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D.C. Circuits

1.1 Introduction

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

The chapter starts with explaining the fundamentals of electricity along with the detail
discussion of the effect of temperature on resistance. The chapter also includes the
discussion of the characteristics of series-parallel circuits, star-delta and delta-star
transformations and Kirchhoff's laws and its applications.

1.2 The Structure of Matter

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

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

these three particles.
(1-1)
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Fundamental Symbol Nature of charge Mass in kg.
particles of matter possessed
Neutron n 0 1675%107%7
Proton p+ * 1675x 10727
Electron € - 9.107x 1073
Table 1.1

1.2.1 Structure of an Atom

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

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

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

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

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

The electrons which are revolving round the nucleus, not revolve in a single orbit.
Each orbit consists of fixed number of electrons. In general, an orbit can contain a
maximum of 2n? electrons where n is the number of orbit. So first orbit or shell can
occupy maximum of 2x 12 i.e. 2 electrons while the second shell can occupy maximum of
2x2? je. 8 electrons and so on. The exception to this rule is that the valence shell can
occupy maximum 8 electrons irrespective of its number. Let us see the structure of two
different atoms.
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1) Hydrogen : This atorn consists of one proton and one electron revolving around the
nucleus. This is the simplest atom. This is shown in the Fig. 1.1 (a). The dot represents an
electron while nucleus is represented by a circle with the positive sign inside it.

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

) Orbit 2
Electron e Orbit 1 (8 electrons)
\ 7 M Orbit (2 electrons)

- N -— PP
’. ! {sheli) P e o
s / a e Tw v,
Nucleus}: @ / 4 / |', @ . -.‘I \‘
/ I,’ *"\ \\ / S
L e R
RS ‘“~~3_‘_‘;‘_‘_‘f-— Orbit 3
- (4 alectrons)
{a) Hydrogen atom {b) Silicon atom
Fig. 1.1

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

1.3 Concept of Charge

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

Key. Point; Thus fofal deﬁcwncy ar addition of cxcess electrons i an atom i ciiled
its charge and the clement is said to be charged.

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

Particle Charge possessed in Coulomb Nature
Neutron 0 Neutral
Proton 1602%10°19 Pasitive
Electron 1602x10°19 Negative

Table 1.2
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1.3.1 Unit of Charge

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

The unit of the measurement of the charge is Coulomb.
The charge on one electron is 1.602x1071, so one coulomb charge is defined as the

charge pe 4 by total number of ( 1/ 1.602x107") electrons i.e. 6.24x10' number of
electrons.
Thus, 1 coulomb = charge on 6.24x10"® electrons

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

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

1.4 Concept of Electromotive Force and Current

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

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

Fig. 1.2 Inside the piece of a conductor  the Fig. 1.2.

mmmp- Direction of conventional current
is opposite io the direction of

flow of slectrons Insida the conductor

Flow of electrons
I —velo+ve)

Direction of
conventional currant
(+ve lo—ve)

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

Key Point: An electrical effort required to drift the free electrons i one .pdrt:‘cm’ar
direction, in a conductor is called Electromotive Force (e.an.f)

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

Key Point: The clectric effort Le. enf. is maintained across the positive and negative
electrodes of the cell, due to the chemical action inside the solution contaimed. in the
cell.

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

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

Key Point: Direction of conventional current is from positive fo negafive terminal
while direction of flow of electrons s always from negative fo positive ferminal,
 through the external circuit across which the enf. is applied.

We are going to follow direction of the conventional current throughout this book. i.e.
from positive to negative terminal, of the battery through the external circuit.

1.5 Relation between Charge and Current

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

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



Elements of Electrical Engineering 1-6 D. C. Circuits

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

=9

= T amperes

Where I = Average current flowing
Q = Total charge transferred
t = Time required for transfer of charge.

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

Now 1 coulomb is 6.24x10'® number of electrons. So 1 ampere current flow means

flow of 6.24x10"® electrons per second across a section taken any where in the circuit.

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

1.6 Concept of Electric Potential and Potential Difference

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

Key Point : This ability of a charged particle to do the work is called H's elecm‘r.'
potential. The unit of electric potential is volt.

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

Mathematically it is expressed as,

Work done _ W
“Cha rge T)‘

Electrical Potential =

Let us define now the potential difference.

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

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

Key Point: The polential difference betiween the hwo pornts is one valt if one joule of
work is done in displacing unit charge ( 1 coulomb ) from a point of lower potential to
a point of higher potential.

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

Thus, when such two points, which are at

Vi Potential Va different potentials are joined together with the
Difference help of wire, the electric current flows from higher
potential to lower potential i.e. the electrons start

flowing from lower potential to higher polential.

Fig. 1.4 Hence, to maintain the flow of electrons i.c. flow of
electric current, there must exist a potential

difference between the two points.

Key Point: No current can flow if the potential difference between the fwo points is
zero,

1.7 Electromotive Force and Potential Difference

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

Consider a simple cell shown in Fig. 1.5 (a). Due to the chemical reaction in the
solution the terminal ‘A’ has acquired positive charge while terminal ‘B' has acquired
negative charge.

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

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

[ energy is converted to
Flow of electrons é heat energy

Gt
P — Q
Force far converting Current
chemical energy to r
electncal energy is
e.,m.f (Electromotive force) ~=+—Conductor
+ A B -
Chemical
solution
(a) Cell Fig. 1.5 (b) Current due to a cell

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

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

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

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

1.8 Resistance

The current in the electrical circuit not only depends on e.m.f. or p.d. but also on the
circuit parameters. For example if lamp is connected in a circuit, current gets affected and
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lamp filament becomes hot radiating light. But if contact at one end is loose, current
decreases but sparking occurs at loose contact making it hot. If two lamps are connected
one after the other, brightness obtained is less than that obtained by a single lamp. These
examples show that current, flow of electrons depends on the circuit parameters and not
only the e.m.f. alone.

Key Point: This property of an electric circuit tending to prevent the flow of current
and at the same time causes electrical energy to be converted to heat is called
resistance.

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

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

The resistance is denoted by the symbol ‘R' and is measured in ohm symbolically
represented as £ . We can define unit ohm as below.

Key Point: 1 Olm : The resistance of a circuit, in which a current of 1 Ampm‘
generates the heat at the rate of one joules per second is said to be T ohm.

Now 4.186 joules = 1 calorie

hence 1joule = 0.24 calorie

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

Earlier we have seen that some materials | large ber of free el 18 and
hence offer less opposition to the flow of current. Such elements are classified as the
‘Conductors' of electricity. While in some materials the number of free electrons are very
less and hence offering a large resistance to the flow of current. Such elements are
classified as the ‘Insulators' of electricity.

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

Let us see the factors affecting the resistance.
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1.8.1 Factors Affecting the Resistance

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

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

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

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

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

pl
a

R =

Where I = Length in metres
a = Cross-sectional area in square metres
p = Resistivity in ohms-metres

R = Resistance in ohms

1.9 Resistivity and Conductivity

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

ie. Q-m

It is measured in 0 - m.

Definition :  The resistance of @ malerial having unit length and unit cross-sectional area is
known as its specific resistance or resistivity.
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The Table 1.3 gives the value of resistivity of few common materials.

Name of material pin2-m
International Standard Copper 1.72x10°8
Aluminium Cast 26x108
Branze 36x107%
Iron-Wrought 10.7x10°8
Carbon Graphite 46x10%
Gold 2,36x1078
Silvar Annealed 1.58x107®
Lead 22x10°8

Table 1.3

Key Point: A malerial with, highest value of resistivity is the best insulator while
with poorest value of resistivity s the best conductor. .

1.9.1 Conductance (G)

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

S l_a _1fa)_ fa
So G_R_pi_p[IJ “[r]

1.9.2 Conductivity
The quantity (1/p ) is called conductivity, denoted as o (sigma). Thus the conductivity
is the reciprocal of resistivity. It is measured in siemens/ m.

Key Foint: The material having !nghcsl' value of conductivity is Htr: st conductor
while having poorest conductivity is the best insulafor. Hht

sy Example 1.1 : The resistance of copper wire 25 m long is found to be 50 Q. If its
diameter is 1mm, calculate the resistivity of copper.

Solution :
! = 25m, d =1 mm, R=500
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a = %(dZ) = %‘ (13 = 0.7853 mm?

50% 0 7853x10°% _
Now p=$=_x_?§2_5._f_.___ o 1lmm=10"3m

= 157%x10°0Q-m=157pQ - m

iy Example 1.2 :  Calculate the resistance of a 100 m length of wire having a uniform
cross-sectional area of 0.02 mm® and having resistivity of 40 p - em.
If the wire is drawn out to four time its original length, calculate its new resistance.
Solution : =100 m, a = 0.02 mm? and p=40pQ - cm

)
Now R:% expmssainmzandpinfl-m

-6 —2
_ 40x107°x10 xlﬂﬂzzum Q

0.02x10°¢
The wire is drawn out such that I’ = 4/

But the volume of the wire must remain same before and after drawing the wire,
which is the product of length and area.

Volume = axl=a"xl'

axl _axl_a

T 1

R’ = new resistance = ﬂ = pHD
a [ a
4

- 16['”J= 16 R = 32000 Q

—

a

1.10 Effect of Temperature on Resistance

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

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

-~ vibrations are almost stationary. But as

_;./ temperature increases, the ions

‘_%') —e® = @ gain energy and start oscillating
. about their mean position. Higher

Free :
® L ® __/Blectron the temperature, greater is the
? amplitude. Such vibrating ions

i cause obstruction to the flowing
an

e —a(D electrons. Similarly due to high

i ? amplitude of oscillating ions,

chances of collision of electrons

Fig. 1.6 Vibrating ions in a conductor are more. Due to collision and

obstruction  due to  higher

amplitude of oscillations of ions, the resistance of material increases as temperature
increases.

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

temperature increases.

int: So

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

1.10.1 Effect of Temperature on Metals

The resistance of all the pure metals like copper, iron, tungsten etc. increases linearly
with temperature. For a copper, its resistance is 100 £ at 0° then it increases linearily
upto 100°C. At a temperature of - 2345 “C it is almost zero. Such variation is applicable to
all the pure metals in the range of 0 °C to 100 °C This is shown in the Fig. 1.7.

Resistance in
[ ¢]

—2345 [} 100 °c

Fig. 1.7 Effect of temperature on metals
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1.10.2 Effect of Temperature on Carbon and iInsulators

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

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

Key Point: So in case of carbon and insulating wmaterials like rubber, paper and all
electralytes, the resistance decreases as the temperalure fncreases,

1.10.3 Effect of Temperature on Alloys

The resistance of alloys increases as the temperature increases but rate of increase is
not significant. In fact the alloys like Manganin (alloy of copper, managanese and nickel),
Eureka (alloy of copper and nickel) ete. show almost mo change in resistance for
considerable change in the temperature. Due to this property alloys are used to
manufacture the resistance boxes.

Rate of increase in
resistance is highest

Resistance

a Pure metals

Rate of increase in
resistance is less than metals

Resistance decreases with
increase in temperatura

Fig. 1.8 {a) Effect of temy e on I
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The Fig. 1.8 (a) shows the effect of temperature on metals, insulating materials and é]loys‘

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

1.10.4 Effect of Temperature on Semiconductors

The materials having conductivity between that of metals and insulators are called
semiconductors. The examples are silicon, germanium etc.

Key Point: Seiniconductors have negative lemperatire coefficient of resistivity hence
as temperalure increases, their resishance decreases. :

Resistance At nf:rmal l-emper.?h.lre,‘the resistance
Q of semiconductors is high. But as
temperature increases, their resistance

Resistance decreases decreases with fast rate as shown in the
Fig. 1.8(b). At absolute zero temperature,
% the semiconductors behave as perfect

insulators. At higher temperature, more

valence electrons acquire the energy and

Temperalure X
B °C become free electrons. Due to increased
number of free electrons, resistance of
Fig. 1.8 (b) Effect of temperature on semiconductors decreases as temperature
semiconductors increases.

1.11 Resistance Temperature Coefficient (R.T.C.)
From the discussion uptill now we can conclude that the change in resistance is,
1) Directly proportional to the initial resistance.
2) Directly proportional to the change in temperature.
3) Depends on the nature of the material whether it is a conductor, alloy or insulator.

Let us consider a conductor, the resistance of which increases with temperature
linearily

Let Ry

Ry = Resistance at t; °C

Initial resistance at 0 " C

R, = Resistance at t; °C
As shown in the Fig. 1.9, Ry > Ry > Ry
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Resistance in &

X

Rylemprmmnsmemnne, ]
L}
IRZ"RW ]
Ryf--deceo i
R;-R
| |Slope= —2 11
Ry R, | P
- 1}
it Ry i
R I
Ro % ]
=1 !
13
' Temp oC
0°C ty ty 100°C

Fig. 1.9 Graph of resistance against temperature

Key Point: The change in resistance with temperature is according to the fm:rar called
resistange temperature coefficient (R.T.C) denoted by o 1

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

RTI.C.att"C =£rl’{i—c= o,
t

From the Fig. 1.9, change in resistance = R; - R,

change in temperature = t, - t;
AR R, -R,
BT, -

change in resistance per °C =

Hence according to the definition of R.T.C. we can write ¢ i.e. RT.C. at t; "Cas,

_ Change in resistance per °C _ (R, =R, / t5 -t,)
= Resistanceat t,°C = Ry

Similarly RT.C. at 0 °C i.e. uy can be wrilten as,
(R -Ry /t;-0)

Ry
But R, Ry = Ri-Ry

= slope of the graph
t -t

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

_ Slope of the graph
e e
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1.11.1 Unit of R.T.C.

We know, o = Change in resistance per °C - Q/°Cc

Resistance at t °C a - /€

Thus unit of RT.C. is per degree celcius ie. /°C

1.11.2 Use of R.T.C. in Calculating Resistance at t °C
Let oy = RTC at0°C

Ry = Resistance at 0°C
Ry = Resistance at t; "C

(R -Ry /-0 _R;-Ry

Thi =
- % Ry Ry

Ry-Ry = oyt By
Ry = Rp+op b Ry =Ry I+ ty)
Thus resistance at any temperature can be expressed as,
| R, = Ryl +o,t) |
So knowing Ry and ug at 0 °C, the resistance at any t “C can be obtained.

Alternatively this result can be expressed as below,
Let R; = Resistance at t; °C
R, = Resistance at t °C
(R, -R; /t—t})

o = R ... from definition

R (t-t) = R-F
Ry = Ry[1+ o (t-ty)]

Where t—t, = Change in temperature = At
In general above result can be expressed as,

Riinal = Rinitial [1 + Cipigiar (A1) ]
So if initial temperature is t; and final is t;, we can write,

(R, = Ry1+ o] |

Koy Polint: Thus knowing resistance and RI.C. of the maferial al amy one
temperature, the resistance of material at any other temperature can be oblained, :



Elements of Electrical Engineering 1-18 D. C. Circuits

1.11.3 Effect of Temperature on R.T.C.

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

From the result of section 1.11.2 we can write,

Ry = R [1+ oglta-ty)] o ()
where R; and ¢ are resistance and R.T.C. at t; °C and R; is resistance at t; °C
If the same resistance is cooled from t; to t; “Cand if o is RT.C. at t, °C then,

Ry = Ry [T+ aplty-t)) e (2)
Dividing equation (1) by R,,

R
1= g 0+ ai-t)]

[*]

(M

=1+ op(t;-t) .- (3)

_‘ml =
I

Dividing equation (2) by Ry,
R,
1 = R—; I+ oy -t)]

R, 1

ST E s e o e (4

Ry~ T+o,(t -ty) @
Equating (3) and (4) we can write,
1

1+ ay{h-ty) = T4, (6, -1)
1 1-1-a,(t; —t,)
el =t = Ty T T TR G (1 -6
oy oL Ty =ty)  ay(ty-ty)
“rla-t) = TRy T Treg ()
w, = %2 = !
7 Toa, (t -ty) 1
Rt ()
2
or o = ul = !
27 Tvog(t, -t} 1
e .ETJ’(tz"‘l)

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

) Cp

o, = ——— —— = —
FT T4y (-0 d+oagt

This is very useful expr@'.sion to obtain R.T.C. at any temperature t C from o,

1.11.4 Effect of Temperature on Resistivity

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

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

ie. if p, = resistivity at t; “C
resistivity at t; °C

i

Pa
then temperature coefficient of resistivity at t; “C can be defined as,

P2 =Pyt =1y)

o =
tl P

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

Py poll+ayt)
P2 = Pyll+oy, (t;-t)]

linmp- Examplﬂ 1.3 : A certain w:'nd'mg made up of copper has a resistance of 100 Q at room

perature. If resistance ¢ e coefficient of copper at 0 °C is 0.00428 / °C, calculate
the winding resistance if tempemhlre is increased to 50 °C. Assume room temperature as
25 °C.
Solution : t=25°C R =100, §=50°C 0g=000428 /°C
o
- 0
Now %7 Trggt
[ 0.00428
o = 0.003866 /°C

T Tvagt,  1+0.00428x75

g
R
Il

Ry [1 + t (ty - t;)] = 100 [ 1+ 0.003866 (50 - 25) |
= 109.6657 £} ... Resistance at 50 °C
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iy Example 1.4 :

The resistance of a wire increases from 40 — ohm at 20 °C to 50 — ohm at

70 °C. Find the temperature co-efficient of resistance at 0 °C.

Solution: R, =400,

Now,

50 =

Doy =

w0 =

Now,

5x 107 =

180 o =
c[o =

iy Example 1.5 :

R2=

o =

h =20°C, Ry=50Q, =70°C
Ry 1+ a; A t]
.5

40 [1 + a4 (70 - 20) ] 1.9.—‘i=1+u1(50)
0.25
5x107%/°C  ie att =20°C

By . _ %y
[+ gt Y Mt T,

ad) ie 1420 a, =200

T7a,%2 ie. +20 ay = g
1

5.55 x 107/°C ... Temperature coefficient at 0 °C.

A specimen of copper has a resistivity (p) and a temperature coefficient of

1.6 x 10° okm - cm at 0 “C and 1/254.5 at 20 °C respectively. Find both of them at 60 °C.

Solution :

Now

Py =

Po =

= 6 .1 o
pp = 1.6 %1077 Q-cm, % =555 /°C at20°C

g,

l+u,t

y
Lo, %20

Lo
T+20a,

2545wy,

FETI /°C at0C

[ _1/2345 1

1+rx[,><6(]_l+ 60 e

704.5 ... at 60 °C
234.5

Po (1 + oy )

1.6 % 10° [1+ 1

3 .I.gxﬁ{)]= 2% 107 Q-em
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mmp Example 1.6 : A resistance element having cross sectional area of 10 i’ and a length
of 10 mirs. takes a current of 4 A from a 220 V supply al ‘ambient temperature of 20 °C.
Find out, i) the resistivity of the material and ii) current it will take when the temperature
rises to 60 °C. Assume oy, = 0.0003 /C.

Solution :  a=10mm? =10x10"% m?, V=220V, [=10m, =44, t; =20C

vV o_ 220
and Ugg = 00003/C,Ry= ;= =50
! %10
Now, Ry = p—l ie. 55 = L Skl
a 10x10°°
py; = 0000055 Q -m =55 pf) - m .oat 20°C
i) p, attp =60 °C, Py = pyll+eg(ty —t)]
= 0.000055 [1 + 0.0003 (60 — 20)]
= 55.66 12 - m
. Pl
il R ==
55.66x107° x 10
= = 55.66 £2
fa 10x 1076
v 220
= = ooe— = 39525 A .. at 60 °C
L= g =5 - 3% 2
mmp Example 1.7 © A coil has a resistance of 18 ohm at 20 °C and 22 ohm at 50 °C. Find
the rise in the temperature when resistance becomes 24 ohm. The room temperature is 18 °C.
Solution : R,=18Q, 1, =20°C, R,=22Q and t;=50"C
Now, Ry = Ryl + o (t,—t;)] ie 22=18[1 + a; (50-20)]
Selving, a, = 0.007407 /°C
Now Ry = 24Q and Ry =Ry [1 + ¢ (13- 1,)]

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

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

C . Ry iy, Ry ) The material 1 has RT.C. ¢; and its
~ contribution in composite conductor is Ry,
Ry +Rputtyp The material 2 has RT.C. o, and its

. . contribution in composite conductor is R,.
Fig. 1.10 Composite conductors uhon i posite conductor is Ry

The combined composite conductor has
resistance R, + Ry while its RTC is neither ) nor «, but it is «,,, different than o and
.

2

Analysis of Composite conductor : The analysis includes the calculation of oy, from
oy and oy,
Let R; = Resistance of material 1 at t; °C
R; = Resistance of malerial 2 at t; °C
t; = New temperature attained by composite conductor
Ry, = Resistance of material 1 at t, °C
Ry = Resistance of material 2 at t, °C
Ry; = Resistance of composite material at t; °C
Ry3 = Resistance composite material at t, °C

It is known that,

Ry = R1+oy (-t -e(5)
Ry = By [1+05(t-4)] +.(6)
Riy = Ryp [T+ ey (g - )] A7)
Where ty; = RT.C. of composite conductor at t; °C
Key Point: The overall circuit is series connection of resistances at all femperatures,

from electrical point of view.

Ry = R+ R oty °C (8
And Ry = Ry + Ry weatty °C 9
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Using equation (8) and equation (9) in equation (7),

[Ryy + Ryl = [Ry + Ryl [1 + o5 (- ty) -+(10)
Using equation (5) and equation (6) in equation (10),

Ril+a (b=t +Ry[1+oy(ty=t] =[Ry +RyJ [1 +0ety3 (5 =13}
Ry +Ryog (- + Ry + Ryaty (- ty) =Ry + Ry ey {— ) + Ry + Ry oy (b — )
Cancelling R; and R, from both sides,
Riog -+ Ry (h-t)=Riop(h-t)+Ryap (h-ty)
Cancelling (t; — t;) from both sides,

tpz (Ry + Ry) = Ryo; +R,a, :ulz(R]i-Rz) .. (11)
Ryo, +R,u
_ M tR

thy = TRR, ...(12)

Thus 5 which is RT.C. of composite conductor can be obtained at t; °C. Once this is
known, 1, at any other lemperature can be obtained as,

2

[§ = =——=—  where At is t ature ris
L2t T7a,,50 ere At is temperatu e

oy -

Prove that : ~R-g- = L1z
1 Gy ~%

Divide the equation (11) by R,,

2 . R,
G+ g- Wz = GpptUp g™
1

R\ (R:
-y = auﬁ-l-—il—az

R
-ty = Tz—j'[ﬂlz—ﬂ:r_l

oLy =0
—1_ 2 ... Proved

1 Oy =03

mp Example 1.8 : At a particular temperature the two resistances are 60 € and 90 L2 having
temperature coefficients of 0.0037 f°C and 0.005 °C respectively. Calculate the temperature

coefficient of composite conductor at the same temperature, obtained by combining above two
resistances in series.
Solution: R, =608, R, =90Q, o= 00037 /°C, &5 = 0.005 /°C
Using the result derived,
_ Rye+Rymy  (60x0.0037)+(90%0.005) =00 o

“r2 = TRIR, (60+90)
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sy Example 1.9 :  Two coils A and B have resistances 60 Q and 30 Q respectively at 20 °C.
The resistance temperature coefficients for the two coils at 20 °C are 0.001 /°C and
0.004 / °C. Find the resistance of their series combination at 50 °C,

Solution :  The given values are,

For coil A, Ry = 60Q, t,=20°C, a,, =0001/°C
For coil B, Rp = 309, =20°C, oy, = 0004 /°C
Now Ryz = Ry [1+ oyt - t)]

Ry, = 60 (1 + 0.001 (50 - 20)] = 61.8Q2
This is resistance of coil A at 50 °C.
And Rpz = Rpy (14 ap; (- 1)l
= 30[1+0.004x(30-20)]=336Q
This is resistance of coil B at 50 °C.
Resistance of their series combination at 50 “C = Ry, + Rgy = 61.8 + 33.6
= 954 Q
mmp Example 1.10 :  Two coils A and B have resistances 100 Q and 150 Q respectively at
0°C are connected in series. Coil A has resistance temperature cocfficient of 0.0038 /°C while

B has 0.0018 /C. Find the resistance temperature coefficient of the series combination at
(1

Solution : At 0 °C, the series combination is = R, + Ry = 100 + 150 = 250
Now R, = Ry(l+opt) ie (Ragh = (Raplg [1 + cppg t]
where R,p is a resistance of series combination.

4y is resistance temperature coefficient of series combination.
Now Rpk = Ralp[1+ 0y, t] and (Rl = Rylg [1 + o t]
(Raph = Ra) + Rg) = Rylg [1+ aap t] + (Rp)g [1 + upg ]
Substituting in above,
(Rpdo [1 + ap t] + (Rglg [1 + o t] = (Raglg [1 + ttapg t]
(Ry)g = 100, oy, = 0.0038

(Rplg = 150 ©, ty, = 0.0018
(Raplg = 250Q
+100 [1 + 0.0038 t] + 150 [ 1 + 0.0018 t]

I

250 [ 1+ (oagly t)
100 + 038t + 150 + 0.27t = 250 + 250 cppg t
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065t = 250 cppy t
tapo = 0.0026 FC.

This is the resistance temperature coefficient of the series combination at 0 °C.

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

R,o, +Rpo
= mkEATOREE
Uap = R, +Ry 0.0026 /°C

But in examination, such examples must be solved using basic procedure as used

above and not by using direct expression derived.

nmp Example 1.11 : At any given temperature, two material A and B have resistance
temperature coefficients of 0.004 and 0.0004 respectively. In what proportion resislances
made up of A and B joined in series to give a combination having resistance temperature

coefficient of 0.001 per °C ?

Solution :  Let R be resistance of material A then (x R) be resistance of material B.

The resistance of the series combination is,
Rap = Ry +Rp

Rap = R+xR=(1+x)RQ

Let (ap) = resislance temperature coefficient of the series combination.

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

Ry = Ru-(cta) (1) = R-(0.004) (t)

i Ry = Rg-(ag) () = xR - (0.0004) (1)
Ryz = R (0.004) () + x R (0.0004) (1)
Ryp = RH0.004 + 0.0004 x)

Equating equation 1 and equation 2,
S~ Rt(l+x)(0.001) = R t (0.004 + 0.0004x)

0.001 + 0.001 x = 0.004 + 0.0004 x ie 63x10"%x =0.003

. (1)

@
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x =5 ie Rg=5R,

i.e. resistance R, and Ry must be joined in the proportion 1: 5.

iy Example 112 1 A resistor of 80 Q resistance having a temperature coefficient of
0.0021 #C at 0 5C is to be constructed. Wires of two materials of suitable cross-sectional area
are available. For material A the resistance is 80 £ per 100 m and temperature coefficient is
0.003 /°C at 0 °C. For material B the corresponding figures are 60 £ per 100 m and
0.0015/C at 0 °C. Calculate suitable lengths of the wires of materials A and B fo be
connected in series to get required resistor.

Solution : Ryp = Resistance of A at 0 °C, Rgy = Resistance of B at 0°C
tag = RT.C. of A at 0 °C = 0.003 /°C, tp, = RT.C. of B at 0 °C = 0.0015 /C
Rapg = Resistance of series combination of A and B at 0 °C = 80
Gy = RT.C. of series combination at 0 °C = 0.0021 /<C
We know, Ry = Rg(l+uyt) e Ry =Rpgll +agy
Rpt = Rpo (1 + gy ) and Rpg = Rpgy (1 + app0 1)
But Rapr = Ry + Ry ... series combination at t °C
Similarly Rapo = Rpp + Rpp =800 ... series combination at 0 °C
o Rppg (1 + tppe t) = Rpp (14 g t) + Rpg (1 + gy B
o B0 (1+0.0021 1) = Ryp(1+ 0003 1) + Rgy (1 + 0.0015 t)
80 + 0.168 t = Ry + 0.003 Rypt + Ry + 0.0015 Ry t
B0+ 0.168 t = (Rpg + Rgg) + 0.003 Ry t + 0.0015 Ry t
Now Ryp + Rgy = 80 and Ry = 80 = Rypg
80+ 0.168t = B0 + 0.003 Ryy t + 0.0015 (80 — Ryp) t
0.168 t = [0.003 Ryq + 0.0015 (80 ~ Ryp)] t

0168 = 0.003 Ryg + 012 - 0.0015 Ry
Ry = 20
Ry = 80 -32=480
Now material A resistance is 80 £ per 100 m so for 32  the length required is,

32 _
%100 = dom

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

48
mxll}ﬂ = 80m
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1.12 Network Terminology

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

1.12.1 Network

Any arrangement of the various electrical energy sources along with the different
circuit elements is called an electrical network. Such a network is shown in the Fig. 1.11.

1.12.2 Network Element

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

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

1.12.3 Branch

A part of the network which connects the various points of the network with one
another is called a branch, In the Fig. 1.11, AB, BC, CD, DA, DE, CF and EF are the
various branches. A branch may consist more than one element.

1.12.4 Junction Point

A point where three or more branches meet is called a junction poeint. Point D and C
are the junction points in the network shown in the Fig. 1.11.

1.12.5 Node

A point at which two or more elements are joined together is called node. The junction
points are also the nodes of the network. In the network shown in the Fig. 1.11, A, B, C,
D, E and F are the nodes of the network.

R,

1.12.6 Mesh (or Loop)

Mesh (or Loop) is a set of branches forming a E,
closed path in a network in such a way that if one
branch is removed then remaining branches do not
form a closed path. A loop also can be defined as a =&
closed path which originates from a particular node, R
terminating at the same node, travelling through
various other nodes, without travelling through any

E

Fig. 1.11 An electrical network
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node twice. In the Fig. 1.11 paths A-B-C-D-A, A-B-C-F-E-D-A, D-C-F-E-D etc. are the loops
of the network.

In this chapter, the analysis of d.c. circuits consisting of pure resistors and d.c. sources
is included.

1.13 Classification of Electrical Networks

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

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

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

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

iv) Unilateral Network : A circuit whose operation, behaviour is dependent on the
direction of the current through various elements is called unilateral network. Circuit
consisting diodes, which allows flow of current only in one direction is good example of
unilateral circuit.

v} Active Network : A circuit which contains at least one source of energy is called
active. An energy source may be a voltage or current source.
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vi) Passive Network : A circuit which contains no energy source is called passive
cireuit. This is shown in the Fig. 1.11.
R, Ry

No energy
source

Rz

(a) Active natwork (b) Passive network
Fig. 1.12

vii) Lumped Network : A network in which all the network elements are physically
separable is known as lumped network. Most of the electric networks are lumped in
nature, which consists elements like R, L, C, vollage source elc.

viii) Distributed Network : A network in which the circuit elements like resistance,
inductance etc. cannot be physically separable for analysis purposes, is called distributed
network. The best example of such a network is a transmission line where resistance,
inductance and capacitance of a transmission line are distributed all along its length and
cannot be shown as a separate elements, any where in the circuit.

The classification of networks can be shown as,

Electrical circuits or networks

Active Passive Linear ~ Monlinear  Unilateral  Bilateral Lumped Distributed

Fig. 1.13 Classification of networks
1.14 Energy Sources

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

Let us see the difference between ideal and practical sources.

1.14.1 Voltage Source

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

@ @ Load| | ®

(a) Symbol {b) Circuit (c) Characteristics
Fig. 1.14 Ideal voltage source
Practical voltage source :

But practically, every voltage source has small internal resistance shown in series with
voltage source and is represented by R, as shown in the Fig. 1.15.

Internal
resistance “se I Vi
+
Ideal When there is no

* v, _____{ ______ 3 load, I =0and
W Vi=Vg

\ Ry \'T Practical
- 0 I

(a) Circuit {b) Characteristics

Fig. 1.15 Practical voltage source
Because of the R, voltage across terminals decreases slightly with increase in current
and it is given by expression,

Vo= =R +Vi=Vs-T} R,

A T

Voltage sources are further classified as follows,

i) Time Invariant Sources :
The sources in which voltage is not
varying with time are known as time
b v invariant voltage sources or D.C
sources. These are denoted by capital

Fig. 1.16 (a) D.C. source leltcr?, Such a source is represented in
the Fig. 1.16 (a).

—1IF
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ii) Time Variant Sources :

The sources in which voltage is
it} varying with time are known as time
variant voltage sources or A.C. sources.
These are denoted by small letters. This
Fig. 1.16 {b) A.C. source
g ) is shown in the Fig. 1.16 (b).

1.14.2 Current Source

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

o +

5 1| ———

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

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

Internal
resistance I '
e Ideal thn=l
Thus'asT,,
increasa, I,
- decreases
<l

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

Because of R, current through its terminals decreases slightly with increase in

s T o g R
e e

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

i) Time Invariant Sources :

The sources in which current is not varying

—o
with time are known as time invarient current
r® sources or D.C. sources. These are denoted by
o capital letters.
Fig. 1.19 (a) D.C. source Such a current source is represented in

Fig. 1.19 (a). .

i) Time Variant Sources :
The sources in which current is varying with time are known as time variant current
sources or A.C. sources. These are denoted by small letters.
Such a source is represented in the Fig. 1.19 (b).
The sources which are discussed above are
independent sources because these sources does
LU} not depend on other voltages or currents in the
network for their value, These are represented by
a circle with a polarity of voltage or direction of
Fig. 1.19 (b) A.C. source current indicated inside.

1.14.3 Dependent Sources

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

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

i} Current Dependent Current Source : It produces a current as a function of currents
elsewhere in the given circuit. This is called CDCS. It is shown in the Fig. 1.20 (b).

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

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

V=Kv,(rg 1=|<|1<§ V:KI‘E E I=KV1<§
(a} (b) (c) (d)

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

K is constant and V; and I are the voltage and current respeclively, present elsewhere
in the given circuit. The dependent sources are also known as controlled sources.

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

1.15 Ohm's Law

This law gives relationship between the potential difference (V), the current (I} and the
resistance (R) of a d.c. circuit. Dr. Ohm in 1827 discovered a law called Ohm's law. It
states,

Ohm's Law :The current flowing through the electric circuit is R

directly proportional to the potential difference across the circuit & o

and inversely proportional to the resistance of the circuit, W

provided the temperature remains constant. "
Mathematically, | | .. % Fig. 1.21 Ohm's law

Where 1 is the current flowing in amperes, the V is the voltage applied and R is the
resistance of the conductor, as shown in the Fig. 1.21.

Now I ==

The unit of potential difference is defined in such a way that the constant of
proportionality is unity.

¢ v
Ohm's law is, I= T amperes
V=IR volts
—]\i = constant = R ohms

The Ohm's law can be defined as,

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

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

1) 1t is not applicable to the nonlinear devices such as diodes, zener diodes, voltage
regulators etc.

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

V = k1™ where k, m are constants.
1.16 Series Circuit

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

Consider the resistances shown in
the Fig. 1.22.

The resistance R, R, and R; are

said to be in series. The combination is

1 connected across a source of voltage V

volts. Naturally the current flowing

=||: through all of them is same indicated

M as I amperes. e.g. the chain of small

lights, wused for the decoration

purposes is good example of series
combination.

Vvolba-
Fig. 1.22 A serles circuit

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

Then, v

Vi+V, +Vy

Now according to Ohm's law, V, = IR, V, =IR,, V;=1R,4
Current through all of them is same i.e. [

. V = IR, +IR, +IR; = I(R, +R, +R;)
Applying Ohm's law to overall circuit,

V = IRy
where R, = Equivalent resistance of the circuit. By comparison of two equations,
Req = Ry+Ry;+R,

ie total or equivalent resistance of the series circuit is arithmetic sum of the
resistances connected in series.
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For n resistences in series, R = Rl +R, +R3+ ...... + R

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

Vo= V4V, de t V

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

ie R > Ry, R>R,, ... R>R

1.17 Parallel Circuit

The parallel circuit is one in which several

. . Voltage same
resistances are connected across one another in such a d

currentidivison

way that one terminal of each is connected to form a R,
junction point while the remaining ends are also joined I -
to form another junction point. Consider a parallel circuit f R,
shown in the Fig. 1.23. 2 W=
In the parallel connection shown, the three Iy Ry
resistances R, , R, and R, are connected in parallel and TN
combination is connected across a source of voltage ‘V . |
4] =
In parallel circuit current passing through each 1 I\i

resistance is different. Let total current drawn is say “ 1" .

as shown. There are 3 paths for this current, one through ~ Fig- 1-23 A parallel circuit
R, second through R, and third through R . Depending upon the values of R, ,R, and
R the appropriate fraction of total current passes through them. These individual currents
are shown as I, .1, and I,. While the voltage across the two ends of each resistances
R, ,R, and R, is the same and equals the supply voltage V.

Now let us study current distribution. Apply Ohm's law to each resistance.
V=ILR,V=L,R,, V= I,R,

L= o, Iy =, Iy= o

._.
n
-
L
3
+
o
I
|
+
=d| -
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For overall circuit if Ohm's law is applied,

V = IR'_\q
and 1= & .
o
where R,, = Total or equivalent resistance of the circuit
Comparing the two equations,
L1110
ch - Ry Ry R3

where R is the equivalent resistance of the parallel combination.

In general if ‘n’ resistances are connected in parallel,
1 1 1 1 1

= o= Fe— b

R ° § 'R, K, R

n

Conductance (G) :

It is known that, %

G (conductance) hence,

G = Gy+G,;+G 4. +G ... For parallel circuit

Important result :

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

1. 1.1

R~ R R,

E = Rl RZ
Ry +R,

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

1.17.1 Characteristics of Parallel Circuits
1) The same potential difference gels across all the resistances in parallel.

2) The total current gets divided into the number of paths equal to the number of

resistances in parallel. The total current is always sum of all the individual
currents.

I = 1 +0, #1401

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

4) The equivalent resistance is the smallest of all the resistances.
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R < Ry, R<Ry,....R<R,

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

Key Point: The equivalent resistance is smaller thar the smallest of all the resistances
conpected in parallel.

1.18 Comparison of Series and Paraliel Circuits

Sr, Series Circuit Parallel Circuit
No.
1. The conneclion is as shown, The connceclion is as shown,
Ry
AMAA
Ry Ry Ry , {Veltage remains same
1 R. across all resistances)
AMAA
; VAN
I {Current remains same | . et
through all resistances) 1 o |
WA
|| L o v
rY L L ar
W +HHI
2 The same current flows through each The same veltage exists across all the
resistance. resistances in parallel.
i The voltage across each resistance is The current through each resistance is
diffarent, different.
4. The sum of the voltages across all the The sum of the currents through all the
resistances is the supply vollage. resistances is the supply current.
‘d"\!‘1+V2+V3*..,..+Vn I=lg+tly+ .1y
5. The equivalent resistance is, The equivalent resistance is,
Req = Ry + Ry + e # Ry L L B
Rqg R R Rn
6. The equivalent resistance is the largest than The equhfalent realslanl:e is the smaller than
each of the resistances in series. the liast of all tha in parallel.
Raq > R,,R.q >Ry e Reqn' Ry,
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iy Example 1.13 :  Find the equivalent resistance bet the two points A and B shown in
the Fig. 1.24.
30
20 40
_ﬂ'ivkvﬁ' ‘v‘v‘v’\r
40
10
o—AMA—
A A A B
LA AL LA AL
74
—WW—
Fig. 1.24

Solution :  Identify combinations of series and parallel resistances.
The resistances 5 Q and 6 {1 are in series, as going to carry same current.

So equivalent resistance is 5+ 6 =11 Q

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

.. Equivalent resistance is, 1E = %+%+% = %
R =2 =120
.2 Q Seres 1.20 Parallel
B8 J‘

=——— Parallel
(a) Fig. 1.24 {b)
Replacing these combinations redraw the figure as shown in the Fig. 1.24 (a).

Now again 1.2 © and 2 { are in series so equivalent resistance is 2 + 1.2 = 3.2 Q while
11Qand 7 Q2 are in parallel.

R, R
Using formula 2~ equivalent resistance is W7 _ 77 cqomq.

| +R, m+7 ~ 18

Replacing the respective combinations redraw the circuit as shown in the Fig. 1.24 (b).
Now 3.2 and 4.277 are in parallel.

3.2x4.277

Replacing them by 321077

= 1.8304 Q
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Ryp = 1+ 1.8304 = 2.8304 Q

1.19 Short and Open Circuits

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

1.19.1 Short Circuit

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

g AT The part of the network, which is
A-—‘—1—1| short circuited is shown in the Fig. 1.25.
Thick sl The points A and B are short circuited.
mnfﬂt;:tmg—- Ree=0  Vag=0 (- Network The resistance of the branch AB is
o | ¢ R, =0Q.
ittt The curent 1,5 is flowing through
Fig. 1.25 the short circuited path.

According to Ohm's law,

Vap = Rxlap=0xIp=0V

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

1.19.2 Open Circuit
When there is no connection between the two points of a network, having some
voltage across the two points then the two points are said to be open circuited.
As there is no direct connection in an open
------ circuit, the resistance of the open circuit is .
The part of the network which is open
circuited is shown in the Fig. 1.26. The points A
and B are said to be open circuited. The
resistance of the branch ABis R == 0.
—————— There exists a voltage across the points AB
called open circuit voltage, Vg but R, == (.
According to Ohm's law,

Network

Fig. 1.26

| =:1‘\B__.)\B=0A
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Key Point: Thus, current through open circuit is nhmys zero though there exists a
voltage across open circuited terminals.

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

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

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

If in a network, there exists a direct short circuit across a resistance or the combination
of resistances then that resistance or the entire combination of resistances becomes inactive
from the circuit point of view. Such a combination is redundant from circuit point of view.

To understand this, consider the combination of resistances and a short circuit as
shown in the Fig. 1.27 (a) and (b).

Short

B h AB
T

v/ R Short

# ndant: Nao current
Falsredy gy through Ry B N\, Nocurent

through Ry and R,

(a) (b)
Fig. 1.27 Redundant branches

In Fig. 127 (a), there is short circuit across R;. The current always prefers low
resistance path hence entire current 1 passes through short circuit and hence resistance Ry
becomes redundant from the circuit point of view.

In Fig. 1.27 (b), there is short circuit across combination of R; and Ry The entire
current flows through short circuit across Ry and Ry and no current can flow through
combination of Ry and Ry Thus that combination becomes meaningless from the circuit
point of view. Such combinations can be elliminated while analysing the circuit.
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Situation 2 : If there is open circuit in a branch or combination, it can not carry any
current and becomes redundant.

In Fig. 1.28 as there exists open circuit in branch BC, the branch BC and CD cannot
carry any current and are become redundant from circuit point of view.

Redundant

) branches

Fig. 1.28 Redundant branches due to open circuit

1.20 Voltage Division in Series Circuit of Resistors

Consider a series circuit of two resistors R,

1 R Ry and R, connected lo source of V valts.
——ANA——— AMA———

As two resistors are connected in series, the

current flowing through both the resistors is
VC:) same, i.e. [. Then applying KVL, we get,
V=IR, +IR,
" - I = V
Fig. 1.29 T TR +R,

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

Va = 1.R,
v R,

Yar = R, +R, i -|:R1+R1 ¥
Similarly, Via = [.R,

So this circuit is a voltage divider circuit.

Key Point: So in general, voltage drop across any resistor, or combination of
resistors, i @ sertes circuit 15 equal to the ratio of that resisknce value to the total
resistance, multiplied by the source voltage.
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imp Example 1.14 :  Find the voltage across the three resistances shown in the Fig. 1.30.

6O W
Fig. 1.30
Solution : I v ies clrcui
olution : = m ... series circuit
_ 60 _
= Trsa0 - LA
v IR VxR 1x10 =10 V
) RS IMTRGR, R, T
VxR,
- Vi = 1R2=ﬁl—+-ﬁFE;=1x20=znv
d Voy = IRy 2R3 1030 230V
oy R Ry =gog R, ~ 0 =

Key Point : If can be seen that voltage across any resistance of sertes circuit 1s ratio
of that resistance lo the fotal resistance, multiplied by the sonrce voltage.

1.21 Current Division in Parallel Circuit of Resistors
Consider a parallel circuit of two resistors R,
and R, connected across a source of V volts.
h 2 Current through R, is I; and R, is I,, while
v R R total current drawn from source is 1.
1 2

P A

v o, _V
RS2 R,

But I, =

ie. V=ILR = IR,
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Substituting value of I} in I,

R
= = 1
Now ll = lT - I: = [T - [ﬁ} [T

R, +R; -R, T
foom [LD2E Ty
L R, +R, T

R,
Tl

Key Point : In general, the. cummt in_any brancl is cq:m.i fo the ratio of Dppm:ff
branch resistance to the tolal resistwice value, Jmelh-p!mi by the total current m the

circuit.

mmp Example 1.15 :  Find the magnitudes of totai current, current through R, and R, if,
Ri=10Q, Ry=20 Q, and V=50 V.

I

o 1 I, Iy
v ':_‘_—
R, Ry
Fig. 1.32
Solution :  The equivalent resistance of two is,
Ry R 10=20
N L T -
Ry = g7k, " 020~ 298
v 50
Iy = —=-—"—==75A
T
Rﬁi 6.67

As per the current distribution in parallel circuit,

R 20
Ssur BRI
Ty = IT[R1+R2] 75"[10+sz

=5A
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R 10
and ST (s Y O (e L
L = IT(R +R “"{mﬂn]
[N T
=25 A

It can be verified that I =1, +1,

1.22 Source Transformation

Consider a practical voltage source shown in the
Fig. 1.33 (a) having internal resistance R, connected to
the load having resistance R .

Now we can replace voltage source by equivalent
current source.

Fig. 1.33 (a) Voltage source

Kay Point - The two sowrces are said fo be equivalent, if they supply equal load
current fo the load, with same load connected aoross its terminals

The current delivered in above case by voltage source is,

v . .
= — R,. and R, in series A1)
[Rsc + RL ] * - (
If it is to be replaced by a current source then load
current must be W L I |
ot < <
o ®  Er 3R
Consider an equivalent current source shown in the 9 3
Fig. 1.23 (b).
The total current is 'I'. Fig. 1.33 (b} Current source
Both the resistances will take current proportional to
their values.
From the current division in parallel circuit we can write,
R
o= Do .2
(R +R)
Now this I, and _v_ must be same, so equating (1) and equation (2),
R, +R L
v B I<R
R +R — Ry +Ry
Let internal resistance be, R, = R, = R say.
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Then, V = IxR; = IxR
\?
or I = —
Rsll
- I = T
N E N l{'SI:

Key Point: If voliage source is converted to current source, then current source
I'= " with parallel internal resistance equal to R__.

S
Key Point: If current source is converled fo wﬂaga saurce, then vom:gc source
V =1R wilh series internal resistance equal fo R .

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

Note the directions of transformed sources, shown in the Fig. 1.23 (a), (b), (c) and (d).

Ry Rye

<
i
o
Ay
Bﬂ
<
l
o
\y
553

@1=g" (b) 1=

58 se

Rsh R!H

£
U
=

® Eno=v ®

(e} V=IxR {d) V=IxR
* Fig. 1.34 2
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mmp  Example 1.16 :  Transform a voltage source of 20 volis with an internal resistance of 5 Q

te a current source.

Solution: Refer to the Fig. 1.35 (a).
50

20 4 ﬁ() 50

(a) Fig. 1.35 (b)

I3
Then current of current source is, [ = % = 25—0 =4 A with internal parallel resistance
£

same as R .
Equivalent current source is as shown in the Fig. 1.34 (b).

mp Example 1.17 : Convert the given current source of 50 A with internal resistance of
10 22 to the equivalent voltage source.

op
sonC) Zwa
2
B

Fig. 1.36

Solution :  The given values are, I = 50 A and R, = 10 Q2
For the equivalent voltage source,

wa3r,, V= 1IxR, =50x10

= 500V
500 V v R, = Ry =102 in series.
The equivalent voltage source is shown in the
Fig. 1.36 (a) Fig. 1.36 (a).

Note the polarities of voltage source, which are such

that + ve at top of arrow and - ve at bottom.
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1.23 Kirchhoff's Laws

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

1.23.1 Kirchhoff's Current Law (KCL)

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

At this junction point if I, =2 A, 1, =4 Aandl; =1A

then to determine I, we write, total current entering is
Fig. 1.37 Junction point

2+4=6 A while total current leaving is 1+ 1, A
And hence, I, =5A.

This analysis of currents entering and leaving is nothing but the application of
Kirchhoff's Current Law. The law can be stated as,
The total current flowing towards a junction point is equal to the total current
flowing away from that junction point.
Another way to state the law is,
The algebraic sum of all the current meeting at a junction point is always zero.

The word algebraic means considering the signs of various currents.

[ Z] at junction point

= 0

Sign convention : Currents flowing towards a junction point are assumed to be

positive while currents flowing away from a junction point assumed to be negative,
e.g. Refer to Fig. 1.37, currents I and I,
Applying KCL,

are positive while I, and I, are negative.
EI at junction O 0

L+l =1y =1; = Oie. 1 +1, =15 +1,
The law is very helpful in network simplification.

1.23.2 Kirchhoff's Voltage Law (KVL)

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

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

Around a closed path 3 V=0
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The law states that if one starts at a certain point of a closed path and goes on tracing
and noting all the potential changes (either drops or rises), in any one particular direction,
till the starting point is reached again, he must be at the same potential with which he
started tracing a closed path.

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

This law is very useful in loop analysis of the network.

1.23.3 Sign Conventions to be Followed while Applying KVL

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

R R
Ao—AAAN—o0B Ao—AMN—oB
- + + -

{a) Fig. 1.38 (b)

In the Fig. 1.38 (a), current I is flowing from right to left, hence point B is at higher
potential than point A, as shown.

In the Fig. 1.38 (b), current I is flowing from left to right, hence point A is at higher
potential than point B, as shown.

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

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

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

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

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

Similarly in the Fig. 1.38 (b), if branch is traced from A to B then there is a voltage
drop and term must be wrilten negalive as — IR while writing the equation. If the branch
is traced from B to A, it becomes a rise in voltage and term must be written positive as +
IR while writing the equation.
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Key Point;
1) Potential rise re. travelling from negative to positively marked terminal, must be
considered as Positive.

2} Potential ;fmp i.e. travelling from positive to negatively marked terminal, must be
considered as Negative. i :

3) While tracing a closed path, select any one direction clockwnise or anticlockiwise.
This selection is totally mdependent of the directions of currents and voltages. qf
various branches of that closed path.

1.23.4 Application of KVL to a Closed Path

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

As the loop is assumed to be a part of complex network, the branch currents are
assumed to be different from cach other.

Due to these currents the various voltage drops taken place across various resistances
are marked as shown in the Fig. 1.39 (b).

Direction
of tracing

#5Ts Drop
(a) (b)

Fig. 1.39 Closed loop of a complex network
The polarity of voltage drop along the current direction is to be marked as positive (+)
to negative (=).
Let us trace this closed path in clockwise direction i.e. A-B-C-D-A.

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

Battery E; is getting traced from negative to positive i.e. it is a rise hence must be
considered as positive.
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Across R, there is a voltage drop I, R, and as getling traced from +ve to -ve, it is
drop and must be taken negative.

Across R, there is a drop I3 R4 and as getting traced from +ve to -ve, it is drop and
must be taken as negative.

Across R, there is drop 1, R; and as getting traced from +ve to -ve, it is drop must
be taken as negative.

Battery E, is getting traced from ~ve to +ve, it is rise and must be taken as positive.
. We can write an equation by using KVL around this closed path as,
Ay Ry +E =1y Ry 13 Ry —1, Ry +E,=0 ... Required KVL equation
ie E;+Ey =1) Ry +1,R, +13Ry +[, Ry
If we trace the closed loop in opposite direction i.e. along A-D-C-B-A and follow the

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

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

The same sign convention is followed in this book to solve the problems.

1.23.5 Steps to Apply Kirchhoff's Laws to Get Network Equations
The steps are stated based on the branch current method.

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

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

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

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

Step 4 :  Apply KVL to different closed paths in the network and obtain the
corresponding  equations. Each equation must contain some element which is not
considered in any previous equation.

Key Point: KVL must be applied to sufficient number of loops such that each r.fm:enf
of the network &5 ncluded at least once 1 any of ihe equations.
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Step 5 : Solve the simultaneous equations for the unknown currents. From these
currents unknown voltages and power consumption in different resistances can be

calculated.

What to do if current source exists 7

Key Point :

If there is current source in the network then complete the current

distribution considering the current source. But while appfymg KVL, the loops should
_ not be considered involving current source. The loop equations must be written
to those I'oops which do not include any current source. This is becmrse drop

across current .WH!CB 15 unknown.

ol

a 12 ps=1y) 10
AN A
5A I 5-1,
sa(®) 10
h
i saA e (5-1,)
Fig. 1.40

1.24 Cramer's Rule

If the network is complex, the number of equations ie. unknowns increases. In such
case, the solution of simultancous equations can be obtained by Cramer's Rule for

determinants.

Let us assume that set of simult

d

For example, consider the circuit shown
in the Fig. 1.40. The current distribution is
completed interms of current source value.
Then KVL must be applied to the loop
bedeb, which does not include current
source. The loop abefa should not be used
for KVL application, as it includes current
source. Its effect is already considered at
the time of current distribution.

equations obtained is, as follows :

apx + a’:x2+

By Xy +Bn Xyt

a1 x + ﬂnzxzd-

Ay Xy

ot ay X, =

+ 0 Xy

=C]

where L o P
Then Cramer's rule says that form a system determinant A or D as,

A =

B B2
21 2
ol %2

C,, are constants.

i

Then obtain the subdeterminants D by replacing " column of A by the column of

constants existing on right hand side of equations i.e. C,,C,, ... C;
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G ap Ay ay G An
D, = sz By e Ay L= afr S aan
CH A LT . an Cn g
ay A - G
A 4 C
and D, = ;I n :z
Fot @n2 Cn

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

= X,

_D,
2, ..

Y Xy

D,
DO

where D|, D,,..., D, and D are values of the respective determinants.

iy Example 1.18 :
the Fig. 1.41.

Indicate the various branch currents,

Write down the equations relating the various branch

currents.

Solve these equations to find the values of these currents.

Solution :

Is the sign of any of the calculated currents negative ?
If yes, explain the significance of the negative sign.
Application of Kirchhoff's law :

Step 1 and 2 :

Apply Kirchhoff's current law and voltage law to the circuit shown in

150

ana

+
50V

Fig. 1.41

Draw the circuit with all the values which are same as the given

network. Mark all the branch currents starting from +ve of any of the source, say +ve of

50 V source.
Step 3:

Mark all the polarities for different voltages across the resistances. This is

combined with step 2 shown in the network below in Fig. 1.41 (a).

: 150 1, g h-lz300 &
Ir' - +
3 hs 2 =1y
] . .
50V % 200 g — 100V
Iz
F I = -1 D

Fig. 1.41 (a)
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Step 4 :  Apply KVL to different loops.
Loop 1: A-B-E-F-A, ~151) ~201; + 50 = 0 e (1)
Loop 2 : B-C-D-E-D, - 30 (; - L) ~ 100 + 20 I, = 0 o (2)

Rewriting all the equalions, taking constants on one side.

151, +20,= 50 ..(1) and -301 +501, =100 (3)
| 15 20
Apply Cramer's rule, D = = 1350
[-30 50
150 20
Calculating D, D, = =
alculating D, . _mﬂaﬂl 500
D, _ 500
= -—I-:-'.—-—— =
R
15 50
Calculating D5, D, = ‘ 0 100 = 3000
D, 3000

1'2 = _ﬁ-=ﬁ = 222 A

For 1; and I,, as answer is positive, assumed direction is correct.
~ For 1, answer is 0.37 A. For 1, answer is 222 A

L -1, = 037-222=~185 A

Negative sign indicates assumed direction is wrong.

ie. I, -1, =185 A flowing in opposite direction to that of the assumed direction.

1.25 Star and Delta Connection of Resistances

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



Elements of Electrical Engineering 1-54 D. C. Circuits

Let us see what is Star connection ?

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

The Fig. 142 (a) and (b) show star connected resistances. The star point is indicated as
S. Both the connections Fig. 142 (a) and (b) are exactly identical. The Fig. 1.42 (b) can be
redrawn as Fig. 1.42 (a) or vice-versa, in the circuit from simplification point of view.

(a) (b) (c)
Fig. 1.42 Star connection of three resistances
Let us see what is delta connection ?

If the three resistances are connected in such a manner that one end of the first is
connected to first end of second, the second end of second to first end of third and so on

and (b) are exactly identical.

R‘
Ry
— —o
R s
2 —o :: R2
° Lo
Ra
Rﬁ

(a) (b) (c)
Fig. 1.43 Delta connection of three resistances
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1.25.1 Delta-Star Transformation

Consider the three resistances
Ri5. Ry, Ry, connected in Delta
as shown in the Fig. 144, The
terminals between which  these
are connected in Delta are named
as 1,2 and 3.

Now it is always possible to
replace  these Delta  connected
resistances by three equivalent
Star connected resistances
R;.R;, Ry between the same terminals 1, 2, and 3. Such a Star is shown inside the Delta
in the Fig. 1.40 which is called equivalent Star of Delta connected resistances.

2

Given Delta Fig. 1.44 Equivalent Star

Key Paint: Now to call these two arrangements as equivalent, the resistance between
any twe termunals must be same i both the types of connections.

Let us analyse Delta connection first, shown in the Fig. 1.45 (a).

Parallel

1

R!r
R.
" Series

R?J

2

(a) Given Delta Fig. 1.45 (b) Equivalent between 1 and 2

Now consider the terminals (1} and (2). Let us find equivalent resistance between (1)
and (2). We can redraw the network as viewed from the terminals (1) and (2), without
considering terminal (3). This is shown in the Fig. 1.45 (b).

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

R, parallel with (Rj +R,;) as Ry, and Ry, are in series.
. Between (1) and (2) the resistance is,

Riz (Ray #Ryq)

Ry +(Ry +Ry3)

()

R, R
s __l—_zv . .
[using R, 7R, for parallel combination]
Now consider the same two terminals of equivalent Star connection shown in the
Fig. 1.46.
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R,
S
RZ
2 2
(a) Star connection Fig. 1.46 (b) Equivalent between 1 and 2

Now as viewed from terminals (1) and (2) we can see that terminal (3) is not gelting
connected anywhere and hence is not playing any role in deciding the resistance as viewed
from terminals (1) and (2).

And hence we can redraw the network as viewed through the terminals (1) and (2) as
shown in the Fig. 1.46.

~.Between (1) and (2) the resistance is = R; +R, . (b}

This is because, two of them found to be in series across the terminals 1 and 2 while 3
found to be open.

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

R, (R +R
RoRatBan) _poig, )
Ryp +(Ryy +Ry))
Similarly if we find the equivalent resistance as viewed through terminals (2) and (3)
in both the cases and equating, we get,
Roi (R4 +Rys
R Ry #Ryp) R, +R, o(d)
Ryp; +(Ry +Ry;)
Similarly if we find the cquivalent resistance as viewed through terminals (3) and (1)
in both the cases and equating, we get,
Ry (Ryp +Ro3)

=i = Ry +R ...{e)
Ryy +(Ry3 +Ryy) o

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

Subtracting equation (d) from equation (c),

R,n(Ry +R - R, +R
f2(Ra1 7 Ra) R (Ron 'Ria) g g g, R,
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Ry Ry =Ry Ry

O - S i} SR ki) l(f)
1=y
Riy +Ryg +Ry;
Adding equation (f) and equation (e),
Riz Ryt ~Ryy Ry +R5 (R +Rys) _ R, +R, +R, R,
Ryp +Ry3 +Ry ’
Ria Ry Ry Ry +Ry Ry +Ry Ry _ 0
R, +Ryy +Ry, !
2R, R
IR, = 12 M31
1 R; +Ryy +Ry;
R, = — 5.1_2 Ra —
'TRp+Ry 4Ry

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

R!l
R, = _5&3_ Equivalent
2 Rlz +R23+R3] :t:it:lgwen
and R, = Ry Ry 3
Ry +Ros +R 4

Fig. 1.47 Delta and equivalent Star

Easy way of remembering the result :

The equivalent star resistance between any terminal and star point is equal to the product of
the two resistances in delta, which are connected lo same terminal, divided by the sum of all three
delta connecied resistances, :

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

R, = ——=—=_
2 Ry Ry +Ry;
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1.25.2 Star-Delta Transformation

Consider the three resistances
Ry,R, and R, connected in Star as
shown in Fig. 1.48.

A Now by Star-Delta conversion, it
= & " is always possible to replace these
Star connected resistances by three
equivalent Delta connected resistances

3
Ras Ry, Rpzand Ry, between the same
Given Star Equivalent Dalta  terminals. This is called equivalent
Fig. 1.48 Delta of the given star.

Now we are interested in finding out values of R;;,R,; and R4 interms of R,R,
and R 4.
3

For this we can use set of equations derived in previous article. From the result of
Delta-Star transformation we know that,

R, R

Ry = 13 ()

! Ryp+Ry+Ry 5
R,s R

Ry = p——l2.-2

2 = R, FR; 4Ky, ®
Raa R

R, = 2 3l ..()

~ R #Ry#Ry
Now multiply equations (g) and (h), equations (h) and (i), equations (i) and (g) to get
following three equations,
Rp,2 Ry R
- 12_ a1 B3
RR, = ——12. 731 723

-G}
2
(Ry; +Ry3 +Ry;)

Ry Ryp Ry
RRy = —2 123 )
(Rip +Ryy +Ry)
Ry2 Ry R
RyR, = —3L 1228 )
(Ryz +R33+Ry))
Now add equations (j) ,(k) and (/)
2 2
Rip"R3iRos +Rp3 "Ry Ry, +R312ng Ry

(Ry +Ryy +R31)2

R;R, +R,R; +R4R,

Rj,R Rz (Ry5 +R,; +R
R,R, +R,R, +R,R, = 12731 23( 12 23 31)

2
(Riz +Ry3 +Ry;)
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R{,R R
R.R, +R,R. +R.R, = 12 317723
182 HRa Ry +Ra 5
Ryjp Ry +Ry,
RjaR3
Rp3 +Roy +Ry;

But R;  From equation (g)

Substituting in above in RH.S. we get,
R,R, +R,Ry +R;R, = R, R,

R, Ry

Ry = Rp+Ry+—-

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

R; Ry
Ry

Rz = Ry+R, +

Equivalent
delia of given

slar
2
3
Fig. 1.49 Star and equivalent Delta
and R| R,
Ry = Ry+R;+ R,

Easy way of remembering the resuit :
The equivalent delta connected resistance to be connected between any fewo terminals is sum of

thie two resistances connecled between e same two terminals and slar point respectively in star,
plus the product of the same two star veststances dioided by the third star resistance.

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

1-*3

R which is same as derived above.
2

We can write, Ry, = R +R4 +
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Result for equal resistances in star and delta :
If all resistances in a Delta connection have same magnitude say R, then its equivalent
Star will contain,
RxR
R+R+R

wi=

R] = RZ = R." =
i.e. equivalent Star contains three equal resistances, each of magnitude one third the
magnitude of the resistances ted in Delta.

If all three resistances in a Star connection are of same magnitude say R, then its
equivalent Delta contains all resistances of same magnitude of ,

RxR
Ry; = Ry =R, = R+R+ T 3R
i.e. equivalent delta contains three istances each of magnitude thrice the
magnitude of resistances connected in Star.
Delta-Star Star-Delta

Equivalent star Equivalent dalta

N
@ L ® o [ ®

_ CPLEY B RRy
R, __1.<.1_2:._R;_+_R;; Rz =R+ Ry +

5Rs R
, =2l I LY
© Rp+Ryp+Ry = 7R

Ras Ry RR+
Ry = comme 3 Ray = Ra + By + —1—2
3 "W 7 Ry + Ry S R Y

Table 1.4 Star-Delta and Delta-Star transformations

iy Example 1.19 :  Convert the given Delta in the Fig. 1.50 ino equivalent Star.

1

562 1062

1500
Fig. 1.50
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Solution : Iis equivalent star is as shown in the
Fig. 1.50(a).

where
R, = % = 1670
R, = 5—1-51’%’1-5 =50
R, = s_f{‘(}l:-lg =250 Fig. 1.50 (a)

mmp  Example 1.20 : Convert the given star in the Fig. 1.51 into an equivalent delta.

1.67 41
s
25¢ 50
3 2
Fig. 1.51
Solution : Its equivalent delta is as shown in the Fig. 1.51 (a).
1
1.67%5
Rjp =1.67+5+—5=— = 167+5+333 =10Q
5
R R.
” ) R, =5425422 _ 54,254+75 =15 Q
23 = . T.67 = + L3+ /. =
3 2
Rz R;, = 2,5+1.b?+3'—5f3‘1—'-6—? = 25+ 167+083 =50
Fig. 1.51 (a) :

immp Example 1.21 :  Find equivalent resistance between points A-B.

1540 104

60 416

Fig. 1.52
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Solution :  Redrawing the circuit,

Seres
combination

150 10462

u

C sn an D
Fig. 1.52 (a)

A ) 2x14
Parallgl —= s
HoSdas = Rag =21]114

i ot .
Fig. 1.52 (b)

lmp Example 1.22 : Find equivalent resistance between points A-B.

Fig. 1.53

Solution : Redraw the circuit,

A
a— Paraliel
100 combinations
150 100
c D /
< of
60 E: 4!1% a0
B

Fig. 1.53 (a)
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= 150 S Ryp=6+24=840
4

Fig. 1.53 (b)
Ryy = 840

1.26 Concept of Loop Current

A loop current is that current which simultaneously links with all the branches,
defining a particular loop.

The Fig. 154 shows a
network. In this, I, is the loop
current for the loop ABFEA
and simultaneously links with

Iy the branches AB, BF, FE and
EA. Similarly 1, is the second
leop current for the loop
BCGFB and 15 is the third

Fig. 1.54 Concept of loop current loop current for the loop

CDFGC.

Observe :

1. For the common branches of the various loops, multiple loop currents get
associated with them. For example to the branch BF, both [} and 1, are associated.

2. The branch current is always unique hence a branch current can be expressed
interms of associated loop currents.

Key Point: The total branch mmﬂf is the m'g.ebrmc s of jall the loop currents
associated with that branches. T

lge = [} -1, from Bto F
log = I;-I;fromCto G

3. The branches consisting current sources, directly decide the values of the loop
currents flowing through them.
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The branch DH consists current source of I, amperes and only the loop current I, is

associated with the branch DH in opposite direction. Hence I, = -I,.

4. Assuming such loop currents and assigning the polarities for the drops across the
various branches due to the assumed loop currenlts, the Kirchhoff's voltage law can
be applied to the loops. Solving these equations, the various loop currents can be
obtained. Once the loop currents are obtained, any branch current can be

calculated.

Note : From the syllabus point of view, in this book, the branch current method is
used to solve the problems. If loop currents are given in the problem, mark the branch
currents interms of given loop currents and then use KVL, to solve the problem.

Examples with Solutions

mmp Example 1.23 :  Prove that the length ‘I and diameter ‘d’ of a cylinder of copper are

1 1
[ = [‘:]z and d = [Eflfﬁ ]*

"7y
where x-volume, p-resistivity and r-resistance b pposite circular faces.
Solution :  The resistance is given by,
pl
T = —
a
Now x = volume =a x !/

Multiplying numerator and denominator by [,

pixi _pl*

r =
axl x

... proved

r = = B ... multiplying and dividing by a

d* =
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/4
d = [1—6—!)—}] ... proved

sy Example 1.24 1 At the instant of switching a 40 W lamp on a 230 V supply, the current
is observed to be 2.5 A. The RT.C. of filament is 0.0048 FC at 0°C. The ambient
temperature is 27 °C. Find the working temperature of the filament and current taken
during normal operation.
Solution: P=40W, V=230V, [=25 A, vy = 0.0048 /°C
At the time of switching, temperalure is ambient i.e. t = 27 °C,

Vo 230
Ry = 7=57=920
Under working condition, power consumption of lamp is 40 W.
v (2307
Ry = 5 =g = 13250
Now Ry = Ryy [ 1+ 0y (i - 27)]
[N 0.0048

- - -3
“2 = {Togt T 140.0048%27 42452 10 © /°C

13225 = 92 [1 + 4.2492 x 1073 (t, - 27)]
14375 = 1+ 42492 x 1073 (t, - 27)
27 = 3147.6513

t; = 3174.6513 °C ... working temperature
) N 230 .
K(working) = = =0.1739 A ... working current
( 8 = |, ~ T2 &

mmp Example 1.25 : When a resistance of 2 £ is placed across the terminals of battery, the
current is 2 A. When the resistance is increased to 5 , the current falls to 1 A. Find em.f.
of battery and its internal resistance.

Solution :  The two cases are shown in the Fig. 1.65.

E E
+y .- r = r
F—\WW—
I,
i L=1A
=24 z
R, =20 Rg=510
(a) {b)

Fig. 1.55
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Now I, = _E e E=2[24+r]=4+2r 4]
1 R,+7 o F
and 1, = E e, E=1[5+r]=5+r 2
5 = ﬁz—-ﬁ e E= +1]=¢ --(2)

Subtracting equation (2) from equation (1),
0==1+r ie r=19Q
and E =686V

I Example 1.26 : Determine the resistance between the terminals X and Y for the circuit

shown wn Fig. 1.56.

AMAA

k VYV
X 5
(Al resistances in ohm)

Fig. 1.56

Solution :

Converting inner delta to star.

Ix3
3+3+3

Each resistance =

Fig. 156 (a)
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Converting inner star to delta.

Each resistance = z+2+2L22 60

Parallel
combinations

All three parallel combinations,

5x6
5 6 = —
I 54+6
= 27272 Q
5.4545¢)
Parallel
2721202
b S — ﬁ —_— Y b S —- ¥
R‘X\’ RXY
Fig. 1.56 (b) -

Ryy = 54545/|27272 = 18181

=y Example 1.27 :  Find the currenls iy, i, i3 and powers delivered by the sources of the
network in Fig. 1.57.

— i3

Fig. 1.57

Solution :  The various branch currents are shown in the Fig. 1.57 (a), by applying KCL
at various nodes interms of iy, iy, i3 shown.

Loop ABCA, —-6i;-12(ij +i;—iy) = 0 ie -18i-12i,+12i,=0 ..(1)
Loop CDEC, —4iy+ 4412 = 0 de iy =4A )
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Fig. 1.57 (a)
Loop DEFD, -4+4iy = 0 ie iz=1A )
Loop BCDB, “12(; +ip-iy) =12 = 0 Qe -j-iy+ig=1 e ()

Substituting iy = 4 A in (1) and (4)

-3i;+2iy, = 8 .. (5)
—iy+ig = 5 ... (6)
15 +ig = 4 - ()
: 05i = 1

i, = 2A and i,=7A
Power by 12 V source = iyx 12 =B84 W

and Power by 4 V source = 4% (iy +i3) =20 W

inmp Example 1.28 :  Find the value of 'R’ so that 1 A would flow in it, for the network in
the Fig. 1.58.

R —=— 1A
10
L 612
10;:3’ *
=12v

Fig. 1.58
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Solution :  The various branch currents are shown in the Fig. 1.58 (a).

LWW—H_ b E
-I,-1 6 =1y

o+
220

T 1 < -

H I G F

Fig. 1.58 (a)
LQO‘P ABGH, -]2—12—1011=0 ie. 101]+12=—12

Loop BCEFGB, ~6 (- -1)-2( - L) + 12+ L, =0ie. -8, +9L,=-18 ...

Multiplying equation (1) by 9 we get,
9005, +91, = -108
Subtracting equation (3) from (2) we get,

-981 = +90
I, = -09183 A and L, = -28163 A
Current through 6 Q = I; -1, -1=-09183 + 28163 - 1
= 0898 A
Drop across 6 2 = 6x current through 6 Q = 6 x 0.898
= 5388 V
Same is drop across R = Rx1=25388
R = 5388 Q

(1)

2

.. 3)

inmp Example 1.29 : Using Kirchhoff's laws, find the current flowing in 2 ohm resistance for

the circuit shown in Fig. 1.59.

Fig. 1.59
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Solution : The various branch currents are as shown.

b -l 16 )
1, + —
o o
Wi ® s
V= ~20v
It -l -
® 3 @
h (Iy=13)
Fig. 1.59 (a)
Loop [ : -161,-215+20=0 ie +161,+215 =20 1)
Loop Il : —16(1)~1,)+32(1, ~1,)+161, =0 ie. 161, + 641, - 321, =0 (2
Loop I : -20+21, - 32(1, ~15) =0 ie. <321, + 341, =20 (3)
Solving for Iy, I;=15789 A L ... Use Cramer's rule

iy Example 1.30 : Find the Vo and V. for the circuit shown in Fig. 1.60.

A AN AA E A MMM F
WA WA
60
* ‘L ‘i +
- 20V 50% AV A =50 OV —
- > A = -
90 \ T
"v‘v‘r‘v _'\I'\N'\-'_
] [+ H G

Fig. 1.60

Solution : Assume the two currents as shown in the Fig. 1.60 (a)

A DL n?a‘} 3
VAN

- 11

§‘>

WV 250

- -
-:‘YA"I":

D I, C

Fig. 1.60 (a)
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Applying KVL to the two loops,
-61; ~50;, - 91,420 = 0 and ~81, -~ 51, - 71,+40 =0
I, =1Aand I,=2A
i) Trace the path C-E,

(5ly) (Sl3)
0V
c _AAI\\: Bl i _)\1S|Y+
Vi L VWV
5 B H 5
Fig. 1.60 (b)
Vep = -5V

= 5§V with C negative
ii) Trace the path A-G,

(6ly) (73}
10V
6V _ o 14V _
AO—‘"WW—°—+||—°—“"\NW—°G
60 B H 70
Fig. 1.60 {c)
Vag = 30 V with A positive

Examples from G.U. and G.T.U. Papers

s Example 1.31 : A wire has a resistance of 2 1 It has been stretched to the length
3 times that of original. What will be the new resistance of wire? [GU : Aug.-2001]

Solution: R;=20,5L,=31,

R="0
a

Key Point: When wire is strefched, its length changes and cross-sectional area changes as
the tolal volume remains same.

Volume = areaxlength =a;xl; = a;xl,
1

a 3, i
= =3 ie a; =

i8]

E

2 1
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Now,

iy Example 1.32 :  Calculate the resistance
cross-sectional area of 0.1 mm® if the wire

(%)

) b2
&] f2
as

9R, =9%x2=18Q2 .. New resistance

of 100 m length of wire having a uniform
is made of Manganin having a resistivity of

50% 20° Q-m. If the wire to drawn three times its original length, find out new resistance.

[GU. : Nov.-2005]

Solution : a=01 mmz, 1=100 m,p=50x 10~ Q-m.

pl _50x1078x100 _

R = 500 ©
@ 01x107°
Now, I' = 3! but its volume remains same.
Volume = axl=ax! where a’' = new ¢/s
a I _ 1
T - .f__3 ie a —:—,'a
R = E._—,M_g[p_; Z9R = 4500 Q
a 1 a
32

Iy Example 1.33 : Two wires of different conducting materials are connected in parallel.
They share current in the ratio 5:6. If the wire of material A has 1.7 times length and
double cross-section area that of material B, find the ratio of their specific resistances.

Solution :
I A Iy
Ty
Iz B
Fig. 1.61
6
R, = =
A 5 RB
1
p"“ A = g m ie.
a, 5 ag
Pa _ 6 1 -
. = gxﬁxz 1411

[GU: July-2004]

=%, In=171g a5 =2ag

I e % ..Ohm's law
Ta _Rg 5
Iy Ry &
Pa _ 6,0 3
pg 3 1 ag

... Ratio of specific resistances
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mmp Example 1.34 :  An electric radiator is required to dissipate 1 kW when connected to a

230 V supply. If the coils of the radiator are of wire 0.5 mm in diameter having resistivity
of 60 pQ-cm, calculate the necessary length of the wire. [GU : June 2005)
Solution: P=1kW, V= 230V, d = 0.5 mm, p = 60 uQd-cm
v 3 _ (230)°
P——R— ie. 1x10°= i
R =590 butR=F
-6 10-2
529 = S0X107x107x1 wa=Jd2

M (05)2 107
1
! = 17311 m .. Length required

Imp  Example 1.35 : The resistance of the field coil of a d.c. machine is 120 Q at 15 °C.
During its full load run, the resistance increases to 135 Q. Find the average temperature of

the field coil. Take resistance temperature coefficient to be 0.00401 / °C at 15 °C.
[GU : Dec.-2001, June-2004]

Solution : R;=120Q,t; =15°C, R, =135 Q, ¢y = 0.00401 /°C
Ry = Ry [1+ay(ty-ty)]
135 = 120 [1+0.00401 (t; - 15)] ie. t=-15=31.172
t; = 46.172 °C ... Temperature of field coil
sy Example 1.36 : The resistance of a given conductor is 60 Q at 20 °C. Find ils

temperature coefficient and the resistance at 30 °C if its temperature coefficient at 0 °C is
0.004 /°C. [GU : June-2004]

Solution : R, =600, t, = 20 °C, Ry = 7, t, = 30 °C, 0 = 0.004 /°C
oy 0.004

Trag, = 17000420 = 0.003703 /°C .at 20 °C

R, = Ry [1+0y(tp=1y)] = 60 [1+0.003703 (30 - 20)]

R, = 6222Q ... Resistance at 30 °C
LT __ 0004 _ o
% = Tiggt, " 1+0004%30 = M00871/°C ~at 30°C
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mmp Example 1.37: A wire 10 m long has cross-sectional area of 10 mm’. At 0 °C, a current
of 10 A passes through it, when it is connected to a d.c. supply of 200 V. Calculate :
a) resistivity of the material, b) Current which will flow through the wire when the

temperature rises to 50 °C. Given : o = 0.0003 / °C. [GU : June-2003]
Solution : 1=10m,a =10 mm? Ip=10 A, V =200 V

Vo200

a)Att=0°C, Ry = T =S5=200Q
. px10

But Ry = & ie 20 =

a 10x107°

p = 2x10° Qm ... Resistivity

b) Now t, = 50°C

R; = Ry (l+ogt) =20 (1+ 0.0003 x 50)

= 203 D
v 200 q
o I, = -E-]- =503 ~ 9.8522 A ... Current at 50 °C

iy Example 1.38 : Two conductors, one of copper and other of iron are connected in paratlel
and at 30 °C carry equal currents, What proportion of current will pass through each if the
temperature is raised to 120 °C. The temperature coefficient of resistance for copper is
0.0043/ °C and for iron is 0.0062 / °C at 30 °C. [GU : June-95, 99]

Solution : o, = 0.0043 °C , ay; = 0.0062 /°C .
Let R;. = Resistance of copper at t; = 30 °C.
Ry; = Resistance of iron at ty = 30 °C.
Ry, = Resistance of copper at t; = 120 °C.
R, = Resistance of iron at t, = 120 °C.
At t; = 30 °C, both carry equal current hence Ry, = Ry;.
Ry = Ry [1+aye (- )] = Ry, [1+0.0043 (120 - 30)]
1387 Ry,

Ry = Ry [1+ay; (- )] = Ry; [140.0062 (120 - 30)]

1.558 Ry;

1
Now e o .- Voltage constant as in parallel



Elements of Electrical Engineering 1-75 D. C. Circuits

De _ Ra

= 5 ie. L=l xSl = ——1
I Ry, 1" R, ~ 0387 I
I Ry R 1
And A, A ie. Iy=I,x=olb =
I Ry ATTHTR, T 158N
But I = Iy=1

I = 072091 and I = 064181

Iz = Total current at (t; = 120°C) = I, + Iy
= 072091+ 064181 = 1.627 1

072091

. % Current through copper at 120 °C = 131 * 100 = 52.9 %
) ) _0.64181 _
. % Current through iron at 120 °C = T35 - 47.1%

sy Example 1.39 : A coil of copper wire has a resistance of 90 Q at 20 °C and is connected
to @ 230 V supply. By how much the voltage is to be changed in order to maintain the
current  constant if the temperature of the coil rises to 60 °C.
Assume tg = 0.00428 f°C.
[GTU : Aug.-2001]

Solution : R, =900, t; = 20°C, t, = 60 °C

Ry = Ry [l+oy {ty - t)]

o, 0.00428

Trayt, ~ 1+000428%32) ~ (008942 /°C

While oy =

R, = 90 [1+0.003942 x (60 - 20)] = 104193 Q

v 230
= ——1- o —
L = R~ % 2.5555 A

But now current has to remain same by changing voltage. The new voltage be V..

L = ]\{—i and L = I = 2.6555
V‘F :
25555 = 104193 ie. V, = 26627 V

~Increase in voltage = V-V, = 266.27 - 230 = 3627 V
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b Example 1.40 : A 100 W, 200 V filament lamp has operating temperature of 2000 °C.
The temperature coefficient of filament material is 0.005 at 0 °C per °C. Calculate the
current taken by the lamp at the instant of switching with 200 V supply, with the filament
temperature at 20 °C [GU : June-2006]

Solution : «, = 0005 /°C, t, =2000°C, V=200V, t; =20°C

The power 100 W is corresponding to operating temperature of t; = 2000 °C. The
voltage is constant at 200 V.

2 2
R, = v =(200)

P 100 = 400 Q ... Resistance at 2000 °C

At the time of switching, t; = 20 °C and resistance be R;.
Ry = Ry [l+gy (t; -t)]
@, 0.005

Tragr, ~ T70005x70 - 1005/ °C

Now, [

400 = R,[1+0.004545 (2000 - 20)]
Ry = 40Q ... Resistance at 20 °C

I; = Current at the instant of switching = %

200
= T A
i Example 1.41 : The current flowing at the instant of switching on a 40 W lamp to a
240 V supply is 2 A. Resistance temperature coefficient of the filament material is 0.0055/C
at the room temperature of 20 °C. Calculate the working temperature of the filament and
current taken during normal working. [GU : July-2007]

Solution : At the instant of switching let the temperature of filament be t; °C = 20 °C
o = 00055 /°C, [ =2A,V=240V,P=40W

R = IX = @ = 12002 ... Resistance at 20 °C
1
At the normal working , the power is 40 W and the temperature be t; °C. The
corresponding resistance is R.

2 (240)2
R, = V?=(4g) - 14400
But Ry = Ry [140; (tp —tp)] ie. 1440 = 120 [1+0.0055(, ~20)]

12 = 1+0.0055 (1,-20) ie =20 = 2000
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2020 °C

b e miL:
17 R, 10

t

= 0.1667 A

..Working temperature

... Normal working current

mmp Example 1.42 : Find the equivalent resistance between A and B for the circuit shown in

the Fig. 1.62.
Azfnlnl
80 A aq
il
Fig. 1.62

Solution : Name the circuit as shown in the Fig. 1.62 (a).

24Q

[GU : Nov.-2006]

The nodes 1,2 and 3
are directly joined to each
other and hence are at
same potential. Thus all
three represent same node
B. Showing them as a
single node. The circuit
can be redrawn as shown
in the Fig. 1.62 (b)

(a)

Ao A
< b4 Rag
s8q s8Q =>
< -

) wa—*&;:,zm is

240 redundant
as shoried

(b)

8

i /Paraﬂal

Fig. 1.62
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Ryp = 8 8=¢7%

mmp Example 1.43 : Determine the values of R,
A AN —)

and Ry (R, # o) for the circuit shown in the l +
Fig. 1.63. L +
v Vi Rug V25 1000
Ifv,= -51- and the equivalent resistance of the 3 -
circuit across the terminals A-B is 100 Q. Be—
Fig. 1.63

[GU : June-2001]
Solution : R,y =100 Q and R, and 100 Q are in series in second branch.

R.! Ra
A Parallel A
Rag Rag R, (R, + 100)
= Ry R+1000 B Ro=gi 2
=100Q Ry + Ry + 100
B B
(a) (b)
Fig. 1.63
R (R, +100) R.(R, +R, +100)+ R, (R, +100)
. - b ta _ tra a b\ ™a
- 100 = Ryt g SR 7100 - Ry, R, +100) -0
Now the currents are as shown in the Fig. 1.63 (c).
h sz.:,.' 2 From current distribution rule,
+
I Iy=1p R
- > L =[x
v, R, 2 ZR,+1000 27 TR, +R, #100
< <
|, — Same current I, passes through 100

across which drop is V.
Fig. 1.63 (c)

R A%
. = = b =—L (gi
o Vo = 1000 =100x1; % R, ¥R, +100 and V, 3 (given)

v R v 200 R
- = R B [P S - N
2 = OISR S0 Y T, TRy eR, +100

200 R,
=L = i = b ___
But T, Rap 100 ie. 100 R, +K, +100

-
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Ry*R,+100 = 2R, ie Ry=R,+100 (2

R, (R, +100+R, +100)+(R, +100) (R, +100)
= (R, +100+ R, +100)

Using in equation (1), 100

100 (2R,+ 200) = R, x 2(R,+ 100) + (R,+ 100)®
100x2 = 2R+ R+ 100 ie. 3R, = 100
R, = 333330 , R,=133333 0

inmp Example 1.44 : Find the resistance between the terminals A-B. [GU : July-20071
A
300G, 00
100 00
B
Fig. 1.64

Solution : Convert delta of 30-30-30 2 to star,

A R; = R; = Ry in star as all
the resistance are equal in delta.
Rag Ry =R; =Ry
.
__ 30x30
T 30+30+30
100 100
B =100
(@)
A
00
Rap
oa 10a R «— Parallel
L 20Q
100 {1} +]
B

{b) e}
Fig. 1.64
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A
100
Rag
== Rap = 10+10=200Q
2009200
=100
B
Fig. 1.64 (d)
mmp Example 1.45 : Using delta-star 10 20 5

transformation, determine the resistance Ao
between the terminals A-B of the circuit
shown in the Fig. 1.65.

[GU : May-2001, July-2005] 10 2
o B
5 a0
Solution : Convert the delta of 20, 5 and Fig. 1.65
15 Q to equivalent star.
20x5
A, Ry = sov5415 = 209
< < __20x15
52 g R = oa5r15 - 709
_ Gx15
Rs = 2r5e15 - 170
(a)
12514 c
15 g 38750 3750
"
B

(c)
Fig. 1.65
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Convert A CDB to equivalent star,

3.875% 37.5
Ri= samrarsem - 2060

Ry
3875 s —= 3.875x 30
Re Ry %2 = ggmrarsem - 1679
30 _ 30x37.5 -
{d) By = sEme oo - 170180
The circuit reduces as shown in the Fig. 1.65 (e).
125
A || Series
14,536 Q
2036 A MAN—
: 15.7618 0

15.7618 | -

I Parallg__.“w___
—> 16.6287Q
Series
(e) i
Fig. 1.65
P Rap = 7.7557+15.7618
* 14,536 * 16.6287 B =R
Ta536+ 166287 0 @
Fig. 1.65 (g)
sy Example 1.46 : Find out the current delivered by the battery in the circuit shown in the
Fig. 1.66
[GU : June-2006]
A 00 B
[ K
5V 193 S0
-t < -
AA !
D g [

10
Fig. 1.66
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Solution : Redraw the circuit by analyzing it.

Key Point: Nodes A and C are directly joined hence are at same potential and can be shown
as one node. Similarly nodes B and D can be shown as single node as directly joined.

AC A
:L +
5V .|, 10 210 210 210 5V Req
Bop ——m—— B
Parallel
(a) ()
Fig. 1.66
1 1
qu- = —dete=t= Le R,’\q _19
5 5 .
I = =" =20A ...Current delivered by battery

iy Example 1.47 : A lamp rated 75 W, 100 V is to be connected across 230 V supply. Find
the value of resistance to be connected in series with the lamp. Also find the power loss
occurring in the resistance. [GU : June-2005]

Solution : The arrangement is shown in the Fig. 1.67

75 W, 100V The voltage across lamp must be 100 V.
Py = Power in lamp =75 W
Vi = Voltage across lamp = 100 V

P 75
=-L=2 =
1= v, " 10 0.75 A
-— 23V ———
Fig. 1.67
Now Ve = Vi+Vp  ie 230 = 100+ Vg
Vg = 230-100 = 130V

But Vg = IR e 130 = 075xR
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130 _
R = E = 173.333 Q0

Pp = VgxlorPxR = 130% 075 = 97.5 W

mmp Example 1.48 : A bulb rated 110 V, 60 W, is connected in series with another bulb rated
110 V, 100 W across a 220 V supply. Calculate the resistance which should be connected in

parallel with the first bulb so that both the bulbs may get their rated power.
[GU : June-98]

Solution : The bulbs are shown in the Fig. 1.68,

1MoV 1MoV R; = Resistance of bulb 1 = — = ——

GO0W — 100 W,—
R:m “z(ﬁ'i'ﬁ\\ = 201.667 02

. (110)
R, = Resistance of bulb 2 = = 1219

For rated power, the voltage across each
bulb must be 110 V.

—_— — 220 @ ————
VRZ

. _ _ 110
Fig. 1.68 o I= ®R, "1 0.90909 A

The current remains same due to series circuit. And the voltage across bulb 1 must be
110 V.
Voltage across bulbl 110

Ry = o = s = 1210

R, xR 201667 R
= 1 X i - X
But Reqg = g3x, " " = Bieeir,

1

201.667+R, = 1.667 R, ie. R, = 3025Q

This is the resistance required in parallel with bulb 1.

iy Example 1.49 : Two coils are connected in parallel and a voltage of 200 V is applied
between the terminals. The total current taken by the circuit is 25 A and power dissipated in
one of the coils is 1500 W. Calculate the resistance of each coil.
[GU : Nov.-2002, June-2003]

Solution : The coils are shown in the Fig.1.69.

Cail A
1 ’Fﬂgﬁ‘ The power dissipated in A = P = 1500 W
A A
Coil B - v2 _(200?
Ty R R
1 A A
sl ® P8
Iy

-— 200V —

Fig. 1.69
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_ e
Ry = 500 = 26.667 (1
v 200
Iy = K_m =75 A

Iy = I;-1,=25-75=175A

vV _20 _ 14850

Re = 1, " 175

Immp Example 1.50 : Two baiteries A and B are connected in parallel and combination is
connected across 10 L resistance. Battery A has an internal resistance of 0.2 Q and internal
voltage is 110 V while the corresponding values of battery B are 0.25 Q and 100 V.

Caleulate the current in each battery and also in 10 Q resistor.

[GU : Dec.-2001]

Solution :
a a It R Applying KVL to the two loops,
fa o Loop PQTSP,
" go2a s 20250 Ny e -021, +0251;-100 + 110 =0
* - > 100

Loop QRUTQ,

. =10(T, + 1) + 10002515 =0 e

Fig. 1.70

1017 +100-02515=0

ie.~0214 +02515=-10

+10 T, +10.25 Iy = + 100

A1)

but Iy =1, + Iy
-(2)

Solving equation (1) and equation (2), 1, =2802 AT, Ig=-1758 A ie 1758 A1

Ip = Iy +13=2802-1758=1044 A |

sy Example 1.51 : In the network shown in the
Fig. 1.71, calculate the value of resistance R in the
branch BO and the current flowing through it if the
current in the branch OC is zero,

[GU : June-2001]}

14 1540

Y LI B
10V 0

Fig. 1.71
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Solution : As the current in the branch CO is zero, it is redundant from the circuit point
of view :

Key Point: As the current in branch CO is zero, the points C
and O are equipotential i.c. at same voltage.

Drop AC = Drop AO
Lx1 = ()-I) x4
I, =081 (1)
Apply KVL to two loops,
Loop AOBA, — 4 (;-1)) - Rl 1)~ 21+ 10 =0

e -4Lh+4L-RL+RE-21 +10=0 and use
equation (1),

Fig. 1.71 (a)

ie -4 +4x08L-RE+R(081) -2 +10 =10
ie. | [-28-02R]=-10 ie I, (2.8 + 0.2R) = 10 (2)
Loop ACBA, - [, -151; -2 1; + 10 = 0 and use equation (1),
ie-08 [ -15x08L-2x I; +10=0
ie. 4, =10 ie. I; =25 A (3)
From equation (2), 25 (28+02R) =10 ie.28+02R=4 ~R=6Q

Current flowing inR = Li-I, =1, -08 1

02];=02x25=05A

mmp Example 1.52 : In the circuit 20V
shown in the Fig. 172, “.E.g‘, f 4,\‘,\‘}.\ + I‘I _ B
calculate the voltage across AB
when
a) The switch S is open * L [ M
b) The switch S is closed. 120v= 10 QEE =100V

[GU : July- 2005]

Fig. 1.72
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Solution : a) The switch S is open.

Fig. 1.72 (a)
Apply KVL to the two loops,
Loop FADEF, - 2 I;-10 (I)-1p) + 120 =0 ie. - 121, + 10 I, = -120
Loop ABCDA, — ,-20 ~100+10 (I-) = 0 ie. - 101,121, = 120
54545 A, I, =-54545 A
Ibx1+20 =-54545 x1+ 20 =14.5455V

Solving, I
v Vag =
b) The switch S is closed

(1)
. (@)

WA tve

When the switch S is closed, the point AB are shorted and voltage across short circuit

is zero.

Vag = 0V

imp Example 1.53 : Using delta-star transformation,
determine the current drawn from the supply, in
the circuit shown in the Fig. 1.73.

[GU: June-2003, Nov.-2006, Dec.-2008]

Fig. 1.73
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Solution : Convert the delta of 6 - 6 - 6 £ to equivalent star.

_ _n _ b6x6
60 R, Ry = R=Ry=gi6+6

R, =20

= Parallel
4+2=6
M

(b)

66
a||a=m-3 2 3+2+2=T7Q

——— AWM A MW

1 ' AN in
_+||_ \"‘2'\"\' ) + 17
50V 50V

(d) te)

Fig. 1.73

=T71428 A
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mmdp Example 1.54 : Find the resistance
between A and B by star delta
transformation. Also find the current in
50 £ connected between terminals C
and D.

|GU: Nov.-2006]

Solution : Convert the delta of 20, 30, 50 to equivalent star.

o 20x30
Ri = 20530450~ ¢9
20%30
20 0 Ry = 530450 = 109
30x50
Ry = oo =150
iy 20+ 30+50
(a)
A A A
5] 6 6
R
Rag 10 15 &p Rag
= 10+ 50 15+ 45 T
=60 =60 60| 60
50 45 =300
8 B Parallel B
(b) (c} (d)
Fig. 1.74

Rap = 6+30=36 Q ..Resistance between A and B
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To find the current through 50 Q,
show the current distribution as shown in
> the Fig. 1.74 (e). Apply KVL to the three
(=13 + 13} loops,

45
F Iy B
Fig. 1.74 (e) =30 (1) + 5013 + 20 I, = 0
ie. ~305 +50L,+ 501, = 0 (Loop ADCP) A1)
Loop CDBC, = 50 I = 45 (I;-I+ 1) + 50 (I,~1y) = 0 o)
ie. ~451, 495 - 1451, = 0

*oop EACBFE, 20 I, - 50 (I-Iy) + 36 = 0
ie. 701, -501; = 36 )

Use Cramer's rule for the equations (1), (2), (3) and we want current through 50
ie Iy

=30 50 30 =30 50 0
D = |45 95 -145=-432000, Dy= [=45 95 0|=-21600
0 70 -50 0 70
D -21600
= 2= =
I = B = 3500 +0.05 A from C to D
sy Example 1.55 : In the circuit shown
in the Fig.1.75, find the value of L
resistance R, when Vg =5 V. 50 220
[GU : Nov.-2006] * A B il
15V °
N s s
nas SRQ

Fig. 1.75
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Solution : The current distribution is shown in the Fig. 1.75 (a).
1; flows from both 5 and 10 Q.

15
b= = 1A
15\;:..— I; flows from both 2 and RQ
- Lo 15
27 ¥R
Fig. 1.75 (a)
Trace the path from A to B as shown in the Fig. 1.75 (b).
v =10 L-I, R
+10- -R+ ap = 104
A —— AN AN ——0 B B _ 15
101, I,R = 10x1-57g ¥R
Fig. 1.75 (b) But Vag = 5V (Given)
15R . 15R
5=10->% ie 5 =5

te. 10 R =10 ie R=14Q

mmp Example 1.56 : Determine the current in the 17 € resistor in the network shown in the

Fig. 1.76.

All resistances

4:: are in ghms

[GU : June-2006]
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Solution :

4 0 and 2 Q are in series
while 11 Q and 4 Q are in
series, convert delta ADC to
star giving each resistance as,

6x b

%7676 2%

Convert delta EFH to star
giving each resistance as,
15x15

5+15+15 0 &

The circuit reduces as
shown in the Fig. 1.76 (b)

2448 = 16 <

Fig. 1.76
=5 A

L o 5
T 7 2416+5

Now the 17 Q resistor is a part of one of the branches of parallel combination where
total current entering the combination is 5 A. So using Current division rule,

48 _ 5x48

by = g =5

=3.333 A
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mmp Example 1.57 : Find R in the circuit shown in the Fig. 1.77. IGU : July-2007]
10142 A
'nv
-
8oV 140 g R
Fig. 1.77
Solution : The resistance R and 14 are in parallel.
100 ) L= _ 80
I A'R'A'l' s T = W
! T+R
4R
80V :..— 14R = %‘{:iﬂ
R =TI TR T30+ 24R
This I} divides into two parallel branches

and one of the two branch currents is given as
Fig. 1.77 (a) 3 A. So by Current division rule,

14 B0{14+R) 14

3 = i X TR * oren CTIER
3(140+24 B} = B0 = 14 ie. 24 R = 233.333
R = 972220
mmp Example 1,58 : The resi e of tungsten fil of a lamp is 20 Q at the room

temperature of 20 °C. What is the operating temperature of the filament if the resistance
temperature coefficient of tungsten is 0.005/ °C at 20 °C? The base of the lamp is marked
120 V 50 W. IGTU : March - 20091

Solution : R; =20 Qat t; = 20 °C, &= 0.005 /°C.
At working temperature of £, °C, P =50 W, V = 120 V

Now, R,
134 = 0.005 (t,-20) ie. t5-20 = 2680

1}

Ry [1+0e,(tp=t)] i 288 = 20 [1+ 0.005 (t; — 20)]

2700 °C ... Operating temperature

¥
[
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mmp  Example 1.59 : The Wheatstone bridge network ABCD is as follows : Resistances between
the terminals AB, BC, CD, DA and BD are 10, 30, 15, 20 and 40 Q respectively. A 2 V
battery of negligible resistance is connected belween AC. Determine the value and direction
of current in 40 Q resistance. [GTU : March-2008]

Solution : The Wheatstone bridge network is shown in the Fig. 1.78.

(h=13-13)
30

1L
+ II_
2V
Fig. 1.78

The current distribution is shown in the Fig. 1.78.
Apply KVL to the various loops,

Loop ABDA, =10 (I-I;) - 4013+ 2013 =0 ie - 10;+301;, -4013=0 (1)
Loop BCDB, -30 (I;-Iy-I3) + 15 (I;+13) + 40 I3 =0

ie. <301, +451,+8513=0 ()
Loop ADCA, -201,-15(+l) +2=0 ie + 35, + 1513 =+2 w (3)

Solving equations (1), (2) and (3) simultaneously,
I; = 001146 A from B to D

mp  Example 1.60 : Datermine the equivalent resistance b the terminals A and B of the
network shown in the Fig. 1.79. [GTU : June-2009]

A

40 20
o]

2 AM—]

20 i

s <
ns sS40 10

< b
-
B

Fig. 1.79



Elements of Electrical Engineering 1-94 D. C. Circuits

Solution : Convert the delta of 2, 3 Q and 4 Q to star,

A
3x2
R, = Ty 0.666 Q
2x4
10 Re= iy - 0880
3x4
Ry =557 =1333Q
4 Q and R are in series.
(a) 3 Q and R, are in series.
A
20 A
4oeeq 4,666 0
S A
L 38880 . S
13330 2 .
:: 4 Series R, Serlos
i
Converter Ry
B this delta to star
B
(b) ()
Fig. 1.79
. _ _1333x3888 _ . _ 1x3888  _
Ry = T3mr3sme1 - 083 Ro = paggiapmsyy - 062180
. 1x1.333 _
K5 = Tamvasssel - 0242

4.666 0 and R'; are in series giving 5.5 Q.
20 and R'; are in series giving 2.6248 (0.
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Rap = [5.5]2.6248]+0.2142

55x2.6248
55+ 2.6248]+ 02142

1.7768+0.2142

u

1991 Q

B
Fig. 1.79 (d)

WM S B W ke

—
=

11.

12.

13.

Review Questions

What is charge ? What is the unit of measurement of charge ?

. Explain the relation between charge and current.
. What is the difference between e.m.f. and potential difference 7

What is the resistance ? Which are the various factors affecting the resistance ?
Define the resistivity and conductivity of the material, stating their units.

. Explain the effect of on the resistance of i) Metals ii) Insulators and iii) Alloys.

i

Define resistance temperature coefficient. Derive its units,

. Explain the use of RT.C. in calculating resistance at t °C.
. Explain the effect of temperature on R.T.C.
. The field winding of a d.c. machine takes a current of 20 Amp. from 240 V d.c. supply at

25°C. After a run of a 4 hours, the current drops to 15 Amp, supply voltage remaining

constant. Determine ils lemperature rise. (Ans. :86.5"C)
A coil has resistance of 18 £2 at 20 °C and 20 Q at 50 °C. Find its temperature rise when ils
resistance is 21 Q and ambient temperature is 15 °C. (Ans.:50°Q)

The current at the instant of switching a 40 W, 240 V lamp is 2 Amp. The resistance
temperature co-fficient of the filament material is 0.0055 at the room temperature of 20 °C.
Find the working temperature of lamp, {Ans.:2020°Q)
The resistance of a copper wire is 50 £ al a femperature of 35 °C. If the wire is heated 1o a
temperature of B0 “C. find its resistance at that temperature. Assume the temperature
co-gfficient of resistance of copper at 0 °C to be 0.00427/ °C. Also find the temperature
co-efficient at 35 °C.

(Ans.: 58.350,3.71:107% ° C)

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

temperature is 17 °C, winding current is 2.3 A. After the machine has been running for few
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hours, the current has fallen to 1.9 A, the voltage remaining unaltered. Calculate the average
temperature throughout the winding ing o of copper = 0.00426 /°C. (Ans. : 70 °C)
15, Explain the various types of sources used in d.c. circuits.
16. Explains the concept of source

e

mation with

sfe example.

17. Derive the relationship lo express three star connected resistances into equivalent delta.

18. Derive the relationship to express three delta connected resistances into equivalent star.

19. Two resistanices 15 Q and 20 Q are connected in parallel. A resistance of 12 Q is connecled
in series with the combination . A voltage of 120 V is applied across the entire circuit. Find
the current in each resistance, voltage across 12 Q resistance and power consumed in all the
resistances. (Ans.:333A,25A,70V)

20. A resistance R is connected in series with a puallel circuit comprising two resistances of 12
and & L. The total power dissipated in the circuit is 700 watts when the applied voltage is

200 V. Calculate the value of R. (Ans, : 52,3428 )
21. In the series parallel circuit shoum in the Fig. 1.80, find the
A A__E
vYYy l
=
l 210a a2 50V
Y - J
v D
- - <
l 24355 12115’:' saz
- -
B [+
Fig. 1.80

i) Voltage drop across the 4 Q resistance i) The supply voltage V. (Ans.:45V,140V)
22. Find the current in all the branches of the netwerk shown in the Fig. 1.81.
(Ans.:39A,21A,39A,81A,11A,414A)
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23, If the total power dissipated i the circuit shown in the Fig. 1.82 is 18 watts, find the value

of R and current through it. (Ans.: 120,06 A)
L3 40
LLY.T
WW
R 16 £
—WWW—
ki i
12v
Fig. 1.82

24. The current in the 6 £ resista nce of the network shown in the Fig. 1.83 is 2 A. Determine
the currents in all the other resistances and the supply voltage V.

24 60 3o
— AW

440
WA

ANAA

VVVY

BQ 00

v
Fig. 1.83
(Ans.:15A,25A,1A,46 V)

25. A particular battery when loaded by a resistance of 50 Q gives the terminal voltage of 48.6 V.
If the load resistance is increased to 100 €2, the terminal voltage is observed fo be 49.2 V.
Determine, i) E.MLF. of battery

ii) Internal resistance of batlery
Also caleulate the lpad resistance required to be comnected to get the terminal voltage of

495 V.
(Ans. : 49.815 V, 196.42 ()
26. Determine the value of R shown in the Fig. 1.84, if the power dissipated in 10 Q resistance
is 80 W. (Ans.: 100 Q)
BO
100 €1
400
AAAN
LA LA
VWA R
100
HilF
150V

Fig. 1.84
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27. A resistance of 10 Q2 is connected in series with the two resistances each of 15 Q arranged in
lel. What resistance must be shunted across this parallel combination so that the total

current taken will be 1.5 A from 20 V supply applied ? (Ans,: 652

28, Two coils are connected in parallel and a voltage of 200 V is applied between the terminals.
The total current taken is 25 A and power dissipated in one of the resistances is 1500 W.
Calculate the resistances of two coils. (Ans. : 26.67¢1, 114300

29, Two storage batteries A and B are connected in parallel to supply a load of 0.3 Q. The open
circuit enf. of A is 11.7 V and that of B is 12.3 V. The internal resistances are 0.06 Q and
0.05 ©2 respectively. Find the current supplied to the load. (Ans. : 36.778 A}

30. Using Kirchhoff's laws, find the current flowing through the galvanometer G in the
Wheatstone bridge network shown in the Fig. 1.85. (Ans. : 48.746 mA)

b
254
a
20

/Y20
Fig. 1.85

31. A network ABCD is made up as follows :
AB has a cell of 2 V and negligible resistancs 98io, with the positive . ~una’ connected to A;
BC is a resistor of 2502 ; CD is a resistor of 100 £2 ; DA is a battery o 4 V and negligible
resistance with positive terminal connected to D; AC is a milliammeter of resistance 10 Q.
Caleulate the reading on the milliammeter. (Ans. : 26.67 mA)

University Questions

Q.1 Define temperature co-gfficient of resistance. How resistance of different materials vary with
temperature? Prove that &0y =, / (1+ayt). IGTU : Dec.-2008, 8 Marks]

Q.2 Explain the method of transforming a star network of resistance into delta network and vice
versa. |GTU : Dec.-2008, 9 Marks]
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Q.3 State and explain Kirchhoff's voltage and current laws. {GTU : March-2009, 5 Marks]

Q4  Show that Ry = R (1 +at) . Nofations have usual meaning.
[GTU : March-2009, 4 Marks]

Q5 Prove R, = Ry [1+a,(t, -t;)] where notations have usual meanings.
[GTU : June-2009, 5 Marks]

Q.6 Explain KCL and KVL. [GTU : June-2009, 4 Marks]
Note : The examples asked in the previous university papers are solved and included
in the chapter.
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Electrostatics and Capacitance

2.1 Introduction

The branch of electrical engineering which deals with electricity at rest is called
electrostatics. All the electric phenomena are produced due to the wvarious types of
charges. The moving charges produce current and magnetic effects. The accelerated
charges produce radiation. Apart from moving and accelerated charges, there exists one
more type of charges called stationary charges or static charges. Static charges are
responsible for the generation of the forces on other charges which are called electrostatic
forces. Electrostatics means the study of the static charges and the associated effects.

Such static charges may be situated at a point when they are called point charges.
When the static charges are distributed along the telephone lines or power lines, they are
called line charges. When distributed over the surfaces such as surfaces of plates of
capacitor, they are called surface charges. Static charges may exist in the entire volume in
the form of a charge cloud then they are called volume charges. In this chapter, we will
discuss the behaviour of electricity due to the static charges, the laws governing such
behaviour and concept of a capacitor.

2.2 Concept of an Electric Charge

The matter on the earth which occupies the space may be solid, liquid or gaseous. The
matlter is made up of one or more elements. Each element is made up of many atoms
which are of similar nature. Now a days, scientists are successful in breaking atoms and
studying the resulting products.

According to modern electron theory, atom is composed of the three fundamental
parlicles, which are invisible lo bare eyes. These are the neutron, the proton and the
electron. The proton is positively charged while the electron is negatively charged. The
neutron is electrically neutral i.e. possessing no charge. The mass of neutron and proton is
same which is 1.675 x 107 kg while the mass of electron is 9.107 x Ul kg. The
magnitude of positive charge on proton is same as the magnitude of negative charge on
electron. Under normal conditions, number of protons is equal to number of electrons
hence, the atom as a whole is electrically neutral. All the protons and neutrons are bound
together into a compact nucleus. Nucleus may be thought as a central sun, about which,

2-1)
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the electrons revolve in a particular fashion. The electrons are arranged in different orbits
ie. levels. The orbits are also called shells.

The orbits are more or less elliptical. The electrons revolving in various orbits are held
by force of attraction exerted by nucleus. The orbit which is closest to the nucleus is under
tremendous force of attraction while orbit which is farthest is under very weak force of
attraction. Hence, electrons revolving in farthest orbit are loosely held to the nucleus. Such
a shell is called valence shell and the electrons in this shell are valence electrons. In some
atoms, at room temperature only, these valence electrons gain an additional energy and
they escape from the shell. Such electrons exist in an atom as free electrons. Now, if such
electrons are removed from an atom, it will loose negative charge and will become
positively charged. Such positively charged atom is called anion. As against this, if excess
electrons are added to an atom, it will become negatively charged. Such negatively
charged atom is called cation.

“ Key Point: This total deficiency or addition of éxcess electrons in an atom is called as
its charge and the atom is said to be charged. The unit of charye is coulomb.

The deficiency or excess of electrons can be achieved by different methods. One of
such methods is to rub two dissimilar materials against each other. When an cbonite rod is
rubbed on a fur cloth, then the rod extracts electrons from fur cloth and behaves as
negatively charged while fur cloth behaves as positively charged. This charged condition of
rod cannot be sensed by eyes or by any sense organs. But, we can observe the effect of it
by simple experiment. Such charged ebonite rod, when brought near light pieces of paper,
attracts these pieces. This attraction is nothing but the effect of static charge present on the
rod. This is the basic principle of the static electricity.

Such phenomena due to static charges are governed by some laws called laws of
electrostatics. Let us study these laws.

2.3 Laws of Electrostatics
The two fundamental laws of electrostatics are as below :-

1) Like charges repel each other and unlike charges attract each other.

The law can be demonstrated by another simple experiment. The ebonite rod becomes
negatively charged when rubbed against fur cloth. Now, if glass rod is rubbed against fur
cloth, it gets positively charged. And if they are brought near each other, they try to attract
each other. While two ebonite rods after rubbing against fur cloth, brought nearby, try to
repel each other. This shows that like charges repel while unlike charges attract each other.

2) Coulomb's Inverse Square Law.

The law states that the mechanical force, attraction or repulsion, between the two small
charged bodies is,
i) Directly proportional to the product of the charges present on the bodies.
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ii) Inversely proportional to the square of the distance between the bodies and
iii) Depends upon the nature of the medium surrounding the bodies. :
Force Force The Fig. 21 shows two

) of 0![ I point charges, separated by
q, attraction g q, repulsion distance ‘d’ metres. The charges
F=>F <=0 G<= F=>C 1o Q) and Q, coulombs and K
F—d— — - is the constant of

(a) Unlike charges attract (b) Like charges repel proportionality.
Fig. 2.1 Force between Chﬂl’gBS Accnrding to Coulomb’s

law, force between the charges
can be mathematically expressed as,

Po 2
d2
K
Sa, F = % Newtons

The constant of proportio::aity, K depends on the surrounding medium and is given
by,

1
4ne, g,

1
K—-l_'—

n

where £ = Absolute permittivity of the medium = g ¢

gy = Permittivity of free space and g = Relative permittivity of the medium

1

i 8854 x 107 F/m
X

And g =

For air, g =1
The concept of permittivity is discussed later in this chapter.
1If Q =Q =1C and d=1m,

1

then, Fooo—— = 9x10’ N
47x 8.854%10712

Key Point: Thus, one coulomb of charge may be defined as that charge, which, when
placed i the air or vacuum at a distance of one inctre myfmm an eqwxf aud similar
charge,mrepeffmfbyﬂfoﬂeqfﬂx]ﬁ’h’ ; : :
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mmp Example 2.1 :  The two equal charges Qq = 5 uC and Qy = 1 uC are seperated by 50 cm,
are kept in a vacuum. Find the force of repulsion.
To have same force of repulsion, what should be the distance between them, if they are kept
in a material having €, =57

Solution: Casel: Q;=5uC, Q;=1uC, d=50x 1072 m

g =1 e=g; =8854x 10712
V:,cil:m & Rl Qs 5x107 %1107
——t Anegd? 4885410712 x (50x102)
50 em
Fig. 2.2 (a) = 01797 N

Case 2 : The force must be same, 0.1797 N, but e, =5

F= ,Q,

q, F=0179N ¢ dne e, d?
@ &=° -6 6
1 1 -
—dE— 01797 = X107 X110 .

4mx8.854x10712 x5x (d)

Fig. 2.2 {b) d? = 0.05

s d = 0.2236 m = 22.36 cm .. Mlew distance

2.4 Electrostatic Field

As we have seen in the previous section that unlike charges attract and like charges
repel each other. Positively charged particle exerts a force of attraction on negatively
charged while exerts a force of repulsion on positively charged particle. It must be kept in
mind that the second charged particle also produces the electrestatic force on the first
particle. So, it can be concluded that the space around the charge is always under the
stress and exerts a force on another charge which is placed around it. The region or space
around a charge or charged body in which the influence of electrostatic force or stress
exists is called electric field or dielectric field or electrostatic field.

2.4.1 Electric Lines of Force

The electric field around a charge is imagined in terms of presence of lines of force
around it. The imaginary lines, distributed around a charge, representing the stress of the
charge around it are called as electric or electrostatic lines of force. The pattern of lines of
force around isolated positive charge is shown in Fig. 2.3 (a) while the pattern of lines of
force around isolated negative charge is shown in Fig. 2.3 (b). Such lines of force originate
from the positive charge and terminate on the negative charge, when these charges are
placed near each other. They exert the force of attraction on each other. This is shown in
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Fig. 2.3 (c). While when two like charges are near each other, such lines will be in opposite

direction as shown in Fig. 2.3 (d). There exists a force of repulsion between them.
[}

i/-

/é 1\

Fig. 2.3 (a) Isolated positive charge Fig. 2.3 (b) Isolated negative charge

,\ Force q‘fjnraulnn
: .

Fig. 2.3 (c) Two aqual unlike charges Fig. 2.3 {d) Two equal like charges

Kay Point: In gmcmf the dmcnons of the hm:s of fonce ar any pamt is the. dxmchon of
movement.of @ wunit positive charge placed at that point, if free to do so.

2.4.2 Properties of Electric Lines of Force
The properties of electric lines of force are,
1) The lines of force always originate from a positive charge and terminate at
negative charge.
2) They always enter or leave a conducting surface, normally.
3) They are always parallel and never cross each other.
4) The lines travelling in the same direction repel each other, while traveling in the
opposite directions attract one another.
5) They behave like a stretched rubber band and always try to contract.

6) They pass only through the insulating medium between the charges and do not
enter the charged bodies.

magm'uc Ilm af

_Key Peint: Hence, they: cannot form a closed foop as it case: of 4

2.5 Electric Flux

Theoretically, the lines of force emanating from a charge are infinite. Faraday
suggested that the electric field should be assumed to be composed of very small bunches
containing a fixed number of electric lines of force. Such a bunch or a closed area is called
a tube of flux.

Kay Po]nt m iqmj

RS
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This is represented by the symbol y. Similar to charge, unit of electric flux is also
coulomb C.

One coulomb of electric flux is defined as that flux which emanates from a positive
charge of one Coulomb.

In general, if the charge on a body is + Q Coulombs, then the number of tubes of flux
or total electric flux, starting or terminating on it is also Q.
So, for a charge of + Q coulombs,

Electric Flux, y = Q coulombs (numerically)

2.6 Electric Flux Density
This is defined as the flux passing at right angles through unit area of surface. It is
represented by symbol D and measured in Coulomb per square metre.

If a flux of y Coulombs passes normally (at right angles) through an area of Am?,
then

_v _Q 2 -
D_X =4 C/m’ o As Ww=0Q

Let a point charge of Q coulombs placed at the centre of an imaginary sphere of
radius ‘t’ metres.
Total flux, y = Q
This flux falls normally on a surface area of 4ne? (mef:re)2 of sphere. So, electric flux
density,

v Q 2
D=+ = —C/m’
A 4nr? _

The flux density is also called displacement density.

2.6.1 Surface Charge Density

If the charge is distributed over the surface, then the surface charge density is defined
as the charge per unit area of the surface over which the charge is distributed. It is
denoted as 8.

C/m?

on
i
kgl

2.7 Electric Field Strength or Field Intensity

It is defined as the force experienced by a unit positive charge placed at any point in
the electric field. It is represented by symbol E and measured in newton per coulomb.

Suppose a charge of Q coulombs, placed at a point within an electric field, experiences
a force of F newtons, then the intensity of the electric field at that point is given by,
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E=—- N/C

Higher the value of E, stronger is the electric field.
Consider a positive charge of Q coulombs placed in a

ac 1c medium as shown in the Fig. 2.4.
® ® Let a unit positive charge is placed at a distance of
d i d metres from the charge Q.
The field intensity at the point where unit positive
Fig. 2.4 charge is placed can be obtained from force experienced
by unit positive charge.
Now, E = % buthere, Q=1C unit charge
E =F
But, F = Qx1 ... By Coulomb’s law
4med?
E=—2_ N/
4med?
But, E = i
E- —2 _
dneye, d?

The similar concept can be used to obtain the relation between electric field intensity
and electric flux density.

2.7.1 Relation between D and E
Let there be a point charge of ‘Q’ coulombs
placed at the centre of the sphere of radius v’
q metres. The small positive charge ‘q’ coulombs is
placed at a distance ‘r’ from ‘“Q’ on the surface of
the sphere as shown in Fig. 2.5.

The force experienced on the charge ‘q" due

to ‘Q’ is given by
Fig. 2.5 Relation between D and E Qq

F=
4mE e, T

Electric field strength is given by force per charge.
. E Q

3 ... By Coulomb’s law

9 4ne. e f?
q dne e, T
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E=—2 - nNgC
dneg e, r°
The flux density is, D = ¥
Now, v =Q
While a = Surface arca of the sphere = 4 ¥ m

D = Qz C/m?
dnr

Substituting in the equation for ‘E’ we get,
D

[

and | D = Erye, C/m?

2.8 Permittivity

From the relation derived above, we can say that electric flux density depends on
electric field strength. Now the value of electric flux density depends on the value of
electric field strength E along with the dielectric property of the medium which is known
as permittivity.

Key Point: Permiltivity can be defined as the ease with which a dielectric medinm

permits an electric flux lo be established i it,

2.8.1 Absolute Permittivity

The ratio of the electric flux density D to electric field strength E at any point is
defined as the absolute permittivity.

It is denoted by € and measured in units farads/metre, (F/m).

F/m

2.8.2 Permittivity and Free Space
It 1s also called as electric space constant.
Key Point: The ratio of the electric flux density i g vacuum (or free space) to the
corvesponding electric field is defined as pernnttiviy of ihe free space.

It is denoted by g; and measured in unit farads/m (F/m).

g = % F/m  in vacuum
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The value of g is less than the value of permittivity of any medium. Experimentally,
its value has been derived as,

1 -12
= ——— = B.854 x 10 F/m
0T em0?

2.8.3 Relative Permittivity

To define the permittivity of the dielectric medium, the vacuum or free space is
considered to be a reference medium. So, relative permittivity of vacuum with respect to
itself is unity.

The ratio of electric flux density in a dielectric medium to that produced in a vacuum
by the same electric field strength under identical conditions is called relative permittivity.

It is denoted by g and has no units.

g = 2
D,
Now D = gE and Dy=¢gE
. g = eE
’ g E
= £
. g = %
. £ = g8

1t can also be defined as the ratio of the absolute permittivity of the dielectric medium
to the permittivity of the free space. The relative permittivity of the air is also taken as
unity, though its actual value is 1.0006. Most of the other materials have value of relative
permittivity between 1 to 10.

Sr. No. Material Relative permittivity, £

1 Free space 1

2 Alr 1.0006 =~ 1

3 Rubber 235

4 Paper 21025

5 Mica dte7

] Porcelain Glo7

7 Bakelite 4.5 o 5.5

8 Glass Sto 10

'Table 2.1 Material and ¢,
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The relative perrmthvuy of air is assumcd to be one for all practical purposes.

In practice, paper and mica are extensively used for manufacmﬁng of capacitors.

Key Point: The rclatmc pmimmty is nol‘?nmg but me dw!acm:: constmt of me
material,

2.9 Electric Potential and Potential Difference

When a mass is raised above the ground level, work is done against the force of
gravity. This work done is stored in the mass as a potential energy (mgh). Hence, due to
such potential energy, it is said that the mass, when raised above the ground level has a
gravitational potential. Such potential of mass depends upon the position of the mass with
respect to the ground.

An electric charge gives rise to an electric field around it, analogous to gravitational
field around the earth. If any charge is introduced in this field, it gets attracted or repelled,
depending on the nature of the charge. At the time of movement of this charge, work is
done against or by the force acting on the charge due to the electric field. This depends on
the position of the charge in the electric field and is analogous to the potential of mass
due to gravitation field, when lifted upwards.

== Direction of Now, consider a small isolated positive charge 'q’

a A q Mmovement placed at infinity with respect to another isolated
[ ] positive charge ‘Q" as shown in the Fig. 26
E E Theoretically, the electric field of charge ‘Q' extends
: - i upto infinity but has a zero influence at infinity,
Distance where ‘q’ is placed. When charge ‘g’ is moved

Fig. 2.6 Electric potential towards ‘Q’, work is done against the force of
repulsion between these two like charges.

Due to this work done, when charge ‘q’ reaches position A, it acquires a potential
energy. If charge ‘q’ is released, due to force of repulsion, it will go back to infinity ie.
position of zero potential. So, at point A, charge ‘q’ has some potential exactly equal
work done in bringing it from infinity to the point A, called electric potential.

It can be defined as the work done in joules, in moving a unit positive charge from
infinity (position of zero potential) to the point against the electric field.

It is denoted by symbol V and is measured in joule per coulomb or volt.

Workdone (W)
Charge (Q)

Thus, Electric potential V = .. Volts
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Definition of 1 volt :

The electric potential at a point in an electric field is said to be one volt when the
work done in bringing a unit positive charge from infinity to that point from infinity
against the electric field is one joule.

1 joule

Lvolk = 1 coulomb

2.9.1 Potential Difference

Direction of Consider two points A and B in an electric field as
a r;ovem:nl shown in Fig. 2.7. The positive charge +q" is moved from
@._....,.,.:qm:{.q _____ point A to B in an electric field. At point A, charge acquires

certain electric potential say V,. Some additional work is
Fig. 2.7 Potential  done in bringing it to point B. At point B, it has an electric
difference potential say Vp.

Key Point: The dfmnce betiween these fuo putcmmfs per i : pi:rsr'tive charge i.s: called

. potential difference.

So, the potential difference between the two points in an electric field is defined as the
work done in moving a unit positive charge from the point of lower potential to the

higher potential.
Wa ~Ws

ie. Vap = Va-Vp = AR volis

2.9.2 Expressions for Potential and Potential Difference
Consider a positive charge Q placed in a medium of

PoA B8 relative permittivity . Consider a point P at a distance r
r | from the charge Q. Now, a unit positive charge of 1 C is
! placed at point P, there will exist a force of repulsion
4 between the two charges. This is shown in the Fig. 5.8.
Fig. 2.8 The force of repulsion is given by,
Fo 2 a N
dmer? dmeye, 1’

Now, electric field intensity at point P is the ratio of force to charge at point P. But
charge at P is unit charge,

= 9 N/m

F
E = —
1C 41180:,1'2

Now, move the unit charge at point P towards charge Q against the force of repulsion.
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Work done :
Let the distance moved by charge at P towards Q be dr and for this work is done
against force of repulsion, given by,

dW = -Edr = - Q—-dr

2
dnege r

The negative sign indicates that the work is done against the force of repulsion.

Now, to find electrical potential at point P, consider that the unit positive charge is
moved from infinity to the point P. Hence, total work done in moving unit positive charge
from infinity to point P can be oblained by integrating dW as,

r
W = [dw

-

B

T
r =-— le’dr
4rraoe dneg e, g2

Key. Point: But fhis

Vp = W =—Q volts
dne €, T

Thus, as r increases, potential decreases till it becomes zero at infinity.

Potential difference :

Consider point A at a distance dy from charge Q. Hence, potential of point A is given
by,

Q
Vi = e
AT Tneye, d,
While the potential of point B which is at a distance d, from the charge Q is,
- Q
Ve = dneg €, d,y

Hence, the potential difference between the points A and B is given by,
Vag = V4-Vg
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We know that field intensity at a distance ‘d’ due to charge Q is given by,
T

- 2
ineye,. d

While the potential of the same point is given by,

T >
Treye, d
Substituting V in expression for E, we can write,
\
il

2.10 Potential Gradient

In practice, the electric field intensity is not uniform but varies from point to point in
an electric field. Let the electric field strength at any point A in an electric field be E
(N/C). Now, the unit positive charge at point A is displaced by distance dx metres in the
direction of the field so that the electric field strength remains constant. Work done in
moving this charge can be determined by force = displacement.

Work done = + E x dx joules

Let dV be the potential drop over this distance in the direction of the electric field. It
is moved from point of higher potential to lower potential. So, by the definition of a
potential difference,

dV = +Edx
Le E = + %E
The term %¥ in the above expression is called the potential gradient.

Key Point : Potential gradient is defined as the drop in mfmrmi per metre. in the
- direction of the electric field. - _
It is measured in units volts/metre (V/m).
If the change in potential is from lower potential to higher potential, i.e. against the
direction of the electric field then potential gradient is said to be negative i.e.

dv
dx_

E =

Key Poaint: From the above expression, if follows that numerically,
Electric Field Strength = Potential Gradient
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2.11 Capacitor

A capacitor is nothing but the two conducting surfaces, separated by an insulating
medium called dielectric. These conducting surfaces could be in the form of rectangular,
circular, spherical or cylindrical in shape.

A capacitor is also called condenser. The commonly used dielectrics in capacitors are
paper, mica, air etc.

2.12 Capacitance

Capacitance is defined as the amount of charge required to create a unit potential
difference between the plates.

: Key Poaint: T.‘Ie pmper.ly of a mpadlor !a strJre an r‘.‘actrxc .mergy in ﬂ!e ﬁlrm af static :
- charges is called ifs capacitance, - 5

213 Action of a Capacitor

Consider a capacitor formed by two flat metal plates X and Y, facing each other and
separated by an air gap or other insulating material used as a dielectric medium. There is
no electrical contact or connection between them. Such a capacitor is called parallel plate
capacitor.

Consider a circuit in which such a capacitor across a
battery with the help of a switch ‘S’ and a galvanometer
‘G’ in series. The arrangement is shown in the Fig. 2.9.

Let us see what happens when the switch 'S’ is closed.
As soon as the switch ‘S" is closed, the positive terminal of
the battery attracts some of the free electrons from the
plate "X’ of the capacitor. The electrons are then pumped
from positive terminal of the battery to the negative
terminal of the battery due to em.f. of
the battery. Now, negative terminal and
electrons are like charges and hence,

Fig. 2.9 A capacitor

Galvanomeler

— s *—@é —
I Conventional 1{

| —0

||+

—B c th’ )elacr.ric
- ——T———/ field

Conventional ¥ é\‘

7

current e i Growing

curent
e~ ©— 66— :

Charged ==
capacitor

Fig. 2.10 Action of a capacitor

electrons are repelled by the negative
terminal to the plate Y’ of the capacitor.

The action is shown in Fig. 2.10.

So, plate ‘X' becomes positively
charged while plate ‘Y’ becomes
negatively charged. The flow of electrons
constitutes a current, in the direction
opposite  to  the flow of electrons.
This is the conventional current called
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charging current of the capacitor as shown in the Fig. 2.10. This can be experienced from
the momentary deflection of the galvanometer ‘G’. Because of this, there builds a polential
difference across the plates X’ and Y’ There builds an electric field between the two
fields.

But this potential difference across the plates, acts as a counter em.f. and starts
opposing the movement of the electrons. The magnitude of this potential difference is
proportional to the charge that accumulates on the plates. When this potential difference
becomes equal to the battery e.m.f,, the flow of electrons ceases..

If under such condition, the battery is disconnected then the capacitor remains in the
charged condition, for a long time. It stores an elecirical energy and can be regarded as a
reservoir of electricity. Now, if a conducting wire is connected across the two plates of
capacitor, with the galvanometer in series, then galvanometer shows a momentary
deflection again but in the opposite direction.

This is due to the fact that electrons rush back to plate X from plate Y through the
wire. So, there is a rush of current through the wire. This is called discharging current of
a capacitor. Thus, the energy stored in the capacitor is released and is dissipated in the
form of the heat energy in the resistance of the wire connected.

The direction of the conventional current is always opposite to the flow of electrons. If
the voltage of the battery is increased, the deflection of the galvanometer also increases at
the time of charging and discharging.

273

2,14 Relation between Charge and Applied Voltage

As seen earlier, the charge on capacitor plates depends on the applied voltage. Let V'’
be the voltage applied to the capacitor and ‘Q" be the charge accumulated on the capacitor
plates, then mathematically, it can be written as,

Q =V
ie. Q=CV

The constant of proportionality ‘C’ is called capacitance of the capacitor, defined
carlier.

e

<o

From the above expression, the capacitance is defined as
e L]l the ratio of charge acquired to attain the potential difference
[ between the plates. It is the charge required per unit potential

diffy I ured i it farads.
Fig. 2.1 Symbol of erence. It is meas in unit farads

capacitance
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P

One farad capacitance is defined as the capacitance of a capacitor which requires a
charge of one coulomb to establish a potential difference of one volt between its plates.

The capacitance is symbolically denoted as shown in the Fig. 2.11.

For practical use, the farad is too large unit and hence, micro farad (uF), nano farad
(nF) and pico farad (pF) are commonly used.

1uF = 10°F
1nF = 107°F
1pF = 107F

2,15 Capacitance of a Paraliel Plate Capacitor

Dielectric Consider a parallel plate capacitor, fully charged,
as shown in the Fig. 2.12.
X Y The area of each plate X and Y is say A m? and
4 = plates are separated by distance ‘d".
i =
@ i = The relative permittivity of the dielectric used in
R & " between is say &,.
Ar:a + |- Let Q be the charge accumulated on plate X, then
S the flux passing through the medium is w = Q.
Fig. 2.12 Charged capacitor
; L A=)
The flux density, D = A A
The electric field intensity,
v
LRl
Weknow that D = eE
Q_ .V
R
Q _ A
VvV ~ d
Q_
But, v - Cc
_EA _ e A
Esfr ooy ¥

Key Point: When the capacitor is fuify -:M;rgzd the potential d[ﬁ‘erence across it is
equal fo rﬁz voltage applied to it. :
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wmp Example 2.2 : A parallel plate capacitor has an area of 10 cm? and distance between the
plates is 2 mm. The dielectric used between the plales has relative permittivity of 3.
Determine the capacitance of the parallel plate capacitor.

Solution : The capacitance can be calculated as,
EA  EgE A 3x8854x107M x10x10~

C —_—
d d 2x107

1.328 x 1071 = 13.28 pF

mmp Example 2.3 :  The potential gradient between the plates in the above capacitor is
12 kV/em, determine the voltage across the plates, charge, electric flux density and electricity
Sflux between the plates.

Solution : Electric intensity = Potential gradient
k}
E =12 kV/em = 2210 vim - 1200 x 10° V/m

1x 1072

And C = 1328 pE ... Calculated in Ex. 2.1.

Now, E = %
\‘J'
1200 x 10° = ——— je. V=2400V
2% 1073

This is the voltage across capacitor plates.

_Q
C=v
Q =CV =1328x 102 %2400 = 3187 x 107 C

Charge = 31.87 nC
Electric flux, Yy = Q =3187nC

9
Electric flux density, D = Q _ 3187107 3187 % 107° C/m?

3187 pC/m’

2.16 Dielectric Strength

We know that, E = %
So, as the voltage on the capacitor is increased with a given thickness (d) or the
thickness (d) is reduced with a given voltage (V), the electric intensity E increases.
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This intensity represents the force exerted on the
charges on the molecules or the dielectric material.

As E is increased, the centre of the positive charges
is pushed in the direction of E and centre of the
negative charges in the opposite direction.

Now, every dielectric medium has its capacity to
2 withstand the increasing E. If the applied voltage and

Fig. 2.13 Dielectric strength pence E is increased beyond a certain limit, then forces
on the molecules become sufficiently large. The electrons break away from the molecules
causing ionization and free charges.

The material then conducts due to ionization and the charge recombine, thereby vanish
from the capacitor plates. The capacitor can no more hold the charge and is said to be
breakdown. The dielectric medium is said to be punctured and becomes useless from
using it as a dielectric.

The ability of an insulating medium to resist its breakdown when a voltage is
increased across it, is called its dielectric strength.

This depends upon the temperature of the material and presence of air pockets and
imperfections in the molecular arrangement of that material. It is generally expressed in
kV/em of kV/mm.

Key Point: The wvoltage at which the dielectric medium of the capacitor breaksdown is
known as breakdown voltage of the capacitor.

The factors affecting the dielectric strength are,
. Temperature
. Type of material
. Size, thickness and shape of the plates.
. Presence of air pockets in the material.
. Moisture content of the material.
. Molecular arrangement of the material.
Dielectric strength and dielectric constants of some materials are quoted below from
published literature.

o e W =

Sr. No. Material Dielectric tant | Dielectric strength in kV/
1 Air 1 3
2 Bakeli 5 15 to 25
3 Mica 6 46 to 200
4 Dry paper 22 5to 10
5 Glass 6 6 to 26

Table 2.2 Dielectric strengths
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The dielectric strength varies as thickness of dielectric material hence the range of
values are given in the Table 2.2. The value indicates that if material is subjected to electric
field more than specified dielectric strength then it will breakdown.

2.16.1 Dielectric Leakage and Losses

If there is no leakage of current in the dielectric and the insulation is perfect, then the
charge on the capacitor plales can be held on for hours.

The fact however remains that the insulation resistance of most of the dielectric
materials is only of the order of megachms and hence charge on the capacitor leaks away
through the insulating material in a few minutes.

Key Polnt: In any case, it is dangerous to douch a charged capacitor even after it is
disconnected from the supphy.

In case of d.c. a practical capacitor is considered to
be a charge storing device in parallel with a leakage
resistance (R) as shown in the Fig. 2.14.

Further, when the voltage applied to the capacitor
is alternating, duc to molecular friction of dipoles
created in the material, the value of R becomes
frequency dependent. The loss due to such molecular friction is called dielectric loss.

Leakage
resistance ° ¢

Fig. 2,14 Practical capacitor

2.17 Capacitors in Series

Consider the three capacitors in series connected across the applied voltage V as
shown in the Fig. 2.15. Suppose this pushes charge Q on C; then the opposite plate of C;
must have the same charge. This charge which is negative must have been obtained from
the connecting leads by the charge separation which means that the charge on the upper
plate of C; is also Q. In short, all the three capacitors have the same charge Q.

+
+
+
+

Wy

|

|
|E1“ol

. Equi\falent
capacitance

+
+
+
+

(2]

k]

\

Vz

I
K
£

UJ“——<—"—‘-‘—‘-"“1)

(a) (b)
Fig. 2.15 Capacitors in series
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Q= GV = GV, = GV
iy _ Q. ey -2
Giving , vV, = c’ Vy = G, V= C,

If an equivalent capacitor also stores the same charge, when applied with the same
voltage, then it is obvious that,

Q Q
Cog = + or . V=_2*
eq Vv c“i
But, V o= ViV, +V,y
Q Q.0Q Q
= e o e
G, §767G
1 1 1 1
. R
Cm] Cl C2 C3
It is easy to find V,, V, and V5 if Q is known.
. . . . 1 1 1 1
For 'n’ capacitors in series, = c =t .t c
(2} 1 2 n

Key Point: For all the capacitors in series, the cfmrge. on all of them is always samie, but
the voltage across them is different.

2171 Voltage Distribution in Two Capacitors in Series
Consider two capacitors C; and C, connected in series.

The voltage across them is say, V wvolts. This is shown in
v Fig. 2.16.
As capacitors are in series, the charge on them is same,
say Q.
) Q=G VvV, = V.
Fig. 2.16 Capacitors . 1 © V2 .
in series where V, is voltage across Cy and V, is voltage across C,
Now, Vo= Vi+V,
From the expression of (, we can write,
W.o
vy G
A% C
Adding 1 to both sides, L1 = 2241
V, ¢
V,+V, _ C,+Cy
’ v, <
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v G, +C
W= q, wASV V=V
Cl
V, = Vot
Ci+G
C
Similarly, Vi = Vet
1 2

The result is exactly identical to the current distribution in two parallel resistances.

mmp Example 2.4 : Three capacitors of values 2 pF, 4 pF, and 6 uF have an applied voltage of
60 V across their series combination. Determtine the voltage on each of the capacitors.

Solution :  This is the example of series connection.
1 = 1 + 1 + i
Coq  2x10%  4x10°®  6x107®

1 1.1 1], s[6+3+2
- = 106[5*3*3]'10 [ = ]

_12 s 12
C“] —11 = 10 F—ﬁj.lF

_ _ 12 s _ 720 -6
Q --Cqu—-[u x10 ] x 60 = ﬁxlﬂ coulomb

In series combination of capacitors, charge on each capacitor is same as Q calculated
above.

kX Q=0GV, =GV, = 3V,
720

Q me*‘ 360
: V.l = _S=laa e = = 32727 volts
. < 2x107¢ 1
720106
180
v, = QoI | 22 = 16.364 volts
2 =5 4x107°
720 o6
Zxip
v3=_Q=L._____= 120 _ 10,909 volts
G | ex100 1

Key Point: Notice fhal the smallest capacitor has the largest of the t&r&e wl'tages across
it and that Co; 15 lesser than any of the capacitors nt the series siring.
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2.18 Capacitors in Parallel
Key Point: When mpacztors m in pdm!fei the sam ‘eoltage exists across Htem imr
charges are different. e pEYEE
|Q1 =GV, =GV, Qg—C3v |
The total charge stored by the parallel bank of capacitors Q is given by,

Q=Q+Q+Q
= CIV+C2V+C3V=(C|+C2+C3)V e (1)

+ A + a— Equi\r_alent

a, Q, q, capacitance

+| + +| + +| + +|+
V ¢ ZE ¢ EZ ¢ == v a == ¢,
"B "B
(b)

(@
Fig. 2.17 Capacitors in parallel

An equivalent capacitor which stores the same charge Q at the same veltage V, will

have

Q = Ceq v - (2)
Comparing equations (1) and (2),
As Coq = G+ G+ G

Q=CV+GV+GYV

It is easy to find Q1, Q, and Q; if V is known.
For ‘n’ capacitors in parallel, Coq = Cy + C3 4. .. + G

mmp Example 2.5 : Two capacitors are connecled in parallel having equivalent capacitance of
10 WF while same capacitors when connected in series have equivalent capacitance of 2 pF.

Find the values of two capacitors.
Solution :  Case 1 : Capacitors in parallel

Cq = G +G=10pF - (1)
Case 2 : Capacitors in series
C,C
1-2 o)

qu = G +Gy =2uF

10 x 1076 - C; and using in equation (2),

From equation (1),C,
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¢ [10x10°6 -, |

_ -6 -
g =2x10 .. Cp + Cy = 10F

10x106C; -C} = 20 x 10712

€2 -10x107°C, +20x1072 = 0

10x107 J;J(mxw*)z —4x20x10712

¢ =

2
_ 10x107° £4.4721x107°
- 2
= 7236 x 107% or 27639 x 107°F
Thus C, = 7.236uF, C, = 2.7639 uF
or C; = 27639 puF, C; = 7.236 uF

2.19 Parallel Plate Capacitor with Multiple Plates

In case of electronic apparatus, in many cases, a
I — multiple plate capacitor is used. This is shown with
-t |+ terminals A and B in the Fig. 2.18. All the metal
plates form capacitance with the adjacent plate.

In such capacitor, one set of plates is fixed while
Fig. 2.18 Parallel plate other is movable. The set of moving plates can be
capacitor with multiple plates  moved in and out of the space between the fixed
— plates, without touching them. The alternate

plates are connected to the terminals A and B.

Consider such a capacitor with three plates as
shown in the Fig. 2.18 (a).

Fig. 2,18 (a) Three plate capacitor ]t can be seen that there exists two capacitors

C; and C; between the adjacent plates. Let A be

the arca of one side of each plate, d be the thicl of the di | the plates

and €, is the relative permittivity of the medium. Hence, according to the capacitance of a
parallel plate capacitor,

EqE A
We can write, C; = _f_'.dL___

Now, as the parameters €., A and d are same for any combination of plates,
C =G

The two capacitors are in parallel,

2epe, A

Cog = G +C = 5

eq
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Now, if the n plates are used, we can write that

(=D ege A

Coq = d

©q

Inmp Example 2.6 :

A multiple plate capacitor has 4 plates in all and the distance between the

plates is  Lmm. If the area of the plates is effectively 5 em® and the dielectric constant of
material between the plates is 10, determine the capacitance.

Solution :
C

x 10

3x5x10x10~
36mx10°

(n-1)Agge,  (A-1)x(5x107") 1
d = X

=132 x100F

11073 36nx10°

=132 pF

2.20 Composite Dielectric Capacitors

Fig. 2.19 Composite capacitor
thicknesses t;, t, and t; is shown in Fig. 2.19.

When a parallel plate capacitor has
two dielectrics or more between the plates,
it is said to be composite capacitor. The
various types of such composite capacitor
exists in practice. Let us study few types of
such composite capacitors.

Type 1 : In this type, number of
dielectrics having different thicknesses and
relative permittivities are filled in between
the two parallel plates. The composite
capacitor with three different dielectrics
with permittivities €,, &, and g, and

Let V be the voltage applied across the capacitor.

It can be seen that there exists three capacitors in series. The values of three capacitors
are different. Hence, the equivalent capacitance across the terminals A-B is,

BLENNES S B
Ceq TG GG
And C, = Eg El‘lA C Eg ErlA C, = EpEn A
1= 7, @ 5, O t
1 ;[‘_1 ‘_2+‘_3]
Ceq Eg A |Ey Ep £y
c = £y A

eq t t t
{_1 LI _3]
En B Ep
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In general, for a composite capacitor with ‘'n’ diclectrics,

Ce _ £g A _ Eg A
q oot tyot t
_k It WP S
k,—_lsl‘k erl cr2 Em

The voltage across each dielectric will be different,
vV = \"1 + Vz + Va

But, E=¥ ie. V=ELt

V=Et+Et+Et
where E;, E; and Ej are the values of electric intensities in the different dielectrics.

A Type 2 : In this type, in the same
thickness, ‘t’, the two dielectrics are
T arranged as shown in the Fig. 2.20.

_|_ J Let the relative permittivity values
T G 0 for the two dielectrics be g, and g,
The thickness for both is same but the
1 areas are different. It can be seen from
B the equivalent circuit that there exists
two capacitors in parallel due to two

Fig. 2.20 Composite capacitor different dielectrics.

EpEq A EgEq A £
Coq = G+ G =221 rt] Ly 2 f S =TU(AI Eq+tA,Ey)
If one of the two dielectrics is air, then the corresponding relative permittivity is one,
to be used in the above expression.

For 'n’ dielectrics arranged in same thickness 't

€
= -0
Ceq = T[AlErl+A2Er2+ ........ +Ae]

Type 3 : In practice we can have the capacitor which is combination of above two
types. One such capacitor is shown in the Fig. 2.21.

Basically it is Type 2 capacitor, consisting of Type 1 capacitor. So there are two
capacitors in parallel. The C, is having thickness t;, relative permitivity £, and area A,.
EpEyfy

G =
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A

Fig. 2.21 Composite capacitor
Now the capacitor C, is again a composite capacitor of Type 1 which itself is made up
of two capacitors in series. From the result of Type 1 we can write,
gy
CZ E S - S—
ty -t t
G-t b
] £

Hence the total capacitance is the parallel combination of C, and C,,

EgEqA N A,

= O, + =
Ceq 1+ G t (ty —t!)+t_2
2 Eg

Iy Example 2.7 : A parallel plate capacitor of area 50 em? have two dielectrics of thicknesses
1 mm and 2 mm and dielectric constants 4 and 2 respectively. Find the value of the

capacitance of the capacitor so formed.
Solution : . Ae,  (30%1074)x 8.854x 10 12
=1 i_'_t_z_ 1><10'3+2><‘IU_3
En Er 4 2

50 % 10~ 4% 8854 x 10" 12
10°% (025 +1)

= 03536x 1071 F = 3536 pF

2.21 Energy Stored in a Capacitor

When the capacitor is charged, energy is expended by the charging source. This is
because charging the capacitor means the transfer of the charges from one plate to the
another. This transfer is against the opposition due to potential difference across the plates.
Due to this, there is expenditure of energy on the part of charging source. This energy is
stored in the capacitor in terms of the electrostatic field set up in the dielectric medium.
However, when the capacitor is discharged, this field collapses and energy stored in it is
released.
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Derivation of expression :
Let us determine the energy expended in charging a capacitor of capacitance C farads
to a voltage V.

Let at any instant of charging, the potential difference across the plates be "V’ volts. As
per definition, it is equal to the work done in shifting one coulomb of charge from one
plate to another.

Now, if the charge of the capacitor is raised by a small amount ‘dq’ coulombs, the
work done is,

dw

Nnla <

-dq
- dq joules [As v =ﬂ]
C

This work done is ultimately stored in the capacitor as a potential energy.

Therefore, the total energy stored when it is finally charged to ‘Q" coulombs can be
obtained as,

W = %?q.dq = -é{ﬂ-;:[q = %—é— joules
0 0
But, V = %
2 2
W= ng
Energy stored, W = %CVZ joules

2.22 Current in a Capacitor

When voltage applied to the capacitor, more
C&?;‘gﬂﬂ charges are supplied to the capacitor and there is a
! flow of current in the external circuit.

The Fig. 222 shows a capacitor C connected
across a voltage V' and current ‘I’ is flowing
through the external circuit.

_ Let charge dq be applied to the capacitor in
time dt, to increase the voltage across capacitor by
dv.

=
1|+
4

+ +|+ +
—_

Fig. 2.22 Current in a capacitor
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dq
Now, I = a
dq
And C = av
o dg = CdVv
dv
. I=Co
1 t
And V=g jldl

The integral given here can also be interpreted as area under the current curve from
t=—20 to the time t under consideration.

Now, capacitor is filled with good insulation, then how can current flow through it ?

The answer is that current flow inside the capacitor is not because of movement of
electrons ie. it is not a conduction current. In a capacitor, we can assume that an
imaginary current flows through the capacitor whose value just equals the conduction
current outside the capacitor. This current is called ‘displacement current.’

dv _ dy

i = i displacement = C — ac dr

Key Point : Cutside the capucitor, the current flows by mmlm:hmr process and
inside the capacitor by displacenient process.

2.23 Types of Capacitors

Mostly, the capacitors are classified based on the size and shape of the plates used. e.g.
Farallel plate, cylindrical, concentric spherical etc. They may be classified based on the
nature of the dielectric used as follows :-

i) Air capacitors : This type of capacitor consists of one set of fixed plates and another
set of movable plates. Its capacitance can be changed by changing the position of the
movable plates. This type is mainly used for radio work where the capacitance is required
to be varied.

ii) Paper capacitors : This consists of metal foils interleaved with paper impregnated
with wax or oil and it is rolled into a compact form. These are used in power supplies.

lil) Mica capacitors : It consists of alternate layers of mica and metal foil clamped
together tightly. Use of mica makes its cost high. It is mainly used in high frequency
circuits which requires greater accuracy, high voltages and less dielectric loss.
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iv) Poly carbonate capacitors : This is a recent development where a film of
polycarbonate, mefallised with aluminium is wound to form the capacitor elements. It has
a relative permittivity of 2.8 and has a high resistivity with very low dielectric loss.

v) Ceramic capacitors : It has a metallic coatings on the opposite faces of a thin disc of
ceramic material like barium titanate, hydrous silicate of magnesia, etc. It is used in high
frequency radio and electronic circuits.

vi) Electrolytic capacitors : These are most commonly used and consists of two
aluminium foils, one with an oxide film and one without. The foils are interleaved with a
material such as a paper saturated with a suitable electrolyte. The aluminium oxide film is
formed on the one foil by passing it through an electrolytic bath. This oxide film acts as a
dielectric. These are used where very large capacitance values are required so used in
electronic and filter circuits. The main limitations of this type are the low insulation
resistance and suitability only for those circuits where the voltage applied to the capacitor
never reverses its direction.

2.24 Charging a Capacitor through Resistance

Consider a capacitor C in series with the

o0 A —--a-  resistance R. The capacitor has initially no charge
1 and no voltage across it. When the switch is closed

\ volts c>= Ve al the instant t = 0, the charge starts accumulating
l on capacitor and current starts flowing.

The rate of rise of charge at start is high and
later becomes slow and behaves in exponential
manner tll it reaches equal to the source voltage V.
The current at the instant of closing the switch is
high and as the voltage across capacitor Ve at start is zero this initial current can be
expressed as,

Fig. 2.23 Charging a capacitor

This is maximum charging current. As capacitor starts charging, the capacitor voltage
Ve increases and finally after a certain period achieves a value equal to V.

Then the charging current reduces to zero. Theoretically, the current becomes zero only
after an infinite time. In actual practice the voltage across capacitor and current achieve
their steady state values equal to V and zero respectively, in a relatively short time. The
variation of charging current and capacitor voltage V. against time is shown in
Fig. 2.24 (a) and (b).
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Current i Ve
N ¥ AU
5 v

% 0.632V ==~
Current

decreases

0.3681 Voltage across

capacitor increases

A
[

Fig. 2.24 Variation of charging current and voltage V¢

2.24.1 Mathematical Analysis

Let Ve = Voltage across capacitor at any instant.
q = Charge on capacitor in coulombs at any instant.
i = Charging current at any instant in amperes.
By Kirchhoff's voltage law,
V o= Vg+ Ve
= iR+ V¢

dv,

but i = =t

dt
dV,
- = --——C—
V- Vo = RC—
. dt _ dVe
RC ~ V=V,

Integrating both sides of the above equation,

“cth = —Im(V-Vo+K

where K = Constant of integration.

At t = 0, Vo = 0, substituting in above,
0=-In(V)+K

K = m(V)
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t = -
—C-—R- = -Il‘l(v VC)‘PIHM
t v
TR = "y
V| GUCR
Vv, ¢

V-Ve = Vv e t/CR
VC = v(l_e—h’cll)

When the steady state is achieved, the total charge on the capacitor is Q coulombs.

_Q
V=<
Similarly at any instant Ve =%
9 _ Q4. oY
c=¢cld-<)
q = Q(l-eYR)
Now V-V = iR
V-V
i= RC
_ V- /R
A
_ ¥V _-ycr
i=ge

_Soal.t=D,i=%ismaadmummdhsheadystateitbemwm

Thus capacitor acts as short circuit at start and acts as open circuit in steady state.

2.24.2 Time Constant
The term CR in all the above equation is called the Time Constant of the R-C
charging circuit and denoted by 1, measured in seconds.

When t = CR=1 then,
Ve = V(l-¢7)
Ve = 0632V

So time constant of the R-C series circuit is defined as time required by the capacitor
voltage to rise from zero to 0.632 of its final steady state value during charging.
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Incidentally after t = 21, 31, 41 the capacitor voltage attains the values as 0.863 V,
095 V, 0982 V respectively and practically capacitor requires the time 4 to 5 times the
time constant to charge fully.

When t = CR then
. i y
fo= Re —0.368[R]

Now [%] is starting charging current. From this time constant can be defined as
below.

Key Point: Time constant is the time required for the charging current of the capacitor
to fall to 0.368 of its initial maximon value, starting from its maximum valie.

2.24.3 Initial Rate of Rise of Capacitor Voltage

The initial rate of rise of capacitor voltage is fast however when the capacitor charges
this rate is reduced.
7

dv
Let us find initial —-C, by differentiating the equation of V.

dt
= d Ve 1 =
Exeirly B i TR
Since ai \a’[+ TR ]e
dV v v
= C H e = -
Att=0, at CR =~

Ve Thus the tangent to the initial
part of V¢ joins Vo = Vatt=tas
shown in the graph.

From the above discussion, the
time constant of R-C series circuit can
be defined as the time in seconds
during which the voltage across the
capacitor, starting from zero, would
reach its final steady value if its rate

0632V f--F

of change was maintained ¢ t
at its initial value throughout the
charging period.

i iy

1=T 2‘T 3.:|' 4Er Time(sec.)
Fig. 225
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jmp Example 2.8 : A 80 uF capacitor is in series with, 10 kQ resistance. The combination is
connected suddenly across a 100 V supply. Find after 0.04 sec,

i) Voltage across resistance.  ii) Voltage across capacitor.

iif) Find the time at which voltage across resistance becomes 40 V.

iv) Find current at this time. v) What is charge on capacitor after 0.2 sec?
Solution : Given: C=80puFand R =10kQ =10x103Q

Initial current = E:ﬂL:o.mA

R 10x10°
Time constant T = RC = 80x107°x10x10% = 0.8 sec
i = %(G-I,’RC)
i = 001e 15
After t = 04
i = 6.0653x107° A

iR = 6.0653x10x1073 x10x103

i) Voltage across resistance

= 60.653 V
ii) Voltage across capacitor = V-Vp=100-6065 =3934V
iii) Voltage across resistance =40V
iR = 40V
40

i = =4x1072 A
10x 103

4x107 = 001 e~ 13!

t = 0733 sec

iv) Current at this time i = 4x107 A

v) After t = 0.2 sec, Ve = V(1-e 125t) =100 (1-¢™ 125%0:2)
= 22119V

Q = CxVc=80x10"%22.119

1.7695x10~% C
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2.25 Discharging a Capacitor through a Resistance

Discharci Now consider that a capacitor 'C' is being
schar ; . .
seag®  discharged through a resistor R by closing the
switch at t = 0. At the time of closing the switch
the capacitor 'C' is fully charged to V volts and it
i discharges through resistance 'R' and current
through resistance flows in opposite direction to
R that at the time of charging.

As time passes, charge and hence the capacitor
voltage V- decreases gradually and hence discharge
current also gradually decreases exponentially from
maximum to zero.

Fig. 2.26 Discharging of a capacitor

The variation of capacitor voltage and discharging current as a function of time is
shown in the Fig. 2.27.

Capacitor 1] t Z.t 3.:
voltage H J t
Ve :
H
0.368 (V/R)
Capacitor
0.368Vp=== voltage
' decreases t=VR
I
H Discharge |
+ + b curr
1 2t 3t iznt
(a) (k)

Fig. 2.27 Variation of discharge current and voltage
As direction of current is opposite to that of charging current, it is mathematically
considered as negative. Hence graph of current against time is in fourth quadrant.

2.25.1 Mathematical Analysis
Applying Kirchhoff's voltage law, we had

V = Ve+iR
But V=0,
0 = Ve+iR
Vc = -iR
dV,
But i= <

*C
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d Ve
Ve = ~R—gp
dt ch
Hence YTR T _?
Integrating both sides
t
YR < =In Ve + K
Att= 0, Vo=V
0= IV+K
K=mnhvV
t
ﬁ = -fl’ch‘FIl!V
t v
TR = My
V. _ -yer
Ve €

Ve = Ve VR yolis

_Q
As VvV = ¢
=3
And Ve = o
ﬂ = .Q.. e_tJfCR
C C
q = Qc‘tJ{CR
V.
Now i Z_TR
But VR = Vc
V,
=%

el reinti e

‘reverse of that of charging current. -
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2.25.2 Time Constant
Similar to the previous definilion, at the time of discharging also the term CR is called
as time constant denoted by t©

t = t=CR seconds
When t = CR
Ve = Vel = 0368V

and i =—v%e"

i = -0368 [%]mps.

So time constant can be defined as

i) The time required for capacitor voltage to fall to 0.368 of its initial maximum
value on discharge from ils initial maximum value.

ii) The time required during which the capacitor discharge current falls to 0.368 of
its initial maximum wvalue.

2.25.3 Significance of Time Constant
The charging and discharging of a capacitor under the conditions discussed is said lo
be exponential. The 'time constant' (1) of the circuit has following significance.

i) The whole charging or discharging process can be considered to be completed in
a time equal to 4 times the time constant and the current falls to insignificant
value (Theoretically the process takes infinite time).

ii) The charging current falls to 36.8% of its initial value in a time equal to time
constant (1) and to nearly 1.8% of initial valueint=4 ¢

iii) The capacitor charges to nearly 63.2% of its final value in t = 1 and nearly 98.2%
of the final value in t = 4 1 provided it is initially uncharged.

iv) The capacitor discharges to nearly 36.8% of its initial value in t = T and nearly
1.8% of its initial value int =4 .
v) If the initial rate of rise of voltage is maintained then the capacitor charges to its
final value in a time = ©.
inmp Example 2.9 : A capacitor of 2 UF capacitance charged to p.d. of 200 V is discharged
Hirough a resistor of 2 MQL
Calculate :
1) The initial value of discharged current
2) Its value 4 seconds later, and
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3) Initial rate of decay of the capacitor voltage.
Solution : C =2pF, V=20V, R=2MQ
i) The discharging current is given by

i = _% o t/RC
- . v 200
Initially t=0, i= —— == =100 pA
R 2x100
ii) At t = 4 sec, -
i = - 2:3‘;& o /2 1W00x 2% 107 =—367879 yA
iii) Ve = Ve VV/RC
dvVe _ 1Y -t/kC
5 = )
Initial rate of decay is att =0,
4Ve = —l-—zim—-m\ﬂscc
dt ] _, RC 2x100%2x10°°

Negative sign indicates decay of voltage and current.

Examples with Solutions

iy Example 2,10 : A parallel plate capacitor has plates 0.1 cm- apart, a plate area of
100 cm® and a dielectric th.‘l retaiwe pemrﬂrw!y of 4. Determine the electric flux, electric
flux density, electric field i ge bet the plates, value of capacitance and
energy stored if the capacitor has a charge of 0.05 pC.

Solution :  Now electric flux W = charge on C ie. Q

v = 0.05uC
0.05x1076

Electric flux densi D =g-—4-—5|.10'm

o A 100%x107
Now D = eE

-4
E =9:_.E__=___5.f_19_=141,17\9kvm. o am
£ EE  §854x10712 x4 :

141.179%10° x0.1x102= 141.179 V

<
"
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C = EpE A

=12 104
- 8.854% 1077 x 4x100x% = 354.16 pF

0.1x10~2

w = %t:v2 = % 354.16x10712 x(141.179)>
= 353,C

immp Example 2.11 : A capacitor is composed of two plates separated by a sheet of insulating
material 3 mm thick and of relative permittivity = 4. The distance between plates is
increased to allow the insertion of a second sheet 5 mm thick and relative permittivity ‘e, ", If
the capacitance of the capacitor so formed is one half of the original capacitance, find the

value of €.
Solution : Initially, t; =3 mm and e, =4 thus e=gye  =dg,
eA gy 4A
C, = —="0_"_-1333.333¢g, A (1)
VUl ek 0
Witht, =5mm and g, =g,,, C;=05C,
Ag Ag

Now C, = £ - g (2
bt 3x103 sx10°
En Ep 4 £

Take ratio of equations (1) and (2),
C, 1333333¢; A

e -
Ag,
3><1l]'°+5><1l}'°
4 Ep
-3

1 jamam [7,5“04&10_]
05 2
-3

5x107 | 55x104

E2

e, = 6.667

1p Example 212 : A capacitor is made of two parallel plates with an area of 11 cm® and
are separated by mica sheet 2 mm thick. If for mica €, = 6, find its capacitance. If now, one
plate of capacitor is moved further to give an air gap of 0.5 mm wide between the plates and
mica. Find the new value of capacitance.

Solution: Casel:d=2mm, A=1lcam? ¢, =6
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C - EA _Eofr _ 6x8854x107 x11x107¢
T d 2x1073

29,2182 pF
Case 2 : An air gap of 0.5 mm between mica and plates

P e It is a composite capacitor.
\_L__ _— I €, =6, t; =2 mm for mica
Air gp=1 1
2 _]-3_ Ceq £, =1, = 0.5 mm for air
i .t
Mica ek J A = 11 cm? same for both
.......... Ceq = C; series G
Fig. 2.28 where C, < S0End G, = g
! 3! t
GG
For series connection, Coy = =———
e C+C,
2,2
Eofnh EgA E5A [.1]
c =4 t fyty -1
] T ggE A E A EgA
0%rl ] 0
tl + t! t]lz [‘2"*:1 +tl]
_ A ey _ 6x8854x1072 x11x10~*
[05x107 x6+2x107] 5x1073
= 11.6872 pF

Examples from G.U. and G.T.U. Papers

mmp Example 2.13 : A parallel plate capacitor has plate of area 1500 cm? seperated by 5 mm
with air as dielectric. If a layer of dielectric 2 mm thick with €, = 3 is now introduced
between the plates, what must be the seperation between the plates to bring the capacitance
to original value. [GU : June-2001]

Solution :  A=1500 cm?, d = 5 mm, £ =1

€€ A BB54x10712 x1x1500%10"*

C, = = = 0.2656 nF.
! d 5x10
2 . . it _
-—q I__"‘;':’H Now the dielectric of £, = 3 is introduced for d, = 2 mm.
[l The capacitance of a composite capacitor is,
I
| c - A _ 8851x1072x1500x10" ¢
") a4 .9 d, 2x10®
Air Ep=3 E1 B 1 3
g =1
Fig. 2.29
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Now d, is to be selected such that the value of C is same as original C; = 0.2656 nF.

8854x 10712 x1500x 104
d, +6667x1074

02656x107°

d; = 4333x10° m = 4333 mm

So total seperation between the plates is d, +d, =4.333 + 2 i 6.333 mm.

imp Example 2,14 : Two capacitors having capacitance of 6 uF and 10 |.u'-' are amnected in
parallel. A 16 UF capacitor is connected in series with this combi The
circuit is connected across 400 V. Find : a) Total capacitance of the circuit. b) Total cﬁmrge
in the circuit. c) Voltage across each capacitor d) The charge on each capacitor.

[GU : Nov.-2002]
Solution : The arrangement is shown in the Fig. 2.30.
c .
I‘ - a) C; and C, in parallel,
a.j‘,chz —c{ 2 C = C+C;, = 6+10 = 16pF
1qu s Now C'and C; are in series,
in ‘.
F1h= CxCy  16x16
400 V Cuq =m—;=m=8u}'
Fig. 2.30
b) Q = CygxV = 8x1075x400 =3.2x107 C ... Total charge
¢} For C'and Cy, the charge is same as total charge.
Q = CxV' = CyxV, .. V' = voltage across C'
. Q  32x107
Vo= =227 - 200V
€ 16x106
Q _ 32x107
Vo, = —=—=21"__ _ 200V ... Voltage across C.
PG 1ex10® 8 }
C' is made up of Cy and C, in parallel.
V, =V, = 200V. ... Voltage across C, and C,
d) As C; and C, are in parallel, voltage across them is same.
Q =GV, = 6x10 %200 = 1.2x10~3 C ... Charge on C;

Q; = GV,

n

10x106%x200 = 2x10~% C .. Charge on C,
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Q; = CyV; = 16x107°x200 = 3.2x107% C ... Charge on C;

iy Example 2.15 : Two capacitors having capacitances of 20 0F and 30 UF are connected in
series across a 600 V d.c. supply. Calculate the potential difference across each capacitor. If a
third capacitor of unknown capacitance is now connected in parallel with the 20 WF capacitor
such that the potential difference across 30 uF capacitor is 400 V. Calculate : 1) The value of

unknown capacitance 2) Energy stored in the third capacitor. [GU : July-2005]
Solution :
C,=204F C,=304F As capacitors are in series, the charge across them
I 1 same.
LL] I
1
V. - - - —
Vi H 2 ~Q =GV = GV, = GV
Cc,C 20 30
= = il o= =
V=600V Co = oG o730 = 12MF
Fig. 2.31 (a)
Q = CyxV = 12x10°%600 = 72x107 C
Q  72x107 Q _72x107°
Vi= == ———— = 360V, V, === _ =240V
176 0x10° 2 7Gx
C,=20yF €, =30 F C'=C+Cy  Cp=304F
it it it It
|_| |V, = 400 V— .._v-zuov—.-]-.—vzzm\;—.-
Cs
V=600V > V=600V
{b) (e}
Fig. 2.31

The equivalent capacitor of C; and C; is C' . Now C' and C, are in series where
charge remains same.
Q = CV =Gy,
(Cy+C4)x200 = 30x107°x 400
C,+Cy = 60x10°  ie. Cy=60x1075-20x10"6

Cy; = 40pF ... Unknown capacitor.

The voltage across Cy is V' = 200 V.
1

1
E = 5C,(V)? = 5x40x10°%200% = 08]



Elements of Electrical Engineering 2-42 Electrostatics and Capacitance

mp Example 2.16 : A capacitor is made of two plates with an area of 11 cm? which are
seperated by mica sheet 2 mm thick. If relative permittivity of mica is 6, find its capacitance.
If now one plate is moved further to give an air gap of 0.5 mm wide between the plate and
mica, find the change in capacitance. [GU : Nov.-2005]
Solution :

Case1: €, =6,d=2mm, A =11 cm?

—] d f—
gge, A B854x107 x6x11x1074
Ca-lr . X =292182 pF
d 2x1073
Ne=6

Fig. 2.32 (a)

Case 2 : Air gap of 0.5 mm is added.

d; =2 mm, d; =05 mm,
1= = - Ay —e=y

f 1
£ =6 £, =1

)
)
1
; There are two capacitors in series.
)
1

} / € = 2518 _ 595187 pF .. Same as before
M= =1 4
Fig. 2.32 (b)

ggA  8854x10712x11x10~*
C —_— e = 19.4788 pF e En =1
* 05%107 P 2

c o GG 292182x 10712 x19.4788x 10712
MG+ 292182x10712 +194788x 1012

= 11.6872 pF.

Change in capacitance = 29,2182 - 11.6872 = 17.531 pF.

mmp Example 2.17 : The total capacitance of two capacitors is 0.03 uF when joined in series
and 0.16 UF when connected in parallel. Calculate the capacitance of each capacitor.
[GU : June-2003]
Solution : Let the capacitors be C; and C,
C1C2

In series, Ceq = T

= 003x107® - (1)

Inparallel, C, = Cp+Cy= 016x107 w2
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Using equation (2} in equation (1),
C,C, = 003x109x016x1071® = 48x1071%

ie. C, = &C]:]_E e (3)
Using equation (3) in equation (2), C, +w = 016x1076
C3-016x107° C, +48x107% = 0
Solving, C; = 012pF or 0.04 uF
Hence, C, = 0.04 pF or 0.12 yF.

mmp Example 2.18 : A capacitor of 50 UF in series with 100 Q resistor is suddenly connected
across 100 V d.c. supply. Find : a) Time constant of circuit b) Initial current
c) Current equation as a function of time d) Vollage across R after 6 msec.
[GU : Dec- 2001, May-2003}
Solution : C=50pF, R=1000, V=100V

a) T = CR = 50x107%x100 =5x10"> sec =5 ms
b) Tinitial =%=:‘_—g'g=lﬁ
) i = % ~t/RC o = g-t/5XI073

{ = 20t 5

=3
d) Aftert=6ms,i= e20%6*10™ _g3012 A
Vg = ixR = 03012x100 = 30.12 \'A
immp Example 2.19 : A 20 pF capacitor initially charged to a potential difference of 500 V, is

discharged through an unknown resistance. After one minute the potential difference at the
terminals of the capacitor is 200 V. What is the magnitude of the resistance?
4 o ! [GU : Dec.-2004]
Solution : V=500V, C = 20pF, t =1 min = 60 sec, V- =200V
The equation for discharging capacitor voltage is,

Ve = VeMRC  ie 200 = 500 e-60/Rx20x107

04 = PR o In(od) = eB¥10/R

-3x10° | 3%10°
~09163 = —5—— Qe R= g =3274MO
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iy Example 2.20 : A capacitor is charged through a resistance of 500 k2 connected in series
with i, across a d.c. supply. The potential difference across a capacilor is 80 % of its final
value after 1 second during charging. Find the value of the capacilor.
{GU : Dec.-2002, June-2006]
Solution : R = 500 k2, V- = 80 % of V for t = 1 sec.

Ve = V(1-¢t/RC)
= 3
08V = V(l-o !/30x107Cy b= 1sec

08 = (1_2—1f5i)nxlt]3C)

= 3~
4 M/30XI0TC - _ 08 =02

- = n02) = -1609
500%10° C
1

= — = 124274F
1.6094x500%103 ¥

Iy Example 2.21 : Calculate the charge and voltage on each capacitor of the circuit shown in

the Fig. 2.33. [GU :June-2006]
6 uF
3uF
200V
Fig. 2.33

Solution : C; = 3 uF and C, = 6 uF are parallel hence their equivalent
C' = Cy + C; = 9 yF. So circuit reduces as shown in the Fig. 2.33(a).

The C' and Cj are in series hence,

c c,
r—(l—ﬁ—l CxCy  9%9
9uF 9uF Ceq = fvﬁi- =979 =4.5pF
Key Point: F ies 1 i
. 200V ' ¥ or series the charge remains

Sdme.

Fig. 2.33(a)
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Q = CyxV = 45x10° %200 = 9x10~* C
Q  9x10
* Voltage across C; = =— = =100V
ge 3 C,y 9%10°¢

- Voltage across C' = 200-100 = 100V
Voltage across 3 pF and 6 pF = 100 V
. Chargeon C,(3pF) = GV = 3x10%x100 =3x10 C
. Charge on C,(6pF) = GV = 6x10°x100 =6x107* C
Charge on C,(9uP = 9x107* C

iy Example 2.22 : A capacitor is charged with 5000 pC. If the energy stored is 1 joule then
find : a) Voltage and b) Capacitance. [GU : Nov.-2006]
Solution : Q=5000uC E=1]

I _ : _Q
a) E = -2-CV and Q = CV ie =5
_1Q 2 . _1 -6
E = 57X v ie. 1= 2x5000xw xV
V = 400V ..Voltage
_ Q _ 5000x10% _
b) C = T 12.5 pF ... Capacitor

mmp Example 2.23 : When hwo capacitors A and B are connecled across 200 V d.c. supply, the
potential difference across A is 120 V and that across B is 80 V. The potential difference
across A rises to 140 V when B is shunted by 3 UF capacitor. Find the capacitances of A

and B. [GU : July - 2007]
Solution :

Ca Cgy Ca Cg

11 Il Il Il

[ " Lh] L}

|=—120 V—er|=— 80 v—=| fe— 140v |
JuF
Sa————— 200V ————=2 200V

(a) (b)
Fig. 2.34
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Cp and 3 pF are in parallel hence

Ca C'=Cg+3 C=Cy+3
— A ’
|'_1"0 v I 6oV | For series capacitors, charge remains same.
ba—— 200V " Q= GV, =CV
+ CAx140 = (Cy+3)x60
Fig. 2.34 (c)
. C, = 04285 (Cy+3) w ()

Similarly for the Fig. 2.34 (a), C, and Cg are in series and for them charge is same.
Q=C.V, = CgVy ie 120C, = 80Cy

C, = 0.666 Cy - @
Use equation (2) in equation (1), 0.666 Cy = 0.4285 (Cg + 3)
3
Cp = gag5 = SIVUE  C, = 359 4F

nmp Example 2.24 : A parallel plate capacitor has plate area of 4 cm®. The plates are seperated
by three slabs of different dielectric materials of thickness 0.3, 0.4 and 0.3 mm. Find the
capacitance of each material and voltage across them if supply voltage is 1000 V. Take
€y = 8854x107'2 F/m. The relative permittivities of the materials are 3, 1.5 and 2.
[GU : July-2004]
Solution : The capacitor is shown in the Fig. 2.35.

- = =2
fﬂ'3\ =18 EgEqA 8854x10712 x 3x4x10*

C =

ty 0.3x10°3
= 35.416 pF.
— 4 b e
03 04 03
Fig. 2.35
EgEn A 8854x10712x1.5x4x10~4
Cy = 22 XLSXI0T _ 13261 pF
£, 0.4x1073
EpE A 8.854x10712 x 2% 4x 10~
C= L1 = = 23.61 pF

ty 0.3x10
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All three are in series hence charge across them is same.

Q = V=GV, =CVy = CV o V= 1000 V.
1 11,1

Now, = = =t —+-— le. C_ = 68547 pF
Cq GGG « P

Q = 68547x1072 x1000 = 68547x10~ C

v, = T:Q,' = 193548V, V, = EQ; = 5161283 V, v3=ﬁg3_=290.313v

lmp Example 2.25 : A capacitor of 10 iF is connected to a d.c. supply through a resistance of
1.1 ML Calculate the time taken for the capacitor to reach 90 % of its final charge.
[GU : Mar.-2009, July-2005, Nav.-2005]
Solution : C=10 pF R=11MQ

The equation for capacitor voltage is,

: 6
Ve = \,-(l_c~unc) - V[1_c~|/1n><m""xuxm ]

Ve = V(l—c‘"-“""")
Now Ve = 90%of V=09V
09V = v(l—e-"-‘m") e e 0009 - g
—00909t = In01 = -2.30258
t = 25.328 sec

mmp Example 2.26 : Two capacitors 4 uF and 8 uF are connected in series and charged from a
constant voltage of 210 V supply. Calculate : a) The voltage across each capacitor b) The

charge on each capacitor. [GU : March-2009]
Solution :
For capacitors in series, the charge remains
S, G, same.
{f I
4uF 8pF Q= GV = GV, = CuV
1
vy + Va ¢,C, 4x8
Coy = =5 = ——= = 2667 uF
210V GG 448

Fig. 2.36 £ Q = 2667x10°0x210 = 56x107 C
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Q _ 56x107° Q _ sex10?
a) Vi= o= = o = 140V Voz——= =2 2o =70V
! ’ 17C, T sx10t

b) The charge on each capacitor = Q = 56x10~% C

P Example 2.27 : A 10 pF capacitor is connected in series with a 1 MQ resistor. This
combination is connected across a 100 V d.c. supply. Determine i) Time constant of the
circuit if) The initial value of the charging current  iii) The initial rate of rise of voltage
across the capacitor  iv) Time taken for the capacilor voltage to reach 60 V.

[GTU : June-2009]

Solution: C= 10uF R=1MQ, V=100V

i) T = RC = 1x10%%10%10"® = 10 sec ... Time constant
ii) i= v = _100 = 100 p A ... Initial current
R 1x10°
dv, v 100
g¥c] -y Vv,
iii) qt - /e 10 10 V/sec
iv) Ve = v(1-e VR = 100(1-¢/1) and Ve = 60V

60 = 100(1-e/10) e eI = 1-06 =04

n04 = - ie -

-1 = - 09163

A
0

t = 9,163 sec

Review Questions
. Explain the concept of charge. What is its unit ?
. Explain the laws of electrostatics.
. What is electric field and electric lines of force 7 State the properties of electric lines of force.
. State and explain Coulomb's law.
. Define the following terms stating their units.
i} Electric flux ii} Electric field intensity
iii) Electric flux density  iv) Surface charge density
v} Absolute permiitivity  vi) Relative permittivity
6. Derive the relation between electric field intensity and electric flux density.
7. What ts electric potential ?What is its unit ? Define the unit.
8. Explain the concept of potential difference.

o e ke
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19.

20.

21

23.

. Derive the expressions for an electric potential and potential difference.
10.
11
12.

Explain what is potential gradient in an electric field.

What is capacitor question? Define ils unil.

Obtain expressions for equivalent capacitance when the capacitors are connected in
i) Series  and i) Parallel

. With usual notation derive an expression for capacitance of a parallel plate capacitor.
. Derive the equation for the capacitance of @ multiple plate capacitor.
. Derive the equation of the capacitance of a composite capacitor consisting of three different

dielectric media with different thicknesses and relative permittivities.

. Derive the expression for the energy stored in a capacitor.
. Explain the action af a capacitor, when connected to a battery of V volts.
. A parallel plate eapacitor has plates, each of aren 100 cm?, separated by a distance af 3cms.

The dielectric between the plates has relative permittivity of 2.2. The potential difference
between the plates is 10 kV.

Find (i) Capacitance of the capacitor ; (if) Surface charge density; (iti) Field intensity;
(iv) Energy stored. (Ans. : 6.493 pF, 6.493 x10°° C/m?, 3.3 X10° Vim, 3.246 % 1071 n
Calculate the energy stored in a parallel plate capacitor which consists of two metal plates
60 em?, separated by a dielectric of 1.5 mm thick and of relative permittivity 3.5, if a
potential difference of 1000 V is applied across it (Ans.: 61978107 J)

A polential difference of 400 V is maintained across a capacitor of 25 wF. Caleulate
(i) charge; (i) electric field strength ; (ifi} electric flux density. The distance between the
plates of a capacitor is 0.5 mm and area of cross-section of plates is 1.2 cm?. Find also the
energy stored in the capacitor. (Ans.: .01 C, 8x10° V/m, 83.33 C/m%, 2 )
The capacity of a parallel plate capacitor is 0.0005 pF. The capacitor is made up of plates
having area 200 cm?, separated by a dielectric of 5 mm thickness. A p.d. of 10,000 V is
applied across the condenser. Find (i) charge; (if) potential gradient in the diclectric; (iii)
relative permittivity and (i} electric flux density.

(Ans. :5>00° C, 2>10° Vim, 1412, 2.5 x 107 C/m?)

. Three capacitors of 5, 10 and 15 WF are connected in series across a 100 V supply. Find the

equivalent capacitance and the voltage across each.
If the capacitor, after being charged in series are disconnected and then connected in parallel,
with plates of like polarity together, find the total charge of the parallel combination.

(Ans.: 2727 uF, 5454 V, 27.27 V, 1818 V, 8181 x 10 Q)
Three capacitors A, B and C are charged as follows : A =10 pF, 100 V; B =15 uF, 150 V
and C = 25 pF, 200 V. They are now connected in parallel with terminals of like polarity
together. Find the voltage across the combination (Ans. : 50 F, 165 V)
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26. Determine the equivalent capacitance of the combination shown in Fig. 2.37.  (Ans.: 285F)

24. A capacitor consists of two metallic plates, each 40 cm x 40 ¢m and placed 6 mm apart. The

. A capacitor of 10 pF is charged to a p.d. of 200 V and then connected in parallel with an

27. Three capacitors A, B and C are connected in series across 100 V d.c. supply. The p.d. across

space between plates is filled with a glass plate 5 mm thick and a layer of paper 1mm thick.
The relative permittivities are 8§ and 2 respectively. Calculate its capacitance.  (Ans. : 1.26 nF)

uncharged capacitor of 5 pF. Find the p.d. across the parallel combination and the energy
stored in each capacitor. (Ans.:133.33 V, 0.089 ], 0.044 )

&F
@ | : aF !
2F : Iqﬁ
6F

Fig. 2.37

the capacitors are 20 V, 30 V and 50 V respectively. If the capacitance of A is 10 pl,
calculate the capacitances of B and C.

(Ans.: 6.67pF, 4uF)

University Questions

Q.1 Derive the expression for the voltage across the capacitor at any mstant after the application
of dc voltage V to a cirenit having a capacitance C in series with resistance R.
[GTU. : Dec.-2008, 7 Marks]
Q.2 Derive an expression for the capacitance of a parallel plate capacitor with plate area "A’ and
distance of separation between the plates 'd’ in M.K.S. [GTU. : March-2009, 7 Marks]
Q.3 Derive an expression for the equivalent capacitance of parallel plate capacitors when they are
connected in (i) series and (i) Parallel. [GTU. : June-2009, 7 Marks]
Note : The examples asked in the previous university papers are solved and included
in the chapter.

aaa




Electromagnetics

3.1 Introduction

All of us are familiar with a magnet. It is a piece of solid body which possesses a
property of attracting iron pieces and pieces of some other metals. This is called a natural
magnet. While as per the discovery of Scientist Qersted we can have an electromagnet.
Scientist Oersled stated that any current carrying conductor is always surrounded by a
magnetic field. The property of such current is called magnetic effect of an electric
current. Natural magnet or an electromagnet, both have close relation with electromotive
force (em.f), mechanical force experienced by conductor, electric current ete. To
understand this relationship it is necessary to study the fundamental concepts of magnetic
circuits.

3.2 Magnet and its Properties

As slated earlier, magnet is a piece of solid body which possesses property of
attracting iron and some other metal pieces.

i) When such a magnet is rolled into iron pieces it will be observed that iron pieces
cling to it as shown in Fig. 3.1.

Iron pieces accumulate The maximum iron pieces accumulate at

mare al (he ends the two ends of the magnet while very few

\M accumulate at the centre of the magnet.
. mm The points at which the iron pieces
Fig. 3.1 Natural magnet accumulate maximum are called Poles of the
String magnet while imaginary line joining these poles

is called Axis of the magnet.

ii) When such magnet is suspended freely
B by a piece of silk fibre, it turns and always
' adjusts itself in the direction of North and
Fig. 3.2 Freely suspended South of the earth.

3-1
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The pole which adjusts itself in the direction of North is called North seeking or
North (N) pole, while the pole which points in the direction of South is called South
seeking or South (S) pole. Such freely suspended magnet is shown in the Fig. 3.2.

This is the property due to which it is used in the compass needle which is used by
navigators to find the directions.

iii) When a magnet is placed near an iron or steel piece, its property of attraction gets
transferred to iron or steel piece. Such transfer of property of attraction is also possible by
actually rubbing the pole of magnet on an iron or steel piece. Such property is called
magnetic induction.

Magnetic induction : The phenomenon due to which a magnet can induce magnetism
in a (iron or steel) piece of magnetic material placed near it without actual physical contact
is called magnetic induction.

iv) An ordinary piece of magnetic material when brought near to any pole N or S gets
attracted towards the pole. But if another magnet is brought near the magnet such that
two like poles (N' and ‘N’ or 'S’ and 'S'), it shows a repulsion in between them while if
two unlike poles are brought near, it shows a force of attraction.

Key Point : Like poles repel each other and the unlike poles attract each other,
Repulsion 13 the sure test of magnetism as ordinary piece of magnetic mafma! at':mys
shotws attraction towards both the poles.

Let us see the molecular theory behind this magnetism.

3.3 Molecular Theory of Magnetization
Not only magnetized but materials like iron,

5 N g steel are also complete magnets according to
/ \ /N\ molecular theory. All materials consist of small
N S L — S magnets internally called molecular magnets. In
5\ /N unmagnetized materials such magnets arrange
themselves in closed loops as shown in the

Fig. 3.3 Molecular magnets in Fig. 3.3.
unmagnetized material So at any joint, effective strength at a point is
zero, due to presence of two unlike poles. Such
~ MolecUlar magnots | poles cancel each other's effect. But if magnetized
el ﬁ&_ﬁ& material is considered or unmagnetized material

5 subjected to magnetizing force is considered, then
such small molecular magnets arrange themselves
in the direction of magnetizing force, as shown in
the Fig. 3.4.

Fig. 3.4 Magnetized piece of
material
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Unlike poles of these small magnets in the middle are touching each other and hence
neutralizing the effect.

But on one end 'N' poles of such magnets exist without neutralizing effect. Similarly
on other end 'S’ poles of such magnets exist. Thus one end behaves as 'N' pole while other
as 'S’ pole. So most of the iron particles get attracted towards end and not in the middle.

From this theory, we can note down the following points :

1) When magnetizing force is applied, immediately it is not possible to have alignment
of all such small magnets, exactly horizontal as shown in the Fig. 3.4. There is always
some limiting magnetizing force exists for which all such magnets align exactly in
horizontal position.

 Key P_t:)l'r_lt: Though magnetizing force is increased beyond certain valite, there is no
chance for further alignment of molecular magnets hence further magnetization is not
possible. Such condition or phenomenon is called saturation.

2) If the magnet is broken at any
point, each piece behaves like an
independent magnet with two poles to
each, ‘N' and ‘S'.

3) The piece of soft iron gets
magnetized more rapidly than hard steel.
This is because alignment of molecular
Fig. 3.5 Breaking of magnet magnets in soft iron takes place quickly

for less magnetizing force than in hard
steel.

4) If unmagnetized piece is subjected to alternating magnetizing force ie. changing
magnetizing force, then heat is produced. This is because molecular magnets try to change
themselves as per change in magnetizing force. So due to molecular friction heat is
generated.

5) If a magnet is heated and allowed to cool, it demagnetizes. This is because heat sets
molecular magnets into motion so that the molecules again form a closed loop,
neutralizing the magnetism.

6) Retentivity : When a soft iron piece is magnetized by external magnetizing force
due to magnetic induction, it loses its magnetism immediately if such force is removed. As
against this hard steel continues to show magnetism though such force is removed. It
retains magnetlsm for some time.

Key Point: 'm'e power of retaining umgmtrsm mﬂer the magnelizing force is removed is
called retmtl‘btty The time for which mﬂfmai' refams such magnetism in absence of

magnetizing force depends on its retenttvity.



Elements of Electrical Engineering 3-4 Electromagnetics

3.4 Laws of Magnetism

There are two fundamental laws of magnetism which are as follows :

9@5 2B
=

This is already manboned in the properties of magnet.

Law 2: This low is .r.xpcrnm'.-iiaﬂl‘r prawd by Scfm!fs.f Coufomb :wd fzmce alsb‘kﬂam
s Conlomb’s law. :

The force ( F ) exerted by one pole on the other pole is,

a) directly proportional to the product of the pole strengths,

b) inversely proportional to the square of the distance between them and

¢} nature of medium surrounding the poles.

Mathematically this law can be expressed as,

F e M]MZ

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

KM, M,
42

where K depends on the nature of the surroundings and called permeability.
3.5 Magnetic Field

We have seen that magnet has its influence on the surrounding medium. “The region

around a magnet within which the influence of the magnet can be experienced is called

tic field'. Exi e of such field can be experienced with the help of compass
needle, iron or pieces of metals or by bringing another magnet in vicinity of a magnet.

3.5.1 Magnetic Lines of Force

The magnetic field of magnet is represented by imaginary lines around it which are
called magnetic lines of force. Note that these lines have no physical existence, these are
purely imaginary and were introduced by Michael Faraday to get the visualization of
distribution of such lines of force.

3.5.2 Direction of Magnetic Field

The direction of magnetic field can be obtained by conducting small experiment.

Let us place a permanent magnet on table and cover it with a sheet of cardboard.
Sprinkle steel or iron fillings uniformly over the sheet. Slight tapping of cardboard causes
fillings to adjust themselves in a particular pattern as shown in the Fig. 3.6.
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Cardboard sheat Iron ﬁllﬁngs

|

Fig. 3.6 Magnetic lines of force

The shape of this pattern projects a mental picture of the magnetic field present
around a magnet.

A line of force can be defined as,

Consider the isolated N pole (we cannot separate the pole but imagine to explain line
of force) and it is allowed to move freely, in a magnetic field. Then path along which it
moves is called line of force. Its shape is as shown in the Fig. 3.6 and direction always
from N-pole towards S-pole.

The direction of lines of force can be understood
% s o with the help of small compass needle. If magnet is
/G)/V & placed with compass needles around it, then needles
{ will take positions as shown in the Fig.3.7. The
tangent drawn at any point, of the dotted curve
shown, gives direction of resultant force at that point.
The N poles are all pointing along the dotted line
Fig. 3.7 Compass needle shown, from N - pole to its S-pole.

experiment
The lines of force for a bar magnet and U-shaped

magnet are shown in the Fig. 3.8.

Lines
of

force m

Fig. 3.8 (a) Bar magnet Fig. 3.8 (b) U-shaped magnet
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Attraction between the unlike poles and repulsion between the like poles of two
magnets can be easily understood from the direction of magnetic lines of force. This is

shown in the Fig. 3.9 (a) and (b).

Repulsion
E====p> <Gz==zm Altraction <=
Lines of force
Lines of force

Magnet 2

Magnet 1

Fig. 3.9 (a) Force of attraction Fig. 3.9 (b) Force of repulsion

3.5.3 Properties of Lines of Force
Though the lines of force are imaginary, with the help of them various magnetic
effects can be explained very conveniently. Let us see the various properties of these lines
of force.
1) Lines of force are always originating on a N-pole and
I[__Exramal to terminating on a S-pole, external to the magnet.
el g 2) Each line forms a closed loop as shown in the
Fig. 3.10.

- Key Point: This means that a line emerging from
magnot N-pole, continues upto S-pole external to the
. magnet while it is assumed ko continue from
Fig. 3.10 Lines of force complete Spole to N-pole internal to the magnet
the closed path completing a closed loop. Such lines internal fo the
magnet are called as lines of induction.

3) Lines of force never intersect each other.

4) The lines of force, are like stretched rubberbands and always try to contract in
length.

5) The lines of force, which are parallel and travelling in the same direction repel each
other.

6] Magnehc l.mes of force always prefer a path offering least opposition.

;Kay Fo[rtt ;T?xe opposltwn by the maerial m the ﬂaw of Imcs of force is called
reluctance. Air has more reluctance while mﬂgnenc mtmafs like fron, steel efc. have low
reluctance. Thus magnetic lines of force can easily. pas:s b‘!rougk iron or steel but cannot
pass easily through air.
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3.6 Magnetic Flux (¢)

The total number of lines of force existing in a particular magnetic field is called
magnetic flux. Lines of force can be called lines of magnetic flux. The unit of flux is
weber and flux is denoted by symbol (¢§). The unit weber is denoted as Wh.

?5}2&'»

3.7 Pole Strength

We have seen earlier that force between the poles depends on the pole strengths. As
we are now familiar with flux, we can have idea of pole strength. Every pole has a
capacity to radiate or accept certain number of magnetic lines of force ie. magnetic flux
which is called its strength. Pole strength is measurable quantity assigned to poles which
depends on the force between the poles. If two poles are exerting equal force on one other,
they are said to have equal pole strengths.

Unit of pole strength is weber as pole strength is directly related to flux ie. lines of
force.

Key Point A unit pul:- may be drfnnd as that pole which w.‘u-n placed fwm it uiem‘fra!
poJ’e ata drstance q’l metre in frnsp.acc e:.peneﬂn:s a force af :

ncwl'om

So when we say unit N-pole, it means a pole is havmg a pole strcngth of 1 weber.

3.8 Magnetic Flux Density (B}

It can be defined as ‘The flux per unit area (a) in a plane at right angles to the flux is
known as flux density’. Mathematically,

¢ “’b

B ~ Or tesla
a 3

It is shown in the Fig. 3.11.

Cross-sectional Flane at right
areaa angles to lines of force

Magnetic
Flux lines of
density e ':"
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3.9 Magnetic Field Strength (H)

This gives quantitative measure of strongness or weakness of the magnetic field. Note
that pole strength and magnetic field strength are different. This can be defined as ‘The
force experienced by a unit N-pole (i.e. N - pole with 1 Wb of pole strength) when placed
at any point in a magnetic field is known as magnetic field strength at that point.

It is denoted by H and its unit is newtons per weber i.e. (N/Wb) or amperes per
metre (A/m) or ampere turns per metre (AT/m). The mathematical expression for
calculating magnetic field strength is,
ampere turns

H = length

NI
H = e AT/ m

Key Polnt More the value of 'H', more stranger es Hir. mag-n.mc ﬁefd I?us i5 also
catled magnetic field intensity. :

3.10 Magnetic Effect of an Electric Current (Electromagnets)

When a coil or a conductor carries a current, it produces the magnetic flux around it.
Then it starts behaving as a magnet. Such a current carrying coil or conductor is called an
electromagnet, This is due to magnetic effect of an electric current.

If such a coil is wound around a piece of magnetic material like iron or steel and
carries current then piece of material around which the coil is wound, starts behaving as a
magnet, which is called an eleciromagnet.

The flux produced and the flux density can be controlled by controlling the magnitude
the current.

The direction and shape of the magnetic field around the coil or conductor depends on
the direction of current and shape of the conductor through which it iz passing. The
magnetic field produced can be experienced with the help of iron fillings or compass
needle.

Let us study two different types of electromagnets.

1) Electromagnet due to straight current carrying conductor
2) Electromagnet due to circular current carrying coil
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3.10.1 Magnetic Field due to Straight Conductor

When a straight conductor carries a current, it produces a magnetic field all along its
length. The lines of force are in the form of concentric circles in
~—Conductor the planes right angles to the conductor. This can be

Lines of 4
foree (fiux) demonsirated by a small experiment.

Consider a straight conductor carrying a current, passing

Sheetof through a sheet of cardboard as shown in the Fig. 3.12. Sprinkle

©ardbeard jron fillings on the cardboard. Small tapping on the cardboard

causes the iron filling to set themselves, in the concentric circular

pattern. The direction of the magnetic flux can be determined by

placing compass needle near the conductor. This direction

! depends on the direction of the current passing through the

Fig. 3.12 Magnetic field conductor. For the current direction shown in the Fig. 3.12 ie.

due to a straight  gom top to bottom the direction of flux is clockwise around the
conductor conductor.

Conventionally such current carrying conductor is represented by small circle, (top
view of conductor shown in the Fig. 3.12). Then current through such conductor will either
come out of paper or will go into the plane of the paper.

Key Point: When current is guing fito the plane of the paper, ie. away from aanJer,
it s represented by a ‘eross’, inside the circle indicating the conductors.

The cross indicates rear view of feathered end of an arrow.

Key Point: The current flowing towards the obsérver 1. conting out af the phmc af the
paper is represented by a 'dot” inside the circle,

The dot indicates front view i.e. tip of an arrow. This is shown in the Fig. 3.13.

=>Q =>®

Cross Dot
(Going away) {Coming
from observer lowards)
observer
(a) Current into the paper (b) Current out of the papar

Fig. 3.13 Cross and dot convention



Elements of Electrical Engineering 3-10 Electromagnetics

3.10.1.1 Rules to Determine Direction of Flux Around Conductor

1) Right hand thumb rule : It states that, hold the current carrying conductor in the
right hand such that the thumb
pointing in the direction of current

Flux —e
around 7] _"cul:'a " and parallel to the conductor, then
conductor curled fingers point in the direction
/ il [ FEIL_‘“T; ‘of the nt?gneﬁc field or flux around
current direction  it. The Fig. 3.14 explains the rule.
Curled :
fingers indicate Elagn]:; Let us apply this rule to the
direction of flux conductor passing through card
Fig. 3.14 Right hand thumb rule sheet considered earlier. This can

be explained by the Fig. 3.15.

Fig. 3.15 Direction of magnetic lines by right hand thumb rule

Conventionally it is shown as in the Fig. 3.16.

(a) Clockwise {b) Anticlockwiso

Fig. 3.16 Representation of direction of flux
2) Corkscrew rule : Imagine a right handed screw to be along the conductor carrying
current with its axis parallel to the conductor and tip pointing in the direction of the
current flow.
Then the direction of the magnetic field is given by the direction in which the screw
must be turned so as to advance in the direction of the current.
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This is shown in the Fig. 3.17.
Sc;uw Screw
Direction of 3 Direction of
rotation i.e rotation i.e.
flux " flux
I* Ii
vancement Advancement

indicates
direction
of current

(a) Clockwise rotation

indicates
direction
,  of current

(b) Anticlockwise rotation

Fig. 3.17 Corkscrew rule
3.10.2 Magnetic Field due to Circular Conductor i.e. Solenoid

Coll or
r conductor

r Core

A solenoid is an arrangement in which long
conductor is wound with number of turns close together
to form a coil. The axial length of conductor is much
more than the diameter of turns. The part or element
around which the conductor is wound is called as core of
the solenoid. Core may be air or may be some magnetic

material. Solenoid with a steel or iron core in shown in

Fig. 3.18 (a) Solenoid

Fig. 3.18 (a).

When such conductor is excited by the supply so that it carries a current then it
produces a magnetic field which acts through the coil along its axis and also around the
solenoid. Instead of using a straight core to wound the conductor, a circular core also can
be used to wound the conductor. In such case the resulting solenoid is called toroid. Use

Flux lines

et

Solenaid

Fig. 3.18 (b) Flux around a solenoid

of magnetic material for the core produces
strong magnet. This is because current
carrying conductor produces its own flux. In
addition to this, the core behaves like a
magnet due to magnetic induction,
producing its own flux. The direction of two
fluxes is same due to which resultant
magnetic field becomes more strong.

The pattern of the flux around the
solenoid is shown in the Fig. 3.18 (b).
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The rules to determine the direction of flux and poles of the magnet formed :

1) The right hand thumb rule :

Hold the solenoid in the right hand such that curled fingers point in the direction of
the current through the curled conductor, then the outstretched thumb along the axis of
the solenoid point to the north pole of the solenoid or point the direction of flux lines

inside the core.
Curled fingers
cument direction
()

— - Stretched
N thumb N direction

Right
hand

it
Fig. 3.19 (a) Direction of flux around a solenoid

This is shown in Fig. 3.19 (a) and (b).

Curled
finger
current
Stretched direct
thumb
N

direction Right hand 1 ’7

Fig. 3.18 (b) Direction of flux around a solenoid
In case of toroid, the core is circular and hence using right hand thumb rule, the
direction of flux in the core, due to current carrying conductor can be determined. This is
shown in the Fig. 3.20 (a) and (b). In the Fig. 3.20 (a), corresponding to direction of

Magnelizing
winding
E:& - Magnetizing
o é winding —o i
Supply Supply Flux
. ) e e )direclion
direction 1 core
in core
N Flux
s Flux f |
Core \ Thumb Care Fluxa__ Current
Curled painting flux Rioht hand
finger Right hand ight har
in direction
of curent (&) (b)

Fig. 3.20
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winding, the flux set in the core is anticlockwise while in the Fig. 3.20 (b) due to direction
of winding, the direction of flux set in the core is clockwise. The winding is also called
magnetizing winding or magnetizing coil as it magnetizes the core.

2) Corkscrew rule : If axis of the screw is placed along the axis of the solenoid and if
screw is turned in the direction of the current, then it travels towards the N-pole or in the
direction of the magnetic field inside the solenoid.

3) End rule : If solenoid is observed from any one end then its polarity can be decided
by noting direction of the current.
Consider solenoid shown in the Fig. 3.21.

If it is seen from the end A, current will
appear o flow in clockwise direction, so that
end behaves as S-pole of the magnet. While as
seen from the end B, current appears to flow in
anticlockwise direction then that end which is
B, behaves as N-pole of the magnet.

End A EndB Generally right hand thumb rule is used to
® @ determine direction of flux and nature of the
Clockwise Anticlockwise  poles  formed. Using such concept of an
electromagnet, various magnetic circuits can be

Fig. 3.21 End rule obtained.

3.11 Permeability

The flow of flux produced by the magnet not only depends on the magnetic field
strength but also on one important property of the magnetic material called permeability.
It is related to the medium in which magnet is placed. The force exerted by one magnetic
pole on other depends on the medium in which magnets are placed.

Key Point: The perinealsility. is defined: ns the ability or kase with which' the magﬂmc
materiul forces e waghetic flux H::ouqh a4 given ntediinn.

For any magnetic material, there are two permeabilitics.
i) Absolute permeability i} Relative permeability.

3.11.1 Absolute Permeability (u)

The magnetic field strength (H) decides the flux density (B) to be produced by the
magnet around it, in a given medium. The ratio of magnetic flux density B in a particular
medium (other than vacuum or air) to the magnetic field strength H producing that flux
density is called absolute permeability of that medium.
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It is denoted by p and mathematically can be expressed as,

- B
S <
ie. B =uH

The permeability is measured in units henries per metre denoted as H/m.

3.11.2 Permeability of Free Space or Vacuum (u;)

If the magnet is placed in a free space or vacuum or in air then the ratio of flux
density B and magnetic ficld strength H is called permeability of free space or vacuum or
air.

It is denoted as p, and measured in H/m. It denotes the ease with which the

magnetic flux permeates the free space or vacuum or air.
It is experimentally found that this p, ie. ratio of B and H in vacuum remains
constant everywhere in the vacuum and its value is 4110~ H/m.

Hy = %in vacuum = 4nx10~7 H/m

Key Point : For a magnetic material, the ébsahcfg 'pémreabﬂify 1 is not constant, This
is because B and H bears a nonlinear relation in case of magnetic materials. If magnetic
Jield strength is increased, there is dmnge in flux density B but not e:(ﬂc!{y proportional

fo the increase i H.

The ratio B to H is constant only for free space, vacuum or air which is
By =4mx1077 H/m.

3.11.3 Relative Permeability (u.)

Generally the permeability of different magnetic malerials is defined relative to the
permeability of free space (u,). The relative permeability is defined as the ratio of flux
density produced in a medium (other than free space) to the flux density produced in free
space, under the influence of same magnetic field strength and under identical conditions.

Thus if the magnetic field strength is H which is producing flux density B in the
medium while flux density By in free space then the relative permeability is defined as,

B 2
W, = =— where H is same.
By

It is dimensionless and has no units.

l For free space, vacuum or air, p =1
According to definition of absolute permeability we can write for given H,

p = % in medium (1)
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By

B = H in free space (2)
Dividing equation (1) and equation (2) ,i sl
Hp By
B
but ‘B‘(‘I‘ = K
s
By T

po= pou, H/m
The relative permeability of metals like iron, steel varies from 100 to 100,000.
Key Point: If we require naxinum flux production for the fe:ss'_e'r magnetic field strength

then the value of the relative permeability of the core material should be as high as
possible.

For example if relative permeability of the iron is 1000 means it is 1000 times more
magnetic than the free space or air.

3.12 Magnetomotive Force (M.M.F. or F)

The flow of electrons is current which is basically due to electromotive force (e.m.f).
Similarly the force behind the flow of flux or production of flux in a magnetic circuit is
called magnetomotive force {m.m.f.). The m.m.f. determines the magnetic field strength.

It is the driving force behind the magnetic circuit. It is given by the product of the
number of turns of the magnetizing coil and the current passing through it.

Mathematically it can be expressed as,

M.M.E. = NI ampere turns

where N = Number of turns of magnetizing coil
I = Current through coil
Its unit is ampere turns (AT) or amperes (A).

It is also defined as the work done in joules on a unit magnetic pole in taking it once
round a closed magnetic circuit.

3.13 Reluctance (S)

In an electric circuit, current flow is opposed by the resistance of the material, similarly
there is opposition by the material to the flow of flux which is called reluctance.
It is defined as the resistance offered by.the material to the flow of magnetic flux

through it. It is denoted by ‘S’ It is directly proportional to the length of the magnetic
circuit while inversely proportional to the area of cross-section.
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S « :: where'I'in*m* while'a * in 'm 2"
KI
X § = —
a
where K = Constant of proportionality

= Reciprocal of absolute permeability of material = :—l

s - L o 1!

— A/Wb
Ha  HgH,a

It is measured in amperes per weber { A/Wb).

The reluctance can be also expressed as the ratio of magnetomotive force to the flux
produced.

ie Reluctance = M.M.E
Flux
NI
S = Y AT/Wb or A/WD

3.14 Permeance
The permeance of the magnetic circuit is defined as the reciprocal of the reluctance.

It is defined as the property of the magnetic circuit due to which it allows flow of the
magnetic flux through it.

Permeance = 5—a——
{ Reluctance

It is measured in weber per amperes (Wb/A).

3.15 Magnetic Circuits

The magnetic circuit can be defined as, the closed path traced by the magnetic lines of
force ie. flux. Such a magnetic circuit is associated with different magnetic quantities as
mun.f., flux reluctance, permeability ete.

Consider simple magnetic circuit shnwn“in the Fig. 3.22 (a). This circuit consists of an
iron con with cross-sectional area of "a’ m™ with a mean length of /" m. (This is mean
leng h ot the magnetic path which flux is going to trace.) A coil of N turns is wound on
one of the sides of the square core which is excited by a supply. This supply drives a
current [ through the coil. This current carrying coil produces the flux (¢ ) which completes
its path through the core as shown in the Fig. 3.22 (a).

This is analogous to simple electric circuit in which a supply ie. em.f. of E volts
drives a current I which completes its path through a closed conductor having resistance
R. This analogous electrical circuit is shown in the Fig. 3.22 (b).
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Flux f’)—‘
| P Tl DA
Iran core
|+ N
E + | tumns

[ K

'[ I.._— Area of cross-section

S——— .a. m
Fig. 3.22 (a) Magnetic circuit Fig. 3.22 (b} Electrical equivalent

Let us derive relationship between m.um.f, flux and reluctance.
1

Current flowing through the coil
N = Number of turns
¢ = Flux in webers
B = Flux density in the core
pu = Absolute permeability of the magnetic material
iy = Relative permeability of the magnetic material

Magnetic field strength inside the solenoid is given by,

H = f_‘:i AT/m )
Now flux density is, B = uH
B = u_:_._l{,,_lji_l Wb /m> A2)

. — 2 . .
Now as area of cross-section is "a ' m~, total flux in core is,

“l}"'rN]a

o= Ba = i Whb (3)
_ NI
ie ¢ = 7
HyH -2
o< MMF _F
~ Reluctance 5
where N1 = Magnetomotive force mmf. in AT
s = 1
HgHa

= Reluctance offered by the magnetic path
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This expression of the flux is very much similar to expression for current in electric
circuit.
E.M.F.
Resistance

I =

Key Point: So current is analogous fo the flux, eanf. is aialogons to the mnmf and
resistance i3 analogous fo the reluctance.

mmp  Example 3.1 1 An iron ring of circular cross-sectional area of 3.0 en? and mean diameter
of 20 cm is wound with 500 turns of wire and carries a current of 2.09 A lo produce the
magnetic flux of 0.5 mWb in the ring. Determine the permeability of the material.
Solution :  The given values are :
a=3m’=3x10%m? d= 20cm, N=500, I =24, ¢ = 05mWb

Now, I = nxd=nx20=62818cm = 0628318 m
P 0.628313 _ 16667 x 10° )
HoHra  4rx 107 xp, x 3% 107 By ’
(. MMF NI
- 5 ° s
§ = N1 300%2 5. 10° AT/Wb @
®  05x 107

Equating equations (1) and (2},

2 x 10° = 16667 x 10"
Hr
B = 833.334

3.15.1 Series Magnetic Circuits

In practice magnelic circuit may be composed of various materials of different
permeabilities, of different lengths and of different cross-sectional areas. Such a circuit is
called composite magnetic circuit. When such parts are connected one after the other the
circuit is called series magnetic circuit.

Consider a circular ring made up of different materials of lengths [, I, and I; and
with cross-sectional areas a;, a; and a; with absolute permeabilities My Myand Py as
shown in the Fig. 3.23.
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Let coil wound on ring has N

Flux(o) turns carrying a current of I
amperes.
{Length of The total mmf. available
iy megnel, is = NIAT.
{Length of This will set the flux ‘¢ which is
magnetic f

same through all the three elements
of the circuit.

malerial 2)

This is similar to three
resistances connected in series in
electrical circuit and connected to

{Length of emf. carrying same current T
magnetic through all of them.
material 3)

Its analogous electric circuit can
Fig. 3.23 A series magnetic circuit be shown as in the Fig. 3.24.

Fig. 3.24 Equivalent electrical circuit

The total resistance of the electric circuit is Ry + R, + Ry . Similarly the total reluctance
of the magnetic circuit is,

h L I
Total Sp = 5;+5,+5; = ——+ +
K12y Ha2p Hj23

_ Total mm.f _ NI _ NI
Total ¢ Total reluctance § = (Sl +52+53)

NI = Spé =(5+5,+5,) ¢
NI = 5,6+5,0+5,¢
{(m.m.f)T

(m.m.£); +(m.m.£); +(m.m.f)5
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The total m.m.f. also can be expressed as,
(m.m.f)T = Hyly +Hyly +H,ly
B B B
where Hy =1 Hy,==-2 Hy=-2
oy ' L)

So for a series magnetic circuit we can remember,

1) The magnetic flux through all the parts is same.
2) The equivalent reluctance is sum of the reluctance of different parts.

3) The resultant m.m.f. necessary is sum of the m.m.fs in each individual part.

3.15.2 Series Circuit with Air Gap
Flu () The series magnetic circuit can also have a
short air gap.

Key Point : This is pessible because we

. Air gap have seen earlier that flux can pass through
air also.
Flux can 7. < p A .
pass through Such air gap is not possible in case of electric
airgap circuit.

Iran ring of length /,
. . . Consider a ring having mean length of iron
Fig. 3.25 A ring with an air gap part as '}’ as shown in the Fig. 3.25.

Total mm.f = AT
Total reluc!ancc_
where
S, = Reluctance of air gap
jl
5 = o
s = &
B W a;

Mmbﬂityqur §= "n-'

P A g
The cross-sectional area of air gap is assumed to be equal to arca of the iron ring.
S¢ = f -t-—Ig
Haj Hyay
M.M.F. NI
"~ Reluctance ~ S




Elements of Electrical Engineering 3-21 Electromagnetics

or Total mm.f. = m.m.f. for iron + m.m.f for air gap

NI

S;0+ 5,0 AT for ring.

mmp Example 3.2 :  An iron ring 8 cm mean diameter is made up of round iron of diameter
1em and permeability of 900, has an air gap of 2 mm wide. It consists of winding with
400 turns carrying a current of 3.5 A. Determine, i) mmf. i) tokal reluctance iii) the
Slux iv) flux density in ring.

Solution : The ring and the winding is shown in the Fig. 3.26.
Diameter of ring d = 8 cm,
Length of iron = nd - Length of air gap

i = mx(8x102)-2x10

= 0.2493 m.
2 mm Air gap Key Point : While calculaiing iron length, do
Fig. 3.26 mtot forget to sublract length of nir gap from total
mean length, |
I, = Length of air gap
= 2mm=2x10"m
Diameter of iron = 1em

" .2 s -2 2
s Area ufcrcss—sechcna--_id = I(lxlﬂ )

a = 7853x107° m?

Area of cross-section of air gap and ring is to be assumed same.

i) Total m.m.f. produced = N1 = 400x3.5
= 1400 AT (ampere turns)
ii) Total reluctance Sy = §; +S,
5 = —i ..Given p, = 900
ol a
0.2493

471077 x900%7.853% 1077

= 2806947.615 AT/ Wb

fg :
5s = m as p .= 1 for air
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-3
§ = ——2X1077 _ 202667x106 AT / Wb

B 4nx1077 x7.853x1073
Sp = 2806947.615+202667x10° = 23.0737x10° AT / Wb

M.M.F. NI _ 1400

iif) 6= Reluctance § - 230737 x10%

= 6.067x107° Wb

& _ 6067x107°

=07725 Wb/m®
a2 7853x107°

iv)  Flnx density

3.15.3 Parallel Magnetic Circuits
In case of electric circuils, resistances can be connected in parallel. Current through
each of such resistances is different while voltage across all of them is same. Similarly
different reluctances may be in parallel in case of magnelic circuits. A magnetic circuit
which has more than one path for the flux is known as a parallel magnetic circuit.
Consider a magnetic circuit shown in the Fig. 3.27 (a). At point A the total flux ¢,
divides into two parts ¢, and ¢,.

The fluxes ¢, and ¢, have their paths completed through ABCD and AFED
respectively.

This is similar to division of current in case of parallel connection of bwo resistances in
an electric circuit. The analogous electric circuit is shown in the Fig. 3.27 (b).

%1 Contralbmb e,
L A F 14 1
=} | |=—Limb2 -
4] ! :
<_§_; b Pl (¢5) & =E -
NGt b i R q 2R,
TP 2 < R 3
L ] P
A
D E
(a) Magnetic circuit {b) Equivalent electrical circuit

Fig. 3.27 A paralle! magnetic circuit
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The mean length of path ABCD
The mean length of the path AFED
The mean length of the path AD
The reluctance of the path ABCD
The reluctance of path AFED

The reluctance of path AD

The total m.m.f. produced

Flux

M.M.F.

For path ABCDA, N1 =

For path AFEDA, NI
where S
Generally a,

For parallel circuit,

a; = a, = Area of cross-section

Total m.m.f.

M.M.F. required  M.M.F. required by
. + .
by central limb  any one of outer limbs

NI
NI

(N pp + (NDspep o (NDypep
95, +[9,5; or 5,1

As in the electric circuit e.m.f. across parallel branches is same, in the magnetic circuit

the m.m.f. across parallel branches is same.

Thus same m.m.f. produces different fluxes in the two parallel branches. For such

parallel branches,

Hence while calculating total m.mf, the mm.f of only one of the two parallel

branches must be considered.

3.15.4 Parallel Magnetic Circuit with Air Gap
Consider a parallel magnetic circuit with air gap in the central limb as shown in the

Fig. 3.28.
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Flux ¢, Flux 95
——
1 i i
° 7 G l
Total flux ¢ air gap J'ﬂ
Mean length 9 " Mean langth
1. g c o
1 2
g
o
i
[ D E

Fig. 3.28 Parallel circuit with air gap

The analysis of this circuit is exactly similar to the parallel circuit discussed above. The
only change is the analysis of central limb. The central limb is series combination of iron
path and air gap. The central limb is made up of,

Path GD = Iron path =1,
Path GA = Airgap =1,
The total flux produced is ¢. It gets divided at A into ¢, and ¢,.
0= 0,+0,
The reluctance of central limb is now,

Ik
= +
5 Hag pgag

S. = 5,48

<

Hence m.m.f. of central limb is now,

|(m,m.l’.}‘_\n = (m.m.f) gy Fmamf) e, |
2 R, Hence the total m.m.f. can be expressed as,

|LN[)InL:|[= (NDgp +(INDgs +(ND gpcp of (NDypep |

Thus the electrical equivalent circuit for such case
—:I_'—E becomes as shown in the Fig. 3.29.

Fig. 3.29 Electrical equivalent
circuit

AMAA
LA

Similarly there may be air gaps in the side limbs
but the method of analysis remains the same.
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mmp Example 3.3 : A cast steel structure is made of a rod of square section 2.5 cm x 2.5 cm
as shown in the Fig. 3.30. What is the current that should be passed in a 500 turn coil on
the left limb so that a flux of 2.5 mWb is made to pass in the right limb. Assume
permeability as 750 and neglect leakage.

o--Mem L A0em
ol i H
1 1 ]
H H H @=2.5mWb
—— 2 -
N=soo {5 tem 7
— | [ : :
i —— S ——
Fig. 3.30

Solution : This is parallel magnetic crcuit. Its electrical equivalent is shown in the
Fig. 3.30 (a).
The total flux produced gets distributed into two parts having reluctances $; and S,.
5; = Reluctance of centre limb ie) A c

E
S, = Reluctance of right side e ﬂ_— 1, Iy
o __ b _ 25% 1072 B @) J
VT HoBea;  4mx 107 % 750% 2.5% 2.5% 100 Re3 3R
R
= 424413 % 10 AT/Wb '
_ F
o . b _ 40x107 8 °
S HpMray 41077 x750%2,5% 2.5x1071
Sy S;

= 679.061x 10° AT/Wb

For branch AB and CD, m.m.f. is same.
mmf = 6,5 =6,5

And b, = 25 mWb . Given
5 — 3
o = %S, _25x107°x679061x10% _
5 424.413% 103

. 6 = ¢+, =25 +4=65mWb
Total m.m.f. required is sum of the m.um.f. required for AEFB and that for either
central or side limb.

Saprp = S, =679.061x 107 AT/Wb
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- mmf. for AEFB = S,y %0 = 679.061x 107 x 65x 1073
= 44138965 AT
Total mm.f. = 4413.8965+¢; S,
= 4413.8965+4x 1073 x 424.413% 10% = 6111.548 AT

But NI = Total mm.f.
6111.548 ;
I = =0 - 12.223 A

3.16 Kirchhoff's Laws for Magnetic Circuit
Similar to the electrical circuit Kirchhoff's laws can be used to analyze complex

magnetic circuit. The laws can be stated as below.

3.16.1 Kirchhoff's Flux Law

The total magnetic flux arriving at any junction in a magnetic circuit is equal to the
total magnetic flux leaving that junction.

The law infact is used earlier to analyze parallel magnetic circuit at a junction A
shown in the Fig. 3.27 (a), where

¢ = ¢1+¢z

3.16.2 Kirchhoff's M.M.F. Law

The resultant m.m.f. around a closed magnetic circuit is equal to the algebraic sum of
the products of the flux and the reluctance of each part of the closed circuit ie. for a

closed magnetic circuit,

As 6 xS = fluxx reluctance = M.M.F,

MMF. also can be calculated as Hx| where H is field strength and 'I’ is mean length.

M.M.F. = HI
Alternatively the same law can be stated as :

The Itant m.m.f. d any closed loop of a magnetic circuit is equal to the
algebraic sum of the products of the magnetic field strength and the length of each part of
the circuit i.e. for a closed magnetic circuit,

[SMMF = YHI |




Elements of Electrical Engineering

3-27

Electromagnetics

3.17 Comparison of Magnetic and Electric Circuits
Similarities between electric and magnetic circuits are listed below :

Sr. No. Electric circuit Magnetic circuit

1. Path traced by the current is called Path traced by the magnetic flux is
electric circuit defined as magnetic circuit.

2, E.M.F. Is lhe driving force in electric M.M.F, is the driving force in the magnetic
circult, the unit is volts. circuit, the unit of which is ampere tumns.

- 3 There is current I in the eleciric circuit There Is flux ¢ in the magnetic circuit
measured in amperes. measured in webers.

4. The flow of electrons decides the cument The number of magnatic lines of forca
in conductor, decides the flux.

5. Resistance oppose the flow of the current. | Reluct is opposed ic path
Unit is ohm. to the flux. Unit is ampere tum/weber,

6. R= pai. Directly proportional to 1. 5= m 1: T Directly proportional to I.

obe
Inversely proportional to ‘a’. Depends on Inversely proportional to p = p
. gl
nature of material. Inversely proportional to area o

7. - _EMFE _ _MM.FE
The current 1 resistance The fux 9= Reluctance

B. The current density 5=+ A/m? The flux density B = £ Wb/m?

9. Conductivity is reciprocal of the Permeance is reciprocal of the
resistivity. reluctance.

Conductance = ‘]12' Permeance = é

10. Kirchhoff's current and voltage law Is Kirchhoffs mm.f. law and flux law is

applicable to the electric circuit. applicable to the magnetic circuit.
There are few dissimilarities between the two which are listed below :
Sr. No. Electric circuit Magnetic circuit

1. In the electric circuit the current actually Due to mm.f. flux gets established and
fiows i.e. there is movement of elecirons. does not flow in the sense in which

current flows.

2. There are many materials which can be There is no magnetic insulator as flux can
used as insulators ie. alr, PV.C., pass through all the materials, even
synthetic resin etc., from which current through the air as well,
can not pass.

3 Energy musi be supplied to the electric Energy is required to create the magnetic
cireuit to maintain the flow of cument. flux, but is not required to maintain it.




Elements of Electrical Engineering 3-28 Electromagnetics

4. The resi and the conductivity are The reluctance, permeance and
independent of current density (5) under permeability are dependent on the flux
constant temperature. Bul may change density.
due to the temperature.

5. Electric lines of flux are not closed. They Magnetic lines of flux are closed lines.
start from posilive charge and end on They flow from N pole to S pole externally
negative charge. while S pele to N pole intemally.

6. There is continuous consumption of Energy is required to create the magnetic
electrical energy. flux and not to maintain it.

3.18 Magnetic Leakage and Fringing

Most of the applications which are using magnetic effects of an electric current, are
using flux in air gap for their operation. Such devices are generators, motors, measuring
instruments like ammeter, voltmeter ete. Such devices consist of magnetic circuit with an
air gap and flux in air gap is used to produce the required effect.

Such flux which is available in air gap and is utilized to produce the desired effect is
called useful flux denoted by ¢, .

It is expected that whatever is the flux produced by the magnetizing coil, it should
complete its path through the iron and air gap. So all the flux will be available in air gap.
In actual practice it is not possible to have entire flux available in air gap. This is because,
we have already seen that there is no perfect insulator for the flux. So part of the flux
completes its path through the air or medium in which coil and magnetic circuit is placed.

Key Point: Such flux which lenks and completes its path through surrounding air or
medium instead of the desired path is called the leakage flux.

= Useful fux The Fig. 3.31 shows the useful and

in air gap
leakage flux.

Leakage flux
Fig. 3.31 Leakage and useful flux

3.18.1 Leakage Coefficient or Hopkinson's Coefficient

The ratio of the total flux (0y) to the useful flux (¢,) is defined as the leakage
coefficient of Hopkinson's coefficient or leakage factor of that magnetic circuit.

It is denoted by &.
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_ Total flux _ ¢
= Usehul flux ~ ¢,

The value of ‘X is always greater than 1 as ¢ is always more than ¢,. It generally
varies between 1.1 and 1.25. Ideally its value should be 1.

3.18.2 Magnetic Fringing

When flux enters into the air gap, it passes through the air gap interms of parallel flux
lines. There exists a force of repulsion between the magnetic lines of force which are
parallel and having same direction. Due to this repulsive force there is tendency of the
magnetic flux to bulge out (spread out) at the edge of the air gap. This tendency of flux to
bulge out at the edges of the air gap is called magnetic fringing.

It has following two effects :

1) It increases the effective cross-sectional area
of the air gap.
2) It reduces the flux density in the air gap.
So leakage, fringing and reluctance, in
practice should be as small as possible.

Key Point: This is possible by choosing
good magnetic naterial and making the air
Fig. 3.32 Magnetic fringing . gap as narrow as possible.

sy Example 3.4 : A cast fron ring of 40 cm mean length and circular cross-section of 5cm
diameter is wound with a coil. The coil carries a current of 3 A and produces a flux of
3mWb in the air gap. The length of the air gap is 2 mm. The relative permeability of the
cast iron is 800. The leakage coefficient is 1.2. Calculate number of turns of the coil.

Solution :  Given, [, = 40 cm =04 m, fg=2><10'3 m
-3 _
I = = lgp = 04-2x10"% = 0398 m

1=34A, ¢= 2x1073 Wh, u, = 800, A =12

o1
A= %L ... Leakage coefficient
s
- Air gap

¥ 12 = _¢.T__.
_ 2x107 3
\ 4 2

a=19.63X10° m op =2.4x107% Wb

Ring
Fig. 3.33
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N lucta f th§; = ——
ow reluctance of iron pa Hnll 5

a = %dz = gxsz = 19.6349 cm? = 19.634 x 10” *m?
{8
S = 0.398 = 201629.16 AT/Wb
47x 1077 x 80019631074
_ M.M.E. _NI
% = Relucance - N
3 _ NI
24x107° = 5575015
N I for iron path = 483909 AT
. "8
Reluctance of air gap Sg = m
5. = 2x1073
B 4ax1077 x19634 x 107
= 810608.86 AT/Wb
Now 0, = M.M.E.
5
1
NI
-3 _
X107 = o608 86

N I for air gap = 1621.2177 AT
Total mm.f. required = (N Dy + (N Dyjr gy N1 =483.909 + 16212177
NI = 21051267 ie Nx3 = 21051267
N = 701.7 =702 turns.

3.19 B-H Curve or Magnetization Curve

NI
We have already seen that magnetic field strength H is -l—!,-— As current in coil changes,

magnetic field strength also changes. Due to this flux produced and hence the flux density
also changes. So there exists a particular relationship between B and H for a material
which can be shown on the graph.

Key Point: The gr-mh between the ﬂur density (B) and the magnetic field hfre!tsfh (HJ for .
the  nugnetic materinl i called as ils magnetization euroe or B-H curoe,

Let us obtain the B-H curve experimentally for a magnetic material. The arrangement
required is shown in the Fig. 3.34.
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Rheostat Ring with
-— area of
cross-section 'a’

Fig. 3.34 Experimental set up to obtain B-H curve

The ring specimen as a mean length of T metres with a cross-sectional area of ‘a’
square metres. Coil is wound for ‘N’ turns carrying a current 'T' which can be varied by
changing the variable resistance 'R’ connected in series. Ammeter is connected to measure
the current. For measurement of flux produced, fluxmeter can be used which is not shown
in the Fig. 3.34.

NI

So H can be calculated as T while B can be calculated as g for various values of
current and plotted.

With the help of resistance R, I can be changed from zero to maximum possible value.

The B-H curve takes the following form, as shown in the Fig. 3.35.

I ¢ Sawration
Knee
Flux density
B(Woim' )
A
Instep
[s] —
Field strength
H{AT/Im)

Fig. 3.35 B-H curve

The graph can be analyzed as below :
i) Initial portion : Near the origin for low values of 'H, the flux density does not
increase rapidly. This is represented by curve OA. The point A is called as instep.
1
ii) Middle portion : In this portion as 'H' increases, the flux density B increases
rapidly. This is almost straight line curve. At point 'C' it starts bending again. The
point 'C’ where this portion bends is called as knee point.
iii)Saturation portion : After the knee point, rate of increase in ‘B’ reduces drastically.
Finally the curve becomes parallel to 'X' axis indicating that any increase in 'H'
hereafter is not going to cause any change in 'B'. The ring is said to be saturated
and region as saturation region.
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We have seen already that according to molecular theory of magnetism, when all
molecular magnets align themselves in the same direction due to application of H,
saturation occurs.

Such curves are also called saturation curves.

3.19.1 B-H Curve and Permeability
From B-H curve, a curve of relative permeability u. and H can also be obtained.

As B =pH
= Hekg H

_ B

e = HoH

i, is constant which is 4xx1077. So B/H is nothing but slope of B-H curve.

Key Point: So slope of B-H curve nt pariois points decide the oalue of relative
permeabilitf al that point.

Initially the slope is low so value of p, is also low. At knee point, the value of slope
of B-H curve is maximum and hence g, is maximum. But in saturation region the value of
{4, maximum and hence g, is maximum. But in saturation region the value of u, falls
down to very low value as slope of B-H curve in saturation region is almast zero.

The curve of p . against H is shown in the Fig. 3.36 for a magnetic material.

e maq 81
knee point

i

Relative
permeability
he)

Magnetic ield —e
strengih (H)

Fig. 3.36 1 -H curve for magnetic material

The value of p, is 1 which is constant in case of non-magnetic material. The slope of
B-H curve is constant ic. it is a straight line passing through the origin as shown in the
Fig. 3.37.
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B H,
1
e H — © H ——

Fig. 3.37 p - H curve for non magnetic material

3.19.2 Practical Use of B-H Curves

While designing the magnelic circuits, magnelization curves are useful to design the
values of B corresponding to H. From this, proper material with required relative
permeability can be selected.

The various materials like iron, steel are generally represented by the B-H curves and
i ,-H curves.

3.20 Modern Theory of Magnetism

We know that, in atoms, electrons are revolving around the nucleus with tremendous
speeds, in different orbits. The moving clectrons always constitute a current so such
revolving electrons can be considered as flow of current. This current produces its own
magnetic field depending upon the direction of rotation of electrons. The magnetic field is
very small. When atoms combine to form molecules such magnetic fields balance each
other and hence molecule becomes magnetically neutral in nature.

However in addition to such orbital motions, clectrons, revolve about their own axes.
A spinning electron also sets up its own magnetic field around it axis of spin. Direction of
ficld depends on the direction of spin. In an atom all clectrons are not rotating in same
direction but they are revolving in such directions that the magnetic fields produced, due
to spinning neutralize cach other. In ferromagnetic materials like iron, nickel etc. have
number of uncompensaled clectron spins and hence such malerials show the magnetic
propertics.

After the applications of exlernal mm.f. all electrons start revolving in same direction
and hence gives strong magnetic cffect. The theory of clectrons is exactly similar to the
theory of molecular magnets present inside the materials, discussed carlier.
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3.21 Magnetic Hysteresis

Ammetor
- -
&

|+

I
el

Variable resistance  Reversible switch
3

Fig. 3.38 Experimental set up to obtain hysteresis loop

Earlier we have studied B-H curve for a magnetic malerial. Magnetic hysteresis is
extension to the same concept of B-H curve.

Instead of plotling B-H curve only for increase in current if plotted for one complete
cycle of magnetization (increase in current) and demagnetization {decrease in current) then
it is called hysteresis curve or hysteresis loop.

Consider a circuit consisting of a battery 'E', an ammeter, variable resistance R and

reversible switch shown in the Fig. 3.38.

3.21.1 Steps in Obtaining Hysteresis Loop
i} Initially variable resistance is kept maximum so current through the circuit is very

i

NI
low. The field strength H = i is also very low. So as current is increased, for low

values of field strengths, flux density do not increase rapidly. But after the knee
point flux density increases rapidly upto certain point. This point is called point of
saturation. Thereafter any change in current do not have an effect on the flux
density. This curve is nothing but the magnetization curve (B-H curve). This 15 the
initial part of hysteresis loop.

) After the saturation point, now current is again reduced to zero. Due to this ficld

strength also reduces to zero. But it is observed that flux density do not trace the
same curve back but falls back as compared to previous magnetization curve. This
phenomenon of falling back of flux density while demagnetization cycle is called
hysteresis. Hence due to this effect, when current becomes exactly zero, there
remains some magnetism associated with a coil and hence the flux density. The
core does not get completely demagnebized though current through coil becomes
zero. This value of flux density when exciting current through the coil and
magnetic field strength is reduced to zero is called residual flux density or
remanent flux density. This is also called residual magnetism of the core. The
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magnitude of this residual flux or magnetism depends on the nature of the
material of the core. And this property of the material is called retentivity.

iii} But now if it is required to demagnetize the core entirely then it is necessary to
reverse the direction of the current through the coil. This is possible with the help
of the intermediate switch.

Koy Point : The value of magnetic: field: strength required . $o; torpe oub ihé residual flux
density is cnlled the coercive force. It is niasured interms of coercivity.

iv)If now this reversed current is increased, core will get saturated but in opposite
direction. At this point flux density is maximum but with opposite direction.

v) If this current is reduced to zero, again core shows a hysteresis property and does
not get fully demagnetized. It shows same value of residual magnetism but with
opposite direction.

vi)If current is reversed again, then for a certain magnitude of field strength,
complete demagnetization of the core is possible.

vii) And if it is increased further, then saluration in the original direction is achieved
completing one cycle of magnetization and demagnetization.
The curve plotted for such one cycle turns out to be a closed loop which is called
hysteresis loop. Its nature is shown in the Fig. 3.39.

Flux density B T

B, D
Saturation

I
c
Residual magnetism
Ff O

—H

Magnatic field strength

G
Saturation

Coercive feree
Fig. 3.39 Hysteresis loop

Part of curve Represents what ?

O-C-D : Region corresponding to normal magnetization curve increased form 'O to
Tinax corresponding to ‘B, Maximum flux density is + By,

D-E . Current reduced to zero, but core cannot be completely demagnetized. O-E
represents residual magnetism and residual flux density, denoted by + B,.
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E-F  : Current is reversed and increased in reversed direction to get complete
demagnetization of the core. O-F represent coercive force required to
completely wipe out + B_.

F-G : Current is increased in reversed direction till saturation in opposite
direction is achieved. Maximum flux density same but with opposite
direction i.e. - By

G1 : Current is reduced to zero but again flux density lags and core cannot be
completely demagnetized. O-1 represents residual flux density in other

direction ie. - B

I} : Current is again reversed and increased till complete demagnetization is
achieved.
J-D  :  Current is again increased in original direction till saturation is reached.

Corresponding flux density is again + B,

3.21.2 Theory Behind Hysteresis Effect

As seen from the loop ‘O-C-D-E-F-G-I-]-D' shown in the Fig. 3.39, the flux density B
always lags behind the values of magnetic field strength H. When H is zero,
corresponding flux density is + B,. This effect is known as hysteresis.

This can be explained with the help of theory of molecular magnets inside a material.
When a ferromagnetic material is subjected to a magnetic field strength, all the molecular
magnets inside, align themselves in the direction of the applied m.m.f. If this applied force
is removed or reduced some of the molecular magnets remain in the aligned state and
magnetic neutralization of the material is not fully possible. 5o it continues to show some
magnetic properties which is defined as the residual magnetism.

The value of the residual magnetism as said earlier depends on the quality of the
magnetic material and the treatment it receives at the time of manufacturing. This property
is called as retentivity.

Key Point: Higher the value. of refentivity ) lngher the walie of the power of He mrrgﬂﬁtfr

anterial to retaint its magyietisne Fow high retentivity, \higher is the coercioe force requited.

It can be measured interms coercivity of the material.

3.22 Hysteresis Loss

According to the molecular theory of magnetism groups of molecules acts like
elementary magnets, which are magnetized to saturation. This magnetism is developed
because of the magnetic effect of electron spins, which are known as 'domains’.

When the material is unmagnetized, the axis of the different domains are in various
direction. Thus the resultant magnetic effect is zero.
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When the external magnetomotive force is applied the axes of the various domains are
oriented. The axes coincide with the direction of the magnetomotive force. Hence the
resultant of individual magnetic effects is a strong magnetic field.

When a magnetic material. is subjected to repeated cycles of magnetization and
demagnetization, it results into disturbance in the alignment of the various domain. Now
energy gets stored when magnetic field is established and energy is returned when field
collapses. But due to hysteresis, all the energy is never returned though field completely
collapses. This loss of energy appears as heat in the magnetic material. This is called as
hysteresis loss. So disturbance in the alignment of the various domains causes hysteresis
loss to take place. This hysteresis loss is undesirable and may cause undesirable high
temperature rise due to heat produced. Due to such loss overall efficiency also reduces.

q A

Such hysteresis loss dep on the

£all F—

ing

1. The hysteresis loss is directly proportional to the area under the hysteresis curve
i.e. area of the hysteresis loop.

2. It is directly proportional to frequency i.e. number of cycles of magnetization per
second.

3. It is direetly proportional to volume of the material. It can be shown that
quantitatively the hysteresis loss in joules per unit volume of the material in one
cycle is equal to the area of the hysteresis loop.

3.22.1 Hysteresis Loss Per Unit Volume
Consider a ring shaped test picce of magnetic material having length of ' metres,
cross-sectional area of 'a’ mz, wound with uniform ‘N turns of a coil.

The hysteresis loop for the piece is obtained as in the Fig. 3.40.

e |

Fig. 3.40 Hysteresis loss per unit volume

Consider an instant when material is magnetized to a point P. The corresponding
current be I,.
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N1
Hy = — 1 AT/m

Let current is increased by Al so there is increase in field strength by AH and flux
density by AB. Due to AB change there is change in the flux A¢.

Flux
Ad = ABxa [B_Area)
Now change in flux causes induced e.m.f. in coil according to Faraday's law.
_ do _ ABxa
e =-Ng =-N—§

Supply voltage has to overcome this

V = -e
_ ABxa
- dt
Power supplied P=VxI
P = Nxax%x[

Energy supplied in time dt = Px dt  joules
AE = NxaxAaBxl

AE = P#xi’xaxtm

AE = HxaxIxAB joules
This is energy supplied within time dt.
Energy supplied for one cycle can be obtained by integrating above expression.
E = axIx$HAB joules
Here § is nothing but integration of the areas enclosed by strip H AB for one cycle i.e.
the area enclosed by hysteresis loop for one cycle.
And ax| = Volume of the material

. Energy supplied during one cycle in joules = Volume x Area of the hysteresis loop

. Energy supplied per unit volume = Area of the hysteresis loop |

When 'H' is increased from zero to maximum, energy is supplied while when 'H' is
reduced energy is recovered. But all the energy is not recovered.

So net energy absorbed by malerial during one cycle appears as hysteresis loss.
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-. Energy per unit volume per cycle = Hysteresis loss per unit volume
. Hysteresis loss in joules/cycle/m® = Area of the hysteresis loop
If the hysteresis curve is drawn with scale as,

1em = x ampere-tums/metre of H

lem = y teslas for B

Then the hysteresis loss can be calculated as,
Hysteresis lt‘ms/(.‘yi:le/m3 =[x x yx Area of hysteresis curve in cm?]

In practice the hysteresis loss is calculated with reasonable accuracy by experimentally
determined mathematical expression devised by Steinmetz, which is as follows.

Hysteresis loss = K; (Bm)1'6 fx volume watts

where Ky, Characteristic constant of the material

n

B, = Maximum flux density

f = Frequency in cycles per second

3.22.2 Practical Use of Hysteresis Loop

As we have seen that hysteresis loss is undesirable as it produces heat which increases
temperature and also reduces the efficiency.

In machines where the frequency of the magnetization and demagnetization cycle is
more, such hysteresis loss is bound to be more.

So selection of the magnetic material in such machines based on the hysteresis loss.
Less the hysteresis loop area for the material, less is the hysteresis loss.

Key Point: So genially imaterial with less husteresis Inop area are preferred far diﬂfem!f
nnchines likestranstormer cores, wlivennting current niachines, Ivlephones.

Shapes of hysteresis loops for different materials are shown in the Fig. 3.41.

/| /

LA

{a) (b) (e) (d)
Fig. 3.41 Practical importance of hysteresis loop
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The Fig. 3.41 (a) shows loop of hard steel, which is magnelic material.
The Fig. 3.41 (b) shows loop of cast steel.

The Fig. 3.41 (c) shows loop of permalloy (Alloy of nickel and iron) ie. ferromagnetic
materials.

The Fig. 3.41 (d) shows loop for air or non-magnetic material.

The materials iron, nickel, cobalt and some of their alloys and compounds show a
strong tendency to move from weaker to stronger portion of a non-uniform magnetic field.
Such substances are called ferromagnetic materials.

The hysteresis loss is proportional to the area of the hysteresis loop. For ferromagnetic
materials the hysteresis loop area is less as shown in the Fig. 3.41(c) thus hysteresis loss is
less in such materials.

In non-magnetic materials, the hysteresis loop is straight line having zero area hence
hysleresis loss is also zero in such materials.

3.23 Eddy Current Loss

Consider a coil wound on a core. If this coil carries an alternating current i.e. current
whose magnitude varies with respect to time, then flux produced by it is also of
alternating nature. So core is under the influence of the changing flux and under such
condition according to the Faraday's law of electromagnetic induction, e.m.f. gets induced
in the core. Now if core is solid, then such induced em.f. circulates currents through the
core. Such currents in the core which are due to induced e.m.f. in the core are called as
eddy currents. Due to such currents there is power loss ("R) in the core. Such loss is
called as eddy current loss. This loss, similar to hysteresis loss, reduces the efficiency. For
solid core with less resistance, eddy currents are always very high.

The Fig. 3.42 shows a core carrying the
Fluz ¢ eddy currents.

Eddy current loss depends on the various
factors which are

Eddy currents

Altemating i} Nature of the material
currents | if) Maximum flux density
o——

p o b ,

d iii) Frequency
PR iv) Thickness of laminations used to

1

construct to core

v) Volume of magnetic material.

Flux ¢
Fig. 3.42 Eddy currents
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/ It has been found that loss can be considerably reduced
by selecting high resistivity magnetic material like silicon.
Most popular method used to reduce eddy current loss is to
/ use laminated construction to construct the core. Core is
) constructed by stacking thin pieces known as laminations as
shown in the Fig. 3.43. The laminations are insulated from
each other by thin layers of insulating material like varnish,
paper, mica. This resiricts the paths of eddy currents, to
Fig. 3.43 Laminated core respective laminations only. So area through which currents
flow decreases, increasing the resistance and magnitude of

currents gets reduced considerably.

The loss may also be reduced by grinding the ferromagnetic material to a powder and
mixing it with a binder that effectively insulates the particles one from other. This mixture
is then formed under pressure into the desired shape and heat treated. Magnetic cores for
use in communication equipment are frequently made by this process.

This loss is quantified by using the expression,

Eddy current loss = K, (Bm)2 £ 1% x volume watts—l

where
K. = A characteristic constant of material
B, = Madmum flux density

f = Frequency
Thickness of the lamination

-
1}

3.24 Magnetic Loss [Core Loss or Iron Loss]

The magnetic losses can be classified as
i) Hysteresis loss  ii) Eddy current loss
The magnetic loss occurs in the core hence they are known as core losses. Since core
material is generally iron or its alloy this loss is also referred as iron loss. The magnetic
loss will result in the following effects.
i) It reduces the efficiency of the electrical equipment.
ii) It increases the temperature because of heating of the core.

TR T B LA T ALY ?<*Z¥§‘°’W§?Eé
Key Point: The loss-can: be red electing good, rial.:

Cra. Uy, 5t 8t SHe 55

The area of hysteresis Ioop should be narrow. Silicon steel is employed for the core
mnh:nal 50 that hysteresis loss can be minimized.

R o T

T héﬁ&! W : i
.,-,MMQQ‘%%%‘&Mmm,,ﬂ%ﬁ@fmw“m*m . the core.
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3.25 Force on a Current Carrying Conductor in a Magnetic Field

We have already mentioned that magnetic effects of electric current are very useful in
analyzing various practical applications like generators, motors etc. One of such important
effects is force experienced by a current carrying conductor in a magnetic field.

Let a straight conductor, carrying a current is placed in a magnetic field as shown in
the Fig. 3.44 (a).

The magnetic field in which it is placed has a flux pattern as shown in the
Fig. 3.44 (a).

Current carrying
conductor —=Flux due to
[ e current carrying
B conductor
flux i
i s lines 5 S ;
(a) Flux due to magnet {b) Flux due to current carrying conductor

Fig. 3.44 Current carrying conductor in a magnetic field
Now current carrying conductor also produces its own magnetic field around it.
Assuming current direction away from observer i.e. into the paper, the direction of its flux
can be determined by right hand thumb rule. This is clockwise as shown in the
Fig. 3.44 (b). [For simplicity, flux only due to current carrying conductor is shown in the
Fig. 3.44 (b}].
Now there is presence of two magnetic fields namely due to permanent magnet and
due to current carrying conductor. These two fluxes interact with each other. Such
interaction is shown in the Fig. 345 (a).

This interaction as seen is in such a way that on one side of the conductor the two
lines help each other, while on other side the two try to cancel each other. This means on
left hand side of the conductor shown in the Fig. 345 the two fluxes are in the same
direction and hence assisting each other. As against this, on the right hand side of the
conductor the two fluxes are in opposite direction hence trying to cancel each other. Due
to such interaction on one side of the conductor, there is accumulation of flux lines
(gathering of the flux lines) while on the other side there is weakening of the flux lines.
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The resultant flux pattern around the conductor is shown in the Fig. 3.45 (b).

Addition of flux

I Weakening / /
Canceilation of flux

of flux

(a) Presence of the two fluxes {b) Resultant flux pattern
Fig. 3.45 Interaction of the two flux lines

of force on

= T N\
Conductor Yy
| conducior

According to propertics of the flux lines, these flux lines will try to shorten themselves.
While doing so, flux lines which are gathered will exert force on the conductor. Se
conductor experiences a mechanical force from high flux lines area towards low flux lines

area i.e. from left to right for a conductor shown in the Fig. 3.45.

Key Point : Thus we can conclude that current carrying conductor placed in the
magnetic field, experiences a mechanical force, due to interaction of two fluxes.

This is the basic principle on which d.c. electric motors work and hence also called

moloring action.

3.25.1 Fleming's Left Hand Rule

Direction of
maotion

Direction of
First current
finger
(Mux)
Middle
finger {current)

Fig. 3.46 Fleming's left hand rule

The direction of the force
experienced by the current carrying
conductor placed in magnetic field
can be determined by a rule called
‘fleming's left hand rule'. The rule
states that, ‘Outstretch the three
fingers of the left hand namely the
first finger, middle finger and
thumb such that they are mutually
perpendicular to each other. Now
point the first finger in the direction
of magnetic field and the middle
finger in the direction of the current
then the thumb gives the direction
of the force experienced by the
conductor’.
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The rule is explained in the diagrammatic form in the Fig. 3.46.

Apply the rule to crosscheck the direction of force experienced by a single conductor,
placed in the magnetic field, shown in the Fig. 3.47 (a), (b), (c) and (d).

Fid
F&—;—q
B

(e)
Fig. 3.47 Direction of force experienced by conductor

3.25.2 Magnitude of Force Experienced by the Conductor

The magnitude of the force experienced by the conductor depends on the following
factors.

1) Flux density (B) of the magnetic field in which the conductor is placed measured
in Wb/m? i.e. tesla.

2) Magnitude of the current I passing through the conductor in amperes.
3) Active length 'I ' of the conductor in metres.

The active length of the conductor is that part of the conductor which is actually
under the influence of magnetic field.

If the conductor is at right angles to the magnetic field as shown in Fig. 3.48 (a) then
force F is given by,

F = BII newtons

= e

Magnelm field Magnetic fieid Mﬂgnetlc field
(a) (b}
Fig. 3.48 Force on a current carrying conduckor
But if the conductor is not exactly at right angles, but inclined at angle 8 degrees with
respect to axis of magnetic field as shown in the Fig. 3.48 (b) then force F is given by,

F = Bllsin O newtons
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As shown in the Fig. 348 (c), if conductor is kept along the lines of magnetic field
then 6 = 0° and as sin 0° = 0, the force experienced by the conductor is also zero.

Key Paiiﬂ. The direction of such force can be-reversed either by changing the direction of
current or by changing the direction of the flux lines in which it is kept. If both are
reversed, the direction of force remains same. .

mmp Example 3.5 : Calculate the force experienced by the conductor of 20 cm long, carrying
50 amperes, placed at right angles fo the lines of force of flux density 10x10™> Wh/m’.

Solution :  The force experienced is given by,
F = Bllisin 6 where sin(8) = 1 as 0= 90 degrees
B = Flux density = 10x107 Wb/m?

I = Activelength =20 em =02 m
I = Current = 50 A
F = 10x102x50x02=01N

3.26 Introduction to Electromagnetic Induction

Uptill now we have discussed the basic properties, concepts of magnetism and
magnetic circuits. Similarly we have studied, the magnetic effects of an electric current. But
we have not seen the generation of em.f. with the help of magnetism. The em.f. can be
generated by different ways, by chemical action, by heating thermocouples etc. But the
most popular and extensively used method of generating an emf. is based on
electromagnetism.

After the magnetic effects of an electric current, attempts were made to produce
electric current with the help of magnetism rather than getting magnetism due to current
carrying conductor. In 1831, an English Physicist, Michael Faraday succeeded in getting
em.f. from magnetic flux. The phenomenon by which e.m.f. is obtained from flux is called
electromagnetic induction. Let us discuss, what is electromagnetic induction and its effect
on the electrical engineering branch, in brief.

3.27 Faraday's Experiment

Let us study first the experiment conducted by Faraday to get understanding of
electromagnetic induction.

Consider a coil having ‘N turns connected to a galvanometer as shown in the Fig. 3.49.

Galvanometer indicates flow of current in the circuit, if any. A permanent magnet is
moved relative to coil, such that magnetic lines of force associated with coil get changed.
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Whenever, there is motion of permanent magnet, galvanometer deflects indicating flow of
current through the circuit,

—@G Stationary coil

maoving magnet

J Motion of
magnet
—

P 221
Pastases ol

Fig. 3.49 Faraday's experiment

Key Point : TTe galcanomeler. deflects in, one. divection, when magnet. is noved
towards a coil. It deflects in ‘other direction; when moved away from:the coil.

The deflection continues as long as motion of magnet exists. More quickly the magnet
is moved, the greater is the deflection. Now deflection of galvanometer indicates flow of
current. But to exist flow of current there must be presence of e.mf. Hence such
movement of flux lines with respect to coil generates an eim.f. which drives current
through the coil. This is the situation where coil in which e.m.f. is generated is fixed and
magnet is moved to create relative motion of flux with respect to coil.

Similar observations can be

Stationary magnet Motion of coil AB made by moving a coil in the
L N magnetic  field  of  fixed
permanent  magnet,  creating

relative  motion  between  flux
and coil. This arrangement is
shown in the Fig. 3.50. The coil
AB is moved by some external
means in the magnetic field of

Fig. 3.50 Another form of Faraday's experiment  fixed permanent magnet. Coil is
connected to galvanometer.

Fixed
permanent
magnet

Galvanometer

Whenever conductor AB is moved in the direction shown in the Fig. 3.50 the
galvanometer deflects indicating flow of current through coil AB.

Key Point: The deflection is on one side when conduclor is moved up. While it ds in other
direction, when it is moved down.
Similarly greater is the deflection if conductor is moved quickly in magnetic field.

In both cases, basically there is change of flux lines with respect to conductor ic.
there is cutting of the flux lines by the conductor in which e.m.f. induced.



Elements of Electrical Engineering 3-47 Electromagnetics

With this experiment Faraday stated laws called faraday's laws of electromagnetic
induction.

This phenomenon of culting of flux lines by the conductor to get the induced eam.f in the
conductor or coil is called electromagnetic induction.

Thus, to have induced e.m.f. there must exist,
1) A coil or conductor.
2) A magnetic field (permanent magnet or electromagnet).

3) Relative motion between conductor and magnetic flux (achieved by moving
conductor with mspecl to flux or movmg with respecl to conductor).

T

'}(e 'Poln:_'__ TT:e em f exists as Iaug as mi'ahw maﬂ(m persrsr

3.28 Faraday's Laws of Electromagnetic Induction

From the experiment discussed above, Michael Faraday a British scientist stated two
laws of electromagnetic induction.

3.28.1 First Law
Whenever the number of magnetic lines of force (flux} linking with a coil or circuit changes, an
enf. gels induced in that coil or circuit.

3.28.2 Second Law

The magnitude of the induced em.f. is directly proportional to the rate of change of flux
linkages (flux x turns of coil).

Flux linkages = Flux x Number of tumns of coil

The law can be explained as below.
Consider a coil having N turns. The initial flux linking with a coil is ;.

Initial flux linkages = N ¢,
In time interval t, the flux linking with the coil changes from ¢, to ¢,.
Final flux linkages = N ¢,

N¢'2 -N o

Rate of change of flux linkages = T

Now as per the first law, em.f. will get induced in the coil and as per second law the
magnitude of e.m.f. is proportional to the rate of change of flux linkages.

_ No,-No,
t



Elements of Electrical Engineering 3-48 Electromagnaetics

o e = Kxﬁ?;.:.Nﬂ
t
_ b0
e = Na-‘{-

With K as unity to get units of e as volts, d¢ is change in flux, dt is change in time
hence (d¢ / dt) is rate of change of flux.

Now as per Lenz's law (discussed later), the induced e.m.f. sets up a current in such a
direction so as to oppose the very cause producing it. Mathematically this opposition is
expressed by a negative sign.

Thus such an induced e.m.f. is mathematically expressed along with its sign as,

do
e e = —Na volts

3.29 Nature of the Induced E.M.F.

EMF. gets induced in a conductor, whenever there exists change in flux with that
conductor, according to Faraday's law. Such change in flux can be brought about by
different methods.

Depending upon the nature of methods, the induced e.m.f. is classified as,
1) Dynamically induced em.f.  and
2) Statically induced e.m.f.

3.30 Dynamically Induced E.M.F.

The change in the flux linking with a coil, conductor or circuit can be brought about
by its motion relative to magnetic field. This is possible by moving flux with respect to
coil conductor or circuit or it is possible by moving conductor, coil, circuit with respect to
stationary magnetic flux. Both these methods are discussed earlier in discussion of
Faraday’s experiment.

Key Point: Such an induced e f. which is due to physical movement of coil, conductor
with respect to flux or movement of magnet with respect to stationary coil, conductor is
called dynamically induced ean.f. or motional induced e.m.f.

3.30.1 Magnitude of Dynamically Induced E.M.F.

Consider a conductor of length | metres moving in the air gap between the poles of
the magnet.

If plane of the motion of the conductor is parallel to the plane of the magnetic field

then there is no cutting of flux lines and there cannot be any induced em.f. in the
conductor such condition is shown in the Fig. 3.51 (a).
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~ Key Folnt When plane of the flux is parailel to the plane of the motion cf conductors
then there is no cutting of flux, hence no induced en.f.

Mation of conductor
~————————

Conduciore—

/7 Planeof flux
£~ 7 Plane of motion

Fig. 3.51 (a) No cutting of flux

Il\loﬁon of conductor

Conducior=—

Plane of motion

g s 7= Plane of flux

Fig. 3.51 (b) Maximum cutting of flux

III II =— Flux lines

i_--p v (velocity)

Fig. 3.52

In second case as shown in
the Fig. 3.51(b), the velocity
direction i.e. motion of conductor
is perpendicular to the flux.
Hence whole length of conductor
is cutting the flux line hence there
is maximum possible induced
em.f. in the conductor. Under
such condition plane of flux and
plane of motion are perpendicular
to each other.

- Key Point: Wien plane of
L the flux is perpendicular ta
 the plane of the mation of
. the conductors Hhen the
- cufting of flux is maximum
and hence induced ean.f. is
also maximon.

Consider a conductor moving
with velocity v m/s such that its
plane of motion or direction of
velocity is perpendicular to the
direction of flux lines as shown in
Fig. 3.52 (a).

1] v 5ing
(1]

veos

Direction of flux

(e}
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B = Flux density in Wb/m?
I

(This is the length of conductor which is actually responsible for cutting of flux lines.)

n

"

Active length of conductor in metres

v = Velocity in m/sec

Let this conductor is moved through distance dx in a small time interval dt, then
Area swept by conductor = Ixdx m?

Flux cut by conductor = Flux density x Area swept
dé = Bxlxdx Wb

According to Faraday's law, magnitude of induced e.m.f. is proportional to the rate of
change of flux.
Flux cut

Time

d¢ .
= a9t [Here N = 1 as single conductor]

Bl dx

dt

But —— = Rate of change of displacement

= Velocity of the conductor

v .
e

- e 3 s

This is the induced e.m.f. when plane of motion is exactly perpendicular to the plane
of flux. This is maximum possible e.m.f. as plane of motion is at right angles to plane of
the flux.

But if conductor is moving with a velocity v but at a certain angle 8 measured with
respect to direction of the field (plane of the flux) as shown in the Fig. 3.52 (b) then
component of velocity which is v sin 0 is perpendicular to the direction of flux and
hence responsible for the induced e.m.f. The other component v cos 8 is parallel to the
plane of the flux and hence will not contribute to the dynamically induced e.m.f.
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Under this condition magnitude of induced e.m.f. is given by,

v osing  volts |
where 8 is measured with respect to plane of the flux.

mmp Example 3.6 : A conductor of 2 m length moves with a uniform velocity of 1.27 mjfsec
under a magnetic field having a flux density of 1.2 Whyin? (tesla). Calculate the magnitude
of induced e.m.f. if conductor moves,
i) at right angles to axis of field.
ii) at an angle of 60° to the direction of field.

Solution : i) The magnitude of induced e.m.f.
e = Blv for 0 = 90°

e = 12x2x127 = 3.048 volts
ii) e = Blv sin@ where 0= 60°
12x%2%127xsin 60 = 2.6397 volts

mmp Example 3.7 : A coil carries 200 turns gives rise a flux of 500 pWb when carrying a

certain current. If this current is reversed in — th of a second. Find the average em.f,

10
induced in the coil.
Solution : The magnitude of induced e.m.f. is,
- nd
T

where d¢ is change in flux linkages iec. change in N ¢ . Now in this problem flux is
500%107° for given current. After reversing this current, flux will reverse its direction. So
flux becomes (-500x107).

do

1}

07 =, = -500x10"* ~(+500x10~)
This happens in time dt = 0.1 sec.

—N@ = =200=

Tt = 2 volts

(—1x103)
b St

Average em.f.
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3.30.2 Direction of Dynamically Induced E.M.F.
The direction of induced e.m.f. can be decided by using two rules.

1) Fleming's right hand rule

As discussed earlier, the Fleming's left hand rule is used to get direction of force
experienced by conductor carrying current, placed in a magnetic field while Fleming's

Motion of Lines of

condumo/ flux

Direction of e.m.f.

{current)
Fig. 3.53 (a)
F‘:m Faorce
e Right hand
Fiald
Current {e.m.f.} te.mt)
Fig. 3.53 (b)

right hand rule is to be used to get
direction of induced e.m.f. when conductor
is moving in a magnetic field.

According to Fleming's right hand rule,
outstretch the three fingers of right hand
namely the thumb, fore finger and the
middle finger, perpendicular to each other.
Arrange the right hand so that first finger
point in the direction of flux lines (from N
to S) and thumb in the direction of motion
of conductor with respect to the flux then
the middle finger will point in the
direction of the induced e.m.f. (or current).

Consider the conductor moving in a

magnetic field as shown in the
Fig.353(a). Tt can be verified using
Fleming's right hand rule that the

direction of the current due to the induced
em.f. is coming out. Symbolically this is
shown in the Fig. 3.53 (b).

Key‘P.ol'nt: In practice though magnet is moved keeping the conductor stationary, while
application of rule, thumb should point in the divection of relative motion of conductor

with resp

t to flix,

ing the flux stationary.

This rule mainly gives direction of current which induced em.f. in conductor will set

up when closed path is provided to it.

Verify the direction of the current through conductor in the four cases shown in the
Fig. 3.54 by the use of Fleming's right hand rule.



Elements of Electrical Engineering 3-53 Electromagnetics

Flux—=T L] Relative motion -
N of conductor o
S i)
(a) Current coming out (b) Current going in

Relative motion =

- of conductor -~
W
e
(c) Current going in {d) Current coming out

Fig. 3.54 Verifying Fleming's right hand rule

2) Lenz's law
This rule is based on the principles derived by German Physicist Heinrich Lenz.

The Lenz's law states that, The direction of an induced e.m.f. produced by the
electromagnetic induction is such that it sets up a current which always opposes the
cause that is responsible for inducing the e.m.f.'

In short the induced em.f. always opposes the cause producing it, which is
represented by a negative sign, mathematically in its expression.
-Nge

dt

The explanation can be given as below.

Consider a solenoid as shown in the Fig. 3.55. Let a bar magnet is moved towards coil

such that N-pole of magnet

, is facing a coil which will
Repulsive force due to -

=] induced e.m.i. and circulate the current through

current in coil the coil.

According to Lenz's law,

Barmagnet the direction of current due
to induced e.m.f. is so as to
oppose the cause. The cause

<= Direction of molion is motion of bar magnet

@ towards coil. So emf. will

set up a current through coil

Fig. 3.55 Lenz's law
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in such a way that the end of solencid facing bar magnet will become N-pole. Hence two
like poles will face each other experiencing force of repulsion which is opposite to the
motion of bar magnet as shown in the Fig. 3.55.

If the same bar magnet
Force of attraction due to is moved away from the

,L_ o 722 2'}?'::? I: c"‘;l: o coil, then induced e.m.f.
UL will set up a current in the
D direction which will cause,
Bar magnet the end of solenoid facing

bar magnet to behave as

;o . S-pole. Because of this two

©) el Dinaction o meon unlike poles face each other

e and there will be force of

attraction which is direction

of magnet, away from the
coil. The galvanometer shows deflection in other direction as shown in the Fig. 3.56.

The Lenz's law can be summarized as,

Fig. 3.56 Lenz's law

EMF Current Direction of current is
Magnet Repulsive Induced e.m.f.
maoved lowards == indgets sy "‘:1:1:'1 et such x‘:ﬁ':’w ons =t>{ force due [—[>opposes cause|
condictor in coll coil near 5 pole of magnet | fola paks producing it
Motion of Induced Current Direction of Tries to oppose Lonz's law
magnet a.mf fiedd magnet motion
E.M.F. Current Direction of cument is ;
Magnet ch that § is Attractive Induced e.m.f.
moved away from{=—> mglf:w > "f;":;h frtsn] develog:l: L - forca due to —"opposes cause|
conductor i aall ) naar N pole of magnet unlike poles preducing it
Motion of Induced Current Direction of Tries 1o oppose Lenz's law
magnet em.f field magnet motion

Fig. 3.57 Concept of Lenz's law
3.31 Statically Induced E.M.F.

Key Point : The change in flux lines with respect to coil can be achicved without
physically moving the coil or the magnet. Sucl induced emn.f. in a coil which is without
physical movement of coil or a magnet is called statically induced e.m.f.

Explanation : To have an induced e.m.f. there must be change in flux associated with
a coil. Such a change in flux can be achieved without any physical movement by
increasing and decreasing the current producing the flux rapidly, with time.

Consider an electromagnet which is producing the necessary flux for producing e.m.f.
Now let current through the coil of an electromagnet be an alternating one. Such
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alternating current means it changes its magnitude periodically with time. This produces
the flux which is also alternating ie. changing with time. Thus there exists dé/dt
associated with coil placed in the vicinity of an electromagnet. This is responsible for
producing an e.m.f. in the coil. This is called stahcaliy mduced em.f.

Key Point Tt muhe mhad that there is na’ p}ryslm! 1mmnt af ma;gne! or amdnctor, it :
is the ifernating supply zohich is responsible for such an induced eanfo | = :

The concept of statically induced e.m.f. is shown in the Fig. 3.58.

Current flows
. due to statically
Statically induced e.m.f.
e.m.f. G /
mﬁﬁ';n (/) Coil in vicinity of
! in this cail alternating flux
i «— Altemaling
N . flux (¢)
t - -~
N Changing with
time
Alternating .
current ngg

Fig. 3.58 Concept of statically induced e.m.f.

Such an induced e.m.f. can be observed in case of a device known as transformer.

Note : Due to alternating flux linking with the coil itself, the em.f. gets induced in that
coil itself which carries an alternating current.

The statically induced e.m.f. is further classified as,
1) Self induced e.m.f. and 2) Mutually induced e.m.f.
We shall study now these two types of statically induced e.m.fs.

3.32 Self Induced E.M.F.

Consider a coil having ‘N' turns and
i Fluxdueto curentl  carrying current ‘I’ when switch °S' is in
closed posion. The current magnitude
can be varied with the help of variable
resistance connected in series with
battery, coil and switch as shown in the
Fig. 3.59.

The flux produced by the coil links
with the coil itself. The total flux linkages
of coil will be N & Wb-turns. Now if the
current ‘T is changed with the help of

Fig. 3.59
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variable resistance, then flux produced will also change, due to which flux linkages will
also change.

Hence according to Faraday's law, due to rate of change of flux linkages there will be
induced e.m.f. in the coil. So without physically moving coil or flux there is induced em.f.
in the coil. The phenomenon is called self induction.

The e.m.f. induced in a coil due to the change of its own flux linked with it is called
self induced e.m.f.

Key Point : The self induced a:mf Ia.sts il Hie . currmi mdhe cofl is ch:mgmg ']"kz
dlrectmofsuch mducede_mf mlxabfam&;lbyknzsfm :

3.32.1 Self Inductance

According to Lenz's law the direction of this induced e.m.f. will be so as to oppose the
cause producing it. The cause is the current I hence the self induced e.m.f. will try to set
up a current which is in opposite direction to that of current 1. When current is increased,
self induced em.f. reduces the current tries to keep it to its original value. If current is
decreased, self induced e.m.f. increases the current and tries to maintain it back to ils
original value. So any change in current through coil is opposed by the coil.

This property of the coil which opposes any change in the current passing
through it is called self inductance or only inductance.

It is analogous to electrical inertia or electromagnetic inertia.

3.32.2 Magnitude of Self Induced E.M.F.

From the Faraday's law of electromagnetic induction, self induced e.m.f. can be
expressed as
d¢o
dt

Negative sign indicates that direction of this e.m.f. is opposing change in current
due to which it exists.

The flux can be expressed as,

e =

= ( Flux / Ampere }x Ampere = ?x I

Now for a circuit, as long as permeability )1' is constant, ratio of flux to current
(i.e. B/H) remains constant.

- Rate of change of flux = ?x Rate of change of current

do _ ¢ dl
dt ~ T1'dt



Elements of Electrical Engineering 3-57 Electromagnetics

6 d
b

- {38

The constant -I}II—@ in this expression is nothing but the quantitative measure of the

property due to which coil opposes any change in current.

So this constant E[? is called coefficient of self inductance and denoted by ‘L'

- N¢

I

It can be defined as flux linkages per ampere current in it. Its unit is henry (H).

A circuit possesses a self inductance of 1 H when a current of 1 A through it
produces flux linkages of 1 Wb-turn in it.

dl
e = —La volts

From this equation, the unit henry of self inductance can be defined as below.

Kay Point: A circuit possesses an inductance of 1 H when a current through coil is
changing un;formfy at the rate af one ampere per second mdrmng qn op;msmg em _f 1 volt
in it o

The coefficient of self inductance is also defined as the e.m.f. induced in volts when
the current in the circuit changes uniformly at the rate of one ampere per second.

3.32.3 Expressions for Coefficient of Self Inductance (L)

L = N¢ e )
1
M.M.F. NI
Pk ? = Reloctance = 5
_ N-N
i ¢
2
fiom N? henries (@
I
Now 5= —
HLa
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2

L=

( 1

Ha

N2pa N? a
L = ,”"' - % henties e

where ! = Length of magnelic circuit

a = Area of cross-section of magnetic circuit

through which flux is passing.

3.32.4 Factors Affecting Self Inductance of a Coil
Now as defined in last section,

N2 gp, a

L =
1

We can define factors on which self inductance of a coil depends as,

1) It is directly proportional to the square of number of turns of a coil. This means
for same length, if number of turns are more then self inductance of coil will be
maore.

2) It is directly proportional to the cross-sectional area of the magnetic circuit.

3) It is inversely proportional to the length of the magnelic circuit.

4) It is directly proportional to the relative permeability of the core. Seo for iron and
other magnetic materials inductance is high as their relative permeabilities are
high.

5) For air cored or non-magnetic cored magnetic circuits, i =1 and constant, hence
self inductance coefficient is also small and always constant.

As against this for magnetic materials, as current i.e. magnetic field strength
H (N 1/) is changed, p . also changes. Due to this change in current, cause change
in value of self inductance. 5o for magnetic materials it is not constant but varies
with current.

'\ Key Polnt: For magnetic materials, L cliatiges as the current

6) Since the relative permeability of iron varies with respect to flux density, the
coefficient of self inductance varies with respect to flux density.

7) If the conductor is bent back on itself, then magnetic fields produced by current

through it will be opposile to each other and hence will neutralize each other.
Hence inductance will be zero under such condition.
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iy Example 3.8 : If a coil has 500 turns is linked with a flux of 50 mWb, when carrying a
current of 125 A. Calculate the inductance of the coil. If this current is reduced to zero
uniformly in 0.1 sec, caleulate the self induced em.f. in the coil.

Solution : The inductance is given by,

L o= No
1
where N = 500, 6=50 mWb=50x10"Wh, I=25A

_ 500x50x107  _

L = — 1 = 02 H

e = _Lﬂ -l Final value of T -Initial value of 1
- dt Time

0-125% _

= —le[—ﬁ—] = 250 wvolts

This is positive because current is decreased. So this ‘e’ will try to oppose this
decrease, means will try to increase current and will help the growth of the current.

mmp Example 3.9 : A coil is wound uniformly on an iron core. The relative permeability of
the iron is 1400. The length of the magnetic circuit is 70 cm. The cross-sectional area of the
core is 5 cm’. The coil has 1000 turns. Calculate,
i) Reluctance of magnetic circuit ii) Inductance of coil in henries.
iii) EEM.F. induced in coil if a current of 10 A is uniformly reversed in 0.2 seconds.

Solution : p, = 1400, L=70cm =07 m, N =1000

A = 5em? =5x107 m?, pg= dmx1077

i) s= 1 - 07 =7.957%10° AT/Wb
Moked  4mx1077 %1400%5%10~
2 2
i) L= N 000 56 H
S 7957x10°

iii) A current of + 10 A is made - 10 A in 0.2 sec.
dl -10-10

F - "oz -
e = -—L% = ~1.2566x(-100) = 125.66 volts

Again it is positive indicating that this em.f. opposes the reversal ie. decrease of
current from +10 towards -10 A.

b 1
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3.33 Mutually Induced E.M.F.

If the flux produced by one coil is getting linked with another coil and due to change
in this flux produced by first
coil, there is induced e.m.f. in
the second coil, then such an
emf. is called mutually
induced e.m.f.

Consider two coils which
are placed adjacent to each
other as shown in - the

h Fig.3.60. The coil A has

A @ N; turns while coil B has Nj
Iti“-‘-“VW\r"" G number of turns. The coil A

s E R has switch S5, variable
Fig. 3.60 Mutually induced e.m.f. resistance R and battery of

’E' volts in series with it. A
galvanometer is connected across coil B to sense induced e.m.f. and current because of it.

Current through coil A is I; producing flux ¢,. Part of this flux will link with coil B
ie. will complete its path through coil B as shown in the Fig. 3.60. This is the mutual flux
¢2'

Now if current through coil A is changed by means of variable resistance R, then flux
¢, changes. Due to this, flux associated with coil B, which is mutual flux ¢, also changes.
Due to Faraday's law there will be induced em.f. in coil B which will set up a current
through coil B, which will be detected by galvanometer G.

: Key .F.'t.):lh!.:_ﬁ.uy change in current Hhiough coil. A produces eamf. ot coil B, this
phenomenon is called smdual induction und et is called muiually indiced enf.

3.33.1 Magnitude of Mutually Induced E.M.F.
Let N; = Number of turns of coil A

N, = Number of turns of coil B

I, = Current flowing through coil A

¢, = Flux produced due to current [, in webers
&, = Flux linking with coil B

.
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According to Faraday's law, the induced e.m.f. in coil B is,

doy

€ = Nag

Negative sign indicates that this e.m.f. will set up a current which will oppose the
change of flux linking with it.

4
Now Gy = rx]l

If permeability of the swrroundings is assumed constant then ¢, = 1; and hence ¢, /1;
is constant.

Rate of change of ¢, = ?g-x Rate of change of current Il
1

do, _ % dh,
@ ST
9, dIy
Ez = —Nz'n-'—ch—

N, ¢, dl]
()

€2

N
Hem( ; %2 ]is called coefficient of mutual inductance denoted by M.
1 -

dI;
e, = -M—d-{ volts

Coefficient of mutual inductance is defined as the property by which emf gets
induced in the second coil because of change in current through first coil.

Coefficient of mutual inductance is also called mutual inductance. It is measured in
henries.

3.33.2 Definitions of Mutual Inductance and its Unit
1) The coefficient of mutual inductance is defined as the flux linkages of the coil per
ampere current in other coil.
2) It can also be defined as equal to em.f. induced in volts in one coil when current
in other coil changes uniformly at a rate of one ampere per second.
Similarly its unit can be defined as follows :

1} Two coils which are magnetically coupled are said to have mutual inductance of
one henry when a current of one ampere flowing through one coil produces a
flux linkage of one weber turn in the other coil.



Elements of Electrical Engineering 3-62 Electromagnetics

2) Two coils which are magnetically coupled are said to have mutual inductance of
one henry when a current changing uniformly at the rate of one ampere per
second in one coil, induces as e.m.f. of one volt in the other coil.

3.33.3 Expressions of the Mutual Inductance (M)

N
1) M=_[2_?.2_
1

2) &, is the part of the flux ¢, produced due to I;. Let K, be the fraction of ¢ which
is linking with coil B.
0 = Ko
N>Ki9)
i

M =

3) The flux ¢, can be expressed as,

MM.E NI

o = Reluctance ~ S
M= kN

I, S
M = _.__KLNS'N?

If all the flux produced by coil A links with coil B then K; = 1.

NN
M = __lg_l_
4) Now s=-1 ad K =1
Ha
Then M = E‘r_‘_i\_l.?_ = ELNL'E.E
(1 {
i
M o= NiNaamgbe
7

5) If second coil carries current I;, producing flux 0,, the part of which links with
coil A ie o, then,
o = Ky0, and M= Moy

]"}
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Mo aKey
L
N, I,
Now ¢2 = _5_
N\K; N, I,
M= 5
N, N
M = K, é 2

If entire flux produced by coil B, links with coil 1, K; =1 hence,
_ NN,

3.33.4 Coefficient of Coupling or Magnetic Coupling Coefficient
N, K
NSO g M 22

We know that, M =
1 I

Multiplying the two expressions of M,
NoKyop  Nu Ko 0
I

MxM =
1 I
M = K K, Ny & \(N2%2
5 I
N
But }01 = Self inductance of coil 1 = L
1
N,
%—‘pz = Self inductance of coil 2 = L,
2

M2 = KK, L, L,
M= [KK-JLL, = KJLL,
where K = JKK,

The K is called coefficient of coupling.

If entire flux produced by one coil links with other then K = K; = K; = 1 and
maximum mutual inductance existing between the coil is M = K JL;L,.

This gives an idea about magnetic coupling between the two coils. When entire flux
produced by one coil links with other, this coefficient is maximum i.e. unity.
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It can be defined as the ratio of the actual mutual inductance present between the two
coils to the maximum possible value of the mutual inductance.

The expression for K is,

M
L,L,

K =

Key Point: When K = 1 coils are snid to be tHghtly coupled anid if K i afn:chan Hw
coils are said to be loosely coupled,

3.34 Effective Inductance of Series Connection

Similar to the resistances, the two inductances can be coupled in series. The
inductances can be connected in series either in series aiding mode called cumulatively
coupled connection or series opposition mode called differentially coupled connection.

3.34.1 Series Aiding or Cumulatively Coupled Connection
Two coils are said to be cumulatively coupled if their fluxes are always in the same
direction at any instant.
For this, winding direction of the
Coil 1 ,—-ﬂ-.\ Coil 2 two coils on the core must be the
“ A A : i
43 same 50_ tha_l baoth will u’:_arr}-r current in
== G - same direction. The Fig. 3.61 shows
Flux :Z‘ & cumulatively coupled connection.
ril
! Coil 1 has self inductance L; and
Coil 2 has self inductance L.

Winding direction same. .
Current direction same While both have a mutual
through bioth the coils. inductance of M.

Fig. 3.61 Series aiding

3.24.2 Equivalent Inductance of Series Aiding Connection

Refer to Fig. 3.61 which shows two coil of self inductances L, and L, connected in
series aiding mode. The mutual inductance between the bwo is M.

If current flow through the circuit is changing at the rate of d then total e.m.f.

induced will be due to self induced e.m.Ls and due to mutually induced e.m.f.s.

Due to flux linking with coil 1 itse]f, there is self induced e.m.f.,

a = g
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Due to flux produced by coil 2 linking with coil 1 there is mutually induced e.m.f,,
di

€y = “Mm

Due to flux produced by coil 1 linking with coil 2 there is mutually induced e.m.f.,
di

e, = -Mm

Due to flux produced by coil 2 linking with itself there is self induced e.m.f.

di
e, = -Lzm

The total induced e.an.f. is addition of these e.m.f.s as all are in the same direction.

di di di di

e = e +ey e, e, ==L T ME'ME -L, at
di di
= —[L+L, +2M]—.dt = Leg

Where L.; = Equivalent inductance

eq

Leq = Ly+L,+2M

3.34.3 Series Opposition or Differentially Coupled Connection

Two coils are said to be differently
coupled if their fluxes are always in the
opposite direction at any instant.

Such a connection is shown in the
Fig. 3.62.

Coil 1 has self inductance L;.

Winding direction opposite. Coil 2 has self inducta .
Hence current direction opposite o1 s nductance LZ

Fig. 3.62 Series opposition

and the mutual inductance between
the two is M.

3.34.4 Equivalent Inductance of Series Opposition Connection

In series opposition, flux produced by coil 2 is in opposite direction to the flux
produced by coil 1.

If current in the circuit is changed at a rate % then their self induced em.fs will

oppose the applied voltage but mutually induced e.m.f. will assist the applied voltage.
Similar to the cumulative connection there will exist four e.m.f.s which are,
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di di
e = —Ll-d-‘i, €y = +Mm
di di
e = +Md—: and ey =~—L3d—:

Hence the total e.m.f. is the addition df these four e.m.fs,
e = et eyt epte,
di di di di
= Ly tMg Mg -l

di
e dr

n

di
- [Ly 4L, M) =L

where Lv:q = Equivalent inductance of the differentially coupled connection.

i Example 3.10 : Two coils A and B are kept in parallel planes, such that 70 % of the flux
produced by coil A links with coil B. Coil A has 10,000 turns. Coil B has 12,000 turns. A
current of 4 A in coil A produces a flux of 0.04 mWb while a current of 4 A in coil B
produces a fluxof 0.08 mWb. Calculate,

i) Self inductances Ly and Ly i) Mutual inductance M iii) Coupling coefficient.

Solution : The given values are,
N, = 10000, Ny =12000, ¢5=079¢,

K, = %:w:

0y = 004x10° Wb forl, =4 A
6y = 008x10 Wb for I, =4 A

Naods _ 10,000x004x1073

i) Self inductance L, = I 1 =01H
A
N -3
and Ly = ]B% =1200(]><0;108x10 ~024 H
B
N NgK
ii) Mutual inductance M = I"q’“ ="1—*‘¢“
A A
=3
_ lzﬂﬂﬂx[},?:O,Mxl{] - 0.084 H
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. . 0.084
iii) Coupling coefficient K= e = = (0,5422
ping Ly  ~0Ix024

3.35 Energy Stored in the Magnetic Field

We know that energy is required to establish flux ie. magnetic field but it is not
required to maintain it. This is similar to the fact that the energy is required to raise the
water through a certain height (h) which is ‘mgh' joules. But energy is not required to
maintain the water at height 'h'. This energy ‘mgh’ gets stored in it as its potential energy
and can be utilized for many purposes.

Key Point: The energy required fo establish magnctic field then gets stored info it as a
potential energy. This enérgy can be recovered twhen magnetic field established, collay

This can be explained as

Energy is
stored in . below.
magnetic field Consider a solenoid, the

current through which can be
controlled with the help of switch
S, resistance R shown in the
Fig. 3.63.

Initially switch ‘S' is open, so
current through coil, T is zero.
When switch is closed, current

Fig. 3.63 Energy stored in magnetic field will try to built its value equal to
L. Neglect the resistance of coil.
It will take sometime to increase the current from ‘zero’ to ‘I' say ‘dt' seconds.

In the mean time, flux linkages associated with the coil will change, due to which
there will be self induced e.m.f. in the coil whose value is given by,
dl

= iy

So at every instant, coil will try to oppose the increase in the current. To overcome this
opposition, supply has to provide the energy to the circuit. This is nothing but the energy
required to establish the current i.e. magnetic field or flux around the coil.

Once current achieves its maximum value ‘I then change in current stops. Hence there
cannot be any induced e.m.f. in the coil and no energy will be drawn from the supply. So
no energy is required to maintain the established flux. This is because, induced e.m.f. lasts
as long as there is change in flux lines associated with the coil, according to Faraday's law.

Key Paint: Now the energy which supply has provided, gets sfnmd iz the cotl which 1s
energy stored in e magnetic field, as its potential energy. :
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When current is again reduced to zero by opening the switch then current through the
coil starts decreasing and flux starts decreasing. So there is induced em.f. in the coil
according to Faraday's law. But as per Lenz's law it will try to oppose cause producing it
which is decrease in current. So this induced em.f. now will try to maintain current to its
original value. So instantaneously this induced e.nf. acts as a source and supplies the
energy to the source. This is nothing but the same energy which is stored in the magnetic
field which gets recovered while field collapses. So energy stored while increase in the
current is returned back to the supply when current decreases i.e. when field collapses.

Key Point : The energy which s stored in the coil earlier is returned back to the supply,
No additional energy can exist as cail cannot generate any energy.

The expression for this energy stored is derived below.

3.35.1 Expression for Energy Stored in the Magnetic Field
Let the induced e.m.f. in a coil be,

dl
e = —La—l-

This opposes a supply voltage. So supply voltage V' supplies energy to overcome this,
which ultimately gets stored in the magnetic field.

- = fopdl} oA
V= -e —[Ldl]—Ldt
. dl
Power supplied = VxI = L-a?xl

. Energy supplied in time dt is,

E = PowerxTime =L$x]xdt

= Ldix I joules

This is energy supplied for change in current of dI but actually current changes from
zero to L

.. Integrating above total energy stored is,

E

del] = LJI'dll
o 0

] 4[4
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E = =LI? joules

1
z

3.35.2 Energy Stored Per Unit Volume
The above expression for the energy stored can be expressed in the different form as,

E = -]‘-LI: joules

2

Now L = -1\?
. 1Ne, . 1 —
o E = ETI joules =§N¢I joules
Now NI = HI ampereturns

& = Ba

E = %BJH"
But axl = AreaxLength = Volume of magnetic circuit

. Energy stored per unit volume is,

1
= 3BH

But B = pH
- Energy per unit volume,

L H? joules/m?

B3 =

E/ unit volume =

2
Liad joules / m?
m

1
=

where Bo= ol

In case of inductive circuit when circuit is opened with the help of switch then current
decays and finally becomes zero. In such case energy stored is recovered and if there is
resistance in the circuit, appears in the form of heat across the resistance,

While if the resistance is not p then this energy appears in the form of an arc
across the switch, when swilch is opened.

If the medium is air, p, = 1 hence p = p; must be used in the above expressions of
energy.
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mmp Example 3.11 : A coil is wound on an iron core to form a solenoid. A certain current is
passed Hirough the coil which is producing a flux of 40 WWb. The length of magnetic circuit
is 75 cm while its cross-sectional area is 3 cm". Calculate the energy stored in the circuit,
Assume relative permeability of iron as 1500.

Solution : = 75em=07m, a=3cm®=3x10" m?

-

0 = 40 Wb =40x10™° Wb, u, = 1500

g . O d0x10°

a 3x107

Energy stored per unit volume,
R

2 Zpg,

1
2

47x1077 %1500

= 0.133 Wb/m?®

2
(0133) =4.7157 1im®

. Total energy stored=Energy per unit volume x Volume = Ex(ax/{)

= 4.7157%(3x107 % 0.75) = 0.00106 joules

3.36 Lifting Power of Electromagnets

——
N
P newtons Final
Tr position
Pl
N Tnitial
——  posilion
Fig. 3.64
air per unit volume is,
2
g -L1B 0
2u,

Energy stored = liax! I
nergy 2,

Force of attrachon between the two
magnetized surfaces forms the basis of
operation of devices like lifting magnets,
solenoid  valves, magnetically operated
contactors, clutches etc.

Consider two poles of two magnetized
surface N and S having an air gap of length
‘I' m between them and a cross-sectional area
of 'a’ sqm. Let P newtons be the force of
attraction between them. This is shown in the
Fig. 3.64.

The energy stored in a magnetic field in

cHe=1

If south pole is moved further by distance dx then energy stored will further increase

by,
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2

= ?-Bl-lu axdx joules

This increased energy must be equal to the mechanical work done to move pole by
distance dx which is,

Pxdx = (Forcex Displacement)

2
Pdx = L axdx
2y,
2
r = Ba newtons
2uy

This is the force in newtons existing between two magnetized surfaces.

3.37 Effective Inductance of Parallel Connection

The two inductances can be coupled in parallel. In such connection also they can be
connected as cumulatively coupled (parallel aiding) or differentially coupled (parallel
opposing). Let us obtain the effective inductance for these two cases.

3.37.1 Parallel Aiding or Cumulatively Coupled

Let the coil 1 has a self inductance L;
while the coil 2 has self inductance Ly. The
coils are connected in parallel aiding as
shown in the Fig. 3.65

The currents through the coils 1 and 2 are
I; and I, respectively.

Key Point: Due to parallel aiding, the mutually

Fig. 3.65 Parallel aiding induced e.m.f. helps the self induced e.m.f., in each
coil.

As coils are in parallel, the e.m.fs induced in the two coils must be same.

dI dl dl dl
1 2 _ 2 1
Lg M@ = LMy -~
di, di,

jr['—t—M] = [L,-M]

di, L, -M] dI,
r [Ll—M}T ~@
dI dI
Now =l e GeTrE
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dr_ L, -M] dl, . dl, Jis L,-M d!_2 .0
dt L, -M]| dt  dt L, -M| dt

Now let Ly, be the equivalent inductance of the parallel connection then the induced
e.m.f. can be written as,

dl
e = Ly )
But due to parallel connection, this must be equal to the e.m.f. induced in any one coil.

dl d[| f'l_l_;_ &)

lagi = i@ *Mg

Using equation {2) and (3) in the equation (5),

, L,-M] dl, Ly-M]dl, I,
- Lo [“l -M}"c'l'l_ = [L M} a M
L [Latla-aM] | Ly(L-M)
“]l Ly-M (L -M)

L [Larla oM L,L, ~L M+ L M-M?
e | TL =M - L,-M

L,L, -M?

W 7T AL, —2M -6

3.37.2 Parallel Opposing or Differentially Coupled

The connection of coils is shown
in the Fig. 3.66
Key Point: Due to parallel opposing,
the mutually induced em.f opposes the
self induced e.m.f, in each coil. As coils
are in parallel, the e.m.fs induced in ile
two coils must be same.

Fig. 3.66 Parallel opposing

d, _ dI, dl,  dI

co iy Mg = Lo Mg

dl; _ [L,+M]dI,
q T |T,eM| =
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_ . dl _ diy di,
Now I =1+, ie il e
dl L, +M] dl, ) .
. i 1+ L, +M Gt (Using equation (7)) .(8)

Now let Ly, be the equivalent inductance of the parallel connection then the induced
em.f. can be written as,
dl
e = Leq at -A9)

But due to parallel connection, this total induced e.m.f. must be equal to the em.f.
induced in any one coil.

. di dIy dl,
wd = Lia M -1
Using equation (7) and (8} in the equation (10),
: L, [releMpdl Ly oML dly
" 9 T TL +M ]| dt VIL, +M| dt dt
) L [LixloraM] L,L, +L,M-L,M-M?
- o | T M L +M
L LL,—M?
w T LA, aM - {an

3.38 Current Rise in Inductive Circuit

If a pure resistance R is connected Lo the supply, the current in the circuit increases to

its maximum value XR instantaneously. Similarly if the resistive circuit is opened by means

of a switch, the current reduces to zero value instantaneously. But in case of an inductive
circuit, the rise and decay of the current is not instantaneous but gradual.

Consider an inductor L in series with the resistance R, connected across the voltage V,
through a switch, as shown in the Fig. 3.67.

The inductor has initially no current
flowing through it. At the instant t = 0,
the switch is closed as the d.c. voltage of
V volts gets applied to the circuit.

Due to inductance L, the current
increases gradually to its final value. At
any instant during the rise of the current,

Fig. 3.67 Current rise in an inductor
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let the current flowing is i amperes and it is increasing at a rate (di/dt) amperes/sec. This
(difdt) induces e.m.f. in the inductor, which opposes the cause producing it as per Lenz's
law, which is rise in current. Thus the inductor opposes the rise in current due to which
the current cannot increase to its maximum value instantaneously.

3.38.1 Mathematical Analysis
Applying KVL to the circuit, at any instant t,

V = VR"'VI, ie \!=iR+LE

dt
V —-iR = L:ji:- e T—‘i-i:»;-g-:-
Bae
-
Integrating both sides,
%t = -In [%—i]ﬂ( (1)

As initial inductor current is zero, i = D att = 0.

v . WV
kS 0= —fn[ﬁ}-bl( e K=In [ﬁ]

IR

T
v i
R, _ Vol Vi T
——]:t = In[ﬁ |} In[ﬁ]—!n YATAY
(%)
Taking antilog,
Ry %
L= 5= _
¢ N
R
E-1 = Ee_{: ie '—E—Ve_%t
R TR - YRR

R
i:-—;[l -e'it] (@
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R
-7t . V. .
Ast—ee, ¢ L —0and hence i=I, = T the maximum value of current.

R
i=1, [1 —eo T ] _ . (3

3.38.2 Time Constant
The time constant of R-L series circuit is defined as the time required by the inductor
current to rise from 0 to 0.632 of its final value, during its rise.

Thus at r=%, i=1 (1—(:")=U.632 I, hence the time constant of R-L series

oo L .
circuit is ¢ and is denoted as 7.

L
== d
T R seconds

i The Fig. 3.68 shows the
exponential behaviour of the
_______________ inductor current.

7 The initial rate of rise of
A ¢ nductor current current is large upto first time

1
i increases gradually constant. At later stage the
! rate of rise of current reduces.
LL [ Ideally the current reaches to
= NSeconds  jts  maximum  value after
Time constant infinite time but practically it
Fig. 3.68 Rise in inductor current reaches to its maximum value

within 4 to 5 ime constants.

3.39 Current Decay in Inductive Circuit

Consider a series R-L circuit as shown in the Fig. 3.69.

The switch K is in position ‘a’, long
enough so that the current reaches to its
maximum value of V/R At the instant
= t=0, the switch posilion is changed from
- /D L ‘a’ to . Due to this, the current slarts

) decreasing. But current cannot become

' zero instantaneously but there is gradual

decay in the current due to the inductor.

Fig. 3.69 Decay in inductive circuit
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3.39.1 Mathematical Analysis
Applying KVL to the circuit, when switch is in position b,

Vg+V, =0 ie iR+ I.:il: =0 A1)
- . v
And initially at t =0, =1, = T
di _ . . di_ R
LEF = —-iR 1e. T tdt

Integrating both sides,
In[i] = —%t +K
Using initial condition,

In [%] = 0+K Qe K= m{%] ()

[ = —St+in [%]

I
In [i]—In[\E} = -3t
i . R
n(v|=-R e AT

i

t

=

- (3)

{=%e Lo=1, e

Key Point: The equation (3) shows that the current is exponentially decaying.

The Fig. 3.70 shows the variation of current with respect to time.

Inductar current

ys exponentially

0.36 Ly d oo e
i

1

Ui in seconds

Time ;nnstant
Fig. 3.70 Decay of inductor current
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3.39.2 Time Constant

The time required by the inductor current to decay to 0.368 times its maximum value
is called the time constant. This is shown in the Fig. 3.70.

Thus when t-——r:%,

L
i = LR = -1 -
i=1, e LR =I_ e =0368],

Hence the time constant T is given by -:E

T =% seconds

Ideally current becomes zero after infinite time but practically it becomes almost zero
within 4 to 5 time constants.

Examples with Solutions

sy Example 3.12 : A magnetic circuit is excited by three coils as shown in the Fig. 3.71.
Calculate the flux produced in the air gap. The material used for core is iron having relative
permeability of 800. The length of the magnetic circuit is 100 cm with an air gap of 2 mm
in it. The core has uniform cross-section of & em’,

I, =6A

N, = 600

AT
LU

l,=5A
Ny =100 {

.

=— Air gap

Fig. 3.7
Solution : Given, N;=600, =64, Ny=100, =54

Ny = 800, I;=1A, =10an=1m
I = lp=ly=1m-2x10" = 0998 m
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i

It

2x107% m, p, = 800,a=6cm?=6x10"*m?

B
Now total reluctance S = §; + 5,
; 998
S = b o 0.9 = 1654548.263 AT/Wb
Holed 471077 x 800 6% 10~
I, -3
5, = £ - W7 esassaass AT/Wb

B Mga 41077 x6x1074

S = 4307130.648 AT/Wb

Let us find the direction of flux due to various

1
PP bl coils using right hand thumb rule.
Eetates s el hand .
As shown in the Fig. 3.71 (a) m.m.f of coil (1)
. ? and (2) are in same direction while m.m.f. of coil
i (-{.., (3) is in opposite direction.
-d;.__ b
o _——wrgap . Netmufi= (Ng 1)) + (Ng 1) — (N3 1)
o] |
! = (600 x 6) + (100 x 5) - (1 x800)
NI =23300 AT
e,
o . _ MM.F. _ NI _ 3300
'3l l - ~ Reluctance ~ 'S~ 1307130618
Fig. 3.71 (a) = Flux in air gap ¢ = 0.7661 mWb

- Example 3.13 :  The Fig. 3.72 shows a magnetic circuil with two similar branches and an
exciting coil of 1500 turns on central limb. The flux density in the air gap is 1 Whjm® and
leakage coefficient 1.2. Determine exciting current through the coil. Assume relative
permenbility of the iron constant equal to 600.

i
JEM ey e
| T D[ E-— | 4 f
e
il o EL ]
tem == ol = 1Cm
] A ¥
L |
Bi=—25 cr
Fig. 3.72

Solution :  Flux density in air gap B, = 1 Wh/m?

a = 3x4=12em’=12x10" " m®
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¢ = Bgxa =1x12x107% =12x107* Wb

&
or o

o= L= TL 12
% 12x107*

O = Ogg. = 12x12x1077
0yqe = 144x 1073 Wb
As the circuit is parallel magnetic circuit,
Goil = Dside + Osider = 2% 144x 107
= 288x10°° (as sides are similar)
Section I} Central limb

19cem =019 m
a = 12x10"* m?
I 0.19

S, = —<—= — -~
BoHed  4xx1077 % 600x12x10

209996.11 AT/Wb
Section II] One side limb

L =254+25=50cm=05m
12107 % m?

L 05

5 = I a -7 4
Holed  4ax1077 % 6001210

a

u

= 552621.33 AT/Wb
Section I} Air gap
I, = 1an =001m
a = 12x107*m?
e 0.01
B e 4mx107 x12x1074
= 6631456 AT/Wb
M.ME. for central limb = ¢, xS, = 288 x10™%x209996.11
604.78 AT
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M.M.F. for one side limb = 6, %S, = 144 x10™ 3 x 552621.33

795.774 AT

MMF. for air gap = 0, x5, =12x% 107 % 6631456

7957.7472 AT

~Total mm.f. = M.MF. for central limb + M.MF. for one side + MMLF. for air gap
NI = 60478 + 795.774 + 7957.7452

1500 I = 9358.3107

1

6.2388 A

ey Example 3.14 : A conductor of length 10 cm carrying 5 A is placed in a uniform
magnetic field of flux density 1.25 tesla. Find the force acting on the conductor, if it is
placed (i) along the lines of magnelic flux, (i) perpendicular to the lines of flux and (i} at
307 to the flux.

Solution: /=10em=10x10"m I=5A,B=125T
Case 1 : Along lines of magnetic flux
0 = Angle between conductor and axis of magnetic field l
=
AF=B-1-1sin0=125x5x10x10"2sin0°=0N 1=5

. . . Fig. 3.73
Case 2 : Perpendicular to lines of flux ie. 6= 90°

F=B11Isin9=BI1]=125x5x10x10"%=0625N

Case 3 : At 30° to the flux i.e. 8= 30"

F=B11/sin30°=125%x5x10x102x =03125N

R =

nmp Example 3.15 : A sguare coil of 20 cm side is rotated about its axis at a speed of
200 revolutions per minute in a magnelic field of density 0.8 Wh/ni’. If Hire nember of turns
of coil is 25, determine maximum em.f. induced in the coil.
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Solution : The arrangement is shawn in the Fig. 3.74.

Rotation
i

Top view

(b)

Fig. 3.74

As shown in the Fig. 374 (b) the active length responsible for cutling flux lines
becomes [=20em = 02 m.
Now N = 200 rp.m.

We want the velocity of m/sec

Vo= T

2uN
:0 [where N is in rp.m. and r = 10 em = 0.1 m]

2 200
01 X_I%TE = 2.094 m/sec

T

u

o v

B = 0.8Wb/m® and Active length =02 m

The maximum e.m.f. induced in conductor AB, shown in Fig. 3.74 (b) will be,
e = Blvsin0

For eq,,,, 6 = 90°

e 0.8x0.2x 2.094 = 0.335 volts

n

The em.f. induced in sides BC and AD is almost zero as their plane of rotation
becomes parallel to plane of field.

And maximum e.m.f. induced in conductor CD will be same as AB = 0.335 volts.
s« EM.E. induced in one turn of the coil [AB + CD]
= 2% 0335 =067 volts
In all, there are 25 turns in that coil.
. Total em.f. induced in a coil is

= 25x 067 = 1675 volts
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iy Example 3.16 : A conductor has 50 cm length is mounted on the periphery of a rotating
part of d.c. machine. The diameter of a rotating drum is 75 cm. The drum is rotated at a
speed of 1500 r.p.m. The flux density through which conductor passes af right angles is
1.1 T. Calculate the induced em.f. in the conductor.

Solution : The active length [ = 50 em = 05 m, N = 1500 rpm, B = 11T,
8 = 90"
The rotating drum on which conductor is
mounted is called armature of a d.c. machine.

=~ Conductor The arrangement is as shown in Fig. 3.75.

The linear velocity
) VETm =rx 2N
Drum 60
2nrx 15
Fig. 3.75 = 0375 x%f’m = 589 m/sec
r= 7—25 =375 cm
Induced e.m.f. in a conductor =Blv =11x05x589

= 32397 volis

himp Example 3.17 : A coil of 200 turns having a mean diameter of 6 cm is placed co-axially
at the centre of a solenoid of 50 cm long with 1500 turns and carrying current of 2.5 A.
Calculate the mutual inductance between the two coils.

Solution : Given values are,
Nj = 1500 (solenoid), N, =200, [} =50cm =05m, [, =25A

0000000

Now magnetic field strength H at

&em the centre of coil due to solenoid
{l current is
H= N
0000000 O=—IM»L=25A h
§ hy=50em |
1500= 2.5
Fig. 3.76 =5 = 7500 AT/m

.. Flux density at centre is B =pH u, =1

B = 4mx1077 x7500 = 9.424 x10” 3 Wb/m?
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2 Flux linking with second coil is,

6 = Bxa,=9424x10"3xx(d,)?
= 9424 x10-3x§x(6xm-2)2 = 2,664 x10~% Wb

- Mutual inductance between the coils is,

N 200%2.664x10™>
M = ~[2_‘7’3_ S T <ax10 H
: ;

mp Example 3.18 : Two coils with a coefficient of coupling of 0.5 between them are connected
in series so as fo magnetize a) in the same direction (series aiding), b) in the opposite
direction (series opposition). The corresponding values of equivalent inductance for a) is

1.9H and b) 0.7 H. Find the self inductance of each coil, mutual inductance between the coil.

Solution : Given values are, K =05

Now for series aiding, Lg = Lh+L,-2M=19H (1)
For series opposition, Ly = Li+1,-2M =07 H ..(2)
and M = KL, =051, L, e (3)
Subtracting equation (2) from equation (1), 4M = 1.2 ie. M=03 H

Substituting in equation (3), 03 = 05 /L, C, ie LjL,=036

Substituting in equation (1), Ly + “I'__a*" +2x03=19
1

AL +036-131 = 0
13£4(1.3)7 -4x0.36
I"] - _._..2—

Ly

09HorL; =04 H
04H orl; =09H

y
I
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iy Example 3.19 : A coil of 800 turns of copper wire those diameter is of 0.375 mm. The
length of the core is 90 cm. The digmeter of core is 2.5 cm. Find the resistance and
inductance of the coil. Assume specific resistance of copper as 1.73 x107% Q-cm.

Solution :
£ PN N N
\ \ \ 25cm
/ = = — \
o1 o
90 cm
Fig. 3.77

Length of the coil = (mx d) x Number of turns
As nxd = Circumference of 1 turn
And d = Diameter of the core
- Length of the coil = (mx2.5x 10”2)>< 800 = 62.83 m

p = 1.73%107% Q-cm = 1.73x107% Q-m

R=P!

a

where a= gdz where d = Diameter of coil

d = 0375 mm = 0375 x10" > m

a= ;x(ﬂ 375%1073)? = 1.104 x10~7 m?

-8
R = p_l': 173x107" x 6268 9840
a L1044x1077
: N?

While L = -
Reluctance S = ! where I = Length of core = 0.9 m

Kol 2
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a = Cross-section area of core = ?;,E d? = gx(2.5x10'2)2
= 4908 x1071 m?
Assume , =1
0.9 0
S = = 145902 %10° AT/Wb

Anx 1077 %1% 4.908% 10~

2 800)%
N7 = (...,..)__..q_ = 4386x1074H
S 145902<10

= 0.4386 mH
mp Example 3.20 : Two cails A and B are placed such that 40 % of flux produced by coil A
links with coil B coils A and B have 2000 and 1000 turns respectively. A current of 2.5 A
in coil A produces a flux of 0.035 mWb in coil B. For the above coil combination, find out

(1) M, the mutual inductance and (i} the coefficient of coupling K, Ky and K (iii} Self
inductances Ly and Ly,

Solution : Nj = 2000, Ng=1000, Ky =04, 5 =04 ¢,
I, =25A and ¢p= 0035 mWb

Ny g 1000 x 0.035 % 107

(i) Mutual inductance, M o= - 35 = 0014 H
A }
(ii) b = 0.035 mWb and ¢ = 0.4 ¢,
05 _ 0.035
d);\ = E"‘I—W = (L0875 mWb
L= Naoa _ 2000 x 00875 x 107*
A i 23
Ly, = 007H

Assuming that same current in coil B produces 0.035 mWhb in coil B.

Ng oy _ 1000 x 0.035 x 107

Ly = =0014 H
Iy 15 oa

N, da N Kby

(iii) M= SR M A

2000 x Ky x 0.035 x 1073

0014 = 75
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KB = 05
o = K, ¢, and it is given that 40 % of ¢, links with coil B.
K, = 04
K = K, Ky = J0Ax05 = 0.4472

mp Example 3.21 : Twe long, single layered solenoids 'x" and 'y" have the same length and
the same number of furns. The cross-sectional areas of the two are'a,' and "a,’ respectively,
with 'a,* < ‘a.". They are placed co-axially, with solenoid 'y’ placed within the solenoid 'x’.
Show that the coefficient of coupling between them is equal to Ja, [ a,.

Solution : The arra it is shown in the Fig. 3.78.

0 0o ©o o

_sacti It is known that
,;'J!"- Cross-seclional area a,

Cross-sectional area a, L= Nz”‘;:l"l £a
For coil x,
1 Sa:ne | L = N2 ght ay
for both x ST
Fig. 3.78 and L, = N7 oiu,a),

The number of tums N and p . is same for both.
Considering coil y,
NiNjaylgH,

M = — where Ny = N, = N

12
N7a ugit,

M = ;

The coefficient of coupling is given by,

Nga_v Wkt

2
2”0“(“& " N7t 3y
i I
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2
Nepgu, A
- : ’ -2y
Nzuﬂur \ax
—— Waxay

ay

1

...Proved

=

X

Examples from G.U. and G.T.U. Papers

mmp Example 3.22 : A series magnetic circuit has an iron path of length 50 cm and an air
gap of length 1 mm. The cross-sectional area of the iron is 6.66 cm® and the exciting coil
has 400 turns. Determine the current required to produce a flux of 0.9 mWb in the air gap.
The following points are taken fram the magnetization curve for the iron :

Flux density (T} 1.2 1.35 145 1.55

Magnetizing force (AT/m) 500 1000 2000 4000

[GU: Dec.-98, July-2004]
Solution : =50Cm.fg= 1mm, a=6.66 l:mz, N =400, ¢=09 mWb

-3
0 _ 09x107 ;35 wh/m?

T @ pebx10~

From the given table, H; =1000AT/m for B=135T.

(MME), . = H;xJ, =1000x50x107 =500 AT

iron
For air gap, B=pyH,
B 1.35

Hy = —=——— =1.07429x10% AT/m
o dnx10~7

= = o =3 =
(MMF) 00 = Hyxly =107429%10° x1x10™ = 10742958 AT
Total m.m.f. = 500+1074.2958 = 15742958 = NI

15742958 = 400x1
I = 39357 A
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ey Example 3.23 : Two coils have self inductances of 3 H and 2 H and mutual inductance is
2 H. They are connected in series and a current of 5 A is passed through them. Calculate
the energy of the magnetic field when  coils are connected i) Cumulatively and
i) Differentially [GU: Dec.-98]
Solution : L, =3H, Ly =2H M=2HI=5A
i) Cumulative connection
Lyg = Ly +Lp+#2M=3+2+(2x2)=9H

21 2 _ 1 2 _
E = 5 Lol = 3x9x57 <1125 ]

i) Differential connection
L = LA +LU—ZM=3+2—(2X2)=1H

]

E

1 2 _ 1 4,52 _
3 l,:.ql —-jxixa =125]

imp Example 3.24 : Two long single layer solenoids have the same length and same number of
turns, but are placed co-axially one within the other. The diameter of inner coil is 8 cm and

that of outer coil is 10 cm. Calculate the co-efficient of coupling. [GU: May-2001]
Solution : The arrangement is shown in the Fig. 3.79
It is known that
o 0 O O o] i
= C lion area a, 2
"« o & o/ *\l/— = N_I-lil—lr_a
nJJ—CrossAscclion area a, !
' For coil x,
i .
| : | L = N7pph a,
Same !
for both sz "
_ oy
Fig. 3.79 and Ly =-——7F—=
The number of turns N and p | is same for both.
Considering coil y,
NiN,a . pqu
M = —1%-!'--0-—5- where Ny = N, = N
N7a poiy
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The coefficient of coupling is given by,

Nzayunu,
K=-M_. L
= =
vily IN’uop.,a xNzuﬂuray
V ! ]
NZ”U“’r "
T
= 2y
a
N HoHr *
[ i 'Ixil),
K =" 2y

. .3 n
In this example , a =Ed§m' ay ==d?

where dg, =10cm, d;, =8cm

L}
X2 3
K = :: in - B~ =08
2 -
Edaul 10

mmp Example 3.25 : A direct current of 2 A is passed through a coil of 2000 turns and
produces a flux of 0.2 mWb. Assuming that whole of flux links with all turns, then what is
inductance of coil ? Find the voltage developed across the coil if current is interrupted in
1 ms. [GU : June-2000]

Solution : 1=2 A, N =2000, ¢=02mWb

No _ 2000x02x107%
T 7T

e = _Lﬂ =] [i[in.ll _illljll.ﬂ] - -02[0~-2]
- dt Time 11072

L = 0.2H

e = 400V ..Current interrupted hence i, =0A
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mmp Example 3.26 : The coils A and B with 50 and 600 turns respectively are wound side by
side on the same closed iron circuit of section 50 cnt® and mean length of 1.2 m. Calculate :
a) Self inductance of each coil b} Mutual inductance between the coils.

Assume 1 = 1000. Also find the e.n.f. induced in coil A if current in coil B grows steadily
from 0 te 5 A in 0,07 sec. [GU : Nov.-2001, 2004]

Solution : N, = 50, Ng = 600, ); = 12 m, a =50x10™ m2, p_ =1000

I ;
§ = i o — - =190986x10® AT/Wb
Hgled 41077 %1000%50%10
2 2
50)
a) L, = AL B9 3080 mH
A S 190.986x10°
NZ 600 2
b) Ly = &= (B0 ___ss5H

S " 190986x103

N, N
) M = A B:M;:D_IWH

S 19098610
dig 0157 (5-0)

d) ey = Mgl =——po— =785398 V

My Example 3.27 : A circular ring of mean circumference of 63 cm and cross-sectional area
of 6 cm? is unifarmly wound with a coil of 500 turns. Calewlate : a) The current required to
produce a flux of 0.45 mWb in the steel ring b) The current required for the same amount of
flux when a saw cut of 0.1 cm width is made in the ring.

The magnelization characteristics is given below :

B Whim? 06 072 0.785 0.815

H ATim 600 650 700 750

[GU : July-2002]

Solution : || =63 cm, a =6x107* m?, N =500

Case 1: No air gap, 0= 045x107" Wb
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Case 2 : Air gap of |

The B-H curve is shown in the Fig. 380 from which H = 680 for B = 0.75

: | Scale |

— - B=.0 ?5..... Onx: cale | 1
1Unit= 027 !

~|Ony:

1 Unit= 150 ATIm |...:

4 0 . B wom?) | [
l P ! ! i ' | :
Fig. 3.80
AT
H -
680 = — T
63x1072
AT = 4284 = N1
| o AT _ 4284
T N T 500
= 0857 A

o =0lcm, I'i =63-01 =629cm

B = i\' =075 Wb/m? remains same as 6is same.

H;, = 680 AT/m for iron path as obtained above.

(AT), = H,xIj = 680x629%107 = 42772 AT

For air gap, B =j,H, e H, =——70_ -506831x10% AT/m

B 4rx 1077

(AT), = Hyxl; =596831x10°x01x107? = 596831 AT

Total AT = (AT); + (AT), = 1024551 AT = NI

[ o AT _ 1024551
TN T E00

= 2.049A
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mmp Example 3.28 : A steel ving of 25 cm mean diameter has circular cross-section of 3 em
diameter has a gap of 1.5 mm length. It is wound uniformly with 700 turns of wire carrying
a current of 2 A, Calculate : a) MAMLF. b) Flux density c¢) Magnetic flux d) Reluctance
ey, for iron. Assume that iron path takes 30 % of total m.m.f. [GU : June-2002, 2003]

Solution : Dpyyp =25em, [, =15mm, d=3cm,

ji = 7D pean -'rg

4

N=700, I=2A

= 25%107% =15%10°7 = 07839 m

2
a = Td? - 5‘><(3><10'2) = 706810~ m?

6 = Conslant =

(M.M.E)

o

air gap

(MM.E)

a) Total MMF. = NT =700x2=1400 AT

5!:

(MME),,, = 30 % of total MMF. = 420
(MME);, gop = 70 % of total MMF. = 980

i, -3
b) 5, = £t = —---—-—1;5““—-——— = 16888x10° AT/Wb
Hod  4mel0 7 x7.068% 1071
(MME) .
o= e M g 5802 mWb
S 1.6888x 10°
-3
") B = O - 09802X10 7 5521 Whim?
a 7068107
MME 2
d) 5 = MMElio 420 _ 753 458010° ATIWD
0 058021072
!
e) S = Qe 723888x107 = __0.7839
Hoktea Amx 1077 xp , x7.068x107
u, = 1224.085
mmp Example 3.29 : A magnetic circuit is made of
mild steel arranged as shown in the Fig. 3.81. o i i N N
] 1 i
The central limb is wound with 500 turns and | ! T " '
has a cross-section of 800 mm’. Each of the | | =300 120 mr: ,_..i
onter limb has a cross-section of 500 mm®. The : T " ]
air gap has a length of 1mm. Calculate the | | } '
current requirved to set up a flux of 1.3 mWh in | ‘~oooooo -0 A !

the central limb assuming no magnetic leakage

Fig. 3.81
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and fringing. The mean lengths of various paths are shown in the Fig. 3.81. The B-H curve
for mild steel 15 as follows :

W

B Whi/m? 1 1.1 1.2 1. 1.4 15 1625

H AT/im 400 500 650 850 1250 2000 3800

[GU : Aug.-2001]
Solution : N = 500, a_ = 800 mm’, a, = 500 mm’, [, =1mm, ¢, = 1.3 mWb
i) Air gap : ¢, = Air gap flux = ¢, = Flux in central limb = 1.3 mWb

o, -3
B, = -%= 13x107 _ | 625 Wh/m?
oA goox07®
, 1.625 P
B, = poH, ie. 1, = —22_ ~12931x10° AT/m
g0 £ anxa0”

(AT), = Hyxl, =12931x10°x1x107 = 12931339 AT

ii) Central limb : For central limb, flux density is same as air gap hence
B, = B, =1625 Wb/m®
From the given table, H, = 3800 for B, = 1.625 Wb/m>.
(AT), = Hxl_ = 3800x120x107 = 456 AT

iii) Side limb : For one side limb, [; = 300 mm

B, = ¢_‘ ittt e \

$ a, q; i ‘;

% 13 ) H :
and 0 = 5 =% :
]
= 0.65 mWb i
- 9
_065%107° _ 2 by

s = Spox 10— S We/m Fig. 3.81 (a)

From the given table, H, = 850 AT/m for B, = 1.3 Wh/m?.
(AT), = Hxl, =850x300x107> =255 AT

Total MM.E. = (AT)_+(AT), +(AT),
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Key Point: Due to parallel magnetic circuit, AT for any one side limb is required to be
considered as M.M.F. remains same for the parallel paths.

Total MLM.F. = 456 + 1293.1339 + 255 = 2004,1339 AT

But Tolal MMF. = NI ie. 20041339 = 5001
20041339
=50 =14

inmp Example 3.30 : A ring has a mean diameter of 21 em and cross-sectional area of 10 cm?.
The ring is made up of semicircular sections of cast iron and cast steel with each joint
having reluctance equal to an air gap of 0.2 mm. Find the ampere-turns required to produce
a flux of 0.8 mWb. Relative permeabilities of cast steel and cast iron are 800 and 166
respectively. Neglect fringing and leakage effects. [GU : Nov.-2005]
Solution : The ring is shown in the Fig. 3.82.

Cast iron I= 7D =mx21x1072 = 06597 m
e =166 a=10cm?

f,r,‘ =02+ 02=04 mm

= (L3296 m

Case 1 : Cast iron

4=08mWb I 0.3296
Cast steel S =—- = 7
1y, = 8OO ol drx1077 < 166x 1010
Fig. 3.82 =1.58036x10" AT/Wb

(AT); = (M.M.F), =5 x0=158036x10%x 0.8 % 107 =1264293 AT

Case 2 : Cast steel
I, 1G5
6, = b _ 0.3296

= . = 327.8591x10% AT/Wh
= HpMpad  4ie 1077 % 800x10% 107~

(AT), = (MM.F), =85,x0= 3278591x10" x08x107" = 262287 AT

Case 3 : Total air gap

1, -3
Sy, = B o 04xI07

Hgd g 107« 10~

= 318.3098x10° AT/Wb o Wy = Lior air
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(AT); = (MME); =5,%0=318.3098x10%x08x10~ = 254648 AT
Total AT = (AT), +(AT), +(AT), = 1751228 AT

mp  Example 3.31 : A flux density of 1.2 Whfm® s required in the 2 mm air gap of an
electromagnet having an iron path of 1.5 m. Calculate the ampere-turns required, assuming
a relative permeability of 1000 for the iron. [GU: May-2006]

Solution : B =12 Wb,i’rnz, J'g =2mm, [;=15m, p_= 1000
For the air gap, B=u,H, ie 1.2 = dmx1077 x My

Hg = 9549296x10% AT/m

(AT), = Hxl, = 9549296 107 % 2x 103 = 1909.8593 AT

For the iron path, B =pgu H, ...Assuming no leakage
B oo 12 9519206 AT/m

H = b=
Moty 4rx10°7 %1000

(AT); = Hyxl = 9549296x1.5 = 1432.3944 AT
Total AT = (AT), +(AT); = 33422537 AT
sy Example 3.32 : A coil is uniformly wound with 300 turns over a steel ring of relative
permeability 900 and mean digmeter of 20 cm. The steel ring is made up of bar having

cross-section of diameter 2 om. If a coil has resistance of 50 Q and connected to 250 V d.c.
supply, calculate : a) M.M.F. b) Field intensity ) Reluctance d) Total flux. [GU: Nov,-2002]

Solution :
I, = xD = mx20%1072

I

0.6283m

2
a="d? = g(zxm-z) = 31416x10~ m?

3
VB0
g = m -0A
a) MME. = N1 = 300x5 =1500 AT
NI 1500
byH = T " 06 T 2367.3945 AT/m

H, =900
Fig. 3.83
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! 0.6283

) § = b = . =1.76833x10° AT/Wb
HoHra  4m107 x900x 31416x107*
d) 0 = M'“'F ____’1_5’(][]_ = 0.8482 mWb
5T 176833%108

sy Example 3.33 : An iron ring has 15 cm diameter and 10 em? cross-sectional area, wound
with 200 turns of wire. For flux density of 1 Wo/m® and permeability of 500, find the
exciting current. [GU : Nov.-2006)

Solution : D =15cm, a = 10 em?, N = 200, B = 1 Wb/mZ, 11, = 500,

1l

I, = aD=nx15%x10"% = 04712 m

I
g = i - 047123 =750%10% AT/Wb
Hpkrd  ame 1077 %500%10x 10~

& = Bxa=1x10x10~* =10x10~" Wb

o= MME_NI e 10x10+ = 200x1
S B 750103
10% 1074 x750% 10
= g =375 A

iy Example 3.34 : Find the ampere turns required to produce flux of 0.4 mWb in the air gap
of a magnet:c circuit which has an air gap of 0.5 mm. The iron ring has cross-section of
4 em® and 63 cm mean length. Take y, = 1800 and leakage coefficient of 1.15.
[GU : July-2005]

Solution : The ring is shown in the Fig. 3.84.

9, = 04 mWhb
. O . o
A= e, 118 = ——tee
% 04x1073
o, = 46x107 Wb
b - Fig. 3.84
B, = oL = 40X107 15 Wh/m?
a 1x107
B -
H = — = — I __ 5084126 AT/m

Hottr 4nx 1077 x 1800
(AT), = H, x| = 5084116x63x107> = 3203 AT

9,
B, = 2 = 04x107 1 Wb/m*
a 4x107
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T

g = T = ——— = 7957747x10% AT/m vl =1 forair
Ko amx10™”

(AT), = Hyxly = 7957747x10°x05x10 = 397.6873 AT
Total AT = (AT), +(AT), = 7181873 AT

mmp Example 3.35 1 An electromagnet has a cross-sectional area of 12 cm® and 50 em length
of iron path. It is excited by bwo coils with helping polarity, each having 400 turns. When
the current in the coils is 1 A, the resultant flux density gives relative permeability of 1300.
The magnet has an air gap of 0.4 em. Caleulate : a) Reluctance of iron path b) Reluctance of
air gap ¢) Total reluctance d) Total flux ¢) Flux density in the air gap. Neglect leakage and
fringing. [GU : July-2007]
Solution :  An electromagnet is shown in the Fig. 3.85.

a) For iron path

_ 50x1072
47x1077 %1300%12x10~

= 255.056x10° AT/Wb

b) For air gap, u, =1

r

ly 04x1072
Sg = e = T S——
o2 4rx 1077 x12x10
Fig. 3.85
= 2.6526x10° AT/Wb
<} Sp = 5;+5, = 290764x10° AT/ Wb
d) Total AT = NI+ NI = 400+ 400 = 800 AT .. 2 coils helping
6 = MME _ Total AT _ 800 _ 02751 mwh
5 St 290764x10°
-3
&) B, = o _ 02751107 | (2993 Whim?
a 12x107

i Example 3.36 : Two coils A and B when connected in series cumulatively has total
inductance of 0.5 H. When they are connected in series differentially, the resultant
inductance is 0.2 H. If coil B has a self inductance of 0.15 H, calculate the self inductance of
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coil A and the induced em.f in coil B when the rate of decrease of current in series
combination is 1000 Afsec. Also find coefficient of coupling.
[GU : June-2006, Nov.-2008, July-2007]

Solution : LL.q =05 H when cumulative, = 0.2 H when differential.

05 = Lay+Lg+2M and 02 = Ly+Lg-2M
Subtracting the two, (0.5-02) = 4 M
M=% omn
Now Lg = 015 H hence, 0.5 = Ly + 0.15 +(2 x 0.075)
Ly = 02H
Now % = — 1000 A/sec ... Negative as decrease.
di di

eg = Ly a% M - + for cumulative, ~ for differential.

dt
= -015(-1000) 0075 (-1000) = 150+ (~75)
= 15075 =75V or 225V

K = -—_ﬂ;.. = _99_25_7 = 0.433
JEaly  J02x015
sy Example 3.37 : An iron ring having a cross-sectional area of 5 cm x 4 cm and a mean
diameter of 18 cm has a coil of 270 turns uniformly wound over it. A current of 1.27 A
flows through the coil which produces a flux of 1.13 mWh in the ring. Find the reluctance of
the circuit, the absolute and relative permeabilities of the iron. [GTU : Dec.-2008]

Solution : The ring is shown in the Fig. 3.86.

¢ =113 mWb

I, = mxD =nx18x10% = 0.5655 m

NI = MMF. = 127x270

= 329 AT
g . MME _ 3429
o 1131077

= 303.4513x10° AT/Wb

Fig. 3.86
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!

Now, § = ' e, 3034513x10% = —— 0269
Hplt 2 41077 xp x20x10 7
W, = 7414872 ..relative permeability

Hott, = 4mx107 x7414872 = 9.3178x107%

iy Example 3.38 : Two coils having 100 and 1000 turns have a common magnetic circuit of
25 cm diameter and 62.5 cm’ cross-section with a constant relative permeability of 2000.
Calculate : a) The self inductance of both the coils. b) The mutual inductance between them
if the coefficient of coupling is (1.5. IGTU : March-2009]
Solution : N, =100, N; = 1000, D=25cm, a =625 am?, B, = 2000

I = 2D =nrx25x10"2 = 07854 m

P 785 = 50000 AT/Wb
Hgh @ 4x 1077 x2000% 62.5x 107
2 2
NI (100)?
I
a) L = = =30 =02 H
. N3 _aooo)?
Ly = 5" =505~ = 20 H
b) K = 05 and K = M
vlilz

M = 05x402x20 = 1 H

mmp Example 3.39 : A circular ring of mild steel has diameter of 20 cm and 2 mm side air
gap. The cross-sectional area is 3.2 cm’. Estimate the m.m.f. required to establish 0.6 mWh
flux. Assume w, for mild steel as 900. [GTU : June-2009]

Solution : The ring is shown in the Fig. 3.87.

©=06mWb

| = nxD =nx20x1072 = 06283 m

I = I—Ig = 0.6283-2x1077

0.6263 m

S oo 06263

YO MgHed  4nx1077 % 900x 32x1074

W, =900

173058%10° AT/Wb
Fig. 3.87 * /
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g - v o wao®
& Hpa  4ux1077 x 32x10~

49736x10° AT/Wb

St = § +8; = 670417%10° AT/Wb

o = MME ie.  06x107 = _MME
5y 670417 x10°
MMF. = 40225031 AT

Review Questions

1. State and explain the laws of magnetism.
2. What is magnetic field and magnetic lines of force? State the properties of lines of force.
3. Define and stale the unils of following parameters :

i} magnetic flux i) magnetic pole strength

ii} magnetic flux density  fv) magnetic field strength

v} absolute permeability  vi) relative permeability

vii) meamf. viii) reluctance
4. Derive the relation b m.m.f., rel and the flux.
5. State and explain the followmg rules :

i) Right hand thumb rule

i) Fleming's left hand rule

iif) Fleming's right hand rule
iv) Lenz's law
v) Kirchhoff's laws for magnetic circuits
6. Explain the proceduce to analyze following circuit, with suitable example :
i) Series magnetic circuit
ii} Series magnetic circuit with air gap
iif) Parallel magnetic circuit
7. What is an electromagnet ? Whal is solenoid?
8. Pomt out the analogy between electric and magnetic circuits.
9. Explain the magnetic leakage and magnetic fringing.
10. Define leakage coefficient.
11. Explain how curvent carrying conductor when placed in a magnetic field experiences a force.
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12. A steel ring of 180 cm mean diameter has a cross-sectional area of 250 mm®. Flux developed
in the ring is 500 pWh when a 4000 turns coil carries cerlain current. Find

i) mm.f. required if) reluctance i) current in the coil
Grven that the relative permeability of the steel is 1100,
(Ans. : 8181.72 AT, 1.6363 %107, 2.045 A)

13. A coil is wound uniformly with 300 turns over a steel ring of relative permeability 300,

having mean circumference of 40 mm and cross-sectional area of 50 mm®. If a current of

25 A is passed through the coil, determine

il momf. di) reluctance of ring and i) flux  (Ans. : 7500 AT, 707355.3 AT/Wb, 0.0106 Wh)
14. Find the number of ampere turns required to produce a flux of 0.44 milli-weber in an iron

ring of 100 cm mean circumference and 4 cm® in cross-section. B Vs p, lest for the fron

gives the following result :

Bin Whim® 08 1.0 1.1 1.2 1.4

W, 2300 2000 1800 1600 1000

If a saw cut of 2 mm wide is made in the above ring, how many extra ampere turns are
required o maintain same flux ? (Ans. : 486,307 AT, 1744 AT)
15. An iron ring of 20 cm mean diameter and 10 em? cross-section is magnetized by a coil af
500 turns. The current through the coil is 8 A. The relative permeability of iron is 500. Find
the flux density inside the ring. (Ans. : 4 Whim)
16. An jron ring of 100 em mean circumference is made from round iron of cross-section 10em?,
it relative permeability is 800. If it is wound with 300 turns, what current is required lo
produce a flux of 113107 Wb ? (Ans. 3.647 A)

17. A coil of 300 turns and of resistance 10 Q is wound uniformly over a steel ring of mean
circumference 30 cm and cross-sectional area 9 cut®. It is connected to a supply at 20 V d.c.
If the relative permeability of the ring is 1500, find : (i) the magnetizing force ; (i) the
reluctance ; (iii) the m.m.f. ; and (iv) the flux.
(Ans. : 600 AT, 176838.82 AT/Wb, 2000 AT/m, 3.3929 mWh)
18. A coil is wound wniformly with 300 turns over a steel ring of relative permeability 900
having a mean circumference of 400 mm and cross-sectional aren of 500 mm. If @ current of
25 A is passed through the coil find i) mm.f. i) reluctance and  iii) flux.
(Ans. : 7500 AT, 707355.3 AT/Wb, 10.6 mWb)
19. State the Faraday's laws of electromagnetism.
20. What is the difference between dynamically induced e.m.f. and statically induced em.f. 7
21. Derive the expression for the magnitude of the dynamically induced e.m f.
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2

3

22

23
24.
25.
26.

=~

28.
29.
a0
31

=

33.

3.

35.

36.

37

Explain clearly the difference between self inductance and mutual inductance. Stale their

units.

Derrve the various expressions for the self inductance.

Explain the faclors on witich self inductances depends.

Derive the varipus expressions for the mutual inductance.

Derive the expression for cocfficient of coupling,

Derive the expression for the equivalent inductance when fwo inductances are connected in

i) Series aiding (cunndatively coupled) i) Series opposition (differentially coupled).

How encrgy gets stored in the magnetic field 7

Derive the expression for energy stored in the magnetic field.

Wrile a nole on lifting power of an eleclromagnet.

Two identical 1000 turn coils X and Y lie in parallel planes such that 60 % of H;e flux

produced by one coil links with the other. A curvent of 5 A in X produces a flux of

5% 107° Wb in itself. If the current in X changes from + 6 A to - 6 A i 0.01 sec, what will

be the magnitude of the e f. induced in ¥ 7 Calculate the self inductance of each coil.
(Ans.: 0.72 V, 0.001 H)

Find the inductance of a coil of 200 turns wound on a paper core tube of 25 cm length and
5 cm radius. Also calenlnte energy stored in it if curvent rises from zero fo 5 A

(Ans. : 1579 mH, 0.01973 J)

Two 200 turns, air cored solenoids, 25 om long have a cross-sectional area of 3 cm? each. The

mutual inductance between them is 0.5 pH. Find the self inductance of the coils and the

coefficient of coupling. (Ans. : 60.31 pH, 0.00828)

Two coils A and B having 5000 and 2500 turns respectively are wound on a magnetic ring.
60 % of the flux produced by coil A links with coil B. A current of 1 A produces a flux of
0.25 mWb in coil A while same current produces a flux of 0.15 mWb in coil B. Find the
mutual inductance and coefficient of coupling. (Ans. : 1.25 H, 0.375 H, 0.5477)

A conductor has 1.9 m length. It moves al right angles to a uniform magnetic field. The flux
density of the magnetic field is 0.9 tesla. The velocity of the conductor 15 65 mjsec. Calculate
the e.m.f. induced in the conductor. {Ans. : 111.15 volts)

An air cored coif has 800 turns, Length of the coil is 6 cm while ils diameter is 4 cm. Find

the current required to establish flux density of 0.01 T in core and self inductance of the coil.
{Ans.: 05968 A, 16.844 mH)

A flux of 0.25 mWb is produced when a current of 2.5 a passes through a coil of 1000 turns.

Calculate

i) Self inductance

it) EM.F. induced in the coil if the current of 2.5 A is reduced to zevo in 1 milliseconds.
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38.

38.

40.
41.
42.
43
44,
45.
46.
47.

iii) If second coil of 100 turns 15 placed near to the first on the same iron ring, calculale the

mutial inductance between the coils. (Ans.: 0.1 H, 250V, 0.01 H)
Two coils A and B having 180 and 275 number of turns respectively are closely wound an
an iron wagnetic crcuii, which has a mean length of 1.5 m and cross-sectional area of
150 em. The relative permeability of fron is 1500. Determine mutual mductance between the
cotls. When will be the eanf. induced in a coil B if the current in coil A changes uniformly
from 0o 2.5 a in 0.03 seconds? (Ans.: 0,933 H, — 77.75 volts)
What is B-IT enrve ? Draw and explain the experimental setup o obtain B-H curve of a
specimen.

Draw a typical B-H curve for @ magnetic malerial and explain its various regions.

Draw and compare the B-H curves for magnetic and non-magnetic malerials.

What ts magnetic hysteresis 7 Draw and explain a hysteresis loop

Explain the theary behind hysteresis effect.

What ts hysteresis loss ? On which factors it depends?

Derive the expression for the ly is foss per unit volume.

Explain the practical use of hysteresis loap.

Explain the eddy current loss and the factors on which it depends.

University Questions

Q. Explain the following terms @ i) Magnetomotive force i) Magnetic field intensity

Q2

Q.3

Q4

Qs

Q.6

Q7

1ii} Reluctance. [GTU : Dec.-2008, 6 Marks]
Two inductive coils are connected in parallel. Derive the expression for total inductance
when i) Coils are in parallel aiding connection i) Coils are in parallel epposing connection.
[GTU : Dec.-2008, 7 Marks]

Give the comparison between electric and magnetic circuit,  [GTU : March-2009, 5 Marks)

State and explain Faraday's laws of electromagnetic mduction.
[GTU : March-2009, 4 Marks]

Compare electric and magnetic circuit. [GTU : June-2009, 5 Marks]

Distinguish statically induced and dynamically induced EM.F. Derive expression for
dynamically induced e.m.f [GTU : June-2009, 5 Marks]

i) Explain magnetic hysteresis. i) What do you understand by coefficient of coupling
between two magnetic coils. [GTU : June-2009, 4 Marks]




Elements of Electrical Engineering 3-104 Electromagnetics

Q.8  Derive the expressions of equivalent inductance, when two magnetically coupled coils are
connected in series in two different ways. [GTU : June-2009, 5Marks]

Q.9  State and explain Faraday’s laws of electromagnetic induction.
IGTU : June-2009, 5 Marks]

Q.10 Explain the term i) Reluctance ii) Permeability IGTU : June-2009, 4 Marks]

Note : The examples asked in the previous university papers are solved and included
in the chapter.

QaQa




Fundamentals of A.C. Circuits

4.1 Introduction

Uptill now, we have discussed about D.C. supply and D.C. circuits. But 90 % of
electrical energy used now a days is a.c. in nature. Electrical supply used for commercial
purposes is alternating. The d.c. supply has constant magnitude with respect to time. The
Flg 4.1(a) shows a graph of such current with rspec{ to time.

Key ant An alternating cwmrt {a. c) is e cummt w.innk dmlgas pmodfmﬂy
~both m magnitude and direction. o

Such change in magnitude and direction is measured in terms of cycles. Each cycle of
a.c. consists of two half cycles namely positive cycle and negative cycle. Current increases
in magnitude, in one particular direction, attains maximum and starts decreasing, passing
through zero it increases in opposite direction and behaves similarly. The Fig. 4.1 (b}
shows a graph of alternating current against time.

Magnitude
B N changing but
Current Cument Magnitude and direclion  Current direction same
changes with time

O\ _[o\_,, /oVoVe\

magnitude [i] ime 0]
and direction @

= Time

DI

(a) Direct current (b) Alternating current {c) Pulsating d.c.
Fig. 4.1

In practice some waveforms are available in which magnitude changes but its direction
remains same as positive or negative. This is shown in the Fig. 4.1(c). Such waveform is
called pulsating d.c. The waveform obtained as output of full wave rectifier is an example
of pulsating d.c.

Let us see, why in practice, there is generation of a.c. Use of ac. definitely offers
certain advantages.

@-1
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4.2 Advantages of A.C.

The various advantages of a.c. are,

1.

The voltages in a.c. system can be raised or lowered with the help of a device
called transformer. In d.c. system, raising and lowering of voltages is not so easy.

. As the voltages can be raised, electrical transmission at high voltages is possible.

Now, higher the voltage, lesser is the current flowing through transmission line.
Less the current, lesser are the copper losses and lesser is the conducting material
required. This makes a.c. transmission always economical and efficient.

. It is possible to build up high a.c. voltage; high speed a.c. generators of large

capacities. The construction and cost of such generators are very low. High a.c.
voltages of about 11 kV can be generated and can be raised upto 220 kV for
transmission purpose at sending end, while can be lowered down at 400 V at
receiving end. This is not possible in case of d.c.

. AC. electrical motors are simple in construction, are cheaper and require less

attention from maintenance point of view.

. Whenever it is necessary, a.c. supply can be easily converted to obtain d.c. supply.

This is required as d.c. is very much essential for the applications like cranes,
printing process, battery charging, telephone system, etc. But, such requirement of
d.c. is very small compared to a.c.

Due to these advantages, a.c. is used extensively in practice and hence, it is necessary
to study a.c. fundamentals.

4.3 Types of A.C. Waveforms

The waveform of alternating voltage or current is shown purely sinusoidal in the
Fig. 4.1 (b). But, in practice, a quantity which undergoes variations in its instantaneous
values, in magnitude as well as direction with respect to some zero reference is called an
alternating quantity. The graph of such quantity against time is called its waveform.
Various types of alternating waveforms other than sinusoidal are shown in the
Fig. 4.2 (a), (b) and (c).

Quantity Quantity Quantity

{a}) Square (b} Triangular {c) Trapezoidal
Fig. 4.2

Out of all these types of alternating waveforms, purely sinusoidal waveform is
preferred for ac. system. There are few advantages of selecting purely sinusoidal as the
standard waveform.
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4.3.1 Advantages of Purely Sinusoidal Waveform

1} Mathematically, it is very easy to write the equations for purely sinusoidal
waveform.

2

Any other type of waveform can be resolved into a series of sine or cosine waves
of fundamental and higher frequencies, sum of all these waves gives the original
wave form. Hence, it is always better to have sinusoidal waveform as the standard
wavelorm,

3) The sine and cosine waves are the only waves which can pass through linear
circuits conlaining resistance, inductance and capacilance without distortion. In
case of other waveforms, there is a possibility of distortion when it passes through
a linear circuit.

=

The integration and derivalive of a sinusoidal function is again a sinusoidal
function. This makes the analysis of lincar electrical networks with sinusoidal
inputs, very easy.

4.4 Generation of A.C. Voltage

The machines which are used lo generate electrical vollages are called generators. The
generators which generate purely sinusoidal a.c. voltages are called alternators.

The basic principle of an alternator is the principle of eleclramagnelic_ induction. The
sine wave is generated according to Faraday’s law of electromagnetic induction. It says
that whenever there is a relative motion between the conductor and the magnetic ficld in
which it is kept, an e.m.f. gets induced in the conductor. The relative motion may exist
because of movement of conductors with respect to magnetic field or movement of
magnetic field with respect to conductor. Such an induced e.m.f. then can be used to
supply the electrical load.

Let us see how an alternator produces a sine wave, with the help of simplest form of
an alternaior called single turn or single loop alternator.

4.4.1 Single Turn Alternator

Construction : It consists of a Connectar

permanent magnet of two poles. A c a

single turn rectangular coil is kept in

the vienity of the permanent Conductor 1 Conductor 2
magnet. The coil is made up of same

conducting material like copper or d b
aluminmium. The coil is made up of

two conductors namely a-b and c-d. [oh c,

Such two conductors are connected To sliprings

at one end to form a coil. This is

shown in the Fig. 4.3. Fig. 4.3 Single turn coil
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The coil is so placed that it can be rotated about its own axis in clockwise or
anticlockwise direction. The remaining two ends C1 and C2 of the coil are connected to the
rings mounted on the shaft called slip rings. Slip rings are also rotating members of the
alternator. The two brushes P and Q are resting on the slip rings. The brushes are
stationary and just making contact with the slip rings. The slip rings and brush assembly
is necessary to collect the current induced in the rotating coil and make it available to the
stationary external resistance. The overall construction is shown in the Fig. 4.4.

Permanent
magnet

Shaft
Axis of rotation
Direction of rotation

v = Direction of
instantaneous
velocity

Fig. 4.4 Single turn alternator

Working : The coil is rotated in anticlockwise direction. While rotating, the conductors
ab and cd cut the lines of flux of the permanent magnet. Due to Faraday's law of
electromagnetic induction, an e.m.f. gets induced in the conductors. This em.f. drives a
current through resistance R connected across the brushes P and Q. The magnitude of the
induced e.m.f. depends on the position of the coil in the magnetic field. Let us sce the
relation between magnitude of the induced em.f. and the positions of the coil. Consider
different instants and the different positions of the coil.

Instant 1 : Let the initial position of the coil be as shown in the Fig. 4.4. The plane of
the coil is perpendicular to the direction of the magnetic field. The instantaneous
component of velocity of conductors ab and cd, is parallel to the magnetic field as shown
and there cannot be the cutting of the flux lines by the conductors. Hence, no em.f. will
be generated in the conductors ab and cd and no current will flow through the external
resistance R. This position can be represented by considering the front view of the Fig. 4.4
as shown in the Fig. 4.5 (a).
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ya. b
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1 13 av : *
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] ap ] i
t 1 -_.! i Direction
of e.m.f,
S reverses
(d) 80° < & < 180° (e) 6 = 180" (f) 180° < 8 < 270°

Fig. 4.5 The different instants of induced e.m.f.
The angle 8 is measured from plane of the magnetic flux

Instant 2 : When the coil is rotated in anticlockwise direction through some angle 6,
then the velocity will have two components v sin 8 perpendicular to flux lines and v cos 0
parallel to the flux lines. Due to v sin @ component, there will be cutting of the flux and
proportionally, there will be induced e.m.f. in the conductors ab and cd. This e.m.f. will
drive a current through the external resistance R. This is shown in the Fig. 4.5 (b).

Instant 3 : As angle ‘0’ increases, the component of velocity acting perpendicular to
flux lines increases, hence induced e.m.f. also increases. At 8 = 90%, the plane of the coil is
parallel to the plane of the magnetic field while the component of velocity cutting the lines
of flux is at its maximum. So, induced e.m.f. in this position, is at its maximum value.
This is shown in the Fig. 4.5 (c).

So, as B increases from 0° to 90° e.m.f. induced in the conductors increases gradually
from 0 to maximum value, The current through external resistance R also varies according
to the induced e.m.f.

Instant 4 : As the coil continues to rotate further from 6 = 90° to 180°, the component
of velocity, perpendicular to magnetic field starts decreasing, hence, gradually decreasing
the magnitude of the induced e.m.f. This is shown in the Fig. 4.5 (d).

Instant 5 : In this position, the velocity component is fully parallel to the lines of flux
similar to the instant 1.
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Hence, there is no cutting of flux and hence, no induced e.m.f. in both the conductors.
Hence, current through external circuit is also zero.

Instant 6 : As the coil rotates beyond @ = 180 the conductor ab uptil now cutting flux
lines in one particular direction reverses the direction of cutting the flux lines. Similar is
the behaviour of conductor ed. So, direction of induced e.m.f. in conductor ab is opposite
to the direction of induced em.f. in it for the rotation of 6 = 0° to 180°. Similarly, the
direction of induced em.f. in conductor cd also reverses. This change in direction of
induced e.m.f. occurs because the direclion of rotation of conductors ab and cd reverses
with respect to the field as 0 varies from 180° to 360°. This process continues as coil rotates
further. At 8 = 270° again, the induced e.m.f. achieves its maximum value but the direction
of this e.m.f. in both the conductors is opposite to the previous maximum position i.e. at
8 = 90° From 0 = 270° to 360°, induced e.m.f. decreases without change in direction and at
8 = 360% coil achieves the starting position with zero induced e.m.f.

So, as @ varies from 0° to 360° the emf in a conductor ab or cd varies in an
alternating manner i.e. zero, increasing to achieve maximum in one direction, decreasing to
zero, increasing to achieve maximum in other direction and again decreasing to zero. This
set of variation repeats for every revolution as the conductors rotate in a circular motion
with a certain speed.

This variation of em.f. in a conductor can be graphically represented.

4.4.2 Graphical Representation of the Induced E.M.F.

The instantaneous values of the induced e.m.f. in any conductor, as it is rotated from
0=0° to 360°, ie through one complete revolution can be represented as shown in the
Fig. 4.6.

Induced
amf.
e

‘emn

B8=0" o0’ 180°\ 270" 360° Angle

_ENI

L J 1§ ] -ve
Instants 7 5 1a 5 T
Fig. 4.6 Graphical rep tion of the induced e.m.f.

From the Fig. 4.6, it is clear that the waveform generated by the instantancous values
of the induced em.f. in any conductor (ab or cd) is purely sinusoidal in nature.
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4.5 Standard Terminology Related to Alternating Quantity
Before further analysis of alternating quantity, it is necessary to be familiar with the

different terms which are very frequently used related to the alternating quantities.

4.5.1 Instantaneous Value

The walue of an

. . Generaled em.f.
alternating quantity at a Amplitude
particular  instant  is €
known as its Dy ey O
instantaneous value. e
e.g. e and e, are the iﬂ n n
instantaneous values of ol & 1, B=at
an alternating em.f. at -E,,
the instants t; and
respectively shown in Tne period
the Fig. 4.7. T seconds
one cycle

Fig. 4.7 Waveform of an alternating e.m.f.

4.5.2 Waveform

The graph of instantaneous values of an alternating quantity plotted against ime in
called its waveform.
4.5.3 Cycle

Each repetition of a set of positive and negative instantancous values of the alternating
quantity is called a cycle.

Such repetition occurs at regular interval of time. Such a waveform which exhibits
variations that reoccur after a regular time interval is called periodic waveform.

A cycle can also be defined as that interval of time during which a complete set of
non-repeating events or waveform variations occur (containing positive as well as negative

Ei

The time taken by an alternating quantity to complete its one cycle is known as its
time period denoted by T seconds. After every T seconds, the cycle of an alternating
quantity repeats. This is shown in the Fig. 4.7.

4.5.5 Frequency (f)

The number of cycles completed by an alternating quantity per second is known as its
frequency. It is denoted by f and it is measured in cycles / second which is known as
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Hertz, denoted as Hz. As time period T is time for one cycle ie. seconds / éyde and
frequency is cycles/second, we can say that frequency is reciprocal of the time period.

As time period increases, frequency decreases while as time period decreases,
frequency increases. This is shown in the Fig. 4.8.

vi vl

time

High T +— Less =]
T
Less number of — More number of cycles
cycies per second Le. per second e
low frequency high frequency

Fig. 4.8 Relation between T and f

In our nation, standard frequency of alternating voltages and currents is 50 Hz.

4.5.6 Amplitude

The maximum value attained by an alternating quantity during positive or negative
half cycle is called its amplitude. It is denoted as E, or L.

Thus E,, is called peak value of the vollage while I is called peak value of the

current.

4.5.7 Angular Frequency (o)

It is the frequency expressed in electrical radians per second. As one cycle of an
alternaling quantity corresponds to 2 1 radians, the angular frequency can be expressed as
(2w x cycles/sec.) It is denoted by ‘of and its unit is radians/second. Now, cycles/ sec.
means frequency. Hence the relation between frequency ‘f and angular frequency “of is,

) 2n .
o = 2nf radians/sec. or 0= 5 radians /sec.




Elements of Electrical Engineering 4.9 Fundamentals of A.C, Circuits

4.6 Equation of an Alternating Quantity

For the derivation of the equation of an allernating quantity, consider single tum,
2 pole alternator discussed earlier. The coil is rotated with constant angular velocity in the
magnetic field. An alternating e.m.f. induced is purely sinusoidal in nature.

Let B = Flux density of the magnetic field in Wb/m?
I = Active length of each conductor in metres
r = Radius of circular path traced by conductors in metres.
o = Angular velocity of coil in radians / second
v = Linear velocity of each conductor in m / sec.
Now, vV=ron

Consider an instant where coil has rotated through angle 8 from the position
corresponding to 8 = 0° i.e. from the instant when induced e.m.f. is zero. It requires time
‘t’ to rotate through €. So, 8 in radians can be expressed as,

# = wt radians

The position of the coil is shown in the Fig. 49 (a). The instantancous peripheral
velocity of any conductor can be resolved into two components as shown in the
Fig. 4.9 (b).

v
Fil /Emcuan of Ly
P = rofation
lines [
\\ veosH
ﬂ
90° -4
=0
R vsing A
od =~ Circular .
path
-
J'/ il
3 Qe ——
th AP =vcosf
AR =vsing

Fig. 4.9 Instantaneous value of an induced e.m.f.

The components of velocity, v are,
1) Parallel to the magnetic flux lines, (AP} = v cos B
2) Perpendicular to the magnetic flux lines, (AR) = v sin 0
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Out of the two, due to the component parallel to the flux, there cannot be the
generation of the ean.f. as there cannot be the cutting of the flux lines. Hence, the
component which is acting perpendicular to the magnetic flux lines ie. v sin 0 is solely
responsible for the generation of the e.m.f.

According to the Faraday's law of electromagnetic induction, the expression for the
generated e.m.f. in each conductor is,

e = Blvsin0 volts

The active length ‘I’ means the length of the conductor which is under the influence of
the magnetic field.

Now, E, = Blv
= Maximum value of induced e.m.f. in conductor

This is achieved at 8 = 90° and is the peak value or amplitude of the sinusoidal
induced e.m.f.
Hence, equation giving instantaneous value of the generated e.m.f. can be expressed as,

4,6.1 Different Forms of E.M.F. Equation

Now, 8 = ot radians
-
But, o= 2xnf rad / sec.
ie = E, sin(2nft) | e (2)
But, f = _—1, seconds
= 2%
e = Emsm[?t] e (3)

Important Note : In all the above equations, the angle © is expressed in radians. Hence,
while calculating the instantaneous value of the em.f, it is necessary to calculate the sine of the
angle expressed in radians.

Key Point: Mode of the calculator should be converted to radians, to calculate
the sine of the angle expressed in radians, before substituting in any of the
above equations.

This alternating e.m.f. drives a current through the electrical load which also varies in
similar manner,
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Its frequency is the same as the frequency of the generated e.m.f. Hence, it can be

expressed as,

where I, = Maximum or peak value of the current. This maximum value depends on
the resistance of the electrical circuit to which an e.m.f. is applied. The instantaneous value
of this sinusoidal current set up by the e.m.f. can be expressed as,

i = I sin mt

o i= Iysin2uft

()

i}

or i

mp Example 4.1 : Write the 4 ways of representing an a.c. voltage given by a magnitude of
5 V and frequency of 50 Hz.

Solution : Given values are, E, =5V and f=250Hz
So = 2nf=100r rad/sec and T =1/f=1/50 sec

The voltage can be represented as,

1)e= E_ sin (o) =5sin (100 tt) V
2)e= E,sinB=5sin0 V

3) e= Epsin 2rft)=5sin (100nt) V

4 e= Emsm[ﬁ]:ssin(%]

Note that, after substituting the values of E,, f, w and T the resultant equation
obtained remains same by all four ways.

mmp Example 4.2 : An alternating current of frequency 60 Hz has a maximum value of
12A:
i) Write doun the equation for inst values. i) Find the value of the current after
1/360 second. iii} Time taken to reach 9.6 A for the first time.
In the above cases assume that time is reckoned as zero when current wave is passing

through zero and increasing in the positive direction.
Solution : f =60Hz and L, =12 A

® = 2nf=2nx60 = 377 rad/sec
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i) Equation of instantaneous value is

i = I, sin ot

i = 12 sin 377t
ii) t = g sec

i = 12500 377 s = 12 5in 10472 = 103924 A
Note : sin of 1.0472 must be calculated in radian mode.
iii) i =96A
9.6 = 12sin 377t

sin 377t = 08
77 = 09272

Note : find inverse of sin in radian mode.
t = 2.459x1073 sec.

mmdp Example 4.3 : A sinusoidal voltage of 50 Hz has a maxinmum value of 2002 volts. At
what time measured from a positive maximum value will the instanianeous voltage be equal
to 141.4 volts 7
Solution : f=50 Hz, V¥, = 20042V, vi=1414 V
The equation of the voltage is,
v =V, sin(2rft) = 20042 sin(2ax50t) V

For v =v,
1414 = 20042 sin(2rx350xt, )
t = L666x107 sec .. Use radian mode for sin
But this time is measured from t = 0. At positive maximum, time is §=% =5x10"% sec so

t=t, =1666x10™ sec is before
positive maximum.
From Fig. 4.10.

4 513 -
| bty =ty = 5%1077 - 1666x10
1 = 3314x10°3 sec
I
! As the waveform is
; symmcln_t:sa], at  the time of
15 L sec 3.314x10 " sec  measured  after
4 positive maximum  value, the

instantaneous voltage will be again

Fig. 4.10 1414 V.
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4.7 Effective Value or R.M.S. Value

An alternating current varies from instant to instant, while the direct current is
constant, with respect to time. So, for the comparison of the two, there must be some
common platform. Such platform can be the effect produced by the two currents. One of
the such effects is heating of the resistance, due to current passing through it. The heating
effect can be used to compare the alternating and direct current. From this, r.m.s. value of
an alternating current can be defined as,

Key Point: The effective or r.m.s. value of an alternating current is given by that
steady current (D.C.) which, when flowing Hrough a given circuit for a given time,
produces the same amount of heat as produced by the alternating current, which when
flowing through the same circuit for the same time.

The following simple experiment gives the clear understanding of the r.m.s. value of
an alternating current. The arrangement is shown in the Fig. 4.11.

QO 1 ) !
—AMW——= DT
T i Rheostat ammeter D.C
AC, supply
supply } %: C- 1. =RM.S. of lac I
A

\ .

Same brighlness

Fig. 4.11 Experiment to demonstrate r.m.s. value

A lamp is provided with double throw switch 5. On position 1, it gets connected to an
a.c. supply. The brightness of filament is observed.

Then, switch is thrown in position 2 and using the rheostats, the d.c. current is
adjusted so as to achieve the same brightness of the filament.

The reading on the ammeter on d.c. side gives the value of the direct current that
produces the same heating effect as that produced by the alternaling current. This
ammeter reading is nothing but the r.ms. value of the alternating current.

R.M.S. value can be determined by two methods :

1) Graphical Method : This can be used for an alternating current having any wave
form i.e. sinusoidal, tiangular, square, etc.

2) Analytical Method : This is to be used for purely sinusoidally varying alternating
current.

4.7.1 Graphical Method

Consider sinusoidally varying current.The r.m.s. value is to be obtained by comparing
heat produced. Heat produced is proportional to square of current (iZR) so heat produced
in both positive and negative half cycles will be the same. Hence, consider only positive
half cycle, which is divided into ‘n’ intervals as shown in the Fig. 4.12. The width of each
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interval is ‘t/n" seconds and average height of each interval is assumed to be the average
instantaneous values of current i.e. iy, iy, ..., i

Current

123 n-1

Fig. 4.12 Determining r.m.s. value

Let this current be passing through resistance ‘R’ ohms. Hence, heat produced can be
calculated as,

joules Heat Produced = iRt joules

Heat produced due to 1% interval = if Rnl joules

Heat produced due to 2" interval = i2 R -1:- joules

Heat produced due to n™ interval = iZ R % joules
. i3 +i2+..+i2]
Total heat produced in ‘t’ seconds = Rxtx —

Now, heat produced by direct current I amperes passing through same resistance ‘R
for the same time ‘' is =PRt joules

For I to be the run.s. value of an alternating current, these two heats must be equal.

2 2 2
BRt = Rxtxizttisl
n
2 [if +id + .. +i2)
n
I = Ir.m.;.

L ms. = square root of the mean of the squares of ordinates of the current.

This is called Effective value of an alternating current or Virtual value of an
alternating current. This expression is equally applicable to sinuscidally varying alternating
voltage as,
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4.7.2 Analytical Method
Consider sinusoidally varying alternating current and square of this current as shown
in the Fig. 4.13.

=1 sin'e

i— i=1,8in0

time

de

i

Ba:;se ;
Fig. 413 Waveform of current and square of the current

The current i = I,sin®  while
Square of current iZ = 2, sin® &
Area of curve over half a cycle can be calculated by considering an interval df as

shown.
3

Area of square curve over half cycle = J'i2 dB and Length of the base is n.
o

». Average value of square of the current over half cycle
T

fi?do

_Area of curve over half eycle
~ Length of base over half cycle T

17, 15, 12, [1-cos20
= Ejlz de = Ejlfnsmzedﬂ = n——|de

0 2

2 ; n 2
_ L B_stB] - ]_'1'.[;;]

n 2 | n

I

N
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Hence, root mean square value i.e. r.ms. value can be calculated as,

I.ms = + mean or average of squarc of current = %
= 1!Tl
V2
e = 07071,

The r.n.s. value of the sinusoidal alternating current is 0.707 times the maximum or
peak value or amplitude of that alternating current.

Key Point . The instuntaneous values are denoted by small letters like 4, ¢ ele.
whtile r.m.s. palues are represented by capital Itlers like I F efe.
The above result is also applicable to sinuseidal alternating voltages.

So, we can write,

Vims = 0707V,

4.7.3 Importance of R.M.S. Value

1. In case of alternating quantities, the rms. values are used for specifying
magnitudes of alternating quantities. The given values such as 230 V, 110 V are
ram.s. values of alternating quatntities unless and otherwise specicied to beother
than r.m.s.

Key Paint: Jit practice, everywhere, rams. valties dre: used to analyze alfernafing
quuaniitivs.

2. The ammeters and voltmeters record the rm.s. values of current and voltage
respectively.

3. The heat produced due to ac. is proportional to square of the r.m.s. value of the
current.

Steps to find r.m.s. value of an a.c. quantity :
1. Write the equation of an ac. quantity. Observe its behaviour during various
time intervals.
2. Find square of the a.c. quantity from its equation.
3. Find average value of square of an alternating quantity as,
Area of curve over one cycle of squared waveform

Average = Length of the cycle

4. Find square root of average value which gives r.ms. value of an alternating
quantity.




Elements of Electrical Engineering 4-17 Fundamentals of A.C. Circuits

4.8 Average Value

The average value of an alternating quantity is defined as that value which is obtained
by averaging all the instantancous values over a period of half cycle.

Key Point: For a symmetrical a.c., the average value over a complete cycle is
zero as both positive gnd negative half cycles are exactly identical. Hence, the
average value is defined for half cycle only.

Average value can also be expressed by that steady current which transfers across any
circuit, the same amount of charge as is transferred by that alternating current during the
same time. The average value for sinusoidally varying alternating current can be obtained
by,

1) Graphical Method and  2) Analytical Method

4.8.1 Graphical Method

Consider ‘n’ equal intervals of half cycle as shown in the Fig. 4.12. For r.m.s. value, we
have calculated average value of the heat produced by the average currents during each of
the ‘n’ intervals. In this case, it is necessary lo determine the average value of current over
half cycle.

i+ +an s +1.
Average value of current over half cycle = ——————
Lo hitighe .t
av n
While Vo = VitV 4 +V)
av = n

4.8.2 Analytical Method

For an unsymmetrical a.c., the average value must be obtained for one complete cycle
but for symmetrical a.c. like sinusoidal, it is to be obtained for half cycle.

Consider sinusoidally varying current, [ = I sin 8

Consider the elementary Curront
interval of instant ‘d® as shown !
in the Fig. 414. The average
instantaneous value of current in
this interval is say, ‘i’ as shown.

2
The average value can be *

obtained by taking ratio of area
under curve over half cycle to [P
length of the base for half cycle.

Fig. 4.14 Average value of an alternating current
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Area under curve for half cycle

Ly = Length of base over half cycle
n
Jido
-0
3
1} 17 1, %
- ;gl d9=;£1msinﬂd0 = —E——{sinﬂ

Similarly,

4.8.3 Importance of Average Value
1. The average value is used for applications like battery charging,.
2. The charge transferred in capacitor circuits is measured using average values.

3. The average values of voltages and currents play an important role in analysis of
the rectifier circuits.

4. The average value is indicated by d.c. ammeters and voltmeters.

5. The average value of purely sinusoidal waveform is always zero.

4.9 Form Factor (K;)

The form factor of an alternating quantities defined as the ratio of r.m.s. value to the
average value,

Form factor, | g _ _T.M.S value
f average value

The form factor for sinusoidal alternating currents or voltages can be obtained as,

0.707 1,,

K = G 1,

Ki = 111 for sinusoidally varying quantity
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4.10 Crest or Peak Factor (K))

The peak factor of an allernating quantity is defined as ratio of maximum value to the
r.m.s. value.

Peak factor | g - maximum value
r.m.s. value

The peak factor for sinusoidally varying alternating currents and voltages can be
obtained as,

1
K, = ﬁ{ﬁ_"—l— = 1414 for sinusoidal waveform

The r.m.s. value is always greater than the average, except for a rectangular wave, in
which case, the heating effect remains constant so that average and r.m.s. values are same.
Hence, in practice, for all the waveforms, except rectangular, form factor is greater than
one.

mmp Example 4.4 : Calculate the r.ns. value, average value, form factor, peak factor of a
periodic current having following values for equal time intervals changing suddenly from one
value to next as 0, 2, 4, 6, 8, 10, 8, 6, 4, 2, 0, -2, -4, -6, -8, -10, -8, ...

Solution : The waveform can be represented as shown in the Fig. 4.16.

Current i

10+
84
&4
44
2--

Time

Fig. 415

The average value of the current is given by,
0+2+4+6+8+10+8+6+442

Average value = i) = 5A

02422 442 462 +82 4102 +82 462 442 422
10
= 58309 A -

The r.m.s. value of the current = ~J
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r.m.s. _ 38309 _

Form factor K = ==—— = 11661
average 5

Peak fact = maximum 10 _ 4o

cak factor Ky = s TEE09 © -

411 R.M.S. Value of Combined Waveform

Consider a wire carrying simultaneously more than one alternating current of different
magnitudes and frequencies alongwith certain d.c. current. It is required to calculate
resultant r.m.s. value i.e. effective value of the current.

Let the wire carries three different currents as shown in the Fig. 4.16. It is required to
obtain resultant I . through the wire.

Method : It is based on heating effect of various currents.

=1 i2
1= e
Wire ‘/ /7N
\ .VL‘ ‘
— i = lpp Sin Gy t
Resultant _
|fms \ . '3
I3 = Loy 510 {ul + 4) &
- 1
\/

Fig. 4.16 Wire carrying 3 different currents simultaneously

Let 1 Resultant r.m.s. value of current

R = Resistance of wire
t = Time for which current is flowing

H = Heat produced by resultant =12 xRxt (1)

mms

This heat produced is sum of the heats produced by the individual current
components flowing for the same time t.

H; = Heat produced by d.c. component = Iac xRxt

H, = Heat produced by first a.c. component =12, xRxt
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N

1 3
m2
— | =Rxt
(\(2 ]

Heat produced by second a.c. component = 12

n

Hj Znea XRxt

_ lmJ ’
[f] xRt

Note that for alternating currents I, =1, /2. |

Thus equating the total heat produced to sum of the individual heats produced,
H = H,+H, +H‘

12, Rt = 1§th+[ m2 J R“‘[@ ] Rt

I =12+I'L22+IIL32
ms d: ﬁ ﬁ

Key Point: The result can be extended to n mimber of current components flowing
fthrough the wire,

If average value is to be calculated, it must be noted that average value of purely
sinusoidal quantity over a cycle is zero. Hence average value of the resultant is the only
d.c. component flowing through the wire.

av de

mmp Example 4.5 1 Find the effective value of a resultant current in a wire which carries
simultaneously a direct current of 10 A and alternating current given by,
i=12sin of + 6 sin (3wl — n/6) + 4 sin(5ut + r/3).

Solution : The effective value means r.m.s. value. It is based on the heating effect of the
currents.
Iy = 10A, I, =12A, 1 ,=6A,1_,=44,
Let, I.ns = Resultant rms. value, R = Resistance of wire.
Equating heat produced in lime t due to resultant to the sum of individual heats
produced by various components.

La Y Lo ¥ Loa ¥
12, xRxt = IdchxH[ ] xth+[ '“2] xRxl+[ ‘"f] ®xRxt
V2 V2 L2

Note that heat produced = (rms value)2 x Rt

and rm.s. of a.c. =

2
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2 o2V (6 V(A
Inn.- = 10 +{E] +[EJ +[E] =198

Iims 14.0712 A -..Effective value of the resultant

4.12 Phasor Representation of an Alternating Quantity

In the analysis of a.c. circuits, it is very difficult to deal with alternaling quantities in
terms of their waveforms and mathematical equations. The job of adding, subtracting, etc.
of the two alternating quantities is tedious and time consuming in terms of their
mathematical equations. Hence, it is necessary to study a method which gives an easier
way of representing an alternating quantity. Such a representation is called phasor
representation of an alternating quantity.

The sinusoidally varying alternating quantity can be represented graphically by a
straight line with an arrow in this method. The length of the line represents the magnitude
of the quantity and arrow indicates its direction. This is similar to a vector representation.
Such a line is called a phasor.

4 in anticlockwise direction.

. Key Point: The phasors are assuned Io.be 1o

One complete cycle of a sine wave is represented by one complete rotation of a
phasor. The anticlockwise direction of rotation is purely a conventional direction which has
been universally adopted.

Consider a phasor, rotating in anticlockwise direction, with uniform angular velocity,
with its starting position ‘a’ as shown in the Fig. 4.17. If the projections of this phasor on
Y-axis are plotied against the angle turned through ‘I, (or time as 6 = wt), we get a sine
waveform.

Consider the various positions shown in the Fig. 4.17.

Current

0
[} /a x a b ¢ d (] yanngle

Fig. 4.17 Phasor representation of an alternating quantity
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1. At point “a’, the Y-axis projection is zero. The instantaneous value of the current is
also zero.

2. At point ‘b, the Y-axis projection is | { (ob) sin ) |. The length of the phasor is
equal to the maximum value of an alternating quantity. So, instantaneous value of
the current at this position is I = I, sin f), represented in the waveform.

3. At point ¢/, the Y-axis projection ‘oc’ represents entire length of the phasor ie.
instantaneous value equal to the maximum value of current I,

4. Similarly, at point d, the Y-axis projection becomes I, sin 0 which is the
instantaneous value of the current at that instant.

5. At point ‘¢, the Y-axis projection is zero and instantaneous value of the current is
zero at this instant.

6. Similarly, at points f, g, h the Y-axis projections give us instantaneous values of the
current at the respective instants and when plotted, give us negative half cycle of
the alternating quantity.

Thus, if the length of the phasor is taken equal to the maximum value of the
alternating quantity, then its rotation in space at any instant is such that the length of its
projection on the Y-axis gives the instantaneous value of the alternating quantity at that
particular instant. The angular velocity ‘of in an anticlockwise direction of the phasor
should be such that it completes one revolution in the same time as taken by the
alternating quantity to complete one cycle ie. 0 = ot,

where @ = 2nf rad/sec

Points to Remember :

In practice, the alternating quantities are represented by their r.m.s. values. Hence, the
length of the phasor represents r.m.s. value of the alternating quantity. In such case,
projection on Y-axis does not give directly the instantancous value but as I, = ¥2 L.,
the projection on Y-axis must be multiplied by +Z to get an instantaneous value of that
alternating quantity.

Phasors are always assumed to be rotated in anticlockwise direction.

Two alternating quantities of same frequencies can be represented on same phasor
diagram.

Key Point; If frequencies of the hwo guantities are different, then such quantities
cannol be represented on the same phasor diggrant.

4.13 Concept of Phase of an Alternating Quantity

In the analysis of alternating quantities, it is necessary to know the position of the
phasor representing that alternaling quantity at a particular instant. It is represented in
terms of angle @ in radians or degrees, measured from certain reference. Thus, phase can
be defined as,
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Phase : The phase of an alternating quantity at any instant is the angle ¢ (in radians
or degrees) travelled by the phasor representing that alternating quantity upto the instant
of consideration, measured from the reference.

Current
[}

i

B = wh o

r
A Reference A

ral=

N

Fig. 4.18 Concept of phase

Let X-axis be the reference axis. So, phase of the alternating current shown in the
Fig.4.19 at the instant A is ¢ = 0° While the phase of the current at the instant B is the
angle ¢ through which the phasor has travelled, measured from the reference axis ie.

X-axis.
Currant A
| 3T
~ T 0=t

- L) —
Reference 4
instant

Time period

Fig. 4.19

In ‘general, the phase & of an
alternating quantity varies from $ = 0
to 2 7 radians or ¢ = 0° to 360".

Another way of defining the phase
is in terms of a time period T. The
phase of an alternating quantity at any
particular instant is the fraction of the
time period (T) through which the
quantity is advanced from the reference
instant.

Consider  allernating  quantity
represented in the Fig. 4.19. As per
above definition, the phase of quantity

31
at instant A is }, while phase at instant B is e Generally, the phase is expressed in

terms of angle ¢ which varies from 0 to 2 x radians and measured with respect to positive

x-axis direction.

In terms of phase the equation of alternating quantity can be modified as,

where

e = E_ sinfottd

¢ = Phase of the alternating quantity.
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The phasor representation and waveforms of both the quantities are shown in the
Fig. 421.

ot

VAN

[k
v=90"
U

The phasors QA
and 0B = [

Fig. 4.21

u
[1s]

m

After 0 = ; radians, the OA phasor achieves its maximum E_, while at the same

instant, the OB phasor achieves its maximum L. As the frequency of both is same, the
angular velocity mof both is also the same. So, they rotate together in synchronism.

So, at any instant, we can say that the phase of voltage e will be same as phase of i
Thus, the angle travelled by both within a particular time is always the same. So, the
difference between the phases of the two quantities is zero at any instant. The difference
between the phases of the two alternating quantities is called the phase difference
which is nothing but the angle difference between the two phasors representing the two
alternating quantities.

Key Point : When such phase difference between the biva alternating quaittities is
zero, the hwo guantitivs are said b be in phase.

The two alternating quantities having same frequency, reaching maximum positive and
negative values and zero values at the same time are said to be in phase. Their
amplitudes may be different.

In the a.c. analysis, it is not necessary that all the alternating quantities must be always
in phase. It is possible that if one is achieving ils zero value, at the same instant, the other
is having some negative value or positive value.

Such two quantitics are said to have phase difference between them. If there is
difference between the phases (angles) of the two quantities, expressed in degrees or
radians at any particular instant, then as both rotate with same speed, this difference
remains same at all the instants.

Consider an e.m.f. having maximum value E,, and current having maximum value L.
Now, when e.n.f. ‘e’ is at its zero value, the current ‘i’ has some negative value as shown
in the Fig. 4.22.
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Fig. 4.22 Concept of phase difference (Lag)

Thus, there exists a phase difference & between the two phasors. Now, as the two are
rotating in anticlockwise direction, we can say that current is falling back with respect to
voltage, at all the times by angle ¢. This is called lagging phase difference. The current i
is said to lag the voltage e by angle ¢ . The current i achieves its maxima, zero values ¢

angle later than the corresponding maximum, zero values of voltage.
The equations of the bwo quantities are written as,
e = Epsinot  and i=1,sin(ot-q)
‘i’ is said to lag ‘e’ by angle ¢.
It is possible in practice that the current ‘i may have some positive value when
voltage ‘e’ is zero. This is shown in the Fig. 4.23.

+E., ‘_e.m.!, -]
-'.. L
I' e
l‘. -" LY A
:. .'j |“ ;‘ £ " P
L R R b
[ [s} H E, . [} r o )
NN g4 Currant i
Fi
“. \‘.. ‘_’-' K
‘-\ - ol -,
S, P
E.

Fig. 4.23 Concept of phase difference (Lead)

It can be scen that, there exists a phasc difference of ¢ angle between the two. But in
this case, current ‘i’ is ahead of voltage ‘e’, as both are rotating in anticlockwise direction
with same speed. Thus, current is said to be leading with respect to voltage and the phase
difference is called leading phase difference. The current i achieves its maximum, zero
values ¢ angle before than the corresponding maximum, zero values of the voltage. At all
instants, current i is going to remain ahead of voltage ‘e’ by angle ‘¢,

The equations of such two quantities are written as
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e = E sinot and i=IL sin (ot + ¢
‘i’ is said to lead ‘e’ by angle ¢.

Key Point : Thus, related to the phase difference, it can be remembered that a plus
(=) sign of angle indicates lead where as a minus (~) sign. of angle indicates lag with
respect to the reference.

4.13.2 Phasor Diagram

The diagram in which different alternating quantities of the same frequency, sinusoidal
in nature are represented by individual phasors indicating exact phase interrelationships is
known as phasor diagram.

The phasors are rotating in anticlockwise direction with an angular velocity of

©=2nf rad/sec. Hence, all phasors have a particular fixed position with respect to each
other.

Key Point ; Hence, phasor dingram can be considered as a still picture of these
phasors at a particular instant. ;
To clear this point, consider two alternating quantilies in phase with each other.
e = E sinot and i=I,sinot
At any instant, phase difference between them is zero ie. angle difference between the
two phasors is zero. Hence, the phasor diagram for such case drawn at different instants
will be alike giving us the same information that two quantities are in phase. The phasor
diagram drawn at different instants are shown in the Fig. 4.24.

E

m

Fig. 4.24 Same phasor diagram at different instants

Consider another example where current i is lagging voltage e by angle & So,
difference between the angles of the phasors representing the two quantities is angle a
e = E; sinwt
and i = L, sin(ot-¢
The phasor diagram for such case, at various instants will be same, as shown in the
Fig. 4.25 (a), (b) and (c).
The phasor diagram drawn at any instant gives the same information.

Key Point : Remember that the lagging and leading word is relative to the
reference. In the above case, if we take current as reference, we have to say that the
voltage leads current by angle o. The direction of rotation of phasors is ahways
anticlockwise.
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Fig. 4.25

Important Points Regarding Phasor Diagram :

1) As phasor diagram can be drawn at any instant, X and Y axis are not included in
it. But, generally, the reference phasor chosen is shown along the positive X axis
direction and at that instant other phasors are shown. This is just from convenience
point of view. The individual phase of an alternating quantity is always referred
with respect to the positive x-axis direction.

2) There may be more than two quantities represented in phasor diagram. Some of
them may be current and some may be voltages or any other alternating quantities
like flux, etc. The frequency of all of them must be the same.

3) Generally, length of phasor is drawn equal to r.ms. value of an alternating
quantity, rather than maximum value.

4) The phasors which are ahead, in anticlockwise direction, with respect to reference
phasor are said to be leading with respect to reference and phasors behind are said
to be lagging.

5) Different arrow heads may be used to differentiate phasors drawn for different
alternating quantities like current, voltage, flux, ctc.

mmp Example 4.6 : Two sinusoidal currents are given by,

iy = 10 sin (ot + w3} and

ip = 15 sin (ot - ©/4)

Calculate the phase difference between them

in degrees.
Solution : The phase of current iy is /3
radians ie. 60° while the phase of the current
iy is - ®/4 radians i.e. — 45° This is shown in
the Fig. 4.26.

Hence the phase difference between the 0

two is,

The individual
phases 60° and - 45°
arg with respect to
+ve x-axis direction

0= 0, - 6 = 60° - (- 459 = 105°

And iy lags .
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For 1, its X component is I; and Y component is zero. So, in rectangular form, it is
represented as I, +j 0.

For I, its Xcomponent is - I, cos (-;E—Bthile its Y component isl, , sin(;—vﬁ]
\
So, in rectangular form, il is represented as,
- cm[g—0]+ j Iyp sin [g—e]

Analytically, the resultant of the two can be obtained by adding X components of all
the phasars together and Y components of all the phasors.

Resultant = I X components + j £Y components

This is rectangular representation of the resultant.

Following are the steps for analytical method :
1) Express all the phasors in rectangular form.

2) Find all X-components ie. real components and Y-components i.e. imaginary
components.

3) Add all X-components and Y-components algebraically to obtain r it
X-component and Y-component.

4) The resultant phasor can be expressed in terms of the resultant X and Y
components.

4.14.3 Mathematical Representation of Phasor
Any phasor can be represented mathematically in two ways,
1) Polar co-ordinate system and  2) Rectangular co-ordinate system

Let i = Iy sin (ot + ¢

The phase of current i is & The phase is always with respect the x-axis as shown in the
Fig. 4.29.

HOA) =1,=r and phase=+6

In polar system, the phasor is
represented as r £ @ So current i above is
represented as I, £ + ¢in polar system.

In rectangular system, the phasor is
divided into x and y components ie. real
and imaginary components as x + j y. The
current i above is represented as [, cos ¢ + j
Fig. 4.29 iy, sin ¢in rectangular system.

1
]
|
'
!
1
1
1
|
'
1
|
.
B



Elements of Electrical Engineering 4-33 Fundamentals of A.C. Circuits

Converling it to polar form,
I = 47.169925799°A =1 _Z oA
sormas. value of current = 47.1699 A

Phase = 57.99°

Key Point: To obtain phase, express the equation in sine form if given in cosine
as,
If ~ e = E cos(ot)

then e = L sin (ot +90% as sin(90° +0) = cos 0

Thus the phase is 90° and not zero.

In general, e = E cosjott ¢

then e = E, sin{ob+90"+

The phase = 90°%¢

Iy Example 4.9 : A voltage is defined as - E,, cos ot. Express it in polar form.

Solution :  To express a voltage in polar form express it in the form, e = E, sin ot

A T : n
Now e = —Ej cosmt= -E_ ram]fml*—:,-} as sm(ml-v-;]: cos mt
.

= Ep sin{(uhﬁ-;] as sin (n+{) = - sin 0
Now it can be expressed in polar form as,
e = E £+ ir-[rad =En £+270°V
But + 270° phase is nothing but - 90°
e = E 2-90°V

iy Example 4,10 : Find the resultant of the three voltages e;, e; and ey where,

e = 20 sin (wl), o= 30 sin [u}f —-g ]ﬁmf €3 = C0S [tﬂ! + g]

Solution : Express all the voltages interms of sin (@t = ¢) .

e; = 20 sin (wt + 09

e; = 30sin (ml —-;—E ]: 30 sin (mt - 457
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e; = 40 cos [mt+»2]

= 40 Sin[-§+ml+f} assin[f+ﬂ]= cos 0
6 2 I

,
= 40 sin [mt+:%t]= 40 sin (@t + 1207

In polar form the three voltages are,
e = 20 207, ey =30 £-45°, ey=40 £+ 120°
In rectangular form the three voltages are,
e = 2040, e, =21213 - 21.213, e5 = — 20 + j 34.641
Hence the resultant is,
g = T+ e, 4, = 2040+ 2121321213 - 20 + 34641
= 21.213 +j 13428 V = 25,1058 £ 32.33* V
Thus magnitude of the resultant is 25.1058 V and phase 32337,
And the expression for the instantancous value of the resultant is,
egp = 251058 sin (wt + 32337 V
iy Example 4.11 :  Draw a neat sketch, in each case (not to scale), of the waveform and
write the equation for instant value, for the following -
i) Sinusoidal curreni of 10 A (rms.), 50 Hz passing through its zero value at
ot =13 radians and rising positively,

it) Sinusoidal current of amplitude of 8 A, 50 Hz passing through ils zero value at
ot =— /6 and rising positively.

Solution : i) Zero at =/ 3 rad = 607, T, =+2% 10 = 14142 A

i

14142 A |----————-2
/_\
L
1}
% [
o /G'O“ 907 | 150°180° 270 T
T
i
i
-
* i
0=60°

Fig. 4.30 {(a)
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i = I, sin (0t-¢) = 14.142 sin{l[}Drct—;]A

ii) Ly =8A,zeroatmt=—grad=—3l]”

1 1 )
] ] i

1
L} <
L3%d
Fig. 4.30 (b)

1= L osin (ot +0)

= Bsin [munugJA

4.15 Multiplication and Division of Phasors

In the last section, the addition and subtraction of phasors is discussed, which is to be
carried out using rectangular form of phasors. But the rectangular form is not suitable to
perform multiplication and division of phasors. Hence multiplication and division must be
performed using polar form of the phasors.

Let P and Q be the two phasors such that,
P o= x +iv and Q =%, +jy,

To obtain the multiplication I'x (Q both must be expressed in polar form
P =20 I and Q=r, 20,

Then LP-xQ = |ry2o x| rpc0,] = [ryxry ] 26y, +9,

Key Point : Thus i multiphcation of complex uumbers in polar form,  the
wagnitudes get multiplied while their angles get added.

The result then can be expressed back to rectangular form, if required. Now consider
the division of the phasors I and Q.

P oLy _iJ
Q= 52| L £y =y

|
Tyl

Key Point: Thus i division of complex mimbers in polar form, the magnitides get
divifed wiile their angles get subtracted.
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Note : For converting polar to rectangular form, the students can use the function
P& R on calculators without using basic conversion expressions. Similarly for rectangular
to polar conversion, the students can use the function R < P on calculators without using
basic conversion expressions.

4.15.1 Another Way of Complex Number Representation
In complex number analysis, the number may be expressed as |r|e® where ¢ may be
in degrees or radians. The mathematically el® = cos O+jsin¢ while ¢ ® = cos¢-jsina
Hence carresponding rectangular form can be obtained.
For example if a particular current is given as 50 ¢ P then,
50 e P = 50 [cos 30° — j sin 30°] = 433012 -j 25 A
while a particular voltage given by 150 ¢* OO s,
150 ¢ = 150 [ cos 100° + j sin 100°] = ~26.047 + j 147.721 V
If ¢ is given in radians, sin and cos must be calculated in radian mode,
Infact | r|e® o can be directly expressed in the polar form as |r|Z+0 where ¢ may be in
degrees or radians.
50 7T = 50£-30°A
while 150 ¢ 110" = 150.2£4100°V

This can be crosschecked by using rectangular to polar conversion.

Thus irle*i"=Ir|At¢|

s Example 4.12 : Two currents I; = 10 &7 and L=5¢ -’Ilwﬂow in a 1-ph A.C. circuit.

Estimate -

il + 1y @) Iy =1y and i) I/, in complex form.
Solution : 1, =10 A and L=5¢1104

Now I; = 10 [cos 50° + j sin 507]
= 64278 + 766 A =10 £50° A
5 [cos 100° - j sin 100"]
- 08682 -j4924 A=5 2 -100" A
) I +1I, = 55506 + 2736 A = 6.196 £ 26.2° A
i) Iy =0 = 7296 +j12584 A = 14.546 £ 60° A
10 £50°

i) L/ = g e =2 £ +150°A

L
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Remember : g

While Eali.ni_ilio.n_ am::_lg sublral:tiun, usrf:.\lfec;tangula.r form, :

While multiplication and division, use polar form.

Examples with Solutions

sy Example 4.13 : The math for the i value of an alternating

7.071 sin (157,0&-;]—/!, Find its effective value, periodic time and the

instant at which it reaches its positive maximum value. Sketch the waveform from
t = 0 over one complete cycle.

tical exp

current is { =

Solution : The given current is, i = 7.071 sin [15?1)&—%] .. Amp
Comparing this with, i = [ sin{wl-¢) . Amp
We get, [, =7.071 A
1
Effective value = -2 =]
ve value 77~ lrms
7.071
Iims = =7 5 =5A
: 2n
o = 157.08 ie. T = 157.08
T = =25 - 0,04 sec = 40 msec
T 15708 e
Positive maximum is, i=1,=+7071A
7071 = 7.071 sin [1573& -%]
Si.n[lS?DSt = %] -1
157.08t —% = 15707 Use radian mode
15708t = 2.3561

t = 0.015 sec = 15 msec
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TOTIA

0 Time

Att=0,i=-5A

1 cycle

Fig. 4.31

Inmp Example 4.14 : Two sinusoidal sources of e.m.f. have r.n.s. values Ey and E, and a phase
difference .. When connected in series, the resultant voltage is 41.1 V.
When one of the source is reversed, the resultant emf. is 17.52 V. When phase displacement
is made zero, the resultant em.f. is 42.5 V. Calculate Ey, E5 and o

Solution : Let the two em.fs be such that E; lags E; by « so that there is phase
difference of o« between them,

ep=E sinat=E 207

E, £0°

. and ey = E, sin (ot - o) = E, £ - o€
~
. In the rectangular form the two

., voltages are,
N Ep £-0°= By +i0
T and E; £ - o = E; cos o - j E; sing
................... e

Remember that
rZ=¢=rcosd —jrsing
Fig. 4.32

In series, Eg = El + Ez = (E; + E, cos o) — j (E; sin o)

Magnitude of Ep = J":+Y:=J(E|+E: cos @) +( E, sin )’

411 = (B, +E, cos ) +(E, sin )’
(:11.1)2 = Ef + 2E; E; cos ot + I:g cos® o + Eg sin” «

2

168921 = EZ + 2E; E, cos o + E3 e (1)
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b Example 4.16 : Calculate the average and effective values of the saw tooth waveform
shown in Fig. 4.35.
The voltage completes the cycle by falling back to zero instantaneously after regular interval
of time.

Voltage V

200V p---- S -

Time

Fig. 4.35

Solution : Let us calculate equation for the instantaneous value of the voltage. The
voltage increases linearly from 0 to 200 V in two seconds. So slope between 0 to 2 seconds
is!

200-0

= 5 =100

Equation for the instantaneous value is,

v 100t

The average value =

Area under curve _ f (100 t) dt
base 0 2

1)
i 100-2- = 50 x 2 = 100 volts,
0

The r.m.s. value = Root of the mean of square

2

3
J'(IOO B2 dt t

1 2
7% (100)= = [T:|

2

[i]

i
w
=

Q
x
wlos

1
ery
g
=
-
2,
&
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mmp  Example 4.17 : Calculate the auerage value, r.m.s. value and form factor of the output of
a half wave rectifier when input to rectifier is purely sinusoidal alternating current.
{GTU : Dec.-2008)

Solution : Input to rectifier i = I, sin 8
Half-wave rectifier is one which reclifies the half cycle of the input applied and its

output is as shown in the Fig. 4.36.

2n  Im 4

Current .
i=1,sing

/\

o n

P Time

L
1
]
Cycle '
1

Fig. 4.36

Since the waveform is unsymmetrical, the average and r.m.s. values must be calculated
for one complete cycle.

Area of curve over a cycle
Length of base over a cycle

The average value =

K 2n
Iid0+j 0do

=0 = 1 ?ide
B 2n T 2n
il
1% ) 1 I 1
= gr [l sin0d0 = 5% [-cosOf = 32[2] = -2
it
I, = 03181,
R.M.S. value = Root of mean of square
~ { Area of curve over a square wave cycle
B ¥ Length of base over a cycle
T Ix
jiﬂde+jfn)2da S—
I S U5 B ST
= - 7= J13,sin? 0do
il
- ‘ﬁf}—-casﬂ]du _ TE 0-sin207F
‘i 2n o 2 \J 4R 2 o
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\Iﬁlﬂl

R

1 = 051

rms. m

r.m.s. _ 051

Form factor K verage - 0318

o = 1.5723

[m

ey Example 4.18 : At t = (, the instantaneons value of a 60-Hz sinusoidal current is
+ & ampere and increases in magnitude further, Its r.ms, value is 10 A.
i} Wrile the expression for ils instantaneous value.
it) Find the current at t = 0.01 and t = 0.015 second.
ifi) Sketch the waveform indicating these values.
Solution : t=0, i=5A, f=60Hz I, =10A
D Iy =21, =1042 A = 141421 A
Let the equation for instantancous value is,

i= 1, sin(2nft+9)

Now 5 = 141421 sin (2rx60% l‘+¢)
= sinl 22 5
& sin™l ey 20.704° = 03613 rad
i = 141421 sin(120wt+20.704°) A
ie. i = 141421 sin(120mt+0.3613) A

ii) To find 1, calculate sin in radian mode.
At t=1001, i=141421 5in(120m=0.01 +0.3613)=-11.8202 A
At t=0.015 1=141421 sin(120xx0.015+0.3613)=-3.7314 A

iii) The waveform is as shown in Fig. 4.37.
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sy Example 4.19 : A 50-Hz sinusoidal volt lied to a single phase circuit has its
rams. value of 200 V. Its value at | = 0 is (J_XEGD) V' positive. The current

drawn by the circuit is 5 ampere (rms) and lags behind the voltage by one-sixth of a cycle.
Write the expressions for the instant values of voltage and current. Sketch their
wave-forms, and find their values at + = 0.0125 second.

Solution : f=50Hz, V_,, =200V
' = VI Vi, = 282842V
The equation for voltage is V =V sin(2nft+¢)
Att=0, V o= 200x42V
200x+2 = 282.842 sin (0+¢)

o = % rad = 1.5707 rad = 90°

- V = 282.842 sin (1001 t+1.5707) V
Now I, =5Ahencel, =421

ms = 7071 A
1_1
T = —f—ﬁ—GC?Zsec
1th
Ilagsby(, “of cycle ie. hy—le 0—93—3.333><10'3 sec

- I lags by angle = ot =27 f t =100nx 3.3333x10™* = 1.04709 rad
0 = 1.04709 rad. where 0 = angle by which Ilags V
i = I, sin(2nft+¢-0)
i = 7.071 sin{1007 t+1.5707 -1.04709)

i 7.071 sin (100 wE+ 0‘5236) A
At t = 0.0125 sec, find v and i. Use sin in radians.
.V = 282.842 sin (1007x0.0125+15707)= - 200 V

i = 7.071 sin (100t 0.0125 +0.5236) = - 6.83 A
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The waveforms are shown in the Fig. 4.38.
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Fig. 4.38

P Example 4.20 : A 50 Hz sinusoidal current has peak factor 1.4 and form factor 1.1. lts
average value is 20 Amp. The instantaneous value of current is 15 Amp at t = 0 sec. Write
the equation of current and draw its waveform.

Solution : f=50Hz, K, =14, K =11, I, =20A

K, = " while K, = -8
P I\'mﬁ f lav
I /KD
K = DL from K
I, P
I, /14
11 = 20
I, = 20x1.1x14=308 A

The cwrrent has i = 15 A at t = 0 hence its equation is,
i = Iy, sin(ot+¢) =1, sin(2nft+¢)
At t=0, 15 = 30.8sin (0 + ¢
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4x

= sin 22 )= o o 21
0 = sin [3{}.8]- 29.1444° = rad
= 0.50866 rad.
i = 30.8 sin(100 nt + 0.50866) A ...Equation

Its waveform is shown in the Fig. 4.39.

Fig. 4.39
Examples from G.U. and G.T.U. Papers

ey Example 4.21 1 Three currents  iy,iy,14 are  expressed by the  expressions
10 sin(314¢ + 0°), 20 sin(314t + %2) and 10 sin(3141 + %) respectively are added together.

Find : 1) Expression of total currenl i) RM.S. value of tolal current iii) Frequency.
[GU : June-2000]

Solution @ From the given expressions,

. 1 10
= =m0 o
I, =10A ie. I = N 7 7071 A (RMS)
1 =20 A 1 I, = I“‘—--: =2 14.1421 S
m2 = e, I, = -‘h_ = :fZ = . A (RMS)
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! 10
1. =10A e T, = -B1 - L = 7071 A (RMS)
mi 3 \lfz J2
I = 707120°A = 7071 +j0 A
[z = 141421 _41’-: =14.1421 £15° A = 13.6602 + j 3.6602 A
I3 = 7.[171_52 = 7071 Z90° A = 0+j7071 A
i) [ = L+l +1; = 7.071 +j 0 + 13.6602 + j 3.6602 + 0 + j 7.071

= 207312 +§ 10.7312 A = 23.3439 £ 27.3676° A
Ty = Maximum value = 233439 x4J2 = 330132 A
ig = Ipy sin{ot+¢) = 33.0132 sin ( 314t + 27.3676° ) A
ii) RM.S5. value of total current = 23.3439 A

i) @ = 314 rad/sec = 2nf

f = :_E = 50 Hz ... Frequency

i Example 4.22 : A sinusoidal alternating vollage has an r.ns. value of 200 V and a
frequency of 30 Hz. It crosses the zero axis in a positive direction when t = (. Delermine
i) the time when wvoltage first reaches the instantaneous value of 200 V and ii) the time
when voltage after passing through its maximum positive value reaches the value of 1414 V.
IGU : June-2000]

Solution : V =200 V (RMS), f =50 Hz.
V,, = Maximum value = 2V = .JZ_X 200 = 282.8427 V
m = 2nf = 2ux50 = 100n%rad/sec.
v = V, sin(wt) = 2828427 sin(100wt+0") V o (1)
Dv=200V
200 = 2828427 sin (100mt)  ie sin (100nt) = 0.7071

1007t = sin~! (07071) = 0.78539 .. Use radian mode

t = 25 ms
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nmp Example 4.24 :  Find average value and RMS value of the resultant current in a wire
which carries simultaneously a direct current of 10 A and sinusoidal alternating current
with a peak of 10 A. [GU : June/July-2004]

Solution : i) The resultant is shown in the Fig. 4.41.
ii) For duc,, I3, = 10 A

Current
e Forac i=1,sin@=10sin8
Resultant current So the resultant is,
ey T e e ig=Ig +i=10+10sin 0
This is the expression for the resultant
wave.
104 De. i) Now ig = 10 + 10 sin 6
\ / The average value can be obtained as,
2
) 7 = ! iplaverage) = % fig do
0
A.C. component 1 x
L i =~ [[10+10sin 0]d 0
2
= 5-[106-10cos 03"

Fig. 4.41

1
ﬁ[lU(Z -0} -10(cos 2 t—cos 0)]

= 10A

iv) The r.m.s. value is given by,

1 2= 1 2n
52 {ii de= [ lj;(m +10sin 6> d0

ig (rms.)

zi [100 +200sin 0+100sin? 6] d0

2

-

2r

1-cos20
j‘ 100 +200sin u+1m[Lﬂ de
i

g sin20

1006~ 200cm3+100(—i———1-——]:|0

L
2

]

H

[3]
[
I#
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iy Example 4.26 : The following three vectors are given : A = 20 + j20, B = 30 £2120° and
C = 10 + j0. Perform the followmg indicated operations : i) AB/C i) BC/A
[GU : July-2005]
Solution : The three veclors are, A = 20 + j20 = 282842 £45° ,
B = 30 £120" = - 15 + § 259807, C=10+j0 =100

) AB _ 28RN
! K U7

- BC _ 30£120°%10£0° .

i N = T = 106066 £75

Iy Example 4.27 :  The three vectors are given as : A = 30 - j60, B = 40 + j40,
C = 0 + j50. Perform the following operations i) A-C/B i) BC-2 A  [GU: Nov.-2005]
Solution : The given vectors are, A = 30 — 60 = 67.082 £ - 63.4357
B =40 + 40 = 56.5685 £45%,  C =0+ 50 = 50 £90°

i) ACB:

- = 59.2927 £ -18.435°

i) BC-2A:
BC = 56.5685245"%50 £90" = 2828.425 £ 135" = 2000 + j2000
2A = 2w67082.2-63435" = 131161 £-063435" = 60 - {120
BC -2 A = -2000 + {2000 - (60 - j120)

- 2060 + j2120 = 2956.01 ~ 45.8223°.

mmp Example 4.28 : An alternating current varying st idally with a freq y of 50 Hz
has a roms. value of 21.2132 A. Write down the equation for the instantancous value and
find this value at i) 0.0025 sec. i) 0.0125 sec. after passing through a positive maximum
valite. i) Draw the waveform. iv) At what time measured from a positive maximum value
will the instantaneous value of current be 21.2 Amp.
[GU : Nov.-2002, May-2006]
Soluton : f=50Hz, I, = /2 xI,, =+2x212132=30 A

w = 2l = 2nx50 = 100 & rad/sec.
Assumung that its phase 1s zero,

i = 1, sinwt = 30sin (100 Tt +0°) A ... Equation
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1+ 0.0125 sec i) ty, = 0.0025 sec
$ ; i = 30 sin (100 1% 0.0025)
A [ ]

H H ... Radian mode

I ] ]

P rla = 212132 A

o H i)ty = 00125 sec

=5 ms = ! ) . y

! B 1 after passing through maximum positive

= 5 ms + 0.0125 sec

o1 = 0.0175 sec
=7
=20ms i = 30 sin (100 7% 0.0175)
Fig. 4.43
= -21.2132 A

Current

T=20mg —————

Fig. 4.43 (a)

iv) At the instant t and t};, i = 21.2 A. We want to find t. Now i = 21.2 A for the
first time at D.

212 = 30sin (100nty) ie t = 2498 ms
The time difference between D and time for positive maximum is 5 — 2.498 = 2.502 ms.
Same must be the time difference between time t- and time for positive maximum.

< Time measured from positive maximum will be 2502 ms when instantaneous
current will be 21.2 A,
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sy Example 4.29 1 i, =/, sinwt and i, =l sin(ot-45") If 1, =1, =52 then

find out, a) iy +iy b) i -iy [GU : Nov.-2006]
Solution :
3 542
L=l = 5IA L=, =22 =54 w (RMS)
¥2
I, = 5£-45"A = 35355-j3.5355 A ... From equation
I, =540°A = 5+j0A ... From equation
a) I, +1, = 5+j0 + 3.5355 ~ j3.5355 = B.5355 - j3.5355

92385 £-22497" A

~ Maximum value of (i, +i,) = JZ%9.2305 = 13.0652 A
iy +i; = 13.0652 sin (ot-22.497°) A

b) I,-1, = 5+ j0- (35355 - j3.5355) = 14645 + {3.5355

1}

38268 £ 674997 A
Maximum value of ( iy — i) = v2x38268 = 54119 A

iy =iy = 5.4119 sin (t+67.499") A.

1wy Example 4.30 : i, =32sinot, 1, =42 sin(@t-90%). Find out (iy-iy) and

(Il + '3) [GU : June-2006; July-2007]
Solution :  From the given equations, 1, =342 A, Ly, = W2 A
I 432
[ =M -34 1, = EAERPIN . (RMSS. values)
V2 V2
I, = 3Z0°A = 3+j0A, [,=42-90°A=0-j4A

i) [[-1, = 3+j0-(0-j4) = 3+j4A = 55313°A
- Maximum value of [, -1, =542 A
iy-i, = 5+2Zsin(ot+5313°) A

i) [+, = 3+j0+0-j4 = 3-j4A = 52£-5313"A

ij+i, = 5+2sin(mt-5313°) A,
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nmp Example 4.31:  An alternating current has maximum value of 100 amp., the frequency
bemg 50 Hz. Calculate the rate of change of current in ampere per second when
i) b= 0.00166 sec i) t = 0.01 sec and i) t = 0.015 sec. IGU : Nov.-2006]

Solution : 1 =100 A, f=50Hz
w = 2xf = 100x rad/sec.
io= I,sinwt = 100 sin (100 £ 1) A

j: = 100x100 %[+ cos(100mt)] = +10000rcos(100mt) A /s
i) ALE = 0.00166 sec

di

il 10000 x cos (100m=000166) = + 27239.829 Afs

i) At t = 0.01 sec

'::‘: = 10000 7 cos (1007%001) =~ 31415.926 Als
iii) At t = 0.015 sec
_;'_: = 10000 7 cos (100rx0015) = 0 Afs

Key Point : Use radian mode to calculate cosine values.

mmp Example 4.32 :  If the waveform of a voltage has a form factor of 1.15 and peak factor
of 1.5, and if the maximum value of a voltage is 4500 volt. Calculate the average and r.m.s.
values of the voltage. IGU : July-2007]
Solution :  The factors are given as,
R.MLS, Maximum
Ki = Rverage =~ M5 wdKp=—pxps = 1%
v vm 3
115 = V.o and 15 = vh ) o Vi = 4500 V (given)
- = \{ \FI'II \'I“
115%15 = Wx—i‘. = V‘“._
V, 4500
- mn = =
V., = T18x15 = Ti6x15 = 2608.6956 V .. Average

V o= 115xV,, = L15x26086%950 = 3000 V . RMS.
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iy Example 4.33 : A certain waveform has a form factor of 1.2 and a peak factor of 1.5. If
the maximum value is 100, find the r.m.s. and average values. [GTU : Dec.-2008)

Solution : The factors given are,

RMS, Maximum
K[

= Average =12 and Ky = RMS. 15
! V,
12 = V\T and 15 = o Yy = 100
A . 100
12x15 = w0 ie. 18 =
Uﬂ\' V Vav
V,, = 55555V and V = 66.666 V

mmp Example 4.34 :  Prove that if a dc. current of I amperes is superimposed in a
conductor by an a.c. current of maximum value of 1 amperes, the rams. value of the

ttant is [ V3/ |1
resultan 15[ A@) [GTU : March-2009]

Solution : The direct current is [ and a.c. current with 1 = 1
I = I+l sinf = I+Isin®

The r.m.s. value is given by,
2 2n
17 1 a2
Iy = ‘IZ_“ J;IT de = \Jﬁ E['[1+1:.ma] de

1 22'[ .
Iu—xl [1+sin 6T do
‘]iZIE £
1 2J_|1 2 )
= e ‘ 1+ 2sin O0+sin<0)do
2In "(

1 an Ff1-cos2@
= 7Z-ﬁ—xlj[ﬁ—2cnsi!]“ ;[[ )dﬁ

= -—I——xJ?.r(—Z[co'sZIr—coth['—;—

sin znT“
2R 0

4
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University Questions

Q.1 Define i) Form factor i) Peak facter. Obtain the ran.s. value and average value of half wave
rectified sinusoidal voltage wave, [GTU : Dec.-2008, 8 Marks]

Q.2 Prove that if a d.c. current of 'I" amperes 1s superimposed in a conductor by an a.c. current
of maximum value 'I' amperes, the root mean square (rms) value of the resultant is

(\J{?ﬁ / ﬁ) L [GTU : March-2009, 7 Marks]
Q.3 Define following terms in connection with a.c. waveforms : i) Frequency 1) Phase and phase

difference i) Time period iv) Form factor vl RM.S. value vi) Average value
[GTU : June-2009, 7 Marks]

Note : The examples asked in the previous university papers are solved and included
in the chapter.
Qg
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Single Phase A.C. Circuits

5.1 Introduction

The resistance, inductance and capacitance are three basic elements of any electrical
network. In order to analyze any electric circuit, it is necessary to understand the following
three cases,

1) A.C. through pure resistive circuit.

2) A.C. through pure inductive circuit.

3) A.C. through pure capacitive circuit.

In cach case, it is assumed that a purely sinusoidal alternating voltage given by the
equation v = V sin (@ t) is applied to the circuit. The equation for the current, power
and phase shift are developed in each case. The voltage applied having zero phase angle is
assumed reference while plotting the phasor diagram in each case.

Once the behaviour of pure R, L and C is discussed, then the various series and
parallel combinations of R, L and C are discussed in this chapter. The concept of
impedance, admittance, susceptance, phasor diagrams of series and parallel circuits and
resonance in series and parallel circuits are also included in this chapter.

5.2 A.C. through Pure Resistance

Consider a simple circuit consisting of a pure resistance ‘R’ ohms connected across a
voltage v = V,,, sin wt. The circuit is shown in the Fig. 5.1.

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

P Yo Vm sinot . i o= vrn "

'\ARN 1_R_ R jie. i = R sin (wt)
! i This is the equation giving instantaneous value
of the current.

)

v = W sin mt

Fig. 5.1 Pure resistive circuit

5-1)
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Comparing this with standard equation,

= I, sin (ot + ¢
]m=-\%‘1 and ¢=0

vV . .
So, maximum value of alternating current, i is I = -%'- while, as ¢ = 0, it indicates

that it is in phase with the voltage applied. There is no phase difference between the two.
The current is going to achieve its maximum (positive and negative) and zero whenever
voltage is going to achieve its maximum (positive and negative) and zero values.

Key Point: n purely resistive circndt, the current and the soltage applicd are in
phase with each other, :

The waveforms of voltage and current and the corresponding phasor diagram is
shown in the Fig. 5.2 (a) and (b).

Wi

v =V, sinwt
i =1, sin ot
P
0 H
n 2z Time 0 1 W
(a) (b)

Fig. 5.2 A.C. through purely resistive circuit

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

5.2.1 Power
The instantaneous power in a.c. circuits can be oblained by taking product of the
instantaneous values of current and voltage.
P = vxis=Vysin(@t) x I sin ot = V,, 1, sin® (o)

V. I
= —% (1 - cos 2wt)

VoI Vi L
P = -M-m ——"‘2 M cos (2mt)

From the above equation, it is clear that the instantancous power consists of two
components,
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Vi I
1) Constant power mmponcnt[ "'2 & ]

vl'll

2] ™ cos(2 o.ll]] having frequency, double the frequency of

2) Fluctualing component [

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

the constant power component ic. —-" |
P. = Vin I _ Vo I
o 2 V22
| Pov = Vims X Tems walts l

Generally, r.m.s. values are indicated by capilal letters

= VxI watts= R walts |

P

av

The Fig. 5.3 shows the waveforms of voltage, current and power.

LN
<

2
//\.___ P =\ 1. 5m wt

\ Vinly

N R B e, t

N N

v =V,_sin wt i= 1 sin wt

Fig. 5.3 v, i and p for purely resistive circuit
5.3 A.C. through Pure Inductance

Consider a simple circuit consisting of a pure

AR inductance of L henries, connected across a voltage
L given by the equation, v = V, sin wt. The circuit is
i —e | shown in the Fig. 5.4.
Pure inductance has zero ohmic resistance. Its
! internal resistance is zero. The coil has pure
v = V_sin o inductance of L henries (H).

Fig. 5.4 Purely inductive circuit
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The Fig. 5.5 shows the waveforms and the corresponding phasor diagram.

v =V, 5inwt
i i !
1 =l sinfet-5)
! e i Vand | are rm.s, values
i N [
:/ 2n ‘
=AY 7T s
: |+ % =g0°
|
i
]
H \ / \ 11ags by 9?'
S=a0’ 1ot

0

{a) Wavelorms {b) Phasor diagram
Fig. 5.5 urely inductive circuit
Koy Point: [n purely inductive circuit, curtent lngs voltage by 90°.
5.3.1 Concept of Inductive Reactance
We have seen that in purely inductive circuit,

The term, X;, is called Inductive Reactance and is measured in ohms.

So, inductive reactance is defined as the opposition offered by the inductance of a
circuit to the flow of an alternating sinusoidal current.

It is measured in ohms and it depends on the

* frequency of the applied voltage.
The inductive reactance is directly proportional to
the frequency for constant L.
X f Xp = f, for constant L
0 So, graph of X Vs f is a straight line passing

Frequency. f through the origin as shown in the Fig. 5.6.

Fig. 5.6 X Vs f ~ Key Point: If frequency is zero, which is so
- for d.c. voltage, the inductive reaclance is zero.
Therefore, it is said that the inductance offers

zero reackance for the d.c. or steady current.
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5.3.2 Power
The expression for the instantaneous power can be obtained by taking the product of
instantaneous voltage and current.

ol

P = wvxi =Vmsinmtxlmsin[mt--1£}

= =V, [, sin (ot) cos (mt) assin[wt—g}—cusmt
: Vi T . -
. P =- 3 sin (2 ot) as 2 sin ot cos ot =sin 2wt

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

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

Vi, 1
P, = _[ - mzmsin{?.mt)d(mt)zﬂ

The Fig. 5.7 shows voltage, current and power waveforms.

pi _ .
\
/ 4 ,qs:’a--—«( | .qa/.% /
0 — = = n po=ge e
|22 2 Z I A7
<7

Fig. 5.7 Waveforms of voltage, current and power

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

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

'.'Prm.’ mducumr.‘e mm'r .':ommms pawzr
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5.4 A.C. through Pure Capacitance

Consider a simple circuit consisting of a

c

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

The circuit is shown in the Fig. 5.8.
! The current i charges the capacitor C. The
@ instantaneous charge ‘q’ on the plates of the

v =V, sinwt capacitor is given by,
Fig. 5.8 Purely capacitive circuit q=Cv

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

dq _
>

i =

d .
o (C Vp, sin ot)

. d .
i= C\-’m—l(smmt)wcvmﬁ)cosmt

\f
i = si.n[o)HE]
1 2

: . n
i= 1, sm[mni]

where L = Vi
where crea bt
BTy s

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

phase angle of + -215 radians ie. + 90°

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

The Fig. 5.9 shows waveforms of voltage and current and the corresponding phasor
diagram. The current waveform starts earlier by 90° in comparison with voltage waveform.
When voltage is zero, the current has positive maximum value.
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0 v

o0’=%
=z . . .
The phasor diagram is shown in the

Fig. 5.12 (b).

Fig. 5.12 (b)

Case 3 : C = 50uF

Capacitive reactance, Xc = 1. = = 63.66 O

= _m e
m = X_ " @es ~OBA

In pure capacitive circuit, current leads voltage by 90°
¢ = Phase Difference = 90° = 12{ rad
i = I sin(ot+q
i = 333 sin [muung];\

The phasor diagram is shown in the
Fig. 5.12 (c).

All the phasor diagrams represent r.m.s.
values of voltage and current.

Fig. 5.12 (c)

iy Example 5.2 : A voltage v = 141 sin {314t +n/ 3} is applied to

i) Resistor of 20 olms i} Inductance of 0.1 henry  iii) Capacitance of 100 pF.

Find in each case rms value of current and power dissipated.
Draw the phasor diagram in each case.
Solution : Comparing given voltage with v = Vp, sin (ol +8) we get,

A
V., = 141 Vand hence V=V, =2 =99702 V

Sm
" )

w

ol

314 and hence f = == = 50 Hz, = = = 60°
2n 3

Hence the polar form of applied voltage becomes,
V = 99702 £60°V
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Case 1: R =200
Vo 9.702 £60°
1= 'R' = '-.:'ﬁ—/'ﬁ;—— = 49851 £ 607 A
Vandl -
in phase .
o Do = 49851 A
The phase of both V and 1 is same for pure resistive
------------------ circuit. Both are in phase.
P = VI = 99702x 49851 = 497.0244 W
Fig. 5.13 (a)
The phasor diagram is shown in the Fig. 5.13(a).
Case 2 : L =01H

X, = oL=314x0.1=3140

Vi _ 99702 -
= S =l__.2=31752 A
X, - 31

This is rms. value of current. 1t has to lag the
applied voltage by 90” in case of pure inductor.

by 807 Hence phasor diagram is shown in the Fig. 5.13 (b).
The individual phase of [ is - 30°

In polar Jorm [ can  be represented  as
3.1752£-30° A

1 Pure inductor never consumes power so power

Fig. 5.13 (b) dissipaled is zero.
Case 3 : C = 100uF
CXem = L _asmio
Tleans v ol 314x100x10°°
s IV w9702
. AN P .
\I.ﬁoﬁ s I= X, A8 3.1306 A
"""""" Lt This 15 r.m.s. value of current.
It has to lead the applied voltage by 90° in case of
pure capacitor.
Fig. 5.13 (c)

Hence phasor diagram is shown in the Fig. 5.13 (c).

The individual phase of I is 1507 In polar form [ can be represented as 3.1306 &£ + 1507,
A Pure capacitor never consumes power and hence power dissipated is zero.
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5.5 A.C. through Series R-L Circuit

L R Consider a circuit consisting of pure resistance
7 R ohms connected in series with a pure inductance
of L henries as shown in the Fig. 5.14 (a).

Vﬂ
The series combination is connected across a.c.
supply given by v = V, sin wt.

o~
N
v =V sin wt . .
Circuit draws a current 1 then there are two

Fig. 5.14 (a) Series R-L circuit voltage drops,

a) Drop across pure resistance, Vp=IxR
b) Drop across pure inductance, V; =I1x X;  where X} =2nfL
I = rms. value of current drawn
Vg » Vi = rms. values of the voltage drops.

The Kirchhoff's voltage law can be applied to the a.c circuit but only the point to
remember is the addition of voltages should be a phasor (vector) addition and no longer
algebraic as in case of d.c.

Vo=V, +V (Phasor addition)
B Vo= IR+1 XL
Let us draw the phasor diagram for the above case.
Key Point : For series ae circuits, gererally. curvent is takrn as. the refereice
phasor s §f 15 € to both the el i

Following are the steps to draw the phasor diagram :

1} Take current as a reference phasor.

2) In case of resistance, voltage and current are in phase, so Vp will be along
current phasor.

3) In case of inductance, current lags voltage by 90°. But, as current is reference, V.
must be shown leading with respect to current by 90°

4) The supply voltage being vector sum of these two vectors V| and Vy obtained by
law of parallelogram.

From the voltage triangle, we can write,

Vo= JVo?+(v? = JIRZ+ 12 X)? =1 (R +(X)?
vV -1z
Where Z = J?R}z + (X )2 ... Impedance of the circuit.

The impedance Z is measured in chms.
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i = I sin (ot - ¢ as current lags voltage.
The power is product of instantaneous values of voltage and current,
P=vxi=Vysinotx],sin(et-4¢ =V, L [sin{wt) sin(ot-4]

s(()—cos (2wt - Vi .
lem[mm c;s( o @}= mIn cos o - Yo lm

cos (2wmt-d¢)

1}

Now, the second term is cosine term whose average value over a cycle is zero. Hence,
average power consumed is,
Vi 1 Vi |
P, = & mc(}smz__"zf I cos &

a 2 20

P= Vicos¢ walis where V and [ are r.m.s. values

If we mulliply vollage equation by current I, we get the power equation.
VI = ViT+V[ 1

I = Veosol + Vsin ol

From this equation, power triangle can be
obtained as shown in the Fig. 5.16.

So, three sides of this triangle are,
1) V1, 2) Vicos ¢,  3) VIsin ¢

These three terms can be defined as
below.

vi ViI=Vising

Vgl=Vicoso

Fig. 516 Power triangle

5.5.3 Apparent Power (S)
1t is defined as the product of rm.s. value of voltage (V) and current (I). It is denoted
by 5.

VA

It is measured in unit volt-amp (VA) or kilo volt-amp (kVA).

5.5.4 Real or True Power (P)
It is defined as the product of the applied voltage and the active component of the
current.

It is real component of the apparent power. It is measured in unit watts (W) or
kilowatts (kW).

P =VIcosd watts
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5.5.5 Reactive Power (Q)

It is defined as product of the applied voltage and the reaclive component of the
current.

It is also defined as imaginary component of the apparent power. It is represented by
‘Q" and it is measured in unit volt-amp reactive (VAR) or kilovolt-amp reactive (kVAR).

[Q = visno var

Apparent power, S =VI VA
True power P = Vicosd W (Average power)
Reactive power Q = Vising VAR

5.5.6 Power Factor (cos ¢)

It is defined as factor by which the apparent power must be multiplied in order to
obtain the true power.

1t is the ratio of true power to apparent power.

Power factor = True Power __ Vicws cos 0
= Apparent Power VI

The numerical value of cosine of the phase angle between the applied voltage and
the current drawn from the supply voltage gives the power factor. It cannot be greater
than 1.

It is also defined as the ratio of resistance to the impedance.

cos 0 = %

Key, Point: The nnm!e of power fmtor is aiways determuned "y position of current
with respect to the voltage.

If current lags vollage power factor is said to be lagging. If current leads voltage
power factor is said to be leading.

So, for pure inductance, the power factor is cos (90°) i.e. zero lagging while for pure
capacitance, the power factor is cos (907 i.e. zero but leading. For purely resistive circuit
voltage and current are in phase ie. ¢ = 0. Therefore, power factor is cos (0% = 1. Such
circuit is called unity power factor circuit.

I
i Power factor = cos ¢ ‘

©1s the angle between supply voltage and current.

Key Paint: Nature of power factor elwavs h’!'k “position of current with respect o
volfage. :
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sy Example 5.3 :  An alternating current, i = 114 sin (2 wx 50 x V) - A, is passed through
a series circuit consisting of a resistance of 10-okm and an induclance of 0.31831 henry.
Find the expressions for ilwe mstantaneons values of the voltages across (i) The resislance,
(it} The inductance and (it} The combination.

Solution :  The circuit is shown in the Fig. 5.17.

i= 1414 sin 2@ 508 A
L

_a“rf\,.l\,__.,..fm\_ w=2nx50 =2nf
Lot _‘

{ =50 Hz, R=100%0, L=031831H

M ; s X, =2mfL=2mx50x 0.31831 = 100 2
Fig. 5,17
i} The voltage across the resistance is,
v o= 1 K= 1414 sin (2 mx 50 t) = 100 = 1414 sin (2 tx 50 t} V
ii) The voltage across L leads current by 90° as current lags by 90 with respect to
voltage.
v =i Xy but leading current by 90° = 141.4 sin (2 nx 50 t 4909V
iii) From the expression of Vi we can write,
r.m.s. value of Vg = l'il,li"l =100V, =07

R

Vg = 100£0°=100+j0V

rms. value of Vi = E‘l =100 V, &= 90°

V2
Vi = 100 £90°=0+100 V
Vo= Vp + V) =100 +j0 + 0 +j100
= 100 +j 100 = 141.42 £45°V
Vi = VZx 14142 =200V
Hence expression of instantaneous value of resultant voltage is,

v = 200sin(2nrx50t+457)V
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Where Xe = 'i‘r?lf—c and I, Vg, V¢ are the r.m.s. values

The Kirchhoff's voltage law can be applied to get,
Vo=V + V¢ ... (Phasor addition)
Vo= iR+ IXC
Let us draw the phasor diagram. Current | is taken as reference as it is common to
both the elements.

Following are the steps to draw the phasor diagram :

1) Take current as reference phasor.

2) In case of resistance, voltage and current are in phase. So, Vi will be along
current phasor.

3) In case of pure capacitance, current leads voltage by 90° ic. voltage lags
current by 90° so V- is shown downwards ic. lagging current by 90°

4) The supply voltage being veclor sum of these two voltages V- and Vj
obtained by completing parallelogram.

Vﬂ
A Ve= IR
BG 1 o A
20°
Ve v Vo= 1%
e e s

Fig. 5.20 Phasor diagram and voltage triangle
From the voltage triangles,

V= JvpP+(ve)? = J IR +(1X0)? =1,/ (RZ +(X()?

A V=12
Where Z= (R +x)? is the impedance of the circuit.

5.6.1 Impedance
Similar to R-L series circuit, in this case also, the impedance is nothing but opposition
to the flow of alternating current. It is measured in ohms given by Z = J ('R)l +()((.):
1

where Xg = FREC Q called capacitive reactance.
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In R-C series circuit, current leads voltage by angle ¢ or supply voltage V lags current
I by angle ¢ as shown in the phasor diagram in Fig. 5.20.

From voltage triangle, we can write,

RY X . X
- _C - C =R _ i = i ¢
“’“"‘W‘T' coso——\,——? smta——\—_— 7l

If all the sides of the voltage triangle are divided by the current, we get a triangle
called impedance triangle.

Two sides of the triangle are ‘R” and “A¢" and the third side is impedance ‘Z".
The X component of impedance is R and is
given by
R=Zcos

and Y component of impedance is X and is
given by

Xeg=Zsino

But, as direction of the X is the negative Y
Fig. 5.21 Impedance triangle direction, the rectangular form of the impedance
is denoted as,

Z = R-jXe Q
While in polar form, it is denoted as,
|z= |Zlé—o£1_|
Z = R-jXc=|Z]|2-¢

e a—— - X
JRI+XE, 6= tan™ [—'—RL}

where | Z ]

nt: Thus 9 is :u.gnflm_for cd;ia.t'jiﬁ_w_ mlpaitmci"

5.6.2 Power and Power Triangle
The current leads voltage by angle ¢ hence its expression is,

i = [ sin (wt+ ¢) as current leads voltage

The power is the product of instantanecous values of voltage and current.
g P = vxi=V_ sinotx[ sin(at+(

Vi I [ sin (@t) - sin (ot + ¢) |
cos(—0) -cos{2 wt + ¢):|

= Vol >

m
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Vo, I, cos Vi 1
= o — ¢_—m2 T cos (2 ot + ¢ as cos (- 0) = cos 0
Now, second term is cosine term whose average value over a cycle is zero. Hence,
average power consumed by the circuit is,

1 1
Py = —TM cos =~ , 0 o5

2 V2 o2

P = Vicos ¢ walls where V and 1 are r.m.s. values

If we multiply voltage equation by current I, we get the power equation,
Vi = G+ Vd
VI = Vicosg+ Vising

Hence, the power triangle can be shown as in the Fig. 5.22.

P=\icoze Thus, the various powers are,
A ) =VI VA
Q=Vising pparent power, S
5=\ True or average power, P=V1cos ¢ W
Reactive power, Q=VIising VAR
Fig. 5.22 Remember that, X; term appears positive in Z,

Z=R+jXp=|2Z| £ ¢ bis posilive for inductive Z
While X term appears negalive in Z.
Z = R-jXc=|Z| £-¢ ¢is negative for capacitive Z
For any single phase a.c. circuit, the average power is given by,
P = VIicos¢ watls
Where V, I are r.m.s. values

cos @ = Power faclor of circuit

cos 6 is lagging for inductive circuit and cos ¢ is leading for capacitive circuit.

mmp Example 5.5 : Calculate the resistance and inductance or capacitance in series for each of
the following impedances. Assume the frequency to be 60 Hz.

i) (12 + j 30 ) ohms i) - j 60 ohms i) 20 £ 60° ohms.
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Comparing with, i = I, sin (ot +¢)
I, = 10 and ¢=g=3n°
I 10
! = M=—"=707A
r.m.s. Ji‘ Jz B
vV B85
1ZI = 7= g7 =129

As current leads voltage by 30°, the circuit is R-C series circuit, capacitive in nature.
As impedance is capacitive, ¢ must be negative.

Z=12.-30"Q =10393-j6Q ... useP =R
Comparing with Z=R-jXe

R = 10393 Q and X = 6Q

1
N =
o e = 7%rC
6= L
2mx50x C
C = 53045 pF

P = VI cos ¢ = 84.85 x7.07 x cos(30°) = 519.52 W

The waveforms are shown in the Fig. 523 (a), while phasor diagram is shown in the
Fig. 5.23 (b).

vi /Vullags Current

o 0 v

@ (6)
Fig. 5.23

nmp Example 5.7 : A resistance of 120 ohms and a capacitive reactance of 250 ohms are
connected in series across a A.C. voltage source. If a current of 0.9 A is flowing in the
circuit find out (i) Power factor, (ii} Supply vollage (iii) Voltages across resistance and
capacitance (iv) Active power and reaclive power.
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Where Z

n
=

5.7.4 Impedance
In general, for RLC series circuit impedance is given by,

Z=R+jX
Where X = X - X = total reactance of circuit
X, > X X is positive and circuit is inductive.
I X, <X X is negative and circuit is capacitive.
I X =Xe X is zero and circuit is purely resistive.

X, =X
tan o = [-LR C} cos 6= 5 and Z = RZ+(X, ~X)?

5.7.5 Impedance Triangle
The impedance is expressed as,
Z = R+jX where X=X -X¢
For Xy > X, ¢is positive and the impedance triangle is as shown in the Fig. 529 (a).

For X;, < Xc, Xp, = X is negative, so ¢ is negative and the impedance triangle is as
shown in Fig. 5.29 (b).

R
Y,
X=X =X
Z (X =-X)=X z I:u.nnegalivce

as X, <X

R

(a) (]

Fig. 5.29 Impedance triangles
In both the cases, R =Zcos¢ and X=Zsinod

5.7.6 Power and Power Triangle
The average power consumed by the circuit is,
P,, = Average power consumed by R+ Average power consumed by L
+ Average power consumed by C
But, pure L and C never consume any power.
P,, = Power takenby R =I*R=1(IR) =1Vg

But, Vg = V cos ¢in both the cases
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R L [+
LI {
2511 &4 mH 80 pF
i
)
&)
110 valt. 50 Hz supply
Fig. §.31
Solution :  From Fig. 5.31,
R = 250Q
X, = 2mfL=2rx50%64%x107% = 2010 2
Xe = o2t 1 =39780

ZRIC 255080100
Z = R+iX, -jX¢ =25+]20.10-j39.78
Z = (25-j1968) Q

V_ 110 £0° 110 £0°
7~ 25-]1968 3181 Z-3820°

1 = 3.4580 £38.20° A
1 = 34580 A
Vi = IR=(34550 £3820°)(25) = 8645 £3820° volts
Vp = I(iX, )= (34580 £ 38.20°) (j20.10)
= (34580 £38.207) {20,10 £90°) = 69.50 £ 128.2° valls
Ve = L{(=jXe)=(34580 £38.20°) (-} 39.75)
= (34580 £3820°) (3878 £-90%) = 13410 £-51.9° volts
Vo= 110 £0° volts
Overall p.f, cos 6= cos 3820° = 0.7858 leading.

SV = VsV Ve
;o o=110z00

Ve
(a) With | reference (b) With V reference
Fig. 5.32
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mmp Example 5.9 : A series circuit having pure resistance of 40 ohms, pure inductance of
50.07 mH and a capacitor is connected across a 400 V, 50 Hz, A.C. supply. This R, L, C
combination draws a current of 10 A. Calculate (i) Power factor of the circuit and
(ii) Capacitor value.

Solution :  The arrangement is shown in the Fig. 5.33.

— A - — X =2nfL
- 400 50.07 mH
1=10A " = 21 x 50 x 50.07 x 107
L 400V.50 Hz 57 1
= 15.73 2, [ a—
Fig. 5.33 5739, Xe = 337c
Z = R+jX -Xo)
121 = JR? + (X, -Xe)? =yRY + (1573 - X )2 )
LIV 400
1z = 3 =3 -wo . @

40 = JR? + (1573 - X0)? ie 1600=R?+ (1573 - X ... (3)

Substitute R = 40 Q in equation (3), 1600 = 1600 + (15.73 - X’

(1573 - X¢g)* = 0
Xe = 15730 e 1573 = 5o
C = 2023x107°F
Z = 40+j(1573-1573) =40+j0Q
= 0s0°Q
pf = cos (09 =1

5.8 Complex Power

As seen earlier in a.c. circuits there are three types of powers exist. These are apparent
power (S), active power (P} and reactive power (Q). The P and Q are the components of
apparent power (S) such that,

1s| = Jr?+Q?

_ising - P’lsine 4afQ
oy = fa 12 = {a 1=
Lan i_ Slh:| tan [ Vicoso tan P

While

<
L

Where P = Vlcos¢ and Q = Vlsin¢
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Thus the apparent power can be expressed in the rectangular form as,
5 =PxjQ
This is called complex power where,
Real part = Active, true or real power in watts (W)
Imaginary part = Reactive power in reactive volt-amp (VAR)

Key Point : The reactive power Q may be positive or regative, depending upon
nature of the circuit.

The postive sign indicates lagging nature of reactive power while negative sign
indicates leading nature of reactive power.

The complex power is generally indicated in a power triangle as shown in the
Fig. 5.34.

Imj Imj
P
Lagging Re
reactive ¢
5 / volt-amperes Leading
a ) —-—  eactive
5 volt-amperes
<]
5 Re
(a} Lagging P.F. (b) Leading P.F.

Fig. 5.34 Power triangle

The angle ¢is p.f. angle i.e. angle between V and L.

Ingeneralif  V = V, 20, and I=1 20,

Then & = 8,-9,

And P = Vlcos(6,-6,) W ... Active power
Q = Vlsin(6,-6,) VAR ... Reactive power
5 = P+jQ VA ... Complex power

If 8, -8, > 0, Qs positive indicating lagging p.f. while
If 8, -0, <0, Q is negative indicating leading p.f.
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Sign of reactive power Nature of power factor Nature of load
Q is positive Lagging Inductive
Q is negative Leading Capacitive
Table 5.2

Physical significance of reactive power :

The reative power is that component of power which is supplied to the reactive
components of the load from the source during positive half cycle while it is returned back
to supply from the components to the source during negative half cycle. It is rate of
change of energy with time which keeps on flowing from the source to reative components
and back from the components to the source, alternately. The reactive power charges and
discharges the reactive components alternately.

Key Point : Thus reactive power never gets consumed by the circuit but flows
alternately back and forth from the source fo the reactive components and vice-versa,

Immp Example 5.10 : Find the complex power delivered by the source.

—j1082 200

100207 Vg 204 1042

Fig. 5.35

Solution : The circuit can be analysed as,

Applying KVL to the two loops,
— (1) (- j10) - 201, + 100 £ 0° = O

-jtoq 1 ie. (10014200 =100 207 (1)
11 1
LU Y =10 +20) (I=1)+201; =0
* ! M = =
100464V *$200 (1041200 1+ (-30-120) |y = 0. (2)
Fig. 5.35 (a)

~j10 20
10+j20 -30-j20! ~

+300 - 200 — 200 — {400 = — 400 - {100
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4123105 £ - 165.96"
‘10040“ 20

0 —s0_po|= (100 £07 -30-20)

S = VI = Complex power = 100 £ 07 x 87447 £ 19.66° VA
= B74.47 £19.66° VA = (823.4933 + j294.204) VA

5.9 Resonance in Series R-L-C Circuit

We know that both X; and X are the functions of frequency f. When f is varied both
Xp, and Xc also get varied. At a certain frequency, X becomes equal to Xc. Such a
condition when X; = Xc for a certain frequency is called series resonance. At resonance
the reactive part in the impedance of RLC series circuit is zero. The frequency at which the
resonance occurs is called resonant frequency denoted as ®, rad/sec or f, Hz.

5.9.1 Characteristics of Series Resonance

In a series resonance, the voltage applied is constant and frequency is variable. Hence
following parameters of series RLC circuit get affected due to change in frequency :

1) X 2} X 3) Total reactance X 4) Impedance £ 5)1 &) cos ¢

As Xp = 2 nfL. As frequency is changed from 0 to =, X; increases linearily and graph
of X, against f is straight line passing through origin.

As Xo = , as frequency is changed from 0 to =, X reduces and the graph of X¢

L
2nfC
against { is reclangular hyperbola. Mathematically sign of X is opposile to X hence graph
of Xy Vs f is shown in the first quadrant while X Vs f is shown in the third quadrant.

At [ = f, the value of X| = Xc at this frequency.

As X = X — X, the graph of X against f is shown in the Fig. 5.36.

For f < f,, the X > X, and net reactance X is capacitive while for [ > f, the X > X
and net reactance X is inductive.

Now Z=R+jX=R+jX_ =Xc)butatf=1, X =Xcand X = 0 hence the net
impedance Z= R which is purely resistive. So impedance is minimum and purely
resistive at series resonance. The graph of Z against f is also shown in the Fig. 5.36

Key Point: AS mipedance 15 prinimnint Hie cireent 1 = VAZ 15 siaximuni af series
FEEQHANCS.
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1 l,cosd '
' H ]M
i Z L S T
A = A LN cos6=1
i o5 ¢ 1
i
1 X(X,-X¢) i I
Rp==—t™ e 7&:.- !
f + f
0 0 i,
1
fef, ! f=1
Capacitive H Inductive
leading ' lagging
curment { current
e — Capaciu’ve*t» Inductive —=
Resistive Resistive N

Fig. 5.36 Characteristics of series resonance

Now power factor cos ¢=R/Z and at f = f_ as Z = R, the power factor is unity and
at its maximum at series resonance. For f < f, it is leading in nature while for f > f_ it is
lagging in nature.

5.9.2 Expression for Resonant Frequency
Let f, be the resonant frequency in Hz at which,

X, = X ... Series resonance
1
whL = 7rc
1
f C . S
) 4n? LC
£ = 1
T 2mJLC
ie. 1
w, = ——= rad/sec
foJIc /

5.9.3 Bandwidth of Series R-L-C Circuit

At serics resonance, current is maximum and impedance Z is minimum. Now power
consumed in a circuit is proportional to square of the current as P = I'R. So at series
resonance as current is maximum, power is also at its maximum ie. P. The Fig. 537
shows the graph of current and power against frequency.
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It can be observed that at two
frequencies f; and f, the power is
half of its maximum value. These
frequencies are called half power
frequencies.

Maximum power

Definition of Bandwidth :
Half of andwidth

:1::::”“1 The difference between the half

power frequencies f; and f, at which
power is half of its maximum is
called bandwidth of the series R-L-C

) S PPN SR

0 fi

circuit.
-—.. Band )
Fig. 5.37 Bandwidth In the bandwidth, the power

is more than half the maximum
value. The bandwidth decides the selectivity. The selectivity is defined as the ratio of the
resonant frequency to the bandwidth.

Out of the two half power frequencies, the frequency f; is called upper cut-off
frequency while the frequency f; is called lower cut-off frequency.

5.9.4 Expressions for Lower and Upper Cut-off Frequencies
The current in a series RLC circuit is given by the equation,

T=Y butZ=R+jXg -XJ

Z
v v
) JRZ +HX =Xe)? :‘/Rz +[mL—LJZ -
wC
At resonance, Iy = ¢ (maximum value) @
And P, = I3R

2
At half power point, P=-2 =2 R= [lﬂ] R
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I = ﬁ at half power frequency
Equating equations (1) and (2),
vy oV
s 1 ¥ VIR
R +[wL— ;—f]

‘wC
el
1Y
(LUL—E = R
@l—— = =R 3)
ol

From the equation (3) we can find two values of half power frequencies which are
and @, corresponding to f; and f,.

1
o, L.~ -Us-z—(-: = +R (4
1
And mlll.--R = -R .- (5)
(m, + w,) L— -1—+—1-- 1 =0 addin; uations (4) and (5)
| ] w, o, |C g eq
oy +0n) 1
(ml * (03) L - [IIl (rl: E
R o (6)
But = ;
U JLC

w0, = (mr)2

B, = () -

The equation (7} shows that the resonant frequency is the geometric mean of the
two half power frequencies.

fp= i fy . (8)
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Quality Factor

The quality factor of R-L-C series circuit is the voltage magnification in the circuit at

resonance.
... . Voltageacross LorC
Voltage magnification = ~Supply volage
Now V| = Voltage across L = I X| = L @ L at resonance
Vo, L
And at resonance, I, = % and Vg = ‘I:r
Ve L
. . TR __elL
i Voltage magnification = —~ &
This is nothing but quality factor Q.
_ ol but @ =
Q- % ©JLC
1 L . R
Q=5 T while BW.= o
1 |L_R 1
o QxB.W. = E Exm-szﬁ_f'
fl‘
Q- 5w

The significance of quality factor can be stated as,

1.
2,

It indicates the selectivity or sharpness of the tuning of a series circuit.
It gives the correct indication of the selectivity of such series R-L-C circuit which are

used in many radio circuits.

Key Point: At the v t frequency, the impedance is mint and hence: the
circuit is knoum as acceptor circuit af resonance, el

Example 511 : A RLC series circuit with a resistance of 10 €, impedance of 0.2 H and
a capacitance of 40uF is supplied with a 100 V supply at variable frequency. Find the
following w.r.t the series resonant circuit :

i) The frequency al resonance ii) The current iii) Power iv) Power factor v) Voltage across
R, L, C af that time vi) Quality factor of the circuit vii) Half power points viii) Phasor
diagram.

Solution : The given values are, R=100Q,L=02H, C=40uF and V=100V

i)

_ 1

1
(= - = 562697 Hz
Fo2rfLC  apfpaxaoxiot
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" v . .
ii) Iy = ®= 11—00[1 =10 A ... Current is maximum at resonance

iii) P 12 R = (10)* x 10 = 1000 W

m

iv) Power factor is unity, as impedance is purely resistive at resonance
v) Vg = [R=10 x10=100V
Xy = 2rf L=2r x 562697 x 0.2 = 70.7105 Q

Vp = I X =10 % 707105 = 707.105 V

And Xe = =ho = ! = 707105

2nfC 2mx56.2697 % 40x 1076

| Ve = Iy Xc = 707.105 V

Thus Vi = V¢ at resonance Vi
. _ ool 2mfl
vi) Q—T—-R——I?.I]‘?i
.. R 10 ¢ I
- = v,
Vi) &= gL " Txoz - 2978 R
fy = f, - Af = 56.2697 ~ 3.9788 = 52.2909 Hz

and fy = f. + Af = 56.2697 + 3.9788 = 60.2485 Hz V¢
viii) BW. = f; - f; = 60.2485 ~ 52.2909 = 7.9576 Hz
The phasor diagram is shown in the Fig. 5.39.

Fig. 5.39

m=p Example 512 : A series R-L-C circuit is connected to 230 V a.c. supply. The current
drawn the circuit at the resonance is 25 A. The voltage drop across the capacitor is 4000 V,
at the series resonance.

Calculate the resistance, inductance if capacitance is 5 uF, also calculate the resomant

Sfrequency.
Solution : At resonance, v 2%
R = T= 55 =820
Voltage drop across capacitor
Ve = I Xc ie. 4000 = 25x X¢
Xo = 1600

At resonant frequency,f = f; And X = T
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160 = —1—
2mf %1070
< f, = 198.943 Hz
At resonance X = Xc=1600
2nf L = 160
L= 60 _ 160
T 2nf,  2mx198.943
L =0128H

5.10 A.C. Parallel Circuit

A parallel circuit is one in which two or more impedances are connected in parallel
across the supply voltage. Each impedance may be I z
a separate series circuit. Each impedance is called

branch of the parallel circuit. : II Z;
The Fig. 540 shows a parallel circuit consisting U ey
of three impedances connected in parallel across an | 7 I
a.c. supply of V volts.
. ; )
Key Point : The woltage across all the o
impedances is same as supply voltage of olts
V volts. Fig. 5.40 A.C. parallel circuit

The current taken by each impedance is different.

Applying Kirchhoff's law, = T{ + T; + E ... (Phasor addition)
v v V V¥
= ===t
Z Ly Ly Z,
1 1 1 1
== —=+=+=
z Z, Z, Z5

Where Z is called equivalent impedance. This result is applicable for ‘n’ such
impedances connected in parallel.
5.10.1 Two Impedances in Parallel

If there are two impedances connected in parallel and if Iy is the total current, then
current division rule can be applied to find individual branch currents.
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Following are the steps to solve parallel a.c. circuit :

1} The currents in the individual branches are to be calculated by using the relation

: v v -V
b= 5 b= ==
‘i 2 B
While the individual phase angles can be calculated by the relation,
tan 0, = AL, tano, = 52, .., tan 0, = An
a ,—m, anz_m,...,m "_E

2} Voltage must be taken as reference phasor as it is common to all branches.

3) Represent all the currents on the phasor diagram and add them graphically or
mathematically by expressing them in rectangular form. This is the resultant
current drawn from the supply.

4) The phase angle of resultanl current 1 is power factor angle. Cosine of this angle
is the power factor of the circuit..

5.10.2 Concept of Admittance
Admittance is defined as the reciprocal of the impedance. 1t is denoted by Y and is
measured in unit siemens or mho.

Now, current equation for the circuit shown in the Fig. 541 is,

=1+l +14

-
it

Y+ Y, + Y,

where Y is the admittance of the total circuit. The three impedances connected in
parallel can be replaced by an equivalent circuit, where three admittances are connected
in series, as shown in the Fig. 541,

1
VN =1 AN
L=

' 2 ]

)
(&
v

Fig. 5.41 Equivalent paralle! circuit using admittances
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Solution :  The circuit is shown in the Fig. 543,
V=100 + j 200 = 223.607 £ 6343°V

Z;=5-j131 = 14021 £ -69109°Q

Zy =857 +j642 = 1071 £ +3683°0

V223607 £6343°

b h= Z, ~ 11021 Z69109°

100 + 200 W

= 15! 32.539°
Fig. 5.43 15948 £ 132.539° A

=-10.782+j11.75 A

v 223607 £6343° oa X
I = 7. = 07368 20878 £ 266" A = 18.668 + j 9.3483 A

Iy = I, +I, = 10.782 + j 11.75 + 18.668 + j 9.3483
7.886 + j 21.0983 A
22,5239 £ 69.5" A

0

A 01 = Angle between V and It
= 69.5 - 6343 = 6.075° leading

Pp = Vi cosop = 223607 x 22.5239 x
cos (6 075) = 5008.212 W

The phasor diagram is shown in the Fig. 5.44.

iy Example 5.14 : Twoe admittances, Y; = (0.167 - j0.167) siemen, and
= (0.1 +j0.05) stemen are connected in parallel across a 100 V, 50Hz single-phase
supply. Find the current in each branch and the total current. Also find the power-factor of
the combination. Sketch a neat phasor diagram.

Solution : The circuit is shown in the Fig, 5.45.

3 Let V=10020°V

I Y ]
ir .l Y, = 0.167 - j 0.167 = 0.23617 ~ - 45°
] . -
=] | Y, = 0.1+(005 = 01118 £26.56°
V=100V J b=V
=100 £ 0° x 023617 £ - 45°
Fig. 5.45

= 23617 £-45° A
= 16.699 - j 16.699 A
I, = VY, = 100 £ 0° x 0.1118 £ + 26.56°
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=1118 £+42656° A=10+j5A
v Aolp=li+ I = 16699 - 16699 + 10 +§ 5
= 26,699 —j 11.699 A

=29.15 £ - 23.66" A
p-f. = cos {~ 23.66° = 0.9159 lagging

Fig. 5.46 The phasor diagram is shown in the
Fig. 5.46.

mmp Example 5.15 : Two impedances 7, and Z, are connecled in parallel across applied
voltage of (100+/200) volts, The total power supplied to the circuit is 5 kW. The first
branch takes a leading current of 16 A and has a resistance of 5 olms while the second
branch takes a lagging current at 0.8 power factor. Calculate
i) Current in second branch i) Total current iii) Circuit constants,

Solution : The circuit is shown in the Fig. 5.47.

Zy
I
s V = 100+]200=223.60 £ 6343° volis
Z
b L,=16 A, R,=5, cos ¢,=08
= Now, [2,]= =228 _ 139750
YT 16
Q
o Ri=Z, cos ¢,
- , R- 5
W= (100+j2002 . P -
5008 @) =t = samene = 03577
Z, ~ 1397
Fig, 5.47 1 1397
o = = 6903° { ... negative, as leading in nature )

sin ¢, = 09338
Xy = Z;sing, = (13975) (0.9338) = 13.04 Q
Power consumed in Z,, P;= If R, = (16}2 (3) = 1280 watt
Power consumed in £, = Total power supplied - Power consumed in 2,
Py = 5000-1280 = 3720 watt
Power consumed in Z,, P, =V 1, cos 0,

P‘x
I, = 5=
Vcos g,
I = 3720
) 2 7 22360x 08
I, = 2079 A
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Now we have, P, = I% R,
P.
Ry = Ra I g0
13 (2079)
Now, cos ¢, = 0.8
sing, = 06
. v 223.60
X, = 1Zy | Smﬁz-q sin ¢, = 5075~ 0.6

X, = 64531 Q
Z, = R,+jX, = 8.60+]64531=1075 £ 3688°Q

.V 22350 £ 6343° .
i = 7 = ToE 7 aggeT = 279 £ 2655° A

Similarly, Zy = Ry=iX;=(5-j 13.04) = 13965 £ -69.02° Q
; Vo 22360 £ 6343°
= g Tages Zmesnr 1O 41

Total current, I+ T, = (16 £ 13245%) + (2079 £ 26.55°)
= (- 10,799+ 11.80) + (18.59+j9.29) = 7.8+j21.09
I = 2248 £ 69.70° A
Total current = 2248 A

Current in branch 2 = 20.79 A

Circuit constants are R, =50, R, =8.60Q, X;=13M0Q, X,=645310Q
iy Example 5,16 : A parallel circuit of 25 Q resistor, I, R=250
64 mH inductor and 80 WF capacitor connected across MM
a 110 V, 50 Hz, single phase supply, is shown in B
Fig. 5.46. Calculate the current in individual element, L LFa%'E“TH
the total current drawn from the supply and the
overall p.f. of the circuit. Draw a neat phasor diagram 1. C=80uF
X o - - o 1L
showmg V., ig, I, I and I. 1k
Solution :  From Fig. 548, I v
R=25Q, X, =2ufl, =2ax30x64x10"7 @
X, = 20100 110 volt, 50 Hz supply
) . Fig. 5.48
Xe = mmis = e = 3978 Q0
€7 2RICT Ires0x 804107
Let V = 110 £0° volts
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v 110 £0° .
g = g=—35— =44 Z0A
v o 110 £0° )
L = % = 3010 zage = 57 490" A
\ 110 £0° )
le = Sxc =57 zo0s - 270 4%0°A

I=1p+I +I¢
(44 £0°)+ (547 £-90°) + (276 £90°)
= (44+j0) + (0-j547) + (0+2.76)
= (44-j271) A
I = 51676 £-31.62° A
Overall pf. = cos ¢ = cos (31.62) = 0,851 lagging.
Phasor diagram : The phasor diagram is shown in the Fig. 5.49.

5.12 Resonance in Parallel Circuit

Similar to a series a.c. circuit, there can be a resonance in parallel a.c. circuit. When the
power factor of a parallel a.c. circuit is unity i.e. the voltage and total current are in phase
at a particular frequency then the parallel circuit is said to be at resonance. The frequency
at which the parallel resonance occurs is called resonant frequency denoted as f, Hz.

5.12.1 Characteristics of Parallel Resonance
Consider a practical parallel circuit used for the parallel resonance as shown in the

Fig. 5.50.
& R L

—l"—*\MN—’UﬂW‘— The one branch consists of resistance
S—— R in series with inductor L. So it is series
L R-L circuit with impedance Z;. The other
I branch is pure capacitive with a capacitor
Ig 'é C. Both the branches are connected in
1 parallel across a variable frequency
constant voltage source.
@ —
v The current drawn by inductive

. - branch is I; while drawn by capacitive
Fig. 5.50 Practical parallel circuit branch is I

I = A where Z; = R +j X
Zy
And - where X = !
e = Xc " InfC
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Fig. 5.52 Impedance triangle

The current I, lags voltage V by angle ¢
which is decided by R and X while the current
Ic leads voltage V by 90° The total current I is
phasor addition of I} and I The phasor diagram
N is shown in the Fig. 5.51.
For the parallel resonance V and 1 must be in

Lsin e phase. To achieve this unity p.f. condition,

I=1p cos o
and Ic =1 sin ¢

Fig. 5.51
From the impedance triangle of R-L series
circuit we can write,

X R . X

2 =k = ==l

tan o R,cosqa,_ 7 . sin ¢ Z,
‘ As frequency is increased, X = 2m f L
R increases due to which Z; = ,JR2+X% also

increases. Hence cos ¢, decreases and sin ¢
increases. As Z; increases, the current I; also
decreases.

At resonance f = f, and I} cos¢; is at its minimum. Thus at resonance current is
minimum while the total impedance of the circuit is maximum. As admittance is
reciprocal of impedance, as frequency is changed, admiltance decreases and is minimum
at resonance. The three curves are shown in the Fig. 5.53 (a), (b} and (c).

z

. A

- Zmax

(@) Impedance (b} Current {c) Admittance

Fig. 5.53 Characteristics of parallel resonance

5.12.2 Expression for Resonant Frequency

At resonance I = Ijsin ¢
v v VX
Xe 4o 4z
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le. = X Xc
. 2 1 _ ! -
. RS +(2nf, L) = (2nf, Uerl:frC as f = f;
2 2 L
R*+@rf )7 = &
2 L 2
@rf 1) = Z-R
. 2 _ 1 R?
- @2ri)? = e
(2 L1 R
T 2x\LC
Thus if R is very small compared to L and C, R? ¢<L
12 LC

1
= —
To2rdLC

This is same as that for series resonance.

5.12.3 Dynamic Impedance at Resonance

The impedance offered by the parallel circuit at resonance is called dynamic
impedance denoted as Zp,. This is maximum at resonance. As current drawn at resonance
is minimum, the parallel circuit at resonance is called rejector circuit. This indicates that it
rejects the unwanted frequencies and hence it is used as filter in radio receiver,

From Ie = [} sin ¢ we Iiave seen that,

h
= T
. Vv R VR
while I = L costy = o—»
L LTz 7 z
[ = VR v
© L T L/RO
C
v
. I = -Z‘-E
Where Zy = %:Dynamic impedance
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5.12.4 Quality Factor of Parallel Circuit

The parallel circuit is used to magnify the current and hence known as current
resonance circuit.

The quality factor of the parallel circuit is defined as the current magnification in the
circuit at resonance.

The current magnification is defined as,

- Current in the inductive branch _ I
Current magnification = - =
Current in supply at resonance ~ 1

v L
Z, Z RC 1JT L
= LD _“-__ = C= s
= V=7 [f RVE Zy XX c
Zp VG
This is nothing but the quality factor at resonance.
1L
Q= RVt

mmp Example 517 :  An inductive coil of resistance 10 Q and inductance 0.1 henries is
connected in parallel with a 150 uF capacitor to a variable frequency, 200 V supply. Find
the resonant frequency at which the total current taken from the supply is in phase with the
supply voltage. Also find the value of Hiis current. Draw the phasor diagram.

Solution :  The circuit is shown in the Fig. 5.54.

The resonant frequency is,

' 100 O01H
- — AN ——— T
(-1 1 R R L
r” Ig|(LC 2 G
e 1
Y 150 pF
1 1 (10)? ' -
TPy pora L&
2nY0.1x150x10°*  (0.1)2 v
200V
= 37.8865 Hz
Fig. 5.54

Now Z; = R+ X, =10+j (2nf L)
10 +j 23.805 = 25.82 £ 67.21°Q

Vo 200200 .
I = Z = SR T 7.7459 £ - 67.21° A
20020°  20020°
and e = g-=—t = 357 aps =73 £490°A
ST

2l C
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Examples with Solutions

mmp Example 5.18 : Two impedances Z; and Z, having same numerical value are connected
in series. If Z; is having p.f. of 0.866 lagging and Z, is having pf. of 0.6 leading. Calculate
the p.f. of the series combination.

Solution : Z, has p.f. cos 9, = 0.866 lagging
Z, has p.f. cos 0, = 0.6 leading
1Zh) = |1 =2

cos 0y = 0.866 and sin 0, = 0.5

cos 05 = 0.6 and sin ¢; = 0.8
Z) = [Zcos by +jsin o] = Z[0.866 +j 0.5]
Zy = Zcosdy+jZsingy=7Z[06+)08]
Zy = Z[1466-j03] = Z 14963 £ - 11.565°

Power factor of the combination is cos (- 11.565) i.e.

cos ¢ = 0.9796 leading.

nmp Example 5.19 : A heater operates at 100 V, 50 Hz and takes current of 8 A and
consumes 1200 W power. A choke coil is having ratio of reactance to resistance as 10, is
connected m series with the heater. The series combination is connected across 230 V, 50 Hz
a.c. supply. Calculate the
i} Resistance of choke coil i) Reactance of choke coil
iii) Power conswmed by choke coil  iv) Total power consumed.

ated =100V and I = 8 A

Heater is purely resistive load.

Solution : For heater 'V,

=— =125Q

Voo
Rhcater = T

I
=)

X
For choke coil T[ =
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c

Heater Chaoke coil \Y

100V v,

230V

Fig. 5.56
Zog = r+jX = (r)+]j(10r)

1Z] = ()% +(1002 = (10.049 r) £ 84.289°

And o = tan'l[E]

r

6, = 84289°
This is shown in the Fig. 5.56 (b)
Resolving V into its two components,
i) V, = Drop across resistance of coil = V; cos ¢,
i) V’(L = Drop across reactance of coil = V|_sin [
Consider triangle OBC as shown in Fig. 5.56 (b)
©cy = (0B) + (BC)
(0C)* = (OA + AB) + (BCY
VE o= (V4 VP + (VL)
(230 = (100)% + 2x 100 V, + (V)2 + (V x L)?
(230 = (100)® + 200 x (V cos ¢ ) + (V, cos & )? + (Vp sin ¢, )°
& (230)* = (100)% + 200 x (Vy) (cos 84.28) + (V()? ( cos ¢7 + sin ¢7)

(230 = (100 + 1993 V| + (V)
(V)? + 10.93 V; - 42900 = 0

Solving for V) we get, Vi 197.397 V
V, = Vpcos¢ =19643V

VxL = V sin¢ =196417 V
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i) Ve = Ixr

v, .

r = —L:M:Mﬁiﬂ

1 8
ii V. = IxX
i} XL x Xy,

VxL 196.417

Xy = I =T=2ni-552§1

iii) Power consumed by coil is = P x r = (8)7 x 24532 = 157.13 W
Or Py = VpxIxcos¢, =197.367 x Bx cos (84.28) = 15713 W
iv) Total power consumed = 2x Ryater + Pr=1 (Rpeater + 1)

= 64 x 149552 = 957.1328 W.

mp Example 5.20 : A coil has a resistance of 4 Q and inductance of 0.05 H, forms one
branch of parallel circuit, The other branch has a similar coil but in series with it is R-C
combination. If current in the two branches are equal in magnitude but have a phase

difference of —}m time period of 50 Hz voltage applied. Calculate values of R and C in second
branch. Also find total current and total power factor if V = 200 V a.c.
Solution : R = 4Qand X =2n x50x005=15707 Q2
Zy = 4+j15707 0 = 1621 £ -7572°0
Z, = 1621Q,¢4 =+ 75.72°

v % .
7z = Ilﬂ[ﬁ]z—ﬁ.n

1, 40 0.05H
e AN —— T
Iy 410 0.05H R [+
!T
v

(@)
Fig. 5.57
. I, must be leading V by angle ¢, in such a way that phase difference between I,,

and I, is %'h of ime period of 50 Hz, voltage.
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Ip = I, +I, =3.0433 - 11956 + 11.956 + j 3.0433
= 15-j89127 A =1745 £-30.71° A
The resultant current of 17.45 A, lags voltage by 30.71°
Total power factor = cos (30.71) = 0.85%96 lagging.

mmp Example 521 : Two impedances Z; and Z, when connected separately across
230 wvolts, 50 Hz, ac supply consumed 100 watts and 60 wats at power factors of 0.5
lagging and 0.6 leading respectively. If these impedances are now connected in serigs across
the same supply find.

i) Total power absorbed and overall power factor,
it) Value of Hhe impedance to be added in series to raise the overall power factor to unit.

Solution :  When Z; alone is connected across the supply.

cos & = 0.5 lagging

P = 100W
P = VI
cos 9 230 V,50 Hz ()
100 = 230xI=05
I = 0.8695 A
v o2 .
1Z1] = ] = gpogs = 26451980 Fig. 5.58

0 = cos” ' 05 =60
Z, = (2] £+0= 2645198 £+60°Q = 13229 + j 229.1328 Q
Similarly when Z, alone is connected.
cos ¢ = 0.6 leading
P =60W 230 V.50 Hz [Z]

P = Vicoso

60 = 230 xIx0.6 .
Fig. 5.59

I = 04347 A

v 20
122l = 1 =g35 =5

6 = —-5313" negative as leading
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Iy = 12.755 £-1147°A
Now Py = VIycos g,

1600 = 200 x 10 % cos ¢,

cos ¢, = 0.8 lagging hence ¢ = - cos™ 0.8 = - 36.86°
Tp = 10 Z-3686° A
And 1z, = o —-ZUA
N

Xp = |Z4] sin &= 20 sin (- 36.86°) = 12 Q
Zp = 16+j120 =20 £3686°Q

oo _ 1 1 N
iy~ Yp = Admmanoe--zj-m—DGS/ 36,86 mho

it) Py = Power of branch B = Py - P, = 2500 - 1600 = 900 W
Iy = Iy -1, =[125-25364] - [B - j6]
= 45+ j 34636 A= 56786 £37.585° A
cos @ = cos (37.858) = 0.7924 leading
sin gy = 0.61
Qg = Reactive volt-ampere of branch B = V Ig sin gy
= 200 = 5.6786 = 0.61 = 692.7892 VAR leading
Iy Example 5.23 @ A series circuit consisting of a 12 Q resistance, 0.3 henry inductance
and a variable capacitor is connected across 100 V, 50 Hz a.c. supply. The capacitance value

ts adjusted to oblain maximum current. Find this capacitance value and the power drawn by
the circuit under this condition.

Now, the supply frequency is raised to 60 Hz, the voltage remaining same at 100 V. Find
the value of capacitor C| to be connected across the above series circuil, so that current
drawn from supply is the nunimim.

Solution :  Case 1: The circuit diagram is shown in the Fig. 5.60.

R L C
100V
50 Hz

Fig. 5.60
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Forl,..
J(L
Now Xy
i
2mx30xC
C
And P

Case 2 : f =60 Hz,

there must be resonance.

=XC

2nfL=2mx50x03 = 94.2477 Q=X

= 942477
= 337737 uF
2
= Vl= ER_ as .. =% under resonance
_(100)°
= g =8333BW
V=100V

The circuit is shown in the Fig. 5.61.

At 60 Hz,

100V

B0 Hz
Fig. 5.61

2nfL=113.0973Q

=1 _
= sac=785398Q

R—jXe+j Xy

= 12+j34.5575 Q

= 36.5817 £ 70.8505° Q

= A1 002733 2708505
22

1l

36.5817 £ 70.8505°

89671x10°2 —j0.02582 mho

Single Phase A.C. Circuits



Elements of Electrical Engineering 5-60 Single Phase A.C. Circuits

and Z, = -jXc =Xgy £-90°
1 1 1
= — 90 =
R opz= Ehb o +'[\-:CI]
Yp = Y]+Y2=&9671x10'3+j[x+:1-0.02582]

For current minimum, there must be parallel resonance and circuit must be having
unity p.f. so imaginary part of Y1 must be zero.

1
0.02582 = 0
(<)
L= oossza
Xa ’
X = 387296=—t _
a : IRFC,

C, = 68489 yF

Examples from G.U. and G.T.U. Papers

iy Example 5.24 : A resistance R, an inductance L = 0.5 H and a capacitance C are
connected in series. When a voltage v = 350 cos (3000 ¢ - 20°) volts is applied to this series
combination, the current flowing is 15 cos (3000 t - 60°) ampere. Find the values of

R and C.
[GU : 1998]

Solution : v = 350 cos (3000 t - 20°) = 350 sin (3000 t - 20° + 90%)
v = 350 sin (3000 t + 70°) V
i = 15 cos (3000 t - 60°) = 15 sin (3000 t - 60° + 907)
i= 1551n(3000t+30"}»‘\

Vo= Ym o, --?-” £70° = 247 4873270°V

Jz

im oo o

1= EAQZ_TZW =10.6066.230° A
Vo 2474873 £70°

Z = T=m=23.33331+409

= 178743 +{15Q =R+ X
R = 17.8743Q, X = X, - X = 15
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o = 3000 rad/sec and hence X = oL = 3000 x 0.5 = 150002

15 = 1500-Xe  ie Xc=1500-15=1485Q = o

1 . 1
1485 = —x ie. C= g oree = 02244 uF

mmp Example 5.25 : A series circuit consists of a non-inductive resistance of 10 ohm, an
inductance of 0.159 H and capacitance of 106 pF. The circuit is supplied by 230 V, 50 Hz
mains. Caleulate (i) Current (ii) Power factor (ifi) Voltage across each element.
[GU : Dec.-1998, 2000]
Solution : R=10€, L =015 H, C =106 uF, V=230V, f = 50 Hz.

Xy = 2nfl.= 2Zrx50x 0159 = 499513 Q
1 1

o - 3002020

Xe 2nC  2rx50x106% 107

kA Z = Ry (X -Xp) =10 +j19.9221 Q = 22291 £63.345°Q

\ 230.20"

7 = 33991 763 315° =10318£-63.345" A

i) I =

ii) cos 0 = cos (~63.345°) = 0.4486 lagging.
iii) [Vol = [1jx[X_ | =10.318x49.9513 = 515.3975 V.
[Vel = |1ix] X¢| = 10.318x 300292 = 309.8412 V.

'y Example 5.26 : A series circuit has resistance of 10 ohums, inductance 200/n mH and
capacitance 1000/x micro-farad. Calculate :
i) The current, flowing in the circuit of supply veltage 250 V, 50 Hz
ii) Power factor for the circuit.
iii) Power drawn from the supply.
iv) Also draw the phasor diagram. [GU : June - 2000]

Solution : R:‘ii]Q,L:%an. C:@uEVﬂSUV,f:sﬂﬂz

X, = znfL=2nx50x5?-;9xw‘3 =200

Xe = 1 ;-—1__.._.._.._:10,(1

2miC 2ux 50> _IU:wa_ﬁ

™~
i

R+ (X ~Xg) = 10 + j(20-10) = 10 + j10 Q = 14.1421.45°Q
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v 250.20°

7 = Taiaizs T 76777 4-450A

i) 1=

i) c0s § = cos (=457 = 0.7071 lagging.
ii) P = V1cos o= 250x% 17.6777 x 0.7071 = 3124.975 W.

iv) The phasor diagram is shown in the Fig. 5.62.

W
I v Ilags V
Anbs WL T M=Vef =772 i
1
age i
] Va v, Ve : ‘%
457 [l
L !
\ ‘/ Vi
90:‘
Ve
(a} Circuit {b) Phasor diagram
Fig. 5.62

mmp Example §.27 : A series R-L circuit takes a powers of 384 wafts at a power factor 0.8
from a 120 V, 60 Hz supply. Calculate the values of R and L. IGU : June -2000]

Solution : P =384 W, cos ¢ = 0.8 lagging, V =120 V, { =60 Hz
P = Vicos¢ e 384 =120x1%008

_ 384 _ -1 __
I = 55055 =4A and 0=cos 0.8 =-36.869°
Key Point : ¢ is negative as current is lagging.

I = 4£-36809"A and V =120£0°V

vVoo12020° ey g
Z = T =17 %680 = J0£+ 3686970 = 24+j18 Q
But Z = R+jX, hence R=24Qand X =180
18
- 2 PO L,
XL 2nflL hence L a0 = 47746 mH
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Now a capacitor is connected in parallel with the series circuit so circuit becomes as
shown in the Fig. 5.64 (a)

Rescnant circuit

R L c R=50
AN T —— e v, =1T£D° T o2arn
. = ——=> v,=_L_ s+50°
—F =
K I Gy = 600 uF Xe
V=230V
V=230V
50 Hz sonz
Fig. 5.64 (a)
NS B 1 = 530510
CU 7 ZriC] T 2rx50% 600x10-°
1 oy 0
Yy = gapeq £+90° = 018842490°=0+j0.1884 mho

Yr = YyrYy = (0.2 + j 0)+ (0+j 0.1884) = 0.2 + j 0.1884 mho
= (.2747 £ 43.2893° mho
Iy = VYp= 230 £0°x 0.2747 £ 43.2893°
= 63.181 £ 43.2893°A ... New current
cos ¢y = cos (43.2893°) = 0.7279 leading

mmp Example 5.31 : A capacifor connected to a 230 V, 50 Hz supply draws 10 amp. What

current it will draw for a frequency of 20 Hz ? Assume voltage remains unchanged.
[GU : Dec. - 2001)

Solution : The capacitor is shown in the Fig. 5.65.

a =M e 1020
Xel [Xel
1=10A 1
Xl = 230 = —=
230V el InfC
50 Hz " .
Fig. 5.65 C= ﬁmzﬂfmﬂ mF
1
At frequency f' = 20 Hz, Xl = ——————— =575 0
redueney el 27X 20x 01384x1070
|r|=i‘l=?-°-=4a ... New current

pec] 57
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Iy Example 5.32 :  The two impedances (14 + j5) Q and (18 + j 10 ) Q are connected in
parallel across a 200 V, 50 Hz supply. Determine
i) The admittance of each branch and of the entire circuit.
if) Total current, power and power factor.
iti) Capacitance which when connected in parallel with the original circuit will make the

resultant power factor unity. [GU : May/June - 2001]
Solution :  The circuit is shown in the Fig. 5.66.
iy Z, = 14+ 5Q = 14866 £ 19.653° Q
L2l
Z; = 18+j100Q=20591 £29.054° Q
=z1 1 1
L2 i) Y1 = == T TRE AT
" = Z, 14866219653
V=200V = 0.0672 £ - 19.653° U
Hz .
Fig. 5.66 = 0.06328 - j0.0226 U
1 1
Y, =

= 0.04856 - - 29.054" U = 0.0424 - j0.0235 U
Yr=Y¥,+Y;, = 01058 -j 0.0461 U = 0.1153 ~/-23.56° U
ii} . Ip = VYq =200 4% 01153 £23.56°
= 23.06 £-23.56° A ... Total current
cos 0p = cos (-23.56°) = 0.92 lagging
P = VI cos ¢ = 200 x 23.06 x 0.92 = 4243.04 W.

1 iil) Now a capacitance is connected in parallel
Ye= Yc“gm with eriginal circuit. The original circuit is

|c| f’ =0 +‘—j represented by its equivalent admittance Yy as
" *¢'  shown in the Fig. 5.67.
]l YT [ qu = Yr+Ye

= 010568~ ]0.0461 +j57 -
C

Fig. 5.67

il

= 0.10568 +j|: !

1 —00461 |0
Xc }

For the power factor to be unity, the imaginary part of Yeq must be zero.

1 . 1
— - 00461 =0 ie X =-—— = 2169
pon ie X = o = 216920
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1 X 1
Xe = 5 b 202 = s
C = 146.741 uF.

sy Example 5.33 : A choke coil having a resistance of 10 Q and a inductance of 63.7 mH
is connected in series with a resistance of 5 ohms. The circuit is connected across 230 V,
50 Hz supply. Calculate (i) Current (i) Voltage across the coil (ifi) Power factor
(iv) Volltage across 5 ohm resistor (v) Power. Draw complete phasor dingram.
[GU : Dec.-2001]

Solution : The circuit is shown in the Fig. 568. Assume voltage as reference,
V=230 20" V.

Chock coil A X, = 2nfL = 2nx 50 x 63.7% 107
= 20.01 %2

Zp = (Ren) +j X = 15 + j 2001 @
=25 25313 Q

Vo 204°
7y " BZSIF

- 230 V, 50 Hz ————= i) i

Fig. 5.68 I =92./-5313° A,

i) Zy, = r+jX,=10+]2001Q=2237 £6344° Q
Vy = [xZ =92 £5313° x 22.37 £ 63.44° = 205.804 £103°V

iid} cos 0 = cos (53.13°) = 0.6 lagging
iv) Vg = IxR=92 45313 x5 A° =46 £-53.13° V
v) P = VIcos pp=230x92x06=12696 W

The phasor diagram is shown in the Fig. 5.69. which is drawn by taking current as a
reference, though in calculations voltage is assumed to be reference.

V=Vg+V =230V
Vi ===

-—

Vy =X,

Vi =V, + Vi =205.804V
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iy Example 5.35 : A capacitor of 25 uF is connected in series with a variable resistor. It is
connected across 230 V, 50 Hz mains. Find the value of the resistor for a condition when
the voltage across capacitor is half the supply voltage, also calculate, (i) Current drawn

(ii) Power factor and (ifi) Power of the said conditions. [GU : June-2001]
Solution : The circuit is shown in the Fig. 572
c R N S S
. Xe = gric 2nx50% 25%107
1| 25pF
1 = 127.3239 Q2
Vg —wla— Vg
v .
V=230V Vel = 1] Xc] =|--2—| ... Magnitude
50 Hz
Fig. 5.72 o |T) % 127.3239 = ?
115
ks 11 = 1573555 = 0.9032 A ... Current
V] Tkl
Now I] =" where Z=R-jXq |Z] =R2+X2
= i Xe. 121 = R +X2
09032 = 20 e RE+ (127.3239)% = 2542
JR? £(127.3239)%
R = 2205314 V and |Z| = 254.6477
R 2205314 .
cos o = 7 = AT 0.866 leading

P = VIcos 6= 230 x 09032 < 0.B66 = 179.9046 W

iy Example 5.36 : The parallel circuit comprises respectively (i) A coil of resistance 20 olim
and inductance 0.07 H and (ii) A condenser of capacitance 60 microfarad in series with a
resistance of 50 ohm. Calculate the current drawn from mains and power factor of the
arrangement when connected across a 230 wolts, 50 Hz supply. Draw the phasor diagram
showing branch current and total current. [GU: Nov.-2001, July-2002]

Solution :  The circuit is shown in the Fig. 5.73.

1, 209 0.0TH Xpa = 2nfly =2 x50 x 007 = 21.9911Q
Zp s Za o= Ry 4 Xpa =20 +i21.9911 Q
Ig 509 BD{JIF = 29.7255 £ 47.7147° Q
zp — Xcp = o = ! = 53051 Q
Iy 20Cy  amx50x 60% 1070
%e 230V, 50 Hz

Fig. 5.73
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iy Example 5.40 ;A series circuit having a resistance of 10 Q, and inductance of (121 H
and a variable capacilor is  connected lo 100 V, 50 Hz supply. Calculate the value of

capacitor fo form series e. Calculate 1 t current, power and power factor.
IGU : June/July-2003]

Solution : The circuit is shown in the Fig. 5.79.

R L Cc
For a series resonance, X; = X¢
1
100 oH XL=2:th=2nx5I}x%=SOQ
100 V, 50 Hz Xe = 50Q= -;ﬂlfc
Fig. 5.79 -
1
ﬁmﬁ = 63.6619 UF
Vv 100
I = R0 ° 10 A
P = PR=10"%10 = 1000 W
cos 0 = 1 ... Circuit is purely resistive

iy Example 5.41 : A choke coil of negligible resistance is connccted across 230 V, 50 Hz,
supply. It draws 5 amp from mains. Calculate the inductance of a coil. If the frequency of
supply is reduced to 40 Hz, what will be the current drawn from mains?
[GU : Dec.~2001, June-2004]

Solution : The coil is shown in the Fig. 5.80.

= ~R=00Q
R=00 L XL
230
; 5= 2%
1%,
i =5A
230
20 Xl = 5= =460
Fig. 5.80
g But [X| =2fL ie L= 20 - 014642 H.
- 2nx 350
Now new frequency is f = 40 Hz
IXPl = 2P L 40%0.14642 = 368 Q
o= L2 20 _easa ... New current

CIX 1 368
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Elements of Electrical Engineering
mp Example 5.42 : A resistor and a capacitor are connected in series across 230 V, ac
supply. The current taken by the circuit is 6 A for 50 Hz frequency. The current is reduced

to 5 A, when the frequency of supply is decreased to 40 Hz. Determine the value of resistor.

IGU : Dec.-2001, July-2004]

Solution : Casel: fy=50Hz |[I;| =6A
Zy = R-jXq R c
J‘ l—ww—ﬂ—l
V=230V

A

Ll = 1Z)]
6 = =20
R2 +X%] Fig. 5.81
RE 4 X3 = 14694444 v
Ll =5A 2 =R-j X
230

Case 2: f, = 40 Hz,
= V_ e b —
JRZ+x2,
w(2)

1 -
| 2[ I x-zl
: R+ X2, = 2116
. 2
Subtracting equation (1) from (2) equation,
XEy-Xg, = 2116 -1469.4444 = 646.5556
2 2
1 1 B -
[mﬂ "[—Zn E,C} = 6463556
646.5556

L]

1 P 1 z
['ﬁ;mﬁ] "[Eﬁsmoxc]
= (1583143 x 107 - 1.0131 x 107] = 646.5556

C* = 88181107 ie C =93.905yF
1

1

2

2
] = 320437

Using equation (1), R* = 1469.4444 — [.-_____
2nx 50% 93.905x10 7%

R = 179Q
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mmp Example 5.43 : A coil of power factor 0.8 is in series with a 100 pF capacitor. The p.d.
across the coil is equal to the p.d. across the capacitor when the combination is connected

across a 50 Hz supply. Determine the resistance and inductance of the coil.
[GU : June/July-2004]

Solution:  The circuit is shown is the Fig. 5.82.
cos ¢, = 0.8, C =100 uF

R L .
H VLl = Vel e I1[Z0) = 1] [Xc|
1 1 1
Col i XC = IWIC = 27 wsox100x10¢
1 1
—— V| ——— = 318309 Q
-

aZy] = |Xe| =31.8309Q

But Z; =R+ X hence |Zy| = {R*+X}

Fig. 5.82
yR2+X] = 318309 ie.  R?2+X] =1013.2062 (1)
cos o = i} S and cos ¢ = 0.8 (given)
z.| R?+x}
08 = R e R2+X? = 15625 R® @
= S 2 =1,
.“IR +X{

Equating equations (1) and (2), 1.5625 R = 1013.2062
R? = 6484519 ie. R= 254647Q
Using equation (1), Xi = 1013.2062 — 648.4519 = 364.7543

X, = 19.0985Q=2nfL

19.0985

L= 550

= 0.0608 H

i Example 5.44 :  Two impedances Zy and Z, are connected in parallel with Z3 i series
across 230 V, 1-phase a.c. supply. Calculate the equivalent impedance and current draum
from the supply . What is this power factor? [GU : June-1999, July-2004]

Given:Z; =2+4j35Q,Z;=1+j3Q,Z;=3-j24Q,
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Solution :  The circuit is shown in the Fig. 5.83.

7]
| - |
2+j3.5=40311460.255°Q ]I 23 ||
II z, || 3-j2=36055L- 33.69° 0

1+53=31622471.565° 02

-— V=2V —0- 0 —————

Fig. 5.83
| z’lZE
g = || Z) + 23 = PRV +Zy
_ LO311Z60.255" x 31622£71.565" $3-i2= 12747 £131.82° 3.0
o Trj35+le3 T (3+{65) )
12747 £131.82° i o .
= Fi585 ZEE I35 +3-42 = [L7805 £ 66.595°] + 3 - §2
= 0.707+j 1.634+3-j2 = 3.707-j 0.366 (1 = 3.725 £ -5.638° (1
v nBOLY .
It = .7-.‘.\._ = Ho9n s aga = 6175 £+ 5.638" A.
cos0p = cos(5.638°) = 0.9951 leading ..Power factor

iy Example 5.45 : A capacitor of 50 pf is connected in parallel with a coil that has a
resistance of 20 L and inductance of 0.05 H. If this parallel combination is connected across
2000V, 500 Hz supply, ealculate : (i} The line current (i) Power factor and (iii) Power
constmed. [GU : June-2000, Nov.-2004]

Solution :  The circuit 1s shown in the Fig. 5.84.

Xc = 1 1

WIC 7 2 50x50¢10°°
= 63.6619 0

X = 2mfL=2n «50=005
= 15708 Q

Zy = 0-jXe=0-]63.6019%
= 63.6619 £-90"02

Fig. 5.84 Zy = 20 +j157080 =3254311 £ 38.146° Q
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Let supply voltage be reference,

Vo= 20020"V

o= = 200207 =0+j

I = Zi = G700 31415 £+ 90" A =0 +j 31415 A

Vo 200£0° _ o _ .

I, = 22— = SEABA8IE 7.8643/-38.146°A = 6.1847-j4.857 A
i) ;= 1, +1, =04 31415 + 6.1847 - j4.857

= 61847 - j1.7155 A = 64182 £ - 15.502° A ... Line current

ii) cos ¢y = cos(~15.5027) = 0.9636 lagging ..Power factor
iii) P = Vljcoso, =200 x 64182 x 0.9636 = 1236.94 W

- Example 546 : A coil is connected across a variable frequency a.c. supply of 110 V. An
ammeter in the circuit showed 156 A at 80 Hz and 19.7 A at 40 Hz. Find the value of
parameters of the coil. [GU : May/June-2005]

Solution :  The coil is shown in the Fig. 5.85.
Case1: f;=80Hz [I;] =156 A

R L Z, = R+jX;= Ryj@rfL)
\ 1Zy] = R*+(@2xfL)?
V=110V
f Hz
Fig.5.85
L _
I = iz ie 156 =
R? +(502.654L)" = 49.7205 )]
Case 2 f, = 40Hz || =197 A

Zy = RvjXp;= R+j(nfyL)
[2,] = JR?+2rxa01)%

v 110

[, = 5 e 197 = -—————
175] JR? + (2513070 1)

- RT 12513274 LY = 311783 e (2)
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Solution : The circuit is shown in the Fig. 5.87.

R=200

Zy = (Rin) +j X,
(2041.5) +j X%

=215+ jX, Q
_ v -
0V, 50 e =y and T=sa
Fig. 5.87
2
8= —0 e 215+ X2 =(38@]
st ex;
X2 = 3643125 ie X, =19.0869Q =2fL
190869
- L = S50 = 0.0607 H
VLl = [1]x 12, where |Z|=r?+X}

[Vl = 8x4(1.52 +(190869) = 153.166 V . Voltage across coil

inmp Example 5.49 1  Two capacitors of 80 uF and 50 uF are connected in series. Caleulate

the current when a 220 V, 50 Hz supply is applied across the circuit. [GU : July-2005]

Solution:  The circuit is shown in the Fig. 5.88.

1 1
Xl = LoV _agmero
50uF Xl = 3= = Trcsonsonio™
[Xeg| = =i = ! - 63.6619Q
6, v=2ov____ ¢ G IiC, T amxsoxsox106
50 Hz
Fig. 5.88

In polar form, the reactances are,
Xy = 0-j397887Q, Xy =0-j63.6619Q
Xc = Xgp + Xy = 0-103.4506 = 103.4506 £ —90° Q
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Rationalize,
_— (R} +j Ry (X =X )+ Xy X2R, —j (X =X )]
eq 2R, +j (X, - XOI2R, =} (X, =X
2RJ 42 RF (X —X)+ 2R X X —JR3X —X )+ Ry (X, =X)? = X XX -Xe)
(2R,)? + (X =X¢)?

3 2 = 2
_2RPH2RX X+ Ry X, ~X0) | Xy ~XQRRE-R, -X X ]
- ’

(ZRI)Z + (X _)(C)z (ZRI)Z + X, _xc)z

At resonance, the circuit must be purely resistive hence imaginary part must be zero.

(X;, ~X¢) @R -R, =X, X¢) _

0 ie. X =-Xc=0
@R+ (X -X)? L-7c
.1 2_ 1
2rnflL = 5 ie f-—-_..._‘lﬂch
1
f= ... Resonance frequency.
: 2n/1LC aueney

mmp Example 5.53 : A coil having resistance of 5 £ and inductance of 0.0250 H is
connected in series with a condenser of such a value that ¢ tion tes at frequency
of 50 Hz. Determine the value of condenser. If this combination is connected across 230 V,
25 Hz supply, calculate the current drawn, power and nature of power factor.
IGU : May/June-2006]

Solution : The circuit is shown in the Fig. 5.92.

R L Cc 1
fp = 50Hz = ———
’ 2m/LC
54 0.0250H 1
I 50 = ——nu-——
2/ 0.0250= C
V=230V,
f,=50 Hz C = 405.284 pF.
Fig. 5.92 Now the combination is connected across 230 V, 25 Hz.
Xy = 2nf L =2r x25x 0025 = 3.9269 Q
1 1
; X = L - 15708Q
€7 IWIC T pu25x405284%10°0
Z = RH(X=Xc)=5-j 11781 Q@ = 12798 £ - 67°Q

_ V230400 .
1= 5= fase = 179715 2+ 67° A
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3+ =5-5313"0Q
)

Solution : The branches are shown in the ! | B |
Fig. 5.95. s
i . 3-j4=5--5313"0
i) As both are in parallel, the voltage across Fz
them is equal. Let supply voltage be the reference. I  —=—==d
T
V=200V
230V
. v 20 50 Hz
Lo Z, 545313 Fig. 5.95

= 46 £-531F A =276-j368 A

oo Vo 2m0L0t oa .

I, = Z =5 46.+53.13°A =276 + j36.8 A

Iy o= I +1, =276 -7 368 + 2764 368 = 552+ 0 A

I; = 5522004 ... Total current
i) cos 0p = cos(”=1 ..Power factor I

‘\
A
b
N
iii) The phasor dia is shi i *
_) P gram is shown in 45313 \
the Fig. 5.96. X V=2302 1V
- - - o 4
Note that I, = I, + I, g ST ﬂ
;
/ lyand V
I /{ are in phase
1 ‘
%
Fig. 5.96

mp Example 5.58 :  The circuif having two impedances in parallel of Z; = 8 + j 15 Q and
7y = 6 - j8 Q connected to a single phase a.c. supply and the current drawn is 10 A. Find
cach branch current, both in magnitude and phase and also the supply vollage
[GTU : June-2009]
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1, 8 *i15 = 17£61.927° 2

Solution :  The circuit is shown in the Fig. 597.

Assume total current is reference. 6-j8=10,-531% 0
I; = 0Z0°A —E=T
Using current distribution rule, 10[1
- Z
I, = Lox——2 -—
1 T
2142, Fig. 5.97
_ . 10£-5313°
= 10407 % s‘:ﬁm
_100£-5313°  100£-5313° .
{Ma+;7) ~ 1565242265650 - 03887 £-79.695° A
- z 17 £61.927%
= L oy LT
L= lpxg Ty =10 40 S

10207 = 17 £61.927°
= i5isid6ReE - 10.861 £ 35.362° A
Key Point: Check that I = T, + 1,

V = [[Z,=1,Z, = 63887 £ 79695 x 17.2 61.927°
= 108.6079 £-17.768° V ..Supply voltage
sy Example 559 : A series R-L-C circuif having a resistance of 8 Q, inductance of

80 mH and capacitance of 100 uF is connected across 150 V, 50 Hz supply. Calculate,
a) Current b) Power factor and ¢) Voltage drops in the coil and capacitance.

[GTU : June-2009]
Solution : The circuit is shown in the Fig. 5.98. | R L ¢
V=150V, f=50Hz 153\: 86 80mH 100 F
Xp= 2nfL=2r x50x80 x10° 50 Ha
= 251327 Q }
1 - 1 Fig. 5.98
X = 3 T %
2mxB0=100=10
= 31.8309 Q
Z = R+j X -j X = 8+ 25,1327 - j 31.8309
= B -j 669620 = 104338 £ - 39.9385° O
a) 1=V 15020 = 14.3769 £ 39.9385° A

Z T 1043382-39.9385°
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b)

cos ¢ = cos (39.9385%) = 0.7667 leading e X = X
[VLl = Ix Xy = 14.3769 x 25.1327 = 361.3303 V «. Only magnitude
|Vl = TxXe = 143769 x 31.8309 = 457.6296 V... Only magnitude

[

o

11
12,
13.
14.
15.
16.
17.
18.
19.

20.

Review Questions

. Show that current through purely resistive circuit is in phase with the applied voltage.

. Show that current through pure inductance lags applied voltage by 507,

. Show that current through pure capacitor leads applied voltage by 50°

. Obtain an expression for the average power consumed by an a.c. circuit tn terms of r.m.s.

values of voltage, current and power factor.

. What is power factor ? Explain its significance.
. Show that average power consumed by pure inductor and pure capacitor is zero.
. Show that

i} Current lags voltage in R-L series circuit
ii) Current leads voltage in R-C series circuit,

. Draw the phasor diagram for a series R-L-C circuil energized by a sinusoidal voltage showing

the relative positions of the current, component voltage and the applied voltage for the
following cases -
(a) When X; > X ; (b) When X < X¢ ; and (c) When X; = X¢

. Explain the concept of admittance.
. Define the following terms :

1) Admittance 1) Conductance iif) Susceplance.

Derive the expressions to calculate conductance and susceptance.
What is resomance ? State the characteristics of series resonant circuit.
What is Q factor 7 How it is related to bandwidth and selectivity ?
Derive the expression for the r

y of series 1 b eircuil.,

L |

Derive the expression for the r ting frequency of parallel 1 circuit.

Derive the expressions for upper and lower cut-off frequencies for series circuit.

State the characteristics of parallel resonating circuit.

Compare series and parallel resonaling circuits.

Two vultage sources have equal emf's and a phase difference of . When they are connected in
series, the vollage is 200 V, when one source is reversed the voltage 15 15 V. Find their emf's
and phase angle . (Ans. : 100.26 V, 8.58°)
The current in series circuit R = 5 Q and L = 30 mH lags the applied voliage by 80°.
Determine the source frequency and the impedance Z. (Ans. : 15047 Hz, 28.8 £ 80" )
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26, In parallel RC circuit shown in the Fig. 5.99,
g = 15 cos (5000 t - 30°) amperes, Obtain the current in capacitance.

Fig. 5.99

(Ans. : 75 cos (5000 t + 60°) A)

27. A choking coil and a pure resistor are connected i series across a supply of 230 V, 50 Hz.
The voltage drop across the resistor is 100 V, and that across the choking coil is 150 V. Find
graphically the vollage drop across the inductance and resistance of the choking coil. Hence
find their values if the current is 1 A, (Ans. : 92.5 {2, 0.366 H)

28. In a particular circuil, a voltage of 10 V at 25 Hz produces a current of 100 mA, while the
same voltage at 75 Hz, produces 60 mA. Draw the circuit diggram and insert the values of

the components. (Ans. : 88.277 0, 0.3 H)
29. In the network shown in the Fig. 5100 , source frequency is 500 rad/sec and current Iy is
1.25 2 60° A.
5V20 10¥Z mH
v b
a0 B mH 5
:: I3
Iz
11
H
0.25mF
Fig. 5.100
Find,

al Currents 1y and I3

b) Source voltage V,

¢} Source power factor
d) Draw phasor diagram

Find magnitudes and positions of all the guantilies,

(Ans. : 1 2737 A, 0.8914 £ 7.51° A, 109 ~ -5.86" V, 0.97 lead)
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30, In the network shown in the Fig. 5.101,

© V,,50Hz &

Fig. 5.101

L=0153 H, C=03183 mF, Iy = 52 60° A
and V=250 £ +90°V
when Zy s not connected, find :
1. Z; and its components
2.V, in the form V,, sin (wt + 8)
3. Power loss in the circuit
Now calewdate Z3 with its componenis so that overall pf. of the circuit is unily without
adding to the circuit power loss.

Draw the phasor diagram.
{Ans. : 10 .~ 30° 2, 324.03 sin (100 (100nt +79.1°) V, 216,51 W, 68.2 uF)

University Questions

Q.1 Discuss resonance in R-L-C series circuit. Explain how p.f., X; and R vary with frequency.
[GTU : Dec.-2008, 10 Marks]

Q.2 Define power factor. What is the power factor of a pure inductor? Give the difference
between active and reactive power. [GTU : Dec.-2008, 4 Marks]

Q.3  Give the comparison of series resonance and parallel resonance,
[GTU : Mar.-2009, 5 Marks]

Q.4 Define the term 1) Reactance, 2} Inductive reactance and 3) Capacitive reactance and explain

how 1t depends on frequency in an A.C. circuit. [GTU : June-2009, 7 Marks]
Note : The examples asked in the previous university papers are solved and included
in the chapter.

aao




Three Phase Circuits

6.1 Introduction

We have seen that a single phase a.c. voltage can be generated by rotating a turn
made up of two conductors, in a magnetic field. Such an a.c. producing machine is called
single turn alternator. But voltage produced by such a single turn is very less and not
enough to supply practical loads. Hence number of turns are connected in series to form
one winding in a practical alternator. Such a winding is called armature winding. The sum
of the voltages induced in all the turns is now available as a single phase a.c. voltage,
which is sufficient to drive the practical loads.

But in practice there are certain loads which require polyphase supply. Phase means
branch, circuit or winding while poly means many. So such applications need a supply
having many a.c. voltages present in it simultaneously. Such a system is called polyphase
system.

To develop polyphase system, the armature winding in an alternator is divided into
number of phases required. In each section, a separate a.c. voltage gets induced. So there
are many independent a.c. voltages present equal to number of phases of armaturc
winding. The various phases of armature winding are arranged in such a manner that the
magnitudes and frequencies of all these voltages is same but they have definite phase
difference with respect to each other. The phase difference depends on number of phases
in which armature is divided. For example, if armature is divided into three coils then
three separate a.c. voltages will be available having same magnitude and frequency but
they will have a phase difference of 360°/3 = 120° with respect to each other. All three
voltages with a phase difference of 120° are available to supply a three phase load. Such a
supply system is called three phase system. Similarly by dividing armature into various
number of phases, a 2 phase, 6 phase supply system also can be obtained. A phase
difference between such voltages is 360°/n where n is number of phases.

Key Point: In practice a three phase system is found to be more economical and il has
certain advantages over other polyphase. systems. Hence three phase system is very
popularly used everywhere in practice.

This chapter explains the various three phase circuits, the analysis of star and delta
circuits and three phase active, reactive and apparent power. Let us see the advantages of
three phase system first.

(6-1)
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6.2 Advantages of Three Phase System

In the three phase system, the alternator armature has three windings and it produces
three independent alternating voltages. The magnitude and frequency of all of them is
equal but they have a phase difference of 120° between each other. Such a three phase
system has following advantages over single phase system.

1) The output of three phase machine is always greater than single phase machine
of same size, approximately 1.5 times. So for a given size and voltage a three
phase alternator occupies less space and has less cost too than single phase
having same rating.

2

For a transmission and distribution, three phase system needs less copper or less
conducting material than single phase system for given volt amperes and voltage
rating so transmission becomes very much economical.

3

It is possible lo preduce rotating magnetic field with stationary coils by using
three phase system. Hence three phase motors are self starting.

4

fam

In single phase system, the inslantancous power is a function of time and hence
fluctuates w.r.t. time. This fluctuating power causes considerable vibrations in
single phase motors. Hence performance of single phase motors is poor. While
instantancous power in symmetrical three phase system is constant.
5) Three phase systems give steady output.
6) Single phase supply can be obtained from three phase but three phase cannot be
obtained from single phase.
7) Power factor of single phase motors is poor than three phase motors of same
rating,.
8} For converting machines like rectifiers, the d.c. output voltage becomes smoother if
number of phases are increased.
But it is found that optimum number of phases required to get all above said
advantages is three. Any further increase in number of phases cause a lot of complications.
Hence three phase syslem is accepted as standard system throughout the world.

6.3 Generation of Three Phase Voltage System

It is already discussed that alternator consisting of one group of coils on armature
produces one alternating voltage. But if armature coils are divided into three groups such
that they are displaced by the angle 120° from each other, three separate alternating
voltages get developed.

Consider armature of alternator divided into three groups as shown in the Fig. 6.1. The
coils are named as R;- R, , Y;-Y, and B,- B, and mounted on same shaft. The ends of
each coil are brought out through the slipring and brush arrangement to collect the
induced em.f.
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: Let ey, eyand ey be the three
g independent voltages induced in coils
Tesie A R,-R,, Y,-Y, and B,-B, respectively.

ColRR, |

All are alternating voltages having
same magnitude and frequency as they
R+ ®¥ DR are rotated at uniform speed. All of

i N ] them will be displaced from one other
~——Coil BB, by 1207

Rotation

Suppose e, is as..ned to be the

reference and is zero for the instant

| shown in the Fig.6.2. At the same

instant ¢, will be displaced by 120°

from ¢ and will follow ¢y while ¢

is ahead of egby angle 120° ie. if cpis

reference  then ¢, will attain s

maximum and minimum position 120°

ot later than e and ey will attain its

maximum and minimum position 120°

later than ey ie. 120°4120° = 240° later

with respect to ep. All coils together
represent three phase supply system.

Fig. 6.1 Generation of 3 phase

120°° 120°:
: The equations for the induced

240°

Fig. 6.2 Waveforms of 3 phase voltages voltages are :
ep = E_ sin(wb)
ey = Ep sin(ot-120°)
ey = Ey sin(@t=240°) = E sin(wt+120°)

The waveforms are shown in the Fig. 6.2.
The phasor diagram of these
/;n voltages can be shown as in the Fig. 6.3.
As phasors rotate in anficlockwise
direction, we can say that e, lags e by
1207 and e lags ey by 120°.

ep lags
ey by120°

e T If we add three voltages vectorially,
it can be observed that the sum of the
three voltages at any instant is zero.

ey lags eg by 120°

Fig. 6.3 Phase sequence

By
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Mathematically this can be shown as :
e ey tog

sinet+ B sin (ot =120+ E sin (et +120°%)

= Em
=E,, [sinol + sin ot cos 120° - cos ot sin 120° + sin ot cos 120° + cosat sin 1207

. ' Mo - -1
= E [sinot+2 sin ot cos 120°] = Em| sin ot+2 sinwt f—_ ]j| =0
L (2

Gp By +Ey = 0

Key Point: The phasor addition of all the plase voltages qb any instant in three phase
system -is-always zero.

6.4 Important Definitions Related to Three Phase System

Some terms are commonly used while analysing three phase system which are defined
below

1) Symmetrical system : It is possible in polyphase system that magnitudes of different
alternating voltages are different. But a three phase system in which the three voltages are
of same magnitude and frequency and displaced from each other by 120° phase angle is

defined as symmetrical system.

2) Phase sequence : The sequence in which the voltages in three phases reach their
maximum positive values is called phase-sequence. Generally the phase sequence is R-Y-B.

Key 'Paint. The phase sequence is important. in determining direction of rotation of
a.c. motors; parallel aperation of alternators efc.

6.5 Three Phase Supply Connections

In single phase system, two wires are
sufficient for transmitting voltage to the load
i.e. phase and neutral. But in case of three
phase system, two ends of each phase ie
Ry-Ry, Y=Y, and B;-B, are available to
supply voltage to the load. If all six
terminals are used independently to supply
voltage to load as shown in the Fig. 6.4, then
total six wires will be required and it will be
very much costly.

Fig. 6.4 Three phase connections
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R
Vg |
1
- Y D
Vo Ve
o8
Fig. 6.7

Line voltages are denoted by V, .
R These are Vpy, Vyg and V. Line
currents are denoted by [, . These are
Iz, 1y and 1.

To Similarly for delta connected
Load  gystem we can show the line voltages
and line currents as in the Fig. 6.8.

Line voltages Vi are
VR'I' 3 VBR ! V‘I’B‘
While Line currents I, are I,, I
L R 7Y
Fig. 6.8 and I.

6.7 Concept of Phase Voltages and Phase Currents

Now to define the phase voltages and phase currents let us see the connections of the
three phase load to the supply lines. Generally Red, Yellow and Blue coloured wires are
used to differentiate three phases and hence the names given to three phases are R, Y and
B.

The load can be connected in two ways, i) Star connection, ii) Delta connection

The three phase load is nothing but three different impedances connected together in
star or delta fashion

i) Star connected load : There are three different impedances and are connected such
that one end of each is connected together and other three are connected to supply
terminalis R-Y-B. This is shown in the Fig. 6.9.

Key Point : The voltage across any branch of the three phase load ie. across
thi- ‘7'.‘1“.‘2 or Zl‘l‘-‘ is c_r:\Ha{ .p}mse wvoltage and cu.rmx! passing through any br_.'unrh

of the three phase load is called phase current.
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Line
currentil; )

R " Phase current (1)
Phase vollage
y 74
e
B B ¥
Supply 1= gy

Fig. 6.9 Star connected load

In the diagram shown in the Fig. 6.9 Vi, V., and Vy are phase voltages while
I 1y and Iy as shown in the Fig. 6.9 are phase currents. The phase voltages are denoted
as V_, while the phase currents are denoted as [ ;. Generally suffix N is not indicated for
phase voltages in star connected load. So Vi, = Vg = Vy = Vy

It can be seen from the Fig. 6.9 that,

Ly =1y =1,=1,

ph
But same are the currents flowing through the three lines also and hence defined as
line currents. Thus we can conclude that for star connection I; = Lo

I, = I, forstar connectionl

ii) Delta connected load : If the three impedances ZPM,ZPM and ths are connected
such that starting end of one is connected to terminating end of other, to form a closed
loop it is called delta connection of load. The junction points are connected to supply
terminals R-Y-B. This is shown in the Fig. 6.10.

fcurrenl
Iﬂ

R
Line I
vollage o= Yy Ver<Z=2 r$ﬁe voltage
i) l 1, ?

Y

Phase current
B ]
Supply

Fig. 6.10 Delta connected load
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|0 = Vph"lph;\’L"lL‘

The complete phasor diagram for lagging power factor load is shown in the Fig. 6.13.

- . = |
IZP" = R+ XLph—Iiphli" Q

Each Toh lags corresponding VP}' by angle a

Vay=V,

V| leads V,, by 30°

Vo=V

1=l s Ix=1
e P Llags Vi, by angle 'y
“, in every phase. as load
—Vﬂ} is balanced and inductive
Ty = V- Vy
Yo=Vy-Vs ’
Vor = V- Vi S e
T VT

Fig. 6.13 Star and lagging p.f. load
All line voltages are also displaced by 120° from each other.

40 iy P]moa{f;g;-bysoc‘,

gy e

Power : The power consumed in each phase is single phase power given by,

Pph

For balanced load, all phase powers are equal. Hence total three phase power
consumed is,

= Vph[phm-;c

v
L
P = SPP" = 3V Ly cosd =3 ﬁ[" cos0

P

J3 Vi I cosd

For star connection, to draw phasor diagram, use

Viey = Vg —Vy, Vg =V "vli and vBR = vﬂ _vR
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mmp Example 6.1 :  Three inductive coils each having resistance of 16 olm and reactance of
12 ohnt are connected in star across a 400 V, three-phase 50 Hz supply. Calculate :
i} Line voltage, ii) Phase vollage. iii) Line current,
iv) Phase current, v) Power factor,  vi) Power absorbed.
Draw phasor diagram

Solution : Ry, = 16 Q, X = 12 & per ph, Star connection V; = 400 V
Zon = Rpp+j X =16+j1202 =20 £+ 3686°Q

Using rectangular to polar conversion on calculator.

i) Line voltage Vi = 400V
v 400
it} Phase voltage Vip = =% = —= = 23094V ..StarV, =3V,
) B ph 73 73 L ph
v 230.94
- __E_h__ ik
1ii) [Ph = 5 S = 11,547 A
ph
For star connection, I, = lpn ie Linc current = 11.547 A
iv) Phase current = 11.547 A
R
v) Power factor cos § = -,FP—I'— = % = 0.8 lagging

“ph
...Inductive hence lagging

vi) Power absorbed P = V3V, 1| coso=3x400x11.547x0.8 = 6400 W
The phasor diagram can be shown as in the Fig. 6.14.
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6.9 Relations for Delta Connected Load
Consider the balanced delta connected load as shown in the Fig. 6.15.

T
Vﬁ\‘
Threa 1
phase Y “
supply i
VYa UBR
B b 1
Fig. 6.15 Delta connected load
Line voltages Vi = Viy =Vyp = Vi
Line currents I =1y =1y =1y
Phase voltages Vph = Vpy = Vyg = Vi
Phase currents Iph = lpy =Ly =g

As seen earlier, V, = V, for delta connected load. To derive the relation between [
and lph' apply the KC!L at the node R of the load shown in the Fig. 6.15.

Elcnlcring = Ellva\'lng at node R

Ip+lgg = Iy

Ig = Igy=lpg A1)
Applying KCL at node Y and B, we can write equations for line currents I, and I as,

Iy = Ig-Tpy (2)

bR = lyp -(3)

IH=I

The phasor diagram to obtain line current
I by carrying out vector subtraction of phase
currents I and Iy is shown in the Fig. 6.16.

The three phase currents are displaced
from each other by 1207

Ipg is reversed to get - [gg and then added
to Ipy to get I,
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[‘.ach ].Ph lags respective Vpd\ by anglc o

Total power P = 3P, =3V lpcos0 =3V, Tcoeo

K P = J:_%VLILcnsé

Key Point: The expression for power is same but values of line currents are different
in star and delta connected Toad 1which must be correctly determbied to obtain power.

6.10 Power Triangle for Three Phase Load

Tolal apparent power 5 = 3xApparent power per phase
v I
= = L1 = L
§=3 Vonlph=3 EIL =3V, = A
§ = V3V, I, volt-amperes (VA) or kVA
Total active power P=43 Vi I coso watts (W) or kW
Total reactive power Q = V3V I;sin¢ reactive volt amperes (VAR) or kVAR

Hence power triangle is as shown in the Fig. 6.18.

-
s=V3vI

2 7
=y P +Q

Q=3 VI sino
Apparent power

Reactive power

P=v3 VI cose
Active power

Fig. 6.18 Power triangle
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6.11 Steps to Solve Problems on Three Phase Systems

While solving three pt probl

1} Given supply voltages are always line voltages.

2) Determine phase voltage depending on whether load is star or delta connected.
3) Then determine phasc current,

Von

h= o
et (:pla

4) Determine line current depending on whether load is star or delta connected.
5) ¢is angle between V,; and [ ;.. Value can be obtained from given Z ;..
6) The total power consumed is ,/3 V I  cos &

mmp Example 6.2 : Three identical coils, cach having resistance of 10 Q and inductance of
0.03 H are connected in delta across a three-phase, 400 V, 50 Hz supply. Calculate :

i) The phase current, i) The line current, iii) The total power consumed, 1) pf and p.f.
angle. Draw a neat phasor diagram.

Solution : Ry, =109, Ly, =003 H,

xl.ph = nfL=2nmx50x0.03=9425Q

Zy, = Ry +j Xiph = 137415 £43304°Q = 10 + ] 9425 Q

As connection is delta, Vi = Vg, and Iy = V3 Lon

Now VL = 400V

. Von 400

i) Phase current : Iph = ?P: = 550 = 29,1089 A

ii) Line current : I = V31 =/3x29.1089 = 504181 A

ii) Total power consumed : P = 3V, I, coso=+/3x400x504181x cos(43.304")

= 2542 kW
iv) p.f. and p.f. angle : pf angle = 43.304°

and pf. = cos (43.304°) = 0.7277 lagging
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6.13 About Wattmeter

It is a device which gives power reading, when connected in single phase or three
phase system, directly in watts.

It consists of two coils.
i) Current Coil : This senses the current and always to be connected in series with the

load. Similar to ter, the resistance of this coil is as small as possible and hence its
cross-sectional area is large and it has less number of turns.

ii) Voltage Coil : This is also called pressure coil. This senses the voltage and always to
be connected across the supply terminals. Similar lo voltmeter, the resistance of this coil is
very large and hence its cross-sectional area is small and it has large number of turns.

Key Point: [t is important to note that wattmeter senses the angle between current phasor
which is sensed by its current coil and voltage phasor which is sensed by its voltage coil.

It will not read phase angle ‘¢’ all the time. It depends on how we connect its current
and voltage coils in the system. As ‘¢ is the angle between Von and Lo if wattmeter has
to sense this, its current coil must carry phase current i, and its voltage coil must sense
phase voltage Vo In general if I, is the current through its current coil (may be phase or
line depends on its connection) and V. is voltage across its pressure coil (may be phase
or line depends on its connection ) then wattmeter reading is,

W = Vpcx I, cos (]:" \‘pc) watls

Angle between V. and I_ is to be deciiied from the phasor diagram.

pc
A If I, = Iphﬂ and V. =V, then
1" Vpe = 1,," Vy, = ¢ and then
only wattmeter reads per phase

power which is Vphlph cos @

M d 'k # L —= Current coil
c '——W\N——' V —= Pressure coil

Fig. 6.20 A \:valh'neler can be represented
symbolically as shown in Fig. 6.20.

The terminologies used to denote current and pressure cail are,
M = From mains, L = To load = For current coil

C = Common, V = Voltage = For voltage coil
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6.1

Case i)

4 Examples of Wattmeter Connections and
Corresponding Readings

to measure power.

laa

Consider delta connected inductive load and wattmeter connected as shown

R
Three phase
supply
[}
Y o—at
ls
B Y
Balanced Delta Load

Fig. 6.21

Find the reading on it. Will it measure phase power ? Let us find it out.

For wattmeter :

while

Now

Hence angle between Vi, and I

Iz =1 = Line current

VN = Vpy =V, =V as delta load
W= VI m»(VPC 1)
= VR\"IR‘“‘S(VRYA[R)
g = I, and Viy = V=V,
is not ‘¢,

Assume load having
cos ¢lagging p.f.
Ty = Iyg = Tpp = 1pn
=Vl

To find Vg, " I let us draw

phasor diagram as shown in the
Fig. 6.22.

For delta connected load,
g =lgy =Igg
Phase current Iy lags phase

vollage Vgy assuming that load
p.f. is cos ¢ lagging.
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From phasor diagram it 1s clear that,
Vy by = (30+0)°

W = VpyxIpxcos(30+4)

W = VI cos (30+0) W

This is not a phase power reading.

Case ii) Now let us shift the same wattmeter in such a way that it has to read phase
power Vi, 1, cost . For this I = L = Igy OF Ty of Igg and Vi .= Vi, = V| = Vi or Vyy 0r

Vg Accordingly wattmeter coils must be connected such that I,= 1, and V. = V

s @S

ph

Iph’ \’Fll = vand then it will read \"ph [I’h cos0 which is phase power. The connections can be
shown as in the Fig. 6.23.
Iy ]
: NE,
Three phase supply - z
1, o
A Z',, [N <.
zhh
[ 1
Bo u 8 I 1%
Fig. 6.23
For wattmeter © I, = [ph =lgy and Vo = Vpy = \’Ph

< Wattmeter will read, W = 1.V, cos(1°Vp, ) = Ly Viycos (Lpy*Vgy)

W = Loy Vincoso= phase puwcr]

Key Point: Wattmeler will not always measure phase power. Ils reading depends on the
angle between current sensed by its current coil and voltage sen..d by ils pressure coil. This
depends on its comnections m the circuit.

Three wattmeters measuring power in three phases may be connected to measure
power, But connecting wattmeter to measure phase power is not always possible if neutral
point of star connected load is not available out side. Similarly in delta connected load to
measure phase current it is necessary to open delta load to insert current coil of the
wattmeter is discussed above, which is not practicable. The best method of measuring
power whether load 1s star or delta connected, balanced or unbalanced, neutral is available
or not 15, using only two wattmeters. The method is called Two Wattmeter Method.




Elements of Electrical Engineering 6-21 Three Phase Circuits

6.15 Two Wattmeter Method

Method of Connection :

The current coils of the two wattmeters are connected in any two lines while the
voltage coil of each wattmeter is connected between its own current coil lerminal and the
line without a current coil. For example, the current coils are inserted in the lines R and Y
then the pressure coils are connected between R - B for one wattmeter and Y- B for other
wattmeter, as shown in the Fig. 6.23.

The conneclions are same for star or delta connected load. It can be shown that when
two wattmeters are connected in this way, the algebraic sum of the two wattmeter
readings gives the total power dissipated in the three phase circuit.

If W, and W, are the two wattmeter readings then total power

W = W,+W, = Three phase power J

6.15.1 Proof of Two Wattmeter Method for Star Connected Load
Consider star connected load and two ﬁ;ltmutcrs connected as shown in the Fig. 6.24.

Fig. 6.24

Let us consider the r.m.s. values of the currents and voltages to prove that sum of two
wattmeter gives total power consumed by three phase load.

W, = Iy %V, xcos (IR“\-’R“)

W, Ly xVypxcos (I\'wvn)
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To find angle berween (1 and Vig;) and (Iy and Vi) let us draw phasor diagram.
(Assuming load p.f. be cos 0 lagging)

vﬂ
I, %/30°
Vi,
Vya
Fig. 6.25
vms = T"R ‘vu
and Vin = Yy =V
Vo'ly = 0and Vy "Iy =0
Vg = Vy=Vy= “'pr.
and Vig = Vyg = VL

lg = Iy =1 =1ph
From Fig. 6.25, 1,"Vyp =30~ 0
and 1, "V = 30+ 0

W = 1, Vi cos (30-0)

‘ Wy = Vil cos (30-9) ’

and W, = [V cos (30+4)

‘ W, = VI cos(30+9)

Wi+ W, = V1, [cos (30-0)+cos (30 +06)]

= Vi 1y [cos 30cos o+ sin 3 sin 0+ cos 30 cos o—sin 30 sin ]
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09 = BX35.5 L 1HP. = 7355 watts
Pl]\
' = 1225833 W
But P, = ﬁ\"LILmsc

12258.33 = 3V 1, %08
V.1, = 88469 and ¢ = cos™ 0.8 = 36.86°
W, = VI, cos(30-¢)= 8846.69 cos (30~ 36.86)
= §783.1737 walls
and W, = V1 cos{30+0) = 8846.69 cos(30 + 36.86)
= 3476.569 watts

6.16 Power Factor Calculation by Two Wattmeter Method
In case of balanced load, the p.f. can be calculated from W, and W, readings.
For balanced, lagging p.f. load, W, = V| I; cos(30-¢)
W, = VI cos (30+9)
Wy + W, = V3V 1, coso (1)
Wy =W, = Vi1 [cos(30-8)—cos (30 +0)]

=V, I; [cos 30 cos ¢+s5in 30 sin ¢~cos 30 cos ¢+sin 30 sin ¢

i

V 1, [2 sin30 sin¢]= vL[L[zx% x sin c]

- W, =W, = V, I sin(® (2
Taking ratio of (1) and (2),
W, -W, VI sindo  wng
W1+W: - ﬁVLlLCOSQJ_ \G
J3(w,-wW
e = L2(Wi=Wa)
(W, +W,)
NETR Y
.. [ (v, z)}
(W, +W;)
(W, -wW
pf.coso = cos||an"I MjH
(W, +W,)
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For leading p.f. we get tan ¢ negative. But cosine of negative angle is positive.
Key Point: So cos ¢ is always positive but its nature must be determined by observing sign
of tan o.
6.17 Effect of P.F. on Wattmeter Readings
For a lagging p.f. W, o= V1 cos(30-9)
W,

Vi I cos(30+¢)
Consider different cases,

Case i) cosd = 0 ¢=90°

]

1
W, = Vil cos(30-90) = 45V 1}

1
Wy = Vil cos(30+90) = ~5 VI

ie. W, + W, =0
Wi = [Wy]  but W,=-w,

Note : Wattmeter can not show negative reading as it has only positive scale.
Indication of negative reading is that pointer tries to deflect in negative direction i.e.
to the left of zero. In such case, reading can be converted to positive by interchanging
either pressure coil connections ie. (C« V) or by interchanging current coil
connections (M ¢ L). Remember that interchanging connections of both the coils will
have no effect on the wattmeter reading,.

Key Point: Such a reading obtained by interchanging connections of either of the two coils
will be positive on wattmeter but must be taken as negative for calculations.

In the case discussed above W, will show positive reading with normal connections
while W, will try to deflect in negative direction and hence W, reading must be obtained
by reversing connections of cither of the two coils and must be taken as negative.

M WL MW L
o LD LIJTN
[Pressure coil
C‘_M/\'V_’U CJ_MM—'V connections are
reversed]
For +ve reading For -ve reading

Fig. 6.29 Negative reading on wattmeter
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So on wattmeter W, = W, but W, must be taken as negative as this reading will be
obtained by reversing connections of any one coil.

Case ii) coso = 0.5, ¢=60°
W, = VI cos(30-60) = V| 1 cos30
= positive
W, = VI, cos(30+60) =0

W, + W, = W, = total power.
One wattmeter shows zero reading for cos ¢ = 0.5. For all power factors between 0 to
0.5 W, shows negative and W, shows positive, for lagging p.f.
Case iii) cosd = 1, ¢=0°
W, = VI cos(30+0) =V I cos30 = +ve
W, = VI cos(30-0) = V| I cos30= +ve
Both W, and W, are equal and positive. For all power factors between 05 to 1
both wattmeter gives +ve reading.
In short, the result can be summarised as,

Range of p.f. Range of * ¢' W, sign W, sign Remark
cos =0 & = 90° positive negative AR
0 £cos¢s05 907 £ ¢ £ 607 positive negative
cos o= 0.5 @ = 60" positive 4]
05 £cos 021 80"~ ¢~ 0° positive positive
cos =1 o=0 positive positiva W= W,
Table 6.1

Key Point: The Table 6.1 is applicable for lagging power factors but same table is
applicable for leading power factors by interchanging columns of Wy and W,.
The curve of p.f. against K is shown in the Fig. 6.30 where,

smaller reading

K = larger reading
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cos ¢ (lag or lead)

1
]
|
]
1l
1
1
|
1
|
|
1
1
|
|
'
I
I
I
}
1

- + 4 " +

-1-075-05 ~025 D 025 05 0.75

Fig. 6.30 Effect of p.f. on wattmeter readings
6.18 Reactive Volt-Amperes by Two Wattmeter Method
We have seen that,
Wy =W, = VI sin¢
The total reactive volt-amperes for a 3 phase circuit is given by,
Q = V3V I sino =+3(W;-W, VAR

Thus reactive volt-amperes of a 3 phase circuit can be obtained by multiplying the
difference of two wattmeter readings by +/3.

So, S = apparent power 3 V1. VA or kVA
P = active power = +/3V_ I cos 0= Wy + W, W or kW

Q = reactive power = /3 VI sin 0= +/3 (W; - Wo) VAR or kVAR

6.19 Advantages of Two Wattmeter Method

The various advantages of two wattmeter method are,

1. The method is applicable for balanced as well as unbalanced loads.
. Neutral point for star connected load is not necessary to connect the wattmeters.
. The delta connected load, need not be opened for connecting the wattmeters.

. Only two wattmeters are sufficient to measure total 3 phase power.

[ T

. If the load is balanced not only the power but power factor also can be
determined.
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1

Xe = IR0C = Jnsom1ox10 S,
= 16.076 Q Qy(lead)
th = 6-j16076 2 =17.159 £ -69.53°Q pa
Py
Fig. 6.31 (c)
Von = Vp =415V
... delta connection
V 2
= P 415
Iph ?I"' 17.159 1855 A
I, = V31, =3x241855 = 41.89 A
P, = V3V I cos 0 = 3 x 415 x 41.89 x cos (- 69.53")
= 10515405 W
and Q, = Y3V, I sing =3 x 415x 41.89 x sin (- 69.539
= - 28209.257 VAR .. = ve as leading
Py = P+ Py = 16265813 W
= + S7
Qr A+ Q Qq{lead)
= 4312.8065 - 28209.257
= - 23896.4505 VAR - o
... Leading Fig. 6.31 (d)
_Qp _ 2389.4505 _
tan 07 = = T gy = 14699
o = 55.77° ie.  cos ¢ = 05624 leading
i) Total power consumed = Pr= 16265813 W
ii) Pr = 3 VI cos o7
16265813 = 3 x415x% Iy, = 0.5624
Ip = 4023 A ...Total line current
v 39.6 -
iii) b 296 0396 A and o) = cos™ 1 08 = 36.86°

Zopy =

i 10

rh
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Zyw = 2396 £+36.86°Q
iv) pfofload B = cos (- 69.53) = 0.3497 leading
Jmep Example 6.9 : A balanced star connected load of (8+j 6) Syfphase is comnected to a
3 phase, 440 V supply. The line voltages are
Vey =440 £ 0°V, Vyg =440 £ = 120°V, Vi = 440 £ + 120°V
Find the phasor expressions for the line currents Iy, I, and Ig. Draw the phasor diagram.
Solution :  Given : Star connection, Zy, =8 +j 6 Q, Vi =440 V
To find : Phasor expressions for Ig, Iy and I
Zy, = 8+j6=10 £368698° Q
V. 0

Vv = e = e = 254034 V
NE S |

For star connection

<l

I

ph
ph T S

|l

But in this V, is not reference.

ol

ph
This indicates that angle of Vo is not zero.
This is clear from the fact that line voltages are given by,
Vgy = 400 Z0°V, Vyp=#0 £ -1200V, Vg =40 2+1200V
Angle of Vp, can be calculated from phasor diagram as in the Fig. 6.32.

Viga=V,

&= 36.86°

Vi leads Vi, by 30°

Loy lags Vi, by angle ‘¢

#n .y, |in every phase, as load|
v, | 15 balanced and inductive|

35 V=V, =440V

V=V

Fig. 6.32
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Vo _ 254,034 £-30°

bt = 5 = 9535 8608
Zph

= 254034 £ 66.8698° A

v .
_ ¥ph2 25034 £-150° _ .
Ly = 7, 2% = 254034 £ - 186.8698° A
J Vs 2a0BiLas0n s
Lns = 2, W0Z%E :
Now for star, [ph = Iy
kR =Lu=hL
Iy = Lo =1y,
- IB = lph3=IL

Phasor expressions for Ig, Iy, Iy
Iz = 254034 £ - 66.8B698° A

Iy = 254034 £ 1B6.8698° A

Iy = 254034 £ +531302° A
", Vpn lags V, by 30° for star connection.

Angl.e F:elween VL and Vp, is always 39

i i

imep Example 6.10 : In a 3 phase, 4 wire system, the line voltage is 400 V and purely
resistive loads of 5 kW, 11 kW are connected between lines and neutral. Draw the circuit
diagram, calculale current in each line, current in the neutral,

Solution : Iy = Iy + Iy + I (vector addition)

cos & for all loads is unity as all are resistive in nature.

Vv 400
Ve = ko300 oap0sv v
N AN "
R T
1
SkW
1
Y |: T
It
B !3 l\.« T
] 1 Ig
1 vt
P
" & & 1

Fig. 6.33 Circuit diagram
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P Vph Iy, cos ¢
5%10° = 23094 % Iy < 1
Ly = [g=2165A

- 11x103
| ! =
v Similarly Iy 350 911
ot
iy I
" )
Gﬂi(‘\ ' =47.63 A
semeeedpe _ 16x10°
6 i‘\, and Ts = 735 95%1
S = 69.282 A
£
Iy ! MNow these currents can be represented
Fig. 6.34 as in the Fig. 6.34.
To find Iy + Iy + Iy let us find horizontal and vertical components of each current.
Vertical Horizontal
I 0 +2165
1y ~ 47.63 sin 60 = — 41.24 - 47.63 » cos B0 = — 23.815
Ig + 69.28 sin 60 = + 59.99 - 69.28 = cos 60 = — 34.64

Total Herizontal Component = 21.65 - 23.815 - 34.64 = - 36.805
Total Vertical Component = 0 - 41.24 + 59.99
= + 1875

. 2 2
"INmagnirude = (I)=+(1y)

[ p—Y
= (36.803)% +(18.75)

= 41.3058 A

Fig. 6.35

iy Example 6.11 : A balanced three-phase star connected Joad of 100 kW takes a leading
current of 80 Amp, when connected across 3—¢, 1100 volt, 50 Hz supply. Find the value of
resistaitce f phase and capacitance f phase of load and p.f. of load. If the same load is
connected m delta, calculate power consumed.

Solution : Pro= 100kW, [ = A0 A, V| =1100 V, =50 Hz, star
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Vph _ 2309401

oS Ry TTI00

—

= 23094 A

T = 1, =2.3094 A
‘E\’I.IL cos &= +/3x400%2.3094x1 = 1600 W
b) Delta : Vo = Vp =400V

==
n

Ypn 00,
P Ry TT00

I, = V3l =4/3A

ph —
P = J3V I coso=/3x400x43x1 = 4800 W

If now one of the three resistances is open circuited,

a) Star :
1
=] L
R
1.
V=400V Ran Ry
100 2
V=400V
Ron
woa
B
Open
Fig. 6.36 (a)
V, 400
I, = ok = BV _ o
L T 2R, T 2x100
P = If Ry, #If Ry, = 4x100+4x100 = 800 W
b) Data :
I
R R
'
V=400V Tont Tonz
Ye —~ ¥ Roh Rona
A ——
B

Fig. 6.36 (b)
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v 100
[, = =B =" =4A

PRI Ry T 100

Vry _ 400
I = Sl = =4 A

P2 = R T I00
Totall;, = ]phl th‘z =8 A

= 12 2
P = IplllxRp|\+Ip]|2R[.|1\

= 16x100+16x100 = 3200 W

Examples from G.U. and G.T.U. Papers

iy Example 6.13 :  Two wattmeters connected lo measure 3-phase power for star connected
read 5185 kW and 10.37 kW. The line current 10 A. Calewdate i) Line and phase voltages
if) Resistance and reactance per phase. IGU:1999]

Solution : W, = 1037 kW, W, =5.185kW, 1, =10 A, star

V3w, -w,) }

cosd = cosqtan”
[ [W,erz)

= cos (+ 30" = 0.866 lagging.
Pp = Wi +W, = J3V, I coso
o (103745185)x10% = J3xV, x 10 x 0.866

vV, = 1037.03 V ... Line voltage
v, 1037.03

AP "N

\},h =5 7 598.7297 V ... Phase voltage
v

_ Ven _ sogmor _ o

Zpm = 1 = g = ana WIp=Ty =10 A
P

RPh = Zpycoso = 59872 x 0866 = 51.849 Q

Xpp = Zp,sing = 59872 x sin30 = 29.936 Q2
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mmp Example 6.14 :  Three similar coils each of resistance 28 © and inductance of 0.7 H are
connected in i) star and ii} della. If the supply voltage is 230 V, 50 Hz, calculate the line

current and the total power consumed. [GTU : Dec.-2008]
Solution : V=230V, f=50Hz L=07H,R=280,X; =2nfl=2199110Q
. th = R+jX, = 28+j219911Q = 221.686 £8274"Q
‘_F
: 1 =L - 7905
1) Star connection hence \«’Ph 7 132, v
Cooo Vpno | 1327905200 0L 82740 A
Tz T missezsme T 04T

I, =1y, =064

P = V3V 1 coso = /3%230x0.6%cos(8274°) = 30.2058 W
ii) Delta connection hence Vp:h =V, = 230V
v o
- P B0LO g7
Iw = 7~ = PieEezemr = V0975 £-8274° A

ph
I = 31, = J3x10375 =1797 A

P = V3V 1 coso = JIx1797x230% cos(8274°) = 90.466 W

iy Example 6.15 :  The power taken by a 3-phase, 415 V, delta connected motor is
measured by two wattmeter method and readings of two waltmelers are 3 kW and 1 kW
respectively. Estimate : i) power factor and i) line current of motor.
[GU : June-1998; Aug.-2001]
Solution : Delta, V| =415V, W; =3 kW, W, =1 kW

- L AW T [ [4E(E-)
Ve el

3x2
cos{ tan! [J_: “ = cos (40.8933%) = 0.7559 lagging.
L
ii) Ppo= Wy +W, = 3+1=4kW butPp =3V I, cos¢
4x10% = J3 x 415 x 1} x 07559
I, = 73615 A

sy Example 6.16 : A balanced inductive load conmected in star across 415 V, 50 Hz,
3-phase supply takes line current of 25 A. The phase sequence is RYB. A single phase watt
meter has tts current col connected in R line and its voltage coil across the line YB. With
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this connection, the reading 15 8§ kW. Draw the phasor diagram and determine.

1) the kW i} the KVAR i) the kVA i} the p.f. of load. [GU : May/June-2001]
Solution : V| =415V, I| = 25 A, star
kT W =B kW

1

Fig. 6.37 (a)
For W,

lee = Tge Vpc =Vyg
Vip = VWw-Vp
In each phase, Loh lags Vih by angle .
The phasor diagram is shown in the Fig. 6.37 (b).
Va
W = Ig Vyg cos(Ip *Vyg)
8x10% = I; V; cos{90°-¢)

8x107 = 25x415xsino

sind = 0.77108
cost = 0.6367
& = 504538°

VYH

Fig. 6.37 (b) )
i) Py = V3V I coso = J3x415x25%06367 = 114415 kW.
ii) Qp = 3V 1 sing = J3x415%25% 077108 = 13.8563 KVAR.
iii) Q = JP.E +Q% = J(11.4-115)3 +(13.8563)% = 17.9695 kVA.

iv) cos¢ = 0.6367 lagging
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mmp Example 6.17 : A 3-phase, 400 V, induction motor has a power factor of 0.5 lagging.
Two wattmeters are connected to measure the inpul power. Find the readings of each

wattmeter if the input power is 25 kW, [GU : May/June-2001]
Solution : V| =400V, cos ¢ =05lag, Pp =25kW
JV3(W-W
Now, cos & = cos{tan”! ( 1 2) .
( W, +W,)
V3 (W -W,)
0.5 = cosqytan™
(WI +W2
. o ] B(W -wy) ~ B
o 60° = tant |1 27 but P = W, +W, = 25 kW.
(WI + ‘r\l’z) ©
an 6o = L (Wi-Ws) ie. W, - W, = 25000 (1)
‘ - 25x103 = 20"
While W, +W, = 25000 2)
2W, = 50000 ie. Wy = 25kW, W, = 0kW.

sy Example 6.18 : A balanced star connected load is supplied from a symmetrical 3 phase,
440 wolts, 50 Hz supply. The current in each phase is 20 Amps and lags behind its phase
voltage by an angle of 30°,
Caleulate : i} Phase voltage i) Resistance iii) Impedance iv) Reactance wv) Power in
3 phase circuit vi) Power factor vii} Reading of two waltmeters.
[GU : June-1998, July-2002, Dec.-2002]
=20 A, lagging Vph by 30°, star

Solution : V| =440V, 1,

V) 440
i Vo= —= == = 254034V ... Star
S B
Let Vg, be the reference i.e. Vo = 254034 £ v
Vi Iph =20 £-30"A ... Given
-30° : Z = Jph _ 254031 £0°
- "o T WL
= 127017 £+30°Q
= 11 +j 63508 O
len But Zon = Ry +iXyp,

Fig. 6.38
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P = 3V I cos¢ = 3x415x47.92x06 = 20.666 kW.

nmp Example 6.23 : Three coils each of inductance and resistance of 1 H and 100 ohms
respectively are connected in delta and joined to a 3 phase, 440 V, 50 Hz a.c. supply.
Caleulate : i) Power factor of the circuit 1) Total power i) Impedance per phase
iv) Line current ) Phase current. [GU : June-2000, 2004; Dec.-2001, 2004]
Solution : Lop =1 H Ry, =100, Delta, Vi = 440 V, f =50 Hz

Xppn = 26fly, = 20x50% 1 = 31415920
?’.ph = Ry +j)(|lph = 100 +j 3141592 Q = 3296907 £ 72343 Q
o = 72.343°
cos & = cos (72.343°) = 0.3033 lagging ... Power factor
Vph =V, = 40V ... Delta connection
Vv
Vel e
Ilph[ = |Z T TR S 13345 A .- phase current
phl
I = V31, = V3x13345 = 23115 A ... Line current

Pr = +3V, 1, coso =+/3 x 440 % 23115 x 0.3033 = 534.293 W.

mp Example 6.24 : A balanced star-connected load each phase having a resistance of 10 Q
and inductive reactance of 30 Q is connected to 400 V, 50 Hz supply. The phase sequence is
RYB. Wattmeters connected to read total power have their current coil in the red phase and
blue phase respectively. Calculate the reading on each wattmeter and draw a phasor diagram.

[GU : July-2005)
Solution : The circuit diagram is shown in the Fig. 6.39 (a).
I 77T ce W
R Ly —
|V
bmmmem RE__D 10+j300
y =31.622 £71.56° Q2

Fig. 6.39 (a)
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For W, \."pc = Vpy
For Wy, \r'p( = Vpy

Va-Vy, I =1y

Ve = Vy, e =1g

In each phase, 1) lags V, by angle 71.56". The phasor diagram is shown in the

Fig. 6.39(b).

Vay

S AN -y
Vey 307 &g ; Vi
i Fd
I ”" _,"’
o ; /
? / <]
/ )
. r
—— ; Ve
h
H I
|
1
i
VY
Fig. 6.39 (b)
Wy = Vyyly cos(Vgy 1) = V1, cos(30-0)
Wy = Vpylp cos(Vpy Ip) = VI, cos(30+4)
Vv, 400
= L -2t
Ve = 5 = 3 = 201V
v
ph 230.9401
1 = e = " = 7303 =
P Zon 31622 730IA =L,
W; = 400x7.3031xcos(30°-71.56") = 21B5.8511 W
W, = 400x7.3031xcos(30°+71.56") = — 585398 W

Key Point: Cross check that Py

= Wy *WZ‘:“@VL f;_ cos @,
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Inmp Example 6.25 :

Zp,

Vph

cos o

A star connected three phase alternator supplies a delta connected load.
The impedance of eacl load branch is 8+j6 ohum. The line voltage is 230 V.
Determine : i) Current in the branch. i) Power consumed by the load iii) Power factor
of the load iv) Reactive power of the load. [GU : Nov.-2005]

Solution : Delta connected load, Vi = 230 V

B +j6 Q=10 £36869" L, ¢=36.869°

V=230 20V ... Delta
v 230 £0°

_ph __ewelt _ o

Z,, = WZw%my - BCT6TA

V3 1y, = V3x23=398371 A

V3V 1) coso = J3x230x39.8371x% cos( 36.869°)

12.696 kW . Active power
Y3V 1 sing = 3x230x 39.8371x 5in ( 36.869°)

9.521 kVAR .. Reactive power

cos (36.8697) = 0.8 lagging ... Power factor.

jnmp  Example 6.26 : The inpui power to a three phase load is measured by fwo waltmeter
method. The ratio of the readings of the two wattmeters connected for 3 phase balanced load
is 4 : 1. The load is inductive. Find the load power factor. [GTU : March-2009]

Solution : W; : W,

cos O

is

4:1 hence W;=4W,

Co3 [ tan ! [ﬁ.{_‘\ﬁ_—ﬂ“ = COs l tan~! [@Mﬁlﬂ
[4 W, + w:)

cos {tan ‘l[ﬁ..._;?_.:l} = cns{t:m - [1.0392]}

cos (46.1021%) = 0.6933 lagging o Power factor

Review Questions

1. What are the advantages of a three phase system 7
2. Explain in short the three phase generation,

3. Define : Symmetrical system and phase sequence.
4. Explain the concept of balanced load.
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5

Explain the difference between a line voltage and phase voltage, similarly line current and
phase current.

. Derive the relationship between a line current and a phase current and a line voltage and a

phase voltage related to a star connected and delta connected load.

. State the power relations for a three phase system and explain a power triangle.
. A balanced 3 phase load connected in delta, draws a power of 1044 kW at 200 V at a p.f of

0.5 lead, find the values of the circuit elements and the reactive volt amperes drawn.
(Ans. : 2.8736 £, 639.17 uF, 18.0825 kVAR)

. A balanced 3 phase star connected load of 100 kW takes a leading current of 80 A, when

connecled across a 3 phase, 1100 V, 50 Hz supply. Find the circuit constants of the load per
phase.
(Ans. : 5.208 {3, 530,516 uF)

. Three similar choke coils are connected in star to a three phase supply. If the line current is

15 A, the total power consumed is 11 kW and the volt ampere input is 15 kVA, find the line
and phase voltages, the VAR input and the reactance and resistance of each coil.

If these coils are now connected in delta calculate phase and line currents, active and reactive
power. (Ans. : 10.197 kVAR, 30.592 kVAR)

. Three pure elements connected in star, drow -x kVAR. What will be the value of elements

that will draw the same EVAR, when connected in delta across the same supply 7
(Ans. : Three times than original)

. A 3 o star connected source feeds 1500 kW at 0.85 p.f. lag to a balanced mesh connected

load, Calculate the current, it's active and reactive components in each phase of the source
and the load. The line voltage 15 2.2 kV.,
(Ans.:463.112 A, 227.27 A, 140.91 A, 303.64 A, 244.06 A}

. For a balanced three phase wye connected load the phase voltage Vg is 100 £ - 45° and it

draws a line current Iy of 5 #+ 180°. i) Find the complex impedance per phase ii) draw a
power triangle and identify its all sides with magnitudes and appropriate units. Assume phase
sequence R-Y-B.

(Ans. : 20 £15°4})

. Each leg of a balanced delta connected load consists 7 ohms resistance in series with 4 ohms

inductive reactance. Line-fo-line voltages are : Ly = 2360 £ 0"V, L. = 2360 £~ 120° V,
L, =2360 £ + 120°V

Determine :  a) Phase current L, Iie and L (both magnitudes and phase}

bi Each line current and its associated phase angle.

c Load power factor.

d} Draw with the istruments, phasor diagram based on circuit dingram and clearly indicate
on both circuit diagram and phasor diagram :
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1

fary

16.

e

18.

20

21

22,

i) Line currents. i) Phase currents  1ii) Lne voltages.
i) Phase voltages v} Load phase angle

e} Find the impedance per phase that draws the same power at the same power factor.

(Ans.:292.724 292724 /- 29.74°A, 292724 /- 149.74°A, 292724 £ + 90 26° A,
507.012A, 0. 86821ag, 8.0622 - 29.24 ()}

. With the help of comnection diagram and phasor diagram, show that twe wattmelers are

sufficient to measure active power in a tiree phase three wire system with,

i) balanced star connected load

ii} balanced delta connected load.

Explain how the power factor can be calculated by two waltmeter method.

Explain the effect of power factor on two wattmeter readings in a bwo watbmeter mekod.

Two wattmeter method is used to measure power in a 3-phase balanced load. Find the power
Sactor if-

i} the two readings are equal and have the same sign,

ii} the bwo readings are equal and have opposite sign,

ifi} the readings of one watlmeter is zero.

iv) the reading of one wattmeter is half of the other wattmeter.
{Ans. : (i) =1, (ii) = 0, (iii} = 0.5, (iv) = 0.B660 )

. Find the power and power factor of the balanced circuit in which the wattmeter readings are

5 kW and 0.5 kW, the latter being obtain after the reversal of the current coil terminal of the
wattmeler.

{Ans. : Power = 4.5 kW, Power factor = 0.4271 lagging)
A 3-phase, 220 V, 50 Hz, 11.2 kW induction molor has a full load efficiency of 88 percent
and draws a line current of 38 Amps under full load, when connected to 3-phase 220 V
supply. Find the reading on two wattmeters connected in the circuit to measure the input to

the mator. Determine also the power faclor at which the motor is operating.
(Ans, : W, = B357.0699 watts, W= 4370.2028 watts, 0.8789 lagging)

A 10 HP, 3 phase Induction Motor having an efficiency of 90% and power factor of 0.87 is
connected to a 400 V supply. When running on full load, determine the reading on each of
the wattmeters connected to measure the input. {Ans. : 5423.026 W, 2749.219 W)
Two wattmeters are connected to measure the input power in a three phase, balanced star
connected circwil. The fwo wattmeters Wy and Wy read + 2kW and — 2 kW respectively. If
the circuit is fed by three phase, 50 Hz, 400 volt balanced supply. Find (i) the total power
input. (i} power factor of the load (iii) line current (iv) phase current. (v) per phase power.
(ww)if Wy =Wy = +2 kW, find the p.f. of load. (Ans.: 0W, 0,10 A,5.773 A, 0W, 1)
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23, Two wathmeters are connected to measure total power in a balanced delta connected load

Impedance of cach branch of load is (6 + j8) ohms. If the load is connected to a 400 volt, 50

Hz, 3 phase supply, calculate : (i) Reading of the 2 wattmeters. (ii) Line current. (i) Phase
current (iv) Power factor. (v} Total reactive and active power.

(Ans. : 25485.13 W, 3314.923 W, 69.282 A, 40 A, 0.6 lag, 38.46 KVAR)

University Questions

a1

Q.2

Q3

Prove that power in a 3-phase balanced circuit can be deduced from the readings of two
wattmeters. Draw the relevant connection and phasor diagrams. Discuss the nature of power
facter 1) when two readings are equal and positive i) when two readings are equal but
opposite in sign i) when one wattmeter reads zero. [GTU : Dec.-2008, 10 Marks]

Write down the line value and phase value relationship of voltages and currents in 3 phase
star and delta connected systems. |GTU : March-2009, 7 Marks]

Derive an expression for the total power for a balanced 3 phase star OR delta connected load
n terms of line voltage line current and power factor. [GTU : June-2009, 6 Marks]

Note : The examples asked in the previous university papers are solved and included
in the chapter.

aaa
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3. Terminal voltage: When  an  external
resistance is connected across the terminals of
the cell, the current 1 flows through the circuit.
There is voltage drop 'Ir' across the internal
resistance of the cell. The cell em.f. E has to
supply this drop. Hence practically the voltage
available at the terminals of the cell is less than
E by the amount equal to 'Ir. This voltage is

called the terminal voltage V. This is shown in
Fig. 7.3 Terminal voltage the Fig. 7.3.

Cell

Mathematically, the terminal voltage is given by,

From external resistance side we can write,
Key 'Point:_' }?{i:pyiéﬁifjr'inferr;éi resz_‘srian'cé of_'éiie cell m'its'f:f_ae as s_maﬁ as p'ns;sfbt’e.
It can also be observed that on no load i.e. external resistance not connected, the open
circuit terminal voltage is same as e.m.f. of the cell, as current I = 0.

| V = E ... on no load i.c. open circuit l

7.4 Primary Cells
It is seen that the primary cell is that which is required to replace by new one when it
is run down.

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

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

Let us discuss primary cell in detail.

7.4.1 Dry Zinc-Carbon Cell

This is most common type of dry cell. It is the type of Leclanche cell.

Negative electrode — Zinc cup lined with paper

Positive electrode — Centrally located carbon rod

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

Insulating gasket

Mercury oxide

Zinc cylinder

Potassium hydroxide

Insulator - . ; /-— Steel casing
[©]

Fig. 7.5 Mercury Cell

The zinc electrode acting as negative terminal is made in the form of a hollow
cylinder. The steel casing acts as a positive terminal. The layer of mercury oxide covers the
electrolyte which is solution of KOH and ZnO. The cell is sealed with the help of
insulating gasket.

7.4.2.1 Chemical Reaction

The net chemical reaction involved in the cell is,
Zn + HgO —> ZnO + Hg

7.4.2.2 Features of the Cell
1. The chemical reaction does not evolve any gas hence no polarisation.
The cell maintains its em.f. for longer time in working condition.

The terminal voltage is about 1.2 to 1.3 V.

Cal

It has long life.

It has high ratio of output energy to weight of about 90 - 100 Wh/kg.
Costlier than dry cell.

It has high energy to volume ratio of about 500 - 600 Wh/L.

It has high efficiency.

© ® oM oe oW

Good resistance to shocks and vibrations.

10. Disposal is difficulty due to presence of poisonous materials inside.
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8. Vent-plug : These are made up of rubber and screwed to the cover of the cell. Iis
function is to allow the escape of gases and prevent escape of electroyte.

The Fig. 7.6 shows the construction of lead acid battery.

Terminals

(PbO,) ® O (Pb) Plate

Anode Cathode

H,S50,

solution

=— Container

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

Fig. 7.6 Construction of lead acid battery
The various plates are welded to the plate connectors. The plates are immersed in
H,50, solution. Each plate is a grid or frame work. Except some special assemblies, wide
space between the plates is provided. In an alternate assembly of plates, the negative plate
is one more in number than positive. So all the positive plates can work on both the
sides.

7.6.1 Functions of Separators
The separators used have the following functions in the construction of lead acid
battery :
1. Acting as mechanical spacer preventing the plates to come in contact with cach
other.

2. Prevent the growth of lead trees which may be formed on the negative plates and
due to heavy accumulation may reach to positive plate to short circuit the cell.

3. Help in preventing the plates from shedding of the active material. The separators
must be mechanically strong and must be porous to allow diffusion of the
electrolyte through them.

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

Let us discuss these processes in detail.
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1. First charging : When the current is passed for the first time through electrolyte, the
H,0 in the eclectrolyte is electrolysed as,

H,0 —>2H*+0"

The hydrogen ions as positively charged get attracted towards one of the electrodes
which acts as cathode (negative). The hydrogen does not combine with lead and hence
cathode retains its original state and colour.

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

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

So there exists a potential difference between the positive anode and the negative
cathode which can be used to drive the external circuit. The electrical energy obtained
from chemical reaction is drawn out of the battery to the external circuit, which is called
discharging.

2. Discharging : When the external supply is disconnected and a resistance is connected
across the anode and cathode then current flows through the resistance, drawing an
electrical energy from the battery. This is discharging. The direction of current is oppuosite
to the direction of current at the time of first charging. The discharging is shown in the
Fig. 7.7.

@ Negative
Po O, S— 50, ions
Anode Bb
Cathode
Positive ~— Electrolyte
H'ions

Fig. 7.7 Discharging
During the discharging, the directions of the ions are reversed. The H * ions now
move towards anode and the SO}~ ions move towards cathode.
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This is because Hy SO, decomposes as,
H, 50, — 2H'+507"

At the anode, the hydrogen ions become free aloms and react with lead peroxide
alongwith the H,;80, and ultimately lead sulphate Pb SO, results as,

PbO, + H, SO, + 2H —> Pb 50, + 2 H, O ... At Anode

At the cathode, each SO;” ion become free SO, which reacts with the metallic lead to
get lead sulphate.

Pb + SO, —>PbSO, ... At Cathode

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

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

The charging is shown in the Fig. 7.8

———External supply
fil
+ e
e
Current

Fb
Cathode

PbO, |
Anode

Fig. 7.8 Recharging the lead acid battery

Due to this recharging current flows and following reactions take place,
At the cathode, PbSO; + 2H — Pb + H, 50,

At the anode, PbSOy + SO, + 2H,0 —> PbO, + 2H,50,
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Thus the PbO; gets formed at anode while lead sulphate layer on the cathode is
reduced and gets converted to grey metallic lead. So the strength of the cell is regained. It
can be seen from the reaction that water is used and H,SCy is created. Hence the specific
gravity of H,50, which is the charging indicator of batier)', increases.

Key Point: More the specific le-_:._‘

The specific gravity is 1.25 to 1.28 for fully d'l.a:gcd battcry while it is about 1.17
to 1.15 for fully discharged battery. The voltage also can be used as a charging indicator.
For fully charged battery it is 2.2 to 2.5 volts.

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

Discharge
—_—
PbD, + 2H,80, + Pb ~—___ 2PbsSO, + 2H,0

T

Positive  Electrolyte Megalive Both anode Water
anode calhode and cathode

Fig. 7.9
7.6.3 Features of Lead Acid Battery
The various features of lead acid battery are,
1. The capacity is about 100 to 300 ampere-hours.
2. The voltage is 2.2 V for fully charged condition.
3. The cost is low.
4. The internal resistance is very low.
5. The current ratings are high.
6. The ampere-hour efficiency is about 90 to 95% with 10 hour rate.

7.6.4 Conditions of a Fully Charged Battery

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

1. The specific gravity of H;80, must be 1.25 to 1.28,
2. The voltage stops to rise and its value is about 2.2 to 2.5 V.
3. Violent gasing starts as battery is fully charged.

4. The colour of positive plate becomes dark brown while the colour of negative plate
becomes slate grey.
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7.6.5 Maintenances and Precautions to be taken for Lead Acid Battery
The following steps must be taken in the mainlenance of the lead acid battery,
1. The battery must be recharged immediately when it discharges.

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

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

.

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

wn

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

6. The connecting plugs should be kept clean and properly tightened.
7. It should not be discharged till its voltages falls below 1.3 V.
8. When not in use, it should be fully charged and stored in a cool and dry place.

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

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

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

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

13. Always keep the surface of the conlainer dry.

14. No sulphuric acid should be added till it is sure that low specific gravity is due to
under charge and not due to white sulphate formed on plates.

15. The acid used must be pure without any impurity and colourless.

16. The sparks and flames must be kept away from the battery.

7.6.6 Testing Procedure for Lead Acid Battery

1. Using hydrometer : The testing basically involves the checking of specific gravity of
the sulphuric acid. It can be checked by the use of hydrometer. The hydrometer consists of
a glass float with a calibrated stem placed in a syringe. The readings on hydrometer arc
shown in the Fig. 7.10
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7.9 Charge and Discharge Curves

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

During discharge of the lead acid cell, the voltage decreases from about 2.1 V to 1.8 V,
when cell is said to be completely discharged. The discharge rate is always specified as
8 hours, 10 hours ete.

During charging of the lead acid cell, the voltage increases from 1.8 V to about 2.5 Vto
2.7 V, when cell is said to be completely charged. If the discharge rale is high, the curve is
more drooping as voltage decreases faster. Such typical charge and discharge curves for
lead-acid cell are shown in the Fig. 7.13. While discharging the voltage decreases to 2 V
very fast, then remains constant for long period and at the end of discharge period falls to
1.8 V. While charging, initially it rises quickly to 2.1 to 2.2 V and then remains constant for
long time. At the end of charging period it increases to 2.5 to 2.7 V.

Voltage of
each cell
involts
27
2.6
25 -— Charge curve
24
2.3

22
2.1 \[
s _/

1.9
1.8
1.7
1.6
15

\ Discharge curve

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

Charging or discharging
Fig. 7.13

From the given charging and discharging curves, the time of discharge for a specified
voltage level can be obtained. This is nothing but Tp. Hence for a specific discharge
current, battery life can be estimated.
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7.10 Battery Charging

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

E,-E

- _ a b

Charging current = RoT
Where E, = Applied voltage

E, = Back em.f ie. batlery voltage
R = External resistance in the circuit
r = Internal resistance of the battery

Simple battery charging circuit used to charge the battery from d.c. supply is shown in
the Fig. 7.14.

n.C. Volimeter
supply -
- N
N i Y
r Ammeter
} ¥ = + -
S s
Battery
R
Rheostat 1'
for adjusting

charging rale

Fig. 7.14 Battery charging

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

The charging current must be adjusted such that the temperature of the electrolyte will
not increase beyond 100° to 110° F.
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7.10.1 Indications of Fully Charged Battery
The various indications of the fully charged cells are,
1. Specific gravity : The specific gravity of the fully charged cell increases upto 1.28
from about 1.18.

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

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

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

7.11 Charging Methods
The main methods of battery charging are,

1. Constant current method
2. Constant voltage method
3. Rectifier method

7.11.1 Constant Current Method

When the supply is high voltage but battery to be charged is of low voltage, then this
method is used. The number of batteries which can be charged are connected in series
across the available d.c. voltage. The constant current is maintained through the batteries
with the help of variable resistor connected in series. The circuit is shown in the Fig. 7.15.

Fuse Ammeter

o o )

i ] ; : :
“::Itg; i i Batteries
D.C. Vs
| in series
o—0

Variable
resistance

Fig. 7.15 Constant current method
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The charging time required in this method is comparatively large. Hence in modern
charger the number of charging circuits are used to give a variation of charging rates.
Initially higher charging rate is used and later on lower charging rate is preferred.

7.11.2 Constant Voltage Method

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

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

The Fig. 7.16 shows the cascade resistances used for the charging of batteries on d.c.
mains supply.

D.C.

AAA
VWA

AAMA
VW

]

switch | & » | | *

supply
* R; F% R
v NN NN \

]
5 S'ncID S(I)
G O O

Batlery Battery Battary
B, B, Bs

Fig. 7.16

The Fig. 7.17 shows the parallel charging circuit in which 2 separate groups each of 4
cells in series are connected in parallel across the mains.
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Fig. 7.17 Parallel charging circuit

7.11.3 Rectifier Method

When battery is required to be charged from a.c. supply, the rectifier method is used.
The rectifier converts a.c. supply to d.c. Generally bridge rectifier is used for this purpose.
The Fig. 7.18 shows the circuit used for rectifier method.

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

1
1
3
Fuse '
1 H
S I‘
I et ]
AC. ' 5
supply ; = |Battery
—_— ! i T
7 | !
Step down ! !
transformer ' :
I
1 1
1
1

lemmmmmmme e Switch Ammeter

Fig. 7.18 Rectifier method
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7.12 Grouping of Cells

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

1. Series grouping
2. Parallel grouping
3. Series-parallel grouping

7.12.1 Series Grouping

The Fig. 7.19 shows the series grouping of cells so as to obtain the battery. There are n
cells connected in series.

Fig. 7.19 Series grouping of cells
Let E = EMF. of each cell

r = Internal resistance of each cell

<
]

Total voltage available = n x E volts

Ry = Total circuit resistance = load + cells

= Rg+nxr
fime Total voltage =~ vV _  nE A
~ Totalresistance Ry R, +nr

Key Point : In serics circuit, current remains same. So this method does not
improve current capacity. The current capacity is same as that of each cell connected
in series; But voltage can be increased by increusing number of cells .

7.12.2 Parallel Grouping

In this method, positive terminals of cells are connected together and negative
terminals are connected together as shown in the Fig. 7.20.
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Battery
" J @ 1
i
i
! Load
| v R,
i
i
’ ©

Fig. 7.20 Parallel grouping of cells
The terminal e.m.f. of each battery must be same as E.

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

11+12+13+..,+]n|

Key Point: [ can be seen that o parallel grouping, the voltage remams same but
by mcreasing number of cells the current capaetty can be increased.

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

7.12.3 Series-Parallel Grouping

Practically the various groups can be connected in parallel where each group is a
series combination of cells as shown in the Fig. 7.21.

Group 1 Group 2 Group 3
n"“'\ """ H F-""\""'I :'""\“'"':
H i H [ '
== T
Series b L i v+ L i v L !
1 - ] - 1 -
el cL i i rL b L
1 L}
ineach || 7 [ Loy :l i :E Load
group :I _ ! ! ! i _ ! = R
1 ' : I " 1 1’ '
[ i | A I i L IS P—— ¥

Groups in parallel
Fig. 7.21 Series-parallel grouping
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This is used to satisfy both voltage and current requirement of the load.

7.13 Alkaline Cells
The secondary cells can be alkaline cells. These are of two types.
1. Nickel - iron cell or Edison cell

2. Nickel - cadmium or Nife Cell or Junger cell

7.14 Nickel - Iron Cell
In this cell,
Positive Plate — Nickel hydroxide [(Ni(OH) 5]
Negative Plate — Spongy iron (Fe)
The electrolyte is an alkali of 21 % solution of potassium hydroxide solution (KOH).
The insulated rods are used to seperate the positive and negative plates.
The Fig. 7.22 shows the construction of Nickel-iron cell.
®o ° @

Container

MNegative
plate of
iron

Positive
plate of
Ni{OH)4

Electralyte
KOH solution

Fig. 7.22 Construction of Nickel-iron cell

7.14.1 Chemical Reaction

In a charged condition, the material of positive plate is Ni(OH)3 and that of negative
plate is iron. When it is connected to load and starts discharging, the nickel hydroxide gets
converted to lower nickel hydroxide as Ni(OH); while the iron on negative plate gets
converted to ferrous hydroxide Fe(OH),. When charged again, reversible reaction takes
place, regaining the material on each plate.
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7.14.3 Capacity

It is mentioned that electrolyte does not undergo any chemical change for this cell.
Thus specific gravity of the electrolyte remains constant for long periods. Hence rate of
discharge does not affect ampere-hour capacity of this cell significantly. Thus Ah capacity
of Nickel-iron cell remains almost constant. But it does get affected by the temperature.
The Fig. 7.25 shows the Ah capacity against discharging time curve for Nickel-iron cell.

% Ah
capacity
100
Canstant
50
0 + + + ; Discharging lime
2 4 6 8 in hours

Fig. 7.25 Ah capacity against discharge time curve
7.14.4 Efficiency

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

7.14.5 Advantages
The various advantages of Nickel-iron cell are,
1. Light in weight compared to lead acid cell.
2. Compact construction.
3. Mechanically strong and can sustain considerable vibrations.
4. Free from sulphatation and corrosion.
5. Less mainlenance is required
6. Do not evolve dangerous attacking fumes.

7. Gives longer service life.

7.14.6 Disadvantages
The various disadvantages of Nickel-iron cell are,
1. High initial cost.
2. Low voltage per cell of about 1.2 V.
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3. High internal resistance.
4. Lower operating efficiency.

7.14.7 Applications
The Nickel-iron batteries are used in,
1. Mine locomotives and mine safety lamps
2. Space ship
3. Repeater wireless station
4. To supply power to tractors, submarines, aeroplanes etc.

5. In the railways for lighting and airconditioning purposes.

7.15 Nickel - Cadmium Cell

The construction of this cell is similar to the nickel-iron cell except the active material
used for the negative plate.
Positive plate — Nickel hydroxide [Ni(OH); ]
Negative plate — Cadmium (Cd)

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

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

The Fig. 7.26 shows the construction of Nickel-cadmium cell.

Negative plate of
iti dmium mixed
Positive plate cadmium m

of Ni(OH)y with little iron

Electrolyte
KOH solution

Fig. 7.26 Construction of Nickel-Cadmium cell
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7.15.1 Chemical Reaction

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

Discharge
2NI(OH); + 2KOH + Cd T———™ 2Ni{{OH), + 2KOH + Cd(OH),

R I T A

Positive Electrolyte Negative Posilive Electrolyte  Negative
plate plate plate plate

Fig. 7.27 Total reaction
7.15.2 Features
1. The electrical characeristics are similar to the Nickel-iron cell.
2. Due to use of cadmium, internal resistance is low.
3. The efficiencies are little bit higher than Nickel-iron ¢ 'l
4. Advantages and disadvanlages are same as that of Nickel-iron cell.

5. The various charging methods such as constant current, constant voltage, trickel
charging can be used.

7.15.3 Applications
The various applications of Nickel-cadmium battery are,
1. In railways for lighting and air conditioning systems.

2. In millitary aeroplanes, helicopters and commerical airlines for starting engines and
provide emergency power supply.

3. In photographic equipments such as movie cameras and photoflash.
4. In electric shavers.

5. Due to small size in variety of cordless electronic devices.
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7.16 Comparison of Various Batteries

strength

Sr. Particular Lead acid cell Nickel-lron cell Nickel-Cadmium cell
No.
1 Positive plate Lead peroxide Nickel hydroxide Nickel hydroxide
' (PbO,) Ni{OH)3 Ni (OH)
2. | Negative plate Lead (Pb) Iron {Fe) Cadmium (Cd)
3 Electrolyte Sulphuric acid Potassi y id Paolassium hydroxid
) H,S0, KOH KOH
4. | Average e.mf. 2.0 Vicell 1.2 Vicell 1.2 Vicell
5. Intemal resis-| Low High Low
tance
6. Ah efficiency 80 to 95 % 70-80 % 70-80 %
T. Wh efficiency 72 to 80% 55-60% 55-60%
B Ah ity Depends on discharg Depends only on tem-| Depends only on tem-
rate and temperature perature perature
8. Cost Less expensive Almost twica the lead| Almost twice the lead
acid cell acid cell
10, | Life 1250 charges and dis-| About 8 to 10 years Very long life
charges
1. | Weight Moderate Light More heavy
12, Maechanical Poor Good Good

7.17 Comparison of Primary and Secondary Cells

Sr. No. Primary cells Secondary cells
Electrical energy is direclly obtained from| Electrical energy is present in the cell in
1 chemical energy. the form of chemical energy and then con-
verted to electrical energy.
2. The chemical aclions are | bl The chemical actions are reversible.
3 Cell is completely replaced when it goes; The cell is recharged back when it goes
down. down,




Elements of Electrical Engineering 7-3 Batteries and Cables

supply system, in addition to 3 main conductors, a neutral is also included in the cable.
But due to possibility of unbalanced heavy neutral currents, the cross-section of neutral is
same as that of main conductors hence neutral is treated to be full core. Such a cable is
called 4 core cable.

7.20 Types of Cables

The type of a cable is basically decided based on the voltage level for which it is
manufactured and the material used for the insulation such as paper, cotton, rubber etc.
The classification of cables according to the voltage levels is,

1. Low tension cables (L.T. cables) : These are used for the voltage levels upto 6.6 kV.
The electrostatic stresses in L.T. cables are not severe hence no special construction is used
for L.T. cables. The paper is used as an insulation in these cables. Sometimes resin is also
used which increases the viscosity and helps to prevent drainage.

The Fig. 7.29 shows the cross-seclion of a
single core L.T. cable. It consists of a circular
core of stranded copper or aluminium. The
conductor is insulated by impregnated paper.

Over the paper insulation, the lead sheath is Lead
provided. Then a layer of compounded fibrous sheath
material is provided. Then armouring is
provided and finally covered again with a layer

of fibrous compounded material.

Many a times, L.T. cables are not provided
with armouring, to avoid excessive sheath losses.

The simple construction and the availability of more copper section are the advantages of
L.T. single core cable.

2. Medium and high tension cables (H.T. cables) : The three phase medium and H.T.
cables are three core cables. For voltages upto 66 kV, the three core cables i.e. multicore
cables are used. These cables are classified as,

a. H.T. cables upto 11 kV level which are belted type.

b. Super tension (5.T.) cables for 22 kV and 33 kV levels which are screened cables.

c. Extra high tension (E.H.T.) cables for voltage levels from 33 kV to 66 kV which are
pressure cables.

Let us see the constructional features of these types of three core cables.

Brass or steel

Fig. 7.29 Single core L.T. cable

7.20.1 Belted Cables

As mentioned earlier, these are used for the voltage levels upto 11 kV. The
construction of belted cable is shown in the Fig. 7.30.
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The cores are not circular in shape. The
cores are insulated from each other by use of Jute
impregnated paper. The three cores are grouped ’l:::
together and belted with the help of a paper
belt. The gaps are filled with fibrous material
like jute. This gives circular cross-sectional
shape to the cable. The belt is covered with lead
sheath which protects cable from moisture and
also gives mechanical strength. The lead sheath Fig. 7.30 Belted 3 core cable
is finally covered by jute like fibrous
compounded material.

The electric field in single core cable is radial while it is tangential in case of three core
cables. Hence the insulation is subjected to tangential clectrical stresses rather than radial
one. The paper has good radial strength but not tangential strength. Similarly paper
resistance along the radius is much larger than resistance along tangential path. The same
is true for dielectric strength also. The fibrous material is also subjected to the tangential
electrical stresses, for which, the material is weak. Hence under high voltage cases, the
cumulative effect of tangential electrical stresses is to form spaces inside the cable due to
leakage currents. Such air spaces formed inside the insulation is called void formation.
This void formation is dangerous because under high voltage, spaces are ionized which
deteriorates the insulation which may lead to the breakdown of the insulation. Hence the
belted cables are not used for the high voltage levels. Another disadvantage of the belted
cable is large diameter of paper belt. Due to this, wrinkles are formed and gaps may be
developed if the cable is bended. To overcome all these difficulties, the screenmed type
cables are used.

7.20.2 Screened Type Cables
These cables are used for the voltage levels of 22 kV and 33 kV. The two types of
screened cables are (1). H type cables and " (2). S.L. type cables.

7.20.21 H-Type Cables

The cable is designed by M.
Hochstadter and hence the name given
to it is H-type cable. There is no paper
belt in this type of cable. Each conductor amguing
n this cable is msulated with a paper,
covered with a metallic screen which is
generally  an  aluminium  foil.  The sheath
construction i1s shown in the Fig. 7.3L
The metallic screen touches cach other.
Instead of paper belt, the three cores are

Matall
wrapped with a conducting belt which is s:::e::

Fig. 7.31 H-type cable
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usually copper woven fabric tape. Then there is lead sheath. The conducting belt is in
electrical contact with the metallic screen and lead sheath. After lead sheath there are
layers of bedding, armouring and serving. The metallic screen helps to completely
impregnate the cable which avoids the possibility of formation of voids and spaces. The
conducting belt, the three metallic screens and lead sheath are at earth potential, due to
which electrical stresses are radial in nature. This keeps the dielectric losses to minimum.
Another advantage of metallic screens is increase in the heat dissipation which reduces the
sheath losses. Due to these advanlages, current carrying capacity of these cables increases.
In special cases, the use of these cables can be extended uplo the 66 kV level.

7.20.2.2 S.L. Cables

The name S.L. stands for separate lead screened cables. In this cable, each core is
insulated with an impregnated paper and each one is then covered by separate lead
sheath. Then there is a cotion tape covering the three cores together using a proper filler
material. Then there are the layers of
armouring and serving. The difference
between H-type and S.L. type cable is Conductor
that in S.L. type a common lead sheath
covering all the three cores is absent
while each core is provided with
separate lead sheath. This allows
bending of the cables as per the
requirement. The construction of S.L.

Paper
insulation
Separate
lead sheath

type cable is shown in the Fig. 7.32. Armouring
The three cores in this type of cable Cotton tape
are as good as three separate single Fig. 7.32 S.L. type cable

core cables.
The various advantages of S.L. type cable are,
1. Due to individual lead sheath, core to core fault possibility gets minimised.
2. The electrical stresses are radial in nature.
3. Due to absence of overall lead sheath, bending of cable is easy.
4

. The dielectric which gets subjected to electric stresses is paper which is
homogeneous hence there is no possibility of formation of voids.

5. Metal sheath increases the heat dissipation which increases the current carrying
capacity.
A combination of H-type and S.L. type cable called H.S.L. cable also can be used.
The limitations of screened cables which are also called solid type cables are,

1. It uses solid insulation only like paper. When the conductor temperature increases,
the paper gets expanded. This eventually stretches the lead sheath.
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2. When the load on the cable decreases, it cools down and there is contraction of
lead sheath. Due to this air may be drawn into the cable forming voids. This
deteriorates the cable insulation.

3. Moisture may be drawn in alongwith the air which deteriorates the dielectric
strength of diclectric.

4. Mechanical shock can cause voids. The breakdown strength of voids is much less
than insulation. Hence voids can cause permanent damage to the cables.

7.20.3 Super Tension (S.T.) Cables

In solid type cables separate arrangement for avoiding void formation and increasing
dielectric strength is not provided. Hence those cables are used maximum upto 66 kV
level. The S.T. cables are intended for 132 kV to 275 kV voltage levels.

In such cables, the following methods are specially used to eliminate the possibility of
void formation :

1. Instead of solid type insulation, low viscosity oils under pressure is used for
impregnation. The channels are used for oil circulation and oil is always kept under
pressure. The pressure eliminates completely, the formation of voids.

2. Using inert gas at high pressure in between the lead sheath and dielectric.

Such cables using oil or gas under pressure are called pressure cables and are of two
types,
a. Oil filled cables b. Gas pressure cables.

7.20.4 Qil Filled Cables

In case of oil filled cables, the channels or ducts are provided within or adjacent to the
cores, through which oil under pressure is circulated.

The Fig. 733 shows the
construction of single core oil filled
cable. It consists of concentric
stranded conductor but built around
a hollow cylindrical steel spiral core.
This hollow core acts as a channel
for the oil The oil channel is filled
in a factory and the pressure is
maintained in the oil by connecting
Semﬁ; the oil channel to the tanks which
are placed at the suitable distances
along the path of the cable.

Conductor

insulation

Fig. 7.33 Conductor channel single core oil The oil pressure compresses the
filled cable paper insulation, eliminating the
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7.204.2 Disadvantages

The disadvantages of oil filled cables are,

1. The initial cost is very high.

2. The long lengths are not possible.

3. The oil leakage is serious problem hence automatic signalling equipment is

necessary.
4. The laying of cable is difficult and must be done very carefully.
5. Maintenance of the cables is also complicated.

7.20.5 Gas Pressure Cables

In case of gas pressure cables, an inert gas like nitrogen at high pressure is introduced
lead sheath and dielectric. The pressure is about 12 to 15 atmospheres. Due to such a high
pressure there is a radial compression due to which the ionization is totally eliminated.
The working power factors of such cables is also high.

The Fig. 7.36 shows the section of a gas
pressure cable. The cable is triangular in
shape and installed in the steel pipe. The
Triangular  pipe is filled with the nitrogen at 12 to 15
shape atmospheric  pressure. The remaining

construction is similar to that of solid type
Conductor  cable but the thickness of lead sheath is 75%
of that of solid type cable. There is no
bedding and serving. The pressure cable
was firstly designed by Hochstadter, Vogel
and Bowden.

Fig. 7.36 Gas pressure cable

The triangular shape lead sheath acts as a pressure membrane. The shape reduces the
weight and provides the low thermal resistance. The high pressure creates the radial
compression to close any voids. The steel pipe is coated with a paint to avoid corrosion.

During heating, the cable compound expands and a sheath which acts as a membrane
becomes circular in such a case. When cable cools down the gas pressure acting via sheath
forces compound to come back to the noncircular normal shape. Due to good thermal
characteristics, fire quenching property and high dielectric strength, the gas SF; is also
used in such cables.

7.20.5.1 Advantages
The various advantages of gas pressure cables are,

1. Gas pressure cables can carry 1.5 times the normal load current and can withstand
double the voltage. Hence such cables can be used for ultra high voltage (UHV) levels.

2. Maintenance cost is small.



Elements of Electrical Engineering 7-37 Batteries and Cables

3. The nitrogen in the steel tube, helps in quenching any fire or flame.
4. No reservoirs or tanks required.

5. The power factor is improved.

6. The steel tubes used make the cable laying easy.

7. The ionization and possibility of voids is completely eliminated.
The only disadvantage of this type of cables is very high initial cost.

7.21 Insulating Materials for Cables

Number of layers of the various materials is used around the actual conductor in a
cable. To isolate the conductor from the surroundings, the conductor is provided with an
insulation around it. The materials like paper, vulcanized rubber, PVC etc. are used for
providing such an insulation.

The malerial to be used as an insulation must have the following properties,

1. To prevent leakage current, ils insulation resistance must be very high.
. To avoid electrical breakdown, its dielectric strength must be very high.
. To withstand the mechanical injuries, it must be mechanically very strong.
. It should be flexible.

. It should be non-hygroscopic so that it will not absorb the moisture from the
surroundings.

w o WM

. It should be non-inflammable.
. It should be unaffected by acids and alkalies.
. It should be capable of withstanding high breakdown voltages.

9. It should have high temperature withstanding capability.

Practically it is not possible to have all these properties in a single material. Hence
insulation material is selected depending upon the use of the cable and the quality of
insulation required for it. Some changes are done at the time of design depending upon
the nature of material selected. For example if the material is hygroscopic then a layer of

waterproof covering is provided around it so that moisture can not reach to the insulation.
The main insulating materials which are in use are,

1. Poly Vinyl Chloride (PVC)

2. Paper

3. Cross Linked Polythene

4. Vulcanized India Rubber (VIR)

[ T =
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7.21.1 Poly Vinyl Chloride (PVC)

It is thermo plastic synthetic compound. It is available in the powder form and is
obtained from polymerisation of acetylene. This powder is chemically inert,
non-inflammable, odourless, tasteless and insoluble. It is combined with plastic compound
and a gel is used over the conductor to obtain the insulation.

It has following characteristics,

1. Good dielectric strength of 17 kV/mm
2. Chemically inert. '

3. Non-hygroscopic.

4. Resistant to corrosion.

5. Maximum continuous temperature rating of 75°C.

6. High electrical resistivity.

The mechanical properties like elasticity of PVC are not as good as rubber so PVC

cables are used for low and medium voltage domestic, industrial lights and power
installations.

7.21.2 Paper

The paper is very cheap insulating material. Its dielectric strength is also high but it is
hygroscopic in nature. When it is dry its insulation resistance is very high but a small
amount of moisture reduces its insulation resistance to a very low value. Thus it is
impregnated in an insulating oil. After impregnating also it has a tendency to absorb the
moisture. Hence paper cables are never left unsealed and provided with the protective
covering. When not in use, paper cable ends are temporarily covered with wax or tar.

The paper has following characteristics,
. High dielectric strength of 20 kV/mm.
- Higher thermal conductivity.

—

2
3. Low capacitance
4. High durability
5. Low cost

6. Maximum continuous temperature rating of 80°C
7. High insulation resistance when dry.

It is used in high voltage power cable manufacturing. The paper cables are preferred
when the cable route has very few joints and hence generally used for low voltage
distribution in thickly populated areas.
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7.21.3 Cross Linked Polythelene
The cables using cross linked polythelene as the insulating material are called XLPE
cables.

The low density polythelene is treated specially due to which there occurs cross
linking of carbon atoms in it. This results into a new material which has following
properties,

1. High dielectric strength of 20 to 40 kV/mm

2. Non-inflammable : If at all the continuous flame is applied its burning stops after
very few centimetres away from the flame.

. Extremely high melting point.
. Light in weight and flexible.

Mechanically strong.

High temperature withstanding capability.
Low moisture absorption.

. Maximum continuous temperature rating of 90°C.

XLPE cables are directly laid on soil bed and are used for the voltages upto and
including 33 kV,

7.21.4 Vulcanized India Rubber (VIR)

This is the most olden insulating material developed during 1880-1930. The pure
rubber is very soft and it can not withstand high temperatures hence it is 20 to 40% of
India rubber mixed with mineral matter such as zinc oxide, red lead etc. with a little bit of
sulphur in it.

It has following characteristics,

1. Good dielectric strength of 15 kV/mm.
2. Good mechanical strength.

3. Durable and wear resistant.

4. Good insulation resistance.

5. Remain more elastic than pure rubber.

But it has number of drawbacks such as,

1. It absorbs moisture, slightly.
2. It has low melting point.

3. The sulphur content attack the copper conductor and changes the VIR insulation
colour. Hence copper conductors to be used with VIR insulation must be tinned.

4. Short span of life.

The use of VIR is very limited nowadays and is used for low and moderate voltage
cables i.e. distribution systems only.
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Review Questions
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. What is cell and battery 7 State and explain the various types of cells.

. Explain the construction of lead acid battery.

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

. State the maintenance procedure for lead acid batteries.

. How battery capacity is defined ? On which factors it depends ?

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

. Write a note on charge and discharge curves for lead acid battery.

. With a basic charging circuit, explain the battery charging.

. Explain the two methods of battery charging.

. State the indications for fully charged battery.

. State the requirements of an underground cable,

. Dranw and explain the general construction of an underground cable,

. Explain the various types of underground cables.

. Write short notes on :

a) Ol filled cables  b) Gas pressure cables

Which are the important insulating materials used for the cables ?

University Questions

Q.1

Qz2

Q3

Explain the following methods of charging a battery i) Constant current method
i) Constant voltage method. [GTU. : Dec.-2008, 6 Marks]

Explain the construction and working of any type of battery you know. What is its voltage|
when it is fully charged? IGTU, : March-2009, 7 Marks]

How do you estimate the life of a battery when charging and discharging characteristics are
available? [GTU. : June-2009, 4 Marks]

aaa
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8.3 Specification of Wires

Similar to the cables the various types of wires also use more than one conductors in
it. The wires using more than one strand of conductors in it are called multistranded
wires. The number of strands commonly used in various wires are 3, 7, 19, 37, 61, 91, 127
and 169. This number of strands ensures that the cross-section of the conductor or wire
remains circular in shape.

The Fig. 8.4 shows the cross-section of single strand, three stranded, seven stranded
and nineteen stranded wires.

@ @ @B

1 Strand 3 Strands 7 Strands 18 Strands
Fig 8.4 Multistranded wires

The multistranded construction increases the current carrying capacity of the wires. As
current through conductor increases, heat produced is more. In case of single solid
conductor, majority of current flows near the surface and hence surface becomes very hot
and insulation is under high temperature stress. Due to multistrands, the current gets
divided into number of paths and larger surface area is available for heat dissipation than
the single solid conductor. Hence for the same temperature limit, mullistranded wire can
carry more current than single solid conductor, The multistranded wire is more flexible as
cross section of each strand is much less. It makes it easy for the wiring. If at all there is
open circuit in one of the strands, other strands can carry current. The heat produced gets
dissipated earlier in multistranded wires. These are the few advantages of multistranded
wires.,

Thus the one way of specifying wires is the number of strands of conductors used in
it.

Secondly, various insulations can withstand different temperatures and depending
upon the type of insulation, wires are specified. As mentioned earlier, various insulations
are vulcanized india rubber, cab tyre, tough rubber, poly vinyl chloride etc. So wires are
specified as V.LR., T.R.5, C.T.5., P.V.C. wires.

Koy Point: Now a days P.V.C. insulated wires are very commonly used.

The size of the strand of the conductor used also is important from the specification
point of view. The size determines the cwrrent carrying capacity of the conductor. To
specify the size of conductor various methods, are used.
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The Table 8.1 gives the specifications of P.V.C. insulated aluminium conductor wires.

Cross-sectional | Number of strands Current carrying capacity in Amp
2 Diamater in mm
area in mm Single phase Three phase
15 1.4 12 11
25 1.8 17 15
40 1/2.24 23 19
6 128 29 24
10 . 1/3.55 40 33
16 ms 54 46
25 7i2.24 69 58
3s 7/2.5 83 Il
50 3.0 105 89
Table 8.1

8.4 Factors Affecting Wiring System
The method of wiring to be adopted depends on various factors such as:

a) Durability : The wiring scheme selected must be sufficiently durable. It should fulfill
the requirements of the consumer. It should be according to proper specifications and
should not give any problems frequently.

b) Safety : This is most important factor. As there is a danger of loosing life in case of
electric shocks, the safety must be observed strictly while choosing wiring scheme. The
wiring should be fully shack proof and leakage proof.

¢) Appearance : Due to wiring scheme the beauty of the house and premises should not
get spoiled. Hence it is necessary to select proper wiring scheme such that it enhances the
beauty of house, where it is to be carried out.

d} Cost : The funds made available by the consumer should be considered before
recommending particular type of wiring scheme. There should be proper balance between
convenience and look of the wiring, from the installation cost point of view .

e} Maintenance : The maintenance of the wiring should be as minimum as possible.
There should be scope for further extension of the wiring. Renewal of the wiring should
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Joint box
Ph Eo o cl J- - ci ———
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Joint box
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Switch

Fig. 8.10

The length of wire required in this system is less but additional cost is involved in
joint boxes. To locate the fault, all the joint boxes are required to be examined. Thus
finding fault location is. difficult in this system. The task of fixing joint boxes requires a
skilled labour and its appearance is not good.

This method of wiring was in use earlier for residential wiring but now used only in
temporary installations.

8.6.2 Looping in System
This system is commonly used for residential installations. Here the phase wire is

directly connected to terminal of switch and looped in to the next swilch terminal. The
neutral wire is looped in from one point to another within the same subcircuit.

The main advantage of this method is no junction boxes are required. Also the
connections are accessible for inspection. Thus the fault can be easily located. But the
drawback of this method is it requires more length of cable which further increases voltage
drop and copper losses in it. The looping through ceiling rose and looping in both phase
and neutral from switch board is shown in the Fig. 8.11 (a} and Fig. 8.11 (b).
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8.7 Wiring Schemes

In the domestic wiring, the various appliances and lamps are connected in parallel but
for the various advantages the various combinations of switches and lamps are also used.
Such combinations are called wiring systems or schemes. Let us see the wiring diagrams
of various wiring schemes.

8.7.1 Control of One Lamp from One Switch

For a lamp, one live i.e. phase and one neutral is
necessary. To control the supply to the lamp, switch is
introduced in the live wire and neutral is directly
connected to the lamp.When switch is ON, a full voltage
gets applied to the lamp and it glows.

Lamp

s:pply When the switch is turned off, the circuit gets

P opened and lamp gets swilched off. This is controlling

Siich Fuse of one lamp by one switch. The circuit is shown in the
Fig. 8.12 Fig 8.12. The switch is always connected in phase wire

s0 as to ensure the safety of the personnel doing the
maintenance at the lamp holder.

8.7.2 Two Way Control of Lamps or Staircase Wiring

This is also called as staircase wiring as it is commonly used for stair cases and
corridor lighting. It consist of two way switches. A two way switch operates always in one
of the two possible positions. The circuit is shown in the Fig. 8.13. A lamp in this case is
controlled independently from two switches located at different positions.

Single phase
AC. supply

Noe—

Lamp

Fig. 8.13 Control of one from twe points

The phase wire is connected to terminal 3 of the first two way switch A. The
movement of switch makes connection from terminal 3 to either of the terminals 1 or 2.
The similar two way switch is fixed at another position. With the positions of switches
shown in the Fig. 8.13 , the lamp remains OFF.
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Following table shows the positions of switches and condition of lJamp.

Electrical Wiring

Switch A Switch B Lamp
1 1 ON
1 2 OFF
2 2 ON
2 1 OFF

Assume that lamp is on first floor. Switch A is on first floor and B is on second floor.
In the position shown, the lamp is OFF.

When person changes position of switch A from (1) to (2) then lamp gets phase
through switches A and B and it gets switched ON as shown in the Fig 8.14.

‘Q\\ | ."/’/

Lamp ON

Fig. 8.14 * ON ' position of lamp

When person reaches on second floor, the lamp is required to be switched OFF. So
person will change switch B from (2) to (1), due to which, phase connection reaching to
the lamp gets opened and lamp will be switched OFF as shown in the Fig 8.15.

Lamp

Fig. 8.15 ' OFF ' position of lamp
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8.7.3 Control of Two Lamps by Individual Switches

The two lamps can be controlled independently with the help of two switches. The
circuit is as shown in the Fig. 8.16.

N o——

Lamp1\\'-._‘-/
Fig. 8.16

8.7.4 Three Way Control of Lamps

This is also a type of staircase wiring, It consist of two way switches A and B and one
intermediate switch C. The circuit used to have three way control of lamps is shown in the
Fig. 8.17.

Intermediale
switch B

A C
g (s
N%

N o—

'--..,_.\\\ | "'///

Lamp (ON)
Fig. 8.17
The intermediate switch can have positions to connect points 1-4, 3-2 as shown or 1-2
ana 3-4 shown dotted. The switch A is on first floor and switch B is on third floor say.
In the position shown in the Fig. 8.17, the lamp is ON.

When person from floor 2 changes switch C position to have connections 1-2, and 3-4
then it can be seen from the Fig 8.18 that there is open circuit in the connection. The
position 1 of first two way switch becomes open circuit and similarly the position 2 also
becomes open circuit. Thus the lamp gets switched OFF.
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Fuses cannot be used for large currents as they bear low breaking capacity. The other
limitation of this type of fuse is possibility of rewiring of fuse with wrong size or material.

The kit-kat type is of semienclosed type of fuse or also called as rewirable fuse. The
main advantage of this type is if it is blown off, top can be taken out and fuse wire can be
changed. The material used for fuse element is copper, aluminium, tin-lead alloy or silver.
Tin-lead alloy fuse wires are used upto 30 A.

8.8.2.1 HR.C. Fuse
Another type of fuse is used to break the circuit where fault current level is very high.
In such case fuse has to withstand heavy stresses hence the construction is of totally closed
type. The fuse is called as high rupturing capacity commonly called as HR.C. fuse. The
Cartridge fuse wire is enclosed in a ceramic
cartridge. The ends of fuse wire
are connected to metal caps. The
body of cartridge is filled with
powdered quartz. When fuse
melts, it reacts with quartz
powder forming a substance
having high resistance like
insulator. This also restricts the
arc formation. This type of fuse
can not be rewired once operated.

Indicator

Fuse element. Quartz power

Fig. 8.24 H.R.C. Fuse

The construction of HR.C. fuse is shown in the Fig. 8.24.

Advantages :
i) The operation is highly reliable.
ii) The speed of fusing the element is high.
iii) The operation is without arc, noise, flame or smoke.
iv) The high levels of fault current can be cleared.

v) The fuse element is totally enclosed, hence it is totally protected from atmospheric
conditions.

Disadvantages :
i) It is very costly.
ii) Tt-is not rewirable. The whole cartridge is to be replaced.

Applications :

Very commonly used in chemical industries, low voltage distribution systems,
petrochemical industries and majority of industrial installations. It is must for the
industries related to chemical gases, petroleum gases etc. This is because fire hazards can
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3 phase, 4 wire system. A typical incoming connection of electric supply is as shown in the
Fig. 8.29.

——{ Transformer Switch + 0 0 O O
(pole fuse unit
__3ph mounted) or G _© 0 O O
‘"ﬁ?;”:t‘g 11 or 22 kY circuit —
;
Mor22 kv s 4‘5 v m,bmake’.
- o 0O 0 0O
3 phase,
4 wire cable
Bus bar
Fig. 8.20

The 3 phase supply available from the transformer with 3 phase, 4 wire system is
brought through underground cable is brought to the main distribution board from where
the electricity is further distributed to individual consumers. The switch + fuse unit or
circuit breaker is used for switching and protection purpose. Through the bus bar
arrangement, single phase supply is given to different consumers with protective and
measuring instruments.

The Fig. 8.30 shows a schematic diagram explaining the consumer panel or domestic
wiring installation.

The consumer's premises is connected to the distributor by a two conductor overhead
or underground service cable. The service cable, sealing end box, bus bar arrangement ,
service fuse, neutral link, energy meters and other switching and protective elements is the
property of supply company and is normally sealed.

The installation and maintenance of meter board where meter and neutral link are
present is the sole responsibility of electricity board or supply company. The load side
connections from the energy meter are then taken to main switch board on which main
switch along with consumer's fuse is installed. The energy meter consists of two
electromagnets with current and pressure coils. It records the energy consumption in units
and supply company accordingly charges the bills to the consumers, based on the tariff.

The service board on which energy meter, neutral link etc. are installed must be
located at covered place which is easily accessible for inspection and meter reading and at
a sufficient height. The main switch is located after the energy meter at a sufficient height
s0 as to facilitate its easy operation. The main switch is used for isolating the supply from
remaining circuit. After the main switch, consumer's fuse and distribution board comes in
sequence.
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From the main distribution board supply is given to number of different subcircuits
with fuse in its phase wire. Under the event of fault, fuse will be blown off and isolating
the supply from faulty part without affecting the remaining subcircuits.

The tube lights, fans and other electrical appliances are connected in parallel across the
subcircuit. Each of this appliance can be controlled with a single way switch for its ON
and OFF operation. Now instead of fuses, minjature circuit breakers are used. Only 3 pin,
5 A socket outlets are to be used in all light and fan subcircuits while 3 pin, 15 A socket
outlets are used for all power circuits. All socket outlets are to be controlled by individual
switches placed adjacent to it. '

The connected load on any subcircuit consisting of tubes, fans elc. should not exceed
800 W with a maximum of 10 points. For a power subcircuit the connected load should
not exceed 2000 W subject to maximum of 2 points. The lights, fans and 5 A plug points
can be connected on a common  subcircuit but separate subcircuits are to be provided for
power points. Minimum one spare circuit must be provided on each distribution board.
Thus the domestic wiring installation consists of distribution of electrical energy from
energy meter board to the various subcircuits connected to electrical appliances through
prolective devices and network of wires.

8.10 Industrial Electrification

The electrification of industry is different from that of domestic wiring as the total load
of industry, current levels of protective devices, ete. is far more than in case of residential
load. In industry apart from lighting load consisting of tube lights and fans, there are
various power equipments which include ac. or d.c. motors, rotary converters, rotary
condensers, rectifiers, transformers, frequency changers etc. According to Indian Electricity
Rules (Nos. 50 and 31), the wiring of clectrical motors in industries is to be carried out
apart from meeting local requirements on various conditions.

There are certain provisions which must be made while supplying electrical energy at
medium voltage. The supply to each motor or other apparatus should be controlled by a
suitable linked switch or a circuit breaker placed near to the motor or that apparatus and
can be operated easily by the operating personnel. All the conductors are to be completely
enclosed in mechanically strong metal casing. Each main switch or switch board should
have a clear space of atleast 1 m in width in front. The rating of the feeders which
provides power to electrical motors must have minimum current carrying capacity 200 %
of the full load current rating of all the motors in that group in addition to single phase or
three phase lighting load requirements and future expansion considerations.

The power distribution system in small industries or workshops starts from three
phase energy meter to main switch and main switch to power distribution board.
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The coils are connected to the circuit through flexible leads called ligaments which do
not produce a restoring torque on the moving element, consequently the moving element
takes up any position over the scale when the generator handle is stationary.

The current coil is connected in series with resistance R, between one generator
terminal and the test terminal T,. The series resistance R; protects the current coil in the
event of the test terminals getting short circuited and also controls the range of the
instrument. The pressure coil, in series with a compensating coil and protection resistance
R, is connected across the generator terminals. The compensating coil is included in the
circuit to ensure better scale proportions. The scale is calibrated reversely means the
normal position of pointer indicates infinity while full scale deflection indicates zero
resistance.

8.11.3 Working

When the current flows from the generator, through the pressure coil, the coil tends to
set itself at right angles to the field of the permanent magnet.

When the test terminals are open, corresponding to infinite resistance, no current flows
through deflection coil. Thus the pressure coil governs the motion of the moving element
making it move to its extreme anticlockwise position. The pointer comes to rest at the
infinity end of the scale.

When the test terminals are short circuited i.e. corresponding to zero resistance, the
current from the generator flowing through the current coil is large enough to produce
sufficient torque to overcome the counter-clockwise torque of the pressure coil. Due to this,
pointer moves over a scale showing zero resistance.

When the high resistance lo be tested is connected between terminals T; and T, the
opposing torques of the coils balance each other so that pointer attains a stationary
position at some intermediate point on scale. The scale is calibrated in megaohms so that
the resistance is directly indicated by pointer.

The guard ring is provided to eliminate the error due to leakage current. The supply
to the meter is usually given by a hand-driven permanent magnet d.c. generator
sometimes motor-driven generator may also be used.

8.11.4 Applications

The megger can be used to determine whether there is sufficiently high resistance
between the conducting part of a circuit and the ground. This resistance is called
insulation resistance.

The megger can also be used to test continuity between any two points. When
connected to the two points, if pointer shows full deflection then there is an electrical
continuity between them.
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8.12 Testing of Wiring Installation

It is necessary from the safety point of view, to carry out the following lests on a
wiring installation before satart of its use.

The various tests are :

i) Installation test with respect to earth

ii} Installation test between two conductors

iii) Continuity test

iv) Test for carth resistance

v) Polarity test for single pole switches.

Most of these tests are conducted by an instrument called as "Megger".

8.12.1 Insulation Test with Respect to Earth

The wires used in the system must be sound enough to avoid current leakage which
can be checked by this test. Megger terminals are connected to a terminal of wire or main
leads and the earth point. Normally 500 V Megger is used for the test.

In this test all lamps, and fuses are in ON position, except main switch which should
be OFF. The handle is rotated, the position of pointer in steady state gives the value of the
insulation resistance. For the entire installation the minimum value of insulation resistance
required is one megaohm but not more than 1 MQ.

Distribution box

Fig. B.34 Installation test with respect to earth

The measured resistance for satisfactory wiring must not be less than

50 M . s
Number of ouliets (points + switchea]’ For PVC insulated cabels, instead of 50 MQ a value

of 12.5 can be used.
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8.12.2 Insulation Test between Two Conductors

In this test, megger lerminals are connected to two ends of different conductors which
are insulated and placed side by side in

Towards appliances the installation. The lamps and fuses
¢ must be removed while conducting this

Ph N test. When megger handle is rotated, it
= gives the direct reading of an insulation

. :El resistance between the two conductors.

Generally it should not be more than

Megger
one megaohms. Such two conductors
Fig. 8.35 Insulation test bety two may be phase and neutral and there
conductors must exist a proper insulation between
the two. The insulation resistance
50 MQ

between two conductors should not be less than —————
Number of oultets

8.12.3 Continuity Test

In this test, megger terminals are connected to the ends of a single wire. When the
handle is rotated, the pointer should indicate full deflection ie. zero resistance. This
indicates proper continuity between the two ends. If wire is open, megger indicates high
resistance in megaoh Due to this, faulty and borken wires can be detected and leakage
current is avoided in metallic conduits which prevents the person from getting shock and

ensures safety.

8.12.4 Test for Earth Resistance

In this test, the earth resistance of the user's earthing is measured with the help of a
special device called as megget earth tester. Such carth resistance should be less than 5 Q
as per 1.5.5.

8.12.5 Polarity Test for Single Pole Switches

o—(ULo

P

Tast lamp

Fig. B.36 Polarity test
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Bimetallic switch

c,
11
LI}
Supply = G,
o
Tube

Fig. 9.1 Fluorescent tube

Aluminium casing There are two electrodes A and B made

¥ up of coiled tungsten filament coated with an

S electron emitting material. The control circuit

:witch . of the tube contains glow type starter, choke
il L and two capacitors C; and C,.

Co
Fig 9.2 shows a cut section of a glow

-1 type starter.

There are two electrodes of which one is
fixed while other is U shaped bimetallic strip

? l/ made of two different metals. These

Contacts electrodes are sealed in a glass bulb which is

filled with a mixture of helium and
hydrogen. The contacts are normally open.

]

NN

Fig. 9.2 Glow type starter

9.3.1 Working

When the supply is switched ON, as electric arc is established between the electrodes
of the starter due to flow of current through small air gap between the electrodes. Due to
this arc, heat is produced which is sufficient to bend the bimetallic strip which makes
contact with fixed electrode. This closes the circuit and therefore choke carries large
current. Once the electrodes close, arc vanishes and bimetallic strips cools down again.

Now the electrodes A and B become hot and due to cooling the choke circuit opens.
The current through the choke coil is suddenly reduced to a small value. This change in
current induces an e.m.f. which is very high of the order of 1000 V, in the choke coil.This
emf. induced is sufficient for ionizing the gas molecules between electrodes A and B
which establishes the discharge between the electrodes A and B through the gas.

The potential difference across the tube falls to about 100-110 V which is sufficient to
maintain the discharge but not sufficient to restart the glow in the circuit.
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So even if starter is removed from the circuit, discharge continues as the current flows
from electrode A and B due lo ionization of gas. If the supply voltage is low, there is
difficulty in starting the tube as the low voltage is insufficient to establish a glow in the
starter.

As choke lowers the power factor, the capacitor C; used in the circuit improves the
power factor of the circuit.

The capacitor C, suppresses the radio interference developed due to arcing. The
function of the inductive choke is to supply a large voltage surge for establishing the
discharge between the electrodes A and B.

9.3.2 Advantages

1) The light available is much more than the normal incandescent lamp. Fluorescent
lamp gives 2200 to 2400 lumens while normal lamp gives 600 lumens.

2) The life of the fluorescent tube is much more than the incandescent lamp.

3) The fluorescent tube gives effect of day light while incandescent lamp gives
yellowish light.

4) Low power consumption.

5) High efficiency.

6) Instantaneous switching without any warming period.

7) Using different fluorescent materials various coloured lights can be obtained.

9.3.3 Disadvantages
1. Very high initial cost.

2. Produces radio interference.

9.4 Sodium Vapour Lamp

The Fig. 9.3 shows sodium vapour lamp construction.

/Calhode —
/ Choke
| oy
Anode —| \ %
L |
= L 230V
TC ‘Ac
Inner tube
I
Gutef tube Transformer

Fig. 9.3 Sodium vapour lamp
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9.4.1 Construction

It consist of two glass tube, outer glass tube and inner glass tube. The inner glass tube
contains two electrodes. Sodium along with the small quantity of neon or argon gas is
filled in inner tube to make discharge self starting. Sodium vapour is chemically very
active. The glass of the tube is made up of suitable material to resist this action.

To maintain the correct temperature in the discharge, it is placed in an evacuated outer
tube. The outer tube reduces the heat loss. The transformer included in the circuit heats
the cathode while the choke stabilises the discharge.

9.4.2 Working

When the lamp is switched on, the discharge is first established through the neon or
argon gas, This gives out reddish colour. After some time heat is developed due to this
discharge which vaporizes sodium vapour. In this way, lamp slarts ils normal operation
giving yellow colour. Capacitor C is connected to have a better power factor. The
operating temperature of this lamp is about 300°C. These lamps are commonly used for
illumination of roads, good yards, airports etc.

9.4.3 Advantages
1. Its efficiency is higher than that of the filament lamps.
2. It has a long life.

9.4.4 Disadvantages

1. The bright yellow colour obtained is not suitable for indoor lighting. So it is not
useful in houses.

2. For the necessary output, long tubes are required.
3. For giving full output, some time ( about 10 minutes ) is required.

9.5 Mercury Vapour Lamp
Fig. 9.4 shows mercury vapour lamp.

AAAA
ViV

” Choke

I Capacilor

A.C. Supply
Fig. 9.4 Mercury vapour lamp
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Construction : The lamp consists of two bulbs, inner bulb and outer bulb. The electric
discharge takes place in the inner bulb. The outer bulb protects the inner bulb and reduces
loss of heat. The inner bulb consists of a small amount of mercury and argon gas. The two
electrodes E and B are made up of electron emitting material. Three electrodes B, E and S
are provided in the inner bulb, The electrode 'E' is connected to eclectrode 'S' through a
high resistance.

Choke (L) and capacitor (C) forms the control circuit of the lamp.

Working of mercury vapour lamp :

When the supply is switched ON, the initial discharge is established between
electrodes B and S through the argon gas and then between electrodes B and E. The heat
produced due to this discharge is sufficient to vapourise mercury and discharge through
the mercury vapour takes place. In this normal operation of the lamp, it emits or radiates
its characteristics light.

The electrode 'S' is called as slarting electrode or ausilliary electrode. The choke serves
to limit the current drawn by the electrodes to a safe llinit. The capacitor C improves the
power factor of the lamp.

These lamps are widely used for outdoor strect lighting where a high illumination is
necessary, where the colour of the light is not important.

Advantages :
1) It is high efficiency and gives more output.
2) It has long life.

Disadvantage :
1) The initial time required for warming up is more about 5 minutes.

2) If lamp goes out while in service, cooling is required for restarting. This cooling
reduces the vapour pressure.

9.6 Important Definitions Related to Illumination

Before discussing about the various lighting schemes, it is necessary to be familiar with
various terms used in illumination engineering.

Light is in the form of radiant energy. Similar to the sound waves, light waves are
produced. Natural source of light is sun which emits both light waves and heat waves. In
case of artificial light source, when temperature of incandescent material is increased it
starts emitting light. It is convenient to measure the wavelength of light in much smaller
unit than centimeter or meter. Such unit is called angstrom unit denoted as AU.

1AU = 10 "m
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Key Point: A visible light has wavelength of 4000 AU upto 7000 AULL

9.6.1 Light

It is defined as that part of energy which is radiated from a body in the form of waves
and sensed by human eyes.

9.6.2 Radiant Efficiency

A body radiates energy when its temperature is increased. The entire energy is not in
the form of light but some may be in the form of other type of energy such as heat. So
radiant efficiency is defined as the ratio of energy radiated as light by a body when its
temperature is increased to the total energy radiated by the body.

Energy radiated as a light energy

Radiant efficiency = Total energy radiated by the body

9.6.3 Plane Angle
The angle made by two straight lines meeting at a point lying in the same plane is
called plane angle. It is measured in radians.

_ Al _ S .
Plane angle 8 = Radius - T radians

This is shown in the Fig. 9.5 (a).

Area

{a) Plane angle (b} Solid angle
Fig. 9.5
9.6.4 Solid Angle
The angle subtended at a point in space by an area is called solid angle w.

It is the angle generated by the lines passing through the point in space and periphery
of the area. It is measured in steradians.

Area A

= — steradians

“Solid angle w = ———— =
(radius)~  r~

This 15 shown in the Fig. 9.5 (b).
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9.6.5 Luminous Flux
It is the energy in the form of light waves radiated per second from a luminous body

({such as lamp). It is denoted by ¢ and measured in lumens.
The whole of the electrical energy input is not converted into luminous flux. Some

energy gets lost in conduction, convention and radiation. Out of the remaining radiant
flux, only a fraction of flux is available in the form of luminous flux. The value of

luminous flux specifies the output and efficiency of a given light source.

9.6.6 Luminous Intensity
It is a measure of the brightness for the source of light in comparison with the

standard lamp.

Fig. 9.6 Luminous intensity

[t is measured in candela.

The luminous intensity of a point source is
defined as the luminous flux radiated out per
unit solid angle, in that direction.

Consider a point source 'O’ as shown in me

Fig. 9.6.

Let d & = the luminous flux passing through
the solid angle d @ then the luminous intensity
denoted as 1 is defined as

_do
= T

Lumens emitted by one candela source of light is one lumen per steradian.

9.6.7 Tlluminance or Illumination
When

Fig. 9.7 lllumination

a light or luminous flux falls on a
ted. The illuminance i

surface gets il
defined as the total luminous flux received by the

surface received per unit area.

Consider the surface of area dA and receiving
the total luminous flux of d ¢ lumens, as shown in
the Fig. 9.7. Then the illumination denoted as E is

defined as,
E= d-d—x- lumens/m?

The unit lumens per square meter is also

called lux.
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The visibility becomes zero by rod cells at about 6000 AU, this effect is known as
purking effect.

9.6.12 Mean Spherical Candle Power (M.S.C.P.)
It is the mean of candle powers in all the directions in all places.
MSCp - Total fluxinall directions in all planes in lumen
ir
9.6.13 Mean Half Spherical Candle Power (M.H.S.C.P.)

It is the mean of the candle powers in all the directions below a horizontal plane
passing through the light source.

Total flux emitted in the hemispjhere

MHSCP. = e

9.6.14 Different Units

i) Candela (cd) : It is seen that luminous intensity is measured in candela. One candel
gives out luminous flux of 4n lumens in space. So one lumen per steradian is called light
source of one candela.

It is also defined as the luminous intensity, in the perpendicular direction, of a surface
of 1/600000 square meters of a black body al the temperature of freezing platinum under
standard atmospheric pressure.

il) Lumen (Im) : It is the unit of luminous flux. It is defined as the flux contained per
unit solid angle of a source of one candela.

Hence for a uniform point source having a luminous intensity of I candelas, the total
flux radiated is solid angle mis,

& = [xw lumens

1 lumen = 0.0016 watts

fii) Lux : Tt is the unit of llumination. It is defined as lumens per square metres, (lm!mz)

9.7 Laws of Illumination

9.7.1 Inverse Square Law of lllumination

The law states that the illumination at a point on any surface is inversely proportional
to the square of the distance between the surface and the light source provided that the
distance is sufficiently large so that source can be considered as a point source.
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2. Using more number of lamps and providing indirect lighting,.
3. Employing wide surface sources of light.

Complete absence of shadows is again not recommendable as soft shadows do help us
in recognizing the shapes of three dimensional objects.

9.8.4 Colour Rendering

Light given out by incandescent lamp contains all the wave lengths in visible
spectrum. Due to such mixture of the radiations, it causes colour distortion. This type of
colour distortion by artificial light makes it sometimes difficult to identify true colour of
the object. Lighting arrangements required for buying of food stuffs, preparation of paints,
colour matching of fabrics in textile industries must be so as to avoid the colour distortion.
Sodium and mercury vapour lamps cause the colour distortion and hence are in used for
street lighting where such type of colour distortion would not matter much.

9.8.5 Lamp Fittings
Lamp fittings serve the following functions in good lighting schems :
1. To diffuse the light
2. To cut off the light at certain angles Lo avoid the glare.
3. To give mechanical protection to the light source against mechanical damage.
4. To increase the aesthetical requirements of the premises.
5. To control the colour of the lights.

Hence lamp fitting should be selected as per the requirements of the application which
will serve all or few of the above mentioned functions.

9.8.6 Maintenance

Regular cleaning of lights and light fittings is necessary to mainlain their efficiency.
The maintenance is necessary against dust, waler leakage, dangerous gases which may
cause the corrosion of the fitlings etc. Hence lamp fittings should therefore be simple and
easy from maintenance point of view.

9.9 Factors Affecting Design Procedure of Good Lighting Scheme

The design procedure of a good lighting scheme involves the calculation of the light
requirements. For doing such caleulations it is important to know the following factors

9.9.1 Space to Height Ratio

It is defined as the rtatio of horizontal distance between lamps and the mounting
height of the lamps.
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The horizontal distance between lamps
Mounting height of lamps

Space to height ratio =

This ratio depends upon the polar curves of the source of light. This ratio is generally
choosen for reflectors as 1 to 2.

9.9.2 Coefficient of Utilization i.e. Utilization Factor
All the light emitted by the source cannot reach on the working plane.

Utilization factor is defined as the ratio of the light actually received on the working
place to the total light emitted by the light source.

. Total lumens utilised on working planes
UE = —omallumens WHTSed on working planes
lotal lumens radiated by lamp

Its value depends on the following factors :

1. The height at which the lamps are fitted.
2. The type of the lighting scheme employed.
3. The shape and size of the room.

4. The colour of the walls.

5. The area of the illuminated.

Tts value may vary between 0.1 to 0.9, For direct lighting schemes it lies between 0.4 to
0.8 while for indirect lighting schemes it is between 0.1 to 0.35.

9.9.3 Depreciation Factor

This factor takes into account the effect of ageing of the lamps, accumulation of dirt,
dust, smoke on the surface of the lamps etc. Due to these factors the effectiveness of the
lamps reduces.

The factor is defined as the ratio of the illumination under normal working conditions
to the illumination under the conditions when the lamps are new and everything is
perfectly clean.

Mumination under normal working conditions

DE. = Mlumination under new and clean lamp conditions

The value of the factor is generally between 0.7 to 0.85,

9.9.4 Waste Light Factor

When more lamps are provided than the actual requirements so that the light from
various lamps get overlapped. So there is wastage of light. Hence while calculating total
lumens required it is necessary to multiply the Jumens by this factor called as waste light
factor. Value of this is 1.2 for rectangular areas and 1.5 for irregular surfaces.
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9.10.1 Direct Lighting

Fllti:ng
90 % in
lower

hemuspnare

Fig. 9.11 Direct lighting

9.10.2 Semi-Direct Lighting

Fig. 9.12 Semi-direct lighting

1010 40 %

90 10 60 %

9.10.3 Indirect Lighting

1U\'J 10 90 %

@ :’=01Dr}a

Fig. 9.13 Indirect lighting

In this type of lighting, the most of the
light from the lamps is directed towards the
object using various light fitting. The fitting
used in such scheme are as shown in the
Fig. 9.11.

Here 90 % to 100 % light of lamp is in
lower hemisphere as shown. These fittings are
efficient, cheap and give hard light. These
fittings create tunneling effect ie. ceiling
remains dark. Commonly used in industries,
residential and commercial buildings.

In such scheme entire light is not directed
towards the object or working plane. By
using translucent reflectors as shown in the
Fig. 912, 60 to 90% of light is directed
towards the object. So 60 to 90 % light is in
lower hemisphere while 10 to 40 % light is in
upper hemisphere as shown in the Fig. 912

These fittings reduce the tunneling effect.
This provides more uniform distribution of
light. These are less efficient than direct and
are more suitable for commercial use.

In this method, the light does not reach
the working plane directly from the lamps. It
is all reflected on the walls and ceiling from
where it is indirectly reached to the working
plane. This is called as diffused reflection.

In this 0 to 10 % of light is in the lower
hemisphere and 90 to 100 % is in upper
hemisphere as shown in the Fig. 9.13. The
advantage of this method is it gives no
shadows and no glare. Tt is used in shops,
hotels, drawing offices and workshops.
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9.10.4 Semi-Indirect Lighting

In this method, 10 to 40% light is directed
C‘l‘::: towards the working plane and 60 to 90%
} 9010 60 % light is reflected towards the walls and ceiling

for diffused reflection.

The inverted type of reflectors are used
}“”0 40% for this purpose as shown in the Fig. 9.14.
This method gives soft shadows and is more

efficient than indirect lighting.

Fig. 9.14 Semi-indirect lighting
9.10.5 General Lighting

This method gives equal distribution of
light in all the directions, upward and
downwards. The reflectors used are in such
a way that 50% of light is in either of
hemisphere. This is shown in the Fig. 9.15.

This helps in reducing the brightness
}50 % contrast. This method gives soft light with
little shadows. With this method room
}50 ”, decoration should be in light colours. Also
mounting height of the lamps should be so

. . as to avoid glare. These are used in offices,
Fig. 9.15 General lighting schools and commercial buildings.

9.11 Factory Lighting

Sufficient lighting of factories is of very much important. Not only it provides
improved amenities for the employee but it also provides pleasent working conditions for
the workers. The faclor lighting should be uniform and glare free. The sufficient lighting
increases the production, improves the quality of the work and also reduces the accidents.
The proper space to height ratio must be considered which ensures the uniform
distribution of the light over the working area. Suitable colour rendering property must be
considered i.e. the walls and ceilings must be light coloured preferably white to have
maximum reflection of light. If factory has a crane, lamps over the crane may not provide
sufficient light. In such cases hanging lamps and side lamps must be provided. Depending
upon the nature of faclory, the factory environment is likely to be dusty, smoky hence
regular maintenance including cleaning of light fittings and lamp surfaces is must. For
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{a) Diffusing fitting (b) Concentrating reflectors

{c) Dispersive reflector (d) Angle reflectors

Fig. 9.16 Industrial light fittings
9.12.2 Concentrating Reflectors
These have a shape of deep parabola. The space to height ratio required is one to get
uniform distribution of light. Waste light factor is more in such cases. It is suitable for
high mounting height as required in workshops and indusiries having eleclric overhecad
cranes. Fig. 9.16 (b).

9.12.3 Dispersive Reflectors

This is most commonly used in industries. The space to height ratio is one and half,
which gives uniform illumination. These are preferred for moderate ceiling height. The
lamps rated 40 to 1500 W are fixed inside the reflectors. Fig. 9.16 (c)

9.12.4 Angle Reflectors

The vertical surfaces can not be illuminated by normal overhead lamps, in such cases
angle reflectors are used. These are available in various shapes like parabolic, elliptical ete.
The choice depends on the requirement of illumination. Fig. 9.16 (d).

9.13 Flood Lighting

Flood lighting means flooding of large surfaces with light from powerful prup:\:lwn_-, It
is employed to serve one or more of the following purposes.

i) Aesthetic flood lighting : It is used for enhancing beauty of buildings at night,
ancient buildings and monuments, churches, gardens etc.

ii} Industrial and commerciai flood lighting : [t is used for illuminating railway yards,
art stadiums, car parking areas etc.

lii) Advertising : It is used for illuminating advertisements and show cases at night
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The main element of the flood lighting is the projector.

9.13.1 The Projector

The projector called flood light projector concentrates the light form the lamp into a
relatively narrow beam. It is usually installed out of doors and in inaccessible positions.

The most important part of the projector is its reflecting surface. This may be of
silvered glass, stainless steel or chromium plates. The polished metal is more robust and
preferred for reflecting surfaces.

Beam spread : Beam spread indicates amount of divergence of the beam and is defined
as the angle within which the minimum illumination on a surface normal to the axis of the
beam is 'l,."lﬂ'h of the maximum.

The casing and mounting must be arranged so that the illumination of the beam can
be varied in both horizontal and vertical directions. For permanent installations cast metal
cases are used. For temporary installations sheet metal casings are used. Large wattage
lamps produce tremendous heat hence for the projectors using lamps of 100 to 1000 W
must be provided the proper ventilating accessories.

9.13.2 Types of Projectors

Projectors are classified according to the beam spread as follows :

i) Narrow beam projectors : These are having beam spread of 127 to 257 and are used
for distance above 70 m.

i} Medium angle projectors : These are having beam spread of 25° to 40° They are
used for distances between 30 to 70 m.

iii) Wide angle projectors : These are having beam spread of 407 to 90° and are used for
distances between 3 to 30 m.

For cconomic reasons use of wide angle projectors with high wattage lamp is
encouraged over narrow beam projectors. High wattage lamp is more efficient than low
wattage lamp, used 1s narrow beam projectors.

9.13.3 Location and Mounting of Projectors

Success of flood lighting depends on choice of suitable sites for the projectors. The
source of light must be invisible to the observer and projector must be invisible during the
day time. Care must be taken about the shadow cast by projections on the illuminated
building.

In long range installation, the projectors are mounted on the adjacent building or at
ground level about 15 to 30 m away from the building to be illuminated. The parallel
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beam is generally used in such situations. This is shown in the Fig. 9.17 (a) . The parabolic
reflector is used.

In short range installation, the projector has to be located near the base of the
building to be illuminated. An asymmetric reflector is used, which directs more intense
light towards the top of the building. This is shown in the Fig. 9.17 (b).

C Beam Projeclor
o

o
a o E!aarn towards top
o Building
o to be / a
Building ilumninated jector at the base
to be illuminated = = J
L #B|=151030 m={ B a
{a) Long range installation (b) Short range installation

Fig. 9.17
9.13.4 Flood Lighting Calculations
i) Nlumination level required : The illumination level in lux ﬂm/mz) required depends

on the type of building, the purpose of flood lighting, the amount of reflecting light in the
vicinity etc.

ii) Type of projector : Beam spread, long range or short range installation and light
output necessary decides the type of projector to be used.

ili} Number of projectors : For any desired intensity over a definite surface area, the
number of projectors can be obtained by using following relation,

N = Ax Ex Depreciation factorx Waste light factor
~ Beam factorx Utilization factorx Wattage of lampx Luminous efficiency of lamps
where N = Number of projectors
A = Area of surface to be illuminated in m?>

E = Tlumination level required in lm/m?

Depreciation factor must be used in denominator if its value is less than one or in
numerator if greater than one.

9.14 Street Lighting

The street lighting is basically essential for the pedestrians and the vehicle drivers to
see the obstructions clearly. The features of the street lighting are,
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Colour and decoration of walls and ceiling is deciding factor for the portion of light to be
reflected. Mounting height of lamp also plays an important role. To avoid glare and long
shadows, the lamp should be mounted 8 feet above floor. The cleaning and relamping
becomes more dificult as ordinary step ladder can not be used above 12 feet height.
Hence mounting height of lamps should be between 8 to 12 feet to avoid special
arrangements for its access. In certain cases, the positions of beams and trusses is fixed
which decides to some extent the spacing of lamps so that mounting height lamps can be
decided.

4) Colour of light

Appearance of body colour depends on incident light composition which should be
such that colour appears natural. For certain applications colour of light is not important.
But if components are to be distinguished from each other by their colours then colour of
light is important consideration. In such cases highly efficient discharge lamps may be
used.

5) Financial aspects

Economy plays an important role while designing indoor lighting scheme. Installation
cost depends on type and fitting used for lamp. Discharge lamps are more efficient but
more costly than filament lamps. For lower rate of electricity and for few working hours in
a year, better way is to use filament lamp than discharge lamps which may be used for
higher rate and more working hours. The cleaning and maintenance cost along with
reclamping cost must be taken into account. For more mounting height this cost may be
more. Overall cost of lighting scheme should be economical with high energy efficiency,
good life span and having good appearance.

By considering all the above factors final choice about the installation and design of
lighting scheme must be made after careful study of each installation independently and
taking into consideration the previous experience.

Examples with Solutions

imp Example 9.1 : An illumination on the working plane of 70 Iux is required in a room
72mx 15 m in size. The lamps are required to hung 4 m above working plane. Assuming
suitable space to height ratio, utilisation factor of 0.5, efficiency of lamp as 14 lumens per
watt and depreciation of 20 %, estimate the number, vating and position of lamps.

Solution : Area of room = 72 x 15 = 1080 m?
Nlumination required, E = 70 lux
Lumens required = A x E = 1080 x 70
Utilisation factor = (.5

Depreciation factor = 1 ~ depreciation =1 -02 = 0.8
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AxE

G 1 S e —
ross fumens Utilisation factor x Depreciation factor

_ 1080x70
T 05x0.8
= 189000
Total wattage required = 18?200 = 13,500 watts

Assuming space to height ratio as 1. As mounting height is 4 m spacing should be also
4m to get ratio 1. Let us assume number of lamps to be 72 with spacing in between the
lamps as 4 m. The spacing is shown in the Fig. 9.19.

1.5m
=+ 0
4m
4= 0
4m 15m
-+ o
4m
<= 0 n 0 0 0 0 0
1.5m
2 4 2
m m m
L 72m 1
r 1
Fig. 9.19

There are 4 rows of lamps. In each row there are 18 lamps situated at a distance of
4 m from each other.
. Total wattage required
Rating of lamp = Total no.of lamps

13,500
72

= 187.5 watt
Hence the lamps with rating of 200 W should be selected.
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ey Example 9.2 Estimate the number and wattage of lamps which would be required to
illuminate a work shop 60 x 15 m by means of lamps mounted 5 above the working plane.
The average illumination required is 100 lux with utilisation factor of 0.4. Luminous
efficiency of lamp is 16 lumensfwatt. Assume a space-height ratio of unity and depreciation
Jactor of 1.2. Show the arrangement of lamps with their spacing.

Solution : Area of workshop = 60 x 15 = 900 m?
[llumination = 100 lux

Utilisation factor = 0.4, Depreciation factor = 1.2

u

Total lumens required 100 = 900 = 90, 000

Total lumens requiredx Deprecitation factor
Utilisation factor

Gross lumens required =

Sometimes the depreciation factor is defined as,

[Humination under conditions when everything is clean

Depreciation factor = e - ==
P llumination under normal working conditions

Key Point: In this case its value is greater than 1 and it should be considered in the
numerator for the formula of gross lumens required.

i 90000x1.2
Gross lumens required = —041--— = 270000
Total wattage required = 2:?200 = 16875 W

As the mounting height is given as 5 m above ground the spacing between lamps
should be 5m to get space to height ratio as 1. One side of workshop is 15 m in which
3lamps can be fitted while along the length the number of lamps that can be fitted will be
say 12. The arrangement is shown in the Fig. 9.20.

T -
25m
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35m 5m S5m 25m

I 60 m

Fig. 9.20
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Wattage of each lamp = l@%‘é
= 468.75
We may select 500 W.
Key Point: As it is a design problem everybody will not get the same arrangement. But
the factors given in the problem must be satisfied. If some factors are not given then they

should be suitably assumed and the problem should be solved. As per number of lamps the
position and wattage of lamp will change.

mmp Example 9.3 : It is required fo provide an illumination of 100 Iux ina factory hall of
40m x 10m. Assume depreciation factor of 0.8 and coefficient of utilisation of 0.4. The
efficiency of lamp is 14 lumens/W. If 300 W lamps are to be used, calculate the number of
lamps and their positions.

Solution : Area of factory = 40 x 10 = 400 m*
Mumination, E = 100 lux
Total lumens = A x E = 400 x 100 = 40000
Depreciation factor = 0.8, Utilisation factor = 0.4

. Total lumens 40000
ume red = - = = 1,25,000
Gross lumens requi Depreciation] [Utilisation] ~ 08x04 ~ 2>
=
factor factor
. Gross lumens required 1, 25,000
Total wattage required = Efficency of amp _ ~ 14~ B928.57 W
Total wattage required = 8928.57
Number of lamps required = 8° 19 = =29.76 = 30

Rating of lamp 300

Assuming the space to height ratio to be 1 and let us asume that the mounting height
of lamp to be 4 m so spacing belween lamps is also 4 m so let's have 3 rows of lamps
with 10 lamps in each row. The arrangement is shown in the Fig. 9.21

im
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im
] o
2m 4m Zm

1 40 m |

Fig. 9.21
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i Example 9.5 1 A hall 30 = 12 m is to be illuminated with illuminati
types of lamps with their humen outputs as given below are available.

Watts 100 200 300 500 1000
Lumens 1620 3660 4700 9200 21000

of 50 lux. Five

The depreciation factor is 1.3 and ulilisation factor is 0.5. Calculate the number of lamps
in each case. Select most suitable type and design a suitable scheme. Assume suitable

mounting height and calculate space to height ratio.
Solution :  Area of hall = 30 x 12 = 360 m®

E = 50 lux
Depreciation factor = 1.3, Utilisation factor = 0.5

Total lumens required = A x E = 360 x 50 = 18000

Total lumensx Depreciation factor  18000x1.3
Gross lumens required = cepr =

Utilisation factor T 05
= 46,800 ... Depreciation factor > 1

For 100 W lamps, No. of lamps = 40 = 28,88 =29

46800
For 200 W lamps, No. of lamps = 3660 = 1278 =13
For 300 W lamps, No. of lamps = 2230 _ 995, 10

4700
For 500 W lamps, No. of lamps = % =472=5

46800
For 1000 W lamps, No. of lamps = 1000 = 2222

Let the mounting height of lamps be 5 m. With 300 W lamps let us select 2 rows with

5 lamps in each row as shown in the Fig. 9.23.

BmT
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Fig. 9.23
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Review Questions

1
2
3.
4

e N & W

10.
11
12

13.

14
15.

. Discuss the general

. Along with the necessary diagrams, explain the working of fluorescent lamp.
. Along with the necessary diagrams, explain the working of sodium vapour lamp.

Along with the necessary diagrams, explain the working of mercury vapour lamp.

. Define the terms : lumi flux, Tumi i ity, illumination, radiant efficiency, plain

angle, solid angle, luminance, luminous efficiency.

. What is purking effect ? Explain.
. State and explain laws of illumination.

ts of a good lighting scheme.

. Discuss the following factors :

i) Space to height ratio i} Depreciation factor i) Waste light factor iv) Utilization factor
v} Beam factor.

. Write a short note on various lighting schemes.

What is factory lighting ? Explain the essential requirements of a factory lighting.

Write a note on industrial fittings.

What is flood lighting ? Where is it used 7 Discuss the different types of projectors used in

flood lighting.

Write a nole on street lighting clearly explaining the principles of diffusion principle and

specular reflection principle.

Explain the factors affecting design of indoor lighting scheme.

A hall of 30 = 15 m with a ceiling height of 5 m is to be provided with a general illumination

of 120 Himens/m?. Taking utilization factor 0.5 and depreciation factor 1.4, determine the
ber of fl ent tubes required and their spacing. Take luminous efficiency of tube as 40

lumens/W for 80 W tube, (Ans. 48 tubes)

University Questions

Q1

Q.2

Explain the wiring diagram of a tubelight with choke and glow starter.
[GTU : Dec.-2008, 7 Marks]

List lumens requirements for various categories of illumination.
[GTU : June-2009, 4 Marks]

aaa
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Protective Devices and
Safety Precautions

10.1 Introduction

The importance of electric supply is well known. It is very much necessary to protect
the power systems, equipments, motors, generators etc. from the dangerous fault
conditions in an electric supply. Hence it is necessary to have the arrangements with
which all these equipments can be switched on or off under no load or load conditions or
even under fault conditions. The collection of various equipments used for the switching
and protecting purposes in a power system is called switchgear. The various components
of a switchgear are switches, fuses, relays, circuit breakers etc. The switchgear protects the
system from fault and abnormal conditions and assures continuity of an electric supply.

10.2 Introduction to Relay

An important element of any protective relaying scheme is a relay. It is a device which
detects the fault and is responsible to energize the trip circuit of a circuit breaker. This
isolates the faulty part from rest of the system.

10.2.1 Basic Trip Circuit Operation

Consider a simplified circuit of a typical relay as shown in the Fig. 10.1. Usually the
relay circuit is a three phase circuit and the contact circuit of relays is very much
complicated. The Fig. 10.1 shows a single phase simplified circuit to explain the basic
action of a relay. Let part A is the circuit to be protected. The current transformer C.T. is
connected with its primary in series with the line to be protected. The secondary of C.T. is
connected in series with the relay coil. The relay contacts are the part of a trip circuit of a
circuit breaker. The trip circuit consists of a trip coil and a battery, in addition to relay
contacts. The trip circuil can operate on a.c. or d.c.

If the fault occurs as shown in the Fig. 10.1, then current through the line connected
to A increases to a very high value. The current transformer senses this current.
Accordingly its secondary current increases which is nothing but the current through a
relay coil. Thus the relay contacts get closed mechanically under the influence of such a
high fault current. Thus the trip circuit of a circuit breaker gets closed and current starts
flowing from battery, through trip coil, in a trip circuit. Thus the trip coil of a circuit

{10 - 1)
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breaker gets energised. This activates the circuit breaker opening mechanism, making the
circuit breaker open. This isolates the faulty part from rest of the healthy system.

Busbar

Trip coll ——

1

L}

i 1

c.T 6: ' :
' “TT TRolay cail

Trip circuit

'
2= Fault
'
A
Circuil to be
protecled

Fig. 10.1 Typical relay circuit

10.2.2 Auxiliary Switch

Another important device in the trip circuit is an auxiliary switch. It is a multipoint
switch generally 4 point, 6 point, 12 point or 24 point. This switch is mechanically coupled
with operating mechanism of the circuit breaker. Thus when circuit breaker opens, the
switch also gets opened. The switch is in the trip circuit and hence when it opens, it
breaks the cwrrent through the trip circuit. Once the current in the trip circuit is
interrupted the relay contacts come to normal position. The advantage of an auxiliary
switch is that the breaking of trip circuit takes place only across the switch and hence
possible arcing due to current interruption across the relay contacts gets avoided. Such
arcing is harmful for relay contacts as relay contacts are delicate and light. To interrupt a
current through the inductive circuit like trip circuit a robust mechanical switch is
necessary. This purpose is served by an auxiliary swilch, protecting delicate relay contacts.
In addition to this, indication circuits showing whether circuit breaker is open or close and
some other control circuits also get connected or disconnected by an auxiliary switch.

The auxiliary switch is generally placed in the control cabinet of the circuit breaker.
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10.3 Tripping Schemes
Two schemes are very popularly used for tripping in circuit breakers which are,
1. Relay with make type contact
2. Relay with break type contact

The relay with make type contact requires auxiliary d.c. supply for its operation while
the relay with break type contact uses the energy from the main supply source for its
operation. Let us see the details of these two types of schemes.

10.3.1 Relays with Make Type Contact

The schematic diagram ref ting the arrangement of various elements in a relay
with make type contact is shown in the Fig. 10.2.

R Y B

L}
L}
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: Relays
N i
/ " sl e
I
I
b
Breaker| ' __ _;
gl LN DN - auxiliary c,
switch
Circuit | o °
breaker T
Trip coil
Fuse
+
Equipment to be Battery
protected . = supply

Fig. 10.2 Relay with make type contact
As mentioned earlier, a separate supply is necessary for the relay operation. The relays
are connected in star while the relay contacts are connected in parallel. The entire relay
contact unit is connected in series with the auxiliary switch, trip coil and the battery. Relay
contacts are open in normal position.
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Operation : When the fault occurs, the current through relay coils increases to a very
high value. Due to this, the normally open relay contacts C;, C; and Cy get closed. This
activates the trip coil of a circuit breaker. The auxiliary switch is initially closed along with
the circuit breaker. So when contacts C;, C; and C; are closed, the current flows through
trip coil of circuit breaker. This activates the trip coil which opens the circuit breaker. As
auxiliary switch is mechanically coupled with the circuit breaker, it also gets opened. This
interrupts the current through trip coil. Thus supply to faulty part geis interrupted and
trip coil also gets de-energized. This brings the relay contacts back to normal position. Due
to auxiliary switch, arcing across relay contacts gets avoided. As relay contacts are
normally open and they 'make’ the circuit to open the circuit breaker hence called make
type contact relay.

10.3.2 Relay with Break Type Contact

The schematic arrangement of various elements in a relay with break type contact is
shown in the Fig. 10.3.

R Y B
g & &
1 1
Relay
conlacts
¢ --1L|--'.'. =
Circuit
breakar 1 T 1
Circuit
breaker
trip coil
Equipment to
be protected

Fig. 10.3 Relay with break type contact (using C.T.s)
This type of relay does not require external battery supply for the tripping. The
current transformers (C.T.s) or potential transformers (P.T.s) are used to derive the energy
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required for the relay from the main supply source. The relay using C.T.s to derive
operaling energy from the supply is shown in the Fig. 10.3.

In this scheme, the relay coil and trip coil of each phase are connected in series. The
three phases are then connected in star. Under normal working, the relay contacts C;, C,
and C; are closed. The energy for relay coils is derived from supply using C.T.s. The trip
coils of circuit breakers are de-energized under normal condition. When the fault occurs,
heavy current flows through relay coils due to which relay contacts C;, C; and C; break.
Thus current flows through trip coils of circuit breaker due to which circuit breaker gets
open.

The Fig. 10.4 shows the break type contact relay using P.T. to derive energy lo keep
relay coils energized.
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Fig. 10.4 Relay with break type contact {Using P.T.)
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In this type, in addition to normal trip coils of circuit breaker, an additional
undervoltage trip coil is used. All the relay contacts are in series with the undervoltage
trip coil. Through potential transformer, for normal voltage, the undervoltage trip coil is
kept energized. When the voltage becomes less than the normal value, the magnetic effect
produced by undervoltage trip coil reduces which is responsible for the opening of the
circuit breaker, When fault occurs, the normal trip coils of circuit breaker come into the
picture and are responsible for the opening of the circuit breaker.

In both the types, relay contacts 'break’ to cause the circuit breaker operation hence the
relay is called break type contact relay.

10.4 Electromagnetic Attraction Relays

In these relays, there is a coil which energizes an electromagnet. When the operaling
current becomes large, the magnetic field produced by an electromagnet is so high that it
attracts the armature or plunger, making contact with the trip circuit contacts. These are
simplest type of relays. The various types of electromagnetic attraction type relays are,

1. Attracted armature relay
2. Solenoid and plunger type relay

10.4.1 Attracted Armature Type Relay
There are two types of structures available for attracled armature type relay which are,
i) Hinged armature type
ii) Polarised moving iron type
The two types of attracted armature type relays are shown in the Fig. 10.5(a) and (b).
In attracted armature type, there exists a laminated electromagnet which carries a coil.
The coil is energized by the operating quantity which is proportional to the circuit voltage
or current. The armature or a moving iron is subjected to the magnetic force produced by
the operating quantity. The force produced is proportional to the square of current hence
these relays can be used for a.c. as well as d.c. The spring is used to produce restraining
force. When the current through coil increases beyond the limit under fault conditions,
armature gets attracted. Due to this it makes contact with contacts of a trip circuit, which
results in an opening of a circuit breaker.

The minimum current at which the armature gets attracted to close the trip circuit is
called pickup current.
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{a) Hinged armature type relay (b) Polarised moving iron type relay

Fig. 10.5

Generally the number of tappings are provided on the relay coil with which its turns
can be selected as per the requirement. This is used to adjust the set value of an operating
quantity at which relay should operate.

An important advantage of such relays is their high operating speed. In modern relays
‘an operating time as small as 0.5 msec is possible. The current-time characteristics of such
relays is hyperbolic, as shown in the Fig. 10.6.
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Fig. 10.6 Current-time characteristics
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10.4.2 Solenoid and Plunger Type Relay

The Fig. 10.7 shows the schematic arrangement of solenoid and plunger type relay
which works on the principle of electromagnetic aftraction.

It consists of a solenoid which is nothing but an electromagnet. It also consists a
movable iron plunger. Under normal working conditions, the spring holds the plunger in
the position such that it cannot make contact with trip circuit contacts.

Under fault conditions when current through relay coil increases, the solenoid draws
the plunger upwards. Due to this, it makes contact with the trip circuit contacts, which
results in an opening of a circuit breaker.
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Movable ....rmmr\_a
iron plunger
Spring

Fig. 10.7 Solenoid and plunger type relay
10.5 Induction Type Relays

The induction type relays are also called magnitude relays. These relays work on the
principle of the induction motor or an energy meter. In these relays a metallic disc is
allowed to rotate between the two electromagnets. The coils of the electromagnets are
energized with the help of alternating currents. The torque is produced in these relays due
to the interaction of one alternating flux with eddy currents induced in the rotor by
another alternating flux. The two fluxes have same frequency but are displaced in time
and space. As the interaction of alternating fluxes is the base of operation of these relays,
these are not used for the d.c. quantities. These are widely used for protective relaying
involving only a.c. quantities.
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Based on the construction, the various types of the induction type relays are,
1. Shaded pole type
2. Watthour meter type
3. Induction cup type

10.6 Thermal Relays

Thermal relays work on the
principle of heating effect of an electric
current in the relay coil. Instead of the
measurement of temperature, these
relays sense the temperature rise
produced by the current.

In a simplest thermal relay, a
bimetallic strip is used. The strip is
mounted above a resistance coil carrying
current to produce necessary heating

effect. The spring is used to make the
connection between contacts and the k

Bi-metallic
slrip

strip. The insulated lever arm is used to 1 Heating
carry the contact which is pivoted. To Healing coil
have variable settings, the tension in the LS

spring can be adjusted. The Fig. 10.8 Fig. 10.8
shows the schematic diagram of thermal

relay.

Under normal conditions, the heating due to current I is not enough to heat the strips
and contacts remain closed as strip remains straight.

When there is overloading, then the current I increases beyond safe value producing
very high I’R losses and corresponding large heat. Thus the strip gets heated up and
bends. Due to the bending of the strip, the spring opens the contacts and current is
interrupted.

In some cases, the bimetallic strips tl Ives carry the current without using a heater
coil. These relays are commonly used in protection of low voltage a.c. and d.c. motors. In
case of large motors, the bimetallic strip is connected through current transformer.
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.ature Circuit Breaker (MCB)

A miniature circuit breaker is an electromechanical device which makes and breaks the
circuit in normal operation and disconnects the circuit under the abnormal condition when
current reaches a preset limit. It can be used in place of fuse in distribution board. As it is
accurate and efficient under the overload and short circuit conditions, it can replace
conventional rewirable fuse.

Normally MCB operates at 1.25 times its rated current. If a MCB is rated for 16 A
then it will operate at 20 A. With the latest technology, it is tried that MCB will operate at
1.05 times its rated value. MCBs can be reset quickly by hand after its operation without
any cost which is not the case with a rewirable fuse and they cannot be reclosed if fault
still exists. Manually MCB's can be reclosed after correcting the fault. The MCB which is
tripped due to overload or short circuit can be easily identified as its operating knob
moves to OFF position.

A typical cross sectional view of MCB is shown in the Fig. 10.9.
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Fig. 10.9

A MCB is a high fault capacity current limiting, trip free automatic switching device
with thermal and magnetic operation for protection against overload and short circuit. The
thermal operation is possible with the use of bimetallic strip. A bimetallic strip deflects or
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bends when current exceeds a preset limit due to heating. Due to its deflection, a latch
mechanism is released which opens the contacts. For providing protection against short
circuit, inverse time current characteristics is used which gives lesser time for larger fault
currents. The opening time of MCB is less than one msec for larger currents and possibility
of welding of contacts due to heating is climinated due to its quick operation.

When short circuit occurs in the drcuit, the current energizes the solenoid which
attracts the plunger which strikes the trip lever which immediately releases the latch
mechanism to open the contacts. The instantaneous opening of contacts is achieved due to
rapid operation of solenocid.

The arc chute is used to increase the length of arc when it passes through it. Due to
lengthening, arc quickly extinguishes. This arc is produced due to separation of fixed and
moving contacts during the operation of MCB. Under the influence of magnetic field, the
arc is rapidly moved into arc chute where it quickly cools and gets extinguished which
ensures longer life of MCB. For ensuring longer life of contacts, eliminating possibility of
arc erosion, a non melting material silver graphite is used for contacts. The contact surface
must be cleaned after every operation of MCB for ensuring its effective and cfficient
operation.

The material used for body of MCB must be having high melting point, minimum
water absorption and flame resistant. It should also have high dielectric strength of low
coefficient of linear thermal expansion.

All moving parts within MCB are placed in a sheet metal casing instead of plastic
casing which changes its shape under thermal stress and continuous load. In case of a
multipole MCB, all phases should be tripped simultaneous in the event of short circuit or
overload.

Generally the MCBs are rated for ac voltage of 240 V for single phase, 415 V for three
phase or 220 V dc. The current rating available is from 0.5 A to 63 Amp. It is available as
1 pole, 2 pole, 3 pole or 4 pole with short circuit breaking capacity from 1 kA to 10 kA
with rated frequency of 50 or 60 Hz. The mechanical life of MCB is upto or more than 1
lakh operating cycles.

MCBs are classified into two series. L-serics MCBs are suitable for resistive loads with
low and steady currents. It includes heaters, ovens, geysers, electric irons, G.L.S.]lamps etc.,
The L-series MCBs are also used for protection of distribution equipments such as wires
and cables. G-series MCBs are suitable with equipments having high inrush current and
requiring overload protection. Such equipments are primarily inductive loads such as
motors, air conditioners, transformers, halogen lamps etc.

MCBs are widely used in distribution boards, various panels for protection of
individual circuit and complete wiring system. MCBs are costlier than fuse but no cost is
involved in their resetting after operation. Also the resetting is quick and simple. MCBs
are extensively used and are replacing rewirable fuses.
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provided, the child can get a servere shock which can be avoided by using ELCB which
typically trip in around 25 msec if the leakage current exceeds its preset value.

The schematic of ELCB is as shown in the Fig. 10.10

L o Tracnl;'ncr::lcl Fault
Fh H to earth
! due to
Sj\ingleg; phase E 0:?:::3;9
.C. Supply ! toa !iva
" ‘__,{r/ terminal
\ i
= \ Tnpping o

Relay Button

Fig. 10.10

As shown in the Fig. 10.10 ELCB consists of a small current transformer surrounding
live and neutral wire. The secondary winding of current transformer is connected to relay
circuit which can trip the circuit breaker which is connected in the circuit.

Under normal conditions, the current in line and neutral conductor is same so the net
current (I -1 ) flowing through the core is zero. Eventually there will not be any
production of flux in the core and no induced e.m.f. So the breaker does not trip.

If there is a fault due to leakage from live wire to earth or a person by mistake
touching to the live terminal then the net current through the core will no longer remain
as zero but equal to I} —Iy, or [; which will set up flux and emf in C.T. As per the preset
value, the unbalance in current is detected by C.T. and relay coil is energized which will
give tripping singal for the circuit breaker. As C.T. operates with low value of current, the
core must be very permeable at low flux densities.

Thus ELCB provides protection against electric shock when a person comes in contact
with live parts. resulting in flow of current from body to earth. A properly connected
ELCB detects such small currents in milliamperes flowing to earth through human body or
carth wire and breaks the circuit to reduce the risk of electracution to humans.

In the absence of ELCB and with a continuous flow of small fault or leakage current to
carth undetected for a considerable period may create hot spots which may result into fire.
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The equivalent electric circuit of the

Ling  &———————#——) above condition can be shown as in the
'bedy Fig. 10.13.
In L L In the equivalent circuit we have,
v AmZ R 1,, = Machine Current
Iiogy = Current  passing  through  the
Neutral ' Roody body of the person.

AR

Earth resistance R When a person, standing on the
= N - earth touches the machine, current [ gets
an alternative path through the body of
Fig. 10.13 Equivalent circuit the person to earth from the insulation
resistance, finally to the neutral of the
supply. From the equivalent circuit we can write,
v
L. = _ A1)
body R +Ryoay + R

When the insulation of the machine is perfect, the insulation resistance is of the order

of few mega ohms and practically can be considered as infinity.

So R, = = ... Insulation perfect

- v -

Ibmly = Ry +oo+ Ry g0 =0 L(2)

So in normal operating conditions, there is no current passing through the body of the
person and hence there is no danger of the shock.

But when the insulation becomes weak or defective or if one of the windings is
touching to the frame directly due to some fault then R; i.e. insulation resistance becomes
almost zero. Now resistance of body and earth are not very high and hence Ibm]y increases
to such a high value that the person receives a fatal shock. Such a current is called a
leakage current. Hence when
the machine is not earthed,
there is always a danger of the
shock, wunder certain fault
conditions.

Fuse 1

Line

o —
; F
5 2
o

t

o

)

H

Let us see mow, what
happens due to earthing. In
] case of earthing, the frame of
S the machine is ecarthed as

‘\ shown in the Fig. 10.14.
= Earthing of

Path of leakage current machine The resistance of ‘the path

Fig. 10.14 Machine is earthed from frame to earth is very

Meutral

p!
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very low. When the person touches to the frame, and if there is a leakage due to fault
condition, duc to carthing a leakage current takes a low resistance path ie. path from
frame to carth, bypassing the person. So body of the person carries very low current which
is not sufficient to cause any shock.

The equivalent circuit of

of an insulation R;
approaches to zero. So
current is sufficiently high to
cause a fatal shock. But at

= point E shown in the
Fig.10.15 Equivalent circuit when machine is earthed Fig.10.15 the current I; has
two paths :

Line o . AN the ecarthed condition is
R shown in the Fig. 10.15.
|
"l Th When there is a leakage
I" RnZ 3 current due to deterioration

Meutral ]
Ry earth resistance

i) One flowing through Ryqy through the person.
i) Other through new earthing connection having resistance Rp;.
The current through the body of the person can be obtained by using the results of
current division in a parallel combination.
Rei

Thody = ITxm .(3)

Now R, is very very small about 5 while Ry under worst condition is 1000 £2 but
generally higher than 1000 Q. Hence current 1, 4. is negligibly small compared to current
I, So entire leakage current I passes through t{m earthing contact bypassing the body of
the person. The value of Tyody is Mot sufficient to cause any shock to the person.

Not only this but the current L1, is high due to which fuse blows off and thus it helps
to isolate the machine from the electric supply.

10.10.1 Uses of Earthing
Apart from basic use of earthing discussed above, the other uses can be stated as
1) To maintain the line voltage constant.
2) To protect tall buildings and structures from atmospheric lightening strikes.
3) To protect all the machines, fed from overhead lines, from atmospheric lightening.

4) To serve as the return conductor for telephone and traction work. In such case, all
the complications in laying a separate wire and the actual cost of the wire, is thus
saved.
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5) To protect the human being from disability or death from shock in case the human
body comes into the contact with the frame of any electrical machinery, appliance
or component, which is electrically charged due to leakage current or fault.

10.11 Methods of Earthing

Earthing is achieved by connecting the electrical appliances or components to earth by
employing a good conductor called ‘Earth Electrode’. This ensures very low resistance
path from appliance to the earth. The various methods of earthing are

i) Plate earthing

ii) Pipe earthing

iii} Earthing through water main
iv) Horizontal strip carthing

v} Rod earthing

Let us discuss in detail, the two methods of earthing which are commeonly used in
practice.

10.11.1 Plate Earthing

The carth connection is provided with the help of copper plate or galvanized iron
{G.L) plate. The copper plate size is 60 cm x 60 cm x 3.18 mm while G.I plate size is not
less than 60 cm x 60 cm x 6.3 mm. The G plates are commonly used now-a-days. The
plate is embedded 3 meters ( 10 feet ) into the ground. The plate is kept with its face
vertical.

The plate is surrounded by the alternate layer of coke and salt for minimum thickness
of about 15 cm. The earth wire is drawn through G.I. pipe and is perfectly bolted to the
earth plate. The nuts and bolts must be of copper plate and must be of galvanized iron for
G.1. plate.

The earth lead used must be G.I. wire or G.I strip of sufficient cross-sectional area to
carry the fault current safely. The earth wire is drawn through Gl pipe of 19 mm
diameter, at about 60 cm below the ground.

The G.I. pipe is fitted with a funnel on the top. In order to have an effective earthing,
salt water is poured periodically through the funnel. v

The earthing efficiency, increases with the increases of the plate area and depth of
embedding. If the resistivity of the soil is high, then it is necessary to embed the plate
vertically at a greater depth into the ground.

The only disadvantage of this method is that the discontinuity of the earth wire from
the earthing plate below the earth can not be observed physically. This may cause
misleading and may result into heavy losses under fault conditions.

The schematic arrangement of plate earthing is shown in the Fig. 10.16.
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The earth wires are connected to the G.I pipe above the ground level and can be
physically inspected from time to time. These connections can be checked for performing
continuity tests. This is the important advantage of pipe earthing over the plate earthing.
The carth lead used must be G.I wire of sufficient cross-sectional area to carry fault
current safely. Tt should not be less than electrical equivalent of copper conductor of 12,97
mm? cross-sectional area,

The only disadvantage of pipe earthing is that the embedded pipe length has to be
increased sufficiently in case the soil specific resistivity is of high order. This increases the
excavation work and hence increased cost. In ordinary soil condition the range of the earth
resistance should be 2 to 5 ohms.

In the places where rocky soil carth bed exists, horizontal strip earthing is used. This is
suitable as soil excavation required for plate or pipe earthing is difficult in such places. For
such soils earth resistance is between 5 to 8 ohms.

10.12 Multimeter

A multimeter is most commonly used laboratory instrument which is used for
measurement of current, voltage, resistance. It consists of a balanced bridge d.c. amplifier
and PMMC indicating instrument. To get different ranges of voltages and currents, range
switch is provided. A function switch is also provided to measure various measurement
quantities like voltage, current or resistance. An internal battery is supplied for

ement or resistance. A rectifier used in the circuit converts a.c. to a proportionate
dyc. value.

Multimeters are available in two types namely analog multimeter and digital
multimeter. Now a days digital multimeters are commonly used. The PMMC indicating
instrument mentioned above is the feature of the analog multimeter while LCD (Liquid
Crystal Display) of digital type is the feature of digital multimeters.

A multimeter measures a.c. and d.c. voltage, a.c. and d.c. currents and resistance.
The Fig. 10.18 shows the modemn laboratory type multimeter.

Fig. 10.18 Laboratory type multimeter
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10.12.1 Use of Multimeter for D.C. Voltage Measurement
The Fig. 10.19 shows the arrangement used in multimeter to measure the d.c. voltages.

Ry Ry Ay Ry Rg M
—AM—
R Range )
""‘f" selector switch
D.C. Voltage
5000V d.c. -
Fig. 10.19

For getting different ranges of voltages, different series resistances are connected in
series which can be put in the circuit with the range selector switch. We can get different
ranges to measure the d.c. voltages by selecting the proper resistance in series with the
basic meter..

10.12.2 Use of Multimeter as an Ammeter

To get different current ranges, different shunts are connected across the meter with
the help of range selector switch. The working is same as that of PMMC ammeter.

The Fig. 10.20 shows the arrangement used in the multimeter to use is as an ammeter.

+7Y-
M

Ry

500mA

s Range
salector
switch

Fig. 10.20
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10.13 Safety Precautions

It is necessary to observe some safety precautions while using the electric supply to
avoid the serious problems like shocks and fire hazards.

Some of the safety precautions are listed below :

1} Insulation of the conductors used must be proper and in good condition. If it is
not so the current carried by the conductors may leak out. The person coming in
contact with such faulty insulated conductors may receive a shock.

2) Megger tests should be conducted and insulation must be checked. With the help
of megger all the tests discussed above must be performed, on the new wiring
before starting use of it.

3) Earth connection should be always maintained in proper condition.

4) Make the mains supply switch off and remove the fuses before starting work with
any installation.

5) Fuses must have correct ratings.

6) Use rubber soled shoes while working. Use some wooden supper under the feet.
this removes the contact with the earth.

7) Use rubber gloves while touching any terminals or removing insulation layer from
a conductor.

8) Use a line tester to check whether a 'live' terminal carries any current still better
method is to use a test lamp.

9) Always use insulated screw drivers, pilers, line testers etc.
10) Never touch two different terminals at the same time.
11} Never remove the plug by pulling the wires connected to it
12) The sockets should be fixed at a height beyond the reach of the children.

10.14 Electric Shock

A sudden agilation of the nervous system of a body, due to the passage of an electric
current is called an electric shock.

The factors affecting the severity of the shock are,

1. Magnitude of current passed through the body.

2. Path of the current passed through the body.

3. Time for which the current is passed through the body.

4. Frequency of the current.

5. Physical and psychological condition of the affected person.
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2 Dry 100000 0.001 No burns | 0.005 Light 0.1 Death
and very shock with sure but

light no burns. slight

shock. burns.

3 Neither 5000 0.02 Painful 01 Death 2 Severe
Dry nor shock but certain burns but

Wet no injury with slight may
or bums. burns. survive.

10.15 Safety Rules

Following are few of the safety rules must be observed while dealing with electricity.
1) All the electrical supply lines shall be sufficient in power and size and of sufficient
mechanical strength for the work.
2) All electric supply lines, wires, fittings and apparatus at a consumer's premises
should be in a safe condition and in all respects fit for supplying energy.
3) The underground cable must be properly insulated and protected under all the
ordinary operating conditions.
4) A suitable earthed terminal should be provided by supplier on the consumer's
premises.
5) The bare conductors, if any are ensured that they are inaccessible.
6) The conductor or apparatus, before handled by any person proper precaution is
taken by earthing or suitable means to discharge electrically.
7) No person shall work on any live electric supply line or apparatus and no person
shall assist such person.

8) Flexible cables shall not be used for portable or transportable motors, generators,
transformers, rectifiers, electric drills, welding sets etc. unless they are heavily
insulated and adequately protected from mechanical injury.

9) When a.c. and d.c. circuits are installed on the same supports they shall be so
arranged and protected that they shall not come into contact with each other when
live.

10) First aid boxes must be provided and maintained at generating stations and
substations.

11) Fire buckets filled with clean dry sand and ready for immediate use for
extinguishing fires.

12) Instructions in English, Hindi and any local languages for the restoration of person

suffering from electric shock must be affixed in generating station and substation
at a suitable place.

13) Each installation is periodically inspected and tested.
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