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Basic Circuit Analysis and
Network Reduction Techniques

1.1 Introduction

The Ohm's law can be successfully applied to the various circuits to analyse them. But
in practice, the circuits may consist of one or more sources of em.f 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 give rise to complicated electrical circuits, generally
referred as networks. The terms circuit and network are used synonymously in the
electrical literature.

The network analysis or circuit analysis means to find a current through or voltage
across any branch of network or circuit.

In circuit analysis, many a Hmes it is necessary to reduce the complicated electrical
network to simple form. In this chapter, some network simplification techniques such as
source transformation, application of Kirchhoff's laws and star-delta transformations are
discussed. These techniques are basic techniques which are further useful to apply various
network theorems to the complicated electrical networks.

1.2 Network Terminology

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

1.2.1 Network

Any arczngement 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. 1.1.

1.2.2 Network Element

Any individual circuit element with two terminals which can be connected to other
circuit element, i1s called a network element.

Network elements can be either active clements or passive elements. Active elemenis
are the elements which supply power or energy to the network. Voltage source and
current source are the examples of active elements. Passive clements are the elements

(1-1)
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which either store eneigy 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.

1.2.3 Branch

A part of the network which connects the various points of the network with one
another is called a branch. In the Fig. 1.1, AB, BC, CD, DA, DE, CF and EF are the various
branches. A branch may consist more than one element.

1.2.4 Juncticn Point

A point where three or more branches meet is called a junction point. Point D and C
are the junction points in the network shown in the Fig. 1.1.

1.2.5 Node

A point at which two or more elements are joined together is called node. The junction
points are also the nodes of the network. [n the network shown in the Fig. 1.1, A, B, C, D,
E and F are the nodes of the network.

1.2.6 Mesh (or Loop)

Mesh (or Loop) is a set of branches forming a
closed path in a network in such a way that if one
branch is removed then remaining branches do not form
a closed path. A loop also can be defined as a closed
path which originates from a particular node,
terminating at the same node, travelling through various
other nodes, without travelling through any node twice.
In the Fig. 1.1 paths A-B-C-D-A, A-B-C-F-E-D-A,
E F D-C-F-E-D ete. are the loops of the network.

Fig. 1.1 An electrical network In this chapter, the analysis of d.c. circuits consisting
of pure resistors and d.c. sources is included.

1.3 Classification of Electrical Networks

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

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

ii) Non linear network : A circuit whose parameters change their values with change in
time, temperature, voltage efc. 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.

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

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

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

vi) Passive network : A circuit which contains no energy source is called passive circuit.
This is shown in the Fig. 1.2.

R, Ry R, Ry
f AN Wiy WAy AWy
Mo energy
. source
Vi _-[ § R; ® § Ry
{a) Active network (b) Passive network
Fig. 1.2

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

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

Electrical circuils or networks
Aclive Passive Linear Monlinear Unilateral  Bilatleral Lumped Distributed

Fig. 1.3 Classification of networks
1.4 Energy Sources

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

Let us see the difference between ideal and practical sources.

1.4.1 Voltage Source

Ideal voltage source is defined as the energy source which gives constant voltage
across its terminals irrespective of the current drawn through its terminals. The symbol for
ideal voltage source is shown in the Fig. 1.4 (a). This is connected to the load as shown in
Fig. 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. 1.4 (c).

I

o o - +
+ + \
Lnad[]VL :

a o - ] II—
(a) Symbol {b) Clrcuit (c) Characteristics
Fig. 1.4 Ideal voltage source

(UL=V,

Practical voltage source :

But practically, every voltage source has small internal resistance shown in series with
vnitlarﬁ'e 5c:ume and is represented by Re. as shown in the Fig. 1.5.
ema

resistance Pse I Vi
-+
[
Ideal When thers is no
* { load, |, =4 and
> A L

-l.ﬁi‘- =] v V= ".,I'=I

he t Practical
o l - 1] - IL
(a) Clrcuit (b) Characteristics

Fig. 1.5 Practical voltage source
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Because of the Ry, voltage across terminals decreases slightly with increase in current
and it is given by expression,

VL = =(Ree) I + Vs =V = R,
Key Point : For ideal voltage source,
Rsc =0

Voltage sources are further classified as follows,

i) Time invariant sources

+| ° The sources in which voltage is not
v V_? varying with time are known as time
© o

invariant voltage sources or D.C. sources.
These are denoted by capital letters. Such a
Fig. 1.6 (a) D.C. source source is represented in the Fig. 1.6 (a).

ii} Time variant sources :

The sources in which voltage is varying

wt) with time are known as time variant voltage
sources or A.C. sources. These are denoted by
Fig. 1.6 (b) A.C. source small letters. This is shown in the Fig. 1.6 (b).

1.4.2 Current Source

Ideal current source is the source which gives constant current at its terminals
irrespective of the voltage appearing across its terminals. The symbol for ideal current
source is shown in the Fig. 1.7 {a). This is connected to the load as shown in the
Fig. 1.7 (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. 1.7 (c}.

IL= l'

® @ [

o - 0 -VL

Q
L

(a) Symbol (b} Circuit {c) Characteristics

Fig. 1.7 Ideal current source
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But practically, every current source has high internal resistance, shown in parallel
with current source and it is represented by Rg,. This is shown in the Fig. 1.8.

Internal
resislance I I

Y L =
o i Ideal It lgn =1
Len | * _Thus as i,
|= CD R-;h Load "uI’L 5 Praciical increasa, !L'
tlecreases

O o u o IL- ;L i I!"

{a) Circuit (b) Characteristic

Fig. 1.8 Practical current source

Because of Rg,, current through its terminals decreases slightly with increase in
voltage at its terminals.

Key Point : For ideal current source, Ry, = =.
Similar to voltage sources, current sources are classified as follows :
i) Time invariant sources :

The sources in which current is not varying
! with time are known as time invariant current
sources or D.C, sources. These are denoted by

capital letters.

Fig. 1.9 (a) D.C. source Such a current source is represented in the
Fig. 1.9 (a).

ii) Time variant sources :

———o The sources in which current is varying with
i JD time are known as time wvariant current sources
or A.C. sources. These are denoted by small
R letters.
Fig. 1.9 (b) A.C. source Such a source is represented in the
Fig. 1.9 (b).

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

1.4.3 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. 1.10 and further
classified as,
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i) Voltage dependent voltage source : It produces a vollage as a function of voltages
elsewhere in the given circuit. This is called VDVS. It is shown in the Fig. 1.10 (a).

ii} Current dependent current source : It produces a current as a function of currents
elsewhere in the given circuit. This is called CDCS. It is shown in the Fig. 1.10 (b).

iii} 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. 1.10 (c).

iv) Voltage dependent current source : It produces a current as a function of vollage
elsewhere in the given circuit. This is called VDCS. It is shown in the Fig. 1.10 (d).

U=HV1<+E Itﬂli§ v=m1+<§ I=KU14§ ,
{a) (b} (€) (d}

Fig. 1.10 Types of dependent sources

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

1.4.4 Regulation and Loading of Sources

It is seen that practically the output voltage of the voltage source decreases as load
current increases. The allowable drop in voltage is specified interms of parameter called
regulation of source. It is defined as,

No lead voltage—Full load vnltagex 100 = VgL = Ve .

" Regulation = Full load voltage 100

VEL

On no lead, Vi is same as the rated value of voltage source. While Vp, is terminal
voltage on full load.

Key Point : Lesser the regulation, better is the performance of the source. Ideal value of
regulation is zero.

If the source is loaded in such a way that the load voltage falls below specified full
load value and the regulation is higher than that specified for the source then the source is
said to be loaded. This is loading of sources.

_I_l- For example : Consider the source of 10 V shown
r having internal resistance of 14}, in the Fig.1.11. The
10 terminal voltage is,
v, [Load] Vi = IL Ry
10
10V o= g (1)

Fig. 1.11 Loaded source



Circuit Theory 1-8  Basic Circuit Analysis & Network Reduction Techniques

On no load, Ry, =eceand Vi =V=Vp =10V
Let the specified full load current be 1 A ie. Iy =If, =1A.

On full load,
R, = %-1 =90 ... from (1)
"nlrl.'[‘ = IFL KRL =1K9 = 9 v

% Regulation = ~Ne=VEL 100 = 095100 = 11.11%
FL
If now Ry is changed to 50 then,
10
v, Allowable Iy = 541 1.667 A

VL = ||__ RL =1.667x5=8335V
% Regulation = 20352100 = 1997 %
This worsens the regulation and the source is
said to be loaded. Thus for any Iy >1A there is
loading of source which is shown in the
Fig. 1.12 Loading of source Fig. 1.12.

1.5 Ohm's Law

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

Ohm's Law : The current flowing through the electric circuit is directly proportional to the
potential difference across the circuit and inversely proportional to the resistance of the circuit,
provided the temperature remains constant.

v
Mathematically, T
+ "'I:M. = Mme[hm?nlnentﬂﬂmnginampﬂes,the\fis
\—/ = the voltage applied and R is the resistance of the
v conductor, as shown in the Fig. 1.13.
V
Fig. 1.13 Ohm's law Now 1=g¢

The unit of potential difference is defined in such a way that the constant of
proportionality is unity.
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V
Ohm's law is, I= ® amperes
V=IR volts
v
T= Constant = R chms

The Ohm's law can be defined as,

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

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

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

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

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

V = kI™  where k, m are consiants,

1.6 Linear Passive Parameters (R, L and C)

The three basic linear passive elements used in various circuits are,
1) Resistance 2) Inductance 3) Capacitance

1.6.1 Resistance and its V-l Relationship
It is the property of the material by which it opposes

_I_ R the flow of current through it The resistance of element
° +w'_ © is denoted by the symbol 'R'. Resistance is measured in
ohms (£2).
Fig. 1.14 The relation between voltage and current is given by
Chm's law.
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Resistor dissipates energy in the form of heat. So power absorbed by the resistor is
given by,

2
P=Vl=(l-R)l=IR= VTwaHs

Resistance converts amount of energy into heat during time t, is given by,

i
W = Pdt= [P Rdi=P-Rt =V-I-t joules

0

1.6.2 Inductance and its V-l Relationship
_ Inductance is the element in which energy is stored
' h in the form of electromagnetic field. The inductance is

> GO
denoted by 'L’ and it is measured in Henry (H).

For inductance, the voltage is proportional to the rate

Fig. 1.15
of change of current.
v « 3
dt
. di)
Mk e

Assuming that initially zero current flows through the inductance, if a current i is
made to flow through a coil, the energy stored in time interval is given by,

i 4 di\. 1
W = J'v'-ldl =-|-{LE ide =LJ-1-d1
i i / i}
1 .4 .
W = 5 i“L  joules ... Energy stored in an inductor.

1.6.3 Capacitance and its V-l Relationship
- An element in which energy is stored in the form of

]
N [ electrostatic field is known as capacitance. The capacitance is
vit) c denoted by 'C’ and it is measured in Farads (F).
- OJ For capacitor, the voltage is proportional to the charge.

Fig. 1.16 v = q
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LU jiﬂl
v = %J'idl
. dv(t)
S T

With zero initial voltage across capacitor, if the current i flows for time t spent, the
energy supplied to capacitor will be,

n.|§-

wW = _i'v.idl = _iv.(.‘ .
1]

v
dt :ijdv
[1] 1]

| P .
W = 5Cv< joules ... Energy stored in a capacitor.

Key Point : While calculaling energy stored in the capacitor, V must be voltage across
capacitor.

Summarizing the behaviour of the three basic elements, we can write,

Element Voltage across element if Current through element if
current is known voltage is known
R v=iR jm T
L velL g% i= ]l:[v dt
c =t - dv
veafid i=C3

Table 1.1 Behaviour of circuit elements

mmp Example 1.1 A 0.5 uF capacitor has voltage waveform wo(t) (Fig. 1.17) .Plot i(t) as
function of L. (April/May-2005)

Vi)

40V

O e ——

B t (msac)

Fig. 1.17
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Solution : For 0 <t < 2, v(t) is a ramp of slope % =20.

vit) = 20t LwiorQet <2
. dvi(l)
ift) = Cuar=ﬂ.5x1ﬂ4x2ﬂ=1xlﬂ'5ﬁ= WpA . forD<t<?2

For 2 < t < 4, v(t) is constant.

wit) = 40V wlor2 et <4
ift) = C¥=ﬂ,5xlﬂ“ﬁx[]=nh wfor2eted
For 4 < t < 8, v(t) is a ramp with slope = S—20 _ _ 19
or ’ P Pe=31°
vit) = =10t + 80 wford<t<8
. dvit)
i() = C5~ =0.5%106x(-10) = - 5 uA . forda<t<s

The current waveform is shown in the Fig. 1.17(a).
it)
1

10 pA

-5 pA

Fig. 1.17{a)

Note : For 4 <t < 8, the equation of the line is y = mt + C where m = slope = -10. It
gives equation y = — 10t + C. Now point (8,0) is on the line so substituting in the
equation,

0 = -10x8+C i.e. C=80
Thus equation of line is y = — 10 t + 80 where y = i(t), as used above.

1.7 Analysis of Series Circuits

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

} o Consider the resistances shown in
wm the Fig. 1.18,
) " - The resistance R;, Ry and R, are

Ry R, I . - - s
"—’Mﬁr‘*‘_“ﬁv—-“‘—“%‘*—'" said to be in series, The combination

is connected across a source of voltage

ol ol
I Vi | V2 [ Vs 'V volts. Naturally the current flowing
e |||. 4  through all of them is same indicated
oL as I amperes. e.g. the chain of small
v volts lights, used for the decoration
Fig. 1.18 A series circult purposes is good example of series
T combination.

Now let us study the voltage distribution.

Let V,,V; and V; be the voltages across the terminals of resistances Ry, Ry and Ry
respectively.

Then, A%

?1+‘|uf1 + Va

Now according to Ohm's law, Vi IRy, Vo =IRs, Vi=1Rj
Current through all of them is same ie. [
V = IRy +IR2+IR3 =[(Ry +Rs +R3)
Applying Ohm's law to overall circuit,
V = 1 Ry
where Req= Equivalent resistance of the circuit. By comparison of two equations,
Reg = Ry+Ry+R;

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

For n resistances in series, R =ER1+Rs+Ray+......+ Ry

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

V = Vi+Va+... + Vy
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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 > Ri. R=Ra. ..... R > Rn

1.7.2 Inductors in Series

Consider the Fig. 1.19 (a). Two inductors L, and L, are connected in series. The
currents flowing through L, and L, are i; and i while voltages developed across L) and
L» are Vi ; and Vi ; respectively. The equivalent circuit is shown in the Fig. 1.19 (b).

W, W W
ig + L_ ia + Lz _ i+« L _
o— e ——— L ———o O Y

(a}) (b)
Fig. 1.19 Inductors in series

di dis .
We have, Vi =1L rry and Vs =La T while Vi = L,:q a

For series combination,

i = ip=1iz
and Vo= Vot Vg
di di di
Lq a; = L] m + I.-z a
di di
Leg a {(Li+Lz }E

[;L-q = [.-’ + ].-l:!

That means, equivalent inductance of the series combination of two inductances is the
sum ot inductances connected in series.
Key Point : The total equivalent inductance of the series circuit is sum of the inductances
connected in series.

For n inductances in series,

LWI =Li+L+L3+ ...+ L,
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1.7.3 Capacitors in Series

Consider the Fig. 1.20 (a). Two capacitors C; and C; are connected in series. The
currents flowing through and voltages developed across C; and C; are i}, is and Vp; and
Vie; respectively. The equivalent circuit is shown in the Fig. 1.20 (b).

.. Ver o Ve Ve
T L — o—f—o

Cs C; Ceq

@) (b)

Fig. 1.20 Capacitors in series
o, Ior . 1 or
We have, Vp; =C—l .I;:'dt' Ve = oy J;:;d: while V ZE ‘[:di
For series combination,
i =i =iy and
Ve = Vo + Ve

1 ¢ 1 1
o Jid = el jildt+E-2— Jiadt

= g = bl

But i=‘i|=i]
1 1 1%t
E_’l‘:’d' = [C_]-l-c_i]_[: 'd'

I B

Ca G G

CiCa

C"l = Cy+Cs

That means, reciprocal of equivalent capacitor of the series combination is the sum of
the reciprocal of individual capacitances.
Key Point : The reciprocal of the total equivalent capacitor of the series combination is the
sum of the reciprocols of the individual capacitors, connected in series.

For n capacitors in series,
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tnmp Example 1.2 :  Twu capacitances Cy and C of values of 10 uF and 5 pF, respectively are
connected in series. What is the equivalent capacitance of the combination 7 [April/May-2003]

Solution : C; = 10uF and C, =5pF

_ GG 10x 107 P x5x10- 9

GG 10x 1070 +5%10-°

333 uF

Ceq = 3333 % 10-°

1.8 Analysis of Parallel Circuits

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

1.8.1 Resistors in Parallel

Voltage same Consider a parallel circuit shown in the Fig. 1.21.

current division In the parallel connection shown, the three

resistances R1 , Ry and R are connected in parallel and
combination is connected across a source of voltage V.

In parallel circuit current passing through each
resistance is different. Let total current drawn is say " 1
as shown. There are 3 paths for this current, one
through R, second through R; and third through Rj.
Depending upon the wvalues of Ry ,R; and R; the
appropriate fraction of total current passes through
. them. These individual currents are shown as I ,I; and

Fig. 1.21 A parallel circuit | \while the voltage across the two ends of each
resistances Ry , 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

I; Ry, V=I3Ra, V= I3R;

Y o= -V
Rl' E—Rz—‘ 3=

I

n

3
I] +Iz +13, - R—‘H;'I-—-RE;-P%

[ |
il

1 1 1
V[wwws) -0
For overall circuit if Ohm's law is applied,
V = IRgyq
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and I = 'Rj:; - (2)
Where Ryq = Total or equivalent resistance of the circuit
Comparing the two equations,
- i
Where R is the equivalent resistance of the parallel combination.
In general if ‘n’ resistances are connected in parallel,
LI . R
R Ry R; Rj Rn
Conductance (G) :

It is known that, lR = G (conductance) hence,

G = G1+Gy+Ga+...4+Gy ... For parallel circuit.

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

1 _ 1.1

R ~ Ry R,
_ RiR;
- R] +R2

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

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

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

I = [|+12+I3+ ...... 4 In

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

4) The equivalent resistance is the smallest of all the resistances.
R =< R] . R= Rz..,...,RcRn
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5) The equivalent conductance is the arithmetic addition of the individual
conductances.

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

1.8.2 Inductors in Parallel

Consider the Fig. 1.22 {a). Two inductors L; and L, are connected in parallel. The
currents flowing through L, and L, are 1, and i; respectively. The voltage developed

across L; and L, are V| and Vi, respectively. The equivalent circuit is shown in
Fig. 1.22 (b).

v
Iy o+ L‘-
d 1Lk
L; i+uL-
o — oG 0
v
s+ L2 _ LW
—TOu™
L2

[.I" (b}
Fig. 1.22 Inductors in parallel

For inductor we have,

1
[ at

—

1 1
1y =—Lil—l- J‘le dt, ir = ﬁ J‘h"udt, while 1=ﬁ

For parallel combination,
‘UL = 1|l..'r|_1 = ‘L'ru and
i = ii.] + jl
1 1

1 1 11
i [via s fvide = (E.+E]—ijdu

] - -

I
I
Ry,
-
=3
1l

That means, reciprocal of equivalent inductance of the parallel combination is the sum
of reciprocals of the individual inductances.

For n inductances in parallel,
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1.8.3 Capacitors in Parallel

Consider the Fig. 1.23 (a). Two capacitors C; and C; are connected in parallel. The
currents flowing through C; and C, are 1; and i; respectively and voltages developed
across Cj, C; are V¢ and V3 respectively.

The equivalent circuit is shown in the Fig. 1.23 (b).

%

.t_‘ “'l?l
LA
Cy Ve

— ety o . +”- a

W, C

2 *1?3 “

i Iy
C;
(a) (b)
Fig. 1.23 Capacitors in parallel

For capacitor we have, i, = dg%, iy = Cs ig%i, while i= Cg %

For parallel combination,

Ver = ch =V¢ and
i= i.| + Il
dve _ . dVgy AV,
Cag = O * O
dVe . dV
Cogo = Q)5
Cﬁ] = C| +C2

That means, equivalent capacitance of the parallel combination of the capacitances is
the sum of the individual capacitances connected in series.

For n capacitors in parallel,

ng =C|+C2+,..+Cn
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The Table 1.2 gives the equivalent at 'n’ basic elements is series.

Element Equivalent

' Resistances in seres

Ry Rs Ry . R, Regg =Ry + Ry +Ry+ .+ R,

‘n" Inductors 1n series

Ly Ly Ly L LEQ=L1+L2+L3+"'+LFI

'n' Capacilors in series
1 1

o—}——F——}—o—}— L L S
¢, ; & - ¢ G GGG

Table 1.2 Series combinations of elements

The Table 1.3 gives the equivalent of n' basic elements in parallel.

Elemant Equivalent

‘n" Resistances in parallel

e moe 1 11 1
o H,% Rz% %R“ Req Ry Ry YTRn

‘n' Inductors in parallel

- LS I L
L;"" Ly Lp ch Ly Lz Ln

'n' Capacitors in parallel

_l 1 Ceq=Cy*+Cp+ .4 C,
— == & G,

e I T o T

Table 1.3 Parallel combinations of elements
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Key Point : The current through series combination remains same and voltage gets divided

while in parallel combination voltage across combination remains same and current gets
divided.

yump Example 1.3 : Find the equivalent resistance between the two points A and B shoum in
the Fig. 1.24.

an

6|8,

142
o—ANA—
A 50 60 B
—AMA———— A ———a
7Ll
ANV
Fig. 1.24

Solution : Identify combinations of series and parallel resistances.
The resistances 5 {1 and 6 { are in series, as going to carry same current.
So equivalent resistance is 5 + 6 = 11 Q2

While the resistances 3 2 , 4 £}, and 4 Q are in parallel, as voltage across them same
but current divides.

. ; - : 1 _1.1.1_10
. Equivalent resistance is, = 3titiTE
12
R = 10 =120

Replacing these combinations redraw the figure as shown in the Fig. 1.25 (a).

alm
=
o]

Parallel
Fig. 1.25 (a) Fig. 1.25 (b)

Now again 2.2  and 2  are in series so equivalent resistance is 2 + 1.2 = 3.2 Q while
11Qand 781 are in parallel.

117 77

Ry Rs
Rl +R2

Using formula equivalent resistance is
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Replacing the respective combinations redraw the circuit as shown in the Fig. 1.25 (b).
Now 3.2 and 4.277 are in parallel.

2x4.277
Replacing them by g—ﬁm = 183040
Rap. = 1+ 1.8304 = 2.8304 Q

1.9 Short and Open Circuits

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

1.9.1 Short Circuit

e When any two peints in a network
- are joined directly to each other with a
Thick i i thick metalic conducting wire, the two
conducting—=| R__=0 Vag =0 i Network points are said to be short circuited. The
i
I
I

wire | resistance of such short circuit is zero.
B

{ The part of the network, which is

short circuited is shown in the Fig.1.26.

Fig. 1.26 Short circuit The points A and B are short circuited.

The resistance of the branch ABis R, =012.
The curent 1,5 is flowing through the short circuited path.
According to Ohm's law,

Vap = RexIpp=0xTg=0V

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

1.9.2 Open Circuit

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

——————— As there is no direct connecton in an

R i
o __aamh, - open circuit, the resistance of the open circuit
—— 1 x
o 1=0 : is o=,
] R- . .
circuit . E QO The part of the network which is open
° ! circuited is shown in the Fig. 1.27. The points
L [ ]

f A and B are said to be open circuited. The

- .

resistance of the branch AB is Ry === {2,
Fig. 1.27 Open circuit o
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There exists a voltage across the points AB called open circuit voltage, V,u but
Roe === LL
According to Ohm's law,
I = JAB = YAB _gp

o Roc -

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

1.9.3 Redundant Branches and Combinations
The redundant means excessive and unwanted.

Key Point : If in a circuit there are branches or combinations of elements which do not
carry any current then such branches and combinations are called redundant from circuit
point of view.
The redundant branches and combinations can be removed and these branches do not
affect the performance of the circuit.
The two important situations of redundancy which may exist in 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. 1.28 (a) and (b).

R
1 2 A
r— Y » } Branch AB
Short } I is redundant

v—= R Short

B \ Mo current
through H.3 and R-ll

(a) {b)

Fig. 1.28 Redundant branches
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In Fig. 128 (a), there is short circuit across R;. The current always prefers low
resistance path hence entire current I passes through short circuit and hence resistance R,
becomes redundant from the circuit point of view.

In Fig. 1.28 (b), there is short circuit across combination of Ry and R;. 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 eliminated while analysing the circuit.

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

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

Redundant
,/_? ) branches

Fig. 1.28(c) Redundant branches due to open circuit

1.10 Volitage Division in Series Circuit of Resistors
Consider a series circuit of two resistors R,

n—"qMﬂv—-lm
5»1

e T
i

' H1v ﬁ:‘;ﬂh and R; connected to source of V volts.
As two resistors are connected in series, the
v current flowing through both the resistors is
same, i.e. L Then applying KVL, we get,
V=IR; +IR»
Fig. 1.29 S PR
ig RS

Total vultage applied is equal to the sum of voltage drops Vg, and Vg across Ry and
R respectivel

Vi = I.R]

. _V _| Ry
Vi = Ry +R, 11;'.L1_'|:R.|-I-R.1]1"ir

Similarly, Vs = I-Rs
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- v oo | R
Yo = 1R, ““[R.mz]v

So this circuit is a voltage divider circuit.

Key Point : So in general, vollage drop across any resistor, or combination of resistors, in

a series circuit is equal to the ratio of that resistance value to the total resistance, multiplied
by the source voltage.

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

Current through R is 1; and R; is [, while
Iz toial current drawn from source is It.

1..[(:) Fli‘ Hig o I.T = l|_ + ]2

v v
Bl.lt I = [ = —
1 R, 2 R,

L ES

1

ie. V= I|R1 = 13 Rz
Fig. 1.30

Substituting value of 1j in I1,

R;+R
IT = Iz [i—f]i— |l = [2 [l]::—::-l-‘l] = ]2 [%]

[ = Ry+Ra =R, I

b= R1+R3 1
Ra

b= [R.TR] Ir

Key Point : In general, the current in any branch is equal to the ratio of opposite branch
resistance to the total resistance value, multiplied by the total current in the circuit.
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lmp  Example 1.4 :

Find the voltage across the three resistances shoun in the Fig. 1.31.

AAAN Ay AN
100 2002 ang
(/—"l
{+ -}
/
60V
Fig. 1.31
vV
- 60  _
T 10+20+30 1A
3 VxRy _ N
‘I'FR]_ = IRI —m—lxlﬂ -lﬂv
VKR2
sz _[R:—m=lxlﬂ=M?
VxR4
and Vm—lﬂg—m—lxm—mv

... Series circuit

Key Point : It can be seen that voltage across any resistance of series circuit is ratio of that

resistance to the total resistance, multiplied by the source voltage.

iwmp  Example 1.5 : Find the magnitudes of total current, current through R, and R, if,

Ry=10Q , Rz=20 ©,and V=150V.

—
-
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Solution : The equivalent resistance of two is,
By Ry,  10x20

Req = R 7R; ~10+20 - 2672
Vo 50
If = o+ =-_=75A
Req  6.67

As per the current distribution in parallel circuit,

R: \_ 20
IT[R1+R2 ]'?'5}‘[':@;?{)‘]

1y

= 5A
_ Ry _ 10
and L2 = ‘T[m]—”"[m]
= 25A
It can be verified that It =1;+I,

1.12 Source Transformation

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

O

Now we can replace voltage source by equivalent

current source.
Fig. 1.33 (a) Voltage source

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

The current delivered in above case by voltage source is,

v

l = —m —01., R and B in series a1
(Rse +Ry) s L ™
| | If it is to be replaced by a current source then load
sh L v

current must be ———

@ R, =R (Ree +Ry )
Consider an equivalent current source shown in the

s Fig. 1.33 (b).
Fig. 1.33 (b) Current source The total current is "1".

Both the resistances will take current proportional to their values.
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From the cwrrent division in parallel circuit we can write,

Rgn
I = Ix——sh (2
I:th +RL)
Now this I and ————— must be same, 50 equating (1) and (2),
R“'l‘RL
v _ _IXRSJ:I.
Ree + Ry - Ban + R
Let internal resistance be, Re = Ry, = R say.
Then, V = xRy = IxR
v
or Il = ——
R
= ¥y ¥
- R Rse
V

Key Point : If voltage source is converted to current source, then current source | = "
with parallel internal resistance equal to Rs..

Key Point : If current source is converted to voltage source, then voltage source V =1 Ry,
with series internal resistance equal to Ry,.

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 =nsures that current
flows from pusitive to negative terminal in the external circuit.

Note the directions of transformed sources, shown in the Fig. 1.34 (a), (b), (c) and (d).
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Ry,
10 %nmcg ® %n,h m(%

{c) V =1xRgp (d) V=1IxRgp
Fig. 1.34 Source transformation

nmmp Example 1.6 : Transform a voltage source of 20 volts with an internai resistance of 5 Q
to a current source.

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

54

20 4A JD gﬁﬂ

(a) (b)

Fig. 1.35
'Ihmcurrenl:nfcunentsuumeiﬂ,l=%=%=4ﬁu&ﬂ1mtzmmlpnmﬂelmism
same as Rie.
-~ Equivalent current source is as shown in the Fig. 1.35 (b).
i Example 1.7 : Convert into a voltage source. [April/May-2004]

‘lDA() 50

Fig. 1.36
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Solution : 50
ARAN o
1=10A, R=5Q
V=IxR=10x5=50V v:sw(*)
The polarities are positive at top and
negative at bottom of the arrow. Thus the voltage o

source is as shown in the Fig. 1.37. Fig. 1.37

1.13 Combinations of Sources

In a network consisting of many sources, series and parallel combinations of sources
exist. If such combinations are replaced by the equivalent source then the network
simplificaion becomes much more easy. Let us consider such series and parallel
combinations of energy sources.

1.13.1 Voltage Sources in Series

If two voltage sources are in series then the equivalent is dependent on the polarities
of the two sources.

Consider the two sources as shown in the Fig. 1.38.

V.
1 o = (:)v,wz ViV,
Vs e e

(a) Fig. 1.38 ()
Thus if the polarities of the two sources are same then the equivalent single source is
the addition of the two sources with polarities same as that of the two sources.

Consider the two sources as shown in the Fig. 1.39.

V- Va-Vy
e o o il

Fig. 1.39

Thus if the polarities of the two sources are different then the equivalent single source
is the difference between the two voltage sources. The polarities of such source is same as
that of the greater of the two sources.
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Key Point : The voltage sources to be connected in series must have same current ratings
though their voltage ratings may be same or different.

The technique can be used to reduce the series combination of more than two voltage
sources connected in series.

1.13.2 Voltage Sources in Parallel

° ———= Consider the two voltage sources in parallel
as shown in the Fig. 1.40.
'“'1(1) v, — c: Vi=V, The equivalent single source has a value
same as V| and V.
It must be noted that at the terminals open

] circuit voltage provided by cach source must be
Fig. 1.40 equal as the sources are in parallel.

Key Point : Hence tie voltage sources to be comnected in parallel must have same voltage
ratings though their current rating may be same or different.

1.13.3 Current Sources in Series

Consider the two current sources in series as
shown in the Fig. 1.41.

The equivalent single source has a value same
as [ and I,.
Key Point : The current through series circuit is
always same hence it must be noted that the current
sources to be comnected in series must have same
current ratings though their voltage ratings may be
same or different.

Fig. 1.41
1.13.4 Current Sources in Parallel
Consider the two current sources in parallel as shown in the Fig. 1.42.

O et a e

Diw 1® O D b

YoRNoY

U
)
i
o)

|
|

(a) Fig. 1.42 (b)

Thus if the directions of the currents of the sources connected in parallel are same then
the equivalent single source is the addition of the two sources with direction same as that
of the two sources.
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Consider the two current sources with opposite directions connected in parallel as
shown in the Fig. 1.43.

o —0 o —_—
I’QD G)'? = GD Iy=lz h QD 2 e Gr T=ly
(1421y) (1,2 14)
o I °
(a) ib)

Fig. 1.43

Thus if the directions of the two sources are different then the equivalent single source
has a direction same as greater of the two sources with a value equal to the difference
between the two sources.

Key Point : The current sources to be connected in parallel must have same voltage ratings
though thetr current ratings may be same or different.

1.14 Kirchhoff's Laws

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

1.14.1 Kirchhoff's Current Law (KCL)

\ Consider a junction point in a complex network as
3 shown in the Fig. 1.44.

At this junction point if Iy= 2A, I; =4A and 13 = 1A
then to determine 1y we write, total current entering is
2 +4 = 6 A while total current leaving is 1+ 14 A
Fig. 1.44 Junction point And hence, 14 =5 A.

This analysis of currents entering and leaving is nothing but the application of
Kirchhoffs 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,

1y

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.

EI at junction point = 0
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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. 1.44, currents I; and [, are positive while I3 and I; are negative.
Applying KCL, Y latjunction O = 0
[ +I2=I3=14 = 0ieI1+]7 =13+]4

The law is very helpful in network simplification.

1.14.2 Kirchhofi'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.m.fs 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 Z V=0

B R The law states that if one starts at a
Ao—ANMN—oB Ao—AMMA——eB  certain point of a closed path and goes on
-— Y — tracing and noting all the potential changes

(either drops or rises), in any one particular
(a) Fig- 1.45 ®) direction, till the starting peoint 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 the loop analysis of the network.

1.14.3 Sign Conventions to be Followed while Applying KVL

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

In the Fig. 1.45 (a), current [ is flowing from right to left, hence point B is at hjgl'l.er
potential than point A, as shown.

In the Fig. 1.45 (b), current I is flowing from left to right, hence point A is at higher
potential than point B, as shown.

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

Now while fracing 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.
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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 + [ R 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. 1.45 (a) only, if the branch is traced from B to A then it
should be taken as negalive, as — | R while writing the equations.

Similarly in the Fig. 1.45 (b), if branch is traced from A to B then there is a voltage
drop and term must be written negative as — [ R 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.

Key Point :

1) Potential rise ie. travelling from negative fo positively marked terminal, must be
considered ns Positive.

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

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

1.14.4 Application of KVL to a Closed Path '

Consider a closed path of a complex network with various branch currents assumed as
shown in the Fig. 1.46 (a).

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

Due to these currents the various voltage drops taken place across various resistances
are marked as shown in the Fig. 1.46 (b).

f#iEs Drop
(a) {b)

Fig. 1.46 (a}, (b) Closed loop of a complex network
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The polarity of voltage drop along the current direction is to be marked as positive (+)
to negative (-).
Let us trace this closed path in clockwise direction i.e. A-B-C-D-A.

Across R there is voltage drop 1; Ry and as getting traced from +ve to —ve, it is drop
and must be taken as negative while applying KVL.

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

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

Across Ry there is a drop 13 R3 and as getting traced from +ve to —ve, it is drop and
must be taken as negative.

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

Battery E; is getting traced from -ve to +ve, it is rise and must be taken as positive.
. We can write an equation by using KVL around this closed path as,
~1y Ry +E; =13 Ry =13 R3-I; Ry +Ey =0 ... Required KVL equation,
i.e E1+E; =11 Ry +12Ry +13R3 +[4 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 fraced is not
important but following the sign convention is most important.

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

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

Assumed directions may be wrong, in such case answer of such current will be
mathematically negative which indicates the correct direction of the current. A particular
current leaving a particular source has some magnitude, then same magnitude of current
should enter that source after travelling through various branches of the network.
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Step 3: Mark all the polarities of voltage drops and rises as per directions of the
assumed branch currents flowing through various branch resistances of the network. This
is necessary for application of KVL to various closed loops.

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

Step 5:  Solve 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 applying KVL, the loops should not
be considered involving current source. The loop equations must be written to those loops
wihich do not include any current source. This is because drop across current source is
unknown.

For example, consider the circuit shown in the Fig. 1.47. 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.

Effect of currant
source is already
This loop a 10 s - 1y) 10 c mnsndnmq interms
can not be S, AMAN AMN—=—  Of current distribution.
considered 3, SA [ (5-14)
for application of KVL » !
O 1 n§ Cj v
Iy
f 5A e {5-1) d
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1.15 Cramer's Rule

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

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

X +apXa+ e Faxy = G
az X tan Xt cee tapkp = Cz
ApjX] + @ X3+ v +dpnXn = Cp
Where C;,C;,...............C, are constants.

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

T - B § ™
a3 a7 ... @

a = o p
an] ﬂnz ans n“n

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

Cp app ... ay ap € ..oag

D| - l'._:: a3 ... B3y D1= H.::[ Cz ees H3p

Cn 853 ... 8non , an Cp ... apg
ayp ap ... G
and Dp = ﬂ?] 2 Ciz
dy; agz .. Cp

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

Dy D, Dy

x'l = ﬁ, X; = ﬁ; R S F

Where D, D;,..., Dy and D are values of the respective determinants.
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mp Example 1.8 : Apply Kirchhoff's current law and voltage law to the circuit shown in the

Fig. 1.48.

150 100 Indicate the various branch currents.

VWYV vy Write down the equations relating the various
branch currents.

sm.l'%.— 20:}% wn‘u;r Solve these equations to find the values of these

currents.
Is the sign of any of the calculated currents

Fig. 1.48 negative ?

If yes, explain the significance of the negative sign.
Solution : Application of Kirchhoff's law :

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

Step 3 : Mark all the polarities for different voltages across the resistances. This is
combined with step 2 shown in the network below in Fig. 1.48 (a).

150 1, gli-lz 300 ¢

th-1

SOVE =100V
] 3
F Iy E =1y o
Fig. 1.48 (a)
Step 4 : Apply KVL to different loops.
Loop 1: A-B-E-F-A.,
-1511‘2“12"‘5“‘“' n--“.}
Loop 2 : B-C-D-E-D,
-0 -L)-100+201, = 0 e (2)

Rewriting all the equations, taking constants on one side.
151, + 201, = 50 {1} and -30L +501, =100 «(3)
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Apply Cramer's rule,

Calculating Dy,

Calculating D,

D = [—;{51 :g = 1350
= %:%ﬂma
| e
L = %%:12% = 222 A

For I; and l,, as answer is positive, assumed direction is correct.

.~ For I; answer is 0.37 A. For I; answer is 2.22 A,

-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.

1.16 A.C. Fundamentals

Let us discuss in brief, the fundamentals of alternating circuits consisting of various
alternating current and voltage sources, resistances alongwith inductive and capacitive

reactances.

An alternating quantity is the
one which changes periodically both
in magnitude and direction.
Practically a purely sinusoidal
waveform is accepted as a standard
alternating waveform for alternating
voltages and currents, due to its
advantages.

Let us consider the waveform of
an alternating quantity which is
purely sinusoidal as shown in the
Fig. 1.49.

Generated o.m.f,

Time period

T seconds

*_' one cycle
Fig. 1.49 Waveform of an alternating e.m.f.
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1.16.1 Instantaneous Value

The value of an alternating quantity at a particular instant is known as its
instantaneous value. e.g. e; and e, are the instantaneous values of an alternating e.m.f. at
the instants t; and t, respectively shown in the Fig. 1.49.

1.16.2 Waveform

The graph of instantancous values of an alternating quantity plotted against time in
called its waveform.

1.16.3 Cycle

Each repetition of a set of positive and negalive instantaneous 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 wave form variations occur (containing positive as well as
negative loops). One such cycle of the alternating quantity is shown in the Fig. 1.49,

Key Point: One cycle corresponds to 2n radians or 360°

1.16.4 Time Period (T)

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. 1.49.

1.16.5 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
Hertz, denoted as Hz. As time period T is time for one cycle ie. seconds / cycle and
frequency is cycles/second, we can say that frequency is reciprocal of the time period.

vl Wi

; = time = lime

i

]

i

1

i

- High T !

Less number of ——— Mare number of cycles

cycles per second e, par second i.a
low frequency high frequency

Fig. 1.50 Relation between T and f
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As time period increases, frequency decreases while as time perim.'-l decreases,
frequency increases. This is shown in the Fig. 1.50.

In our nation, standard frequency of alternating voltages and currents is 50 Hz.

'f"— are

1.16.6 Amplitude
The maximum wvalue 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 voltage while 1, is called peak value of the
current.

1.16.7 Angular Frequency (o)

It is the frequency expressed in electrical radians per second. As one cycle of an
alternating quantity corresponds to 2 n radians, the angular frequency can be expressed as
(2n x cycles/sec.) It is denoted by * @' and its unit is radians/second. Now, cycles/ sec.
means frequency. Hence the relation between frequency ‘f’ and angular frequency ™ o' is,

. 2 .
w = 2nf radians/sec. or m=-1—,’-: radians /sec.

1.16.8 Equation of an Alternating Quantity
As alternating quantity is sinusoidal in nature, its ojuation is expressed using sin 6
where 0 is angle expressed in radians. Hence alternating voltage is expressed as,

e= E,sin®

While alternating current is expressed as,

i = Ipsing

This equation gives instantaneous values of an alternating quantity, at any time t.
Now & = ot in radians

Thus various forms of the equation of an alternating quantity are,

Epsin (of) = E_, sin 20 f 1) = E_ sin [%t)

-
I

T

I, sin (@) = I, sin (2 f 1) = Imsin[gllt]

and
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Important Note : In all the above equations, the angle 0 is expressed in radians. Hence,
. while calculating the instantaneous value of the emf, it is necessary to calculate the sine of the
angle expressed in radians.
Key Point: Mode of the calculator should be converted to radians, fo calculate the sine of
the angle expressed in radians, before substituting in any of the above equations.

In practice the alternating quantities are expressed interms of their r.m.s. values. The
relation between r.m.s value and the maximum value is,

Vi 1
Vims = % and Ir.m.'|=+u|,—ni

The r.ms values are denoted by the capital letters as V or L

1.17 Phasor Representation of an Alternating Quantity

In the analysis of a.c. circuits, it is very difficult to deal with alternating quantities in
terms of their waveforms and mathematical equations. The job of adding, subtracting, etc.
of the two 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 sinuscidally 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,

Key Point: The phasors are assumed to be rotated in anticlockwise direciion.

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, rofating in anticlockwise direction, with uniform angular velocity,
with its starting position ‘a’ as shown in the Fig. 1.51. If the projections of this phasor on
I Current
c J c

d /’—‘ :q\b

N3 A"

g 9

Fig. 1.51 Phasor representation of an alternating quantity
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Y-axis are plotted against the angle turned through * 87, (or time as 8 = wt), we get a sine
waveform.

Consider the various positions shown in the Fig. 1.51

1. At point ‘a’, the Y-axis projection is zero. The instantanecous value of the current is
also zero.

2. At point ‘b’, the Y-axis projection is [ [ (ob) sin 0} |. 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 6, represented in the waveform.

3. At point ‘c’, the Y-axis projection ‘oc’ represents entire length of the phasor ie.
instantaneous value equal to the maximum value of current L.

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 ‘0 " in an anticlockwise direction of the phasor
should be such that it completes one revolution in the same Hme as taken by the
alternating quantity to complete one cycle i.e. 6 = wt,

Where w= 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 instantaneous value but as 1, = V2 I,
the projection on Y-axis must be multiplied by +2 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 two quantities are different, then such quantities cannot be
represented on the same phasor diagram.
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1.18 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 alternating quantity at a particular instant. It is represented in
terms of angle 9 in radians or degrees, measured from certain reference. Thus, phase can
be defined as,

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.

Currant
'mll

INTE
E
L
B

o
n

Fig. 1.52 Concept of phase

Let X-axis be the reference axis. So, phase of the alternating current shown in the
Fig. 1.53 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 i.e.
X-axis.

In general, the phase ¢ of an
Current . alternating quantity varies from
d= 0 to 2 nradians or ¢ = 0° to 360"

Another way of defining the

- 0= ol phase is in terms of a time period T.
The phase of an alternating quantity

at any particular instant is the

fracion of the time period (1)

aTi4

[=]
|
-
L]
B

Reference |
instant

- T B . through which the quantity is
Time period ! advanced from the reference instant.
Consider alternating quantity

Fig. 1.53 represented in the Fig. 1.53. As per

above agl]_eﬁn.iliun. the phase of
quantity at instant A is }. while phase at instant B is T Generally, the phase is
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expressed in terms of angle ¢ which varies from 0 to 2 n 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 = Epsin(ottd)

¢ = Phase of the alternating quantity.
Lel us consider three cases;
Case 1: $=0°

When phase of an alternating quantity is zero, it is standard pure sinusoidal quantity
having instantaneous value zero at t = 0. This is shown in the Fig. 1.54 (a).

Case 2 : Positive phase ¢

When phase of an alternating quantity is positive it means that quantity has some
positive instantaneous value at t = 0. This is shown in the Fig. 1.54 (b).

Case 3 : Negative phase ¢

When phase of an alternating quantity is negative it means that quantity has some
negative instantaneous value at t = 0. This is shown in the Fig. 1.54 (c).

Vollage
ar Voltage
Voltage
: or cu?&nt

current

+Ve t=0
! i 1
t=0
{= ﬂf Vg ==

—_ --Ll-_—# —————— — -
0] Phasor 1."@\
t | Phasor diagram ™"
1
diagram
{a) Zeroc phasa (b) Positive phase (c) Negative phase

Fig. 1.54 Concept of phase
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1. The phase is measured with respect lo reference direction ie. posilive x axis
direction.

2. The phase measured in anliclockwise direclion is positive while the phase
measured in clockwise direction is negative.

1.18.1 Phase Difference

Consider the two alternating quantities having same frequency f Hz having different
maximum values,

e = E  sin (wt)
and i = [ sin {wt}
where E, = I,

The phasor representation and waveforms of both the quantities are shown in the
Fig. 1.35.

ol

i

2n

IS ET T
H

Fig. 1.55
The phasors 0A = E
and OB =1

m
After 8 = -;E 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 o of 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
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which is nothing but the angle difference between the two phasors representing the two
alternating quantities.

Koy Point : When such phase difference between the two alternating quantities is zero,
the two quantities are said to 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 its zero value, at the same instant, the other
is having some negative value or positive value.

Such two quantities 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 I,

Now, when e.m.f. ‘e’ is at its zero value, the current ‘i’ has some negative value as shown
in the Fig. 1.56.

E_] r.e.m.l. e

*‘l‘ -"r -,.“ \“ -

! '.' “‘ o] Current
=' IE"" wl
t +
‘l

[]
,"' VoY el =
H OiNe 1 '.#.P. 0 n Zx -
NN, N \ \
'I“ \“I.' _::"B .‘-r '\
e - N \ /
“"'-,__ ".-“."

Fig. 1.56 Concept of phase difference (Lag)

Thus, thers 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 imes by angle ¢. This is called lagging phase difference. The current 1
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 two gquantities are written as,
e = E ysinwt and i=1,sin(wt-4

‘i’ is said to lag ‘e’ by angle ¢.
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It is pussible in pml:i:',: that the current “i’ may have some positive value when
voltage ‘e’ is zero. This is shown in the Fig. 1.57.

- '---hqh _
[} Xy

"

Fig. 1.57 Concept of phase difference (Lead)

It can be seen that there exists a phase 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 ils 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

e = E,sinwt and i=1, sin (0t + ¢

‘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.

1.18.2 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
o=2n frad/sec. Hence, all phasors have a particular fixed position with respect to each
other.

Key Point : Hence, phasor diagram can be considered as a still picture of these phasors at a
particular instant.

To clear this point, consider two alternating quantities in phase with each other.

e = E,sinwt and i=I, sin ot
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At any instant, phase difference between them is zero i.e. angle difference between the
two phasors is zero. Hence, the phasor diagram for such case drawn at different instants
will be alike giving us the same information that two quantities are in phase. The phasor
diagram drawn at different instants are shown in the Fig. 1.58.

(=1 ]
i—
E]

0 0
Fig. 1.58 Same phasor diagram at different instants

Consider another example where current i is lagging voltage e by angle ¢.
5o, difference between the angles of the phasors representing the two quantities is angle ¢.

e = E_ sinwt

and i I, sin (@t - ¢)

The phasor diagram for such case, at various instants will be same, as shown in the
Fig. 1.59 (a), (b) and (c).

—
EH‘I
ﬂ L ;-_Em \ \ / ]ﬂ'l
¢ |, Lagging Lagging
Lagging a &
I S IE: »0
0
Fig. 1.59

The phasor diagram drawn at any instant gives the same information.

Key Point : Remember that the lagging and lcading 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 ¢ . The direction of rotation of phasors is always anticlockwise.

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 lo the positive x-axis direction.
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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, ete. The frequency of all of them must be the same.

3) Generally, length of phasor is drawn equal to rms. 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, etc.

mmp Example 1.9 : Two sinusoidal currents are given by,
i; = 10 sin (ot + ©/3) and

i; = 15 sin (wt - w4)

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
i is = /4 radians ie. - 45° This is shown in
the Fig. 1.60.

Hence the phase difference between the

two is,

The individual
phases 60" and - 45
- 2re with respect to

+ye k-axis direction

0=, - 0, = 60° - (- 459 = 105°

Fig. 1.60

1.19 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.:].rnﬂ-"ln[f.ﬂt-i-ﬂ

The phase of current i is §. The phase is always with respect the x-axis as shown in
the Fig. 1.61.
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I OA) =1,=r and phase=+¢

sy A
: In polar system, the phasor is
[ represented as r £ £ ¢. So current i above, is
r i represented as I 2 + ¢ in polar system.
i In rectangular system, the phasor is
+ E divided into x and y components ie. real
o é and mmgmﬂry .cﬂmpﬂnents as x £ j y. The
current i above is represented as,
Fig. 1.61 I, cos ¢+ j i, sin ¢ in rectangular system.
Polar system, r £ t ¢ while Rectangular system, x tjy
and x = rcos g y=rsind
o
while r = 4 x2+y?, o= tan"l[ij @

The equations (1) and (2) can be used to convert rectangular form to polar or vice
versa.

Such rectangular to polar and polar to rectangular conversion is often required in
phasor mathematical operations like addition, subtraction, multiplication and division.

Key Point : Instead of using above relations, students can use the polar to rectangular
(P — R) and rectangular to polar (R — P) functions available on calculator for the required
COMUErsions.

As the graphical method is time consuming which includes plotting the phasors to the
scale, generally, analytical method is used. Also, graphical method may give certain error
which will vary from person to person depending upon the skills of plotting the phasors.
The answer by analytical method is always accurate.

Very Important :

The polar form of an alternating quantity can be easily obtained from its
equation or phase as, ] -

e' = Ensin(ot:d then

Einpolar = E £20 where E = r.ms. value

sy Example 1.10 : Write the polar form of the voltage given by,
V=100sin (100t +n/6) V

Obtain its rectangular form.

Solution : Vi =100 Vand ¢ =+¢rad = +30° Vyp, = ~= = 70.7106 V

Vm
Wi
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In polar form 70.7106 £ + 30° V

. Rectangular form 61.2371 + j 35.3553 V

Key Point: The r.m.s. vlaue of an alternating quantity exists in its polar form and not in
rectangular form. Thus to find r.m.s. value of an alternating quantity express it in
polar form.

mp Example 1.11 : Find r.m.s. value and phase of the current [ = 25 + j 40 A.

Solution : The r.m.s. value is not 25 or 40 as it exists in polar form.
Converting it to polar form,
I = 47.1699.57.99°A = Irms £ 0A
r.m.s. value of current = 47.1699 A
FPhase = 57.9%9°
Key Point: To obtain phase, express the equation in sine form if given in cosine as,
If e = En cos {(of)
then e = En sin (ot + 90) as sin(90 + @) = cos O
Thus the phase is 90° and not zero.

In general, e = Ey cos(mtt ¢
then e = Emsin(ot+%0xd)

The phase = 90%¢

1=y Example 1.12 : A voliage is defined as - E,, cos wt. Express it in polar form.

Solution : To express a voltage in polar form express it in the form, e = E, sin ot

b1
Now e = —E_, cos ot = —Emsin(mlr+-;] as sin[mt+%tJ:.msmt
= E_ sin|ot+>F as sin (1+6) = — sin 0
= Em 2 =
Now it can be expressed in polar form as,

e = Em£+3—;'rad:Em£+2?ﬂ°V

But + 270° phase is nothing but - 90°
e = E  £-90°V
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1.20 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 = xj+jyi and Q = x3 +jy2
To obtain the multiplication PxQ both must be expressed in polar form
P = L and Q=r£¢
Then PxQ = [rj£01]x[ra£0s] = [ry x12] £01 +¢2

Key Point: Thus in multiplication of complex numbers in polar form, the magnitudes 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 P and Q.

P _ n<y

Q e

R
2

Key Point: Thus in division of complex numbers in polar form, the magnitudes get divided
while their angles get subtracted.

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.

Ra_marn ber :

While addition and subtraction, use rectangular form.

While mﬁitipiicatiﬂn and division, use polar form.

1.21 Impedance

In the alternating circuits alongwith the resistances, inductances and capacitances also
play an important role.

The inductances are represented by inductive reactances in a.c. circuits. An inductive
reactance is the ohmic representation of an inductance denoted as X; and given by,

Xy = wl=2xfL Q
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The capacitances are represented by capacitive reactances in a.c. circuits. A capacitive
reactance is the chmic representation of a capacitance denoted as X and given by,

X =

oC -~ 2xic

1 1 Q

The combination of R, X; and X present in the circuit is called an impedance of the
circuit. The impedance is denoted by letter Z. But the behaviour of R, L and C is different
from each other in a.c. circuits hence R, X; and X cannot be algebraically added to find
total impedance of the circuit.

Let us summarize the behaviour of R, L and C in the tabular form.

Parameter Characteristics | Impedance in | Impedance in Phasor diagram
[rectangular form polar ferm
Pure resistance V and | ame | Z=R +j0 Z=R £OF — .y
R inphasea )
Pure inductance I lags V by 80° Z=0+jX Z=X £+90F -V
L '_'90‘
|
Pure capacitanca | leads ¥V by 80° Z2=0-jXe 2= XA £-00° |
c
a0
-
Table 1.4

Inductive reactances are represented by positive sign + X; in the impedance while
capacitive reactances are represented by negative sign — X in the impedance.

where |Z]|

z

R+jX, = |Z| 26°Q

JRZ+(X )2 and 0= tan™ —)'-:ﬁ'*—

Thus for R - L series circuit, the impedance is represented as,

In such circuit, current lags voltage by angle 6.

Z =

For R-C series circuit, the impedance is represented as,
R-jXe=|Z| 2@

where |Z| = 1|'| RZ +(X)2  and B=tan"1[_xT‘:]

In this case 8 is negative and current leads voltage by angle &




Circuit Theory 1-55 Basic Circuit Analysis & Network Reduction Techniques

mmp Example 1.13 :  Find out the resistance and inductance or capacitance of the given
impedances if frequency is 50 Hz. i) 25 £ 45°Q i) 6+j8Q i) 8-j10Q

Solution ;1) Z =25 £ 45°0)
Converting to rectangular form,
Z = 17.68 +)17.68 Q

Comparing with Z =R +j X Q

R =1768 Q@ and X, =1768 Q
Now X, = 2nfL
. Xy _ 1768
. L = T _2nx54]_'u'ﬁ562H

i) Z=6+j810
Comparing with Z=R +j X  Q
. R=6Q and X =80

Now L = —

i) Z=8-310 0
Comparing with, Z=R -j X¢

. R =80 and Xc = 10Q
MNow X- = 1
C = ZrfC
L C = 1 1 = 3.18x10~F = 318 uF

InfXe = 2r=50=10

1.22 Power Factor

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 is also defined as the ratio of resistance to the impedance. It is denoted as cos ¢.

cos ¢ = pf. = %

For pure L and C, ¢ = 90° hence the p.L. is zero.

For other combinations, the p.f. is defined as lagging or leading ie. whether the
resultant current lags or leads the supply voltage.
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1.23 Power
The power in a.c. circuit is given by,
P = Vicosd
where cos ¢ = Power factor of the circuit.

Now pure inductance and capacitance does not consume any power as cos ¢ = 0 for
such circuits. Only resistance consumes power. Hence power also can be obtained as,

P = I'R
where R = Resistive part of the equivalent impedance of the circuit.
Key Point: While calculating the equivalent impedance, it should be noted that while
adding the impedances in series, the impedances must be expressed in rectangular form while
multiplication and division of impedances must be carried out by expressing the impedances
in the polar form.
1.24 Series R-L-C Circuit
The series R-L-C circuit is shown in the Fig. 1.62.
The impedance is given by,
Z=R+jXL—jXC

=R +j (X, - Xo)

If ¥X; > Xc then resultant impedance is inductive
and current [ lags voltage V. If X; < X then resultant
impedance is capacitive and current I leads voltage V.

Fig. 1.62

If X; = X¢ then circuit becomes purely resistive
and [ is in phase with V.

The voltage drops across the various elements are denoted as Vg, V; and Vg. The
magnitudes of these drops are given by,

Vg = |I|R, Vp=[1| X, and Vc=[I] Xc

Note that algebraic sum of Vg, V| and V¢ is not V as these three voltages are not in
phase. But the vector addition of Vi, V| and V- is the supply voltage V.

mmp Example 1.14 : The network shown in the Fig. 1.63 is operating in a sinusoidal steady
state. Find voltage across capacitor, resistor and inductor.
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50 20 mH 10?1HF
AN ™ il

10 cos EUDl@ | j

Fig. 1.63
Solution : The applied voltage is 10 cos (500 t). Expressing it as,
V = 10sin (500 t + 909 ... as sin (90 + 6) = cos O
Compare with, V =V sin (ot +86)

" = 500 rad/sec, Vp =10V, 0=90°

Vim
—Z=7071V
V2

V = 7071 £290° V

- V(RMS)

Now R = 50,L=20mH, C=100uF
2X, = al=10Q

1 _
oC=200

AW Zy = R+j(X - X)) =5+j(10-20)
= 5-j10Q = 111803 £-63.43°Q

OV 7.071£%°
T Zp 11.1803 Z-63.43°

and

&

= 06324 £ 153.43° A

Hence voltages across the various elements are,
Vg = |i| xR=06324x5=3162V
\] [i] = X; = 06324 x 10 = 6324 V

Ve

i} x Xc = 0.6324 x 20 = 12.648 V
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Sr. Circuit Impedance (Z) ] p.f. cos o Remark
No.
Polar Rectangular

. | Pure R RZ0Q R +j0 (2 0" 1 Unity p.f.

2. | PurelL X, £ 90°0) 0+jX 0 80 0 Zero lagging

3. | PurecC Xg £-90°Q | 0-] Xz - 80° 0 Zero leading

4 | SefiesRL | |2 2+ o 02 R+jX 0 |0£0L80° coso Lagging

5 | seriesRC | |2 2-¢102 R-jXgq |-90°£9£0| cose Leading
Xy > X¢ Lagging

i T Xa Aejag cos i

8. Series RLC 2] £+ ¢ X =X - Xc ] ¢ X_ < X Leading

XL = Xg Unity

Table 1.5 Summary of R, L and C series circuits

1.25 A.C. Parallel Circuit

A parallel circuit is one in which two or more

impedances are connected in parallel across the &
supply voltage. Each impedance may be a separate L E
series circuit. Each impedance is called branch of y
the parallel circuit. 5
i4 - v - - 1

The Fig. 1.64 shows a parallel circuil consisting
of three impedances connected in parallel across an 0
a.c. supply of V volts.

W woils
Key Point: The voltage across all the impedances Fig. 1.64 A.C. parallel circuit
is same as supply voltage of V volts,

The current taken by each impedance is different.
Applying Kirchhoff's law,

—

+1s + 15 ... (Phasor addition)

1
—_—

. ‘

I =

= Nijay
— Dl

L o B

NIE
NI

Zs

Where Z is called equivalent impedance. This result is applicable for ‘n’ such
impedances connected in parallel.
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1.25.1 Current Division for Parallel Impedances

If there are two impedances connected in parallel and if I} is the total current, then
current division rule can be applied to find individual branch currents.

1.25.2 Concept of Admittance

Admittance is defined as the reciprocal of the impedance. It is denoted by Y and is
measured in unit siemens or mho.

Now, current equation for the circuit shown in the Fig. 1.65 is,

S |

= I|+Iz+13

—
Il
=
X
1

NI —
| —_
+
<
4
1
Ni e
e =
+
i
K
o
N] —
L
o —

VY

i
3
=
+.

3
=
+

3

er ?: ?1+?2+?3

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. 1.65.

1, Z,
L’ r Y, Yy Y
14 \h‘— Z; —/ I !
O O
v Vv

Fig. 1.65 Equivalent parallel circuit using admittances

1.25.3 Components of Admittance
Consider an impedance given as,

Z = R#jX
Positive sign for inductive and negative for capacitive circuit.
Admittance Y = &=

Z T REjX
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Rationalising the above expression,
RFjX _RFjX
R+ jX)RFjX) RZ+x2

R_Vz_X YR .. X
RE+x?) JREsxz) 2z "1z

Y =

Y=GFijB
. R

In the above expression, G = Conductance = 27
X

and B = GSusceptance = 77

1.25.4 Conductance (G)
It is defined as the ratio of the resistance to the square of the impedance. It is
measured in the unit siemens.

1.25.5 Susceptance (B)
It is defined as the ratio of the reactance to the square of the impedance. It is
measured in the unit siemens.

 The susceplance is said to be inductive {B;) if its sign is negative. The susceptance
is said to be capacitive (B} if its sign i5 positive.

Note : The sign convention for the reactance and the susceptance are opposite to each
other.

Remember,

Y

G+jB=|Y| £¢siemens or mho

VG2 +B2, o= tan™ %

i o " 2 e Q ‘ﬂ# = %i *ﬂ -:E&i - ir'_;
H ;:ap“d N i R e
5 g‘ Wiﬂ fil d v"ﬁ' lh ~s:,,- AHM'» =l B S Wi‘?\i’_é:—iﬁ?. ;

it JE~

| Y |

Kﬂy Point: Im_ufdam:zs in parallel get converted to admittances in series while impedances
in series get converted to admittances in parallel.
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sy Example 1.15 :  Calculate the equivalent impedance of the network as viewed through the
terminals A-B shown in the Fig. 1.66. If an alternating voltage of 150 £ (0° V is connected
across A-B, calculate the current drawn from the source. Hence calculate the power

coftsumed.
| S
4+ 30
——3 5 3071
6 - 8L
A B
Fig. 1.66
Solution : Let Zy = 443)0Q = 52368602
Zy = 6-j8 0 =10<£-5313"0
Zy = 5230°Q = 433+)25 Q
Now 7; and 7, are in parallel,
o . 44
A2 Za) = 7+ 72

21 Z> must be in polar form while (Z; + Z5) in rectangular form
5736867 102-53.13° _ 50£-16.2T
(4+ 13+ fi—|8) T (10-35)

50 £-16.27°

- ———, == — o &
118 7 —36 56° 44721 £-16.27°+ 26.56

it

S A2 Z3)

44721 £+ 10297 = 44 +j08 0

2
E
g
x>
=

I

{?‘l || Z:} + A3 as in series

44 +j08+433+)25=873+)330Q =9332 £+ 20706°0)

This is the equivalent impedance.

(.t Vo= 150 £0°

Hence the circuit becomes as shown in the Fig. 1.67 (a).

W 150 £0°

= —sae—as - —_——r— a —-— e =
Zan  9.332.220.706° 16.07 £ = 20.708" A

1502 0° l
Figure 1.67 {a)
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20,706° =Y Thus the current is 16.07 A, lagging voltage by angle
20.706°. The phasor diagram is shown in the Fig. 1.67 (b).
The power consumed can be calculated as,
h P= VIcos o = 150 %1607 = cos( —-20706°)
Fig. 1.67 (b) = 2254798 W

Alternatively the power can be obtained as,

P = Px(Rag)
Now Zsg = 873+j330
. Rag = 8730
L P o= (1607)2x873 = 22544 W

This is because inductive part j 3.3 of an equivalent impedance does not consume any
power.

mmp Example 1.16 :  Two impedance Z; = 5 ~ j 131  and Z; = 857 + j 6.42 2 are
connected in parallel across a voltage of (100 + j200) volts.
Estimate :-
i) Branch currents in complex form ii) Total power consumed,
Crraw a neat phasor diagram showing voltage, branch currents zud all phase angles.
Solution : The circuit is shown in the Fig. 1.68.

V=100 + j 200 = 223.607 £ 63.43° V¥
Z1=5-j131=14.021 £ -69.109°Q

Z Z, = B57 +j 642 = 1071 £ +36.83°Q

| i LoV _ 223.607 £63.43°
V7 7y 14.021 £69.109°

|
- Z,

100 +j200 Y ——=20

Fig. 1.68

= 15948 £ 132.539% A

=-10782+j11.75 A

L= v _223.607£63.43°
27 Zy T 10.712+36.83°

= 20878 £ 26.6° A = 18.668 + j 9.3483 A

It = I; +I = =10.782 +j 11.75 + 1B.668 + j 9.3483
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7.886 +j 21.0983 A

22.5239 £ 69.5° A

¢ = Angle between V and Iy
69.5 - 6343 = 6.075° leading

s Py = VI cos ¢ = 223,607 x 22,5239 x cos (6.073) = 5008212 W
The phasor diagram is shown in the Fig. 1.69.

1.26 Star and Delta Connection of Resistances

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

Let us see what is star connection 7

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

The Fig. 1.70 (a) and (b) show star connected resistances. The star point is indicated as

S. Both the connections Fig. 1.70 (a) and (b) are exactly identical. The Fig. 1.70 (b) can be
redrawn as Fig. 1.70 (a) or vice-versa, in the circuit from simplification point of view.

(b) (<)
Fig. 1.70 Star connection of three resistances
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Let us see what is deila connaction ?

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

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

The Fig. 1.71 (a) and (b) show delta connection of three resistances. The Fig. 1.71 (a)
and (b) are exactly identical.

R"|
° R
1
h—
R1 Hﬂ & H.’! —a RE
h—uo
AWWW—
R o R Ra
3

{a) (b) {c)
Fig. 1.71 Delta connection of three resistances

1.26.1 Delta-Star Transformation

Consider the three resistances
Ry2.Rs3. Ry connected in Delta
as shown in the Fig.1.72. The
terminals between which these
are connected in Delta are named

R R
b " = as 1, 2 and 3.
Now it is always possible to
3 ""';M 2 replace these Delta connected
23

) resistances by three equivalent
Given Delta Fig. 1.72 Equivalent Star g, . connected tesishartres

Ry.R2,R3 between the same
terminals 1, 2, and 3. Such a Star is shown inside the Delta in the Fig. 1.72 which is called
equivalent Star of Delta connected resistances.

Key Point: Now fo call these two arrangements as equivalent, the resistance between any
two terminals must be same in both the types of connections.

Let us analyse Delta connection first, shown in the Fig. 1.72 (a).
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Paraliel
°1 1o
Ras E
R
2 1z§ 3 Series
R!!
O
Rz o3 2 o
{a) Given Delta Fig. 1.72 {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. 1.72(b).

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

R]Q Pﬂl'ilu!.‘] with (RM +R1_3] as R4y and Ray are in series.

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

_ Riz(Rn+Ry)
Ryz +(R31+Rx)

...{a)

[using

Ry Ra A
R, 7R, for parallel combination]

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

Fig. 1.73,

Ry
s
R,
20
Fig. 1.73 Star connection Fig. 1.74 Equivalent between 1 and 2

Now as viewed from terminals (1} and (2) we can see that terminal (3) is not getting
connected anywhere and hence is not playing any 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. 1.74.

~Between (1} and (2) the resistance is = Ry +Ra .o (B)
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- Riz Rps
Rz - Ru +R13 +R.3|

-+:(h)
- __RaRy ,
Ry = Rj3 +Ras +Ry =)
Now multiply (g) and (h), (h) and (i), (i) and (g) to get following three equations.
Ri2? Ry R
RyR, = 12” Ra; Ry y )
(R12 +Rz3 +R3)
Ry? Rz R
RsR3 = e (k)
(Riz +Rz +R3)
R3® Ry R
RiR; = 31~ Rip Ry - ol
(Ri2 +Rp3 +Ry)
Now add (j) ,(k) and ()
RiR; +R;R3 +R3Ry = R12’R31Rz5 + R *RizRy; +R31° Rz Ry
(Ri2 +Rp3 +R3)?
R{R, +RyRs +R3R, = ~12R31R23(Riz+Ra3 +R31)

(Ry2 +Ry3 +Ry1)?
REi2BE31 R
R1R2 +R2R3 +R3 Rl Rlzlil{i; +2R331

RppRay

But Riz+Rnn+Rxy R
Substituting in above in RHS.

RIRZ +R2R3 +R3R'|

From equation (g)

we get,
= Ry Rps

- Rz R;
Rn = RZ +R3 -i-T

Similarly substituting in RH.5., remaining values, we can write relations for remaining
two resistances.

b
(x1
fl

RI +R1 + Rl Rz
Rj
and

2

= R3 +R'|+R R3
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Equivalent
dafta of given

Fig. 1.77 Star and equivalent Delta

Easy way of remembering the result ;

The equivalent delta cpnﬁemd resistance (o be;mnnrcfed between any two terminals is sum of
the two resistances conmected between the same two ferminals and star point respectively in star,
plus the product of the same two star resistances divided 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 between same two terminals (3) and (1) and star
point respectively ie. terminal (3) to star point R3 and terminal (1) to star point ie. R;.
Then to this sum of Ry and Rj, add the term which is the product of the same two

resistances i.e. Ry and Ry divided by the third star resistance which is Rs.
RiR3

R which is same as derived above.
2

* We can write, R;; = R1+R3 +

Result for equal resistances in star and deita :

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

RxR R
Ri = Rz =R3=giReR =3

i.e. equivalent Star contains three equal resistances, each of magnitude one third the
magnitude of the resistances connected 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 ,

RExR

R=3R

R12 = RSI IRE = R+R+

i.e. equivalent delta contains three resistances each of magnitude thrice the
magnitude of resistances connected in Star.
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Delta-Star Star-Delta
@
Given delta } Givan star

Equivalont stor Equsvalent della
® @ Rag ®
a Ryz Ry
Ry = Eu + R+ Ry

RyRa
Rrelyj+ R
12 1+ ka3 + Ra
_ Riz2Ras
R2 = Rz + Ry + Fon

Ras = Rz + Ry + 25
1

___ RnRy

Ra = Eiz + Rza + Ry

R
Rat =Ro + Ry + S

Table 1.6 Star-Delta and Delta-Star Transformations
mmp Example 1.17 :

Convert the given Delta in the Fig. 1.78 into equivalent Star,

1

34

3 2
154

Fig. 1.78
Solution : Its equivalent star is as shown in the Fig. 1.79.
Where

10x5
Ri = 579713 = 1679

15x10
Ry = 590715 = 5%

5x15
Ry = 5590+ = 25 9

Fig. 1.79
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Remember that the above expressions can be applied to the alternating circuifs where
resistances will be replaced by the impedances.

mmp Example 1.18 : Convert the given star into an equivalent delta.

Fig. 1.80

Solution : For star to delta conversion,

(4+j3)(3-H)

Z
12 (5+i0)

]

Z\Z X .
Zi+Za2+ é; = 4+j3+3-ji+

. 523686°x5£-5313¢ : .
= 7-j+ 5703 = 7-j+5£-1627

7-j+48-j14 = 11.8-j240
Similarly Z,3 and Z3; can be obtained. The equivalent delta is shown in the Fig. 1.81.
1

1M8=j2412 a+;840
B-jo0
2 3
Fig. 1.81

Key Point : Use rectangular system for addition or subtraction while polar for
mudtiplication or division.
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Examples with Solutions

mmp Example 1.19 : Find equivalent resisiance between points A-B.

1850 1042

C| D
60 40
Fig. 1.82
Solution : Redraw the circuit,
Ao T AT
& & e Parallel
154 % & 100/ combinations
15102 104 ! "
c D __ c.D
602 40 eO et aQ
Be Be
Fig. 1.83 (a)
A o A o
15210 .
Bi0 00
= Series = 150 § Ry.p=6+2.4 =840
= 514 =
R;= £33~ =240
B e B e
Fig. 1.83 (b)
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mmp Example 1.20 : Calculate the effective resistance between points A and B in the given
circuit in Fig. 1.84.

4Q

20

M
30

Fig. 1.84

Solution : The resistances 2, 2 and 3 are in series while the resistances 4, 2, and 5 are in
series.

24243 =70
and 4+24+5 110
The circuit becomes as shown in Fig. 1.85 (a).

Fig. 1.85 (a)

Converting A PQR to equivalent

star,
Rm=%=l.lﬂ
Rms%=zan
quz%zl,zn

Hence the circuit becomes as shown .
in the Fig. 1.85 (b). Fig. 1.85 (b)
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The resistances 2 and 1.2 are in series. Ao ﬂ...ﬂ.a,ﬁfﬂ,

1.2 and 11 are in series. P-:fm”._cl -

5 and 2.4 are in series. ?§ g.”' o

- Circuit becomes after simplification as o
shown in the Fig. 1.85 (c).

The resistances 74 and 122 are in Fig. 1.85 (c)
parallel.

74%x122
74122 = s = 46061 2
So circuit becomes,
Ao "u"::"'f"'\r Ao ‘/F'arallel

> Series i} > e B e e
r% éd.ﬁnm = P gmﬁﬁ’

°B °B
(d) Fig. 1.85 (e)
Now the two resistances are in parallel.
778061

W RA.F- = mw = 389 02

mmp Example 1.21 :  Find the current in the branch A - B in the d.c. circuit shown in the
Fig. 1.86, using Kirchhoff's laws.

116 A

B
t7a

Fig. 1.86
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Solution : The various branch currents are shown in the Fig. 1.86 (a).
Applying KVL to loop ADBA

-5, -(,-5)+1;=0
Ij-2,=-5 e (1)
Applying KVL to the loop ACBA,
(6=l -I) -(12-L =) +1]; = 0

s=16 + | +12'12+’1“'Iz"'11 =0
=31 + 2, = 28 e (2)
Add (1) and (2),
$7a 41, =23
Fig. 1.86 (a)

... This is the current through branch
AB.

Inmp Example 1.22 : Determine the equivalent resistance between the termmals A and B for
the circuit shown in Fig. 1.87.

G 142 c 58 p a4 B E
20 a0 611 a0
A
A a0 E 70 F 100 F
Fig. 1.87

Solution : In Fig. 1.87, the resistances 2 {1 and 1 {2 are in series and resistances 10 £} and
9 0 are in series.

c 8k 81 B

Fig. 1.87 (a)
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Converting delta AEC to star

c
ang §3n =~
AWM
40
Fig. 1.87 (b}
Ix3
__4x3
Ras = 5535120
Ixd
RES = m = 1-2 ﬂ
Converting Delta DBF to star
802 ]
D AW B B
- Rog Rag
s
64 1902
Res
F
F’

Fig. 1.87 (c)

6x B
REE = -ﬁTﬁ'—:Tg—.l.Mn
. Ex 19
Rps = g5 = 4606 Q
6% 19

Res = o319~ 24580

1.2 + (7.3545 || 11.6545) + 4.606

=
>
(==}

1l

c 54 D 8 B

Fig. 1.87 (d)
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7.3545 x 11.6545 _
= 12+ 73545 + 11 6545 + 4,606 = 10,315 Q
F'araﬂa-l-..__‘?_'__;ilﬁdﬁﬁ!_i}
A o—AMA—¢ i +—WW—epg
120 _.__W_ 4.606Q

11.65450)

Fig. 1.87 (e)

- Example 1.23 :
and solve to find currents 1y and 1.

For the circuit shown in the Fig. 1.88, write KCL and KVL equation

2031,

12V

!

10

<P gzn :

20V

1.88

Solution : Consider the various branch currents and node voltages as shown in the

Fig.
Fig. 1.88 (a).
— A V‘ -
4 51, | I;
20 11 ? fl 10
1 2
4l4 gzn
12V 20V
c B
Fig. 1.88 (a)
vﬂ. zﬂ'vu
-+
3l
I

Applying KVL to the loop ABCDA,
21, +12-2]

Applying KCL at node A,

v
Now I = T’and
20-V
L = :

Note the direction of I, which is coming
towards the node hence the 20 V source is at
higher potential than V, forcing I, towards
node A from the base.

= {

15V, -20
03V, -4

- {1}

0
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—2><-%—+]2—21| =0

V,+20 = 12 e (2)

Putting [; from (1) into (2),
V,406V,-8 = 12

16V, = 20
V, = 125V
I, = -025Aic 025A !
Y
and 11:2':'1“:?.5;&1‘

mp Example 1.24 :  LUsing successive source transformation, find the voltage across 110
resistor between "2’ and “b° shown in the Fig. 1.89.

Bv 6V

20 110

Fig. 1.89

Solution : Converting all the voltage sources to the current sources,
14

4 A 211

> AWW—
6A §1u 20 10

Fig. 1.89 (a)

®z

2 a

20it
1w0a(®) 06670 21=066T0 S10

ab

Fig. 1.89 (b)
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4V
0.6670Q 06670

Fig. 1.89 (c)

1.3340

a a

Iﬂb

267V 10 2A §1.334ﬂ 10
b b

Fig. 1.89 (d) & (e)

2x1.334

L, = T3+ =1.143 A ... Current division rule.

Vap = Lpx 10 =1143 V with 'a' positive.

mwp Example 1.25 : Using source transformation, find V; and V, shown in the circuit.

v, 12 Vv, 20
VWA Wiy
20
2a (D 20 1A (:)w
1v
Fig. 1.90

Solution : Cunverting all voltage sources to current sources,

v, 12
—AMA

2A gz Mosa 32 M1a 22 Mra

Fig. 1.90 (a)
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vy v,

25A QD gzl_‘i‘-;: 20 QD:A

Fig. 1.90 (b)
Vi 12V, Converting current sources to voltage
- MWW SOUrces,
10 20 Applying KVL,
- +

~A-1-1-25+4=0

25V G)” -4 =-15

| I1=0375 A
Drop across 202 = 2x 0.375
=3 =075V
Fig. 1.90 (c)
andDrop across 1Q2 = 1=0.375
= 0375V

Vi = 0375+ 25
= 2875 V +ve with respect to base.
and V, = —075+4

= 3.25 V +ve wilh respect to base.

imp Example 1.26 : For the circuit shown in the Fig. 1.91, use source transformations to
determine current I

16} 201

2V 1A gdﬂ
100

Fig. 1.91
Solution : Redrawing the given network we get,
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14

it
Yo

AW

1040

L)1.»'-'; Eﬂg ézﬂ

‘Nlhﬁr

Fig. 1.91 (a)

10 2 10
A AN, AN
2v 14 gm saml gzn 2V A g‘“‘
100 100 =0.80Q
(b) {c)
10
AN
080 180
YR\ NO  Fe
1=08
208V 0B8Yv
(d) (o)
: 0.8/1.8
2 1040 1.80 2\.-'(*) gtszsm Ibﬂ,ma
: _ g G‘ =0.444 A - < C
Parallel
I

()

1,]

Yo

1.525402

(9)

0.444 = 1.5254
=0.67BV

(h)
Fig. 1.91
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Applying KVL,
-1.5254 % [ - 0.678 + 2

o

2-0.678

S

= 0.8667 A

iy Example 1.27 : A Wheatstone bridge consists of the following resistances. Branches
AB =30, BC =60, CD =12 and DA = 1052

A 2 V cell is connected between points B and D and galvanometer of resistance 20 Q is
connected betiieen A and C.

Find the current through galvanometer by Kirchhoff's laws.

Solution : Step 1 : Circuit diagram from given information.

Step 2 and 3 : Mark all the branch currents applying
KCL at various codes and then mark the polarities of
various voltages due to these assumed branch currents.

Step 4 : Apply KVL to various loops.

Loop 1: Loop A-D-B-A (through cell)
=10 =L +1+2-3(0,=-1)=0
-13;-13L-1013=-2 e (1)

Leop 2: Loop A-D-C-A

10 (I =Ty +Ig) + 12 ([ ~13) =20 I3= 0
~101L,-2L-421; =0 ..(2)

A

- I'r
+

2V
Fig. 1.92 (a)
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Loop 3 : Loop A-B-C-A
+3(0~L)- 6,-201; = 0

3IL-9L-20]1; = 0 &)
We want current through galvanometer i.e. I;. Applying Cramer's rule
-13 13 -10
D= |-10 22 -42
3 -9 =20
D = 6156,
-13 13 -2
Dy = |-10 22 0
3 -9 0
D.]- = - '48
Dy -48

13 = -l—j~=ﬁ=—ﬂﬂﬂ??gﬁ

Current through galvanometer is 7.79 mA but negative sign indicates its direction
is from A to C.

iy Example 1.28 : Two bafteries A and B having emfs of 209 V and 211 V having
internal resistance 0.3 §2 and 0.8 Q respectively are to be charged from a d.c. source of
225 V. If for that purpese they were connected in parallel and resistance of 4 Q wms
connected between the supply and batteries to limit charging current, find

i) Magnitude and direction of current through each battery.
ii) Power delivered by source.
Solution : The circuit diagram is as shown in

|-| ' 11 = Iz
Fig. 1.93. A——T]—
- 1 -
We can use branch current method. Show AQ ? 1=k
. +
the branch currents and polarities. + 0.30 0.80

Apply KVL to different loops. 225V Source -

Lnup 1: LDOP A-B-E-F-A 209V

Iy 21V
-031,-209+225-41; =0 F --l-.1 £ -
ie. 41, + 031, = 16 e (1) Fig. 1.93
Loop 2: Loop A-B-C-D-E-F-A,
ie. -08(G-1)-211+225-41 = 0

Le. 481, -081,+ 14

1l
=

- (2)
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ie. 481, -081, = 14
Solving equations (1) and (2) simultaneously,

[, = 3.663 A
I, = 4482 A
-1, = - 08183 A

ie. it is in opposite direction to what is assured.

i) Magnitude of current through source = 3.663 A T
Magnitude of current through battery A = 4482 A |
Magnitude of current through battery B = 0.8183 A T
ii) Power delivered by,

Source = 225 x 3.663 = 824.175 watts

msp Example 1.29 :  Find the equivalent resistance between B and C.  (April/May - 2004)

A

.I.M
80

Fig. 1.94

Solution : Converting internal star to delta,
3.84x 24

Rap = 384 +24+22222-12 0
R = 3.M+I.6+%=Eﬁ
~ 24x16 _

Rey = 24+ 16 + 38 =5 0

The circuit reduces as shown in the Fig. 1.94.
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Rag
1240

12601 541" 12|12 5|5

=6 =2.54

Wy 88
Rgc =80 =414}

Shaded : Parallel combinations
{a) (b)

Fig. 1.94
Series Rearranging to calculate Rpc,
. ~Rpe= @) ]| (6 + 2.5)
Bo rd BC
_ _ 4x85
S8 60 T 4+85
S §4ﬂ ats A =272Q
‘S 250

Fig. 1.95

mmp Example 1.30 : Determine the value of R in the circuit when the current is zero in the

branch CD. (April/May-2004)
R A
AW ¢
50 200
V= C D
100 R
B
Fig. 1.96

Solution : Use Kirchhoff's laws. The various branch currents are shown in the Fig. 1.96(a).
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Current through branch CD is zero.
Apply KVL to EACBFE,
-50;-101; +V-I1R =0

~RIy+151; =V (1)
Apply KVL to EADBFE,
-[1R=-20I; -RI;+V = 0

SLRH204R) I3 = w (2)
Fiﬂ.".ﬂﬂ {i] and [ =12 +15 .. KCL at node A.
ie. ]l- —[2 —13 =0 {3]
R 15 0
D=|R 0 20+R|=15(20+R}+15R+R(20+ R)
1 -1 -1 |
= R +60R+ 300
E V 0

Dy = [R V 204R|=-RV+V {20 + R) + RV
1 0 =1

= V(20 + R)
R 15 V

Dy =R 0 V|=15V-RV+RV
1 -1 0

=15V
D,  V(20+R)
D RZ +50R+ 300
_ Da _ 15V
and '3 D " R2s0re 30
To have current through CD zero, the points C and D are equipotential ie. drop
across 5 2 due to I; must be same as drop across 20 {2 due to I 5.

I, =

51, = 2014
V(20+R) 2015V
R2 +50R+300  R2 +50R+ 300

100 +5R = 300

R 400
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immp Example 1.31 : LUsing source transformation, find the power delivered by the 50 V

voltage source. (April/May 2004)
512 341
20
10A
50V 1wV
Fig. 1.97
Solution : Converting 10 V voltage source to current source and drawing a network,
4 I'= % =3333 A
50 1333 A Adding two current sources, we get
®10a gzn {O) gaﬂ single current source of value (10 + 3.333) A
50 v ie 13.333 A,
Find equivalent resistance for parallel
Fig. 1.97 (a) connection of 2Q and 3 Q ie.
R'= {F;'XT‘;] = g =120 and redrawing a network as shown in the Fig. 1.97 (b),
A
an
r(D1aasna ét!ﬂ
50V

Fig. 1.97 (b)
Now, converting current source back to voltage source,

V' = IR = (13.333) (1.2) = 15.996 volts

I A

50 120

Qv 15.80611

Fig. 1.97 (c)
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Applying KVL,
-121-1599 +50-51
- 1(12 + 5)

I

. Power supplied by 50 V source,

imp Example 1.32 1 Calculate the current
application of Kirchhoff's laws.

241

10V 5

10

Q

(50 - 15.996)

(50~15.996)
(5+1.2)

5484 A

(50) (5.484)
274.2 watts

through 6 Q resistance of the given network by
[April/May-2004]

40

= 20V

Fig. 1.98

Solution : Mark all the branch currents starting from positive of 10 V source. Mark all the
polarities for different voltages across the resistances.

A 28 1y gy 19 c“glr'm D
+ - + =
Iy I3
+ + + *
10V T 40 60 — 20V
H h G (hy=1) F (h-1-ly) g
Fig. 1.98 (a)

Now applying KVL to different loops,
Loop 1: A-B-G-H-A
Loop 2 : B-C-F-G-B

—21|—412+1ﬂnﬂ
—1{11—[2)—5134'4!1 =0

e (1)
- (2)
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Loop 3 : C-D-E-F-G -4{I-1,-13)-20+ 61, =0 v (3)
Rewriting above equations by taking constants on one side,
2hi+41, = 10
-h+5l,=-61; = 0
~4L+4L +101; = 20
24 0
Applying Cramer's Rule, D=|-1 5 —-6|=284
-4 4 10

Now we are interested in finding current through 6 Q i.e. I5.

2 4 10
Dy = |-1 5 0]=440
-1 4 20
_ Dy _ 440 _
y = 2 =om=1502A

As the answer is positive, assumed direction of I3 is correct. So current through 6 Q
resistance is 1.5492 A flowing from C to F.

mwy Example 1.33 : Calculate the resistance R, when all the resistance values are equal to

1 Q2 for the circuit in Fig. 1.99. {April/May-2005)
a AN c
Req
e
b i d
Fig. 1.99

Solution : Converting deltas aeb and ced to equivalent star,

Fig. 1.99(a)
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_ _ _ Ix1 1
Ri= K= R = =3 ®

The circuit reduces as shown in the Fig. 1.99 (b)
Sories

R T

1 +{113)= 41301
a [

e . i
i )

(b} o us

(c}
Fig. 1.98
Converting sbds delta into star, we get
5
213 R
3 AV 2 !
1!3§ = AN « 5.0
Ry
AN
b
Fig. 1.99 (d)
2,1
R = =2 3 _ -0095230
1= 771 &4 &
37373
1.4
R, = 23134=u.19u4:1
37373
2.4
Ry = —3-3 _ -03809Q
3T 2T 87
3v33
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The circuit reduces as shown in the Fig. 1.99 (e}

c

171420
Parallel
L~
-—
Req s
| s.d = 0.42850 L
2 0.18040
. i
b
N
Fig. 1.99

Req = (1.7142]04285)+01904 = 05332 Q

lmp Example 1.34 :  An impedance consumes a power of 60 watts and takes a current of
10 - j 8§ A when connected o a source of 'a + | 5' V. Find "a’ and circuit elements.

Solution : The given circuit is shown in the Fig. 1.100.

z = Y_245 o oA
I 10-jB T I
. a+jd aH5 V RejX
R+y& = 1078 1
Rationalising right hand side, e
i i Fig. 1.100
R+jx = (a +|‘5}[lﬂ+jlﬁ}
{10-j8)(10+8)
_ (a+j5)(10+i8) _ (10a-40)+j(50+$a)
(100) ~(j2 64) led
. 10a-40 50+8a
Rtjx = e +i—g e (1)
Equating real and imaginary parts,
10a-40
R = g - (2
50+8a
and X = e o (3)

The power consumed by impedance Z is,
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P = ([I))2xR
2z
60 = (Jmhsz) xR
60 = 164 R
R = 0.366Q ()
Substituting in (2),
0366 = _11};16;40
10a = 40 + 0.366 = 164
a = 10 ... {5)
Subsituting in (3), X = 2> = 0.7926 Q

Hence the voltage applied is 10 +j 5 volts while the impedance is (0.366 + j0.7926) £1.

mmp  Example 1.35: The network shown in the Fig. 1.101 consists of fwo star connected
circuits in parallel. Obtain the single delta connected equivalent.

10 10
AN AMAN
L l —a
LU T
10 j10
5 5
Fig. 1.101
Solution : Converting both the stars to delta,
o 10X 10 :
e I:I' ________ | Zy = j10 +j10 + T =-20 +j20
1 i
! 1o Z j10 ! . j10x 5 ,
I"\‘ BT W? Z, = j10+5+ 10 = 10 + j10
4 10 5
<> s O’ Zy = j10+5+ " =10 410
22 \\ J'( Za' il
LY #
2’1:1u+1-::-+m;"5m=zn—jzn ..IT=-]

Fig. 1.101 (a)
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10xj5

Zh =10 +5 + =10+ {10
== I ! W
i 10 10 ! . 10x%j5 ,
I“, Wv Ww_" f3=lﬂ+15+T=1ﬂ+jlﬂ
29\ - ,Oza Connecting both the deltas we get the circuit as
shown in the Fig. 1.101 (c).
Fig. 1.101 (b)
. _ (-20+20) (20-20)
z, 202 = 5530+ 20- 20
° [} o = = gpen circuit
Z
r 1 Z, || 23 = (10 + j10) || (10 + j10)
Z; Z; 4] Zy =5+
. . Zy)| Z3=5+5
Fig. 1.101 (c)

So effective single delta connected circuit is as
shown in the Fig. 1.101 (d).

E-i-jﬁﬂi I ! i&*]ﬁﬂ

Fig 1.101 (d)

mmp Example 1.36 : Obtain the delta connected equivalent of the network shown in Fig.1.102.

-j2q2 |56
o H ST o

Fig. 1.102
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Solution : Consider a star network formed with - j2 £, j5 2 and 5 Q as shown in

Fig. 1.102 (a).
—
1| {212 50 : (24j3)62 Parallel
! ! N o
| ;_"B / ‘\l
Z_gu wa  (@3-2)9] |2, Ze| [-754819 S10a
(a) (b}
Fig. 1.102
Converting star network into its equivalent delta network as follows.
zy = -p+5+ 20w piso2-6-pa
Zg =-]"2+j5+[’2]{]5} -R+j5-2=2-B)Q
Ze = 545+ {-‘:r'-’i.w_’_ls +5-125=(-75+{5) Q

Replacing star network by its equivalent delta network as shown in the Fig.1.102(b). It
is clear that Z- and 10 Q in parallel. Hence we can write,

_{=7545)(10) _ (=7.5+j5)(10)
Zclil0="Z7555510 = —25+)5

_(9.0138 £146.3°) (10 £0°)
(5.5901 £63.43°)

Zt

= 16.1245 < BB

(2 + j16) Q

Hence delta connected equivalent of the network is as shown in the Fig. 1.102 (¢).

(3-2)52 | |Z, (2+16)42

Fig. 1.102 (c)
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11, Find the equivalent reésistance os viewed through the terminals,

i) B and C i) Aand N
(Ans.: i} 1330 i) 0770}
A
60 iTe]
14 1
AN\
C 60 B
Fig. 1.107

12, Deterrine current in branch A- B by Kirchhoff's laws.
(Ans.:ly-p=05A)

150 200 , 150
W VAW
15V o 300 25V
B8
Fig. 1.108

13. In the following circuit, determine
i) Iy, Iy and 13, i) Value of R and  iii) Value of Ex
(Ans.: [ =03A, 1:=15AE, =174V, I3 =07 A, R=71410)

A
Iy
A0V N\ 40V
. -
2041
5041 R
1A
l1-
aon 1y 400
B - oL AN D
05A \. c
0V E, i
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14, Reduce the network using source transformation across the terminals A-B.

A
(]
0 o
®sa §m 220
-3 "b
oV
an

®2 CDﬁu

Fa

o
B

Fig. 1.110

15. Derive the relationship to express three star connected resislances into equivalent delta.
16. Derive the relationship to express three della connected resistances into equivalent star.
17. Two voltmeters A and B, having resistances of 5.2 ki and 15 J2 respectively are connected in
series across 240 V supply. What is the reading on each voltmeter 7 (Ans. : 61.78 V,178.21 V)
18. Two resistances 15 €1 and 20 £ are connected in parallel. A resistance of 12 2 is connected in
series with the combination . A voltage of 120 V is applied across the entire circuit. Find the
current in each resistance, vollage across 12 0 resistance and power consumed in all the
resistances,
{Ans.: 333 A,25A,T0V)
19. A resistance R is connected in series with a parallel circuit comprising hwo resistances of 12 and
8 €1 The total power dissipated in the circuit is 700 watts when the applied voltage is 200 V.
Calewlate the value of R. (Ans.: 523428 (1)
20. In the series parallel circuit shown in the Fig. 1.111, find the
i) voltage drop across the 4 L1 resistance i1} the supply voltage V
(Ans.: 45V, 140V)

100 8 S0V

240 124 ]

c
Fig. 1.111

m:—“—{
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21, Find the current in all the branches of the network shown i the Fig, 1.112,
(Ans.:3% A, 21 A,39A,81A,11A,41A)

1204

Fig. 1.112

22. If the total power dissipated in the circuit showm in the Fig. 1.113 is 18 watls, find the value of R
and current through i,
{Ans.: 120,06 A)
14 403

— WA ——A—

R 1652

AN AN

+=E'
12V

Fig. 1.113

23. The current in the 6 () resistance of the network shoun in the Fig. 1.114 is 2 A. Determine the
currents in all the other resistances and the supply vollage V.

(Ans.;15A,25A,1A,46V)

2a 60
4L}
VWA
—A—
an
+" v
Fig. 1.114

24. A particular battery when loaded by a resistance of 50 £ gives the terminal voitage of 48.6 V. If
the load resistance is increased to 100 §1, the terminal voltage is observed to be 49.2 V.
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Determine, i) E.MLF, of battery
ii) Internal resistance of batlery
25, A resistance of 10 £ #s connected in series with the two resistances each of 15 £ arranged in
parallel. What resistance mus! be shunted across this paraillel combination so that the tolal current
taken will be 1.5 A from 20 V supply applied 7 {Ans.: 612
26. Two storage batteries A and B are connected in parallel to supply a load of 0.3 £ The open circuil
emf of A is 11.7 V and that of B is 12.3 V. The internal resistances are 0.06 3 and 0.05
respectively. Find the current supplied to the load. (Ans.: 36.778 A)
27, A network ABCD is made up as follows :
AB has a cell of 2 V and negligible resistance, with the positive terminal connected to A; BC is a
resistor of 25 Q ; CD is a resistor of 100 €2 ; DA is a battery of 4 V and negligible resistance with
positive terminal connected to D; A.C. is o milliammeler of resistance 105 Calculate the reading

on the milliammeter. (Ans. :26.67 mA)
28, Find the equivalent impedance across the terminals A-B.
422
° A
E-n-}BD[] [] 84602
o B
Fig. 1.115

(Ans. : 7.57 + j 1.5702)
29, Find the single volfuge source equivalent across the terminals A-B. Hence oblain the single current
source equivalent also.

I ] A
H
44302

3412:1[] Ci)ﬂﬂ*iﬂ Vo 2i50 [

(S §

Fig. 1.116
(Ans.:V = 10.78 £15.06° V, Z = 1.66 + j 2.1202, I = 4 £~ 36.86° A)

Qaa
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