
S 1 0rmks PARAREt Ar,. I N ETWoRks

Develop confidence in the analysis of series-

parallel ac networks,

Become proficient in the use of calculators and

cornputer methods to support the analysis of ac

series-parallel networks,

Understand the importance of proper grounding

in the operation of any electrical system.

111116.1 INTRODUCTION

In this'chapter,'we shall use the fundamental concepts of the previous chapter to develop a

technique for solving series-parallel ac networks. A brief review of Chapter 7 nray be help-

ful before consideringthese networks since the approach here is quite similar to that under-

taken earlier. The circuits to be Idiscussed have only one source of energy, either potential or

current. Networks with two or more sources, are considered in Chapters 17 and 18, using

methods prqviously described for dc circuits.

In general. when working with scries-parallel ac, networks, consider the following approach. .

1. Redraw rite network, using block impedances to combine obvious series and parallel

elements, which will reduce the network to one that clearly re peals thefundamental
vtructure ofthe system.

2. Study the problem and make a brieftnental sketch afthe overall qpproach you plan to

use. Doing this may result in time- and energy-saving shortcuts. In some cases, a lengthy,

drawn-out analysis may norhe necessary. A single application ofaJundamental law of

circuit ^nalysis m6 result 
in 

the desired solution.

3. After file overall approach has been determined, it is uxually best to consider each

branch involved in your method in4ependeally before lying them' together in series-

pai allel combinations. lit most cases, work backfrom the obviousseries andparallel

comb. in ations to the source to determine the total impedance ofthe network. The '

source'current can then be determined, and thepath back to specific unknowns call be

defined. As you progress back to the source, continually define those unknowns that

have not been lost 
in 

the reducrion process. It will save time when you have to work

back through the network tofind specific quantities.

4. When you have arrived at a solution, check to see that it is reasonable by considering
the magnitudes of the energy source and theelernents in the circuit. ly not, either
solve the network u,sing another approach or, check overyour work very carefully.

At this point, a computer solution call be an invaluable asset in 
the validation

process.

16.2 ILLUSTRATIVE EXAMPLES

EXAMPLE 16.1 For the network in Fig. 1,6. 1:

a. Calculate ZT.

b. Determine I,.

c, Calculate V^and-Vc.
N
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+ V, -

XC

+ V,

	

R	 1C	 '2 fl

X,
+ 

Zr

E 120 V Z 0. ^V	 3 0

FIG. 16.1

Example 10. 1.

d. Find IC,

c. Compute the power delivered.

f. Find Fp of the network.

Solutions:

a. As suggested in the introduction, the network Ifas been redrawn
+	

with block impedances, as shown in Fig. 16+2. The impedance Z, is

simply the resistor R of I fl, and Z2 is the parallel combination of

F 120VZO^ I\j -;7, X(- and XL. The network now clearly reveals that it is fundamentally

a series circuit, suggesting a direct path toward , the total impedance

and the source Purrent. For many such prol^lcms. you must work

back to the sourc^ to find first the total impedance and then the

FIG. 16.2	 source current. When the unknown quantities are found in terms of

1^etwork in' Fig. 161 after assigning the block 	 these subscripted impedances, the numerical values can then be

impedances. substituted to find the magnitude and phase angle of the unknown.

In other words, try to find the desired solution solely in terms of the

subscripted impedances before substituting numbers. This approach

will usually enhance the clarity of the chosen path towaid a solution

while saving time and preventing careless calculation c^rors. Note

also in Fig. 16.2 that all the unknown quantitics except I C have been

preserved, meaning that we (!an use Fig. 16.2 to determine these

qi1antities rather than having to return to thc'morc complcx network

21
	

in Fig. 16; 1.

The total int cdance is defined by

ZT Z I + Z2

with

z	 R /-01	fl LRI

-90')(XI, L90-) (2 fl L-90')(3 fl L90- )(XC L
Z2 ZC ZL

	

_jXC + jXL	 -j 2 fl + j 3 D
W4

6n LO' 6 fl z-0'
- = --- - ^fl Z--90.

j I	 I L901*

and

j 6 n 6.08 fl L - 80.540ZT Z I + Z2

b. 1,	
E	 120 V LOo	

19.74 A L80.54'
ZT 6.08 fl L - 80.54'
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c. Referring to Fig. 16.2 we find that VR and VC can be found by a di-

rect application of Ohm's law'

VR = 1A = (19.74 A Z 80.54 * )(1 Q ^O-) 19.74 VZ 80.54-

VC = U2 
= (19.74 A Z 80.54')(6 fl Z 7901
= 118.44VL-9.46'

d. Now that VC is known, the current IC can also be found using Oh in's

law:

IC = 
Vc 

= 
11 8.44 V L — 9.461 

59.22 A L80.54'
ZC - i f, L __90.

e - Pd,1	
12R
	 ( 1 9.74 A 

)2(j fj) = 389.67 W

f. Fp = cos 0	 cos 80.54'	 0.164 leading

The fact that the total impedance has a negative phase angle

(revealing that 1, leads E) is a clear indication that the network is

capacitive in nature and therefore has a feading power factor. The

fact that the network is capacitive can be determined from,the

original network by first realizing that, for the parallel L-C ele-

ments, the smaller impedance predominates and results in 
an 

R-C

network.

EXAMPLE 16.2 For the network in Fig. 16.3: R',	 30

a. lfI is 50 A L30 *,, calculate 1 1 usingthe current divider rule.	 XC

b. Repent part (a) for I,	
X,	 4

c. Verify Kirchhoff's current law at one node.

Solutions:	 FIG. 16.3

Example 16.2.a. Redrawing the circuit as in Fig. 16.4, we have

Z, = R + jXj, 3 n + j 4 n = 5 fl z 53.131

	

Z2 = —jXc	 8 n = 8 fl L —900	 !2

Using the current divider rule yields 	 Z,

Z21	 (8 fl L — 90')(50 A Z 30o )	 400 Z —60o

L.3	 j4
T2	 I ( — j Wfl) +^ (3 fl + j 4 fl)

.400 L-601 
= 80A. L-6.87o	FIG. 16.4

	

5 L-53.13o	 Network in Fig. 16.3 after assigning the block

impedan es.
Z,1	 (5 fl L53.13')(50 A L30 a )	 250 L83.13o

b. 12 = = —	
—

Z2 + ZI	 5 11 L — 53.13 -	 5 L — 53.13'

= 50 A Z 136.26o

C.	 I = Jt + 12

50 A L30' = 80 A L-6.87 o + 50A L136.26*

= (79.43 — j 9.57) + (-3612 + j 34.57)

= 43.31 + j 25.0

50 A L30' = 50 A 430'	 (checks)
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R
EXAMPLE 16.3 For the network in Fig. 16.5:

t	 50

	

+	 +	 a. Calculate the voltage VC using the voltage divider rule.

.XL 8 fl F ^V 20VZ20- XC7:^,1211V	 b * 
Calculate the current 1,.

Solutions:

a 'Fhe network is redrawn as shown in Fig. 16.6, with

Z, 5 fl = 5 fl /-0'

	

FIG. 16.i	
Z2 —j 12 0 = 12 0 4 — 90'

Example 16.3.

Z3 +j 8 fl = 8 fl 490'

1, 12 Since VC is , desired, we will not combine R and X C into a single

block iinpedattc^. Note also how Fig. 16.6 clearly reveals that E is
the total voltage across the series combination of Z, and Z,, permit-

Z'	 ting the use of the voltage divider rule to calculate VC. In addition,

+	
note that kill the currents necessary to determine 1, have been pre-

Z3	
served in Fig. 16.6, revealing that there is no need to ever return to

E	
the network of Fig. 16.5---everything is defined by Fig. 16.6.

Z' V,	
VC	

Z2E	 (12 D L — 90')(20 V L20o) 240 V L —70.

Z ' + Z' -	 5 fl — j 12 0	 13 L — 67.381
18.46 V z —2.62'

b. 11	
E 

= 
20 V L201 

= 2.5 A 4 — 70'
	FIG. 16.6	 Z3	 8 fl L90'

	

Network in Fig. 165 after ajsigning the block 	 E	 20 V 420o

	

impedances.	 12	 1.54 A L 87.381
Z2 13 fl L — 67.381

and

Is = 11 + 12
= 2.5 A L-70* + 1.54 A Z 87.38*

	412	
= (0.86 —, j 2.35) + ' (0.07 ^ j 1.54)

1, = 0.93 — j 0.81 = 1.23 A L —41.05-

qR 3 n R 8

	

0.	

_V^

E IOOVZ I\j	
I	

--V,b­­ b ,	
EXAMPLE 16.4 For Fig. 16.7:

XX	

Xc^'^60X, 4 01	
a. Calculate the current I..
b. Find the voltage V^b.

Solutions:

FIG. 16.7

	

Example 164.	
a. Redrawitrg the circuit as in Fig. 16.8, we obtain

Z, = R, + jX, = 3 fl ' + , j 4 fl = 5 0 L53.13'

Z2 
= 

R2 — jXc' = 8 0 — j 6 fl = 10 fl Z —36.87'

+	
112	

In this case the voltage V.b is lost in the redrawn network, but the-
currents 11 and 12 remain defined for future calculations necessary

	

I Go V 0.	 Z'	 Z'	
to determine V,& Fig., 16.8 clearly reveals that the total impedance
can be found using the equation for two parallel impedances:

YT 11
	

. 1
	 (5 fl z 53.13')(iO fl Z_ —36.87'),ZIZ2
ZT =

z i + Z^ (3 R + j4 fl) + 00 j611)

	FIG. 16.8	 50 fl Z-16.26	 50 0 L 16.26

1^etwork in Fig. 16; after asiligping the block 11 — j2	 11.1 
0 
8 L — 10,30-

	

unpedances.	 4,472 fl / 26.56'
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^4
and

E	 100 V L01 
='22.36 A L — 26.56-

_^.472 —fl-L26.56-

b^ By Ohm's law,

E	 100 V Lo.	
20 A L — 53.13'

Z,	 5 Q L53-13'

12

	

	
'00 V Lo'	 10 A L36.87-	 "A

Z2 To fl 36.81

Returning to Fig. 16.7, we have

^V	 JlZR, = (20 A L-53.13'j(3 fl LO') = 6d V Z,--53.13.

VR2 JlZR2 = (10 A Z_+36ffl o)(8 0 LOo ) = 80 V L+36.87o

Instead of using the two steps just shown, we could have determined

VR ^ or NR, in , one step using the, voltage divider rule:

V`	
(3 il LO? )(100 V LO') 300 V LT 

60 V	 53.13o
R1

	

3 fl LO* + 4 fl L90	 ^A53.13-

VR,

To find V.6, Kirchhoff's voltage law must be applied around the

loop (Fig. 16,9) consisting 
of 

the 3 n and 8 f1 resistors. By Kirch-	
+ R'(D V+ 8 fl

^loff's voltage law, 	
R2

V.b + MR, VR,, 0 a	 b
+

oi	 X b = MR, — VR,'

= 80 V z-36.87o — 60 V L — 53.13o
FIG. 16.9

	

= (64 + j 48 i — (36 — j
, 
48)	

Deterinining the voltage V^ bfor the . network

	

= 28 +j96	 in Fig. 16.7.
Va, ^ 100 V L73.74-

EXAMPLE 16.5 The neti0ork in Fig. 16.10 
is freq ntly encountered

in the analysis of transistor networks. The transistor ,equivalent circui

' t
includes a current source I and an output impedance R, The resistor R C

is a biasing resistor to establish specific dc conditions, and the resistor

Ri represents the loading of the next stage. The coupling capacitor is de-

signed to be an open circuit for dc and to have as low an impedance as

possible for the frequencies of interest to ensure that VL is a maximum

^ex!^'tage
Coupling

10 AF

R^	
R, f 3.3 kfl 1 Ri f I kn VL

'50 kfl

-7

TraPsistor equivalent	 Bim"I

network	 network

FIG, 16.10
Basictransistorargplifier

I
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V,1	 4 A Z

value. The frequency range of1the example includes the entire audio
(hearing) spectrum from 100 Hz to 20 kHz. The purpose of the example

is to demonstrate that, for the full audio range, the effect of the capaci-

tor can, be ignored ,. It performs its function as a dc blocking agent but

permits the ac to pass through with little disturbance.

a. Determine Vj, for the network 
I 
in Fig. 16.10 at a frequency of

^100 Hz.	 10
b. Repeat part (a) at a frequency of 20 kHz.

c.'Compare the results of parts (a) and (b).

Solutions:

The network is redrawn w
I 
ith subscripted impedances in Fig. 16.11:

Z, 50 M Z-0- 1 1 3.3 kil Z Oo 3,096 M /_0o

Z2 Ri -_ AC

FIQ. 16.11	 Atf -- 100 Hz, X&	 159.16 f2
Network 

in 
Fig. 16. l0followinethe assignment of.	 -	 27TfC	 27r(100 Hz^(10 ttF)

the block impedances,	 and	 Z2 = I ka - i 159.16 n

Using the current divider rule gives

Z11	 -(3.096,kQ ZO- )(4 mA LO-)
IL =

ZI + Z2 3.096 M + I M - j 159.16 0

- 12.384 A z 01	- 12.384 A z 01

4096 - j 159.16 4099 Z -2.225o
- 3.02 mA 2.23, 3,02 mA Z 2.23 - + 180- 3.02 mA L 182.23'

and	 VL ILZR
(3.02 mA L 182.23') (1 M z 0o)
3.02 V Z_ 182.23o

	

I	 I
b. Atf 20 kHz, XC = - = -
	

= 0.796 0
27rfC 27r(20 kHzX I 0,uFj

T^ote the dramatic change in XC with frequency. Obviously, the

higher the frequency, the better is the short-circuit approximation

for XC for ac conditions. We have

Z^ = I k4l - j 0.796 0

Using the current divider rule gives

Z,1	 -(3.096 kil Z 0')(4 mA Z 0*)
IL =

Z +1	 2	 j	 7u AL

A LOo	 12.384 A Z-0

4096 j 0.796 D 4096^L -0.011 o

-. 3.02 mA LO.01' 3.02 mA Z-0.01' + 180- 3.02 MA L180.01-

and	 VL ILZR
-Z(3.02mA _l80.0l')(Ikn/_0o)

3.02 V L 180.01'

-c. The results clearly indicate that the capacitor had little effect on

the frequencies'of interest. In addition, note that most of the

supply curreift reach; ed the load for the typical parameters
employed.

Jol__^
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EXAMPLE 16.6 For the network in Fig. 16-12:

a. Determine the current 1.

b, Find the voltage V.

	

ffiA Z 20o	 R	 )Okfl	
4 niA Z 0*6	

1	 .	
,2[

R.1 2 kl	 6.8 kfl V

-C	 20 kn

^FIG. 16.12

Exampie 16.6.

Solutions:

a. The rules for parallel current sources are the same for dc and ac net-

works. That is, the equivalent current source is their sum or differ-

ence (as phasors). Therefore,

IT = 6 mA L201 — 4 mA LO'

^ 5.638 mA + j 2.052 mA — 4mA

= 1.638 mA + i 2.052 mA

= 2.626 mA Z-51.402'

Redrawing the network using block impedances results in the net-

wofk in Fig. 16.13, where	
+

Z, 2 kfl LOI 6.8 k.Q LO' ^ 1.545 kfl LO'	 IT	 2.626 niA Z 51.402 
Z,	 Z2 V

and	 Z2 10 kfl — j 20 W = 22.361 kn L — 63.4351
Y

in Fig. 16'13.Note that I and V are still defined

Using the current divider rule gives 	
FIG. 16.13	 4

	Z1IT	 (1.545 
W LO')(2.626 mA L51.402')	 Network in Fig. 16.12following the assignment of

Z, + Z2 
=	

1.545 kfl + 10 W — j 20 kfl	
the subscripred imped ances.

4.057 A L 51.402 0	4.057 A L 51.4021

	

11.545 x 10' — j . 20 X 10'	 23.093 x 
103 L-60.004-

0. 18 mA L 1 11.4 1'

b. V IZ2
(0. 176 mA I 11 1.406 (22.36 kn L — 63.43 5')

3.94 V Z 47.97*

EXAMPLE 16.7 For the network in Fig. 16.14:

a. Compute 1.

b. Find 11, 12, and 13.

c. Verify Kirchhoff's current lawby showing that

I	 I ] + 12 + 13

d. Find the total impedance of the circuit.
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I

	 R, = 8 n X,, = I fl

FIG. 16.14
F-rample 16.7.

Solutions:

a. Redrawing the circuit as in Fig. 16.15 reveals a strictly parallel net-
work where

Z, = R, = 10 fl z-00

Z2 = R2 + jXL1 3 11 + jA fl

Z3 = R3 + jXL, jXC 8,Q + j 3 fl — j 9 fl 8 D — j 6 fl

1,	 13

E 206 V ;0" r"V	 Z,	 Z2	 Z3

Flb. 16.15
Network in Fig. 16.14jollowing the assignment ofthe sub-

scripted irnpedances.

The total admittance is

YT Y) + Y2 + Y3

+Z I + Z2 + Z3 fO 0	 fl +j4fl '+' 8fl —j6fl

= 0.1 S +
fl Z 53.13-	 10 fl L-36 ' 87-

= 0.1 S + 0.2 S L — 53.13" + 0. 1 S Z-36.87'
= O.JS + 0. 12 S — i 0. 16 S + 0.08 S + j 0.06 S
= 03S — i 0. 1 S 0.316 S L — 18.435-

Calculator The above mathematical exe&se 'presents an excellent
opportunity to demonstrate the pqwer of some of today's calculators. For
the TI-89, the above operation isas shown in Fig. 16.16.

i	 300.OE-3-1 00M-3i

FIG. 16.16
Finding the total adminancefor the network in Fig. 1614 using the TI-89caticulator-
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Be sure to use the negative sign for the complex number from the

subitraqtion option and not the sign selection (7). 
The 

sign selection is

used for negative'angles in the polar form.

Converting to polar form requires tl^e sequence shown in Fig. 16.17.

lo. Polar	 316.2E-3 Z -18.43EO

FIG. 16.17

Ctmverting the rectangtildrform in Fig. 16.16 to polarform.

Conveki to polar form:

'Fhe current I is given by

EYT = (200 V z 00 )(0.326 S L - 18.435') .4

63.2 A L ^ 18.441

b. Since the voltage isthe same across parallel branches,

E 200 V /- 0'
— = -fo— = 20 A LO'
ZI	

f, LO.

E = 
200V LO' 

40 A L - 53.13'
12 
= - Til /- 53.13--42

E	 200 V LO*
1 3 = 

Z3 = 10 fl L-36.87' 
20 A L + 36.87'.

C.	 11 + 12 + 13

60 - j 20 20 LO* + 40 /- -53.13 * + 20 L +36.87*

(20 + i 0) + (24 - j 12) + (16 + j 12)

60 j -20 60 - j 20	 (checks)

d. ZT Y, 0,316 S L - 18.435-

3.17 L18.44

EXAMPLE 16.8 For the network in Fig. 16-18:

	

R 1	XL 
6 C1

	

1	 4 InI

+	 R2 9 Q

R3

	

E 100 V z 0. ^V	 R3 811

XC T7 fl7
FIM 16.18

Example 16.8.

a. CalWate the total impedance ZT.

b. Compute 1.

c. Find the total,power factor.

d. Calculate[, and 12.

e. Find the average , power delivered. to the circuit.
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Solutions:-

-ii. Redrawing the circuit as in Fig. 16.19, 
we 

have

Z, R, 4 fl Z 01

Z2 R2 jXc 9 fl - j 7 D 11.40 0 Z -37.87-

Z3 R^ + jX1, 8 fl + j 6 fl 10 n Z + 36.87-

E = IOOVZ

FIG. 16.19
Network, in Fig. 16.18following the assignment ofthe subscripted impedances.

Notice that all the desired quantities were conserved in the redrawn

network. The total impedance is

ZT ZI + ZT,

Z, + ZIZ3

Z2 + Z3

4 fl'+ ^I 
1.4 fj	 37.87')(10 fl z 36.87)

(9fl -j7 Q) +^80 +j6

114 f2 L - 1.00,
4 fl + - -	 — = 4 D + 6.69 fl ^_' 2.37'

-	 17.03 L - 3.37o

411 + 6.68 D + i 0.28 fl 10.68 fl + j 0.28 fl

T 10.68 n L 1.50

Calculator Another opportunity to demonstrate the versatility of the

calculator! For the above operation, however, you must be aware of the

priority of the mathematical operations, as demonstrated in jhe calcula-
tor display in Fig. 16.20. In most cases, the operations are performed in

the same order they would be if you wrote them Ionghand..

FIG. 16.20
Finding the total impedancefor the nehi,ork in Fig. 16-18 using the TI-89 calculator.

A	 b. I	
E	

-^o 
100 V z 01 

= 9.36 A	 1.5'
.

ZT	
.684 f, Z 1.5^

c. F = COS OT. = 
R 
= 

10.6811

	

P	
ZT 10.684 D

(essentially resistive, which is interestin g, considering the complexity
of the network)
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d. Using the current divider rule gives

	

Z21	 ( 1 1.40 n L — 37.87^)(9.36 A Z — 1.5o)

12 Z, + Z3	 (9 n j 7 fl) + (8 0 + j 6 n)

106.7 A z_ — 39.37 1	106.7 A L, —39.371

17 — j 1	 17.03 L — 3.371

12 6.27 A Z —36o

Applying Kirchhoff's current law (rather than another. application

of the current divider rule) yields

I , = I — 12

or

= (9.36 A L-1.5 - ). — (6.27 A L-36-)

= (9.36 A — j 0.25 A) — (5.07 A — j 3.69 A)

1 1 = 4.29 A + j 3.44 A = 5.5 A L38.721

e. 'PT = El cos Or

= (100 V)(4).36 A) cos 1.5'

= (936)(0.99966)

PT = 935.68 W

16.3 LADDER NETWORKS

Ladder networks were discussed in -some detail in Chapter 7. This sec-

tion will simply apply the first method de
s
cribed in Section 7.6 to the gen-

eral sinusoidal ac ladder network in Fig: 16.21. The currC;t 16 is desired.

Z,	 Z3	 Z,

+

	120VZO /"'V	 Z,	 4	 Z6

L

FIG. 16.21

Ladder net" ork.

Impedances ZT, Z' T, and Z"T and currents 1 1 ^ind 13 are defined in

Fig. 16.22. We have

Z,!r Z5 + Z6

and	 Z'r L3 + Z4 Z"T

with	 ZT ZI + ,Z2 Z'T

Then	
E

ZT

ana	 13	
Z21

Z2 + Z'T

with	 1^	 Z413

Z4 + Z T
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Z,

	 Z,

E 120 V Z 0-

	 Z,	

ZI	 1_4

FIG. 16.22

Dcfining an approach to the analysis of ladder networks.

16.4 GROUNDING

Although usually treated too lightly in most introductory tlectrical or

electronics texts, the impact of the grotind connection and how it can

provide. a measure of safety to,a design are very important, topim

Ground potential is zerq volts at every jooint ina network that . has a

ground symbol, Since all points are at the same potential, they can all be

connected togotherbut for purposes of clarity, most are left isolated 
on 

a

large schematic. On a schematic, the voltage levels provided are always

with respect to ground. A systeln can therefore be checked quite rapidly

by simply connecting the black lead of the voltmeter toihe^ ground con-

nection' and placing the red lead at the various points where the typical

operating voltage is provided. A close matchn,
ormally implies that that.

portion ofthe system is operating properly,

aThere art various types of grounds, whose use depends on the , ppli-

cation. An earth ground is one that is connected directly to the earih by

a low-inipedance connection. Under typical environment;il conditions,

local ground potentials are fairly uniform and can be defined asequal to

zeyo volts, This local uniformity is due to sufficient conductive agents it)

the soil such as water and electrolytes to ensure that ^ny difference in

voltage orr tile surface is equalized by a flow of charge betwech the two

points. However, between long distances on the earth's ^urflcc tl^er - c can

be significant changes in potential level. Every home has an earth

groand, usually established by a long conductive rod driven into the

ground and connected to the power panel. The electrical code requires a

direct connection from earth ground to die cold-water pipes of .1 home

for safety reasons. A "hot" wire touching a cold-water pipe draws suffi-

cient current beciusc of the low-impedance ground connection to throw

the breaker. Otherwise, people in the bathroom could pick up the voltage

when they,touched the cold-water fAucei, thereby risking bodily harm.

11ccause water is a conductive ag^nt, any area of the home with water,

pch as a bathroom or the kitchen, is of particular concern. Most electri

'cal systems'are connected to earth ground primarily for safety reasons..

All the power lines in a laboratory, at industrial locations, or in the borne

are connectgd to earth ground.

A secona type is referred to as a chassis ground, which may be

floating or connected directly to an earth ground. A chassis ground Sim-

ply stipulates that the chassis has a reference potential for all points of the

network. If the chassis is not connected to,earth potential (0 V), it is said

to befloating artd can have.any other reference voltage for the other yolt-

ages to be compared to. For iastance, if the chassis is sitting at 120 V, all

measured voltages of the network will be referenced tp this level. A read-

ling of 32 V between a point in the network and the chassis ground N011
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th erefore actually be at, 152 V w
I 
ith respect to earth 'potential. Most high-

voltage systems arc not left floating, however, because , of loss of the safety

factor. For instance, if someone should touch the chassis and be standing

on a suitable ground, the full 110 V would fall across that individual.

Grounding can be panicularly important when working with numer

ous pieces of measuring equipment in the laboratory. For instance, the

supply and oscilloscope in Fig. 16.23(i) are each connected directly to an

earth ground through the negative terminal ofeach. If the oscilloscope is

connecte4 as shown in Fig. 16.23(a) to measure the voltage VRI , a dan-

gerous situation wilfdevelop^ The grounds of each piece of equipment

are connected together through the earth ground, and , they effectively

short out the resistor. Since the resistor is the primary current-controlling

element in (lie network. the current will rise to a very high level and pos-

sibly damage the instruments or cause dangerous side effects. In this

case, the supply or scope should be used in the floating mode or the resis-

tors interchanged as shown in Fig. 16.23(b). In Fig. 10.23(b), the grounis

have a common point and do not affect the 4ructure of the network.

Oscilloscope

Oscilloscope

	

+ VRI	
iTt

	

R,	 R2

	i0o n	
FF I T" 7P

+

R,
120 V '\j	 RZ 10091	 120 v

short introduced by

Vground conrutction

(b)(a)

FIG. 16.23

Demonstrating the cflect of the oscilloscope ground oi i th c measure mc7 i I 
of the voltuge across resistor )? 1.

1P
At"4 Ae National Electrical Code requires that the "hot" (orfeeder) line

that carries current to a load be black and thd line (called the neutral) that

carries the current back to the supply be white. Three-wire conductors

have a ground wire that must be green or bare, which ensures 1 common

ground but which is not designed jo carry current. The components of a

three-prong extension cord and wall outlet are shown in Fig. 16.24. Note

Black

White

Ground (green)	
(b)

FIG. 16.24

Three-wire conductors: (a) extension cord; (b) home outlet.



724 111 SERIES-PARALLEL ac NETWORKS

that on both fixtures, the connection to the hot lead is smaller than the rc-
turn 

leg and that the ground connection is partially circular.

The complete wiring diagram for a household outlet is shown in

Fig. 16.25. Note that the current through the ground wire is zero and

that both the return wire and the ground wire are connected to an earth

ground. 
The 

full current to the loads flows through the feeder and re-

turn lines.

20A f=12A	 Black	 Load

+	
B 

^.	
"Feed"	

1^12A housing
maker	 — ------

1210 V
=:,12 A

White 1/	 10 fl I

"Return"

	

	 Load

v( 

1= 12A

W	
Green or hare

	

1=0A Ground	 1=0A

FIG. 16.25

Complete wiring di5gram for a household ourlet with a 10 fl load.

The importance of the ground wire in a threc-wire system can be

demonstrated by the toaster in Fig. 16.26, rated 1200 W at 120 V. From

the power equation P El, the current drawn under normal operating

conditions is I PIE 1200 W/120 V 10 A. Ifa two-wire line were

"Contact"	 ..Hot"

20A	 10A	 20A	 10Aa
Aj 

^Ilaclmaker	 Blaik	 reak

I v20	 120 v

__Appp^
(a)

	

	 +

120 V

(b)

20A	 "Contact"

Breaker open	 I > 20 A

I > 20 A

Black

1 2 0 v R
Toaster	

I 

hort

1=0A White	 Rr=- 0 f)

j

Ground
I> 20A

FIG. 16.26
%	 Demonstrating the importance ofa prolvi -ly grounded al)plionce: (a) ungivanded; (b) ungrounded and undesirable contact;

(c) grounded applianc e with undesirable contact-

V4 "
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used as shown in Fig. 16.26(a), the 20 A breaker would be quite com-

ld perform normally.fortable with the 10 A current, and the system wou

However, if abuse to the feeder caused it to become frayed and 
to 

touch

the metal housing of the toaster, the situation depicledin,Fig. 16.26(b)

juld result. The.housing would become "hot," yet the breaker would

not "pop" because the current would still be the rated 10 A. A dangerous

condition would exist becimse anyone touching the toaster would feel

the full 120 V to ground. If the ground wire were, attached to the dhassig

as shown in fig. 16.26(c), a low-resistance path , would be^ created be-

tween the short-eki rruit point and ground, and the currentwould jump to

very high levels. The breaker woul&,,"pop," and the user would be^

warned that a problem exists.

Although the -above discussion does not cover all possible areas of

concern with proper grounding or introduce all the nuances associated

with the effect of grounds on a system's performance, you should under-

stand the importance of the impact of grounds.

16.5 APPLICATIONS

The vast majority of the applications appearing throughout the text have

he following are seni es-parallel com-been of the series-pgrallel variety.T

binations of elements and systems used to perforni important everyday

casks. The ground fault circuit interrupter outletemploys series proiiac-

tive switilies and sensing, coils and a, parallel control system, 

* 

while the

ideal equfvalent circuit for the coax.cab)e employs a series-parallel com-

binl ation of inductors and capacitors.

GFCI (Ground Fault Circuit Interrupter)

The National Electric Code, the "bible" for all electrical contractors, now

requires that ground fault circuit i' nterrupter ((^FCI) outlets be used in any

area where water and dampness could result in serious injury, such as in

bathrooms, pools, marinas. and so on. The outlet looks 

* 

like any other ex-

cept that it has a reset button Anda test button in the center of the unit as

shown in Fig. 16.27(a). The print* difference between it and an 6rdi-

111"much inore quickly than thenary outlet is th at it %vill shut the powero

breaker all the way down irt the basement could. You may 
s
till feella

shock with a GFCI outlet, but the current cuts off so quickly (in a few

milliseconds) that a person in normal health should not receive a serious

electrical injury. Whenever in doubt about its use, remember that its cost

(relatively inexpensive) is well worth the increased measure of safety.

The basic operation is best described by tfie network in Fig. 16.27(b).

The protection circuit separates the power source from the outlet itself.

Note in Fig. 16.27(b) the importance of grounding the protection circuit

to the central ground of the establishment (a water pipe, ground bar, and so

on; connected to the main panel). In general, the outlet will be grounded

to the same connection. Basically, the network shown (in Fig. 16.27(b)

senses both the current entering (1i) and the current leaving (I.) and pro-

vides a direct connection to the outlet when they are equal. If a fault

should develop such as that caused by someone touching the hot leg

while standing on a wet floor, ,ihe return current I 
will be less than the feed

current Oust a few milliamperes is enough). The protection circuitry -

senses this difference, establishes an opell circuit in the lific, and cuts off

the power to tfie outlet.
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Ll (bot^ feed)

GFCl
protection
network

L2 (return, neutral)

GND

Q4FC1

(b)

Pulse solenoid switch	 Mechanical

V	 --- 0 0

p-Amp

Sen in	 GFCI	 Test

coil: 
9	

logic	 I button

120 V	 Chip	 Outlet

Op-Arnp

(c)

FIG. 16.27

GFCI outlet.- (a) wall-mounted appearance; (b) basic operation; (c) schematic.

Fig. 16.28(a) shows the feed and return lines passing through the sens-

ing coils. The two sensing coils are sepiately connected to the printed cir-,

cuit board. There are two pulse control $witches in the line and a return to

establish an open circuit under errant conditions. The two contacts in Fig.

16.28(a) .are the contacts that provide conduction to the outlet. When a fault

develops, another set of similar contacts in the housing §lides away, provid-

ing the desired open-circuit condition. The separation is created by the so-

lenoid appearing in Fig. 16.28(b). When the solenoid is energized due to a

fault condition, it pulls the plunger toward the ; solenoid, compressing the

spring. At the same time, the slots in the lower plastic piece (connected di-

rectly to the plungei) shift down, causing a disconnect by moving the struc-

ture inserted 
in 

the slots. The test button is connected to the brass bar across

the unit in Fig. 16.28(c) below the reset button. When pressed, it places a

large resistor between the fine and ground to "unbalance" the line and cause

a fault condition. Wh.en the button is released, the resistor is separated from

the line, and the unbalance condition is removed. The resistor is actually

connected directly to one end of the bar and mov6s down with pressure on

the bar as shown in Fig. 16.28(d). Note in Fig. 16.28(c) how the metal

ground connection passes right through the entire unit and how it is con-

nected to the ground terminal of an applied plu&. Also note how it is sepa-

rated from the rest of the network with the plastic housing. Although this

unit appears simple on the outside and is relatively small in size, it is beau-

tifully designed and contains a great deal of technology and innovation.

^J,
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FIG. 16.28

GFC1 construction: (a) sensing coils; (b) solenoid control (bottom view);

(c) grounding (top view); (d) test bar

Before leaving the subject, note the logic chip in the center of Fig.

16.28(a) and the various sizes of capacitors and resistors. Note also the

four diodes in the upper,left region of the circuit board used as a bridge

rectifier for the ac-to-dc conversion process. The transistor is the black el-

ement with the half-circle appearance. It is part of the driver circuit for

the controlling solenoid. Because of the size of the unit, there wasn't a lot

of room to provide the power to quickly open the circuit. T^e result is the

use of a pulse circuit to control the motion of the controlling solenoid. In

other words, the solenoid is pulsed for a short period of time to cause the

required release. If the design used a system that would hold the circuit

open on a continuing basis, the power requirement would be greater and

the size of the coil larger. A small coil can handle the required power

pulse for a shon period of time without any long-term damage.

As mentioned earlier, if unsure, install a GFCI. It provides a measure

of sdety—at a very reasonable cost—that should not be ignored.
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16.6 COMPUTER ANALYSIS

PSpice

ac Bridge Network We will use Example 16.4 to demonstrate the

power of the VPRINT option in the SPECIAL library. It permits a di'

rect determination of the magnitude and angle of any yoltage in an ac

network. Similarly, the IPRINT option does the same for ac currents. In

Example 16.4, the ac voltages across R, and JR2 were first determined,

and then Yirchhoff's voltage law was applied to determine the voltage

between the two known points. Since I'Spice is designed primarily to

determine the voltage at a point with respect to ground, the network in

Fig. 16.7 is-entered as shown in Fig. 16.29.to permit a direct calculation

of the voltages across R 1 and R2-

The source and network elements are entered using a procedure that

has been demonstrated several times in previous chapters, although for

the AC Sweep analysis to be performed in this example, the source must

carry an AC level also. Fortunately, it is the same as VAMPL as shown

in Fig. 16.29, It is introduced into the source description by double-'

clicking on the source symbol to obtain the Property Editor dialog box.

Select the AC colu6 and enter 100 V in the box below. Then select

Display and choose Name and Value. Click OK f

- 

ollowed by Apply,

and you can exit the dialog box. The result is AC = 100 V added to the

source description on the diagram And in the sy^tem. For the reactance

values in Fig. 16.7, ' the values for L and C were determined using a fre-

quency of I kHz. The voltage across R, and R2 can be determined using

the Trace command in the same manner as described in the previous

chapter or by using the VPRINT option. Both approaches are discussed

in this section because they have application to any ' ac network.

sczmftm^
cidence

i i :Q̂ i t i d, 5
_-. 719t ̂ 0_44̂ 4190 iY 0 ̂ Po I,

AC=.^	 C	 26,53.F
SAS. Waz.k

V.	 PHASE - ok	 —4
MAG

VQFF 0V	 PHASE
VAMPL - 1Q0V	

AG

FRrQ - IkH^	 VPRINTI	 VPRINT2
AC 100V

R1	 3	 a

FIG. 16.29

Determining the voltage acrv5s R, and R 2 Using the VPRINT option

ofa I'Spice analysis.

The VPRINT option is under the SPECIAL library in the Place Part

dialog box. Once selected, thl e,printer symbol appears on the screen next

n be placed near thd point of interest. Once (lieto the cursor, and it ca

printer symbol is 
in 

place, double-click on it to display the Property

Editor,dialog box. Scrolling from left to right, type the word ok under AC,
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^.^MAG, and PHASE. When each is activb, select the Display key and

choose the option Name and Value followed by OK. When all the en,

tries have been made, choose Apply and exit the dialog box. The result

in Fig. 16.29 for the two applications of the VPRINT option. Ifappears
you prefer, VPRINTI and VPRINT2 can be added to distinguish be-

utput data. To do this, return to thetween the two when you review the o

Property Editor dialog box for each by , double-clicking on the printer

symbol of each and selecting Value and then ' Display followed by Value

grily. Do not forget to select Apply after each change in the Property

Editor dialog box. You are now ready for the simulation.

The simulation is initiated by seletting the New Simulation Profile

icon and entering PSpice 16-1 as the Name. Then select Create to bring

up the Simulation Settings dialog box. This time, you wont to analyze

the network at I kHz but are not interested in plots against time. Thus,

select the AC Sweep/Noise option under Analysis type in the Analysis

section. An AC Sweep Type region then appears asking for the Start

Frequency. Since you are interested in the respodse at only one fre-

q
I 
uency, the Start and End Frequency will be the sarne: I kHz. Since

you need only one point of analysis, the Points/Decade will be 1. Click

OK and select the Run PSpice icon. The SCHEMATICI screen ap-

pears, and the voltage across R, can be determined by selecting Mracec

followed by Add Trace and then V(RI: 1). The result is the bottom dis-

play in Fig. 16.30 with only one plot point at I kHz. Since you fixed the

In"

i:Ij fk idit V­ 1­14m 1(^ Riot Tgols &W^ dvlp-l^jcidence	 6 x I

^CHE KA I ICI Ps^^ 1 1

A to ".7

FIG, 16.30

The resulting magnitude and phase anglefor the voltage VR, In Fig. 16.29,
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frequency of interest at I kliz, thit is the only frequency with a response.
The magnitude of the voltage across R, is 60 V to match the longhand
solution of Example 16.4. The phase angle ' associated with the voltage
can be determined by the sequence Plot-Add Plot to Window-T)race.
Add Trace-Po -from the Functions or Macros list and then V(R1: I) to
obtain P(V(91:1)) in the Trace Expression box. Click OK, and the re-
sulting plot shows that the phase angle is near-just less than — 50* which
is certainly a close match with the — 53.13' obtained in Example 16.4.

The VPRINT option just introduced offers another method for ana-
lyzing voltage in a network. When the SCHEMATIC1 window ap-
pears after the simulation, exit the window using the X, and select
PSpice on the top menu bar of the resulting screen. Select View Out-
put File from the list that appears. You will see a long list of data about
the construction of the network and the results obtained from the sim-
ulation. In Fig. 16.34, the portion of the output file listing the resulting
m4gnitude, and phase angle for the voltages defined by VPRINTI and
VPRINT2 is provided. Note that the voltage across R, defined by
VPRINTI is 60 V at an angle of — 53.13'. The voltage across R2 as de-
fined by VPRINT2 is 80 V at an angle of 36.87'. Both are exact
matches of the solutions in Example 16.4. In the future, therefore, if
the VPRINT option is used, the results will appear in the output file.

I

8

Profile: "SCHEMATICI-PSpice 16-1"
C:\ICAl2TSpice\pspice 16-1-pspicarilcs\scheinaticl\pspice 16-I.sim I

ACANALYSIS TEMPERATURE= 27.000DEGC

FREQ	 VM(NO0879) VP(NO0879)
I.000E+03 6.00013+01 -5.313E+01

.... AC ANALYSIS	 TEMPERATURE 27.000 DEG C

FREQ	 VM(NO0875) VP(NO0875)
1.00013+03 8,00013+01 3.687E+01

I	 FIG. 16.31
The VPRINT] (V.R,) and VPRINT2 (Vj?,) responsefor the network in Fig. 1629.

Now you can determine the voltage across the two branches from point
a to point b. Return to SCHEMATICI, and select Trace followed by Add
Trace to obtain the list of Sirmilation Output Variables. Then, by apply-
ing Kirchhoff's voltage law around the closed loop, you find that the de-
sired voltage is V(Rl:l)-V(R2:1) which when followed by OK, results in
the plot point in the screen in the bottom of Fig, 16.32. Note that it,is ex-
actly 100 V as obtained in the longhand solution. Detern-dric the phase
angle orough Plot-Add Plot to Window-Trace-Arld Trace, creating the
expression P(V(Rl:l)-V(R2:1)). Remember that the expression can be
generated using the lists of Output variables and Functions, but it can
also be typed in from the keyboard. However, always remember that
parentheses must be in sets—a left and a right. Click OK, and a solution
near — 105' appears. A better reading can be obtained by using Plot-Axis
Settings-Y Axis-User Defined and changing the scale to — 100* to
— I 10'. ne result is the top screen Jn Fig. 16.32 with an angle closer to
— 106.5' or 73.5 1 , which is 'very, close to the theoretical solution of73.74*.

Finally, the last way to rind the desired bri4ge voltage Is to remove
the VPRINT2 option and place the ground. at that point as shown in
Fig. 16.33. Be absolutely sure to remove the original ground from the
network. Now he voltage gencrawd from a point above R, to ground

W
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^4 eWt Ta.f.	 flop Ul	 cidence

::S E 110 4'S^) ICH WA	 r,L

Ja

V=IM-	 ?	 7--

.	 ........ .

41
BPS-

I'tqE-W	 lT7!-

FIG. 16.32 b,
The PSpice responsefor the voltage between the two points above resistors

R, and R2-

eft cat ^0- I-* B— S.— pso.	 c S d e n c e -

4

Q ... .......

Ve

VOFF - OV
VAI-4PL - i00V
FREQ - iW1
AC . 10QV

R2	 a

FIG, 16.33

Determining the voltage between the rwopoints above resistorsR, andR2 by

moving the ground connection in Fig, 16.29 to the position of YPRIN72,

4
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will bethe desired voltage, Repeating a full simulation results in the

plot 
in 

Fig. 16.34 with the same results as Fig. 16.32. Note, however,

that even though the two figures look the same, the quantities listed in

the bottoin left ofeach plot are different.

_CZ 	PSW. AID D	 5 ,tj,v^

^5 th i0it !06- V.Ati­ 1,,Kf e1bt Tj^6 V,W- . tiop
C^dence	 6 x

-V

r

A

'n"

X^

h^q

FIG. 16.34

Pipic. response to the simulation ofthe network in Fig, 1633.

Multisim

Multisim is no%v used to,det	 ast element oferrhine the voltage across the 1,
the ladder network in Fig.,16.35.'Md mathematicatcontent of, this chapter

suggests that this analysiswould be a lengthy exercise in complex algebra,

with one trtistakc (a single sign or an incorrect angle) enough to invalidate

the resul

' 

is. However, it takes only a few minutes to "draw" the network on

'the screen and only it few seconds to generate the results —results you can

usually assume are correct if all the parameters 'were entered correctly.The

r6suItt are certainly an excellent check against a longhand solution.

Dut first approach is to -use an oscilloscope to measUke the amplitude

and phase angle of the output voltage as shown in Fig. 16.35. The oscil-

los^ope 'settings includlea Time base of 20 us1div. since the period'd
the 10 kffz signal Is 106 As. Channel A is set on 10 V/div. sothat the fat
20V. of the applied signal will

I 

have ,a peak vaftu^ encopipassing two , 6i-

visiom Note that Charuiel A
r
imFig. 16.35 is conneqted directly to thei

source, VS and 46jbit Trigger np^t for synchronization. Expecting the,
.. Output voltage to have a 6111tilleramplilude resulted in a vertical sensitivity
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ft#Cd"

Loa ^j 'q a 0^	 a Qk 4

......	 ....	 .	 .

...	 ... ...	 ...	 ...	 ...	 ... ...

:C-W,

............	 ..............	 ..........

FIG. 16.35

Using the Multisim oscilloscope to determine the voltage across the capacitor C2.

of I V/div. for Channel B. The 'analysis was initiated by placing the

Simulation switch in the I position. It is important to realize that

when simulation is initiated, it will take timefir networks with reactive

elements to settle down andfor the response to reach its steady-state

condition. It is theref6re wise to let a system run for a while after

simulation before selecting Sing. (Single) on the oscilloscope to obtain

a steady waveform for analysis.

T

The resulting plots in Fig. 16.36 clearly show that the applied voltage

has an amplitude of 20 V and a period of 100 As (5 div. at 20 jus/div).

n

FIG, 16.36

Using ^duljisim to display the applied voltage and voltage across

the capacitor C2for the network In Fig. 16,33.

I
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a

-Qk

The cursors sit ready for, use at the left and right edges of the screen.

Clicking on the small red arrow (with number 1) at the top of the oscil-

loscope screen allows you to drag it to any location on the horizontal

axis. As you move the cursor, the magnitude ' of each waveforin appears

in the T1 box below. By comparing positive slopes through the origin,

you should see that the applied voltage is leading the output voltage by

an angle that is more than 90^ Setting the cursor at thepoint where the

output voltage on channel B passes through the Origin with a pos,0 ve

slope, you find that you cannot achieve exactly 0 V but 0.01 V is cer-

tainly very close at 39.8 As (TI).

Knowing that the applied voltage passed through the origin at 0 As

permits the following calculation for thi phase angle:

	

39.8 As	 0

100 As 360'

	

0	 143.28'

with the result that the output 'voltage has an angle of — 143.28 * associ-

ated with it. The second cursor at the right edge of the screen is blue.

.Selecting it and moving 
it 

to the peak value of the output voltage results

in 1. 16 V at 66.33 As J2). The result of all the above is

VC2 = 1. 16 V L — 143,28o

The second approach is to use the AC Analysis option under the

Simulate heading. First, realize that when you use the oscilloscope as

you just did, you did not need to pass through the sequence of dialog

boxes to choose the desired analysis. All that was necessary was to sint-

ulate using either the switch or the Simulate Run sequence—the oscil-

loscope was there to measure the output voltage. The AC Analysis

approach requires that you first return to the AC_VOLTAGE dialog ^ox

and set the AC Analysis magnitude to 20 V. Then , use the sequence

Simulate-Analyses-AC Analysis to obtain the AC Analysis dialog box

and set the Start and Stop frequencies at 10 kHz and the Selected vari-

able for analysis as V(5). Selecting Simulate results in a magnitude-

phase plot with small A indicators at 10 kHz.

At this point, it is difficult to get a good reading of the magnitude of

the voltage. This can be corrected by first selecting each graph and

adding the grid with Show Grid and adding the legend for each with

Show Legend. Always remember that most dialog boxes, such as those

associated with the Legend and Cursor, can be moved by simply se-

lecting the blue heading bar and moving them to the desired position. If

we now sclect the Magnitude plot and then perform a right-click of the

mouse, a listing of options will appear. Selecting Properties and then

Left Axis will allow us to change the range and scale of the left axis. If

we choose a Min of I and a Max of 2 followed by OK, the result will

appear between the two closer to the 1. Returning to the Graph Prop-

erties dialog box and selecting Left Axis again, we can choose Linear

with a range of Min = 1.05 and Max = 1.35, and the Total Ticks can

be 6, Minor Ticks 1, and Precision 2 (hundredths place on vertical

scale), The result clearly shows that we are close to 1.6 V in magnitude.

Additional accuracy can be obtained by Show Cursors to obtain the

AC Analysis dialog box for V(S). By moving one cursor to x1 =

10 kHz, we find yl - 1. 1946 V for a very high degree of accuracy, as

shown in Fig. 16.31. If we now select the Phase(deg) plot and use the

cursor control, we find with xl - 10 kHz that yl 142,147*, which

is very close to the result obtained above.
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FIG. 16.37

Using the AC Analysis option in Multisim to determine the magnitud
e
 and

phase anglefor the voltage VC, for the network in Fig. 1635.

In total, therefore, you have two methods to obtain an ac voltage in a

network—one by instrumentation and the other through the computer

methods. Both are valid, although, as expected, the computer approach

has a higher level of accuracy.

PROBLEMS	 2. For the network in Fig. .16.39:

a' Find the total impedance ZT.
SECTION 16.2 Illustrative Examples	 b. Determine the current 1,,

1. For the series-parallel network in Fig. 16.38:	
c. Calculate Ic using the current divider rule,

a. Calculate ZT.	
d. Calculate VL using the voltage divider rul^.

E - 30V_/0*

b, Determine 1,.

c. Determine 11.

d. Find 12,

e. Find VL.

Xc

+ VL

VL

X

X4 (1
+	

^V*4–1 2 2f12E f^Vl4VZO-	 12 fl 2Z'

R2

FIG. 16.38
	

FIG. 18.39

Problem 1.	 Problems 2 and 15.
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^3. For the network in Fig. 16.40:

a. Find the total impedance ZT.

b. Find the current 1,	 R	 9
c. Calculate 12 using the current divider rule. 	

+	

2"

-'V Z'd. Calculate V,^ using the voltage divider rule. 	 E 60-V Z 0-	 XL 12 fl

e. Calculate the average power delivered to the network. 	 +

Vc— Xc 12 0

FIG. 16.40

Problem 3,

	4. For the network in Fig. 16.4 1:	 + V2

a. ' Find the total impedance ZT.	 XC

b. Calculate the voltage V, and the cmient IL.	 R	
R2 = 6.8 W

c. Find the power factor of the network. 	 4 WX

2 M	 R3 = 6.8 k1l

	

ZT	 6 kn
1 4 mA Z 0'	 X,, 8 U1

FIG. 16.41

Problem 4.

5. For the network in rig. 16.42:

a. Find the current 1.	 tj

b. Find the voltage VC. 	
Xq	 2001101	

+	 R2	
it00 V Z 0.

c. Find the average power delivered to the network.
E = too V Z a- "IV

X, 600 fl	 Xq 400	 Xc, 400 a

– C'T vc

FIG. 16,42

Problem 5.

	

*6. For the network in Fig. 16.43:	
+

a. Find the current 11.

b. Calculate the voltage Yc using the voltage divider rule.	
R,	 3 it	 Xc ;x MZ 13 fl Vc

c.
, find the volmSe Vah.	 E, 120 V z 0*	 a	 ----- V^b ..... b

XL,	
4 [1	

XLI	
7 . 11

FIG. 16.43

. ... ...	 Problem 6.
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*7. For the network in Fig. 16.44.	 XC

a. Find the current I

60 ab. Find the voltage V1. 	 jj7
e. Calculate the average power delivered to the network.	 R2

+	 loll +	 20 f)

E 40VZO'	 v, XL - 80 a

FIG. 16."
Problems 

7 and 16.

8. For the network in Fig. 16.45:
a. Find the total impedance ZT and the admittance YT.	 a

b. find the currents 1 1 , 12, and 13.
c. Verify Kirchhoff's current law by showing that 1, = 1, +

12 + 13-
d. Find the power factor of the network, and indicate

whether it is leading or lagging.

02

+ fl	 61l

	

E 60vzo- f\j	 R2 3n

7 0
YT	 R,	 2 fl	 XC

X11

15 a	 13

FJG. 16.45
Problem 8.

$9, For the network,in Fig. 16.46:
a. Find the total impedance ZT.

b. Find the source current 1, in phasor form.

c^ Find the currents 1 1 and 12 in phasor form.
d. Find the voltages V and V b in phasor form.
e. Find the average power delivered to the network.

L. Find the power factor of the network, and indicate
whether it is leading or lagging.

300 fl

	ZT 	 +
N/T(50) sin 2r 1000t f\1	 V^	 I IAF	 v,	 L2 01 H

b

FIG., 16.46
Problem 9.
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*10. For the network of Fig. 16.47:	 R2

a. Find.the total impedance ZT.	
+ V,

b. Find the voltage V, in phasor form.	
R	 1.2 kil

c. Find the current I I in phasor form.

d. Find the vc^ltage V2 in phasor form.	 XC
E, 1.2 kn	 11 1(

e. Find the source voltage V, in phasor form.	 +	
N	

+

1 20 rnA Z 0*	 V,	 1.8 kn	 X,,	 2.4 kn X,, :ZA kf1 V^

W

FIG. 16.47

Problem 10.

4	
11. For the net%^brk of Pig. 16.48:

a. Find the toial impedance Z T.	 2 fl	 3 fl

b. Find the voltage VI across the 2 fl resistor using the 	
+

voltage divider rule.	
E 60 

1 

V Z V + ^V 

T	

V , 
R,	

R2 R
	 10 fl

c. Find the current I, using Ohm's law.	 33

d. Find the current 1,.	 6 n	
xq

	

X,	 C2

FIG. 16.48

Problems 11 and I Z

SECTION 16.3 Ladder Networks	 R,	 R3	 R5 15

12. Find the current .15 for the network in Fig. 16.49. Note the	 12 fl	 12 il	
1 
2 n

effect of one reactive element on the resulting calculations.

E 100 V Z o-	 R,	 20 n	 ^R	 20f)	 xC ;= ::z 20 f)4

k

FIG. 16.49

Problem 12.

13. Find the average power delivered to R4 in Fig. 16.50.	 XC	 R3

10 D	 2.7 M

DR, 40 M R, 3 kil R, 4.3 M1 20mAZO*

FIG. 16.50

Problem 13.



GCOSSARY 111 739

14. Find the current 11 for the network in Fig. 16.5 1.

A"	 I O.5AZOP

FIG. 16.51
Problems 14 and 18.

SECTION 16.6 Computer Analysis	 GLOSSARY
PSpice or Multisim	 Ladder network A repetitive combination of series and parallel
For Problems 15 through' 18, use a frequency of I kHz to 	 branches that has the appearance of a ladder,
determine the inductive and capacitive levels required for	 Series-parallel se network A combination of series and parallel
the input files. In eich 'case, write the required input file. 	 branches in the same network configuration. Each branch may

1 5. , Repeat Problem 2 using PS pice or Multisim. 	 contain any number of elements, whose impedance is depen-
dent om the applied frequency.

*16. Repeat Problem 7, parts (a) and (b), using PSpice or Multisint.

*17. Repeat Problem I I using PSpice or Multisim.
*18. Repeat Problem 14 using PSpice or Multisim.



M IEThods of. AN,Alysis
AWSEIECTEA ^TopICS (AC)

7

Understand the differences between indqpendent
and dependent sources. and how the ma^nitude
and angle of a controlled source is determined by
the dippendent variable.

Be able to convert between voltage and current
sources and vice versa in the ac domain.

Become proficient in the application of mesh and
nodatanalysis to ac networks with independent
and controlled sources.

Be able to define the relationship between the
elements of an ac bridge network that will
-establish a balance condition.

M

17.1 INTRODUCTION

For networks with two or more sources that are not in 'series or parallel, tile methods described

in the last two chapters cannot be applied. Rather, metbod3 such as mesh analysis or nodal

analysis most 6c used. Since these methods were discussed in detail for de circuits in Chapter 8,

this chapter considers the variations required to apply . these methods to ae circu its. Dependpit

sources are also introduced for both mesh and nodal analysis.

The branch-current method is not discussed again because it falls withinthe framework of -

mesh analysis. In addition to the 
in thods mentioned 6 ove, the bridge

.
 network and A-Y, Y-A'

conversions a ,e also discussed for ac. circuits.

Before we examine these topics, however, we must consider Ihe subject of independent

and con trolled sources.

17.2 INDEPENDENT VERSUS DEPENDENT
(CONTROLLED) SOURCES

In the previous chapters, each source appearing in the analysis of dc or ac networks was an

independent sour&, such as E and ],(or E and 1) in Fig. 17. 1.

The term independent specifies that lite magnitude ofthe source is independent ofthe

'network to which it is applied cqui that tile source displays its terminal characteristics

even ifcomptelely isolated.

A dependent or controlledsource is-one whose magnitude is determined (or controlled) by

a current or voliagf ofthe system 
in 

which it appears.

E i E

_T
FIG. 17.1

Introductory, C, 48A

NaK

X
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----	
Currently two symbols are used for controlfed sources - One, simply

uses the iud' ;perident symbol with an indication of the controlling ele-

k,V 

ment, as sliown 
in 

Fig. 17.2. In Fig. 17.2(a), the magnitude and phase.of
the voltage are controlled by a voltage V elsewhere in the system, with

the magnitude further controlled by the constant k j . In 
I 
Fig. 17.2(b),,the

magnitude.and phaseof the current source are controlled by a current I
1 
----7— 7-- -elsewhere in the system, 

I 
with the magnitude turther controlled by the

constant k2. To distinguish betweeri the dependent and independent

sources, the notation in Fig. 17.3 was introduted. In recent y6ars, many

respected publications on circuit analysis have accepted.the not^tion it)

	

----------	

Fig. k7.3, although a number of excellent publications in the itreitof

clectronic^ continue to use the symbol in Fig. 17.1, especially in the cir-

kl	 cuit modeling for a variety of electronic devices such as the transistor
and FET This text uses the symbols in Fig. 17.3. 	1 1

Possible combinations for controlled sources are indicated in Fig.

	

— — — —	 17.4. Note that the magnitude of current sources , or voltage sources can

	

(b)
.	 be controlled by a voltage anda current, respectively. Unlike with the in-

FIG. 17.2	 dependent source, isolation such that V or I ^ 0 
in 

Fig. 17.4(a) results in

Controlled or dependent sources. the short-circua or open-circuit equivalent as indicated in Fig. 17.4(b):
Noie,that thetype of representation under the . se conditions is controlled
by whether it is a currefit source or a voltage source, not by the control-

	

+ V	 ling agent (V oy R

k,V +

------ ------ c__Lv L	

k2V

(a)

k3I +

	

kl	 k4l,

(b)

	

FIG, 17.3	
FIG. 17.4

	

_^Yecial notationfor controlled or dependent sources. 	Condiriohisof V 0 V and
I 
I =f 0 A for a controlled source,

17.3 SOURCE CONVERSIONS
a	 a

a

1z	 When applying the methods to be discussed, it may be nuicessary.to con-
vert a current source to a voltage source or a voltage source t

source. This source 	
o a current

	

z	 conversion can be accomplished 'in much the sAmez	
nFruer as for dc circuits, except that now we shall be dealing with pha-z
sors and impedances instead ofjust Teal numbers and resistors.

a'	 a'

	voltage wurce	 current source	 jnddOndent Sources

	

";6u FIG.'171.9	 7	 In general, the format for converting one type of independent SoUreer to
ere Cvnvir^kw.	

^31`10thcr i s ar shown in'Fig, 17.5.

Ink-c6d4 -tor^'	 488
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EXAMPLE 17.1 Convert the voltage source in Fig. 17.6(a) to a current

^j source.

a	 -0 source conversion 	 I

E 100 V Z 0' ^V

R1 20 A Z -53.103''

R	 13 n ,	 f	 - z
40

XL	 4 f)

d'

(a)

	

	 (b)

FIG. 17.6
Example 17. L

Solution:

E	 100 V Z Oo

—Z 3 fl .Z53 13-

20 A L— 53.13*	 [Fig. 17.6(b)]

EXAMPLE 17.2 Convert the curren(sourpe in Fig. 17,3(a) to a voltage -

source.

aa	 ta

E 120 V Z -30-

z
z

1 10 Z Wnt	 XL 6fl -jr^ 4 fl MOO-	 XC 1211

A

(a)
	

(b)

FIG. 0.7

Example 17.2,



744 1 11 METHODS OF ANALYSIS, AND SELECTED TOPICS (ac)

Solution:

Z --Z(,ZL	 (XC z — 901 ) (Xj_ z 90')

Z(- + ' Zi.	. __1k + AL

(j Q,,,4-90')(6 D Z 90-)	 24 fl Z W

—j4n +^6R	 2 L90'
12 n z —90*

E 1Z = (10 A L60')(12 fl L —90-)

120 Vz —30c .	 [Fig. 17.7(b)]

Dependent Sources

For dependent sources, the direct conversion in Fi g. 17.5 can be applied
if tile controlling, variable (V or I in Fig. 17.4) isnot determined by a
portion of the network to which the conversion is to be applied. For ex-
ample, in Figs. 17.8 and 1^.9, V and 1, rcspcctiv^lv, are controlled by an
external portion of the network. Con' versiors of. t 

I 
he other kind, where V

and I are controlled by a portion of the network to be conv^rted, are ^con-
sidered in fiections 18.3 and 18.4^

EXAMPLE 17.3' Convert the voltage source in Fig, 17.8(a) to a current

source.

6	 fIZI 5 kil
+	 +

	

V V 2 0' .20 V	 V	 z 01	 (4 X 10-3 V) A Z 01-

y

(a) (b)

FIG. 17.8

Source conversion with a t,oftage . con^rolled vo7fage source.

Solution:

E (20 V), V LO'

z	 5 RU LO'

(4 X 10-3 V)A Z_0'	 (Fig. 17^8(b)j

EXAMPLE 17.4 Convert the cm-rentsource in Fig. 17^9(a) to a v . oltage
source.

I Z 0' I I Z 0'	 z

. ........ __0

40 kil

z 0'	 Z 416 kfl	 E(1001) A (4 X 101I)V Z 01

(b)

FIG. 17.9

Source conv&sjon with a carreWt-conirolled currcni sou'rce.

A
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Solution:

E
.

	

	
[(100 1) A LO-1[40 kn LO-1

(4 X 106 1)- V LO'

17.4 MESH ANALYSIS

General Approach
Independent Voltage Sources Before examining the application

iew the apprOL
of the method to ac networks, the student should first rev

priate sections . on mesh an
- 
alysis in Chapter 8 since the content 

* 

of this

section will be linirted to the general conclusions of Chapter 
8.

The general approach to mesh analysis for ijidep^.ndent sources

s appeafing in Chapter 8. In f^ct,
includes,the same sequence of step

ection the- only change from the dc coverage is to sub-
throughout this s	 adrnittance for cond uctance in the
stitute impedance for resi

stance and

general procedure. 	

each independ-,
1. Assign 

a distinct current in the clockwise direction to Wry to choose

ent closid loop ofthe aetwo& It is not absoliqtely neeeV

the clockwise 
direction for each loop current. However, it eliminates the

need to have to choose a directionfor each application. Any direction

can be chasenfor each loop current with no loss in accuracy as 
to ng

as the'remainiftg steps grefollowed property.
or each impedance as

2. Indicate the polarities within each loop f

determined by the assumed
 direction afloop currentfor that loop.

3. Apply Kirchhoff's voltage taw araAd each
, closed loop in the

clockwise direction. Again, the ,clockwise direction was chosen to

establish uniformity and to prepare usfor theformat approach 
I
to

jollom

a.
Ifan impedance has two or more assumed currents throug , it,

the total current through the impedance is the assumed cur-reRt

ofthe loop in which Kirchhoff!s voltage taw is being applied,

plus the assumid curCents ofthe other loops Passing through

in the same direction, minus the assumed currents passing

tjjr6ug^ 
in the opposite direction.

b. The polarity ofa voltage source is unaffected 
by the direction

of the irssigned loop currents..

4. Solve the resulting simultaneous linear equationsfor the assumed

loop currents.

The technique is applied as above for all networks with independent

sources or for networks with 
dependent sources where the controlling

on. If the control-
variable is not a part of the network under invesrigati 

method to be de-
tin

. 
g variable is part of 

the network being examined, a

scribed shortly must bq applied.

EXAMPLE 17.5 Using the genei 
at approach to mesh analysis, find the,

current 1 1 in Fig. 17,10.

Solution: When applying these methods to ac 
circuits, it is good prac-

tice to represent the resistors and reactance- (or combinations thexeof)

by 
subscripted impedances. When the total solution is found ih te rms Of

'bstituted to
these subscripted impedances, the numerical values,can be su

find the unknown quantities.



^740 111 METHODS OF AN. ALYSIS AND SELECTED TOPICS tac)

X4=2o	 XC= to

^ 
ti, R = D40

E 2 V 0 I\j	
6V Z 0-E2,

FIG. 17.10

Example lZ5..

The network is redrawn in Fig. 17.11 with subscripted impedance""

Z,	 Z,	 Zi = +jXL = +j 2 a	 E, = 2 V z-01

+ +
	 Z2	 Z2 = R = 4 f2	 E2 = 6 V z 01

E, "\V

	

	 Z3 = —jXC = —j I il

I 

i2j "

\V E-,
F2 Steps I and 2 are as indicated in Fig. 17^ 11.

Step 3:

FIG. 17.11	
+E, — 11Z,	 Z2( 1 1 —	 0Assigning fhe mesh currents and subscript'ed imped-'

ancesfor the networkin Fig, 1710.	 —Z2(12	 12Z3 — f2 0

or	 E, — 11Z, '1Z2 + 12Z2 0

—12Z2 . + 1 1 Z2 — 12ZI E2 0

so that	
11A + -Z2) — 12Z2 E,

12(Z2 + Z3) — 1jZ2 —E2

,^Wch are rewritt^n as

11A + Z2) 12Z2	 = E,
—1 ,Z2	 + 12(Z2 + Z3) = —E2

Step 4: Using determinants, we obtain

E,	 —Z2

—E2 Z2 + Z
I f- Z2	

— Z2—Z	 Z2 + Z312

E
—1(Z2 + Z3) — F'2(Z2)

A Z2)(Z2 + 
Z3) — (Z2)2

A 92)Z2 + EIZ3

Z^Z-2 + ZA + Z2Z3

Substituting nUrne rical values yields

(2 V — 6 V)(4 fl) + (2 V)(—j I fl)

(+j 2 fl)(4 fl) + (+j 2 fl)(—j 2 fl) + (4 fl)(—f 2 fl)
16 —j2,	 —16 — j2	 16.12 A Z — 172.870

j8 — Y'2 — j4	 +j4 4.47 Z 63,43'
I 
e	

3.61 A Z —236.30' or 3.61 A Z 123.70-
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Dependent Voltage Sources For dependent voltagi sources. the

procedure is modified as follows:

Steps I and 2 are the same as those applied for independent voltage

sources.

2. Step 3 is knodified as follows: Treat each dependent source like

an independent source when Kirchhoff's voltage law is applied

to each independent loop. However, once the equation is written,

substitute the equation for the controlling quantity to ensure that

the unknownsare limited solely to the chosenmesh currents.

3^ Step 4 is as before.

AV, +

EXAMPLE 17.6 Write the mesh currents for the networkin Fig.-17.12

having a aependent voltage source.	 +	
I R,	

+

E, ^gV (^ V^ R- 2	 R,
Solution;

Steps I and 2 are defined in Fig. 17.12.

Step 3:	 E, — 1 1 RI —. R2(11
k2(1 2 — I,) + ^N. — I2R3 0

FIG. 17.12

Applying mesh anal)wis to a networ* with a
Then substitute V^ _^- ( 1 1 — 12)R2:

The result is two eqtiationiland two unknowns:	 voltage-controlled voltage ^OuTe.

R, R	 0E k	 A — 12)

R2(12 7 It) + tLR2(1 1	 12) 7 I2R3 .= 0

Independent Current Sources For independent current solirces,

the procedure is modified as follows:

1. Steps I and 2 are the same as those applied for independent

sources.

2. Step 3 is modified as follows: Treat each current source as an

open
I 
circuit (recall 

I 
the superniesh designation,

 in Chapter 9), and

write the mesh equations for each remaining ,independent path.

Then relate the chosen mesh currents to the dependent sources to

ensure thavthe unknowns of the final equations are limited to the

mesh-curreats.

3. Step 4 is as before.

E,

k

IN/

EXAMPLE 17.7 Write the mesh currents for the network in Fig. 
17.13

Z,
having an independent current source.

Solution:	 +	
6	 Z2

Steps I and 2 are defined in Fig. 17.13.	 El AV

Step 3:	 E I I I Z 1 , + E2 12Z2 0 (only remaining independent

path)

with	 12	
FIG. 17;13

Applying Mesh analysis to anetwork with

The resiilt is two equations and two unknowns. 	 an independent curretif source.
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Dependent Current Sources For dependent current sources, the
procedure is modified as follows:

I. Steps I and 2 are the same as thoseapplied for independent sources.

2. Step ^ is modified as follows: The procedure is essentially the

same as that applied for independent current sources, except now

the dependent sources have to be defined in terms of the chosen

mesh currents to ensure that the final equations have only mesh

currents as the unknown quantities.

3. Step 4 is as before.

EXAMPLE 17.8 Write the mesh currents for the network in Fig. 17,14
having a dependent Current source.

Solution:

Steps I and 2 are defined in Fig. 17.14.

Step 3:	 IiZj - 12Z2 + E2 0

and	
kJ = 11 — 12

Now I	 so that	 k1l	 12	 0,	 1,	 1^(I	 k)

The result is two c quations and two unknowns.

Format Approach

The format approach was introduced in Section 8.8. The steps for apply-

ing this method are repeated here with changes for its use i ac circuits:a

1. Assign a loop current to each independent closed loop (as in the
previous section) in a clockwise direction.

2. The number ofrequired equations is equal to the number of

chosen inde^endent closed loops. Column I of each equation is
formed by summing the impedance values of those impedances

through which the loop current ofinterest passes and multiplying
theresult by that loop current.

3. We must now consider the mutual terms that are always subtracted

front the-terms in thefirst column. It is possible to have more than

one mutu^l term if the loop cur^ent ofinterest has an element in

common with more than one other loop current. Each mutual term

is the product ofthe mutual impedance and the other loop current

passing through the same element.

4. The column to the right ofthe equality sign is the algebraic sum of

the voltage sources through which the loop current of interest

passes. Positive signs are assigned to.1hose sourr& of voltage

having a
, polarity such that the loop currentpassesfrom the

negative to the positive terminal. Negativesigns are assigned to

those potentialsfor which the reverse is true.

e	 'Itaneous equadonsfir the desire.4 loop5. Solve tit, resulting simu

currents.

The technique is applied as above for all networks with independent

sources or for networks with dependent sources where the controlling
v7viable is , not a part of the network under investigation. If the controlling
v -ible is paft of the network being examineU, additional care must beari.

taken when	 above steps.

0

F1 
Q

FIG. 17.14

Appiving niesh analysis to a network with d current.

controlled current ^ource.
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EXAMPLE 17.9 Using the formal	
to mesh analysis, find the

purrent 12 in Fig. 17.15,

x,,	 2 KI	 12

XC

X, = q2 J'02 o'

"cX

R,	 It

	

X^	

6 fl	R 2	411	 x 
L2

lOV

E, 8 V Z 20-	 ION, Z 01

FIG. 17.15

Exainple fZ9.

	

Solution: 'Ehe network is redrawn in Fig. 1-7. 16:	 +

Z, = R, + jXL, I D + j 2 fl	 El, 9 V L20'	 Z2	
+

Z2 = R2 — jXC 4 fl — 8 fl , F2 = 1.0 
V . 
LO'	

+	 +	 Z3
'2

Z3 = +jXL2 = 
+16 fl	 +	 F"

E, "'V	 E,
Note the reduction in complexity of the problem with the substitution of 	 +

the subscripted impedances.

Step I is as indicated in Fig. 17J6.

FIG, 17.16
Steps 2. to 4:	 Assignb^g the mesh currents and subscripted

1 l(Z1 + Z2) 12Z2 
El + E2	 impedances for the pet^vork in FigA 7-15.

12(Z2 + Z3) IIZ2 ='_^2

which are rewritten as

	

11(ZI + Z2) — i2Z2	
E, + E2

—J I Z2	 +12(Z2 + Z3)'= —F-2,

Step 5: Using determinants, we have-

Z, + Z, El + E2

	

^ Z2 '	. —E2
	2 

Z, + Z2	
_Z2

F^Z2 Z2 + Z

—(Z l + Z2)E, + Zj(El + ED

Z^
(ZI + Z2)(Z2 + Z3)

Z21E, — ZIE2

ZIZ2 + ZA + Z2Z3

Substituting numeftal values yields

(4 il — j ^.Q)(8 V,L20')	 n + 1 2 0)(10 V Z-O')

6 fl) + (4 n j 8 fl)(+j 6 fl)
0 + j 2 0)(4 fl . — j 8 fl) + (1 fl + j 2 n)(+j

(4 — j 8)(7.52 + j 2.74) — (10 + j 20

(j 6 — 12) + (j 24 + 48)
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(52.0 — j 49.20)	 (10 + 20)	 42.0	 69.20	 80,95 A /--58.74o

56 + 30	 56 + 30	 63.53 L28.18o
1.27 A L286.92*

Calculator Solution: The calculator can bean effectiv^e tool in per-

forming the long, laboriouis calculations involved with the final cqua-

tion appearing above. However, you must be very ' careful to use
brackets to define the order of the arithinctic operations (remember that

each open bracket hiust be followed by a close bracket). With the TI-89
calculator,-t4e sequence in Fig. 17.17(a) provides the solution for the

numerator.

For the denominator, the sequence appears in Fig. 17.17(b).
The solution is then determined in Fig. 17.17(c).

M

MATH ANGLE j	 "N i

Polar	 80.92—/-58.77-

UJV3 VA"
"U399" i	 O^ Polar Ef6.3.53Z 28.1W

(b)

VjUjGjr3WW
MATH ANGLE '"") ",,+, "t	 f_:F111", F-r-2 ",iSZ3

8"" MATH ANGLE 0 ""10- Polar" 1.27/--86.95-

(C)T

FIG. 17.17

Determining 12for the netwQrk ofFig. 17,15.

EXAMPLE 17.10 Write the mesh equations for the network in
Fig. 17.18. Do not solve.

4

E,

j.

FIG. 17.18

Example 1710.

E2



12(Z2 + Z3 + Z4) - I IZ2 - 13Z4 = 0

1 3(Z4 + ZS) - IZZ4 = E2

l l(Z t + Z2) — 12(Z2)	 + 0	 = E,

Ilk	 — 12(Z2 + Z3 + Z4) 13(Z4)	 = 0

0	 - 12(Z4)	 13(Z4 + Z5) = E2

E F2

FIG. 17.20

Example 17. 11.

Z2	 Z3

"\V E,
+

1	 7

,W_	 ' 
A
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Soltqion: The network is redrawn in Fig. 17.19. Again note the re-

duced complexity and increased clarity provided by the use of sub-

scripted impedances:

Z, = R, + jXL, ^Z4 = R3 jXC,

Z2 = R2 + jXL2	 Z5 = R4

Z3 = jXC^

and	 11(ZI + Z21) - 12Z2 El

E2

FIG. 17.19

i	 Assigning the mesh currents and subscripted impedancesfor the network

in Fig. 17.18.

EXAMPLE 17.11 Using the format approach, write the mesh equa-

tio ns for the network in Fig. 17.20.

Solution: The network is redrawn . as shown in Fig. 17.2 1, where

Z, = R, + jXL,	 Z3 = jXL,

	Z2 = R2	 Z4 = jXL,

and	 11(Z2 + U — 12Z2 — 13Z4 = El

1" -

	

	 12(ZI + Z2 + Z3) — l )Z2 — 13Z3 = 0

IAZI + Z4) — 12Z3 — 1, Z, = E2

	-Z41 — ^12Z2	 131	 = E,or	 13Z4

— 71 1Z2	 12(ZI	 13Z3 
^' 

= 0

_ 1 1Z4	 12Z3	 + 3	 = E2

Note the symmetry about the diagonal axis; that is, note the location of

Z2, — Z4, and — Z3 off the diagonal.

17.5 NODAL ANALYSIS

General Approach

Independent Sources Before examining the application of the

method to ac networks, a review of the appropriate sections on nodal

FIG. 17.21

Assig
I 
ning the mesh currents and subscripted

impedancesfor the network in Fig. 17.20.
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analysis in Chapter 8. is suggested since the content of this section is

limithd to the general conclusions of Chapter 8.

The fundamental steps, are the following:

1. Determine the-number of nodes within the network.

2. Pick a reference node and label each remaining node with a sub-

scripted value of voltage: V1, V2, and so on.

3. Apply Kirchhoffs current law at each noJe except the reference.

Assume .1hal all unknown currents leave the node for each applica-

tion of Kirchhoff's current law.

4. Solve the resulting equations for the nodal voltages.

A few examples will refresh your memory about the content of

Chapter 8 and the general approach to a nodal-anal^sis solution.

EXAMPLE 17.12 Determine the voltage across theinductor for the

network in Fig. 17.22.

R,	 R2

	

0.5 M	 2 k 101

E	 X,	 10 kO	 x';:: -1 kf
12 V zo,	 4 mA ZO'

FIG. 17.22

Example 17.12.

Solution:

Steps I and 2 are as indicated in Fig. 17.23.

V,	 V2	 V1	 V,
Z'	 Z3	 Z'	 Z3

+	 +	
1,	 13

Z2	 Z4 nJ71 112

FIG. 17.23	 FIG, 17.24.

Assigning the nodal voltages and subscripted impedances to^ 	 Applying Kirchhqffs current law to the node

	

the network in Fig.	 22.	 V I in Fig. 17.23.

p Step 3: Nowfig. 17.24 for the applicatiou of Kirchhoff's cuttient law to

node V I:

Eli = 11^

0 = 1 1 + 12 + 11

V 	 E V, V,
+	 0

	

zi	 Z2	 Z3
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g	 V,	 V,
R4WOginj terms 'iVes

Z3

V1	 +	 +
Z-	 Z,

(17.1)
ZI Z2 Z3	 3

I 
Note Fi 11.25 for the application of Kirchoff's current law to	

Z, 114
9

node V2.

0	 + I

V2 - V1 
+ 

V2 
+ 1 0

Z3	 Z4	 FIG. 17.25

Rearranging terms gives	
Applying Kirchhoff's current law to the node V2 in

Fig. 17.23...

(17.2)V2	 +	
V-1 1 71	I Z3 Z4	 Z3

Grouping equations gives

E
V,­ 	+	 I 

V2	
Z,	Zi Z2 Z3	 Z3

Vj[ V2[ +
Z3	 Z3 Z4

2.5 S Z--2.29'
ZIz + T2 +	 5 kii + 10 kfl + 2 kfl

+ -	 0.539 mS,Z-21.80'
Z4 2 kfl -j 5 kfl

and

V1[2,5 mS Z_ ' 2.29'] - V2[0.5 mS Z-O'l	 24 mA LQ'

V 110.5 mS Z 0')	 - V2[0.539 mS L21 .80'] 4 mA /_0'

with	 24 mA z 01	 -0.5 in$ LO'fo,

4 mA L01	 -0.539 mS L21.80.1
V,

1

2.5 ruS L - 2.29'	 -,P.5,mS LO'

0.5 mS LO'	 -0.539 mS L21.80*1

(24 mA /-0* )(-0.539 mS L21.80') + (0.5 mS LO')(4 tnAl LO')

^j._5^m_SL-jj^-0.539 mS L21.80') + (0.5 mS LO')(0.5 mS LO')

12.94 X 10-6 V L21.80', -F' 2 x 10-1 V Z-00

1.348 X 10 -- ' L 19.51 - + 0.25 X 10-6 LO'

^-(12.01 +j4.81) x 10-'V + 2 x 
10-6 V

-(1.271 + JO.45) )^ 10-^ + 0.25 x 10--6.

10.01	 j 4.81 V 	 11 LL06 V, L 7^ 154.33%

- 1.021	 0.45	 1. 116 L - 156.21

V	 9.95 V L1,88'

D ependetit Currpnt Sources For dependent current sources, the
procedure is modified as follows:

1. Steps I and 2 are the same as those applied for independent

sources.

2. Step 3 is modified as follows: Treat egph dependent current

sourcF like an independent source -when Kirchhoff'scurrent law
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is applied to each defined nL*. However, once the equations are

established, substitute the eqiat i dn for the controlling quantity to

ensure that the unknowns are limited solely to the chosen nodal

voltages,

3. Step 4 is as before.

EXAMPLE 17.13 Write the nodal equations for . the network in

Fig. 17.26 having a dependent current source.

V,	 V2
Z2

Z'	 Z3	 kI'

V

FIG^ 17.26

Applying, nodal analysis to a network with a

current-controlled current source.

Solution:

Steps I and 2 are as defined in Fig. 17^26.

Step 3: At node V1,

I = 1 1 + 12

V1 
+ 
V1 — V2 

1 0
Z,	 Z2

and	 V, 
-L +	

V2
I Z I	 Z21 -	 I IZ2

At node V2,

12 + 13 + k1 0

V2 —_V1 
+ 

V2 
+ k 

V1 —, V2 I

Z2	 Z,

I — k]	 k. +	 0
and	 V, y— V2

Z2	 Z3

resulting in two equations and two unknowns.

Independent Voltage Sources between Assigned Nodes For

independent voltage sources between assigned nodes, the procedure is

modified as follows:

1. Steps I and 2 are the same as tho^e applied for independent

4'	 sources.

2. Step 3 is modified as follows: Treat each source between defined

nodes as a shoit circuit (recall the supernode classification in

Chapter 8), ^nd write the nodal equations for each remaining

independent n ode. Then relate the chosen nodal voltages to the
A
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independcnt voltage 
s
ource to ensure that the unknowns of the

final equations are limited solely to the nodal voltage^.

3. 9tep 4 is as before.,

iXAMPLE 17.14 Write the nodal equations for the network in

Fig,17.27 having an independent source between two assigned nodes.-

Vj	
+	

V,

"1V

Z, Z2

PIG. 17.27

Applying nodal analysis to a network with an

independen! voltage source between defined nodes.

Solution:

Steps I and 2 are defined in Fig. 17.27.

Steps 3: Replacing the independent source El with a short-circuit equi y
-alem results in a supemode that gener&es the following equation when

Mrchboff's current law is applied to node Vj:

V, V2
+ — + 12

zi Z2

with	 V2 — VI = 91

and we have two equations and two unknowns.

Dependent V6Itage,§ourceS r
 between Defined Nodes Forde-

pendent voltage sources between defined nodes, the procedure is nodi-
fied as follows:

Y. Steps I and 2 are the same as those applied fu^r independent volt
age sources.

2. Step 3 is modified as follows: The procedure is essentially the

same as that applied for independent voltage sources, except that 	 V,	 V,

V

now the dependent sources have to be defined in terms of the^

ebosen nodal voltages to ensure that the fitial equations have
only , nodal voltages as their 'unknown quantities.	 Z2	 +

3. Step 4 is as before.	 Z,	 +	
V,	 /^V^	 Z3

lv^tUMPLE 17.1§ Yrite the nodal equations for the network in

ined nodes.Fig,, 17.28 having a dependent voltage source between two def

Solution:	 FIG. 17.28

Applying nodal analysis to a network with
Steps I and 2 ari defined in Fig' . 17.28.	 a voltage-controlled voltage source.
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^Step 3: Replacing the dependent s. ource AV, with a short-circuit equiva-

lent results in the following equation whin Kirchhoff's current law is

applied at node V I:

1	 1 1 + 12,

V1 , (V	V2)
+ — — I = 0

z 1	 Z2

and	 V2	 A[VI — V21

A
or	 V2 —_V,

+ A

resulting in two equations and two unknowns. Note that because the im-

pedance Z3 is in parallel with a voltage source, it does not appca^r in the

analysis. It will, however, affect the current through the , dependent volt-

agesource.

Format Approach

A close examination of Eqs. (17. 1) and (17.2) in Example 17.12 reveals

that they are the same equations that would have been,obtained using t e

format approach introduced in Chapter 8. Recall that the approach re

quired that the voltage source first be converted to a current source, but

the writing of the equations was quite direct And minimized any chances

of an error due to a lost sign or inisEing term.

The sequence of steps required to apply the format approach is the

following:

1. Choose a reference node and assign a subscripled voltage label to

the (iV — 1) remaining independent nodes ofthe network.

2. The number ofequalions requiredfor a complete solution is equal

to the manber ofsubscripted voltages (N — 1). Colman I ofeach

equation isforined by summing the admittances tied to the node

of interest and multiplying the result by that subscripled nodal

voltage.

^3. The mutual terms art, always subtractedfrom the terms of thefirst

column. It 
is 
possible to have more than one mutual term ifthe

nodal voltage of interest has a pt element in common with more

than one other nodal voltage. Each mutual term is the product

ofthc mutual admittance and the other nodal voltage tied to that

adinittance.

4. The column 
to 

the tight ofthc equalitysign is the,algebraic 'sum of

the current sources tied to the node ofinterest. A current source is

assigned apositive sign ifit supplies current to a node.and a nega-

tive sign ifit draws currentfrom the node.

5. Solve the resulting simultaneous cquationsfor the desircd no"

voltages. The comments offeredfor inesh analysiv regarding

independent and dependent sources apply here also.

EXAMPLE 17.16'U§ing , the format approach tq nodal Analysis, find

the voltage across tbeffl resistor in . Fig. 17.29.

al equa-Solution: Cljoo^mg nodes (Fig. 17.30) and writing the nod

tions, we have

Z, R 4 n	 Zi jXL	 5 11	 Zi 7jXC —j2 R
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XL 5n

X	 2 fl
6A Z 0*	 R.4n	 C	 1, 4A 0'

W

FIG. 17.29
Example 17.16.

2 fl^

V,	 V2
Z2

Z'	Z3	 12

*W Reference

FIG. 17.30
Assigning the nodal voltages and subscripted impedances

for the network in Fig. 17-29.

V l(y l + Y2) — V2(y2) =

VAY3 + Y2) — V02) ^ +12

or	 VI(y] + Y2) — V2(y2)

+12—Vl(y2)	 + VAY3 + YI)

Y,	 Y,	 Y,
Z,	 Z2	 zi

Using determinants yields

—11	 —Y2	 6A + jO.2

+12	 Y3 + YJ	 +4A + jO.3SS
V,	

yj + Y2' —Y2	 0.25 S — j 0.2 S +j 0.2 S

—Y2 	 Y3 + Y21	 1 +j 0.2 S	 +j 0.

— (Y3 + Y2)1 1 + 12Y2
(Y.	

) — 
Y2

I t Y2)(y3 + Y2	 2

—(yj + y2)1 1 + 12Y2

YIY3 + y2Y3 + YIY2

SubSfituting numerical values, wehave

— [(11 —j 2 fl) + (11j 5 n))6 A LO' + 4 A Z 0*(Ilj 5 fl)

V1	 (1/4 11) '(I/ —j 2 0) +4- (11j 5 n)(11 —j 2 fl) + (1/4 fl)(1/i 5 fl)

— (+j 0.5 — j 0.2)6 LO' + 4 LO'( —j 0.2)

(11 —j 8) + (1/10) + (1/i 20)

(-0.3 L90')(6 LO- ) + (4 LO- )(0.2 L-90-)

j 0. 125 + 0.1 7 j 0.05

1.8 L900 + 0.8 L —90"

0.1 +jO.075

Introductory, C.-49A
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16 V Z —90*

0. 125 Z 36.87'
V, 20.80 V L2126.87'

Calculator Solution: Using the 11-89 calculator, enter the parame-
ters for the determinant form for V, as shown by the sequence in
Fig. 17.3 1. Note the different negative signs used to enter the data.

det	 i-;

deW EIMMEJUM] i
"Mil "I Polar" 20.80EOZ-126.87EO

FIG. 17.31
Determining V I using the TI-89 calmlator.

EXAMPLE 17.17 Using the format approach, write the nodal equa-
tions for the network in Fig. 17.32.

R,	 XL1	
XC	 Iorl

7 . fl	 8 fl R
2	 401

j

	

"'IV	
X,

E,	 20V Z	 'R3	 8 fl	 1,	 10A	 2 0'

FIG. 17.32
Example 17.17.

Solution: The circuit is redrawn in Fig. 17.33, where

aja
Z,	 Z3

+

	E, AV	 Z2

FIG. 17.33
Assigning the subscripted impedancesfor the network

in Fig. 17.32,

	

Z, = R, + jXL, = 7P + j 8 fl	 EI = 20 V LO'

	

Z2 = R2 + jXL2 = 4 fl + j 5 a	 1, = 10 A z-201

Z3 = —jX2 = —j 10 0

Z4 = R3 = 8 ft

Converting the voltage source to a current source and ch6osing nodes,
we obtain Fig. 17.34. Note the "neat" appearance of the network using

Introduct. bry, C.-49B.
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V,	 a	 V,
Z3

	

12 —EZIL	 Z,	 Z2	 Z4

a -F Reference

FIG. 17.34
Converting the voltage source in Fig. 17.33 to a current source

and defining the nodal voltages.

the subscripted impedances. Working directly with Fig. 17.32 would be

more difficult and could produce errors.

Write the nodal equations:

V 1(Yl + Y2 + Y3) — VAY3) = +12

VAY3 + Y4) — VIM) = +11

	

Y,	 Y,	 Y,	 Y,
Z,	 Z2	 Z3	 Z4

which are,rewritten as

V I(YI + Y2 + Y3) — VAY3)	 = +12

—Vl(y3)	 +,V2(y3 + Y4) = + 11

EXAMPLE 17.18 Write the nodal equations for the network in

Fig. 17.35. Do not solve.

12

FIG. 17.35
Example 17.18.

Solution: Choose nodes (Fig. 17.36):

Z, = R,	 Z2 AL,	 Z3 = R2 — jXC2

Z4 = —jXC,	 Z5 R3	 Z6 = AL,

and write the ;odal equations:

VIM + Y2) — VAY2) = +It*

VAY2 + Y3 + Y4) — VIM) — VO4) = —12

VO4 + Y5 + YO — V2(y4) = +12
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	 Z^%

FIG. 17.36

Assigning the nodal voltages and subscripted impedancesfor the network

in Fig. 17.35.

which are rewritten as

+ 0

V I(Y, -+ 2	 + 0

_Vl(Y2)	 + VAY2 + 3	 — V Y4)	 —12V,(Y )^	 +

+V3(Y4 + 50	 V2(Y4)	 +12

	

Y,	 Y,	 Y3	
AR,	 AL	 R2	 C,

	

Y4	 Y5	 Y6
R3	 ALI

Note the symmetry about the diagonal for this example and. those pre-

cdding it in this section.

EXAMPLE 17.19 Apply nodal analysis to the network in Fig. 17.37.

Determine the voltage VL-

B	 C

lool
kfl	 001

V, V, z o-	 RC 4 kf1 RLflkfl XL12kfl+V^

E

Transistor
equivalent
network

FIG. 17.37

Example 17.19

Solution: In this case^ there is no need for a source conversion. The

network is redrawn in Fig. 17.38 with the chosen nodal voltage and sub-

scripted impedances.



-q

BRIDGE NETWORKS (ac) 11 [ 761

V,

+

Y,	 Y2	 Y, V,

FIG. 17.36

Assigning the nodal voltage and subscripted

impedancesfor the network in Fig. 17-37*

a

FIG. 17.39

Maxwell bridge.

FIG. 17.40

Assigning the mesh currents and subscripted

impedoncesfor the netwo rk in Pg. 1 7.39.

0

.7.

at approach:Apply the form

	

Y,	 0.25 mS LO* G, LO'
Zi ^kfl

I mS /-0* = G2 Z-0.
Y2 Z, I kn

1	
0 5 mS L-90*

Y3 = 
Z3	 kfl L90-

= -j 0.5 MS = -AL

Vj:(Yi + Y2 + Y3)V 1	 '()o 1

-1001
and V, = -

Ti + Y1 + Y3
-1001

0.25 mS + 1 mS - j 0.5 mS
100 X 103 1	 1()0 X n3 I

1.25 - j 0.5	 1.3463 Z -21.80*

- 74.28 X 10' 1

-74.28 X 
103 (-YL- ) L21.80'

I kQ	 '

V, VL = -(741.28VO L21.80*

17.6 BRI'DGE NETWOAKS lac)

The basic bridge configuration was discussed in some detail in Section

8.11 for dc networ^s. We now continue to examine bridge networks 
by

considering those that bave reactive components and a sinusoidal ac

voltage or current applied.
We first analyze various familiar forms of the bridge network using

mesh analysis and nodal analysis (the format approach). The balance

conditions are investigated throughout the section.

Apply mesh analysis to the network in Fig. 
17.39. The network is re

drawn in Fig. 17.40, where

G,	 BC

Y, ^, -+jBc G 1 I BC G, + B

Z2 R2 Z3 = R3 Z4 = R4 + jXL 
Z5 = R5

Applying the format approach:

(Z i + Z3)11 - (ZO12 - (Z3)13 E

(Z I +'Z2 + Z5) 12 - (ZI) I I - (Z5)13 0

M + Z4 + Z0 13 - (Ull - (ZS) 12 .= 0

which are rewritten as

'2 

Z,	 13ZI	 E

Z )	 0
!12 1	 13Z5

12Z5	 + ZO 0' 

Z'

+ 1 

2 ^Z I^ZZ,

	

-11Z3	 + 3'1	 ' "'-1 Z

	

IIZ3	 12̂
Note the symmetry about the diagonal of the above equations. For

balance, lz s = 0 A, and

IZ5 = 12 - 1 3 = 0
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From the above equations,

	

Zi ^+ Z'	E	 —Z3

	

—ZI	 0
—Z

	

U0	 (Z3 + Z4 + J	12 
ZI + Z3	 —Z'	

— 

Z3

	

—Z,	
(Z] + Z2 + Z5)	 _Z5

	

—Z3	 —Z5	 (Z3 + Z' + J
E(ZIZ3 + ZIZ4 + ZIZ5 + Z3Z5)

where A signifies the doterminant of the denominator (or coefficients).
similgly,

13 = 
E(ZIZ3 + Z3Z2 + Z'Z5 + Z3Z5)

A

and	 'Z; = 12 — 13 = 
E(ZIZ4 Z3Z2)

For 1z, 0, the following must be satisfied (for a finite A not equal to zero):

	

FZ.—ZT:7 
Z37Z2	 1ZS = 0	 (17.3)

This condition is analyzed in greatetdepth later in this section.

Applying nodal analysis to the network in Fig. 17.41 results in the
configuration in Fig. 17.42, whem

Y,

- 12	 T2

	

ZI -'^jXC	 Z2

Y3	 Y4	 Y5

	

Z3 R3	 Z4 R4 + AL	 R5

and

(YI + Y2)V1 7 (YI)V2 — (y2)V3 = I
(yi + Y3 + Y5)V2 — (YI)VI — (YS)V^ = 0

(Y2 + Y4 + Y5 )V3 — (y2)V1 — (y5)V2 = 0

R,	
V,

R

V,

C'

	

	 R2	 Z'	 Z2
R,

V2	
Z5	

V3

R3	
L4	 Z3	 Z4

>R4

FIG. 17.41	 FIG. 17.42
Hay bridge.

	

	
Assigning the nodal voltages and subscripted

impedancesfor the network in Fig. 17.41.

which are rewritten as

V I (YT-4-^—

	

V2(yI	 — V3Y2	 = I
(Y )	

.	
I

1 2	 + V2T
	 — V3Y5	

= 0—V-IY2	
- r, ̂ Y^

	

V2Y5	 +--"3 ^ + YO = 0
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Again, note the symmetry about the diagonal axis. For balance,

Vz,=OV,and

V2^ V2 V3 0

From the above equations,

1 Y

J + Y2	 –Y

	

–Yj	 0	 –Y

	

– 
^Y2	 0	 (Y2 + 

Y' 
4 + YJ

1 2	 –Y,	 –Y2

^Yl–+YY2 (Y' + Y3 + YS)

	

I	 Y,	 (Y2 + Y4 + YJ–Y'

' I(Y IY3 + Y IY4 + Y IY5 + Y3Y5)

Similarly,

V3 
I(Y IY3 + Y3Y2 + Y IY5 + 'V3Y5)

Note the similarities between the above equations Ind those,obtained

for mesh analysis. Then

I(YIY4-- Y3Y2)
^Z5 = V2 –.V3

For V,, 0, the following must 
be 

satisfied for a , finite A not equal to

zero:

FYEYV^H =Y3Y2 Vz' 0	 (17.4)

However, substituting Yj	 I /Z 1, Y2 I/Z2, Y3 I /Z3, and Y4

I/Z4, we have

ZIZ4 Z3Z2

or	 FZIZ4 Z3Z21 VZs 0

corresponding with Eq. (17.3) obtained earlier.

Let us now investigate the balance criteria in more detail by consider-

ing the network in Fig. 17.43, where it is specified that I and V = 0.

Since I = or,	
Z'	 Z2

	

(17.5)	
E

+
V 0	 14

and	 FI;7 174	 (17.6)	 Z3	 Z4

In addition, for V 0,

FIZ —,=—, ^ Z-11	 (17.7)	 FIG. 17.43

Investigating the balance criteria for an ac bridge

	

(17.8)	
configuration.

and	 F13ZT; 14Z4̂

Substituting the preceding current relations into Eq. (17-8), we have

IIZ3 12Z4
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I

and	 Z3 11

Z4

Substituting this relationship for 12 into Eq. (17.7) yields

11z, = Z3 11 Z2
(Z4

and	 ZIZ4 = Z2Z3

as obtained earlier. Rearranging, we have

ZI Z2

Z3 
= 

Z41	
(17.9)

corresponding to Eq. (8.2) for dc resistive networks.
For the network in Fig. 17,41, which is referred to as a Hay bridge

when Z5 is replaced by a sensitive galvanometer,

Z, = R — iY-

Z4 = R4 + jXL

This particular network is used for measuring the resistance and induc-
tance of coils in which the resistance is a small fraction of the reactance XL.

Substitute into Eq. (17.9) in the following form:

Z2Z3 = z4z,
R2R3 = (R4 + jXL)(R I — jXC)

or	 R2R3 = R jR4 + j(R IXL — R4XC) + XCXL

so that

R2R3 + 0 = (R IR4 + XC ) + j (R I — R4XC)

For the equations to be equal, the real and imaginary parts must be
equal. Therefore, for a balanced Hay bridge,

R,,R, RIR4 + XCXL	 (17.10)

and
10	 R,	 (17.11)

or substituting	 XL toL	 and	 XC
WC

we. have	 L

	

XC X,,	 ' C ) (.L) —	 I 
I

C,

and	 R2R3 RIR4 + L
C'

with	 A4
RjwL

WC

Solving for R4 in the last equation yields

R4 W2LCRI
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and substituting into the previous equation, we have

L
R2R3 = R 

1 (&J2 LCR i) +

Multiply through by C and factor:

CRA L((0
2C2R'l + 1)

and

With additional algebra this yields:

	

R4	

2C2RIR2R3	
(17.13)

I + w2ORI

Eqs. (17.12) and (17.13) are the balance conditions for the Hay
bridge, Note that each is frequency dependent. For different frequencies,

the resistive and capacitive elements must vary for a particular coil to

achieve balance. For a coil placed in the Hay bridge as shown in Fig.

17.41, the resistance and inductance of the coil can be determined by

Eqs. (17.12) and (17.13) when balance is achieved.

The bridge in Fig. 17.39 is referred to as a Maxwell bridge when ZS

is replaced by a sensitive galvanometer. This setup is used for inductance,

measurements when the resistance of the coil is large enough not to re-

quire a Hay bridge.

Applying Eq. (17.91) in the form

Z24 z"z.

and substituting

(RI LO*)(Xc, L-90-)
Z, P, LO, XC' z —90'	

Ri jXC
RI XC, L-90'	 —jR1XC'

Rj jXC'	 Ri YCI

Z2 R2

Z3 R3

and Z4 R4 + jXL,.

T—jRJXC
we have	 (R2)(R3) (^4 -+

_ j^

jXL4) R,

—jRj&Xc^ + RIXC,XL4

Ri — YC"

or	 (R2R3)(RI — jXc,) = R IXCIXL4 — jRIR4XC,

and	 RjR2R3 — jR2R3XC, = R,Xc,X4 — jRIR4XCI

P	 so that for balance

)?IR2R3 fl]XC,XL,

	

R2R3	 M*A4)

and	 FL,^_-7 CR ,̂R^	 (17.14)



I

FIG. 17."

Capacitance comparison bridge.

a ....... E ....... b

zi ^	 ^, Z2

ZAZ'

Z3

c

FIG. 17.45

A- Y configuration.
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and	 R2R3XC, RIR4)ec.

so that	 R4	 (17.15)

Note the absence of frequency in Eqs. ( 1 7.14) and (17.15).

One remaining popular bridge is the capacitance comparison

bridge of Fig. 17.44. An unknown capacitance and its associated resis-.

*tance can be determined using this bridge. Application of Eq. (17.9)

yields the following results:

	

C4 = C3	 (17.16)
R2

RA

	

R4 

= 

R1	
(i7.17)

'Me derivation of these equations appears as a problem atthe end of.

thtz chapter.

17.7 A-Y, Y-A CONVERSIONS

The A-Y, Y-A (or iT-T, T-ir as defined'in Section 8.12) conversions for

ac circuits are not derived here since the development corresponds ex-

actly with that for dccircuits. Taking the A-Y configuration shown in

Fig. 17.45, we find the general equations for the impedances of the Y_

in terms of those for the A:

Z Z

	

Z' 

EIT 21_1̂" 9z'	

(17.18)

ZAZC

	

Z2 ZA + ZB + ZC	
(17.19)

Z3	
ZAZ8	

(17.20)
ZA + ZB + ZC

For the impedances of the A in terms of those for the Y, the equations art

ZI Z2 + ZIZ3 + Z2Z3	
(17.21)

Fz	 Z2

Z IZ2 + Z IZ3 + Z2ZI
ZA =	 z	

(17.22)

	

ZC = ^IZ2 + ZIZ3 + Z2	
Q7.23)

Z3

Note that each impedance ol tWe 'I ks equalto the proauct f*
1mipedol-ttet in tile two dosestbrunches oS tWe L, &WiAea bj tWe sum ol



2

3	 1

2

Z3

Z'
3
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Further, the value afeach impedance ofthe A is equal to the sum of
the possible product combinations ofthe impedances ofthe Y, divided
by the impeilances ofthe Yfarthestfrom the impedance to be.
determined.

Drawn in different forms (Fig. 17.46). they are also referred to as the
T and x configurations.

FIG. 17.46
The T and ir cohfigurations.

in the study of de networks, we found that if 
all 

of the resistors of the
A or Y were the same, the-co.nversion from one to the other could be ac-
complished using the equation

RA 3Ry, or Ry 
RA

3

For ac networks,

ZA 3Zy or ZY ZA
	

(17.24)
3

Be careful when using this simplified form. It is not sufficient for all the
impedances 

of 
the A or Y to be of the same 1;agnitude: The angle asso-

ciated with each must also be the same.

EXAMPLE 17.20 Find the total impedance ZT Of the network in
Fig. 17.47.

FIG. 17.47
Converting the upper A ofa bridge configuration to a Y



f

X	
-

3

FIG. 17.48
The network in Fig. 1.7.47following the substitution

ofthe,Yconfiguration.

C

2

A
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Solution:

ZB = -j4 ZA = -j 4 ZC = 3 + j4

Z,	
ZBZC	 (-j40)(3n+j4fl)

ZA + ZB + ZC (7j4n) + (-j4fl) + (30 + j4fl)

(4L-90-)(5L53.I3-) , 2OL-36.87o

3 -j4	 5 L-53.13*

= 4 fl L 16.13' = 3.84 il + i 1. 1 1 n

Z2 =	
7-AZC	 (-j 4 fl)(3 fl + j 4 n)

ZA^4 ZB + Zc	 5 0 L-53.13*
= 4 fl L 16.13 * = 3.84 0 + i 1.11 fl

Recall from the study of dc circuits that if two branches of the Y or A are

the same, the corresponding A or Y, respectively, will also have two sim.

ilar branches. In ' this example, ZA = ZB. Therefore, Z, = Z2, and

Z3	
ZAZB	 (-j 4,Q)(-j 4 fl)

ZA + ZB + ZC	 .5 0 Z -53.13'	 -
16 fl L - 180'

5 L-53.13* 
= 3.2 fl L - 126.87'. 	1.92 n - j 2.56,Q

Replace the A by the Y (Fig. 17.48):

zi = 3.84 0 + j 1.11 n	 Z2 = 3.84 fl + j 1. 11 n

Z3 = - 1.92 fl - j 2.56 n Z4 = 2fl

Z5 = 3 fl

Impedances Z, and Z4 are in series:

ZT, = ZI + Z4 ,= 3.84 fl + j 1,1 1 fl + 2 fl = 5.84 0 + j 1. 1 1 n

= 5.94 fl L 10.76o

Impedances Z2 and Z5 are in series:

ZT, = Z2 + Z5 = 3.84 11 + j 1.1 1 fl + 3 0 = 6.84 fl + j 1.1 1 fl

= 6.93 fl L9.22'

Impedances ZT, and ZT, are in parallel:

ZT3 = 
ZT,ZT,	 (5.94 fl /- 10.76')(6.93 fl L9.22')

ZT, + ZT,	 5.84 fl + j 1.1 1 fl + 6.84 fl + j 1.1 1 n

41.16 f2 L 19.98'	 41.16 fl L 19.98* -

= 12.68 + j 2.22 = 12.87 L9.93* = 3.198 fl 
L 10.05'

= 3.15 fl + j 0.56 fl

Impedances Z3 and ZT3 are in series. Therefore,

ZT = Z3 - + ZT3 = - 1.92 fl - j 2.56 n + 3.15 fl + j 0.56 fl

- 1.23 11 - j 2.0 fl = 2.35 fl L -58.41'

EXAMPLE 17.21 Using both the A-Y and Y-A transformations, find
the total impedance ZT for the network in Fi . 17.49.9

Solution: Using the A- Y transformation, we obtain Fig. 17.50. In this

case, since both systems are balanced (same impedance in each branch),
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2

ẐT	 3 n	 3 il

T	

3

22 fl

6 fal	 d	 6 il

2n 2 n

0-	
3 a	 6 fl	 3

FIG. 17.49

Example 17.21.

2	 2

3 fl	 3 D3fl	 3 fI

2 fI

d
6 fl	 6 n	

d'

2 fl,	 2 nf,

fl.

3	 3
3n	 6n

FIG. 17.50

Converting a A configuration 10 a Y configuration.

the center point d' of the transforrned A will be the same as point d of the

original Y:
Z, 3 fl + j 6 fl

ZY T - 10 + j2fl.
3	 3

and (Fig. 17.51)

0 + j 2 fl
ZT 2	

a +j2fl
2

2

Z,

2 fI	 2 n

2 0	 d.d'	 I fl
2 ffll

2fl M
211	 3

FIG. 17.51

Substituting the y configuration in Fig. 17.50 into the network in Fig. 17.49.
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Using the Y-A transformation (Fig. 17.52), we obtain

za '= 3Zy =1 3(10 + j 2 fl) = 3 0 + j 6 fl

3	
3 WO	 6 ^fli

FIG. 17.52

Converting the Y coifiguration in Fig. 17.49 to a A.

Each resulting parallel combination 
in 

Fig. 17.53 will have the fol-
lowing impedance:

Z, 3 0 + j 611 
1.5 fl j 3 , fi

2

Z' (W)	 2(Z')2 2Z'
and	 ZT — =	

—Z' + 2Z'., --iZ=	 3

2(l.5 D + j 3 fl)
n + 2 fi

3

which compares with the above^ result.

2

ZT
30	 3 Ifal

3fl	 3 il

fj

60 6fl

	

6f)	 6fl

I/ 	 Fyyy— UUU -1

FIG. 17.53
Substituting the A configuration in Fig. 17.54 into the network in Fig. 17.49.

17.8 COMPUTER ANALYSIS

PSpice

Nodaj Analysis The first application of PSpice is to detpm-dne the
n6dal voltages for the network in Example 17.16 and compare solutions.
The network appears as shown in Fig. 17.54 using elements that were
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no M ^Wl
^1,06104M^ 14 DI WJ9W.W1

	

AC ok	 AC 0

	

G­ 	 M^0-0	 4P^ASE-.	 E-a

VPRINTi	 L	 WRIN

4LV—"

.7"MH
AC-6A
F EQ.1^	 R A	 FAKO
PK4S1 - 0	 PRASE
10FF - 9A	 OFF OA

pill

FIG. 17.54

Using ISpice to verify the results iij Enimple 17.16.

determi ned from the reactance level at a frequency of I kHz. There is no

need 
to 

continually use I kHz. Any frequency will do, but remember to

use the chosen frequency to find the network components and when set-

ting up the simulation.

For the current sources, choose ISIN so that the phase angle can be

specified (even though it is 0*), although the symbol does not have the

arrow used in.4he text material. The direction must be recognized as

pointing from the + to — sign of the source. That requires that the

sources 1 1 and 12 be set as shown in Fig. 17.54. Reverse the source 12

by using the, Mirror, Vertically option obtained by right-clicking the

source symbol on the screen. Setting up the ISIN source is the same

as that used with the VSIN source. It can be found under the

SOURCE library, and its attributes are the same as for the V91N

source. For each source, set 10FF to 0 A; the amplitude is thi peak

value of the source current. The frequency will be the same for each

source. Then select VPRINT1 from the SPECIAL library and place

it to generate the desired nodal voltages. Finally add the remaining el-

ements to the network as shown in Fig. 17.54. For each source, dou-

ble-click the symbol to generate the Property Editor dialog box '. Set

AC at the 6 A level for tl;e 1 1 source and at 4 A for the 12 source, fol-

lowed by Display and Name and Value for each. It appears as shown

in Fig. 17.54. Double-clicking on each VPRINTI option also pro-

vides the Property Editor, so OK can be added under AC, MAG, and

PHASE. For each quantity, select Display followed by Name and

Value and OKe Then select Value and VPRINTI is displayed as

Value only. Selecting' Apply and leaving the dialog box results in the

listing next to each source in Fig. 17.54. For VPRINT2, first change

the listing on Value from VPRINTI to VPRINT2 before selecting

Display and Apply..

Now select the New Simulation Profile icon, and enter PSpIce 17-1

as the Name followed by Create. In the Simulation Settings dialog

box, select AC Sweep, and set the Start Frequency and End Fre-

quency at I kHz with I for the Points/Decade. Click OK, and select

the Run PSpice icon; a SCHEMATIC1 screen results. Exiting (X)



VOFF - OV
VAMPL - 2V
^-V
FREQ - Wk
PMSE - 0

^FF-W
VWPL - 5V
AC - 5V
FREQ - i^
P^e - 0
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brings you back to the Orcad Capture window. Selecting PSpice

followed by Mew Output File results in the display in Fig. 17.55, pro-

vidingpxactly the same results 
as 

obtained in Example 17.16 with V,

20.8 V /--126.91 . The other nodal voltage is 8.617 V L — 15.09'.

-- Pmffl.: "SCHEMATICI-I'Spi- 17-1^
C-.VCA I I\PSprim\pspiwl7-1-psOccfilw\scbem tic l\PsPice 17-I.sim I

AC ANALYSIS	 TEMPERATURE - 27-000 DEG C.......... ...... ....... ......	 ......

FREQ	 VM(NO1900) VP(NO1900)
1.00DE403 2.080E+01	 -1.269E+02

FREQ	 VM(NO1908) VP(NO1908)
I.00OE403 8.617E+00	 .1.5WE+01

FIG. 17.55

Outputfilefor the nodal voltagesfor the network in Fig. 17.54.

Current-Controlled Current Source (CCCS) Our interest now

turns to controlled sources in the PSpice environment, Controlled

sources are not particularly difficult to apply once a few important el-

ements of their use are understood. The network in Fig. 17.14 has a

current-controlled current source in the center leg of the configura-

tion. The magnitude of the current source is k times the current

through resistor R I , where k can be greater or less than 1. The result-

ing schematic, appearing in Fig. 17.56, seems quite complex in the

area of the controlled source, but once you understand the role of each

component, the schematic is not that difficult to understand. First,

since it is the only new element in the schematic, let us concentrate on

the controlled source. Current-controlled current sources (CCCS) are

called up under the ANALOG library as F and appear as shown in the

center in Fig. 17.56. Pay attention to the direction of the current in

FMNT A=" 'em.

E

FIG. 17.56

Using PSpice to verify the results in Example lZ8.
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each part of the symbol. In particular, note that the sensing current of
F has the same direction as the defining controlling current in Fig.
17.14. In addition, note that the controlled current source also has
the same direction as the source in Fig. 17.14. if you double-click on
the CCCS symbol, the Property Editor dialog box appears with the
GAIN (k as described above) set at 1. In this example, the gain must
be set at 0.7, so click on the region below. the GAIN label and enter
0.7. Then select Display followed by Name and Value-OK. Exit the

Property Editor, and GAIN 0.7 appears with the CCCS I as shown

in Fig. 17.56.
The other new component in this schematic is IPRINT; it can be

found in the SPECIAL library. It is used to tell the program to list the
current in the branch of interest in the output file. If you fail to tell the
program which 6utpyt data you would like, it will simply run through
the simulation and list specific features of the network but willjiot pro-
vide any voltages , or currents. In this case, the, current 12 through the re,
sistor R2 is desired. Double-clicking on the IPRINT component
results in the Property Editor dialog box , with a number of elements
that need to be defined—rinich like that for VPRINT. First enter OK
beneath' AC and follow with Display-Name and Value-OK. Repeat
for MAG and PHASE, and then select Apply before leaving the dialog
box. The OK tells the software program that these are the quantities
that it is "ok" to 'generate and provide. The purpose of the Apply at the end
of each visit to the Property Editor dialog box is to "apply" the changes
made to the network under investigation. When you exit the Property
Editor, the three chosen parameters appear on the schematic with the
OK directive. You may find that the labels will appear all over
the IPRINT symbol. No probleyn—just click on each, and move to a
more convenient'location.

The remaining components of the network should be fairly familiar,
but don't forget to Mirror Vertically the voltage source E2. In addition,
do not forget to call up the Property Editor for each source and set the
level of AC, FREQ, VAMPL, and VOFF and be sure that the PHASE
is set on the default value of 0'. The value appears with each parameter
in Fig. 17.58 for each source. Always be sure to select Apply before
leaving the Property Editor. After placing all the components on the

'screen, you must connect them with a Place wire selection. Normally,
this is pretty straightforward. However, with controlled sources, it is
often necessary to cross overwires without making a connection. In gen-
eral, when you're placing a wire over another wire and you don't want a
connection to be made, click a spot on one side of the wire to be crossed
to create the temporary red square. Then cross the wire, and click again
to establish another red square. If the connection is done properly, the
crossed wire should not show a con,nection point (a small red dot). In.
this example, the top of the controlling current was connected first from
the El source. Then a wire was connected from the lower end of the
sensing current to the point where a 90' turn up the page was to be made.
The wire was clicked in place at this point before crossing the original
wire and clicked again before making ihe,right turn to resistor R i . You
will not find a small red dot where the wires cross.

Now for the simulation. In the Simulation Settings dialog box, se-
lect AC Sweep/Noise with a Start and End Frequency of I kHz.
There will be 1 Point/Decade. Click OK, and select the Run Spice
key; a SCHEMATIC1 results that should be exited to obtain the

10read Capture screen. Select I'SpIce followed by View Output File,
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and scroll down until you read AC ANALYSIS (see Fig. 17.57). The

magnitude of the desired current is 1,615 InA with a phase angle of 0*,

a perfect match with the theoretical analysis to follow. One would ex-

pect a phase angle of 0' since the network is composed solely of resis-

tive elements.

Profile: *SCHEMATIC I -PSpim 17-3"
I CAICAI APSpicekPSpice 17-3-PSpiceFiles\SCHEMATICI\PSpice 17-3.sim I

.... AC ANALYSIS	 TEMPERATURE= 27.006DEOC

	

...........	 ......... *.*** ...........	 ......

FREQ	 IM(V^PRINTI)	 IP(V-PRINTI)
I.00OE+03 1.615E-03	 0.000E+00

FIG. 17.57

The outputfilefor the mesh curmnt 12 in Fig. 17.14.

The equations obtained earlier using the supermesh approach were

E — IIZI 12Z2 + FP2 0	 or	 I'Z' + 12Z2 E l + E2

and	 kI	 k1l = 1 1	 12

resulting in	 1,	
12	 12	

= 
12 

= 3.33312— k	 I — 0.7	 0.3

so that	 I,([ kfl) + 120 k0) = 7 V	 (from above)

becomes	 (3.33312)1 kfl + 120 kn) = 7 V

or	 (4.333 kfl)12 = 7 V

and	 12	
7 V	

1.615 MA Z 0'.333 ki,

confirming the computer solution,

PROBLEMS
SECTION 17.2 Independent versus Dependent

(Controlled) Sources

1. Discuss, in your own words, the difference between a con-

trolled and an independent source.

SECTION 17.3 Source Conversions

2. Convert the voltage source in Fig. 17.58 to a current source.

2 fl

E 60V Z 30.1	
5 fl

5

 n

FIG. 17.58

Problem 2

3. Convert the current source in Fig. 17.59 to a voltage source.

0

10 1`1	 2A	 1201

FIG. 17.59

Problem 3.

4. Convert the voltage source in Fig. 17.60(a) to a current
source and the current source in Fig. 17.60(b) to a voltage

source.
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R

^v

+

16)	 50)

(b)

FIG. 17.6Q

Problein 4.

SECTION 17.4 Mesh Analysis

	

S. Write the mesh equations for the network ofFig. 17.61. De--	 +	
4 0

termine the current through the resistor R.	
E,	 IOVZO'	 6n	 ^v 

F, jO V Z 60'

%	 FIG. 17.61

Problems 5 and 40.

6. Write the mesh equations for the network of Fig. 17.61.
R 500	 20 ft

60 n

E, 5 V Z 30-	 E	 20 V Z 0.

FIG. 17.62

Problem 6

7. Write the mesh equations for the network of Fig, 11.61	 R,

Determine the current t . hrough the resistor R1.	
120	 09	 3 Q2 Tnt12

	

+	 +	 +

E,	 E,	 60VZ70-
20 V Z'500

FIG. 11.63

Problems 7 and il.

	*8. Write the tnesh equations for the network of Fig. 17.64. 	 4 fl	 6 n	 R,

Determine the current through the resistor RI. 	

81,

3(1	 +	

-

	

+	
1 
2 11	 YE,

1 
120 VZ 120,

E i 60 V Z 0- 1\j

FIG. 17.64

Problent 8.
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'19. Write the mesh equations for the network of Fig. 'f7,65.	 12. Using mesh analy6i s, determine the current IL (in terms of
Determine the current through the resistor R I ..	 V) for the network of Fig. 17.68.

5 kfl
+	

^RL	 I kfl +

3 n	 40	 v	
Rp It) kfl	 V,

28 +	
Xt	 4 kfl

	

+	
1511,	 15 fl

220 V Z Cr	 100V z go.
FIG. 17.68

Problem 12.

13. Using mesh analysis, determine the current I L (in terms of 1)

	

FIG. 17.65	 for the network of Fig. 17.69.

Problems 9 and 41.

XC

*10. Write the mesh equations for the network of Fig. 17.66.	 1	 0.2 kO	
1L

Determine the current through the resistor R1.	
+

501	 R 40 kf? R ]	 8 kfl XL	 4 k11 VL

R,	 FIG. 17.69

Problem 13.

*14. Write the mesh equations for the network ofFig. 17.70, and
F, 20 V Z 0- r\j	 E2 40 V Z 60'	

determine the current through the I kfl and 2 kfl resistors.

6 
f,	 4 fl

6 11	 8 n	
I kf1	 4 kfl

FIG. 17.66	

+	

+

Problem 10.	
6V	 I\V l0V-/ 0- 2 kfl V^

11. Write the rrt!sh equauons for the network of Fig. 17.67.

Determine the current through the resistor R1.	
F IG. 17.70

Problems 1^ and 42.

*15. Write the rr.zsh equations for the network of Fig. 17.7 1, find

	

2 Rfnl^^ 0 f . I	 +	
dotermine the current through the 10 kfl resistor.

10 0	 20 n	 E2 75 V Z 200	
20 VZ 01

20

02

RT40 I RD.

Ifl	 4fl

I
 a

kIl 4.kfl.0

lo'a	

—1:20 

rl

+

/\j

6n	 15 ft	 +	
2.2 kfl

l0f,	

5 VZ 0- ^V	 5 kA	 4 mA Z 00 10 kfl

	

^v	 10DE, '2^Y^Zo-	 20 A

5 fl v	 5a

' FIG. 17.67
FIG. 17.71

	

Prablems I I and 2Z	 Problems 15 and 43.
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*16. Writ e the mesh equations for the network of Fig. 17.72, and	 10V 40-
kf)

determine the current through the inductive element. 	
+ .I V

6 A Z 0-	 V,	 I kfn1	 0.1 V,	 6 kil

Fld.'17.72

Problems 16 and 44.

SECTION 17.5 Nodal Analysis
511

17. Determine the nodal. voltages for the network of Fig. 17.73.	

4

1 

fl 2 fl ;0	1, 5AZ - 30-

FIG. 17.?3

Problem I Z,

18. Determine the nodal voltages for the network of Fig.. 17.74.	 2n,

0

3 fl

12 4 A ZI 8OE6

240
1,	 0.6 A.-/ 0'

FIG. 17.74

Problems 18 and 45.

19. Determine the nodal voltages for the network of Fig' 17.?5.

	

50	 4

	

+	
60	 1 40 ^A Z 90*

E 30VZ50- fV

FIG. i7.75

Problem 19.

20. Determine the nodal voltages for the network of Fig. 17.76.	 8 n

10 il	 2:f	 1 0.8 A Z 70-

E 50 V Z 120' \V

FIG.17.76

Problem 20.
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21. Determine the nodal voltages for the network of Fig. 17,65.	 *26. Write- the nodal equations for the network of Fig. 17.80, and

*22. Determine the nodal v^ltages^ for the network of Fig, 17.67.	 find the voltage across the capacitive element.

*23. Detcrminelhe nodal voltages for the network of Fig. 17,77.

2 M

4 A

10Vz

12

12 mA Z 0*	 1 kQ	 3 kf1	 4 mA Z 0'
fl	

3 A-/ 150'
I, 2A/30'	 4 It	 5 f)	 8 Q

FIG. 17.80

Problems 26 and 47.

FIG, 17.77

Problem 23.

	4 	 *27. Write the nodal equations for the network of Fig. 17.81, and
find the voltage across the kfl resistor.

*24. Determine the nodal voltages for the network of Fig. 17.7&

6 fl	 8 fl	
+ V^

2 mA Z 0'

4 AZ 0'

	

	 1 3.3 kil

2 f

r5f 1	 ^4 rnj	 12 6 A Z 90' ,	 12 .,A Z 0- JE2 kfl	 +

6V,

FIG. 17.78

Problem 24.,

	

	 FIG. 17.81

Problems 27 and 48.

*25. Wjilc the nodal equations for the nqtw(;rk in Fig. 17.79. aild	 *28. Writc the nodal equations for the nei work of Fig: 17.142, aind
I 'llid the voltage acruss the I kfl resistor.

find the 'voltage across the 2 kf) resistor.

2kQ

I kf1

41,	
2V^ +fj %

5 TnA Z 0'	 4 kfl	 I kil	 8 mA Z V	 f	 31,	 1 k(I5 mA 0'	 V+ 2kfl

FIG. W.79

Problems 25 and 46.

	

	
FIG. 17.82

Problems 28 and 49.
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*29. For the network of Fig. 17.83, 
determine the voltage VL in

terms of the voltage Ej.

R,

	

I kf) 'f2	
+

+	

'L

E, ^V R 1 I kn 501,	 50 kIn TR,5012	 RL' 50 kil V,,

FIG. 17.83

Problem 29.

SECTION 17.6 Bridge Networks (so)	
32. The Hay bridge in Fig. 17.86 

is balanced. Using Eq. (17.3),

determine the unknown inductance L^ and resistance R,

30. For the bridge network in Fig. 
17.84:

a. Is the bridge balanced?

b. Using mesh analysis, determine the current through the

capacitive reactance.

c. Using nodal analysis, determine the voltage across the

capacitive rcactance.	 R,	
RI

R;^l kil C	
I kil

0A kfl

I

 AF

;AF	 0

+

E N

—	 0. 1 k fnl

1000

0

E, - 10 VZ 0	

kO

FIG. 17.86

Problem 32.

FIG. 17.84

Problem 30.

31. For the bridge network in Fig. 17-85:	 33. 
Determine whether the Maxwell bridge in Fig.. 17.87 is bil-

a, Is the bridge balance d?	anced (w	 1000 rad/S).

b. Using mesh analysis, determine the current through the

capacitive reactance. 	
he

c. Using nodal analysis, determine the voltage across t

capacitive reactance.

FIG. 17.85	
FIG. 17.87

Problem 3'1.	

Problem 33.
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34. Derive the Dalance equations (17.16) and (17.17),for the ca- 	 38. Using thc,A-Y or Y-A conversion, determine the current

	

Paicitance comparisonbridge. 	 lot the network of Fig. 17.9 1.

35. Determine the balance equations for the inductance bridge

in Fig. 17.88.,

+

R^	
R1	 R2

160	 160

R	 R2

E 100VZC'	 3 n
E "IV	12 fl	 12 fl

L3

	

R3	R,	
3 fl 30

12016 n

FIG. 17.88

	

Problem 35+	
FIG. i7.91

Problem 38.'

SECTION 17.7 A-Y, Y-4 Conversions

36, Using the A-Y oi Y-A conyersion, determiiie the currgnt 1	
39. Using the A-Y or Y-A conversion, determine the current Ifor the network of Fig. 17.89.

for the network of Fig. 17.92.

8 fl	 4fl	 6n

+

q 4 lil"+	

5 fl
E 12o V z G., ^V
	 5 f2	 5 0

E 100 V 00

.8 ft

75 D	 5 fl	 5 f)

FIG. 17.89
ir

Probl^pn 36

FIG. 17.92

37A Using the A-Y or Y-A c"vrrsJoq, determine the current I	 Problem 39.

for the network of Fig. 17.90.

_1	 2 f2	 SECTION 17.8 Computer Analysis PSpice

or Multisim

	

12 fl	 1211
40. Determine the mesh currents for the network of Fig_l 1.61.

)12119,

9n	 9 f)	
41. Determine the mesh currents for the network of Fig. 17.65.

E 60V 
I 
Z w;	 *42. Determine the mesh currents for the network of Fig. 17.70.

12 0	

9,f)	

*43. Determine the mesh currents for the network of Fig. 17.71.9,f),

*44. Determine the mesh currents for the network of Fig. 17.72.

	

j3 U	 3 .9	
45. Determine the nodal voltages for the network of Fig. 17.74.

*46. Determine the nodal voltages fot ,the network of Fig. 17.79,

*47. Determine the nodal voltages for the network of Fi& 17.80.

	

FIG. 17.90	 *4& Determine the nodal voltages for the network of Fig. 17.81.
	Problg* 37.	 *49. Determine the nodal voltages for the network of Fig. 17,82.
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Maxwell bridge A bridge configuration used for inductance
GLOSSARY	

measurements when' the resistance of the coil is large enough

	

Bridge network A network configuration having the appearance 	 not to require a Hay bridge.

	

of a diamond in which no two branches are in series or parallel. 	 Mesh analysis A method through which the loop (or mesh) cur

	

Capacitance comparison bridge A bridge configuration having	 rents of a network can 
be 

determuted. The branch currents of

	

a galvanometer in the bridge arm that is used to determine an 	 the network can then be determ
i
ned directly from the loop

unknown capacitance and associated resistance. 	 currents.

	

Delta (A) configuration A network configuration having the ap- 	 Nodal analysis A method through which the nodal voltages of a

pearance^ of the capital Greek letter delta.	 network can be determined. The voltage across each element

	

Dependent (controlled) source A source whose magnitude 	 can then be determined through application of Kirchhoff's

	

and/or phase angle is determined (controlled) by a current or	 voltage law.

voltage of the system in which it appears.	 Source conversion 'Me changing of a voltage source to a current

	

Hay bridgt A bridge configuration used for measuring the resis7 	 sourLe, or vice versa, which will result 
in 

the same terminal

	

tance and inductance of coils in those cases where the resis- 	 behavior of the source. In other words, the, external network is

tince is a small fraction of the reactance of the coil.	 unaware of the change in sources.

	

Independent source A source whose magnitude is independent	 Wye (Y) configuration A network configuration having the ap-

	

of the network to which it is applied. lt_displays its terminal 	 peatance of the capit
I 
al letterY.

characteristics even if completely isolated.

It
V

L

i





j NETWORkThEOREMS (AC)

0bjF:rTiyEs..._
Be able to apply the superposition theorem to ac
networks with independent and de endent.p
sources.

Become proficient in applying Th6venin's theorem
to ac networks with independent and dependent
sources.

Be able to apply Norton's theorem to ac networks^
with independent and dependent sources.

Clearly understhnd the conditions that must be
met for maximum power transfer to a load in an
ac network with independent or dependent
sources.

?;

A

'V

,18.1 INTRODUCTION

This chapter parallels Chapter 9, which dealt with network theorems 
as 

applied to dc networks,

Reviewing each theorem in Chapter 9 before beginning this chapter is recommended because

many of the comments offered there are not repeated here.

Due to the need for developing confidence in (lie application of the various theorems to

networks with controlled (dependent) sources, some sections have been divided into two

parts: independent sources and dependent sources.

Theorems to be considered i. n detail include the superposition theorem, Th6venIn's and

Norton's theorems, and the maximum power transfer theorem, The substitution and reciproc-

ity theorems and Millman's theorem are not discussed in detail here because a review of

Chapter 9 will enable, you to apply them to sinusoidal ac networks with
, little diffic 

I 
ulty.

N"N p

18.2 SUPERPOSITION THEOREM

You will recall from Chapter 9 that the superposition theorem eliminated the need for so^v-

ing simultaneous linear equations by considering the effects of each source independently. To

qonsider the effects of each source, we had to remove the rcm^iming ^ources, This was ac-

complished by setting voltage sources to zero (short-circuit representation) and current

sources to zcvo (open-circuit representation). The current through, or voltage across, a portion

of the network produced by each source was then Added algebraically to find the total solution

for the current or voltage.

The only variation in applying this method to ac networks with independent sources is that

we are now working with impedances and phasors instead ofjust resistors and real numbers.

The superposition theorem is not applicable to power effects in ac networks since we are

still dealing with a nonlinear relationship. It can be applied to networks with sources of dif-

ferent frequencies only ifthe total response for each frequency is found independently and the

results are expanded in a nonsinusoidal expression, as appearing 
in 

Chapter 25.

One of the most frequent applicati 'ons of the superposition theorem is to electronic system ,	ic

in which the dc and ac ankilyses are treated separately and the total solution is the sum of III-

two. It is an important application of the theorem because the impact of dic reactive elemcnt^
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clianges dramatically in response to the two types of independent

sources, In addition, the dc analysis of an electronic system can often de-

fine important parameters for the ac analysis. Example 18.4 demon-

strates the impact of the applied source on the general configuration of

the network.

We first consider.netwcrks with only independentsoumes to provide

a close association with ' the analysis of Chapter 9.

Independent Sources

EXAMPLE,18.1 Using the superposition theorem, find the current I

through the 4 0 reactance (XL,) in Fig. 18. 1.

	

XL'	 4 fl	
XC	 3 fl

	

+	

X,, 4 fl

	

E, 10 V Z 0-	 "^V E, 5 V —10-
+

FIG. 18.1

Example 18. 1.

Solution: For the redrawn circuit (Fig. 18.2),

Z'	
Z3	 z I = + jxL, j 4 fl

+	
Z2 = +jXL, j 41

Z3 = —jX^c —j 3fl
E,	 ^V E,

Considering the effects'Of the voltage source Ej (Fig. 18.3), we have

Z2113 = 
Z2Z3 

= 

(j 4 n)( —j 3 fl) = 12 n 
_j 12 11

FIG. 18.2	 Z2 + Z3
Assigning the subscripted impedances to the netwo rk	 ='12 0 L-90'

in Fig, 18. L	 El	 10 V L01	 10 V Z-01

7^13 + Z 
1	

4 fl 8 fl L-90'

1.25 A L901

T"

Z3

Z2 

3

+	
7-413

/)v	 El

FIG. 18.3

Determining the eftct ofthe voltage source El on the current I ofthe network

in Fig. 18.1.
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and

(current divider rule)
Z2 + Z3

( —j 3 n)(j 1.25 A)	 3.75^A
. = — = 3.75 A L — 90o

	

j4fl — j3.Q	 j

Considering the effects of the voltage source E2 (Fig. 1 ^4), we have

oil
Z,	 Z3	 Z3

Z2	 Z-1p

AV E	
/)V V,

	

r	 +	 +

FIG. 18.4

Determining the effect ofthe vc^tage sourc^k on the current I

ofthe network in Fig. 18.1.

Z, =j411
zlip 

N	 2	
j 2 il

E2	 5^V LOO	 5 V Lo.	
5 A Z-90

112 
Z IJI2 + Z3 j 2 fl — j 3 , fl	 I fl L-900

and	
1	

2.5 A Z90'

	

2	 XL2 4 n

.The resultant current through the 4 il'reactance XL, (Fig.. 18.5) is

= 3.75 A L —90' — 2.50 A L90' —j 3.75 A — 2.50 A	 FIG. 18.5

= —j 6.25 A	 Determining the resultant currentfor the network in

I = 6.25 A L-90'	 Fig, 18.1.

EXAMPLE 18.2 Usi' ng superposition, find the cunent I through the

6 0 resistor in Fig. 18.6.

'Wr7XL= 6 Q 7R 6 0

E, 20 V Z 30-	 1	 2 A Z Oo	xc= 8n

FIG. 18.6

Example 18.2.
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19

.El

FIG. 18.7

Assikning the subscripted anpedances, to the network

in Fig. 18.6.

F.,

4

FIG. 18.8

Deterrnining the eo^ct ofthe current,source 11 
on 

the

current I ofthe network 
in Rg. 18.6.

FIG. 18.9

Derernuning the - effect ofthe volro^e source E l on

the current I ofthe network in Fig. 18.6.

R

VA
6 Q

FIG. 18.16

Solution: For the redrawn circuit (Fig. 18.7),

Z) = j 6 il	 6 fl, - j 8 n

Consider the effects of the current source (Fig. 18.8). Applying the cut-

rent divider rule, we have

Z 1 1,	 (j 6 fl)(2 A)	 j 12 A

	Z, + Z2 j6fl	 j 8 a 6 - j2

12 A L90'

6.32 L - 18.431

1'	 1.9 A L108.431

Consider the effects of the voltage source (Fig. 18.9). Applying Ohm's

law gives us

I, I	 E,	 20 V L301

ZT ZI + Z2 6.32 fl L - 18-43'

3.16 A L48.431

The total current through the 6 il resistor (Fig. 18.10) is -

+

1.9 A L 108.43 o + 3.16 A L48AY

(-0.60 A + j 1.80 A) + f2.10 A + j 2.36 A)

1.50 A + j 4.16A

1 . 4.42 A L 70.21

EXAMPLE 18.3 Using superposition, find the voltage across the 6 fl

resistor in Fig. 18.6. Check the, results against V6n = 1(6 fl), where I is

the current found through the 6 fl resistor in Example 18.2.

Solution: For the current source,

V'6n = 1'(6 fl) = (1.9 A L 108.43')(6 n) = 1 1.4 V L 108.43-

For the voltage source,

V^jj, = 1"(6) = (^- 16 A Z48.43')(6 fl). = 18.96 V L48.43-

The total voltage across the 6 fl resistor (Fig. 18.11) is

V6fl = V'6Q + V"6f)
= 1 1.4 V L 108.43' + 18.96 V L48.431

= (-3.60 V + j 10.8TV) + (12.58 V + j 14.18 V)

= 8.98 V + j 25.0 V

V6a = 26.5 V L70.21

Determining the resultant current Ifor the network 	
+	

V160

in 1--ig. 18.6^
+	 V"60

R

6ft

+	 V60

FIG. 18.11

Deternfining the resultant voltage V6171jor the network in Fig. 18.6.
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Checking the result, we have

1(6 n) = (4.42 -A L70.2-)(6 n)

	

26.5 V L70J'	 (checks)

EXAMPLE 18.4 For the network in Fig. IS..12, determine the sinu-

soidal expression for the voltage V3 using superposition.

Ei 12 V

	

R2	 I kfl

R,	 XL

0.5 kn	 2 kn

X J'o 

n

	

F, 4 ZO' ^V	 X,	 10 kil R3 3
1 W

FIG. 18.12

Example 1&4.

Solution: For the dc analysis, the capacitor can ' be replaced by an	 Et 12 V

open-circuit equivalent and the inductor by a short-circuit equivalent.

The result is the network in Fig. 18.13.

	The resistors R, and R3 are then in parallel, and the voltage V3 can be	 R2	 I kn

determined using the voltage divider rule:	 R,

R' = R, R3 = 0.5 kfl 3 kfl =' 0.429 kfl 0.5 kn

RE.	 3 kf1 V3and	 V3 
R' + R2
(0.429 kfl)(12 V)	 5.148 V

	

0.429 W + I kn,	 1.429
FIG. 18.13

V3	 3.6 V
Detertnining the effect ofthe dc voltage source El on

	For the ac analysis, the dc source is set to zero and the network is re-	 the voltage v3 of the network in Fig. J& 12.

drawn, as shown in Fig. 18.14.

R,	 XL

	

0.5 W	 2 W

^2 4 V ZO'	 3j 7R2 = I kil	 7 ::Z XC 10 kfl	 R 3 kfl V,

FIG. 18.14

Redrawing the network in Fig. 18.12 to determine the effect of the ac voltage

source E2.



788 111 NMORK THEOREMS (6c)	 aT

Z'	 The block impedances are then defined as it-, Fig. 18.15, and series-

parallel .techniques are applied as follows:
+	 1,	 +

E, I\j	 Z2	 Z3 V3	
Z, = 0.5 kfl / 0*

Z2 = (R2 Z-01 11 (.YC L - 90-)

ZT	
(I kf2 LO-)(10kfl L-90* )	 10 kfl L —90-

lkft-jlOkfl	 16.05 Z -84.i9i'.
0.995 W /--5.71*

FIG. 18.15	 Z3 R3 + jXL = 3 W + j 2 W 3.61 W z 33.69*
Assigning the subs^ripted impcdances 

I
to the network 

andin Fig. 18.14.

ZT = ZI + Z2 11 Z3
= 0.5 kfl + (0.995 kfl 4-5.71 - )11(3.61 kf1 L33.691)

= 1.312 kfl L 1.570

Calculator Solution: Performing the above on the TI-89 calculator
requires the sequence of steps in Fig. 18.16.

MATH 0

U]"ZU3EAU]"6 DIMATH 0"EJEJUJU)"

MATH

MATH 0 j^ polar "N	 1311.60 Z 1.550

FIG, 18.16
Detemining the total impedancefor the network cfFig. 18.12.

4 V LO'	
3.05 mA L — 1.57*

ZT 1.312 W L1.57'

The current divider rule gives

Z21s,	 (0.995 kQ L — 5.71')(3.05 mA L — 1.57-)
13
. = Z2 + Z3 = 0.995 W L-5.71' + 3.61 kfl L33.69*
= 0.686 mA L — 32.74'

with

V3 = (13 z 0)(R3 LO*)
V3	 = (0.686 mA L — 32.741)(3 W LO')
r32.74'	

=2.06VL-32,74*

6.51 V
The total solution is

3.6 V
V3 = V3(dc) + V3(ac)

069 V -	 = 3.6 V + 2.06 V L — 32.74*
0	 a	

V3 = 3.6 + 2.91 sin(wt — 32.74')

FIG. 18.17
The resultant voltage v 3 for the network in 	

The result is a sinusoidal voltage having a peak value of 2.91 V riding

Fig. 18.12.	
on anaverage value of, 3.6 V, as shown in Fig. 18.17.



FIG. 18.20

Determining
I 
the effect ofthe voltag.e-controlied

voltage source on the current 1, for the network in

-Fig. 18,18.

F
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Dependent Sources

For dependent sources in which the controlling variable is not deteJe

-noned kv 
the network to which the superposition theorem is to be ap-

tile application of the theorern is basically the same as forplied,
olutiori obtained will simply be in terms otindependent sources. The S

the controllin g variables.

EXAMPLE 18.5 Using the superposition theorem, determine the-cur-

rent 12 for the network in Fig. 18.18. The quantities A and h 
are constar^ts.

+ V	
R, 0,

	

R2	 6 fl

V

	

Xj-	 8il

FIB	 2

FIG. 18.18	 ;IV	 Z2;

Example 18.5.

Solution: With a portion of tile s ystem redrawn (Fig. 18.19),

Z, R, 4 11	 Z, R2 jX, 6 n + j 8 Q	 FIG. 18-19
Assigning the subscripted impedances to the network

For the voltage source (Fig. 18.20), 	 in Fig. 18. 18.

	

AV	 UV	 )UV

ZI+Z, 4Q+	
Fj8f,	

10fl+j8n	 Z,
AV

--jj— 	= 0+078 tLV/f1 Z —38,66'	

+

,/ j8

	

12.8	
_ .6

Z2

IV
For the current source (Fig. 18.21),

	Zj (hl)	 (4 fl)yd^
U, =	 4(0.078)hl L-38.66'

	

Z I + Z2	 12.8 n L38.66o

= 0.312hl L - 38.66'

The current 1, is

0.078 VJ1 z -38,66 o + 0.3-12/il L-38.66-

For V	 10 V LO', I = 20 niA LO';,u = 20, and h = 100,

12 ^ 0,078(20)(10 V Z O- )/fl L - 38.66-

+0.312(100)(20 mA LO") Z - 3S.6b'

= 15.60 A z^ - 38.66' + 0.62 A Z- - 38.66^

1, = 16.22 A /- - A.66'

	For dependent sources in which the controlling variable is deter- 	 FIG. 18.21

	mined bv the nenvork to which the theorem is to be applied, the depen- 	 Determining the effect ofthe current-copoviled

	dent source cannot be set to zero unless the controlling variable is also	 rurrent source on the current 12for the network in

	zero. For networks containing dependent sources (as in Example 18.5)	 Fig. 18,18.

51Aintroductorv, C
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and dependent sources of the type just introduced above, the superp9si-

tion theorem is applied for each independent source and each dependent

source not having a controlling variable in the portions of the network

under investigation. It must be reemphasized that dependent sources are

not sources of en6rgy in the sense that, if all independent sources are re^

moved from a system, all currents and voltages must be zero.

EXAMPLE 18.6 Determine the current IL through the resistor RL in
PV +
	

Fig. 18.22.

1L	 Solution: 
Note that the controlling variable V is determined by the net-

work to be analyzed. From the above discussions, it is understood that the
+	

depende nt source cannot be set to zero unless V is zero. If we set I to zero,R,	 v	 RL
the network lacks a source of voltage, and V = 0 with IxV = 0. The result-

ing IL under this condition is zero. Obviously, therefore, the network must

! analyzed as it appears in Fig. 18.22, with the result that neither source

can be eliminated, as is normally done using the superposition theorem.

FIG. 18.22.	 Applying Kirchhoff's voltage law, we have

Example 18.6.	
VL = V + AV = ( I + WV

VL (I + tk)v
and	 IL = 

RL	RL

The result, however, must be found in terms of I since V and ktV are

only dependent variables.

Applying Kirchhoff's current law gives us

V	 (I *+ A)V

11 +,IL R,	 RL

and	
I 

V	
+	 A)

	

R,	 RL

I
or	 V =

( 1 1R I) + [0 + A)IRL)

Substituting into the above yields

( I + A)V	 ( I + /-L)
IL

RL	 RL ((IIRI) + R I + A)IRLI

Therefore,

IL
RL + (I + u)RI

18.3 THtVENIN 'S THEOREM

+	 Th6venin's theorem, as stated for sinusoidal ac circuits, is changed

?"IV	 only to include the term impedance instead of resistance; that is,

any two-terminal linear ac network carl be replaced with an equivalent

circuit consisting ofa voltagt source and 
an 

impedance in series, as

shown in Fig. 18.23.

FIG. 18.23	 Since the reactances of a circuit are frequency dependent, the Th6venin

TheNenin equivalent circuitfor ac networks.	 circuit found for a particular network is a0plicable only at one frequency.
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The steps required to apply this method to de circuits are repeated

here with changes for sinusoidal ac circuits. As before, the only change

is the replacement of the term resistance with impedance. Again, dep
% 
n-

dent and independent sources are treated separately.

Example 18.9, the last example of the independent source section, in-

cludes a network with dc and ac sources to establish the groundwork for

possible use in the electronics area.

Independent Sources

1. Remove that portion of the network across which the Thivenin

equivalent circuit is to befiound.

2. Mark (o, -^ and so on) thrterminals ofthe remaining two-terminal

network.

3. Calculate ZTh hyfirst setting all voltage and current sources to

zero (short circuit and open circuit, respectively) and then finding

the resulting impedance between the two marked terminals.

4. Calculate ETh byfwst replacing the voltage and current sources

and then flnding the open-circuit voltage between the marked

terminals.

5. Draw the Thivenin equivalent circuit with the portion ofthe

circuit previously removed replaced between the terminals of the

Thivenin equivalent circuit.

EXAMPLE 18.7 Find the Th6venin equivalent circuit for the network

external to resistor R in Fig. 18.24.

XL 80
+

E IOV,4(r	 X,	

Rvenin

FIG. 18.24	 4

Example 18.7.

Solution:

Steps- I and 2 (Fig. 18.25):

Z I jXL j 8 fl Z2 = —jXc = —j 2 il

r-7-1.

C - 10vZo*

FIG. 18;25

Assigning ihe subscripted impedances to the network in Fig. 18.24.

t
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E, = 3.33 V Z - ISO' R 111111110- E, = 3 33 V Z - ISO' R

F_7,

Z2	
zu.	 E	 Z2	 E Th

FIG. 18.26	 FIG. 18.27

	Deicrminm,^,, 1he Thch,enin impedance 	Detenniiang the apen-circwt 7h&enin
for the network in Fig. 18.24.	 voltagefiv the network in fig. 18.24.

-Step.? (Fig. 18.26):

z	
Z, Z,	 8 11)( —j 2 11)	 _j2 16 fl	 16 f2

- th	 + Z,	 8 D — j 2 it	 i 6	 6 Z-90*

2.67 0 z_ — 90*

Step 4 (Fig, 18.27):

Z2F
E71,	 (voltage divider rule)

Z, + Z,

( —j 2 fl)(I 0 V)	 —j Zio v 
= 3.33 V z — 1801

jSfl — j2fl	 - j6

Step 5: The Th6venin equivalent circuit is shown in Fig. 18.28,

m

Z,;, = 2.67 0 Z - 90'

FIG. 18.28

The Tho^venin equivalent circuirfor the network 
in 

f7g. )8.24.

EXAMPLE 18.8 Find the TWvenin equivalent circuit for the network

extemal io bianch a-a' in Fig. 18.29.

RI	 X;,.	 XL2	 a
	 R,

7Q

E, C

	
10 V z 0,
	 R,	 u	

E2	 30VZ 15Q

xC	 411

a'

FIG, 1US

F-vaiqple 18.8.
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Solution:

:j^

	

	 Sicpslriiid2^Fi^.18.30):N(ite'theredtice(icoinj)lexitywitit^ub^wripte(
I

impedances:

R, 4 iXt	 + i 8Zj

ZI R, - jXC 3 11 - j 4 0

jXI"	 j 5 f?Z3

LN

a- Th&e!6,)

FIG, 18.iO

A ssigning ibe mfbsc p ipled impt-ilinces for the

netww^k in Pig. 18,29

Step 3 (Fig. 18.3 1):

(10 o	 13-)
, 
5 3.13 - )(5 Q L

+	 ^5 
it 

+
Z,,,	 Z,	 Z, -, Z,	 (6 11 1- j 8 fl) + (3 It	 4 11)

50 Z 0"	 50 Z 0'
i 5	 5 +

9 + j 4	 9.85 /-23.96'

	

= j5 + 5.08 L - 23.96 -	5 + 4. 64 - j 2.06

Z,, = 4.64 11 + j ;.94 it ^ 5.49 D /_ 32.36'

FIG. 18.31

Determining the lVienm mipLdoncefor

the network in Fig. 18.29.

Step 4 (Fig. 18-32): Since a-a' is an open circuit, 1z, = 0. Then Fj-h is

the voltage drop across Z^-

Elh	
ZIE	

(voltaoC cl ;,, : der rule)
Z, ^ Zi

(5 D Z -53.13')(10 V K

9.85 91 L23.961

50 V z -53 13'
E7;, =	 ­ - -- - ^z 5.08 N1 z_ -77.09,

9.85 L23.96'
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Z,

— CA,

	
Z2

	 1Z, = 0 

E,

a'

FIG. 18.32

Determining the open-circuit Th,4venin voltagefor the network in Fg. 18.29.

Step 5: The TUvenin equivalent circuit is shown in Fig. 18.33.

E,

09'5.08 V —77.

R	 XL

4.64	 2.94 f1

V Z 15*	 E7W	 5.08 V.4 —77.09-

7fl

E2^30VZ 15*

FIG. 18.33

The Thivenin equivalent circuitfor the network in Fig. 1&29.

The next example demonstrates how superposition is applied to elec-
tronic circuits to permit a separation of the dc and ac analyses. The fact
that the controlling variable in this analysis is not in the portion of the

network connected directly to the terminals of interest permits an analy-

sis of the network in the same manner as applied above for independent
sources.

I

EXAMPLE 18.9 Determine the Thdvenin equivalent circuit for the
transistor network external to the resistor RL in the network in
Fig. 18.34. Then determine V,

12V

RC 2 V1

Ra I Mfl

C

TMvenin

lorl

Transistor
+	 0.5 U1 I 0 fl

Ei 

INV

V

FIG. 18.34

Example 18.9.

_j

RL = I ka VL



PT-h

Solution: Applying superposition.

dc Conditions Substituting the open-circuit equivalent for the con

pling capacitor C2 will isolate the dc source and the resulting currents

from the load resistor. The result is that for dc conditions, VL = 0 V. Al-

though the output dc voltage is zero, the application of the dc voltage is

important to the basic operation of the transistor in a number of impor-

tant ways, one of which is to determine the parameters of the "equivalent

circuit" to appear in the ac analysis to follow.

ac Conditions For the ac analysis, an equivalent circuit is substituted

for the transistor, as established by the de conditions above, that will be-

have like the actual transistor. A great deal more will be said about

equivalent circuits and the operations performed to obtain the network in

Fig. 18.35, but for now we limit our attention to the manner in which the

TUvenin equivalent circuit is obtained. Note in Fig. 19.35 that the

equivalent circuit includes a resistor of 2.3 W and a controlled current

source whose magnitude is determined by the product of a factor of 100

and the current 11 in another part of the network.
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R,

0.5 k1l

Ej '-V	 RB i W1	 2.3 ka f1001 i
, 
RC 2 k[I RL i kfl V1,

-L-	 V

T

Transistor ^quival&nt	
'fhdyenin

circuit

FIG. 18.35

The ac equivalent networkfor the transisto .
r amplifier in Fill. 18.34.

Note in Fig. 18.35 the absence of the coupling capacitors for the ac

analysis. In general, coupling capacitors are designed to be opgn cir-

cuits for dc analysis and short circuits for ac analysis. The short-circuit

equivalent is valid because the other impedances in series with the cou-

pling capacitors are so much larger in magnitude that the effect of the

coupling capacitors can be ignored. Both RB and RC are now tied to

ground because the dc source was set to zero volts (superp I 
osition) and

replaced by a short-circuit equivalent to ground.

I For the analysis to follow, the effect of the resistor RB Will be ignored

since it is so much larger than the parallel 2.3 kfl resistor.

ZTh When Ej is set to zero volts, the current 1 1 will be zero amperes,

and the controlled source 100I, will be zero amperes also. The result is

an open-circuit equivalent for the source, as appearing in Fig. 18.36.

It is fairly obvious from Fig. 18.36 that

Z7h = 2 kQ

E Th For ETh, the current 1 1 in Fig. 18.35 will be

Ei	Ei	 Ei

I' 
= 

R, + 23 kfl = 0.5 kfl + 2.3 kfl 2.8 kfl

and	 1001, = (100) ( 
2.8%10

J

RC 2 kn Znh

FIG. 18.36

Determining the Thifvenin impedance for the

network in Fig. 18.35.



(bi ,

I.,' = r,,

FIG. 18.38

The Tht'venin equiva_ieni circuitfor the nen%ork, in

Fig. 18.35.

ZA

ETh

ZTh

4 --1-

EP,
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1001 1 RC	 2 k4

11C

FIG. 18.37
Delcrmlntnq dze'lh^t i- nin vol!ag^for the network in

2 1:11	
+

EP I	 71.421%,	

1"	

1 kfl VL

Referring to Fig. 18.37, we find that

	

ETh	 (10011)RC

(2 X 103 a)
(28 0)

	

' Ep,	 —71.42Ej

The Thdverin equivalent circuit appears in Fig. 18.38 with the origi-

nal load RL,

Output Voltage VL

	

— RLETh	
_0 kO)(71.42Ei)

	

VL = —	 ---

	

RL 4- RTh	 I k1l + 2 ^^l

and	 N71, = —23.81 E,

revealing that the output voltage is 23.81 times the applied voltage with
a phase shift of 180' due to the minus sign.

Dependent Sources

For dependent sources 

w 

ith a cowrollit

* 

rg variable not in the netivork

under investigation, the procedure indicated above can be applied. How,

ever, for dependent sources of the other type, where the controlling vari-

able is part ofthe network to which the theorent is to be applied, another

approach must be used. The necessity for a different approach is demon-

strated in an example to fyllow. The method is not limited to dependent

sources of the latter type. It can also be applied to any dc or sinusoidal ac

nerAork. However, for networks of independent sources, the method of

application used in Chapter 9 and presented in the first portion ofthis sec-

tion is generally more direct, with the usual savings in time and errors.

The new approach to Thivenin's theorem can best be introduced at

this stage in the development by considering the Thdvenin equivalent

circuit in Fig. 18.39(a). As indicated in Fig. 18.39(b), the open-circuit

terminal voltage (E,,) of the Th6venin equivalent circuit is tile Thdvemn

equivalent voltage; that is,

if the external terminals are short circuitcd as in Fig. 18.39(c), the result-

ing short-circuit current is determined by

V-Th

ZTh

E,

Z71'	
or, rearranged,

E-rh
J	 ZTh

Jsc
(C)

FIG. 18.39	 Eoc

De	
and	 Z7h	 (18.3)

/ining an alternative appivachfor determining the

TUvenin impedance. 	
ISC

Eqs. (18. 1) and (18-3) indicate that for any linear bilateral de or ac net-

work with or without dependent sources of any type, if the open-circuit

terminal voltage of a portion of a network can be deter-mined alon?, With

the short-circuit current between the same two terminals, the Thdvenin



t,tv a

FIG. 18.40

Determining Zp^ using the approach Zrj,

. 
FIG. 18.42

DerermininX the Thivenin impedancefor the

network in Fig. 18.41.

X_

FIG. 18.43

Determining the short-circuit currentfor the netivoik

in Fig 18.41.

X,

AV

FIG, 18.41

Example 18. 10.

x_

I11,6,enin
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equivalent circuit is effectively known. A few examples will make the

method Cluite clear. The advantage 
of the method, which was stressed ear-

lier in tt lis section for independent sources'—should now be more obvious

ch is necessary to fird ZTI, is in general more difficult
The CUITC11t J ­ whi

all of the sources are pre sent.to obtain since ,	
t circuit that is

There is a third approach to the Th6venin equivalen

practical viewpoint. The ,Th6venin voltage is found as
also useful from a
in the two previous methods. However, the Thdvenin impedance is ob-

tained by 
applying a source of voltage to the terminals of interest and de-

termlining the source current as indicated in Fig. 18.40. For this method,

the source voltage of the original network is set to zero . The Thdvenin

impedance is then determined by the following equation:

Z-Ih
9

E but the Thdvenin impedance is
Note that for each technique, ETh

found in different ways.

7

EXAMPLE 18.10 
Using each ofthe three techniques described in this

:	 ^ f- he network insection, determine the Th6venin equivalent c rcu t r

Fig. 18.41.

Solution: Since for each approach thc.Th6venin volta
ge is found irl ex-

actly the same manner, it is determined First. From Fig. 18.41, where

Du' , 1he J­ty f(,r V ^d

ddl.ed —1-A

R2(AV )	 jxR2V

VRI Eph = Eoc	
R, 

-+74i 
2	

;R2

The following three methods for determining the Thdvenin imped-

ance appear in the order in which they were introduced in this section.

Method 1: See Fig. 18.42.

ZTh = R 1 11 R2 jXC

Method 2: See 
Fig. 18.43. Converting the voltage source to a current

source (Fig. 18.44), we have (current divider rule)

	

J^v
	 R, 1?,I - — (

	

-(R I 11 R2) R,
	 Rj + R2 ^ R,

_(R, R,) - jXcTR, R,) - JAc

ARY

R, + R2

(R I ll R2) — jXC

and

_2V

Fo,	 R, + R2
ZTh = —I - = ---I-/,R2V

R, + R2	 (Rl R2) jXC

	

(R, 11 R2)	 jXC

R11JR2 _jXC

ZT4

Network	 f\j



^Lv
R, 0

XC

hl	 R^	 R,

H^Th&enin
FIG. 18.47

Example 18.11.

. 

e1h

R,	 XC

R2	 E, r\.,

Converting the 
FIG. 18."	

FIG. 18.45
voltage source in Fig. 18.43 to	 Determining the TUvenin impedancefor the

a current source.	
network in Fig. 18.41 using the approach

Zn= Egll,

Afethod 3:_ See Fig. 18.45.

Eg
19 (RI R2) jxC

E
and	 ZTh = Lg- = R 111 R1 — jXC

9

In each case, the Th6venin impedance is the same. The resulting

Th6venin equivalent circuit is shown in Fig. 18.4'6.

Zrh R, R2 jXc

E, AR2V
R, + R,	 Tbdwnin

FIG. 18.46
The Thdvenin equivalent circuitfor the network in Fig. 18,41.

EXAMPLE 18-11 Repeat Exampld 18.10 for the network in
Fig. 18.47.
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R, 
i Zn = R I II R2 — jXC

FIG. 18.60

Detennining the 7hivenin impedance using the

approach ZTh = Egliv

aT

Solution: From Fig. 18.47, En is

E^rh	 —hi(R I R2)	
hRIR21

R-1 + R2

Method 1: See Fig. 18.48.

ZTh = R, 11 R2 — jXC

Note the similarity between this solution and that obtained for the previ-

ous example.
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FIG. 18.49
FIG. 18.48	 Determining the short-circuit currentfor the network

Deterining the Thdvenin impedan-jor the 	 in Fig. 18.47.
network in Fig. 18-47.

Method 2: See Fig. 18.49.

— 
(R I 11 R2)hl

Isc = 
(RI 11 R2) —'jXc

Eoc	 —hl(R 1 11 R2) -
and	 ZTh	 —=(RI 11 R2)hl 

= R1 11 R2 YC

(RI 11 R2) — jXc

Method 3: See Fig. 18-50.

Eg

(RI 11 R2) jXC

and	 ZTh	 R, 11 R2 — jXC

19

The following example has a dependent source that will not permit

the use of the method described at the beginning of this section for inde-

pendent sources. All three methods will be applied, however, so that the

results can be compared.

EXAMPLE 18.12 For the network in Fig. 18.51 (introduced in Example

18.6), determine the Thdvenin equivalent circuit between the indicated

terminals using each method described in this section. Compare your

results.

Solution: First, using Kirchhoff's voltage law, we write E7-h (which is

the same for each method)

Elh V + AV	 + 1U)V

JAV +

I	 R, V

(9V	

Thd^enin

FIG. 18.51

Example 18.12.
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AV = 0

FIG. 18.52
Determining Zr;, incorrect^y.

AV +

LN

ZTh

Z,	
Method 1: See Fig. 18,52. Since I = 0, V and tLV = 0, and

Z^^ (incorrect)

Method 2: See Fig. 18.53. Kirchhoff's voltage law around the indicated
loop gives us

V = /AV 0

and	
V(I + A) 0

Since u is a Positive constant, the above equation can be satisfied
only when V = 0. Substitution of this result into Fig. 18,53 yields the
configuration in Fig. 18.54, and

with

^ aT

However,	 V IR,

so	 ETh ^ + p)IR,

Z,	
+

+ tL)R I	 (correct)

Method 3: See Fig. 18.55.

E8 = V 4- uV 0 + A)V

or	 V	 E9
+ U

and	 Ig = -
V	 E9

	

R,	 (I + I-t)RI

and	 Z,	 = (1 + A)Ri	 (correct)
19

FIG. 18.53

Determining I,,for the netivork- in F^g. 18.51.

1, = 0
+

R,	 V = 0

FIG. 18.54
Substituting V = 0 into the network in Fig. 18.53.

- 
/,v 

+

R 1	 V

1,
+

+

E,	 0 + ji)IR,

L

Z,

FIG. 18.55	 FIG. 18.56
Determining Z71, using the approach ZTh = Egl1g.	 The'Dievenin equit ,alent circuitfor 1he nem-ork in

rig. 18.51.

The Tb6venin equivalent circuit appears in Fig. 18.56. and

(I + u)RII
IL

RL + (1 + jz)Rj

which compares with the result iq Example 18.6.
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R,

0—

+

+	 Thd^enin

	

Vj
	 k,V,	 k,1	 R,	 V2

FIG. 18.57

Example 18.13: Transistor e^uivalent nenvork.

basic configuration of the transistor
The network 

in 
Fig. 18.57 is the

equivalent circuit applied most frequently today (although most texts in

electronics use the circle rather than the diamond outline for the source).

Obviously, it is necessary to know its characteristics and to be adept in

its use. Note that there are both a controlled voltage and a controlled cur-

rent source, each controlled by variables in the configuration-

EXAMPLE 18.13 
Determine the Th6venin equivalent circuit for the

indicated terminals of the network in Fig. 18.57.

Solution: Apply the second method introduced in this section.

ETh

Eoc V2Vi — k,V, =_ Vi — kjE,
R i	R,

	and	 Eoc --k2lR2 —k2R 
Vi — kjE,

R,

^

klk2l?2EOc

R j —R1

	or	 E	

k,k2R2	 —k2R2Vi

R,

	and	 E, 

(R, klk2R2)	 k2R2Vi

'R1

k2R2V-
A EThFE0c 

R,

	

so	 R, — kjk^2R2

1 6c For the network in Fig. 18.58, where

V2 0	 k1V2 0	
Vi

R,

	and	 Ise
	 —k2I	

k2V,

R,

_k2RA

	

SO	

R, — kjk2R2

Ise	 _kA

Ri

(18.5)

n
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^a
R,

FIG. 18.58
Defe—ining Iufyr the network in Fig, 1&57.

D D
and	 ZTh	

11m2

R^-Rj-%IkA	 (18.6)

Frequently, the a
pp

roximation ki a5 0 is applied. Then the 6—
voltage and impedance are, respectively,

	

E 
T	 AVII

	

Th	 k,	 0	 (18.7)R,

	

KT ^:R721 k, 0	 (18.8)

Apply ZTh E,/1, to the network in Fig. 18.59, where

—k.V,

R,

R,

kk.V2+	 S.- AV +
, V2	 k2l	 RZ	 E,

V

FIG. 18.59
Dele—ining Z7-h using the procedure Zn Eglir

But V2 E9

so	
kjEg

R,

Applying Kirchhoff's current law, we have

k E	 g

19 kj + !g- = k2 1119 +R,	 R,	 R2
k1k

	

E 
g( 1	 2

	

R2	R,
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and	
19	 R 1 kjk2R2

E9	
RIR2

E^	 RIR2
or	

Z, = —
19 R, — k1k2R2

as obtained above.

The last two methods presented in this section were applied only to

networks in which the magnitudes of the controlled sources were depen-

dent on a variable within the network for which the Thdvenin equivalent

circuit was to be obtained. Understand that,both of these methods can

also be applied to any dc or sinusoidal ac network containing only inde-

pendent sources or dependent sources of the other kind.

18.4 NORTON'S THEOREM

The three methods described for Th6venin's theorem will each be al-

tered to permit their use with Norton's theorem. Since the Th6venin

and Norton impedances are the same for a particular network, certain

portions of the discussion are quite similar to those encountered in the

previous section. We first consider independent sources and the ap-

proach developed in Chapter 9, followed by dependent sources and the

new techniques developed for Th6venin's theorem.,

You will recall from Chapter 9 that Norton's theorem allows us to re-

place any two-terminal linear bilateral ac network with an equivalent cir-

cuit consisting of a cu!Tent source and an impedance, as in Fig. 18.60.

The Norton equivalent circuit, like the Thdvenin equivalent circuit, is

applicable at-only one frequency since the reactances are frequency

dependent.

Independent Sources

The procedure outlined below to find the Norton equivalent of a sinu

soidal ac network is changed (from that in Chapter 9) in only one rew

spect: the replacement of the term resistance with the term impedance^

1. Remove that portion of the network across which the Norton

equivalent circuit is to be found.

Mark (o, t and so on) the terminals of the remaining two-terminal

network.

3. Calculate ZN by first setting all voltage and current sources to zero

(short circuit and open circuit, respectively) and then finding the

resulting impedance between the two marked terminals.

4. Calculate IN by first replacing the voltage and current sources and

then finding the short-circuit current between the marked terminals.

5. Draw the Norton equivalent circuit with the portion ofthe circuit

p 
I 
reviously removed replaced between the terminals of the Norton

equivalent circuit.

The Norion *and Th&enin equivalent circuits can be found from each

other by using the source transformation shown in Fig. 18.61. The

source transformation is applicable for any Thdvenin or Norton equiva-

lent ,circuit determined from a network with any combination of inde-

pendent or dependent sources.

Z"

0

FIG. 18.60

The Norton equivalent circuitfir ac networks.

I



E 20VZW

3 il	 411 J

Xc^r^5n 6n

E

FIG. 18.63

Assigning the subscripled 4))ipedances to the network

in I`ig. 18.62.

N

FIG. 18.64^
Detennining the Norton hnpedancej6r the network

in Pig, 18.62.

E
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Th

Z71, = Z.,

Z'

L

IN ZT1,	 ZN Zrh	 E,,, ^ I,Z,

FIG. 18.61

"Conversion bclween the'Th9venin andNorton equivalent circuit.s.

EXAMPLE 18.14 Determine the Norton equivalent circuit for the net-

%vork external to the 6 11 resistor in Fig. 18.62.

N.rmn

FIG, 18.62
Example 18.14.

Solution:

Steps I and 2 (Fig. 18.63):

Z, = R, + jXj, = 3 fl + j 4 fl = 5 fl z^53.13-

Z, = —jXC = —j 5 fl

Step 3 (Fig. 18.64):

ZIZ2	 (5 D L53.13')(5 fl Z —90' )	 25 fl L — 36.87-
ZN

ZI + Z2	 3 f) + j 4 Q — j 5 fl

— 25 fl L-36.871 
7.91 D

. 
L — 18.44o = 7.50 n — j 2.50 11

3.16 L — 1 8.43.

Step 4 (Fig. 18.65):

IN = 1 1 — 
E	 20 V Z,O'

f, L^-3
Z'	

. F3	 4 A L — 53.13'

1,

FIG, 18.65	 -

Determining IN for the network 
in 

Fig. 1&62.
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Step 
5: The Norton equivalent circuit is shown in Fig. 18.66.

7.50	 '.50 n

'7 50
11^ 

4 A Z - 53.13*,	 R 6 n	 1, - 41 A Z - 53.13'	
Rt- 6 n15JXc- .50

FIG. 18.66

The Norton equivalent circuitfor the network in Fig. 18-62.

EXAMPLE 18.15 Find the Norton equivalent circuit for the netW

external to the 7 il capacitive reactance in Fig. 18.67.

xt.

R2	
5n

R,	
Xc, 7fl

J= 3A-/O*

XC,,T 4 11

FIG. 18.67

Example 18.15.

Solution:

Steps I and 2 (Fig. 18.68):

Z, R, jXC, 2 R,- j4 fl

Z,	 fl,

Z3 +jxL j 5 11

Z3

Z2

Z,
I - 3AZ(r

FIG. 18.68

Assigning the subscripted impedances to the network in Fig. 18.67.

Step 3 (Fig. 18.69):

ZOI + Z2)
ZN = 

Z3 + (Z I + Z2)

Z I + Z2 = 2 fl - j4 fl, + I (1 3 fl - j 4 il 541 L-53.13*

Introductory, C, 52A



IIIIIIIII011-

i

806 1 i I NETWORK THEOREMS (ac)

3

FIG. 18.69
Finding the Norton inipedancefor the nenvork in Fig. 18.67.

(5 n Z 90o )(5 n /- -53.131	 2541 L36:810
ZN	

j5fl + 3fl-j4fl	 3 +jl

25 fl Z- 36.87'

3.16 /- + 18.43'

ZN = 7.91 D L 18.44' = 7.50 il + j 2.50 n

Calculator Solution: Performing the ab6ve on the TI-89 calculator

tesults in the sequence in Fig.. 18.70:

ff5] Z Un C U..] MATH 0 U]E(J"S F9 Z

MATH

:1 E4A &--j i	 0- P.lar VN^E3 7.91 Z 18.44*

FIG. 18.70
Determining ZV for the network of Fig. 18.6Z

Step 4 (Fig. 18.7 1)^

Z,1

I N ^ 1
1 =, ZI + Z7	

(current divider rule)

(2 n -j 4 fl) (3 A)	 6 A - j 12 A	 13.4 A z- -63.431

3 fl - j 4 fl	 5 L^53.13 0	5 L - 53.13'

IN 2.68 A L -10.3'

Z,

Z2

Z,
I 3AZO'

FIG. 18.71
wtk-4n Fig. 18.67.g 1 ,^ fi)r the nent

kep 5: The Norton equivalent circuit i,., ^hown in Fi ,, . 1 &72,

',,+,c,,Ii,rtnry r ;?k



v , j^

NORTON'S THEOREM 11,1 807

7.50	 .500	
R 7.50 n

	

x	 7Z.68 A Z 10.3-	 Xc,;;^ 7 il	 1, 2.68 A Z 10.3	 C^

XL	 2.50 n

Q

FIG. 18.72

The Norton equivalent circuitfor the network in Fig. 18.67.

,MPLE. 18.16 Find the Tb6venin equivalent circuit for the network 	 z 1^

Tial to the 7 fl capacitive reactance in Fig. 18.67.	 +	 Zr" ZN

"z'ition: Using the conversion between sources (Fig. 18.73), we obtain	
E,	 1,

ZTh = ZV = 7.50 il + j 2.50 11

ETh = INZN = (2.68 A L — 10.3')(7.91 D Z- 18.44')

= 21.2 VL9.14'	
FIG, 18.13

M6venin equivalent circuit is shown in Fig. 18.74.	 Determining the Thefvenin equivalent circuitfor the

Norton equivalent in Fig. 18.72.

)endent Sources
P	 XL

ated for Tbdvenin'.s theorem, dependent sources in which the con-

ng variable ispot determined by the network for which the Norton 	 +	
7.50 n	 2.50 InI

valent circuit is to be found do not alter the procedure outlined 	 E, f/\) 21.2 V Z 8,14-	 Xc,	 7 fl

e.

)r dependent sources of the other kind, one of the following proce-

must be applied. Both of these procedures can also be applied to

orks with any combination of independent sources and dependent

-es not controlled by the network under investigation. 	 FIG. 18.74

^e Norton equivalent circuit appears in Fig. 18.75(a). In Fig. 18.75(b),
	 The Thivenin equivalent circuit for the network in

,nd that	
Fig. 18.67.

0,
1 0	 +

ZN	 IN	 1^c IN	 E_ 'NZN

(a)	 (b)	 (C)

FIG 18 75

Defining an allerhative approach for determining ZN-

(18.9)

n Fig. 18.75(c) that

Eoc = INZN

ZN I 
E-
IN

rangin& we have



C
E9

I

FIG. 18.76

Determining the Norton impedance using the

approach ZN = E111g,

808 111 NETWOR^ THEOREMS (ac)	 iET

#I	 -

and	 ZN = ^__	

i	
(18.

isc

The Norton impedance can also be determined.by applying a soL

of voltage N to the terminals of interest an

' 

d finding the resulting I.

shown in Fig. 18.76. All independent sources and dependent sources

controlled by a variable in the network of interest are set to zero, and

Es,
ZN =	 (18.

1 19

For this latter approa ch, the Norton current is still determined by

short-circuit current.

I
on

FIG. 18.77

F_xample 18.17.

+ VR2

1.11

FIG. 18.78

Determining 1,,for the network in Fig. 18.77.
1

EXAMPLE 18.17 Using each method described for depcndentsour,

find the Norton equivalent, circuit for the network in Fig. 18.77.,

Solution:

IN For each method, IN is determined in the same manner. Fr

Fig. 18.78 using Kirchhoff's current law, 
we 

have

0 = I + hl + 1,,

or	 1, = -(I + h)1

Applying Kirchhoff's voltage law gives us

E + IR I - ISCR2 0

and	 JR, = Is, R2

or	 I = 
1,,R2 - E

Rj

so	 Is, -(I + h)l = -(I + h) 
&R2 E

I	 (	 R,

or	 R11s, = -(] + h)l,,R2 + (I + h)E

1,JR, + (I + h)R21 = (I + h)E,

Isc =	

(1+ h)E	

- INR 1 + (I + h)R2

ZN

I	
V 0	

Method 1: E, is determined from the network in Fig. 18.79. By Kit

+	 -	 ^hoff's current law,

R,	
+	

0 = I + ill	 or	 1(h + 1) =1 0

+	 For h, a positive constant I must equal zero to satisfy the abc
F	 hI	 E, '

Ther6ore,

.1	 0	 and	 -hl	 0

0
and	 E0, E	 -

E	 R + (I + h)R1	 2
FIG. 18.79	 With	 ZN --(I—+ —h)E

Determining E_for the nebvorlk 
in E8.18J7.,'	 Isc	 (I + h)

Rl . + (I + h)R2
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ithod 2: Note frig. 18.80. By Kirthhoff's current law,	
-Vp,+ I	 V,,+

is	 hl (I + h)l	 R"
R2

I(irchhoff's voltag
e 
law,

V F,

Eg - 18R2 - 
IR, 0	 IN

E I Rg	 9 2

R,

ibstituting, we have	 FIG. 18.80

	

E	 I R	 Detertnining the Norton inzpedwice using the

(I + h)J (I + h)	 g 
R, 

g	 approach Z1v EglEg.

^d	 (I + h)E, - (I + h)IgR2

Eg(l + h) 1g[R1 + (I + h)R21

Eg RI + (I + h)R2
ZN	

+ h
9

hich agrees with the above.

KAMPLE ' 18.18,Find the Nort8n equivalent circuit for the network

mfigurlhion in Fig. 18.57.

alution. By source conversion.

-k2R2Vj

ETh R I - Ik2Rj

ZTh	 RIR2

R, - kIk2R2

F.	 -k^V, I
id	 IN -	 (18.12)

'hich is is, as determined in Example 18.13, and

ZN '= ZTh	 R'	 (18.13)
kIk2R2

RI

or k, 0, we have

1. - -92 vi I	 I, = 0	 (18.14)1 IN -n I k
At

F 	 -7	 J18.15)Z7Z R^ k, = 0

^8,5, MAXIMUM POWER TRANSFER, THEOREM

Vhen applied to ac circuits, the maximum power transfer thegrem

tates that	 I

taximum power will 
be delivered to a load when the load impedance

the conjugate of the Thivenin impedance across its terminals.



7L Z OL

810 111 NETWORK THEOREMS (ac)

I

En = EA Z OTh,

FIG. 18.81

Defining the conditionsfor maximum power transfer to a load.

That is, for Fig. 18.8 1, for maximum power transfer to the load,

E—:^IZ^,,,nd ̂ OL (18.

or, in rectangular form,

R,, = RT,	 and	 ±jX,^^, = TjXT,.	 (18.

The conditions just mentioned will make the total impedance of the i

cuit appear purely resistive, as indicated in Fig. 18.82:-

ZT = (R ± jX) + (R;: jX)

and	 I ZT = 2R	 (1K

ZT, RT, jXTh

+

ETnh Er,h Z OT,h, r\J	 ZL

Z'

FIG. 18.82

Conditionsfor maximum power transfer to ZL-

Since the circuit is purely resistive, the power factor of the circt

under maximum power conditions is 1; that is,

	

(maximum power transfer)	 (18.1r7P

	

The magnitude of the current I in Fig. 18.82 is	 0

E,^ ETh

ZT 2R

The maximum power to the load is

E Th 2
12

Pm- R	 R
2R

:V^ 2":-



FIG. 18.85

Example 18.20.

2

'U^

(-PT-h	 MAXIMUM POWER TRANSFER THEOREM ill 811

and	
(19.20)

41?

R	 XC

EXAMPLE 18- 19 Find the load impedance in Fig. 18.83 for maximum

power to the load, and find the maximum Power.	 61l	 811

Solution: Determine ZTh [Fig. 18.84(a)]:	 8 D	 kE 9 V I	 XL

Z, = R -- jXC = 6 fl - j 8 Q = 10 fl L -53,131

Z2 = tjXL = j 8 n

z 1 z1	 (IODL 53.13')(8nZ90')	 80TI L36.87'
Z
'Th 

Z, 

Zi	 6 n - j 8 n +^j 8 Q	 6 /-0'	 FIG. 18.83

	

13.33 12 36.87'	 10-66 fl + j 8 n	 18.19.

Z'	 Z'

+

^IV

FIG. 18.84

Detertnining (a) Z Th and (b) Fpjor the network external	 XL	 'L

X

to the load in Fig. 18.83.
9 D 9 n

9n

lovzol

XLand	 ZL	 13.3 fi Z- - 36.87' 	10.66 fl - j 8 fl.	 ZL	
XL R

ZL
U;	 18841b^jTo find the maximum power, weumst urst n	 Th I L-

*ns follows:

zy
ETh	 (volt^ igge divider rule)

	

(8 fj / - 90')(9 V LO- )	 72 V L90*'
---- = --Zo^— 12 V Z-90'

	

8 il + 6 Q - i 8 0	 6

V)2

--- (12 — = 
144 - 

= 3.38WThen	 ---
1	 41?	 4(10.66 n)	 42.64

EXAMPLE 18.20 Find the load impedance in Fig. 18.85 for maximum

power to the load, and find the maximum power.

Solution: First we must find Zrh (Fig . 18.86).

Z I = +jxL = j 9 D	 Z2 R = 8 Q

Y F; 1 Q 87 w have

	

Converting from a A to a	 9. . , e	
FIG. 18.66

Z',	 3 0 '	 Z, =' 8 fl	
Defin;vg th, subcripted onpedancesJo r the nilwork

k	 3	 in Fig. 18.85.
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2

FIG. 18.87	 FIG. 18.88
Substituting the Y equivalentfor the upper A 	 Determining Zrhfor the network 

in 
Fig. 18.85.

configuration in Fig. 18.86.

The redrawn circuit (Fig. 18.88) shows

ZYZ' 1 + Z2)

^6' Z"	 + (Z" + Z'J

3 0 z 901 (j 3 fl + 8 fl),
j 3 il + —

i6fl + 80
(3 Z-90')(8.54 /-20.56')

= i3 +	
10 L36.87*

=
P + 25.62 L 1 10.56*	

3^ + 2.56 L73.690
TO L36.87^

3 + 0.72 + i 2.46
Z7h 0.72 fl + j 5.46 fl

and	 ZL = 0.72 fl - j 5.46 fl

	

1 1 0	
For En, use the modified circuit in Fig. 18.89 with the voltage source

Z'	
replaced in its original position. Since 11 = O^-En is the voltage across the

+	 series impedance Of Z'2, and Z2- Using the voltage divider rule gives us

+

	

Z11	 Z11	

FTh = 
X1 + Z2)E	 (j 3 a + 8 fl)(10 V LO*)

Erh	 Z'I + Z2 + Z' J	 8 fl + j 6 0

9 +

	 (8.54 L20.56-)(10 V Loo)

	

Z2	 "'V E	 10 L36.87*
E7h 8.54 V Z - 16.3 1

E& (8.54 V)2 72.93
and	 P.. =

4R 4(0.72 n) -i.88 W
FIG. 18.89	 = 25.32 W

Finding the Th,4venin voltageJor the network in

Fig. 18.85.

!f the load resistance is adjustable but the magnitude of the load reac-

tante is not, then the maximum power that can be deliverLd to the load

will occur when the load resistance is set to the following value:

+ (Xrh + X,,,.d^RL VR

0^'
as derived in Appendix F.

In Eq. (18.21), each.reactance carries a' positive sign ifinductive and
a negative sign ,if capacitive.
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The power delivered is then dArtr1ine4 b^

P	 (18.22)

RTh + RL	
(1&23)where	 Ra,	

2

The derivation of the above equations is given in Appendix F. The

following example demonstrates the use of the above.

EXAMPLE 18.21 For' the network in Fig. 19.90:

a. Determine the value of RL for maximum power to the load if the

load reactance is fixed at 4 fl.

b. Find the powerdelivered to the load under the conditions of part (a).

c. Find the maximum power to the load if the load reactance is made

adjustable to any value, and compare the result to part (b) above.

R7W	 X,

411	 711
+	 RL

Er^ ,- 20Ve0-
XC 4(1

V

FIG. 18-90
Fkample 1&21.,

Solutions:

RL -a. Eq.(18.21):	 V-Rrl + (X. T X.)

V(4 ̂ fl+ (7 a ^-4 fl^^

V-16+ 9

RL = 5 n

Rih + RL 4 fl + 5 fl
b. Eq. (18.23):	 R., =	

2	 2

= 4.5 11

2

	

Eq. (18.22):	
P	 En

4R,,

(20 V)' 400

4(4.50)	 18

22.22 W

c. ForZL=4f1-j7fl,

Pmax ^	
L20 V^

4R,h	 4(4 fl)

= 25W

exceeding the result of part (b) by 2.78 W.
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18.6 SUBSTITUTION, RECIPROCITY,

AND MILLMAN'S THEOREMS

As indicated in the introduction to this chapter, the substitution and

reciprocity theorems and Millman's theorem will not be considered

here in detail. A careful review of Chapter 9 will enable YOU to apply

these theorems to sinusoidal ac networks NVith little difficulty. A number

of problems in the use of these theorems appear in the Problems section

at the end of the chapter.

18.7 APPLICATION

Electronic Systems

One of the blessings in the analysis of electronic systems is that the

superposition theorem can Se applied so that 'the dc analysis and ac

analysis can be performed separately:The analysis of the dc system will

affect the ac response, but the analysis of each is it 
distinct, separate

process. Even though electronic systems have not been investigated in

this text, a number of important points can be made in the description to

follow that support some of the theory presented in this and receut chap-

ters, so inclusion ofthis description is totally valid at this point. Consider

the network 
in 

Fig. 18.91 with a transistor power amplifier and 
it 
source

with an internal resistance of 800 fl. Note that each component of the

design was isolated by a cplor box to emphasize the fact that cach coin-

ponent must be carefully weighed in any good design.

VCC 2 .2 V

Rc 100 fl

CCRB	 47 kfl
C	

V.

R,	 cc	
0.111F

1	
80011 0.1 

k 
pF	

0	 3 20-0

, 1̂1 ̂110 I
V,	 IV(P-P)	 E

Source	 Amplifier

+	 +	 FIG. 18.91
VCC -22V	 Vcc _^ 22 V	 Transistor aniplifier.

I	 R	 100'j-
Ra 47 M C

C
As mentioned above, the analysis can ' be separated into a dc and 

an 
ac

+
B	 200	 component. For the dc analysis, the two capacitors can be replaced by an

14	 VCE	 open-circuit equivalent (Chapter 10), resulting in hn isolation of the am-L16 

VBE	 plifier network as shown in Fig. 18.92.,Giveii the fact that VBI.- will be
E	 about 0.7 V de for any operating transistor, the base cur entr	 IB can be

found as follows using Kirchhoff's voltage law:

FIG. 18.92	 IB	 Vcc — VI?E 22 V — 0.7 
V 453.2 /iAdc equivalent ofthe transistor network in 

Fig. 18.91.	 RB	 RB	 47 kfl
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For transistors, the collector current Ic is related to ' the base current

by IC = 131B, and

Ic = 01B = (200)(453.2 AA) 90.64 rnA

Finally, through Kirchhoff's voltage law, the collector voltage (also

the collector-to-emitter voltage since the emitter is grounded) can be de-

termined as,follows:

VC = VCE = YCC — ICRC = 22 V (90.64 mA)(WO fl) = 12.94 V

For the dc analysis, therefore,

IB = 453.2,uA	 Ic = 90.64 rnA	 VCE 12.94 V

which will define a point of dc operation for the transistor. This is an 

lm'portant aspect of electronic design since the dc operating point will have

an effect on the ac gain of the network.

Now, using superposition, we can analyze the network from an ac

viewpoint by setting all dc sources to zero (replaced by ground connec-

tions) and replacing both capacitors by short circuits as shown in

Fig. 18.93. Substituting the short-circuit equivalent for the capacitors is

valid because at 10 kHz (the midrange for human hearing response), the

reactance of the capacitor is determined by XC = 1/27rfC = 15.92 fl,

which can be ignored when compared to the series resistors at the source

and load. In other words, the capacitor has played the important role of

isolating the amplifier for the dc response and completing the network

for the ac response.

Redrawing the network as shown in Fig. 18.94 permits an ac investi-

gation of its response. The transistor has now been replaced by an equiv-

alent network that represents the behavior of the device. This process

will be covered in detail in your basic electronics courses. This transistor

configuration has an input impedance of 200 fl and a current source

whose magnitude is sensitive to the base current in the input circuit and

to the amplifying factor for this transistor of 200. The 47 kil resistor in

parallel with the 200 fl input impedance of the transistor can be ignored,

so the input current li and base current 1b are determined by,

V, = - I V(P-P)	 I V(P-P)	
I -A(p-p)

R, + Ri 800 Q + 200 n	 I kO

The collector current Ic is then

Ic = GIb = (200)(1 -A (p-p)) = 200 mA (p-p)

and the output voltage V. across the resistor RC is

Vo = —1,Rc = — (200 mA (p-p))(100 fl)

= —20 V (p-p)

I	 R,
B	

C -1

+	 800 it	 N

6 RC
V,	 lv(p, RB	R	 200fl	 Plb RC 100il RC too fl V,2001b

47 W

	

_;6	 -:6

Transistor equivalent circuit	
-

FIG.18.94

Network in Fig. 18.93following the substitution of the transistor

equivalent network.

R,, 47 IkRfIc ^-'00 "

R,	 ^,' ' ^0= 2 1 V

lloo n	

-V	 lv,,

FIG. 18.93 ,

ac equivalent of the transistor network 
in 

Fig. 18.9

J
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The gain of the system is

	

V'	

20 V (p-P)

	

Av - 
V,	 I V (P-P)

= —20

where the minus sign indicates that there is a 180' phase sh^ift between

input and output.

18.8 COMPUTER ANALYSIS

PSpice

Th6venin's Theorem This application parallels the methods used

to determine the Thdvenin equivalent circuit for dc circuits. The network

in Fig. 18.29 appears as shown in Fig: 18.95 when the open-circuit

Th6venin voltage is to be determined. The open circuit is simulated by

using a resistor of I T (I million Mfl). The resistor is necessary to es-

tablish, a 'connection between the right side of inductor L 2 and

ground—nodes cannot be left floating for OrCAD simulations. Since

the magnitude and the angle of the voltage are required, VPRINT1 is

introduced as shown in Fig 18.95. The simulation was an AC Sweep

simulation at I kHz, and when the Oread Capture window was ob-

tained, the results appearing in Fig. 18.96 were taken from the listing

[Ali RAVL"Z
^l 4

A

FIG. 18.95

Using PSpice to determine the open^circuil Thifvenin voltage.

Profile; "SCHEMATICI-Pspi^e IS-I" [CAICAI2\PSpice\PSpice 18-1-

PSpicefileASCHEMATICAPSpice 18-I.siml

AC ANALYSIS	 TEMPERATURE= 27.000DEGC

FREQ	 VM(NO0235)	 VP(NOOi35)

1.00013+03 5.187E+00 	 -7.113E401

FIG. 18.90

The outputfilefor the open-cimUit Thdvenin voltagefor the network in Fig. 18.95.
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resulting from the PSpice-View output File. The magnitude of the

Th6venin voltage is 5.187 V to compare with the 
5.08 V of Example

1-8.8, while the phase angle is — 77.13' to compare with the —77.091 of

the same example—excellent results.

Next, the short-circu it current is determined using IPRINT as, shown

in Fig. 18.97, to ,permit a determination of the Thdvenin impedance. The

resistance 'ROil of I An had to be introduced because inductors cannot

be treated as ideal elements when using PS

' 

picc; they must all show some

series internal resistance. Note that ,the short-circuit current will pass di-

^rectly through the printer symbol for IPRINT. Incidentally, there is no need

to exit the SCHEMATICI developed above to determine the Th6venin

voltage., Simply delete VPRINT and R3, and insert IPRINT.
'Iblen nin a

new simulation to obtain the results in Fig. 18.98. The magnitude of the

short-circudcurrent is 936.1 mA at an angle of — 108.6'. 
The Thivenin

impedance is then defined by

Erh	 1.187V L-11.!IL
ZTh = 

_ —

	
5.54 R 431.47

936.1 mA	 1080

which is an excellent match with 5.4911 Z-32.360 obtained in Example

18.8.
f

FIG. 18.97
Using PSpice to determine the short-circuit current.

18.3'
je;qCAiI\PSpicc\p^picc I8-3-pv̂icefjIs\wh.mficJ\pspkC 19-3--im I

AC ANALYSIS	 TEMPERATUR 27.00ODEGC —

FREQ	 IM(V^_PRINTI)	 11?(V^PRINTI)

1^()90E+03 936LE-01	 1.026E+02

FIG. 18.98

rhe outpuffilefor the short-circuit currentfor the hetwork

in. Fig, 18.97.
N
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VCVS The next application will verify the results in Example 18.12
and provide some practice using controlled (dependent) sources. The

network in Fig. 18.51, with its voltage-controlled voltage source
(VCVS), will have the schematic appearance in Fig. 18.99. The VCVS
appears as E in the ANALOG library, with the voltage El as the con-
trolling voltage and E as the controlled voltage. In the Property Editor
dialog box, change the GAIN to 20, but leave the rest of the columns as
is. After Display-Name and Value, select Apply and exit the dialog
box, This results in GAIN = 20 near the controlled source. Take partic-
ular note of the second ground inserted near E to avoid a long wire to
ground

' 
that may overlap other dlements. For this exercise, the current

source ISRC is used because it has an arrow in its symbol, and fre-

quency is not important for this analysis since there are only resistive el-

ements present. In the Property Editor dialog box, set the AC level to
5 mA and the DC level to 0 A; both are displayed using Display-N^me
and value. VPRINTI is set up as in past exercises. The resistor Roe

(open circuit) was given a very large value so that it appears as an open

circuit to the rest of the network. VPRINTI provides the open circuit

Thdvenin voltage between the points of interest. Running the simulation

in the AC Sweep Mode at I kHz results in the output file appearing in
Fig. 18.100, revealing that the Thdvenin voltage is 210 VZ_ O o . Substitut-
ing the numerical values of this example 'into the equation obtained in

Example 18.12 confirms the result-	 I .

AAL CAL
SMEWICI PSp^ ^ rj LA J2 rML ^2 ^2 p2 ^2 g% JW

El

F="o

0

FIG. 18.99
Using PSpice to determine the open-circuit Thivenin voltage for the network in

Pig. 18.51.

ETh = ( I + li)IRI	 (1 + 20)(5 m.A Z 0')(2 kf))
= 210 Vz 01

Next, determine the short-circuit ^urrent using the ]PRINT option.

Note in Fig. 18. 101 that the only difference between this network and

-20

VPRINTI

Ar,

k

E^-' ok

-7

1T	 U44
i



YTh

-^

Pwffl` 'SCHEMATici-Pspi_ i&s"

AICA I j\pSpu,c\pspjcc 18.5-pspi L fileAschematic I\pspico 19-5.sim I

.... AC ANALYSIS	 TEMPERATURE= 27.ODDDEGC

FREQ	 VM(N01477) VP(NO1477)

1.000E+03 2.100k+02 O.00OE+00

FIG. 18.100

The outpurfilefor the op^n-cbcuit Thivenin voltageforthenetwork 
in 

Fig. 18.99.

	

p. jdA y­ I—, E	 M...	 &­6. Qo­ Yi.d.. kielp cadence

ScHimmicl Ps*.
".AAAMIAine 11

'T

—0

IX

V
DC GA R3 2k	 AC ok

$A0 5mA MAG & ok
PHASE ok

0

k.1^200% X_-0.70 Y.020

,FIG. 18.101

Using PSpice to determine the short-circuit currentfor the network in Fig. 18.51.

that in Fig. 18. 102 is the replacement of Roe with IPRINT and the re-

moval of VPRINT1. Therefore, you do not need to completely "redraw"

the network. Just make the changes and run a new simulation. The result

of the new simulation as shown in Fig. 18.102 is a current of 5 mA at an

angle of 0'.

Pwfik: "SCHEMATIC I -I'Spi- 18-7" [CAICA)I\PSpi"\pspi­ I8-7-
ppi-fiIc.,\.,h^mti.1\PSpic^ 18-7,im 1,

	

LYSIS	 TEMPERATURE= 27.000 DEG C
...........

FREQ	 fM(V_PRlNT2)	 IP(V-PRINT2)

1oq0E+03 5.00OE-03	 0.009E+00

FIG. 18.102

The outputfilefor-the short-circuit currentfor the network in Fig. 18.101.

COMPUTER ANALYSIS 111 819
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The ratio of the two mqasured quantities results in the Thdvenin

impedance:

ZTh = 
E, = ETh = 210 V LO' 

= ^12 kfl
Is,	 Is,	 5 mA ' LO

which also matches the longhand solution in Example 18.12:

ZTh = (I + A)RI = (I + 20)2 kfl = (21)2 kQ = 42 kfl

multisim

Superposition This analysis begins with the network in Fig. 18.12

from Example 18.4 because it has both an ac and a dc source. You will

find in the analysis to ,follow that it is not necessary to set up a separate

network for each source. Once the network is set up, the dc levels will

appear during simulation, and the ac response can be found from a

View option.

The resulting schematic appears in Fig. 18.103. The construction is

quite straightforward with the parameters of the ac source set as follows:

In the Select a Component dialog box, choose POWER SOURCES,
followed by AC_POWER. Then set Voltage(RMS) to 4 V and AC

Analysis Magnitude to 4V, followed by Phase: 0 Degrees; AC Analy-

sis Phase: 0 Degrees; Frequency (F): I kHz; Voltage Offset: 0 V, and
Time Delay: 0 Seconds. The dc voltage across R3 can be displayed

using the Indicator option obtained by selecting the Place Indicator

key pad that looks like a red number 8 on an IC package. The

VOLTMETERY option was chosen so that the plus sign of the poten-

tial difference was directly above the negative sign.

4^ M'161imMl - moffisim -

r) Eie Edt Mew Eke MCU akiwke Trinsfef look Qpthm Aroldow tielp---------- --
E) 2^ 9; uj C^ 1 4 	f"k -') C11;

0 0 a^ W B 1:1 V 4U 0. in Un Uit -

m

El44	

_`7I V1

4-	 'u
5	 ::IkQ

318,31,04 Ul

4 Vpk
(n	 E2	 R3	 Dc lowIM,	 95.F	

.3k[l

C^v

'Y

al,

FIG. 18.103

Using Mullisint to apply superposition to the

nenvork in Fig. 1& 12.
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To perform the analysis, use the following sequence 'to obtain the'AC

Analysis dialog box: Simulate-Analyses-AC Analysis. In the dialog

box, make the following settings under the Frequei^cy Parameters

heading: Start frequency: I kHz; Stop frequency: I kHz; Sweep

Type: Decade; Number of points: 1000; Vertical scale: Linear. Then

shift to the output option and select V(4) under Variables in circuit.

followed by Add, to place it in the Selected variables for analysis col-

umn. Move any other variables in the selected list back to the variable

list using the Remove option. Then select Simulate, and the Grapher

View response of Fig. 18.104 results. During the simulation process, the
nich

de solution of""16 Vappears on the voltmeter display (an exact 
w,

Fig. 18.104:with the longhand solution). There are 
two 

plots in

magnitude'versus frequency and the other of phase versus frc.jv-^ i.,.y
aloi ig theLeft-click to select the upper graph, and a red arrow shows iii

left edge of the plot. The arrow reveals which plot is currci t 	 nve. To

change the label for the vertical axis from Magnitude to N, M as

shown in Fig. 18.104, select the Properties key from the tol , I 0011xv and

choose Left Axis. Then change the label to Voltage , (V) fol [owed by,

OK, and the label appears as shown in Fig. 18.106, Next, to read tli^ lev

els indicated on each graph with a high degree of accuracy, select the

Show/Hide Cursor keypad on the toolbar. The keypad has a small red

sine wave with two vertical markers. The result is a set of markers at

the left edge of each figure. By selecting a marker from the left edge of

the voltage plot and moving it to I kHz, you can find the value of the

voltage in the accompanying table. Note that at a frequency of I kHz or

essentially I kHz, the voltage is 2.06 V which is an exact match with the	 #
.

longhand solution in Example 18.4. If you then drop down to.the phase

plot, you rind at the same frequency that the phase angle is —32.72,

which is very close to the — 32.74 in the longhand solution.

AC	 6,

FIG, 18.104
The output resultsfrom the stmulation ofthe network in );Yg. L8.103.

In general, therefore, the results are an excelient ,"i tch with the solu-

tions in Example 18.4 using techniques that can be - applied to a wide va-

).'11—orks that have both dp

WA
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PROBLEMS ILSECTI ON 13.2 Superposillon Theorem	 IR? 3101	 XC	 6fl

1. Using supeFposition, determine the current through the 	 XL	 f)	

+i9duc: tance XL for the network of Fig. 18. 105.	 E,	 30VZ	 E2 6,o V z 10-

FIG. 18.105

Problem 1.

2. Using superpos4ion, determine the current through the

capacitance X(- in Fig. 18-106.
All' IC

1 0.3 A Z 60'	 'L.1 8 11	

+E IoVz0*

FIG. 18.106

Problem 2.

*3. Using superposition, determine the current IL for the	 R

networkofFig. 18.107.	

VVV--

FIG. 18.107

Problem 3.

*4. Using superposition, find the sinusoidal expression for the 	 S. Using superposition, find the sinusoidal expression Itit 111.
current i for the network of Fig. 18.108.	 voltage ticfor the network of Fig. 18.109.

C	 5 V

R,	 R212 V
+	 4.7 p.F

7611 3 ^11
e V	 R, 47 Q	 L 47 mH	

60	 3 fl	
+

XT 
In VC

R2	
4 A Z10' 

XC

V	 22 Q
e 20 sin (1000i + 60-,)

FIG. 18.108 FIG. 18.109
Problem y ;1, 1 9, and 35^	 Problems 5-20, 36, and 50.
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*6, Using superposition, find the current I for the network of

Fig. 18.110.

E 20VZO'

R,	 5 kfl

	

X^I 5MAZO'T	 R, IOW	 X, 5 k1l

xC	 5 kn

_36

FIG. 18.110

Problems 6,21, 3 7, and 51.

	

7. Using superposition, determine the current IL (h	 100) for	 E	 1P V Z W
+

the network of Fig. 18.11 if.

1 2 rnA Z 0'

hi	 20 W	 X,	 10 k11

FIG. 18.111

Problems 7 and 24,

erposition. for the network of Fig. 18.112, deter-S. Using sup

20).mine the voltage VL (tk

20 kf	 X,

XC

5 M	

fl

I kfl	
+

	

+	 2

	

o	 I R2 4 W V^

	

V 2VZO)'	 V	 2	 zo,

FIG. 18.112

Problems 8, 25, and 40.

19. Using superposition, determine the current IL for the net-

work of Fig. 18.113 (g 20; h = 100).

I '-- I MA Z 0'	 R2

	

Mv	 5 kil

V

X,

V 1OVZOo' hl	 R,' 20W	 X, 5 W

FIG. 18.113

Problems 9, 26, and 4L
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*10. Detcrinine V1. for the. natwork of Fig. 18.114 (It
	

50).

81	 2k I

F 20 V Z,13- AV	 hi	 2 kfl

V

FIG. 18-114,

Problems 10 and 27.

*11. Calculate the current I for the network ofFig,,18.115.

20V
+

+

I mA Z 0'	 Rjj2kfn1	 VR, 5 kfl	 1, 2mAZO'

FIG. 18.115

Problems 11, 28, and 42.

12, Find the voltage V, for the network in Fig. 18.116. 14. -Find the "fhdvenin equivalent circuit for the portion of the

network of Fig. 18,118 external to the elements between a

And b.

V, R,	 10fl	 R2	 2 '1

	

+	 R	 X1.

a

+	

5 AZO'V,	
2 kn	 6 kn+	 +	

+
F,	 JOVZO^	 4%,

E 20 V Z 0- rV	 X,	 3 kfl	 RL

b

FIG. 18.116

Problent 12. 	
FIG. 18. 118

Problems 14 and 49.
SECTION 18.3 Th6vefiin's Theorem

13, Fuid the Th6venm equivalent circuit for the port ion of the

network of Fig 18.117 external to the elemcras between
	 *15. Find the Thdvenin equivalent circuit for the portion of the

points a and 1).

	

	 networks of Fig. 18.119 external to the elements between

points a and b.

R

3 fl	 a	 a
R, 20 D

	

100Vzo- /"V	 40	 X	 2fl	 I 0A A Z 0'	 XC	 3211	 R2 - 68 fl

-	 I	 10fl T
]jb	

XL	

b

FIG. 18.117 FIG. 18.119

Problems 13 n;l1l.w
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Q 7T—h

16. Find the'T'hivenin equivalent circuit for the portion ofthe
	

X1_1

network of Fig. 18-120 external 
to the eliments between 	 R I

points a and b.	 +	
2 fl 

R 
8 n

2

50V zw

X

X, 

10 1`1 

X'_

XCI

4	 6

b

FIG. 18'120

Problem M,

*17. Find the Th6venin equivalent circuitfor
 the portion of the

networks of Fig. 18.121 
external to the elements between

points a and b.

XCR

10 il

7t
120 V z 0.	 XL	 8 In	 0.5 A Z 60*

FIG. 18.121

Problems 17 and 32.

*18. 
Find the Th6venin equivalent circuit for the portion of the

networkofFig. 19.122 external to the elements between

points a and b.

xc^	 R2

'00	 +60-3

:7-d1 Hfall I 
n' 

+
L2	 E 20 V Z 40',

0.6 A Z go-	 R,	 9 fl	 0. Z87 60'

b

FIG. 18.122

Problem 18.

	

*19. a. Find the Th6venin equivalent circuit for therietwor 
k ex-	 *21. a. Find the Th6vem

n eq,,.alent circuit oft 
I 
he network ex

ternal to the resistor Ri in Fig. 18. 108.	
temal to the^ inducL, - 119 . 18.110.	

nt I of

b. Using the results Of part (a),,
detcrinine the curren

I 
t i of	 b. Using the results ot 	 ri (a), determine the curre

the same figure.	 I I 
th e same figure.

20. a. Find the Th6venin equivalent circuit for the network ex-

	

	
22. Determine the Th6enin equivalent circuit'for the network

external to the 5 k1l 
inductive reactance in Fig. 18.123 (in

temal to the capacitor inFig. 18-109.

b. Using the results of part (a), det
. ermine the voltage vC	terms of V).

for the same figure.
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-	 XC

3

	 R	 10 kf2
	

10 k:2ki 

T11	

5 W

20V

FIG, 18.123

Problems 22 and 3&

23. Determine the Th6venin equiialent circuit for the net"oik

external to the 4 kf­1 inductive reactance i ll rig. 18.124 (in
terms of 1)^

0.2 kfl

1001	 R,	 5 kf)	 4 H2Rl 40 kD

FIG. 18-124

Problems 23 and 39.

SECTION 18.4 Norton's Theorem

30. Find theNorton CqUiValent Circuit for the network extumal to
the elements between a and b for the network of Fig. 18.117.

31, Find he Norton equivalent circuit for the network external to
tile elements between a and b for the rietwork of Fig. 18.119,

^32. Find the Norton equivalent circuit for the network external to

tile eleme nts botween a and b for the network of Fig. 18.12 1.

*33. Find the Norton equivalent circuit for the portion of the net-

work of Fig. 18.126 external to the elements between points
a and b.

*34. Find the Norton equivalent circUit. for the portion of the net-
work of Fig. I A. 127 external to the elements between points
a and b.

X1.

E l	 1207230'

R, 3 0	 XC

+

kR, 

1 4 0
i"I'l-

R,:

FIG. 18.127

Problem 34.

24. Find the TildvAin equivalent circuit for the network exter-

nal to the 10 kfl inductive reactance in Fig. 18.111.

25. Determine [lie Thdvenin equivalent circuit for the network

external to the 4 kfl resistor in Fig. 18.112.

*26. Find, the T li6venin-equivalent circuit for the network cater-

nal to the 5 kfl inductive reactance in Fig. 18. 113,

*27. Determine the Thdvenin equivalent circuit for the network

exterrial to the 2 kfl resistor in Fig, 18.114.

*218. Find the Thdvenin equivalent circuit for the network exter-

nal to the resistor R, in Fig. 18.1.15^

1 29, Find the Thdvenin equivalent circuit for the network to the
left of terminals a-a' in Fig. 18.125.

	

R,	
E

	

I kfl	 1,VZO.	

Th vnin
51,	 Rj	 2 kfj	 R3	 3.3 kfl

FIG. 18.125

Problem 29.

R,	
XL

F 6 n	 a

R2 9 ffll

1\j 20 V Z	 ZL	 12 0.4 A Z 20-

X

X '1122 f

FIG. 18.126

Problem 33.

R4 40 Q

3f)	 +

""V E, 108VZO^

b

r,Ak



R, J3 f1 4 il	 R2 ^20
1 ̂ =2 A Z 30. 	^k

E = 60 V Z W

6 fl

PROBLEMS W 827

Eh
ex-

38. 
Determin; the Norton equivalent circuit for the network

	

*35. 
a. Find the Norton equivalent circuit for the network ex

	
ternal to the 5 kQ inductive reactance in Fig. 

18.123.

temal to the resistor R, in Fig. 
18.108.	

ne the Norton equivalent circuit for the network ex-

	

b. 
using the results of part (a), determ I 

ine the current i of	 39. 
Determil the -hn induc ifive reactance in Fig. 

18.124,
ternal to

t ile same figure.

	

e Norton equivalent circuit for the network ex-
	 40. Find the Norton equivalent circui t

 for the network external

*3C a. Find th	 to the 4 kfl resistor in Fig 
18. 1 12.

temal to the capacitor in Fig. 19 109.

	the results of part (a), determine the voltage Vc	
*41. Find the Norton equivalent circuit for the network external

b. Using	 to the 5 W inductive reactance in Fig. 
18,113.

for the same figure	

ircuit for the network ex-	
*42. Find the Norton equivalent circuit for the network external

*37. a. Find the Norton equivalent c
	

I	 to the 1 1 current source in Fig. 18.115,

t,mal to the inductor in Fig. 18.110.	
1 of	 *43. For the network in Fig. 18.128, 

find the Norton equivalent
etermine the currelit

b, using the results of part (a), 
d	

circuit for the network external to the 2 kfl 
resistor.

the same figure-

20)

PV +
	 R3

-
4 kn

I	 +	 R4	 2 kfl2 ruA Z O^ 	 R,	 V	 R2	 3 kfj

FIG. 18.128

Problem 43.

R,	 XL

SECTION 18.5 
Maximum Power Transfer Theorem

4 n

44. Find the load impedance . ZL for the network of Fig. 18. 129 +

for maximum power to the load, and find the maximum 	 XC	 6fl	 Z,

power to the load.	
E	 120 V 0-

FIG. 18.129

problem 44.

45. Find the load impedance ZL for the network of Fig. , 18.130
	 *46. '

Find the load impedance ZL: for the network of Fig. 18. 131

for maximum power to the load, and find the maximum
	

for maximum power to the load, and find the maximum

power to the load.

power to the load.

FIG, 18.131

FIG. 18.130
	

Problem 46.
Problem 45.
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*47. Find the load impedance ZL for the network of Fig, 18.132
for maximum Power to the load, and find (he maximum

power to the load.

X",	 X"

4 fl'	 9LI

31)	 R,	 12 D

E, =_]OoVzo- "IV

	

	
200 V go-

XC

FIG. 18.132

Pn blem 47.

	48. Find the load impedance RL for the network in Fig. 18.133	 1, Using the results of part (a), determine the maximum
for maximum power to the load, and find the maximum 	 power to the load.
power to the load.

52 a. For the network in Fig. 18.134, determine the value of

R, that will result in maximum power to the load.

b. Using the results of part (a), determine the maximum
power delivered.

+	 50 1

E	 I V z 0-	 R,	 I kil	 R^ 40 kfl	 RL.
R

2 M	 MAD

XC

+	 RL
FIG. 18.133

Problem 48.	 E 50VZO'	 2 M

*49. a. Determine the load impedance to replace the resistor R	
4-	 XL	 2 M

in Fig. 18. 118 to ensure maximum power to the load L
1). Using the results of part (a), determine the maximum

	

Power to the load. 	
FIG. 18.134

*50. a. Determine the load impedance to replace the capacitor 	 Problem 52.
X( in Fig. 18 109 to ensure maximum power to the load.

b. Using the results of part (a), determine the maximum

Power to the load.

*51. a. Determine the load impedance to replace the inductor 	

*53. a. For the network in rig. 18.135, determine the level of
capacitance that will ensure max'	 power to the loadXL in Fig. 18.110 to ensur

I 
e maximum power to the load. 	 if the range ofcapacitance is linilmumited to I nF to 10 nF.

R	 L	 LOAD

+C1 kn 30 mH
R&

2VZO'	 Ĉ4 nF

C(l	 lofIF)

f--^]OkH,

FIG. 18.135

Problem 53.
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tL Using the results of part (u), determine the value of R1,	 56. Using Millman's theorem, determine the current through,

	

^ that will ensure maximum power to the load. 	 the 4 kil capacitive reactance of Fig. 18. 138.

c. Usigg the results of parts (a) and (b), determine the

maximurn power to the loa,4.

SECTION 18.6 Substitution, Reciprocity,	 R1 2 kn XL 4 kn

and Millman's Theorems	 +	 -	 Xc	 4 kf1

E, 100 V z 0. I'V	 "IV E2 50 VZ 360'
54. For the network in Fig. 18,136, determine two equivalent	 +

branches through the substitution theorem for the branch

a-b.

FIG. 18.138

Problem 56.

a

I 4:nAzo	 R, 4 kf1	 R,	 W	
SECTION 18.8 Computer.Analysis

Pspice or Multisim

57. Apply superposition to the network in Fig. 18.6. That is, de-

termine the current I due to each source, and then find the

resultant current.

	

FIG. 18,136	 *58, Determine the current IL for the network irffig. 18.22 using

	

Problem 54.	 schematics.

*59. Using schematics, determine V2 for the network in Fig.

18.57 if Vj = I V Z^ 0', R, = 0.5 W, k i = 3 x 10-4,11

55. a. For the network of Fig. 18.137(a), find the current 1.	 50, and R2 = 20 kil.

b. Repeat pan (a) for the network of Fig. 18.137(b).	
*60. Find the Norton equivalent circuit for the network in, Fig.

c. flow do the results of parts (a) and
I 
(b) compare?	 18.77 using schematics.

*61. UAg schematics, plot the power to the R-C load in Fig.

18.90 for values of RL from I 'Q to 10 fl -
R,

	

+	 4 kfl

	

E 20 V Z V ""V	 lkn R, 
6 W	 GLOSSARY

	

R5	 Maximum power transfer theorem A,theorem used to deter-,

	

R,	
mine the load impedance necessary to enstire maximum

R2	
11 kfl	 power to the load.

Millman's theorem A method using voltage-to-current source

	

8 kn	
conversions that will permit the determination of unknown

(a)	
variables in a multiloop network.

Norton's theorem A theorem that permits the reduction of any

	

R,	
two-terminal linear ac network to one having a single current

sourceand parallel impedance. The resulting configuration

	

.4 kil	 E = 20VZO'	 can then be used to determine a particular current or voltage in

-V ,	 the original network or to examine the effects of a specific

	

I kfl	 R,	
R,	 6 kfl	

portion of the network on a particular variable.

	

R4	-	
Reciprocity theorem A theorem stating that for single-source net-

works, the magnitude of the current in any branch of a network,

R2	
11 kf1	 due to a single voltagc^source anywhere else in the network, will

	

75	
equal the magnitude of the current through the branch in which

8 W	 the source was originally located if the source is placed in the

(b)

	

	 branch in which the current was originally measured.

Substitution theorem A theorem stating that if the voltage

	

FIG. 18.137	 across and current through any branch of an ac b ilateral

	

Problem 55.	 network are known, the branch can be replaced by any
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combination of elements that will maintain the same voltage
across and current through the chosen branch.

Superposition theorem A method of network analysis that per-
mits considering the effects of each source independently. Tlie
resulting current and/or voltage is the phasor sum of the cur-
rents and/or voltages developed by each source independently.

Thivenin's theorem A theorem that permits the reduction of
any two-terminal linear ac network to one having a single

voltage source and serics impedance. The resulting configu-
ration can then be employed to determine a particular cur-
rent or voltage in the original network or to examine the
effects of a specific portion of the network on a particular
variable.

Voltage-controlled voltage source (VCVS) A voltage source
whose parameters are controlled by a voltage . elsewhere in the

system.

P

7-


