CHAWPTER

| earning Obiecti DC

© Electric Circuits and Newak
Theorems
© Kirchhoff’s Laws
© DeterminationofVoltage Sign N E TW O RK
©» AssumedDirectionofCurrent
© SolvingSimultaneous Equations

S Soiving Eauas THEOREMS

© Solving Equations with T
Unknowns

© Solving Equations With Te
Unknowns

© Independent and DepndrtSources

© Maxwell’sLoop CurrentVduad

©» Mesh Analysis Using Matrix lam

© Nodal Analysis with Vidae
Sources

©» Nodal Analysis with Gt
Sources

© Source Conversion

© Ideal Constant-Voltage Source

© Ideal Constant-Current Source

© Superposition Theorem

© Thevenin Theorem

© How to Thevenize a Gm
Circuit ?

© General Instructions for Hdng
Thevenin Equivalent Circuit

© Reciprocity Theorem

© Delta/StarTransformation

© Star/DeltaTransformation

© Compensation Theorem

© Norton’s Theorem

© How to Nortanize a Gm Network theorems help to determine the
Circuit ? unknown values of current, resistance and

© Generallnstructions forkidkg voltage etc, in electric networks
Norton EquivalentCircuit

© Millman’s Theorem

© Generalised Form ofMilimak
Theorem

© MaximumPower Tiastr
Theorem

© Power Transfer Efficiency




52 Electrical Technology

Electric Circuits and Network Theorems

There are certain theorems, which when applied to the solutions of electric networks, wither
simplify the network itself or render their analytical solution very easy. These theorems can also be
applied to an a.c. system, with the only difference that impedances replace the ohmic resistance of
d.c. system. Different electric circuits (according to their properties) are defined below :

1. Circuit. A circuitis a closed conducting path through which an electric current either flows
or is intended flow.

2. Parameters. The various elements of an electric circuit are called its parameters like resis-
tance, inductance and capacitance. These parameters may be lumped ordistributed.

3. Liner Circuit. A linear circuit is one whose parameters are constant i.e. they do not change
with voltage or current.

4. Non-linear Circuit. It is that circuit whose parameters change with voltage or current.

5. Bilateral Circuit. A bilateral circuit is one whose properties or characteristics are the same
in either direction. The usual transmission line is bilateral, because it can be made to per-
form its function equally well in either direction.

6. Unilateral Circuit. It is that circuit whose properties or characteristics change with the
direction of its operation. A diode rectifier is a unilateral circuit, because it cannot perform
rectification in both directions.

7. Electric Network. A combination of various electric elements, connected in any manner
whatsoever, is called an electric network.

Passive Network is one which contains no source of e.m.f. in it.
9. Active Network is one which contains one or more than one source of e.m.f.
10. Node is a junction in a circuit where two or more circuit elements are connected together.
11. Branch is that part of a network which lies between two junctions.

12. Loop. It is a close path in a cir-
cuit in which no element or node |

X conductor
is encountered more than once. — ground
13.  Mesh. It is a loop that contains N~ switch

no other loop within it. For ex- —“]—— battery
ample, the circuit of Fig. 2.1 (a) — I—— capacitor

has even branches, six nodes, —N— fuse
three loops and two meshes .

whereas the circuit of Fig. 2.1 (b) —Q\)— lamp

has four branches, two nodes, six — X . rheostat (variable resistor)

loops and three meshes.

It should be noted that, unless stated ——(G— galvanometer
otherwise, an electric network would be
assumed passive in the following treat- C) ammater
ment.
We will now discuss the various net- (:) voltmeter
work theorems which are of great help in
solving complicated networks. Inciden- Standard symbols

tally, a network is said to be completely
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solved or analyzed when all voltages and all currents in its different elements are determined.
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Fig. 2.1

There are two general approaches to network analysis :

(i) Direct Method

Here, the network is left in its original form while determining its different voltages and currents.
Such methods are usually restricted to fairly simple circuits and include Kirchhoff’s laws, Loop
analysis, Nodal analysis, superposition theorem, Compensation theorem and Reciprocity theorem
etc.

(ii) Network Reduction Method

Here, the original network is converted into a much simpler equivalent circuit for rapid calcula-
tion of different quantities. This method can be applied to simple as well as complicated networks.
Examples of this method are : Delta/Star and Star/Delta conversions.
Thevenin’s theorem and Norton’s Theorem etc.

Kirchhoff's Laws *

These laws are more comprehensive than Ohm’s law and are
used for solving electrical networks which may not be readily solved
by the latter. Kirchhoff’s laws, two in number, are particularly useful
(a) in determining the equivalent resistance of a complicated net-
work of conductors and (b) for calculating the currents flowing in the
various conductors. The two-laws are:

1. Kirchhoff’s Point Law or Current Law (KCL)
It states as follows :

Kirchhoff

in any electrical network, the algebraic sum of the currents meeting at a point (or junction) is
zero.

Put in another way, it simply means that the total current leaving a junction is equal to thetotal
current entering that junction. It is obviously true because there is no accumulation of charge at the
junction of the network.

Consider the case of a few conductors meeting at a point 4 as in Fig. 2.2 (a). Some conductors
have currents leading to point 4, whereas some have currents leading away from point 4. Assuming
the incoming currents to be positive and the outgoing currents negative, we have

L+ (L) + (L) + (H 1)+ (L) =0
or L+1,-I,-,-Is=0or |+ I,=1,+ [+
or incoming currents = outgoing currents

*  After Gustave Robert Kirchhoff (1824-1887), an outstanding German Physicist.
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Similarly, in Fig. 2.2 (b) for node 4

I+ () + L)+ (L) +()=0 or=L+L+L+1,
We can express the above conclusion thus :  Z7=0....ccccceccvrviriiiniieniiiee s at a junction

(a) (h)
Fig. 2.2

2. Kirchhoff’s Mesh Law or Voltage Law (KVL)

It states as follows :

The algebraic sum of the products of currents and resistances in each of the conductors in
any closed path (or mesh) in a network plus the algebraic sum of the e.m.fs. in that path is zero.

In other words, YIR+Xemf =0 ...round a mesh

It should be noted that algebraic sum is the sum which takes into account the polarities of the
voltage drops.

Node
N (b) Node () + V. _ Loop
(a) R L:),OP 5 //
_____ ’ - Lf
ls Al Ve
1 + +
1
|
V0 = 5: 3 §V8
| _ -8
1
Az
+

Sum currents IN Sum Voltages (counterclockwise order) :

Branch I+ 1+ 1;=0amps Vs+ Vg+ Vs + V=0 volts
P vsis for th Sum currents OUT Sum Voltages (Clockwise order):
irchhoff's analysis for the o _
above mesh (a) is given in l1—1,~1;=0amps ~ Vs Vg VHV=gvolts

(b) and (c) Kirchhoff’s Current Law Kirchhoff’s Voltage Law

The basis of this law is this : If we start from a particular junction and go round the mesh till we
come back to the starting point, then we must be at the same potential with which we started. Hence,
it means that all the sources of e.m.f. met on the way must necessarily be equal to the voltage drops in
the resistances, every voltage being given its proper sign, plus or minus.

Determination of Voltage Sign

In applying Kirchhoff’s laws to specific problems, particular attention should be paid to the
algebraic signs of voltage drops and e.m.fs., otherwise results will come out to be wrong. Following
sign conventions is suggested:

@ Sign of Battery E.M.F.
A rise in voltage should be given a + ve sign and a fall in voltage a —ve sign. Keeping this in
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mind, it is clear that as we go from the —ve terminal of a battery to its +ve terminal (Fig. 2.3), there is
a rise in potential, hence this voltage should be given a + ve sign. If, on the other hand, we go from
+ve terminal to —ve terminal, then there is a fall in potential, hence this voltage should be preceded

current current
B )

A Z B A B A+ V _ B A -V - B
S —_— ———— motion ——=motion
Rise in Fall in Fall in Rise in
Voltage Voltage Voltage Voltage
Sl D) =k —V==IR +V=+IR

Fig. 2.3 Fig. 2.4

by a —ve sign. It is important to note that the sign of the battery e.m.f. is independent of the
direction of the current through that branch.

() Sign of IR Drop

Now, take the case of a resistor (Fig. 2.4). If we go through a resistor in the same direction as the
current, then there is a fall in potential because current flows from a higher to a lower potential.
Hence, this voltage fall should be taken —ve. However, if we go in a direction opposite to that of the
current, then there is a rise in voltage. Hence, this voltage rise should be given a positive sign.

It is clear that the sign of voltage drop across a resistor depends on the direction of current
through that resistor but is independent of the polarity of any other source of e.m.f. in thecircuit
under consideration.

Consider the closed path ABCDA in Fig. 2.5. As we travel around the mesh in the clockwise
direction, different voltage drops will have the following
signs : R

! AR B

LR, is —ve (fall in potential)
LR, is —ve (fall in potential)
LR, is +ve (rise in potential) e, Ry
IR, is —ve (fall in potential) g
E, is —ve (fall in potential) \?_a I
E, is +ve (rise in potential) [SAE 3 —E,
Using Kirchhoff’s voltage law, we get
~I,R, LRy ~I,Ry—I,R,~E, + E; =0 R L C
or R, + LR, ~I,R; + LR,= E, —E, 0 .
Fig. 2.5

Assumed Directionof Current

Inapplying Kirchhoff’s laws to electrical networks, the question of assuming proper direction of
current usuallyarises. The direction of current flow may be assumed either clockwise or anticlockwise.
If the assumed direction of current is not the actual direction, then on solving the quesiton, this
current will be found to have a minus sign. If the answer is positive, then assumed direction is the
same as actual direction (Example 2.10). However, the important point is that once a particular
direction has been assumed, the same should be used throughout the solution of the question.

Note. It should be noted that Kirchhoff’s laws are applicable both to d.c. and a.c. voltages and
currents. However, in the case of alternating currents and voltages, any e.m.f. of self-inductance or
that existing across a capacitor should be also taken into account (See Example 2.14).
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Solving SimultaneousEquations

Electric circuit analysis with the help of Kirchhoff’s laws usually involves solution of two or
three simultaneous equations. These equations can be solved by a systematic elimination of the
variables but the procedure is often lengthy and laborious and hence more liable to error. Determi-
nants and Cramer’s rule provide a simple and straight method for solving network equations through
manipulation of their coefficients. Of course, if the number of simultaneous equations happens to be
very large, use of a digital computer can make the task easy.

Determinants

is called a determinant of the second order (or 2 x 2 determinant) because

b
The symbol ‘7 cd

it contains two rows (ab and c¢d) and two columns (ac and bd). The numbers a, b, ¢ and d are called
the elements or constituents of the determinant. Their number in the present case is 2° = 4.

The evaluation of such a determinant is accomplished by cross-multiplicaiton is illustrated
below :

a b
® =| > ,| =ad-bc
¢ 'd

The above result for a second order determinant can be remembered as
upper left times lower right minus upper right times lower left

ap byo¢
The symbol | a, b, ¢, | represents a third-order determinant having 3° = 9 elements. It may
ay by ¢

be evaluated (or expanded) as under :
1. Multiply each element of the first row (or alternatively, first column) by a determinant ob-
tained by omitting the row and column in which it occurs. (It is called minor determinant or
just minor as shown in Fig.2.6).

Minor of a, Minor of a, Minor of a,
Fig. 2.6

2. Prefix + and —sing alternately to the terms so obtained.
3. Add up all these terms together to get the value of the given determinant.

Expanding in terms of first column, we get

Considering the first column, minors of various elements are as shown in Fig. 2.6.
® = a ZZ € by ¢

_af G
3 &3 3 G b, ¢

= a, (b203 _b302) —a, (bIC3 _b3cl) +a3 (b102 _bzcl) .(i)

+a3
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Expanding in terms of the first row, we get

b, ¢,
by ¢

= ay (byc3—bs0,) =by (ayc3—as0;) + ¢y (a,b3—asby)

) a, G
a; G

- _ a, b,
® al b + Cl a3 b3

which will be found to be the same as above.

7 -3 —4
Example 2.1. Evaluate the determinant | =3 6 —2
-4 -2 11

Solution. We will expand with the help of 1st column.

p=7_, ]y qtreasl,)

=70(6 % 11) =(=2 x =2)] + 3 [(=3 x 11) (=4 x =2)] =4 [(=3 X =2) ~(—4 % 6)]
=7 (66 —4) + 3 (~33 —8) —4 (6 + 24) = 191

Solving Equations with Two Unknowns

Suppose the two given simultaneous equations are
ax + by = ¢
dx+ey=f
Here, the two unknown are x and y, a, b, d and e are coefficients of these unknowns whereas ¢ and
fare constants. The procedure for solving these equations by the method of determinants is as fol-
lows :
1. Write the two equations in the matrix formas Ya&/Yx/_Yc/

kd epyy <f¢

: <o Yab/_ ae — bd
2. The common determinant is given as ® = ey
3. For finding the determinant for x, replace the co- B ¢ = (ce b))
efficients of x in the original matrix by the con- ®, = foe :
stants so that we get determinant ®, givenby
4. For finding the determinant for y, replace coeffi- a c| _
cients of y by the constants so that weget ®, = d f = (af —cd)

5. Apply Cramer’s rule to get the value of x andy

x:@:L—bﬁ andy:@i:u
® ae—bd ®  ae—bd
Example 2.2. Solve the following two simultaneous equations by the method of determinants :
4, -3, = 1
3i, —5i, = 2

Solution. The matrix form of the equations is *7 = 3/Yi;/_Yl/
3 -Spdhyp K2

:g%@x—S}%—Sxﬁz—ll

4
3
1 -3
®= |, _5‘:(1x—5)—(—3><2):1
4
3

21FGXD—Ux$:5
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l' =
1

I O
-11 11?2 ® 11

®,
®

Solving Equations With Three Unknowns

Let the three simultaneous equations be as under :
ax + by + cz=d
ex +fy +gz=h
Jx+thkyt+ilz=m
The above equations can be put in the matrix form as under :
A A
9 k1P g
The value of common determinant is given by

a b ¢
® = e ;: % =a (fl-gk)—e (bl —ck)+j(bg —cf)
J

The determinant for x can be found by replacing coefficients of x in the original matrix by the
constants.

d b c
®. = h f gl=d(fl-gk)—h(bl-ck)+m(bg—cf)
! m k 1
Similarly, determinant for y is given by replacing coefficients of y with the three constants.
a d c¢
®,= |e h  g|=a(hl—mg)—e(dl—mc)+j(dg— hc)
Jj m 1
In the same way, determinant for z is given by
a b d
®,= | e [ h|=a(fm-hk)—e(bm—dk)+j(bh—df)
j k m
®, ®, ®,
As per Cramer’s rule x= _ »y=_"z= "
® ® ®

Example 2.3. Solve the following three simultaneous equations by the use of determinants and
Cramer’s rule
i)+ 3iy+ 4i;= 14
i +2i, +ti;=7
20, +i,+ 2i;=2
Solution. As explained earlier, the above equations can be written in the form
Y1 3 4/Yi/ Y14
1 2 loo o ="To
[ ! ! 2
Q1 298 <<F
Y134
® ='1210=14-1)-1(6-4)+(3-8)=-9
2 1 29
Y14 3 4/
® ='72 lo=14(4-1)-7(6-4+2G-8)=18
<2 1 2
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Y1144
®, ='1 7 lo=1(14-2)-1(28-8)+2(14-28)=-36
2 2 2
Y1 314
®, ='12 TJo=14-7)-1(6-14)+2(21-28)=-9
2 1 29
According to Cramer’s rule,
- 18 . _36 . 9
i =—1 — A5k 2 9 —4A 50y 2 91A

Example 2.4. What is the voltage V across the open switch in the circuit of Fig. 2.7 ?

Solution. We will apply KVL to find V. Starting from point 4 in the clockwise direction and
using the sign convention given in Art. 2.3, we have

| B ¢
Nosov g 3v /S
1 joa
G 10A
(O = y
L 40V %«,
20V V. N =
O+ i
10V
T
- I
¢ l 8 4A
/ \ W=
/ \ F 72 E D
Fig. 2.7 Fig. 2.8

+V,+10-20-50+ 30 =0 .. V=30V
Example 2.5. Find the unknown voltage V, in the circuit of Fig. 2.8.

Solution. Initially, one may not be clear regarding the solution of this question. One may think
of Kirchhoff’s laws or mesh analysis etc. But a little thought will show that the question can be solved
by the simple application of Kirchhoff’s voltage law. Taking the outer closed loop ABCDEFA and
applying KVL to it, we get

16 X3 4x2+40-V,=0; .. V,=—16V

The negative sign shows there is a fall in potential.

Example 2.6. Using Kirchhoff’s Current Law and Ohm’s Law, find the magnitude and polarity
of voltge Vin Fig. 2.9 (a).
Directions of the two current
sources are as shown.

Solution. Let us arbitrarily
choose the directions of /;, l,and ~ 2 ® D gAZ L2 O (1)8A
15 and polarity of V" as shown in
Fig.2.9.(b). Wewill use the sign
convention for currents as given
in Art. 2.3. Applying KCL to
node 4, we have Fig. 2.9

(a) (b
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-1,+30+1,-,-8=0

or L =L+ I, =22 ..(D)
Applying Ohm’s law to the three resistive branches in Fig. 2.9 (), we have
I,= L A= Z’ r=-t (Please note the —ve sign.)
17 573 4002 6 :
Substituting these values in (i) above, we get
y_n-ro, v

2 %6% 4:220rV:24V

=V2=242=12A,1,=-24/6 =-4A, [;=24/4=6A
The negative sign of 7, indicates that actual direction of its flow is opposite to that shown in Fig.
2.9 (D). Actually, I,, flows from A to B and not from B to 4 as shown.
Incidentally, it may be noted that all currents are outgoing except 30A which is an incoming
current.

Example 2.7. For the circuit shown in Fig. 2.10, find Vg and V 4.
(F.Y. Engg. Pune Univ.)

Solution. Consider the two battery circuits of Fig. 2.10 separately. Current in the 20 V battery
circuit ABCD is 20 (6 +5+9)=1A. Similarly,
current in the 40 V battery curcuit EFGH is= 6 B I 8 F
40/(5+8+7)=2A. Voltage drops over differ- W W
ent resistors can be found by using Ohm’s law.

For finding V' i.e. voltage of point C with 10V

p . . 20V 5 gs 40V ——
respect to point £, we will start from point £ %
and go to C via points H and B. We will find
the algebraic sum of the voltage drops met on 9 7
the way from point £ to C. Sign conventionof Al C H M G
the voltage drops and battery e.m.fs. would be Fig. 2.10
the same as discussed in Art. 2.3.

. cp=E5x2)+(10) —(5 x 1) = =5V

The negative sign shows that pomt C is negative with respect to point E.

Vig=(1x2)+(10)+ (6 x1)=30V.

The positive sign shows that point 4 is at a positive
potential of 30 V with respect to point G.

Example 2.8. Determine the currents in the unbal-
anced bridge circuit of Fig. 2.11 below. Also, determine the
p.d. across BD and the resistance from B to D.

Solution. Assumed current directions are as shown in
Fig. 2.11.

Applying Kirchhoff’s Second Law to circuit DACD,
we get

—~x—4z+2y=0o0rx-2y+4z=0 (1)

Circuit ABCA gives

2x-—2)+3@p+z)+4z =0o0r2x-3y-9z =0
..(2)

)Y
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Circuit DABED gives
x-2(x-z)2(x +y) +2 =0o0rSx+2y-2z=2 .(3)
Multiplying (1) by 2 and subtracting (2) from it, we get
v+ 17z = 0 .(4)
Similarly, multiplying (1) by 5 and subtracitng (3) from it, we have
—12y+ 22z =-2 or —-6y+1lz=-1 ..(5

Eliminating y from (4) and (5), we have 91z=1orz=1/91A
From (4); y = 17/91 A. Putting these values of y and z in (1), we get x =30/91 A
Current in DA =x =30/91 A Current in DC=y=17/91 A

. 30 1 29
= = — =Z=A
Current in AB X z 91 91 91
. 17 1 18
= -~ = =A
Current in CB y z 91 91 91
: o 30 17 47,
Current in external circuit =X y 91 91 91

Current in AC=z=1/91 A
Internal voltage drop in the cell =2 (x + y) =2 x 47/91 =94/91 V
. P.D. across points D and B = 2 4 8y .
a 91 91
Equivalent resistance of the bridge between points D and B
p.d. between points Band D 88/91 88
~ current between points B andD 4791 487/ (approx)

Solution By Determinants

The matrix from the three simultaneous equations (1), (2) and (3) is

Y1 -2 vy YW
2 =3 =900y ="00
<5 2 —Z?ng?) '5273

Y1l -2 4/

® ="2 -3-90=1(6+18)—2(4-8)+5(18+12)=182
W 2 -2

® = -2 &

L0 —3-900=0(6+18)—0(4—8)+2(18+12)=60
2 2 -2
Yl 0 4/ Y1-2o

®,= 2 0 —90=34,®;="2 —300=2
5 2 -2 52 2

o1 60 Wy o34 1T, 20 1,

182 91 182 91 182 91

Example 2.9. Determine the branch currents in the network of Fig. 2.12 when the value of each
branch resistance is one ohm. (Elect. Technology, Allahabad Univ. 1992)

Solution. Let the current directions be as shown in Fig. 2.12.
Apply Kirchhoff’s Second law to the closed circuit ABDA, we get
S5—x—z2z+y =0 or x—y+z=5 (D)

*  P.D.between D and B = drop across DC + drop across CB =2 x 17/91 + 3 x 18/91 = 88/91 V.
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Similarly, circuit BCDB gives

—(x—=2)+5+@+z)+z=0 /.B
or x-y —=3z=15 (7)) g o 18
Lastly, from circuit ADCEA, we get )\ﬁy zy %_\
5 -+ )+ 10-@+ )= 0 e N Y
or x+3y+z =10 N (17)) -\'// 5V /KQ'U
From Eq. (i) and (ii), we get, z=0 ”g/ . §x Q )€
Substituting z = 0 either in Eq. (i) or (ii) and in Eq. | v
(iii), we get ' v
x-y=5 (V) 1O )ﬁ? %)
x+3y= 10 ..(v) /”____:)
Subtracting Eq. (v) from (iv), we get '

r+y D
“Ay=-5 ory=5/4=124A pe” et ¥

Eq. (iv) gives x = 25/4 A= 6.25 A : EJ0V
Current in branch 4B = current in branch BC=6.25 A
Current in branch BD = 0; current in branch Fig. 2.12
AD = current in branch DC = 1.25 A; current in branch CEA = 6.25+ 1.25="7.5 A.

Example 2.10. State and explain Kirchhoff’s laws. Determine the current supplied by the bat-
tery in the circuit shown in Fig. 2.12 A. (Elect. Engg. I, Bombay Univ.)

Solution. Let the current distribution be as shown in the figure. Considering the close circuit
ABCA and applying Kirchhoff’s Second Law, we have

—100x —300z + 500y =0
or X=59+3z2 = 0 vveveeeieees )

Similarly, considering the closed loop BCDB, we
have

-300z —100(y + z) + 500(x —z) = 0
or 5x—y—=9z = 0........ (i)
Taking the circuit ABDEA, we get
—100x —=500(x —z) + 100 —=100(x +y) =0
or Tx+y =52 =luociiniiineenn, (iii)

The value of x, y and z may be found by solving
the above three simultaneous equations or by the
method of determinants as given below:

Putting the above three equations in the matrix form, we have

Yr -5 3vy YV
'S5 =1 =90’y =00

<7 1 —5%27) 'glff

Y1 -5 ¥ YO -5 ¥

® ='5 -1 —90=240,®,="0 —1—950=48
71 =% d 1 -50f
Yro ¥ Y1-50/

®,= '5 0 -90=24,®,="5 —100=24

g1 -5 a1 1y
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48 Lo, 24 1,0 24 1

T 240 5 240 10 240 10
Current supplied by the battery is x + y=1/5+ 1/10 =3/10 A.

X

Example 2.11. Two batteries A and B are
connected in parallel and load of 10 A is connected
across their terminals. Ahas ane.m.f.of 12V andan
internal resistance of 2 A ; B has an e.m.f. of 8 V ad
aninternal resistance of 1 A. Use Kirchhoff s laws b
determine the values and directions of the currents
flowing in each of the batteries and in the external
resistance. Also determine the potential difference
across the external resistance.
(F.Y. Engg. Pune Univ.)
Solution. Applying KVL to the closed circuit
ABCDA of Fig. 2.13, we get
12+ 2x -1y+ 8 =0 or 2x -y=4 ...(0)
Similarly, from the closed circuit ADCEA, we get
-8+1y+10(x+y) = 0 or 10x+11y=8 ...(i0)
From Eq. (i) and (i), we get
x=1.625 A and y=-0.75 A
The negative sign of y shows that the current is flowing into the 8-V battery and not out of it. In
other words, it is a charging current and not a discharging current.

Current flowing in the external resistance = x + y = 1.625 —0.75 = 0.875 A
P.D. across the external resistance = 10 x 0.875=8.75 V

Note. To confirm the correctness of the answer, the simple check is to find the value of the
external voltage available across point 4 and C with the help of the two parallel branches. Ifthe value
of the voltage comes out to be the same, then the answer is correct, otherwise it is wrong. For
example, Vg = -2 x 1.625 + 12 = 8.75 V.From the second branch V,,=1 % 0.75+ 8 =8.75 V.
Hence, the answer found above is correct.

Example 2.12. Determine the current x in the 4-Aresistance of the circuit shown in Fig. 2.13 (4).

Solution. The given circuit is redrawn with assumed distribution of currents in Fig. 2.13 A (b).
Applying KVL to different closed loops, we get

2 y 0+ 6) 4 2 (vtzt6)

/244‘/ i T VW8

| 3 | z 3
AN A El— - AAN AV C
Xy x-y) x-1-6) D (x3-2-6) o
124V 4 4 | 24V 4
| i AV | } AN G
fa) (h)

Fig. 213 A
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Circuit EFADE
—2y+ 10z + (x -y -6)= 0 or x-3y+10z =6 ()]

Circuit ABCDA
2(y+z+6)-10+3 (x -y —z—6) —10z=0 or 3x -5y —-14z=40 ()]

Circuit EDCGE
—(x =y =6) =3(x -y =z =6) —4x + 24 =0 or 8x—4y—-3z=148 ...(iii)

From above equations we get x = 4.1 A

Example 2.13. Applying Kirchhoff’s
laws to different loops in Fig. 2.14, find the

30V -5V
values of V;and V,. + 30V_ g+ V-
Solution. Starting from point 4 and [ L

applying Kirchhoff’s voltage law to loop

No.3, we get + + +
—V,+5=00rV3=5V 10V [] 1 [] w2 [] 4

Starting from point 4 and applying
Kirchhoff’s voltage law to loop No. 1, we

10 -30 -V, +5=0orV,=-15V @
The negative sign of /| denotes that its ]
polarity is opposite to that shown in the |
figure. Gy —

Starting from point B in loop No. 3, we Fig. 2.14

get
—(=15)-V,+(=15=00r V,=0
Example 2.14. In the network of Fig. 2.15, the different currents and voltages are as under :
= 5¢7%, i 3sintandv=4e 2
Using KCL, find voltage v,.

Solution. According to KCL, the algebraic sum of the currents meet-
ing at juncion 4 is zero i.e.

i+t it (=) =0

il + 12 + 13 _l4 = 0 ...(i)
Now, current through a capacitor is given by i = C dv/dt
2t

Substituting this value in Eq (7) above, we get

it 5e —16e -3 sint=0

i =3sint+ 1le”

The voltage v, developed across the coil is

L4 3ings 110 )

v =

dt dt
=4 (3 cos t—22¢ ) =12 cos  —88¢™*
Example 2.15. In the network shown in Fig. 2.16, v =4V, v =4 ¢os 2t and i ;5 =2e “,

Determine i,.
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Solution. Applying KVL to closed mesh ABCDA, we get
Vv, =Vt vyt v,=0

diy _d . _mn
Now vy = LE— 6. d§2e )
— g 4,3
-4 -v, 4e . t4cos2t=0 4e
or v,=4cos2t—4e 4
Now, B= P2 gd (g cos 24— )

)
dt dt 4
i =8 Cgsinart X B Z _gasin2r+ e

2 3 3 0 3

Example 2.16. Use nodal analysis to determine the voltage across 5 » resistance and te

current in the 12 V source. [Bombay University 2001]
{ ' 4Q
A‘ 0 4!113 . - A 2Q B 5Q L
&4 100 Q %209 3A+ 49 100€© %209
N - 'O
Fig. 2.17 (a) Fig. 2.17 (b)

Solution. Transform the 12-volt and 4-ohm resistor into current-source and parallel resistor.

Mark the nodes O, 4, B and C on the diagram. Self-and mutual conductance terms are to be
wirtten down next.

At4,G,=1/4+1/2+1/4=1mho

At B, Gy, =1/2+1/5+ 1/100 = 0.71 mho

AtC, G,.=1/4+1/5+ 1/20 = 0/50 mho

Between 4 and B, G, = 0.5 mho,

Between B and C, G, = 0.2 mho,

Between 4 and C, G, = 0.25 mho.

Current Source matrix : At node 4, 3 amp incoming and 9 amp outgoing currents give a net
outgoing current of 6 amp. At node C, incoming current = 9 amp. At node B, no current source is
Y- ¢/
connected. Hence, the current-source matrix is :’ 0o
< 99
The potentials of three nodes to be found are : V,, Vj, V-
105 2035y Y-6/
—0.5 0.71 =0.20%° V,* =" 0%
-0.25 -0.20 0" o N
< 0.5 f 'SVC‘}P <
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For evaluating V, V3, V-, following steps are required.
1 -05-025
®= =05 071-020 |=1x(0.710.5-0.04)+0.5 (- 0.25-0.05) - 0.25 (0.1 + 0.71 x 0.25)
-0.25 -020 0.5
=0.315-0.15-0.069375 = 0.095625

-6 -05 -025
®,= [-05 0.71-020 |=+0.6075
9 -020 +05

1 -6 —025
®,= | -05 0-020=|1.125
025 9 0.0
1 -05 -6
®,= | -05 071 0]=22475
025 -020 9

V,=®,/®=+0/6075/0.095625 = 6.353 vkl
=®,/® =1.125/0.095625 = 11.765 volts V.=
®./® =2.475/0.95625 = 25.882 volts
Hence, voltage across 5-ohm resistor = V- —Vz= 14.18 volts. Obviously. B is positive w.r. to4.
From these node potentials, current through 100-ohm resistor is 0.118 amp; (i) current through 20
ohm resistor is 1.294 amp.
@) Current through 5-ohm resistor = 14.18/5 = 2.836 amp.
(iii) Current through 4-ohm resistor between C and 4 = 19.53/4 = 4.883 amp
Check : Apply KCL at node C
Incoming current = 9 amp, from the source.
Outgoing currents as calculated in (i), (i) and (iii) above = 1.294 + 2.836 + 4.883 = 9 amp
(@iv) Current through 2-ohm resistor = (Vz—V,)/2 =2.706 amp, from B to 4.
(v) Current in 4-O branch = 6.353/4 = 1.588 amp

40
e NNV — 4,883 amp
V, = 6353 AW 2,700 amp
A 20

— [ Node A
A 1412 amp
1.588 amp
+

- 40 40
® %

3A
k D
L .
O E/Im v
(0]
Fig. 2.17 (c) Equivalent Fig. 2.17 (d) Actual elements

In Fig. 2.17 (¢), the transformed equivalent circuit is shown. The 3-amp current source (O to 4)
and the current of 1.588 amp in 4-O branch have to be interpreted with reference to the actual circuit,
shown in Fig. 2.17 (d), where in a node D exists at a potential of 12 volts w.r. to the reference node.
The 4-ohm resistor between D and A carries an upward current of {(12 —6.353)/4 =} 1.412 amp,
which is nothing but 3 amp into the node and 1.588 amp away from the node, as in Fig. 2.17 (¢), at
node 4. The current in the 12-V source is thus 1.412 amp.

Check. KCL at node A4 should give a check that incoming currents should add-up to 9 amp.

1.412 +2.706 + 4.883 = 9 amp
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Example 2.17. Determine current in 5-A resistor by any one method.
(Bombay University 2001)

1
il I i %20 o - 30
- 8V
20
A AN AAVAA C
20
e B
12V
Fig. 2.18 (a)

Soltuion (4). Matrix-method for Mesh analysis can be used. Mark three loops as shown, in Fig.
2.18 (a). Resistance-matrix should be evaluated for current in 5-ohm resistor. Only, i, is to be found.

Ry =3,R)»=6,Ry3=9 Ri,=1,R)3=2,R;3=2

Voltage-source will be a column matrix with entries serially as : + 8 Volts, + 10 Volts, + 12 Volts.

3 -1 -2
® = | -1 6-2=[3x(54-4)+1(-9-4)—2(2+12)=109
-2 -2 9
3 -1 8
®,= | -1 610 |=39
—2-212

i3=®,/® =396/109 = 3.633 amp.
Solution (B). Alternatively, Thevenin’s theorem can be applied.

For this, detach the 5-ohm resistor from its position, Evaluate V', at the terminals X-Y in Fig.
(b) and de-activating the source, calculate the value of Ry as shown in Fig. 2.18(c).

~ | |+
oy
103 4> 230
N 20
/ C
20 D
R “ Vi 9
TH ar| = ST
12V CLfWW_
Fig. 2.18 (b) Fig. 2.18 (c)

By observation, Resistance-elements of 2 x 2 matrix have to be noted.
=3,R;,=5R,;=1

+38

+10

Iy

-1 6

3 -1
)
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i = 8 —I.| 3-1 |=58/17=3.412amp
« |10 6] |-1 6

308
- ‘_1 10‘+(17):38/17=2.2353 amp

Viy=Veg=12+2i,+ 2i,=23.3 Volts,

with y positive w.r. to X. Ry, can be evaluated from

Fig. 2.18 (c¢), after transforming delta configuration at
nodes B-D-C to its equivalent star, as shown in Fig.

2.18 (d)

Further simplification results into :
Ryy=Ry=1.412 ohms
Hence, Load Current = Vy,/(R; + Ryy) = 23.3/6.412

=3.643 amp.
Fig. 2.18 (d) This agrees with result obtained earlier.
Example 2.18 (a). Determine the voltages 1 and 2 of the network in Fig. 2.19 (a) by nodal
analysis. (Bombay University, 2001)
3 L W
% 20
A
\D 5o 1Q
- 2ZA
1A
O
Fig. 2.19 (a)

Solution. Write the conductance matrix for the network, with nodes numbered as 1, 2, 4 as
shown.

g11=1+0.5+0.5=2mho, gy, = 1 +0.5 = 1.5 mho,
833= 1 th, g12:05 th, g23:0, g13= 1 mho

2 05 -1 0-05-1

® =|-05 15 0[=125 ®=[2 15 0[=25
-1 0 10 10 1
20 -1

®,= |-05 2 0[=25
-1 110

This gives V, = ®,/® = 2.50/1.25 = 2 VikAnd
Vy=®,/® =2.50/1.25 = 2 Volts

It means that the 2-ohm resistor between nodes 1 and 2 does not carry current.

Example 2.18 (b). In the circuit of Fig. 2.19 (b), find current through 1-A resistor using both
THEVENIN'’s theorem and SUPERPOSITION theorem.
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N
1
o
N
—
N
-

4v

Fig. 2.19 (b)
Solution. (i) By Thevenin’s Theorem :
I A
20 3
—_— Z 82 J ad
) D WWA—O—MWM——O
zO 3o | C D
VWA ——t AO

4 A

CT 3A RT][

BT
O

Fig. 2.19 (c) Fig. 2.19 (d)
Take Vz=0. Then V,=4 + 8 = 12, since from D to C, a current of 4 A must flow, as shown in Fig.
(b), applying KCL ot Node D.
Vig= V=12 volts
From Fig. 2.19 (d), Ryp=2 ohms
IL=12/2+1)=4amp

(i) By Superposition Theorem : One source acts at a time.
Current through A-B (1 ohm) is to be calculated due to each source
and finally all these contributions added.

Due to 4-V source :

1-ohm resistor carries a current of 4/3 amp from A4 to B, as Fig.‘2.19 (€). 4-V Source acts
shown in Fig. 2.19 (e).

I A

(—)
N D

2Q 3Q
C+—MWW WA D C ANV VAN D
20 A 3Q
A

%m 1 Q

) B 2 Amp
2/3A 7B

Fig. 2.19 (f). 1-A Source acts Fig. 2.19 (g ). 3-A Source acts
Due ot 1-A source : 2/3 Amp from A4 to B, as shown in Fig. 2.19 (f)
Due to 3-A source : 2 Amp from 4 to B as shown in Fig. 2.19 (g)
Total current =4 amp from 4 to B.
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Independent and DependentSources

Those voltage or current sources, which do not depend on any other quantity in the circuit, are
called independent sources. An independent d.c. voltage source is shown in Fig. 2.20 («¢) whereasa
time-varying voltage source is shown in Fig. 2.20 (). The positive sign shows that terminal A4 is
positive with respect to terminal B. In other words, potential of terminal 4 is v volts higher than that
of terminal B.

04 ——— 04 —————————04 ———————0A
+ +
()v <> v (1) <t> i <$> it
OB 0B OB — Y . |
fa) (b) (c) (d)
Fig. 2.20
2 —-05 -1 0-05-1
®,= -0.5 1.5 0]=1.25, ®,= 2 1.5 0|=2.5
-1 0 1.0 1 0 1

Similarly, Fig. 2.20 (¢) shows an ideal constant current source whereas Fig. 2.20 (d) depicts a
time-varying current source. The arrow shows the direction of flow of the current at any moment
under consideration.

A dependent voltage or current source is one which depends on some other quantity in the circuit
which may be either a voltage or a current. Such a source is represented by a diamond-shaped symbol
as shown in Fig. 2.21 so as not to confuse it with an independent source. There are four possible
dependent sources :

1.  Voltage-dependent voltage source [Fig. 2.21 (a)]
2 Current-dependent voltage source [Fig. 2.21 (b)]
3. Voltage-dependent current source [Fig. 2.21 (¢)]
4. Current-dependent current source [Fig. 2.21(d)]

Such sources can also be either constant sources or time-varying sources. Such sources are often
met in electronic circuits. As seen above, the voltage or current source is dependent on the and is

+0 o O e —— @] e 0 Oo— 0
+ +
v av A i v t o iy t Bi
-0 O o0— O -0 C o— O
(a) (b (c) (d)
Fig. 2.21

proportional to another current or voltage. The constants of proportionality are written as a, 7, g and
. The constants a and 3 have no unis, 7 has the unit of ohms and g has the unit of siemens.
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Independent sources actually exist as physical entities such as a battery, a d.c. generator and an
alternator etc. But dependent sources are parts of models that are used to represent electrical proper-
ties of electronic devices such as operational amplifiers and transistors etc.

Example 2.19. Using Kirchhoff’s current law, find the values of the currents i; and i, in the
circuit of Fig. 2.22 (a) which contains a current-dependent current source. All resistances are in
ohms.

Solution. Applying KCL to node 4, we get

2—i;+4i, —i, =0 or -3i,+i,=2
By Ohm’s law, i, = v/3 and i, = v/2
Substituting these values above, we get
=3(v/3)+v/2=20rv=—-4V
o ij=—-43Aandi,=-42=-2A
The value of the dependent current source is = 4i; =4 x (—=4/3) = -16/3 A.

A A

T AdiA
2A 3 VT 2 2A %3 v %2

(a) (h)
Fig. 2.22

Since i; and i, come out to be negative, it means that they flow upwards as shown in Fig. 2.22(b)
and not downwards as presumed. Similarly, the current of the dependent source flows downwards as
shown in Fig. 2.22 (b). It may also be noted that the sum of the upwards currents equals that of the
downward currents.

Example 2.20. By applying Kirchhoff s current law, obtain the values of v, i; and i, in the circuit
of Fig. 2.23 (a) which contains a voltage-dependent current source. Resistance values are in ohms.

Solution. Applying KCL to node 4 of the circuit, we get
2-itdv—i,=0o0ri+i—-4v=2

Now, i;=v/3 and ;,=v/6

4 \4 —

P A v=_4V

3.6 4 )
i= —Aandi —Aanddv 4 4 jv

2
! 21 21 7 7
A ;1
[ is i iy
T AavA

(a) (b)
Fig. 2.23
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Since i; and i, come out to be negative and value of current source is also negative, their direc-

tions of flow are opposite to those presumed in Fig. 2.23 (a). Actual current directions are shown in
Fig. 2.23 (b).

Example 2.21. Apply Kirchhoff ’s voltage law, to find the values of current i and the voltage
drops v, and v, in the circuit of Fig. 2.24 which contains a current-dependent voltage source. What

is the voltage of the dependent source ? All resistance values are in ohms.
Solution. Applying KVL to the circuit of Fig. 2.24 and starting from point 4, we get
v, +4i-v,+6=0 or v, 4i+v, =6
Now, v, = 2i and v,=4i
2i4i+4i=6o0ri= 3A
v, =2x3=6V and v,=4x3=12V

2 4

Al VW _Q__+ B —AWW -
o RO Se

~.

D C
Fig. 2.24 Fig. 2.25

Voltage of the dependent source =4i =4 x4=12V

Example 2.22. In the circuit shown in Fig. 2.25, apply KCL to find the value of i for the case
when (@) v=2V,(b)v=4V(c)v==6V. The resistor values are in ohms.

Solution. («¢) When v =2 V, current through 2 Aresistor which is connected in parallel with te
2 v source = 2/2 = 1A. Since the source currentis2 A, i=2-1=1 A.

(b) When v =4V, current through the 2A resistor =4/2 =2 A. Hence i =2 -2=0 A.

(¢) When v = 6 V, current through the 2A resistor = 6/2 = 3 A. Since current source can supply

only 2 A, the balance of 1 A is supplied by the voltage source. Hence, i = —1 A i.e. it flows in a
direction opposite to that shown in Fig.2.25.

Example 2.23. In the circuit of Fig. 2.26, apply KCL i 4 2
to find the value of current i when (a) K =2 (b) K = 3 and - . W
(¢) K = 4. Both resistances are in ohms. o gl -
Solution. Since 6 Aand 3 Aresistors are connected i () 6 ! % .
parallel across the 24-V battery, i, =24/6 =4 A. T34V
Applying KCL to node 4, we geti —4 +4 K -8=0 or
i=12-4K.
(@) WhenK=2,i=12-4x2=4A Fig. 2.26

(b)) WhenK=3,i=12-4x3=0A
(c) WhenK=4,i=12-4x4=—4A
It means that current 7 flows in the opposite direciton.

Example 2.24. Find the current i and also the power and voltage of the dependent source in
Fig. 2.72 (a). All resistances are in ohms.
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Solution. The two current sources can be combined into a single source of 8§ —-6=2 A. The two
parallel 4 Aresistances when combined have a value of 2 A which, being in series with the 10 A
resistance, gives the branch resistance of 10 +2 = 12 A. This 12 Aresistance when combined wh

the other 12 A resistance gives a combination resistance of 6 A. The simplified circuit is
shownnFig. 2.27 (b.)

! 10 )
+ 8A 0A 0.9
g),, 3 %IZ 0'9<T GD i A CD 3 %6
4 34
fa) - - (b)

Applying KCL to node A, we get
09i+2—-i-V/6= 0 or 0.6i =12 —v
Alsov=3i .. i=10/3 A. Hence, v=10 V.
The power furnished by the current source =v x 0.9 i =10 x 0.9 (10/3) =30 W.

Example 2.25. By using voltage-divider rule, calculate the voltages v, and v, in the network
shown in Fig. 2.28.

Solution. As seen, 12 V drop in over A %%
3% 24

the series combination of 1, 2 and 3 A &

sistors. As per voltage-divider rule v, = drop

over3 A=12x3/6=6V. A L
The voltage of the dependent source = 4

12x6=72V. A N CD
The voltage v, equals the drop across 8 = +

A resistor connected across the voltage V,.Tg

72y
source of 72 V. i

Again using voltge-divider rule, drop
over 8 A resistor =72 x 8/12=48 V. Fig. 2.28

Hence, v, = —48 V. The negative sign

has been given because positive and negative signs of
v, are actually opposite to those shown in Fig. 2.28. a |
Example 2.26. Use KCL to find the value of v in * v -
the circuit of Fig. 2.29. _
. . 6A + +
Solution. Let us start from ground and go to point
a and find the value of voltage v,. Obviously, 5 +v= (D l e 5 VC)
v,or v=yv,-5. Applying KCL to point, we get _ _
6-2v+(S-v)1=00r6-2(v,—5)+
(5-v,)=00rv,=7V ov
Hence, v =v,—5=7 5= 2 V.Since it turns out

to be positive, its sign as indicated in the figure is
correct.

Fig. 2.29
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A —< >+ B Example2.27.(a) Basic Electric Circuitsby Cunninghan.
Find the value of current i, supplied by the voltage-con-
8V trolled current source (VCCS) shown in Fig. 2.30.
n + Solution. Applying KVL to the closed circuit ABCD,
C)“ Vi [:| we have 4 +8 —v,=0 .. v,=4V
+ = 10y The current supplied by VCCSis 10 v; =10 x 4=40 A.
Since i, flows in an opposite direction to this current, hence
i,=—40 A.
D C

Example 2.27. (b). Find the voltage drop v, across the
current-controlled voltage source (CCVS) shown in
Fig. 2.28.

Fig. 2.30

Solution. Applying KCL to point A, we have 2 +6 —i; =0 ori; = 8 A.

Application of KVL to the closed circuit on the right hand side gives 5 i, —v,=0or v,=5
ij=5x8=40V.

A=
8 V
. —+
C Dav v <T> 16 Vv
—+ _L 10 \’1
> e
Fig. 2.31 Fig. 2.32

Example 2.28. Find the values of i), v, v, and v, in the network of Fig. 2.32 with its terminals
a and b open.

Solution. It is obvious that i, = 4 A. Applying KVL to the left-hand closed circuit, we get
-40+20-v,=0o0rv;=-20V.

Similarly, applying KVL to the second closed loop, we get

v, =v, T4y, =50=0o0rv, =5v, =50 =-5x20-50=-150 V

Again applying KVL to the right-hand side circuit containing v, we get

50 -4v, =10 v, =0 or v, =50 -4 (-20) -10 = 120 V

Example 2.29 (a). Find the current i in the circuit of Fig. 2.33. All resistances are in ohms.

Solution. The equivalent resitance of the two parallel paths across point a is 3 || (4 +2) =2 A
Now, applying KVL to the closed loop, we get 24 —v —2v —2i = 0. Since v = 2i, we get 24 —2i —
2(2i) 2i=0o0ri=3A.

- = é 4A 3iy +
(; 24V 3 % (D 5 4 vZis

Fig. 2.33 Fig. 2.34
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Example 2.29. (b) Determine the value of current i, and voltage drop v across 15 A resistor i
Fig. 2.34.

Solution. It will be seen that the dependent current source is related to i,. Applying KCL to node
a,we get4 —i+3i,—i,=0o0r4—i; +3i,=0. i

Applying ohm’s law, we get i, = v/5 and i, = V/15. - o AN

Substituting these values in the above equation, we get
4 —(v/5)+2(W/15)=00rv=60V andi,=4A.

Example 2.29 (¢). In the circuit of Fig. 2.35, find the values %2 f
of i and v. All resistances are in ohms.

N
e
IN_/+

Solution. It may be noted that 12 +v=v,orv=v,—12.
Applying KCL to node a, we get 0

v

o
0-v, v v,—12 =
F- Fig. 2.35

> 4 3 =0orv, =4V

Hence, v=4 —12 = -8 V. The negative sign shows that its polarity is opposite to that shown in
Fig. 2.35. The current flowing from the point a to ground is 4/2 =2 A. Hence, i = -2 A.

Tutorial Problems No. 2.1
1. Apply KCL to find the value of 7 in Fig. 2.36. [8 A]
em e mmm— +15 V-
T - I
e . = S
’ L C | \
4 1
i " + + +
bl
Fig. 2.36 Fig. 2.37
2. Applying Kirchhoff’s voltage law, find 7/, and ¥, in Fig. 2.37. [Vi=10V; V,=5V]
3. Find the values of currents /, and /, in the network of Fig. 2.38. [,=4A;1,=5A]
| v, 18V
Iy
1| =06A [2
- -0
h — 12V 5] — 10V
+
G) 2A 9A
| EAAIE
'l I
Fig. 2.38 ' Fig. 2.39
4. Use Kirchhoff’s law, to find the values of voltages ¥, and ¥, in the network shown in Fig.2.39.
[V,=2V;V,=5V]
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5 Find the unknown currents in the circuits shown in Fig. 2.40 (a). [[,=2A;1,=TA]
4AY Y8A SA
h :
-~ A I 1124
S5A A
10A / - .
AL 15 6A i,
Y7A 1AY
(<) (<)

TTsA /BA
(a) (b)
Fig. 2.40
6 Using Kirchhoff’s current law, find the values of the unknown currents in Fig. 2.40 (b).
I, =2A;,=2A;1,=4A;1,=10A]
7. InFig. 2.41, the potential of point 4 is =30 V. Using Kirchhoff’s voltage law, find () value of V and

(b) power dissipated by 5 A resistance. All resistances are in ohms. [100 V;500 W]
4'A%%" 0 v y
!
1 / I8
V— 63 3 § l 2 :
1 1 30 VL 1A
=30 V¢ A G ’__I_ QA
4 : 3
A A 5
Fig. 2.41 Fig. 2.42 Fig. 2.43
8 Using KVL and KCL, find the values of V and 7 in Fig. 2.42. All resistances are in ohms.
[80 Vi —4 A]

9. Using KCL, find the values V3, I, I, and I5 in the circuit of Fig. 2.43. All resistances are in ohms.
V=12V 1, =23A; ,=1A; [,=4/3 A]
10. A bridge network ABCD is arranged as follows :
Resistances between terminals 4-B, B—C, C-D, D—4, and B-Dare 10, 20, 15, 5 and 40 ohms respec-
tively. A 20 V battery of negligible internal resistance is connected between terminals 4 and C.
Determine the current in each resistor.
[AB =0.645 A; BC=0.678 A; AD =1.025 A; DB =0.033 A; DC=0.992 A]
1. Two batteries 4 and B are connected in parallel and a load of 10 Ais connected across their terminals.
A has an em.f. of 12 V and an internal resistance of 2 A ; B has an e.m.f. of 8 V and an internal
resistance of 1 A. Use Kirchhoff’s laws to determine the values and directions of the currents flowing
in each of the batteries and in the external resistance. Also determine the p.d. across the external

resistance. [1,=1.625 A (discharge), I, = 0.75 A (charge) ; 0.875 A; 8.75 V]
12 The four arms of a Wheatstone bridge have the following resistances ; 4B =100, BC=10, CD=4, DA
=50 ohms.

A galvanometer of 20 ohms resistance is connected across BD. Calculate the current through the
galvanometer when a potential difference of 10 volts is maintained across 4C.
[0.00513 A] [Elect. Tech. Lond. Univ.|
13 Find the voltage V,, in the network shown in Fig. 2.44 (a) if R is 10 Aand (b) 20 A.
[(@)5V(b)5V]
14 In the network of Fig. 2.44 (b), calculate the voltage between points @ and b i.e. V.
[30 V] (Elect. Engg. 1, Bombay Univ.)
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[Hint : In the above two cases, the two closed loops are independent and no current passes between them].

B

Fig. 2.46 Fig. 2.47 Fig. 2.48
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e — S

(ci) (i)
Fig. 2.44

A battery having an E.M.F. of 110 V and an internal resistance of 0.2 Ais connected in parallel wih
another battery having an E.M.F. of 100 V and internal resistance 0.25 A. The two batteries n
parallel are placed in series with a regulating resistance of 5 A and connected across 200 V mains.
Calculate the magnitude and direction of the current in each battery and the total current taken from
the supply mains.

[1, =11.96 (discharge); I, = 30.43 A (charge) : 18.47 A]

(Elect Technology, Sumbhal Univ.)

Three batteries P, O and R consisting of 50, 55 and 60 cells in series respectively supply in parallel a
common load of 100 A. Each cell has a e.m.f of 2 V and an internal resistance of 0.005 A. Determine
the current supplied by each battery and the load voltage.

[1.2 A;35.4 A : 65.8 A : 100.3 V] (Basic Electricity, Bombay Univ.)
Two storage batteries are connected in parallel to supply a load having a resistance of 0.1 A. The
open-circute.m.f. ofone battery (4) is 12.1 V and that of the other battery (B) is 11.8 V. The internal
resistances are 0.03 A and 0.04 Arespectively. Calculate (i) the current supplied at the lead (ii) e
current in each battery (iii) the terminal voltage of each battery.

[(@) 102.2 A (i) 62.7 A (A). 39.5 A (B) (iii) 10.22 V] (London Univ.)
Two storage batteries, 4 and B, are connected in parallel tosupply
aload the resistance of which is 1.2 A. Calculate (7) the current n
this lood and (77) the current supplied by each battery if the open-
circuit e.m.f. of 4 is 12.5 V and that of B is 12.8 V, the internal ({)
resistance of 4 being 0.05 A an that of B 0.08 A.

[(@) 10.25 A (ii) 4 (A), 6.25 A (B)] (London Univ.)

ThecircuitofFig.2.45 contains avoltage-dependent voltage source. "
Find the current supplied by the battery and power supplied by the Fig. 2.45
voltage source. Both resistances are in ohms. [8 A ; 1920 W]

Find the equivalent resistance between terminals a and b of the network shown in Fig. 2.46. [2 A]
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Find the value of the voltage v in the network of Fig. 2.47. [36 V]
Determine the current i for the network shown in Fig. 2.48. [-40 A]
State and explain Kirchhoff’s current law. Determine the value of Rg and R,, in the network of Fig.
2.49 if V, = V,/2 and the equivalent resistance of the network between the terminals 4 and B is 100 A.

[Rg =100/3 A. Rp =400/3 A] (Elect. Engg. I, Bombay Univ.)
Four resistance each of R ohms and two resistances each of S ohms are connected (as shown in Fig.
2.50) to four terminasl 4B and CD. A p.d. of V' volts is applied across the terminals 4B and a resis-
tance of Z ohm is connected across the terminals CD. Find the value of Z in terms of S and R in order
that the current at 4B may be V/Z.

Find also the relationship that must hold between R and S in order that the p.d. at the points EF be

V. [Z= |R(R +2S); S = 4R]

R, R
‘ E
AN

—

=
AAAA
=100 Q
1]
<
ANAA
wl
9 e]
ANAN
N

Z

Lo —0 o—
e

Fig. 2.49 Fig. 2.50

Maxwell’s Loop Curent Method

This method which is particularly well-suited to coupled circuit solutions employs a system of
loop or mesh currents instead of branch currents (as in Kirchhoff’s laws). Here, the currents in
different meshes are assigned continuous paths so that they do not split at a junction into branch
currents. This method eliminates a great deal of tedious work involved in the branch-current method
and is best suited when energy sources are voltage sources rather than current sources. Basically, this
method consists of writing loop voltage equations by Kirchhoff’s voltage law in terms of unknown
loop currents. As will be seen later, the number of independent equations to be solved reduces from
b by Kirchhoft’s laws to & —(j —1) for the loop current method where b is the number of branches and
j is the number of junctions in a given network.

R R, R. Fig. 2.51 shows two batteries £/ and E),

AMA B AN L ,ﬂv,-\d;v\ G connected in a network consisting of five

resistors. Let the loop currents for the
three meshes be /,, [, and /5. Itis obvious
that current through R, (when considered
—L = as a part of the first loop) is (/; —1,) and
" that through Ry is (I, — I3). However,
when R, is considered part of the second
loop, current through it is (/, — I).
Similarly, when Ry is considered part of

C F I the third loop, current through it is
Fig. 2.51 (I3 —1,). Applying Kirchhoff’s voltage

law to the three loops, we get,
E, -LLR,-R,(;,-1,) =0 or I,(R,+Ry)—-1, R, —E,=0 ...loop 1
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or LR, I, (Ry+R,+Rs)+L1Rs = 0 ...loop 2
Also —-LRy—E,—Rs(I;—-1,) =0 or LRs-I;(R;+Rs)-E,=0 ...loop 3

The above three equations can be solved not only to find loop currents but branch currents as
well.

Mesh Analysis Using Matrix Form i

Consider the network of Fig. 2.52, which contains
resistances and independent voltage sources and has three
meshes. Let the three mesh currents be designated as /;, /,
and /; and all the three may be assumed to flow in the
clockwise direction for obtaining symmetry in mesh 7'
equations.

Applying KVL to mesh (i), we have
E\=L,R, =R; (I, =13) =R, (; =1,) = 0

_Il

or (R, +R, +Ry) I, —R,1,-R;I; =E, ()] O

Similarly, from mesh (ii), we have lud
E, =R, (I,=1}) =Rs (I, ~15) =[,R,= 0 Fig. 2.52

or —Ry[, + (R, + R, +Rs) [, -Rs[;=E, ...(ii)

Applying KVL to mesh (iii), we have
E3=I;R; —Rs (I3 1)) =R3 (I3 ~1}) =13 R¢=0
or —Ryl; —Rsl, + (Ry + Rs + R + R)) ;=E; ...(#ii)
It should be noted that signs of different items in the above three equations have been so changed
as to make the items containing self resistances positive (please see further).
The matrix equivalent of the above three equations is

Y+ (R +Ry+ Ry) -R, - Ry /Xly  YE/

' -R +(Ry+ R, +R -R ! [goo=1
-R *, iy s) +(Ry+ Ry+ Ro+ R,)™ 135@ E;‘%

< f<f < f

It would be seen that the first item is the first row i.e. (R, + R, + R;) represents the self resistance
of mesh (7) which equals the sum of all resistance in mesh (7). Similarly, the second item in the first
row represents the mutual resistance between meshes (7) and (i) i.e. the sum of the resistances com-
mon to mesh (7) and (i7). Similarly, the third item in the first row represents the mutual-resistance of
the mesh (7) and mesh (ii).

The item £, in general, represents the algebraic sum of the voltages of all the voltage sources
acting around mesh (7). Similar is the case with £, and E;. The sign of the e.m.f’s is the same as

discussed in Art. 2.3 i.e. while going along the current, if we pass from negative to the positive
terminal of a battery, then its e.m.f. is taken positive. Ifit is the other way around, then battery e.m.f.

is taken negative.
In general, let
R, = self-resistance of mesh (i)
R,, = self-resistance of mesh (ii) i.e. sum of all resistances in mesh (i7)
R43 = Self-resistance of mesh (iii) i.e. sum of all resistances in mesh (iii)
R;,=R,;=—[Sum of all the resistances common to meshes (i) and (i)] *

R,3=R;,=—[Sum of all the resistances common to meshes (i) and (iii)]*

*  Although,itiseasiertotakeallloop currentsinonedirection (Usuallyclockwise), the choice ofdirecion forany
loop current is arbitrary and may be chosen independently of the direction of the other loop currents.
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R;;=R;3=—[Sum of all the resistances common to meshes (i) and (iii)] *
Using these symbols, the generalized form of the above matrix equivalent can be written as

TR R, 13/Y£1/ YE/
R21 Rgz 23 =k OO%
' R 33 }?3
< f< & f < f
Ifthere are m independent meshes in any liner network, then the mesh equations can be written in
the matrix form as under:

TRy R, Ry .. RwYl/  YE/
21

R, R, + Ry,® Lo 'E®
" 22 23 m%r oooo_" o
R R R "o

<31 n o 3m %“f <E oof

The above equations can be written in a more compact form as [R,,] [/,,] = [E,,]- It is known as
Ohm’s law in matrix form.

In the end, it may be pointed out that the directions of mesh currents can be selected arbitrarily.
If we assume each mesh current to flow in the clockwise direction, then

@ Al self-resistances will always be postive and (ii) all mutual resistances will always be
negative. We will adapt this sign convention in the solved examples to follow.

The above main advantage of the generalized form of all mesh equations is that they can be
easily remembered because of their symmetry. Moreover, for any given network, these can be written
by inspection and then solved by the use of determinants. It eliminates the tedium of deriving simul-
taneous equations.

Example. 2.30. Write the impedance matrix of the network shown in Fig. 2.53 and find the
value of current I;. (Network Analysis A.M.LE. Sec. B.W. 1980)

Solution. Different items of the mesh-resistance matrix [R,,] are as under :
R =14+3+2=6A;R\p=2+1+4=TA;R3=3+2+1=6A1;
Ry=Ry=-2A;Rp3=Ryp=—1A;R3=R3;=-3An;

E, =+5V;E,=0;E;=0.
The mesh equations in the matrix form are

TRy Ry RyYI/ YE/ Y 6 -2 3L/ Ry, =

'1;21 gzz 'E,©or'-2 7 —10',® 200 Ry L, E,° <

<731 ' i

e P R U <

Y6 -2 =¥
® = 7 —loo=6(42-1)+2(-12-3)-3(2+21)=147 ]

«3 -1 6% A

.

Y6 -2 ¥ | \Q 2
®, = '- 7 000 =6+2(5) - 3(-35) =121 sv( ) j N

“3 -1 0y S 2 1 )
- ®/@=12_083A b
3w

* In general, if the two currents through the common resistance flow in the same direction, then the mutual
resistance is taken as negative. One the other hand, if the two currents flow in the same direction, mutual
resistance is taken as positive.
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Example 2.31. Determine the current supplied by each battery in the circuit shown in Fig. 2.54.
(Electrical Engg. Aligarh Univ.)

Solution. Since there are three meshes, let the three loop currents be shown in Fig. 2.51.

50 40 SV 8 Q2
AW MWW—| AW
B,
Toovy O N sy 13-
H:T ) BST |
Fig. 2.54
For loop 1 we get
20 =51, -3, -1,)-5=0 or 8/, -3,=15 ..(0)
For loop 2 we have
AL +5-2U,-L;))+5+5-3U,-1))=0 or 3[ -9, +2=-15 (7))
Similarly, for loop 3, we get
Eliminating /, from (i) and (ii), we get 631, — 161; =165 ..(iv)
Similarly, for 7, from (iii) and (iv), we havel, = 542/299 A
From (iv), 1,=—1875/598 A
Substituting the value of 7, in (i), we get 1,=765/299 A
Since 75 turns out to be negative, actual directions of flow of loop currents are as shown in
Fig. 2.55.
o A
% (&>
=-
——
TRV
o B
Fig. 2.55
Discharge current of B, =1765/299A
Charging current of B,=1,-1,=220/299 A
Discharge current of By=1,+1;=2965/598 A
Discharge current of B,=1,=545/299 A; Discharge current of B;= 1875/598 A

Solution by Using Mesh Resistance Matrix.

The different items of the mesh-resistance matrix [R,,] are as under :
R =5+3=8A;Rpp=4+2+3=9A;R;3=8+2=10A
Riy=Ry = =3A;R;3=R3;=0;Ry3=Ry=-2 A

E| = algebraic sum of the voltages around mesh (i) =20 -5=15V
E,=5+5+5=15V;E;=-30-5=-35V
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Hence, the mesh equations in the matrix form are

TRy Ry Ry YE/ Y 8 -3 OXl/ Y1y
Ry 11522 Rzlzoglg/oo = E» -3 9200 '], ®=" 150
31 2 'y o0 "0 <0 -2 10%7 <—35%
Ry Ly E; 3
<R f<f < f <f
8 -3 0
® 4 -3 9-2+8(90-4)+3(~30)=598
0 -2 10
15 =3 0
®=| 15 9 —2E15090-4)—15(-30)-35(6) = 1530
-35 -2 10
8 15 0
®,= | -3 15-2=[8(150— 70) + 3(150 + 0) = 1090
0 -35 10
8 -3 15
®;= |-3 9  15|=8(-315+30)+3(105+30)=— 1875
0 -2 -35
; =B _1530_765,. ; _®2_1090_545,. , _®_-1875

— 1_ L0 A 2
® 598 2997 2 ® 598 299 0 ® 598
Example 2.32. Determine the current in the 4-A branch in the circuit shown in Fig. 2.56.

(Elect. Technology, Nagpur Univ.)
Solution. The three loop currents are as shown in Fig. 2.53 (b).
For loop 1, we have

-1, -L)-3U,-L;) -4, +24=0 or 8 -1,-3;=24 ..(0)
For loop 2, we have

12 20, =12 (I, -1y) -1 ([, =1,)= 0 or [, =151, + 121;=—-12 (7))
Similarly, for loop 3, we get

-12 (I; -1,) 21, =10 -3 ({; =1,) = O or 31, + 121, -171; =10 ... (i)
Eliminating /, from Eq. (/) and (ii) above, we get, 1191, =571;=372 ..(v)
Similarly, eliminating /, from Eq. (ii) and (iif), we get, 571, -1111; = 6 ...(v)

From (iv) and (v) we have,
1,=40,950/9,960 = 4.1 A
Solution by Determinants
The three equations as found above are
8, -1, -3, = 24
1, -151,+ 121;= - 12
31,+12L,-17,=10
Y8 -1 -3y Y 24/

Their matrix formis 'l —15 1200 "yoo ="'— 1200
S 12 =179z < 109
8 -1 -3 YA -1 =¥
®="1 -15 1200=64, ®;="'-12 —15 1200 = 2730
S 12 =17 Z10 12 17y

o1 =®/® =2730/664 = 4.1 A
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5
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ez

Fig. 2.56
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Solution by Using Mesh Resistance Matrix

For the network of Fig. 2.53 (b), values of self resistances, mutual resistances and e.m.f’s can be
written by more inspection of Fig.2.53.

=3+1+4=8A;R;p=2+12+1=15A;R3=2+3+12=17A
R12_R21 —1LiRy3 =Ry =—-12; R;3=Ry; =3
E, =24V ;E,=12V;E;=-10V
The matrix form of the above three equations can be written by inspection of the given network
as under :-

’RZI Ry, pRo'[o='E®g 1 15 —12 1200
u Rn e e 3 -12 ff%‘” 107
<R 33f< i S3f

® =8 (255 -144) + 1(-17 -36) -3 (12 + 45) = 664
Y24 -1 -3

®,="12 15 —1200 =24 (255 -144) —12(-=17 - 36) — 10(12 + 45) = 2730
«“—10 -12 1773

2730
Ip=—1 20 g
1 664 4.1 A
It is the same answer as found above.

TR, R, Ryxl/  YE/ Y8 -l —3/r11/ T
-

Tutorial Problems No. 2.2

1. Find the ammeter current in Fig. 2.57 by using loop analysis.
[1/7 A] (Network Theory Indore Univ. 1981)

10
Ay 1K
I A !
2 2K
10K
4 10V 2t

10 1K

AN

Fig. 2.57 Fig. 2.58 Fig. 2.59
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2. Using mesh analysis, determine the voltage across the 10 kA resistor at terminals a-b of the circuit
shown in Fig. 2.58. [2.65 V]| (Elect. Technology, Indore Univ.)

3. Apply loop current method to find loop currents /;, I, and I; in the circuit of Fig. 2.59.
[1,=3.75A,1,=0,1,=1.25 A]

Nodal Analysis With Sources

The node-equation method is based directly on Kirchhoff’s current law unlike loop-current method
which is based on Kirchhoff’s voltage law. However, like loop current method, nodal method also
has the advantage that a minimum

R Node p,  Node R, number of equations need be written to
AW determine the unknown quantities.
—h i Moreover, it is particularly suited for
! networks having many parallel circuits

| A L

E T with common ground connected such as
electronic circuits.

For the application of this method,
every junction in the network where three
or more branches meet is regarded a
node. One of these is regarded as the
reference node or datum node or zero-potential node. Hence the number of simultaneous equations
to be solved becomes (n —1) where n is the number of independent nodes. These node equations
often become simplified if all voltage sources are converted into current sources (Art. 2.12).

(i) First Case

Consider the circuit of Fig. 2.60 which has three nodes. One of these i.e. node 3 has been taken
in as the reference node. V, represents the potential of node 1 with reference to the datum node 3.
Similarly, V' is the potential difference between node 2 and node 3. Let the current directions which
have been chosen arbitrary be as shown.

-
Reference Node

Fig. 2.60

For node 1, the following current equation can be written with the help of KCL.

I=1,+1,

Now LR, =E -V, . 1= (E-V)R, ()
Obviously, 14 = VJRy Also, LR,=V,—Vz@V,>Vp)

' =(V4=Vp/R,

Substltutmg these values in Eq (i) above, we get,
E-V, _ V4 VA Vs

R, R4 R,

Simplifying the above, we have

ey S N SER CR A ...(ii)

RN 2 4[] 2 1
The current equation for n?/de 2isls=5L+1
or V- VB E,- VB ...(iii)
Rs

or E_ 11,1 F{A Ez (V)

02 3 501 2 3
Though the above nodal equations (if) and (iii) seem to be complicated, they employ a very
simple and systematic arrangement of terms which can be written simply by inspection. Eq. (i) at
node 1 is represented by
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3.
4.
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The product of node potential V', and (1/R, + 1/R, + 1/R,) i.e. the sum of the reciprocals of
the branch resistance connected to thisnode.

Minus the ratio of adjacent potential J; and the interconnecting resistance R,.

Minus ratio of adjacent battery (or generator) voltage £, and interconnecting resistance R,.
All the above set to zero.

Same is the case with Eq. (iii) which applies to node 2.

Ry
ANMA
_-'[8‘
Node R,
— MWW
Ve -1,
RT p—
l:':
Node
4

Reference Node

Fig. 2.61
Using conductances instead of resistances, the above two equations may be written as
V(G + G, +G,) VG, -E,G; =0 ..(iv)
Vg (G, + Gy + Gs) =V,G, —-E,G3;=0 ..(v)
To emphasize the procedure given above, consider the circuit of Fig. 2.61.
The three node equations are le&i RL +£ o VR_ E RoR (node 1)
RS 2 5 %/ [] ; _8 _1
WEZ%_+712"+71(%—R4_RB:0 (node 2)
0 2 3 6] _z _3
FUp 1 gl Rk Vg Eip o R (node 3)

[l 3 4 7 gl 3 8 4

After finding different node voltages, various currents can be calculated by using Ohm’s law.

(i) Second Case R, Node [, Node R

Now, consider the case when a third AN
battery of e.m.f. £, is connected between —
nodes 1 and 2 as shown in Fig. 2.62.

It must be noted that as we travel from
node 1 to node 2, we go from the —veter-
minal of Ej to its +ve terminal. Hence,

according to the sign convention given in
Art. 2.3, E5 must be taken as positive.

However, if we travel from node 2 to node

TE

N Rcfcrcngc Node
1, we go from the +ve to the —veterminal Fig. 2.62
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of E;. Hence, when viewed from node 2, E, is taken negative.

For node 1
I, —14—12 Oor/,=1,+1 —asper KCL
Now, =0 A Vat BTV Vs
1 Rl 2 R2 R4
E-V, VA+VA+E3—VB
El 1R41 0 E 2V E
or =0 ()

DRTR RD R R R
L 2 30 1 2 2
It is exactly the same expression as given under the First Case discussed above except for the
additional term involving £5. This additional term is taken as +£3/R, (and not as —F3/R,) because
this third battery is so connected that when viewed from mode 1, it represents a rise in voltage. Had
it been connected the other way around, the additional term would have been taken as £;/R,.

For node 2
L +1;,-Is=0 or [,+1;= 15 —asper KCL
V,+E;—V, E,-V Vv,
Now, as before, L= -4 R32 Bl = z B 1= RB;
V,+ E3 -V E2 Vi _ VB
. SRR ER v, &
On simplifying, we get V - = ...(i0)

s0g % &O -R—-R—-R—
02 3 s 3 2 2

As seen, the additional terms is £+/R, (and not + £,/R,) because as viewed from this node, £
represents a fall in potential.

It is worth repeating that the additional term in the above Eq. (i) and (ii) can be either +E,/R, or
-£,/R, depending on whether it represents a rise or fall of potential when viewed from the node
under consideration.

Example 2.33. Using Node voltage method, find the current in the 3Aresistance for the net-

work shown in Fig. 2.63. (Elect. Tech. Osmania Univ.)
Solution. As shown in the figure node 2 has

been taken as the reference node. We will now 3 2V @ 2

find the value of node voltage V;. Using the tech- AN

nique develﬁpled ip AiTDZ 12 Vﬁ§+2g o
Hs 2 20 2 - s ;2

The reason for adding the two battery volt- 2 —
ages of 2V and 4 V is because they are connected '
in additive series. Simplifying above, we get V;,= — PRY,
8/3 V. The current flowing through the 3 A
6-(83) 2 A

3

(3+2)

resistance towards node 1 is =

||I @

Alternatively

o

6-V 4 Fig. 2.63
6=V 4t

5 2 2
12 2V, +20 -5V, =0



DC Network Theorems 87

TV,=32
6-V, 4-1 4
74_7 = —_
Also 5 5 >
122V, +20-5V,=5V,
12V,=32; V,=8/3

Example 2.34. Frame and solve the node equations of the network of Fig. 2.64. Hence, find the

total power consumed by the passive elements of the network. (Elect. Circuits Nagpur Univ.)
Solution. The node equation for node 1 is @ A @
1o 7, 15
1 +1+ =
051 05 1
or 4V1 —2V2: 15 (l.) 10O 10
Similarly, for node 2, we have
1, 10 V, 20

Vol += =0
T 05T 05 1 15V
@ |

or 4V, =7V, =-40
V =11 volt and V; = 37/4 volt

Datum Node

Fig. 2.64
> 1s-374 B A_s575A:7  11-37/4 g
1 = ~35A
I 4 05
20-11
1=575+35=925A:1=2"_9gA .1 _9g 35-554
4 3

The passive elements of the
network are its five resistances.
Total power consumed by them is
=575 x 1435 %x05+9°x 1+
9.25% x 1 +5.5% x 2 =266.25

Example 2.35. Find the branch
currents in the circuit of Fig. 2.65
by using (i) nodal analysis and
(i) loop analysis.

Solution. (/) Nodal Method

The equation for node 4 can be

written by 1@55;:::tlwn laﬁex%amepd n EArt 2-12.
R+ R=0R

A
U 2 4[] 1 2 2
Substituting the given data, we get,
1 1 . 1\6 Vg 5
Vi -+ + 47— £7=0 or 2V, —Vy=-3 (]
A(6 2 3) 6 2 2 e ®

For node B, the equation becomes
; | 10-E V, E
BIRTHR+R - R R 33?0
y D P
110 0 7 5 =5 i)
Bsz 4 4h 4 2 2 P2

+ - — — = S V—
From Eq. (i) and (#7), we get,
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vy =4y r1y
A 3 B 3 A' D
EV, 6 43 17
= — A
4 R, 6 9
Vi EsVy  (43) 5 (173) 1
h= ——p 2 34 6V T
R 37 6V TiRY
E,Vy 10 1773 13
L= "%, 4 12
Vi 43 4 Vg 173 114
]4 = j% 3 9 A, 15 R_5 4 12
(ii) Loop Current Method Fig. 2.66
Let the direction of flow of the three loop currents be as shown in Fig. 2.66.
Loop ABFA :
or 3, -1, = 2 ..(0)
Loop BCEFB :
+5-2L,-4(,-1;)-3(,-1)=0
or 31, -9, +41; = -5 ...(i0)
Loop CDEC :
-4, -10-4(;-1,) =0 or 2L, -4L=5 ...(#i0)

The matrix form of the above three simultancous equationsis
Y3 -1 o Yv Y% Y3 -1

'3 -9 4oo="yoo="-50;®='3 -9 400=84-12-0=72
<0 2 49 <wzg < 5y <0 2 -4¢
2 I 0 3 2 0 3 -1 2
® = -5 -9 4|=56,®,=3 -5 4|=24;,0;=3-9-5=-78
5 2-4 0 5-4 0o 2 5

[,=®,/®=56/72=T7/9 A; [,=®,/®=24/72=1/3 A
I;=®,/®=-78/72=-13/12 A
The negative sign of /5 shows that it is flow-
ing in a direction opposite to that shown in Fig.
2.64 i.e. it flows in the CCW direction. The
actual directions are as shown in Fig. 2.67.

The various branch currents are as under :

1 1 7/9 A; IBF I I 1 l iA
AB 1 172 9 3 9
1 1 13 17
Ige 1, SA;ICE I, I 3 EA
11 1By

DC 3 12
Solution by Using Mesh Resistance Matrix

From inspection of Fig. 2.67, we have
Ry1=9;Ry=9; Ry =38
Riy=Ry;=-3A;Ry3=Ry;=—4A;R35=R;;=0A1
E=6V:E,=5V;E;=-10V
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YRy Ry, RYI/ YE/ 9 -3 oYy Y &
Ry Ilgzz é}giw :'Ezéoui -3 9 —4oo'[,0=", 5w
31 2 poof® "g.© <0 -4 87@ %3 g—l()(ja
<R B &y <
9 -3 0
® =|-3 9-4=09(72-16) + 3 (—24)=432
0 -4 8
6 -3 0
®=| 5 9-4 |=6(72-16)-5(-24)-10(12) =336
-10 -4 8
9 6 0
®,= | =3 5-4=(9(40 - 40) + 3(48) = 144
0 -10 8
9 -3 6
®,= |-3 9 51=9(-=90+90) —3(30 + 24) = - 468
0 -4 -10

I, = ®,/®=336/432=17/9 A

I, = ®,/®=144/432=1/3 A

I,=®,/® = -468/432 = -13/12 A
These are the same values as found above.

Nodal Analysis with Current Sources
Consider the network of Fig. 2.68 () which has two current sources and three nodes out of which
1 and 2 are independent ones whereas No. 3 is the reference node.

The given circuit has been redrawn for ease of understanding and is shown in Fig. 2.68 (b). The
current directions have been taken on the assumption that
1. both V; and V, are positive with respect to the reference node. That is why their respective
curents flow from nodes 1 and 2 to node 3.
2.V, is positive with respect to V, because current has been shown flowing from node 1 to
node 2.

A positive result will confirm out assumption whereas a negative one will indicate that actual
direction is opposite to that assumed.

fc) (b)
Fig. 2.68

We will now apply KCL to each node and use Ohm’s law to express branch currents in terms of
node voltages and resistances.
Node 1
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4 |
Now I, = El and 13:1T2
1 30 0
I = V1+V1—V2 or y L1 —V2=1 ()
—%— IDR R 0 Ve 1
01 30 3
Node 2
L-L-1,=0o0r;=1,+1,
v, _
Now, I, = 2 and = i- V2 _as before
R ’ 511e3 10V
nW=v, =1+ 72 or V,—+— = '=-1 (i
ﬂl?s_z 2 Ry 2DR R O R 1 (i)
2 300 3

The above two equations can also be written by simple inspection. For example, Eq. (i) is
represented by

1. productofpotential V', and (1/R, + 1 /R;) i.e. sum of the reciprocals of the branch resistances
connected to this node.

2. minus the ratio of adjoining potential V, and the interconnecting resistance R;.

3. all the above equated to the current supplied by the current source connected to this node.

This current is taken positive if flowing into the node and negative if flowing out of it (as per sign
convention of Art. 2.3). Same remarks apply to Eq. (i7) where I, has been taken negative because it
flows away from node 2.

In terms of branch conductances, the above two equations can be put as

Vi(G) +G3)=V,Gy = I, and V, (G, +Gy) =V,Gy = -,

Example 2.36. Use nodal analysis method to find currents in the various resistors of the circuit
shown in Fig. 2.69 (a).

Solution. The given circuit is redrawn in Fig. 2.66 () with its different nodes marked 1, 2, 3 and

4, the last one being taken as the reference or datum node. The different node-voltage equations are as
under :

AN
{ @ . @ Lo @
4 ! [f I
284 5 Ny

Datum Node
fa) (h)
Fig. 2.69
o1 1. 10 VvV, ¥,
Node1 Voi4lygtt_ "2 73 g
ode 22 - 2 10
or 11V, ~ 5V, V,—280 = 0 )
1 1 Vv, V,
Vol=+—+1)-2L-23 =
Node 2 2(2 5 ) 2T 0
or 5V, 17V, +10 75 = 0 i)

01 10V ¥
Node3  Villg+l+pn - -15 = -2
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or V,+10 7,135V, 20 =0 ...(iii)
The matrix form of the above three equations is
Yir -5 -/ Y280/
"5 -17 1000 "yoo =’ 0o0
L1 10 —13.5¢%zg £ 20
11 -5 —190'30 =
® =[5 -17 10 | =1424.5 - 387.5-67 =970
1 10 -135
280 -5 -1 11 280 -1
®,= 0 —17 10|=34,920,®,= 5 0 10 | =19, 400
20 10 -135 1 20 -135
11 -5 280
®,= |5 -17 0|=15,520
% 1 10 20
_P1_34.920 50y @19 020V, 7 _®_15.520_ ¢y
I ® 970 2 ® 970 S ® 970

It is obvious that all nodes are at a higher potential with respect to the datum node. The various
currents shown in Fig. 2.69 (b) can now be found easily.
1,=V,/2=36/2=18 A
L=V,-V,)/2=(36-20)2=8 A
Li=V,-V3)/10 =36 -16)/10=2 A
It is seen that total current, as expected, is 18 + 8 +2 =28 A
Li=V,-V3)/1=(20-16)/1=4 A
Is=V,/5=20/5=4A,1,=V/4=16/4=4 A
Example 2.37. Using nodal analysis, find the different branch currents in the circuit of Fig.
2.70 (a). All branch conductances are in siemens (i.e. mho).
Solution. Let the various branch currents be as shown in Fig. 2.70 (b). Using the procedure
detailed in Art. 2.11, we have

28

G)QA 48 4s§

L
(a)
Fig. 2.70
First Node
Vi(+2) =V, x1-V3x 2= -2 or 3V, =V, 2V;=-2 (D)
Second Node
V,(1+4)-V,x1 =5 or V,-5V,=-5 ...(i0)
Third Node

V,(2+3)—=V, x2 =—5 or 2V, -5V;=5 ...(iid)
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Solving for the different voltages, we have

V,= —%V,szllo\/andl/;-—gsv
I, =V, -V x1=(-1.5-07)x1=-22A
L, =WV,-V)x2=[-16—(-15)]%x2=-02 A
I, =V,x4=4x(7/10)=2.8A

I, =2+28=48A

As seen, I, and 7, flow in directions opposite to those
originally assumed (Fig. 2.71).

Example 2.38. Find the current I in Fig. 2.72 (a) by Fig. 2.71
changing the two voltage sources into their equivalent
current sources and then using Nodal method. All resistances are in ohms.

Solution. The two voltage sources have been converted into their equivalent current sources in
Fig. 2.72 (b). The circuit has been redrawn as shown in Fig. 2.72 (¢) where node No. 4 has been

&t
|
AN
l
l ]
4A
@
(b)
Fig. 2.72

taken as the reference node or common ground for all other nodes. We will apply KCL to the three
nodes and taken currents coming towards the nodes as positive and those going away from them as
negative. For example, current going away from node No. 1 is (V; —=V,)/1 and hence would be taken
as negative. Since 4 A current is coming towards node No. 1, it would be taken as positive but 5 A
current would be taken asnegative.

V-0 _0h-V) -V

Node 1: — i 7 =5+4=0
or BV =V =5 == L @)
Node2: -0 V) B h) s s
or Vi =3V, + V3=-2 ...(i0)
Node 3 - _(V3; 0) (V3—1V1) B=7) _4.3-9
or Vi+V,=3V;=1 ...(dii)

The matrix form of the above three equations is
Y3 -1 -y YW Y-v
"1 -3 loo="},% ="-200

d o1 -% SV}}P < e
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3 -1 -1

® =1 =3 1|=30-D)-13+1)+1(-1-3)=16
1 1-3
3 -1 -1

®,= |1 =2 1|=36-1)-13+1)+1(-1-2)=38
1 1 -3

V,=®,/®=8/16=0.5V

I=V,/1=05A

Example 2.39. Use Nodal analysis to determine the value of current i in the network of Fig.
2.73.

Solution. We will apply KCL to the two nodes 1 and 2. Equating the incoming currents at node

1 to the outgoing currents, we have
Vv, ¥, . AW
6= + '+3i 4
4 8 O)
As seen. i = V}/8. Hence, the above equation becomes ' 3 "@

n-v, v 14
= 1 4+ 1431
6 4 3 ] 6A

\
or3V,-V,=24 C?) %8 6§

Similarly, applyilll/g KCL to node No. 2, we get
V' "243i= "2or -V sh_" or3rv =2v Fig. 2.73

4 6 4 8 6 b2
From the above two equations, we get
Vi=16V . i=16/8=2A.

Example 2.40. Using Nodal analysis, find the node voltages V,and V,in Fig. 2.74.

Solution. Applying KCL to node 1, we get /A
8_1_V1_(V1_V2):O \\_,-/
3 6 ® MWD
or 3V, =V, = 42 (D) 6
Similarly, applying KCL to node 2, we get
6 15 10 8A
or Vl - 2V2 = —6 (li) _T_
Solving for V| and V, from Eqn. (i) and (i), we get —
V,=18 Vand V,=12 V. Fig. 2.74

Source Conversion

A given voltage source with a series resistance can be converted into (or replaced by) and equivalent
current source with a parallel resistance. Conversely, a current source with a parallel resistance can
be converted into a vaoltage source with a series resistance. Suppose, we want to convert the voltage
source of Fig. 2.75 (a) into an equivalent current source. First, we will find the value of current
supplied by the source when a ‘short’ is put across in termials 4 and B as shown in Fig. 2.75 (b). This
current is / = V/R.

A current source supplying this current / and having the same resistance R connected in parallel
with it represents the equivalent source. It is shown in Fig. 2.75 (¢). Similarly, a current source of /
and a parallel resistance R can be converted into a voltage source of voltage V"= IR and a resistance
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R R
AN oA AAN oA 04
; s ; J
Y () Y o C) I R
O _ ol O =
wn
B OB oB
(a) (b) (c)

Fig. 2.75
R in series with it. It should be kept in mind that a voltage source-series resistance combination is
equivalent to (or replaceable by) a current source-parallel resistance combination if, and only if their

1. respective open-circuit voltages are equal, and

2. respective short-circuit currents are equal.
For example, in Fig. 2.75 (a), voltage across terminals 4 and B when they are open (i.e. open-
circuit voltage V) is V itself because there is no drop across R. Short-circuit current across 4B =/

=V/R.
Now, take the circuit of Fig. 2.75 (c¢). The open-circuit voltage across AB = drop across R = IR

= V. Ifashort is placed across 4B, whole of 7 passes through it because R is completely shorted out.
Example 2.41. Convert the voltage source of Fig. 2.73 (a) into an equivalent currentsource.
Solution. Asshown in Fig2.76 (b), current obtained by putting a short across terminals 4 and B
is 10/5=2 A.
Hence, the equivalent current source is as shown in Fig. 2.76 (¢).

5Q 5Q

AN od V.Y N od

Cilov <+10v ]=2Al Gig,\ %qQ

~B S B oB
fa) (b) (c)
Fig. 2.76
Example 2.42. Find the equivalent volt- .
age source for the current source in Fig. 2.77 od A od
(@).
+

Solution. The open-circuit voltage across
terminals 4 and B in gig. 2.77 (a) is ¢ ( " §2 “ C)O v
Vo= drop across R
=5%x2=10V o oF P
Hence, voltage source has a voltage of 10 V
and the same resistance of 2 Athrough connected
in series [Fig. 2.77 (b)].

N

Fig. 2.77
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Example 2.43. Use Source Conversion technique to find the load current I in the circuit of Fig.
2.78 (a).

Solution. As shown in Fig. 2.78 (b). 6-V voltage source with a series resistance of 3 Ahas been
converted into an equivalent 2 A current source with 3 A resistance in parallel.

4 ‘ AAR— + - AN ANWA— ,
(st A@ Ré} <?2A gz ?6 3A<D R, 23

{b)
Fig. 2.78

The two parallel resistances of 3 A and 6 A can be combined into a single resistance of 2 A &
shown in Fig. 2.79. (a)

The two current sources cannot be combined together because of the 2 A resistance present
between points 4 and C. To remove this hurdle, we convert the 2 A current source into the equivalent
4V voltage source as shown in Fig. 2.79 (b). Now, this 4 V voltage source with a series resistance of
(2 +2) =4 A can again be converted into the equivalent current source as shown in Fig. 2.80 ().
Now, the two current sources can be combined into a single 4-A source as shown in Fig. 2.80 ().

A 2 @ | 2
AW — AMN— AAA
+
Q 2A 2 3A R, =3 ()4\/
B D
(a) (h)
Fig. 2.79
1
I

(a) (h)

Fig. 2.80

The 4-A current is divided into two equal parts at point 4 because each of the two parallel paths
has a resistance of 4 A.Hence /, = 2 A.
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Example 2.44. Calculate the direction and magnitude of the current through the 5 A resistor
between points A and B of Fig. 2.81 (a) by using nodal voltage method.

Solution. The first thing is to convert the voltage source into the current sources as shown in
Fig. 2.81 (b). Next, the two parallel resistances of 4 A each can be combined to give a single resis-
tance of 2 A [Fig. 2.82 (a)]. Let the current directions be as indicated.

3 A SQ g 5
— VWA AN AN

+

Cyzov §4L2 §5sz } A CDSA ;4 §4 §5 §ACD

T T
(a) (h)
Fig. 2.81
Applying the nodal rule to nodes 1 and 2, we get
Node 1 )
1y 5 5 1 2
1 =5o0r7V =2V =50 (3
V1 + 1 -7 ®
Node 2
R A :
2(5 5) 5 =—1lor/V, =2V, =5 ...(#0)
: _I5 _3
Solving for V' and V,, we get V', = 2 Vand V,= X
L= ViV, 1572 5/4 1.25 A
5 5
K 5 ¥ 5
T WA W
I 1.25A
SA w 2 fjl 5 DIA C SA 2 l # 3 1A
( ) 375A 0.25A
L - L
fa) (h)
Fig. 2.82

Similarly, 1, = V,/2=15/4=3.75 A; ,=V,/5=5/20=0.25 A.
The actual current distribution becomes as shown in Fig. 2.79 (b).
Example 2.45. Replace the given network by a single current source in parallel with a resistance.

[Bombay University 2001]
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Solution. The equivalence is expected for D
a load connected to the right-side of terminals A
and B. In this case, the voltage-source has no
resistive element in series. While handling such E Q)
cases, the 3-ohm resistor has to be kept aside,
treating it as an independent and separate loop. Cf
This voltage source will circulate a current of
20/3 amp in the resistor, and will not appear in —
the calculations.

Fig. 2.83 (a)

o A

AR
\

(=
I
K

|:ﬂ 80/6 amp

3Q

fffff _ o
, D

Fig. 2.83 (b) Fig. 2.83 (c)
This step does not affect the circuit connected to A-B.
Further steps are shown in Fig. 2.83 (b) and (c)

Tutorial Problems No. 2.3

1. Using Maxwell’s loop current method, calculate the output voltage ¥, for the circuits shown in

Fig. 2.84. [(@4V®)-150/7V () V,=0 (@) V,=0]
2 10A 6
—— A —
AN o+ ANAR AN o+
2 2 4
3A l
7 +
l§ C?) o 3 5§ "
10V
O = O—
(h)
O
+
1
" 4
: <> T -
- 1 1
o

fd)
Fig. 2.84
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2. Using nodal voltage method, find the magnitude and direction of current / in the network of Fig. 2.85.

5 I 3 7
YV )2
20V
— 42
TV 3%
Fig. 2.85 Fig. 2.86
3. By using repeated source transformations, find the value of voltage v in Fig. 2.87 (a). [8 V]
4 2 4 2
—AAA AA AAA—— AMA~
—-tf,
L N “2‘? A
C}m v %:: ézo 4§v Q/: .?élf] s i
- - 8A
fa) (h)
Fig. 2.87
4. Use source transformation technique to find the current flowing through the 2 A resistor in Fig 2.87
(D). [10 A]
5 With the help of nodal analysis, calculate the values of nodal voltages V|, and ¥, in the circuit of
Fig. 2.86. [7.1V; =3.96 V]

6. Use nodal analysis to find various branch currents in the circuit of Fig. 2.88.
[Hint : Check by source conversion.] [,.=2A;1,=5A,1,,=0]

ac

Fig. 2.88 Fig. 2.89

7. With the help of nodal analysis, find V; and ¥, and various branch currents in the network of Fig. 2.85.
[5V,25V;1, =25A;1,=05A;1, =25A]
8. By applying nodal analysis to the circuit of Fig. 2.90, find /,,, ,,and 7,. All resistance values arein

-8
ohms. Uap=22 A =10 A, 1, == A
7

21 21

[Hint. : It would be helpful to convert resistance into conductances.]
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9. Using nodal voltage method, compute the power dissipated in the 9-A resistor of Fig. 2.91. [81 W]

£ 3 9
0.5 0.5 ,
4 A3 — AW AR
+
CD()A §(1.25 0.5 0.25 G‘M 4 3s
d
Fig. 2.90 Fig. 2.91

10.  Write equilibrium equations for the network in Fig. 2.92 on nodal basis and obtain the voltage V|, V,
[Network Theory and Fields, Madras Univ.|

11. By applying nodal method of network analysis, find current in the 15 Aresistor of the network shown

and V. All resistors in the network are of 1 A.

in Fig. 2.93. [3.5 A] [Elect. Technology-1, Gwalior Univ.]
i % 28 20 15 10
—AAA— ] —A— AMA AMA
Tiov ? § % T400V § 80 §90 200V |
Fig. 2.92 Fig. 2.93

Ideal Constant-Voltage Source

It is that voltage source (or generator) whose output voltage remains absolutely constant what-
ever the change in load current. Such a voltage source must possess zero internal resistance so that
internal voltage drop in the source is zero. Inthat case, output voltage provided by the source would
remain constant irrespective of the amount of current drawn from it. In practice, none such ideal
constant-voltage source can be obtained. However, smaller the internal resistance » of a voltage
source, closer it comes to the ideal sources described above.

A A
—— :}____._
fonng M
V.UUD AL
T .~ R,
Jf r A !r t__c\ .
1 > i =
J =]
\ 0 \ a
L — N =
Sy he T 4 &
6V oV
B

() (h) B
Fig. 2.94
Suppose, a 6-V battery has an internal resistance of 0.005 A[Fig. 2.94 (a)]. When it supplies o

current i.e. it is on no-load, ¥, =6 V i.e. output voltage provided by it at its output terminals 4 and B
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is 6 V. If load current increases to 100 A, internal drop = 100 x 0.005 =0.5 V. Hence, V,= 6 —0.5
=55V.

Obviously an output voltage of 5.5 — 6 V can be considered constant as compared to wide
variations in load current from 0 A ot 100 A.

Ideal Constant-Current Source

It is that voltage source whose internal resistance is infinity. In practice, it is approached by a
source which posses very high resistance as compared to that of the external load resistance. As
shown in Fig. 2.94 (b), let the 6-V battery or voltage source have an internal resistance of 1 M Aand
let the load resistance vary from 20 K to 200 K. The current supplied by the source varies from
6.1/1.02=59 n Ato 6/1.2=15 p A. As seen, even when load resistance increases 10 times, current
decreases by 0.9 pA. Hence, the source can be considered, for all practical purposes, to be a constant-
current source.

Superposition Theorem

L— y -] —= 4 —=5
- MMM T AAMAN a— —— AMAA— e ANMMA
250 20 25Q 20Q
— 6V 6Q§lf 12V — — 6V 6£l§l[' l ilg
050 1 Q 0.5
1 5L I I
- B - —t B -t
fa) {h)
Fig. 2.95

According to this theorem, if there are a number of e.m.fs. acting simultaneously in any linear
bilateral network, then each e.m.f. acts independently of the others i.e. as if the other e.m.fs. did not
exist. The value of current in any conductor is the algebraic sum of the currents due to each e.m.f.
Similarly, voltage across any conductor is the algebraic sum of the voltages which each e.m.f would
have produced while acting singly. In other words, current in or voltage across, any conductor of the
network is obtained by superimposing the currents and voltages due to each e.m.f. in the network. It
is important to keep in mind that this theorem is applicable only to linear networks where current is

" linearly related to voltage as per Ohm’s law.
! | -— [, - .
e A A A A Hence, this theorem may be stated as follows:
250 20 In anetwork of linear resistances containing more

than one generator (or source of e.m.f.), the cur-
rent which flows at any point is the sum of all the
% 0.5Q 60 %l]” 12v —  currents which would flow at that point if each
1 Q generator where considered separately and all the
other generators replaced for the time being by
resistances equal to their internal resistances.

- - Explanation
Fig. 2.96 In Fig. 2.95 (a) 1,, I, and [ represent the values of
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currents which are due to the simultaneous action of the two sources of e.m.f. in the network. In Fig.
2.95 (b) are shown the current values which would have been obtained if left-hand side battery had
acted alone. Similarly, Fig. 2.96 represents conditions obtained when right-hand side battery acts
alone. By combining the current values of Fig. 2.95 (b) and 2.96 the actual values of Fig. 2.95 (a) can
be obtained.

Obviously, /, =1, | ,L,=1, ', , =1 +I .
Example 2.46. In Fig. 2.95 (a) let battery e.m.fs. be 6 V and 12 V, their internal resistances

0.5 nand I A. The values of other resistances are as indicated. Find the different currents flowingin
the branches and voltage across 60-ohmresistor.

Solution. In Fig. 2.95 (), 12-volt battery has been removed though its internal resistance of
1 A remains. The various currents can be found by applying Ohm’s Law.

It is seen that there are two parallel paths between points 4 and B, having resistances of 6 Aand
2+1)=3A

equivalent resistance =3]6=2 A
Total resistance =05+25+2=5~n . 1 =6/5=12A.
This current divides at point 4 inversely in the ratio of the resistances of the two parallel paths.
I =12x(3/9)=04A. Similarly, [, =1.2x(6/9)=0.8A

In Fig. 2.96, 6 volt battery has been removed but not its internal resistance. The various currents

and their directions are as shown.

The equivalent resistance to the left to points 4 and Bis=3 [|6 =2 A
total resistance = 1+2+2=5A . I, '=12/5=24A
At point 4, this current is divided into two parts,
I' = 24x%x3/9=08A, I '=24x6/9=1.6A
The actual current values of Fig. 2.95 (@) can be obtained by superposition of these two sets of
current values.
1, =1/-1) '=12-1.6=-0.4 A (it is a charging current)
L, =1'"-1,=24-08=16A
I =1+]'=04+08=12A

Voltage drop across 6-ohm resistor=6 x 1.2 =72V

Example 2.47. By using Superposition Theorem, find the current in resistance R shown in Fig.
2.97 (a)

=0.005 A, R,=0.004 A,R=1A,E;=2.05V,E,=2.15V
Internal resistances of cells are negligible. (Electronic Circuits, Allahabad Univ. 1992)

Solution. InFig.2.97 (b), E, has been removed. Resistances of 1 Aand 0.04 Aare in parallel
across poins A and C. R,~=1]/0.04 =1 % 0.04/1.04 = 0.038 A. This resistance is in series with
0.05 A. Hence, total resistance offered to battery £, = 0.05 + 0.038 = 0.088 A. /= 2.05/0.088 = 23.3
A. Current through 1-A resistance, /; = 23.3 x 0.04/1.04 = 0.896 A from C toA.

When E,| is removed, circuit becomes as shown in Fig. 2.97 (¢). Combined resistance ofpaths
CBA and CDAis=11/0.05=1 x0.05/1.05 = 0.048 A. Total resistance offered to E, is = 0.04 + 0.048

=0.088 A. Current / = 2.15/0.088 =24.4 A. Again, [,=24.4 x0.05/1.05=1.16 A.

To current through 1-A resistance when both batteries are present

=1, +1,=0.896+1.16=2.056 A.
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0.05

B 205V 005 g 205V 0.05
—ANN——] N—] — AN
3 E, B
I
A C A " C

C A
004 215V 0.04 / 0.04 215V
—’\N\—||7 A

—ANMAN—

R, E, A /) I, I
R=1 1 i {
ANAA AAN AN
D D D
(ct) ib) (c)
Fig. 2.97
Example 2.48. Use Superposition theorem to find current I in the circuit shown in Fig. 2.98 (a).

All resistances are in ohms. (Basic Circuit Analysis Osmania Univ. Jan/Feb 1992)

Solution. In Fig. 2.98 (b), the voltage source has been replaced by a short and the 40 A current
sources by an open. Using the current-divider rule, we get 7, = 120 x 50/200 = 30 A.

In Fig. 2.98 (c), only 40 A current source has been considered. Again, using current-divider rule
1,=40 x 150/200 = 30 A.

In Fig. 2.98 (d), only voltage source has been considered. Using Ohm’s law,
I; = 10/200 =0.05 A.
Since /, and 7, cancel out, / = I;=0.005 A.

10V 10V
_O+ 0 O O _O } 0]
\
0 <50 S50 OIORE:! S0 505 1502 (1) S50 2150
120A 40AT Ti20A 40A
! /) 1 l L
- - 1 o001 < -1 o - o
fa) (b) (c) (d)
Fig. 2.98

Example 2.49. Use superposition theorem to determine the voltage v in the network of Fig.
2.99(a).

Solution. As seen, there are three independent sources and one dependent source. We will find
the value of v produced by each of the three independent sources when acting alone and add the three
values to find v. It should be noted that unlike independent source, a dependent source connot be set
to zero i.e. it cannot be ‘killed’ or deactivated.

Let us find the value of v| due to 30 V source only. For this purpose we will replace current
source by an open circuit and the 20 V source by a short circuit as shown in Fig. 2.99 (b). Applying
KCL to node 1, we get

B0-v) v, mB-v)
6 3 2

Let us now keep 5 A source alive and ‘kill” the other two independent sources. Again applying
KCL to node 1, we get, from Fig. 2.99 (¢).

=0 or =6V



DC Network Theorems 103

20V
i) 2
— AW —AW—

Omv O

“
%]

AN
| =

| =

2
=
1

wn

(a) (h) fe)
Fig. 2.99

Va_s V2, (W3-v)

3 3 TZO orv,=-6V VY *O;.,

Letusnow ‘kill’ 30 Vsourceand 5 A source and find v 20V
due to 20 V source only. The two parallel resistances of 6 » N
and 3 A can be combined into a single resistance of 2 « + v
Assuming a circulating current of i and applying KVL to the 3 %"3 D ;

indicated circuit, we get, from Fig. 2.100.

—21-—20—21'—13(—21'):OOri:6A

Hence, according to Ohm’s law, the component of v that Fig. 2.100
corresponds to 20 V source is v;=2x6=12 V. ..v=y,
v, tv;=6-6+12=12V.

Example 2.50. Using Superposition theorem, find the current through the 40 W resistor of the
circuit shown in Fig. 2.101 (a). (F.Y. Engg. Pune Univ. May 1990)

Solution. Wewill firstconsiderwhen 50 V battery actsalone and afterwards when 10-V battery
isaloneinthecircuit. When 10-V battery isreplaced by short-circuit, the circuitbecomes as shown
in Fig. 2.101 (b). It will be seen that the right-hand side 5 Aresistor becomes connected in parallel
with 40 Aresistor giving a combined resistance of 5 || 40 =4.44 Aas shown in Fig. 101 (¢). This 44
resistance is in series with the left-hand side resistor of 5 A giving a total resistance & (5 +

4.44) =9.44 A. As seen there are two resistances of 20 Aand 9.44 Aconnected in parallel. In Fig.
2.101 (c) current / = 50/9.44 = 5.296 A.

20 20

TS0V S50 ovT

(a) (b) ic)
Fig. 2.101
At point 4 in Fig. 2.101 (b) there are two resistances of 5 A and 40 A connected in parallel,
hence, current / divides between them as per the current-divider rule. If /; is the current flowing
through the 40 A resistor, then
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_7 —5— 5206 2 589 A.

5 40 45

N~

In Fig. 2.102 (a), 10 V battery acts
alone because 50-V battery has been re-
moved and replaced by a short-circuit.

As in the previous case, there are two
parallel branches of resistances 20 A ad
9.44 Aacross the 10-V battery. Current /
through 9.44 Abranch is / = 10/9.44 =
1.059 A. This current divides at point B
between 5 A resistor and 40 A resistor.
Current through 40 A resistor 7, = 1.059 x
5/45=0.118 A.

According to the Superposition theorem, total current through 40 A resistance is
=1,+1,=0.589+0.118 =0.707 A.

Example 2.51. Solve for the power delivered to the 10 A resistor in the circuit shown in Fig.
2.103 (a). All resistances are in ohms. (Elect. Science - I, Allahabad Univ. 1991)

Solution. The 4-A source and its parallel resistance of 15 A can be converted into a voltage
source of (15 x 4) =60 V in series with a 15 A resistances as shown in Fig. 2.103 ().

4.44 TIOV

()
Fig. 2.102

Now, we will use Superposition theorem to find current through the 10 A resistances.
When 60 —V Source is Removed VS" i 5
When 60 —V battery is removed o T

the total resistance as seenby 2 Vbat- | 4A | 15
teryis=1+ 10 (15+5)=7.67 A () '
y I ) S0 315 (4 0
(I

The battery current = 2/7.67 A v
=0.26 A. At point 4, this current is |
divided into two parts. The current B
passing through the 10 A resistor (a) (b)
from 4 to B is Fig. 2.103

1,=0.26 x (20/30)=0.17 A
When 2-V Battery is Removed
Then resistance seen by 60 V battery is =20 + 10 || 1 =20.9 A. Hence, battery current = 60/20.9
=2.87 A. This current divides at point 4. The current flowing through 10 A resistor from 4 to B is
I, =287x1/(1+10)=0.26 A
Total current through 10 A resistor due to two batteries acting together is =7, + [,=0.43 A
Power delivered to the 10 A resistor = 0.43% x 10 = 1.85 W.

T()UV

Example 2.52. Compute the power dissipated in the 9-W resistor of Fig. 2.104 by applying the
Superposition principle. The voltage and current sources should be treated as ideal sources. All
resistances are in ohms.

Solution. As explained earlier, an ideal constant-voltage sources has zero internal resistances
whereas a constant-current source has an infinite internal resistance.
@ When Voltage Source Acts Alone
This case is shown is in Fig. 2.104 (b) where constant-current source has been replaced by an
open-circuit i.e. infinite resistance (Art. 2.16). Further circuit simplification leads to the fact that total
resistances offered to voltage source is =4 + (12 || 15) = 32/3 A as shown in FIg. 2.104 (¢).
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Hence current =32 + 32/3 =3 A. At point 4 in Fig. 2.104 (d), this current divides into two parts.

The part going alone AB is the one that also passes through 9 A resistor.
I =3x12/(15+12)=4/3 A

A 0 N A _{_
3A
38834 4
12 . 9 12 N §15
32V 32V
C B B
fc) ()
4 T
3A
4
§|2 - §15
32V
B

Fig. 2.104

@) When Current Source Acts Alone
As shown in Fig. 2.105 (a), the voltage source has been replaced by a short-circuit (Art 2.13).

Further simplification gives the circuit of Fig. 2.105 (b).
6 4 6 ¢ I'=2A
AN — AN — >
%12 4 ®4A %9 %3 4\6} 9
Short
Circuit
(b)

()
Fig. 2.105
The 4 - A current divides into two equal parts at point 4 in Fig. 2.105 (b). Hence I =4/2 =2 A.
Since both 7 and / 'flow in the same direction, total current through 9-Aresistor is
I=1+1"' = (4/3)+2=(10/3) A

Power dissipated in 9 A resistor = I* R = (10/3)* x 9 =100 W
Example 2.53(a). With the help of superposition theorem, obtain the value of current I and

voltage V,yin the circuit of Fig. 2.106 (a).
current source is removed and secondly, when voltage source is removed. Thirdly, we would com-

Solution. We will solve this question in three steps. First, we will find the value of / and V,, when
bine the two values of 7 and V|, in order to get their values when both sources are present.
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First Step

As shown in Fig. 2.106 (b), current source has been replaced by an open-circuit. Let the values
of current and voltage due to 10 V source be 7, and V,;. As seen /;,=0and V,; =10 V.

Second Step
As shown in Fig. 2.106 (c), the voltage source has been replaced by a short circuit. Here
I,==5Aand Vy,=5%x10=50 V.

;o 10Q 150 L1550

— M+ — o — W +
+ AV + ik

<>10\“ 5A<D I 1oV I 5A<D Voo

-

fa (b) (c)

Fig. 2.106
Third Step
By applying superposition theorem, we have
I =1, +L,=0+(-5)==5 A
Vo = VotV =10+50=60V
Example 2.53(b). Using Superposition theo-
rem, find the value of the output voltage V,in the
circuit of Fig. 2.107.

Solution. As usual, we will break down the
probleminto three parts involving one source each.

@ When4 A and 6 V sources areKkilled* 20

As shown in Fig. 2.108 (a), 4 A source has Q) %1 0 "
been replaced by an open circuit and 6 V source by 6V

a short-circuit. Using the current-divider rule, we
find current i, through the 2 Aresistor = 6 x 1/(1 +
24+3)=1A .. Vy=1x2=2V.

() When 6 A and 6 V sources are killed

As shown in Fig. 2.108 (), 6 A sources has
beenreplaced by an open-circuitand 6 V source by ashort-circuit. The currenti, canagainbe found
with the help of current-divider rule because there are two parallel paths across the current source.
One has a resistance of 3 A and the other of (2 + 1) = 3 A. It means that current divides equally 4
point A.

Hence, i,=4/2=2A .. V,=2x2=4V

(© When 6 A and 4 A sources are killed

As shown in Fig. 2.108 (c), drop over 2 Aresistor = 6 x 2/6 = 2 V.The potential of point B with
respect to point 4 is =6 -2=+4 V.Hence , Vj;=—-4 V.

2 (1)

(5]
—
[

Fig. 2.107

*  The process of setting of voltage source of zero is called killing the sources.
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According to Superposition theorem, we have
Vo=Vt Vit Viz=2+4-4=2V

i 30 AA

A
d AWt (—) A 4
\_/
AN :
’ 3 hHY 20
Cf)(i/—\ §1 Q 2 Qg Foi 2 § §1 Vos
% | LE)E r —
iy oV
+
_ 5 .
(a) (b) fc)
Fig. 2.108
Example 2.54. Use Superposition theorem, to find the voltage V in Fig. 2.109 (a).
40 4 12y 40 4 e
AR M |0 A MWV —o0—0——0
o)
——15 v 10% (?JE.SA A% T15 v lOé L?‘.L V1
B B

fa) (h)
Fig. 2.109
Solution. The given circuit has been redrawn in Fig. 2.109 (b) with 15 - V battery acting alone
while the other two sources have been killed. The 12 - V battery has been replaced by a short-circuit
and the current source has been replaced by an open-circuit (O.C) (Art. 2.19). Since the output
terminals are open, no current flows through the 4 A resistor and hence, there is no voltage dop

across it. Obviously ¥V, equals the voltage drop over 10 A resistor which can be found by using the
voltage-divider rule.

V,=15x10/(40 +10)=3V
Fig. 2.110 (a) shows the circuit when current source acts alone, while two batteries have been
killed. Again, there is no current through 4 A resistor. The two resistors of values 10 A and 40 /&

—d

=
=Z N, = =
— I "

Fig. 2.110

in parallel across the current source. Their combined resistances is 10 || 40 =8 A
V,=8x2.5=20V with point 4 positive.
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Fig. 2.110 (b) shows the case when 12 —Vbattery acts alone. Here, V3 =—12 I*. Minus sign has
been taken because negative terminal of the battery is connected to point 4 and the positive terminal
to point B. As per the Superposition theorem,

V=V, +V,+V;=3+20-12=11V

Example 2.55. Apply Superposition theorem to the circuit of Fig. 2.107 (a) for finding the
voltage drop V across the 5 A resistor.

Solution. Fig. 2.111 (b) shows the redrawn circuit with the voltage source acting alone while the
two current sources have been ‘killed’ i.e. have been replaced by open circuits. Using voltage-
divider principle, we get

V=60 x5/(5+2+3) =30 V.It would be taken as positive, because current through the 5 A

resistances flows from A4 to B, thereby making the upper end of the resistor positive and the lower end
negative.

OA
A A‘
AN AAAD
2 2
+ 3§ (o] - %3
@ V§5 0.C. V=5
2A T p— T - T
o0V 60 V
B B

(a) (b)

Fig. 2.111

Fig.2.112(a)showsthesamecircuitwiththe 6 Asourceactingalone whilethetwo othersources
have been ‘killed’. It will be seen that 6 A source has to parallel circuits across it, one having a

resistance of 2 Aand the other (3 + 5) =8 A. Using the current-divider rule, the current through
Aresistor =6 x 2/(2+3+5)=1.2 A.

A

0.C, o]
\ €
A 1
A VA
2 2
o = $ + 3
0c. 52V, @ SSV,
o _ 2A —
SC SC
B B
(a) (b)
Fig. 2.112

Because Fig. 2.110 () resembles a voltage source with an internal resistance =4 + 10 || 40 = 12 A ad
which is an open-circuit.
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. V,=12x5=6V.It would be taken negative because current is flowing from B to 4. i.e.

point B is at a higher potential as compared to point 4. Hence, V,=—6 V.

Fig. 2.112 (b) shows the case when 2-A source acts alone, while the other two sources are dead.
As seen, this current divides equally at point B, because the two parallel paths have equal resistances
of 5 neach. Hence, V;=5 x 1 =5 V.It would also be taken as negative because current flows ffom
B to A. Hence, V'3=-5 V.

Using Superposition principle, we get

V=V +V,+1;=30-6-5=19V
Example 2.56. (b) Determine using superposition theorem, the voltage across the 4 ohm resis-

tor shown in Fig. 2.113 (a) [Nagpur University, Summer 2000]
2 ohm b @i AMAMA JV\N\LM F =
2 ohm I, 8ohm VI,
2 ohm
TS Amp 4 ohm
10 Vi_

G | H i
C

Fig. 2.113 (a) Fig. 2.113 (b)

Solution. Superposition theorem needs one source acting at a time.
StepI: De-acting current source.
The circuit is redrawn after thii 8hange in F% 2.113 (b)

5 - =2.059 amp
LA B+2) 5,40
4+(8+2) 14
: _2.05910 1.471 amp, in downward direction
14

Step Il : De-activate the voltage source.
The circuit is redrawn after the change, in Fig. 2.113 (¢)
With the currents marked as shown.
1,= 21 relating the voltage drops in Loop ADC.
A m D Sohm I, f B

4 ohm 2 ohm QT 5 Amp

0 G H e
Fig. 2.113 (c)
Thus [,=3 1.
Resistance of parallel combination of
2x4
2and 4 ohms= 77 = 1.333 A

Resistance for flow of /=8 + 1.333 =9.333 A
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The 5-amp current from the sources gets divided into 7, (=3 /) and /,, at the node F.

20 58804
Ly =31% 5019333

1,=0.294 amp, in downward direction.

Step III. Apply superposition theorem, for finding the total current into the 4-ohm reistor
= Current due to Current source + Current due to Voltage source
=0.294 + 1.471 = 1.765 amp in downward direction.

Check. In the branch 4D,

The voltage source drives a current from 4 to D of 2.059 amp, and the current source drives a
current of /; (= 2/,) which is 0.588 amp, from D to A.

The net current in branch AD
= 2.059 —0.588 = 1.471 amp ...eqn. (a)
With respect to O, 4 is at a potential of + 10 volts.
Potential of D with respect to O
= (net current in resistor) x 4
=1.765 x 4 =+ 7.06 volts
Between A and D, the potential difference is (10 —7.06) volts
Hence, the current through this branch
~10-7.06
2
This is the same as eqn. («) and hence checks the result, obtained previously.

=1.47 amp from 4 to D ..eqn (b)

Example 2.57. Find the current flowing in the branch XY of the circuit shown in Fig. 2.114 (a)
by superposition theorem. [Nagpur University, April 1996]
Solution. As shown in Fig. 2.114 (b), one source is de-activated. Through series-parallel combina-
tions of resistances, the currents due to this source are calculated. They are marked as on Fig. 2.114 (b).

) 1 Q
20 X 20 %

VWY
267 A 4A 133A

10 e %69
T20\/

WA
Y 2Q Y
Fig. 2.114 (a) Fig. 2.114 (b)
20 X
— VAN VAV VAV
4 A 1.33 A
— 20V
— 30 60
4 A 2.67 A 1.33 A

v
Fig. 2.114 (c)
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In the next step, second source is de-activated as in Fig. 2.114 (¢). Through simple series parallel
resistances combinations, the currents due to this source are marked on the same figure.

According to the superposition theorem, the currents due to both the sources are obtained after
adding the individual contributions due to the two sources, with the final results marked on Fig. 2.114
(a). Thus, the current through the branch XY is 1.33 A from Y to X.

Example 2.58. Find the currents in all the resistors by Superposition theorem in the circuit
shown in Fig. 2.115 (a). Calculate the power consumed. [Nagpur University, Nov. 1996]

Solution. According to Superposition theorem, one source should be retained at a time,
deactivating remaining sources. Contributions due to individual sources are finally algebraically
added to get the answers required. Fig. 2.115 (b) shows only one source retained and the resultant
currents in all branches/elements. In Fig. 2.115 (c¢), other source is shown to be in action, with
concerned currents in all the elements marked.

To get the total current in any element, two component-currents in Fig. 2.115 (b) and Fig. 2.115
(c) for the element are to be algebraically added. The total currents are marked on Fig. 2.115 (a).

A 10 B 280 C ; B 3Q
e oy 2857 A i PR
£0.7147 A i
1.5 0 - 20
;
20 LS00y 020 10 0.7143
- 050 LoV
12143 A
- M»N—' | —
10 0O 50 D 1429 A 0 50
Fig. 2.115 (a) Fig. 2.115 (b)
All resistors are in ohms
: AAATANAYAY: B 35
VAR
10
20 —t 20V
30 =
1.420 A 2.143 A
0.7143 A
MWWy
0O 50

Fig. 2.115 (c)
Power loss calculations. (i) from power consumed by resistors :
Power = (0.7147% x 4) + (3.572% x 2)+(2.875% x 8) = 92.86 watts
(i) From Source-power.
Power = 10 % 3.572 + 20 x 2.857 = 92.86 watts

Tutorial Problems No. 2.4.

1. Apply the principle of Superposition to the network shown in Fig. 2.116 to find out the current in the
10 A resistance. [0.464 A] (F.Y. Engg. Pune Univ.)

2. Find the current through the 3 A resistance connected between C and D Fig. 2.117.
[1 A from C to D] (F.Y. Engg. Pune Univ.)
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30 1.5Q c 30

A B
A AN —
LT S o
6V 4v l 12%\/‘% L
109% . §3gz %39 —C
20 30 IV 45V 24V 18V
6
D D
Fig. 2.116 Fig. 2.117 Fig. 2.118
3. Using the Superposition theorem, calculate the magnitude and direction of the current through each
resistor in the circuit of Fig. 2.118. [I,=6/7 A; 1,=10/7 A; I;=16/7 A]
4. For the circuit shown in Fig. 2.119 find the R0
current in R = 8 A resistance in the branch 8 AN ——
using superposition theorem. 4 6Q 8 Q
[0.875 A] (F.Y. Engg. Pune Univ. ) oy i
5. Apply superposition principle to compute AMA——
current in the 2-A resistor of Fig. 2.120. Al —, e éssz 40 %55.2 120
resistors are in ohms. [I,,=5A] ‘( | ‘
6. Use Superpositiontheoremto calculate the volt- | 1 T |
age drop across the 3 A resistor of Fig. 2.121. B
All resistance values are in ohms. [18 V] Fig. 2.119
2
@l SA
| 2
CDMA %4 %6 6AG> AN A
+
O (3
B |

Fig. 2.120 Fig. 2.121

7. With the help of Superposition theorem, compute the current /,, in the circuit of Fig. 2.122. All
resistances are in ohms.

[1,=-3 A]
| ) T o=
o.C. s g f/ ) _ s ; \Z i :

B sc i - e
L ,;

OSA

(et /2
Fig. 2.122 Fig. 2.123
8. Use Superposition theorem to find current /,, in the circuit of Fig. 2.123. All resistances are in

ohms.
[100 A]

9. Find the current in the 15 A resistor of Fig. 2.124 by using Superposition principle. Numbers
represent resistances in ohms. 2.8 A]
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0 Use Superposition principle to find current in the 10-A resistor of Fig. 2.125. All resistances are i

ohms. [1A]
1L State and explain Superposition theorem. For the circuit of Fig. 2.126.
(@ determine currents /,, [, and /5 when switch S is in position b.
(b) using the results of part (a) and the principle of superposition, determine the same currents with
switch S in position a.
[(a) 15 A, 10 A, 25 A (b) 11 A, 16 A, 27 A] (Elect. Technology Vikram Univ.)
30 25 15 I Iy
AWA AMA AN L - 7 -
2
él() 25V SOV ?ZOV
R — R — L=
T30V 35 Tsov T 0% b I N 4z
— 2
60V | S l
T20V
Fig. 2.124 Fig. 2.125 Fig. 2.126
Thevenin Theorem
“1. TEMA he Thevenin A
VY ¥YY¥ 2~ Jvoltage e is the open
T circuit voltage at r
—_ J Vag terminals A and B Theyer:in
Vi :: R3 G The Thevenin [~ g'?gll}fta o
circuit | resistance ris the
resistance seen at
AB with all voltage

Thevenin Theorem

ources replaced by
short circuits and all
current sources
replaced by open

circuits.

It provides a mathematical technique for replacing a given network, as viewed from two output
terminals, by a single voltage source with a series resistance. It makes the solution of complicated
networks (particularly, electronic networks) quite quick and easy. The application of this extremely
useful theorem will be explained with the help of the following simple example.

{a)

(h)
Fig. 2.127

R, A
%f Ré <= =
—
D B
(c)
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Suppose, it is required to find current flowing through load resistance
R;, as shown in Fig. 2.127 (a). We will proceed as under :

1. Remove R; from the circuit terminals 4 and B and redraw the cir-
cuit as shown in Fig. 2.127 (b). Obviously, the terminals have
become open-circuited.

2. Calculate the open-circuit voltage V. which appears across termi-
nals 4 and B when they are open i.e. when R; isremoved.

As seen, V,.= drop across R, = IR, where [ is the circuit current
when 4 and B are open.

- F b ER, . .
I R+ R +r V., =IR,= —R1+R2+r [ is the internal
resistance of battery] M. L. Thevenin

It is also called ‘Thevenin voltage’ V.
3. Now, imagine the battery to be removed from the circuit, leaving its internal resistance »
behind and redraw the circuit, as shown in Fig. 2.127 (¢). When viewed inwards from
terminals 4 and B, the circuit consists of two parallel paths : one containing R, and the other
containing (R, + ). The equivalent resistance of the network, as viewed from these termi-
nals is given as
_  _R(R+)
R—R2||(R1+I")— R2+(Rl+l")

This resistance is also called,* Thevenin resistance R, (though, it is also sometimes
written as R, or R).

Consequently, as viewed from terminals 4 and 4.{._(@7
B, the whole network (excluding R ) can be reduced
to a single source (called Thevenin’s source) whose

e.m.f. equals V. (or V,) and whose internal resis-
tance equals R, (or R;) as shown in Fig. 2.128. %ﬂ: %R
4. R; isnow connected back across terminals 4 and B - -

from where it was temporarily removed earlier. Vo
Current flowing through R, is givenby Thevenin

v, Source _

' =Ry + R, _ Fig. 2.128 ’

It is clear from above that any network of resistors and
voltage sources (and current sources as well) when viewed from any points 4 and B in the network,
can be replaced by a single voltage source and a single resistance®* in series with the voltage source.

After this replacement of the network by a single voltage source with a series resistance has been
accomplished, it is easy to find current in any load resistance joined across terminals 4 and B. This
theorem is valid even for those linear networks which have a nonlinear load.

Hence, Thevenin’s theorem, as applied to d.c. circuits, may be stated as under :

The current flowing through a load resistance R; connected across any two terminals Aand
B of a linear, active bilateral network is given by V.|| (R; + R;) where V. is the open-circuit
voltage (i.e. voltage across the two terminals when R is removed) and R, is the internal resistance
of the network as viewed back into the open-circuited network from terminals A and B with all
voltage sources replaced by their internal resistance (if any) and current sources by infinite
resistance.
% After the French engineer M.L. Thevenin (1857-1926) who while working in Telegraphic Department

published a statement of the theorem in 1893.
** Or impedance in the case of a.c. circuits.
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How to Thevenize a Given Circuit ?

1. Temporarily remove the resistance (called load resistance R;) whose current is required.

2. Find the open-circuit voltage V,. which appears across the two terminals from where
resistance has been removed. It is also called Thevenin voltage V,,,.

3. Compute the resistance of the whose network as looked into from these two terminals after
all voltage sources have been removed leaving behind their internal resistances (if any) and
current sources have been replaced by open-circuit i.e. infinite resistance. It is also called
Thevenin resistance R, or 7;.

4. Replace the entire network by a single Thevenin source, whose voltage is V,, or V. and
whose internal resistance is R, or R,.

5. Connect R; back to its terminals from where it was previously removed.

6. Finally, calculate the current flowing through R, by using the equation,

I = Vy/(Ry+R,) orl=V,/(R+R))

Example 2.59. Convert the circuit shown in Fig. 2.129 (a), to a single voltage source in series
with a single resistor. (AMIE Sec. B, Network Analysis Summer 1992)

Solution. Obviously, we have
to find equivalent Thevenin circuit.
For this purpose, we have to cal-
culate (i) V', or V zand (ii) R, or
Rp.

With terminals 4 and B open,
the two voltage sources are
connected in subtractive series
because they oppose each other.
Net voltage around the circuit is

Y
\_/
=
<
7\
el
r::l
-

(15-10)=5V and total resistance D 2 B
is (8 + 4) = 12 A. Hence circuit (at) b
currentis=5/12 A. Drop across 4

Aresistor=4 x 5/12=15/3 V with Fig. 2.129

the polarity as shown in Fig. 2.129 (a).

Vig=V,=+10+5/3=35/3V.

Incidently, we could also find V,; while going along the parallel route BFEA.

Drop across 8 A resistor = 8 x 5/12 = 10/3 V.V, equal the algebraic sum of voltages met on te
way from B to 4. Hence, V= (-10/3) + 15=35/3 V.

As shown in Fig. 2.129 (b), the single voltage source has a voltage of 35/3 V.

For finding R,;,, we will replace the two voltage sources by short-circuits. In that case, R, = R 5
=41 8=8/3 A.

Example 2.60. State Thevenin’s theorem and give a proof. Apply this theorem to calculate the
current through the 4 A resistor of the circuit of Fig. 2.130 (a).

(A.MLLE. Sec. B Network Analysis W.)

Solution. As shown in Fig. 2.130 (b), 4 A resistance has been removed thereby open-circuiting
the terminals 4 and B. We will now find V,; and R ,; which will give us V,, and R, respectively. The
potential drop across 5 A resistor can be found with the help of voltage-divider rule. Its value s
=15x5/(5+10)=5V.
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[+ ]

10 4 10 4 B 0
AW, AN ANV 5 Ao 5

(jw v S 6\'6_)

ov() 5%

()

\_/
O
<
N

MAA
N
<

(a) (b) (c)

Fig. 2.130

For finding V5, we will go from point B to point 4 in the clock-

wise direction and find the algebraic sum of the voltages met on the
way.

o Vig=—6+5=-1V.

It means that point 4 is negative with respect to point £, or point
B is at a higher potential than point 4 by one volt.

In Fig. 2.130 (c¢), the two voltage source have been short-
circuited. The resistance of the network as viewed from points 4 and
B is the same as viewed from points 4 and C.

R;=R,c=51]10=10/3 A
Thevenin’s equivalent source is shown in Fig. 2.131 in which 4

A resistor has been joined back across terminals 4 and B. Polarity of the voltage source is worth
nothing.

Fig. 2.131

13
[ —L1 - 3_0136aA From E to A
(103)+ 4 22 rom£10

Example 2.61. With reference to the network of Fig. 2.132 (a), by applying Thevenin’s theorem
find the following :
() the equivalent e.m.f. of the network when viewed from terminals A and B.
(i) the equivalent resistance of the network when looked into from terminals A and B.
(i) current in the load resistance R; of 15 . (Basic Circuit Analysis, Nagpur Univ. 1993)
Solution. (/) Current in the network before load resistance is connected [Fig. 2.132 (a)]
=24/(12+3+1)=15A
.. voltage across terminals AB=V, .=V, =12x1.5=18V
Hence, so far as terminals 4 and B are concerned, the network has an e.m.f. of 18 volt (andnot
24 V).

(i) Thereare two parallel paths between points 4 and B. Imagine that battery of24 V is removed
but not its internal resistance. Then, resistance of the circuit as looked into from point 4 and B is
[Fig. 2.132 (¢)]

R, = R,;,=12x 4/(12+4)=3 A
@iii) When load resistance of 15 A is connected across the terminals, the network is reduced b
the structure shown in Fig. 2.132 (d).
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Fig. 2.132
1=V, /(R,+R,)=18/(15+3)=1A
Example 2.62. Using Thevenin theorem, calculate the current flowing through the 4 A resistor
of Fig. 2.133 (a).
Solution. (i) Finding V,,
If we remove the 4-A resistor, the circuit becomes as shown in Fig. 2.133 (b). Since full 10 A

current passes through 2 A resistor, drop across itis 10 x 2 =20 V. Hence, V3 =20 V with respect b

the common ground. The two resistors of 3 Aand 6 A are connected in series across the 12 V betery.
Hence, drop across 6 A resistor =12 x 6/(3+6)=8 V.

V,= 8 V with respect to the common ground*
Vy=Vgy=Vp—V,=20-8=12 V—with B at a higher potential

(a) (h) (c) (d)

Fig. 2.133
(ii) Finding R,
Now, we will find R,, i.e. equivalent resistance of the
network as looked back into the open-circuited terminals 4 and

B. For this purpose, we will replace both the voltage and current 8 8
sources. Since voltage source has no internal resistance, it would

be replaced by a short circuit i.e. zero resistance. However, 4 %4

current source would be removed and replaced by an ‘open’ 4
i.e. infinite resistance (Art. 1.18). In that case, the circuit i e
becomes as shown in Fig. 2.133 (c¢). As seen from Fig. 2.133 o

(d), F,;,=6]|3+2=4 A. Hence, Thevenin’s equivalent circuit @ B ) B
consists of a voltage source of 12 V and a series resistance of 4 Fig. 2.134

A as shown in Fig. 2.134 (a). When 4 A resistor is connected
across terminals 4 and B, as shown in Fig. 2.134 (b).

1=12/(4+4)=1.5 A—from B to A

* Also, V,=12 —drop across 3-Aresistor = 12 —12 x 3/(6 +3)=12-4=8V
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Example 2.63. For the circuit shown in Fig. 2.135 (a), calculate the current in the 10 ohm
resistance. Use Thevenin’s theorem only.

(Elect. Science-I Allahabad Univ. 1992)
Solution. When the 10 A resistance is removed, the circuit becomes as shown in Fig. 2.135 (b).

8 A

0V l
B

{a) th) fc)

AN

Fig. 2.135

Now, we will find the open-circuit voltage V= V,,. For this purpose, we will go from point B
to point 4 and find the algebraic sum of the voltages met on the way. - 04
It should be noted that with terminals 4 and B open, there is no volt-
age drop on the 8 A resistance. However the two resistances of 5 A ¢ 43
and 2 A are connected in series across the 20-V battery. As per volt- g 0
age-divider rule, drop on 2 A resistance = 20 x 2/(2 + 5) =571V P
with the polarity as shown in figure. As per the sign convention of 10V
Art. B

Vig=Vyp=+571-12=-629V
The negative sign shows that point 4 is negative with respect to

point B or which is the same thing, point B is positive with respect to
point 4.

! o

Fig. 2.136 (a)

For finding R ;5= R,,, we replace the batteries by short-circuits as shown in Fig. 2.128 (c).

: R,;z=R,;,=8+2]5=943A

Hence the equivalent Thevenin’s source with respect to terminals 4 and B is as shown in Fig.
2.136. When 10 A resistance is reconnected across 4 and B, current through it is /= 6.24/(9.43 + 10)
=0.32 A.

Example 2.64. Using Thevenin'’s theorem, calculate the p.d. across terminals A and B in Fig.
2.137 (a).

Solution. (i) Finding V.

First step is to remove 7 A resistor thereby open-circuiting terminals 4 and B as shown in Fig.

2.137 (b). Obviously, there is no current through the 1 A resistor and hence no drop across t
Therefore V=V, .=V p. Asseen, current / flows due to the combined action of the two batteries.

Net voltage in the CDFE circuit =18 —6= 12 V. Total resistance =6 + 3 =9 A. Hence, [ = 12/9 =

4/3 A

Vep=6V +drop across 3 A resistor =6 + (4/3) x 3 =10 V*

o Vie=Vyu=10V.

(it) Finding R; or R,
AsshowninFig.2.137(c),thetwobatterieshavebeenreplacedbyshort-circuits (SC)sincetheir

internal resistances are zero. As seen, R;=R,,=1+3|[6=23 A. The Thevenin’s equivalent circuit &

as shownin Fig. 2.137 (d) where the 7 Aresistance has been reconnected across terminals 4 and B

*  Also, V= 18—drop across 6 A resistor = 18 —(4/3) x 6 =10V
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The p.d. across this resistor can be found with the help of Voltage Divider Rule (Art. 1.15).

F 6 ¢ 1 E 6 ¢ 1
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—6V — 6V

I8V i §7 — I8V B
3

+
; J ] L/ 33
‘ }? y
D ! D

fa) (h) fc) {d)

<::I RH’J

of}

Fig. 2.137

Example 2.65. Use Thevenin’s theorem to find the current in a resistance load connected between
the terminals A and B of the network shown in Fig. 2.138 (a) if the load is (a) 2 A (b) I A.
(Elect. Technology, Gwalior Univ.)

Solution. For finding open-circuit voltage V. or V,, across terminals 4 and B, we must first find
current /, flowing through branch CD. Using Maxwell’s loop current method (Art. 2.11), we have
from Fig. 2.131 (a).

-21,-4,-L)+8=00r31,-215,=4
Also -25L-2L-4-4U,-)) =0 or [,-21=1
From these two equations, we get /,=0.25 A
As we go from point D to C, voltage rise =4 +2 x 0.25=45V

Hence, Vp=4.50r V, ; =V, =4.5V. Also, it may be noted that point 4 is positive with respect
to point B.

i y )
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Fig. 2.138
In Fig. 2.138 (b), both batteries have been removed. By applying laws of series and parallel
combination of resistances, we get R;= R, = 5/4 A=1.25 A.
(i) WhenR;, =21 I1=45/2+1.25)=138A
(i) WhenR; =1A; I1=45(1+125)=2.0A
Note. We could also find V,,and R, by first Thevenining part of the circuit across terminals £ and F and
then across 4 and B (Ex. 2.62).

Example 2.66. The four arms of a Wheatstone bridge have the following resistances :

AB =100, BC =10, CD =4, DA = 50 A. A galvanometer of 20 A resistance is connected aouss
BD. Use Thevenin’s theorem to compute the current through the galvanometer when a p.d. of 10 V
is maintained across AC. (Elect. Technology, Vikram Univ. of Ujjain)
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Solution. (i) When galvanometer is removed from Fig. 2.139 (a), we get the circuit of
Fig. 2.139 (b).

(ii) Let us next find the open-circuit voltage V. (also called Thevenin voltage V) between
points B and D. Remembering that ABC (as well as ADC) is a potential divider on which a voltage
drop of 10 V takes place, we get

Potential of B w.r.t. C=10 x 10/110 = 10/11 = 0.909 V
Potential of D w.r.t. C=10 x 4/54 =20/27=0.741 V

.. p.d. between Band D is V. or V,,=0.909 —0.741 =0.168 V

(iii) Now, remove the 10-V battery retaining its internal resistance which, in this case, happens to
be zero. Hence, it amounts to short-circuiting points 4 and C as shown in Fig. 2.139 (d).

B

B
10 100 /\ 10 100
2 o, 10

fc) (d)
Fig. 2.139

(iv) Next, let us find the resistance of the whole network as viewed from points B and D. It may
be easily found by noting that electrically speaking, points 4 and C have become one as shown in
Fig. 2.140 (a). It is also seen that BA is in parallel with BC and AD is in parallel with CD. Hence,

Ryp=101/100+50 [ 4=12.79 A

B B ?B r———— °B B
2100 T
100 %10 ' 212.79 212.79
A = 41C = 21219
203

It
b4
2
<

50 4 00 i) 0.168 V

YD B oD L— oD — 0D

(a) th) fc) (d)

AN

Fig. 2.140

(v) Now, so far as points B and D are connected, the network has a voltage source of 0.168 V
and internal resistance R, = 12.79 A. This Thevenin’s source is shown in Fig. 2.140 (c).
(vi) Finally, let us connect the galvanometer (initially removed) to this Thevenin source and
calculate the current / flowing through it. As seen from Fig. 2.140 (d).
1=0.168/(12.79 + 20) = 0.005 A = 5 mA
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Example 2.67. Determine the current in the I A resistor across AB of network shown in Fig.
2.141 (a) using Thevenin’s theorem. (Network Analysis, Nagpur Univ.1993)

Solution. The given circuit can be redrawn, as shown in Fig. 2.141 (b) with the 1 A resistor
removed from terminals 4 and B. The current source has been converted into its equivalent voltage
source as shown in Fig. 2.141 (¢). For finding V,,, we will find the currents x and y in Fig. 2.141 (¢).
Applying KVL to the first loop, we get

3-3+2)x—-1=00rx=04A
Vp=V,;=3-3x04=18V

The value of R, can be found from Fig. 2.141 (c) by replacing the two voltage sources by short-

circuits. In this case R, =2 || 3 =12 A.

x3 A4 2 7
P —AAN - -
1A | +V“ 1.2
33 3 1( 2 (Osv
B

A

-
=
=
=
=
-

fa) g (h) fc) (d)

Fig. 2.141

Thevenin’s equivalent circuit is shown in Fig. 2.141 (d). The current through the reconnected
1 Aresistoris = 1.8/(12.1 + 1) = 0.82 A.

Example 2.68. Find the current flowing through the 4 Aresistor in Fig. 2.142 (a) when (i) E 2
Vand (ii) E = 12 V. All resistances are in series.

Solution. When we remove £ and 4 A resistor, the circuit becomes as shown in Fig. 2.142 (b).
Forfinding R, i.e. the circuitresistance as viewed from terminals 4 and B, the battery has beenshort-
circuited, as shown. Itis seen from Fig.2.142 (c) thatR,;, =R, ;=15|[30+18||9=16 A.

B 15 18
4 B
R,

30 9

fa) thi fc)
Fig. 2.142

Wewill find V,, =V, with the help |
of Fig. 2.143 (a) which represents the
original circuit, except with £ and 4 A
resistor removed. Here, the two circuits 1 1o ¥
are connected in parallel acrossthe 36 V= 36 V™ ' "
battery. The potential of point 4 equals 30 9 12 v oV
the drop on 30 A resistance, whereas B T
potential of point B equals the drop - P
across 9 Aresistance. Using the voltage, v Fig. 2.143
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divider rule, we have
V,=30x30/45=24V
Vp=36x9/27=12V
S V=V Vy=24-12=12V
In Fig. 2.143 (b), the series combination of £ and 4 A resistors has been reconnected across
terminals 4 and B of the Thevenin’s equivalent circuit.
@) 1=(12-E)20=(12-2)/20=0.5 A (i1) [=(12-12)/20=0
Example 2.69. Calculate the value of 'V, and R,;, between terminals A and B of the circuit
shown in Fig. 2.144 (a). All resistance values are in ohms.
Solution. Forgetting about the terminal B for the time being, there are two parallel paths
between E and F': one consisting of 12 A and the other of (4 + 8) = 12 A. Hence, Ry= 12| 12 =6
A. The source voltage of 48 V drops across two 6 A resistances connected in series. Hence,

Viep=24 V.The same 24 V acts across 12 A resistor connected directly between £ and F and across
two series —connected resistance of 4 A and 6 A connected across £ and F. Drop across 4 A 1esr

=24 x 4/(4 + 8) = 8 V as shown in Fig. 2.144 (c).

D
o oA D oA

| 6 % 6

+

4
()48 % B C)w vV SE 48 VC
T 5 -6

| ol oC

F

fa) (h)
Fig. 2.144

(§S]

Ty 4

Now, as we go from B to 4 via point £,

there is a rise in voltage of 8 V followed by : o - AMW—— O
another rise in voltage of 24 V thereby
giving a total voltage drop of 32 V. Hence

V=32V with point 4 positive. 6 - é 8 §4 %8
For finding R,,, we short-circuit the 48
V source. This short circuiting, in effect,
combines the points 4, D and F electrically
as shown in Fig. 2.145 (a). As seen from 1D P C ADF
Fig. 2.145 (b), o (<) ' (b)
R,=V,;z=8|(4+4)=4A. Fig. 2.145

Example 2.70. Determine Thevenin'’s equivalent circuit which may be used to represent the
given network (Fig. 2.146) at the terminals AB.

(Y]

(Electrical Eng.; Calcutta Univ. )

Solution. The given circuit of Fig. 2.146 (a) would be solved by applying Thevenin’s theorem
twice, first to the circuit to the left of point C and D and then to the left of points 4 and B. Using this
technique, the network to the left of CD [Fig. 2.146 (a)] can be replaced by a source of voltage V; and

series resistance R;; as shown in Fig. 2,146 (b).
:M: 9 volts and R zw =15n
L 6+1+1) T (6+2)
Similarly, the circuit of Fig. 2.146 (b) reduced to that shown in Fig. 2.146 (c)
9 6 6 35
v, = 6 2 15) 5.68 volts and R, 9.5 2.21
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I c 1 4 C I A A
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Fig. 2.146

Example 2.71. Use Thevenin’s theorem, to find the value of load resistance R in the circuit of
Fig. 2.147 (a) which results in the production of maximum power in R;. Also, find the value of this
maximum power. All resistances are in ohms.

Solution. We will remove the voltage and current sources as well as R; from terminals 4 and B
in order to find R, as shown in Fig. 2.147 (b).
0.C.
AW, AW

R,=4+6[3=6A
sC. 26 ~ &,

Omx

=~Te)

fa) th)
Fig. 2.147

InFig. 2.147 (a), the current source
has been converted into the equivalent 3
voltage source for convenience. Since —C—'W\/‘%
there is no current 4 A resistance (and f
hence no voltage drop across it), ¥,
equals the algebraic sum of battery volt- 24V % = ié
age and drop across 6 A resistor. A
we go along the path BDCA, we get, -[4 v
V,=24x6/(6+3)-12=4V D
The load resistance has been fa) ""”
reconnected to the Thevenin’s
equivalent circuit as shown in Fig. Fig. 2.148
2.148 (b). For maximum power
transfer, R, = R, = 6 A.

1 2 2
Now, vo="Va = 4 2vip. YL 2 oerw
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Example 2.72. Use Thevenin's theorem to find the current flowing through the 6 A resis-
tor of the network shown in Fig. 2.149 (a). All resistances are in ohms.

(Network Theory, Nagpur Univ. 1992)
Solution. When 6 A resistor is removed [Fig. 2.149 (b)], whole of 2 A current flows along DC
producing a drop of (2 x 2) = 4 V with the polarity as shown. As we go along BDCA, the total
voltage is

J ~
O,

D D D B
fct) (h) ic) (d)
Fig. 2.149
=-4+12=8V —with 4 positive w.r.t. B.
Hence, Vie=Vy =8V

ForfindingR;orR,, 18 V voltage sourceisreplaced by ashort-circuit (Art-2.15)and the current
source by an open-circuit, as shown in Fig. 2.149 (¢). The two 4 Aresistors are in series and are thus
equivalent to an 8 A resistance. However, this 8 A resistor is in parallel with a short of 0 A
Hence, their equivalent value is 0 A. Now this 0 A resistance is in series with the 2 A resistor.
Hence R,=2+0=2A.The Thevenm s equivalent circuit is shown in Fig. 2.149 (d).

=8/(2+6)=1Amp —from A to B

Example 2.73. Find Thevenm s equivalent circuit for the network shown in Fig. 2.150 (a) for
the terminal pair AB.

Solution. It should be carefully noted that after coming to point D, the 6 A current has only one
path to reach its other end C i.e., through 4 A resistor thereby creating and /R drop of 6 x 4 =24 V
with polarity as shown in Fig. 2.150 (). No part of it can go along DE or DF because it would not
find any path back to point C. Similarly, current due to 18-V battery is restricted to loop EDFE.
Drop across 6 A resistor = 18 x 6/(6 +3) =12 V. For finding V 5, let us start from 4 and go to B va
the shortest route ADFB. As seen from Fig. 2.150 (b), there is a rise 0of 24 V from A to D but a fall of
12V.

6 A 6 A (0.C)

—o0

3 4 . 3 4 o 3 4

A y
jwv\ DI - E_aw—DL  aw—1€ 4 nimn AN
- +24V -
1

=8V §6 =8V 12\%6 §6
{ 2 2 2
ARV o Sy AN

O

{a) (h) fc)

Fig. 2.150
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from D to F. Hence, V=24 — 12 = 12 V with point 4 negative w.r.t. point — oA
B*. Hence, V,;, =V, 3=-12V (or Vp,=12 V).
For finding R;,, 18 V battery has been replaced by a short-circuitand 6 A < 8
current source by an open-circuit, as shown in Fig. 2.150(¢). =
As seen, R,=4+6]3+2 TRV
=44+2+2=8A -
~ Hence, Thevenin’s equivalent circuit for terminals 4 and B is as shown in B
Fig. 2.151. It should be noted that if a load resistor is connected across 4B, Fig. 2.151

current through it will flow from B toA4.

Example 2.74. The circuit shown in Fig. 2.152 (a) contains two voltage sources and two cur-
rent sources. Calculate (a) V,, and (b) R, between the open terminals A and B of the circuit. All
resistance values are in ohms.

Solution. It should be understood that since terminals 4 and B are open, 2 A current can flow
only through 4 A and 10 A resistors, thus producing a drop of 20 V across the 10 A resistor, as dovin
Fig. 2.152 (b). Similarly, 3 A current can flow through its own closed circuit between 4 and C
thereby producing a drop of 24 V across 8 A resistor as shown in Fig. 2.152 (). Also, there is
mlrop across 2 A resistor because no current flows throughit.

10V 10V
C
+—o04 +—o04
8 8
AN
4 —24vT
gm
A , 20\ 20V
M=} —oB = &
D \_J
fa) (h)
Fig. 2.152
Starting from point B and going to point 4 via points D and oc .
C, we get —o° -~
V,=—20+20+24=24V ¢ A
—with point 4 positive. 7,\,3\;\

For finding R,,, we will short-circuit the voltage sources and ! §
open-circuit the current sources, as shown in Fig. 2.153. As seen, .
R,=R;z=8+10+2=20n
2 SC
Example 2.75. Calculate V,, and R, between the open Tﬁ);‘WV\'—O—O—O B

terminals A and B of the circuit shown in Fig. 2.154 (a). All
resistance values are in ohms.

Fig. 2.153

Solution. We will convert the 48 V voltage source with its series resistance of 12 A into a
current source of 4 A, with a parallel resistance of 12 A, as shown in Fig. 2.154 (b).

In Fig. 2.154 (¢), the two parallel resistance of 12 A each have been combined into a single
resistance of 6 A. It is obvious that 4 A current flows through the 6 A resistor, thereby producing a
drop of 6 x 4=24V. Hence, V,,= V=24 V with terminal 4 negative. In other words V,, =24
V.

If we open-circuit the 8 A source and short-circuit the 48-V source in Fig. 2.154 (a), R, =R,z =
12||12=6 A

*  Incidentally, had 6 A current been flowing in the opposite direction, polarity of 24 V drop would have been
reversed so that V,, would have equalled (24 + 12) = 36 V with 4 positive w.r.t. point B.
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oA

948 v @SA @81—‘\ ®8A
o ol iy ‘ obB

(a) (h) n (c)
Fig. 2.154

Example 2.76. Calculate the value of V,, of R, between the open terminals A and B of the
circuit shown in Fig. 2.155 (a). All resistance values are in ohms.

Solution. It is seen from Fig. 2.155 (@) that positive end of the 24 V source has been shown
connected to point 4. Itis understood that the negative terminal is connected to the ground terminal G.
Just to make this point clear, the given circuit has been redrawn in Fig. 2.155 (b) as well as in
Fig. 2.155 (¢).

Letus start from the positive terminal of the battery and go to its negative terminal G via point C.
We find that between points C and G, there are two parallel paths : one of 6 A resistance and the

+24 Vv A 4A A
A O r O
o)
3 24V
3 6 2
’\/3\/\ e « “
, 4 % = 4
B 2 B B
AN\ O AN, & 'e) 3
D

a) thi
Fig. 2.155

other of (2 +4) = 6 Aresistance, giving a combined resistance of 6 || 6 =3 A. Hence, total resistance
between positive and negative terminals of the battery =3 + 3 =6 A. Hence, battery current = 24/6
=4 A. Asshown in Fig. 2.155 (¢), this current divides equally at point C. Let us go from B to 4 via
points D and G and total up the potential difference between the two, V,, =V, =-8V+24 V=16 V
with point 4 positive.

Forfinding R, letus replace the voltage source by ashort-circuit,asshowninFig. 2.156 (a). It
connects one end each of 6 Aresistor and 4 A resistor directly to point 4, as shown in Fig. 2.156
The resistance of branch DCG=2+6||3=4 A. HenceR,, =R, z=4[4=2 A

A A
o) = O

é?’ SC §3 ¥

Z0
|
B

Fig. 2.156
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Example 2.77. Calculate the power which would be dissipated in the 8- resistor connected
across terminals A and B of Fig. 2.157 (a). All resistance values are in ohms.

Solution. The open-circuit voltage V. (also called Thevenin’s voltage V) is that which appears
across terminals 4 and B. This equals the voltage drop across 10 A resistor between points C and D
Letus find this voltage. With AB an open-circuit, 120-V battery voltage acts on the two parallel paths
EF and ECDF. Hence, current through 10 A resistor is

1=120/(20 + 10 +20)=2.4 A
Drop across 10-A resistor, V,;,= 10 x 2.4 =24 V
Now, let us find Thevenin’s resistance R, i.e. equivalent resistance of the given circuit when

looked into from terminals 4 and B. For this purpose, 120 V battery is removed. The results in
shorting the 40-A resistance since internal resistance of the battery is zero as shown in Fig. 2.157 (b)

+10><520+20[+16=40 A

R;orRy = 10 + (20 + 20)
20 16 20 ~ 16
E_wm—C m—238 C
3
!
= 40 10 Z 10 <= R
j=] .
AWM AN o AN AN o
20 D6 B l___ 20 D s
fa) (h) (c) (d)
Fig. 2.157

Thevenin’s equivalent circuit is shown in Fig. 2.157 (¢). As shown in Fig. 2.157 (d), current
through 8-A resistor is

12
[ = 24/(40 8) %A P PR 8 2W

Example 2.78. With the help of Thevenin'’s theorem, calculate the current flowing through the
3-A resistor in the network of Fig. 2.158 (a). All resistances are in ohms.

Solution. The current source has been converted into an equivalent voltage source in Fig. 158 (b).

@) Finding V. AsseenfromFig.2.158(c), V,.=V¢p. Inclosed circuit CDFEC, net voltage
=24 -8 =16 V and total resistance = 8 + 4 +4 =16 A. Hence, current = 16/16 =1 A.

8 6 4 8 6 4 g 8 6 .
C : C_ & 4 E C_ 4

=24V l =24V —8V — 24V T 8V
2A 4 =3 =5 ‘ Foc
| 2 = S -

D B D B Iy D
fa) (h) (c)

Fig. 2.158
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Drop over the 4-A resistor in branch CD
=4 x 1 =4V with a polarity which is in series
addition with 8-V battery.

Hence, V,.=V,=Vp=8+4=12V

@) Finding R;or R,,. In Fig. 2.159 (a), the
two batteries have been replaced by short-circuits
because they do not have any internalresistance.

Asseen, R,=6+4|(8+4)=9 A.
The Thevenin’s equivalent circuit is as shown
in Fig. 2.159 (b).
I1=12/9+3)=1A

Fig. 2.159

Example 2.79. Using Thevenin and Superposition theorems find complete solution for the

network shown in Fig. 2.160 (a).

Solution. First, we will find R,, across open terminals 4 and B and then find ¥, due to the
voltage sources only and then due to current source only and then using Superposition theorem,
combine the two voltages to get the single V. After that, we will find the Thevenin equivalent.

In Fig. 2.160 (b), the terminals 4 and E have been open-circuited by removing the 10 V
source and the 1 A resistance. Similarly, 24 V source has been replaced by a short and current
source has been replaced by an infinite resistance i.e. by open-circuit. Asseen, R, z=R,, =4 ||

4=2A.

§4 (DZA Vo~

(d) fe)

Fig. 2.160
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We will now find V,, _, across AB due to 24 V source only by open-circuiting the current source.
Using the voltage-divider rule in Fig. 2.160 (c), we get V, z = Vp=V,,_=24/2=12 V.

Taking only the current source and short-circuiting the 24 V source in Fig. 2160 (d), we find that
there is equal division of current at point C between the two 4 A parallel resistors. Therefore, 7,
H=Vg=Vep=1x4=4V.

Using Superposition theorem, V,, =V, _, + V,, _,= 12 + 4 =16 V. Hence, the Thevenin’s
equivalent consists of a 16 V source in series with a 2 A resistance as shown in Fig. 2.160 (e) where
the branch removed earlier has been connected back across the terminals 4 and B. The net voltage

around the circuitis = 16 —10 = 6 V and total resistance is=2 + 1 =3 A. Hence, current in the circuit is
=6/3=2A.Also, V=V, p=16 —(2 x2) =12 V. Alternatively, V' ,zequals (2 x 1) + 10 =12 V.

Since we know that V= V-, =12 V,we can find other voltage drops and various circuit currents as
shown in Fig. 2.160 (f). Current delivered by the 24-V source to the node C'is (24— V)4 = (24 -12)/
4 =3 A. Since current flowing through branch 4B is 2 A, the balance of 1 A flows along CE. As seen,
current flowing through the 4 A resistor connected across the current source is = (1 +2) =3 A.

Example 2.80. Use Superposition Theorem to find I in the circuit of Fig. 2.161.

[Nagpur Univ. Summer 2001]
B Solution. At a time, one source acts and the otheris
! de-activated, for applying Superposition theorem. If 7;
68  represents the current in 5-ohm resistor due to 20-V
200 . source, and 7, due to 30-V source,
A - ; /= 11 + 12
100 Q . Due to 20-V source, current into node B
o D *T.w v =20/(20 + 5/6) = 0.88 amp
Out of this, /, = 0.88 x 6/11 = 0.48 amp
Fig. 2.161. Given Circuit Due to 30-V source, current into node B
=30/(6 +5/20) =3 amp
Out of this, 1,=3x20/25 =2.4amp
Hence, 1=2.88 amp

20V “'

Alternatively, Thevenin’s theorem can be applied at nodes BD after removing 5-ohms resistor
from its position. Following the procedure to evaluate V7, and Ry,

Thevenin-voltage, Vig=27.7 Volts
and Ry =4.62 Ohms
Current, 1=27.7/(4.62 +5) =2.88 amp

General Instructions for Finding Thevenin Equivalent Circuit

So far, we have considered circuits which consisted of resistors and independent current or voltage
sources only. However, we often come across circuits which contain both independent and dependent
sources or circuits which contain only dependent sources. Procedure for finding the value of V,, and
R, in such cases is detailed below :

@ When Circuit Contains Both Dependent and Independent Sources

() The open-circuit voltage V. is determined as usual with the sources activated or ‘alive’.
(i) A short-circuit is applied across the terminals ¢ and b and the value of short-circuit
current i,, is found as usual.
(iii) Thevenin resistance R,,= v, /ig,. It is the same procedure as adopted for Norton’stheo-
rem. Solved examples 2.81 to 2.85 illustrate this procedure.
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() When Circuit Contains Dependent Sources Only
(i) In this case, v,.=0
() Weconnect 1 A source to the terminals @ and b and calculate the value ofv,,,.
@iii) R,;="V,/ 1A
The above procedure is illustrated by solved examples.
Example 2.81. Find Thevenin equivalent circuit for the network shown in Fig. 2.162 (a) which

contains a current controlled voltage source (CCVS).

4 29
AMA——

+

b — b
() (hi fc)
Fig. 2.162

Solution. For finding V,_available across open-circuit terminals a and b, we will apply KVL to

the closed loop.
12-4ix2i-4i =0 . i=2A

Hence, V,.= drop across 4 A resistor =4 x 2 = 8 V. It is so because there is no current through
the 2 A resistor.

For finding R,;,, we will put a short-circuit across terminals a and b and calculate /., as shown in
Fig. 2.162 (b). Using the two mesh currents, we have

12 -4 i+ 2 i-4(i, —i,) = 0 and -8 i, —4 (i, —i;) = 0. Substituting i = (i, —i,) and Simplifying
the above equations, we have

12-44, +2@,—i) -4, —i,)=0 or 3i —i,=6 ()

Similarly, from the second equation, we get i, = 3 i,. Hence, i,= 3/4 and R,;,=V, /I, = 8/(3/4)
= 32/3 A. The Thevenin equivalent circuit is as shown in Fig. 2.162 (¢).

Example 2.82. Find the Thevenin equivalent circuit with respect to terminals a and b of the
network shown in Fig. 2.163 (a).

Solution. It will be seen that with terminals @ and b open, current through the 8 A resistor is
v,;/4 and potential of point 4 is the same that of point a (because there is no current through 4 A
resistor). Applying KVL to the closed loop of Fig. 2.163 (a), we get

6+@8xv,/4)—v,,=00rv,=12V

8 4 4 8 4
— AN . AN\ 0 ¢ —ANMA ANAN 0 a
~ Vab _
O &2 Qo
b ob
fa) (h)
Fig. 2.163

It is also the value of the open-circuit voltage v,,,.
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For finding short-circuit current i, we short-circuit the terminals @ and b as shown in Fig. 2.163
(b). Since with a and b short-circuited, v, = 0, the dependent current source also becomes zero.
Hence, it is replaced by an open-circuit as shown. Going around the closed loop, we get
12 -i;, 8+4) =0o0ri,=06/12=05A
Hence, the Thevenin equivalent is as shown in Fig. 2.163 (¢).

Example 2.83. Find the Thevenin equivalent circuit for the network shown in Fig. 2.164 (a)
which contains only a dependent source.

Solution. Since circuit contains no independent source, i = 0 when terminals a and b are open.
Hence, v,.= 0. Moreover, i, is zero since v,.= 0.

Consequently, R, cannot be found from the relation R, = v, /i ,. Hence, as per Art. 2.20, we will
connect a 1 A current source to terminals ¢ and b as shown in Fig. 2.164 (b). Then by finding the
value of v, we will be able to calculate R, =v,/1.

6 6 :
AN a AN A 2 ———0a
i i
1A
a % e J
21 12 2§ %12 U) 245
0 '{) {]'___ ———O f 2]
fa) (h) fc)
Fig. 2.164

It should be noted that potential of point A4 is the same as that of point a i.e. voltages across 12 A
resistor is v,;. Applying KCL to point 4, we get
iV Va i _gorgi-3y, =-12
6 12 ab
Since i =v,/12, we have 4 (v,/12) 3 v, ,=—-120rv,=45V " R,=v,/1 =45/1=45A.
The Thevenin equivalent circuit is shown in Fig. 2.164 (¢).
Example 2.84. Determine the Thevenins equivalent circuit as viewed from the open-circuit
terminals a and b of the network shown in Fig. 2.165 (a). All resistances are in ohms.
Solution. It would be seen from Fig. 2.165(«) that potential of node A equals the open-circuit
terminal voltage v, .. Also, i = (v,—v,.)/(80 + 20) = (6 —v,,.)/100.
Applying KCL to node, 4 we get
6-V, N Ix(6-vye) Vo

= orV,_ =3V
100 100 10 o
80 . 20 4 80 . 20
—VWA—O—=AWY * —0d  —AM—O——AM—
{ t !
+
WQV‘ 9i {4 10§ v 9:{4) 10
d oh d

(a) (h) h (c)

Fig. 2.165
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For finding the Thevenin’s resistance with respect to terminals @ and b, we would first ‘kill’ the
independent voltage source as shown in Fig. 2.165 (b). However, the dependent current source
cannot be ‘killed’. Next, we will connect a current source of 1 A at terminals « and b and find the
value of v,. Then, Thevenin’s resistance R, = v /1. It will be seen that current flowing away from
node 4 i.e. frorrﬁ)omt tho dis=v,/100. Hence, i = —v,./100. Applying KCL to node 4, we get

_ VY +9 ab ”b+1—00rv =5V

100 100% 10 ab
. R, =5/1=5 A. Hence, Thevenin’s equivalent source is as shown in Fig. 2.165 (¢).

Example 2.85. Find the Thevenin’s equivalent circuit with respect to terminals a and b of the
network shown in Fig. 2.166 (a). All resistances are in ohms.

Solution. It should be noted that with terminals @ and b open, potential of node 4 equals v,
Moreover, y= v‘f’YA ‘Plymg KCL to node 4, we get
—5-" 150 -V =0 orV,=75V
—15— 3— % ab o0

< i

fa) (h) b

Fig. 2.166

For finding R,;,, we will connect a current source of i4* across terminals @ and b. It should be
particularly noted that in this case the potential of node 4 equals (v, —30 i). Also, v=(v,,—=301) =
potential of node 4, Applying KCL to node A, we get from Fig. 2.166 (b)

(s —=307) | 1Y ve—30i0 -301i) —0
=15 10 F—3—(% b ©
< f
“4v,=150iorv,/i="75/2 A. Hence, R, =v,/i=75/2 A. The Thevenin’s equivalent circuit
is shown in Fig. 2.166 (¢).

Reciprocity Theorem

It can be stated in the following manner :

In any linear bilateral network, if a source of e.m.f. E in any branch produces a current Iin
any other branch, then the same e.m.f. E acting in the second branch would produce the same
current I in the first branch.

In other words, it simply means that £ and / are mutually transferrable. The ratio £// is known as
the fransfer resistance (or impedance in a.c. systems). Another way of stating the above is that the
receiving point and the sending point in a network are interchangebale. It also means that interchange
ofan ideal voltage sources and an ideal ammeter in any network will not change the ammeter reading.
Same is the case with the interchange of an ideal current source and an ideal voltmeter.

*  Wecould also connect a source of 1 A as done in Ex. 2.83.
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Example 2.86. In the netwrok of Fig. 2.167 (a), find (a) ammeter current when battery is at A
and ammeter at B and (b) when battery is at B and ammeter at point A. Values of various resistances
are as shown in diagram. Also, calculate the transfer resistance.

Solution. (a) Equivalent resistance between points C and B in Fig. 2.167 (a) is

=12x4/16 =3 A 5 ‘
.. Total circuit reistance rWV_ ot
=2+3+4=9 A £
. Batterycurrent =36/9=4 A AT 36V ?
.. Ammeter current ; 12 \
=4 x12/16=3 A. 4 =
(b) Equivalent resistance between points C ‘ T
and D in Fig. 2.167 (b) is - 15 o B
=12x6/18=4 A
Total circuit resistance =4 +3 + 1 =8 A Fig. 2.167
Battery current =36/8=4.5A

. Ammeter current = 4.5 x 12/18=3 A
Hence, ammeter current in both cases is the same.
Transfer resistance  =36/3 =12 A.
Example 2.87. Calculate the currents in the various branches of the network shown in Fig.

2.168 and then utilize the principle of Superposition and Reciprocity theorem together to find the
value of the current in the I-volt battery circuit when an e.m.f. of 2 votls is added in branch BD

opposing the flow of original current in that branch.
Solution. Let the currents in the various branches be as shown in the figure. Applying Kirchhoft’s
second law, we have
For loop ABDA ; =21} =813 + 61, =0 or [, =31, +4l; =0 ()]
For loop BCDB, -4 (I, -1;) +5(, + ;) + 8, =0 or 4/, 51, —-17,=0 ..(i0)
For loop ABCEA, -21, —4(I, —1;) -10({; +L,) + 1 =0 or 16/, + 10/, -4, =1 ..(ii})
Solving for I, I, and I3, we get I, = 0.494 A; [,=0.0229 A; I;=0.0049 A

Y

v
Fig. 2.168 Fig. 2.169

.. Current in the 1 volt battery circuit is /; + [, = 0.0723 A.

The new circuit having 2 - V battery connected in the branch BD is shown in Fig. 2.169. According
to the Principle of Superposition, the new current in the 1- volt battery circuitis due to the superposition
of two currents; one due to 1 - volt battery and the other due to the 2 - volt battery when each acts
independently.

The current in the external circuit due to 1 - volt battery when 2 - volt battery is not there, as
found above, is 0.0723 A.
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Now, according to Reciprocity theorem; if 1 - volt battery were tansferred to the branch BD
(where it produced a current of 0.0049 A), then it would produce a current of 0.0049 A in the branch
CEA (where it was before). Hence, a battery of 2 - V would produce a current of (-2 x 0.0049) = —
0.0098 A (by proportion). The negative sign is used because the 2 - volt battery has been so con-
nected as to oppose the current in branch BD,

.. new current in branch CEA4 = 0.0723 —-0.0098 = 0.0625 A

Tutorial Problems No. 2.5

1. Calculate the current in the 8-W resistor of Fig. 2.170 by using Thevenin’s theorem. What will be its

value of connections of 6-V battery are reversed ? [0.8A;0 A]
2. Use Thevenin’s theorem to calculate the p.d. across terminals 4 and B in Fig. 2.171. [1.5V]

2 A A a9V 3 A

M O ’—{ | ‘ AMN—0

1 12V 6 6 =3
8 3 5 10 10 % 10
"'6 v ® Ty v —F v 45
5
B B B
Fig. 2.170 Fig. 2.171 Fig. 2.172

3. Compute the current flowing through the load resistance of 10 Aconnected across terminals 4 and B
in Fig. 2.172 by using Thevenin’s theorem.

4. Find the equivalent Thevenin voltage and equivalent Thevenin resistance respectively as seen from
open-circuited terminals 4 and B to the circuits shown in Fig. 2.173. All resistances are inohms.

MWW—o04 AN A ANV o |
4 4 4
3 10A O
‘ O (D § 3 % 4] 3 +
2V 3
oB oB
feed

———o0-1
off

Fig. 2.173
[(@) 8 V,6 A; (B) 120V, 6 A5 () 12V, 6 A5 (d) 12V, 2075 () —40 V, S A; (f) —12V,8 A
5. Find Thevenin’s equivalent of the circuits shown in Fig. 2.174 between terminals 4 and B.

(@) V =1 Ry o, B ;R=R1R2b :V1R2+V2R1;R:R1R2
R+ Ry R+R, ™ R +R, th R+R, h Ri+R,

() V,=—IR;R,=R,(d) V,=-V,~IR, R, = R (e) Not possible]
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] oB - ] oB
fal hi
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|
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72
Bo Bo Bo
() () (el
<>x 2 N a
24 2Va)_‘r
63 6 2
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9. In the network shown in Fig. 2.177 find the current that would flow if a 2-A resistor was connected

10. State and explain Thevenin’s theorem. By applying Thevenin’s theorem or otherewise, find the cur-

11.

12.  Find the Thevenin’s equivalent circuit for terminal pair 4B for the network shown in Fig.2.180.

14.

15.

between points 4 and B by using.
(a) Thevenin’s theorem and (b) Superposition theorem. The two batteries have negligibleresistance.
[0.82 A]

rent through the resistance R and the voltage across it when connected as shown in Fig. 2.178.
[60.49 A, 600.49 V] (Elect. and Mech. Technology, Osmania Uniy.)

g 1 3 1 20) 15
AMA—— AMA W | A | ANy~
' 5% ﬁj 15
1 = A =
T30V S0 R0 T50v i =
Cl' al
5‘-
i 30
B ‘ M —o=—
Fig. 2.178 Fig. 2.179

State and explain Thevenin’s theorem.

For the circuit shown in Fig. 2.179, determine the current through R, when its value is 50 A. Find the
value of R, for which the power drawn from the source is maximum.

(Elect. Technology I, Gwalior Univ.)

[Vie=-16 Vand R, =16 A]

5 6 , 2 5 2 1 {
AWM — AN o
<
—2v 10 §4 R, , =6 26
|
( 4 1 1
I S YT B " AN~ -0
Fig. 2.180 Fig. 2.181 Fig. 2.182

For the circuit shown in Fig. 2.181, determine current through R; when it takes values of 5 and 10 A

[0.588 A, 0.408 A] (Network Theorem and Fields, Madras Univ.)

Determine Thevenin’s equivalent circuit which may be used to represent the network of Fig. 2.182 at

the terminals 45. Vi =48V,R, =24 A
For the circuit shown in Fig. 2.183 find Thevenin’s equivalent circuit for terminal pair 4B.

[6V,6 A

Fig. 2.183 Fig. 2.184
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16 ABCD is a rectangle whose opposite side 4B and DC represent resistances of 6 Aeach, while 4D axd
BC represent 3 A each. A battery of e.m.f. 4.5 V and negligible resistances is connected between
diagonal points 4 and C and a 2 - Aresistance between B and D. Find the magnitude and direction o
the current in the 2-ohm resistor by using Thevenin’s theorem. The positive terminal is connected to
A. (Fig. 2.184) [0.25 A from D to B] (Basic Electricity Bombay Univ.)

Delta/Star* Transformation

In solving networks (having considerable number of branches) by the application of Kirchhoff’s
Laws, one sometimes experiences great difficulty due to a large number of simultaneous equations
that have to be solved. However, such complicated network can be simplified by successively replacing
delta meshes by equivalent star system and viceversa.

Suppose we are given three resistances R,,, R,; and R;, connected in delta fashion between
terminals 1, 2 and 3 as in Fig. 2.185 (a). So far as the respective terminals are concerned, these three
given resistances can be replaced by the three resistances R,, R, and R, connected in star as shown in
Fig. 2.185 (b).

These two arrangements will be electrically equivalent if the resistance as measured between any
pair of terminals is the same in both the arrangements. Let us find this condition.

(a) (b
Fig. 2.185

First, take delta connection : Between terminals 1 and 2, there are two parallel paths; one having
a resistance of R, and the other having a resistance of (R, + R5)).

.. Resistance between terminals 1 and 2 is = Ry x (Ryy +Ry)
Ry, + (Ry3 +Ryy)

Now, take star connection : The resistance between the same terminals 1 and 2 is (R, + R,).

As terminal resistances have to be the same

Ry x (Ry3 + Ry))

R, +R,= 0]
Riy+ Ryz+ Ry,
Similarly, for terminals 2 and 3 and terminals 3 and 1, we get
Ry3 X (R31 + Ryy) .
+ e —_— e
Rat ks Riy + Rys + Ry, @
Ry X (Ri5+ Ry3)
and R, +R S (1]
2o Riy+ Rys+ Ry, (ei)
Now, subtracting (i7) from (7) and adding the result to (iii), we get
R,R R, R R, R
R= 121431 Ry~ 232 and R= 31 843
Riy+ Rys+ Ry, Ry + Ryz+ Ry, Ry + Ryz+ Ry,

*  In Electronics, star and delta circuits are generally referred to as 7 and  circuitsrespectively.
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How to Remember ?

It is seen from above that each numerator is the product of the two sides of the delta which meet
at the point in star. Hence, it should be remembered that : resistance of each arm of the star is given
by the product of the resistances of the two delta sides that meet at its end divided by the sum of the
three delta resistances.

Star/Delta Transformation
This tarnsformation can be easily done by using equations (7), (i) and (iii) given above. Multi-
plying (i) and (ii), (if) and (iii), (iii) and (i) and adding them together and then simplifying them, we
get

RRst R+ RRy o RE

12 3 1 R,
Ry, RR+RRYRE, —R# R+ RR
R, R,

. R1R2+R2R3+R1§1:R1+R3+ R
o R, R,

How to Remember ?

The equivalent delta resistance between any two terminals is given by the sum of star resistances
between those terminals plus the product of these two star resistances divide by the third star
resistances.

Example 2.88. Find the input resistance of the circuit between the points A and B of Fig 2.186(a).
(AMIE Sec. B Network Analysis Summer 1992)

Solution. For finding R ,5, we will convert the delta CDE of Fig. 2.186 (a) into its equivalent star

as shown in Fig. 2.186 (b).
Reg=8x4/18 =16/9 A; Rgg, =8 x 6/18 =24/9 A; Rpg= 6 x 4/18 = 12/9 A.
The two parallel resistances between S and B can be reduced to a single resistance of 35/9 A.

(a) (h) c)
Fig 2.186

As seen from Fig. 2.186 (¢), R z=4 + (16/9) + (35/9) =87/9 A.

Example 2.89. Calculate the equivalent resistance between the terminals A and B in the net-
work shown in Fig. 2.187 (a). (F.Y. Engg. Pune Univ.)

Solution. The given circuit can be redrawn as shown in Fig. 2.187 (b). When the delta BCD is
converted to its equivalent star, the circuit becomes as shown in Fig. 2.187 (¢).

Each arm of the delta has a resistance of 10 A. Hence, each arm of the equivalent star has a
resistance = 10 x 10/30 = 10/3 A. As seen, there are two parallel paths between points 4 and N, each
having a resistance of (10 + 10/3) = 40/3 A. Their combined resistance is 20/3 A. Heg R 5=
(20/3) +10/3 =10 A.
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10
M
10~ 10 10 4 | 10 o0 A T
4 . s Ll wSmwn—Ip 4 W D
1073 1073
ém 210 > Yy 193
10 ?();‘3
B
fa) (h) ° fc) B

Fig. 2.187

Example 2.90. Calculate the current flowing through the 10 A resistor of Fig. 2.188 (a) by
using any method. (Network Theory, Nagpur Univ. 1993)

Solution. It will be seen that there are two deltas in the circuit i.e. ABC and DEF. They have
been converted into their equivalent stars as shown in Fig. 2.188 (»). Each arm of the delta ABC has
a resistance of 12 Aand each arm of the equivalent star has a resistance of 4 A. Similarly, each af
the delta DEF has a resistance of 30 Aand the equivalent star has a resistance of 10 Aper am.

The total circuit resistance between 4 and F=4+48 |24+ 10=30 A. Hence /=180/30=6 A

Current through 10 Aresistor as given by current-divider rule = 6 x 48/(48 + 24) =4 A.

I

|
0=

fa) (h
Fig. 2.188

Example 2.91. 4 bridge network ABCD has arms AB, BC, CD and DA of resistances 1, 1, 2 and
1 ohm respectively. If the detector AC has a resistance of 1 ohm, determine by star/delta
transformation, the network resistance as viewed from the battery terminals.

(Basic Electricity, Bombay Univ.)

y 4
10 /\ 10 10
D 1Q D §1u I
D
20 \I/ 1Q 20
o C
I\
|

fea) thi

fc) fed)
Fig. 2.189

Solution. As shown in Fig. 2.189 (b), delta DAC has been reduced to its equivalent star.

R =21 05,  r=l_o2sn R=2-05A
R | 44 € 4
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Hence, the original network of Fig. 2.189 (a) is reduced to the one shown in Fig. 2.189 (d). As
seen, there are two parallel paths between points N and B, one of resistance 1.25 A and the other o
resistance 1.5 A. Their combined resistance is
_ 1.25x 1.5_1_5/\

125+1.5 22
Total resistance of the network between points D and B is
—05 B 1By
2 11

Example 2.92. 4 network of resistances is formed as follows as in Fig. 2.190 (a)

AB =9 A ; BC=1nA CA= 15N forming a delta and AD = 6 A ; BD =4 A and CD 3A
forming a star. Compute the network resistance measured between (i) A and B (ii) B and C and
(iii) C and A. (Basic Electricity, Bombay Univ. 1980)

1Q
fa) thi
Fig. 2.190

Solution. The star of Fig. 2.190 (a) may be converted into the equivalent delta and combined in
parallel with the given delta ABC. Using the rule given in Art. 2.22, the three equivalent delta
resistance of the given star become as shown in Fig. 2.190(5).

When combined together, the final circuit is as shown in Fig. 2.190 (¢).

(i) As seen, there are two parallel paths across points 4 and B.

(@ one directly from 4 to B having a resistance of 6 Aand
(b) the other via C having a total resistance

27 9 62.25 18
_ = Z 225 R 13
- 20 10 4B (62.25) 11 Q
. - “0 6 *h 441 O .. R % 6 e o)
(i) Rge= 9 ¢ 2 550 (iii) cA 9§ X 550
10 20 10 20

Example 2.93. State Norton’s theorem and find current using Norton’s theorem through a load
of 8 A in the circuit shown in Fig. 2.191(a).(Circuit and Field Theory, A.M.LE. Sec. B, 1993)

Solution. In Fig. 2.191 (), load impedance has replaced by a short-circuit.
Iyo=1,=200/2 =100 A.

(o]

-~
L

A, A,
6 6 8] [§]
20 20
200 V %4 32 T200 v %4 5 # Iy
10 10 10 10
c

fa) (h)
Fig. 2.191
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Norton’s resistance Ry can be found by looking into the open terminals of Fig. 2.191 (a). For this
purpose ® ABC has been replaced by its equivalent Star. As seen, Ry, is equal to 8/7 A.

Hence, Norton’s equivalent circuit consists of a 100 A source having a parallel resistance of
8/7A as shown in Fig. 2.192 (¢). The load current 7/, i can be found by using the Current Divider mle.

;100 B 1n54
L

8+(8/7)
o} oA
‘rl,
3.5 100A
2 = ORE3
25 h
O 0B
fa) (hy ()
Fig. 2.192

Example 2.94. Use delta-star conversion to find resistance between terminals ‘AB’ of the cir-
cuit shown in Fig. 2.193 (a). All resistances are in ohms. [Nagpur University April 1999]

D 20
Fig. 2.193 (a)

Solution. First apply delta-star conversion to CGD and EDF, so as to redraw the part of the
circuit with new configuration, as in Fig. 2.193 (b).

A

0.376 Q

0.8 Q

Fig. 2.193 (d) Fig. 2.193 (e)

Simplify to reduce the circuit to its equivalents as in Fig. 2.193 (¢) and later as in Fig. 2.193 (d).
Convert CHJ to its equivalent star as in Fig. 2.193 (e). With the help of series-parallel combinations,
calculate R, as
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R,3=5.33+(1.176 x 4.12/5.296) = 6.245 ohms

Note : Alternatively, after simplification as in Fig. (d). “CDJ
— H” star-configuration can be transformed into delta. Node H
then will not exist. The circuit has the parameters as shown in
Fig. 2.193 (f). Now the resistance between C and J (and also
between D and J) is a parallel combination of 7.2 and 2.8 ohms,
which 2.016 ohms. Along CJD, the resistance between terminals
AB then obtained as :

Rs=5.0+ (1.8 x 4.032/5.832) £

D 280
=5.0 + 1.244 = 6.244 ohms Fig. 2.193 (f)
Example 2.94 (a). Find the resistance at the A-B terminals in the electric circuit of Fig. 2.193
(g) using ®-Y transformation. [U.P. Technical University, 2001]
A
Bo

Fig. 2.193 (g)

Solution. Convert delta to star for nodes C, E, F. New node N is created. Using the formulae
for this conversion, the resistances are evaluated as marked in Fig. 2.193 (/4). After handling series
parallel combinations for furthersimplifications.

R,z = 36 ohms.

Ao
R A
WWANV T
E " % 200 %

- .o . (9]

=180y LS (l_nan
B

Beo

Fig. 2.193 (h) Fig. 2.193 (i)
Example 2.94 (b). Consider the electric circuit shown in Fig. 2.193 (i)
Determine : (i) the value of R so that load of 20 ohm should draw the maximum power, (ii) the

value of the maximum power drawn by the load. [U.P. Technical University, 2001]
Solution. Maximum power transfer takes place when load resistance = Thevenin’s Resistance
=20 ohms, here
R/60 =20 ohms, giving R = 30 ohms
V=180 x (60/90) = 120 volts
Current through load = 120/40 = 3 amps
Maximum Power Load = 180 watts
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Tutorial Problems No. 2.6

Delta/Star Conversion

1. Find the current in the 17 A resistor in the network shown in Fig. 2.194 (@) by using (a) star/delta
conversion and (b) Thevenin’s theorem. The numbers indicate the resistance of each member in
ohms. [10/3A]

2. Convert the star circuit of Fig. 2.194 (b) into its equivalent delta circuit. Values shown are in ohms.
Derive the formula used. (Elect. Technology, Indor Univ.)
A

4 41 15 20 90 6
T’V\N\, —A\WWA ANV o—AMN—
2 6 15 4 3

210 .
A A AV AN ) 2 4
¢} 17 11 ‘ % |
115V @= -0
P
Fig. 2.194 (a) Fig. 2.194 (b) Fig. 2.195

3. Determine the resistance between points 4 and B in the network of Fig. 2.195.
14.23 A] (Elect. Technology, Indor Univ.)

4. Threeresistances of 20 A each are connected in star. Find the equivalent delta resistance. If the source
ofe.m.f. of 120 Vis connected across any two terminals of the equivalent delta-connected resistances,
find the current supplied by the source. [60 A,3A] (Elect. Engg. Calcutta Univ.)

B

20 10

A f)ﬁ() C R
30 5
— 8V
D
IS v
| (h)
Fig. 2.196 Fig. 2.197

5. Usingdelta/star transformation determine the current through the galvanometer in the Wheatstone bridge
of Fig. 2.196. [0.025 A]

6. With the aid of the delta star transformation reduce the network given in Fig. 2.197 () to the equivalent
circuit shown at () [R = 5384

[1.4 R]

8. By firstusing a delta-star transformation on the mesh ABCD of the circuit shown in Fig. 2.199, prove that
the current supplied by the battery is 90/83 A.

7. Find the equivalent resistance between points 4 and B of the circuit shown in Fig. 2.198.

N

R 30V
Fig. 2.198 Fig. 2.199
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Compensation Theorem

This theorem is particularly useful for the following two purposes :

(@ For analysing those networks where the values of the branch elements are varied and for

studying the effect of tolerance on suchvalues.

() For calculating the sensitivity of bridge network.

As applied to d.c. circuits, it may be stated in the following for ways :

() Inits simplest form, this theorem asserts that any resistance R in a branch of a network in
which a current I is flowing can be replaced, for the purposes of calculations, by a voltage
equal to — IR.

OR
@) If the resistance of any branch of network is changed from R to (R + ®R) where the
current flowing originally is 1, the change of current at any other place in the network
may be calculated by assuming that an e.m.f. — I. @R has been injected into the modified
branch while all other sources have their e.m.f.s. suppressed and are represented by their
internal resistances only.

Example 2.95. Calculate the values of new currents in the network illustrated in Fig. 2.200
when the resistor R;is increased (in place of s) by 30 %.

Solution. In the given circuit, the values of h=35A
various branch currents are
R=58
11:75/(5+10):5A [1—25A "]3 =2 5A
Now, value of — 5V R=20 Q éR‘ =200
Ry;=20+ (0.3 x20)=26 A T ’
®R=6n
V= —13 ® R ~t =t
=-25%x6=-15V Fig. 2.200

The compensating currents produced by this voltage are as shown in Fig. 2.201 (a).

When these currents are added to the original currents in their respective branches the new cur-
rent distribution becomes as shown in Fig. 2.201 ()

0.4A 0.5A 4.6A
— ANWA
50
Ll 260
20 Q
W 15V
(a) (h)
Fig. 2.201
Norton’s Theorem

This theorem is an alternative to the Thevenin’s theorem. In fact, it is the dual of Thevenin’s
theorem. Whereas Thevenin’s theorem reduces a two-terminal active network of linear resistances
and generators to an equivalent constant-voltage source and series resistance, Norton’s theorem replaces
the network by an equivalent constant-current source and a parallel resistance.
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This theorem may be stated as follows :

() Any two-terminal active network containing voltage sources and resistance when viewed
from its output terminals , is equivalent to a constant-current source and a parallel resistance.
The constant current is equal to the current which would flow in a short-circuit placed across the
terminals and parallel resistance is the resistance of the network when viewed from these open-
circuited terminals after all voltage and current sources have been removed and replaced by their
internal resistances.

Constant Current

Source
—O

A A

<@ o=
Network 7 § Network
(with sources) | SC | S | (no sources) el @fﬁf' %R/

E

4= o

B Vi3

—

Internal
Resistance Infinite

fci) (h) (e) fd)
Fig. 2.202

Explanation

Asseen from Fig. 2.202 (a), a short is placed across the terminals 4 and B of the network with all
its energy sources present. The short-circuit current /g~ gives the value of constant-current source.

For finding R;, all sources have been removed as shown in Fig. 2.202 (b). The resistance ofthe
network when looked into from terminals 4 and B gives R;.

The Norton’s* equivalent circuit is shown in Fig. 2.202 (¢). It consists of an ideal constant-
current source of infinite internal resistance (Art. 2.16) having a resistance of R, connected in parallel
with it. Solved Examples 2.96, 2.97 and 2.98 etc. illustrate this procedure.

@) Another useful generalized form of this theorem is as follows :

The voltage between any two points in a network is equal to Ig- R; where I is the short-
circuit current between the two points and R; is the resistance of the network as viewed from these
points with all voltage sources being replaced by their internal resistances (if any) and current
sources replaced by open-circuits.

Suppose, it is required to find the voltage across resistance R, and hence current through it [Fig.
2.202 (d)]. If short-circuit is placed between 4 and B, then current in it due to battery of e.m.f. £ is
E\/R, and due to the other battery is E%/Rz.

. I ="'+"7=EG +EG
sC R, R 11 22
where G, and G, are branch conductances.

Now, the internal resistance of the network as viewed from 4 and B simply consists of three
resistances R, R, and R; connected in parallel between 4 and B. Please note that here load resistance

R; has not been removed. In the ﬁrslt method given above, it has to be removed.
: — =+ 4+ =G+ G,+ Gy
Ry

R R R
r - S S E\G,+ E,G,
T G, +G,+ G, Vis=IscRi= 6 1 G,+ G,

Current through R, is I; =V 5/R5.
Solved example No. 2.96 illustrates this approach.

*  After E.L. Norton, formerely an engineer at Bell Telephone Laboratory, U.S.A.
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How To Nortonize a Given Circuit ?

This procedure is based on the first statement of the theorem given above.

1. Remove the resistance (if any) across the two given terminals and put a short-circuit across
them.

2. Compute the short-circuit current /g

3. Removeall voltage sources but retain their internal resistances, if any. Similarly, remove all
current sources and replace them by open-circuits i.e. by infinite resistance.

4. Next, find the resistance R, (also called R)) of the network as looked into from the given
terminals. It is exactly the same as R, (Art. 2.16).

5. The current source (/5-) joined in parallel across R; between the two terminals gives Norton’s
equivalent circuit.

As an example of the above procedure, please refer to Solved Example No. 2.87, 88, 90 and 91
given below.

Example 2.96. Determine the Thevenin and Norton equivalent circuits between terminals A
and B for the voltage divider circuit of Fig. 2.203 (a).

Solution. (a) Thevenin Equivalent Circuit

R
Obviosuly, V,, = drop across R, = E 2
When battery is replaced by a short-circuit.
g 4 1 {
M— 3
R IR,

£
. Z RIIR,
” >R1 SRR,
[ \7( R+ R,
- —0 0
B

fa) (hj (c)
Fig. 2.203

R, = R [|Ry= R Ry/(R, +R,)

1

[=~10)]
[}

Hence, Thevenin equivalent circuit is as shown in Fig. 2.203 ().

(b) Norton Equivalent Circuit

A short placed across terminals 4 and B will short out R, as well. Hence, Ig-= E/R,. The Norton
equivalent resistance is exactly the same as Thevenin resistance except that it is connected in parallel
with the current source as shown in Fig. 2.203(c)

Example 2.97. Using Norton s theorem, find the constant-current equivalent of the circuit shown
in Fig. 2.204 (a).

Solution. When terminals 4 and B are short-circuited as shown in Fig. 2.204 (b), total resistance
of the circuit, as seen by the battery, consists of a 10 Aresistance in series with a parallel combination

of 10 A and 15 A resistances.
N 15 x10

15+10
.. battery current /=100/16 = 6.25 A

total resistance =10 =16 A
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10 Q2 C 15Q ; 10Q e 15Q

: 254
100 V i
]__0 100 TOU v 200 l, T 2200

- B ob

fa) hi et
Fig. 2.204

This current is divided into two parts at point C of Fig. 2.204 (b).

Current through 4 B is I¢-= 6.25 x 10/25=25 A

Since the battery has no internal resistance, the input resistance of the network when viewed
from 4 and B consists of a 15 Aresistance in series with the parallel combination of 10 Aand 10 A
Hence, R, =15+ (10/2) =20 A

Hence, the equivalent constant-current source is as shown in Fig. 2.204 (c¢).

Example 2.98. Apply Norton’s theorem to calculate current flowing through 5 — A resistor of
Fig. 2.05 (a).

Solution. (/) Remove 5 — A resistor and put a short across terminals 4 and B as shown in
Fig. 2.205 (b). As seen, 10 —A resistor also becomes short-circuited.

i Letus now find /.. The battery sees a parallel combination of 4 A and 8 Ain series witha
4 A resistance. Total resistance seen by the battery =4 + 4 || 8 =20/3 A. Hence, /=20+ 20/3 =
3 A. This current divides at point C of Fig. 2.205 (b). Current going along path CAB gives I Its
value=3 x 4/12=1A.

4 8 ;4 C 8
AN A AP A oA
20V 4% ]Oé 5 20V %4 ]0% lISC
oB 4B
{a) th)
4 8 8
——Wh AN oA — oA A
4% 10% R 2 105 =R s s
1A
oB L____oB B

fc) (d) e)

Fig. 2.205

i InFig. 2.205 (¢), battery has been removed leaving behind its internal resistance which, in
this case, is zero.

Resistance of the network looking into the terminals 4 and B in Fig. 2.205 (d) is
R,=10|]10=5A
# Hence, Fig. 2.205 (e), gives the Norton’s equivalentcircuit.
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® Now, join the 5 —Aresistance back across terminals 4 and B. The current flowing through
it, obviously, is [, =1 x 5/10 = 0.5 A.

Example 2.99. Find the voltage across points A and B in the network shown in Fig. 2.206 (a) by
using Norton'’s theorem.

Solution. The voltage between points 4 and Bis V= I R;
where I 4= short-circuit current between 4 and B

R, = Internal resistance of the network as viewed from points 4 and B.
When short-circuit is placed between 4 and B, the current flowing in it due to 50-V battery is

= 50/50=1A —from 4 to B
Current due to 100 V batteryis = 100/20=5 A — from B to 4
I4o = 1-5=-4A —from B toA4
50 € 75500
AW 0 : — W\ 0
|
o | o
o 0 0 P P e
- 40 210 0 2| s Z<
”50\5 100 V i ﬂ%' %N
= : : L
T 0 l[_ : o
______ A Zero Resistance
Fig. 2.206 (a) Fig. 2.206 (b)

Now, suppose that the two batteries are removed so that the circuit becomes as shown in Fig.
2.206(b). Theresistance of the network as viewed from points 4 and B consists of three resistances
of 10 A,20 Aand 50 Aohm connected in parallel (as per second statement of Norton’s theorem).

1 T 1,1, 100
= =4 — 4 — = —
R, 10020 50 heneeR =ga

o Vig=—4x100/17=-235V

The negative sign merely indicates that point B is at a higher potential with respect to the point A.

Example 2.100. Using Norton'’s theorem, calculate the current flowing through the 15 A load
resistor in the circuit of Fig. 2.207 (a). All resistance values are in ohm.

Solution. (a) Short-Circuit Current I~

As shown in Fig. 2.207 (b), terminals 4 and B have been shorted after removing 15 A resistor.
We will use Superposition theorem to find /g
(i) When Only Current Source is Present

In this case, 30-V battery is replaced by a short-circuit. The 4 A current divides at point D
between parallel combination of 4 A and 6 A. Current through 6 A resistor is

Iy = 4x4/(4+6)=16A —fromBto A
(i) When Only Battery is Present
In this case, current source is replaced by an open-circuit so that no current flows in the branch
CD. The current supplied by the battery constitutes the short-circuit current
L" =30/(4+6)=3A —fromA4 to B
I, =1,"-1,=3-16=14A — from 4 to B

sc
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4 0 A 4 6 A 4 6 A A
< c — w5

A AMW—70  — A AMW——-o0
14
8 8 8
R
- 1z L i SC <SR, (D 10 15%
4A 4A se 0.C. 1.4A
D

(a) (b) (c)
Fig. 2.207

o—1
B

=0

(d)

(b) Norton’s Parallel Resistance

As seen from Fig. 2.207 (¢) R,
because of an open in the branch CD.
Fig. 2.207 (d) shows the Norton’s equivalent circuit along with the load resistor.

I, = 14x 10(10+15)=0.56 A

Example 2.101. Using Norton'’s current-source equivalent circuit of the network shown in

Fig. 2.208 (a), find the current that would flow through the resistor R, when it takes the values of 12,
24 and 36 A respectiviey. [Elect. Circuits, South Gujarat Univ.]

Solution. In Fig. 2.208 (), terminals 4 and B have been short-circuited. Current in the shorted
path due to £, is = 120/40 =3 A from A to B. Current due to £, is 180/60 =3 A from 4 to B. Hence
Iy-= 6A. With batteries removed, the resistance of the network when viewed from open-circuited

terminals is =40 || 60 = 24 A.

=4+ 6 =10 A. The 8 Aresistance does not come into the pictre

@) When R, = 12 A I,=6x24 24+ 12) = 4A
(ii) When R, = 24 A 1,=6/2=3A.
(i) When RL = 36 A 1, =6 x 24/(24 +36) = 2.4 A.
R.OR R R L

A
l 60—| 40 60
180 V
110\ ’ } { T G oA £ R

B B B
(a) (h) {c)
Fig. 2.208

(d)

Example 2.102. Using Norton's theorem, calculate the current in the 6-Aresistor in the network

of Fig. 2.209 (a). All resistance are in ohms.
4 10

- & 4w M —

1’2#\’714 12A
g s = = 19 = || =

fa)

oo}
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4 c 4 10 8A I
A 4 C 8: 1
= \
12A g T 8A
. 5 0.C
T% s . § 0C  Z8 2 @T 6 6
B D Iz = -
fc) () (e)
Fig. 2.209

Solution. When the branch containing 6 —A resistance is short-circuited, the given circuit §
reduced to that shown in Fig. 2.209 (b) and finally to Fig. 2.209 (c). As seen, the 12 A current
divides into two unequal parts at point 4. The current passing through 4 Aresistor forms the short-
circuit current /.

Resistance R; between points C and D when they are open-circuited is

R 4 8 (10 2)
i 4 8 (10 2

It is so because the constant-current source has infinite resistance i.e., it behaves like an open
circuit as shown in Fig. 2.209 (d).

Hence, Norton’s equivalent circuit is as shown in Fig. 2.209 (e). As seen current of 8 A is

divided equally between the two equal resistances of 6 A each. Hence, current through the required

6 A resistor is 4 A.

_12x3-8A

1
sc 8+4
Example 2.103. Using Norton’s theorem, find the current which would flow in a 25 — A resistor
connected between points N and O in Fig. 2.210 (a). All resistance values are in ohms.
Solution. For case of understanding, the given circuit may be redrawn as shown in Fig. 2.210
(b). Total current in short-circuit across ON is equal to the sum of currents driven by different batter-
ies through their respective resistances.
, _ 10,20 30
¢ 5 10 20
The resistance R; of the circuit when looked into from point N and O is
20 _
:l+_l+_1:_7/§ R.= A=2.86 A
i 5 10 20 20 b7

=55A

X |—

(e1) (h)
Fig. 2.210
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Hence, given circuit reduces to that
shown in Fig. 2.211 (a). @ @—

Open-circuit voltage across NOis=IgR,; —=35.5A —=35.5A
=55%x286=15.73 V

Hence, current through 25-A resistor con AMA AN
nected across NO is [Fig. 2.211 (b)] 2.86 2.86

1=15.73/25=10.65 A
2.86 oL
: AN
or  [= 55 535550 056A. o N 0
(@) (b)

Example 2.104. With the help of
Norton’s theorem, find V,in the circuit shown
inFig. 2.212 (a). Allresistances arein ohms.

Solution. For solving this circuit, we will Nortonise the circuit to the left to the terminals 1 —1'
and to the right of terminals 2 —2', as shown in Fig. 2.212 (b) and (c) respectively.

Fig. 2.211

01 20—
7.5A ;
© 2 g (D
01’ 2'o—
(b) (c)
Fig. 2.212
f 3
1 2
+
7.5A 2.5A 10A

22

1

|
43 4% e CD 1
ISE R

(i b)

Fig. 2.213

The two equivalent Norton circuits can now be put back across terminals 14" and 22, as
shown in Fig. 2.213 (a).

The two current sources, being in parallel, can be combined into a single source of 7.5 + 2.5 =
10 A. The three resistors are in parallel and their equivalent resistances is 2 || 4 || 4 = 1 A. The value
of V,as seen from Fig. 2.213 (b)is V,=10x 1 =10 V.

Example 2.105. For the circuit shown in Fig. 2.214 (a), calculate the current in the 6 A resis-
tance by using Norton’s theorem. (Elect. Tech. Osmania Univ. Feb. 1992)
2 4V 4

o]

b
tn
-
(o
S~
=
U
=
AANA
=
D:o—n-—’\/\a‘/\.‘\—)m

=
-

h)

Fig. 2.214
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Solution. As explained in Art. 2.19, we will replace the 6 A resistance by a short-circuit &
shown in Fig. 2.214 (b). Now, we have to find the current passing through the short-circuited termi-
nals 4 and B. For this purpose we will use the mesh analysis by assuming mesh currents /, and /,.

From mesh (i), we get

3-4L,-4U;-L)+5=0 or 2,-L,=2 ..(d)
From mesh (i7), we get

From (i) and (ii) above, we get [, = —5/4

The negative sign shows that the actual direction of flow of 7, is opposite to that shown in Fig.
2.214 (b). Hence, I, = Iy= I,= —5/4 A i.e. current flows from point 5 to A.

After the terminals 4 and B are open-circuited and the three batteries are replaced by short-
circuits (since their internal resistances are zero), the internal resistance of the circuit, as viewed from
these terminals’ is

R,= Ry=2+4|4=4n

The Norton’s equivalent circuit consists of a constant current source of 5/4 A in parallel witha
resistance of 4 A as shown in Fig. 2.214 (¢). When 6 A resistance is connected across the equivalent
circuit, current through it can be found by the current-divider rule (Art).

Current through 6  resistor = SN 0.5 from B to A.
4 10

General instructions For Finding Norton Equivalent Circuit

Procedure for finding Norton equivalent circuit of a given network has already been given in Art.
That procedure applies to circuits which contain resistors and independent voltage or current sources.
Similar procedures for circuits which contain both dependent and independent sources or only
dependent sources are given below :

@ Circuits Containing Both Dependent and Independent Sources
@i Find the open-circuit voltage v, with all the sources activated or ‘alive’.
@) Find short-circuit current i, by short-circuiting the terminals @ and b but with all sources
activated.
(ill) RN = Voc/ l.sh
() Circuits Containing Dependent Sources Only
) iy=0.
(i) Connect 1 A source to the terminals @ and b calculatev .
(i) Ry=v,/1.

Example 2.106. Find the Norton equivalent for the transistor amplifier circuit shown is Fig.
2.215 (a). All resistances are in ohms.

200

E—171 a 0a

P 3w C) 240

3i 0.05A

‘ ob
i) (h) ic)

Fig. 2.215
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Solution. We have to find the values of i, and R. It should be noted that when terminals a and
b are short-circuited, v, = 0. Hence, in that case, we find from the left-hand portion of the circuit that
i=2/200=1/100A=0.01 A. As seen from Fig. 2.215 (b), the short-circuit across terminals a and b,
short circuits 20 Aresistance also. Hence, i, = =5 i = -5 x 0.01 = -0.05 A.

Now, for finding Ry, we need v,. = v, from the left-hand portion of the Fig. 2.215 (a). Applying

KVL to the closed circuit, we have
2 -200i-v, =0 ()]

Now, from the right-hand portion of the circuit, we find v, = drop over 20 Aresistance = —20x
5i =-100 i. The negative sign is explained by the fact that currert flows from point » towards point
a. Hence, i = —v,/100. Substituting this value in Eqn. (7). above, we get

2-200 (—v,/100)-=v,, =0 or wv,=-2V

o Ry=v,/i;,=—-2/-0.05=40 A

Hence, the Norton equivalent circuit is as shown in Fig. 2.215 (¢).

Example 2.107. Using Norton’s theorem, compute current through the - resistor of Fig.
2.216.

Solution. We will employ source conversion technique to simplify the given circuit. To begin
with, we will convert the three voltge sources into their equivalent current sources as shown in Fig.
2.216 (b) and (c). We can combine together the two current sources on the left of EF but cannot
combine the 2-A source across CD because of the 3-A resistance between C and E.

2 ’ 3 - A
—wmn—L MW i 5
s Tev 24V
fa) %1
= 6 12
12V ?
‘\_)
F D
; B
o o—MWW—o 1 o
6 Tev 24V
(b) %1
=6 g
-[ 12V l l
o) ()
E 3 c
0 0 O© ANMAR O 0 0
@ (4) 36 26 Sn 5
2A 1A 2A
F
O ol D —n  ©
Fig. 2.216

In Fig. 2.217 (b), the two current sources at the left-hand side of 3 Aresistor have been replaced
by a single (2 A+ 1 A) =3 A current source having a single parallel resistance 6 | 6 =3 A.
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E '\,«3:\» @ A E »v%m @ )
2A 1A 2A 3A 2A T
® ® B B 3 5 () @I B
Z D B I D L’]
fa) (b)
7—’\3\.’\—0(7 (& A 1 A
3A 1.5A 2A ‘ 3.5A
® = z (D 2 5 () 2 =2
e ) B “3B
fc) fd) fe)
Fig. 2.217

We will now apply Norton’s theorem to the circuit on the left-hand side of CD [Fig. 2.217 (¢)]
to convert it into a single current source with a single parallel resistor to replace the two 3 Aresistors.
As shown in Fig. 2.217 (d), it yields a 1.5 A current source in parallel with a 6 Aresistor. This current
source can now be combined with the one across CD as shown in Fig. 2.217 (e). The current through
the 1-A resistor is

I =35x4/(4+1)=28A
Example 2.108. Obtain Thevenin’s and Norton’s equivalent circuits at AB shown in Fig.
2.218 (a). [Elect. Network, Analysis Nagpur Univ.1993]
Solution. Thevenin’s Equivalent Circuit
We will find the value of V;, by using two methods (i) KVL and (ii) mesh analysis.

fx-y)

fa) (b}
Fig. 2.218

@ Using KVL
If we apply KVL to the first loop of Fig. 2.218 (a), we get

80-5x—-4y =0 or 5S5x+4y =280 ()]
From the second @ loop, we have
11 (x=y)+20+4y =0 or 1lx —15y =20 ...(#0)

From (7) and (i), we get x = 10.75 A; y=6.56 A and (x —-y)=4.2 A.

Now, V,,=V 4 i.e. voltage of point 4 with respect to point B. For finding its value, we start from
point B and go to point 4 either via 3 A resistance or 4 A resistance or (5 + 8) = 13 A resistance al
take the algebraic sum of the voltage met on the way. Taking the first route, we get

Vip==20+3(x—)=-20+3x42=-74V

It shows that point 4 is negative with respect to point B or, which is the same thing, point B is

positive with respect to point 4.
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() Mesh Analysis [Fig. 2.218 (b)]

Here, =9;Ryp=15 R, =4
9 -4 11 _ |80 |;®=135-16=119
-4 15 20
_ |80 —4|_ . 19 80_
®, = ‘20 15‘—1280, ®2—‘_4 20‘—500
=1280/119=10.75 A ; 1,=500/119=42 A
Again Vig=-20+12.6=-74V
Value of R,

For finding R,,, we replace the two voltage sources by short-circuits.

R,=R,p=31(8+4]5) =232
The Thevenin’s equivalent 01rcu1t becomes as shown in Fig. 2.219 (¢). It should be noted that
point B has been kept positive with respect to point 4 in the Fig.

Example 2.109. Find current in the 4 ohm resistor by any three methods.
[Bombay University 2000]

2‘ Q% B )_(

@ )@3 A pe e

(ar) (h)
Fig. 2.219

Solution. Method 1 : Writing down circuit equations, with given conditions, and marking
three clockwise loop-currents as i, i, and 5.
i, =5 A, due to the current source of 5 Amp
V,=Vz = 6 V,due to the voltage source of 6 Volts
i;—1i,=2 A, due to the current source of 2 Amp.
V,=(,-1,) 2, Vy=iyx4
With these equations, the unknowns can be evaluated.
2 (i —iy) —4i3=6,2(5—i,) 4 (2+i,)=06
This gives the following values : i, = -2/3 Amp., i;=4/3 Amp.
V, = 34/3 volts, Vy =16/3 volts
Method 2 : Thevenin’s theorem : Redraw the circuit with modifications as in Fig. 2.219 (b)
Ry =+14-6=8V
Ry;=2 ohms, looking into the circuit form X-Y terminals after de-
activating the sources
1, =8/(2+4)=4/3 Amp.
Method 3 : Norton’s Theorem : Redraw modifying as in Fig. 2.219 (c¢)
Iy=2+2=4 Amp.
This is because, X and Y are at ground potential, 2-ohm resistor has to carry 3 A and hence from
5-Amp. source, 2-Amp current is driven into X-Ynodes.
Ry =2 ohms
Then the required current is calculated as shown in Fig. 2.219 (d)
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A IS B X ., X
+17-2a 4A 8/3
3A 4/3 Amp
:,A ZA I 4A 20 40
I.\
20
0 ) 0 Y,
Fig. 2.219 (c) Evaluation of Fig. 2.219 (d)

Note : One more method is described. This transforms the sources such that the current through 4-ohm
resistor is evaluated, as in final stage shown in Fig. 2.219 (j) or in Fig. 2.219 (k).

A , B X A B X B X
1z - C 2 * ?
20 6V o
4€ 40 20 4Q
4A IA -
10V v | v
0 : : 0 ‘ N o Y
Fig. 2.219 (e) Fig. 2.219 () Fig. 2.219 (h)
B X B
20
i20 40 .
oA
4A . 4/3 amp
g3 43A l .
Y (0] Y
Fig. 2.219 (j) Fig. 2.219 (k)
Example 2.109. (a). Find Mesh currents i; and i, o -
in the electric circuit of Fig. 2.219 (m) A AW B AAAAAA C
[U.P. Tech. University, 2001]
Solution. Mark the nodes as shown in Fig. 2.219 (m). . He N
Treat O as the reference node. wO ) i w(O
- | ] .
From the dependent current source of 3i; amp
between B and O, 4
iy —i; =3i, or 4i,=i, (@) h 0
Vyisrelated to V,, V-and the voltage across resis- Fig. 2.219 (m)
tors concerned
Ve=Veti,x2=3+2i,
Hence 4—i, =3+2i, ...(b)
From equations (a) and (b) above, i; = 1/9 amp and i, = 4/9 amp
Substituting these, V= 35/9 volts

Example 2.109 (b). Determine current through 6 ohm resistance connected across A-B termi-
nals in the electric circuit of — 2.219 (n), using Thevenin’s Theorem. [U.P. Tech. Univ. 2001]
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Fig. 2.219 (n)

Solution. Applying Thevenin’s theorem, after detaching the 6-ohm resitor from terminals

A - B,

Vig=Ve=15 -1 x3 =12 volts
Ryp=4+3/6 = 6 ohms
I, =12/(6 + 6) = lamp
Example 2.109 (c). Applying Kirchoff s Current Law, determine current I in the electric circuit

of Fig. 2.219 (p). TakeV,=16V. [U.P. Tech. Univ. 2001]

8

by 2 amp

— < —>|

174 ¥, 2 amp

Fig. 2.219 (p)

Solution. Mark the nodes 4, B, and O and the currents associated with different branches, as in

Fig. 2.219 (p).
Since V,= 16 V, the current through 8-ohm resistor is 2 amp.
KCL atnode B : 174V, =2+i, ..(a)
KCL atnode A : I, +i, = V,/6 ...(b)
Further, Ve =V,Vy=16,Vy; -V, =4i, ...(0)
From (a) and (c), i,= 1 amp. This gives V', =V ,= 12 volts, and /¢= 1 amp
The magnitude of the dependent current source = 3 amp
Check : Power from 1 amp current source =1 x 12 =12 W
Power from dependent C.S. of 3A=3 x16=48 W
Sum of source-output-power = 60 watts
Sum of power consumed by resistors = 2% x 6 + 1% x 4 + 2% x 8 = 60 watts
The power from sources equal the consumed by resistors. This confirms that the answers obtained
are correct.

Norton’s Equivalent Circuit

For this purpose, we will short-circuit the terminals 4 and B find the short-circuit currents produced

by the two voltage sources. When viewed from the side of the 80-V source, a short across 4B short-
circuits everything on the right side of AB. Hence, the circuit becomes as shown in Fig. 2.230 (a).
The short-circuit current /, can be found with the help of series-parallel circuit technique. The total
resistance offered to the 80 —V source is 5 + 4 || 8§ =23/3 A.
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S 1=80x3/23=1043 A; .. [,=1043 x 4/12=3.48 A.
When viewed from the side ofthe 20-V source, a short across A B short-circuits everything beyond

AB. In the case, the circuit becomes as shown in Fig. 2.230 (). The short circuit current flowing
from B to 4 =20/3 =6.67 A.

e 8 A 7 3
—— WA= e oA
H- A A —-[20V
()80\/ 34 sC| . C) (D %2.32
- * 3.19A
L
- oB
(a) (b) (c)
Fig. 2.220
Total short-circuit current = 6.67-348=3.19A ... from B to A.

Ry=R,=3](8+4]5=232n
Hence, the Norton’s equivalent circuit becomes as shown in Fig. 2.220 (c¢).

Millman’s Theorem

This theorem can be stated either in terms of voltage sources or current sources or both.
@ As Applicable to Voltage Sources
This Theorem is a combination of Thevenin’s and Norton’s theorems. It is used for findingthe
common voltage across any network which contains a number of parallel voltage sources as shown in
Fig. 2.221 (a). Then common voltage V,; which appears across the output terminals 4 and B is
affected by the voltage sources £, £, and E;. The value of the voltage is given by
E/R+E/R+E/R Li+15L+15 s
Vas= T1/R+1/R,+1/R, ~ G,+G,+G, 3G
This voltage represents the Thevenin’s voltage V,;,. The resistance R, can be found, as usual, by
replacing each voltage source by a short circuit. If there is a load resistance R; across the terminals 4
and B, then load current /; is given by
1= Vy/Ry+ Ry)
If as shown in Fig. 2.222 (b), a branch does not contain any voltage source, the same procedure

is used except that the value of the voltage for that branch is equated to zero as illustrated in Example
2.210.

Fig. 2.221 Fig. 2.222

Example 2.110. Use Millman’s theorem, to find the common voltage across terminals A and B
and the load current in the circuit of Fig. 2.222.
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Solution. As per Millman’s Theorem,
_6/2+0/6+12/4_6

Ve = 1as1er4 11820 Y
V,=655V
R,=21/6]14=12/11A

I, Vo =035 1054

R,+ R, (12/11)+5

() As Applicable to Current Sources

This theorem is applicable to a mixture of parallel voltage and current sources that arereduced
to a single final equivalent source which is either a constant current or a constant voltage source. This
theorem can be stated as follows :

Any number of constant current sources which are directly connected in parallel can be converted
into a single current source whose current is the algebraic sum of the individual source currents and
whose total internal resistances equals the combined individual source resistances in parallel.

Example 2.111. Use Millman’s theorem, to find the voltage across and current through the load
resistor R; in the circuit of Fig. 2.223 (a).

Solution. First thing to do is to convert the given voltage sources into equivalent current sources.
It should be kept in mind that the two batteries are connected in opposite direction. Using source
conversion technique given in Art. 1.14 we get the circuit of Fig. 2.223 ().

A A
o ) )

' \
A §4 - 24V A aA
$ BRI 10RO NEORE

12V
[ 71 & 5

o o—
fa) ih)

Fig. 2.223

The algebraic sum of the currents =5 + 3 —4 =4 A. The combined resistance is= 12 || 4 || 6 =

2 A. The simplified circuit is shown in the current—source form in Fig. 2.224 (a) or voltage source
form in Fig. 2.224 (b).

oA oA o—

o)
A
'8
Il
[oe]
A
=

"' 8V T 8V
oB 0B g—

fa) h) il

Fig. 2.224
As seen from Fig. 2.224 (¢).
[;=8/(2+8)=08A;V,=8x0.8=64V
Alternatively, V;=8x8/(2+8)=64V
Following steps are necessary when using Millman’s Theorem :
1. convert all voltage sources into their equivalent current sources.
2. calculate the algebraic sum of the individual dual sourcecurrents.
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3. if found necessary, convert the final current source into its equivalent voltage source.

As pointed out earlier, this theorem can also be applied to voltage sources which must be initially
converted into their constant currentequivalents.

Generalised Form of Millman’s Theorem

This theorem is particularly useful for solving many circuits 0
which are frequently encountered in both electronics and power ———n
applications. }

Consider a number of admittances G,, G,, G;... G, which |
terminate at common point 0' (Fig. 2.225). The other ends of %G] Tcz %GB %
the admittances are numbered as 1, 2, 3. n. Let O be any other i
point in the network. It should be clearly understood that it is \
not necessary to know anything about the inter-connection 1 & |
between point O and the end points 1, 2, 3. n. However, what is

essential to know is the voltage drops from O to 1, 0 to 2, ... 0 to Fig. 2.225
n etc.

2 3 n

According to this theorem, the voltage drop from 0 to 0' (V) is given by

v, =

G +G,+Gy+......... + G
Proof

Voltage drop across G, Vio =Voo = Vo1
Current through G, =1, =V G =y VoG
Similarly, Ly =V Vo) Gy

and Lo =(Voo Vo) G
By applying KCL to point 0, we get

Precaution

It is worth repeating that only those resis- MA AV
tances or admittances are taken into consider-
ation which terminate at the common point. All 150 V
those admittances are ignored which do not ter- — 10 40 i é()()
minate at the common point even though they 120 V
are connected in the circuit. 2

Example 2.112. Use Millman’s theorem to .
calculate the voltage developed across the 0
40 A resistor in the network of Fig. 2.226. Fig. 2.226
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Solution. Let the two ends of the 40 A resistor be marked as 0 and 0'. The end points of te
three resistors terminating at the common point 0' have been marked 1, 2 and 3. As
already explained in Art. 2.29, the two resistors of values 10 A and 60 A will not come into fe
picture because they are not direclty connected to the common point 0' .

Here,

Vo ==150V; V=05 Vy3=120 V
G, =1/50; G,=1/40: G;=1/20
(=150/50)+(0/40)+ (120/20)
|= =316V
0 (1/50) + (1/40) + (1/20)

It shows that point 0 is at a higher potential as compared to point ' .

Example 2.113. Calculate the voltage across the 10 A 1 100 0’
resistor in the network of Fig. 2.227 by using (a) Millman’s 7 o
theorem (b) any other method. i

Solution. (@) As shown in the Fig. 2.227 we are re- el
quired to calculate voltage V,, . The four resistances are ~ 5 100 10

g ‘ 100 V
connected to the common terminal 0'.

Let their other ends be marked as 1, 2, 3 and 4 as shown T 100 V 3
in Fig. 2.227. Now potential of point 0 with respect to point p
1 is (Art. 1.25) — 100 V because (see Art. 1.25) Fig. 2.227

G, = 1/100=0.01 Siemens ; G,=1/50 =0.02 Siemens;
G, = 1/100 = 0.01 Siemens; G,=1/10 = 0.1 Siemens
v = Vor Git VopGo t+ Vs G + VuGy
w G+ G+ G5+ Gy
_ 100_0.01 ( 100) 0.02 0. 0.01 0 0.1 3 214V
0.01 0.02 0.01 0.1 0.14
Also, Vo = Voo =214V

(b) Wecoulduse the source conversiontechnique (Art. 2.14)to solve this question. As shown
inFig.2.228(a),thetwovoltagesourcesandtheirseriesresistanceshavebeenconvertedinto current
sources with their parallel resistances. The two current sources have been combined into a single
resistance current source of 3 A and the three parallel resistances have been combined into a single
resistance of 25 A. This current source has been reconverted into a voltage source of 75 V havinga
series resistance of 25 Aas shown in Fig. 2.228 (¢).

0’ 0’ ‘ 0’
IA 2A 3A égs
M 20 ) E0 2w 20 d) S S 1 10
75V
0 0 “' 0
(a) (h) {c)
Fig. 2.228

Using the voltage divider formula (Art. 1.15), the voltage drop across 10 A resistance is
Voo=75x 10/(10+25)=21.4V.
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Example 2.114. In the network shown in Fig. 2.229, using Millman’s theorem, or otherwise find

the voltage between A and B. (Elect. Engg. Paper-I Indian Engg. Services 1990)
Solution. The end points of the different admittances 1 50
which are connected directly to the common point B have —1{ | B
been marked as 1, 2 and 3 as shown in the Fig. 2.229. 20
Incidentally, 40 A resistance will not be taken into consider- atiensg v 40 10
because it is not directly connected to the common T 2
point B. Here V= Vy; = S0V Vi, = Vs, = 100V %100 Vel
— 100/2 1 Fig. 2.229
Vog= Vg _ (=50/50) + (100/20) + (0/10) 935V

(1/50) + (1/20) + (1/10)

Since the answer comes out to be positive, it means that point 4 is at a higher potential as com-
pared to point B.

The detailed reason for not taking any notice of 40 A resistance are given in Art. 2.29.

Maximum Power Transfer Theorem

Although applicable to all branches of electrical engineering, this theorem is particularly useful
for analysing communication networks. The overall efficiency of a network supplying maximum
power to any branch is 50 per cent. For this reason, the application of this theorem to power transmis-
sion and distribution networks is limited because, in their case, the goal is high efficiency and not
maximum power transfer.

However, in the case of electronic and communication networks, very often, the goal is either to
receive or transmit maximum power (through at reduced efficiency) specially when power involved
is only a few milliwatts or microwatts. Frequently, the problem of maximum power transfer is of
crucial significance in the operation of transmission lines and
antennas.

As applied to d.c. networks, this theorem may be stated as
follows :

A resistive load will abstract maximum power from a
network when the load resistance is equal to the resistance of
the network as viewed from the output terminals, with all energy
sources removed leaving behind their internal resistances.

In Fig. 2.230 (a), a load resistance of R, is connected across

the terminals 4 and B of a network which consists of a generator

. . . . Fig. 2.230
of eem.f. E and internal resistance Rg and a series resistance R 9

which, in fact, represents the lumped resistance of the connecting
wires. Let R;= R, + R = internal resistance of the network as viewed from 4 and B.

According to this theorem, R; will abstract maximum power from the network when R, = R,.

Proof. Circuit current 1= RLf R
Power consumed by the load is
2 E’R
P, =IR = —2L (i
PN @R’ “
. dP,
For P, to be maximum, =0.

* dR,
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Differentiating Eq. (i) above, we have p .
b = Bl LatR ol 2 srwsEal L o o 2Ry P
L (R+R) RT+R) ®FR)Y R_+R)
<L 0oL % Lo Loy
0= g’ 1 2Ry oo =R+R orR=R
E (R +R )2 3 or 2R . . ; B .
< 1L i L i f

It is worth noting that under these conditions, the voltage across the load is hold the open-circuit
voltage at the terminals 4 and B.

' EZRL E2 ~ E2
Max. poweris P, .~ = IR =7 R, 4R

Let us consider an a.c. source of internal impedance (R, + j X;) supplying power to a load
impedance (R; + jX;). It can be proved that maximum power transfer will take place when the
modules of the load impedance is equal to the modulus of the source impedance i.e. | Z, | = | Z; |

Where there is a completely free choice about the load, the maximum power transfer is obtained
when load impedance is the complex conjugate of the source impedance. For example, if source
impedance is (R, + /X)), then maximum transfer power occurs, when load impedance is (R, —.X;). It
can be shown that under this condition, the load power is = E2/4Rl.

Example 2.115. In the network shown in Fig. 2.231 (a), find the value of R; such that maximum
possible power will be transferred to R;. Find also the value of the maximum power and the power
supplied by source under these conditions. (Elect. Engg. Paper I Indian Engg. Services)

Solution. Wewillremove R; and find the equivalent Thevenin’s source forthe circuittothe left
ofterminals 4 and B. Asseen from Fig.2.231 (b) V,, equals the drop across the vertical resistor of 3n

because no current flows through 2 Aand 1 Aresistors. Since 15 V drops across two series resistors
of3 neach, V,,=15/2="7/5V. Thevenin’s resistance can be found by replacing 15 V source witha
short-circuit. As seen from Fig. 2.231 (b), R, =2+ (3 || 3) + 1 =4.5 A Maximum power transfer to

the load will take place when R; = R, = 4.5 A.

3 2 A 3 2 A
Y Y P Yy AW
45
C 15V 23 RZ C)lsv 23
75V
I p 15
— M\,—o
(a) (h)
Fig. 2.231

Maximum power drawn by R, = V> /4 x R, =7.5°/4 x45=3.125 W.
Since same power in developed in R, power supplied by the source =2 x 3.125 = 6.250 W.
Example 2.116. In the circuit shown in Fig. 2.232 (a) obtain the condition from maximum

power transfer to the load R;. Hence determine the maximum power transferred.
(Elect. Science-I Allahabad Univ. 1992)
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2 5y 2 5 A C 2 5 A
AN AMN— AN MN—"C ———IWW—FW—20
‘ 2 0.75A
10 1A 0.5A 1.5A

ONE O IO TORECHE SRNRONE SRS
wsv

o]
&Ko
=)
o

(et) (h) (c)
Fig. 2.232

Solution. We will find Thevenin’s equivalent circuit to the left of
trminals 4 and B for which purpose we will convert the battery source
into a current source as shown in Fig. 2.232 (b). By combining the two
current sources, we getthe circuit of Fig. 2.232 (¢). It would be seen that
opencircuit voltage V, zequals the drop over 3Aresistance because there
is no drop on the SAresistance connected to terminal 4. Now, there ae
two parallel path across the current source each of resistance 5 A. Hence,
current through 3 Aresistance equals 1.5/2 = 0.75 A. Therefore, V=
V,;,=3x0.75=2.25 V with point 4 positive with respect to point B. Fig. 2.233

For finding R ;, current source is replaced by an infinite resistance.

: Ry =R, =5+3[|Q2+5=71Ah

The Thevenin’s equivalent circuit alongw1th R, is shown in Fig. 2.233. As per Art. 2.30, the
condition for MPTis that R; = 7.1 A.

Maximum power transferred = Vth2 /4R = 2.25%4x7.1=0.178 W = 178 mW.

Example 2.117. Calculate the value of R which will absorb maximum power from the circuit of
Fig. 2.234 (a). Also, compute the value of maximum power.

Solution. For finding power, it is essential to know both 7and R. Hence, it is essential to find an
equation relating 7 to R.

ST T
% l 2 (D % on o= (B
l

: B
fa) (h)

A
707
I 0/ 3
6A

o 35 210 5 GOV

12A

- e

(c) (e
Fig. 2.234



DC Network Theorems 165

Let us remove R and find Thevenin’s voltage V,;, across 4 and B as shown in Fig. 2.234 (b). It
would be helpful to convert 120 V, 10-Asource into a constant-current source as shown in Fig. 2234
(¢). Applying KCL to the circuit, we get

Yo Vo —12v60rv, =60V
105

Now, for finding R; and R, the two sources are reduced to zero. Voltage of the voltage-source is
reduced to zero by short - circuiting it whereas current of the current source is reduced to zero by
open-circuiting it. The circuit which results from such source suppression is shown in Fig. 2.234 (d).
Hence, R,=R,,= 10 || 5 = 10/3 A.The Thevenin’s equivalent circuit of the network is shown in Fg
2.234 (e).

According to Maximum Power Transfer Theorem, R will absorb maximum power when it equals
10/3 A. In that case, /=60 +20/3=9 A

P=IR=9"x10/3=270 W

Power Transfer Efficiency

If P; is the power supplied to the load and P is the total power supplied by the voltage source,
then power transfer efficiency is given by n=P;/Py.

Now, the generator or voltage source £ supplies power to both the load resistance R; and to the
internal resistance R;= (R, + R). ) 5
P, =P,+P, or Ex [=IR+IR,

P I°R, R 1

= L. —=——_ L _ —_—
" P, IR, +IR R, +R 1+(R,/R,)

The variation of nwith R; is shown in Fig. 2.235 (a). The maximum value of nis unity when
R, =coand has a value of 0.5 when R; = R;. It means that under maximum power transfer conditions,
the power transfer efficiency is only 50%. As mentioned above, maximum power transfer condition
is important in communication applications but in most power systems applications, a 50% efficiency
is undesirable because of the wasted energy. Often, a compromise has to be made between the load
power and the power transfer efficiency. For example, if we make R, =2 R,, then
P, = 0222 E*/R, and m= 0.667.

It is seen that the load power is only 11% less than its maximum possible value, whereas the
power transfer efficiency has improved from 0.5 to 0.667 i.e. by33%.

mn P b

1.0

Lmax

\j

R

Fig. 2.235
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Example 2.118. A4 voltage source delivers 4 A when the load connected to it is 5 rand 2 A when
the load becomes 20 ». Calculate

(a) maximum power which the source can supply (b) power transfer efficiency of the source
with R; of 20 A (c¢) the power transfer efficiency when the source delivers 60 W.

Solution. We can find the values of £ and R, from the two given load conditions.

@ WhenR, =5A/=4Aand V=IR, =4x 5=20V, then20=FE 4R, ()]

WhenR; =20 A, /=2Aand V=IR, =2x 20=40V .. 40=E-2R, (7))

From (i) and (ii), we get, R;= 10 nand £ =60 V

When R; =R;= 10 A

_ E* _60x60 _
Proa™ 4R = 4x10 oW
() When R; =20 A, the power transf;:er efficiency is givenby
n= L -20_6670r66.7%
R, +R,; 30

(© For finding the efficiency corresponding to a load power of 60 W, we must first find the
value of R;.

2
E
Now, P, = 5R+RQQ€L

0 L
60> x R, >
60 = s orR,—40 R, +100=0

(R, +10)
Hence R, = 3732 A or 2.68 A
Since there are two values of R, there are two efficiencies corresé%ondmg to these values.

n, = 3732 =0.789 or 789%, n= =0.2110r 21.1%
b3732+10 2 12.68

It will be seen from above, the n; + 1, = 1.

Example 2.119. Two load resistance R, and R, dissipate the same power when connected to a

voltage source having an internal resistance of R, Prove that (a) R =RRapd (b) n+n=1.
Solution. (a) Since both resistances d1551pate the same amount of power, hence
E R E? R
P, = -

(R, + Ri) (R, + Ri)
Cancelling E” and cross- multiplying, we get
RR+2RRR+RR’=RR*+2RRR+R  R*
Slmphfylng the above, we get, R =R R1
(b) If n; and n, are the two efficiencies corresponding to the load resistances R, and R,, then
R, + R, _ 2 R1R2“+ R,(R;+R,)
m+m= R+FR R,+R RR+R+RER+R)
12 il 2

i

Substituting R [2 =R.R, we get

2
N+ = 2RP+R(R+R)
2Ré+R(R+R)
il 2

i
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Example 2.120. Determine the value of R, for maximum power at the load. Determine maxi-
mum power also. The network is given in the Fig. 2.236 (a). [Bombay University 2001]

30 12 ® 40

m % 20 %2”
N

S 00 G

Fig. 2.236 (a)

Solution. This can be attempted by Thevenin’s Theorem. As in the circuit, with terminals 4 and
B kept open, from the right hand side, V' (w.r. to reference node 0) can be calculated V, and V5 will
have a net voltage of 2 volts circulating a current of (2/8) = 0.25 amp in clockwise direction.
Vg=10-0.25x 2 =9.5 volts.
On the Left-hand part of the circuit, two loops are there. V, (w.r. to 0) has to be evaluated. Let
the first loop (with V| and V, as the sources) carry a clockwise current of i; and the second loop (with
V, and V; as the sources), a clockwise current of i,. Writing the circuit equations.

8i—4i,=+4
—4i + 8iy = + 4
This gives i, = 1 amp, i,= 1 amp
Therefore, V=12 + 3 x 1 = 15 volts.

Thevenin —voltage, V= V,—Vp=15-9.5=5.5 volts

30

/th

158

Fig. 2.236 (b) Fig. 2.236 (c)
Solving as shown in Fig. 2.236 (b) and (c¢).
Ry =3 ohms
For maximum power transfer, R, = 3 ohms
Current = 5.5/6 = 0.9167 amp
Power transferred to load 0.9167% x 3 = 2.52 watts.

Example 2.121. For the circuit shown below, what will be the value of R to get the maximum
power ? What is the maximum power delivered to the load ? [Bombay University 2001]

Solution. Detach R; and apply Thevenin’s
Theorem.

Vi =15.696 volts, Ry;=11.39 A

R; must be 11.39 ohms for maximum power
transfer.

e 60 O

180 €2
10V

P = 0.712 watt. Fig. 2.237
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Example 2.122. Find the maximum power in ‘R;’ which is variable in the circuit shownbelow
in Fig. 2.238. [Bombay University, 2001]

Solution. Apply Thevenin’s theorem. For this
R, has to be detached from nodes 4 and B. Treat O

as the reference node. - 500
V=60V, Vy=Vo+2=50+2=52V 100V .
Thus, V= V,z= 8 volts, with A positive w.r. to

B, Ry = (60//40) + (50//50) = 49 ohms o

Hence, for maximum power, R; = 49 ohms

With this R, Current =8/98 amp =0.08163 amp

Power to Load = i* R, = 0.3265 watt Fig. 2.238

Example 2.123. Find Vand Vy by “nodal analysis” for the circuit shown in Fig. 2.239 (a).
[Bombay University]

Solution. Let the conductance be represented by g. Let all the sources be current sources. For
this, a voltage-source in series with a resistor is transformed into its equivalent currentsource. This
is done in Fig. 2.239 (b).

A MV
30
10Q =
i 15Q W) 173 A T-
- 18V
"|'_

7Q

10V
Fig. 2.239 (a)

A 50
MV B

I S R

Fig. 2.239 (b). All Current Sources

Fig. 2.239 (c)
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g =(1/5+0.6=0.8,g,=040+02=0.6

g1>= 0.2, Current sources : + 5 amp into ‘A’ + 5.67 amp into ‘B’

® = 10802 —044
<02 069 = A
520 ¢ °
® = T 2'/:4.134 A B 30
1 5.67  0.69
0.8 5
® = T /:5.526 %2;1 10Q o
2 «-0.2 5.67
2 i ) .
V,=4.134/0.44 = 9.4 volts, — 0V 18V T
Vy=5.536/0.44 = 12.6 volts. ) i o
Current in 5-ohm resistor Fig. 2.239 (d) Thevenized Circuit
=(Vz—V,)/5=10.64 amp
Check : Apply Thevenin’s Theorem :
V,=10x (10/12) =8.333 V
Ve= (17/3) x 2.5=14.167V
Vig=14.167 -8.333 =5.834 V
Ry=4.167
15=5.834/(4.167 +5)=0.64 A
A B
®
R'I'h
B
o———©
20 )
10 Q2 %lb&l 30 S50
10Q -
17/3 A
10Q @

Fig. 2.239 (e) Right side simplified

Fig. 2.239 (f) Evaluating R;,

Example. 2.124. Find the magnitude R; for the maximum power transfer in the circuit shown in
Fig. 2.240 (a). Also find out the maximum power.

e

%29

3Q

40

10V

Fig. 2.240 (a)
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Solution. Simplify by source transformations, as done in Fig. 2.240 (b), (¢), (d)

A A
3Q
2A [] 50 |] 20 R,
6 A
402 B
Fig. 2.240 (b)
ANV 9
70 A = A
10/7 Q
sA is0 f20 /%; /%' R,
RO/TV
B B Pl
Fig. 2.240 (c) Fig. 2.240 (d)
For maximum power, R;=7+(10/7)=8.43 A
Maximum power = [(80/7)/16.68] x 8.43 =3.87 watts.

Tutorial Problems No. 2.6

@ Norton Theorem
1. Findthe Theveninand Norton equivalentcircuits for theactive network shown inFig.2.241 (a). All
resistance arein ohms. [Hint : Use Superposition principle to find contribution of each source]
[10 V source, series resistor =5 A ; 2 A source, parallel resistance =5 A]

2. Obtain the Thevenin and Norton equivalent circuits for the circuit shown in Fig. 2.241 (b). All
resistance values are in ohms.

[15V source, series resistance =5 A; 3 A source, parallel resistance =5 A

n
2 2 A 3 Y 15 6 A
) % %6
<>6 v <> 2A + . —20v 210
- 0V 15V
z o 4
) o) AW o
B B B
Fig. 2.241 (a) Fig. 2.241 (b) Fig. 2.241 (c)

3. Find the Norton equivalent circuit for the active linear network shown in Fig. 2.241 (c). All resis-
tances are in ohms. Hint : It would be easier to first find Thevenin’s equivalent circuit].
[2 A source; parallel resistance = 16 A




DC Network Theorems 171

4 Find Norton’s equivalent circuit for the network shown in Fig. 2.249. Verify it through its Thevenin’s

equivalent circuit. [1 A, Parallel resistance =6 A
5 State the Tellegen’s theorem and verify it by an illustration. Comment on the applicability of Tellegen’s
theorem on the types of networks. (Circuit and Field Theory, AM.LE. Sec. B, 1993)

Solution. Tellegen’s Theorem can be stated as under :

For a network consisting of n elements if7,, 7,,.....i, are the currents flowing through the elements satisfy-
ing Kirchhoff’s current law and v, v, v, are the voltages across these elements satisfying Kirchhoff’s law,
then

n
ik =
k1
where v, is the voltage across and i, is the current through the k,, element. In other words, according to Tellegen’s
Theorem, the sum of instantaneous powers for the n branches in a network is always zero.

This theorem has wide applications. It is valid for any lumped network that contains any elements linear or
non-linear, passive or active, time-variant or time-invariant.

Explanation : This theorem will be explained with the help of the 8 1
simple circuit shown in Fig. 2.242. The total resistance seen by the battery A AR
is=8+4|4=10 A.

Battery current / = 100/10 = 10 A. This current divides equally at
point B,

Drop over 8 A resistor =8 x 10 =80 V
Drop over 4 Aresistor=4 x5=20V

~100 %4 %3

Drop over 1 Aresistor=1x5=5V
Drop over 3 Aresistor=3 x5=15V
According to Tellegen’s Theorem, Fig. 2.242
=100x10-80x 10 20x5-5x5-15x5=0
(b) Millman’s Theorem
6. Use Millman’s theorem, to find the potential of point 4 with respect to the ground in Fig.2.243.

[V, =8.18V]
7. Using Millman’s theorem, find the value of output voltage ¥ in the circuit of Fig. 2.244. All resistances
are in ohms. 4 V]

' +
| Q AMAR
[
<
Voltage Source

Load

Fig. 2.243 Fig. 2.244 Fig. 2.245
(b) MPT Theorem

8. In Fig. 2.245 what value of R will allow maximum power transfer to the load ? Also calculate the
maximum total load power. All resistances are in ohms.

[4 A;48W
9. Use superposition theorem to find currents in various branches of the ckt in Fig. 2.246.
(B.P.T.U., Orissa 2003) (Nagpur University, Summer 2002)




Electrical Technology

10. Find the resistance between point A and B for the circuit shown in Fig. 2.247.

(Nagpur University, Winter 2002)
10

10 5 20 = A
AAAS AN D
1Q . Qo 2
£ N
| }
ST 10 oA | V.20 / \
> |W E | B| NP | S— —
V1o / \\ e /
\ ! ‘ P ; N
C . ffll"--.‘, /JJAAz Q 16 L"’r, | PR
Fig. 246 Fig. 247
11.  Apply the superposition theorem and find the current through 25 ohm resistance of the circuit shown
in Fig. 2.248. (Mumbai University 2002) (Nagpur University, Summer 2003)
2

Find the total current flowing through the circuit shown in Fig. 2.249 using stat-delta transformation
if the circuit is excited by 39 volts and the value of each resistor connected in circuit is 4 ohms.
(Ravishankar University, Raipur 2003) (Nagpur University, Summer 2003)

VAN 40
AN
@® 50 res
2 Amp % 10 © 39 V@
VR 10
AN
Fig. 2.248 Fig. 2.249
13.

Compute the power dissipated in the 9 ohm resistor in the Fig. 2.250 by applying Superposition
Theorem. The voltage and current sources should be treated as ideal. All resistances are in ohm.
(Mumbai University 2003) (Nagpur University, Winter 2003)

14. Find the current in 11 ohm resistor in the Fig. 2.251 using star/delta conversion. All resistances
are in ohm. (Nagpur University, Winter 2003)
— A — A WA
4 4 15
i 2% 36 % 15 3y
9 T
MW VW AV
6 17 1
o 115V o—
Fig. 2.250 Fig. 2.251

15. Calculate current-flowing through ‘2 ohms’’ resistor in Fig. 2.252 by using Superposition theorem.
(Mumbai University 2003) (Nagpur University, Summer 2004)

Fig. 2.252. All resistance are in ohms.




16.

17.

18

19

21
2

23

25
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State and explain Superposition Theorem.
(Pune University 2003) (Nagpur University, Summer 2004)
A cast iron ring of 40 cm diameter is wound with a coil. The coil carries a current of 3 amp and
produces a flux of 3 mwb in the air gap. The length of air gap is 2 mm. The relative permeability
of the cast iron is 800. The leakage coefficient is 1.2. Calculate no. of turns of the coil.
(Nagpur University, Summer 2004)

Using superposition theorem, calculate the current [, in the given circuit of Fig. 2.253.

(Gujrat University, Summer 2003)

Using delta-star transformation, determine the current drawn from the source in the given circuit
Fig.2.254. (Gujrat University,Summer 2003)
A B
AN
30 80

10V
Fig. 2.253 Fig. 2.254

State and explain Kirchhoff's laws applied to electric circuit.

(Gujrat University, Summer2003)
State Kirchhoff's laws. (Madras University, April 2002)
Three resistances R, Rbc and Rca are connected in delta. Obtain expressions for their equivalent
star resistances. (V.I.U., Belgaum Karnataka University, February 2002)
In the circuit, shown in Fig. 2.255 determine the value of E so that the current I = 0. Use mesh
method of analysis. V.I.U., Belgaum Karnataka University, January/February 2004)

In Fig. 2.256 derive the expressions to replace a delta connected resistances by an equivalent star
connected resistances. Determine the resistance between a and b. All the resistance and 1A each.
(V.I.U,, Belgaum Karnataka University, January/February 2004)

20 20 2 AN AN
1Q 1Q
1Q
v
AN 7AVAVAY) W E—
1Q 1Q
Fig. 2.255 Fig. 2.256
Determine the values of I and R in the circuit .
shown in theFig. 2.257. (ESE 2003) =,

In the circuit shown in the Fig. 2.258, S is closed

attime r=0. Determine 7 () and the time constant. e % e
(Pune University 2003) (ESE 2003) A 10 ) 651 R
i% i
0

In the circuit shown in the Fig. 2.259. S is closed
at ¢t = 0. Find the current i(f) through the
capacitor at = 0. .

(Pune University 2003) (ESE 2003) Fig. 2.257

Y Y

1Q
s AN

( ) —— 60V

Fig. 2.258 Fig. 2.259

10
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OBJECTIVE TESTS -2

Kirchhoff’s current law is applicable to only
(a) closed loops in a network

(b) electronic circuits

(c) junctions in a network

(d) electric circuits.

Kirchhoff’s voltage law is concerned with
(a) IR drops

(b) battery e.m.fs.

(c) junction voltages

(d) both (@) and (b)

According to KVL, the algebraic sum of all

IR drops and e.m.f:s in any closed loop of a
network is always

(a) zero
(b)
(c) negative
(d)
The algebraic sign of an IR drop is prima-
rily dependent upon the

positive

determined by battery e.m.fs.

(a) amount of current flowing through it
(b) value of R

(c) direction of current flow

(d) battery connection.

Maxwell’s loop current method of solving
electrical networks

(a) uses branch currents

(b)
(c) is confined to single-loop circuits
(d)
Point out of the WRONG statement. In the

node-voltagetechnique ofsolvingnetworks,
choice of a reference node does not

utilizes Kirchhoff’s voltage law

is a network reduction method.

(a) affect the operation of the circuit

(b)

change the voltage across any

@

®)

©

@

REAVAVAVAN

L

flowing through the terminal A-B will be

A (

Linear
passive Y
network

A

Fig. 2.260
(@) 0.1 A
() 10 A

B 1A
(d) 100 A

(ESE 2001)
The component inductance due to the
internal flux-linkage of a non-magnetic
straight solid circular conductor per metre
length, has a constant value, and is
independent of the conductor-diameter,
because
All the internal flux due to a current remains
concentrated on the peripheral region of
the conductor.
The internal magnetic flux-density along
the radial distance from the centre of the
conductor increases proportionately to the
current enclosed
The entire current is assumed to flow along
the conductor-axis and the internal flux is
distributed uniformly and concentrically
The current in the conductor is assumed to
be uniformly distributed throughout the
conductor cross-section

(ESE 2003)

Two ac sources feed a common variable
resistive load as shown n in Fig. 2.261.
Under the maximum power transfer
condition, the power absorbed by the load
resistance R is

element ”“/‘C\j ) %
(c) alter the p.d. between any pair of

nodes
(d) affect the voltages of various nodes.
Forthe circuit shown in the given Fig. 2.260, Fig. 2.261
when the voltage E is 10 V, the current i (a) 2200 W (b) 1250W
is 1 A. Ifthe applied woltage across terminal (¢) 1000 W (d) 625 W
C-D is 100 V, the short circuit current (GATE 2003)

ANSWERS
1.c 2.d 3.a 4.c 5.b 6.d



