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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.

() 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.

(@) 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 %X | 0'% electrons, i.e.
1 coulomb = Charge on 625 % 10" 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 x 10'® electrons from normal due share. The charge on one electron is given by ;

Charge on electron = L 1.6x107"C

625x10'
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 :
(7)) Charge on an electron, e = 1.602 x 10" coulomb
(if) Mass of an electron, m 9.0 x 107! kg

(iii) Radius of an electron, » = 1.9 x 10715 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 x 10'" 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 (7.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 x 10* free electrons at room temperature.

() 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.

(i) 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.

(#ii) 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.

Copper strip
*——>p *—> —>p —p
N\ 7/
Free electrons I
Conventional current I
- — |+ _J
<+ L | <+——e Pr—
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.

(#)) 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 / is the rate of flow of electrons i.e. charge

flowing per second. 0

Current, [ = 7

The charge QO is measured in coulombs and time ¢ in seconds. Therefore, the unit of electric
current will be coulombs/sec or ampere. 1f Q =1 coulomb, ¢ =1 sec, then /= 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 x 10'® electrons. Thus when we say that current through a wire is 1 A, it means
that 625 x 10'° electrons per second flow past any cross-section of the wire.

= %: % where e=—1.6x 107 C ; n=number of electrons

1.8. Electric Current is a Scalar Quantity

(#) Electric current, / = "
As both charge and time are scalars, electric current is a A
scalar quantity. 3A

(#/) We show electric current in a wire by an arrow to

indicate the direction of flow of positive charge. But such ¢ 7=A

arrows are not vectors because they do not obey the laws of O

vector algebra. This point can be explained by referring to 4A

Fig. 1.2. The wires OA4 and OB carry currents of 3 A and 4 A B
respectively. The total current in the wire CO is 3 +4 =7 A ir- Fig. 1.2

respective of the angle between the wires OA4 and OB. This is
not surprising because the charge is conserved so that the magnitudes of currents in wires O4 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 (if) varying
current and (iif) 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.).

—_—p —
—_—p —
—_— —

T/2
374 T
0 — >t 0 —>t of T4 [

0 (if) iy —>t
Fig. 1.3
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(i) 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 772 second (7 is the time period of the wave) in one direction and from 7/2 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 (= 10° ms ") 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 —E>
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

. 3 h Copper wire
the free electrons move, they *collide again and again
with positive ions of the metal. Each collision destroys I
the extra velocity gained by the free electrons. Fig. 1.4

The average time that an electron spends between two collisions is called the relaxation
time (7). Its value is of the order of 10"'* 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 (v ;). The drift velocity of free electrons is of the

order of 10> ms ™.

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 v .- 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.

*  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 / 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 < vy Copper wire
- ity i : 7
n = electron density, z.e.,.number of " e—o 2 o
free electrons per unit volume : ?
+—o @ «o
e = charge on each electron : 2 :
. . P
v, = drift velocity of free electrons g
In one second, all those free electrons within a Fig. 1.5

distance v, to the right of cross-section at P (i.e., in a

volume Av;) will flow through the cross-section at P as shown in Fig. 1.5. This volume contains 7
Av,electrons and, hence, a charge (n4v,)e. Therefore, a charge of nedv, per second passes the cross-
section at P.

I =nedv,
Since 4, n and e are constant, / oc v,
Hence, current flowing through a conductor is directly proportional to the drift velocity of free
electrons.

(?) 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 ;
neAv,

I
Current density, J=— = =nev,
4 4

The SI unit of current density is amperes/mz.

5
Note. Current density is a vector quantity and is denoted by the symbol J . Therefore, in vector notation,

the relation between /and J is [=J.4
-
where A = Area vector
Example 1.1. 4 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.

. QO ne
Solution. (i) 1= P
It 0.5x1
= = W =3.1 x 10'® electrons/s
e .

(if) Charge passing the cross-section in one hour is
0 = 1t=(0.5) x (60 x 60)= 1800 C

Now, O=ne
1800
n = Q:—% = 1.1 x 10* electrons/hour
e 1.6x10

Example 1.2. 4 copper wire of area of X-section 4 mm’ is 4 m long and carries a current of 10 A.
The number density of free electrons is 8 x 10°* m™. How much time is required by an electron to
travel the length of wire ?

Solution. I =nAdev,
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Here I=10A;4 = 4mm*=4x10°m?;e=16x10""C;n=8x10%m™
I 10
nde 8x10®x(4x10°)x1.6x10"°

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

l 4 4
f= —=—" _=205x10's =5.7h
v, 1.95x10°* o

Example 1.3. The area of X-section of copper wire is 3 x 1 0% m’. 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 *x 1 0% m™,

Drift velocity, v, = =1.95%10"* ms™

. . 1 4.2 6 2
Solution. (/) Current density, J = —= — =1.4x10" A/m
A 3x10
(i) I =nedv,
1 4.2

=1.04x10* ms™

Drift velocity, v, = =
PEVEORI: e e T (8.4x10%)x(1.6x10 7 )x3x10 °

( Tutorial Problems )

1. How much current is flowing in a circuit where 1.27 x 10'3 electrons move past a given point in
100 ms ? [2.03 A]

2. The current in a certain conductor is 40 mA.

(7) Find the total charge in coulombs that passes through the conductor in 1.5 s.
(i7) Find the total number of electrons that pass through the conductor in that time.
[(i) 60 mC (ii) 3.745 x 10" electrons]
3. The density of conduction electrons in a wire is 10*> m . 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 ? [1.1x 107 ms™

4. Find the velocity of charge leading to 1 A current which flows in a copper conductor of cross-section
1 cm?® and length 10 km. Free electron density of copper = 8.5 x 10% per m’. How long will it take the
electric charge to travel from one end of the conductor to the other ? [0.735 pm/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

he _ , Work done W
Electric potential, V = ———=—
Charge (0]

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 I 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.



8 Basic Electrical Engineering

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 4 and B having potentials of 5 volts and 3 volts respectively as shown in
Fig. 1.6 (i). Each coulomb of charge on body 4 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.

‘ ‘ @HHHG)
@)

(i)

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 4. 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 H,SO,.

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.

H,S0, (called electrolyte). Consequently, R
the copper plate attains a positive charge of —»

+Q coulombs and zinc rod a charge of —Q

coulombs. The chemical action of the cell e

has done a certain amount of work (say N II
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. Dil.f-izso4
W/Q). This process continues so long as the Fig. 1.7

Zinc —

*  The conventional current flow will be in the opposite direction i.e. from body 4 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.
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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 4 and B, is a measure of the energy used by
one coulomb in moving from 4 to B. Thus if potential difference between points 4 and B is 2 volts,
it means that each coulomb will give up an energy of 2 joules in moving from A4 to B.

IMlustration. The difference between e.m.f. and

p.d. can be made more illustrative by referring to Fig. A k—2V—
—Le— v —eB AW
1.8. Here battery has an e.m.f. of 4 volts. It means 20 50

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 Q and 2 Q in this case) and
remaining to connecting wires. When it returns to the |
negative terminal, it has lost all its energy originally ! | | | I

supplied by the battery. The battery now supplies E =4 volts
fresh energy to each coulomb (4 joules in the present Fig. 1.8
case) to start the journey once again.

1A 4 4

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 4 and B is 2 volts. It means that 1 coulomb
will give up an energy of 2 joules in moving from A4 to B. This energy will be released as heat from
the part AB of the circuit.

The following points may be noted carefully :

(/) 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.

(i) 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. g-{5v — % 15V
We can combine the idea of potential rise or drop with  (RISE) (DROP)

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.

A

Fig. 1.9



10 Basic Electrical Engineering

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 4 and B means that each coulomb of charge will
give up an energy of 2 joules in moving from 4 to B. As the charge flowing is 4 coulombs, therefore,
total energy released by part 4B of the circuit is =4 x 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 | minute is Q =1t =1 x 60 = 60 C.

Total work done, W = O x V=60 x (3 x 10%) =180 x 10° 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 300V 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 Q.
It is defined as under : A R=10

A wire is said to have a resistance of 1 ohm if’ K—P—’\NVV\/\/—é
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. > v

Fig. 1.10

h 4

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 flowingis Q=Ixt=1x 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.
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1.18. Factors Upon Which Resistance Depends

The resistance R of a conductor
(7) is directly proportional to its length i.e.
Roc/
(if) is inversely proportional to its area of X-section i.e.
1
Roc —
a
(Zif) depends upon the nature of material.
(iv) depends upon temperature.
From the first three points (leaving temperature for the time being), we have,

l l
Rox — or R=p—
a a

where p (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 = p—
a

If /=1m, a=1m%then, R =p

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 m’ [See Fig. 1.11 (3)].

im
1
Current yy —1 »
—> .
|« im >
1im
N
;/ :

fe——1 m—
(@) (if)
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 m* and length is 1 m
[See Fig. 1.11 (ii)] i.e. [=1m, a=1m>
Hence specific resistance of a material may be defined as the resistance between the opposite

faces of a metre cube of the material.
/ R

Unit of resistivity. Weknow R =2 or p= T“

a

Hence the unit of resistivity will depend upon the units of area of cross-section (@) and length (/).
(7)) If the length is measured in metres and area of cross-section in m?, then unit of resistivity
will be ohm-metre (Q m).
ohm x m’

p = ———— =ohm-m
m
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(@i) If length is measured in cm and area of cross-section in cm?, then unit of resistivity will be
ohm-cm (Q cm). ,
ohm X cm
p= —— =ohm-cm
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 Tss:tlt\gxrfga?u)rzt

1 Copper metal 1.7 x1078

2 Iron metal 9.68 x 107°

3 Manganin alloy 48 x 1078

4 Nichrome alloy 100 x 1078

5 Pure silicon semiconductor 2.5 x10°

6 Pure germanium semiconductor 0.6

7 Glass insulator 10" to0 10"

8 Mica insulator 10" to 10"

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 aresult, 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 6. If a conductor has resistivity p, then its conductivity is given by ;

Conductivity, ¢ = —

1 a a _ _
We know that G = R = E =0 7 Clearly, the SI unit of conductivity is Siemen metre ' (Sm™).
Example 1.6. 4 coil consists of 2000 turns of copper wire having a cross-sectional area of

0.8 mm®. The mean length per turn is 80 cm and the resistivity of copper is 0.02 WQ 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, /= 0.8 x 2000 = 1600 m; cross-sectional area of coil, a = 0.8 mm?

=0.8 x 10 °m?; Resistivity of copper, p = 0.02 x 10°° Om

. . / 1600
Resistance of coil, R = p— =0.02x 107 ———— =40 Q
a 0.8x10
y? 110)*
Power absorbed, P = — = (110) =302.5W

R 40
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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, R, = ?; a; =25 mm? ; [, =1000 m

For the second case, R, = 1/58 Q;a,=1 mm? ; L=1m

Ry = p(lifa)) ;5 Ry=p (lLay)
ﬁ = l_lxa_zz @ e L =40
R L a | 1 J\|2
1 20
or Rl :40R2:40X_:_Q
58 29

For the third case, Ry = ?;a3=a,/2;1;=3],

R, IA a,
£ (oo

1 3

20 120
or Ry = 6R =6%X — = —
29 29
Example 1.8. 4 copper wire of diameter 1 cm had a resistance of 0.15 Q. It was drawn under
pressure so that its diameter was reduced to 50%. What is the new resistance of the wire ?

T
Solution. Area of wire before drawing, a, = 1 (1)2 =0.785 cm’
. . T
Area of wire after drawing, a, = ” (0.5)*=0.196 cm®

As the volume of wire remains the same before and after drawing,

.. alll = azlz
or L/l = a,/a, =0.785/0.196 = 4
For the first case, R, = 0.15Q;a,=0.785cm*; [, =1
For the second case, Ry, = ?;a,=0.196 cm’ ; [, = 4/
/ L
Now R, = p—; Ry=p—
al a2
RZ 12 al
= = 2= x@)=16
R L a,
or R, = 16R,=16x0.15=2.4Q

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 x 10° kg/m’ and that of aluminium is 2.7 x 10°
kg/m>. The resistivity of copper is 1.72 x 10°% Q m and that of aluminium is 2.6 x 10~ Q m.

Solution. That wire will be lighter which has less mass. Let suffix 1 represent aluminium and
suffix 2 represent copper. ] /
=R, or 16 2

2 Pi 4 P2 4,

Ps P2
or = - 2 =1
y (:h=1)

4 Py 2.6x107°
or —_— = _:—78:
A2 P, 1.72x10

=
I

1.5
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m (4, )4, 4, d,

N — = = =1
o m, (AL hL)d, 44, (h=h)
3
or ﬂ: ﬂ X ﬂ :LSXLXI()} =0.46
m, 4, d, 8.9%x10
or m/m, = 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 R,, R, and R, between the respective pairs of
opposite faces.

. px py pz 10 0.5 0.2
Solution. R.:R,:R = —i—i— = : :
A vz zx xy  0.5x02 0.2x10 10x0.5
10 1

= —:—:0.04 =2500:6.25:1
0.1 4
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 mm’ in cross-section is
1/58 Q.
Solution. External diameter, D = 10 cm
Internal diameter, d = 10-2x0.5=9cm
b

Area of cross-section, a = E(D2 —-d*) = Z[(IO)Z - (9)2] cm®

g[(lof ~(9)* ]x100 mm?

. 1 length in metres
Resistance of copper tube = LA £
a

58  area of X-section in mm?
1 2

—X
58 T 2 2
Z[(10) ) ]xloo
Example 1.12. 4 copper wire is stretched so that its length is increased by 0.1%. What is the
percentage change in its resistance ?

=23.14 x 10° Q =23.14 pQ

/ I
Solution. R=p—; R=p—
a a
0.1
Now I' = I+—X%xI=1.0011/
100
As the volume remains the same,al = a'l'.
, / a
a = a—=
!’ 1.001
R I a
— = | = |X|—|=(1.001) x (1.001) = 1.002
R [ a
R-R
or = 0.002
R

) R
Percentage increase = R X100 =0.002 x 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,

49
PL_ 2 =180 =147
P2 24
I I
Now Rl = pl_ 5 R2: pz_
a a
vV vV
R, R,
I R, a pyl, P2 b aQ
1 49 1 _a
or — = —x——Xx-Z
1.8 247147 q
a 1 24

= —X—X%147=0.4
a 1.8 49

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 uQm ; that of the aluminium is 0.028 uQ m.

Solution. Let us assign subscripts a and ¢ to aluminium and copper respectively.
Current through A/ wire, [, =3 A
Current through Cu wire, /,= 5-3=2A
Since R, and R, are in parallel, the voltage across them is the same [See Fig. 1.12] i.e.
R, I. 2

I,R,= 1R, or R_j:izg 3 A Aluminium
l l 5A R
Now R, = Pala ;o R.= Pele — > o ) —r—
a, a. R
Rc Pe lc a, —P—W’—
—< = X
R, p, L, a, 2A Copper
R 3 . 0.017 I, 6 i
Here e _ 2 P_¢= cLe_ 5 . Fig. 1.12
R, 2 p, 0028 [, 75
2
Lm0
“ 4 4 4
3 0017 6 mw/4
— = X—X
2 0.028 7.5 a,
2 0017 6 = 2
or a,= X———=X—-—X— =0.2544 mm
3 0028 7.5 4
T 2
or ch = 0.2544 s d.=0.569 mm
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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 x 1075 Q m.

Solution. Fig. 1.13 shows the general shape of a stranded conductor.
Allowing for twist, the length of the strands is

[ = 2000 m+ 5% of 2000 m = 2100 m

k)
2\
7

Area of X-section of 19 strands, a = (l9)(g} (1.5><10’3 )2 =33.576x10° m?

! y 2100
Resistance of line, R = p—=1.72x10" x———— =1.076 Q
a 33.576x10

Example 1.16. The resistance of the wire used for telephone is 35 Q per kilometre when the
weight of the wire is 5 kg per kilometre. If the specific resistance of the material is 1.95 x 107° Q 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?

35Q ; [=1000m ; p=195x10°Qm

/ pl  1.95x10°*x1000
Now R = p— o g=E—=—
a R 35

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

Solution. For the first case, R

=557 x 107 m?

20 -8 8 2
a== x55.7x10°=2228*x10"m" ; /=2%8=16km=16000 m
/ g 16000
R=p—=195x10"x ———— =140.1 Q
a 222.8%x10
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 copperis 1.6 x 1 08
Q-m.
Solution. Volume of copper wire, v=1cm® =1 x 10° m?

(i) Resistance when drawn into wire.

Area of X-section, a =§d 22 %(0.32 x107Y = 0.804 x 10”7 m?

1x10°
Length of wire, l:Z =———=1243m
a  0.804x10
I 12.43
~. Resistance of wire, R = p— =1.6x 10" ———— =2473Q
a 0.804x10

(ii) Resistance when hammered into flat sheet.
Length of flat sheet, /= 1.2 x 107 m ; Area of cross-section of flat sheet is
Ix10°  10° ,
= m

v
a = — =

I 12x10° 12

) ) I 4 1.2x107° g
. Resistance of copper flat sheetis R= p—=1.6x10 10°/12 =23x107°Q
a .
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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 cm?
if the wire is made of copper having a resistivity of 1.7 x 10°Qcm. [0.08 Q]

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 Q]

3. A rectangular copper strip is 20 cm long, 0.1 cm wide and 0.4 cm thick. Determine the resistance
between (7) opposite ends (i7) opposite sides. The resistivity of copper is 1.7 X 10°Qcem.

[()) 0.85 x 107* Q (if) 0.212 x 107° Q]

4. A cube of a material of side 1 cm has a resistance of 0.001 Q between its opposite faces. If the same

material has a length of 9 cm and a uniform cross-sectional area 1 cm?, what will be the resistance of

this length ? [0.009 Q]

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 x 10° Q cm and that of aluminium is 2.6 x 10° Q 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 :

(7)) Carbon composition types (if) Film resistors
(7ii) Wire-wound resistors (iv) Cermet resistors

({) 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.
Colour bands

€

Fig. 1.14

Resistance material
(carbon composition)

Insulation coating

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.

(#i) 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 Insbualzgng Omegg;ﬁﬁgatmg
resistors. /

(iii) Wire-wound resistors. A wire- I | 1
wound resistor is constructed by winding A\ \
a resistive wire of some alloy around Wirelead L J
an insulating rod. It is then enclosed in =
an insulating cover. Generally, nickle- \ Metal or
chromium alloy is used because of its very Metal carbon film
small temperature coefficient of resistance. end cap scribed helix
Wire-wound resistors can safely operate Fig. 1.15

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 :

(/) 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

>
Resistance () —
sy,

the rise in temperature, they have positive Actual R,
temperature co-efficient of resistance. s l

(#l) The resistance of electrolytes, -234.5°C 0 °C
insulators (e.g. glass, mica, rubber etc.) Temperature ("C)—

and semiconductors (e.g. germanium,
silicon etc.) decreases with the increase
in temperature. Hence these materials have negative temperature co-efficient of resistance.

Fig. 1.16

(#ii) 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 R, at 0°C and R, at # °C. It has been found that in the
normal range of temperatures, the increase in resistance (i.e. R, — R)

(i) is directly proportional to the initial resistance i.e.
R,—Ryx R,
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(ii) is directly proportional to the rise in temperature i.e.
R,—Ryoct
(i#ii) depends upon the nature of material.
Combining the first two, we get,
R,—Ryoc Ryt
or R,— Ry = *ay Ryt ...(0)
where o, 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,

R, = Ry(1+oy0) (7))
Definition of 0,. From eq. (i), we get,
R —R
4y =
Ry xt

= 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 a 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 Q at 0°C, then it will increase by 0.00426 Q) for 1°C rise in temperature i.e. it will become
1.00426 Q at 1°C. Similarly, if temperature is raised to 10°C, then resistance will become 1 + 10 x
0.00426 = 1.0426 ohms.

The following points may be noted carefully :

() 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.

if) If a conductor has a resistance R, R, and R, at 0°C, #,°C and ¢,°C respectively, then,
0> 14 2 1 2 P Y.

Ry = Ry(1+ayt)

Ry = Ry (1 +ayt)

R, _ I+o,t, (i)
R, 1+,

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
R, and ¢, 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 R, and ¢,. Since R| and R, can be measured
and ¢, (ambient temperature) and o, are known, the value of #, can be calculated from eq. (7i7). The
average rise in temperature of the winding will be (¢, — ¢,)°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 o depends upon temperature. Therefore, it is referred to the
original temperature i.e. 0°C in this case. Hence the symbol a,.
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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.

X

»

1.24. Graphical Determination of o

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 4.X as is
the case with all conductors. The resistance of the
conductor is R, (represented by OA) at 0°C and it
becomes R, at °C. By definition,

Resistance (Q)

v

R —R Temperature (°C)

t 0 [
R, xt
But R,— R, = BC
and ¢t = rise in temperature = AB
BC
Qo
R, X AB

O(O =
Fig. 1.17

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

Slope of temp./resistance graph )
oy = (D)

Original resistance

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. Ry).

The following points may be particularly noted :
(7) The value of o depends upon temperature. At any temperature, o can be calculated by using

eq. (D). Slope* of temperature/resistance graph
Thus, ay =
RO
Slope of temperature/resistance graph
and a, = R

t
(it) The value of o 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 R, has the
minimum value.

1.25. Temperature Co-efficient at Various Temperatures
Consider a conductor having resistances R, and R, at temperatures 0°C and ¢, °C respectively.
Let o, and a, be the temperature co-efficients of resistance of the conductor at 0°C and ¢,°C
respectively. It is desired to establish the relationship between o; and ay. Fig. 1.18 shows the
temperature/resistance graph of the conductor. As proved in Art. 1.24,
Slope of graph
RO

2%

Slope of graph = o R,

*  The slope of temp./resistance graph of a conductor is always constant (being a straight line).
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_ Slope of graph

Similarly, o, r
1

or Slope of graph = o, R,

»

Since the slope of temperature/resistance graph is
constant,
' ARy = oy Ry
aORO _ (X’O RO

R R+, )
[V Ry =Ry(l+ay1))]

or o=

Resistance ()

(XO .
“ T T -0
01 .
- o T >
larly,* o, = —o>— (i 0 :
Similarly,* o, 1+0,t, (if) Temperature (°C)
Subtracting the reciprocal of eq. (i) from the .
reciprocal of eq. (ii), Fig. 1.18
1 1+o,t, I+o,t B ;
o« o O g : :
1
o= T ..(iii)
—t+(t,—t
o Tt

Eq. (i) gives the relation between o, and o, while Eq. (iif) gives the relation between a, and a,.

1.26. Summary of Temperature Co-efficient Relations

(@) If Ry and o, are the resistance and temperature co-efficient of resistance of a conductor at
0°C, then its resistance R, at °C is given by ;
R, = Ry(1+090)
(i) If o, a, and o, are the temperature co-efficients of resistance at 0°C, ¢#,°C and ¢,°C
respectively, then,
%y ) 1

ul - B} az_ B} az_
1+a0 tl 1+a0t2 ai_i_(tz_tl)
1

(#ii) Suppose R, and R, are the resistances of a conductor at ¢, °C and #,°C respectively. If a, is
the temperature co-efficient of resistance at ¢,°C, then,

Ry** = Ry[1 +oy(t, — ;)]
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 femperature

* oyRy = o,R, where R, is the resistance at £,°C

OgRy Oy R, 0

or a, = = =
R, Ry(I+oy,) 1+o,¢,

o Slope of graph, tan © = R, oy =R, o; = R, 0,
Increase in resistance as temperature is raised from #,°C to #,°C
= tan 6(1, — 1)) = Ryoy (1, — 1))
Resistance at 1,°C, R, = R, + Rjo (1, — 1)) = R{[1 + o,(t, — 1))]



22 Basic Electrical Engineering

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 ;
P, = Po(l + o)
where py = resistivity of metallic conductor at 0°C
p, = resistivity of metallic conductor at temperature °C

Note that temperature coefficient of resistivity is equal to temperature coefficient of resis-
tance o,

Example 1.18. 4 coil has a resistance of 18 Q when its mean temperature is 20°C and of 20 Q
when its mean temperature is 50°C. Find its mean temperature rise when its resistance is 21<) and
the surrounding temperature is 15°C.

Solution. Let R be the resistance of the coil at 0°C and o, be its temperature coefficient of
resistance at 0°C. Then,

18 = Ry(1+0gx20) and 20=Ry(1+ap x 50)
1

20 _ 14500, or = L 0.004°C

18 1+20a, 250

If £°C is the temperature of the coil when its resistance is 21Q, then,
21 = Ry (1+0.004¢)

21 R,(1+0.004 1)
— = ————— or t=65C
18 R,(1+0.004%20)
Temperature rise = ¢—15=65°—15°=50°C
Example 1.19. The resistance of the field coils of a dynamo is 173 Q at 16°C. After working for
6 hours on full-load, the resistance of the coils increases to 212 Q. 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/°C at 0°C.
Solution. (i) Let °C be the final temperature.
Ry R/(1+0,x16)

R R(I+0,x1)
173 1+0.00426x16

o 212 140.00426%¢
1.068
or 0816 = ——° . ;=72.5C
1+0.004261

(i) Rise in temperature =¢— 16 =72.5—16 = 56.5°C
Example 1.20. The resistance of a transformer winding is 460 Q at room temperature of 25°C.
When the transformer is running and the final temperature is reached, the resistance of the winding
increases to 520 Q. Find the average temperature rise of winding, assuming that o,y = 1/250 per °C.
1 1 1

— o

Solution. = - 255
olution Olys 1/0,, +(25-20) 250+5 255

Let £°C be the final temperature of the winding. Then, the rise in temperature is ¢ — 25.

Now, Rys = 460 Q; R, =520 Q
R, = Rys[1 + ays(r — 25)]
1 R
or t—25 = —|—+-1|= 255(520/460 — 1) = 33.26°C
a25 25

Temperature rise = — 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
2000°C. 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 a5 = 0.005/°C.

Solution. Resistance of lamp at 2000°C is
Rygop = VP =(230)%/60 = 881.67

Rygop = Rys[1+0,5(2000 — 15)]
Rypoo _ 881.67 _

Rys
1+0.005(1985) 10.925
Current taken by cold lamp (i.e. at the time of switching) is
I = VIR,5s=230/80.7=2.85A

Example 1.22. Tiwo coils connected in series have resistances of 600 Q and 300 Q) 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 Q coil at 50°C
= 600 [1+0.001(50-20)]=618Q

Resistance of 300 Q coil at 50°C
= 3001 +0.004 (50-20)]=336Q

Resistance of series combination at 50°C is
Rsy = 618+336=954 Q)

Resistance of series combination at 20°C is

80.7Q

Ryy = 600 +300 =900 Q
Now Rsy = Ry [1 + 0y (15— 11)]
%—1 %_1
- o 900 _ggp

o
-t 50-20
1 1 1

N = — [ J—
oW %0 Yoy, +(6,—1) 1/0.002+(50-20) 530

o

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, R;5=60/0.12 = 500 Q
If the temperature increases, the resistance of relay coil increases and current in relay coil de-
creases. Let 7°C be the temperature at which the current in relay coil becomes 0.1 A (= the minimum
relay coil current for its operation). Clearly, R, = 60/0.1 = 600 Q.
Now, Ris = Ry (1 +150y) =R, (1+15x%x0.0043)
R, = Ry (1 +ay) =R, (1+0.0043 )
R 14+0.0043¢

t

R, 1.0645

600 1+0.0043¢
or — =

500 1.0645

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. Tivo 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 4 be 1  and that of Bbe x Qie. R,=1Q and Ry =x Q.
Resistance of series combination =R, + Rz = (1 +x) Q
Suppose the temperature rises by °C.

Resistance of series combination at the raised temperature = (1 +x) (1 +0.001 ¢) (D)
Resistance of 4 at the raised temperature = 1 (1 + 0.004 ¢) (7))
Resistance of B at the raised temperature = x (1 + 0.0004 ¢) (77))

As per the conditions of the problem, we have, (i7) + (iii) = (i)

or 1(1+0.0047)+x(1+0.00047)=(1+x)(1+0.0017)

or 0.004 £+ 0.0004 tx = (1 +x)x0.001¢

Dividing by ¢ and multiplying throughout by 10*, we have,

40+4x = 10(1 +x) .. x=5
R,:Ry = 1:5 ie Ryshouldbe5 times R,.

Example 1.25. 4 resistor of 80 Q resistance, having a temperature R, Rg
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 Q per 100 m and the temperature coefficient is 0.003/°C. For
material B, the corresponding figures are 60 Q per 100 m and 0.0015/°C. I
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 Fig. 1.19
same temperature.

Solution. Let R, and Ry be the required resistances of materials 4 and B respectively which
when joined in series have a combined temperature coefficient of 0.0021 [See Fig. 1.19].

Resistance of series combination = R, + R

Resistance of series combination at raised temperature = (R, + Rp) (1 +0.0021 7) (D)
Resistance of 4 at raised temperature = R, (1 + 0.003 ¢) (7))
Resistance of B at raised temperature = R (1 + 0.0015 #) (7))

As per conditions of the problem, (ii) + (iii) = (i).
R,(1+0.0037)+Ryz(1+0.00157)=(R,+ Rp) (1+0.0021 ¢)

: Ry 3 .
On solving, — = = (1)
R, 2
Now, R,+Ry = 80 ..(v)

From egs. (iv) and (v), R, =32Qand Ry; =48 Q
Length of wire 4, L, = (100/80) x 32 =40 m
Length of wire B, Ly = (100/60) x 48 = 80 m

Example 1.26. Twwo 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.
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Solution. Let the temperature coefficient of resistance of wire B be o,z. If R is the resistance of

wire A, then,
R, =R ; Rz=35R

Total resistance of two wires at 0°C =R, +R;=R+3.5R=45R

Increase in resistance of wire 4 per °C rise = oy R =0.004 R

Increase in resistance of wire B per °Crise =0z X 3.5 R=3.5R 0

Total increase in the resistance of combination per °C rise = 0.004 R +3.5 R o .. ()

Also, total increase in the resistance of combination per °C rise = o x Total resistance of com-
bination = 0.001 x 4.5 R =0.0045 R ... (i)

From egs. (i) and (i), 0.004 R + 3.5 Rog = 0.0045 R

ay = LOOBR-0004R _ 4 409143/°C or 0.0143%

3.5R
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 R, and R, are the resistances
of copper and iron conductors respectively at 100°C, then,

R, = R[1+0.0043 (100 -25)]=1.3225R
R, = R[1+0.0063 (100 —25)]=1.4725 R
If 7 is the total current at 100°C, then,
R, CIx 1.4725R

R+R,  13225R+1.4725R

R _Ix 1.3225R

R +R, 1.3225R+1.4725R
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.

=0.52681

Current in copper conductor = I X

=0.47321

Current in iron conductor = X

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 o _I_ -

. . . . 3cm
50°C between its two end-faces. Assume specific resistance of . S
copper at 20°C = 1.724 x 1075 Q-cm and resistance tempera- 14 om
ture coefficient of copper at 0°C = 0.0043/°C. _———Y

Solution. Fig. 1.20 shows the semi-circular ring.

Mean radius of the ring, r,,=(6+9)/2=7.5cm <
Mean length between end faces is
l,= nr,=mx75=2356cm T

Cross-sectional area of the ring is
a=3x4=12cm’
o, _ 0.0043
1+0, ¢ 1+0.0043%x20

Now Oy =

= 0.00396/°C
Fig. 1.20
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Also Pso = Pao [l + 0y (1-20)]

1.724 x 10°° [1 + 0.00396 x (50 — 20)]
1.93x10°Qcm

R, - Pso Ly _ 1.93x10°x23.56 _ 3.79 x 10~ O
a 12
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 X1 07°Q em 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.

. a() 1 (XO 1 o
Solution. Oyy = —— -~ oOr = SOy = ——
I+o, %20 254.5 1+0,x20 234.5
) Peo = Po(1+ 0% 60)=1.6%10°(1+60/234.5)=2.01 x 10°Q cm
1 1 1
i - = = /°C
(@) %o = T 1y 2545+(60-20) 2945
OLZO 2 1

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 nQ cm. If a5, = 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

y? Vo (240)°
S 60 o Ryyy- ==Y 9600
Rom 60 60
Now Rypg = Rog [1 + 01y (2420 — 20)]
or 960 = Ry [1+0.005 (2420 — 20)]
Ry = 960/13 O
Now Py = 43x10°Qem; a= %dz =§(0-02><1071)2 cm’

XR, m_(0.02x10™)*x960
Length of filament is / = T Iy ( 2 =54 cm
P20 4 4.3x10°x13

( Tutorial Problems )

1. The shunt winding of a motor has a resistance of 35.1 Q 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 Q]
2. The resistance of a coil of wire increases from 40 Q at 10°C to 48.25 Q 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 Q 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 Q 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. [2571°C]
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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 4 and B are connected in series at 0°C and resistance of B is 3.5 times that of 4. The resistance
temperature coefficient of 4 is 0.4% and that of the combination is 0.1%. Find the resistance temperature
coefficient of B. [0.0143%]
7. Ad.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 Q]
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 Q 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 Q]

1.28. Ohm’'s Law

The relationship between voltage (V), the current (/) 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
T " 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 4 and B is V' volts and current flow-
ing is / amperes, then /I will be constant and equal to R, the resistance between points 4 and B. If
the voltage is doubled up, the current will also be doubled up so that the ratio ¥/ remains constant.
If we draw a graph between V and 7, it will be a straight line passing through the origin as shown in
Fig. 1.21 (if). The resistance R between points A4 and B is given by slope of the graph i.e.

R = tan 0 = I/ = Constant

Ohm’s law can be expressed in three forms viz.

I =VIR; 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, :/hen resistance will be in ohms.

A

I R B
~ s A 0
» |
(@) (if)
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-1 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.

(Zif) 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.

+I +1
Junction Diode
diode valve
pRY, 0 Y Ay 0 v

Fig. 1.22
Fig. 1.22 illustrates the graphs of non-ohmic conductors. Note that V-/ 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 Q resistor is 2.5 volts ? All resistances are in ohm.

550 50 1 550 c 50
+AT A AM—o— +A

12V R§ 500§ 12V

(@)
Fig. 1.23

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

Voltage d 500Q 25
: oltage drop across =23 0005A
500 Q 500
Voltage across CMD or CD is given by ;
Vesn = Vep =1, (50 +500) = 0.005 x 550 =2.75V

12—V, 12-275

Now I= =0.0168 A
550 550
I, = I-1,=0.0168 —0.005 = 0.0118 A
Vep 275
Now Vep = LR . R=-2L= =2330
1, 00118

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. Itis 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 (/= 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. 4 coil of copper wire has resistance of 90 Q 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 o, for copper = 0.00428/°C.

Solution. Ryy = Ry(1 +0y*x20) ; Rg=R,(1+a,x60)

& _1+0.00428x60 1.2568
R, 1+0.00428x20 1.0856
or Rgy = Ry % 1.2568 =90x 12568 =104.2Q
1.0856 1.0856
230 23
Now, current at 20°C = ——=—
99 9

The wire resistance has become 104.2 Q at 60°C. Therefore, in order to keep the current constant
at the previous value, the new voltage required = (23/9) x 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 Q3960 C]

2. Inadischarge tube, the number of hydrogen ions (i.e. protons) drifting across a cross-section per second
is 1.2 x 10'® while the number of electrons drifting in the opposite direction is 2.8 x 10'® per second. If
the supply voltage is 220 V, what is the effective resistance of the tube ? 344 Q]
3. An electromagnet of resistance 12.4 Q 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 Q and its hot resistance at the operating
voltage of 220 V is 202 Q. Find the current (7) at the instant of switching (i/) under normal operating
conditions. [(@) 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.

Work done in electric circuit

Electric power = ;
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 A Q=It R B
— "\ NNN—e

I = Current in amperes

R = Resistance of 4B in Q

t = Time in sec. for which

I« \ »

current flows Fig. 1.24
The total charge that flows in ¢ seconds is O = I x ¢ coulombs and by definition (See Art. 1.12),
Work
V =

0
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or Work = VQ = VIt (0=
Work VIt
t

Electric power, P = = VI joules/sec or watts

2

14
VI=PR= = [ V=IR and I= V/R]

P

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 | A current to flow through the circuit.

Power in watts = Voltage in volts x Current in amperes
The bigger units of electric power are kilowatts (kW) and megawatts (MW).
1kW = 1000 watts ; 1 MW = 10° watts or 10° kW

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

Electrical energy = Electrical power x Time
2

v
= VIt=PRt= —t
R

The reader may note that formulae for electrical energy can be readily derived by multiplying
the electric power by ‘¢’, 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 x Time in sec.
(if) 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 X Time in hours
(#ii) 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 x 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:
2

14
@) Electric power, P = PR= z watts

V2
Electrical energy consumed, W = I* Rt = ?t 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 (7).
Example 1.34. 4 100 V lamp has a hot resistance of 250 Q. 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, 7 = V/R=100/250=0.4 A
Power rating of lamp, P = VI=100 x 0.4 =40 W
Energy consumption in 24 hrs. = Power X time = 40 x 24 = 960 watt-hours

Example 1.35. 4 heating element supplies 300 kilojoules in 50 minutes. Find the p.d. across the
element when current is 2 amperes.
Solution. Total charge, O = I xt=2 x50 x 60 = 6000 C

Work _ 300x10°
Charge 6000

Example 1.36. 4 10 watt resistor has a value of 120 Q. What is the rated current through the

resistor ?
Solution.  Rated power, P

PR
P 10
Rated current, / = ,|—=.,/[—— =0.2887 A
R 120

If current through the resistor exceeds this value, the resistor will be burnt due to excessive heat.

PD.,V = =50V

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
(i) 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 x 6 = 240 watts
Total wattage of tubes = 125 x 2 =250 watts
Wattage of heater = 1000 watts
Energy consumed by the appliances per day
= (240 x 4) + (250 x 2) + (1000 * 3)
= 4460 watt-hours = 4.46 kWh
Total energy consumed in the month of June (i.e. in 30 days)
= 4.46 x 30 =133.8 kWh

Bill for the month of June = Rs. 0.7 x 133.8 = Rs. 93.66

( Tutorial Problems )
1. A resistor of 50 Q has a p.d. of 100 volts d.c. across it for 1 hour. Calculate (i) power and (ii) energy.
[()) 200 watts (if) 7.2 x 10° J]

2. Acurrent 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 x 10 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 Q. The
load consists of 354, 250 V, 60 watt lamps and 4 motors each taking 40 amperes. Find :

(i) total current required
(i) voltage at the station end of feeders

(iif) power wasted in feeders. [(@) 231.4 A (i) 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 = PR or V?R[See Fig. 1.25]

Suppose the power rating of a resistor is 2 W. It means that
IR or V*/R should not exceed 2 W. Suppose the quantity PR (or
VZ/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.

R
WWA

\ A

AA

Fig. 1.25

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. 4 0.1 Q resistor has a power rating of 5 W. Is this resistor safe when conducting
acurrent of 104 ?
Solution. Power developed in the resistor is
P =PFR=(10**x0.1=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 Q, 2 W resistor ?

Solution. Power rating = I’R
{ 2
or 2 = Px47 - Maximum safe current, / = E =0.21A

Example 1.40. What is the maximum voltage that can be applied across a 100 Q, 10 W resistor
in order to keep within the resistor s power rating ?

Solution. Power rating = V?/R
or 10 = V%100 .. Max. safe voltage, V= v10x100 = 31.6 volts

( Tutorial Problems )

1. A 200 Q 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. A6.8kQ,0.25 W resistor shows a potential difference of 40 V. Is the resistor safe ? [Yes]
3. A 1.5 kQ 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.
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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 :

(7)) The resistance of a thermistor changes very rapidly with change of temperature.
(ii) The temperature coefficient of a thermistor is very high.
(Zii) The temperature co-efficient of a thermistor can be both positive and negative.

10,000

4000 \

= 1000
~ \Thermistor
(0]
(6]
G \
< 100
'é \
Bead T
(© m— T
Disc
1
Fig. 1.26 -50 0 50 100 150

— Temperature (°C)
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 € to 3 Q as its tempera-
ture varies from — 50°C to +150°C.

Applications
(a) A thermistor with negative temperature coefficient Thermistor
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 Voltage

Heaters

radio valves are in series (See Fig. 1.28). supply T T
A thermistor 7 is included in the circuit. When the ]
supply voltage is switched on, the thermistor has Fig. 1.28

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].
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! 1
I ]
Thermistor : : .
| — Signal lamp
: I or
[ A : buzzer
! I
|
1 = Relay I |
: coil [
I
g U g gy
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-/
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.

100
Varistor |
10
< /
s 1
5
(@]
T 0.1
0.01 /
0.001
0 2 4 6 8 10
— Voltage (kV)
Fig. 1.30

(OBJECTIVE QUESTIONS)

1. Theresistance of a wire is R ohms. It is stretched
to double its length. The new resistance of the
wire in ohms is

(@) R2 (i) 2R
(iif) 4R (iv) R/4
2. The example of non-ohmic resistance is

(i) copper wire 5.

(if) carbon resistance
(iif) tungsten wire
(iv) diode
3. In which of the following substances, the resis-

tance decreases with the increase of tempera- 6
ture
(i) carbon (if) constantan

(iii) copper (iv) silver

4. The resistance of a wire of uniform diameter d

and length /is R. The resistance of another wire
of the same material but diameter 24 and length
41 will be

@) 2R (i) R
(iii) R/2 (iv) R/4
The temperature coefficient of resistance of a
wire is 0.00125 °C”". At 300 K, its resistance is
one ohms. The resistance of the wire will be 2
ohms at

(@) 1154K
(iii) 1400 K

(i) 1100 K
(iv) 1127K

. 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 (i) 10
(iii) 20 (iv) 200
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7.

10.

11.

12.

13.

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) 3x 10" electrons

(i) 76.8 x 10% electrons
(iii) 7.68 x 10% electrons
(iv) 3 x 10% electrons
A carbon resistor has coloured strips as brown,
green, orange and silver respectively. The re-
sistance is

() 15kQ+10% (i) 10kQ+10%
(@) 15kQ+5% (iv) 10kQ=+5%
A wire has a resistance of 10 Q. It is stretched
by one-tenth of its original length. Then its re-
sistance will be

(i) 10Q @) 12.1Q
(iii) 9Q (v) 11Q
A 10 m long wire of resistance 20 Q is con-
nected in series with a battery of em.f. 3 V
(negligible internal resistance) and a resistance

of 10 Q. The potential gradient along the wire
in volt per metre is

(i) 0.02 (i) 0.1
(iii) 0.2 (iv) 1.2
The diameter of an atom is about

() 10%m (i) 10°m
(i) 102 m (iv) 10 m

1 cm® of copper at room temperature has about

() 200 free electrons

(i) 20 x 10" free electrons
(iii) 8.5 x 10%* free electrons
(iv) 3x 10° free electrons

The electric current is due to the flow of
(i) positive charges only
(if) negative charges only

(iii) both positive and negative charges
ANSWERS
1. (i) 2. (i) and (iii) 3. (i)
6. (iii) 7. (i) 8. (i)
11. () 12. (iii) 13. (iii)
16. (iii) 17. (i) 18. (iii)

14.

15.

16.

17.

18.

19.

20.

(iv) neutral particles only

The quantity of charge that will be transferred
by a current flow of 10 A over 1 hour period is

@) 10C (i) 3.6x10*C
(i) 24x10°C  (iv) 1.6x10°C

The drift velocity of electrons is of the order of

(G 1ms’ (if) 10° ms™!
(i) 10° ms™ (iv) 3x10%ms™
Insulators have ................. temperature co-effi-

cient of resistance.

(i) zero (if) positive
(ifi) negative (iv) none of the above
Eureka has ................ temperature co-efficient
of resistance.

(i) almost zero (if) negative
(iif) positive (iv) none of the above
Constantan wire is used for making standard

resistances because it has .................
(i) low specific resistance
(if) high specific resistance
(iif) negligibly small temperature co-efficient
of resistance

(v)
Two resistors 4 and B have resistances R, and
Rp respectively with R, < Rp. The resistivities
of their materials are p, and p,. Then,

@ pa>pp (i) p4=ps

(i) py<pp

(iv) Information insufficient

high melting point

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.
4. (i) 5. (i)
9. (i) 10. (iii)
14. (i) 15. (i)
19. (iv) 20. (1)
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D.C. Circuits

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.), (if) the conductors used to carry current and (iif) 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 B @ Bulb c
(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 ! VI
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. A |"|
resistances) may be connected in series or parallel or series- v
parallel. Accordingly, d.c. circuits can be classified as : Fig. 2.1

(i) Series circuits
(ii) Parallel circuits

(#ii) 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 R, R, and R; ohms connected in series across a battery of V' volts
as shown in Fig. 2.2 (7). Obviously, there is only one path for current / i.e. current is same throughout
the circuit. By Ohm’s law, voltage across the various resistances is

Vi=IR,; V, = IR,;V;=1IR,
Now V=V + VytV,
= IR, +IR,+IR,

*  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.

**%  QOther passive elements viz. inductance and capacitance are relevant only in a.c. circuits.
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= [(Rl +R2+R3)

V
or 7" R+ Ry, + R,
R1 R2 R3 A RS B
A AN A AM\ B AMA
Vi eV eV
I ﬂ‘ \ 21 14 V} 1

EEL EEL

\'%
(i) (i1)
Fig. 2.2

But V/1 is the total resistance Rg between points 4 and B. Note that Ry is called the *total or
equivalent resistance of the three resistances.

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 G of the circuit is given by ;

Go- Lo 1
S Ry R+R +R
Also LR S S

G_s G G, Gy
The main characteristics of a series circuit are :
(i) The current in each resistor is the same.
(i) The total resistance in the circuit is equal to the sum of individual resistances.
(#ii) 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),
Rg = R, +R,+R,
or PRg = PR, + PRy + I'R
S 1 2 3
or Py =P +P,+ Py
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.  Forlamp 4, R, = 110/0.8 =137.5Q
Forlamp B, Ry = 110/0.9=1222Q
When the lamps are connected in series, total resistance is
Ry = 137.5+1222=259.7Q
Circuit current, I = V/Rg=220/259.7=0.847 A
Voltage across lamp 4 = /R, =0.847 x 137.5=116.5V

Voltage across lamp B = I R =0.847 x 122.2=103.5V

Example 2.2. 4 100 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 =

Resistance of 100 watt, 250 V lamIiD,R1 =(250 )2/100 = 625Q
Resistance of 100 watt, 200 V lamp, R, = ( 200 )*/100 = 400 Q
When the lamps are connected in series, total resistance is
Ry = 625+400=1025Q
Circuit current, / = V/Ry=250/1025=0.244 A

(i#i) Voltage across 100 W, 250 V lamp =7 R, = 0.244 x 625 =152.5V
Voltage across 100 W, 200 V lamp =7 R, = 0.244 x 400 = 97.6 V

V2

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?
Wattage 500 _

Solution. Current rating of iron, /= Ttage =200 = 25A

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.

o R =40/25=16Q
Example 2.4. Determine the resistance and the power R 750

dissipation of a resistor that must be placed in series with a ANV ANV
75 - ohm resistor across 120 V source in order to limit the
power dissipation in the 75 - ohm resistor to 90 watts. 14

Solution. Fig. 2.3 represents the conditions of the
problem.

Px75 =90 o o

: 2

I = 4/90/75 =1.095 A 120V

120 Fig. 2.3
Now, L= %473
120
or 1.095 = R+75
R =34.6Q

Power dissipation in R = I* R = (1.095)? x 34.6 = 41.5 watts

Example 2.5. 4 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.
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Solution. Current supplied by generator, / = Rir

E?
R+r
E* _ E’R
(R+7)>  (R+7)?
As per the conditions of the problem, we have,
E°R 3. R 4

— = =X or =— . R=3r
(R+7) 4 R+r R+r 3

Power developed by generator = E [ =

Power dissipated by heater = R = R X

Example 2.6. A direct current arc has a voltage/current relation expressed as :
30
V=44 + N 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.
30
Now 50 = 44+7 S I=5A
V50
R=—=—=10Q
I 5
( Tutorial Problems )

1. Ifthe resistance of a circuit having 12 V source is increased by 4 €, the current drops by 0.5 A. What is

the original resistance of the circuit ? [8 Q]
2. Asearchlight 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 Q]
3. The maximum resistance of a rheostat is 4.8 Q and the minimum resistance is 0.5 Q. 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 Q resistor in Fig. 2.4 ? [5.33 V]

47 Q 330 Q 120 Q
15V= =22V 9V = 1.5 kQ
WWW
150 Q 180Q 390Q 47Q
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 R, R, and R; ohms connected in parallel across a battery of V' volts

as shown in Fig. 2.6 (7). The total current / divides into three parts : /; flowing through R,, /, flowing
through R, and /; flowing through R;. 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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I, = VIR, ; LL=VIR, ; I,=VIR,

Now, I =1L+5L+1
vo.r v
= — 4 —t —
R Ry, Ry
1 1 1
=V|—+—+—
Ry R
I, R,
——"WW——
I R Re
AW, f AV B
A B
I R,
>—VWW\——
4 VI 14 v I
| I | [
14 ki
\ \
() (i)
Fig. 2.6
I 11 1
or = = —+—+—

14 R R R
But V/1 is equivalent resistance Rp of the parallel resistances [See Fig. 2.6 (if)] so that I/V = 1/Rp.
1 1 1 1

—_ = — Y —

Ry 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 = G, +G,+ Gy
Hence total conductance Gp of resistors in parallel is equal to the sum of their individual
conductances.

We can also express currents /,, [, and /; in terms of conductances.

L= Lave =t arx GG
Rl GP GP GI+G2 +G3
G G
Similarly, L = IX— 2 . L= IX 3
G +G, +G; G, + G, + G,

2.4. Main Features of Parallel Circuits
The following are the characteristics of a parallel circuit :
(7)) The voltage across each resistor is the same.
(i) The current through any resistor is inversely proportional to its resistance.
(#ii) 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.



D.C. Circuits 41

(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 R, = 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 1 1 1
- = — 4 — 4+ —
Rp R R, R
2 2oy o2
or — = —+—+—
R, R R R
or Pp =P +P,+ Py
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 (/)] 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 R, and R, connected in parallel across a battery of ' volts. The total
current / divides into two parts ; /; flowing through R, and 7, flowing through R,.
. 1 1 1 R +R
(?) Total resistance Rp. _— = —t—=—
Rp R R R R,
RR, _ Product
R +R, Sum
Hence the total value of two resistors connected in parallel is equal to the product divided by
the sum of the two resistors.

Rp =

14 A 4

RiR,
R +R,

R R
I 1722
IRP— —Rl R2

(ii) Branch Currents. Rp=

y

14 R, . R R,
Current through R,, /| R R +R, [ utting V/ R +R,



42 Basic Electrical Engineering

|4 R
Current throughR,, I, = —=1———
1% 2= R TIR+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.

4 I G, G,
— L =VG =——XG =Ix—=L=Ix—1
L= g == X0 =16, =16 1q,
14 1 G, G,
= VG, == XG, = [ X2 =[x —2—
b R, 2TG, Gp 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 R; = 10 Q and R, = 10 kQ and they are connected in parallel, then total resistance R, of the
combination is given by ;

RR, _10x10*  10°

Re = R R, 10710° 10,010

=999 Q =R,

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

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 :

(7)) 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.

(#f) 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.

(7)) 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.

Meter
200 A 1A—> @—o—
| 2004 14" 400n 1mA—»
12v="% 12v= $ 3 Load
999 mA
—»
VWW
Shunt

Fig. 2.8 Fig. 2.9
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(i#i) 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 Q and when connected in
parallel have a resistance of 4 Q. Find the value of resistances.

Solution. Let R, and R, be the resistances of the coils. When resistances are connected in series,

R, +R, = 18 ...(0)
When resistances are connected in parallel, R, =4 Q.
_ RR, .
4 = R+R, ....(iD)
Multiplying Eqns. (i) and (ii), we get, R R, =18 x4=72
Now Ri—Ry = (R +R,)’ —4RR, =\/(18) —4x 72

Solving Eqns. (i) and (iii), we get, R, =12 Qor6 Q ; R,=6Qor 12 Q

Example 2.8. 4 100 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.

1100 — 100 = 1000 watts

2 _(250)°

Power consumed 1000

Example 2.9. A4 coil has a resistance of 5.2 ohms, the resistance has to be reduced to 5 Q 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 x 107 Q m.

Power consumed by R

=62.5Q

Value of resistance, R =

Solution. Let R ohms be the required resistance of the shunt.

_ Rx52 _ 5.2R ) _
Rp = Ri52 °F 5_R+5.2 S R=130Q

2
a = %(0.025><10*2) =490 x 10 m?; p=47x10"° Q-m
o
Now R = pa

Ra _130x(490x10™"")

P 47x1078
Example 2.10. Three equal resistors are connected as shown in Fig 2.10. Find the equivalent
resistance between points A and B.

| =

=13.55m

Solution. The reader may observe R R R

that one end of each resistor is connected *——¢—"WW C AN S 'V\N\/—"—OB

to point 4 and the other end of each
resistor is connected to point B. Hence

the three resistors are in parallel. Fig. 2.10
1 1 1 1_3 R
— = ——f—== = —
Ry RIRTR"R O Ru™3
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Example 2.11. Find the branch currents for Fig. 2.11 using the current divider rule for parallel
conductances.

I,G,=05S
——AMM——
1, G,=038
> —\WW >
G,=0.2S
> AMA——
“®
Fig. 2.11
Solution. Gp =G +G,+G;=05+03+02=18S
G,
L= 12 =4x95 _g 4
G, 1
G, 0.3
L = I 2=4x===12A
271G, 1

G 0.2
[3 = [—3=4XT =0.8A

»

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?

A ’ ’ ’ A

I I I L I I3

24A 0.5S 50.258 028 19A 05S 02580.28
5A

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 / =24 — 5 = 19 A as shown in Fig. 2.13.
Referring to Fig. 2.13,
Gp =G +G,+G;=05+025+02=0958S
G 0.5

I, = Ix—-=19x—— =10A
G, 0.95
I = Ixi=19x% =5A
G, 0.95
I; = Ixi:19><£ =4A
G, 0.95
The voltage across each conductance is the same.
yo- b b _ L
4B
Gl GZ G3
I, 10A
or Vipg = =—=——= =20V
G, 058

Example 2.13. 4 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 = G% so that G o % (" o is same)
G, :G,: Gy L;—::%:(ll—j
or G, :G,: Gy %%%
or G,:G,: Gy ::6:8:9G ‘
I, = IXG]+G;+G3=9OX6+8+9 =2348A
h= [XG1+gj+G3 =9OX6+§+9 —3130A
L= IXG1+g§+G3 :90x6+z+9 S3522A

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 WQ m and that of aluminium is 0.028 pQ m.

Solution. Assign suffix 4 to aluminium and C to copper. Then,
I, =3A and [.=5-1;,=5-3=2A
In a parallel circuit, the current in any branch is directly proportional to conductance (G) of that

branch (. 1= VG).
Iy c Gy and Iooc Ge

Ge _ Ic_2
G, I, 3
ac a4
Now, Ge = Dol and G, = m
Ge _ _ac  Puls
Gy Pcle  ay
2 ac 0.028%x7.5

Z = X
or 3 0.017%6 a,

ac 2. 0.017x6

—_— = _X— =
o a,  370028x75 03238

ap = 03238 xaq,= 0.3238><%(1 mm)>

T 2 T
or Z(dC) = 0.3238><Z

de = +/0.3238 =0.57 mm

Example 2.15. 4 voltage of 200 V is applied to a tapped resistor of 500 Q. 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.

25
0.1+=
R

200-25 175
500—R  500—R

Current in AB

Also current in AB
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25 175
01+ % = S00-&
o 0.IR+25 _ 175
R 500 — R
or (500 —R) (0.1R +25) = 175R
or  0.1R*+150R-12500 = 0

On solving and taking the positive value, R =79 Q.

Total current, / = Current in AB
= 0.1+% =0.4165A Fig. 2.14

o Total power = 200 x /=200 x 0.4165 =83.5 W

Example 2.16. 4 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 dissivated. . — Loz 2V? R
ower dissipated, P; = R2- R 1o VWA
With voltage across 1 and 2 or 2 and 3, only one element is in the
circuit. P2
Power dissipated, P, = — 2 R
R ANWA
With voltage across 1 and 3, the two elements are in series.
2
Power dissipated, P; = r 30
2R .
., Fig. 2.15
Ve v 1
P :Py:Py= — —:—=2:11:1—=4:2:1
R R 2R 2

Example 2.17. The frame of an electric motor is connected to three earthing plates having
resistance to earth of 10 Q, 20 Q and 30 Q 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
V_:V_:V_ = LLL =6:3:2
10 20 30 10 20 30

% of fault energy dissipated in 10 Q = ﬁx 100 =54.5%
% of fault energy dissipated in 20 Q = 6+§TX 100 =27.3%
% of fault energy dissipated in 30 Q = ﬁx 100 =18.2%

Example 2.18. 4 50 Q resistor is in parallel with 100 Q resistor. Current in 50 Q 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 x 7.2 =360 V

Current in 100 Q resistor = foig =3.6A
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inRistobe=12.1-10.8=13A.

Total current drawn by 50 (2 and 100 Q 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

Value of R = % =277Q

( Tutorial Problems)

1. Two resistors of 4 Q and 6 Q are connected in parallel. If the total current is 30 A, find the current through
each resistor. [18A; 12 A]
2. Fourresistors 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.
[S0kQ,40k Q,33.33k Q,8k Q,5k Q]
3. Fourresistors of 2 Q, 3 Q, 4 Q and 5 Q 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 Q, 3333.3 Q, 1428.5 Q, 500 Q]
5. Two coils each of 250 Q 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 Q]
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 Q]
7. A 50-ohm resistor is in parallel with a 100-ohm resistor. The current in 50 Q 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 Q]
8. Five equal resistors each of 2 Q are connected in a network as shown in Fig. 2.16. Find the equivalent
resistance between points 4 and B. [2 Q]
e g
2Q
WWY
10Q
20 20 20 3 Q§ 10Q
—— " MNWW——AWA——ANA—¢—2
A C D B
2\2'%%
20 MV B
A 300
Fig. 2.16 Fig. 2.17
9. Find the equivalent resistance between points 4 and B in the circuit shown in Fig. 2.17. [10 Q]
10. Fig. 2.18 shows a 50 V source connected to three 10 kQ
resistances : R, = 5 kQ; R, = 25 kQ and R; = 10 kQ. VWA
Calculate (7) branch currents (i7) total current for the Rs
given figure. 25 kO
[@) I; =10 mA ; I, =2 mA; I, =5 mA (if) I =17 mA] q
11. A parallel circuit consists of four parallel-connected 50V= R,
480 Q resistors in parallel with six 360 Q resistors. - R 2> 5kQ
What is the total resistance and total conductance of
the circuit? [40 © 5 0.025 S]
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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 R, and R; are connected in parallel
with each other and that both together are connected in series with R;. 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.

L Rz
> MAN——
R, I
MWN———o
> AWMA—
A Il 13 RS 4 Il

1
v
Fig. 2.19
Referring to the series-parallel circuit shown in Fig. 2.19,
Ry R
Ry + Ry
Ry R
R, + Ry
Ry Ry
Ry + Ry

The reader can now readily find the values of 1, 1,, 1.

Ry for parallel combination

Total circuit resistance = R} +

Voltage across parallel combination = I} X

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 = IIZR1 + 122R2 + 132R3

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 :

(7)) 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.

(i) 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.

(Zif) 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 7.

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 ().

When some load resistance R is connected across the terminals of the cell, the current 7 starts
flowing in the circuit. This current causes a voltage drop across internal resistance 7 of the cell so
that terminal voltage V available will be less than £. The relationship between £ and / can be easily
established [See Fig. 2.20 (i7)].

E
r= R+7r
or IR =E-1Ir
But IR =V, the terminal voltage of the cell.
V=E-Ir

Y —
O—

=

A

m
N O¢—— [ ——p0—
m
N
|

NG

(@) (ii)
Fig. 2.20

1 14

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

. . L oC
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 4 and B, R, is in parallel with the series combination of R, and R; i.e.
Ri(Ry + R;)

RAB = Rl ” (R2+R3): R1+R2+R3
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(if) Between points 4 and C, R, is in parallel with the series combination of R; and R, i.e.

R =R||(R+R)=£5&iﬁi
TR R+ R, + Ry
(iii) Between points B and C, R, is in parallel with the series combination of R, and R; i.e.
R = R || (R, + Ry) - 2Bt Rs)
e T2 T R4 R+ Ry

Example 2.19. A battery having an e.m.f- of E volts and internal resistance 0.1 Q 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 Q resistor shall be 2 W.

Solution. Resistance between E and F'is given by ;

1 1,1, 1_6
— = ot t—=—
Rep 3 2 6 6
12Q
MWW
)\ I 3Q v
, 20 50
C > = '\/\/\/\/—'»F—/\/\/\/\,—b—uD
I, 60
A} A 4
Ao °B
Fig. 2.22
B Rpp = 6/6=1Q
Resistance of branch CEFD = 1+5=6Q
/ Powerloss _ (2 _
Current through 2 Q Resistance \/; =1A
PD. across EFF = 1 x2 =2V
Current through 3 Q = 2/3=0.67 A
Current through 6 Q = 2/6 =0.33 A
Current in branch CED = 1+0.67+0.33=2A
PD.acrossCD = 6 x2=12V
Current through 12 Q = 12/12=1A
Current supplied by battery = 2+ 1=3 A

E =P.D. across AB or CD + Drop in battery resistance
=12+0.1x3=123V

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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12A D

Fig. 2.23
Solution. /=12A ; Gp-=0.1+02+03=0.6S
0.1 0.1 0.2 0.2
= IX—=12x— = s L=IX—==12Xx—"= =4A;
I = Ixg ~=12xge “2A s L= IXge=laxge =4A;
0.3
= Ix—= = ;1=
1 0.6 6A ; I=12A
Now, G, =0.4 S and G- = 0.6 S are in series.
1 1 1 1 1 _25 6
G Gy G 04 06 6 Guc 25
Total circuit resistance, R, = L=L=§Q
" e T G625 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 C is connected to the terminals A and B, find (i) the current
from the battery, (ii) p.d. across 8 Q and 4 Q resistors and (iii) the current taken from the battery if
a conductor of negligible resistance is connected in parallel with 8 Q resistor.

30 c 5Q E 28
Ao AAAA Py AAAA- @ MAA
% 8Q % 6 Q 40
B® D F
Fig. 2.24
Solution. 442)%6
+2)X
Resistance between E and F, Ry = —((4 n 2;_'_ 6 3Q
5+3)x8
Resistance between C and D, R = —ES n 3)) 8 4Q

Resistance between 4 and B, R,z = 3+4=7Q
Total circuit resistance, R; = R,z + Supply resistance =7 +1=8 Q
@) Current from battery, / = E/R;=24/8=3 A

(i) PD.across8Q=E—-1(3+1)=24-3(4)=12V

Current through 8 Q = 12/8§=15A

Current through 5 Q = 3 - 1.5=1.5A

PD.across EF = 12—-15x5=45V
Current through 6Q = 4.5/6 = 0.75A
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Current through4 Q = 1.5-0.75=0.75 A
Voltage across 4Q = 0.75 x4=3V

(Ziii) When a conductor of negligible resistance is connected across 8 €, then resistance
between C and D is zero. Therefore, total resistance in the circuit is now 3 Q resistor in
series with 1 Q internal resistance of battery.

Current from battery = % =6A

Example 2.22. Two resistors R; = 2500 Q and R, = 4000 Q are joined in series and connected

to a 100V supply. The voltage drops across R; and R, are measured successively by a voltmeter
having a resistance of 50000 Q. Find the sum of two readings.

Solution. When voltmeter is connected across resistor R; [See Fig. 2.25 (i)], it becomes a
series-parallel circuit and total circuit resistance decreases.

R 250050000 B
Total circuit resistance = 4000 + 2500550000 4000 + 2381 =6381 Q
. 100
Circuit current, / G381
. 100
Voltmeter reading, V, = I %2381 = wXBSI =373V
R,=2500Q R,=4000Q R,=2500Q R,=4000Q
—WW—a—MWWA—— ——VWWW\—e—AMWWAN—
— V,—> —V,—>
I A
< 100V > < 100V »
@) (i)
Fig. 2.25
When voltmeter is connected across R, [See Fig. 2.25 (i7)], it becomes a series-parallel circuit.
4000 % 50000
ircuit resi = 2500+ —— = + =
Total circuit resistance 500 2000+ 50000 2500 +3703.7 = 6203.7 Q
L , 100
Circuit current, /' = 62037
. , 100
Voltmeter reading, V, = I' x 3703.7 = x3703.7 =59.7V

6203.7
Sum of two readings = V|, +V,=373+59.7=97V

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 Q 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 Q resistance is /
=20/8 =2.5 A. At point 4 in Fig. 2.26, the current / is
divided into two paths viz I, flowing in path ABC of 15
+ 13 = 28 Q resistance and current /, flowing in path
AC of 11 Q resistor. By current divider rule, the value
of 1, is given by ;
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- 1 11
I = IXqr3g=25%75 =07 A

Therefore, ammeter reads 0.7 A.

Resistance between 4 and C = (28 x 11)/39 = 308/39 Q
Total circuit resistance, R, = 8+ 11 +(308/39) = 1049/39 Q
E = IxR;=2.5x(1049/39) =673V

Example 2.24. Find the voltage V in the circuit shown in Fig. 2.27.

10V =
Fig. 2.27
Solution. The resistors 10 Q and 20 Q are in series and voltage across this combination is 10 V.
20
- 10 =
Vie 10+20>< 0=6.667V
The resistors 30 € and 40 € are in series and voltage across this combination is 10 V.
40
= x10 =
Vae 30+ 40 0=5714V

The point A4 is positive w.r.t. point B.

Vig = Vie—Vge=16.667—-5.714=0.953 V

Example 2.25. A4 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 Q 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 ?

1500 Q )
Val > I
Voltmeter +—o—¢
230V O O
l . Tiamp
o h Load
Fig. 2.28

Solution. Fig. 2.28 shows the conditions of the problem. When burning normally, the resistance
of each lamp is R = VAP = (230)2/ 100 =529 Q. Under the conditions shown in Fig. 2.28, resistance
of each lamp = 6 x 529 =3174 Q.

Equivalent resistance of 4 lamps under stated conditions is Rp =3174/4 =793 Q
Total circuit resistance = 1500 + Rp
= 1500 +793.5 =2293.5 Q
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— _ 230
Circuit current, [ = 32935
.. Voltage drop across voltmeter =/ x 1500 = 22293;)5 x1500 =150 V

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

I
30V —
< MWV
10 1Q
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 (7). In Fig. 2.30 (7), 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 (7).

In Fig. 2.30 (if), the resistances in series can be combined and the circuit reduces to the one
shown in Fig. 2.30 (iii). In Fig. 2.30 (ii7), 3.2 Q and 2 Q are in parallel and their combined resistance
is 16/13 Q. Now 16/13 Q and 1 Q are in series and this series combination is in parallel with 2 ).

40
1
> AW
T "
30V = 2/Q§/2>%Z\/§2/Q/§/3Q
T < MWW
10
(@) (if)

58
= Xa
= 30V 55
(iii) (iv)
Fig. 2.30
Effective resistance of the circuit is
16 58 .
.= | —+1|Q2Q=—>Q ]
Ry (13 ) | 55 [See Fig. 2.30 (iv)]
. _ 30 _ 30 _
Current supplied by source = —Reﬁ( 38/55 /55 2845 A

Example 2.27. Determine the current drawn by a 12 V battery with internal resistance 0.5 Q
by the following infinite network (See Fig. 2.31).
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10 10 10 10 10
---------- A
10 12V,0.50Q
---------- B
10 10 10 10 10
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 Q, 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 Q are in
parallel and their total resistance is Rp given by ;

1Q 1Q I
L 4 A A
X X
1 12V,050 o 12V,050
& \/\N\/‘—lB WWA lB
1Q 10
Fig. 2.32 Fig. 2.33
. x><1_ X
P ox+1 1+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+x 1+x

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

‘= X
1+x
or x+xr = 24+ 2x+x
or ¥-2x-2=0
24,0448 2412 2423
x: = =
2 2 2
or x = li\/g

As the value of the resistance cannot be negative,

x=1+3=1+1732=2732Q
Total circuit resistance, R, = x + internal resistance of the supply
2.732+0.5=3.232Q
Current drawn by the network is

_E_ 12 _
= %=32 ~371A
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Example 2.28. Find R ;5 in the circuit shown in Fig. 2.34.

A o}
o WA WA
B 20 15Q
80 100
F 00 G
20Q 10Q
300 g 40 Q
VAVAVVa VAVAV\Va
Fig. 2.34

Solution. The circuit shown in Fig. 2.34 reduces to the one shown in Fig. 2.35 (7). This circuit
further reduces to the circuit shown in Fig. 2.35 (ii).

A C

o WWH VWA

B 20 250 20 ¢p
Ao *

80

F G
50 Q 25 Q 50
80
50 Q 50 Q Bo—AMWA— .
MWL A F G
() (i)

Fig. 2.35
Referring to Fig. 2.35 (ii), we have,

Ry = 2+(50]125150)+8
=2+(25]25)+8
2+1254+8=225Q
Example 2.29. What is the equivalent resistance between the terminals A and B in Fig. 2.367

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 4 and B and can be removed. The circuit then reduces to that shown in Fig. 2.37 (ii).

(i) (i)
Fig. 2.36 Fig. 2.37

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

R = RR)xX(2R) _
4B J2R4+2R
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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.

: ; 130 1Q
Solution. Resistance betwesen 195 anI14C, I A wi—2B  awn—S
+9)x
Ree = (5 9) e
5+9+ ooy T 220 2180 §5Q
Resistance between B and E, + 14 Q
(A1+7)x18 [
Rpyr = 770 =9Q
(11+7)+18 F E 90 D
Resistance between 4 and E, Fig. 2.38
_ (13+9)x22
Rup = (13+9)+22 aQ

i.e., Total circuit resistance, Ry = 11 Q
Current in branch AF, [ = V/IR;=22/11=2A
Example 2.31. 4 resistor of 5 Q is connected in series with a parallel combination of a number
of resistors each of 5 Q. If the total resistance of the combination is 6 Q, how many resistors are in
parallel?
Solution. Let n be the required number of 5 Q resistors to be connected in parallel. The
equivalent resistance of this parallel combination is

1 1,11 . n
— = —+=-+—-..nt ==
R, stgtgntimes=2
Therefore, Rp = 5/n
Now Rp (= 5/n) in series with 5 Q is equal to 6 Q i.e.,
é+5 =6 .. n=5
n

Example 2.32. A letter A consists of a uniform wire of resistance 1 Q 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 £C and BD =10 cm.

AB=BC = CD=DE=BD=10cm
or R =R, = R;=R;,=Rs=10Q( 1cm=1Q)
Now R, and R; are in series and their total resistance
=10+ 10=20 Q. This 20 Q resistance is in parallel with Rs.
: Rpp = 20Q[|Rs=20Q (10 Q
20x10 _ 20
20+10 3
Now, R, Ry, and R, are in series so that :
Ry = Ry +Rpp+ Ry

- 1o+%+1o =26.670

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 4 and D is

6x6
RAD_ (3+3)Q||6Q—m—39
6x6
Rip= Rypt3)QJ6Q= 646 =3Q
6Xx6
Ry = Rypt3)Ql6Q= 616 =3Q

Resistance between points 4 and B is
Ryp = (Rypt3)Q[3Q
6x3 18 _
6+3 9
Example 2.34. What is the equivalent resistance of the ladder network shown in Fig. 2.41?
A 250 E 500 G 500 K 250 C

75 Q

Fig. 2.41
Solution. Referring to Fig. 2.41, the resistance between points K and L is

100x10
Ry, = (25+75)Q [[100Q= ————— =500

100 +100
The circuit of Fig. 2.41 then reduces to the one shown in Fig. 2.42 (7). Referring to Fig. 2.42 (i),
100x100
RGH = (50+50)Q2| 100 Q= m =50Q
The circuit of Fig. 2.42 (i) then reduces to the one shown in Fig. 2.42 (ii). Referring to Fig. 2.42 (if),
100x100
Ryp = (50+50) Q| 100 Q2= 100 +100 =50Q
A 25QE 50Q G 50Q K A 250Q0E 500 G A 250 E
100 Q 100 Q 50 Q 100 Q 50 O 50
(e, (e,
B F H L B H B F
(@) (if) (iii)
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 (i),
Equivalent resistance of the ladder network
=25+50=75Q
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( Tutorial Problems )

1. Aresistor of 3.6 Q is connected in series with another of 4.56 Q. What resistance must be placed across
3.6 Q so that the total resistance of the circuit shall be 6 Q ? 2.4 Q]
2. A circuit consists of three resistors of 3 Q, 4 Q and 6 Q in parallel and a fourth resistor of 4 Q in series.
Abattery of e.m.f. 12 V and internal resistance 6 € 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. Aresistance R is connected in series with a parallel circuit comprising two resistors of 12 Q and 8 Q
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 Q]

4. Two resistors R, and R, of 12 Q and 6 Q are connected in parallel and this combination is connected in
series with a 6.25 Q resistance R; and a battery which has an internal resistance of 0.25 Q. Determine

the e.m.f. of the battery. [12.6 V]
5. Find the voltage across and current through 4 kQ resistor in the circuit shown in Fig. 2.43.[4 V ; 1 mA]
R,=60Q
VWA
R,=40Q R;=20Q
= —V"WW— AW
R,=8kQ R; = 8kQ
g — 110V c c
< S S
I R,=50 03 |! = =
< 4= I I,
T o o
Fig. 2.43 Fig. 2.44
6. Find the current I in the 50 Q resistor in the circuit shown in Fig. 2.44. [1A]
7. Find the current in the 1 kQ resistor in Fig. 2.45. [6.72 mA]
, 0.1S
1 045 g
2.2kQ ArP—VW—
< 3m b
£ (D 1kQ
o 1y
+)12A
1.5 kQ 1.5 kQ
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=12A;1,=2A;1,=4A;1;=6A;G,c=6/25S; R, =25/6 Q]
9. For the parallel circuit of Fig. 2.47, calculate (i) V (i) I, (iii) L. [(i) 20 V (ii) 5 A (iii) -5 A]
R R R

8A<D le J;/ 40 2A<T> ii’/ R R R Io

Fig. 2.47 Fig. 2.48
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10. Prove that output voltage ¥ in the circuit of Fig. 2.48 is V/13.

11. Find the current / supplied by the 50 V source in Fig. 2.49. [1=13.7A]
50 x
*— "MW —o L
IT 20
%12 Q 3so 60 330
50V [
y
Fig. 2.49

12. Ancelectric 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 R, is burnt out and an open develops. Because of the open, no current can
flow in the circuit.

_.W \ 4 'VVV
F E T
Open
Fig. 2.50

When an open occurs in a series circuit, the following symptoms can be observed :
(7)) The circuit current becomes zero.
(i) 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,

70><R170><R270XR37VDE70XR5+120:()
Vyp = 120V
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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 R is burnt out and now has
infinite resistance.

I 1

1 T I Iy
! ! !
Fig. ;.51

The following symptoms can be observed :
(#) Branch current /; will be zero because R; is open.
(i) The total current / will be less than the normal.
(#if) The operation of the branches without opens will be normal.

(iv) The open device will not operate. If R, 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. 4 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 R, to R, and has eliminated R, 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.

5Q / /
VWA VW
R, R,
V=9V= R2%1OQ V=9V= Rzé
R3 RS
VWA VWA
15Q /
Partial short Dead short
0) (if)

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 (7) 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.

~
[
[
[

Partial short

Dead short
(@) (i)
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
L=L=1~=.. Vi=r="r=..
V=V, +V,+V5+ .. I=L+L+5L+ ..
R¢=R,+ R, + Ry + ... Gp=G,+G,+ Gy + ...
S P

R Ry Ry G G, G

R R G G

—y=L . —y=2 = J—=L . = =2

Vl RS ’ V2 RS [1 GP ’ [2 GP

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 (4 and C), battery is connected and across the other opposite pair of
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IBattery
r

14

Battery
(@) (i)
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 I,
and /, 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 /; and /, 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 4 to D must be equal. Also voltage drops from B to C and D to C must be equal. Hence,

I,P = LR (D)
and L0 =LX ..(iD)
Dividing exp. (i) by (i), we get,
P/Q = RIX
or PX = OR
ie. Product of opposite arms = Product of opposite arms
Unknown resistance, X = %XR ...(iiM)

Since the **values of O, 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, V', = V', so the voltage across galvanometer is zero i.e. Vyp=Vz— V),
= 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 V; across the 0.2 A current source by (i) replacing the 200 CQ resistor with a short.
(i) replacing the 200 Q resistor with an open.

*  Note the four points 4,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 4 and C.

**  Resistances P and Q are called the ratio arms of bridge and are usually made equal to definite ratio such as

1to 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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R, =360 Q

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 R R, = R,R;. Therefore, the
bridge is balanced.

() When 200 Q resistor is shorted. Fig. 2.56 (i) shows the bridge when the 200 Q resistor
(Rs) 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 (i), the circuit is equivalent to parallel
combination of R, and R, in series with the paralle] combination of Ry and R,.

360 Q
120 Q 1209% 360 0 90
CT) 02A Short
CD 02A 02A
60 180 Q
- 60 Q 180 Q
45 Q

Rr=90Q+45Q=1350Q
U] (i) (iif)
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, Ry =90 +45 =135 Q.
Voltage across 0.2 A current source is
Vp=IR;=02x135=27V

(/) When 200 Q resistor is open-circuited. Fig. 2.57 (i) shows the bridge when 200 Q resistor

is replaced by an open. In this case, the circuit is equivalent to a series-parallel circuit in

which series combination of R, and R; is in parallel with the series combination of R, and
R,. This is shown in Fig. 2.57 (if).

120 Q < 360 Q
® ¢l <
o o

60Q< 180 0 ® 3

02A

Ry=180Q [ 540 Q=135 Q
() (i) (iii)
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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 R is given by ;

180% 540
Rr = 1504540 13°¢

Voltage across 0.2 A current source, V;=1R;=0.2x135=27V

Note that the voltage across current source is unaffected whether 200 C 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.
(7)) Fig.2.58 shows a circuit containing two sources of e.m.f. E| and E, and three resistors. This
circuit cannot be solved by series-parallel combinations. Are resistors R, and Ryin parallel?
Not quite, because there is an e.m.f. source E; between them. Are they in series? Not quite,
because same current does not flow between them.
E, E,
N
)

R, § R R2§ E—

Fig. 2.58 Fig. 2.59

(if) 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 R, and R, 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 /,, [,, /s and /, 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,

UI)+U)+ (L) +(~L) = 0
or L+, =L+,
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 R, R,
easily established by referring to the closed loop B AW AW C
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 A4) after going 41 v!
around the circuit, then there is no increase or
decrease in potential. This means that algebraic | E
sum of the e.m.fs of all the sources (here only one A I'|'|= D
e.m.f. source is considered) met on the way plus the Fig. 2.61
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.
(?) 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

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

E E
hand, if we go from the A '—|'—° B Aoe——— I—O B

negative terminal to the e E—
positive terminal of the )
battery or source, there @ (if)

is a rise in potential Flg. 2.62

and the e.m.f should be

assigned positive sign. Thus in Fig. 2.62 (if) as we go from 4 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.

(if) 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 o—»—/\/\Fl{W—b—o B A H_MRM,_q_. B
A to B, there is a fall > >

in potential and the

voltage drop across (i) (ii)

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 (i),
as we go from 4 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. lllustration 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.

Fig. 2.63

(/) The magnitude of current in any B L C I} D
branch of the circuit can be found
by applying Kirchhoff’s current law. L+l
1 2

Thus at junction C in Fig. 2.64, the
incoming currents to the junction are -

I, and I,. Obviously, the current in §R2
branch CF will be /,+1,.

|| m
ey

(ii) There are three closed circuits in A
Fig 2.64 viz. ABCFA, CDEFC and
ABCDEFA. Kirchhoff’s voltage law A < o—r—| I | }—E
can be applied to these closed circuits F E,
to get the desired equations. Fig. 2.64

Loop ABCFA. In this loop, e.m.f. E; 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 4B and hence there is a rise in potential. The voltage drop in branch CF'is (/; + 1, ) R, 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,

“(L+L)R +E =0
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or E = (+L)R, .(0)
Loop CDEFC. As we go around the loop in the order CDEFC, drop I,R, is positive, e.m.{f.
E, is negative and drop ( I, + I, ) R, is positive. Therefore, applying Kirchhoff’s voltage law
to this loop, we get,
LR, +(,+L)R —E, =0
or LR,+(1,+1,)R, = E, ...(if)
Since £, E,, R, and R, are known, we can find the values of /; and /, from the above two
equations. Hence currents in all branches can be determined.

2.20. Method to Solve Circuits by Kirchhoff's Laws

() Assume unknown currents in the given circuit and show their direction by arrows.

(if) Choose any closed circuit and find the algebraic sum of voltage drops plus the algebraic
sum of e.m.fs in that loop.

(#ii) 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 Kirchhoft’s laws are also applicable to a.c. circuits. The only thing to be done
is that I, V and Z are substituted for /, '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 x 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 _ .
N Other diagonal

equations with two unknowns. Consider the following equations : a, b
\/
[N

ax+by = ¢ .
- £ Principal diagonal
a,x+byy = c,

The unknowns are x and y in these equations. The numbers associated with the unknowns are
called coefficients. The coefficients in these equations are a,, a,, b, and b,. The right hand number
(cy or ¢,) 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.

g b a G
L= 2 by .y = 4 &
a b ' a b
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 :

ax+tby+tcz =d
ax + by +cyz =

|
N

ax+by+cez = ds
The characteristic matrix forms the denominator and is the same for each fraction. It is formed
by the coefficients of the simultaneous equations.
aq b ¢
Denominator = |a, b, ¢,
a by o
The matrix for each numerator is formed by replacing the coefficient of the unknown with the
constant.

d b ¢ a d ¢ a b 4
dy b, ¢ a, dy, ¢ a, b, d,
dy by ¢ a; dy ¢ a; by d

; : z= -
’ Y ’ Denominator

X= " = -
Denominator Denominator

Example 2.36. In the network shown in Fig. 2.65, the different currents and voltages are as
under :

i, = 5¢7% yiy=3sint ; v;= 4e
Using KCL, find voltage v,.

Solution. Current through capacitor is
v _

i3:cdt

d 2d
C—()=—-(4
di (v3) dt (4e )
= —16e™
Applying KCL to junction 4 in Fig. 2.65,
Lt tist(=i) =0

or ij+5e*—16e* -3sint = 0
or i = 3sint+1le?
Voltage developed across 4H coil is
di
Ld—tl =
4(3 cos t—22¢ ') =12 cos t — 88¢ ™
Example 2.37. For the circuit shown in Fig. 2.66, find the currents flowing in all branches.

d . d ., . _
v, = Lor(i)=4—-(sint+1le 2

Solution. Mark the currents in various branches as shown in Fig. 2.66. Since there are two
unknown quantities /; and /,, two loops will be considered.
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Loop ABCFA. Applying KVL, B I 20 cL+l, 30 D
30-27,-10+5L = 0 > WW—— > —WWA—
or 25, -5, =20 (D) L4
Loop FCDEF. Applying KVL, .
SL+10-3(1,+5L)-5-4(L,+L)=0 T = T
or TL+121, =5 iy 30V _j1ov _isv
Multiplying eq. (i) by 7 and eq. (ii) by 2, we get, T %5 o T
141,—-351, =140 ...(iii)
141, +241, = 10 (V) ! 40
Subtracting eq. (iv) from eq. (iii), we get, A ) F E
=591, = 130 Fig. 2.66

o I, = —130/59=-22A=2.2A from Cto F

Substituting the value of /,=—2.2 Ain eq. (i), we get, [, = 4.5 A

Current in branch CDEF =1, +1,=(4.5)+(—2.2)=23A

Example 2.38. A Wheatstone bridge ABCD has the following details ; AB = 1000 Q ; BC =

100 Q; CD =450 Q ; DA = 5000 Q.

A galvanometer of resistance 500 Q 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. /;, I, and /, ), three loops will be

considered.
Loop ABDA. Applying KVL,
—1000 7, =500 7, +5000 1, = 0
or 25 +1,—105, =0 ..(0)
Loop BCDB. Applying KVL,
~100(1; — I,) + 450(1, + 1,) + 5001, = 0
or 20-211,-95, =0 ..(if)

Loop EABCFE. Applying KVL,
—10007, =100 ([, = L,) +4.5= 0

or 11007, =100 1, = 4.5 ...(iii)
Subtracting eq. (ii) from eq. (i), we get, |
_ — : 1
22 Ig 12 0 ...(lV) E | | ‘ | ‘ I F
Multiplying eq. (i) by 550 and subtracting eq. 45V
(iii) from it, we get, Fig. 2.67

650 [, — 5500, = —4.5 ..(v)
Multiplying eq. (iv) by 5500 and subtracting eq. (v) from it, we get,
120350 7, = 4.5

I 4.5
g 120350

=37.4x 10%A=237.4 pA from B to D
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Example 2.39. A Wheatstone bridge ABCD is arranged as follows : AB =1 Q ; BC=2Q ;
CD=3Q; DA=4Q. Aresistance of 5 Q is connected between B and D. A 4-volt battery of internal
resistance 1 CQ is connected between A and C. Calculate (i) the magnitude and direction of current

in 5 Q 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. I}, I, and I3), three loops will be
considered.

Loop ABDA. Applying KVL,
—1x[[-5L+4L =0

or L+5L-4L =0 ..>J)

Loop BCDB. Applying KVL,

~2(I,~L)+3(L+1L)+5L=0 ||M,

or 21,-105-31L =0 ..(i) |4V

Loop FABCEF. Applying KVL, Fig. 2.68
—L;x1-2(,—L)-1(,+,)+4=0

or 4L -2L+1, =4 ..(ii)

Multiplying eq.(7) by 2 and subtracting eq. (ii) from it, we get,

MI=1,+1, PI=1+1,

20L,-51, =0 .(iv)
Multiplying eq. (i) by 4 and subtracting eq. (iii) from it, we get,
26L-171, = -4 ..(v)
Multiplying eq. (iv) by 17 and eq. (v) by 5, we get,
340,—851, =0 ...(vi)
1101, - 851, = —20 ..(vii)
Subtracting eq. (vii) from eq. (vi), we get,
2307; = 20
1, = 20/230=0.087 A
ie Currentin 5 Q, I; = 0.087 A from B to D

(ii) Substituting the value of I; = 0.087 A in eq. (iv), we get, [, = 0.348 A.
Substituting values of /; = 0.087 A and [, = 0.348 A in eq. (ii), I, = 0.957 A.
Current supplied by battery, / = [, +1,=0.957 + 0.348 = 1.305 A

P.D. between 4 and C = E.M.F. of battery — Drop in battery =4 — 1.305 x 1 =2.695 V

P.D.across AC _ 2.695
Battery current  1.305

Resistance between 4 and C = =2.065 Q
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Example 2.40. Determine the current in 2Q 2Q
4 Q resistance of the circuit shown in Fig. 2.69. VVVVV ' MWW
Solution. The given circuit is redrawn as
shown in Fig. 2.70. Mark the currents in the 6A(A 100 — 10V
various branches of the circuit using KCL. Since
there are three unknown quantities (viz. 1,, I, /\/1\/8\, /\/3\/8\,
and I3), three loops will be considered. While
applying KVL to any loop, rise in potential is | 40
considered positive while fall in potential is ! VVVVVY
considered negative. This convention is followed 24V i
Fig. 2.69
throughout the book.
L -1 2Q L -L+6+1
O > D MW
I,-1,+6
20 O 100 10V
h-L4 10 L, 30
B+—» » 4 ANWWWN——— F
L, 1 GIW\/\’ H L,—6—1,
40 \at
A———T] MWW G
24V
Fig. 2.70

Loop BCDHB. Applying KVL, we have,
2, -L)+ 10+ 1 x(,—6) = 0

or 21, -3L-10I; = -6 ..()
Loop DEFHD. Applying KVL, we have,

2, -L+6+1L)-10+3(l,-6-1)—10,=0
or 21, =50, +151; = —40 (1))
Loop BHFGAB. Applying KVL, we have,

1, -6)-3(I,-6—-1;)—41, +24=0
or 4, +41,-3I; = 48 ..(1i1)
Solving egs. (), (i7) and (iii), we get, I, =4.1 A.

Current in 4 Q resistance = [, =4.1 A

Example 2.41. Two batteries E; and E, having e.m.fs of 6V and 2V respectively and internal
resistances of 2 Q and 3 Q respectively are connected in parallel across a 5 Q resistor. Calculate (i)
current through each battery and (i) 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 /; and /,, two loops will be considered.

(/) Loop HBCDEFH. Applying Kirchhoff’s voltage law to loop HBCDEFH, we get,
2L-6+2-3L, =0
or 21,-315, =4 ..(0)
Loop ABHFEGA. Applying Kirchhoff’s voltage law to loop ABHFEGA, we get,
3L-2+5(,+) =0
or 51,+81, =2 ...(ii)
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Multiplying eq. (i) by 8 and
eq. (if) by 3 and then adding them,
we get,

317,=38

= 8—123A
31

or

1
i.e. battery E; is being discharged
at 1.23 A. Substituting 7, = 1.23 A Y L+L
in eq. (i), we get, I, = — 0.52A i.e.
battery E, is being charged.

AL +1,

5Q

(#i) Terminal voltage= (1, +1,) 5 A

=(1.23-052)5=355V
Example 2.42. Twelve wires,

WW

Fig. 2.71

each of resistance 1, 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 » as shown in Fig.
2.72. Suppose a current of 6/ 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: 2/ flowing in
AE, 21 flowing in AB and 27 flowing in AD. At points B,
D and E, these currents are divided into equal parts, each
part being equal to /. Applying Kirchhoff’s current law, 2/
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 6/.

Let £ = e.m.f. of the battery connected to corners A
and G of the cube ; corner 4 being connected to the +ve

E J F
1 21 Vi g
B
Al 121
{VI
2 Iv H 2‘1 G
e 61
A 21
D T C
Fig. 2.72

terminal. Now consider any closed circuit between corners 4 and G, say the closed circuit AEFGA.
Applying Kirchhoff’s voltage law to the closed circuit AEFGA, we have,

=2Ir—Ir—=21r=—-E or 5Ir=FE (D)
Let R be the equivalent resistance between the diagonally opposite corners 4 and G.
Then, E =6IR (7))
From eqgs. (i) and (ii), we get, 6/IR=5Ir or R=(5/6)r
(xX+vy) 100 Q A X 100 Q B

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=5+3z=0

()

y+2) C
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Loop BCDB. Applying KVL, we have,
—300x—100 (y +z) +500 (x —z)=0

or 5x-y-9z =0 (7))
Loop ABDEA. Applying KVL, we have,
—100x — 500 (x —z) + 100 — 100 (x + ) =0
or Tx+y-5z =1 (7))
1 1 1
. . - ZA . = —A . = —A
From eqgs. (i), (if) and (iii), x 5 T 2770
By Determinant Method. We shall now find the values of x, y and z by determinant method.
xX-5y+3z=0 (D)
Sx—y-92 =10 (7))
Tx+y =5z =1 ..(iii)
1 =5 3« K
5 -1 9yl =10
7 1 =5|¢z |
0 -5 3
0 -1 -9 -1 -9 0 -9 0 -1
11 -5 O‘ R —5‘”‘1 1‘
X = =
1 -5 3 -1 -9 5 -9 5 -1
5 -1 -9 1‘ T —5‘”‘7 1‘
7 1 =5

0[(=1x=5)—(1x=9)]+5[(0x=5) —=(Ax=9)]+3[(0x1) - (1x—-1)]
1[(-1x=5) = (I1x=9)]+5[(5%—-5) = (Tx=9) + 3[(5x1) — (7 x—-1)]
0+45+3 48 1

14+190+36 240 5

10 3

50 -9

71 =5 24 1
YT T S5 3] 240 10

5 -1 -9

7 1 -5

1 -5 0

5 -1 0

71 0 24 1
TN =5 3 240 10

5 -1 -9

7 1 -5

1 _3

Current supplied by battery =x + y = % + 0-10
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Example 2.44. Use Kirchhoff's voltage law I 2kQ B 1kQ

to find the voltage V,, in Fig. 2.74. A —ANW——>—NW—
Solution. We shall use Kirchhoff’s voltage

law to solve this problem, although other +ba

methods can be used. 24V V., % 3kQ
Total circuit resistance, R,=2+1+3=6kQ -ob
Circuit current, /= RLT = ?Tg =4 mA D % :I

Applying Kirchhoff’s voltage law to loop

ABCDA, we have, Flg. 2.74
24-4mAx2kQ-*), =0

or 24-8-V, =0 Vy=24-8=16V

Example 2.4S5. For the a b c
ladder netll)vork shown in Fig. ‘/\_l/\g/\ <
2.75, find the source voltage V 8Q 4Q
which results in a current of 7.5
mA in the 3 Q resistor. ! Vi@ 7Q 6Q 3Q % 7(? ,T)A

Solution. Let us assume that
current in branch de is 1 A. 120 \/\2/\(/2\/\

Since the circuit is linear, the h g f e
voltage necessary to produce 1 A Fig. 2.75
is in the same ratio to 1 A as V to 7.5 mA.

Voltage between candf, V= 1(1+3+2)=6V

Current in branch ¢f; 1., =6/6 =1 A

Applying KCL at junction c,

L, =1+1=2A
Applying KVL to loop bcfgh, we have,
—4x2-6x1+V,, =0 .. V,=8+6=14V
Current in branch bg, 1,,= % = % =2A
Applying KCL to junction b, we have, [, =2+2=4A
Applying KVL to loop abgha, we have,
—8x4-7x2-12%x4+V,=0 .. V,=94V
Now T P L S — V,=0.705V
1A 7.5 mA 1A 75%107° A s

Example 2.46. De- a
termine the readings of VWA
an ideal voltmeter con- 8Q
nected in Fig. 2.76 to +
(i) terminals a and b, (ii) 503 20W
terminals ¢ and g. The -
average power dissipat-
ed in the 5 Q resistor is
equal to 20 W. h 130 d J;/\(/z\ b

Fig. 2.76

*  Note that point a is positive w.r.t. point b.
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Solution. The polarity of 90 V source suggests that point d is positive w.r.t. ¢. Therefore,
current flows from point d to ¢. The average power in 5 Q resistor is 20 W so that Vi,c/S = 20.
Therefore, V,;, = 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,
Ve T Veat Vap* Viy = 0

or 0+10+0+V,, =0 Vie=—10V

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.

(i) Applying KVL to loop cefgc, we have,

Veet Vo= Vig=Vee = 0

or -17x2+90-6x2-V, =0 Vee =44V

Example 2.47. Using Kirchhoff's current law and Ohm's law, find the magnitude and polarity
of voltage Vin Fig. 2.77. Directions of the two current sources are shown.

(@ (i)
Fig. 2.77
Solution. Let us assign the directions of /,, /, and /; and polarity of /" 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 4, we have,

Incoming currents = Outgoing currents

or L+30 =1L +L+8
o L L+ =22 ..(0)
Applying Ohm’s law to Fig. 2.77 (ii), we have,
|4 4 V
h=75 5= + b=7g
Putting these values of 7}, 7, and /5 in eq. (i), we have,
Vv Vry. v _ _
2 6+4—22 or V=24V
Now Li=V2 =242=12A ; L,=-24/6=—4A ; L=24/4=06A

The negative sign of /, 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, v, = 4 volts ; v, = 4 cos 2t and iy = 2¢ ",
Determine 1,.
Solution. Voltage across 6 H coil is
diy

_ _,d.
Vi T Ldt _Ldt(l3)

— 6%(26_”3) — _4e—t/3
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Applying KVL to loop ABCDA, we have,
V=V, tvsty, =0
or —4—v,—4e P +4cos2t =0
v, = 4cos2t—4e -4

Current through 8 F capacitor is

v, _
dt
=8 % (4 cos 2t —4e™ — 4)

. d
15 CE V2)

=8 (—8 sin 2¢ + %5“3

— —64sin 2 + %e‘” 3

( Tutorial Problems )

1. Using Kirchhoft’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]

6Q 30 »
1 L A1 010 0.050Q
25 v_ _ 40 ____45 e al S
| 120 110
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 4 and B having e.m.fs. 12 V and 8 V respectively and internal resistances of 2 Q and
1 Q respectively, are connected in parallel across 10 Q resistor. Calculate (i) the current in each of the

batteries and the external resistor and (if) p.d. across external resistor.

[(§) 1, =1.625 A discharge ; Iz = 0.75 A charge; 0.875 A (ii) 8.75 V]
4. A Wheatstone bridge ABCD is arranged as follows : AB=20Q, BC=5Q,CD=4Qand DA=10Q. A
galvanometer of resistance 6€2 is connected between B and D. A 100-volt supply of negligible resistance
is connected between 4 and C with 4 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 kQ, BC =10 kQ, CD =15 kQ and DA =
20 kQ. A fifth resistor of 10 kQ is connected between A4 and C. A dry battery of e.m.f. 120 V and internal
resistance 500Q 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 (iif) the magnitude and direction of current through branch
AC. [(®) 11.17 mA (i) 81.72 V (iii) 3.27 mA from A to C]|
6. A Wheatstone bridge ABCD is arranged as follows : AB =10 Q, BC =30 Q, CD = 15Q and D4 =20Q.
A2 volt battery of internal resistance 2Q is connected between 4 and C with 4 positive. A galvanometer
of resistance 40Q2 is connected between B and D. Find the magnitude and direction of galvanometer
current. [11.5 mA from B to D]
7. Two batteries E| and E, having e.m.fs 6 V and 2 V respectively and internal resistances of 2 Q and 3 Q
respectively are connected in parallel across a 5 Q resistor. Calculate (7) current through each battery and
(i) terminal voltage. [() 1.23A; —0.52A (ii) 3.55V]
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8. Calculate the current in 20 Q resistor in Fig. 2.81. [26.67 mA]
B
8V
. U
10 30
A C
40 5Q
D
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 4 and C ?
[Branch ABC = 0.581 A ; Branch ADC =0.258 A ; Branch AC=0.839A; V,-=2.32V]
10. Two batteries 4 and B having e.m.f.s of 20 V and 21 V respectively and internal resistances of 0.8 Q and
0.2 Q respectively, are connected in parallel across 50 Q resistor. Calculate (i) the current through each
battery and (i7) the terminal voltage. [(@) Battery 4 = 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 Q is connected in parallel with a second
battery of e.m.f. 10 V and internal resistance 0.008 €. The two batteries in parallel are properly connected
for charging from a d.c. supply of 20 V through a 0.9 Q 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 i, and v, in the network shown in Fig. 2.83. [i,=-5A;v,=-15V]
VX
20
9 WA
4Q
10V 7Q 200 (4)4A
2h 60
=
Fig. 2.83 Fig. 2.84
13. Find v, for the network shown in Fig. 2.84. [31V]
14. Find i and v,, for the network shown in Fig. 2.85. [3A;19V]

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 MQ resistor is connected
(so /=12 V/1 MQ = 12A) as well as when a 1 kQ resistor is connected (/=12 mA) or whena 1 Q
resistor is connected (/ = 12A). This is illustrated in Fig. 2.86.

Fig. 2.86

It is not possible to construct an ideal I
voltage source because every voltage source has
some internal resistance that causes the terminal

voltage to fall due to the flow of current. However, R; =0.005 Q v 5.995 Q
if the internal resistance of voltage source is very — R to
small, it can be considered as a constant voltage = Eg =6V 0.595 Q

source. This is illustrated in Fig. 2.87. It has a
d.c. source of 6 V with an internal resistance R, =
0.005 Q. If the load current varies over a wide
range of 1 to 10 A, for any of these values, the internal drop across R; (= 0.005 Q) 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 Q) so that it
can be regarded as a constant voltage source for all practical purposes. A constant Fig. 2.88
voltage source is represented by the symbol shown in Fig. 2.88.

<
<

Fig. 2.87
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2.24. Real Voltage Source

A real or non-ideal voltage source has low but finite internal resistance (R;,) that causes its
terminal voltage to decrease when load current is increased and vice-versa. 4 real voltage source
can be represented as an ideal voltage source in series with a resistance equal to its internal
resistance (R;,,) as shown in Fig. 2.89.

When load R, is connected across the terminals of a real voltage source, a load current /;
flows through the circuit so that output voltage V, is given by ;
Vo =E—~1I Ry
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., /; = 0) is drawn. Fig. 2.90 shows the graph of output
voltage V, versus load current /; of a real or non-ideal voltage source.

| Rint | I
I T »
I |
| |
| | T Vo
| E : Vo RL A
: : E
Ideal 1 I
voltage :
source "L ______ T _______ !
Real voltage R
source 0 >L
Fig. 2.89 Fig. 2.90
As R;,, 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.

2A 2A
> > o
+
1=2A()v=20voks  F100Q 1=2A 1) v=200vots 1000 (%)
-~ ¢ B
() (ir)
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 € across its
terminals, then terminal voltage of the source is V=2 A x 10 Q = 20 volts. If load resistance
is changed to 100 Q, then terminal voltage of the current source becomes V' =2 A x 100 Q
=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 (R,,,). Therefore, the
load current (/;) will change as the value of load resistance (R;) changes. 4 real current source
can be represented by an ideal current source (I) in parallel with its internal resistance (R,,,) as
shown in Fig. 2.93. When load resistance R; is connected across the terminals of the real current
source, the load current /; is equal to the current / from the ideal current source minus that part of
the current that passes through the parallel internal resistance (R;,,) i.e.,

—

L

»
>

| |

| I

: | T I

| | A

l l !

! I f) Rint ! v R,

I |

I l

| I
Ideal : T
current )
source >V

Real current source 0 "
Fig. 2.93 Fig. 2.94
V
S
I R

int
where 7 = P.D. between output terminals

Fig. 2.94 shows the graph of load current /; versus output voltage /" of a real current source.

Note that load current /; 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 R, , as shown in Fig. 2.95 (7).

int
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Equivalent
current source

voltage source

Fig. 2.95
It is clear from Fig. 2.95 (i) that load current /; is given by ;
£
[ = E - Rint — i X Rint
. Rint + RL Rint + RL Rint Rint + RL
Rint
R.
= J.X int .
L s R TR, )
_ E*
where [ = 7

int

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 /¢ which is dividing
between the internal resistance R;,, and load resistance R; connected in parallel as shown in
Fig. 2.95 (i7). Thus the current source shown in Fig. 2.95 (i) (dotted box) is equivalent to the real
voltage source shown in Fig. 2.95 (7) (dotted box).

Thus a real voltage source of constant voltage E and internal resistance R,,, is equivalent to a

current source of current I¢ = E/R,,, and R,,, 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.

(if) 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 R;,, of the voltage source

1 Rint 1
* o] AW 0o
Ig Rint E= Ig Rim_“_
(@) (it)
Fig. 2.96

*  The source voltage is £ and its internal resistance is R
when source terminals in Fig. 2.95 (i) are shorted.

- Lherefore, E/R;, is the current that would flow
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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 £ = I R;,, where /¢ 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 Q load connected.

500 Q 1 1
—AWW e} 7 S ’e}
1 15V _ 500 Q
15V 5000 - S0 MA <T>
5 ¢ P
(@) (i1)

Fig. 2.97
Solution. Fig 2.97 (i) shows a voltage source whereas Fig. 2.97 (ii) shows its equivalent current
source.

(/) When terminals are shorted. Referring to Fig. 2.98, the terminal voltage is 0 V in both

circuits because the terminals are shorted.

15V
I, = 3000 =30 mA ... voltage source

I; = 30mA ...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 Q resistor.

500 Q

30 mA

15V ov 4

30 mA(D 500Q gy v

O] (i)
Fig. 2.98
(i) 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
Q resistor. Referring to Fig. 2.99 (ii), the voltage across the open terminals of the current source is
also 15V ; V=30 mA x 500 Q=15 V. The current flowing from one terminal into the other is zero
in both cases because the terminals are open.

I, =30 mA

I
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500Q =0 =0
+ +

30 mA

15V 15V 30 mA<T> 500Q 15V

(i) (i)
Fig. 2.99
(iii) Terminals have a 500 Q2 load connected.
(a) Voltage source. Referring to Fig. 2.100 (i),

. B 15V _
CurrentinR;, I, = (500+500)Q 15 mA
500 Q I[=15mA I[[=15mA

¥ * T >
G
S S
15y 75V § 3 0 mA(D 500 O 75V g %

(i) (i1)

Fig. 2.100
Terminal voltage of source, V = [; R; =15 mA X500 Q=75V
(b) Current source. Referring to Fig. 2.100 (ii),
. 500
- Ox—21 =
Currentin R;, I X500+500 15 mA
Terminal voltage of source = I; R; =15 mAx500Q=75V

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 kQ 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 kQ resistor, we use 3 kQ resistor to convert the
current source to an equivalent voltage source. Referring to Fig. 2.101 (ii), the equivalent voltage is

E =15mAx3kQ=45V
3kQ

. y
(D %51@ %31@ <T>15mA 3kQ %6KQ =45V 6 kQ

15 mA

(@) (ir) (iii)
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 kQ is
45V

= Gioka ~>mA

In the series circuit shown in Fig. 2.101 (iii), it would appear that current in 3 kQ resistor is also
5 mA. However, 3 kQ resistor was involved in source conversion, so we cannot conclude that there
is 5 mA in the 3 kQ resistor of the original circuit [See Fig. 2.101 (7)]. Verify that the current in the
3kQ resistor in that circuit is, in fact, 10 mA.

Example 2.51. Find the current in the 3 kQ resistor in Fig. 2.101 (i) above by converting the
current source to a voltage source.

Solution. The circuit shown in Fig. 2.101 (7) is redrawn in Fig. 2.102 (7). Since we want to
find the current in 3 kQ resistor, we use 6 k€ resistor to convert the current source to an equivalent
voltage source. Referring to Fig. 2.102 (i), the equivalent voltage is

E=15mAx6kQ=90V

. 6 kQ
1
v
15 mA D 6 ko %3‘@ 90 V= 3kQ
@ (i)
Fig. 2.102
The circuit then reduces to that shown in Fig. 2.102 (ii). The current in 3 kQ resistor is
0 (1A%
1= N0V__9 =10 mA

(6+3)kQ  9kQ
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 Q resistor can be considered as the internal
resistance of 15 V battery. The equivalent current is
15V

I = m:O.ISA

100

A
’V\/& !
I1
15V=
Fig. 2.103

Similarly, 20 Q resistor can be considered as the internal resistance of 13 V battery. The
equivalent current is

N
o
(e}
]
4
]

+

J?
il
@
<
0.15A
&

+ <
10003100 S200(1)8
— o

(if)
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13V
I = 200 =0.65A

Replacing the voltage sources with current sources, the circuit becomes as shown in Fig. 2.103
(if). The current sources are parallel-aiding for a total flow = 0.15 + 0.65 = 0.8 A. The parallel
resistors can be combined.
100Q10Q]20Q = 6.25Q

The total current flowing through this resistance produces the drop :

0.8A%X625Q =5V 10V 8V
This 5 V drop can now be “transported” back /4_ _\ /_ +\
to the original circuit. It appears across 10 Q 1/\6\6\5,2 * '\2/6/}')
resistor [See Fig. 2.104]. Its polarity is negative 01 A LH¥\ <« 04A
at the bottom and positive at the top. Applying 15V = 0.5 Al 10 Q 5V =13V
Kirchhoff’s voltage law (KVL), the voltage drop - P
across 100 Q resistor = 15 — 5 = 10 V and drop

across 20 Q resistor=13 -5=8 V.

10 Fig. 2.104
Current in 100 Q resistor = T00 =~ 0.1A
Current in 10 Q resistor = % =05A
Current in 20 Q resistor = % =04A

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

100 0V
—MWA L -

SACD 5Q 30 %29

c o
20V

Fig. 2.105

Solution. We use 5 Q resistor to convert the current source to an equivalent voltage source. The
equivalent voltage is
E=5Ax5Q=25V

50 100 10V I
A I B 2 C
AW MW 2
I1 I2
+
o » ® L
F I E sov P
Fig. 2.106

The circuit shown in Fig. 2.105 then becomes as shown in Fig. 2.106.
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Loop ABEFA. Applying Kirchhoff’s voltage law to loop ABEFA, we have,
-50,-10,-10-3 ([, —-1,)+25=0
or -181,+3L,=-15 ..(0)
Loop BCDEB. Applying Kirchhoff’s voltage law to loop BCDEB, we have,
-2L+20+3(,-15) =0
or 3,-55, =-20 ...(ii0)
Solving equations (7) and (ii), we get, I, =5 A.
Current through 2 Q resistor =17, =5 A
Voltage across 2 Q resistor=1, x2=5x2=10V
Example 2.54. Find the current in 28 Q resistor in the circuit shown in Fig. 2.107.

28 0
MWV

10A D §4Q 5A<D 80

A Cc

Fig. 2.107

Solution. The two current sources cannot be combined together because 28 (2 resistor is present
between points 4 and C. However, this difficulty is overcome by converting current sources into
equivalent voltage sources. Now 10 A current source in parallel with 4 Q resistor can be converted
into equivalent voltage source of voltage = 10 A x 4 QQ =40 V in series with 4 Q resistor as shown
in Fig. 2.108 (7). Note that polarity of the equivalent voltage source is such that it provides current
in the same direction as the original current source.

40 280 ¢ 40 280 80
— A —AMA— A —
40 v+<> 5A(}) § 80 40V j() 40 v_<>
- +
D
(i) (i1)
Fig. 2.108

Similarly, 5 A current source in parallel with 8 Q resistor can be converted into equivalent
voltage source of voltage =5 A x 8 Q =40 V in series with 8 Q resistor. The circuit then becomes
as shown in Fig. 2.108 (if). 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 (if),

Total circuit resistance = 4 + 28 + 8 =40 Q
40+40=80V
80

Current in 28 Q resistor = 0 2A

Total voltage
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Example 2.55. Using source conversion technique, find the load current I, in the circuit shown
in Fig. 2.109 (i).

3Q A 20 ¢ 1Q A2Q ¢ 1Q
AW AWV

n Iy

6V %69 3A D R330 (DzA %39 %69 <T>3ARL 30

B D B D

O] (i)

Fig. 2.109

Solution. We first convert 6 V source in series with 3 Q resistor into equivalent current source
of current = 6 V/3 Q2 =2 A in parallel with 3 Q 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 (i), 3 Q and 6 Q resistors are in parallel and their equivalent
resistance = (3 x 6)/3 + 6 = 2 Q. Therefore, circuit of Fig. 2.109 (ii) reduces to the one shown in
Fig. 2.109 (iii).

+

A 2Q ¢ 10 2Q 2Q ¢ 1Q
AN - MW MW L
(D 2A %2 Q 3 D RS30 (j av 3A (D R.330
B D D
(iii) (@iv)
Fig. 2.109

In Fig. 2.109 (iii), we now convert 2 A current source in parallel with 2 Q resistor into
equivalent voltage source of voltage =2 A x 2 Q =4 V in series with 2 Q 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 Q resistor into equivalent current
source of current =4 V/4 QQ = 1 A in parallel with 4 Q resistor as shown in Fig. 2.109 (v). Note
that direction of current of current source is shown correctly.

c 1Q 10

(T 1A %49 3A D R330 Q 4A 30

D
) (vi)
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,

4

“Gan+a A

Load current, [, = 4
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( Tutorial Problems )

1. By performing an appropriate source conversion, find the voltage across 120 Q resistor in the circuit

shown in Fig. 2.110. [20 V]
60 Q
VWS *
40 O 1A 212003600 — 15V 120 Q T)O-SA
Fig. 2.110 Fig. 2.111
2. By performing an appropriate source conversion, find the voltage across 120 € resistor in the circuit
shown in Fig. 2.111. [30 V]

400 1, 1, 500

20 Q 300
Fig. 2.112

3. By performing an appropriate source conversion, find the currents /;, /, and /5 in the circuit shown in
Fig. 2.112. [,=1A;1,=02A; ;=08 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.

() Independent voltage source. An independent 9 a o
voltage source is a two-terminal element (e.g. a
battery, a generator etc.) that maintains a specified

volt?ge between its terminals. . v <+> i CD
An independent voltage source provides a voltage

independent of any other voltage or current. The
symbol for independent voltage source having v b
volts across its terminals is shown in Fig. 2.113. (7). ©
As shown, the terminal a is v volts above terminal b.
If v is greater than zero, then terminal « is at a higher
potential than terminal 4. In Fig. 2.113 (), the voltage v may be time varying or it may be
constant in which case we label it V.

o
(@) (if)
Fig. 2.113

(i/) 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 (i), the current i may be time varying or it may be constant in which
case we label it 1.



90 Basic Electrical Engineering

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 :

(7) Voltage-dependent voltage source (if) 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 (v,) depends upon or is controlled by an input voltage (v;). Fig. 2.114 (i)
shows a voltage-dependent voltage source. Thus if in Fig. 2.114 (i), v; = 20 mV, then
vy =60 x20 mV = 1.2 V. If v, changes to 30 mV, then v, changes to 60 x 30 mV = 1.8 V.
Note that the constant (60) that multiplies v, is dimensionless.

[ * * o +
+
. + .
Vi lh ki, A
- o & & o—
A voltage-dependent voltage source A current-dependent voltage source

(®) (i)
Fig. 2.114

(if) Current-dependent voltage source. 4 current-dependent voltage source is one whose
output voltage (v,)) depends on or is controlled by an input current (i,). Fig. 2.114 (ii) shows
a current-dependent voltage source. Note that the controlling current 7| 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 £ or . Note that the constant
k has the dimensions of V/A or ohm. Thus if i; = 50 pA and constant & is 0.5 V/A, then
Ve=50x10°x0.5=25pV.

(iii) Voltage-dependent current source. 4 voltage-dependent current source is one whose
output current (i) depends upon or is controlled by an input voltage (v;). Fig. 2.115 (i)
shows a voltage-dependent current source. The constant that multiplies the value of voltage
v, has the dimensions of 4/} i.e. mho or siemen. For example, in Fig. 2.115. (i), if the
constant is 0.2 siemen and if input voltage v, is 10 mV, then the output current i = 0.2 S x

10mV =2 mA.
vy Siyvy
o__t/\N\/L
4i
0.2 v, Ti %
i
(e, A 4 A 4
A voltage-dependent current source A current-dependent current source

(@) (if)
Fig. 2.115

*  So as not to confuse with the symbol of independent source.
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(iv) Current-dependent current source. 4 current-dependent current source is one whose
output current (i) depends upon or is controlled by an input current (i}). Fig. 2.115 (if)
shows a current-dependent current source. Note that controlling current 7, is in the same
circuit as the controlled source itself. The constant (B) that multiplies the value of current
produced by the controlled source is dimensionless. Thus in Fig. 2.115 (ii), if i, = 50 pA
and if constant B equals 100, then the current produced by the controlled current source is i
=100 x 50 pA =5 mA. Ifi, changes to 20 pA, then i changes to i = 100 x 20 pA =2 mA.

2.30. Circuits With Dependent-Sources

Fig. 2.116 shows the circuit that has an independent source, R
a dependent-source and two resistors. The dependent-source is a v
voltage source controlled by the current i;. The constant for the
dependent-source is 0.5 V/A. Dependent sources are essential i (D
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 b
and current laws apply, as well as the concepts of equivalent Fig. 2.116
resistance and voltage and current division. We shall solve a few
examples by way of illustration.

P>

Example 2.56. Find the value of v in the circuit °
shown in Fig. 2.117. What is the value of dependent- * li1
2
current source ! . 4 ACD v 2i, 20
Solution. By applying KCL to node* 4 in Fig. 6Q
2.117, we get, -

4—i+2i = (1) Fig. 2.117

By Ohm’s law, i =

A= o=

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

4-Ye 2 y=12V

6 6
2x12
Value of dependent-current source = =2 i, = % =% - 4A
Example 2.57. Find the values of v, i, and i, in the circuit shown in Fig. 2.118 (i) which

contains a voltage-dependent current source. Resistance values are in ohms.

o<

Solution. Applying KCL to node 4 in Fig. 2.118 (i), we get,

2—i,+4v = i, (D)
, . v Y
Now By Ohm’s law, i; = 3 and i, = 3
Putting i1=§and i2=£in eq. (i), we get,
-4
2-Yigy = ¥ ===
3t s vy
v_1 1._-4 -4
W= 3TE g T A

* A node of a network is an equipotential surface at which two or more circuit elements are joined.
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oy 1., 1,-4 2
b= 67T T Tt
-4 -16
Value of dependent current source = 4v = 4XT:TA
o A
Iy + I Iy + I
2A vt 4vA 2A v
3 - 6 3 Yava 6
(@) (i)
Fig. 2.118

Since the value of i}, i, 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 Q.
Solution. Applying KVL to the loop ABEFA, we have,

5-10i,+5i, =0 S =1A
Applying KVL to the loop BCDEB, we have,

10i-25-5i;, =0

or 10i-25-5=0 . i=3A

iy R B 10Q i +

AFEVW———— MW C +
v, =151, (V)
®sv 5i, V a5V .
. 10V
F E D
Fig. 2.119

Fig. 2.120

Example 2.59. Find the voltage v in the branch shown in Fig. 2.120. for (i) i, = 1 A, (ii)
i, =—2Aand (iii) i, = 0A.

Solution. The voltage v is the sum of the current-independent 10 V source and the current-

dependent voltage source v,. Note the factor 15 multiplying the control current carries the units of
ohm.

@ v=10+v,=10+15(1) =25V
@ v=10+v,=10+15(-2)=-20V
@i) v=10+v,=10+15(0) =10V
Example 2.60. Find the values of current i and voltage drops v, and v, 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,
-vt4i-v,+6 =0

or vi—4i+tv, =6

(i)
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By Ohm’s law, v =2 iand v, =4 i.

Putting the values of v, =2 i and v, =4 i in eq. (i), we have,
2i—-4i+t4i=6 s 1=3A

o v =2i=2x3=6V ; v,=4i=4x3=12V

Voltage of the dependent source =4 i=4 x3 =12V

A B
+ vS10Q
<>6V "%4 P =4 -

4A

<

N

<
+

Fig. 2.121 Fig. 2.122

Example 2.61. Find the voltage v across the 10 Q resistor in Fig. 2.122, if the control current
i; in the dependent current-source is (i) 24 (ii) — 14.

Solution.

@ v=(G-410=[4(2)-4]10 =40V

@) v=(0{-4)10=[4(-1)-4]10=-80V

Example 2.62. Calculate the power delivered by the dependent-source in Fig. 2.123.

Solution. Applying KVL to the loop ABCDA, we have, A ﬁ» ‘/;/\g/z\ B
-21-41-371+10=0
1ov(® a1 (v
I =109=1.11A <_> V)
The current / enters the positive terminal of dependent- ﬁ/\?\
source. Therefore, power absorbed = 1.11 x 4 (1.11) = 4.93 D C
watts. Hence power delivered is — 4.93 W. Fig. 2.123

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 v, = 12 + . i a 2
Therefore, v=y,—12 A
Voltage drop across left 2 Q resistor =0 — v,
Voltage drop across top 2 € resistor = v, — 12 % 2 % 12 V(>+
Applying KCL to the node a, we have, B
oV
0_2v”+£—v”;12 =0 or v,=4V _l_
v=yv,—-12=4-12=-8V Fig. 2.124
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. . Vg
Hence i=-2A. VWA=
Example 2.64. In Fig. 2.125, both independent and r’ R
dependent-current sources drive current through resistor 4 A(D © 2Vy (A)
R. Is the value of R uniquely determined ?
Solution. By definition of an independent source, the

current / must be 10 A. Fig. 2.125
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1=10A=2V,
or Ve =102=5V
Now 5V =(10)(R) .~ R=5/10=050Q

No other value of R is possible. A _C >+ B
Example 2.65. Find the value of current i, supplied by 5V

the voltage-controlled current source (VCCS) shown in Fig.

2.126. T

Solution. Applying KVL to the loop ABCDA, we have, ()4 v |:| Vi 10 gT 16V
8- v, —4=0 . v=4V TS
The current supplied by VCCS =10 v; = 10 x 4 = 40A
As i, flows in opposite direction to this current, therefore, D C
iy = — 40A. Fig. 2.126
Example 2.66. By using voltage divider rule, calculate the voltages v, and v, in the circuit
shown in Fig. 2.127.

70 50
AMA AMA
3Qé 40 4L
60
20 |,
40 ()mv
+ 2V,
w V230 ¥ <t
— + -
12v, %380
\ v
Fig. 2.127

Solution. As can be seen from Fig. 2.127, 12 V drop is over the series combination of 1Q, 2Q
and 3Q resistors. Therefore, by voltage divider rule,
3
1+2+3
Voltage of dependent source = 12y, = 12X 6 =72V

As seen 72 V drop is over series combination of 4Q) and 8Q resistors. Therefore, by voltage
divider rule,

Voltage drop over 3Q, v, = 12X 6V

8
Voltage drop over 8Q, v, = 72X 1:8 48V
The actual sign of polarities of v, is opposite to that shown in Fig. 2.127. Hence v, =—-48 V.
Example 2.67. Find the values of i,, v|, v, and v, in _20 V+ 21, +H/_ a
the network shown in Fig. 2.128 with its terminals a and — I\ °
; NG +
b open. h Vi A
Solution. It is clear from the circuit that i; = 4A. _ + 4 vy
+
Applying KVL to the left-hand loop, we have, () 40V Vi + Van
+ 4A[ ~ 50V
20-v,—-40=0 .. v,=-20V /
Applying KVL to the second loop from left, we S
have, b

Fig. 2.128
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v, +4v,=50+v, =0

o v, = 5v; = 50=5(-20)-50=-150 V

Applying KVL to the third loop containing v, we have,
-10-v,+50-4v, =0

vy = —10+50 -4y, =—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]

30 Q 2v

120V v§159

Fig. 2.129 Fig. 2.130

2. Applying Kirchhoff’s current law, determine current /g in the electric circuit of Fig. 2.130. Take V|, =

16V. [1A]
A

2a® O[] 5> o]

Fig. 2.131
3. Find the voltage drop v, 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 T
ground as shown in Fig. 2.132. However, Chassis ground Common ground Earth ground
earth ground symbol is often used in place

of chassis ground or common ground. Fig. 2.132

(/) 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
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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.

I 3Q L, 40

20 6Q

Metal chassis

Fig. 2.133 Fig. 2.134

(if) 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 £ 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 ; Vp=+25V ; Ve=+50V ; Vy=+75V ; V,=+ 100V

1kQ 1 kQ
A AM— B A A~ B
+ +
1 kQ %1 kQ
+__ — +__ —
100V = C 100V = C
-T + -T +
1 kQ §1 kQ
1 kQ - 1 kQ -
E —AWE D E “ANE D
i () (i) i
Fig. 2.135

If instead of point £, the point D is grounded as shown in Fig. 2.135 (if), then potentials of
various points with respect to ground (i.e., point D) will be :

Ve=-25V; V=0V ; Vo=+25V ; Vp=+50V ; V,=+75V
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=24V ov A 34V o 20 ¢
Total circuit resistance, R, = 6+4+2=12Q |' oA
Circuit current, I = V/R;=24/12=2A 2A
Drop across 2 Q resistor = 2x2=4V 60 10V
Drop across 4 Q resistor = 2x4=8V 2A 40 oA
Drop across 6 Q resistor = 2x6=12V

Fig. 2.136
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Potential at point B, V; = 34-0=34V

Potential at point C, V, = 34 - dropin2 Q
=34-2x2=30V

Potential at point D, V, = V-10=30-10=20V

Potential at point E, V; = Vp-dropin4Q=20-2x4=12V

Potential at point A, V, = V- dropin 6 Q

9 kQ
=12-6x2=0V
Example 2.69. Fig. 2.137 shows the circuit with
common ground symbols. Find the total current I drawn 8 kQ =
»

from the 25 V source.

e o +25V

Solution. The circuit shown in Fig. 2.137 is redrawn by
12kQ N

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

8x12 o o0 9x4S5
§+12 ~ ™ M 9145

1.2 kQ

=3kQ Fig. 2.137

8 kQ

4.8 kQ

1.2kQ ]-25V %3kQ

(@) (if)
Fig. 2.138

Referring to Fig. 2.138 (ii), it is clear that 4.8 kQ resistance is in series with 1.2 k() resistance,
giving an equivalent resistance of 4.8 + 1.2 = 6 kQ.

The circuit then becomes as shown in Fig. 2.139 (7).

I=125mA

|
VWA
N
>
®)

GKQ% ZSV% 3kQ% 25V

@) (if)
Fig. 2.139
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Referring to Fig. 2.139 (i), 6 kQ is in parallel with 3 kQ giving the total resistance Ry as :

6x3

R = —— =2kQ
T 6+3
The circuit then reduces to the one shown in Fig. 2.139 (ii).

Total current I drawn from 25 V source is
25V 25V
R, 2kQ
Example 2.70. What is the potential difference between X and Y in the network shown in
Fig. 2.140 ?

=12.5mA

00 y I4v
AN L
=2V SQ§ NN §39 SQ§
%

Y
Fig. 2.140
4v
20
X B
1|
e /«ﬂ
2V 39§ N §3Q SQ§
L/%
1
A Y
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 2Q and 3Q resistors is

2
I, = —— =04A
2+3

Current flowing in 3Q and 5Q resistéct)rs is
L, = ——=05A

3+5
Potential difference between X and Y is
Vir = Vxat Vig—Vay [See Fig. 2.141]
= 3/, +5-31,

3x04+5-3x05=47V

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 V| and
V, from a single input voltage V. Since no load is connected to the circuit, it is called unloaded

voltage divider. The values of V| and V, can be found as under :

S 4 14
Circuit current, [ = = —
R+R, R,
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where R, = Total resistance of the voltage divider
R
Vi, =1IR = Vx—
T
R
and V, = IRy=Vx—*~
T

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 R; is connected
to the output terminals of the voltage divider as shown
in Fig. 2.143, the output voltage (7)) is reduced by an
amount depending on the value of R;. It is because
load resistor R; is in parallel with R, and reduces the
resistance from point 4 to point B. As a result, the output
voltage is reduced. The larger the value of R, the less
the output voltage is reduced from the unloaded value.
Loading a voltage divider has the following effects :

(#) The output voltage is reduced depending Fig. 2.143
upon the value of load resistance R;.

(if) 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 20V
source :

SVatSmA; 12Vat 10mA; 15 Vat 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. A

The required circuit is shown in

Fig. 2.144. Here R, is the bleeder R, .
resistor. The loads are arranged in 5 mA 8
ascending order of their voltage B

requirements, starting at the bottom
of the divider network.

Voltage across bleeder resistor 20 V
R, =5V ; Current through R, I =
4mA.

Load 3

Value of R, = % =1.25kQ

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

Fig. 2.144

*  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.
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Current through R, = Iz + 5mA =4 mA + 5mA =9 mA
Voltage across R, = V-V, =12-5=7V

7V
Value of R, = SmA =778 Q)

Now we shall find the value of resistor R;.
Current through R; = Current in R, + 10 mA=9 mA + 10 mA =19 mA
Voltage across Ry =Vz—V- = 15-12=3V
Value of R; = 3V =158Q
19mA
Finally, we shall determine the value of resistor R,.
Current through R, = Current through R; + 5mA =19 mA + 5 mA =24 mA
Voltage acrossR, = V, - Vp=20-15=5V
5V

24mA
The design of voltage divider circuit means finding the values of Ry, R,, R; and R,. 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 R, = 10 kQ and R; = 100 kQ.

Solution. (i) When load R; is removed, the voltage

Value of R, = =208 Q

across R, is the unloaded output voltage of the voltage
divider.
RZ
Unloaded output voltage = XV
R +R,
= 10 x5
4.7+10
= 34V = = :

Fig. 2.14
(ii) When R; = 10 kQ is connected in parallel with R,, '9 >

then equivalent resistance of this parallel combination is
RR, _10x10
R,+R, 10+10

RT—

5 kO

Fig. 2.146
The circuit then becomes as shown in Fig. 2.146 (7).

R 5
Loaded output voltage = L —xV, = X5 =258V
R +R, 4.7+5
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When R; = 100 kQ is connected in parallel with R,, then equivalent resistance of this parallel
R,R 10x1
R _10x100 =9.1kQ
R,+R, 10+100
The circuit then becomes as shown in Fig. 2.146 (ii).
R, .
T ~ X VS — L
R +R; 4.7+09.1
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.

combination is given by ; R =

Loaded output voltage = x5 =33V

+
Ve=25V
Fig. 2.147
Solution. Total circuit resistance, R; =R, + R, + R; =1 + 8.2 + 3.3 =12.5 kQ

R 1

Voltage drop across R, V, = ——xVg = ——x25=2V
R, 12.5

Voltage at point B, V; = 25-2=23V

R 8.2

Voltage drop across R,, V, = R_2 xVs = 15 x25 =164V

T

Voltage at point C, V, = V- V,=23-164=66V
The different available load voltages are :
Vig=V,-Vz=25-23=2V ; V.=V, - V.=25-66=184V
Vie=Vp-Ve=23-66=164V ; V,,=25V; Vep=Ve-Vp=66-0=6.6V
Vip=Vz-V,=23-0=23V
Example 2.74. Fig. 2.148 shows a 10 k) potentiometer 5kQ

connected in a series circuit as an adjustable voltage divider. WW
What total range of voltage V, can be obtained by adjusting

the potentiometer through its entire range ?
Vg=24V = 10 kQ

Solution. Total circuit resistance is

R;=5+10+10=25kQ 10 kQ Vi
The total voltage E that appears across the end terminals VWW i
of potentiometer is 10 10 Fig. 2.148
E=—XV;=—X24 =96V
R, 25
When the wiper arm is at the top of the potentiometer,
10 10
Vl =

—XE=—%x96 =96V
10 10
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When the wiper arm is at the bottom of the potentiometer,

0 0
= —XE=—Xx96 =0V
Vi 10 10 0

Therefore, V; 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 R, (iii) the current fed to R; and (iv) the current
in the tapped portion of the divider. B

Y —

. . : V=200V
Solution. It is a loaded voltage divider. -
. 120300
(1) Rge=120Q300Q = ———— =8571Q
120+ 300
R 80
Vig= —2—xV; = —————x200 =96.55V
R, + Ry 80 +85.71
.. The current I drawn from the supply is Fig. 2.149
v 96.55
[= = =121A
R, 80
R 85.71
(i) Vge = —25—xVy=—————x200 =103.45V
R+ Ry 80 +85.71
14 103.45
(iid) .. Current fed to load, I; = LC=—"""" -035A
R 300

L
(iv) Current in the tapped portion of the divider is
Ijo=I-1,=121-035=0.86A

( Tutorial Problems )

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

Ans.
100 Q 300 Q
12V -15V
100Q 3000 *
200 Q
12V T 200 Q T 15V
Fig. 2.150
2. Redraw the circuit shown in Fig. 2.151 using the common ground symbol.
Ans.
22kQ  3.3kQ 22kQ  3.3kQ
1 kQ % 1.5 kQ 20V
I1OV —" 1kQ 15kQ gy 20V

Fig. 2.151
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3. Draw the circuit shown in Fig. 2.152 by eliminating the common ground symbols.

+24V

100 kQ

%47 kQ 220 kQ

-18V
Fig. 2.152

47 kQ
390 kQ

sl—AM—

Ans.

% 390 kQ

220 kQ 100 kQ

18V

-|-24V

4. Avoltage of 200 V is applied to a tapped resistor of 500 Q. Find the resistance between the tapped points

connected to a circuit reading 0.1 A at 25 V. Also calculate the total power consumed.

[79€2 5 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
(iif) 2 ohms (iv) 3/5 ohms
The smallest resistance obtained by connecting
50 resistances of 1/4 ohm each is

(i) 50/4 Q (if) 4/50 Q
(@ii) 200 Q (iv) 1/200 Q

Five resistances are connected as shown in
Fig. 2.153. The effective resistance between
points 4 and B is

Fig. 2.153
(i) 103Q (ii) 20/3 Q
(iii) 15 Q (iv) 6Q

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) 33W (i) 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) 6Q (i) 24Q

(iii) 16 Q (iv) 3Q

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) 45Q @) 2Q
(iii) 0.5Q @iv) 1/45Q
7. Fig. 2.154 shows a part of a closed electrical
circuit. Then V, — Vj is

2A 3Q 2V 1Q
A 0—>—/\/\/\/\'—{ F——VW——-9B
Fig. 2.154
(i) -8V @) 6V
(i) 10V @) 3V
8. The current / in the electric circuit shown in Fig.
2.155is
2A
1A
1-3A
2A
I
Fig. 2.155
i) 13A @) 3.7A
@) 1A @iv) 1.7TA
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9. Three 2 ohm resistors are connected to form
a triangle. The resistance between any two

corners is
(i) 6Q (i) 2Q
(iii) 3/4Q (iv) 4/3Q

10. A current of 2 A flows in a system of conductors
shown in Fig. 2.156. The potential difference
V,— Vg will be

Fig. 2.156
(i) +2V (i) +1V
Gii) -1V (iv) -2V

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) 0.0l R @) 0.1R
@iii) 10R (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

2
@) 0.6V (i) EV
(i) 3V @) 6V
13. The equivalent resistance between points X and
Yin Fig. 2.157 is

10Q
VWWV
10 Q 10Q

—\VWVWWV——WWWAV——"WNV—
20Q

e AAAA
10Q

Fig. 2.157
G) 100 (i) 22Q
(i) 20Q (iv) 50Q
14. If each resistance in the network shown in Fig.

2.158 is R, what is the equivalent resistance
between terminals 4 and B ?

1
<4

Q
R R R
AB
P o O
Fig. 2.158
(i) 5R (ii) 3R
(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.

Vi=Vg)is
3A 1+ 6Q
A o>—— FAMA———AWW— B
V10
Fig. 2.159
(i) 24V (i) OV
(iii) 18V (iv) 6V

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

(@) 4Q

(iti) 20Q

17. Resistances of 6 Q 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— V), is

@iv) 3Q

6Q 6Q

05A /80 \

PN 0
6Q 6 Q

Fig. 2.161
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(i) 3.6V @iy 6V
(iii) 3V (iv) 72V
18. An clectric fan and a heater are marked
100 W, 220 V and 1000 W, 220 V respectively.
The resistance of the heater is

(i) zero

(if) greater than that of fan
(iii) less than that of fan
(iv) equal to that of fan

105
) V, N Vs,
0] (if)
n+r n+r
V(r+r Vir, +7
(iii) Vii+n) (iv) Vi)
n ntn+rn

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

(@) 45Q @) 2Q
19. In the circuit shown in Fig. 2.162, the final (ii;') 0.5Q (iv) (1/45)Q
voltage drop across the capacitor C is
e
A g
C T r2
® AWWY
r
Fig. 2.162
Answers
1. (i) 2. (iv) 3. () 4. (iii) 5. (iv)
6. (i) 7. (iii) 8. (iv) 9. (iv) 10. (@)
11. (@) 12. () 13. () 14. (iv) 15 (iid)
16. (i) 17.  (iii) 18. (iii) 19. (i) 20. (i)



3

D.C. Network Theorems

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:

(7)) Linear circuit. A linear circuit is one whose parameters (e.g. resistances) are constant i.e.
they do not change with current or voltage.

(i) 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 A A C
supplies electrical energy to the circuit. Thus
in Fig. 3.1, E| and E, are the active elements

because they supply energy to the circuit. = R,

VWA

(v) Passive element. A passive element is one r
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 Fig. 3.1
elements, namely R,, R, and R;. These passive elements (i.e. resistances in this case) receive
energy from the active elements (i.e. £, and E,) and convert it into heat.

i1

m
or—MWW——

m

N

(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 R, and £, are joined at 4 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 R,, R, and R; are joined at it. Similarly, point
D is a junction because it joins three circuit elements R,, £, and E,.

(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
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BAD consists of R, and E; ; the branch BCD consists of R; and E, and branch BD merely
consists of R,.

(ix) Loop. Aloop 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 :

(7)) Maxwell’s mesh current method (if) Nodal analysis
(#if) 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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(i) 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 :

(7) 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 /; and /7, respectively. The mesh currents take on
the appearance of a mesh fence and hence the name mesh currents.

(#f) 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 /; and
I, flowing in R,. If we go from B to D, current is /; — I, and if we go in the other direction
(i.e. from D to B), current is [, — 1.

(#ii) **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 R,
current comes out to be VWA
negative in the solution, it
means that true direction A1
of that mesh current is Ej = @ Ry
anticlockwise i.e. opposite
to the assumed clockwise

R3
WWA

o —AVW—o @

direction.
Applying Kirchhoff’s voltage Fig. 3.2
law to Fig. 3.2, we have,
Mesh ABDA.
IR —(,-L)Ry*+E; =0
or I, (R, +Ry)— LR, = E, (D)

* 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.
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Mesh BCDB.
—LRy-E,—-(L-1)R, =0
or' —LR,+(Ry+R) I, = —E, ...(ii)

Solving eq. (i) and eq. (i7) simultaneously, mesh currents /; and /, 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 (/; and /,) 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 /,, [, and 7; flowing in the clockwise direction.

Loop 1. Applying KVL to this loop, we have,
100 -20 = [;(60+ 30+ 50)—1, x 50 — I3 x 30

or 80 = 140/, — 501, — 30, (D)
We can write eq. (¢) in a shortcut form as :

Ey = LRy — LRy — LRy,
Here E, = Algebraic sum of e.m.f.s in Loop (1) in the direction of 7,

=100-20=80V
R,; = Sum of resistances in Loop (1)

Self*-resistance of Loop (1)
=60+30+50=140Q
R, = Total resistance common to Loops (1) and (2)
= Common resistance between Loops (1) and (2) =50 Q

R,; = Total resistance common to Loops (1) and (3) =30 Q
It may be seen that the sign of 20Q
the term involving self-resistances is VVWWWA

positive while the sign of common
resistances is negative. It is because
the positive directions for mesh 300 40 O

(@)
I
currents were all chosen clockwise. MW * : WWAW——o
50 Q%
oV -[

Although mesh currents are
?)
10Q
Ip

abstract currents, yet mesh current
analysis offers the advantage that % @
resistor polarities do not have to 60Q I
be considered when writing mesh !
equations.

Loop 2. We can use shortcut |
method to find the mesh equation for |

Loop (2) as under : 100V Fig. 3.3

2

*  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 Q.
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E, = —I\Ry, + LRy, — I3Ry3

or 50 +20 = =50/, + 100/, — 401, ...(ii)
Here, E, = Algebraic sum of e.m.f.s in Loop (2) in the direction of 7,
=50+20=70V

R,, = Total resistance common to Loops (2) and (1) =50 Q
R,, = Sum of resistances in Loop (2) =50 + 40 + 10 =100 Q
R,; = Total resistance common to Loops (2) and (3) =40 Q

Again the sign of self-resistance of Loop (2) (R,,) is positive while the sign of the terms of
common resistances (R,;, R,3) is negative.

Loop 3. We can again use shortcut method to find the mesh equation for Loop (3) as under :
Ey = —I\Ry; — [hRyy + [Rs;
or 0 = 30/, —401, + 901, ...(1if)
Again the sign of self-resistance of Loop (3) (Rs3) is positive while the sign of the terms of
common resistances (R;;, R3,) is negative.
Mesh analysis using matrix form. The three mesh equations are rewritten below :
Ey = LRy — LRy, — LRy
Ey = —I\Ry; + LRy — IRy;
By = 1Ry — hRy + LRy

The matrix equivalent of above given equations is :

R, R, Ry|/ E,
Ry, R, Ry|L| = |E
Ry, R, Ry |1 E,

It is reminded again that (i) all self-resistances are positive (ii) all common resistances are
negative and (iii) by their definition, R,, = R, ; Ry3 = R3, and Ry3 = R;,.

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 /, and /, to meshes ABDA and BCDB respectively as shown in
Fig. 3.4 (i).

Mesh ABDA. Applying KVL, we have,

—401, —=20({, - 1,) +120 = 0
or 60/, — 207, = 120 (D)
Mesh BCDB. Applying KVL, we have,
—00L, —65-20(,,—1;)) = 0
or —207, + 807, = —65 ..(i0)
Multiplying eq. (i7) by 3 and adding it to eq. (i), we get,
2201, = 75 oo 1, =-T751220=-0341A
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A 40 Q B 60 Q C A 40 Q B 60Q ¢
VWM * WWA—
] I,= I,= B
— 65v 120V —= 1886A) 2000034 Al —g5v
D
(if)
Fig. 3.4
The minus sign shows that true direction of /, is anticlockwise. Substituting /, = — 0-341A in

eq. (i), we get, I, = 1-886 A. The actual direction of flow of currents is shown in Fig. 3.4 (ii).

By determinant method

601, — 201, = 120
201, + 80, = —65
‘120 —20‘
—65 80| (120x80)—(-65x—20) 8300
L= _ (120x80) = (=65x=20) _ 8300 _ o0
60 —20| (60x80)—(-20x—20) 4400
-20 80
‘60 120
-20 —65 (60x—65)—(=20x120) —1500
L = - (60x65) - (-20x120) _ =—0341A

Denominator 4400 4400
Referring to Fig. 3.4 (if), we have,

Current in branch DAB =1, = 1-886 A ; Current in branch DCB =1, = 0-341 A
Current in branch BD =1, + [, = 1-886 + 0-341 = 2:227 A

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

20 Q
VVWWWA
30 Q 40 Q
— MWW * VWWW———9
50 Q
GOQg g 10Q
20V
I T It
L ° L
100V 50V
Fig. 3.5

Solution. Assign mesh currents /;, I, and I; to meshes ABHGA, HEFGH and BCDEHB
respectively as shown in Fig. 3.6.
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Mesh ABHGA. Applying KVL, we have,

—601, —30(I, — I,) — 50(I, — I,) — 20 + 100 = 0

or 1401, — 501, - 30; =
or
Mesh GHEFG. Applying KVL, we have,

20 -50(, - 1) — 40, — I) — 101, + 50 =

=501, + 100/, — 401; =

or =51+ 10, -4 =
Mesh BCDEHB. Applying KVL, we have,

207, —40(/; — 1,) = 30(l; - 1)) =

301, + 401, -90/; =

31, +41,-91; =

or

or

or

141, - 51,- 31, = 8

(i)

...(ii)

...(iii)

Solving for equations (i), (i7) and (iii), we get, [, = 1-65A ; I,=2-12A ; =15A

By determinant method
141, -5,-31; = 8
=51, + 105, -4, = 7
3[,+4,-91; =0

200
c WA D
IS
300 H ™ 40 Q
B ¢—— MWW - WAWA——4 E
50 Q I
60 Q L 2 10Q
v v-
20V
L I i
A F
100V G 50V
Fig. 3.6
-5 -3
7 10 -4 10 —4] |7 -4 10
8 +5 —
. 4 -9 4 -9 Tlo -9 "o 4
o4 -5 =3 T T e IR Lt
-5 10 -4 4 -9 3 -9 3 4
3 4 -9

8[(10X —9) — (4 X —4)] + 5[(7x—9) — (0x — 4)] = 3[(7x 4) — (0% 10)]

14[(10 X —9) — (4 X —4)] + 5[(=5x —9) — 3x —4)] - 3[(=5x 4) — (3x 10)]

-592-315-84 991

—-1036+285+150 —601

= =—— —165A
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14 8 -3
-5 7 -4
Lo 1300 9 14(-63)-(0)] - 8(43) - (-12)] - 3(0) - 2]
2 Denominator -601
—882-456+63 -1275
= = =2-12A
-601 -601
14 -5 8
-5 10 7
L 34 0]  14[(0)—(28)]+ 5[(0) — (21)] + 8[(-20) — (30)]
3 Denominator -601
-392-105-400 -897
= = =15A
-601 -601

Currentin 60 Q = [, =165 A from 4 to B

Currentin30Q = [, -/;=1-65-1-5=0-15 A from B to H
Currentin 50 Q = [, -1, =2-12—-1-65=0-47 A from G to H
Currentin40 Q = [, —-1;=2-12-1-5=0-62 A from H to E
Currentin 10 Q = [, =212 A from E to F

Currentin 20 Q = ;=15 A from Cto D

Example 3.3. By using mesh resistance matrix, determine the current supplied by each battery
in the circuit shown in Fig. 3.7.

50 4Q 5V 80
VYWWA * VWA

I—¢ WWWWA
B,
B 30 20
120V 7, I I;)Bs=F 30V

B,

—

Fig. 3.7
Solution. Since there are three meshes, let the three mesh currents be /;, 1, and I3, all assumed
to be flowing in the clockwise direction. The different quantities of the mesh-resistance matrix are :

R, =5+3=8Q ; Rp=4+2+3=9Q ; R;;=8+2=10Q

Ry = Ry ==3Q ; R;3=Ry =0 ; Ryy=Ryp=-2Q

E, =20-5=15V ; E,=5+5+5=15V ; E;=-30-5=-35V
Therefore, the mesh equations in the matrix form are :

R, R, Rs| E,
R, Ry, Ry,|L,| = |E
Ry, R, R33_ _13 _E3

1

1

8 -3 o]y 15
or -3 9 =2\L|=|15

0 -2 10]1 -35
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By determinant method, we have,

15 -3 0
15 9 =2
-35 -2 10| 1530
h= T8 23 o] 598 200A
-3 9 =2
0 -2 10
8 15 0
-3 15 =2
I = 0 —3.5 10 =1090 - 1A
Denominator 598
8 -3 15
-3 9 15
I = 0 —2. —35:—1875 — _313A
Denominator 598

The negative sign with /; indicates that actual direction of /5 is opposite to that assumed in
Fig. 3.7. Note that batteries B, B;, B, and Bs are discharging while battery B, is charging.

Current supplied by battery B, = I, = 2-56 A
Current supplied to battery B, = I, -1, = 2.56 - 1.82 = 0-74 A
Current supplied by battery B; = I, +I; = 1.82+3-13 = 4:95A
Current supplied by battery B, = I, = 1.82 A
Current supplied by battery B; = I; = 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.

20 Q 20 Q

——— VMWW
300 40 Q 300 mlg 40Q

®

< 1 — MWW * WAWWA—
%SOQ
]

VWWW

60 O 50 O 100 %609 @
I1
-[ 20V
I |1 Il

|
I
|
100V 50V 100V S0V
Fig. 3.8 Fig. 3.9
Solution. Since there are three meshes, let the three mesh currents be /;, 1, and /3, all assumed

to be flowing in the clockwise direction as shown in Fig. 3.9. The different quantities of the mesh

resistance-matrix are :



D.C. Network Theorems 115

=~
Il

60+30+50=140Q ; R,,=50+40+10=100Q ; Ry;=30+20+40=90Q
Riy=Ry=-50Q ; R;3=Ry=-30Q ; Ryy=Ry=-40Q
E, =100-20=80V ; E,=50+20=70V ; E;=0V

Therefore, the mesh equations in the matrix form are :

Rll RIZ R13 ] _]1 El
R, Ry R23 I,| = |E
R31 R32 R33_ _13_ _E3_
140 -50 -30[7,] [80]
or |[—=50 100 —-40(1,| = |70
=30 -40 90 j| I, | 0]
By determinant method, we have,
80 -50 -30
70 100 -—40
0 —-40 90 991000
I = Tia0 =50 =30 601000 A
-50 100 -40
-30 —-40 90
140 80 -30
-50 70 -40
-30 0 90
L - ' :1275000 22 A
Denominator 601000
140 -50 80
-50 100 70
-30 —-40 0| 897000
L, = = = 15A

Denominator 601000
Current in 60 Q = [, =165 A in the direction of 7,
Current in 30 Q = [; — /3= 0-15 A in the direction of /,
Current in 50 Q = [, — I, = 0-47 A in the direction of 7,
Currentin 40 Q = I, —I; = 0:62 A in the direction of 7,
Current in 10 Q = [, =212 A in the direction of 7,
Current in 20 Q = ;=15 A in the direction of I;

Example 3.5. Find mesh currents i; and i, in the 10 20
electric circuit shown in Fig. 3.10. —N VWY ANV
Solution. We shall use mesh current method for
the solution. Mesh analysis requires that all the sources |+ 10 +
in a circuit be voltage sources. If a circuit contains () 4V /D ,9 3V(>
any current source, convert it into equivalent voltage |~ 3] -
source. 2

Outer mesh. Applying KVL to this mesh, we have, ¢
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—iyx1=2i,—3+4 =0 or ij+2i,=1 (i)
First mesh. Applying KVL to this mesh, we have,
i x1=(; i) x1-3i,+4=0 or i;+i,=2 ...(i0)
From eqs. (i) and (if), we have i, =3A ; i,=—-1A

Example 3.6. Using mesh current method, determine current I in the circuit shown in Fig. 3.11.
3Q 20

I

X

2V 10 (sz 5V 2
- +

Fig. 3.11 Fig. 3.12
Solution. First convert 2A current source in parallel with 1€ resistance into equivalent voltage
source of voltage 2A x 1Q =2V in series with 1Q resistance. The circuit then reduces to that shown
in Fig. 3.12. Assign mesh currents /; and /, to meshes 1 and 2 in Fig. 3.12.

Mesh 1. Applying KVL to this mesh, we have,
=3 -1xU;-L)-2+2 = 0 or I,=4]
Mesh 2. Applying KVL to this mesh, we have,
2L+5+2-(L—-1)*x1 =0
or —2@1)+7-@1,-1) =0 (- L=4I)

7 7 28
I,=—Aand,=4],= 4X—=—A
11 11 11
. . 7 . . 28
Current in 3Q resistance, [, = EA ; Current in 2Q2 resistance, I, = HA

Referring to the original Fig. 3.11, we have,

7 28 1
[x = [1+(2*[2): H—i_(z_ﬁj = HA

Example 3.7. Using mesh current method, find the currents in resistances R;, R, Rs and R of
the circuit shown in Fig. 3.13 (i).

2A

24V

(i)
Fig. 3.13
Solution. First convert 2 A current source in parallel with 12Q) resistance into equivalent
voltage source of voltage = 2A x 12Q = 24V in series with 12Q resistance. The circuit then
reduces to the one shown in Fig. 3.13 (i7). Assign the mesh currents /, /, and /; to three meshes
1, 2 and 3 shown in Fig. 3.13 (if).
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Mesh 1. Applying KVL to this mesh, we have,
=121, -8 x ([, -15,)-20x ([, -1;))+24 =0
or 101,21, - 5I; = 6 (D)
Mesh 2. Applying KVL to this mesh, we have,
4L 6% (L~ L)~ 8(,~ ;) =0
or -4, +9,-3; =0 ...(if)
Mesh 3. Applying KVL to this mesh, we have,
—100, =20 x (I;—1,)) -6 x (I;—1,) =0
or — 107, - 3L, + 181, = 0 ...(iii)
From eqs. (i), (ii) and (iii), [, = 1.125A ; ,=0.75A ; ;=0.75A
Current in R; (=4Q) = ,=0.75A from A to B
Currentin R, (=6Q) = I,-1;=0.75-0.75=0A
Current in Rs (=20Q) = [, —1;=1.125-0.75 = 0.375A from D to C
Current in R4 (= 10Q) = I; =0.75A firom 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).

10Q 30Q 100Q 30Q
A ANAAA— AMAA—

MWWV
10\2() @ o3A Osv 10\2() D ®o3a 1, +()8v

(@) (i)
Fig. 3.14
Solution. Suppose voltage across current source is v. Assign mesh currents /; and /, in the
meshes 1 and 2 respectively as shown in Fig. 3.14 (ii).

Mesh 1. Applying KVL to this mesh, we have,

10-10/,+v =0 ..(0)
Mesh 2. Applying KVL to this mesh, we have,
-30L,-8-v =0 ..(i0)
Adding eqs. (7) and (i7), 2 — 10/, =30/, =0 ..(iii)
Also current in the branch containing current source is
I,-1, =03 (iv)

From eqs. (iii) and (iv), I, =0.275 A ; I, =—0.025A
: Current in 10Q2 = [, = 0.275A
Current in 30Q2 = [, =-0.025A
Current in current source = [; — 1, =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 Q=0-1Afrom LtoR ;in20 Q=04 AfromRtoL ;in 10 Q=0-5A downward]
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100 © 20Q 3kQ 1.5 kQ
WWWA——o0
=15V 100 =13V =
VWA . »/\N\N‘—.|-
2 kQ 500 Q
Fig. 3.15 Fig. 3.16
2. Using mesh analysis, find the voltage drop across the 1 kQ resistor in Fig. 3.16. [50 V]
3. Using mesh analysis, find the currents in 50 Q, 250 Q and 100 € resistors in the circuit shown in
Fig. 3.17. [1(50 Q) =0-171 A — ; I(250 Q) = 0-237 A — ; I(100 Q) = 0-408 A |]
50 Q 250 Q
* VWWWA g VWWWA
05A D 150 Q 100 =100V
Fig. 3.17
4. For the network shown in Fig. 3.18, find the mesh currents /;, 7, and /5. [SA,1A,05A]
6 Q 18Q
VWW * VWW *
5OVC—D :> I 40 I3 %49
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=4A;BF=3A;BC=1A;EC=2A;CDE=3A]
= % % Q = 13V
F E
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, 4, 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, 4 and C are fixed nodes because V, = E| =
120 V and V-= 65 V. The voltage from D to B is V3 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 V;; 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 V' at node B. Note that we have taken point D as the reference node.

D
\ Reference Node

Fig. 3.20
The voltage V' can be found by applying **Kirchhoff’s current law at node B.
L+1 = I, (i)
In mesh ABDA, the voltage drop across R, is E| — V.
I = El - VB
1 R
In mesh CBDC, the voltage drop across Ry is £, — V.
I = E, -V
3 R,
V
Also L=
R

2
Putting the values of /;, [, and /; in eq. (i), we get,
E-V, E-V, Vy ..(ii)
Rl R3 R2
All quantities except V' are known. Hence V3 can be found out. Once V' is known, all branch
currents can be calculated. It may be seen that nodal analysis requires only one equation [eq. ()]
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.
(/) 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.
(if) We can also express the currents in terms of conductances.
I, = £l =(E, - Vp)G, ; L= u =VpGys Iy= Lol = (B, = Vp)Gy
Rl RZ R3
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 Kirchhoft’s current law for nodes B and C'to find V' and V.. Once the
values of V' and V- 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), V' and V..
El - VB
E, =Vy+IR, . I,=—}—
Rl
E3 - Vc
Ey =Vo+LRy o L=
R3
E, -V, +V,
E* = Vp—Vo+ LR, = —=—"=2—<¢
R2
v, v,
Similarly, I, = £ 1= <
R, R,
At node B. L+L =1,
o BVe [ EVstVe _ Vs (i)
R, R, R,
At node C. L+I; =1
E -V, +V. T, E -V,
or 2 5 _c4-c - 3 e .. (if)
R2 RS R3

From egs. (i) and (ii), we can find V; and V- since all other quantities are known. Once we
know the values of V' and V., we can find all the branch currents in the network.

Note. We can also express currents in terms of conductances as under :

L=(E-Vp) G 5 L=(E-Vy+V)G

L=(Es~V)Gs : L,=VyG, : Is=VcG;

*  As we go from C to B, we have,
Ve—LR, + E; = Vy
Ey, = Vg —=Ve+ LR,
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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 £ (or F) as the reference node. We shall find the voltages at nodes B

and C.
At node B. L+1; =1
or ﬁ+*V3_Vc _ 1007,
10 15 20
or 13V —4V. = 300 (D)
At node C. L+ = I
or &+VC+8O _ V-V
10 10 15
or Vg—4V, = 120 ..(i0)
E Fig. 3.22 F
Subtracting eq. (if) from eq. (i), we get, 12V, =180 .. V;=180/12=15V
Putting V' = 15 volts in eq. (i), we get, V- =—26.25 volts.
By determinant method
13Vz—4V. = 300
V-4V, = 120
‘300 —4‘
120 -4 300x—4)—(120x—-4) -720
Vg = _ L ) —( ) =15V
13 -4 (13x-4)—(1x-4) —48
1 -4
13 300
1 120 13%120) —(1x300) 1260
and Ve = - - )—( ) _ = -2625V
Denominator —48 —48
100-%, 100-15
Current [, = £ = =425A
20 20
Current I, = Vz/10=15/10=1-5A
Vy,=V. 15-(=26.25
Current; = £ —5= ( ) =275A

15 15

*  Note that the current /5 is assumed to flow from B to C. Therefore, with this assumption, V > V.
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Current [, = V/10=-26-25/10=-2-625 A

V.+80 —26.25+80
10 10

The negative sign for /, shows that actual current flow is opposite to that of assumed.

Current /5 =5375A

Example 3.10. Use nodal analysis to find the currents in various resistors of the circuit shown
in Fig. 3.23 (i).

I, 5Q
> VWW—
50
AWV 11L 30 2 10 1, (3
30 10 >

50
10A 20 50 40 2A  10A 00 40 GDZA

@ ) (i)
Fig. 3.23

Solution. The given circuit is redrawn in Fig. 3.23 (i7) 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,

L+L+L =1
. n-n n-n
S+ 1—2+1— =10
273 5
or 31V, - 10V, - 6V; = 300 (D)
At node 2. Applying KCL, we have,
L, = L+
o WVy _ VoV T
3 1 5
or 5V, -23V,+ 15V, = 0 ..(i0)
At node 3. Applying KCL, we have,
L+, = Ig+2
o A A
5 1 4
or AV, +20V,-29V; = 40 ...(iif)
6572 556 2072
F . (i), (@) and (iii), V), = ——V ; V,= —V ; V; = ——V
rom eqs. (i), (i) and (iii), V, 545 2= J09 37 5a5
V. 6572 1
Current/; = — = ——X—- =6.03A
2 545 2
Current 1. — =72 1[6572 556} 2 32A
urrent [, = ————=—|—————| =2.
? 3 30545 109
V=V, 16572 2072
Current I; = == - =1.65A
5 5L 545 545
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V,-V, 556 2072

Current /, = | :@_% =1.3A
V, 556 1
Current [; = —+= =1.02A
5 109 5
V3 2072 1
Current [y = —=——X—=0.95A
4 545 4

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 V' and V- at nodes B and C respectively are known, then all the
currents can be calculated.

At node B. I +1I; =1,
or 15_V8+VC_VB e

1 0.5 1
or 1S—Vp+2(Ve—=Vp) -V =0
or 4Vy—-2V, =15 ..(0)
At node C. L+, = I
or VC—VB+& _ 20—V,

0.5 2 1
or 2(Vo=Vp)+0:5V-—(20-Vy) =0
or 3-5Ve-—-2Vy =20
or 4Vy—1V. = —40 ..(i0)
A L B 050 I ¢ =

10

= 15V

T

Fig. 3.24
Subtractmg eq. (if) from eq. (i), we get, 5V =55
Ve = 55/5=11 volts

Puttlng Ve=11Vineq. (i), we get, V=925V
15-V, 15-9.25

Current /; = 1 = 1 =575A
Current [, = Vp/1=925/1=9-25A
Vo=V, 11-9.25
Current[; = <~—%£= =35A
0.5 0.5
Currently = V/2=11/2=55A
20—V, 20-11
Current /5 = =——=9A

1 1
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Px1+Ex1+Px05+1 x2+12x1

Power loss in the circuit
(5:75)* x 1 +(925)* x 1 + (3-5)* x 0-5 + (5:5)* x 2 + (9)* x 1
26625 W

Example 3.12. Using nodal analysis, find node-pair voltages Vg and V- and branch currents in
the circuit shown in Fig. 3.25. Use conductance method.

[ Ri=20 BE2=4V I, R=4Q o R,=160 I

E, =12V =

D
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.

G, = R%:% ~058 ; G,= Riz - % ~025S:G,= RL3=%=0-06258;
Gy = — =5 2018; Gy= = =005
R, 10 R. 20
At node B. L+ =1
or (E;=Vp)G +(Ey = Vp+ V)G, = VG,
or E\G,+ E,G, = Vy(G,+ G, + G, — VoG,
or (12 % 0.5) + (4 x 0.25) = V4(0-5+0-25 + 0-1) — V. x 0-25
or 7 =085Vy—-025V, (D)
At node C. L =L+
or (B3 —Vo)Gs = (Ey =Vt V)G + Ve x Gs
or E;Gy;—E,G, = = VG, + VG, + G+ Gs)
or (8 % 0.0625) — (4 0.25) = — V5(0-25) + V(0-25 + 0-0625 + 0-05)

or 05 = -025Vz+ 0362 V- (i)
From equations (i) and (i), we get, V;=9.82V; V=54V
: I, = (E,-Vp)G =(12-982) x 0-5=1-09 A
L, = (E,=Vg+ V)G, =(4—-982+54) x0-25=-0-105A

= (E;—Vp)Gy=(8—54) x 0:0625 =0-162A
1, = VgGy=9-82x0-1=0982A
= V.Gs=54x0.05=0-27A

The negative sign for I, means that the actual direction of this current is opposite to that
shown in Fig. 3.25.

ol
|

o~
|
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Example 3.13. Using nodal analysis, find the different branch currents in the circuit shown in

Fig. 3.26 (i).
25 25

MMV MWW

vl A

18 A sy, OA

A @ Vi v

f:."'ll

) (if)

Fig. 3.26

Solution. Mark the currents in the various branches as shown in Fig. 3.26 (i7). 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,

L =1+2
or (V=12 = (V,— Pl +2
or 3V, =V,=2Vy = =2 (D)
At second node. Applying KCL to the second node from left,
L +5=1,
or VM =V)1+5 = V,x4
or V-5V, = =5 .(iD)
At third node. Applying KCL to the third node from left,
L =5+1,
or —-V3x3 =5+;-V))2
or 2V, =5V, =5 ...(iif)
Solving egs. (i), (if) and (iii), we have, V| = —%V ; V= lV and V3 = _—8V
L= =-V)l= [—%—ll)l =—22A

8 3
L = (Vs—V)2= (—§+5]2 =_0.2A

8
Iy = Vyx3=2x3 =484

7
10

The negative value of any current means that actual direction of current is opposite to that
originally assumed.
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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.

5A 5A
— 3
NN
'\/\/\}\/\/\/
1
VY — ® 1
DWW
1 @ 1 1 1
@1 @) 1
4A A
1 1 § Png i b
+ - @ + @
@ Fig. 3.27 (@)

Solution. Since we are to find /, 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.
(if). 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,

iohyy - =V s
1 1 1
or Vi =V,=V; = -1 (0
At node 2. Applying KCL, we have,
s _ N ol g
1 1 1
or Vi=3V,+V; = =2 ...(ii)
At node 3. Applying KCL, we have,
—VZ_V3 +3_£ = u+4
1 1 1
or Vi+V,=-3r; =1 ...(iii)
From eqs. (i), (i) and (iii), we get, V, =0.5 V.
V,-0 05-0
Current | = —* 1 = 1 =0.5A

Example 3.15. Use nodal analysis to find the voltage across and current through 4 Q 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 7/ =2V/2Q =1 A. The circuit then becomes as shown in
Fig. 3.28 (ii).

4 Q) I AL 40 B I,
VWWWA *
2Q
80 @2
-|- 2V
(@) (i)

Fig. 3.28
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Mark the currents in the various branches as shown in Fig. 3.28 (ii). Take point £ (or F) as the
reference node. We shall calculate the voltages at nodes 4 and B.

At node A. I, =L+
W=V, V
1 = A B 44
o 4 2 ,
or Vy=Vy =4 ..(7)
At node B. L+1, = I
V,=V, v,
A B2 = _B
o 4 8
or 2V, -3V, = —16 ..(i0)

Solving equations (i) and (i7), we find V, =4V and V; = 8V. Note that 'z >V, contrary to our
initial assumption. Therefore, actual direction of current is from node B to node 4.

By determinant method

3V —Vy =4
2V, =3V, = -16
e
-16 -3 (-12)-(@16) -28
- _12-00)_-28
3 -1 =9H-(-2) -7
2 -3
3 4
2 -16 —-48)—-(8) -56
Denominator -7 -7
Voltage across 4Q resistor =V, — V, =8 -4=4V
Current through 4Q resistor = 10 =1A
We can also find the currents in other resistors.
v, 4
I, = +=—=2A
2 2
vV, 8
I, = £2=—=1A
8 8
4V 8V
L[ =1A A 40 12_1AB L,=2A
> 4 VWWWA < L <
LL=2A L=1A
NO) 20 80 OF:
1A E 1A F 2A
Fig. 3.29

*  We assume that V; > V. 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 kQ resistor shown in Fig. 3.30.
30 mA

50mACT> R,=2kQ R, =2 kQ R, =4 kQ

VVWWWA

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

1 1 1
G = —=——=10°S ; G,=—=——=05%x10"8
R IxI10° 2R, 2xI10°
1 1 _3 1 1 —3
Gy, = —= - =05%x107°S ; Gy= —= - =025%x10"8
R, 2x10 R, 4x10

Mark the currents in the various branches as shown in Fig. 3.31. Take point £ (or F) as the
reference node. We shall find voltages at nodes 4 and B.

At node A. Ii+1g = I +1,
or 50x10°+30x10° = G,(V,—~ V) + G, V,
or 80 x 107 = 107 (V= V) +0.5x 107 ¥,
or 1.5V, —Vy = 80 ()]
30 mA
()
NV
Ig Y A
I5 Iy =Gy (Va—Ve)
> aY WYYV B >
4 R, =1kQ 4 I, =G,V;
< D R, =4 kQ
(T 50mA 1 -GV, S R =2kO I, = GVgS Ry= 2kQ “
E F
Fig. 3.31
At node B. I = Ig+1,+1,

or G(Vy=Vyp) = 30x 107+ GyVy+ G,V
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or 102 (V= Vg) = 30x 107 +0.5x 107 Vg +0-25x 107 ¥y

or V,—175Vs = 30 ...(if)
Solving equations (7) and (ii), we get, V;=21-54 V.

By determinant method

15V, Vy = 80
V,— 175V = 30
‘1.5 80‘
, - 1 300 _ 45)-(Q80) _ -35 o154y
1.5 -1 | (-2.625)—(-1) -1.625
‘1 —1.75‘

Current in 4 kQ resistor, I, = G,V =025 x 107 x 2154 =539 x 10> A=539 mA

Example 3.17. For the circuit shown in Fig. 3.32 (i), find (i) voltage v and (ii) current through
2Q) resistor using nodal method.

Reference node
(i) (i)
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 V3=—8V (" V(- =0V). Also,
v=6-V,

Applying KCL to node A, we have,

Reference node

L+, = L
o 6=V, SV, _ V.V,
1 2 3
R et A e A TG )
1 2 3

On solving, we get, V, = %V

55
@ Voltagev:6—1/;1:6—§:§v
S5v-V 5(23/13) — (55/13
(éf) Current through 2Q, I, = v2 PR / )2( / )=_32A

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 4, B and C as shown in Fig. 3.33.

The node equations in shortcut form for nodes 4, B and C can be written as under :
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ViGug T Ve Gup+ Ve Gye = 1y
ViGpat VpGpp+ Ve Gpe = I
ViGey T VpGept Ve Gee = Ic
Let us discuss the various terms in these equations.
G,4 = Sum of all conductances connected to node 4
= G, + G, in Fig. 3.33.
The term G 4, is called self-conductance at node A. Similarly, Gz and G 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 V, G, Vp Gpp and V- G are all positive.

G, = Sum of all conductances directly connected
between nodes 4 and B
= G, in Fig. 3.33

2

A % O

Fig. 333
The term G 5 is called common conductance between nodes 4 and B. Similarly, the term G
is common conductance between nodes B and C and G, is common conductance between nodes
C and A. The product of connecting node voltage with common conductance is always a negative
quantity. Thus V; G5 is a negative quantity. Here connecting node voltage is V' and common
conductance is G 4. Note that G 3 = Gy, G4~ = G, 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. Atnode 4, G,, = G, + G, and is a positive quantity. The product
VG 45 1s a negative quantity. The current /, is leaving the node 4 and will be assigned a negative
sign. Therefore, node equation at node A4 is

ViGuy=VeGup = —Ly
or VAG +Gy) = Vp(Gy) = L,
Similarly, for nodes B and C, the node equations are :
Vp(Gy+ Gy + Gy) = Vy(Gy) =V (Gy) = 0
V(Gyt+ Gs) = Vp(Gy) = I
Example 3.18. Solve the circuit shown in Fig. 3.34 using nodal analysis.
o 01S g 50 V., B

! 5A
(P)2a S ooz2s 013% aa(y)  2( 75v T 25v O
25A

Flg. 3.34 Flg. 3.35
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Solution. Here point D is chosen as the reference node and A4 and B are the independent nodes.
Node A. V,(0.02+0.01) — V3(0.01) = -2

or 0.037,-0.01 7 = -2 (i)
Node B. 740.01 +0.1) — 7, (0.01) = -2
or —0.01 ¥, +0.11V, = -2 ..(ii)

From equations (i) and (ii), we have, V, =75V and V, =-25V
Fig. 3.35 shows the circuit redrawn with solved voltages.
Currentin 0.02S = VG=75x0:02=1-5A
Currentin 0.1 S = VG =25 x0-1=2-5A
Currentin 0.01 S = VG=50%x0-01 =0-5A
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 4, B and C are the independent nodes and D is the reference node.
Node A. v L+L -V L -6
15 25 2.5
or 0467V, - 04V, = -6 (D)
1 1 1 1 1
Node B. Vil —+—+—= |-V, — |-Vo|=| =0
25 20 6 2.5 6
or —-04V,+0617Vy—0167V, =0 ...(i)
1 1 1
Node C. Vel =+—= |-V = | = 25
0 {ers)le)
or —0-167 Vy+ 0417 Vi = 25 ...(iii)

From equations (i), (i) and (iii), V,=-30V ; V=20V ; Vo=-2V

GAG sov 3t 20v 3t 2v T <D2.5A

*  Note that 5Q 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.
Currentin 15 Q = 30/15=2A

Current in 20 Q = 20/20=1A
Currentin4 Q = 2/4=0.5A

Currentin 6 Q = 18/6 =3 A
Currentin 2.5 Q = 10/2.5=4A
Currentin5Q = 4+2=6A
The directions of currents will be as shown in Fig. 3.37.

Example 3.20. Find the value of I, in the circuit shown in Fig. 3.38 using nodal analysis. The
various values are :

G,=108;G,=1S;G, =2S;
G, =1§;G,=1S;G,=1Sand 1= 100 A.
Solution. G
Node A. (G, +G,+ GV, ~G Vs~ G Ve =1 Im -
Node B. -GV, +(G,+G,+G) V-GV =0
Node C. -GV, -GV (G, + G, + G )V = -]
Putting the various values in these equations, we have, ¢
13V, ~2Vy=10V. =1
2V A4 Vy—Ve =0
10V, — Vs + 12V = -1

Now Vj can be calculated as the ratio of two determinants Nz/D where

13 -2 -10
D=|-2 4 -1|=624-20-20-(400+48+13)=123
-10 -1 12
13 I -10
and Ng=|-2 0 —1|=10/-20/—(13/-241)=1

-10 -7 12
N, 1
CR RTT

Current [, = G V= Ix—=1x 290 _ g 8134
123 3

( Tutorial Problems)

1. Using nodal analysis, 5Q A 25Q B 6 Q
find the voltages at

C
- VWWA—o9
nodes 4, B and C w.r.t.
the reference mnode
shown by the ground
symbol in Fig. 3.39. D 6A 150 20Q 40 (T 25A
L *

Vi = =30V ;5 V=
20V ; Vo=-2V]

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]
A B A B C
VWY

0.05S
0.02S
02A D 0018 (D 05A (T 1A
C D
Fig. 3.40 Fig. 3.41

3. Using nodal analysis, find the current flowing in the battery in Fig. 3.41. [1.21 A]
A 0.05S B A B C

0.8S
0.02S

02a(?) 0.018 Qosa O 055(%)2A

Fig. 3.42 Fig. 3.43
4. In Fig. 3.42, find the node voltages. [V,=-6.47V; Vy=-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. [Vi=4.02V; Vp=337TV;V-=3.72V]
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]
A 5Q B 40 c
1A<T> 2Q 200 10Q =5V
Fig. 3.44
9. Find node voltages in Fig. 3.44. [V,=0806V; Vy=-218V; V.=-5V]
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 :

(7)) Select one source in the circuit and replace all other ideal voltage sources by short circuits
and ideal current sources by open circuits.

(i) Determine the voltage across or current through the desired element/branch due to single
source selected in step (7).

(Zif) 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. 20
Example 3.21. Using superposition theorem, MWWV

find the current through the 40 Q resistor in the

circuit shown in Fig. 3.45 (i). All resistances are in 5 5

ohms. 50 V— —10V
Solution. In Fig. 3.45 (ii), 10V battery is 40

replaced by a short so that S0V battery is acting 3

alone. It can be seen that right-hand 5 Q resistance is 0)

in parallel with 40 Q resistance and their combined g. 3.45

resistance =5 Q || 40 Q = 4.44 Q) as shown in Fig. 3.45 (iii). The 4.44 Q reswtance is in series with
left-hand 5 Q resistance giving total resistance of (5 + 4.44) = 9.44 Q to this path. As can be seen
from Fig. 3.45 (iii), there are two parallel branches of resistances 20 Q2 and 9.44 Q across the 50 V
battery. Therefore, current through 9.44 Q branch is / = 50/9.44 = 5.296 A. Thus in Fig. 3.45 (ii),
the current 7 (= 5.296 A) at point A divides between 5 Q resistance and 40 Q resistance. By current-
divider rule, current /; in 40 Q resistance is

5
I, = Ix = 5.296x— =0.589 A downward
5+40 45
20
A AAAAY
5 A 5
50V—+ 40
(ii) (iii)

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 Q and 9.44 Q across the 10V battery [See
Fig. 3.45 (v)]. Therefore, current through 9.44 Q branch is /= 10/9.44 = 1.059 A.

20 20
AW
5 B 5 5
B
1
—10V — 10V

40 4.44

(iv) v

Fig. 3.45
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Thus in Fig. 3.45 (iv), the current / (= 1.059 A) at point B divides between 5 Q resistance and
40 Q resistance. By current-divider rule, current in 40 Q resistance is

5
I, = 1.059x =0.118 A downward
5+40

By superposition theorem, the total current in 40 Q
=1,+1,=0589+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 Q and 0-08 Q. 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 :

0.08x0.5
Total circuit resistance = 0.124+ —— =0:189 Q
0.08+0.5
Total circuit current, /," = 12/0-189 =63-5 A
0.5
C tin008Q., 1) = 63.5x———— =5474 A
urrentin 2 0.08+0.5
0.08
Currentin0-5Q, ;' = 63.5x————— =876A
0.08+0.5
I, I r, I,
{12 r,
> — = o >—1— o
o — 0120 12v_=— 0-08 Q an a—10120Q 0-08 Q o
- = [ © A ©
(i) ii
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 resist 008+0.12><0.5
al circuit resistance = 0. P — " ”
otal circuit resistance 012405 i X is
= 0177 Q {I;
Total circuit current, [, " = 12/0-177=67-8 A =
0.5 012Q 12v= 008 Q %o.sg
Currentin 012 Q. ;" = 67.8x————
0.12+0.5
= 546 A (i)
C tin 05 Q, ;" 67.8x 0.12 13-12A
rrent in 0 = 678x———— =13- .
urre > 143 012405 Fig. 3.46

The actual current values of /; (current in first battery), 7, (current in second battery) and /5 (load
current) can be found by algebraically adding the component values.

I, =1,"-1,"=635-546=89 A
I, = L' I, =678 — 5474 =13-06 A
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Iy = L'+ L"=876+1312=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 E, is replaced by 0.05 Q 2.05V
a short so that battery £, is acting alone. It is clear that
resistances of 1Q (= R) and 0.04Q are in parallel across
points 4 and C.
1x0.04
: R, = 1Q0.04Q2=
1+0.04

=0.038 Q

This resistance (i.e., R,.) is in series with 0.05 Q.

Total resistance to battery £, =0.038 +0.05 =0.088C2 ()
Current supplied by battery E| is Fig. 3.47
E, 2.05
= ——=—-—=232A
0.088 0.088

The current /(= 23.2A) is divided between the parallel resistances of 1Q2 (= R) and 0.04€).

Current in 1Q (= R) resistance is

0.04

I, = X 4 =0.892 A from Cto 4

0.05Q B

MWW }

A C
004 215V I
Al MWWy | A A%

E2

10 10
MWWy MVWWY
D D

(if) (iii)

Fig. 3.47
In Fig. 3.47 (iii), battery E, is replaced by a short so that battery E, is acting alone.
Total resistance offered to battery E,
= (1Q1 0.05Q) + 0.04Q2

1x0.05

= +0.04 =0.088Q2
14+0.05
Current supplied by battery E, is
2.15
I = —— =244A
0.088

The current /(= 24.4A) is divided between two parallel resistances of 1Q2 (= R) and 0.05Q2.

Current in 1Q (= R) resistance is
0.05
1+0.05

Current through 12 resistance when both batteries are present

I, = 24.4x

=1.16A from Cto 4

=, +1,=0.892 + 1.16 = 2.052A
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Example 3.24. Using the superposition
principle, find the voltage across 1k resistor in
Fig. 3-48. Assume the sources to be ideal.

1 kQ 15V

Solution. (7)) The voltage across 1k resistor
due to current source acting alone is found by qq mA(T 4 KQ 25/ 3 kQ%
replacing 25-V and 15-V sources by short circuit as
shown in Fig. 3.49 (i). Since 3 kQ resistor is shorted
out, the current in 1 kQ resistor is, by current divider ° °
rule,

4
1 = | — 10 =8 mA
rka (1 +4 ] "
Voltage V; across 1 kQ resistor is
V, = (8mA) (1kQ)="8V"

The + and — symbols indicate the polarity of the voltage due to current source acting alone as
shown in Fig. 3.49 (i).

Fig. 3.48

V1 = 8 V V2 = 5 V
- - Short
s L °
1kQ N
‘ "NShort
10mA (1) 4k 3ka3  Open 4kQ 3k03
8 mAe
Voltage across the 1-k € resistor due to Voltage across the 1-k Q resistor due to
the 10-mA current source acting alone. the 25-V voltage source acting alone.
@ (ii)
Fig. 3.49

(ii) The voltage across the 1 k Q resistor due to 25V 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 kQ and 4 k Q
resistors, the voltage V), across 1 kQ resistor can be found by the voltage divider rule.
Vv,= L s - sy
4+1
Note that 3 kQ resistor has no effect on this computation.

(iii) The voltage V5 across 1 kQ 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 Q resistor.
V=10
(iv) Applying superposition principle, the voltage across the 1kQ resistor due to all the three
sources acting simultaneously [See Fig. 3.49 (iv)] is
Vika=WV + 1 + 03
="8V + 5V + 0V
=73V~
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Note that V; and ¥, have opposite polarities so that the sum (net) voltage is actually
=8-5=3V

V,+V,+V
V,=0V 15V "_3y 15V
3 | + -
— /WA

1kQ I 1kQ —

o [ ]
Ogen 4 ko Short Q/ %3 kQ 10 mA<
<

_/

N
=
O]
N
[6)]
<
w
=
e}

VW

Voltage across the 1-k Q resistor due to Voltage ;CTOSS the 1-k Q resistor due to
the 15-V voltage source acting alone. all sources acting simultaneously.
(i) (iv)
Fig. 3.49
Example 3.25. To what voltage should ?/(3?\/(\2 R

adjustable source E be set in order to produce a
current of 0.3 A in the 400 Q resistor shown in Fig.

3.50? ZE 400 Q (T 0.6A
Solution. We first find the current /; in 400 Q

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 Fig. 3.50
divider rule to Fig. 3.51 (i),

200
I = |=———106=-02A
200 + 400

200 Q 06A 200 Q
ANA- A

lo2A
Short 1 400 Q 06A L D e
ort ® . T) E = 400 Q Opé—:'n

(i) (id)
Fig. 3.51
In order that current in the 400 Q 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 € resistor due
to voltage source alone can be calculated by open-circuiting the current source as shown in Fig 3.51
(if). Referring to Fig. 3.51 (i7) and applying Ohm’s law, we have,

. _E __E
2004400 600
E

or 0.1 = L E=600%x0.1=60V

600
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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.

120a(}) 350 1503 (Y40a  120a(F) 50 150

I1

(i)
Fig. 3.52

Solution. In Fig. 3.52 (i), 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, /, is given by ; 50

I = 120x———
50 +150

=30A

In Fig. 3.52 (iif), 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, 7, is given by ;

150
L = 40x—>"— =30A
50+150
o .
50 150 GD40A

I

(iii)

Fig. 3.52
In Fig. 3.52 (iv), 10V voltage source is acting alone. By Ohm’s law, /5 is given by ;
I = 10 0.05A

> 50+150
Currents /; and /,, being equal and opposite, cancel out so that :

I =15=005A
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 7, and 7, 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 4DCA and
ABCA.

Loop ADCA. Applying KVL, we have,
—20-1,-L)*x0.15+0.1, = 0
or 0.157,+0.251,

Il
:
~
et}
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Loop ABCA. Applying KVL, we have,

—0.1/,+((20-1))*x0.05+0.17, = 0
or 0157,-0.1L = 1 ...(ii)
From equations (7) and (i7), we get, 1, = 40/7A.
A B A 0.1Q B
Qv 0.1Q < - > <2
S 3 P I, <
! I
2 0.05Q
010 0.10 0.05Q 20-1,-1,y0.1Q 010  $20-1
& Ao 0.05Q
05 0.05Q o !
D , c D . c
(@) (i)
Fig. 3.53

Consider now 50 A load acting alone
Let ;" and 7, be the currents through 4B and AC respectively. Then the current distribution will
be as shown in Fig. 3.54 (7).
Loop ABCA. Applying KVL, we have,
-0.15,'+0.1L" =0

or 01574,/'-01Z4" =0 ...(1i7)
Loop ADCA. Applying KVL, we have,

—(50-1,'-15")x0.15+0.1" =0
or 0157,'+025L" =175 .(iv)
From equations (ii7) and (iv), we get, [,' = 150/7A.
Consider now 30A load acting alone
Let the currents circulate as shown in Fig. 3.54 (ii). It is required to find 7,".
Loop ABCA. Applying KVL, we have,

—0.15,"+0.1L" =0

or 0.151,"-0.11" =0 (V)
A 0.10Q B A 0.10Q B
\y > \s >
630 Ir1 (2)0 1”1
0.10Q 0.10Q
50-1I'=1Iy 0.1 Q & ¥005Q 30-1"-T,% 010 " y0.050
o.gs Q (OQY &04 0.050
D C D I(/1+ 1112 C

@ (i)
Fig. 3.54
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Loop ADCA. Applying KVL, we have,
—(30-1,"-1,"yx0.1+0.05(,"+1L,")+0.1,," =0
or 0157,"+025L" =3 ..(vi)

From equations (v) and (vi), we get, 1," = 60/7A.

According to superposition theorem, the total current in AC is equal to the algebraic sum of the

component values.
I =5L+1L'+1L"

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 (i), Fig. 3.56 (i) and

(if)] are required for analysis by superposition theorem.
In Fig. 3.55 (ii), it is shown that only 20 V source is acting.
20x10
20+10
Total circuit current, /', = 20/21.67 =0.923 A
Current in 20 Q, I', = 0.923 x 10/30 =0.307A
Current in 10 Q, I'; = 0.923 x 20/30=0.616 A
In Fig. 3.56 (i), only 40V source is acting in the circuit.
20x15
20+15
Total circuit current, /5" = 40/18.57 =2.15A
Current in 20 Q, I, = 2.15x 15/35=0.92 A
Current in 15 Q, /" = 2.15x20/35=1.23 A
In Fig. 3.56 (ii), only 30 V source is acting in the circuit.

Total resistance across source = 15+

=21.67Q

Total resistance across source = + =18.57Q2

Total resistance across source = 20 + 10 x 15/(10 + 15) =26 Q

Total circuit current, /,"” = 30/26 =1.153 A
Current in 15 Q, 1" = 1.153 x 10/25=0.461 A
Current in 10 Q, ;' = 1.153 x 15/25=0.692 A
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The actual values of currents 7, I, and /; shown in Fig. 3.55 (i) can be found by algebraically
adding the component values.
IN1 IIIIY

< <
< <

Fig. 3.56
0.923 -1.23-0.461 =—0.768 A
—0.307-0.92 + 1.153 =-0.074 A

L=1'-1"-1,"
L=—0L'-L"+1"
L=5L'-5L"+1" = 0.616-2.15+0.692 =—-0.842 A
The negative signs with /}, 1, and /; 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).

40 Q 40 12V 40 Q 40 sSC

—o0 A —A\\V\V\—oo0—o0 A

+ +

Vv Y Vv

15VT 100Q 25A 15vT 100 oc.)C. 1
o B o B

0) (if)
Fig. 3.57

Solution. In Fig. 3.57 (i), 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 V| across open terminals 4 and B is
V|, = Voltage across 102 resistor
By voltage-divider rule, V; is given by ;
10

=3V
40+10
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 V, across open terminals 4 and B is

V, = 15X

V, = Voltage across 10 Q resistor
40

By current-divider rule, current in 10 Q = 2.5X S0 2A

V, = 2x10=20V
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40 O 4Q sC 40 Q 40 12V

O.C.
I +
® OB

(iii) (iv)
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 V5 across open terminals 4 and B is
vV, = —*12V
The minus sign is given because the negative terminal of the battery is connected to point 4 and
positive terminal to point B.

SC

® ? o B

Voltage across open terminals AB when all sources are present is
V="V+V+(V;)=3+20-12=11V
Example 3.30. Using superposition theorem,

find the current in 23 Q resistor in the circuit shown
in Fig. 3.58.

Solution.

4Q
— MWW

: : 47 Q 20 A
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 R;
presented to the voltage source is 47 Q in series
with the parallel combination of 27 Q and (23 + 4) Fig. 3.58
Q. Therefore, the value of R, is given by ;
27%x27
27427
Current supplied by 200 V source is given by ;
I y_ 200 331 A
"7 R, 605
At the node 4, I (= 3.31 A) divides between the parallel resistors of 27 Q and (23 +4) Q.

27 Q 23 Q

VWA
VWA

200V

Ry=47+[27 | (23 +4)] = 47+ =47 +13.5=60.5Q

27
Current through 23 Q, I, = 3.31X =1.65 A downward
27+ 27

A 40 40 B
VWWWA I VWWWA I
I %
47 Q 47 Q
27 Q 23 Q 27 Q 20 A 23 Q
200V
Fig. 3.59 Fig. 3.60

*  The total circuit resistance at terminals AB = 4 + (40||10) = 12Q. The circuit behaves as a 12V battery
having internal resistance of 12Q with terminals 4 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 R, to the left of the current source is

R, = 4+(Q27[47)= 4+ 2TXAT 4+17.15=21.15Q
27447
Atnode B, 20 A divides between two parallel resistors R,, and 23 Q. By current divider rule,
Current in 23Q resistor, I, = 20 XL =20x 2L 9.58 A
R, +23 21.15+23

eq
Note that /, in 23Q resistor is downward.

Total currentin 23 Q =1/, +1,=1.65+9.58 =11.23 A
12V

Example 3.31. Fig. 3.61 shows the circuit with two '_, N\
independent sources and one dependent source. Find AR
the power delivered to the 3 Q resistor.

Solution. While applying superposition theo- v23 30
rem, two points must be noted carefully. First, we

Sio : e

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 = PR or VZ/R). Secondly, when the
circuit also has dependent source, only independent
sources act one at a time while dependent sources Fig. 3.61

remain unchanged. Let us come back to the problem. Suppose v, is the voltage across 3 € resis-
tor when 12 V source is acting alone and v, is the voltage across 3 € resistor when 6 A source is
acting alone. Therefore, v = v, + v,.

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—v,—2i,—i;x1 =0
or 12-3i,-2i,—i, = 0 .. ij=12/6=2A
: v, = 3i=3%x2=6V

2V

i i
AT O ., A= 5
& -

3Q VoS 30

%19 %19 R O
20,V 20, V

0
D D C
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(iy+6) = 2iy— iy x 1 = 0
or 3i,—18-2i,—i, = 0 . i,=—18/6=-3A
v, = 3(i, +6)=3x3=9V



D.C. Network Theorems 145

V= tr,=6+9=15V

2 2
15

Power delivered to 3Q2, P = —‘}3 _{ 3)

Example 3.32. Using superposition principle, find the current through G conductance in the

circuit shown in Fig. 3.64. Given that G,=0.38 ; Gg=04Sand Go=0.1S.

=75W

Ie

IL,=4A (D Gy G Gg Q Ig=8A

Fig. 3.64
Solution.
Current source I, acting alone. We first consider the case when current source /, is acting
alone as shown in Fig. 3.65. Note that current source /5 is replaced by an open.
Total conductance, Gy = G, + G-+ Gz =0.3+0-1+0-4=0-8S
I, 4

Voltage acrossGy, V' = —=—=5V
G, 038

V'Ge=5%x01=05A

Current through G, 1,

I'c
O
IA = 4 A D GA GC GB o V'
Fig. 3.65

Current source I, acting alone. We now consider the case when current source /; acts alone

as shown in Fig. 3.66. Note that current source /, is replaced by an open.
Voltage across G, V" = L = 8 v
G, 038
Current through G, I'y = V'G-=10x0-1=1A
Total current through G, I = I +1-=0-5+1=1-5A

"
IC

Vv o Ga Ge Gg (T)

I,=8A

Fig. 3.66
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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 V,, in the circuit
shown in Fig. 3.67.
-

N
4A

3
™

6 A(D 10 Vv,

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 i; through 2 Q resistor is

1
= 6Xx——— =1A - Vo =1x2=2V
g 1+2+43 o1
i 4A
1 VN
A )
—— MMNWA——

6A (D 1Q 5 Q% Vo 3

10 2Q
i2

+
—$ A
3o 2y
V02

B

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 4, the current 4A finds two parallel paths; one of resistance 3 Q and the other of
resistance = 2 + 1 =3 Q. Therefore, current i, through 2 € resistor is 30

iy = 42=2A .. Vy,=2x2=4V
6 V source acting alone. Finally, we consider the case when 6V
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 Q resistor=2 x 1 =2V.

It is clear from Fig. 3.70 that :
V,=2V+6V =V, . V,=Vy=V;3=—4V
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According to superposition theorem, we have,
Vo = Vo + Vit V3 =2+4-4=2V
Example 3.34. Using superposition theorem, find voltage across 4 resistance in Fig. 3.71 (i).

20 80
AAAAAY * AAAAY

10V=Tr=0 40 20 @T5A
Fig. 3.71 (i)

Solution. In Fig. 3.71 (ii), the SA current source is replaced by an open so that 10V source is
acting alone. Referring to Fig. 3.71 (ii), the total circuit resistance R, offered to 10V source is

4%x10
4+10

Ry = 2Q+[4Q| 2 +8)Q] =2+ =4.857Q

Current / supplied by 10 V source is given by ;
10V 10V
R, 4.857Q2

At point 4 in Fig. 3.71 (i), the current 2.059 A divides into two parallel paths consisting of 4Q
resistance and (8 + 2) = 102 resistance.

I =

=2.059A

By current-divider rule, current /; in 42 due to 10 V alone is

10
I, = 2.059x% =1.471 A in downward direction
4+10

20 A 8Q B
I2
sc 40 2o tsA

(iii)
Fig. 3.71
In Fig. 3.71 (iii), the 10V battery is replaced by a short so that SA current source is acting alone.
At point B in Fig. 3.71 (iii), current SA divides into two parallel paths consisting of 2Q resistance
and 8Q + (2Q|4Q) = 8 + (2 x 4)/(2 + 4) =9.333Q.
By current-divider rule, current in 8C resistance is

Lo = =0.8824 A

S5X—F—
2+9.333

At point A in Fig. 3.71 (iii), current 0.8824A divides into two parallel paths consisting of 2Q
resistance and 4€Q resistance.

By current-divider rule, current /7, in 4Q due to 5A alone is

2
I, = 0.8824 % yvie 0.294 A in downward direction

By superposition theorem, total current in 4 Q
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= [, +1,=1.471+0.294 = 1.765A in downward direction
1.765 x 4 ="17.06V

Note. We can also find 7, in another way. Current in left-hand side 2Q resistance will be 2/, because
2Q || 4Q. By KCL, current in 8Q resistance is

Ly = L+20,=31,

Voltage across 4Q

2x4
Resistance to Iy, flow = 8Q+ (4Q || 2Q)= 8 + T =9.333Q
+

Now 5A divides between two parallel paths of resistances 9.333 Q and 2 Q.

L = =0.8824 A

SX—F——
2+9.333

0.8824
or 3, = 0.8824 . I,=

=0.294 A

( Tutorial Problems)

1. Use the superposition theorem to find the current in R, (= 60 Q) 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 R, (= 1k Q) in the circuit shown in Fig 3.73.
[2 mA from right to left]

R,=60Q 120 Q R, =1kQ
v ’ v ’ IV
24 \—— R, = - A R, = —4
120 O —18V @ em A 32V
Fig. 3.72 Fig. 3.73
3. Use the superposition theorem to find the current through R, (= 10 Q) in the circuit shown in
Fig. 3.74. [4.6 A from left to right]
+12V
R=10Q 25V
—/\N\—{ —
R, =40 kQ
R,=15Q 15V
q
30 kO 2 R,=60kQ
5A
+18V
Fig. 3.74 Fig. 3.75
4. Use superposition principle to find the current through resistance R, (= 40 kQ) in the
circuit shown in Fig. 3.75. [1 mA downward]

5. Use superposition principle to find the voltage across R, (= 1 k Q) in the circuit shown in Fig. 3.76. Be
sure to indicate the polarity of the voltage. [-A1V)+]
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9mA
&
R, =1kQ
——— WA
12 mA 1.5kQ<T 2kQ 3 ®18mA
Fig. 3.76
6. Using superposition principle, find the current through 10 Q resistor in Fig. 3.77. [05A]]
100 Q 200 1k Q 15V
=15V 100 —= 13V 10mA<T> 4kQ 25V %31@
Fig. 3.77 Fig. 3.78
7. Using superposition principle, find the voltage across 4 kQ resistor in Fig. 3.78. [28 V']

8. Referring to Fig. 3.79, the internal resistance R of the current source is 100 Q. The internal resistance Rg
of the voltage source is 10 Q. Use superposition principle to find the power dissipated in 50 Q resistor.

8.26 W]

30 Q 40 Q

vWWA VWWWA —
S S . : :
I ) ! : Rs |
| | I |
I | | I
: 4 ! : = '
: 1A<D R ! 50 O L =10V
| : L e e | —— 4
| p |
! I
ol _____ 1

Fig. 3.79

w

(o]
w
<

9. Find v using superposition principle if
R =2Q in Fig. 3.80. [8V] —\/\/\/\/‘—@—
10. State whether true or false.

(i) Superposition theorem is applicable

to multiple source circuits. 6Q
- ) ) —VVW
(i) Superposition theorem is restricted to v

linear circuits.  [(i) True (i7) True]
6 A (

D R 20 CT 8A
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11. Find i using superposition theorem in Fig. 3.81. [-6 A]

%

6 Q 120

sa(D)

Fig. 3.81

3.10. Thevenin's Theorem

Fig. 3.82 (i) shows a network enclosed in a box with two terminals 4 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 4 and B can be replaced
by a single source of e.m.f. V', (called Thevenin voltage) in series with a single resistance Ry,
(called Thevenin resistance) as shown in Fig. 3.82 (ii). The values of V', and Ry, are determined as
mentioned in Thevenin’s theorem. Once Thevenin s equivalent circuit is obtained [See Fig. 3.82 (if)],
then current / through any load resistance R; connected across AB is given by ;

— VTH
R, +R
™ - rThevenin Equivalent circuit
s RS e
Complex R :
Network L =V, R,
— o
. | g
(@) (if)
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. Vy, in series with a single resistance Ry,

(1) The e.m.f. Vyy, 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.

(i) The resistance Ry, 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. V', in series with a single resistance
Ry, as shown in Fig. 3.84 (ii).
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R, R, A

(@) (i)
Fig. 3.83

(i) Finding V.. The e m.f. V', is the voltage across terminals 4B with load (i.e. R;) removed
as shown in Fig. 3.83 (if). With R; disconnected, there is no current in R, and V7, is the voltage

appearing across Rs. Vv
: Vg, = Volt R, = XR
Th oltage across R; R+R, 3
I:{1 RZ A
RTh
R, «—
& oB < B
(i) (i1)
Fig. 3.84

(ii) Finding Ry, To find Ry, remove the load R; and replace the battery by a short-circuit
because its internal resistance is assumed zero. Then resistance between terminals 4 and B is
equal to Ry, as shown in Fig. 3.84 (7). Obviously, at the terminals 4B in Fig. 3.84 (i), R, and R,
are in parallel and this parallel combination is in series with R,.

RR
R — R 1773
2R +R,
When load R; is connected between terminals 4 and B [See Fig. 3.84 (ii)], then current in R; is
given by ; _ 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.
(i) Find the open-circuit voltage between the two open terminals. It is called Thevenin voltage V7.
(#ii) 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 Ry,

(iv) Connect V;;, and Ry, in series to produce Thevenin equivalent circuit between the two
terminals under consideration.

(v) Place the load resistor removed in step (7) 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 Q resistor in Fig. 3:85 (i).

40 A 50 40 A 50
— 45V 60 3V — 45V VlTh D 3V
B B
; ii
@ 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 (7).

Vi, = Voltage across terminals 4B with load (i.e. 6 Q resistor) removed as shown in Fig. 3-85 (ii).
= *4-5-0.167x4=3-83V

Ry, = Resistance at terminals AB with load (i.e. 6 Q resistor) removed and battery replaced by a
short as shown in Fig. 3-86 (7).

4x5
= =222Q
4+5
/T* 220,
T
B
@ Fig. 3.86 @)

Thevenin’s equivalent circuit at terminals 4B is Vy;, (= 3-83 V) in series with Ry, (= 222 Q).
When load (i.e. 6 Q resistor) is connected between terminals 4 and B, the circuit becomes as shown

in Fig. 3-86 (ii).
g 386 (i) v, 3.83

Current in 6 Q resistor = R, +6 = 29016 = (0.466A

Example 3.36. Using Thevenin's theorem, find p.d. across terminals AB in Fig. 3-87 (i).
50 C 40 50 C 40 A

A
= 6V
—o9v 100 ig\D Vi
T 60 l
s B
B B D
(@) (i)
Fig. 3.87

*  Net e.m.f. in the circuit shown in Fig. 3-85 (i7) is 45 — 3 = 1-5 V and total circuit resistance is 9 Q.
.~ Circuit current = 1-5/9 = 0-167 A
The voltage across 4B is equal to 4:5 V less drop in 4 Q resistor.
: Vip = 45 —-0167 x 4 =383V
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Solution. We shall find Thevenin’s equivalent circuit at terminals 4B in Fig. 3.87 (7).
V5, = Voltage across terminals AB with load (i.e. 10 € resistor) removed as shown in Fig. 3.87 (ii).
= Voltage across terminals CD
= 9 —drop in 5 Q resistor
=9*¥-_5x027=765V
R, = Resistance at terminals 4B with load (i.e. 10 Q resistor) removed and batteries replaced
by a short as shown in Fig. 3.88 (7).
= 4+ % =6.72Q

Thevenin’s equivalent circuit to the left of terminals 4B is Vy, (= 7-:65 V) in series with
Ry, (=672 Q). When load (i.e. 10 Q resistor) is connected between terminals 4 and B, the circuit
becomes as shown in Fig. 3.88 (ii).

50 C 40 Ry, =6.72 Q

60Q Rrn ——V, =765V 100

!

. <4— B
D °B j
(i @
i
Fig. 3.88
V. 7.65
Current in 10 Q resistor = T — =0457A

R, +10 6.72+10
P.D. across 10 Q resistor = 0457 x 10 =457V

Example 3.37. Using Thevenin's theorem, find the current through resistance R connected
between points a and b in Fig. 3.89 (i).

120V

45V = RZ10Q 150
100 5Q

Fig. 3.89
Solution. (f) Finding V. Thevenin voltage V', is the voltage across terminals ab with
*  The net em.f. in the loop of circuit shown in Fig. 3-87 (if) is 9 — 6 = 3V and total resistance is 5 + 6 = 11 Q.
Circuit current = 3/11 = 0-27 A
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resistance R (= 10Q) removed as shown in Fig. 3.89 (ii). It can be found by Maxwell’s mesh current

method.
120V
|

a
. I
D]
45V T Vo, 150
100 IL-I, 50 Vi,
q b »
0
20V 50
L AW —
(id) E
Fig. 3.89
Mesh 1. 45— 120151, = 5(I, = ,)— 10(/, = 1,) =0
or 301, — 151, = -75 (i)
Mesh 2. —10(,— 1)~ 5, —I,) 5L, +20=0
or — 151, + 201, = 20 ...(id)

From eqgs. (i) and (if), [,=-32A ; L=-14A
Now, V,—45-10(,-1) =V,
or V.=V, =45+10(,—1))=45+10[-1.4 - (-3.2)] =63V
Vin = Vay = Vo= V=63V
(i) Finding Rqy. Thevenin resistance Ry, is the resistance at terminals ab with resistance

R (= 10Q) 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).

Ry, = Resistance at terminals ab in Fig 3.89 (iv).

14
= 10| [5Q+ (15Q || 5] = 10Q || (5Q+3.75Q) = 0

150
————— AWWWWW—————
150
a 100 b 50
100 50

a +—AWWWA——AMAM—¢
b 50

50
MWW

(iii) (iv)
Fig. 3.89

Y 63
- Current in R (= 10Q2) = h __ —
R, +R (14/3)+10

Th

Example 3.38. 4 Wheatstone bridge ABCD has the following details : AB = 10 Q, BC = 30 Q,
CD = 15 Q and DA = 20 Q. A battery of e.m.f. 2 V and negligible resistance is connected between
A and C with A positive. A galvanometer of 40 Q resistance is connected between B and D. Using

Thevenin's theorem, determine the magnitude and direction of current in the galvanometer.

=4.295A
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B

©) (i)
Fig. 3.90
Solution. We shall find Thevenin’s equivalent circuit at terminals BD in Fig. 3.90 (7).
(/) Finding V. To find V;, at terminals BD, remove the load (i.e. 40 Q galvanometer) as

shown in Fig. 3.90 (if). The voltage between terminals B and D is equal to V.

2
Current in branch ABC = —— =0.05A
10+ 30
P.D. between 4 and B, V,;; = 10x0.05=0.5V
2
Current in branch ADC = =0.0571A
20+15

P.D. between 4 and D, V,;;, = 0.0571 x20=1.142V
P.D.between Band D, Vyy, = V,p— V5 =1.142-0.5=0.642V

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 Ry, In order to find Ry, remove the load (i.e. 40 Q galvanometer) and replace
the battery by a short (as its internal resistance is assumed zero) as shown in Fig. 3.91 (7). Then

resistance measured between terminals B and D is equal to Ry,

B

10Q 30 Q
A Short C e
— V;,=0.642V 40 Q
20 Q 150
hl D
D
(i) (if)

Fig. 3.91

*  The potential at point D is 1-142 V lower than at 4. Also potential of point B is 0-5 V lower than 4. Hence
point B is at higher potential than point D.
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Ry, = Resistance at terminals BD in Fig. 3.91 (7).
10x30 = 20x15

= + =7.5+8.57=16.07Q
10+30 20+15

Thevenin’s equivalent circuit at terminals BD is Vy, (= 0.642 V) in series with Ry, (= 16:07 Q).
When galvanometer is connected between B and D, the circuit becomes as shown in Fig. 3.91 (ii).
Ve _ 0.642
R, +40 16.07+40

Galvanometer current =

11.5x 10> 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.

Xc 4 AVAVAV‘V
20 kQ 6 kQ G 5mA
yo . ANV
10 kQ
Fig. 3.92

(i) Finding Ry,. To find Thevenin equivalent resistance Rp,, we open-circuit the current
source as shown in Fig. 3.93 (7). Note that 4 kQ, 6 kQ and 10 kQ resistors are then in series
and have a total resistance of 20 kQ. Thus Ry, is the parallel combination of that 20 kQ
resistance and the other 20k resistor as shown in Fig. 3-93 (i7).

4 kQ

Xo X ©
R+ o
5 20 kQ 6 kQ o Open Ry, 20 kQ 20 kQ

—»
ye 10 kQ v
. (i)
O]
Fig. 3.93
20x 20

=10kQ

Ry, = 20kQ 20 kQ =
20+ 20

(it) Finding V. Fig. 3.94 (i) shows the computation of Thevenin equivalent voltage V';,. Note
that V;, is the voltage drop across the 20 kQ resistor. The current from the 5 mA source
divides between 6 kQ resistor and the series string of 10 kQ + 20 kQ + 4 kQ = 34 kQ.
Thus, by the current divider-rule, the current in 20 kQ resistor is

6
Lo kQ =
20 [34+6

]x 5 =0.75mA
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X 4k Ry, = 10 kQ
X

Vi 20 kQ 6 kQ l 1
- 0.75 mA 5mA Vy, =15 V-

+ o @ W\ L 4 o
y 10 kQ y

(@ (i)
Fig. 3.94
Voltage across 20 kQ resistor is given by ;
Vi, = (0.75mA) (20kQ) =15V

Notice that terminal y is positive with respect to terminal x. Fig. 3.94 (ii) shows the Thevenin
equivalent circuit. The polarity of V7, is such that terminal y is positive with respect to terminal x,
as required.

|
o

>

>

Example 3.40. Calculate the power which would be dissipated in a 50 Q resistor connected
across xy in the network shown in Fig. 3.95.

100V ©

Fig. 3.95

Solution. We shall find Thevenin equivalent circuit to the left of terminals xy. With xy terminals
open, the current in 10 Q resistor is given by ;

100 B
20410420
Open circuit voltage across xy is given by ;

Vi = 1x10=2x10=20V

*] =

2A

Fig. 3.96
In order to find Ry, replace the battery by a short since its internal resistance is assumed to be
zero [See Fig. 3.96].

Ry, = Resistance looking into the terminals xy in Fig. 3.96.
= 20+ [(20+20) || 10] + 20
* It is clear that (20 + 10 + 20) Q is in parallel with 40 Q resistor across 100 V source.
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*40x10
= 20+——+20 =20+8+20=48Q
40+10
Therefore, Thevenin’s equivalent circuit behind I R =48 Q
terminals xy is Vy;, (= 20V) in series with Ry, (= 48 Q). —>—VWWWA—0X
When load R; (= 50 Q) is connected across xy, the circuit
becomes as shown in Fig. 3.97.
Current /in 50 Q resistor is - V=20V % R, =50Q
_ Ve 20 20
R, +R, 48+50 98 : by

Power dissipated in 50 Q resistor is Fig. 3.97

) 20Y
P= PR = |50 | x50=208W

Example 3.41. Calculate the current in the 50 Q resistor in the network shown in Fig. 3.98.

100 © 1 300 200 200
MW AW AW ——MM—
|
|
1 i J
-— 1
80V: 10003 | 80 O 60 Q %509
T |
|
|
|
- = =
|
X
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.

*  Note that 40 Q resistor is shorted and may be considered as removed in the circuit shown in Fig. 3.96.

*k X X
100 Q I 100 Q I

W ——p— W ——p———
l l
I I
i | 1
—_— 1 |

80 V; 100 Q : Vo, 100 Q : <+«—R,,

l l
I I
I I
I I

L4 T hd T o
I I
X X

(a) ()
V. C tin 100 Q x 100 Q 80 x100 = 40v
= Current in x = ——— =
o e 100 +100
Ry, = Resistance looking into the open terminals in Fig. (b)
100x100
= 100 || 100 = =

100 +100
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X y
50 Q o 30Q 1 200 200
i i
| |
| |
| |
1 ! 1
—-— 1 !
40V ! ! 60 Q %509
] : :
| |
| |
| |
T hd T L 4
| |
X y
Fig. 3.99
80
Vi, = ———x100 =40V
100 +100
100 <100
Ry, = 100100 = ———— =50Q
100 +100

Therefore, we can replace the circuit to the left of xx in Fig. 3.98 by its Thevenin’s equivalent
circuit viz. ¥V, (= 40V) in series with Ry, (= 50 ). 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.

40
Vi = ————— x80=20V
50 +30+80
80x 80
R'y, = (50+30) 80 = =40 0Q
m = ( )|l 20 £ 80

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.

z
40 Q Y 200 1 200
—VWW———AMWWA—e— MM
l l
I I
. | |
bl | |
20V 1 ! 6003 ! % 50 Q
l l
| |
| |
| |
T hd T
1 |
y z
Fig. 3.100
Using the same procedure to the left of zz, we have,
20
V' = —————x60 =10V
40+ 20+ 60
60 60
R"; = (40 +20) || 60 = =30Q
m = (40+20)  60= 2

The original circuit then reduces to that shown in Fig. 3.101.
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1 30 ¢ 20
PV WW———AMW—
|
|
L l
T 1oV l % 50 O
T |
|
|
z
Fig. 3.101
By Ohm’s law, current I in 50 €2 resistor is
10
I = ——=0.1A
30+20+50

Example 3.42. Calculate the current in the 10 Q resistor in the network shown in Fig. 3-102.
X y

5V5 = 10V

5Q
VWWWWA

X y
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 (= Vp,) in series with a resistor of *1-2 Q (= Ry;,). Similarly, to the right of yy, the Thevenin’s
equivalent circuit is a voltage source of 2V ( = V) in series with a resistor of **1-6 Q (= Ry,). The
original circuit then reduces to that shown in Fig. 3.103.

[ 120 100 160Q
——A\WWWA WWW VWWWA
3V—=— - 2V
50
VWWA
Fig. 3.103
.. Current through 10 Q resistor is given by ;
[ = _Netvoltage _ 322 =562 x10° A= 562 mA
Total resistance 1.2 +10+1.6+5

2x3
* Ry = 2)3= =120

2x8
Ry = 2]8= — =1.6Q

2+8
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Example 3.43. Calculate the values of Vy;, and Ry, between terminals A and B in Fig. 3.104 (i).

All resistances are in ohms. D

Py oA
6
+ 4 G
a8v() E B
12 8

oC

F

@)

Fig. 3.104

Solution. (i) Finding V ;. Between points £ and F' [See Fig. 3.104 (i)], 12Q || (4 + 8)Q.
Rpr=12Q | (4 +8)Q=12Q 120 =6Q
By voltage-divider rule, we have, 6
Vpp = 48X—— =24V ; Vpp= 48X—— =24V
PE 6+6 EE 6+6

Now Vi (=24V) is divided between 4Q and 8Q resistances in series.
4
Viee = 24X—— =8V
kG 4+8

In going from 4 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 4. Therefore, by KVL,

Vesa=Voe—Veg = 0 or Vg, =Vpp+ Vig=24+8=32V

o Vi = Vs =32V ; A positive w.rt B.

(i) Finding Ryy,. Ry, 1s the resistance between open terminals 4B with voltage source replaced
by a short as shown in Fig. 3.104 (ii). Shorting voltage source brings points 4, D and F together.
Now combined resistance of parallel combination of 6Q and 12Q = 6Q || 12Q = 4Q and the circuit
reduces to the one shown in Fig. 3.104 (iii).

4 4
E E B
%6 12 8 %4 8
0 L oC
A, D F C A, D, F
(ii) (iii)
Fig. 3.104
i Ry, = R,z in Fig. 3.104 (iii) = 8Q || (4 + 4)Q2 = 4Q
Example 3.44. The circuit shown in Fig. 3.105 R E
consists of a current source I = 10 A paralleled by G ¢ VWWWWA 1 II—O A

= 0-1S and a voltage source E = 200 V with a 10 Q
series resistance. Find Thevenin equivalent circuit I (T)
to the left of terminals AB.

Solution. With terminals 4 and B open-
circuited, the current source will send a current ® o B
through conductance G as shown in Fig. 3.106. Fig. 3.105
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I 10
Voltage across G, V; = 5=a =100V

Thevenin voltage, V;;, =

= E+V5=200+100=300V

Open-circuited voltage at terminals 4B in Fig. 3.106.

R E R
——s—MWW—[I—o A A
10A
o
1=10a (1) G lve Vs . G
& o B & o B
Fig. 3.106 Fig. 3.107
In order to find Thevenin resistance R 7, replace the voltage source 200
by a short and current source by an open. The circuit then becomes as VWWW oA
shown in Fig. 3.107.
Ry, = Resistance looking into terminals 4B = 300V
in Fig. 3.107.
- R+L 10+ —10+10=200 °B
G 0.1 Fig. 3.108

Therefore, Thevenin equivalent circuit consists of 300V voltage source in series with a
resistance of 20 Q as shown in Fig. 3.108.

Example 3.45. Using Thevenin s theorem, find the voltage across 3Q resistor in Fig. 3.109 (i).

60 60
MWW ——VWWWW\——
15A 15A
— & — &
10 20 A 10 20 A
— AN/ —AMN— "—‘VVV\/—"—‘VVVV—"—OT
+ +
2ov(‘) GPwA 30 2ov(‘> GP15A iTh
(i) B (id) B
Fig. 3.109

Solution. (i) Finding V ;. Thevenin voltage V, is the voltage at the open-circuited load
terminals AB (i.e., when 3Q) 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 :
= *20V

Next, open one 15A current source and replace 20V source by a short so that the second 15A

V;iBI

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)Q || 6Q with terminals 4B open.
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-10
60 6o 273 A
AWV MM <
15A
(2
Y NN
10 20 L 10 20
— VWW—e— WA —e——0A I \WW—— AMAN<4——o0A
N 35
I1=TA

(Rzov
oB o B
(@)

(iii)

Fig. 3.109
Referring to Fig. 3.109 (iv), we have,
V,—I, x2+1,x1 =7,
4~ 4 2 B 35 10
V,=Vy =1, x2-Lx1= ?XZ—?xl =20V
Vipp = V4= V=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).

Vi—Lx2+1,x1 =V,

Now,
5 40
Vy=Vy =Lx2-I,x1= §x2—?x1 =10V
Vigs = Va=Vp=—10V
By superposition theorem, the open-circuited voltage at terminals AB (i.e., V) with all sources
present is
Vi = Vagi T Vapa + Vagy =20+ 20 - 10 = 30V
5
60 e
—————VWWWA—————— 60
MWWV
: %y 20 ’—’\/1\;\2/\/—'—'\/2\/(\2/\/—0—@
> VWA ANWWN—¢——0A
40 A L=5 A «—R,
3 3 3
A15A GD 15A g
oB '
) (vi)
Fig. 3.109

(@) Finding Rp,. Thevenin resistance Ry is the resistance at terminals 4B when 3Q is
removed and current sources replaced by open and voltage source replaced by short as

shown in Fig. 3.109 (vi).
Ry = (10+20) || 6Q=20

. Vi 30
Currentin 3Q,/ = ———— = —— =6A
R, +3 243

Voltage across 3Q = [ x3=6 x3 =18V
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Example 3.46. Using Thevenin’s theorem, determine the current in 1 Q resistor across AB of the
network shown in Fig. 3.110 (i). All resistances are in ohms.

A 2 x 3 A 2 (x-vy)

® Q3

B B
(ii) (iii)
Fig. 3.110

Solution. The circuit shown in Fig. 3.110 (i) can be redrawn as shown in Fig. 3.110 (i7). If we
convert the current source into equivalent voltage source, the circuit becomes as shown in Fig. 3.110
(#77). In order to find V', remove 1 Q resistor from the terminals 4B. Then voltage at terminals 4B
is equal to Vp;, (See Fig. 3.111 (7). Applying KVL to the first loop in Fig. 3.111 (i), we have,

3-3+2)x-1=0 x=04A
Vi = Vip=3-3x=3-3x04=18V

In order to find Ry, 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 (i7). Then resistance at

terminals AB is equal to Ry,
Clearly, Ry =23=

=12Q
2+3

Thevenin’s equivalent circuit is 18 V voltage source in series with 1-2 Q resistor. When
1 Q resistor is connected across the terminals AB of the Thevenin’s equivalent circuit, the circuit
becomes as shown in Fig. 3.111 (iii).

x 3 A 2 (x-y) A 2

B
(i1)
Fig. 3.111
. Vi 1.8
Currentinl Q = ————= =082 A
R, +1 12+1

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 120-112
I 40
Therefore, V;, = No-load voltage = 120 V and R;;;, =R =02 Q.

Hence Thevenin equivalent circuit of the generator is 120 V source in series with 0-2 Q) resistor.

E=V+IR or R= 0.2Q
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Example 3.48. Calculate Vy;, and Ry, between the open terminals A and B of the circuit shown
in Fig. 3.112 (i). All resistance values are in ohms.

° o A C o o o A
12 6 6
%12 %6 4 A
+
48V 8A 8A
® o B . B
. g D 4A
() (if) (iii)

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 (if). The two 12 Q resistors are in parallel and can be replaced by
6 Q resistor. The circuit then reduces to the one shown in Fig. 3.112 (iii). It is clear that 4 A current
flows through 6 Q resistor.
: Vi, = Voltage across terminals 4B in Fig. 3.112 (iii)
Voltage across 6 Q resistor=4 x 6 =24V
Note that terminal 4 is negative w.r.t. B. Therefore, V7, =—24 V.
Ry, = Resistance between terminals 4B in Fig. 3.112 (i) with 48V
source replaced by a short and 8 A source replaced by an open
=12]12=6Q
Example 3.49. Find the voltage across R; in Fig. 3.113 when (i) R, = 1 kQ (ii)) R; = 2 kQ
(iii) R; = 9 kQ. Use Thevenin's 1.5 kQ
theorem to solve the problem. — MW °

A

Solution. It is required to
find the voltage across R; when
R; has three different values. We :
shall find Thevenin’s equivalent = 45V 12 mA 3kQ %RL
circuit to the left of the terminals
AB. The solution involves two
steps.

The first step is to find the - - B
open-circuited voltage Vg, at Fig. 3.113
terminals 4B. For this purpose, we shall use the superposition principle. With the current source
removed (opened), we find voltage V| due to the 45 V source acting alone as shown in Fig. 3.114 (7).
Since ¥ is the voltage across the 3 kQ resistor, we have by voltage-divider rule :

3kQ

V, = 45x——"— =30V"
1 1.5kQ +3kQ B
1.5 kQ A 1.5 kQ A
WMA—e ’ o + VWWWW—e * ° —
1 V,=12V
— 45V Open 3 kQ V1 =30V ShOW’ 12 mA u 3sz
| . o_ s o o +
B B
0 (i

Fig. 3.114
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The voltage V, due to the current source acting alone is found by shorting 45 V voltage source
as shown in Fig. 3.114 (if). By current-divider rule,
« 1.5kQ

1.5kQ +3kQ
V, =4mAx3kQ=12V,
Note that V; and ¥, have opposite polarities.
Thevenin’s voltage, Vyy, = V, -V, =30-12=18V "

The second step is to find Thevenin’s resistance Ry, 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, Ry, is equal to parallel equivalent resistance of 1-5 k€ and

Current in 3 kQ resistor = =4 mA

3 kQ resistors.
: Ry = 15kQ || 3kQ=1kQ

Fig. 3.116 shows Thevenin’s equivalent circuit.

Volt R, V 18 R,
oltage across R, = - L
¢ bt 1kQ + R,
1.5kQ Ry = 1kQ
VWWWA—s - o A WA o A
Short Open 3 kQ 'RTh Vi, =18V =+ % R
& ° o B °5
Fig. 3.115 Fig. 3.116
1kQ
When R, =1kQ; V, = 18X————= =9V
) When & L 1kQ + 1kQ
2kQ
ji) When R, =2kQ; 7V, = 18X——— =12V
¢ When &, Pt 1kQ +2kQ
9kQ
jif) WhenR, =9kQ; 7V, = 18X———— =162V
(D) When R, C ot 1kQ +9KkQ
Example 3.50. Find Thevenin s equivalent circuit to the left of terminals AB in Fig. 3.117.
6V
_ Q _ 2Q A
N .

2a(1) 60 30 R,

[se]®)

Fig. 3.117
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Solution. To find V', remove R; from terminals 4B. The circuit then becomes as shown in Fig.
3.118 (i).
Vi, = Voltage across terminals AB in Fig. 3.118 (i)

Voltage across 3 Q resistor in Fig. 3.118 (7)

Th
D \/ + ©
2 A() «—
) Vo, 6Q 30 =

- o < & o B

|

Fig. 3.118 @
Note that voltage at point C is V', and voltage at point D is V', — 6. Therefore, nodal equation

becomes :
6 VTh
p T =2 or V=6V

In order to find Ry, remove R; 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).

Th

Ry, = Resistance looking into terminals 4B in Fig. 3.118 (if).

3%x6
=2+(3]]6)=2+—=4Q
3+6

Therefore, Thevenin equivalent circuit to the left of terminals I

AB is a voltage source of 6 V (= V') in series with a resistor of

4 Q (=Ryy,). When load R, is connected across the output terminals 6V (9 R

of Thevenin equivalent circuit, the circuit becomes as shown in T t

Fig. 3.119. We can use Ohm’s law to find current in the load R;.

v 6 o
Ry +R, 4+R, Fig. 3.119

CurrentinR;, [ =

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.

vVWA—ote o A N
<+
Viewpoint AB
B <4

4_ Viewpoint AC

Viewpoint BC
e oC J

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
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from between points 4 and C, we obtain a completely different result than if we view it from between
points 4 and B or from between points B and C.

({) Viewpoint AC. When the circuit is viewed from between points 4 and C,

Vi = Voltage between open-circuited points 4 and C in Fig. 3.121 (7).
= Voltage across (R, + R5) in Fig. 3.121 (i)

R, R, R
AA— T A AMAN—s ° A ° A
R R
+ 2 Q 2 +
Vs _._._ Van 4_ R _.-._ Vi,
R, l Rs
® C ® o C o C
@ (i) (i)
Fig. 3.121
R, +R
= LX(Rz"'Rz) S L T
R +R, + R, R +R, +R,

In order to find Ry, replace the voltage source by a short. Then resistance looking into the
open-circuited terminals 4 and C [See Fig. 3.121 (i7)] is equal to Ry,

R +R, +R,

The resulting Thevenin equivalent circuit is shown in Fig. 3.121 (iii).

Ry, = Ry (Ry+Ry) =

(#/) Viewpoint BC. When the circuit is viewed from between points B and C,

Vi, = Voltage between open-circuited points B and C in Fig.3.122 (7).

Voltage across R

/S G S
R +R,+R, R +R, + R,

o B

o C

(i) (iii)
Fig. 3.122
In order to find Ry, replace the voltage source by a short. Then resistance looking into the
open-circuited terminals B and C [See Fig. 3.122 (i7)] is equal to Ry,
R (R +R)
R +R, +R,

The resulting Thevenin equivalent circuit is shown in Fig. 3.122 (iii).

Ry = (Rt Ry [ Ry =
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Example 3.52. Calculate (i) Vy;, and (ii) Ry, between the open terminals A and B in the circuit

shown in Fig. 3.123 (i). All resistance values are in ohms.

3A 10V oc sc

(i)

Fig. 3.123

Solution. Since terminals 4 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 Q resistance = 2A x 10 Q =20 V. Similarly, 3A current will produce a voltage drop
across 8 Q resistance = 3A x 8Q = 24V. Tracing the circuit from 4 to B via points C and D [See Fig.
3.123 (i)], we have,

V,—24-20+20 = ¥y

or V,—Vy = 24+20-20=24V

Vg = Vyg=V,— Vg =24V

In order to find Ry, 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 Ry,

Ry, = Resistance at terminals 4B in Fig. 3.123 (ii)
= 8Q + 10Q + 2Q =20Q
Example 3.53. Find the current in the 25 Q resistor in Fig. 3.124 (i) when E =3 V.

30 90 Q 30 90 Q

18V — 18V =

60 450 60 45 Q

0) (if)
Fig. 3.124
Solution. Finding V., Remove the voltage

source £ and the 25 Q resistor, leaving the terminals 300 900
x —y open-circuited as shown in Fig. 3.124 (ii). The
circuit shown in Fig. 3.124 (i) can be redrawn as {8V =

¥ % +
shown in Fig. 3.125. The voltage between terminals [:y]

xy in Fig. 3.125 is equal to V. We can use voltage- 12V60 O

divider rule to find voltage drops across 60 Q and _l

45 Q resistors.
Fig. 3.125
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Voltage across 60 Q = 18x 60 _ 12V
60 +30
Voltage across 45 Q = 18 ><i =6V
90 +45
Applying KVL around the loop shown in Fig. 3.125, we have,
12-V,-6 =10 V=6V

But V., = Vp,. Therefore, Vp,=6V.

Finding Ryy,. In order to find Ry, replace the voltage source by a short. Then resistance at
open-circuited terminals xy (See Fig. 3.126) is equal to Ry, Note that in Fig. 3.126, 30  and 60 Q
resistors are in parallel and so are 90 Q and 45 Q resistors.

30 90 Q
Short Parallel Parallel
60 Q 45 Q
Fig. 3.126

The circuit shown in Fig. 3.126 can be redrawn as shown in Fig. 3.127 (7). This further reduces
to the circuit shown in Fig. 3.127 (ii)

=20+30=50Q
\* *| o
(i)
Fig. 3.127
Therefore, the Thevenin equivalent circuit is a voltage Ry =50 Q
source of 6 V in series with 50 Q resistor. When we reconnect VWA —_

E and 25 Q resistor, the circuit becomes as shown in Fig. 3.128. Vo, = I 250
Note that V;;, and E are in series opposition. 6V T E
Vy —E 6-3
Currentin25Q, ] = —= = o T

R, +25 50+25 y
Fig. 3.128

= 40 x10° 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 V', and
Thevenin resistance R, at terminals AC.
(i) With AC removed, the voltage between 4 and C will be equal to V7, as shown in Fig. 3.129
(if). Assuming that current / flows in AB, then current distribution in the network will be
as shown in Fig. 3.129 (ii).
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Voltage drop along ADC = Voltage drop across ABC
or 0-05 (100 -1)+ 0-05 (80—1) = 0.17+0-1(/-30)
or 037=12 .. [=12/03=40A
P.D. between 4 and C, V;;, = Voltage drop from 4 to C
= 0-05 (100 —40) +0-05 (80-40)=5V

100 A 100 A
0.05Q 20 100 -1 20
A A >
D 0.05Q D
010
010 0.050 Iy 010 0.05Q ¢ gg_|
50 A 010 50 A
30A /5 010 G 30A /5 0 G
0] (i)
Fig. 3.129

(i) With AC removed, the resistance between terminals 4 and C is equal to Ry, Referring
to Fig. 3.129 (i), there are two parallel paths viz ADC (= 0-05 + 0-05 = 0-1 Q) and
ABC (=0-1+0-1 =02 Q) between terminals 4 and C.

0.2x0.1

R, = ———— =0067 Q
T 02+0.1
100 A
20
70 —1
A > D
Ry, =0.067Q
WAVMA
30
Iy v 50-1
= Vg, =5V 010
> 50 A
30A/B 1-30 C
. C .
(@) (if)
Fig. 3.130

The Thevenin equivalent circuit at terminals AC will be V;, (= 5 V) in series with Ry,
(= 0067 Q). When feeder AC (= 0-1 Q) is connected between A4 and C, the circuit becomes as
shown in Fig. 3.130 (7).

. | 5
Current in AC = =

= =30A
R, +0.1 0.067+0.1
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To find currents in other branches, refer to Fig. 3.130 (if). 100 A 20 A
With current in AC calculated (i.e. 30A) and current in AB 40 A
assumed to be 7, the current distribution will be as shown in A " D
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.

30 A

0-05 (70 — ) + 0-05 (50 — 1) = 0-1 I+ 0-1 (I - 30) 30AYy v 20 A
or 037 =9 o
- I =9/03=30A
The current distribution in the various branches will be as 30 Ax” B ' C

shown in Fig. 3.131. Note that branch BC of the circuit carries Fig. 3.131

no current.

Example 3.55. Using Thevenin’s theorem, calculate current in 1000Q resistor connected
between terminals A and B in Fig. 3.132 (i).

A
100 Q 85Q
C, D < RTh
1000 Q 3 38800
| R,
(@)
Fig. 3.132

Solution. (7)) Finding V ;. Thevenin voltage V' is the voltage across open circuited terminals
AB in Fig. 3.132 (i). Refer to Fig. 3.132 (7).

By voltage-divider rule, we have,

880
Vep = SX—————— =2.340426V
1000 + 880
5-0.05
Current in branch CAD is [ = —— =0.026757A
100 + 85

Now, V,—0.05—-0.026757 x 85 =V,
Vip = V4= Vp=0.05+0.026757 x 85=2.324324 V
Clearly, point B is at higher potential than point 4.
Vi = Vg =2.340426 —2.324324 =0.0161V
(7)) Finding Ry, Thevenin resistance Ry, is the resistance at open circuited terminals AB with
5V battery replaced by a short as shown in Fig. 3.132 (ii).
(1002 || 85Q2) + (1000Q2 || 880L2)
100 x 85 N 1000 x 880
100+85 1000 + 880

Current in 10002 connected between terminals 4 and B

v, 0161
= n 0016 =10.634 x 10° A
R, +1000 514 +1000

RTh

=514Q

10.634 pA from B to A
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Example 3.56. Calculate the values of Vr, and Ry, between the open terminals A and B of the
circuit shown in Fig. 3.133 (i). All resistance values are in ohms.

+24V
[ A
0
5,
6 G
L
4 =
2 B
Wv i 0
@ Fig. 3.133 (i)

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 (if). Referring to Fig. 3.133 (ii),

Total resistance offered to 24V battery
= 3Q+(6Q2] 6Q2) =3Q+3Q =6Q
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).

- ¢ . 4
4A R A
i, 33 33 36
$3 on L 24V i s¢ J Rm
cé—> c c 34
36 144 36
v2A _S G j G
AVAVAVA8 \-{:)4 o AAAA :; B AA2AA :B>
E 2 D B E \AAS D E VVVV D
(iif) (v) )
Fig. 3.133

Referring to Fig. 3.133 (iif) and tracing the circuit from point 4 to point B via points C and D,
we have,

Vi=3x4-2x6+4x2 =TV, . V,=Vp=3x4+2x6-4x2=16V
Viw = Vap=Vy= V=16V
In order to find Ry, we replace the 24V source by a short and the circuit becomes as shown in
Flg 3.133 (iv). This circuit further reduces to the one shown in Fig. 3.133 (v).
Ry, = =[(3Q2 ]| 6€2) +2Q] || 4Q2 = [2Q + 2Q2] || 42 =2Q

Example 3.57. Using Thevenin theorem, find current in 1 Q resistor in the circuit shown in
Fig. 3.134 (i).

S A S A
) )
20 30 20 30
C » D
aA 4A
+ + AO +
4VTL 10 3A 4V (f 3A
BT—
- E F

(i) (i)
Fig. 3.134
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Solution. In order to find V7, remove the load as shown in Fig. 3.134 (ii). Then voltage
between the open-circuited terminals 4 and B is equal to V. Itis clear from Fig. 3.134 (ii) that 4 A
(=3+1)flows from D to C. Applying KVL to the loop ECABFE, we have,

442%x4-V,p =0 Vig=Vmp =12V
Ry, = Resistance looking into terminals 4B in Fig. 3.134 (iii) =2 Q
20 30 I 20
C D ——VVWW——oA
A £
+— Ry, 12V= % 10
BI
O O oB
(iii) (iv)
Fig. 3.134

When load (i.e. 1 Q resistor) is reconnected, circuit becomes as shown in Fig. 3.134 (iv).

12
Currentinl Q = —— =4A
2+1

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 vy, and Ry;,) in such cases is as under :

2,V
30 a
* I Y — VWV o
Vi
10A 40 6Q
" g & O
b
Fig. 3.135
(7)) The open-circuit voltage v, (= v;,) at terminals ab is determined as usual with sources

present.

(i) We cannot find R, 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 i, at terminals ab.

(iii) Therefore, Thevenin resistance *Ry;, = v, /i, (= vp/iy.). It is the same procedure as adopted
for Norton’s theorem.

Note. In case the circuit contains dependent sources only, the procedure of finding v,

(=vp,) and Ry, is as
under :

oc
(a) In this case, v,. = 0 and i, = 0 because no independent source is present.

(b) We cannot use the relation Ry, = v, /i, as we do in case the circuit contains both independent and
dependent sources.

*  Alternatively, we can find Ry, in another way. We excite the circuit at terminals ab from external 1A current

source and measure v,,. Then Ry, = v, /1Q.
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(¢) In order to find Ry, we excite the circuit at terminals ab by connecting 1A source to the terminals a

and b and calculate the value v,,. Then Ry, = v,,/1€Q.

Example 3.58. Find the values of vy;, and Ry, at 2i, V
terminals ab for the circuit shown in Fig. 3.136 (i). _ 7\ _ 3Q a
Solution. We first put a short circuit across ¢i1
terminals @ and b and find short-circuit current 7, at 10A 10 60
terminals ab as shown in Fig. 3.136 (ii). Applying
KCL at node C,
10 :i|+i2+isc i (i) - 8
or ip =10—1i, — i, .
Applying KVL to loops 1 and 2, we have, Fig. 3.136
—4i, +6i;,-2i;, = 0 ... Loop 1
or -4(10—-i;—i ) +4i; = 0 (D)
Also —6i,+3i, =0 ...(if) ... Loop 2
From eqs. (i) and (if), i;, = SA.
2,V 2,V
cC N . ,\3,\% a a
o Vi -
®10a 3o ® 60 @ [b ADmA Vec (0PEN)
(if) b (i) b
Fig. 3.136
In order to find v,,. (= v;;,), we refer to Fig. 3.136 (iii) where we have,
v, = 6i ...(iif)
Applying KVL to the central loop in Fig. 3.136 (iii),
—-410—-i)+6i,-2i;, = 0 ..(iv)
From egs. (iii) and (iv), we have, v,. = vy, =30V
Also Ry = j = ? ~6Q

Example 3.59. Find Thevenin equivalent circuit for the network shown in Fig. 3.137 (i) which
contains only a dependent source.

(i) (iii)
Fig. 3.137
Solution. In order to find Ry;,, we connect 1A current source to terminals a and b as shown in
Fig. 3.137 (ii). Then by finding the value of v, we can determine the value of R, = v,,/1Q. It may
be seen that potential at point 4 is the same as that at a.

o v,, = Voltage across 12Q resistor
Applying KCL to point 4, we have,
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2i-v, i1 = Var
6 12
V
or 4i—-3v, = -12 or 4(%)—3\/0&] =2 v,=45V

o Ry, = 4.5/1=4.5Q
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 i, is zero because there is no return path for i,. The Thevenin voltage v,
will be the voltage across 25Q resistor.

With i, =0, vy, =v=v,,=(-20i) (25) = -500i
5-3v 5-3v, ( )
= V=Y
2 x1000 2000 Th

5-3
Vo = —SOO(J) or vp=-5V

The current i is, i =

2000

In order to find Thevenin resistance Ry;,, we find the short-circuit current i, at terminals ab.
Then,

a 1000 g
—\WWA—s

250 sv(3)

(i)
Fig. 3.139
To find i ., we short circuit the terminals ab as shown in Fig. 3.139 (7). It is clear that all the
current from the dependent current source will pass through the short circuit (.- 25Q resistor is
shunted by the short circuit).

i, = —20i
5
Now, i= —— =2.5mAso thati, =—20 X 2.5 =—50 mA
2000
R. = A 100 Q
i =50x107

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 Q resistor in the circuit shown in Fig. 3.140. [0.481 A]

40 Q 60 Q
Ly 30 Ly
=120V 200 $100 2v
T 20
2Q
Fig. 3.140 Fig. 3.141
2. Using Thevenin’s theorem, find current in the ammeter shown in Fig. 3.141. [1A]
3. Using Thevenin’s theorem, find p.d. across branch AB of the network shown in Fig. 3.142. [4.16 V]
29 A 4Q o A
%69 %69
— 10V 20 20 1Q — 6V 10Q
W —Tﬁv
. s . L
Fig. 3.142 Fig. 3.143

4. Determine Thevenin’s equivalent circuit to the left of 4B in Fig. 3.143.
[A 6 V source in series with 3 Q]
5. A Wheatstone bridge ABCD is arranged as follows : 4B = 100 Q, BC = 99 Q, CD = 1000 Q and

DA =1000 Q. A battery of e.m.f. 10 V and negligible resistance is connected between 4 and C with 4
positive. A galvanometer of resistance 100 Q is connected between B and D. Using Thevenin’s theorem,

determine the galvanometer current. [38.6 nA]
6. Find the Thevenin equivalent circuit of the circuitry, excluding R,, connected to the terminals x — y in
Fig. 3.144. [10 V in series with 9Q ; x positive w.r.t. y|
100V 500 X R,=400Q
%409 100 R, 0.5A f) 30 Q 36V
. . ANV————
y 20Q
Fig. 3.144 Fig. 3.145
7. Find the voltage across R, in Fig. 3.145 by constructing Thevenin equivalent circuit at the R, terminals.
Be sure to indicate the polarity of the voltage. [-(9.33V) +]
8. By using Thevenin Theorem, find current / in the circuit shown in Fig. 3.146. [2-5A]

E,=50V 20Q

2Q a _1y
6 Q J
§39 4 A %49
>
12V
b
& *® O

Fig. 3.146 Fig. 3.147
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9. Find Thevenin equivalent circuit in Fig. 3.147. [V =130 Vs Ry, =22 Q]
10. Find the Thevenin equivalent circuit of the circuitry, excluding R, connected to terminals x — y in
Fig. 3.148. [V, =231V; Ry, =69 kQ]
22 kQ x
47 kQ
300 A (4 R,
T 9V
Fig. 3.148
11. Using Thevenin’s theorem, find the magnitude and direction of current in 2Q resistor in the circuit shown
in Fig. 3.149. [0.25A from D to B]
6Q 5

D
Fig. 3.149 Fig. 3.150
12. Using Thevenin’s theorem, find the current flowing and power dissipated in the 7Q 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 = 1Q. [V =76/7V; Ry, = 32/7Q 5 76/39A]
10 B R=10
—VWWV
1Q 20
t 10V b 2V
Fig. 3.151 3.152

14. Find the Thevenin equivalent circuit of the network shown in Fig. 3.152. All resistances are in ohms.
[ve, = 4V; Ry, =8Q)
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. v =12V 5 Ry, = 8Q 5 v =4V]
a
b A _ o
a
2 vap
v +
1
At 4 ng % 6 5
20
b
— )| 3
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.
[V = OV; Ry, = 2/5Q)]
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3.13. Advantages of Thevenin's Theorem

The Thevenin equivalent circuit is always an equivalent voltage source (V) in series with an
equivalent resistance (Ry;,) 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.

(?) It reduces a complex circuit to a simple circuit viz. a single source of e.m.f. V', in series

with a single resistance Ry,

(ii) It greatly simplifies the portion of the circuit of lesser interest and enables us to view the

action of the output part directly.
(#ii) 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 I in parallel with a resistance Ry as shown in Fig. 3.155 (ii). The resistance Ry is the same
as Thevenin resistance Ry,. The value of I 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 R; connected
across AB can be readily obtained.

A : .
o' - . : oM
' 0 |

Complex R ' :
Network L PN Ry R,

O] (ii)
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 I in parallel with a resistance Ry

(i) The output Iy of the current source is equal to the current that would flow through AB
when A and B are short-circuited.

(ii) The resistance Ry 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 R, (which is the same as Ry;,) 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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Hlustration. Fig. 3.156 illustrates the application of Norton’s theorem. As far as the circuit
behind terminals 4B is concerned [See Fig. 3.156 ()], it can be replaced by a current source /; in
parallel with a resistance R, as shown in Fig. 3.156 (iv). The output /,, of the current generator is
equal to the current that would flow through 4B when terminals 4 and B are short-circuited as shown
in Fig. 3.156 (ii). The load on the source when terminals 4B are short-circuited is given by ;

R,R, RR,+RR,+RR,
R,+R, R, +R,
Vo V(R, +R,)

R RR,+RR,+RR,
Short-circuit current, /, = Current in R, in Fig. 3.156 (if)

R, VR,
R,+R, RR,+RR, +RR,

R = R+

Source current, I

1'%

To find Ry, remove the load R; and replace battery by a short because its internal resistance is
assumed zero [See Fig. 3.156 (iii)].
R, R A

A
R
R, : (T Iy iy %R'—
* O ® —0 <+—
B :
(iii) (iv)
Fig. 3.156
R, = Resistance at terminals 4B in Fig. 3.156 (iii).
RR
- R+ 1%
R +R,

Thus the values of 7, and R, are known. The Norton equivalent circuit will be as shown in Fig.
3.156 (iv).
3.15. Procedure for Finding Norton Equivalent Circuit

(7)) Open the two terminals (i.e. remove any load) between which we want to find Norton
equivalent circuit.

(i) Put a short-circuit across the terminals under consideration. Find the short-circuit current
flowing in the short circuit. It is called Norton current /.
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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 Ry. It is easy to see that Ry, = Ry,

(iv) Connect I and R, 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, I, = V5 /Ry, and Ry, = Ry, Here Vi, and Ry, are Thevenin voltage and
Thevenin resistance respectively.

Solution. Fig. 3.157 (i) shows a network enclosed in a box with two terminals 4 and B brought
out. Thevenin’s equivalent circuit of this network will be as shown in Fig. 3.157 (i7). To find Norton’s
equivalent circuit, we are to find /,, and R),. Referring to Fig. 3.157 (ii),

I, = Current flowing through short-circuited AB in Fig. 3.157 (i)
= Vi/Rp,
Resistance at terminals 4B in Fig. 3.157 (ii)
= Ry,

Fig. 3.157 (iii) shows Norton’s equivalent circuit. Hence we arrive at the following two important

conclusions :

Ry

(?) To convert Thevenin’s equivalent circuit into Norton’s equivalent circuit,
Iy=Vp/Ry 5 Ry=Ry,

R
Th A A

A

——o0
Network =V,

o——-0 T

B

L———o0
(i) Giy B (iii)
Fig. 3.157

(#f) To convert Norton’s equivalent circuit into Thevenin’s equivalent circuit,
Viw = INRy 5 Ry, = Ry
Example 3.62. Find the Norton equivalent circuit at terminals x — y in Fig. 3.158.

Solution. We shall first find the Thevenin 200 100
equivalent circuit and then convert it to an equivalent
current source. This will then be Norton equivalent

circuit. X
R . . . — 30V — 18V
Finding Thevenin equivalent circuit. To find Iy

Vo refer to Fig. 3.159 (7). Since 30 V and 18 V sources
are in opposition, the circuit current / is given by ;
30-18 12
——=—=04A i

20+10 30 Fig. 3.158

Applying Kirchhoff’s voltage law to loop ABCDA, we have,
30-20x04—-Vy =0 o0 Vp=30—-8=22V
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B 200 C 10 O 20 Q 10Q

+ X
30V D V., 18V Short] Ry, { short
o)

]

(1) (i)
Fig. 3.159

To find Ry, we short both voltage sources as shown in Fig. 3.159 (ii). Notice that 10 Q and
20 Q resistors are then in parallel.

10x20
10+ 20

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.

Ry = 10Q[20Q=

=6.67Q

= Dno 2530 [See Fig. 3.160 (if)]
= —_——=—7""—" =0O. .. 124
TR, 667 &

Ry =Ry, = 6.67Q

6.67 Q X Iy 6.67Q X

X
——— WW—o . o
22V— 22V ,=33A(%) Ry=6.67 Q

-

0
y y e y

() (ii) (iii)
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, Ry is found exactly the same
way as Ry,

Example 3.63. Using Norton's theorem, calculate the current in the 5 Q resistor in the circuit
shown in Fig. 3.161. 20 60

Solution. Short the branch that * VWWA *
contains 5 Q resistor in Fig. 3.161. The
circuit then becomes as shown in Fig.

3.162 (i). Referring to Fig. 3.162 (i), the ° A(D 8Q
6 Q and 4 Q resistors are in series and
this series combination is in parallel with
the short. Therefore, these resistors have Fig. 3.161

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§ Q and 2 Q.

Norton current, [, = Current in 2 Q resistor

8
= ]10x—— =8 A ... Current-divider rule
8+2
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2Q 6Q 2Q 6Q

10A D 8Q Y, 4@ 8Q 40

0) i)
Fig. 3.162

In order to find Norton resistance Ry (= Ry;,), open circuit the branch containing the 5 Q 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, Ry, = Resistance at terminals AB in Fig. 3.162 (ii).
10x10
=2+8)||(4+6)=10]10= =5Q
@+8)[1(4+6)=1010= 7=

Therefore, Norton equivalent circuit consists of a current source of 8 A (= /) in parallel with
a resistance of 5 Q (= Ry) as shown in Fig. 3.163 (7). When the branch containing 5 € resistor is
connected across the output terminals of Norton’s equivalent circuit, the circuit becomes as shown
in Fig. 3.163 (if).

. o A > 4 #I A

8A<D %SQ 8A<D 50 %59
& o B * B
@) (i)

Fig. 3.163

By current-divider rule, the current / in 5 Q resistor is
5
I = 8Xx—— =4A
545

Example 3.64. Find Norton equivalent circuit for Fig. 3.164 (i). Also solve for load current and
load voltage.

(i)

Fig. 3.164

Solution. Short the branch that contains R; (= 10 Q) 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 (/). 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 Q resistors in series.
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12
Norton current, [y = To+10 0-6A

(it)

Fig. 3.165

In order to find Norton resistance Ry, (= Ry;,), open circuit the branch containing R; 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 (7).

Norton resistance, *R,, = Resistance at terminals 4B in Fig. 3.165 (i)

20x10
20+10

Therefore, Norton equivalent circuit consists of a current source of 0-6 A (= 1) in parallel
with a resistance of 6:67 Q (=R,). When the branch containing R; (= 10 ) is connected across the
output terminals of Norton equivalent circuit, the circuit becomes as shown in Fig. 3.165 (ii).

= (10+10) ]| 10=

=667 Q

By current-divider rule, the current / in R; is
6.67

] = 06X—————— =024 A
6.67+10

Voltage across R; = IR; =024 x10=24V

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 (7).
This situation is more complicated than finding the Thevenin voltage. Here is an easy way to find
Iy, 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 /.

*  The resistor 10 Q that is in parallel with short is ineffective and may be considered as removed from the
circuit of Fig. 3.165 (7). Therefore, two 10 Q resistors are in series and this series combination is in parallel
with 10 Q resistor.
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1
1 ! c
> L I,
10Q 30 Q
D
L 10V—
=10V
- 13 14
20 Q 40 Q
E
Tl
(@) (it)

Fig. 3.167

Fig. 3.167 (ii) shows the equivalent circuit of Fig. 3.167 (i). The total circuit resistance R to

10 V source is
10x30 20x40

R, = + =75+13-33=20-833 Q
T 10+30 20+40
L. 10
Total circuit current, / = —— =048 A
20.83

Referring to Fig. 3.167 (ii), we have,
IXRp=048x75=36V
Vop = I X Rpp=048%x13:33=64V

V., 3.6 Ve 3.6

I = —"2=""=036A; L=-2="=012A
10 10 30 30
Ve 64 Ve 64

L= 2=""c032A; ,=-2%=""=016A
20 20 40 40

Referring to Fig. 3.167 (i), it is now clear that /;(= 0-36 A) is greater than /3(= 0-32 A). Therefore,
current /; will flow from 4 to B and its value is

Iy =1,-,=036-032=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 Q. The internal resistances of the batteries 0120 0.08 Q
are 0-12 Q and 0-08 Q. Calculate the current in the % 050
load and the current supplied by each battery.

Solution. Fig. 3.168 shows the conditions of |5y, 12V
the problem. If a short circuit is placed across the T I
load, the circuit becomes as shown in Fig. 3.169 (7). -
The total short circuit current is given by ; Fig. 3.168

12 12

R + R
0.12 0.08

Iy =

100+ 150=250 A
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* L 4 ]
0.12Q 0.08 Q
T I 0.12Q 0.08Q <«— Ry
(@)

VW

12V 12V
|

@ o
(i)
Fig. 3.169
In order to find Norton resistance Ry(= Ry;,), 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, Ry, = Resistance looking into the open-circuited load terminals
in Fig. 3.169 (i)
0.12x0.08
= 012]]008= ———————=0-048 Q
0.12+0.08

Therefore, Norton equivalent circuit consists of a current source of 250 A (= /) in parallel
with a resistance of 0-048 Q (= Ry). When load (= 0-5 I
Q) 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 / in load (= 0-5
Q) is given by ;

250 A D 0.048 O % 050Q
0.048
I = 250x———— =21-9A
0.048 +0.5

Battery terminal voltage = [/ R; =21-9 X 05
Fig. 3.170
= 1095V

12-10.95
0.12

. 12-10.95
Current in second battery = 008 =131A

=88A

Current in first battery

Example 3.67. Represent the network
shown in Fig. 3.171 between the terminals
A and B by one source of current I, and
internal resistance Ry. Hence calculate
the current that would flow in a 6 Q
resistor connected across AB. % 10 40 % 40

Solution.  Place  short circuit
across AB in Fig. 3.171. Then the 6V
circuit becomes as shown in Fig. I
3.172 (i). Note that 2 € resistor is
shorted and may be considered as removed
from the circuit. The total resistance R, presented to the 6 V source is a parallel
combination of (3 + 1) Q and 4 Q in series with 4 Q. Therefore, the value of R, is given
by ;

3Q 2Q

Fig. 3.171

R, = [G+D)4]+4=24 04 5i4-60
T 4+4
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Current supplied by 6 V source, /=6/6=1A
Atnode D, 1 A current divides between two parallel resistors of (3 + 1) Q and 4 Q.

4
Norton current, [, = lxm =05A

A In B A B
3Q D 3Q
20 20
§1Q 40 %49 %19 40 %49
GVI
() (if)
Fig. 3.172

Now Norton resistance Ry (= Ry;,) is the resistance between open-circuited terminals 4B with
voltage source replaced by a short as shown in Fig. 3.172 (if). Referring to Fig. 3.172 (ii), 3+ 1) Q
resistance is in parallel with 4 Q, giving equivalent resistance of 2 Q. Now (2 + 4) Q resistance is

in parallel with 2 Q. :
: 2+4))2=6]2 A

6x2 12
6+2 8 o0
0.5 A D 150 6Q

Therefore, Norton equivalent circuit is a current
source of 0-5 A in parallel with resistance of 1-5 Q. When
a 6 Q resistor is connected across 4B, the circuit becomes as * B
shown in Fig. 3.173. By current-divider rule, current in 6 €,
L5 :0.5><E =01A
1.5+6 7.5
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 Q resistor connected between these points?

[
! (

| 30V 200
- T 10Q 40Q

| ¥
= — A
40\x < /o0v

Ry

Fig. 3.173
I = 05x%

Fig. 3.174
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Solution. Place a short circuit across ON in Fig. 3.174. Then total short circuit current in ON is
40 30 20

Iy 10+20+40 4+15+05=6A
In order to find R, (= Ry;,), replace the voltage sources by short. Then Iy=6A
Ry is equal to the resistance looking into open circuited terminals ON. It @
is easy to see that the resistors 10 €, 20 Q and 40 Q are in parallel across
ON.
1 _1, 1, 1. 7 IEEERAALASAL A |
R, 10 20 40 40 Ry=5.710
40 o °
or Ry = Kl =571Q N )
Fig. 3.175

Therefore, the original circuit reduces to that shown in Fig. 3.175.
Open-circuited voltage across ON =1y Ry =6 x 571 =34:26 V
When 50 Q resistor is connected between points O and N,

5.71
Current in 50 Q connected between ON = 6 X ———— =0:62 A
5.71+ 50

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 I; = 10 A and I, = 15 A. The conductances are G; = 0-2 §,
G, =0-3 S and G; is variable.

’ ’ ’ A

® 3 A A 19

Fig. 3.176

L
vy)

Solution. First, disconnect branch G; and short circuit the terminals 4B as shown in Fig. 3.177
(7). Since the short circuit has infinite conductance, the total current of 25 A (= 1, + 1,) supplied by
the two sources would pass through the short-circuited terminals i.e.

Norton current, [y = I} +,=10+15=25A
A

4
o
>

I <f> G, I, G, \ AN §G1 G,

o

(@) (i)
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, Gy, = Conductance at terminals AB in Fig. 3.177 (ii).



D.C. Network Theorems 189

=G, +G,=02+03=05S oA
Therefore, Norton equivalent circuit consists of a 25 A current

source in parallel with a conductance of 0-5 S. When conductance 25 A D 05S 2a,
G, is connected across terminals 4B, the circuit becomes as shown

in Fig. 3-178. Although Norton equivalent circuit is not the same as °B
LS . Fig. 3.178
its original circuit, it acts the same in terms of output voltage and current. £
Example 3.70. The circuit shown in Fig. 3.179 ° \/\}3/\/\ I A
consists of a current source I = 10 A paralleled by G =
0-1 S and a voltage source E = 200 V with 10 Q series . G) G
resistance. Find Norton equivalent circuit to the left of
terminals AB.
® o B
Solution. We are to find Norton current and Fig. 3.179

Norton resistance. In order to find Norton current /,, short-circuit the terminals 4B as shown in
Fig. 3.180 (7). Then current that flows in 4B is [,. It is easy to see that current which flows in
conductance G is */; =5 A (upward).

Norton current, [y = [+1;=10+5=15A

I C R E R
[1—¢ A —AWA o A

Ig

10 G Iy : G +«— Gy

(@) (i0)
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).

Ry = Resistance looking into terminals
AB in Fig. 3.180 (ii).

1 1 15A
= R+—==10+—=10+10=20Q
G 0.1
1 1 .
Norton conductance, Gy = —=— =0-058S Fig. 3.181
R, 20

Therefore, Norton equivalent circuit consists of a 15 A current source paralleled with 0-05 S
conductance Gy as shown in Fig. 3-181.

*  Applying KVL to loop CABDC, we have,

IG
~U+ 1) R+200— = = 0
IG

or —(10+1,) 10 +200 — =% =0

1
or — 100 — 10l; +200 — 10 I, = 0
: I, = 10020 =5 A
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Example 3.71. Draw Norton's equivalent circuit at terminals AB and determine the current
flowing through 12Q) resistor for the network shown in Fig. 3.182 (i).

— Ay A — A A
20A[ﬂ 8Q 40 §129 ZOA[ﬂ 8Q 40 I“l
I 40V 40V I
R G 5

Fig. 3.182

Solution. In order to find Norton current /,, short circuit terminals 4 and B after removing the
load (= 12Q). The circuit then becomes as shown in Fig. 3.182 (ii). The current flowing in the short
circuit is the Norton current /. It can be found by using superposition theorem.

(/) 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, /y; = *Current in 5C2 resistor

8 160,

8+5 13

(i{) 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

(if). It is clear that :

4
Norton current, I, = 7 10A

= 20x%

Therefore, when both voltage and current sources are present in the circuit, we have,

160 290
Norton current, Iy = Iy, + [y, = —+10=—+A

13 13

50 50

— VWW—re A — VWW—e A
[ﬂ 200 380 40 llm o 8 40 Iz
40V
: B : l B
@) (i)
Fig. 3.183

In order to find Ry, open circuit 12Q resistor and replace current source by open circuit and
voltage source by short circuit. Then circuit becomes as shown in Fig. 3.184 (7).
R, = Resistance at terminals AB in Fig. 3.184 (i)
4x13 52 0
4+13 17

=4 (5+8)=4]|13=

*  No current flows in 4Q resistor because it is short circuited at terminals 4 and B. Therefore, 20A divides
between 8Q and 5Q connected in parallel.
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50 A
» ANVN—o oA
I, =4.53A
N he 290 52
c%c 80 <—RN 3 A -0 120
sc
* * oB *
(i) (ii) B
Fig. 3.184

Thus Norton equivalent circuit at terminals AB is a current source of current 290/13 A in
parallel with 52/17Q resistance. When load resistor of 12Q is connected across Norton’s equivalent
circuit, the circuit becomes as shown in Fig. 3.184 (ii).

R 2 2/1
—r :—90><—5 /17 =4.53A
R,+R, 13 52/17+12

Example 3.72. Determine the values of I and R in the circuit shown in Fig. 3.185.

:2i

Load current, I; = I X

4Q X
> A —4—AMM—
100
i
Y
@ @ O
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
I, (=1=1,), we apply KVL to loops | and 2 in Fig. 3.186 (7).

:2i . :2i

i+1 i+1 40
> —VWWA— > \W— X
100 100
1A 8Q 1A 80 30 Voo = Vi
- O ® l
i i 1—i
_ _ _ oY
@) (if)
Fig. 3.186
Loopl. -10G+1)-3(1-i-/1,)+8i=0
or i+3, =13 (D)
Loop2. -4/, +3(1-i—-[,)=0
or 3i+7[, =3 ...(iM)

From eqs. (i) and (ii), we have, /. = 18A.
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In order to find the open-circuited voltage V. (= V) at terminals X and Y, refer to Fig 3.186
(if). The various branch currents are shown. Applying KVL to loop 1 in Fig. 3.186 (i), we have,

10+ 1)-3(1-i)+8 =0 or i=13A

V.. = Voltage across 3Q resistor
=3(1-i)=3(1-13)=-36V
. . V. 36
Thevenin resistance, R(= Ry) = T = I =20

sc

Current / = [,=-18A

Note the polarity of current source / (= I).

Example 3.73. With the help of Norton's theorem, find V, in the circuit shown in Fig. 3.187 (i).
All resistances are in ohms.

Fig. 3.187

Solution. In order to find V,
terminals 1 — 1" and to the right of terminals 2 — 2" in Fig. 3.187 (7). To the left of terminals 1 — 1,
V,.=15x1=15Vand Ry=1+1=2Q so that ;= 15/2 = 7.5A as shown in Fig. 3.187 (ii). To the
right of terminals 2 —2', V. =10 V and R, = Ry = 4Q so that /,, = 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).

it is profitable to find Norton equivalent circuit to the left of

1 Vo 2 Vo
9 7Y < +
7.5A 2 4 4 2.5A 10A 1
1 2
i = i L
(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 = 2Q || 4Q || 4Q = 1Q. Therefore, the
circuit of Fig. 3.187 (iv) reduces to the circuit shown in Fig. 3.187 (v).

V, = 10Ax 1Q=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).
A
Fig. 3.188

Solution. Method 1. We shall find current in 4Q resistor by mesh current method. Mark
three mesh currents i, i, and i; in the three loops as shown in Fig. 3.188 (ii). The describing circuit
equations are :

6V
I+
Mk

6V
s .
I

%)%D 'Z:D .

(i)

i; = 5A due to the current source of SA

V,— Vg = 6V due to voltage source of 6V
iy—i, = 2A due to current source of 2A
Vi= @ —0)2 ; Vy=isx4
Now, —-6-4i;-2(,—1) =0 ... Applying KVL
or —6-42+i)-2@{-5) =0
or —6i, = 4
iy = —%=—§A andiy=i, +2= —§+2=§A
Current in 4Q resistor = i = gA

Method 2. We now find current in 4Q resistor by Thevenin’s theorem. Remove 4Q resistor
(i.e. load) and the circuit becomes as shown in Fig. 3.188 (iii).

Current in 2Q 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 4, we have,
Vyt6-7Tx2 =1V,
or Vy—=Vy=7%x2-6=8V
. Vi = Vyy=Vy—Vy=8V
In order to find Ry, short circuit the voltage source and open-circuit the current sources in
Fig. 3.188 (iif). Then circuit becomes as shown in Fig. 3.188 (iv). The resistance at the open-circuited
terminals XY in Fig. 3.188 (iv) is Ry,
: Ry, = 2Q

Current in 4Q resistor

A 8V B X A sC. B X
L 2 I' L 2 O L 2 L 2 -0
5A 20 2A TVTh o:c. 20 0.C. «—R;,
7A I I

<0
<0

(iii) (iv)
Fig. 3.188
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Method 3. Finally, we find current in 4Q resistor by Norton’s theorem. To find 7, short-
circuit 4Q resistor in Fig. 3.188 (7). The circuit then becomes as shown in Fig. 3.188 (v). The current
distribution in the various branches will be as shown.

A, o 8 !
Ay 2A + - aA
5A 20 2A A\ AN 4A 20 §4 Q
) (i)
Fig. 3.188

It is clear from Fig. 3.188 (v) that :

Iy = 2+2=4A

Ry = Rp,=2Q ...as calculated above

When 4Q resistor is connected to Norton equivalent circuit, it becomes as shown in
Fig. 3.188 (vi).
Current in 4Q resistor is given by (current-divider rule) ;
] = 4% 2 = § = i A
2+4 6 3

Example 3.75. Using Norton's theorem, find current through 1Q resistor in Fig. 3.189 (i). All
resistances are in ohms,

3
j AWA j A
24\
%1
12V 12
T - [
F D B
0)
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) = 6 resistance is converted into equivalent current
source of 12V/6Q) = 2A in parallel with 62 resistance.

(b) 6V source in series with 6Q resistance is converted into equivalent current source of 6V/6Q)
= 1A in parallel with 6Q resistance.

(¢) 24V source in series with 12Q resistance is converted into equivalent current source of
24V/12Q = 2A in parallel with 12Q resistance.

After the above source conversions, the circuit of Fig. 3.189 (i) becomes the circuit shown
in Fig. 3.189 (if).
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E 3 C R A
2A 6 1A 6 2A 12 g 1
F D i B
(i)
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 3Q) resistance is between £ and
C. Therefore, combining the two current sources to the left of £F, we have a single current
source of 2 + 1 =3A and a single resistance of 6Q2 || 6Q = 3Q in parallel with it. As a result,
Fig. 3.189 (i) reduces to the circuit shown in Fig. 3.189 (iif).

E 2 c . A
3A 3 2A 12 %1
F D i B
(iif)
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 :

3
Iy = 3X——= =15A; Ry=3Q+3Q=6Q
3+3

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).

3 C C A R 1
o>
3A 3 15A S6 (M2a 31231 35 34 3
D D B R
(i) ) (vi)
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 6Q || 12Q = 4Q 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)],

4
Current in 1Q resistor, I = 3.5 Xm =28A

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 iy and R)) in such cases is as under :

2i, V
3Q a
- MW °
Vi
10A 240 260
O
b
Fig. 3.190
(7)) The open-circuited voltage v, (= vy;,) at terminals ab is determined as usual with sources

present.

(if) We cannot find Ry (= Ry;,) 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 i, (= 7)) at terminals ab.

(#ii) Norton resistance, Ry = v, /i, (= vy/iy.).
Note. In case the circuit contains dependent sources only, the procedure for finding v,. (= v;,) and
Ry(= Ry;,) is as under :
(a) In this case, v,. = 0 and iy, = 0 because no independent source is present.
(b) We cannot use the relation Ry = v, /i, as we do in case the circuit contains both independent and
dependent sources.
(¢) In order to find Ry, we excite the circuit at terminals ab by connecting 1A source to the terminals @
and b and calculate the value of v,,. Then Ry (= Ry;,) = v,,/1Q.

Example 3.76. Find the values of iy and 2i, V
Ry at terminals ab for the circuit shown in 3 2,3{ 3
Fig. 3.191 (i). ¢i1
Solution. We first put a short pircgit across 4 o §4Q §69
terminals a and b to find short-circuit current
i, (= iy) at terminals ab as shown in Fig. 3.191 (ii). .
Applying KCL at node ¢, we have, (i) b
10 =iy +i i Fig. 3.191
or i = 10—i; —1ig,
Applying KVL to loops 1 and 2, we have,
—4i, +6i,-2i; =0 ... Loop 1
or —4010—i,—i ) +4i;, =0 .(0)
Also —6i,+3i, =0 ...(if) ... Loop 2
From egs. (i) and (i), i, = iy = SA.
c 2i, V }\)’/\% a 2i, V }\3/\(/2\’ 2
e AT

0A Z40@® 60 @ |Vis 10A 340 $6Q  Voc(open)

(ii) (iii)
Fig. 3.191
In order to find v,, (= vy;,), we refer to Fig. 3.191 (iii) where we have,

Vo = 6i) ...(iii)
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Applying KVL to the central loop in Fig. 3.191 (iii),

-4(10—i)+6i,-2i; =0 (V)
From egs. (iii) and (iv), we have, v, = vy, = 30V.
30
Also Ry(=Ry) = ~= = < =60
i

sc

( Tutorial Problems)

1. Using Norton’s theorem, find the current in 8 Q resistor of the network shown in Fig. 3.192. [1.55 A]
4Q 50 A 40 A 50

— 40V 6Q 8Q =45V 6Q — 3V
. B B
Fig. 3.192 Fig. 3.193
2. Using Norton’s theorem, find the current in the branch 4B containing 6 Q 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,
Iy ="Vy/Ry, and Ry = Ry,
4. Find the voltage between points 4 and B in the network shown in Fig. 3.194 using Norton’s theorem.

[2:56 V]
50 X0 I
7 7 — A 25V
IR ——®
I I I
100 : = 3V: = 3V :
I I I
I I I
= | 8Q, 9Q ,
—_ 45V 1 | 1
T 4[| :
—e t & : » B &
I I I
Fig. 3.194 Fig. 3.195
5. The ammeter labelled A in Fig. 3.195 reads 35 mA. Is the 2-2 kQ 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. Uy=15A; Ry=4Q]
6V 50 6V
e ) MO il
U ¢ 1 T
1000 Q 1000 Q
2A (T) 6 Q 3Q R L
* L o—
b

Fig. 3.196 Fig. 3.197
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7. What is the current in the 100 Q resistor in Fig. 3.197 if the 990 Q resistor is changed to 1010 Q ? Use

Norton theorem to obtain the result. [13:45 pA]
8. Determine the Norton equivalent circuit and the load current in R; in Fig. 3.198. The various circuit
values are :

E'"=64V ; R =230Q; R,=450Q;
260Q ; R,=550Q ; Rs=440Q ; R, =360 Q
250 250Q

Ry =

R. 100V
d b
Fig. 3.198 Fig. 3.199
9. In Fig. 3.199, replace the network to the left of terminals ab with its Norton equivalent.
2R S0R + 625
Uy= - oA s Ry= ——>—Q
R+125 R+25

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.

"/Thevenin Equivalent circuit
I A

A

R,

1
| :
1 1
1 1
L 1
Circuit R, =V !
: :
I 1
| 1
| 1

0 (it)
Fig. 3.200

Fig. 3.200 (i) shows a circuit supplying power to a load R;. The circuit enclosed in the box
can be replaced by Thevenin’s equivalent circuit consisting of Thevenin voltage V' = V7, in series
with Thevenin resistance R,(=Ry;,) as shown in Fig. 3.200 (7). Clearly, resistance R, is the resistance
measured between terminals 4B with R, 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 R, is made equal to R, the Thevenin resistance at terminals AB.

3.18. Proof of Maximum Power Transfer Theorem

Consider a voltage source V of internal resistance R; delivering power to a load R;. We shall
prove that when R; = R,, the power delivered to R; is maximum. Referring to Fig. 3.201 (i), we have,

14
R, +R
Power delivered to load, P = I R,

Circuit current, / =
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V 2
R 4R R, ..(0)
For a given source, generated voltage J and internal resistance R; are constant. Therefore,
power delivered to the load depends upon R;. In order to find the value of R; for which the value of
P is maximum, differentiate eq. (/) w.r.t. R; and set the result equal to zero.

PaA

I

I

R !
R, |

I

I

I

\ A
0

=V R
L < 0 R =R, >R
(@) (it)
Fig. 3.201
Thus, P _ Vz[(RL+Ri)2—2RLgRL+Ri)} o
dR, (R, +R))
or (R,+RY —2R, (R, +R) =0
or (R, +R)(R,+R,—2R)) =0
or R+ R) (R=R;) =0
Since R; + R; cannot be zero,
o R—-R, =0
or R, = R,
or Load resistance = Internal resistance of the source

Thus, for maximum power transfer, load resistance R; must be equal to the internal resistance R;
of the source. Fig. 3.201 (ii) shows the graph between power delivered (P) and R;. 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 (Ry;,) 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 (R;;) 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 R; of the source.

Effici Output power I’R,
ciency = =
Input power  I*(R, + R))
R, 1
= —Lt == =50% VR =R,
2R, 2 ’ (- Ry=R)

(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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2 2 2
(iii) Max. power transferred = ( r j R, :( r ] R, -

14 VR, V
Load voltage = IR, = [ ]RL =—2L= By

R, +R,

R, +R 2R, 4R,

Note. In case of a practical current source, the maximum power delivered is given by ;

IR
P max N4 =
where Iy = Norton current

Ry = Norton resistance (= Ry, = R))

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 :

(7) 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 R; = R;, 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. R; = R;). This technique is called impedance
matching.

(i) 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 Q. What is the internal resistance and e.m.f. of each cell ?

Solution. Let £ and » be the e.m.f. and internal resistance of each cell. The total internal
resistance of the battery is 2r. For maximum power transfer,

or

2r =R;=4 . r=R/2=42=2Q
. *(2E)*
Maximum power = ————
4R,
4E’
1 = AR . E=4R, =A+4=2V

L

*

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.

10 A A

12A 10 R 5 6A

(i)
Fig. 3.202
Solution. To find the desired answers, we should find V', and Ry, at the load (i.e. R) terminals.
For this purpose, we first convert 120V voltage source in series with 10Q resistance into equivalent
current source of 120/10 = 12A in parallel with 10Q resistance. The circuit then becomes as shown
in Fig. 3.202. (ii).

A A A
T 1083 Y1
12A 10 Vg, 35 6A S0 53 60V R
S B 5 B
(ii) () )

Fig. 3.202

To find Vy;, 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 V. Referring to
Fig. 3.202 (iii) and applying KCL, we have,

%4—% =12+6 or V=60V

In order to find Ry, 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

R 10x5 _ 10
10+5 3

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

Ry, = 10Q | 5Q=

10
R = RTh: ?Q

Vo _ Vo __(60)°

=D =270 W
4R, 4R 4x(10/3)

Max. power transferred, P, =
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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.

6V
|
I

6Q A
% 30 3
_30V
- B

(i) 8V

Fig. 3.203

Solution. To find the desired answers, we should find V;;, and Ry, at the load (i.e. R) terminals.
For this purpose, we first convert 2A current source in parallel with 15 resistance into equivalent

voltage source of 2A x 15Q =30 V in series with 15Q resistance. The circuit then becomes as shown
in Fig. 3.203 (if).

60
MW —— oA
150 30 <+«—Ry,
_3ov
I

- oB
(zll) 8V

(iv)
Fig. 3.203

To find Vy;,, remove R (i.e. load) from the circuit in Fig. 3.203 (if) and the circuit becomes as

shown in Fig. 3.203 (iii). Then voltage across the open-circuited terminals AB is V. Referring to
Fig. 3.203 (iii),

Current in 3Q resistor, / = _30-6_ =
15+6+3
In Fig. 3.203 (iif), as we go from point 4 to point B via 3Q resistor, we have,
V,—Ix3-8 =V,
or Vi=Vy =1x3+8=1x3+8=11V

Vo = Vap=Vy= V=11V
In order to find R, 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 4B is Ry,
21x3 21
21+3 8

= (15+6)Q|3Q=

For maximum power transfer, the condition is

21
R = RTh: ?Q

VooV 11)?
Max. power transferred, P, , = —2- = — = _ah
4R, 4R 4x(21/8)

=11.524 W
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Example 3.80. Determine the value of R; 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 R; in Fig. 3.204 (i) can be replaced by

Thevenin’s equivalent circuit as under :

(MDosa(®)1a 0.9 A %oog %RL 27a(%) 100 © %RL
O] (if)
Fig. 3.204
Vi = IyRy=2"7x100=270 V
Ri = RNZIOOQ R|=1OOQ
The Thevenin’s equivalent circuit to the left of R, is WWAA

V(=270 V) in series with R, (= 100 €). When load R; is
connected, the circuit becomes as shown in Fig. 3.205. It is
clear that maximum power will be transferred when

Jitl
W
'_m

R, = R,=100Q = 270V
Ve (270)
Max. power = T _ (2707
4R, 4x100
= 182:25 watts Fig. 3.205

Example 3.81. Determine the maximum power that can be delivered by the circuit shown in
Fig. 3.206 (i).

Solution. Fig. 3.206 (if) shows the Norton’s equivalent circuit. Maximum power transfer occurs
when R; = Ry =300 Q.

300 O
—VWW—e *
A A
1 A<$> 300 Q 600Q <R, Iy=05A ¢> Ry =300 Q R,
B B
O] (i)
Fig. 3.206

Referring to Fig. 3.206 (ii), current in R; (=300 Q) =1,/2=0-5/2=0-25 A
Max. power transferred = (0-25)* x R, = (0-25)* x 300 = 18-:8 W

Example 3.82. What percentage of maximum possible power is delivered to R; in Fig. 3.207 (i)
when R; =2 Ry, ?

Solution. Fig. 3.207 (ii) shows the circuit when R; =2 Ry,
VTh — VTh
R, +2R, 3R,

Circuit current =
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|4 2
Voltage across load, V, = —2—x2R,, ==V,
Th
P | R
! WW—
: Rry
| 1 | 1
T Vm : R Vo R, =2Rq,
: |
I 1
! ]
- _____ |
(@) )
Fig. 3.207
2
2y,

V7 T 4v;
Power delivered to load, P, = R_L = 32R = ﬁ
L Th Th

Since P, = V3,/4 Ry, the ratio of P,/P

maxis
4y
P 18R, 16
P V2 18
4Ry,
16
Py = 1o P X100 = 88:89% of P,

Example 3.83. Find the maximum power in R; 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
R; as shown in Fig. 3.208 (ii). The open-circuited voltage at terminals 4B in Fig. 3.208 (i7) is equal
to V. It is clear from Fig. 3.208 (ii) that current in the branch containing 40 Q and 60 Q resistors
is 1 A. Similarly, current in the branch containing two 50 Q resistors is 1 A. It is clear that point 4 is
at higher potential than point B. Applying KVL to the loop EABCDE, we have,

—40x1-V,;p—2+50%x1=0 Vig=8V
Now ¥, in Fig. 3.208 (ii) is equal to V. Therefore, V', =8 V.
2A E 1A
g 1A i b
40 Q 50 Q 40 © 50 Q
+
T 100V Wy © 100V 7= o— c
L
60 Q 50 Q 60 Q 50 Q
O] (i)

Fig. 3.208

In order to find Thevenin’s resistance Ry, replace 100V and 2V batteries by a short in
Fig. 3.208 (ii). Then resistance at terminals AB is the Ry, It is clear that 40 Q and 60 Q resistors are
in parallel and so the two 50 Q resistors.
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40x60 50x50
m= (401 60)+ (501 50) = X082 =24+25=49Q
40+60 50+50

Therefore, for maximum power, R; should be 49 Q. The Thevenin equivalent circuit is a
voltage source of 8 V in series with a resistance of 49 Q. When load R; is connected across the
terminals of Thevenin equivalent circuit, the total circuit resistance =49 + 49 = 98 Q.

V. &8 8
o — = —=0-08163 A
R, +R, T49+49 98

Circuit current, /

Pmax - IZRL (O 08163) x 49 = (03265 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.

Al

Fig. 3.209

Solution. We will use Thevenin’s theorem to obtain the results. In order to find V5, remove the
variable load R as shown in Fig. 3.209 (ii). Then open-circuited voltage across terminals 4B is equal
to Vp,.

1
Current in branch DAC = & =813A
7.1+52
Current in branch DBC = & =3-28A
19.6 +10.9

It is clear from Fig. 3.209 (ii) that point 4 is at higher* potential than point B. Applying KVL to
the loop A'’ACBB’'A’, we have,

—52%x8134+10-9%x328+ V=0
: Vg = 652V
Now V, in Fig. 3.209 (ii) is equal to V', so that Vi, = 652 V.

A
In order to find Ry, replace the 100 V source in Fig. 3.209
(if) by a short. The circuit becomes as shown in Fig. 3.209 (iii). 52 O 710
The resistance across terminals AB is the Thevenin resistance. S
Referring to Fig. 3.209 (iii), C D
o)
Ry = Rp=(521]71)+(10:9]]19:6)
=3+7=10Q 10.9Q 19.6 Q
Therefore, for maximum power transfer, R = Ry, = 10 Q. (iii)
iii
PO ) S O ») S .
mac AR 4x10 Fig. 3.209

*  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.
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Example 3.85. For the circuit shown in Fig. 3.210 (i), what will be the value of R; to get
maximum power? Also find this power.

Solution. We shall use Thevenin’s theorem to obtain the results. In order to find V', remove the
load R; as shown in Fig. 3.210 (ii). Then Voltage at the open-circuited terminals 4B is equal to V7,
i.e. V3 ="Vp, The total load on 10 V source is

Ry = (90|60 180) + 20 =30 +20 = 50 Q

200 200 Sa
60Q 24800 R, 602 24800
I oB
10 V/‘ 90 Q
@ Fig. 3.210 (@)

Current supplied by source, 7 = 10/50 =02 A
: Vig = Vi, =10-20x0-2 =6V
In order to find Ry, replace the 10 V source by a short in Fig. 3.210 (if). Then,
Ry, = 200190601 180=12Q
Therefore, the variable load R; will receive maximum power when R; = Ry, = 12 Q.
U )

=075 W
mar 4R, 4x12

( Tutorial Problems)

1. Find the value of R, in Fig. 3.211 necessary to obtain maximum power in R;. Also find the maximum

power in R;. [150Q ; 1.042 W]
___________ 1
300 O 250 l R
VWY * AWV ! T
! l
! I
100V 100 Q % R, | T Vm ! R,
I
! l
! l
* e | !
502  TTTTTTToTTS
Fig. 3.211 Fig. 3.212
2. IfR; in Fig. 3.211 is fixed at 100 Q, what alternation (s) can be made in the rest of the circuit to obtain
maximum power in R; ? [Short out 50 Q resistor]

3. What percentage of the maximum possible power is delivered to R; in Fig. 3.212, when
R, =Rp/2? [88.9%]

4. Determine the value of R; for maximum power transfer in Fig. 3.213 and evaluate this power.
[100 Q; 182:25 W]

A l2ov
1 kQ T 2 kO
(T 0.8 A 1A 09A 100 Q R, R,
5kQ
=10V B = 15V
hd hd hd T A4 A4 T

Fig. 3.213 Fig. 3.214
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[588 Q]

6. For the circuit shown in Fig. 3.215, find the value of R; for which power transferred is maximum. Also
calculate this power. [50 Q; 0-72 W]

0.1A

5. What value should R; be in Fig. 3.214 to achieve maximum power transfer to the load?

10Q 40V
g : ol
29 Q
30Q 03A D 220 Q R, % 330 Q
60 R
VW ® >
Fig. 3.215 Fig. 3.216
7. Calculate the value of R; for transference of maximum power in Fig. 3.216. Evaluate this power.

[220 Q; 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 F4C produces a current / amperes in branch CDF and is indicated by the ammeter. According
to reciprocity theorem, if the e.m.f. £ 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 F4C will read
I amperes. In fact, the essence of this theorem is that £ and 7 are interchangeable. The ratio £/] is
constant and is called transfer resistance (or impedance in case of a.c. system).

200 ¢ 8Q 200 ¢ 8Q
A— W ———— W A—vW——s—— W
1B Il 8Q .
—E=100V %200 (A)I 200
—E=100V
F D F D
(@) (if)

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. £ (=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 Q|| (8 + 8) Q=20 x 16/36 = §-:89 Q
Total circuit resistance = 20 + 8-89 =28-89 Q
Current supplied by battery = 100/28-89 =3-46 A
The battery current is divided into two parallel paths viz. path CF of 20 Q and path CDF of
8 +8=16Q.
Current in branch CDF, [ = 3-46 x 20/36 =1-923 A
Now in Fig. 3.217 (ii), £ and ammeter are interchanged.
Referring to Fig. 3.217 (i),
Resistance between C and F' = 20 x 20/40 =10 Q
Total circuit resistance = 10+ 8+ 8 =26 Q
Current supplied by battery = 100/26 = 3-846 A
The battery current is divided into two parallel paths of 20 Q 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 Q

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 Q resistor using reciprocity theorem and
superposition theorem.

A

40 B 10
G A—AM——e—a——C
20
60 29% — 18V 60
= 9V
D

j (it)
i
@ Fig. 3.218
Solution. Referring to Fig. 3.218 (i), we have,
Total resistance to source = 4 Q+[6 Q| (1 +2)Q]=4+6%x3/9=6Q

Current supplied by source (i.e. current in 4 Q resistor or branch DAB)

— 18V

O¢—WW———o

= 18/6=3A
Current in branch BD = 3 x3/9=1A
Current in branch BCD = 3 x6/9 =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 Q will be
2 A flowing from B to A. If a battery of 9 V is placed in branch BCD, then current in 4 C resistor
due to it alone would be 2 x 9/18 = 1 A (By proportion).

Now referring to Fig. 3.218 (ii), the current in 4 Q due to 18 V battery alone is 3 A flowing from
A to B. The current in 4 Q 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 Q is the algebraic sum of the two currents i.e.

Currentin4 Q = 3—-1=2A fromAtoB
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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. £ is acting in the branch F4C and the current in the branch CDF is I,. If the
same e.m.f. £ now acts in branch CDF [See Fig. 3.219 (ii)], then current /, in the branch FAC will
be equal to 7,. We now show that 7, = 7,. Referring to Fig. 3.219 (i), we have,

R, C R; R, C R;
A—vwW——— W A—wW———— W
— —> —> —
I, I I, I
E= 1L-L|ER, L-1|E R, =
F D F
' (i)
@ Fig. 3.219
E=1R,
R R
where Ry =R +(R,||Ry) = {RI+R22+;23}
[ R, R
E= I|R+———
R, + R,
_ Il_R1 R,+R, R, +R, Rl} ()
i R, + R,
Also in Fig. 3.219 (i), 0=-U-L)R;+LR,
[ R
or I, = 1 . ()
| R, + R,
Dividing eq. (i) by eq. (ii), we have,
E _ RR+RR+RR i)
12 R3
Similarly, it can be shown that in Fig. 3.219 (i), we have,
E _ RR+RR+RR )

I b R3
1

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.

From eqs. (iii) and (iv), 1,

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.
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Obviously, the above statement is true by virtue of Thevenin’s theorem. Fig 3.220 (i) shows
three parallel-connected voltage sources £, E, and E;. Then common terminal voltage V,; of these
parallel voltage sources is given by ;

E /R +E,/Ry+E;/Ry I +1,+1I, _ 2

Vyn = = = (0
4B /R +1/R, +1/R, G +G,+G, XIG ®
R
S oA — MMW———o0 A
R R R
1 2 ¢ Vin=Vag =
E, E, =
T I I o B o B
(@ (i)
Fig. 3.220

This voltage represents the Thevenin’s voltage V. The denominator represents Thevenin’s
resistance Ry, i.e.
1

R = —_—
™ 1R +1/R, +1/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 (i7). If load R; is connected across terminals 4B, then load current
1, is given by ;

I = Vo
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.

Py Py Py Py Py )

0.6 A

0.8A

200 O
400 O

0.3A D

400 Q

05A(Y) 100 Q

U] (i)
Fig. 3.221

Fig. 3.221 (i) shows three parallel connected current sources. The resultant current of the three
sources is

031+061+08) = 05A
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 Q

Thus the single equivalent current source has value 0-5 A and internal resistance 100 Q 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 V., and the load

current in the circuit shown in Fig. 3.222 (i).

1 2 3 X Rin=2Q
* * VWA
>
RiZ60 Rs 240 o
R,S 120 R =200 e R =200

+ >
E,(G)12V E;T 16V -
)Y | i e

. y .

(@) (if)

Fig. 3.222
. EI/R1+E2/R2+E3/R3
Solution. Voo =V =
v /R +1/R, +1/R,
12/6+0/2+16/4 2+0+4 _ 6y
1/6+1/12+1/4  0.167+0.083+0.25 0.5

1
Ry = ———— =2Q
6 +1/12+1/4
Therefore, the circuit shown in Fig. 3.222 (i) can be replaced by the one shown in Fig. 3.222 (ii).

Vs, 12
Load current = = =0.545 A
R, +R, 2+20

Example 3.90. Find the current in the 1 k Q o o X
resistor in Fig. 3.223 by finding Millman equivalent
voltage source with respect to terminals x — y. 18 kQ 9kQ 3kQ

Solution. As shown Fig. 3.224 (i), each of the 1o
three voltage sources is converted to an equivalent 3gv o7V 6V
current source. For example, the 36 V source I I I y
in series with 18 kQ resistor becomes a 36 V/18 Fig. 3.223

kQ =2 mA current source in parallel with 18 kQ. 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
=2mAT+3mAT+2mA |=3mA"
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The parallel equivalent resistance of three resistors

= 18kQ || 9kQ |3 kQ=2kQ

(DZmA 18 kQ 3 mA 9 kQ

2 mA 3 kQ

(@)
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).

Vp = 3mAx 2kQ=6V

2 kQ
° —oX AMA WZ mA
3mA<D 2kQ 6V —— 1k
° —oy
(ii) (iii)
Fig. 3.224
When the 1 kQ resistor is connected across the x — y terminals, the current is
6V
I = —=2mA
3kQ

is the load current?

Example 3.91. Find an equivalent voltage source for the circuit shown in Fig. 3.225 (i). What

Ry, =240

10Q 50

10V= 20V =

I

T B

A

——MWW—<—0
A

200 15Q G
m ——
”_‘ 1.8V =V, %
o

SVT 30V =

»- O
I B
@) (i)
Fig. 3.225
E/R+E /R +E, /R, +E,/R
Solution. Vig=Vn, = 1/ 1 2/ 2 3/ 3 4/ 4

I/R +1/R, +1/R, + /R,
10/10-*20/5+5/20+30/15 _—-0.75 _

= =—18V
1/10+1/5+1/20+1/15 0.417
Negative sign shows that terminal 4 is negative w.r.¢. terminal B.

*

Note that polarity is opposite as compared to other sources.

R =50
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1
YR +VR,+1/R,+1/R,
1 —
1/10+1/5+1/20+1/15
Therefore, equivalent voltage source consists of 1:8 V source in series with 2:4 Q resistor as
shown in Fig. 3.225 (ii).
v, 1.8

Load current, [, = 2 -TR =113 =0.24A
Th L :

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 (7). The arrow
for each current source corresponds to the polarity of each voltage source in the original circuit.

2.4Q

A

G

e < a OA o

Q) o G Q o< 2A 15Q !
< 4A 0SS « oB o

1A
B
(@) (ii)
Fig. 3.226

The equivalent current source is found by algebraically adding the currents of individual

sources.
L, = 1AT+4A|+025A1+2A1=075A]

The downward arrow for /,, shows that terminal 4 is negative w.r:Z. terminal B.
R, =10Q[5Q[20Q[15Q=24Q
Therefore, the equivalent current source consists of 0-75 A current source in parallel with
2:4 Q resistor as shown in Fig. 3.226 (ii). By current-divider rule, the load current /; is

I, = 0.75% 24
2445

=0.243A

Example 3.93. Find the load current for Fig. 3.227 (i) using the dual of Millman's theorem.

100 Q 150 Q 50 Q
IL
A
I
eq
300 Q R, =300 Q
50 mA
B
@ (i)

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 (7)]. In such a case, the following equations are used to find the
current and resistance of the equivalent circuit.
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L, - IR + LR, + LR,
R +R,+R,
R, = R+ Ry+ Ry
Thus referring to Fig. 3.227 (i), we have,

-0.1x100+0.5x150-1x50 15

1, = =—A =50mA
a4 100 +150+50 300
R,, = 100+ 150 + 50 =300 Q
The equivalent circuit is shown in Fig. 3.227 (ii). By current-divider rule, the load current /; is
300
I, = 50X————— =25mA
300+ 300

Example 3.94. By constructing a Millman equivalent voltage source with respect to terminals
X —, find the voltage across 40 Q resistor in Fig. 3.228 (i).

180 Q x 15V X
T
22.5V 22.5 V
300
75V=— 40 Q 300 % 40 Q%
100 O 100 Q 300 Q
7.5
120 Q
| | | — L .
B . y
(@) (i1)
Fig. 3.228

Solution. Note that 120 Q and 180 Q resistors are in a series path and can therefore be combined
into an equivalent resistance of 300 Q. 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, _ E/R -E,/R +E/R

Vo=V IR +1/R, + R,
_ 7.5/300 —22.5/100 + 15/300 _ =015 oV
1/300 +1/100 +1/300 0.0167
Negative sign shows that terminal x is negative w.r.t. terminal y.
Ry, = ! = ! =60Q

1/R + 1/R, +1/R, - 1/300 +1/100 +1/300
Therefore, the equivalent voltage source consists of 9 V in series with 60 € resistor. When load

is connected across the terminals of the equivalent voltage source, the circuit becomes as shown in
Fig. 3.229.

V, 9 Q
Load current, /, = o= =0.09 A Y 5
R, +R, 60+40
Voltage across 40 Q = I, RL 0-09x40=3-6V oV 1 g40Q
Note that Millman’s theorem is a powerful tool in the hands of engineers =

<e

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. [3 mA 10Q
X
60 Q 30 Q
4 mA D 30 kQ 1 mA 15 kQ R,=50
.|_ 120V T 30V
° ; y
Fig. 3.230 Fig. 3.231
2. By constructing a Millman equivalent voltage source at terminals x — y, find the voltage across
R, (=5 Q) in the circuit shown in Fig. 3.231. [4V ]
3. Find the single equivalent current source for the circuit shown in Fig. 3.232.{0.5 A 100 O

40005 03A 200 0 400 © 0.6 A 0.8 A<D

Fig. 3.232

4. What is the current flowing in the load resistor in Fig. 3.233 ? [2-25 mA]

36 O 2A
. A =12V ko
R, =500 Q TA
L 500 Q L
25 VT B 15 VT
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 1 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 / is unaltered if an e.m.f. — IR is substituted for
the voltage drop /R.
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Or

If the resistance of any branch of a network is changed from R to (R + AR) 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. — IAR 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.

Ilustration. Let us illustrate the compensation theorem with a numerical example. Consider
the circuit shown in Fig. 3.235 (7). The various branch currents in this circuit are :

50
I = =2A ; L=L=1A
20+5
m 0.375 A
0.25A émv
Y0.125A 100
200
(1)

Fig. 3.235

Now suppose that the resistance of the right branch is increased to 20 Q i.e. AR =20 — 10 =
10 Q and a voltage V=—1; AR =—1 x 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 Rz, Ry and R, connected in delta to three terminals 4, B and C as
shown in Fig. 3.237 (i). Let the equivalent star-connected network have resistances R, Rz and R ..
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.

1.875 A
0.625 A

Fig. 3.236

Let us consider the terminals 4 and B of the two networks.
Resistance between 4 and B for star = Resistance between 4 and B for delta
or Ry+Rp = Ryp |l (Rpc+ Rey)
RAB (RBC + RCA)

R,+R, =
or AT T Ry + Ry + Rey) (’)
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(1)
Fig. 3.237
R, (R.,+R
Similarly, Ry+ Ry = Ryc(Rey +Ryp)
R,+R, +R,,
R.,(R,.+R
and R-+R, = Rey(Rip + Roc)

RAB + RBC + RCA
Subtracting eq. (if) from eq. (i) and adding the result to eq. (iif), we have,

R, = R Res
4
RAB + RBC + RCA
R, R
Similarly, Ry = — &4 —
RAB + RBC + RCA
R, R
and R- = R

RAB + RBC + RCA

How to remember ? There is an easy way to remember these relations.
Referring to Fig. 3.238, star-connected resistances R,, Rz and R, are .,
electrically equivalent to delta-connected resistances R 5, Rp-and R-,. We
have seen above that :

RAB RCA

RA = — 40 4
RAB+RBC+RCA

Product of two adjacent arms of A

i.e.  Any arm of star-connection
Y Sum of arms of A

...(ii)

...(ii)

(1)

(V)

...(vi)

2k

Fig. 3.238

Thus to find the star resistance that connects to terminal A4, 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 (7).
Dividing eq. (iv) by (v), we have,
R/Rg = Rey/Rpe
RiRye

R =
CA R

B

Dividing eq. (iv) by (vi), we have,
RA/RC = RAB/RBC
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R, R
R, = s
AB R,
Substituting the values of R, and R, in eq. (iv), we have,
R, R
Rye = Ry +R.+—2-=<
A
R-R
Similarly, Rey = Ro+R +—-
RB
R,R, Fig. 3.239

and Riyp= R, +R;+

C
How to remember ? There is an easy way to remember these relations.

Referring to Fig. 3.239, star-connected resistances R, Rz and R are electrically equivalent to
delta-connected resistances R 5, Ry~ and R,. We have seen above that :

R.R
R, = R, +R,+—=~
RC
i.e. Resistance between two = Sum of star resistances connected to those terminals p/us 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 (i7), the arrangement
is also called a ree (T) arrangement. Figs. 3.240 (iv) to (vi) show equivalent delta forms. Because the delta (A)
arrangement may appear in the equivalent form shown in Fig. 3.240 (vi), it is also called a pi () arrangement.
The figures show only a few of the ways the wye (Y) and delta (A) 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.

0 (i) (i)
Wye (Y) configurations
o—e AW\ 9—0
o—+¢ W *—o0
() ) (vi)

Delta (A) configurations
Fig. 3.240
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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).

|2V 2V
I I
(@) (ii)
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 R, R, and R; as shown in Fig. 3.241 (7).

2 - RyRo,  __10x20 o0
" R,+R,+R, 10+40+20
a o RyRyy  _ 10x40 .,
2 R,+R, +R, 10+40+20

R,, R 20% 40
R, = DAZED =114Q

Ry +R, +R,, 10+40+20
Thus the network shown in Fig. 3.241 (i) reduces to the network shown in Fig. 3.241 (if).
R, = 286+ (B0+5.72)(15+11.4)
(B0+5.72)+(15+11.4)
Battery current, / = 2/18:04 = 0-11 A
The battery current divides at N into two parallel paths.
26.4

=18.04 Q

. Current in branch NBC, I} = 0.11 X ——————— =0-047A
26.4+35.72
35.72
Current in branch NDC, I, = 0.11X—————- =0-063 A
26.4+35.72

30x0:047=141V
Potential of D w.rit. C = 15 % 0:063 =0-945V
Clearly, point B is at higher potential than point D by
1-41 - 0945 = 0465V
P.D.between B and D
Galvanometer resistance
0-465 /40 =11:6 x 10° A =116 mA from B to D

Potential of B w.r.it. C

Galvanometer current =
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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).

10 30 A B
30 30 15Q(R,)
. X A B
10 (Ry) 5Q 5Q(Ry)
80 4Q
10V 760 c ¢
[ AW
(@) (i) (ifi)
Fig. 3.242

Solution. The star-connected resistances 3 Q, 3 Q and 1 Q in Fig. 3.242 (i), are shown separately
in Fig. 3.242 (ii). These star-connected resistances are converted into equivalent delta-connected
resistances R, R, and R; as shown in Fig. 3.242 (iii).

R, = 3+3+¥=15§2

R, = 3+1+% =5Q
Ry = 1+3+% =50

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 €2, 5 Q and 8 Q 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';, R', and R'5 as shown in Fig. 3.242 (vii).
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1x8 4
R, = =—-Q
1+5+8 7
5x1 5
R, = =—Q
1+5+8 14
8x5 20
R = =—Q
1+5+8

50

8Q

(vi)

Fig. 3.242
After above delta-star conversion, the circuit reduces to the one shown in Fig. 3.242 (viii).

10 O

10V
4=

(ix)
Fig. 3.242
Total resistance offered by the circuit to the battery is

R, = i+ i+2.5 | §+§ +7.6
7 14 7 9

4 (20,320
= —4+| —||=— [+76 =10Q
7 7 63
Current supplied by the battery [See Fig. 3.242 (ix)] is
V10
= —=—=1A
R, 10

Example 3.97. 4 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 Q, 3 Q and 4 Q 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 R;, R, and R; as shown in Fig. 3.243 (ii).

R =4+6+(4x6/3)=18Q
= 6+3+(6x3/4) = 135Q
4+3+@x3/6)=9Q

X X
w S}
([
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A
9Q 150
C 10 B
(@)

Fig. 3.243
These delta-connected resistances R, R, and R; 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).

A

6Q 1.350Q

C 090 B
(ii)

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

Ry =9x1827=6Q
Rge = 9% 1/10 = 09 Q
Ry = 15x135/15=135Q

(i) Resistance between 4 and B = 1-35Q | (6 +0:9) Q =1-35x6:9/825=1-13 Q
(if) Resistance between Band C = 09 Q| (6 +1:35) Q= 09 x 7:35/8:25=0-8 Q
(#ii) Resistance between 4 and C = 6 Q|| (1:35+0-9) Q=6 x 2:25/8-25 =1.636 Q

Example 3.98. Determine the load current in branch EF in the circuit shown in Fig. 3.245 (i).

500 Q 500 Q
M MWWV
Al 200Q Cc 200Q | E ;{
G // ! \\
7/ | \
/7 | \
/ P \
4 -t <: 1:1
=100V 600 Q % 600 Q o e ",
// \l \\
/ | \
/ 1 \
° [ d > D
B D F A 2000 C 2000 G
(@) (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,
500% 200 200x 200
Rnv=—"——7"""—7""=1111Q ; Ren= ———
500+ 200 + 200 500 + 200 + 200

~500% 200
N 500 + 200 + 200

Thus the circuit shown in Fig. 3.245 (i) reduces to the circuit shown in Fig. 3.246 (7). The branch
NEF (= 11111 + 600 = 711-11 Q) is in parallel with branch NCD ( = 44-44 + 600 = 644-44 Q) and
the equivalent resistance of this parallel combination is

711.11x 644.44
= ——— =338Q
711.11+ 644.44

The circuit shown in Fig. 3.246 (7) reduces to the circuit shown in Fig. 3.246 (ii).

=4444Q ;

= 111.11 Q

A T111Q 111110 g g A 111110

600 O 338 0
B D F B
@ Fig. 3.246 @)
Batt t,1 100 0222A
attery current, = - =0u
v 338+ 111.11

This battery current divides into two parallel paths [See Fig. 3.246 (7)] viz. branch NEF and
branch NCD.

Current in branch NEF i.e. in branch EF
644.44
= 022X—— =0.1055 A
711.11+ 644.44

Example 3.99. 4 square and its diagonals are made of a uniform covered wire. The resistance
of each side is 1 Q and that of each diagonal is 1-414 Q. Determine the resistance between two
opposite corners of the square.

B 10 o}
¢ ]

10

(i)

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 4 and C. The star-connected resistances 1 Q, 1 Q and 1-414 Q (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 R, R, and R; as shown in Fig. 3.247 (ii) where

R, = RAB+RBC+RAB'RBC
BD
= 1+1+&:2.7Q
1.414
R, = 1+1.414+% =383 Q
Ry = 1+l.414+% =383 Q

The circuit shown in Fig. 3.247 (i) then reduces to the circuit shown in Fig. 3.248 (i). Note
that R, comes in parallel with 1-414 Q connected between 4 and C; R, comes in parallel with 1 Q
connected between C and D and R; comes in parallel with 1 Q connected between 4 and D.

>0
O

0.793
(i)

Fig. 3.248

In Fig. 3.248 (i), branch AD has 1 Q and 3-83 Q resistances in parallel.

1x3.83 1x3.83
R, = =0.793Q ; Rop= ———= =0.793Q ;
4D 14383 D 143.83
2.7x1.414

R, = ——"— =09280Q
AC T 2 7+1.414

Resistance between terminals 4 and C [See Fig. 3.248 (ii)]
= 0-928 || (0-793 + 0-793) = 0-928 x 1-586/2-514 = 0-585 Q

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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10Q 200 5Q

5Q 30Q

(@) (it)
Fig. 3.249
Solution. We can combine series resistances on the right and left of Fig. 3.249 (7). The circuit
then reduces to the one shown in Fig. 3.249 (ii). The resistances 5 Q, 20 Q and 15 Q form a delta
circuit and can be replaced by a star network where

_ Product of two adjacent arms of delta _ 20x5 100 _ 250
! Sum of arms of delta 5420+15 40 7
20x15 5x15
R,= 20 =75Q ; Ry= 20 =1.875Q

Referring to Fig. 3.249 (i), R, is in series with 10 Q resistor and their total resistance is 10 + R,
=10+2-5=12-5 Q. Similarly, we have 30 + R, =30+ 7-5=37-5Qand 2 + R; =2+ 1-875=3-875
Q. The circuit then reduces to the one shown in Fig. 3.249 (iif).

125 Q 37.5Q 14.54 O p 15.76 O
A VWM » VWW oB

(iv)
Fig. 3.249

Referring to Fig. 3.249 (iii), 3-875 Q, 37-5 Q and 30 Q form a delta network and can be reduced

to star network where
3.875x37.5  3.875x37.5

3.875+37.5+30  71.375

37.5%30 3.875%30
Ry= =" =1576Q ; Ry = " =1.63Q
71.375 71.375

Referring to Fig. 3.249 (iii), R, is in series with 12.5 Q resistor and their combined resistance =
Ry +12:5=2-04 + 12-5 = 14-54 Q. The circuit then reduces to the one shown in Fig. 3.249 (iv). The
resistance between terminals 4 and B is given by ;

14.54%16.63
Ryp=1576+[14.54 || (15 + 1.63)] = 1576 + ————=— =23-50

R, =

=204Q ;
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Example 3.101. Determine the resistance between points A and B in the network shown in
Fig. 3.250 (i).

A oA

(i)

Fig. 3.250
Solution. The 3 Q, 5 Q and 8 Q 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.

3x5

Rl = 3+5+T:987SQ
3x8

R2 = 3+8+T:158Q

5x8
Ry = 5+8+—3 =263 Q
Referring to Fig. 3.250 (ii), 5 Q resistor is in parallel with R, ( = 15-8 Q) and their combined
resistance is 3-8 Q. Similarly, 4 Q resistor is in parallel with Ry (= 26:3 Q) and their combined
resistance is 3-5 Q. The circuit then reduces to the one shown in Fig. 3.250 (iii). Referring to
Fig. 3.250 (iii), 6 €, 4 Q and 9-875 Q form a delta network and can be replaced by star network where

6x 4 24 9.875% 4 9.875% 6
= = =12Q ; Ry= =" =199Q ; Ry= ——— =298Q
6+4+9875 19.875 19.875 19.875
6Q A 40
R,
VD SRV
RB R7
VWA
9.875Q
% 380 3.5 Q%

(iii) (iv)
Fig. 3.250
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Therefore, the circuit shown in Fig. 3.250 (iif) reduces to the one shown in Fig. 3.250 (iv). It is
clear that :
Riyp = B38+Rg) || (R;+35)+Rs=(3-8+2:98) || (199 +3-5)+ 12
= (6781 549)+12=423Q
Example 3.102. 4 ©t network is to be constructed as shown in Fig. 3.251 (i) so that the
resistance Ry, looking into the X — Z terminals (with Y — Z open) equals the resistance Ry, looking

into the Y — Z terminals (with X — Z open). If that resistance must equal 1 kS, find the value of R,
that should be used in the m network.

x RJ/3 R/ v
sz:2 Ry — Ry3  «— RYZ=2 R,
3 3
Zo L o7
2§A=1kQ RA=15kQ
©) (i)
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 :
g o _p _ R R _2R, vy
xz = Ryz 3 3 3
1 kQ—» 1.5 kQ +—1kQ
2R,

or 1kQ = 3 R,=15KkQ ) )

Therefore, the m network must have three 1.5 kQ (iii)
resistors as shown in Fig 3.251 (iii). Fig. 3.251

Example 3.103. Find the current distribution in the network shown in Fig. 3.252 (i).

B O C

Input 1A

1A Output
A
(@)
Fig. 3.252
Solution. The network OAB forms a delta and can be replaced by star where :

CIx2 1 Ix3 2x3

1 —Q ; R=—"=05Q ; Ry=""=10Q
6 3 6 6

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 P4 = Currentin AC = 1X

=1x =0.477 A
1+4+05+5 10.5

Current in PB = Currentin BC=1-0.477 = 0.523A
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Voltage drop in PB = 1 x 0523 =0.523 V
0-5%x0-477=0.238V

0-523 -0-238=0.285V
0-285/3 =10.095 A

Current in BC — Current in AB
0.523 - 0.095=0.428 A
Currentin O4 = 1-0.428=0.572 A

Voltage drop in PA

Vag

Iyp
Current in OB

Example 3.104. Find the current in 10 Q resistor in the network shown in Fig. 3.253 (i) by
star-delta transformation.

O180VO———
(@) (i0)
Fig. 3.253

Solution. In Fig. 3.253 (i), the 4 Q and 8 Q resistors are in series and their total resistance is 8 +
4 =12 Q. Similarly, at the right end of figure, 17 Q and 13 Q are in series so that their total resistance
becomes 17 + 13 =30 Q. 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 (i) by their equivalent star, we get the circuit
shown in Fig. 3.253 (iii).
E 340

A 100 B

o 180 Vo
(iii)

Fig. 3.253

Referring to Fig. 3.253 (iii), the path CED has resistance = 4 + 34 + 10 = 48 Q and path CABD
has resistance =4 + 10 + 10 = 24 Q. The circuit then reduces to the one shown in Fig. 3.253 (iv).
The total resistance R, presented to 180V source is

Ry, =4+(48]24)+10=30Q
Circuit current, / = 180/30=6 A
Voltage across parallel combination =7 x (48 || 24)=6 x 16 =96 V
Current in 10 Q resistor [part of 24 Q 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 Q resistor shown in
Fig 3.254 (i). All resistance values are in ohms.

2 2
Y ’ ’ M ’ ’

6 6 6 6
1 20 1 T2 Te |
T 200V 4 8 T 200V 4 T

1 10 1 10

C
(@) Fig. 3.254 (i)

Solution. In order to find Norton current /,, place short circuit across the load of 8 Q resistor.
The circuit then becomes as shown in Fig. 3.254 (ii). The short circuit bypasses all the resistors
except 2 Q resistor. Therefore, /g~ = 1;=200/2 =100 A. In order to find Ry, replace 200 V source by

a short. Then Ry, is the resistance looking into open-circuited terminals 4 and B in Fig. 3.254 (iii).

(n) (iv)
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, R, = Resistance at the open-circuited terminals in Fig. 3.254 (iv)
=214 (55+25)=8/7Q
Therefore, Norton equivalent circuit consists of 100A current source in parallel with a
resistance of 8/7 Q. When load R; ( = 8 Q) 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 /; through R, (=8 Q) is given by ; 8/7

I, = 100x ————
. 8+(8/7)
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.

=12-5A

40
MW

IS
Q
oo
Q

(33

48 A 30 20 §R

—~
-
we

Fig. 3.255
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Solution. (7) The star- connected resistances 4 (2, 8 Q and 2 Q in Fig. 3.255 (i) can be converted
into equivalent delta-connected resistances R, R, and R, as shown in Fig. 3.255 (ii).

4%x8

R, = 4+8+T =28 Q)
8x2

Ry, = 8+2+T =14 Q

R, = 2+4+% -70

ca

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
4Q280=35Qand3 Q| 7Q
= 2.1 Q). The circuit then becomes
as shown in Fig. 3.255 (iii). We now
convert 48A current source in parallel
with 2.1Q resistance in Fig. 3.255
(iii) into equivalent voltage source Fig. 3.255
of 48 A x 2.1 Q = 100.8 V in series
with 2.1Q resistance. The circuit then
becomes as shown in Fig. 3.255 (iv).

In order to find Norton current I,
we short circuit terminals 4 and B
in Fig. 3.255 (iv) and get the circuit
of Fig. 3.255 (v). Then current in 48A
the short-circuit is /. Referring to

AMVWW 8
21Q 14 Q %R
Fig. 3.255 (v) and applying Ohm’s law,
the value of 7, is given by ; i

100.8 (i)
v =——— =18A
2.1+43.5 Fig. 3.255

Note that no current will pass through 14 Q resistor in Fig. 3.255 (v). It is because there is a
short across this resistor and the entire current ( = /) will pass through the short.

c B
(if)

3.5Q

» >

o0 —  \A—90

350 A
350

210 A
I
210 140 N

.

100.8 V 100.8 V
- . B
@) )

Fig. 3.255

In order to find Norton resistance Ry(= Ry,), 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).

R, = Resistance at terminals 4B in Fig. 3.255 (vi)
= 35+2.H)Q|14Q=56Q(14Q=40Q
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350 A
AMVN—¢ oA
§2452 140 <+— Ry=Ry, Iy =18A 4Q
L oB 5
(vi) (vii)
Fig. 3.255

The Norton equivalent circuit at terminals 4B is shown in Fig. 3.255 (vii).
(if) Maximum power will be provided to resistance R connected between terminals 4 and B
when resistance R is equal to Norton resistance R, i.e.
R =Ry=4Q
When R(=4 Q) is connected across terminals 4 and B in Fig. 3.255 (vii), then by current-divider

rule,
CurrentinR (=4 Q), [ = 18X

=9A
4+4

Maximum power (P,

P,

max

) provided to R is
= PR=(9%x4=324W

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 10
that the power consumed by the 30 30
2 Q vresistor in Fig. 3.256 (i) is

maximum.

10V 5V

30
Solution. In order to find [ }
maximum power consumed in 2 Q .
resistor (i.e. load), we should find @
Thevenin resistance Ry, at 2 Q
terminals. For this purpose, we open
circuit the load terminals (i.e. remove 2 Q resistor) and short circuit the voltage sources as shown in

Fig. 3.256 (ii). The resistance at the open-circuited load (i.e. 2Q2) terminals XY is the Ry,

2Q

Fig. 3.256

Ry;, = Resistance at terminals XY
in Fig. 3.256 (ii). 10

In order to facilitate the deter- 30 3Q
mination of R, we convert delta-
connected resistances R Q, 3 Q and +«—R,
3 Q in Fig. 3.256 (ii) into equivalent 30
star-connected resistances R;, R, and
R, as shown in Fig. 3.256 (iii). The — °Y
values of R, R, and R; are given by ; (i)

3% R 3R Fig. 3.256

3+43+R 6+R

3xR 3R
3+3+R 6+R

—o X

R, =
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3x3 9
Ry = ———=
3+3+R 6+R
3R 3R
(5+r) (5+r)€
AW » AMWWW ° X
R, 9 R,
R, S (7R
“«—Ry,
30
oY
(iii)
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 Ry,

Referring to Fig. 3.256 (iii),
3R 9 3R

Ry = || == l| —=+3 ||+——

6+R 6+R 6+R

[ 3R 27+3R}+ 3R

6+R|| 6+R 6+R

3Rx(27+3R) + 3R
(6+R)(27+3R+3R) O6+R
For maximum power in 2 Q, the value of R, should be equal to 2 Q.
3Rx(27+3R) + 3R
(6+R)(27+3R+3R) 6+R

3RX(27+3R
or 3RXQTH3R) L 3p — 96+R)
27+ 6R
or 5R*+12R—108 = 0 ...after simplification

o R
Accepting the positive value, R = 3.6 Q.

( Tutorial Problems)

1. Find the total current drawn from the voltage source and the current through R, ( =1 Q) in the circuit

+36Q or —-6Q

shown in Fig. 3.257. [4A;2A]
2. Convert the delta network shown in Fig. 3.258 into equivalent wye network.
240
50 O
o—=e A —o0
30 Q 200

Fig. 3.257 Fig. 3.258
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3. Convert the wye network shown in Fig. 3.259 into equivalent delta network.

2 kQ 120 kQ 40 kQ
2 kQ 3 kQ 80 kQ
o MWW * MWW ] o—= vVWW —o
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 Q]
A
40 O 20 Q
50
20 10 100 30Q
L 4
1)1 WA
B 10 C 15V 5Q
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 4 and B of the network shown in Fig. 3.263 ? [274-2 Q]
A
30 Q 100
50 Q
D YWWWA B
40Q 20 Q
C
Fig. 3.263 Fig. 3.264

8. Using delta/star transformation, find the resistance between terminals 4 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
4Q) resistor consumes the maximum power. [R=36Q]
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R
WWW
3Q 30
MW * MW
- 10V 40
30
® L
Fig. 3.265 Fig. 3.266
10. Calculate the current / flowing through the 10 Q 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

15Q 10Q 20 kQ
5.333 kQ 8 kQ
6Q 40 kKQ W 13.33 kQ2
o—+¢ W™ *+—oO

8 kQ
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 conmsisting of n elements if i, i, i; .... i, are the instantaneous currents
[flowing through the elements satisfying KCL and v,, v,, v; ... v, are the instantaneous voltages
across these elements satisfying KVL, then,

Vil Ty tvsist o+ vi, =0

or zvni,, =0
n=1
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 Q + (4 Q|| 4 Q) = 10 Q. Therefore, current supplied by
battery is / = 100/10 = 10A. This current divides equally at point 4.

Voltage drop across 8 Q=— (10 x8)=-80V
Voltage drop across 4 Q=—(5x4)=-20V
Voltage drop across 1 Q=—(5 x 1) =-5V
Voltage drop across 3 Q=—(5x3)=-15V

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 Vi + Vaiy + V303 T vy + v5is =0

or (100 x 10) + (—80 x 10) + (-20 x 5) + (=5 x 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)

. An active element in a circuit is one which
(i) receives energy
(if) supplies energy
(iii) both receives and supplies energy
(iv) none of the above
. A passive element in a circuit is one which
(i) supplies energy
(i)
(iii)
(iv)

. An electric circuit contains ..........

receives energy
both supplies and receives energy

none of the above

(i) active elements only

(if) passive elements only
(iti) both active and passive elements
(iv) none of the above

. A linear circuit is one whose parameters (e.g.

resistances etc.) ..........
(i) change with change in current
(if) change with change in voltage
(7ii) do not change with voltage and current
(iv) none of the above

. In the circuit shown in Fig. 3.268, the number

of nodes is ..........
(i) one (i) two
(iii) three (iv) four

8 A 10
MWV MW
Vs, v,
4 10A 5A Y5A
v, =7 100V vV3$S4Q v5§3§2
Fig. 3.267
R, B Rs c
ASYYVY S-S VYY)
B % R, =E
D
Fig. 3.268
6. In the circuit shown in Fig. 3.268, there are
.......... junctions.
(i) three (it) four
(iii) two (iv) none of the above
7. The circuit shown in Fig. 3.268 has .........

10.

11.

branches.
(i) two
(iii) three
The circuit shown in Fig. 3.268 has
loops.
(i) two
(iii) three

(ii) four
(iv) none of these

(ii) four
(iv) none of the above

In the circuit shown in Fig. 3.268, there are
.......... meshes.

(i) two (if) three

(iii) four (iv) five

To solve the circuit shown in Fig. 3.268 by

Kirchhoft’s laws, we require ..........
(i) oneequation  (ii) two equations
(iii) three equations (iv) none of the above

To solve the circuit shown in Fig. 3.268 by

nodal analysis, we require ..........
(i) oneequation  (i7) two equations

(iii) three equations (iv) none of the above
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12.

13.

14.

15.

16.

17.

140V

Isl 2Q

@

Fig. 3.269
To solve the circuit shown in Fig. 3.269 by
superposition theorem, we require ..........

(i) one circuit (if) two circuits
(iii) three circuits  (iv) none of the above
To solve the circuit shown in Fig. 3.269 by
Maxwell’s mesh current method, we require

(i) oneequation  (if) three equations

(iti) two equations (iv) none of the above

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 Q resistor will be ..........

i) 2A @) SA
(@ii) 2°5A (iv) none of the above
The current in 2 Q horizontal resistor in Fig.
3.2701is ..........
@) 10A @) SA
@iii) 2A @iv) 25A
3Q B 20
VWA * VWA
_> 4—
H 20 %l 20V
D
Fig. 3.270

In order to solve the circuit shown in Fig. 3.270

by nodal analysis, we require ..........
(i) oneequation  (if) two equations
(iii) three equations (iv) none of the above

The superposition theorem is used when the
circuit contains ..........

(i) asingle voltage source
(i) 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 (7). The value of Thevenin’s
voltage Vi, is ..........

(i) 20V

(iii) 12V
4 A

B

(ii) 24V
(iv) 36V

Q 50
40 v_:_ 6Q % % R,
(;)
Rmn A
B

(i0)
Fig. 3.271
19. The value of Ry, in Fig. 3.271 (ii) is ..........
() 150 (i) 35Q
(iii) 64 Q) (iv) 74Q

20. The open-circuited voltage at terminals AB in
Fig. 3.271 (i) is ...

@ 12V @ii)y 20V
(iii) 24V (iv) 40V
21. Find the value of R; in Fig. 3.272 to obtain
maximum power in R; .

300 Q 25Q
VWA * VWA
= 100V 100 Q % R,
o VWA
50 Q
Fig. 3.272
() 100Q (i) 75Q
(1ii) 250 Q (iv) 150 Q
22. In Fig. 3.272, find the maximum power in R;.
@ 2W (i) 1-042W
(i) 2:34W @iv) 452W
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23. What percent of the maximum power is
delivered to R; in Fig. 3.273 when R, =2R;,?

Fig. 3.273
(i) 79 % of P, (max)
(i) 65 % of P, (max)
(i) 8889 % of P, (max)
(iv) none of above

24. What percent of the maximum power is
delivered to R, in Fig. 3.273 when R, = Ry;/2 ?

(i) 65% @) 70 %
(iii) 88-89 % (iv) none of above
25. Find Millman’s equivalent
terminals x — y in Fig. 3.274.

o X
c
OHEORION:
02A ©
oY

Fig. 3.274

(i) Single current source of 0-1A and
resistance 75 Q

circuit w.rt.

(i) Single current source of 2 A and resistance
50 Q

(#ii) Single current source of 1 A and resistance
25 Q

(iv) none of above

26. Use superposition principle to find current
through R, in Fig. 3.275.

R, =1kQ
* VWA
smA(® R,=3ka = 32V
Fig. 3.275
(i) 1mA « (i) 2mA «
(i) 15mA—>  (iv) 25A«

27. Use superposition principle to find current
through R, in the circuit shown in Fig. 3.276.

R, =600 Ry =120 Q
VWWA —— MW
24V = R,=120Q = 18V
Fig. 3.276
(i) 02A« (i) 025A —
(iif) 0125 A — (iv) 0-5A—

28. Find Thevenin equivalent circuit to the left of
terminals x — y in Fig. 3.277.
40 Q

Fig. 3.277
(i) V=5V ;5 Rp=45Q
(i) V=6V ; Rp=5Q
(iii)) V=45V ; Ry =10Q
(iv) V=10V 5 Ry =9Q
29. Convert delta network shown in Fig. 3.278 to
equivalent Wye network.

50 Q
o0—e AN\ $—oO
30Q 200
Fig. 3.278

15Q 10Q

6 Q
10Q

2Q

(@)
(ii) \’@S\TF/
1
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(iii)
6Q 8Q
40
(@) 10
7Q
14 Q
1. (i) 2. (ii)
6. (iii) 7. (iii)
11. () 12. (i)
16. (i) 17. (i)
21. (iv) 22. (ii)
26. (i) 27. (iii)

Answers

3. (iii)
8. (iii)
13. (iii)
18. (ii)
23. (iii)
28. (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 ?

@) 25% i) 40 %

@iii) 35% (iv) 33:06 %
4. (iii) 5. (iv)
9. (i) 10. (i)
14. (i) 15. (iv)
19. (iv) 20. (iii)
24. (iii) 25. (i)
29. (i) 30. (iv)
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Units—Work, Power and Energy

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 efc.) 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. Telectric 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 5
Electric Current I ampere A
Temperature T degree kelvin K
Luminous / 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/s?). 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.
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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 :
(7)) 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/sz). The unit of force is newton
(N) ; being the force required to accelerate a mass of 1 kg through an acceleration of
1 m/s%.
: F
where m = mass of the body in kg

m a newtons

a = acceleration in m/s*
(iif) Weight. The force with which a body is attracted towards the centre of Earth is called the
weight of the body. Now, force = mass x acceleration. If m is the mass of a body in kg and
g is the acceleration due to gravity in m/s’, 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/s’ 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 x 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 x 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 x 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/s at sea level whereas at equator, it is about 9.78 m/s® and at each pole it
is about 9.832 m/s’.

**  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 :
(/) 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 x d joules or Nm 0
(i) Suppose a force of F'newtons in maintained tangentially
at a radius 7 metres from O as shown in Fig. 4.1. In r
one revolution, the point of application of force travels
through a distance of 271 » metres.
.. Work done in one revolution
= Force x Distance moved in 1 revolution
Fx2mr
= 2n x T joules or Nm
where 7= 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,

Fig. 4.1

Work done/minute = 27 N T joules
(#ii) 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 = %mv2 joules

(iv) If a body having a mass of m kg is lifted vertically through a height of # metres and g is
acceleration due to gravity in m/s’, then,

Potential energy of body = Work done in lifting the body = Force required x height
Weight of body % height=m g x 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 O coulomb moves through a p.d. of V' volts in time ¢ 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 A Q

=1t R ?
= VItjoules (I o=11) —WWy *
= PR tjoules (I V=IR)
& v I v "
= — joul vl = iq. 4.
R joules R Fig. 4.2

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 x 3600 watt-sec or joules
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1 kWh = 36 x 10’ 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 /iberated 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 1°C. If S is the specific heat of a body,
then amount of heat required to raise the temperature of m gm of body through 6°C is given by ;

Heat gained = (m S 0) 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 0) x 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,

w
Power = T watts

where W is the total number of joules of work performed or total joules of energy expended in ¢
seconds.

Suppose a charge of Q coulomb moves through a p.d. of V" volts in time ¢ in part AB of a

circuit as shown in Fig. 4.2. Then, ,

Vet
Electrical energy expended = VQ = Vit = PRt = —

o Vit I’Rt V’t
Power of circuit, P = — = = —
t t Rt

2

14
VI=PR=—
R

or P

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 x 1000 watts

I MW = 10° 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 :
() Sometimes power is measured in *horse power (h.p.).
1 h.p. = 746 watts
(if) 1f a body makes N r.p.m. and the torque acting is 7' newton-metre, then,
Work done/minute = 2t N T joules [See Art. 4-4]

Work done/sec = joules/sec or watts
. 2 NT
ie., Power = —— watts
60
Since 746 watts = 1 h.p., we have,
p 2 NT
ower = —————
60 746

where 7 is in newton-m and N is in r.p.m.
(iif) Power can also be expressed in terms of force and velocity.
Power = Work done/sec = Force x distance/sec
Power = Force x velocity

4.8. Efficiency of Electric Device
7KH HISFLHQF\ RI DQ HOHFWULI}J—on'&S?fi\PmHtILFeT)V

the ratio of useful output power to the input

SOV

Input power
Useful
_ Useful output Energy  output <¢am

(work)

Input Energy
<@ Input from

The law of conservation of energy energy source

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.

Fig. 4.3

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.
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(i) 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.

(Zii) 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 m® of water per minute through a height of

P $OORZLQJ DQ RYHUDOO HI¢{(FLHQF\ RI IRU WKH
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 m’ of water has
a mass of 1000 kg and g = 9-81 m/s’.

Solution. Mass of 80 m* of water, m = 80 x 1000 = 8 x 10* kg

Weight of water lifted, W =m g =8 x 10* x 9-81 N

Height through which water lifted, 2 =12 m

W.D. by motor/minute = mgh =8 x 10% x 9-81 x 12 joules
8 10* 9.81 12
60
Output power of motor = 156960 watts
Motor output _ 156960

Input power to motor = - =2,24228 W = 224-228 kW
Efficiency 0.7

Total energy consumption = Input power x Time of operation
= (224-228) x (2 x 30) kWh = 13453 kWh
Total cost of energy ~ =Rs 2 x 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.

W.D. by motor/second = 156960 watts

PRWRU DQG S

() )LQG WKH PRWRU HI¢FLHQF\ DQG JHQHUDWRU HI¢(FLHQF\

(i) )LQG WKH RYHUDOO HI¢FLHQF\

2h.p

Motor Generator :|
14.6 ow

24V
120V
Fig. 4.4
Solution. Efficiency of a machine is output power (P,) divided by input power (P)).
@ P, (motor) = 120 X 14-6=1752 W

P, (motor) = 2h.p.=2x746=1492 W

1492
= —— =(.851 -16°
1N (motor) 1752 0.8516 or 85:16%
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P, (generator) = 2 h.p. = 1492 W
P, (generator) = 24 x 56 = 1344 W

134
= — =) o,
n (generator) 1492 090 or 90%

P (generator) 1344
P.(motor) 1752

Note that overall n is the product of efficiencies of the individual machines.
n (overall) = m (motor) x n (generator) = 0-8516 x 0-90 = 0-767.

Example 4.3. Neglecting losses, at what horse power rate could energy be obtained from

(@) n (overall) = =0-767 or 76:7%

%KDNUD GDP ZKLFK KDV DQ DYHUDJH KHLJKW RI P DQG ZDWHU ARZ
, ] WKH RYHUDOO HI¢FLHQF\ RI FRQYHUVLRQ ZHUH KRZ PDQ\ ZD
VXSSO\ "

Solution. Wt. of water flowing/minute
= m g=500,000 x 9-81 N
Work done/minute = m g h = 500,000 x 9-81 x 225 joules
500,000 9.81 225
Work done/second = ’ %0 = 18394 x 10° watts
Gross power obtained = 18394 x 10° watts = 18394 kW

18394 x 0-25 =4598-5 kW

Useful output power

4598.5 10’
= ———— h.p.= 6164 h.p.
746 P P
No. of 100-watt bulbs that could be lighted
4598.5 10°
= —— =45985
100

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
HI¢FLHQF\ RI WKH VWDWLRQ DV

Solution. Energy supplied by the station in 10 hours
= (100 x 10% x 10 = 10° kWh
= 36 x10° x 10°=36 x 10" joules
Energy input of station = 36 x 10''/0-8 =45 x 10" joules
Suppose m kg is the mass of water used in 10 hours.

Then, mgh = 45x10"
45 10"

or m= ———— =2293x10%kg
9.81 200

Since 1 m® of water has a mass of 1000 kg,
Volume of water used = 22:93 x 10%/10° = 22:93 x 10° m®
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 154 and the power dissipated in one of the coils is 1500 W. What
LV WKH UHVLVWDQFH RI HDFK FRLO "

Solution. Let R, and R, be the resistances of the coils and /, and 7, 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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VI, = W or I,=W/V=1500/200=7-5A
R, = VII,=200/7-5=26.7Q

L+ =15 .. given . L=15-1=15-75="75A
V. 200
R, = — ===2670Q
L, 15

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. 4 motor is being self-started against a resisting torque of 60 N-m and at each
VWDUW WKH HQJLQH LV FUDQNHG DW US P IRU VHFRQGV )RU H
acid battery. If the battery has the capacity of 100 Wh, calculate the number of starts that can be
PDGH ZLWK VXFK D EDWWHU\ $VVXPH DQ RYHUDOO HI¢FLHQF\ RI WK

Solution. Angular speed, ® = 2n N/60 rad/s =2z x 75/60 = 7-85 rad/s
Torque x Angular speed 60 7.85

Power required per start, P = = 1884 W

Efficiency of motor 0.25

Energy required/start = P x Time for start

1884 x 8§ =15072 Ws = 15072 ]
= 15072/3600 = 4-187 Wh

No. of starts with a fully-charged battery
= 100/4-187 M24

Example 4.7. A hydro-electric power station has a reservoir of area 2-4 square kilometres and

capacity 5 x 1 0° m’. The effective head of water is 100 m. The penstock, turbine and generator

HI¢FLHQFLHYV DUH DQG UHVSHFWLYHO\
(i) Calculate the total energy in kWh which can be generated from the power station.
@@ ,1 D ORDG RI N: KDV EHHQ VXSSOIMHVH URRLWKRXYWHO;, QG WKH
Solution.

() Wt. of water available, W= Volume of reservoir x 1000 % 9-81 N
(5 x 10%) x (1000) x (9-81) = 4905 x 10° N
Overall efficiency, 1,00z = 095 ¥ 0-90 x 0-85 =0-726

Electrical energy that can be generated from the station

W x Effective head X 1,4
(49:05 x 10%) x (100) x (0-726) = 3561 x 10'" watt-sec.
35.61 10"

= o kWh=9,89,116 kWh
1000 3600

Volume of reservoir 5 10°
1] Level of ir = =2-083
(@) evel ol reservorr Area of reservoir 2.4 10° m

kWh generated in 3 hrs = 15000 x 3 = 45,000 kWh
Using unitary method, we get,
. . 2.083
Fall in reservoir level = ——— 45,000 =0:0947 m = 947 cm

9,89,166
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Example 48. $ ODUJH K\GHO SRZHU VWDWLRQ KDV D KHDG RI
m’’VHF 7KH UHVHUYRLU LV D ODNH FRYHULQJ DQ DUHD RI
WKH WXUELQH DQG IRU WKH JHQHUDWRU FDOFXODWH L
of days this power could be supplied for a drop in water level by I metre.

Solution. Water discharge = 1370 m*/sec ; Water head, /=324 m ; 1,0 = 0.9 x 0.95
(/) As mass of 1 m’ of water is 1000 kg,
Mass of water flowing/sec, m = 1370 x 1000 kg = 137 x 10* kg
Weight of water flowing/sec, W= mg =137 x 10*x9.81 N

Energy or work available per second (i.e. power) is

Power available, P = Wh X M,,.ai
= (137 x 10* x 9.81) x 324 x (0.9 x 0.95)
= 3723 x 10° W = 3723 MW
(i) Area of reservoir, 4 = 6400 km? = 6400 x 10° m?
Rate of water discharge, O = 1370 m*/sec
Fall of reservoir level, 2’ = 1 m
Volume of water used = 4 x A’
A h 6400 10° 1
0o 1370
= 4.67 x 10° sec. = 54.07 days
Example 4.9. Calculate the current required by a 500 V d.c. locomotive when drawing 100

Required time, ¢ =

WRQQH ORDG DW NP KU ZLWK D WU DFWroadland tizalghiditly QF H R

P DQG
VT NP
WKH DYD

NJ WR

LQ *LYHQ WKDW WKH HI¢FLHQF\ RI PRWRU DQG JHDULQJ LV

Solution. Weight of locomotive, W = 100 tonne = 100,000 kg
Tractive resistance, F' = 7 x 100 =700 kg-wt =700 x 9-81 = 6867 N
() Level Track. In this case, the force required is equal to the tractive resistance F [See Fig.

45 () 25 1000
Distance travelled/sec = ———— =694 m
3600

Work done/sec = Force x Distance/sec
or Motor output = 6867 x 6:94 = 47,657 watts
Motor input = 47,657/0-7 = 68,081 watts
Current drawn = 68,081/500 = 136:16A

S

Q Q
(0

Fig. 4.5
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(i) Inclined plane. In this case, the total force required is the sum of tractive resistance F and
component W sinf of locomotive weight [See Fig. 4.5 (ii)]. Clearly, sin 6 = 1/100 = 0-01.
Force required = Wsin 0 + F

(100,000 x 0-01 + 700) 9-81 N= 16,677 N
Work done/sec = Force x distance travelled/sec
16,677 x 6-94 =1,15,738 watts
Motor output = 1,15,738 watts

Motor input = 1,15,738/0-7 = 1,65,340 watts
1,65,340/500 = 330-68A

Example410 $ GLHVHO HOHFWULF JHQHUDWRU VHW VXSSOLHV DQ RXWSE
WKH IXHO RLO XVHG LV NFDO NJ ,I| WKH RYHUDOO HI¢FLHQF\ RI
of oil required per hour (ii) the electric energy generated per tonne of the fuel.

Solution. Output power of set =25 kW ; M, = 35% = 0.35
Input power to set =25/0.35 =71.4 kW
(i) Input energy/hour =71.4 kW x 1h=71.4 kWh=71.4 x 860 kcal
As 1 kg of fuel oil produces 12,500 kcal,
71.4 860

Current drawn

M f fuel oil ired/hour = ———— =4.91 k
ass of fuel oil required/hour 12.500 g
(i) Heat content in 1 tonne fuel oil (= 1000 kg) = 1000 x 12,500 = 12.5 x 10° kcal
125 10°

kWh = 14,534 kWh
860

Energy generated/tonne = 14,534 x 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 x 1 0’ kg. What is the energy available at the generating
VWDWLRQ EXV EDUV LI WKH ORVV RI KHDG LQ WKH K\GUDXOLF V\VWH

station LV " $OVR FDOFXODWH WKH GLDPHWHU RI WKH VWHHO SLSH\
MW is to be supplied using two pipes.
Solution. Actual available head, # =230 —30=200 m
Energy available at turbine house is given by ;
E = mgh=45x 10" x 9-81 x 200 =8-829 x 10'*J
8.829 10"

= '36—105 kWh = 24-52 x 10" kWh

Energy available at bus-bars = E x 1=24-52 x 10" x 0.85 = 20-84 x 10’ kWh

K.E. of water = Loss of potential energy of water

1
or Emv2 =mgh .. v=.2gh 2 9.81 200 =62:65m/s

Power available from m kg of water is
2

1 1
P = —m — xmx(62.65°W
2 2

This power is equal to 45 MW (=45 x 10° W).
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- P =45x10°W
1
or 5 xmx (62.65)° = 45x10° . m=22930kg/s

If 4 is the total area of two pipes in m”, then flow of water is 4v m’/s.

Mass of water flowing/second = 4v x 10> kg (1 1 m® of water = 1000 kg)
22930
62.65 10°

Area of each pipe = 0-:366/2 =0-183 m’
If d is the diameter of each pipe, then,

/0.183 4
Zal2 =0.183 or d=,——— =04826m

Example 4.12. 4 proposed hydro-electric station has an available head of 30 m, catchment

Avx10° = 22930 or A= =0-366 m*

area of 50 x 10°m> WKH UDLQIDOO IRU ZKLFK LV FP SHU DQQXP I RI W
collected,ca OF XODWH WKH SRZHU WKDW FRXOG EH JHQHUDWHG $VVXPH V
7XUELQH DQG *HQHUDWRU

Solution. Available head, 7 =30m ; 1. = 0.95 %X 0.8 X 0.85 = 0.646
Volume of water *available/annum = 0.7(50 x 10° x 1.2)=4.2 x 10" m®
Mass of water available/annum = 4.2 x 107 x 1000 = 4.2 x 10'" kg

42 10"

Mass of water available/sec; m = ———————— =1.33 x 10° kg
365 24 3600

Potential energy available/sec = mgh = 1.33 x 10° x 9.8 x 30 =391 x 10° J/s
Power that could be generated = 1,,,,,; % 391 x 10° W
= 0.646 x 391 x 10° =253 x 10° W = 253 kW
Example4-13. $ FXUUHQW RI $ ARZV IRU RQH KRXU LQ D-UHVLVWDQFH L

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

VIt=8 %20 x 3600 =576 x 10° J
Mass of body, m = 1 tonne = 1000 kg

Let v m/s be the required velocity of the weight.

1
Kinetic energy = Emv2 joules

In order that K.E. of weight is equal to energy dissipated in resistance,

1, ; 2 576 10°
—mv' = 576x10° . v=,|———— =339m/s
2 1000

Example 4-14. What must be the horse-power of an engine to drive by means of a belt a genera-
WRU VXSSO\LQJ ODPSDWDFKOWDNKK)DODLOQH GURS LV 9 DQG WKH HI
JHQHUDWRU LV - ORWVYHQWBH EHOW GULYH

Solution. Total current supplied by generator, /= 0-5 x 7000 = 3500 A
Generated voltage, £ = Load voltage + Line drop =250 +5=255V
Generator output = E/ =255 x 3500 W

* 0.7 x (Catchment area in m*> x Rainfall in m)




250 Basic Electrical Engineering
. 255 3500 963562
Engine output = ——————— =963562 W = h.p. =1292 h.p.
0.95 0.975 746

Example 4.15. Find the head in metres of a hydroelectric generating station in which the

reservoir of area 4000m* 1IDOOV E\
WKH WXUELQH LV

FP ZKHQ N:K LV GHYHORSHG LQ WKH WXU

Solution. Hydroelectric generating stations are generally built in hilly areas.

Volume of water used, V' =

Mass of water used, m

Useful energy developed in turbine
But useful energy developed in turbine
12 % 10° x 9-81 x  x 0-7

or h

Example 4.16. A room measures 3m X 4m x 4-

4000 x 0-3 = 1200 m*

1200 x 10° =12 x 10% kg

mgh x =12 x10°x 9.81 x h x 07

75 kWh =75 x 36 x 10°J

75 x 36 x 10°

3276 m

P DQG DLU LQ LW KDV WR EH DOZD\V I

higher than that of the incoming air. The air inside has to be renewed every 30 minutes. Neglecting

UDGLDWLRQ ORVVHYV
air as 0-24 and density as 1-28 kg/m3.

¢ QG

WKH QHFHVVDU\ UDWLQJ RI HOHFWULF KH

Solution. It is desired to find the power of the electric heater.

Volume of air to be changed/second =

Mass of air to be changed/second

Heat required/second

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.

3 4 475
30 60

0-032 x 1-28 = 0-041 kg

Mass/second x Specific heat x Rise in temp.

0-041 x 0-24 x 10 kcal

0-041 x 0-24 x 10 x 4186 W =411 W

.. Lkcal
sec.

=0032m’

4186 W

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

HQHUJ\ LQ N:K VXSSOLHG

, ] WKH WLPH UHTXLUHG WR UDLVH WKH ORI

PRWRU DQG WKH FXUUHQW WDNHQ E\ WKH PRWRU WKH VXSSO\ YROW

RI WKH PRWRU DW

Solution. Work done by lift = mgh = (5 x 10°) x 9.8 x 30 =1.47 x 10°J

147 10° 147 10°

Input energy to lift "
lift

36 10°

Motor energy output

1.96 10°

=1.96 x 10°7J
0.75

kWh = 0.545 kWh

Input energy to lift =1.96 x 10° J
196 10° 196 10°

=2.18x10°7

Motor energy input

motor

%

0.9

Since 25% energy is wasted in the motor and gearing, the efficiency of the lift is 75%.
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Work done  2.18 10°

Power rating of motor Time taken 7 60 1346 W
Current taken by motor = 1346 =585A
230
Example 4.18. An electric hoist makes 10 double journeys per hour. In each journey, a load of
6000 kg is raisedtoa KHLIJKW RI P LQ VHFRQGY DQG WKH KRLVW UHWXUQ\
KRLVW FDJH ZHLJKV NJ DQG KDV D EDODQFH ZHLJKW RI NJ 7K

DQG WKDW RI WKH GULY Qe BIRMEE khergy ab&ob&d peX DdbMjiblirney
(i) 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 x 9-8 x 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 x 60J
Work done during each double journey = 9-8 x 60 (3500 + 2500)J = 353 x 10*J
Overalln = 0-8 x 0-88 =0-704

@) Input energy per double journey = 353 x 10%0-704 = 501 x 10*J
501 10*
= ——— kWh =14 kWh
3.6 10°
(i) Hourly consumption = 1-4 x No. of double journeys/hr

14 x 10 =14 kWh
(#if) The maximum rate of working is during upward journey.
Work done in upward journey

h.p. rating of motor =
P g Hoist efficiency X time for up journey x 746

3500 9.8 60
= == 7 = —384h.p.
0.8 90 746

(iv) Energy consumption for 30 days = Hourly consumption x 4 x 30 = 14 x 4 x 30 = 1680 kWh
Total cost of energy = Rs. 1680 x 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 = 50kW=50x10"W

+|

P.D. at the generator, £ = 5000 V _@) E = 5000V V| Factory
Current in cables is given by ; < l
1= P30 10 =10A )
- E 5000 - Fig. 4.6
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@) Power loss in cables = * R = (10)* x 20 = 2000 W
Power supplied at the factory = 50 x 10° — 2000 = 48,000 W

@) Voltage drop in cables = IR=10x20=200V
: P.D. at the factory, ¥ = E—1R=5000—200=4800V

( 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/s’.
[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 x 107 m® 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 x 10° 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.
(if) The motor current, assuming the motor efficiency to be 0-75. [(@) 18-4 kW (i) 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 x 10° J.
() 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 x 10°J]
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 Q 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 50Q2 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 / amperes flows through a conductor of resistance R ohms for time ¢ seconds is
H = I’Rt joules. This equation is known as Joule’s law of heating.

Suppose a battery maintains a potential difference of " volts across the ends of a conductor 4B

of resistance R ohms as shown in Fig. 4.7. Let the steady current that R
passes from 4 to B be I amperes. If this current flows for ¢ seconds, Ar—> MW B
then charge transferred from 4 to B in ¢ seconds is L v ir
q = It
The electric potential energy lost () by the charge ¢ as it |

moves from 4 to B is given by ; HUL

W = Charge x P.D. between 4 and B Fig. 4.7
=qV=U)V=PRt (| V=IR)
or W = PRt

This loss of electric potential energy of charge is converted into heat (/) because the conductor

AB has resistance only. )

H = W= PRt joules = L'Ri
4.18

calories (D)

It is found experimentally that 1 cal =4.18 J.

Eq. (¢) 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

(7)) square of current through the conductor
(i) resistance of the conductor
(#if) time for which current is passed through the conductor.

VZ
Note. H = VIt=PRt= — ! Joules

vie  I’Rt V't
418 418 R 4.18

calories

Important points. While dealing with problems on heating effect of electric current, the
following points may be kept in mind :

(7)) The electrical energy in kWh can be converted into joules by the following relation :
1 kWh = 36 x 10° joules
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(if) The heat energy in calories can be converted into joules by the following relation :
1 calorie = 4-186 joules
1 kcal = 4186 joules

(#ii) The electrical energy in kWh can be converted into calories (or kilocalories) by the

following relation : S

36 10
1 kWh = 36 x 10° joules = Wcalories =860 x 10° calories

o 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.,

Hoc W or W=JH

where J is a constant of proportionality and is called mechanical equivalent of heat. The experimen-
tally found value of Jis
J = 42 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 5Q UHVLVWRU GXH WR FXUUHQW ARZLQ.
is 10 calories per second. Calculate the heat generated in 4 Q) resistor.

Solution. Let /; and /, 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.

L@4+6)=5L -~ L=21
Heat produced per second in 5Q resistor is L, 40 60
12 5 —>—AMW\- ANV
H = 2
4.2 e
q >
Ly 5 A B
or 10 = — 5Q
42 » :VvVV\v
L=21 I,
Heat produced in 4Q resistor per second Fig. 4.8
L4214
= ~—— =2 cal/sec
4.2 4.2

Example 4.21. An electric heater contains 4 litres of water initially at a mean temperature of
7& A N:K LV VXSSOLHG WR WKH ZDWHU E\ WKH KHDWHU $VVXPL
temperature of the water ?

Solution. Let °C be the final temperature of water.
Heat received by water (i.e. output energy)
= mass x sp. heat X rise in temp. =4 x 1 x (¢ — 15) keal
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Electrical energy supplied to heater (i.e. input energy)
= 0-25 kWh = 0-25 x 860 kcal (1 1kWh =860 kcal)
As there are no losses, output energy is equal to the input energy i.e.
4x1x(t—15) = 025x860 or ¢=68-8C
Example 4.22. An immersion heater takes 1 hour to heat 50 kg of water from 20°C to

boiling point. Calculate the power rating of the heater, assuming the heating equipment to have an
HI¢FLHQF\ RI

Solution. Heat received by water (i.e. output energy)

= mass x specific heat X rise in temperature

= 50 x 1 x 80 = 4000 kcal = 4000/860 = 4-65 kWh
Electrical energy supplied to heater (i.e. input energy)

= 4-65/0-9 =5-167 kWh
Energy  5.167

Power rating = =5.167 kW

Time 1hour

Example 4.23. The cost of boiling 2 kg of water in an electric kettle is 12 paise. The kettle takes
PLQXWHYV WR ERLO ZDWHU IURP DQ DPELHQW WHPSHUDWXUH RI Z¢
and (ii) the wattage of kettle if cost of 1 kWh is 40 paise.

Solution. (i) Heat received by water (i.e. output energy)
= 2x1x80=160 kcal
Electrical energy supplied (i.e. input energy)
= 12/40 kWh = 860 x 12/40 = 258 kcal

160
Kettle efficiency = 253 100 =62%

(#i) Let W kilowatt be the power rating of the kettle.
Input energy = W x time in hours

or 12/40 = W x 6/60
12 60
Wattage of kettle, W = — — =3 kW
40 6
Example 4.24. How long will it take to raise the temperature of 880 gm of water from 16°C to
boiOLQJ SRLQW " 7KH KHDWHU WDNHY DPSHUHV DW 9 DQG LWV Hl¢

Solution. Heat received by water (i.e. output energy)

= 0-88 x 1 x (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 x 2 =440 watts = 0-44 kW. Let ¢ hours be the required time.

Input energy = wattage x time or 0:096 =0-44 x ¢
t = 0:096/0-44 = 0-218 hours = 0-218 x 60 = 13-08 minutes

Example 4.25. An electric kettle is required to raise the temperature of 2 kg of water from 20°C

to 100°C in 15 minutes. Calculate the resistance of the heating element if the kettle is to be used on
D YROWV VXSSO\ $VVXPH WKH HI{(FLHQF\ RI WKH NHWWOH WR EH
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Solution. Heat received by water (i.e. output energy)
= 2x1x (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.
0-232/0-25 = 0-928 kW = 928 watts

Power rating of kettle

Let R ohms be the resistance of the heating element.

V2R = 928 or R=

240 240

=62Q
928

Example 4.26. The heater element of an electric kettle has a constant resistance of 100 Q and
the applied voltage is 250 V. Calculate the time taken to raise the temperature of one litre of water

IURP f

& WR f& DVVXPLQJ WKDW

WHU HTXLYDOHQW RI WKH NHWWOH LV J
WKH VDPH WHPSHUDWXUH UDQJH LPPHGLDWHO\ DIWHU WKH (UVW

Solution. Mass of water, m =1 litre=1kg ; 6=90-15=75°C ; S=1
Heat taken by water =mS0 =1 x 1 x 75 = 75 kcal

Heat taken by kettle = water equivalent of kettle x 6 = 0.1 x 75 = 7.5 kcal
Heat taken by both = 75 + 7.5 = 82.5 kcal

250
Now, [ = ﬁ =2.5A ; J=4200 J/kcal
2Rt
Heat produced electrically = kcal ... ¢ in seconds
. . *Rt
Heat available for heating = 0.85 kcal
I’Rt
or 0.85 = 82.5
(2.5 100 ¢
085 —— =825
of 4200

hot.

t

0.85 (2.5 100 ¢

4200

=75 or

o 652 s =10 min. 52 seconds
In the second case, heat would be required to heat water only because kettle would be already

t =9 min. 53 seconds

RI WKH SRZHU LQSXW WR WKH N

QG KRZ ORQJ ZLOO LW W

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/0Q KDW LV WKH UHVLVWDQFH RI KHDWHU

KHDW ZLOO EH SURGXFZHG LQ

Solution.

Heat produced

For heater 4, 500 =

For heater B, 1000

R
2

y?

kcal
J

(20 60)

10 J

(10 60)

R J

PLQXWHYV "

%

, I WKH VDPH KHDWHL

(D)

(i)
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Dividing eq. (i) by eq. (ii), we get,
500 20 60 R
1000 10 60 10
When the heaters are connected in series, the total resistance becomes R;y= 10 +2-5=12-5 Q.
Heat produced in 5 minutes

R=25Q

_ e v
R J J R
F NG
_ 2000 "5 60 _ 40 keal . v
20 60 125 ¥y 5000
J 20 60

Example 4.28. 4 soldering iron is rated at 50 watts when connected to a 250 V supply. If the
VROGHULQJ LURQ WDNHV PLQXWHV WR KHDW WR D ZRUNLQJ WHPSH
DVVXPLQJ LW WR EH PDGH RI FRSSHU *LYHQ VSHFL¢(F KHDW FDSDFL

Solution. Let m kg be the mass of soldering iron.
Heat gained by the soldering iron = mS0 = m % 390 x (190 — 20) = 66,300 m joules
Heat released by the heating element = power x time = (50) x (5 x 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. 4 cubic water tank has surface area of 6 @> DQG LV ¢OOHG WR FDSDFLW!
WLPHVY GDLO\ 7KH ZDWHU LV KHDWHG IURP f& WR f& 7KH ORVVHV
f& WHPSHUDWXUH GLIIHUHQFH DUH : )LQG WKH ORDGLQJ LQ N: D
VSHFL¢{F KHDW RI ZDWHU - NJ f& DQG N:K 0-

Solution. Rise in temp, 6 = 65 — 20 =45°C ; §=4200 J/kg/°C. If ] metres is one side of the
tank, then surface area of the tank is 67°.

o 6 = 6m> or I/=1m
Volume of tank = * = (1)’ = Im®
Volume of water to be heated daily=6 x0.9=5.4 m’. As the mass of 1 m® of water is 1000 kg,
Mass of water to be heated daily, m = 5.4 x 1000 = 5400 kg
Heat required to heat water to the desired temperature is
H,=mS0 = 5400 x 4200 x 45 = 1020.6 x 10°J

1020.6 10°
= ———— kWh=283.5kWh
36 10°

63 6 24
Heat losses, H, = 1000 kWh

63 6 45 24
= —— =40.82kWh
1000
Total energy supplied, H = H, + H, =283.5 + 40.82 = 324.32 kWh
H  32432kWh

24hr  24hr

H 283.5
Effici ftank = — 100 = ——— 100 =87.4%
ciency of tan I 32432 0

Loading in kW =13.5 kW
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Example 4.30. An electric furnace is being used to melt 10 kg of aluminium. The initial tem-

SHUDWXUH RI DOXPLQLXP LV f& $VVXPH WKH PHOWLQJ SRLQW RI

KHDW FDSDFLW\ WR EH
SRZHU UHTXLUHG WR DFFRPSOLVK WKH FRQYHUVLRQ LQ

WR EH :KDW LV WKH FRVW RI HQHUJ\ FRQVXPHG LI WDULII LV

WURGHYV 7KH ZDWHU HQWHUV WKH YDOYH DW

Solution. Heat used to melt aluminium (i.e. output energy)
= 10 x 950 x (660 — 20) + 10 x 387000 = 995 x 10* joules
995 10*
= ——— =276 kWh
36 10
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.
3.68
Power required = 1/—3 =3-68 x 3 =11-04 kW
Cost of energy = Rs. 0-5 X 3-68 = Rs. 1-84

Example 4.31. A transmitting valve is cooled by water circulating through its hollow elec-

- NJf& DQG LWV VSHFL¢F ODWHQW KHDW R

PLOQXWHYV

VHFRQG QHHGHG SHU N: RI FRROLQJ 7KH WHPSHUDWXUH RI NJ RI

Solution. Heat to be taken away/sec = 1 kW x 1 sec = 1000 x 1 = 1000 joules. Let the required

flow of water be m kg per second.

Heat produced/sec = mass x Sp. heat X rise in temp.
m % 4178 x (85 —25) =250,680 m joules
1000

1000 or m=——— =0-004 kg/sec
250,680

250,680 m

( Tutorial Problems )

An electric kettle marked 1 kW, 230 V, takes 7-5 minutes to bring 1 kg of water at 15°C to boiling
point (100°C). Find the efficiency of the kettle. [79:07%]
An electric kettle contains 1-5 kg of water at 15°C. It takes 2-5 hours to raise the temperature
to 90°C. Assuming the heat losses due to radiation and heating the kettle to be 15 kcal, find (7)
wattage of the kettle and (i7) current taken if supply voltage is 230 V. [(7) 59:2 W (i) 0-257 A]
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 190°C from 20°C, find its mass, assuming it to be
made of copper. Given specific heat capacity of copper is 390 J/kg°C. [0-226 kg]

Find the amount of electrical energy expended in raising the temperature of 45 litres of water
by 75°C. 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]
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/kg°C, 657°C and 402 kJ/kg respectively. [16 min 13 sec]
An electric boiler has two heating elements each of 230 V, 3-5 kW rating and containing 8 litres
of water at 30°C. 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
(i) if the two elements are in series ? The supply voltage is 230 V. [(¢) 373:3 s (ii) 14932 s]
A coil of resistance 100 Q is immersed in a vessel containing 0-5 kg of water at 16°C 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]

SL

f& DQG OHDYHV LW I

Z
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( Objective Questions)

1. A25W, 220 V bulb and a 100 W, 220 V bulb geyser. The power of geyser is
are joined in parallel and connected to 220 V (i) 1050 W (ii) 1575 W
ly. Which bulb will gl brightly ?
supply ich bulb will glow more brightly (iii) 525 W (iv) 2100 W

(i) 25 W bulb . . .
8. A 3°C rise in temperature is observed in a

(if) 100 W bulb conductor by passing a certain amount of
(iti) both will glow with same brightness current. When the current is doubled, the rise in

(iv) neither bulb will glow temperature is
2. A25W,220Vbulbanda 100 W, 220 V bulb are (i) 15°C (i) 12°C
joined in series and connected to 220 V supply. (iii) 9°C (iv) 3°C

Which bulb will glow brighter ?

(i) 25W bulb 9. How much electrical energy in kWh is
i

consumed in operating ten 50 W bulbs for 10

(i7) 100 W bulb hours in a day in a month of 30 days ?
(iti) both will glow with same brightness (i) 500 (i) 15000
(iv) neither bulb will glow (iii) 150 (iv) 15
3. You are given three bulbs of 25 W, 40 W and | 19, Two heater wires of equal length are first
60 W. Which of them has the lowest resistance ? connected in series and then in parallel. The
(i) 25 W bulb ratio of heat produced in the two cases will be
(i) 40 W bulb @ 2:1 @) 1:2
(#ii) 60 W bulb (iii) 4:1 @@v) 1:4
(iv) information incomplete 11. Two identical heaters each marked 1000 W, 250
4. You have the following electric appliances : V are placed in series and connected to 250 V
(@) 1kW, 250 V electric heater supply. Their combined rate of heating is
(b) 1kW, 250V electric kettle (@) S00W (i) 2000 W
(¢) 1kW, 250 V electric bulb (i) 1000 W () 250 W
Which of these has the highest resistance ? 12. A constant voltage is applied between the
. ends of a uniform metallic wire. Some heat is
() heater developed in it. If both length and radius of the
(if) kettle wire are halved, the heat developed during the
(iii) all have equal resistances same duration will become
(iv) electric bulb (i) half (i) twice
5. The time required for 1 kW electric heater (iii) one fourth (iv) same

to raise the temperature of 10 litres of water 13
through 10°C is

. What is immaterial for a fuse ?
(i) its specific resistance

(i) 210 sec (1) 420 sec (if) its radius
(i) 42 sec (iv) 840 sec (iii) its length
6. Two electric bulbs rated at P; watt, J volt and (iv) current flowing through it

P, watt, V' volt are connected in series across V'

. 14. If th ti lectric bulb d by 2%,
volt. The total power consumed is © cutrer 1n an eIeetric Db Crops by <7

then power decreases by

(@) P, +P, @iy PP @) 1% (i) 2%
(ii)) 4% (iv) 16%
P P PP,
(i) ——= (iv) —= 15. The fuse wire is made of

2 B P (i) tin-leadalloy ~ (if) copper

7. A tap supplies water at 22°C. A man takes (iif) tungsten (iv) nichrome
1 litre of water per minute at 37°C from the

Answers
1. (i) 2. (i) 3. (i) 4. (iii) 5. (i)
6. (iv) 7. () 8. (i) 9. (iii) 10. (iv)

11. () 12. (i) 13. (i) 14. (i) 15. (i)
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Electrostatics

Introduction

So far we have discussed that if two oppositely charged bodies are connected through-a conduc
WRU HOHFWURQV ZLOO ARZ IURP WKH QHJDWLYH FKBDUJH H[FHVV R
FLHQF\ RI HOHFWURQV 7KLV GLUHFWHG ARZ Rl HOHFWURQV LV FDC
ZLOO FRQWLQXH WR ARZ VR ORQJ DV WKH UH[FHVVT DQG puGH¢FLHQF\
ZRUGV HOHFWULF FXUUHQW ZLOO FRQWLQXH WR ARZ VR ORQJ DV ZH
WKH ERGLHV 7KH EUDQFK Rl HQJLQHHU L Qile.Z2KAHFKRWAHFONX D IUWM IQ WV KIHV .
calledcurrent electricity DQG LV LPSRUWDQW LQ PDQ\ ZD\V )RU H[DPSOH LW L
PHDQV Rl ZKLFK HOHFWULFDO HQHUJ\ FDQ EH WUDQVIHUUHG IURP RC
7KHUH FDQ EH DQRWKHU VA WRBPAPWRA @QKHER GRWUBRYH EXW UHPD
VWDWLRQDU\ RQ WKH ERGLHY 6XFK D VLWXDWLRQ ZLOO DULVH ZKHC
LQVXODWLQJ PHGLXP GLVDOORZLQJ WK statcrdtrieity ghvthR | HOHFWURQV
branch of engineering which deals with static electricity is caledtrostatics Although current
HOHFWULFLW\ LV RI JUHDWHU SUDFWLFDO XVH \HW WKH LPSRUWDQF
RI WKH DGYDQFHPHQWY PDGH LQ WKH (HOG RI HOHFW-ULFLW\ RZH WK
WLVWYV REWDLQH GTh&rRaat €U duttochBs\of/¢tatly/ éldewicity are the development
of lightning rod and thecapacitor. ,Q WKLV FKDSWHU ZH VKDOO FRQ¢;¢QH RXU DWW
DQG DSSOLFDWLRQV RI VWDWLF HOHFWULFLW\

5.1. Electrostatics

The branch of engineering which deals with charges at rest is calbetrostatics

KHQ D JODVV URG LV UXEEHG ZLWK VLON DQG WKHQ VHSDUDWHG
DQG WKH ODWWHU DWWDLQV HTXDO QHJDWLYH FKDUJH ,W LV EHFD
IHUUHG IURP JODVV WR VLON 6LQFH JODVV URGIBQBLWLON DUH VHS
WKH\ UHWDLQ WKH FKDUJHYV ,Q RWKHU ZRUGV WKH FKDUJHV RQ Wk
ZRUG pP(HOHFWURVWDWLFY PHDQV HOHFWULFLW\ DW UHVW

5.2. Importance of Electrostatics

'XULQJ WKH SDVW FHQWXU\ WKHUH ZDV FRQVLGHUDEOH LQFUHDVI
VWDWLFV $ IHZ LPSRUWDQW DSSOLFDWLRQV RI HOHFWURVWDWLFV

(i) Electrostatic generators can produce voltages as higfa¥y BOWYVY 6XFK KLJK YROWDJHV
UHTXLUHG IRU ; UD\ ZRUN DQG QXFOHDU ERPEDUGPHQW

(i) :H XVH SULQFLSOHV RI HOHFWURVWDWLFV IRU VSUD\ RI SDLQWV
(i) 7KH SULQFLSOHV RI HOHFWURVWDWLFVY DUH XVHG WR SUHYHQW

(v) 7KH SUREOHPV RI SUHYHQWLQJ VSDUNV DQG EUHDNGRZQ RI LQV
DUH HVVHQWLDOO\ HOHFWURVWDWLF

(v) The development of lightning rod and capacitor are the outcomes of electrostatics.

5.3. Methods of Charging a Conductor
$Q XQFKDUJHG FRQGXFWRU FDQ EH FKDUJHG E\ WKH IROORZLQJ W
i %\ FRQGXFWLRQii %\ LOQGXFWLRQ
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(i) By conduction.In this method, a charged body is brought in contact with the uncharged
conductor. ) L J i VKRZV WKH XQFKBUNHSW RQGREWRUW XODWLQJ VW
When the positively charged conduct@rprovided with insulating handle is touched
with uncharged conduct® >6HH )L @ IUHH HOHFWURRQFNRYHRPVRRQGXFWRI
conductoA $V D UHVXOW WKHUH RFFXUV DBAH}GE LW REIHFERHW URQV
SRVLWLYHO\ FKDUJHG 6 LARdnedativéi charged kel céneudBavil FW R U

DOVR JHW QHJDWLYHO\ FKDUJHG
B B

Insulator

O]
Fig. 5.1
,W PD\ EH QRWH Q\ig\probided with@rEnsHtig=heindle so that its charge does
QRW HVFDSH WR WKH JURXQG WKURXJK RXB ERGIHSRURWKH VDPI
WKH LQVXODWLQJ VWDQG

(i) By Induction. In this method, a charged body is brought close to the uncharged conductor
but does not touch it)LJ i VKRZV D QHJDWLYHO\ FKDUJHG SODVWLF UF
LQVXODWLQJ KDQGOH NHSW QHDU DQ XQFKDUJHG PHWDO VSKFE
QHDU WKH URG DUH UHSHOOHG WR WKH IDUWKHU HQG $V D UH
URG EHFRPHY SRVLWLYHO\ FKDUJHG DQG WKH IDUWKHVW HQG R
FKDUJHG ,I QRZ WKH VSKHUH LV FRQQHFWHG WR WKH JURXQG
ii LWV IUHH HOHFWURQV DW WKH IDUWKHU HQG ARZ WR WKIH
WKH JURXQG sSibHgH M(IBH SRVLWLYH FKDUJH DW WKH QHDU HQG F
WKHUH GXH WR WKH DWWUDFWLYH IRUFH RI HI WHUQDO QHJDWL"
UHPRYHG >6HWH@LWKH SRVLWLYH FKDUJH VSUHDGV XQLIRUPO\ R
VSKHUH LV SRVLWLYHO\ FKDUJHG E\ LQGXFWLRQ 1RWH WKDW L
plastic rod loses noneoWV QHJDWLYH FKDUJH 6LPLODUO\ WKH PHWDO V!
FKDUJHG E\ EULQJLQJ D SRVLWLYHO\ FKDUJHG URG QHDU LW

Plastic

Rod

Handle (i) (if)

W=

(iii) (iv)
Fig. 5.2
1RWH WKDW FKDUJLQJ D ERG\ E\ LQGXFWLRQ UHTXLUHV QR FR
FKDUJH 7KLV LV LQ FRQWUDVW WR FKDUJLQJ D ERG\ E\ FRQGX
EHWZHHQ WKH WZR ERGLHV

5.4. Coulomb’s Laws of Electrostatics

&KDUOHV &RXORPE D )UHQFK VFLHQWLVW REVHUYHG WKDW ZKH
RWKHU WKH\ H[SHULHQFH D IRUFH +H SHUIRUPHG D QXPEHU RI HJ
PDIJQLWXGH RI WKH IRUFH EHWZHHQ WKH FKDUJHG ERGLHYV +H VXPF
NQRZQ DV &RXORPEfVY ODZV RI HOHFWURVWDWLFV
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Firstlaw. 7KLY ODZ UHODWHYV WR WKH QDWXUH RI IRUFH EHWZHHQ WZF
DV XQGHU

Like charges repel each other while unlike charges attract each other.

,Q RWKHU ZRUGV LI WZR FKD el HR WK F RY MWWKLH I IRRH ERRMKXQ HJI D W |
IRUFH EHWZHHQ WKHP LV UHSXOVLRQ 2Q WKH RWKHU KDQG LI RQH
WKH IRUFH EHWZHHQ WKHP LV DQ DWWUDFWLRQ

Second law.7KLV ODZ WHOOV DERXW WKH PDJQLWXGH RI IRUFH EHWZHI
EH VWDWHG DV XQGHU

The force between two *point charges is directly proportional to the product of their magni
tudes and inversely proportional the square of distance between their centres

ODWKHPDWLFDG:O\)\Qd—Q
or F = de—Q i

KH PHGLXP

wherek LV D FRQVWDQW ZKRVH YDOXH_GHSEHILX
in which the charges are placed and f@eVWHP R W{/
HPSOR\HG ,Q 6, XQLWV IRUFH Wl;}ar'
LQ FRXORPEV GLVWDQFH U@s@\}erw f

by ;
’ 1
k =
4 or
ZKHUH Q $EVROXWH S
RI' YDFEXXP R

O5SHODWLYH - = _
LW\ RI WKH PHGLXP Figegp3
ZKLFK WKH FKDUJHV DUH SODFHG )RU YDFXXP R

7KH YD@XHM®RI 0" ) P DQG WKH YWOGXHHRUIHQW IRU GLITHUHQW PHGL
r

WRQV FKDUJH
H RI

r

’ F = QQ i
4, d
1RZ CH. ! i
4 0
? F=9 10"% in a medium

d

=9 l(de—Q in air

Unitof charge. 7KH XQLW Rl FKPXORPE FDQ DOVR EH GH¢QHG IURP &RXO
ODZ RI HOHFWURVWDWLFV 6XSSRVH WiZzR[HUWDD FKURH HRY SODFHG
newtons.e. “

Q,=Q =Q;d PF 101
_ QQ
? F-910’d
RU P 0z 9 102

&KDUJHG ERGLHV DSSUR[LPDWH WR SRLQW FKDUJHV LI WKH\ DUH VPDOO FRI
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or Q =1
or Q “ FRXORPE

Henceone coulombis that charge which when placed in air at a distance of one metre
from an equal and similar charge repels it with a force af B0° N.
1RWH WKDW FRXORPE LV YHU\ ODUJH XQLW RI FKDUJH LQ WKH VWX
SURGXFHG H[SHULPHQWDOO\ UDQJH EHWZHHQ SLFR FRXORPE S& DQC
1pC = 10" & —& 'c
Note. 2QH GLVDGYDQWDJH RI 6, XQLWYV LV WKDW FRXORPE LV DQ LQFRQYHQ

IDFW WKDW WKH IRUFH H[HUWHG E\ D FKDUJH Rl & RUIDQ&RMME& HTXDO FKD
\RX KROG WZR RQH FRXORPE FKDUJHV D PHWUH DSDUW "

5.5. Absolute and Relative Permittivity

SHUPLWWLYLW\ LV WKH SURSHUW\ RI D PHGLXP DQG DIIHFWV WKH
FKDUJHV 7KH JUHDWHU WKH SHUPLWWLYLW\ RI D PHGLXP WKH OHV)
placed in it andiice-versa $LU RU YDFXXP KDV D PLQLPXP YDOXH RI SHUPLWWL
DFWXDO SHUPULMHW.OEHWMMWHU pHSVLORQY 'RI)DALU RAH YOOERXR(PXMVH A
RU DFWXDO SHUPLWWLYLW\ O RI DOO RWKKU WUDNWaREDY DQJ PDWHULL
the *relative permittivityRI WKH PDWHULOGEWDEOHG LV GHQRWH
=0—

r

0
ZKHUH 0 DEVROXWH RU DFWXDO SHUPLWWLYLW\ RI WKH PD
@ DEVROXWH DFWXDO SHUPLWWLYDW\ RI DLU RU YD
. OUHODWLYH SHUPLWWLYLW\ RI WKH PDWHULDO
2EYLRXMAU DLU ZRXOG EH 0

SHUPLWWLYLW\ RI D PHGLXP SOD\V DQ LPSRUWDQW UROH LQ HOH
SHUPLWWLYLW\ RI LQVXODWLQJ RLO RYandQ, WDRHD G WWWWAIBON HRU WKH Vi
force between the two charges in insulating oil willbe SveK LUG RI WKDW LQ BUW >AH® HT

5.6. Coulomb’s Law in Vector Form
&RQVLGHU WZR O RNiHIG Reparatedrol didtahee Q YDFXXP &OHDUO\ FKDUJH

ZLOO UHSHO HDFK RWKHU >6HH )LJ_> @ Q —»
S — o> F,,
Let F = force onQ due toQ, | d |
F = force onQ, due toQ Fig. 5.4

d XQLW YHFWRUQSI®QQWLQJ IURP
d

XQLW YHFWRUQSIRQQWLQJ IURP
$FFRUGLQJ WR &RXORPEfV ODZ

F - k2%y

or F = 1 —QQd [
4 . d

6LPLODUO\ F o= 1 QQyg i
4 , d

(TVi DQRGH[SUHVV &RXORPEfY ODZ LQ YHFWRU IRUP

7KXV ZKHQ ZH VD\ WKDW UHODWLYH SHUPLWWLYLW\ RI D PDWHULDO LV
SHUP LW YL W\ TE 9 ™y P
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Importance of vectorform. 7KH UHDGHU PD\ ZRQGHU DERXW WKH XWLOLW\ RI |
WRU IRUP RYHU WKH VFDODU IRUP 7KH DQVZHU ZLOO EH UHDGLO\ D

() 7KH YHFWRU IRUP VKRZV B Van®FJ ODWQH H TAXKODWD IR® RS\E RV LW H

F oo 1 QQ,
4 ,d
1 QQ
F = =d
4 o5 d
As d id
? F iF

7KDW LYV HTXDO LQ PDEXMNVRSEBRWRWH LQ GLUHFWLRQ 7KH VFDO
VKRZ WKLV IDFW 7KLV LV D GLVWLQFW DGYDQWDJH RYHU WKH VFDO
(ii) F = F

7KLV PHDR\an&KDBVFW DORQJ WeKadny thePliHe Pihittharged, and
Q ,Q RWKHU ZRUGV WKH HOHFWURVWDWLFi.tRuddstldagitieZHHQ WZR FKE
OLQH MRLQLQJ WKH FHQWUHV RI WKH WZR FKDUJHV +RZHYHU VFDC
HOHFWURVWDWLF IRUFH EHWZHHQ WZR FKDUJHV

5.7. The Superposition Principle

,/ ZH DUH JLYHQ WZR FKDUJHVY WKH HOHFWURVWDWLF IRUFH EHW
ORPEfY ODZV +RZHYHU LI D QXPEHU RI FKDUJHY DUH SUHVHQW WK
FKDUJHV FDQ EH IRXQG E\ VXSHUSRVLWLRQ SULQFLSOH VWDWHG EHC(

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.

7KLV VLPSO\ PHDQV WKDW ZH ¢UVW ({QG WKH IRUFH RQ WKH JLYHC
HDFK RI WKH RWKHU FKDUJHV LQ WXUQ :H WKHQ GHWHUPLQH WKH V
cQGLQJ WKH YHFWRU VXP RI DOO WKH IRUFHYV

Notes.(i) Consider two charge3, andQ ORFDWHG LQ DL Q isproDghthicadrty Gt Hakidednd H
IRXQG H[SHULPHQWDOO\ WKDW) S KBWH@F H IR H PWK HR QUQ\aKdQ | RKKBEWVIEH W ZHH Q
IDFW SHUPLWV XV WR XVH VXSHUSRVLWLRQ SULQFLSOH IRU HOHFWULF IRUF

(i) 7KH VXSHUSRVLWLRQ SULQFLSOH KROGV JRRG IRU HOHFWULF IRUFHV I
PDWKHPDWLFDO GHVFULSWLRQ RI HOHFWURVWDWLF SKHQRPHQD VLPSOHU W

(i) :H FDQ XVH VXSHUSRVLWLREVS R Q AMSQ H)MERIARBW SRWHQWLDO DQG
e QHW SRWHQWLDO HQHUJ\ GXH WR D QXPEHU RI FKDUJHYV
Example 5.1.A small sphere is given a chargetd0-€ and a second sphere of equal diameter
is given a charge of5 6. 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. :KHQ WKH WZR VSKHUHV WRXFK HDFK RWKHU WKH UHVXOWD
When the spheres are separated, charge on each $phei@, A —&

? JRUFH 9 10 Qd—Q

=9 1@ =50.62 Nrepulsive
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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 bge D Q Gq 7TKHUHIRIEHWRHHAR WKHP LV

E = 99 9 __1 99 q
4 , d 4 , d
JRU PD[LPXP P(Ig—FO:X(D-I Rld—F: 1 q g =0
dg dg 4 d

or g iqge ?q-%

+HQFH LQ RUGHU WR KDWKRXD[G& FEXP GRYIFBIHG LQWR WZR HTXDO SD|

Example 5.3.Three point charges of + 5uC, + 5uC A
and + 5uC are placed at the vertices of an equilateral
triangle which has sides 10 cm long. Find the force on
each charge.

Soluton. 7KH FRQGLWLRQV RI WXES
UHSUHVHQWHG LQ )LJ &RQVLGHU —& SODXHG DW WKH
comerC ,W LV EHLQJ UHSHO®@BGBE\ WKH FKDUJHV D
alongACD andBCE UHVSHFWLYHO\ 7KHVH WZR IRUFHV DU

equal, each being given by ; ; Fig. 5.5

F=9 10 1

iV

+5 uC

o

Resultantforcea® F FRV f =38.97 N

7KH IRUFHVY DFWLQJ RQAWhKB] ZHKIDOU DHOW B @eibiF W& H WD P H

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 VKRZV WKH FRQGLWLRQV RIXVKH SUREOHP
Let B andC be the spheres, each carrying a chgrge 7 KH
force of repulgin between th spheres is given by ;

F= 9 103

T %q

(DFK VSKHUH LV XQGHU WKH DFW
(i) weightm gacting vertically downwardji) tension  mg mg

T, and(iii) electrostatic forc& &RQVLGHUL@I WKH V SKd-13.6H

and resolvingf LOQWR UHFWDQJXODU FRPSRQHQWYV ZH KDYH

mg=T VLQF=T FRV

? WDQ mgF
1RZ AD = \JAB BD Fp

BD F
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or F = Emg mg 1 i M1
% X W F A 1% .

? A 1% A i' o q= - it

? q=69710%cC

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 chargegtbe placed at a distangel URP WKH @ kB HBH)LJ @
+q B
+HQE--------- <+—e———p - —— - ®+Q
F, F,
¢ X Pl (a-x) —
Fig. 5.7
JRUFH RQ dgdkexdchielrge €2 is
=99 ummos
4 X
JRUFH RQ drdkedtd@Jcherge @ is
F=—99  |Urmoa
oa X
,Q RUGHU WHDRW E®OHIIRLEFLEULXP
? qQ = qaQ or x=2al3
4 X ca X

Example 5.6.Two point charges of +16€ and i9 -€ 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® be located & at a distance IURP WKH FKDUJH i —& DV VKRZ
LQ )LJ
A B P
- ————————————— - ———— - +“——e—>F,
+16 uC -9uC F, +Q
—— 8cm —Ple——— x ———————————
Fig. 5.8
JRUFPFI ®XWH WR FKDUAH —& DW
16 10°
F, =k Q alongAP
JRUFPI ®XWH WR FKDB&EH i —& DW
9 10°
F = k—X Q alongPB

JRU JHUR HOHFWR)JR¥WDWLF IRUFH DW

16 10° Q _ 9 10° Q
X - X

16 9
X

? k

<
x|
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Example 5.7.Two small balls are having equal charge €ulomb The balls are suspended
by two insulating strings of equal lengthrhetre TURP D KRRN ¢([HG WR D VWDQG 7KH ZKR
taken in a satellite into space where there is no gravity.

i What is the angle between the two strings ?
i What is the tension in each string ?

Solution.(i) ,Q WKH DEVHQFH RI JUDYLW\ WKH WHQVLRQ LQ WKH VWULC
VLYH IRUFH 7KHUHIRUH WKH VWULQJVY EHFRPH KRUL]JRQWDO GXH W
Consequently, the angle between thangris180°

(ii) F i 97Qd—Q

+HUH Q=Q=Q; d L
_ o4

? F = 9><1Cf’4|_2

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 880 kg m
the angle remains the same. What is the dielectric constant of the liquid ? The density of the material
of the sphere is 1600 kg'fn

Solution. )L J VKRZV WKH FRQGLWLRQV RI WKH SUREOHP 6XSSRVH
NJ WKH FKDY FFR RQRIPEFBEKQG LQ HTXLOLEULXP r WKMF& LWWKIHQMHH EHWZ
LV LQ HTXLOLEULXP XQGHU WKH DFWLRQ RI WAKUHH IRUFHV DV VKRZC

1
F= 4
4 , r
1q
1RZ T FRV  1ig;T VLQ F#—~
0
2 WDOQ :(—1 g i
' ,mgr
KHQ WKH VSKHUHY DUH LPPHUVHG LQs5 LTXLG WKH HIIHFV
ZHLIJKW RI HDFK VSKHUH DQG WKH IRUF UHSXOVLRQ ERWK GHF
&RQVHTXHQWO\ WHQVLRQ DOVR GHFUHDWHYV
. o 800  mg
Weight of sphere in liquidc mg* 1 —— =— Fe—¢----L-———- F
ig p in liqui g 1600
. T 1 q m m
Electric force in liquid,F o - 9 9
4 K r f——  ——p
+HWKHLY WKH GLHOHFWULF FRQVWDQW RIFi\éng OLTXLG , I WKH UH

tensionisT+ WKHQ | R UUWXM RIITAX G&HAEH
T« FRV ¥ and T- vLQ 4—f1—K 9
0 r

q .
? WD :{—
Q cKmgr !

JURP HTDQ@G ZH KDYH

*  Weight of sphere in liquidWc HLJKW LQ DLU * :HLJKW RI OLTXLG GLVSODFHG
1RZ HLJKWmgQ DLU

Also, weight of liquid displacee M — g mg — mg%)
800 800 mg

? Wc= mg mg —— mgl ——
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5.8.

1 a . 4 k=2

4 ,mgr 4 Kmgr

(Tutorial Problems )
7ZR FRSSHUAMBBHWMWH WKHLU FHQWUHV VHSDUDWHG E\ FP ,I FKDUJ
A 1'& ZKDW LV WKH PXWXDO IRUFH RI UHSXOVLRQ EHWZHHQ WKHP " 7
JLEOH FRPSDUHG WR WKH GLVWDQFH RI VHSDUDWLRQ :KDW ZLOO EH WK

SODFHG LQ ZDWHU " 'LHOHFWULF FRQVWBDMWORN; ZOWH N @

Chargesy; andq lieonthex D[LV DW SIRIFPWRMQG FP UHVSHFWLY#éndg +RZ PXVW

be related so that net electrostatic force on a charge placedat FP LV JHUR " [g; = 9,

7ZR VPDOO VSKHUHV RI HTXDO VL]H DUH FP DSDUW LQ DLU DQG FDUU\ F
D WKLUG FKDUJH EH ORFDWHG VR WKDW QR @H#tkh fro@ iBFE]JURVWDWLF IRUF|
7ZR LGHQWLFDO VSKHUHV KDYLQJ XQHTXDO DQG RSSRVLWH FKDUJHV DU
WRXFKLQJ WKHP PXWXDOO\ WKH\ DUH DJDLQ VHSDUDWHG E\ VDPH GLVW
IRUFH RI' A 1 )LQG WKH ¢(QDO FKDUJH RQ HD[EK-&obn\&ach] P

7ZR VPDOO VSKHUHV HDFK RI PDVV A J DUH VXVSHQGHG E\ VLON WKUH
HTXDO FKDUJHV WKH\ VHSDUDWH WEXIHWW KHUTHFEKG R WHOHNUL Q J: KDDQAV DIQVI OVHK IR 11 R
repulsion actingoneacdk SKHUH " [4-3 110" N]

SRLQW FKDUjI-&VOEE_IH DW HDFK RI WKH WKUHH FRUQHUV RI D VTXDUH RI VL
Rl IRUFH RQ D FKDU S RFHGIDW WKH FHQWUH RI V[BXDUN

7KH HOHFWURVWDWLF IRUFH RI UHSXOVLRQ EHWZHHQ WZR SRVLWLYHQC
A 1" 1 ,1 WKHLU VHSDUDWLRQ LV ¢ KRZ PDQ\ HOHFVWURQV DUH PLVVL

Electric Field

7KH UHJLRQ VXUURXQGLQJ D FKDUJHG ERG\ LV DOzZD\V XQGHU V

HOHFWURVWDWLF FKDUJH ,I D VPDOO FKDUJH LV SODFHG LQ WKLV U
&RXORPEfVY ODZV 7KLV VWUHVVHG UHJLRQ DURXQG D FKDUJHG ERG)
HOHFWULF ¢HOG GXH WR D FKDUJH HIWHQGV XSWR LQ¢,;QLW\ EXW LWV
WKH GLVWDQFH IURP WKH FKDUJH LQFUHDVHYV

The space RU ¢ HQvBBich a charge experiences a force is called HOHFW Uk F ¢ HOG

HOHFWURVWDWLF ¢HOG

o
@ )
%
_________ L A N b4
______________ ’____......:"\ ’\‘\‘ \“‘ "':' .",'
CE—20 () (e
"""""""""""" poom L
..... ""'--- _,»"‘."' “‘

Fig. 5.10
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7KH HOHFWULF ¢HOG DURXQG D FKDUJHG ER 8éacttising HSUHVHQWHG |
of *force. %\ FRQYHQWLRQ WKH GLUHFWLRQ RI WKHVH OLQHV RI IRUFH DYV
D XQLW SRVL&LSRVEWDYBHHFKDUJH RI & SODFHG DW WKDW SRLQW ZR
7TKH XQLW SRVLWLYH FKD tedtttharyeBVHRAPDHW/IHP HW EN OXO/HH&G DV DQ LQGLFD
WKH GLUHFWLRQ RI HOHFWULF ¢HOG )ROORZLQJ WKLV FRQYHQWLRC
DOzD\V RULJLQDWH IURP D SRVLWLYH FKDUJH DQG HQG RQ D QHJDW
OHDYH RU HOQWHU WKH FKDUJHG VXUIDFH QRUPDOO\

)LJ VKRZV W\SLFDO (HOG GAMKWRVVLEHRWEWQLFLIJHOG GXH WR DC
SRVLWLYHO\ FKDUJHG VSKHUH $ XQLW SRVLWLYH FKDUJH SODFHG Qt
DOO\ DzD\ IURP WKH VSKHUH 7KHUHIRUH WKH GLUHFWLRQ RI HOHFW
LQ )LJ i JRU WKH QHJDWLYHO\ FKDUJBG WKKHBHFEHWMDHFWILRJ RQ WKH
SRVLWLYH FKDUJH ZRXOG EH GLUHFWHGIi UVKRRY OVKWMRZOKIKBW WL R H, N G
EHWZHHQ D SRVLWLYH FKDUJH DQG i QHRYW LK @& HFRWDWLIH ¢ZHKQ G H HIW Z
WZR VLPLODUO\ FHKOUFKBUJHG ERGLHV

5.9. Properties of Electric Lines of Force

i) 7KH HOHFWULF ¢HOG OLQHYVY DUH GLUHFWHG DZD\ IURP D SRVL)
FKDUJH VR WKDW DW DQ\ SRLQW WKH WDQJHQW WR D (¢HOG OL
WKDW SRLQW

(i) (OHFWULF OLQHV RI IRUFH VWDUW IURP D SRVLWLYH FKDUJH DQ

(i) (OHFWULF OLQHV RI IRUFH OHDYH RU HQWHU WKH FKDUJHG VXU

(iv) (OHFWULF OLQHV RI IRUFH FDQQRW SDVV WKURXJK D FRQGXF
LQVLGH D FRQGXFWRU LV JHUR

(vy (OHFWULF OLQHV RI IRUFH FDQ QHYHU LOQWHUVHFW HDFK RWKH!
LOWHUVHFW HDFK RWKHU DW D SRLQW WKHQ WZR WDQJHQWYV |
PHDQ WZR GLUHFWLRQV RI HOHFWULF ¢HOG DW WKDW SRLQW Z}

(vii (OHFWULF OLQHV RI IRUFH KDYH WKH WHQGHQF\ WR FRQWUDF'
EHWZHHQ RSSRVLWHO\ FKDUJHG ERGLHYV

(vi) (OHFWULF OLQHV RI IRUFH KDYH iWKHKMWHEYBEGQGRANVRVRHEB0DRW HO DU
HDFK RWKHU LQ WKH GLUHFWLRQ SHUSHQGLFXODU WR WKHLU O
WZR OLNH FKDUJHYV

5.10. Electric Intensity or Field Strength (E)
7R GHVFULEH DQ HOHFWULF ¢HOG ZH PXVW VSHFLI\ LWV LQWHQVI
(¢HOG DW DQ\ SRLQW LV GHWHUPLQHG EVMW ISKD DR H IEHDIW W K@ W RIR D QWY

Electric intensity or (HOG VWDW @IWRLQW LQ DQ HOHFWULF ¢HOG LV WKH |
positive charge placed at that point. Its direction is the direction along which the force acts.

Electric intensity at a poing = LQ 1 &

where Q &KDUJH LQ FRXORPEV SODFHG DW WKDW SRLQW
F )RUFH LQ QHZWRERXIORWPIEYJ RQ

6R FDOOHG EHFDXVH IRUFHV DUH H[SHULHQFHG E\ FKDUJHV LQ WKLV UHJLRC

./ D OLQH RI IRUFH LV DW DQ DQJOH RWKHU WKDQ f LW ZLOO KDYH D WDQJ
ZRXOG FDXVH UMGRRWHRHEQIWLRQ FKDUJH %\ GH,QLWLRQ HOHFWURVWDWLF |
WDQJHQWLDO FRPSRQHQW FDQQRW H[LVW

+RZHYHU HOHFWULF OLQHV RI IRUFH FDQ SDVV WKURXJK DQ LQVXODWRU
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7TKXV LI D FKDUJH RI FRXORPEV SODFHG DW D SRLQW LQ DQ H
R 1 WKHQ HOHFWULF LQWHQVLW\ DW WKDW SRLQW ZLOO EH
QRWHG FDUHIXOO\

(i) 6LQFH HOHFWULF LQWHQVLW\ LV D IRUFH LW LV D YHFWRU TX|

GLUHFWLRQ

(i) (OHFWULF LOQWHQVLW\ FDQ DOVR EH GHVFULEHG LQ WHUPV RI O
are close together, the intensity is high and where the lines of force are widely separated,
LQWHQVLW\ ZLOO EH ORZ

(i) (OHFWULF LOQWHQVLW\ FDQ DOVR EH H[SUHVVHG LQ 9 P
9 P 1 & 6HH IRRW QRWH RQ SDJH

Electric intensity due to a point charge. 7KH YDOXH RI HOHFWULF
LQWHQVLW\ DW DQ\ SRLQW LQ DQ HOHFWULF ¢HO® GXH WR D SRLQW

EH FDOFXODWHG E\ &RXORPEYV ODZ C EUHTXLUHG WR
electric intensity at poir® situated at a distance PHWUHYV IURP D
charge of HQ FRXORPE 6HH )LJ ,PDIJLQH D XQLW SRVLWLYH
FKDUgddH & LV SODFIPIG?KIWQSFEIAQAN-I(,QL WLroQ WLro HORFWULF
intensity atP is the force acting on + 1C placedrate. Fig. 5.11
Electric intensity aP,E = )RUFH RQ &PSODFHG DW
-9 1021
d
? E=9 109—?j in a medium
=9 1(fdg in air

1RWH WKH GLUHFWLRQ RI HOHFWULF LQWHR@VRWH JWWLY B FRKIDQI K C
ie.iQ LWV GLUHFWLRQ ZRXOG KDYH EHHQ UDGLDOO\ WRZDUGV WKH

7KH HOHFWULF ¢HOG LQWHQVLW\ LQ YHFWRU IRUP LV JLYHQ DV
E =9 109de in air

9 10°
r

whered LV D XQLW YHFWRUW®RLUKRFWHG IURP

(OHFWULF ¢HOG LQWHQVLW\ GXH7WR DHMXOVEDRIWS R \@ HW D H OHH\F
intensity at a point due to a group of point charges can be found by applying **superposition prin
FLSOH 7KXV HOHFWULF Pddeddd 5Q WG\Q \GUuDW D MYV DL RLTQWM O WR WKH
YHFWRU VXP RI HOHFWUQfqed O G, at (pimPli@VLWLHY GXH WR

E=E E E E
where E 1HW RU UHVXOWDQW HOHFWULF ¢HOG LQWHQVL
EE (OHFWULF (HOGUAIQWHQVLW\ DW

in a medium

E (OHFWULF ¢(H@®GA@WHQVLW\ DW
DQG VR RQ
* W PD\ EH QRWHG WKDW HOHFWULF OLQHV RI IRUFH GR QRW DFWXDOO\ H[LV
¢HOG +RZHYHU LW LV D XVHIXO PHWKRG RI UHSUHVHQWDWLRQ ,W LV D XV
E\ GUDZLQJ OLQHV RI IRUFH FORVH WRJHWKHU DQG ORZ ¢HOG VWUHQJWK E\
6LQFH WKH HOHFWULF IRUFH REH\V WKH VXSHUSRVLWLRQ SULQFLSOH VR GF
XQLW FKDUJH
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Example 5.9.Two equal and opposite charges of magnitudem” C are placed 15cm apart.
() 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 = + 18'*° C) placed there ?

Solution. )L J VKRZV WZR HTX%XR@'BQG RSSRVLWHo C
FKDUJHV VHSDUDWHG IiE\ B GRV W, EH.RL._Mp @B
MEH WKH PileGANS-RVMBQ WA P .5

cm »

() ,PDJLQH D FKDUJH RM & SODFHG DW
? Electric intensity aM GXH WR FKD U CH i Fig.5.12

E, =9 10 —— i°1 &long AM
Electric intensity aM GXH WR FKDWJigl i 1
E =910 —— 7% 1 along MB
6LQFH HOHFWULF LQWHQVLWLHY DUH DFWLLVLQWKWHKHNXDRH GLUHF
E, andE
? Resultant intensity at poiM is
E A 1% A 1 =064 71 N/C along AB
(i) Electric intensittEatM LV A °11 & 7KHUHIRDHWRQFHRQ D SURWRQ FKDU.
Q A 1" & SODWKG DW
F=EQ A f i A { 1.024710"°NalongAB
Example 5.10A 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 drcﬁp(]gfb' NJ ¢QG WKH
charge on the drop (take g = 10|iﬁ)s
Solution.LetQ FRXORPE EH WKH FKDUJH RQ WKH RLO léRS 6LQFH WKH

8SZDUG IRUFH RQ GURS :HLJKW RI GURS >6HH-YJ @
or QE=mg
V1000
+HUH E= g —— i*opP
m
2 o="9 ___  -125x10%C g
E 4 10' Fig. 5.13

Example 5.11.The diameter of a hollow metallic sphere is 60cm and the sphere carries a
charge of 506& )LQG WKH HOHFWULF ¢HOG LQWHQVLW\ L DW D GLVWDQ|

sphere andii) at the surface of sphere.

Soluton. 7KH HOHFWULF ¢HOG GXH WR D FKDUJHG VSKHUH KDV VSKHUL
VSKHUH EHKDYHV IRU HIWHUQDO SRLQWYV DV LI WKH ZKROH FKDUJH L

(i) d=OP FP R = —& ic

Q ° P
? = - - @ =
» E=0 105 0 10 — 4.5 x 16 NIC @
(i) d=OPs FP A @ —& iC 100 cm "

o
T

6

? E=9 l(fdg 9 16 ———— =5x10 N/C Fig. 5.14
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Example 5.12.Three point charges of +810"° C, +32 1 10'° C and +247 10" C are placed

DW WKH FRUQHUV $ % DQG & RI D VTXDUH $%&' KDYLQJ HDFK VLGH
at the corner D. Assume that the medium is air

Solution. 7TKH FRQGLWLRQV RI

WKH SUREOHP DUH UBSUHVHQWHG LQ
A P
YA
N
A
A D 0 -
+8x10°C P S>——*X
pad E1
+32x10°% L7~ +24x10°C
B c
Fig. 5.15
ODIJQLWXGH RI HOHFV‘DUGXH‘,H\KRGF[K@W@VLW\ DW
8 10° R
E, P91

A 71 &DOPRJ
ODJQLWXGH Rl HOHFWUG K H MIRGFIKQW B VLW\ DW
9
f— 741 & DORQJ
v
ODJQLWXGH RI HOHFWUG K H, MIRGFIKQW @ VL W\ DW

9

E 7o

E [ — A *1& DORQJ
W LV HDV\ WR YHH WKDW

5HVROYLQJ HOHFWULFX;MHQQGYDQEW QXH WKDHWH DORQJ
TRWDODFRPSRQHBQ@®W FRV

A 14 P41 FRV f Al ®
TRWIFRPSRQH@EWVLQ Ef
T4 VLQ f ‘ATA P&
?

ODJQLWXGH RI UHVXOWDQW HOHFWULF LOQWHQVLW\ DW

= =22:631 10¢ N/IC
/HW WKH UHVXOWDQW LW@MOXQVLW\ PDNH DQ DQJOH
?

anl = Y FRPSRQHQW 4
X FRPSRQHQW *

or

| =tan' A 61.32°

(Tutorial Problems)
1. :KDW LV WKH PDJQLWXGH RI D SRLOQW FKDUJH FKRVHQ VR WKDW HOHFWU |
RI %1 8&"

80€c @
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2. 7ZR SRLQW FKDUJH V RI A —& DQG i A —& DUH VLWXDWHG P DSDUW

VWUHQJWK DW D SRLQW PLGZD\ EHWZHHQ WKHP RQ WKH OLQH MRLQLQJ
[720 N/C towards ive charge@

3. $Q RLO GURS RI H[FHVV HOHFWURQV LV KHOG VWD®WLRRWHHLQ D XQLIR

GHQVLW\ RI RLO LW\ JQGPDWV RI WKHDIUXY RI WKH GURS

[(i) 15710 kg (i) 9-8 110" m @

4. $ SRLQW FKDUJH&RLVASODFHG LQ D PHGLXP RI UHODWLYH SHUPLWWLYLW
¢HOG LQWHQVLW\N DW D SRLQW FP IURP WKH FKDUS23 NC@

5. 7TKUHH SRLQW FKDUXHV RA A& DQG A 'Ciare at the points, B andC
respectively of a squa®®BCD )LQG WKH HOHFWULF ¢1BOG LuedHGENC® DW WKH FRUQ

5.11. Electric Flux ( \)
)LJ VKRZV HOHFWULF ¢HOG EHWZHHQ WERctix(¥DO DQG RSSRVL)

SDUDOOHO SODWHV 7KH HOHFWULF ¢HOG LV FRQVLGHUHG WR EH ¢C
DQG HDFK XQLW RI FKDUJH LV DVVXPHG WR JLYH ULVH WR RQH XQLV
HNH O

7KH V\PERO IRU HOHFWULK SX[_ L B QAGK HWF UL, WWHHU L Q
FRXORPEV 7KXV LQ )LJ WRHF RKDBRPHE R @ -H WKKOWODWH LV
HOHFWULF AX[ EHWZHHQ WKH SODWHV LV * e

(OHFWUWLE QXRXORPEV + > -

(OHFWULE AX[ LV D PHDVXUH RI HOHFWUYTF ®CQH RI' IRUFH 7KH
HOHFWULF AX[ SDVVLQJ WKURXJK DQ DUHDBFWKHIUYHDWHU LV WKH (
lines of force passing through that area witg-versa 6 XSSRVH WKHUH LV D

PLWWLYLW\

chargeoQ FRXORPEV LQ D PHGLXP RH DHEN RZGOHWH SHU

HLV WKH UHODWLYH SHUPLWWLYLW\ RI WKH %Ug%XP 7TKHQ QXPEHU
. . 1g. o.

of forceN produced by this charge is

N=—=—
or

() 7KH HOHFWULF AX[ WKURXJK D VXUIDFH DUHD KDV PD[LPXP
perpendiculatWR WKH HOHFWULF ¢HOG
(i) 7KH HOHFWULF AX[ WKURXJK WKH VXUIDFH LV JHUR ZKHQ WKH V)

5.12. Electric Flux Density (D)
TheHOHFWULF DXy GRAQVHWWLRQ LQ DQ HOHFWULF ¢HOG LV WKH HO
per unit area of that section i.e.

(OHFWULF AXf %HQVLW\

7KH 6, XQLW RI HOHFWULF AX[ GHQVLW\ LV & P

JRU H[DPSOH ZKHQ ZH VD\ WKDW HOHFWULF AXWGH{DQW)\ LQ DQ
WKDW & Rl HOHFWULF AX[ SDVVHV QFOUHFDNUWIL\FWAKK RXHR VL@ \DIUH D R
TXDQWLW\ SRVVHVVLQJ ERWK PDJQLWXGH DQG GLUHFWLRQ ,WV GLL
WULF LQWHQVLW\ .

Relation between D and E.Consider a charge ofG
FRXORPEV SODFHG LQ D PHGLXPaRIQUHODWLYH SHUPLWWLYLW\ 0
VKRZQ LQ )LJ 7KH HO R B\ disténcA N RVATRVVAW » RY)VAN
d PHWUHV IURP WKH FKDUJH FDQ EH XQG DV IROORZV LWK FHQW!
at the charge and radids PHWUHV DQ LPDJLQDLU“\_V'S‘K‘FLJ‘H_F‘D‘Q"EH
FRQVLGHUHG 7KH ¢bQAdHPEW UALIFOMXSMMRYY QRUPDOO\ '

WKURXJK WKLV LPDJLQDU\ VSK@UH 1RZ D Urigbs.f2l VSKHUH

* D=HE=[C 1 P@ >1 &@ &PP
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VR

? )OX[ GH@VWLW

Area 4 d
" . Q Q 1
Also, Electric intensity aP, E=
y 4 ,d 4d .
_ P D 9
r 0 4 d
? D HOE

+HQFH AX[ GHQVLW\ DW DQ\ SRLOQinesLip de@riHiGensitwal LF ¢ HOG LV
that point.
7KH HOHFWULP AIXV B @ @RtAfDuspadanent.
W PD\ EH (ORaWIH® WHKKYWFWRU TXDQWLWLHY KDYLQJ PDJQLWXGH D
LQ YHFWRU IRUP
D= ,,E

Q4
4d

7KH GLUHFFWIMWR BIWVRHU\ SRLQW L\E WEKKAV VDAWP\H HIDA GHRVDXVGR I LV

(i) The value of E depends upon the permittiVity ljH of the surrounding medium, that of
D is independent of it

(i) (OHFWULF AR[ GY QUWHFWO\ UHODWHG BVR SHUHPHRWWLLIFY LWD G L
H g RI WKH PHGLXP EHLQJ WKH IDFWRU E\ ZKLFK RQH TXDQWL!

(i) 7KH LPSRUWDQ BH RHIE Uad @ Dhe/ fag @hat it relates density concept to
LQWHQVLW\ FRQFHSW

(ivy (OHFWULF LQWHQVLW\ DW D SRLQW LV DOVR GH¢{¢QHG DV HTXDC(
QRUPDOO\ WKURXJK D XQLW FURYWVWRXGRRRWYDY WK HDFRWUWH DWI
QXPEHU RI HOHFWULF OLQHY HR|IIRKHN I OR@XVHI® ED LQWRUPDOO\
A P surrounding the point, then electric intenditgt the point is

Also D

-9 _Q
A A
%XQXV:D (OHFWULF AX[ GHQVLW\ RYHU WKH DUHD
D D
? E= — in a medium
0Or
D L
= — in air
0

Example 5.13.&DOFXODWH WKH GLHOHFWULF AX[ EHWZHHQ WZR SDUDC
cmsquare 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 nowE32

A
Solution. E=V/d; D (@E= Od‘ % DA
\
? 0/ 0 r A
o d
When medium is air 0
nUOV A
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A 1'c=216<¢
When medium is insulating material

%ﬂ A
d
+HUHQ% —& "iC ;v YROMWV A 1 P
d
? (€= =6
T VA

( Tutorial Problems )

1. :KDW LV WKH WRWDO AX[ SDVVLQJ WKURXJK D FP 1
LV —& P

"FP VXUIDFH LQ D L

$62710°C @

2. $W D FHUWDLQ SRLQW LQ D PDWHULDIQGWHKBHANUGHQWHMW LYWHAQVE)
A 1°9 P :KDW LV WKH DEVROXWH SHUPLWW LMt \imf®H PDWHULDO "

5.13. Gauss’s Theorem

7KLV WKHRUHP ZDV ¢UVW H[SUHVVHG E\ D *HUPDQ VFLHQWLVW .DI
PD\EH VWDWHG DV XQGHU

7KH HOHFWULF AX[ SDVVLQJ WKURXJK D FORVHG VXUIDFH VXUURX(
the algebraic sum of the charges inside the closed surface
7R LOOXVWUDWH *DXVV{V WKHRUHP QFRQ )LJ ZKHUH FI
Q.Q DQQ FRXORPEV DUH SODFHG LQVLGH P RERVHG VXUIDFH $FFRL
*DXVV WKH WRWDO HOHFWULF AX[ % SDV{LQJ WKURXJIK WKLV FORVI
E\ WKH DOJHEUDLF VXP RI WKH FK&UJHV LQVLGH WKH FORVHG VXUID
% $OJHEUDLF VXP RI WKH FKStHaHV LeQ®IGH WKH FORVH
surface
Q Q Q qQ,
=Q;+Q +Q iQ, FRXORPEYV
7KH IROORZLQJ SRLQWYV PD\ EH QRWHG
(@ 7KH ORFDWLRQ RI FKDUJH FKDUJHVY LQVLGH WKH FORVHG VXUID

() 7TKH VKDSH RI WKH VXUIDFH GRHV QRW PDWWHU SURYLGHG LW
FKDUJH FKDUJHYV

Explanation. (i) Consider a charge o FRXORPE SODFHG DW WKHMFHQWUH RI VSk
DV VKRZQ L@ )LBLQFH WKH FKDUJH LV DW WKH FHQWUHWI WKH VSKH!
XQLIRUP RYHU DOO WKH VXUIDFH DQG SIHHMHQGLFXODU WR WKH VXU

Charge Q
"~ Areaof sphere 4
7KHUHIRUH WKH HOHFWULF AX[ % SDVVLQJ RXWZDUG WKURXJK Wk

W T $UH?Qr— 41 =Q FRXORPE

Fig. 5.18

The number of electric lines of force passing through the closed surface normally is Q
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v
() (i)
Fig. 5.19

7KXV WKH HOHFWULF AX[ SDVVLQJ WK UR thé shargiehcldsetd IDFH RI VSKFE
LQ WKH VSKHUH 7KLV HVWDEOLVKHYV *DXVVIV WKHRUHP
.1 WKH VSKHUH ZHUH €@ GSFRODRHLR D\ WHKDHU B Hi J@& UW KA+6@ HH UF W U L F
AX[ % FRXORPE ZRXOG SDVV LQZDUG WKURXJKIWKH VXUIDFH DQG W&k

(i) 1RZ FRQVLGHU WRDFMRX\KRPEKDUS®DFHG DW DQ\ RWKHU SRLQW

O LQVLGH WKH VSKHUH DV VKRZQ LQ )LJ 7TKH HOHFWULF OL
QRUPDO WR WKH VXUIDFH +RZHYHU DWPDQNGREQWLRQ@AWKH VS

FDQ EH UHVROYHG LQWR WdR UHFWDQJXODU FRPSRQHQWYV
(@ &RPSRQHQW QRUPDO WRVW KHR P X R QDHRHW
() &RPSRQHQW SHUSHQGLFXODUi.8VRLMPKHFERRSRRE QWR WKH VXUIDFI
.1 ZH DGG DOO WKH VLQ FRPSR Q@RI HOHFWULF AX]
RYHU WKH ZKROH VXUIDFH WKH UHVX®dw OO0 EH JHUR ,W LV
EHFDXVH YDULRXV VLQ FRPSRQHQWVEFD FHO HDFK RWKHU
+RZHYHU DOO FRV FRPSRQHQWYV RI AX)/DUH QRUPDO WR

276

A

EDFNZDUG +HQFH WKH UHVXOWDRQ
over the surface of sphere is equaQtoF R X Q. P E

® FRXORPE * Q O
The number of electric lines of force passing

through the closed surface normallyQsk ]
7KXV LUUHVSHFWLYH RI @WKH SRVLWFIH'?stoRI FKDUJH

ZLWKLQ WKH VSKHUH WKH AX[ SDWERQXOWRKRER XYXL W KN W B E B8 UWKHYU1D

WKHRUHP 6LPLODUO\ LW FDQ EH VKRZQ WKDW LI D VXUIDFH HQFOR\

SDVVLQJ WKURXJK WKH VXUIDFH LVJH YV XDXOV WERH WKKH DFADIRN\EH® VX W XOPF |

*DXVVIV ODZ FDQ Dnatidnd¢alH[SUHVVHG

v

‘H NQRZ WK IBEMS

where E dS LV WKH VXUIDFH LQWHEUDver tRd ehtieeHoyed) suffaceH O G

enclosing the charg@ 0
? \'= EdS=—
0
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+HQFH *DXVV{V ODZ PD\ EH VWDWHG DV XQGHU
,] D FORVHG VXUIDFH HQFORVHYVY D QHW FKDUJH o¥ker WKHQ VXUIDF

theclosed surface is equal to itimes the charge enclosed.

5.14. Proof of Gauss's Law . 2
Consider a positive chargeQ located at poinD as shown //’ \\%
\

LQ )LJ ‘H GUDZ D V@kHhojeRQ &DGLXV , .

LWV FHQWUH :H QRZ VKRZleNM\[RVWM‘QIXB%-IﬂQﬂHFWULF AX]

RI HOHFWULF OLQHV RI IRUFH SDVVLQJ W‘RURX,'JK WKH FORVHG VXl
Ql 7KH PDIQLWXGH RI HOHFWULF ¢HOG DW DQ\/SRLQW RQ WKH VSKH}

surface is given by ; Q ST
E =

N
E

4 Fig. 5.21
7KH HOHFWULF ¢HOG LV GLUHFWHKG VBEHDQPD QR X\¥-UDLFEH IUR R Q O\
naryand is calledsaussian surface
&RQVLGHU D VPDO 0SHRDMHMKEWONULIDBHIRI VSKHUH DV VKRZQ LQ )LJ

that E is * parallel todS i.e.angle betweerf anddS LV JHUR 7KHUHIRUH theOHFWULF AX[ W
entire closed spherical surface is

\' = EdS E d®0s0 EdS

SincecE PDJQLWEXGH FIRQVWDQW RYHU WKH FRQVLGHUHG FORVHG VXI
LQWHJUDO

1RZ E = 4Qr and dS = Surface area of sphere 34
0
? \ = Q 4 r —9
4 Or 0
+HQFH \ = EdS:9
0
Note. ‘H NQRz\ = EdS Q
0
= JEdS =Q
? \ = DdS:Q OE D

IRWH\WWRPRQWEH H[SQUHYYHG LQ
+HQFH *DXVVIV ODZ PD\ EH VWDWHBVLRQGHWPV RI AX[ GHQVLW\

If a closed surface encloses a net charge (Q), then surface integldl f HOHFWULF AX][
density) over the closed surface is equal to the charge enclosed by the closed surface

Example 5.14.$ VSKHULFDO VXUIDFH FP LQ GLDPHWHU LV SHQHWUDWH
GLVWULEXWHG RYHU WKH VXUIDF Hi 10V ICHf.H\Dat B Werhagnivdd GHQV LW\ EH |
and sign of the charge enclosed by this surface ?

Solution. Area of spherical surface is
A e E 1 "1 A P
7KLV LV WUXH IRU HYHU\ HOHPHQWDU\ DUHD RQ WKH VXUIDFH
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(OHFWULFDAY % A 7 1 A A 'a
? &KDUJH HQFARVHG C=01962-¢C
6LQFH WKH HOHFWULF AX[ LV SDVVLQJH. 8RB 0BJMMWESURKIK WKH VSK

5.15. Electric Potential Energy

‘H NQRzZ WKDW HDUWK KDV JUDYLWDWLRQDO ¢(HOG ZKLFK DWWUD
ERG\ LV UDLVHG DERYH WKH JURXQG OHYHO LW SRVVHVVHV PHFKDQ
DPRXQW RI ZRUN GRQH LQ UDLVLQJ WKH ERG\ WR WKDW SRLQW 7KH
UDLVHG WKH JUHDWHU ZLOO EH LWV SRWHQWLDO HQHUJ\ 7KXV WK|
LWV SRVLWLRQ LQ WKH JUDYLWDWLRQDO ¢HOG EHLQJ JHUR RQ HDU
FKRVHQ DV WKH SODFH RI |JHUR SRWHQWLDO HQHUJ\

/LNH HDUWKYJV JUDYLWDWQR®D® YBEEWHYHAUHPOKDPKHFK WKHRUHW
XSWR LQ:QLW\ ,I D VPDOy ISREDWEWIE WO WWK EX HDIHFWULF (HOG WK
H[SHULHQFH D IRUFH RI UHSIXOFRRE G, '\REARNWSFRAKDOLI KDYH WR EH GRG
DJDLQVW WKH IRUFH Rl UHSXOVLEBQ Q7 KMKHZIRWNY KRR SR W M QMWLRDUH 8 QLI
say the charge, KDV HOHFWULF SRWHQWLDO HQH Ug)defekds uBlB HFWULF SRWFE
LWV SRVLWLRQ LQ WKH HpHVZWUMWXDMWHE DEHLQJI QHWR LI

JURP WKH DERYH GLVFXVVLRQ LW IROORZV WKDW MXVW DV D PDV?
JUDYLWDWLRQDO ¢HOG VLPLODUO\ D FKDUJH KDV HOHFWULF SRWHC
SRWHQWLDO HQHUJ\ RI D FKDUJH LV SRVLWLYH RU QHJDWLYH GHSHOQ

5.16. Electric Potential
-XVW DV ZH GH¢{QH HOHFWULF ¢(¢HOG LQWH gactriv\pot@nial WKH IRUFH SH
LV GH¢,QHG DV WKH HOHFWULF SRWHQWLDO HQHUJ\ SHU XQLW FKDUJ

Consider an isolated charg®+¢ [HG L@
VSDFH DV VKRZQ LQ )LJ D XQLW SRNLWLY@IHC
FKDWelH & LV SODFHG DW L@j"E'W'\ """ WKHTR U'FH charge
on it due to charge@ LV JHUR ,I WKH XQLW T atw
SRVLWLYH FKDUJH DW LQ¢QLW\ LV pR¥¥2 WRzDUGYV
+Q D IRUFH RI UHSXOVLRQ DFWV RQ LW OLNH FKDUJHV UHSHO DQC
EULQJ LW WR ISREQWYKHNMWKH XQLW SRWKWVY YR P KDDRIRIXIOWDRMN HOHF
SRWHQWLDO HQHUJ\ ZKLFK LV D PHDVXUH RI HOHFWULF SRWHQWLD!
KLJKHU ZLOO EH WKH HOHFWULF SRWHQWLDO HQHUJ\ DQG KHQFH WK
HOHFWULF SRWHQWLDO DW D SRLQW GXH WR D FKDUJH GHSHQGV X
WKH SRLQW LV VLWXDWHG DW LQ¢,;QLW\ 2EYLRXVO\ LQ HOHFWULF ¢l
SRWHQWLDO

Henceelectric potential DW D SRLQW LQ BG@hera@duRtVEfULorK ¢oHEOIG
bringing a unit positive charge.e. &IURP LQs{¢QLWN WR WKDW SRLQW L H

:RUNW
Charge Q

whereW LV WKH ZRUN GRQH W& FRX@RPEVFKDRBH.®4QLW\ WR WKH SRL
considHUDWLRQ

Electric potential=

* F-910gQ :Asdo f,FooO

,Q SUDFWLFH HDUWK LV FKRVHQ WR EH DW JHUR HOHFWULF SRWHQWLDO ,W
its electric potentalSUDFWLFDOO\ UHPDLQV FRQVWDQW
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Unit. 7K8 XQLW RI HOHFWULF SRWHQWLDO LV YROW DQG PD\ EH GH¢

7KH HOHFWULF SRWHQWLDO DwWitiDL jsuRelofiklisQlomegn btidging WULF ¢HOG L
a unit positive charge.e.+1 & IURP LQ¢QLW\ WR WKDW SRLQW DJDLQVW WKH HC

7KXV ZKHQ ZH VD\ WKDW SRWHQWLDO DW D SRLQW LQ DQ HOHFW!I
MRXOHV RI ZRUN KDV EHHQ GRQH LQ EULQJLQJ D XQLW SRVLWLYH FK

5.17. Electric Potential Difference

,Q SUDFWLFH ZH DUH PRUH FRQFHUQHG ZLWK SRWHQWLDO GLIIH
ther t DEVROXWH SRWHQWLDOV 7KH SRWHQWLDO GLIIHUHQFH S G E
XQGHU

The potential difference between two points is the amount of work done in moving a unit
positive chargei.e. + 1 & from the point of lower potential to the point of higher potential.

Consider two pointdandB LQ WKH HOHFWULF ¢HOG RIVD FKDWJH
+Q DV VKRZQ LQ M andV, be thda¥solute potentials
atAandB UHVSHFWLYHO\Vl&(Z)IHPE)LSCR\W&tQW5DO
PHDQWWMBRMXWOHY RI ZRUN KDV EHHQ >RQH LQ EULQJLQJ D XQLW
SRVLWLYH FKDUJH |WBRRFHMD AWK.HVH R BGROQHTB
WR EULQJ WKH XQLWBB)BAVELV\NNARNCFHK\DUJH IURP

7 Potential aA = V; +W

? 3 ' EHWAGHIBQ V,+W WV,
or V iV, =W=WD WR PRYH Bt&Al URgS5.23

7KH 6, XQLW RI SRWHQWLDO GLIIHUHQFH LV YROW DQG PD\ EH GHy

The p.d. between two pointslsV 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.

TKXV ZKHQ ZH vD\ WKDW S G EHWZHHQ WZR SRLQWV LV YROWV |
ZLOO KDYH WR EH GRQH WR EULQJ & RI FKDUJH IURP WKH SRLQW R/
SRWHQWLDO &RQYHUVHO\ MRXOHV RI ZRUN RU HQHUJ\ ZLOO EH U
SRLQW RI KLIKHU SRWHQWLDO WR WKH SRLQW RI ORZHU SRWHQWLD

5.18. Potential at a Point Due to a Point Charge
Consider an isolated positive charge @f FRXOR® EV

placeG LQ D PHGLXP RI UHQDWLW\HCS@ULRJ_N\GNw%LW\. ........ A
¢QG WKH HOHFW U LFF GSXRMWW R W\LKDLOY

WDSJR]IHQ I HW
P be at a distancé PHWUHYV IURP WKH FKDIH— L Q H*D 9%
SRVLWL Yit. F K RU JHO DAFaHdsitDaes P H W U

IURP WKH FKDUJH 7KHQ WKH IRUFH DFWLQJ RQ WKLV XQLW FKDUJH
ie. HOHFWULF LQWHQVLW\ ®V JLYHQ E\ >6H%5¢t

Fzop=—Q3

4 , X

WKLV XQLW SRVLWE R M HRK BUKIHR B WWKdxDowaRID tBeCch@ ¢e@Mher) F H
ZRUN GRQH LV JLYHQ EY o

dw = —%—  #tdx —> dx

4 OFX 4 0rX

* Electric potential 2W Q MRXOHYV FRXORPE 1RZ MRXOH FRXORRE WRDO'WEHHQ JLYHQ D \

I1RWH LI WKH ¢HOG LV GXH WR D SRVLWLYH FKDUJH DV LV LQ WKLV FDVH Z
+RZHYHU LI WKH ¢HOG LV GXH WR D QHJDWLYH FKDUJH ZRUN LV GRQH E\ W

, 7KH SRWHQWLDO DW D SRLQW ZLWK LQ¢QLW\ DV UHIHUHQFH LV WHUPHG DV
Tt 7KH QHJDWLYH VLJQxLVVWHERNHVY EGHHFBDEVIH) WKH QHXDWLYH GLUHFWLRQ RI GL\
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7TRWDO ZRUN GRQH LQ EULQJLQJ D XQLWISRVLWLYH FKDUJH IURP LQ¢
d d
O gx Q1

7TRWDO ZRUN GROH— —dx
4 7, X 4 ,, X
. Q 1% Q@ 1 1
N 4 Or X 4 Or d
__Q
4 ,.d

1

=9 1(?%joules 9 10

r

0
%\ GH¢ QLWLRQ WKH ZRUN GRQH LQ MRXOHV WR BEPWLQJ D XQLW SR
equalto potentialaP LQ YROWYV

? Ve = 9 1@% YROWYV inamedium

=9 109% YROWYV inair

7KH IROORZLQJ SRLQWY PD\ EH QRWHG FDUHIXOO\

() 7KH SRWHQWLDO YDULHV HQUREVMRON LRV K IWWMHKHHDEE MIMODQFH-H
LV LQFUHDVHG WKUHH WLPHV WKH SRWHQWLDO LV UHGXFHG RC

(i) (OHFWULF SRWHQWLDO LV D VFDODU TXDQWLW\

(i) Atd * LQ DLU VB B XA

(iv) ,IQis positive, then potential @ LY SRVLWLYH 2Q WQIiKhRegatiekKtHed KDQG LI
potentialaP LV QHJDWLYH

5.19. Potential at a Point Due to Group of Point Charges

(OHFWULF SRWHQWLDO REH\V VXSHUSRVLWLR@2 SULQFLSOH 7KF
potential at any poinP due to a group of point charg€g, Q, Q Q. :
LV HTXDO WR WKH DOJHEUDQRVXP @Iat?péirWHQWq_?
P I1RWH WKDW DQ DOJHEUDLF VXP LV RQH LQ
SRWHQWLDO LQ WKLV FDVH LV WDNHQ LQW

Let the distances @@;, Q , Q Q,bed;,d,d d, UHVSHFWLYHO)
pointP DV VKRZQ LQ )LJ V,,V, WXUVYkeHhd potehtidls at Q,
PduetoQ,Q,Q Q, UHVSHFWLYHO\ $VVXPLQJ WKH PHGLXP WR EH IUHH VSDFH

OV GXH WR
BFK VLJQ RI WKH S|

Fig. 5.25
7TRWDO SFPPWHOWERGWDW V,
_1Q 1Q 1Q 1Q
"4 d 4 d 4 d 4 d
1 e Qe Q Q
4 d d d d,
- »Q Q. Q Q
? Ve = d d d d,

7KH SRWHQWLDO QHDU DQ LVRODWHG SRVLWLYH FKDUJH LV SRVLWLYH EHFD)
D WHVW FKDUJH SRVLWLYH IURP LQ¢QLW\ WR WKDW SRLQW 7KH SRWHQWLEL
EHFDXVH RXWVLGH DJHQW PXVW H[HUW D UHVWUDLQLQJ IRUFH DV WHVW FKI
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, I WKH VA\VWHP Rl FKDUJHV LV SODFHG L®Qel) PHGLXP RI UHODWLYH

w9100 Qe Q o
P> d d d

5.20. Behaviour of Metallic Conductors in Electric Field

:KHQ D PHWDOOLF FRQGXFWRU VRORG RY KROORZ LV SODFHG
LQ DQ HOHFWULF ¢HOG WKHUH LV_D P PHRWDU\ ARZ RI FKDUJHV
ie. lJUHH HOHFWURQV 2QFH WKH ARy JdV FHDVHV WKH
conductor is said to be ilectrostatic equilibrium ,W KD
EHHQ VHHQ H[SHULPHQWDOO\ W
HOHFWURVWDWLF HTXLOLEULXP Dy
VKRZV WKH IROORZ6KH BURSHWNVLH

) 7KH QHW HOHFWULF (¢HOG LQVLSQ
zero i.e., no electric lines of force exist inside the

FRQGLWLRQV RI
VROLG RU KROOR:

= Constant
FRQGXFWRU LV

conductor. E-S

(ii) The net charge inside a charged conductor is zero. _ ‘o

(i) 7KH HO H F Vel éldctricH@sof forceon the Fig. 5.26
surface of a charged conductor is perpendicular to the surface of the conductor at every
point.

(ivy 7TKH PDJQLWXGH RI HOHFWULF (¢HOG MDQVWher&I{sWeéLGH D FKDUJH
surface charge density.

(v) The electric potential is the samee., constant at the surface and inside a charged

conductor
,QVLGH D FKDUEHG FRQGXFWRU
dv dv
1RZ E= — = —
as ds

7KLV PHDRQVVWHRIDN WD QW

5.21. Potential of a Charged Conducting Sphere

Consider an isolated conducting sphere of radieisHWUHY SODFHG LQ DLU DQG FKDUJHC
withQ FRXORPEV 7KH ¢(¢HOG KDi¥. QERHVLREDRVFMHPHUSWHDG RXW QRUPDO
VXUIDFH DQG PHHW DW WKH FHQWUH Crisid¥ thelsphereWkKi L H SO R&XFHG E
HIDFWO\ WKH VDPH DY RMQKRIXK K UWHKAHHRKD BRFHQWUDWHG DW LWV FHC(

(i) Potential at the sphere surface XH WR VSKHULFDO V\PPHWU\ RI WKH ¢HOG Z
the charge on the sphere as concentrated at its cédtre6 HH )LJi @ 7KH SUREOHP WKHQ UH

GXFHV WR ¢QG WKHrSPRWHGQW LIDEID W DKORLIGW

Fig. 5.27
? Potential at the surface of sphere

- _Q YROWYV >6HH $UW A @

4
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*
=9 109Q— volts

(i) Potential outside the sphereConS|derapoiriP RXWVLGH WKH VSKHUH DV VKRZQ LQ
ii /HW WKLV SRLQW PHWWHN GLRRVI/EHHVRUIDFH RI VSKHUH

7KHQ SR\APH:QQVI].(b—%QBr—V\NOItS

(iii ) Potential inside the sphere6 LQFH WKHUH LV QR HOHFWULF AX[ LQVLGH WKH
VLW LQVLGH WKH VSKHUH LV JHUR

1RZ HOHFWUL%@% \

or 0 = Change in potential

+HQFH DOO WKH SRLQWV LQVLGH WKH VSKHUH DUH DW WKH VDPH

Example 5.15.Two positive point charges of 1610"*° C and 127 10™° C are placed 10 cm
apart. Find the work done in bringing the two charges 4 cm closer.

Solution. 6 XSSRVH WKH FKRUWHR EH ¢[HG
BRWHQWLDO RI D SRLQW 7 EPCIURP WKH FKDUJH

=9 109M 9
BRWHQWLDO RI D SRLQW FPCIURP WKH FKDUJH 1
-9 108 107 9
? BRWHQWLDO GLIIHUHQFH#
‘RUN GRQKDUJH TS G' 1 11152710%]oules

Example 5.16.A square ABCD has each side of 1 m. Four point charges of +63)1
i 0-02 €, +0-03 -€ and +0-02-€ are placed at A, B, C and D respectively. Find the potential at
the centre of the square. +0.01 uC 002 ,uc

Solution. )L J VKRZV WBOB vMﬁ'mBrglelsA -
SODFHG DW LWV FRUQHUV 7KH GLDJRQBOV RI WKH VTXDUH LQWHUVH
P &0OHDUP\L\BRIKMWMFHQWUH Rl WKH VTXDUH 7}§H GLVWDQFH RI HDFK

FKDUJH IURR.SFH@MUH RI VTXDUH LV R .,
:5\/1 1 A P )

7KH SRW H Q WALA®toMchsrges GWqual to thﬁ

C

DOJHEUDLF VXP Rl SRRKOUNHDOV GXHWRHDFK o = .
? Potential aP due to all charges

Fig. 5.28
9102 9 .Q

9 10

= 9 10 ® =500.2v

, WKH VSKHUH LV SODFWEKHQ@ PRWHRLVXIPDO LV
=9 109

r
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Example 5.17.A hollow sphere is charged to 32. 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) 7KH SRWHQWLDO DW WKH VXUIDFH RI WKH VSKHUH LQ DLU

4
+HUH Q —& T 'cCc: d AP
6
2 V=9 10 —— =108 x 1d volts

(i) 3BRWHQWLDO LQVLGH WKH VSKHUBLW WkH VDPH DV DW WKH VXU
(i) 'LVWDQFH RI WKH SRLQW IURP WKH FHQWUH A A AP
6

=27 x 1¢ volts

? Potential= 9 10

Example 5.18.I1f 300 J of work is done in carrying a charge of 3 C from a place where the
potential isi10 V to another place where potential is V, calculate the value of V

W
Solution. Vg iV, = —
B IVa Q
+HWVHEV ; V, i 9 W - Q &
? Vi i R UV + 10 = 100
? \% 1 90 volts

Example 5.19.7KH HOHFWULF ¢HOG DW D SRLQW GXH WR D SRLQW FKD
potential at that point is 15 J/C. Calculate the distance of the point from the charge and magnitude
of charge.

Solution. Supposeg FRXORPE LV WKH PDJQLWXGH RI FKDUJH DQG LWV GL\
PHWUHV

k k
1RZ E= 4 v 4
r r
E 1 Vv
? —_ = — =— — =0-
v p or r E 05m
1RZ kq r T A A
? = — —— =0- X]_’
q < 9 10 0:83x10 C

Example 5.20.Two point charges of +4€ and i6 -€ are separated by a distance of 20 cm in
air. At what pait on the line joining the two charges is the electric potential zero ?

Solution. )L J VKRZV WKH FRQGLWLRQV\R WWKHS BUQ WORHIP] HBJXS S R WHH C
Potential at poin€ is given by ;
ye_ L 4 10° 6 10° le— d; —ple—— o ——]
4 d d +4uC -6pC
10° 4 6 e ° °
0= (R — A C B
> 4 d d Fig. 5.29
4 6 9. > .
or 79 =0 or d,=-—d i
Also d, +d FP i
6ROYLQIJ BB ZH gHW FH FP

7TKHUHIRUH WKH SRLQ8¢tnRftojHHe RheBde W HIQBAR W OV LHFP ITURP WKH
FKDUJH RI i —&
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( Tutorial Problems )
1. A charge of 45 ul0’ 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 11® ® joule ? [4 u10’ V]

2. edierence of potentials between two points in an electric eld is 6 volts. How much work is required
to move a charge of 30& between these points ? [1-8 u103joule]

3. A force of 0-032 N is required to move a charge d@4h an electric eld between two points 25 cm
apart. What potential di erence exists between the two points ? [1-9 ulG V]
4. What is the magnitude of an isolated positive charge to give an electric potential of 100V at 10 cm from
the charge ? [1-11u10°(]
5. A squareABCDhas each side of 1m. Four charges of +B02-0-04RC, +0-06 -C and +0-02FC are
placed a#, B, C andD respectively. Find the potential at the centre of the square. [1000M
6. A sphere of radius 0-1 m has a charge 0168 C. Determine the potentiai) (at the surface of sphere,
(ii) inside the sphere andi at a distance of 1m from the surface of the sphere. Assume air as the me
dium. [(i) 4500 V(i) 4500 V(iii) 409 V]
5.22. Potential Gradient
The change of potential per unit distance is cafjetential gradienti.e.
\%

. . \Y,
Potential gradient

whereV iV, LV WKH FKDQJH LQ SRWHQWLS ®HRW ISVGD SBHWZ HHE) WRORV OR L
XQLW RI SRWHQWLDO JUDGLHQW ZLOO EH YROWV P

Consider a chargeGand let there be two poinfsandB Va Ve
situatedS PHWUHYVY DSDUW LQ LWV HOHFWULF (,HOG DV VKRZQ LQ )LJ
Clearly, potential at poitk LV PRUH WKDQ WKBI SIRWHQWLDO® DW SRLQW
distancs LV VPDOO WKHQ WKH HOHFWU LQWHQVLW\ ZLOO EH DSSURJL
O\ WKH VDPH LQ WKLV \EPQBDWRLQNNV B RP/EI\NWW EHo
PHDQV WK D Bhdwtorks Wil ctBr a unit positive charg i
ie. & SODFHG DQ\ZK&hdBi EIHW XHH @/ SRVLWLYH_S_’
FKDUJH LV PRROAHGVKIHRPZRUN GRQH WR GR VR LV JLYHQ E\

:RUN GRB fSjoules Fig. 5.30
%XW ZRUN GRQH LQ EULQJLQ BIDAXIOL W KSR B RW/IENWWREPMUGH I IHB A Q F H

betweerA andB
? E 1S=V, iV

V

V, . .
or E = 2 —2 = Potential gradient

S
*dv
,Q GLIITHUHQWLEG®G -H?j—gP

Hence electric intensity at a point is numerically equal to the potential gradient at that point.

SLQFH HOHFWULF LQWHQVLW\ LV QXPHULFDOO\ HTXDO WR SRWHQ
PHDVXUHG LQ WKH VDPH XQLWY &OHDUO\ HOHFWULF LQWHQVLW\ F
ZKHQ ZH vD\ WKDW SRWHQWLDO JUDGLHQW DW D SRLQW LV 9 P
SRLQW LV DOVR 9 P RU 1 &

6LQFH ZRUN GRQH LQBRFRAYLYIDIRLIQQRW HOHFWULF ¢HOG D QHJDWLYH VLJQ P
WKH HTXDWLRQ WHFKQLFDOO\ FRUUHFW
W FDQ EH VKRZQ WKDW 9 P 1 &

MR/XOH FRXORPE QHZWRQTPHWUH
PHWUH PHWUHITFRXORPE

9 P



Electrostatics 285

5.23. Breakdown Voltage or Dielectric Strength

,Q DQ LQVXODWRU RU GLHOHFWULF WKH YDOHQFH HOHFWURQV D
DUH DYDLODEOH IRU FXUUHQW FRQGXFWLRQ +RZHYHU ZKHQ YROW
LQFUHDVHG D SRLQW LV UHDFKHG ZKHQ WKHVH HOHFWURQV DUH WI
WKH XVXDO OHDNDJH FXUUHQW ARZV WKURXJK WKH GLHOHFWULF DQ
8VXDOO\ D VSDUN RU DUF RFFXUV ZKLFK EXUQV XS WKH PDWHULDO
GRZQ D GLHOHFWULF LV FDOOHG EUHDNGRZQ YROWDJH RU GLHOHFW

The maximum voltage which a unit thickness of a dielectric can withstand without being
punctured by a spark discharge is caltedielectric strength of the material.

7KH GLHOHFWULF VWUHQJWK RU EUHDNGRZQ YROWDJH LV JHQHU
H[DPSOH DLU KDV D GLHOHFWULF VWUHQJWK RI N9 FP ,W PHDQV W
RI DLU FDQ ZLWKVWDQG DFURVV LW ZLWKRXW EUHDNLQJ GRZQ LV N
GRZQ RI DLU LQVXODWLRQ ZLOO RFFXU DOORZLQJ D ODUJH FXUUHQ
WDEOH VKRZLQJ GLHOHFWULF FRQVWDQW DQG GLHOHFWULF VWUHQJ

S.No. Dielectric Dielectric Dielectric strength
Constant () (kv/cm)
1 Air 1
3DSHU RLOHG 400
3DUDI¢Q A
4 OLFD 6
*ODVYV 8 1000

7KH IROORZLQJ SRLQWY PD\ EH QRWHG
() 7KH YDOXH RI GLHOHFWULF VWUHQJWK RI DQ LQVXODWRU RU (
PRLVWXUH FREWHQW VKDSH
(i) 7KH HOHFWULF LQWHQVLW\ SRWHQWLDO JUDGILeHQW DQG GLHOH
Electric intensity= Potential gradient= Dielectric strength

(i) 7TKH EUHDNGRZQ RI VROLG LQVXODWLQJ PDWHULDO GLHOHFWL
XVH E\ SXQFWXULQJ EXUQLQJ FUDFNLQJ RU RWKHUZLVH GD
GLHOHFWULFYVY DUH VHOI KHDOLQJ QD GWDDNGRXQHG UHSHDWH!

(iv) )RU UHDVRQV RI VDIHW\ HOHFWULF ¢HOG DSSOLHG WR D GLHC
strength of the dielectric material.

Note. 7T/R DYRLG HOHFWULF EUHDNGRZQ RI GLHOHRWrkingroltBggSDFLWRUV DUH
PHDQLQJ WKH PD[LPXP VDIH YROWDJH WKDW FDQ EH DSSOLHG WR WKH FDSD

5.24. Uses of Dielectrics
7KH LQVXODWLQJ PDWHULDOV RU GLHOHFWULFV DUH ZLGHO\ X\
HOHFWULFDO DQG HOHFWURQLFY DSSDUDWXV 7KH FKRLFH RI D GLH(¢
XSRQ VHUYLFH UHTXLUHPHQWY $ IHZ FDVHVY DUH JLYHQ EHORZ E\ ZD
@, WKH GLHOHFWULF LV WR EH VXEMHFWHG WR D JUHDW KHDW
VKRXOG EH XVHG
@i) ,1 VSDFH AH[LELOLW\ DQG D IDLU GLHOHFWULF VWUHQJWK DUH
IRU VPDOO ¢([HGOFKDSDRFLMWRQWE FEALPDO WLVVXH PDWHULDOV DUF
7KLV VSDUN PD\ EXUQ D SDWK WKURXJK VXFK GLHOHFWULFV DV SDSHU FOR
SRUFHODLQ RU JODVV ZLOO FUDFN RU DOORZ D VPDOO SDWK WR EH PHOWH
"LHOHFWULF VWUHQJWK VKRXOG QRW EH FRQIXVHG ZLWK GLHOHFWULF FRQV
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@iii) ,1 D KLJK GLHOHFWULF VWUHQJWK LV GHVLUHG DV LQ FDVH RI
SRUFHODLQ VKRXOG EH XVHG
(iv) ,1 WKH LQVXODWLRQ PXVW UHPDLQ OLTXLG OLNH WKDW XVHG L
TXHQFK WKH DUF ZKHQ WKH FLUFXLW LV RSHQHG WKHQ YDULRX
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 310" C/n?.
Solution. (i) 7KH VXUIDFH FKDUJH GHQVLW\ IDV HTXDO WR HOHFWULF AX

1RZ D  §0E
D 4

? Electric intensityE = =10"V/m
0or

(i) 3' EHWZHHQ= 0wV 10 10%V

Example 5.22. 7KH HOHFWULF SRWHQWLDO GLIIHUHQFH EHWZHHQ WKH
oscilloscope is 300V. If the potential drops uniformly when going from one plate to the other and if
GLVWDQFH EHWZHHQ WKH SODWHV LV A FP ZKDW LV WKH PDJQLWX
in which direction does it point?

Solution. /' HW XV FKRRVH WKH SRWRWEH H QG WKHF®/LRKFR/ILRQ RI LQFUHD

" e- VY
+HUH "V 9 S A FP Al p
? E= —  =_40,000V/m

7KH QHJDW LKEtdiIsuPthaEHLRIGLUHFWHG R 3RV V6H UHRWHG IURP WKH
KLIJKHU YROWDJH SODWH WRZDUGV WKH 9u|§I_Z|n|é|sU YROWDJH RQH

Example 5.23.3 XQLIRUP HOHFWULF THOG tV DFWLQJI TURP

left to right. If a + 2C charge moves from a to b, a distance

RI P >6HH )LJ @ ¢QG L HOHEWULE ¢:HOG VWUHQQIWK DQG

(ii) potential energy of charge at b w.r.t. a. Given that p.d. «—®2c
between a and b is 50 volts. b a -
Solution. 5HIHUULQJ WR )LJ ZH KDY 4 —n g
() (OHFWULF L3RWHHQ@QWWA.IDW\ JUDGLHQW R
= 12-5V/m

v

(i) SBRWHQWLDO HQélUJ& RDXKDW JIH
'RUN SHU XQLW FKDUJH 1
Charge Fig. 5.31
9ROWD JH amhW Z RHKK@ U J H
MRXOHV &0D joses

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\ DLU ,I D S G RI 9LV DSSOLHG EHWZHHQ WKH SODWHY FDOF
between glass and plate and (ii) in the glass sheet.
Solution. )LJ VKRZV WKH DY UnWQJHEMHOWH /@ DFURVYV DLU DQG

respectively ané, andE WKH FRUUHVSRQGLQJ HOHFWULF LQWHQVLWLHV

1RZ V, =Ex=E, 1 A 1
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and V=Ex=E 1 A 7

1RZ V=V, +V

RU AE, K

or E, E Po® i

1RZ HOHFWULMP AX[O0EHQRY WKH VDPH LQ WKH WZR PHGLD EHFDXVH
RI WKH VXUURXQGLQJ PHGLXP

? 000E,  §0E

or = E ii

JURP HISBQ@G ZH JHW

(i)  Electric intensity in air= 1-4 7 1° V/m

(i) Electric intensity in glass 0-2 1 10° V/im

—»| 0.5cm |[¢1.5cm —» —» 1mm [« 2mm —b|
0 4
Air ass £y =3 Ep =6
E, Ez/ {1 E,
& =1 gp=17
/Y
= v, e—v,—>| =V, le—v,—>
s . S
10,000 V 1000V
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 VKRZV WKH DUUDQJHPHQW )LQGLQJ WKH SRWHQWLI
HOHFWULF LQWHQVLW\ RU HOHFWULF VWUHVV
V, = Egx=E T 1
V=ZEx=E 1T 1Ff
1RZ V=V, +V
RU E, E
or E, E =10° i
6LQFH AX[DGH@MELWY WKH VDPH LQ WKH WZR PHGLD
? 00QE, P OE
RU E, = 6E i

JURP H{SB QG ZH BHW571FV/m ; E =0-25710° V/im

Example 5.26.Two series connected parallel plate capacitors have plate areas of&@adn
0-04 nf, 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
EHWZHHQ WKH SODWHV RI ¢UVW FDSDFLWRU
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Solution. :H VKDOO XVH VXI¢|[ IRU WKH ¢UVW FDSDFLWRU DQG VXI¢
6XSSRVH IRU D SRWHQWLDO JUDGLHQW RI N9 FP EHWZHHQ WKH
DFURVYV (UVW DQG VHBERIQGUHNSBFMWARUHO\DUKHQ

7RWD O VY& @gaditors is

V=V, +V

JRU WKH ¢ UVWEDSDFNSRP i =10 9 P

? V, = Eyd, T A T 9 N9
D, @QQE QO Y

Q, = AD, A ,110 C
For the second capacitor6 LQFH WKH FDSDFLWRUYV DUH FRQQHFWHG LQ VHUL

WKH MDPH A
Q=0 A 410 C

Q 0 A S q
? D =—— ——m— A & P
A TP
D 8 1
1 - -
? V:Ed:—08 A 19 A N9

? 7TRWDO YROWDJH DFURVV WKH FDSDFLWRUV LV
V=V, +V A 6-04 kv
Example 5.27 A paallel plate capacitor consists of two square metal plates 500 mm on a side

VHSDUDWHG E\ PP ®=\26DnEn Ritk7ddplaBeq on the lower plate leaving an
DLU JDS PP WKLFN EHWZHHQ LW DQG WKH XSSHU SODWH I 9 LV

HOHFWULEQ W&E OLU HOMHFWARB ¢ HAXE G HDQVLWX,] IGHQNARQ '
and potential difference VDFURVV 7THARQ VODE

Solution. (OHFWULF AX[ IGH@KIHWWWZR PHGLD LV WKH VDRPRH +RZHYHU H
VLWLV LOQYHUVHO\ SURSRUWLRQBORW RV KKK P BGdL.DEaMdIcH SHUPLWWLY
intensity in air, then electric intensitLQ 7H &£R@, LM UHODWLYH SHUPLWWLYLW\ RI 7HA

7KLFNQHY,V RIPPLU 7KLFNQHVV RIP7THARQ

9ROWDJH EHWZNHGIWER SODWHYV

or 100= E, 4 & 6 E,

100
? E,= — YROW\4RE kV/m

a

(OHFWULF ¢ HDS H0—T7HAIRIXV/m
$V HOHFWULF AX[ GHQVLW\ LV WKH VDPH LQ WKH WZR PHGLD

A + ~ ~ ~

? D, = D;= |kE, (I I i
= 1.265 x 10’ C/m?
3' DFURVV 7TWARQLVODE 1 T 1=4286V

(' Tutorial Problems )

1. $Q HOHFWURQ FKDRJWDV® T'/ANJ LV UHOHDVHG LQ D YDFXXP EHWZHHC

SDUDOOHO PHWDO SODWHV WKDW DUH FP DSDUW DQG DUH PDLQWDLQH

9 ,| WKH HOHFWURQ LV UHOHDVHG DW WKH QHJDWLYH SODWH ZKDW L
SODWH " 26710 ms' @
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2. 7R PRYH D FKDUJHG SDUWLFOH WKURXJK9DUHRBHFMWURF BRUWMHQWLDO GLII
:KDW LV WKH PDJQLWXGH RI FKDUJH "

3. $ SURWRQ RI PDVNJ AQG® FKDUJH& LAV DFFHOHUDWHG IURP UHVW WKURXJ}

SRWHQWLDO RI N

PHGLXP WR DQRWKHU RI
JHWV UHIUDFWHG DW WKH ERXQGDU\_RI
8QGHU WKLV FRQGLWLRQ WKH IROORETIQJ w

E R X Q G D U bouRda Ephd@ions

() 7TKH QRUPDO FRPSRQHQWYV RI HOHPF
equali.e.

are equal.e.

)LJ

Dln =

ST

s710%Cc@

9 :KDW LV LWV ¢QDO VSHHG®8"T1 ms'
5.25. Refraction of Electric Flux
KHQ HOHFWULF AX[ SDVVHV

Dn

=

GLITHUHQW &HUPEW

IURP RQH X

D1
(i) 7KH WDQJHQWLDO FRPSRQHQWYV RI HOH

B
QLIRUP LHOHFWULF

VLY LW V WKH HOHFW
K

GLHOHFWULF PH

FWULF ¢HOG LQWHQVLW
B

VKRZV WKH UHIUDFWLRQ RI HOHE®Y¥F AX[ DW WKH ERXQGE

BB RI WZR GLHOHFWULF PHeGAHD BV YHKBRZQWWKH.WOH¥WULF AX[ LQ WK
GLXR DSSURDFKHYV BB #tidn BEriyE@ledves it al D,,andD, DUH WKH QRUPDO

)LJ

Also

6LPLODUO\

?

Dln
El

m
1

Dl

n

1 Dn

SinceD,, =D ,andE; =E |,

?

(T

tan

— 1

tan

and =
E, tan | E, tan

D,cosandD ,=Dcos T
D, HandE; =D;sinT, H
D HandE,=DsinT H

FRPSRQ MWD RHileE,andE, DUH WKH WD QJH QEy4nDED FBRIRS B Q HQIWVW R |

JLYHV WKH ODZ Rl UHIUDFWLRQ RI HOHFWULF AX[ DW WKH ERX
SHUPLWWLYLWLHY DUH GLITHUHQW

W LV FOHID Y theKDWT L |

Note. :KHQ HOHFWULF AX[ SDVVHV IURP RQH HEIHW®B FWRPR QQWRV H G RGLKHDWH
RU DLU WKHUH LV KDUGO\ DQ\ UHIUDFWLRQ RI HOHFWULF AX]

Example 5.28.$Q HOHFWULF (¢HOG LQ D PHGLXP ZLWK UHODWLYH SHUPL
RI UHODWLYH SHUPLWWLYLW\ |

GLHOHFWULF ZKDW DQJOH GRHV WKH ¢HOG PDNH ZLWK WKH QRUPDC
Solution. $V SURYHG LQ $UW

+H UH

?

?

f

tan 1

tan
H T

tan 60

tan
T = tant

or tanT:\f -

26.33°

( PDNHV DQ

DQJOH RI f ZLWK Wk
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5.26. Equipotential Surface

Any surface over which the potential is constant is calleelcauipotential surface.

,Q RWKHU ZRUGV WKH SRWHQWLDO GLIIHUHQFH EHWZHHQ DQ\
WZR SRLQWYV RQ DQ HTXLSRWHQWLDOA?XUIDFH LV JHUR )RU H[DPSOH
consider two pointé andB on an equipotential surface as
VKRZQ LQ )LJ

Vg—Vo =0 ?2Vg=V, .
90
7KH WZR LPSRUWDQW SURSHUVVLH\A‘:‘R—I—I-I—TéX SRWHQWLDO VXUIDFHYV
DUH
(a) Work done in moving a charge over an equipots Equipotential
tial surface is zero. surface
'RUN GR&KIDUJH 1T 3 Fig. 5.35
6LQFH SRWHQWLDO GLIITHUHQFH 3" RYHU DQ HTXLSRWHQWLDO

(b) 7KH HO H F Y éldcficine©OaBforceare *perpendicular to an equipotential surface.

Some cases of Equipotential surfaces KH IDFW WKDW WKH HOHFWULF ¢HOG OLQH
VXUIDFHY DUH PXWXDOO\ SHUSHQGLFXODU KHOSV XV WR ORFDWH W
¢HOG OLQHV DUH NQRZQ

i Isolated point charge. 7KH SRWHQWRa @dbtavic® | SREPQDNSRLQ@W FKDUJH
given by ;
Ve = k% where k=

0

W LV FOHDU WKDW SRWHQWLDO DW YDULRXV SRLQWY HTXLGLVWD
in case of an isolated point charge, the spheres concentric with the charge will be the equipotential
VXUIDFHV DV VKRZQ LQ )LJ 1RWH WKDW LQ GUDZLQJ WKH HTXL
IHUHQFH LV NHSW WK WXRY FDVH ,W PD\ EH VHHQ WKDW GLVWDQTF
equipotential surface LV VPDOB VWRJAWKDW LV KLIJK +RZHYHU WKH GLVWDQFH
charge and equipotential surfadeandlll is large so thaE  dVdr dr LV VPDOO ,W IROORZV
WKHUHIRUH WKDW HTXLSRWHQWLDGG.eVRBIBDHHYGQEHBDRRWHK HZ FERBOVH D
VSDFHG DV ZH PRYH DZD\ IURP WKH FKDUJH

[—— 100V ——»

75V
«— 50V
425 V>

<
<

<
<

A

A

A

A

/| ++++++++H++

\‘||||||||||||||||||||

Equipotential surfaces
Fig. 5.36 Fig. 5.37
I WKLV ZHUH QRW VR WKDW LVELIS/KBIOEB HZHWHR DWRKRRPBRWDIBEW RLW ZRXOG U

WR PRYH WKH FKDUJH DORQJ WKH VIEK ydral RHis \Wodild captvadict Wt lit\is &R PSRQHQW RI
HTXLSRWHQWLDO VXUIDFH

Equipotential
surfaces v

o

late

9
)
=}
[0}
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(i 8QLIRUP HOHFQ WFIDFV Y HROGXQLIRUeg HBIOHW WIUAL B HBI®G EHWZHHQ
SODWHV RI D FKDUJHG SDUDOOHO SODWH FDSDFLWRU WKH (¢HOG OL
equipotendaO VXUIDFHVY ZLOO EH SDUDOOHO SODQHV DW ULJKW DQJOHV W

5.27. Motion of a Charged Particle in Uniform Electric Field
Consider that a charged particle of v
charge § DQG mDevtsrs at right A

DQJOHV WR D XQLIRUP HQ

strengthE with velocityv alongOX D[LV A%

DV VKRZQ LQ )LJ 7KH HODHEW ULHA

alongOY D[LV DQG DFWV RYHUiD LR pao___|¢

distancex O:+q: Lo
6LQFH WKH HOHFWULF pHOG LVi DORQJ

OY D[LV QR KRUL]JRQWDO IRUEHZDEWYV RQ

WKH FKDUJHG SDUWLFOH HOWHULGY WKH (HOG

7KHUHIRUH WKH KROLJRQWDO YHORE 5 ¥§\

WKH FKDUJHG SDUWLFOH UHPDLQV WKH VDPH

WKURXJKRXW7WHHBRRWQHF ¢ HOG DFFHOHUDWHs\WWNWKH FKDUJHG SDU)
JRUFH RQ WKHCIERBYEIHG DOIAR Q J

. . E
Acceleration of the charged particter % DARQJ

B
[¢—Screen

7LPH WDNHQ WR W=U-\)§_)YHUVH WKH ¢HOG

v LV WKH GLVSODFHPHQW RIOWKH UAFKIDWURQ IS@ WKIHF & 8 HOFO\RWQLIF ¢ |
the W LtPthien,

y = t —at

1 1 g x

or y=~at =& X
m

or - X

mv
or y = kx _9E_ Constant k

mv

7KLV LV WKH HTXDWKRQHRRDH DLWQOVHERBGDWKH HOHFWULF ¢HOG WKHF

lows a parabolic path OA $V WKH FKDUJHG SDUWLF OAlit@kbDsyatsWaightKk H HOHFWULF
line pathAB tangent to patA atA

Note. :KHQ DQ HOHFWURQ RU D FKDUJHG SDUWLFOH DW UHVW LV DFFHOHU
R1'9 YROWYV WKHQ

(QHUJ\ LPSD U Gha R H O FeFiV

1
. ( JDLQHG E\ HOWHFWURQ

1 eV
? —mv =eV or v=,—
m

+ H ©id the charge on electronamd LV WKH PDVV RI HOHFWURQ 7KH YHORFLW\ DFTXLUH

$W WKH WLPH WKH FKDUJHG SDUWLFOH HQWDBWY WWHHHIRHFWULF ¢HOG LWV
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Example 5.29.An electron moving with a velocity of 1Ms™ 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

WKH WUDQVYHUVH GHAHFWLRQ SURGXFHG E\ WKH HOHFWULF (HOG Zk
e/m=1.8x 168" C kg™

Solution. )LJ shows the conditondR| WKH SUREOHP
V 0
(OHFWUEE z'd—He—%— T 9pt

Downward force on the electrone&
Downward acceleration of the electron is
eE
a= — [l 7 TPV
m
7LPH WDNH WRtféR KH t HOG
Q WRIFGRYYWKH ¢

Y

MV e |- — - — - - - - X
!
L2
+ + + + + |
|<75ch4>|
Fig. 5.39
2 7UDQVYHUVH=GHAHEWLRGQ 1 1 Plcm

Example 5.30.A potential gradient of 3 x F0V/m is maintained between two horizontal
SDUDOOHO SODWHYVY FP DSDUW $Q HOHFWURQ VWDUWYV IURP UHVW I
ence of potential gradient to the positive plate. Given the mass of electron = 9-3' kg and the
charge on electron = 1.603 x IH 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 P9 pPe T79C ;m T NJS TEP
() YRUFH RQ HEHFWURQ ™ 1 1°=481x10"N
(i) Ratio of electric forcéo gravitational foce
F
=— = ————— =539 x10°
mg

1RWH WKDW HOHFWULF IRUFH LV YHU\ ODUJH FRPSDUHG WR WKI
. F 6
(iit) Acceleration of electrom = — ———— =51.66 x 18°m/§

: . 1
(iv) Distance travelleds= —at

? 7LPH WDNHQve\Mﬂe,Ud—i\EaK: /—16 =1.968 x 10"s
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Example 5.31.An electron of charge 1.6 x I8 C can move freely for a distance of 2 cm in

D ¢6HOG RI 9 FP 7KH PD

V'V R T8y, K thettlodttdh\staHR @ithLavi initial T

velocity of zero, what velocity will it attain, what will be the time taken and what will be its kinetic

energy?
Solution. e
'LVWDQFH RI

+

T7¥C :m |

? Potential difference appliet,=E id =10
(QHUJ\ LPSDUWHG WR HOHRFWURQ

0 -19

NJE 9 FP 9P

I[UHH PRFY HPHQRV

| YROWYV

&KDUJH
116y

1 3

(QHUJ\ LPSDUWHG 32X10RHOHFWURQ

1RZ
Also
JRUFH RQ HOEEFEWUR
Acceleration of electrora = %
Distance travelled] = Eat

V 16
- /ren - / =2.652 x 16 m/s

'Q—lg 0 T_14 1
14

11 p v

7LPH \MD:N\@: ——— =151x10%s

(Objective Questions )

7KH IRUFH EHWZHHQ WZR H
distancer varies as

ir i r

i rf iv orf
7ZR FKDUJHV DUH SODFHG
DSDUW $ EUDVV VKHHW
7KH IRUFH EHWZHHQ WKHP

LQFUHDVH GHFUHDVH
i UHPDLQ XQFKDQJHG
v QRQH RI WKH DERYH

Which of the following appliance will be stuc
LHG XQGHU HOHFWURVWDYV
LQFDQGHVFHQW ODPS
i HOHFWULF LURQ

i OLIKWQL®J HBBFWULF
7KH UHODWLYH SHUPLWWL
i ii

i A 7 iv QRQH RI WK
7KH UHODWLYH SHUPLWWL
DEVROXWH SHUPLWWLYLW
A ) P
i

8)P

{OHFWURQV' V)HB Di DWHG)ER D

6. $QRWKHU QDPH IRU UHODWLYH SHUPLWWL
GLHOHFWULF FRQVWDQW
GLHOHFWULF VWUHQJWK

iR S%W%WL@(BW‘MB@E‘#QW

_V SODFHG EH
RlI " WKH DERYH

zLod’” QRQ
7. 7KH UHODWLYH SHUPLWWLYLW\ RI

between

PRVW P

[ DQG i DQG
iii DQG iv DQG

vLBy ')KHQ WKH UHODWLYH SHUPLWWLYLW\ RI V
is increased, the force between two charges

placed at a given distance apart
PRWRLiJ LQFUHDVHY GHFUHDVHYV
yLw\ k) BEBALRY WKH VDPH
iv QRQH RI WKH DERYH
HDEERHFKDUJHY DUH SODFHG DW D GLVWDQF

vLwW\BR P BPYWHUR D G P OPF R EHWZHHQ WKHI

Ob@twte?_p the charges will
EH JHUR i LQFUHDVH
GHFUHDVHNW UHPDLQ WKH VDPH
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10.

11.

12.

13.

14.

15.

16.

17.

18.

7TKHUH DUH WZR FKDUJHV R
UDWLR RI WKH IRUFHV DFW

i ii
iii iv
$ VRDS EXEEOH LV JLYHQ
radius
i GHFUHDVHVLQFUHDVHYV
i UHPDLQV XQFKDQJHG
iv LOQIRUPDWLRQ LV LQFRHF

7KH UDWLR RI IRUFH EHWZ
ZLWK FRQVWDQW FKDUJH L
UHODWLYHKSHUPLWWLYLW

i K i K
ii K v K
$Q HOHFWULF ¢HOG FDQ G
i x UD\V i QHXWURQYV
ii SDUWLF@HVUD\V

Electric lines of force enter or leave a charg
surface at an angle

i RI 2 i
i RI 2
v GHSHQGLQJ XSRQ VXUI

7KH UHODWLRQ EHWZHHQ
YDFXX¥P MEVROXWH SHUPH

RI 2

- DQG YHORFAW\QRYDDAXIXRVLYV 9

i w9=c i

- P=c¢
1
‘00
$V RQH SHQHWUDWHYV D X(
WKH HOHFWUIEF ¢HOG VWU
i LQFUHDVHY GHFUHDVHV
i LV JHUR DW DOO SRLQW
iv UHPDLQV WKH VDPH DV

, I WKH UHODWLYH SHUPLW
creases, the electric intensity at a point due
given charge

i GHFUHDVHVLQFUHDVHYV,
i UHPDLQV WKH VDPH
v QRQH RI WKH DERYH

Electric lines of force about a negative po
charge are

@ o=cC v =c

| —i& FQEFXO6R&EU MORFNZLVH
LQJ RiQ WHKAIPDOL QO HHGE DO RXWZDUG

19. A hollow sphere of charge does not produce an
HOHFWULF ¢HOG DW DQ\

D QHJDVWXWHH PKPRILGAWWWVLRU SRLQW

i EH\RQG i? EH\RQG P
20. 7ZR FKDUJHG VSKHUHV RI UDGLL FP DQC
DUH FRQQHFWHG E\ D WKLQ ZLUH 1R FX

SOHMRHWR WKHDKPWKLQJ
"HHQ W 2RKYPOWDRHNWFWBHIMDP PH HQHUJ\
Q DLii DQIGHL\DQDBPH HBOKGPRRI WKHLU VXUIDFH
v WKH VDPH SRWHQWLDO
21. Electric potential is a
‘ i VFDODU TiX DYQH¥FIWRU TXDQWLW\
HAHFW GLPHQVLRQOHVV
v QRWKLQJ FDQ EH VDLG
22. A chargeQ, H[HUWV VRPH IRUFH RQ D VHFRQ
chargeQ $ WKLUQ RKDBEURXJKW QHDU
7KH IRQFHM[RMIUVWHG RQ
i GHFUHDVHVLQFUHDVHYV
i UHPDLQV XQFKDQJHG
DFH FiR QIGQRUHREMHY RI WKH V@PH VLJQ DV
D E V R O xapdiflecseasep@ g of eppesiig\sign |
DRI O\ RRWBOWAX®DO DW D SRLQW GXH WR D
,| WKH GLVWDQFH LV LQFUHDVHG WKUF
potential at that point will be
i 9 i 9
ii 9 iv 9
24, $ KROORZ PHWDO VSKHUH RI UDGLXV FP I
DL IR WAXTK FWR DWH @/ K/I$ KSHRUMHQWLDO RQ LWV VX
HQJWKH SRWHQWLDO DW WKH FHQWUH RI WKH
i 9 i 9
\Y i VDPH DV DW SRLQW
DW WKHacgXUIDFH

WLYLW\VRPWRY PWGIKPQW FP DZD\ IURP WKI
oa face

25. ,1 D XQLW FKDUJH LV WDNHQ
other over an equipotential surface, then,

i ZRUN LV GRQH RQ WKH FKDUJH
i ZRUN LV GRQH E\ WKH FKDUJH
i ZRUN RQ WKH FKDUJH LV FRQVWDQW
v QR ZRUN LV GRQH

ed

FP DZD\ IURP WKl

IURP RQH SF

nt

i FLUFXODU DQWLFORFNIZLVH
Answers
1. iv 2. i 3. il 4, i 5 i
6. i 7. v 8. i 9. ii 10. i
11. i 12. v 13. il 14. i 15. iv
16. i 17. i 18. iii 19. i 20. iv
21. i 22. i 23. i 24. i 25. iv
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Capacitance and Capacitors

Introduction

It is well known that different bodies hold different charge when given the same potential. This
charge holding property of a body is calteghacitancer capacityof the body. In order to store suf
¢FLHQW FKDUJH D GHYLFH FDOOHG FDSDFLWRU LV SXUSRVHO\ FRQV
two conducting surfaces (say metal plates) separated by an insulating magriaDLU PLFD SDSHU
etc.). It has the property to store electrical energy in the form of electrostatic charge. The capaci
WRU FDQ EH FRQQHFWHG LQ D FLUFXLW VR WKDW WKLV VWRUHG HQ
to perform a useful function. Capacitance plays an important role in d.c. as well as a.c. circuits. In
many circuitsé.g. UDGLR DQG WHOHYLVLRQ FLUFXLWV FDSDFLWRUV DUH I
WKH GHVLUHG FDSDFLWDQFH ,Q WKLV FKDSWHU ZH VKDOO FRQ¢QH
d.c. circuits only.

6.1. Capacitor

Any two conducting surfaces separated by an insulating material is caltedpacitor
or condenser.lts purpose is to store charge in a small space.

The conducting surfaces are called gtatesof the capacitor and the insulating material is
called the *dielectric. 7TKH PRVW FRPPRQO\ XVHG GLHOHFWULFV DUH DLU PLF
etc. The following points may be noted carefully :

(i) The ability of a capacitor to store charge.(its capacitance) depends upon the area of
SODWHV GLVWDQFH EHWZHHQ SODWHV DQG WKH QDWXUH RI LQ

(i) $ FDSDFLWRU LV JHQHUDOO\ Q&d B IGUDHR W/SHFWW R UG LS-DCSHHRUW . & DX

mica capacitoetc.

(i) The capacitormaydl LQ WKH IRUP Rl SDUDOOHO SODWHVY FRQFHQWULF F

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 platésandB is connected across a batteryofolts as shown in Fig. 6.1
(i). When the switcls is open as shown in Fig. 6.l ( WKH FDSDFLWR U.eStie2V§HY DUH QHXW |
no charge on the plates. When the switch is closed as shown in Fig. 6. WAWKH HOHFWURQV IURP SOL
A will be attracted by the +ve terminal of the battery and these electrons start ***accumulating on
plateB. The result is that plat attains more and more positive charge and f@dajets more and
more negative charge. This action is referred to as charging a capacitor because the capacitor plates
DUH EHFRPLQJ FKDUJHG 7KLV SUR Fild.dataddinge@dtréna/fibR QatRZ RU FKDUJ
A and accumulating dB) continues till p.d. across capacitor plates becomes equal to battery voltage
V. When the capacitor is charged to battery voldgeW KH FXUUHQW ARZ FHDVHV DV VKRZQ

*  The name is derived from the fact that this arrangement has the capacity to store charge. The-name con
GHQVHU LV JLYHQ WR WKH GHYLFH GXH WR WKH IDFW WKDW ZKHQ S G LV L
are condensed in the small space between the plates.
$ VWHDG\ FXUUHQW FDQQRW SDVV WKURXJK DQ LQVXODWRU EXW DQ HOHFW!
often referred to as a dielectric.
7KH HOHFWURQV FDQ®RMWA akRheérel i$ RBulaiyDnaltetial between the plates. Hence
electrons detached from plagestart piling up on plat®.
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(iii ). If now the switch is opened as shown in Fig. &1 ( WKH FDSDFLWRU SODWHY ZLOO UHWI
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 :
() :KHQ DG F SRWHQWLDO GLIIHUHQFH LV DSSOLHG DFURVV D FD
until the capacitor is fully charged when the current will cease. This whole charging process
WDNHV SODFH LQ D YHU\ VKRUWhug/d ¢apacitbr die®dhvge® Q RI D VHFR(
SUHYHQWYVY WKH ARZ RI GLUHFW FXUUHQW
(i) 7KH FXUUHQW GRHV QRW ARZ WKURXJK .Whek iFon§DFLWRU L H E
transference of electrons from one plate to the other.
(i) :KHQ D FDSDFLWRU LV FKDUJHG WKH WZR sSODwidV FDUU\ HT XD
-Q 7KLV LV H[SHFWHG EHFDXVH RQH SODWH ORVHV DV PDQ\ HC
Thus charge on a capacitor means chargeitiner plate.
A B A B

— e

S/e 1] ——=— ||| )
(i) (i)

B A B
)
+ +
+ +
f—\/—>
=] o—I|]

\ \
(iii) (iv)
Fig. 6.1

(iv) The energy required to charge the capaciterttansfer 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[{SHULPHQW D Gtoréd kna \bapaditdr ¢ directly proportional to the W.dcross if.e.

QvV
or 8 = Constant =C

The constanC is called the capacitance of the capacitor. Hence capacitance of a capacitor can
EH GH¢;QHG DV XQGHU

The ratio of charge on capacitor plates to the p.d. across the plates is calfaditance
of the capacitor
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Unit of capacitance
We know that : C=QV

TheSIXQLW RI FKDUJH LV FRXORPE DQG WKDW RI YROWDJH LV YROW
is one coulomb/volt which is also calléatad (Symbol F) in honour of Michael Faraday.

1 farad = 1 coulomb/volt

A capacitor is said to have a capacitanceldfrad 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
DFURVV LWV SODWHVY WKHQ FDSDFLWDQFH RI WKH FDSDFLWRU A
unit of capacitance. Practical capacitors have capacitances of the order of microfarad (uF) and
micro-microfarad (uuF) or picofarad (pF).

1yF = 10'F ; 1ppF(orlpF) =16 F

6.4. Factors Affecting Capacitance
The ability of a capacitor to store charge.(its capacitance) depends upon the following
factors :
(i) Area of plate. 7KH JUHDWHU WKH DUHD RI FDSDFLWRU SODWHY WKH ¢
capacitor andice-versa., W LV EHFDXVH ODUJHU WKH SODWHYV WKH JUHDW
for a given p.d. and hence greater will be the capacitance.

(i) 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
GLHOHFWULF WKH JUHDaetda WKKHH FD 15 B FS O\CD/MQHFWH DWQHS EUR X J KW
WKH HOHFWURVWDWLF ¢HOG LV LOQWHQVL¢{HG DQG KHQFH FDSDF
(i) Relative permittivity of dielectric. The greater the relative permittivity of the insulating
material(e. GLHOHFWULF WKH JUHDWHU ZLOOviEdvais&k H FDSDFLWDQ
W LV EHFDXVH WKH QDWXUH RI GLHOHFWULF DIIHFWV WKH HO}
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
LV FKDUJHG WKH HOHFWURVWDWLF (¢HOG H[WHQGYV DFURVYVY WKH GLF}
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 calledlielectric constantor relative permittivity of the material.

$LU KDV EHHQ DVVLIJQHG D UHIHUHQFH YDOXH RI GLHOHFWULF FRQ
dielectric constant of all other insulating materials is greater than unity. The dielectric constants of
PDWHULDOV FRPPRQO\ XVHG LQ FDSDFLWRUV UDQJH IURP WR )R L
LV W PHDQV WKDW LI PLFD LV XVHG DV D GLHOHFWULF EHWZHHQ \
SODWH ZLOO EH WLPHV WKH YDOXH ZKHQ DLU LV XVHG RWKHU WKL
PLFD DV GLHOHFWULF WKH FDSDFLWDQFH RI WKH FDSDFLWRU EHFRF

1RUPDOO\ WKH HOHFWURQV RI WKH DWRPV RI WKH GLHOHFWULF UHYROYH DL
WKH FDSDFLWRU LV FKDUJHG HOHFWURVWDWLF ¢HOG FDXVHV GLVWRUWLRQ |
GLVWRUWLRQ RI RUELWYV FDXVHV DQ DGGLWLRQDO HOHFWURVWDWLF ¢HOG Z
WR EH WUDQVIHUUHG IURP RQH SODWH WR WKH RWKHU +HQFH WKH SUHVHI
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
TKHQ Cur = QV

:KHQ PLFD LV XVHG DV D GLHOHFWULF LQ WKH FDSDFLWRU DQG WK
now hold a charge of&

Q Q
? Cmica = 7 v = 6Cair
C_ . . .
or Cm'°a = 6 = Dielectric constant of mica

air

Hencedielectric constant (or relative permittivity ) of a dielectric material is the ratio
of cgpacitance 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 FDQ ¢QG WKH FDSDFLWDQFH RI DQ LVRQDWHG VSKHULFDO FRC
by assuming that “missing” plate is earth (zero potential). Suppose an ~J
isolated conducting sphere of radiuis placed in a medium of rela »
tive permittivity H DV VKRZQ LQ )LJ Qbe ¢giMeWwtoriMsD YJH
spherical conductor. The charge is spread *uniformly over the surfgce
RI WKH VSKHUH 7KHUHIRUH LQ RUGHU R ¢Q® WKH SRWHQWLDO DV

charge +Q is concentrated at the cen@eof the sphere.
X
SRWHQWLDO DW WKH\/VX—UQ—D-FH Rl WKH VSKH
r

r

Fig. 6.2
? &DSDFLWDQFH RI(ILVI%/Q—OﬂWJ-HG VSKHUH
? **C &, Or ...in a medium
=N (0] ...in air

The following points may be noted :

(i) The capacitance of an isolated spherical conductor is directly proportional to its radius
7TKHUHIRUH IRU D JLYHQ SRWHQWL Drpwillhold Ddtelthak)gS KHULFDO FRQ
Q (=CV) than the smaller one.

(i) 8QLW,=F0l GE ) P +HQFH WKHsSBE/MXQLW RI 0

Example 6.1.Twenty seven spherical drops, each of radius 3 mm and carryiftg GQof

charge are combined to form a single drop. Find the capacitance and potential of the bigger drop.
Solution. Letr andR be the radii of smaller and bigger drops respectively.
9RO XPH RI ELJJHU®&GreREsmaller drop

or — R = —r
or R=3r 7 PP 3in
&DSDFLWDQFH RI EERHU—GURS =10* F=1pF

1RWH WKDW D FKDUJHG FRQGXFWRU LV DQ HTXLSRWHQWLDO VXUIDFH 7KHU
the sphere are everywhere normal to the sphere.

**  Note that values o andV GR QRW RFFXU LQ WKH H[SUHVVLRQ IRU FDSDFLWDQFH 7K
capacitance is a property of physical construction of a capacitor.
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6LQFH FKDUJH LV FRQVHUYHG WKH FKQUJH RQ WKH ELJJHU GURS

? 3BRWHQWLDO R/I:E%J:]—H—H—G-U:R'SV

6.7. Capacitance of Spherical Capacitor
We shall discuss two cases.
(i) When outer sphere is earthed$ VSKHULFDO FDSDFLWRU FRQVLVWY RI WZR

metallic sphereé\ andB which do not touch each other as shown in Fig. 6.3. The outer
sphereB is earthed while charge is given to the inner g

Let r, = radius of inner spher
rg = radius of outer sphei®

a charge Q on the inner surface of outer sphBrand € on the
outer surface oB. Since spher® LV H D Wwhakg&on its
outer surface is neutralised by earth.

Q Q

*Potential at inner spher V, = ; ; Fig. 6.3
r'A r'e

Qo Qrg Ia

r Ta s rfal's
Since spher& LV HDUWKHG LW, SRWHQWLDO LV JHUR
? P.D. betwee andB Vg =V, —Vg =V, — 0=V,

Al
? &DSDFLWDQFH RI VSKI\-?UtI_—Br—Gr—rIA—Iﬁ-SDFLWRU

A B fa
r'als : -
? C=z —————— ...in a medium
g Ta
ral i i
= —2AB  inair
g Ta

(i) When inner sphere is earthedFig. 6.4 shows the situation.
The system constitutes tveapacitors in parallel.

(a) One capacitor(g,) consists of the inner surface Bfand
outer surface oA. Its capacitance as found above is

rfals

Cea = s TA

(b) The second capacitoCfg) consists of outer surface Bfand Cee 2
earth. Its capacitance is thadtan isolated sphere.

? Cac @& rQ ... if surrounding medium is air 77T G

? Total capacitance Cgp + Cgg

————gg—-—--

Fig. 6.4
Note. 8QOHVYV VWDWHG R pté&éldd & dpkidticaVidpatit® ¥s\&skuthed to be earthed.

*  Potential on spher@ = (Potential on spher& due to its own charge@) + (Potential on sphera& due to

Q Q

r A r'B

charge Q on sphereB) =



300 Basic Electrical Engineering

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.

: ) raf ral

Solution. Given: ——2-8 GRO ? —AB =R
g Ta s Ta

+HUH rg—ra FPDQ® A A P FP
ral

? £B =60 or rurg

Now (rg +rp) =(g—rp) +4rarg 7

? rg+ry = v FP

Sincerg —rp FP R®RG FRR=12cm; ry,=10cm

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
FDSDFLWRU DQG LL WKH ¢QDO SRWHQWLDO DFTXLUHG E\ WKH LQQH
LQQHU VKHOO KDV DFTXLUHG D SRWHQWLDO RI 9

Solution. It is assumed that medium between the two spherical shells is air d9tHat

(i) 5DGLXV RI LQQHU WMBKHUHP 5DGLXV RrfRXWHUO.YEBKHUH
The capacitanc€ of the spherical capacitor is

rar
C = rAB - =44.44 x 10"°F
g Ta
(i) &KDUJH RQ WKH FDSDFLWRU ZKHQ WKH LQQHU VSKHUH DFTXLUH
Q =CV TEO7 Tt C
"KHQ WKH RXWHU VKHOO L \C dfHireResitiBg iaMatdd dpliieesF L WD QFH
Cc= 4S$Hr,= —— Tt F
? PotentialvV acquired by the inner shell when outer shell is removed is
_Q _ _
Vc= C - =1000V

( 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 x 108 C]
2. :KHQ i HOHFWURQV DUH WUDQVIHUUHG IURP RQH FRQGXFWRU WR DQF
ference of 10V develops between the two conductors. Calculate the capacitance of the capacitor.
[1.6 x 108 F]

3. 8DOFXODWH WKH FDSDFLWDQFH RI D VSKHULFDO FDSDFLWRU LI WKH GLD

RXWHU VSKHUH LV P WKH VSDFH EHWZHHQ WKHP EHLQJ ¢OOHG ZLWK
[4 x 10™°F]

4. 7TKH VWUDWRVSKHUH DFWV DV D FRQGXFWLQJ OD\HU IRU WKH HDUWK |
IURP WKH VXUIDFH RI WKH HDUWK WKHQ FDOFXODWH WKH FDSDFLWDQF
stratosphere and earth’s surface. Take radius of earth as 6400 km. [0.092 F]

5. $ VSKHULFDO FDSDFLWRU KDV DQ RXWHU VSKHUH RI UDGLXV P DQG W
sphere is earthed and inner sphere is given a charge of 6uC. The space between the concentric spheres
LV ¢O0HG ZLWK D PDWHULDO RI GLHOHFWULF FRQVWDQW &DOFXODW
sphere. [6 x 10%°F; 10° 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 relatio€ =QV +RZHYHU LW LV RIWHQ GHVLUDEOH WR GHWHUPLQH V
LQ WHUPV RI LWV GLPHQVLRQY DQG UHODWLYH SHUPLWWLYLW\ RI Wk
RI FDSDFLWRUV WKH PRVW LPSRUWDQW DUUDQJHPHQW LV WKH SDUI
&RQVLGHU D SDUDOOHO SODWH FDSDFLWS®Rjuaré RepreslavidvVLQJ RI WZR
separated by aniform dielectricof thicknessi PHWUHYV DQG UH O pa&/shywh iSHIJPLWWLYLW\ O
/HW DVSol& afplled between the plates place a charg®oD+Q QG on the plates. With
UHDVRQDEOH DFFXUDF\ LW FDQ EH DVVXPHG WKDW HOHFWULF ¢HOG

(OHFWULF AX[ GHQVLW\ EHWZHHQ SODWHYV LV

D = Q/A coulomb/m

Electric intensity between plates is
E=Vd
But D HOE 6HH $U
Q _ v
or A~ 'd
Q_ _ (A
or Vv - 4
The ratioQ/V is the capacitancg of the capacitor.
A
? C = Tr ..in a medium
- _A in air
d ...in ai

The following points may be noted carefully :

\{

A

I¢ \

-Q

Fig. 6.5

() &DSDFLWDQFH LV G L U Wt iSverSefy RropaHioRaD O W R 0

C
(i) CLed + = Relative permittivity of medium
air
(i) Re-arranging the relation f@ in air
Cd
& N FIm

2EYLRXVO\ SHUPLWWLYLW\ FDQ DOVR EH PHDVXUHG LQ ) P

6.9. Parallel-Plate Capacitor with Composite Medium

Suppose the space between the plates is occupied by three dielectrics of thiaknesses
andd; PHWUHYV DQG UH O DW LO¥ Bl Q&keBpRdtiVEIWds showr iH W¥ig.06.Bhe
HOHFWULF AX[ GHQVLW\ ' LQ WKH GLHOHFWUL+FRZUNMPADLQWKMWKH VI
electric intensities in the three dielectrics will be different and are given by ;

g = D £ _D £ _D

r r r

If Vis the total p.d. across the capacitor ¥nd/ andV; the p.d.s. across the three dielectrics

UHVSHFWLYHO\ WKHQ
V=V, +V +V,
=E;d;+E d +E;d;

*  The total charge on each plateQsHenceQ FRXORPEV LV DOVR WKH WRWDO HOHFWULF AX[ WK
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D —V——V—p———V——p

N
=

_Q d d d o ETVF
A r r r A % % /
Q__ A
oy = 4 d d
rooor r n—d1—>u—d2—>|<—d—>|
But Q/V is the capacitanc@ of the capacitor. Fig. 6.6
? C = —A
' ~d d d

r

,QJHQHJEd
C=—7 .0

;
Different casesWe shall discuss the following two cases :

(i) Medium partly air. )LJ VKRZVY D SDUDOOHO SQimeires &épars DFLWRU KDYL
Suppose the medium between the plates consists partly of air and partly of dielectric of
thicknesss PHWUHY DQG UHO D WheY kthickiets LAV W Lity Ushy the
relaton{ DERYH ZH KDYH
—1t — I« d

€y =1 \ €, =1 \\ €y =1
€, )

AIR \ AIR AIR
E2

) 4

1« d » —1t —»
Fig. 6.7 Fig. 6.8
c= A A
Tdt ot
r r
(i) When dielectric slab introduced. ) L J VKRZV D SDUDOOHO SODWH DLU FD

platesd metres apart. Suppose a dielectric slab of thicknesetres and relative
S HUP LW W infaducedbetween the plates of the capacitor.

Using the relationi(i DERYH ZH KDYH

C = =
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6.10. Special Cases of Parallel-Plate Capacitor
:H KDYH VHHQ WKDW FDSDFLWDQFH RI D FDSDFLWRU GHSHQGV XS
and value of relative permittivity of the dielectric.
We consider two cases by way of illustration.
@iy )yLJd VKRZV WKDW G LDttt didaFs divided-iN@tino/parts; \area
A, having air as the dielectricand atka KDYLQJ GLHOHFWULF RIMé¢HODWLYH SHU]I
arrangement is equivalent to two capacitors in parallel. Their capacitances are :

A A
Cl:T ,C: r

d
The total capacitancg of this parallel-
plate capaci'?or is i e d — = d—
c=¢C,+C
(ii) Fig. 6.10 shows that plate area is dividé A,
into two parts ; ared,; has dielectric

(air) of thicknessd and areaA has a
G L HO H pj WfUthieknesst and the

remaining thickness is occupied by ah; oo A, €
. . ///// Z4

The arrangement is equivalent to two >t
capac!tors connec.:ted in parallel. Their Fig. 6.9 Fig. 6.10
capacitances are :

c = A C = A

Uod Sd ottt

The total capacitand@ of this parallel plate capacitor is
c=¢C,+C

6.11. Multiplate Capacitor
The most *convenient way of T,
achieving large capacitance is by
using large plate area. Increasing the
plate area may increase the physi
size of the capacitor enormously.
order to obtain a large area of pl
surface without using too bulky
FDSDFLWRU PXOWL
LV HPSOR\HG 0 WHLV FREOVWEXFWERQ
the capacitor is built up of alterna
sheets of metal foili.e. plates) and
thin sheets of dielectric. The od
numbered metal sheets are conneclld
together to form one terminal,
and even-numbered metal sheets
are connected together to form the
second terminal .

Fig. 6.11 shows a multiplate

T,
FDSDFLWRU ZLWK VHYHQ SODWHYV Figh6 QLWWOH

*  The capacitance of a capacitor can also be increasei bgifg a dielectric of highdand (i) 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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UHAHFWLRQ VKRZV WKDW WKLV DUUDQJIHPHQW LV
equivalent to 6 capacitors in parallel. The total

capacitance of a single capacitor (formed by say
SODWHV DQGn SQDWMKHUH DRK H
A WHKHQ FDSDFLWRUV ZLOO E}

? Capacitance af plate capacitor is

A
- r
C=n J
where d is the distance between any two
adjacentS O D W H ¥ tH2 eelativee permittivity
of themedium. It may be seen that plate area is

increased from\toA(n |

Variable Air capacitor. It is a multiplate
air capacitor whose capacitance can be varied Shaft .
E\ FKDQJLQJ WKH SODWH DUHD )LJ Fie6%xrzv D
variable air capacitor commonly used to “tune in” radio stations in the radio receiver. It consists of
a set of stationary metal platésy, [HG WR WKH IUDPH DQG DQRWKHYWEW RI PRYDEC
to the central shaft. The two sets of plates are electrically insulated from each other. Rotation of the
shaft moves the platesinto the spaces between platts WK XV FKDQJLQJ WKH FRPPRQ RU HI
plate area and hence th(; capacitance. The capacitance of such a capacitor is given by ;

C=n T (| p= 1)

When the movable plateé&are completely rotated ing.the two sets of plates completely over
ODS HDFK RWKHU W KA LRPPR[Q PCD WERIGDVYRIDLM\u WKH FDSDFLWDQFH |
Minimum capacitance is obtained when the movable pktee completely rotated out of station
ary platesy. The capacitance of such variable capacitors is from zero to about 4000 pF.

Note. ,Q DOO WKH IRUPXODVY GHULYHG IRU FDSDFLWDapdrtHe dsDSDFLWDQFH ZL
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 separated by a dielectric 1 mm thick. The resulting ca
SDFLWDQFH RI WKH DUUDQJHPHQW LV S) &DOFXODWH L WRWDO
potential gradient and (iv) relative permittivity of the dielectric.

Solution. C TFV T 3=10" volts
0] 7RWDO HOBEWWLF AX]' 14 T c=3uC

(i) (OHFWULF AXf %HQ—V—HVASXlU“C/mZ

(iii) Potential gradient % ——— =10'V/m
(iv) 1RZE = 10 V/m
SinceD POE
D
% G = =339

S5HPHPEHU LQ WKH IRUPXGDhd Rdmnob Bl&id- aredeD lakeHarea 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
FDSDFLWRU QRZ KDV FDSDFLWDQFH RQH WKLUG RI LWV RULJLQDO FD
the additional dielectric.

Solution. Figs. 6.13i) and 6.13i{) respectively show the two cases.

A A
JRU WKH ¢UVW EBVH— ——— ()

JRU WKH VHFR&GZI‘—E—V—%—

r r

A
= .. (i)
r
—3 mMm—yy —3 mMm—»e¢——5 mm—»
7
£ =4 €, =4
I'1 I'1
(@) (i)
Fig. 6.13
Dividing eq. () by eq. {i ZH JHW
3= —— —
r
RU 0?20 3-33
Example 6.6. ' HWHUPLQH WKH GLHOHFWULF AX[ LQ PLFURFRXORPEV E|
HDFK PHWUH VTXDUH ZLWK DQ DLU JDS RI PP EHWZHHQ WKHP

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 7 ;P PP 3m ; H= 1(air).
Capacitanc€ of the parallel-plate air capacitor is
A
cC= "= T*F
. i
"LHOHFWUX@=&X [ [ T°C=2.17pC

Suppose th potential gradient in air ,. Then potential gradient in the insulating material is
g = ga/ H: ga/G'

Thickness of air t, + PP 2 pi 7TKLENQHVV RI LOQXODWLQJ PDW
1mm = 103 m.

2 $SSOLB® WRYL, +gt;
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RU g1 1%+ g s
? g, = 11.25 x 16 v/im
and g=2=-—  -1875x16V/m

Example 6.7.An air capacitor has two parallel plates of 1500%cm area and 5 mm apart.
If a dielectric slab of area 1500 énthickness 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. 7KLV LV D FDVH RI LQWURGXFWLRQ Rl GLHOHFWULF VODE LQ\
WKH FDSDFLWDQFH XQGHU WKLV FRQGLWLRQ EHFRPHV
A
C=d 1t -0

,
, ] WKH PHGLXP ZHUH WRWDOO\ DLU FDSDFLWDQFH ZRXOG KDYH El
A .
Cair = d -..(ii)
Inspection of eqgs.i) and (i) shows that with the introduction of dielectric slab between the
SODWHV RI DLU FDSDFLWRU LWV FDSDFLWDQFH LQFUHDVHV 7KH C
reduced byt it 0 ,Q RUGHU WR EULQJ WKH FDSDFLWDQFH WR WKH RULJ
separated by this much distance in air.

? New separation between the plates
=d+(t it 0 i 6:33mm
Example 6.8.A variable air capacitor has 11 movable plates and 12 stationary plates. The

area of each plate is 0-0015 mnd separation between opposite plates is 0-001 m. Determine the
PD[LPXP FDSDFLWDQFH RI WKLV YDULDEOH FDSDFLWRU

Solution. 7KH FDSDFLWDQFH ZLOO EH PD[LPXP ZKHQ WKH PRYDEOH SOC
ini.e. ZKHQ WKH WZR VHWVY Rl SODWHV FRPSOHWHO\ RYHUODS HDFK RW
(or effective) area is equal to the physical area of each plate.

C=n d'
Here n P=1; A A P d=0-001m
? C = T ' F=292pF

Example 6.9.The capacitance of a variable radio capacitor can be changed from 50 pF to 950
pF by turning the dial from 0° to 180°. With dial set at 180°, the capacitor is connected to 400 V bat
tery. Afte charging, the capacitor is disconnected from the battery and the dial is tuned at 0°. What
is the potential difference across the capacitor when the dial reads 0° ?

Solution. :LWK GLDO DW 72 WKH FDSDFLWDQFH RI WKH FDSDFLWRU LV

C, S) ™ F
':LWK GLDO DW z WKH FDSDFLWDQFH RI WKH FDSDFLWRU LV
C S) =
P.D. acros€ V = 400V
? ChargeorlC Q = CV [ it C

:KHQ WKH EDWWHU\ LV Q@dmnanhfKkte@aiite \EupBosdiskia patéhtial dif
ference across the capacitor when the dial reads 0°.

? Q=0CV,
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or Vv, = CQ ———— =7600V

Example 6.10A parallel plate capacitor has plates of area 2spaced by three layers of dif
ferent dielectric magrials. 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 applialtage is 1000 V.

Soluton. &DSDF LG‘N:D%—F—HdAid

r r r

= =0-02621 10°F

&KDUJH RQ @DF®&/ SOBWH i° 1 A fc

(OHFWULF AX% %HQ—V—L—W—\— A T°C/m
(OHFWULF VWUHVV LQ WKW PDWHULDO ZLWK 0

E, = D =74 110" V/m

r

(OHFWULF VWUHVV L94WKH PDWHULDO ZLWK 0

E = — =37110V/m
(OHFWULF VWUHVV LO6WKH PDWHULDO ZLWK 0

E; = ——— =24.67110'V/m

WLV FOHDU IURP WKH DERYH H[DPSOH WKDW HOHFWULF VWUHVV
relative prmittivity 6 LQFH DLU KDV WKH ORZHVW UHODWLYH SHUPLWWLYLW\
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 capacitancef parallel-plate capacitor in air is

C= TA (i)
With the introduction of slab of thickness WKH QHZ FDSDFLWDQFH LV

Ce ﬁ GI)
Now the charge@ = CV) remains the same in the two cases.
5 A _ A
’ d d t .
or d=det = )O

+HUWH d A m;t PP Tm
? d= A '|-3 + T_3 _
r

RU A 173 T2 —
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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 {) shows the condition when the inner plate is mid-way between the outer

plates. This arrangement is equérd to two capacitors in parallel.

. . A A A
? Capacitance of the capacitd = I I L
d d d
A
d/4
dr2 3 -
. v .,
o —
a2 Sld/4
0) ()
Fig. 6.14
Fig. 6.14 {i) shows the condition when inner plate is three times as near as one plate as the other.
_ _ A LA C A
? Capacitance of the capacitor = d d d
? CJ/C = 0.75

Example 6.13.The permittivity of the dielectric material between the plates of a parallel-plate
capacitor varies uniformly fron at one plate toH at other plate. Show that the capacitance is

given by ; ‘ d

C:A

d o /

where A and d are the area of each plate and separation between the/

plates respectively.

7

Solution. )L J VKRZV WKH FRQGLWLRQV-R[t
ity of the dielectric material at a distan¢&om the left plate is
_ [
L)

Consider an elementary strip of width ft a distance from the left

Fig. 6.15

plate. The capacitané&gof this strip is c Z
A T —Pldxi¢—
c = L
Gl
o _ - GI_ G[ _G Gl
C (A A I $ G
? Total capacitanc€; between the plates is
[ G d
—_ = —_ = — G [
C; ! C $ G [
_d . G °
A
*  The arrangement constitutes capacitors in series.

*k G[ eD E[
D E]J E

%H SUREOHP 7KH SHUF

€
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=

10.

? CT:

( Tutorial Problems )

$ FDSDFLWRU FRQVLVWLQJ RI WZR SDUDOOHO SODWHVisA PP DSDUW LQ
connected to a 100V battery. Calculajeh{e capacitance aniil)(the charge[(i) 885 pF(ii) 0-0885uC]

$ FDSDFLWRU FRQVLVWLQJ RI WZR SDUDOOHDQSODMH B SMUIM. UF CHOHAKH R | +
D FKDUJH RI' C. Calculate the p.d. between the plates. If the distance between the plates is
LQFUHDVHG WR PP ZKDW ZL QIOVEpd.\&dlods pladed i5 iNctehge® 10 26DIVH FW "

Two insulated parallel plates each of 600 ctH I IlHFWLYH DUHD DQG PP DSDUW LQ DLU DUH
of 1000 V. Calculatei) the capacitance anil)(the charge on each plate.
7KH VRXUFH RI VXSSO\ LV QRZ GLVFRQQHFWH Gi) thi¢ K.H. ®t@é&wWHY UHPDLQLQJ
the plates when their spacing is increased to 10 mmaandy KH S G ZKHQ WKH SODWHV VWLOO
DUH LPPHUVHG LQ RLO R [(ill1a6Erpwiil) Ya8-23 Ho A (i) \RO0Y V() U00 V]
$ S G RI 9 LV DSSOLHG DFURVV D SDUDOOHO. $He pisteslaeDSDFLWRU ZLW
VHSDUDWHG E\ D GLHOHFWULF RI UHODWLYH SHUPLWWL)YLW\ A I WKH F
WKH HOHFWHQHRFAWXULF AXi[) Bde@atic\ierBi. G
[(i) 0-25uC (i) 0-01 mC/nf (i) 45.3 T 10° V/m]
$ FDSDFLWRU FRQVLVWY RI WZR SDUDO @)@ P H\W DIDS B O W AKH WI3PK HR IEBIU
WZHHQ WKH SODWHYV LV ¢O0OHG ZLWK D OD\HU RI SDSHU PP WKLFN DQG
SHUPLWWLYLWLHY RI SDSHU DQG JODVV DUH DQG UHVSHFWLYHO\ $
Calculate i) the capacitance of the capacitor aingtfie potential gradient in each dielectric.
[(i) 1290 pF(ii) 1820 V/mm(paper);453 V/Imm (glass)
$ SDUDOOHO SODWH FDSD F LandRhé¢ plaiz¥are s8parbted Hy Diigd-dizleRtric layeiR’
HDFK PP WKLFN DQG RI UHODWLYH SHUPLWWLYLW\ DQG UHVSHFWLY
and the electric stress in each dielectric if applied voltage is 1000 V.
[18-6 pF;5:26 T 10° V/m; 2:63 T 10° V/m; 2-11 1 10° V/m]
$ —) SDUDOOHO SODWH FDSDFLWRU WKDW FDQ MXVW ZLWKVWDQG D S G
SHUPLWWLYLW\ ZKLFK EUHDNV GRZQ LPWWKFnH{DheRAEKIESE LQWHQV LW\ H[.
of dielectric required andi] the effective area of each plate. [(i) 0-2 mm(ii) 4-5 nf]
$Q DLU FDSDFLWRU KDV WEZR BDHD@®@IHO SFEFDWNVIDUW FFKHQ D GLHOHFWULF
cm DQG WKLFNQHVY PP ZDV LQVHUWHG EHWZHHQ WKH SODWHV RQH RI
to restore the capacitance. What is the dielectric constant of the slab ? [5]
$ PXOWLSODWH SDUDOOHO FDSDFLWRU KDV ¢([HG SODWHV FRQQHFWHG
HDFK SODWH KDV HIIHFW gapBetvéen the RdjacentplBtes is 1 mm. The capacitor is
LPPHUVHG LQ RLO RI UHODWLYH SHUPLWWLYLW\ &BDPHXODWH WKH FDS
Calculate the number of sheets of tin foil and mica for a capacitor of 0-33 puF capacitance if area of each
VKHHW RI WLQ MRKI® RVFD WNKRHWWL BN H QGG RDYH UHODWLYH SHUPLWWLYL
[182 sheets of mical83sheets of tin fo]l

6.12. Cylindrical Capacitor

$ F\AOLQGULFDO FDSDFLWRU FRQVLVWY RI WZR FR D[LDO F\OLQGH!

This is an important practical case siacgingle core cable is in effect a capacitor of this kifitie
conductor (or core) of the cable is the inner cylinder while the outer cylinder is represented by lead
VKHDWK ZKLFK LV DW HDUWK SRWHQWLDO 7KH WZR FR D[LDO F\OLQ(
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Consider a single core cable with conductor diameter Sheath
metres and inner sheath diamdbemetres (See Fig. 6.16). ~  __-—__
/IHW WKH FKDUJH SHU PHWUH DQLO ,OI;LQ:}WK \RI

WKH FDEOH EH

Q coulombs. The surface area of this cylinder is
[Ei (@&
? (OHFWULF AX[ GHQW bWhe Rosidz@d S R\
cylinder is given by ; o)
Dp= —7 C/m Fig. 6.16
Electric intensity at poir is given by;
D
E,= —L [L vim
r r
The work done in moving a unit positive charge from pBititrough a distanc& i the diree
WLRQ RI HO lEFG/[Héenkge ghiel Wokk dowe in moving a unit positive charge from conductor
WR VKHDWK ZKLEKWXHMROHWXEB FRQGXFWRU DQG VKHDWK LV JLYHQ |

~ -

D D Q Q D
Vo= ( GI[ GI (C
d d r r
? &DSDFLWDQEH gl 4'—%[—8—#—47' —— L
© D . Dd
‘ d
- I o r .
D d Dd

If the cable has alengghbP HWUHY WKHQ FDSDFLWDQFH RI WKH FDEOH LV
I

S

Dd Dd
Example 6.14.In a concentric cable 20 cm long, the diameter of inner and outer cylinders are

15 cm an 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
(i) WKH HOHFWULF AX[ GHQVLW\ DQG HOHFWULF LQWHQVLW\ LQ WK

Solution. (i) Capadéance of the cylindrical capacitor is
I

— r .« = ~ 109

C = 54 2.11710°F

(i) &KDUJH RQ GHSDHFLWRUF 1 A $C=1055uC

(iii) To determined andE LQ WKH GLHOHFWULF ZH VKDOO FRQVLGHU WKH DY

ie.,

$YHUDJH UDGLXYJ RI—6 I-HO HF WU [FFP A P
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J)OX[ GHQVLW\ D_Q—gfléHOH-l_—W—H—br— =110-47110° C/m?

(OHFWULF LQWHCE\#L—R’—\ EO—6+tHOH EWDILLE V/im
r

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
A FP 'HWHUPLQH L FDSDFLWDQFH RI WKH FDEOH SKDVH LL FKDU.
kVAR. The relative permittivity of insulation is 3. |

Solution. (i) &DSDFLWDQFH IQII=I_—D—E—G—HI—DS—§—DVH'

+HUH Q=3 ; 1=4km=4000m
d A FP ) Fp
IXWWLQJ WKHVH YDOXHV LQ WKH DERYH H[SUHVVLRQ ZH JHW

C = =1984110°F

(ii) 9RO WD J W, SK BYrH- A Bv

v
&KDUJILQJI FXUFHBW SEWYH

Cc

E7T 10 11 A 1%=1187A

(i)  Total charging k\& 5 = 3V, ¢ T A %1 A 6785710CkVAR
6.13. Potential Gradient in a Cylindrical Capacitor

8QGHU RSHUDWLQJ FRQGLWLRQV WKH LQVXODWLRQ RI D FDEOH L\
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 diamet@nd internal ~
sheath diametdd. $V SURYHG LQ $UW W K WHXNLF LOQWHQVLW\ DW

point [ metres from the centre of the cable is
E/ = —[volts/m
r . o
%\ GH{;QLWLRQ HOHFWULF LQWHQVLY SHTXDO WR OSRWHQWLE

7TKHUHIRUH SR W@ YoinD] @ettés Brar tHeT@itre of
the cable is

.'r'
1 |
g = E | i
|
or g= Q [ volts/m () .
r g ! _
$V SURYHG LQ $UW VIoBtWeENTdudote G L | HUI-EIQF:%T”'“
and sheath is 0 D | |
V = e— Volts : :
r d | |
L
V I S S
or Q= Ir3 (i) — X
eq 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 @ IURP H[3Q H[SZH JHW
v \
g =
e D/d [ 9
i °d
,W LV FOHD i) thaRdeteHt[eb gradient varies inversely as the distgnceKHUHIRUH

SRWHQWLDO JUDGLHQWI[Ig mDidurEité., RIEpL 2 P RKHDW WKH VXUIDFH RI WK
FRQGXFWRU 2Q WKH RWKHU KDQG SRW H @ratisizath 3WfBs.L HQW ZLOO EF

volts/m .. (i)

v . .
2 OD[LPXP SRWHQWdy bs/@W [Putting[=d LQ Hi)B
?:Odauei%a'

d
OLQLPXP SRWH QYLD 6—+uD Gdisig WPutting [=D L Q Hi)B
p P
d
vV
” 9pp;_ d D d _D
gmin 7\/ d
D .D d

7KH YDULDWLRQ RI VWUHVV LQ W KIS cledrithax di€l&ttticlskeds\s VKR ZQ LQ )LJ
PD[LPXP DW WKH FRQGXFWRU VXUIDFH DQG LWV YDOXH JRHV RQ GHF
ductor ,W PD\ EH QRWHG WKDW PD[LPXP VWUHVV LV DQ LPSRUWDQW FR
JRU LQVWDQFH LI D FDEOH LV WR EH RSHUDWHG DW VXFK D YROWD.
WKH LQVXODWLRQ XVHG PXVW KDYH D GLHOHFWULF VWUHQJWK RI D\
cable will become inevitable.

6.14. Most Economical Conductor Size in a Cable
,W KDV DOUHDG\ EHHQ VKRZQ WKDW PD[LPXP VWUHVV LQ D FDEOH

JRU VDIH ZRUNLQJ RI WKH FDEOH GLHOHFWULF VWUHQJWK RI WKH LG
VWUHVYVY B5HZULWLQJ WKH H[SUHVVLRQ IRU PD[LPXP VWUHVV ZH JHW

JppT LD volts/m ()
°d
The values of working voltagé and internal sheath diamel2rKDYH WR EH NHSW ¢([HG DW FHI
values due to design considerations. This leaves conductor didm&fdR EH WKH RQO\ YDULDEOH LC
(). For given values of andD, the most economical conductor diameter will be one for wnighy;
has a minimum value. The valueg) pyill be minimum wherd log.D/d LV P D [ileP X P

d D _ D .deD_
md eq =0 or eddDd_o
? log. (" G i
or log.(D/d) =1 or (' G=e A

? ORVW HFRQRPLFDO FERzQ—GgeFWRU GLDPHWHU
and the value of p pynder this condition is

Gpo= - voltsim [PuttinglogD/d L Q B[S

2 FRXUVH LW ZLOO RFFXU DW WKH FRQGXFWRU VXUIDFH
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JRU ORZ DQG PHGLXP YROWDJH FDEOHV WKH YDOXH RI FRQGXFWR
(e, d 9 dpy LV RIWHQ WRR VPDOO IURP WKH SRLQW RI YLHZ RI FXU
conductor diameter of such cables is determined from the consideration of safe current density. For
KLJK YROWDJH FDEOHYVY GHVLJQV EDYVHGR@hwklarde Wokithe U\ JLYH D YHL
SRLQW RI YLHZ RI FXUUHQW FDUU\LQJ FDSDFLW\ DQG LW LV WKHUHIF
GLDPHWHU WR WKLV YDOXH 7KHUH DUH WKUHH ZD\V RI GRLQJ WKLV

(i) 8VLQJ DOXPLQLXP LQVWHDG RI FRSSHU EHFDXVH IRU WKH VDPH
will be more than that of copper.

(i) Using copper wires stranded around a central core of hemp.
(iii) Using a central lead tube instead of hemp.

Example 6.16.7KH PD[LPXP DQG PLQLPXP VWUHVVHV LQ WKH GLHOHFWU
N9 ERs) DQG NOMBPUHVSHFWLYHO\ || WKH FRQGXFWRU GLDPHWHL

(i) thickness of insulatior(ii) operating voltage
Solution. +HUH 9pp= 40 kViem ; gyip =10 kViem ; d FPD =7
(i) $V SURYHG LQ $UW

9epr_ D, p=S8rorg _ Fp
gmin d gmin
? Insulation thickness= (oAX:} = =3cm
. V
(i) L Y
d eq
D
9ppfl H
? V = d € e = 5545kVr.m.s.

Example 6.17.A single core cable for use on 11 kV, 50 Hz system has conductor area of 0-645
cnt and internal diameter of sheath is 2-18 cm. The permittivity of the dielectric used in the cable
LV A J)LQG L WKH PD[LPXP HOHFWURVWDWLF VWUHVV LQ WKH FDE
cable (iii) capacitance of the cable per km length (iv) charging current.

Solution. $UHD RI FURVVY VHFWLRQ RFFRQGXFWRU

'LDPHWHU RI Wd(H\’E(%q%F—W—R-U A FP

,QWHUQDO GLDBPHWAMU RR VKHDWK
() OD[LPXP HOHFWURVWDWLF VWUHVV LQ WKH FDEOH LV

dpoF v 5 e/ =27.65kV/icmrm.s.
ea e
(if) Minimum electrostatic stress in the cable is
Omin = v 5 e« / =11.5kV/icmrm.s.
D eH e
(i) &aDSDFLWDQEH R—i—?—é—Eﬁ)H .
d

+HUH 0 | =1 km =1000 m
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? C= ——— =0227110°F

) &KDUJLQJlCFx@{uﬁQ@cv & T A i1 076 A
c
Example 6.18.Find the most economical size of a single-core cable working on a 132 kV,
SKDVH VA\VWHP LI D GLHOHFWULF VWUHVV RI N9 FP FDQ EH DOOR

Solution. Phase voltage of cable = /\f A N9

3HDN YDOXH RI $KDVAH YiIROWDAJH N9
O0D[ SHUPLVVIgEQHE0W/EH VV
? Most economical conductor diameter is

d= v = 3-6 cm
Opp]
,QWHUQDO GLDBPHWAURI| AKHD VKRS cm
7KHUHIRUH WKH FDEOH VKRXOG KDYH D FRQGXFWRU GLDPHWHU F
RI A FP

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
ZLWK D VDIHW\ IDFWRU R 7KH UXEEHU LQVXODWLRQ KDV D UHODW
strengthof 18 x 1 9 P

Solution. $V SURSUW®W LQ

- \Y
PD[™

¢ D2

d
+HUH 9pp= Eppy T8v/m;V %UHDNGRZQ YROWDJH 7 6DIHW\ IDFWRU
=10° 1 YRIOWV 1 PP
2 1 6 — -
D
°ed

or % ?D d 7 PP

? Radius of sheath D___ =4.72 mm
|
&DSDFL(W:D—Q—F—H—D ¢ = — =0.3x10°F
q _

6.15. Capacitance Between Parallel Wires

This case is of practical importance in 4 Q -Q
overhead transmission lines. The simple
VI\IVWHP IRU SRZHU WUDQVP—RQ—-i:V———ZtU—H—G——
DF V\VWHP &RQVLGHU ZDNUH WUDQVPLVVLRQ H
consisting of two parallel conductofs and B L d R

[l g
|

spaced metres apart in air. Suppose that radius
of each conductor ismetres. Let their respective Fig. 6.18
chargeshe @ DQ® FRXORPEV SHU PHWUH OHQJWK >6HH )LJ @
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The total p.d. between conducdrD QG QHXWUDO 3LQ¢;QLWH" SODQH LV

Vo= —2 o] [Q Gl

[
Q

= < — —=£ f — e%volts

6LPLODUO\ S G EHBWIG QFRWBEOWRQ,QLWH SODQH LV

Q g f G

Q Q d
= — e? ea E— e? volts
Both these potentials arer.t. the same neutral plane. Since the unlike charges attract each
RWKHU WKH SRWHQWLDO GLIITHUHQFH EHWZHHQ WKH FRQGXFWRUV L

Vag VA:_Q e(‘rj€xf

Vs

? &DSDFL(S/)(BD:QCH\&{B:ﬁ F/m
—= e
? CAB = d . (i)
°r
The capacitance for a lendtfs given by ;
I
Cpg = q° ...in air
er
I
— r'e ; ;
d ... iIn a medium
er

Example 6.20.A 3-phase overhead transmission line has its conductors arranged at the cor
QHUV RI DQ HTXLODWHUDO WULDQJOH RI' P VLGH &DOFXODWH WKH
Given that diameter of each conductor is 1-25 cm.

Solution. &RQGXFWRU WDGLXVA FP 6SDFLQd RIFFRQGKRKFWRUV

Capacitance of each line conductor=——-¢/ = ./
ed/r e |/

= A ity A T F/km =0-0096pF/km

*  The electric intensityE at a distance] from the centre of the conductor in air is given by ;

E:L€1f
[
+ H UH= charge per metre lengthlj = permittivity of air
$V[ DSSURDFKHV LQ;E WSSWRBFKBIOXHWRR 7KHUHIRUH WKH SRWHQWLDO GLI
FRQGXFWRUYV DQG LQs{;QLW\ GLVWDQW QHXWUDO SODQH LV

V, = L[G[
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6.16. Insulation Resistance of a Cable Capacitor
The cable conductor is provided with a suitable thickness o

by insulation to leakage current is known as insulation resistance
FDEOH )RU VDWLVIDFWRU\ RSHUDWLRQ
should be very high.

Consider a single-core cable of conductor radiuand internal
sheathradius DV VKR ZQ LQ )llbé the lengthlaf\the cable and
I be the resistivity of the insulation. Fig. 6.19

Consider a very small layer of insulation of thickn€s#t a radiug. The length through which
OHDNDJH FXUUHQ@anytHeney o MRHARA RY RIIHUHG[VWOR WKLV ARZ LV &

? Insulation resistance of consideregier

G|
[ O
Insulation resistance of the whole cable is
r r
G|
R = — — —G
[ O o [[
r r
? Rz — ,—

This shows that insulation resistance of a cable is inversely proportional to its length. In other
ZRUGVMWKH FDEOH OHQJWK LQFUHDVHV IMeWetsQ@ VXODWLRQ UHVLVWDC(

Example 6.21.Two underground cables having conductor resistances aof and 0.5. and
insulation resistances of 300 Mand 600 M respectively are joined (i) in series (i) in parallel.
Find the resultant conductor and insulation resistance.

Solution. (i) Series connection,Q WKLV FDVH FRQGXFWRU UHVLVWDQFHY DUH LC
VHULHV +RZHYHU LQVXODWLRQ UHVLVWDQFHY DUH JLYHQ E\ UHFLS

? 7TRWDO FRQGXFWRU UHYLVWDQFH
The total insulation @stanceR is given by ;

r

—_ = — — 27R= :
R ? R=200 M:

(ii) Parallel connection. ,Q WKLY FDVH FRQGXFWRU UHVLVWDQFHY DUH JRYF
while insulation resistances are added.

? Total conductor resistance=—— =0.3 :

Total insulation resistance = 300 + 60060 M:
Example 6.22.The insulation resistance of a single-core cable is 496 pér km. If the core
diameter i2-5 cm and resistivity of insulation is 4.5 x40y FP ¢ QG WKH LQVXODWLRQ WKLFN
Solution. /HQJW K RII=FIIk@mG HO00 m
&DEOH LQVXODWRERQ QHVLVWHDWQFH
&RQGXFWRU UBRGLXVA FP
SHVLVWLYLW\ RI LAQVX'YDFPLR QA 1Y P

Letr cm be the internalh&ath radius.

;
1RZ R= — of
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or err— - IR A
RU A QRM, A

or riry $QWLORJ A A

or r r T A A FP

? Insulation thickness= r  ir; A i A-25cm

Example 6.23.The insulation resistance of a kilometre of the cable having a conduetor di
ameter of 1.5 cm and an insulation thickness of 1.5 cm is 500VWhat would be the insulation
resistance if the thickness of the insulation were increased to 2.5 cm?

Solution. Ry 0 ;1=100m ;R
JRU ¢UVW FDVHy

I ©r
r
For second case: R = ey
, R o__ et/
R e I Jr
1R Z, P HHr =3
re FPc F?R dr ¢=4.333
R
? — = ——— =1.334
e
or R i 667.3 M:

( Tutorial Problems )

1. $ VLQJOH FRUH FDEOH KDV D FRQGXFWRU GLDPHWHU RI A FP DQG LQV X(
UHVLVWDQFH RI LCYXFPWERQAXODRWH WKH LQVXODWLRQ UHVLVWDQFH S|
cable. [305-5 MY @

2. $ VLQJOH FRUH FDEOH NP ORQJ KDV DQ LQVXODWLRQ UHVLVWDQFH RI
FP DQG VKHDWK GLDPHWHU LV FP FDOFXODWH WKH UHVLVWLYLW\ RI W

[28-57 1 10*2 ¥Ym]
3. Determine the insulation resistance of a single-core cable of length 3 km and having conductor radius
A PP LQVKDPMQHRWVW PP DQG VSHFL¢{F UHVLYWDSBEMYR® LQVXODWLRQ |

6.17. Leakage Resistance of a Capacitor

The resistance of the dielectric /Equwalent circuit
of the capacitor is calledeakage @~ = ------------- of a real capacitor
resistance The dielectric in ar-°3kage R,

current

ideal capacitor is a perfect insulator E{*
(.e., LW KDV LQ¢{¢QLWH UHVL
JHUR FXUUHQW ARZV WKU
voltage is applied across its terminals.
The dielectric in areal capacitor
KDV D ODUJH EXW ¢(QLWH UHVLVWDQFH VR
YHU\ VPDOO FXUUHQW ARZV EHWZHHQ WKH
capacitor plates when a voltage is | L
applied. v

Fig. 6.20

KILW ZK

QFH 0Qg
Qi

=K<
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yLJ VKRZV WKH HTXLYDOHQW FLUFXLW RI D UHDO FDSDFLWRL
parallel with leakage resistan& Typical values of leakage resistance may range from about 1
0Y FRQVLGHUHG D YHU\ *OHDN\" FDSDFLWRU WR JUHDWHU WKDQ
has very high leakage resistance (¥ 0¥ VR WKDW YHU\ OLWWOH SRZHU LV GLVVLSE
voltage is applied across it.

6.18. Voltage Rating of a Capacitor

7KH PD[LPXP YROWDJH WKDW PD\ EH VDIHO\ DSSOLHG WR D FDSDFI
its d.c. working voltage.

7KH PD[LPXP G F YROWDJH WKDW FDQ EH DSSOLHG WR D FDSEC
dielectric is calledvoltage rating of the capacitor.

, WKH YROWDJH UDWLQJ RI D FDSDFLWRU LV H[FHHGHG WKH GLI
FXUUHQW FDXVLQJ SHUPDQHQW GBPDJH WRCWé(HCFDSDFLWRU % RWK
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 Q4F capable of HHH
withstanding 15 V. Calculate the number of capacitors needegH
it is desired to obtain a capacitance of @ for use in a circuit HHH
involving 60 V.
Solution. )L J VKRZV WKH FRQGLWLRQV h“\_Nl(IHI URBHOHP
&DSDFLWDQFH RICHMDAKFFDSDFLWRU + -

9ROWDJH UDWLQJWI HDBK FDSDFLWRU 60V
6 XSSO\ YROWDIH Fig. 6.21
6LQFH HDFK FDSDFLWRU FDQ ZLWKVWDQG 9 WKH QXPEHU RI FD¢

&DSDFLWDQFH RI VHULH FRQQHFWHGAFDSBFLOARFW LW LV GHVL
WR KDYH D WRWDO FDSDFLWDQFH RI AC/Gr) @XPEHU RI VXFK URZV LC

? 7TRWDO QXPEHU RI FBEDFLWRUYV 7
)LJ VKRZV WKH DUUDQJHPHQW RI FDSDFLWRUYV

Example 6.25.A capacitor of capacitance,G1u) ZLWKVWDQGYV WKH ;RB[LPXP YROWDJ!
kV while another capacitance €2pn) ZLWKVWDQGYV WKH,PD[NBXPKYRO WDJLH %P
voltage will the system of these two capacitors withstand if they are connected in series ?

Solution. 7KH PD[LP XP (f &ld@ Jhdt\can be placed @y andC are :
Q, = CV, [ N i3cC
Q =CV [ B T3cC
The charge on capacitey, VKR XOG QRW HEFHMHKGHURIRUH ZKHQ-FDSDFLWRUV D
QHFWHG LQ VHULHV WKH PD[LPXP FKDUJH WKmM:leQ EH SODFHG RQ

? VPD[_ C C
T 3 ’|\3—10’3 IV—ng

Example 6.26 A parallel plate capacitor has plates of dimensions 2ic3rtm. 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.

(i) :KDW LV WKH PD[LPXP FKDUJH WKDW FDQ EH SODFHG RQ WKH FLC
of paper is 167 16° 9 P
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A
Solution. (i) = dr
+HUH @ A T*Fm 0 AA T *m;d P 2m
? C= =196 T10°1%F

(i) 6LQFH WKH WKLFNQHVYV RI WKH SDSHU LV PP WKH PD[LPXP YR
breakdown occurs is

Veo= Epp(id

Here Epp T ®Vvim ;d PP ©m

? Voo (R W B T3V

? OD[LPXP FKDUJH WKDW FDQ EH SODFHG RQ FDSDFLWRU LV
Qprp= CVepy A ® i i3 %C =0-31puC

6.19. Capacitors in Series

&RQVLGHU WKUHH FDSDFLGYRWMICKDYURG FMHYBHPAMWDLQHIOY FRQQHF\
series across a p.d.¥f YROWV >6HH@LJ,Q VHULHVY FRQQHFWLRQ FKDUJH RQ H
the *sameife. +Q RQ R QH S Q bnvihel ob&®)Guti p.d. across each is different.

Q Q Q Q
A+ |= 4+ |-+ |-—_B A + = B
+

|| + =
C, C, C, C:

@) (i)

1RZ

<
I
<
+
<
+
&
1

or Voo
Q C C C
But Q/V is the **total capacitandg; between pointd andB so thav/Q = 1[C; >6HH )L Ji)].
? _— = = = =
' C; cC C C
Thus capacitors in series are treated in the same manner as are resistors in parallel.
Special CaseFrequently we come across two capacitors in series. The total capacitance in such
a case is given by ; cC C

C, C Cc cc

* When voltageV LV DSSOLHG D VLPLODU HOHFWURQ PRYHPHQW RFFXUV RQ HDFK
VWRUHG E\ HDFK FDSDFLWRU $OWHUQDWLYHO\ FXUUMBWandFKDUJILQJ LQ D \
bothl andt DUH WKH VDPH IRU HDFK FDSDFLWRU WKH FKDUJH RQ HDFK FDSDFLYV
7TRWDO RU HTXLYDOHQW FDSDFLWDQFH LV WKH VLQJOH FDSDFLWDQFH ZKLF]
would provide the same charge for the same applied voltage.
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cc
Or : Ie ki) g
Gt ¢ T

Note. 7KH FDSDFLWRUV DUH FRQQHFWHG LQ VHULHV ZKHQ WKH FLUFXLW )

LQGLYLGXDO XQLWV ,Q XVLQJ WKH VHULHYVY FRQQHFWLRQ LW LV LPSRUWDQW

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

&RQVLGHU WKUHH FDSDFLGYRWMICKDYURG FMMHYBHIPMWDLQHIOY FRQQHF\
parallel acrossap.d.® YROWV >6HH@LJQ SDUDOOHO FRQQHFWLRQ S G DFUR
is the same but charge on each is different.

Q
+| |
+I=C,
Q
: | B2 | =
Cr
+| °|=Ca
[
tV: i’V:
0) (iD)
Fig. 6.23
1RZ Q=0Q,+Q +Q3=C,V+C V+CV
= V(C,+C +Cy
or QV = C,+C +Cq4
But Q/V is the total capacitané&, RI WKH SDUDOOHO FRPELQDWLRQ >6HH )LJ
? C;=C +C +C4

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 uC. Determine the

values of ¥, V and G. o |02|
Solution. V; = c =50V [
C,=15pF
V=V, +V 70V | |
Charge orC; = C; iV C,=8 uF
L |
T ' C=160pC
? Charge orC i — & \2 pe V, =20 V—
? Capacitance of = v
A T°F=2951F Fig. 6.24

Example 6.28.Two capacitors A and B are connected in series across a 200 V d.c. supply. The
p.d. across Ais 120 V. This p.d. is increased to 140 V when a 3pF capacitor is connected in parallel
with B. Calculate the capacitances of A and B.
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Solution. Let C; andC pF be tle capacitances of capacitgxsindB respectively. When the
capacitors areconns¢ HG LQ VHULHY @6 HHKDPWIH RQ HDFK FDSDFLWRU LV WKH

3 uF
A FB
': L
C,

A B
| | |
C, C, C,
l—120 V—pe—80 V— le——140 V———p¢—60 V——
+ _ + —
————200 Vo—- e 200V o
(i)
0

@)
Fig. 6.25
c i R UC K,
@ WKH FRPELQHG

? C, 1
When a 3pFcapacitor is connected in parallel wiBh >6 HH )L Jii
7KXV WKH FLUFXLW) cdikiie hQudh® )L J

capacitance of this parallel branch@s (
as a series circuit consisting of capacitari@eand C + 3) connected in series.
? C, 1 C +3)60
RU c,iC « ii)
Solving egs.ij and {i ZH QHWO6 pF; C =54 pF
Example 6.29.2EWDLQ WKH HTXLYDOHQW FDSDFLWDQFH IRU WKH QHWZR
C,

V d.c. supply, determine the cha and voltage across each capacitor.
11

11
100 pF
C

1 Ca
A B
100 pF —I |—0
Cs 100 pF C, C,
11 11
L L
200 pF

C,
——]F—
200 pF +
- +

C,
]
300V
Fig. 6.27

Solution. Equivalent Capacitance. 7KH DERYH QHWZRUN FDQ EH UHGUDZQ DV VKF

Fig. 6.26
The equivalent capacitan€* Rl1 VHULHV FRQ Q@H&WCHIS FDSDFLWRUYV

Ce g g =100 pF
The equivalent capacitance of parallel combina@ion S) Chb® G
Cec = C+ C; S)
The entire circuit now reduces to two capaci©yandCg S) LQ VHULHYV

? Equivalent capacitance of the network is




322 Basic Electrical Engineering

Charges and p.d. on various capacitors

7TRWDO GKIVIH— P *C
? Charge orC, = 2 110°C
? P.D. acros&, V, = Cg =200V
P.D. betwee andC Vg * 9
Charge orC; Q; = C;Vgc TEO 108cC
P.D. acros€; V; = Vgc=100V
P.D. acros€ = P.D. acros&, 50V

Charge orC = Charge orC; = Total charge — Charge @iy
T *)-@o*)=10%C
Example 6.30.Two perfecinsulated capacitors are connected in series. One is an air capacitor
with a plate area of 0.01fthe plates being 1 mm apart, the other has a plate area of 0 9)@em
plates separated by a solid dielectric of 0.1 mm thickness with a dielectric constant of 5. Determine
WKH YROWDJH DFURVV WKH FRPELQDWLRQ LI WKH SRWHQWLDO JUDG

Solution. Capacitanc€,; of air capacitor is

A +
C, = t’ = TsF
Capacitanc€ of the capacitor with dielectric oH LV
P A N
Cc = = i F
t
\oltage acros€; V; = g; Tty 9 PP1T PP 9
Charge orC, Q, = C,V, TET 0
$V WKH FDSDFLWRUV DUH LQ VHULHV W& FDUJH RQ HDFK FDSD|
i c.
? \oltage acros€ V = g— =— =40V

? 9ROWDJH DFURWEWVRVPELQDW L RQ volts

Example 6.31.In the network shown in Fig. 6.28), C, = C, = C; = C, = 8 pF and
C;=10p) )LQG WKH HTXLYDOHQW FDSDFLWDQFH EHWZHHQ SRLQWYV $ LC

C,
11 C C
11
e e o0
D 5 B A c A B
—X—| —— |—1C.;—| - 5 B
Cs
Cs'@\ C AV
1 D D
C,
(@) (i) (iif)
Fig. 6.28

Solution. $ OLWWOH UHAHFWLRQ VKR 2)\taWi¢ Dedrawn as SKowwinR 1 ) L J
)LJ ii ‘H ¢QG WKDW WKH FLUFXLW LV D :KHDWVWRQH EULGJH 6LQF
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the bridge are equaC(C, =C C; becaus€, =C =C3=C, WKH EULGJH LV EDODQFHG ,W PH
pointsCandD DUH DW WKH VDPH SRWHQWLDO 7KHUHIQRUHH®KHUH ZLOO EI
WKLV FDSDFLWRU LV LQHIIHFWLYH DQG FDQ EH liHReRKFHG IURP WKH |
ULQJ WR jiLJ WKH HTXLYDOEGBQ®RI MDSDNHWDRY H RQeQAdCF$WHG FDSDFLWRI

CC
C- c ¢ - 4 uF
The equivalent capacitan€e Rl VHULHV FR Q Q;taRrd@,H>5 I# B D Hi)]\¢ R UV
ccC
Cee c ¢ - 4 uF
Now Capg = Ce Cee L 8 uF o uF
Example 6.32.Find the charge on BF capacitor in |L|j
the circuit shown in Fig. 6.29. A 3| “IF . o 5
Solution. The p.d. betweeA andBis 6 V. Consider I
ing the branclAB° WKH FDSDFLWRUV —) DQG —) DH LQ
SDUDOOHO DQG WKHLU HTXLYDOHQW FDSQJELV\}JDQFH —)

ThebranchB WKHQ KDV —) DQG —) Lf MI:ILJLI:]N (KHUHIRUH
the effective capacitance of brankB is

Cppg= — — ° !
Total charge in branchB is 6V
Q=Cpgv=— 1T — = Fig. 6.29
P.D. across 3 pF capacitorg — - —€f
? P.D. across parallel combination= — —€ .f
&KDUJH RQ —) FDSDRFLWRU ®*C=9ucC

Example 6.33.Two parallel plate capacitors A and B having capacitances|df And S5uF
are charged separately to the same potential of 100 V. Now positive plate of A is connected to the
QHIJDWLYH SODWH RI % DQG WKH QHIJDWLYH SODWH RI $ LV FRQQHFW
charge on each capacitor.

Solution. Initial charge oA Q; = C,V (] —&
Initial charge orB Q = CV [ —&
When the oppositely charged plateddindB DUH FRQQHFWHG WRJHWKHU WKH QHW |
Q=Q-Q t —&
Final potential difference= ¥ % - .
p T .38
Final charge o = C — — = Z—gOGB
Final charge o8 = C — — = %)

Example 6.34.$ FDSDFLWRU LV ¢0O0OHG ZLWK WZR GLHOHFWULFV RI WKH
constants Kand K; respectively. Find the capacitances in two possible arrangements.
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Fig. 6.30
Solution. The two possible arrangements are shown in Fig. 6.30.

(i) The arrangement shown in Fig. 6.0 LV HTXLYDOHQW WR WZR FDSDFLWRUV LQ
plate areaA and plate separatiah i.e.,

K A K A K A K A
1= a ¢4 d
The equivalent capacitan€ LV JLYHQ E\
o d d d
C € cC K A K A A K K
~d K K
- A KK
) c. 20A KKy
d K, +K,

(i) The arrangement shown in Fig. 6.80 (LV HTXLYDOHQW WR WZR FDSDFLWRUV LQ
platearesh DQG SODWMHi.e/, HSDUDWLRQ

K A K A K A K A
©= 7 a ¢=

The equivalent capacitan€eee LV JLYHQ E\
K A K A A

d d d
A
? Ceo ZR(K +Ky)

Cee C,+C =

Example 6.35.Determine the capacitance between terminals A and B of the network shown in
Fig. 6.31. The values shown are capacitancqgHn

C
25J- j_ L 20
AO—} 10 £—o B
10 T 1; _|_15
Fig. 6.31

Solution. 7TKH FLUFXLW VKRZQ LQ )LJ LV HTXLYDOHQW WR WKH FLU
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C
C 25
P .
A Q
A 10 B C, = 20/7°N
% B
2
10 ’J-/‘ 15
D C, =307
Fig. 6.32 Fig. 6.33
Replacing the star network@t FRQVLVWLQJ RI FDSDFLWDQFHV DQG E\ |
ZH KDYH
C, = — (betweermA andC)
cC=—— — (betweerB andC)
CG=—— — (betweerA andB)

7KH FLUFXLW WKHQ UHGXFHV WR WKH FLUFXLW VKRZQ LQ )LJ

Cpec= — — A Cg= — — A
The circuit then reduces to the circuit shown in Cpc=27.86  Cgo=24.29
Fig. 6.34. — I+
" Coo = Cac Cac C C
: AB
CAC CBC Ao——¢ e—opB
= 11
1
A A 173 uF Cg.= 30/7 =4.28
Example 6.361n the network shown&, o . F'g_' 6.34 .
in Fig. 6.35, the capacitances are|if. _L 1.T_ _L
If the capacitance between terminals P 2 3 L4

andQis5u) ¢QG WKH YDOXH RI & 4 I
Solution. The capacitances 1 and =C

1 are in parallel and their equivalent 1I 1; 2
FDSDFLWDQFH Q

capacitances 1 and 3 are in parallel and Fig. 6.35
their equivalent capacitance = 1 + 3 = 4.
7TKHUHIRUH WKH RULJLQDO FLUFXLW UHGXFHVY WR WKH FLUFXLW VKR

Po ! _Tb_ Po o L
LI L] L./ 1
4= S I 2 0.8 I
a c=—= c=—=
2 =08
T °T el 1 T
C C

Qo
Fig. 6.36 Fig. 6.37
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Replacing the star network & FRQVLVWLQJ Rl FDSDFLWDQFHV DQG LQ
HTXLYDOHQW GHOWD QHWZRUN
Cab: ; Cbc= ; Cca:
7KH FLUFXLW LQ )LJ WKHQ UHGXFHV WR WKH RQH VKRZQ LQ

cgpacLWDQFHYV DQG A DUH LQ SDUDOOHO DQG WKHLU HTXLYDOHQW F
FDSDFLWDQFHYV DQG A DUH LQ SDUDOOHO DQG WKHLU HTXLYDOHC
the circuit shown in F UHGXFHVY WR WKDW VKRZQ LQ )LJ

TH L

4 3xC
T T575 T T 3+C
Fig. 6.38 Fig. 6.39
?HIHQULQJ WF\j )LJ A FDSDFLWDQFHV A DQG A DUH LQ VHULH
AT A A A A /LN H Z L VEBlareFsgiies ant e egliwalend Q G
FDSDFLWDQEBHC TKH FLUFXLW VKRZQ LQ )LJ UHGXFHV WR WKD\
S5HIHUULQJ WR )LJ - . C
Cro A A—C
RU A A-C [Given Cy @
C Q
C = 21puF
(Tutorial Problems )
1. 7KUHH FDSDFLWRUV KDYH FDSDFLWDQFHV RI DQG —) UHVSHFWLYHO
they are connected) (n seriesi{) in parallel. [(i) 0-923uF {i) 9uF]
2. 7TKUHH FDSDFLWRUV RI YDOXHV —) —) DQG —) UHVSHFWLYHO\ DUH F

supply. Calculatei) the resultant capacitance aiigl p.d. across each capacitor.
[(1) 3-7pF (i) V, =111V, \, = 74 V, V; = 55 V]
3. +RZ FDQ WKUHH FDSDFLWRUV RI FDSDFLWDQFHYVY —) —)DQG —) UHVSHF
of 11puF ? [3uF and 6pF in series, with 9uF in parallel with both
4. 7ZR FDSDFLWRUV RI FDSD Fard\j@n@dinscried. Whit talDesof dapaeijance joined
LQ SDUDOOHO ZLWK WKLV FRPELQDWLRQ ZRXOG JLYSBIPHFDSDFLWDQFH R
5. Three capacitorda BandC DUH FRQQHFWHG LQ VHULHV DFURVV D 9 G F VXSSO\
FDSDFLWRUV DUH 9 9 DQG 9 UHVASHWWLHYHDKDW DMKHH W R B DFELSADIFQ AHD (
of BandC ? [4-57 pF, 3-56 ufF
6. $ FDSDFLWRU RI —) FDSDFLWDQFH LV FKDUJHG WR D S-G RI 9 DQG Wk
FKDUJHG FDSDFLWRU RI —) FDSDFLWDQFH &DOFXOR&WM WKH S G DFURYV
7. Circuit ABCis made up as followsAB FRQVLVWYV R DBCeopsikt® &R BiiRVgdapactitor in
SDUDOOHO ZLWK —) FDSDFLWRU ,I D G RaniX SGHOW RUPLQH WRKRR GEBDRWH G
on each capacitor. [160 pC (AB); 60 pC (3pF in BC); 100 p@¢
8. 7ZR FDSDNehdBRWBYLQJ FDSDFLWDQFHV RIT —) DQG —) UHVSHFWLYHO\ L
a 600 V d.c. supply. If a third capacitdris connected in parallelwith LW LV IRXQG BiEKDW S G DFURVV
400 V. Determine the capacitance of capadtor [40uF]
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6.21. Joining Two Charged Capacitors
Consider two charged capacitors of capacita@¢asdC, charged to
potentialsV, andV, respectively as shown in Fig. 6.40. With sv8topen,
Q, =CV, and Q,=CV, —
When switchSis closed, positive charge will ow from the capacitof of
higher potential to the capacitor of lower potential. is ow of charge wjll +Q,"*-Q,
continue till p.d. across each capacitor is the same. is is calbeimon M

: —» l—
potential(V). . V,
L, %~ Q Q
Common potentialy = s———=—= c C Fig. 6.40
Cv CV
? = ==
. v R ..0)

e following points may be noted :

(i) SOWKRXJK WKHUH LV D UHGLVWULEXWLRQ.eRtlofikgDUJH RQ FRQQ
switchS WKH WRWDO FKDUJH EHIRUH DQG DIWHU WKH FRQQHFWL
charge is a conserved quantity). This means that charge lost by one capacitor is *equal to
the charge gained by the other capacitor.

(i) When switc'SLVY FORVHG WKH FDSDFLWRUV DUH LQ SDUDOOHO

(iif) Since the two capacitoexquire the same common potential

vy Q , Q¢
cC C Q C
7TKHUHIRUH WKH FKDUJHV DFTXLUHG E\ WKH FDSDFLWRUV DUH I

(iv) ,Q WKLV SURFHVV RI FKDUJH VKDULQJ WKH WRWDO VWRUHG HC
EHFDXVH HQHUJ\ LV GLVVLSDWHG DV KHDW LQ WKH FRQQHFWLC
capacitor to the other.

Example 6.37.Two capacitors of capacitancesd and 6uF 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 VHULHV FRQQHFWHG FDSDFLWRUV S G V DFURVV WKH FD
their capacitances.

? P.D. across 4 yF capaciter — 9

&KDUJH RQ —) FOSBFLWRU A &
6LQFH WKH FDSDFLWRUV DUH FRQQHFWHG LQ VHULHV FKDUJH RQ
? &KDUJH RQ ERWK FDSDFLWRUV &

Parallel connection.:KHQ WKH FDSDFLWRUVY DUH FRQQHFWHG LQ SDUDOOH
—) 7KH WRWDO FKDUJH A & LV GLVWULEXWHG EHWZHHQ W

Z, %o =

? P.D. across capacitors C, =120V
&KDUJH RQ —) FOSHDFLWRU 7% =480uC
&KDUJH RQ —) FOSBDFLWRU 1% =720uC

* us referring to exp. (i), V(C, + C) =C\V, +CV, or C,V, —-C\V =CV -CV,
? Charge lost by one = Charge gained by the other
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6.22. Energy Stored in a Capacitor C

Charging a capacitor means transferring electrons from
SODWH RI WKH FDSDFLWRU WR WKH|[RWKHU 7KLV LQYROYHV H[SHQG
energy because electrons have to be moved against the *opposing
IRUFHVY 7KLV HQHUJ\ LV VWRUHG LQO WKH HOHFWURMWDWLF (HOG V
WKH GLHOHFWULF PHGLXP 2Q GLVHKDUJLQJ WKH FD[SDFLWRU WKH

collapses and the stored energy is released. N

Consider a capacitor @ farad being charged from a d.c. Ve
source ofV volts as shown in Fig. 6.41. Suppose at any stage of Fig. 6.41
FKDUJLQJ WKH FKDUJFo&Ranbehdhh.d- &r®EsRhe\Mdrdd valte.
7KHQ C = VT

$W WKLW IMRXOMHYW E\ @ lafan@rk WIILBR @ore lin transferring 1 C of charge
from one plate to the other. If further small cha@aLV WUDQVIHUUHG WKHQ ZRUN GRQH L\

dw =Y GT
= Cvdv

? Total work done in raising the potential of uncharged capacitévlts is
\%

T &Y
GT & GY

\
W= Cuvdv c v

or w=-CV '"..°f
7KLV ZRUN GRQH LV VWRUHG LQ WKH HOHFWURVWDWLF ¢HOG VHW
? Energy stored in the capacitor is

E= -CV*“— QV %f
I1RWH WKDW DQ LGHDO RU SXUH FDSDFLWRU GRé¢ted QRW GLVVLSEL
energy.

6.23. Energy Density of Electric Field

7KH HQHUJ\ VWRUHG SHU XQLW Y Redetdydemsity VR K KV K B HHFOMEFMFU L IF GG Q &
? Fewh LU
. (QHUJ\ Gin®Q VA T
‘H KDYH VHHQ WKDW HQHUJ\ LV VWRUHG LQ  WKH HDHFWULF (HOG

whereverHOHFWULF ¢HOG H[LVWV WKHUH LV VWRUHG HQHUJ\ :KLOH GH

¢HOGV ZH DUH JHQHUDOO\ L Q)i endrgyWétdred pe®| HQRUJ\ GHQV LW\

unit volume. Consider a charged parallel plate capacitor of platéaned plate

separatiord as shown in Fig

*q —-q

Energy stored= —CV e——d—»]
Volume of space between plateg\=l Fig. 6.42
? (QHUI\ GV — &

(OHFWURQV DUH EHLQJ SXVKHG WR WKH QHJDWLYH SODWH ZKLFK WHQGV WR
IURP WKH SRVLWLYH SODWH ZKLFK WHQGV WR DWWUDFW WKHP ,Q HLWKHU
from one plate to the other. This opposition increases as the charge on the plates increases.

**  PuttingC = QV LQ WK H=HQV
t  PuttingV=Q/C LQ WKH=H)YSC
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We know that capacitance of a parallel plate capaci@©r=sigA/d.

5 _ AV \Y
: Uu=s —/— ——= — —
d Ad d
ButVid LV WKH HOHFW U} betwddrOtiee fla@ey/ HQ VL W\
? (QHUJ\ GHHO VLW ..in air (i)
= — (E ...in a medium ..(i)

2EYLRXVO\ WKH XQLW RI HQHUJ\ GHQVLW\ ZLOO EH MRXOHV P

7TKHUHIRUH HQHUJ\ GHQVLW\ L H HOHFWULF ¢HOG HQHUJ\ VWRL
VSDFH LV GLUHFWO\ SURSRUWLRQDO WR WKH VTXDUH RI WKH HOHFW

1RWH WKDW ZHi)anl{)fof th&speidl¢ase of a parallel plate capacitor. But it can
EH VKRZQ WR EH WUXH IRU DQ\ UHJLRQ RI VSDFH ZKHUH HOHFWULF ¢
Note. :H FDQ DOVR H[SUHVV HQHUJ\ GHQVLW\ RI HOBIEWHE)LF ¢HOG LQ WHUPYV
D

r
Example 6.38A 16 uF capacitor is charged to 100 V. After being disconnected, itis immediately
connected in parallel with an uncharged capacitor of capacitance 4pF. 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.

u= —DE =

Solution. C,=16uF; C =4 pF
Before joining
&KDUJH RQ —Q FD0VYPFLWRU 1 A fic
(QHUJ\ VW R Y I, = — Tt 1 =008J

Afterjoining. :KHQ WKH FDSDFLWRUV DUH FRQQHF®HEG +@Q SDUDOOHO W
—) 7KH FKDOdistribdtesbetween the two capacitors to have a common
p.d. ofV volts.

3' DFURVYV SDUDO\D=H§FFR—P—E—L—Q=[BW\LRQ

(QHUJ\ VBWR UG E - =0.064 J

Loss of energy= E, —E A = A0016J

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
ZHOG DV D FRQYHQWLRQDO ZHOG WKDW GUDZzZV N9 DW A S 1 IRU
QG WKH YROWDJH WR ZKLFK LW LV FKDUJHG

Solution. The energy supplied per weld in a conventional welder is
W=VAT FRY WLPH * i A 1 A -
7KH VWRUHG HQHUJ\ LQ WKH FDSDFLWRU VKRXOG EH -

? 1000 = —CV

or V = \/ C \/ =1000V
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Example 6.40.A parallel plate 10QuF 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 —) PF=10*F;V YROWYV

:KHQ SODWH VHSDUDWLRQ LV GHF U DBEHHRR WHREK®DIF MW KH QHZ FDSELC
6LQFH WKH FDSDFLWRU LV QRW FRQQHFWHG WR WKH EDWWHU\ WKH |
potential difference between the plates must decrease to maintain the same charge.

? Q=cv=cv. R 2L &L Y =250 volts
V
New stored energ —CV - C —
-V v
= - - =6:25J

Example 6.41.$ SDUDOOHO SODWH FDSDFLWRU LV ,BKshdwdihG ZLWK D EDW
Fig. 6.43()). 7KH EDWWHU\ LV WKHQ UHPRYHG DQG WKH VSDFH EHWZHHQ W
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

*E, = —CV

SinceV, = F/C;, WKLV FDQ EH H[SUHVVHG DV
%

- N

B = o6 (i)

Eq. () gives the energy stored in the capacitor in the absence of dielectric.

$IWHU WKK\EDWUHPRYHG DQG WKH GLHOHFAdNAgeBNlthé LQVHUWHG E
capacitor remains the samBut the capacitance of the capacitor is incredédumnesi.e., new
capacitance i€ ¢ K C, [See Fig. 6.43ii()].

? Energy storedn the capacitor after insertion of dielectric is

- T T (
E=7C kc «
_ B i,
or E = K ...(ii)
+ %o — + o —
| | VA
Co KC,
|
I L]
VO
U] (i)
Fig. 6.43

*  The subscript 0 indicates the conditions when the medium is air.
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SinceK ! ZH ¢ QG WK D WegsdntheHnQial ehdigy by the factoikl/How will
\RX DFFRXQW IRU 3PLVVLQJ HQHUJ\" " :KHQ WKH GLHOHFWULF LV LQV
LOQWR WKH GHYLFH 7KH H[WHUQDO DJHQW PXVW GR QHJDWLYH ZRUN
This work is simply -E,—E  $OWHUQDWHO\ WKH SRVLWEYH.ZRUN GRQH E\ WKH
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
WDQFH WKH SRWHQWLDO GLIIHUHQFH WKH HOHFWULF ¢HOG DQG WK
Soluton. 6LQFH WKH EDWWHU\ UHPDLQV FRQWQ Mt iekh&n WKH SRWHQW
unchanged.
$V D UHVXOW NPH)KMalddremaidchanged.
The capacitanc€, will increase taC =K C,,
The charge will also increase ™=K ; DV H[SODLQHG EHORZ

T =GCVy; T=CV,=KCyV,=K

,QLWLDO VVERYHGVHQHUJ\

)LQDO VWREHGAQHWKIV KE

? E = KE,
Note that stored energy is increagetimes. Will any work be done in inserting the dielecric

7KH DQVZHU LV \HV ,Q WKLV FDVH WKH ZRUN ZLOO EH GRQH E\ WKH
increased energy to the capacitor but also provides the necessary energy for inserting the dielectric.

Example 6.43.An air-capacitor of capacitance 0-0Q% 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. (QHUJ\ EHIRUHELPPWUVLRQ =625110°J

KHQ WKH FDSDFLWRU LV LPPHUVHG-LQ(IRL@\ WA FDSIRFLWDQFH EHFRI
Since charge remains the saMe@Q/C QHZ YROWDJH LV GHFUWDVHG BQG EHFRPHV
9

? (QHUJ\ DIWHUELPPGHMIVERQ =250110°J
Example 6.44.In the circuit shown in Fig. 6.44, the %~

battery e.m.f. is 100 V and the capachas a capacitance
of 1puF. The switch is operated 100 times every second.4-L
Calculate (i) the average current through the switthD VT:T: C—=1uF
between switching operations afig the average power
dissipated in the resistor. It may be assumed that the R
capacitor is ideal and that the capacitor is fully charged '
RU GLVFKDUJHG EHIRUH WKH VXEVHTXHJW6MZLWFKLQJ

Solution. (i) OD[LPXP FKDUJH RGOVDSDRL®WRU e
The time taken to acquire this charge (or to lose it) is

T= T — =0.01s

? $YHUDJHII§VX:UH%Q—W— A 30mA
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(i) 7KH PD[LPXP HQHUJ\ VWRUHG GXULQJ FKDUJLQJ LV

E,= —CV — A -

'XULQJ WKH FKDUJLQJ SHULRG D VLPLODU TXDQWLW\ RI HQHUJ\ P X
VXEVHTXHQW GLVFKDUJLQJ SHULRG WKH VWRUHG HQHUJ\ LQ WKH FC
IRU HYHU\ VZLWFKLQJ DFWLRQ A - LV GLVVLSDWHG LQ WKH UHVL
energyE dissipated is

E T A A -
$YHUDJH SRZH—&W—DNZIG-QW

Note that amount of energy stored in a capacitor is very small because the \@lisevery
small.

6.24. Force on Charged Plates +Q -Q
Consider two parallel conducting platpsietres apart and carrying
constant charges of» D Q@cdulombs respectively as shown in Fig.
/[HW WKH IRUFH RI DWWUDFWheROnEHW ZHH Q- WKH|WZR SODWHV EH
one of the plates is moved away from the other by a small dist@rjce
then work done is

Work done= F 171G joules ()] L L
— X— dXle—
6LQFH WKH FKDUJHV RQ WKH SODWHY UHPDLQ FRQVWDQW QR HOH!
can enter or leave the system during the moverept Fig. 6.45
? Work done = Change in stored energy
Initial stored energy= —% S i

6LQFH WKH VHSDUDWLRQ RI WKH SODWHYV KO LQKRHJHOBBG WKH F|
FDSDFLWDQFHCLMOWKHUHIRUH
Q _Q C dcC

C dc ~ C dc
SincedC is small compared t8 dC) can be neglected comparedXo

Q C dC Q Q 4

Final stored energy

? Final stored ener _— = —
) C C ¢
: Q ©Q Q Q .
? x_  x ~ - <
? Change in stored enegry c ¢ dC C c dC (i)
Equating eqgs.i) and {i ZH JHW
FiGE 2-dc
C
Q dC
or F=——=
c GI
- _y d¢ . _
= -V G ..(ii) (I V=QIC)
Now C = A

1RWH WKLV H[S O0OXOWLSO\ WKH QXP#HUDWRU DQG GHQRPLQDWRU E\
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, ac _ A
: Gl
? Substituting the value @fC/ G |n eq. {ii ZH JHW
F= -V A = — (A v
[ [
= — AE .in a medium
= — AE ...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
GLITHUHQFH $Q LQVWUXPHQ WleRtiostaticlvultmeleQ G LV NQRZQ DV DQ

Example 6.45.A parallel plate capacitor has its plates separated by 0-5 mm of air. The area
of plates is 2 fhand 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
HISHULHQFHG LQ VHSDUDWLQJ WKH SODWHV "

Solution. +HWH  P;d PP #m ;V =100 volts
,QLWLDO FQS—-D-FGQWB—Q—F—H— .
,QLWLDO VVERYHGVHHHUJI\ -
)LQDO FDSDELVCDQFH T*F

J)LQDO VWRBE HG-EQ HUJ\ -

&KDQJH LQ VWRUHAG HOQHUIN A 7' -
Supposé- newtons is the average mechanical force between the plates. The plates are separated
by a distanceG [ i A A PP

? F 1G[= Change in stored energy

or F= —— =17.7 x 10°N
Note that small low-voltage capacitors store microjoules of energy.

6.25. Behaviour of Capacitor in a D.C. Circuit

:KHQ G F YROWDJH LV DSSOLHG WR DQ XQFKDUJHG FDSDFLWRU
one plate (connected to +ve terminal of source) to the other plate (connected to —ve terminal of
source). This is calledharging currentbecause the capacitor is being charged. The capacitor is
TXLFNKDUJHG WR WKH DSSOLHG YROWDJH DQG FKDUJLQJ FXUUHQW
WKH FDSDFLWRU LV VDLG WR EH IXOO\ FKDUJHG :KHQ D ZLUH LV FF
WKH H[FHVV HOHFWURQV RQ WKH QHIJDWLYH SODWH PRYH WKURXJK
energy stored in the capacitor is dissipated in the resistance of the wire. The charge is neutralised
ZKHQ WKH QXPEHU RI IUHH HOHFWURQV RQ ERWK SODWHY DUH DJDLC
capacitor is zero and the capacitor is fully discharged. The behaviour of a capacitor in a d.c. circuit
is summed up below :

() :tKkHQ G F YROWDJH LV DSSOLHG WR DQ XQFKD&lJHG FDSDFLWEF

instantaneouslycharged to the applied voltage.
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&KDUJLQJiE%%Ug-tlQW C%

:KHQ WKH FDSDFLWRU LV IXOO\ FKDUJHG FDSDFLWRU YROWDJH
DSSOLHG YR O W/t 0 akdisdisithR therging current. Note thétlt is the

slope ofv-t graph of a capacitor.

(i) $ FDSDFLWRU FDQ KDYH YROWDJH DFURVV LW HYHQ ZKHQ WKHU

(i) The voltage across a capacitQr£ CV) is proportional tahargeand not the current.

(iv) There is no current through the dielectric of the capacitor during charging or discharging
because the dielectric is an insulating materidiere is merely transfer of electrons from
one plate to the other through the connecting wires.

(v :KHQ WKH FDSDFLWRU LV IXOO\ FKDHékfoe, a ik EhdrjedcV QR FLUF XL
capacitor appears as an open to d.c.

(vii $Q XQFKDUJHG FDSDFLWRU LV HTXLYDOHQW WR D VKRUW Fl
concerned. 7 KHUHIRUH D FDSDFLWRU PXVW EH FKDUJHG RU GLVF
resistance in series with it to limit the charging or discharging current.

(viii tKHQ WKH FLUFXLW FRQWDLQLQJ FDSDFLWRU LV GLVFRQQHF
remains charged for a long periotf.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 100
FDSDFLWRU WR LQFUHDVH DW D FRQVWDQW UDWH RI A $V JLQG V

10 s.
Solution. & KDUJL Q Jif=XaoagH QW
? \oltage across the capacitor after 10 s is

My = — igdt ————— ¢

C

= t dt t

= — =3000V

Example 6.47.A voltage across a 100F capacitor varies as follows (i) uniform increase
from 0 V to 700 V in 10 s€it) a uniform decrease from 700 V to 400 V in 2(§€eca steady value
of 400 \(iv) an instantaneous drop from 400 V to zero. Find the circuit current during each period.

- .Y av o _dv
Solution. i = m m i
) dv 9 dt=10sec
? i = e — =7mA
(i) dv + at VHF
? i = — T2¢$ 15mA

KHQ G F YROWDJH LV DSSOLHG WR DQ XQFKDUJHG FDSDFLWRU WKH FKDU.
UHVLVWDQFH RI VRXUFH DQG DQ\ ZLULQJ UHVLVWDQFH SUHVHQW 7KH VXU.
SUHVHQW PD\ EH JUHDW HQRXJK WR GDPDJH WKH FDSDFLWRU WKH VRXUFH

t

woj=cdv g dv i, QWHIUD WL

dt dt C
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(iii) dvidt 7KHUHIRUHer&E XUUHQW LV
(iv) dv = 400 -0=400V dt=0

? i=10* T— =LQ,QLWH
I1RWH WKDW LQ WKLY SHULRG WKH FRUUHQW LIG;V HIWUHPHO\ KLJK
6.26. Charging of a Capacitor 0 o

Consider an uncharged capacitor of capacit@éhfarad
connected in series with a resis®ito a d.c. supply oV
YROWV DV VKRZQ LQ )LJ KHO WKH VZLWFK LV FORVHG WKH
FDSDFLWRU VWDUWYV FKDUJLQJ XS|DQG FKDUJLQJ FXUUHQW ARZV LQ
FLUFXLW 7KH FKDUJLQJ FXUUHQW LV PSD[LPXP WwVW WKH LQVWDQW R
switching and decreases gradually as the voltage acrossthe 55 1]}
capacitor increases. When the capacitor is charged to applied Fia. 6.46
voltageV WKH FKDUJLQJ FXUUHQW EHFRPHV ]ﬁUR

1. At switching instant. $W WKH LQVWDQW WKH VZLWFK LV FORVHG WKH Y
zero since we started with an uncharged capacitor. The entire Vdltagiopped across
resistancR DQG FKDUJLQJ FXUUHQW LV PD[LPXP FDOO LW
? ,QLWLDO FKDI}EFMRI FXUUHQW
Voltage across capaciter 0
Charge on capaciter 0
2. Atanyinstant. $IWHU KDYLQJ FORVHG WKH VZLWFK WKH FKDUJLQJ FX
the voltage across capacitor gradually increases. Let at anydumieg charging :
i = Charging current
v = P.D. acros&
T= Charg on capacitor € v
(i) Voltage across capacitor

$FFRUGLQJ WR .LUFKKRIITV YR OWsZJu4l ©© D& sulv &f Molag@SOLHG YROW|
drops across resistor and capacitor.

? V=v+iR 0
_ dv
or V—v+CR*dt
or _dv. _dt
V v  RC
,QWHJUDWLQJ ERWK VLGHV ZH JHW
o _dt
Vv RC
or loge (V —v) = RLC K 0

whereK LV D FRQVWDQW ZKRVH YDOXH FDQ EH GHWHUPLQHG IURP WKH
closing the switcls t = 0 andv = 0.

Substituting these valuesinefj. ( ZH JHW=KORJ

Putting the value of = log, V in eq. {i ZH JHW

t
0g (V=) = == &V

. _GTd . d %
it w ! ow &
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or Vvt
VvV ~ RC
or VVV _ gtRC
? v =V[1-e'R] ... (i)

7KLV LV WKH H[SUHVVLRQ IRU YDULDWWR.@mR({) &hB®WHDIH DFURVYV Wl
UHVHQWHG JUD SK Lif NaeGhatlg@pwit. df voltage across the capacitor follows an
H[SRQHQWIL® @ QOBH F W)lrév€alRhatsSL Q F U H D V H &'RSyedtstsmalierami
voltagev across capacitor gets larger.

(ii) Charge on Capacitor
T= Charge at any time
Q = Final charge
Sincev= TCandvV=Q/C W K Hiiiblp&omes :

T _Q t RC
c = e

[
or T= Q@1 -e'RY ..(iv)
$JDLQ WKH LQFUHDVH Rl FKDUJH RQ FDSDFLWRU SODWHYV IROORZV

A A

Vi--mmmmmmmmmm oo I

0.632V|--- ;
I
l 0.371,
|
I
Uy >t 0 > t
(@)
Fig. 6.47
(iii) Charging current
JURP HI[S V-v=iR
YJURP Hi[S V-v = VvelRe
? iR = ve'RC
. V _tRrc
= —e
or i R
? i = 1,e"RC

m

wherel,, (= V/IR) is the initial charging currenfAgain the charging current decreases following
HISRQHQWKRLY DWDOVR UHSUHVHQWIiHG JUDSKLFDOO\ LQ )LJ

(iv) Rate of rise of voltage across capacitor

We have seen above that : dv
V = v CR=—
dt
$W WKH LQVWDQW WHKH VZLWFK LV FORVHG
2 v = cr%

dt
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or Initial rate of rise of voltage across capacitor is given by ;
dv \% - :
-— = —§
at CR If ()
Note. 7KH FDSDFLWRU LV DOPRVW IXOO\ FKDUJHG LQ D WLPH HTXDO WR 5&
6.27. Time Constant
Consider the eqii{) above showing the rise of voltage across the capacitor :
v =V(@1-etRy
7KH H[SR Qi$tRW TRd quanttyRC KDV WKH GLPHQVLRQV RI & LPH VR WKDW

is a number. The quantiiCin called thetime constanbf the circuit and affects the charging (or
GLVFKDUJLQJ WLPH ,WTLRNRWRSUHVHQWHG E\ RU

? 7LPH FRQV\ROs8dbhds
7LPH FRQVWDQW PD\ EH GH;QHG LQ RQH RI WKH IROORZLQJ ZD\V
() $W WKH LQVWWRMW \RILAMDRRV L E DFURVV FDSDWEOMRU LV JHUR 7K

WKH H[S\IU:H/V\QZR%\{Q ZH KDYH

dv

= CR—

v at
or dv _ V.
dt =~ CR

, | WKLV UDWH RI ULVH RI YROWDJH FRXOG FRQWLQIXH WKH FDSDFL
time =V+V/ICR=RC VHFRQGYVY WLPH FRQVWDQW

Hencetime constant PD\ EH GH¢{QHG DV WKH WLPH UHTXLUHG IRU WKH FI
WR LWV ¢QDO VWHDG\ YDOXH 9 LI KW, FBRRWLQXHG ULVLQJ DW LWV I

(i) If the time intervat R WKHQ

v=V@d-eh=v@a-et Av

Hencetime constant FDQ DOVR EH GH¢(¢QHG DV WKH WLPH UHTXLUHG IRL
WR UHDFK A RI LWV ¢QDO VWHDG\ YDOXH 9

(ii ) If the time intervat RO WKHQ

i =l,e"=1,et Al

Hencetime constant FDQ DOVR EH GH¢{¢QHG DV WKH WLPH UHTXLUHG IRU
IDOO WR A RI LWV LQLWLDO PD[LPXP YDOXH ,

)LJ DV ZHOO DV DGMRLQLQJ WDEOH WK&tér\eaghhkile SHUFHQWDJH
constant interval during voltage buildup (DFURVYV WKH FDSDFLWRU $Q XQFKDUJHG F
to about 63% of its fully charged voltagé ( LQ ¢UVW WLPH FRQVWDQW § WLPH FRQV
accepted as the time to fully arige (or discharged capacitor and is called thansient time

\'

_ t 95% 98% 99% Number of time Rl ¢QDO YDOXH
Final value V4 86% . constants
| |
63% 1 1 1 i 1 63

| | | |
| | | | |

T T B 3
| | | | |

1 1 1 1 1 4
I I I I I

o w2 w4 m ! FRQVLGHUHG
Fig. 6.48

* RC = = = ’ = seconds
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6.28. Discharging of a Capacitor

Consider a capacitor @ farad charged to a p.d. ®volts and connected in series with a
resistanc&®throughaswitc DV VKRZQ LQ )LKHQ WKH VZLWFK LV RSHQ WKH YRO!'
the capacitori¥ YROWYV :KHQ WKH VZLWFK LV FORVHG WKH YROWDJH DFU

The discharge current rises instantaneously to a vaMRgE | ,)) and then decays gradually to zero.

R C
—AWW—— | —
Vi
Discharging
e o _cument

(@)
Fig. 6.49
Letatanytimé¢ GXULQJ GLVFKDUJLQJ
v = p.d. across the capacitor
i = discharging current
T= charge on capacitor

%\ .LUFKKRIITV YROMDJH ODZ ZH KD

dv
= RC=L
0 v Cdt
or dv _ dt
v  RC
,QWHJUDWLQJ ERWK VLGHV ZH JHW
av.
v me ™
t .
? = —_
: log, v RC K ()
$W WKH LQVWDQW RE ¢ané ¥ .QRUtINGhes¥ Zaludskkeqg. ( ZH JHW
log.V = K
? Equation {) becomeslog, v = (/RQ) + log, V
or v t
eV RC
VvV _ SURC
or v €
? v=Ve' ..(ii)
$J DL QRQ is the time constant and has the dimensions of time.
6LPLODUO\ T= Qe'RC
and i = -, e’RC

Note that negative sign is attachedjo 7KLV LV EHFDXVH WKH GLVFKDUJLQJ FXUL
RSSRVLWH GLUHFWLRQ WR WKDW LQ ZKLFK WKH FKDUJLQJ FXUUHQW
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)LJ DV ZHOO DV DGMRLQLQJ WDEOH VYRfEVeathktitheSHUFHQWDJH
FRQVWDQW LQWHUYDO GXULQJ GLVFKDUJLQJ RI FDSDFLWRU $ IXOO\

RI LWV LQLWLDO IXO0O\ FKDUJHG YDOXH LQ ¢UVW WLPH FRQVWDQW
constant interval.

* Number of time | o of Initial value
V (Initial value) constants
1
14
3
4
1% ot 1 considered 0
) >

Fig. 6.50

Example 6.48.A 2 uF capacitor is connected, by closing a switch, to a supply of 100 volts
through a 1 MY series resistance. Calculag the time consta(ii) initial charging currentgiii )
the initial rate of rise of p.d. across capaciior) voltage across the capacitor 6 seconds after the
switch has been closed af\W the time taken for the capacitor to be fully charged.

Solution.(i) 7LPH FRQVROQ®W 7  175=2seconds

(i) ,QLWLDO FKDIL},;]:LV—@J—FXUU#IL(HJWA

(iii) Initial rate of rise of voltage across capacitor is

dv _ V. _
it -CcrR =50 V/s
(iv) v=V (@1 -eRY
Here V = 100 volts ; t =6 seconds ; RC VHFRQGV

? v =100 (1-e* )=100 (1 -€3)=95.1V

(v) Time taken for the capacitor to be fully charged
RC T 10 seconds

Example 6.49.A capacitor of 8uF capacitance is connected to a d.c. source through aresis

WDQFH RI PHIDRKP &DOFXODWH WKH WLPH WDNHQ E\ WKH FDSDFL
How long will it take the capacitor to be fully charged ?

Solution. T= Q@1 -e"RY

Here RC=(@0f 1 1°° VHFRIGV A
? A €' or e A

? e A

or (t Q&3 log,

? t ORJ 23-96 seconds

Time taken for the capacitor to be fully charged
RC T 40 seconds

. vV V
Alternatively. t = SRR 6HH $UW
C

4 T
or t= —_—

e 4 T

1
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+HUMH VE=0;T Rd 4
? t = eQ—Q e% =23.96 seconds
Example 6.50 A resistance R and ap~ 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/KH YROWDJH DFURVV WKH QHRQ ODPS KDV WR ULVH WR

1RZ v=V(@l-e' RU ek )
or e* + R Ue A A
? Q&RJ log, A

RU A VHFRQGYV

e
or RC A 2?2 R= A ? Y 1364 MY
V VvV

Alternatively. t = -

ernatvely eV Vc

+HUH W Y R\Q WO/, v YROWYV

3XWWLQJ WKHVH YDOXHV LQ WKH DERYH H[SUHVVLRQ ZH JHW
Now O=RC or R= = = ——— 76: =1.364 M:

Example 6.51 A capacitor of JuF and resistance 82 ¥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
UHDFK KDOI RI LWV HTXLOLEULXP YDOXH

Solution.  Equilibrium value of energy —CV
? Energy storedv V

Half energy of the equilibrium value will be stored when voltage across capavitor iS/\/_
A YROWYV

? Energy stored= —Cv. — 7 % 1 A 0.0025J

1RZ v =V(@1-e'RY

+HWRE [ A v A 9v=100V

? A e Ay or et A + A A
? ¢ A A A

or t A @R Jog, 3:413

? t A 1 BRI3=0-1second

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. WhenR — C series circuit is switched on to d.c. source of vollageWKH FKDUJLQJ

currenit GHFUHDVHY DW H[SRQHQWLDO UDWH JLYHQ E\
H Ie—tJO

| =
wherel = E/R ; O=RC
Energy appearing as heat in small tintas
"Wy =i R't
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Total energy appearing as heat in the entire process of charging is

W,= i Rdt=R le' dt=R I eV dt
Y
=R 1 ed=Rl &
/
=R ER — e e % _RC
? W, = —CE

$OWKRXJK HQHUJ\ VWRUHG LQ D FDSDFLWRU LV YHU\ VPDOO LW [
large power) for a short period of time.

Note.Energy stored in the capacitor at the end of charging procégsis $OVR HQHUJ\ DSSHDULQJ DV KH
in the entire process of charging the capacit@ts

? Total energy received from the source<CE~ —CE =CE
7TKXV GXULQJ FKDUJLQJ RI FDSDFLWRU WKA8EWRIWsaver@Ho)\ UHFHLYHG U
heat and the rest half stored in the capacitor.
Example 6.53 Referring to the circuit shown in Fig. 6.51,
() :-uLWH WKH PDWKHPDWLFD®R, Hpp&dHYVLRQ IRU

charging current i and voltage v across v 1o
capacitor when the switch is placed in 2
position 1. 4

discharging current and voltage across
capacitor when switch is placed in position
2 after having been in position 1 for 1 s. Fig. 6.51

Solution.

() :KHQ WKH VZLWFK LV SODFHG LQ SRVLR/LR@O\ WKH EFBISODFAHL WRU
time constant during charging is

7LPH FRQVRMMDM QW 7 ¥ =01s
,QLWLDO FKDIJ3VRJ FXUUHQM $
The charging current at any tirhes given by ;
i=l,et or i=02e"tA
The voltager across the capacitor at any titrie given by ;
v=V(@-e') or v=20(1-e"Yvolts
(i) 6LQFH WKH VZLWFK UHPDLQV LQ SRVLWLRQ IRU V RU WLPH

IXOO\ WR 9 :KHQ WKH VZLWFK LV SODFHG LQ BRVLWLRQ WK
RQO\ 7KHUHIRUH WLPH FRQVWDQW GXULQJ GLVFKDUJH LV

7LPH FRQVWDQW 1 IN AV
,QLWLDO GLVFKPUWRQJ FXUUHAWS
The discharging current at any tirmis given by ;
i =d,e' or i=-01e""?A
The voltagev across the capacitor at any titrie given by ;
v=Ve' or v=20e"?volts

R, = |
(i) :ZULWH WKH PDWKHPDWLFQZODV(T HS Ufgyosl RQ IR Y wH









