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Terminologies

Circuit: Circuit is a collection of real components, power sources, and signal sources, all connected so current can
flow in a complete circle.

Closed circuit: A circuit is closed if the circle is complete, if all currents have a path back to where they came from.
Open circuit: A circuit is open if the circle is not complete, if there is a gap or opening in the path.

Short circuit: A short happens when a path of low resistance is connected (usually by mistake) to a component.
The resistor shown below is the intended path for current, and the curved wire going around it is the short. Current
is diverted away from its intended path, sometimes with damaging results. The wire shorts out the resistor by
providing a low-resistance path for current (probably not what the designer intended).

® 2

Make or Break: You make a circuit by closing the current path, such as when you close a switch. Breaking a circuit
is the opposite. Opening a switch breaks the circuit.

Schematic: A schematic is a drawing of a circuit. A schematic represents circuit elements with symbols and
connections as lines.

Elements: The term elements means "components and sources."

Symbols: Elements are represented in schematics by symbols. Symbols for common 2-terminal elements are sh

own here,
Resistor ~ Capacitor Inductor Battery  Voltage Current
Source Source
Lines: Connections between elements are drawn as lines, which we often think of as "wires". On a schematic, these

lines represent perfect conductors with zero resistance. Every component or source terminal touched by a line is at
the same voltage.
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Dots: Connections between lines can be indicated by dots. Dots are an unambiguous indication that lines are
connected. If the connection is obvious, you don't have to use a dot.

E ﬁ © |© |6 |©
@  ® @ @ @®© 0

(a) and (b) are both good

(c) no dot indicates no connection

(d) also indicates no connection; the horizontal wire "hops" over the vertical
wire. It is very clear but takes extra effort and space to draw.

(e) for crossing connected lines, it is acceptable, but risks looking too much like
(c), so (f) is the better practice.

Reference designator: When you place a component in a schematic you often give it a unique name, known as a
reference designator. Examples of reference designators are Ri, Cs, and Vgar. The 1 in Ry is part of the name, and
does not indicate the resistance value. Reference designators are by definition unique for each schematic. They let
you identify components by name even if some of them have the same value. It is okay to use reference designators
in equations. R1 can be assigned a resistance value, R1=4.7 kQ and it can be used as a variable in expressions, as in
R2-C6=4.7 kQ-2 uF.

R1 4.7kQ

v | C6 R2
2uF 4.7kQ

Node: A junction where two or more elements connect is called a node. The schematic below shows a single node
(the black dot) formed by the junction of five elements (abstractly represented by orange rectangles).

\ s

A

Since lines on a schematic represent perfect zero-resistance conductors, there is no rule that says lines from multiple
elements are required to meet in a single point junction. We can draw the same node as a distributed node like the
one in the schematic below. These two representations of the node mean exactly the same thing.
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A distributed node might be all spread out, with lots of line segments, elbows, and dots. Don't be distracted, it is all
just one single node. Connecting schematic elements with perfect conductors means the voltage everywhere on a
distributed node is the same.

Here is a realistic-looking schematic with the distributed nodes labeled:

VMV

Branch: Branches are the connections between nodes. A branch is an element (resistor, capacitor, source, etc.). The
number of branches in a circuit is equal to the number of elements.

Loop: A loop is any closed path going through circuit elements. To draw a loop, select any node as a starting point
and draw a path through elements and nodes until the path comes back to the node where you started. There is only

one rule: a loop can visit (pass through) a node only one time. It is ok if loops overlap or contain other loops. Some
of the loops in our circuit are shown here. (You can find others, too. If | counted right, there are six.)
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Mesh: A mesh is a loop that has no other loops inside it. You can think of this as one mesh for each "open window"
of a circuit.

Reference Node: During circuit analysis we usually pick one of the nodes in the circuit to be the
reference node. Voltages at other nodes are measured relative to the reference node. Any node can be
the reference, but two common choices that simplify circuit analysis are,

« the negative terminal of the voltage or current source powering the circuit, or
« the node connected to the greatest number of branches.

Ground: The reference node is often referred to as ground. The concept of ground has three important
meanings. Ground is

« the reference point from which voltages are measured.

« the return path for electric current back to its source.
« adirect physical connection to the Earth, which is important for safety.
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Impedance: Impedance (symbol Z) is a measure of the overall opposition of a circuit to current, in other words:
how much the circuit impedes the flow of charge. It is like resistance, but it also takes into account the effects of
capacitance and inductance. Impedance is measured in ohms (Q).

Impedance is more complex than resistance because the effects of capacitance and inductance vary with the
frequency of the current passing through the circuit and this means impedance varies with frequency. The effect
of resistance is constant regardless of frequency.

Z =/R? + X2

X == XL - XC

Previous knowledge

Kirchhoff’s Law and its Applications

Kirchhoff's circuit laws are two equalities that deal with the current and potential difference (commonly known as
voltage) in the lumped element model of electrical circuits. They were first described in 1845 by German physicist
Gustav Kirchhoff.

Kirchhoff’s First Law — The Current Law, (KCL)

Kirchhoff’s Current Law or KCL, states that the “total current or charge entering a junction or node is exactly equal
to the charge leaving the node as it has no other place to go except to leave, as no charge is lost within the node’’.
In other words the algebraic sum of ALL the currents entering and leaving a node must be equal to zero,
l(exiting) * l(entering) = 0. This idea by Kirchhoff is commonly known as the Conservation of Charge.
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Currents
In

Currents Entering the Node
Equals

Currents Leaving the Node Currents

Chat

I1+IE+I3+{-L+-I5}:D

Here, the three currents entering the node, 11, |2, I3 are all positive in value and the two currents leaving the node, 14
and Is are negative in value. Then this means we can also rewrite the equation as;

lh+lh+l3-13—-15=0

The term Node in an electrical circuit generally refers to a connection or junction of two or more current carrying
paths or elements such as cables and components. Also for current to flow either in or out of a node a closed circuit
path must exist. We can use Kirchhoff’s current law when analyzing parallel circuits.

Kirchhoff’s Second Law — The Voltage Law, (KVL)

Kirchhoffs Voltage Law or KVL, states that “in any closed loop network, the directional sum of the voltage drops
in various components in the loop is equal to the directional sum of the e.m.f.’s of the voltage source in the same
network”. In other words the algebraic sum of all voltages within the loop must be equal to zero. This idea by
Kirchhoff is known as the Conservation of Energy.

The sum of all the Voltage
Drops around the loop
is equal to Zero

Vag + Vee + Vep + Vo =0

Starting at any point in the loop continue in the same direction noting the direction of all the voltage drops, either
positive or negative, and returning back to the same starting point. It is important to maintain the same direction
either clockwise or anti-clockwise or the final voltage sum will not be equal to zero. We can use Kirchhoff’s voltage
law when analyzing series circuits.
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I
Superposition Theorem

“In any linear network containing impedances and energy sources, the current flowing in any element is the vector
sum of the currents that are separately caused to flow in that element by each energy source”.

1211+12

11 " 12 "

(b) (€)
Fig. (@) Two mesh network. (b) Two mesh network when E;, is removed. (c) Two mesh network when E; is
removed.

Consider the two voltage sourcesE;, and E, and three impedances Z;, Z, and Z as shown in fig. Let I; and I, be
the two mesh currents then the mesh equations can be written as

E,=Z+ 7)), + Z31, (1)

Ey = Z3l + (Zy + Z3)I, (2)
From equation (2), we have

Ey = (Zy + Z3); = Z314

E, (Zz+ Z3)l,
Z3 Z3
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Substituting the value of I; in equation (1), we have

E, (Zy,+Z3)l;

Ey = (Zy+Z3) |- — + Zs1
1 (1 3) Z3 Z3 312

_ G+ Z3)E,  (Zi+7Z3)(Z, +Z3)]
| =
Z3 Z3

+ 731,

_ @G+ Z3)E,  (ZiZa + 2125 + Z325)];

E
! Zy Zy

(Z1Z2 + 2123 + Z325)1; _ (Zy + Z3)E; E

Zs Zs !
So,
[ = (Z, + Z3)E, - VA
2 7 Ty + 2175 + ZyZs 212y + 2175 + 2975 (@)

Substituting the value of I, in equation (1), and solving it we get the value of I, which is given as

[ (Z1 + Z3)E, _ EiZ3 ]
Z1Zy+ 2123+ 22723 Z1Zy+Z1Z3+ 272575

Ey=(Zy+Z3)l1 + Z3

(Z1 + Z3)EyZ3 E Z3*
7175 + 2173 + 2323 2175 + 2175 + 2575

Ei=(Zy +Z3)l1 +

EiZ5? (Z1 + Z3)E,Z5

7, +Z)l, =E, + -
(Zy +23)h = Eq 717y 4 2125 + ZyZs  Z1Zy + 7175 + 2575

Zy° } (Z1 + Z3)EyZ3

=E {1+ -
1{ 17y + 2125 + Zy75)  Z1Zy + 2173 + 7,75

717, + 7175 + Zy 725 + Z3° (Z1 + Z3)E, Z4
L 7170+ 21723 + 7,74 717y + 21723 + 7,274

Z21(Zy + Z3) + Z3(Z; + Z3) (@i +Z3)Ex 7,
W Z,Z,+ 2,725 + 7,75 7170+ 2175 + 7,74

_ (Zy + Z3)(Z1 + Z3) _ (Zy + Z3)EyZ3
MNZ,Z, 4+ 2,25+ 2,75 717, + 2123 + 7,74

So
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(Zy +2Z3)(Zy + Z3) } (Z1 + Z3)EzZ3

7, + Z)l, = E -
(21 +23)h 1&ﬂﬂ]ﬂﬁjﬂ3 7170+ 2173 + 7,74

I = E\(Z,+7Z3) E>Z; (b)
Y 2.2, 4 717+ 2,7y ZyZy + 2175+ ZyZ5

Now considering the circuit of fig. (b), we have the mesh equations

Ey, = (Z1 +Z3)I,' + Z315' (3)
0 = Z311, + (ZZ + Z3)12, (4)
Solving equations (3) and (4) we have
L= Gr+4E; _ EiZ5
27 Bt drhtdrhs  IiZy+ ZaZay + ZyZs
, E\Z;3
I =— ()
AV AVAR VA
And
L= E\(Zy + Z3) _ Btz
V22, + 2123+ 223 Lty tdata it
, Ey(Z; + Z3) (d)

VT 77 + 2175 + 2475

Referring to circuit of fig. (c), the mesh equations are

0= (Zy+ Z)," + Z31," )
E, = Z30L" + (Z; + Z3) 1" (6)
Solving these equations, we have
L= (Z1 + Z3)E; L
2 2 Zy+ 2123+ Zply ket 0
A R N R A A (f)

From equations (a), (b), (c), (d), (e) and (f), we have
L=0L+1"
And

IZ = 12, + 12"

10
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This proves the theorem.

General Case: In any linear network containing linear impedances and several sources, the voltage across or the
current through any impedance may be calculated by adding algebraically all the individual voltages or currents
caused by each source acting alone with all other voltage sources replaced by short circuits and all other current
sources replaced by open circuits. By the term, ‘linear network' we mean that current in all branches is directly
proportional to the driving voltage or e.m.f. impressed.

Advantages:

(1) This theorem permits the solution of networks without setting up a large number of simultaneous equations
because at a time one generator is used.

(2) If the new generators are introduced into the system, it is not necessary to solve the network from beginning
provided the internal impedances of the generators are zero.

(3) If voltages of different frequencies are introduced, this theorem permits a solution to be obtained for each
individual frequency. As these solutions are independent of each other, the currents of each frequency flow as if the
other frequencies were absent.

Problem 1: Use the superposition r theorem to find the current i,., in branch cd in the following circuit.

Solution: According to the superposition theorem first we shall calculate ¢ ' e
the current due to voltage source 10V by short circuiting the 5V source. a 2n.h b v 3N
Then branches cd and ce will be parallel to each other and in series with L’ &
ac branch; so total resistance is given as f\ = fsv
s Zin
R —1X3+2—3+2—11f2 §=
7143 774777 4 8! 3 7
So, the current generated by 10V, source is
I = 10 _ 40 s
1—H—Hamp i1= Rz i
T iy ié ip | g R, + R,
s R R
Hence 'S * P I
R +R, "~

| 40 3 40 3 30

= —X = — X —=—
2 T117 143 11 11 P
Nose we shall calculate the current due to 5V source by short circuiting 10V source. We see that branches cd and
ac are parallel with each other and are in series with ce branch.

So,

1x2 2 11
RT2:1+2+3:§+3:?Q

So the current generated by 5V source is

11
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15
=— amp

1_5
SN SERNT
3

Hence,
15 2 15 2 10
=— X —= —_—= —
T T42 113 119

So, total branch current

30 10 40

b=l t e, =7 7= 17

= 3.64 amp

Problem 2: Use the superposition theorem to find the current i,. in branch ce in the circuit shown in fig.

Solution: The same procedure will be adopted here for calculating i, as a c . Z 9
e ) : . % wm <
we have applied in first problem with a with a difference that here we
open circuit the current sources. N
First open circuit 10 amp. source, then branches ce and ef will be in series § r 3n ,wp
with each other and in parallel with branch cd. So current 5 amp. will be
divided at node c in cd and at e in ef branches. Applying the current
division law at ¢, we have 3 d
.. 5x2 10
e =" T 53143 6 P
_ 10
Iy, = % amp

Now open circuit 5 amp. source and calculate current i,, due to 10 amp. source. We apply the

current division law at e, we have

. 10x3 30
T 143 6 P
So, total branch current
, . ] 10 30 20
iy =lg, tiy,=——+—=—=3.33amp

6 6 6

Problem 3: Apply superposition theorem for finding current through 2Q resistance of the
circuit shown in fig.

12
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Solution: Considering only 10V source, the equivalent circuit is shown in fig. (a). Here lower 5Q resistances are in

. . . 5 . 5 . .. .
parallel. The equivalent resistance is EQ' This EQ resistance is in series

50 8a

with 8 resistance. So, the equivalent resistance is 22—1(2. Further 20

resistance and 22—19 resistance are in parallel. Hence the resistance of the _—_ 10V
. LA =T
portion of this circuit is given by

1 1 2 21+4 25

R 271" w2 42
42

R'=—0n
25

R’ is in series of 5Q resistance and hence the total resistance of the circuit is given by

42 167
— =0 0 BQ sa an
St =78 :
—_— b +
Current Ng 20V — =
50 - 2n v =
Lo_ 10 250 o o e
S VAR T A '
25 Fig. (b)

And branch current due to 10V source

()

[, =149 x (ﬂ " 2) =1.25amp
2
Similarly, for 20V source alone, the circuit is shown in fig. (b). The equivalent resistance of the circuit is given by
5 5><2+8
2 542

—8+10+5—1193Q
B 7 2

Let I,’, be the current flowing through this equivalent resistance. Then,

L' = 20 _ 1.68
2 T1193° 0P
Further current through 2Q resistor due to 20V source
I 1.68 > 1.20
= 1.68 X =1
2 5+2 amp

So, total branch current

I=1+1,=125+1.20=2.45 amp

13
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Internal Impedance of a Source:

All electrical energy sources have some internal impedance (or resistance). It is due to
this internal impedance that the source does not behave ideally. When a voltage source
supplies power to a load, its terminal voltage (voltage available at its terminals) drops.
A cell used in a torch has a voltage of 1.5 V across its two electrodes when nothing is
connected to it. However, when connected to a bulb, its voltage becomes less than 1.5
V. Such a reduction in the terminal voltage of the cell may be explained as follows.
Figure 1(a) shows a cell of 1.5 V connected to a bulb. When we say "cell of 1.5 V",
we mean a cell whose open-circuit voltage is 1.5 V. In the equivalent circuit of Fig.
1(b), the bulb is replaced by a load resistor Ry, (of, say, 0.9 ), and the cell is replaced
by a constant voltage source of 1.5 V in series with the internal resistance R (of, say,
0.1 0. The total resistance in the circuit is now 0.1 + 0.9 = 1.0 2. Since the net voltage
that sends current into the circuit is 1.5 V, the current in the circuit is
vV 15
I = R-10° 154

The terminal voltage (the voltage across the terminals AB) of the cell is same as the
voltage across the load resistor R.. Therefore,

Vg =IXR, =15%x09 =135V
The voltage that drops because of the internal resistance is

=15-135=0.15V

[ BATTERY ﬁ

Fig: 1(a)

A

R AN,

s1]0 QDR,_[
1.5V

B%

T

Fig: 1(b)

0.9n

Note this, if the internal resistance of the cell were smaller (compared to the load resistance), voltage drop would
also have been smaller than 0.15 V. The internal resistance (or impedance in case case of ac source) of a source

may be due to one or more of the following reasons:
(i) The resistance of the electrolyte between the electrodes, in case of a cell.

(ii) The resistance of the armature winding in case of an alternator or a dc generator.

(iii) The output impedance of the active device like a transistor or vacuum tube in case of an oscillator (or signal

generator), and rectification-type dc supply.

Concept of Voltage Source

Consider an ac source. Let Vs be its open-circuit voltage (i.e., the voltage which exists across its terminals when
nothing is connected to it), and Zs be its internal impedance. Let it be connected to a load impedance Z., whose

value can be varied, as shown in Fig. 1.

Now, suppose Zy, is infinite. It means that the terminals AB of the source are open-circuited. Under this condition,
no current can flow. The terminal voltage V+ is obviously the same as the emf Vs, since there is no voltage drop
across Zs. Let us now connect a finite variable load impedance Z,, and then go on reducing its value. As we do this,

14
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the current in the circuit goes on increasing. The voltage drop across Zs also goes on increasing. As a result, the
terminal voltage V1 goes on decreasing.

————m———————

N

e e

ws

N

Sourcel .. _______ i 8

Fig. 1: A variable load connected to an ac source

For a given value of Z,, the current in the circuit is given as
V.
[=—2

Zs+ 7

Therefore, the terminal voltage of the source, which is the same as the voltage across the load, is

V. V.
s 7, = s

Vp=IXZ, =———X —_—
! Y Zs+ 2z, 142 1

From the above equation, we find that if the ratio i—s is small compared to unity, the terminal voltage V; remains
L

almost the same as the voltage Vs. Under this condition, the source behaves as a good voltage source. Even if the
load impedance changes, the terminal voltage of the source remains practically constant (provided the ratio i—s is
L

quite small). Such a source can then be said to be a "good (hut not ideal) voltage source".

Ideal Voltage Source

It would have been ideal, if the terminal voltage of a source remains fixed whatever be the load connected to it. In
other words, a voltage source should ideally provide a fixed terminal voltage even though the current drain (or load
resistance) may vary. In Eqg. 1, to make the terminal voltage fixed for any value of Z., the only way is to make the
internal impedance Zs zero. Thus, we infer that an ideal voltage source must have zero internal impedance. The
symbolic representation of dc and ac ideal voltage sources are given in Fig. 1. And Figure 2 gives the characteristics
of an ideal voltage source. The terminal voltage V+ is seen to be constant at Vs for all values of load current (load
current varies as the load impedance is changed).

15
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8 B

Fig. 1: Symbolic representation of an ideal voltage source: (a) DC voltage source (b) AC voltage source

T

Terminal
voltage, Y,

u<

Load current, [, ~—»
~—Load impedance,Z

Fig. 2: V-I characteristics of an ideal voltage source.

Practical Voltage Source

An ideal voltage source is not practically possible. There is no source which can attain it terminal voltage constant
when its terminals are short-circuited. If it could do so, it would mean that it can supply an infinite amount of power
to a short-circuit. This is not possible. Hence, an ideal voltage source does not exist in practice. However, the
concept of an ideal voltage source is very helpful in understanding the circuits containing a practical voltage source.

A practical voltage source can be considered to consist of an ideal voltage source in series with an impedance. This
impedance is called the internal impedance of the source. The symbolic representation of practical voltage sources
are shown in Fig. 1.

16
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Fig. 1: Practical voltage source: (a) DC voltage source (b) AC voltage source

It is not possible to reach any other terminal except A and B. These are the terminals available for making external
connections. In the dc source, since the upper terminal of the ideal voltage source is marked positive, the terminal
A will be positive with respect to terminal B. In the ac source in Fig.1(b), the upper terminal of the ideal voltage
source is marked as positive and lower as negative. The marking of positive and negative on an ac source does not
mean the same thing as the markings on a dc source. Here (in ac), it means that the upper terminal (terminal A) of
the ideal voltage source is positive with respect to the lower terminal at that particular instant. In the next half-cycle
of ac, the lower terminal will be positive and the upper negative. Thus, the positive and negative markings on an ac
source indicate the polarities at a given instant of time. In some books you will find the reference polarities marked
by, instead of positive and negative signs, an arrow pointing towards the positive terminal.

The question naturally arises: What should be the characteristics of a source so that it may be considered a good
enough constant voltage source? An ideal voltage source, of course, must have zero internal impedance. In practice,
no source can be an ideal one. Therefore, it is necessary to determine how much the value of the internal impedance
Zs should be, so that it can be called a good practical voltage source.

Let us consider an example. A dc source has an open-circuit voltage of 2 V, and internal resistance of only 1 Q. It
is connected to a load resistance R, as shown in Fig. 2(a). The load resistance can assume any value ranging from
1 Q1o 10 Q. Let us now find the variation in the terminal voltage of the source. When the load resistance R, is 1 Q
the total resistance in the circuitis 1 Q + 1 Q =2 Q. The current in the circuit is

Z(AH"SO ko to
500kn

s

i
R I - |
(s)]

Fig. 2: Voltage sources connected to variable loads

17
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The terminal voltage is then

When the load resistance becomes 10 Q, the total resistance in the circuit becomes 10 Q + 1 0 =11 Q. We can again
find the terminal voltage as

VTZ :IZ XRL2 =

x10=1.818V

“1+10

Thus, we find that the maximum voltage available across the terminals of the source is 1.818 V. When the load
resistance varies between its extreme limits—from 1 Q to 10 Q, the terminal voltage varies from 1 V to 1.818 V.
This is certainly a large variation. The variation in the terminal voltage is more than 40 % of the maximum voltage.

Let us consider another example. A 600 £, 2 V ac source is connected to a variable load, as shown in Fig. 2(b). The
load impedance Z, can vary from 50 KQ to 500 KQ, again a variation having the same ratio of 1 : 10, as in the case
of the first example. We can find the variation in the terminal voltage of the source. When the load impedance is 50
KQ, the terminal voltage is

VT1 =11XZL1 =

When the load impedance is 500 K( the terminal voltage is

VT2 =12 XZL2 =

= —X = 1.
500 + 500000 500000 =1.997V

With respect to the maximum value, the percentage variation in terminal voltage

1997 -1.976

X =1.059
1997 100 = 1.05 %

We can now compare the two examples. In the first case, although the internal resistance of the dc source is only
1Q, yet it is not justified to call it a constant voltage source. Its terminal voltage varies by more than 40 %. In the
second case, although the internal impedance of the ac source is 600 £, it may still be called a practical constant
voltage source, since the variation in its terminal voltage is quite small (only 1.05 %). Thus, we conclude that it is
not the absolute value of the internal impedance that decides whether a source is a good constant voltage source or
not. It is the value of the internal impedance relative to the load impedance that is important. The lesser the ratio
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Zs/Z_ (in the first example, this ratio varies from 1 to 0.1, whereas in the second example it varies from 0.012 to
0.0012), the better is the source as a constant voltage source.

No practical voltage source can be an ideal voltage source. Thus, no practical voltage source can have the V-I
characteristic as shown in Fig. before. When the load current increases, the terminal voltage of a practical voltage
source decreases. The characteristic is then modified to that shown in Fig. 3(a). It is sometimes preferred to take
voltage on the x-axis and current on the y-axis. The V-1 characteristic of a practical voltage source then looks like
the one shown in Fig. 3(b).

(a) ()

Fig. 3: Two ways of drawing VI characteristics of a practical voltage source

Concept of Current Source

Like a constant voltage source, there may be a constant current source — a source that supplies a constant current to
a load even its impedance varies. Ideally, the current supplied by it should remain constant, no matter what the load
impedance is.

A symbolic representation of such an ideal current source is shown in Fig. 1(a). The arrow inside the circle indicates
the direction in which current will flow in the circuit when a load is connected to the source. Fig. 1(b) shows the V-
| characteristic of an ideal current source. Let us connect a variable load impedance Z, to a constant current source
as shown in Fig. 1(c). As stated above, the current supplied by the source should remain constant at is for all values
of load impedance.
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(d)

(c)

Fig.1: (a) Symbol for an ideal current source (b) V-I characteristic of an ideal current source (c) A variable load
connected to an ideal current source (d) Symbol for a practical current source

It means even if Z, is made infinity, the current through this should remain Is (same). Now, we must see if any
practical current source could satisfy this condition. The load impedance Z. = oo means no conducting path,
external to the source, exists between the terminals A and B. Hence, it is a physical impossibility for current to flow
between terminals A and B. If the source could maintain a current Is through an infinitely large load impedance,
there would have been an infinitely large voltage drop across the load. It would then have consumed infinite power
from the source. Of course, no practical source could ever supply infinite power.

The maximum voltage that the current source can deliver to the load is called compliance voltage. During the
variation in the load the current source work like ideal source, provides the unlimited resistance but, when the
voltage value at the output reaches to compliance voltage, then it starts to behave like a real source and provides
the limited value of resistance.

A practical current source supplies current Isto a short-circuit (i.e. when Z, = 0). That is why the current Is is called
short-circuit current. But, when we increase the load impedance, the current falls below Is. When the load impedance
Z, is made infinite (i.e., the terminals A and B are open-circuited), the load current reduces to zero. It means there
should be some path (inside the source itself) through which the current Is can flow. When some finite load
impedance is connected, only a part of this current Is flows through the load. The remaining current goes through
the path inside the source. This inside path has an impedance Zs, and is called the internal impedance. The symbolic
representation of such a practical current source is shown in Fig. 1(d).

Now, if terminals AB are open-circuited (Z_ = o) in Fig. 1(d), the terminal voltage does not have to be infinite. It
is now a finite value, V1= Is Zs. It means that the source does not have to supply infinite power!
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Practical Current Source

An ideal current source is merely an idea. In practice, an ideal current source cannot exist. Obviously, there cannot
be a source that can supply constant current even if its terminals are open-circuited. The reason why an actual source
does not work as an ideal current source is that its internal impedance is not infinite. A practical current source is
represented by the symbol shown in Fig. 1(d) in previous section. The source impedance Zs is put in parallel with
the ideal current source Is. Now, if we connect a load across the terminals A and B, the load current will be different
from the current Is. The current Is now divides itself between two branches—one made of the source impedance Zs
inside the source itself, and the other made of the load impedance Z, external to the source.

Let us find the conditions under which a source can work as a good (practical) current source. in Fig. 1(a), a load
impedance Z, is connected to a current source. Let Is be the short-circuit current of the source, and Zs be its internal
impedance. The current Is is seen to be divided into two parts—I; through Zs and I, through Z,. That is,

I=1+1,
L=I—-1I,
Since the impedance Zs and Z,_ are in parallel, the voltage drop across each should be equal, i.e.,
LZs=1,7,
(Us—1)Zs =17,

IsZs
IL:
Zs+ 7

Is (1)
1+

IL:

Zy
Zs

Current
source .. .. . ..

‘b Vs

Fig. 1: (a) Practical current source feeding current to a load impedance (b) V-I characteristic of a practical current
source

This equation tells us that the load current IL will remain almost the same as the current Is, provided the ratio Z,/Zs
is small compared to unity. The source then behaves as a good current source. In other words, the larger the value
of internal impedance Zs (compared to the load impedance Z,), the smaller is the ratio Z,/Zs, and the better it works
as a constant current source.

From Eq.1, we see that the current I = Is, when Z, = 0. But, as the value of load impedance is increased, the current
I is reduced. For a given increase in load impedance Z,, the corresponding reduction in load current I is much
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smaller. Thus, with the increase in load impedance, the terminal voltage (V = 1.Z.) also increases. The V-I
characteristic of a practical current source is shown in Fig. 1(b).

Zs = 500

Z;, = 1Q inthis case, the source acts more likely as a voltage source

Z,, = 10000

in this case, the source acts more likely as a current source

Equivalence Between Voltage Source and Current Source

Practically, a voltage source is not different from a current source. In fact, a source can either work as a current
source or as a voltage source. It merely depends upon its working conditions. If the value of the load impedance is
very large compared to the internal impedance of the source, it proves advantageous to treat the source as a voltage
source. On the other hand, if the value of the load impedance is very small compared to the internal impedance, it
is better to represent the source as a current source. From the circuit point of view, it does not matter at all whether
the source is treated as a current source or a voltage source. In fact, it is possible to convert a voltage source into a

current source and vice-versa.
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Conversion of Voltage Source into Current Source and vice versa

Consider an ac source connected to a load impedance Z.. The
source can either be treated as a voltage source or a current
source, as shown in Fig.1. The voltage-source representation
consists of an ideal voltage source Vs in series with a source
impedance Zg, . And the current-source representation consists

of an ideal current source Is in parallel with source impedance ~ r—-—-----1 4 /
' \

Zs,. These are the two representations of the same source. Both
types of representations must appear the same to the externally

e emmmm R mmm— ——cmmmm— -y
i

) - tation
connected load impedance Z.. They, must give the same results. ! source H Loag D7 Voltage-source represen
In Fig.1(b), if the load impedance Z, is reduced to zero (i.e., the
terminals A and B are short-circuited), the current through this i ,_o-—— :
shortis givenas ~ eeeeeeeees I8
{a@)
L Vs
I; (short — circuit) = 7 (1)
S1

We want both the representations (voltage-source and current-
source) to give the same results. This means that current source
in Fig.1(c) must also give the same current (as given by Eq.1)
when terminals A and B are shorted. But the current obtained
by shorting the terminals A and B of Fig.1(c) is simply the Fig.1: A source connected to a load
source current s (the source impedance Zg, connected in

parallel with a short-circuit is as good as not being present). Therefore, we conclude that the current Is of the
equivalent current source must be the same as that given by Eqg.1. Thus

(C) Current-source representaticn

I, (short — circuit) = I = E 2

Zs,
Again, the two representations of the source must give the same terminal voltage when the load impedance Z, is
disconnected from the source (i.e., when the terminals A and B are open-circuited. In Fig.1(b), the open-circuit
terminal voltage is simply Vs. There is no voltage drop across the internal impedance Z_ . Let us find out the open-
circuit voltage in the current-source representation of Fig. 1(c). When the terminals A and B are open-circuited, the
whole of the current is flows through the impedance Z,. The terminal voltage is then the voltage drop across this

impedance. That is

Vr (open — circuit) = IZ, (3)

Therefore, if the two representations of the source are to be equivalent, we must have
Vrp =Vs
Using Egs. 2 and 3, we get
15251 = IsZsz
Zs =1Z1s, =Zs (say)

Then both Egs. 2 and 3 reduce to
23 (4)
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VS = ISZS

It may be noted (see Eqg. 3) that in both the representations of the source, the source impedance as faced by the load
impedance at the terminals AB, is the same (impedance Zs). Thus, we have established the equivalence between
the voltage-source representation and current-source representation of Fig.1, for short-circuits and for open-circuits.
But we are not sure that the equivalence is valid for any other value of load impedance. To test this, let us check
whether a given impedance Z., draws the same amount of current when connected either to the voltage-source
representation or to the current-source representation.

In Fig. 1(b), the current through the load impedance is

L, =%
T Zi+ 2z, ©)

In Fig. 1(c), the current Is divides into two branches. Since the current divides itself into two branches in inverse
proportion of the impedances, the current through the load impedance Z, is

Zs  _ IsZs

1 X =
L Zo+ 272, Zs+2Z,

=IS

2

By making use of Eq. 4, the above equation can be written as

I =8
L= 7% 2, (6)

We now see that the two currents /; and I, as given by Egs. 5 and 6 are exactly the same. Thus, the equivalence

between the voltage-source and current-source representations of Fig.1 is completely established. We may convert
a given voltage source into its equivalent current source by using Eq.4. Similarly, any current source may be
converted into its equivalent voltage source by using the same equation.

Example 1: Figure shows a dc voltage source having an open circuit voltage of 2 V and an A
internal impedance of 1Q. Obtain its equivalent current-source representation.

Solution:

If we short-circuit the terminals A and B of the voltage source, the current supplied by the source is

o Vs
I(short — circuit) = —
Rs

—2—2A
=1=
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In the equivalent current-source representation, the current source is of 2 A. The source A
impedance of 1Q is connected in parallel with this current source. The equivalent
current source obtained is shown in Fig. next.

Example 2: Obtain an equivalent voltage source of the ac current source shown in Fig.

A

0.2 ACD 100 n

8

Solution: The open-circuit voltage across terminals A and B is given as
Vs(open — circuit) = IgZg
=02x100=20V

This will be the value of the "ideal voltage source” in the equivalent voltage- source representation. The source
impedance Zs is put in series with the ideal voltage source. Thus, the equivalent voltage-source representation of
the given current source is as

Examples of practical current and voltage source

Voltage drop Zener diode working

across this
resistor

R2

e
470Chm
—_———> = -

Output =3V regulated

7N D4

12v Current conduction
through zener

I
1
= f— = €= €=

GND (0V)

A
1
1
'y
|
1

Ve _ Vz — Vg
Rgo Ry

Ia(=Ig =Ic) =
25
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Reduction of Complicated Networks-Equivalent Star and Delta Circuits and their
Conversions

Delta Star Conversion Theorem:

The three elements of a network may he arranged either as T — section or a m — section as shown in fig. (1a) and
(1b) respectively. Further, the T-section may be redrawn as a star or Y — section (fig. 1c) and = — section as a
mesh or delta A — section (fig. 1d). Z,

According to delta star conversion theorems, a T — section or
star section can be interchanged to a m — section or A — section
and vice versa at any frequency, provided that, certain relations are
maintained between the elements of two sections.

Conversion from r — section to T — section
Equating the impedances looking between terminals A and C, (Fig.1
c and d), we have

ZAC = Zl +ZZ

1_1+ 1
ZAC Za

_Zp+2Z)+12,

Zy+Z,

(Fig.1c)

(Fig.1d)

i(c) Y or star section

Fig. 1

Za(Zb + Zc)

7 — Za(Zb + Zc)
ACT 72+ 7y, + Z.

So, we can write from above equations

Za(Zb + Zc) _ Za(Zb + Zc)

Lt = .- 2 @
Now equating the impedances looking between terminals C and F, (Fig.1 ¢ and d), we have
Zep =2t 273 (Fig.1c)
1 1 1
Zer Z. 7. %42, (Fig.1d)
2y = Zelat ) _ 2o+ Z)
Zg+ 7y +Z, A
So, we can write from above equations
Zy+7y = Z(Zg+Zp) Z(Zg+Zp) @)

Zo+2Zy+7Z, A
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Similarly, equating the impedances looking between terminals A and F, (Fig.1 c and d), we get

ZAF = Z]_ +Z3

1 1 1

=—+
Zyr  Zy  ZgtZ.

7. = Zb(Za + Zc)
AR T 7 Y7+ Z,

So, we can write from above equations

Zb(Za + Zc) — Zb(Za + Zc)
Zo+ 72y + Z, Z

Zl+Z3=

where Z =Z, + Z, + Z..
Adding egs. (1) and (3) and then subtracting eq. (2), we have
ZoZy+ 2,27, 4 ZpZo+2ZpyZ, Z.Zyo+ 7.7

(Zy+Z)+ (Zy+Z3) — (Zy+ Z3) =

Z Z Z
22,7
27, = a“b
ZaZb
Z; = a
1= (@

Similarly, adding egs. (1) and (2) and subtracting (3), we get

3)

Ly +Z,Z, Z.Z,+Z.Z YA AYA
(Zy +Zy) + (Zy + 2Z3) — (Zy + Z5) =22 —acp—cma _~eh “bra Thee

Z VA Z
27,7
ZZZ _ a‘c
Z
Zz _ ZaZc (b)
Z

Finally, adding egs. (2) and (3) and subtracting (1), we get

YA/ S AYA Iply+Zpyl. Z,Zy+Z,Z
(Zz+Z3)+(Z1+Z3)—(Zl+ZZ)= c“a cb+ b%a b c _ a®b a%c

Za (Zb + Zc)

Zy+ 7, = 7

Z.(Z,+Z,

7+ 7, = . ( aZ »)

Zy(Za +Z0)
A

Zy+ 73 =

Z Z Z

27,7,
3 =

Zz = - (©
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Therefore, if impedances of T — section are known, then impedances of T — section may be calculated using egs.

(a), (b) and (c). (2)

Conversion from T — section to T — section
Let ZyZ, + ZoZ3 + 232, = Y. 747,

Putting the values of Z;, Z, and Z5 from egs. (a), (b) and (c), we get

ZaZb ZaZc ZaZc Zch ZchZaZb _ZZ 7
z Z Z Z 'z 7 Lh”

Z27.7. Z7%27.7, Z2Z.7
atbsc c4a4b + b“a%c — Zzlzz
72 72 72

ZaZch(Za + Zb + Zc) — Zzlzz

ZZ
YYAYA
aZb szzlzz v Z=Z,+Zp+Z]
LZe=) 4, [ 2y =2
, Lz (d
c Zl
Similarly,
7, = 22122 (e)
Z,
and
YAVA f
5 Ll M
Z3

Therefore, if the impedances of T — section are known, then impedances of a m — section may be calculated using
egs. (d), (e) and (f).
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Problem1: 1: Assume we have a A circuit with 3 Q resistors. Derive the Y-equivalent by using the A—Y equations.

Solution:
Rb Rc 3.3
Rl = = =1Q
Ra+Rb+Re 3+3+3
Ra Re 3-3
R2 = = =10
Ra+Rb+Re 3+4+3+3
R3 Ra Rb 3-3 10

“ Ra+Rb+Rc 3+3+3

R
a 3Q xRy R, v
1Q 10
1Q
ZR1

Going in the other direction, fromY — A, looks like this,

_ RIR2+R2R3+R3Rl 1-14+1-1+1-1

R 30
4 R1 1
Rb:R1R2+R2R3+R3R1 _ 1-1+1-1+1-1:3Q
R2 1
R1R2 + R2R3+ R3R1 1-1+1-1+1-1
Re = + + = + + —30

R3 1

Example 2: Find the equivalent resistance between the top and bottom terminals.

50 40

Solution: First, let's redraw the schematic to emphasize we have two A connections stacked one on the other.
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3.125Q 40

Now select one of the A to convert to a Y. We will perform a A—Y transformation and see if it breaks the
logjam, opening up other opportunities for simplification.

We go to work on the bottom A (an arbitrary choice). Very carefully label the resistors and nodes. To get
the right answers from the transformation equations, it is critical to keep the resistor names and node
names straight. Rc must connect between nodes x and y, and so on for the other resistors. Refer to Diagram
1 above for the labeling convention.

When we perform the transform on the lower A, the black A resistors will be
replaced by the new gray Y resistors, like this:

3.125Q 40
X y
Rb Ra

5Q 40
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Perform the transform yourself before looking at the answer. Check that you select the right set of equations.
Compute three new resistor values to convert the A to a Y, and draw the complete circuit.

Apply the transformation equations for A — Y.

Rb Re 5.3 15
Rl = Ro+Rb+Rc 44543 =g = 120
Ra Re 4-3 12
R2 = Ra+Rb+Rc 4+5+3 =10
3 Ra Rb 4.5 20:1.669

T Ra+Rb+Re 4+5+3 12

Derive an equivalent Y network by substituting the A resistors. Make sure
the Y resistor names connect between the proper node names. Refer to
Diagram 1 above for the labeling convention.

And voila! Check out our circuit. It now has series and parallel resistors where
it had none before. Continue simplification with series and parallel
combinations until we get down to a single resistor between the terminals.
Redraw the schematic again to square up the symbols into a familiar style.

3.125Q 40

1.250 1Q

1.66Q2
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We proceed through the remaining simplification steps just as we did before in the article on Resistor
Network Simplification.

On the left branch, 3.125 + 1.25 = 4.375Q

On theright branch,4+1=5Q

!
4.375Q § § 5Q
1.66Q
. . 4.375-5
The two parallel resistors combine as 4.375|| 5 = 137505~ 2.33Q

And we finish by adding the last two series resistors together,

Requivalent =233+166=40

2 <0

Thevenin’s Theorem

Any two-terminal linear network containing linear impedances and generators can be replaced with an equivalent
circuit consisting of a voltage source E' in series with an impedance Z'. The value of E' is the open circuit voltage
between the terminals of the network, and Z' is the impedance measured between the terminals with all other
generators being removed, (but not their internal impedances).

Consider a two terminal network, containing one active mesh and other passive mesh. Let us also assume that load
impedance Zr is appearing between two terminals as shown in fig. (1a). Figure (1b) represents the Thevenin's
equivalent network.
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6
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Fig. 1.

In fig. (1a) Is and Ir represent the loop currents flowing in active and passive network respectively. Our aim is to
calculate E' and Z' from fig. (1a) and then to show that it is equivalent to a circuit shown in fig. (1b). Applying the
voltage law equations in mesh 1 and mesh 2 respectively, we have

les + (IS - IR)Z3 =F

Zylg+ Z3ls — Z3lg = E @
(Zz + Z3 + ZR)IR - Z3IS = 0 (2)
From eg. (1),
E+ 731y
If = —F—
Zy+ 273

Or Substituting the value of Is in equation (2), we get
Z3(E +Z3lg) 0

Zy+Z3+ Zg)lg —
(Z, 3+ Zp)lg 7, + 7

Zilg  Z3E
Zy+ 2y Zy+Zg

Z2 L Z3E
Z,+ 7)) R 7,4+ 74

(Zy +Z5+ Zg)lg —

(Zz +Z3+ZR_

Z5E
71 + Z3

IR= 232

The two equations (1) and (2) can also be easily solved with the help of Cramer's rule. The current flowing through
load impedance Zx is given by
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(Zy + Z3)ls — Zylg = E ()

(2)
_2315 + (Zz +Z3 +ZR)IR = O

(Z,+73) E

—Zy 0

|(Z1 +Z3) —Z3 |
—Z3 (Zy+ Z3 + Zy)

IR:

~ Z,E
(24 Z3)(Zy+ 23+ Zg) - Z3

Z3E
7, + 25

2

@+4+4—Zfz

I, =
R Z1Z5 ©)

This is the value of load current. By inspection of fig. (1a) the open circuit voltage at ab terminals is

Z E
e -elp)- i)
Zy+2Z3 Zy+ 273

and the impedance of the network measured between ab terminals with all emfs generators short circuited is

2123

7' =7, +—
2N 7+ 7, ©)

From equations (3), (4) and (5), it can be easily seen that

s E' (6)
R=———
Z'+ 7y

Now from fig. (1b), we see that
EI

Ip=o— 7
R =T ™

Equations (6) and (7) are the same, hence theorem has been proved for networks containing one generator. It may
be generalized to any number of generators by the application of superposition theorem permitting each generator
and associated circuit to be considered separately. E’ and Z' as given by equations (4) and (5) are known as
Thevenin's components.
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Problem 1: Find the open circuit voltage and Thevenin resistance of the two-terminal
network shown in fig.

Solution: We have E =100V, Z; =20Q. Z, =0, Z3 = 30 Q. Then by Thevenin components "T
we have open circuited voltage as o
Z3
E'=E ( )
71+ 75

:100(

20+mQ:6OV

and
_ IyZy
CZy + 7,

_30x20
T 30+20

!

20

Hence E' =60V andZ'=12 1.

Problem 2: Find the short circuit current and Thevenin resistance of the two-terminal

MY—e
network shown in fig. , 2n
Solution: As given in question, short circuit ab by connecting terminals ab with mt en
resistanceless wire, then applying current division law, we have ' s

Iab=6+2><8=6amp.

This is the short circuit current. Now for finding out Z', make current source as open circuit then
Z'=2+6 =80

Hence, short circuit current is 6 amp. and Z' = 8 Q.

Problem 3: Obtain Thevenin's equivalent circuit for the network shown in fig.(a)

on 75

—L—W“T__M'W\———- A .‘ﬁi A.::ﬂw—- A !
> av 63 [ .% 692 =
I S ‘
$20 129 59
VT 12
l T i N
o CA) (8)

(=) (b)
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Solution: We shall first calculate the open-circuited voltage between A and B as follows: The loop eq. for big
closed mesh may be written as

10l +61+21=3-3=0
=0

Hence (i) current across 1Q resistor will also be zero and (ii) voltage drop (= r x 1) across 6 Q resistor and along
1Q resistor will evidently be zero. Therefore, the voltage across A and B will be same as across 12 Q resistor i.e.,
=3 volt.

Now if each battery is replaced by zero resistance, as required for Thevenin's equivalent circuit. then given circuit
reduces to that shown in fig. b(A). In this, it is evident that 12 Q resistor becomes short circuited and so becomes
ineffective. Therefore, the equivalent resistance across A and B may he computed as follows: 10 Q and 2 Q resistor
may be supposed as connected in series and 6 Q as in parallel with them. Hence effective resistance of these will
be as given by

1 11

R-10+2 6

R=22_4q
3

and further since 1 Q resistor may be taken as connected in series with this, hence total resistance across A and B =
1+ 4=5Q. Therefore, Thevenin's equivalent circuit for given network may be shown as in fig. b (B) above.

A
Problem 4: Using Thevenin's theorem, calculate the current in R in the 1012 1040
given circuit (fig.). lov 50 R,=10002
. . _ 8
Solution: First of all, we shall calculate the open circuited voltage E' - -
across A and B in the absence of R.. The loop equation is
0N o A 1012 102 A z=( "’ro n 47
101+ 51 =10 NS e v
:.9 50 8 350 E=(¥n
10 2, L% 4 ¢
_15_3 Y (G) (4) (c

As no current flows through the resistor (10 Q) near point A. hence voltage across it is zero. The voltage across AB
is the same as voltage across 5 Q resistor i.e.,

. . 2 10
Voltage across AB = Voltage across 5 Q resistor = current x resistance = 3 % 5= ey V.

Now we shall calculate the impedance across AB, when the voltage source is replaced by zoo resistance as shown
in fig. (b). As viewed across AB, 10 Q and 5 Q resistances are parallel then 10 Q resistor is in series. Hence the
impedance Z' between A and B is
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10x5 40
10+5 3

Z'=10+

The Thevenin's circuit is shown in fig. (c). The current in the load, when connected across Ry is given by

10
Voltage 3 1 A
L — " — —_——
Resistance %_l_ 100 34
Problem 5: Find the open-circuit voltage across AB of the two-terminal network I TR AR l ar
own in fig. Also draw its Thevenin's equivalent circuit and calculate the current e A 512
through a load impedance of 12.75 Q when connected across A and B. 100V & ] L

Solution:

In the given circuit, the resistances 3 Q, 4 Q and 5 Q are in series while 6 Q resistance is in parallel with them.
Hence the resultant resistance is given by

1 1 1 3
R 6 12 12
R =40Q

Now current [ = 1%0 = 25 A. The current I, through the series combination 3 Q, 4 Q and 5 Q is

6 6 25
I=—x25="A4

L=— %
27 6+3+4+5 18 3

Potential difference across AB
25
E' =12(4+5)=?><9=75V

By short circuiting the source, the impedance across AB is given by

7' = 3(4+5) =2250
3+(4+5) — oA
Here, the resistance 6 Q has been short circuited. The Thevenin's equivalent circuit is: . Z=2230
E'=75
—o B
When a load of 12.75 is connected across AB, then the current through the load is given by
I 75 75 5 A
L™225+4+1275 ~ 15~
SN 150
Problem 6: In the D.C. circuit shown in fig. three resistors, R1 =1 Q, R, =5 Q and R3 = 10 _f ~ _J_
Q, are connected in turns to terminals AB. Determine the power delivered to each resistor. L l,\ _:f
~T 10V Py 20V =
I o8
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Solution: The Thevenin equivalent circuit is shown in fig. z' A

W——0
75N
Total current, I = 250 115 =054 L :
+ =E-125V A
Voltage-drop across 5 Q resistor = I X 5= 0.5x 5= 2.5V. Now J‘
O
Egp=E' =10 + 25=125V ® 8
The impedance Z' across AB is a parallel combination of 5 Q and 15 Q. Therefore,
Z’—SX15—75—3759
5415 20
Now connecting each of the three resistors at terminal AB, the powers delivered are:
WithRL =1Q [, = —> =263 4
3.75+1
~ P, =1?XR, =2.63% x1=6.91watt.
With RL=5Q, I, = —=> =143 A
3.75+5
~ P, =12 xR, =143% x5 =10.2 watt.
WithR =109, s = —=>— = 0.91 4
3.75+10
. P; =12 xR, =0.912 x 10 = 8.28 watt.
Problem 7: Determine the current in 1 Q resistor across AB of the network shown A
in fig. using superposition and Thevenin's theorem. 20
_/V\M
Amp. éan d?%m 1n
L St Vorg
Solution: Ve T
ANNN
Here the open circuited voltage can be calculated with the help of superposition B

theorem. There are two sources and each is considered separately. Considering only 1 Amp. source. the equivalent
circuit is shown in fig.1. Total resistance of loop PQRS

_3x2 6
_3+2_5
Now E{ = Current X resistance = 1 x - = 1.2V.

No current flows through the lower loop containing two 2 Q resistor. Further
considering only 1 volt source, the equivalent circuit is shown in fig. (2 a and b).
Applying Kirchhoff’s voltage law to two loops of fig. 2(b), we get

h2+2)=1 or i =- Fig.1

12(2+3)=1 or i2=_
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. _ 1_
~Voltageat X = 3 X - = 0.6V l_

AAAAA——
XN i
and voltageat Y = 2 X =05V R \L N '
4 aﬂ: _.Oi\' =
Voltage across XY= 0.6 — 0.5=0.1V L7.38.

Now E"= 12401 = 1.3V

The value of Z" can be calculated with the help of fig. (3).

_2><3+2><2_6+1_229 .
4B T2 43242 5 T~

The Thevenin's equivalent circuit is shown in fig. (4). The current flowing through
1 Q resistor is given by

1.3

Lip = — 0.406 4 = 406 mA
4B =501 1 m

Admittance: admittance is a measure of how easily a circuit or device will allow a current to flow. It is defined
as the reciprocal of impedance, analogous to how conductance & resistance are defined. The Sl unit of admittance
is the siemens; the older, synonymous unit is mho, and its symbol is O.

Norton's Theorem

This theorem states that, any two-terminal network consisting of linear impedances and generators can be replaced
by an equivalent circuit containing a current source I’ in parallel with an admittance Y’. The value of I’ is the short-
circuited current between the terminals of the network, and Y’ is the admittance measured between the terminals

with all generators removed (but not their admittances).

This theorem may be easily proved by considering a Thevenin's equivalent network shown in fig. (a). The load
impedance Zr is appearing between two terminals a and b. Now this Thevenin's equivalent circuit may be easily
converted into a circuit containing current source I’ in parallel with Y’ and Yr appearing between two terminals a

and b as shown in fig. Tt ( (b).
o N

I .‘M‘\i‘J

I 77
(@) $ ¢ T"J
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Fig.1

The value of Ir from fig 1(a) is given by
E' E  EYY

CZ+Zg 1 1Yty
Y YR

Why Y’ and Yy are the reciprocal of Z' and Z respectively, known as admittances.
Applying the current division law in fig. 1(b), we have
, I'Yy
IR =37 1
Y+ Y

The load current Iz' can be made equal to I;. Then comparison of equations (1) and (2) gives

!

I'=EY =

Equation (3) clearly indicates that circuits 1(a) and 1(b) are the same. Thus, we observe that fig.1(b) is equivalent
to fig.1(b) and fig.1(a) is equivalent to the figure of Thevenin’s equivalent circuit

Thus, we see that interchange of voltage and current sources with the help of Thevenin’s and Norton’s theorems
gives a method of circuit analysis. As described earlier, voltage source is removed from a circuit by short circuiting
its e.m.f. whereas a current source is removed by opening its circuit.

Problem 1: Convert the following linear network into Thevenin’s equivalent network and then into Norton’s
equivalent network and show that power delivered to the load Ry in each case is same.

Solution: For converting this network into Thevenin’s equivalent, we have to 2z,

\
find out the Thevenin’s components given as 5n M“ Ml
. EZy ‘ gn Z
7 /2V1 z3 ge %
12x6 ?
And
Z1Z
Z, = ZZ + L /
3X6
=7+3.,=90 9a
‘4\ EI ZL-Q
Hence, the Thevenin’s equivalent circuit is shown in fig. b and power delivered to
the load is
fig. b
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PL1 = (IZ)ZRL = (9+8RL)2 R; (1)

Now applying Norton’s theorem in fig. a, we have

1’=E’Y’=E,=§Amp I .L L
79 = 2
" £, =y,
And =4} =" =%
AMP, *
a1 1 T |
TZ7 " 9™%=3 fig. c

Hence the Norton’s equivalent circuit is shown in fig. c. Now the power delivered to the load is calculated by
applying current division law. The current through Y is given by

8 Y

S5+

L

So, the power,

2 2 1
PL2 = ()R, = (L) 7
L
2
8 Y, 1
o5ty N
1 2
8 R,
o1, 1| ™
97R,
1 \? ,
8 R, 8 O9R
= —_ RL RL = (——L> RL
9R, +9 9(R, +9R;
9R,
8 2
= R
<9+RL) L (2)

From eqgn. 1 and 2 we see that in each cases power delivered to the load is the same and hence we conclude that
both Thevenin’s and Norton’s circuits are equivalent to the original circuit.

Problem 2: Draw the Thevenin’s and Norton's equivalent circuits for the following circuit. Calculate the current in

the load in each case. 0612 c vén
. AMAVA-
Solution: First of all, we shall calculate the open circuited — 7 7 l;
voltage across AB. The current | flowing in the 022 —- Ri=320n
gNTER”AL; - 0-8L£2
loop is given by FS/ST-'/V(QT o 8
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0.6I + 081+ 0.2 = 24 i.e, I =154 7”60 o o8nr A

r—‘/‘N/‘/—j—‘VV\N\f-O _‘[—-’V\’/VV\/\I—/'O
The voltage. across AB is the same as voltage across CD. el

ie., o2n %0312 — =12y
- A
E voltage across CD - oA T 0
= 154%x08Q = 12Volt
(a) fig. 1 (b)

Now we shall calculate impedance across AB. For this purpose, the battery is removed but not 1ts internal resistance.
The circuit now becomes as shown in fig. (1a).

As viewed from points A and B, the resistors 0.2 Q and 0.6 Q are in series. Their equivalent resistance is 0.8 Q. The
resistor 0.8 Q) between C and D is in parallel. Hence equivalent resistance is given by

1 1 1 1

R-08 08 0.
ie. R = 040Q

Now resistor 0.8 Q) between C and A is in series. Hence the impedance = 0.8 + 0.4 = 1.2 Q. The Thevenin's equivalent
circuit is shown in fig. (1b). The current in load R when connected between AB is given by

I, = 12v =273A
L=120+320" ©

The Norton's equivalent circuit may be found from Thevenin's equivalent circuit. The short-circuited current found

by shorting the terminals A and B together is A
2®)
I 12V =104 I
AB = -
120 10 Amp r2n
The Norton's equivalent circuit is shown in fig. (2).
When the load R = 3.2 Q is connected across AB, the current in the load is given by | 50
I 129 10A=2734 g 2
= —X = 2.
L7120+ 3.20
R, R, A

Problem 3: Find the current flowing through resistor R. in the network shown in fig.

using Norton's theorem. T 150 SR

Solution: The impedance Zas between terminals AB can be obtained with the help of T
fig. '

circuit now reduces as shown in fig. a

1——9 9—3,4
2x2 3

2t317

Zyg = 3X3 1.50
ABT3437 T
The current | drawn from voltage source can be found out by short circuiting AB. The given
A

Fig. a
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The current I' through short circuit is given by

r—l( R, )—3(2 )—15A
- \R,+Ry/ T\2+42/ 7

The Norton's equivalent circuit is shown in fig. b. The current I, flowing through Ry is given by Fig. b

I —ﬂ( L5 )—15( L5 )—075A
L= " \R,+15/7 " \15415/ "

Problem 4: Find the open circuit voltage and Thevenin's resistance of the two-terminal
network shown in fig. and then reduce the network into Norton’s equivalent circuit,
and find the current through load resistance Zz = 2 Q. Find also the power delivered to o
the load.

]
o

2
\‘\\\;/
X

Solution: The Thevenin's resistance 7 can be calculated by short circuiting df branch.
In that case cd and cf will be parallel to each other; and de and fe will be parallel to
each other and both will he in series then

~

R

3

%,

’7"/ N
RN
[} -

e
VA
N
]
8

1]

_ Reg XRey  Rae X Reg
Reg + Ref ' Rae + Ref

!

_3><7+1><9_3Q
T3+47 149

Now we have to calculate the open circuited voltage between terminals a and b. We see from fig. a that the voltage
drop between ab is same as at ¢ and e points. The current generated from the source in each branch is voltage

4

divided by the total resistance, i.e. ot
é
100 10 A : JW‘MW——*—;'
10 L =
}:2;"2-“
Potential difference across cd = — 30 volt, Potential difference across de = =%° =
100 volt, Potential difference across ce = — 20 volt. Calculating potential j
difference across cf and fe we would get potential difference across ce as — 20 volt. -3

E' = —20voltand Z' = 3Q Fig. b

Now the circuit reduces into the Thevenin's equivalent as shown in fig. b. Now we have to convert this network
into Norton's equivalent circuits. For this let us find out I’, Y’ and Y.

o011
Y—?=§U
1 1
YR—ZZEU
, - 1 20
I EY:—20X§ :—?
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So, the Norton's circuit is as shown in fig. c. Current through the load is given by

Iy 0.1
R 372
A A 1.1

372

This is in ba direction, hence current in ab direction is 4 A. Therefore, power delivered to the load is

12
PL ]

= =32W
Yr

2
1
2

a2

P = true power P=’R P=_
Measured in units of Watts

Q =reactive power Q=I'X Q= E

X
Measured in units of Volt-Amps-Reactive (VAR)

S=apparentpower S=1'Z S= ; S=1E
Measured in units of Volt-Amps (VA)
N
Pmax|= = = = = =
The Maximum Power Transfer Theorem T T
This theorem states that, the maximum power will be delivered by a network to a load P Zp=1"
impedance Zg, if the impedance of Zj is the complex conjugate of the impedance Z' of the
network measured looking back into the terminals of the network. i.e.,
ZR — ZI* Rl—) 7z

Prax = Maximum Power consumption

44

Md. Saifur Rahman, Lecturer, Department of Physics, University of Rajshahi / 3H / Chapter-1 / 2020



The maximum power will be consumed by a network from another circuit connected to its two terminals when the
impedance of the receiving network is varied to make the impedance looking into the network at its two terminals
as conjugate to each other.

Let us consider a two terminal active linear network connected to a two terminal passive o a
linear network. In fig. Z represents the equivalent impedance of a passive linear network AW
and the network at the left of a, b terminals represent the Thevenin's equivalent active !
network. / =z
£ z
r

The impedance of the active network Z' is equal to the ohmic resistance R’ plus the

resistance X'. i.e., QB,_J

Z'=R'+jX (1)
Similarly
Zg = Rg + jXg 2)
We have to prove that Z’ and Zy arc conjugate to each other in order to transfer the maximum power to load. i.e.
Zrp =R —jX' 3)
For this, we proceed as follows:
Let I be the current flowing in the network, then
=
7'+ Zy
I = £
(R"+jX") + (Rg + jXg)
— E’
(R"+Rp) +j(X" + Xg)
— E,
- JR 4+ Rp)2+ (X' + Xg)? (4)
The passer delivered to the load is
El 2
PL=1"Re = Gy RR)g +)(X’ T X2 R ®)

If Xy is varying, the maximum power will be calculated by putting ;TP = 0. From equation 4, we get
R

oP, 0 (E")? Rl
0Xp ~ 0Xg |(R"+Rp)? + (X' +X5)2 B~

o B RR((R + R)? + (X + Xp)2) 1] = 0
X

= —(EN?Rp{(R"+ Rp)? + (X' + Xp)?}2.2(X' + Xz).1=0

45

Md. Saifur Rahman, Lecturer, Department of Physics, University of Rajshahi / 3H / Chapter-1 / 2020



—(E")?Rg.2(X"+ Xg).1
{(R"+Rp)* + (X' + Xp)?}>

0

=X +Xg) =0
= X' = —Xg (6)
Substituting equation (6) in equation (5), we get

(E)?Reg

CETAE [True power] (7
R

(P max =

Now suppose Ry, is also varying, then maximum power will be calculated by putting from equation (7)

P, 0 ( (E)?Rg _ 0
ORr  ORg |(R'+Rp)?)

s (R"+ RR)?(EN2.1 - (E"?Rg.2(R' + Rg).1 0
(R"+ Rp)*

= (R' + Rg)*(E")* = (E")*Rg. 2(R' + Rg)
= (R' + Rg) = 2Ry
= R = Ry ®)
Using equations (6) and (8), we can write
Zp=Rp+jXg =R —jX' =7"
Now from eqgn. (7) and (8) the maximum power delivered to the load is

EVRy (B
(Rr + RR)> 4Ry

(PL)max =

Corollary: If only the absolute magnitude and not the angle of Z be varied, then the greatest power output be
delivered from the network if the absolute magnitude of Z is made equal to the absolute magnitude of Z'.

P

Problem 1. Find the value of R_. which will absorb maximum power and
determine this maximum power in the following network.

4
~.
H

L e NI

S
P

l1'|'|'|'n'|'l\"_'

‘fl’g"l
We see atonce that R, = 10 Q. Hence R, = 10 Q will absorb maximum power e

from source.

L

Solution: For finding out R, short circuit 50V source and open circuit the 1 amp. n
qq.-sov"¢

For determining the maximum power absorbed by R, we shall calculate the current
flowing through R.. We can find current through RL by superposition theorem.

50
= 2.5amp
10+10
10

(i) Now let, E; = 0, then iy, = o710 % 1=05amp

Q) Leti; = 0,theni, =
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Hence iy = iy, + iy, = 2.5+ 0.5 = 3 amp. Hence power absorbed by R is Bpqy = iR = 3% x 10 = 90 watt.
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