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TECHNIQUES OF CIRCUIT ANALYSIS

o Loop-current method is similar in concept to the mesh-
current method, except that it works with both planar and
nonplanar circuits. We discuss this method in Chapter 5.

* Source transformation involves replacing, insofar as its ter-
minal voltage and currents are concerned, a voltage source
and a series resistor with a current source and a parallel re-
sistor (or vice versa). The values of the voltage source, the
current source, and the resistor are such that the equivalents
have the same open circuit voltage and short circuit current.

o Thévenin and Norton equivalents allow any circuit made up
of sources and resistors to be replaced, insofar as its termi-
nal voltage and current are concerned, by an equivalent cir-
cuit containing a voltage source with a series resistor
(Thévenin) or by a current source with a parallel resistor
(Norton).

* Superposition is a method of analyzing a circuit containing
multiple independent sources by activating one source at a
time and summing the resulting voltages and currents to de-
termine the voltages and currents that exist when all the in-
dependent sources are active. (Note: Dependent sources are
not deactivated when applying superposition:)

PROBLEMS

4.1 Assume the current i; in the circuit in Fig. P4.1
is known. The resistors R, through Rs are also
known.

a) How many unknown currents are there?

b) How many independent equations can be
written using Kirchhoff ’s current law?

c) Write an independent set of KCL equations.

d) How many independent equations must be
derived from Kirchhoff ’s voltage law?

e) Write a set of independent KVL equations.

a e

FIGURE P4.1

4.2 Use the node-voltage method to find v, in the
circuit in Fig. P4.2.

ve S250 C{ a0mA
25V

FIGURE P4.2




PROBLEMS 141
4.3 Use the node-voltage method to find v; and v, w X
in the circuit shown in Fig. P4.3. N ’ +
6A vi 400 800 v 1200 1A
FIGURE P4.3
4.4 Use the node-voltage method to find how much _ w»
power the 45-V source extracts from the circuit :
in Fig. P4.4.
2A 50 Q) 45V
40
NV
FIGURE P4.4
4.5 Use the node-voltage method to find v; and v,
in the circuit in Fig. P4.5. :
144V
FIGURE P4.5
4.6 a) Use the node-voltage method to find v;, vs, ,\3;\‘} . ,\2/& _
and v; in the circuit in Fig. P4.6. M- +
v2
b) How mucl} power d0e§ th(? 28-A current 0V v 00 .0 28A
source deliver to the circuit?
- = v+
W M
10 20
FIGURE P4.6
4.7 a) Use the node-voltage method to find the 50 i 40 ~ 100
branch currents i, through i. in the circuit _Vx\ﬁ % m
shown in Fig. P4.7. ‘a e fe
128V /b} 600 /d* 800 320V

b) Find the total power developed in the circuit.

FIGURE P4.7
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4.8 Use the node-voltage method to find the total 5A
power dissipated in the circuit in Fig. P4.8. Q
_/
120 200
————NVW\—
Y : T 250 f 200 75A
: A .
400
FIGURE P4.8 B
4.9 a) Use the node-voltage method to find the
branch currents i, through is in the circuit
shown in Fig. P4.9.
b) Test your solution for the branch currents by
showing that the total power dissipated ‘
equals the total power developed. s + §36 Q CD 11.5A
' FIGURE P4.9
4.10 Use the node-voltage method to find v, and the 25V
. . Y\ 200
power delivered by the 2-A current source in . v - ANA————
the circuit in Fig. P4.10. + N\
2A vi 500 150 Q § 550
FIGURE P4.10 -

4.11 a) Use the node-voltage method to find the
branch currents i, i, and i3 in the circuit in
Fig. P4.11.

b) Check your solution for i\, i,, and i3 by
showing that the power dissipated in the cir-
cuit equals the power developed. 20V

FIGURE P4.11
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4.12 a) Find the power developed by the 40-mA
current source in the circuit in Fig. P4.2.

b) Find the power developed by the 25V
voltage source in the circuit in Fig. P4.2.

¢) Verify that the total power developed equals
the total power dissipated.

4.13 A 100-(2 resistor is connected in series with the

40-mA current source in the circuit in Fig. P4.2.

a) Find v,.

b) Find the power developed by the 40-mA
current source.

c) Find the power developed by the 25V
voltage source.

d) Verify that the total power developed equals
the total power dissipated.

e) What effect will any finite resistance con-
nected in series with the 40-mA current
source have on the value of v,?

4.14 Use the node-voltage method to find the value 1338
of v, in the circuit in Fig. P4.14. _ vo .
20Q b 8Q c
EX \
aav( ’ 100 } )assa 2640
d
FIGURE P4.14
4.15 Check the solution for v, in Problem 4.14 by
first using a Y-to-A transformation to eliminate
node b.
4.16 a) Use the node-voltage method to find the . '\1/\(/)\,
power dissipated in the 2- () resistor in the
circuit in Fig. P4.16. 10 50
b) Find the power supplied by the 230-V "
source. C)
230V 10 20
i 10 50
10
A

FIGURE PA4.16
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4.17 Use the node-voltage method to find v, in the
circuit in Fig. P4.17.

220 —ip

T
186 V Vo

ol

1.6/
VWV
FIGURE P4.17 20
4.18 Use the node-voltage method to calculate the 50 100
- : AW~ + ANN—
power delivered by the dependent voltage
source in the circuit in Fig. P4.18.
80V iy { 50 0 75ig
150
MW
FIGURE P4.18
4.19 Use the node-voltage method to determine how 50 100 R
much power the dependent voltage source in
Fig. P4.19 delivers to the circuit. 40
500V <+> 1002}, gson
- 18.8ia
FIGURE P4.19
4.20 Use the node-voltage method to find va in the 100 Sva
circuit in Fig. P4.20. ——V\—e—<F >
+
15V B, S20 200 400

FIGURE P4.20
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4.21 a) Find the node voltages v;, vz, and vs in the _ 50 o tea 40
circuit in Fig. P4.21. " VW WA W]
b) Find the total power dissipated in the circuit. 50
* 5, v S200 vz S400 v C > %6V
‘ i 11,50, =
FIGURE P4.21
4.22 Assume you are a project engineer and one of (4073)7
your staff is assigned to analyze the circuit =

shown in Fig. P4.22. The reference node and
node numbers given on the figure were as-
signed by the analyst. Her solution gives the
values of v; and v4 as 108 V and 81.60V
respectively.

Test these values by checking the total power
developed in the circuit against the total power
dissipated. Do you agree with the solution sub-
mitted by the analyst?

14

zoa§

120V

1~75VA

FIGURE P4.22

4.23 Show that when Egs. (4.16), (4.17), and (4.19)
are solved for iz, the result is identical to Eq.
(2.27).

4.24 Use the node-voltage method to find the power
developed by the 20-V source in the circuit in
Fig. P4.24.

§209

20

3.125v,

FIGURE P4.24
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4.25 a) Use the node-voltage method to show that * - .
the output voltage v, in the circuit in Fig. R R R R
P4.25 is equal to the average value of the
source voltages. Yo
b) Find v, if v = 100 V, v, = 80 V, and v ” " ”
v3;=-60V. )\ P

FIGURE P4.25

4.26 a) Use the mesh-current method to find the 4'/3» _ W
branch currents i, i, and i in the circuit in RAL Tﬁ
Fig. P4.26. oy N T S sy
b) Repeat part (a) if the polarity of the 64-V oy
source is reversed.
Wy NV
10 20
FIGURE P4.26
4.27 a) Use the mesh-current method to find the ,3&
total power developed in the circuit in Fig.
P4.27.
b) Check your answer by showing that the total ! Qv - '\3/\?\,___0
power developed equals the total power dis-
sipated. 20
+ +
230V <> 460V
T 15V T
M\ * AN
40 50
FIGURE P4.27
4.28 a) Use the mesh-current method to find how \3\5‘) . C&
much power the 4-A current source delivers ’ ’
to the circuit in Fig. P4.28. -
. . . . 120V 200 80V
b) Find the total power delivered to the circuit. - _
¢) Check your calculations by showing that the ,\}\f/{ i 10 |

total power developed in the circuit equals
the total power dissipated. . -

FIGURE P4.28
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4.29 Use the mesh-current method to find the total
power dissipated in the circuit in Fig. P4.29.

30 180
%% M\
18V 3A 15V
4% AL
20 120

FIGURE P4.29

4.30 Assume the 18-V source in the circuit in Fig.
P4.29 is reduced to 6 V. Find the total power
dissipated in the circuit.

4.31 a) Assume the 18-V source in the circuit in
Fig. P4.29 is reduced to 10 V. Find the total
power dissipated in the circuit.

b) Repeat part (a) if the 3-A current source is
replaced by a short circuit.

¢) Explain why the answers to parts (a) and (b)
are the same.

4.32 a) Use the mesh-current method to find the
branch currents i, through i, in the circuit in
Fig. P4.32.

‘b) Check your solution by showing the total
power developed in the circuit equals the to-
tal power dissipated.

iaf%:ﬂ 1.2ip "C{
50
AN gzoa
.*

FIGURE P4.32

4.33 Use the mesh-current method to find the power
delivered by the dependent voltage source in
the circuit seen in Fig. P4.33.

50

660 V 150

100
gzsn

20/, 0 s} Ss00

FIGURE P4.33
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4.34 a) Use the mesh-current method to find v, in 100 ~ 240 70
the circuit in Fig. P4.34. VW hide WA~
b) Find the power delivered by the dependent
) scl)urce. power y the dependen 25V vo 3200 A 27V iA; <ém
FIGURE P4.34
4.35 a) Use the mesh-current method to solve for iy 10kQ ~ 1kQ
in the circuit in Fig. P4.35. Wy YW
b) Find the power delivered by the independent .
5mA ia + 5.4k 150y
current source.
c) Find the power delivered by the dependent
voltage source. m
FIGURE P4.35
4.36 a) Use the mesh-current method to determine 20 R 50 _
which sources in the circuit in Fig. P4.36 are + I\x - %
generating power. a0 A
b) Find the total power dissipated in the circuit. 50V <+> 200 * 17va
T 9ip
FIGURE P4.36
4.37 Use the mesh-current method to find the total 70
power developed in the circuit in Fig. P4.37. W
20 10
N . g N
- va +
30
125V <+> * 0.5vs
T 75V

FIGURE P4.37
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4.38 Use the mesh-current method to find the power w
dissipated in the 20-() resistor in the circuit in .
Fig. P4.38. \
135V
FIGURE P4.38
4.39 a) Use the mesh-current method to find the 1.2v4
power delivered to the 25-) resistor in the -
circuit in Fig. P4.39.
b) What percent of the total power developed in 20 10
the circuit is delivered to the 25-() resistor? MN— * WN—¢
+
+
15V va 2250 10V
AM——— AN
30 40
FIGURE P4.39
4.40 Use the mesh-current method to find the power 53ia
developed in the dependent voltage source in ¥ S
the circuit in Fig. P4.40.
30 50
M * NN—9
30V iy S 200 " Vaov
+
70 20
WY WV
FIGURE P4.40
4.41 Assume you have been asked to find the power s
dissipated in the 5-) resistor in the circuit in 200 100
Fig. P4.41.
a) Which method of circuit analysis would you 664 <f>
recommend? Explain why. 300 500
b) Use your recommended method of analysis
. FIGURE P4.41

(continued)
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to find the power dissipated in the 5-Q
resistor.

¢) Would you change your recommendation if
the problem had been to find the power de-

veloped by the 6.6-A current source?
Explain.

d) Find the power developed by the 6.6-A cur-
rent source.

4.42 A 160-() resistor is placed in parallel with the
6.6-A current source in the circuit in Fig.
P4.41. Assume you have been asked to calcu-
late the power developed by the current source.

a) Which method of circuit analysis, node-

voltage or mesh-current, would you recom-
mend? Explain why.

b) Find the power developed by the current
source.

4.43 a) Would you use the node-voltage or mesh-
' current method to find the power absorbed
by the 5-V source in the circuit in Fig.
P4.43? Explain your choice.

b) Use the method you selected in part (a) to
find the power.

FIGURE P4.43

4.44 a) Find the branch currents i, through i, for the 4q
circuit shown in Fig. P4.44. i ek
b) Check your answers by showing that the to-
tal power generated equals the total power 50 100
dissipated. AL * M
I I
19A 400T*ia 2iy iaf 240V
+
FIGURE P4.44

4.45 The circuit in Fig. P4.45 is a direct-current ver-
sion of a typical three-wire distribution system.
The resistors R, Ry, and R, represent the resis-
tances of the three conductors that connect the
three loads R:, R, and R; to the 125/250-V
voltage supply. The resistors R; and R, repre-
sent loads connected to the 125V circuits, and

R; represents a load connected to the 250-V
circuit.
a) Calculate v;, v,, and vs.

b) Calculate the power delivered to R,, R,
and R 3.

c) What percentage of the total power devel-
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oped by the sources is delivered to the
loads?

d) The R, branch represents the neutral conduc-
tor in the distribution circuit. What adverse
effect occurs if the neutral conductor is
opened? (Hint: Calculate v; and v, and note
that appliances or loads designed for use in
this circuit would have a nominal voltage
rating of 125 V.)

R1=920

R;=19.20

4.46 Show that whenever R; = R, in the circuit in
Fig. P4.45 the current in the neutral conductor

4.47 The variable dc-voltage source in the circuit in
Fig. P4.47 is adjusted so that the power devel-
oped by the 5-A current source is zero. Find
the value of the dc voltage.

4.48 The variable dc-voltage source in the circuit in
Fig. P4.48 is adjusted so that i, is zero. Find
the value of V.

FIGURE P4.45
is zero. (Hint: Solve for the neutral conductor
current as a function of R; and R,.)
5A
S
120 200
AM- AMA-
Ve 250 400
00
—AA~ -
FIGURE P4.47
60
AN
10 30
W\ + MW
20
0
Vde
115V
—
M- * AN
a0 50

FIGURE P4.48
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4.49 The variable resistor (R,) in the circuit in Fig.
P4.49 is adjusted until the power dissipated in
the resistor (R,) is 250 W.
Find the values of R, which satisfy this con-
dition.

3
15

200V 100 0 Ro

FIGURE P4.49

4.50 a) Use a series of source transformations to find
the current i, in the circuit in Fig. P4.50.

b) Verify your solution by using the node-
voltage method to find i,.

i

2.3k

‘o

2mA 2.7k 1kQ 0.6 mA

FIGURE P4.50

4.51 a) Use a series of source transformations to find
i, in the circuit in Fig. P4.51.

b) Verify your solution by using the mesh-
current method to find i,.

g
2

170

ZACD 0 Sisn

34V

FIGURE P4.51

4.52 a) Find the current in the 5-k(} resistor in the
circuit in Fig. P4.52 by making a succession
of appropriate source transformations.

b) Using the result obtained in part (a) work
back through the circuit to find the power
developed by the 120-V source.

120V 60 kQ 8.4mA 90 kQ i * §5 kQ

FIGURE P4.52
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4.53 a) Use source transformations to find v, in the 520V
circuit in Fig. P4.53. )
b) Find the power developed by the 520-V N
source. 160 2600 a0
c) Find the power developed by the 1-A cur- MW\ MA— MW *
rent source.
d) Verify that the total power developed equals 1A 400 Yo §ZSOQ
the total power dissipated. 60 -
. AN .
FIGURE P4.53
4.54 Find the Thévenin equivalent with respect to 100 _ 80 .
the terminals a,b for the circuit in Fig. P4.54. W ’
60V 400
eb
FIGURE P4.54
4.55 Find the Thévenin equivalent with respect to 4A
the terminals a,b for the circuit in Fig. P4.55. Q
_/
100 8Q
AM- — N0 2
sov( * 400
. o b
FIGURE P4.55
4.56 Find the Thévenin equivalent with respect to 3A
the terminals a,b for the circuit in Fig. P4.56. D\
_/
150 0
AWV
400 100
< @ 3
300V 80

FIGURE P4.56
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4.57 a) Find the Thévenin equivalent with respect to ?\f\;\l’
the terminals a,b for the circuit in Fig. P4.57
by finding the open-circuit voltage and the 0.1A
short-circuit current. 400 2R _
W\, —— ® a
b) Solve for the Thévenin resistance by remov- N

ing the independent sources. Compare your +

Lo ST 4 17.4v 150 5100
result to the Thévenin resistance found in - T
t(a).
part (a) 4 AAA- ®b
40
FIGURE P4.57
4.58 Find the Norton equivalent with respect to the _ _ [\5/\k/{,1 _ ~ .s
terminals a,b in the circuit in Fig. P4.58. -
10mA 10k0 30V 3mA 5kQ
’ : eb
FIGURE P4.58
4.59 Determine i, and v, in the circuit shown in Fig. ~ 40 1250 ——p
P4.59 when R, is 0, 1, 3, 5, 10, 15, 25, 40, +
55, 70, 85, and 95-). 60
1503 5A 100 L7
Vo Ro
%
)i 126V
FIGURE P4.59
4.60 A voltmeter with a resistance of 85.5 k() is
used to measure the voltage v, in the circuit in
Fig. P4.60. 5kQ
a) What is the voltmeter reading? 20kQ

b) What is the percent error in the voltmeter 50V
reading if percent error is defined as
[(measured — actual)/actual] X 100? . .
FIGURE P4.60

b
]
N
2
3 -
> =~
=]
<
'S
o
=
S)
[ ]
o LY
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4.61 The Wheatstone bridge in the circuit shown in
Fig. P4.61 is balanced when R, equals 3000 ().
If the galvanometer has a resistance of 50 (2,
how much current will the galvanometer detect
when the bridge is unbalanced by setting R, to
3003 Q? (Hint: Find the Thévenin equivalent
with respect to the galvanometer terminals
when R, = 3003 2.) Note that once we have
found the Thévenin equivalent with respect to
the galvanometer terminals, it is easy to find the
amount of unbalanced current in the gal-
vanometer branch for different galvanometer

“O

movements.
FIGURE P4.61
4.62 Determine the Thévenin equivalent with respect 13100
. .. . *——A\ W~ 4 —® 3
to the terminals a,b for the circuit shown in —— +
Fig. P4.62. "
500 1000 4x1075v, 80ip vy 250kQ
RA
: . 4 b
FIGURE P4.62
4.63 Find the Thévenin equivalent with respect to 30ia
the terminals a,b for the circuit shown in Fig.
P4.63.
2k0 5 k0 10kQ
AMY » AAA— A ®a
a0V /A* 200 50 k2 40k
ob
FIGURE P4.63
4.64 When a voltmeter is used to measure the 43i,,
voltage v. in Fig. P4.64 it reads 5.5 V. . o 12k
a) What is the resistance of the voltmeter? +
b) What is the percent error in the voltage ve 12v

measurement?

FIGURE P4.64
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4.65 When an ammeter is used to measure the cur-
rent iy in the circuit shown in Fig. P4.65 it
reads 6 A.

a) What is the resistance of the ammeter?

b) What is the percent error in the current
measurement?

24V

FIGURE P4.65

4.66 Find the Thévenin equivalent with respect to — . vy -
the terminals a,b for the circuit shown in Fig.
P4.66. sQ
500 § i) 250
6.5ia
. + ob
FIGURE P4.66
4.67 Find the Thévenin equivalent with respect to 300ia
the terminals a,b in the circuit in Fig. P4.67. ’ -~ 1 - ®a
21ia a * 7000 100
S —eb
FIGURE P4.67

4.68 A Thévenin equivalent can also be determined
from measurements made at the pair of termi-
nals of interest. Assume the following measure-
ments were made at the terminals a,b in the
circuit in Fig. P4.68.

When a 20-) resistor is connected to the termi-
nals a,b the voltage v, is measured and found
to be 100 V.

When a 50-() resistor is connected to the termi-
nals a,b the voltage is measured and found to
be 200 V.

Find the Thévenin equivalent of the network
with respect to the terminals a,b.

FIGURE P4.68
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4.69 An automobile battery, when connected to a car
radio, provides 12.5 V to the radio. When con-
nected to a set of headlights it provides 11.8 V
to the headlights. Assume the radio can be
modeled as a 6-() resistor and the headlights
can be modeled as a 0.75-() resistor.

What are the Thévenin and Norton equivalents
for the battery?

4.70 a) Calculate the power delivered to each resis-
tor in Problem 4.59.

b) Plot the power delivered versus the
resistance.

c) At what value of R is the power maximum?

4,71 The variable resistor in the circuit in Fig. P4.71
is adjusted for maximum power transfer to R,.
a) Find the value of R,.

b) Find the maximum power that can be deliv-
ered to R,.

4.72 The variable resistor in the circuit in Fig. P4.72
is adjusted for maximum power transfer to R,.
What percentage of the total power developed
in the circuit is delivered to R,?

4.73 The variable resistor (Ry) in the circuit in Fig.
P4.73 is adjusted for maximum power transfer
to RL .

a) Find the numerical value of Ry.
b) Find the maximum power transfered to Ry .

10V
8kQ 25k0
—A—e
20k0
3mA (*) 4kQ 10k Ro
10V
FIGURE P4.71
20
AN -
150V c 80
100 L
/2/7?0 CP 5A
125V O 120
30
ANV
FIGURE P4.72
20
A
30 40
————ANA . o AAN °
-~
A
+ +
240V 200 % 10,
20 10
MA——a —

FIGURE P4.73




158 TECHNIQUES OF CIRCUIT ANALYSIS

4.74 The variable resistor (R,) in the circuit in Fig. 14i
P4.74 is adjusted for maximum power transfer 72
to R,.

a) Find the value of R,. 10 20

b) Find the maximum power that can be deliv-

ered to R,. - —
200V ia ‘ 200 Ro 100V

FIGURE P4.74

4.75 What percentage of the total power developed
in the circuit in Fig. P4.74 is delivered to R,?

4.76 The variable resistor (R,) in the circuit in Fig. 24 _ 540
P4.76 is adjusted until it absorbs maximum 4
power from the circuit. Find: 40 /a

a) the value of R,; 24V <+> 0.85va /§/(Ra

b) the maximum power; and

c) the percent of the total power developed in
* the circuit that is delivered to R,.

FIGURE P4.76
4.77 The variable resistor (R,) in the circuit in Fig. R¢7
P4.77 is adjusted for maximum power transfer %
toR,.
What percent of the total power developed in '\7/\%,
the circuit is delivered to R,?
20 10
AN\ * M\
+ va -
30
+
aa0v C) ‘ 0.5v4
220V
FIGURE P4.77
4.78 The 40-Q) resistor in the circuit in Fig. P4.24 is b) Find the maximum power delivered to R,.

replaced with a variable resistor R,. R, is ad- ¢) How much power does the 20-V source de-
justed for maximum power transfer to R,. liver to the circuit when R, is adjusted to the
a) Find the numerical value of R,. value found in part (a)?
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4.79 A variable resistor R, is connected across the b) the maximum power delivered to R,; and
terx.nmals a,.b in fhe circuit in Elg. P4:63- The c) the percentage of the total power developed
variable resistor is adjusted until maximum in the circuit that is delivered to R, .

power is transferred to R,. Find:
a) the value of R,;

4.80 a) Find the value of the variable resistor R, in
the circuit in Fig. P4.80 that will result in
maximum power dissipation in the 8-}
resistor. 24V Sso

b) What is the maximum power that can be de-
livered to the 8-() resistor. o

(Hint: Hasty conclusions could be hazardous to
your career.)

\g\?
b

FIGURE P4.80

4.81 Use superposition to solve for i, and v, in the VY ——
circuit in Fig. P4.81. -
2A

ov( * vo 2200 50 § 100
+
FIGURE P4.81
4.82 Use the principle of superposition to find the
i o N 180
current i, in the circuit shown in Fig. P4.82. —AN—9 . .
' 100
45A Q) /,,‘ 120 204 140 §159
50V

FIGURE P4.82
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4.83 Use the principle of superposition to find v, in '\2/\(/)\, _ _
the circuit in Fig. P4.83. +
240V O 60
30
Vo 23A § 360
240V 0 120
20 -
AN *
FIGURE P4.83
4.84 Use the principle of superposition to find the 3& _ Jw\
voltage v, in the circuit in Fig. P4.84. +
aov( * vo S200 " Vaav
- +
70 - 10
AM- - AN
16A
()
N
FIGURE P4.84

4.85 a) In the circuit in Fig. P4.85, before the 5mA

5-mA current source is attached to the ter-
minals a,b the current i, was calculated and
found to be 3.5 mA. Use superposition to

find the value of i, after the current source is a ,2\,'\‘2 o2
attached.

b) Verify your solution by finding i, when all 8V 5kQ i + 6kQ 10mA
three sources are acting simultaneously.

FIGURE P4.85
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4.86 Use the principle of superposition to find v, in >

the circuit in Fig. P4.86. >

b

2k0

— W\ * ®
‘}; +
10V 7mA 5kQ Yo

I+
MW

[

FIGURE P4.86

4.87 Use the principle of superposition to find the
current entering the positive terminal of the
75-V source in the circuit in Fig. P4.37.

4.88 Use the principle of superposition to find the

current i, in the circuit in Fig. P4.40.

4.89 Use the principle of superposition to find v, in
the circuit in Fig. P4.39.

4.90 Use the principle of superposition to find the
voltage across the dependent current source in
the circuit in Fig. P4.44. Use the upper termi-
nal of the dependent current source as the posi-

tive reference for the voltage.

4.91 Laboratory measurements on a dc voltage
source yield a terminal voltage of 75 V with no
load connected to the source and 60 V when
loaded with a 20-() resistor.

a) What is the Thévenin equivalent with re-
spect to the terminals of the dc voltage
source?

b) Show that the Thévenin resistance of the

source is given by the expression

V-

Rp = (.E _ 1) Re,
A

where

Vm = the Thévenin voltage,

V, = the terminal voltage corresponding

to the load resistance Ry .

4.92 Two ideal dc voltage sources are connected by
electrical conductors that have a resistance of r
ohms/meter as shown in Fig. P4.92. A load
having a resistance of R ohms moves between
the two voltage sources. Let x equal the dis-
tance between the load and the source V; and L
equal the distance between the sources.

a) Show that

'"_ URL + R(V; — Vi)x
RL + 2rlx — 2rx* °

rﬂ/m)

Vi v §R (movable
load)

O

rQ/m)

FIGURE P4.92

]
b}

(continued)
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b) Show that the voltage v will be minimum | ¢) Find x when L = 16 km, V; = 1000 V,
when V> =1200 V,R = 3.9 () and
L R r=35Xx10"°Q/m.
=TT [—Vn x \/Vn V- R(Vl - Vz)z]- d) What is the minimum value of v for the cir-

cuit of part (c)?

~

4.93 Assume your supervisor has asked you to deter- ‘ v
mine the power developed by the 1-V source in . 0 . O
the circuit in Fig. P4.93. Before calculating the \_/

power developed by the 1-V source the supervi-
sor asks you to submit a proposal describing
how you plan to attack the problem. Further-
more he asks you to explain why you have cho-
sen your proposed method of solution.

a) Describe your plan of attack and at the same 97
time explain your reasoning. 80

b) Use the method you have outlined in (a) to ¢ MWV
find the power developed by the 1-V source.

w20 30 i + 50
3ig
—— AN\

2A 7Q 6va

FIGURE P4.93

4.94 Find the power absorbed by the 5-A current 10 'f/\(/!\
source in the circuit in Fig. P4.94. ’

13VA

FIGURE P4.94
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4.95 Find v,, vz, and vs in the circuit in Fig. P4.95.

FIGURE P4.95

4.96 Find i, in the circuit in Fig. P4.96.

FIGURE P4.96
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* Differential operation: In this open-loop operation, the high
gain of the amplifier is used to amplify a small difference in
the input voltages.

We also discussed the

* common-mode signal, which is the average value of two sig-
nals (either voltage or current);

* differential-mode signal, which is the difference between
two signals (either voltage or current);

* common-mode rejection ratio (CMRR), which is a measure of
how effective an operational amplifier is in rejecting the
common-mode component of a signal; and

* Bartlett’s bisection theorem, which is a technique for analyz-
ing symmetric circuits by combining common-mode and dif-
ferential-mode signal components with the principle of su-
perposition.

PROBLEMS

6.1 The operational amplifier in the circuit in Fig.
P6.1 is ideal.

a) Calculate v, if v, = 1.5Vand v, =0 V.
b) Calculate v, if v, = 3.0 Vand v, = 0 V.

20 k2
5k } -
Vo

¢) Calculate v, if v, = 1.0Vand v, = 2 V. -18V 40 kQ
d) Calculate v, if v, = 4.0 V and v, = 2 V. v v O -
e) Calculate v, if v, = 6.0 Vand v, = 8 V.
f) If va = 4.5 V, specify the range of v, such
that the amplifier does not saturate.
FIGURE P6.1
6.2 The operational amplifier in the circuit in Fig. 40kQ
P6.2 is ideal. R
a) Calculate v,. 5kQ
b) Calculate i,. "
2v Vo 3.2k0

FIGURE P6.2




PROBLEMS 213

6.3 A voltmeter with a full-scale reading of 10 V is 2;\2/&9
used to measure the output voltage in the circuit
in Fig. P6.3. What is the reading of the volt-
meter? Assume the operational amplifier is

ideal.
35pA
Vm
v - +
FIGURE P6.3
6.4 Find i in the circuit in Fig. P6.4 if the opera- ‘&‘;8
tional amplifier is ideal.
6V i
= + =
05mA -6V L
25kQ 5k0
v
FIGURE P6.4
6.5 A circuit designer claims that the circuit in Fig. ‘,&';8

P6.5 will produce an output voltage that will
vary between £5 as v, varies between 0 and
5 V. Assume the operational amplifier is ideal.

a) Draw a graph of the output voltage v, as a
function of the input voltage v, for 0 < v, < y
5V. ¢

b) Do you agree with the designer’s claim?

FIGURE P6.5
6.6 The operational amplifier in the circuit in Fig.
P6.6 is ideal. Calculate:
a) vy 2k
b) vo;
¢) iz; and vy ’ 25k

Vo

d) i, when v, = 150 mV.

FIGURE P6.6




214 THE OPERATIONAL AMPLIFIER

6.7 a) The operational amplifier in the circuit
shown in Fig. P6.7 is ideal. The adjustable
resistor R, has a maximum value of 120 kQ),
and « is restricted to the range of 0.25 =<
a =< 0.8. Calculate the range of v, if v, =
40 mV.

b) If a is not restricted, at what value of a will
the operational amplifier saturate?

Vg

FIGURE P6.7

4 kQ

10kQ

6.8 The operational amplifier in the circuit in Fig.
P6.8 is ideal.

a) Find the range of values for o for which the
operational amplifier does not saturate.

b) Find i, (in wA) when o = 0.272.

Vg

FIGURE P6.8

vg =025V

1.6kQ

Vo

10kQ

6.9 The operational amplifier in Fig. P6.9 is ideal.

a) Find v, if vo.=1V, v, = 1.5 Vand v. =
—4V.

b) The voltages v, and v. remain at 1 V and
—4 V respectively. What are the limits on vy
if the operational amplifier operates within
its linear region?

Va

v

FIGURE P6.9

Vb

44 kQ)

27.5k

220 kQ
Wy

80 kQ

Ve
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6.10 a) The operational amplifier in Fig. P6.10 is 330 k)
ideal. Find v, if v, = 15V, v, = 10 V, S5k VW
v.=8V,andvs = 12V, +
66 kO

b) Assume v,, v, and vq4 retain their values as
given in part (a). Specify the range of v,
such that the operational amplifier operates
within its linear range.

Va

Vb

220kQ

v v
FIGURE P6.10
6.11 The 330-k} feedback resistor in the circuit in b) When R; has the value found in part (a) what
Fig. P6.10 is replaced by a variable resistor R;. is the current (in microamperes) into the out-
The voltages v, through v4 have the same values put terminal of the operational amplifier?
as given in Problem 6.10(a).
a) What value of Ry will cause the operational
amplifier to saturate? Note that 0 = Ry = .
6.12 The operational amplifiers in the circuit in Fig. 5&;& 2?\‘/’\}‘\'“
P6.12 are ideal. Find i,.
10k 12v ia 12v 25kQ
AN ——
. 5k0
2v -12v -12v v
v
FIGURE P6.12
6.13 The variable resistor R, in the circuit in Fig. ff\'/{
P6.13 is adjusted until the source current i, is 7
zero. The operational amplifiers are ideal and ]
O0=p,=12V. 16 k0
p
a) What is the value of R,?
b) If v, = 1.0 V, how much power (in uW) is Y
dissipated in R, ?
-10V  25kQ

FIGURE P6.13
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6.14 The circuit inside the shaded area in Fig. P6.14
is a constant current source for a limited range
of values of Ry.

a) Find the value of i for R, = 4 k).
b) Find the maximum value for Ry for which iy
will have the value of part (a).

c) Assume that Ry = 7 k). Explain the opera-
tion of the circuit. You can assume that
i1 = i, = 0 under all operating conditions.

d) Sketch i versus Ry for 0 = R, = 7 k().

6.15 a) Find i, in the circuit in Fig. P6.15 assuming 1k
the operational amplifier is ideal and is oper-
ating in its linear range.

b) How large can R be before the operational
amplifier saturates?

§1kﬂ

6.16 Refer to the circuit in Fig. 6.12, where the op- 6.17 The output voltage of a summing amplifier sim-
erational amplifier is assumed to be ideal. ilar to that shown in Fig. 6.12 is to be the in-
Given that R, = 3 kQ, R, = 5kQ, R. = verted weighted sum of the four input signals.

25 kQ, v, = 150 mV, vy, = 100 mV, v. = 250 Specifically,
mV, and V.. = =6V, specify the range of R¢
for which the operational amplifier operates
within its linear region. If Ry = 48 k(), draw a circuit diagram of the am-
plifier and specify the values of R,, Ry, R, and Ra.

v, = —(2v, + 4v, + 6v. + 8v4).
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6.18 The operational amplifier in the circuit shown w
in Fig. P6.18 is ideal.
a) Calculate v, when v, equals 4 V. 30k0
b) Specify the range of values of v, so that the 12v
operational amplifier operates in a linear 12¢0

mode.

¢) Assume that v, equals 2 V and that the 63-k()
resistor is replaced with a variable resistor.
What value of the variable resistor will cause
the operational amplifier to saturate?

FIGURE P6.13

Vg

6.19 Assume that the ideal op amp in the circuit
seen in Fig. P6.19 is operating in its linear
region.

a) Show that v, = [(R, + R,)/R\]v..

b) What happens if R; — < and R, — 0?

c) Explain why this circuit is referred to as a
voltage follower when R, = « and R, = 0.

FIGURE P5.19

R

4!

6.20 Assume that the ideal op amp in the circuit in
Fig. P6.20 is operating in its linear region.

a) Calculate the power delivered to the 16-kQ
resistor.

b) Repeat part (a) with the operational amplifier
removed from the circuit, that is, with the
16-k{1 resistor connected in the series with
the voltage source and the 64-k() resistor.

c) Find the ratio of the power found in part (a)
to that found in part (b).
d) Does the insertion of the op amp between

the source and the load serve a useful pur-
pose? Explain.

FIGURE P6.20
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6.21 The operational amplifier in the noninverting 119\',‘{’
amplifier shown in Fig. P6.21 is ideal. The sig-
nal voltages v, and vy are 800 mV and 400 mV 140 sV
respectively.
a) Calculate v, in V. Tov +
b) Find i, and i, in pA. 13k0 Ja_ vo 247kQ
c) What are the weighting factors associated ¥ i -
with v, and vp? 27kQ j’»
Va +
Vo
v v
FIGURE P6.21
6.22 The circuit in Fig. P6.22 is a noninverting sum- Db
.ming amplifier. The operational amplifier is
ideal. 20k0 5V
a) Specify the numerical values of R, and R. so
that "
-5V
Vo = 0y + 20p + 3Uc . Ra | Vo 47kQ
— AMN———— _
b) Calculate (in A) ia, i, and i; when v, = * . 15:’3
0.7V,0,=04V,and v, = 1.1 V. — b
+ —aIp
Va Rc
v A N——
b + —Ic
VC
vvy

FIGURE P6.22
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6.23 The operational amplifier in the noninverting
summing amplifier of Fig. P6.23 is ideal.

a) Find the value of R, so that
Vo =18v.+720v, + 14.4 v,

b) Find (in pA) i., b, ic, iz, and i, when v, =
050V, v, =025V,andv. = 0.15V.

6.24 The operational amplifier in the circuit of Fig.
P6.24 is ideal. Plot v, versus @ when R; = 4R,
and v, = 10 V. Use increments of 0.1 and note
by hypothesis that 0 = a =< 1.0.

6.25 Select values of R,, Ry, and R; for the amplifier
circuit of Fig. P6.25 such that v, = 10(v, — v.)
and the voltage source vy, sees an input resis-
tance of 220 k(). Use the ideal model for the
operational amplifier.

Ve ih ‘ 9k
v v
FIGURE P6.23
R1 Ry
L 4 A\
oV
Vg
Rg
}aﬁg
-10V
FIGURE P6.24
Ry
AV~
4.7kQ
AN

Va
Vb

FIGURE P6.25
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6.26 The resistors in the difference amplifier shown
in Fig. 6.14 are R, = 24 k1, R, = 75k},
R. = 130 kQ, and R; = 120 k). The signal
voltages v, and vy, are 8 and 5 V, respectively,
and Vec = =20 V.

a) Find v,.

b) What is the resistance seen by the signal
source v,?

c) What is the resistance seen by the signal
source vy?

6.27 Specify R., Ry, R., and Ry in the difference am-

plifier of Fig. 6.14 to meet the following crite-
ria: v, = 4.20, — 6v,; the resistance seen by
the signal source vy is 450 k(2; and the resis-
tance seen by the signal source v, is 21 k)
when the output voltage v, is zero.

6.28 Select the values of R; and R; in the circuit in
Fig. P6.28 so that

0, = 50000, — in).

The operational amplifier is ideal.

ia R
FIGURE P6.28
6.29 The operational amplifier in the adder- 20kQ 180 kQ
subtracter circuit shown in Fig. P6.29 is ideal. & WY
a) Find v, whenv, = 1V, 0, =2V,
ve=3V,andvs =4 V. " 18k
b) If va, vy, and vy are held constant, what val- N
ues of v, will saturate the op amp?
300
Ve > Vo
20k0 -
vy >
20kQ
FIGURE P6.29

6.30 The inverting amplifier in the circuit in Fig.
P6.30 has an input resistance of 500 k{), an
output resistance of 5 k{2, and an open-loop
gain of 250,000. Assume that the amplifier is

operating in its linear region. Calculate the fol-
lowing:

a) the voltage gain (uv,/v,) of the amplifier;




PROBLEMS 21

b) the value of v; in microvolts when v, = 180 k0
100 mV; VWA
c) the resistance seen by the signal source (v,). 20 10V

d) Repeat parts (a), (b), and (c) using the ideal o
model for the op amp.

vg -0V

FIGURE P6.30

6.31 Repeat Problem 6.30 given that the inverting
amplifier is loaded with a 1600-() resistor.

6.32 The operational amplifier in the noninverting
amplifier circuit of Fig. P6.32 has an input resis- e) Repeat parts (a) through (d) assuming an
tance of 560 k{2, an output resistance of 8 k(}, ideal op amp.
and an open-loop gain of 50,000. Assume that
the op amp is operating in its linear region. 200 kO
Calculate the following: MW

a) the voltage gain (v,/v,); 16 k0

b) the inverting and noninverting input voltages
v and v, (inmV) if v, = 1V;

c) the difference (v, — v1) in microvolts when

v, =1V, v 20k0
d) the current drain in picoamperes on the sig-
nal source v, when v, = 1 V.
FIGURE P6.32
6.33 Assume the input resistance of the operational
amplifier in Fig. P6.33 is infinite and its output 10kQ
resistance is zero. W
a) Find v, as a function of v, and the open-loop
gain A. 2kQ 6V
b) What is the value of v, if v, = 1 V and >—-—0+
A = 194? vg -6V
¢) What is the value of v, if v, = 1 V and vo
A = x?
v -
d) How large does A have to be so that v, is v

99% of its value in part (c)?
FIGURE P6.33
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6.34 a) Find the Thévenin equivalent circuit with
respect to the output terminals a,b for the
inverting amplifier of Fig. P6.34. The dc
signal source has a value of 880 mV. The
operational amplifier has an input resistance
of 500 k(, an output resistance of 2 k{), and
an open loop gain of 100,000.

b) What is the output resistance of the inverting
amplifier?
¢) What is the resistance (in ohms) seen by the

signal source v, when the load at the termi-
nals a,b is 330 ?

24k0
M

1.6kQ

Vs

FIGURE P6.34

15V

-15V

6.35 Find the Thévenin equivalent with respect to
the terminals a,b in the circuit in Fig. P6.35 if
the operational amplifier is ideal.

10kQ

Y RN

<

>

-

FIGURE P6.35

1kQ

Vee

-Vee

10k

6.36 a) Derive Eq. (6.37). Note that Eq. (6.37) as-
sumes an ideal operational amplifier and a
constant bridge voltage of V. volts.

b) Verify the approximation given by Eq. (6.38)
by using long division to expand
€
1+ [Ri/(Ri + RJ)]e

into a power series. Simplify the algebra by
letting R,/(R, + Ry) = . Note that « < 1
by definition. Comment on the significance

of higher-order terms for small

€.
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6.37 The two operational amplifiers in the circuit in
Fig. P6.37 are ideal. Calculate vo; and vgs,.

147V

Yo
®

FIGURE P6.37
6.38 The resistor Ry in the circuit seen in Fig. P6.38 R 4
is adjusted until the ideal operational amplifier 1.6kQ MV
saturates. Specify Ry in kilohms. av
f 7.5k e
VN @+ +
-9V
18V 1.5kQ Vo 25.6k0
FIGURE P6.38
6.39 The operational amplifiers in the circuit of Fig.
P6.39 are ideal. Find u, i,, and i,.
20kQ
—@
+
Vx
v

FIGURE P6.39
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6.40 Find v, and i, in the circuit shown in Fig. ;{1\{(}3
P6.40 if the operational amplifiers are ideal. 18K
<
3k0 5V
11V -5V

FIGURE P6.40
6.41 The operational amplifiers in the circuit shown _ R
“in Fig. P6.41 are ideal. . W
+ e
a) Find v, as a function of a, o, vy, and v, Vgl =
when the op amps operate within their linear v —_—
range. R R
b) Describe the behavior of the circuit when . R
a =0 =1.0. y ~
2
¢) Describe the behavior of the circuit when g’ —_—
a=0cg=0. R
R R
AN\~ A%

FIGURE P6.41
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6.42 The voltage v, shown in Fig. P6.42(a) is ap-
plied to the inverting amplifier shown in Fig.

P6.42(b). Sketch v, vs. ¢ assuming the opera-

tional amplifier is ideal.

Vg
05V 120k0
etc AMA
! | | I 75k 5V
05 1X 15 Zo 25 3% 35 A0 (s
+
Y sV o2 6.8k
-05V| _
v
(a) (b)
FIGURE P6.42
6.43 The signal voltage v, in the circuit shown in i}\‘/‘\f 18kQ)
Fig. P6.43 is described by the following equa- l Wy
tions:
v, =0 t=0
vy =4sin(57/3tV 0=t <o, -
Sketch v, vs. ¢ assuming the operational am- Yo S3.9k0
plifier is ideal. _
FIGURE P6.43
6.44 Use Bartlett’s bisection theorem to find i, 50 1200 50
through /. in the circuit in Fig. P6.44. %V\A' _/% ,m
a c e
300V /b* 200 i ‘ 200 100V
FIGURE P6.44
6.45 Use Bartlett’s bisection theorem to find i; and i, ,3&
in the circuit in Fig. P6.45. (Hint: Observe that
vy, = 0). i i
— 30 40 30 ——
* MW
10V 20 20

FIGURE P6.45




