A, 6.14 A, 10.05 A]

	 12.	 Find ix and vx in the network shown in Fig. 2.83.	 [ix = – 5 A; vx = – 15 V]

		  Fig. 2.83	 Fig. 2.84

	 13.	 Find vx for the network shown in Fig. 2.84.	 [31 V]
	 14.	 Find i and vab for the network shown in Fig. 2.85.	 [3 A ; 19 V]

Fig. 2.85
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2.22.  Voltage  and  Current  Sources
	 The term voltage source is used to describe a source of energy which establishes a potential 
difference across its terminals. Most of the sources encountered in everyday life are voltage  
sources e.g., batteries, d.c. generators, alternators etc. The term current source is used to describe 
a source of energy that provides a current e.g., collector circuits of transistors. Voltage and current 
sources are called active elements because they provide electrical energy to a circuit.
	 Unlike a voltage source, which we can imagine as two oppositely charged electrodes, it is 
difficult to visualise the structure of a current source. However, as we will learn in later sections, a 
real current source can always be converted into a real voltage source. In other words, we can regard 
a current source as a convenient fiction that aids in solving circuit problems, yet we feel secure in the 
knowledge that the current source can be replaced by the equivalent voltage source, if so desired.

2.23.  Ideal  Voltage  Source  or  Constant-Voltage  Source
	 An ideal voltage source (also called constant-voltage source) is one that maintains a constant 
terminal voltage, no matter how much current is drawn from it.  
	 An ideal voltage source has zero internal resistance.  Therefore, it would provide constant 
terminal voltage regardless of the value of load connected across its terminals.  For example,  an 
ideal 12V source would maintain 12V across its terminals when a 1 MΩ resistor is connected  
(so I = 12 V/1 MΩ = 12A) as well as when a 1 kΩ resistor is connected ( I = 12 mA) or when a 1 Ω 
resistor is connected (I = 12A).  This is illustrated in Fig. 2.86.

Fig. 2.86

	 It is not possible to construct an ideal 
voltage source because every voltage source has 
some internal resistance that causes the terminal 
voltage to fall due to the flow of current. However, 
if the internal resistance of voltage source is very 
small, it can be considered as a constant voltage 
source.  This is illustrated in Fig. 2.87.  It has a 
d.c. source of 6 V with an internal resistance Ri = 
0.005 Ω.  If the load current varies over  a wide 
range of 1 to 10 A, for any of these values, the internal drop across Ri (= 0.005 Ω) is 
less than 0.05 volt.  Therefore, the voltage output of the source is between 5.995 and 
5.95 volts.  This can be considered constant voltage compared with wide variations 
in load current.  The practical example of a constant voltage source is the lead-acid 
cell.  The internal resistance of lead-acid cell is very small (about 0.01 Ω) so that it 
can be regarded as a constant voltage source for all practical purposes.  A constant 
voltage source is represented by the symbol shown in Fig. 2.88.

Fig. 2.87

Fig. 2.88
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2.24.  Real  Voltage  Source
	 A real or non-ideal voltage source has low but finite internal resistance (Rint) that causes its 
terminal voltage to decrease when load current is increased and vice-versa. A real voltage source  
can be represented as an ideal voltage source in series with a resistance equal to its internal 
resistance (Rint) as shown in Fig. 2.89.
	 When load RL is connected across the terminals of a real voltage source, a load current IL  
flows through the circuit so that output voltage Vo is given by ;
			  Vo	 = E – IL Rint
	 Here E is the voltage of the ideal voltage source i.e., it is the potential difference between the 
terminals of the source when no current (i.e., IL = 0) is drawn. Fig. 2.90 shows the graph of output 
voltage Vo versus load current IL of a real or non-ideal voltage source.

		  Fig. 2.89	 Fig. 2.90

	 As Rint becomes smaller, the real voltage source more closely approaches the ideal voltage 
source. Sometimes it is convenient when analysing electric circuits to assume that a real voltage 
source behaves like an ideal voltage source. This assumption is justified by the fact that in circuit 
analysis, we are not usually concerned with changing currents over a wide range of values.

2.25.  Ideal  Current  Source
	 An ideal current source or constant current source is one which will supply the same  
current to any resistance (load) connected across its terminals.
	 An ideal current source has infinite internal resistance. Therefore, it supplies the same current 
to any resistance connected across its terminals. This is illustrated in Fig. 2.91. The symbol for  
ideal current source is shown in Fig. 2.92. The arrow shows the direction of current (conventional) 
produced by the current source.

		  Fig. 2.91	 Fig. 2.92

	 Since an ideal current source supplies the same current regardless of the value of resistance 
connected across its terminals, it is clear that the terminal voltage V of the current source will 
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depend on the value of load resistance. For example, if a 2 A current source has 10 Ω across its 
terminals, then terminal voltage of the source is V = 2 A × 10 Ω = 20 volts. If load resistance 
is changed to 100 Ω, then terminal voltage of the current source becomes V = 2 A × 100 Ω  
= 200 volts. This is illustrated in Fig. 2.91.

2.26.  Real  Current  Source
	 A real or non-ideal current source has high but finite internal resistance (Rint). Therefore, the 
load current (IL) will change as the value of load resistance (RL) changes. A real current source 
can be represented by an ideal current source (I) in parallel with its internal resistance (Rint) as 
shown in Fig. 2.93. When load resistance RL is connected across the terminals of the real current 
source, the load current IL is equal to the current I from the ideal current source minus that part of 
the current that passes through the parallel internal resistance (Rint) i.e.,

		  Fig. 2.93	 Fig. 2.94

		  IL	 =	 −
int

VI
R

                                      where	 V	 =	 P.D. between output terminals
	 Fig. 2.94 shows the graph of load current IL versus output voltage V of a real current source.
	 Note that load current IL is less than it would be if the source were ideal. As the internal 
resistance of real current source becomes greater, the current source more closely approaches the 
ideal current source.

	 Note. Current sources in parallel add algebraically. If two current sources are supplying currents in the 
same direction, their equivalent current source supplies current equal to the sum of the individual currents. If 
two current sources are supplying currents in the opposite directions, their equivalent current source supplies a 
current equal to the difference of the currents of the two sources.

2.27.  Source  Conversion
	 A real voltage source can be converted to an equivalent real current source and vice-versa. 
When the conversion is made, the sources are equivalent in every sense of the word; it is impossible 
to make any measurement or perform any test at the external terminals that would reveal whether 
the source is a voltage source or its equivalent current source.

	 (i)	 Voltage to current source conversion. Let us see how a real voltage source can be 
converted to an equivalent current source. We know that a real voltage source can be represented by 
constant voltage E in series with its internal resistance Rint as shown in Fig. 2.95 (i).
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Fig. 2.95

	 It is clear from Fig. 2.95 (i) that load current IL is given by ;

		  IL	 =	 int int

int Lint L int int L

int

E
R RE E= = ×R + RR + R R R + R
R

	 \	 IL	 =	 int
S

int L

RI
R + R

× 	 ...(i)

		  where  IS	 =	 *

int

E
R

	 	 	 =	 Current which would flow in a short circuit across the output 
terminals of voltage source in Fig. 2.95 (i)

	 From eq. (i), the voltage source appears as a current source of current IS which is dividing 
between the internal resistance Rint and load resistance RL connected in parallel as shown in  
Fig. 2.95 (ii). Thus the current source shown in Fig. 2.95 (ii) (dotted box) is equivalent to the real 
voltage source shown in Fig. 2.95 (i) (dotted box).
	 Thus a real voltage source of constant voltage E and internal resistance Rint is equivalent to a 
current source of current IS = E/Rint and Rint in parallel with current source.
	 Note that internal resistance of the equivalent current source has the same value as the internal 
resistance of the original voltage source but is in parallel with current source. The two circuits shown 
in Fig. 2.95 are equivalent and either can be used for circuit analysis.
	 (ii)	 Current to voltage source conversion. Fig. 2.96 (i) shows a real current source whereas 
Fig. 2.96 (ii) shows its equivalent voltage source. Note that series resistance Rint of the voltage source 

Fig. 2.96

*	 The source voltage is E and its internal resistance is Rint. Therefore, E/Rint is the current that would flow 
when source terminals in Fig. 2.95 (i) are shorted.
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has the same value as the parallel resistance of the original current source. The value of voltage of 
the equivalent voltage source is E = IS Rint where IS is the magnitude of current of the current source.

	 Note that the two circuits shown in Fig. 2.96 are equivalent and either can be used for circuit 
analysis.

	 Note. The source conversion (voltage source into equivalent current source and vice-versa) often simplifies 
the analysis of many circuits. Any resistance that is in series with a voltage source, whether it be internal or 
external resistance, can be included in its conversion to an equivalent current source. Similarly, any resistance 
in parallel with current source can be included when it is converted to an equivalent voltage source.

	 Example 2.49. Show that the equivalent sources shown in Fig. 2.97 have exactly the same 
terminal voltage and produce exactly the same external current when the terminals (i) are shorted, 
(ii) are open and (iii) have a 500 Ω load connected.

Fig. 2.97

	 Solution. Fig 2.97 (i) shows a voltage source whereas Fig. 2.97 (ii) shows its equivalent current 
source.
	 (i)	 When terminals are shorted. Referring to Fig. 2.98, the terminal voltage is 0 V in both 
circuits because the terminals are shorted.

	 	 IL	 =	
15 V
500 Ω  = 30 mA ... voltage source

	 	 IL	 =	 30 mA  ...current source
	 Note that in case of current source, 30 mA flows in the shorted terminals because the short 
diverts all of the source current around the 500 Ω resistor.

Fig. 2.98

	 (ii)	 When the terminals are open. Referring to Fig. 2.99 (i), the voltage across the open 
terminals of voltage source is 15 V because no current flows and there is no voltage drop across 500 
Ω resistor. Referring to Fig. 2.99 (ii), the voltage across the open terminals of the current source is 
also 15 V ; V = 30 mA × 500 Ω = 15 V.  The current flowing from one terminal into the other is zero 
in both cases because the terminals are open. 
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Fig. 2.99

	 (iii)	 Terminals have a 500 Ω load connected.
	 (a)  Voltage source. Referring to Fig. 2.100 (i),

		  Current in RL,  IL	 =	
15 V

(500 500)+ Ω  = 15 mA

Fig. 2.100

	 Terminal voltage of source, V	 =	 IL RL = 15 mA × 500 Ω = 7.5 V
	 (b) 	Current source. Referring to Fig. 2.100 (ii),

		  Current in RL,  IL	 =	 50030
500 500

×
+  = 15 mA

	 	 Terminal voltage of source	 =	 IL RL = 15 mA × 500 Ω = 7.5 V
	 We conclude that equivalent sources produce exactly the same voltages and currents at their 
external terminals, no matter what the load and that they are therefore indistinguishable.
	 Example 2.50. Find the current in 6 kΩ resistor in Fig. 2.101 (i) by converting the current 
source to a voltage source.
	 Solution. Since we want to find the current in 6 kΩ resistor, we use 3 kΩ resistor to convert the 
current source to an equivalent voltage source.  Referring to Fig. 2.101 (ii), the equivalent voltage is 
		  E	 =	 15 mA × 3 kΩ = 45 V

Fig. 2.101
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	 The circuit then becomes as shown in Fig. 2.101 (iii). Note that polarity of the equivalent 
voltage source is such that it produces current in the same direction as the original current source.
	 Referring to Fig. 2.101 (iii), the current in 6 kΩ is 

		  I	 =	
45 V

(3 6) k+ Ω  = 5 mA

	 In the series circuit shown in Fig. 2.101 (iii), it would appear that current in 3 kΩ resistor is also 
5 mA. However, 3 kΩ resistor was involved in source conversion, so we cannot conclude that there 
is 5 mA in the 3 kΩ resistor of the original circuit [See Fig. 2.101 (i)]. Verify that the current in the 
3 kΩ resistor in that circuit is, in fact, 10 mA.
	 Example 2.51. Find the current in the 3 kΩ resistor in Fig. 2.101 (i) above by converting the 
current source to a voltage source.
	 Solution. The circuit shown in Fig. 2.101 (i) is redrawn in Fig. 2.102 (i). Since we want to 
find the current in 3 kΩ resistor, we use 6 kΩ resistor to convert the current source to an equivalent 
voltage source. Referring to Fig. 2.102 (i), the equivalent voltage is 
			   E	 = 15 mA × 6 kΩ = 90 V

Fig. 2.102

	 The circuit then reduces to that shown in Fig. 2.102 (ii). The current in 3 kΩ resistor is 

		  I	 =	
90 V 90 V

(6 3)k 9 k
=

+ Ω Ω  = 10 mA

	 Example 2.52. Find the current in various resistors in the circuit shown in Fig. 2.103 (i) by 
converting voltage sources into current sources.
	 Solution. Referring to Fig. 2.103 (i), the 100 Ω resistor can be considered as the internal 
resistance of 15 V battery.  The equivalent current is

		  I	 =	
15 V

100 Ω  = 0.15 A

Fig. 2.103

	 Similarly, 20 Ω resistor can be considered as the internal resistance of 13 V battery. The 
equivalent current is
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		  I	 =	
13 V
20 Ω  = 0.65 A

	 Replacing the voltage sources with current sources, the circuit becomes as shown in Fig. 2.103 
(ii). The current sources are parallel-aiding for a total flow = 0.15 + 0.65 = 0.8 A. The parallel 
resistors can be combined.
	 	 100 Ω || 10 Ω || 20 Ω	 =	 6.25 Ω
	 The total current flowing through this resistance produces the drop :
	 	 0.8 A × 6.25 Ω	 =	 5 V
	 This 5 V drop can now be “transported” back 
to the original circuit.   It appears across 10 Ω 
resistor [See Fig. 2.104].   Its polarity is negative 
at the bottom and positive at the top.  Applying 
Kirchhoff’s voltage law (KVL), the voltage drop 
across 100 Ω resistor = 15 – 5 = 10 V and drop 
across 20 Ω resistor = 13 – 5 = 8 V.

	 \	 Current in 100 Ω resistor	 =	 10
100

 = 0.1 A

	 	 Current in 10 Ω resistor	 =	 5
10

 = 0.5 A

	 	 Current in 20 Ω resistor	 =	 8
20

 = 0.4 A

	 Example 2.53. Find the current in and voltage across 2 Ω resistor in Fig. 2.105.

Fig. 2.105

	 Solution. We use 5 Ω resistor to convert the current source to an equivalent voltage source. The 
equivalent voltage is
		  E	 =	 5 A × 5 Ω = 25 V

Fig. 2.106

	 The circuit shown in Fig. 2.105 then becomes as shown in Fig. 2.106.

Fig. 2.104
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	 Loop ABEFA. Applying Kirchhoff’s voltage law to loop ABEFA, we have,
	 	 	– 5 I1 – 10 I1 – 10 – 3 (I1 – I2) + 25 = 0
	 or	 	– 18 I1 + 3 I2 = – 15	 ...(i)
	 Loop BCDEB. Applying Kirchhoff’s voltage law to loop BCDEB, we have,
	 	 – 2 I2 + 20 + 3 (I1 – I2) 	=	 0
	 or	  3 I1 – 5 I2	 =	 – 20	 ...(ii)
	 Solving equations (i) and (ii), we get, I2 = 5 A.
	 \  Current through 2 Ω resistor = I2 = 5 A
	 	Voltage across 2 Ω resistor = I2 × 2 = 5 × 2 = 10 V
	 Example 2.54. Find the current in 28 W resistor in the circuit shown in Fig. 2.107.

Fig. 2.107

	 Solution. The two current sources cannot be combined together because 28 W resistor is present 
between points A and C. However, this difficulty is overcome by converting current sources into 
equivalent voltage sources. Now 10 A current source in parallel with 4 W resistor can be converted 
into equivalent voltage source of voltage = 10 A × 4 W = 40 V in series with 4 W resistor as shown 
in Fig. 2.108 (i). Note that polarity of the equivalent voltage source is such that it provides current 
in the same direction as the original current source.

Fig. 2.108

	 Similarly, 5 A current source in parallel with 8 W resistor can be converted into equivalent 
voltage source of voltage = 5 A × 8 W = 40 V in series with 8 W resistor. The circuit then becomes 
as shown in Fig. 2.108 (ii). Note that polarity of the voltage source is such that it provides current in 
the same direction as the original current source. Referring to Fig. 2.108 (ii),
	 	 Total circuit resistance	 =	 4 + 28 + 8 = 40 W
	 	 Total voltage	 =	 40 + 40 = 80 V

	 \	 Current in 28 W resistor	 =	 80
40

 = 2 A
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	 Example 2.55. Using source conversion technique, find the load current IL in the circuit shown 
in Fig. 2.109 (i).

Fig. 2.109

	 Solution. We first convert 6 V source in series with 3 W resistor into equivalent current source 
of current = 6 V/3 W = 2 A in parallel with 3 W resistor. The circuit then becomes as shown in Fig. 
2.109 (ii). Note that polarity of current source is such that it provides current in the same direction as 
the original voltage source. In Fig. 2.109 (ii), 3 W and 6 W resistors are in parallel and their equivalent 
resistance = (3 × 6)/3 + 6 = 2 W. Therefore, circuit of Fig. 2.109 (ii) reduces to the one shown in  
Fig. 2.109 (iii).

Fig. 2.109

	 In Fig. 2.109 (iii), we now convert 2 A current source in parallel with 2 W resistor into 
equivalent voltage source of voltage = 2 A × 2 W = 4 V in series with 2 W resistor. The circuit 
then becomes as shown in Fig. 2.109 (iv). The polarity of voltage source is marked correctly. In 
Fig. 2.109 (iv), we convert 4 V source in series with 2 + 2 = 4 W resistor into equivalent current 
source of current = 4 V/4 W = 1 A in parallel with 4 W resistor as shown in Fig. 2.109 (v). Note 
that direction of current of current source is shown correctly.

Fig. 2.109

	 In Fig. 2.109 (v), the two current sources can be combined together to give resultant current 
source of 3 + 1 = 4 A. The circuit then becomes as shown in Fig. 2.109 (vi). Referring to Fig. 2.109 
(vi) and applying current-divider rule,

	 	 Load current,  IL	 =	 44
(3 1) 4

×
+ +  = 2 A
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Tutorial  Problems
	 1.	 By performing an appropriate source conversion, find the voltage across 120 Ω resistor in the circuit 

shown in Fig. 2.110.	 	 	 	 [20 V]

		  Fig. 2.110	 Fig. 2.111

	 2.	 By performing an appropriate source conversion, find the voltage across 120 Ω resistor in the circuit 
shown in Fig. 2.111.	 	 	 	 [30 V]

Fig. 2.112

	 3.	 By performing an appropriate source conversion, find the currents I1, I2 and I3 in the circuit shown in  
Fig. 2.112.	 	 	 	 [I1 = 1 A; I2 = 0.2 A; I3 = 0.8 A]

2.28.  Independent  Voltage  and  Current  Sources
	 So far we have been dealing with independent voltage and current sources. We now give brief 
description about these two active elements.
	 (i)	 Independent voltage source. An independent 

voltage source is a two-terminal element (e.g. a 
battery, a generator etc.) that maintains a specified 
voltage between its terminals.

	 	 	An independent voltage source provides a voltage 
independent of any other voltage or current. The 
symbol for independent voltage source having v 
volts across its terminals is shown in Fig. 2.113. (i). 
As shown, the terminal a is v volts above terminal b. 
If v is greater than zero, then terminal a is at a higher 
potential than terminal b. In Fig. 2.113 (i), the voltage v may be time varying or it may be 
constant in which case we label it V. 

	 (ii)	 Independent current source. An independent current source is a two-terminal element 
through which a specified current flows.

	 	 An independent current source provides a current that is completely independent of the 
voltage across the source. The symbol for an independent current source is shown in Fig. 
2.113 (ii)  where i is the specified current. The direction of the current is indicated by the 
arrow. In Fig. 2.113 (ii), the current i may be time varying or it may be constant in which 
case we label it I.

Fig. 2.113
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2.29.  Dependent  Voltage  and  Current  Sources
	 A dependent source provides a voltage or current between its output terminals which depends 
upon another variable such as voltage or current.
	 For example, a voltage amplifier can be considered to be a dependent voltage source.   It is 
because the output voltage of the amplifier depends upon another voltage i.e. the input voltage to the 
amplifier.  A dependent source is represented by a *diamond-shaped symbol as shown in the figures 
below.  There are four possible dependent sources :
	 (i)	Voltage-dependent voltage source	 (ii)	 Current-dependent voltage source
	 (iii)	Voltage-dependent current source	 (iv)	 Current-dependent current source
	 (i)	 Voltage-dependent voltage source. A voltage-dependent voltage source is one whose 

output voltage (v0) depends upon or is controlled by an input voltage (v1). Fig. 2.114 (i) 
shows a voltage-dependent voltage source. Thus if in Fig. 2.114 (i),  v1 = 20 mV, then  
v0 = 60 × 20 mV = 1.2 V. If v1 changes to 30 mV, then v0 changes to 60 × 30 mV = 1.8 V.  
Note that the constant (60) that multiplies v1 is dimensionless.

Fig. 2.114

	 (ii)	 Current-dependent voltage source. A current-dependent voltage source is one whose 
output voltage (v0) depends on or is controlled by an input current (i1). Fig. 2.114 (ii) shows 
a current-dependent voltage source. Note that the controlling current i1 is in the same circuit 
as the controlled source itself. The constant that multiplies the value of voltage produced 
by the controlled source is sometimes designated by a letter k or β.  Note that the constant 
k has the dimensions of V/A or ohm. Thus if i1 = 50 µA and constant k is 0.5 V/A, then  
v0 = 50 × 10

–6 × 0.5 = 25 µV.
	 (iii)	 Voltage-dependent current source. A voltage-dependent current source is one whose 

output current (i) depends upon or is controlled by an input voltage (v1). Fig. 2.115 (i) 
shows a voltage-dependent current source. The constant that multiplies the value of voltage 
v1 has the dimensions of A/V i.e. mho or siemen. For  example, in Fig. 2.115. (i), if the 
constant is 0.2 siemen and if input voltage v1 is 10 mV, then the output current i = 0.2 S × 
10 mV = 2 mA.

Fig. 2.115

*	 So as not to confuse with the symbol of independent source.
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	 (iv)	 Current-dependent current source. A current-dependent current source is one whose 
output current (i) depends upon or is controlled by an input current (i1). Fig. 2.115 (ii) 
shows a current-dependent current source. Note that controlling current i1 is in the same 
circuit as the controlled source itself. The constant (β) that multiplies the value of current 
produced by the controlled source is dimensionless.  Thus in Fig. 2.115 (ii), if il = 50 µA 
and if constant β equals 100, then the current produced by the controlled current source is i 
= 100 × 50 µA = 5 mA.  If i1 changes to 20 µA, then i changes to i = 100 × 20 µA = 2 mA.

2.30.  Circuits  With  Dependent-Sources
	 Fig. 2.116 shows the circuit that has an independent source, 
a dependent-source and two resistors.  The dependent-source is a 
voltage source controlled by the current i1.  The constant for the 
dependent-source is   0.5 V/A.  Dependent sources are essential 
components in amplifier circuits.  Circuits containing dependent-
sources are analysed in the same manner as those without dependent-
sources.  That is, Ohm’s law for resistors and Kirchhoff’s voltage 
and current laws apply, as well as the concepts of equivalent 
resistance and voltage and current division.  We shall solve a few 
examples by way of illustration.
	 Example 2.56.  Find the value of v in the circuit 
shown in Fig. 2.117. What is the value of dependent-
current source ? 

	 Solution. By applying KCL to node* A in Fig. 
2.117, we get,

	 	 	 4 – i1 + 2i1	 =	
2
v 	 ...(i)

	 By Ohm’s law,	 i1	 =	
6
v

	 Putting i1 = v/6 in eq. (i), we get,

			   24
6 6
v v− + 	 =	

2
v   \  v = 12 V

	 Value of dependent-current source = =2 i1 = 
2 122

6 6
v ×=  = 4 A

	 Example 2.57.  Find the values of v, i1 and i2 in the circuit shown in Fig. 2.118 (i) which 
contains a voltage-dependent current source.  Resistance values are in ohms.

	 Solution.  Applying KCL to node A in Fig. 2.118 (i), we get,
	 	 	 2 – i1 + 4v	 =	 i2	 ...(i)

	 Now	 By Ohm’s law, i1	 =	
3
v  and i2 = 

6
v

	 Putting  i1 = 
3
v  and i2 = 

6
v  in eq. (i), we get,

		  2 4
3
v v− + 	 =	

6
v  \  v = 

— 4
7  V

	 \	 i1	 =	
41 1

3 3 3 7
v v −= × = ×  = 

— 4
21  A

* 	 A node of a network is an equipotential surface at which two or more circuit elements are joined.

Fig. 2.116

Fig. 2.117
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	 \	 i2	 =	
41 1

6 6 6 7
v v −= × = ×  = 

— 2
21 A

	 	Value of dependent current source = 4v = 
4 16

4 A
7 7

− −× =

Fig. 2.118

	 Since the value of i1, i2 comes out to be negative, it means that directions of flow of currents 
are opposite to that assigned in Fig. 2.118. (i).  The same is the case for current source.  The actual 
directions are shown in Fig. 2.118 (ii).
	 Example 2.58.  Find the value of i in the circuit shown in Fig. 2.119 if R = 10 Ω.
	 Solution.  Applying KVL to the loop ABEFA, we have,
	 	 5 – 10 i1 + 5 i1	 =	 0    \  i1 = 1 A
	 Applying KVL to the loop BCDEB, we have,
	 	 10 i – 25 – 5 i1	 = 	0
	 or	 10 i – 25 – 5	 =	 0    \  i = 3 A

		  Fig. 2.119	 Fig. 2.120

	 Example 2.59. Find the voltage v in the branch shown in Fig. 2.120. for (i) i2 = 1 A, (ii)  
i2 = – 2 A and (iii) i2 = 0A.
	 Solution. The voltage v is the sum of the current-independent 10 V source and the current-
dependent voltage source vx. Note the factor 15 multiplying the control current carries the units of 
ohm.
	 (i)	 	 v = 10 + vx = 10 + 15 (1)	 =	 25 V
	 (ii)	 	    v = 10 + vx = 10 + 15 (– 2) = – 20 V
	 (iii)	 	 v = 10 + vx = 10 + 15 (0)	 =	 10 V
	 Example 2.60. Find the values of current i and voltage drops v1 and v2 in the circuit of  
Fig. 2.121 which contains a current-dependent voltage source.  What is the voltage of the 
dependent-source?  All resistance values are in ohms.
	 Solution. Note that the factor 4 multiplying the control current carries the units of ohms.  
Applying KVL to the loop ABCDA in Fig. 2.121, we have,
			   – v1 + 4 i – v2 + 6	 =	 0
	 or	 	 v1 – 4 i + v2	 =	 6	 ...(i)
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	 By Ohm’s law, v1 = 2 i and v2 = 4 i.
	 Putting the values of v1 = 2 i and v2 = 4 i in eq. (i), we have,
	 	 2 i – 4 i + 4 i	 =	 6    \  i = 3 A
	 \	 v1	 = 	2i = 2 × 3 =  6 V  ;  v2 = 4 i = 4 × 3 = 12 V
	 	Voltage of the dependent source = 4 i = 4 × 3 = 12 V

		  Fig. 2.121	 Fig. 2.122

	 Example 2.61. Find the voltage v across the 10 Ω resistor in Fig. 2.122, if the control current 
i1 in the dependent current-source is (i) 2A (ii) – 1A. 
	 Solution.
	 (i)		  v =  (i – 4)10 = [4 (2) – 4]10	 =	 40 V
	 (ii)	  	v = (i – 4)10 = [4(– 1) – 4] 10	=	 – 80 V
	 Example 2.62.  Calculate the power delivered by the dependent-source in Fig. 2.123.
	 Solution.  Applying KVL to the loop ABCDA, we have,
	 	 – 2 I – 4 I – 3 I + 10	 =	 0  

	 \	 I	 =	 10/9 = 1.11 A
	 The current I enters the positive terminal of dependent-
source. Therefore, power absorbed = 1.11 × 4 (1.11) = 4.93 
watts.  Hence power delivered is – 4.93 W.
	 Example 2.63.  In the circuit of Fig. 2.124, find the values of i and v.  All resistances are in ohms.
	 Solution. Referring to Fig. 2.124, it is clear that va = 12 + v.
	 Therefore,	 v	 =	 va – 12
	 	Voltage drop across left 2 Ω resistor = 0 – va
	 	Voltage drop across top 2 Ω resistor = va – 12
	 Applying KCL to the node a, we have,

		
0 12

2 4 2
a av vv− −+ − 	 =	 0    or  va = 4 V

	 \	 v	 =	 va – 12 = 4 – 12 = – 8V

	 The negative sign shows that the polarity of v is opposite to that shown in Fig. 2.124.  The 
current that flows from point a to ground = 4/2 = 2 A.  
Hence i = – 2 A.
	 Example 2.64. In Fig. 2.125, both independent and 
dependent-current sources drive current through resistor 
R.  Is the value of R uniquely determined ?
	 Solution. By definition of an independent source, the 
current I must be 10 A.

Fig. 2.123

Fig. 2.125

Fig. 2.124
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	 \	 I	 =	 10 A = 2 VR 

	 or	 VR	 =	 10/2 = 5 V
	 Now	 5 V	 =	 (10) (R)   \ R = 5/10 = 0.5 Ω
	 No other value of R is possible.
	 Example 2.65. Find the value of current i2 supplied by 
the voltage-controlled current source (VCCS) shown in Fig. 
2.126.
	 Solution. Applying KVL to the loop ABCDA, we have,
	 	 8 – v1 – 4	 =	 0   \ v1 = 4V
	 The current supplied by VCCS = 10 v1 = 10 × 4 = 40A
	 As i2 flows in opposite direction to this current, therefore, 
i2 = – 40A.
	 Example 2.66.  By using voltage divider rule, calculate the voltages vx and vy in the circuit 
shown in Fig. 2.127.

Fig. 2.127

	 Solution. As can be seen from Fig. 2.127, 12 V drop is over the series combination of 1Ω, 2Ω 
and 3Ω resistors. Therefore, by voltage divider rule,

	 Voltage drop over 3Ω, vx = 312
1 2 3

× + +  = 6V

	 \  Voltage of dependent source = 12vx = 12 × 6 = 72 V
	 As seen 72 V drop is over series combination of 4Ω and 8Ω resistors. Therefore, by voltage 
divider rule,
	 Voltage drop over 8Ω, vy = 872

4 8
× +  = 48 V

	 The actual sign of polarities of  vy is opposite to that shown in Fig. 2.127. Hence vy = – 48 V.
	 Example 2.67. Find the values of i1, v1, vx and vab in 
the network shown in Fig. 2.128 with its terminals a and 
b open.
	 Solution. It is clear from the circuit that i1 = 4A.

	 Applying KVL  to the  left-hand loop, we have,

	 	 20 – v1 – 40	=	 0   \ v1 = – 20 V

	 Applying KVL to the second loop from left, we 
have, 

Fig. 2.126

Fig. 2.128
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		  – vx + 4v1 – 50 + v1	 = 	0
	 \	 vx	 = 	5v1 – 50 = 5(–20) – 50 = – 150 V
	 Applying KVL to the third loop containing vab, we have,
	 	 – 10 – vab + 50 – 4v1	 = 	0
	 \	 vab	 =	 – 10 + 50 – 4v1 = – 10 + 50 – 4 (– 20) = 120 V

Tutorial  Problems

	 1.	 The circuit of Fig. 2.129 contains a voltage-dependent voltage source. Find the current supplied by the 
battery and power supplied by the voltage source.	 [8A; 1920 W]

		  Fig. 2.129	 Fig. 2.130

	 2.	 Applying Kirchhoff’s current law, determine current IS in the electric circuit of Fig. 2.130. Take V0 = 
16V.	 	 	 	 [1A]

Fig. 2.131

	 3.	 Find the voltage drop v2 across the current-controlled voltage source shown in Fig. 2.131.	 [40 V]

2.31.  Ground
	 Voltage is relative. That is, the voltage at one point in a circuit is always measured relative to 
another point in the circuit. For example, if we say that voltage at a point in a circuit is + 100V, we 
mean that the point is 100V more positive than some reference point in the circuit. This reference 
point in a circuit is usually called the ground point. Thus ground is used as reference point for 
specifying voltages. The ground may be 
used as common connection (common 
ground) or as a zero reference point (earth 
ground). There are different symbols for 
chassis ground, common ground and earth 
ground as shown in Fig. 2.132. However, 
earth ground symbol is often used in place 
of chassis ground or common ground.

	 (i)	 Ground as a common connection. It is a usual practice to mount the electronic and 
electrical components on a metal base called chassis (See Fig. 2.133). Since chassis is good 
conductor, it provides a conducting return path as shown in Fig. 2.134. It may be seen that 

Fig. 2.132
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all points connected to chassis are shown as grounded and represent the same potential. The 
adoption of this scheme (i.e. showing points of same potential as grounded) often simplifies 
the electrical and electronic circuits.

		  Fig. 2.133	 Fig. 2.134

	 (ii)	 Ground as a zero reference point. Many times connection is made to earth which acts as a 
reference point. The earth (ground) has a potential of zero volt (0V) with respect to all other 
points in the circuit. Thus in Fig. 2.135(i), point E is grounded (i.e., point E is connected to 
earth) and has zero potential. The voltage across each resistor is 25 volts. The voltages of 
the various points with respect to ground or earth (i.e., point E) are :

			   VE	=	 0V  ;  VD = + 25 V  ;  VC = + 50 V  ;  VB = + 75 V  ;  VA = + 100V

	 Fig. 2.135

	 	If instead of point E, the point D is grounded as shown in Fig. 2.135 (ii), then potentials of 
various points with respect to ground (i.e., point D) will be :
		  VE	 =	 – 25 V  ;  VD = 0 V  ;  VC = + 25 V  ;  VB = + 50 V  ;  VA = + 75 V
	 Example 2.68.  In Fig. 2.136, find the relative potentials of points A, B, C, D and E when point A 
is grounded.
	 Solution.  	 Net circuit voltage, V	 =	 34 – 10 = 24 V
			   Total circuit resistance, RT	 =	 6 + 4 + 2 = 12 Ω

			   Circuit current, I	 =	 V/RT = 24/12 = 2 A

			   Drop across 2 Ω resistor	 =	 2 × 2 = 4 V

			   Drop across 4 Ω resistor	 =	 2 × 4 = 8 V

			   Drop across 6 Ω resistor	 =	 2 × 6 = 12 V
Fig. 2.136
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	 ∴	 Potential at point B, VB	 =	 34 – 0 = 34 V
		  Potential at point C, VC	 =	 34 – drop in 2 Ω 
			   =	 34 – 2 × 2 = 30 V
		  Potential at point D, VD	 =	 VC – 10 = 30 – 10 = 20 V
		  Potential at point E, VE	 =	 VD – drop in 4Ω = 20 – 2 × 4 = 12 V
		  Potential at point A, VA	 =	 VE – drop in 6 Ω 
			   =	 12 – 6 × 2 = 0 V
	 Example 2.69.  Fig. 2.137 shows the circuit with 
common ground symbols. Find the total current I drawn 
from the 25 V source.

	 Solution. The circuit shown in Fig. 2.137 is redrawn by 
eliminating the common ground symbols. The equivalent 
circuit then becomes as shown in Fig. 2.138. (i).  We see 
that 8 kΩ and  12 kΩ resistors are in parallel as are the 9 
kΩ and 4.5 kΩ resistors. Fig. 2.138 (ii) shows the circuit 
when these parallel combinations are replaced by their 
equivalent resistances :

	                
8 12
8 12

×
+  =	 4.8 kΩ  and 

9 4.5
9 4.5

×
+  = 3 kΩ

Fig. 2.138

	 Referring to Fig. 2.138 (ii), it is clear that 4.8 kΩ resistance is in series with 1.2 kΩ resistance, 
giving an equivalent resistance of 4.8 + 1.2 = 6 kΩ.
	 The circuit then becomes as shown in Fig. 2.139 (i).

Fig. 2.139

Fig. 2.137
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 	 Referring to Fig. 2.139 (i), 6 kΩ is in parallel with 3 kΩ giving the total resistance RT as :

			   RT	 =	
6 3

6 3

×
+

 = 2 kΩ

	 The circuit then reduces to the one shown in Fig. 2.139 (ii).
	 ∴	 Total current I drawn from 25 V source is

			   I	 =	
25V 25V

2kTR
=

Ω
 = 12.5 mA

	 Example 2.70. What is the potential difference between X and Y in the network shown in  
Fig. 2.140 ?

Fig. 2.140

	 Fig. 2.141

	 Solution. Fig. 2.140 is reproduced as Fig 2.141 with required labeling. Consider the two battery 
circuits separately. Referring to Fig. 2.141,
	 Current flowing in 2Ω and 3Ω resistors is 

		  I1	 =	
2

2 3+
 = 0.4A

	 Current flowing in 3Ω and 5Ω resistors is 
		  I2	 =	

4

3 5+
 = 0.5 A

	 \   Potential difference between X and Y is
			   VXY	 =	 VXA + VAB – VBY	 [See Fig. 2.141]
				    =	 3I1 + 5 – 3I2
	 	 	 	 =	 3 × 0.4 + 5 – 3 × 0.5 = 4.7 V

2.32.  Voltage  Divider  Circuit
	 A voltage divider (or potential divider) is a series circuit that is used to provide two or more 
reduced voltages from a single input voltage source.
	 Fig. 2.142 shows a simple voltage divider circuit which provides two reduced voltages V1 and 
V2 from	 a single input voltage V. Since no load is connected to the circuit, it is called unloaded 
voltage divider. The values of V1 and V2 can be found as under :

			   Circuit current,  I	 =	
1 2

V
R R+

 = 
T

V
R
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	 where	 RT	 =	 Total resistance of the voltage divider

	 \		  V1	 =	 IR1 = 1

T

RV
R

×

	 and	 	 V2	 =	 IR2 = 2

T

RV
R

×

	 Therefore, voltage drop across any resistor in an unloaded voltage 
divider is equal to the ratio of that resistance value to the total resistance 
multiplied by the source voltage.
	 Loaded voltage divider. When load RL is connected 
to the output terminals of the voltage divider as shown 
in Fig. 2.143, the output voltage (V2) is reduced by an 
amount depending on the value of RL. It is because 
load resistor RL is in parallel with R2 and reduces the 
resistance from point A to point B. As a result, the output 
voltage is reduced. The larger the value of RL, the less 
the output voltage is reduced from the unloaded value. 
Loading a voltage divider has the following effects :
	 (i)	 The output   voltage is reduced depending 

upon the value of load resistance RL..
	 (ii)	 The current drawn from the source is increased because total   resistance of the circuit 

is reduced. The decrease in total resistance is due to the fact that loaded voltage divider 
becomes series-parallel circuit.

	 Example 2.71. Design a voltage divider circuit that will operate the following loads from a 20 V 
source :
	 5 V at 5 mA ; 12 V at 10 mA ; 15 V at 5 mA
	 The bleeder current is 4 mA.
	 Solution.  A voltage divider that produces a *bleeder current requires N + 1 resistors where  N 
is the number of loads. In this example, the number of loads is three.  Therefore, four resistors are 
required for this voltage divider. 
The required circuit is shown in 
Fig. 2.144.  Here R1 is the bleeder 
resistor. The loads are arranged in 
ascending order of their voltage 
requirements, starting at the bottom 
of the divider network.
	 Voltage across bleeder resistor 
R1 = 5 V ; Current through R1, IB = 
4 mA .

∴  Value of R1 = 
5V

4mA
 = 1.25 kΩ

	 Next we shall find the value 
of resistor R2. For this purpose, 
we find the current through R2 and 
voltage across R2.

Fig. 2.142

Fig. 2.143

*	 The current drawn continuously from a power supply by the resistive voltage divider circuit is called bleeder 
current. Without a bleeder current, the voltage divider outputs go up to full value of supply voltage if all 
the loads are disconnected.

Fig. 2.144
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	 Current through R2 = IB + 5 mA = 4 mA + 5 mA = 9 mA
	 Voltage across R2 = VC – VD = 12 – 5 = 7 V

	 ∴	 Value of  R2	 =	
7V

9mA
 = 778 Ω

	 Now we shall find the value of resistor R3.
	 Current through R3 = Current in R2 + 10 mA = 9 mA + 10 mA = 19 mA
	   Voltage across 	R3 = VB – VC	 =	 15 – 12 = 3 V

	 ∴	 Value of R3 	=	
3V

19mA
 = 158 Ω

	 Finally, we shall determine the value of resistor R4.
		  Current through R4	 =	 Current through R3 + 5 mA = 19 mA + 5 mA = 24 mA
		  Voltage across R4	 =	 VA – VB = 20 – 15 = 5 V

	 ∴	 Value of R4	 =	
5V

24mA
= 208 Ω

	 The design of voltage divider circuit means finding the values of R1, R2, R3 and R4.  Therefore, 
the design of voltage divider circuit stands completed.
	 Example 2.72. Fig. 2.145 shows the voltage divider circuit. Find (i) the unloaded output voltage, 
(ii) the loaded output voltage for RL = 10 kΩ and RL = 100 kΩ.
	 Solution. (i) When load RL is removed, the voltage 
across R2 is the unloaded output voltage of the voltage 
divider.

 	 ∴	 Unloaded output voltage	 =	 2

1 2
S

R V
R R

×
+

				    =	
10

5
4.7 10

×
+

 

				    =	 3.4 V
	 (ii)	 When RL = 10 kΩ is connected in parallel with R2, 

then equivalent resistance of this parallel combination is

		  	 RT	 =	 2

2

10 10

10 10
L

L

R R
R R

×=
+ +

 = 5 kΩ

Fig. 2.146

	 The circuit then becomes as shown in Fig. 2.146 (i).

	 ∴	 Loaded output voltage	 =	
1

5
5

4.7 5
T

S
T

R V
R R

× = ×
+ +

 = 2.58 V

Fig. 2.145
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	 When RL = 100 kΩ is connected in parallel with R2, then equivalent resistance of this parallel 

combination is given by ;	 R ′T	 = 	 2

2

10 100

10 100
L

L

R R
R R

×=
+ +

 = 9.1 kΩ

	 The circuit then becomes as shown in Fig. 2.146 (ii).

	 ∴	 Loaded output voltage	 =	
1

T
S

T

R V
R R

′
×

′+
 = 

9.1
5

4.7 9.1
×

+
 = 3.3 V

	 Example 2.73. Find the values of different voltages that can be obtained from 25V source with 
the help of voltage divider circuit of Fig. 2.147.

Fig. 2.147

	 Solution.  Total circuit resistance, RT = R1 + R2 + R3 = 1 + 8.2 + 3.3 = 12.5 kΩ

	 	 Voltage drop across R1, V1	 =	 1
S

T

R V
R

×  = 
1

25
12.5

× = 2 V

	 ∴	 Voltage at point B, VB	 =	 25 – 2 = 23 V

	 	 Voltage drop across R2, V2	 =	 2 8.2
25

12.5S
T

R V
R

× = ×  = 16.4 V

	 ∴	 Voltage at point C, VC	 =	 VB – V2 = 23 – 16.4 = 6.6 V
	 The different available load voltages are :
	 VAB = VA – VB = 25 – 23 = 2 V  ;  VAC = VA – VC = 25 – 6.6 = 18.4 V
	 VBC = VB – VC = 23 – 6.6 = 16.4 V  ;  VAD = 25 V ; VCD = VC – VD = 6.6 – 0 = 6.6 V
	 VBD = VB – VD = 23 – 0 = 23 V		
	 Example 2.74. Fig. 2.148 shows a 10 kΩ potentiometer 
connected in a series circuit as an adjustable voltage divider. 
What total range of voltage V1 can be obtained by adjusting 
the potentiometer through its entire range ?
	 Solution.  Total circuit resistance is 
			  RT	= 5 + 10 + 10 = 25 kΩ
	 The total voltage E that appears across the end terminals 
of potentiometer is 
		  E	 =	

10 10
24

25S
T

V
R

× = ×  = 9.6 V

	 When the wiper arm is at the top of the potentiometer,

		  V1	 =	
10 10

9.6
10 10

E× = ×  =  9.6 V

Fig. 2.148



102	 Basic  Electrical  Engineering	

	 When the wiper arm is at the bottom of the potentiometer,

		  V1	 =	
0 0

9.6
10 10

E× = ×  =  0 V

	 Therefore, V1 can be adjusted between 0 and 9.6 V. 
	 Example 2.75.  Fig. 2.149 shows the voltage divider 
circuit.  Find (i) the current drawn from the supply, (ii) voltage 
across the load RL, (iii) the current fed to RL and (iv) the current 
in the tapped portion of the divider.
	 Solution. It is a loaded voltage divider.

	 (i)	 RBC = 120 Ω  300 Ω		 =	
120 300

120 300

×
+

 = 85.71 Ω

		  VAB = AB
S

AB BC

R V
R R

×
+

		=	
80

200
80 85.71

×
+

 = 96.55 V

	 ∴	 The current I drawn from the supply is

			   I	=	
96.55

80
AB

AB

V
R

=  = 1.21 A

	 (ii)	 	 VBC	=	
85.71

200
80 85.71

BC
S

AB BC

R
V

R R
× = ×

+ +
 = 103.45 V

	 (iii)	∴	 Current fed to load, IL	=	
103.45

300
BC

L

V
R

=  = 0.35 A

	 (iv)	 Current in the tapped portion of the divider is 
			   IBC	=	 I – IL = 1.21 – 0.35 = 0.86A

Tutorial  Problems

	 1.	 Redraw the circuit shown in Fig. 2.150 using the common ground symbol.  
       					                                                                            Ans.

			   	
		  Fig. 2.150

	 2.	 Redraw the circuit shown in Fig. 2.151 using the common ground symbol.   
	  				                                                                           Ans.

	 	
			   Fig. 2.151

Fig. 2.149
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	 3.	 Draw the circuit shown in Fig. 2.152 by eliminating the common ground symbols.

 

		   

		     Fig. 2.152				    	

	 4.	 A voltage of 200 V is applied to a tapped resistor of 500 Ω. Find the resistance between the tapped points 
connected to a circuit reading 0.1 A at 25 V. Also calculate the total power consumed.	 [79Ω ; 83.3W]

Objective  Questions

	 1.	 Two resistances are joined in parallel whose 
resultant resistance is 6/5 ohms. One of the 
resistance wire is broken and the effective 
resistance becomes 2 ohms. Then the resistance 
of the wire that got broken is

	 (i)	 6/5 ohms	 (ii)	 3 ohms
	 (iii)	 2 ohms	 (iv)	 3/5 ohms
	 2.	 The smallest resistance obtained by connecting 

50 resistances of 1/4 ohm each is
	 (i)	 50/4 Ω	 (ii)	 4/50 Ω
	 (iii)	 200 Ω	 (iv)	 1/200 Ω
	 3.	 Five resistances are connected as shown in  

Fig. 2.153. The effective resistance between 
points A and B is

Fig. 2.153

	 (i)	 10/3 Ω	 (ii)	 20/3 Ω
	 (iii)	 15 Ω	 (iv)	 6 Ω
	 4.	 A 200 W and a 100 W bulb both meant for 

operation at 220 V are connected in series.  
When connected to a 220 V supply, the power 
consumed by them will be

	 (i)	 33 W	 (ii)	 100 W

	 (iii)	 66 W	 (iv)	 300 W
	 5.	 A wire has a resistance of 12 ohms. It is bent 

in the form of a circle.  The effective resistance 
between two points on any diameter is

	 (i)	 6 Ω	 (ii)	 24 Ω
	 (iii)	 16 Ω	 (iv)	 3 Ω
	 6.	 A primary cell has an e.m.f. of 1.5 V. When 

short-circuited, it gives a current of 3 A. The 
internal resistance of the cell is

	 (i)	 4.5 Ω	 (ii)	 2 Ω
	 (iii)	 0.5 Ω	 (iv)	 1/4.5 Ω
	 7.	 Fig. 2.154 shows a part of a closed electrical 

circuit. Then VA – VB is

Fig. 2.154

	 (i)	 − 8 V	 (ii)	 6 V
	 (iii)	 10 V	 (iv)	 3 V
	 8.	 The current I in the electric circuit shown in Fig. 

2.155 is

Fig. 2.155

	 (i)	 1.3 A	 (ii)	 3.7 A
	 (iii)	 1A	 (iv)	 1.7 A

Ans.
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	 9.	 Three 2 ohm resistors are connected to form 
a triangle. The resistance between any two 
corners is 

	 (i)	 6Ω	 (ii)	 2Ω
	 (iii)	 3/4Ω	 (iv)	 4/3Ω
	 10.	 A current of 2 A flows in a system of conductors 

shown in Fig. 2.156. The potential difference 
VA – VB will be

Fig. 2.156

	 (i)	 +2 V	 (ii)	 +1 V
	 (iii)	 −1 V	 (iv)	 −2 V
	 11.	 A uniform wire of resistance R is divided into 

10 equal parts and all of them are connected in 
parallel. The equivalent resistance will be

	 (i)	 0.01 R	 (ii)	 0.1 R
	 (iii)	 10 R	 (iv)	 100 R
	 12.	 A cell of negligible resistance and e.m.f. 2 volts 

is connected to series combination of 2, 3 and 5 
ohms. The potential difference in volts between 
the terminals of 3-ohm resistance will be

	 (i)	 0.6 V	 (ii)	
2

V
3

	 (iii)	 3 V	 (iv)	 6 V
	 13.	 The equivalent resistance between points X and 

Y in Fig. 2.157 is

Fig. 2.157

	 (i)	 10 Ω	 (ii)	 22 Ω
	 (iii)	 20 Ω	 (iv)	 50 Ω
	 14.	 If each resistance in the network shown in Fig. 

2.158 is R, what is the equivalent resistance 
between terminals A and B ?

Fig. 2.158

	 (i)	 5 R	 (ii)	 3 R
	 (iii)	 6 R	 (iv)	 R
	 15.	 Fig. 2.159 represents a part of a closed circuit. 

The potential difference between A and B ( i.e. 
VA – VB ) is

Fig. 2.159

	 (i)	 24 V	 (ii)	 0 V
	 (iii)	 18 V	 (iv)	 6 V
	 16.	 In the arrangement shown in Fig. 2.160, the 

potential difference between B and D will be 
zero if the unknown resistance X is

Fig. 2.160

	 (i)	 4 Ω	 (ii)	 2 Ω
	 (iii)	 20 Ω	 (iv)	 3 Ω
	 17.	 Resistances of 6 Ω each are connected in a 

manner shown in Fig. 2.161. With the current 
0.5A as shown in the figure, the potential 
difference VP – VQ  is

Fig. 2.161
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	 (i)	 3.6 V	 (ii)	 6 V
	 (iii)	 3 V	 (iv)	 7.2 V
	 18.	 An electric fan and a heater are marked  

100 W, 220 V and 1000 W, 220 V respectively. 
The resistance of the heater is 

	 (i)	 zero
	 (ii)	 greater than that of fan
	 (iii)	 less than that of fan	
	 (iv)	 equal to that of fan
	 19.	 In the circuit shown in Fig. 2.162, the final 

voltage drop across the capacitor C is

Fig. 2.162

	 (i)	 1

1 2

V r
r r+

	 (ii)	 2

1 2

V r
r r+

	 (iii)	
( )1 2

2

V r r
r
+

	 (iv)	
( )2 1

1 2 3

V r r
r r r

+
+ +

	 20.	 A primary cell has an e.m.f. of 1.5 V. When 
short circuited, it gives a current of 3 A. The 
internal resistance of the cell is

	 (i)	 4.5 Ω	 (ii)	 2 Ω
	 (iii)	 0.5 Ω	 (iv)	 ( 1/4.5 ) Ω

Answers
	 1.	 (ii)	 2.	 (iv)	 3.	 (i)	 4.	 (iii)	 5.	 (iv)	
	 6.	 (iii)	 7.	 (iii)	 8.	 (iv)	 9.	 (iv)	 10.	 (ii)	
	 11.	 (i)	 12.	 (i)	 13.	 (i)	 14.	 (iv)	 15	 (iii)		
	 16.	 (ii)	 17.	 (iii)	 18.	 (iii)	 19.	 (ii)	 20.	 (iii)



Introduction
	 Any arrangement of electrical energy sources, resistances and other circuit elements is called 
an electrical network. The terms circuit and network are used synonymously in electrical literature.  
In the text so far, we employed two network laws viz Ohm’s law and Kirchhoff’s laws to solve 
network problems. Occasions arise when these laws applied to certain networks do not yield quick 
and easy solution. To overcome this difficulty, some network theorems have been developed which 
are very useful in analysing both simple and complex electrical circuits. Through the use of these 
theorems, it is possible either to simplify the network itself or render the analytical solution easy. In 
this chapter, we shall focus our attention on important d.c. network theorems and techniques with 
special reference to their utility in solving network problems.

3.1.   Network  Terminology
	 While discussing  network theorems and techniques, one often comes across the following terms:
	 (i)	 Linear circuit. A linear circuit is one whose parameters (e.g. resistances) are constant i.e. 

they do not change with current or voltage.
	 (ii)	 Non-linear circuit. A non-linear circuit is one whose parameters (e.g. resistances) change 

with voltage or current.
	 (iii)	 Bilateral circuit. A bilateral circuit is one whose properties are the same in either direction.  

For example, transmission line is a bilateral circuit because it can be made to perform its 
function equally well in either direction.

	 (iv)	 Active element. An active element is one which 
supplies electrical energy to the circuit.  Thus 
in Fig. 3.1, E1 and E2 are the active elements 
because they supply energy to the circuit.

	 (v)	 Passive element. A passive element is one 
which receives electrical energy and then either 
converts it into heat (resistance) or stores in an 
electric field (capacitance) or magnetic field 
(inductance). In Fig. 3.1, there are three passive 
elements, namely R1, R2 and R3. These passive elements (i.e. resistances in this case) receive 
energy from the active elements (i.e. E1 and E2) and convert it into heat.

	 (vi)	 Node.  A node of a network is an equipotential surface at which two or more circuit 
elements are joined.  Thus in Fig. 3.1, circuit elements R1 and E1 are joined at A and hence 
A is the node.  Similarly, B, C and D are nodes.

	 (vii)	 Junction. A junction is that point in a network where three or more circuit elements are 
joined. In Fig. 3.1, there are only two junction points viz. B and D. That B is a junction is 
clear from the fact that three circuit elements R1, R2 and R3 are joined at it. Similarly, point 
D is a junction because it joins three circuit elements R2, E1 and E2.

	 (viii)	 Branch. A branch is that part of a network which lies between two junction points. Thus 
referring to Fig. 3.1, there are a total of three branches viz. BAD, BCD and BD. The branch 

3
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Fig. 3.1
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BAD consists of R1 and E1 ; the branch BCD consists of R3 and E2 and branch BD merely 
consists of R2.

	 (ix)	 Loop.  A loop is any closed path of a network. Thus in Fig. 3.1, ABDA, BCDB and ABCDA 
are the loops.

	 (x)	 Mesh. A mesh is the most elementary form of a loop and cannot be further divided into 
other loops. In Fig. 3.1, both loops ABDA and BCDB qualify as meshes because they cannot 
be further divided into other loops. However, the loop ABCDA cannot be called a mesh 
because it encloses two loops ABDA and BCDB.

	 (xi)	 Network and circuit. Strictly speaking, the term network is used for a circuit containing 
passive elements only while the term circuit implies the presence of both active and passive 
elements. However, there is no hard and fast rule for making these distinctions and the 
terms “network” and “circuit” are often used interchangeably.

	 (xii)	 Parameters. The various elements of an electric circuit like  resistance (R), inductance (L) 
and capacitance (C) are called parameters of the circuit. These parameters may be lumped 
or distributed.

	 (xiii)	 Unilateral circuit. A unilateral circuit is one whose properties change with the direction 
of its operation. For example, a diode rectifier circuit is a unilateral circuit. It is because a 
diode rectifier cannot perform rectification in both directions.

	 (xiv)	 Active and passive networks. An active network is that which contains active elements 
as well as passive elements. On the other hand, a passive network is that which contains 
passive elements only.

3.2.   Network  Theorems  and  Techniques
	 Having acquainted himself with network terminology, the reader is set to study the various 
network theorems and techniques. In this chapter, we shall discuss the following network theorems 
and techniques :
	 (i)	 Maxwell’s mesh current method	 (ii)	 Nodal analysis
	 (iii)	 Superposition theorem	 (iv)	 Thevenin’s theorem
	 (v)	 Norton’s theorem	 (vi)	 Maximum power transfer theorem
	 (vii)	 Reciprocity theorem	 (viii)	 Millman’s theorem
	 (ix)	 Compensation theorem	 (x)	 Delta/star or star/delta transformation
	 (xi)	 Tellegen’s theorem

3.3.   Important  Points  About  Network  Analysis
	 While analysing network problems by using network theorems and techniques, the following 
points may be noted :

	 (i)	 There are two general approaches to network analysis viz. (a) direct method (b) network 
reduction method. In direct method, the network is left in its original form and different 
voltages and currents in the circuit are determined. This method is used for simple circuits.  
Examples of direct method are Kirchhoff’s laws, Mesh current method, nodal analysis, 
superposition theorem etc. In network reduction method, the original network is reduced 
to a simpler equivalent circuit. This method is used for complex circuits and gives a better 
insight into the performance of the circuit. Examples of network reduction method are 
Thevenin’s theorem, Norton’s theorem, star/delta or delta/star transformation etc.
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	 (ii)	 The above theorems and techniques are applicable only to networks that have linear, 
bilateral circuit elements.

	 (iii)	 The network theorem or technique to be used will depend upon the network arrangement.  
The general rule is this. Use that theorem or technique which requires a smaller number of 
independent equations to obtain the solution or which can yield easy solution.

	 (iv)	 Analysis of a circuit usually means to determine all the currents and voltages in the circuit.

3.4.   Maxwell’s  Mesh  Current  Method
	 In this method, Kirchhoff’s voltage law is applied to a network to write mesh equations in terms 
of mesh currents instead of branch currents. Each mesh is assigned a separate mesh current. This 
mesh current is assumed to flow clockwise around the perimeter of the mesh without splitting at a 
junction into branch currents. Kirchhoff’s voltage law is then applied to write equations in terms of 
unknown mesh currents. The branch currents are then found by taking the algebraic sum of the mesh 
currents which are common to that branch.
	 Explanation.  Maxwell’s mesh current method consists of following steps :
	 (i)	 Each mesh is assigned a separate mesh current. For convenience, all mesh currents are 

assumed to flow in *clockwise direction. For example, in Fig. 3.2, meshes ABDA and 
BCDB have been assigned mesh currents I1 and I2 respectively. The mesh currents take on 
the appearance of a mesh fence and hence the name mesh currents.

	 (ii)	 If two mesh currents are flowing through a circuit element, the actual current in the circuit 
element is the algebraic sum of the two. Thus in Fig. 3.2, there are two mesh currents I1 and 
I2 flowing in R2. If we go from B to D, current is I1 – I2 and if we go in the other direction 
(i.e. from D to B), current is I2 – I1.

	 (iii)	 **Kirchhoff’s voltage law is applied to write equation for each mesh in terms of mesh 
currents.  Remember, while writing mesh equations, rise in potential is assigned positive 
sign and fall in potential negative sign.

	 (iv)	 If the value of any mesh 
current comes out to be 
negative in the solution, it 
means that true direction 
of that mesh current is 
anticlockwise i.e. opposite 
to the assumed clockwise 
direction.

	 Applying Kirchhoff’s voltage 
law to Fig. 3.2, we have,

	 Mesh ABDA.
		  – I1R1 – (I1 – I2) R2 + E1	 =	 0

	 or	 I1 (R1 + R2) – I2R2	 =	 E1	 ...(i)

*	 It is convenient to consider all mesh currents in one direction (clockwise or anticlockwise). The same result 
will be obtained if mesh currents are given arbitrary directions.

**		 Since the circuit unknowns are currents, the describing equations are obtained by applying KVL to the 
meshes.

Fig. 3.2
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	 Mesh BCDB.
		  – I2R3 – E2 – (I2 – I1) R2	 =	 0
	 or`	 – I1R2 + (R2 + R3) I2	 =	 – E2	 ...(ii)
	 Solving eq. (i) and eq. (ii) simultaneously, mesh currents I1 and I2 can be found out. Once the 
mesh currents are known, the branch currents can be readily obtained. The advantage of this method 
is that it usually reduces the number of equations to solve a network problem.
	 Note.  Branch currents are the real currents because they actually flow in the branches and can be measured.  
However, mesh currents are fictitious quantities and cannot be measured except in those instances where they 
happen to be identical with branch currents. Thus in branch DAB, branch current is the same as mesh current and 
both can be measured.  But in branch BD, mesh currents (I1 and I2) cannot be measured.  Hence mesh current 
is a concept rather than a reality. However, it is a useful concept to solve network problems as it leads to the 
reduction of number of mesh equations.

3.5.   Shortcut  Procedure  for  Network  Analysis  by  Mesh  Currents
	 We have seen above that Maxwell mesh current method involves lengthy mesh equations. Here 
is a shortcut method to write mesh equations simply by inspection of the circuit. Consider the circuit 
shown in Fig. 3.3. The circuit contains resistances and independent voltage sources and has three 
meshes.  Let the three mesh currents be I1, I2 and I3 flowing in the clockwise direction.
	 Loop 1.  Applying KVL to this loop, we have,
		  100 – 20	 =	 I1(60 + 30 + 50) – I2 × 50 – I3 × 30
	 or	 80	 =	 140I1 – 50I2 – 30I3	 ...(i)
	 We can write eq. (i) in a shortcut form as :
		  E1	 =	 I1R11 – I2R12 – I3R13
	 Here	 E1	 =	 Algebraic sum of e.m.f.s in Loop (1) in the direction of I1
			   =	 100 – 20 = 80 V
		  R11	 =	 Sum of resistances in Loop (1)
			   =	 Self*-resistance of Loop (1)
			   =	 60 + 30 + 50 = 140 Ω
		  R12	 =	 Total resistance common to Loops (1) and (2)
			   =	 Common resistance between Loops (1) and (2) = 50 Ω
		  R13	 =	 Total resistance common to Loops (1) and (3) = 30 Ω
	 It may be seen that the sign of 
the term involving self-resistances is 
positive while the sign of common 
resistances is negative. It is because 
the positive directions for mesh 
currents were all chosen clockwise. 
Although mesh currents are 
abstract currents, yet mesh current 
analysis offers the advantage that 
resistor polarities do not have to 
be considered when writing mesh 
equations.
	 Loop 2. We can use shortcut 
method to find the mesh equation for 
Loop (2) as under : Fig. 3.3

*	 The sum of all resistances in a loop is called self-resistance of that loop. Thus in Fig. 3.3, self-resistance of 
Loop (1) = 60 + 30 + 50 = 140 Ω.
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		  E2	 =	 –I1R21 + I2R22 – I3R23

	 or	 50 + 20	 =	 –50I1 + 100I2 – 40I3	 ...(ii)
	 Here,	 E2	 =	 Algebraic sum of e.m.f.s in Loop (2) in the direction of I2

			   =	 50 + 20 = 70 V

		  R21	 =	 Total resistance common to Loops (2) and (1) = 50 Ω

		  R22	 =	 Sum of resistances in Loop (2) = 50 + 40 + 10 = 100 Ω

		  R23	 =	 Total resistance common to Loops (2) and (3) = 40 Ω

	 Again the sign of self-resistance of Loop (2) (R22) is positive while the sign of the terms of 
common resistances (R21, R23) is negative.

	 Loop 3. We can again use shortcut method to find the mesh equation for Loop (3) as under :

		  E3	 =	 –I1R31 – I2R32 + I3R33

	 or	 0	 =	 –30I1 – 40I2 + 90I3	 ...(iii)
	 Again the sign of self-resistance of Loop (3) (R33) is positive while the sign of the terms of 
common resistances (R31, R32) is negative.

	 Mesh  analysis  using  matrix  form. The three mesh equations are rewritten below :

		  E1	 =	 I1R11 – I2R12 – I3R13

		  E2	 =	 –I1R21 + I2R22 – I3R23

		  E3	 =	 –I1R31 – I2R32 + I3R33

	 The matrix equivalent of above given equations is :

		
11 12 13 1

21 22 23 2

31 32 33 3

R R R I
R R R I
R R R I

   
   
   
      

	 =	
1

2

3

E
E
E

 
 
 
  

	 It is reminded again that (i) all self-resistances are positive (ii) all common resistances are 
negative and (iii) by their definition, R12 = R21 ; R23 = R32 and R13 = R31.

	 Example 3.1. In the network shown in Fig. 3.4 (i), find the magnitude and direction of each 
branch current by mesh current method.
	 Solution.  Assign mesh currents I1 and I2 to meshes ABDA and BCDB respectively as shown in 
Fig. 3.4 (i).
	 Mesh ABDA. Applying KVL, we have,

		  –40I1 – 20(I1 – I2) + 120	 =	 0

	 or	 60I1 – 20I2	 =	 120	 ...(i)
	 Mesh BCDB. Applying KVL, we have,

		  –60I2 – 65 – 20(I2 – I1)	 =	 0

	 or	 –20I1 + 80I2	 =	 –65	 ...(ii)
	 Multiplying eq. (ii) by 3 and adding it to eq. (i), we get,

		  220I2	 =	 –75    ∴  I2 = –75/220 = – 0·341 A
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Fig. 3.4

	 The minus sign shows that true direction of I2 is anticlockwise. Substituting I2 = – 0·341A in  
eq. (i), we get, I1 = 1·886 A. The actual direction of flow of currents is shown in Fig. 3.4 (ii).
	 By determinant method
		  60I1 – 20I2	 =	 120

		  –20I1 + 80I2	 =	 –65

	 \	 I1	 =	

120 20

65 80 (120 80) ( 65 20) 8300
60 20 (60 80) ( 20 20) 4400

20 80

−
− × − − × −= =

− × − − × −
−

 = 1·886 A

		  I2	 =	

60 120

20 65 (60 65) ( 20 120) 1500

Denominator 4400 4400

− − × − − − × −= =  = – 0·341 A

	 Referring to Fig. 3.4 (ii), we have,
	 Current in branch DAB = I1 = 1·886 A  ;  Current in branch DCB = I2 = 0·341 A
	 Current in branch BD = I1 + I2 = 1·886 + 0·341 = 2·227 A

	 Example 3.2. Calculate the current in each branch of the circuit shown in Fig. 3.5.

Fig. 3.5

	 Solution. Assign mesh currents I1, I2 and I3 to meshes ABHGA, HEFGH and BCDEHB 
respectively as shown in Fig. 3.6.
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	 Mesh ABHGA. Applying KVL, we have,
			   – 60I1 – 30(I1 – I3) – 50(I1 – I2) – 20 + 100	 =	 0
	 or		  140I1 – 50I2 – 30I3	 =	 80
	 or		  14I1 – 5I2 – 3I3	 =	 8	 ...(i)
	 Mesh GHEFG. Applying KVL, we have,
			   20 – 50(I2 – I1) – 40(I2 – I3) – 10I2 + 50	 =	 0
	 or		  –50I1 + 100I2 – 40I3	 =	 70
	 or		  –5I1 + 10I2 – 4I3	 =	 7	 ...(ii)
	 Mesh BCDEHB. Applying KVL, we have,
			   –20I3 – 40(I3 – I2) – 30(I3 – I1)	 =	 0
	 or		  30I1 + 40I2 – 90I3	 =	 0
	 or		  3I1 + 4I2 – 9I3	 =	 0	 ...(iii)
	 Solving for equations (i), (ii) and (iii), we get, I1 = 1·65 A  ;  I2 = 2·12 A  ;  I3 = 1·5 A
	 By determinant method
		  14I1 – 5I2 – 3I3	 =	 8
		  –5I1 + 10I2 – 4I3	 =	 7
		  3I1 + 4I2 – 9I3	 =	 0

Fig. 3.6

		  \	 I1	 =	

8 5 3

7 10 4

0 4 9

14 5 3

5 10 4

3 4 9

− −
−
−

− −
− −

−

 = 

10 4 7 4 7 10
8 5 3

4 9 0 9 0 4

10 4 5 4 5 10
14 5 3

4 9 3 9 3 4

− −
+ −

− −
− − − −

+ −
− −

				    =	
8[(10 9) (4 4)] 5[(7 9) (0 4)] 3[(7 4) (0 10)]

14[(10 9) (4 4)] 5[( 5 9) (3 4)] 3[( 5 4) (3 10)]

× − − × − + × − − × − − × − ×
× − − × − + − × − − × − − − × − ×

				    =	
592 315 84 991

1036 285 150 601

− − − −=
− + + −

 = 1·65 A
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			   I2	 =	

14 8 3

5 7 4

3 0 9 14[( 63) (0)] 8[(45) ( 12)] 3[(0) (21)]

Denominator 601

−
− −

− − − − − − − −=
−

				    =	
882 456 63 1275

601 601

− − + −=
− −

= 2·12 A

			   I3	 =	

14 5 8

5 10 7

3 4 0 14[(0) (28)] 5[(0) (21)] 8[( 20) (30)]

Denominator 601

−
−

− + − + − −=
−

				    =	
392 105 400 897

601 601

− − − −=
− −

 = 1·5 A

	 ∴	 Current in 60 Ω	 =	 I1 = 1·65 A from A to B
		  Current in 30 Ω	 =	 I1 – I3 = 1·65 – 1·5 = 0·15 A from B to H
		  Current in 50 Ω	 =	 I2 – I1 = 2·12 – 1·65 = 0·47 A from G to H
		  Current in 40 Ω	 =	 I2 – I3 = 2·12 – 1·5 = 0·62 A from H to E
		  Current in 10 Ω	 =	 I2 = 2·12 A from E to F
		  Current in 20 Ω	 =	 I3 = 1·5 A from C to D
	 Example 3.3. By using mesh resistance matrix, determine the current supplied by each battery 
in the circuit shown in Fig. 3.7.

Fig. 3.7
	 Solution. Since there are three meshes, let the three mesh currents be I1, I2 and I3, all assumed 
to be flowing in the clockwise direction. The different quantities of the mesh-resistance matrix are :
			   R11	 =	 5 + 3 = 8 Ω  ;  R22 = 4 + 2 + 3 = 9 Ω  ;  R33 = 8 + 2 = 10 Ω
			   R12	 =	 R21 = – 3 Ω  ;  R13 = R31 = 0  ;  R23 = R32 = – 2 Ω
			   E1	 =	 20 – 5 = 15 V  ;  E2 = 5 + 5 + 5 = 15 V  ;  E3 = – 30 – 5 = – 35 V
	 Therefore, the mesh equations in the matrix form are :

		
11 12 13 1

21 22 23 2

31 32 33 3

R R R I
R R R I
R R R I

   
   
   
      

	 =	
1

2

3

E
E
E

 
 
 
  

	

	 or	
1

2

3

8 3 0

3 9 2

0 2 10

I
I
I

−   
   − −   
   −   

	 =	
15

15

35

 
 
 
 − 
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	 By determinant method, we have,

		  I1	 =	

15 3 0

15 9 2

35 2 10 1530
8 3 0 598

3 9 2

0 2 10

−
−

− −
=

−
− −

−

  =  2·56 A

		  I2	 =	  

8 15 0

3 15 2

0 35 10 1090

Denominator 598

− −
−

=  =  1·82 A

		  I3	 =	

8 3 15

3 9 15

0 2 35 1875

Denominator 598

−
−

− − −=   =  – 3·13 A

	 The negative sign with I3 indicates that actual direction of I3 is opposite to that assumed in  
Fig. 3.7.  Note that batteries B1, B3, B4 and B5 are discharging while battery B2 is charging.

	 \		  Current supplied by battery B1	 =	 I1  =  2·56 A

			   Current supplied to battery B2	 =	 I1 – I2  =  2·56 – 1·82  =  0·74 A

			   Current supplied by battery B3	 =	 I2 + I3  =  1·82 + 3·13  =  4·95 A

			   Current supplied by battery B4	 =	 I2  =  1·82 A

			   Current supplied by battery B5	 =	 I3  =  3·13 A

	 Example 3.4. By using mesh resistance matrix, calculate the current in each branch of the 
circuit shown in Fig. 3.8.

		  Fig. 3.8	 Fig. 3.9

	 Solution. Since there are three meshes, let the three mesh currents be I1, I2 and I3, all assumed 
to be flowing in the clockwise direction as shown in Fig. 3.9. The different quantities of the mesh 
resistance-matrix are :
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		  	 R11	 =	 60 + 30 + 50 = 140 Ω  ;  R22 = 50 + 40 + 10 = 100 Ω  ;  R33 = 30 + 20 + 40 = 90 Ω

			   R12	 =	 R21 = – 50 Ω  ;  R13 = R31 = – 30 Ω  ;  R23 = R32 = – 40 Ω

			   E1	 =	 100 – 20 = 80 V  ;  E2 = 50 + 20 = 70 V  ;  E3 = 0 V

	 Therefore, the mesh equations in the matrix form are :

		
11 12 13 1

21 22 23 2

31 32 33 3

R R R I
R R R I
R R R I

   
   
   
      

	 =	
1

2

3

E
E
E

 
 
 
  

	

	 or	
1

2

3

140 50 30

50 100 40

30 40 90

I
I
I

− −   
   − −   
   − −   

	 =	
80

70

0

 
 
 
  

	

	 By determinant method, we have,

		  I1	 =	

80 50 30

70 100 40

0 40 90 991000
140 50 30 601000

50 100 40

30 40 90

− −
−

−
=

− −
− −
− −

  =  1·65 A

			   I2	 =	  

140 80 30

50 70 40

30 0 90 1275000

Denominator 601000

−
− −
−

=  =  2·12 A

			   I3	 =	

140 50 80

50 100 70

30 40 0 897000

Denominator 601000

−
−
− −

=   =  1·5 A

	 \	 Current in 60 Ω	 =	 I1 = 1·65 A in the direction of I1

		  Current in 30 Ω	 =	 I1 – I3 = 0·15 A in the direction of I1
		  Current in 50 Ω	 =	 I2 – I1 = 0·47 A in the direction of I2
		  Current in 40 Ω	 =	 I2 – I3 = 0·62 A in the direction of I2
		  Current in 10 Ω	 =	 I2 = 2·12 A in the direction of I2
		  Current in 20 Ω	 =	 I3 = 1·5 A in the direction of I3

	 Example 3.5. Find mesh currents i1 and i2 in the 
electric circuit shown in Fig. 3.10.
	 Solution. We shall use mesh current method for 
the solution. Mesh analysis requires that all the sources 
in a circuit be voltage sources. If a circuit contains 
any current source, convert it into equivalent voltage 
source.

	 Outer mesh. Applying KVL to this mesh, we have,
Fig. 3.10
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		  –i1 × 1 – 2i2 – 3 + 4	 =	 0   or   i1 + 2i2 = 1	 ...(i)
	 First mesh. Applying KVL to this mesh, we have,

			  – i1 × 1 – (i1 – i2) × 1 – 3i2 + 4 = 0   or   i1 + i2 = 2	 ...(ii)	
	 From eqs. (i) and (ii), we have i1 = 3A  ;  i2 = – 1 A
	 Example 3.6. Using mesh current method, determine current Ix in the circuit shown in Fig. 3.11.

		  Fig. 3.11	 Fig. 3.12

	 Solution. First convert 2A current source in parallel with 1Ω resistance into equivalent voltage 
source of voltage 2A × 1Ω = 2V in series with 1Ω resistance. The  circuit then reduces to that shown 
in Fig. 3.12. Assign mesh currents I1 and I2 to meshes 1 and 2 in Fig. 3.12.
	 Mesh 1. Applying KVL to this mesh, we have,
			   – 3I1 – 1 × (I1 – I2) – 2 + 2	 =	 0   or   I2 = 4I1

	 Mesh 2. Applying KVL to this mesh, we have,
			   –2I2 + 5 + 2 – (I2 – I1) × 1	 =	 0

	 or	     – 2 (4I1) + 7 – (4I1 – I1)	 =	 0	 ( I2 = 4I1)

	 \  I1 = 
7

A
11

 and I2 = 4I1 = 
7 28

4 A
11 11

× =

	 \  Current in 3Ω resistance, I1 = 
7

A
11

 ;  Current in 2Ω resistance, I2 = 
28

A
11

	 Referring to the original Fig. 3.11, we have,

			   Ix	 =	 I1 + (2 – I2) = 
7 28

2
11 11

 + −  
 = 

1 A
11

	 Example 3.7. Using mesh current method, find the currents in resistances R3, R4, R5 and R6 of 
the circuit shown in Fig. 3.13 (i).

Fig. 3.13
	 Solution. First convert 2 A current source in parallel with 12Ω resistance into equivalent 
voltage source of voltage = 2A × 12Ω = 24V in series with 12Ω resistance. The circuit then 
reduces to the one shown in Fig. 3.13 (ii). Assign the mesh currents I1, I2 and I3 to three meshes 
1, 2 and 3 shown in Fig. 3.13 (ii).
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	 Mesh 1. Applying KVL to this mesh, we have,
			  –12I1 – 8 × (I1 – I2) – 20 × (I1 – I3) + 24	 =	0
	 or		  10I1 –2I2 – 5I3	 =	6	 ...(i)
	 Mesh 2. Applying KVL to this mesh, we have,
			   – 4I2 – 6 × (I2 – I3) – 8(I2 – I1)  	=	0
	 or		  – 4I1 + 9I2 – 3I3	 =	0	 ...(ii)
	 Mesh 3. Applying KVL to this mesh, we have,
			   –10I3 – 20 × (I3 – I1) – 6 × (I3 – I2)	 =	0
	 or		  – 10I1 – 3I2 + 18I3	 =	0	 ...(iii)
	 From eqs. (i), (ii) and (iii), I1 = 1.125 A  ;  I2 = 0.75 A  ;  I3 = 0.75 A	
	 \	 Current in R3 (= 4Ω)	 =	 I2 = 0.75 A from A to B
		  Current in  R4 (= 6Ω)	 =	 I2 – I3 = 0.75 – 0.75 = 0A
		  Current in R5 (= 20Ω)	 =	 I1 – I3 = 1.125 – 0.75 = 0.375A from D to C
		  Current in R6 (= 10Ω)	 =	 I3 = 0.75A from B to C
	 Example 3.8. Use mesh current method to determine currents through each of the components 
in the circuit shown in Fig. 3.14 (i).

0.3 A10 V

+

–

10 � 30 �

8 V 0.3 A10 V

+

–

10 � 30 �

8 VI
2

I
1

+

–

( )i ( )ii

+

–

Fig. 3.14

	 Solution. Suppose voltage across current source is v. Assign mesh currents I1 and I2 in the 
meshes 1 and 2 respectively as shown in Fig. 3.14 (ii).
	 Mesh 1. Applying KVL to this mesh, we have,
		  10 – 10I1 + v	 =	 0	 ...(i)
	 Mesh 2. Applying KVL to this mesh, we have,
		  – 30I2 – 8 – v	 =	 0	 ...(ii)
	 Adding eqs. (i) and (ii), 2 – 10I1 – 30I2 = 0	 ...(iii)
	 Also current in the branch containing current source is
		  I1 – I2	 =	 0.3	 ...(iv)
	 From eqs. (iii) and (iv),  I1 = 0.275 A  ;  I2 = – 0.025A
	 \	 Current in 10Ω	 =	 I1 = 0.275A
		  Current in 30Ω	 =	 I2 = – 0.025 A
		  Current in current source	 =	 I1 – I2 = 0.275 – (–0.025) = 0.3A
Note that negative sign means current is in the opposite direction to that assumed in the circuit.

Tutorial  Problems
	 1.	 Use mesh analysis to find the current in each resistor in Fig. 3.15.
			   [in 100 Ω = 0·1 A from L to R ; in 20 Ω = 0·4 A from R to L ; in 10 Ω = 0·5 A downward]
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		  Fig. 3.15	 Fig. 3.16

	 2.	 Using mesh analysis, find the voltage drop across the 1 kΩ resistor in Fig. 3.16.	 [50 V]
	 3.	 Using mesh analysis, find the currents in 50 Ω, 250 Ω and 100 Ω resistors in the circuit shown in  

Fig. 3.17.		 [I(50 Ω) = 0·171 A → ; I(250 Ω) = 0·237 A ← ; I(100 Ω) = 0·408 A ↓]

Fig. 3.17

	 4.	 For the network shown in Fig. 3.18, find the mesh currents I1, I2 and I3.	 [5 A, 1 A, 0·5 A]

Fig. 3.18

	 5.	 In the network shown in Fig. 3.19, find the magnitude and direction of current in the various branches 
by mesh current method.				    [FAB = 4 A ; BF = 3 A ; BC = 1 A ; EC = 2 A ; CDE = 3 A]

Fig. 3.19

3.6.   Nodal  Analysis
	 Consider the circuit shown in Fig. 3.20. The branch currents in the circuit can be found by 
Kirchhoff’s laws or Maxwell’s mesh current method. There is another method, called nodal analysis 
for determining branch currents in a circuit.  In this method, one of the nodes (Remember a node is 
a point in a network where two or more circuit elements meet) is taken as the reference node. The 
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potentials of all the points in the circuit are measured w.r.t. this reference node. In Fig. 3.20, A, B, 
C and D are four nodes and the node D has been taken as the *reference node. The fixed-voltage 
nodes are called dependent nodes. Thus in Fig. 3.20, A and C are fixed nodes because VA = E1 =  
120 V and VC = 65 V.  The voltage from D to B is VB and its magnitude depends upon the parameters 
of circuit elements and the currents through these elements. Therefore, node B is called independent 
node.  Once we calculate the potential at the independent node (or nodes), each branch current can 
be determined because the voltage across each resistor will then be known.
	 Hence nodal analysis essentially aims at choosing a reference node in the network and 
then finding the unknown voltages at the independent nodes w.r.t. reference node. For a circuit 
containing N nodes, there will be N–1 node voltages, some of which may be known if voltage 
sources are present.
	 Circuit analysis. The circuit shown in Fig. 3.20 has only one independent node B. Therefore, 
if we find the voltage VB at the independent node B, we can determine all branch currents in the 
circuit.  We can express each current in terms of e.m.f.s, resistances (or conductances) and the 
voltage VB at node B.  Note that we have taken point D as the reference node.

Fig. 3.20
	 The voltage VB can be found by applying **Kirchhoff’s current law at node B.
		  I1 + I3	 =	 I2	 ...(i)
	 In mesh ABDA, the voltage drop across R1 is E1 – VB.

	 \	 I1	 =	 1

1

BE V
R
−

	 In mesh CBDC, the voltage drop across R3 is E2 – VB.

	 \	 I3	 =	 2

3

BE V
R
−

	 Also	 I2	 =	
2

BV
R

	 Putting the values of I1, I2 and I3 in eq. (i), we get,

		  1 2

1 3

B BE V E V
R R
− −+ 	 =	

2

BV
R

	 ...(ii)

	 All quantities except VB are known. Hence VB can be found out. Once VB is known, all branch 
currents can be calculated. It may be seen that nodal analysis requires only one equation [eq. (ii)] 
for determining the branch currents in this circuit. However, Kirchhoff’s or Maxwell’s solution 
would have needed two equations.

*	 An obvious choice would be ground or common, if such a point exists.
**	 Since the circuit unknowns are voltages, the describing equations are obtained by applying KCL at the nodes.
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	 Notes.
	 (i)	 We can mark the directions of currents at will.  If the value of any current comes out to be negative 

in the solution, it means that actual direction of current is opposite to that of assumed.
	 (ii)	 We can also express the currents in terms of conductances.

			   I1	 =	 1

1

BE V
R
−

 = (E1 – VB)G1  ;  I2 = 
2

BV
R

 = VB G2  ;  I3 = 2

3

BE V
R
−

 = (E2 – VB)G3

3.7.   Nodal  Analysis  with  Two  Independent  Nodes
	 Fig. 3.21 shows a network with two independent nodes B and C.  We take node D (or E) as the 
reference node.  We shall use Kirchhoff’s current law for nodes B and C to find VB and VC.  Once the 
values of VB and VC are known, we can find all the branch currents in the network.

Fig. 3.21
	 Each current can be expressed in terms of e.m.f.s, resistances (or conductances), VB and VC.

	 	 E1	 =	 VB + I1R1   ∴ I1 = 1

1

BE V
R
−

 

		  E3	 =	 VC + I3R3    ∴  I3 = 3

3

CE V
R
−

		  E2*	 =	 VB – VC + I2R2   ∴ I2 = 2

2

B CE V V
R

− +

	 Similarly,	  I4	 =	
4

BV
R

 ; I5 = 
5

CV
R

	 At node B.	 I1 + I2	 =	 I4

	 or	 21

1 2

B CB E V VE V
R R

− +− + 	 =	
4

BV
R

	 ...(i)

	 At node C.	 I2 + I5	 =	 I3

	 or		  2

2 5

B C CE V V V
R R

− + + 	 =	 3

3

CE V
R
−

	 ...(ii)

	 From eqs. (i) and (ii), we can find VB and VC since all other quantities are known. Once we 
know the values of VB and VC, we can find all the branch currents in the network.
	 Note.  We can also express currents in terms of conductances as under :
		 I1 = (E1 – VB) G1  ;  I2 = (E2 – VB + VC) G2

		 I3 = (E3 – VC) G3  ;  I4 = VB G4  ;  I5 = VC G5

*	 As we go from C to B, we have,
		  VC – I2R2 + E2	 =	 VB

	 \	 E2	 =	 VB – VC + I2R2
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	 Example 3.9. Find the currents in the various branches of the circuit shown in Fig. 3.22 by 
nodal analysis.
	 Solution. Mark the currents in the various branches as shown in Fig. 3.22. If the value of any 
current comes out to be negative in the solution, it means that actual direction of current is opposite 
to that of assumed. Take point E (or F) as the reference node. We shall find the voltages at nodes B 
and C.
	 At node B.	 I2 + I3	 =	 I1

	 or	
*

10 15
B CB V VV −+ 	 =	

100

20
BV−

	

	 or	 13VB – 4VC	 =	 300	 ...(i)
	 At node C.	 I4 + I5	 =	 I3

	 or	
80

10 10
C CV V ++ 	 =	

15
B CV V−

	 or	 VB – 4VC	 =	 120	 ...(ii)

Fig. 3.22

	 Subtracting eq. (ii) from eq. (i), we get, 12VB = 180  \  VB = 180/12 = 15 V
	 Putting VB = 15 volts in eq. (i), we get, VC = – 26.25 volts.
	 By determinant method
		  13VB – 4VC	 =	 300
		  VB – 4VC	 =	 120

	 \	 VB	 =	

300 4

120 4

13 4

1 4

−
−

−
−

 = 
(300 4) (120 4) 720

(13 4) (1 4) 48

× − − × − −=
× − − × − −

  =  15 V

	 and	 VC	 =	

13 300

1 120

Denominator
 = 

(13 120) (1 300) 1260

48 48

× − × =
− −

  =  – 26·25 V

	 \	 Current I1	 =	
100 100 15

20 20
BV− −=  = 4·25 A

		  Current I2	 =	 VB/10 = 15/10 = 1·5 A

		  Current I3	 =	
15 ( 26.25)

15 15
B CV V− − −=  = 2·75 A

*	 Note that the current I3 is assumed to flow from B to C. Therefore, with this assumption, VB > VC.
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		  Current I4	 =	 VC/10 = – 26·25/10 = – 2·625 A

		  Current I5	 =	
80 26.25 80

10 10
CV + − +=  = 5·375 A

	 The negative sign for I4 shows that actual current flow is opposite to that of assumed.
	 Example 3.10. Use nodal analysis to find the currents in various resistors of the circuit shown 
in Fig. 3.23 (i).

Fig. 3.23

	 Solution. The given circuit is redrawn in Fig. 3.23 (ii) with nodes marked 1, 2, 3 and 4. Let us 
take node 4 as the reference node. We shall apply KCL at nodes 1, 2 and 3 to obtain the solution.
	 At node 1. Applying KCL, we have,
		  I1 + I2 + I3	 =	 I

	 or	 1 31 1 2

2 3 5

V VV V V −−+ + 	 =	 10

	 or	 31V1 – 10V2 – 6V3	 =	 300	 ...(i)
	 At node 2. Applying KCL, we have,
		  I2	 =	 I4 + I5

	 or	 1 2

3

V V−
	 =	 2 3 2

1 5

V V V− +

	 or	 5V1 – 23V2 + 15V3	 =	 0	 ...(ii)
	 At node 3. Applying KCL, we have,
		  I3 + I4	 =	 I6 + 2

	 or	 1 3 2 3

5 1

V V V V− −+ 	 =	 3

4

V
 + 2

	 or	 4V1 + 20V2 – 29V3	 =	 40	 ...(iii)

	 From eqs. (i), (ii) and (iii), V1 = 
6572

V
545

 ; V2 = 
556

V
109

 ; V3 = 
2072

V
545

	 \	 Current I1	 =	 1

2

V
 = 

6572 1

545 2
×  = 6.03 A

		  Current I2	 =	 1 2 1 6572 556

3 3 545 109

V V−  = −  
 = 2.32A

		  Current I3	 =	 1 3 1 6572 2072

5 5 545 545

V V−  = −  
 = 1.65 A
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		  Current I4	 =	 2 3 556 2072

1 109 545

V V− = −  = 1.3A

		  Current I5	 =	 2 556 1

5 109 5

V = ×  = 1.02A

		  Current I6	 =	 3 2072 1

4 545 4

V = ×  = 0.95A

	 Example 3.11. Find the total power consumed in the circuit shown in Fig. 3.24.
	 Solution. Mark the direction of currents in the various branches as shown in Fig. 3.24. Take D 
as the reference node. If voltages VB and VC at nodes B and C respectively are known, then all the 
currents can be calculated.
	 At node B.	 I1 + I3	 =	 I2

	 or		
15

1 0.5
C BB V VV −− + 	 =	

1
BV

	 or		  15 – VB + 2(VC – VB) – VB	 =	 0

	 or		  4VB – 2VC	 =	 15	 ...(i)
	 At node C.	 I3 + I4	 =	 I5

	 or		
0.5 2

C B CV V V− + 	 =	
20

1
CV−

	 or		 2(VC – VB) + 0·5VC – (20 – VC)	 =	 0
	 or		  3·5VC – 2VB	 =	 20

	 or		  4VB – 7VC	 =	 –40	 ...(ii)

Fig. 3.24
	 Subtracting eq. (ii) from eq. (i), we get, 5VC = 55
	 \	 VC	 =	 55/5 = 11 volts
	 Putting VC = 11 V in eq. (i), we get, VB = 9·25 V

	 \	 Current I1	 =	
15 15 9.25

1 1
BV− −=  = 5·75 A

		  Current I2	 =	 VB/1 = 9·25/1 = 9·25 A

		  Current I3	 =	
11 9.25

0.5 0.5
C BV V− −= = 3·5 A

		  Current I4	 =	 VC/2 = 11/2 = 5·5 A

		  Current I5	 =	
20 20 11

1 1
CV− −=  = 9 A
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	 \	 Power loss in the circuit	 =	 I1
2 × 1 + I2

2 × 1 + I2
3 × 0·5 + I4

2 × 2 + I5
2 × 1

			   =	 (5·75)2 × 1 + (9·25)2 × 1 + (3·5)2 × 0·5 + (5·5)2 × 2 + (9)2 × 1
			   =	 266·25 W 
	 Example 3.12. Using nodal analysis, find node-pair voltages VB and VC and branch currents in 
the circuit shown in Fig. 3.25. Use conductance method.

Fig. 3.25

	 Solution. Mark the currents in the various branches as shown in Fig. 3.25. If the value of any 
current comes out to be negative in the solution, it means that actual direction of current is opposite  
to that of assumed. Take point D (or E) as the reference node. We shall find the voltages at nodes B 
and C and hence the branch currents.

			   G1	 =	
1

1 1

2R
=  = 0·5 S  ;  G2 = 

2

1

R
 = 

1

4
 = 0·25 S ; G3 = 

3

1 1

16R
= = 0·0625 S ;

			    G4	 =	
4

1 1

10R
=  = 0.1 S ;  G5 = 

5

1 1

20R
=  = 0·05 S

	 At node B.	 I1 + I2	 =	 I4

	 or		 (E1 – VB)G1 + (E2 – VB + VC)G2	 =	 VBG4

	 or		  E1G1 + E2G2	 =	 VB(G1 + G2 + G4) – VCG2

	 or		  (12 × 0.5) + (4 × 0.25)	 =	 VB(0·5 + 0·25 + 0·1) – VC × 0·25
	 or		  7	 =	 0·85 VB – 0·25 VC	 ...(i)
	 At node C.	 I3	 =	 I2 + I5

	 or		  (E3 –VC)G3	 =	 (E2 – VB + VC)G2 + VC × G5

	 or		  E3G3 – E2G2	 =	 – VBG2 + VC(G2 + G3 + G5)
	 or		  (8 × 0.0625) – (4 × 0.25)	 =	 – VB(0·25)  + VC(0·25 + 0·0625 + 0·05)
	 or		  –0·5	 =	 – 0·25 VB +  0·362 VC	 ...(ii)
	 From equations (i) and (ii), we get, VB = 9.82 V ; VC = 5·4V
	 \	 I1	 =	 (E1 – VB)G1 = (12 – 9·82) × 0·5 = 1·09 A
		  I2	 =	 (E2 – VB + VC)G2 = (4 – 9·82 + 5·4) × 0·25 = –0·105A
		  I3	 =	 (E3 – VC)G3 = (8 – 5·4) × 0·0625 = 0·162A
		  I4	 =	 VBG4 = 9·82 × 0·1 = 0·982A
		  I5	 =	 VCG5 = 5·4 × 0.05 = 0·27A
	 The negative sign for I2 means that the actual direction of this current is opposite to that 
shown in Fig. 3.25.
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	 Example 3.13. Using nodal analysis, find the different branch currents in the circuit shown in 
Fig. 3.26 (i).

Fig. 3.26

	 Solution. Mark the currents in the various branches as shown in Fig. 3.26 (ii). Take ground as 
the reference node. We shall find the voltages at the other three nodes.

	 At first node. Applying KCL to the first node from left,

		  I2	 =	 I1 + 2

	 or	 (V3 – V1)2	 =	 (V1 – V2)1 + 2

	 or	 3V1 – V2 – 2V3	 =	 – 2	 ...(i)
	 At second node. Applying KCL to the second node from left,

		  I1 + 5	 =	 I4

	 or	 (V1 – V2)1 + 5	 =	 V2 × 4

	 or	 V1 – 5V2	 =	 – 5	 ...(ii)
	 At third node. Applying KCL to the third node from left,

		  I3	 =	 5 + I2

	 or	 – V3 × 3	 =	 5 + (V3 – V1)2

	 or	 2V1 – 5V3	 =	 5	 ...(iii)

	 Solving eqs. (i), (ii) and (iii), we have, V1 = 3
V

2
−  ;  V2 = 7

V
10

 and V3 = 8
V

5

−

	 \	 I1	 =	 (V1 – V2)1 = 
3 7

1
2 10

 − −  
 = – 2.2A

		  I2	 =	 (V3 – V1)2 = 
8 3

2
5 2

 − +  
 = – 0.2A

		  I3	 =	 –V3 × 3 = 
8

3
5

×  = 4.8 A

		  I4	 =	 V2 × 4 = 
7

4
10

×  = 2.8A

	 The negative value of any current means that actual direction of current is opposite to that 
originally assumed.



126	 Basic  Electrical  Engineering	

	 Example 3.14. Find the current I in Fig. 3.27 (i) by changing the two voltage sources into their 
equivalent current sources and then using nodal method. All resistances are in ohms.

Fig. 3.27

	 Solution. Since we are to find I, it would be convenient to take node 4 as the reference node. 
The two voltage sources are converted into their equivalent current sources as shown in Fig. 3.27. 
(ii). We shall apply KCL at nodes 1, 2 and 3 in Fig. 3.27 (ii) to obtain the required solution.
	 At node 1. Applying KCL, we have,

		  3 1 4
1

V V− + 	 =	 1 1 2 5
1 1

V V V−+ +

	 or	 3V1 – V2 – V3	 =	 – 1	 ...(i)
	 At node 2. Applying KCL, we have,

		  1 25
1

V V−+ 	 =	 2 32 3
1 1

V VV −+ +

	 or	 V1 – 3V2 + V3	 =	 – 2	 ...(ii)
	 At node 3. Applying KCL, we have,

		  2 3 33
1 1

V V V− + − 	 =	 3 1 4
1

V V− +

	 or	 V1 + V2 – 3V3	 =	 1	 ...(iii)
	 From eqs. (i), (ii) and (iii), we get, V2 = 0.5 V.

	 \	 Current I	 =	 2 0

1

V −
 = 

0.5 0

1

−
 = 0.5A

	 Example 3.15. Use nodal analysis to find the voltage across and current through 4 Ω resistor 
in Fig. 3.28 (i).
	 Solution. We must first convert the 2V voltage source to an equivalent  current source. The 
value of the equivalent  current source is I = 2V/2Ω = 1 A. The circuit then becomes as shown in 
Fig. 3.28 (ii).

Fig. 3.28
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	 Mark the currents in the various branches as shown in Fig. 3.28 (ii). Take point E (or F) as the 
reference node. We shall calculate the voltages at nodes A and B. 			
	 At node A. 	 I1	 =	 I2 + I3

	 or	 1	 =	
*

4 2
A B AV V V− +

	 or	 3VA – VB	 =	 4	 ...(i)
	 At node B.	 I2 + I4	 =	  I5

	 or	 2
4

A BV V− + 	 =	
8
BV

	

	 or	 2VA – 3VB	 =	 –16	 ...(ii)
	 Solving equations (i) and (ii), we find VA = 4V and VB = 8V. Note that VB > VA, contrary to our 
initial assumption. Therefore, actual direction of current is from node B to node A.
	 By determinant method
		  3VA – VB	 =	 4
		  2VA – 3VB	 =	 –16

	 \	 VA	 =	

4 1

16 3 ( 12) (16) 28
3 1 ( 9) ( 2) 7

2 3

−
− − − − −= =

− − − − −
−

 = 4V

		  VB	 =	

3 4

2 16 ( 48) (8) 56

Denominator 7 7

− − − −= =
− −

 = 8V

		  Voltage across 4Ω resistor	 = VB  –  VA = 8 – 4 = 4V

		  Current through 4Ω resistor	 =	
4V

4Ω
 = 1A

	 We can also find the currents in other resistors.

		  I3	 =	
4

2 2
AV =  = 2A

		  I5	 =	
8

8 8
BV =  = 1A

Fig. 3.29
*	 We assume that VA > VB. On solving the circuit, we shall see whether this assumption is correct or not.
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	 Fig. 3.29 shows the various currents in the circuit. You can verify Kirchhoff’s current law at 
each node.
	 Example 3.16. Use nodal analysis to find current in the 4 kΩ resistor shown in Fig. 3.30.	

Fig. 3.30

	 Solution. We shall solve this example by expressing node currents in terms of conductance 
than expressing them in terms of resistance. The conductance of each resistor is

			   G1	 =	 3
1

1 1

1 10R
=

×
 = 10–3 S  ;  G2 = 3

2

1 1

2 10R
=

×
 = 0.5 × 10–3 S	

			   G3	 =	 3
3

1 1

2 10R
=

×
 = 0.5 × 10–3 S  ;  G4 = 3

4

1 1

4 10R
=

×
 = 0.25 × 10–3 S

	 Mark the currents in the various branches as shown in Fig. 3.31. Take point E (or F) as the 
reference node. We shall find voltages at nodes A and B.
	 At node A.	 I5 + I6	 =	 I1 + I2	
	 or	 50 × 10–3 + 30 × 10–3	 =	 G1(VA – VB) + G2 VA	
	 or	 80 × 10–3	 =	 10–3 (VA – VB) + 0.5 × 10–3 VA

	 or	 1.5VA – VB	 =	 80	 ...(i)

Fig. 3.31

	 At node B.	 I1	 =	  I6 + I3 + I4

	 or	 G1(VA – VB)	 =	 30 × 10–3 + G3VB + G4VB
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	 or	 10–3 (VA – VB)	 =	 30 × 10–3 + 0.5 × 10–3 VB + 0·25 × 10–3 VB

	 or	 VA – 1·75 VB	 =	 30	 ...(ii)

	 Solving equations (i) and (ii), we get, VB = 21·54 V.
	 By determinant method
		  1·5 VA – VB	 =	 80

		  VA – 1·75 VB	 =	 30

	 \	 VB	 =	

1.5 80

1 30 (45) (80) 35
1.5 1 ( 2.625) ( 1) 1.625

1 1.75

− −= =
− − − − −

−

 = 21·54 V

	 \  	Current in 4 kΩ resistor, I4 = G4VB = 0·25 × 10–3 × 21·54 = 5·39 × 10–3 A = 5·39 mA
	 Example 3.17. For the circuit shown in Fig. 3.32 (i), find (i) voltage v and (ii) current through 
2W resistor using nodal method.

Fig. 3.32

	 Solution. Mark the direction of currents in the various branches as shown in Fig. 3.32 (ii). Let 
us take node C as the reference node. It is clear from Fig. 3.32 (ii) that VB = – 8V (VC = 0V). Also, 
v = 6 – VA.
	 Applying KCL to node A, we have,
		  I1 + I2	 =	 I3

	 or	
6 5

1 2
A AV v V− −+ 	 =	

3
A BV V−

	 or	
6 5(6 )

1 2
A A AV V V− − −+ 	 =	

( 8)

3
AV − −

	 On solving, we get, VA = 55
V

13

	 (i)	 Voltage v = 6 – VA = 
55

6
13

−  = V
23
13

	 (ii)	 Current through 2W, I2 = 
5

2
Av V−

 = 
5(23 13) (55 13)

2

−
 = 

3

30 A
1

3.8.   Shortcut  Method  for  Nodal  Analysis
	 There is a shortcut method for writing node equations similar to the form for mesh equations. 
Consider the circuit with three independent nodes A, B and C as shown in Fig. 3.33.
	 The node equations in shortcut form for nodes A, B and C can be written as under :
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			   VA GAA + VB GAB + VC GAC	 =	 IA
			   VA GBA + VB GBB + VC GBC	 =	 IB
			   VA GCA  + VB GCB + VC GCC	 =	 IC
	 Let us discuss the various terms in these equations.
			   GAA	 =	 Sum of all conductances connected to node A
				    =	 G1 + G2 in Fig. 3.33.
	 The term GAA is called self-conductance at node A. Similarly, GBB and GCC are self-conductances 
at nodes B and C respectively. Note that product of node voltage at a node and self-conductance at 
that node is always a positive quantity. Thus VA GAA, VB GBB and VC GCC are all positive.
		  GAB	 =	 Sum of all conductances directly connected 
				    between nodes A and B
			   =	 G2 in Fig. 3.33

Fig. 3.33
	 The term GAB is called common conductance between nodes A and B. Similarly, the term GBC 
is common conductance between nodes B and C and GCA is common conductance between nodes 
C and A. The product of connecting node voltage with common conductance is always a negative 
quantity.  Thus VB GAB is a negative quantity. Here connecting node voltage is VB and common 
conductance is GAB. Note that GAB = GBA, GAC = GCA and so on.
	 Note the direction of current provided by current source connected to the node. A current 
leaving the node is shown as negative and a current entering a node is positive. If a node has no 
current source connected to it, set the term equal to zero.
	 Node A. Refer to Fig. 3.33. At node A, GAA = G1 + G2 and is a positive quantity. The product 
VBGAB is a negative quantity. The current IA is leaving the node A and will be assigned a negative 
sign. Therefore, node equation at node A is 		
			   VAGAA – VBGAB	 =	 –IA
	 or		  VA(G1 + G2) – VB (G2)	 =	 –IA
	 Similarly, for nodes B and C, the node equations are :
			   VB(G2 + G3 + G4) – VA(G2) – VC(G4)	 =	 0
			   VC(G4 + G5) – VB(G4)	 =	 IB	
	 Example 3.18.  Solve the circuit shown in Fig. 3.34 using nodal analysis.

		  Fig. 3.34 	 Fig. 3.35
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	 Solution. Here point D is chosen as the reference node and A and B are the independent nodes.
	 Node A.	 VA(0.02 + 0.01) – VB(0.01)	 =	 –2
	 or		  0.03 VA – 0.01 VB	 =	 –2	 ...(i)
	 Node B.	 VB(0.01 + 0.1)  – VA (0.01)	 =	  –2
	 or		  –0.01 VA + 0.11 VB	 =	 –2	 ...(ii)
	 From equations (i) and (ii), we have, VA = –75V and VB = –25V
	 Fig. 3.35 shows the circuit redrawn with solved voltages.
		  Current in  0.02 S	 =	 VG = 75 × 0·02 = 1·5A
		  Current in 0.1 S 	=	 VG = 25  × 0·1 = 2·5A	
	 	 Current in 0.01 S 	=	 VG = 50 × 0·01 = 0·5 A
	 The directions of currents will be as shown in Fig. 3.35. 	
	 Example 3.19. Solve the circuit shown in Fig. 3.36 using nodal analysis.

Fig. 3.36

	 Solution. Here A, B and C are the independent nodes and D is the reference node.

	 Node A.	 1 1 1
*

15 2.5 2.5A BV V   + −      
	 =	 –6

	 or		  0·467 VA – 0·4 VB	 =	 –6	 ...(i)

	 Node B.	
1 1 1 1 1

2.5 20 6 2.5 6B A CV V V     + + − −          
	 =	 0

	 or		  – 0·4 VA + 0·617 VB – 0·167 VC	 =	 0	 ...(ii)

	 Node C.	
1 1 1

6 4 6C BV V   + −      
	 =	 2·5

	 or		  –0·167 VB + 0·417 VC	 =	 2·5	 ...(iii)
	 From equations (i), (ii) and (iii), VA = 	–30 V  ;  VB = –20 V  ;  VC = – 2 V

Fig. 3.37

*	 Note that 5Ω is omitted from the equation for node A because it is in series with the current source.
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	 Fig. 3.37 shows the circuit redrawn with solved voltages.	
		  Current in 15 Ω	 =	 30/15 = 2 A
		  Current in 20 Ω	 =	 20/20 = 1 A			
		  Current in 4 Ω	 =	 2/4 = 0.5 A	
	 	 Current in 6 Ω	 =	 18/6 = 3 A
	 	 Current in 2.5 Ω	 =	 10/2.5 = 4 A	
		  Current in 5 Ω	 =	 4 + 2 = 6 A
	 The directions of currents will be as shown in Fig. 3.37.	
	 Example 3.20. Find the value of Ix in the circuit shown in Fig. 3.38 using nodal analysis. The 
various values are :
	 Gu = 10 S ; Gv = 1S ; Gw = 2S ;	
	 Gx = 1S ; Gy = 1S ; Gz = 1S and I = 100 A.
	 Solution. 
	 Node A. 	 (Gu + Gv + Gw)VA – GwVB – GuVC 	=	 I
	 Node B. 	 – GwVA + (Gw + Gx + Gz) VB – GzVC 	= 	0
	 Node C. 	 – GuVA – GzVB + (Gu + Gy + Gz)VC 	=	 –I
	 Putting the various values in these equations, we have,	
		  13 VA – 2 VB – 10 VC	 =	 I
		  –2 VA + 4 VB – VC	 =	 0
		  –10 VA – VB  + 12 VC	 =	 –I
	 Now VB can be calculated as the ratio of two determinants NB/D where

			   D	 =	
13 2 10

2 4 1

10 1 12

− −
− −
− −

 = 624 – 20 – 20 – (400 + 48 + 13) = 123

	 and		  NB	=	
13 10

2 0 1

10 12

I

I

−
− −
− −

 = 10I – 20I – (13I – 24I) = I

	 \	 VB	 =	
123

BN I
D

=

		  Current Ix	 =	 GxVB = 100
1 1

123 123

I× = ×  = 0.813A

Tutorial  Problems

	 1.	 Using nodal analysis, 
find the voltages at 
nodes A, B and C w.r.t. 
the reference node 
shown by the ground 
symbol in Fig. 3.39.	
[VA = –30V ; VB = 

–20V ; VC = –2V]

Fig. 3.38

Fig. 3.39
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	 2.	 Using nodal analysis, find the current through 0.05 S conductance in Fig. 3.40.	 [0.264 A]	

		  Fig. 3.40	 Fig. 3.41

	 3.	 Using nodal analysis, find the current flowing in the battery in Fig. 3.41.	 [1.21 A]

		  Fig. 3.42	 Fig. 3.43
	 4.	 In Fig. 3.42, find the node voltages.	 [VA = –6.47 V; VB = – 11.8V]
	 5.	 In Fig. 3.42, find current through 0.05 S conductance. Use nodal analysis.	 [264 mA]
	 6.	 In Fig. 3.43, find the node voltages.	 [VA = 4.02 V; VB = 3.37 V ; VC = 3.72 V] 
	 7.	 By using nodal analysis, find current in 0.3 S in Fig. 3.43.	 [196 mA]
	 8.	 Using nodal analysis, find current in 0.4 S conductance in Fig. 3.43.	 [141 mA]

Fig. 3.44
	 9.	 Find node voltages in Fig. 3.44.			   [VA = 0.806 V; VB =  –2.18 V; VC = –5 V]
	 10.	 Using nodal analysis, find current through the battery in Fig. 3.44.	 [1. 21A]

3.9.   Superposition  Theorem
	 Superposition is a general principle that allows us to determine the effect of several energy 
sources (voltage and current sources) acting simultaneously in a circuit by considering the effect of 
each source acting alone, and then combining (superposing) these effects. This theorem as applied 
to d.c. circuits may be stated as under :
In a linear, bilateral d.c. network containing more than one energy source, the resultant potential 
difference across or current through any element is equal to the algebraic sum of potential differences 
or currents for that element produced by each source acting alone with all other independent ideal 
voltage sources replaced by short circuits and all other independent ideal current sources replaced 
by open circuits (non-ideal sources are replaced by their internal resistances).
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	 Procedure. The procedure for using this theorem to solve d.c. networks is as under :
	 (i)	 Select one source in the circuit and replace all other ideal voltage sources by short circuits 

and ideal current sources by open circuits.
	 (ii)	 Determine the voltage across or current through the desired element/branch due to single 

source selected in step (i).
	 (iii)	 Repeat the above two steps for each of the remaining sources.
	 (iv)	 Algebraically add all the voltages across or currents through the element/branch under 

consideration. The sum is the actual voltage across or current through that element/branch 
when all the sources are acting simultaneously.

	 Note. This theorem is called superposition because we superpose or algebraically add the components 
(currents or voltages) due to each independent source acting alone to obtain the total current in or voltage across 
a circuit element.
	 Example 3.21. Using superposition theorem, 
find the current through the 40 Ω resistor in the 
circuit shown in Fig. 3.45 (i). All resistances are in 
ohms.
	 Solution. In Fig. 3.45 (ii), 10V battery is 
replaced by a short so that 50V battery is acting 
alone. It can be seen that right-hand 5 Ω resistance is 
in parallel with 40 Ω resistance and their combined 
resistance = 5 Ω || 40 Ω = 4.44 Ω as shown in Fig. 3.45 (iii). The 4.44 Ω resistance is in series with 
left-hand 5 Ω resistance giving total resistance of (5 + 4.44) = 9.44 Ω to this path. As can be seen 
from Fig. 3.45 (iii), there are two parallel branches of resistances 20 Ω and 9.44 Ω across the 50 V 
battery. Therefore, current through 9.44 Ω branch is I = 50/9.44 = 5.296 A. Thus in Fig. 3.45 (ii), 
the current I (= 5.296 A) at point A divides between 5 Ω resistance and 40 Ω resistance. By current-
divider rule, current I1 in 40 Ω resistance is
		  I1	 =	

5

5 40
I ×

+
 = 

5
5.296

45
×  = 0.589 A  downward

Fig. 3.45
	 In Fig. 3.45 (iv), the  50 V battery is replaced by a short so that 10 V battery is acting alone. 
Again, there are two parallel branches of resistances 20 Ω and 9.44 Ω across the 10V battery [See 
Fig. 3.45 (v)]. Therefore, current through 9.44 Ω branch is I = 10/9.44 = 1.059 A.

Fig. 3.45

10 V50 V

5 5

20

40

( )i
Fig. 3.45
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	 Thus in Fig. 3.45 (iv), the current I (= 1.059 A) at point B divides between 5 Ω resistance and 
40 Ω resistance. By current-divider rule, current in 40 Ω resistance is

		  I2	 =	
5

1.059
5 40

×
+

 = 0.118 A  downward

	 \   By superposition theorem, the total current in 40 Ω
			   =	 I1 + I2 = 0.589 + 0.118 = 0.707 A  downward
	 Example 3.22. In the circuit shown in Fig. 3.46 (i), the internal  resistances of the batteries are 
0·12 Ω and 0·08 Ω. Calculate (i) current in load (ii) current supplied by each battery.
	 Solution. In Fig. 3.46 (ii), the right-hand 12 V source is replaced by its internal resistance so 
that left-hand battery of 12 V is acting alone. The various branch currents due to left-hand battery of 
12 V alone [See Fig. 3.46 (ii)] are :

		  Total circuit resistance	 =	
0.08 0.5

0.12
0.08 0.5

×+
+

 = 0·189 Ω

		  Total circuit current, I1′	 =	 12/0·189 = 63·5 A

		  Current in 0·08 Ω, I2′	 =	
0.5

63.5
0.08 0.5

×
+

   = 54·74 A

		  Current in 0·5 Ω,  I3′	 =	
0.08

63.5
0.08 0.5

×
+

  = 8·76 A

Fig. 3.46

	 In Fig. 3.46 (iii), left-hand 12 V source is replaced by its internal resistance so that now right-
hand 12 V source is acting alone.
		  Total circuit resistance	 =	

0.12 0.5
0.08

0.12 0.5

×+
+

 

			   =	 0·177 Ω

		 Total circuit current, I2 ′′	 =	 12/0·177 = 67·8 A

		  Current in 0·12  Ω, I1 ′′	 =	 0.5
67.8

0.12 0.5
×

+
 

			   =	 54·6 A

		  Current in 0·5  Ω, I3 ′′	 =	
0.12

67.8
0.12 0.5

×
+

 = 13·12 A

	 The actual current values of  I1 (current in first battery), I2 (current in second battery) and I3 (load 
current) can be found by algebraically adding the component values.
	 	 I1	 =	 I1 ′ − I1′′ = 63·5 − 54·6 = 8·9 A

		  I2	 =	 I2′′ − I2′ = 67·8 − 54·74 = 13·06 A

Fig. 3.46
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		  I3	 =	 I3′ + I3′′ = 8·76 + 13·12 = 21·88 A
	 Example 3.23. By superposition theorem, find  the current in resistance R in Fig. 3.47 (i).
	 Solution. In Fig. 3.47 (ii), battery E2 is replaced by 
a short so that battery E1 is acting alone. It is clear that 
resistances of 1Ω (= R) and 0.04Ω are in parallel across 
points A and C.
	 \		  RAC	 =	 1Ω ||0.04Ω = 

1 0.04

1 0.04

×
+

 = 0.038 Ω

	 This resistance (i.e., RAC) is in series with 0.05 Ω.

	 Total resistance to battery E1 = 0.038 + 0.05 = 0.088Ω

	 \  Current supplied by battery E1 is 

		  I	 =	 1 2.05

0.088 0.088

E =  = 23.2A

	 The current I(= 23.2A) is divided between the parallel resistances of 1Ω (= R) and 0.04Ω.

	 \  Current in 1Ω (= R) resistance is 

		  I1	 =	
0.04

23.2
1 0.04

×
+

 = 0.892 A from C to A

Fig. 3.47

	 In Fig. 3.47 (iii), battery E1 is replaced by a short so that battery E2 is acting alone.
	 Total resistance offered to battery E2

			   =	 (1Ω || 0.05Ω) + 0.04Ω

			   =	
1 0.05

0.04
1 0.05

× +
+

 = 0.088Ω

	 \  Current supplied by battery E2 is

		  I	 = 	
2.15

0.088
 = 24.4A

	 The current I(= 24.4A) is divided between two parallel resistances of 1Ω (= R) and 0.05Ω.

	 \  Current in 1Ω (= R) resistance is

		  I2	 =	
0.05

24.4
1 0.05

×
+

 = 1.16A from C to A

	 \  Current through 1Ω resistance when both batteries are present 

		  =	I1 + I2 = 0.892 + 1.16 = 2.052A

Fig. 3.47
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	 Example 3.24. Using the superposition 
principle, find the voltage across 1k Ω  resistor in  
Fig. 3·48. Assume the sources to be ideal.
	 Solution. (i) The voltage across 1kΩ  resistor 
due to current source acting alone is found by 
replacing 25-V and 15-V sources by short circuit as 
shown in Fig. 3.49 (i).  Since 3 kΩ resistor is shorted 
out, the current in 1 kΩ resistor is, by current divider 
rule,
			   I1 k Ω	 =	

4
10

1 4
 
 + 

 = 8 mA

	 \	 Voltage V1 across 1 kΩ resistor is

			   V1	 =	 (8 mA) (1 kΩ) = +8V −

	 The  + and − symbols indicate the polarity of the voltage due to current source acting alone as 
shown in Fig. 3.49 (i).

Fig. 3.49

	 (ii)	 The voltage across the 1 k Ω resistor due to 25 V  source acting alone is found by replacing 
the 10 mA current source by an open circuit and 15 V source by a short circuit as shown in 
Fig. 3.49 (ii). Since the 25 V source is across the series combination of the 1 kΩ and 4 k Ω 
resistors, the voltage V2 across 1 kΩ resistor can be found by the voltage divider rule.	

		 \	 V2	=	
1

25
4 1

 
 + 

 = –5V+

	 	Note that 3 kΩ resistor has no effect on this computation.

	 (iii)	 The voltage V3 across 1 kΩ resistor due to 15 V source acting alone is found by replacing 
the 25 V source by a short circuit and the 10 mA current source by an open circuit as shown in  
Fig. 3.49 (iii). The short circuit prevents any current from flowing in the 1 k Ω resistor.

		 \	 V3	=	 0
	 (iv)	 Applying superposition principle, the voltage across the 1kΩ resistor due to all the three 

sources acting simultaneously [See Fig. 3.49 (iv)] is

	 		  V1 k Ω	=	 V1  +  V2  + V3

				   =	 + 8 V − +   −5 V+   +   0 V

				   =	 +3 V −

Fig. 3.48



138	 Basic  Electrical  Engineering	

	 Note that V1 and V2 have opposite polarities so that the sum (net) voltage is actually 
			   =	 8 − 5  = 3 V

Fig. 3.49

	 Example 3.25. To what voltage should 
adjustable source E be set in order to produce a 
current of 0.3 A in the 400 Ω resistor shown in Fig. 
3.50 ?
	 Solution. We first find the current I1 in 400 Ω 
resistor due to the 0.6 A current source alone. This 
current can be found by replacing E by a short 
circuit as shown in Fig. 3.51 (i). Applying current 
divider rule to Fig. 3.51 (i),

		  	 I1	 =	
200

0.6
200 400

 
 + 

 = 0.2 A

Fig. 3.51

	 In order that current in the 400 Ω resistor is equal to 0.3 A, the current produced in the resistor 
by the voltage source acting alone must be = 0.3 − 0.2 = 0.1 A.  The current in the 400 Ω resistor due 
to voltage source alone can be calculated by open-circuiting the current source as shown in Fig 3.51 
(ii).  Referring to Fig. 3.51 (ii) and applying Ohm’s law, we have,

		  I	 =	
200 400 600

E E=
+

	 or	 0.1	 =	
600

E
   \ E = 600 × 0.1 = 60 V

Fig. 3.50
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	 Example 3.26. Use superposition theorem to find current I in the circuit shown in Fig. 3.52 (i). 
All resistances are in ohms.

Fig. 3.52

	 Solution. In Fig. 3.52 (ii), the 10V voltage source has been replaced by a short and the 40A 
current source by an open so that now only 120A current source is acting alone. By current-divider 
rule, I1 is given by ;
		  I1	 =	

50
120

50 150
×

+
 = 30 A

	 In Fig. 3.52 (iii), 40A current source is acting alone; 10 V voltage source being replaced by a 
short and 120A current source by an open. By current-divider rule, I2 is given by ;

		  I2	 =	
150

40
50 150

×
+

 = 30A

Fig. 3.52
	 In Fig. 3.52 (iv), 10V voltage source is acting alone. By Ohm’s law, I3 is given by ;

		  I3	 =	
10

50 150+
 = 0.05A

	 Currents I1 and I2, being equal and opposite, cancel out so that :
		  I	 =	 I3 = 0.05 A 
	 Example 3.27. Using superposition theorem, find the current in the branch AC of the network 
ABCD shown in Fig. 3.53 (i).	
	 Solution. Let the current in section AC be I as shown in Fig. 3.53 (i). We shall determine the 
value of this current by superposition theorem.
	 First consider 20A load acting alone	
	 Let I1 and I2 be the currents through AB and AC respectively as shown in Fig. 3.53 (ii). Then the 
current distribution will be as shown. We shall apply Kirchhoff’s voltage law to loops ADCA and 
ABCA.			 
	 Loop ADCA. Applying KVL, we have,

			   –(20 – I1 – I2) × 0.15 + 0.1 I2	 =	 0

	 or		  0.15 I1 + 0.25 I2	 =	 3	 ...(i)
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	 Loop ABCA. Applying KVL, we have,	
			   –0.1 I1 + (20 – I1) × 0.05 + 0.1 I2	 =	 0
	 or		  0.15 I1 – 0.1 I2	 =	 1	 ...(ii)
	 From equations (i) and (ii), we get, I2 = 40/7A.

Fig. 3.53
	 Consider now 50 A load acting alone
	 Let I1′ and I2′ be the currents through AB and AC respectively. Then the current distribution will 
be as shown in Fig. 3.54 (i).
	 Loop ABCA. Applying KVL, we have,
			   –0.15 I1′ + 0.1 I2′	 =	 0
	 or		  0.15 I1′ – 0.1 I2′	 =	 0	 ...(iii)
	 Loop ADCA. Applying KVL, we have,
			   –(50 – I1′ – I2′) × 0.15 + 0.1 I2′	 =	 0
	 or		  0.15 I1′ + 0.25 I2′	 =	 7.5	 ...(iv)
	 From equations (iii) and (iv), we get, I2′ = 150/7A.
	 Consider now 30A load acting alone
	 Let the currents circulate as shown in Fig. 3.54 (ii). It is required to find I2″. 
	 Loop ABCA. Applying KVL, we have,
		  –0.15 I1″ + 0.1 I2″	 =	 0
	 or	 0.15 I1″ – 0.1 I2″	 =	 0	 ...(v)

Fig. 3.54
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	 Loop ADCA. Applying KVL, we have,
			   –(30 – I1″ – I2″) × 0.1 + 0.05 (I1″ + I2″) + 0.1I2″	 =	 0

	 or		  0.15 I1″ + 0.25 I2″	 =	 3	 ...(vi)
	 From equations (v) and (vi), we get, I2″ = 60/7A.
	 According to superposition theorem, the total current in AC is equal to the algebraic sum of the 
component values.
		  I	 =	 I2 + I2′ + I2″  
 			   =	 40/7 + 150/7 + 60/7
			   =	 250/7 = 35.7A
	 Example 3.28. Using superposition theorem, find the current in the each branch of the network 
shown in Fig. 3.55 (i).

Fig. 3.55

	 Solution. Since there are three sources of e.m.f., three circuits [Fig. 3.55 (ii), Fig. 3.56 (i) and 
(ii)] are required for analysis by superposition theorem.
	 In Fig. 3.55 (ii), it is shown that only 20 V source is acting. 

			   Total resistance across source	 =	
20 10

15
20 10

×+
+

 = 21.67Ω	

	 \		  Total circuit current, I′1	 =	 20/21.67 = 0.923 A
			   Current in 20 Ω, I′2	 =	 0.923 × 10/30 = 0.307A
			   Current in 10 Ω, I′3	 =	 0.923 × 20/30 = 0.616 A
	 In Fig. 3.56 (i), only 40V source is acting in the circuit.

			   Total resistance across source	 =	
20 15

10
20 15

×+
+

 = 18.57Ω

			   Total circuit current, I3″	 =	 40/18.57 = 2.15A
			   Current in 20 Ω, I2″ 	=	 2.15 × 15/35 = 0.92 A
			   Current in 15 Ω, I1″	 =	 2.15 × 20/35 = 1.23 A
	 In Fig. 3.56 (ii), only 30 V source is acting in the circuit.
			   Total resistance across source	 =	 20 + 10 × 15/(10 + 15) = 26 Ω
			   Total circuit current, I2′″	 =	 30/26 = 1.153 A
			   Current in 15 Ω, I1′″ 	=	 1.153 × 10/25 = 0.461 A
			   Current in 10 Ω, I3′″	 =	 1.153 × 15/25 = 0.692 A
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	 The actual values of currents I1, I2 and I3 shown in Fig. 3.55 (i) can be found by algebraically 
adding the component values.

	
	 (i)	 (ii)

Fig. 3.56

		  I1 = I1′ – I1″ – I1″′	 =	 0.923 – 1.23 – 0.461 = –0.768 A
		  I2 = – I2′ – I2″ + I2″′	 =	 –0.307 –0.92 + 1.153 = – 0.074 A
		  I3 = I3′ – I3″ + I3″′	 =	 0.616 – 2.15 + 0.692 = – 0.842 A
	 The negative signs with I1, I2 and I3 show that their actual directions are opposite to that assumed 
in Fig. 3.55 (i).
	 Example 3.29. Use superposition theorem to find the voltage V in Fig. 3.57 (i).

Fig. 3.57

	 Solution. In Fig. 3.57 (ii), 12 V battery is replaced by a short and 2.5A current source by an open 
so that 15V battery is acting alone. Therefore, voltage V1 across open terminals A and B is 

		  V1	 =	 Voltage across 10Ω resistor

	 By voltage-divider rule, V1 is given by ;

		  V1	 =	
10

15
40 10

×
+

 = 3V

	 In Fig. 3.57 (iii), 15 V and 12 V batteries are replaced by shorts so that 2.5A current source is 
acting alone. Therefore, voltage V2 across open terminals A and B is 

		  V2	 =	 Voltage across 10 Ω resistor

	 By current-divider rule, current in 10 Ω = 
40

2.5
50

×  = 2A

	 \	 V2	 =	 2 × 10 = 20V
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Fig. 3.57

	 In Fig. 3.57 (iv), 15 V battery is replaced by a short and 2.5 A current source by an open so that 
12V battery is acting alone. Therefore, voltage V3 across open terminals A and B is
		  V3	 =	 –*12V	
	 The minus sign is given because the negative terminal of the battery is connected to point A and 
positive terminal to point B.
	 \  Voltage across open terminals AB when all sources are present is 
		  V	 =	 V1 + V2 + (–V3) = 3 + 20 – 12 = 11V
	 Example 3.30. Using superposition theorem, 
find the current in 23 Ω resistor in the circuit shown 
in Fig. 3.58.
	 Solution. 
	 200 V source acting alone. We first consider 
the  case when 200 V voltage source is acting alone 
as shown in Fig. 3.59. Note that current source 
is replaced by an open. The total resistance RT 
presented to the voltage source is 47 Ω in series 
with the parallel combination of 27 Ω and (23 + 4) 
Ω. Therefore, the value of RT is given by ;

		  RT = 	47 + [27  (23 + 4)] = 
27 27

47
27 27

×+
+

 = 47 + 13.5 = 60.5 Ω

	 ∴	 Current supplied by 200 V source is given by ;

			   IT	 =	
200

60.5T

V
R

=  = 3.31 A

	 At the node A, IT (= 3.31 A) divides between the parallel resistors of 27 Ω and (23 + 4) Ω.

	 ∴  Current through 23 Ω,  I1 = 
27

3.31
27 27

×
+

 = 1.65 A downward

		  Fig. 3.59	 Fig. 3.60

Fig. 3.58

*	 The total circuit resistance at terminals AB = 4 + (40||10) = 12Ω. The circuit behaves as a 12V battery 
having internal resistance of 12Ω with terminals A and B open.
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	 20 A current source acting alone. We now consider the case when the current source is acting 
alone as shown in Fig. 3.60. Note that voltage source is replaced by a short because its internal 
resistance is assumed zero. The equivalent resistance Req to the left of the current source is

		  Req	 =	 4 + (27 || 47) = 
27 47

4
27 47

×+
+

 = 4 + 17.15 = 21.15 Ω

	 At node B, 20 A divides between two parallel resistors Req and 23 Ω.  By current divider rule,

		  Current in 23Ω resistor, I2 	= 
21.15

20 20
23 21.15 23

eq

eq

R
R

× = ×
+ +

 = 9.58 A

	 Note that I2 in 23Ω resistor is downward.

	 \	  Total current in 23 Ω = I1 + I2 = 1.65 + 9.58 = 11.23 A	 	

	 Example 3.31. Fig. 3.61 shows the circuit with two 
independent sources and one dependent source.  Find 
the power delivered to the 3 Ω resistor.
	 Solution. While applying superposition theo-
rem, two points must be noted carefully. First, we 
cannot find the power due to each independent 
source acting alone and add the results to obtain 
total power. It is because the relation for power is 
non-linear (P = I2R or V2/R). Secondly, when the 
circuit also has dependent source, only independent 
sources act one at a time while dependent sources 
remain unchanged. Let us come back to the problem. Suppose v1 is the voltage across 3 Ω resis-
tor when 12 V source is acting alone and v2 is the voltage across 3 Ω resistor when 6 A source is 
acting alone. Therefore, v = v1 + v2. 
	 When 12 V source is acting alone. When 12 V source is acting alone, the circuit becomes as 
shown in Fig. 3.62. Note that 6A source is replaced by an open. Applying KVL to the loop ABCDA 
in Fig. 3.62, we have,
		  12 – v1 – 2i1 – i1 × 1	 =	 0
	 or	 12 – 3i1 – 2i1 – i1	 =	 0  \  i1 = 12/6 = 2 A
	 \	 v1	 =	 3i1 = 3 × 2 = 6V

	
		  Fig. 3.62	 Fig. 3.63

	 When 6A source is acting alone. When 6A source is acting alone, the circuit becomes as shown 
in Fig. 3.63. Note that 12V source is replaced by a short because internal resistance of the source is 
assumed zero. Applying KVL to the loop ABCDA in Fig. 3.63, we have,
		  –3(i2 + 6) – 2i2 – i2 × 1	 =	 0
	 or	 –3i2 – 18 – 2i2 – i2	 =	 0   \ i2 = –18/6 = –3 A

	 \	 v2	 =	 3(i2 + 6) = 3 × 3 = 9 V

Fig. 3.61
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	 \	 v	 =	 v1 + v2 = 6 + 9 = 15 V

	 \	 Power delivered to 3Ω, P	 =	
2 2(15)

3 3

v =  = 75 W

	 Example 3.32. Using superposition principle, find the current through GC conductance in the 
circuit shown in Fig. 3.64.  Given that GA = 0. 3 S  ;  GB = 0.4 S and GC = 0.1 S.

Fig. 3.64

	 Solution. 
	 Current source IA acting alone. We first consider the case when current source IA is acting 
alone as shown in Fig. 3.65. Note that current source IB is replaced by an open.  

	 Total conductance, GT = GA + GC + GB = 0.3 + 0·1 + 0·4 = 0·8S

		  Voltage acrossGC,  V′	 =	 4

0.8
A

T

I
G

=  = 5 V

	 \	 Current through GC,  I′C	 =	 V ′GC = 5 × 0·1 = 0· 5 A

Fig. 3.65

	 Current source IB acting alone. We now consider the case when current source IB acts alone 
as shown in Fig. 3.66. Note that current source IA is replaced by an open.

			   Voltage across GC, V″	 =	 8

0.8
B

T

I
G

=  = 10 V

			   Current through GC, I″C	 =	 V″GC = 10 × 0·1 = 1 A

	 \		  Total current through GC, IC	 =	 I′C + I″C = 0·5 + 1 = 1·5 A

	 Fig. 3.66



146	 Basic  Electrical  Engineering	

	 Note. It is important to note that superposition theorem applies to currents and voltages; it does not mean 
that powers from two sources can be superimposed. It is because power varies as the square of the voltage or 
the current and this relationship is nonlinear.
	 Example 3.33. Using superposition theorem, find the value of output voltage V0 in the circuit 
shown in Fig. 3.67.

Fig. 3.67

	 Solution. The problem will be divided into three parts using one source at a time.

	 6A source acting alone. We first consider the case when 6 A source is acting alone as shown in 
Fig. 3.68. Note that voltage source is replaced by a short and the current source of 4 A is replaced by 
an open. According to current-divider rule, current i1 through 2 Ω resistor is 

		  i1	 =	
1

6
1 2 3

×
+ +

 = 1A  \  V01 = 1× 2 = 2V

		  Fig. 3.68	 Fig. 3.69

	 4A source acting alone. We now consider the case when 4A source is acting alone as shown 
in Fig. 3.69. Note that voltage source is replaced by a short and current source of 6A is replaced by 
an open. At point A, the current 4A finds two parallel paths; one of resistance 3 Ω and the other of 
resistance = 2 + 1 = 3 Ω. Therefore, current i2 through 2 Ω resistor is
		  i2	 =	 4/2 = 2A  \  V02 = 2 × 2 = 4V
	 6 V source acting alone. Finally, we consider the case when 6 V 
source is acting alone as shown in Fig. 3.70. Note that each current 
source is replaced by an open. The circuit current is 1A and voltage drop 
across 2 Ω resistor = 2 × 1 = 2V.
	 It is clear from Fig. 3.70 that :
		  VA – 2V + 6V	 =	 VB  \  VA – VB = V03 = – 4V Fig. 3.70
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	 According to superposition theorem, we have,
		  V0	 =	 V01 + V02 + V03 = 2 + 4 – 4 = 2V  
	 Example 3.34. Using superposition theorem, find voltage across 4Ω resistance in Fig. 3.71 (i).

Fig. 3.71 (i)

	 Solution. In Fig. 3.71 (ii), the 5A current source is replaced by an open so that 10V source is 
acting alone. Referring to Fig. 3.71 (ii), the total circuit resistance RT offered to 10V source is 

		  RT	 =	 2Ω + [4Ω || (2 + 8)Ω] = 
4 10

2
4 10

×+
+

 = 4.857Ω

	 \  Current I supplied by 10 V source is given by ;

		  I	 =	
10V

TR
 = 

10V

4.857Ω
 = 2.059 A

	 At point A in Fig. 3.71 (ii), the current 2.059 A divides into two parallel paths consisting of 4Ω 
resistance and (8 + 2) = 10Ω resistance. 
	 \  By  current-divider rule, current I1 in 4Ω due to 10 V alone is 

		  I1	 =	
10

2.059
4 10

×
+

 = 1.471 A in downward direction

Fig. 3.71

	 In Fig. 3.71 (iii), the 10V battery  is replaced by a short so that 5A current source is acting alone. 
At point B in Fig. 3.71 (iii), current 5A divides into two parallel paths consisting of 2Ω resistance 
and 8Ω + (2Ω||4Ω) = 8 + (2 × 4)/(2 + 4) = 9.333Ω.
	 \  By current-divider rule, current in 8Ω resistance is 

		  I8Ω	 =	
2

5
2 9.333

×
+

 = 0.8824 A

	 At point A in Fig. 3.71 (iii), current 0.8824A divides into two parallel paths consisting of 2Ω 
resistance and 4Ω resistance.
	 \  By current-divider rule, current I2 in 4Ω due to 5A alone is 

		  I2	 =	
2

0.8824
2 4

×
+

 = 0.294 A in downward direction

	 By superposition theorem, total current in 4 Ω
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			   =	 I1 + I2 = 1.471 + 0.294 = 1.765A in downward direction
	 \       Voltage across	 4Ω	 =	 1.765 × 4 = 7.06V
	 Note. We can also find I2 in another way. Current in left-hand side 2Ω resistance will be 2I2 because  
2Ω || 4Ω. By KCL, current in 8Ω resistance is
		  I8Ω	 =	 I2 + 2I2 = 3I2

		  Resistance to I8Ω flow	 =	 8Ω + (4Ω || 2Ω) = 
2 4

8
2 4

×
+

+
 = 9.333 Ω

	 Now 5A divides between two parallel paths of resistances 9.333 Ω and 2 Ω.

	 \	 I8Ω	 =	
2

5
2 9.333

×
+

 = 0.8824 A

	 or	 3I2	 =	 0.8824   \ I2 = 
0.8824

3
 = 0.294 A

	 Tutorial  Problems

	 1.	 	Use the superposition theorem to find the current in R1 (= 60 Ω) in the circuit shown in Fig. 3.72. 		
				    [0.125 A from left to right]

	 2.	 Use the superposition theorem to find the current through R1 (= 1k Ω) in the circuit shown in Fig 3.73. 		
				    [2 mA from right to left]

		  Fig. 3.72	 Fig. 3.73

	 3.	 Use the superposition theorem to find the current through R1 (= 10 Ω) in the circuit shown in  
Fig.  3.74.				    [4.6 A from left to right]

		  Fig. 3.74	 Fig. 3.75

	 4.	 Use superposition principle to find the current through resistance R1 (= 40 kΩ) in the  
circuit shown in Fig.  3.75. 				    [1 mA downward]

	 5.	 Use superposition principle to find the voltage across R1 (= 1 k Ω) in the circuit shown in  Fig.  3.76.  Be 
sure to indicate the polarity of the voltage.	 [− (11 V) + ]
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Fig. 3.76
	 6.	 Using superposition principle, find the  current through 10 Ω resistor in Fig. 3.77.	 [ 0.5 A↓ ]

		  Fig. 3.77	 Fig. 3.78
	 7.	 Using superposition principle, find the voltage across 4 kΩ resistor in Fig. 3.78.	 [28 V+

– ]
	 8.	 Referring to Fig. 3.79, the internal resistance RS of the current source is 100 Ω. The internal resistance RS 

of the voltage source is 10 Ω. Use superposition principle to find the power dissipated in 50 Ω resistor.		
				    [8.26 W]

	 Fig. 3.79
	 9.	 Find v using superposition principle if  

R = 2Ω in Fig. 3.80.	 [8 V]

	 10.	 State whether true or false.

	 (i)	 Superposition theorem is applicable 
to multiple source circuits.

	 (ii)	 Superposition theorem is restricted to 
linear circuits.	 [(i) True (ii) True]

Fig. 3.80



150	 Basic  Electrical  Engineering	

	 11.	 Find i using superposition theorem in Fig. 3.81.	 [ –6 A]

Fig. 3.81

3.10.   Thevenin’s  Theorem
	 Fig. 3.82 (i) shows a network enclosed in a box with two terminals A and B brought out. The 
network in the box may consist of any number of resistors and e.m.f. sources connected in any 
manner. But according to Thevenin, the entire circuit behind terminals A and B can be replaced 
by a single source of e.m.f. VTh (called Thevenin voltage) in series with a single resistance RTh 
(called Thevenin resistance) as shown in Fig. 3.82 (ii). The values of VTh and RTh are determined as 
mentioned in Thevenin’s theorem. Once Thevenin’s equivalent circuit is obtained [See Fig. 3.82 (ii)], 
then current I through any load resistance RL connected across AB is given by ;

	 		  I	 =	 TH

TH L

V
R R+

Fig. 3.82
	 Thevenin’s theorem as applied to d.c. circuits is stated below :
	 Any linear, bilateral network having terminals A and B can be replaced by a single source of 
e.m.f. VTh in series with a single resistance RTh.
	 (i)	 The e.m.f. VTh is the voltage obtained across terminals A and B with load, if any removed 
i.e. it is open-circuited voltage between terminals A and B.
	 (ii)	 The resistance RTh is the resistance of the network measured between terminals A and B 
with load removed and sources of e.m.f. replaced by their internal resistances. Ideal voltage sources 
are replaced with short circuits and ideal current sources are replaced with open circuits.
	 Note how truly remarkable the implications of this theorem are.  No matter how complex the 
circuit and no matter how many voltage and / or current sources it contains, it is equivalent to a 
single voltage source in series with a single resistance (i.e. equivalent to a single real voltage 
source). Although Thevenin equivalent circuit is not the same as its original circuit, it acts the 
same in terms of output voltage and current.
	 Explanation. Consider the circuit shown in Fig. 3.83 (i). As far as the circuit behind terminals 
AB is concerned, it can be replaced by a single source of e.m.f. VTh in series with a single resistance 
RTh as shown in Fig. 3.84 (ii).
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Fig. 3.83

	 (i)	 Finding VTh. The e.m.f. VTh is the voltage across terminals AB with load (i.e. RL) removed 
as shown in Fig. 3.83 (ii).  With RL disconnected, there is no current in R2 and VTh is the voltage 
appearing across R3.
	 ∴	 VTh	 =	 Voltage across R3 = 3

1 3

V R
R R

×
+

	

Fig. 3.84

	 (ii)	 Finding RTh. To find RTh, remove the load RL and replace the battery by a short-circuit 
because its internal resistance is assumed zero. Then resistance between terminals A and B is 
equal to RTh as shown in Fig. 3.84 (i). Obviously, at the terminals AB in Fig. 3.84 (i), R1 and R3 
are in parallel and this parallel combination is in series with R2.

	 \	 RTh	 =	 1 3
2

1 3

R RR
R R

+
+

	 When load RL is connected between terminals A and B [See Fig. 3.84 (ii)], then current in RL is 
given by ;
		  I	 =	 Th

Th L

V
R R+

3.11.   Procedure  for  Finding  Thevenin  Equivalent  Circuit
	 (i)	 Open the two terminals (i.e., remove any load) between which you want to find Thevenin 

equivalent circuit. 
	 (ii)	 Find the open-circuit voltage between the two open terminals. It is called Thevenin voltage VTh.
	 (iii)	 Determine the resistance between the two open terminals with all ideal voltage sources 

shorted and all ideal current sources opened (a non-ideal source is replaced by its internal 
resistance). It is called Thevenin resistance RTh.

	 (iv)	 Connect VTh and RTh in series to produce Thevenin equivalent circuit between the two 
terminals under consideration.

	 (v)	 Place the load resistor removed in step (i) across the terminals of the Thevenin equivalent 
circuit. The load current can now be calculated using only Ohm’s law and it has the same 
value as the load current in the original circuit.

	 Note. Thevenin’s theorem is sometimes called Helmholtz’s theorem.
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	 Example 3.35. Using Thevenin’s theorem, find the current in 6 Ω resistor in Fig. 3·85 (i).

Fig. 3.85

	 Solution. Since internal resistances of batteries are not given, it will be assumed that they are 
zero.  We shall find Thevenin’s equivalent circuit at terminals AB in Fig. 3.85 (i).
	 VTh = Voltage across terminals AB with load (i.e. 6 Ω resistor) removed as shown in Fig. 3·85 (ii).
			   =	 *4·5 − 0.167 × 4 = 3·83 V
	 RTh = Resistance at terminals AB with load (i.e. 6 Ω resistor) removed and battery replaced by a 
short as shown in Fig. 3·86 (i). 
			   =	

4 5

4 5

×
+

 = 2.22 Ω

Fig. 3.86

	 Thevenin’s equivalent circuit at terminals AB is VTh (= 3·83 V) in series with RTh (= 2·22 Ω).  
When load (i.e. 6 Ω resistor) is connected between terminals A and B, the circuit becomes as shown 
in Fig. 3·86 (ii).
	 \	 Current in 6 Ω resistor	 =	

6
Th

Th

V
R +

 = 
3.83

2.22 6+
 = 0.466A

	 Example 3.36. Using Thevenin’s theorem, find p.d. across terminals AB in Fig. 3·87 (i).

Fig. 3.87

 *	 Net e.m.f. in the circuit shown in Fig. 3·85 (ii) is 4·5 − 3 = 1·5 V and total circuit resistance is 9 Ω.
	 \	 Circuit current	 =	 1·5/9 = 0·167 A
	 The voltage across AB is equal to 4·5 V less drop in 4 Ω resistor.
	 \	 VTh	 =	 4·5 − 0·167 × 4 = 3·83 V
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	 Solution. We shall find Thevenin’s equivalent circuit at terminals AB in Fig. 3.87 (i).
	 VTh	 =	Voltage across terminals AB with load (i.e. 10 Ω resistor) removed as shown in Fig. 3.87 (ii).
		  =	Voltage across terminals CD
		  =	9 – drop in 5 Ω resistor

		  =	9* – 5 × 0·27 = 7·65 V

	 RTh = Resistance at terminals AB with load (i.e. 10 Ω resistor) removed and batteries replaced 
by a short as shown in Fig. 3.88 (i).

			   =	
5 6

4
5 6

×+
+

 = 6.72Ω

	 Thevenin’s equivalent circuit to the left of terminals AB is VTh (= 7·65 V) in series with  
RTh (= 6·72 Ω).  When load (i.e. 10 Ω resistor) is connected between terminals A and B, the circuit 
becomes as shown in Fig. 3.88 (ii).

Fig. 3.88

	 \	 Current in 10 Ω resistor	 =	
7.65

10 6.72 10
Th

Th

V
R

=
+ +

 = 0.457 A

		  P.D. across 10 Ω resistor 	=	 0·457 × 10 = 4·57 V
	 Example 3.37. Using Thevenin’s theorem, find the current through resistance R connected 
between points a and b in Fig. 3.89 (i).                

Fig. 3.89

	 Solution. (i) Finding VTh. Thevenin voltage VTh is the voltage across terminals ab with 

*	 The net e.m.f. in the loop of circuit shown in Fig. 3·87 (ii) is 9 – 6 = 3V and total resistance is 5 + 6 = 11 Ω.
	 \	 Circuit current	 =	 3/11 = 0·27 A
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resistance R (= 10Ω) removed as shown in Fig. 3.89 (ii). It can be found by Maxwell’s mesh current  
method.

Fig. 3.89

	 Mesh 1.	 45 – 120 – 15I1 – 5(I1 – I2) – 10(I1 – I2) = 0

	 or		  30I1 – 15I2	 =	 –75	 ...(i)
	 Mesh 2.	 – 10(I2 – I1) – 5(I2 – I1) – 5I2 + 20 = 0

	 or	 – 15I1 + 20I2 	=	 20	 ...(ii)
	 From eqs. (i) and (ii),   I1 = – 3.2A  ;  I2 = – 1.4 A

	 Now,	 Va – 45 – 10(I2 – I1)	 =	 Vb

	 or	 Va – Vb	 =	 45 + 10 (I2 – I1) = 45 + 10 [–1.4 – (–3.2)] = 63V

	 \	 VTh	 =	 Vab = Va – Vb = 63V

	 (ii)	 Finding RTh. Thevenin resistance RTh is the resistance at terminals ab with resistance  
R (= 10Ω) removed and batteries replaced by a short as shown in Fig. 3.89 (iii). Using laws of series 
and parallel resistances, the circuit is reduced to the one shown in Fig. 3.89 (iv).
		 \   RTh = Resistance at terminals ab in Fig 3.89 (iv).

		      = 10Ω || [5Ω + (15Ω || 5Ω)] = 10Ω || (5Ω + 3.75Ω) = 
14

3
Ω

Fig. 3.89

	 \	 Current in R (= 10Ω) = Th

Th

V
R R+

 = 
63

(14 3) 10+
 = 4.295A

	 Example 3.38. A Wheatstone bridge ABCD has the following details : AB = 10 Ω, BC = 30 Ω, 
CD = 15 Ω and DA = 20 Ω. A battery of e.m.f. 2 V and negligible resistance is connected between 
A and C with A positive. A galvanometer of 40 Ω resistance is connected between B and D. Using 
Thevenin’s theorem, determine the magnitude and direction of current in the galvanometer.
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Fig. 3.90

	 Solution.  We shall find Thevenin’s equivalent circuit at terminals BD in Fig. 3.90 (i).
	 (i)	  Finding VTh. To find VTh at terminals BD, remove the load (i.e. 40 Ω galvanometer) as 
shown in Fig. 3.90 (ii).  The voltage between terminals B and D is equal to VTh.

	  	    Current in branch ABC	 =	
2

10 30+
 = 0.05 A

		  P.D. between A and B, VAB	 =	 10 × 0.05 = 0.5 V

	  	    Current in branch ADC	 =	
2

20 15+
 = 0.0571A

		  P.D. between A and D, VAD	 =	 0.0571 × 20 = 1.142 V
\		  P.D. between B and D, VTh	 =	 VAD − VAB = 1.142 − 0.5 = 0.642 V 
	 Obviously, point B* is positive w.r.t. point D i.e. current in the galvanometer, when connected 
between B and D, will flow from B to D.
	 (ii)	 Finding RTh. In order to find RTh, remove the load (i.e. 40 Ω galvanometer) and replace 
the battery by a short (as its internal resistance is assumed zero) as shown in Fig. 3.91 (i).  Then 
resistance measured between terminals B and D is equal to RTh.

Fig. 3.91

*	 The potential at point D is 1·142 V lower than at A. Also potential of point B is 0·5 V lower than A. Hence 

point B is at higher potential than point D.



156	 Basic  Electrical  Engineering	

	 	 RTh	 =	 Resistance at terminals BD in Fig. 3.91 (i).

			   =	
10 30 20 15

10 30 20 15

× ×+
+ +

 = 7.5 + 8.57 = 16.07Ω

	 Thevenin’s equivalent circuit at terminals BD is VTh (= 0.642 V) in series with RTh (= 16·07 Ω).  
When galvanometer is connected between B and D, the circuit becomes as shown in Fig. 3.91 (ii).

	 ∴	 Galvanometer current	 =	
0.642

40 16.07 40
Th

Th

V
R

=
+ +

			   =	 11.5 × 10−3 A = 11.5 mA from B to D
	 Example 3·39. Find the Thevenin equivalent circuit lying to the right of terminals x − y in   
Fig. 3.92.
	 Solution.  In this example, there is no external circuitry connected to x − y terminals.

Fig. 3.92

	 (i)	 Finding RTh. To find Thevenin equivalent resistance RTh, we open-circuit the current 
source as shown in Fig. 3.93 (i). Note that 4 kΩ, 6 kΩ and 10 kΩ resistors are then in series 
and have a total resistance of 20 kΩ. Thus RTh is the parallel combination of that 20 kΩ 
resistance and the other 20 kΩ resistor as shown in Fig. 3·93 (ii).

	 Fig. 3.93

	 \	 	 RTh	=	 20 kΩ || 20 kΩ = 20 20
10k

20 20

× = Ω
+

	 (ii)	 Finding VTh. Fig. 3.94 (i) shows the computation of Thevenin equivalent voltage VTh.  Note 
that VTh is the voltage drop across the 20 kΩ resistor.  The current from the 5 mA source 
divides between 6 kΩ resistor and the series string of  10 kΩ + 20 kΩ + 4 kΩ = 34 kΩ.  
Thus, by the current divider-rule, the current in 20 kΩ resistor is

			   I20 kΩ	=	
6

5
34 6

  × + 
 = 0.75 mA
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Fig. 3.94

	 Voltage across 20 kΩ resistor is given by ;
	 	 VTh 	=	 (0.75 mA) (20 kΩ) = 15 V
	 Notice that terminal y is positive with respect to terminal x. Fig. 3.94 (ii) shows the Thevenin 
equivalent circuit. The polarity of VTh is such that terminal y is positive with respect to terminal x, 
as required.
	 Example 3.40. Calculate the power which would be dissipated in a 50 Ω resistor connected 
across xy in the network shown in Fig. 3.95.

Fig. 3.95

	 Solution. We shall find Thevenin equivalent circuit to the left of terminals xy.  With xy terminals 
open, the current in 10 Ω resistor is given by ;

		  *I	 =	
100

20 10 20+ +
 = 2A

	 \	  Open circuit voltage across xy is given by ;
		  VTh	 =	 I × 10 = 2 × 10 = 20V

	 Fig. 3.96
	 In order to find RTh replace the battery by a short since its internal resistance is assumed to be 
zero [See Fig. 3.96].
		  RTh	 =	 Resistance looking into the terminals xy in Fig. 3.96.
			   =	 20 + [(20 + 20) || 10] + 20
*	 It is clear that (20 + 10 + 20) Ω is in parallel with 40 Ω resistor across 100 V source.



158	 Basic  Electrical  Engineering	

			   =	
*40 10

20 20
40 10

×+ +
+

 = 20 + 8 + 20 = 48 Ω

	 Therefore, Thevenin’s equivalent circuit behind 
terminals xy is VTh ( = 20V) in series with RTh (= 48 Ω).  
When load RL (= 50 Ω) is connected across xy, the circuit 
becomes as shown in Fig. 3.97.
	 \ 	  Current I in 50 Ω resistor is

			   I	 =	 20 20
A

48 50 98
Th

Th L

V
R R

= =
+ +

	 \  Power dissipated in 50 Ω resistor is

	 		  P	 =	 I2RL = 
2

20

98
 
  

× 50 = 2·08 W 

	 Example 3.41. Calculate the current in the 50 Ω resistor in the network shown in Fig. 3.98.

Fig. 3.98

	 Solution. We shall simplify the circuit shown in Fig. 3.98 by the repeated use of Thevenin’s 
theorem. We first find Thevenin’s equivalent circuit to the left of **xx.

Fig. 3.97

*	 Note that 40 Ω resistor is shorted and may be considered as removed in the circuit shown in Fig. 3.96.
**			 

		  VTh	 =	 Current in 100 Ω × 100 Ω = 
80

100
100 100

×
+

 = 40V

		  RTh	 =	 Resistance looking into the open terminals in Fig. (b)

			   =	 100 || 100 = 
100 100

100 100

×
+

 = 50Ω
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Fig. 3.99

		  VTh	 =	
80

100
100 100

×
+

 = 40V

		  RTh	 =	 100 || 100 = 
100 100

100 100

×
+

 = 50W	

	 Therefore, we can replace the circuit to the left of xx in  Fig. 3.98 by its Thevenin’s equivalent 
circuit viz. VTh (= 40V) in series with RTh (= 50 Ω). The original circuit of Fig. 3.98 then reduces to 
the one shown in Fig. 3.99.

	 We shall now find Thevenin’s equivalent circuit to the left of yy in Fig. 3.99.

		  V′Th	 =	
40

50 30 80+ +
 × 80 = 20 V

		  R′Th	 =	 (50 + 30) || 80 = 
80 80

80 80

×
+

 = 40 Ω

	 We can again replace the circuit to the left of yy in Fig. 3.99 by its Thevenin’s equivalent circuit. 
Therefore, the original circuit reduces to that shown in Fig. 3.100.

Fig. 3.100

	 Using the same procedure to the left of zz, we have, 

		  V″Th	 =	
20

60
40 20 60

×
+ +

 = 10 V

		  R″Th	 =	 (40 + 20) || 60 = 
60 60

60 60

×
+

 = 30Ω	

	 The original circuit then reduces to that shown in Fig. 3.101.
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Fig. 3.101
	 By Ohm’s law, current I in 50 Ω resistor is

			   I	 =	
10

30 20 50+ +
 = 0.1 A

	 Example 3.42. Calculate the current in the 10 Ω resistor in the network shown in Fig. 3·102.

Fig. 3.102

	 Solution. We can replace circuits  to the left of xx and right of yy by the Thevenin’s equivalent 
circuits. It is easy to see that to the left of xx, the Thevenin’s equivalent circuit is a voltage source of 
3V (= VTh)  in series with a resistor of *1·2 Ω (= RTh). Similarly, to the right of yy, the Thevenin’s 
equivalent circuit is a voltage source of 2V ( = VTh) in series with a resistor of  **1·6 Ω (= RTh).  The 
original circuit then reduces to that shown in Fig. 3.103.

Fig. 3.103 
	 \	 Current through 10 Ω resistor is given by ;

		  	 I	 =	 Net voltage 3 2

Total resistance 1.2 10 1.6 5

−=
+ + +

 = 56·2 ×10–3 A = 56·2 mA

*		 RTh	 =	 2 || 3 = 
2 3

2 3

×

+
 = 1.2Ω

**	 	RTh	 =	 2 || 8 = 
2 8

2 8

×

+
 = 1.6Ω
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	 Example 3.43. Calculate the values of VTh and RTh between terminals A and B in Fig. 3.104 (i). 
All resistances are in ohms.

Fig. 3.104

	 Solution. (i) Finding VTh. Between points E and F [See Fig. 3.104 (i)], 12Ω || (4 + 8)Ω.
	 \                                      REF	 =	 12Ω || (4 + 8)Ω = 12Ω || 12Ω = 6Ω
	 By voltage-divider rule, we have,
		  VDE	 =	

6
48

6 6
×

+
 = 24V  ;  VEF = 

6
48

6 6
×

+
 = 24V

	 Now VEF (= 24V) is divided between 4Ω and 8Ω resistances in series.

	 \	 VEG	 =	
4

24
4 8

×
+

 = 8V

	 In going from A to B via D, E and G, there is fall in potential from D to E, fall in potential from 
E to G and rise in potential from B to A. Therefore, by KVL,
		  VBA – VDE – VEG	 =	 0  or  VBA = VDE + VEG = 24 + 8 = 32V
	 \	 VTh	 =	 VBA = 32V ; A positive  w.r.t B.
	 (ii) Finding RTh. RTh is the resistance between open terminals AB with voltage source replaced 
by a short as shown in Fig. 3.104 (ii). Shorting voltage source brings points A, D and F together. 
Now combined resistance of parallel combination of 6Ω and 12Ω = 6Ω || 12Ω = 4Ω and the circuit 
reduces to the one shown in Fig. 3.104 (iii).

Fig. 3.104

	 \	 RTh	 =	 RAB in Fig. 3.104 (iii) = 8Ω || (4 + 4)Ω = 4Ω
	 Example 3.44. The circuit shown in Fig. 3.105 
consists of a current source I = 10 A paralleled by G 
= 0·1S and a voltage source E = 200 V with a 10 Ω 
series resistance. Find Thevenin equivalent circuit 
to the left of terminals AB.
	 Solution. With terminals A and B open-
circuited, the current source will send a current 
through conductance G as shown in Fig. 3.106. Fig. 3.105
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	 \	 Voltage across G, VG	 =	
10

0.1

I
G

=  = 100 V 			

		  Thevenin voltage, VTh	 =	 Open-circuited voltage at terminals AB in Fig. 3.106.

			   =	 E + VG = 200 + 100 = 300 V

		  Fig. 3.106	 Fig. 3.107

	 In order to find Thevenin resistance RTh, replace the voltage source 
by a short and current source by an open. The circuit then becomes as 
shown in Fig. 3.107.
			   RTh	 =	 Resistance looking into terminals AB 

in Fig. 3.107.

				    =	
1R
G

+  = 
1

10
0.1

+  = 10 + 10 = 20Ω 

	 Therefore, Thevenin equivalent circuit consists of 300V voltage source in series with a 
resistance of 20 Ω as shown in Fig. 3.108. 

	 Example 3.45. Using Thevenin’s theorem, find the voltage across 3Ω resistor in Fig. 3.109 (i).

Fig. 3.109

	 Solution. (i) Finding VTh. Thevenin voltage VTh is the voltage at the open-circuited load 
terminals AB (i.e., when 3Ω is removed) as shown in Fig. 3.109 (ii). It can be found by superposition 
theorem. First, open circuit both 15A current sources so that 20V voltage source is acting alone as 
shown in Fig. 3.109 (iii). It is clear that :

		  VAB1	 =	 *20V

	 Next, open one 15A current source and replace 20V source by a short so that the second 15A 
source is acting alone as shown in Fig. 3.109 (iv). By current-divider rule, the currents in the various 
branches will be as shown in Fig. 3.109 (iv).

*	 The circuit behaves as a 20V source having internal resistance of (1 + 2)Ω || 6Ω with terminals AB open.

Fig. 3.108
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Fig. 3.109

	 Referring to Fig. 3.109 (iv), we have,

		  VA – I1 × 2 + I2 × 1	 =	 VB

	 \	 VA – VB	 =	 I1 × 2 – I2 × 1 = 
35 10

2 1
3 3

× − ×  = 20 V

	 \	 VAB2	 =	 VA – VB = 20V
	 Finally, open the second 15A source and replace the 20V source by a short as shown in  
Fig. 3.109 (v). By current-divider rule, the currents in the various branches will be as shown in  
Fig. 3.109 (v).
	 Now,	 VA – I3 × 2 + I4 × 1	 =	 VB

	 \    	 VA – VB	 =	 I3 × 2 – I4 × 1 = 
5 40

2 1
3 3

× − ×  = – 10V

	 \	 VAB3	 =	 VA – VB = – 10V
	 By superposition theorem, the open-circuited voltage at terminals AB (i.e., VTh) with all sources 
present is 
		  VTh	 =	 VAB1 + VAB2 + VAB3 = 20 + 20 – 10 = 30V

Fig. 3.109

	 (ii)	 Finding RTh. Thevenin resistance RTH is the resistance at terminals AB when 3Ω is 
removed and current sources replaced by open and voltage source replaced by short as 
shown in Fig. 3.109 (vi).

		 \	 RTh	=	 (1Ω + 2Ω) || 6Ω = 2Ω

		 \	 Current in 3Ω, I	=	
3

Th

Th

V
R +

 = 
30

2 3+
 = 6A

		 \	 Voltage across 3Ω	=	 I × 3 = 6 × 3 = 18V
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	 Example 3.46. Using Thevenin’s theorem, determine the current in 1 Ω resistor across AB of the 
network shown in Fig. 3.110 (i). All resistances are in ohms.

Fig. 3.110

	 Solution. The circuit shown in Fig. 3.110 (i) can be redrawn as shown in Fig. 3.110 (ii). If we 
convert the current source into equivalent voltage source, the circuit becomes as shown in Fig. 3.110 
(iii).  In order to find VTh, remove 1 Ω resistor from the terminals AB. Then voltage at terminals AB 
is equal to VTh (See Fig. 3.111 (i)).  Applying KVL to the first loop in Fig. 3.111 (i), we have,
		  3 – (3 + 2) x – 1	 =	 0    \    x = 0·4 A
	 \	 VTh	 =	 VAB = 3 – 3x = 3 – 3 × 0·4 = 1·8 V 
	 In order to find RTh, replace the voltage sources by short  circuits and current sources by open 
circuits in Fig. 3.110 (ii). The circuit then becomes as shown in Fig. 3.111 (ii). Then resistance at 
terminals AB is equal to RTh.
	 Clearly,	 RTh	 =	 2 || 3 = 

2 3

2 3

×
+

 = 1.2 Ω

	 Thevenin’s equivalent circuit is 1·8 V voltage source in series with 1·2 Ω resistor. When  
1 Ω resistor is connected across the terminals AB of the Thevenin’s equivalent circuit, the circuit 
becomes as shown in Fig. 3.111 (iii).

Fig. 3.111

	 ∴	 Current in 1 Ω	 =	
1.8

1 1.2 1
Th

Th

V
R

=
+ +

 = 0·82 A

	 Example 3.47. At no-load, the terminal voltage of a d.c. generator is 120 V.  When delivering 
its rated current of 40 A, its terminal voltage drops to 112 V.  Represent the generator by its Thevenin 
equivalent.
	 Solution. If R is the internal resistance of the generator, then,

		  E	 =	 V + IR    or    R = 
120 112

40

E V
I
− −=  = 0.2W

	            Therefore, 	VTh	 =	 No-load voltage = 120 V and RTh = R = 0·2 Ω.
	 Hence Thevenin equivalent circuit of the generator is 120 V source in series with 0·2 Ω  resistor.
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	 Example 3.48. Calculate VTh and RTh between the open terminals A and B of the circuit shown 
in Fig. 3.112 (i).  All resistance values are in ohms.

Fig. 3.112
	 Solution. If we replace the 48 V voltage source into equivalent current source, the circuit 
becomes as shown in Fig. 3.112 (ii). The two 12 Ω resistors are in parallel and can be replaced by  
6 Ω resistor. The circuit then reduces to the one shown in Fig. 3.112 (iii). It is clear that 4 A current 
flows through  6 Ω resistor.
	 \	 VTh	 =	 Voltage across terminals AB in Fig. 3.112 (iii)
			   =	 Voltage across 6 Ω resistor = 4 × 6 = 24 V
	 Note that terminal A is negative w.r.t. B. Therefore, VTh = – 24 V.
		  RTh	 =	 Resistance between terminals AB in Fig. 3.112 (i) with 48V 

source replaced by a short and 8 A source replaced by an open
			   =	 12 || 12 = 6 Ω
	 Example 3.49. Find the voltage across RL in Fig. 3.113 when (i) RL = 1 kΩ (ii) RL = 2 kΩ  
(iii)  RL = 9 kΩ.  Use Thevenin’s 
theorem to solve the problem.
	 Solution. It is required to 
find the voltage across RL when 
RL has three different values. We 
shall find Thevenin’s equivalent 
circuit to the left of the terminals 
AB. The solution involves two 
steps.
	 The first step is to find the 
open-circuited voltage VTh at 
terminals AB. For this purpose, we shall use the superposition principle. With the current source 
removed (opened), we find voltage V1 due to the 45 V source acting alone as shown in Fig. 3.114 (i). 
Since V1 is the voltage across the 3 kΩ resistor, we have by voltage-divider rule :

		  V1	 =	
3 k

45
1.5k 3 k

Ω×
Ω + Ω

 = 30V+
–

Fig. 3.114

Fig. 3.113
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	 The voltage V2 due to the current source acting alone is found by shorting 45 V voltage source 
as shown in Fig. 3.114 (ii). By current-divider rule,

		  Current in 3 kΩ resistor	 =	
1.5 k

12
1.5 k 3 k

Ω×
Ω + Ω

 = 4 mA

	 \	 V2	 =	 4 mA × 3 kΩ = 12 V+
–

		 Note that V1  and V2 have opposite polarities.

	 ∴	 Thevenin’s voltage, VTh	 =	 V1 – V2 = 30 – 12 = 18 V–
+

	 The second step is to find Thevenin’s resistance RTh.  For this purpose, we replace the 45 V 
voltage source by a short circuit and the 12 mA current source by an open circuit as shown in  
Fig. 3.115. As can be seen in the figure, RTh is equal to parallel equivalent resistance of 1·5 kΩ and 
3 kΩ resistors.
	 \	 RTh	 =	 1·5 kΩ || 3 kΩ = 1 kΩ

	 Fig. 3.116 shows Thevenin’s equivalent circuit.

		  Voltage across RL,   VL	 =	 18
1 k

L

L

R
R

×
Ω +

	 	 Fig. 3.115	 Fig. 3.116

	 (i)	 When RL = 1 kΩ ;	 VL	 =	
1k

18
1k 1k

Ω×
Ω + Ω

 = 9 V

	 (ii)	 When RL = 2 kΩ ;	 VL	 =	
2k

18
1k 2k

Ω×
Ω + Ω

 = 12 V

	 (iii)	 When RL = 9 kΩ ;	 VL	 =	
9k

18
1k 9k

Ω×
Ω + Ω

 = 16·2 V

	 Example 3.50. Find Thevenin’s equivalent circuit to the left of terminals AB in Fig. 3.117.

Fig. 3.117
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	 Solution. To find VTh, remove RL from terminals AB.  The circuit then becomes as shown in Fig. 
3.118 (i).
	 \	 VTh	 =	 Voltage across terminals AB in Fig. 3.118 (i)

			   =	 Voltage across 3 Ω resistor in Fig. 3.118 (i)

Fig. 3.118
	 Note that voltage at point C is VTh and voltage at point D is VTh – 6.  Therefore, nodal equation 
becomes :
		

6

6 3
Th ThV V− + 	 =	 2    or    VTh = 6 V

	 In order to find RTh, remove RL and replace voltage source by a short and current source by an 
open in Fig. 3.117. The circuit then becomes as shown in Fig. 3.118 (ii).
	 \	 RTh	 =	 Resistance looking into terminals AB in Fig. 3.118 (ii).

			   =	 2 + (3 | | 6) = 
3 6

2
3 6

×+
+

= 4 Ω

	 Therefore, Thevenin equivalent circuit to the left of terminals 
AB is a voltage source of 6 V (= VTh) in series with a resistor of  
4 Ω  (= RTh). When load RL is connected across the output terminals 
of Thevenin equivalent circuit, the circuit becomes as shown in 
Fig. 3.119. We can use Ohm’s law to find current in the load RL.

	 \	 Current in RL, I	 =	
6

4
Th

Th L L

V
R R R

=
+ +

	 Example 3.51. Find Thevenin’s equivalent circuit in Fig. 3.120 when we view from (i) between 
points A and C (ii) between points B and C.

Fig. 3.120

	 Solution. The Thevenin equivalent for any circuit depends on the location of the two points from 
between which circuit is “viewed”. Any given circuit can have more than one Thevenin equivalent, 
depending on how the viewpoints are designated.  For example, if we view the circuit in Fig. 3.120 

Fig. 3.119
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from between points A and C, we obtain a completely different result than if we view it from between 
points A and B or from between points B and C.
	 (i)	 Viewpoint AC. When the circuit is viewed  from between points A and C,
			   VTh	 =	 Voltage between open-circuited points A and C in Fig. 3.121 (i).
				    =	 Voltage across (R2 + R3) in Fig. 3.121 (i)

Fig. 3.121

			   =	 2 3
1 2 3

( )SV R R
R R R

× +
+ +

 = 2 3

1 2 3
S

R R V
R R R

+ 
 + + 

	 In order to find RTh, replace the voltage source by a short. Then resistance looking into the 
open-circuited terminals A and C [See Fig. 3.121 (ii)] is equal to RTh.

	 \	 RTh	 =	 R1 || (R2 + R3) = 1 2 3

1 2 3

( )R R R
R R R

+
+ +

	 The resulting Thevenin equivalent circuit is shown in Fig. 3.121 (iii).
	 (ii)	 Viewpoint BC. When the circuit is viewed from between points B and C,
			   VTh	 =	 Voltage between open-circuited points B and C in Fig.3.122 (i).
				    =	 Voltage across R3

				    =	 3
3

1 2 3 1 2 3

S
S

V RR V
R R R R R R

 × =  + + + + 

Fig. 3.122
	 In order to find RTh, replace the voltage source by a short. Then resistance looking into the 
open-circuited terminals B and C [See Fig. 3.122 (ii)] is equal to RTh.

	 \	 RTh	 =	 (R1 + R2) || R3 = 3 1 2

1 2 3

( )R R R
R R R

+
+ +

	 The resulting Thevenin equivalent circuit is shown in Fig. 3.122 (iii).
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	 Example 3.52. Calculate (i) VTh and (ii) RTh between the open terminals A and B in the circuit 
shown in Fig. 3.123 (i). All resistance values are in ohms.

Fig. 3.123
	 Solution. Since terminals A and B are open, it is clear from the circuit that 10V and 20V voltage 
sources are ineffective in producing current in the circuit. However, current sources will circulate 
currents in their respective loops. Therefore, 2A current circulating in its loop will produce a voltage 
drop across 10 Ω resistance = 2A × 10 Ω = 20 V. Similarly, 3A current will produce a voltage drop 
across 8 Ω resistance = 3A × 8Ω = 24V. Tracing the circuit from A to B via points C and D [See Fig. 
3.123 (i)], we have,
		  VA – 24 – 20 + 20	 =	 VB

	 or	 VA – VB	 =	 24 + 20 – 20 = 24V
	 \	 VTh	 =	 VAB = VA – VB = 24V
	 In order to find RTh, open circuit the current sources and replace the voltage sources by a short 
as shown in Fig. 3.123 (ii). The resistance at the open-circuited terminals AB is RTh.
	 \	 RTh	 =	 Resistance at terminals AB in Fig. 3.123 (ii)
			   =	 8Ω + 10Ω + 2Ω = 20Ω
	 Example 3.53. Find the current in the 25 Ω resistor in Fig. 3.124 (i) when E = 3 V.

Fig. 3.124

	 Solution. Finding VTh. Remove the voltage 
source E and the 25 Ω resistor, leaving the terminals 
x – y open-circuited as shown in Fig. 3.124 (ii). The 
circuit shown in Fig. 3.124 (ii) can be redrawn as 
shown in Fig. 3.125. The voltage between terminals 
xy in Fig. 3.125 is equal to VTh. We can use voltage-
divider rule to find voltage drops across 60 Ω and 
45 Ω resistors.

Fig. 3.125
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		  Voltage across 60 Ω	 =	
60

18
60 30

×
+

 = 12V

		  Voltage across 45 Ω	 =	
45

18
90 45

×
+

 = 6V

	 Applying KVL around the loop shown in Fig. 3.125, we have,
		  12 – Vxy – 6	 =	 0        \    Vxy = 6 V

		  But  Vxy	 =	 VTh.  Therefore,   VTh = 6 V.
	 Finding RTh. In order to find RTh, replace the voltage source by a short.  Then resistance at 
open-circuited terminals xy (See Fig. 3.126) is equal to RTh. Note that in Fig. 3.126, 30 Ω and 60 Ω  
resistors are in parallel and so are 90 Ω and 45 Ω resistors.

Fig. 3.126
	 The circuit shown in Fig. 3.126 can be redrawn as shown in Fig. 3.127 (i). This further reduces 
to the circuit shown in Fig. 3.127 (ii).
	 \	 RTh	 =	 20 + 30 = 50 Ω

Fig. 3.127
	 Therefore, the Thevenin equivalent circuit is a voltage 
source of 6 V in series with 50 Ω resistor. When we reconnect 
E and 25 Ω resistor, the circuit becomes as shown in Fig. 3.128. 
Note that VTh

 and E are in series opposition.

	 \	 Current in 25 Ω, I	 =	
6 3

25 50 25
Th

Th

V E
R

− −=
+ +

			   =	  40 × 10–3 A = 40 mA
	 Example 3.54. Find the current in the feeder AC of the distribution circuit shown in  
Fig. 3.129 (i) by using Thevenin’s theorem. Also determine the currents in other branches.
	 Solution. To determine current in the feeder AC, we shall find Thevenin voltage VTh and 
Thevenin resistance RTh at terminals AC.
	 (i)	 With AC removed, the voltage between A and C will be equal to VTh as shown in Fig. 3.129 

(ii).  Assuming that current I flows in AB, then current distribution in the network will be 
as shown in Fig. 3.129 (ii).

Fig. 3.128
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			   Voltage drop along ADC	 =	 Voltage drop across ABC
	        or		  0·05 (100 – I) + 0·05 (80 – I)	 =	 0.1 I + 0·1 (I – 30)
	 or		  0·3 I	 =	 12  \  I = 12/0·3 = 40 A
	 \		  P.D. between A and C, VTh	 =	 Voltage drop from A to C
				    =	 0·05 (100 – 40) + 0·05 (80 – 40) = 5 V

Fig. 3.129

	 (ii)	 With AC removed, the resistance between terminals A and C is equal to RTh.  Referring 
to Fig. 3.129 (ii), there are two parallel paths viz ADC (= 0·05 + 0·05 = 0·1 Ω) and  
ABC (= 0·1 + 0·1 = 0·2 Ω) between terminals A and C.

		 \	 RTh	=	
0.2 0.1

0.2 0.1

×
+

 = 0·067 Ω

Fig. 3.130

	 The Thevenin equivalent circuit at terminals AC will be VTh (= 5 V) in series with RTh  
(= 0·067  Ω).  When feeder AC (= 0·1 Ω) is connected between A and C, the circuit becomes as 
shown in Fig. 3.130 (i).

	 \	 Current in AC	 =	
5

0.1 0.067 0.1
Th

Th

V
R

=
+ +

 = 30 A
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	 To find currents in other branches, refer to Fig. 3.130 (ii). 
With current in AC calculated (i.e. 30A) and current in  AB 
assumed to be I, the current distribution will be as shown in 
Fig. 3.130 (ii). It is clear that voltage drop along the path ADC 
is equal to the voltage drop along the path ABC i.e.

		 0·05 (70 – I) + 0·05 (50 – I ) = 0·1 I + 0·1 (I – 30)
	 or	 0·3 I	 =	 9
	 \	 I	 =	 9/0·3 = 30 A
	 The current distribution in the various branches will be as 
shown in Fig. 3.131. Note that branch BC of the circuit carries 
no current.
	 Example 3.55. Using Thevenin’s theorem, calculate current in 1000W resistor connected 
between terminals A and B in Fig. 3.132 (i).

Fig. 3.132

	 Solution. (i) Finding VTh. Thevenin voltage VTh is the voltage across open circuited terminals 
AB in Fig. 3.132 (i). Refer to Fig.  3.132 (i).
	 By voltage-divider rule, we have,

		  VBD	 =	
880

5
1000 880

×
+

 = 2.340426V

	    Current in branch CAD is	 I	 =	
5 0.05

100 85

−
+

 = 0.026757A

	 Now, 	VA – 0.05 – 0.026757 × 85	 = VD

	 \	 VAD	 =	 VA – VD = 0.05 + 0.026757 × 85 = 2.324324 V
	 Clearly, point B is at higher potential than point A.
	 \	 VTh	 =	 VBA = 2.340426 – 2.324324 = 0.0161V
	 (ii) Finding RTh. Thevenin resistance RTh is the resistance at open circuited terminals AB with 
5V battery replaced by a short as shown in Fig. 3.132 (ii).

	 \	 RTh	 =	 (100W || 85W) + (1000W || 880W)

			   =	
100 85 1000 880

100 85 1000 880

× ×+
+ +

 = 514W

	 \  Current in 1000W connected between terminals A and B

			   =	
0.0161

1000 514 1000
Th

Th

V
R

=
+ +

 = 10.634 × 10–6 A

			   =	 10.634 µA from B to A

Fig. 3.131
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	 Example 3.56. Calculate the values of VTh and RTh between the open terminals A and B of the 
circuit shown in Fig. 3.133 (i). All resistance values are in ohms.

Fig. 3.133

	 Solution. If we eliminate the ground symbols in the circuit shown in Fig. 3.133 (i), we get the 
circuit shown in Fig. 3.133 (ii). Referring to Fig. 3.133 (ii),
	 Total resistance offered to 24V battery
			   =	 3W + (6W || 6W) = 3W + 3W = 6W
	 Current delivered by 24V battery = 24/6 = 4A

	 The distribution of currents in the various branches of the circuit is shown in Fig. 3.133 (iii).

Fig. 3.133
	 Referring to Fig. 3.133 (iii) and tracing the circuit from point A to point B via points C and D, 
we have,
		  VA – 3 × 4 – 2 × 6 + 4 × 2	 =	 VB    \  VA – VB = 3 × 4 + 2 × 6 – 4 × 2 = 16V
	 \	 VTh	 =	 VAB = VA – VB = 16V
	 In order to find RTh, we replace the 24V source by a short and the circuit becomes as shown in 
Fig. 3.133 (iv). This circuit further reduces to the one shown in Fig. 3.133 (v).
	 \	 RTh	 =	 RAB = [(3W || 6W) + 2W] || 4W = [2W + 2W] || 4W = 2W
	 Example 3.57.	 Using Thevenin theorem, find current in 1 Ω resistor in the circuit shown in  
Fig. 3.134 (i).

Fig. 3.134
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	 Solution. In order to find VTh, remove the load as shown in Fig. 3.134 (ii). Then voltage 
between the open-circuited terminals A and B is equal to VTh.  It is clear from Fig. 3.134 (ii) that 4 A  
(= 3 + 1) flows from D to C.  Applying KVL to the loop ECABFE, we have,
		  4 + 2 × 4 – VAB	 =	 0      \    VAB = VTh = 12 V

		  RTh	 =	 Resistance looking into terminals AB in Fig. 3.134 (iii) = 2 Ω

Fig. 3.134

	 When load (i.e. 1 Ω resistor) is reconnected, circuit becomes as shown in Fig. 3.134 (iv).

	 \	 Current in 1 Ω	 =	
12

2 1+
 = 4 A

3.12.   Thevenin  Equivalent  Circuit
	 (Circuits containing both independent and dependent sources)
	 Sometimes we come across circuits which contain both independent and dependent sources. 
One such example is shown in Fig. 3.135. The procedure for finding Thevenin equivalent circuit (i.e. 
finding vTh and RTh) in such cases is as under :

Fig. 3.135

	 (i)	 The open-circuit voltage voc (= vTh) at terminals ab is determined as usual with sources 
present.

	 (ii)	 We cannot find RTh at terminals ab simply by calculating equivalent resistance because of 
the presence of the dependent source. Instead, we place a short circuit across the terminals 
ab and find the value of short-circuit current isc at terminals ab.

	 (iii)	 Therefore, Thevenin resistance *RTh = voc/isc(= vTh/isc). It is the same procedure as adopted 
for Norton’s theorem.

	 Note. In case the circuit contains dependent sources only, the procedure of finding voc(= vTh) and RTh is as 
under :
	 (a)	 In this case, voc = 0 and isc = 0 because no independent source is present.
	 (b)	 We cannot use the relation RTh = voc/isc as we do in case the circuit contains both independent and 

dependent sources.

*	 Alternatively, we can find RTh in another way. We excite the circuit at terminals ab from external 1A current 
source and measure vab. Then RTh = vab/1W.
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	 (c)	 In order to find RTh, we excite the circuit at terminals ab by connecting 1A source to the terminals a 
and b and calculate the value vab. Then RTh = vab/1Ω.

	 Example 3.58. Find the values of vTh and RTh at 
terminals ab for the circuit shown in Fig. 3.136 (i).
	 Solution. We first put a short circuit across 
terminals a and b and find short-circuit current isc at 
terminals ab as shown in Fig. 3.136 (ii). Applying 
KCL at node C,
		  10	 =	i1 + i2 + isc
	 or	 i2	 =	10 – i1 – isc
	 Applying KVL to loops 1 and 2, we have,
		  – 4i2 + 6i1 – 2i1	 =	 0	 ... Loop 1
	 or	 – 4(10 – i1 – isc) + 4i1	 =	 0	 ...(i)
	 Also	 – 6i1 + 3isc	 =	 0	 ...(ii) ... Loop 2
	 From eqs. (i) and (ii), isc = 5A.

Fig. 3.136

	 In order to find voc (= vTh), we refer to Fig. 3.136 (iii) where we have,
		  voc	 =	 6i1	 ...(iii)
	 Applying KVL to the central loop in Fig. 3.136 (iii),
		  – 4(10 – i1) + 6i1 – 2i1	 =	 0	 ...(iv)
	 From eqs. (iii) and (iv), we have, voc = vTh = 30V

	 Also	 RTh	 =	 oc

sc

v
i

 = 
30

5
 = 6Ω

	 Example 3.59. Find Thevenin equivalent circuit for the network shown in Fig. 3.137 (i) which 
contains only a dependent source.

Fig. 3.137

	 Solution. In order to find RTh, we connect 1A current source to terminals a and b as shown in 
Fig. 3.137 (ii). Then by finding the value of vab, we can determine the value of RTh = vab/1Ω. It may 
be seen that potential at point A is the same as that at a.
	 \	 vab	 =	 Voltage across 12W resistor
	 Applying KCL to point A, we have, 

Fig. 3.136
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2

1
6

abi v−
+ 	 =	

12
abv

	 or	 4i – 3vab	 =	 –12  or  4 3
12
ab

ab
v

v  −    = –2   \ vab = 4.5V

	 \	 RTh	 =	 4.5/1 = 4.5Ω
	 Fig. 3.137 (iii) shows the Thevenin equivalent circuit.
	 Example 3.60. Find Thevenin equivalent circuit at terminals ab for the circuit shown in Fig. 
3.138.

Fig. 3.138

	 Solution. The current ix is zero because there is no return path for ix. The Thevenin voltage vTh 
will be the voltage across 25Ω resistor.

	 With ix = 0,  vTh = v = vab = (–20i) (25) = –500i

	 The current i is, i = 
5 3

2 1000

v−
×

 = 
5 3

2000
Thv−

                   ( v =  vTh)

	 \	 vTh	 =	
5 3

500
2000

Thv− −   
  or  vTh = – 5V

	 In order to find Thevenin resistance RTh, we find the short-circuit current isc at terminals ab. 
Then,
		  RTh	 =	 Th

sc

v
i

Fig. 3.139

	 To find isc, we short circuit the terminals ab as shown in Fig. 3.139 (i). It is clear that all the 
current from the dependent current source will pass through the short circuit ( 25Ω resistor is 
shunted by the short circuit).
	 \	 isc	 =	 – 20i
	 Now, i = 

5

2000
 = 2.5 mA so that isc = – 20 × 2.5 = – 50 mA

	 \	 RTh	 =	 Th

sc

v
i

 = 3

5

50 10−

−
− ×

 = 100 W

	 Fig. 3.139 (ii) shows the Thevenin equivalent circuit at terminals ab.
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Tutorial  Problems
	 1.	 Using Thevenin’s theorem, find the current in 10 Ω resistor in the circuit shown in Fig. 3.140. [0.481 A]

		  Fig. 3.140	 Fig. 3.141
	 2.	 Using Thevenin’s theorem, find current in the ammeter shown in Fig. 3.141.	 [1 A]
	 3.	 Using Thevenin’s theorem, find p.d. across branch AB of the network shown in Fig. 3.142.	 [4.16 V]

		  Fig. 3.142	 Fig. 3.143
	 4.	 Determine Thevenin’s equivalent circuit to the left of AB in Fig. 3.143. 
						      [A 6 V source in series with 3 Ω]
	 5.	 A Wheatstone bridge ABCD is arranged as follows : AB = 100 Ω, BC = 99 Ω, CD = 1000 Ω and   

DA = 1000 Ω.  A battery of e.m.f. 10 V and negligible resistance is connected between A and C with A 
positive. A galvanometer of resistance 100 Ω is connected between B and D. Using Thevenin’s theorem, 
determine the galvanometer current.	 [38.6 µA]

	 6.	 Find the Thevenin equivalent circuit of the circuitry, excluding R1, connected to the terminals x – y in 
Fig. 3.144.				    [10 V in series with 9Ω ; x positive w.r.t. y]

		  Fig. 3.144	 Fig. 3.145
	 7.	 Find the voltage across R1 in Fig. 3.145 by constructing Thevenin equivalent circuit at the R1 terminals. 

Be sure to indicate the polarity of the voltage.	 [– (9.33V)  + ]
	 8.	 By using Thevenin Theorem, find current I in the circuit shown in Fig. 3.146.	 [2·5 A]

		  Fig. 3.146	 Fig. 3.147
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	 9.	 Find Thevenin equivalent circuit in Fig. 3.147.	 [VTh = 130 V;  RTh = 22 Ω]
	 10.	 Find the Thevenin equivalent circuit of the circuitry, excluding R1, connected to terminals x – y in  

Fig. 3.148.				    [VTh = 23·1 V;  RTh = 69 kΩ]

Fig. 3.148

	 11.	 Using Thevenin’s theorem, find the magnitude and direction of current in 2Ω resistor in the circuit shown 
in Fig. 3.149.				    [0.25A from D to B]

		  Fig. 3.149	 Fig. 3.150

	 12.	 Using Thevenin’s theorem, find the current flowing and power dissipated in the 7Ω resistance branch in 
the circuit shown in Fig. 3.150.			   [1.43A; 14.3W]

	 13.	 Find Thevenin’s equivalent circuit at terminals BC of Fig. 3.151. Hence determine current through the 
resistor R = 1Ω.				    [VTh = 76/7 V; RTh = 32/7Ω ; 76/39A]

		  Fig. 3.151	 3.152

	 14.	 Find the Thevenin equivalent circuit of the network shown in Fig. 3.152. All resistances are in ohms.
						      [vTh = 4V; RTh = 8Ω]
	 15.	 Replace the circuit (See Fig. 3.153) to the left of terminals a – b by its Thevenin equivalent and use the 

result to find v.				    [vTh = 12V ; RTh = 8Ω ; v = 4V]

		  Fig. 3.153	 Fig. 3.154

	 16.	 Find the Thevenin equivalent circuit for the network shown in Fig. 3.154. All resistances are in ohms.
						      [vTh = 0V; RTh =  2/5Ω]
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3.13.   Advantages  of  Thevenin’s  Theorem
	  The Thevenin equivalent circuit is always an equivalent voltage source (VTh) in series with an 
equivalent resistance (RTh) regardless of the original circuit that it replaces.  Although the Thevenin 
equivalent is not the same as its original circuit, it acts the same in terms of output voltage and 
current.  It is worthwhile to give the advantages of Thevenin’s theorem.
	 (i)	 It reduces a complex circuit to a simple circuit viz. a single source of e.m.f. VTh in series 

with a single resistance RTh.
	 (ii)	 It greatly simplifies the portion of the circuit of lesser interest and enables us to view the 

action of the output part directly.
	 (iii)	 This theorem is particularly useful to find current in a particular branch of a network as the 

resistance of that branch is varied while all other resistances and sources remain constant.
	 (iv)	 Thevenin’s theorem can be applied in successive steps.  Any two points in a circuit can be 

chosen and all the components to one side of these points can be reduced to Thevenin’s 
equivalent circuit.

3.14.   Norton’s  Theorem
	 Fig. 3.155 (i) shows  a network enclosed in a box with two terminals A and B brought out. 
The network in the box may contain any number of resistors and e.m.f. sources connected in 
any manner. But according to Norton, the entire circuit behind AB can be replaced by a current 
source IN in parallel with a resistance RN as shown in Fig. 3.155 (ii). The resistance RN is the same 
as Thevenin resistance RTh. The value of IN is determined as mentioned in Norton’s theorem. Once 
Norton’s equivalent circuit is determined [See Fig. 3.155 (ii)], then current in any load RL connected 
across AB can be readily obtained.

Fig. 3.155

	 Hence Norton’s theorem as applied to d.c. circuits may be stated as under :
	 Any linear, bilateral network having two terminals A and B can be replaced by a current source 
of current output IN in parallel with a resistance RN.
	 (i)	 The output IN of the current source is equal to the current that would flow through AB 

when A and B are short-circuited.
	 (ii)	 The resistance RN is the resistance of the network measured between A and B with load 

removed and the sources of e.m.f. replaced by their internal resistances.  Ideal voltage 
sources are replaced with short circuits and ideal current sources are replaced with open 
circuits.

	 Norton’s Theorem is converse of Thevenin’s theorem in that Norton equivalent circuit uses a 
current generator instead of voltage generator and the resistance RN (which is the same as RTh) in 
parallel with the generator instead of being in series with it. Thus the use of either of these theorems 
enables us to replace the entire circuit seen at a pair of terminals by an equivalent circuit made up 
of a single source and a single resistor.
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	 Illustration. Fig. 3.156 illustrates the application of Norton’s theorem.  As far as the circuit 
behind terminals AB is concerned [See Fig.  3.156 (i)], it can be replaced by a current source IN in 
parallel with a resistance RN as shown in Fig. 3.156 (iv).  The output IN of the current generator is 
equal to the current that would flow through AB when terminals A and B are short-circuited as shown 
in Fig. 3.156 (ii). The load on the source when terminals AB are short-circuited is given by ;

		  R ′	 =	 2 3 1 2 1 3 2 3
1

2 3 2 3

R R R R R R R RR
R R R R

+ ++ =
+ +

		  Source current, I′	 =	 2 3

1 2 1 3 2 3

( )V R RV
R R R R R R R

+=
′ + +

		  Short-circuit current, IN	 =	 Current in R2 in Fig. 3.156 (ii)

			   =	 3 3

2 3 1 2 1 3 2 3

R VRI
R R R R R R R R

′ × =
+ + +

	 To find RN, remove the load RL and replace battery by a short because its internal resistance is 
assumed zero [See Fig. 3.156 (iii)].

Fig. 3.156

	 \	 RN	 =	 Resistance at terminals AB in Fig. 3.156 (iii).

			   =	 1 3
2

1 3

R RR
R R

+
+

	 Thus the values of IN and RN are known. The Norton equivalent circuit will be as shown in Fig. 
3.156 (iv).

3.15.   Procedure  for  Finding  Norton  Equivalent  Circuit
	 (i)	 Open the two terminals (i.e. remove any load) between which we want to find Norton 

equivalent circuit.
	 (ii)	 Put a short-circuit across the terminals under consideration.  Find the short-circuit current 

flowing in the short circuit.  It is called Norton current IN.
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	 (iii)	 Determine the resistance between the two open terminals with all ideal voltage sources 
shorted and all ideal current sources opened (a non-ideal source is replaced by its internal 
resistance).  It is called Norton’s resistance RN.  It is easy to see that RN = RTh.

	 (iv)	 Connect IN and RN in parallel to produce Norton equivalent circuit between the two 
terminals under consideration.

	 (v)	 Place the load resistor removed in step (i) across the terminals of the Norton equivalent  
circuit.  The load current can now be calculated by using current-divider rule.  This load 
current will be the same as the load current in the original circuit.

	 Example 3.61. Show that when Thevenin’s equivalent circuit of a network is converted into 
Norton’s equivalent circuit, IN = VTh/RTh and RN = RTh. Here VTh and RTh are Thevenin voltage and 
Thevenin resistance respectively.
	 Solution. Fig. 3.157 (i) shows a network enclosed in a box with two terminals A and B brought 
out. Thevenin’s equivalent circuit of this network will be as shown in Fig. 3.157 (ii). To find Norton’s 
equivalent circuit, we are to find IN and RN. Referring to Fig. 3.157 (ii),
		  IN	 =	 Current flowing through short-circuited AB in Fig. 3.157 (ii)	 
			   =	 VTh/RTh

		  RN	 =	 Resistance at terminals AB in Fig. 3.157 (ii)
			   =	 RTh

	 Fig. 3.157 (iii) shows Norton’s equivalent circuit. Hence we arrive at the following two important 
conclusions :
	 (i)	 To convert Thevenin’s equivalent circuit into Norton’s equivalent circuit,
			   IN	=	 VTh/RTh  ;  RN = RTh

Fig. 3.157

	 (ii)	 To convert Norton’s equivalent circuit into Thevenin’s equivalent circuit,
			   VTh	=	 INRN  ;  RTh = RN

	 Example 3.62. Find the Norton equivalent circuit at terminals x − y in Fig. 3.158.
	 Solution.	 We shall first find the Thevenin 
equivalent circuit and then convert it to an equivalent 
current source. This will then be Norton equivalent 
circuit.
	 Finding Thevenin equivalent circuit. To find 
VTh, refer to Fig. 3.159 (i). Since 30 V and 18 V sources 
are in opposition, the circuit current I is given by ;

	 		  I	 =	
30 18 12

20 10 30

− =
+

 = 0.4 A

	 Applying Kirchhoff’s voltage law to loop ABCDA, we have,
		  30 − 20 × 0.4 − VTh	 =	 0   \  VTh = 30 − 8 = 22 V

Fig. 3.158
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Fig. 3.159

	 To find RTh, we short both voltage sources as shown in Fig. 3.159 (ii). Notice that 10 Ω and  
20 Ω resistors are then in parallel.

	 \	 RTh	 =	 10 Ω || 20 Ω = 
10 20

10 20

×
+

 = 6.67 Ω

	 Therefore, Thevenin equivalent circuit will be as shown in Fig. 3.160 (i). Now it is quite easy 
to convert it into equivalent current source.

	 	 IN	 =	
22

6.67
Th

Th

V
R

=  = 3.3A	 [See Fig. 3.160 (ii)]

	 	 RN	 =	 RTh  =  6.67 Ω

Fig. 3.160

	 Fig. 3.160 (iii) shows Norton equivalent circuit. Observe that the Norton equivalent resistance 
has the same value as the Thevenin equivalent resistance. Therefore, RN is found exactly the same 
way as RTh.
	 Example 3.63. Using Norton’s theorem, calculate the current in the 5 Ω resistor in the circuit 
shown in Fig. 3.161.
	 Solution. Short the branch that 
contains 5 Ω resistor in Fig. 3.161. The 
circuit then becomes as shown in Fig. 
3.162 (i). Referring to Fig. 3.162 (i), the 
6 Ω and 4 Ω resistors are in series and 
this series combination is in parallel with 
the short. Therefore, these resistors have 
no effect on Norton current and may be considered as removed from the circuit. As a result, 10 A 
divides between parallel resistors of 8 Ω and 2 Ω.

	 \	 Norton current,   IN	 =	 Current in 2 Ω resistor

			   =	
8

10
8 2

×
+

 = 8 A	 ... Current-divider rule

Fig. 3.161
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Fig. 3.162

	 In order to find Norton resistance RN (= RTh), open circuit the branch containing the 5 Ω resistor 
and replace the current source by an open in Fig. 3.161. The circuit then becomes as shown in Fig. 
3.162 (ii).
		  Norton resistance, RN	 =	 Resistance at terminals AB in Fig. 3.162 (ii).

			   =	 (2 + 8) || (4 + 6) = 10 || 10 = 
10 10

10 10

×
+

 = 5 Ω

	 Therefore, Norton equivalent circuit consists of a current source of 8 A (= IN) in parallel with 
a resistance of 5 Ω (= RN) as shown in Fig. 3.163 (i). When the branch containing 5 Ω resistor is 
connected across the output terminals of Norton’s equivalent circuit, the circuit becomes as shown 
in Fig. 3.163 (ii).

Fig. 3.163

	 By current-divider rule, the current I in 5 Ω resistor is

		  I	 =	
5

8
5 5

×
+

 =  4 A

	 Example 3.64. Find Norton equivalent circuit for Fig. 3.164 (i). Also solve for load current and 
load voltage.

Fig. 3.164

	 Solution. Short the branch that contains RL (= 10 Ω) in Fig. 3.164 (i). The circuit then becomes 
as shown in Fig. 3.164 (ii). The resistor that is in parallel with the battery has no effect on the Norton 
current (IN). The resistor in parallel with the short also has no effect. Therefore, these resistors may 
be considered as removed from the circuit shown in Fig. 3.164 (ii). The circuit then contains two  
10 Ω resistors in series.



184	 Basic  Electrical  Engineering	

	 \	 Norton current,  IN	 =	
12

10 10+
 = 0 ·6 A

Fig. 3.165

	 In order to find Norton resistance RN (= RTh), open circuit the branch containing RL and replace 
the voltage source by a short ( internal resistance of the voltage source is assumed zero) in  
Fig. 3.164 (i). The circuit then becomes as shown in Fig. 3.165 (i).
		  Norton resistance, *RN	 =	 Resistance at terminals AB in Fig. 3.165 (i)

			   =	 (10 + 10) || 10 = 
20 10

20 10

×
+

 = 6·67 Ω

	 Therefore, Norton equivalent circuit consists of a current source of 0·6 A (= IN) in parallel 
with a resistance of 6·67 Ω (=RN). When the branch containing RL (= 10 Ω) is connected across the 
output terminals of Norton equivalent circuit, the circuit becomes as shown in Fig. 3.165 (ii).
	 By current-divider rule, the current I in RL is

		  I	 =	
6.67

0.6
6.67 10

×
+

 = 0·24 A

		  Voltage across RL	 =	 I RL = 0·24 × 10 = 2·4 V
	 Example 3.65. Find the Norton current for the unbalanced Wheatstone bridge shown in   
Fig. 3.166.

Fig. 3.166

	 Solution. The Norton current is found by shorting the load terminals as shown in Fig. 3.167 (i). 
This situation is more complicated than finding the Thevenin voltage.  Here is an easy way to find 
IN in the circuit of Fig. 3.167 (i). First determine the total current and then use Ohm’s law to find 
current in the four resistors. Once the currents in the four resistors are known, Kirchhoff’s current 
law can be used to determine Norton current IN.

*	 The resistor 10 Ω that is in parallel with short is ineffective and may be considered as removed from the 
circuit of Fig. 3.165 (i). Therefore, two 10 Ω resistors are in series and this series combination is in parallel 
with 10 Ω resistor.
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Fig. 3.167

	 Fig. 3.167 (ii) shows the equivalent circuit of Fig. 3.167 (i). The total circuit resistance RT to  
10 V source is
		  RT	 =	

10 30 20 40

10 30 20 40

× ×+
+ +

 = 7·5 + 13·33 = 20·83 Ω

		  Total circuit current,  I	 =	
10

20.83
 = 0·48 A

		 Referring to Fig. 3.167 (ii), we have,
		  VCD	 =	 I × RCD = 0·48 × 7·5 = 3·6 V

		  VDE	 =	 I × RDE = 0·48 × 13·33 = 6·4 V

	 \	 I1	 =	
3.6

10 10
CDV =  = 0·36 A  ;   I2 = 

3.6

30 30
CDV =  = 0·12 A

		  I3	 =	
6.4

20 20
DEV =  = 0·32 A  ;  I4 = 

6.4

40 40
DEV = = 0·16 A

	 Referring to Fig. 3.167 (i), it is now clear that I1(= 0·36 A) is greater than I3(= 0·32 A). Therefore, 
current IN will flow from A to B and its value is
		  IN	 =	 I1 – I3 = 0·36 – 0·32 = 0·04 A

	 Example 3.66. Two batteries, each of e.m.f. 12 
V, are connected in parallel to supply a resistive load 
of 0·5 Ω. The internal resistances of the batteries 
are 0·12 Ω and 0·08 Ω. Calculate the current in the 
load and the current supplied by each battery.
	 Solution. Fig. 3.168 shows the conditions of 
the problem. If a short circuit is placed across the 
load, the circuit becomes as shown in Fig. 3.169 (i). 
The total short circuit current is given by ;

		  IN	 =	
12 12

0.12 0.08
+

			   =	 100 + 150 = 250 A

Fig. 3.168
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Fig. 3.169

	 In order to find Norton resistance RN(= RTh), open circuit the load and replace the batteries by 
their internal resistances.  The circuit then becomes as shown in Fig. 3.169 (ii). Then resistance 
looking into the open-circuited terminals is the Norton resistance.
\		  Norton resistance, RN	 =	 Resistance looking into the open-circuited load terminals  
				    in Fig. 3.169 (ii)

			   =	 0·12 || 0·08 = 
0.12 0.08

0.12 0.08

×
+

= 0·048 Ω

	 Therefore, Norton equivalent circuit consists of a current source of 250 A (= IN) in parallel 
with a resistance of 0·048 Ω (= RN). When load (= 0·5 
Ω) is connected across the output terminals of Norton 
equivalent circuit, the circuit becomes as shown in Fig. 
3.170. By current-divider rule, the current I in load (= 0·5 
Ω) is given by ;
		  I	 =	

0.048
250

0.048 0.5
×

+
 = 21·9 A

		  Battery terminal voltage	 =	 I RL = 21·9 × 0·5

		  	 =	 10·95 V

		  Current in first battery	 =	
12 10.95

0.12

−
 = 8·8 A

		 Current in second battery	 =	
12 10.95

0.08

−
 = 13·1 A

	 Example 3.67. Represent the network 
shown in Fig. 3.171 between the terminals 
A and B by one source of current IN  and 
internal resistance RN.  Hence calculate 
the current that would flow in a 6 Ω 
resistor connected across AB.
	 Solution. Place short circuit 
across AB in Fig. 3.171. Then the 
circuit becomes as shown in Fig. 
3.172 (i). Note that 2 Ω resistor is 
shorted and may be considered as removed 
from the circuit. The total resistance RT presented to the 6 V source is a parallel 
combination of (3 + 1) Ω and 4 Ω in series with 4 Ω. Therefore, the value of RT is given  
by ;
		  RT	 =	 [(3 + 1) || 4] + 4 = 

4 4
4

4 4

× +
+

 = 2 + 4 = 6 Ω

Fig. 3.171

Fig. 3.170
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	 \  Current supplied by 6 V source, I = 6/6 = 1 A
		 At node D, 1 A current divides between two parallel resistors of (3 + 1) Ω and 4 Ω.

	 \	 Norton current,  IN	 =	
4

1
4 4

×
+

= 0·5 A

Fig. 3.172

	 Now Norton resistance RN (= RTh) is the resistance between open-circuited terminals AB with 
voltage source replaced by a short as shown in Fig. 3.172 (ii).  Referring to Fig. 3.172 (ii), (3 + 1) Ω 
resistance is in parallel with 4 Ω, giving equivalent  resistance of 2 Ω.  Now (2 + 4) Ω resistance is 
in parallel with 2 Ω.
	 \	 RN	 =	 (2 + 4) || 2 = 6 || 2 

			   =	
6 2 12

6 2 8

× =
+

 = 1·5 Ω

	 Therefore, Norton equivalent circuit is a current 
source of 0·5 A in parallel with resistance of 1·5 Ω. When 
a 6 Ω resistor is connected across AB, the circuit becomes as 
shown in Fig. 3.173. By current-divider rule, current in 6 Ω,

		  I	 =	
1.5 1.5

0.5 0.5
1.5 6 7.5

× = ×
+

 = 0·1 A

	 Example 3.68. For the circuit shown in Fig. 3.174, calculate the potential difference between 
the points O and N and what current would flow in a 50 Ω resistor connected between these points?

Fig. 3.174

Fig. 3.173
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	 Solution. Place a short circuit across ON in Fig. 3.174. Then total short circuit current in ON is

			   IN	 = 
40 30 20

10 20 40
+ +  = 4 + 1·5 + 0·5 = 6 A

	 In order to find RN (= RTh), replace the voltage sources by short. Then 
RN is equal to the resistance looking into open circuited terminals ON.  It 
is easy to see that the resistors 10 Ω, 20 Ω and 40 Ω are in parallel across 
ON.
	 \	

1

NR
	 =	

1 1 1 7

10 20 40 40
+ + =

	 or	 RN	 =	
40

7
 = 5·71 Ω

	 Therefore, the original circuit reduces to that shown in Fig. 3.175.
	 \	  Open-circuited voltage across ON = IN RN = 6 × 5·71 = 34·26 V
	 When 50 Ω resistor is connected between points O and N,

		 Current in 50 Ω connected between ON = 
5.71

6
5.71 50

×
+

 = 0·62 A

	 Example 3.69. Find Norton equivalent circuit to the left of terminals AB in the circuit shown 
in Fig. 3.176. The current sources are I1 = 10 A and I2 = 15 A. The conductances are G1 = 0·2 S,  
G2 = 0·3 S and G3 is variable.

Fig. 3.176

	 Solution. First, disconnect branch G3 and short circuit the terminals AB as shown in Fig. 3.177 
(i). Since the short circuit has infinite conductance, the total current of 25 A (= I1 + I2) supplied by 
the two sources would pass through the short-circuited terminals i.e.
		  Norton current, IN	 =	 I1 + I2 = 10 + 15 = 25 A

Fig. 3.177

	 Next, remove the short-circuit and replace the current sources by open. The circuit then becomes 
as shown in Fig. 3.177 (ii).
		  Norton conductance, GN	 =	 Conductance at terminals AB in Fig. 3.177 (ii).

Fig. 3.175
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			   =	 G1 + G2 = 0·2 + 0·3 = 0·5 S

	 Therefore, Norton equivalent circuit consists of a 25 A current 
source in parallel with a conductance of 0·5 S. When conductance 
G3 is connected  across terminals AB, the circuit becomes as shown 
in Fig. 3·178. Although Norton equivalent circuit is not the same as 
its original circuit, it acts the same in terms of output voltage and current.

	 Example 3.70. The circuit shown in Fig. 3.179 
consists of a current source I = 10 A paralleled by G = 
0·1 S and a voltage source E = 200 V with 10 Ω series 
resistance. Find Norton equivalent circuit to the left of 
terminals AB.

	 Solution. We are to find Norton current and 
Norton resistance. In order to find Norton current IN, short-circuit the terminals AB as shown in  
Fig. 3.180 (i). Then current that flows in AB is IN. It is easy to see that current which flows in 
conductance G is *IG = 5 A (upward).
	 \	 Norton current,  IN	 =	 I + IG = 10 + 5 = 15 A

Fig. 3.180

	 In order to find Norton resistance, remove the short circuit and replace the voltage source by a 
short and current source by an open.  The circuit then becomes as shown in Fig. 3.180 (ii).
			   RN	 =	 Resistance looking into terminals 

AB in Fig. 3.180 (ii).

				    =	
1 1

10
0.1

R
G

+ = +  = 10 + 10 = 20 Ω

	 \	 Norton conductance, GN	 =	
1 1

20NR
=  = 0·05 S

	 Therefore, Norton equivalent circuit consists of a 15 A current source paralleled with 0·05 S 
conductance GN as shown in Fig. 3·181.

Fig. 3.178

Fig. 3.179

Fig. 3.181

*	 Applying KVL to loop CABDC, we have,

		  – (I + IG) R + 200 – GI
G

	 =	 0

	 or	 – (10 + IG) 10 + 200  – 
0.1

GI
	 =	 0

	 or	 – 100  – 10IG + 200 – 10 IG	 =	 0
	 \	 IG	 =	 100/20 = 5 A
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	 Example 3.71. Draw Norton’s equivalent circuit at terminals AB and determine the current  
flowing through 12Ω resistor for the network shown in Fig. 3.182 (i).

Fig. 3.182

	 Solution. In order to find Norton current IN, short circuit terminals A and B after removing the 
load (= 12Ω). The circuit then becomes as shown in Fig. 3.182 (ii). The current flowing in the short 
circuit is the Norton current IN. It can be found by using superposition theorem.

	 (i)	 When current source is acting alone. In this case, we short circuit the voltage source so 
that only current source acts in the circuit. The circuit then becomes as shown in Fig. 3.183 
(i). It is clear that :

			   Norton current, IN1	=	 *Current in 5Ω resistor

				   =	
8 160

20 A
8 5 13

× =
+

	 (ii)	 When voltage source is acting alone. In this case, we open circuit the current source so 
that only voltage source acts in the circuit. The circuit then becomes as shown in Fig. 3.183 
(ii). It is clear that :

			   Norton current, IN2	=	
40

4
 = 10A

	 Therefore, when both voltage and current sources are present in the circuit, we have,

		  Norton current, IN	 =	 IN1 + IN2 = 
160 290

10 A
13 13

+ =

Fig. 3.183

	 In order to find RN, open circuit 12Ω resistor and replace current source by open circuit and 
voltage source by short circuit. Then circuit becomes as shown in Fig. 3.184 (i).
	 \	 RN	 =	 Resistance at terminals AB in Fig. 3.184 (i)

			   =	 4 || (5 + 8) = 4 || 13 = 
4 13

4 13

×
+

 = 
52

17
Ω

*	 No current flows in 4Ω resistor because it is short circuited at terminals A and B. Therefore, 20A divides 
between 8Ω and 5Ω connected in parallel.
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Fig. 3.184

	 Thus Norton equivalent circuit at terminals AB is a current source of current 290/13 A in 
parallel with 52/17Ω resistance. When load resistor of 12Ω is connected across Norton’s equivalent 
circuit, the circuit becomes as shown in Fig. 3.184 (ii).

	 \	 Load current, IL	 =	
290 52 17

13 52 17 12
N

N
N L

RI
R R

× = ×
+ +

 = 4.53 A

	 Example 3.72. Determine the values of I and R in the circuit shown in Fig. 3.185.

Fig. 3.185

	 Solution. Short the terminals XY in Fig. 3.185 and we get the circuit shown in Fig. 3.186 (i). 
The currents in the various branches will be as shown. In order to find the short-circuit current  
Isc (= I = IN), we apply KVL to loops 1 and 2 in Fig. 3.186 (i).

Fig. 3.186

	 Loop 1.	 –10 (i + 1) – 3(1 – i – Isc) + 8i = 0

	 or		  i + 3Isc	 =	 13	 ...(i)
	 Loop 2.	 – 4Isc + 3(1 – i – Isc) = 0

	 or	 3i + 7Isc	 =	 3	 ...(ii)
	 From eqs. (i) and (ii), we have, Isc = 18A.
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	 In order to find the open-circuited voltage Voc (= VTh) at terminals X and Y, refer to Fig 3.186 
(ii). The various branch currents are shown. Applying KVL to loop 1 in Fig. 3.186 (ii), we have,

		  –10 (i + 1) – 3(1 – i) + 8i	 =	 0  or  i = 13A

	 \	 Voc	 =	 Voltage across 3Ω resistor

			   =	 3(1 – i) = 3(1 – 13) = – 36 V

	 Thevenin resistance, R(= RN)		 =	 oc

sc

V
I

 = 
36

18
 = 2Ω	

		  Current I	 =	 IN = – 18A 

	 Note the polarity of current source I (= IN).
	 Example 3.73. With the help of Norton’s theorem, find Vo in the circuit shown in Fig. 3.187 (i). 
All resistances are in ohms.

Fig. 3.187

	 Solution. In order to find Vo, it is profitable to find Norton equivalent circuit to the left of 
terminals 1 – 1′ and  to the right of terminals 2 – 2′ in Fig. 3.187 (i). To the left of terminals 1 – 1′, 
Voc = 15 × 1 = 15 V and RN = 1 + 1 = 2W so that IN = 15/2 = 7.5A as shown in Fig. 3.187 (ii). To the 
right of terminals 2 – 2′, Voc = 10 V and RTh = RN = 4W so that IN = 10/4 = 2.5A as shown in Fig. 
3.187 (iii). The two  Norton equivalent circuits are put back at terminals 1 – 1′, and 2 – 2′ as shown in  
Fig. 3.187 (iv).

Fig. 3.187

	 In Fig. 3.187 (iv), the two current sources, being parallel and carrying currents in the same 
direction, can be combined into a single current source of 7.5 + 2.5 = 10A. The three resistances 
are in parallel and can be combined to give a single resistance = 2W || 4W || 4W = 1W. Therefore, the 
circuit of Fig. 3.187 (iv) reduces to the circuit shown in Fig. 3.187 (v).
	 \	 Vo	 =	 10A × 1W = 10V
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	 Example 3.74. Find current in the 4 ohm resistor by any three methods for the circuit shown in 
Fig. 3.188(i).

Fig. 3.188
	 Solution. Method 1. We shall find current in 4W resistor by mesh current method. Mark 
three mesh currents i1, i2 and i3 in the three loops as shown in Fig. 3.188 (ii). The describing circuit 
equations are :
		  i1	 =	 5A due to the current source of 5A
		  VA – VB	 =	 6V due to voltage source of 6V
		  i3 – i2	 =	 2A due to current source of 2A

		  VA	 =	 (i1 – i2)2  ;  VB = i3 × 4
	 Now,	 – 6 – 4i3 – 2 (i2 – i1)	 =	 0	 ... Applying KVL
	 or	 – 6 – 4 (2 + i2) – 2 (i2 – 5)	 =	 0
	 or	 – 6i2	 =	 4

	 \	 i2	 =	
4 2

A
6 3

− = −  and i3 = i2 + 2 = 
2 4

2 A
3 3

− + =

	 \	 Current in 4W resistor	 =	 i3 = 
4 A
3

	 Method 2. We now find current in 4W resistor by Thevenin’s theorem. Remove 4W resistor 
(i.e. load) and the circuit becomes as shown in Fig. 3.188 (iii).
	 Current in 2W resistor = 5 + 2 = 7A
	 It is because 6V source is ineffective in producing any current.
	 In going from point X to point Y via B and A, we have,
		  VX + 6 – 7 × 2	 =	 VY

	 or	 VX – VY	 =	 7 × 2 – 6 = 8V
	 \	 VTh	 =	 VXY = VX – VY = 8V
	 In order to find RTh, short circuit the voltage source and open-circuit the current sources in  
Fig. 3.188 (iii). Then circuit becomes as shown in Fig. 3.188 (iv). The resistance at the open-circuited 
terminals XY in Fig. 3.188 (iv) is RTh.
	 \	 RTh	 =	 2W

	 \ 	 Current in 4W resistor	 =	
4

Th

Th

V
R +

 = 
8

2 4+
 = 

4 A
3

Fig. 3.188
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	 Method 3. Finally, we find current in 4W resistor by Norton’s theorem. To find IN, short-
circuit 4W resistor in Fig. 3.188 (i). The circuit then becomes as shown in Fig. 3.188 (v). The current 
distribution in the various branches will be as shown.

Fig. 3.188

	 It is clear from Fig. 3.188 (v) that :

		  IN	 =	 2 + 2 = 4A

		  RN	 =	 RTh = 2W 	 ...as calculated above

	 When 4W resistor is connected to Norton equivalent circuit, it becomes as shown in  
Fig. 3.188 (vi).
	 \  Current in 4Ω resistor is given by (current-divider rule) ;

		  I	 =	
2

4
2 4

×
+

 = 
8

6
 = 4 A

3
	 Example 3.75. Using Norton’s theorem, find current through 1Ω resistor in Fig. 3.189 (i). All 
resistances are in ohms,

Fig. 3.189

	 Solution. To find the answers, we convert the three voltage sources into their equivalent current 
sources.

	 (a)	 12 V source in series with (4 + 2) = 6Ω resistance is converted into equivalent current 
source of 12V/6Ω = 2A in parallel with 6Ω resistance.

	 (b)	 6V source in series with 6Ω resistance is converted into equivalent current source of 6V/6Ω 
= 1A in parallel with 6Ω resistance.

	 (c)	 24V source in series with 12Ω resistance is converted into equivalent current source of 
24V/12Ω = 2A in parallel with 12Ω resistance.

		  After the above source conversions, the circuit of Fig. 3.189 (i) becomes the circuit shown 
in Fig. 3.189 (ii).
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Fig. 3.189

		  Referring to Fig. 3.189 (ii), we can combine the two current sources to the left of EF but 
cannot combine 2A source across CD with them because 3Ω resistance is between E and 
C. Therefore, combining the two current sources to the left of EF, we have a single current 
source of 2 + 1 = 3A and a single resistance of 6Ω || 6Ω = 3Ω in parallel with it. As a result, 
Fig. 3.189 (ii) reduces to the circuit shown in Fig. 3.189 (iii).

Fig. 3.189

	 We now convert the circuit to the left of CD in Fig. 3.189 (iii) into Norton equivalent circuit.  
Fig. 3.189 (iv) shows this circuit to the left of CD. Its Norton equivalent circuit values are :

		  IN	 =	
3

3
3 3

×
+

 = 1.5A  ;  RN = 3Ω + 3Ω = 6Ω

	 Therefore, replacing the circuit to the left of CD in Fig. 3.189 (iii) by its Norton equivalent 
circuit, we get the circuit shown in Fig. 3.189 (v).

Fig. 3.189

	 Referring to Fig. 3.189 (v), we can combine the two current sources into a single current source 
of 1.5 + 2 = 3.5 A and a single resistance of 6Ω || 12Ω = 4Ω in parallel with it. The circuit then 
reduces to the one shown in Fig. 3.189 (vi). By current-divider rule [See Fig. 3.189 (vi)],

		  Current in 1Ω resistor, I	 =	
4

3.5
4 1

×
+

 = 2.8 A

3.16.   Norton  Equivalent  Circuit
	 (Circuits containing both independent and dependent sources)
	 Sometimes we come across circuits which contain both independent and dependent sources. 
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One such example is shown in Fig. 3.190. The procedure for finding Norton equivalent circuit (i.e. 
finding iN and RN) in such cases is as under :

Fig. 3.190

	 (i)	 The open-circuited voltage voc(= vTh) at terminals ab is determined as usual with sources 
present.

	 (ii)	 We cannot find RN (= RTh) at terminals ab simply by calculating equivalent resistance 
because of the presence of the dependent source. Instead, we place a short circuit across 
the terminals ab and find the value of short-circuit current isc (= iN) at terminals ab.

	 (iii)	 Norton resistance, RN = voc/isc (= vTh/isc).
	 Note. In case the circuit contains dependent sources only, the procedure for finding voc (= vTh) and  

RN(= RTh) is as under :
	 (a)	 In this case, voc = 0 and isc = 0 because no independent source is present.
	 (b)	 We cannot use the relation RN = voc/isc as we do in case the circuit contains both independent and 

dependent sources.
	 (c)	 In order to find RN, we excite the circuit at terminals ab by connecting 1A source to the terminals a 

and b and calculate the value of vab. Then RN (= RTh) = vab/1Ω.

	 Example 3.76. Find the values of iN and 
RN at terminals ab for the circuit shown in  
Fig. 3.191 (i).
	 Solution. We first put a short circuit across 
terminals a and b to find short-circuit current  
isc (= iN) at terminals ab as shown in Fig. 3.191 (ii). 
Applying KCL at node c, we have,
	 	 10	 =	 i1 + i2 + isc
	 or	 i2	 =	 10 – i1 – isc
	 Applying KVL to loops 1 and 2, we have,
		  – 4i2 + 6i1 – 2i1	 =	 0	 ... Loop 1
	 or	 – 4(10 – i1 – isc) + 4i1	 =	 0	 ...(i)
	 Also	 –6i1 + 3isc	 =	 0	 ...(ii) ... Loop 2
	 From eqs. (i) and (ii), isc = iN = 5A.

Fig. 3.191
	 In order to find voc (= vTh), we refer to Fig. 3.191 (iii) where we have,
		  voc	 =	 6i1	 ...(iii)

Fig. 3.191
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	 Applying KVL to the central loop in Fig. 3.191 (iii),
		  – 4 (10 – i1) + 6i1 – 2i1	 =	 0	 ...(iv)
	 From eqs. (iii) and (iv), we have, voc = vTh = 30V.

	 Also	 RN (= RTh)	 =	 oc

sc

v
i

 = 
30

5
 = 6Ω

Tutorial  Problems
	 1.	 Using Norton’s theorem, find the current in 8 Ω resistor of the network shown in Fig. 3.192.	 [1.55 A]

	
		  Fig. 3.192	 Fig. 3.193
	 2.	 Using Norton’s theorem, find the current in the branch AB containing 6 Ω resistor of the network shown 

in Fig. 3.193.				    [0.466 A]
	 3.	 Show that when Thevenin’s equivalent circuit of a network is converted into Norton equivalent circuit, 

IN = VTh/RTh  and  RN = RTh.	
	 4.	 Find the voltage between points A and B in the network shown in Fig. 3.194 using Norton’s theorem.
						      [2·56 V]

	 	 Fig. 3.194	 Fig. 3.195
	 5.	 The ammeter labelled A in Fig. 3.195 reads 35 mA. Is the 2·2 kΩ resistor shorted ?  Assume that ammeter 

has zero resistance.				    [Shorted]
	 6.	 Find Norton equivalent circuit to the left of terminals a – b in Fig. 3.196.	 [IN = 1·5 A;  RN = 4 Ω]

	
		  Fig. 3.196	 Fig. 3.197
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	 7.	 What is the current in the 100 Ω resistor in Fig. 3.197 if the 990 Ω resistor is changed to 1010 Ω ?  Use 
Norton theorem to obtain the result.	 [13·45 µA]

	 8.	 Determine the Norton equivalent circuit and the load current in RL in Fig. 3.198. The various circuit 
values are :

			   E ′	 =	 64 V  ;   R1 = 230 Ω  ;  R2 = 450 Ω ;
			   R3	 =	 260 Ω  ;  R4 = 550 Ω  ;   R5 = 440 Ω  ;   RL = 360 Ω

		  Fig. 3.198	 Fig. 3.199

	 9.	 In Fig. 3.199, replace the network to the left of terminals ab with its Norton equivalent.

			   [IN = 
2 A
+ 12.5

R
R

 ; RN = 
50 + 625

+ 25
R

R
Ω ]

	 10.	 When any source (voltage or current) is delivering maximum power to a load, prove that overall circuit 
efficiency is 50%.

3.17.   Maximum  Power  Transfer  Theorem
	 This theorem deals with transfer of maximum power from a source to load and may be stated 
as under :
	 In d.c. circuits, maximum power is transferred from a source to load when the load resistance 
is made equal to the internal resistance of the source as viewed from the load terminals with load 
removed and all e.m.f. sources replaced by their internal resistances.

Fig. 3.200

 	 Fig. 3.200 (i) shows a circuit supplying power to a load RL. The circuit enclosed in the box 
can be replaced by Thevenin’s equivalent circuit consisting of Thevenin voltage V = VTh in series 
with Thevenin resistance Ri(=RTh) as shown in Fig. 3.200 (ii). Clearly, resistance Ri is the resistance 
measured between terminals AB with RL removed and e.m.f. sources replaced by their internal 
resistances.  According to maximum power transfer theorem, maximum power will be transferred 
from the circuit to the load when RL is made equal to Ri, the Thevenin resistance at terminals AB.

3.18.   Proof  of  Maximum  Power  Transfer  Theorem
	 Consider a voltage source V of internal resistance Ri delivering power to a load RL.  We shall 
prove that when RL = Ri, the power delivered to RL is maximum.  Referring to Fig. 3.201 (i), we have,

		  Circuit current, I	 =	
L i

V
R R+

		  Power delivered to load, P	 =	 I2 RL
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			   =	
2

L
L i

V R
R R

 
 + 

	 ...(i)

	 For a given source, generated voltage V and internal resistance Ri are constant. Therefore, 
power delivered to the load depends upon RL. In order to find the value of RL for which the value of 
P is maximum, differentiate eq. (i) w.r.t. RL and set the result equal to zero.

Fig. 3.201

	 Thus,	
L

dP
dR

	 =	
2

2
4

( ) 2 ( )

( )
L i L L i

L i

R R R R RV
R R

 + − +
 + 

 = 0

	 or		  (RL + Ri)
2 − 2 RL (RL + Ri) 	 =	 0

	 or		  (RL + Ri) (RL + Ri − 2RL) 	 =	 0
	 or		  (RL + Ri) (Ri − RL) 	 =  	0
		  Since RL + Ri cannot be zero,
	 \	 	 Ri − RL 	 = 	0
	 or	 	 RL	 =	 Ri
	 or		  Load resistance 	 =	 Internal resistance of the source
	 Thus, for maximum power transfer, load resistance RL must be equal to the internal resistance Ri 
of the source. Fig. 3.201 (ii) shows the graph between power delivered (P) and RL. We may extend 
the maximum power transfer theorem to a linear circuit rather than a single source by means of 
Thevenin’s theorem as under :
	 The maximum power is obtained from a linear circuit at a given pair of terminals when ter-
minals are loaded by Thevenin’s resistance (RTh) of the circuit.
	 The above statement is obviously true because by Thevenin’s theorem, the circuit is equivalent 
to a voltage source in series with internal resistance (RTh) of the circuit.
	 Important Points. The following points are worth noting about maximum power transfer  
theorem :
	 (i)	 The circuit efficiency at maximum power transfer is only 50% as one-half of the total 

power generated is dissipated in the internal resistance Ri of the source.

			   Efficiency	=	
2

2

Output power

Input power ( )
L

L i

I R
I R R

=
+

				   =	
1

2 2
L

L

R
R

=  = 50%	 ( RL = Ri)

	 (ii)	 Under the conditions of maximum power transfer, the load voltage is one-half of the open-
circuited voltage at the load terminals.
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		  Load voltage	 =	 I RL = 
2 2

L
L

L i L

V RV VR
R R R

  = = + 

	 (iii)	 Max. power transferred	 =	
2 2 2

2 4L L
L i L L

V V VR R
R R R R

   = =   +   
	 Note. In case of a practical current source, the maximum power delivered is given by ;

		  Pmax	 =	
2

4
N NI R

	 where	 IN	 =	 Norton current
		  RN	 =	 Norton resistance (= RTh = Ri)

3.19.   Applications  of  Maximum  Power  Transfer  Theorem
	 This theorem is very useful in situations where transfer of maximum power is desirable. Two 
important applications are listed below :
	 (i)	 In communication circuits, maximum power transfer is usually desirable. For instance, in a 

public address system, the circuit is adjusted for maximum power transfer by making load 
(i.e. speaker) resistance equal to source (i.e. amplifier) resistance.  When source and load 
have the same resistance, they are said to be matched.

	 	 In most practical situations, the internal resistance of the source is fixed. Also, the device 
that acts as a load has fixed resistance. In order to make RL = Ri, we use a transformer. We 
can use the reflected-resistance characteristic of the transformer to make the load resistance 
appear to have the same value as the source resistance, thereby ‘‘fooling’’ the source 
into ‘‘thinking’’ that there is a match (i.e. RL = Ri). This technique is called impedance 
matching.

	 (ii)	 Another example of maximum power transfer is found in starting of a car engine. The 
power delivered to the starter motor of the car will depend upon the effective resistance of 
the motor and  internal resistance of the battery.  If the two resistances are equal (as is the 
case when battery is fully charged), maximum power will be transferred to the motor to turn 
on the engine.  This is particularly desirable in winter when every watt that can be extracted 
from the battery is needed by the starter motor to turn on the cold engine.  If the battery is 
weak, its internal resistance is high and the car does not start.

	 Note. Electric power systems are never operated for maximum power transfer because the efficiency under 
this condition is only 50%. This means that 50% of the generated power will be lost in the power lines.  This  
situation cannot be tolerated because power lines must operate at much higher than 50% efficiency.

	 Example 3.77. Two identical cells connected in series deliver a maximum power of 1W to a 
resistance of 4 Ω. What is the internal resistance and e.m.f. of each cell ?
	 Solution. Let E and r be the e.m.f. and internal resistance of each cell. The total internal 
resistance of the battery is 2r. For maximum power transfer,
		  2 r	 =	 RL = 4   \  r = RL/2  =  4/2 =  2 Ω

		  Maximum power	 =	
2*(2 )

4 L

E
R

	 or	 1	 =	
24

4 L

E
R

  \  E = LR  = 4 = 2 V

*	 Here total voltage = 2E.
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	 Example 3.78. Find the value of resistance R to have maximum power transfer in the circuit 
shown in Fig. 3.202 (i). Also obtain the amount of maximum power. All resistances are in ohms.

Fig. 3.202

	 Solution. To find the desired answers, we should find VTh and RTh at the load (i.e. R) terminals. 
For this purpose, we first convert 120V voltage source in series with 10Ω resistance into equivalent 
current source of 120/10 = 12A in parallel with 10Ω resistance. The circuit then becomes as shown 
in Fig. 3.202. (ii).

Fig. 3.202

	 To find VTh, remove R (i.e. load) from the circuit in Fig. 3.202 (ii), and the circuit becomes as  
shown in Fig. 3.202 (iii). Then voltage across the open-circuited terminals AB is VTh. Referring to 
Fig. 3.202 (iii) and applying KCL, we have,

		
10 5

Th ThV V+ 	 =	 12 + 6  or  VTh = 60V

	 In order to find RTh, remove R and replace the current sources by open in Fig. 3.202 (ii). Then 
circuit becomes as shown in Fig. 3.202 (iv). Then resistance at the open-circuited terminals AB is  
RTh.
	 \	 RTh	 =	 10Ω || 5Ω = 

10 5

10 5

×
+

 = 
10

3
Ω

	 When R is connected to the terminals of Thevenin equivalent circuit, the circuit becomes as  
shown in Fig. 3.202 (v).
	 For maximum power transfer, the condition is

		  R	 =	 RTh = 
10
3

Ω

	 Max. power transferred, Pmax = 
2

4
Th

L

V
R

 = 
2 2(60)

4 4 (10 3)
ThV
R

=
×

 = 270 W
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	 Example 3.79. Calculate the value of R which will absorb maximum power from the circuit of 
Fig. 3.203 (i). Also find the value of maximum power.

Fig. 3.203

	 Solution. To find the desired answers, we should find VTh and RTh at the load (i.e. R) terminals. 
For this purpose, we first convert 2A current source in parallel with 15Ω resistance into equivalent 
voltage source of 2A × 15Ω = 30 V in series with 15Ω resistance. The circuit then becomes as shown 
in Fig. 3.203 (ii). 

Fig. 3.203

	 To find VTh, remove R (i.e. load) from the circuit in Fig. 3.203 (ii) and the circuit becomes as 
shown in Fig. 3.203 (iii). Then voltage across the open-circuited terminals AB is VTh. Referring to 
Fig. 3.203 (iii),
	 Current in 3Ω resistor, I = 

30 6

15 6 3

−
+ +

 = 1A

	 In Fig. 3.203 (iii), as we go from point A to point B via 3Ω resistor, we have,
		  VA – I × 3 – 8	 =	 VB

	 or	 VA – VB	 =	 I × 3 + 8 = 1 × 3 + 8 = 11V
	 \	 VTh	 =	 VAB = VA – VB = 11V
	 In order to find RTh, remove R and replace the voltage sources by short in Fig. 3.203 (ii). Then 
circuit becomes as shown in Fig. 3.203 (iv). Then resistance at open-circuited terminals AB is RTh.

	 \	 RTh	 =	 (15 + 6)Ω || 3Ω = 
21 3

21 3

×
+

 = 
21

8
Ω

	 For maximum power transfer, the condition is 

		  R	 =	 RTh = 
21
8

Ω 	

	 Max. power transferred, Pmax = 
2

4
Th

L

V
R

 = 
2

4
ThV
R

 = 
2(11)

4 (21 8)×
 = 11.524 W
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	 Example 3.80. Determine the value of RL in Fig. 3.204 (i) for maximum power transfer and 
evaluate this power.
	 Solution. The three current sources in Fig. 3.204 (i) are in parallel and supply current in the 
same direction. Therefore, they can be replaced by a single current source supplying 0·8 + 1 + 0·9 
= 2·7 A as shown in Fig. 3.204 (ii). The circuit to the left of RL in Fig. 3.204 (ii) can be replaced by 
Thevenin’s equivalent circuit as under :

Fig. 3.204

		  VTh	 =	 IN RN = 2·7 × 100 = 270 V

		  Ri	 =	 RN = 100 Ω
	 The Thevenin’s equivalent circuit to the left of RL is 
VTh(= 270 V) in series with Ri (= 100 Ω).  When load RL is 
connected, the circuit becomes as shown in Fig. 3.205.  It is 
clear that maximum power will be transferred when
		  RL	 =	 Ri = 100 Ω

		  Max. power	 =	
2 2(270)

4 4 100
Th

L

V
R

=
×

 

			   =	 182·25 watts
	 Example 3.81. Determine the maximum power that can be delivered by the circuit shown in 
Fig. 3.206 (i).
	 Solution. Fig. 3.206 (ii) shows the Norton’s equivalent circuit.  Maximum power transfer occurs 
when RL = RN = 300 Ω.

Fig. 3.206

	 Referring to Fig. 3.206 (ii), current in RL (= 300 Ω) = IN/2 = 0·5/2 = 0·25 A
	 \	  Max. power transferred = (0·25)2 × RL = (0·25)2 × 300 = 18·8 W
	 Example 3.82. What percentage of maximum possible power is delivered to RL in Fig. 3.207 (i) 
when RL = 2 RTh ?
	 Solution. Fig. 3.207 (ii) shows the circuit when RL = 2 RTh.

		  Circuit current	 =	
2 3

Th Th

Th Th Th

V V
R R R

=
+

Fig. 3.205
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		  Voltage across load, VL	 =	
2

2
3 3

Th
Th Th

Th

V R V
R

× =

Fig. 3.207

		  Power delivered to load, PL	 =	

2

22
2

43
2 18

Th
ThL

L Th Th

V VV
R R R

 
  = =

		  Since  Pmax	 =	 VTh
2 /4 RTh, the ratio of PL/Pmax is

		  L

max

P
P

	 =	

2

2

4

18

4

Th

Th

Th

Th

V
R

V
R

 = 
16

18

	 \	 PL	 =	 16
100

18 maxP ×  =  88·89% of Pmax

	 Example 3.83. Find the maximum power in RL which is variable in the circuit shown in Fig. 
3.208 (i).
	 Solution. We shall use Thevenin theorem to obtain the result.  For this purpose, remove the load 
RL as shown in Fig. 3.208 (ii). The open-circuited voltage at terminals AB in Fig. 3.208 (ii) is equal 
to VTh. It is clear from Fig. 3.208 (ii) that current in the branch containing 40 Ω and 60 Ω resistors 
is 1 A. Similarly, current in the branch containing two 50 Ω resistors is 1 A. It is clear that point A is 
at higher potential than point B. Applying KVL to the loop EABCDE, we have,
		 – 40 × 1 – VAB – 2 + 50 × 1 = 0    \    VAB = 8 V

	 Now VAB in Fig. 3.208 (ii) is equal to VTh. Therefore, VTh = 8 V.

Fig. 3.208
	 In order to find Thevenin’s resistance RTh, replace 100V and 2V batteries by a short in  
Fig. 3.208 (ii). Then resistance at terminals AB is the RTh. It is clear that 40 Ω and 60 Ω resistors are 
in parallel and so the two 50 Ω resistors.
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	 \  RTh = 	(40 || 60) + (50 || 50) = 
40 60 50 50

40 60 50 50

× ×+
+ +

 = 24 + 25 = 49 Ω

	 Therefore, for maximum power, RL should be 49 Ω.  The Thevenin equivalent circuit is a 
voltage source of 8 V in series with a resistance of 49 Ω.  When load RL is connected across the 
terminals of Thevenin equivalent circuit, the total circuit resistance = 49 + 49 = 98 Ω.

	 \	 Circuit current, I	 =	
8 8

49 49 98
Th

Th L

V
R R

= =
+ +

= 0·08163 A

	 \	 Pmax	 =	 I2RL = (0·08163)2 × 49 = 0·3265 W
	 Example 3.84. For the circuit shown in Fig. 3.209 (i), find the value of R that will receieve 
maximum power. Determine this power.

Fig. 3.209

	 Solution. We will use Thevenin’s theorem to obtain the results. In order to find VTh, remove the 
variable load R as shown in Fig. 3.209 (ii). Then open-circuited voltage across terminals AB is equal 
to VTh.
		  Current in branch  DAC	 =	

100

7.1 5.2+
 = 8·13 A

		  Current in branch  DBC	 =	
100

19.6 10.9+
 = 3·28 A

	 It is clear from Fig. 3.209 (ii) that point A is at higher* potential than point B. Applying KVL to 
the loop A′ACBB′A′, we have, 
		 – 5·2 × 8·13 + 10· 9 × 3·28 + VAB = 0
	 \	 VAB	 =	 6·52 V
	 Now VAB in Fig. 3.209 (ii) is equal to VTh so that VTh = 6·52 V.
	 In order to find RTh, replace the 100 V source in Fig. 3.209 
(ii) by a short. The circuit becomes as shown in Fig. 3.209 (iii). 
The resistance across terminals AB is the Thevenin resistance. 
Referring to Fig. 3.209 (iii),
			   RAB	 =	 RTh = (5·2 | | 7·1) + (10·9 | | 19·6)
				    =	 3 + 7 = 10 Ω

	 Therefore, for maximum power transfer, R = RTh = 10 Ω.

			   Pmax	 =	
2 2( ) (6.52)

4 4 10
ThV
R

=
×

 = 1·06 W

*	 The fall in potential along DA is less than the fall in potential along DB. Since point D is common, point 
A will be at higher potential than point B.

Fig. 3.209
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	 Example 3.85. For the circuit shown in Fig. 3.210 (i), what will be the value of RL to get 
maximum power? Also find this power.
	 Solution. We shall use Thevenin’s theorem to obtain the results. In order to find VTh, remove the 
load RL as shown in Fig. 3.210 (ii). Then voltage at the open-circuited terminals AB is equal to VTh 
i.e. VAB = VTh. The total load on 10 V source is
		  RT	 =	 (90 || 60 || 180) + 20 = 30 + 20 = 50 Ω

Fig. 3.210
	 Current supplied by source, 	I	 =	 10/50 = 0·2 A
	 \	 VAB	 =	 VTh = 10 – 20 × 0·2 = 6V
	 In order to find RTh, replace the 10 V source by a short in Fig. 3.210 (ii). Then,
		  RTh	 =	 20 || 90 || 60 || 180 = 12 Ω
	 Therefore, the variable load RL will receive maximum power when RL = RTh = 12 Ω.

	 \	 Pmax	 =	
2 2( ) (6)

4 4 12
Th

L

V
R

=
×

 = 0·75 W

Tutorial  Problems
	 1.	 Find the value of RL in Fig. 3.211 necessary to obtain maximum power in RL. Also find the maximum 

power in RL.				    [150Ω ; 1.042 W]

		  Fig. 3.211	 Fig. 3.212
	 2.	 If RL in Fig. 3.211  is fixed at 100 Ω, what alternation (s) can be made in the rest of the circuit to obtain 

maximum power in RL ?			   	 [Short out 50 Ω resistor]
	 3.	 What percentage of the maximum possible power is delivered to RL in Fig. 3.212, when  

RL = RTh/2 ?			   	 [88.9%]
	 4.	 Determine the value of RL for maximum power transfer in Fig. 3.213 and evaluate this power.		

			   	 [100 Ω; 182·25 W]

		  Fig. 3.213	 Fig. 3.214
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	 5.	 What value should RL be in Fig. 3.214 to achieve maximum power transfer to the load?	 [588 Ω]
	 6.	 For the circuit shown in Fig. 3.215, find the value of RL for which power transferred is maximum. Also 

calculate this power.		  		  [50 Ω; 0·72 W]

		  Fig. 3.215	 Fig. 3.216
	 7.	 Calculate the value of RL for transference of maximum power in Fig. 3.216. Evaluate this power.		

				    [220 Ω; 2·2 W]

3.20.   Reciprocity  Theorem
	 This theorem permits us to transfer source from one position in the circuit to another and may 
be stated as under :
	 In any linear, bilateral network, if an e.m.f. E acting in a branch X causes a current I  in branch 
Y, then the same e.m.f. E located in branch Y will cause a current I in branch X. However, currents 
in other parts of the network will not remain the same.
	 Explanation.	 Consider the circuit shown in Fig. 3.217 (i). The e.m.f. E (=100 V) acting in the 
branch FAC produces a current I amperes in branch CDF and is indicated by the ammeter. According 
to reciprocity theorem, if the e.m.f. E and ammeter are interchanged* as shown in Fig. 3.217 (ii), 
then the ammeter reading does not change i.e. the ammeter now connected in branch FAC will read 
I amperes. In fact, the essence of this theorem is that E and I are interchangeable. The ratio E/I is 
constant and is called transfer resistance (or impedance in case of a.c. system).

Fig. 3.217
	 Note. Suppose an ideal current source is connected across points ab of a network and this causes a voltage 
v to appear across points cd of the network. The reciprocity theorem states that if the current source is now 
connected across cd, the same amount of voltage v will appear across ab. This is sometimes stated as follows: An 
ideal current source and an ideal voltmeter can be interchanged without changing the reading of the voltmeter. 
However, voltages in other parts of the network will not remain the same. 
	 Example 3.86. Verify the reciprocity theorem for the network shown in Fig. 3.217 (i). Also find 
the transfer resistance.
	 Solution. In Fig. 3.217 (i), e.m.f. E ( = 100V) is in branch FAC and ammeter is in branch CDF. 
Referring to Fig. 3.217 (i),
*	 If the source of e.m.f in the original circuit has an internal resistance, this resistance must remain in the 

original branch and cannot be transferred to the new location of the e.m.f.
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		  Resistance between C and F	 =	20 Ω || (8 + 8) Ω = 20 × 16/36 = 8·89 Ω
		  Total circuit resistance	 =	20 + 8·89 = 28·89 Ω
	 \ 	 Current supplied by battery 	=	100/28·89 = 3·46 A
	 The battery current is divided into two parallel paths viz. path CF of 20 Ω and path CDF of   
8 + 8 = 16Ω.
		  Current in branch CDF, I	 =	 3·46 × 20/36 = 1·923 A
	 Now in Fig. 3.217 (ii), E and ammeter are interchanged.
	 Referring to Fig. 3.217 (ii),
		  Resistance between C and F	 =	 20 × 20/40 = 10 Ω
		  Total circuit resistance	 =	 10 + 8 + 8 = 26 Ω
		  Current supplied by battery	 =	 100/26 = 3·846 A
	 The battery current is divided into two parallel paths of 20 Ω each.
	 \	 Current in branch CAF	 =	 3·846/2 = 1·923A
	 Hence, ammeter reading in both cases is the same.  This verifies the reciprocity theorem.
		  Transfer resistance = E/I	 =	 100/1·923 = 52 Ω
	 Example 3.87.	 Find the currents in the various branches of the circuit shown in Fig. 3.218 (i). 
If a battery of 9V is added in branch BCD, find current in 4 Ω resistor using reciprocity theorem and 
superposition theorem.

Fig. 3.218

	 Solution.  Referring to Fig. 3.218 (i), we have,
		  Total resistance to source	 =	 4 Ω + [6 Ω || (1 + 2) Ω] = 4 + 6 × 3/9 = 6 Ω
	 Current supplied by source (i.e. current in 4 Ω resistor or branch DAB)
			   =	 18/6 = 3 A
		  Current in branch BD	 =	 3 × 3/9 = 1 A
		  Current in branch BCD	 =	 3 × 6/9  = 2 A
	 In Fig. 3.218 (i), the current in branch BCD due to 18 V source acting alone is 2 A. If the 18V 
source is placed in branch BCD, then according to reciprocity theorem, the current in 4 Ω will be  
2 A flowing from B to A. If a  battery of  9 V is placed in branch BCD, then current in 4 Ω resistor 
due to it alone would be 2  × 9/18 = 1 A (By proportion).
	 Now referring to Fig. 3.218 (ii), the current in 4 Ω due to 18 V battery alone is 3 A flowing from 
A to B. The current in 4 Ω resistor due to 9 V acting alone in branch BCD is 1 A flowing from B to 
A.  By superposition theorem, the current in 4 Ω is the algebraic sum of the two currents i.e.
		  Current in 4 Ω	 =	 3 − 1 = 2 A  from A to B
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	 Example 3.88. Prove the reciprocity theorem.
	 Solution. We now prove the reciprocity theorem for the circuit shown in Fig. 3.219. In  
Fig. 3.219 (i), the e.m.f. E is acting in the branch FAC and the current in the branch CDF is I2. If the 
same e.m.f. E now acts in branch CDF [See Fig. 3.219 (ii)], then current Ib in the branch FAC will 
be equal to I2. We now show that Ib = I2. Referring to Fig. 3.219 (i), we have,

Fig. 3.219

		  E	 =	 I1 RT

	 where	 RT	 =	 R1 + (R2 || R3) = 2 3
1

2 3

R RR
R R

 + + 

	 \	 E	 =	 2 3
1 1

2 3

R RI R
R R

 + + 
 

			   =	 1 2 2 3 3 1
1

2 3

R R R R R RI
R R

+ + 
 + 

	 ...(i)

	 Also in Fig. 3.219 (i),	 0	 =	 –  (I1 – I2) R3 + I2 R2

	 or	 I2	 =	 3
1

2 3

RI
R R

 
 + 

	 ...(ii)

	 Dividing eq. (i) by eq. (ii), we have,

		
2

E
I

	 =	 1 2 2 3 3 1

3

R R R R R R
R

+ +
	 ...(iii)

	 Similarly, it can be shown that in Fig. 3.219 (ii), we have,

		
b

E
I

	 =	 1 2 2 3 3 1

3

R R R R R R
R

+ +
	 ...(iv)

	 From eqs. (iii) and (iv),	 Ib	 =	 I2

	 Therefore, reciprocity theorem stands proved.

3.21.   Millman’s  Theorem	
	 Millman’s theorem is a combination of Thevenin’s and Norton’s theorems. It is used to reduce 
any number of parallel voltage/current sources to an equivalent circuit containing only one source. 
It has the advantage of being easier to apply to some networks than mesh analysis, nodal analysis or 
superposition. This theorem can be stated in terms of voltage sources or current sources or both.
	 1. Parallel voltage sources. Millman’s theorem provides a method of calculating the common 
voltage across different parallel-connected voltage sources and may be stated as under :
	 The voltage sources that are directly connected in parallel can be replaced by a single 
equivalent voltage source.



210	 Basic  Electrical  Engineering	

	 Obviously, the above statement is true by virtue of Thevenin’s theorem. Fig 3.220 (i) shows 
three parallel-connected voltage sources E1, E2 and E3. Then common terminal voltage VAB of these 
parallel voltage sources is given by ;

		  VAB	 =	 1 1 2 2 3 3

1 2 31 1 1
E R E R E R

R R R
+ +
+ +  = 1 2 3

1 2 3

I I I I
G G G G

+ + Σ=
+ + Σ

	 ...(i)

	 Fig. 3.220

	 This voltage represents the Thevenin’s voltage VTh. The denominator represents Thevenin’s 
resistance RTh i.e.

		  RTh	 =	
1 2 3

1

1 1 1R R R+ +

	 Therefore, parallel-connected voltage sources in Fig 3.220 (i) can be replaced by a single voltage 
source as shown in Fig 3.220 (ii). If load RL is connected across terminals AB, then load current  
IL is given by ; 

		  IL	 =	 Th

Th L

V
R R+

	 Note. If a branch does not contain any voltage source, the same procedure is used except that current in 
that branch will be zero. This is illustrated in example 3.89.
	 2. Parallel current sources. The Millman’s theorem states as under : 
	 The current sources that are directly connected in parallel can be replaced by a single 
equivalent current source. The current of this single current source is the algebraic sum of the 
individual source currents. The internal resistance of the single current source is equal to the 
combined resistance of the parallel combination of the source resistances.

Fig. 3.221

	 Fig. 3.221 (i) shows three parallel connected current sources. The resultant current of the three 
sources is 
		  0·3 ↓ + 0·6 ↑ + 0·8 ↓	 =	 0·5 A ↓

	 The internal resistance of the single current source is equal to the equivalent resistance of three 
parallel resistors.
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		  400 || 200 || 400	 =	 100 Ω

	 Thus the single equivalent current source has value 0·5 A and internal resistance 100 Ω in 
parallel as shown in Fig. 3.221 (ii).
	 3. Voltage sources and current sources in parallel. The Millman’s theorem is also applicable 
if the circuit  has a mixture of parallel voltage and current sources. Each parallel-connected voltage 
source is converted to an equivalent current source. The result is a set of parallel-connected current 
sources and we can replace them by a single equivalent current source. Alternatively, each parallel-
connected current source can be converted to an equivalent voltage source and the set of parallel-
connected voltage sources can be replaced by an equivalent voltage source.

	 Example 3.89. Using Millman’s theorem, determine the common voltage Vxy and the load 
current in the circuit shown in Fig. 3.222 (i).

Fig. 3.222

	 Solution.	 Vxy = VTh	 =	 1 1 2 2 3 3

1 2 31 1 1

E R E R E R
R R R

+ +
+ +

			   =	
12 6 0 2 16 4 2 0 4 6

1 6 1 12 1 4 0.167 0.083 0.25 0.5

+ + + += =
+ + + +

 = 12V

		  RTh	 =	
1

1 6 1 12 1 4+ +
 = 2W

	 Therefore, the circuit shown in Fig. 3.222 (i) can be replaced by the one shown in Fig. 3.222 (ii). 

		  Load current	 =	
12

2 20
Th

Th L

V
R R

=
+ +

 = 0.545 A

	 Example 3.90. Find the current in the 1 k Ω 
resistor in Fig. 3.223 by finding Millman equivalent 
voltage source with respect to terminals x – y.
	 Solution. As shown Fig. 3.224 (i), each of the 
three voltage sources is converted to an equivalent 
current source. For example, the 36 V source 
in series with 18 kΩ resistor becomes a 36 V/18  
kΩ = 2 mA current source in parallel with 18 kΩ. Note that the polarity of  each current source is 
such that it produces current in the same direction as the voltage source it replaces.

	 The resultant current of the three current sources

			   =	 2 mA ↑ + 3 mA ↑ + 2 mA ↓ = 3 mA ↑

Fig. 3.223
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	 The parallel equivalent resistance of three resistors

			   =	 18 kΩ || 9 kΩ || 3 kΩ = 2 kΩ

Fig. 3.224

	 Fig. 3.224 (ii) shows the single equivalent current source. Fig. 3.224 (iii) shows the voltage 
source that is equivalent to current source in Fig. 3.224 (ii).
		  VTh	 =	 3 mA ×  2 kΩ = 6 V

Fig. 3.224

	 When the 1 kΩ resistor is connected across the x – y terminals, the current is

		  I	 =	
6V

3kΩ
 = 2 mA

	 Example 3.91. Find an equivalent voltage source for the circuit shown in Fig. 3.225 (i). What 
is the load current?

Fig. 3.225

	 Solution.  	 VAB = VTh	 =	 1 1 2 2 3 3 4 4

1 2 3 41 1 1 1

E R E R E R E R
R R R R
+ + +

+ + +

			   =	
10 10 *20 5 5 20 30 15 0.75

1 10 1 5 1 20 1 15 0.417

− + + −=
+ + +

 = – 1·8 V

	 Negative sign shows that terminal A is negative w.r.t. terminal B.
*	 Note that polarity is opposite as compared to other sources.
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		  RTh	 =	
1 2 3 4

1

1 1 1 1R R R R+ + +

			   =	
1

1 10 1 5 1 20 1 15+ + +
 = 2.4W

	 Therefore, equivalent voltage source consists of 1·8 V source in series with 2·4 Ω resistor as 
shown in Fig. 3.225 (ii).
	 \	 Load current, IL	 =	

1.8

2.4 5
Th

Th L

V
R R

=
+ +

 = 0.24A

	 Example 3.92. For the circuit shown in Fig. 3.225 (i) above, find the equivalent current source. 
Also find load current.
	 Solution. Convert the voltage sources to current sources as shown in Fig. 3.226 (i). The arrow 
for each current source corresponds to the polarity of each voltage source in the original circuit.

Fig. 3.226
	 The equivalent current source is found by algebraically adding the currents of individual 
sources.
		  Ieq	 =	 1 A ↑ + 4 A ↓ + 0·25 A ↑ + 2 A ↑ = 0·75 A ↓
	 The downward arrow for Ieq shows that terminal A is negative w.r.t. terminal B.

		  Req	 =	 10 Ω || 5 Ω || 20 Ω || 15 Ω = 2·4 Ω
	 Therefore, the equivalent current source consists of 0·75 A current source in parallel with  
2·4 Ω resistor as shown in Fig. 3.226 (ii). By current-divider rule, the load current IL is

		  IL	 =	
2.4

0.75
2.4 5

×
+

 = 0.243A

	 Example 3.93. Find the load current for Fig. 3.227 (i) using the dual of Millman’s theorem.

Fig. 3.227
	 Solution. There is a dual for Millman’s theorem and it is useful for solving circuits with series 
current sources [See Fig. 3.227 (i)]. In such a case, the following equations are used to find the 
current and resistance of the equivalent circuit.
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		  Ieq	 =	 1 1 2 2 3 3

1 2 3

I R I R I R
R R R

+ +
+ +

		  Req	 =	 R1 + R2 + R3

	 Thus referring to Fig. 3.227 (i), we have,

		  Ieq	 =	
0.1 100 0.5 150 1 50 15

A
100 150 50 300

− × + × − × =
+ +

 = 50 mA

		  Req	 =	 100 + 150 + 50 = 300 Ω
	 The equivalent circuit is shown in Fig. 3.227 (ii). By current-divider rule, the load current IL is

		  IL	 =	
300

50
300 300

×
+

 = 25 mA

	 Example 3.94. By constructing a Millman equivalent voltage source with respect to terminals  
x – y, find the voltage across 40 Ω resistor in Fig. 3.228 (i).

Fig. 3.228

	 Solution. Note that 120 Ω and 180 Ω resistors are in a series path and can therefore be combined 
into an equivalent resistance of 300 Ω. The circuit is *redrawn as shown in Fig. 3.228 (ii). It is clear 
that redrawn circuit has three parallel-connected voltage sources. Referring to Fig. 3.228 (ii), we 
have, 
		  Vxy = VTh	 =	 1 1 2 2 3 3

1 2 31 1 1

E R E R E R
R R R

− +
+ +

			   =	
7.5 300 22.5 100 15 300

1 300 1 100 1 300

− +
+ +

 = 
0.15

0.0167

−
 = – 9V

	 Negative sign shows that terminal x is negative w.r.t. terminal y.

		  RTh	 =	
1 2 3

1 1

1 1 1 1 300 1 100 1 300R R R
=

+ + + +
 = 60 W

	 Therefore, the equivalent voltage source consists of 9 V in series with 60 Ω resistor. When load 
is connected across the terminals of the equivalent voltage source, the circuit becomes as shown in 
Fig. 3.229.
		  Load current, IL	 =	

9

60 40
Th

Th L

V
R R

=
+ +

 = 0.09 A

		  Voltage across 40 Ω 	=	 IL RL = 0·09 × 40 = 3·6 V
	 Note that Millman’s theorem is a powerful tool in the hands of engineers 
to solve many problems which cannot be solved easily by the usual methods 
of circuit analysis. Fig. 3.229

*	 It makes no difference on which side of each voltage source its series resistance is drawn.
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Tutorial  Problems

	 1.	 Find the single equivalent current source for the circuit shown in Fig. 3.230.	

		  Fig. 3.230	 Fig. 3.231

	 2.	 By constructing a Millman equivalent voltage source at terminals x – y, find the voltage across  
R1 (= 5 Ω) in the circuit shown in Fig. 3.231.	 [4 V ± ] 

	 3.	 Find the single equivalent current source for the circuit shown  in Fig. 3.232.

Fig. 3.232

	 4.	 What is the current flowing in the load resistor in Fig. 3.233 ?	 [2·25 mA]

		  Fig. 3.233	 Fig. 3.234

	 5.	 What is the drop and polarity of the load in Fig. 3.234 ?	 [ 8·13V and terminal A is negative]

3.22.   Compensation  Theorem
	 It is sometimes necessary to know, when making a change in one branch of a network, what 
effect this change will have on the various currents and voltages throughout the network. The 
compensation theorem deals with this situation and may be stated for d.c. circuits as under :
	 The compensation theorem states that any resistance R in a branch of a network in which 
current I is flowing can be replaced, for the purpose of calculations, by a voltage equal to – IR. It 
follows from Kirchhoff’s voltage law that the current I is unaltered if an e.m.f. – IR is substituted for 
the voltage drop IR.
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Or
	 If the resistance of any branch of a network is changed from R to (R + ∆R) where the current 
was originally I, then the change of current at any point in the network may be calculated by 
assuming than an e.m.f. – I∆R has been introduced into the modified branch while all other sources 
have their e.m.f.s. suppressed and are represented by their internal resistances only.
	 Illustration. Let us illustrate the compensation theorem with a numerical example. Consider 
the circuit shown in Fig. 3.235 (i). The various branch currents in this circuit are :

		  I1	 =	
50

20 5+
 = 2 A   ;     I2 = I3 = 1 A

Fig. 3.235

	 Now suppose that the resistance of the right branch is increased to 20 Ω i.e. ∆R = 20 – 10 =  
10 Ω and a voltage V = – I3 ∆R = – 1 × 10 = – 10 V is introduced in this branch and voltage source 
replaced by a short ( internal resistance is assumed zero). The circuit becomes as shown in Fig. 
3.235 (ii). The compensating currents produced by this 
voltage are also indicated. When these compensating 
currents are algebraically added to the original currents 
in their respective branches, the new branch currents will 
be as shown in Fig. 3.236. The compensation theorem 
is useful in bridge and potentiometer circuits, where a 
slight change in one resistance results in a shift from a 
null condition.

3.23.   Delta/Star  and  Star/Delta  Transformation
	 There are some networks in which the resistances are neither in series nor in parallel. A familiar 
case is a three terminal network e.g. delta network or star network. In such situations, it is not 
possible to simplify the network by series and parallel circuit rules. However, converting delta 
network into star and vice-versa often simplifies the network and makes it possible to apply series-
parallel circuit techniques.

3.24.   Delta/Star  Transformation
	 Consider three resistors RAB, RBC and RCA connected in delta to three terminals A, B and C as 
shown in Fig. 3.237 (i). Let the equivalent star-connected network have resistances RA, RB and RC. 
Since the two arrangements are electrically equivalent, the resistance between any two terminals of 
one network is equal to the resistance between the corresponding  terminals of the other network.
	 Let us consider the terminals A and B of the two networks.
	 Resistance between A and B for star = Resistance between A and B for delta
or		  RA + RB	 =	 RAB || (RBC + RCA)

or		  RA + RB	 =	
( )

( )
AB BC CA

AB BC CA

R R R
R R R

+
+ +

	 ...(i) 

Fig. 3.236



D.C.  Network  Theorems	 217	

Fig. 3.237

	 Similarly,	 RB + RC	 =	
( )BC CA AB

AB BC CA

R R R
R R R

+
+ +

	 ...(ii)

	 and	 RC + RA	 =	
( )CA AB BC

AB BC CA

R R R
R R R

+
+ +

	 ...(iii)

	 Subtracting eq. (ii) from eq. (i) and adding the result to eq. (iii), we have,

		  RA	 =	 AB CA

AB BC CA

R R
R R R+ +

	 ...(iv)

	 Similarly,	 RB	 =	 BC AB

AB BC CA

R R
R R R+ +

	 ...(v)

	 and	 RC	 =	 CA BC

AB BC CA

R R
R R R+ +

	 ...(vi)

	 How to remember ?  There is an easy way to remember these relations. 
Referring to Fig. 3.238, star-connected resistances RA, RB and RC are 
electrically equivalent to delta-connected resistances RAB, RBC and RCA.  We 
have seen above that :

		  RA	 =	 AB CA

AB BC CA

R R
R R R+ +

i.e.		  Any arm of star-connection	 =	
Product of two adjacent arms of

Sum of arms of

∆
∆

	 Thus to find the star resistance that connects to terminal A, divide the product of the two delta 
resistors connected to A by the sum of the delta resistors. Same is true for terminals B and C.

3.25.   Star/Delta  Transformation	
	 Now let us consider how to replace the star-connected network of Fig. 3.237 (ii) by the 
equivalent delta-connected network of Fig. 3.237 (i).
	 Dividing eq. (iv) by (v), we have,

		  RA/RB	 =	 RCA/RBC

	 \	 RCA	 =	 A BC

B

R R
R

	 Dividing eq. (iv) by (vi), we have,
		  RA / RC	 =	 RAB / RBC

Fig. 3.238
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	 \	 RAB	 =	 A BC

C

R R
R

          Substituting the values of RCA and RAB in eq. (iv), we have,

		  RBC	 =	 B C
B C

A

R RR R
R

+ +

 	 Similarly,	 RCA	 =	 C A
C A

B

R RR R
R

+ +

	 and	 RAB	 =	 A B
A B

C

R RR R
R

+ +

	 How to remember ? There is an easy way to remember these relations.

	 Referring to Fig. 3.239, star-connected resistances RA, RB and RC are electrically equivalent to 
delta-connected resistances RAB, RBC and RCA. We have seen above that :

		  RAB	 =	 A B
A B

C

R RR R
R

+ +

i.e. Resistance between two = Sum of star resistances connected to those terminals plus product of
	 terminals of delta		  same two resistances divided by the third star resistance

	 Note. Figs. 3.240 (i) to (iii) show three ways that a wye (Y) arrangement might appear in a circuit. Because 
the wye-connected components may appear in the equivalent form shown in Fig. 3.240 (ii), the arrangement 
is also called a tee (T) arrangement. Figs. 3.240 (iv) to (vi) show equivalent delta forms. Because the delta (∆) 
arrangement may appear in the equivalent form shown in Fig. 3.240 (vi), it is also called a pi (π) arrangement. 
The figures show only a few of the ways the wye (Y) and delta (∆) networks might be drawn in a schematic 
diagram.  Many equivalent forms can be drawn by rotating these basic arrangements through various angles. 
Note that each network has three terminals.

Fig. 3.240

Fig. 3.239
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	 Example 3.95. Using delta/star transformation, find the galvanometer current in the 
Wheatstone bridge shown in Fig. 3.241 (i).

Fig. 3.241

	 Solution. The network ABDA in Fig. 3.241 (i) forms a delta. These delta-connected resistances 
can be replaced by equivalent star-connected resistances R1, R2 and R3 as shown in Fig. 3.241 (i).

		  R1	 =	
10 20

10 40 20
AB DA

AB BD DA

R R
R R R

×=
+ + + +

 = 2.86 Ω

		  R2	 =	
10 40

10 40 20
AB BD

AB BD DA

R R
R R R

×=
+ + + +

 = 5.72 Ω

		  R3	 =	
20 40

10 40 20
DA BD

AB BD DA

R R
R R R

×=
+ + + +

 = 11.4 Ω

	 Thus the network shown in Fig. 3.241 (i) reduces to the network shown in Fig. 3.241 (ii).

		  RAC	 =	
(30 5.72) (15 11.4)

2.86
(30 5.72) (15 11.4)

+ ++
+ + +

 = 18.04 Ω

		  Battery current, I	 =	 2/18·04  =  0·11 A
		 The battery current divides at N into two parallel paths.

	 \	 Current in branch NBC, I1	 =	 0.11 × 
26.4

26.4 35.72+
 = 0·047 A

		  Current in branch NDC, I2	 =	
35.72

0.11
26.4 35.72

×
+

 = 0·063 A

		  Potential of B w.r.t. C	 =	 30 × 0·047 = 1·41 V

		  Potential of D w.r.t. C	 =	 15 × 0·063 = 0·945 V
	 Clearly, point B is at higher potential than point D by
		  1·41 –  0·945	 =	 0·465 V

	 \	 Galvanometer current	 =	
P.D.between and

Galvanometer resistance

B D

			   =	 0·465 / 40  = 11·6 × 10–3 A = 11·6 mA from B to D
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	 Example 3.96. With the help of star/delta transformation, obtain the value of current supplied 
by the battery in the circuit shown in Fig. 3.242 (i).

Fig. 3.242

	 Solution. The star-connected resistances 3 Ω, 3 Ω and 1 Ω in Fig. 3.242 (i), are shown separately 
in Fig. 3.242 (ii). These star-connected resistances are converted into equivalent delta-connected 
resistances R1, R2 and R3 as shown in Fig. 3.242 (iii).

		  R1	 =	
3 3

3 3
1

×+ +  = 15 Ω

		  R2	 =	
3 1

3 1
3

×+ +  = 5 Ω

		  R3	 =	
1 3

1 3
3

×+ +  = 5 Ω

	 After above star-delta conversion, the circuit reduces to the one shown in Fig. 3.242 (iv). This 
circuit can be further simplified by combining parallel resistances and the circuit becomes as shown 
in Fig. 3.242 (v).

Fig. 3.242

	 The three delta-connected resistances 1 Ω, 5 Ω and 8 Ω in Fig. 3.242 (v) are shown separately 
in Fig. 3.242 (vi). These delta-connected resistances can be converted into equivalent star-connected 
resistances R′1, R′2 and R′3 as shown in Fig. 3.242 (vii).
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		  R′1	 =	
1 8

1 5 8

×
+ +

 = 
4

7
Ω

		  R′2	 =	
5 1

1 5 8

×
+ +

 = 
5

14
Ω

		  R′3	 =	
8 5

1 5 8

×
+ +

 = 
20

7
Ω

Fig. 3.242
	 After above delta-star conversion, the circuit reduces to the one shown in Fig. 3.242 (viii).

Fig. 3.242
	 Total resistance offered by the circuit to the battery is

		  RT	 =	 4 5 20 20
2.5 || 7.6

7 14 7 9

    + + + +        

			   =	
4 20 320

|| 7.6
7 7 63

 + +  
 = 10 W

	 \  Current supplied by the battery [See Fig. 3.242 (ix)] is

		  I	 =	
10

10T

V
R

=  = 1 A

	 Example 3.97. A network of resistors is shown in Fig. 3.243 (i). Find the resistance (i) between 
terminals A and B (ii) B and C and (iii) C and A.
	 Solution. The star-connected resistances 6 Ω, 3 Ω and 4 Ω in Fig. 3.243 (i) are shown 
separately in Fig. 3.243 (ii). These star-connected resistances can be converted into equivalent 
delta-connected resistances R1,  R2  and R3 as shown in Fig. 3.243 (ii).
	 	 R1	 =	 4 + 6 + (4 × 6/3) = 18 Ω
	 	 R2	 =	 6 + 3 + (6 × 3/4)  =  13·5 Ω
	 	 R3	 =	 4 + 3 + (4 × 3/6) =  9 Ω
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Fig. 3.243
	 These delta-connected resistances R1, R2 and R3 come in parallel with the original delta-connected 
resistances. The circuit shown in Fig. 3.243 (i) reduces to the circuit shown in Fig. 3.244(i).

Fig. 3.244

	 The parallel resistances in each leg of delta in Fig. 3.244 (i) can be replaced by a single resistor 
as shown in Fig. 3.244 (ii) where
	 	 RAC	 =	 9 × 18/27 = 6 Ω
	 	 RBC	 =	 9 × 1/10  =  0·9 Ω
	 	 RAB	 =	 1·5 × 13·5/15 = 1·35 Ω 
	 (i)	 Resistance between A and B		  =	 1·35 Ω || (6 + 0·9) Ω  = 1·35 × 6·9/8·25 = 1·13 Ω
	 (ii)	 Resistance between B and 	 C	 =	 0·9 Ω || (6 + 1·35) Ω =  0·9 × 7·35/8·25 = 0·8 Ω
	 (iii)	 Resistance between A and 	 C	 =	 6 Ω || (1·35 + 0·9) Ω = 6 × 2·25/8·25 = 1.636 Ω

	 Example 3.98. Determine the load current in branch EF in the circuit shown in Fig. 3.245 (i).

Fig. 3.245
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	 Solution. The circuit ACGA forms delta and is shown separately in Fig. 3.245 (ii) for clarity. 
Changing this delta connection into equivalent star connection [See Fig. 3.245 (ii)], we have,

		  RAN = 
500 200

500 200 200

×
+ +

	 =	 111.11 Ω   ;   RCN = 
200 200

500 200 200

×
+ +

 = 44.44 Ω  ;

		  RGN = 
500 200

500 200 200

×
+ +

	 =	 111.11 Ω

	 Thus the circuit shown in Fig. 3.245 (i) reduces to the circuit shown in Fig. 3.246 (i). The branch 
NEF ( = 111·11 + 600 = 711·11 Ω) is in parallel with branch NCD ( = 44·44 + 600 = 644·44 Ω) and 
the equivalent resistance of this parallel combination is

			   =	
711.11 644.44

711.11 644.44

×
+

 = 338 Ω

	 The circuit shown in Fig. 3.246 (i) reduces to the circuit shown in Fig. 3.246 (ii).

Fig. 3.246

	 \	 Battery current, I	 =	
100

338 111.11+
 = 0.222 A

	 This battery current divides into two parallel paths [See Fig. 3.246 (i)] viz. branch NEF and 
branch NCD.
	 \	  Current in branch NEF i.e. in branch EF

			   =	
644.44

0.222
711.11 644.44

×
+

 = 0.1055 A

	 Example 3.99. A square and its diagonals are made of a uniform covered wire. The resistance 
of each side is 1 Ω and that of each diagonal is 1·414 Ω. Determine the resistance between two 
opposite corners of the square.

Fig. 3.247
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	 Solution. Fig. 3.247 (i) shows the given square. It is desired to find the resistance between 
terminals A and C. The star-connected resistances 1 Ω, 1 Ω and 1·414 Ω (with star point at B) are 
shown separately in Fig. 3.247 (ii). These star-connected resistances can be converted into equivalent 
delta connected resistances R1, R2 and R3 as shown in Fig. 3.247 (ii) where

		  R1	 =	 AB BC
AB BC

BD

R RR R
R

⋅+ +

			   =	
1 1

1 1
1.414

×+ +  = 2.7 W

		  R2	 =	
1 1.414

1 1.414
1

×+ +  = 3·83 Ω

		  R3	 =	
1 1.414

1 1.414
1

×+ +  = 3·83 Ω	

	 The circuit shown in Fig. 3.247 (i) then reduces to the circuit shown in Fig. 3.248 (i). Note 
that R1 comes in parallel with 1·414 Ω connected between A and C; R2 comes in parallel with 1 Ω 
connected between C and D and R3 comes in parallel with 1 Ω connected between A and D.

Fig. 3.248

	 In Fig. 3.248 (i), branch AD has 1 Ω and 3·83 Ω resistances in parallel.

	 \	 RAD	 =	
1 3.83

1 3.83

×
+

 = 0.793 Ω  ;  RCD = 
1 3.83

1 3.83

×
+

 = 0.793 Ω ;

		  RAC	 =	
2.7 1.414

2.7 1.414

×
+

 = 0.928 Ω

	 \  	Resistance between terminals A and C [See Fig. 3.248 (ii)]

		  	 =	 0·928 || (0·793 + 0·793) = 0·928 × 1·586/2·514 = 0·585 Ω
	 Example 3.100. Determine the resistance between the terminals A and B of the network 
shown in Fig. 3.249 (i).
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Fig. 3.249

	 Solution. We can combine series resistances on the right and left of Fig. 3.249 (i). The circuit 
then reduces to the one shown in Fig. 3.249 (ii). The resistances 5 Ω, 20 Ω and 15 Ω form a delta 
circuit and can be replaced by a star network where

	 R1 = 
Product of two adjacent arms of delta

Sum of arms of delta
 = 

20 5 100

5 20 15 40

× =
+ +

 = 2.5 Ω ;

	 R2 = 
20 15

40

×
 = 7.5 Ω   ;		 R3 = 

5 15

40

×
 = 1.875 Ω

	 Referring to Fig. 3.249 (ii), R1 is in series with 10 Ω resistor and their total resistance is 10 + R1 
= 10 + 2·5 = 12·5 Ω. Similarly, we have 30 + R2 = 30 + 7·5 = 37·5 Ω and 2 + R3 = 2 + 1·875 = 3·875 
Ω. The circuit then reduces to the one shown in Fig. 3.249 (iii).

Fig. 3.249

	 Referring to Fig. 3.249 (iii), 3·875 Ω, 37·5 Ω and 30 Ω form a delta network and can be reduced 
to star network where
		  R4	 =	

3.875 37.5 3.875 37.5

3.875 37.5 30 71.375

× ×=
+ +

 = 2.04 W  ;

	 R5 = 
37.5 30

71.375

×
 = 15.76 Ω  ;  	R6	 =	

3.875 30

71.375

×
 = 1.63 Ω

	 Referring to Fig. 3.249 (iii), R4 is in series with 12.5 Ω resistor and their combined resistance =  
R4 + 12·5 = 2·04 + 12·5 = 14·54 Ω. The circuit then reduces to the one shown in Fig. 3.249 (iv). The 
resistance between terminals A and B is given by  ;

	 RAB = 15.76 + [14.54 || (15 + 1.63)] = 
14.54 16.63

15.76
31.17

×+  = 23·5 W
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	 Example 3.101. Determine the resistance between points A and B in the network shown in  
Fig. 3.250 (i).

Fig. 3.250

	 Solution. The 3 Ω, 5 Ω and 8 Ω form star network and can be replaced by delta network where
	 Resistance between two terminals of delta	=	Sum of star resistances connected to those 

terminals plus product of same two resistances 
divided by the third star resistance.

	 \	 R1	 =	
3 5

3 5
8

×+ +  = 9·875 Ω

		  R2	 =	
3 8

3 8
5

×+ +  = 15·8 Ω

		  R3	 =	
5 8

5 8
3

×+ +  = 26·3 Ω

	 Referring to Fig. 3.250 (ii), 5 Ω resistor is in parallel with R2 ( = 15·8 Ω) and their combined 
resistance is 3·8 Ω. Similarly, 4 Ω resistor is in parallel with R3 (= 26·3 Ω) and their combined 
resistance is 3·5 Ω. The circuit then reduces to the one shown in Fig. 3.250 (iii). Referring to  
Fig. 3.250 (iii), 6 Ω, 4 Ω and 9·875 Ω form a delta network and can be replaced by star network where

	 R6 = 
6 4 24

6 4 9.875 19.875

× =
+ +

 = 1.2 Ω  ;  R7 = 
9.875 4

19.875

×
 = 1.99 Ω  ;  R8 = 

9.875 6

19.875

×
 = 2.98 Ω 

Fig. 3.250
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	 Therefore, the circuit shown in Fig. 3.250 (iii) reduces to the one shown in Fig. 3.250 (iv). It is 
clear that :
		  RAB 	=	 (3·8 + R8) || (R7 + 3·5) + R6 = (3·8 + 2·98) || (1·99 + 3·5) + 1·2
			   =	 (6·78 || 5·49) + 1·2 = 4·23 Ω
	 Example 3.102. A π network is to be constructed as shown in Fig. 3.251 (i) so that the 
resistance RXZ looking into the X – Z terminals (with Y – Z open) equals the resistance RYZ looking 
into the Y – Z terminals (with X – Z open). If that resistance must equal 1 kΩ, find the value of R∆ 
that should be used in the π network.

Fig. 3.251

	 Solution. The delta network shown in Fig. 3.251 (i) can be converted into star network as shown 
in Fig. 3.251 (ii). Note that the star network has equal-valued resistors R∆/3. It is clear from this 
figure that :   
			   RXZ = RYZ	 =	

2

3 3 3

R R R∆ ∆ ∆+ =

	 or		  1 kΩ	 =	
2

3

R∆    or    R∆ = 1.5 kΩ

	 Therefore, the π network must have three 1.5 kΩ 
resistors as shown in Fig 3.251 (iii).

	 Example 3.103. Find the current distribution in the network shown in Fig. 3.252 (i).

Fig. 3.252

	 Solution. The network OAB forms a delta and can be replaced by star where :

		 R1 = 
1 2 1

6 3

× = Ω    ;   R2 = 
1 3

6

×
 = 0.5 Ω   ;   R3 = 

2 3

6

×
 = 1 Ω

	 The network then reduces to the one shown in Fig. 3.252 (ii). The current through OP is 1 A and 
divides between two parallel paths at point P. By current-divider rule :

		  Current in PA	 =	 Current in AC = 
5 5

1 1
1 4 0.5 5 10.5

× = ×
+ + +

 = 0.477 A

		  Current in PB	 =	 Current in BC = 1 – 0.477 = 0.523A

Fig. 3.251
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		  Voltage drop in PB	 =	 1 × 0·523 = 0.523 V

		  Voltage drop in PA	 =	 0·5 × 0·477 = 0.238 V

	 \	 VAB	 =	 0·523 – 0·238 = 0.285 V

	 \	 IAB	 =	 0·285/3 = 0.095 A 
		  Current in OB	 =	 Current in BC – Current in AB
			   =	 0.523 – 0.095 = 0.428 A
		  Current in OA	 =	 1 – 0.428 = 0.572 A

	 Example 3.104. Find the current in 10 Ω resistor in the network shown in Fig. 3.253 (i) by 
star-delta transformation.

Fig. 3.253

	 Solution. In Fig. 3.253 (i), the 4 Ω and 8 Ω resistors are in series and their total resistance is 8 + 
4 = 12 Ω. Similarly, at the right end of figure, 17 Ω and 13 Ω are in series so that their total resistance 
becomes 17 + 13 = 30 Ω. The circuit then reduces to the one shown in Fig. 3.253 (ii). Replacing the 
two deltas at the left end and right end in Fig. 3.253 (ii) by their equivalent star, we get the circuit 
shown in Fig. 3.253 (iii).

Fig. 3.253

	 Referring to Fig. 3.253 (iii), the path CED has resistance = 4 + 34 + 10 = 48 Ω and path CABD 
has resistance = 4 + 10 + 10 = 24 Ω. The circuit then reduces to the one shown in Fig. 3.253 (iv). 
The total resistance RT presented to 180V source is 
		  RT	 =	 4 + (48 || 24) + 10 = 30 Ω

	 \	 Circuit current, I	 =	 180/30 = 6 A

	 \  	Voltage across parallel combination = I × (48 || 24) = 6 × 16 = 96 V

	 \	  Current in 10 Ω resistor [part of 24 Ω in Fig. 3.253 (iv)] = 96/24 = 4 A
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	 Example 3.105. Using Norton’s theorem, find the current through the 8 Ω resistor shown in  
Fig 3.254 (i). All resistance values are in ohms.

Fig. 3.254

	 Solution. In order to find Norton current IN, place short circuit across the load of 8 Ω resistor. 
The circuit then becomes as shown in Fig. 3.254 (ii). The short circuit bypasses all the resistors 
except 2 Ω resistor. Therefore, ISC = IN = 200/2 = 100 A. In order to find RN, replace 200 V source by 
a short. Then RN is the resistance looking into open-circuited terminals A and B in Fig. 3.254 (iii).

Fig. 3.254

	 In Fig. 3.254 (ii), ABC network forms a delta and can be replaced by equivalent star network as 
shown in Fig. 3.254 (iii). This circuit reduces to the one shown in Fig. 3.254 (iv).
		  Norton’s resistance, RN	 =	 Resistance at the open-circuited terminals in Fig. 3.254 (iv)
			   =	 2 || 4 || (5·5 + 2·5) = 8/7 Ω
	 Therefore, Norton equivalent circuit consists of 100A current source in parallel with a 
resistance of 8/7 Ω. When load RL ( = 8 Ω) is connected at the output terminals of Norton’s 
equivalent circuit, the circuit becomes as shown in Fig 3.254 (v). By current-divider rule, the load 
current IL through RL ( = 8 Ω) is given by ;
		  IL	 =	

8 7
100

8 (8 7)
×

+
 = 12·5 A

	 Example 3.106. In the network shown in Fig. 3.255 (i), find (i) Norton equivalent circuit at 
terminals AB (ii) the maximum power that can be provided to a resistor R connected between 
terminals A and B.

Fig. 3.255
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	 Solution. (i) The star- connected resistances 4 Ω, 8 Ω and 2 Ω in Fig. 3.255 (i) can be converted 
into equivalent delta-connected resistances Rab, Rbc and Rca as shown in Fig. 3.255 (ii).

		  Rab	 =	
4 8

4 8
2

×+ +  = 28 Ω

		  Rbc	 =	
8 2

8 2
4

×+ +  = 14 Ω

		  Rca	 =	
2 4

2 4
8

×+ +  = 7 Ω

	 After above star-delta conversion, 
the circuit reduces to the one shown in  
Fig. 3.255 (ii). We can further 
simplify the circuit in Fig. 3.255 (ii) 
by combining the parallel resistances 
(4 Ω || 28 Ω = 3.5 Ω and 3 Ω || 7 Ω 
= 2.1 Ω). The circuit then becomes 
as shown in Fig. 3.255 (iii). We now 
convert 48A current source in parallel 
with 2.1Ω resistance in Fig. 3.255 
(iii) into equivalent voltage source 
of 48 A × 2.1 Ω = 100.8 V in series 
with 2.1Ω resistance. The circuit then 
becomes as shown in Fig. 3.255 (iv). 
In order to find Norton current IN, 
we short circuit terminals A and B 
in Fig. 3.255 (iv) and get the circuit 
of Fig. 3.255 (v). Then current in 
the short-circuit is IN. Referring to  
Fig. 3.255 (v) and applying Ohm’s law, 
the value of IN is given by ;

		          IN  = 	
100.8

2.1 3.5+
 = 18A

	 Note that no current will pass through 14 Ω resistor in Fig. 3.255 (v). It is because there is a 
short across this resistor and the entire current ( = IN) will pass through the short.			 	

Fig. 3.255

	 In order to find Norton resistance RN(= RTh), we open circuit the terminals AB and replace the 
voltage source by a short in Fig. 3.255 (iv). The circuit then becomes as shown in Fig. 3.255 (vi).

	 \	 RN	 =	 Resistance at terminals AB in Fig. 3.255 (vi)

			   =	 (3.5 + 2.1) Ω || 14 Ω = 5.6 Ω || 14 Ω = 4 Ω

Fig. 3.255

Fig. 3.255
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Fig. 3.255

	 The Norton equivalent circuit at terminals AB is shown in Fig. 3.255 (vii).

	 (ii) Maximum power will be provided to resistance R connected between terminals A and B 
when resistance R is equal to Norton resistance RN i.e.
		  R	 =	 RN = 4 Ω
	 When R(= 4 Ω) is connected across terminals A and B in Fig. 3.255 (vii), then by current-divider 
rule,
	          Current in R (= 4 Ω),	 I	 =	

4
18

4 4
×

+
 = 9A 

	 \   Maximum power (Pmax) provided to R is

		  Pmax	 =	  I2R = (9)2 × 4 = 324 W
	 Remember that under the condition of maximum power transfer, the circuit efficiency is only 
50% and the remaining 50% is dissipated in the circuit.

	 Example 3.107. Determine 
a non-negative value of R such 
that the power consumed by the  
2 Ω resistor in Fig. 3.256 (i) is 
maximum.

	 Solution. In order to find 
maximum power consumed in 2 Ω 
resistor (i.e. load), we should find 
Thevenin resistance RTh at 2 Ω 
terminals. For this purpose, we open 
circuit the load terminals (i.e. remove 2 Ω resistor) and short circuit the voltage sources as shown in 
Fig. 3.256 (ii). The resistance at the open-circuited load (i.e. 2Ω) terminals XY is the RTh.

	 RTh = Resistance at terminals XY 		
	           in Fig. 3.256 (ii).
	 In order to facilitate the deter-
mination of RTh, we convert delta-
connected resistances R Ω, 3 Ω and 
3 Ω in Fig. 3.256 (ii) into equivalent 
star-connected resistances R1, R2 and 
R3 as shown in Fig. 3.256 (iii). The 
values of R1, R2 and R3 are given by ;

		  R1	 =	
3 3

3 3 6

R R
R R

× =
+ + +

		  R2	 =	
3

3 3

R
R

×
+ +

 = 
3

6

R
R+

Fig. 3.256

Fig. 3.256
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		  R3	 =	
3 3 9

3 3 6R R
× =

+ + +

Fig. 3.256
	 After above delta-star conversion, the circuit becomes as shown in Fig. 3.256 (iii). Then 
resistance at open-circuited terminals XY is RTh.
		  Referring to Fig. 3.256 (iii),
		  RTh	 =	

3 9 3
|| 3

6 6 6

R R
R R R

    + +    + + +    

			   =	
3 27 3 3

||
6 6 6

R R R
R R R

+  + + + + 

			   =	
3 (27 3 ) 3

(6 ) (27 3 3 ) 6

R R R
R R R R

× + +
+ + + +

	 For maximum power in 2 Ω, the value of RTh should be equal to 2 Ω.

	 \	
3 (27 3 ) 3

(6 )(27 3 3 ) 6

R R R
R R R R

× + +
+ + + +

	 =	 2

	 or	
3 (27 3 )

3
27 6

R R R
R

× + +
+

	 =	 2(6 + R)

	 or 	 5R2 + 12R – 108	 =	 0	 ...after simplification
	 \	 R	 =	 + 3.6 Ω  or  – 6 Ω
	 Accepting the positive value, R = 3.6 Ω.

Tutorial  Problems
	 1.	 Find the total current drawn from the voltage source and the current through R1 ( = 1 Ω) in the circuit 

shown in Fig. 3.257.	 			   [4 A ; 2 A]
	 2.	 Convert the delta network shown in Fig. 3.258 into equivalent wye network. 

		  Fig. 3.257	 Fig. 3.258



D.C.  Network  Theorems	 233	

	 3.	 Convert the wye network shown in Fig. 3.259 into equivalent delta network.

		  Fig. 3.259	 Fig. 3.260

	 4.	 Convert the delta network shown in Fig. 3.260 into the equivalent wye network.
	 5.	 In the network shown in Fig. 3.261, find the resistance between terminals B and C using star/delta 

transformation.				    [17/12 Ω]

		  Fig. 3.261	 Fig. 3.262

	 6.	 In the network shown in Fig. 3.262, find the current supplied by the battery using star/delta 
transformation.				    [0·452 A]

	 7.	 What is the resistance between terminals A and B of the network shown in Fig. 3.263 ?	 [274·2 Ω]

		  Fig. 3.263	 Fig. 3.264

	 8.	 Using delta/star transformation, find the resistance between terminals A and C of the network shown in 
Fig. 3.264.

	 9.	 Using star/delta transformation, determine the value of R for the network shown in Fig. 3.265 such that 
4Ω resistor consumes the maximum power.	 [R = 36W]
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		  Fig. 3.265	 Fig. 3.266

	 10.	 Calculate the current I flowing through the 10 Ω resistor in the circuit shown in Fig. 3.266. Apply 
Thevenin’s theorem and star/delta transformation.	 [5.45 mA from D to B]

ANSWERS  TO  PROBLEMS  2  TO  4

	 Prob. 2	 Prob. 3	 Prob. 4

3.26.  Tellegen’s  Theorem
	 This theorem has wide applications in electric networks and may be stated as under :
	 For a network consisting of n elements if i1, i2, i3 .... in are the instantaneous currents 
flowing through the elements satisfying KCL and v1, v2, v3 ... vn are the instantaneous voltages 
across these elements satisfying KVL, then,
		  v1i1 + v2i2 + v3i3 + ..... + vnin	 =	 0

	 or	
1

n

n n
n

v i
=

∑ 	 =	 0

	 Now vi is the instantaneous power. Therefore, Tellegen’s theorem can also be stated as under :
	 The sum of instantaneous powers for n branches in a network is always * zero.
	 This theorem is valid for any lumped network that contains elements linear or non-linear, 
passive or active, time variant or time invariant.
	 Explanation. Let us explain Tellegen’s theorem with a simple circuit shown in Fig. 3.267. The 
total resistance offered to the battery = 8 Ω + (4 Ω || 4 Ω) = 10 Ω. Therefore, current supplied by 
battery is I = 100/10 = 10A. This current divides equally at point A.
	 Voltage drop across 8 Ω = – (10 × 8) = – 80 V
	 Voltage drop across 4 Ω = – (5 × 4) = – 20 V
	 Voltage drop across 1 Ω = – (5 × 1) = – 5V
	 Voltage drop across 3 Ω = – (5 × 3) = – 15 V

*	 This is in accordance with the law of conservation of energy because power delivered by the battery is 
consumed in the circuit elements.
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	 According to Tellegen’s theorem,
	 Sum of instantaneous powers = 0
	 or	 v1i1 + v2i2 + v3i3 + v4i4 + v5i5 = 0

	 or	 (100 × 10) + (–80 × 10) + (–20 × 5) + (–5 × 5) 
	 + (–15 × 5) = 0
	 or	 1000 – 800 – 100 – 25 – 75 = 0
	 or	 0 = 0 which is true
	 Thus Tellegen’s theorem stands proved.

Objective  Questions
Fig. 3.267

	 1.	 An active element in a circuit is one which 
.......... 

	 (i)	 receives energy

	 (ii)	 supplies energy

	 (iii)	 both receives and supplies energy

	 (iv)	 none of the above

	 2.	 A passive element in a circuit is one which 
..........

	 (i)	 supplies energy

	 (ii)	 receives energy

	 (iii)	 both supplies and receives energy

	 (iv)	 none of the above

	 3.	 An electric circuit contains ..........

	 (i)	 active elements only

	 (ii)	 passive elements only

	 (iii)	 both active and passive elements

	 (iv)	 none of the above

	 4.	 A linear circuit is one whose parameters (e.g. 
resistances etc.) ..........

	 (i)	 change with change in current

	 (ii)	 change with change in voltage

	 (iii)	 do not change with voltage and current

	 (iv)	 none of the above

	 5.	 In the circuit shown in Fig. 3.268, the number 
of nodes is ..........

	 (i)	 one	 (ii)	 two

	 (iii)	 three	 (iv)	 four

Fig. 3.268

	 6.	 In the circuit shown in Fig. 3.268, there are 
.......... junctions.	

	 (i)	 three 	 (ii)	 four
	 (iii)	 two	 (iv)	 none of the above
	 7.	 The circuit shown in Fig. 3.268 has .......... 

branches.
	 (i)	 two	 (ii)	 four
	 (iii)	 three	 (iv)	 none of these
	 8.	 The circuit shown in Fig. 3.268 has .......... 

loops.
	 (i)	 two 	 (ii)	 four
	 (iii)	 three	 (iv)	 none of the above
	 9.	 In the circuit shown in Fig. 3.268, there are 

.......... meshes. 	 	
	 (i)	 two	 (ii)	 three
	 (iii)	 four	 (iv)	 five
	 10.	 To solve the circuit shown in Fig. 3.268 by 

Kirchhoff’s laws, we require ..........	
	 (i)	 one equation	 (ii)	 two equations
	 (iii)	 three equations	 (iv)	 none of the above
	 11.	 To solve the circuit shown in Fig. 3.268 by 

nodal analysis, we require .......... 	
	 (i)	 one equation 	 (ii)	 two equations
	 (iii)	 three equations	 (iv)	 none of the above
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Fig. 3.269

	 12.	 To solve the circuit shown in Fig. 3.269 by 
superposition theorem, we require ..........  

	 (i)	 one circuit	 (ii)	 two circuits
	 (iii)	 three circuits 	 (iv)	 none of the above
	 13.	 To solve the circuit shown in Fig. 3.269 by 

Maxwell’s mesh current method, we require 
..........

	 (i)	 one equation	 (ii)	 three equations
	 (iii)	 two equations	 (iv)	 none of the above
	 14.	 In the circuit shown in Fig. 3.270, the voltage 

at node B w.r.t. D is calculated to be 15V. The 
current in 3 Ω resistor will be ..........	

	 (i)	 2 A	 (ii)	 5 A
	 (iii)	 2·5 A	 (iv)	 none of the above
	 15.	 The current in 2 Ω horizontal resistor in Fig. 

3.270 is ..........
	 (i)	 10 A	 (ii)	 5 A
	 (iii)	 2 A	 (iv)	 2·5 A

Fig. 3.270

	 16.	 In order to solve the circuit shown in Fig. 3.270 
by nodal analysis, we require ..........

	 (i)	 one equation	 (ii)	 two equations
	 (iii)	 three equations	 (iv)	 none of the above
	 17.	 The superposition theorem is used when the 

circuit contains .......... 
	 (i)	 a single voltage source
	 (ii)	 a number of voltage sources
	 (iii)	 passive elements only
	 (iv)	 none of the above

	 18.	 Fig. 3.271 (ii) shows Thevenin’s equivalent 
circuit of Fig. 3.271 (i). The value of Thevenin’s 
voltage VTh is ..........

	 (i)	 20 V	 (ii)	 24 V
	 (iii)	 12 V	 (iv)	 36 V

Fig. 3.271

	 19.	 The value of RTh in Fig. 3.271 (ii) is ..........
	 (i)	 15 Ω	 (ii)	 3·5 Ω
	 (iii)	 6·4 Ω	 (iv)	 7·4 Ω
	 20.	 The open-circuited voltage at terminals AB in 

Fig. 3.271 (i) is ..........
	 (i)	 12 V	 (ii)	 20 V
	 (iii)	 24 V	 (iv)	 40 V
	 21.	 Find the value of RL in Fig. 3.272 to obtain 

maximum power in RL.

Fig. 3.272

	 (i)	 100 Ω	 (ii)	 75 Ω
	 (iii)	 250 Ω	 (iv)	 150 Ω
	 22.	 In Fig. 3.272, find the maximum power in RL.
	 (i)	 2 W	 (ii)	 1·042 W
	 (iii)	 2·34 W	 (iv)	 4·52 W
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	 23.	 What percent of the maximum power is 
delivered to RL in Fig. 3.273 when RL = 2RTh?

Fig. 3.273

	 (i)	 79 % of PL (max)
	 (ii)	 65 % of PL (max)
	 (iii)	 88·89 % of PL (max)
	 (iv)	 none of above
	 24.	 What percent of the maximum power is 

delivered to RL in Fig. 3.273 when RL = RTh/2 ?
	 (i)	 65 %	 (ii)	 70 %
	 (iii)	 88·89 %	 (iv)	 none of above
	 25.	 Find Millman’s equivalent circuit w.r.t. 

terminals x – y in Fig. 3.274.

Fig. 3.274

	 (i)	 Single current source of 0·1A and 
resistance 75 Ω	

	 (ii)	 Single current source of 2 A and resistance 
50  Ω

	 (iii)	 Single current source of 1 A and resistance 
25  Ω

	 (iv)	 none of above
	 26.	 Use superposition principle to find current 

through R1 in Fig. 3.275.

Fig. 3.275

	 (i)	 1 mA ←	 (ii)	 2 mA ←
	 (iii)	 1·5 mA →	 (iv)	 2·5 A ←	
	 27.	 Use superposition principle to find current 

through R1 in the circuit shown in Fig. 3.276.

Fig. 3.276

	 (i)	 0·2 A ←	 (ii)	 0·25 A →
	 (iii)	 0·125 A →	 (iv)	 0·5 A →	
	 28.	 Find Thevenin equivalent circuit to the left of 

terminals x – y in Fig. 3.277.

Fig. 3.277

	 (i)	 VTh = 5 V  ;  RTh = 4·5 Ω
	 (ii)	 VTh = 6 V  ;  RTh = 5 Ω
	 (iii)	 VTh = 4·5 V  ;  RTh = 10 Ω
	 (iv)	 VTh = 10 V  ;  RTh = 9 Ω	
	 29.	 Convert delta network shown in Fig. 3.278 to 

equivalent Wye network.

Fig. 3.278

	 (i)	

	 (ii)	
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	(iii)	 	

	 (iv)	 		

	 30.	 What percentage of the maximum power is 
delivered to a load if load resistance is 10 times 
greater than the Thevenin resistance of the 
source to which it is connected ?

	 (i)	 25 %	 (ii)	 40 %
	 (iii)	 35 %	 (iv)	 33·06 %

Answers
	 1.	 (ii)	 2.	 (ii) 	 3.	 (iii) 	 4.	 (iii) 	 5.	 (iv) 	
	 6.	 (iii) 	 7.	 (iii) 	 8.	 (iii) 	 9.	 (i) 	 10.	 (ii)	
	 11.	 (i) 	 12.	 (ii) 	 13.	 (iii) 	 14.	 (ii)	 15.	 (iv) 
	 16.	 (i) 	 17.	 (ii) 	 18.	 (ii)	 19.	 (iv) 	 20.	 (iii)
	 21.	 (iv)	 22.	 (ii)	 23.	 (iii)	 24.	 (iii)	 25.	 (i)
	 26.	 (ii)	 27.	 (iii)	 28.	 (iv)	 29.	 (i)	 30.	 (iv)



Introduction
	 Engineering is an applied science dealing with a very large number of *physical quantities 
like distance, time, speed, temperature, force, voltage, resistance etc.  Although it is possible to as-
sign a standard unit for each quantity, it is rarely necessary to do so because many of the quantities 
are functionally related through experiment, derivation or definition.  In the study of mechanics, 
for example, the units of only three quantities viz. mass, length and time need to be selected.  All 
other quantities (e.g. area, volume, velocity, force etc.) can be expressed in terms of the units of 
these three quantities by means of experimental, derived and defined **relationship between the 
physical quantities.  The units selected for these three quantities are called fundamental units.  
In order to cover the entire subject of engineering, three more fundamental quantities have been 
selected viz. †electric current, temperature and luminous intensity. Thus there are in all six fun-
damental quantities (viz, mass, length, time, current, temperature and luminous intensity) which 
need to be assigned proper and standard units. The units of all other physical quantities can be 
derived from the units of these six fundamental quantities. In this chapter, we shall focus our at-
tention on the mechanical, electrical and thermal units of work, power and energy.

4.1.   International  System  of  Units
	 Although several systems were evolved to assign units to the above mentioned six fundamental 
quantities, only international system of units (abbreviated as SI) has been universally accepted. The 
units assigned to these six fundamental quantities in this system are given below.                           

Quantity Symbol Unit name Unit symbol
Length l, L metre m
Mass m kilogram kg
Time t second s
Electric Current I ampere A
Temperature T degree kelvin K
Luminous I candela Cd
Intensity

	 It may be noted that the units of all other physical quantities in science and engineering (i.e. 
other than six fundamental or basic quantities above) can be derived from the above basic units and 
are called derived units. Thus unit of velocity (= 1 m/s) results when the unit of length (= 1 m) is 
divided by the unit of time (= 1 s). Similarly, the unit of force (= 1 newton) results when unit of mass  
(= 1 kg) is multiplied by the unit of acceleration (= 1 m/s2). Therefore, units of velocity and force 
are the derived units.

*	 A physical quantity is one which can be measured.
**	 For example, by definition, speed is the distance travelled per second.  Therefore, speed is related to distance  

(i.e. length) and time.
†	 For practical reasons, electric current and not charge has been taken as the fundamental quantity, though 

one is derivable from the other.  The important consideration which led to the selection of current as the 
fundamental quantity is that it serves as the link between electric, magnetic and mechanical quantities and 
can be readily measured.

4
Units—Work, Power and Energy
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4.2.   Important  Physical  Quantities
	 It is profitable to give a brief description of the following physical quantities much used in  
science and engineering :
	 (i)	 Mass. It is the quantity of matter possessed by a body. The SI unit of mass is kilogram 

(kg).  The mass of a body is a constant quantity and is independent of place and position of 
the body. Thus the mass of a body is the same whether it is on Earth’s surface, the Moon’s 
surface, on the top of a mountain or down a deep well.

			   1 quintal	=	 100 kg  ;  1 tonne = 10 quintals = 1000 kg
	 (ii)	 Force.	 It is the product of mass (kg) and acceleration (m/s2). The unit of force is newton 

(N) ; being the force required to accelerate a mass of 1 kg through an acceleration of  
1 m/s2.

		  \	 F	=	 m a newtons
		  where	 m	=	 mass of the body in kg
	 		  a	=	 acceleration in m/s2

	 (iii)	 Weight. The force with which a body is attracted towards the centre of Earth is called the 
weight of the body.  Now, force = mass × acceleration.  If m is the mass of a body in kg and 
g is the acceleration due to gravity in m/s2, then,

		     	        Weight, W	=	 m g newtons

	 As the value of g* varies from place to place on earth’s surface, therefore, the weight of the 
body varies accordingly.  However, for practical purposes, we take g = 9·81 m/s2 so that weight of 
the body = 9·81 m newtons.  Thus if a mass of 1 kg rests on a table, the downward force on the table 
i.e., weight of the body is W = 9·81 × 1 = 9·81 newtons.
	 The following points may be noted carefully :
	 (a)	 The mass of a body is a constant quantity whereas its weight depends upon the place or 

position of the body. However, it is reasonably accurate to express weight W = 9·81 m  
newtons where m is the mass of the body in kg.

	 (b)	 Sometimes weight is given in kg. wt. units. One kg-wt means weight of mass of 1 kg i.e.             
9·81 × 1 = 9·81 newtons.

		  \	 1 kg. wt.	=	 9·81 newtons
	 Thus, when we say that a body has a weight of 100 kg, it means that it has a mass of 100 kg and 
that it exerts a downward force of 100 × 9·81 newtons.

4.3.   Units  of  Work  or  Energy
	 Work is said to be done on a body when a force acts on it and the body moves through some 
distance. This work done is stored in the body in the form of energy.  Therefore, work and energy 
are measured in the same units. The SI unit of work or energy is joule and is defined as under :
	 The work done on a body is one joule if a force of one newton moves the body through 1 m in 
the direction of force.
	 It may be noted that work done or energy possessed in an electrical circuit or mechanical 
system or thermal system is measured in the same units viz. joules. This is expected because 
mechanical, electrical and thermal energies are interchangeable.  For example, when mechanical 
work is transferred into heat or heat into work, the quantity of work in joules is equal to the 
quantity of **heat in joules.
*	 The value of g is about 9.81 m/s2 at sea level whereas at equator, it is about 9.78 m/s2 and at each pole it 

is about 9.832 m/s2.
**	 Although heat energy was assigned a separate unit viz. calorie but the reader remembers that 1 calorie  

= 4.186 joules. In fact, the thermal unit calorie is obsolete and now-a-days heat is expressed in joules.
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	 Note. To gain some appreciation for the magnitude of a joule of heat energy, it would require about  
90,000 J  to heat a cup of water from room temperature to boiling.

4.4.   Some  Cases  of  Mechanical  Work  or  Energy
	 It may be helpful to give a few important cases of work done or energy possessed in a me-
chanical system :
	 (i)	 When a force of F newtons is exerted on a body through 

a distance ‘d’ metres in the direction of force, then,
		  Work done = F × d joules or Nm
	 (ii)	 Suppose a force of F newtons in maintained tangentially 

at a radius r metres from O as shown in Fig. 4.1. In 
one revolution, the point of application of force travels 
through a distance of 2π r metres.

	 \  Work done in one revolution
				    =	 Force × Distance moved in 1 revolution
				    =	 F × 2 π r
				    =	 2π × T joules or Nm
where T = F r is the torque.  Clearly, the SI unit of torque will be joules or Nm.  If the body makes 
N revolutions per minute, then,
			   Work done/minute	 =	 2π N T joules
	 (iii)	 If a body of mass m kg is moving with a speed of v m/s, then kinetic energy possessed by 

the body is given by ;
			   K.E. of the body	=	 21

2
mv  joules

	 (iv)	 If a body having a mass of m kg is lifted vertically through a height of h metres and g is 
acceleration due to gravity in m/s2, then,

			  Potential energy of body	 =	 Work done in lifting the body = Force required × height
				    =	 Weight of body × height = m g × h
				    =	 m g h joules

4.5.   Electrical  Energy
	 The SI unit of electrical work done or electrical energy expended in a circuit is also joule—ex-
actly the same as for mechanical energy.  It is defined as under :
	 One joule of energy is expended electrically when one coulomb is moved through a p.d. of  
1 volt.
	 Suppose a charge of Q coulomb moves through a p.d. of V volts in time t in part AB of a circuit 
as shown in Fig. 4.2. Then electrical energy expended is given by ;
	 Electrical energy expended
				    =	 V Q joules
				    =	 V I t joules	 (�l   Q = I t)
				    =	 I2R t joules	 (�l   V = I R)

				    =	
2V t

R
 joules	

VI
R

� ��� �
� �
∵ 	

	 It may be mentioned here that joule is also known as watt-second i.e. 1 joule = 1 watt-sec. 
When we are dealing with large amount of electrical energy, it is often convenient to express it in 
kilowatt hours (kWh).
			   1 kWh	 =	 1000 watt-hours = 1000 × 3600 watt-sec or joules

Fig. 4.1

Fig. 4.2
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	 \		  1 kWh	 =	 36 × 105 joules or watt-sec
	 Although practical unit of electrical energy is kWh, yet it is easy to see that this unit is readily 
convertible to joules with the help of above relation.
	 The electricity bills are made on the basis of total electrical energy consumed by the consumer. 
The unit for billing of electrical energy is 1 kWh. Thus when we say that a consumer has consumed 
100 units, it means the electrical energy consumption is 100 kWh. Note that 1 kWh is also called 
Board of Trade Unit (B.O.T.U.) or unit of electricity.

4.6.   Thermal  Energy
	 Heat is a particularly important form of energy in the study of electricity, not only because it 
affects the electrical properties of the materials but also because it is liberated whenever electric 
current flows. This liberation of heat is infact the conversion of electrical energy to heat energy.
	 The thermal energy was originally assigned the unit ‘calorie’. One calorie is the amount of heat 
required to raise the temperature of 1 gm of water through 1ºC. If S is the specific heat of a body, 
then amount of heat required to raise the temperature of m gm of body through θºC is given by ;
			   Heat gained	 =	 (m S θ) calories
	 It has been found experimentally that 1 calorie = 4·186 joules so that heat energy in calories can 
be expressed in joules as under :
			   Heat gained	 =	 (m S θ) × 4·186 joules
	 The reader may note that SI unit of heat is also joule. In fact, the thermal unit calorie is obsolete 
and unit joule is preferred these days.

4.7.   Units  of  Power
	 Power is the rate at which energy is expended or the rate at which work is performed. Since 
energy and work both have the units of joules, it follows that power, being rate, has the units joule/
second.  Now Joule/second is also called watt. In general,

			   Power	 =	
W
t

 watts

where W is the total number of joules of work performed or total joules of energy expended in t 
seconds.
	 Suppose a charge of Q coulomb moves through a p.d. of V volts in time t in part AB of a 
circuit as shown in Fig. 4.2. Then,

	 Electrical energy expended = VQ = VIt = I2Rt = 
2V t

R

	 \            Power of circuit,	 P	 =	
VIt
t

 = 
2I Rt
t

 = 
2V t

Rt

	 or		  P	 =	 VI = I2R = 
2V

R
	 In practice, watt is often found to be inconveniently small, consequently the unit kilowatt (kW) 
is used. One kW is equal to 1000 watts i.e.
		  	 1 kW	 =	 1000 watts
	 For larger powers, the unit megawatt (MW) is used. One megawatt is equal to 1000 kW i.e.
			   1 MW	 =	 1000 kW = 1000 × 1000 watts
	 \		  1 MW	 =	 106 watts
	 It may be noted that power of an electrical system or mechanical system or thermal system is 
measured in the same units viz joules/sec. or watts.
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	 Important points. The following points are worth noting :
	 (i)	 Sometimes power is measured in *horse power (h.p.). 
			   1 h.p.	=	 746 watts
	 (ii)	 If a body makes N r.p.m. and the torque acting is T newton-metre, then,
			   Work done/minute	=	 2π N T joules    [See Art. 4·4]

			   Work done/sec	=	
2

60
NT�

 joules/sec or watts

i.e.,			   Power	=	
2

60
NT�

 watts

			   Since 746 watts	=	 1 h.p., we have,

			   Power	=	
2

60 746
NT�

�
 h.p.

where T is in newton-m and N is in r.p.m.
	 (iii)	 Power can also be expressed in terms of force and velocity.
			   Power	=	 Work done/sec = Force × distance/sec
		  \	 Power	=	 Force × velocity

4.8.   Efficiency  of  Electric  Device
	 �7�K�H�� �H�I�¿�F�L�H�Q�F�\�� �R�I�� �D�Q�� �H�O�H�F�W�U�L�F�� �G�H�Y�L�F�H�� �L�V��
the ratio of useful output power to the input 
power, i.e.

		 Efficiency, η	 =	
Useful output power

Input power
 

			  = 
Useful output Energy

Input Energy

	 The law of conservation of energy 
states that “energy cannot be created or de-
stroyed but can be converted from one form 
to another.’’ Some of the input energy to an electric device may be converted into a form that is not 
useful. For example, consider an electric motor shown in Fig. 4.3. The purpose of the motor is to 
convert electric energy into mechanical energy. It does this but it also converts a part of input energy 
into heat. The heat produced is not useful. Therefore, the useful output energy is less than the input 
energy. In other words, the efficiency of motor is less than 100%. While selecting an electric device, 
its efficiency is an important consideration because the operating cost of the device depends upon 
this factor.
	 Some electric devices are nearly 100% efficient. An electric heater is an example. In a heater, 
the heat is useful output energy and practically all the input electric energy is converted into heat 
energy.

4.9.   Harmful  Effects  of  Poor  Efficiency
	 The poor (or low) efficiency of a device or of a circuit has the following harmful effects :
	 (i)	 Poor efficiency means waste of energy on non-useful output.

*	 This unit for power was conceived by James Watt, a Scottish scientist who invented the steam engine.  In 
his experiments, he compared the output of his engine with the power a horse could put out. He found that 
an “average” horse could do work at the rate of 746 joules/sec. Although power can be expressed in watts 
or kW, the unit h.p. is still used.

Fig. 4.3
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	 (ii)	 Non-useful output of a device or circuit usually appears in the form of heat.  Therefore, 
poor efficiency means a significant temperature rise.  High temperature is one of the major 
limiting factors in producing reliable electric and electronic devices.  Circuits and devices 
that run hot are more likely to fail.

	 (iii)	 The heat produced as a result of poor efficiency has to be dissipated i.e., heat has to be 
transferred to the atmosphere or some other mass.  Heat removal can become quite difficult 
in high power circuits and adds to the cost and size of the equipment.

	 Example 4.1. An electrically driven pump lifts 80 m3 of water per minute through a height of 
�������P�������$�O�O�R�Z�L�Q�J���D�Q���R�Y�H�U�D�O�O���H�I�¿�F�L�H�Q�F�\���R�I�����������I�R�U���W�K�H���P�R�W�R�U���D�Q�G���S�X�P�S�����F�D�O�F�X�O�D�W�H���W�K�H���L�Q�S�X�W���S�R�Z�H�U���W�R��
motor.  If the pump is in operation for an average of 2 hours per day for 30 days, calculate the energy 
consumption in kWh and the cost of energy at the rate of Rs 2 per kWh.  Assume 1 m3 of water has 
a mass of 1000 kg and g = 9·81 m/s2.
	 Solution. Mass of 80 m3 of water, m = 80 × 1000 = 8 × 104 kg
	 Weight of water lifted, W  = m g = 8 × 104 × 9·81 N
	 Height through which water lifted, h = 12 m
	 	 	 W.D. by motor/minute	 =	 m g h = 8 × 104 × 9·81 × 12 joules

			   W.D. by motor/second	 =	
48 10 9.81 12

60
� � �

 = 156960 watts

	 \		  Output power of motor	 =	 156960 watts

			   Input power to motor	 =	
Motor output 156960=

Efficiency 0.7
 = 2,24,228 W = 224·228 kW

	 	 Total energy consumption = Input power × Time of operation

		  	 	 =	 (224·228) × (2 × 30) kWh = 13453 kWh
	 	 Total cost of energy	 =	Rs 2 × 13453 = Rs. 26906
	 Example 4.2. Fig. 4.4 shows an electric motor driving an electric generator.  The 2 h.p. motor 
draws 14·6 A from a 120 V source and the generator supplies 56 A at 24 V.
	 (i)	 �)�L�Q�G���W�K�H���P�R�W�R�U���H�I�¿�F�L�H�Q�F�\���D�Q�G���J�H�Q�H�U�D�W�R�U���H�I�¿�F�L�H�Q�F�\

	 (ii)	 �)�L�Q�G���W�K�H���R�Y�H�U�D�O�O���H�I�¿�F�L�H�Q�F�\��

Fig. 4.4

	 Solution. Efficiency of a machine is output power (Po) divided by input power (Pi).
	 (i)	 	 Pi (motor)	 = 	120 × 14·6 = 1752 W
		  	 Po (motor)	 =	 2 h.p. = 2 × 746 = 1492 W

	 \		  η (motor)	 =	
1492
1752

 = 0.8516 or 85·16%
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	 	 	 Pi (generator)	 =	 2 h.p. = 1492 W
		  	 Po (generator)	 =	 24 × 56 = 1344 W

	 \		  η (generator)	 =	
1344
1492

 = 0·90  or  90%

	 (ii)		  η (overall)	 =	
(generator) 1344

(motor) 1752
o

i

P
P

�  = 0·767 or 76·7%

		  Note that overall η is the product of efficiencies of the individual machines.
			   η (overall) 	=	 η (motor) × η (generator) = 0·8516 × 0·90 = 0·767.
	 Example 4.3. Neglecting losses, at what horse power rate could energy be obtained from 
�%�K�D�N�U�D���G�D�P���Z�K�L�F�K���K�D�V���D�Q���D�Y�H�U�D�J�H���K�H�L�J�K�W���R�I�����������P���D�Q�G���Z�D�W�H�U���À�R�Z�V���D�W���D���U�D�W�H���R�I�������������������N�J���P�L�Q�X�W�H �"����
�,�I���W�K�H���R�Y�H�U�D�O�O���H�I�¿�F�L�H�Q�F�\���R�I���F�R�Q�Y�H�U�V�L�R�Q���Z�H�U�H�������������K�R�Z���P�D�Q�\�����������Z�D�W�W���O�L�J�K�W���E�X�O�E�V���F�R�X�O�G���%�K�D�N�U�D���G�D�P��
�V�X�S�S�O�\���"

	 Solution. Wt. of water flowing/minute
				    =	 m g = 500,000 × 9·81 N
			   Work done/minute	 =	 m g h = 500,000 × 9·81 × 225 joules

			   Work done/second	 =	
500,000 9.81 225

60
� �

 = 18394 × 103 watts

	 \		  Gross power obtained	 =	 18394 × 103 watts = 18394 kW
			   Useful output power	 =	 18394 × 0·25 = 4598·5 kW

				    =	
34598.5 10

746
�

 h.p. = 6164 h.p.

	 No. of 100-watt bulbs that could be lighted

				    =	
34598.5 10

100
�

 = 45985

	 Example 4.4. A 100 MW hydro-electric station is supplying full-load for 10 hours a day.  Calcu-
late the volume of water which has been used.  Assume effective head of station as 200 m and overall 
�H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���V�W�D�W�L�R�Q���D�V����������

	 Solution. Energy supplied by the station in 10 hours
				    =	 (100 × 103) × 10 = 106 kWh
				    =	 36 × 105 × 106 = 36 × 1011 joules
			   Energy input of station	 =	 36 × 1011/0·8 = 45 × 1011 joules
	 Suppose m kg is the mass of water used in 10 hours.
	 Then,	  m g h	 =	 45 × 1011

	 or		  m	 =	
1145 10

9.81 200
�
�

 = 22.93 × 108 kg

	 Since 1 m3 of water has a mass of 1000 kg,
	 \	 Volume of water used = 22·93 × 108/103 = 22·93 × 105 m3

	 Example 4.5. Two coils are connected in parallel and a voltage of 200 V is applied to the ter-
minals.  The total current taken is 15A and the power dissipated in one of the coils is 1500 W.  What 
�L�V���W�K�H���U�H�V�L�V�W�D�Q�F�H���R�I���H�D�F�K���F�R�L�O���"

	 Solution. Let R1 and R2 be the resistances of the coils and I1 and I2 be the current drawn from 
the supply. Since the coils are connected in parallel, voltage across each coil is the same i.e. 200 V.
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	 		  V I1	 =	 W  or  I1 = W/V = 1500/200 = 7·5A
	 \	 	 R1	 =	 V/I1 = 200/7·5 = 26.7 Ω
	 		  I1 + I2	 =	 15	 ..... given  \  I2 = 15 − I1 = 15 − 7·5 = 7·5A

	 \	 	 R2	 =	
2

200
7.5

V
I

�  = 26.7 Ω

	 Although not technically correct usage, it is convenient to say that resistance “dissipates  
power”, meaning that it dissipates (liberates) heat at a certain rate.
	 Example 4.6. A motor is being self-started against a resisting torque of 60 N-m and at each 
�V�W�D�U�W�����W�K�H���H�Q�J�L�Q�H���L�V���F�U�D�Q�N�H�G���D�W���������U���S���P�����I�R�U�������V�H�F�R�Q�G�V�������)�R�U���H�D�F�K���V�W�D�U�W�����H�Q�H�U�J�\���L�V���G�U�D�Z�Q���I�U�R�P���D���O�H�D�G��
acid battery. If the battery has the capacity of 100 Wh, calculate the number of starts that can be 
�P�D�G�H���Z�L�W�K���V�X�F�K���D���E�D�W�W�H�U�\�����$�V�V�X�P�H���D�Q���R�Y�H�U�D�O�O���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���P�R�W�R�U���D�Q�G���J�H�D�U�V���D�V����������

	 Solution. Angular speed,	 ω	 =	 2π N/60 rad/s = 2π × 75/60 = 7·85 rad/s

		  Power required per start, P	 =	
Torque × Angular speed

Efficiency of motor
 = 

60 7.85
0.25
�

 = 1884 W

		  Energy required/start	 =	 P × Time for start
				    =	 1884 × 8 = 15072 Ws = 15072 J
				    =	 15072/3600 = 4·187 Wh
	 \	 No. of starts with a fully-charged battery
				    =	 100/4·187 �M 24
	 Example 4.7. A hydro-electric power station has a reservoir of area 2·4 square kilometres and 
capacity 5 × 106 m3.  The effective head of water is 100 m.  The penstock, turbine and generator 
�H�I�¿�F�L�H�Q�F�L�H�V���D�U�H���������������������D�Q�G�����������U�H�V�S�H�F�W�L�Y�H�O�\��

	 (i)	 Calculate the total energy in kWh which can be generated from the power station.
	 (ii)	 �,�I���D���O�R�D�G���R�I�����������������N�:���K�D�V���E�H�H�Q���V�X�S�S�O�L�H�G���I�R�U�������K�R�X�U�V�����¿�Q�G���W�K�H���I�D�O�O���L�Q���U�H�V�H�U�Y�R�L�U���O�H�Y�H�O��

	 Solution.  
	 (i)	 Wt. of water available,	 W =	 Volume of reservoir × 1000 × 9·81 N
				    =	 (5 × 106) × (1000) × (9·81) = 49·05 × 109 N
		  Overall efficiency, ηoverall	 =	 0·95 × 0·90 × 0·85 = 0·726
	 Electrical energy that can be generated from the station
				    =	 W × Effective head × ηoverall

				    =	 (49·05 × 109) × (100) × (0·726) = 35·61 × 1011 watt-sec.

				    =	
1135.61 10

1000 3600
�

�
 kWh = 9,89,116 kWh

	 (ii)		  Level of reservoir	 =	
6

6

Volume of reservoir 5 10
Area of reservoir 2.4 10

�
�

�
 = 2·083 m

	 	 kWh generated in 3 hrs	 =	 15000 × 3 = 45,000 kWh
	 Using unitary method, we get,

		  Fall in reservoir level	 =	
2.083 45,000

9,89,166
�  = 0·0947 m = 9·47 cm
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	 Example 4.8. �$���O�D�U�J�H���K�\�G�H�O���S�R�Z�H�U���V�W�D�W�L�R�Q���K�D�V���D���K�H�D�G���R�I�����������P���D�Q�G���D�Q���D�Y�H�U�D�J�H���À�R�Z���R�I������������ 
m3/�V�H�F�����7�K�H���U�H�V�H�U�Y�R�L�U���L�V���D���O�D�N�H���F�R�Y�H�U�L�Q�J���D�Q���D�U�H�D���R�I�������������V�T�����N�P�����$�V�V�X�P�L�Q�J���D�Q���H�I�¿�F�L�H�Q�F�\���R�I�����������I�R�U��
�W�K�H���W�X�U�E�L�Q�H���D�Q�G�����������I�R�U���W�K�H���J�H�Q�H�U�D�W�R�U�����F�D�O�F�X�O�D�W�H�����L�����W�K�H���D�Y�D�L�O�D�E�O�H���H�O�H�F�W�U�L�F���S�R�Z�H�U���D�Q�G�����L�L�����W�K�H���Q�X�P�E�H�U��
of days this power could be supplied for a drop in water level by 1 metre.
	 Solution. Water discharge = 1370 m3/sec  ;  Water head,  h = 324 m  ;  ηoverall = 0.9 × 0.95
	 (i)	 As mass of 1 m3 of water is 1000 kg,
			  \  Mass of water flowing/sec, m = 1370 × 1000 kg = 137 × 104 kg
		  Weight of water flowing/sec, W = mg = 137 × 104 × 9.81 N
		  Energy or work available per second (i.e. power) is
			   Power available, P	=	 Wh × ηoverall

				   =	 (137 × 104 × 9.81) × 324 × (0.9 × 0.95)
				   =	 3723 × 106 W = 3723 MW
	 (ii)	 	 Area of reservoir, A	=	 6400 km2 = 6400 × 106 m2

			   Rate of water discharge, Q	=	 1370 m3/sec
			   Fall of reservoir level, h′	=	 1 m
			   Volume of water used	=	 A × h′

		  \	 Required time, t	=	
A h

Q
��

 = 
66400 10 1

1370
� �

				   =	 4.67 × 106 sec. = 54.07 days
	 Example 4.9. Calculate the current required by a 500 V d.c. locomotive when drawing 100 
�W�R�Q�Q�H���O�R�D�G���D�W���������N�P���K�U���Z�L�W�K���D���W�U�D�F�W�L�Y�H���U�H�V�L�V�W�D�Q�F�H���R�I�������N�J���W�R�Q�Q�H���D�O�R�Q�J��(i) level road and (ii) a gradient 
�����L�Q���������������*�L�Y�H�Q���W�K�D�W���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���P�R�W�R�U���D�Q�G���J�H�D�U�L�Q�J���L�V��������.
	 Solution. Weight of locomotive, W = 100 tonne = 100,000 kg
			   Tractive resistance, F	 =	 7 × 100 = 700 kg-wt = 700 × 9·81 = 6867 N
	 (i)	 Level Track. In this case, the force required is equal to the tractive resistance F [See Fig. 
4.5 (i)].
			   Distance travelled/sec	 =	

25 1000
3600
�

 = 6·94 m

			   Work done/sec	 =	 Force × Distance/sec
 	 or		  Motor output	 =	 6867 × 6·94 = 47,657 watts
			   Motor input	 =	 47,657/0·7 = 68,081 watts
	 \		  Current drawn	 =	 68,081/500 = 136·16A

	 Fig. 4.5



248	 Basic  Electrical  Engineering	

	 (ii)	 Inclined plane. In this case, the total force required is the sum of tractive resistance F and 
component W sinθ of locomotive weight [See Fig. 4.5 (ii)]. Clearly, sin θ = 1/100 = 0·01.
	 \		  Force required	 =	 W sin θ + F
				    =	 (100,000 × 0·01 + 700) 9·81 N = 16,677 N
			   Work done/sec	 =	 Force × distance travelled/sec
				    =	 16,677 × 6·94 = 1,15,738 watts
	 \		  Motor output	 =	 1,15,738 watts
			   Motor input	 =	 1,15,738/0·7 = 1,65,340 watts
	 \		  Current drawn	 =	 1,65,340/500 = 330·68A
	 Example 4.10. �$���G�L�H�V�H�O���H�O�H�F�W�U�L�F���J�H�Q�H�U�D�W�R�U���V�H�W���V�X�S�S�O�L�H�V���D�Q���R�X�W�S�X�W���R�I���������N�:�����7�K�H���F�D�O�R�U�L�¿�F���Y�D�O�X�H���R�I��
�W�K�H���I�X�H�O���R�L�O���X�V�H�G���L�V�����������������N�F�D�O���N�J�����,�I���W�K�H���R�Y�H�U�D�O�O���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���X�Q�L�W���L�V�������������F�D�O�F�X�O�D�W�H�����L�����W�K�H���P�D�V�V��
of oil required per hour (ii) the electric energy generated per tonne of the fuel.
	 Solution.  Output power of set = 25 kW  ;  ηoverall = 35% = 0.35
	 \  Input power to set = 25/0.35 = 71.4 kW
	 (i)	 Input energy/hour = 71.4 kW × 1h = 71.4 kWh = 71.4 × 860 kcal
		  As 1 kg of fuel oil produces 12,500 kcal,	

		  \  Mass of fuel oil required/hour = 
71.4 860

12,500
�

 = 4.91 kg

	 (ii)	 Heat content in 1 tonne fuel oil (= 1000 kg) = 1000 × 12,500 = 12.5 × 106 kcal

					     = 
612.5 10

860
�

 kWh = 14,534 kWh

		  \  Energy generated/tonne = 14,534 × 0.35 = 5087 kWh
	 Example 4.11. The reservoir for a hydro-electric station is 230 m above the turbine house. The 
annual replenishment of the reservoir is 45 × 1010 kg.  What is the energy available at the generating 
�V�W�D�W�L�R�Q���E�X�V���E�D�U�V���L�I���W�K�H���O�R�V�V���R�I���K�H�D�G���L�Q���W�K�H���K�\�G�U�D�X�O�L�F���V�\�V�W�H�P���L�V���������P���D�Q�G���W�K�H���R�Y�H�U�D�O�O���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H��
station���L�V�����������"�����$�O�V�R�����F�D�O�F�X�O�D�W�H���W�K�H���G�L�D�P�H�W�H�U���R�I���W�K�H���V�W�H�H�O���S�L�S�H�V���Q�H�H�G�H�G���L�I���D���P�D�[�L�P�X�P���G�H�P�D�Q�G���R�I��������
MW is to be supplied using two pipes.
	 Solution.  Actual available head, h = 230 − 30 = 200 m

	 Energy available at turbine house is given by ;

			   E	 =	 mgh = 45 × 1010 × 9·81 × 200 = 8·829 × 1014 J

				    =	
14

5

8.829 10
36 10

�
�

 kWh = 24·52 × 107 kWh

	 Energy available at bus-bars		  =	 E × η = 24·52 × 107 × 0.85 = 20·84 × 107 kWh

			   K.E. of water	 =	 Loss of potential energy of water

	 or		  21
2

mv 	 =	 mgh  \  v = 2 2 9.81 200gh � � �  = 62·65 m/s

	 Power available from m kg of water is

			   P	 =	 21 1
2 2

mv �  × m × (62.65)2 W

	 This power is equal to 45 MW (= 45 × 106 W).
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	 \		  P	 =	 45 × 106 W

	 or		
1
2

 × m × (62.65)2	 =	 45 × 106  \  m = 22930 kg/s

	 If A is the total area of two pipes in m2, then flow of water is Av m3/s.
	 \	 Mass of water flowing/second = Av × 103 kg	(�l  1 m3 of water = 1000 kg)

	 \		  Av × 103	 =	 22930  or  A = 3

22930
62.65 10�

 = 0·366 m2

			   Area of each pipe	 =	 0·366/2 = 0·183 m2

	 If d is the diameter of each pipe, then,

			   2

4
d�

	 =	 0.183  or  d = 
0.183 4�

�
 = 0·4826 m

	 Example 4.12. A proposed hydro-electric station has an available head of 30 m, catchment 
area of 50 × 106 m2�����W�K�H���U�D�L�Q�I�D�O�O���I�R�U���Z�K�L�F�K���L�V�����������F�P���S�H�U���D�Q�Q�X�P�����,�I�����������R�I���W�K�H���W�R�W�D�O���U�D�L�Q�I�D�O�O���F�D�Q���E�H��
collected, ca�O�F�X�O�D�W�H���W�K�H���S�R�Z�H�U���W�K�D�W���F�R�X�O�G���E�H���J�H�Q�H�U�D�W�H�G�����$�V�V�X�P�H���W�K�H���I�R�O�O�R�Z�L�Q�J���H�I�¿�F�L�H�Q�F�L�H�V�����3�H�Q�V�W�R�F�N��
�����������7�X�U�E�L�Q�H�����������D�Q�G���*�H�Q�H�U�D�W�R�U����������

	 Solution. Available head, h = 30 m  ;  ηoverall = 0.95 × 0.8 × 0.85 = 0.646 

	 Volume of water *available/annum = 0.7(50 × 106 × 1.2) = 4.2 × 107 m3

	 Mass of water available/annum = 4.2 × 107 × 1000 = 4.2 × 1010 kg

	 Mass of water available/sec; m = 
104.2 10

365 24 3600
�

� �
 = 1.33 × 103 kg

	 Potential energy available/sec = mgh = 1.33 × 103 × 9.8 × 30 = 391 × 103 J/s
	 \  Power that could be generated = ηoverall × 391 × 103 W
				    =	 0.646 × 391 × 103 = 253 × 103 W = 253 kW
	 Example 4·13. �$���F�X�U�U�H�Q�W���R�I�������$���À�R�Z�V���I�R�U���R�Q�H���K�R�X�U���L�Q���D���U�H�V�L�V�W�D�Q�F�H���D�F�U�R�V�V���Z�K�L�F�K���W�K�H�U�H���L�V���D���Y�R�O�W-
age of 8V. Determine the velocity in metres per second with which a weight of one tonne must move 
in order that kinetic energy shall be equal in amount to the energy dissipated in the resistance.
	 Solution.  Energy dissipated in resistance
				    =	 V It = 8 × 20 × 3600 = 576 × 103 J
			   Mass of body, m	 =	 1 tonne = 1000 kg
	 Let v m/s be the required velocity of the weight.

			   Kinetic energy	 =	 21
2

mv  joules

	 In order that K.E. of weight is equal to energy dissipated in resistance,

			   21
2

mv 	 =	 576 × 103   \ v = 
32 576 10

1000
� �

 = 33·9 m/s

	 Example 4·14. What must be the horse-power of an engine to drive by means of a belt a genera-
�W�R�U���V�X�S�S�O�\�L�Q�J�������������O�D�P�S�V���H�D�F�K���W�D�N�L�Q�J����·�����$���D�W�����������9���"�����7�K�H���O�L�Q�H���G�U�R�S���L�V�����9���D�Q�G���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H��
�J�H�Q�H�U�D�W�R�U���L�V���������������7�K�H�U�H���L�V���D����·�������O�R�V�V���L�Q���W�K�H���E�H�O�W���G�U�L�Y�H.
	 Solution. Total current supplied by generator,  I = 0·5 × 7000 = 3500 A
			   Generated voltage, E	 =	 Load voltage + Line drop = 250 + 5 = 255 V
			   Generator output	 =	 EI = 255 × 3500 W
*	 0.7 × (Catchment area in m2 × Rainfall in m)
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	 \		  Engine output	 =	
255 3500

0.95 0.975
�
�

 = 963562 W = 
963562

746
 h.p. = 1292 h.p.

	 Example 4.15. Find the head in metres of a hydroelectric generating station in which the 
reservoir of area 4000 m2���I�D�O�O�V���E�\���������F�P���Z�K�H�Q���������N�:�K���L�V���G�H�Y�H�O�R�S�H�G���L�Q���W�K�H���W�X�U�E�L�Q�H�������7�K�H���H�I�¿�F�L�H�Q�F�\���R�I��
�W�K�H���W�X�U�E�L�Q�H���L�V��������.
	 Solution. Hydroelectric generating stations are generally built in hilly areas.

		  Volume of water used, V	 =	 4000 × 0·3 = 1200 m3

		  Mass of water used, m	 =	 1200 × 103 = 1·2 × 106 kg

		  Useful energy developed in turbine	 =	 mgh × η = 1·2 × 106 × 9.81 × h × 0·7

		  But useful energy developed in turbine	 =	  75 kWh = 75 × 3·6 × 106 J

	 \	 1·2 × 106 × 9·81 × h × 0·7	 =	 75 × 3·6 × 106

	 or	 h	 =	 32·76 m
	 Example 4.16. A room measures 3m × 4m × 4·�����P���D�Q�G���D�L�U���L�Q���L�W���K�D�V���W�R���E�H���D�O�Z�D�\�V���N�H�S�W�������ƒ�&��
higher than that of the incoming air.  The air inside has to be renewed every 30 minutes.  Neglecting 
�U�D�G�L�D�W�L�R�Q���O�R�V�V�H�V�����¿�Q�G���W�K�H���Q�H�F�H�V�V�D�U�\���U�D�W�L�Q�J���R�I���H�O�H�F�W�U�L�F���K�H�D�W�H�U���I�R�U���W�K�L�V���S�X�U�S�R�V�H�������7�D�N�H���V�S�H�F�L�¿�F���K�H�D�W���R�I��
air as 0·24 and density as 1·28 kg/m3.
	 Solution. It is desired to find the power of the electric heater.

		  Volume of air to be changed/second	 =	
3 4 4.75

30 60
� �

�
 = 0·032 m3

		  Mass of air to be changed/second	 =	 0·032 × 1·28 = 0·041 kg
		  Heat required/second	 =	 Mass/second × Specific heat × Rise in temp.
			   =	 0·041 × 0·24 × 10 kcal
			   =	 0·041 × 0·24 × 10 × 4186 W = 411 W 
	 Here, we have neglected radiation losses. However, in practice, radiation
	 losses do occur so that heater power required would be greater than the 
	 calculated value.
	 Example 4.17. An electric lift is required to raise a load of 5 tonne through a height of 30 m. 
One quarter of electrical energy supplied to the lift is lost in the motor and gearing. Calculate the  
�H�Q�H�U�J�\���L�Q���N�:�K���V�X�S�S�O�L�H�G�����,�I���W�K�H���W�L�P�H���U�H�T�X�L�U�H�G���W�R���U�D�L�V�H���W�K�H���O�R�D�G���L�V���������P�L�Q�X�W�H�V�����¿�Q�G���W�K�H���N�:���U�D�W�L�Q�J���R�I���W�K�H��
�P�R�W�R�U���D�Q�G���W�K�H���F�X�U�U�H�Q�W���W�D�N�H�Q���E�\���W�K�H���P�R�W�R�U�����W�K�H���V�X�S�S�O�\���Y�R�O�W�D�J�H���E�H�L�Q�J���������9���G���F�����$�V�V�X�P�H���W�K�H���H�I�¿�F�L�H�Q�F�\��
�R�I���W�K�H���P�R�W�R�U���D�W����������

	 Solution. Work done by lift = mgh = (5 × 103) × 9.8 × 30 = 1.47 × 106 J

			   Input energy to lift	 =	
61.47 10

*lift

�
�

 = 
61.47 10

0.75
�

 = 1.96 × 106 J

				    =	
6

5

1.96 10
36 10

�
�

 kWh = 0.545 kWh

			   Motor energy output 	=	 Input energy to lift = 1.96 × 106 J

			   Motor energy input	 =	
61.96 10

motor

�
�

 = 
61.96 10

0.9
�

 = 2.18 × 106 J

*	 Since 25% energy is wasted in the motor and gearing, the efficiency of the lift is 75%.

1 kcal 4186 W
sec.

� ��� �
� �
∵
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			   Power rating of motor	 =	
Work done
Time taken

 = 
62.18 10

27 60
�
�

 = 1346 W

			   Current taken by motor	 =	
1346
230

 = 5.85 A

	 Example 4.18. An electric hoist makes 10 double journeys per hour. In each journey, a load of 
6000 kg is raised to a���K�H�L�J�K�W���R�I���������P���L�Q���������V�H�F�R�Q�G�V���D�Q�G���W�K�H���K�R�L�V�W���U�H�W�X�U�Q�V���H�P�S�W�\���L�Q���������V�H�F�R�Q�G�V�������7�K�H��
�K�R�L�V�W���F�D�J�H���Z�H�L�J�K�V�����������N�J���D�Q�G���K�D�V���D���E�D�O�D�Q�F�H���Z�H�L�J�K�W���R�I�������������N�J�����7�K�H���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���K�R�L�V�W���L�V����������
�D�Q�G���W�K�D�W���R�I���W�K�H���G�U�L�Y�L�Q�J���P�R�W�R�U�������������&�D�O�F�X�O�D�W�H��(i) the electrical energy absorbed per double journey  
(ii) the hourly consumption in kWh (iii) the horse-power of the motor (iv) the cost of electric energy 
if hoist works for 4 hours per day for 30 days. Cost per kWh is Rs 4.50.
	 Solution. When the hoist cage goes up, the balance weight goes down and when the cage goes 
down, the balance weight goes up.
		  Total mass lifted on upward journey	 =	 Load + mass of cage − mass of balance weight
			   =	 6000 + 500 − 3000 = 3500 kg
		  Work done during upward journey	 =	 mgh = 3500 × 9·8 × 60 J
		  Total mass moved on downward journey	 =	 Mass of balance wt. − Mass of cage
			   =	 3000 − 500 = 2500 kg
		  Work done during downward journey	 =	 mgh = 250 × 9·8 × 60 J
		  Work done during each double journey	 =	 9·8 × 60 (3500 + 2500)J = 353 × 104 J
		  Overall η	 =	 0·8 × 0·88 = 0·704
	 (i)	 Input energy per double journey	 =	 353 × 104/0·704 = 501 × 104 J

			   =	
4

6

501 10
3.6 10

�
�

 kWh = 1·4 kWh

	 (ii)	 Hourly consumption	 =	 1·4 × No. of double journeys/hr
			   =	 1·4 × 10 = 14 kWh
	 (iii)	 The maximum rate of working is during upward journey.

	 \		  h.p. rating of motor	=	
Work done in upward journey

Hoist efficiency × time for up journey × 746

				    =	
3500 9.8 60
0.8 90 746

� �
� �

 = 38·4 h.p.

	 (iv)	 Energy consumption for 30 days = Hourly consumption × 4 × 30 = 14 × 4 × 30 = 1680 kWh

		  Total cost of energy = Rs. 1680 × 4·5 = Rs. 7560
	 Example 4.19. A generator supplies power to a factory through cables of total resistance 20 
ohms. The potential difference at the generator is 5000 V and power output is 50 kW. Calculate  
(i) power suppled by the generator, (ii) potential difference at the factory.

	 Solution.  Fig. 4.6 shows the conditions of the problem.

	 Output power of generator is given by ;

			   P	 =	 50 kW = 50 × 103 W

			   P.D. at the generator, E	 =	 5000 V

	 \	 Current in cables is given by ;

			   I	 =	
350 10

5000
P
E

�
�  = 10 A Fig. 4.6
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	 (i)		  Power loss in cables	 =	 I2 R = (10)2 × 20 = 2000 W
	 \	 Power supplied at the factory	 =	 50 × 103 − 2000 = 48,000 W
	 (ii)	 Voltage drop in cables	 =	 I R = 10 × 20 = 200 V
	 \	 P.D. at the factory, V	 =	 E − I R = 5000 − 200 = 4800 V

Tutorial Problems

	 1.	 The power required to drive a certain machine at 350 r.p.m. is 600 kW.  Calculate the driving torque.		
				    [16370 Nm]

	 2.	 An electrically driven pump lifts 1500 litres of water per minute through a height of 25 m.  Allowing 
an overall efficiency of 75%, calculate the input power to the motor.  If the pump is in operation for an 
average of 8 hours per day for 30 days, calculate the energy consumed in kWh and the cost of energy at 
the rate of 50 P/kWh.  Assume 1 litre  of water has a mass of 1000 kg and g = 9·81 m/s2.	

						      [8·167 kW, 1960 kWh, Rs. 980]
	 3.	 A 440-volt motor is used to drive an irrigation pump.  The efficiency of motor is 85% and the efficiency 

of pump is 66%.  The pump is required to lift 240 tonne of water per hour to a height of 30 metres.  
Calculate the current taken by the motor.	 [79·48 A]

	 4.	 A hydro-electric generating plant is supplied from a reservoir of capacity 2 × 107 m3 with a head of 200 
m. The hydraulic efficiency of the plant is 0·8 and electric efficiency is 0·9. What is the total available 
energy ?				    [7·85 × 109 watt-hours]

	 5.	 A 460-V d.c. motor drives a hoist which raises a load of 100 kg with a velocity of 15 m/s. Calculate :
	 (i)	The power output of the motor assuming the hoist gearing to have an efficiency of 0·8.
	 (ii)	The motor current, assuming the motor efficiency to be 0·75.	     [(i) 18·4 kW (ii) 53·2 A]
	 6.	 When a certain electric motor is operated for 30 minutes, it consumes 0·75 kWh of energy.  During that 

time, its total energy loss is 3 × 105 J.
	 (i)	What is the efficiency of the motor ?
	 (ii)	How many joules of work does it perform in 30 minutes ?	         [(i) 88·8% (ii) 2·4 × 106J]
	 7.	 The total power supplied to an engine that drives an electric generator is 40·25 kW. If the generator  

delivers 15A to a 100 Ω load, what is the efficiency of the system ?	 [55·9%]
	 8.	 A certain system consists of three identical devices in cascade, each having efficiency 0·85. The first  

device draws 3A from a 20V source. How much current does the third device deliver to a 50Ω load ?

						      [0·027 A]

4.10.  Heating  Effect  of  Electric  Current
	 When electric current is passed through a conductor, heat is produced in the conductor. This 
effect is called  heating effect of electric current.
	 It is a matter of common experience that when electric current is passed through the element of 
an electric heater, the element becomes red hot. It is because electrical energy is converted into heat 
energy. This is called heating effect of electric current and is utilised in the manufacture of many 
heating appliances, e.g., electric iron, electric kettle, etc. The basic principle of all these devices is 
the same. Electric current is passed through a high resistance (called heating element), thus produc-
ing the required heat.
	 Cause. Let us discuss the cause of heating effect of electric current. When potential difference 
is applied across the ends of a conductor, the free electrons move with drift velocity and current is 
established in the conductor. As the free electrons move through the conductor, they collide with 
positive ions of the conductor. On collision, the kinetic energy of an electron is transferred to the ion 
with which it has collided. As a result, the kinetic energy of vibration of the positive ion increases, 
i.e., temperature of the conductor increases. Therefore, as current flows through a conductor, the 
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free electrons lose energy which is converted into heat. Since the source of e.m.f. (e.g., a battery) 
is maintaining current in the conductor, it is clear that electrical energy supplied by the battery is 
converted into heat in the conductor.
	 Applications. The heating effect of electric current is utilised in the manufacture of many heat-
ing appliances such as electric heater, electric toaster, electric kettle, soldering iron etc. The basic 
principle of all these appliances is the same. Electric current is passed through a high resistance 
(called heating element), thus producing the required heat. There are a number of substances used 
for making a heating element. One that is commonly used is an alloy of nickel and chromium, called 
nichrome. This alloy has a resistance more than 50 times that of copper. The heating element may 
be either nichrome wire or ribbon wound on some insulating material that is able to withstand heat.

4.11.    Heat  Produced  in  a  Conductor  by  Electric  Current
	 On the basis of his experimental results, Joule found that the amount of heat produced (H) 
when current I amperes flows through a conductor of resistance R ohms for time t seconds is  
H = I2Rt joules. This equation is known as Joule’s law of heating.
	 Suppose a battery maintains a potential difference of V volts across the ends of a conductor AB 
of resistance R ohms as shown in Fig. 4.7. Let the steady current that 
passes from A to B be I amperes. If this current flows for t seconds, 
then charge transferred from A to B in t seconds is
			   q	 =	 It
	 The electric potential energy lost (W) by the charge q as it 
moves from A to B is given by ;
			   W	 =	 Charge × P.D. between A and B

				    =	 qV = (It) V = I2Rt    (�l V = IR)

	 or		  W	 =	 I2Rt
	 This loss of electric potential energy of charge is converted into heat (H) because the conductor 
AB has resistance only.
	 \		  H	 =	 W = I2Rt joules = 

2

4.18
I Rt

 calories	 ...(i)

	 It is found experimentally that 1 cal = 4.18 J.
	 Eq. (i) is known as Joule’s law of heating. It is because Joule was the first scientist who studied 
the heating effect of electric current through a resistor. Thus according to Joule, heat produced in a 
conductor is directly proportional to
	 (i)	 square of current through the conductor
	 (ii)	 resistance of the conductor
	 (iii)	 time for which current is passed through the conductor.

	 Note.	 H	 =	 VIt = I2Rt = 
2V t

R
 joules

				    =	
4.18
VIt

 = 
2 2

4.18 4.18
I Rt V t

R
�

�
calories

	 Important points. While dealing with problems on heating effect of electric current, the  
following points may be kept in mind :
	 (i)	 The electrical energy in kWh can be converted into joules by the following relation :
			   1 kWh	=	 36 × 105 joules

Fig. 4.7

V

R
A B

�
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	 (ii)	 The heat energy in calories can be converted into joules by the following relation :
			   1 calorie	=	 4·186 joules
			   1 kcal	=	 4186 joules
	 (iii)	 The electrical energy in kWh can be converted into calories (or kilocalories) by the 

following relation :

			   1 kWh	=	 36 × 105 joules = 
536 10

4.186
�

calories = 860 × 103 calories

	 \		  1 kWh	=	 860 kcal
	 (iv)	 The electrical energy supplied to the heating appliance forms the input energy. The heat 

obtained from the device is the output energy. The difference between the two, if any, 
represents the loss of energy during conversion from electrical into heat energy.

4.12.  Mechanical  Equivalent  of  Heat  (J)
	 Joule performed a series of experiments to establish the relationship between the mechani-
cal work done and heat produced.  He found that heat produced (H) is directly proportional to the 
amount of mechanical work done (W) i.e.,

			   H	 ∝	 W  or  W = JH
where J is a constant of proportionality and is called mechanical equivalent of heat.  The experimen-
tally found value of J is
			   J	 =	 4·2 J/cal
	 Note that J is a numerical factor relating mechanical units to heat units.  Let us interpret the 
meaning of J.  It takes 4·2 J of mechanical work to raise the temperature of 1g of water by 1°C.  In 
other words, 4·2J of mechanical energy is equivalent to 1 calorie of heat energy.
	 Example 4.20. In Fig. 4.8, the heat produced in 5 Ω���U�H�V�L�V�W�R�U���G�X�H���W�R���F�X�U�U�H�Q�W���À�R�Z�L�Q�J���W�K�U�R�X�J�K���L�W����
is 10 calories per second. Calculate the heat generated in 4 Ω resistor.
	 Solution. Let I1 and I2 be the currents in the two parallel branches as shown in Fig. 4.8.  The 
p.d. across the parallel branches is the same i.e.
	 		  I1 (4 + 6)	 =	 5 I2  \  I2 = 2 I1

	 Heat produced per second in 5Ω resistor is

	 		  H1	 =	
2
2 5
4.2

I �

or			   10	 =	
2

1(2 ) 5
4.2

I �

	 \		  I1
2 	=	 2·1

	 Heat produced in 4Ω resistor per second

				    =	
2

1 4 2.1 4
4.2 4.2

I � �
�  = 2 cal/sec

	 Example 4.21. An electric heater contains 4 litres of water initially at a mean temperature of 
�����ž�&�������Â�������N�:�K���L�V���V�X�S�S�O�L�H�G���W�R���W�K�H���Z�D�W�H�U���E�\���W�K�H���K�H�D�W�H�U�������$�V�V�X�P�L�Q�J���Q�R���K�H�D�W���O�R�V�V�H�V�����Z�K�D�W���L�V���W�K�H���¿�Q�D�O��
temperature of the water ?
	 Solution. Let tºC be the final temperature of water.
	 Heat received by water (i.e. output energy)
				    =	 mass × sp. heat × rise in temp. = 4 × 1 × (t − 15) kcal

Fig. 4.8
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	 Electrical energy supplied to heater (i.e. input energy)
				    =	 0·25 kWh = 0·25 × 860 kcal	        (�l  1 kWh = 860 kcal)
	 As there are no losses, output energy is equal to the input energy i.e.
			   4 × 1 × (t − 15)	 =	 0·25 × 860  or  t = 68·8ºC
	 Example 4.22. An immersion heater takes 1 hour to heat 50 kg of water from 20ºC to  
boiling point. Calculate the power rating of the heater, assuming the heating equipment to have an  
�H�I�¿�F�L�H�Q�F�\���R�I����������

	 Solution. Heat received by water (i.e. output energy)
				    =	 mass × specific heat × rise in temperature
				    =	 50 × 1 × 80 = 4000 kcal = 4000/860 = 4·65 kWh
	 Electrical energy supplied to heater (i.e. input energy)
				    =	 4·65/0·9 = 5·167 kWh

	 \		  Power rating	 =	
Energy 5.167
Time 1 hour

�  = 5.167 kW

	 Example 4.23. The cost of boiling 2 kg of water in an electric kettle is 12 paise. The kettle takes 
�����P�L�Q�X�W�H�V���W�R���E�R�L�O���Z�D�W�H�U���I�U�R�P���D�Q���D�P�E�L�H�Q�W���W�H�P�S�H�U�D�W�X�U�H���R�I�������ž�&�����&�D�O�F�X�O�D�W�H�����L�����W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���N�H�W�W�O�H��
and (ii) the wattage of kettle if cost of 1 kWh is 40 paise.
	 Solution. (i) 	Heat received by water (i.e. output energy)
				    =	 2 × 1 × 80 = 160 kcal
	 Electrical energy supplied (i.e. input energy)
				    =	 12/40 kWh = 860 × 12/40 = 258 kcal

	 \	 Kettle efficiency	 =	
160 100
258

�  = 62%

	 (ii)	 Let W kilowatt be the power rating of the kettle.
			   Input energy	 =	 W × time in hours
	 or		  12/40	 =	 W × 6/60

	 \		  Wattage of kettle, W	 =	
12 60
40 6

�  = 3 kW

	 Example 4.24. How long will it take to raise the temperature of 880 gm of water from 16ºC to 
boi�O�L�Q�J���S�R�L�Q�W���"���7�K�H���K�H�D�W�H�U���W�D�N�H�V�������D�P�S�H�U�H�V���D�W�����������9���D�Q�G���L�W�V���H�I�¿�F�L�H�Q�F�\���L�V����������

	 Solution. Heat received by water (i.e. output energy)
				    =	 0·88 × 1 × (100 − 16) = 73·92 kcal = 73·92/860 = 0·086 kWh
	 Electrical energy supplied to the heater (i.e. input energy)
				    =	 0·086/0·9 = 0·096 kWh
	 The heater is supplying a power of 220 × 2 = 440 watts = 0·44 kW. Let t hours be the required time.
			   Input energy	 =	 wattage × time  or  0·096 = 0·44 × t
	 \	 	 t	 =	 0·096/0·44 = 0·218 hours = 0·218 × 60 = 13·08 minutes
	 Example 4.25. An electric kettle is required to raise the temperature of 2 kg of water from 20ºC 
to 100ºC in 15 minutes. Calculate the resistance of the heating element if the kettle is to be used on 
�D�����������Y�R�O�W�V���V�X�S�S�O�\�����$�V�V�X�P�H���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���N�H�W�W�O�H���W�R���E�H����������
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	 Solution. Heat received by water (i.e. output energy)
				    =	 2 × 1 × (100 − 20) = 160 kcal = 160/860 = 0·186 kWh
	 Electrical energy supplied to the kettle
				    =	 0·186/0·8 = 0·232 kWh
	 The electrical energy of 0·232 kWh is supplied in 15/60 = 0·25 hours.
	 \		  Power rating of kettle	 =	 0·232/0·25 = 0·928 kW = 928 watts
	 Let R ohms be the resistance of the heating element.

	 \	 	 V2/R	 =	 928  or  R = 
240 240

928
�

 = 62 W

	 Example 4.26. The heater element of an electric kettle has a constant resistance of 100 W and 
the applied voltage is 250 V. Calculate the time taken to raise the temperature of one litre of water 
�I�U�R�P�������ƒ�&���W�R�������ƒ�&���D�V�V�X�P�L�Q�J���W�K�D�W�����������R�I���W�K�H���S�R�Z�H�U���L�Q�S�X�W���W�R���W�K�H���N�H�W�W�O�H���L�V���X�V�H�I�X�O�O�\���H�P�S�O�R�\�H�G�����,�I���W�K�H���Z�D-
�W�H�U���H�T�X�L�Y�D�O�H�Q�W���R�I���W�K�H���N�H�W�W�O�H���L�V���������J�����¿�Q�G���K�R�Z���O�R�Q�J���Z�L�O�O���L�W���W�D�N�H���W�R���U�D�L�V�H���D���V�H�F�R�Q�G���O�L�W�U�H���R�I���Z�D�W�H�U���W�K�U�R�X�J�K��
�W�K�H���V�D�P�H���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H���L�P�P�H�G�L�D�W�H�O�\���D�I�W�H�U���W�K�H���¿�U�V�W��

	 Solution. Mass of water, m = 1 litre = 1 kg  ;  q = 90 – 15 = 75°C  ;  S = 1 
	 Heat taken by water = mSq = 1 × 1 × 75 = 75 kcal
	 Heat taken by kettle = water equivalent of kettle × q = 0.1 × 75 = 7.5 kcal 
	 Heat taken by both = 75 + 7.5 = 82.5 kcal

	 Now, I = 
250
100

 = 2.5 A  ;  J = 4200 J/kcal

	 Heat produced electrically = 
2I Rt
J

 kcal ... t in seconds

	 Heat available for heating = 
2

0.85 I Rt
J

�  kcal 

	 or		
2

0.85 I Rt
J

� 	 =	 82.5

	 or		
2(2.5) 1000.85
4200

t� �
� 	 =	 82.5

	 \		  t	 =	 652 s = 10 min. 52 seconds
	 In the second case, heat would be required to heat water only because kettle would be already 
hot.

	 \		
20.85 (2.5) 100

4200
t� � �

 	=	 75  or  t = 9 min. 53 seconds

	 As expected, the time required for heating in the second case is less than the first case.
	 Example 4.27. The heaters A and B are in parallel across the supply voltage V. Heater A pro-
duces 500 kcal in 20 minutes and B produces 1000 kcal in 10 minutes. The resistance of heater A 
is 10 Ω�����:�K�D�W���L�V���W�K�H���U�H�V�L�V�W�D�Q�F�H���R�I���K�H�D�W�H�U���%���"���,�I���W�K�H���V�D�P�H���K�H�D�W�H�U�V���D�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V�����K�R�Z���P�X�F�K��
�K�H�D�W���Z�L�O�O���E�H���S�U�R�G�X�F�H�G���L�Q�������P�L�Q�X�W�H�V���"

	 Solution.  	 Heat produced	 =	
2V t

R J�
 kcal

		  For heater A, 500	 =	
2 (20 60)

10
V

J
� �

�
	 ...(i)

		  For heater B, 1000	 =	
2 (10 60)V

R J
� �

�
	 ....(ii)



Units—Work,  Power  and  Energy	 257	

	 Dividing eq. (i) by eq. (ii), we get,

			 
500

1000
	 =	

20 60
10 60 10

R�
�

�
  \  R = 2·5 Ω

	 When the heaters are connected in series, the total resistance becomes RT = 10 + 2·5 = 12·5 Ω.
	 \	 Heat produced in 5 minutes

				    =	
2 2

T T

V t V t
R J J R

� �
�

				    =	
5,000 5 60

20 60 12.5
�

�
�

 = 100 kcal	 2

From eq. ( )
5000

20 60

i
V
J

� �
� �
� �

�� ��� �

	 Example 4.28. A soldering iron is rated at 50 watts when connected to a 250 V supply. If the 
�V�R�O�G�H�U�L�Q�J���L�U�R�Q���W�D�N�H�V�������P�L�Q�X�W�H�V���W�R���K�H�D�W���W�R���D���Z�R�U�N�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���R�I���������ƒ�&���I�U�R�P�������ƒ�&�����¿�Q�G���L�W�V���P�D�V�V����
�D�V�V�X�P�L�Q�J���L�W���W�R���E�H���P�D�G�H���R�I���F�R�S�S�H�U�������*�L�Y�H�Q���V�S�H�F�L�¿�F���K�H�D�W���F�D�S�D�F�L�W�\���R�I���F�R�S�S�H�U���L�V�����������-���N�J�ƒ�&��

	 Solution. Let m kg be the mass of soldering iron.
	 Heat gained by the soldering iron = mSθ = m × 390 × (190 – 20) = 66,300 m joules
	 Heat released by the heating element = power × time = (50) × (5 × 60) = 15,000 joules
	 Assuming all the heat released by the element is absorbed by the copper i.e. soldering iron is 
100% efficient,
			   15,000	 =	 66,300 m  \  m = 15,000/66,300 = 0.226 kg
	 Example 4.29. A cubic water tank has surface area of 6 m2�� �D�Q�G�� �L�V�� �¿�O�O�H�G�� �W�R�� �������� �F�D�S�D�F�L�W�\�� ����
�W�L�P�H�V���G�D�L�O�\�����7�K�H���Z�D�W�H�U���L�V���K�H�D�W�H�G���I�U�R�P�������ƒ�&���W�R�������ƒ�&�����7�K�H���O�R�V�V�H�V���S�H�U���V�T�X�D�U�H���P�H�W�U�H���R�I���W�D�Q�N���V�X�U�I�D�F�H���S�H�U��
���ƒ�&���W�H�P�S�H�U�D�W�X�U�H���G�L�I�I�H�U�H�Q�F�H���D�U�H�����������:�����)�L�Q�G���W�K�H���O�R�D�G�L�Q�J���L�Q���N�:���D�Q�G���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���W�D�Q�N�����$�V�V�X�P�H��
�V�S�H�F�L�¿�F���K�H�D�W���R�I���Z�D�W�H�U��� �������������-���N�J���ƒ�&���D�Q�G�������N�:�K��� �����������0�-��

	 Solution. Rise in temp, q = 65 – 20 = 45°C  ;  S = 4200 J/kg/°C. If l metres is one side of the 
tank, then surface area of the tank is 6l2.
	 \		  6l2	 =	 6m2  or  l = 1m
	 Volume of tank = l3 = (1)3 = 1m3

	 Volume of water to be heated daily = 6 × 0.9 = 5.4 m3. As the mass of 1 m3 of water is 1000 kg,
	 \  Mass of water to be heated daily, m = 5.4 × 1000 = 5400 kg
	 Heat required to heat water to the desired temperature is 
			   H1 = mSq	 =	 5400 × 4200 × 45 = 1020.6 × 106 J

				    =	
6

5

1020.6 10
36 10

�
�

 kWh = 283.5 kWh

			   Heat losses, H2	 =	
6.3 6 24

1000
� � 
 �

 kWh

				    =	
6.3 6 45 24

1000
� � �

 = 40.82 kWh

		  Total energy supplied, H	 =	 H1 + H2 = 283.5 + 40.82 = 324.32 kWh

		  Loading in kW	 =	
24 hr

H
 = 324.32 kWh

24 hr
  = 13.5 kW

		  Efficiency of tank	 =	 1 100H
H

�  = 
283.5 100

324.32
�  = 87.4% 
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	 Example 4.30. An electric furnace is being used to melt 10 kg of aluminium. The initial tem-
�S�H�U�D�W�X�U�H�� �R�I�� �D�O�X�P�L�Q�L�X�P�� �L�V�� �����ƒ�&���� �$�V�V�X�P�H�� �W�K�H�� �P�H�O�W�L�Q�J�� �S�R�L�Q�W�� �R�I�� �D�O�X�P�L�Q�L�X�P�� �W�R�� �E�H�� �������ƒ�&���� �L�W�V�� �V�S�H�F�L�¿�F��
�K�H�D�W���F�D�S�D�F�L�W�\���W�R���E�H�����������-���N�J�ƒ�&���D�Q�G���L�W�V���V�S�H�F�L�¿�F���O�D�W�H�Q�W���K�H�D�W���R�I���I�X�V�L�R�Q���W�R���E�H�����������������-���N�J�����&�D�O�F�X�O�D�W�H���W�K�H��
�S�R�Z�H�U���U�H�T�X�L�U�H�G���W�R���D�F�F�R�P�S�O�L�V�K���W�K�H���F�R�Q�Y�H�U�V�L�R�Q���L�Q���������P�L�Q�X�W�H�V�����D�V�V�X�P�L�Q�J���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���F�R�Q�Y�H�U�V�L�R�Q��
�W�R���E�H�������������:�K�D�W���L�V���W�K�H���F�R�V�W���R�I���H�Q�H�U�J�\���F�R�Q�V�X�P�H�G���L�I���W�D�U�L�I�I���L�V���������S�D�L�V�H���S�H�U���N�:�K���"

	 Solution. Heat used to melt aluminium (i.e. output energy)
				    =	 10 × 950 × (660 − 20) + 10 × 387000 = 995 × 104 joules

				    =	
4

5

995 10
36 10

�
�

 = 2·76 kWh

	 Electrical energy supplied to the heating element
				    =	 2·76/0·75 = 3·68 kWh
	 This much energy (i.e. 3·68 kWh) is to be supplied in 20/60 = 1/3 hour.

	 \		  Power required	 =	
3.68
1 3

 = 3·68 × 3 = 11·04 kW

			   Cost of energy	 =	 Rs. 0·5 × 3·68 = Rs. 1·84
	 Example 4.31. A transmitting valve is cooled by water circulating through its hollow elec-
�W�U�R�G�H�V�����7�K�H���Z�D�W�H�U���H�Q�W�H�U�V���W�K�H���Y�D�O�Y�H���D�W�������ƒ�&���D�Q�G���O�H�D�Y�H�V���L�W���D�W�������ƒ�&�����&�D�O�F�X�O�D�W�H���W�K�H���U�D�W�H���R�I���À�R�Z���L�Q���N�J��
�V�H�F�R�Q�G���Q�H�H�G�H�G���S�H�U���N�:���R�I���F�R�R�O�L�Q�J�����7�K�H���W�H�P�S�H�U�D�W�X�U�H���R�I�������N�J���R�I���Z�D�W�H�U���L�V���U�D�L�V�H�G���W�R�����ƒ�&���E�\�������������M�R�X�O�H�V.
	 Solution. Heat to be taken away/sec = 1 kW × 1 sec = 1000 × 1 = 1000 joules. Let the required 
flow of water be m kg per second.
		  Heat produced/sec	 =	 mass × Sp. heat × rise in temp.
				    =	 m × 4178 × (85 − 25) = 250,680 m joules

	 \		  250,680 m	 =	 1000  or  m = 
1000

250,680
 = 0·004 kg/sec

Tutorial  Problems
	 1 . 	 An electric kettle marked 1 kW, 230 V, takes 7·5 minutes to bring 1 kg of water at 15ºC to boiling 

point (100ºC).  Find the efficiency of the kettle.	 [79·07%]
	 2.	 An electric kettle contains 1·5 kg of water at 15ºC. It takes 2·5 hours to raise the temperature 

to 90ºC.  Assuming the heat losses due to radiation and heating the kettle to be 15 kcal, find (i) 
wattage of the kettle and (ii) current taken if supply voltage is 230 V.	 [(i) 59·2 W (ii) 0·257 A]

	 3.	 A soldering iron is rated at 50 watts when connected to a 250 V supply.  If the soldering iron takes  
5 minutes to heat to a working temperature of 190ºC from 20ºC, find its mass, assuming it to be 
made of copper.  Given specific heat capacity of copper is 390 J/kgºC.	 [0·226 kg]

	 4.	 Find the amount of electrical energy expended in raising the temperature of 45 litres of water 
by 75ºC.  To what height could a weight of 5 tonnes be raised with the expenditure of the same 
energy ? Assume efficiencies of heating and lifting equipment to be 90% and 70% respectively

[4·36 kWh, 224 m]
	 5.	 Calculate the time taken for a 25 kW furnace, having an overall efficiency of 80% to melt 20 kg of  

aluminium. Take the specific heat capacity, melting point and latent heat of fusion of aluminium 
as 896 J/kgºC, 657ºC and 402 kJ/kg respectively.	 [16 min 13 sec]

	 6.	 An electric boiler has two heating elements each of 230 V, 3·5 kW rating and containing 8 litres 
of water at 30ºC.  Assuming 10% loss of heat from the boiler, find how long after switching on 
the heater circuit will the water boil at atmospheric pressure

		  (i)	 if the two elements are in parallel
		  (ii)	 if the two elements are in series ?  The supply voltage is 230 V.	  [(i) 373·3 s (ii) 1493·2 s]
	 7.	 A coil of resistance 100 Ω is immersed in a vessel containing 0·5 kg of water at 16ºC and is 

connected to a 220 V electric supply. Calculate the time required to boil away all the water. Given 
J = 4200 J/kcal; latent heat of steam = 536 kcal/kg.	 [44 min 50 sec]
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	 1.	 A 25W, 220 V bulb and a 100 W, 220 V bulb 
are joined in parallel and connected to 220 V 
supply.  Which bulb will glow more brightly ?

	 (i)	 25 W bulb	
	 (ii)	 100 W bulb
	 (iii)	 both will glow with same brightness
 	 (iv)	 neither bulb will glow
	 2.	 A 25 W, 220 V bulb and a 100 W, 220 V bulb are 

joined in series and connected to 220 V supply.  
Which bulb will glow brighter ?

	 (i)	 25 W bulb
	 (ii)	 100 W bulb
	 (iii)	 both will glow with same brightness
	 (iv)	 neither bulb will glow
	 3.	 You are given three bulbs of 25 W, 40 W and  

60 W. Which of them has the lowest resistance ?
	 (i)	 25 W bulb	
	 (ii)	 40 W bulb
	 (iii)	 60 W bulb 	
	 (iv)	 information incomplete
	 4.	 You have the following electric appliances :
	 (a)	 1 kW, 250 V electric heater
	 (b)	 1 kW, 250 V electric kettle
	 (c)	 1 kW, 250 V electric bulb
		  Which of these has the highest resistance ?
	 (i)	 heater
	 (ii)	 kettle
	 (iii)	 all have equal resistances
 	 (iv)	 electric bulb
	 5.	 The time required for 1 kW electric heater 

to raise the temperature of 10 litres of water 
through 10ºC is

	 (i)	 210 sec	 (ii)	 420 sec
	 (iii)	 42 sec	 (iv)	 840 sec
	 6.	 Two electric bulbs rated at P1 watt, V volt and 

P2 watt, V volt are connected in series across V 
volt. The total power consumed is

	 (i)	 P1 + P2	 (ii)	 1 2PP

	 (iii)	 1 2

2
P P�

	 (iv)	 1 2

1 2

PP
P P�

	 7.	 A tap supplies water at 22ºC. A man takes  
1 litre of water per minute at 37ºC from the  

geyser. The power of geyser is
	 (i)	 1050 W	 (ii)	 1575 W
	 (iii)	 525 W	 (iv)	 2100 W
	 8.	 A 3ºC rise in temperature is observed in a  

conductor by passing a certain amount of  
current. When the current is doubled, the rise in 
temperature is

	 (i) 	 15ºC	 (ii)	 12ºC
	 (iii)	 9ºC	 (iv)	 3ºC
	 9.	 How much electrical energy in kWh is  

consumed in operating ten 50 W bulbs for 10 
hours in a day in a month of 30 days ?

	 (i)	 500	 (ii)	 15000
	 (iii)	 150	 (iv)	 15
	 10.	 Two heater wires of equal length are first  

connected in series and then in parallel. The 
ratio of heat produced in the two cases will be

	 (i)	 2 : 1	 (ii)	 1 : 2
	 (iii)	 4 : 1	 (iv)	 1 : 4
	 11.	 Two identical heaters each marked 1000 W, 250 

V are placed in series and connected to 250 V 
supply. Their combined rate of heating is

	 (i)	 500 W	 (ii)	 2000 W
	 (iii)	 1000 W	 (iv)	 250 W
	 12.	 A constant voltage is applied between the 

ends of a uniform metallic wire.  Some heat is  
developed in it.  If both length and radius of the 
wire are halved, the heat developed during the 
same duration will become

	 (i)	 half	 (ii)	 twice
	 (iii)	 one fourth	 (iv)	 same
	 13.	 What is immaterial for a fuse ?
	 (i)	 its specific resistance
	 (ii)	 its radius
	 (iii)	 its length
	 (iv)	 current flowing through it
	 14.	 If the current in an electric bulb drops by 2%, 

then power decreases by
	 (i)	 1%	 (ii)	 2%
	 (iii)	 4 %	 (iv)	 16%
	 15.	 The fuse wire is made of
	 (i)	 tin-lead alloy	 (ii)	 copper
	 (iii)	 tungsten	 (iv)	 nichrome

Answers
	 1.	 (ii)	 2.	 (i)	 3.	 (iii)	 4.	 (iii) 	 5.	 (ii)	
	 6.	 (iv)	 7.	 (i)	 8.	 (ii)	 9.	 (iii)	 10.	 (iv)	
	 11.	 (i)	 12.	 (i)	 13.	 (iii) 	 14.	 (iii)  	 15.	 (i)	

Objective  Questions



Introduction
	 So far we have discussed that if two oppositely charged bodies are connected through a conduc-
�W�R�U�����H�O�H�F�W�U�R�Q�V���Z�L�O�O���À�R�Z���I�U�R�P���W�K�H���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H�����H�[�F�H�V�V���R�I���H�O�H�F�W�U�R�Q�V�����W�R���W�K�H���S�R�V�L�W�L�Y�H���F�K�D�U�J�H�����G�H�¿-
�F�L�H�Q�F�\���R�I���H�O�H�F�W�U�R�Q�V�������7�K�L�V���G�L�U�H�F�W�H�G���À�R�Z���R�I���H�O�H�F�W�U�R�Q�V���L�V���F�D�O�O�H�G���H�O�H�F�W�U�L�F���F�X�U�U�H�Q�W�����7�K�H���H�O�H�F�W�U�L�F���F�X�U�U�H�Q�W��
�Z�L�O�O���F�R�Q�W�L�Q�X�H���W�R���À�R�Z���V�R���O�R�Q�J���D�V���W�K�H���µ�H�[�F�H�V�V�¶���D�Q�G���µ�G�H�¿�F�L�H�Q�F�\�¶���R�I���H�O�H�F�W�U�R�Q�V���H�[�L�V�W���L�Q���W�K�H���E�R�G�L�H�V�����,�Q���R�W�K�H�U��
�Z�R�U�G�V�����H�O�H�F�W�U�L�F���F�X�U�U�H�Q�W���Z�L�O�O���F�R�Q�W�L�Q�X�H���W�R���À�R�Z���V�R���O�R�Q�J���D�V���Z�H���P�D�L�Q�W�D�L�Q���W�K�H���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q��
�W�K�H���E�R�G�L�H�V�����7�K�H���E�U�D�Q�F�K���R�I���H�Q�J�L�Q�H�H�U�L�Q�J���Z�K�L�F�K���G�H�D�O�V���Z�L�W�K���W�K�H���À�R�Z���R�I���H�O�H�F�W�U�R�Q�V����i.e. �H�O�H�F�W�U�L�F���F�X�U�U�H�Q�W�����L�V��
called current electricity �D�Q�G���L�V���L�P�S�R�U�W�D�Q�W���L�Q���P�D�Q�\���Z�D�\�V�������)�R�U���H�[�D�P�S�O�H�����L�W���L�V���W�K�H���H�O�H�F�W�U�L�F���F�X�U�U�H�Q�W���E�\��
�P�H�D�Q�V���R�I���Z�K�L�F�K���H�O�H�F�W�U�L�F�D�O���H�Q�H�U�J�\���F�D�Q���E�H���W�U�D�Q�V�I�H�U�U�H�G���I�U�R�P���R�Q�H���S�R�L�Q�W���W�R���D�Q�R�W�K�H�U���I�R�U���X�W�L�O�L�V�D�W�L�R�Q��

	 �7�K�H�U�H���F�D�Q���E�H���D�Q�R�W�K�H�U���V�L�W�X�D�W�L�R�Q���Z�K�H�U�H���F�K�D�U�J�H�V����i.e. �H�O�H�F�W�U�R�Q�V�����G�R���Q�R�W���P�R�Y�H���E�X�W���U�H�P�D�L�Q���V�W�D�W�L�F���R�U��
�V�W�D�W�L�R�Q�D�U�\���R�Q���W�K�H���E�R�G�L�H�V�����6�X�F�K���D���V�L�W�X�D�W�L�R�Q���Z�L�O�O���D�U�L�V�H���Z�K�H�Q���W�K�H���F�K�D�U�J�H�G���E�R�G�L�H�V���D�U�H���V�H�S�D�U�D�W�H�G���E�\���V�R�P�H��
�L�Q�V�X�O�D�W�L�Q�J���P�H�G�L�X�P�����G�L�V�D�O�O�R�Z�L�Q�J���W�K�H���P�R�Y�H�P�H�Q�W���R�I���H�O�H�F�W�U�R�Q�V�����7�K�L�V���L�V���F�D�O�O�H�G��static electricity and the 
branch of engineering which deals with static electricity is called electrostatics. Although current 
�H�O�H�F�W�U�L�F�L�W�\���L�V���R�I���J�U�H�D�W�H�U���S�U�D�F�W�L�F�D�O���X�V�H�����\�H�W���W�K�H���L�P�S�R�U�W�D�Q�F�H���R�I���V�W�D�W�L�F���H�O�H�F�W�U�L�F�L�W�\���F�D�Q�Q�R�W���E�H���L�J�Q�R�U�H�G�����0�D�Q�\��
�R�I���W�K�H���D�G�Y�D�Q�F�H�P�H�Q�W�V���P�D�G�H���L�Q���W�K�H���¿�H�O�G���R�I���H�O�H�F�W�U�L�F�L�W�\���R�Z�H���W�K�H�L�U���G�H�Y�H�O�R�S�P�H�Q�W�V���W�R���W�K�H���N�Q�R�Z�O�H�G�J�H���V�F�L�H�Q-
�W�L�V�W�V���R�E�W�D�L�Q�H�G���I�U�R�P���H�O�H�F�W�U�R�V�W�D�W�L�F�V����The most useful outcomes of static electricity are the development 
of lightning rod and the capacitor.���,�Q���W�K�L�V���F�K�D�S�W�H�U�����Z�H���V�K�D�O�O���F�R�Q�¿�Q�H���R�X�U���D�W�W�H�Q�W�L�R�Q���W�R���W�K�H���E�H�K�D�Y�L�R�X�U��
�D�Q�G���D�S�S�O�L�F�D�W�L�R�Q�V���R�I���V�W�D�W�L�F���H�O�H�F�W�U�L�F�L�W�\��

5.1.   Electrostatics
	 The branch of engineering which deals with charges at rest is called electrostatics��

	 �:�K�H�Q���D���J�O�D�V�V���U�R�G���L�V���U�X�E�E�H�G���Z�L�W�K���V�L�O�N���D�Q�G���W�K�H�Q���V�H�S�D�U�D�W�H�G�����W�K�H���I�R�U�P�H�U���E�H�F�R�P�H�V���S�R�V�L�W�L�Y�H�O�\���F�K�D�U�J�H�G��
�D�Q�G���W�K�H���O�D�W�W�H�U���D�W�W�D�L�Q�V���H�T�X�D�O���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H�������,�W���L�V���E�H�F�D�X�V�H���G�X�U�L�Q�J���U�X�E�E�L�Q�J�����V�R�P�H���H�O�H�F�W�U�R�Q�V���D�U�H���W�U�D�Q�V-
�I�H�U�U�H�G���I�U�R�P���J�O�D�V�V���W�R���V�L�O�N�������6�L�Q�F�H���J�O�D�V�V���U�R�G���D�Q�G���V�L�O�N���D�U�H���V�H�S�D�U�D�W�H�G���E�\���D�Q���L�Q�V�X�O�D�W�L�Q�J���P�H�G�L�X�P����i.e.�����D�L�U������
�W�K�H�\���U�H�W�D�L�Q���W�K�H���F�K�D�U�J�H�V�������,�Q���R�W�K�H�U���Z�R�U�G�V�����W�K�H���F�K�D�U�J�H�V���R�Q���W�K�H�P���D�U�H���V�W�D�W�L�F���R�U���V�W�D�W�L�R�Q�D�U�\�������1�R�W�H���W�K�D�W���W�K�H��
�Z�R�U�G���µ�H�O�H�F�W�U�R�V�W�D�W�L�F�¶���P�H�D�Q�V���H�O�H�F�W�U�L�F�L�W�\���D�W���U�H�V�W��

5.2.  Importance of Electrostatics
	 �'�X�U�L�Q�J���W�K�H���S�D�V�W���F�H�Q�W�X�U�\�����W�K�H�U�H���Z�D�V���F�R�Q�V�L�G�H�U�D�E�O�H���L�Q�F�U�H�D�V�H���L�Q���W�K�H���S�U�D�F�W�L�F�D�O���L�P�S�R�U�W�D�Q�F�H���R�I���H�O�H�F�W�U�R-
�V�W�D�W�L�F�V�������$���I�H�Z���L�P�S�R�U�W�D�Q�W���D�S�S�O�L�F�D�W�L�R�Q�V���R�I���H�O�H�F�W�U�R�V�W�D�W�L�F�V���D�U�H���J�L�Y�H�Q���E�H�O�R�Z����

	 (i)	Electrostatic generators can produce voltages as high as 106���Y�R�O�W�V�������6�X�F�K���K�L�J�K���Y�R�O�W�D�J�H�V���D�U�H��
�U�H�T�X�L�U�H�G���I�R�U���;���U�D�\���Z�R�U�N���D�Q�G���Q�X�F�O�H�D�U���E�R�P�E�D�U�G�P�H�Q�W��

	 (ii )	�:�H���X�V�H���S�U�L�Q�F�L�S�O�H�V���R�I���H�O�H�F�W�U�R�V�W�D�W�L�F�V���I�R�U���V�S�U�D�\���R�I���S�D�L�Q�W�V�����S�R�Z�G�H�U�����H�W�F��

	 (iii )	�7�K�H���S�U�L�Q�F�L�S�O�H�V���R�I���H�O�H�F�W�U�R�V�W�D�W�L�F�V���D�U�H���X�V�H�G���W�R���S�U�H�Y�H�Q�W���S�R�O�O�X�W�L�R�Q��

	 (iv)	�7�K�H���S�U�R�E�O�H�P�V���R�I���S�U�H�Y�H�Q�W�L�Q�J���V�S�D�U�N�V���D�Q�G���E�U�H�D�N�G�R�Z�Q���R�I���L�Q�V�X�O�D�W�R�U�V���L�Q���K�L�J�K���Y�R�O�W�D�J�H���H�Q�J�L�Q�H�H�U�L�Q�J��
�D�U�H���H�V�V�H�Q�W�L�D�O�O�\���H�O�H�F�W�U�R�V�W�D�W�L�F��

	 (v)	The development of lightning rod and capacitor are the outcomes of electrostatics.

5.3.  Methods of Charging a Conductor
	 �$�Q���X�Q�F�K�D�U�J�H�G���F�R�Q�G�X�F�W�R�U���F�D�Q���E�H���F�K�D�U�J�H�G���E�\���W�K�H���I�R�O�O�R�Z�L�Q�J���W�Z�R���P�H�W�K�R�G�V����

	 � �i��	�%�\���F�R�Q�G�X�F�W�L�R�Q��		 ��ii �����%�\���L�Q�G�X�F�W�L�R�Q
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	 (i)	By conduction. In this method, a charged body is brought in contact with the uncharged  
conductor. �)�L�J���� �������� ��i���� �V�K�R�Z�V�� �W�K�H�� �X�Q�F�K�D�U�J�H�G�� �F�R�Q�G�X�F�W�R�U��B�� �N�H�S�W�� �R�Q�� �D�Q�� �L�Q�V�X�O�D�W�L�Q�J�� �V�W�D�Q�G����
When the positively charged conductor A provided with insulating handle is touched 
with uncharged conductor B���>�6�H�H���)�L�J��������������ii ���@�����I�U�H�H���H�O�H�F�W�U�R�Q�V���I�U�R�P���F�R�Q�G�X�F�W�R�U��B���P�R�Y�H���W�R��
conductor A�����$�V���D���U�H�V�X�O�W�����W�K�H�U�H���R�F�F�X�U�V���D���G�H�¿�F�L�W���R�I���H�O�H�F�W�U�R�Q�V���L�Q���F�R�Q�G�X�F�W�R�U��B���D�Q�G���L�W���E�H�F�R�P�H�V��
�S�R�V�L�W�L�Y�H�O�\���F�K�D�U�J�H�G�����6�L�P�L�O�D�U�O�\�����L�I���W�K�H���F�R�Q�G�X�F�W�R�U��A is negatively charged, the conductor B will 
�D�O�V�R���J�H�W���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H�G��

Fig. 5.1
		 �,�W���P�D�\���E�H���Q�R�W�H�G���W�K�D�W���F�R�Q�G�X�F�W�R�U��A is provided with an insulting handle so that its charge does 

�Q�R�W���H�V�F�D�S�H���W�R���W�K�H���J�U�R�X�Q�G���W�K�U�R�X�J�K���R�X�U���E�R�G�\�����)�R�U���W�K�H���V�D�P�H���U�H�D�V�R�Q�����W�K�H���F�R�Q�G�X�F�W�R�U��B���L�V���N�H�S�W���R�Q��
�W�K�H���L�Q�V�X�O�D�W�L�Q�J���V�W�D�Q�G��

	 (ii )	By Induction. In this method, a charged body is brought close to the uncharged conductor 
but does not touch it.�� �)�L�J���� �������� ��i���� �V�K�R�Z�V���D���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H�G���S�O�D�V�W�L�F���U�R�G�����S�U�R�Y�L�G�H�G���Z�L�W�K��
�L�Q�V�X�O�D�W�L�Q�J���K�D�Q�G�O�H�����N�H�S�W���Q�H�D�U���D�Q���X�Q�F�K�D�U�J�H�G���P�H�W�D�O���V�S�K�H�U�H�����7�K�H���I�U�H�H���H�O�H�F�W�U�R�Q�V���R�I���W�K�H���V�S�K�H�U�H��
�Q�H�D�U���W�K�H���U�R�G���D�U�H���U�H�S�H�O�O�H�G���W�R���W�K�H���I�D�U�W�K�H�U���H�Q�G�����$�V���D���U�H�V�X�O�W�����W�K�H���U�H�J�L�R�Q���R�I���W�K�H���V�S�K�H�U�H���Q�H�D�U���W�K�H��
�U�R�G���E�H�F�R�P�H�V���S�R�V�L�W�L�Y�H�O�\���F�K�D�U�J�H�G���D�Q�G���W�K�H���I�D�U�W�K�H�V�W���H�Q�G���R�I���V�S�K�H�U�H���E�H�F�R�P�H�V���H�T�X�D�O�O�\���Q�H�J�D�W�L�Y�H�O�\��
�F�K�D�U�J�H�G���� �,�I�� �Q�R�Z�� �W�K�H�� �V�S�K�H�U�H�� �L�V�� �F�R�Q�Q�H�F�W�H�G�� �W�R�� �W�K�H�� �J�U�R�X�Q�G�� �W�K�U�R�X�J�K�� �D�� �Z�L�U�H�� �D�V�� �V�K�R�Z�Q�� �L�Q�� �)�L�J����
����������ii �������L�W�V���I�U�H�H���H�O�H�F�W�U�R�Q�V���D�W���W�K�H���I�D�U�W�K�H�U���H�Q�G���À�R�Z���W�R���W�K�H���J�U�R�X�Q�G�����2�Q���U�H�P�R�Y�L�Q�J���W�K�H���Z�L�U�H���W�R��
�W�K�H���J�U�R�X�Q�G���>�6�H�H���)�L�J��������������iii ���@�����W�K�H���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���D�W���W�K�H���Q�H�D�U���H�Q�G���R�I���V�S�K�H�U�H���U�H�P�D�L�Q�V���K�H�O�G��
�W�K�H�U�H���G�X�H���W�R���W�K�H���D�W�W�U�D�F�W�L�Y�H���I�R�U�F�H���R�I���H�[�W�H�U�Q�D�O���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H�����)�L�Q�D�O�O�\�����Z�K�H�Q���W�K�H���S�O�D�V�W�L�F���U�R�G���L�V��
�U�H�P�R�Y�H�G���>�6�H�H���)�L�J��������������iv���@�����W�K�H���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���V�S�U�H�D�G�V���X�Q�L�I�R�U�P�O�\���R�Q���W�K�H���V�S�K�H�U�H�����7�K�X�V�����W�K�H��
�V�S�K�H�U�H���L�V���S�R�V�L�W�L�Y�H�O�\���F�K�D�U�J�H�G���E�\���L�Q�G�X�F�W�L�R�Q�����1�R�W�H���W�K�D�W���L�Q���W�K�H���S�U�R�F�H�V�V�����W�K�H���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H�G��
plastic rod loses none of i�W�V���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H�����6�L�P�L�O�D�U�O�\�����W�K�H���P�H�W�D�O���V�S�K�H�U�H���F�D�Q���E�H���Q�H�J�D�W�L�Y�H�O�\��
�F�K�D�U�J�H�G���E�\���E�U�L�Q�J�L�Q�J���D���S�R�V�L�W�L�Y�H�O�\���F�K�D�U�J�H�G���U�R�G���Q�H�D�U���L�W��

Fig. 5.2

	 	�1�R�W�H�� �W�K�D�W�� �F�K�D�U�J�L�Q�J�� �D�� �E�R�G�\�� �E�\�� �L�Q�G�X�F�W�L�R�Q�� �U�H�T�X�L�U�H�V�� �Q�R�� �F�R�Q�W�D�F�W�� �Z�L�W�K�� �W�K�H�� �E�R�G�\�� �L�Q�G�X�F�L�Q�J�� �W�K�H��
�F�K�D�U�J�H�����7�K�L�V���L�V���L�Q���F�R�Q�W�U�D�V�W���W�R���F�K�D�U�J�L�Q�J���D���E�R�G�\���E�\�� �F�R�Q�G�X�F�W�L�R�Q���Z�K�L�F�K���G�R�H�V���U�H�T�X�L�U�H���F�R�Q�W�D�F�W��
�E�H�W�Z�H�H�Q���W�K�H���W�Z�R���E�R�G�L�H�V��

5.4.  Coulomb’s Laws of Electrostatics
	 �&�K�D�U�O�H�V�� �&�R�X�O�R�P�E���� �D�� �)�U�H�Q�F�K�� �V�F�L�H�Q�W�L�V�W���� �R�E�V�H�U�Y�H�G�� �W�K�D�W�� �Z�K�H�Q�� �W�Z�R�� �F�K�D�U�J�H�V�� �D�U�H�� �S�O�D�F�H�G�� �Q�H�D�U�� �H�D�F�K��
�R�W�K�H�U���� �W�K�H�\�� �H�[�S�H�U�L�H�Q�F�H�� �D�� �I�R�U�F�H���� �� �+�H�� �S�H�U�I�R�U�P�H�G�� �D�� �Q�X�P�E�H�U�� �R�I�� �H�[�S�H�U�L�P�H�Q�W�V�� �W�R�� �V�W�X�G�\�� �W�K�H�� �Q�D�W�X�U�H�� �D�Q�G��
�P�D�J�Q�L�W�X�G�H���R�I���W�K�H���I�R�U�F�H���E�H�W�Z�H�H�Q���W�K�H���F�K�D�U�J�H�G���E�R�G�L�H�V�������+�H���V�X�P�P�H�G���X�S���K�L�V���F�R�Q�F�O�X�V�L�R�Q�V���L�Q�W�R���W�Z�R���O�D�Z�V����
�N�Q�R�Z�Q���D�V���&�R�X�O�R�P�E�¶�V���O�D�Z�V���R�I���H�O�H�F�W�U�R�V�W�D�W�L�F�V��



262	 Basic  Electrical  Engineering	

	 First law. �7�K�L�V���O�D�Z���U�H�O�D�W�H�V���W�R���W�K�H���Q�D�W�X�U�H���R�I���I�R�U�F�H���E�H�W�Z�H�H�Q���W�Z�R���F�K�D�U�J�H�G���E�R�G�L�H�V���D�Q�G���P�D�\���E�H���V�W�D�W�H�G��
�D�V���X�Q�G�H�U����
	 Like charges repel each other while unlike charges attract each other.
	 �,�Q���R�W�K�H�U���Z�R�U�G�V�����L�I���W�Z�R���F�K�D�U�J�H�V���D�U�H���R�I���W�K�H���V�D�P�H���Q�D�W�X�U�H����i.e. �E�R�W�K���S�R�V�L�W�L�Y�H���R�U���E�R�W�K���Q�H�J�D�W�L�Y�H�������W�K�H��
�I�R�U�F�H���E�H�W�Z�H�H�Q���W�K�H�P���L�V���U�H�S�X�O�V�L�R�Q�������2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����L�I���R�Q�H���F�K�D�U�J�H���L�V���S�R�V�L�W�L�Y�H���D�Q�G���W�K�H���R�W�K�H�U���Q�H�J�D�W�L�Y�H����
�W�K�H���I�R�U�F�H���E�H�W�Z�H�H�Q���W�K�H�P���L�V���D�Q���D�W�W�U�D�F�W�L�R�Q��
	 Second law. �7�K�L�V���O�D�Z���W�H�O�O�V���D�E�R�X�W���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���I�R�U�F�H���E�H�W�Z�H�H�Q���W�Z�R���F�K�D�U�J�H�G���E�R�G�L�H�V���D�Q�G���P�D�\��
�E�H���V�W�D�W�H�G���D�V���X�Q�G�H�U����
	 The force between two *point charges is directly proportional to the product of their magni-
tudes and inversely proportional to the square of distance between their centres��

	 �0�D�W�K�H�P�D�W�L�F�D�O�O�\��	 F	 �v	 � � � �
��

Q Q
d

or	 		  F	 =	 � � � �
��

Q Q
k

d
	 ��������i��

where k �L�V���D���F�R�Q�V�W�D�Q�W���Z�K�R�V�H���Y�D�O�X�H���G�H�S�H�Q�G�V���X�S�R�Q���W�K�H���P�H�G�L�X�P��
in which the charges are placed and the �V�\�V�W�H�P�� �R�I�� �X�Q�L�W�V��
�H�P�S�O�R�\�H�G�������,�Q���6�,���X�Q�L�W�V�����I�R�U�F�H���L�V���P�H�D�V�X�U�H�G���L�Q���Q�H�Z�W�R�Q�V�����F�K�D�U�J�H��
�L�Q���F�R�X�O�R�P�E�V�����G�L�V�W�D�Q�F�H���L�Q���P�H�W�U�H�V���D�Q�G���W�K�H���Y�D�O�X�H���R�I��k is given 
by ;
	 		  k	 =	

0

1
4 r�� �

�Z�K�H�U�H		  �00	� 	�$�E�V�R�O�X�W�H�� �S�H�U�P�L�W�W�L�Y�L�W�\��
�R�I���Y�D�F�X�X�P���R�U���D�L�U��

			      � 0r	 � 	�5�H�O�D�W�L�Y�H�� �S�H�U�P�L�W�W�L�Y-
�L�W�\�� �R�I�� �W�K�H�� �P�H�G�L�X�P�� �L�Q��
�Z�K�L�F�K���W�K�H���F�K�D�U�J�H�V���D�U�H���S�O�D�F�H�G�������)�R�U���Y�D�F�X�X�P���R�U���D�L�U�����L�W�V���Y�D�O�X�H���L�V������

	 �7�K�H���Y�D�O�X�H���R�I���00��� �����Â���������î�������í�������)���P���D�Q�G���W�K�H���Y�D�O�X�H���R�I���0r���L�V���G�L�I�I�H�U�H�Q�W���I�R�U���G�L�I�I�H�U�H�Q�W���P�H�G�L�D��
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	 �?		  F	 =	 9 � � � �
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�
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	 ������in a medium

			   	 =	 9 � � � �
��9 10

Q Q
d

� 	 ������in air

	 Unit of charge. �7�K�H���X�Q�L�W���R�I���F�K�D�U�J�H����i.e. �����F�R�X�O�R�P�E�����F�D�Q���D�O�V�R���E�H���G�H�¿�Q�H�G���I�U�R�P���&�R�X�O�R�P�E�¶�V���V�H�F�R�Q�G��
�O�D�Z���R�I���H�O�H�F�W�U�R�V�W�D�W�L�F�V�������6�X�S�S�R�V�H���W�Z�R���H�T�X�D�O���F�K�D�U�J�H�V���S�O�D�F�H�G�������P���D�S�D�U�W���L�Q��air �H�[�H�U�W���D���I�R�U�F�H���R�I�������î������9 
newtons i.e.
	 		  Q1 = Q��	 =	 Q  ;  d��� �����P �� F��� �������î������9���1
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	 �&�K�D�U�J�H�G�� �E�R�G�L�H�V�� �D�S�S�U�R�[�L�P�D�W�H�� �W�R�� �S�R�L�Q�W�� �F�K�D�U�J�H�V�� �L�I�� �W�K�H�\�� �D�U�H�� �V�P�D�O�O�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �G�L�V�W�D�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H�P��

Fig. 5.3
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	 or		  Q�� 	=	 1

	 or		  Q	� 	�“������� �����F�R�X�O�R�P�E

	 Hence one coulomb is that charge which when placed in air at a distance of one metre 
from an equal and similar charge repels it with a force of 9 �î 109 N.
	 �1�R�W�H���W�K�D�W���F�R�X�O�R�P�E���L�V���Y�H�U�\���O�D�U�J�H���X�Q�L�W���R�I���F�K�D�U�J�H���L�Q���W�K�H���V�W�X�G�\���R�I���H�O�H�F�W�U�R�V�W�D�W�L�F�V�������,�Q���S�U�D�F�W�L�F�H�����F�K�D�U�J�H�V��
�S�U�R�G�X�F�H�G���H�[�S�H�U�L�P�H�Q�W�D�O�O�\���U�D�Q�J�H���E�H�W�Z�H�H�Q���S�L�F�R���F�R�X�O�R�P�E�����S�&�����D�Q�G���P�L�F�U�R���F�R�X�O�R�P�E�����—�&����
			   1pC	 =	 10�í�����&��������    ���—�&��� �������í��C
	 Note.���2�Q�H���G�L�V�D�G�Y�D�Q�W�D�J�H���R�I���6�,���X�Q�L�W�V���L�V���W�K�D�W���F�R�X�O�R�P�E���L�V���D�Q���L�Q�F�R�Q�Y�H�Q�L�H�Q�W�O�\���O�D�U�J�H���X�Q�L�W�������7�K�L�V���L�V���F�O�H�D�U���I�U�R�P���W�K�H��
�I�D�F�W���W�K�D�W���W�K�H���I�R�U�F�H���H�[�H�U�W�H�G���E�\���D���F�K�D�U�J�H���R�I�����&���R�Q���D�Q�R�W�K�H�U���H�T�X�D�O���F�K�D�U�J�H���D�W���D���G�L�V�W�D�Q�F�H���R�I�����P���L�V�������î������9�1�������&�R�X�O�G��
�\�R�X���K�R�O�G���W�Z�R���R�Q�H���F�R�X�O�R�P�E���F�K�D�U�J�H�V���D���P�H�W�U�H���D�S�D�U�W���"

5.5.  Absolute and Relative Permittivity
	 �3�H�U�P�L�W�W�L�Y�L�W�\���L�V���W�K�H���S�U�R�S�H�U�W�\���R�I���D���P�H�G�L�X�P���D�Q�G���D�I�I�H�F�W�V���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���I�R�U�F�H���E�H�W�Z�H�H�Q���W�Z�R���S�R�L�Q�W��
�F�K�D�U�J�H�V�����7�K�H���J�U�H�D�W�H�U���W�K�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���D���P�H�G�L�X�P�����W�K�H���O�H�V�V�H�U���W�K�H���I�R�U�F�H���E�H�W�Z�H�H�Q���W�K�H���F�K�D�U�J�H�G���E�R�G�L�H�V��
placed in it and vice-versa�����$�L�U���R�U���Y�D�F�X�X�P���K�D�V���D���P�L�Q�L�P�X�P���Y�D�O�X�H���R�I���S�H�U�P�L�W�W�L�Y�L�W�\�������7�K�H���D�E�V�R�O�X�W�H�����R�U��
�D�F�W�X�D�O�����S�H�U�P�L�W�W�L�Y�L�W�\���00�����*�U�H�H�N���O�H�W�W�H�U���µ�H�S�V�L�O�R�Q�¶�����R�I���D�L�U���R�U���Y�D�F�X�X�P���L�V�����Â���������î�������í�������)���P�������7�K�H���D�E�V�R�O�X�W�H��
���R�U���D�F�W�X�D�O�����S�H�U�P�L�W�W�L�Y�L�W�\���0���R�I���D�O�O���R�W�K�H�U���L�Q�V�X�O�D�W�L�Q�J���P�D�W�H�U�L�D�O�V���L�V���J�U�H�D�W�H�U���W�K�D�Q���00�������7�K�H���U�D�W�L�R���0���00 is   called 
the *relative permittivity �R�I���W�K�H���P�D�W�H�U�L�D�O���D�Q�G���L�V���G�H�Q�R�W�H�G���E�\���0r i.e��

			      � 0r	 =	
0

�
�

�Z�K�H�U�H		  �0	� 	�D�E�V�R�O�X�W�H�����R�U���D�F�W�X�D�O�����S�H�U�P�L�W�W�L�Y�L�W�\���R�I���W�K�H���P�D�W�H�U�L�D�O

			   �00	 � 	�D�E�V�R�O�X�W�H�����D�F�W�X�D�O�����S�H�U�P�L�W�W�L�Y�L�W�\���R�I���D�L�U���R�U���Y�D�F�X�X�P�������Â���������î�������í�������)���P��
			      � 0r	� 	�U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���W�K�H���P�D�W�H�U�L�D�O��
	 �2�E�Y�L�R�X�V�O�\�����0r���I�R�U���D�L�U���Z�R�X�O�G���E�H���00���00��� ������
	 �3�H�U�P�L�W�W�L�Y�L�W�\���R�I�� �D���P�H�G�L�X�P���S�O�D�\�V���D�Q���L�P�S�R�U�W�D�Q�W���U�R�O�H���L�Q���H�O�H�F�W�U�R�V�W�D�W�L�F�V������ �)�R�U���L�Q�V�W�D�Q�F�H�����W�K�H���U�H�O�D�W�L�Y�H��
�S�H�U�P�L�W�W�L�Y�L�W�\���R�I���L�Q�V�X�O�D�W�L�Q�J���R�L�O���L�V���������,�W���P�H�D�Q�V���W�K�D�W���I�R�U���W�K�H���V�D�P�H���F�K�D�U�J�H�V����Q1 and Q�������D�Q�G���G�L�V�W�D�Q�F�H����d�������W�K�H��
force between the two charges in insulating oil will be one���W�K�L�U�G���R�I���W�K�D�W���L�Q���D�L�U���>�6�H�H���H�T������ii �����L�Q���$�U�W�����Â���@��

5.6.  Coulomb’s Law in Vector Form
	 �&�R�Q�V�L�G�H�U���W�Z�R���O�L�N�H���S�R�L�Q�W���F�K�D�U�J�H�V��Q1 and Q�� separated by distance d �L�Q���Y�D�F�X�X�P�����&�O�H�D�U�O�\�����F�K�D�U�J�H�V��
�Z�L�O�O���U�H�S�H�O���H�D�F�K���R�W�K�H�U���>�6�H�H���)�L�J�����������@��

	 Let		  ����F
�

	 =	 force on Q�� due to Q1

			   ����F
�

	 =	 force on Q1 due to Q��

			   ����d̂ 	� 	�X�Q�L�W���Y�H�F�W�R�U���S�R�L�Q�W�L�Q�J���I�U�R�P��Q1 to Q��

			   �
����d 	� 	�X�Q�L�W���Y�H�F�W�R�U���S�R�L�Q�W�L�Q�J���I�U�R�P��Q�� to Q1

	 �$�F�F�R�U�G�L�Q�J���W�R���&�R�X�O�R�P�E�¶�V���O�D�Z��

			   ����F
�

	 =	 �� � � �
������

Q Q
k d

d

	 or		  ����F
�

	 =	 �� � � �
������

0

1
4

Q Q
d

d��
	 ��������i��

	 �6�L�P�L�O�D�U�O�\��	 ����F
�

	 =	 � � � �
������

0

1 ˆ
4

Q Q
d

d��
	 ��������ii ��

	 �(�T�V������i�����D�Q�G����ii �����H�[�S�U�H�V�V���&�R�X�O�R�P�E�¶�V���O�D�Z���L�Q���Y�H�F�W�R�U���I�R�U�P��

Fig. 5.4

�
	 �7�K�X�V�� �Z�K�H�Q�� �Z�H�� �V�D�\�� �W�K�D�W�� �U�H�O�D�W�L�Y�H�� �S�H�U�P�L�W�W�L�Y�L�W�\�� �R�I�� �D�� �P�D�W�H�U�L�D�O�� �L�V�� �������� �L�W�� �P�H�D�Q�V�� �W�K�D�W�� �L�W�V�� �D�E�V�R�O�X�W�H�� �R�U�� �D�F�X�W�D�O�� 
�S�H�U�P�L�W�W�L�Y�L�W�\���H = �H0 �Hr�� � �� ������������ �î�� ����

�±������ �î�� ������ � �� ������������ �î�� ����–11�� �)���P��
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	 Importance of vector form. �7�K�H���U�H�D�G�H�U���P�D�\���Z�R�Q�G�H�U���D�E�R�X�W���W�K�H���X�W�L�O�L�W�\���R�I���&�R�X�O�R�P�E�¶�V���O�D�Z���L�Q���Y�H�F-
�W�R�U���I�R�U�P���R�Y�H�U���W�K�H���V�F�D�O�D�U���I�R�U�P�������7�K�H���D�Q�V�Z�H�U���Z�L�O�O���E�H���U�H�D�G�L�O�\���D�Y�D�L�O�D�E�O�H���I�U�R�P���W�K�H���I�R�O�O�R�Z�L�Q�J���G�L�V�F�X�V�V�L�R�Q����

	 (i)	 �7�K�H���Y�H�F�W�R�U���I�R�U�P���V�K�R�Z�V���D�W���D���J�O�D�Q�F�H���W�K�D�W���I�R�U�F�H�V������F
�

 and ����F
�

���D�U�H���H�T�X�D�O���D�Q�G���R�S�S�R�V�L�W�H��

			   ����F
�

	 =	 �� � � �
������

0

1
4

Q Q
d

d��

			   ����F
�

	 =	 �� � � �
������

0

1
4

Q Q
d

d��
				 

		  As	 �
����d 	 �  	 � í� �� ����d

		  �?	 ����F
�

	 �  	 � í� �����F
�

	 �7�K�D�W���L�V������F
�

���L�V���H�T�X�D�O���L�Q���P�D�J�Q�L�W�X�G�H���W�R������F
�

���E�X�W���R�S�S�R�V�L�W�H���L�Q���G�L�U�H�F�W�L�R�Q�����7�K�H���V�F�D�O�D�U���I�R�U�P���G�R�H�V���Q�R�W��

�V�K�R�Z���W�K�L�V���I�D�F�W�����7�K�L�V���L�V���D���G�L�V�W�L�Q�F�W���D�G�Y�D�Q�W�D�J�H���R�Y�H�U���W�K�H���V�F�D�O�D�U���I�R�U�P��

	 (ii )	 	 ����F
�

 	=	 ����F
�

�

	 �7�K�L�V���P�H�D�Q�V���W�K�D�W������F
�

 and ����F
�

���D�F�W���D�O�R�Q�J���W�K�H���V�D�P�H���O�L�Q�H��i.e. along the line joining charges Q1 and 
Q�������,�Q���R�W�K�H�U���Z�R�U�G�V�����W�K�H���H�O�H�F�W�U�R�V�W�D�W�L�F���I�R�U�F�H���E�H�W�Z�H�H�Q���W�Z�R���F�K�D�U�J�H�V���L�V���D���F�H�Q�W�U�D�O���I�R�U�F�H i.e. it acts along the 
�O�L�Q�H���M�R�L�Q�L�Q�J���W�K�H���F�H�Q�W�U�H�V���R�I���W�K�H���W�Z�R���F�K�D�U�J�H�V�����+�R�Z�H�Y�H�U�����V�F�D�O�D�U���I�R�U�P���G�R�H�V���Q�R�W���V�K�R�Z���V�X�F�K���D���Q�D�W�X�U�H���R�I��
�H�O�H�F�W�U�R�V�W�D�W�L�F���I�R�U�F�H���E�H�W�Z�H�H�Q���W�Z�R���F�K�D�U�J�H�V��

5.7.  The Superposition Principle
	 �,�I���Z�H���D�U�H���J�L�Y�H�Q���W�Z�R���F�K�D�U�J�H�V�����W�K�H���H�O�H�F�W�U�R�V�W�D�W�L�F���I�R�U�F�H���E�H�W�Z�H�H�Q���W�K�H�P���F�D�Q���E�H���I�R�X�Q�G���E�\���X�V�L�Q�J���&�R�X-
�O�R�P�E�¶�V���O�D�Z�V�������+�R�Z�H�Y�H�U�����L�I���D���Q�X�P�E�H�U���R�I���F�K�D�U�J�H�V���D�U�H���S�U�H�V�H�Q�W�����W�K�H���I�R�U�F�H���R�Q���D�Q�\���F�K�D�U�J�H���G�X�H���W�R���W�K�H���R�W�K�H�U��
�F�K�D�U�J�H�V���F�D�Q���E�H���I�R�X�Q�G���E�\���V�X�S�H�U�S�R�V�L�W�L�R�Q���S�U�L�Q�F�L�S�O�H���V�W�D�W�H�G���E�H�O�R�Z����

	 When a number of charges are present, the total force on a given charge is equal to the vector 
sum of the forces due to the remaining other charges on the given charge.

	 �7�K�L�V���V�L�P�S�O�\���P�H�D�Q�V���W�K�D�W���Z�H���¿�U�V�W���¿�Q�G���W�K�H���I�R�U�F�H���R�Q���W�K�H���J�L�Y�H�Q���F�K�D�U�J�H�����E�\���&�R�X�O�R�P�E�¶�V���O�D�Z�V�����G�X�H���W�R��
�H�D�F�K���R�I���W�K�H���R�W�K�H�U���F�K�D�U�J�H�V���L�Q���W�X�U�Q�����:�H���W�K�H�Q���G�H�W�H�U�P�L�Q�H���W�K�H���W�R�W�D�O���R�U���Q�H�W���I�R�U�F�H���R�Q���W�K�H���J�L�Y�H�Q���F�K�D�U�J�H���E�\��
�¿�Q�G�L�Q�J���W�K�H���Y�H�F�W�R�U���V�X�P���R�I���D�O�O���W�K�H���I�R�U�F�H�V��
	 Notes. (i) 	Consider two charges Q1 and Q�����O�R�F�D�W�H�G���L�Q���D�L�U�������,�I���D���W�K�L�U�G���F�K�D�U�J�H��Q�� is brought nearby, it has been 
�I�R�X�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O�O�\���W�K�D�W���S�U�H�V�H�Q�F�H���R�I���W�K�H���W�K�L�U�G���F�K�D�U�J�H����Q�������K�D�V���Q�R���H�I�I�H�F�W���R�Q���W�K�H���I�R�U�F�H���E�H�W�Z�H�H�Q��Q1 and Q�������7�K�L�V��
�I�D�F�W���S�H�U�P�L�W�V���X�V���W�R���X�V�H���V�X�S�H�U�S�R�V�L�W�L�R�Q���S�U�L�Q�F�L�S�O�H���I�R�U���H�O�H�F�W�U�L�F���I�R�U�F�H�V��

	 (ii )	 �7�K�H���V�X�S�H�U�S�R�V�L�W�L�R�Q���S�U�L�Q�F�L�S�O�H���K�R�O�G�V���J�R�R�G���I�R�U���H�O�H�F�W�U�L�F���I�R�U�F�H�V���D�Q�G���H�O�H�F�W�U�L�F���¿�H�O�G�V�����7�K�L�V���I�D�F�W���K�D�V���P�D�G�H���W�K�H��
�P�D�W�K�H�P�D�W�L�F�D�O���G�H�V�F�U�L�S�W�L�R�Q���R�I���H�O�H�F�W�U�R�V�W�D�W�L�F���S�K�H�Q�R�P�H�Q�D���V�L�P�S�O�H�U���W�K�D�Q���L�W���R�W�K�H�U�Z�L�V�H���Z�R�X�O�G���E�H��

	 (iii )	�:�H���F�D�Q���X�V�H���V�X�S�H�U�S�R�V�L�W�L�R�Q���S�U�L�Q�F�L�S�O�H���W�R���¿�Q�G����a�����Q�H�W���I�R�U�F�H����b�����Q�H�W���¿�H�O�G����c�����Q�H�W���À�X�[����d�����Q�H�W���S�R�W�H�Q�W�L�D�O���D�Q�G��
��e�����Q�H�W���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���G�X�H���W�R���D���Q�X�P�E�H�U���R�I���F�K�D�U�J�H�V��

	 Example 5.1. A small sphere is given a charge of + 20�—C and a second sphere of equal diameter 
is given a charge of �í5 �—C.  The two spheres are allowed to touch each other and are then spaced 
10 cm apart. What force exists between them ? Assume air as the medium.

	 Solution. �:�K�H�Q���W�K�H���W�Z�R���V�S�K�H�U�H�V���W�R�X�F�K���H�D�F�K���R�W�K�H�U�����W�K�H���U�H�V�X�O�W�D�Q�W���F�K�D�U�J�H��� �������������������í������� ���������—�&������
When the spheres are separated, charge on each sphere, Q1 = Q����� ������������� �����Â�����—�&��

	 �?		  �)�R�U�F�H����F	 =	 9 � � � �
��9 10

Q Q
d

� �

				    =	
6 6

9
��

�������� ���� �� �������� ���� ��
9 10

����������

� �� �
� �  = 50.62 N repulsive
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	 Example 5.2. A charge q is divided into two parts in such a way that they repel each other with 
a maximum force when held at a certain distance apart.  Find the distribution of the charge.

	 Solution. Let the two parts be q�•���D�Q�G����q���í��q�•���������7�K�H�U�H�I�R�U�H�����I�R�U�F�H��F���E�H�W�Z�H�H�Q���W�K�H�P���L�V

			   F	 =	 ��
0

� � � � � �
4

q q q
d

� ��
��

 = 
��

��
0

1
4

qq q
d

� ��
��

������������		�)�R�U���P�D�[�L�P�X�P���Y�D�O�X�H���R�I��F, 
dF
dq�

	=	 0  �? 
dF
dq�

 = ��
0

1 � � � � � �
4

q q
d

��
��

 = 0

	 or		  q���í����q�•	� 	��  �?  q�•��� ��
2
q

	 �+�H�Q�F�H���L�Q���R�U�G�H�U���W�R���K�D�Y�H���P�D�[�L�P�X�P���I�R�U�F�H����q���V�K�R�X�O�G���E�H���G�L�Y�L�G�H�G���L�Q�W�R���W�Z�R���H�T�X�D�O���S�D�U�W�V��

	 Example 5.3. Three point charges of + 5µC, + 5µC 
and + 5µC are placed at the vertices of an equilateral 
triangle which has sides 10 cm long. Find the force on 
each charge.

	 Solution.�� �7�K�H�� �F�R�Q�G�L�W�L�R�Q�V�� �R�I�� �W�K�H�� �S�U�R�E�O�H�P�� �D�U�H��
�U�H�S�U�H�V�H�Q�W�H�G�� �L�Q�� �)�L�J���� ���������� �&�R�Q�V�L�G�H�U�� ���� ���—�&�� �S�O�D�F�H�G�� �D�W�� �W�K�H��
corner C���� �,�W���L�V���E�H�L�Q�J���U�H�S�H�O�O�H�G���E�\�� �W�K�H���F�K�D�U�J�H�V���D�W��A and B 
along ACD and BCE���U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H�V�H���W�Z�R�� �I�R�U�F�H�V�� �D�U�H��
equal, each being given by ;

			   F	 =	
6 6

9
��

���� ���� �� ���� ���� ��
9 10

����������

� �� �
� ��� �������������1

	 Resultant force at C��� ����F���F�R�V�������ƒ��� �������î�������������î��
��

��
 = 38.97 N

	 �7�K�H���I�R�U�F�H�V���D�F�W�L�Q�J���R�Q���W�K�H���F�K�D�U�J�H�V���S�O�D�F�H�G���D�W��A and B���Z�L�O�O���D�O�V�R���E�H���W�K�H���V�D�P�H����i.e.,���������������1��

	 Example 5.4. Two small spheres, each having a mass of 0·1g are suspended from a point by 
threads 20 cm long. They are equally charged and they repel each other to a distance of 24cm. What 
is the charge on each sphere ?

	 Solution. �)�L�J�������������V�K�R�Z�V���W�K�H���F�R�Q�G�L�W�L�R�Q�V���R�I���W�K�H���S�U�R�E�O�H�P����
Let B and C be the spheres, each carrying a charge q�������7�K�H��
force of repulsion between the spheres is given by ;

	 		  F	 =	
��

9
��9 10

������������
q

�  

				   � 	 ���������������î������9 q��

�(�D�F�K���V�S�K�H�U�H���L�V���X�Q�G�H�U���W�K�H���D�F�W�L�R�Q���R�I���W�K�U�H�H���I�R�U�F�H�V����

	 (i) weight m g acting vertically downward, (ii ) tension 
T, and (iii ) electrostatic force F�����&�R�Q�V�L�G�H�U�L�Q�J���W�K�H���V�S�K�H�U�H��B 
and resolving T �L�Q�W�R���U�H�F�W�D�Q�J�X�O�D�U���F�R�P�S�R�Q�H�Q�W�V�����Z�H���K�D�Y�H��

			   m g	 =	 T���V�L�Q��������������F = T���F�R�V����

	 �?		  �W�D�Q����	� 	mg��F

	 �1�R�Z��	 AD	 =	 � � � � � � � ��������� ��������AB BD� � � ����� ���������F�P

	 �?		  �W�D�Q����	� 	
16
����

AD
BD

�   �? 
16
����

mg
F

�

Fig. 5.5

Fig. 5.6
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	 or		  F 	=	
����
16

mg��� ������������mg��� �������������î������–4���î����������� �����������î������–4���1

	 �%�X�W		  F	� 	�������Â�������î������9 q��

	 �?		  �������Â�������î������9 q��	� 	���Â�����î�������í��  or  q�� = 
4

9

������ ����
������������ ����

��
�

��� �����������î�������±����

	 �?		  q	 =	 6·9 �î 10�í8 C

	 Example 5.5. Two point charges +Q and +4Q are placed at a distance ‘a’ apart on a horizontal 
plane. Where should the third charge be placed for it to be in equilibrium ?

	 Solution. Let the point charge +q be placed at a distance x���I�U�R�P���W�K�H���F�K�D�U�J�H������Q���>�6�H�H���)�L�J�����������@��

Fig. 5.7

	 �)�R�U�F�H���R�Q���F�K�D�U�J�H����q due to charge +4Q is

			   F1	 =	 ��
0

���� ��
4
q Q

x��
  �I�U�R�P��A to B

	 �)�R�U�F�H���R�Q���F�K�D�U�J�H����q due to charge +Q is

			   F��	 =	
��

0

� � � �
� � � � � �

q Q
a x�� �

  �I�U�R�P��B to A

	 �,�Q���R�U�G�H�U���W�K�D�W���F�K�D�U�J�H������q���L�V���L�Q���H�T�X�L�O�L�E�U�L�X�P����F1 = F����

	 �?		  ��
0

���� ��
4
q Q

x��
	 =	 ��

0

� � � �
� � � � � �

q Q
a x�� �

  or  x = 2a/3

	 Example 5.6. Two point charges of +16 �—C and �í9 �—C are 8 cm apart in air. Where can a third 
charge be located so that no net electrostatic force acts on it ?

	 Solution. Let the third charge +Q be located at P at a distance x���I�U�R�P���W�K�H���F�K�D�U�J�H���í���—�&���D�V���V�K�R�Z�Q��
�L�Q���)�L�J������������

Fig. 5.8

	 �)�R�U�F�H���D�W��P���G�X�H���W�R���F�K�D�U�J�H�������������—�&���D�W��A is

			   F1	 =	
6

��

16 10
�� ����������

Q
k

x

�� �
�

  along AP

	 �)�R�U�F�H���D�W��P���G�X�H���W�R���F�K�D�U�J�H���í�����—�&���D�W��B is

			   F��	 =	
6

��

9 10 Q
k

x

�� �
  along PB

	 �)�R�U���]�H�U�R���H�O�H�F�W�U�R�V�W�D�W�L�F���I�R�U�F�H���D�W��P, F1 = F����

	 �?		
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16 10
�� ����������
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�� �
�

	 =	
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��

9 10 Q
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	 or		  ��
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�� ����������x �

	 =	 ��
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  or 
� � � �
��������x x

�
�

	 �?		  x	� 	�����������P��� ��24 cm
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	 Example 5.7. Two small balls are having equal charge Q ��coulomb������The balls are suspended 
by two insulating strings of equal length L ��metre�����I�U�R�P���D���K�R�R�N���¿�[�H�G���W�R���D���V�W�D�Q�G�����7�K�H���Z�K�R�O�H���V�H�W���X�S���L�V��
taken in a satellite into space where there is no gravity.
	 ��i��	What is the angle between the two strings ?
	 ��ii ��	What is the tension in each string ?
	 Solution. (i)���,�Q���W�K�H���D�E�V�H�Q�F�H���R�I���J�U�D�Y�L�W�\�����W�K�H���W�H�Q�V�L�R�Q���L�Q���W�K�H���V�W�U�L�Q�J�V���L�V���R�Q�O�\���G�X�H���W�R���&�R�X�O�R�P�E�¶�V���U�H�S�X�O-
�V�L�Y�H���I�R�U�F�H�����7�K�H�U�H�I�R�U�H�����W�K�H���V�W�U�L�Q�J�V���E�H�F�R�P�H���K�R�U�L�]�R�Q�W�D�O���G�X�H���W�R���W�K�H���H�O�H�F�W�U�L�F���I�R�U�F�H���E�H�W�Z�H�H�Q���W�K�H���F�K�D�U�J�H�V������
Consequently, the angle between the strings is 180°��

	 (ii )		  F	� 	�����î������9���î�� � � � �
��

Q Q
d

	 �+�H�U�H	 Q1	 =	 Q�� = Q  ;  d��� ������L

	 �?		  F	 =	
2

9
29 ×10

4
Q
L

	 Example 5.8. Two identical charged spheres are suspended by strings of equal length.  The 
strings make an angle of 30° with each other.  When suspended in a liquid of density  800 kg m�í3, 
the angle remains the same. What is the dielectric constant of the liquid ? The density of the material 
of the sphere is 1600 kg m�í3.

	 Solution. �)�L�J�������������V�K�R�Z�V���W�K�H���F�R�Q�G�L�W�L�R�Q�V���R�I���W�K�H���S�U�R�E�O�H�P�������6�X�S�S�R�V�H���W�K�H���P�D�V�V���R�I���H�D�F�K���V�S�K�H�U�H���L�V��m 
�N�J�����W�K�H���F�K�D�U�J�H���R�Q���H�D�F�K��q���F�R�X�O�R�P�E���D�Q�G���L�Q���H�T�X�L�O�L�E�U�L�X�P�����W�K�H���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���W�K�H�P���L�V��r�������(�D�F�K���V�S�K�H�U�H��
�L�V���L�Q���H�T�X�L�O�L�E�U�L�X�P���X�Q�G�H�U���W�K�H���D�F�W�L�R�Q���R�I���W�K�U�H�H���I�R�U�F�H�V���D�V���V�K�R�Z�Q�����&�R�Q�V�L�G�H�U�L�Q�J���W�K�H���V�S�K�H�U�H��A,

			   F	 =	
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1
4

q
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	 �1�R�Z	 T���F�R�V�������ƒ	� 	mg  ; T���V�L�Q�������ƒ��� ��F = 
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q
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	 �?		  �W�D�Q�������ƒ	� 	
��

��
0

1
4

q
mg r��

	 ��������i��

	 �:�K�H�Q�� �W�K�H�� �V�S�K�H�U�H�V�� �D�U�H�� �L�P�P�H�U�V�H�G�� �L�Q�� �W�K�H�� �O�L�T�X�L�G���� �W�K�H�� �H�I�I�H�F�W�L�Y�H��
�Z�H�L�J�K�W�� �R�I�� �H�D�F�K�� �V�S�K�H�U�H�� �D�Q�G�� �W�K�H�� �I�R�U�F�H�� �R�I�� �U�H�S�X�O�V�L�R�Q�� �E�R�W�K�� �G�H�F�U�H�D�V�H����
�&�R�Q�V�H�T�X�H�Q�W�O�\�����W�H�Q�V�L�R�Q���D�O�V�R���G�H�F�U�H�D�V�H�V��

		  Weight of sphere in liquid	 =	
800

* 1
1600

mg � ��� �
� �

 = 
��

mg

	   Electric force in liquid,	 F �•	� 	
��

��
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1
4

q
K r

�
��

	 �+�H�U�H��K�� �L�V�� �W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �F�R�Q�V�W�D�Q�W���R�I�� �W�K�H�� �O�L�T�X�L�G���� �� �,�I�� �W�K�H�� �U�H�G�X�F�H�G��
tension is T �•�����W�K�H�Q���I�R�U���W�K�H���H�T�X�L�O�L�E�U�L�X�P���R�I���V�S�K�H�U�H��A, we have,

			   T �•���F�R�V�������ƒ	� 	
��

mg
  and  T �•���V�L�Q�������ƒ��� ��

��

��
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1
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K r
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��

	 �?		  �W�D�Q�������ƒ	� 	
��

��
0

� � � �
4

q
K mg r��

	 ��������ii ��

	 �)�U�R�P���H�T�V������i�����D�Q�G����ii �������Z�H���K�D�Y�H��

Fig. 5.9

* 	 Weight of sphere in liquid, W�c�� � �� �:�H�L�J�K�W�� �L�Q�� �D�L�U�� �±�� �:�H�L�J�K�W�� �R�I�� �O�L�T�X�L�G�� �G�L�V�S�O�D�F�H�G��

	 �1�R�Z���� �:�H�L�J�K�W�� �L�Q�� �D�L�U�� � ��mg

		 Also, weight of liquid displaced	 =	
800

1600
m g mg mg� �� � � �

� �� � � � � �� � � �

� �� �
� �

	 �?	 W�c	 =	
800 800

1
�������� �������� ��
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mg mg mg� � � �� � � �� � � �

� � � �
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Tutorial Problems
	 1.	 �7�Z�R�� �F�R�S�S�H�U�� �V�S�K�H�U�H�V��A and B�� �K�D�Y�H�� �W�K�H�L�U�� �F�H�Q�W�U�H�V�� �V�H�S�D�U�D�W�H�G�� �E�\�� ������ �F�P���� �,�I�� �F�K�D�U�J�H�� �R�Q�� �H�D�F�K�� �V�S�K�H�U�H�� �L�V��������������������������������������������������������

���Â�����î�������í���&�����Z�K�D�W���L�V���W�K�H���P�X�W�X�D�O���I�R�U�F�H���R�I���U�H�S�X�O�V�L�R�Q���E�H�W�Z�H�H�Q���W�K�H�P���"�����7�K�H���U�D�G�L�L���R�I���W�K�H���V�S�K�H�U�H�V���D�U�H���Q�H�J�O�L-
�J�L�E�O�H���F�R�P�S�D�U�H�G���W�R���W�K�H���G�L�V�W�D�Q�F�H���R�I���V�H�S�D�U�D�W�L�R�Q�������:�K�D�W���Z�L�O�O���E�H���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���I�R�U�F�H���L�I���W�K�H���W�Z�R���V�S�K�H�U�H�V���D�U�H��
�S�O�D�F�H�G���L�Q���Z�D�W�H�U���"�����'�L�H�O�H�F�W�U�L�F���F�R�Q�V�W�D�Q�W���R�I���Z�D�W�H�U��� ����������	 �>1·52 �î 10�í2 N; 1·9 �î 10�í4 N�@

	 2.	 Charges q1 and q����lie on the x���D�[�L�V���D�W���S�R�L�Q�W�V��x � ���í�����F�P���D�Q�G��x � ���������F�P���U�H�V�S�H�F�W�L�Y�H�O�\�������+�R�Z���P�X�V�W��q1 and q�� 
be related so that net electrostatic force on a charge placed at x � ���������F�P���L�V���]�H�U�R���"	 [q1 = 9q2]

	 3.	 �7�Z�R���V�P�D�O�O���V�S�K�H�U�H�V���R�I���H�T�X�D�O���V�L�]�H���D�U�H���������F�P���D�S�D�U�W���L�Q���D�L�U���D�Q�G���F�D�U�U�\���F�K�D�U�J�H�V���������—�&���D�Q�G���í�������—�&�������:�K�H�U�H���V�K�R�X�O�G��
�D���W�K�L�U�G���F�K�D�U�J�H���E�H���O�R�F�D�W�H�G���V�R���W�K�D�W���Q�R���Q�H�W���H�O�H�F�W�U�R�V�W�D�W�L�F���I�R�U�F�H���D�F�W�V���R�Q���L�W���"	 [24 cm from �í3 �—C]

	 4.	 �7�Z�R���L�G�H�Q�W�L�F�D�O���V�S�K�H�U�H�V�����K�D�Y�L�Q�J���X�Q�H�T�X�D�O���D�Q�G���R�S�S�R�V�L�W�H���F�K�D�U�J�H�V���D�U�H���S�O�D�F�H�G���D�W���D���G�L�V�W�D�Q�F�H���R�I���������F�P���D�S�D�U�W�������$�I�W�H�U��
�W�R�X�F�K�L�Q�J���W�K�H�P���P�X�W�X�D�O�O�\�����W�K�H�\���D�U�H���D�J�D�L�Q���V�H�S�D�U�D�W�H�G���E�\���V�D�P�H���G�L�V�W�D�Q�F�H�������1�R�Z���W�K�H�\���U�H�S�H�O���H�D�F�K���R�W�K�H�U���Z�L�W�K���D��
�I�R�U�F�H���R�I�����Â�������1�������)�L�Q�G���W�K�H���¿�Q�D�O���F�K�D�U�J�H���R�Q���H�D�F�K���R�I���W�K�H�P��	 [1·5 �—C on each]

	 5.	 �7�Z�R���V�P�D�O�O���V�S�K�H�U�H�V�����H�D�F�K���R�I���P�D�V�V�����Â�������J���D�U�H���V�X�V�S�H�Q�G�H�G���E�\���V�L�O�N���W�K�U�H�D�G�V���I�U�R�P���W�K�H���V�D�P�H���S�R�L�Q�W�������:�K�H�Q���J�L�Y�H�Q��
�H�T�X�D�O���F�K�D�U�J�H�V�����W�K�H�\���V�H�S�D�U�D�W�H���W�K�H���W�K�U�H�D�G�V���P�D�N�L�Q�J���D�Q���D�Q�J�O�H���R�I������o���Z�L�W�K���H�D�F�K���R�W�K�H�U�������:�K�D�W���L�V���W�K�H���I�R�U�F�H���R�I��
repulsion acting on each �V�S�K�H�U�H���"		  [4·3 �î 10�í5 N]

	 6.	 �3�R�L�Q�W���F�K�D�U�J�H�V���R�I�������î�������í���&���O�L�H���D�W���H�D�F�K���R�I���W�K�H���W�K�U�H�H���F�R�U�Q�H�U�V���R�I���D���V�T�X�D�U�H���R�I���V�L�G�H�������F�P�����)�L�Q�G���W�K�H���P�D�J�Q�L�W�X�G�H��
�R�I���I�R�U�F�H���R�Q���D���F�K�D�U�J�H���R�I���í�����î�������í���&���S�O�D�F�H�G���D�W���W�K�H���F�H�Q�W�U�H���R�I���V�T�X�D�U�H��	 [9 �î 107 N]

	 7.	 �7�K�H�� �H�O�H�F�W�U�R�V�W�D�W�L�F�� �I�R�U�F�H�� �R�I�� �U�H�S�X�O�V�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�Z�R�� �S�R�V�L�W�L�Y�H�O�\�� �F�K�D�U�J�H�G�� �L�R�Q�V�� �F�D�U�U�\�L�Q�J�� �H�T�X�D�O�� �F�K�D�U�J�H�� �L�V�� 
���Â�����î�������í�����1�����,�I���W�K�H�L�U���V�H�S�D�U�D�W�L�R�Q���L�V�������c�����K�R�Z���P�D�Q�\���H�O�H�F�W�U�R�Q�V���D�U�H���P�L�V�V�L�Q�J���I�U�R�P���H�D�F�K���L�R�Q���"	 [2]

5.8.  Electric Field 	
	 �7�K�H�� �U�H�J�L�R�Q�� �V�X�U�U�R�X�Q�G�L�Q�J�� �D�� �F�K�D�U�J�H�G�� �E�R�G�\�� �L�V�� �D�O�Z�D�\�V�� �X�Q�G�H�U�� �V�W�U�H�V�V�� �D�Q�G�� �V�W�U�D�L�Q�� �E�H�F�D�X�V�H�� �R�I�� �W�K�H��
�H�O�H�F�W�U�R�V�W�D�W�L�F���F�K�D�U�J�H�����,�I���D���V�P�D�O�O���F�K�D�U�J�H���L�V���S�O�D�F�H�G���L�Q���W�K�L�V���U�H�J�L�R�Q�����L�W���Z�L�O�O���H�[�S�H�U�L�H�Q�F�H���D���I�R�U�F�H���D�F�F�R�U�G�L�Q�J���W�R��
�&�R�X�O�R�P�E�¶�V���O�D�Z�V�����7�K�L�V���V�W�U�H�V�V�H�G���U�H�J�L�R�Q���D�U�R�X�Q�G���D���F�K�D�U�J�H�G���E�R�G�\���L�V���F�D�O�O�H�G���H�O�H�F�W�U�L�F���¿�H�O�G�����7�K�H�R�U�H�W�L�F�D�O�O�\����
�H�O�H�F�W�U�L�F���¿�H�O�G���G�X�H���W�R���D���F�K�D�U�J�H���H�[�W�H�Q�G�V���X�S�W�R���L�Q�¿�Q�L�W�\���E�X�W���L�W�V���H�I�I�H�F�W���S�U�D�F�W�L�F�D�O�O�\���G�L�H�V���D�Z�D�\���Y�H�U�\���T�X�L�F�N�O�\���D�V��
�W�K�H���G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H���F�K�D�U�J�H���L�Q�F�U�H�D�V�H�V��
	 The space ���R�U�� �¿�H�O�G����in which a charge experiences a force is called an �H�O�H�F�W�U�L�F�� �¿�H�O�G��or  
�H�O�H�F�W�U�R�V�W�D�W�L�F���¿�H�O�G��

Fig. 5.10
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	 �7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���D�U�R�X�Q�G���D���F�K�D�U�J�H�G���E�R�G�\���L�V���U�H�S�U�H�V�H�Q�W�H�G���E�\���L�P�D�J�L�Q�D�U�\���O�L�Q�H�V�����F�D�O�O�H�G��electric lines 
of *force. �%�\���F�R�Q�Y�H�Q�W�L�R�Q�����W�K�H���G�L�U�H�F�W�L�R�Q���R�I���W�K�H�V�H���O�L�Q�H�V���R�I���I�R�U�F�H���D�W���D�Q�\���S�R�L�Q�W���L�V���W�K�H���G�L�U�H�F�W�L�R�Q���D�O�R�Q�J���Z�K�L�F�K��
�D���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H����i.e.,���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���R�I�����&�����S�O�D�F�H�G���D�W���W�K�D�W���S�R�L�Q�W���Z�R�X�O�G���P�R�Y�H���R�U���W�H�Q�G���W�R���P�R�Y�H������
�7�K�H���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���L�V���V�R�P�H�W�L�P�H�V���F�D�O�O�H�G���D��test charge �E�H�F�D�X�V�H���L�W���L�V���X�V�H�G���D�V���D�Q���L�Q�G�L�F�D�W�R�U���W�R���¿�Q�G��
�W�K�H���G�L�U�H�F�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���¿�H�O�G�������)�R�O�O�R�Z�L�Q�J���W�K�L�V���F�R�Q�Y�H�Q�W�L�R�Q�����L�W���L�V���F�O�H�D�U���W�K�D�W���H�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H���Z�R�X�O�G��
�D�O�Z�D�\�V���R�U�L�J�L�Q�D�W�H���I�U�R�P���D���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���D�Q�G���H�Q�G���R�Q���D���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H�������7�K�H���H�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H��
�O�H�D�Y�H���R�U���H�Q�W�H�U���W�K�H���F�K�D�U�J�H�G���V�X�U�I�D�F�H���
�
�Q�R�U�P�D�O�O�\��

	 �)�L�J���������������V�K�R�Z�V���W�\�S�L�F�D�O���¿�H�O�G���G�L�V�W�U�L�E�X�W�L�R�Q�����)�L�J����������������i�����V�K�R�Z�V���H�O�H�F�W�U�L�F���¿�H�O�G���G�X�H���W�R���D�Q���L�V�R�O�D�W�H�G��
�S�R�V�L�W�L�Y�H�O�\���F�K�D�U�J�H�G���V�S�K�H�U�H�����$���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���S�O�D�F�H�G���Q�H�D�U���L�W���Z�L�O�O���H�[�S�H�U�L�H�Q�F�H���D���I�R�U�F�H���G�L�U�H�F�W�H�G���U�D�G�L-
�D�O�O�\���D�Z�D�\���I�U�R�P���W�K�H���V�S�K�H�U�H�����7�K�H�U�H�I�R�U�H�����W�K�H���G�L�U�H�F�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���Z�L�O�O���E�H���U�D�G�L�D�O�O�\���R�X�W�Z�D�U�G���D�V���V�K�R�Z�Q��
�L�Q���)�L�J����������������i�������)�R�U���W�K�H���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H�G���V�S�K�H�U�H���>�6�H�H���)�L�J����������������ii ���@�����W�K�H���I�R�U�F�H���D�F�W�L�Q�J���R�Q���W�K�H���X�Q�L�W��
�S�R�V�L�W�L�Y�H���F�K�D�U�J�H���Z�R�X�O�G���E�H���G�L�U�H�F�W�H�G���U�D�G�L�D�O�O�\���W�R�Z�D�U�G�V���W�K�H���V�S�K�H�U�H�����)�L�J����������������iii �����V�K�R�Z�V���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G��
�E�H�W�Z�H�H�Q���D���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���D�Q�G���D���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H���Z�K�L�O�H���)�L�J����������������iv�����V�K�R�Z�V���H�O�H�F�W�U�L�F���¿�H�O�G���E�H�W�Z�H�H�Q��
�W�Z�R���V�L�P�L�O�D�U�O�\���F�K�D�U�J�H�G����i.e. �����Y�H�O�\���F�K�D�U�J�H�G�����E�R�G�L�H�V��

5.9.  Properties of Electric Lines of Force
	 (i)	�7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���O�L�Q�H�V���D�U�H���G�L�U�H�F�W�H�G���D�Z�D�\�� �I�U�R�P���D���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���D�Q�G���W�R�Z�D�U�G�V���D���Q�H�J�D�W�L�Y�H��

�F�K�D�U�J�H���V�R���W�K�D�W���D�W���D�Q�\���S�R�L�Q�W�����W�K�H���W�D�Q�J�H�Q�W���W�R���D���¿�H�O�G���O�L�Q�H���J�L�Y�H�V���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���D�W��
�W�K�D�W���S�R�L�Q�W��

	 (ii )	�(�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H���V�W�D�U�W���I�U�R�P���D���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���D�Q�G���H�Q�G���R�Q���D���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H��

	 (iii )	�(�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H���O�H�D�Y�H���R�U���H�Q�W�H�U���W�K�H���F�K�D�U�J�H�G���V�X�U�I�D�F�H���Q�R�U�P�D�O�O�\��

	 (iv)	�(�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H���F�D�Q�Q�R�W���S�D�V�V���W�K�U�R�X�J�K���D���
�
�
�F�R�Q�G�X�F�W�R�U�����7�K�L�V���P�H�D�Q�V���W�K�D�W���H�O�H�F�W�U�L�F���¿�H�O�G��
�L�Q�V�L�G�H���D���F�R�Q�G�X�F�W�R�U���L�V���]�H�U�R��

	 (v)	�(�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H���F�D�Q���Q�H�Y�H�U���L�Q�W�H�U�V�H�F�W���H�D�F�K���R�W�K�H�U�����,�Q���F�D�V�H���W�K�H���W�Z�R���H�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H��
�L�Q�W�H�U�V�H�F�W���H�D�F�K���R�W�K�H�U���D�W���D���S�R�L�Q�W�����W�K�H�Q���W�Z�R���W�D�Q�J�H�Q�W�V���F�D�Q���E�H���G�U�D�Z�Q���D�W���W�K�D�W���S�R�L�Q�W�������7�K�L�V���Z�R�X�O�G��
�P�H�D�Q���W�Z�R���G�L�U�H�F�W�L�R�Q�V���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���D�W���W�K�D�W���S�R�L�Q�W���Z�K�L�F�K���L�V���L�P�S�R�V�V�L�E�O�H��

	 (vi)	�(�O�H�F�W�U�L�F�� �O�L�Q�H�V�� �R�I�� �I�R�U�F�H�� �K�D�Y�H�� �W�K�H�� �W�H�Q�G�H�Q�F�\�� �W�R�� �F�R�Q�W�U�D�F�W�� �L�Q�� �O�H�Q�J�W�K���� �7�K�L�V�� �H�[�S�O�D�L�Q�V�� �D�W�W�U�D�F�W�L�R�Q��
�E�H�W�Z�H�H�Q���R�S�S�R�V�L�W�H�O�\���F�K�D�U�J�H�G���E�R�G�L�H�V��

	 (vii)	�(�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H���K�D�Y�H���W�K�H���W�H�Q�G�H�Q�F�\���W�R���H�[�S�D�Q�G���O�D�W�H�U�D�O�O�\��i.e. �W�K�H�\���W�H�Q�G���W�R���V�H�S�D�U�D�W�H���I�U�R�P��
�H�D�F�K���R�W�K�H�U���L�Q���W�K�H���G�L�U�H�F�W�L�R�Q���S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H�L�U���O�H�Q�J�W�K�V�����7�K�L�V���H�[�S�O�D�L�Q�V���U�H�S�X�O�V�L�R�Q���E�H�W�Z�H�H�Q��
�W�Z�R���O�L�N�H���F�K�D�U�J�H�V��

5.10.  Electric Intensity or Field Strength (E)
	 �7�R���G�H�V�F�U�L�E�H���D�Q���H�O�H�F�W�U�L�F���¿�H�O�G�����Z�H���P�X�V�W���V�S�H�F�L�I�\���L�W�V���L�Q�W�H�Q�V�L�W�\���R�U���V�W�U�H�Q�J�W�K�����7�K�H���L�Q�W�H�Q�V�L�W�\���R�I���H�O�H�F�W�U�L�F��
�¿�H�O�G���D�W���D�Q�\���S�R�L�Q�W���L�V���G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H���I�R�U�F�H���D�F�W�L�Q�J���R�Q���D���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���S�O�D�F�H�G���D�W���W�K�D�W���S�R�L�Q�W��

	 Electric intensity ��or �¿�H�O�G���V�W�U�H�Q�J�W�K�����D�W���D���S�R�L�Q�W���L�Q���D�Q���H�O�H�F�W�U�L�F���¿�H�O�G���L�V���W�K�H���I�R�U�F�H���D�F�W�L�Q�J���R�Q���D���X�Q�L�W��
positive charge placed at that point.  Its direction is the direction along which the force acts.

	 Electric intensity at a point, E	 =	 �1���&
F
Q�

	             where	 Q	� 	�&�K�D�U�J�H���L�Q���F�R�X�O�R�P�E�V���S�O�D�F�H�G���D�W���W�K�D�W���S�R�L�Q�W

			   F	� 	�)�R�U�F�H���L�Q���Q�H�Z�W�R�Q�V���D�F�W�L�Q�J���R�Q��Q���F�R�X�O�R�P�E�V

�
	 �6�R�� �F�D�O�O�H�G�� �E�H�F�D�X�V�H�� �I�R�U�F�H�V�� �D�U�H�� �H�[�S�H�U�L�H�Q�F�H�G�� �E�\�� �F�K�D�U�J�H�V�� �L�Q�� �W�K�L�V�� �U�H�J�L�R�Q��

�
�
	 �,�I���D���O�L�Q�H���R�I���I�R�U�F�H���L�V���D�W���D�Q���D�Q�J�O�H���R�W�K�H�U���W�K�D�Q�������ƒ�����L�W���Z�L�O�O���K�D�Y�H���D���W�D�Q�J�H�Q�W�L�D�O���F�R�P�S�R�Q�H�Q�W�����7�K�L�V���W�D�Q�J�H�Q�W�L�D�O���F�R�P�S�R�Q�H�Q�W��
�Z�R�X�O�G�� �F�D�X�V�H�� �U�H�G�L�V�W�U�L�E�X�W�L�R�Q�� ��i.e.�� �P�R�Y�H�P�H�Q�W���� �R�I�� �F�K�D�U�J�H���� �%�\�� �G�H�¿�Q�L�W�L�R�Q���� �H�O�H�F�W�U�R�V�W�D�W�L�F�� �F�K�D�U�J�H�� �L�V�� �V�W�D�W�L�F�� �D�Q�G�� �K�H�Q�F�H��
�W�D�Q�J�H�Q�W�L�D�O�� �F�R�P�S�R�Q�H�Q�W�� �F�D�Q�Q�R�W�� �H�[�L�V�W��

�
�
�
	 �+�R�Z�H�Y�H�U���� �H�O�H�F�W�U�L�F�� �O�L�Q�H�V�� �R�I�� �I�R�U�F�H�� �F�D�Q�� �S�D�V�V�� �W�K�U�R�X�J�K�� �D�Q�� �L�Q�V�X�O�D�W�R�U��
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	 �7�K�X�V���� �L�I�� �D�� �F�K�D�U�J�H�� �R�I�� ���� �F�R�X�O�R�P�E�V�� �S�O�D�F�H�G�� �D�W�� �D�� �S�R�L�Q�W�� �L�Q�� �D�Q�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �H�[�S�H�U�L�H�Q�F�H�V�� �D�� �I�R�U�F�H��
�R�I�� �����1���� �W�K�H�Q�� �H�O�H�F�W�U�L�F�� �L�Q�W�H�Q�V�L�W�\�� �D�W�� �W�K�D�W�� �S�R�L�Q�W�� �Z�L�O�O�� �E�H�� ���������� � �� ���1���&���� �� �7�K�H�� �I�R�O�O�R�Z�L�Q�J�� �S�R�L�Q�W�V�� �P�D�\�� �E�H��
�Q�R�W�H�G�� �F�D�U�H�I�X�O�O�\ ��
	 (i)	�6�L�Q�F�H�� �H�O�H�F�W�U�L�F�� �L�Q�W�H�Q�V�L�W�\�� �L�V�� �D�� �I�R�U�F�H���� �L�W�� �L�V�� �D�� �Y�H�F�W�R�U�� �T�X�D�Q�W�L�W�\�� �S�R�V�V�H�V�V�L�Q�J�� �E�R�W�K�� �P�D�J�Q�L�W�X�G�H�� �D�Q�G��

�G�L�U�H�F�W�L�R�Q��
	 (ii )	�(�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���F�D�Q���D�O�V�R���E�H���
�G�H�V�F�U�L�E�H�G���L�Q���W�H�U�P�V���R�I���O�L�Q�H�V���R�I���I�R�U�F�H�������:�K�H�U�H���W�K�H���O�L�Q�H�V���R�I���I�R�U�F�H��

are close together, the intensity is high and where the lines of force are widely separated, 
�L�Q�W�H�Q�V�L�W�\���Z�L�O�O���E�H���O�R�Z��

	 (iii )	�(�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���F�D�Q���D�O�V�R���E�H���H�[�S�U�H�V�V�H�G���L�Q���9���P��
			   �����9���P	� 	�����1���&�����6�H�H���I�R�R�W���Q�R�W�H���R�Q���S�D�J�H����������
Electric intensity due to a point charge.���7�K�H�� �Y�D�O�X�H�� �R�I�� �H�O�H�F�W�U�L�F��
�L�Q�W�H�Q�V�L�W�\���D�W���D�Q�\���S�R�L�Q�W���L�Q���D�Q���H�O�H�F�W�U�L�F���¿�H�O�G���G�X�H���W�R���D���S�R�L�Q�W���F�K�D�U�J�H���F�D�Q��
�E�H���F�D�O�F�X�O�D�W�H�G���E�\���&�R�X�O�R�P�E�¶�V���O�D�Z�V�����6�X�S�S�R�V�H���L�W���L�V���U�H�T�X�L�U�H�G���W�R���¿�Q�G���W�K�H��
electric intensity at point P situated at a distance d �P�H�W�U�H�V���I�U�R�P���D��
charge of + Q�� �F�R�X�O�R�P�E�� ���6�H�H�� �)�L�J���� �������������� �,�P�D�J�L�Q�H�� �D�� �X�Q�L�W�� �S�R�V�L�W�L�Y�H��
�F�K�D�U�J�H����i.e. �������&�����L�V���S�O�D�F�H�G���D�W���S�R�L�Q�W��P�����7�K�H�Q�����E�\���G�H�¿�Q�L�W�L�R�Q�����H�O�H�F�W�U�L�F��
intensity at P is the force acting on + 1C placed at P i.e.

			  Electric intensity at P, E	 =	�)�R�U�F�H���R�Q���������&���S�O�D�F�H�G���D�W��P

			   	 =	 9
��
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	 ������in a medium
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� 	 ������in air

	 �1�R�W�H���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\�����,�W���L�V���D�F�W�L�Q�J���U�D�G�L�D�O�O�\���D�Z�D�\���I�U�R�P���� Q�����)�R�U���D���Q�H�J�D�W�L�Y�H���F�K�D�U�J�H��
��i.e. �í Q�������L�W�V���G�L�U�H�F�W�L�R�Q���Z�R�X�O�G���K�D�Y�H���E�H�H�Q���U�D�G�L�D�O�O�\���W�R�Z�D�U�G�V���W�K�H���F�K�D�U�J�H��

	 �7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���L�Q���Y�H�F�W�R�U���I�R�U�P���L�V���J�L�Y�H�Q���D�V����
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	��������in a medium

	 where �d ���L�V���D���X�Q�L�W���Y�H�F�W�R�U���G�L�U�H�F�W�H�G���I�U�R�P������Q���W�R���������&��

	 �(�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���G�X�H���W�R���D���J�U�R�X�S���R�I���S�R�L�Q�W���F�K�D�U�J�H�V�����7�K�H���U�H�V�X�O�W�D�Q�W�����R�U���Q�H�W�����H�O�H�F�W�U�L�F���¿�H�O�G��
intensity at a point due to a group of point charges can be found by applying **superposition prin-
�F�L�S�O�H�����7�K�X�V���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W���D���S�R�L�Q�W��P due to n���S�R�L�Q�W���F�K�D�U�J�H�V����q1, q��, q������������qn�����L�V���H�T�X�D�O���W�R���W�K�H��
�Y�H�F�W�R�U���V�X�P���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�L�H�V���G�X�H���W�R��q1, q��, q��������������qn at point P i.e.

			   E
�

	 =	 1 � � � ��������� nE E E E
� � � �

� � � �

	 where	 E
�

	� 	�1�H�W���R�U���U�H�V�X�O�W�D�Q�W���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W��P

			   1E
�

	� 	�(�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W��P due to q1

			   ��E
�

	� 	�(�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W��P due to q��
		        			            �D�Q�G���V�R���R�Q��

* 	 �,�W�� �P�D�\�� �E�H�� �Q�R�W�H�G�� �W�K�D�W�� �H�O�H�F�W�U�L�F�� �O�L�Q�H�V�� �R�I�� �I�R�U�F�H�� �G�R�� �Q�R�W�� �D�F�W�X�D�O�O�\�� �H�[�L�V�W���� �,�W�� �L�V�� �R�Q�O�\�� �D�� �Z�D�\�� �R�I�� �U�H�S�U�H�V�H�Q�W�L�Q�J�� �D�Q�� �H�O�H�F�W�U�L�F��
�¿�H�O�G���� �+�R�Z�H�Y�H�U���� �L�W�� �L�V�� �D�� �X�V�H�I�X�O�� �P�H�W�K�R�G�� �R�I�� �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���� �,�W�� �L�V�� �D�� �X�V�X�D�O�� �S�U�D�F�W�L�F�H�� �W�R�� �L�Q�G�L�F�D�W�H�� �K�L�J�K�� �¿�H�O�G�� �V�W�U�H�Q�J�W�K��
�E�\�� �G�U�D�Z�L�Q�J�� �O�L�Q�H�V�� �R�I�� �I�R�U�F�H�� �F�O�R�V�H�� �W�R�J�H�W�K�H�U�� �D�Q�G�� �O�R�Z�� �¿�H�O�G�� �V�W�U�H�Q�J�W�K�� �E�\�� �Z�L�G�H�O�\�� �V�S�D�F�H�G�� �O�L�Q�H�V��

�
�
	 �6�L�Q�F�H�� �W�K�H�� �H�O�H�F�W�U�L�F�� �I�R�U�F�H�� �R�E�H�\�V�� �W�K�H�� �V�X�S�H�U�S�R�V�L�W�L�R�Q�� �S�U�L�Q�F�L�S�O�H���� �V�R�� �G�R�H�V�� �W�K�H�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �L�Q�W�H�Q�V�L�W�\�²�W�K�H�� �I�R�U�F�H�� �S�H�U��
�X�Q�L�W�� �F�K�D�U�J�H��

Fig. 5.11
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	 Example 5.9. Two equal and opposite charges of magnitude 2 �î 10�í7 C are placed 15cm apart.  
(i) What is the magnitude and direction of electric intensity (E) at a point mid-way between the 
charges? (ii) What force would act on a proton (charge = + 1·6 �î 10�í19 C) placed there ?

	 Solution. �)�L�J���� ���������� �V�K�R�Z�V���W�Z�R���H�T�X�D�O���D�Q�G���R�S�S�R�V�L�W�H��
�F�K�D�U�J�H�V���V�H�S�D�U�D�W�H�G���E�\���D���G�L�V�W�D�Q�F�H���R�I�������F�P��i.e. ���Â�������P�������/�H�W��
M �E�H���W�K�H���P�L�G���S�R�L�Q�W��i.e. AM = MB � �����Â���������P��

	 (i)	 �,�P�D�J�L�Q�H���D���F�K�D�U�J�H���R�I�����������&���S�O�D�F�H�G���D�W��M��

	 �?	 Electric intensity at M �G�X�H���W�R���F�K�D�U�J�H�����������î�������í�� C is

			   E1	 =	
��

9
��

�� ����
9 10

��������������

��
� � ��� �������������î������6 �1���&��along AM

		  Electric intensity at M �G�X�H���W�R���F�K�D�U�J�H���í�����î�������í��C is

			   E��	 =	
��

9
��

�� ����
9 10

��������������

��
� � ��� �������������î������6���1���&��along MB

	 �6�L�Q�F�H���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�L�H�V���D�U�H���D�F�W�L�Q�J���L�Q���W�K�H���V�D�P�H���G�L�U�H�F�W�L�R�Q�����W�K�H���U�H�V�X�O�W�D�Q�W���L�Q�W�H�Q�V�L�W�\��E �L�V���W�K�H���V�X�P���R�I��
E1 and E����

	 �?	 Resultant intensity at point M is

			   E	� 	���Â�������î������6���������Â�������î������6  = 0·64���î 106 N/C along AB

	 (ii )	 Electric intensity E at M �L�V�����Â�������î������6 �1���&�������7�K�H�U�H�I�R�U�H�����I�R�U�F�H��F���D�F�W�L�Q�J���R�Q���D���S�U�R�W�R�Q�����F�K�D�U�J�H����
Q��� �������Â�����î�������í�������&�����S�O�D�F�H�G���D�W��M is

			   F	 =	 E Q��� �������Â�������î������6�����î�������Â�����î�������í��������� ��1·024 �î 10�í13 N along AB

	 Example 5.10. A charged oil drop remains stationary when situated between two parallel plates 
25mm apart. A p.d. of 1000V is applied to the plates. If the mass of the drop is 5 �î10�í15���N�J�����¿�Q�G���W�K�H��
charge on the drop (take g = 10ms�í2).

	 Solution. Let Q���F�R�X�O�R�P�E���E�H���W�K�H���F�K�D�U�J�H���R�Q���W�K�H���R�L�O���G�U�R�S�����6�L�Q�F�H���W�K�H���G�U�R�S���L�V���V�W�D�W�L�R�Q�D�U�\��

	 �8�S�Z�D�U�G���I�R�U�F�H���R�Q���G�U�R�S��� ���:�H�L�J�K�W���R�I���G�U�R�S���>�6�H�H���)�L�J�������������@

or			   Q E	 =	 m g

�+�H�U�H		  E	 =	 ��

1000
���� ����

V
d ��

�
��� �������î������4���9���P��

	 �?		  Q	 =	
����

4
���� ���� �� ����

4 10
mg
E

�� �
�

�
 = 1.25 × 10–18 C

	 Example 5.11. The diameter of a hollow metallic sphere is 60cm and the sphere carries a 
charge of 500�—�&�����)�L�Q�G���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\�����L�����D�W���D���G�L�V�W�D�Q�F�H���R�I���������F�P���I�U�R�P���W�K�H���F�H�Q�W�U�H���R�I���W�K�H��
sphere and (ii) at the surface of sphere.

	 Solution. �7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���G�X�H���W�R���D���F�K�D�U�J�H�G���V�S�K�H�U�H���K�D�V���V�S�K�H�U�L�F�D�O���V�\�P�P�H�W�U�\�����7�K�H�U�H�I�R�U�H�����D���F�K�D�U�J�H�G��
�V�S�K�H�U�H���E�H�K�D�Y�H�V���I�R�U���H�[�W�H�U�Q�D�O���S�R�L�Q�W�V���D�V���L�I���W�K�H���Z�K�R�O�H���F�K�D�U�J�H���L�V���S�O�D�F�H�G���D�W���L�W�V���F�H�Q�W�U�H�����>�6�H�H���)�L�J�������������@

	 (i)	 d =	 OP��� ���������F�P��� �����P����������Q =�����������—�&��� �����������î�������í��C

	 �?	 E = 	
6

9 9
��

������ ����
9 10 9 10

1
Q
d

��
� � � �  = 4.5 × 106 N/C

	 (ii )	 d = OP�•��� 	�������F�P��� �����Â�����P����������Q��� ���������—�&��� �����������î�������í��C

	 �? 	 E = 
6

9 9
� � � �

������ ����
9 10 9 10

����������
Q
d

��
� � � �  = 5 × 107 N/C

Fig. 5.12

Fig. 5.13

Fig. 5.14
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	 Example 5.12. Three point charges of +8 �î 10�í9 C, +32 �î 10�í9 C and +24 �î 10�í9 C are placed 
�D�W���W�K�H���F�R�U�Q�H�U�V���$�����%���D�Q�G���&���R�I���D���V�T�X�D�U�H���$�%�&�'���K�D�Y�L�Q�J���H�D�F�K���V�L�G�H�������F�P�����)�L�Q�G���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\��
at the corner D. Assume that the medium is air��

	 Solution. �7�K�H�� �F�R�Q�G�L�W�L�R�Q�V�� �R�I�� �W�K�H�� �S�U�R�E�O�H�P�� �D�U�H�� �U�H�S�U�H�V�H�Q�W�H�G�� �L�Q�� �)�L�J���� ������������ �,�W�� �L�V�� �F�O�H�D�U�� �W�K�D�W��BD = 
�� �������� �P� ��

Fig. 5.15

	 �0�D�J�Q�L�W�X�G�H���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W��D���G�X�H���W�R���F�K�D�U�J�H���������î�������í�� C is

			   E1	� 	�����î������
9���î��

9

��

8 10
������������

��
��� �����Â�����î������4���1���&  �D�O�R�Q�J��DX

	 �0�D�J�Q�L�W�X�G�H���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W��D���G�X�H���W�R���F�K�D�U�J�H�����������î�������í�� C is

			   E��	� 	�����î������
9���î��

� �

9

��

���� ����

�� ��������

��

�
��� �������î������4���1���&���D�O�R�Q�J��DP

	 �0�D�J�Q�L�W�X�G�H���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W��D���G�X�H���W�R���F�K�D�U�J�H�����������î�������í�� C is

			   E��	� 	�����î������
9���î��

9

��

���� ����
������������

��
��� �������Â�����î������4���1���&���D�O�R�Q�J��DY

			   �,�W���L�V���H�D�V�\���W�R���V�H�H���W�K�D�W����	� 	�����ƒ��

	 �5�H�V�R�O�Y�L�Q�J���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�L�H�V���D�O�R�Q�J��X���D�[�L�V���D�Q�G��Y���D�[�L�V�����Z�H���K�D�Y�H��

			   �7�R�W�D�O��X���F�R�P�S�R�Q�H�Q�W	� 	E1 + E�����F�R�V������������

				   � 	���Â�����î������4�����������î������4���î���F�R�V�������ƒ��� �������Â�������î������4���1���&

			   �7�R�W�D�O��Y���F�R�P�S�R�Q�H�Q�W	� 	��������E�����V�L�Q�������ƒ������E��

				   � 	�������������î������4���V�L�Q�������ƒ�����������Â�����î������4��� �������Â�������î������4���1���&

	 �?	 �0�D�J�Q�L�W�X�G�H���R�I���U�H�V�X�O�W�D�Q�W���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���D�W��D

				    =	 � � � � � � � ������������� ���� �� ������������ ���� ��� � �  = 22·63 �î 104 N/C

	 �/�H�W���W�K�H���U�H�V�X�O�W�D�Q�W���L�Q�W�H�Q�V�L�W�\���P�D�N�H���D�Q���D�Q�J�O�H���I with DX��

	 �?		  tan�I	 =	
4

4
�F�R�P�S�R�Q�H�Q�W ���������� ����
�F�R�P�S�R�Q�H�Q�W���������� ����

Y
X

� �
�

� �
��� �����Â������

	 or		  �I	 =	 tan�í�������Â��������� ��61·32°

	 Tutorial  Problems
	 1.	 �:�K�D�W���L�V���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���D���S�R�L�Q�W���F�K�D�U�J�H���F�K�R�V�H�Q���V�R���W�K�D�W���H�O�H�F�W�U�L�F���¿�H�O�G���������F�P���D�Z�D�\���I�U�R�P���L�W���K�D�V���D���P�D�J�Q�L�W�X�G�H��

�R�I���������î������6���1���&���"				    �>80�—C�@
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	 2.	 �7�Z�R���S�R�L�Q�W���F�K�D�U�J�H���V���R�I�����Â�������—�&���D�Q�G���í���Â�������—�&���D�U�H���V�L�W�X�D�W�H�G�����P���D�S�D�U�W���L�Q���D�L�U�������&�D�O�F�X�O�D�W�H���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G��

�V�W�U�H�Q�J�W�K���D�W���D���S�R�L�Q�W���P�L�G�Z�D�\���E�H�W�Z�H�H�Q���W�K�H�P���R�Q���W�K�H���O�L�Q�H���M�R�L�Q�L�Q�J���W�K�H�L�U���F�H�Q�W�U�H�V��	

						      [720 N/C towards �íve charge�@

	 3.	 �$�Q���R�L�O���G�U�R�S���R�I���������H�[�F�H�V�V���H�O�H�F�W�U�R�Q�V���L�V���K�H�O�G���V�W�D�W�L�R�Q�D�U�\���L�Q���D���X�Q�L�I�R�U�P���H�O�H�F�W�U�L�F���¿�H�O�G���R�I�����Â�������î������4���1���&�������,�I���W�K�H��
�G�H�Q�V�L�W�\���R�I���R�L�O���L�V���������������N�J���P�������¿�Q�G����i�����P�D�V�V���R�I���W�K�H���G�U�R�S����ii �����U�D�G�L�X�V���R�I���W�K�H���G�U�R�S��

						      [(i) 1·5 �î 10�í15 kg (ii ) 9·8 �î 10�í7 m�@

	 4.	 �$���S�R�L�Q�W���F�K�D�U�J�H���R�I�����Â�������î�������í���&���L�V���S�O�D�F�H�G���L�Q���D���P�H�G�L�X�P���R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I�����������&�D�O�F�X�O�D�W�H���H�O�H�F�W�U�L�F��
�¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W���D���S�R�L�Q�W�������F�P���I�U�R�P���W�K�H���F�K�D�U�J�H��	 �>525 N/C�@

	 5.	 �7�K�U�H�H���S�R�L�Q�W���F�K�D�U�J�H�V���R�I�������Â�������î�������í���&�����������Â�������î�������í���&���D�Q�G�����Â���������î�������í��C are at the points A, B and C 
respectively of a square ABCD�������)�L�Q�G���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�W���W�K�H���F�R�U�Q�H�U��D��	 �>1·63 �î 104 N/C�@

5.11.  Electric Flux ( �\ )
	 �)�L�J���������������V�K�R�Z�V���H�O�H�F�W�U�L�F���¿�H�O�G���E�H�W�Z�H�H�Q���W�Z�R���H�T�X�D�O���D�Q�G���R�S�S�R�V�L�W�H�O�\���F�K�D�U�J�H�G��
�S�D�U�D�O�O�H�O���S�O�D�W�H�V�����7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�V���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���¿�O�O�H�G���Z�L�W�K���H�O�H�F�W�U�L�F���À�X�[��
�D�Q�G���H�D�F�K���X�Q�L�W���R�I���F�K�D�U�J�H���L�V���D�V�V�X�P�H�G���W�R���J�L�Y�H���U�L�V�H���W�R���R�Q�H���X�Q�L�W���R�I���H�O�H�F�W�U�L�F���À�X�[����
�7�K�H���V�\�P�E�R�O���I�R�U���H�O�H�F�W�U�L�F���À�X�[���L�V���W�K�H���*�U�H�H�N���O�H�W�W�H�U���\ ���S�V�L�����D�Q�G���L�W���L�V���P�H�D�V�X�U�H�G���L�Q��
�F�R�X�O�R�P�E�V�����7�K�X�V���L�Q���)�L�J�����������������W�K�H���F�K�D�U�J�H���R�Q���H�D�F�K���S�O�D�W�H���L�V��Q���F�R�X�O�R�P�E�V���V�R���W�K�D�W��
�H�O�H�F�W�U�L�F���À�X�[���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���L�V��
			   �(�O�H�F�W�U�L�F���À�X�[����y ��=	 Q���F�R�X�O�R�P�E�V
	 �(�O�H�F�W�U�L�F�� �À�X�[�� �L�V�� �D�� �P�H�D�V�X�U�H�� �R�I�� �H�O�H�F�W�U�L�F�� �O�L�Q�H�V�� �R�I�� �I�R�U�F�H���� �7�K�H�� �J�U�H�D�W�H�U�� �W�K�H��
�H�O�H�F�W�U�L�F�� �À�X�[�� �S�D�V�V�L�Q�J�� �W�K�U�R�X�J�K�� �D�Q���D�U�H�D���� �W�K�H���J�U�H�D�W�H�U���L�V�� �W�K�H���Q�X�P�E�H�U���R�I�� �H�O�H�F�W�U�L�F��
lines of force passing through that area and vice-versa�����6�X�S�S�R�V�H���W�K�H�U�H���L�V���D��
charge of Q���F�R�X�O�R�P�E�V���L�Q���D���P�H�G�L�X�P���R�I���D�E�V�R�O�X�W�H���S�H�U�P�L�W�W�L�Y�L�W�\���H ��� ���H0 �Hr�����Z�K�H�U�H��
�Hr���L�V���W�K�H���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���W�K�H���P�H�G�L�X�P�����7�K�H�Q���Q�X�P�E�H�U���R�I���H�O�H�F�W�U�L�F���O�L�Q�H�V��
of force N produced by this charge is

			   N	 = 	
Q
�

 = 
0 r

Q
� �

	 (i)	�7�K�H�� �H�O�H�F�W�U�L�F�� �À�X�[�� �W�K�U�R�X�J�K�� �D�� �V�X�U�I�D�F�H�� �D�U�H�D�� �K�D�V�� �P�D�[�L�P�X�P�� �Y�D�O�X�H�� �Z�K�H�Q�� �W�K�H�� �V�X�U�I�D�F�H�� �L�V��
perpendicular �W�R���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G��

	 (ii )	�7�K�H���H�O�H�F�W�U�L�F���À�X�[���W�K�U�R�X�J�K���W�K�H���V�X�U�I�D�F�H���L�V���]�H�U�R���Z�K�H�Q���W�K�H���V�X�U�I�D�F�H���L�V���S�D�U�D�O�O�H�O���W�R���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G��

5.12.  Electric Flux Density (D)
	 The �H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\���D�W���D�Q�\���V�H�F�W�L�R�Q���L�Q���D�Q���H�O�H�F�W�U�L�F���¿�H�O�G���L�V���W�K�H���H�O�H�F�W�U�L�F���À�X�[���F�U�R�V�V�L�Q�J���Q�R�U�P�D�O�O�\��
per unit area of that section i.e.

		  �(�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\����D	 =	
A



	 �7�K�H���6�,���X�Q�L�W���R�I���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\���L�V���
�&���P����

	 �)�R�U�� �H�[�D�P�S�O�H���� �Z�K�H�Q�� �Z�H�� �V�D�\�� �W�K�D�W�� �H�O�H�F�W�U�L�F�� �À�X�[�� �G�H�Q�V�L�W�\�� �L�Q�� �D�Q�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �L�V�� ���&���P������ �L�W�� �P�H�D�Q�V��
�W�K�D�W�� ���&�� �R�I�� �H�O�H�F�W�U�L�F�� �À�X�[�� �S�D�V�V�H�V�� �Q�R�U�P�D�O�O�\�� �W�K�U�R�X�J�K�� �D�Q�� �D�U�H�D�� �R�I�� ���P������ �(�O�H�F�W�U�L�F�� �À�X�[�� �G�H�Q�V�L�W�\�� �L�V�� �D�� �Y�H�F�W�R�U�� 
�T�X�D�Q�W�L�W�\�����S�R�V�V�H�V�V�L�Q�J���E�R�W�K���P�D�J�Q�L�W�X�G�H���D�Q�G���G�L�U�H�F�W�L�R�Q�����,�W�V���G�L�U�H�F�W�L�R�Q���L�V���W�K�H���V�D�P�H���D�V���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���H�O�H�F-
�W�U�L�F���L�Q�W�H�Q�V�L�W�\��

	 Relation between D and E. Consider a charge of +Q 
�F�R�X�O�R�P�E�V�� �S�O�D�F�H�G�� �L�Q�� �D�� �P�H�G�L�X�P�� �R�I�� �U�H�O�D�W�L�Y�H�� �S�H�U�P�L�W�W�L�Y�L�W�\�� �0r as 
�V�K�R�Z�Q���L�Q���)�L�J���� �������������7�K�H���H�O�H�F�W�U�L�F���À�X�[�� �G�H�Q�V�L�W�\���D�W��P at a distance 
d���P�H�W�U�H�V���I�U�R�P���W�K�H���F�K�D�U�J�H���F�D�Q���E�H���I�R�X�Q�G���D�V���I�R�O�O�R�Z�V�����:�L�W�K���F�H�Q�W�U�H��
at the charge and radius d�� �P�H�W�U�H�V���� �D�Q�� �L�P�D�J�L�Q�D�U�\�� �V�S�K�H�U�H�� �F�D�Q�� �E�H��
�F�R�Q�V�L�G�H�U�H�G�����7�K�H���H�O�H�F�W�U�L�F���À�X�[���R�I��Q coulo�P�E�V���Z�L�O�O���S�D�V�V���Q�R�U�P�D�O�O�\��
�W�K�U�R�X�J�K���W�K�L�V���L�P�D�J�L�Q�D�U�\���V�S�K�H�U�H�����1�R�Z���D�U�H�D���R�I���V�S�K�H�U�H��� �����Œ��d���� Fig. 5.17

* 	 D = �H0�HrE = [C�����1–1� � �P�±���@�� �>�1���&�@�� � �� �&�P�±���� � �� �&���P��

Fig. 5.16
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	 �?		  �)�O�X�[���G�H�Q�V�L�W�\���D�W��P, D	 =	 ��

�)�O�X�[
Area 4
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	 Also, Electric intensity at P, E	=	 � � � �
0 0
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	 �?	 	 D	 �  	 � 00 �0r E

	 �+�H�Q�F�H�� �À�X�[�� �G�H�Q�V�L�W�\�� �D�W�� �D�Q�\�� �S�R�L�Q�W�� �L�Q�� �D�Q�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �L�V���00 �0r times the electric intensity at  
that point.

	 �7�K�H���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\����D�����L�V���D�O�V�R���F�D�O�O�H�G��electric displacement.
	 �,�W���P�D�\���E�H���Q�R�W�H�G���W�K�D�W��D and E���D�U�H���Y�H�F�W�R�U���T�X�D�Q�W�L�W�L�H�V���K�D�Y�L�Q�J���P�D�J�Q�L�W�X�G�H���D�Q�G���G�L�U�H�F�W�L�R�Q�����7�K�H�U�H�I�R�U�H����
�L�Q���Y�H�F�W�R�U���I�R�U�P��
			   D

�

	 =	 0 r E
�

� �

	 Also	 D
�

	 =	 �
��4

Q
d

d�

	 �7�K�H���G�L�U�H�F�W�L�R�Q���R�I��D
�

���D�W���H�Y�H�U�\���S�R�L�Q�W���L�V���W�K�H���V�D�P�H���D�V���W�K�D�W���R�I��E
�

���E�X�W���L�W�V���P�D�J�Q�L�W�X�G�H���L�V��D = �H0�HrE��

	 (i)	The value of E depends upon the permittivity �H���  �H0�Hr�� of the surrounding medium, that of 
D is independent of it��

	 (ii )	�(�O�H�F�W�U�L�F�� �À�X�[�� �G�H�Q�V�L�W�\�� ��D���� �L�V�� �G�L�U�H�F�W�O�\�� �U�H�O�D�W�H�G�� �W�R�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �L�Q�W�H�Q�V�L�W�\�� ��E������ �S�H�U�P�L�W�W�L�Y�L�W�\�� 
�H��� ���H0�Hr�����R�I���W�K�H���P�H�G�L�X�P���E�H�L�Q�J���W�K�H���I�D�F�W�R�U���E�\���Z�K�L�F�K���R�Q�H���T�X�D�Q�W�L�W�\���G�L�I�I�H�U�V���I�U�R�P���W�K�H���R�W�K�H�U��

	 (iii )	�7�K�H�� �L�P�S�R�U�W�D�Q�F�H�� �R�I�� �U�H�O�D�W�L�R�Q��D = �H0�HrE lies in the fact that it relates density concept to 
�L�Q�W�H�Q�V�L�W�\���F�R�Q�F�H�S�W��

	 (iv)	�(�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\�� �D�W���D���S�R�L�Q�W���L�V���D�O�V�R���G�H�¿�Q�H�G���D�V���H�T�X�D�O���W�R���W�K�H���H�O�H�F�W�U�L�F���O�L�Q�H�V���R�I�� �I�R�U�F�H���S�D�V�V�L�Q�J��
�Q�R�U�P�D�O�O�\���W�K�U�R�X�J�K���D���X�Q�L�W���F�U�R�V�V���V�H�F�W�L�R�Q�D�O���D�U�H�D���D�W���W�K�D�W���S�R�L�Q�W�����,�I��Q���F�R�X�O�R�P�E�V���L�V���W�K�H���F�K�D�U�J�H�����W�K�H�Q��
�Q�X�P�E�H�U���R�I���H�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H���S�U�R�G�X�F�H�G���E�\���L�W���L�V��Q���H�����,�I���W�K�H�V�H���O�L�Q�H�V���I�D�O�O���Q�R�U�P�D�O�O�\���R�Q���D�U�H�D��
A �P�� surrounding the point, then electric intensity E at the point is 

			   E	=	
Q

A
�

 = 
Q
A�

		 �%�X�W��
Q
A

 = D��� ���(�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\���R�Y�H�U���W�K�H���D�U�H�D��

		  �?�� E	=	
0 r

D D
�

� � �
	 ��������in a medium

				   =	
0

D
�

		 ��������in air

	 Example 5.13. �&�D�O�F�X�O�D�W�H�� �W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �À�X�[�� �E�H�W�Z�H�H�Q�� �W�Z�R�� �S�D�U�D�O�O�H�O�� �À�D�W�� �P�H�W�D�O�� �S�O�D�W�H�V�� �H�D�F�K�� ������
cm square with an air gap of 1·5 mm between; the potential difference being 3000 V. A sheet of 
insulating material 1·5 mm thick is inserted between the plates and the potential difference raised to 
7400V.  What is the relative permittivity of this material if the charge is now 32 �—C ?

	 Solution. 	 E	 =	 V/d   ;  D��� ���00�0r E = 0 rV
d

� �
��������  �%��� ��DA

	 �?		  �%	� 	 0 rV A
d

� �� � �� �
� �

	 When medium is air ���0r��� ������
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				   � 	�����Â�����î�������í��C = 2·16 �—C

	 When medium is insulating material

			      � %	 �  	 0 rV A
d

� �
�

	 �+�H�U�H���%��� ��Q��� ���������—�&��� ���������î�������í�� C  ;  V��� �������������Y�R�O�W�V������������d��� �����Â�����î�������í�����P

	 �?		    � 0r	 =	
� � � �

���� �� ��
0

���� ���� ������ ����
�������� ���� �������� �������� ����
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� �


 � � � �
�

� � � � �
 = 6

Tutorial Problems

	 1.	 �:�K�D�W���L�V���W�K�H���W�R�W�D�O���À�X�[���S�D�V�V�L�Q�J���W�K�U�R�X�J�K���D���������F�P���î�������F�P���V�X�U�I�D�F�H���L�Q���D���U�H�J�L�R�Q���Z�K�H�U�H���W�K�H���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\��
�L�V�������������—�&���P�����"				    �>1·62 �î 10�í5 C�@

	 2.	 �$�W�� �D�� �F�H�U�W�D�L�Q�� �S�R�L�Q�W�� �L�Q�� �D�� �P�D�W�H�U�L�D�O���� �W�K�H�� �À�X�[�� �G�H�Q�V�L�W�\�� �L�V�� ���Â������ �&���P���� �D�Q�G�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �L�Q�W�H�Q�V�L�W�\�� �L�V�� 
���Â�����î������9���9���P�������:�K�D�W���L�V���W�K�H���D�E�V�R�O�X�W�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���W�K�H���P�D�W�H�U�L�D�O���"	 �>7·5 �î 10�í11 C2 N�í1 m�í2�@

5.13.  Gauss’s Theorem
	 �7�K�L�V���W�K�H�R�U�H�P���Z�D�V���¿�U�V�W���H�[�S�U�H�V�V�H�G���E�\���D���*�H�U�P�D�Q���V�F�L�H�Q�W�L�V�W���.�D�U�O���)�U�H�G�U�L�F�K���*�D�X�V�V�������������±�������������D�Q�G��
�P�D�\���E�H���V�W�D�W�H�G���D�V���X�Q�G�H�U����
	 �7�K�H���H�O�H�F�W�U�L�F���À�X�[���S�D�V�V�L�Q�J���W�K�U�R�X�J�K���D���F�O�R�V�H�G���V�X�U�I�D�F�H���V�X�U�U�R�X�Q�G�L�Q�J���D���Q�X�P�E�H�U���R�I���F�K�D�U�J�H�V���L�V���H�T�X�D�O���W�R��
the algebraic sum of the charges inside the closed surface��

	 �7�R�� �L�O�O�X�V�W�U�D�W�H�� �*�D�X�V�V�¶�V�� �W�K�H�R�U�H�P���� �F�R�Q�V�L�G�H�U�� �)�L�J���� ���������� �Z�K�H�U�H�� �F�K�D�U�J�H�V��Q1, 
Q��, Q�����D�Q�G���íQ4���F�R�X�O�R�P�E�V���D�U�H���S�O�D�F�H�G���L�Q�V�L�G�H���D���F�O�R�V�H�G���V�X�U�I�D�F�H�������$�F�F�R�U�G�L�Q�J���W�R��
�*�D�X�V�V�����W�K�H���W�R�W�D�O���H�O�H�F�W�U�L�F���À�X�[���%���S�D�V�V�L�Q�J���W�K�U�R�X�J�K���W�K�L�V���F�O�R�V�H�G���V�X�U�I�D�F�H���L�V���J�L�Y�H�Q��
�E�\���W�K�H���D�O�J�H�E�U�D�L�F���V�X�P���R�I���W�K�H���F�K�D�U�J�H�V���L�Q�V�L�G�H���W�K�H���F�O�R�V�H�G���V�X�U�I�D�F�H��i.e.

			   �%	� 	�$�O�J�H�E�U�D�L�F���V�X�P���R�I���W�K�H���F�K�D�U�J�H�V���L�Q�V�L�G�H���W�K�H���F�O�R�V�H�G��
surface

				       �  	 � �Q1����������Q������������Q�������������íQ4��

				   =	 Q1 + Q�� + Q�����í��Q4���F�R�X�O�R�P�E�V

	 �7�K�H���I�R�O�O�R�Z�L�Q�J���S�R�L�Q�W�V���P�D�\���E�H���Q�R�W�H�G����

	 (a)	�7�K�H���O�R�F�D�W�L�R�Q���R�I���F�K�D�U�J�H���F�K�D�U�J�H�V���L�Q�V�L�G�H���W�K�H���F�O�R�V�H�G���V�X�U�I�D�F�H���G�R�H�V���Q�R�W���P�D�W�W�H�U��

	 (b)	�7�K�H�� �V�K�D�S�H�� �R�I�� �W�K�H�� �V�X�U�I�D�F�H�� �G�R�H�V�� �Q�R�W�� �P�D�W�W�H�U�� �S�U�R�Y�L�G�H�G�� �L�W�� �L�V�� �D�� �F�O�R�V�H�G�� �V�X�U�I�D�F�H�� �H�Q�F�O�R�V�L�Q�J�� �W�K�H��
�F�K�D�U�J�H���F�K�D�U�J�H�V��

	 Explanation. (i) 	Consider a charge of +Q���F�R�X�O�R�P�E���S�O�D�F�H�G���D�W���W�K�H���F�H�Q�W�U�H���R�I���V�S�K�H�U�H���R�I���U�D�G�L�X�V��r 
�D�V���V�K�R�Z�Q���L�Q���)�L�J����������������i�������6�L�Q�F�H���W�K�H���F�K�D�U�J�H���L�V���D�W���W�K�H���F�H�Q�W�U�H���R�I���W�K�H���V�S�K�H�U�H�����H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\����D�����L�V��
�X�Q�L�I�R�U�P���R�Y�H�U���D�O�O���W�K�H���V�X�U�I�D�F�H���D�Q�G���S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H���V�X�U�I�D�F�H���D�W���H�Y�H�U�\���S�R�L�Q�W��

			   D	 =	 ��

Charge
Area of sphere 4

Q
r

�
�

	 �7�K�H�U�H�I�R�U�H�����W�K�H���H�O�H�F�W�U�L�F���À�X�[���%���S�D�V�V�L�Q�J���R�X�W�Z�D�U�G���W�K�U�R�X�J�K���W�K�H���V�S�K�H�U�H���L�V

			      � %	 �  	 D���î���$�U�H�D��� �� ��
�� 4

4
Q

r
r

� �
�

 = Q���F�R�X�O�R�P�E

The number of electric lines of force passing through the closed surface normally is Q���H0��

Fig. 5.18
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Fig. 5.19

	 �7�K�X�V���W�K�H���H�O�H�F�W�U�L�F���À�X�[���S�D�V�V�L�Q�J���W�K�U�R�X�J�K���W�K�H���V�X�U�I�D�F�H���R�I���V�S�K�H�U�H���L�V���H�T�X�D�O���W�R��Q, the charge enclosed 
�L�Q���W�K�H���V�S�K�H�U�H�������7�K�L�V���H�V�W�D�E�O�L�V�K�H�V���*�D�X�V�V�¶�V���W�K�H�R�U�H�P��

	 �,�I���W�K�H���V�S�K�H�U�H���Z�H�U�H���H�Q�F�O�R�V�L�Q�J���D���F�K�D�U�J�H���íQ���S�O�D�F�H�G���D�W���W�K�H���F�H�Q�W�U�H���>�6�H�H���)�L�J����������������ii ���@�����W�K�H�Q���H�O�H�F�W�U�L�F��
�À�X�[���%��� ��Q���F�R�X�O�R�P�E���Z�R�X�O�G���S�D�V�V���L�Q�Z�D�U�G���W�K�U�R�X�J�K���W�K�H���V�X�U�I�D�F�H���D�Q�G���W�H�U�P�L�Q�D�W�H���D�W���W�K�H���F�K�D�U�J�H��

	 (ii )	�1�R�Z���F�R�Q�V�L�G�H�U���W�K�D�W���W�K�H���F�K�D�U�J�H����Q���F�R�X�O�R�P�E���L�V���S�O�D�F�H�G���D�W���D�Q�\���R�W�K�H�U���S�R�L�Q�W�����R�W�K�H�U���W�K�D�Q���F�H�Q�W�U�H��
O�����L�Q�V�L�G�H���W�K�H���V�S�K�H�U�H���D�V���V�K�R�Z�Q���L�Q���)�L�J�����������������7�K�H���H�O�H�F�W�U�L�F���O�L�Q�H�V���R�I���I�R�U�F�H���À�R�Z���R�X�W�Z�D�U�G���E�X�W���Q�R�W��
�Q�R�U�P�D�O���W�R���W�K�H���V�X�U�I�D�F�H�����+�R�Z�H�Y�H�U�����D�W���D�Q�\���S�R�L�Q�W���R�Q���W�K�H���V�S�K�H�U�H�����V�X�F�K���D�V���S�R�L�Q�W��P�������H�O�H�F�W�U�L�F���À�X�[��
�F�D�Q���E�H���U�H�V�R�O�Y�H�G���L�Q�W�R���W�Z�R���U�H�F�W�D�Q�J�X�O�D�U���F�R�P�S�R�Q�H�Q�W�V��viz

	 (a)	�&�R�P�S�R�Q�H�Q�W���Q�R�U�P�D�O���W�R���W�K�H���V�X�U�I�D�F�H��i.e.�����F�R�V�������F�R�P�S�R�Q�H�Q�W����

	 (b)	�&�R�P�S�R�Q�H�Q�W���S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H���Q�R�U�P�D�O���W�R���W�K�H���V�X�U�I�D�F�H��i.e.���V�L�Q�������F�R�P�S�R�Q�H�Q�W��

	 �,�I���Z�H���D�G�G���D�O�O���W�K�H���V�L�Q�������F�R�P�S�R�Q�H�Q�W�V���R�I���H�O�H�F�W�U�L�F���À�X�[��
�R�Y�H�U�� �W�K�H�� �Z�K�R�O�H�� �V�X�U�I�D�F�H���� �W�K�H�� �U�H�V�X�O�W�� �Z�L�O�O�� �E�H�� �]�H�U�R���� �,�W�� �L�V��
�E�H�F�D�X�V�H���Y�D�U�L�R�X�V���V�L�Q�������F�R�P�S�R�Q�H�Q�W�V���F�D�Q�F�H�O���H�D�F�K���R�W�K�H�U������
�+�R�Z�H�Y�H�U�����D�O�O���F�R�V�������F�R�P�S�R�Q�H�Q�W�V���R�I���À�X�[���D�U�H���Q�R�U�P�D�O���W�R��
�W�K�H���V�S�K�H�U�H���V�X�U�I�D�F�H���D�Q�G���P�H�H�W���D�W���W�K�H���F�H�Q�W�U�H���L�I���S�U�R�G�X�F�H�G��
�E�D�F�N�Z�D�U�G�������+�H�Q�F�H���W�K�H���U�H�V�X�O�W�D�Q�W���R�I���D�O�O���F�R�V�������F�R�P�S�R�Q�H�Q�W�V��
over the surface of sphere is equal to Q���F�R�X�O�R�P�E��i.e.

			      � %	 �  	 Q���F�R�X�O�R�P�E

	 The number of electric lines of force passing 
through the closed surface normally is Q���H0��

	 �7�K�X�V�� �L�U�U�H�V�S�H�F�W�L�Y�H�� �R�I�� �W�K�H�� �S�R�V�L�W�L�R�Q�� �R�I�� �F�K�D�U�J�H��Q 
�Z�L�W�K�L�Q���W�K�H���V�S�K�H�U�H�����W�K�H���À�X�[���S�D�V�V�L�Q�J���W�K�U�R�X�J�K���W�K�H���V�S�K�H�U�H���V�X�U�I�D�F�H���L�V��Q���F�R�X�O�R�P�E�����7�K�L�V���H�V�W�D�E�O�L�V�K�H�V���*�D�X�V�V�¶�V��
�W�K�H�R�U�H�P�����6�L�P�L�O�D�U�O�\�����L�W���F�D�Q���E�H���V�K�R�Z�Q���W�K�D�W���L�I���D���V�X�U�I�D�F�H���H�Q�F�O�R�V�H�V���D���Q�X�P�E�H�U���R�I���F�K�D�U�J�H�V�����W�K�H���H�O�H�F�W�U�L�F���À�X�[��
�S�D�V�V�L�Q�J���W�K�U�R�X�J�K���W�K�H���V�X�U�I�D�F�H���L�V���H�T�X�D�O���W�R���W�K�H���D�O�J�H�E�U�D�L�F���V�X�P���R�I���F�K�D�U�J�H�V���L�Q�V�L�G�H���W�K�H���F�O�R�V�H�G���V�X�U�I�D�F�H��

	 �*�D�X�V�V�¶�V���O�D�Z���F�D�Q���D�O�V�R���E�H���H�[�S�U�H�V�V�H�G��mathematically��

	 �:�H���N�Q�R�Z���W�K�D�W������y = E dS
� �

���
where E dS

� �

��� �� �L�V�� �W�K�H�� �V�X�U�I�D�F�H�� �L�Q�W�H�J�U�D�O�� �R�I�� �H�O�H�F�W�U�L�F�� �¿�H�O�G��� � � �E
�

 over the entire closed surface  

enclosing the charge Q��
	 �?		  y 	 =	 E dS

� �

���  = 
0

Q
�

Fig. 5.20
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��	 �+�H�Q�F�H�����*�D�X�V�V�¶�V���O�D�Z���P�D�\���E�H���V�W�D�W�H�G���D�V���X�Q�G�H�U����

	 �,�I���D���F�O�R�V�H�G���V�X�U�I�D�F�H���H�Q�F�O�R�V�H�V���D���Q�H�W���F�K�D�U�J�H�����4�������W�K�H�Q���V�X�U�I�D�F�H���L�Q�W�H�J�U�D�O���R�I���H�O�H�F�W�U�L�F���¿�H�O�G��� � � �E
�

 over 

the closed surface is equal to 1/�H0 times the charge enclosed.

5.14.  Proof of Gauss’s Law
	 Consider a positive charge + Q located at point O as shown 
�L�Q�� �)�L�J���� ������������ �:�H�� �G�U�D�Z�� �D�� �V�S�K�H�U�H�� �R�I�� �U�D�G�L�X�V��r with charge + Q as 
�L�W�V���F�H�Q�W�U�H�����:�H���Q�R�Z���V�K�R�Z���W�K�D�W���W�R�W�D�O���H�O�H�F�W�U�L�F���À�X�[����i.e.���W�R�W�D�O���Q�X�P�E�H�U��
�R�I�� �H�O�H�F�W�U�L�F�� �O�L�Q�H�V�� �R�I�� �I�R�U�F�H���� �S�D�V�V�L�Q�J�� �W�K�U�R�X�J�K�� �W�K�H�� �F�O�R�V�H�G�� �V�X�U�I�D�F�H�� �L�V�� 
Q���H0�����7�K�H���P�D�J�Q�L�W�X�G�H���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���D�W���D�Q�\���S�R�L�Q�W���R�Q���W�K�H���V�S�K�H�U�L�F�D�O��
surface is given by ;
			   E	 =	 ��

04
Q

r��
 

	 �7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�V���G�L�U�H�F�W�H�G���U�D�G�L�D�O�O�\���R�X�W�Z�D�U�G���I�U�R�P������Q�����7�K�H���V�S�K�H�U�L�F�D�O���V�X�U�I�D�F�H���L�V���R�Q�O�\���L�P�D�J�L-
nary and is called Gaussian surface��

	 �&�R�Q�V�L�G�H�U���D���V�P�D�O�O���H�O�H�P�H�Q�W�D�U�\���D�U�H�D��dS
�

���R�Q���W�K�H���V�X�U�I�D�F�H���R�I���V�S�K�H�U�H���D�V���V�K�R�Z�Q���L�Q���)�L�J�����������������,�W���L�V���F�O�H�D�U��

that E
�

 is * parallel to dS
�

 i.e. angle between E
�

 and dS
�

���L�V���]�H�U�R�����7�K�H�U�H�I�R�U�H�����H�O�H�F�W�U�L�F���À�X�[���W�K�U�R�X�J�K��the 
entire closed spherical surface is

			   �\ 	 =	 cos0E dS E dS E dS
� �

� � � �� � �� � �
	 Since E�����P�D�J�Q�L�W�X�G�H���R�I��E

�

�����L�V���F�R�Q�V�W�D�Q�W���R�Y�H�U���W�K�H���F�R�Q�V�L�G�H�U�H�G���F�O�R�V�H�G���V�X�U�I�D�F�H�����L�W���F�D�Q���E�H���W�D�N�H�Q���R�X�W���R�I��
�L�Q�W�H�J�U�D�O��
	 �?		  �\ 	 =	 E dS��
	 �1�R�Z	 E	 =	 ��

04
Q

r��
 and dS��  = Surface area of sphere = 4�Sr��

	 �?		  �\ 	 =	 ��
��

0

4
4

Q
r

r
� �

��
 = 

0

Q
�

	 �+�H�Q�F�H��	 �\ 	 =	 ��E dS
� �

��  = 
0

Q
�

	 Note.��       �:�H���N�Q�R�Z����	 �\�� =	
0

��
Q

E dS
� �

�
���

				    =	 0 ��E dS
� �

���  = Q

	 �?		  �\ 	 =	 ��D dS
� �

��  = Q                                   0� � � �E D
� �

� ��  

	 �1�R�W�H���W�K�D�W���\  �F�D�Q���E�H���H�[�S�U�H�V�V�H�G���L�Q��Q or Q���H0��

	 �+�H�Q�F�H���*�D�X�V�V�¶�V���O�D�Z���P�D�\���E�H���V�W�D�W�H�G���L�Q���W�H�U�P�V���R�I���À�X�[���G�H�Q�V�L�W�\��� � � �D
�

���D�V���X�Q�G�H�U����

	 If a closed surface encloses a net charge (Q), then surface integral of D
�

�� ���H�O�H�F�W�U�L�F�� �À�X�[�� 
density) over the closed surface is equal to the charge enclosed by the closed surface��

	 Example 5.14. �$���V�S�K�H�U�L�F�D�O���V�X�U�I�D�F�H���������F�P���L�Q���G�L�D�P�H�W�H�U���L�V���S�H�Q�H�W�U�D�W�H�G���E�\���D�Q���L�Q�Z�D�U�G���À�X�[���X�Q�L�I�R�U�P�O�\��
�G�L�V�W�U�L�E�X�W�H�G���R�Y�H�U���W�K�H���V�X�U�I�D�F�H�����W�K�H���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\���E�H�L�Q�J�����Â�����î 10�í7 C/m2. What is the magnitude 
and sign of the charge enclosed by this surface ?

	 Solution. Area of spherical surface is
			   A	 �  	 � �� Œr����� �����Œ���î�����������î�������í��������� �����Â���������P��

�
	 �7�K�L�V�� �L�V�� �W�U�X�H�� �I�R�U�� �H�Y�H�U�\�� �H�O�H�P�H�Q�W�D�U�\�� �D�U�H�D�� �R�Q�� �W�K�H�� �V�X�U�I�D�F�H��

Fig. 5.21
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			   �(�O�H�F�W�U�L�F���À�X�[�����%	� 	D���î��A��� �������Â�����î�������í�������î�������Â����������� �����Â�����������î�������í�� C

	 �?		  �&�K�D�U�J�H���H�Q�F�O�R�V�H�G	� 	���Â�����������î�������í�� C = 0·1962 �—C

	 �6�L�Q�F�H���W�K�H���H�O�H�F�W�U�L�F���À�X�[���L�V���S�D�V�V�L�Q�J���L�Q�Z�D�U�G���W�K�U�R�X�J�K���W�K�H���V�S�K�H�U�H�����W�K�H���F�K�D�U�J�H���H�Q�F�O�R�V�H�G���L�V��negative��

5.15.  Electric Potential Energy
	 �:�H�� �N�Q�R�Z�� �W�K�D�W�� �H�D�U�W�K�� �K�D�V�� �J�U�D�Y�L�W�D�W�L�R�Q�D�O�� �¿�H�O�G�� �Z�K�L�F�K�� �D�W�W�U�D�F�W�V�� �W�K�H�� �E�R�G�L�H�V�� �W�R�Z�D�U�G�V�� �H�D�U�W�K���� �:�K�H�Q�� �D��
�E�R�G�\���L�V���U�D�L�V�H�G���D�E�R�Y�H���W�K�H���J�U�R�X�Q�G���O�H�Y�H�O�����L�W���S�R�V�V�H�V�V�H�V���P�H�F�K�D�Q�L�F�D�O���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���Z�K�L�F�K���L�V���H�T�X�D�O���W�R���W�K�H��
�D�P�R�X�Q�W���R�I���Z�R�U�N���G�R�Q�H���L�Q���U�D�L�V�L�Q�J���W�K�H���E�R�G�\���W�R���W�K�D�W���S�R�L�Q�W�����7�K�H���J�U�H�D�W�H�U���W�K�H���K�H�L�J�K�W���W�R���Z�K�L�F�K���W�K�H���E�R�G�\���L�V��
�U�D�L�V�H�G�����W�K�H���J�U�H�D�W�H�U���Z�L�O�O���E�H���L�W�V���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\�����7�K�X�V�����W�K�H���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���R�I���W�K�H���E�R�G�\���G�H�S�H�Q�G�V���X�S�R�Q��
�L�W�V���S�R�V�L�W�L�R�Q���L�Q���W�K�H���J�U�D�Y�L�W�D�W�L�R�Q�D�O���¿�H�O�G���� �E�H�L�Q�J���]�H�U�R���R�Q���H�D�U�W�K�¶�V���V�X�U�I�D�F�H���� �6�W�U�L�F�W�O�\�� �V�S�H�D�N�L�Q�J���� �V�H�D���O�H�Y�H�O���L�V��
�F�K�R�V�H�Q���D�V���W�K�H���S�O�D�F�H���R�I���]�H�U�R���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\��

	 �/�L�N�H���H�D�U�W�K�¶�V���J�U�D�Y�L�W�D�W�L�R�Q�D�O���¿�H�O�G�����H�Y�H�U�\���F�K�D�U�J�H��������Q�����K�D�V���H�O�H�F�W�U�L�F���¿�H�O�G���Z�K�L�F�K���W�K�H�R�U�H�W�L�F�D�O�O�\���H�[�W�H�Q�G�V��
�X�S�W�R���L�Q�¿�Q�L�W�\�����,�I���D���V�P�D�O�O���S�R�V�L�W�L�Y�H���W�H�V�W���F�K�D�U�J�H������q0���L�V���S�O�D�F�H�G���L�Q���W�K�L�V���H�O�H�F�W�U�L�F���¿�H�O�G�����W�K�H���W�H�V�W���F�K�D�U�J�H���Z�L�O�O��
�H�[�S�H�U�L�H�Q�F�H���D���I�R�U�F�H���R�I���U�H�S�X�O�V�L�R�Q�����,�I���W�H�V�W���F�K�D�U�J�H������q0���L�V���P�R�Y�H�G���W�R�Z�D�U�G�V������Q�����Z�R�U�N���Z�L�O�O���K�D�Y�H���W�R���E�H���G�R�Q�H��
�D�J�D�L�Q�V�W���W�K�H���I�R�U�F�H���R�I���U�H�S�X�O�V�L�R�Q�����7�K�L�V���Z�R�U�N���G�R�Q�H���L�V���V�W�R�U�H�G���L�Q������q0���L�Q���W�K�H���I�R�U�P���R�I���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\�����:�H��
say the charge + q0���K�D�V���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\�����7�K�H���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���R�I������q0 depends upon 
�L�W�V���S�R�V�L�W�L�R�Q���L�Q���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G�������E�H�L�Q�J���]�H�U�R���L�I��q0���L�V���V�L�W�X�D�W�H�G���D�W���L�Q�¿�Q�L�W�\��

	 �)�U�R�P���W�K�H���D�E�R�Y�H���G�L�V�F�X�V�V�L�R�Q�����L�W���I�R�O�O�R�Z�V���W�K�D�W���M�X�V�W���D�V���D���P�D�V�V���K�D�V���P�H�F�K�D�Q�L�F�D�O���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���L�Q���W�K�H��
�J�U�D�Y�L�W�D�W�L�R�Q�D�O���¿�H�O�G�����V�L�P�L�O�D�U�O�\���D���F�K�D�U�J�H���K�D�V���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���L�Q���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G�����7�K�H���H�O�H�F�W�U�L�F��
�S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���R�I���D���F�K�D�U�J�H���L�V���S�R�V�L�W�L�Y�H���R�U���Q�H�J�D�W�L�Y�H���G�H�S�H�Q�G�L�Q�J���X�S�R�Q���W�K�H���N�L�Q�G���R�I���F�K�D�U�J�H��

5.16.  Electric Potential
	 �-�X�V�W���D�V���Z�H���G�H�¿�Q�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���D�V���W�K�H���I�R�U�F�H���S�H�U���X�Q�L�W���F�K�D�U�J�H�����V�L�P�L�O�D�U�O�\��electric potential 
�L�V���G�H�¿�Q�H�G���D�V���W�K�H���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���S�H�U���X�Q�L�W���F�K�D�U�J�H��

	 Consider an isolated charge +Q���¿�[�H�G���L�Q��
�V�S�D�F�H���D�V���V�K�R�Z�Q���L�Q���)�L�J�����������������,�I���D���X�Q�L�W���S�R�V�L�W�L�Y�H��
�F�K�D�U�J�H����i.e. �������&�����L�V���S�O�D�F�H�G���D�W���L�Q�¿�Q�L�W�\�����W�K�H���I�R�U�F�H��
on it due to charge +Q�� �L�V�� �
�]�H�U�R���� �,�I�� �W�K�H�� �X�Q�L�W��
�S�R�V�L�W�L�Y�H���F�K�D�U�J�H���D�W���L�Q�¿�Q�L�W�\�� �L�V���P�R�Y�H�G���W�R�Z�D�U�G�V��
+Q���� �D�� �I�R�U�F�H�� �R�I�� �U�H�S�X�O�V�L�R�Q�� �D�F�W�V�� �R�Q�� �L�W�����O�L�N�H�� �F�K�D�U�J�H�V�� �U�H�S�H�O���� �D�Q�G�� �K�H�Q�F�H�� �Z�R�U�N�� �L�V�� �U�H�T�X�L�U�H�G�� �W�R�� �E�H�� �G�R�Q�H�� �W�R��
�E�U�L�Q�J���L�W���W�R���D���S�R�L�Q�W���O�L�N�H��A�����+�H�Q�F�H���Z�K�H�Q���W�K�H���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���L�V���D�W��A�����L�W���K�D�V���V�R�P�H���D�P�R�X�Q�W���R�I���H�O�H�F�W�U�L�F��
�S�R�W�H�Q�W�L�D�O�� �H�Q�H�U�J�\�� �Z�K�L�F�K�� �L�V�� �D�� �P�H�D�V�X�U�H�� �R�I�� �H�O�H�F�W�U�L�F�� �S�R�W�H�Q�W�L�D�O���� �7�K�H�� �F�O�R�V�H�U�� �W�K�H�� �S�R�L�Q�W�� �W�R�� �W�K�H�� �F�K�D�U�J�H���� �W�K�H��
�K�L�J�K�H�U���Z�L�O�O���E�H���W�K�H���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���D�Q�G���K�H�Q�F�H���W�K�H���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���D�W���W�K�D�W���S�R�L�Q�W�������7�K�H�U�H�I�R�U�H����
�H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���D�W���D���S�R�L�Q�W���G�X�H���W�R���D���F�K�D�U�J�H���G�H�S�H�Q�G�V���X�S�R�Q���W�K�H���S�R�V�L�W�L�R�Q���R�I�� �W�K�H���S�R�L�Q�W���� �E�H�L�Q�J���]�H�U�R���L�I��
�W�K�H���S�R�L�Q�W���L�V���V�L�W�X�D�W�H�G���D�W���L�Q�¿�Q�L�W�\�����2�E�Y�L�R�X�V�O�\�����L�Q���H�O�H�F�W�U�L�F���¿�H�O�G�����L�Q�¿�Q�L�W�\���L�V���F�K�R�V�H�Q���D�V���W�K�H���S�R�L�Q�W���R�I���
�
�]�H�U�R��
�S�R�W�H�Q�W�L�D�O��

	 Hence electric potential �D�W�� �D�� �S�R�L�Q�W�� �L�Q�� �D�Q�� �H�O�H�F�W�U�L�F�� �¿�H�O�G is the amount of work done in  
bringing a unit positive charge ��i.e. �������&�����I�U�R�P���L�Q�¿�Q�L�W�\���W�R���W�K�D�W���S�R�L�Q�W���L���H��

			   Electric potential	 =	
�:�R�U�N

Charge
W
Q

�

where W �L�V�� �W�K�H�� �Z�R�U�N�� �G�R�Q�H�� �W�R�� �E�U�L�Q�J�� �D�� �F�K�D�U�J�H�� �R�I��Q �F�R�X�O�R�P�E�V�� �I�U�R�P�� �L�Q�¿�Q�L�W�\�� �W�R�� �W�K�H�� �S�R�L�Q�W�� �X�Q�G�H�U�� 
consid�H�U�D�W�L�R�Q��

Fig. 5.22

* 	 F = 9
��
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9 10
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d
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� � ; As d �o  �f , F �o  0

�
�
	 �,�Q�� �S�U�D�F�W�L�F�H���� �H�D�U�W�K�� �L�V�� �F�K�R�V�H�Q�� �W�R�� �E�H�� �D�W�� �]�H�U�R�� �H�O�H�F�W�U�L�F�� �S�R�W�H�Q�W�L�D�O���� �,�W�� �L�V�� �E�H�F�D�X�V�H�� �H�D�U�W�K�� �L�V�� �V�X�F�K�� �D�� �K�X�J�H�� �F�R�Q�G�X�F�W�R�U�� �W�K�D�W��
its electric potential �S�U�D�F�W�L�F�D�O�O�\�� �U�H�P�D�L�Q�V�� �F�R�Q�V�W�D�Q�W��
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	 Unit. �7�K�H��SI �X�Q�L�W���R�I���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���L�V���
�Y�R�O�W���D�Q�G���P�D�\���E�H���G�H�¿�Q�H�G���D�V���X�Q�G�H�U����

	 �7�K�H���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���D�W���D���S�R�L�Q�W���L�Q���D�Q���H�O�H�F�W�U�L�F���¿�H�O�G���L�V��1 volt if 1 joule of work is done in bringing 
a unit positive charge ��i.e. + 1 �&�����I�U�R�P���L�Q�¿�Q�L�W�\���W�R���W�K�D�W���S�R�L�Q�W���
�
�D�J�D�L�Q�V�W���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G��

	 �7�K�X�V���Z�K�H�Q���Z�H���V�D�\���W�K�D�W���S�R�W�H�Q�W�L�D�O���D�W���D���S�R�L�Q�W���L�Q���D�Q���H�O�H�F�W�U�L�F���¿�H�O�G���L�V�������9�����L�W���V�L�P�S�O�\���P�H�D�Q�V���W�K�D�W������
�M�R�X�O�H�V���R�I���Z�R�U�N���K�D�V���E�H�H�Q���G�R�Q�H���L�Q���E�U�L�Q�J�L�Q�J���D���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���I�U�R�P���L�Q�¿�Q�L�W�\���W�R���W�K�D�W���S�R�L�Q�W��

5.17.  Electric Potential Difference
	 �,�Q�� �S�U�D�F�W�L�F�H���� �Z�H�� �D�U�H���P�R�U�H���F�R�Q�F�H�U�Q�H�G���Z�L�W�K���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�Z�R���S�R�L�Q�W�V���U�D�W�K�H�U���W�K�D�Q��
their †�D�E�V�R�O�X�W�H�� �S�R�W�H�Q�W�L�D�O�V���� �7�K�H�� �S�R�W�H�Q�W�L�D�O�� �G�L�I�I�H�U�H�Q�F�H�� ���S���G������ �E�H�W�Z�H�H�Q�� �W�Z�R�� �S�R�L�Q�W�V�� �P�D�\�� �E�H�� �G�H�¿�Q�H�G�� �D�V�� 
�X�Q�G�H�U����

	 The potential difference between two points is the amount of work done in moving a unit  
positive charge ��i.e. + 1�&����from the point of lower potential to the point of higher potential.

	 Consider two points A and B �L�Q���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���R�I���D���F�K�D�U�J�H��
+Q���D�V���V�K�R�Z�Q���L�Q���)�L�J�����������������/�H�W��V�� and V1 be the absolute potentials 
at A and B �U�H�V�S�H�F�W�L�Y�H�O�\���� �&�O�H�D�U�O�\����V�� > V1�����7�K�H�� �S�R�W�H�Q�W�L�D�O��V1 at B 
�P�H�D�Q�V�� �W�K�D�W��V1�� �M�R�X�O�H�V�� �R�I�� �Z�R�U�N�� �K�D�V�� �E�H�H�Q�� �G�R�Q�H�� �L�Q�� �E�U�L�Q�J�L�Q�J�� �D�� �X�Q�L�W��
�S�R�V�L�W�L�Y�H���F�K�D�U�J�H���I�U�R�P���L�Q�¿�Q�L�W�\���W�R���S�R�L�Q�W��B�����/�H�W���W�K�H���H�[�W�U�D���Z�R�U�N���G�R�Q�H��
�W�R���E�U�L�Q�J���W�K�H���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���I�U�R�P��B to A be W �M�R�X�O�H�V��

	 �?		  Potential at A	 =	 V1 + W

	 �?		  �3���'�����E�H�W�Z�H�H�Q��A and B	 �  	 � �V1 + W�����í��V1

	 or   	 V�����í��V1	 =	 W = W��D�����W�R���P�R�Y�H���������&���I�U�R�P��B to A

	 �7�K�H���6�,���X�Q�L�W���R�I���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H���L�V���Y�R�O�W���D�Q�G���P�D�\���E�H���G�H�¿�Q�H�G���D�V���X�Q�G�H�U����

	 The p.d. between two points is 1 V if 1 joule of work is done in bringing a unit positive 
charge ��i.e. + 1 C����from the point of lower potential to the point of higher potential.
	 �7�K�X�V���Z�K�H�Q���Z�H���V�D�\���W�K�D�W���S���G�����E�H�W�Z�H�H�Q���W�Z�R���S�R�L�Q�W�V���L�V�������Y�R�O�W�V�����L�W���V�L�P�S�O�\���P�H�D�Q�V���W�K�D�W�������M�R�X�O�H�V���R�I���Z�R�U�N��
�Z�L�O�O���K�D�Y�H���W�R���E�H���G�R�Q�H���W�R���E�U�L�Q�J�������&���R�I���F�K�D�U�J�H���I�U�R�P���W�K�H���S�R�L�Q�W���R�I���O�R�Z�H�U���S�R�W�H�Q�W�L�D�O���W�R���W�K�H���S�R�L�Q�W���R�I���K�L�J�K�H�U��
�S�R�W�H�Q�W�L�D�O�������&�R�Q�Y�H�U�V�H�O�\���������M�R�X�O�H�V���R�I���Z�R�U�N���R�U���H�Q�H�U�J�\���Z�L�O�O���E�H���U�H�O�H�D�V�H�G���L�I�����������&���F�K�D�U�J�H���P�R�Y�H�V���I�U�R�P���W�K�H��
�S�R�L�Q�W���R�I���K�L�J�K�H�U���S�R�W�H�Q�W�L�D�O���W�R���W�K�H���S�R�L�Q�W���R�I���O�R�Z�H�U���S�R�W�H�Q�W�L�D�O��

5.18.  Potential at a Point Due to a Point Charge
	 Consider an isolated positive charge of Q �F�R�X�O�R�P�E�V��
place�G���L�Q���D���P�H�G�L�X�P���R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���0r�����,�W���L�V���G�H�V�L�U�H�G���W�R��
�¿�Q�G���W�K�H���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���D�W���S�R�L�Q�W��P �G�X�H���W�R���W�K�L�V���F�K�D�U�J�H�������/�H�W��
P be at a distance d �P�H�W�U�H�V���I�U�R�P���W�K�H���F�K�D�U�J�H�����,�P�D�J�L�Q�H���D���X�Q�L�W��
�S�R�V�L�W�L�Y�H���F�K�D�U�J�H����i.e. ���������&�����S�O�D�F�H�G���D�W��A and situated x �P�H�W�U�H�V��
�I�U�R�P�� �W�K�H�� �F�K�D�U�J�H���� �7�K�H�Q�� �W�K�H�� �I�R�U�F�H�� �D�F�W�L�Q�J�� �R�Q�� �W�K�L�V�� �X�Q�L�W�� �F�K�D�U�J�H��
��i.e. �H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\�����L�V���J�L�Y�H�Q���E�\���>�6�H�H���)�L�J�������������@����

			   F	 =	 E = ��
04 r

Q
x�� �

�,�I���W�K�L�V���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���D�W��A �L�V���P�R�Y�H�G���W�K�U�R�X�J�K���D���V�P�D�O�O���G�L�V�W�D�Q�F�H��dx towards the charge +Q, then 
�Z�R�U�N���G�R�Q�H���L�V���J�L�Y�H�Q���E�\����
			   dW	 =	 ��

04 r

Q
x

�
�� �

�����±��†† dx��
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Q
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x
� �

�� �

Fig. 5.23

* 	 Electric potential = W��Q�� � �� �M�R�X�O�H�V���F�R�X�O�R�P�E���� �1�R�Z�� �M�R�X�O�H���F�R�X�O�R�P�E�� �K�D�V�� �E�H�H�Q�� �J�L�Y�H�Q�� �D�� �V�S�H�F�L�D�O�� �Q�D�P�H��viz�� �Y�R�O�W��

�
�
	 �1�R�W�H�� �L�I�� �W�K�H�� �¿�H�O�G�� �L�V�� �G�X�H�� �W�R�� �D�� �S�R�V�L�W�L�Y�H�� �F�K�D�U�J�H�� ���D�V�� �L�V�� �L�Q�� �W�K�L�V�� �F�D�V�H������ �Z�R�U�N�� �Z�L�O�O�� �E�H�� �G�R�Q�H�� �D�J�D�L�Q�V�W�� �W�K�H�� �H�O�H�F�W�U�L�F�� �� �¿�H�O�G����
�+�R�Z�H�Y�H�U���� �L�I�� �W�K�H�� �¿�H�O�G�� �L�V�� �G�X�H�� �W�R�� �D�� �Q�H�J�D�W�L�Y�H�� �F�K�D�U�J�H���� �Z�R�U�N�� �L�V�� �G�R�Q�H�� �E�\�� �W�K�H�� �H�O�H�F�W�U�L�F�� �¿�H�O�G��

�‚	 �7�K�H�� �S�R�W�H�Q�W�L�D�O�� �D�W�� �D�� �S�R�L�Q�W�� �Z�L�W�K�� �L�Q�¿�Q�L�W�\�� �D�V�� �U�H�I�H�U�H�Q�F�H�� �L�V�� �W�H�U�P�H�G�� �D�V�� �D�E�V�R�O�X�W�H�� �S�R�W�H�Q�W�L�D�O��

††	 �7�K�H�� �Q�H�J�D�W�L�Y�H�� �V�L�J�Q�� �L�V�� �W�D�N�H�Q�� �E�H�F�D�X�V�H��dx�� �L�V�� �F�R�Q�V�L�G�H�U�H�G�� �L�Q�� �W�K�H�� �Q�H�J�D�W�L�Y�H�� �G�L�U�H�F�W�L�R�Q�� �R�I�� �G�L�V�W�D�Q�F�H�� ��x����

Fig. 5.24
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�7�R�W�D�O���Z�R�U�N���G�R�Q�H���L�Q���E�U�L�Q�J�L�Q�J���D���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���I�U�R�P���L�Q�¿�Q�L�W�\���W�R���S�R�L�Q�W��P is

			   �7�R�W�D�O���Z�R�U�N���G�R�Q�H����W	 =	 � � � �
0 0

1
4 4

d d

r r

Q Q
dx dx

x x� �

� � �
�� � �� �� �

				    =	 � �
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04 r

Q
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				    =	 99 10
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Q
d

�
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� �� �
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	 �%�\���G�H�¿�Q�L�W�L�R�Q�����W�K�H���Z�R�U�N���G�R�Q�H���L�Q���M�R�X�O�H�V���W�R���E�U�L�Q�J���D���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���I�U�R�P���L�Q�¿�Q�L�W�\���W�R���S�R�L�Q�W��P is 
equal to potential at P �L�Q���Y�R�O�W�V��

	 �?		  VP	 =	 99 10
r

Q
d

�
�

���Y�R�O�W�V	 ������in a medium

				    =	 99 10
Q
d

� ���Y�R�O�W�V		 ������in air

	 �7�K�H���I�R�O�O�R�Z�L�Q�J���S�R�L�Q�W�V���P�D�\���E�H���Q�R�W�H�G���F�D�U�H�I�X�O�O�\����

	 (i)	�7�K�H���S�R�W�H�Q�W�L�D�O���Y�D�U�L�H�V���L�Q�Y�H�U�V�H�O�\���Z�L�W�K���W�K�H���G�L�V�W�D�Q�F�H��d���I�U�R�P���W�K�H���S�R�L�Q�W���F�K�D�U�J�H��Q�����,�I���W�K�H���G�L�V�W�D�Q�F�H��
�L�V���L�Q�F�U�H�D�V�H�G���W�K�U�H�H���W�L�P�H�V�����W�K�H���S�R�W�H�Q�W�L�D�O���L�V���U�H�G�X�F�H�G���R�Q�H���W�K�L�U�G���R�I���L�W�V���Y�D�O�X�H���D�Q�G���V�R���R�Q��

	 (ii )	�(�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���L�V���D���V�F�D�O�D�U���T�X�D�Q�W�L�W�\��

	 (iii )	At d��� ���’���L�Q���D�L�U���Y�D�F�X�X�P����VP = 99 10
q

�
�

��� ������

	 (iv)	�,�I��Q is positive, then potential at P �L�V���
�S�R�V�L�W�L�Y�H�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����L�I��Q is negative, then 
potential at P���L�V���Q�H�J�D�W�L�Y�H��

5.19.  Potential at a Point Due to Group of Point Charges
	 �(�O�H�F�W�U�L�F�� �S�R�W�H�Q�W�L�D�O�� �R�E�H�\�V�� �V�X�S�H�U�S�R�V�L�W�L�R�Q�� �S�U�L�Q�F�L�S�O�H���� �7�K�H�U�H�I�R�U�H���� �H�O�H�F�W�U�L�F��
potential at any point P due to a group of point charges Q1, Q��, Q���� ����������Qn 
�L�V���H�T�X�D�O���W�R���W�K�H���D�O�J�H�E�U�D�L�F���V�X�P���R�I�� �S�R�W�H�Q�W�L�D�O�V���G�X�H���W�R��Q1, Q��, Q���� ��������Qn at point 
P�������1�R�W�H���W�K�D�W���D�Q���D�O�J�H�E�U�D�L�F���V�X�P���L�V���R�Q�H���L�Q���Z�K�L�F�K���V�L�J�Q���R�I���W�K�H���S�K�\�V�L�F�D�O���T�X�D�Q�W�L�W�\�� 
���S�R�W�H�Q�W�L�D�O���L�Q���W�K�L�V���F�D�V�H�����L�V���W�D�N�H�Q���L�Q�W�R���D�F�F�R�X�Q�W��

	 Let the distances of Q1, Q��, Q����������������Qn be d1, d��, d������������dn���U�H�V�S�H�F�W�L�Y�H�O�\���I�U�R�P��
point P���D�V���V�K�R�Z�Q���L�Q���)�L�J�����������������)�X�U�W�K�H�U�����O�H�W��V1, V��, V������������Vn be the potentials at 
P due to Q1, Q��, Q��������������Qn���U�H�V�S�H�F�W�L�Y�H�O�\�������$�V�V�X�P�L�Q�J���W�K�H���P�H�G�L�X�P���W�R���E�H���I�U�H�H���V�S�D�F�H���D�L�U��

			  �7�R�W�D�O���S�R�W�H�Q�W�L�D�O���D�W��P, VP	 =	 V1 + V�� + V������������������������Vn
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	 �?		  VP	 =	 9 ��� � � �

� � � � � �

�� ���� ������ n

n

Q QQ Q
d d d d

� �� � � � �
 	
� �

Fig. 5.25

�
	 �7�K�H���S�R�W�H�Q�W�L�D�O���Q�H�D�U���D�Q���L�V�R�O�D�W�H�G���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���L�V���S�R�V�L�W�L�Y�H���E�H�F�D�X�V�H���Z�R�U�N���L�V���G�R�Q�H���E�\���D�Q���H�[�W�H�U�Q�D�O���D�J�H�Q�F�\���W�R���S�X�V�K��
�D�� �W�H�V�W�� �F�K�D�U�J�H�� ���S�R�V�L�W�L�Y�H���� �I�U�R�P�� �L�Q�¿�Q�L�W�\�� �W�R�� �W�K�D�W�� �S�R�L�Q�W���� �7�K�H�� �S�R�W�H�Q�W�L�D�O�� �Q�H�D�U�� �D�Q�� �L�V�R�O�D�W�H�G�� �Q�H�J�D�W�L�Y�H�� �F�K�D�U�J�H�� �L�V�� �Q�H�J�D�W�L�Y�H��
�E�H�F�D�X�V�H�� �R�X�W�V�L�G�H�� �D�J�H�Q�W�� �P�X�V�W�� �H�[�H�U�W�� �D�� �U�H�V�W�U�D�L�Q�L�Q�J�� �I�R�U�F�H�� �D�V�� �W�H�V�W�� �F�K�D�U�J�H�� �F�R�P�H�V�� �L�Q�� �I�U�R�P�� �L�Q�¿�Q�L�W�\��
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	 �,�I���W�K�H���V�\�V�W�H�P���R�I���F�K�D�U�J�H�V���L�V���S�O�D�F�H�G���L�Q���D���P�H�G�L�X�P���R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���0r, then,

			   VP	  =	
9

��� � � �

� � � � � �

9 10
������ n

r n

Q QQ Q
d d d d

� � �� � � �
 	� � �

5.20.  Behaviour of Metallic Conductors in Electric Field
	 �:�K�H�Q���D���P�H�W�D�O�O�L�F���F�R�Q�G�X�F�W�R�U�����V�R�O�L�G���R�U���K�R�O�O�R�Z�����L�V���S�O�D�F�H�G��
�L�Q�� �D�Q�� �H�O�H�F�W�U�L�F�� �¿�H�O�G���� �W�K�H�U�H�� �L�V�� �D�� �P�R�P�H�Q�W�D�U�\�� �À�R�Z�� �R�I�� �F�K�D�U�J�H�V��
��i.e.���� �I�U�H�H���H�O�H�F�W�U�R�Q�V������ �2�Q�F�H���W�K�H���À�R�Z�� �R�I�� �F�K�D�U�J�H�V���F�H�D�V�H�V���� �W�K�H��
conductor is said to be in electrostatic equilibrium���� �,�W���K�D�V��
�E�H�H�Q�� �V�H�H�Q�� �H�[�S�H�U�L�P�H�Q�W�D�O�O�\�� �W�K�D�W�� �X�Q�G�H�U�� �W�K�H�� �F�R�Q�G�L�W�L�R�Q�V�� �R�I��
�H�O�H�F�W�U�R�V�W�D�W�L�F�� �H�T�X�L�O�L�E�U�L�X�P���� �D�� �F�R�Q�G�X�F�W�R�U�� ���V�R�O�L�G�� �R�U�� �K�R�O�O�R�Z����
�V�K�R�Z�V���W�K�H���I�R�O�O�R�Z�L�Q�J���S�U�R�S�H�U�W�L�H�V ���>�6�H�H���)�L�J�������������@����

	 (i)	 �7�K�H���Q�H�W���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�V�L�G�H���D���F�K�D�U�J�H�G���F�R�Q�G�X�F�W�R�U���L�V��
zero i.e., no electric lines of force exist inside the 
conductor.

	 (ii)	The net charge inside a charged conductor is zero.
	 (iii )	 �7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G����i.e., electric lines of force����on the 

surface of a charged conductor is perpendicular to the surface of the conductor at every 
point.

	 (iv)	 �7�K�H�� �P�D�J�Q�L�W�X�G�H�� �R�I�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �M�X�V�W�� �R�X�W�V�L�G�H�� �D�� �F�K�D�U�J�H�G�� �F�R�Q�G�X�F�W�R�U�� �L�V���1/�00 where �1 is the 
surface charge density.

	 (v)	The electric potential is the same ��i.e., constant�� at the surface and inside a charged 
conductor��

		  �,�Q�V�L�G�H���D���F�K�D�U�J�H�G���F�R�Q�G�X�F�W�R�U�� E = 0

	 �1�R�Z	 E	 =	
dV
dS

�   or  0 = 
dV
dS

�

	 �7�K�L�V���P�H�D�Q�V���W�K�D�W��V���L�V���F�R�Q�V�W�D�Q�W��

5.21.  Potential of a Charged Conducting Sphere
	 Consider an isolated conducting sphere of radius r �P�H�W�U�H�V���S�O�D�F�H�G���L�Q���D�L�U���D�Q�G���F�K�D�U�J�H�G���X�Q�L�I�R�U�P�O�\��
with Q �F�R�X�O�R�P�E�V�����7�K�H���¿�H�O�G���K�D�V���V�S�K�H�U�L�F�D�O���V�\�P�P�H�W�U�\��i.e. �O�L�Q�H�V���R�I���I�R�U�F�H���V�S�U�H�D�G���R�X�W���Q�R�U�P�D�O�O�\���I�U�R�P���W�K�H��
�V�X�U�I�D�F�H���D�Q�G���P�H�H�W���D�W���W�K�H���F�H�Q�W�U�H���R�I���W�K�H���V�S�K�H�U�H���L�I���S�U�R�G�X�F�H�G���E�D�F�N�Z�D�U�G������Outside the sphere,���W�K�H���¿�H�O�G���L�V��
�H�[�D�F�W�O�\���W�K�H���V�D�P�H���D�V���W�K�R�X�J�K���W�K�H���F�K�D�U�J�H��Q �R�Q���V�S�K�H�U�H���Z�H�U�H���F�R�Q�F�H�Q�W�U�D�W�H�G���D�W���L�W�V���F�H�Q�W�U�H��
	 (i)	 Potential at the sphere surface. �'�X�H���W�R���V�S�K�H�U�L�F�D�O���V�\�P�P�H�W�U�\���R�I���W�K�H���¿�H�O�G�����Z�H���F�D�Q���L�P�D�J�L�Q�H��
the charge Q on the sphere as concentrated at its centre O �>�6�H�H���)�L�J����������������i���@�����7�K�H���S�U�R�E�O�H�P���W�K�H�Q���U�H-
�G�X�F�H�V���W�R���¿�Q�G���W�K�H���S�R�W�H�Q�W�L�D�O���D�W���D���S�R�L�Q�W��r �P�H�W�U�H�V���I�U�R�P���D���F�K�D�U�J�H��Q��

Fig. 5.27
	 �?	 Potential at the surface of sphere

				    =	
04

Q
r��

���Y�R�O�W�V	 �>�6�H�H���$�U�W�������Â�����@

Fig. 5.26
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				    =	 9 *
9 10

Q
r

�  volts

	 (ii )	 Potential outside the sphere. Consider a point P���R�X�W�V�L�G�H���W�K�H���V�S�K�H�U�H���D�V���V�K�R�Z�Q���L�Q���)�L�J��������������
��ii ���������/�H�W���W�K�L�V���S�R�L�Q�W���E�H���D�W���D���G�L�V�W�D�Q�F�H���R�I��D �P�H�W�U�H�V���I�U�R�P���W�K�H���V�X�U�I�D�F�H���R�I���V�S�K�H�U�H��

	 ����������������������������	 �7�K�H�Q���S�R�W�H�Q�W�L�D�O���D�W��P 	=	 99 10
� � � �

Q
D r

�
�

 volts

	 (iii )	Potential inside the sphere. �6�L�Q�F�H���W�K�H�U�H���L�V���Q�R���H�O�H�F�W�U�L�F���À�X�[���L�Q�V�L�G�H���W�K�H���V�S�K�H�U�H�����H�O�H�F�W�U�L�F���L�Q�W�H�Q-
�V�L�W�\���L�Q�V�L�G�H���W�K�H���V�S�K�H�U�H���L�V���]�H�U�R��

			  �1�R�Z�����H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\��	� 	
Change in potential

r
or			   0	 =	 Change in potential

	 �+�H�Q�F�H�����D�O�O���W�K�H���S�R�L�Q�W�V���L�Q�V�L�G�H���W�K�H���V�S�K�H�U�H���D�U�H���D�W���W�K�H���V�D�P�H���S�R�W�H�Q�W�L�D�O���D�V���W�K�H���S�R�L�Q�W�V���R�Q���W�K�H���V�X�U�I�D�F�H��
	 Example 5.15. Two positive point charges of 16 �î 10�í10 C and 12 �î 10�í10 C are placed 10 cm 
apart.  Find the work done in bringing the two charges 4 cm closer.
	 Solution. �6�X�S�S�R�V�H���W�K�H���F�K�D�U�J�H���������î�������í�������&���W�R���E�H���¿�[�H�G��

	 �3�R�W�H�Q�W�L�D�O���R�I���D���S�R�L�Q�W���������F�P���I�U�R�P���W�K�H���F�K�D�U�J�H���������î�������í���� C

			 	    =	
10

9 16 10
9 10

������

��
� ��� �����������9

	 �3�R�W�H�Q�W�L�D�O���R�I���D���S�R�L�Q�W�������F�P���I�U�R�P���W�K�H���F�K�D�U�J�H���������î�������í���� C

				    =	
10

9 16 10
9 10

��������

��
� ��� �����������9

	 �?		  �3�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H	� 	���������í����������� ���������9

			   �:�R�U�N���G�R�Q�H	� 	�&�K�D�U�J�H���î���S���G����� ���������î�������í�������î��������� ��11·52 �î 10�í8 joules
	 Example 5.16. A square ABCD has each side of 1 m. Four point charges of +0·01 �—C,  
�í 0·02 �—C, +0·03 �—C and +0·02 �—C are placed at A, B, C and D respectively. Find the potential at 
the centre of the square.

	 Solution. �)�L�J���� ���������� �V�K�R�Z�V�� �W�K�H�� �V�T�X�D�U�H��ABCD with charges 
�S�O�D�F�H�G���D�W���L�W�V���F�R�U�Q�H�U�V�����7�K�H���G�L�D�J�R�Q�D�O�V���R�I���W�K�H���V�T�X�D�U�H���L�Q�W�H�U�V�H�F�W���D�W���S�R�L�Q�W��
P�����&�O�H�D�U�O�\�����S�R�L�Q�W��P���L�V���W�K�H���F�H�Q�W�U�H���R�I���W�K�H���V�T�X�D�U�H�����7�K�H���G�L�V�W�D�Q�F�H���R�I���H�D�F�K��
�F�K�D�U�J�H���I�U�R�P���S�R�L�Q�W��P����i.e.���F�H�Q�W�U�H���R�I���V�T�X�D�U�H�����L�V

				    =	 � � � �1
1 1

��
� ��� �����Â���������P

	 �7�K�H�� �S�R�W�H�Q�W�L�D�O�� �D�W�� �S�R�L�Q�W��P due to all charges is equal to the 
�D�O�J�H�E�U�D�L�F���V�X�P���R�I���S�R�W�H�Q�W�L�D�O�V���G�X�H���W�R���H�D�F�K���F�K�D�U�J�H��

	 �?	 Potential at P due to all charges

				    =	 9 ��� � � � � �9 10
���������� ���������� ���������� ����������

QQ Q Q� �� � � �
 	� �

				    =	 � �
9

69 10
�������� �������� �������� �������� ����

����������
��

� �� � �� �

				    =	
9

69 10
�������� ����

����������
��

� �  = 509.2V

�
	 �,�I�� �W�K�H�� �V�S�K�H�U�H�� �L�V�� �S�O�D�F�H�G�� �L�Q�� �D�� �P�H�G�L�X�P�� ���Hr������ �W�K�H�Q�� �S�R�W�H�Q�W�L�D�O�� �L�V

				    =	 99 10
r

Q
r

�
�

Fig. 5.28
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	 Example 5.17. A hollow sphere is charged to 12�—C. Find the potential (i) at its surface (ii) 
inside the sphere (iii) at a distance of 0·3m from the surface. The radius of the sphere is 0·1m.

	 Solution. (i)��	�7�K�H���S�R�W�H�Q�W�L�D�O���D�W���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���V�S�K�H�U�H���L�Q���D�L�U���L�V

			   V	 =	 9

0

9 10
4

Q Q
d d

� � �
��

		  �+�H�U�H	 Q��� ���������—�&	� 	�������î�������í�� C   ;  d��� �����Â���P

		  �?	 V	 =	
6

9 ���� ����
9 10

������

��
� �  = 108 × 104 volts

	 (ii )	�3�R�W�H�Q�W�L�D�O���L�Q�V�L�G�H���W�K�H���V�S�K�H�U�H���L�V���W�K�H���V�D�P�H���D�V���D�W���W�K�H���V�X�U�I�D�F�H��i.e����108 �î 104 volts.

	 (iii )	�'�L�V�W�D�Q�F�H���R�I���W�K�H���S�R�L�Q�W���I�U�R�P���W�K�H���F�H�Q�W�U�H��� �����Â�����������Â����� �����Â���P

		  �?	 Potential	=	
6

9 ���� ����
9 10

������

��
� �  = 27 × 104 volts

	 Example 5.18. If 300 J of work is done in carrying a charge of 3 C from a place where the 
potential is �í10 V to another place where potential is V, calculate the value of V��

	 Solution.  	 VB���í��VA	 =	
W
Q

	 �+�H�U�H��VB = V  ;  VA��� ���í�����9������  W��� �����������-������  Q��� �������&

	 �?		  V���í�����í������	� 	����������  �R�U  V + 10 = 100
	 �?		  V	� 	���������í��������� ��90 volts
	 Example 5.19. �7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���D�W���D���S�R�L�Q�W���G�X�H���W�R���D���S�R�L�Q�W���F�K�D�U�J�H���L�V�������� �1���&���D�Q�G���W�K�H���H�O�H�F�W�U�L�F��
potential at that point is 15 J/C.  Calculate the distance of the point from the charge and magnitude 
of charge.
	 Solution. Suppose q���F�R�X�O�R�P�E���L�V���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���F�K�D�U�J�H���D�Q�G���L�W�V���G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H���S�R�L�Q�W���L�V��r 
�P�H�W�U�H�V��
	 �1�R�Z��	 E	 =	 ��

k q
r

��� ������������ 
k q

V
r

� ��� ������

	 �?		
E
V

	 =	
1
r

  or  r = 
����
����

V
E

�  = 0·5 m

	 �1�R�Z	 kq	� 	������r��� ���������î�����Â����� �����Â��

	 �?		  q	 =	 9

������ ������
9 10k

�
�

 = 0·83 × 10�í�� C

	 Example 5.20. Two point charges of +4 �—C and �í6 �—C are separated by a distance of 20 cm in 
air.  At what point on the line joining the two charges is the electric potential zero ?
	 Solution. �)�L�J���������������V�K�R�Z�V���W�K�H���F�R�Q�G�L�W�L�R�Q�V���R�I���W�K�H���S�U�R�E�O�H�P�����6�X�S�S�R�V�H��C���L�V���W�K�H���S�R�L�Q�W���R�I���]�H�U�R���S�R�W�H�Q�W�L�D�O������
Potential at point C is given by ;

			   V	 =	
6 6

� � � � � �

1 4 10 6 10
4 d d

� �� �� �
�
 	�� � �

	 or		  0	 =	
6

� � � � � �

10 4 6
4 d d

� � ��
 	�� � �

	 or		
� � � �

4 6
d d

� 	 =	0  or  d1 = ��

��
��

d 	 ��������i��

		  Also	 d1 + d��	� 	�������F�P	 ��������ii ��

	 �6�R�O�Y�L�Q�J���H�T�V������i�����D�Q�G����ii �������Z�H���J�H�W����d1��� �������F�P��������d����� ���������F�P��

	 �7�K�H�U�H�I�R�U�H�����W�K�H���S�R�L�Q�W���R�I���]�H�U�R���S�R�W�H�Q�W�L�D�O���O�L�H�V��8 cm from the charge of +4 �—C �R�U���D�W���������F�P���I�U�R�P���W�K�H��
�F�K�D�U�J�H���R�I���í�����—�&��	

Fig. 5.29
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Tutorial  Problems

	 1.	 A charge of ��4·5 �u 10��7 C is carried from a distant point upto a charged metal sphere.  What is the 
electrical potential of the body if the work done is 1·8 �u 10��3 joule ?	 [4 �u 103 V]

	 2.	 �e di�erence of potentials between two points in an electric �eld is 6 volts. How much work is required 
to move a charge of 300 �PC between these points ?	 [1·8 �u 10��3 joule]

	 3.	 A force of 0·032 N is required to move a charge of 42 �PC in an electric �eld between two points 25 cm 
apart.  What potential di�erence exists between the two points ?	 [1·9 �u 102 V]

	 4.	 What is the magnitude of an isolated positive charge to give an electric potential of 100V at 10 cm from 
the charge ?				    [1·11 �u 10��9 C]

	 5.	 A square ABCD has each side of 1m.  Four charges of +0·02 �PC, +0·04 �PC, +0·06 �PC and +0·02 �PC are 
placed at A, B, C and D respectively.  Find the potential at the centre of the square.	 [1000V]

	 6.	 A sphere of radius 0·1 m has a charge of 5 �u 10��8 C.  Determine the potential (i) at the surface of sphere, 
(ii ) inside the sphere and (iii ) at a distance of 1m from the surface of the sphere.  Assume air as the me-
dium.				    [( i) 4500 V (ii ) 4500 V (iii ) 409 V]

5.22.  Potential Gradient
	 The change of potential per unit distance is called potential gradient i.e.

		  	 Potential gradient	 =	 � � � �V V
S
�

where V�����í��V1���L�V���W�K�H���F�K�D�Q�J�H���L�Q���S�R�W�H�Q�W�L�D�O�����R�U���S���G�������E�H�W�Z�H�H�Q���W�Z�R���S�R�L�Q�W�V��S���P�H�W�U�H�V���D�S�D�U�W�������2�E�Y�L�R�X�V�O�\�����W�K�H��
�X�Q�L�W���R�I���S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W���Z�L�O�O���E�H���Y�R�O�W�V���P��

	 Consider a charge +Q and let there be two points A and B 
situated S���P�H�W�U�H�V���D�S�D�U�W���L�Q���L�W�V���H�O�H�F�W�U�L�F���¿�H�O�G���D�V���V�K�R�Z�Q���L�Q���)�L�J����������������
Clearly, potential at point A���L�V���P�R�U�H���W�K�D�Q���W�K�H���S�R�W�H�Q�W�L�D�O���D�W���S�R�L�Q�W��B�����,�I��
distance S���L�V���V�P�D�O�O�����W�K�H�Q���W�K�H���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���Z�L�O�O���E�H���D�S�S�U�R�[�L�P�D�W�H-
�O�\���W�K�H���V�D�P�H���L�Q���W�K�L�V���V�P�D�O�O���G�L�V�W�D�Q�F�H�������/�H�W���L�W���E�H��E���Q�H�Z�W�R�Q�V���F�R�X�O�R�P�E�����,�W��
�P�H�D�Q�V���W�K�D�W���D���I�R�U�F�H���R�I��E newtons will act on a unit positive charge  
��i.e. �������&�����S�O�D�F�H�G���D�Q�\�Z�K�H�U�H���E�H�W�Z�H�H�Q��A and B�����,�I���D���X�Q�L�W���S�R�V�L�W�L�Y�H��
�F�K�D�U�J�H���L�V���P�R�Y�H�G���I�U�R�P��B to A�����W�K�H�Q���Z�R�U�N���G�R�Q�H���W�R���G�R���V�R���L�V���J�L�Y�H�Q���E�\����
			   �:�R�U�N���G�R�Q�H	� 	E���î��S joules
	 �%�X�W���Z�R�U�N���G�R�Q�H���L�Q���E�U�L�Q�J�L�Q�J���D���X�Q�L�W���S�R�V�L�W�L�Y�H���F�K�D�U�J�H���I�U�R�P��B to A���L�V���W�K�H���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H����VA���í��VB����
between A and B��
	 �?		  E���î��S	 =	 VA���í��VB

or			   E	 =	 A BV V
S
�

 = Potential gradient

	 �,�Q���G�L�I�I�H�U�H�Q�W�L�D�O���I�R�U�P��	 E	 =	 –
*dV
dS

	 Hence electric intensity at a point is numerically equal to the potential gradient at that point.

	 S�L�Q�F�H�� �H�O�H�F�W�U�L�F�� �L�Q�W�H�Q�V�L�W�\�� �L�V�� �Q�X�P�H�U�L�F�D�O�O�\�� �H�T�X�D�O�� �W�R�� �S�R�W�H�Q�W�L�D�O�� �J�U�D�G�L�H�Q�W�� �D�W�� �D�Q�\�� �S�R�L�Q�W���� �E�R�W�K�� �P�X�V�W�� �E�H��
�P�H�D�V�X�U�H�G���L�Q���W�K�H���V�D�P�H���X�Q�L�W�V�������&�O�H�D�U�O�\�����H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���F�D�Q���D�O�V�R���E�H���P�H�D�V�X�U�H�G���L�Q���9���P�������)�R�U���H�[�D�P�S�O�H����
�Z�K�H�Q���Z�H���V�D�\���W�K�D�W���S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W���D�W���D���S�R�L�Q�W���L�V�������������9���P�����L�W���P�H�D�Q�V���W�K�D�W���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���D�W���W�K�D�W��
�S�R�L�Q�W���L�V���D�O�V�R���
�
�����������9���P���R�U�������������1���&��

Fig. 5.30

�
	 �6�L�Q�F�H���Z�R�U�N���G�R�Q�H���L�Q���P�R�Y�L�Q�J�������&���I�U�R�P��B to A���L�V���D�J�D�L�Q�V�W���H�O�H�F�W�U�L�F���¿�H�O�G�����D���Q�H�J�D�W�L�Y�H���V�L�J�Q���P�X�V�W���E�H���X�V�H�G���W�R���P�D�N�H��
�W�K�H�� �H�T�X�D�W�L�R�Q�� �W�H�F�K�Q�L�F�D�O�O�\�� �F�R�U�U�H�F�W��

�
�
	 �,�W�� �F�D�Q�� �E�H�� �V�K�R�Z�Q�� �W�K�D�W�� ���� �9���P�� � �� ���� �1���&��

			   ���� �9���P	 � 	
�M�R�X�O�H �F�R�X�O�R�P�E �Q�H�Z�W�R�Q �î �P�H�W�U�H

=
�P�H�W�U�H �P�H�W�U�H �î �F�R�X�O�R�P�E

�� � �� ���� �1���&
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5.23.  Breakdown Voltage or Dielectric Strength
	 �,�Q���D�Q���L�Q�V�X�O�D�W�R�U���R�U���G�L�H�O�H�F�W�U�L�F���� �W�K�H���Y�D�O�H�Q�F�H���H�O�H�F�W�U�R�Q�V���D�U�H���W�L�J�K�W�O�\�� �E�R�X�Q�G���V�R���W�K�D�W���Q�R���I�U�H�H���H�O�H�F�W�U�R�Q�V��
�D�U�H�� �D�Y�D�L�O�D�E�O�H�� �I�R�U�� �F�X�U�U�H�Q�W�� �F�R�Q�G�X�F�W�L�R�Q���� �+�R�Z�H�Y�H�U���� �Z�K�H�Q�� �Y�R�O�W�D�J�H�� �D�S�S�O�L�H�G�� �W�R�� �D�� �G�L�H�O�H�F�W�U�L�F�� �L�V�� �J�U�D�G�X�D�O�O�\��
�L�Q�F�U�H�D�V�H�G�����D���S�R�L�Q�W���L�V���U�H�D�F�K�H�G���Z�K�H�Q���W�K�H�V�H���H�O�H�F�W�U�R�Q�V���D�U�H���W�R�U�Q���D�Z�D�\�����D���O�D�U�J�H���F�X�U�U�H�Q�W�����P�X�F�K���O�D�U�J�H�U���W�K�D�Q��
�W�K�H���X�V�X�D�O���O�H�D�N�D�J�H���F�X�U�U�H�Q�W�����À�R�Z�V���W�K�U�R�X�J�K���W�K�H���G�L�H�O�H�F�W�U�L�F���D�Q�G���W�K�H���P�D�W�H�U�L�D�O���O�R�V�H�V���L�W�V���L�Q�V�X�O�D�W�L�Q�J���S�U�R�S�H�U�W�L�H�V������
�8�V�X�D�O�O�\�����D���
�V�S�D�U�N���R�U���D�U�F���R�F�F�X�U�V���Z�K�L�F�K���E�X�U�Q�V���X�S���W�K�H���P�D�W�H�U�L�D�O�����7�K�H���P�L�Q�L�P�X�P���Y�R�O�W�D�J�H���U�H�T�X�L�U�H�G���W�R���E�U�H�D�N��
�G�R�Z�Q���D���G�L�H�O�H�F�W�U�L�F���L�V���F�D�O�O�H�G���E�U�H�D�N�G�R�Z�Q���Y�R�O�W�D�J�H���R�U���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K��

	 The maximum voltage which a unit thickness of a dielectric can withstand without being 
punctured by a spark discharge is called ** dielectric strength of the material.

	 �7�K�H���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K�����R�U���E�U�H�D�N�G�R�Z�Q���Y�R�O�W�D�J�H�����L�V���J�H�Q�H�U�D�O�O�\���P�H�D�V�X�U�H�G���L�Q���N�9���F�P���R�U���N�9���P�P�������)�R�U��
�H�[�D�P�S�O�H�����D�L�U���K�D�V���D���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K���R�I�������N�9���F�P�������,�W���P�H�D�Q�V���W�K�D�W���P�D�[�L�P�X�P���S���G�����Z�K�L�F�K�������F�P���W�K�L�F�N�Q�H�V�V��
�R�I���D�L�U���F�D�Q���Z�L�W�K�V�W�D�Q�G���D�F�U�R�V�V���L�W���Z�L�W�K�R�X�W���E�U�H�D�N�L�Q�J���G�R�Z�Q���L�V�������N�9�������,�I���S���G�����H�[�F�H�H�G�V���W�K�L�V���Y�D�O�X�H�����W�K�H���E�U�H�D�N-
�G�R�Z�Q���R�I���D�L�U���L�Q�V�X�O�D�W�L�R�Q���Z�L�O�O���R�F�F�X�U�����D�O�O�R�Z�L�Q�J���D���O�D�U�J�H���F�X�U�U�H�Q�W���W�R���À�R�Z���W�K�U�R�X�J�K���L�W�������%�H�O�R�Z���L�V���J�L�Y�H�Q���W�K�H��
�W�D�E�O�H���V�K�R�Z�L�Q�J���G�L�H�O�H�F�W�U�L�F���F�R�Q�V�W�D�Q�W���D�Q�G���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K���R�I���V�R�P�H���F�R�P�P�R�Q���L�Q�V�X�O�D�W�R�U�V���R�U���G�L�H�O�H�F�W�U�L�F�V����	

S.No. Dielectric Dielectric

Constant (�0r)

Dielectric strength

(kV/cm)

1 Air 1 ����

�� �3�D�S�H�U�����R�L�O�H�G�� �� 400

�� �3�D�U�D�I�¿�Q ���Â���� ������

4 �0�L�F�D 6 ������

�� �*�O�D�V�V 8 1000

	 �7�K�H���I�R�O�O�R�Z�L�Q�J���S�R�L�Q�W�V���P�D�\���E�H���Q�R�W�H�G����
	 (i)	�7�K�H���Y�D�O�X�H���R�I���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K���R�I���D�Q���L�Q�V�X�O�D�W�R�U�����R�U���G�L�H�O�H�F�W�U�L�F�����G�H�S�H�Q�G�V���X�S�R�Q���W�H�P�S�H�U�D�W�X�U�H����

�P�R�L�V�W�X�U�H���F�R�Q�W�H�Q�W�����V�K�D�S�H��etc��
	 (ii )	�7�K�H���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\�����S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W���D�Q�G���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K���D�U�H���Q�X�P�H�U�L�F�D�O�O�\���H�T�X�D�O��i.e��
			   Electric intensity	=	 Potential gradient = Dielectric strength
	 (iii )	�7�K�H���E�U�H�D�N�G�R�Z�Q���R�I���V�R�O�L�G���L�Q�V�X�O�D�W�L�Q�J���P�D�W�H�U�L�D�O�����G�L�H�O�H�F�W�U�L�F�����X�V�X�D�O�O�\���U�H�Q�G�H�U�V���L�W���X�Q�¿�W���I�R�U���I�X�U�W�K�H�U��

�X�V�H�� �E�\�� �S�X�Q�F�W�X�U�L�Q�J���� �E�X�U�Q�L�Q�J���� �F�U�D�F�N�L�Q�J�� �R�U�� �R�W�K�H�U�Z�L�V�H�� �G�D�P�D�J�L�Q�J�� �L�W���� �*�D�V�H�R�X�V�� �D�Q�G�� �O�L�T�X�L�G��
�G�L�H�O�H�F�W�U�L�F�V���D�U�H���V�H�O�I���K�H�D�O�L�Q�J���D�Q�G���P�D�\���E�H���X�V�H�G���U�H�S�H�D�W�H�G�O�\���I�R�O�O�R�Z�L�Q�J���E�U�H�D�N�G�R�Z�Q��

	 (iv)	 �)�R�U�� �U�H�D�V�R�Q�V�� �R�I�� �V�D�I�H�W�\���� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �D�S�S�O�L�H�G�� �W�R�� �D�� �G�L�H�O�H�F�W�U�L�F�� �L�V�� �R�Q�O�\�� �������� �R�I�� �W�K�H�� �G�L�H�O�H�F�W�U�L�F��
strength of the dielectric material.

	 Note.���7�R���D�Y�R�L�G���H�O�H�F�W�U�L�F���E�U�H�D�N�G�R�Z�Q���R�I���G�L�H�O�H�F�W�U�L�F�����F�D�S�D�F�L�W�R�U�V���D�U�H���U�D�W�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H�L�U��working voltage, 
�P�H�D�Q�L�Q�J���W�K�H���P�D�[�L�P�X�P���V�D�I�H���Y�R�O�W�D�J�H���W�K�D�W���F�D�Q���E�H���D�S�S�O�L�H�G���W�R���W�K�H���F�D�S�D�F�L�W�R�U��

5.24.  Uses of Dielectrics
	 �7�K�H�� �L�Q�V�X�O�D�W�L�Q�J�� �P�D�W�H�U�L�D�O�V�� ���R�U�� �G�L�H�O�H�F�W�U�L�F�V���� �D�U�H�� �Z�L�G�H�O�\�� �X�V�H�G�� �W�R�� �S�U�R�Y�L�G�H�� �H�O�H�F�W�U�L�F�D�O�� �L�Q�V�X�O�D�W�L�R�Q�� �W�R��
�H�O�H�F�W�U�L�F�D�O���D�Q�G���H�O�H�F�W�U�R�Q�L�F�V���D�S�S�D�U�D�W�X�V�����7�K�H���F�K�R�L�F�H���R�I���D���G�L�H�O�H�F�W�U�L�F���I�R�U���D���S�D�U�W�L�F�X�O�D�U���V�L�W�X�D�W�L�R�Q���Z�L�O�O���G�H�S�H�Q�G��
�X�S�R�Q���V�H�U�Y�L�F�H���U�H�T�X�L�U�H�P�H�Q�W�V�����$���I�H�Z���F�D�V�H�V���D�U�H���J�L�Y�H�Q���E�H�O�R�Z���E�\���Z�D�\���R�I���L�O�O�X�V�W�U�D�W�L�R�Q����

	 (i)	�,�I�� �W�K�H���G�L�H�O�H�F�W�U�L�F���L�V���W�R���E�H���V�X�E�M�H�F�W�H�G���W�R���D���J�U�H�D�W���K�H�D�W���� �D�V���L�Q���V�R�O�G�H�U�L�Q�J���L�U�R�Q�V���R�U���W�R�D�V�W�H�U�V���� �P�L�F�D��
�V�K�R�X�O�G���E�H���X�V�H�G��

	 (ii )	�,�I���V�S�D�F�H�����À�H�[�L�E�L�O�L�W�\���D�Q�G���D���I�D�L�U���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K���D�U�H���W�K�H���G�H�F�L�G�L�Q�J���I�D�F�W�R�U�V�����D�V���L�Q���W�K�H���G�L�H�O�H�F�W�U�L�F��
�I�R�U���V�P�D�O�O���¿�[�H�G���F�D�S�D�F�L�W�R�U�V�����F�H�O�O�X�O�R�V�H���D�Q�G���D�Q�L�P�D�O���W�L�V�V�X�H���P�D�W�H�U�L�D�O�V���D�U�H���X�V�H�G��

�
	 �7�K�L�V�� �V�S�D�U�N�� �P�D�\�� �E�X�U�Q�� �D�� �S�D�W�K�� �W�K�U�R�X�J�K�� �V�X�F�K�� �G�L�H�O�H�F�W�U�L�F�V�� �D�V�� �S�D�S�H�U���� �F�O�R�W�K���� �Z�R�R�G�� �R�U�� �P�L�F�D���� �+�D�U�G�� �P�D�W�H�U�L�D�O�V�� �V�X�F�K�� �D�V��
�S�R�U�F�H�O�D�L�Q�� �R�U�� �J�O�D�V�V�� �Z�L�O�O�� �F�U�D�F�N�� �R�U�� �D�O�O�R�Z�� �D�� �V�P�D�O�O�� �S�D�W�K�� �W�R�� �E�H�� �P�H�O�W�H�G�� �W�K�U�R�X�J�K�� �W�K�H�P��	

�
�
	 �'�L�H�O�H�F�W�U�L�F�� �V�W�U�H�Q�J�W�K�� �V�K�R�X�O�G�� �Q�R�W�� �E�H�� �F�R�Q�I�X�V�H�G�� �Z�L�W�K�� �G�L�H�O�H�F�W�U�L�F�� �F�R�Q�V�W�D�Q�W�� ���U�H�O�D�W�L�Y�H�� �S�H�U�P�L�W�W�L�Y�L�W�\����
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	 (iii )	�,�I���D���K�L�J�K���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K���L�V���G�H�V�L�U�H�G�����D�V���L�Q���F�D�V�H���R�I���K�L�J�K���Y�R�O�W�D�J�H���W�U�D�Q�V�I�R�U�P�H�U�V�����J�O�D�V�V���D�Q�G��
�S�R�U�F�H�O�D�L�Q���V�K�R�X�O�G���E�H���X�V�H�G��

	 (iv)	�,�I���W�K�H���L�Q�V�X�O�D�W�L�R�Q���P�X�V�W���U�H�P�D�L�Q���O�L�T�X�L�G�����O�L�N�H���W�K�D�W���X�V�H�G���L�Q���O�D�U�J�H���V�Z�L�W�F�K�H�V���D�Q�G���F�L�U�F�X�L�W���E�U�H�D�N�H�U�V���W�R��
�T�X�H�Q�F�K���W�K�H���D�U�F���Z�K�H�Q���W�K�H���F�L�U�F�X�L�W���L�V���R�S�H�Q�H�G�����W�K�H�Q���Y�D�U�L�R�X�V���R�L�O�V���D�U�H���X�V�H�G��

	 Example 5.21. A parallel plate capacitor has plates 1 mm apart and a dielectric with relative 
permittivity of 3·39. Find (i) electric intensity and (ii) the voltage between plates if the surface 
charge density is 3 �î10�í4 C/m2.

	 Solution. (i)���7�K�H���V�X�U�I�D�F�H���F�K�D�U�J�H���G�H�Q�V�L�W�\���L�V���H�T�X�D�O���W�R���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\��D��

	 �1�R�Z��	 D	 �  	 � 00�0r E

	 �?		  Electric intensity, E	 =	
4

����
0

�� ����
���������� ���� ��������r

D �

�

�
�

� � � �
 = 107 V/m

	 (ii )		  �3���'�����E�H�W�Z�H�H�Q���S�O�D�W�H�V����V	 =	 E���î��dx = 10�����î���������î�������í������� ��104V

	 Example 5.22. �7�K�H�� �H�O�H�F�W�U�L�F�� �S�R�W�H�Q�W�L�D�O�� �G�L�I�I�H�U�H�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�D�U�D�O�O�H�O�� �G�H�À�H�F�W�L�R�Q�� �S�O�D�W�H�V�� �L�Q�� �D�Q��
oscilloscope is 300V. If the potential drops uniformly when going from one plate to the other and if 
�G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���L�V�����Â�������F�P�����Z�K�D�W���L�V���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���E�H�W�Z�H�H�Q���W�K�H�P���D�Q�G��
in which direction does it point?

	 Solution. �/�H�W���X�V���F�K�R�R�V�H���W�K�H���S�R�V�L�W�L�Y�H���G�L�U�H�F�W�L�R�Q���R�I���¨S���W�R���E�H���L�Q���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���L�Q�F�U�H�D�V�L�Q�J���S�R�W�H�Q�W�L�D�O��

	 �?		  E	 =	
V
S

�
�

�
	 �+�H�U�H	 �¨V	� 	�����������9����  �¨S � ���������Â�������F�P��� �����Â�������î�������í�����P

	 �?		  E	 =	
��

������
�������� �����

�
�

 = – 40,000 V/m

	 �7�K�H���Q�H�J�D�W�L�Y�H���Y�D�O�X�H���R�I��E tells us that E���L�V���G�L�U�H�F�W�H�G���R�S�S�R�V�L�W�H���W�R���¨S�������7�K�X�V��E���L�V���G�L�U�H�F�W�H�G���I�U�R�P���W�K�H��
�K�L�J�K�H�U���Y�R�O�W�D�J�H���S�O�D�W�H���W�R�Z�D�U�G�V���W�K�H���O�R�Z�H�U���Y�R�O�W�D�J�H���R�Q�H��

	 Example 5.23. �$���X�Q�L�I�R�U�P���H�O�H�F�W�U�L�F���¿�H�O�G���L�V���D�F�W�L�Q�J���I�U�R�P��
left to right.  If a + 2C charge moves from a to b, a distance 
�R�I�����P�����>�6�H�H���)�L�J�������������@�����¿�Q�G�����L�����H�O�H�F�W�U�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K���D�Q�G��
(ii) potential energy of charge at b w.r.t. a.  Given that p.d. 
between a and b is 50 volts.

	 Solution.  �5�H�I�H�U�U�L�Q�J���W�R���)�L�J�����������������Z�H���K�D�Y�H��

	 (i)	�(�O�H�F�W�U�L�F���L�Q�W�H�Q�V�W�L�W�\��� ��	�3�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W��� ������������

				    =	 12·5 V/m

	 (ii )	�3�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\���R�I���F�K�D�U�J�H����i.e.,�������&�����D�W��b �Z���U���W����a

				   � 	�:�R�U�N�� �S�H�U�� �X�Q�L�W�� �F�K�D�U�J�H�� �î��
Charge

				   � 	�9�R�O�W�D�J�H���E�H�W�Z�H�H�Q��a and b���î���&�K�D�U�J�H

				   � 	�������M�R�X�O�H�V���&���î�������&����� ��100 joules

	 Example 5.24. A sheet of glass 1·5 cm thick and of relative permittivty 7 is introduced between 
two parallel brass plates 2 cm apart. The remainder of the space between the plates is occupied 
�E�\���D�L�U�������,�I���D���S���G�����R�I�����������������9���L�V���D�S�S�O�L�H�G���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V�����F�D�O�F�X�O�D�W�H�����L�����H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���L�Q���D�L�U���¿�O�P��
between glass and plate and (ii) in the glass sheet.

	 Solution. �)�L�J���� ���������� �V�K�R�Z�V�� �W�K�H�� �D�U�U�D�Q�J�H�P�H�Q�W���� �/�H�W��V1 and V���� �E�H�� �W�K�H�� �S���G���� �D�F�U�R�V�V�� �D�L�U�� �D�Q�G�� �J�O�D�V�V��
respectively and E1 and E�����W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�L�H�V��

	 �1�R�Z��	 V1	 =	 E1x1 = E1���î�������Â�����î�������í����

Fig. 5.31
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	 and		  V��	 =	 E��x�� = E�����î�������Â�����î�������í����

	 �1�R�Z	 V	 =	 V1 + V��

	 �R�U		  ������������	� 	�����Â����E1���������Â����E��������
�í��

	 or		  E1��������E��	� 	�����î������
6	 ��������i��

	 �1�R�Z���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\��D����� ���00���0r E�����L�V���W�K�H���V�D�P�H���L�Q���W�K�H���W�Z�R���P�H�G�L�D���E�H�F�D�X�V�H���L�W���L�V���L�Q�G�H�S�H�Q�G�H�Q�W��
�R�I���W�K�H���V�X�U�U�R�X�Q�G�L�Q�J���P�H�G�L�X�P��

	 �?		    � 00���0r�� E1	 �  	 � 00���0r�� E��

	 or		  E1	 �  	 � �� �E��	 ��������ii ��

	 �)�U�R�P���H�[�S�V������i�����D�Q�G����ii �������Z�H���J�H�W��

	 (i)		  Electric intensity in air	 =	 1·4 �î 106 V/m

	 (ii )		 Electric intensity in glass	 =	 0·2 �î 106 V/m

		  Fig. 5.32	 Fig. 5.33

	 Example 5.25. A capacitor has two dielectrics 1 mm and 2 mm thick. The relative permittivities 
of these dielectrics are 3 and 6 respectively. Calculate the potential gradient along the dielectrics if 
a p.d. of 1000 V is applied between the plates.

	 Solution. �)�L�J���� ���������� �V�K�R�Z�V�� �W�K�H�� �D�U�U�D�Q�J�H�P�H�Q�W���� �)�L�Q�G�L�Q�J�� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �J�U�D�G�L�H�Q�W�� �P�H�D�Q�V�� �W�R�� �¿�Q�G�� �W�K�H��
�H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\�����R�U���H�O�H�F�W�U�L�F���V�W�U�H�V�V����

			   V1	 =	 E1 x1 = E1���î���������î������
�í����

			   V��	 =	 E�� x�� = E�����î���������î������
�í����

	 �1�R�Z	 V	 =	 V1 + V��

	 �R�U		  ��������	� 	��E1��������E����������
�í��

	 or		  E1��������E��	 =	 106	 ��������i��

	 �6�L�Q�F�H���À�X�[���G�H�Q�V�L�W�\��D����� ���00���0r E�����L�V���W�K�H���V�D�P�H���L�Q���W�K�H���W�Z�R���P�H�G�L�D��

	 �?		    � 00���0r1 E1	 �  	 � 00���0r�� E��

	 �R�U		  ����E1	 =	 6 E��	 ��������ii ��

	 �)�U�R�P���H�[�S�V������i�����D�Q�G����ii �������Z�H���J�H�W����E1 = 0·5 �î 106 V/m  ;  E�� = 0·25 �î 106 V/m

	 Example 5.26. Two series connected parallel plate capacitors have plate areas of 0·2 m2 and 
0·04 m2, plate separation of 0·5 mm and 0·125 mm and relative permittivities of 1 and 6 respectively.  
Calculate the total voltage across the capacitors that will produce a potential gradient of 100 kV/cm 
�E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���R�I���¿�U�V�W���F�D�S�D�F�L�W�R�U��
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	 Solution. �:�H���V�K�D�O�O���X�V�H���V�X�I�¿�[�������I�R�U���W�K�H���¿�U�V�W���F�D�S�D�F�L�W�R�U���D�Q�G���V�X�I�¿�[�������I�R�U���W�K�H���V�H�F�R�Q�G���F�D�S�D�F�L�W�R�U����
�6�X�S�S�R�V�H���I�R�U���D���S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W���R�I�����������N�9���F�P���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���R�I���¿�U�V�W���F�D�S�D�F�L�W�R�U�����W�K�H���Y�R�O�W�D�J�H�V��
�D�F�U�R�V�V���¿�U�V�W���D�Q�G���V�H�F�R�Q�G���F�D�S�D�F�L�W�R�U�V���D�U�H��V1 and V�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H�Q��
	 �7�R�W�D�O���Y�R�O�W�D�J�H��V across capacitors is
			   V	 =	 V1 + V��

	 �)�R�U���W�K�H���¿�U�V�W���F�D�S�D�F�L�W�R�U	 E1	� 	���������N�9���F�P��� �����������î�����������î�������� = 10�����9���P
	 �?		  V1	 =	 E1d1��� ��������

�������î�������Â�����î�������í������� �������î�����������9��� �����N�9
			   D1	 �  	 � 00���0r1E1��� ���00���î������

��	 � ��l �����0r1��� ������
			   Q1	 =	 A1D1��� �������Â�������î���00���î������

�� C
	 For the second capacitor. �6�L�Q�F�H���W�K�H���F�D�S�D�F�L�W�R�U�V���D�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V�����W�K�H���F�K�D�U�J�H���R�Q���W�K�H�P���L�V��
�W�K�H���V�D�P�H��i.e.
			   Q1	 =	 Q����� �����Â�����î���00���î������

�� C

	 �?		  D��	 =	
��

0��

��

������ ����
��������

Q
A

� � �
� ��� �����Â�����î������8���î���00���&���P��

	 �?		  E��	 =	
8 8

0��

� � � � � �

������ ���� 10
� 9 � P

�� ����r

D � � �
� �

� � � �
	 � ��l ���0r����� ������

	 �?		  V��	 =	 E��d�� =	
8

��10
������������ ���� ��

����
�� ��� �����Â�������î�����������9��� �����Â�������N�9

	 �?	 �7�R�W�D�O���Y�R�O�W�D�J�H���D�F�U�R�V�V���W�K�H���F�D�S�D�F�L�W�R�U�V���L�V

			   V	 =	 V1 + V����� �������������Â������� ��6·04 kV
	 Example 5.27. A parallel plate capacitor consists of two square metal plates 500 mm on a side  
�V�H�S�D�U�D�W�H�G���E�\���������P�P�����$���V�O�D�E���R�I���7�H�À�R�Q�����Hr = 2) 6 mm thick is placed on the lower plate leaving an 
�D�L�U���J�D�S�������P�P���W�K�L�F�N���E�H�W�Z�H�H�Q���L�W���D�Q�G���W�K�H���X�S�S�H�U���S�O�D�W�H�����,�I���������9���L�V���D�S�S�O�L�H�G���D�F�U�R�V�V���W�K�H���F�D�S�D�F�L�W�R�U�����¿�Q�G���W�K�H��
�H�O�H�F�W�U�L�F���¿�H�O�G���(a���L�Q���W�K�H���D�L�U�����H�O�H�F�W�U�L�F���¿�H�O�G���(t���L�Q���7�H�À�R�Q�������À�X�[���G�H�Q�V�L�W�\���'a���L�Q���D�L�U�����À�X�[���G�H�Q�V�L�W�\���'t���L�Q���7�H�À�R�Q��
and potential difference Vt���D�F�U�R�V�V���7�H�À�R�Q���V�O�D�E��

	 Solution. �(�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\����D�����L�Q���W�K�H���W�Z�R���P�H�G�L�D���L�V���W�K�H���V�D�P�H�����+�R�Z�H�Y�H�U�����H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q-
�V�L�W�\����E�����L�V���L�Q�Y�H�U�V�H�O�\���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\�����Hr�����R�I���W�K�H���P�H�G�L�X�P�����,�I��Ea is the electric 
intensity in air, then electric intensit�\���L�Q���7�H�À�R�Q���L�V��Et = Ea���������l ���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���7�H�À�R�Q��� ��������

	 �7�K�L�F�N�Q�H�V�V���R�I���D�L�U����ta��� �������P�P�������������7�K�L�F�N�Q�H�V�V���R�I���7�H�À�R�Q����tt��� �������P�P��

		 �9�R�O�W�D�J�H���E�H�W�Z�H�H�Q���W�Z�R���S�O�D�W�H�V����V	=	 Eata + Ettt

	 or	 100	 =	 4 6
��

a
a

E
E � � � 	

��
a

t

E
E� ��
 	� �

�

	 �?	 Ea	 =	
100
��

���Y�R�O�W�V���P�P��� ��14.286 kV/m

		  �(�O�H�F�W�U�L�F���¿�H�O�G���L�Q���7�H�À�R�Q����Et	 =	
������������

��
 = 7.143 kV/m

	 �$�V���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\���L�V���W�K�H���V�D�P�H���L�Q���W�K�H���W�Z�R���P�H�G�L�D��

	 �?	 Da	 =	 Dt = �H0�HrEa��� ���������������î������
�±�������î�������î�����������������î����������

			   =	 1.265 × 10–7 C/m2

	 �3���'�����D�F�U�R�V�V���7�H�À�R�Q���V�O�D�E����Vt = Et���î��tt��� ���������������î�������������î�������î������
�±�� = 42.86 V

Tutorial Problems

	 1.	 �$�Q���H�O�H�F�W�U�R�Q�����F�K�D�U�J�H��� �����Â�����î�������í�������&�����P�D�V�V��� �����Â�����î�������í�������N�J�����L�V���U�H�O�H�D�V�H�G���L�Q���D���Y�D�F�X�X�P���E�H�W�Z�H�H�Q���W�Z�R���À�D�W����
�S�D�U�D�O�O�H�O���P�H�W�D�O���S�O�D�W�H�V���W�K�D�W���D�U�H�������F�P���D�S�D�U�W���D�Q�G���D�U�H���P�D�L�Q�W�D�L�Q�H�G���D�W���D���F�R�Q�V�W�D�Q�W���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H���R�I��
�������9�������,�I���W�K�H���H�O�H�F�W�U�R�Q���L�V���U�H�O�H�D�V�H�G���D�W���W�K�H���Q�H�J�D�W�L�Y�H���S�O�D�W�H�����Z�K�D�W���L�V���W�K�H���V�S�H�H�G���M�X�V�W���E�H�I�R�U�H���L�W���V�W�U�L�N�H�V���W�K�H���S�R�V�L�W�L�Y�H��
�S�O�D�W�H���"				    �>1·6 �î 107 ms�í1�@
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	 2.	 �7�R���P�R�Y�H���D���F�K�D�U�J�H�G���S�D�U�W�L�F�O�H���W�K�U�R�X�J�K���D�Q���H�O�H�F�W�U�L�F���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H���R�I�������í���9���U�H�T�X�L�U�H�V�������î�������í�����-���R�I���Z�R�U�N������
�:�K�D�W���L�V���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���F�K�D�U�J�H���"		  �>2 �î 10�í3 C�@

	 3.	 �$���S�U�R�W�R�Q���R�I���P�D�V�V�����Â�������î�������í�������N�J���D�Q�G���F�K�D�U�J�H��� �����Â�����î�������í�������&���L�V���D�F�F�H�O�H�U�D�W�H�G���I�U�R�P���U�H�V�W���W�K�U�R�X�J�K���D�Q���H�O�H�F�W�U�L�F��
�S�R�W�H�Q�W�L�D�O���R�I�����������N�9�������:�K�D�W���L�V���L�W�V���¿�Q�D�O���V�S�H�H�G���"	 �>8·8 �î 106 ms�í1]

5.25.  Refraction of Electric Flux
	 �:�K�H�Q�� �H�O�H�F�W�U�L�F�� �À�X�[�� �S�D�V�V�H�V�� �I�U�R�P�� �R�Q�H�� �X�Q�L�I�R�U�P�� �G�L�H�O�H�F�W�U�L�F��
�P�H�G�L�X�P���W�R���D�Q�R�W�K�H�U���R�I���G�L�I�I�H�U�H�Q�W���S�H�U�P�L�W�W�L�Y�L�W�L�H�V�����W�K�H���H�O�H�F�W�U�L�F���À�X�[��
�J�H�W�V�� �U�H�I�U�D�F�W�H�G�� �D�W�� �W�K�H�� �E�R�X�Q�G�D�U�\�� �R�I�� �W�K�H�� �W�Z�R�� �G�L�H�O�H�F�W�U�L�F�� �P�H�G�L�D����
�8�Q�G�H�U���W�K�L�V���F�R�Q�G�L�W�L�R�Q�����W�K�H���I�R�O�O�R�Z�L�Q�J���W�Z�R���F�R�Q�G�L�W�L�R�Q�V���H�[�L�V�W���D�W���W�K�H��
�E�R�X�Q�G�D�U�\�����F�D�O�O�H�G��boundary conditions������

	 (i)	�7�K�H�� �Q�R�U�P�D�O�� �F�R�P�S�R�Q�H�Q�W�V�� �R�I�� �H�O�H�F�W�U�L�F�� �À�X�[�� �G�H�Q�V�L�W�\�� �D�U�H��
equal i.e.

			   D1n	=	 ��nD

	 (ii )	�7�K�H���W�D�Q�J�H�Q�W�L�D�O���F�R�P�S�R�Q�H�Q�W�V���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�L�H�V��
are equal i.e.

			   E1t	=	 E��t

	 �)�L�J���������������V�K�R�Z�V���W�K�H���U�H�I�U�D�F�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���À�X�[���D�W���W�K�H���E�R�X�Q�G�D�U�\��
BB���R�I���W�Z�R���G�L�H�O�H�F�W�U�L�F���P�H�G�L�D���R�I���S�H�U�P�L�W�W�L�Y�L�W�L�H�V���H1 and �H�������$�V���V�K�R�Z�Q�����W�K�H���H�O�H�F�W�U�L�F���À�X�[���L�Q���W�K�H���¿�U�V�W���P�H-
�G�L�X�P�����H1�����D�S�S�U�R�D�F�K�H�V���W�K�H���E�R�X�Q�G�D�U�\��BB at an angle �T1 and leaves it at �T������D1n and D��n���D�U�H���W�K�H���Q�R�U�P�D�O��
�F�R�P�S�R�Q�H�Q�W�V���R�I��D1 and D�� while E1t and E��t���D�U�H���W�K�H���W�D�Q�J�H�Q�W�L�D�O���F�R�P�S�R�Q�H�Q�W�V���R�I��E1 and E�������5�H�I�H�U�U�L�Q�J���W�R�� 
�)�L�J��������������

			   D1n	 =	 D1 cos �T1 and D��n = D��cos �T��

	 Also	 E1	 =	 D1���H1 and E1t = D1sin�T1���H1

	 �6�L�P�L�O�D�U�O�\��	 E��	 =	 D�����H�� and E��t = D��sin �T�����H��

	 �?		  1

1

n

t

D
E

	 =	 1

1tan
�

�
 and ��

��

n

t

D
E

 = ��

��tan
�

�
	 Since D1n = D��n and E1t = E��t ,

	 �?		  1

��

tan
tan

�
�

	 =	 1

��

�
�

	 ����������i��

	 �(�T������i�����J�L�Y�H�V���W�K�H���O�D�Z���R�I���U�H�I�U�D�F�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���À�X�[���D�W���W�K�H���E�R�X�Q�G�D�U�\���R�I���W�Z�R���G�L�H�O�H�F�W�U�L�F���P�H�G�L�D���Z�K�R�V�H��
�S�H�U�P�L�W�W�L�Y�L�W�L�H�V���D�U�H���G�L�I�I�H�U�H�Q�W��

	 �,�W���L�V���F�O�H�D�U���W�K�D�W���L�I���H�� > �H1, then �T�� > �T1��

	 Note.���:�K�H�Q���H�O�H�F�W�U�L�F���À�X�[���S�D�V�V�H�V���I�U�R�P���R�Q�H���R�I���W�K�H���F�R�P�P�R�Q�O�\���X�V�H�G���G�L�H�O�H�F�W�U�L�F�V�����H �E�H�L�Q�J�������W�R���������L�Q�W�R���D�Q�R�W�K�H�U��
�R�U���D�L�U�����W�K�H�U�H���L�V���K�D�U�G�O�\���D�Q�\���U�H�I�U�D�F�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���À�X�[��

	 Example 5.28. �$�Q���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q���D���P�H�G�L�X�P���Z�L�W�K���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\�������S�D�V�V�H�V���L�Q�W�R���D���P�H�G�L�X�P��
�R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���������,�I���(���P�D�N�H�V���D�Q���D�Q�J�O�H���R�I�������ƒ���Z�L�W�K���W�K�H���Q�R�U�P�D�O���W�R���W�K�H���E�R�X�Q�G�D�U�\���L�Q���W�K�H���¿�U�V�W��
�G�L�H�O�H�F�W�U�L�F�����Z�K�D�W���D�Q�J�O�H���G�R�H�V���W�K�H���¿�H�O�G���P�D�N�H���Z�L�W�K���W�K�H���Q�R�U�P�D�O���L�Q���W�K�H���V�H�F�R�Q�G���G�L�H�O�H�F�W�U�L�F���"

	 Solution.���$�V���S�U�R�Y�H�G���L�Q���$�U�W������������

			   1

��

tan
tan

�
�

	 =	 1

��

�
�

	 �+�H�U�H���T1 � �������ƒ �� �H1��� ���� �� �H����� ���� �� �T����� ���"

	 �?		
��

tan60
tan

�
�

	 =	
��
��

  or  tan �T�� = 
��

��
��

� ��� ������������

	 �?		  �T��	 =	 tan–1 ������������� ��26.33°

Fig. 5.34
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5.26. 	 Equipotential Surface
	 Any surface over which the potential is constant is called an equipotential surface.
	 �,�Q�� �R�W�K�H�U�� �Z�R�U�G�V���� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �G�L�I�I�H�U�H�Q�F�H�� �E�H�W�Z�H�H�Q�� �D�Q�\��
�W�Z�R���S�R�L�Q�W�V���R�Q���D�Q���H�T�X�L�S�R�W�H�Q�W�L�D�O���V�X�U�I�D�F�H���L�V���]�H�U�R�������)�R�U���H�[�D�P�S�O�H����
consider two points A and B on an equipotential surface as 
�V�K�R�Z�Q���L�Q���)�L�J��������������
			   VB – VA	 =	 0  �? VB = VA

	 �7�K�H���W�Z�R���L�P�S�R�U�W�D�Q�W���S�U�R�S�H�U�W�L�H�V���R�I���H�T�X�L�S�R�W�H�Q�W�L�D�O���V�X�U�I�D�F�H�V��
�D�U�H����
	 (a)	Work done in moving a charge over an equipoten-

tial surface is zero.

			   �:�R�U�N���G�R�Q�H	� 	�&�K�D�U�J�H���î���3���'��
		 �6�L�Q�F�H���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H�����3���'�������R�Y�H�U���D�Q���H�T�X�L�S�R�W�H�Q�W�L�D�O���V�X�U�I�D�F�H���L�V���]�H�U�R�����Z�R�U�N���G�R�Q�H���L�V���]�H�U�R��

	 (b)	 �7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G����or electric lines of force����are *perpendicular to an equipotential surface.

	 Some cases of Equipotential surfaces. �7�K�H���I�D�F�W���W�K�D�W���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���O�L�Q�H�V���D�Q�G���H�T�X�L�S�R�W�H�Q�W�L�D�O��
�V�X�U�I�D�F�H�V���D�U�H���P�X�W�X�D�O�O�\���S�H�U�S�H�Q�G�L�F�X�O�D�U���K�H�O�S�V���X�V���W�R���O�R�F�D�W�H���W�K�H���H�T�X�L�S�R�W�H�Q�W�L�D�O���V�X�U�I�D�F�H�V���Z�K�H�Q���W�K�H���H�O�H�F�W�U�L�F��
�¿�H�O�G���O�L�Q�H�V���D�U�H���N�Q�R�Z�Q��
	 ��i��	Isolated point charge. �7�K�H���S�R�W�H�Q�W�L�D�O���D�W���D���S�R�L�Q�W��P at a distance r �I�U�R�P���D���S�R�L�Q�W���F�K�D�U�J�H����q is 

given  by ;
			   VP	 =	

q
k

r
  where  k = 

0

1
4��

	 �,�W���L�V���F�O�H�D�U���W�K�D�W���S�R�W�H�Q�W�L�D�O���D�W���Y�D�U�L�R�X�V���S�R�L�Q�W�V���H�T�X�L�G�L�V�W�D�Q�W���I�U�R�P���W�K�H���S�R�L�Q�W���F�K�D�U�J�H���L�V���W�K�H���V�D�P�H�����+�H�Q�F�H����
in case of an isolated point charge, the spheres concentric with the charge will be the equipotential 
�V�X�U�I�D�F�H�V���D�V���V�K�R�Z�Q���L�Q���)�L�J���������������� �1�R�W�H���W�K�D�W���L�Q���G�U�D�Z�L�Q�J���W�K�H���H�T�X�L�S�R�W�H�Q�W�L�D�O���V�X�U�I�D�F�H�V�����W�K�H���S�R�W�H�Q�W�L�D�O���G�L�I-
�I�H�U�H�Q�F�H���L�V���N�H�S�W���W�K�H���V�D�P�H����i.e., �������9���L�Q���W�K�L�V���F�D�V�H�����,�W���P�D�\���E�H���V�H�H�Q���W�K�D�W���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���F�K�D�U�J�H���D�Q�G��
equipotential surface I �L�V���V�P�D�O�O���V�R���W�K�D�W��E����� ��dV��dr��� ��������dr�����L�V���K�L�J�K�����+�R�Z�H�Y�H�U�����W�K�H���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q��
charge and equipotential surfaces II and III is large so that E����� ��dV��dr��� ��������dr�����L�V���V�P�D�O�O�����,�W���I�R�O�O�R�Z�V����
�W�K�H�U�H�I�R�U�H�����W�K�D�W���H�T�X�L�S�R�W�H�Q�W�L�D�O���V�X�U�I�D�F�H�V���Q�H�D�U���W�K�H���F�K�D�U�J�H���D�U�H���F�U�R�Z�G�H�G����i.e., �P�R�U�H��E�����D�Q�G���E�H�F�R�P�H���Z�L�G�H�O�\��
�V�S�D�F�H�G���D�V���Z�H���P�R�Y�H���D�Z�D�\���I�U�R�P���W�K�H���F�K�D�U�J�H��

		  Fig. 5.36	 Fig. 5.37

Fig. 5.35

�
	 �,�I�� �W�K�L�V�� �Z�H�U�H�� �Q�R�W�� �V�R�� �W�K�D�W�� �L�V�� �L�I�� �W�K�H�U�H�� �Z�H�U�H�� �D�� �F�R�P�S�R�Q�H�Q�W�� �R�I��E
�

�� �S�D�U�D�O�O�H�O�� �W�R�� �W�K�H�� �V�X�U�I�D�F�H�� �²�� �L�W�� �Z�R�X�O�G�� �U�H�T�X�L�U�H�� �Z�R�U�N��

�W�R�� �P�R�Y�H�� �W�K�H�� �F�K�D�U�J�H�� �D�O�R�Q�J�� �W�K�H�� �V�X�U�I�D�F�H�� �D�J�D�L�Q�V�W�� �W�K�L�V�� �F�R�P�S�R�Q�H�Q�W�� �R�I��E
�

; and this would contradict that it is an 
�H�T�X�L�S�R�W�H�Q�W�L�D�O�� �V�X�U�I�D�F�H��



Electrostatics	 291	

	 (ii ��	 �8�Q�L�I�R�U�P�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�����,�Q�� �F�D�V�H�� �R�I�� �X�Q�L�I�R�U�P�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� ��e.g������ �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �E�H�W�Z�H�H�Q�� �W�K�H��
�S�O�D�W�H�V���R�I���D���F�K�D�U�J�H�G���S�D�U�D�O�O�H�O���S�O�D�W�H���F�D�S�D�F�L�W�R�U�������W�K�H���¿�H�O�G���O�L�Q�H�V���D�U�H���V�W�U�D�L�J�K�W���D�Q�G���H�T�X�D�O�O�\���V�S�D�F�H�G�����7�K�H�U�H�I�R�U�H����
equipotentia�O���V�X�U�I�D�F�H�V���Z�L�O�O���E�H���S�D�U�D�O�O�H�O���S�O�D�Q�H�V���D�W���U�L�J�K�W���D�Q�J�O�H�V���W�R���W�K�H���¿�H�O�G���O�L�Q�H�V���D�V���V�K�R�Z�Q���L�Q���)�L�J��������������

5.27.  Motion of a Charged Particle in Uniform Electric Field
	 Consider that a charged particle of 
charge +q�� �D�Q�G�� �P�D�V�V��m enters at right 
�D�Q�J�O�H�V�� �W�R�� �D�� �X�Q�L�I�R�U�P�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �R�I��
strength E with velocity v along OX���D�[�L�V��
�D�V���V�K�R�Z�Q���L�Q���)�L�J�����������������7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�V��
along OY���D�[�L�V���D�Q�G���D�F�W�V���R�Y�H�U���D���K�R�U�L�]�R�Q�W�D�O��
distance x��
	 �6�L�Q�F�H�� �W�K�H�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �L�V�� �D�O�R�Q�J��
OY���D�[�L�V���� �Q�R�� �K�R�U�L�]�R�Q�W�D�O�� �I�R�U�F�H�� �D�F�W�V�� �R�Q��
�W�K�H�� �F�K�D�U�J�H�G�� �S�D�U�W�L�F�O�H�� �H�Q�W�H�U�L�Q�J�� �W�K�H�� �¿�H�O�G����
�7�K�H�U�H�I�R�U�H���� �W�K�H�� �K�R�U�L�]�R�Q�W�D�O�� �Y�H�O�R�F�L�W�\��v of 
�W�K�H�� �F�K�D�U�J�H�G�� �S�D�U�W�L�F�O�H�� �U�H�P�D�L�Q�V�� �W�K�H�� �V�D�P�H��
�W�K�U�R�X�J�K�R�X�W���W�K�H���M�R�X�U�Q�H�\�����7�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���D�F�F�H�O�H�U�D�W�H�V���W�K�H���F�K�D�U�J�H�G���S�D�U�W�L�F�O�H���D�O�R�Q�J���2�<���D�[is only��

	 �)�R�U�F�H���R�Q���W�K�H���F�K�D�U�J�H�G���S�D�Uticle, F = qE	 ���������D�O�R�Q�J��OY

	 Acceleration of the charged particle, a = 
qE
m

	 �������D�O�R�Q�J��OY

	 �7�L�P�H���W�D�N�H�Q���W�R���W�U�D�Y�H�U�V�H���W�K�H���¿�H�O�G����t = 
x
v

	 �,�I��y���L�V���W�K�H���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���F�K�D�U�J�H�G���S�D�U�W�L�F�O�H���D�O�R�Q�J��OY���G�L�U�H�F�W�L�R�Q���L�Q���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���G�X�U�L�Q�J��
the �W�L�P�H��t, then,
			   y	 =	 ��1

�
������
��

t at�

	 or		  y	 =	
��

��1 1
� � � �

qE x
at

m v
� �� �� � � � �
� � � �

	 or		  y	 =	 ��
����

qE
x

mv

	 or		  y	 =	 k x��	 �� Constant
��
qE

k
mv

� �� �� �
� �
�

	 �7�K�L�V���L�V���W�K�H���H�T�X�D�W�L�R�Q���R�I���D���S�D�U�D�E�R�O�D�����7�K�H�U�H�I�R�U�H�����L�Q�V�L�G�H���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G�����W�K�H���F�K�D�U�J�H�G���S�D�U�W�L�F�O�H���I�R�O-
lows a parabolic path OA�����$�V���W�K�H���F�K�D�U�J�H�G���S�D�U�W�L�F�O�H���O�H�D�Y�H�V���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���D�W��A, it follows a straight 
line path AB tangent to path OA at A��
	 Note.���:�K�H�Q���D�Q���H�O�H�F�W�U�R�Q�����R�U���D���F�K�D�U�J�H�G���S�D�U�W�L�F�O�H�����D�W���U�H�V�W���L�V���D�F�F�H�O�H�U�D�W�H�G���W�K�U�R�X�J�K���D���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H�����3���'������
�R�I���9���Y�R�O�W�V�����W�K�H�Q��

	 �(�Q�H�U�J�\���L�P�S�D�U�W�H�G���W�R���H�O�H�Ftron = Char�J�H���î���3���'����� ��e���î��V

	      �.���(�����J�D�L�Q�H�G���E�\���H�O�H�F�W�U�R�Q��� ����1
��

mv

	 �?		  ��1
��

mv 	=	eV  or  v = 
��eV
m

	 �+�H�U�H��e is the charge on electron and m���L�V���W�K�H���P�D�V�V���R�I���H�O�H�F�W�U�R�Q�����7�K�H���Y�H�O�R�F�L�W�\���D�F�T�X�L�U�H�G���E�\���W�K�H���H�O�H�F�W�U�R�Q���L�V��v��

Fig. 5.38

�
	 �$�W�� �W�K�H�� �W�L�P�H�� �W�K�H�� �F�K�D�U�J�H�G�� �S�D�U�W�L�F�O�H�� �H�Q�W�H�U�V�� �W�K�H�� �H�O�H�F�W�U�L�F�� �¿�H�O�G���� �L�W�V�� �Y�H�O�R�F�L�W�\�� �D�O�R�Q�J��OY���D�[�L�V�� �L�V�� �]�H�U�R��
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	 Example 5.29. An electron moving with a velocity of 107 ms–1 enters mid-way between two 
horizontal plates P, Q in a direction parallel to the plates as shown in Fig. 5.39. The length of the 
plates is 5 cm and their separation is 2 cm. If a p.d. of 90 V is applied between the plates, calculate 
�W�K�H���W�U�D�Q�V�Y�H�U�V�H���G�H�À�H�F�W�L�R�Q���S�U�R�G�X�F�H�G���E�\���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���Z�K�H�Q���W�K�H���H�O�H�F�W�U�R�Q���M�X�V�W���S�D�V�V�H�V���W�K�H���¿�H�O�G�����$�V�V�X�P�H��
e/m = 1.8 × 1011 C kg–1.
	 Solution.���)�L�J������������ shows the conditions���R�I���W�K�H���S�U�R�E�O�H�P��

			   �(�O�H�F�W�U�L�F���¿�H�O�G����E	 =	 ��

90
�� ����

V
d ��

�
��� ���������î�����������9�P–1

	 Downward force on the electron = eE

	 Downward acceleration of the electron is

			   a	 =	
eE
m

��� �������������î������11�����î�����������î������������� ���������î�������������P�V�±��

	 �7�L�P�H���W�D�N�H�Q���W�R���F�U�R�V�V���W�K�H���¿�H�O�G����t = 
��

��

�� ����
10

x
v

��
� ��� �������î������–9 s

Fig. 5.39

	 �?  �7�U�D�Q�V�Y�H�U�V�H���G�H�À�H�F�W�L�R�Q����y = ��1 1
� � � �

at � ���������î���������������î���������î������–9������� �������������P��� ��1cm

	 Example 5.30. A potential gradient of 3 × 106 V/m is maintained between two horizontal  
�S�D�U�D�O�O�H�O���S�O�D�W�H�V�������F�P���D�S�D�U�W�����$�Q���H�O�H�F�W�U�R�Q���V�W�D�U�W�V���I�U�R�P���U�H�V�W���D�W���W�K�H���Q�H�J�D�W�L�Y�H���S�O�D�W�H�����W�U�D�Y�H�O�V���X�Q�G�H�U���W�K�H���L�Q�À�X-
ence of potential gradient to the positive plate. Given the mass of electron = 9.1 × 10–31 kg and the 
charge on electron = 1.603 × 10–19 C. Calculate (i) the force acting on the electron (ii) the ratio 
of electric force to gravitational force (iii) acceleration (iv) time taken to reach the positive plate.

	 Solution. E��� �������î������6���9���P����������e��� ���������������î������–19 C  ;  m��� �����������î�������±�������N�J����������S��� �������î�������±�����P

	 (i)	�)�R�U�F�H���R�Q���H�O�H�F�W�U�R�Q����F = eE��� ���������������î������–19���î�������î������6 = 4.81 × 10–13 N

	 (ii )	Ratio of electric force to gravitational force

			   =
F

mg
	=	

����

����

�������� ����
������ ���� ��������

�

�

�
� �

 = 5.39 × 1016

		 �1�R�W�H���W�K�D�W���H�O�H�F�W�U�L�F���I�R�U�F�H���L�V���Y�H�U�\���O�D�U�J�H���F�R�P�S�D�U�H�G���W�R���W�K�H���J�U�D�Y�L�W�D�W�L�R�Q�D�O���I�R�U�F�H��

	 (iii )	Acceleration of electron, a = 
����

����

�������� ����
������ ����

F
m

�

�

�
�

�
 = 51.66 × 1016 m/s2

	 (iv)	Distance travelled, S = ��1
��

at

	 �?	    �7�L�P�H���W�D�N�H�Q���W�R���U�H�D�F�K������ve plate, t = 
��S
a

 = 
��

16

�� �� ����
���������� ����

�� �
�

 = 1.968 × 10–10 s
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	 Example 5.31. An electron of charge 1.6 × 10–19 C can move freely for a distance of 2 cm in 
�D���¿�H�O�G���R�I�������������9���F�P�����7�K�H���P�D�V�V���R�I���W�K�H���H�O�H�F�W�U�R�Q���L�V�����������î������–28 g. If the electron starts with an initial 
velocity of zero, what velocity will it attain, what will be the time taken and what will be its kinetic 
energy?

	 Solution. e��� �����������î������–19 C  ;   m��� �����������î�������±�������N�J����������E��� �������������9���F�P��� �����������9���P

	 �'�L�V�W�D�Q�F�H���R�I���I�U�H�H���P�R�Y�H�P�H�Q�W����d��� �������F�P��� �������������P

	 �? Potential difference applied, V = E���î��d = 10�����î�������������Y�R�O�W�V

	 �(�Q�H�U�J�\���L�P�S�D�U�W�H�G���W�R���H�O�H�F�W�U�R�Q��� ���&�K�D�U�J�H���î���3���'����� ��e���î��V

				   � 	���������î������–19���î�����������î������������� �����������î������–16 J

	 �1�R�Z�����(�Q�H�U�J�\���L�P�S�D�U�W�H�G��� ���.���(�����R�I���H�O�H�F�W�U�R�Q��� ��3.2 × 10–16 J

	 Also	 v	 =	
��eV
m

 = 
16

����

�� ������ ����
������ ����

�

�

� �
�

 = 2.652 × 107 m/s

			   �)�R�U�F�H���R�Q���H�O�H�F�W�U�R�Q����F	 =	 eE��� �����������î������–19���î����������� �����������î������–14���1

		  Acceleration of electron, a	 =	
14

����

������ ����
������ ����

F
m

�

�

�
�

�
��� ���������������î������16���P���V��

		  Distance travelled, d	 =	 ��1
��

at

	 �?	 �7�L�P�H���W�D�N�H�Q����t	 =	
��d
a

 = 16

�� ��������
���������� ����

�
�

 = 1.51 × 10–9 s

Objective Questions

	 1.	 �7�K�H���I�R�U�F�H���E�H�W�Z�H�H�Q���W�Z�R���H�O�H�F�W�U�R�Q�V���V�H�S�D�U�D�W�H�G���E�\���D��
distance r varies as

	 � �i��	 r��	 � �ii ��	 r
	 � �iii ��	 r�í��	 � �iv��	 r�í��

	 2.	 �7�Z�R�� �F�K�D�U�J�H�V�� �D�U�H�� �S�O�D�F�H�G�� �D�W�� �D�� �F�H�U�W�D�L�Q�� �G�L�V�W�D�Q�F�H��
�D�S�D�U�W���� �� �$�� �E�U�D�V�V�� �V�K�H�H�W�� �L�V�� �S�O�D�F�H�G�� �E�H�W�Z�H�H�Q�� �W�K�H�P������
�7�K�H���I�R�U�F�H���E�H�W�Z�H�H�Q���W�K�H�P���Z�L�O�O

	 � �i��	 �L�Q�F�U�H�D�V�H	 ��ii ��	 �G�H�F�U�H�D�V�H
	 � �iii ��	 �U�H�P�D�L�Q���X�Q�F�K�D�Q�J�H�G	
	 � �iv��	 �Q�R�Q�H���R�I���W�K�H���D�E�R�Y�H
	 3.	 Which of the following appliance will be stud-

�L�H�G���X�Q�G�H�U���H�O�H�F�W�U�R�V�W�D�W�L�F�V���"

	 � �i��	 �L�Q�F�D�Q�G�H�V�F�H�Q�W���O�D�P�S
	 � �ii ��	 �H�O�H�F�W�U�L�F���L�U�R�Q
	 � �iii ��	 �O�L�J�K�W�Q�L�Q�J���U�R�G	 ��iv��	 �H�O�H�F�W�U�L�F���P�R�W�R�U
	 4.	 �7�K�H���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���D�L�U���L�V

	 � �i��	 ��	 ��ii ��	 ��
	 � �iii ��	 ���Â���������î�������í����	 ��iv��	 �Q�R�Q�H���R�I���W�K�H���D�E�R�Y�H
	 5.	 �7�K�H���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���D���P�D�W�H�U�L�D�O���L�V�������������,�W�V��

�D�E�V�R�O�X�W�H���S�H�U�P�L�W�W�L�Y�L�W�\���Z�L�O�O���E�H��

	 � �i��	 ���Â���������î�������í���� ���)���P
	 � �ii ��	 �����î������8���)���P

	 � �iii ��	 �����î�������í�����)���P	 ��iv��	 �����î�����������)���P

	 6.	 �$�Q�R�W�K�H�U���Q�D�P�H���I�R�U���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���L�V

	 � �i��	 �G�L�H�O�H�F�W�U�L�F���F�R�Q�V�W�D�Q�W

	 � �ii ��	 �G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K

	 � �iii ��	 �S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W	

	 � �iv��	 �Q�R�Q�H���R�I���W�K�H���D�E�R�Y�H

	 7.	 �7�K�H���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���P�R�V�W���P�D�W�H�U�L�D�O�V���O�L�H�V��
between

	 � �i��	 �������D�Q�G��������	 ��ii ��	 �������D�Q�G������

	 � �iii ��	 ���������D�Q�G��������	 ��iv��	 �����D�Q�G������

	 8.	 �:�K�H�Q�� �W�K�H�� �U�H�O�D�W�L�Y�H�� �S�H�U�P�L�W�W�L�Y�L�W�\�� �R�I�� �W�K�H�� �P�H�G�L�X�P��
is increased, the force between two charges 
placed at a given distance apart

	 � �i��	 �L�Q�F�U�H�D�V�H�V	 ��ii ��	 �G�H�F�U�H�D�V�H�V

	 � �iii ��	 �U�H�P�D�L�Q�V���W�K�H���V�D�P�H

	 � �iv��	 �Q�R�Q�H���R�I���W�K�H���D�E�R�Y�H

	 9.	 �7�Z�R�� �F�K�D�U�J�H�V�� �D�U�H�� �S�O�D�F�H�G�� �D�W�� �D�� �G�L�V�W�D�Q�F�H�� �D�S�D�U�W���� �,�I��
�D�� �J�O�D�V�V�� �V�O�D�E�� �L�V�� �S�O�D�F�H�G���E�H�W�Z�H�H�Q���W�K�H�P���� �W�K�H�� �I�R�U�F�H��
between the charges will

	 � �i��	 �E�H���]�H�U�R	 ��ii ��	 �L�Q�F�U�H�D�V�H

	 � �iii ��	 �G�H�F�U�H�D�V�H	 � �iv��	 �U�H�P�D�L�Q���W�K�H���V�D�P�H
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	 10.	 �7�K�H�U�H���D�U�H���W�Z�R���F�K�D�U�J�H�V���R�I���������—�&���D�Q�G���������—�&�������7�K�H��
�U�D�W�L�R���R�I���W�K�H���I�R�U�F�H�V���D�F�W�L�Q�J���R�Q���W�K�H�P���Z�L�O�O���E�H

	 � �i��	 ����������	 ��ii ��	 ����������
	 � �iii ��	 ����������	 ��iv��	 ������������
	 11.	 �$�� �V�R�D�S�� �E�X�E�E�O�H�� �L�V�� �J�L�Y�H�Q�� �D�� �Q�H�J�D�W�L�Y�H�� �F�K�D�U�J�H���� �� �,�W�V��

radius 
	 � �i��	 �G�H�F�U�H�D�V�H�V	 ��ii ��	 �L�Q�F�U�H�D�V�H�V
	 � �iii ��	 �U�H�P�D�L�Q�V�����X�Q�F�K�D�Q�J�H�G	
	 � �iv��	 �L�Q�I�R�U�P�D�W�L�R�Q���L�V���L�Q�F�R�P�S�O�H�W�H���W�R���V�D�\���D�Q�\�W�K�L�Q�J
	 12.	 �7�K�H�� �U�D�W�L�R�� �R�I�� �I�R�U�F�H�� �E�H�W�Z�H�H�Q�� �W�Z�R�� �V�P�D�O�O�� �V�S�K�H�U�H�V��

�Z�L�W�K���F�R�Q�V�W�D�Q�W���F�K�D�U�J�H���L�Q���D�L�U���D�Q�G���L�Q���D���P�H�G�L�X�P���R�I��
�U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\��K is

	 � �i��	 K����������	 ��ii ��	 ��������K
	 � �iii ��	 ��������K��	 � �iv��	 K��������
	 13.	 �$�Q���H�O�H�F�W�U�L�F���¿�H�O�G���F�D�Q���G�H�À�H�F�W
	 � �i��	 x���U�D�\�V	 ��ii ��	 �Q�H�X�W�U�R�Q�V
	 � �iii ��	 �.���S�D�U�W�L�F�O�H�V	 ��iv��	 �����U�D�\�V
	 14.	 Electric lines of force enter or leave a charged 

surface at an angle
	 � �i��	 �R�I�������ž	 ��ii ��	 �R�I�������ž
	 � �iii ��	 �R�I�������ž
	 � �iv��	 �G�H�S�H�Q�G�L�Q�J���X�S�R�Q���V�X�U�I�D�F�H���F�R�Q�G�L�W�L�R�Q�V
	 15.	 �7�K�H�� �U�H�O�D�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �D�E�V�R�O�X�W�H�� �S�H�U�P�L�W�W�L�Y�L�W�\�� �R�I��

�Y�D�F�X�X�P�����00������ �D�E�V�R�O�X�W�H���S�H�U�P�H�D�E�L�O�L�W�\���R�I�� �Y�D�F�X�X�P��
���—0�����D�Q�G���Y�H�O�R�F�L�W�\���R�I���O�L�J�K�W����c�����L�Q���Y�D�F�X�X�P���L�V

	 � �i��	 �—0�00 = c��	 � �ii ��	 �—0���00 = c

	 � �iii ��	 �00���—0 = c	 � �iv��	
0 0

1
• �

 = c��

	 16.	 �$�V���R�Q�H���S�H�Q�H�W�U�D�W�H�V���D���X�Q�L�I�R�U�P�O�\���F�K�D�U�J�H�G���V�S�K�H�U�H����
�W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K��E

	 � �i��	 �L�Q�F�U�H�D�V�H�V	 ��ii ��	 �G�H�F�U�H�D�V�H�V
	 � �iii ��	 �L�V���]�H�U�R���D�W���D�O�O���S�R�L�Q�W�V
	 � �iv��	 �U�H�P�D�L�Q�V���W�K�H���V�D�P�H���D�V���D�W���W�K�H���V�X�U�I�D�F�H
	 17.	 �,�I�� �W�K�H�� �U�H�O�D�W�L�Y�H�� �S�H�U�P�L�W�W�L�Y�L�W�\�� �R�I�� �W�K�H�� �P�H�G�L�X�P�� �L�Q-

creases, the electric intensity at a point due to a 
given charge

	 � �i��	 �G�H�F�U�H�D�V�H�V	 ��ii ��	 �L�Q�F�U�H�D�V�H�V
	 � �iii ��	 �U�H�P�D�L�Q�V���W�K�H���V�D�P�H
	 � �iv��	 �Q�R�Q�H���R�I���W�K�H���D�E�R�Y�H
	 18.	 Electric lines of force about a negative point 

charge are
	 � �i��	 �F�L�U�F�X�O�D�U�����D�Q�W�L�F�O�R�F�N�Z�L�V�H

	 � �ii ��	 �F�L�U�F�X�O�D�U�����F�O�R�F�N�Z�L�V�H
	 � �iii ��	 �U�D�G�L�D�O�����L�Q�Z�D�U�G	 ��iv��	 �U�D�G�L�D�O�����R�X�W�Z�D�U�G
	 19.	 A hollow sphere of charge does not produce an 

�H�O�H�F�W�U�L�F���¿�H�O�G���D�W���D�Q�\
	 � �i��	 �R�X�W�H�U���S�R�L�Q�W	 ��ii ��	 �L�Q�W�H�U�L�R�U���S�R�L�Q�W
	 � �iii ��	 �E�H�\�R�Q�G�������P	 ��iv��	 �E�H�\�R�Q�G���������P
	 20.	 �7�Z�R���F�K�D�U�J�H�G���V�S�K�H�U�H�V���R�I���U�D�G�L�L���������F�P���D�Q�G���������F�P��

�D�U�H���F�R�Q�Q�H�F�W�H�G���E�\�� �D���W�K�L�Q���Z�L�U�H���� �� �1�R���F�X�U�U�H�Q�W���Z�L�O�O��
�À�R�Z���L�I���W�K�H�\���K�D�Y�H

	 � �i��	 �W�K�H���V�D�P�H���F�K�D�U�J�H	��ii ��	 �W�K�H���V�D�P�H���H�Q�H�U�J�\
	 � �iii ��	 �W�K�H���V�D�P�H���¿�H�O�G���R�Q���W�K�H�L�U���V�X�U�I�D�F�H
	 � �iv��	 �W�K�H���V�D�P�H���S�R�W�H�Q�W�L�D�O
	 21.	 Electric potential is a
	 � �i��	 �V�F�D�O�D�U���T�X�D�Q�W�L�W�\	 ��ii ��	 �Y�H�F�W�R�U���T�X�D�Q�W�L�W�\
	 � �iii ��	 �G�L�P�H�Q�V�L�R�Q�O�H�V�V	
	 � �iv��	 �Q�R�W�K�L�Q�J���F�D�Q���E�H���V�D�L�G
	 22.	 A charge Q1�� �H�[�H�U�W�V�� �V�R�P�H�� �I�R�U�F�H�� �R�Q�� �D�� �V�H�F�R�Q�G��

charge Q������ ���$�� �W�K�L�U�G���F�K�D�U�J�H��Q���� �L�V���E�U�R�X�J�K�W���Q�H�D�U������
�7�K�H���I�R�U�F�H���R�I��Q1���H�[�H�U�W�H�G���R�Q��Q��

	 � �i��	 �G�H�F�U�H�D�V�H�V	 ��ii ��	 �L�Q�F�U�H�D�V�H�V
	 � �iii ��	 �U�H�P�D�L�Q�V���X�Q�F�K�D�Q�J�H�G
	 � �iv��	 �L�Q�F�U�H�D�V�H�V���L�I��Q�����L�V���R�I���W�K�H���V�D�P�H���V�L�J�Q���D�V��Q1 

and decreases if Q�� is of opposite sign
	 23.	 �7�K�H�� �S�R�W�H�Q�W�L�D�O�� �D�W�� �D�� �S�R�L�Q�W�� �G�X�H�� �W�R�� �D�� �F�K�D�U�J�H�� �L�V�� ����

�9���� �,�I�� �W�K�H�� �G�L�V�W�D�Q�F�H�� �L�V�� �L�Q�F�U�H�D�V�H�G�� �W�K�U�H�H�� �W�L�P�H�V���� �W�K�H�� 
potential at that point will be

	 � �i��	 �������9	 ��ii ��	 �����9
	 � �iii ��	 �������9	 ��iv��	 �������9
	 24.	 �$���K�R�O�O�R�Z���P�H�W�D�O���V�S�K�H�U�H���R�I���U�D�G�L�X�V�������F�P���L�V���F�K�D�U�J�H�G��

�V�X�F�K�� �W�K�D�W�� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �R�Q�� �L�W�V�� �V�X�U�I�D�F�H�� �L�V�� ������ �9������
�7�K�H���S�R�W�H�Q�W�L�D�O���D�W���W�K�H���F�H�Q�W�U�H���R�I���W�K�H���V�S�K�H�U�H���L�V

	 � �i��	 �������9	 ��ii ��	 �����9
	 � �iii ��	 �V�D�P�H���D�V���D�W���S�R�L�Q�W�������F�P���D�Z�D�\���I�U�R�P���W�K�H���V�X�U-

face
	 � �iv��	 �V�D�P�H���D�V���D�W���S�R�L�Q�W���������F�P���D�Z�D�\���I�U�R�P���W�K�H���V�X�U-

face
	 25.	 �,�I���D���X�Q�L�W���F�K�D�U�J�H���L�V���W�D�N�H�Q���I�U�R�P���R�Q�H���S�R�L�Q�W���W�R���D�Q-

other over an equipotential surface, then,
	 � �i��	 �Z�R�U�N���L�V���G�R�Q�H���R�Q���W�K�H���F�K�D�U�J�H
	 � �ii ��	 �Z�R�U�N���L�V���G�R�Q�H���E�\���W�K�H���F�K�D�U�J�H
	 � �iii ��	 �Z�R�U�N���R�Q���W�K�H���F�K�D�U�J�H���L�V���F�R�Q�V�W�D�Q�W
	 � �iv��	 �Q�R���Z�R�U�N���L�V���G�R�Q�H
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	 6.	 � �i��	 7.	 � �iv��	 8.	 � �ii ��	 9.	 � �iii ��	 10.	 � �i��	
	 11.	 � �ii ��	 12.	 � �iv��	 13.	 � �iii ��	 14.	 � �i��	 15.	 � �iv��	
	 16.	 � �iii ��	 17.	 � �i��	 18.	 � �iii ��	 19.	 � �ii ��	 20.	 � �iv��
	 21.	 � �i��	 22.	 � �iii ��	 23.	 � �ii ��	 24.	 � �i��	 25.	 � �iv��



Introduction
	 It is well known that different bodies hold different charge when given the same potential. This 
charge holding property of a body is called capacitance or capacity of the body. In order to store suf-
�¿�F�L�H�Q�W���F�K�D�U�J�H�����D���G�H�Y�L�F�H���F�D�O�O�H�G���F�D�S�D�F�L�W�R�U���L�V���S�X�U�S�R�V�H�O�\���F�R�Q�V�W�U�X�F�W�H�G�����$���F�D�S�D�F�L�W�R�U���H�V�V�H�Q�W�L�D�O�O�\���F�R�Q�V�L�V�W�V���R�I��
two conducting surfaces (say metal plates) separated by an insulating material (e.g.�����D�L�U�����P�L�F�D�����S�D�S�H�U��
etc.). It has the property to store electrical energy in the form of electrostatic charge. The capaci-
�W�R�U���F�D�Q���E�H���F�R�Q�Q�H�F�W�H�G���L�Q���D���F�L�U�F�X�L�W���V�R���W�K�D�W���W�K�L�V���V�W�R�U�H�G���H�Q�H�U�J�\���F�D�Q���E�H���P�D�G�H���W�R���À�R�Z���L�Q���D���G�H�V�L�U�H�G���F�L�U�F�X�L�W��
to perform a useful function. Capacitance plays an important role in d.c. as well as a.c. circuits. In 
many circuits (e.g.�����U�D�G�L�R���D�Q�G���W�H�O�H�Y�L�V�L�R�Q���F�L�U�F�X�L�W�V�������F�D�S�D�F�L�W�R�U�V���D�U�H���L�Q�W�H�Q�W�L�R�Q�D�O�O�\���L�Q�V�H�U�W�H�G���W�R���L�Q�W�U�R�G�X�F�H��
�W�K�H���G�H�V�L�U�H�G���F�D�S�D�F�L�W�D�Q�F�H�����,�Q���W�K�L�V���F�K�D�S�W�H�U�����Z�H���V�K�D�O�O���F�R�Q�¿�Q�H���R�X�U���D�W�W�H�Q�W�L�R�Q���W�R���W�K�H���U�R�O�H���R�I���F�D�S�D�F�L�W�D�Q�F�H���L�Q��
d.c. circuits only.

6.1.  Capacitor
	 Any two conducting surfaces separated by an insulating material is called a *capacitor  
or condenser. Its purpose is to store charge in a small space.
	 The conducting surfaces are called the plates of the capacitor and the insulating material is 
called the **dielectric. �7�K�H���P�R�V�W���F�R�P�P�R�Q�O�\���X�V�H�G���G�L�H�O�H�F�W�U�L�F�V���D�U�H���D�L�U�����P�L�F�D�����Z�D�[�H�G���S�D�S�H�U�����F�H�U�D�P�L�F�V��
etc.  The following points may be noted carefully :
	 (i)	The ability of a capacitor to store charge (i.e. its capacitance) depends upon the area of 

�S�O�D�W�H�V�����G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���S�O�D�W�H�V���D�Q�G���W�K�H���Q�D�W�X�U�H���R�I���L�Q�V�X�O�D�W�L�Q�J���P�D�W�H�U�L�D�O�����R�U���G�L�H�O�H�F�W�U�L�F����
	 (ii )	�$���F�D�S�D�F�L�W�R�U���L�V���J�H�Q�H�U�D�O�O�\���Q�D�P�H�G���D�I�W�H�U���W�K�H���G�L�H�O�H�F�W�U�L�F���X�V�H�G��e.g. �D�L�U���F�D�S�D�F�L�W�R�U�����S�D�S�H�U���F�D�S�D�F�L�W�R�U����

mica capacitor etc.

	 (iii )	The capacitor may b�H���L�Q���W�K�H���I�R�U�P���R�I���S�D�U�D�O�O�H�O���S�O�D�W�H�V�����F�R�Q�F�H�Q�W�U�L�F���F�\�O�L�Q�G�H�U���R�U���R�W�K�H�U���D�U�U�D�Q�J�H�P�H�Q�W��

6.2.  How does a Capacitor Store Charge ?
	 Fig. 6.1 shows how a capacitor stores charge when connected to a d.c. supply. The parallel 
plate capacitor having plates A and B is connected across a battery of V volts as shown in Fig. 6.1 
(i). When the switch S is open as shown in Fig. 6.1 (i�������W�K�H���F�D�S�D�F�L�W�R�U���S�O�D�W�H�V���D�U�H���Q�H�X�W�U�D�O��i.e. there is 
no charge on the plates. When the switch is closed as shown in Fig. 6.1 (ii �������W�K�H���H�O�H�F�W�U�R�Q�V���I�U�R�P���S�O�D�W�H��
A will be attracted by the +ve terminal of the battery and these electrons start ***accumulating on 
plate B. The result is that plate A attains more and more positive charge and plate B gets more and 
more negative charge. This action is referred to as charging a capacitor because the capacitor plates 
�D�U�H���E�H�F�R�P�L�Q�J���F�K�D�U�J�H�G�����7�K�L�V���S�U�R�F�H�V�V���R�I���H�O�H�F�W�U�R�Q���À�R�Z���R�U���F�K�D�U�J�L�Q�J����i.e. detaching electrons from plate 
A and accumulating on B) continues till p.d. across capacitor plates becomes equal to battery voltage 
V. When the capacitor is charged to battery voltage V�����W�K�H���F�X�U�U�H�Q�W���À�R�Z���F�H�D�V�H�V���D�V���V�K�R�Z�Q���L�Q���)�L�J������������

* 	 The name is derived from the fact that this arrangement has the capacity to store charge.  The name con-
�G�H�Q�V�H�U�� �L�V�� �J�L�Y�H�Q�� �W�R�� �W�K�H�� �G�H�Y�L�F�H�� �G�X�H�� �W�R�� �W�K�H�� �I�D�F�W�� �W�K�D�W�� �Z�K�H�Q�� �S���G���� �L�V�� �D�S�S�O�L�H�G�� �D�F�U�R�V�V�� �L�W���� �W�K�H�� �H�O�H�F�W�U�L�F�� �O�L�Q�H�V�� �R�I�� �I�R�U�F�H��
are condensed in the small space between the plates.

�
�
	 �$�� �V�W�H�D�G�\�� �F�X�U�U�H�Q�W�� �F�D�Q�Q�R�W�� �S�D�V�V�� �W�K�U�R�X�J�K�� �D�Q�� �L�Q�V�X�O�D�W�R�U�� �E�X�W�� �D�Q�� �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �F�D�Q���� �� �)�R�U�� �W�K�L�V�� �U�H�D�V�R�Q���� �D�Q�� �L�Q�V�X�O�D�W�R�U�� �L�V��
often referred to as a dielectric.

�
�
�
	 �7�K�H�� �H�O�H�F�W�U�R�Q�V�� �F�D�Q�Q�R�W�� �À�R�Z�� �I�U�R�P�� �S�O�D�W�H��B to A as there is insulating material between the plates.  Hence 
electrons detached from plate A start piling up on plate B.

6
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(iii ). If now the switch is opened as shown in Fig. 6.1 (iv�������W�K�H���F�D�S�D�F�L�W�R�U���S�O�D�W�H�V���Z�L�O�O���U�H�W�D�L�Q���W�K�H���F�K�D�U�J�H�V������
Thus the capacitor plates which were neutral to start with now have charges on them. This shows 
that a capacitor stores charge. The following points may be noted about the action of a capacitor :

	 (i)	�:�K�H�Q���D���G���F�����S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H���L�V���D�S�S�O�L�H�G���D�F�U�R�V�V���D���F�D�S�D�F�L�W�R�U�����D���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���Z�L�O�O���À�R�Z��
until the capacitor is fully charged when the current will cease. This whole charging process 
�W�D�N�H�V���S�O�D�F�H���L�Q���D���Y�H�U�\�� �V�K�R�U�W���W�L�P�H���� �D���I�U�D�F�W�L�R�Q���R�I�� �D���V�H�F�R�Q�G����Thus a capacitor once charged, 
�S�U�H�Y�H�Q�W�V���W�K�H���À�R�Z���R�I���G�L�U�H�F�W���F�X�U�U�H�Q�W.

	 (ii )	 �7�K�H�� �F�X�U�U�H�Q�W�� �G�R�H�V�� �Q�R�W�� �À�R�Z�� �W�K�U�R�X�J�K�� �W�K�H�� �F�D�S�D�F�L�W�R�U�� �L���H���� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�O�D�W�H�V. There is only 
transference of electrons from one plate to the other.

	 (iii )	�:�K�H�Q���D���F�D�S�D�F�L�W�R�U���L�V���F�K�D�U�J�H�G�����W�K�H���W�Z�R���S�O�D�W�H�V���F�D�U�U�\���H�T�X�D�O���D�Q�G���R�S�S�R�V�L�W�H���F�K�D�U�J�H�V�����V�D�\������Q and 
–Q�������7�K�L�V���L�V���H�[�S�H�F�W�H�G���E�H�F�D�X�V�H���R�Q�H���S�O�D�W�H���O�R�V�H�V���D�V���P�D�Q�\���H�O�H�F�W�U�R�Q�V���D�V���W�K�H���R�W�K�H�U���S�O�D�W�H���J�D�L�Q�V������
Thus charge on a capacitor means charge on either plate.

Fig. 6.1

	 (iv)	The energy required to charge the capacitor (i.e. transfer of electrons from one plate to the 
other) is supplied by the battery.

6.3.  Capacitance
	 The ability of a capacitor to store charge is known as its capacitance.  It has been found 
�H�[�S�H�U�L�P�H�Q�W�D�O�O�\���W�K�D�W���F�K�D�U�J�H��Q stored in a capacitor is directly proportional to the p.d. V across it i.e.

			   Q	 �v	 V

or			 
Q
V

	 =	 Constant = C

	 The constant C is called the capacitance of the capacitor. Hence capacitance of a capacitor can 
�E�H���G�H�¿�Q�H�G���D�V���X�Q�G�H�U����

	 The ratio of charge on capacitor plates to the p.d. across the plates is called capacitance 
 of the capacitor.
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	 Unit of capacitance

	 We know that :	 C	 =	 Q/V

The SI �X�Q�L�W���R�I���F�K�D�U�J�H���L�V�������F�R�X�O�R�P�E���D�Q�G���W�K�D�W���R�I���Y�R�O�W�D�J�H���L�V�������Y�R�O�W�����7�K�H�U�H�I�R�U�H�����W�K�H���6�,���X�Q�L�W���R�I���F�D�S�D�F�L�W�D�Q�F�H��
is one coulomb/volt which is also called farad (Symbol F) in honour of Michael Faraday.

			   1 farad	 =	 1 coulomb/volt

	 A capacitor is said to have a capacitance of 1 farad if a charge of 1 coulomb accumulates  
on each plate when a p.d. of 1 volt is applied across the plates.

	 Thus if a charge of 0·1C accumulates on each plate of a capacitor when a p.d. of 10V is applied 
�D�F�U�R�V�V���L�W�V���S�O�D�W�H�V�����W�K�H�Q���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U��� �����Â����������� �����Â�������)�����7�K�H���I�D�U�D�G���L�V���D�Q���H�[�W�U�H�P�H�O�\���O�D�U�J�H��
unit of capacitance.  Practical capacitors have capacitances of the order of microfarad (µF) and 
micro-microfarad (µµF) or picofarad (pF).

			   1 µF	 =	 10�í��F   ;  1µµF (or 1 pF) = 10�í���� F

6.4.  Factors Affecting Capacitance
	 The ability of a capacitor to store charge (i.e. its capacitance) depends upon the following  
factors :

	 (i)	Area of plate. �7�K�H���J�U�H�D�W�H�U���W�K�H���D�U�H�D���R�I���F�D�S�D�F�L�W�R�U���S�O�D�W�H�V�����W�K�H���O�D�U�J�H�U���L�V���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H��
capacitor and vice-versa. �,�W���L�V���E�H�F�D�X�V�H���O�D�U�J�H�U���W�K�H���S�O�D�W�H�V�����W�K�H���J�U�H�D�W�H�U���W�K�H���F�K�D�U�J�H���W�K�H�\���F�D�Q���K�R�O�G��
for a given p.d. and hence greater will be the capacitance.

	 (ii )	Thickness of dielectric. The capacitance of a capacitor is inversely proportional to the 
thickness (i.e. distance between plates) of the dielectric. The smaller the thickness of 
�G�L�H�O�H�F�W�U�L�F�����W�K�H���J�U�H�D�W�H�U���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���D�Q�G��vice-versa. �:�K�H�Q���W�K�H���S�O�D�W�H�V���D�U�H���E�U�R�X�J�K�W���F�O�R�V�H�U����
�W�K�H���H�O�H�F�W�U�R�V�W�D�W�L�F���¿�H�O�G���L�V���L�Q�W�H�Q�V�L�¿�H�G���D�Q�G���K�H�Q�F�H���F�D�S�D�F�L�W�D�Q�F�H���L�Q�F�U�H�D�V�H�V��

	 (iii )	Relative permittivity of dielectric.  The greater the relative permittivity of the insulating 
material (i.e.�����G�L�H�O�H�F�W�U�L�F�������W�K�H���J�U�H�D�W�H�U���Z�L�O�O���E�H���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U���D�Q�G��vice-versa. 
�,�W���L�V���E�H�F�D�X�V�H���W�K�H���Q�D�W�X�U�H���R�I���G�L�H�O�H�F�W�U�L�F���D�I�I�H�F�W�V���W�K�H���H�O�H�F�W�U�R�V�W�D�W�L�F���¿�H�O�G���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���D�Q�G��
hence the charge that accumulates on the plates.

6.5.  Dielectric Constant or Relative Permittivity
	 The insulating material between the plates of a capacitor is called dielectric. When the capacitor 
�L�V���F�K�D�U�J�H�G�����W�K�H���H�O�H�F�W�U�R�V�W�D�W�L�F���¿�H�O�G���H�[�W�H�Q�G�V���D�F�U�R�V�V���W�K�H���G�L�H�O�H�F�W�U�L�F�����7�K�H���S�U�H�V�H�Q�F�H���R�I���G�L�H�O�H�F�W�U�L�F�
���L�Q�F�U�H�D�V�H�V��
the concentration of electric lines of force between the plates and hence the charge on each plate.  
The degree of concentration of electric lines of force between the plates depends upon the nature of 
dielectric.

	 The ability of a dielectric material to concentrate electric lines of force between the plates of 
a capacitor is called dielectric constant or relative permittivity  of the material.

	 �$�L�U���K�D�V���E�H�H�Q���D�V�V�L�J�Q�H�G���D���U�H�I�H�U�H�Q�F�H���Y�D�O�X�H���R�I���G�L�H�O�H�F�W�U�L�F���F�R�Q�V�W�D�Q�W�����R�U���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\�����D�V���������7�K�H��
dielectric constant of all other insulating materials is greater than unity. The dielectric constants of 
�P�D�W�H�U�L�D�O�V���F�R�P�P�R�Q�O�\���X�V�H�G���L�Q���F�D�S�D�F�L�W�R�U�V���U�D�Q�J�H���I�U�R�P�������W�R�����������)�R�U���H�[�D�P�S�O�H�����G�L�H�O�H�F�W�U�L�F���F�R�Q�V�W�D�Q�W���R�I���P�L�F�D��
�L�V�����������,�W���P�H�D�Q�V���W�K�D�W���L�I���P�L�F�D���L�V���X�V�H�G���D�V���D���G�L�H�O�H�F�W�U�L�F���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���R�I���D���F�D�S�D�F�L�W�R�U�����W�K�H���F�K�D�U�J�H���R�Q���H�D�F�K��
�S�O�D�W�H���Z�L�O�O���E�H�������W�L�P�H�V���W�K�H���Y�D�O�X�H���Z�K�H�Q���D�L�U���L�V���X�V�H�G�����R�W�K�H�U���W�K�L�Q�J�V���U�H�P�D�L�Q�L�Q�J���H�T�X�D�O�����,�Q���R�W�K�H�U���Z�R�U�G�V�����Z�L�W�K��
�P�L�F�D���D�V���G�L�H�O�H�F�W�U�L�F�����W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U���E�H�F�R�P�H�V�������W�L�P�H�V���D�V���J�U�H�D�W���D�V���Z�K�H�Q���D�L�U���L�V���X�V�H�G��

�
	 �1�R�U�P�D�O�O�\�����W�K�H���H�O�H�F�W�U�R�Q�V���R�I���W�K�H���D�W�R�P�V���R�I���W�K�H���G�L�H�O�H�F�W�U�L�F���U�H�Y�R�O�Y�H���D�U�R�X�Q�G���W�K�H�L�U���Q�X�F�O�H�L���L�Q���W�K�H�L�U���U�H�J�X�O�D�U���R�U�E�L�W�V�����:�K�H�Q��
�W�K�H���F�D�S�D�F�L�W�R�U���L�V���F�K�D�U�J�H�G�����H�O�H�F�W�U�R�V�W�D�W�L�F���¿�H�O�G���F�D�X�V�H�V���G�L�V�W�R�U�W�L�R�Q���R�I���W�K�H���R�U�E�L�W�V���R�I���W�K�H���H�O�H�F�W�U�R�Q�V���R�I���W�K�H���G�L�H�O�H�F�W�U�L�F�����7�K�L�V��
�G�L�V�W�R�U�W�L�R�Q�� �R�I�� �R�U�E�L�W�V�� �F�D�X�V�H�V�� �D�Q�� �D�G�G�L�W�L�R�Q�D�O�� �H�O�H�F�W�U�R�V�W�D�W�L�F�� �¿�H�O�G�� �Z�L�W�K�L�Q�� �W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �Z�K�L�F�K�� �F�D�X�V�H�V�� �P�R�U�H�� �H�O�H�F�W�U�R�Q�V��
�W�R�� �E�H�� �W�U�D�Q�V�I�H�U�U�H�G�� �I�U�R�P�� �R�Q�H�� �S�O�D�W�H�� �W�R�� �W�K�H�� �R�W�K�H�U���� �+�H�Q�F�H���� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �G�L�H�O�H�F�W�U�L�F�� �L�Q�F�U�H�D�V�H�V�� �W�K�H�� �F�K�D�U�J�H�� �R�Q�� �W�K�H��
capacitor plates and hence the capacitance.
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	 Let		  V	 =	 Potential difference between capacitor plates

			   Q	 =	 Charge on capacitor when air is dielectric

	 �7�K�H�Q��	 Cair	 =	 Q/V

	 �:�K�H�Q���P�L�F�D���L�V���X�V�H�G���D�V���D���G�L�H�O�H�F�W�U�L�F���L�Q���W�K�H���F�D�S�D�F�L�W�R�U���D�Q�G���W�K�H���V�D�P�H���S���G�����L�V���D�S�S�O�L�H�G�����W�K�H���F�D�S�D�F�L�W�R�U���Z�L�O�O��
now hold a charge of 6Q.

	 �?		  Cmica	 =	
�

�
Q Q

V V
�  = 6 Cair

or			   mica

air

C
C

	 =	 6 = Dielectric constant of mica

	 Hence dielectric constant (or relative permittivity ) of a dielectric material is the ratio  
of capacitance of a capacitor with that material as a dielectric to the capacitance of the same 
capacitor with air as dielectric.

6.6.  Capacitance of an Isolated Conducting Sphere
	 �:�H�� �F�D�Q�� �¿�Q�G�� �W�K�H�� �F�D�S�D�F�L�W�D�Q�F�H�� �R�I�� �D�Q�� �L�V�R�O�D�W�H�G�� �V�S�K�H�U�L�F�D�O�� �F�R�Q�G�X�F�W�R�U��
by assuming that “missing” plate is earth (zero potential). Suppose an 
isolated conducting sphere of radius r is placed in a medium  of rela-
tive permittivity �Hr���D�V���V�K�R�Z�Q���L�Q���)�L�J���������������/�H�W���F�K�D�U�J�H����Q be given to this 
spherical conductor. The charge is spread *uniformly over the surface 
�R�I���W�K�H���V�S�K�H�U�H�����7�K�H�U�H�I�R�U�H�����L�Q���R�U�G�H�U���W�R���¿�Q�G���W�K�H���S�R�W�H�Q�W�L�D�O���D�W���D�Q�\���S�R�L�Q�W���R�Q��
�W�K�H���V�X�U�I�D�F�H���R�I���V�S�K�H�U�H�����R�U���R�X�W�V�L�G�H���W�K�H���V�S�K�H�U�H�������Z�H���F�D�Q���D�V�V�X�P�H���W�K�D�W���H�Q�W�L�U�H��
charge + Q is concentrated at the centre O of the sphere.

		 �3�R�W�H�Q�W�L�D�O���D�W���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���V�S�K�H�U�H����V	=	
�� r

Q
r�� �

	 �?	 �&�D�S�D�F�L�W�D�Q�F�H���R�I���L�V�R�O�D�W�H�G���V�S�K�H�U�H������C	= 	
Q
V

 = 4�S�H0�Hr r

	 �?	 ** C	� 	���Œ���00 �0r r	 ... in a medium

			  � 	���Œ���00��r		 ... in air
	 The following points may be noted :

	 (i)	The capacitance of an isolated spherical conductor is directly proportional to its radius.  
�7�K�H�U�H�I�R�U�H�����I�R�U���D���J�L�Y�H�Q���S�R�W�H�Q�W�L�D�O�����D���O�D�U�J�H���V�S�K�H�U�L�F�D�O���F�R�Q�G�X�F�W�R�U�����P�R�U�H��r) will hold more charge 
Q (= CV) than the smaller one.

	 (ii )	�8�Q�L�W���R�I���00 = C�����Œr � ���)���P�����+�H�Q�F�H�����W�K�H���6�,���X�Q�L�W���R�I���00 is F/m.

	 Example 6.1. Twenty seven spherical drops, each of radius 3 mm and carrying 10–12 C of 
charge are combined to form a single drop.  Find the capacitance and potential of the bigger drop.
	 Solution. Let r and R be the radii of smaller and bigger drops respectively.

			  �9�R�O�X�P�H���R�I���E�L�J�J�H�U���G�U�R�S	� 	�������î���9olume of smaller drop

	 or		  ��
�

R� 	 =	 ��
��

�
r� �

	 or		  R	 =	 3r��� �������î������� �������P�P��� �������î������–3 m

	 �&�D�S�D�F�L�W�D�Q�F�H���R�I���E�L�J�J�H�U���G�U�R�S��	��C	� 	���Œ���00 R = �
�

�
� ��

� ��
�� �

�
 = 10�±���� F = 1 pF

�
	 �1�R�W�H�� �W�K�D�W�� �D�� �F�K�D�U�J�H�G�� �F�R�Q�G�X�F�W�R�U�� �L�V�� �D�Q�� �H�T�X�L�S�R�W�H�Q�W�L�D�O�� �V�X�U�I�D�F�H���� �7�K�H�U�H�I�R�U�H���� �H�O�H�F�W�U�L�F�� �O�L�Q�H�V�� �R�I�� �I�R�U�F�H�� �H�P�H�U�J�L�Q�J�� �I�U�R�P��
the sphere are everywhere normal to the sphere.

** 	 Note that values of Q and V�� �G�R�� �Q�R�W�� �R�F�F�X�U�� �L�Q�� �W�K�H�� �H�[�S�U�H�V�V�L�R�Q�� �I�R�U�� �F�D�S�D�F�L�W�D�Q�F�H���� �7�K�L�V�� �D�J�D�L�Q�� �U�H�P�L�Q�G�V�� �X�V�� �W�K�D�W��
capacitance is a property of physical construction of a capacitor.

Fig. 6.2
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	 �6�L�Q�F�H���F�K�D�U�J�H���L�V���F�R�Q�V�H�U�Y�H�G�����W�K�H���F�K�D�U�J�H���R�Q���W�K�H���E�L�J�J�H�U���G�U�R�S���L�V���������î�������±���� C.

	 �?	�3�R�W�H�Q�W�L�D�O���R�I���E�L�J�J�H�U���G�U�R�S����V	 =	
��

��

�� ��
��

Q
C

�

�

�
�  = 27 V

6.7.  Capacitance of Spherical Capacitor
	 We shall discuss two cases.

	 (i)	When outer sphere is earthed. �$���V�S�K�H�U�L�F�D�O���F�D�S�D�F�L�W�R�U���F�R�Q�V�L�V�W�V���R�I���W�Z�R���F�R�Q�F�H�Q�W�U�L�F���K�R�O�O�R�Z��
metallic spheres A and B which do not touch each other as shown in Fig. 6.3. The outer 
sphere B is earthed while charge is given to the inner 
sphere A. Suppose the medium between the two spheres 
�K�D�V���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���0r.

		 Let	 rA	 =	 radius of inner sphere A

			   rB	 =	 radius of outer sphere B

	 When a charge +Q is given to the inner sphere A�����L�W���L�Q�G�X�F�H�V��
a charge –Q on the inner surface of outer sphere B and +Q on the 
outer surface of B. Since sphere B���L�V���H�D�U�W�K�H�G���� ��Q charge on its 
outer surface is neutralised by earth.

	 *Potential at inner sphere A����VA = 	
� �� �r A r B

QQ
r r

�� �� � �� � � ��� � �� �� � � �

				    =	
� �

� �� �
� �

B A

r A B r A B

Q r rQ
r r r r

�� �
� �� �� � � � � �� �

	 Since sphere B���L�V���H�D�U�W�K�H�G�����L�W�V���S�R�W�H�Q�W�L�D�O���L�V���]�H�U�R����i.e., VB = 0).

	 �?	  P.D. between A and B����VAB = VA – VB = VA – 0 = VA

	 �?  �&�D�S�D�F�L�W�D�Q�F�H���R�I���V�S�K�H�U�L�F�D�O���F�D�S�D�F�L�W�R�U����C 	= 
A

Q
V

 = ��
� �

r A B

B A

r r
r r

� � �
�

	 �?		  C	 =	 ��
� �

r A B

B A

r r
r r

� � �
�

    ... in a medium

				    =	 ��
� �

A B

B A

r r
r r

� �
�

    ... in air

	 (ii )	When inner sphere is earthed. Fig. 6.4 shows the situation. 
The system constitutes two capacitors in parallel.

	 (a)	One capacitor (CBA) consists of the inner surface of B and 
outer surface of A. Its capacitance as found above is

				    CBA	 =	
�� r A B

B A

r r

r r

� � �

�
		 (b)	The second capacitor (CBG) consists of outer surface of B and 

earth. Its capacitance is that of an isolated sphere.

		  �?		  CBG	� 	���Œ���00 rB  … if surrounding medium is air

		  �?		 Total capacitance	=	CBA + CBG

	 Note. �8�Q�O�H�V�V���V�W�D�W�H�G���R�W�K�H�U�Z�L�V�H�����W�K�H���R�X�W�H�U���Vphere of a spherical capacitor is assumed to be earthed.

Fig. 6.3

* 	 Potential on sphere A = (Potential on sphere A due to its own charge +Q) + (Potential on sphere A due to 

charge –Q on sphere B) = 
� �� �r A r B

Q Q
r r

� � � ��
�� � � �� � � � � �� � � �

Fig. 6.4
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	 Example 6.2. The thickness of air layer between two coatings of a spherical capacitor is 2 cm. 
The capacitor has the same capacitance as the capacitance of sphere of 1.2 m diameter. Find the 
radii of its surfaces.
	 Solution. Given :  �� A B

B A

r r
r r
� �

�
��� �����Œ���00 R  �?�� A B

B A

r r
r r�

 = R

	 �+�H�U�H��	 rB – rA	� 	�����F�P  �D�Q�G  R��� �����Â��������� �����Â�����P��� ���������F�P

	 �?		
�

A Br r
	 =	 60  or  rA rB��� ��������

	 Now (rB + rA)�� = (rB – rA)�� + 4rA rB��� ���������������������î����������� ��������

	 �?		  rB + rA	 =	 ��� ��� ���������F�P

	 Since rB – rA��� �������F�P���D�Q�G��rB + rA��� ���������F�P����rB = 12 cm  ;  rA = 10 cm

	 Example 6.3. A capacitor has two concentric thin spherical shells of radii 8 cm and 10 cm. The 
outer shell is earthed and a charge is given to the inner shell. Calculate (i) the capacitance of this 
�F�D�S�D�F�L�W�R�U���D�Q�G�����L�L�����W�K�H���¿�Q�D�O���S�R�W�H�Q�W�L�D�O���D�F�T�X�L�U�H�G���E�\���W�K�H���L�Q�Q�H�U���V�K�H�O�O���L�I���W�K�H���R�X�W�H�U���V�K�H�O�O���L�V���U�H�P�R�Y�H�G���D�I�W�H�U���W�K�H��
�L�Q�Q�H�U���V�K�H�O�O���K�D�V���D�F�T�X�L�U�H�G���D���S�R�W�H�Q�W�L�D�O���R�I�����������9��

	 Solution. It is assumed that medium between the two spherical shells is air so that �Hr = 1.

	 (i)	�5�D�G�L�X�V���R�I���L�Q�Q�H�U���V�S�K�H�U�H����rA��� �������F�P��� �������������P�����5�D�G�L�X�V���R�I���R�X�W�H�U���V�S�K�H�U�H����rB = 10 cm = 0.1 m  

The capacitance C of the spherical capacitor is 

			   C	 =	 �� r A B

B A

r r
r r

�� �
�

 = 
��� ����� �� ���� ���

��� ����

�� � � � �
�

 = 44.44 × 10–12 F

	 (ii )	�&�K�D�U�J�H���R�Q���W�K�H���F�D�S�D�F�L�W�R�U���Z�K�H�Q���W�K�H���L�Q�Q�H�U���V�S�K�H�U�H���D�F�T�X�L�U�H�V���D���S�R�W�H�Q�W�L�D�O���R�I�����������9���L�V

			   Q	 =	 CV��� ���������������î�������±�������î����������� �������������î�������±���� C

		 �:�K�H�Q���W�K�H���R�X�W�H�U���V�K�H�O�O���L�V���U�H�P�R�Y�H�G�����W�K�H���F�D�S�D�F�L�W�D�Q�F�H��C�c of  the resulting isolated sphere is

			   C�c	 =	 4�S�H0�Hr rA = �
� � ����

� ��
� �

�
��� �������������î�������±���� F

	 �?	Potential V�c acquired by the inner shell when outer shell is removed is

			   V�c	 =	
Q
C�  = 

��

��

���� ��

���� ��

�

�

�

�
 = 1000 V

Tutorial Problems
	 1.	 Calculate the capacitance of a conducting sphere of radius 10 cm situated in air. How much charge is 

required to raise it to a potential of 1000 V?	 [11 pF; 1.1 × 10–8 C]

	 2.	 �:�K�H�Q�����������î�������������H�O�H�F�W�U�R�Q�V���D�U�H���W�U�D�Q�V�I�H�U�U�H�G���I�U�R�P���R�Q�H���F�R�Q�G�X�F�W�R�U���W�R���D�Q�R�W�K�H�U���R�I���D���F�D�S�D�F�L�W�R�U�����D���S�R�W�H�Q�W�L�D�O���G�L�I-
ference of 10V develops between the two conductors. Calculate the capacitance of the capacitor.

						      [1.6 × 10–8 F]

	 3.	 �&�D�O�F�X�O�D�W�H���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���D���V�S�K�H�U�L�F�D�O���F�D�S�D�F�L�W�R�U���L�I���W�K�H���G�L�D�P�H�W�H�U���R�I���L�Q�Q�H�U���V�S�K�H�U�H���L�V�����������P���D�Q�G���W�K�D�W���R�I���W�K�H��
�R�X�W�H�U���V�S�K�H�U�H���L�V�����������P�����W�K�H���V�S�D�F�H���E�H�W�Z�H�H�Q���W�K�H�P���E�H�L�Q�J���¿�O�O�H�G���Z�L�W�K���D���O�L�T�X�L�G���K�D�Y�L�Q�J���G�L�H�O�H�F�W�U�L�F���F�R�Q�V�W�D�Q�W��������

						      [4 × 10–10 F]

	 4.	 �7�K�H�� �V�W�U�D�W�R�V�S�K�H�U�H�� �D�F�W�V�� �D�V�� �D�� �F�R�Q�G�X�F�W�L�Q�J�� �O�D�\�H�U�� �I�R�U�� �W�K�H�� �H�D�U�W�K���� �,�I�� �W�K�H�� �V�W�U�D�W�R�V�S�K�H�U�H�� �H�[�W�H�Q�G�V�� �E�H�\�R�Q�G�� ������ �N�P��
�I�U�R�P���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���H�D�U�W�K�����W�K�H�Q���F�D�O�F�X�O�D�W�H���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���V�S�K�H�U�L�F�D�O���F�D�S�D�F�L�W�R�U���I�R�U�P�H�G���E�H�W�Z�H�H�Q��
stratosphere and earth’s surface. Take radius of earth as 6400 km.	 [0.092 F]

	 5.	 �$���V�S�K�H�U�L�F�D�O���F�D�S�D�F�L�W�R�U���K�D�V���D�Q���R�X�W�H�U���V�S�K�H�U�H���R�I���U�D�G�L�X�V�������������P���D�Q�G���W�K�H���L�Q�Q�H�U���V�S�K�H�U�H���R�I���U�D�G�L�X�V���������P�����7�K�H���R�X�W�H�U��
sphere is earthed and inner sphere is given a charge of 6µC. The space between the concentric spheres 
�L�V���¿�O�O�H�G���Z�L�W�K���D���P�D�W�H�U�L�D�O���R�I���G�L�H�O�H�F�W�U�L�F���F�R�Q�V�W�D�Q�W�����������&�D�O�F�X�O�D�W�H���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���D�Q�G���S�R�W�H�Q�W�L�D�O���R�I���W�K�H���L�Q�Q�H�U��
sphere.				    [6 × 10–10 F; 104 V]
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6.8.  Capacitance of Parallel-Plate Capacitor with Uniform Medium
	 We have seen that the capacitance of a capacitor can be determined from its electrical properties 
using the relation C = Q/V�����+�R�Z�H�Y�H�U�����L�W���L�V���R�I�W�H�Q���G�H�V�L�U�D�E�O�H���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���D���F�D�S�D�F�L�W�R�U��
�L�Q���W�H�U�P�V���R�I���L�W�V���G�L�P�H�Q�V�L�R�Q�V���D�Q�G���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I���W�K�H���G�L�H�O�H�F�W�U�L�F�����$�O�W�K�R�X�J�K���W�K�H�U�H���D�U�H���P�D�Q�\���I�R�U�P�V��
�R�I���F�D�S�D�F�L�W�R�U�V�����W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���D�U�U�D�Q�J�H�P�H�Q�W���L�V���W�K�H���S�D�U�D�O�O�H�O���S�O�D�W�H���F�D�S�D�F�L�W�R�U��

	 �&�R�Q�V�L�G�H�U���D���S�D�U�D�O�O�H�O���S�O�D�W�H���F�D�S�D�F�L�W�R�U���F�R�Q�V�L�V�W�L�Q�J���R�I���W�Z�R���S�O�D�W�H�V�����H�D�F�K���R�I���D�U�H�D��A square metres and 
separated by a uniform dielectric of thickness d �P�H�W�U�H�V���D�Q�G���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���0r as shown in Fig. 
�����������/�H�W���D���S���G�����R�I��V volts applied between the plates place a charge of +Q���D�Q�G���í��Q on the plates. With 
�U�H�D�V�R�Q�D�E�O�H���D�F�F�X�U�D�F�\�����L�W���F�D�Q���E�H���D�V�V�X�P�H�G���W�K�D�W���H�O�H�F�W�U�L�F���¿�H�O�G���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���L�V���X�Q�L�I�R�U�P��

	 �(�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\���E�H�W�Z�H�H�Q���S�O�D�W�H�V���L�V

			   D	 =	 Q/A coulomb/m��

	 Electric intensity between plates is

			   E	 =	 V/d

	 But		  D	 �  	 � 00 �0r E��     �������6�H�H���$�U�W������������

	 or		
Q
A

	 =	 � r
V
d

� �

	 or		
Q
V

	 =	 � r A
d

� �

	 The ratio Q/V is the capacitance C of the capacitor.

	 �?		  C	 =	 � r A
d

� �
 	 ...in a medium

			   	 =	 � A
d

�
	         ...in air

	 The following points may be noted carefully :

	 (i)	�&�D�S�D�F�L�W�D�Q�F�H���L�V���G�L�U�H�F�W�O�\���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���0r and A and inversely proportional to d.

	 (ii )	 med
r

air

C
C

� �  = Relative permittivity of medium        

	 (iii )	Re-arranging the relation for C in air

			   �������00	=	 �

����� � 




Cd
A

�  = F/m

	 �2�E�Y�L�R�X�V�O�\�����S�H�U�P�L�W�W�L�Y�L�W�\���F�D�Q���D�O�V�R���E�H���P�H�D�V�X�U�H�G���L�Q���)���P��

6.9.  Parallel-Plate Capacitor with Composite Medium
	 Suppose the space between the plates is occupied by three dielectrics of thicknesses d1����d��  
and d3�� �P�H�W�U�H�V�� �D�Q�G�� �U�H�O�D�W�L�Y�H�� �S�H�U�P�L�W�W�L�Y�L�W�L�H�V�� �0r1���� �0r���� �D�Q�G�� �0r3 respectively as shown in Fig. 6.6. The 
�H�O�H�F�W�U�L�F�� �À�X�[�� �G�H�Q�V�L�W�\�� �'�� �L�Q�� �W�K�H�� �G�L�H�O�H�F�W�U�L�F�V�� �U�H�P�D�L�Q�V�� �W�K�H�� �
�V�D�P�H�� �D�Q�G�� �L�V�� �H�T�X�D�O�� �W�R�� �4���$���� �+�R�Z�H�Y�H�U���� �W�K�H��
electric intensities in the three dielectrics will be different and are given by ;

		  E1	 =	 � �
� � � � � �

� �
r r r

D D DE E� �
� � � � � �

	 If V is the total p.d. across the capacitor and V1����V�� and V3 the p.d.s. across the three dielectrics 
�U�H�V�S�H�F�W�L�Y�H�O�\�����W�K�H�Q��

		  V	 =	V1 + V�� + V3

			   =	E1 d1 + E����d�� + E3 d3

Fig. 6.5

* 	 The total charge on each plate is Q. Hence Q���F�R�X�O�R�P�E�V���L�V���D�O�V�R���W�K�H���W�R�W�D�O���H�O�H�F�W�U�L�F���À�X�[���W�K�U�R�X�J�K���H�D�F�K���G�L�H�O�H�F�W�U�L�F��
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			   =	 � � �
� � � � � �r r r

D D Dd d d� �
� � � � � �

 

			   =	 �� �

� � � �r r r

dd dD � �
� �� �� � � �� 


			   =	 �� �

� � � �r r r

dd dQ
A

� �
� �� �� � � �� 


	 � �Q
D

A
�∵

	 or	
Q
V

	 =	 �

�� �

� � �r r r

A
dd d

�
� �

� �� �� � �� �

	 But Q/V is the capacitance C of the capacitor.

	 �?	 C	 =	 �

�� �

� � �

������

r r r

A
dd d

�
� �

� �� �� � �� �
	 �,�Q���J�H�Q�H�U�D�O��

		  C	 =	 � �����

r

A
d

�

�

	 ...(i)

Different cases. We shall discuss the following two cases :

	 (i)	Medium partly air.  �)�L�J�������������V�K�R�Z�V���D���S�D�U�D�O�O�H�O���S�O�D�W�H���F�D�S�D�F�L�W�R�U���K�D�Y�L�Q�J���S�O�D�W�H�V��d metres apart.  
Suppose the medium between the plates consists partly of air and partly of dielectric of 
thickness t �P�H�W�U�H�V���D�Q�G���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\�� �0r��. Then thickness of air is d�� �í��t. Using the 
relation (i�����D�E�R�Y�H�����Z�H���K�D�Y�H��

		  Fig. 6.7	 Fig. 6.8	

			   C	 =	 �

�� r

A
d t t

�
� �

�

 = �

�

������

r

A

td t

�
� �

� �� ��� �
	 (ii )	When dielectric slab introduced. �)�L�J���� �������� �V�K�R�Z�V���D���S�D�U�D�O�O�H�O���S�O�D�W�H���D�L�U���F�D�S�D�F�L�W�R�U���K�D�Y�L�Q�J��

plates d metres apart. Suppose a dielectric slab of thickness t metres and relative 
�S�H�U�P�L�W�W�L�Y�L�W�\���0r�� is introduced between the plates of the capacitor.

		  Using the relation (i�����D�E�R�Y�H�����Z�H���K�D�Y�H��

			   C	 =	 �

�� r

A
d t t

�
� �

�

 = �

�

������

r

A

td t

�
� �

� �� ��� �

 

Fig. 6.6



Capacitance  and  Capacitors	 303	

6.10.  Special Cases of Parallel-Plate Capacitor
	 �:�H���K�D�Y�H���V�H�H�Q���W�K�D�W���F�D�S�D�F�L�W�D�Q�F�H���R�I���D���F�D�S�D�F�L�W�R�U���G�H�S�H�Q�G�V���X�S�R�Q���S�O�D�W�H���D�U�H�D�����W�K�L�F�N�Q�H�V�V���R�I���G�L�H�O�H�F�W�U�L�F��
and value of relative permittivity of the dielectric.

	 We consider two cases by way of illustration.

	 (i)	�)�L�J�������������V�K�R�Z�V���W�K�D�W���G�L�H�O�H�F�W�U�L�F���W�K�L�F�N�Q�H�V�V���L�V��d but plate area is divided into two parts; area 
A1 having air as the dielectric and area A�����K�D�Y�L�Q�J���G�L�H�O�H�F�W�U�L�F���R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���0r. The 
arrangement is equivalent to two capacitors in parallel. Their capacitances are :

				    C1	 =	 � �A
d

�
  ;  C�� = � �r A

d
� �

			  The total capacitance C of this parallel-
plate capacitor is

				    C	 =	 C1 + C��

		 (ii )	Fig. 6.10 shows that plate area is divided 
into two parts ; area A1 has dielectric 
(air) of thickness d and area A�� has a 
�G�L�H�O�H�F�W�U�L�F�� ���0r) of thickness t and the 
remaining thickness is occupied by air. 
The arrangement is equivalent to two 
capacitors connected in parallel. Their 
capacitances are :

				    C1	 =	 � �A
d

�
  ;  C�� = � �


 � 	 ��r

A
d t t

�
� � �

		 The total capacitance C of this parallel plate capacitor is

				    C	 =	 C1 + C��

6.11.  Multiplate Capacitor
	 The most *convenient way of 
achieving large capacitance is by 
using large plate area. Increasing the 
plate area may increase the physical 
size of the capacitor enormously. In 
order to obtain a large area of plate 
surface without using too bulky a 
�F�D�S�D�F�L�W�R�U���� �P�X�O�W�L�S�O�D�W�H�� �F�R�Q�V�W�U�X�F�W�L�R�Q��
�L�V�� �H�P�S�O�R�\�H�G���� �� �,�Q�� �W�K�L�V�� �F�R�Q�V�W�U�X�F�W�L�R�Q����
the capacitor is built up of alternate 
sheets of metal foil (i.e. plates) and 
thin sheets of dielectric. The odd-
numbered metal sheets are connected 
together to form one terminal T1 
and even-numbered metal sheets 
are connected together to form the 
second terminal T��.

	 Fig. 6.11 shows a multiplate 
�F�D�S�D�F�L�W�R�U�� �Z�L�W�K�� �V�H�Y�H�Q�� �S�O�D�W�H�V���� �$�� �O�L�W�W�O�H��

Fig. 6.9	 Fig. 6.10

Fig. 6.11

* 	 The capacitance of a capacitor can also be increased by (i) using a dielectric of high �Hr and (ii ) decreasing 
the distance between plates. High cost limits the choice of dielectric and dielectric strength of the insulating 
material limits the reduction in spacing between the plates..
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�U�H�À�H�F�W�L�R�Q�� �V�K�R�Z�V�� �W�K�D�W�� �W�K�L�V�� �D�U�U�D�Q�J�H�P�H�Q�W�� �L�V��
equivalent to 6 capacitors in parallel. The total 
�F�D�S�D�F�L�W�D�Q�F�H�� �Z�L�O�O���� �W�K�H�U�H�I�R�U�H���� �E�H�� ���� �W�L�P�H�V�� �W�K�H��
capacitance of a single capacitor (formed by say 
�S�O�D�W�H�V�������D�Q�G�����������,�I���W�K�H�U�H���D�U�H��n ���S�O�D�W�H�V�����H�D�F�K���R�I���D�U�H�D��
A�����W�K�H�Q����n ���í���������F�D�S�D�F�L�W�R�U�V���Z�L�O�O���E�H���L�Q���S�D�U�D�O�O�H�O��

	 �?	 Capacitance of n plate capacitor is

			   C	 =	 �� �� r A
n

d
� �

�

where d is the distance between any two 
adjacent �S�O�D�W�H�V���D�Q�G���0r is the relative permittivity 
of the medium.  It may be seen that plate area is 
increased from A to A (n���í��������

	 Variable Air capacitor. It is a multiplate 
air capacitor whose capacitance can be varied 
�E�\�� �F�K�D�Q�J�L�Q�J�� �W�K�H�� �S�O�D�W�H�� �D�U�H�D���� �)�L�J���� ���������� �V�K�R�Z�V�� �D��
variable air capacitor commonly used to “tune in” radio stations in the radio receiver.  It consists of 
a set of stationary metal plates Y �¿�[�H�G���W�R���W�K�H���I�U�D�P�H���D�Q�G���D�Q�R�W�K�H�U���V�H�W���R�I���P�R�Y�D�E�O�H���P�H�W�D�O���S�O�D�W�H�V��X �¿�[�H�G��
to the central shaft.  The two sets of plates are electrically insulated from each other.  Rotation of the 
shaft moves the plates X into the spaces between plates Y�����W�K�X�V���F�K�D�Q�J�L�Q�J���W�K�H���
�F�R�P�P�R�Q�����R�U���H�I�I�H�F�W�L�Y�H����
plate area and hence the capacitance.  The capacitance of such a capacitor is given by ;

			   C	 =	 �� ��
A

n
d

�
�                 (�l ���0r = 1)

	 When the movable plates X are completely rotated in (i.e. the two sets of plates completely over-
�O�D�S���H�D�F�K���R�W�K�H�U�������W�K�H���F�R�P�P�R�Q���S�O�D�W�H���D�U�H�D���µA�¶���L�V���P�D�[�L�P�X�P���D�Q�G���V�R���L�V���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U����
Minimum capacitance is obtained when the movable plates X are completely rotated out of station-
ary plates Y. The capacitance of such variable capacitors is from zero to about 4000 pF.
	 Note.���,�Q���D�O�O���W�K�H���I�R�U�P�X�O�D�V���G�H�U�L�Y�H�G���I�R�U���F�D�S�D�F�L�W�D�Q�F�H�����F�D�S�D�F�L�W�D�Q�F�H���Z�L�O�O���E�H���L�Q���I�D�U�D�G���L�I���D�U�H�D���L�V���L�Q���P�� and the dis-
tance between plates is in m.

	 Example 6.4. A p.d. of 10 kV is applied to the terminals of a capacitor consisting of two paral-
lel plates, each having an area of 0·01 m2 separated by a dielectric 1 mm thick. The resulting ca-
�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���D�U�U�D�Q�J�H�P�H�Q�W���L�V�����������S�)�����&�D�O�F�X�O�D�W�H�����L�����W�R�W�D�O���H�O�H�F�W�U�L�F���À�X�[�����L�L�����H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\�����L�L�L����
potential gradient and (iv) relative permittivity of the dielectric.

	 Solution. 	C��� �����������î�������í���� F  ;  V ��� ���������î������3 = 104 volts

	 (i)		  �7�R�W�D�O���H�O�H�F�W�U�L�F���À�X�[����Q	 =	 C V��� �������������î�������í���������î������4��� �������î�������í�� C = 3µC

	 (ii )		 �(�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\����D	 =	
�� ��

� ��
Q
A

���
	

 = 3 × 10–4 C/m2

	 (iii )		 Potential gradient	 =	
�

�
��

� ��
V
d �

�
�

 = 107 V/m

	 (iv)		  �1�R�Z����E	 =	 10�� V/m

			   Since D	 �  	 � 00�0r E

	 �?		    � 0r	 =	
�

�� �
�

� ��

������ �� � ��
D
E

�

�

�
�

� � �
 = 3·39

Fig. 6.12

�
	 �5�H�P�H�P�E�H�U�� �L�Q�� �W�K�H�� �I�R�U�P�X�O�D�� �I�R�U�� �F�D�S�D�F�L�W�D�Q�F�H����A is the common plate area i.e. plate area facing the opposite 
polarity plate area.
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	 Example. 6.5. A capacitor is composed of two plates separated by 3mm of dielectric of per-
mittivity 4. An additional piece of insulation 5mm thick is now inserted between the plates. If the 
�F�D�S�D�F�L�W�R�U���Q�R�Z���K�D�V���F�D�S�D�F�L�W�D�Q�F�H���R�Q�H���W�K�L�U�G���R�I���L�W�V���R�U�L�J�L�Q�D�O���F�D�S�D�F�L�W�D�Q�F�H�����¿�Q�G���W�K�H���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I��
the additional dielectric.

	 Solution. Figs. 6.13 (i) and 6.13 (ii ) respectively show the two cases.

	 �)�R�U���W�K�H���¿�U�V�W���F�D�V�H��	 C	 =	 � � �
�

�

� ��
r A A

d �

� � � � �
�

�
	 ...(i)

	 �)�R�U���W�K�H���V�H�F�R�Q�G���F�D�V�H��	
�
C

	 =	 �

� �

� �r r

A
d d

�

�
� �

				    =	 �
� �

�

� �� � ��
� r

A
� �

�

� ��
�

	 ...(ii )

Fig. 6.13
	 Dividing eq. (i) by eq. (ii �������Z�H���J�H�W��

			   3	 =	
�

� � �
� � r

� �
�� ��� �

	 �R�U		  ��	� 	���������������0r��  �?���0r����� �������������  3·33

	 Example 6.6. �'�H�W�H�U�P�L�Q�H�� �W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �À�X�[�� �L�Q�� �P�L�F�U�R�F�R�X�O�R�P�E�V�� �E�H�W�Z�H�H�Q�� �W�Z�R�� �S�D�U�D�O�O�H�O�� �S�O�D�W�H�V��
�H�D�F�K�������������P�H�W�U�H���V�T�X�D�U�H���Z�L�W�K���D�Q���D�L�U���J�D�S���R�I�����������P�P���E�H�W�Z�H�H�Q���W�K�H�P�����W�K�H���S�����G�����E�H�L�Q�J�������������9�����$���V�K�H�H�W��
of insulating material 1 mm thick is inserted between the plates, the relative permittivity of the 
insulating material being 6. Find out the potential gradient in the insulating material and also in air 
if the voltage across the plates is raised to 7500 V.

	 Solution. A��� �������������î������������� �����������������P��  ;  d��� �����������P�P��� �����������î������–3 m  ;  �Hr = 1(air).
	 Capacitance C of the parallel-plate air capacitor is 

			   C	 =	 � r A
d

� �
 = 

��

�

����� �� � ������

��� ��

�

�

� � �

�
��� �����������î�������±���� F

	 �'�L�H�O�H�F�W�U�L�F���À�X�[�����\  = Q = CV��� �������������î�������±�������î������������� �������������î������–6 C = 2.17 µC

	 Suppose the potential gradient in air is ga. Then potential gradient in the insulating material is 
gi = ga/�Hr = ga/6.
	 Thickness of air ; ta��� �����������±������� �����������P�P��� �����������î������–3���P�����������7�K�L�F�N�Q�H�V�V���R�I���L�Q�V�X�O�D�W�L�Q�J���P�D�W�H�U�L�D�O����ti = 
1mm = 10–3 m.

	 �?		  �$�S�S�O�L�H�G���Y�R�O�W�D�J�H����V	 =	 gata + giti
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	 �R�U		  ��������	� 	ga���î�����������î������
–3 + 

�
ag

���î������–3

	 �?		  ga	 =	 11.25 × 106 V/m

	 and		  gi	 =	
�
ag

 = 
������ ��

�
�

 = 1.875 × 106 V/m

	 Example 6.7. An air capacitor has two parallel plates of 1500 cm2 in area and 5 mm apart.  
If a dielectric slab of area 1500 cm2, thickness 2 mm and relative permittivity 3 is now introduced 
between the plates, what must be the new separation between the plates to bring the capacitance to 
the original value?

	 Solution. �7�K�L�V���L�V���D���F�D�V�H���R�I���L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���G�L�H�O�H�F�W�U�L�F���V�O�D�E���L�Q�W�R���D�Q���D�L�U���F�D�S�D�F�L�W�R�U�������$�V���S�U�R�Y�H�G���L�Q���$�U�W����
�����������W�K�H���F�D�S�D�F�L�W�D�Q�F�H���X�Q�G�H�U���W�K�L�V���F�R�Q�G�L�W�L�R�Q���E�H�F�R�P�H�V����

			   C	 =	 �

� 	 �r

A
d t t

�
� � �

	 ...(i)

	 �,�I���W�K�H���P�H�G�L�X�P���Z�H�U�H���W�R�W�D�O�O�\���D�L�U�����F�D�S�D�F�L�W�D�Q�F�H���Z�R�X�O�G���K�D�Y�H���E�H�H�Q

			   Cair	 =	 � A
d

�
	 ...(ii )

	 Inspection of eqs. (i) and (ii ) shows that with the introduction of dielectric slab between the 
�S�O�D�W�H�V�� �R�I�� �D�L�U�� �F�D�S�D�F�L�W�R�U���� �L�W�V�� �F�D�S�D�F�L�W�D�Q�F�H�� �L�Q�F�U�H�D�V�H�V���� �7�K�H�� �G�L�V�W�D�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�O�D�W�H�V�� �L�V�� �H�I�I�H�F�W�L�Y�H�O�\�� 
reduced by t� � � í� � � �t���0r������ �,�Q�� �R�U�G�H�U�� �W�R�� �E�U�L�Q�J�� �W�K�H�� �F�D�S�D�F�L�W�D�Q�F�H�� �W�R�� �W�K�H�� �R�U�L�J�L�Q�D�O�� �Y�D�O�X�H���� �W�K�H�� �S�O�D�W�H�V�� �P�X�V�W�� �E�H��
separated by this much distance in air.

	 �?	 New separation between the plates

				    =	 d + (t���í��t���0r����� �����������������í������������� ��6·33 mm

	 Example 6.8. A variable air capacitor has 11 movable plates and 12 stationary plates. The 
area of each plate is 0·0015 m2 and separation between opposite plates is 0·001 m. Determine the 
�P�D�[�L�P�X�P���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�L�V���Y�D�U�L�D�E�O�H���F�D�S�D�F�L�W�R�U��

	 Solution. �7�K�H���F�D�S�D�F�L�W�D�Q�F�H���Z�L�O�O���E�H���P�D�[�L�P�X�P���Z�K�H�Q���W�K�H���P�R�Y�D�E�O�H���S�O�D�W�H�V���D�U�H���F�R�P�S�O�H�W�H�O�\���U�R�W�D�W�H�G��
in i.e.���Z�K�H�Q���W�K�H���W�Z�R���V�H�W�V���R�I���S�O�D�W�H�V���F�R�P�S�O�H�W�H�O�\���R�Y�H�U�O�D�S���H�D�F�K���R�W�K�H�U�����8�Q�G�H�U���W�K�L�V���F�R�Q�G�L�W�L�R�Q�����W�K�H���F�R�P�P�R�Q��
(or effective) area is equal to the physical area of each plate.

			   C	 =	 �� �� r A
n

d
� �

�

	 Here	 n	� 	����������������� ����������  �0r = 1 ;  A��� �����Â�����������P������;  d = 0·001 m

	 �?		  C	 =	
������� �� � ������

��� ��
�����

�� � �
� � ��� �����������î�������í����F = 292 pF

	 Example 6.9. The capacitance of a variable radio capacitor can be changed from 50 pF to 950 
pF by turning the dial from 0º to 180º. With dial set at 180º, the capacitor is connected to 400 V bat-
tery.  After charging, the capacitor is disconnected from the battery and the dial is tuned at 0º. What 
is the potential difference across the capacitor when the dial reads 0º ?
	 Solution. �:�L�W�K���G�L�D�O���D�W�����ž�����W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U���L�V
			   C1	� 	�������S�)��� ���������î�������±���� F
	 �:�L�W�K���G�L�D�O���D�W���������ž�����W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U���L�V
			   C��	� 	���������S�)��� �����������î�������±���� F
			   P.D. across C������V��	 =	 400 V
	 �? 		  Charge on C������Q	 =	 C��V����� �������������î������

�±���������î����������� �����������î�������±�� C
	 �:�K�H�Q���W�K�H���E�D�W�W�H�U�\���L�V���G�L�V�F�R�Q�Q�H�F�W�H�G�����F�K�D�U�J�H��Q remains the same. Suppose V1 is the potential dif-
ference across the capacitor when the dial reads 0º.

	 �?		  Q	 =	 C1V1
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	 or		  V1	 =	
�

��
�

��� ��

�� ��

Q
C

�

�

�
�

�
 = 7600 V

	 Example 6.10. A parallel plate capacitor has plates of area 2 m2 spaced by three layers of dif-
ferent dielectric materials. The relative permittivities are 2, 4, 6 and thicknesses are 0.5, 1.5 and 0.3 
mm respectively. Calculate the combined capacitance and the electric stress (potential gradient) in 
each material when applied voltage is 1000 V.

	 Solution.	 �&�D�S�D�F�L�W�D�Q�F�H����C	 =	 �

�� �

� � �r r r

A
dd d

�

� �
� � �

				    =	
��

� � �
� ��� �� �

� � �� � � �� � � ��
� � �

�

� � �
	 � �

	 � 	 � 	 �� �
 = 0·0262 �î 10–6 F

			  �&�K�D�U�J�H���R�Q���H�D�F�K���S�O�D�W�H����Q	 =	 CV � �������Â�����������î������–6�����î������������� �������Â�����î������–6 C

			  �(�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\����D	 =	
��� � ��

�
Q
A

�	 �� ��� �������Â�����î������–6 C/m��

	 �(�O�H�F�W�U�L�F���V�W�U�H�V�V���L�Q���W�K�H���P�D�W�H�U�L�D�O���Z�L�W�K���0r1��� �������L�V

			   E1	 =	
�

��
� �

�� � ��
� ��� �� �r

D �

�
	 ��

� � 	 � �
 = 74 �î 104 V/m

	 �(�O�H�F�W�U�L�F���V�W�U�H�V�V���L�Q���W�K�H���P�D�W�H�U�L�D�O���Z�L�W�K���0r�� = 4 is

			   E��	 =	
�

��
�� � ��

����� �� �

�

�
	 �
� �

 = 37 �î 104 V/m

	 �(�O�H�F�W�U�L�F���V�W�U�H�V�V���L�Q���W�K�H���P�D�W�H�U�L�D�O���Z�L�W�K���0r3 = 6 is

			   E3	 =	
�

��
�� � ��

����� �� �

�

�
	 �
� �

 = 24.67 �î 104 V/m

	 �,�W���L�V���F�O�H�D�U���I�U�R�P���W�K�H���D�E�R�Y�H���H�[�D�P�S�O�H���W�K�D�W���H�O�H�F�W�U�L�F���V�W�U�H�V�V���L�V���J�U�H�D�W�H�V�W���L�Q���W�K�H���P�D�W�H�U�L�D�O���K�D�Y�L�Q�J���W�K�H���O�H�D�V�W��
relative permittivity�����6�L�Q�F�H���D�L�U���K�D�V���W�K�H���O�R�Z�H�V�W���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\�����H�I�I�R�U�W�V���V�K�R�X�O�G���E�H���P�D�G�H���W�R���D�Y�R�L�G��
air pockets in the dielectric materials.
	 Example 6.11. A parallel plate capacitor is maintained at a certain potential difference. When 
a 3 mm slab is introduced between the plates in order to maintain the same potential difference, the 
distance between the plates is increased by 2·4 mm. Find the dielectric constant of the slab.
	 Solution. The capacitance of parallel-plate capacitor in air is

			   C	 =	 � A
d

�
	 ...(i)

	 With the introduction of slab of thickness t�����W�K�H���Q�H�Z���F�D�S�D�F�L�W�D�Q�F�H���L�V

			   C�•	� 	 �

�� � 	 �r

A
d t

�
� � � �

	 ...(ii )

	 Now the charge (Q = CV) remains the same in the two cases.

	 �?		  � A
d

�
	 =	 �

�� �	 �r

A
d t

�
� � � �

	 or		  d	 =	 d�•���±��t�������±�������0r)

			   �+�H�U�H����d�•	� 	d���������Â�����î������–3 m  ;  t��� �������P�P��� �������î������–3 m

	 �?		  d	 =	 d���������Â�����î������–3���±�������î������–3 ��
r

� �
�� ��� �

	 �R�U		  ���Â�����î������–3	� 	�����î������–3 ��
r

� �
�� ��� �

	 �?		    � 0r	 =	 5
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	 Example 6.12. A parallel plate capacitor has three similar parallel plates. Find the ratio of 
capacitance when the inner plate is mid-way between the outers to the capacitance when inner plate 
is three times as near one plate as the other.
	 Solution. Fig. 6.14 (i) shows the condition when the inner plate is mid-way between the outer 
plates.  This arrangement is equivalent to two capacitors in parallel.

	 �?	 Capacitance of the capacitor C1	 =	 � � ��
	� 	�
r r rA A A

d d d
� � � � � �

� �

Fig. 6.14
	 Fig. 6.14 (ii ) shows the condition when inner plate is three times as near as one plate as the other.

	 �?��	Capacitance of the capacitor C��	=	 � � ���
	� � 	� �
r r rA A A

d d d
� � � � � �

� �

	 �?		  C1/C��	 =	 0.75

	 Example 6.13. The permittivity of the dielectric material between the plates of a parallel-plate 
capacitor varies uniformly from �H1 at one plate to �H2 at other plate. Show that the capacitance is 
given by ;

			   C	 =	 � �

� ���� e

A
d

� � �
� �

	 where A and d are the  area of each plate and separation between the 
plates respectively.

	 Solution.���)�L�J���������������V�K�R�Z�V���W�K�H���F�R�Q�G�L�W�L�R�Q�V���R�I���W�K�H���S�U�R�E�O�H�P�����7�K�H���S�H�U�P�L�W�W�L�Y-
ity of the dielectric material at a distance �[ from the left plate is

			   �H�[	 =	 � � �� ��[
d

� � � � �

	 Consider an elementary strip of width �G�[��at a distance �[ from the left 
plate. The capacitance C of this strip is

			   C	 =	 �[A
�G�[

�

	 or		
�
C

	 =	
�[

�G�[
A�

 = 
� � �� �

�G�[
�[A
d

� �� � � � �� �� 


 = 
� � �� �

�G �G�[
� $ � G � [� � � � �

�?	 Total capacitance CT between the plates is 

			 
��

TC
	 =	

�

�
� [ � G

�[
C

�

�
�  = 

� � �
�

� �

d
�G �G�[
� $ � G � [� � � � ��

				    =	 �� � � �

� � �

��� � � � � d
e � G � [d

A
� � � � �� �

� �� � �� 


Fig. 6.15

* 	 The arrangement constitutes capacitors in series.

** 	
��� � �e �D �E�[�G�[

�D �E�[ �E
�

�
��
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				    =	 � � � �
� �


��� � � ��� �
� � e e

d d d d d
A

� � � � � � �
� � �

				    =	 � �

� � � � � �
��� ���

� � � �e e
dd d

A d A
� �

�
� � � � � � � �

	 �?		  CT	 =	 � �

�

�
��� e

A
d

� � �
�
�

Tutorial Problems
	 1.	 �$���F�D�S�D�F�L�W�R�U���F�R�Q�V�L�V�W�L�Q�J���R�I���W�Z�R���S�D�U�D�O�O�H�O���S�O�D�W�H�V�����Â�����P�P���D�S�D�U�W���L�Q���D�L�U���D�Q�G���H�D�F�K���R�I���H�I�I�H�F�W�L�Y�H���D�U�H�D�����������F�P�� is 

connected to a 100V battery. Calculate (i) the capacitance and (ii ) the charge.  [(i) 885 pF (ii ) 0·0885 µC]

	 2.	 �$���F�D�S�D�F�L�W�R�U���F�R�Q�V�L�V�W�L�Q�J���R�I���W�Z�R���S�D�U�D�O�O�H�O���S�O�D�W�H�V���L�Q���D�L�U�����H�D�F�K���R�I���H�I�I�H�F�W�L�Y�H���D�U�H�D���������F�P�����D�Q�G�������P�P���D�S�D�U�W�����F�D�U�U�L�H�V��
�D���F�K�D�U�J�H���R�I�������������î�������í���� C. Calculate the p.d. between the plates.  If the distance between the plates is 
�L�Q�F�U�H�D�V�H�G���W�R�����P�P�����Z�K�D�W���Z�L�O�O���E�H���W�K�H���H�O�H�F�W�U�L�F�D�O���H�I�I�H�F�W���"��	[40 V ; p.d. across plates is increased to 200 V]

	 3.	 Two insulated parallel plates each of 600 cm�����H�I�I�H�F�W�L�Y�H���D�U�H�D���D�Q�G�������P�P���D�S�D�U�W���L�Q���D�L�U���D�U�H���F�K�D�U�J�H�G���W�R���D���S���G����
of 1000 V. Calculate (i) the capacitance and (ii ) the charge on each plate.

		 �7�K�H���V�R�X�U�F�H���R�I���V�X�S�S�O�\���L�V���Q�R�Z���G�L�V�F�R�Q�Q�H�F�W�H�G�����W�K�H���S�O�D�W�H�V���U�H�P�D�L�Q�L�Q�J���L�Q�V�X�O�D�W�H�G�����&�D�O�F�X�O�D�W�H����iii ) the p.d. between 
the plates when their spacing is increased to 10 mm and (iv�����W�K�H���S���G�����Z�K�H�Q���W�K�H���S�O�D�W�H�V�����V�W�L�O�O���������P�P���D�S�D�U�W����
�D�U�H���L�P�P�H�U�V�H�G���L�Q���R�L�O���R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\������	[(i) 106·2 pF (ii ) 106·2 �î 10�í12 C (iii ) 2000 V (iv) 400 V]

	 4.	 �$���S���G�����R�I�����������9���L�V���D�S�S�O�L�H�G���D�F�U�R�V�V���D���S�D�U�D�O�O�H�O���S�O�D�W�H���F�D�S�D�F�L�W�R�U���Z�L�W�K���D���S�O�D�W�H���D�U�H�D���R�I�����Â���������P��. The plates are 
�V�H�S�D�U�D�W�H�G���E�\���D���G�L�H�O�H�F�W�U�L�F���R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\�����Â�������,�I���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U���L�V�����������—�)�����¿�Q�G����i) 
�W�K�H���H�O�H�F�W�U�L�F���À�X�[����ii �����H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\���D�Q�G����iii ) the electric intensity.

	 [(i) 0·25 µC (ii ) 0·01 mC/m2 (iii ) 45.3 �î 106 V/m]

	 5.	 �$���F�D�S�D�F�L�W�R�U���F�R�Q�V�L�V�W�V���R�I���W�Z�R���S�D�U�D�O�O�H�O���P�H�W�D�O���S�O�D�W�H�V�����H�D�F�K���R�I���D�U�H�D�������������F�P�����D�Q�G�������P�P���D�S�D�U�W�����7�K�H���V�S�D�F�H���E�H-
�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���L�V���¿�O�O�H�G���Z�L�W�K���D���O�D�\�H�U���R�I���S�D�S�H�U�������P�P���W�K�L�F�N���D�Q�G���D���V�K�H�H�W���R�I���J�O�D�V�V�������P�P���W�K�L�F�N�����7�K�H���U�H�O�D�W�L�Y�H��
�S�H�U�P�L�W�W�L�Y�L�W�L�H�V���R�I���S�D�S�H�U���D�Q�G���J�O�D�V�V���D�U�H�������D�Q�G�������U�H�V�S�H�F�W�L�Y�H�O�\�������$���S���G�����R�I�������N�9���L�V���D�S�S�O�L�H�G���D�F�U�R�V�V���W�K�H���S�O�D�W�H�V������
Calculate (i) the capacitance of the capacitor and (ii ) the potential gradient in each dielectric.	

[(i) 1290 pF (ii ) 1820 V/mm (paper); 453 V/mm (glass)]

	 6.	 �$���S�D�U�D�O�O�H�O���S�O�D�W�H���F�D�S�D�F�L�W�R�U���K�D�V���D���S�O�D�W�H���D�U�H�D���R�I���������F�P�� and the plates are separated by three dielectric layers 
�H�D�F�K�������P�P���W�K�L�F�N���D�Q�G���R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\�������������D�Q�G�������U�H�V�S�H�F�W�L�Y�H�O�\�����)�L�Q�G���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U��
and the electric stress in each dielectric if applied voltage is 1000 V.	

	 [18·6 pF ; 5·26 �î��105 V/m; 2·63 �î��105 V/m; 2·11 �î 105 V/m]
	 7.	 �$�����—�)���S�D�U�D�O�O�H�O���S�O�D�W�H���F�D�S�D�F�L�W�R�U���W�K�D�W���F�D�Q���M�X�V�W���Z�L�W�K�V�W�D�Q�G���D���S���G�����R�I�������������9���X�V�H�V���D���G�L�H�O�H�F�W�U�L�F���K�D�Y�L�Q�J���D���U�H�O�D�W�L�Y�H��

�S�H�U�P�L�W�W�L�Y�L�W�\���������Z�K�L�F�K���E�U�H�D�N�V���G�R�Z�Q���L�I���W�K�H���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���H�[�F�H�H�G�V���������î������6 V/m. Find (i) the thickness 
of dielectric required and (ii ) the effective area of each plate.	 [(i) 0·2 mm (ii ) 4·5 m2]

	 8.	 �$�Q���D�L�U���F�D�S�D�F�L�W�R�U���K�D�V���W�Z�R���S�D�U�D�O�O�H�O���S�O�D�W�H�V���������F�P�����L�Q���D�U�H�D���D�Q�G�������P�P���D�S�D�U�W�����:�K�H�Q���D���G�L�H�O�H�F�W�U�L�F���V�O�D�E���R�I���D�U�H�D��������
cm�����D�Q�G���W�K�L�F�N�Q�H�V�V�������P�P���Z�D�V���L�Q�V�H�U�W�H�G���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V�����R�Q�H���R�I���W�K�H���S�O�D�W�H�V���K�D�V���W�R���E�H���P�R�Y�H�G���E�\�����Â�����F�P��
to restore the capacitance. What is the dielectric constant of the slab ?	 [5]

	 9.	 �$���P�X�O�W�L�S�O�D�W�H���S�D�U�D�O�O�H�O���F�D�S�D�F�L�W�R�U���K�D�V�������¿�[�H�G���S�O�D�W�H�V���F�R�Q�Q�H�F�W�H�G���L�Q���S�D�U�D�O�O�H�O�����L�Q�W�H�U�O�H�D�Y�H�G���Z�L�W�K�������V�L�P�L�O�D�U���S�O�D�W�H�V����
�H�D�F�K���S�O�D�W�H���K�D�V���H�I�I�H�F�W�L�Y�H���D�U�H�D���R�I�����������F�P��. The gap between the adjacent plates is 1 mm.  The capacitor is 
�L�P�P�H�U�V�H�G���L�Q���R�L�O���R�I���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���������&�D�O�F�X�O�D�W�H���W�K�H���F�D�S�D�F�L�W�D�Q�F�H��	 �>5·31 pF]

	 10.	 Calculate the number of sheets of tin foil and mica for a capacitor of 0·33 µF capacitance if area of each 
�V�K�H�H�W���R�I���W�L�Q���I�R�L�O���L�V���������F�P�������W�K�H���P�L�F�D���V�K�H�H�W�V���D�U�H�����Â�����P�P���W�K�L�F�N���D�Q�G���K�D�Y�H���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\������		
				    [182 sheets of mica; 183 sheets of tin foil]

6.12.  Cylindrical Capacitor
	 �$���F�\�O�L�Q�G�U�L�F�D�O���F�D�S�D�F�L�W�R�U���F�R�Q�V�L�V�W�V���R�I���W�Z�R���F�R���D�[�L�D�O���F�\�O�L�Q�G�H�U�V���V�H�S�D�U�D�W�H�G���E�\���D�Q���L�Q�V�X�O�D�W�L�Q�J���P�H�G�L�X�P������
This is an important practical case since a single core cable is in effect a capacitor of this kind.  The 
conductor (or core) of the cable is the inner cylinder while the outer cylinder is represented by lead 
�V�K�H�D�W�K���Z�K�L�F�K���L�V���D�W���H�D�U�W�K���S�R�W�H�Q�W�L�D�O�����7�K�H���W�Z�R���F�R���D�[�L�D�O���F�\�O�L�Q�G�H�U�V���K�D�Y�H���L�Q�V�X�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H�P��
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	 Consider a single core cable with conductor diameter d 
metres and inner sheath diameter D metres (See Fig. 6.16).  
�/�H�W�� �W�K�H�� �F�K�D�U�J�H�� �S�H�U�� �P�H�W�U�H�� �D�[�L�D�O�� �O�H�Q�J�W�K�� �R�I�� �W�K�H�� �F�D�E�O�H�� �E�H��Q 
�F�R�X�O�R�P�E�V���D�Q�G���0r be the relative permittivity of the insulating 
material. Consider a cylinder of radius �[���P�H�W�U�H�V�����$�F�F�R�U�G�L�Q�J���W�R��
�*�D�X�V�V�¶�V���W�K�H�R�U�H�P�����H�O�H�F�W�U�L�F���À�X�[���S�D�V�V�L�Q�J���W�K�U�R�X�J�K���W�K�L�V���F�\�O�L�Q�G�H�U���L�V��
Q coulombs. The surface area of this cylinder is

				       �  	 � �� Œ�[���î������� �����Œ�[ m��

�?	 �(�O�H�F�W�U�L�F�� �À�X�[�� �G�H�Q�V�L�W�\�� �D�W�� �D�Q�\�� �S�R�L�Q�W��P on the considered 
cylinder is given by ;
			   D�[	 =	

�
Q

�[�
 C/m��

	 Electric intensity at point P is given by;

			   E�[	 =	
� ��

�[

r r

D Q
�[

�
� � � � �

 V/m

	 The work done in moving a unit positive charge from point P through a distance �G�[��in the direc-
�W�L�R�Q���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���L�V��E�[ �G�[.  Hence the work done in moving a unit positive charge from conductor 
�W�R���V�K�H�D�W�K�����Z�K�L�F�K���L�V���W�K�H���S���G����V���E�H�W�Z�H�H�Q���W�K�H���F�R�Q�G�X�F�W�R�U���D�Q�G���V�K�H�D�W�K�����L�V���J�L�Y�H�Q���E�\����

			   V	 =	
	 � 	 �

� �
	 � 	 �

���
� �

D D

� [ � H
r r

d d

Q Q D�( �G�[ �G�[
� [ � G

� �
� � � � � �� �

�?			  �&�D�S�D�F�L�W�D�Q�F�H���R�I���F�D�E�O�H����C	 =	 �

�

�
•	
 •	


��� � 	 ����
�

r

e
e

r

Q Q
QV D dD

d

�� �
� �

� � �

				    =	
��

�

�� ��

� � ��� ��
•	
 �� •	


� ��� ��� � 	 � �� � ��� � 	 �
r r

D d D d

�
�� � 	 � � � �

� �
	 	

	 If the cable has a length of l �P�H�W�U�H�V�����W�K�H�Q���F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�E�O�H���L�V

				    =	 �

�� ��

��
�� • ••

�� � ��� � 	 � ��� � 	 �
r rl l

D d D d
�� �

� �
	

	 Example 6.14. In a concentric cable 20 cm long, the diameter of inner and outer cylinders are 
15 cm and 15·4 cm respectively. The relative permittivity of the insulation is 5. If a p.d. of 5000 V is 
maintained between the two cylinders, calculate :

	 (i)	 capacitance of cylindrical capacitor

	 (ii )	 the charge

	 (iii )	 �W�K�H���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\���D�Q�G���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���L�Q���W�K�H���G�L�H�O�H�F�W�U�L�F��

	 Solution. (i) 	Capacitance of the cylindrical capacitor is

			   C	 =	 � �

�� ��

� � ��� �� •
�� � ��� � 	 � �� � ��� ��� � 	 ���

r l
D d

� �� � 	� � �
	 	 	

 = 2.11 �î 10–9 F

	 (ii )	�&�K�D�U�J�H���R�Q���F�D�S�D�F�L�W�R�U����Q = CV��� �������Â�������î�������±�������î������������� �������Â�������î������–6 C = 10·55 µC

	 (iii )	To determine D and E �L�Q���W�K�H���G�L�H�O�H�F�W�U�L�F�����Z�H���V�K�D�O�O���F�R�Q�V�L�G�H�U���W�K�H���D�Y�H�U�D�J�H���U�D�G�L�X�V���R�I���G�L�H�O�H�F�W�U�L�F����
i.e.,

	 �$�Y�H�U�D�J�H���U�D�G�L�X�V���R�I���G�L�H�O�H�F�W�U�L�F�����[��= 
�� �� ��

� � �
	� ��� �� 


��� �����Â�����F�P��� �����Â���������P

Fig. 6.16
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	 �)�O�X�[���G�H�Q�V�L�W�\���L�Q���G�L�H�O�H�F�W�U�L�F����D = 
�

� �� �� ��•	

� � � ��� � �
Q
�[�O

�	 ��
� � � 	 � 	

 = 110·47 �î 10–6 C/m2

	 �(�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���L�Q���G�L�H�O�H�F�W�U�L�F����E = 
�

��
�

��� �� ��
� ��� �� �r

D �

�
	 ��

� � 	 � �
 = 2.5 �î 106 V/m

	 Example 6.15. A 33 kV, 50 Hz, 3-phase underground cable, 4 km long uses three single core 
cables. Each of the conductor has a diameter of 2·5 cm and the radial thickness of insulation is 
���Â�����F�P�����'�H�W�H�U�P�L�Q�H�����L�����F�D�S�D�F�L�W�D�Q�F�H���R�I���W�K�H���F�D�E�O�H���S�K�D�V�H�����L�L�����F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���S�K�D�V�H�����L�L�L�����W�R�W�D�O���F�K�D�U�J�L�Q�J��
kVAR.  The relative permittivity of insulation is 3. 

	 Solution. (i)��	�&�D�S�D�F�L�W�D�Q�F�H���R�I���F�D�E�O�H���S�K�D�V�H����C = �

��
�� •

�� � ��� � 	 �
r l

D d
��

�
	

		  �+�H�U�H	 �0r	 =	 3   ;   l = 4 km = 4000 m

			   d	� 	���Â�����F�P����������D��� �������������������î����������� �����������F�P

		  �3�X�W�W�L�Q�J���W�K�H�V�H���Y�D�O�X�H�V���L�Q���W�K�H���D�E�R�Y�H���H�[�S�U�H�V�V�L�R�Q�����Z�H���J�H�W��

			   C	 = 	
•�

��

� ���� ��
�� � ��� �� � 	 � ��

� �
	 � 	 	

 = 1984 �î 10–9 F

	 (ii )		  �9�R�O�W�D�J�H���S�K�D�V�H�� Vph	 =	
��� ��

�
�

��� �������Â�������î������3 V

		  �&�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���S�K�D�V�H����IC =	
ph

C

V

X
��� �����Œ f C Vph

				    � 	���Œ���î���������î�������������î�������±�����î�������Â�������î������3 = 11·87 A

	 (iii )		 Total charging kV�$�5	 =	 3Vph IC��� �������î�������Â�������î������3 �î�������Â������� ��678·5 �î 103 kVAR

6.13.  Potential Gradient in a Cylindrical Capacitor
	 �8�Q�G�H�U���R�S�H�U�D�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V�����W�K�H���L�Q�V�X�O�D�W�L�R�Q���R�I���D���F�D�E�O�H���L�V���V�X�E�M�H�F�W�H�G���W�R���H�O�H�F�W�U�R�V�W�D�W�L�F���I�R�U�F�H�V�������7�K�L�V���L�V��
known as dielectric stress.  The dielectric stress at any point in a cable is infact the potential gradient 
(or *electric intensity) at that point.

	 Consider a single core cable with core diameter d and internal 
sheath diameter D.�����$�V���S�U�R�Y�H�G���L�Q���$�U�W�����������������W�K�H���H�O�H�F�W�U�L�F���L�Q�W�H�Q�V�L�W�\���D�W���D��
point �[��metres from the centre of the cable is

			   E�[	 =	
�� r

Q
�[�� �

 volts/m

	 �%�\�� �G�H�¿�Q�L�W�L�R�Q���� �H�O�H�F�W�U�L�F�� �L�Q�W�H�Q�V�L�W�\�� �L�V�� �H�T�X�D�O�� �W�R�� �S�R�W�H�Q�W�L�D�O�� �J�U�D�G�L�H�Q�W����
�7�K�H�U�H�I�R�U�H�����S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W��g at a point �[ metres from the centre of 
the cable is 
			   g	 =	 E�[

	 or		  g	 =	
�� r

Q
�[�� �

 volts/m	 ...(i)

	 �$�V���S�U�R�Y�H�G���L�Q���$�U�W�����������������S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H��V between conductor 
and sheath is 
			   V	 =	

�
���

� e
r

Q D
d�� �

 volts

	 or		  Q	 =	 ��

���

r

e

V
D
d

�� �
	 ...(ii )

Fig. 6.17

* 	 It may be recalled that potential gradient at any point is equal to the electric intensity at that point.
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	 Substituting the value of Q���I�U�R�P���H�[�S������ii �����L�Q���H�[�S������i�������Z�H���J�H�W��

			   g	 =	 �

�

�
��� ���
�

r

e
e

r

V V
D d D�[

d�[

�� �
�

�� �

 volts/m	 ...(iii )

	 �,�W���L�V���F�O�H�D�U���I�U�R�P���H�[�S������iii ) that potential gradient varies inversely as the distance �[�����7�K�H�U�H�I�R�U�H����
�S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W���Z�L�O�O���E�H���P�D�[�L�P�X�P���Z�K�H�Q���[��is minimum i.e., when �[��= �G�������R�U���D�W���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H��
�F�R�Q�G�X�F�W�R�U�������2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W���Z�L�O�O���E�H���P�L�Q�L�P�X�P���D�W���[��= �'���� or at sheath surface.

	 �?	 �0�D�[�L�P�X�P���S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W����g�P�D�[	 =	
�

��� e

V
Dd
d

 volts/m	 [Putting �[ = d�������L�Q���H�[�S������iii )]

		  �0�L�Q�L�P�X�P���S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W����gmin	 =	
�

��� e

V
DD
d

 volts/m	 [Putting �[ = D�������L�Q���H�[�S������iii )]

	 �?	 �P�D�[

min

g
g

	 =	

�
��� 	

�
��� 	

e

e

V
d D d

V
D D d

 = 
D
d

	 �7�K�H���Y�D�U�L�D�W�L�R�Q���R�I���V�W�U�H�V�V���L�Q���W�K�H���G�L�H�O�H�F�W�U�L�F���L�V���V�K�R�Z�Q���L�Q���)�L�J����������������It is clear that dielectric stress is 
�P�D�[�L�P�X�P���D�W���W�K�H���F�R�Q�G�X�F�W�R�U���V�X�U�I�D�F�H���D�Q�G���L�W�V���Y�D�O�X�H���J�R�H�V���R�Q���G�H�F�U�H�D�V�L�Q�J���D�V���Z�H���P�R�Y�H���D�Z�D�\���I�U�R�P���W�K�H���F�R�Q-
ductor�����,�W���P�D�\���E�H���Q�R�W�H�G���W�K�D�W���P�D�[�L�P�X�P���V�W�U�H�V�V���L�V���D�Q���L�P�S�R�U�W�D�Q�W���F�R�Q�V�L�G�H�U�D�W�L�R�Q���L�Q���W�K�H���G�H�V�L�J�Q���R�I���D���F�D�E�O�H������
�)�R�U���L�Q�V�W�D�Q�F�H�����L�I���D���F�D�E�O�H���L�V���W�R���E�H���R�S�H�U�D�W�H�G���D�W���V�X�F�K���D���Y�R�O�W�D�J�H���W�K�D�W���
�P�D�[�L�P�X�P���V�W�U�H�V�V���L�V�������N�9���P�P�����W�K�H�Q��
�W�K�H���L�Q�V�X�O�D�W�L�R�Q���X�V�H�G���P�X�V�W���K�D�Y�H���D���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K���R�I���D�W�O�H�D�V�W�������N�9���P�P�����R�W�K�H�U�Z�L�V�H���E�U�H�D�N�G�R�Z�Q���R�I���W�K�H��
cable will become inevitable.

6.14.  Most Economical Conductor Size in a Cable
	 �,�W���K�D�V���D�O�U�H�D�G�\���E�H�H�Q���V�K�R�Z�Q���W�K�D�W���P�D�[�L�P�X�P���V�W�U�H�V�V���L�Q���D���F�D�E�O�H���R�F�F�X�U�V���D�W���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���F�R�Q�G�X�F�W�R�U������
�)�R�U���V�D�I�H���Z�R�U�N�L�Q�J���R�I���W�K�H���F�D�E�O�H�����G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K���R�I���W�K�H���L�Q�V�X�O�D�W�L�R�Q���V�K�R�X�O�G���E�H���P�R�U�H���W�K�D�Q���W�K�H���P�D�[�L�P�X�P��
�V�W�U�H�V�V�����5�H�Z�U�L�W�L�Q�J���W�K�H���H�[�S�U�H�V�V�L�R�Q���I�R�U���P�D�[�L�P�X�P���V�W�U�H�V�V�����Z�H���J�H�W��

			   g�P�D�[ 	= 
�

��� e

V
Dd
d

 volts/m	 ...(i)

	 The values of working voltage V and internal sheath diameter D���K�D�Y�H���W�R���E�H���N�H�S�W���¿�[�H�G���D�W���F�H�U�W�D�L�Q��
values due to design considerations.  This leaves conductor diameter d���W�R���E�H���W�K�H���R�Q�O�\���Y�D�U�L�D�E�O�H���L�Q���H�[�S����
(i). For given values of V and D, the most economical conductor diameter will be one for which g�P�D�[ 
has a minimum value.  The value of g�P�D�[��will be minimum when d loge D/d�����L�V���P�D�[�L�P�X�P��i.e.

			   ��� e
d Dd
dd d

� �
� �� 


	 =	 0  or  �
•��� � �e

D d Dd
d D d

�  = 0

	 �?		  loge (�'���G�����í����	� 	��

	 or		  loge (D/d)	 =	 1  or	   (�'���G) = e � �����Â��������

	 �?	 �0�R�V�W���H�F�R�Q�R�P�L�F�D�O���F�R�Q�G�X�F�W�R�U���G�L�D�P�H�W�H�U����d = 
�����

D

and the value of g�P�D�[��under this condition is 

			   g�P�D�[	 =	
� V
d

 volts/m 	 [Putting loge D/d��� �������L�Q���H�[�S������i)]

�
	 �2�I�� �F�R�X�U�V�H���� �L�W�� �Z�L�O�O�� �R�F�F�X�U�� �D�W�� �W�K�H�� �F�R�Q�G�X�F�W�R�U�� �V�X�U�I�D�F�H��
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	 �)�R�U���O�R�Z���D�Q�G���P�H�G�L�X�P���Y�R�O�W�D�J�H���F�D�E�O�H�V�����W�K�H���Y�D�O�X�H���R�I���F�R�Q�G�X�F�W�R�U���G�L�D�P�H�W�H�U���D�U�U�L�Y�H�G���D�W���E�\���W�K�L�V���P�H�W�K�R�G��
(i.e., d� � �  � � � ��9���J�P�D�[���� �L�V�� �R�I�W�H�Q�� �W�R�R�� �V�P�D�O�O�� �I�U�R�P�� �W�K�H�� �S�R�L�Q�W�� �R�I�� �Y�L�H�Z�� �R�I�� �F�X�U�U�H�Q�W�� �G�H�Q�V�L�W�\���� �7�K�H�U�H�I�R�U�H���� �W�K�H��
conductor diameter of such cables is determined from the consideration of safe current density. For 
�K�L�J�K���Y�R�O�W�D�J�H���F�D�E�O�H�V�����G�H�V�L�J�Q�V���E�D�V�H�G���R�Q���W�K�L�V���W�K�H�R�U�\���J�L�Y�H���D���Y�H�U�\���K�L�J�K���Y�D�O�X�H���R�I��d, much too large from the 
�S�R�L�Q�W���R�I���Y�L�H�Z���R�I���F�X�U�U�H�Q�W���F�D�U�U�\�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G���L�W���L�V�����W�K�H�U�H�I�R�U�H�����D�G�Y�D�Q�W�D�J�H�R�X�V���W�R���L�Q�F�U�H�D�V�H���W�K�H���F�R�Q�G�X�F�W�R�U��
�G�L�D�P�H�W�H�U���W�R���W�K�L�V���Y�D�O�X�H�����7�K�H�U�H���D�U�H���W�K�U�H�H���Z�D�\�V���R�I���G�R�L�Q�J���W�K�L�V���Z�L�W�K�R�X�W���X�V�L�Q�J���H�[�F�H�V�V�L�Y�H���F�R�S�S�H�U����

	 (i)	�8�V�L�Q�J���D�O�X�P�L�Q�L�X�P���L�Q�V�W�H�D�G���R�I���F�R�S�S�H�U���E�H�F�D�X�V�H���I�R�U���W�K�H���V�D�P�H���F�X�U�U�H�Q�W�����G�L�D�P�H�W�H�U���R�I���D�O�X�P�L�Q�L�X�P��
will be more than that of copper.

	 (ii )	Using copper wires stranded around a central core of hemp.

	 (iii )	Using a central lead tube instead of hemp.

	 Example 6.16. �7�K�H���P�D�[�L�P�X�P���D�Q�G���P�L�Q�L�P�X�P���V�W�U�H�V�V�H�V���L�Q���W�K�H���G�L�H�O�H�F�W�U�L�F���R�I���D���V�L�Q�J�O�H���F�R�U�H���F�D�E�O�H���D�U�H��
�������N�9���F�P��(r.m.s.) �D�Q�G���������N�9���F�P��(r.m.s.) �U�H�V�S�H�F�W�L�Y�H�O�\�������,�I���W�K�H���F�R�Q�G�X�F�W�R�U���G�L�D�P�H�W�H�U���L�V�������F�P�����¿�Q�G����

	 (i)	 thickness of insulation	  (ii ) operating voltage

	 Solution.  �+�H�U�H��	 g�P�D�[ 	=	 40 kV/cm ;  gmin = 10 kV/cm ;   d � �������F�P������  D  = ?

	 (i)	 �$�V���S�U�R�Y�H�G���L�Q���$�U�W��������������

			   �P�D�[

min

g
g

	 =	
D
d

  or  D = 
�� �
��

�P�D�[

min

g
d

g
� � � ��� �������F�P

	 �?		  Insulation thickness	 =	
•
�

D d
 = 

� • �
�

 = 3 cm

	 (ii )	 	 g�P�D�[	 =	
�

��� e

V
Dd
d

	 �?		  V	 =	
��� �� � ��� �

••
� �

�P�D�[ �H
e

Dg d
d �

�  =  55.45 kV r.m.s.

	 Example 6.17. A single core cable for use on 11 kV, 50 Hz system has conductor area of 0·645 
cm2 and internal diameter of sheath is 2·18 cm. The permittivity of the dielectric used in the cable 
�L�V�����Â���������)�L�Q�G�����L�����W�K�H���P�D�[�L�P�X�P���H�O�H�F�W�U�R�V�W�D�W�L�F���V�W�U�H�V�V���L�Q���W�K�H���F�D�E�O�H�����L�L�����P�L�Q�L�P�X�P���H�O�H�F�W�U�R�V�W�D�W�L�F���V�W�U�H�V�V���L�Q���W�K�H��
cable (iii) capacitance of the cable per km length (iv) charging current.

	 Solution. �$�U�H�D���R�I���F�U�R�V�V���V�H�F�W�L�R�Q���R�I���F�R�Q�G�X�F�W�R�U������a��� ���������������F�P��

		  �'�L�D�P�H�W�H�U���R�I���W�K�H���F�R�Q�G�X�F�W�R�U����d	 =	
� a
�

 = 
� � ���� 	

�
��� �����Â���������F�P

		 �,�Q�W�H�U�Q�D�O���G�L�D�P�H�W�H�U���R�I���V�K�H�D�W�K����D	� 	���Â�������F�P

	 (i)	�0�D�[�L�P�X�P���H�O�H�F�W�U�R�V�W�D�W�L�F���V�W�U�H�V�V���L�Q���W�K�H���F�D�E�O�H���L�V

			   g�P�D�[	 =	
� � �� ••  


������� ����� ���
�����e e

V
Dd
d

��  = 27.65 kV/cm r.m.s.

	 (ii )	Minimum electrostatic stress in the cable is

			   gmin	 =	
� � �� ••  


������� ���� ���
�����e e

V
DD
d

��  = 11.5 kV/cm r.m.s.

	 (iii )	 �&�D�S�D�F�L�W�D�Q�F�H���R�I���F�D�E�O�H����C	 =	 �

��

�� •
���� ���

r l
D
d

��
�

	 �+�H�U�H��	 �0r	 � 	����������	 l = 1 km = 1000 m
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	 �?	 C	 =	 �

��

� � ���� ��
� ���� � ���

� ���

�	 � �
		

	

 = 0·22 �î 10–6 F

	 (iv)	 �&�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W����IC	 =	
C

V
X

 = ���Œ f C V � �����Œ �î �������î�����Â�������î������� í � ����î��������������� ��0·76 A

	 Example 6.18. Find the most economical size of a single-core cable working on a 132 kV, 
�����S�K�D�V�H���V�\�V�W�H�P�����L�I���D���G�L�H�O�H�F�W�U�L�F���V�W�U�H�V�V���R�I���������N�9���F�P���F�D�Q���E�H���D�O�O�R�Z�H�G��

	 Solution. Phase voltage of cable = ��� � � �������Â�������N�9

		  �3�H�D�N���Y�D�O�X�H���R�I���S�K�D�V�H���Y�R�O�W�D�J�H����V��� �������Â�������î��� ��� ���������Â�������N�9

	 �0�D�[�����S�H�U�P�L�V�V�L�E�O�H���V�W�U�H�V�V��	g�P�D�[	 =	 60 kV/cm	

	 �?	 Most economical conductor diameter is

			   d	 =	
� � ��� ��

���P�D�[

V
g

� 	�  =  3·6 cm

	 �,�Q�W�H�U�Q�D�O���G�L�D�P�H�W�H�U���R�I���V�K�H�D�W�K��	��D	� 	���Â��������d��� �����Â���������î�����Â����� ��9·78 cm

	 �7�K�H�U�H�I�R�U�H�����W�K�H���F�D�E�O�H���V�K�R�X�O�G���K�D�Y�H���D���F�R�Q�G�X�F�W�R�U���G�L�D�P�H�W�H�U���R�I�����������F�P���D�Q�G���L�Q�W�H�U�Q�D�O���V�K�H�D�W�K���G�L�D�P�H�W�H�U��
�R�I�����Â�������F�P��
	 Example 6.19. The radius of the copper core of a single-core rubber-insulated cable is  
2.25 mm. Calculate the radius of the lead sheath which covers the rubber insulation and the cable 
capacitance per metre. A voltage of 10 kV may be applied between the core and the lead sheath 
�Z�L�W�K���D���V�D�I�H�W�\���I�D�F�W�R�U���R�I���������7�K�H���U�X�E�E�H�U���L�Q�V�X�O�D�W�L�R�Q���K�D�V���D���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���R�I�������D�Q�G���E�U�H�D�N�G�R�Z�Q���¿�H�O�G��
strength of 18 × 106���9���P��

	 Solution.���$�V���S�U�R�Y�H�G���L�Q���$�U�W������������

			   g�P�D�[	 =	
�

��� e

V
Dd
d

�+�H�U�H��		  g�P�D�[	 =	 E�P�D�[��� ���������î������
6 V/m ;  V��� ���%�U�H�D�N�G�R�Z�Q���Y�R�O�W�D�J�H���î���6�D�I�H�W�\���I�D�F�W�R�U

				    =	 104���î������� �����������������Y�R�O�W�V��������d��� �������������î������� �����������P�P

	 �?		  �������î������6	 =	
�

� ��­ ���

��� �� ��� e
D
d

�

�

� �

	 or		
D
d

	� 	�����������? D��� �����������î��d��� �����������î����������� �������������P�P

�?	  Radius of sheath = 	
�
D

 = 
����

�
 = 4.72 mm

	 �&�D�S�D�F�L�W�D�Q�F�H����C = �

��

�� •
���� ���

r l
D
d

��
�  = �

��

� �
��

�������� ���
���

��
�  = 0.3 × 10–9 F

6.15.  Capacitance Between Parallel Wires
	 This case is of practical importance in 
overhead transmission lines. The simplest 
�V�\�V�W�H�P���I�R�U���S�R�Z�H�U���W�U�D�Q�V�P�L�V�V�L�R�Q���L�V�������Z�L�U�H���G���F�����R�U��
�D���F���� �V�\�V�W�H�P���� �&�R�Q�V�L�G�H�U�� �����Z�L�U�H�� �W�U�D�Q�V�P�L�V�V�L�R�Q�� �O�L�Q�H��
consisting of two parallel conductors A and B 
spaced d metres apart in air. Suppose that radius 
of each conductor is r metres. Let their respective 
charges be + Q �D�Q�G���í Q �F�R�X�O�R�P�E�V���S�H�U���P�H�W�U�H���O�H�Q�J�W�K���>�6�H�H���)�L�J�������������@��

Fig. 6.18
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	 The total p.d. between conductor A���D�Q�G���Q�H�X�W�U�D�O���³�L�Q�¿�Q�L�W�H�´���S�O�D�Q�H���L�V

			   VA
�
	 =	

� �� �
r d

QQ
�G�[ �G�[

� [ � [

� �
�

�
� � � �� �

				    =	
� �

��� ��� €��‚ƒ ���
� �e e e

Q Q d
r d r
� �� �� �� �� � � �� 


 volts

	 �6�L�P�L�O�D�U�O�\�����S���G�����E�H�W�Z�H�H�Q���F�R�Q�G�X�F�W�R�U��B���D�Q�G���Q�H�X�W�U�D�O���³�L�Q�¿�Q�L�W�H�´���S�O�D�Q�H���L�V

			   VB	 =	
� �� �

r d

Q Q
�G�[ �G�[

� [ � [

� �
�

�
� � � �� �

	 			   =	
� �

��� ��� ���
� �e e e

Q Q d
r d r

� �� �� �� �� �� � � �� 

 volts

	 Both these potentials are w.r.t. the same neutral plane. Since the unlike charges attract each 
�R�W�K�H�U�����W�K�H���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���F�R�Q�G�X�F�W�R�U�V���L�V

			   VAB��	� 	��VA  = 
�

�
��� €��‚ƒ

� e
Q d

r� �

	 �?		  �&�D�S�D�F�L�W�D�Q�F�H����CAB	 =	 Q/VAB  =  

�

�
���

� e

Q
Q d

r� �

 F/m

	 �?		  CAB	 =	 ��
•	


��� e
d
r

� �
	 ...(i)

	 The capacitance for a length l is given by ;

			   CAB	 =	 � •
��� e

l
d
r

� �
	 ... in air

				    =	 � •
���

r

e

l
d
r

� � �
	 … in a medium

	 Example 6.20. A 3-phase overhead transmission line has its conductors arranged at the cor-
�Q�H�U�V���R�I���D�Q���H�T�X�L�O�D�W�H�U�D�O���W�U�L�D�Q�J�O�H���R�I�������P���V�L�G�H�����&�D�O�F�X�O�D�W�H���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I���H�D�F�K���O�L�Q�H���F�R�Q�G�X�F�W�R�U���S�H�U���N�P������
Given that diameter of each conductor is 1·25 cm.

	 Solution.���&�R�Q�G�X�F�W�R�U���U�D�G�L�X�V����	r	� 	���Â������������� �����Â���������F�P�������6�S�D�F�L�Q�J���R�I���F�R�Q�G�X�F�W�R�U�V����d��� �������P��� �����������F�P

	 Capacitance of each line conductor = ��
• 


��� e d r
� �

 = 
��� � ��� ��

• 

��� ��� �����e

�� � 	 �

				    =	 ���Â�����������î�������í�����)���P��� �����Â�����������î�������í���� F/km = 0·0096 µF/km

*	 The electric intensity E at a distance �[ from the centre of the conductor in air is given by ;

		  E = 
�

�€��‚ƒ	

�

Q
�[� �

�+�H�U�H����Q = charge per metre length ; �H0 = permittivity of air

	 �$�V���[�� �D�S�S�U�R�D�F�K�H�V�� �L�Q�¿�Q�L�W�\���� �W�K�H�� �Y�D�O�X�H�� �R�I��E�� �D�S�S�U�R�D�F�K�H�V�� �]�H�U�R���� �7�K�H�U�H�I�R�U�H���� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �G�L�I�I�H�U�H�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H

	 �F�R�Q�G�X�F�W�R�U�V�� �D�Q�G�� �L�Q�¿�Q�L�W�\�� �G�L�V�W�D�Q�W�� �Q�H�X�W�U�D�O�� �S�O�D�Q�H�� �L�V��

	 VA = 
��

r

Q
�G�[

�[

�

� ��
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6.16.  Insulation Resistance of a Cable Capacitor
	 The cable conductor is provided with a suitable thickness of 
insulating material in order to prevent leakage current. The path for 
leakage current is radial through the insulation. The opposition offered 
by insulation to leakage current is known as insulation resistance of the 
�F�D�E�O�H���� �)�R�U���V�D�W�L�V�I�D�F�W�R�U�\�� �R�S�H�U�D�W�L�R�Q���� �W�K�H���L�Q�V�X�O�D�W�L�R�Q���U�H�V�L�V�W�D�Q�F�H���R�I�� �W�K�H���F�D�E�O�H��
should be very high.
	 Consider a single-core cable of conductor radius r1 and internal 
sheath radius r�����D�V���V�K�R�Z�Q���L�Q���)�L�J�����������������/�H�W��l be the length of the cable and 
�! be the resistivity of the insulation.
	 Consider a very small layer of insulation of thickness �G�[ at a radius �[. The length through which 
�O�H�D�N�D�J�H���F�X�U�U�H�Q�W���W�H�Q�G�V���W�R���À�R�Z���L�V���G�[��and the area of X-�V�H�F�W�L�R�Q���R�I�I�H�U�H�G���W�R���W�K�L�V���À�R�Z���L�V�����Œ���[���O.

	 �?	 Insulation resistance of considered layer

				    =	
�

�G�[
� [ � O

�
�

	 Insulation resistance of the whole cable is

			   R	 =	
� �

� �

�
� �

r r

r r

�G�[
�G�[

� [ � O � O � [
�

� �
� �� �

	 �?		  R	 =	 �

�
���

� e
r

l r
�
�

	 This shows that insulation resistance of a cable is inversely proportional to its length.  In other 
�Z�R�U�G�V�����L�I���W�K�H���F�D�E�O�H���O�H�Q�J�W�K���L�Q�F�U�H�D�V�H�V�����L�W�V���L�Q�V�X�O�D�W�L�R�Q���U�H�V�L�V�W�D�Q�F�H���G�H�F�U�H�D�V�H�V���D�Q�G��vice-versa.
	 Example 6.21. Two underground cables having conductor resistances of 0.7�:  and 0.5�:  and 
insulation resistances of 300 M�:  and 600 M�:  respectively are joined (i) in series (ii) in parallel. 
Find the resultant conductor and insulation resistance.
	 Solution. (i) Series connection. �,�Q���W�K�L�V���F�D�V�H�����F�R�Q�G�X�F�W�R�U���U�H�V�L�V�W�D�Q�F�H�V���D�U�H���D�G�G�H�G���O�L�N�H���U�H�V�L�V�W�D�Q�F�H�V���L�Q��
�V�H�U�L�H�V�����+�R�Z�H�Y�H�U�����L�Q�V�X�O�D�W�L�R�Q���U�H�V�L�V�W�D�Q�F�H�V���D�U�H���J�L�Y�H�Q���E�\���U�H�F�L�S�U�R�F�D�O���U�H�O�D�W�L�R�Q��
�?	 �7�R�W�D�O���F�R�Q�G�X�F�W�R�U���U�H�V�L�V�W�D�Q�F�H��� ����������������������� ��1.2�:

	 The total insulation resistance R is given by ;

			 
�
R

	 =	
� �

��� ���
�  �?��R = 200 M�:

	 (ii ) Parallel connection.���,�Q���W�K�L�V���F�D�V�H�����F�R�Q�G�X�F�W�R�U���U�H�V�L�V�W�D�Q�F�H�V���D�U�H���J�R�Y�H�U�Q�H�G���E�\���U�H�F�L�S�U�R�F�D�O���U�H�O�D�W�L�R�Q��
while insulation resistances are added.

�?	 Total conductor resistance = 
��� ���
��� ���

�
�

 = 0.3 �:

	 Total insulation resistance = 300 + 600 = 900 M�:

	 Example 6.22. The insulation resistance of a single-core cable is 495 M�Ÿ per km. If the core 
diameter is 2·5 cm and resistivity of insulation is 4·5 × 1014 �Ÿ���F�P�����¿�Q�G���W�K�H���L�Q�V�X�O�D�W�L�R�Q���W�K�L�F�N�Q�H�V�V��

	 Solution. 	 �/�H�Q�J�W�K���R�I���F�D�E�O�H����l	 =	 1 km = 1000 m
	 �&�D�E�O�H���L�Q�V�X�O�D�W�L�R�Q���U�H�V�L�V�W�D�Q�F�H����	R	 =	 ���������0�Ÿ��� �����������î������6�Ÿ
			   �&�R�Q�G�X�F�W�R�U���U�D�G�L�X�V����r1	� 	���Â��������� �����Â�������F�P
		  �5�H�V�L�V�W�L�Y�L�W�\���R�I���L�Q�V�X�O�D�W�L�R�Q�����!	� 	���Â�����î������14 �Ÿ���F�P��� �����Â�����î�����������Ÿ�P

		  Let r����cm be the internal sheath radius.

		  �1�R�Z��	 R	 =	 �

�
���

� e
r

l r
�
�

Fig. 6.19
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	 or		  �

�
��� e

r
r

	 =	
�

��

� � ���� ��� ��
� � ��

l R� � � � ��
� 	 �

��� �����Â����

	 �R�U		  ���Â�����O�R�J10 r�� /r1	� 	���Â����

	 or		  r��/r1	� 	�$�Q�W�L�O�R�J�����Â���������Â����� ����
	 or		  r�� 	��� ��������r1 � �������î�����Â������� �����Â�����F�P
	 �?		  Insulation thickness	 =	 r�����í��r1��� �����Â�����í�����Â������� ��1·25 cm
	 Example 6.23. The insulation resistance of a kilometre of the cable having a conductor di-
ameter of 1.5 cm and an insulation thickness of 1.5 cm is 500 M�: . What would be the insulation 
resistance if the thickness of the insulation were increased to 2.5 cm?

	 Solution. R1��� �����������0�:   ;  l = 100 m  ;  R�� = ?

	 �)�R�U���¿�U�V�W���F�D�V�H������	 R1	 =	 �

�
���

� e
r

l r
�
�

	 For second case:	 R��	 =	 �

�
���

� e
r

l r
��

� �

	 �?		  �

�

R
R

	 =	 � �

� �

��� � �
��� � �

e

e

r r
r r
� �

	 �1�R�Z����r1��� ��������������� �������������F�P����������r����� ������������������������� �������������F�P�������? r��/r1 = 3

	 r�c1��� �������������F�P������r�c����� ������������������������� �������������F�P�������������?��r�c��/r�c1 = 4.333

	 �?		  �

���
R

	 =	
��� �������

��� ���
e

e
 = 1.334

	 or		  R��	� 	���������î��������������� ��667.3 M�:

Tutorial Problems

 	 1.	 �$���V�L�Q�J�O�H���F�R�U�H���F�D�E�O�H���K�D�V���D���F�R�Q�G�X�F�W�R�U���G�L�D�P�H�W�H�U���R�I�����Â�����F�P���D�Q�G���L�Q�V�X�O�D�W�L�R�Q���W�K�L�F�N�Q�H�V�V���R�I�����Â�����F�P�����,�I���W�K�H���V�S�H�F�L�¿�F��
�U�H�V�L�V�W�D�Q�F�H���R�I���L�Q�V�X�O�D�W�L�R�Q���L�V�����Â�����î������14���Ÿ���F�P�����F�D�O�F�X�O�D�W�H���W�K�H���L�Q�V�X�O�D�W�L�R�Q���U�H�V�L�V�W�D�Q�F�H���S�H�U���N�L�O�R�P�H�W�U�H���O�H�Q�J�W�K���R�I���W�K�H��
cable.				    [305·5 M�Ÿ�@

 	 2.	 �$���V�L�Q�J�O�H���F�R�U�H���F�D�E�O�H�������N�P���O�R�Q�J���K�D�V���D�Q���L�Q�V�X�O�D�W�L�R�Q���U�H�V�L�V�W�D�Q�F�H���R�I�������������0�Ÿ�����,�I���W�K�H���F�R�Q�G�X�F�W�R�U���G�L�D�P�H�W�H�U���L�V�����Â����
�F�P���D�Q�G���V�K�H�D�W�K���G�L�D�P�H�W�H�U���L�V�������F�P�����F�D�O�F�X�O�D�W�H���W�K�H���U�H�V�L�V�W�L�Y�L�W�\���R�I���W�K�H���G�L�H�O�H�F�W�U�L�F���L�Q���W�K�H���F�D�E�O�H��

[28·57 �î 1012 �Ÿm]

	 3.	 Determine the insulation resistance of a single-core cable of length 3 km and having conductor radius 
�����Â�����P�P�����L�Q�V�X�O�D�W�L�R�Q���W�K�L�F�N�Q�H�V�V���������P�P���D�Q�G���V�S�H�F�L�¿�F���U�H�V�L�V�W�D�Q�F�H���R�I���L�Q�V�X�O�D�W�L�R�Q���R�I�������î�����������Ÿ�P��	 �>156 M�Ÿ�@

6.17.   Leakage Resistance of a Capacitor
	 The resistance of the dielectric 
of the capacitor is called leakage 
resistance. The dielectric in an 
ideal capacitor is a perfect insulator 
(i.e., �L�W�� �K�D�V�� �L�Q�¿�Q�L�W�H�� �U�H�V�L�V�W�D�Q�F�H���� �D�Q�G��
�]�H�U�R���F�X�U�U�H�Q�W���À�R�Z�V���W�K�U�R�X�J�K���L�W���Z�K�H�Q���D��
voltage is applied across its terminals. 
The dielectric in a real capacitor 
�K�D�V�� �D�� �O�D�U�J�H�� �E�X�W�� �¿�Q�L�W�H�� �U�H�V�L�V�W�D�Q�F�H�� �V�R�� �D��
�Y�H�U�\���V�P�D�O�O���F�X�U�U�H�Q�W���À�R�Z�V���E�H�W�Z�H�H�Q���W�K�H��
capacitor plates when a voltage is 
applied.

Fig. 6.20
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	 �)�L�J���� ���������� �V�K�R�Z�V�� �W�K�H�� �H�T�X�L�Y�D�O�H�Q�W�� �F�L�U�F�X�L�W�� �R�I�� �D�� �U�H�D�O�� �F�D�S�D�F�L�W�R�U�� �F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �D�Q�� �L�G�H�D�O�� �F�D�S�D�F�L�W�R�U�� �L�Q��
parallel with leakage resistance Rl. Typical values of leakage resistance may range from about 1 
�0�Ÿ�����F�R�Q�V�L�G�H�U�H�G���D���Y�H�U�\���³�O�H�D�N�\�´���F�D�S�D�F�L�W�R�U�����W�R���J�U�H�D�W�H�U���W�K�D�Q�������������������0�Ÿ�����$���Z�H�O�O���G�H�V�L�J�Q�H�G���F�D�S�D�F�L�W�R�U��
has very high leakage resistance (> 104���0�Ÿ�����V�R���W�K�D�W���Y�H�U�\���O�L�W�W�O�H���S�R�Z�H�U���L�V���G�L�V�V�L�S�D�W�H�G���H�Y�H�Q���Z�K�H�Q���K�L�J�K��
voltage is applied across it.

6.18.  Voltage Rating of a Capacitor
	 �7�K�H���P�D�[�L�P�X�P���Y�R�O�W�D�J�H���W�K�D�W���P�D�\���E�H���V�D�I�H�O�\���D�S�S�O�L�H�G���W�R���D���F�D�S�D�F�L�W�R�U���L�V���X�V�X�D�O�O�\���H�[�S�U�H�V�V�H�G���L�Q���W�H�U�P�V���R�I��
its d.c. working voltage.

	 �7�K�H�� �P�D�[�L�P�X�P�� �G���F���� �Y�R�O�W�D�J�H�� �W�K�D�W�� �F�D�Q�� �E�H�� �D�S�S�O�L�H�G�� �W�R�� �D�� �F�D�S�D�F�L�W�R�U�� �Z�L�W�K�R�X�W�� �E�U�H�D�N�G�R�Z�Q�� �R�I�� �L�W�V�� 
dielectric is called voltage rating of the capacitor.

	 �,�I�� �W�K�H�� �Y�R�O�W�D�J�H�� �U�D�W�L�Q�J�� �R�I�� �D�� �F�D�S�D�F�L�W�R�U�� �L�V�� �H�[�F�H�H�G�H�G���� �W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �P�D�\�� �E�U�H�D�N�� �G�R�Z�Q�� �D�Q�G�� �F�R�Q�G�X�F�W��
�F�X�U�U�H�Q�W�����F�D�X�V�L�Q�J���S�H�U�P�D�Q�H�Q�W���G�D�P�D�J�H���W�R���W�K�H���F�D�S�D�F�L�W�R�U�����%�R�W�K���F�D�S�D�F�L-
tance and voltage rating must be taken into consideration before 
a capacitor is used in a circuit application.

	 Example 6.24. Given some capacitors of 0·1 µF capable of 
withstanding 15 V. Calculate the number of capacitors needed if 
it is desired to obtain a capacitance of 0·1 µF for use in a circuit 
involving 60 V.

	 Solution. �)�L�J���������������V�K�R�Z�V���W�K�H���F�R�Q�G�L�W�L�R�Q�V���R�I���W�K�H���S�U�R�E�O�H�P�� 

		  �&�D�S�D�F�L�W�D�Q�F�H���R�I���H�D�F�K���F�D�S�D�F�L�W�R�U����C	 =	 0.1 µF

		 �9�R�O�W�D�J�H���U�D�W�L�Q�J���R�I���H�D�F�K���F�D�S�D�F�L�W�R�U����VC	 � 	�������9

		  �6�X�S�S�O�\���Y�R�O�W�D�J�H����V	 =	 60 V

	 �6�L�Q�F�H���H�D�F�K���F�D�S�D�F�L�W�R�U���F�D�Q���Z�L�W�K�V�W�D�Q�G���������9�����W�K�H���Q�X�P�E�H�U���R�I���F�D�S�D�F�L�W�R�U�V���W�R���E�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V��� ��
������������� ������

	 �&�D�S�D�F�L�W�D�Q�F�H���R�I�������V�H�U�L�H�V���F�R�Q�Q�H�F�W�H�G���F�D�S�D�F�L�W�R�U�V����CT = C������� �����Â��������� �����Â���������—�)�����6�L�Q�F�H���L�W���L�V���G�H�V�L�U�H�G��
�W�R���K�D�Y�H���D���W�R�W�D�O���F�D�S�D�F�L�W�D�Q�F�H���R�I�����Â�����—�)�����Q�X�P�E�H�U���R�I���V�X�F�K���U�R�Z�V���L�Q���S�D�U�D�O�O�H�O��� ��C/CT��� �����Â�������Â��������� ������

	 �?	 �7�R�W�D�O���Q�X�P�E�H�U���R�I���F�D�S�D�F�L�W�R�U�V��� �������î������� ��16

	 �)�L�J���������������V�K�R�Z�V���W�K�H���D�U�U�D�Q�J�H�P�H�Q�W���R�I���F�D�S�D�F�L�W�R�U�V��

	 Example 6.25. A capacitor of capacitance C1 = 1 µ�)���Z�L�W�K�V�W�D�Q�G�V���W�K�H���P�D�[�L�P�X�P���Y�R�O�W�D�J�H���91 = 6 
kV while another capacitance C2 = 2 µ�)���Z�L�W�K�V�W�D�Q�G�V���W�K�H���P�D�[�L�P�X�P���Y�R�O�W�D�J�H���92��� �������N�9�������:�K�D�W���P�D�[�L�P�X�P��
voltage will the system of these two capacitors withstand if they are connected in series ?

	 Solution. �7�K�H���P�D�[�L�P�X�P���F�K�D�U�J�H�V��Q1 and Q�� that can be placed on C1 and C�� are :

			   Q1	 =	 C1V1��� ���������î������
–6�����î���������î������3����� �������î������–3 C

			   Q��	 =	 C��V����� ���������î������
–6�����î���������î������3����� �������î������–3 C

	 The charge on capacitor C1���V�K�R�X�O�G���Q�R�W���H�[�F�H�H�G�������î������–3���&�����7�K�H�U�H�I�R�U�H�����Z�K�H�Q���F�D�S�D�F�L�W�R�U�V���D�U�H���F�R�Q-
�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V�����W�K�H���P�D�[�L�P�X�P���F�K�D�U�J�H���W�K�D�W���F�D�Q���E�H���S�O�D�F�H�G���R�Q���W�K�H���F�D�S�D�F�L�W�R�U�V���L�V�������î������–3 C (= Q1).

	 �?		  V�P�D�[	 =	
� �

� �
� �

� �

� �� � ��
� �� � ��

Q Q
C C

� �

� �
� �� � �
� �

				   � 	�����î������3�����������î������3 = 103������������������� �������î������3 V = 9 kV

	 Example 6.26. A parallel plate capacitor has plates of dimensions 2 cm �î 3 cm.  The plates are 
separated by a 1 mm thickness of paper.

	 (i)	Find the capacitance of the paper capacitor.  The dielectric constant of paper is 3·7.

	 (ii )	 �:�K�D�W���L�V���W�K�H���P�D�[�L�P�X�P���F�K�D�U�J�H���W�K�D�W���F�D�Q���E�H���S�O�D�F�H�G���R�Q���W�K�H���F�D�S�D�F�L�W�R�U���"���7�K�H���G�L�H�O�H�F�W�U�L�F���V�W�U�H�Q�J�W�K��
of paper is 16 �î 166���9���P��

Fig. 6.21
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	 Solution. (i)	 C	 =	 � r A
d

� �

	 �+�H�U�H	 �00	� 	���Â�������î�������±���� F/m �����0r��� �����Â������A��� �������î������–4 m��; d��� �������î������–3 m

	 �?		  C	 =	
�� �

�
�� �� �� � �� �� �� �� �

� ��

� �

�
	 � � 	 � �

�
 = 19·6 �î 10–12 F

	 (ii )	�6�L�Q�F�H���W�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���S�D�S�H�U���L�V�������P�P�����W�K�H���P�D�[�L�P�X�P���Y�R�O�W�D�J�H���W�K�D�W���F�D�Q���E�H���D�S�S�O�L�H�G���E�H�I�R�U�H��
breakdown occurs is

			   V�P�D�[	 =	 E�P�D�[���î��d

	 Here	 E�P�D�[	� 	�������î������
6 V/m  ;  d��� �������P�P��� �������î������–3 m

	 �?		  V�P�D�[	� 	���������î������
6�����î���������î������–3����� ���������î������3 V

	 �?	 �0�D�[�L�P�X�P���F�K�D�U�J�H���W�K�D�W���F�D�Q���E�H���S�O�D�F�H�G���R�Q���F�D�S�D�F�L�W�R�U���L�V

			   Q�P�D�[	 =	 CV�P�D�[��� ���������Â�����î�������±���������î�����������î������3����� �������������î������–6 C = 0·31 µC

6.19.  Capacitors in Series
	 �&�R�Q�V�L�G�H�U���W�K�U�H�H���F�D�S�D�F�L�W�R�U�V�����K�D�Y�L�Q�J���F�D�S�D�F�L�W�D�Q�F�H�V��C1����C�� and C3���I�D�U�D�G���U�H�V�S�H�F�W�L�Y�H�O�\�����F�R�Q�Q�H�F�W�H�G���L�Q��
series across a p.d. of V���Y�R�O�W�V���>�6�H�H���)�L�J����������������i���@�������,�Q���V�H�U�L�H�V���F�R�Q�Q�H�F�W�L�R�Q�����F�K�D�U�J�H���R�Q���H�D�F�K���F�D�S�D�F�L�W�R�U���L�V��
the *same (i.e.  +Q���R�Q���R�Q�H���S�O�D�W�H���D�Q�G���íQ on the other) but p.d. across each is different.

Fig. 6.22

	 �1�R�Z��	 V	 =	 V1 + V�� + V3 = 
� � �

Q Q Q
C C C

� �

				    =	
� � �

� � �Q
C C C

� �
� �� �

� �

	 or		
V
Q

	 =	
� � �

� � �
C C C

� �

	 But Q/V is the **total capacitance CT between points A and B so that V/Q = 1/CT���>�6�H�H���)�L�J����������������ii )].

	 �?		
�

TC
	 =	

� � �

� � �
C C C

� �

Thus capacitors in series are treated in the same manner as are resistors in parallel.

	 Special Case. Frequently we come across two capacitors in series.  The total capacitance in such 
a case is given by ;
			 

�

TC
	 =	 � �

� � � �

� � C C
C C C C

�
� �

* 	 When voltage V�� �L�V�� �D�S�S�O�L�H�G���� �D�� �V�L�P�L�O�D�U�� �H�O�H�F�W�U�R�Q�� �P�R�Y�H�P�H�Q�W�� �R�F�F�X�U�V�� �R�Q�� �H�D�F�K�� �S�O�D�W�H���� �+�H�Q�F�H�� �W�K�H�� �V�D�P�H�� �F�K�D�U�J�H�� �L�V��
�V�W�R�U�H�G�� �E�\�� �H�D�F�K�� �F�D�S�D�F�L�W�R�U���� �$�O�W�H�U�Q�D�W�L�Y�H�O�\���� �F�X�U�U�H�Q�W�� ���F�K�D�U�J�L�Q�J���� �L�Q�� �D�� �V�H�U�L�H�V�� �F�L�U�F�X�L�W�� �L�V�� �W�K�H�� �V�D�P�H���� �6�L�Q�F�H��Q = It and 
both I and t�� �D�U�H�� �W�K�H�� �V�D�P�H�� �I�R�U�� �H�D�F�K�� �F�D�S�D�F�L�W�R�U���� �W�K�H�� �F�K�D�U�J�H�� �R�Q�� �H�D�F�K�� �F�D�S�D�F�L�W�R�U�� �L�V�� �W�K�H�� �V�D�P�H��

�
�
	 �7�R�W�D�O�� �R�U�� �H�T�X�L�Y�D�O�H�Q�W�� �F�D�S�D�F�L�W�D�Q�F�H�� �L�V�� �W�K�H�� �V�L�Q�J�O�H�� �F�D�S�D�F�L�W�D�Q�F�H�� �Z�K�L�F�K�� �L�I�� �V�X�E�V�W�L�W�X�W�H�G�� �I�R�U�� �W�K�H�� �V�H�U�L�H�V�� �F�D�S�D�F�L�W�D�Q�F�H�V����
would provide the same charge for the same applied voltage.
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	 or		  CT	 =	 � �

� �

„���… ‚� �
†…


C C
i e

C C�
	 Note. �7�K�H�� �F�D�S�D�F�L�W�R�U�V�� �D�U�H�� �F�R�Q�Q�H�F�W�H�G�� �L�Q�� �V�H�U�L�H�V�� �Z�K�H�Q�� �W�K�H�� �F�L�U�F�X�L�W�� �Y�R�O�W�D�J�H�� �H�[�F�H�H�G�V�� �W�K�H�� �Y�R�O�W�D�J�H�� �U�D�W�L�Q�J�� �R�I��
�L�Q�G�L�Y�L�G�X�D�O���X�Q�L�W�V�����,�Q���X�V�L�Q�J���W�K�H���V�H�U�L�H�V���F�R�Q�Q�H�F�W�L�R�Q�����L�W���L�V���L�P�S�R�U�W�D�Q�W���W�R���N�H�H�S���L�Q���P�L�Q�G���W�K�D�W���W�K�H���Y�R�O�W�D�J�H�V���D�F�U�R�V�V���F�D�S�D�F�L�W�R�U�V��
in series are not the same unless the capacitances are equal. The greater voltage will be across the smaller 
capacitance which may result in its failure if the capacitances differ very much.

6.20.  Capacitors in Parallel
	 �&�R�Q�V�L�G�H�U���W�K�U�H�H���F�D�S�D�F�L�W�R�U�V�����K�D�Y�L�Q�J���F�D�S�D�F�L�W�D�Q�F�H�V��C1����C�� and C3���I�D�U�D�G���U�H�V�S�H�F�W�L�Y�H�O�\�����F�R�Q�Q�H�F�W�H�G���L�Q��
parallel across a p.d. of V���Y�R�O�W�V���>�6�H�H���)�L�J����������������i���@�����,�Q���S�D�U�D�O�O�H�O���F�R�Q�Q�H�F�W�L�R�Q�����S���G�����D�F�U�R�V�V���H�D�F�K���F�D�S�D�F�L�W�R�U��
is the same but charge on each is different.

Fig. 6.23
	 �1�R�Z��	 Q	 =	 Q1 + Q�� + Q3 = C1 V + C����V + C3 V

				    =	 V(C1 + C�� + C3)

	 or		  Q/V	 =	 C1 + C�� + C3

	 But Q/V is the total capacitance CT���R�I���W�K�H���S�D�U�D�O�O�H�O���F�R�P�E�L�Q�D�W�L�R�Q���>�6�H�H���)�L�J����������������ii )].

	 �?		  CT 	=	 C1 + C�� + C3

	 Thus capacitors in parallel are treated in the same manner as are resistors in series.
	 Note. Capacitors may be connected in parallel to obtain larger values of capacitance than are available 
from individual units.

	 Example 6.27. In the circuit shown in Fig. 6.24, the total charge is 750 µC. Determine the 
values of V1, V and C2.

	 Solution.	 V1	 =	
�

�
�

��� ��
�� ��

Q
C

�

�
��

�
 = 50 V

		  V	 =	V1 + V����� ������������������� ��70 V

		  Charge on C3	 =	C3���î��V��

			   � 	�������î�������í�������î������

		  ��	� 	���������î�������í�� C = 160 µC

	 �?	 Charge on C��	� 	���������í����������� �����������—�&

	 �? Capacitance of C�� = 
���� ��

��

��

			  � 	�����Â�����î������–6 F = 29·5 µF

	 Example 6.28. Two capacitors A and B are connected in series across a 200 V d.c. supply. The 
p.d. across A is 120 V. This p.d. is increased to 140 V when a 3µF capacitor is connected in parallel 
with B. Calculate the capacitances of A and B.

Fig. 6.24
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	 Solution. Let C1 and C�� µF be the capacitances of capacitors A and B respectively. When the 
capacitors are connec�W�H�G���L�Q���V�H�U�L�H�V���>�6�H�H���)�L�J����������������i���@�����F�K�D�U�J�H���R�Q���H�D�F�K���F�D�S�D�F�L�W�R�U���L�V���W�K�H���V�D�P�H��

Fig. 6.25

	 �?	 	 C1���î��������	� 	C�����î������  �R�U  C����� �����Â����C1	 ...(i)

	 When a 3µF capacitor is connected in parallel with B�� �>�6�H�H�� �)�L�J���� ���������� ��ii ���@���� �W�K�H�� �F�R�P�E�L�Q�H�G��
capacitance of this parallel branch is (C�����������������7�K�X�V���W�K�H���F�L�U�F�X�L�W���V�K�R�Z�Q���L�Q���)�L�J����������������ii ) can be thought 
as a series circuit consisting of capacitances C1 and (C�� + 3) connected in series.

	 �?		  C1���î��������	� 	��C�� + 3) 60

	 �R�U		  ��C1���í������C��	� 	��	 �«��ii )

		  Solving eqs. (i) and (ii �������Z�H���J�H�W����C1 = 3.6 µF ;  C�� = 5·4 µF

	 Example 6.29. �2�E�W�D�L�Q���W�K�H���H�T�X�L�Y�D�O�H�Q�W���F�D�S�D�F�L�W�D�Q�F�H���I�R�U���W�K�H���Q�H�W�Z�R�U�N���V�K�R�Z�Q���L�Q���)�L�J�����������������)�R�U����������
V d.c. supply, determine the charge and voltage across each capacitor.

		  Fig. 6.26	 Fig. 6.27

	 Solution. Equivalent Capacitance. �7�K�H���D�E�R�Y�H���Q�H�W�Z�R�U�N���F�D�Q���E�H���U�H�G�U�D�Z�Q���D�V���V�K�R�Z�Q���L�Q���)�L�J������������������
The equivalent capacitance C�•���R�I���V�H�U�L�H�V���F�R�Q�Q�H�F�W�H�G���F�D�S�D�F�L�W�R�U�V��C�� and C3 is

			   C�•	� 	 � �

� �

��� ���
��� ���

C C
C C

� ��
� �

 = 100 pF

	 The equivalent capacitance of parallel combination C�•����� �����������S�)�����D�Q�G��C1 is

			   CBC	 =	 C�•������C1��� ����������������������� �����������S�)

	 The entire circuit now reduces to two capacitors C4 and CBC����� �����������S�)�����L�Q���V�H�U�L�H�V��

	 �?	 Equivalent capacitance of the network is

			   C	 =	 �

�

��� ���
��� ���

BC

BC

C C
C C

� ��
� �

 = 
200pF
3
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Charges and p.d. on various capacitors

		  	 �7�R�W�D�O���F�K�D�U�J�H����Q	 =	 CV = ����� �� ���
�

�� �� �� �
� �

��� �������î�������±�� C

	 �?		  Charge on C4	 =	 2 �î 10–8 C

	 �?		  P.D. across C4����V4	 =	
�

��
�

� ��
��� ��

Q
C

�

�
��
�

 = 200 V

		  P.D. between B and C����VBC	� 	���������±����������� �����������9

			   Charge on C1����Q1	 =	 C1VBC��� �������������î�������±���������î����������� ��10–8 C

			   P.D. across C1����V1	 =	 VBC = 100 V

			   P.D. across C��	 =	 P.D. across C3��� ��������������� ��50 V

			   Charge on C��	 =	 Charge on C3 = Total charge – Charge on C1

				   � 	�������î�������±��) – (10�±��) = 10–8 C

	 Example 6.30. Two perfect 	insulated capacitors are connected in series. One is an air capacitor 
with a plate area of 0.01 m2, the plates being 1 mm apart, the other has a plate area of 0.001 m2, the  
plates separated by a solid dielectric of 0.1 mm thickness with a dielectric constant of 5. Determine 
�W�K�H���Y�R�O�W�D�J�H���D�F�U�R�V�V���W�K�H���F�R�P�E�L�Q�D�W�L�R�Q���L�I���W�K�H���S�R�W�H�Q�W�L�D�O���J�U�D�G�L�H�Q�W���L�Q���W�K�H���D�L�U���F�D�S�D�F�L�W�R�U���L�V�����������9���P�P��

	 Solution. Capacitance C1 of air capacitor is 

			   C1	 =	 � � �

�

r A
t

� �
 = 

��

�

����� �� � ����

� ��

�

�

� � �

�
��� ���������������î�������±���� F

	 Capacitance C�� of the capacitor with dielectric of  �Hr��� �������L�V

			   C��	 =	 � � �

�

r A
t

� �
 = 

��

�

����� �� � �����

��� ��

�

�

� � �

�
��� ���������������î�������±���� F

			   Voltage across C1����V1	 =	 g1���î��t1��� ���������9���P�P���î�������P�P��� �����������9

			   Charge on C1����Q1	 =	 C1V1��� ���������������î������
�±�������î����������� �����������������î������–10 C

	 �$�V���W�K�H���F�D�S�D�F�L�W�R�U�V���D�U�H���L�Q���V�H�U�L�H�V�����W�K�H���F�K�D�U�J�H���R�Q���H�D�F�K���F�D�S�D�F�L�W�R�U���L�V���W�K�H���V�D�P�H��i.e. Q�� = Q1��� ������������������
�î������–10 C.

�?	 Voltage across C������V�� = �

�

Q
C

 = 
��

��

������ ��

����� ��

�

�

�

�
 = 40 V

�?	 �9�R�O�W�D�J�H���D�F�U�R�V�V���F�R�P�E�L�Q�D�W�L�R�Q����V = V1 + V����� ��������������������� ��240 volts

	 Example 6.31. In the network shown in Fig. 6.28 (i), C1 = C2 = C3 = C4 = 8 µF and  
C5 = 10 µ�)�������)�L�Q�G���W�K�H���H�T�X�L�Y�D�O�H�Q�W���F�D�S�D�F�L�W�D�Q�F�H���E�H�W�Z�H�H�Q���S�R�L�Q�W�V���$���D�Q�G���%��

Fig. 6.28

	 Solution. �$�� �O�L�W�W�O�H�� �U�H�À�H�F�W�L�R�Q�� �V�K�R�Z�V�� �W�K�D�W�� �F�L�U�F�X�L�W�� �R�I�� �)�L�J���� ���������� ��i) can be redrawn as shown in  
�)�L�J����������������ii �������:�H���¿�Q�G���W�K�D�W���W�K�H���F�L�U�F�X�L�W���L�V���D���:�K�H�D�W�V�W�R�Q�H���E�U�L�G�J�H�����6�L�Q�F�H���W�K�H���S�U�R�G�X�F�W���R�I���R�S�S�R�V�L�W�H���D�U�P�V���R�I��
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the bridge are equal (C1C4 = C��C3 because C1 = C�� = C3 = C4�������W�K�H���E�U�L�G�J�H���L�V���E�D�O�D�Q�F�H�G�����,�W���P�H�D�Q�V���W�K�D�W��
points C and D �D�U�H���D�W���W�K�H���V�D�P�H���S�R�W�H�Q�W�L�D�O�����7�K�H�U�H�I�R�U�H�����W�K�H�U�H���Z�L�O�O���E�H���Q�R���F�K�D�U�J�H���R�Q���F�D�S�D�F�L�W�R�U��C�������+�H�Q�F�H����
�W�K�L�V���F�D�S�D�F�L�W�R�U���L�V���L�Q�H�I�I�H�F�W�L�Y�H���D�Q�G���F�D�Q���E�H���U�H�P�R�Y�H�G���I�U�R�P���W�K�H���F�L�U�F�X�L�W���D�V���V�K�R�Z�Q���L�Q���)�L�J����������������iii ). Refer-
�U�L�Q�J���W�R���)�L�J����������������iii �������W�K�H���H�T�X�L�Y�D�O�H�Q�W���F�D�S�D�F�L�W�D�Q�F�H��C�•���R�I���W�K�H���V�H�U�L�H�V���F�R�Q�Q�H�F�W�H�G���F�D�S�D�F�L�W�R�U�V��C1 and C�� is

			   C�•	� 	 � �

� �

� �
� �

C C
C C

��
� �

 = 4 µF

The equivalent capacitance C�•�•���R�I���V�H�U�L�H�V���F�R�Q�Q�H�F�W�H�G���F�D�S�D�F�L�W�R�U�V��C3 and C4���>�6�H�H���)�L�J����������������iii )] is

			   C�•�•	� 	 � �

� �

� �
� �

C C
C C

��
� �

 = 4 µF

	 Now	 CAB	 =	 C�•���_�_��C�•�•��� �������_�_������� ��������������� ��8 µF

	 Example 6.32. Find the charge on 5 µF capacitor in 
the circuit shown in Fig. 6.29.

	 Solution. The p.d. between A and B is 6 V.  Consider-
ing the branch AB���� �W�K�H�� �F�D�S�D�F�L�W�R�U�V�� ���� �—�)�� �D�Q�G�� ���� �—�)�� �D�U�H�� �L�Q��
�S�D�U�D�O�O�H�O���D�Q�G���W�K�H�L�U���H�T�X�L�Y�D�O�H�Q�W���F�D�S�D�F�L�W�D�Q�F�H��� ��������������� �������—�)����
The branch AB �W�K�H�Q���K�D�V�������—�)���D�Q�G�������—�)���L�Q���V�H�U�L�H�V�����7�K�H�U�H�I�R�U�H����
the effective capacitance of branch AB is

			   CAB	 =	
� � �� •
� � ��

� � �
�

			  Total charge in branch AB is 

			   Q	 =	 CABV = 
��
��

���î������� ��
�� •
�

�

			  P.D. across 3 µF capacitor = 
�� � �� �€��‚ƒ

� � � �
Q

� � �

	 �?		 P.D. across parallel combination = 
�� �� �€��‚ƒ
� �

� �

			  �&�K�D�U�J�H���R�Q�������—�)���F�D�S�D�F�L�W�R�U��� ���������î������–6�����î��
�
�

��� �������î������–6 C = 9 µC

	 Example 6.33. Two parallel plate capacitors A and B having capacitances of 1 µF and 5 µF 
are charged separately to the same potential of 100 V. Now positive plate of A is connected to the 
�Q�H�J�D�W�L�Y�H���S�O�D�W�H���R�I���%���D�Q�G���W�K�H���Q�H�J�D�W�L�Y�H���S�O�D�W�H���R�I���$���L�V���F�R�Q�Q�H�F�W�H�G���W�R���W�K�H���S�R�V�L�W�L�Y�H���S�O�D�W�H���R�I���%�����)�L�Q�G���W�K�H���¿�Q�D�O��
charge on each capacitor.

	 Solution. 	 Initial charge on A����Q1	=	 C1V��� ���������î������–6�����î����������� �����������—�&

			   Initial charge on B����Q��	=	 C��V��� ���������î������–6�����î����������� �����������—�&

	 When the oppositely charged plates of A and B���D�U�H���F�R�Q�Q�H�F�W�H�G���W�R�J�H�W�K�H�U�����W�K�H���Q�H�W���F�K�D�U�J�H���L�V

			   Q	 =	 Q�� – Q1��� �����������±����������� �����������—�&

			  Final potential difference	 =	
�

�
‡ˆ‚� ‰���ˆ ��� �� ��� •

‡ˆ‚� �•� Š‚�‹ ˆ ��� ����

�

�
�� �

�

			   Final charge on A	 =	 �
�

��� ����� �� �
� �

C �� � � �  = Œ200 C
3

			   Final charge on B	 =	 �
�

��� ����� �� �
� �

C �� � � �  = 1000µC
3

	 Example 6.34. �$���F�D�S�D�F�L�W�R�U���L�V���¿�O�O�H�G���Z�L�W�K���W�Z�R���G�L�H�O�H�F�W�U�L�F�V���R�I���W�K�H���V�D�P�H���G�L�P�H�Q�V�L�R�Q�V���E�X�W���R�I���G�L�H�O�H�F�W�U�L�F��
constants K1 and K2 respectively. Find the capacitances in two possible arrangements.

Fig. 6.29
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Fig. 6.30

	 Solution. The two possible arrangements are shown in Fig. 6.30.

	 (i) The arrangement shown in Fig. 6.30 (i�����L�V���H�T�X�L�Y�D�O�H�Q�W���W�R���W�Z�R���F�D�S�D�F�L�W�R�U�V���L�Q���V�H�U�L�H�V�����H�D�F�K���Z�L�W�K��
plate area A and plate separation d������i.e.,

			   C1	 =	 � � � ��
	�

K A K A
d d
� �

�  ;  C�� = � � � ��
	�

K A K A
d d
� �

�

	 The equivalent capacitance C�•���L�V���J�L�Y�H�Q���E�\����

			 
�
C� 	 =	

� � � � � � � � �

� � � �
� � �

d d d
C C K A K A A K K

� �
� � � � �� �� � � � �

				    =	 � �

� � ��
K Kd

A K K
�� �

� �� � �

	 �?		  C�•	� 	
� �
� �
� �

0 1 2

1 2

2 A K K
d K + K
�

	 (ii ) The arrangement shown in Fig. 6.30 (ii �����L�V���H�T�X�L�Y�D�O�H�Q�W���W�R���W�Z�R���F�D�S�D�F�L�W�R�U�V���L�Q���S�D�U�D�O�O�H�O�����H�D�F�K���Z�L�W�K��
plate area A�������D�Q�G���S�O�D�W�H���V�H�S�D�U�D�W�L�R�Q��d i.e.,

		  	 C1	 =	 � � � �� 	��
�

K A K A
d d

� �
�    ;  C�� = � � � �� 	��

�
K A K A

d d
� �

�

	 The equivalent capacitance C�•�•���L�V���J�L�Y�H�Q���E�\����

			   C�•�•	� 	C1 + C�� = � � � � �
� �� �

� � �
K A K A A

K K
d d d
� � �

� � �

	 �?		  C�•�•	� 	 0
1 2( + )

2
A

K K
d

�

	 Example 6.35. Determine the capacitance between terminals A and B of the network shown in 
Fig. 6.31.  The values shown are capacitances in µF.

Fig. 6.31

	 Solution. �7�K�H���F�L�U�F�X�L�W���V�K�R�Z�Q���L�Q���)�L�J���������������L�V���H�T�X�L�Y�D�O�H�Q�W���W�R���W�K�H���F�L�U�F�X�L�W���V�K�R�Z�Q���L�Q���)�L�J��������������
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		  Fig. 6.32	 Fig. 6.33

	 Replacing the star network at D�����F�R�Q�V�L�V�W�L�Q�J���R�I���F�D�S�D�F�L�W�D�Q�F�H�V�����������������D�Q�G�����������E�\���H�T�X�L�Y�D�O�H�Q�W���G�H�O�W�D����
�Z�H���K�D�Y�H��
			   C1	 =	

�� �� ��
�� �� �� �

� �
� �

 	 (between A and C)

			   C��	 =	
�� �� ��

�� �� �� �
� �

� �
 	 (between B and C)

			   C3	 =	
�� �� ��

�� �� �� �
� �

� �
	  (between A and B)

	 �7�K�H���F�L�U�F�X�L�W���W�K�H�Q���U�H�G�X�F�H�V���W�R���W�K�H���F�L�U�F�X�L�W���V�K�R�Z�Q���L�Q���)�L�J�����������������5�H�I�H�U�U�L�Q�J���W�R���)�L�J��������������

		   	CAC = 
�� �����
� �

� � 	� 	�����Â����������CBC = 
�� �����
� �

� � ��� �������Â����

	 The circuit then reduces to the circuit shown in 
Fig. 6.34.

	 �?		  CAB	 =	 �
AC BC

AC BC

C C
C

C C
�

�
�

				    =	
�� �� �� �� � ��
�� �� �� ��

	 � 	 � 	
	 � 	

			   ��	� 	 �����Â�������������Â������� ��17·3 µF

	 Example 6.36. In the network shown 
in Fig. 6.35, the capacitances are in µF.  
If the capacitance between terminals P 
and Q is 5 µ�)�����¿�Q�G���W�K�H���Y�D�O�X�H���R�I���&��

	 Solution. The capacitances 1 and 
1 are in parallel and their equivalent 
�F�D�S�D�F�L�W�D�Q�F�H�� � �� ���� ���� ���� � �� ������ �/�L�N�H�Z�L�V�H���� �W�K�H��
capacitances 1 and 3 are in parallel and 
their equivalent capacitance = 1 + 3 = 4.  
�7�K�H�U�H�I�R�U�H�����W�K�H���R�U�L�J�L�Q�D�O���F�L�U�F�X�L�W���U�H�G�X�F�H�V���W�R���W�K�H���F�L�U�F�X�L�W���V�K�R�Z�Q���L�Q���)�L�J��������������

		  Fig. 6.36	 Fig. 6.37

Fig. 6.35

Fig. 6.34
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	 Replacing the star network at S ���F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �F�D�S�D�F�L�W�D�Q�F�H�V�� ������ ���� �D�Q�G�� ������ �L�Q�� �)�L�J���� ���������� �E�\�� �L�W�V��
�H�T�X�L�Y�D�O�H�Q�W���G�H�O�W�D���Q�H�W�Z�R�U�N��

			   Cab	 =	
� � � �

� � �
� � 	

� �
  ;  Cbc = 

� � � �
� � �

� � 	
� �

  ;   Cca = 
� � � �

� � �
� � 	

� �
	 �7�K�H�� �F�L�U�F�X�L�W�� �L�Q�� �)�L�J���� ���������� �W�K�H�Q�� �U�H�G�X�F�H�V�� �W�R�� �W�K�H�� �R�Q�H�� �V�K�R�Z�Q�� �L�Q�� �)�L�J���� ������������ �5�H�I�H�U�U�L�Q�J�� �W�R�� �)�L�J���� ������������
capac�L�W�D�Q�F�H�V�������D�Q�G�����Â�����D�U�H���L�Q���S�D�U�D�O�O�H�O���D�Q�G���W�K�H�L�U���H�T�X�L�Y�D�O�H�Q�W���F�D�S�D�F�L�W�D�Q�F�H��� �������������Â����� �����Â�������/�L�N�H�Z�L�V�H�����W�K�H��
�F�D�S�D�F�L�W�D�Q�F�H�V�������D�Q�G�����Â�����D�U�H���L�Q���S�D�U�D�O�O�H�O���D�Q�G���W�K�H�L�U���H�T�X�L�Y�D�O�H�Q�W���F�D�S�D�F�L�W�D�Q�F�H��� �������������Â����� �����Â�������7�K�H�U�H�I�R�U�H����
the circuit shown in Fi�J���������������U�H�G�X�F�H�V���W�R���W�K�D�W���V�K�R�Z�Q���L�Q���)�L�J��������������

		  Fig. 6.38	 Fig. 6.39

	 �5�H�I�H�U�U�L�Q�J���W�R���)�L�J�����������������F�D�S�D�F�L�W�D�Q�F�H�V�����Â�����D�Q�G�����Â�����D�U�H���L�Q���V�H�U�L�H�V���D�Q�G���W�K�H�L�U���H�T�X�L�Y�D�O�H�Q�W���F�D�S�D�F�L�W�D�Q�F�H��
� �����Â�����î�����Â���������Â�����������Â������� �����Â�������������/�L�N�H�Z�L�V�H�����F�D�S�D�F�L�W�D�Q�F�H�V�������D�Q�G��C are in series and their equivalent 
�F�D�S�D�F�L�W�D�Q�F�H�� � �� ���� �î��C/(3 + C������ �7�K�H�� �F�L�U�F�X�L�W�� �V�K�R�Z�Q�� �L�Q�� �)�L�J���� ���������� �U�H�G�X�F�H�V�� �W�R�� �W�K�D�W�� �V�K�R�Z�Q�� �L�Q�� �)�L�J���� ������������
�5�H�I�H�U�U�L�Q�J���W�R���)�L�J��������������
			   CPQ	� 	���Â���������������Â��������

�
�

C
C

�
�

	 �R�U		  ��	� 	���Â���������������Â��������
�

�
C
C�

	 [Given CPQ��� �������—�)�@

	 �?		  C	 =	 21 µF

Tutorial Problems

	 1.	 �7�K�U�H�H���F�D�S�D�F�L�W�R�U�V���K�D�Y�H���F�D�S�D�F�L�W�D�Q�F�H�V���R�I�������������D�Q�G�����—�)���U�H�V�S�H�F�W�L�Y�H�O�\�����&�D�O�F�X�O�D�W�H���W�K�H���W�R�W�D�O���F�D�S�D�F�L�W�D�Q�F�H���Z�K�H�Q��
they are connected (i) in series (ii ) in parallel.	 [(i) 0·923µF (ii ) 9µF]

	 2.	 �7�K�U�H�H���F�D�S�D�F�L�W�R�U�V���R�I���Y�D�O�X�H�V�����—�)�����������—�)���D�Q�G�������—�)���U�H�V�S�H�F�W�L�Y�H�O�\���D�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V���D�F�U�R�V�V���D�����������9���G���F����
supply.  Calculate (i) the resultant capacitance and (ii ) p.d. across each capacitor.

  	 [(i) 3·7µF (ii ) V1 = 111V, V2 = 74 V, V3 = 55 V]

	 3.	 �+�R�Z���F�D�Q���W�K�U�H�H���F�D�S�D�F�L�W�R�U�V���R�I���F�D�S�D�F�L�W�D�Q�F�H�V�����—�)�������—�)���D�Q�G�����—�)���U�H�V�S�H�F�W�L�Y�H�O�\���E�H���D�U�U�D�Q�J�H�G���W�R���J�L�Y�H���D���F�D�S�D�F�L�W�D�Q�F�H��
of 11µF ?				    [3µF and 6µF in series, with 9µF in parallel with both]

	 4.	 �7�Z�R���F�D�S�D�F�L�W�R�U�V���R�I���F�D�S�D�F�L�W�D�Q�F�H�V�����Â���—�)���D�Q�G�����Â���—�) are joined in series. What value of capacitance joined 
�L�Q���S�D�U�D�O�O�H�O���Z�L�W�K���W�K�L�V���F�R�P�E�L�Q�D�W�L�R�Q���Z�R�X�O�G���J�L�Y�H���D���F�D�S�D�F�L�W�D�Q�F�H���R�I�����Â���—�)���"	 �>0·31µF]

	 5.	 Three capacitors A����B and C �D�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V���D�F�U�R�V�V���D�����������9���G���F�����V�X�S�S�O�\�����7�K�H���S���G���V�����D�F�U�R�V�V���W�K�H��
�F�D�S�D�F�L�W�R�U�V���D�U�H���������9���������9���D�Q�G�������9���U�H�V�S�H�F�W�L�Y�H�O�\�������,�I���W�K�H���F�D�S�D�F�L�W�D�Q�F�H���R�I��A���L�V�����—�)�����Z�K�D�W���D�U�H���W�K�H���F�D�S�D�F�L�W�D�Q�F�H�V����
of B and C ?				    [4·57 µF, 3·56 µF]

	 6.	 �$���F�D�S�D�F�L�W�R�U���R�I�����—�)���F�D�S�D�F�L�W�D�Q�F�H���L�V���F�K�D�U�J�H�G���W�R���D���S���G�����R�I���������9���D�Q�G���W�K�H�Q���F�R�Q�Q�H�F�W�H�G���L�Q���S�D�U�D�O�O�H�O���Z�L�W�K���D�Q���X�Q-
�F�K�D�U�J�H�G���F�D�S�D�F�L�W�R�U���R�I�����—�)���F�D�S�D�F�L�W�D�Q�F�H�����&�D�O�F�X�O�D�W�H���W�K�H���S���G�����D�F�U�R�V�V���W�K�H���S�D�U�D�O�O�H�O���F�D�S�D�F�L�W�R�U�V��	 �>267 V]

	 7.	 Circuit ABC is made up as follows : AB���F�R�Q�V�L�V�W�V���R�I���D�����—�)���F�D�S�D�F�L�W�R�U����BC consists of a 3µF capacitor in 
�S�D�U�D�O�O�H�O���Z�L�W�K�����—�)���F�D�S�D�F�L�W�R�U�����,�I���D���G���F�����V�X�S�S�O�\���R�I�����������9���L�V���F�R�Q�Q�H�F�W�H�G���E�H�W�Z�H�H�Q��A and C�����G�H�W�H�U�P�L�Q�H���W�K�H���F�K�D�U�J�H��
on each capacitor.				    [160 µC (AB); 60 µC (3µF in BC); 100 µC]

	 8.	 �7�Z�R���F�D�S�D�F�L�W�R�U�V����A and B�����K�D�Y�L�Q�J���F�D�S�D�F�L�W�D�Q�F�H�V���R�I�������—�)���D�Q�G�������—�)���U�H�V�S�H�F�W�L�Y�H�O�\�����D�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V���W�R��
a 600 V d.c. supply. If a third capacitor C is connected in parallel with A�����L�W���L�V���I�R�X�Q�G���W�K�D�W���S���G�����D�F�U�R�V�V��B is 
400 V.  Determine the capacitance of capacitor C.	 [40µF]
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6.21.  Joining Two Charged Capacitors
	 Consider two charged capacitors of capacitances C1 and C2 charged to 
potentials V1 and V2 respectively as shown in Fig. 6.40. With switch S open,
			   Q1	 =	 C1V1  and  Q2 = C2V2

	 When switch S is closed, positive charge will �ow from the capacitor of 
higher potential to the capacitor of lower potential. �is �ow of charge will 
continue till p.d. across each capacitor is the same. �is is called common 
potential (V).

			   Common potential, V	 =	 � �

� �

Ž�‚��� ‰���ˆ
Ž�‚��� �•� Š‚�‹ ˆ

Q Q
C C

�
�

�

	 ∴		  V	 =	 � � � �

� �

C V C V
C C

�
�

	 ...(i)

	 �e following points may be noted :

	 (i)	�$�O�W�K�R�X�J�K�� �W�K�H�U�H�� �L�V�� �D�� �U�H�G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �F�K�D�U�J�H�� �R�Q�� �F�R�Q�Q�H�F�W�L�Q�J�� �W�K�H�� �F�D�S�D�F�L�W�R�U�V�� ��i.e., closing 
switch S�������W�K�H���W�R�W�D�O���F�K�D�U�J�H���E�H�I�R�U�H���D�Q�G���D�I�W�H�U���W�K�H���F�R�Q�Q�H�F�W�L�R�Q���U�H�P�D�L�Q�V���W�K�H���V�D�P�H�����5�H�P�H�P�E�H�U��
charge is a conserved quantity). This means that charge lost by one capacitor is *equal to 
the charge gained by the other capacitor.

	 (ii )	When switch S �L�V���F�O�R�V�H�G�����W�K�H���F�D�S�D�F�L�W�R�U�V���D�U�H���L�Q���S�D�U�D�O�O�H�O��

	 (iii )	Since the two capacitors acquire the same common potential V��

			   V	 =	 � �

� �

Q Q
C C

�   �?  � �

� �

Q C
Q C

�

		  �7�K�H�U�H�I�R�U�H�����W�K�H���F�K�D�U�J�H�V���D�F�T�X�L�U�H�G���E�\���W�K�H���F�D�S�D�F�L�W�R�U�V���D�U�H���L�Q���W�K�H���U�D�W�L�R���R�I���W�K�H�L�U���F�D�S�D�F�L�W�D�Q�F�H�V��

	 (iv)	�,�Q���W�K�L�V���S�U�R�F�H�V�V���R�I���F�K�D�U�J�H���V�K�D�U�L�Q�J�����W�K�H���W�R�W�D�O���V�W�R�U�H�G���H�Q�H�U�J�\���R�I���W�K�H���F�D�S�D�F�L�W�R�U�V���G�H�F�U�H�D�V�H�V�����,�W���L�V��
�E�H�F�D�X�V�H���H�Q�H�U�J�\���L�V���G�L�V�V�L�S�D�W�H�G���D�V���K�H�D�W���L�Q���W�K�H���F�R�Q�Q�H�F�W�L�Q�J���Z�L�U�H�V���Z�K�H�Q���F�K�D�U�J�H���À�R�Z�V���I�U�R�P���R�Q�H��
capacitor to the other.

	 Example 6.37. Two capacitors of capacitances 4 µF and 6 µF respectively are connected in 
series across a p.d. of 250 V. The capacitors are disconnected from the supply and are reconnected 
in parallel with each other. Calculate the new p.d. and charge on each capacitor.
	 Solution. �,�Q���V�H�U�L�H�V���F�R�Q�Q�H�F�W�H�G���F�D�S�D�F�L�W�R�U�V�����S���G���V���D�F�U�R�V�V���W�K�H���F�D�S�D�F�L�W�R�U�V���D�U�H���L�Q���W�K�H���L�Q�Y�H�U�V�H���U�D�W�L�R���R�I��
their capacitances.

	 �?	 P.D. across 4 µF capacitor	 =	
����

� �
�

�
��� �����������9

			  �&�K�D�U�J�H���R�Q�������—�)���F�D�S�D�F�L�W�R�U	� 	�������î������–6�����î����������� �����Â�����������&

	 �6�L�Q�F�H���W�K�H���F�D�S�D�F�L�W�R�U�V���D�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V�����F�K�D�U�J�H���R�Q���H�D�F�K���F�D�S�D�F�L�W�R�U���L�V���W�K�H���V�D�P�H��

	 �?	�&�K�D�U�J�H���R�Q���E�R�W�K���F�D�S�D�F�L�W�R�U�V	� 	�����î�����Â����������� �����Â�����������&

	 Parallel connection. �:�K�H�Q���W�K�H���F�D�S�D�F�L�W�R�U�V���D�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���S�D�U�D�O�O�H�O�����W�K�H���W�R�W�D�O���F�D�S�D�F�L�W�D�Q�F�H��CT = 
������������� ���������—�)�������7�K�H���W�R�W�D�O���F�K�D�U�J�H�����Â�����������&���L�V���G�L�V�W�U�L�E�X�W�H�G���E�H�W�Z�H�H�Q���W�K�H���F�D�S�D�F�L�W�R�U�V���W�R���K�D�Y�H���D���F�R�P�P�R�Q���S���G��

	 �?		  P.D. across capacitors	 =	 �
Ž�‚��� ‰���ˆ � ����

�� ��TC �
	�
�

 = 120 V

			  �&�K�D�U�J�H���R�Q�������—�)���F�D�S�D�F�L�W�R�U	� 	�������î������–6�����î����������� �����������î������–6C = 480 µC

			  �&�K�D�U�J�H���R�Q�������—�)���F�D�S�D�F�L�W�R�U	� 	�������î������–6�����î����������� �����������î������–6C = 720 µC

Fig. 6.40

*	 �us referring to exp. (i), V(C1 + C2) = C1V1 + C2V2  or  C1V1 – C1V = C2V – C2V2

�?��Charge lost by one = Charge gained by the other
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6.22.  Energy Stored in a Capacitor
	 Charging a capacitor means transferring electrons from one 
�S�O�D�W�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U���W�R���W�K�H���R�W�K�H�U�����7�K�L�V���L�Q�Y�R�O�Y�H�V���H�[�S�H�Q�G�L�W�X�U�H���R�I��
energy because electrons have to be moved against the *opposing 
�I�R�U�F�H�V���� �7�K�L�V�� �H�Q�H�U�J�\�� �L�V�� �V�W�R�U�H�G�� �L�Q�� �W�K�H�� �H�O�H�F�W�U�R�V�W�D�W�L�F�� �¿�H�O�G�� �V�H�W�� �X�S�� �L�Q��
�W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �P�H�G�L�X�P���� �2�Q�� �G�L�V�F�K�D�U�J�L�Q�J�� �W�K�H�� �F�D�S�D�F�L�W�R�U���� �W�K�H�� �¿�H�O�G��
collapses and the stored energy is released.

	 Consider a capacitor of C farad being charged from a d.c. 
source of V volts as shown in Fig. 6.41. Suppose at any stage of 
�F�K�D�U�J�L�Q�J�����W�K�H���F�K�D�U�J�H���R�Q���W�K�H���F�D�S�D�F�L�W�R�U���L�V���T coulomb and p.d. across the plates is v volts.

	 �7�K�H�Q��	 C	 =	
�T
v

	 �$�W���W�K�L�V���L�Q�V�W�D�Q�W����v���M�R�X�O�H�V�����E�\���G�H�¿�Q�L�W�L�R�Q���R�I��v) of work will be done in transferring 1 C of charge 
from one plate to the other. If further small charge �G�T���L�V���W�U�D�Q�V�I�H�U�U�H�G�����W�K�H�Q���Z�R�U�N���G�R�Q�H���L�V

			   dW	 =	 �Y���G�T

				    =	 C v dv	
� T � & � Y
�G�T �& �G�Y

�� �
� �� �� 

∵

	 �?	 Total work done in raising the potential of uncharged capacitor to V volts is

			   W	 =	
�

� �
�

VV
vC v dv C

� �
� � �

� 
�

	 or		  W	 =	 �� ‘�…�ˆƒ
�

C V

	 �7�K�L�V���Z�R�U�N���G�R�Q�H���L�V���V�W�R�U�H�G���L�Q���W�K�H���H�O�H�F�W�U�R�V�W�D�W�L�F���¿�H�O�G���V�H�W���X�S���L�Q���W�K�H���G�L�H�O�H�F�W�U�L�F��
	 �?	 Energy stored in the capacitor is

			   E	 =	
�

� ’� �“ �� ‘�…�ˆƒ
� � �

Q
C V Q V

C
�

	 �1�R�W�H���W�K�D�W���D�Q���L�G�H�D�O�����R�U���S�X�U�H�����F�D�S�D�F�L�W�R�U���G�R�H�V���Q�R�W���G�L�V�V�L�S�D�W�H���R�U���F�R�Q�V�X�P�H���H�Q�H�U�J�\�����L�Q�V�W�H�D�G�����L�W��stores 
energy.

6.23.  Energy Density of Electric Field
�7�K�H���H�Q�H�U�J�\���V�W�R�U�H�G���S�H�U���X�Q�L�W���Y�R�O�X�P�H���R�I���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�V���F�D�O�O�H�G��energy density���R�I���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G

	 �?		  �(�Q�H�U�J�\���G�H�Q�V�L�W�\����u	 =	
Ž�‚�� ˆ‹ˆ��” ƒ‚��ˆ� � �
•��…
ˆ �� ˆ�ˆ ‚�Š  �Šˆ��

U

	 �:�H���K�D�Y�H���V�H�H�Q���W�K�D�W���H�Q�H�U�J�\���L�V���V�W�R�U�H�G���L�Q���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���R�I���D���F�D�S�D�F�L�W�R�U�����,�Q���I�D�F�W����
wherever �H�O�H�F�W�U�L�F���¿�H�O�G���H�[�L�V�W�V�����W�K�H�U�H���L�V���V�W�R�U�H�G���H�Q�H�U�J�\�����:�K�L�O�H���G�H�D�O�L�Q�J���Z�L�W�K���H�O�H�F�W�U�L�F��
�¿�H�O�G�V���� �Z�H�� �D�U�H�� �J�H�Q�H�U�D�O�O�\�� �L�Q�W�H�U�H�V�W�H�G�� �L�Q�� �H�Q�H�U�J�\�� �G�H�Q�V�L�W�\�� ��u) i.e. energy stored per 
unit volume. Consider a charged parallel plate capacitor of plate area A and plate 
separation d as shown in Fig����������������

			   Energy stored	 =	 ��
�

CV

	 Volume of space between plates = A d

	 �?		  �(�Q�H�U�J�\���G�H�Q�V�L�W�\����u	 =	
�•‹ˆ��” ƒ‚��ˆ�

•��…
ˆ �
CV

Ad
�

�
	 �(�O�H�F�W�U�R�Q�V���D�U�H���E�H�L�Q�J���S�X�V�K�H�G���W�R���W�K�H���Q�H�J�D�W�L�Y�H���S�O�D�W�H���Z�K�L�F�K���W�H�Q�G�V���W�R���U�H�S�H�O���W�K�H�P�����6�L�P�L�O�D�U�O�\���� �H�O�H�F�W�U�R�Q�V���D�U�H���U�H�P�R�Y�H�G��
�I�U�R�P�� �W�K�H�� �S�R�V�L�W�L�Y�H�� �S�O�D�W�H�� �Z�K�L�F�K�� �W�H�Q�G�V�� �W�R�� �D�W�W�U�D�F�W�� �W�K�H�P���� �,�Q�� �H�L�W�K�H�U�� �F�D�V�H���� �I�R�U�F�H�V�� �R�S�S�R�V�H�� �W�K�H�� �W�U�D�Q�V�I�H�U�� �R�I�� �H�O�H�F�W�U�R�Q�V��
from one plate to the other. This opposition increases as the charge on the plates increases.

** 	 Putting C = Q/V�� �L�Q�� �W�K�H�� �H�[�S������E = 
�
�

QV

†	 Putting V = Q/C�� �L�Q�� �W�K�H�� �H�[�S������E = Q������C

Fig. 6.41

Fig. 6.42
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	 We know that capacitance of a parallel plate capacitor is C = �H0A/d.

	 �?		  u	 =	 � � ��
�

�
�

� �
A V V

d Ad d
�

� � �

	 But V/d���L�V���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\����E) between the plates.

	 �?		  �(�Q�H�U�J�\���G�H�Q�V�L�W�\����u	 =	 �
�

�
�

E� 	 ... in air	 ...(i)

				    =	 �
�

�
� r E� � 	 ... in a medium	 ...(ii )

	 �2�E�Y�L�R�X�V�O�\�����W�K�H���X�Q�L�W���R�I���H�Q�H�U�J�\���G�H�Q�V�L�W�\���Z�L�O�O���E�H���M�R�X�O�H�V���P3.

	 �7�K�H�U�H�I�R�U�H���� �H�Q�H�U�J�\�� �G�H�Q�V�L�W�\�� ���L���H������ �H�O�H�F�W�U�L�F�� �¿�H�O�G�� �H�Q�H�U�J�\�� �V�W�R�U�H�G�� �S�H�U�� �X�Q�L�W�� �Y�R�O�X�P�H���� �L�Q�� �D�Q�\�� �U�H�J�L�R�Q�� �R�I��
�V�S�D�F�H���L�V���G�L�U�H�F�W�O�\���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���V�T�X�D�U�H���R�I���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q�W�H�Q�V�L�W�\���L�Q���W�K�D�W���U�H�J�L�R�Q��

	 �1�R�W�H���W�K�D�W���Z�H���G�H�U�L�Y�H�G���H�[�S�V������i) and (ii ) for the special case of a parallel plate capacitor. But it can 
�E�H���V�K�R�Z�Q���W�R���E�H���W�U�X�H���I�R�U���D�Q�\���U�H�J�L�R�Q���R�I���V�S�D�F�H���Z�K�H�U�H���H�O�H�F�W�U�L�F���¿�H�O�G���H�[�L�V�W�V��
	 Note.���:�H���F�D�Q���D�O�V�R���H�[�S�U�H�V�V���H�Q�H�U�J�\���G�H�Q�V�L�W�\���R�I���H�O�H�F�W�U�L�F���¿�H�O�G���L�Q���W�H�U�P�V���R�I���H�O�H�F�W�U�L�F���À�X�[���G�H�Q�V�L�W�\��D (= �H0�HrE).

			   u	 =	
�
�

DE  = 
�

�� r

D
� �

	 Example 6.38. A 16 µF capacitor is charged to 100 V.  After being disconnected, it is immediately 
connected in parallel with an uncharged capacitor of capacitance 4µF. Determine (i) the p.d. across 
the combination, (ii) the electrostatic energies before and after the capacitors are connected in 
parallel and (iii ) loss of energy. 

	 Solution. 	 C1	 =	 16 µF ;  C�� = 4 µF

Before joining

	 �&�K�D�U�J�H���R�Q���������—�)���F�D�S�D�F�L�W�R�U��	Q	 =	 C1 V1��� �����������î������
�í�������î����������� �����Â�����î�������í�� C

			   �(�Q�H�U�J�\���V�W�R�U�H�G����E1	 =	
�
�

 C1V1
�� = 

�
�

�����������î�������í�������î���������� = 0·08 J

	 After joining . �:�K�H�Q���W�K�H���F�D�S�D�F�L�W�R�U�V���D�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���S�D�U�D�O�O�H�O�����W�K�H���W�R�W�D�O���F�D�S�D�F�L�W�D�Q�F�H��CT = C1 + C�� 
� ����������������� ���������—�)�������7�K�H���F�K�D�U�J�H�����Â�����î�������í�� C distributes between the two capacitors to have a common 
p.d. of V volts.

	 �3���'�����D�F�U�R�V�V���S�D�U�D�O�O�H�O���F�R�P�E�L�Q�D�W�L�R�Q����V	 =	
�

�
� � ��
�� ��T

Q
C

�

�
	 ��

�
 = 80 V

		  �(�Q�H�U�J�\���V�W�R�U�H�G����E��	 =	 � � �� � ��� �� � ����
� �TC V �� � �  = 0.064 J

		  Loss of energy	 =	 E1 – E����� �����Â�������±�����Â��������� ��0·016 J

	 It may be noted that there is a loss of energy.  This is due to the heat dissipated in the conductor 
connecting the capacitors.

	 Example 6.39. A capacitor-type stored-energy welder is to deliver the same heat to a single 
�Z�H�O�G���D�V���D���F�R�Q�Y�H�Q�W�L�R�Q�D�O���Z�H�O�G���W�K�D�W���G�U�D�Z�V���������N�9�$���D�W�����Â�����S���I�����I�R�U�����Â�����������V�H�F�R�Q�G���Z�H�O�G�����,�I���&��� ������������µF, 
�¿�Q�G���W�K�H���Y�R�O�W�D�J�H���W�R���Z�K�L�F�K���L�W���L�V���F�K�D�U�J�H�G��

	 Solution. The energy supplied per weld in a conventional welder is

			   W	 =	 VA���î���F�R�V���I���î���W�L�P�H��� �����������î������3�����î�������Â�������î�����Â����������� �������������-

	 �7�K�H���V�W�R�U�H�G���H�Q�H�U�J�\���L�Q���W�K�H���F�D�S�D�F�L�W�R�U���V�K�R�X�O�G���E�H�������������-��

	 �?		  1000	 =	 ��
�

CV

	 or		  V	 =	 �
� ���� � ����

���� ��C �
� ��

�
 = 1000 V
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	 Example 6.40. A parallel plate 100 µF capacitor is charged to 500 V. If the distance between 
the plates is halved, what will be the new potential difference between the plates and what will be 
the new stored energy ?

	 Solution.	 C	� 	���������—�)��� �����������î������–6 F = 10–4 F ; V��� �����������Y�R�O�W�V

	 �:�K�H�Q���S�O�D�W�H���V�H�S�D�U�D�W�L�R�Q���L�V���G�H�F�U�H�D�V�H�G���W�R���K�D�O�I�����W�K�H���Q�H�Z���F�D�S�D�F�L�W�D�Q�F�H��C�•���E�H�F�R�P�H�V���W�Z�L�F�H��i.e., C�•��� ����C.  
�6�L�Q�F�H���W�K�H���F�D�S�D�F�L�W�R�U���L�V���Q�R�W���F�R�Q�Q�H�F�W�H�G���W�R���W�K�H���E�D�W�W�H�U�\�����W�K�H���F�K�D�U�J�H���R�Q���W�K�H���F�D�S�D�F�L�W�R�U���U�H�P�D�L�Q�V���W�K�H���V�D�P�H�������7�K�H��
potential difference between the plates must decrease to maintain the same charge.

	 �?		  Q	 =	 CV = C�•V�•  �R�U  V �•��� ��
���

� � �
CV CV V
C C

� � �
�  = 250 volts

	 		  New stored energy	 =	
�

�� � �� �
� � �

VC V C � �� � � � �
� �

				    =	
�

�� � �
� � � �

CV CV� �� � �
� �

				    =	 � �� � �� �����
� �

�� �� �� �� 

 = 6·25 J

	 Example 6.41. �$���S�D�U�D�O�O�H�O���S�O�D�W�H���F�D�S�D�F�L�W�R�U���L�V���F�K�D�U�J�H�G���Z�L�W�K���D���E�D�W�W�H�U�\���W�R���D���F�K�D�U�J�H���T0 as shown in 
Fig. 6.43 (i). �7�K�H���E�D�W�W�H�U�\���L�V���W�K�H�Q���U�H�P�R�Y�H�G���D�Q�G���W�K�H���V�S�D�F�H���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���L�V���¿�O�O�H�G���Z�L�W�K���D���G�L�H�O�H�F�W�U�L�F��
of dielectric constant K. Find the energy stored in the capacitor before and after the dielectric is 
inserted.
	 Solution. Energy stored in the capacitor in the absence of dielectric is

			   *E0	 =	 �
� �

�
�

C V

			   Since V0	 =	 �T0/C0�����W�K�L�V���F�D�Q���E�H���H�[�S�U�H�V�V�H�G���D�V����

			   E0	 =	
2
0

02
q
C

	 …(i)

	 Eq. (i) gives the energy stored in the capacitor in the absence of dielectric.

	 �$�I�W�H�U�� �W�K�H�� �E�D�W�W�H�U�\�� �L�V�� �U�H�P�R�Y�H�G�� �D�Q�G�� �W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �L�V�� �L�Q�V�H�U�W�H�G�� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�O�D�W�H�V����charge on the 
capacitor remains the same. But the capacitance of the capacitor is increased K times i.e., new 
capacitance is C�•��� ��K C0 [See Fig. 6.43 (ii )].

	 �?	 Energy stored in the capacitor after insertion of dielectric is

			   E	 =	
� �
� � �

�� �
� T � T � (
C K C K

� �
�

	 or		  E	 =	 0E
K

	 …(ii )

Fig. 6.43

* 	 The subscript 0 indicates the conditions when the medium is air.
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	 Since K���!���������Z�H���¿�Q�G���W�K�D�W���¿�Q�D�O���H�Q�H�U�J�\���L�V��less than the initial energy by the factor 1/K. How will 
�\�R�X���D�F�F�R�X�Q�W���I�R�U���³�P�L�V�V�L�Q�J���H�Q�H�U�J�\�´���"���:�K�H�Q���W�K�H���G�L�H�O�H�F�W�U�L�F���L�V���L�Q�V�H�U�W�H�G���L�Q�W�R���W�K�H���F�D�S�D�F�L�W�R�U�����L�W���J�H�W�V���S�X�O�O�H�G��
�L�Q�W�R���W�K�H���G�H�Y�L�F�H�����7�K�H���H�[�W�H�U�Q�D�O���D�J�H�Q�W���P�X�V�W���G�R���Q�H�J�D�W�L�Y�H���Z�R�U�N���W�R���N�H�H�S���W�K�H���G�L�H�O�H�F�W�U�L�F���I�U�R�P���D�F�F�H�O�H�U�D�W�L�Q�J������
This work is simply = E0 – E�����$�O�W�H�U�Q�D�W�H�O�\�����W�K�H���S�R�V�L�W�L�Y�H���Z�R�U�N���G�R�Q�H���E�\���W�K�H���V�\�V�W�H�P��� ��E0 – E.

	 Example 6.42. Suppose in the above problem, the capacitor is kept connected with the battery 
and then dielectric is inserted between the plates. What will be the change in charge, the capaci-
�W�D�Q�F�H�����W�K�H���S�R�W�H�Q�W�L�D�O���G�L�I�I�H�U�H�Q�F�H�����W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���D�Q�G���W�K�H���V�W�R�U�H�G���H�Q�H�U�J�\���"

	 Solution. �6�L�Q�F�H�� �W�K�H�� �E�D�W�W�H�U�\�� �U�H�P�D�L�Q�V�� �F�R�Q�Q�H�F�W�H�G���� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �G�L�I�I�H�U�H�Q�F�H��V0 will remain 
unchanged.

	 �$�V���D���U�H�V�X�O�W�����H�O�H�F�W�U�L�F���¿�H�O�G����� ��V0/d) will also remain unchanged.

	 The capacitance C0 will increase to C = K C0.

	 The charge will also increase to �T = K �T0���D�V���H�[�S�O�D�L�Q�H�G���E�H�O�R�Z��

			   �T0	 =	 C0 V0   ;  �T = CV0 = KC0 V0 = K q0

			  �,�Q�L�W�L�D�O���V�W�R�U�H�G���H�Q�H�U�J�\����E0	 =	 �
� �

�
�

C V

			   �)�L�Q�D�O���V�W�R�U�H�G���H�Q�H�U�J�\����E	 =	 � �
� � � �

� �
� �

CV K C V KE� �

	 �?		  E	 =	 KE0

	 Note that stored energy is increased K times. Will any work be done in inserting the dielectric ? 
�7�K�H���D�Q�V�Z�H�U���L�V���\�H�V�����,�Q���W�K�L�V���F�D�V�H�����W�K�H���Z�R�U�N���Z�L�O�O���E�H���G�R�Q�H���E�\���W�K�H���E�D�W�W�H�U�\�����7�K�H���E�D�W�W�H�U�\���Q�R�W���R�Q�O�\���J�L�Y�H�V���W�K�H��
increased energy to the capacitor but also provides the necessary energy for inserting the dielectric.

	 Example 6.43. An air-capacitor of capacitance 0·005 µF connected to a direct voltage of  
500 V is disconnected and then immersed in oil with a relative permittivity of 2·5.  Find the energy 
stored in the capacitor before and after immersion.

	 Solution. �(�Q�H�U�J�\���E�H�I�R�U�H���L�P�P�H�U�V�L�R�Q����E1 = � � �� � � ��� �� �����
� �

CV �� � 	 � �  = 625 �î 10–6 J

�:�K�H�Q���W�K�H���F�D�S�D�F�L�W�R�U���L�V���L�P�P�H�U�V�H�G���L�Q���R�L�O�����L�W�V���F�D�S�D�F�L�W�D�Q�F�H���E�H�F�R�P�H�V��C�•��� ���0rC��� �����Â�����î�����Â��������� �����Â����������µF. 
Since charge remains the same (V = Q/C�������Q�H�Z���Y�R�O�W�D�J�H���L�V���G�H�F�U�H�D�V�H�G���D�Q�G���E�H�F�R�P�H�V��V�•��� ��V���0r��� �������������Â����
� �����������9��

	 �?	 �(�Q�H�U�J�\���D�I�W�H�U���L�P�P�H�U�V�L�R�Q����E�� = � � �� � � ���� �� �����
� �

C V �� � � � 	 � �  = 250 �î 10–6 J

	 Example 6.44. In the circuit shown in Fig. 6.44, the 
battery e.m.f. is 100 V and the capacitor has a capacitance 
of 1 µF.  The switch is operated 100 times every second.  
Calculate (i) the average current through the switch 
between switching operations and (ii ) the average power 
dissipated in the resistor.  It may be assumed that the 
capacitor is ideal and that the capacitor is fully charged 
�R�U���G�L�V�F�K�D�U�J�H�G���E�H�I�R�U�H���W�K�H���V�X�E�V�H�T�X�H�Q�W���V�Z�L�W�F�K�L�Q�J��

	 Solution. (i) 	�0�D�[�L�P�X�P���F�K�D�U�J�H���R�Q���F�D�S�D�F�L�W�R�U����Q = CV��� ���������î������–6�����î��������������� ������–4 C
		  The time taken to acquire this charge (or to lose it) is

			   T	 =	
� �

���f
�  = 0.01 s

		  �?	 �$�Y�H�U�D�J�H���F�X�U�U�H�Q�W����Iav	 =	
���

� ��
Q
T

��
�

� 	
��� �����Â�������$��� ��10 mA

Fig. 6.44
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	 (ii )	 �7�K�H���P�D�[�L�P�X�P���H�Q�H�U�J�\���V�W�R�U�H�G���G�X�U�L�Q�J���F�K�D�U�J�L�Q�J���L�V

			   Em	 =	 � � �� � �� �����
� �

CV �� � � ��� �����Â���������-

	 �'�X�U�L�Q�J���W�K�H���F�K�D�U�J�L�Q�J���S�H�U�L�R�G�����D���V�L�P�L�O�D�U���T�X�D�Q�W�L�W�\���R�I���H�Q�H�U�J�\���P�X�V�W���E�H���G�L�V�V�L�S�D�W�H�G���L�Q���W�K�H���U�H�V�L�V�W�R�U�����,�Q���W�K�H��
�V�X�E�V�H�T�X�H�Q�W���G�L�V�F�K�D�U�J�L�Q�J���S�H�U�L�R�G�����W�K�H���V�W�R�U�H�G���H�Q�H�U�J�\���L�Q���W�K�H���F�D�S�D�F�L�W�R�U���L�V���G�L�V�V�L�S�D�W�H�G���L�Q���W�K�H���U�H�V�L�V�W�R�U�����+�H�Q�F�H��
�I�R�U���H�Y�H�U�\���V�Z�L�W�F�K�L�Q�J���D�F�W�L�R�Q�������Â���������-���L�V���G�L�V�V�L�S�D�W�H�G���L�Q���W�K�H���U�H�V�L�V�W�R�U�����)�R�U�����������V�Z�L�W�F�K�L�Q�J���R�S�H�U�D�W�L�R�Q�V�����W�K�H��
energy E dissipated is
			   E	� 	���������î�����Â��������� �����Â�����-

			   �$�Y�H�U�D�J�H���S�R�Z�H�U���W�D�N�H�Q	� 	
� �
�

E
T

� 	�
�

 = 0·5 W

	 Note that amount of energy stored in a capacitor is very small because the value of C is very 
small.

6.24.  Force on Charged Plates
	 Consider two parallel conducting plates �[ metres apart and carrying 
constant charges of +Q���D�Q�G���íQ coulombs respectively as shown in Fig. 
�������������/�H�W���W�K�H���I�R�U�F�H���R�I���D�W�W�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���S�O�D�W�H�V���E�H��F newtons. If 
one of the plates is moved away from the other by a small distance �G�[����
then work done is 

			   Work done	 =	 F���î���G�[ joules	 ...(i)

	 �6�L�Q�F�H���W�K�H���F�K�D�U�J�H�V���R�Q���W�K�H���S�O�D�W�H�V���U�H�P�D�L�Q���F�R�Q�V�W�D�Q�W�����Q�R���H�O�H�F�W�U�L�F�D�O���H�Q�H�U�J�\��
can enter or leave the system during the movement �G�[.

	 �?		  Work done	 =	 Change in stored energy

			   Initial stored energy	 =	
�� �‘�…�ˆƒ

�
Q
C

	 �6�L�Q�F�H���W�K�H���V�H�S�D�U�D�W�L�R�Q���R�I���W�K�H���S�O�D�W�H�V���K�D�V���L�Q�F�U�H�D�V�H�G�����W�K�H���F�D�S�D�F�L�W�D�Q�F�H���Z�L�O�O���G�H�F�U�H�D�V�H���E�\��dC�����7�K�H���¿�Q�D�O��
�F�D�S�D�F�L�W�D�Q�F�H���L�V�����W�K�H�U�H�I�R�U�H������C���í��dC).

			   Final stored energy	 =	
��

� � �
Q

C dC�
 = 

�

� �

� � �

�
 � � �

Q C dC

C dC

�

�

	 Since dC is small compared to C������dC)�� can be neglected compared to C��.

	 �?	 Final stored energy	 =	
� � �

� �

� �
�� �

Q C dC Q Q
dC

CC C

�
� �  

	 �?	 Change in stored enegry 	=	
� � �

�� ��

Q Q Q
dC

C CC

� �
� �� �

� �
 =  

�

��

Q
dC

C
	 ...(ii )

	 Equating eqs. (i) and (ii �������Z�H���J�H�W��

			   F���î���G�[	 =	
�

��

Q
dC

C

	 or		  F 	=	
�

��

Q dC
�G�[C

				    =	 ��
�

dCV
�G�[

	  ...(iii )  (�l  V = Q/C)

	 Now	 C	 =	 � r A
�[

� �

Fig. 6.45

�
	 �1�R�W�H�� �W�K�L�V�� �H�[�S���� �0�X�O�W�L�S�O�\�� �W�K�H�� �Q�X�P�H�U�D�W�R�U�� �D�Q�G�� �G�H�Q�R�P�L�Q�D�W�R�U�� �E�\�� ��C + dC).
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	 �?		
dC
�G�[

	 =	 �
�
r A

�[

� �
�

	 �?	 Substituting the value of dC/�G�[ in eq. (iii �������Z�H���J�H�W��

			   F	 =	 � �
�

�
�

r A
V

�[

� �
�  = 

�

�
�
� r

VA
�[

� �� � � � �
� �

			

	 			   =	 �
�

�
� r A E� � �             ...in a medium

				    =	 �
�

�
�

A E� � 	           ...in air

	 This represents the force between the plates of a parallel-plate capacitor charged to a p.d. of 
V volts. The negative sign shows that it is a force of attraction.
	 Note. The force of attraction between charged plates may be utilised as a means of measuring potential 
�G�L�I�I�H�U�H�Q�F�H�����$�Q���L�Q�V�W�U�X�P�H�Q�W���R�I���W�K�L�V���N�L�Q�G���L�V���N�Q�R�Z�Q���D�V���D�Q��electrostatic voltmeter.

	 Example 6.45. A parallel plate capacitor has its plates separated by 0·5 mm of air. The area 
of plates is 2 m2 and they are charged to a p.d. of 100 V. The plates are pulled apart until they are 
separated by 1 mm of air. Assuming the p.d. to remain unchanged, what is the mechanical force 
�H�[�S�H�U�L�H�Q�F�H�G���L�Q���V�H�S�D�U�D�W�L�Q�J���W�K�H���S�O�D�W�H�V���"

	 Solution. �+�H�U�H����A��� �����P�� ; d��� �����������P�P��� �����������î������–3 m ; V = 100 volts	

		  	 �,�Q�L�W�L�D�O���F�D�S�D�F�L�W�D�Q�F�H�� C1	 =	 � A
d

�
 = 

��
�

�
� �� �� � �� � �� •

� � ��

�
�

�
	 � � � 	 �

	 �

			  �,�Q�L�W�L�D�O���V�W�R�U�H�G���H�Q�H�U�J�\����E1	 =	 �
�

�
�

C V  = � � �� ��� � �� � ��� �� � �� –
�

� �� 	 � � � 	 �

			   �)�L�Q�D�O���F�D�S�D�F�L�W�D�Q�F�H����C��	 =	 �
�
�

C  = �� ����� �� �
�

�� ��� �������������î�������±�� F

			  �)�L�Q�D�O���V�W�R�U�H�G���H�Q�H�U�J�\����E��	 =	 �
�

�
�

C V  = � � �� ��� � �� � ��� � �� �� –
�

� �	 � � � 	 �

		  �&�K�D�Q�J�H���L�Q���V�W�R�U�H�G���H�Q�H�U�J�\		� 	�������Â�����í�����Â���������î�������í����� �����Â�������î�������í�����-
	 Suppose F newtons is the average mechanical force between the plates.  The plates are separated 
by a distance �G�[��� �������í�����Â����� �����Â�����P�P��

	 �?		  F���î���G�[	 =	 Change in stored energy

or			   F	 =	
�

�
� �� ��
� � ��

�

�
	 �
	 �

 = 17.7 × 10–2 N

	 Note that small low-voltage capacitors store microjoules of energy.

6.25.  Behaviour of Capacitor in a D.C. Circuit
	 �:�K�H�Q�� �G���F���� �Y�R�O�W�D�J�H�� �L�V�� �D�S�S�O�L�H�G�� �W�R�� �D�Q�� �X�Q�F�K�D�U�J�H�G�� �F�D�S�D�F�L�W�R�U���� �W�K�H�U�H�� �L�V�� �W�U�D�Q�V�I�H�U�� �R�I�� �H�O�H�F�W�U�R�Q�V�� �I�U�R�P��
one plate (connected to +ve terminal of source) to the other plate (connected to –ve terminal of 
source).  This is called charging current because the capacitor is being charged. The capacitor is 
�T�X�L�F�N�O�\���F�K�D�U�J�H�G�� �W�R�� �W�K�H�� �D�S�S�O�L�H�G�� �Y�R�O�W�D�J�H�� �D�Q�G�� �F�K�D�U�J�L�Q�J�� �F�X�U�U�H�Q�W�� �E�H�F�R�P�H�V�� �]�H�U�R���� �8�Q�G�H�U�� �W�K�L�V�� �F�R�Q�G�L�W�L�R�Q����
�W�K�H���F�D�S�D�F�L�W�R�U���L�V�� �V�D�L�G���W�R���E�H�� �I�X�O�O�\�� �F�K�D�U�J�H�G�����:�K�H�Q���D�� �Z�L�U�H���L�V�� �F�R�Q�Q�H�F�W�H�G���D�F�U�R�V�V�� �W�K�H���F�K�D�U�J�H�G���F�D�S�D�F�L�W�R�U����
�W�K�H���H�[�F�H�V�V���H�O�H�F�W�U�R�Q�V���R�Q���W�K�H���Q�H�J�D�W�L�Y�H���S�O�D�W�H���P�R�Y�H���W�K�U�R�X�J�K���F�R�Q�Q�H�F�W�L�Q�J���Z�L�U�H���W�R���W�K�H���S�R�V�L�W�L�Y�H���S�O�D�W�H�����7�K�H��
energy stored in the capacitor is dissipated in the resistance of the wire. The charge is neutralised 
�Z�K�H�Q���W�K�H���Q�X�P�E�H�U���R�I���I�U�H�H���H�O�H�F�W�U�R�Q�V���R�Q���E�R�W�K���S�O�D�W�H�V���D�U�H���D�J�D�L�Q���H�T�X�D�O�����$�W���W�K�L�V���W�L�P�H�����W�K�H���Y�R�O�W�D�J�H���D�F�U�R�V�V���W�K�H��
capacitor is zero and the capacitor is fully discharged. The behaviour of a capacitor in a d.c. circuit 
is summed up below :

	 (i)	�:�K�H�Q�� �G���F���� �Y�R�O�W�D�J�H�� �L�V�� �D�S�S�O�L�H�G�� �W�R�� �D�Q�� �X�Q�F�K�D�U�J�H�G�� �F�D�S�D�F�L�W�R�U���� �W�K�H�� �F�D�S�D�F�L�W�R�U�� �L�V�� �T�X�L�F�N�O�\�� ��not 
instantaneously) charged to the applied voltage.
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		 �&�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W����i = � �
dQ d dVCV C
dt dt dt

� �

		 �:�K�H�Q���W�K�H���F�D�S�D�F�L�W�R�U���L�V���I�X�O�O�\���F�K�D�U�J�H�G�����F�D�S�D�F�L�W�R�U���Y�R�O�W�D�J�H���E�H�F�R�P�H�V���F�R�Q�V�W�D�Q�W���D�Q�G���L�V���H�T�X�D�O���W�R���W�K�H��
�D�S�S�O�L�H�G���Y�R�O�W�D�J�H�����7�K�H�U�H�I�R�U�H����dV/dt = 0 and so is the charging current. Note that dV/dt is the 
slope of v–t graph of a capacitor.

	 (ii )	�$���F�D�S�D�F�L�W�R�U���F�D�Q���K�D�Y�H���Y�R�O�W�D�J�H���D�F�U�R�V�V���L�W���H�Y�H�Q���Z�K�H�Q���W�K�H�U�H���L�V���Q�R���F�X�U�U�H�Q�W���À�R�Z�L�Q�J��

	 (iii )	The voltage across a capacitor (Q = CV) is proportional to charge and not the current.

	 (iv)	There is no current through the dielectric of the capacitor during charging or discharging 
because the dielectric is an insulating material. There is merely transfer of electrons from 
one plate to the other through the connecting wires.

	 (v)	�:�K�H�Q���W�K�H���F�D�S�D�F�L�W�R�U���L�V���I�X�O�O�\���F�K�D�U�J�H�G�����W�K�H�U�H���L�V���Q�R���F�L�U�F�X�L�W���F�X�U�U�H�Q�W����Therefore, a fully charged 
capacitor appears as an open to d.c.

	 (vi)	 �$�Q�� �X�Q�F�K�D�U�J�H�G�� �F�D�S�D�F�L�W�R�U�� �L�V�� �H�T�X�L�Y�D�O�H�Q�W�� �W�R�� �D�� �
�V�K�R�U�W�� �F�L�U�F�X�L�W�� �D�V�� �I�D�U�� �D�V�� �G���F���� �Y�R�O�W�D�J�H�� �L�V��
concerned. �7�K�H�U�H�I�R�U�H���� �D�� �F�D�S�D�F�L�W�R�U�� �P�X�V�W�� �E�H�� �F�K�D�U�J�H�G�� �R�U�� �G�L�V�F�K�D�U�J�H�G�� �E�\�� �F�R�Q�Q�H�F�W�L�Q�J�� �D��
resistance in series with it to limit the charging or discharging current.

	 (vii)	�:�K�H�Q�� �W�K�H�� �F�L�U�F�X�L�W���F�R�Q�W�D�L�Q�L�Q�J�� �F�D�S�D�F�L�W�R�U�� �L�V�� �G�L�V�F�R�Q�Q�H�F�W�H�G���I�U�R�P�� �W�K�H�� �V�X�S�S�O�\���� �W�K�H�� �F�D�S�D�F�L�W�R�U��
remains charged for a long period.  If the capacitor is charged to a high value, it can 
be dangerous to someone working on the circuit.

	 Example 6.46. A certain voltage source causes the current to an initially discharged 1000 µF 
�F�D�S�D�F�L�W�R�U���W�R���L�Q�F�U�H�D�V�H���D�W���D���F�R�Q�V�W�D�Q�W���U�D�W�H���R�I�����Â�������$���V�������)�L�Q�G���W�K�H���Y�R�O�W�D�J�H���D�F�U�R�V�V���W�K�H���F�D�S�D�F�L�W�R�U���D�I�W�H�U���W��� ��
10 s.
	 Solution.	 �&�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W����iC	=	 0·06t
	 �?	 Voltage across the capacitor after t = 10 s is

			   ** vC	 =	
�� ��

�
� �

� � � ��
���� ��

Ci dt t
C �

� 	
�� �

				    =	
�� ���

�

��

�� � �� ��
�
tt dt

� �
� 	 � � �

� 
�

				    =	
�����

�
�  = 3000 V

	 Example 6.47. A voltage across a 100 µF capacitor varies as follows : (i) uniform increase 
from 0 V to 700 V in 10 sec (ii ) a uniform decrease from 700 V to 400 V in 2 sec (iii ) a steady value 
of 400 V (iv) an instantaneous drop from 400 V to zero.  Find the circuit current during each period.

	 Solution.	 i	 =	 � ���� �� �� —dv dv dvC
dt dt dt

� �� � �

	 (i)		  dv	� 	���������9��������dt = 10 sec

		  �?	 i	 =	 � ������ � �� —
��

� �� � �  = 7 mA

	 (ii )		  dv	� 	���������±����������� �����������9��������dt��� �������V�H�F

		  �?	 i	 =	 � �����
�

� � ��� ���������î������–3���$��� ��15 mA

�
	 �:�K�H�Q�� �G���F���� �Y�R�O�W�D�J�H�� �L�V�� �D�S�S�O�L�H�G�� �W�R�� �D�Q�� �X�Q�F�K�D�U�J�H�G�� �F�D�S�D�F�L�W�R�U���� �W�K�H�� �F�K�D�U�J�L�Q�J�� �F�X�U�U�H�Q�W�� �L�V�� �O�L�P�L�W�H�G�� �R�Q�O�\�� �E�\�� �W�K�H�� �V�P�D�O�O��
�U�H�V�L�V�W�D�Q�F�H�� �R�I�� �V�R�X�U�F�H�� �D�Q�G�� �D�Q�\�� �Z�L�U�L�Q�J�� �U�H�V�L�V�W�D�Q�F�H�� �S�U�H�V�H�Q�W���� �7�K�H�� �V�X�U�J�H�� �F�X�U�U�H�Q�W�� �W�K�D�W�� �À�R�Z�V�� �Z�K�H�Q�� �Q�R�� �U�H�V�L�V�W�R�U�� �L�V��
�S�U�H�V�H�Q�W�� �P�D�\�� �E�H�� �J�U�H�D�W�� �H�Q�R�X�J�K�� �W�R�� �G�D�P�D�J�H�� �W�K�H�� �F�D�S�D�F�L�W�R�U���� �W�K�H�� �V�R�X�U�F�H�� �R�U�� �E�R�W�K��

** 	 i = 
dvC
dt

 or dv i
dt C

�  �?�� �,�Q�W�H�J�U�D�W�L�Q�J����v = 

�

�
t

idt
C �   
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	 (iii )		 dv/dt	� 	���������7�K�H�U�H�I�R�U�H�����F�X�U�U�H�Q�W���L�V��zero.

	 (iv)	 	 dv	 =	 400 – 0 = 400 V ;  dt = 0

		  �?	 i	 =	 10–4���î��
���
�

 = �L�Q�¿�Q�L�W�H

	 �1�R�W�H���W�K�D�W���L�Q���W�K�L�V���S�H�U�L�R�G�����W�K�H���F�X�U�U�H�Q�W���L�V���H�[�W�U�H�P�H�O�\���K�L�J�K��

6.26.  Charging of a Capacitor
	 Consider an uncharged capacitor of capacitance C farad 
connected in series with a resistor R to a d.c. supply of V 
�Y�R�O�W�V�� �D�V�� �V�K�R�Z�Q�� �L�Q�� �)�L�J���� �������������:�K�H�Q���W�K�H�� �V�Z�L�W�F�K�� �L�V�� �F�O�R�V�H�G���� �W�K�H��
�F�D�S�D�F�L�W�R�U���V�W�D�U�W�V���F�K�D�U�J�L�Q�J���X�S���D�Q�G���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���À�R�Z�V���L�Q���W�K�H��
�F�L�U�F�X�L�W���� �7�K�H�� �F�K�D�U�J�L�Q�J�� �F�X�U�U�H�Q�W�� �L�V�� �P�D�[�L�P�X�P�� �D�W�� �W�K�H�� �L�Q�V�W�D�Q�W�� �R�I��
switching and decreases gradually as the voltage across the 
capacitor increases. When the capacitor is charged to applied 
voltage V�����W�K�H���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���E�H�F�R�P�H�V���]�H�U�R��
	 1.	At switching instant. �$�W���W�K�H���L�Q�V�W�D�Q�W���W�K�H���V�Z�L�W�F�K���L�V���F�O�R�V�H�G�����W�K�H���Y�R�O�W�D�J�H���D�F�U�R�V�V���F�D�S�D�F�L�W�R�U���L�V��

zero since we started with an uncharged capacitor. The entire voltage V is dropped across 
resistance R���D�Q�G���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���L�V���P�D�[�L�P�X�P�����F�D�O�O���L�W��Im).

	 �?		  �,�Q�L�W�L�D�O���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W����Im	=	 V/R
			   Voltage across capacitor	=	 0
			   Charge on capacitor	=	 0

	 2.	At any instant. �$�I�W�H�U���K�D�Y�L�Q�J���F�O�R�V�H�G���W�K�H���V�Z�L�W�F�K�����W�K�H���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���V�W�D�U�W�V���G�H�F�U�H�D�V�L�Q�J���D�Q�G��
the voltage across capacitor gradually increases.  Let at any time t during charging :

			   i	=	 Charging current

			   v	=	 P.D. across C

			   �T	=	 Charge on capacitor = C v

	 (i)	Voltage across capacitor

		  �$�F�F�R�U�G�L�Q�J���W�R���.�L�U�F�K�K�R�I�I�¶�V���Y�R�O�W�D�J�H���O�D�Z�����W�K�H���D�S�S�O�L�H�G���Y�R�O�W�D�J�H��V is equal to the sum of voltage 
drops across resistor and capacitor.

	 �?		  V	=	 v + iR	 …(i)

	 or		  V	=	 v + CR*
dv
dt

	 or		
dv

V v
�

�
	=	

dt
RC

�

	�,�Q�W�H�J�U�D�W�L�Q�J���E�R�W�K���V�L�G�H�V�����Z�H���J�H�W��

			 
dv

V v
�

�� 	=	
dt
RC

��
	 or		  loge (V – v)	=	

t K
RC

� � 	 …(ii )

where K �L�V���D���F�R�Q�V�W�D�Q�W���Z�K�R�V�H���Y�D�O�X�H���F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G���I�U�R�P���W�K�H���L�Q�L�W�L�D�O���F�R�Q�G�L�W�L�R�Q�V�����$�W���W�K�H���L�Q�V�W�D�Q�W���R�I��
closing the switch S����t = 0 and v = 0.

	 Substituting these values in eq. (ii �������Z�H���J�H�W�����O�R�Je V = K.

	 Putting the value of K = loge V in eq. (ii �������Z�H���J�H�W��

			   loge (V – v)	 =	 ��� e
t V

RC
� �

Fig. 6.46

* 	 i = � � � �
�G�T d d dv�T �&�Y �&
dt dt dt dt

� � �
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	 or		  ��� e
V v

V
�

	 =	
t

RC
�

	 or		
V v

V
�

	 =	 e–t /RC

	 �?		  v	 =	 V [1 – e–t /RC]	 …(iii )

	 �7�K�L�V���L�V���W�K�H���H�[�S�U�H�V�V�L�R�Q���I�R�U���Y�D�U�L�D�W�L�R�Q���R�I���Y�R�O�W�D�J�H���D�F�U�R�V�V���W�K�H���F�D�S�D�F�L�W�R�U����v) w.r.t. time (t) and is rep-
�U�H�V�H�Q�W�H�G���J�U�D�S�K�L�F�D�O�O�\�� �L�Q���)�L�J���� ���������� ��i). Note that growth of voltage across the capacitor follows an 
�H�[�S�R�Q�H�Q�W�L�D�O���O�D�Z�����$�Q���L�Q�V�S�H�F�W�L�R�Q���R�I���H�T������iii ) reveals that as t �L�Q�F�U�H�D�V�H�V�����W�K�H���W�H�U�P��e–t/RC gets smaller and 
voltage v across capacitor gets larger.

	 (ii )	 Charge on Capacitor

			   �T	 =	 Charge at any time t

			   Q	 =	 Final charge

	 Since v = �T/C and V = Q/C�����W�K�H���H�[�S������iii ) becomes :

			 
�T
C

	 =	 	
� �t RCQ
e

C
��

	 or		  �T	 =	 Q (1 – e–t /RC)	 …(iv)

	 �$�J�D�L�Q���W�K�H���L�Q�F�U�H�D�V�H���R�I���F�K�D�U�J�H���R�Q���F�D�S�D�F�L�W�R�U���S�O�D�W�H�V���I�R�O�O�R�Z�V���H�[�S�R�Q�H�Q�W�L�D�O���O�D�Z��

Fig. 6.47
	 (iii )	Charging current

	 �)�U�R�P���H�[�S������i����	 V – v	 =	 i R

	 �)�U�R�P���H�[�S������iii ����	 V – v	 =	 V e–t/RC

	 �?		  iR	 =	 V e–t/RC

	 or		  i	 =	 	t RCV e
R

�

	 �?		  i	 =	 Im e–t/RC

where Im (= V/R) is the initial charging current. Again the charging current decreases following 
�H�[�S�R�Q�H�Q�W�L�D�O���O�D�Z�����7�K�L�V���L�V���D�O�V�R���U�H�S�U�H�V�H�Q�W�H�G���J�U�D�S�K�L�F�D�O�O�\���L�Q���)�L�J����������������ii ).

	 (iv)	Rate of rise of voltage across capacitor

	 We have seen above that :
			   V	 =	

dvv CR
dt

�

	 �$�W���W�K�H���L�Q�V�W�D�Q�W���W�K�H���V�Z�L�W�F�K���L�V���F�O�R�V�H�G����v = 0.

	 �?		  V	 =	
dvCR
dt
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	 or	 Initial rate of rise of voltage across capacitor is given by ;

			 
dv
dt

	 =	 €��‚ƒ	ƒˆ V
CR

	 …(iv)

	 Note. �7�K�H���F�D�S�D�F�L�W�R�U���L�V���D�O�P�R�V�W���I�X�O�O�\���F�K�D�U�J�H�G���L�Q���D���W�L�P�H���H�T�X�D�O���W�R�������5�&���L���H�����������W�L�P�H���F�R�Q�V�W�D�Q�W�V��

6.27.  Time Constant
	 Consider the eq. (iii ) above showing the rise of voltage across the capacitor :
			   v	 =	 V (1 – e–t/RC)
	 �7�K�H���H�[�S�R�Q�H�Q�W���R�I��e is t/RC.  The quantity RC �K�D�V���W�K�H���
�G�L�P�H�Q�V�L�R�Q�V���R�I���W�L�P�H���V�R���W�K�D�W���H�[�S�R�Q�H�Q�W���R�I��e 
is a number. The quantity RC in called the time constant of the circuit and affects the charging (or 
�G�L�V�F�K�D�U�J�L�Q�J�����W�L�P�H�����,�W���L�V���U�H�S�U�H�V�H�Q�W�H�G���E�\���������R�U��T���R�U���2����
	 �?		  �7�L�P�H���F�R�Q�V�W�D�Q�W������	� 	RC seconds
	 �7�L�P�H���F�R�Q�V�W�D�Q�W���P�D�\���E�H���G�H�¿�Q�H�G���L�Q���R�Q�H���R�I���W�K�H���I�R�O�O�R�Z�L�Q�J���Z�D�\�V����

	 (i)���$�W���W�K�H���L�Q�V�W�D�Q�W���R�I���F�O�R�V�L�Q�J���W�K�H���V�Z�L�W�F�K�����S���G�����D�F�U�R�V�V���F�D�S�D�F�L�W�R�U���L�V���]�H�U�R�����7�K�H�U�H�I�R�U�H�����S�X�W�W�L�Q�J��v = 0 in 

�W�K�H���H�[�S�U�H�V�V�L�R�Q��V = v + ­dvCR
dt

���Z�H���K�D�Y�H����

			   V	 =	
dvCR
dt

	 or		
dv
dt

	 =	
V
CR

	 �,�I���W�K�L�V���U�D�W�H���R�I���U�L�V�H���R�I���Y�R�O�W�D�J�H���F�R�X�O�G���F�R�Q�W�L�Q�X�H�����W�K�H���F�D�S�D�F�L�W�R�U���Y�R�O�W�D�J�H���Z�L�O�O���U�H�D�F�K���W�K�H���¿�Q�D�O���Y�D�O�X�H��V in 
time = V ÷ V/CR = RC���V�H�F�R�Q�G�V��� ���W�L�P�H���F�R�Q�V�W�D�Q�W������

	 Hence time constant �P�D�\���E�H���G�H�¿�Q�H�G���D�V���W�K�H���W�L�P�H���U�H�T�X�L�U�H�G���I�R�U���W�K�H���F�D�S�D�F�L�W�R�U���Y�R�O�W�D�J�H���W�R���U�L�V�H�� 
�W�R���L�W�V���¿�Q�D�O���V�W�H�D�G�\���Y�D�O�X�H���9���L�I���L�W���F�R�Q�W�L�Q�X�H�G���U�L�V�L�Q�J���D�W���L�W�V���L�Q�L�W�L�D�O���U�D�W�H��(i.e., V/CR).

	 (ii ) If the time interval t��� ���������R�U��RC�������W�K�H�Q��

			   v	 =	 V (1 – e–t /t) = V (1 – e–1����� �����Â��������V
	 Hence time constant �F�D�Q�� �D�O�V�R�� �E�H�� �G�H�¿�Q�H�G�� �D�V�� �W�K�H�� �W�L�P�H�� �U�H�T�X�L�U�H�G�� �I�R�U�� �W�K�H�� �F�D�S�D�F�L�W�R�U�� �Y�R�O�W�D�J�H�� 
�W�R���U�H�D�F�K�����Â���������R�I���L�W�V���¿�Q�D�O���V�W�H�D�G�\���Y�D�O�X�H���9��
	 (iii )	If the time interval t � ���������R�U��RC�������W�K�H�Q��

			   i	 =	 Im e–t/t = Im e–1��� �����Â������Im
	 Hence time constant �F�D�Q�� �D�O�V�R�� �E�H�� �G�H�¿�Q�H�G�� �D�V�� �W�K�H�� �W�L�P�H�� �U�H�T�X�L�U�H�G�� �I�R�U�� �W�K�H�� �F�K�D�U�J�L�Q�J�� �F�X�U�U�H�Q�W�� �W�R�� 
�I�D�O�O���W�R�����Â�������R�I���L�W�V���L�Q�L�W�L�D�O���P�D�[�L�P�X�P���Y�D�O�X�H���,m.
	 �)�L�J���������������D�V���Z�H�O�O���D�V���D�G�M�R�L�Q�L�Q�J���W�D�E�O�H���V�K�R�Z�V���W�K�H���S�H�U�F�H�Q�W�D�J�H���R�I���¿�Q�D�O���Y�R�O�W�D�J�H����V) after each time 
constant interval during voltage buildup (v�����D�F�U�R�V�V���W�K�H���F�D�S�D�F�L�W�R�U�����$�Q���X�Q�F�K�D�U�J�H�G���F�D�S�D�F�L�W�R�U���F�K�D�U�J�H�V��
to about 63% of its fully charged voltage (V���� �L�Q�� �¿�U�V�W���W�L�P�H�� �F�R�Q�V�W�D�Q�W�����$�� ���� �W�L�P�H���F�R�Q�V�W�D�Q�W���L�Q�W�H�U�Y�D�O�� �L�V��
accepted as the time to fully  charge (or discharge) a capacitor and is called the transient time.

		  Fig. 6.48

Number of time
constants

�����R�I���¿�Q�D�O���Y�D�O�X�H

1 63

�� ����

3 ����

4 ����

�� �������F�R�Q�V�L�G�H�U�H�G������������

* 	 RC = � �•��‚ •�…��
˜�
—
•ˆ�ˆ •��‚

� �
� �
� �

 = � �•��‚ •�…��
˜�
� •�…��
˜ ƒˆ  � •��‚

 = seconds
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6.28.  Discharging of a Capacitor
	 Consider a capacitor of C farad charged to a p.d. of V volts and connected in series with a 
resistance R through a switch S �D�V���V�K�R�Z�Q���L�Q���)�L�J����������������i�������:�K�H�Q���W�K�H���V�Z�L�W�F�K���L�V���R�S�H�Q�����W�K�H���Y�R�O�W�D�J�H���D�F�U�R�V�V��
the capacitor is V �Y�R�O�W�V�����:�K�H�Q���W�K�H���V�Z�L�W�F�K���L�V���F�O�R�V�H�G�����W�K�H���Y�R�O�W�D�J�H���D�F�U�R�V�V���F�D�S�D�F�L�W�R�U���V�W�D�U�W�V���G�H�F�U�H�D�V�L�Q�J������
The discharge current rises instantaneously to a value of V/R (= Im) and then decays gradually to zero.

Fig. 6.49
	 Let at any time t���G�X�U�L�Q�J���G�L�V�F�K�D�U�J�L�Q�J��

			   v	 =	 p.d. across the capacitor

			   i	 =	 discharging current

			   �T	 =	 charge on capacitor

	 �%�\���.�L�U�F�K�K�R�I�I�¶�V���Y�R�O�W�D�J�H���O�D�Z�����Z�H���K�D�Y�H��

			   0	 =	
dvv RC
dt

�

	 or		
dv
v

	 =	
dt
RC

�

	 �,�Q�W�H�J�U�D�W�L�Q�J���E�R�W�K���V�L�G�H�V�����Z�H���J�H�W��

			 
dv
v� 	 =	

� dt
RC

� �
	 �?		  loge v	 =	

t K
RC

� � 	 …(i)

	 �$�W���W�K�H���L�Q�V�W�D�Q�W���R�I���F�O�R�V�L�Q�J���W�K�H���V�Z�L�W�F�K����t = 0 and v = V.  Putting these values in eq. (i�������Z�H���J�H�W��

			   loge V	 =	 K

�?	 Equation (i) becomes : 	loge v = (–t/RC) + loge V

	 or		  ��� e
v
V

	 =	
t

RC
�

	 or		
v
V

	 =	 e–t/RC

	 �?		  v	 =	 V e–t����	 …(ii )

	 �$�J�D�L�Q��������� ��RC) is the time constant and has the dimensions of time.

	 �6�L�P�L�O�D�U�O�\��	 �T	 =	 Q e–t/RC

	 and		  i	 =	 –Im e–t/RC

	 Note that negative sign is attached to Im�������7�K�L�V���L�V���E�H�F�D�X�V�H���W�K�H���G�L�V�F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���À�R�Z�V���L�Q���W�K�H��
�R�S�S�R�V�L�W�H���G�L�U�H�F�W�L�R�Q���W�R���W�K�D�W���L�Q���Z�K�L�F�K���W�K�H���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���À�R�Z�V��
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	 �)�L�J���������������D�V���Z�H�O�O���D�V���D�G�M�R�L�Q�L�Q�J���W�D�E�O�H���V�K�R�Z�V���W�K�H���S�H�U�F�H�Q�W�D�J�H���R�I���L�Q�L�W�L�D�O���Y�R�O�W�D�J�H����V) after each time 
�F�R�Q�V�W�D�Q�W���L�Q�W�H�U�Y�D�O���G�X�U�L�Q�J���G�L�V�F�K�D�U�J�L�Q�J���R�I���F�D�S�D�F�L�W�R�U�����$���I�X�O�O�\���F�K�D�U�J�H�G���F�D�S�D�F�L�W�R�U���G�L�V�F�K�D�U�J�H�V���W�R���D�E�R�X�W����������
�R�I���L�W�V���L�Q�L�W�L�D�O���I�X�O�O�\���F�K�D�U�J�H�G���Y�D�O�X�H���L�Q���¿�U�V�W���W�L�P�H���F�R�Q�V�W�D�Q�W�����7�K�H���F�D�S�D�F�L�W�R�U���L�V���I�X�O�O�\���G�L�V�F�K�D�U�J�H�G���L�Q���D�������W�L�P�H��
constant interval.

		  Fig. 6.50

	 Example 6.48. A 2 µF capacitor is connected, by closing a switch, to a supply of 100 volts 
through a 1 M�Ÿ series resistance. Calculate (i) the time constant (ii ) initial charging current (iii ) 
the initial rate of rise of p.d. across capacitor (iv) voltage across the capacitor 6 seconds after the 
switch has been closed and (v) the time taken for the capacitor to be fully charged.

	 Solution. (i)���7�L�P�H���F�R�Q�V�W�D�Q�W��	��	� 	RC = (106�����î���������î������–6) = 2 seconds

	 (ii )		  �,�Q�L�W�L�D�O���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W����Im	=	 �
�

��� ��
��

V
R

� �  = 100 µA

	 (iii )	 Initial rate of rise of voltage across capacitor is

			 
dv
dt

	=	 � �
���

�� �� � ��
V
CR �

�
� �

 = 50 V/s

	 (iv)		  v	=	 V (1 – e–t/RC)

		 Here	 V	=	 100 volts ;  t = 6 seconds ;  RC��� �������V�H�F�R�Q�G�V

		  �?	 v	=	 100 (1 – e�±������) = 100 (1 – e–3) = 95.1 V

	 (v)	Time taken for the capacitor to be fully charged

				   � 	�� RC��� �������î������� ��10 seconds

	 Example 6.49. A capacitor of 8 µF capacitance is connected to a d.c. source through a resis-
�W�D�Q�F�H���R�I�������P�H�J�D�R�K�P�����&�D�O�F�X�O�D�W�H���W�K�H���W�L�P�H���W�D�N�H�Q���E�\���W�K�H���F�D�S�D�F�L�W�R�U���W�R���U�H�F�H�L�Y�H�����������R�I���L�W�V���¿�Q�D�O���F�K�D�U�J�H������
How long will it take the capacitor to be fully charged ?

	 Solution.	 �T	 =	 Q (1 – e–t / RC)

	 Here	 RC	 =	 (10)6���î�������î������–6��� �������V�H�F�R�Q�G�V���������T/Q��� �����Â����

	 �?		  ���Â����	� 	�����±��e–t����    or    e–t������� �����Â����

	 �?		  et����	� 	�������Â������� ������

	 or		  (t���������O�R�Je e	 =	 loge������

	 �?		  t	� 	�����O�R�Je��������� ��23·96 seconds

	 Time taken for the capacitor to be fully charged

				       �  	 � �� �RC��� �������î������� ��40 seconds

	 Alternatively. 	 t	 =	 ���� e
C

V V
V v

�
�

�
	 ���������6�H�H���$�U�W������������

	 or		  t	 =	 ���� e
� 4 � T
� 4 � T

�
�

�

Number of time
constants

% of Initial value

1 ����

�� 14

3 ��

4 ��

�� 1 considered 0
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	 �+�H�U�H�����O��� �����V�������T0 = 0 ; �T��� �����������R�I��Q��� �������������4

	 �?		  t	 =	
�

� ��� � ���
���� ����e e

Q Q
Q Q Q

�
� � �

�
 = 23.96 seconds

	 Example 6.50. A resistance R and a 4 µF capacitor are connected in series across a 200 V d.c. 
supply. Across the capacitor is connected a neon lamp that strikes at 120 V. Calculate the value of 
R to make the lamp strike after 5 seconds.

	 Solution. �7�K�H���Y�R�O�W�D�J�H���D�F�U�R�V�V���W�K�H���Q�H�R�Q���O�D�P�S���K�D�V���W�R���U�L�V�H���W�R�����������9���L�Q�������V�H�F�R�Q�G�V��

	 �1�R�Z��	 v	 =	 V (1 – e–t������  �R�U  ��������� �����������������±��e�±������)

	 or		  e�±������	� 	�����±����������������������� �����Â��  �R�U  e��������� ���������Â����� �����Â��

	 �?		  �������������O�R�Je e	 =	 loge�����Â��

	 �R�U		  ��	� 	
�

��� � �e 	
��� �����Â���������V�H�F�R�Q�G�V

	 or		  RC	� 	���Â������  �?  R = �
� ���
� �� �

	
�

��� �����Â���������î������6���Ÿ��� ��1·364 M�Ÿ

	 Alternatively. 	 t	 =	 ���� e
C

V V
V v

�
�

�
	 �+�H�U�H����t��� �����V������V��� �����������Y�R�O�W�V������V0 = 0 ; vC��� �����������Y�R�O�W�V

	 �3�X�W�W�L�Q�J���W�K�H�V�H���Y�D�O�X�H�V���L�Q���W�K�H���D�E�R�Y�H���H�[�S�U�H�V�V�L�R�Q�����Z�H���J�H�W�����O��� �������������V��

	 Now �O��= RC  or  R = 
C
�

 = �
�����

� �� ��
��� ���������������î������6�:  = 1.364 M�:

	 Example 6.51. A capacitor of 1 µF and resistance 82 k�Ÿ are connected in series with an e.m.f. 
of 100 V. Calculate the magnitude of energy and the time in which energy stored in the capacitor will 
�U�H�D�F�K���K�D�O�I���R�I���L�W�V���H�T�X�L�O�L�E�U�L�X�P���Y�D�O�X�H��

	 Solution. 	 Equilibrium value of energy	 =	 ��
�

CV

	 �?		  Energy stored	�v	V��

	 Half energy of the equilibrium value will be stored when voltage across capacitor is v = ��� �  
� �������Â�����Y�R�O�W�V��
	 �?		  Energy stored	 =	 �� �

� �
Cv � �������î������–6�����î���������Â������� ��0·0025 J

	 �1�R�Z��	 v	 =	 V (1 – e–t/RC)

	 �+�H�U�H����RC��� �����������î������3�����î���������î������–6����� �����Â���������V����  v��� �������Â�����9����  V = 100 V

	 �?		  �����Â��	� 	���������������±��e–t�����Â������)  or  e–t�����Â��������� �������±���������Â��������������� �����Â������

	 �?		  et�����Â������	� 	�������Â��������� �����Â������

	 or		  (t�����Â�����������O�R�Je e	 =	 loge 3·413

	 �?		  t	� 	���Â���������î���O�R�Je 3·413 = 0·1 second

	 Example 6.52. When a capacitor C charges through a resistor R from a d.c. source voltage E, 
determine the energy appearing as heat.

	 Solution. When R – C series circuit is switched on to d.c. source of voltage E���� �W�K�H���F�K�D�U�J�L�Q�J��
current i���G�H�F�U�H�D�V�H�V���D�W���H�[�S�R�Q�H�Q�W�L�D�O���U�D�W�H���J�L�Y�H�Q���E�\����

			   i	 =	 I e–t/�O

			   where I	 =	 E/R  ;  �O��= RC

	 Energy appearing as heat in small time �' t is 

			   �' WR	 =	 i����R �' t	
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	 Total energy appearing as heat in the entire process of charging is

			   WR	 =	 �

�

i Rdt
�

�  = �

�

� �tR I e dt
�

� ��  = � �

�

tR I e dt
�

� ��

				    =	 � �

�

tR I e dt
�

� �� �  = 
�

�

��

teRI
�� �� �

� �� �� 


				    =	 � � �
� �� � 
 � � ��

� �
RCER E R e e

R
�� ��� � �� � � � � �� �

� �
	 �?		  WR	 =	 ��

�
CE

	 �$�O�W�K�R�X�J�K���H�Q�H�U�J�\���V�W�R�U�H�G���L�Q���D���F�D�S�D�F�L�W�R�U���L�V���Y�H�U�\���V�P�D�O�O�����L�W���F�D�Q���S�U�R�Y�L�G�H���D���O�D�U�J�H���F�X�U�U�H�Q�W�����D�Q�G���K�H�Q�F�H��
large power) for a short period of time.
	 Note. Energy stored in the capacitor at the end of charging process is CE�����������$�O�V�R���H�Q�H�U�J�\���D�S�S�H�D�U�L�Q�J���D�V���K�H�D�W��
in the entire process of charging the capacitor is CE��������

�?	 Total energy received from the source = � �� �
� �

CE CE�  = CE��

	 �7�K�X�V���G�X�U�L�Q�J���F�K�D�U�J�L�Q�J���R�I���F�D�S�D�F�L�W�R�U�����W�K�H���W�R�W�D�O���H�Q�H�U�J�\���U�H�F�H�L�Y�H�G���I�U�R�P���W�K�H���V�R�X�U�F�H���L�V��CE����; half is converted into 
heat and the rest half stored in the capacitor.

	 Example 6.53. Referring to the circuit shown in Fig. 6.51, 

	 (i)	 �:�U�L�W�H�� �W�K�H�� �P�D�W�K�H�P�D�W�L�F�D�O�� �H�[�S�U�H�V�V�L�R�Q�� �I�R�U��
charging current i and voltage v across 
capacitor when the switch is placed in 
position 1.

	 (ii )	 �:�U�L�W�H���W�K�H���P�D�W�K�H�P�D�W�L�F�D�O���H�[�S�U�H�V�V�L�R�Q���I�R�U���W�K�H��
discharging current and voltage across 
capacitor when switch is placed in position 
2 after having been in position 1 for 1 s.

	 Solution.

	 (i)	�:�K�H�Q���W�K�H���V�Z�L�W�F�K���L�V���S�O�D�F�H�G���L�Q���S�R�V�L�W�L�R�Q���������W�K�H���F�D�S�D�F�L�W�R�U���F�K�D�U�J�H�V���W�K�U�R�X�J�K��R1���R�Q�O�\�������7�K�H�U�H�I�R�U�H����
time constant during charging is

		 �7�L�P�H���F�R�Q�V�W�D�Q�W��������� ��R1C��� ���������������î���������������î������–6) = 0·1 s
		 �,�Q�L�W�L�D�O���F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W����Im = V/R1��� ����������������� �����Â�����$
		 The charging current at any time t is given by ;
			   i	=	 Im e–t����  or  i = 0·2 e–t/0·1 A
		 The voltage v across the capacitor at any time t is given by ;
			   v	=	 V (1 – e–t����)  or  v = 20 (1 – e–t/0·1) volts
	 (ii )	�6�L�Q�F�H���W�K�H���V�Z�L�W�F�K���U�H�P�D�L�Q�V���L�Q���S�R�V�L�W�L�R�Q�������I�R�U�������V���R�U���������W�L�P�H���F�R�Q�V�W�D�Q�W�V�����W�K�H���F�D�S�D�F�L�W�R�U���F�K�D�U�J�H�V��

�I�X�O�O�\���W�R���������9�����:�K�H�Q���W�K�H���V�Z�L�W�F�K���L�V���S�O�D�F�H�G���L�Q���S�R�V�L�W�L�R�Q���������W�K�H���F�D�S�D�F�L�W�R�U���G�L�V�F�K�D�U�J�H�V���W�K�U�R�X�J�K��R�� 
�R�Q�O�\�������7�K�H�U�H�I�R�U�H�����W�L�P�H���F�R�Q�V�W�D�Q�W���G�X�U�L�Q�J���G�L�V�F�K�D�U�J�H���L�V

			   �7�L�P�H���F�R�Q�V�W�D�Q�W������	� 	R��C��� ���������������î���������������î������–6����� �����Â�����V
	 �,�Q�L�W�L�D�O���G�L�V�F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W��	Im	 =	 V/R����� ����������������� �����Â�����$
	 The discharging current at any time t is given by ;
			   i	 =	 –Im e–t����  or  i = –0·1 e–t/0·2 A
	 The voltage v across the capacitor at any time t is given by ;

			   v	 =	 V e–t����  or  v = 20 e–t/0·2 volts

Fig. 6.51






