CHAPTER]| 4

CIRCUIT THEOREMS

Our schools had better get on with what is their overwhelmingly most
important task: teaching their chargesto express themselves clearly and
with precision in both speech and writing; in other words, leading them
toward mastery of their own language. Failing that, all their instruction
in mathematics and science is a waste of time.

—Joseph Weizenbaum, M.I.T.

Enhancing Your Career

Enhancing Your Communication Skill Taking a course

in circuit analysis is one step in preparing yourself for a
career in electrical engineering. Enhancing your commu-
nication skill while in school should also be part of that
preparation, as a large part of your time will be spent com-
municating.

People in industry have complained again and agair
that graduating engineers are ill-prepared in written and
oral communication. An engineer who communicates ef-
fectively becomes a valuable asset.

You can probably speak or write easily and quickly.
But how effectively do you communicate? The art of ef-
fective communication is of the utmost importance to your
success as an engineer.

For engineers in industry, communication is key to
promotability. Consider the result of a survey of U.S. cor-
porations that asked what factors influence managerial prof
motion. The survey includes alisting of 22 personal qualities
and their importance in advancement. You may be surprise
to note that “technical skill based on experience” placed
fourth from the bottom. Attributes such as self-confidence,
ambition, flexibility, maturity, ability to make sound deci-
sions, getting things done with and through people, and cay,: . oy
pacity for hard work all ranked higher. At the top of the list fr}t:gétr)ggtC;g;“:g;ﬁi?gﬁj;ﬁ%&?gﬁ ded by eny asthe frost
was “ability to communicate.” The higher your professional (adapted from J. Sherlock, A Guiide to Technical Communication.
career progresses, the more you will need to communicateBoston, MA: Allyn and Bacon, 1985, p. 7.)

Therefore, you should regard effective communication as an
important tool in your engineering tool chest.

Learning to communicate effectively is a lifelong and speaking skills. You can do this through classroom
task you should always work toward. The best time to beginpresentations, team projects, active participation in student
is while still in school. Continually look for opportunities organizations, and enrollment in communication courses.
to develop and strengthen your reading, writing, listening, The risks are less now than later in the workplace.
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PART | DC Circuits

4.1 INTRODUCTION

A major advantage of analyzing circuitsusing Kirchhoff’slawsaswedid
in Chapter 3 is that we can analyze a circuit without tampering with its
original configuration. A major disadvantage of this approach isthat, for
alarge, complex circuit, tedious computation is involved.

The growth in areas of application of electric circuits hasled to an
evolution from simple to complex circuits. To handle the complexity,
engineers over the years have developed some theorems to simplify cir-
cuit analysis. Such theoremsinclude Thevenin's and Norton's theorems.
Since thesetheorems are applicableto linear circuits, wefirst discussthe
concept of circuit linearity. Inadditionto circuit theorems, wediscussthe
concepts of superposition, source transformation, and maximum power
transfer in this chapter. The concepts we develop are applied in the last
section to source modeling and resistance measurement.

4.2 LINEARITY PROPERTY

Linearity is the property of an element describing a linear relationship
between cause and effect. Although the property appliesto many circuit
elements, we shall limit its applicability to resistorsin this chapter. The
property isacombination of both the homogeneity (scaling) property and
the additivity property.

The homogeneity property requiresthat if the input (also called the
excitation) is multiplied by a constant, then the output (also called the
response) is multiplied by the same constant. For aresistor, for example,
Ohm'’slaw relates the input i to the output v,

v=1iR (4.1

If the current is increased by a constant k, then the voltage increases
correspondingly by k, that is,

kiR = kv (4.2

The additivity property requiresthat the responseto asum of inputs
is the sum of the responses to each input applied separately. Using the
voltage-current relationship of aresistor, if

vy = i1R (4.39)
and
v2 = i2R (4.30)
then applying (i1 + i) gives
v=_(>i1+i2)R=i1R+i2R=v1+ vy (4.4)

We say that a resistor is a linear element because the voltage-current
relationship satisfies both the homogeneity and the additivity properties.

Ingeneral, acircuitislinear if it isboth additive and homogeneous.
A linear circuit consists of only linear elements, linear dependent sources,
and independent sources.
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CHAPTER 4 Circuit Theorems 121

Alinear circuit is one whose output s linearly related
(or directly proportional) to its input.

Throughout this book we consider only linear circuits. Note that since
p = iR = v?/R (making it a quadratic function rather than a linear
one), therel ationship between power and voltage (or current) isnonlinear.
Therefore, the theorems covered in this chapter are not applicable to

power. *i
To understand the linearity principle, consider the linear circuit

shown in Fig. 4.1. The linear circuit has no independent sourcesinside Vs (’:} Linear circuit R
it. Itisexcited by a voltage source v, which serves as the input. The
circuitisterminated by aload R. We may takethe current i through R as
the output. Suppose v, = 10V givesi = 2 A. According to the linearity
principle, v, = 1V will givei = 0.2 A. By the same token, i = 1 mA Figure 4.1 Alinear circuitwithinput v, and

must bedueto vy, =5 mV. output i.
i iip L KN
For thecircuit in Fig. 4.2, find i, when v, =12V and v, = 24 V. 2Q 8Q
. AW
Solution: + v, - ly

Applying KVL to the two loops, we obtain

4Q
12iy — dip+ v, =0 wu)69§ ﬁa ﬁ) 40
vg (£

—4i, + 16i, — v, — vy, =0 4.1.2) + 3,
But v, = 2i;. Equation (4.1.2) becomes
—10i1 + 16i, — vy =0 (4.1.3)
Adding Egs. (4.1.1) and (4.1.3) yields Figure4.2  For Example 4.1.

2i1+12i, =0 - i1 = —6i>
Substituting thisin Eq. (4.1.1), we get

Us
—76i, + v, =0 — i2:7_6
When v, = 12V,
oy
lo 12 76
When v, =24V,
_ 24 A
lo 12 76

showing that when the source value is doubled, i, doubles.

PRACTICE PROBLEMEN

For the circuit in Fig. 4.3, find v, when i, = 15and iy = 30 A.

Answer: 10V, 20V. +
iq 2Q 40 2\,

6Q

Figure 4.3 For Practice Prob. 4.1.
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PRACTICE PROBLEM

12Q

+

Figure 45 For Practice Prob. 4.2

Assume I, = 1 A and use linearity to find the actual value of I, in the
circuit in Fig. 4.4.

Iy 6Q 2V2 I, 2Q 1V1 3Q
ANV ANV ’

o

I3 I3

;=157 @) 7Q§ 40 50

MV

Figure 44 For Example 4.2.

Solution:

If1,=1A,thenV; = (3+5)1, =8V andI; = Vi1/4 =2 A. Applying
KCL at node 1 gives

ILh=5L+1,=3A
Vo=Vi+2[,=84+6=14V, I3=—=2A
Applying KCL at node 2 gives
L=I5L+1=5A

Therefore, I, = 5 A. This shows that assuming I, = 1 givesI; = 5A;
the actual source current of 15 A will give I, = 3 A asthe actua value.

2

Assumethat V, = 1V and use linearity to calculate the actual value of
V, inthe circuit of Fig. 4.5.

Answer: 4V.

4.3 SUPERPOSITION

If acircuit has two or more independent sources, one way to determine
the value of aspecific variable (voltage or current) isto use nodal or mesh
analysisasin Chapter 3. Another way isto determine the contribution of
each independent source to the variable and then add them up. The latter
approach is known as the super position.
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Theidea of superposition rests on the linearity property.

The superposition principle states that the voltage across (or current through) an
element in a linear circuit is the algebraic sum of the voltages across (or currents
through) that element due to each independent source acting alone.

The principle of superposition helps us to analyze a linear circuit with
more than one independent source by cal culating the contribution of each
independent source separately. However, to apply the superposition prin-
ciple, we must keep two thingsin mind:

1. We consider one independent source at atime while all other
independent sources are turned off. Thisimplies that we
replace every voltage source by 0 V (or a short circuit), and
every current source by 0 A (or an open circuit). Thisway we
obtain a simpler and more manageabl e circuit.

2. Dependent sources are left intact because they are controlled
by circuit variables.

With these in mind, we apply the superposition principle in three steps:

Steps to Apply Superposition Principle:

1. Turn off al independent sources except one source. Find the
output (voltage or current) due to that active source using nodal or
mesh analysis.

2. Repest step 1 for each of the other independent sources.

3. Find thetotal contribution by adding algebraicaly all the

contributions due to the independent sources.

Analyzing a circuit using superposition has one major disadvan-
tage: it may very likely involve more work. [f the circuit has three
independent sources, we may have to analyze three simpler circuits each
providing the contribution due to the respective individual source. How-
ever, superposition does hel p reduce acomplex circuit to simpler circuits
through replacement of voltage sources by short circuits and of current
sources by open circuits.

Keep in mind that superposition is based on linearity. For this
reason, it is not applicable to the effect on power due to each source,
because the power absorbed by a resistor depends on the square of the
voltage or current. If the power value is needed, the current through (or
voltage across) the element must be calculated first using superposition.

123

Superposition is not limited to circuit analysis but
is applicable in many fields where cause and effect
bear a linear relationship to one another.

Other terms such as killed, made inactive, dead-
ened, or set equal to zero are often used to con-
vey the same idea.

For example, when current i flows through re-
sistor R, the power is pj = Rif, and when current
iy flows through R, the power is py = Ri. If cur-
rent i + iy flows through R, the power absorb-
ed is py = R(iy + i)? = Rt + R + 2Rijip #
pi + pa. Thus, the power relation is nonlinear.

M4.3

Use the superposition theorem to find v in the circuit in Fig. 4.6.
Solution:
Since there are two sources, let
vV ="v1+ V2
where v; and v, are the contributions due to the 6-V voltage source and

8Q

Figure 46 For Example 4.3.
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124 PART | DC Circuits

the 3-A current source, respectively. To obtain vy, we set the current
sourceto zero, asshownin Fig. 4.7(a). Applying KVL totheloopinFig.

80 4.7(a) gives
VW Z 12i,-6=0 =  i1=05A
sv (D ) 403V Thus,
o vi=4i1=2V
@ We may also use voltage division to get vy by writing
2 - v1=%(6)=2v

+

40 § v, G 3A To get vz, We set the voltage source to zero, as in Fig. 4.7(b). Using
- current division,

is = i(3) —2A

(b) 4 +8
_ Hence,
Figure 4.7 For Example 4.3:
(a) caculating vs, (b) calculating vy. v, =4i3 =8V
And wefind

v=v1+1,=24+8=10V

PRACTICE PROBLEMKERE

3Q 5Q Using the superposition theorem, find v, in the circuit in Fig. 4.8.
Answer: 12V.

Vo < 2Q 8A 20V

Figure 48  For Practice Prob. 4.3.

Find i, in the circuit in Fig. 4.9 using superposition.
Solution:

The circuit in Fig. 4.9 involves a dependent source, which must be left
intact. We let

iy=i,+i! (@4

wherei/ and i/ aredueto the4-A current source and 20-V voltage source
respectively. To obtain i/, we turn off the 20-V source so that we have
the circuit in Fig. 4.10(a). We apply mesh analysisin order to obtain i/ .
20V For |OOp 1,

Figure49  For Example 4.4. i1=4A (442

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



CHAPTER 4 Circuit Theorems

2Q 2Q
AW o A
q 30 @ 30 4
|1 -y 5in
5 o]
10 lo 1Q

an@® S
50 @ 40

A=

® 5]

B L) o
0
@
Figure 410 For Example 4.4: Applying superposition to (a) obtain if, (b) obtain ).
For loop 2,
—3i1+6ip— Liz—5i, =0 (4.4.3)
For loop 3,
—5i1 — 1lip + 10i3+ 5, =0 (4.4.4)
But at node 0,
i3=i1—i,=4—1 (4.4.5)

Substituting Egs. (4.4.2) and (4.4.5) into Egs. (4.4.3) and (4.4.4) gives
two simultaneous equations

3i, -2, =8 (4.4.6)
ip+5i, =20 (4.4.7)
which can be solved to get
52
= — A 448
l() 17 ( )

To obtain i), we turn off the 4-A current source so that the circuit
becomes that shown in Fig. 4.10(b). For loop 4, KVL gives

6is —is —5i) =0 (4.4.9)
and for loop 5,
—ig+10is —20+ 5/ =0 (4.4.10)
But is = —i, . Substituting thisin Egs. (4.4.9) and (4.4.10) gives
6is—4i) =0 (4.4.11)
is+5) =-20 (4.4.12)

which we solve to get
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., 60
i) = 1 A (4.4.13)
Now substituting Egs. (4.4.8) and (4.4.13) into Eq. (4.4.1) gives

8
= —— — _04706 A
! 17

PRACTICE PROBLEMERK

20Q v, Use superposition to find v, in the circuit in Fig. 4.11.
Answer: v, =125V.
10V 2A 40 0.1v,
Figure 4.l For Practice Prob. 4.4.
e L BB
24V gq For the circuit in Fig. 4.12, use the superposition theoremto find ;.
% Solution:
4Q 4Q In this case, we have three sources. Let
l i i=i1+ix+i3
+
v @ § 3Q @ s whereiy, i», and iz areduetothe 12-V, 24-V, and 3-A sourcesrespectively.
Togetiy, consider thecircuitinFig. 4.13(a). Combining 4 2 (ontheright-

hand side) in serieswith 8 Q gives 12 Q. The 12  in parallel with 4
gives12 x 4/16 = 3 Q. Thus,

) 12
llZEZZA

To get iy, consider the circuit in Fig. 4.13(b). Applying mesh analysis,

Figure4.12  For Example 4.5.

16i, — 4i, +24=0 = 4ig—ip=—6 (451

;
Ty —4i,=0 = ia= iy (452

Substituting Eq. (4.5.2) into Eq. (4.5.1) gives
ir=ip=-1
To get i3, consider the circuit in Fig. 4.13(c). Using nodal analysis,

v2 U2 — U1

3= N + y — 24 = 3vp; — 211 (45.3)
Vo — VU1 V1 U1 10
T = Z + 5 — U = ?vl (4-5-4)

Substituting Eq. (4.5.4) into EQ. (4.5.3) leadsto v; = 3and
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80
AW
40 4Q 30
L AM—
¢i2 *'1
12V ’:) §3Q — 12V 30
@
24v 80 8Q
@ MAA AV
B
4Q 4Q 4Q v, 4Q
AV ¢Wv» '\/\/\/\/—<—T—’\/\/\/\/—<—V2
I2
[e]

@ §3Q §3Q @ 3A

(b) (©

Figure 4.13  For Example 4.5.

iz=—-=1A

w

Thus,
i=i1+ir+iz=2-1+1=2A

PRACTICE PROBLEMERNS

127

Find i inthecircuit in Fig. 4.14 using the superposition principle.

Figure 4.14  For Practice Prob. 4.5.

Answer: 0.75A.

4.4 SOURCE TRANSFORMATION

We have noticed that series-parallel combination and wye-deltatransfor-
mation help simplify circuits. Source transformation is another tool for
simplifying circuits. Basic to these tools is the concept of equivalence.
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We recall that an equivalent circuit is one whose v-i characteristics are
identical with the original circuit.

In Section 3.6, we saw that node-voltage (or mesh-current) equa-
tions can be obtained by mereinspection of acircuit when the sourcesare
all independent current (or all independent voltage) sources. It is there-
fore expedient in circuit analysisto be able to substitute a voltage source
in serieswith aresistor for a current source in parallel with aresistor, or
viceversa, asshownin Fig. 4.15. Either substitutionisknown asasource
transformation.

a a
Vs - g R
b b

Figure 415 Transformation of independent sources.

A source transformation is the process of replacing a voltage source v,
in series with a resistor R by a current source i in parallel
with a resistor R, or vice versa.

Thetwo circuitsin Fig. 4.15 are equival ent—provided they have the same
voltage-current relation at terminals a-b. It is easy to show that they are
indeed equivalent. If the sources are turned off, the equivalent resistance
at terminalsa-b in both circuitsis R. Also, when terminalsa-b are short-
circuited, the short-circuit current flowing from a to b isi;. = vg/R in
the circuit on the left-hand side and i, = i, for the circuit on the right-
hand side. Thus, v;/R = i, in order for the two circuitsto be equivalent.
Hence, source transformation requires that

. . Vg
vy, = ixR or iy = E (4.5)

Source transformation al so applies to dependent sources, provided
we carefully handle the dependent variable. As shown in Fig. 4.16, a
dependent voltage source in series with aresistor can be transformed to
a dependent current source in parallel with the resistor or vice versa.

R
a a

Vg -~ g R
b b

Figure 416 Transformation of dependent sources.

Likethewye-deltatransformation we studied in Chapter 2, asource
transformation does not affect the remaining part of the circuit. When
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CHAPTER 4 Circuit Theorems 129

applicable, source transformation is a powerful tool that allows circuit
manipulations to ease circuit analysis. However, we should keep the
following pointsin mind when dealing with source transformation.

1. Notefrom Fig. 4.15 (or Fig. 4.16) that the arrow of the current
sourceis directed toward the positive terminal of the voltage
source.

2. Notefrom Eq. (4.5) that source transformation is not possible
when R = 0, which isthe case with an ideal voltage source.
However, for apractical, nonideal voltage source, R # 0.
Similarly, anideal current source with R = oo cannot be
replaced by afinite voltage source. More will be said on ideal
and nonideal sourcesin Section 4.10.1.

£ XA H P L E I

Use source transformation to find v, in the circuit in Fig. 4.17. 20 3Q
Solution: N
Wefirst transform the current and voltage sourcesto obtain thecircuitin - 4Q 3A 8Q 2 v, 12V

Fig. 4.18(a). Combining the 4-Q and 2-$2 resistors in series and trans- -
forming the 12-V voltage source gives us Fig. 4.18(b). We now combine
the 3-Q and 6-Q resistors in parallel to get 2-Q2. We aso combine the Figure 4.17

For Example 4.6.

2-A and 4-A current sources to get a 2-A source. Thus, by repeatedly
applying source transformations, we obtain the circuit in Fig. 4.18(c).

4Q 20

+
12V 8Q < v, 30 4A
@
+ i * +
2A 6Q 8Q <y, 3Q 4A  8Q 2V, 20 2A

(b) (©

Figure4.18  For Example 4.6.

We use current division in Fig. 4.18(c) to get

2
=< (2)=04
i=578®@

and

v, = 8 = 8(0.4) =32V
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Alternatively, since the 8- and 2-Q resistorsin Fig. 4.18(c) arein
parallel, they have the same voltage v, acrossthem. Hence,

v, = (8] 2(2A) = 8%02(2) —32V

PRACTICE PROBLEMER

Find i, inthe circuit of Fig. 4.19 using source transformation.

5V 10
Ay
O * - A
6Q 5A 3Q 7Q 3A 4Q
Figure4.19  For Practice Prob. 4.6.
Answer: 1.78A.
i iip L KB
4Q Find v, in Fig. 4.20 using source transformation.
Solution:
20 0.25v The circuit in Fig. 4.20 involves a voltage-controlled dependent current
A - source. We transform this dependent current source as well as the 6-V
+ independent voltage source as shown in Fig. 4.21(a). The 18-V volt-
6V 20 < W 18V age source is not transformed because it is not connected in series with

any resistor. The two 2-Q2 resistors in parallel combine to give a 1-Q
resistor, which isin parallel with the 3-A current source. The current is
transformed to a voltage source as shown in Fig. 4.21(b). Noticethat the
terminalsfor v, areintact. Applying KVL aroundtheloopin Fig. 4.21(b)
gives

Figure420  For Example 4.7.

—3+5 +v,+18=0 4.7.1)

4Q 1Q 4Q

&> A ——e—— W ——ES
A @ 2Q§ 2Q§vX @wnv v@® vy ﬁ) 18V

@ (b)

Figure 421 For Example 4.7: Applying source transformation to the circuit in Fig. 4.20.
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Applying KVL to the loop containing only the 3-V voltage source, the
1-Q resistor, and v, yields

-3+1li+v,=0 = vy =3—1i 4.7.2)
Substituting thisinto Eq. (4.7.1), we obtain

Alternatively, we may apply KVL to the loop containing v,, the 4-Q
resistor, the voltage-controlled dependent voltage source, and the 18-V
voltage sourcein Fig. 4.21(b). We obtain

—v,+4i+v,+18=0 = i=-45A
Thus,v, =3 —i =75V.

PRACTICE PROBLEMERN

Use source transformation to find i, in the circuit shown in Fig. 4.22. 50
Answer: 1.176 A. {ix

4A 100 2,

Figure 422 For Practice Prob. 4.7.

4-5 THEVENI N’S THEOREM Electronic Testing Tutorials
It often occursin practice that aparticular element in acircuit isvariable I3
(usualy called the load) while other elements are fixed. As a typica _ 9

. . Linear +
example, a household outlet terminal may be connected to different ap- wo-termingl v | Load
pliances constituting a variable load. Each time the variable element is circuit _
changed, the entire circuit hasto be analyzed all over again. To avoid this Ob

problem, Thevenin's theorem provides a technique by which the fixed
part of the circuit is replaced by an equivalent circuit. @
According to Thevenin's theorem, the linear circuit in Fig. 4.23(a)
can be replaced by that in Fig. 4.23(b). (Theload in Fig. 4.23 may be a — 2
single resistor or another circuit.) The circuit to the left of the terminals +
a-b in Fig. 4.23(b) is known as the Thevenin equivalent circuit; it was VY \%
developedin 1883 by M. Leon Thevenin (1857-1926), aFrench telegraph o—1I
engineer. b

Load

(b)

Thevenin’s theorem states that a linear two-terminal circuit can be replaced Figure 423 Replacing a lineer two-termina
by an equivalent circuit consisting of a voltage source Vr; in series with circuit by its Thevenin equivalent: (a) original
a resistor Ry, where V' is the open-circuit voltage at the terminals dircuit, (b) the Thevenin equivalent circuit.
and Ry, is the input or equivalent resistance at the terminals when
the independent sources are turned off.

The proof of the theorem will be given later, in Section 4.7. Our
major concern right now is how to find the Thevenin equivalent voltage
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Circuit with

all independent
sources set equal
to zero

Rrn =1~
o

@

Circuit with

all independent )
v, i

sources set equal o °

to zero

VO
Rrn =1~
o

(b)

Figure 425  Finding Ry, when circuit
has dependent sources.

Later we will see that an alternative way of finding
RTh is RTh = Vac/isc-

PART | DC Circuits

V1 and resistance Rty To do so, suppose the two circuits in Fig. 4.23
are equivalent. Two circuits are said to be equivalent if they have the
same voltage-current relation at their terminals. Let usfind out what will
make the two circuits in Fig. 4.23 equivalent. If the terminals a-b are
made open-circuited (by removing the load), no current flows, so that
the open-circuit voltage across the terminals a-b in Fig. 4.23(a) must be
equal to the voltage source Vry, in Fig. 4.23(b), since the two circuits are
equivalent. Thus V1, is the open-circuit voltage across the terminals as
shown in Fig. 4.24(a); that is,

VTh = Voc (4.6)

. ©a Linear circuit with ©a
Linear + . R
. al independent in
two-terminal v, D
circuit o sources set equal
L ob to zero L ob
V1h = Voc Rrh = Rip

@ (b)

Figure4.24  Finding v, and Ryp.

Again, withtheload disconnected andterminalsa-b open-circuited,
we turn off all independent sources. The input resistance (or equivalent
resistance) of the dead circuit at the terminals a-b in Fig. 4.23(a) must
be equal to Rty in Fig. 4.23(b) because the two circuits are equivalent.
Thus, Ry, isthe input resistance at the terminals when the independent
sources are turned off, as shown in Fig. 4.24(b); that is,

Rth = Rin 4.7)

To apply thisideain finding the Thevenin resistance Ry, we need
to consider two cases.

CASEJN 1f the network has no dependent sources, we turn off all in-
dependent sources. Rty is the input resistance of the network looking
between terminalsa and b, as shown in Fig. 4.24(b).

CASEFY 1f the network has dependent sources, we turn off all inde-
pendent sources. Aswith superposition, dependent sources are not to be
turned off because they are controlled by circuit variables. We apply a
voltage source v, at terminals a and b and determine the resulting cur-
rent i,. Then Rty = v,/i,, as shown in Fig. 4.25(a). Alternatively, we
may insert a current source i, at terminals a-b as shown in Fig. 4.25(b)
and find the terminal voltage v,. Again Ry, = v,/i,. Either of the two
approaches will give the same result. In either approach we may assume
any value of v, and i,. For example, wemay usev, =1V ori, = 1A,
or even use unspecified values of v, or i,.

It often occurs that Rty takes a negative value. In this case, the
negativeresistance (v = —i R) impliesthat thecircuit issupplying power.
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Thisis possible in a circuit with dependent sources; Example 4.10 will

illustrate this.

Thevenin's theorem is very important in circuit analysis. It helps g
simplify acircuit. A largecircuit may bereplaced by asingleindependent Linear T
voltage source and a single resistor. This replacement technique is a circuit % R
powerful tool in circuit design.

Asmentioned earlier, alinear circuit with avariable load can bere- b

placed by the Thevenin equivalent, exclusive of theload. The equivalent
network behaves the same way externaly as the original circuit. Con- @
sider alinear circuit terminated by aload R;, as shown in Fig. 4.26(a).
The current I; through the load and the voltage V; across the load are

R a
easily determined oncethe Thevenin equivalent of the circuit at theload's l I
terrm nals is obtained, as shown in Fig. 4.26(b). From Fig. 4.26(b), we Vi, (D R
obtain
\%
L Th °
(b)

= 4.8,
R+ R, (483
V, =R I, =Ly (4.8b)
L= AL = R+ R, Th ' Figure4.26 A circuit with a load:

. . . . . igina circuit, (b) Theveni
Note from Fig. 4.26(b) that the Thevenin equivalent is a simple voltage QU?J;?;EL direuit, (b) Thevenin

divider, yielding V; by mere inspection.

M4.8

Find the Thevenin equivalent circuit of the circuit shownin Fig. 4.27, to 4Q 10 4
the left of the terminals a-b. Then find the current through R; = 6, 16,
and 36 2. 32V 120 2A R,
Solution:
We find Ry, by turning off the 32-V voltage source (replacing it with b
a short circuit) and the 2-A current source (replacing it with an open
circuit). The circuit becomeswhat is shown in Fig. 4.28(a). Thus, Figure 427 For Example 4.8.
4x 12
Rh=4]| 12+1:T+1:4Q

Vi 10

4Q 10 40
A ANN—0
+
R : -
12Q - 32v%:> @ 12Q @ 2A Vi
. _
@

()

Figure 428 For Example 4.8: (@) finding Rtp, (b) finding V.

To find Vrp, consider the circuit in Fig. 4.28(b). Applying mesh
analysisto the two loops, we obtain

—32+ 4ip + 12(i, — i) =0, ir=-2A
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Solving for i;, weget iy = 0.5 A. Thus,
Vin = 12(i1 — i) = 12(0.5+ 2.0) = 30V

Alternatively, it is even easier to use nodal analysis. We ignore the 1-Q
resistor since no current flows through it. At the top node, KCL gives

32—V
—Th_|_2:m
4 12
or

96 — 3Vrh+24 =V — Vi =30V

as obtained before. We could also use source transformation to find V.
The Thevenin equivalent circuit is shown in Fig. 4.29. The current
through Ry is

4Q a
AMA . Vih 30
t = R iR T 31R
Th L L
v (&
<> R When R; =6,
30
Ip =—=3A
b "7 10
Figure 429 The Thevenin When R, = 16,
equivalent circuit for Example 4.8. 30
Ip = —==15A
20
When R; = 36,
30
I =—=075A
T a0

PRACTICE PROBLEMER

Using Thevenin's theorem, find the equivalent circuit to the left of the
terminasin the circuitin Fig. 4.30. Then find i.

6Q 6Q a

Vi

12v 2A 40 210Q
b

Figure 430  For Practice Prob. 4.8.

Answer: Vihn=6V,Rhn=3Q,i =15A.

£ XA P L E I

Find the Thevenin equivalent of the circuit in Fig. 4.31.
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Solution: v,

This circuit contains a dependent source, unlike the circuit in the previ-
ous example. To find R, we set the independent source equal to zero

but leave the dependent source alone. Because of the presence of the 20 2Q a
dependent source, however, we excite the network with a voltage source +
v, connected to the terminals as indicated in Fig. 4.32(a). We may set ¢ 5 40 2 v 60
v, = 1V toeasecalculation, sincethecircuit islinear. Our goal istofind -
the current i, through the terminals, and then obtain Rty = 1/i,. (Al- ob
ternatively, we may insert a 1-A current source, find the corresponding
voltage v,, and obtain Rt = v,/1.) Figure 43| For Example 4.9.
2vy 2vy
W) )
20 20 a 2Q 20
. MWy ANA—0 a
T io +
+ +
49%@ @ 60Q @ V=1V 5A @ 4Q%vx i %GQ Vo
ob
b
@ (b)

Figure 432 Finding R, and Vi, for Example 4.9.
Applying meshanalysistoloop 1inthecircuitinFig. 4.32(a) results

—2v, +2(i1 —ip) =0 or Ve = i1 — I2
But —4i, = v, = i1 — ip; hence,
i1=-3i (4.9.1)
For loops 2 and 3, applying KVL produces
4iy 4 2(ip —i1) + 6(ip —iz) =0 (4.9.2)
6(i3—ip) +2i3+1=0 (4.9.3)
Solving these equations gives

1
i3 = 6 A
Buti, = —iz3 =1/6 A. Hence,

1V

R = =6Q

lO

Toget Vrn, wefind v, inthecircuit of Fig. 4.32(b). Applying mesh
analysis, we get

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



136 PART | DC Circuits

i1=5 (4.9.4)
—2v, +2(i3— i) =0 - vy = i3 —i2 (4.9.5)
A(ip —i1) + 2(ip — i3) + 6i, =0

6Q or
a
20V 12i, — 4i; — 2i3=0 (4.9.6)
b But 4(i; — i2) = v,. Solving these equations leadsto i, = 10/3. Hence,
Figure 433 The Thevenin Vih = voc = 6i =20V
equivalent of the circuit in
Fig. 4.3L The Thevenin equivalent is as shown in Fig. 4.33.

PRACTICE PROBLEMENE

Find the Thevenin equivalent circuit of the circuit in Fig. 4.34 to the left

|
50 x 3Q
YV oa of theterminals.
Y C:SWW %% 151, 40 Answer: Vip =533V, Rihn =044 Q.
o b

Figure 434 For Practice Prob. 4.9.

mﬂ4.|o

T oa Determine the Thevenin equivalent of the circuit in Fig. 4.35(a).
'x Solution:
2ix {3 4Q § 20 § Since the circuit in Fig. 4.35(a) has no independent sources, Vi, = 0 V.
Tofind R, itisbest to apply acurrent sourcei, at theterminalsasshown
ob in Fig. 4.35(b). Applying nodal analysis gives
@ Vo
ip+iy=2iy + — (4.10.2)
Vo a 4
bi But
X
i i 0— o o
2i, ¥ 4Q§ 20 i - 21) Z_UE @102)
Substituting Eg. (4.10.2) into Eq. (4.10.1) yields
(b) ° L VR TS T 4
=iy +—=——7+—=—— v, = —4i,
Figure4.35  For Example 4.10. 4 2 4 4
Thus,
Rin= - =-4Q

Lo

The negative value of the resistance tells usthat, according to the passive
sign convention, thecircuit in Fig. 4.35(a) issupplying power. Of course,
the resistorsin Fig. 4.35(a) cannot supply power (they absorb power); it
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is the dependent source that supplies the power. Thisis an example of
how a dependent source and resistors could be used to simulate negative
resistance. ’ @

PRACTICE PROBLEMERINK Network Analysis

Obtain the Thevenin equivalent of the circuit in Fig. 4.36. 100 Avy
Answer: Vihn =0V, Rty = —-7.5Q. o= o a
+
vy £ 5Q 15Q
o b
Figure 436 For Practice Prob. 4.10.
)
4°6 NORTON s THEOREM Electronic Testing Tutorials
In 1926, about 43 years after Thevenin published his theorem, E. L.
Norton, an American engineer at Bell Telephone Laboratories, proposed
asimilar theorem.
Norton’s theorem states that a linear two-terminal circuit can be replaced
by an equivalent circuit consisting of a current source Iy in parallel with
aresistor Ry, where [y is the short-circuit current through the terminals
and Ry is the input or equivalent resistance at the terminals when the
independent sources are turned off. Linear ——oa
Lo two-terminal
S o circuit L ob
Thus, thecircuit in Fig. 4.37(a) can bereplaced by theonein Fig. 4.37(b).
The proof of Norton’stheoremwill begiveninthe next section. For
now, we are mainly concerned with how to get Ry and 7. Wefind Ry @
in the same way we find Rty,. In fact, from what we know about source oa
transformation, the Thevenin and Norton resistances are equal; that is,
In Rn
Ry = Rmh (4.9
o b
TofindtheNorton current I, wedeterminethe short-circuit current (b)
flowing from terminal a to b in both circuits in Fig. 4.37. It is evident .
that the short-circuit current in Fig. 4.37(b) is Iy. Thismust be the same Ftl)gurrxle 437 (a)aIOrigir_lal circuit,
short-circuit current from terminal « to & in Fig. 4.37(a), since the two (b) Norton equivalent circuit.
circuits are equivalent. Thus,
Iy =i (4.10)
shown in Fig. 4.38. Dependent and independent sources are treated the a
same way as in Thevenin's theorem. Linear
Observe the close relationship between Norton's and Thevenin's two-terminal i = Iy
theorems. Ry = R asin Eq. (4.9), and aireuit
b
7oV .
N= R (4.1 Flgure 438  Finding Norton
™ current Zy.
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The Thevenin and Norton equivalent circuits are Thisis essentially source transformation. For this reason, source trans-
related by a source transformation. formation is often called Thevenin-Norton transformation.
Since Vq, Iy, and Ry, are related according to Eq. (4.11), to de-
termine the Thevenin or Norton equivalent circuit requires that we find:
e  The open-circuit voltage v, acrossterminalsa and b.
e Theshort-circuit current i, at terminalsa and b.

e Theequivalent or input resistance Rj, at terminalsa and b when
all independent sources are turned off.

We can calculate any two of the three using the method that takes the
least effort and use them to get the third using Ohm’'s law. Example 4.11
will illustrate this. Also, since

Vh = Ve (4.129)
Iy =iy (4.12b)
Rih = 2% — Ry 4129)

iSC
the open-circuit and short-circuit tests are sufficient to find any Thevenin
or Norton equivalent.

8Q Find the Norton equivalent circuit of the circuit in Fig. 4.39.
°2 golution:
4Q Wefind Ry inthe sameway we find Ry, in the Thevenin equivalent cir-
2A ‘ § 5Q cuit. Set the independent sources equal to zero. This leads to the circuit
12v in Fig. 4.40(a), from which we find Ry. Thus,
o b
20x5
80 RN=5||(8+4+8)=5||20=2—;=4Q
Figure 439 For Example 4.11. To find Iy, we short-circuit terminas e and b, as shown in Fig. 4.40(b).

We ignore the 5-2 resistor because it has been short-circuited. Applying
mesh analysis, we obtain

i1 =2A, 20i; —4i; —12=0
From these equations, we obtain
ip=1A=i,.=1Iy

Alternatively, we may determine Iy from Vr,/ Rt Weobtain Vy,
asthe open-circuit voltage acrossterminalsa and b in Fig. 4.40(c). Using
mesh analysis, we obtain

iz=2A
25i4 —4i3—12=0 - is=08A
and

Voe = VTh = 5i4 =4V
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8Q 8Q a

502 il @ "

103

12V 50
8Q 8Q
o AN, ob AN
b
@ (b)
8Q
NV O a
- +
(i) Zaa (i)
2A () 50 § Vrh = Voo
12V

8Q _

AWV o b

(©

Figure 440  For Example 4.11; finding: (8) Ry, (b) Iy = isc, (€) Vh = voc-
Hence,
4 a
V1h
= — = - = 1 A
NE R TG 1A 4Q

as obtained previously. This also servesto confirm Eq. (4.7) that Ry, = b
Voe/ Ise = 4/1 = 4 Q. Thus, the Norton equivalent circuit isas shown in Figire 441 Norton equiva-
Fig. 4.41. lent of the circuit in Fig. 4.39.

PRACTICE PROBLEMENIN

Find the Norton equivalent circuit for the circuit in Fig. 4.42.

30 30
ANV o a
Answer: Ry =3Q,Iy =45A.
15V 4A 6Q
o b

Figure 442 For Practice Prob. 4.11.

m4.|z

Using Norton’stheorem, find Ry and Iy of thecircuitin Fig. 4.43 at ter-
minalsa-b.

Solution:

Tofind Ry, we set the independent voltage source equal to zero and con-
nect a voltage source of v, = 1V (or any unspecified voltage v,) to the
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21y terminals. WeobtainthecircuitinFig. 4.44(a). Weignorethe4-Q resistor
7o) becauseitisshort-circuited. Alsodueto theshort circuit, the5-€2 resistor,
the voltage source, and the dependent current source are al in parallel.
L 50 Hence, i, = v,/5= 1/5=0.2. Atnodea, —i, = i, + 2i, = 3i, = 0.6,
AAM oa and
1
4Q ) 10v Ry=2_— - __167Q
ﬂ) N, T 06
o b Tofind Iy, weshort-circuitterminalsa and b and findthecurrent i ..,
Fioure 4.43 asindicatedinFig. 4.44(b). Notefrom thisfigurethat the 4-2 resistor, the
lgure 24> For Example 4.12. 10-V voltage source, the 5-§2 resistor, and the dependent current source
areadl in parallel. Hence,
10-0
= —— =2A
5
At node a, KCL gives
ise =ix+2i,=24+4=6A
Thus,
Iy =6A
2i, 2iy
b, 50 a i, 50 a
ANV *i AW
4Q V=1V 4Q (‘_Plov e = In
b
@ (b) b

Figure 444 For Example 4.12: (a) finding Ry, (b) finding Iy.

PRACTICE PROBLEMENN

2/X

AL —

10A 20 2 v,

o b

Figure 445 For Practice Prob. 4.12.

Find the Norton equivalent circuit of the circuit in Fig. 4.45.
Answer: Ry =1Q,Iy =10A.

4,7 DERIVATIONS OF THEVENIN’S AND NORTON’S
THEOREMS

In this section, we will prove Thevenin’'s and Norton's theorems using
the superposition principle.
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Consider thelinear circuitin Fig. 4.46(a). It isassumed that thecir-
cuit containsresistors, and dependent and independent sources. We have
access to the circuit viaterminals a and b, through which current from
an external sourceisapplied. Our objective isto ensure that the voltage-
current relation at terminals a and b isidentical to that of the Thevenin
equivalent in Fig. 4.46(b). For the sake of simplicity, suppose the linear
circuit in Fig. 4.46(a) contains two independent voltage sources vy, and
v,s2 and two independent current sources i;; and iz. We may obtain any
circuit variable, such astheterminal voltage v, by applying superposition.
That is, we consider the contribution due to each independent source in-
cluding the external source i. By superposition, the terminal voltage v
is

v = Agi + A1vs1 + Agvso + Azigr + Asiy (4.13)

where Ag, A1, Az, Az, and A4 are constants. Each term on theright-hand
side of Eq. (4.13) is the contribution of the related independent source;
that is, Agi isthe contribution to v due to the external current source i,
A1v, is the contribution due to the voltage source v, and so on. We
may collect termsfor the internal independent sources together as By, so
that EqQ. (4.13) becomes

v = Aol + Bg (4.149)

where By = A1vs1 + Aovgr + Asigr + Asigo. We now want to evaluate
the values of constants Ag and Bg. When theterminalsa and b are open-
circuited, i = O and v = By. Thus By is the open-circuit voltage v,,
which isthe same as Vrp, SO

Bo = Vm (4.15)

When all theinternal sources areturned off, Bo = 0. Thecircuit can then
be replaced by an equivalent resistance Re, Which is the same as R,
and Eq. (4.14) becomes

v = Agi = Rthi —
Substituting the values of Ag and By in Eq. (4.14) gives

Ao = Rmn (4.16)

v = Rtni + Vmn (4.17)

which expresses the voltage-current relation at terminals a and b of the
circuit in Fig. 4.46(b). Thus, the two circuitsin Fig. 4.46(a) and 4.46(b)
are equivalent.

When the same linear circuit is driven by a voltage source v as
showninFig. 4.47(a), the current flowing into the circuit can be obtained
by superposition as

i =Cov+ Do (4.18)

where Cyv isthe contributionto i dueto the external voltage source v and
Dy containsthe contributionsto i dueto all internal independent sources.
Whentheterminalsa-b are short-circuited, v = Osothati = Dg = —i,,
where i . is the short-circuit current flowing out of terminal «, which is
the same as the Norton current Iy, i.e.,

Do = —Iy (4.19)
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@
a Rth
+
i v V1n
b
(b)
Figure 446 Derivation of

Thevenin equivalent: (a) a
current-driven circuit, (b) its
Thevenin equivalent.

Linear
v ) S
circuit
b
@
i a
—_—
v Ry In
b
(b)
Figure 447 Derivation of Norton

equivalent: (a) a voltage-driven
circuit, (b) its Norton equivalent.
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When all theinternal independent sources are turned off, Do = 0 and the
circuit can be replaced by an equivalent resistance Req (0r an equivalent
conductance Geg = 1/Req), Which is the same as Rrn or Ry. Thus Eq.
(4.19) becomes

v
= — —1 4.20
l Ror N (4.20)
This expresses the voltage-current relation at terminals a-b of the circuit
inFig. 4.47(b), confirming that thetwo circuitsin Fig. 4.47(a) and 4.47(b)

are equivalent.

48 MAXIMUM POWER TRANSFER

In many practical situations, a circuit is designed to provide power to a
load. Whilefor electric utilities, minimizing power losses in the process
of transmission and distribution is critical for efficiency and economic
reasons, there are other applications in areas such as communications
whereit is desirable to maximize the power delivered to aload. We now
address the problem of delivering the maximum power to a load when
given a system with known internal losses. It should be noted that this
will result in significant internal 1osses greater than or equal to the power
delivered to the load.

Rerh
. 2 _ The Thevenin equivalent isuseful in finding the maximum power a
l ! linear circuit can deliver to aload. We assume that we can adjust the load
Vi @) R resistance R, . If the entire ci .rcuif[ isreplaced by its Thgveni n equivalent
except for theload, as shown in Fig. 4.48, the power delivered to the load
is
b 2
\%

p=i2R, = <—Th ) R, (4.21)

Figure 448  The circuit used for R+ Ry

maximum power transfer.

For agiven circuit, V1, and Ry, arefixed. By varying the load resistance
R, the power delivered to the load varies as sketched in Fig. 4.49. We
notice from Fig. 4.49 that the power is small for small or large values of
R; but maximum for some vaue of R; between 0 and co. We now want
to show that this maximum power occurs when R; isequal to Rt,. This
is known as the maximum power theorem.

>

0 Rrh R

|
Maximum power is transferred to the load when the load resistance equals the
Thevenin resistance as seen from the load (R, = Rry).

Figure 449 Power delivered to the load

asafunction of R, To prove the maximum power transfer theorem, we differentiate

p in EqQ. (4.21) with respect to R, and set the result equal to zero. We

obtain
dp 5 [(Rtn+ R1)?— 2R, (Rtn+ Ry)
dr, '™ (Rth+ Rp)*
) [(RTh + R, — 2RL)i| _0
= V2 - =
(Rth+ Rp)
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Thisimplies that
0= (Rth+ RL —2R.) = (Rth— Ry) (422)
which yields

Ry = R (4.23)

showing that the maximum power transfer takes place when the load
resistance R, equalsthe Theveninresistance Ry,. Wecanreadily confirm The source and load are s2id to be matched when
that Eq. (4.23) givesthe maximum power by showing that d2p/d R? < 0. R = Ro
The maximum power transferred is obtained by substituting Eq.
(4.23) into Eq. (4.21), for

_ Vi
Prmac = 4Rth

(4.24)

Equation (4.24) applies only when R; = Rt,. When R, # Ry, we
compute the power delivered to the load using Eq. (4.21).

M4.|3

Find the value of R; for maximum power transfer in the circuit of Fig.
4.50. Find the maximum power.

6Q 30 20 a
12V 120 #}z;\ %RL
b

Figure 450  For Example 4.13.

Solution:

We need to find the Thevenin resistance Ry, and the Thevenin voltage
Vrh acrosstheterminalsa-b. Toget Ry, weusethecircuitin Fig. 4.51(a)

and obtain
6x 12
6Q 3Q 2Q 6Q 3Q 2Q
AW ANMA—O AN AN ANWN—0
+
Rrh
12Q - 12V @ 12Q @ 2A Vin
o o
@ (b)

Figure 451 For Example 4.13: (a) finding Rtp, (b) finding Vrh.
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To get V1, we consider the circuit in Fig. 4.51(b). Applying mesh anal-
ysis,

—12 4 18i; — 12i, = 0, ir=-2A

Solving for i;, we get i; = —2/3. Applying KVL around the outer loop
to get Vrp, acrossterminals a-b, we obtain

—12+4+6i1+3i2+20) + Vi =0 = Vin = 22V
For maximum power transfer,
R, =Rm=9Q
and the maximum power is

Vi 222

Pmaxc = 4 T 4% 9

PRACTICE PROBLEMENIE

Determine the value of R, that will draw the maximum power from the

2Q 4Q
I rest of the circuit in Fig. 4.52. Calculate the maximum power.
10 Answer: 422, 2.901W.
9V (’:} R
3vy

Figure 452 For Practice Prob. 4.13.

4.9 VERIFYING CIRCUIT THEOREMS WITH PSPICE

Inthis section, welearn how to use PSpiceto verify the theorems covered
in this chapter. Specifically, we will consider using dc sweep analysisto
find the Thevenin or Norton equivalent at any pair of nodes in a circuit
and the maximum power transfer to aload. The reader is advised to read
Section D.3 of Appendix D in preparation for this section.

To find the Thevenin equivalent of a circuit at a pair of open ter-
minals using PSpice, we use the schematic editor to draw the circuit and
insert an independent probing current source, say, Ip, at the terminals.
The probing current source must have a part name ISRC. We then per-
form aDC Sweep on Ip, as discussed in Section D.3. Typically, we may
let the current through Ip vary from 0to 1 A in 0.1-A increments. After
simulating the circuit, we use Probeto display aplot of the voltage across
Ip versus the current through Ip. The zero intercept of the plot gives us
the Thevenin equivalent voltage, while the slope of the plot is equa to
the Thevenin resistance.

To find the Norton equivalent involves similar steps except that we
insert a probing independent voltage source (with a part name VSRC),
say, Vp, at the terminals. We perform a DC Sweep on Vp and let Vp
vary from0to 1V in 0.1-V increments. A plot of the current through
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Vp versus the voltage across Vp is obtained using the Probe menu after
simulation. The zero intercept is equal to the Norton current, while the
slope of the plot is equal to the Norton conductance.

Tofind the maximum power transfer to aload using PSpiceinvolves
performing a dc parametric sweep on the component value of R; in Fig.
4.48 and plotting the power delivered to the load as a function of R, .
According to Fig. 4.49, the maximum power occurs when R; = Rrp.
Thisisbest illustrated with an example, and Example 4.15 provides one.

We use VSRC and I SRC as part namesfor the independent voltage
and current sources.

£ x A 1P L ¢ R

Consider thecircuitisin Fig. 4.31 (see Example 4.9). Use PSpiceto find
the Thevenin and Norton equivalent circuits.

Solution:

(a) To find the Thevenin resistance Ry, and Thevenin voltage Vr, at the
terminals a-b inthe circuit in Fig. 4.31, we first use Schematics to draw
the circuit as shown in Fig. 4.53(a). Notice that a probing current source
12 is inserted at the terminals. Under Analysis/Setput, we select DC
Sweep. In the DC Sweep dialog box, we select Linear for the Sweep
Type and Current Source for the Sveep Var. Type. We enter 12 under the
Name box, 0 as Start Value, 1 as End Value, and 0.1 as Increment. After
simulation, we add trace V(12:—) from the Probe menu and obtain the
plot shown in Fig. 4.53(b). From the plot, we obtain

26—-20
=
These agree with what we got analytically in Example 4.9.

6 Q2

Vrh = Zerointercept = 20V, Rth = Slope =

rR2 R4
AN .
2 2
E1
|1<) rRRZ4 | C . RBZ6 12
GAl N=2
J7 - OA 02A 04A 06A 0.8A 1.0A
0 = V(l2:-)
@ (b)

Figure 453 For Example 4.14: (&) schematic and (b) plot for finding Rth and V.

(b) Tofind the Norton equivalent, we modify the schematicin Fig. 4.53(a)
by replaying the probing current source with aprobing voltage source V1.
TheresultistheschematicinFig. 4.54(a). Again, intheDC Sweepdialog
box, weselect Linear for the Sveep Typeand Voltage Sourcefor the Sweep
Var. Type. Weenter V1 under Namebox, 0 as Sart Value, 1 asEnd Value,
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and 0.1 asIncrement. When the Probeisrunning, we add trace [ (V1) and
obtain the plot in Fig. 4.54(b). From the plot, we obtain

Iy = Zerointercept = 3.335 A

3.335 - 3.165
GN=S|ope=f=O.l7S
T
R2 R1
AN—e—
2 2 3
E1 i
ER0)) R4§4 1 R3§6 n@® s
GAI N=2 3
3L A iiieiol. ;
J7 OV 0.2V 04V 0.6V 0.8V 1.0V
0 o (V1) V. V1
@ (b)

Figure 454 For Example 4.14: (a) schematic and (b) plot for finding Gy and Iy.

PRACTICE PROBLEMENK

Rework Practice Prob. 4.9 using PSpice.
Answer: Vqp =533V, Rty =044 Q.

M4.|5

1kQ Refer to the circuit in Fig. 4.55. Use PSpice to find the maximum power
transfer to R;..

Solution:

Weneedto perform adc sweep on R; to determinewhen the power across
it is maximum. We first draw the circuit using Schematics as shown in
Fig. 4.56. Oncethe circuit is drawn, we take the following three steps to
further prepare the circuit for adc sweep.

Thefirst stepinvolvesdefiningthevalue of R, asaparameter, since

1V R

Figure 455 For Example 4.15.

PARAMVETERS: we want to vary it. To do this:
RL 2k 1. DCLICKL thevalue 1k of R2 (representing R; ) to open up
. & . the Set Attribute Value dialog box.
vi 1k 2. Replace 1k with {RL} and click OK to accept the change.
DC=1 V R < (R Note that the curly brackets are necessary.

The second step is to define parameter. To achieve this:
- 1. Select Draw/Get New Part/Libraries - - -/special.gb.
0 2. Type PARAM in the PartName box and click OK.
K _ o 3. DRAG the box to any position near the circuit.
igure 456 schematic for the circuit in
Fig. 4.55. 4. CLICKL to end placement mode.
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5. DCLICKL to open up the PartName: PARAM dialog box.

6. CLICKL on NAMEL = and enter RL (with no curly brackets)
in the Value box, and CLICKL Save Attr to accept change.

7. CLICKL onVALUEL = and enter 2k in the Value box, and
CLICKL Save Attr to accept change.
8. Click OK.
The value 2k in item 7 is necessary for a bias point calculation; it
cannot be left blank.
The third step is to set up the DC Sweep to sweep the parameter.
To do this:
1. Select Analysig/Setput to bring up the DC Sweep dialog box.
2. For the Sweep Type, select Linear (or Octave for awide range
of R;).
For the Sweep Var. Type, select Global Parameter.
Under the Name box, enter RL.
In the Sart Value box, enter 100.
In the End Value box, enter 5k.
In the Increment box, enter 100.
8. Click OK and Close to accept the parameters.

After taking these steps and saving the circuit, we are ready to sim-
ulate. Select Analysis’'Simulate. If there are no errors, we select Add
TraceintheProbe menuandtype —V (R2:2)*1(R2) inthe Trace Command
box. [The negative sign is needed since | (R2) isnegative.] Thisgivesthe
plot of the power delivered to R, as R; variesfrom 100 2 to 5 k2. We
can also obtainthe power absorbed by R; by typing V(R2:2)*V(R2:2)/RL
in the Trace Command box. Either way, we obtain the plot in Fig. 4.57.
It is evident from the plot that the maximum power is 250 uW. Notice
that the maximum occurs when R;, = 1 k<2, as expected analytically.

PRACTICE PROBLEMENIE

N o g~

250 UWr---;

200 uw:
150 uw!

100 uw:

50 UW-«-

0- V(Re: 2) *1 (Re)

Figure 4.57

RL

For Example 4.15: the plot
of power across Py..

147

Find the maximum power transferred to R, if the 1-k2 resistor in Fig.
455 isreplaced by a 2-kS2 resistor.

Answer: 125 uW.

14,10 APPLICATIONS

In this section we will discuss two important practical applications of
the concepts covered in this chapter: source modeling and resistance
measurement.

4.10.1 Source Modeling

Source modeling provides an example of the usefulness of the Thevenin
or the Norton equivalent. An active source such as a battery is often
characterized by its Thevenin or Norton equivalent circuit. An ideal
voltage source provides a constant voltage irrespective of the current
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Figure 458  (a) Practical
voltage source, (b) practical
current source.

@

Q)

Figure 460 (2 Practical current
source connected to aload Ry,
(b) load current decreases as R,
increases.

PART | DC Circuits

drawn by the load, while an idea current source supplies a constant
current regardless of the load voltage. As Fig. 4.58 shows, practical
voltage and current sources are not ideal, dueto their internal resistances
or source resistances R, and R,. They become ideal as R, — 0 and
R, — oo. To show that thisis the case, consider the effect of the load
on voltage sources, as shown in Fig. 4.59(a). By the voltage division
principle, the load voltageis

R,
R.+ R,

As R; increases, the load voltage approaches a source voltage v,, as
illustrated in Fig. 4.59(b). From Eq. (4.25), we should note that:

1. Theload voltage will be constant if the internal resistance R;
of the sourceis zero or, at least, R, < R; . In other words, the
smaller R, iscompared to R, the closer the voltage sourceis
to being ideal.

2. When theload is disconnected (i.e., the source is open-
circuited so that R;, — 00), v, = v,. Thus, vy may be
regarded as the unloaded source voltage. The connection of
the load causes the terminal voltage to drop in magnitude; this
is known as the loading effect.

v = Vg (4.25)

R

Vs <t> Vi RL

@ (b)

Figure 459 (a) Practical voltage source connected to aload Ry,
(b) load voltage decreases as R;, decreases.

The same argument can be made for a practical current source when
connected to a load as shown in Fig. 4.60(a). By the current division
principle,

__ &

" R,+R.

Figure 4.60(b) shows the variation in the load current as the load re-
sistance increases. Again, we notice a drop in current due to the load
(loading effect), and load current is constant (ideal current source) when
theinternal resistanceisvery large(i.e., R, — ocor, atleast, R, > Ry).

Sometimes, we need to know the unloaded source voltage v, and
theinternal resistance R, of avoltagesource. Tofind vy and Ry, wefollow
the procedureillustrated in Fig. 4.61. First, we measure the open-circuit
voltage v, asin Fig. 4.61(a) and set

iL i (4.26)

Us = Voc (4.27)
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Then, we connect a variable load R; across the terminals as in Fig.
4.61(b). We adjust the resistance R, until we measure a load voltage
of exactly one-half of the open-circuit voltage, v; = v,./2, because now
R; = Rth = R,. At that point, we disconnect R; and measure it. We
set

R, =R, (4.29
For example, a car battery may have v, = 12V and R, = 0.05 Q.

——oO
+ +
Signal y Signal
source oc source VL RL
——O

@ (b)
Figure 461 () Measuring v,., (b) measuring v;..

M4.I6

|
Theterminal voltage of avoltage sourceis 12V when connected to a2-W T :

load. When theload is disconnected, theterminal voltagerisesto 12.4 V. ! R W

(a) Calculate the source voltage vy and internal resistance R;. (b) Deter- : Pt

mine the voltage when an 8- load is connected to the source. A A R
Solution: 3 L -

(a) Wereplacethesourceby its Theveninequivalent. Theterminal voltage
when the load is disconnected is the open-circuit voltage,

Vg =Vpe =124V

When the load is connected, as shown in Fig. 4.62(a), v, = 12V and 240Q
pL = 2W. Hence, ‘

L2 2 192 12V Ly 80
Y & R =Ll=-_-7n9 : -
Ry PL 2

Theload current is

pL =

vy 121

= — =_=_A (b)
TR, T2 6
The voltage across R, isthe difference between the source voltage v, and Figure 462 For Example 4.16.
the load voltage vy, or
4
12.4— 12 = 0.4 = R,iy, RS:O—=2.4S2

L
(b) Now that we have the Thevenin equivalent of the source, we connect

the 8-Q2 load across the Thevenin equivaent as shown in Fig. 4.62(b).
Using voltage division, we obtain

8
v=g12412 =95
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PRACTICE PROBLEMENK

The measured open-circuit voltage across a certain amplifier is9 V. The
voltage drops to 8 V when a 20-2 loudspesker is connected to the am-
plifier. Calculate the voltage when a 10-2 loudspeaker is used instead.

Answer: 7.2V.

Historical note: The bridge was invented by
Charles Wheatstone (1802-1875), a British
professor who also invented the telegraph, as
Samuel Morse did independently in the United
States.

Galvanometer

@

Vi V2

'@ R%« @

Figure 463 The Wheatstone bridge; R, is
the resistance to be measured.

4.10.2 Resistance Measurement

Although the ohmmeter method providesthe simplest way to measurere-
sistance, more accurate measurement may be obtained using the Wheat-
stone bridge. While ohmmeters are designed to measure resistance in
low, mid, or high range, a Whesatstone bridge is used to measure resis-
tance in the mid range, say, between 1  and 1 M. Very low values of
resistances are measured with a milliohmmeter, while very high values
are measured with a Megger tester.

The Wheatstone bridge (or resistance bridge) circuit is used in a
number of applications. Here we will use it to measure an unknown re-
sistance. The unknown resistance R, isconnected to the bridge as shown
in Fig. 4.63. The variable resistance is adjusted until no current flows
through the galvanometer, which is essentially a d’ Arsonval movement
operating as a sensitive current-indicating device like an ammeter in the
microamp range. Under this condition v; = v, and the bridge is said
to be balanced. Since no current flows through the galvanometer, Ry
and R, behave as though they were in series; so do Rz and R,. The fact
that no current flows through the galvanometer also impliesthat v; = v,.
Applying the voltage division principle,

R> R,

vl:R1+R2v:U2=R3+RXU (4.29)
Hence, no current flows through the galvanometer when
ke __K =  RoRs= RiR,
Ri+ R, R3+ R,
or
R, = &Rg (4.30)
Ry

If Ry = R3, and R, is adjusted until no current flows through the gal-
vanometer, then R, = Ro.

How do we find the current through the galvanometer when the
Wheatstone bridge is unbalanced? We find the Thevenin equivalent (V1
and Rvy,) with respect to the galvanometer terminals. If R, isthe resis-
tance of the galvanometer, the current through it under the unbalanced
conditionis

I— V1h
Rh+ Ry,
Example 4.18 will illustrate this.

(4.31)
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M4.|7

InFig. 4.63, R; = 500  and R3 = 200 2. The bridgeis balanced when
R, isadjusted to be 125 Q2. Determine the unknown resistance R, .
Solution:
Using Eg. (4.30),

R3 200

R, = —R,= —-125=50 Q
* T R, %7 500

PRACTICE PROBLEMENN

A Wheatstone bridge has R; = R3 = 1 kQ. R, isadjusted until no cur-
rent flows through the galvanometer. At that point, R, = 3.2 k2. What
is the value of the unknown resistance?

Answer: 3.2kS.

M4.I8

The circuit in Fig. 4.64 represents an unbalanced bridge. If the galvano-
meter has aresistance of 40 €2, find the current through the galvanometer.

3KQ 400Q
a 40Q b
220V (’:}
1kQ 600 Q

Figure 4.64  Unbalanced bridge of Example 4.18.

Solution:

We first need to replace the circuit by its Thevenin equivalent at termi-
nalsa and b. The Thevenin resistance is found using the circuit in Fig.
4.65(a). Noticethat the 3-k2 and 1-k2 resistorsarein parallel; so arethe
400-22 and 600-%2 resistors. The two parallel combinations form a series
combination with respect to terminalsa and b. Hence,

Rth = 3000 || 1000 + 400 || 600
3000 x 1000 L 400 x 600
3000+ 1000 ~ 400 + 600

To find the Thevenin voltage, we consider the circuit in Fig. 4.65(b).
Using the voltage division principle,
1000 600
=—— (2200 =55V, =—
1000 + 3000 “2° "2 = 600 + 400
Applying KVL around loop ab gives

= 750 + 240 = 990

vy (220) = 132V

—v1+ Vrh+v2=0 or Vih=v1 —1v,=55-132=-77V
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(0)

40Q

152 PART |
3kQ 400Q
a Rm b
1kQ 600 Q
@
R
AW
“@®
Figure 4.65

galvanometer.

©

For Example 4.18: (&) Finding Rtp, (b) finding Vi, (c) determining the current through the

Having determined the Thevenin equivalent, we find the current through
the galvanometer using Fig. 4.65(c).

V1h

—77 = —74.76 mA

e

~ Rm+ R, 990+40

The negative sign indicatesthat the current flowsin the direction opposite
to the one assumed, that is, from terminal b to termina a.

PRACTICE PROBLEMENRE

20Q 30Q A _
<G> nswer:
§ 140
600 40Q
L
16V
Figure 4.66  For Practice Prob. 4.18.

64 mA.

Obtain the current through the gal vanometer, having aresistance of 14 2,
in the Wheatstone bridge shown in Fig. 4.66.
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4.1  SUMMARY

1. A linear network consists of linear elements, linear dependent
sources, and linear independent sources.

2. Network theorems are used to reduce a complex circuit to asimpler
one, thereby making circuit analysis much simpler.

3. The superposition principle states that for a circuit having multiple
independent sources, the voltage across (or current through) an
element is equal to the algebraic sum of all the individual voltages
(or currents) due to each independent source acting one at atime.

4. Source transformation is a procedure for transforming a voltage
source in series with aresistor to a current source in parallel with a
resistor, or vice versa

5. Thevenin's and Norton's theorems allow us to isolate a portion of a
network while the remaining portion of the network isreplaced by an
equivaent network. The Thevenin equivalent consists of a voltage
source Vq, in serieswith aresistor Ry, while the Norton equivalent
consists of a current source Iy in parallel with aresistor Ry. The
two theorems are related by source transformation.

_ Vm
Rth
6. For agiven Thevenin equivalent circuit, maximum power transfer

occurswhen R; = Ry, that is, when the load resistance is equal to
the Thevenin resistance.

7. PSpice can be used to verify the circuit theorems covered in this
chapter.

8. Source modeling and resistance measurement using the Wheatstone
bridge provide applications for Thevenin’s theorem.

Ry = R, Iy

REVIEW QUESTIONS

4.1 The current through a branch in alinear network is (@ 25Q (b) 20 Q2
2 A when the input source voltageis 10 V. If the (©) 59 (d) 4
voltageisreduced to 1 V and the polarity is
reversed, the current through the branch is:

5Q
@ —2 (b) —0.2 (© 02
d) 2 © 20 !
a

42  For superposition, it is not required that only one 50V C_D 200

independent source be considered at atime; any b

number of independent sources may be considered T

simultaneously.

(@ True (b) False Figure 467 For Review Questions 4.4 to 4.6.
4.3 The superposition principle applies to power 45  The Thevenin voltage across terminals a and b of

calculation. the circuit in Fig. 4.67 is:

(& True (b) False (@) 50V (b) 40V
44  Referto Fig. 4.67. The Thevenin resistance at (c) 20V (d) 10V

terminalsa and b is:
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4.6 The Norton current at terminals a and b of the
circuitinFig. 4.67 is:
(@ 10A (b) 25A
(c 2A (d OA

4.7 The Norton resistance Ry is exactly equal to the
Thevenin resistance Rtp,.

(@ True (b) Fase

4.8 Which pair of circuitsin Fig. 4.68 are equivalent?

DC Circuits

4A 5Q 20V 5Q

© (d)

Figure 468 For Review Question 4.8.

4.9 A load is connected to a network. At the terminals
to which the load is connected, Rth, = 10 Q and
Vrh = 40 V. The maximum power supplied to the

ab B bandd loadis:
@ aa“d (d) a”d . (3 160W (b) 80W
() aandc (d) can (©) 40W (@ 1W
5Q 5Q . . .
410  The sourceis supplying the maximum power to the
load when the load resistance equal s the source
20V 4A resistance.
(@) True (b) False
@ (b) Answers: 4.1b, 4.2a, 4.3b, 4.4d, 4.5b, 4.6a, 4.7a, 4.8c, 4.9¢, 4.10b.
PROBLEMS

Section 4.2 Linearity Property

41 Calculate the current i, in the current of Fig. 4.69.

What does this current become when the input
@ voltageisraisedto 10 V?

1Q 5Q

b

1V 8Q 3Q

Figure 469 For Prob. 4.1.

4.2 Find v, in the circuit of Fig. 4.70. If the source
current isreduced to 1 ©A, what isv,?

50 4Q

1A 8Q 6Q 20 =V,

Figure 470 For Prob. 4.2.

4.3 (8 Inthecircuitin Fig. 4.71, calculate v, and i,
whenv, =1V.

(b) Find v, and i, when v, = 10 V.
(c) What are v, and i, when each of the 1-Q

resistorsis replaced by a 10-2 resistor and
@ v, = 10V?

Figure 471 For Prob. 4.3.

44 Use linearity to determine i, in the circuit of Fig.

4.72.
30 20
MM
o
60 40 9A

Figure 472 For Prob. 4.4.
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45 For the circuit in Fig. 4.73, assume v, = 1V, and
use linearity to find the actual value of v,.

2Q 3Q y, 2Q
15V 6Q 6Q 4Q
Figure 473 For Prob. 4.5.
Section 4.3 Superposition
4.6 Apply superposition to find i in the circuit of Fig.
4.74.
6Q
{i
20V 5A

Figure 474 For Prob. 4.6.

47 Given the circuit in Fig. 4.75, calculate i, and the
power dissipated by the 10-2 resistor using

superposition.
120
1o
15V 10Q 400Q 4A
Figure 475 For Prob. 4.7.

4.8 For the circuit in Fig. 4.76, find the terminal voltage

V., Using superposition.

3V,
100 ab
a
;
4v 2A Vap
ob

Figure 476 For Prob. 4.8.

4.9 Use superposition principleto find i in Fig. 4.77.

Circuit Theorems |55

6Q

{i

12v 2Q 3Q 4A

Figure 477 For Prob. 4.9.

410 Determinev, inthecircuit of Fig. 4.78 using the

@ superposition principle.

12V 19V

Figure 4.78

For Prob. 4.10.

411  Apply the superposition principle to find v, in the
circuit of Fig. 4.79.

6Q

MWV
2A

40 20
A AW
+
2ov’ 1A vo%:m

Figure 4.79

For Prob. 4.11.

412  For thecircuit in Fig. 4.80, use superposition to find
@ i. Calculate the power delivered to the 3-Q2 resistor.

1Q 2A
20V 4Q
b
2Q
30 16V
Figure 480  For Probs. 4.12 and 4.45.
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413 Giventhecircuitin Fig. 4.81, use superposition to
geti,.
12V
Figure 48| For Probs. 4.13 and 4.23.
414  Usesuperposition to obtain v, in the circuit of Fig.
4.82. Check your result using PSpice.
30Q 100 20Q
A%A%%Y
+ V>< -
0V 0o @ea =0 40V
Figure 482 For Prob. 4.14.
4.15 Find v, in Fig. 4.83 by superposition.

%Q

2Q
A\
. 5i
ik 10 x
AW ‘
+ Vx -
10V 2A ?
Figure 483 For Prob. 4.15.

416 Usesuperposition to solvefor i, inthe circuit of

Fig. 4.84.
D"

20

'GA 4A. 8Q

| < +
x

Figure 4.84
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4iy

For Prob. 4.16.

DC Circuits

Section 4.4

417
4.18

4.19

4.20

421

4.22

Sour ce Transformation
Find i in Prob. 4.9 using source transformation.

Apply source transformation to determine v, and i,
in the circuit in Fig. 4.85.

Figure 485 For Prob. 4.18.

For the circuit in Fig. 4.86, use source
transformation to find ;.

ANV

s

20V

ZA'

Figure 486 For Prob. 4.19.

Obtain v, in the circuit of Fig. 4.87 using source
transformation. Check your result using PSpice.

2A

9Q
WY

3A 4Q 5Q 6A

+ Yo

2Q gy

Figure 487 For Prob. 4.20.

Use source transformation to solve Prob. 4.14.

Apply source transformation to find v, in the circuit
of Fig. 4.88.
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10Q a 120 p 200 Sections 4.5 and 4.6 Thevenin’sand Norton’s
. +MVN\_ . Theorems
g 4.27  Determine Rt and Vh at terminals 1-2 of each of
50V 400 G 8A 40V the circuitsin Fig. 4.92.
10Q
AV o1
Figure 488 For Probs. 4.22 and 4.32.
20V 400

4.23  Giventhecircuit in Fig. 4.81, use source 02

transformation to find i,,. @
4.24  Use source transformation to find v, in the circuit of 60Q

Fig. 4.89.

b
4kOQ 2A § 30Q 30V
T 2
3V,
2kQ 0
F (b)
+
3mA SD 1kQ %f" Figure 492 For Probs. 4.27 and 4.37.

4.28  Find the Thevenin equivalent at terminals a-b of the
circuitin Fig. 4.93.

Figure 489 For Prob. 4.24.

3A
4.25 Determine v, inthecircuit of Fig. 4.90 using source
transformation.
10Q 20Q
0 a
40V 400
o b
Figure 493 For Probs. 4.28 and 4.39.
Figure 490 For Prob. 4.25. 4.29  Use Thevenin's theorem to find v, in Prob. 4.10.
430 Solvefor the current i in the circuit of Fig. 4.94
using Thevenin'stheorem. (Hint: Find the Thevenin
4.26  Usesource transformation to find i, in the circuit of equivalent across the 12-<2 resistor.)
Fig. 4.91.
l i
100
100 120
05 § 40Q
ix_ 150 2 50V 30V
— Z~
60V 50Q 40Q )
% % Figure 494 For Prob. 4.30.
) 431  For Prob. 4.8, obtain the Thevenin equivalent at
Figure 491 For Prob. 4.26. terminals a-b.
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4.32  Giventhecircuit in Fig. 4.88, obtain the Thevenin
equivalent at terminals a-b and use the result to
getv,.

*4.33  For the circuit in Fig. 4.95, find the Thevenin
equivalent between terminalsa and b.

200
é 3) 20V
100 200
ao MW O b
100
5A 100 § 100
30V
Figure 495 For Prob. 4.33.

4.34  Find the Thevenin equivalent looking into terminals
a-b of the circuit in Fig. 4.96 and solvefor i,.

10Q a 6Q b

20V 10Q

so @) 2a

Figure 496 For Prob. 4.34.

435  Forthecircuitin Fig. 4.97, obtain the Thevenin
equivalent as seen from terminals:

@ a-b (b) b-¢
30 1Q

a
24V 4Q

b

20 5Q 2A
O C

Figure 497 For Prob. 4.35.

436  Find the Norton equivalent of the circuit in Fig. 4.98.

* An asterisk indicates a challenging problem.

DC Circuits

6Q
MW 0 a
4A 6Q 4Q
o b
Figure 498 For Prob. 4.36.

437 Obtain Ry and Iy at terminals 1 and 2 of each of the
circuitsin Fig. 4.92.

4.38  Determine the Norton equivalent at terminals a-b
for the circuit in Fig. 4.99.

10i,

[o]

2a @ 40

O b

Figure 499 For Prob. 4.38.

439  Find the Norton equivalent looking into terminals
a-b of thecircuit in Fig. 4.93.

440 Obtain the Norton equivalent of the circuit in Fig.
4.100 to the left of terminals a-b. Use the result to
find current ;.

6o 12V

«/wAf—@«ali
2 @ §4Q §5Q @ 2

- p

Figure 4100 For Prob. 4.40.
441 Giventhecircuitin Fig. 4.101, obtain the Norton
equivalent as viewed from terminals:
@ @ a-b (b) c-d
a b
6Q T 4Q T

O C

120V 3Q 6A 2Q

od

Figure 4101 For Prob. 4.41.
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4.43

*4.44

CHAPTER 4

For the transistor model in Fig. 4.102, obtain the
Thevenin equivalent at terminals a-b.

3kQ

o a

6V 20i, 2kQ

Figure 4102 For Prob. 4.42.

Find the Norton equivalent at terminals a-b of the
circuitin Fig. 4.103.

0.25v,
60 20
AW oa
+
18V 303 %
o b
Figure 4103 For Prob. 4.43.

Obtain the Norton equivalent at terminals a-b of the
circuitin Fig. 4.104.

8kQ |

—
O a
+
oV 0.01V,, é 801 50kQ <V
O b

4.45

4.46

50V

Figure 4104 For Prob. 4.44.

Use Norton's theorem to find current i in the circuit
of Fig. 4.80.

Obtain the Thevenin and Norton equivalent circuits
at the terminals a-b for the circuit in Fig. 4.105.

3Q 2Q
O a
+
6Q X Vx 05y, 100
o b
Figure 4.105  For Probs. 4.46 and 4.65.

Circuit Theorems 159

4.47

4.48

*4.49

*4.50

The network in Fig. 4.106 models a bipolar
transistor common-emitter amplifier connected to a
load. Find the Thevenin resistance seen by the load.

i R, Bip
—_—
Vs Ry R
Figure 4.106  For Prob. 4.47.

Determine the Thevenin and Norton equivalents at
terminals a-b of thecircuit in Fig. 4.107.

10Q 200
sa @ a b

500 40Q
Figure 4.107  For Probs. 4.48 and 4.66.

For the circuit in Fig. 4.108, find the Thevenin and
Norton equivalent circuits at terminals a-b.

For Probs. 4.49 and 4.67.

Figure 4.108

Obtain the Thevenin and Norton equivalent circuits
at terminals a-b of the circuit in Fig. 4.100.
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2Q

6Q 6Q

12v @ @ v

6Q

ZQ§ §2§2

12v

o b

Figure 4109 For Prob. 4.50.

*451  Find the Thevenin equivalent of the circuit in Fig.

4.110.
0.1i,
&1 —-
+
10Q o
bio
40Q % 20Q
\ 4 o
2

Figure 4.110 For Prob. 4.51.

4.52  Find the Norton equivalent for the circuit in Fig.

4.111.
100
MW 0
+
Vo 2 20V 0.5%,
O
Figure 4.111 For Prob. 4.52.

453  Obtain the Thevenin equivalent seen at terminals
a-b of thecircuit in Fig. 4.112.

40 1Q
—AM—o0 a
i
10i, §29

o b

Figure 4.112 For Prob. 4.53.

DC Circuits

Section 4.8 M aximum Power Transfer

454  Find the maximum power that can be delivered to
theresistor R inthecircuit in Fig. 4.113.

20 0V

3Q R
MWV
20V 5Q 6A

Figure 4.113  For Prob. 4.54.

455  Referto Fig. 4.114. For what value of R isthe
@ power dissipated in R maximum? Calculate that power.

40 6Q
30V

R

12Q 8Q

Figure 4.114  For Prob. 4.55.

*456  Compute the value of R that results in maximum
power transfer to the 10-Q2 resistor in Fig. 4.115.
Find the maximum power.

R

10Q
12V § 20Q
8V

Figure 4.115  For Prob. 4.56.

457  Find the maximum power transferred to resistor R

@ in the circuit of Fig. 4.116.
10kQ 22kQ

MWV

+
100V Vo £ 40kQ 3y, 30kQ R

Figure 4.116  For Prob. 4.57.
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4.59

4.60

4.61

CHAPTER 4

For the circuit in Fig. 4.117, what resistor connected
across terminals a-b will absorb maximum power
from the circuit? What is that power?

10kQ

3kQ
a
+
8V Vo 1kQ 120v, 40 kQ
o b

Figure 4.117  For Prob. 4.58.

(a) For thecircuitin Fig. 4.118, obtain the Thevenin
equivalent at terminals a-b.

(b) Calculatethe currentin R, = 8 Q.
(c) Find R, for maximum power deliverableto R; .
(d) Determine that maximum power.

2A
4Q 6Q a
AWV AW
4A 20 R
4D
A\ b
20V

Figure 4.118  For Prob. 4.59.

For the bridge circuit shown in Fig. 4.119, find the
load R; for maximum power transfer and the
maximum power absorbed by the load.

Figure 4.119 For Prob. 4.60.

For the circuit in Fig. 4.120, determine the value of
R such that the maximum power delivered to the
load is3 mW.

Circuit Theorems 161

R
R
R

v @

v @® R

3V

Figure 4120 For Prob. 4.61.

Section 4.9 Verifying Circuit Theoremswith

PSpice

4.62  Solve Prob. 4.28 using PSpice.

4.63  UsePSpiceto solve Prob. 4.35.

4.64 UsePpiceto solve Prob. 4.42.

4.65  Obtain the Thevenin equivalent of the circuit in Fig.
4,105 using PSpice.

4.66 UsePSpiceto find the Thevenin equivalent circuit at
terminals a-b of the circuit in Fig. 4.107.

4.67  For thecircuitin Fig. 4.108, use PSpiceto find the
Thevenin equivaent at terminals a-b.

Section 4.10 Applications

4.68 A battery has a short-circuit current of 20 A and an
open-circuit voltage of 12 V. If the battery is
connected to an electric bulb of resistance 2 €2,
calculate the power dissipated by the bulb.

4.69  Thefollowing results were obtained from
measurements taken between the two terminals of a
resistive network.

Termina Voltage 12V oV
Terminal Current oV 15A
Find the Thevenin equivalent of the network.
470 A black box with acircuit in it is connected to a

variable resistor. Anideal ammeter (with zero
resistance) and an ideal voltmeter (with infinite
resistance) are used to measure current and voltage
asshownin Fig. 4.121. Theresults are shown in the
table below.

i
@A
@
Black
box R

Figure 4.121

For Prob. 4.70.
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162 PART |

(8 Findi whenR =4 Q.
(b) Determine the maximum power from the box.

DC Circuits

4.73

(8 Inthe Wheatstone bridge circuit of Fig. 4.123,
select the values of R; and R3 such that the
bridge can measure R, in the range of 0-10 €.

R() V(V) i(A)
2 3 15
R R
8 8 10 ' °
14 105 0.75
v (’:)
471 A transducer is modeled with a current source I, and 500 R
aparald resistance R,. The current at the terminals %
of the source is measured to be 9.975 mA when an
ammeter with an internal resistance of 20 Q2 is used.
(a) If adding a2-kS2 resistor across the source )
terminals causes the ammeter reading to fall to Figure 4123 For Prob. 473
9.876 mA, calculate I; and R;.
(b) What will the ammeter reading be if the (b) Repeat for the range of 0—100 2.
i th t i i . . N .
L?ai;gjc ?Obfrgf,n e source terminalsis *4,74  Consider the bridge circuit of Fig. 4.124. Isthe
’ bridge balanced? If the 10-k2 resistor is replaced
4.72  The Wheatstone bridge circuit shown in Fig. 4.122 by an 18-k resistor, what resistor connected
is used to measure the resistance of a strain gauge. between terminals a-b absorbs the maximum
The adjustable resistor has alinear taper with a power? What is this power?
maximum value of 100 2. If the resistance of the
strain gauge is found to be 42.6 €2, what fraction of 2KkO
the full slider travel isthe dider when the bridge is
balanced?
Ry
A
?2§/ \%j‘ﬁ
v (£ (G)
Figure 4.124  For Prob. 4.74.
RX
Figure 4.122  For Prob. 4.72.
COMPREHENSIVE PROBLEMS
475  Thecircuit in Fig. 4.125 models a common-emitter 476  Anattenuator is an interface circuit that reduces the

transistor amplifier. Find i, using source
transformation.

Vs Ry Bix

Figure 4.125  For Prob. 4.75.

voltage level without changing the output resistance.

(a) By specifying R, and R, of the interface circuit
in Fig. 4.126, design an attenuator that will meet
the following requirements:

Y = 0.125,

Vg

(b) Using the interface designed in part (a),
calculate the current through aload of
R, =50QwhenV, =12 V.

Req = Rth = R, = 100Q
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CHAPTER 4 Circuit Theorems 163

4.79 A common-emitter amplifier circuit is shown in Fig.

Ry |+ R 4.128. Obtain the Thevenin equivalent to the left of
AW : points B and E.
L+
\G Ro 1% R
1<_j R,
s - | Load 6kQ .
Attenuator B
Rea = 12V
Figure 4.126  For Prob. 4.76. 4KO
R
E
*4.77 A dc voltmeter with a sensitivity of 20 k2/V isused 1

to find the Thevenin equivalent of alinear network.
Readings on two scales are as follows:

Obtain the Thevenin voltage and the Thevenin
resistance of the network. *4.80  For Practice Prob. 4.17, determine the current
. . ) through the 40-2 resistor and the power dissipated
*4.78 A resistance array is connected to aload resistor R by the resistor.

and a9-V battery as shown in Fig. 4.127.
@ (a) Findthevalue of R suchthat V, = 1.8 V.
(b) Calculate the value of R that will draw the

maximum current. What is the maximum
current?

Figure 4.127  For Prob. 4.78.
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